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Abstract

Human microbiome consists of multiple species out of which most of them reside
in gut. Gut microbiota is most complex and dynamic in terms of species diversity
and therefore regulates the host homeostasis. The intricate relation between the
gut microbiota and host is crucial for host functioning. Dysbiosis in microbiota
affects myriads of processes which result in multiple diseases such as IBD, type
1 diabetes, and rheumatoid arthritis, etc. This chapter highlights the role of gut
microbiota in innate and adaptive immune system development and further
explains how alteration in microbiota leads to dysbiosis which makes host
susceptible to several diseases.
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4.1 Introduction to Gut Microbiota

Microorganisms are the part of normal human microbiota, over the period of time a
symbiotic relationship leads to their colonization in the nasal tract, oral cavity, skin,
respiratory, and genitourinary tract (Opazo et al. 2018). Apart from microorganisms,
human microbiota comprises protozoans, fungi, archaea as well as viruses (Neish
2009; Sekirov et al. 2010; Sonnenburg and Bäckhed 2016), this collective coloniza-
tion is termed as gut microbiota. The gastro intestinal tract (GIT) of humans is an
intricate open system which harbors 1014 microorganisms (Seksik and Landman
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2015). Recent advances in deep sequencing technology bring insight about the
genome of gut microbiome, it encodes 3.3 billion genes; this surpasses the number
of human gene by 100-fold (Dwivedi et al. 2017), therefore it is also termed as
“human second genome” (Xu et al. 2019). Human health is governed by the
microbes in the gut microbiota which have both favorable as well as pathogenic
effects. GIT is the largest region which gets exposed with the external habitat and
comprises two-third of the total human microbiome (Virili et al. 2018).

The diversity and the dynamics of the gut microbiota are governed by several
factors like age, gender, health alignments, immunity, genetics of the host, geo-
graphical changes, lifestyle, and treatments (Ardissone et al. 2014; De Martino et al.
2004). Metagenomics study reveals that the most of the species of the microbiome
are missing in the same person at a same time frame; however, microbiota of healthy
individuals shows abundant of some species over others (Human Microbiome
Project Consortium 2012; Qin et al. 2010). In fact, there is diversity in the microbiota
of the gut on the bases of the types of cells; cells of mucus layer, intestinal lumen,
and epithelial cells show diverse microhabitats (Sekirov et al. 2010).

Development of human microbiome starts even before the birth as it is revealed
by the study on microbiome composition of the placenta (Aagaard et al. 2014).
Moreover the study performed on the first stool of the infants shows the presence of
30 genera which are normal inhabitant of amniotic fluid, oral, and vaginal cavity
(Ardissone et al. 2014; Clemente et al. 2012; De Martino et al. 2004). It is believed
that this is occurred due to mother to child transmission at the time of pregnancy
(Lagier et al. 2012). The microbiota of the infants depends on the mode of delivery
such as caesarean section born infants have microbiota similar to that of skin while
vaginally born infants have vaginal microbiota (Dominguez-Bello et al. 2010).
Pregnancy period and the initial few months after the delivery are crucial for the
development of the microbiota which further influences immune homeostasis
(Gordon Jeffrey et al. 2012).

Breast feeding is another decisive factor that links with microbiome and immu-
nity development (Stewart et al. 2018). Human milk contains ~109 bacterial cells/L
(Endesfelder et al. 2014), apart from its nutritional value it possesses various
bioactive and immunological molecules which govern the microbiome and intestine
maturation of the infants. Studies illustrate that immunological components of the
human milk such as sIgA, lysozyme, complex lipids, alpha lactalbumin, and
lactoferrin impart protection to the infants (Gordon Jeffrey et al. 2012). Initiation
and development of microbiota during infant stage impact the health and immunity
during adulthood (Ranucci et al. 2017), any perturbation in this development may
lead to negative consequences (Fulde et al. 2018). The gut microbiome keeps on
evolving from infants to early childhood in a phased manner (Xu et al. 2019).

The mutual relationship between host and gut microbiota plays significant bene-
ficial role. It impacts the development of the gut by influencing proliferation of
epithelial cells and host cells apoptosis. Short-chain fatty acids which are the
by-product of polysaccharide fermentation mediate interactions between host cells
and gut microbiota (Lazar et al. 2018). Apart from maintaining gastrointestinal
homeostasis, gut microbiota play role in the development of components of immune
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system, synthesis of vitamins like B-complex, folic and biotin, detoxification of
xenobiotic compounds, maintaining nutritional homeostasis (Gérard 2013). Among
all the known members of gut microbiota, bacteria are most explored. They are
classified into three categories, aerobic, facultative anaerobic, and obligate anaerobic
bacteria out of which obligate anaerobic dominates them all (Fig. 4.1).

The interspecies balance is pivotal for the proper functioning of the body; this
balance is termed as eubiosis. Any imbalance to eubiosis is termed as dysbiosis
could lead to plethora of diseases which further affects multiple organs (Clemente
et al. 2012). Hereafter this chapter will focus on the role of gut microbiota in the
development of immune system and disease.

4.2 Interactions Between Gut Microbiota and Immune System

The symbiotic relationship between the microbiome and the human gut is beneficial
for both of them as human gut acts as nutrient source as well as provides breeding
habitat to microflora; in return gut micobiota helps in vitamin synthesis, gut devel-
opment, and forms mucosal barrier as a defense mechanism (Berg et al. 2015). The
human mucosa is the largest and the most exposed component to the external
environment. Eubiosis is pivotal for maintaining host homeostasis and its defense.
The relevance of gut microbiota came into light after the studies performed on germ-
free (GF) mice revealed that it produces relatively reduced amount of Intraepithelial
lymphocytes (IELs) (Bandeira et al. 1990), IgA-secreting plasma cells (Crabbé et al.
1968), Tregs cells (Ostman et al. 2006), and Angiogenin-4 (Ang4) (Hooper et al.
2003).

Moreover in GF mice, the germinal center of Peyer’s patches is smaller compare
to conventional mice (McDermott and Huffnagle 2014). Another study illustrates

Fig. 4.1 Gut microbiota in normal and diseased conditions
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that concentration of IgA in the feces enhanced reasonably after prebiotics treatment;
however, expression of Peyer’s patches and pro-inflammatory factor of mesenteric
lymph nodes reduced considerably (Carasi et al. 2015). All together these results
pinpoint the role of gut microbiota in immunity development as well as eubiosis.

Immune system works basically by recognizing and eliminating the pathogen
from our system. The intestinal immune homeostasis is crucial for both host as well
as trillions of microbes within the system. This immune homeostasis is a combined
effect of innate and adaptive immunity. Several innate and adaptive responses which
are crucial in shaping the intestinal microbiota are explained in next section.

4.3 Innate Immunity and Gut Microbiota

Gut-Associated Lymphoid Tissues (GALTs) are present throughout the intestine;
they are part of mucosa-associated lymphoid tissues (MALTs) (Brandtzaeg et al.
2008). The innate immune cells of the GALTs are involved in presenting antigen to
activate adaptive immune response after recognizing pathogens in a nonspecific
manner (Jiao et al. 2020). GALTs have dual function of immune tolerance and
immune homeostasis. GALTs include following components; Peyer’s patches,
isolated lymphoid follicles (ILFs), crypt patches, M cells, appendix, and mesenteric
lymph nodes (mLNs) (Brandtzaeg et al. 2008; Mowat 2003). M cells are involved in
delivering intestinal antigen to GALTs (Mabbott et al. 2013). Several studies pin
point the role of gut microbiota in shaping GALTs. Lymphoid tissue inducer (LTi)
cells are involved in formation of secondary lymphoid organs of gut such as Peyer’s
patches, mLNs, and ILFs (Adachi et al. 1997; Mebius et al. 1997).

Pattern-recognition receptors (PRRs) are crucial for innate immune response;
they sense pathogen through specific structures. The pathogen-associated molecular
patterns (PAMPs) of the intestinal microorganisms are recognized by PRRs and lead
to the development of ILFs. Mouse deficient in PRRs shows defects in ILFs
development. PRRs are of several types depending on their location, ligand speci-
ficity, and functions, several PRR-related molecules are involved in mechanism like
toll-like receptors 2 (TLR2) (Round et al. 2011), myeloid differentiation primary
response 88 protein (MyD88) (Medzhitov et al. 1998; Wesche et al. 1997),
nucleotide-binding oligomerization domain 1/2 (NOD 1/2) (Bouskra et al. 2008;
Clarke et al. 2010; Petnicki-Ocwieja et al. 2009), and TIR domain-containing
adaptor protein inducing interferon-β (TRIF) (Bouskra et al. 2008). PRR-PAMP
recognition plays pivotal role during host defense response as well as structural
development of GALTs.

Toll-like receptors (TLRs) are another crucial member of innate immune system,
they recognize specific region in pathogens and start immune response (Rakoff-
Nahoum et al. 2004). They are also involved in balancing microbiota composition
(Larsson et al. 2012; Wen et al. 2008). Several studies report that TLR5-deficient
mice show compositional changes in microbiota (Vijay-Kumar et al. 2010). These
changes may further lead to the development of spontaneous colitis, metabolic
syndrome, and obesity; this highlights the role of TLR5 in maintaining gut
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microbiota composition (Carvalho et al. 2012; Chassaing et al. 2014; Chassaing
et al. 2014; Vijay-Kumar et al. 2010).

The nucleotide-binding oligomerization domain-like receptors or Nod-like
receptors (NLRs) are intracellular stress sensors of pathogen-associated molecular
patterns (PAMPs) associated with cellular stress. Like TLRs, they are also involved
in maintaining microbiota composition as it is shown by the study where NOD1/2-
deficient mice show altered composition of microbiota (Bouskra et al. 2008;
Couturier-Maillard et al. 2013; Petnicki-Ocwieja et al. 2009). Paneth cells which
are present in small intestine have enhanced expression of NOD2 protein; upon
getting exposed to pathogens this protein induces multiple responses which include
cytokines production, autophagy initiation, generation of antimicrobial peptides, and
intracellular vesicle trafficking, thus impacts the composition of the microbiota
(Couturier-Maillard et al. 2013; Nigro et al. 2014; Ramanan et al. 2014). These
members of NLR family elicit immune response after recognizing bacterial
peptidoglycans, viruses, and parasites.

Innate immune system functions by initiating response upon sensing the meta-
bolic state of the gut microbiota. Evidence from all the studies reveals the role of
innate immune system in governing composition of microbiota (Levy et al. 2015), as
mice deficient in NOD2 (Couturier-Maillard et al. 2013; Petnicki-Ocwieja et al.
2009; Ramanan et al. 2014), NLRP6 (Elinav et al. 2011), and TLR5 (Vijay-Kumar
et al. 2010), leads to dysbiosis. It is therefore believed that sensors of innate immune
system work by promoting the growth of beneficial microorganisms as well as
maintaining the stable microbiota. Additionally, there are several other molecules
which are involved in maintaining composition of microbiota such as any alterations
in paneth cells, which produce antimicrobial peptides (AMPs) lead to dysbiosis
(Salzman et al. 2010; Salzman and Bevins 2013). Moreover altered AMP expression
brings about alterations in spatial organization of microbiota; RegIIIγ deficiency
causes colonization of microorganism in the inner mucus layer, which is devoid of
microorganism in normal condition (Vaishnava et al. 2011).

4.4 Adaptive Immunity and Gut Microbiota.

4.4.1 T cells

T cells are the crucial member of adaptive immune system; they are of two types
CD4+ T cells and CD8+ T cells. CD4+ T cells are present in lamina propria of
intestine and upon activation it differentiates into following subtypes T helper
1 (Th1), Th2, Th17, or regulatory T cell (Treg). The balanced expression of these
subtypes is important determinant factor of human health. Each subtype has different
functions like Th1 cells play important role during host defense against microorgan-
ism, while Th2 cells remove parasitic infections (Wu and Eric 2012). Unregulated
Th responses lead to autoimmune diseases and allergic reactions. CD8+ T cells are
present in intraepithelial compartment of the gut. GF mice show less number of
CD8+ T cells with reduction in their cytotoxicity indicates the role of microbiota in
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monitoring CD8+ T cells and its function (Helgeland et al. 2004; Imaoka et al. 1996;
Kawaguchi-Miyashita et al. 1996).

Several studies revealed that mice deficient in adaptive immune system display
changes in their microbiota, this suggest the role of adaptive immune system in
balancing microbiota composition (Kato et al. 2014; Zhang et al. 2015). Mice
lacking T cells also show altered microbiota, it is believed that T cells regulate
microbiota by triggering expression of AMP; however, there is no direct evidence to
this. Rather the prime mechanism by which T cells regulate microbiota is by
influencing B cells to produce secretory IgA (Kato et al. 2014). Tregs and Th17
cells are known to be involved in intestinal IgA production, there are reports which
suggest that Tregs assist B cells in IgA production (Tsuji et al. 2009). Another study
points out the role of Th17 cells in antigen-specific IgA production upon immuniza-
tion with cholera toxin (Hirota et al. 2013). All together these studies brought insight
about the role of T cells in development of microbiota.

4.4.2 B Cells

Another crucial molecule of adaptive immune system which governs the composi-
tion of intestinal microbiota is immunoglobulin A (IgA). It is produced by plasma
cells into the intestinal lumen where it attaches to microbes as well as microbial
components. This generates a physical barrier which averts detrimental interactions
with immune system (Pabst 2012). IgA maintains the eubiosis by two proposed
mechanism, first by inhibiting the growth or inflammatory effects of microorganisms
and secondly by preserving the diversity of healthy microbiota (Palm et al. 2015).
Mice deficient in Activation-Induced Cytidine Deaminase (AID) show defect in
class switching or somatic hypermutation, this defect is reversed by substituting IgA;
this highlights the role of IgA in forging microbiota (Fagarasan et al. 2002; Suzuki
et al. 2004), IgA known to play crucial part in forging microbiota during develop-
ment, as its deficiency fails to curb proteobacteria during microbiota maturation
(Mirpuri et al. 2014). IgA is also known to suppress the inflammatory response there
by promoting the mutualism between host and microbiota (Peterson et al. 2007). The
phenomenon of immune exclusion is mainly involved in suppressing inflammatory
response by prohibiting microorganisms from approaching mucosal epithelium
(Corthésy 2013). Moreover alternate mechanism by which IgA directly suppresses
inflammatory responses is by coating microorganisms gene expression (Cullender
et al. 2013). Studies are still at their infancy about how IgA arbitrates these
responses.

4.5 Role of Gut Microbiota in Disease Development

The impact of gut microbiota on innate and adaptive immune system is already
discussed above, any dysbiosis in microbiota leads to critical diseases. The modifi-
cation in the eubiotic state of microbiota triggers myriad of diseases such as type I

58 P. Pathak



diabetes, nonalcoholic fatty liver disease, rheumatoid arthritis, obesity, cancer, etc.,
however how these alterations cause these diseases is still ambiguous. The symbiosis
between host and microbiota is crucial for homeostasis. Together, this chapter
reveals the crosstalk between host, microbiota, and environmental cues which
leads to these pathophysiologies.

4.6 Type 1 Diabetes

Type 1 diabetes (T1DM) was previously called as juvenile-onset diabetes; it is a
chronic disease which is linked with high mortality at premature stage (Lazar et al.
2018). It is occurred due to inability of pancreatic β cells to produce insulin due to
autoimmune obliteration (Aathira and Jain 2014). Normally this disease occurs
during early stage of life but there are reports which reveal that 50% of T1DM
occurs in individuals older than 20 year. Several factors govern the development of
this disease such as diet, genetics, and gut microbiota (Pociot and Lernmark 2016;
Rewers and Ludvigsson 2016; Todd et al. 2007). Data from various studies show
that the composition of gut microbiota varies between healthy individuals and
individuals with T1DM. Bio-Breeding (BB) rat and nonobese diabetic (NOD)
mouse bear alike attribute with that of human disease (Pearson et al. 2016). The
composition of gut microbiota in Bio-Breeding diabetes-prone (BB-DP) rats is
altered strikingly before and after the outbreak of T1DM (Brugman et al. 2006).
Consistent with this, the composition of gut microbiota is altered between healthy
and T1DM individuals (Han et al. 2018).

Large amount of research in this direction highlights the role of gut microbiota in
TIDM development by regulating immune responses. The outer membrane compo-
nent of gram-negative bacteria lipopolysaccharide (LPS) or endotoxin is crucial in
enhancing the proinflammatory cytokines and damaging the function of pancreatic β
cells (Allin et al. 2015), which further leads to diabetes (Pussinen et al. 2011).
Another study showed that circulating LPS is higher in T1DM individuals compared
to that of healthy individuals (Devaraj et al. 2009). Additionally it is considered that
LPS is derived from gut microbiota. Therefore, it is considered as a link between gut
microbiota and TIDM (Han et al. 2018). Any change in gut microbiota causes LPS
and fatty acids leakage by damaging the mucosal barrier, this leads to simultaneous
induction of TLR4 which results in metabolic inflammation (Velloso et al. 2015).
Studies performed in NOD mouse lacking TLR4 show the increased rate of T1DM
development (Gülden et al. 2013). Moreover, a study in NOD mice lacking MyD88
reveals that the T1DM development is not their when raised under specific-
pathogen-free (SPF) condition; however, NOD mice lacking MyD88 shows
increased development of T1DM under GF conditions (Wen et al. 2008). MyD88
deficiency changes the composition of gut microbiota and leads to T1DM by
regulating host immune response (Wen et al. 2008).
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4.7 Rheumatoid Arthritis

Rheumatoid arthritis (RA) is an autoimmune disorder which is caused by oblitera-
tion of bone and cartilage which leads to development of pain and swelling in and
around the joints of body. It is very frequent disease affecting 1% of total population
and is quite common among females.

RA correlates with the inflammatory responses caused by CD4+ Th1 and Th17
cells and any variation in these responses leads to advancement of RA (Xu et al.
2019). Study on collagen induction arthritis (CIA) mice model shows that gut
microbiota plays crucial role in impacting susceptibility to arthritis. The gut
microbiota of CIA-susceptible and CIA-resistant mice was altered (Liu et al.
2016). It is also reported that the GF mice having microbiota of CIA-susceptible
mice show increased initiation of RA than those having microbiota of CIA-resistant
mice (Liu et al. 2016).

4.8 Inflammatory Bowel Disease (IBD)

IBD is a gastrointestinal disorder in which structure of mucosa gets altered, compo-
sition of gut microbiota changes along with some systemic deformity (Mulder et al.
2014). Depending on the symptoms and intestinal localization it is mainly divided in
two forms, Crohn’s disease (CD) and ulcerative colitis (UC) (Mulder et al. 2014;
Wijmenga 2005). IBD is a progressive disease and its frequency increased world-
wide (Chow et al. 2009; Kaplan 2015; Wang et al. 2010). Recent research points out
the role of gut microbiota in development of IBD, Th17, and Treg cells harmony is
crucial for intestinal homeostasis. Study on segmented filamentous bacteria (SFB) in
mice reveals the inflation of Th1 and Th17 cytokines (Gaboriau-Routhiau et al.
2009; Ivanov et al. 2009; Lee and Mazmanian 2014).

Several studies suggested that IBD patients with dysbiosis show alteration in their
stool microbiome as well as loss of beneficial microorganisms compared to that of
healthy individuals (Moustafa et al. 2018). The cause and development of IBD is
linked with dysbiosis in various reports (Abu-Shanab and Quigley 2010; Casén et al.
2015; Huttenhower et al. 2014; Marchesi et al. 2007; Tamboli et al. 2004; Wright
et al. 2015; Zhang et al. 2007). In IBD patients, number of commensal bacteria such
as Firmicutes and Bacteroides are comparatively less in number; however, bacteria
of family Enterobacteriaceae are higher in number (Bien et al. 2013; Hedin et al.
2014; Li et al. 2015; Mondot et al. 2011; Nguyen 2011). Another study reports the
interaction between reduced gut diversity and disease onset in individuals with CD
(Gevers et al. 2014). The studies performed in CD and UC individuals reveal
decrease in Clostridium groups of bacteria and increase in Proteobacteria (Frank
et al. 2007; Macpherson et al. 2000; Sartor 2008), as well as compelling reduction of
commensal bacterial species belong to genera Bacteriodes, Lactobacillus, and
Eubacterium (Nemoto et al. 2012; Sha et al. 2013).
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4.9 Celiac Disease (CD)

It is a chronic disorder of the digestive system. Gut microbiota plays pivotal role in
onset of this disease, any alteration in the composition of gut microbiota leads to the
CD (Festi et al. 2014). It is hypothesized that gut microbiota have pathogenic role in
CD development (Collado et al. 2007). Studies show that species like Streptococcus
mutans and Streptococcus anginosus were present in less number in CD patients
compared to that of healthy individuals (Lazar et al. 2018). Galactoside 2-alpha-L-
fucosyltransferase2 is an enzyme which is encoded by FUT2 gene; monitors the
expression of ABH blood group antigens in intestinal mucus as well as other
secretions. Study conducted in Fut2-deficient mice illustrates higher susceptibility
to Candida albicans colonization compared to that of control mice, this leads to
induction of CD (Lazar et al. 2018). Bifidobacterium spp. of bacteria are commensal
of gut and provide protection against pathogens, any changes in the microbiome due
to mutation in FUT2 gene lead to development of CD (Nagao-Kitamoto et al. 2016).

4.10 Systemic Lupus Erythematosus (SLE)

SLE as the name suggests is a systemic, chronic, and inflammatory autoimmune
disease of ambiguous mechanism mainly defines by inflammation at multiple site of
the body (Paglia et al. 2017). Manifestation of this disease is indicated by upsurge of
Bacteroides phyla and reduction in Firmicutes (Hevia et al. 2014). The composition
of microbiota is believed to be crucial, as any modification in microbiota is
associated with onset of SLE. There are several reports which explained the link
between dysbiosis and SLE development. Recent study shows that microbiomes of
SLE patients of northeastern China have higher number of Proteobacteria and lesser
number of Ruminococcaceae (Wei et al. 2019).

4.11 Cancer

The major factor which is pivotal for cancer development is chronic inflammation.
Inflammation accelerates the tumor development and hastens invasion and metasta-
sis. Inflammatory cytokines cause damage in the DNA, any changes in the methyla-
tion of DNA induce inflammation-associated cancers (Nagao-Kitamoto et al. 2016).
Development of cancer is not associated with change in single entity; however, it is
linked with dysbiosis of entire microbiome. During dysbiosis, there is alteration in
the bacterial populations with upsurge in tumor-inducing species and decrease in
commensal species (Lazar et al. 2018). During inflammation, there is increased
alteration of microbiota which assists bacterial translocation into the neoplastic
tissue and leads to expression of inflammatory cytokines which in turn causes
tumor growth (Grivennikov et al. 2012). The microbiota of the colon induces
colorectal cancer by triggering immune response of Th17 cells (Wu et al. 2009).
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The balance between microbiota and host defense mechanism is crucial for the
development of colorectal cancer.

4.12 Conclusion and Future Perspectives

The diversity and dynamics of human microbiome are intriguing and therefore there
is increased research in this direction in the past decade. Eubiosis of the microbiome
is crucial for the host functions. The role of the gut microbiota in the development of
the host immune system and autoimmune disorder is already evident from the
research. Host genetics and environmental cues are pivotal in shaping the gut
microbiota. Any modulation in gut microbiota increases the prospect of autoimmune
disease.

This chapter highlights the association between the gut microbiota with immune
system and disease development. The identification and characterization of crucial
microorganism and their mechanism of action will allow us to understand their
contribution in disease development and progression, as well as lead the way for the
development of novel strategies which can prevent disease development. Apart from
this, human microbiome can also be used to identify gut-associated disease as
change in gut microbiota is a hallmark in various gut-linked diseases. Considering
the fact that microbiome can change upon dietary changes this could be used to
customize diets which can reshape microbiota and its function in order to prevent
disease. This knowledge can be used in future for accurate and efficient treatment of
patients. Further recognition of unique symbiotic microorganism which prevents
aggregation of disease causing bacteria and boosts host immunity will pave a way in
development of medicine which can reverse the defects caused by dysbiosis.
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