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Human gut is colonized by numerous microorganisms, in which bacteria present the highest proportion
of this colonization that live in a symbiotic relationship with the host. This microbial collection is com-
monly known as the microbiota. The gut microbiota can mediate gut epithelial and immune cells inter-
action through vitamins synthesis or metabolic products. The microbiota plays a vital role in growth and
development of the main components of human’s adaptive and innate immune system, while the
immune system regulates host-microbe symbiosis. On the other hand, negative alteration in gut micro-
biota composition or gut dysbiosis, can disturb immune responses. This review highlights the gut
microbiota-immune system cross-talk in both eubiosis and dysbiosis.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1629
2. Gut microbiota and immunity in eubiosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1630
2.1. Gut microbiota and innate immunity in eubiosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1630
2.2. Gut microbiota and adaptive immune system in euobyosis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1631
2.3. Host-made compartmentalization of gut microbiota . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1632
3. Environment-gut microbiota interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1632

3.1. Antibiotic-gut microbiota interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1632
3.2. Diet-gut microbiota interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1632
4. Microbiota-immunity interaction in dysbiosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1633

4.1. Dysbiosis of gut microbiota and inflammatory bowel disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1633
4.2. Dysbiosis of gut microbiota and immune-mediated liver diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1633
4.3. Dysbiosis of gut microbiota and immunometabolic disease. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1633
4.4. Dysbiosis of gut microbiota and rheumatoid arthritis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1635
4.5. Dysbiosis of gut microbiota and cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1635
4.6. Dysbiosis of gut microbiota and neurological disorders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1636
4.7. Dysbiosis of gut microbiota and urinary tract infections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1637
4.8. Dysbiosisn of gut microbiota and autoimmune skin disorders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1637
4.9. Dysbiosis of gut microbiota and cardiovascular disorders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1637
4.10. Dysbiosis of gut microbiota and lung diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1638
4.11. Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1638

Declaration of Competing Interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1639
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1639

http://crossmark.crossref.org/dialog/?doi=10.1016/j.sjbs.2021.10.068&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.sjbs.2021.10.068
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hrashidi@taibahu.edu.sa
https://doi.org/10.1016/j.sjbs.2021.10.068
http://www.sciencedirect.com/science/journal/1319562X
http://www.sciencedirect.com


H.E. Al-Rashidi Saudi Journal of Biological Sciences 29 (2022) 1628–1643
1. Introduction

The human gut is colonized by a huge number of microorgan-
isms, including bacteria, viruses, fungi, and parasites, generally
known as microbiota. In humans, more than 1014 microorganisms
live in the gastrointestinal tract, mostly in the distal gut (Amada
et al., 2013). More than 2000 species and 12 distinct phyla consti-
tute the gut microbiota with microbiome comprising of 150 –500
fold more genes than in the human DNA (Lazar et al., 2018).

Gut microbiota has a large diversity, and its composition varies
in different individuals. Several factors influence the microbial col-
onization of the gut such as age, gender, host genetics, immune
system and health or disease state of the host, use of therapeutic
drugs, geographical location, socio-economical factors such as
urban/rural and sanitary conditions, diet, and birth mode such as
pre- or term-birth and mode of delivery (Fig. 1) (Ardissone et al.,
2014). Current metagenomic records confirm that the most of
microbiota species do not exist in different individuals at the same
time. Moreover, gut microbiota is not only different with regards to
distribution along the gut segments but also in the three different
transversal layers; epithelial cells at the surface, floating cells in
the intestinal lumen, and cells adherent to the mucus layer
(Sekirov et al., 2010).

Gut colonization has been reported to occur before birth, and is
affected by the placental microbiota profile, which consists of spe-
cies such as Proteobacteria, Firmicutes, Bacteroidetes, Fusobacteria
and Tenericutes, which are similar to the human oral microbiota
(Aagaard et al., 2014). Furthermore, the full-term infant meconium
is not sterile, containing thirty species that are usually present in
vagina, amniotic fluid, and oral cavity (Fig. 2) (Clemente et al.,
2012).

Vaginally born babies have gut microbiota similar to that in
their mother’s vagina. In contrast, the microbiota in the caesarean
section-delivered infants, mostly resemble the skin microbiota,
Fig. 1. Factors affecting gut microbiota composition: Different factors can influence gut
location, diseases, use of drugs, type of food or diet, life style such as exercise, ageing a
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comprising of Staphylococcus and Propionibacterium spp.
(Dominguez-Bello et al, 2010).

Additionally, breast milk has been implicated in gut microbiota
and immune system maturity. It contains several immunological
components and bioactive substances that control the composition
and maturation of newborn intestinal microbiota. Many studies
have reported that breast milk protects infants as it contains IgA,
lysozyme, lactoferrin, alpha-lactalbumin, complex lipids, free
oligosaccharides, and other glycoconjugates (Gordon et al., 2012).
Lactoferricin is a powerful antimicrobial agent, clearing up gas-
trointestinal infection in breast-fed infants, which therefore
decreases infant death cases (Ballard and Morrow, 2013). In addi-
tion, breast milk contains about 109 bacterial cells/L and prebiotic
oligosaccharides (fructans) that induce the multiplication of probi-
otics such as Bifidobacterium spp. and Lactobacillus spp.
(Endesfelder et al., 2014). On the other hand, artificial milk stimu-
lates the proliferation of gut enterobacteria and enterococci
(Guaraldi and Salvatori, 2012). With the growth of infants, solid
foods increase the microbiota diversity, and transform it to the
adult-like state (Lazar et al., 2018).

Recent studies indicate that gut microbiota is not only an inert
onlooker, but also dynamically affects different host functions,
such as metabolism, nutritional response, circadian rhythmicity
and immunity (Lynch and Hsiao, 2019). Gut microbiota controls
several physiological processes of the host and, the host in turn,
provides niche and nutrients for the survival of microbes
(Stecher and Hardt, 2011). The gut microbiota digests and ferments
carbohydrates, produces vitamins, develops gut-associated lym-
phoid tissues (GALTs), polarizes gut immune response and pre-
vents pathogens’ colonization (Renz et al., 2012). In turn, gut
immune response, which is provoked by commensals, controls
the microbiota composition. Wherefore, a multifarious interaction
between host immune system and microbiota is essential for
intestinal homeostasis. Nevertheless, when this friendship
microbial colonization such as mode of delivery and pre-/term-birth, geographical
nd breast feeding.



Fig. 2. Window of opportunity for gut microbiota modulation: Several factors modulate the gut microbiota in each stage of human life.

H.E. Al-Rashidi Saudi Journal of Biological Sciences 29 (2022) 1628–1643
between microbiota and host is disturbed, the gut microbiota can
throw in illness (Honda and Littman, 2012). In other words, eubio-
sis is a case of an interspecies balance of microbiota community,
while a disturbance of eubiosis, is known as dysbiosis, that could
cause infectious and non-infectious diseases (Clemente et al.,
2012). This review highlights the gut microbiota-immune system
interaction in both eubiosis and dysbiosis.

2. Gut microbiota and immunity in eubiosis

2.1. Gut microbiota and innate immunity in eubiosis

Gut-associated lymphoid tissues (GALTs) consist of crypt
patches, Peyer’s patches and isolated lymphoid follicles (ILFs).
Antigen-presenting cells in GALTs can take up and present antigen
and this could stimulate lymphocytes and lead to inflammation or
tolerance (Bouskra et al., 2008). In the fetus, the development of
Peyer’s patches is encouraged by lymphoid tissue inducer cell
(LTi) in nonexistence of inhabiting bacteria. However, Peyer’s
patches size in specific-pathogen-free mice are larger than those
in germ-free mice (Amada et al., 2013). In contrast to Peyer’s
patches, the maturation of the crypt patches and the ILFs needs
gut microbiota stimulation (Pabst et al., 2006). The maturation of
the immune system requires commensal microorganisms, there-
fore, it ‘‘learns” to differentiate between pathogenic bacteria and
commensal microbes (that are analogous to quasi-self antigens
and tolerated antigens) (Nakanishi et al., 2015; Thaiss et al., 2016).

Pattern recognition receptors (PRRs), such as Toll-like receptors
(TLRs), in the membrane of epithelial cells and lymphoid cells of
the small intestine have been implicated in this differential recog-
nition, and are responsible for the development of normal mucosal
immune system of the intestine (Francino, 2014). In addition, TLRs
inhibit the inflammatory response and promote immunological
tolerance to normal microbial flora. TLRs identify various
microbe-associated molecular patterns (MAMPs) including differ-
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ent bacterial antigens (e.g., lipopolysaccharides, capsular polysac-
charides, muramic acid, peptidoglycan, unmethylated bacterial
DNA CpG motifs, flagellin) and activate the innate intestinal
immune response (Shanahan, 2005). After TLRs stimulation, a sig-
naling cascade is triggered, resulting in the release of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB), that acti-
vates genes encoding cytokines, acute phase proteins, chemokines,
and other mediators of the humoral immune response (Thomas
and Versalovic, 2010; Belkaid and Hand, 2014). TLR activity decli-
nes during the first weeks of life to permit the expansion of gut
microbiota community in a steady state. Additionally, TLR stimula-
tion by normal intestinal microbiota antigens signals inhibition of
inflammatory reactions, that is important to maintain intestinal
homeostasis (Rakoff-Nahoum et al., 2004).

The host discrimination between pathogenic and commensal
bacteria is not understood yet. It is thought that the indigenous
microflora sequestration by surface epithelium prevents TLR acti-
vation by commensals, while pathogenic bacteria harbour viru-
lence factors that helps them to cross the epithelial barrier to be
recognized by TLRs expressed on dendritic cells and macrophages
(Pickard et al., 2017).

TLRs sense commensal microbiota and preserve tissue integrity
(Kubinak et al., 2012). TLR5 expression shapes gut microbiota pro-
file, mainly in the neonates (Mazmanian et al., 2008; Wen
et al.,2008; Vijay-Kumaret al., 2010; Carvalho et al., 2012; Ubeda
et al., 2012; Price et al., 2018). Capsular polysaccharide A (PSA)
of commensal Bacteroides fragilis is a well-studied model of a single
MAMP, up-holding gut eubiosis and host immune system learning
(Lee et al., 2018; Ramakrishnaet al., 2019). PSA can be identified via
TLR2 and TLR1 heterodimers together with Dectin, which is C-type
lectin PRR. Dectin-1 and TLR1/TLR2 signaling leads to activation of
phosphoinositide 3-kinase (PI3K) pathway resulting in glycogen
synthase kinase 3b (GSK3b) inactivation, that in turn promotes
cAMP response element binding protein (CREB)-associated activa-
tion of anti-inflammatory genes. Furthermore, Dectin-1 controls
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gut immune reaction by alteration of microbiota pattern leading to
regulatory T cell differentiation (Brown, 2006; Tang et al., 2015;
Erturk-Hasdemiret al., 2019).

Other PRRs that shape gut microbiota symphony are
nucleotide-binding oligomerization domain (NOD)-like receptors
(NLRs). NOD-containing protein 1 (NOD1) senses both innate
immune response and adaptive immunity in the lymphoid tissues
to maintain gut homeostasis (Zheng et al., 2020). The bacterial sen-
sor, NOD2 switches off gut inflammation by restricting the growth
of commensal Bacteroides vulgates (Ramanan et al., 2014). NOD2
stimulation by normal gut microbiota potentiates gut epithelial
renewal and epithelial stem cell survival (Nigro et al., 2014).

Some NLRs assemble into multi protein complexes named
inflammasomes which are abundant in varied cells, and have pleio-
trophic immune functions. Inflammasomes trigger inflammatory
caspases that stimulate interleukin (IL)1b and IL18 maturation,
and induce a lytic cell death named pyroptosis (Broz and Dixit,
2016). NOD-leucine-rich repeats (LRR) and NOD-pyrin domains-
containing 6 (NLRP6) are proteins that assemble into inflamma-
somes in gut mucosa. NLRP6 inflammasome regulates microbiota
composition and maintains gut homeostasis. Microbiota-derived
metabolites modulate NLRP6 inflammasome signaling which sub-
sequently regulates antimicrobial peptides (AMP) expression and
IL18 release from epithelial cells. In addition, NLRP6 inflamma-
some regulates intestinal goblet cell mucus secretion, which sup-
port body defense from pathogens (Levy et al., 2015). NLRP6
controls gut antiviral innate immune response. Notably, the effect
of NLRP6 on microbiota depends upon the existing microbiota
composition. Dysbiosis occurs in mice deficient in NLRP6 alone,
in the presence of microbiota having pathobionts such as Heli-
cobacter spp. (Galvez et al., 2017). NLRP3 is another important
example of NLR assembling inflammasome. Maintennace of
intestinal homeostasis requires NRLP3 inflammasome signaling.
In ulcerative colitis patients, an abundant anti-commensal IgG
interacts with gut macrophages expressing FccR, resulting in
induction of NLRP3-and reactive oxygen species which in turn
stimulates the pro-inflammatory cytokine IL1b production. Upon
intestinal injury, Proteus mirabilis, a member of gut microbiota
stimulates monocytes to induce NLRP3-dependent IL1b produc-
tion, leading to gut inflammation (Castro-Dopico et al., 2019).

Myeloid differentiation primary response 88 (MyD88) is
another innate immune receptor that identifies microbial signals,
resulting in induction of effector molecules such as IL1 and IL18
(Janeway and Medzhitov, 2002). Deficiency of MyD88 in mice
results in a distorted gut microbiota composition (Vaishnava
et al., 2011a; 2011b). The expression of numerous AMPs of epithe-
lial cells is controlled by MyD88. One of these AMPs is RegIIIc that
limits some surface gram-positive bacteria and inactivates adap-
tive immune response. Also, MyD88 controls T cell differentiation,
and stimulates IgA which maintains microbiota homeostasis and
controls Th17 cells expansion via inhibition of segmented filamen-
tous bacterial growth in mice (Wang et al., 2015).

One of innate immune cells is innate lymphoid cell (ILC) that
has some functional characteristics of T cell (Walkeret al., 2013;
Sonnenberg and Artis, 2012). ILC originates from common lym-
phoid precursor cells and differentiates according to the particular
transcriptional factor expression. ILCs are classified into three sub-
sets: group 1 ILC (containing ILC1 and NK cell), group 2 ILC (con-
taining ILC2) and group 3 ILC (containing ILC3 and lymphoid
tissue-inducer (LTi) cell), depending on their ability to produce
type 1, type 2 and TH17 cell-associated cytokines, respectively
(Cella et al., 2009; Spits and Di Santo, 2011). The microbiota plays
a role in the maturity and functioning of ILCs. Some studies
reported the importance of the microbiota for ILC production of
IL-2 (Satoh-Takayama et al., 2008; Sanoset al., 2009). However,
another study reported that the microbiota can inhibit IL22
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production by RORct + ILCs (Sawa et al., 2011). IL22 induces the
production of AMPs from gut epithelium (Zheng et al., 2008).
IL22 stimulates, in particular, the expression of C-type lectin AMPs
regenerating islet-derived protein IIIb (REGIIIb) and REGIIIc, that
control gut microbiota (Vaishnava et al., 2011a; 2011b). Absence
of either IL22-producing ILC or IL22 leads to potentially pathogenic
bacterial overgrowth and spread, such as Alcaligenes xylosoxidans,
predisposing to intestinal damage and systemic inflammation
(Sonnenberg et al., 2012). Therefore, gut microbiota modulates
gut-specific immune cells and subsequently mediates immune
homeostasis, and regulates the equilibrium among useful and
other commensals that has the ability to cause diseases, and resists
intestinal pathology.

2.2. Gut microbiota and adaptive immune system in euobyosis

Currently it is well known that gut microbiota controls the
expansion of specific lymphocyte subsets. T helper 17 (TH17) cell
is a specific lineage of CD4+ TH cell. TH17 cell is essential for host
defense and is a key mediator in the progression of autoimmune
disease through the production of pro-inflammatory cytokines,
IL17A, IL 17F and IL-22 (Littman and Rudensky, 2010). In contrast
to other subsets of CD4+ TH cell, like TH1 and TH2 cells, TH17 cells
accumulate in the gut, further indicating that the TH17 cell matu-
rity is induced by gut-intrinsic mechanism. According to this the-
ory, gut TH17 cells are significantly diminished in antibiotic-
treated or germ-free mice (Atarashi et al., 2008). The production
of TH17 cells in mice is promoted by Clostridia-related bacteria,
which is a segmented filamentous bacteria (SFB) (Ivanov et al.,
2008). The attachment of SFB to host epithelium stimulates serum
amyloid A protein (SAA) expression, which, subsequently induces
CD11 expressing lamina propria dendritic cells (DCs) to release IL
6 and IL 23 that thereafter induce differentiation of TH17 cells
(Ivanov et al., 2009). Also, commensal microbiota, but not the
pathogenic ones, provides luminal ATP which induces TH17 cell
development by a mechanism different from that mediated by
SFB (Gaboriau-Routhiau et al., 2009). Gut microbiota promotes
IL1b production that is also crucial for TH17 cell differentiation
(Shaw et al., 2012). It was found that reconstitution of germ-free
mice with microbiota from conventionally raised mice saved the
gut TH17 cells (Chung et al., 2012).

Forkhead box P3 (FOXP3)+ regulatory T cell (TReg) represents
another CD4+ TH cell subset that accumulates in gut and mediates
gut homeostasis. TReg cells diminution results in unusual expan-
sion of CD4+ TH cells expressing commensal bacteria-specific T cell
receptors (TCRs) and intestinal inflammation (Powrie et al., 1993).
Notably, the gut TReg cells development is partially dependent
upon gut microbiota, since T Reg cell number is severely reduced
in the gut lamina propria of germ-free mice (Atarashi et al.,
2011). TReg cells generation can be induced through particular
species of commensal bacteria (Geuking et al., 2011). An increase
of gut IL10-producing T Reg cells has been reported to be stimu-
lated by colonization of germ-free mice with one of the following
bacterial members: the human commensal bacterium Bacteroides
fragilis, 46 Clostridium spp. mixtures, cluster IV and XIVa strains,
or altered Schaedler flora (ASF) containing a cocktail of 8 distinct
commensal bacteria (Round et al., 2011). One of the mechanisms
that commensal bacteria can stimulate the development of TReg
cells involves TGF-b activation in epithelial cells that, in turn, can
stimulate the generation of TReg from TH cells (Amada et al.,
2013).

A strong relationship is also present between gut microbiota
and gut-specific B cell response. IgA is the most important
immunoglobulin class produced in gut mucosa (Fagarasan et al.,
2010). In gut lumen, IgA is secreted as polymeric IgA at high con-
centrations which is transfered via polymeric immunoglobulin
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receptor (pIgR) that is expressed on gut epithelium and is released
into the lumen as secreted IgA (SIgA) (Strugnell and Wijburg,
2010). SIgA coats soluble antigen or commensal bacteria to restrain
their attachment to host epithelium and their dissemination into
the lamina propria. Therefore, SIgA mediates intestinal barrier
action and upholds host–commensal mutualism (Fagarasan et al.,
2010).

Furthermore, IgA is found to regulate gut microbiota composi-
tion and function (Macpherson et al., 2012). For example, change
in the gut microbiota composition occurs due to IgA dysfunction
or deficiency resulting from mutation or deficiency of activation-
induced cytidine deaminase (AID), respectively (Fagarasan et al.,
2002; Wei et al., 2011). Additionally, binding of commensal Bac-
teroides thetaiotaomicron to IgA suppresses innate immune
response via influencing bacterial gene expression (Peterson
et al., 2007). The gut microbiota also controls the number of gut
IgA-producing cells and it was reported that IgA-forming cells were
considerably reduced in the germ-free mice gut (Fagarasan et al.,
2010). There are different mechanisms by which the microbiota
can induce the development of IgA-producing cells. Follicular DCs
(FDCs) can recognize bacteria through MYD88 which is essential
for IgA production (Suzuki et al., 2010). In addition, commensal
gut microbiota-derived flagellin stimulates retinoic acid synthesis,
which essentially facilitates the IgA-producing B cells differentia-
tion (Mora et al., 2006; Uematsuet al., 2008). Likewise, commensal
gut microbiota induces expression of factors such as tumor necro-
sis factor (TNF), inducible nitric oxide synthase (iNOS; also called
NOS2), B cell activating factor (BAFF; also called TNFSF13B) and a
proliferation-inducing ligand (APRIL; also called TNFSF13) in lam-
ina propria DCs, that are responsible for induction of IgA producing
plasma cells (Tezuka et al., 2007; Tezuka et al., 2011). Additionally,
plasma cells of the gut release TNF and iNOS following microbial
stimulation, which further stimulates secretory IgA function of B
cells (Fritz et al., 2011). Therefore, the microbiota supports lamina
propria DCs and FDCs to induce IgA-producing B cells differentia-
tion, and in line, IgA controls the gut microbiota composition and
function to keep up symphony between the microbiota and host.

Regarding IgE, gut microbiota has been reported to induce
immune regulatory signals to maintain basal levels of IgE and
thereby reduce disease intensity in antigen-induced oral anaphy-
laxis model (Herbst et al., 2011). In germ-free mice, abnormal IgE
serum accumulation has been observed (McCoy et al., 2006; Hill
et al., 2012). It was hypothesized that sufficient microbial exposure
during early life is required for proper induction of immune regu-
lation (Cahenzli et al., 2013).

2.3. Host-made compartmentalization of gut microbiota

Gut mucosa is an exellent interface for microbiota-host interac-
tions. An important feature of the gut immune system is establish-
ment of immunological tolerance towards an array of harmless
microbiota in parallel with elicitation of immune response against
commensal or pathogenic microbes that invade the sterile body
(Mowat, 2018). During normal conditions, the host immune reac-
tion to gut microbiota is restricted to mucosal surface (Konrad
et al., 2006). A single layer of epithelial cells segregates the under-
lying tissues from the intestinal lumen. Different mechanisms are
engaged to maintain compartmentalization of microbiota. Gut
epithelium is separated from inhabitant microbiota by a thick
mucus layer (Belkaid and Naik, 2013). The mucus barrier has a
hyper glycosylated mucin, MUC2. MUC2 protects through static
shielding, and suppresses the antigenicity of gut microbiota via
directing enteric DCs toward anti-inflammatory status (Shan
et al, 2013). Tight junctions are other important structures that
limit trans-epithelial permeability. Indole, a microbial metabolite
signal stimulates strengthening of the epithelial barrier via up-
1632
regulation of tight junctions and related cytoskeletal proteins
(Bansalet al., 2010). Additionally, SIgA and AMPs maintain the
mucosal barrier functions (Peterson et al., 2007). Gut DCs play a
vital role in gut microbiota compartmentalization, through sam-
pling of gut microbiota for antigen presentation (Macpherson
and Uhr, 2004).
3. Environment-gut microbiota interaction

Many environmental factors together with host genetics shape
the gut microbiota. Antibiotics, diet, and westernized lifestyle are
examples of the factors affecting microbiota and subsequently
inducing inflammatory and autoimmune diseases. Understanding
environmental gut microbiota alteration and how it can involve
in some diseases is still unclear. The impact of antibiotics and diet
on gut microbiota interaction will be discussed in this review.

3.1. Antibiotic-gut microbiota interaction

The use of antibiotics has considerably improved human health.
On the other hand, studies have reported that antibiotic usage dur-
ing childhood is accompanied with a variety of immune-mediated
disorders such as inflammatory bowel disease (Yamamoto-Hanada
et al., 2017). Antibiotics administration greatly influences the com-
position and function of gut microbiota, and possibly causes life-
long undesirable effects on the host (Becattiniet al., 2016).
Antibiotics-associated gut microbial dysbiosis can affect immune
cells. In rats, antibiotic intake suppresses gut mucosal mast cell
induction and dietetic lipid absorbtion (Sato et al., 2016). Broad-
spectrum antibiotics-associated gut microbial dysbiosis causes
depletion of microbiota-derived short chain fatty acids (SCFAs)
that leads to gut macrophages hyperactivation, proinflammatory
T helper cell expansion and enhance capability to infections
(Scott et al.,2018). Moreover, antibiotics allow gut fungi over-
growth, thus stimulating polarization of pulmonary M2 macro-
phages, which subsequently induces allergic pulmonary
inflammation (Kim et al., 2014; Kim et al., 2018). It was found also
that disruption of microbiota by antibiotics promotes microbial-
specific Th1 cell response with histopathology in a CX3CR1 + MN
P-dependent mechanism (Ohnmacht et al., 2015). Also, germ free
or antibiotic-treated mice develop extensively reduced
RORct + Treg cells that potentiate Th2 type-associated immune
response with severe inflammatory reaction upon helminth infec-
tion (Ohnmacht et al., 2015). Depletion of microbiota by broad-
spectrum antibiotics in human with pre-existing immune system
injury leads to a low antibody response to seasonal influenza vac-
cine, increased circulatory inflammatory profiles and distorted
plasma metabolome profile (Hagan et al., 2019). However, the
long-term effects of antibiotic-associated microbiota dysbiosis in
humans need further observational researches and clinical trials.

3.2. Diet-gut microbiota interaction

Recent studies have reported association between dietetic
microbiota alteration and host immune reaction. Western diets
extremely affect gut microbiota composition and negatively influ-
ence host immunity (Christ et al., 2019). For instance, the sec-
ondary bile acid, taurocholic acid level, increases with intake of a
high saturated fat diet, and consequetively promotes Bilophila
wadsworthia growth. Bilophila wadsworthia, a pathobiont boosts
Th1 type immunity and enhances the susceptibility towards colitis
in mice (Devkota et al., 2012; Cheng et al., 2016). High-fat diet can
disturb intestinal DCs homeostasis with butyrate and retinoic acid
reduction, resulting in exacerbation of chemically induced colitis in
mice (Haghikia et al., 2015; He et al., 2017). Dietetic long-chain
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fatty acids alter gut microbiome and metabolome resulting in
worsening of central nervous system autoimmunity (Viennois
et al., 2017; Rodriguez-Palacios et al., 2018). In mice, the gut micro-
biota composition can be changed by intake of dietary carbohy-
drates, artificial sweeteners, emulsifiers, certain probiotics with
consequent immune modulation and inflammation. Serum level
of the proinflammatory cytokine IL 6 was found to be reduced with
higher fecal levels of Dialister and lower levels of Coriobacteriaceae,
in individuals after short period of whole grain consumption
(Martinez et al., 2013). In addition, microbiota composition and
consecutively, immunity is affected by dietetic amount, type of
diet and timing of food intake. Intermittent fasting promotes
microbiota-induced balance of IL17 production and regulatory T
cells that could decrease disease severity of autoimmune
encephalomyelitis in mice and in patients with multiple sclerosis
(Cignarella et al., 2018). In murine colitis model, fasting-
simulating diet has been reported to exert a protective effect by
alteration of gut microbiota including Lactobacillus excess
(Rangan et al., 2019). On the contrary, alcohol-associated cancer
colon is accelerated by mistimed dietary intake through reduction
of butyrate and SCFA-forming microbiota, causing discrepancy in
numbers of mucosal Th17/TReg cells (Bishehsari et al., 2020).
4. Microbiota-immunity interaction in dysbiosis

Microbiota-host abnormal immune interaction in genetically
prone individuals may predispose to development of complex
immunological diseases. Inflammatory bowel diseases, cardio
metabolic diseases, systemic autoimmune diseases and cancer
are the most widely studied examples of immune mediated disor-
ders. In addition, other multi factorial disorders like neurodegener-
ative diseases are suggested to be modulated by microbiota-
immunity linkage but necessitates additional human studies and
remains to be confirmed (Fig. 3).
4.1. Dysbiosis of gut microbiota and inflammatory bowel disease

Inflammatory bowel disease (IBD), including Crohn’s disease
(CD) and ulcerative colitis, is a chronic recurring gastrointestinal
tract inflammation, with an incraesing worldwide prevalence
(Kaplan,2015). Gut microbiota dysbiosis has been suggested to
have fundamental roles in IBD pathogenesis. These comprise of
low microbiota diversity with a distinct shift to distinct bacterial
taxa, such as low levels of Lactobacillus, Bacteroides, Firmicutes,
Ruminococcaceae, Clostridia and high levels of Gammaproteobacteria
and Enterobacteriaceae (Gevers et al., 2014; Kostic et al., 2014),
with distorted microbiota associated metabolite patterns
(Franzosa et al., 2019; Lloyd-Price et al., 2019). Bacterial symbiont
strains predominance in mucosal layer results from rupture of
firmly regulated intestinal barrier, stimulating abnormal host
immune response and tissue injury (Fig. 4) (de Souza and Fiocchi,
2016). Disruption of gut barrier integrity, including epithelial cell
junction, mucus layers, and AMP secretion contributes to IBD
pathogenesis (Martini et al., 2017). For example, deficiency of
Muc2 in mice might develop spontaneous colitis (Van der Sluis
et al., 2006). Early gut dysbiosis results in Muc2 mutation with
subsequent mucus layer defects in colitis-susceptible mice (Liso
et al., 2020).

Genomic studies reported that over than 200 IBD susceptibility
loci, most of them encode proteins associated with adaptive and
innate immune sensing and response to microbial signal. Amongst
them, NOD2 gene mutation was strongly coupled with susceptibil-
ity to CD (Hugot et al., 2001; Ogura et al., 2001). NOD2, an intracel-
lular PRR, recognizes microbial peptidoglycan and regulates gut
microbiota, through controlling the expression and secretion of
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AMPs. It can also suppress the growth of some proinflammatory
microbial species as Bacteroides vulgates (Petnicki-Ocwieja et al.,
2009). Induction of microbiota dysbiosis promotes CD-like inflam-
mation in genetically susceptible germ free mice, thereby support-
ing the vital role of gut dysbiosis in IBD (Schaubeck et al., 2016).
Microbiota transplanted from IBD patients to germ free mice pro-
motes imbalance in intestinal Th17 and RORgt + regulatory T cells
(Britton et al., 2019). More noticeably, a single pathobiont,
Mucispirillum schaedleri, could stimulate Th1 cells resulting in mur-
ine gut inflammation with NOD2 deficiency (Caruso et al., 2019).
Likewise, ectopic colonization of oral Klebsiella spp. obtained from
IBD patients, promotes murine Th1-type gut inflammatory
response (Atarashi et al., 2017). Moreover, microbiota of infant
born to IBD-prone mother could transmit abnormal B cell and T
cell adaptive immunity to germ free mice (Torres et al. 2020).
However, more information about the molecular effects of micro-
biota and their products on IBD pathogenesis may enable develop-
ment of future targeted intervention.
4.2. Dysbiosis of gut microbiota and immune-mediated liver diseases

The liver is anatomically joined with the gastro-intestinal tract
through portal venous circulation and bile duct system; therefore,
it is exposed to gut microbiota and its products (gut-liver axis). Gut
microbiota and its products repetitively translocate from gut
lumen to liver, and that may affect the hepatic immune response.
For instance, hepatic Kupffer cells (KCs) number, maturation and
function, a vital element of hepatic innate immunity, are directly
influenced by microbial associated molecular patterns (MAMPs)
of gut microbiota (Corbitt et al., 2013). Immunological hepatic
damage could be aggravated by gut pathogens because of activa-
tion of hepatic natural killer T cells (NKTs) and DCs (Chen et al.,
2014). Likewise, it was reported that probiotics rich in glycolipid
antigen activate hepatic NKT cells in a dose- and strain-
dependent way (Liang et al., 2014). Microbial lipopolysaccharide
(LPS) promotes TLR4 signaling which in turn stimulates hepatic
stellate cell, a major hepatic fibrosis inducing cell line, resulting
in expression of several chemokines and adhesion molecules
(Fig. 5) (Paik et al., 2003).

Moreover, in primary sclerosing cholangitis (PSC), a chronic
cholestatic and inflammatory hepatic disorder, it was reported that
gut microbiota could affect hepatic inflammation through TLRs
sensing of gut microbial products. Klebsiella pneumonia a gut
pathobiont, derived from PSC patients was reported to rupture
gut epithelial barrier, and stimulate bacterial translocation result-
ing in Th17 cell response in murine liver (Nakamoto et al., 2019).
Recently, in PSC patients, bile microbiota alteration, with reduced
biodiversity, abundant pathobiont Enterococcus faecalis, and higher
level of toxic secondary bile acid taurolithocholic acid were
reported (Liwinski et al., 2020). However, it is not known whether
these changes were randomly implicated in PSC or a result of bil-
iary disease (Yoshimoto et al., 2013). Recent studies also estab-
lished that microbiota-derived small molecules have carcinogenic
effects through secondary bile acids that stimulate hepatic NKT
cell, deoxycholic acid that modulates inflammatory secretome,
lipoteichoic acid that regulates prostaglandin E2 secretion, and
TLR4 that signals LPS in liver malignancy (Dapito et al., 2012; Loo
et al., 2017).

Again, it was reported that activation of TLRs can develop non-
alcoholic fatty liver disease (NAFLD) and nonalcoholic steatohep-
atitis (NASH), via an extensively known pathway; LPS-TLR4
signaling (Kolodziejczyk et al., 2019). Together with TLRs, NLRP6
and NLRP3 inflammasomes may protect against NAFLD and NASH
throughout gut microbiota alteration (Henao-Mejia, et al., 2012).



Fig. 3. Microbiota-immunity interaction in dysbiosis: Gut dysbiosis can cause immune-mediated disorders in different systems.

Fig. 4. Dysbiosis of gut microbiota and IBD: An increase in the intestinal epithelial cells permeability in IBD during gut dysbiosis induces the production of pro-inflammatory
cytokines and activates T cells, macrophages and NK cells. Furthermore, during inflammation adhesion molecules are produced for leucocyte recruitment.
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Fig. 5. Association between gut dysbiosis and liver diseases: In gut dysbiosis, bacteria can invade the liver and induce TLR4 by LPS which stimulates different immune
responses (proinflammatory cytokines production, adhesion and chemokines expression, etc.) which leads to progression of different diseases (NAFLD).
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4.3. Dysbiosis of gut microbiota and immunometabolic disease

Metabolic disorders, such as diabetes mellitus, obesity and
atherosclerosisis are a hallmarkof chronic low-grade inflammation.
Immune cells-parenchymal cells cross talk has a decisive role in
pathogenesis of metabolic disorders in metabolically highly active
organs like the adipose tissue (Hotamisligil, 2017). An increasing
evidence suggests that gut microbiota-derived metabolites can
enter systemic circulation through gut barrier and stimulate meta-
bolic inflammation (Tilg et al., 2020). It has been indicated that host
immune system-gut microbiota interactions implicated in type I
diabetes. For instance, germ free non-obese diabetic mice with
MyD88 deficient signaling vigorously develop type I diabetes,
although the disease could be attenuated bymicrobial colonization.
Akkermansia muciniphila depletion translocates endotoxin-
activated CCR2 + monocytes to systemic circulation. This in turn,
triggers innate pancreatic B1a cells, followed by decreased insulin
sensitivity (Bodogai et al., 2018). Additionally, the crosstalkbetween
microbiota and immunity plays an important role in obesity. In obe-
sity, microbiota-derived tryptophan metabolites induce white adi-
pose tissue inflammation, via miR-181 family of micro RNAs
(Virtue et al., 2019). Recently, high fat diet-induced murine obesity
has been reported to be decreased by NLRP12 through SCFA derived
from members of Lachnospiraceae family (Truax et al., 2018).

Atherosclerosis with its complications is the most dangerous
common sequelae of cardio metabolic disorders. In humans, the
metabolite trimethyl amine N-oxide (TMAO) derived from gut
microbiota is associated with atherosclerotic heart disease (Koeth
et al., 2019). Interestingly, atherosclerosis could be enhanced by
TMAO through up regulation of macrophages scavenger receptors
CD36 and SR-A1, by increasing cholesterol level in macrophages
and foam cells development (Wang et al., 2011).
4.4. Dysbiosis of gut microbiota and rheumatoid arthritis

Rheumatoid arthritis (RA) is an autoimmune disease involving
synovial joints, characterized by synovial inflammation with con-
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comitant damage of bone cartilage. Its pathogenesis is still ambigu-
ous. Genetic factors (e.g.HLADRB1), environmental factors, and
microbiome dysbiosis have been concerned with its pathogenesis
(Scher et al., 2013). A plethora of Prevotella copri has been impli-
cated in naive new-onset RA treatment (Maeda et al., 2016) and
at in patients with high risk for RA (Alpizar-Rodriguez et al.,
2019). Three uncommon genera (Collinsella, Eggerthella and Faecal-
ibacterium) were reported to be strongly linked with RA, amongst
which Collinsella induces proinflammatory IL-17A production
(Fig. 6) (Chen et al., 2016).

In a Chinese group, RA patients showed gut, salivary and dental
Lactobacillus salivarius overgrowth and low levels of Haemophilus
spp. (Zhang et al., 2015). SCFAs formed by gut microbiota interact
with multiple immune pathways concerned with RA (Wang and
Xu, 2019). Microbial ligands stimulate TLR2 and TLR4 and T cell-
induced autoimmune arthritis spontaneously develop in IL1rn–/–
mice (Abdollahi-Roodsaz et al., 2008). Moreover, dysbiotic micro-
biota stimulates gut IL17 production in IL1rn–/– mice (Rogier
et al., 2017). Furthermore, colonization of genetically susceptible
mice with dysbiotic microbiota from RA patients induces a pro-
found Th17 response. In the same way, germ free mice colonization
with SFB is enough to provokeTh17 activation and autoimmune
arthritis (Wu et al., 2010). Besides gut microbiota, Porphyromonas
gingivalis a periodontal pathobiont, stimulates TLR2- and IL-1-
induced Th17 response and thus exacerbates autoimmune arthritis
(de Aquino et al., 2014).
4.5. Dysbiosis of gut microbiota and cancer

Gut microbiota-immune system interaction is assumed to affect
cancer immune surveillance. The existence of Fusobacterium
nucleatum in colon cancer micro environment directly inhibits kill-
ing of tumors by NK cell. This is partially due to binding of bacterial
Fap2 protein to human TIGIT (T cell immune receptor with Ig and
ITIM domains) receptor (Gur et al., 2015). Furthermore, abundance
of F. nucleatum in human colorectal carcinoma micro environment



Fig. 6. Gut dysbiosis can stimulate Rheumatoid arthritis: Gut dysbiosis can induce the production of autoantibodies and inflammatory cytokines that mediate RA.
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could decrease CD3+ T cells, which are associated with a better
clinical prognosis (Mima et al., 2015).

In primary or metastatic liver tumors, gut commensal Clostrid-
ium species consumes bile acids as messenger to boost the antitu-
mor response of hepatic CXCR6+ NKT cell (Ma et al., 2018).
Anticancer immunotherapeutic response is reported to be modu-
lated by microbiota. For example, large numbers of commensals
Enterococcus faecium, Bifidobacterium longum and Collinsella aerofa-
ciens fuel T cell-promoted responses to anti-PD-1 therapy in either
preclinical model or cases have metastasized melanoma
(Gopalakrishnanet al., 2018; Matsonet al., 2018; Sivanet al.,
2015). Another study revealed an association between excess of
fecal Akkermansia muciniphila and PD-1 blockade effectiveness in
epithelial tumors patients, due to CCR9+CXCR3+CD4+ T lymphocyte
influx and IL-12 expression (Routy et al., 2018). Immune response
to other anticancer therapy, such as CTLA-4 blockade (Vetizou
et al., 2015) or cyclophosphamide (Viaud et al., 2013) was also
associated with different gut microbiota patterns. Interestingly,
unfolding the gut microbiota role regarding anticancer immune
surveillance and immunotherapy may have promise in enhance-
ment of treatment response in cancer patients, and needs to be
extensively studied (Zitvogel et al., 2016).

Besides gut microbiota, a recent study discovered that cancer
immunity could be regulated by intra-tumor tissue microbiome.
For example, intra-pancreatic adenocarcinoma microbiota in mice
and humans stimulates carcinogenesis by inducing a tolerogenic
immune pathway, including suppression of monocyte differentia-
tion through selective TLRs and T cell anergy (inactive Tcell)
(Pushalkar et al., 2017). Additionally, the existence of Gammapro-
teobacteria in colon cancer of mice or human pancreatic adenocar-
cinoma results in resistance to anti-cancer gemcitabine (Geller
et al., 2017). Interestingly, in long-term pancreatic adenocarci-
noma surviving patients, intra-tumor microbiota shows high
microbial heterogeneity, that can stimulate robust immune infil-
tration and antitumor immune response (Riquelme et al., 2019).
These studies highlight the therapeutic role of intratumor tissue
microbiota, calling for further mechanistic studies.
1636
4.6. Dysbiosis of gut microbiota and neurological disorders

Balanced neuroimmunity and healthy brain development
depends on combination of various internal and environmental
factors. Amongst these, molecular signals emanating from gut
microbiota may modulate brain cell function (Sharon et al.,
2016). Microglia which is a primary innate immune neurological
cell, is responsible for brain immune defense and maintains brain
development and homeostasis (Butovsky and Weiner, 2018). The
microbiota affects microglia homeostasis, via signaling through
SCFAs (Erny et al., 2015). Germ free mice were found to have
impaired microglial structure and function with signs of impaired
CNS innate immune responses (Matcovitch-Natan et al., 2016).
Notably, microglial developmental through prenatal stages is
affected by maternal microbiota, and absence of microbiota results
in microglial defect that is displayed in a sex-dimorphic manner
(Thion et al., 2018). Microglial dysfunction resulting from micro-
bial dysbiosis was reported in some neurological disorders, such
as neurodegenerative, behavioral and inflammatory disorders
(Abdel-Haq et al., 2019). However, microbiota-microglia interac-
tion in pathogenesis of neurological disorders warrants further
studies.

Additionally, diet rich in SCFAs have been reported to stimulate
TReg cells to down-regulate CNS autoimmune disorders. Moreover,
gut microbiota dysbiosis can stimulate meningeal IL-17+ cd T cells,
which have a role in the pathogenesis of ischemic brain injury
(Benakis et al., 2016). In spite of recent advances, the study of
microbiota-neuroimmunity interaction in eubiosis and dysbiosis
is still immature. Some studies have elucidated possible mecha-
nisms driving gut-brain axis in relation to neuroimmunity. For
example, antibiotic-mediated gut microbiota depletion could ame-
liorate murine autoimmune encephalomyelitis, possibly mediated
by IL-10-producing Treg cells (Ochoa-Repáraz et al., 2009). Preg-
nant female mice offsprings have higher risk to develop neurode-
velopmental disorders when the resident gut microbiota has the
tendency to induce T helper 17 immune response (Kim et al.,
2017). On the other hand, IL-17a-mediated inflammatory response
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was found to improve the social behavior of immune activated
pregnant mice offsprings (Reed et al., 2020). Microbiota association
in these immune mechanisms requires further prospective studies.
Further research in this area may hold a therapeutic promise in
unravelling new regulatory mechanisms regarding many degener-
ative, inflammatory and developmental neurological disorders.

4.7. Dysbiosis of gut microbiota and urinary tract infections

Resembling the gut-brain axis, a bidirectional connection is also
present between gut and kidney (Mestrovic et al., 2021). With evi-
dence of gut–kidney axis, gut microbiota dysbiosis has a role in
pathogenesis of different renal disorders, such as hypertension
and chronic kidney disease and urinary stones (Yang et al., 2018).
In addition, a direct association between gut microbiome and uri-
nary tract is obvious in urinary tract infection (UTI) (Lee and Stern,
2019).

Characteristically, the pathogenesis of UTI begins with peri-
urethral space contamination by gut-resident uropathogens, sub-
sequent colonization to the urethra and ascending immigration
to the urinary bladder (Flores-Mireles et al., 2015). UTI is most fre-
quently due to uropathogenic Escherichia coli (UPEC), which is the
causative agent for more than 80% of community-acquired UTIs.
Abundance of UPEC strains in guts of UTI patients indicate their
gut origin (Nielsen et al., 2014). UTIs are prevalent in women due
to closeness of the female urethra to the anus and it reduced length
compared to the male urethra and, facilitating the immigration of
gut microorganisms to urinary tract and subsequent colonization
(Foxman, 2010).

Abundance of Enterobacter in gut microbial flora of pedriatic
UTI patients compared with healthy controls, suggested that gut
microbiota is associated with risk of children to UTI (Paalanne
et al., 2018). Recently, Magruder et al. (2019) demonstrated gut
microbiota–UTI axis. They explained that preponderance of
E. coli in the gut was linked with high occurence of E. coli-
induced bacteriuria and UTI. Furthermore, in one subject, gut
E. coli strains showed major similarity to the urinary E. coli strain,
corroborating the assumption that both urinary tract colonization
and UTI are related to gut microbiota. Moreover, it was demon-
strated that higher abundance of bacterial taxa Faecalibacterium
and Romboutsia with relatively scarce flora of Enterobacteriaceae
could correspond to the decreased risk for Enterobacteriaceae
related bacteriuria and UTI in kidney transplant recipients
(Magruder et al., 2020).

4.8. Dysbiosisn of gut microbiota and autoimmune skin disorders

Microbiota is a significant factor involved in many skin disorder
related diseases. Surprisingly, not only the alteration of skin micro-
biota influences skin condition, but change in gut microbiota is also
associated with some skin diseases. In addition, regarding the gut–
skin relationship in humans, some studies indicate that variation in
the skin microbiota can modulate the gut microbiota, and likewise,
change in skin physiology could induce change in gut microbiota.
Therefore, skin microbiota could control that of the gut and vice-
versa (Loś-Rycharska et al., 2021).

Autoimmune skin disorders are increasingly related to dysbio-
sis of gut microbiota and its metabolites (Ni et al., 2020). It was
found that vitiligo, an autoimmune skin disorder, was associated
with a particular skin microbiota distribution (Ganju et al., 2016).
Skin microbiota is found to be highly variable and controlled by
multiple factors such as skin sites and different microenviron-
ments. On the other hand, gut microbiota composition tends to
be stable since early childhood, although it could alter with high
specificity in autoimmunity (Ni et al., 2020). Furthermore,
ampicillin-induced depigmentation was reported to be associated
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with gut dysbiosis rather than skin dysbiosis (Dellacecca et al.,
2020). A case-control study, done using 16S rRNA sequencing,
found significantly decreased Bacteroidetes: Firmicutes ratio in viti-
ligo cases compared to matched healthy controls. The study also
found that Corynebacterium, Ruminococcus, Jeotgalibaca and Psy-
chrobacterwith elevated serum IL-1b levels correlated significantly
with disease duration in vitiligo patients (Ni et al., 2020).

4.9. Dysbiosis of gut microbiota and cardiovascular disorders

Atherosclerosis is an inflammatory illness with an autoimmune
backdrop (Hansson and Jonasson, 2009). Infection is a major con-
tributor to inflammation with a risk of atherosclerosis. Many
microbes like Helicobacter pylori, Chlamydophila pneumoniae,
Porphyromonas gingivalis, Hepatitis C virus, Influenza A virus,
Cytomegalovirus, and human immunodeficiency virus are found
to be linked to an increased threat of cardiovascular diseases
(Rosenfeld and Campbell, 2011). Infection leads to atherosclerosis
through two main mechanisms. The first mechanism occurs
through direct infection of walls of the blood vessels with subse-
quent plaque formation. The second indirect mechanism is an
immune mediated reaction that occurs through production of
proinflammatory mediators as a result of a distant site infection,
enhancing plaque growth (Jonsson and Bäckhed, 2017). Further-
more, gut dysbiosis also leads to formation of atherosclerotic
metabolites in gut such as trimethylamine N-oxide (TMAO) that
can also alter metabolism of bile acids (Bu and Wang, 2018).

Lactobacillales, Eubacterium, Anaeroglobus, Clostridium, and Rose-
buria genera are principally found in the gut cavity and have been
also detected in atherosclerotic plaques (Koren et al., 2011). Appar-
ently, gut microbiota, particularly Clostridium, Bacteroides and Lac-
tobacillales have been considered as diagnostic markers in patients
with coronary artery diseases (Emoto et al., 2017).

Microorganisms stimulate production of inflammatory cytoki-
nes and acute-phase reactants resulting in atherosclerosis by
amplifying chronic inflammation inside the atheromatous plaques
(Rosenfeld and Campbell, 2011). Another likely mechanism for
augmented inflammation is molecular mimicry or cross-
reactivity between self-antigens and bacterial antigens like heat-
shock proteins and oxidized low-density lipoproteins (Lamb
et al., 2003). Human heat-shock protein 60 (HSP60) is expressed
on the surface of arterial endothelial cells in response to stress such
as hypercholesterolemia or acute hypertension. In addition, bacte-
rial heat-shock protein 60 is the main bacterial antigenic element
during infection. As a result of high degree of sequence homology
between bacterial and human HSPs, antibodies produced against
the bacterial HSPs could cross-react and target host cells express-
ing human HSP60 (EL-Ageery et al., 2020).

Alteration of gut microbiota specially, Gram-negative bacteria,
results in escalating LPS levels and saturated fatty acids that induce
inflammation. This promotes bacterial and endotoxins transloca-
tion from the lumen of intestinal to the blood stream as a conse-
quence of an intestinal permeability increase, with consequent
activation of TLR4 expressed in most cardiovascular cells (Rocha
et al., 2016). Decreased proinflammatory cytokines, plaque lipids
and aortic atherosclerosis were reported in TLR4-deficient animal
model (Michelsen et al., 2004). Over expression of TLR1, TLR2
and TLR4 in human atherosclerotic plaques, is suggestive of a prob-
able involvement in pathogenesis (Edfeldt et al., 2002).

TMAO is one of the gut microbiota metabolites. Different
animal-based foodstuffs and energy drinks contain phosphatidyl-
choline, choline and carnitine, which are subsequently metabo-
lized by gut microbiota to trimethylamine (TMA), that is
followed by oxidation by hepatic flavin monooxidases 3 to TMAO
(Tang et al., 2013). TMAO causes atherogenesis by several mecha-
nisms. TMAO prevents reverse cholesterol transport resulting in
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decreased cholesterol elimination from peripheral macrophages;
TMAO inhibits high-density lipoprotein-mediated atheroprotective
effect hence supporting atherosclerosis (Zhu et al., 2016). In addi-
tion, TMAO enhances stimulus-dependent release of Ca2+ from
intracellular Ca2+ stores causing increased platelet hyperrespon-
siveness and hence escalated thrombotic risk (Fig. 7) (Koeth
et al., 2013). TMAO was found to promote activation of proinflam-
matory proteins such as interleukin-6, cyclooxygenase-2, intercel-
lular adhesion molecule-1 and E-cadherin – through the NF-jB
signaling pathway in vascular tissues (Seldin et al., 2016). It was
found that elevated TMAO level was associated with a higher risk
of the major cardiovascular catastrophes such as stroke and
myocardial infarction in a 3-year follow-up study of about 4000
patients (Tang et al., 2013). So, the effect of gut microbiota on car-
diovascular system is considered as a novel locus that needs to be
further explored in animal and human subjects.
4.10. Dysbiosis of gut microbiota and lung diseases

Previous epidemiological studies have reported that infants
who were delivered via caesarean section or whose mothers were
frequently given antibiotics prior to birth, had altered gut com-
mensals, coupled with enhanced risk for developing pneumonia.
This resulted in a presumption that exposure to commensal bacte-
ria during early life may confer resistance to pneumonia in new-
borns (Azad et al., 2016). Furthermore, it was reported that
alteration of gut microbiota in infancy is related with enhanced
vulnerability to inflammatory disorders like allergen-induced air-
way hyper-reactivity in later life (Russell et al., 2012). Moreover,
Fig. 7. Gut microbiota and cardiovascular diseases. TMAO causes atherogenesis by severa
cholesterol inhibition.
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disruption of postnatal gut microbiota or selective depletion of
dendritic cells interrupted the migratory program of lung IL-22+

ILC3 (interleukin 22 producing group 3 innate lymphoid cells)
and increased the susceptibility of newborn mice to pneumonia,
which was retrograded by adoptive transfer of commensal bacteria
soon after birth (Gray et al., 2017).
4.11. Perspectives

Since the last century, gut microbiome has been extensively
investigated. Recent findings have explored enormous role of this
microbial flora in health status and diverse disease status. Though
the gut microbiome is intricate, there is an extremely accurate
equilibrium in this population. Any disturbance in this equilibrium
results in dysbiosis and, therefore, resistance to pathogen coloniza-
tion decreases, with preferential growth of pathobionts and patho-
logical immunological response. Though the involvement of
dysbiosis in disease pathogenesis is conspicuous, it is still mostly
indefinite. Apparently, the microbiota shaping is affected by both
genetic and environmental factors. However, the association of
these two factors and the mechanism of interaction that results
in dysbiosis remains an active area of exploration.

Other questions needed to be additionally determined are
whether dysbiosis is specific to particular disease and whether
occurrence of dysbiosis throughout the lifetime of host is signifi-
cant for disease pathogenesis, especially as colonization of micro-
biota in the early phase of life is important for optimal maturity
and functioning of the immune system. Given the significance of
gut microbiota and dysbiosis in disease pathogenesis, targeting of
l mechanisms such as platelets hyperreactivity, inflammatory cytokines and reverse
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microbiota is an important therapeutic goal. Faecal microbiota
transplantation (FMT) can successfully treat Clostridium difficile
infection, and this signifies the importance of dysbiosis treatment
to reduce susceptibility to other diseases, including IBD. In fact, a
deeper understanding of the host–microbiota interaction is
required to avoid or treat intestinal as well as extra-intestinal
disorders.
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