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Introduction
As with many organisms, humans 
have coevolved with microorganisms 
in the environment. Each body has a 
unique array of these microorganisms, 
collectively called the ‘microbiota,’ 
with the most abundant population 
of these microorganisms present in 
the gut. Bacterial densities increase 
throughout the gut along with 
population changes occurring along 
the gastrointestinal (GI) tract, reaching 
trillions of cells per gram in the distal 
colon. Overall the biomass within the 
gut may reach up to 1.5 kg, over 1000 
different species of bacteria, and over 
100-fold more genes than are in the 
human genome (1,2). Studies have 
demonstrated a largely symbiotic 
relationship between the human 
host and the bacterial microbiota of 

the gut, which promotes epithelial 
cell function, supports nutrient 
absorption and limits pathogen 
invasion (1). Additionally, crosstalk 
between the communities of bacteria 
and the host influences immune 
system development. Gut microbiota 
affect many aspects of human 
metabolism, bone mineral density, 
behavior and several metabolic 
functions, and human data further 
suggests that the gut microbiota  
play a role in the development of 
metabolic and immunological 
diseases (2,3). There are many 
different organisms within the 
communities of microbiota (viruses, 
archaea, fungi and certain parasites), 
and they all play a role in our health 
and disease. The gut microbiota is 
not, for the most part, directly in 
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contact with the epithelial cells of the 
small and large intestine, but rather 
exists in juxtaposition to a highly 
complex mucus layer that protects the 
epithelium from bacteria invasion, 
which allows passage of many small 
molecules which can enter the 
epithelial cells nourishing the host and 
the cells themselves, and ultimately 
influences the development and 
activity of the immune system (1-5). 

The Basics
To better understand the 
microbiome some structural 
terminology and definitions are 
needed. Figures 1 and 2 below 
summarize some of the various 
structures, and other components 
and their roles, as well as the 
integration of the immune system. 

Figure 1. Intestinal Epithelium Structure

The main function of the intestinal epithelial layer is to provide a physical and biochemical barrier to the external environment. Food components 
acting directly on immune cells, such as Vitamin A and D, are mostly absorbed in the small intestine, and can modulate the function of different 
cells. Dietary compounds, which require bacterial enzymatic digestion, may preferentially exert immunoregulatory functions in the colon. Dietary 
fibers are metabolized by the microbiota, leading to the production of short-chain fatty acids (SCFA) metabolites. SCFA promote regulatory T-cell 
responses and are anti-inflammatory through the inhibition of NF-κB signaling and the inhibition of the bacterial lipopolysaccharide-induced 
inflammatory cascade (Figure adapted from: Parigi SM, Eldh M, Larssen P, Gabrielsson S, Villablanca EJ. Front. Immunol. 2015;6:415).
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To maintain intestinal homeostasis, 
the immune system is able to induce 
tolerance to innocuous food antigens 
while also recognizing pathogenic 
bacteria to mount an inflammatory 
immune response. The education 
and maturation of the intestinal 
immune system is the result of 
millions of years of co-evolution with 
host-specific microbiota and dietary 
intake. At birth, the external 
microenvironment of the birth canal 
exposes our body to colonization 
with maternal microbiota, acquired 
via passage through the birth canal, 
and exposure to food antigens which 
are initially delivered through breast 
milk (7). At weaning and upon 
introduction of solid food in the diet, 
the dynamic equilibrium that allows 
the homeostatic co-habitation with 
non-self antigens is continuously 

maintained through complex 
mechanisms, involving the constant 
shaping and education of the 
immune system over time and via 
updated interactions with new 
antigens. This complex system is 
influenced by many different factors, 
from your genetic makeup to the 
variety of antigens you may be 
exposed to, as well as the integrity  
of the barrier function (1,8-10).

Intestinal Barrier and Immunity
The barrier function is made up of 
physical and biochemical components. 
Bacteria are kept from direct contact 
with the epithelial cells by a layer of 
mucus produced by Goblet cells 
which is denser in close proximity to 
the epithelial cells (11) as well as 
secretory antibacterial substances 
called defensins which are produced 

by the Paneth cells of the small 
intestinal epithelium (8). While both 
the mucus barrier and the defensins 
protect the epithelial cells by keeping 
them at a distance from the microbiota, 
occasional bacteria can be found in 
closer proximity to the epithelial 
cells, and are often ‘sampled’ by 
dendritic cells and macrophages 
which carry the antigens found on 
these bacteria and other organisms 
to the immune complex within the 
lamina propria underlying the 
epithelial cells. Recognition of 
antigens by dendritic cells triggers a 
family of pattern recognition receptors 
known as Toll-like receptors (TLRs), 
which change dendritic cell 
phenotype and function. TLRs are  
the major receptors involved in the 
discrimination between self and non-
self-based on the recognition of 

Figure 2. Small intestine mucosal immune system landscape 

The intestinal epithelial cell (IEC) layers form villi and crypt structures and are composed of different cell lineages. Goblet cells secrete 
mucus. Paneth cells, found only in the small intestine, can be found at the base of the crypts and are the main secretors of antimicrobial 
peptides. The base of the crypts also contains the IEC stem cell populations. Immune cells can be found in organized tissue such as Peyer’s 
patches and throughout the lamina propria. They include macrophages, dendritic cells, intra-epithelial lymphocytes, m-cells, lamina propria 
effector T cells, IgA secreting plasma cells, innate lymphoid cells and stromal cells such as fibroblasts. Antigen presenting cells in Peyer’s 
patches or mesenteric lymph nodes interact with and activate local lymphocytes. Enteroendocrine cells (not shown) are scattered throughout 
the intestine and produce a variety of compounds including GLP-1 and enterochromaffin transmitters such as serotonin. Intestinal epithelial 
cells are held tightly together by a number of tight junction proteins. An altered composition of the gut microbiota, or the mediators 
produced by these gut microbiota, might influence epithelial permeability, possibly by degrading epithelial tight junction proteins (Adapted 
from Cader MZ, Kaser A. Recent advances in inflammatory bowel disease: mucosal immune cells in intestinal inflammation. Gut. 2013; 
62:1653-1664, and Ohman L, Tornblom H, Simren M. Crosstalk at the mucosal border: importance of the gut microenvironment in IBS.  
Nat Rev Gastroenterol. Hepatol .2015;12:36-49).
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conserved bacterial molecular 
patterns (9). The antigens are 
processed resulting in T-cells which 
recognize the antigen. These cells 
develop into both regulatory T-cells 
(Tregs) and effector T-cells (Teff) and 
that balance is usually directed at 
tolerance to the antigen when it 
appears again. The T-cells also 
influence B-cells to develop 
antibodies to the antigen. While  
this process is quite complex, the 
initiating component is detection of 
the antigen by dendritic cells that 
start the process of either immune 
reaction or immune tolerance 
depending on the antigen. The 
amount of the antigen, the present 
maturity of the immune system and a 
variety of additional factors actively 
influence this process. 

The barrier function of intestinal 
mucus is only one component of  
the barrier to bacteria and dietary 
antigens. Another important 
component of the barrier is the  
tight junctions (TJ) between the 
endothelial cells (see Figure 3). TJ 
integral membrane proteins interact 
with partners on the neighboring cell 
membrane to form the intercellular 
seal. Cell adhesion is a central 
mechanism that drives the 
development of multicellular 
organisms. Indeed, cells use adhesion 
to move, communicate and 
differentiate, which ultimately leads 
to the formation of epithelia and 
highly-organized organs. Adhesion 
occurs through specific cell-adhesion 
molecules, depending on the type  
of interaction. Cell-cell adhesion is 
ensured by the apical junction 
complex (AJC) that contains tight 
junctions that are essential to anchor 
cells to each other and ensure 
epithelium integrity. TJ seal the space 
between the cells and only allow 
selective passage of ions and size-
selective diffusion of non-charged 
molecules (13,14). These junctions 
contain a number of different 

complexes that are interlinked to 
hold the cells tightly together. The 
AJC is made up of multiple proteins 
such as occludin, claudin, 
junctional adherence molecules 
(JAM), coxsackie adenoviral 
receptor proteins (CAR) and others. 
CAR were first discovered as targets 
for viruses associated with several 
types of cancers, and their junctional 
adhesion properties were later 
understood. These transmembrane 
proteins interact between 
themselves and with intracellular 
scaffolding proteins including zonula 
occludins (ZOs), which are anchored 
to the actin cytoskeleton, maintain 
the integrity of the tight junctions 
and control passage of molecules 
through the paracellular space (14). 
Disruption of these tight junctions 
occurs not only from viral attack, but 
also from the presence of zonulin, a 
mediator found elevated in a variety 
of inflammatory processes (15).

Zonulin
Research on the effects of a toxin 
(Zonula Occludins Toxin [Zot] which 
is found in infections from vibrio 
cholera) showed that this compound 
increased the permeability of the  
gut wall by acting on the Zonula 

Occludins proteins (ZO). Further 
research led to the discovery of a 
homologue of Zot which was 
subsequently named Zonulin. 
Zonulin cloning and characterization 
have revealed that it belongs to a 
family of serine proteases. Studies on 
human sera composition in Celiac 
Disease patients have increased 
zonulin and revealed that zonulin  
is prehaptoglobin-2, the precursor  
of Haptoglobin 2 (Hp2) before 
enzymatic cleavage into its mature 
form. The discovery of zonulin as pre-
Hp2 added a mechanistic meaning to 
the elevated Hp levels in the course 
of inflammation. The two major 
triggers of zonulin release that have 
been described so far are bacteria 
and gliadin, a toxic subunit of gluten. 
It is well described that many enteric 
pathogens are able to produce 
enterotoxins that affect the intestinal 
tight junction of the host. In addition 
to enteroxins, several enteric 
pathogens have been shown to 
cause a release of zonulin, which 
resulted in increased permeability 
and disassembly of ZO-1 from the 
tight junction complex (15,16). 
Zonulin has been implicated in many 
chronic inflammatory diseases (CID). 
The steps leading to the tolerance 

Figure 3. Main components of the tight junctions of epithelial cells. 

(Left) Tight junction with four transmembrane proteins (top to bottom): coxsackievirus 
and adenovirus receptor (CAR), junctional adhesion molecule (JAM), claudin and occludin. 
All these proteins are associated with the zonula occludins proteins ZO-1, ZO-2 and ZO-3 
(yellow) through their cytosolic tails. ZO proteins link the transmembrane proteins to the 
actin cytoskeleton. (Right) Viruses interacting with TJ proteins. Top to bottom: adenovirus 
and coxsackievirus interact with CAR, reovirus with JAM, and hepatitis C virus (HCV) 
interacts with both claudin and occludin (Adapted from Mateo M, Generous A, Sinn PL, 
Cattaneo RJ. Connections matter – how viruses use cell-cell adhesion components. Cell 
Sci. 2015;128:431-439).
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break and subsequent development 
of CID seem to be similar. Under 
physiological circumstances there  
is a tight control of mucosal antigen 
trafficking that, in concert with 
specific immune cells and chemokine 
and cytokine mediators, lead to 
anergy and mucosal tolerance.  
The inappropriate production of 
increased amount of zonulin causes  
a functional loss of barrier function 
with subsequent inappropriate and 
uncontrolled antigen trafficking 
instigating an innate immune 
response by the submucosal immune 
compartment (16).
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Microbiome: Key Terms and Definitions

TERM DEFINITION

Microbiota  Collective term for individual or combination of 
microscopic microorganism in an environment 
such as the gut.

Intestinal  The cells forming and lining, also known as  
Epithelial Cell (IEC)  luminal, surface of gastrointestinal tract.
Goblet cells  Epithelial cells responsible for secreting 

glycosylated proteins known as mucins (mucus) 
that aid digestion and movement of food 
through the gut.

Paneth cells  Produce enzymes that protect the epithelium.
Enteroendocrine  Secrete hormones that aid in the regulation  
cells  secretions in to the gastrointestinal tract.
Glucagon like  Protein secreted by the enteroendocrine L-cells  
peptide (GLP-1)  in the intestine regulating glucagon and insulin 

secretion, GI motility and appetite.
Defensins  Peptides that bind to invading organisms and  

are anti-microbial agents as part of the innate 
immune system.

Toll-like receptors  Part of the innate immune system and present in 
GI tract, which is important for sensing invading 
organisms and stimulating an immune response.

T-cells  One of the primary white blood cells coming 
from the thymus gland and part of the immune 
system responsible for recognizing and 
eliminating a foreign body.

Regulatory T-cells  A T-cell responsible for modifying, controlling 
and regulating the immune response.

Effector T-cells  A T-cell that is responsible for targeting foreign 
antigens (often to eliminate them).

B-cell  A white blood cell that is part of the immune 
system derived from the bone marrow that 
designates the immune response to a foreign 
body or invader.

Tight Junction  Structural space between the cells, composed of 
membrane proteins (occluding, claudins, zonulin) 
limiting the passage of ions and diffusion of 
non-charged molecules.

Apical junction  Cell-cell adhesion between epithelial cells of  
complex (AJC)  the GI tract that is important in controlling cell 

proliferation, polarity and integrity of the epithelium.
Occludin  A membrane protein of the tight junction aiding 

in controlling the flow or diffusion of molecules.
Claudin  A membrane protein of the tight junction aiding 

in controlling the flow or diffusion of molecules.
Junctional adherence  A membrane protein of the tight junction aiding 
molecules (JAM)  in controlling the flow or diffusion of molecules.
Coxsackie adenoviral  A membrane protein of the tight junction aiding 
receptor proteins (CAR)  in controlling the flow or diffusion of molecules.
Zonula occludins (ZOs)  Membrane proteins part of the tight junction 

complexes that limit passage or diffusion of 
molecules.

Zonulin  Haptoglobin 2 precursor is a protein that 
modulates the permeability of tight junctions 
between cells of the wall of the digestive tract.
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