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Abstract: The body defense mechanism has evolved to protect animals from invading pathogenic 

microorganisms and cancer. It is able to generate a diverse variety of cells and molecules capable 

of specifically recognizing and eliminating a limitless variety of foreign invaders. These cells 

and molecules act together in a dynamic network and are known as the immune system. Innate 

mucosal immunity consists of various recognition receptor molecules, including toll-like 

receptors, NOD-like receptors, and RIG-I-like receptors. These recognition receptor molecules 

recognize various invading pathogens effectively, and generate an immune response to stop 

their entry and neutralize their adverse consequences, such as tissue damage. Furthermore, they 

regulate the adaptive response in cases of severe infection and also help generate a memory 

response. Most infections occur through the mucosa. It is important to understand the initial 

host defense response or innate immunity at the mucosal surface to control these infections and 

protect the system. The aim of this review is to discuss the effects and functions of various innate 

mucosal agents and their importance in understanding the physiological immune response, as 

well as their roles in developing new interventions.
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Introduction
The mucous membrane that covers the digestive and urogenital tracts, the respiratory 

canal, the eye conjunctiva, the inner ear, and layers of most of the exocrine glands, is a 

strong component of the immune system, with very specialized mechanical and chemi-

cal barriers that either prevent the entry of foreign bodies or facilitate their degradation 

through a series of chemical processes, most of which are yet to be fully clarified. 

The mucosa prevents colonization and invasion by foreign pathogens, and prevents 

any aggravated response of the immune system to such pathogens that could harm the 

organism. This is a rather local but specialized version of the immune system, and is 

well interlinked with the lymphatic system, and thus is known as mucosa-associated 

lymphatic tissue or, in a more functional sense, the mucosal immune system. There 

are various subsets of this broad term, including gut-associated lymphatic tissue, 

bronchus-associated lymphatic tissue, and nasal-associated lymphatic tissue. The 

mucosal immune system has two parts, ie, the innate system and the adaptive system. 

The innate system comprises various recognition molecules and natural killer cells, 

while the adaptive system comprises various antigen-presenting cells and the T and 

B lymphocytes.1

The recognition of foreign bodies at the mucosal surface takes place in a number 

of ways. Cell-intrinsic recognition involves the dendritic cell recognizing cytosolic 
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pathogen-associated microbial patterns (PAMPs) using vari-

ous pattern recognition receptors, followed by the presenta-

tion of pathogens, either by the major histocompatibility 

complex (MHC) Class I pathway (via rough endoplasmic 

reticulum) or the MHC Class II pathway (via autophagy). 

Signaling by pattern recognition receptors induces costimu-

latory molecules and cytokines that activate T cells. In cell-

intrinsic recognition, the MHC I pathway depends on an 

abundance of antigens, while the MHC II pathway depends 

on autophagy machinery. Cell-extrinsic recognition can 

recognize either pathogenic or infected cells. On encounter-

ing an infected cell, pattern recognition receptors induce the 

secretion of interferons (IFNs) and dendritic cell-activating 

cytokines. This is followed by MHC Class I or II antigen 

presentation. If toll-like receptors are involved in recognition, 

they induce costimulatory molecules and cytokines, thus 

activating the T cell response. On an encounter, pathogen  

toll-like receptors recognize the pathogen and move, along 

with the pathogen, into the cell phagosome where antigen 

processing and presentation occurs only via the MHC 

Class II pathway, followed by secretion of T cell activation 

molecules2–4 (see Figure 1).

The mucosal immune system is unique, being characterized 

by the presence of specific types of lymphocytes which are 

not found in the bloodstream and have a very different type of 

immune reaction, with the presence of the secretory antibody, 

immunoglobulin (Ig)A.5 Another characteristic feature of this 

system is the ability to differentiate, via pattern recognition 

receptors, between a pathogenic particle and a nonpatho-

genic one.6 Toll-like receptors, a class of pattern recognition 

receptors, are specialized antigen- and adjuvant-sensing 

molecules found on almost all mucosal antigen-presenting 

cells. They not only recognize foreign pathogens, but also 

commensals, and thus maintain a steady-state environment 

inside the gut. Similar molecules, like NOD-like receptors and 

Type C lectins, also provide an immediate response to patho-

gens and tissue damage by recruiting innate immune cells, like 

macrophages and neutrophils, thus triggering tissue repair and 

switching over to adaptive immune mechanisms.7

The gastrointestinal tract is the largest mucosal surface 

in all mammalian systems, and most pathogens try to invade 

the body system through the gut mucosa. Intestinal epithe-

lial cells comprise the most vital part of the gut mucosa 

and regulate the various gut processes, including digestion, 

secretion, absorption, and defense. Their main function is 

the transport of polymeric immunoglobulins produced by 

plasma cells in the lamina propria to the intestinal lumen 

via a receptor-mediated pathway and the recognition of 

foreign matter via pattern recognition receptors.8 They also 

have an important role in antigen presentation, and have the 

dual ability to present both Class I and Class II antigens and 

also secrete immunologically active proteins in response to 

proinflammatory cytokines, thus preventing any damage to 

the intestinal lumen and mucosa.9 In addition, epithelial cells 

express CD14  molecules that bind to lipopolysaccharides 

and also control the interaction between commensals and 

the mucosa.10

The second class of cells in the mucosa basically com-

prises T lymphocytes expressing CD8, CD45RO, integrins, 

and perforins.11 Another specialized class of cells, called 

M cells, found in the mucosal membrane, help absorb anti-

gens and then transport them to Peyer’s patches, followed 

by antigen activation of T cells.12

Innate immunity cells release proinflammatory cytokines 

that subsequently activate the components of the adaptive 

immune system. Specialized epithelial and intraepithelial 

cells also form a part of the mucosa, and maintain a bal-

ance by self-renewal, and also maintain a balance between 

the commensal colonies residing in the mucosa. Migration 

of T and B lymphocytes from the lymph nodes to the com-

mon mucosa has been observed, and is related to activation, 

recirculation, and activation of lymphocytes, and also the 

development of memory lymphocytes. Such movements 

are controlled by specific integrin-type molecules and 

chemokines secreted in the mucosa, including CC chemokine 

ligand 25.13,14 Regulatory T cells secrete lymphokines, includ-

ing interleukin (IL)-10 and transforming growth factor beta 

(TGF-β), that result in oral immunosuppression/tolerance, 
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Figure 1 Pathogen recognition by dendritic cells in mucosa by toll-like receptors 
and RLR and their processing via major histocompatibility complex I and II pathways 
in a macrophage.
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thus preventing any immune response to food particles during 

ingestion.15 Similar mechanisms are hypothesized to work in 

the colorectal immune response, which has no effect on the 

small intestine, and in the nasal immune response in the upper 

respiratory tract mucosa that is exposed to large amounts of 

nasal and lacrimal secretions.

The populations of various intra-epithelial T lymphocytes 

increase gradually, but markedly, in both germ-free and normal 

mice after birth upon colonization by commensal microbiota, 

and are thus important in controlling their growth and interac-

tion with cells in the local environment of the gut mucosa.11

A study of bronchus-associated lymphatic tissue in 

patients with lung carcinoma showed T cells surrounding B 

cell follicles, and most CD4 T cells also exhibited CD45RO, 

and thus had memory responses as well. All the B cells 

exhibited α4 integrin and L-selectin, while only 43% and 

20% of the total population of T cells showed α4 integrin 

and L-selectin, respectively. In lung mucosa-associated 

disease, there is a strong combined mucosal and systemic 

immune response regulated by CD4-expressing T
H
2  cells 

and T
H
1  cells in patients with asthma and tuberculosis, 

respectively.16 L-selectin, a receptor molecule prominent in 

the head and neck mucosa and in the lymph nodes, regulates 

the trafficking of lymphocytes to these sites. Another set of 

molecules, known as α-defensins, regulates the mucosal 

immune system of the gut and prevents microbial invasion at 

the epithelial surface. These are of six types, ie, human neu-

trophil peptides 1, 2, 3, and 4, and human defensins 5 and 6. 

Their counterparts in murine gut-associated lymphatic tissue 

are known as cryptidins. Human defensin 5 is expressed in 

disorders like gastritis, ulcerative colitis, and Crohn’s disease. 

Human neutrophil peptides 1, 2, and 3 are strongly expressed 

in all types of inflammatory bowel disease. Activation of 

α-defensins and cryptidins requires a colocalized molecule 

known as metalloproteinase matrilysin.17

In metalloproteinase matrilysin-mutant mice, there is a 

prominent absence of cryptidins and accumulation of cryp-

tidin precursors. Such mice are much more susceptible to 

ingested pathogens than wild-type varieties. 

Human defensins not only prevent invasion by patho-

gens, but also trigger the influx of different populations of T 

lymphocytes for further adaptive responses. C type lectins, 

like RegIIIγ, are expressed in the intestinal mucosa, have 

antimicrobial properties, interact with bacteria via a pepti-

doglycan mechanism, and aid the recruitment of symbiotic 

bacteria in the intestine.18

Mucosal immunity is directly involved in a number of 

infectious diseases and allergies. In the upper respiratory 

tract, where active influx of IgA and IgM occurs in response 

to any immune aggravation, with some locally produced IgG, 

Waldeyer’s ring exhibits adhesion molecules and various 

chemokine receptors expressed in B lymphocytes present 

there, due to a higher possibility of airborne allergens, which 

are more frequent.19

A general hypothesis that can be made from all the stud-

ies done to date at the mucosa is that innate immunity is the 

true regulator of the immune system. This hypothesis is at 

the basis of almost all mucosal disease, as well as mucosal 

vaccine development.

Mucosal diseases
Because the mucosal surface serves as a portal for many 

infectious diseases, almost all types of pathogens, ie, bacteria, 

virus, fungi, and parasites, cause disease at the mucosa while 

trying to invade the body. Some common mucosal diseases 

caused by a variety of pathogens are described.

The main disease of concern affecting the intestinal 

mucosa is inflammatory bowel disease, in particular, Crohn’s 

disease and ulcerative colitis. Crohn’s disease is a transmural 

inflammation of the bowel at the terminal ileum and right 

colon preferentially, but sometimes also involves the colon, 

rectum, and peritoneal area. The main symptoms are diar-

rhea, abdominal pain, and weight loss, often accompanied 

by extradigestive manifestations, including fever, ulcers, 

arthralgia, and erythema nodosum. About 20% of people 

with Crohn’s disease have a blood relative with some form 

of inflammatory bowel disease, often a brother or sister, 

and sometimes a parent or child. Crohn’s disease can occur 

in people of all age groups, but is more often diagnosed in 

people aged 20–30 years. Ulcerative colitis causes inflam-

mation and ulcers in the top layer of the lining of the large 

intestine. Ulcerative colitis primarily affects the colonic 

mucosa, and the extent and severity of colon involvement 

are variable. In its most limited form, it may be restricted 

to the distal rectum, while in severe cases, the entire colon 

is involved. Both genders are equally affected. In Western 

Europe and in the US, ulcerative colitis has an incidence 

of approximately 6–8 cases per 100,000 and an estimated 

prevalence of approximately 70–150 per 100,000. The 

leading initial symptom of ulcerative colitis is diarrhea with 

blood and mucus, sometimes with pain. Fever and weight 

loss are less frequent. Extraintestinal symptoms can be an 

initial manifestation or can occur later in the course of the 

disease. In proctitis, obstipation can very occasionally be 

the initial symptom. Eighty percent of patients have only 

proctitis or proctosigmoiditis, and only 20% have extensive 
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colitis. The etiology of both Crohn’s disease and ulcerative 

colitis remains unknown, although very recent studies have 

hypothesized multiple factors leading to the disease, ranging 

from tobacco smoking to malnutrition or unhealthy eating 

habits.20,21

Helicobacter pylori is a Gram-negative bacterium that 

colonizes the gastric mucosa and causes chronic gastritis and 

gastric ulcers. The bacterium adheres strongly to the surface 

of gastric epithelial cells without actually invading them. 

H. pylori infection is relatively common worldwide, although 

less than one-quarter of infected individuals progress to the 

development of gastric disease. H. pylori infection is common 

in the US. About 20% of people younger than 40 years of 

age and half of those over 60 years of age have the disease. 

However, most infected individuals do not develop ulcers. 

Whether or not an individual proceeds to a disease state 

may be influenced by any combination of host, bacterial, 

and environmental factors. H. pylori weakens the protective 

mucous coating of the stomach and duodenum, which allows 

acid to get through to the sensitive lining beneath. Both the 

acid and the bacteria irritate the lining and cause an ulcer. 

Serious problems may occur, including perforation (when 

the ulcer burrows through the stomach or duodenal wall), 

bleeding (when acid or the ulcer breaks a blood vessel), and 

obstruction (when the ulcer blocks the path of food trying 

to exit the stomach).22

Diarrhea is the second leading cause of childhood mor-

bidity and mortality worldwide, and each year almost two 

million children under five years of age die from severe 

gastroenteritis. Rotaviruses are the single leading cause of 

diarrhea-related deaths in this age group. It is estimated that 

each year, amongst children younger than five years of age, 

rotaviruses account for 114  million episodes of diarrhea, 

25  million clinic visits, 2.4  million hospital admissions, 

and more than 500,000 deaths worldwide. About 99% of 

rotavirus-associated deaths occur in middle- and low-income 

countries, predominantly affecting infants in the first year 

of life living in socioeconomically deprived rural regions 

of Africa and Asia. In India alone, rotaviruses cause more 

than 120,000 deaths, 400,000 hospital admissions, 5 million 

clinic visits, and 25 million episodes of diarrhea annually. 

One in 250 children from the low-income countries of Africa 

and Asia die from rotavirus gastroenteritis before the age of 

five years. After an incubation period of 1–3 days, rotavirus 

gastroenteritis typically begins abruptly with fever and vom-

iting, followed by watery diarrhea. Less commonly, it may 

present with vomiting and diarrhea only, or even with either 

symptom alone with or without fever. Symptoms usually last 

for 3–8 days, with dehydration, and electrolyte and acid-base 

disturbance as the most serious complications. Compared 

with other enteric pathogens, children hospitalized with 

rotavirus gastroenteritis are more likely to have high fever, 

vomiting, and dehydration. Noroviruses are important patho-

gens in both sporadic cases and outbreaks of gastroenteritis 

in humans. Noroviruses can affect individuals of all ages in 

a variety of settings. The most common acute symptoms are 

diarrhea and nausea followed by vomiting, abdominal pain, 

fever, and fecal incontinence. Various nonspecific symptoms 

are also reported on the first day of illness, with anorexia 

being most frequent, followed by thirst and lethargy, then 

headache and vertigo.23–26

Entamoeba histolytica is a pathogenic organism that is 

widespread throughout the world, but is especially common 

in developing countries, where many people do not have 

access to clean water. The parasite causes invasive disease in 

over 50 million people and an estimated 100,000 deaths per 

year, making it a leading cause of parasitic death in humans. 

Infection with E. histolytica can lead to asymptomatic 

colonization, amoebic colitis, or disseminated extraintes-

tinal disease. The infectious cycle of E. histolytica begins 

with ingestion of the cyst, a nondividing, quadrinucleate 

form that is able to survive in the environment. After inges-

tion, the cyst undergoes excystation in the small intestine 

to produce the proliferative trophozoite form. Trophozoites 

colonize the colon, adhering to the mucous layer by means 

of lectin, which binds colonic mucins. Disease results when 

this mucous layer is penetrated and the trophozoites attack 

the intestinal epithelial cells after entering the mucous layer 

due to a protective, chitin-containing cell wall.27–29

Influenza is a highly contagious acute respiratory dis-

ease caused by infection of the host respiratory tract by the 

influenza virus. The global morbidity and mortality burden 

of influenza is considerable, with an estimated one million 

deaths annually worldwide. In temperate regions, there are 

clear seasonal variations in the occurrence of influenza, 

with a marked peak in the cold winter months. In contrast, 

seasonality is less well-defined in tropical regions, where 

there is high background influenza activity throughout the 

year, with epidemics occurring in the intermediate months 

between the influenza season in temperate countries of the 

Northern and Southern hemispheres. The major limitation of 

current influenza vaccines is that they are strain-specific and 

thus ineffective against new variants of the viruses resulting 

from genetic changes that cause antigenic drifts in hemag-

glutinin or antigenic shifts to another hemagglutinin subtype. 

Administration of vaccines is also limited by the potential 
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for sensitivity to the egg-propagated vaccine and by the fact 

that, as a preventative measure, vaccination cannot provide a 

means of immediate treatment or prophylaxis.30,31

Human papilloma virus (HPV) infections occur all over 

the world. HPV is associated with a plethora of clinical condi-

tions, ranging from innocuous lesions to cervical cancer. HPV 

infects the skin and mucosa, and may induce the formation of 

both benign and malignant tumors. The infection starts when 

the virus penetrates the new host through micro injury. The 

development of the incubation phase into active expression 

depends on three factors, ie, cell permeability, virus type, 

and host immune status. Mucosal HPV infects and replicates 

in the mucous membranes (genital, oral, and conjunctival 

papillomas), and induces epithelial proliferation. In recent 

years, HPV has become one of the most common sexually 

transmitted diseases in both men and women worldwide. 

Cervical cancer is also one of the most common cancers in 

women. Recurrent respiratory papillomatosis is a benign, 

often multifocal neoplasm. A potentially fatal manifestation 

of HPV infection, recurrent respiratory papillomatosis is 

characterized by multiple warty excrescences on the mucosal 

surface of the respiratory tract.32,33

Molecules of mucosal immunity
Mucosal immune regulation is activated and induced by 

various pathways utilizing a variety of biomolecules, 

including lectin, selectins, integrins, NOD-like receptors, 

pyrin domain-containing NOD-like receptors (NALPs), and 

retinoic acid-inducible protein-1 (RIG-I)-like receptors, with 

the most important being the toll-like receptors.

Mammalian toll-like receptors are a class of pattern rec-

ognition receptors that play a major role in the initiation of 

innate mucosal immune responses and the following adaptive 

immune responses to microbial pathogens. Activation of the 

toll-like receptor signaling pathway leads to the expression of 

numerous genes regulating host defense, including inflamma-

tory cytokines, chemokines, antigen-presenting molecules, 

and costimulatory molecules. These evolutionarily conserved 

receptors, homologs of the Drosophila toll gene, recognize 

highly conserved structural motifs only expressed by PAMPs. 

PAMPs are very different from host cell-surface molecular 

patterns, and toll-like receptors have unique recognition abil-

ity for PAMPs. TLR1, TLR2, TLR4, and TLR6 recognize lipid 

microbial ligands, TLR3, TLR7, TLR8, and TLR9 recognize 

nucleotide ligands, TLR5 recognizes protein ligands, and 

uropathogenic organisms are recognized by TLR11.1

Toll-like receptors are Type 1 transmembrane pro-

teins characterized by an extracellular domain containing 

leucine-rich repeats and a cytoplasmic tail that contains a 

conserved region called the toll/IL-1 receptor domain. The 

structure of the extracellular domain of TLR3 was recently 

revealed by crystallography studies as being a large horse 

shoe shape. Stimulation of toll-like receptors by PAMPs 

initiates signaling cascades that involve a number of pro-

teins, including myeloid differentiation primary response 

gene (88), toll/IL-1 receptor domain-containing adapter-

inducing IFN-β, and IL receptor-associated kinase.1 These 

signaling cascades lead to the activation of transcription 

factors, such as activator protein-1, nuclear factor kappa B 

(NFκB), and IFN regulatory factors, inducing the secretion 

of proinflammatory cytokines and effector cytokines that 

direct the adaptive immune response. IL receptor-associated 

kinase-4 then activates IL receptor-associated kinase-1 by 

phosphorylation. Both IL receptor-associated kinase-1 and 

IL receptor-associated kinase-4 leave the myeloid differentia-

tion primary response gene (88)-toll-like receptor complex 

and associate temporarily with TNF receptor-associated 

factor (TRAF)6, leading to its ubiquitination. Bcl10 and 

MALT1 form oligomers that bind to TRAF6, and promote 

TRAF6 self-ubiquitination. Following ubiquitination, TRAF6 

forms a complex with TGF-β activated kinase (TAK)2/

TAK3/TAK1, inducing TAK1 activation. TAK1 is then 

coupled to the inhibitor of kappa B kinase gamma complex, 

which includes the scaffold protein, nuclear factor kappa B 

essential modulator, leading to the phosphorylation of IκB 

and subsequent nuclear localization of NFκB. Activation of 

NFκB triggers the production of proinflammatory cytokines, 

such as tumor necrosis factor alpha (TNF-α), IL-1, and IL-12, 

which direct the adaptive immune response.34–36

In one study, it was found that the expression pattern 

and function of toll-like receptors in different murine B cell 

subsets including follicular, marginal zone, B-1, and Peyer’s 

patches, were different. B cell subsets express all known 

toll-like receptors, except TLR5 and TLR8. Strong prolif-

eration and antibody secretion was recorded on stimulation 

by different toll-like receptor ligands, particularly ligands to 

TLR1 and 2, TLR2 and 6, and TLR4, 7, and 9. Marginal zone 

B cells have a similar pattern of toll-like receptor expression 

and response. However, B-1b cells do not respond strongly 

to TLR2 ligands. In contrast, Peyer’s patch B cells respond 

strongly to TLR2, 6, and 7 ligation, but poorly to ligands 

for TLR9 and 4. Follicular B cells that stimulate the T cell-

dependent immune response express and secrete antibodies 

to IgG3 and IgM in response to a variety of toll-like receptor 

agonists in vitro. An experiment done with cells of gut-

associated lymphatic tissue revealed strong expression of 
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TLR9 specifically in Peyer’s patches and mesenteric lymph 

nodes. In the Peyer’s patches they were prominent on dendritic 

cells, B cells, follicle-associated epithelium, and M cells. 

TLR9 confers a wide range of innate immune defenses against 

foreign oligonucleotides derived from bacteria.37

It was found that there was a high upregulation of 

costimulatory molecules in Shigella dysenteriae porin, such 

as C80 and CD86, followed by a marked increase in IgA 

secretion. These cells were found to express TLR2 and TLR6 

for the detection of porin, and can thus be directly correlated 

with mucosal regulation in the case of Shigella infection.38 

Induction of TLR2 by synthetic Pam
3
CysSK4 in intestinal 

mucosa demonstrated a tight junction-associated barrier 

assembly preventing stress-induced damage via the induction 

of Akt-mediated cell survival using the myeloid differentia-

tion primary response gene (88). Inflammatory stress-like 

colitis results in breakage of tight junctions in intestinal cells, 

while treatment with TLR2-PCSK4 effectively restores tight 

junction integrity and suppresses mucosal inflammation, 

thus providing a way to use toll-like receptors to modulate 

mucosal injury.39 Shigella infection induces the production 

of NFκB and IL-8 in intraepithelial cells and is mediated by 

NOD1.40 It has also been established that Type I fimbriae on 

Shigella are detected by toll-like receptors.41

Ethanol intake causes great stress to the intestinal mucosa 

and damages epithelial cells. A study in C57BL/6J mice 

with ethanol injury demonstrated the expression of TLR4 

following cyclo-oxygenase-2 and prostaglandin E
2
 expres-

sion, that was further followed by expression of macrophage 

inflammatory protein-2. Thus TLR4 can have a protective 

role in ethanol poisoning of the gut.42 It was demonstrated in 

a murine study of Helicobacter-dependent colitis that mice 

lacking TLR4 showed low expression of IL-10 and thus had 

dysregulation in T cell functioning and lack of homeostasis 

in mucosal cells.43 In another study, using V-TLR4 transgenic 

mice, it was demonstrated that TLR4 has a role in the recruit-

ment of B cells in the lamina propria of the mucosa and also 

upregulates the expression of IgA and IgA-mediated class 

switching of B cells.44 Expression of TLR5 and TLR9 in the 

apices of gastric epithelial cells due to H. pylori infection 

was detected, although this expression was lost in H. pylori 

gastritis.45 TLR5 was shown to detect H. pylori flagellin, 

although this reaction has low immunogenicity.46 Similarly, 

heat shock protein 60 of H. pylori induces activation of TLR2 

and 4, resulting in upregulation of NFκB and IL-8 secretion 

in gastric epithelial cells.47

Elevation of TLR4 expression in epithelial cells of the 

colon has been observed in ulcerative colitis and Crohn’s 

disease, and Asp299Gly and Thre399Ile polymorphisms 

have been correlated with development of these diseases.48 

Upregulation of TLR2 expression in colitis has been observed 

in mice.27 It has also been found in inflammatory bowel 

disease that flagellin-specific antibodies are present in high 

amounts in serum, which links this condition with TLR5.49 

Intestinal myofibroblasts were shown to express TLR2 and 

TLR4  in response to lipopolysaccharide and lipoteichoic 

acid, and were linked to the development of fibrosis related 

to Crohn’s disease.50 Various toll-like receptors of the enteric 

mucosa are known to work alongside NOD2, and control 

inflammatory bowel disease with excessive expression of 

NFκB.51 In the event of E. histolytica infection, neutrophil 

influx to the infection site followed by IL-8 expression was 

identified a long time ago, and later found to be a TLR2- 

and TLR4-dependent mechanism induced by lipopeptide 

phosphoglycan from E. histolytica.52,53

Commensal-dependent colitis is a condition that mostly 

arises due to deficiency of the anti-inflammatory and immune 

tolerance pathways. In a study carried out in IL-10-mutant 

and IL-2-mutant mice, it was observed that in the absence 

of toll-like receptor signaling pathways, both these mutant 

strains developed commensal-dependent colitis due to a 

possible lack of innate immune regulation.54

TLR4 was shown to be the immediate responder to 

Salmonella infection while TLR2 was linked to a later 

response.55 Salmonella flagellin has been shown to induce 

TLR5 activation in intestinal epithelial cells.56 Studies in 

TLR4-mutant mice have confirmed the role of TLR4  in 

infection control and production of TNF-α and several other 

chemokines.57 Salmonella-susceptible mice were shown 

to be deficient in TLR5, and this was linked to the SPI2 

pathogenicity island and SopE2  guanine exchange factor 

in Salmonella.58,59 Salmonella typhi was shown to inhibit 

TLR4 and TLR5 responses, and such infection were unable 

to produce IL-8 or neutrophil activation.60 Resolution of 

primary Salmonella infection, the major causative agent 

of typhoid fever, resulting in enteric bleeding from Peyer’s 

patches, was demonstrated to be controlled by the expression 

of a toll/IL-1R domain-containing adaptor protein through 

downstream signaling via TLR1, 2, 4, and 6.61

A common cause of enteric diarrhea is Escherichia coli, 

the lipopolysaccharide of which is readily recognized by 

TLR4 of intestinal epithelial cells.62 In the event of infec-

tion by pathogenic strains, it was found that TLR5 induced 

activation of NFκB and IL-8 production by intraepithelial 

cells.63 E. coli Type 2 enterotoxin was shown to activate TLR2 

through an interaction of its B subunit.64 It is also established 
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that fimbriae on E. coli activates TLR2 and TLR4 and causes 

inflammation, followed by IL-8 secretion.65

It has been shown that TLR9-deficient mice have upregu-

lation in the population of CD4Foxp3 regulatory T cells 

(T-regs) and a reduction in the expression of IL-17- and 

IFN-γ-producing effector T cells. In such strains of mice, 

engagement of TLR9 from hematopoietic-derived cells 

controlled the T-reg population and gut priming for the 

immune response to Encephalitozoon cuniculi infection.66 

Studies of total parenteral feeding showed upregulation of 

various toll-like receptors in the intestinal mucosa to prevent 

bacteria-mediated septic shock arising from IFN-γ-mediated 

epithelial cell apoptosis due to lack of enteric feeding. The 

major toll-like receptors involved were TLR4, TLR5, TLR7, 

and TLR9.67 A toll-like receptor study in goats (Capra hircus) 

revealed expression of all toll-like receptors in peripheral 

blood mononuclear cells, as well as lung mucosal lympho-

cytes, with high amounts of TLR10. TLR3, 4, and 10 were 

expressed at lower levels in the uterine and jejunal mucosa, 

while the mucosa of the uterus and skin expressed high 

TLR6 levels.68

The detection of viral influenza has been linked to TLR3, 

7, and 8 for a long time. A case study in rat H3N2 influenza 

showed stimulation of Type 1 IFN, TNF-α, IL-1, and IFN-γ 

by TLR7 and TLR8. Prophylactic administration of these 

toll-like receptors suppresses viral titers in the lung with 

local IFN secretion, hinting at the potential prophylactic 

and/or therapeutic use of these toll-like receptors.69 Another 

study of Haemophilus influenza in mice demonstrated the 

role of TLR4 in intranasal immunization by activating the 

T
H
1 response followed by mucosal IgA and IgG secretion, 

all of which were absent in TLR4-mutant mice.70 It was also 

shown in another study that cigarette smoke mixed with 

double-stranded DNA induces expression of RANTES (regu-

lated on activation normal T cell expressed and secreted) in 

patients suffering from chronic rhinitis, followed by activa-

tion of TLR3, leading to high levels of human β-defensin 2, 

while cell activation was also upregulated.71 Nasal mucosa 

inflammation has been reported to be mediated by TLR4 

via a local T
H
1 and T

H
2 response and upregulation of IL-10. 

This TLR4-mediated activation is induced by lipopoly-

saccharide and expression of the TLR4 receptor by CD3 

T cells.72 Smooth muscle cells in human airways have been 

shown to express all toll-like receptors. TNF-α and double-

stranded RNA were found to be the most potent inducers of 

TLR2 and TLR3, and along with these two cytokines, IFN-γ 

helped activation of TLR4. Toll-like receptor activation led 

to the release of IL-8 and eotaxin. When Dexamethasone is 

administered with IFN-γ and TNF-α, a strong TLR2 expres-

sion is induced. Together, TLR2, 3, and 4 were found to be 

major activators of chemokine release and mucosal tolerance 

in human airways.73 Epithelial nasal polyp cells were found to 

express TLR3 strongly on induction by double-stranded RNA 

and then mediated very strong proinflammatory responses 

via the secretion of RANTES, IP-10, IL-8, and granulocyte-

macrophage colony-stimulating factor. Similar studies with 

lipopolysaccharide also mediated similar responses but were 

comparatively weaker.74 A study of bovine nasal-associated 

lymphatic tissue infected with foot and mouth disease virus 

demonstrated high expression of TLR4  mRNA from the 

dorsal soft palate cells in the acute stages of the disease, 

along with strong expression of mRNA for IFN-α, with some 

expression of IFN-γ, IL-1α, TNF-α, and IL-2.75

A study of airway epithelial cells in cystic fibrosis 

showed high expression of TLR2 in diseased cells on induc-

tion and mediated proinflammatory responses in the airway 

mucosa.76 Stimulation of lung mucosal TLR2 and TLR6 by 

MALP-2 showed secretion of IL-8 and macrophage inflam-

matory protein-Iβ and enhances phagocytosis.77 Patients 

suffering from chronic rhinosinusitis with nasal polyps 

exhibited high expression of TLR2 followed by induction 

of high quantities of macrophage inflammatory protein-α, 

RANTES, and granulocyte-macrophage colony-stimulating 

factor.78 The virulence of Group B Streptococcus is mainly 

due to the PBP1a protein required for cell wall synthesis and 

encoded by the ponA gene. An experiment in TLR2-mutant 

mice using two different strains of Group B Streptococcus, 

ie, wild-type and ponA-mutant, revealed that TLR2-mutant 

mice were more susceptible to infection by both strains 

of Group B Streptococcus, indicating the involvement of 

TLR2  in the immune response to Group B Streptococcus 

infection.79 TLR2 and TLR4 show strong expression in the 

middle ear of the rat, and thus have a specific role in the 

detection of the airborne pathogens that usually invade 

the ear mucosa and lead to otitis.80 It was found that oral 

mucosal Langerhans cells express TLR4, and stimulation 

of TLR4 showed expression of coinhibitory molecules, such 

as B7-H1 and B7-H3, and downregulation of the costimu-

latory molecule, CD86, while there was a high increase in 

IL-10 secretion followed by the induction of TGF-β1, Foxp3, 

IFN-γ, and IL-2 in T cells. Thus, TLR4 has great importance 

in oral tolerance via Langerhans cells.81

It has been established that toll-like receptors have a role 

in activating both the cellular and humoral immune response 

in Candida albicans infection, along with C type lectin 

receptors.82 Gingival epithelial cells showed expression of 
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TLR2, TLR4, and TLR6, with the production of IL-6, and 

IL-8, and human β-defensins 1 and 2  in the oral mucosa. 

In the same study, it was found that a quorum-sensing 

molecule, farnesol, that regulates the virulence of C. albicans, 

had a synergistic effect in the production of these cytokines, 

along with TLR2, TLR4, and TLR6.83 TLR2 and soluble 

CD14 expression was found to be unregulated in the oral 

mucosa in diseases such as oral lichen planus and burning 

mouth syndrome. These molecules are present in saliva, and 

thus, can be used as biomarkers to give an indication of such 

diseases. However, the expression of TLR2 was found to be 

lowered in oral mucosa epithelial cells.84

Papillomavirus is a great threat to the mucosal membrane 

because it invades the human body through the mucosa and 

is a potential cause of cancer at a number of sites, includ-

ing the vulva, uterus, intestine, and anus. TLR4 can be 

used as a biomarker to study papillomavirus infection. In a 

bovine study, infection with the E7 and E2 strains of bovine 

papillomavirus-1 was demonstrated to reduce expression 

of TLR4 in fibroblasts significantly.85 The human fallopian 

tube is also lined by mucosa and exhibits mucosal tolerance 

against several viral infections. Epithelial cells of the fallo-

pian tube express TLR1-9. These cells, when treated with a 

TLR3 agonist, showed upregulation of IL-8, TNF-α, human 

β-defensin 2, and IFN-β, and also induced TLR2, TLR3, and 

TLR7.86 Viral infection caused by rotavirus, calicivirus, and 

adenovirus of the gut is usually sensed by TLR3 and TLR8. 

Surface TLR3  has been shown to interact with rotaviral 

double-stranded RNA. Single-stranded RNA viruses are 

usually detected by TLR7 and TLR8.87,88

TLR2 expressed in trophoblast cells of the human pla-

centa has been linked to disorders such aschorioamnionitis. 

Localized expression of TLR2 in cytotrophoblast and syncy-

tiotrophoblast mucosal cells and decidual stromal cells was 

shown to be decreased in chorioamnionitis.89 Recent research 

has also shown a link between TLR5 expressed in gut mucosa 

and obesity-related metabolic disorders. TLR5-deficient mice 

exhibited hyperphagia, hyperlipidemia, insulin resistance, 

and hyperadiposity.90 In one study, Staphylococcus aureus-

mediated allergic conjunctivitis of the eye was linked to 

TLR2, with high production of IL-4, IL-5, IL-13, and eotaxin, 

mediated by a T
H
2 response, while TLR2-mutant mice failed 

to exhibit any of these responses.91 In a study of TLR4 in the 

vaginal mucosa of pregnant women, it was found that a single 

nucleotide polymorphism in TLR4 (896 A . G) resulted in 

a TLR4 variant causing high vaginal pH, leading to infection 

by Gardnerella vaginalis and some anaerobic Gram-negative 

rods, while women without this polymorphism were immune 

against such infection.92 A study of vaginal Trichomonas vagi-

nalis infection indicated the activation of TLR4 via secretion of 

proinflammatory cytokines, in particular TNF-α. This resulted 

in a heavy influx of leukocytes to the infection sites.93

A general conclusion that can be drawn from the aforego-

ing observations is that all the different pattern recognition 

receptors and molecules of innate mucosal immunity are the 

first to encounter and recognize a pathogen or antigen, and 

they further induce proinflammatory cytokine production, 

leading to adaptive immunity.

NOD-like receptors constitute a recently identified 

family of intracellular pattern recognition receptors, which 

contains more than 20  members in mammals. NOD-like 

receptors are characterized by tripartite-domain organization, 

with a conserved nucleotide binding oligomerization 

domain and leucine-rich repeats. NOD1 and NOD2 detect 

specif ic motifs within peptidoglycans. NOD1  senses 

D-γ-glutamyl-meso-DAP dipeptide which is found in the 

peptoglycans of all Gram-negative and some Gram-positive 

bacteria, whereas NOD2 recognizes the muramyl dipep-

tide structure found in almost all bacteria.94,95 NOD1 and 

NOD2 signal via receptor-interacting serine/threonine-protein 

kinase 2 (RIPK2). RIPK2  mediates ubiquitination of the 

inhibitor of kappa B kinase gamma, leading to activation of 

the receptor activator of NFκB and the production of inflam-

matory cytokines, including TNF-α and IL-6. In addition to 

the NFκB pathway, stimulation of NOD1 and NOD2 induces 

the activation of mitogen-activated protein kinases. Studies 

have shown the involvement of caspase-recruiting domain-

containing protein (CARD)9  in the selective control 

of NOD2-dependent p38 and c-Jun N-terminal kinase 

signaling.96–98 Genetic variations in NOD2 are associated 

with Crohn’s disease.99 Several NOD1 polymorphisms are 

linked with the development of atopic eczema and asthma.100 

NOD2 is required for the expression of an antimicrobial 

peptide, cryptidin, found in the gastrointestinal mucosa.98 

NOD1-deficient mice are highly susceptible to infection with 

H. pylori, whereas NOD2-deficient mice are more susceptible 

to oral infection with Listeria monocytogenes.101

NOD2 deficiency results in abnormal development 

and function of Peyer’s patches in mice. This phenotype is 

Peyer’s patch-specific and not apparent after birth but pro-

gresses with time, having been observed for up to 52 weeks. 

Peyer’s patches in NOD2-deficient mice are larger than in 

controls, with increased numbers of both M cells and CD4+ 

T cells. Knockout mice exhibit increased translocation of 

yeast and bacteria across Peyer’s patches and higher concen-

trations of TNF-α, IFN-γ, IL-12, and IL-4.102
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Pyrin domain-containing NOD-like receptors play a key 

role in the regulation of caspase-1 by forming a multiprotein 

complex known as the “inflammasome”. Caspase-1 partici-

pates in the processing and subsequent release of proinflam-

matory cytokines, including IL-1β and IL-18. At least two 

types of NALP inflammasomes have been identified, ie, the 

NALP1  inflammasome comprising NALP1, nucleotide-

binding oligomerization domain, leucine-rich repeat and 

pyrin domain containing protein 1, CARD7, ASC (apop-

tosis-associated speck-like protein containing a CARD), 

caspase-1 and caspase-5, and the NALP3  inflammasome 

containing NALP3 (NLRP3, cryopyrin, cold-induced auto-

inflammatory syndrome 1), ASC, cardinal, and caspase-1. 

Activation of caspase-1  induced by NALP3 appears to be 

toll-like receptor-independent, whereas secretion of mature 

IL-1β seems to require two stimuli involving the toll-like 

receptor and NALP3. The first stimulus, a toll-like receptor 

ligand, such as lipopolysaccharide, triggers the generation of 

pro-IL-1β, while the second, a stimulus such as adenosine 

triphosphate, induces oligomerization and inflammasome 

assembly. A murine variant of NALP1 (NALP1b) was shown 

to respond to the anthrax toxin, suggesting an engagement of 

the NALP1 inflammasome in the immune response to Bacil-

lus anthracis infection. NALP3 mediates caspase-1 activa-

tion in response to a wide variety of bacteria, including L. 

monocytogenes and S. aureus.103–105

RIG-I-like receptors (also known as Ddx58) contain 

RIG-I-like helicases, which are a family of cytoplasmic RNA 

helicases that are prominent in antiviral responses. RIG-I and 

melanoma differentiation-associated gene 5 (MDA-5) sense 

double-stranded RNA, a replication intermediate for RNA 

viruses, leading to the production of Type IIFNs in infected 

cells.106,107 Upon recognition of double-stranded RNA, they 

are recruited by the adaptor IPS-1 to the outer membrane of 

the mitochondria, leading to the activation of several tran-

scription factors, including IFN regulatory factors 3 and 7, 

as well as NFκB. IFN regulatory factors 3 and 7 control the 

expression of Type I IFNs, while NFκB regulates the produc-

tion of inflammatory cytokines. Interferon regulatory factor 3 

and 7 activation involves TRAF3, NAK-associated protein 1, 

TANK (TRAF family member-associated NFκB activator), 

and the protein kinase, TANK-binding kinase 1 (TBK1) or 

IκB kinase epsilon.108–110 Experiments in RIG-I- and MDA-5-

deficient mice have demonstrated that conventional dendritic 

cells, macrophages, and fibroblasts isolated from these mice 

have impaired IFN induction after RNA virus infection.111 

RIG-I disruption in mice resulted in reduced body weight 

caused by severe damage and inflammatory infiltration into 

the colonic mucosa. The number of Peyer’s patches was 

significantly reduced in RIG-I-deficient mice, and RIG-I 

was found to control the transcriptional activity of G αi2, a 

negative regulator of T cell responses, which may mediate 

the modulatory effects of RIG-I.112,113

The β-defensins are a family of antimicrobial peptides 

that are diversely expressed on mucosal surfaces, and in air-

ways and submucosal gland epithelia. These small cationic 

peptides are products of individual genes and demonstrate 

broad-spectrum activity against bacteria, fungi, and some 

enveloped viruses. Their expression in airway epithelia is 

mostly induced by bacterial peptides or proinflammatory 

cytokines. Β-defensins also act as chemokines for adaptive 

immune cells, including immature dendritic cells and T cells 

via the CCR6 receptor, and provide a link between innate 

and adaptive immunity.114 Lipocalin is a more recently identi-

fied mucosal molecule that responds to bacterial enterobactin 

and inhibits the colonization of Klebsiella pneumoniae fol-

lowed by induction of IL-8 from cultured respiratory cells.115 

This is followed by a strong influx of neutrophils to the site 

of infection. Specialized molecules known as cathelicidins, 

a type of defensin, also harbor the apical granules of epithelial 

cells and have shown antimicrobial activity in preventing the 

entry of larger pathogens. They also act as a bridge between 

innate and adaptive immunity by chemotactically attracting 

dendritic cells and T cells in the presence of severe immune 

aggravation.116

A case study of avian infectious bronchitis revealed 

potent T
H
1 adaptive immunity accompanied by IL-β 

activation after primary immunization, with strong activa-

tion of T cells and IgA upregulation, and a local memory 

response governed by IgG at the bronchial mucosal surface 

after second immunization.117 TGF-β in the gut is known 

to suppress mucosal inflammation and to heal damaged 

mucosa by upregulating the deposition of extracellular 

matrix in the mucosal mesenchymal cells. It was found 

that in smoking-related chronic obstructive pulmonary 

disease, the population of mucosal mast cells showed a 

large increase, with altered expression of TGF-β, CD88, 

and renin. Conversely, in acute necrotizing pancreatitis, the 

total mast cell population in the gut was found to decrease. 

Antigen-processing in the gut is a well orchestrated pro-

cess whereby M cells lacking the MHC Class II pathway 

take up foreign antigens through their irregular microvilli, 

transport them to follicular areas where they are processed 

by dendritic cells, and then IgA-secreting plasma cells are 

directed to produce IgA. Dimeric secretory immunoglobulin 

IgA prevents bacteria from adhering to the mucosa and their 
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further penetration into local cells. IgA has resistance to 

proteolysis and helps transport bactericidal chemicals like 

lactoferrin and lactoperoxidase to the bacterial surface.118 

A study of trachoma infection of the eye mucosa revealed 

a high concentration of proinflammatory cytokines, 

such as TNF-α, which were instrumental in attracting 

and activating neutrophils, and low levels of T
H
1 and T

H
2 

cytokines were observed in chronic trachoma. Conversely, 

prolonged production of TNF-α and IL-β together was asso-

ciated with a reduction in the IL-1Ra inhibitory mechanism. 

Furthermore, there was the IL-2 class of cytokines were 

highly involved, including IL2, IL2-R, and IL-15.119

Conclusion
Innate mucosal immunity, although not well-studied to date, 

plays a significant role in pathogen trafficking in the body. 

It recognizes pathogens using its various molecules, and 

triggers cascades of signals to eliminate the foreign body, 

induce tissue repair, and further trigger the adaptive immune 

response. Innate mucosal immunity has its own special mem-

ory stores in the form of pattern recognition receptors which 

are heritable and highly specialized. Each pattern recogni-

tion receptor has the capability to distinguish a PAMP and, 

unlike the adaptive response, is genetic and evolutionarily 

conserved, thus making mucosal immunity the primary line 

of defense in almost all mammalian body systems. Similarly, 

mucosal vaccines trigger an innate immune response as a 

starting signal, which leads to adaptive memory, giving rise 

to specific immunity against diseases.

After skin, mucosal surfaces are the largest area of host-

pathogen interaction in mammalian systems. The prospect of 

using the mucosal route for vaccination is increased by the 

fact that almost all infection either begins at or encounters this 

route. Most gastrointestinal, respiratory, urinary, and sexually 

transmitted diseases use the mucosal route for primary and 

subsequent infection. Vaccines are being developed to pre-

vent the pathogen from attaching or colonizing the mucosal 

surface or their subsequent penetration and replication. The 

primary role of vaccines is to provide strong stimulation of 

IgA that further controls the adaptive immune response. Due 

to bystander suppression, mucosal tolerance can be activated 

using T-regs to produce suppressive cytokines.120 This is 

primarily seen in human systems to prevent self-antigenic 

responses. It has been observed that nasal vaccines stimulate 

T-regs to produce IL-10, while oral vaccines stimulate T-regs 

to produce TGF-β. Increased doses had been shown to deplete 

the population of killer T cells and even higher doses cause 

their apoptosis.121

Innate mucosal immunity and mucosal vaccine devel-

opment based on pattern recognition receptors has been a 

neglected area of research for years. However, recent research 

has given an idea of the involvement of innate mucosal immu-

nity in different defense mechanisms, and has paved the way 

for ongoing research in this area. Mucosal pattern recognition 

receptor pathways, pattern recognition receptor structure-

activity relationships, development of new mucosal adjuvant 

and pattern recognition receptor mimetics, are currently hot 

topics in mucosal immunity research. In this review, we have 

attempted to establish the importance of innate immunity 

which may lead to the development of future therapeutics 

for better disease management and control.
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