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ABSTRACT 
 
 
The last half-century has seen a dramatic and alarming rise in the incidence of autoimmune 

disease in industrialized nations too rapid to be accounted for by genetics alone. Among 

those, Inflammatory Bowel Disease (IBD) has risen from a western disease affecting 

industrialized populations to an emerging global threat affecting diverse populations around 

the world. IBD is a complex disease that combines genetic susceptibility and environmental 

exposure, but one aspect appears to be clear: the involvement of the gut microbiome. Current 

thought holds that IBD is an autoimmune attack on commensal microbiota, causing extensive 

collateral damage to the host intestinal tissues in the process. However, it has remained 

unclear in the field whether the changes observed in the IBD microbiome are causative in 

nature or whether the microbiome is responding to already-underway inflammatory processes 

within the host. This dissertation investigates one host factor in particular with regard to the 

microbiome and the development of inflammation: sodium-hydrogen exchange at the brush 

border, mediated by sodium hydrogen exchanger 3 (NHE3). NHE3 is inhibited during active 

IBD, but its loss in knockout animals is also enough to promote spontaneous colitis in a 

microbiome-dependent fashion. This dissertation investigates the specific contribution of the 

microbiome in NHE3 knockout animals to determine whether loss of NHE3 may be 

mediating the onset of colitis through pro-inflammatory changes in the microbiome. Our 

results suggest that the microbiome fostered in an NHE3-deficient environment may 

accelerate the onset and severity of experimental colitis, though likely in concert with 

additional host factors.  
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CHAPTER 1 
 
 

INTRODUCTION 
 
 
 
 
 

“I know. 

It’s all wrong.  

By rights we shouldn’t even be here. 

But we are. It’s like in the great stories, Mr. Frodo. 

The ones that really mattered.  

Full of darkness and danger they were, 

And sometimes you didn’t want to know the end. 

Because how could the end be happy?  

How could the world go back to the way it was when so much bad happened? 

But in the end, it’s only a passing thing, this shadow. 

Even darkness must pass. 

A new day will come. 

And when the sun shines it will shine out the clearer. 

Those were the stories that stayed with you. 

That meant something. 

Even if you were too small to understand why. 

But I think, Mr. Frodo, I do understand.  

I know now. 

Folks in those stories had lots of chances of turning back only they didn’t. 

Because they were holding on to something.” 

 

“What are we holding onto, Sam?” 

 

“That there’s some good in this world, Mr. Frodo, and it’s worth fighting for.” 
-J.R.R. Tolkein 
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1.1 Inflammatory Bowel Disease: The Nature of the Problem 
 
“Nothing in life is to be feared; it is only to be understood. Now is the time to understand more, 

so that we may fear less.” 
-Marie Curie 

 
1.1.1 What Is Inflammatory Bowel Disease? 

 

Inflammatory bowel disease (IBD) is a progressive condition of continually relapsing and 

remitting autoimmune inflammation of the gastrointestinal tract that affects millions of people in 

Western nations, with increasing prevalence in other regions of the globe1. IBD has two primary 

presentations: Crohn’s disease (CD) and ulcerative colitis (UC), which differ slightly in etiology 

but both result in an autoimmune attack upon host gastrointestinal tissues. Primary symptoms 

can include bloody and painful defecation (UC), strictures and fistulae, nausea, vomiting, fever 

(CD), intense recurrent abdominal pain, failure to absorb and retain nutrients, and persistent 

diarrhea (both), along with other non-intestinal symptoms. In its early descriptions, IBD was 

considered fatal, with only a 50% survival rate and a majority of the earliest reports being 

derived from post-mortem inspection2. Despite the advancement of medical understanding and 

treatment making disease management feasible, IBD remains a significantly painful condition 

with considerable effects on quality of life 3.  

 

Medical reports stretching back centuries suggest a historical and long-running presence of 

ulcerative colitis and Crohn’s-like enteritis in the Greco-Roman and subsequent western world2, 

with an especially high designation among industrialized and industrializing nations1. However, 
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the collection of medical evidence only converged into definable sequelae in the 1800s for UC2, 

and a distinct pathology was described in 1932 by Burrill Crohn, Leon Ginzburg and Gordon 

Oppenheimer for what has come to be called Crohn’s disease4. Regional differences exist 

between the relative differences in prevalence between CD and UC, with UC prevailing in 

Europe but Crohn’s prevailing in the southern hemisphere countries of Australia and an equal 

incidence in the United States and Canada1.  

 

Somewhat recent estimates suggest that approximately 1.4 million people in the United States 

and more than 2.5 million in Europe currently suffer from IBD. The current estimated cost of 

care in the U.S. in 2004 surpassed $6.3 billion, with estimates between $14.6 and $31.6 billion in 

20145. Overall trends have shown a continued increase in IBD incidence, making it a medically 

important emergent global epidemic1. The rapid rise of incidence is beyond the scope of purely 

genetic disease6. Presently, no cure exists for IBD. Further understanding of the underlying 

principles driving intestinal autoimmunity is essential for the continued effort toward better 

treatment options for those affected, which is what this dissertation aims to explore.  

  

 

1.1.2 Epidemiology  

 

Current thought in the field is that IBD results from an imbalanced immune response to the 

host’s commensal microbiota7,8. While genetic susceptibilities are an important and complex 

aspect of disease etiology, especially mutations among components associated with immune 

regulation9-12, twin studies and GWAS indicate that susceptibility genes still only account for a 
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minority percentage of disease risk13-15. This leaves the other component of disease development 

to environmental interactions, which is supported by epidemiological data1,16. Much current 

investigation is underway to understand the interactions between genetic risk and environmental 

factors17.  

 

Disease incidence has risen sharply during the second half of the 20th century, with the highest 

prevalence occurring in Europe18-20 and North America21,22, as well as other western-influenced 

regions such as New Zealand23, though incidence is increasing among numerous other global 

locations as well1,24,25. At this time, IBD incidence is highest in traditionally Western nations 

(Figure 1)26, and is still currently rising in some of them27. Regional differences exist between 

the relative differences in prevalence between CD and UC, with UC prevailing in Europe but 

Crohn’s prevailing in the southern hemisphere countries of Australia and an equal incidence in 

the United States and Canada1.  

 

Geographic variability in IBD diagnosis is unlikely to be solely due to diagnostic capability, as 

wide differences in incidence exist between Western and Eastern Europe, despite consistent 

access to colonoscopy throughout28. Moreover, immigrant studies indicate that the Western-rich 

pathology of IBD is not specifically a result of heritage. Immigrant children from low-risk areas 

to high-risk areas assume an equivalent disease risk within a generation29-31. In one study, 

immigrants from South Asia were also more susceptible to UC if they had immigrated at a 

younger age32. Moreover, the industrialization of societies has been associated with a greater 

burden of IBD25,33-36. Together these studies underline a complex environmental component 

associated with disease ontology.  
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The rising incidence with westernization is another indication of an important environmental 

component. In westernizing regions, UC appears to rise in incidence first, followed by CD37. A 

North-South gradient has also been proposed, where northern-most regions are more susceptible 

to more severe disease outcomes38, which has been postulated to do with reduced vitamin D at 

more northern locations39. However, due to the rising incidence recently, this is unlikely to be a 

major driving force. Altogether, IBD has emerged in the last half century as a “global disease” 

and cause for significant concern1,26. 

 

 

 

 

 

Figure 1. IBD Epidemiology 

The epidemiology of IBD demonstrates a higher incidence among western industrialized 
nations, although it is currently increasing among industrializing nations. Source: Kaplan 
201526 
Reprinted with permission.  
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1.1.3 IBD and the Microbiome 

 

The microbiome has recently entered our collective conscious as technological advances have 

made in-depth studies into the composition of the microbiome more accessible, and have brought 

the microbiome to light as a key component in human health. Although scientists have long 

known of the existence of the microbiome, called in former times the “normal flora,” the role of 

the microbiome was debated and considered largely uncertain40. It was thought to be a relatively 

static component of our physiology that wasn’t overly responsive to the lifestyle choices40. The 

microbiome made headlines when Jeffery Gordon’s research group demonstrated that the 

microbiome could directly alter fat composition41. Since then, it has been implicated in 

physiological processes as diverse as brain chemistry, behavior, metabolism, and arthritis42-46.  

 

The microbiome is known to be altered in IBD. Crohn’s disease is characterized by an overall 

reduction in bacterial diversity, along with shifts in major phyla47-51. Moreover, most animal 

models of colitis require the presence of the microbiome for the development of the disease52-56, 

with the exception of injury-induced colitis57. These observations and others have led the field to 

the conclusion that the microbiome is a critical component in the development – and perhaps the 

treatment – of IBD49. However, the microbiome, as an ecosystem, is also subject to selective 

pressures and environmental stresses. It is unclear in the field at this time whether the 

microbiome causes the development of disease, or merely changes as a reflection of advancing 

disease processes. The third more likely and complicated scenario: that the microbiome both 
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alters in response to environmental cues, and exerts a reciprocal influence back on the host to 

amplify or modify disease states. These problems are both important and difficult.  

 

1.1.4 Our Proposed Framework  

 

With the microbiome being a known and important part of the pathogenesis of IBD, it is of 

interest to understand the host factors that may affect the microbiome during the development of 

disease. Several host factors that have been proposed include alterations in host sensing of 

microbial pathobionts58, disruptions to the barrier integrity of the intestinal epithelial layer59, and 

altered production of anti-microbial peptides by host cells60. Each of these are associated with 

alterations to the gut microbiome or its association with the immune system, and are known to be 

involved in at least a subset of IBD.  

 

One host factor that may be of importance in determining microbial composition is intestinal ion 

exchange. The microenvironment of the mucosal immune system is dynamic with the ongoing 

exchange of ions, solutes, and water. Sodium hydrogen exchanger 3 (NHE3) is a sodium-

hydrogen antiporter important for pH maintenance in the mucosal microenvironment, and also 

the uptake of water by osmotic flux with sodium. NHE3 activity and in certain cases 

transcription is disrupted during active IBD61-64, which is mediated at least in part through the 

action of inflammatory cytokines interferon-gamma (IFNγγγγ) and tumor necrosis factor alpha 

(TNFαααα), which are central to the development of IBD65,66. Yet, NHE3 may be important for 

maintaining immune homeostasis, as knockout animal models themselves also develop 

spontaneous distal colitis.  
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This work specifically seeks to address how disruption of NHE3, as seen in inflammation, may 

be a host factor that drives the microbiome toward a maladaptive and harmful state, and 

subsequently whether the dysbiotic microbiome developed in the NHE3-/- environment can itself 

drive disease.  

 

This introduction will take the reader through a thorough exploration of the immune system, the 

mucosal microenvironment, the microbiome, and sodium hydrogen exchange as they relate to 

IBD and animal models of colitis. It will culminate with a drawing together of the different 

components into the central hypothesis driving this thesis.  

 

 

 

 

1.2 The Gut Mucosal Immune System 

“The supreme art of war is to subdue the enemy without fighting.” 
-Sun Tzu 

 

1.2.1 An Overview of Immunity 

 

It was in 1796 that Edward Jenner first discovered that cowpox could help protect against human 

smallpox, and subsequently discovered vaccination. Nearly a hundred years later in the 1880s, 

Louis Pasteur famously developed vaccines against rabies and other infections, and helped 

defend the idea that disease was propagated by microorganisms. Since then, understanding of 
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immunity and immunological memory has broadly expanded to the burgeoning science we have 

today.   

 

Immunity is at the heart of how organisms secure themselves against both invading and internal 

threats. Creatures at nearly all levels of complexity have some form of innate defense against 

outside invaders. Even prokaryotes were recently discovered to have a form of immunity that 

fends off viral threat in a sequence specific manner67. This is now known widely as the 

CRISPR/Cas system and has been co-opted for experimental gene editing in numerous systems 

since its discovery67. The mammalian immune system is elegantly evolved not just to recognize 

rudimentary signals, but specific antigens – and to remember them. Moreover, it must balance 

the delicate task of recognizing foreign and harmful organisms without an overreaction that 

would cause self-harm.  

 

The immune system may be broadly categorized into two primary branches: an innate and an 

adaptive branch. Innate immunity is comprised of first line defenses and rapid response 

mechanisms designed to keep out or quickly eliminate ancestral pathogens, often through 

barriers, pattern recognition and phagocytosis by specialized cells. Innate immune responses are 

designed to provide rapid and non-discriminate exclusion of would-be pathogens and typically 

do not contain memory. Innate responses generally take place in a matter of minutes to hours, 

quickly eliminating pathogens before they pose any serious threat to health.  

 

The adaptive immune system is the branch of immunity that is able to recognize and remember 

unique antigens and mount an accelerated response upon meeting the same pathogen twice. 
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Somatically rearranged antigen receptors recognize and respond to a highly specific peptide 

sequence, in some contexts presented by professional antigen presenting cells (APCs), which are 

innate cells that process and present potential threats for sampling by the adaptive immune 

compartment. Following activation, adaptive cells contain memory of their encounter with 

antigen, and are able to more rapidly proliferate and address the threat upon re-activation. Both 

innate and adaptive branches work together through intricate combinations of chemical 

messages, receptor activation, and the recruitment and differentiation of immune cells68,69. An 

overview of innate and adaptive immune cells can be found in Figure 2.  

 

Immune cells arise from haematopoietic stem cells of the bone marrow, where they differentiate 

and migrate into numerous niche-specific lineages according to developmental signals. Mature 

cells home to different sites in the body, or patrol the periphery. Many of these cells home to the 

intestine, which is a rich and diverse immunological niche, arguably the largest immune organ in 

the body70,71. 
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Nowhere does the immune system’s difficult task of sorting friend from foe have more relevance 

than in the gut. The mammalian intestine is home to a continuous onslaught of food and bacterial 

antigens, reaching a density of an estimated 1014 bacterial cells in the colon73,74. Most of these 

bacteria are harmless, and in fact, beneficial to the host75, however the risk of opportunistic 

infection requires constant vigilance. Only a single epithelial cell layer lies between this milieu 

of antigenic signal and the largest cohort of immune cells in the body: the mucosal immune 

Figure 2. Cells of the Innate and Adaptive Immune System.  
A depiction of cells belonging to the innate and adaptive immune response. This figure 
predates the discovery of innate lymphoid cells, which are lymphocyte-like cells that lack 
antigen specificity, and would be found in the overlapping space as an expansion of natural 
killer cells. Source: Dranoff 200472 
Reprinted with permission.  
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system of the gut. The close physical association of the immune system to the bacterial milieu of 

the gut lumen has coevolved through the entirety of our development as a species, producing a 

unique and carefully tuned partnership that is both deeply beneficial and tenuous.  

 

The following section discusses the tenets of immunology as they relate to this unique mucosal 

environment. We will start with the mucosal architecture of the intestine, which differs between 

small intestine and large intestinal segments. Many features of innate immunity in the gut begin 

with this structural aspect of the epithelium, which create a selectively permeable barrier and 

communication medium between the microbe and immunological compartments. We will then 

discuss the immune cells and response themselves as they function in the gut.  

 

 

1.2.2 Structure of the Intestinal Mucosa 

  

Mucosal surfaces that interact with the outside world such as the skin, the lung, the intestine, and 

the urogenital tract are made up of one or several layers of continually renewing epithelial cells 

that act as gatekeepers between the body and non-self ecosystem beyond it. The intestinal 

epithelium is comprised of a single layer of polarized columnar epithelium sealed together by 

junctional protein complexes that together form tight junctions, the central players of intestinal 

barrier function76. The epithelium is folded into villi and crypts, and contain microvilli on the 

apical surface, all of which help maximize the surface area and absorptive capacity of the 

intestine while also providing a conserved architecture for the differentiation of epithelial and 

other non-hematopoietic cells of the mucosa (Figure 3).  
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Tight junctions are important for regulating solute and water transport across the barrier, as well 

as compartmentalizing the external bacterial milieu from direct and inappropriate contact with 

the underlying immune system76. Permeability of the intestinal epithelium is associated with 

inappropriate contact with the microbiome, and with the development of IBD77. Although 

disruption of the intestinal barrier alone was not deemed sufficient to drive overt colitis in an 

animal model, barrier disruption could activate the mucosal immune system and create 

susceptibility to experimental colitis78.  

 

Barrier function is dynamic and affected by external and internal influences, making its stability 

tenuous under non-homeostatic conditions. Inflammatory cytokines such as IFNγ and TNFα, for 

example, have permeabilizing effects on tight junctions by increasing pore distance between 

cells and allowing larger solutes through the membrane, thus making them threats to efficient 

barrier function79,80. By contrast, tight junctions are fortified by short chain fatty acids (SCFA), 

specifically butyrate, which is a bacterial metabolite of fiber fermentation81. The presence of 

butyrate and butyrate-producing bacteria in the gut therefore help fortify a strong epithelial 

barrier and minimize immune reactivity to microbes in the wrong compartment. This is an 

example of host-microbe mutualism, where the presence of SCFA-producing microbes reinforce 

a healthy mucosal relationship while also benefitting from the host environment. 

 

Stem cells at the base of the intestinal crypts continually differentiate into precursor cells that 

mature into polarized epithelium by the top of the crypt before sloughing off into a controlled 

form of cell-death known as anoikis. Paneth cells are specialized secretory epithelial cells 
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residing in the base of crypts of the small intestine and take part in innate defense by secreting 

defensins and anti-microbial peptides in response to toll-like receptor (TLR) stimulation82, which 

indirectly shapes the microbiome by selectively culling only certain kinds of bacteria83. Goblet 

cells are another variety specialized epithelial cell that populates the crypts of the intestine and 

the intestinal surface, with especially high concentrations in the colon, where they secrete mucins 

that expand into a protective mucus layer separating the bulk of the luminal microbiome from 

direct contact with the epithelium (Figure 3) 84.  

 

 

The mucus layer can be divided into two main compartments: a compact mucus layer next to the 

epithelium known as the “unstirred layer” that is impenetrable to most bacteria, and a thicker 

more loosely packed layer of mucus to which intestinal microbes may adhere and consume the 

mucin polymers (Figure 3)84. As a new layer of mucin is provided from the bottom up, segments 

from the most distal mucin network and any associated bacteria break off into the lumen and are 

Figure 3. Structure of the Mucus Layer 

The mucus layer is made up of the secreted mucin 
MUC2, which forms a thick impenetrable layer 
close to the epithelium and expands outward to 
allow microbial colonization.  
Source: Adapted from Johansson & Hansson 
201684 
Reprinted with permission.  
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expelled with fecal waste in a continually renewing process. This also facilitates the removal of 

pathogens captured by IgA secreted from plasma cells, which get trapped or neutralized in the 

mucus 85,86. Though both layers of the mucus layer are comprised of the mucin MUC2 in the 

intestine, one theory for the differentiation between the inner and outer layers is that the mucus 

expands in a pH-dependent manner such that the more acidic environment immediately adjacent 

to ion transport at the epithelial surface permits a compact mucin network, while a gradient of 

rising pH extending into the lumen allows the expansion and colonization of the mucus layer87.   

 

On the basolateral side of the intestinal epithelium is a depot of connective tissue, blood and 

lymphatic vessels, and layers of smooth muscle connected to enteric nerves that drive peristalsis, 

the secretion of digestive enzymes, and the production of neurotransmitters such as serotonin and 

dopamine, much of which is produced in the gut. Filling the space between the serosal muscle 

layers and the epithelium, called the lamina propria, is a densely populated amalgamation of 

resident immune cells that either passively patrol the gut or take up residence there88. These 

populations include innate cells such as macrophages and DC, innate lymphoid cells, both T and 

B lymphocytes, including activated plasma cells that actively secrete antibody, cytotoxic 

memory cells intercalated into the epithelium known as intraepithelial lymphocytes (IEL), and in 

the event of pathogenic threat, other defensive phagocytic cells such as neutrophils. Under 

homeostatic conditions, the immunological tone of the gut is generally tolerant, with high 

amounts of the anti-inflammatory cytokines IL-10 and TGFβ89 71. However when homeostasis is 

disrupted, or the mucosal barrier breached, nearby innate and adaptive immune cells are poised 

to respond quickly and efficiently to clear the threat.  
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In addition to the lamina propria of the intestine, which is populated by immune cells, there are 

concentrated depots of immune interaction in what is known as gut associated lymphoid tissue 

(GALT), which includes the Peyer’s patches of the small intestine, and other focal points of 

immune cell interaction interspersed throughout the length of the gut. M cells facilitate the 

transfer of antigen across the epithelial membrane in these locations so that they can be 

processed and presented by circulating and tissue-resident innate immune cells. The mesenteric 

lymph node (MLN) is the draining lymph node for the intestine and is also a site of high 

immunologic interaction between innate and adaptive cells. In both of these places, the density of 

immune cells presents a higher likelihood of an adaptive immune cell encountering its cognate 

antigen. Under homeostatic conditions, this frequently generates a tolerogenic response, however 

under inflammatory conditions, the immune response is amplified.  

 

 

1.2.3 Immunological Response in the Colon 

 

The ancestral partnership between gut microbiota and the mammalian intestine have promoted 

highly co-evolved mechanisms of immunity in the gut. Thus, immune response in the colon is 

full of a diverse array of cell types and chemical signals that coordinate both homeostasis and the 

mounting of an immunological response. This subsection discusses some of the components.  

 

1.2.3.1 The Intestinal Epithelium  
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The intestinal epithelia can be viewed as mediators and central players in the host-milieu 

dialogue, promoting tolerizing signals under homeostasis and also for ramping up the immune 

response in the event of a breach88. Intestinal epithelial cells (IECs) differentiate from intestinal 

epithelial stem cells at the base of the crypt into enterocytes and secretory cells that together 

mediate the uptake of solutes and water and also the secretion of mucins and antimicrobial 

peptides88. Specialized secretory IECs called goblet cells produce and secrete MUC2 mucin 

polymers that form the intestinal mucus layer. The compact and impenetrable unstirred layer 

immediately next to the epithelium does not allow association between the microbiome and the 

epithelia90. Between this and the stability of tight junctions between epithelial cells, the first line 

of mediation between the microbiome and the mucosal immune system is space.   

 

In the small intestine, other specialized epithelial cells further mediate host-microbe interaction. 

Paneth cells are a secretory lineage of epithelial cell that secrete anti-microbial peptides. 

Microfold cells, called M cells, can be found in specialized immunological depots in the small 

intestine called Peyer’s patches, and facilitate the movement of bacterial and luminal antigens 

across the epithelial layer for sampling by immune cells88.   

 

Epithelial cells additionally mediate the relations between host and microbe through the 

specialized and localized expression of a variety of pattern recognition receptors (PRRs). 

There are numerous families of PRRs that differ by the type of ligand they bind and the nature of 

the downstream response (Figure 4). Toll-like receptors (TLRs) are a family of receptors that 

play an important role in the recognition of bacterial, viral, and fungal ligands, along with some 

synthetic or soluble particles91. Some TLRs are expressed on the cell surface, while others are 
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expressed on endosomes in the cytoplasm for the detection of intracellular pathogens (Figure 4). 

TLRs generally regulate the expression of either NF-κB or interferon regulatory factors (IRF) in 

response to their ligands, and play an important role in mucosal homeostasis and immune 

response. 

 

NOD-like receptors (NLRs) are another category of PRRs that are important for the recognition 

of bacterial ligands and mediation with the immune system. The NOD proteins 1 and 2 are 

localized cytoplasmically where they detect bacterial peptidoglycan (muramyl dipeptide) found 

on both Gram-positive and Gram-negative bacteria, and respond with the production of mitogen 

activated protein (MAP) kinases and NF-κB92. Importantly, mutations in the NOD2 protein are 

among the most prominent genetic susceptibilities for Crohn’s disease, accounting for half of 

family-associated cases, though many with the mutation also lead healthy lives absent of IBD, 

underlining a gene-environment phenomenon93. The microbiome may help mediate this 

difference, as mutations in NOD2 are also associated with specific shifts in gut microbiome 

composition94.  

 

While PRRs are often thought of as driving an inflammatory response, in the gut they frequently 

have a homeostatic role depending on the context in which they are encountered. TLR activation, 

for instance, is important for epithelial repair from chemical induced injury95, demonstrating a 

role for the commensal microbiome in promoting epithelial homeostasis. TLR2 stimulation was 

also found to fortify tight junctions through the activity of ZO-1, a junctional complex protein 96. 

It has been proposed that rather than the presence of microbes alone, the immune system may 

rely on specific damage associated signals for the onset of inflammation97. It is left to the 
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epithelium to translate signals from the milieu to decide whether non-self interaction is 

inherently dangerous or merely commensal.  

 

 

Figure 4. Pattern Recognition Receptors 

A depiction of main classes of pattern recognition receptors (PRRs) and their respective 
ligands. Pattern recognition receptors mediate the detection and response to both appropriate 
and inappropriate contact with ancestral non-self patterns. PRRs differ in the ligands they 
recognize, the location of detection, and the downstream transcription program employed.  
Source: Netea et al 201198 
 
Reproduced with permission from Netea et al. 2011, Copyright Massachusetts Medical Society. 
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The location of TLRs and other PRRs in the epithelium also dictate the nature of the response to 

microbes, generating the context through which IECs interpret microbial contact. Different TLR 

family members are expressed apically, basolaterally, or intracellularly, and detect the presence 

of an array of conserved threats such as lipoproteins, double- and single-stranded RNA, 

unmethylated DNA, and bacterial components such as lipopolysaccharide, which are collectively 

known as pathogen associated microbial patterns (PAMPs) or microbial associated molecular 

patterns (MAMPs)99,100. Apical TLR activation through TLR9 has been shown to promote 

homeostasis and ameliorate experimental colitis101,102. By contrast, intracellular and basolateral 

PRR stimulation through NOD-like receptors (NLRs) and TLRs promotes IκB breakdown, 

upregulation of NF-kB and downstream pro-inflammatory cytokines88. NLRs NOD1 and NOD2 

in epithelial cells detect different regions of bacterial peptidoglycan and thus work together 

toward host defense103,104. NOD2 is especially expressed in Paneth cells of the small intestine105, 

and is susceptibility gene associated with Crohn’s disease94. NLRP6 expression is sensitive to 

luminal amino acid and polyamine concentration, and can drive the upregulation of anti-

microbial peptides through inflammasome mediated IL-18 expression106 as well as regulating 

mucin secretion by intestinal goblet cells107. Together these pattern recognition mechanisms act 

as mediators of host-microbe diplomacy, and make epithelial cells sentinels of the barrier 

between them.  

 

Gut epithelial cells are interestingly reported to secrete extracellular vesicles known as exosomes 

into both the intestinal lumen and the circulation that contain protein, miRNA, and even peptide-

MHC complexes from intracellular multivesicular bodies (MVBs), which may play a role in host 

immunity and shaping the composition of the microbiome108-110.  
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Altogether, the intestinal epithelium both facilitates a barrier between the lumen and the host 

immune system, as well as producing a variety of signaling molecules that help further instruct 

the nature of the immune response.  

 

 

1.2.3.2 Innate Immunity in the Gut 

 

Beneath the epithelial layer in the lamina propria reside a host of both innate and adaptive 

hematopoietic cells. Two predominant populations of innate cells preside in the intestine during 

homeostasis: CX3CR1hi tissue-resident macrophages differentiated from circulating monocytes, 

and migratory CD103+ DC that filter between the lamina propria and the mesenteric lymph 

node111. Macrophages and dendritic cells (DC) both serve as professional antigen presenting 

cells (APCs), which phagocytose microbes, debris and other antigens, process them through the 

endocytic pathway, and present broken-down peptide sequences on the surface through major 

histocompatibility complex class II (MHC-II). This process, along with the expression of surface 

co-receptors and secretion of cytokines, is vital for the activation of T cells, which will be 

discussed below (Figure 5). Tissue-resident macrophages often persist in distal tissues and are 

replenished by circulating monocytes. DC, by contrast, frequently filter through tissues in a 

patrolling and migratory manner, sampling antigen and carrying it back to the lymph node for 

presentation to lymphocytes.  
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Gut macrophages demonstrate a generally tolerant phenotype and are resistant to TLR 

stimulation. Rather than convert these macrophages to a new phenotype113, pro-inflammatory 

macrophages are instead differentiated from infiltrating monocytes114. DC have been reported to 

be capable of separating epithelial tight junctions and reaching cellular processes through to 

capture live antigen from the milieu115. DC expression of tight junctional proteins ensure that the 

barrier remains sealed115. Between the macrophages and DC in the gut, only the CD103+ DC 

migrate with antigen116 and confer homing instructions to activated lymphocytes in the 

Figure 5. Antigen Presentation by Major Histocompatibility Complex. 
Major Histocompatibility Complex I and II present antigen to CD8+ and CD4+ T cells 
respectively. MHC-I presents antigen produced from endogenous protein machinery, and 
MHC-II presents antigen that has been engulfed and broken down by the endocytic pathway. 
These differences create functional differences in the nature of the antigen they present, with 
MHC-I ideal for detecting viral proteins and MHC-II phagocytosed pathogens.   
Source: Kobayashi and van den Elsen 2012112 
Reprinted with permission.  
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secondary lymphoid tissues through the expression of specific integrins117. An enhancement of 

DC in the lamina propria has been observed in Crohn’s disease118.  

 

Should a breach occur in the barrier and bacteria escape through, TLRs expressed on the 

basolateral membrane of the epithelial layer detect that MAMPs are in the wrong place, and 

amplify the expression of NF-kB, a pro-inflammatory cascade119. In a break from the tolerant 

presentation of most intestinal antigens, bacteria and other antigens encountered under these 

circumstances are presented to lymphocytes with pro-inflammatory co-stimulation and in the 

presence of cytokine. The pro-inflammatory milieu drives the differentiation of monocytes into 

pro-inflammatory macrophages114, as well as the differentiation of CD4+ T cells toward more 

inflammatory Th1 or Th17 lineage, which will be discussed below. Barrier permeability of the 

gut is associated with autoimmunity120.  One possibility surrounding the development of chronic 

inflammation over time is that repeated breaches in the barrier can result in otherwise commensal 

bacteria being encountered in such a way that the immune system is imprinted to see them as a 

threat, leading to chronic and ongoing amplified immune response at steady state.  

 

Barrier breach also enhances the chemotaxis of neutrophils for the rapid clearance of any 

invasive threat. Neutrophils are phagocytic granulocytes that rapidly respond to inflammatory 

cues and arrive to release cytotoxic granules and phagocytose debris and offending pathogens. 

They have a high turnover rate, and are thought to act as cellular “mercenaries” once called into 

an infection. In events of extreme invasion or stress, they are also capable of self-sacrificing and 

spraying their sticky and bactericidal DNA to trap microbes in what are referred to as neutrophil 

extracellular traps, or NETs121.   
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Damage associated molecular patterns (DAMPs) and reactive oxygen species (ROS) induce 

macrophages to produce inflammatory cytokines IL-6 and TNFα, and chemotactic signals 

CXCL1 and CXCL2, which cause neutrophil extravasation from the circulation into the site of 

inflammation122. There, they set about phagocytosing bacteria and debris, releasing more ROS 

and DNA NETs that capture and destroy invading bacteria122-124.  

 

 

1.2.3.3 Adaptive Immunity in the Gut 

 

In addition to innate cells, the lamina propria is replete with lymphocytes, which drive the 

adaptive immune response. The defining feature of most lymphocytes is the expression of a 

genetically encoded and somatically rearranged antigen-specific receptor. The two broadest 

categories of lymphocyte – both of which are replete in the gut – include thymic-educated T 

lymphocytes or T cells and bone-marrow-derived B cells. The T and B-cell receptors (TCR and 

BCR respectively) are structurally similar, though in T cells they are affixed to the surface of the 

cell. B cell receptors, by contrast, can be secreted from activated B cells as antibodies.  

 

Antibody production by activated B cells, called plasma cells, plays an important role in antigen 

clearance. Antibodies bind to cognate antigen and signal the molecule to be opsonized by the 

complement system, and subsequently phagocytosed by patrolling APCs. Plasma cells also play 

a specific role in the homeostasis of host-microbe interactions through the induced production of 

IgA, which is secreted into the lumen of the gut and assists in trapping potential pathogens 
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within the mucus for eventual removal125. Though B cells and plasma cell IgA production in the 

gut are important pieces of gut immunity as a whole, the philosophical and experimental focus of 

this thesis revolves around T cell-mediated inflammation of the gut, which is a critical part of the 

pathology of IBD. As such, T cells will be the primary focus of the immunological introduction. 

 

T Cell Development 

T cells derive from bone marrow progenitors and migrate to the thymus where they complete 

receptor rearrangement and fate determination. The uniqueness of each antigen receptor occurs 

through V(D)J recombination, which is a process through which the genetic locus of the antigen 

receptor is differentially spliced into one combination among thousands of possible combinations 

through the activity of recombinase activating gene (Rag). They also undergo a series of 

quality-control steps in the thymus through which immature lymphocytes are presented with self-

antigens. T cells that do not react at all with self MHC molecules (see below) apoptose; they 

have failed the process known as positive selection. Conversely, cells that react too strongly to 

self-peptide complexed with MHC are also eliminated through what is known as negative 

selection. This ideally produces a repertoire of lymphocytes able to react to foreign antigen but 

not auto-reactive so as to promote an autoimmune attack on host tissues. Once mature, naïve T 

cells are released from the thymus to circulate the periphery, including the intestine.  
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Antigen Presentation 

T cells almost exclusively encounter antigen as presented to them from Major 

Histocompatibility Complex (MHC) molecules, and with few exceptions, are not capable of 

seeing free antigen. MHC is a protein that binds peptide antigens derived from endogenous 

proteins within the secretory pathway, or from phagocytosed debris inside the cell and presents it 

on the cell surface for sampling by immune cells. The two different primary types of MHC are 

structurally similar, but contextually different, and interact respectively with the two different 

predominant families of T cells.  

 

MHC-I is expressed by all cell types, and presents both self and non-self ligands to T 

lymphocytes (Figure 5). MHC-I specifically presents antigen to cytotoxic T cells, which express 

the CD8 co-receptor. CD8+ T lymphocytes are equipped with cytotoxic granules and are poised 

to kill infected cells upon recognition. Presentation by MHC-I is ideal for the detection and 

elimination of virally infected cells, which often hijack host machinery to endogenously express 

viral protein. Some viruses have developed the immune evasion strategy to reduce MHC-I 

expression in order to delay detection, although NK cells can also respond to a lack of MHC-I 

expression on cell surfaces, which will initiate an immune response126.  

 

MHC-II is, for the most part, restrictively expressed by APCs, although recent research has 

found it also on epithelial127 and endothelial128 cells. Unlike MHC-I, MHC-II presents antigens 

that have been phagocytosed and endosomally degraded, and returns them to the surface for 

presentation to lymphocytes (Figure 5). MHC-II presents antigen to T cells expressing the CD4 



 42

co-receptor, also known as helper T cells, which subsequently activate into several different 

subsets (described in more detail below).  

 

MHC-II presentation is especially useful in the detection of bacterial antigens, which are 

encountered through the endocytic pathway. It’s primary designation to APCs helps define the 

central role that APCs, and particularly DC, play in coordinating the adaptive immune response 

to bacteria and other microorganisms. The milieu of cytokines and the presence of pro-

inflammatory or anti-inflammatory costimulatory molecules on the surface of the APC at the 

time of presentation determine the nature of the activation program initiated within the T cells, 

and whether or not that activation becomes pro-inflammatory or tolerogenic in nature. The role 

of MHC-II on gut epithelial cells remains unclear, but may be important in mediating immunity 

between the gut microbiome and patrolling immune cells.   

 

Activation  

T cells are activated when they encounter their cognate antigen, as presented by MHC. This is 

considered the first of several signals that must take place in order for a lymphocyte to become 

fully activated. A second signal comes from surface expression of co-stimulatory molecules by 

the antigen presenting cell that either drive a traditional inflammatory activation, or present 

inhibitory tolerogenic activation to surface-expressed receptors on the T cell. Classical activation 

of T cells occurs with co-stimulation by APC-expressed CD80/86 and CD40129, which interact 

with CD28 and CD40L on the surface of the T cell respectively. Alternatively, interaction with 

CTLA-4 drives a tolerogenic program, such as that seen in regulatory T cells130. Stimulation of 

the TCR in concert with these costimulatory molecules drives the proliferative program required 
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by activated T cells to carry out their function, and disruptions in CTLA-4 are associated with 

autoimmunity131. A third signal that is particularly important to the cell fate decisions made by 

CD4+ T cells is cytokine expression. Cytokines expressed by the APC in response to pattern 

recognition receptors can help determine the lineage program undertaken by the activated T cell 

(Figure 6).  

 

 

CD4+ T Cell Subsets 

CD4+ helper T cells are particularly important for coordinating diverse functions within the 

adaptive immune system. They are vital for assistance to the CD8+ T cell response133, as well as 

for B cell antibody class switching134,135. Helper T cells differentiate into one of multiple 

Figure 6. Multiple Activation Signals Required for T Cell Activation.  
T cell activation requires multiple signals for activation and fate decisions. The first and most 
essential is recognition of its cognate antigen as presented on MHC. Antigen presenting cells 
also express co-stimulatory molecules that indicate the nature of the activation, whether pro- or 
anti-inflammatory. Integrins expressed on the cell surface can also impart homing instructions. 
Finally, a third signal is the presence of cytokines, which can polarize CD4+ T cells toward a 
specific fate decision.  
Source: Kapsenberg 2003132 
Reprinted with permission.  
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possible subsets upon activation, which in turn carry out diverse functions in immunity. These 

are summarized in Figure 7.  

 

Upon T cell activation, cytokines secreted by the APC or other surrounding cells are received by 

the T cell and act as a tertiary activation signal to polarize its fate decision. This concept is 

demonstrated conceptually by Figure 6, although since the original publication of this figure, 

numerous other subsets of helper T cells have been described (Figure 7). These fate programs 

are driven by central transcription factors, and result in the expression of key cytokines by the 

newly activated helper T cells, which in turn signal back to surrounding innate immune cells and 

other lymphocytes in the milieu. Predominant T cell fate programs relevant to IBD include Th1, 

Th17, and T regulatory cells (Tregs), and these will be described in greater detail. 

 

Th1 cell fate is driven by the environmental expression of the pro-inflammatory cytokine 

interferon gamma (IFNγ). In turn, Th1 cells will produce the pro-inflammatory cytokines IFNγ 

and tumor necrosis factor alpha (TNFα). Th1 cells drive inflammation and the classical 

activation of M1 pro-inflammatory macrophages from monocytes136,137. The production of IFNγ 

by activated Th1 cells reinforces the polarization of newly activated lymphocytes toward an 

inflammatory lineage. 

 

IBD was originally considered to be almost exclusively a Th1-driven pathology until the 

description of the Th17 lineage. Th17 polarization is driven by the presence of interleukin 6 (IL-

6), along with TGFβ, and activated Th17 cells produce interleukin 17 (IL-17), as well as IL-22, 

which has a mixed role in the healing and homeostasis of the epithelial cell layer, though its 
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coexpression with IL-17 can have a pro-inflammatory effect138-140. IBD patients have been 

shown to have an expanded population of Th17 cells, which may drive the pro-inflammatory 

pathology 141. 

 

Regulatory T cells, or Tregs, are driven by the anti-inflammatory interleukin 10 (IL-10) and 

TGFβ, and reinforce the anti-inflammatory nature of the milieu through the production of more 

IL-10, which promotes both the further polarization of Tregs and M2 alternative activation of 

M2 macrophages, which are tolerogenic and reparative in nature142. Tregs are traditionally 

defined by the expression of FoxP3, which is the transcription factor that drives the regulatory 

cell fate program. Canonical Tregs are FoxP3+ CD25+, although recently a new and unclear 

subset of FoxP3+CD25- cells has emerged in association with aging and with autoimmune states, 

especially reported in systemic lupus erythamatosus143-145. It is thought that despite their 

resemblance to regulatory T cells, the collective regulatory function of these cells may be 

impaired or take away from a conventional Treg response144.  
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There is considerable overlap in the use of different cytokine signals in multiple fate decisions, 

which can be seen from the role of TGFβ in both Treg and Th17 cell polarization (Figure 7). 

This is where the composition of the milieu in its entirety contributes to the polarization of a 

given activation event. TGFβ will drive a regulatory phenotype if accompanied by IL-10, but a 

Th17 phenotype if accompanied by IL-6147. These nuances are determined in part by the 

Figure 7. CD4+ T Cell Lineages. 

CD4+ helper T cell subsets are differentiated through chemical signals at activation and the 
presence of cytokines and reinforced by transcription factor-driven lineage programs. Each 
lineage expresses a unique cohort of cytokines and carries out diverse functions.  
Source: Swain et al. 2012146 
Reprinted with permission.  
 



 47

detection of damage associated molecular patterns (DAMPs), pathogen associated molecular 

patterns (PAMPs), and microbial associated molecular patterns (MAMPs) as they are detected by 

PRRs, which may translate to downstream cytokine expression. Other memory T cells may also 

be called in to the scene and produce cytokine, which may polarize the milieu in the direction of 

their respective subset. 

 

It was originally thought that cell fate decisions were fixed, but some more recent evidence has 

suggested plasticity among subsets, specifically among those that share similar cytokine profiles, 

such as Th17 and regulatory T cells148. There is evidence that some T cells can co-express both 

Foxp3 and the Th17 transcription factor RORγt, and Foxp3 was associated with a reduced 

production of the cytokine IL-17, suggesting a sort of dynamic relationship between the two 

possible lineages149. Not all subsets demonstrate plasticity. Th1 and Th17 subsets, for instance, 

are thought to suppress one another, making them mutually exclusive 150.  
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Intra-Epithelial Lymphocytes 

Intercalated among the epithelial cells of the gut are numerous intraepithelial lymphocytes 

(IELs), especially resident-memory CD8+ T cells which do not circulate the periphery but remain 

within the epithelium152,153. CD4+ T cells may also become IELs, although evidence suggests 

that they undergo a transcriptional programming shift to resemble the cytotoxicity of the CD8+ 

transcriptional program, while retaining CD4 expression154. IELs are thought to be enriched in an 

effector memory phenotype, making them poised for quick and effective response to threats. 

Figure 8. The Mucosal Immune System  
The mucosal immune system is rich with a diverse array of innate and adaptive cell types in 
communication with one another. This figure depicts an example the intercommunication of 
immune cells in the mucosa. Source: MacDonald and Monteleone, 2005151 
 
From MacDonald and Monteleone 2005; Reprinted with permission from AAAS. 
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Together this results in a population of both MHC-I- and MHC-II-restricted cytotoxic cells 

prevalent in the epithelium.  

 

IELs are also shown to be enriched with a special population of T cells known γδ T cells155. 

Unlike conventional T cells, which undergo rearrangement of α and β chains of their TCR, γδ T 

cells have a gamma and delta chain in their place. They have limited antigen specificity and are 

not believed to require MHC presentation for the recognition of antigens156-158. To that point, 

they blur the line between innate and adaptive immunity. 

 

Perhaps as a facet of their enrichment at the membrane, γδ T cells are important for the 

immunological response to bacterial pathogens. They were found to be important for protection 

against infection with Listeria monocytogenes159 and were activated in response to challenge 

with Mycobacterium tuberculosis both in vitro and in vivo156. In this second experiment, it was 

demonstrated that unlike αβ T cells, the γδ T cells did not require presentation by MHC for their 

activation in vitro156.  They may contribute to the cytokine milieu of the intestine, which helps 

modulate the immune function of other cell types. It has been shown that antigen naïve γδ T cells 

rapidly produced IL-17 when presented with antigen, while ligand-experienced γδ T cells instead 

produced IFNγ160. This, along with their localization at the brush border and their ability to see 

free antigen may poise them for rapid response to an acute threat. It was shown that regulatory T 

cells maintained intestinal homeostasis and prevented PDK-1 knockout-associated colitis 

through the suppression of γδ T cell responses161.  
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1.2.3.4 Innate-Lymphoid Cells 

 

Another cell type that closes the known gap between innate and adaptive immune compartments 

is what are called innate lymphoid cells, or ILCs. These relatively recently described cells 

resemble lymphocytes in their transcriptional programming and the production of cytokines, but 

lack the antigen specificity of lymphocytes.   

 

The first of these to be described were natural killer (NK) cells, which have long been known as 

cytotoxic lymphocyte-like cells that lack specific antigen receptors162 163. However, in recent 

years, the lines between the innate and adaptive immune systems have become further blurred 

with the description of an entire family of ILCs. These lineages exist in markedly similar 

cytokine and transcription profiles to CD4+ cells162, and are also derived from the common 

lymphoid progenitor164. There are three primary designations of ILCs according to the 

transcription factor that drives their fate program and associated cytokine production. ILC1s, 

including natural killer (NK) cells, are driven by the transcription factor T-bet and produce IFNγ 

and TNFα, reminiscent of Th1 cells. NK cells are considered cytotoxic ILCs, although not all 

ILC1s have cytotoxic capacity. ILC2 cells, in similar fashion to Th2, are driven by the 

transcription factor GATA-3 and produce Th2 cytokines IL-4, IL-5 and IL-13. Finally, ILC3s are 

driven by Th17 transcription factor ROR-γT and produce IL-17 and IL-22.  

 

Compared to traditional lymphocytes, ILCs exist in relatively small numbers, but they are 

enriched at the mucosal surfaces165. Despite their small number, their role in mediating immunity 

and mucosal homeostasis is more and more appreciated. For instance, IFNγ production by one 
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ILC subset was deemed important for the protection against a Salmonella enterica infection166. 

Indeed, type 1 ILCs were found to be abundant at sites of mucosal inflammation and 

significantly enriched among people with Crohn’s disease167. However, they may not be solely 

mediators of inflammation, as group 3 ILCs were found to be protective against the development 

of colitis by regulating conventional T cell responses168. ILCs have also been shown to directly 

regulate host responses to commensal microbiota, making them potentially important mediators 

of homeostasis and protection against inflammatory bowel diseases. For instance, some ILC3s 

present MHC-II and directly induce the destruction of commensal bacteria-specific T cells169,170. 

ILCs also mediate glycosylation of host epithelial cells and are protective during infection with 

S. typhimurium171.  

 

Altogether, ILCs are an emerging and potentially critical field for the understanding of host-

microbe mediation, among other aspects of immunological coordination.  

 

 

1.2.3.5 Autoimmunity  

 

Autoimmunity occurs when the host immune system develops a reactivity to its own tissues, or 

in the case of the gut, to the host enteric microbiota. During infection from an outside agent, 

inflammation is poised to draw in a massive response that clears the threat, but also damages 

host tissue structures in the process. In an acute sense, this is not a problem, as tissue architecture 

repairs and homeostasis is restored following the clearance of the pathogen. However, when the 

source of the inflammation is self-derived, or in frequent association with the self, as with the 
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microbiome, the threat is never fully cleared and the ongoing inflammatory process creates 

lasting tissue damage. 

 

The inherent difficulty with autoimmunity is that once primed, the immunological memory will 

immortalize a given antigen in the way it was encountered. This means that for instances such as 

a breach in the intestinal barrier, where normal commensal microbes are encountered under 

inflammatory circumstances, those commensal peptides will be presented to T cells in either in 

the presence of inflammatory cytokine or with pro-inflammatory imprinting from APC co-

stimulatory molecules, or both. This will drive the T cell that contains a receptor for that 

commensal antigen to a pro-inflammatory lineage, such as Th1 or Th17 in the gut, and it will 

continually target that antigen for destruction. To date, there is no known way for the immune 

system to “un-learn” its programmed inflammatory response to an antigen it has deemed 

pathogenic, with the exception of the loss of T cell memory that accompanies advanced age.  

 

Another factor that can influence the nature in which commensal bacteria are perceived by the 

immune system is the age at which they are encountered. The perinatal and infant immune 

system is especially tolerogenic, such that antigens encountered during this stage of life are more 

likely to be imprinted positively by the immune system. A robust exposure to antigen as a young 

person helps to prevent an overreactive response in adulthood. One hypothesis for the rise of all 

autoimmunity is what has been called the hygiene hypothesis, or the idea that an industrialized 

lifestyle that promotes a high degree of cleanliness has led to an underexposure to antigen during 

this tolerogenic window and a more reactive immune system later in life172. 
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IBD has been associated with greater numbers of mature DC in the lamina propria of affected 

tissue, co-occurring with lymphocytes118. Moreover, although intestinal macrophages were 

shown to be anti-inflammatory at baseline and resistant to TLR stimulation113, in a pro-

inflammatory environment newly arrived monocytes preferentially differentiate into an 

inflammatory macrophage phenotype114. The ROS-induced damage brought on by prolonged 

neutrophilic infiltration can also cause harm. Regulatory T cells are contracted during active IBD 

flares, giving way to an inflammatory immune response173. These and other aberrant 

immunological responses are the foundation of the tissue damage and disease processes observed 

in IBD. When antigen is unremitting, such as with the commensal microbiome, the mucosa never 

has the proper chance to undergo tissue repair.   

 

 

1.2.4 Summary 

 

In summary, the gut mucosal immune system is a diverse and busy milieu of cell types, chemical 

signals, and cellular communication. It is highly adapted to tolerate an immense body of 

microbes in close proximity, while also being equipped to respond rapidly should inappropriate 

interaction between the luminal and basolateral compartments occur. This section has discussed 

different immunological cell types and processes as they involve the gut microbiome. The next 

section will discuss the gut microbiome itself in more detail.  
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1.3 The Gut Microbiome 

“Honor thy symbionts.” 

-Jeffery Gordon 
 

It has long been known that humans are inhabited by microbes both on our bodies and lining the 

mucosal surfaces of the body exposed to the outside world, such as the intestine or the urogenital 

tract. During the last fifteen years, rapid expansion in non-cultured sequencing techniques have 

made study of the microbiome accessible and affordable, resulting in a virtual explosion of 

research in this area. The outcome has been that we now know that our respective microbiomes 

are not just a collection of passive commensals, but an intricate and dynamic, quite personal 

collection of microbes that influence diverse functions from metabolism to brain chemistry41,174-

178.  

 

The Human Microbiome Project (HMP) was undertaken by the NIH Common Fund in 2008 as a 

conceptual extension of the Human Genome Project, as we began to understand ourselves not 

only as products of our own genetics, but of the genetics of trillions of microorganisms with 

whom we share our bodies and resources179. The Human Genome Project had yielded that on our 

own, we have not impressively more genetic code than the fruit fly, and that human genetics 

were not in-and-of-themselves sufficient to explain much of the dynamics of health and disease 

we experience179. By extension, the Human Microbiome Project set out to understand the 

characteristics of the “normal” human microbiome, to determine a compositional or functional 

‘core’ microbiome if possible, to expand the tools we have to study it, and to understand how the 

microbiome changes during disease states179.  
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Since then, the microbiomes of numerous body sites have been characterized, from skin, to nasal 

flares, oral cavity, different segments of the gastrointestinal tract, and the urogenital tract180. 

Studies have investigated community and individual differences, and even intra-individual 

differences over time180. Animal studies have deeply supplemented what we know in humans, 

such that we can appreciate more readily the direct connections to environment and microbiome 

in a reductionist setting. We now know that alterations within the gut microbiome contribute to 

metabolism41,181, type 2 diabetes182, neurological health183, and various forms of autoimmunity 

both within and outside of the intestine49,184-189. 

 

This section introduces the human gut microbiome as it applies to our overall health, our 

immunological development, and what is known about it in IBD.   
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1.3.1 Mutualism Within the Microbiome 

 

It is estimated that there are approximately 10 bacterial cells for every eukaryotic cell in the 

human body75, containing about 100 times the number of genes190 and accounting for about two 

to five pounds191. Despite the human colon being one of the densest microbial habitats known73, 

the diversity associated with it is represented by only several major bacterial phyla, primarily 

Bacteroidetes and Firmicutes192. This is relatively low compared to exogenous environments 

such as soil73, but still contains a nuanced and intricate diversity at the lower taxonomic levels.  

 

Individuals and communities vary widely in their microbial compositions. One of the initial 

goals of the Human Microbiome Project was to identify a core microbiome thought to be 

common among all people, however study revealed that high inter-individual variability existed 

on a taxonomic level193. Rather than a single core microbiome, studies suggest that humans 

develop into one of several symbiotic states, referred to as enterotypes194, although this is also 

debated195. Despite compositional differences, however, there are likely core functional 

redundancies among different bacterial groups that produce one or several possible core 

Figure 9. Functional Redundancy in the Microbiome 

The left diagram depicts microbiome composition as calculated by relative abundance of 
16s rRNA amplicons, the right side depicts the relative abundance of predicted bacterial 
pathways. Despite compositional differences in the microbiome (left), the microbiome is 
thought to carry out conserved functions, indicating a level of functional redundancy among 
bacterial taxa. Source: Turnbaugh et al 2009 175  
Reprinted with permission.  
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functional enterotypes (Figure 9)175,196. However, it is also appreciated that the gut microbiome 

is susceptible to changes in the host environment, with factors such as diet being seen as hugely 

influential197.  

 

With respect to the intestine, microbe and man are highly co-evolved. The ecological dynamics 

of the human gut microbiome represent selection on multiple levels. The gut alone selects for 

microbes capable of surpassing the acidic environment of the stomach and thriving in non-

oxygen-rich environments. Those that are able to survive in the anaerobic environment of the gut 

must be able to establish a competitive niche and find means of transmission to the 

gastrointestinal tract of a new host for the ongoing viability of the species. Some obligate 

anaerobic bacteria meet these criterion by forming resilient spores and expanding only when the 

environment supports the return to a vegetative state198,199. Others are seeded through vertical 

transmission from the birth canal or breastmilk of the mother in an infantile gut, and reinforced 

by the maturing diet of a growing toddler200-202.  

 

Microbes of the gut must compete for resources and space within a dense population of other 

microbes. Individual microbiomes appear to be somewhat dynamic on a small scale during the 

short term195,203, but remain relatively stable over time204. There is also a high degree of inter-

individual variation204, likely due to the micro-environmental differences that select for one 

group of bacteria in one host, and another in the next. Those bacterial groups adapted to ferment 

complex polysaccharides, for instance, will gain a selective advantage when the host consumes 

soluble fiber205, whereas those susceptible to the bactericidal action of bile acids will be 

preferentially culled during the consumption of a high fat diet206. Moreover, bacteria may even 
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leverage the host in competition with other microbes, as demonstrated by the induction of the 

anti-microbial peptide Reg3γ from the Paneth cells of the intestine, which selectively targets 

Gram-positive bacteria83. 

 

In terms of their relationship to the host, some microbes are true commensals in the sense that 

they benefit from the resource-rich colonic environment while leaving the host relatively 

unaffected207. Others include opportunistic pathogens, which confer little to no harm to the host 

under homeostatic conditions, yet are poised to mount a detrimental attack should stability falter 

or competition from other microbes suddenly dissolve207. An example of this is Clostridium 

difficile, which can establish a dangerous infection following hospital stays and antibiotic 

exposure, after which many of C. difficile’s competing microbes are abolished208.  

 

However, most microbes are more accurately described as symbionts. While they benefit from 

the nutrient availability of the intestinal environment, they also confer some level of protection 

or benefit on the host. The competitive presence of numerous microbes alone helps create a 

difficult environment for opportunistic pathogens to get a foothold. Microbes are also important 

for the establishment of healthy immunity, as germ-free animals experience underdeveloped 

lymphoid structures and cellular compartments209-212. The gut microbiome very importantly 

helps with energy harvest from the diet by breaking down otherwise indigestible carbohydrates 

into short chain fatty acids (SCFA), which in turn act as energy and signaling molecules for 

numerous host cellular and immunological interactions213-219. The microbiome is also a 

modulator of metabolism, which is helpful under healthy conditions, but can be a root cause for 

metabolic disease under unhealthy dietary or environmental stimuli, as is proposed to be the case 
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in many “Western” diseases such as obesity, type 2 diabetes, or cardiovascular disease220-222. 

Essentially, most bacteria that inhabit our gut are highly evolved to thrive in exactly the 

environment provided by the intestine, and their presence there is deeply connected to our 

physiology in other ways as well. 

 

 

1.3.2 The Microbiome, Development and Immunity 

 

The host interaction with the microbiome was originally thought to begin at birth, when 

newborns ingested and were coated with vaginal microbes223,224. While delivery and delivery 

method are still deeply impactful events for the colonization of newborn infants with a seeding 

microbiome225, more recent discoveries indicate the existence of a specific placental 

microbiome, suggesting that host-microbe interactions may occur before birth226. Studies into the 

specific nature of the placental microbiome’s effect on newborn development are yet unfolding. 

Early life microbial influences have been shown to have an impact on the function of the 

immune system later in life202. Interestingly, even a transient exposure to microbes in gnotobiotic 

mothers can impact the neonatal immune system in lasting ways following birth, even when 

those microbes do not reach the fetus227.  

 

Following birth, breastfed babies receive maternal antibodies228, immunomodulatory 

exosomes229,230,  live immune cells231,232, and microbes233-237 that continue to shape the nature of 

the microbiome and the development of the immune system202,238. The immunological factors 

provided in breastmilk help to protect the neonate at a time when their own immune system is 
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nascent and developing. It is also thought that the early seeding of the neonatal microbiome with 

bacteria such as Lactobacillus, the child is enriched in a microbiome that will digest the mother’s 

milk239,240. Maternal breastmilk fortifies these bacterial populations by providing prebiotic 

oligosaccharide polymers that fortify bacterial populations such as Bifidobacterium241-243. The 

transition to solid food facilitates a transition in the composition of the microbiome toward 

greater compositional and functional diversity, including a greater representation by anaerobic 

bacteria200,244.   

 

The infant immune system exists in a state of relative tolerance, making babies more prone to 

infection, but also more accepting of interactions with new commensals245, such that those 

microbial encounters in early-life are deemed acceptable by the immune system later into 

adulthood246,247. Early-life tolerance is partially mediated by the phenotype of young innate cells. 

Neonatal APCs demonstrate an immature phenotype that fails to produce adult levels of cytokine 

or effectively present antigen248. Neonatal dendritic cells are also predisposed to drive the 

development of T cells away from the pro-inflammatory Th1 lineage, further promoting 

tolerance249. Aberrations in early-life immune development and cytokine expression are 

associated with later allergy and autoimmunity250. It has also been noted that disruption of the 

microbiome early in life can have metabolic consequences and show alterations to body 

composition251 
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The infant microbiome begins to take on a more mature structure following weaning, and usually 

resembles the adult microbiome by two to three years of age244. Other childhood factors such as 

the presence of siblings, frequency of bathing, pet ownership, and other demographic factors 

may also contribute to the early development of the microbiome, and by extension the training of 

the immune system (Figure 10)252. One hypothesis for the development of autoimmunity rising 

in developed nations is what is called the “hygiene hypothesis,” or the idea that children are “too 

clean” (underexposed to a proper antigenic load) in childhood, and thus cannot tolerate normal 

commensalism later in life172,246.  
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Figure 3 | Acquisition of the microbiome in early life by vertical transmission, 
Figure 10. Perinatal Exposures and the Microbiome 

Early life influences on the neonate shape the microbiome and the development of the immune 
system in utero, at birth, and in the first few years of life. Suppression of natural routes of 
microbial exposure through c-section, formula feeding, antibiotics, or extensive cleanliness is 
thought to result in improper immune development. Source: Cho and Blaser 2012252 
Reprinted with permission.  
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During adulthood, animal studies conclusively suggest that the microbiome can still be rapidly 

and reproducibly modulated by environmental factors such as the diet197,253-256, indicating that it 

is sensitive to environmental stresses and cues. However, longitudinal studies in humans also 

suggest that under homeostatic conditions, the adult microbiome remains relatively stable over 

years257,258 despite great inter-individual variability. This may be a facet of long-term adult 

routines that change little over time such as long-term dietary patterns259, and may perhaps also 

be influenced by early-life seeding of the microbiome-immune environment. Though there is not 

a single “core” microbiome common to all individuals that we have been able identify, it seems 

evident that humans generate a sort of functional set-point based on microbiome seeding, early 

life habits, and adult environmental norms260-262.  

 

 

1.3.3 The Microbiome in Inflammatory Bowel Disease 

 

Inflammatory bowel disease is thought to be an ongoing and damaging reactivity of the host 

immune system to commensal microbes in the intestinal tract7. The intestine, and particularly the 

colon harbor the highest bacterial loads73, and by extension, the highest concentration of 

antigens. Indeed, redirection of the fecal stream263 or broad-spectrum antibiotic treatment264 both 

ameliorate IBD symptoms, underlining the impact of the microbiome on disease.  

 

The microbiome changes notably during the course of disease, and it is unclear yet whether these 

changes are causative or reactive to the disease state. In general, perturbations to microbiome 

diversity and stability are associated with the onset of disease, and it is thought that a number of 
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host and environmental factors can contribute (Figure 11)49. Human and animal studies alike 

indicate that IBD is accompanied by a loss in bacterial diversity in the gut48,265,266, an increase in 

bacteria associated with the mucosa267, and with shifts in microbiome community structure268,269. 

A study in UC indicated that patients displayed greater instability in their microbiomes over time 

compared to the relatively stable composition of controls, regardless of inter-individual 

variability257,258, and one patient cohort of new CD patients indicated that the mucosa-associated 

microbiome might be able to predict the onset of disease51.   

 

 

Some of these bacterial shifts seen in the development of IBD are driven by genetic 

susceptibility, and are associated with IBD risk loci (such as NOD2 and ATG16L1), indicating a 

Figure 11. Diversity and Stability of the Microbiome in Health and Disease. 
Inflammatory bowel disease is associated with a lack of diversity and stability within the microbiome. 
Different host and environmental factors are thought to contribute to the development of disease, and these 
factors correlate to the age of onset. Source: Kostic et al 201449 
Reprinted with permission. 
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gene-environment interaction in at least a subset of IBD cases94. This is one way in which the 

microenvironment of the host (driven by host genetics in this case) can have an effect on the 

composition and function of the microbiome. To similar effect, treatment of a mouse model with 

an anti-inflammatory agent could reduce the abundance of Escherichial shigella50, though some 

other studies indicated that the inflammation state did not directly predict microbial 

differences267,270.  

 

Members of the Bacteroidetes and Firmicutes phyla, especially among the Clostridia order, are 

depleted in IBD266,268, and there is an enhanced abundance of bacterial groups such as 

inflammation-associated Enterobacteriaceae269,271. These are potentially physiologically relevant 

changes, as the majority of short chain fatty acid (SCFA), and specifically butyrate production, is 

carried about by bacterial families of the Firmicutes phylum272. SCFA are microbial metabolites 

produced by the fermentation of dietary fiber, and have been implicated in numerous aspects of 

colonic health (Figure 12)273.  

 

The microbial SCFA butyrate demonstrates the long coevolution of microbes and mammals by 

serving as the primary source of energy for coloncytes219. However, it also acts as a signaling 

molecule and immunoregulatory metabolite. It has been shown to modify macrophage function 

through acting as a histone deacytelase (HDAC) inhibitor217. It has also been shown to drive the 

differentiation of regulatory T cells, thus promoting a tolerant anti-inflammatory environment in 

the colonic mucosa and promoting host-microbe homeostasis 274. Butyrate also fortifies intestinal 

epithelial junctions, and therefore helps stabilize the intestinal epithelial barrier273.  
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Monocarboxylate transporter 1 (MCT-1), the primary butyrate transporter, is transcriptionally 

downregulated during inflammation in the intestinal mucosa275. During IBD, SCFA production is 

also reduced by local bacteria276. Nonetheless, administration of fibers known to enhance 

butyrate production by enteric microbiota are able to attenuate the inflammation associated with 

IBD277,278, and oral administration of sodium butyrate can attenuate the effects of injury-

associated colitis279.  

 

 

1.3.3.1 Lachnospiraceae and Ruminococcaceae 

 

The importance of SCFA in colonic homeostasis would suggest that those microbes that are 

capable of producing them act as valuable microbial symbionts. Lachnospiraceae and 

Ruminococcaceae are two families of bacteria found in the Firmicutes phylum, also known as 

Figure 12. Short Chain Fatty Acids and Colonic Health 
Short chain fatty acids (SCFA), and especially butyrate, are known to carry out a number of important 
homeostatic and immunoregulatory functions in the intestine.  
Source: Plöger et al 2012 
Reprinted with permission. 
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Clostridia clusters XIVa and IV respectively, are known to produce SCFA and promote 

regulatory T cell induction in mice280,281. They are abundant members of the normal homeostatic 

microbiome, and at least half of the known family members are estimated to produce 

butyrate272,282,283. Members of these families can be found in the lumen of the intestine, but 

preferentially colonize the mucus layer284.They are notably reduced in IBD, although some 

reports are mixed for Ruminococcaceae285-288. In addition to IBD, the loss of Lachnospiraceae 

and Ruminococcaceae has also been associated with other diseases as well, including multiple 

sclerosis and cystic fibrosis281,289.  

 

Lachnospiraceae and Ruminococcaceae are sensitive to shifts in the microenvironment, 

specifically pH. One study showed that a shift of pH from 5.5 to 6.5 diminished 

Ruminococcaceae abundance and significantly reduced butyrate production in the colon290. The 

opportunistic pathogen Clostridium difficile is thought to specifically leverage this sensitivity for 

its own advantage by raising microenvironmental pH and securing an advantage for itself291. 

This suggests that these bacterial groups – and the subsequent benefit on host physiology, may 

be sensitive to microenvironmental dynamics such as pH.  

 

1.3.4 Microbiome Conclusions 

 

Altogether, the microbiome is a critical modulator of host health too important to be overlooked. 

However, it is important to remember that it too is subject to selective pressures from the host 

and other competing microbes. This complexity has made the exact role of the microbiome in the 
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etiology of human disease a delicate and difficult topic to study, especially when establishing 

causation.  

 

The focus of our research has implicated a host factor, specifically ion exchange, in the shaping 

of a potentially pro-inflammatory microbiome in the development of experimental colitis. This 

host factor will be described in detail in the next section.  

 

 

 

1.4  Na+/H+ Exchange at the Brush Border 

“Balance is key. Balance is a virtue.” 
-CeeLo Green 

 

1.4.1 Overview of Ion Exchange 

 

One key aspect of intestinal physiology is the homeostatic transport of nutrients, ions, and other 

solutes across the epithelial layer. Solute transport facilitates both intra and extracellular 

homeostasis, and contributes to the microenvironments on either side of the barrier, as will be 

discussed in greater detail below. 

 

The polarized epithelium lining the intestine is primarily composed of absorptive enterocytes that 

mediate the uptake of solutes and water from passing luminal contents. Solute gradients are 

maintained both by the active transport of solutes across the semipermeable epithelial membrane 

as well as selectively permeable junctional complexes between cells that seal off the lumen from 
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the space below76. Coupled transport processes take advantage of existing gradients of an 

abundant solute to facilitate the transport of solutes in low concentration or against a gradient, 

allowing for the efficient trade of numerous types of solute292. The ongoing health of the 

organism is mediated at least in part by the health of its transport systems. 

 

Transport systems at the brush border involve ion exchange, sugar transport, fatty acid transport, 

and others. Sodium is either directly involved in or coupled to many of these processes, 

including the transport of glucose, SCFA, carbonate, protons, and water.  The ubiquity of sodium 

in transport processes of the colon make it a central component in the trans-epithelial movement 

of water, the uptake of nutrients, and the resultant availability of ions and molecules for 

downstream use.  

 

 

1.4.2 Sodium Hydrogen Exchanger 3 (NHE3) 

 

Of the absorptive processes, the regulation of sodium and water intake is central to intestinal and 

organismal homeostasis. Active transepithelial transport creates a sodium gradient across the 

epithelial barrier through which water is able follow through passive paracellular transport 

through selectively permeable tight junctions293. Under homeostatic conditions, the GI tract and 

especially the colon are poised to absorb as much water as possible from the luminal contents, 

requiring a strong and consistent sodium gradient. The majority of sodium and concomitant 

water flux in the intestine is facilitated by the sodium/proton antiporter sodium hydrogen 

exchanger 3 (NHE3, gene product SLC9A3), which is recognized to date as the predominant 
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Na+/H+ exchanger in the intestine294. The systemic importance of NHE3 in the context of 

homeostasis and IBD will be discussed in subsequent sections. 

 

 

1.4.2.1 NHE Family Members and Homeostatic Regulation  

 

NHE3 is one of nine NHE (Hugo nomenclature, SLC9A) family members that differ by location 

and regulation. Some NHE family members are expressed on the plasma membrane of epithelial 

cell lineages, while others are restricted to intracellular organellar compartments295. Still others 

cycle between the plasma membrane and early endosomes and back to the membrane, and 

function in both places294,295. NHE1, NHE2, NHE3 and NHE8294,295 are expressed in intestinal 

epithelial cells and each localized differently. Of those, NHE1 is restricted to the basolateral 

membrane296, NHE2 and NHE8 are expressed apically297-300, and NHE3 cycles between apical 

plasma membrane and endocytic compartments, presumably as a form of regulation301.  

 

The N-terminal domain of NHEs are highly conserved across family members and consist of 12 

transmembrane domains294. The cytoplasmic c-terminal domain differs between NHEs and 

contains most of the known regulatory regions302,303 294,304. The c-terminus of NHE3 is vital in 

the regulation of its activity by kinases and growth factors302, and includes phosphorylation sites 

and PDZ domains which facilitate its tethering to the actin cytoskeleton305-307. The deletion of the 

c-terminal region of NHE3 abrogates its regulatory capacity, demonstrating its importance in 

homeostatic regulatory function308. NHE regulatory factor (NHERF) proteins NHERF1, 

NHERF2, and PDZK1 mediate NHE3 expression on the apical membrane or endocytosis by a 
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clathrin-dependent mechanism307,309,310, and have not been shown to interact with NHE1 or 

NHE2, which are fixed in their respective locations.  

 

Of the intestinal NHEs, NHE3 is the only one known to be associated with large protein 

complexes, indicating the complexity of regulation involved in its activity. It is expressed 

ubiquitously throughout the gastrointestinal tract294, although regional differences exist in the 

intensity of its expression. Expression of NHE3 is highest in the ileum, followed by the jejunum 

and then the colon311. Studies are conflicted about the exact nature of expression along the crypt-

villus axis of the intestinal structure, but the general consensus is that NHE3 is predominantly 

expressed in the surface epithelial cells, extending at most into the mid-crypt, whereas NHE2 is 

thought to be expressed primarily in crypt epithelial cells311. This suggests that NHE3 expression 

and activity develop with the differentiation and maturity of the polarized epithelium as it 

matures from stem cells at the base of the crypt.  

 

There is a population of NHE3 thought to be stably fixed to the actin cytoskeleton that remains 

stably expressed on the apical membrane, while a smaller subset is thought to be part of the 

cycling pool. If true, this indicates that endocytic regulation of NHE3 may be sufficient to 

attenuate NHE3 activity, but not completely silence it. Other mechanisms appear to be able to 

repress NHE3 activity even while present on the membrane, as demonstrated by one study 

during active ulcerative colitis62. Of the intestinal NHEs, NHE3 contains the most regulatory 

domains with evidence to suggest that it is more actively regulated than the other NHEs304. This 

is most likely a facet of its cycling nature.  
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Sodium taken up by NHE3 on the apical membrane is pumped out of the basolateral side of the 

cell via the Na+/K+ ATPase, which generates a downhill sodium gradient in the cell and a water 

gradient across the barrier. Active transport by Na+/K+ ATPase drives the sodium gradient that 

pulls luminal sodium in through NHE3. This exchange further generates a sodium gradient 

across the intestinal barrier that drives the osmotic influx of water through the paracellular 

pathway76. As such, NHE3 is the primary facilitator of water uptake in the intestine and the 

kidney294,304, making it a key mediator of homeostasis within the gastrointestinal tract. In 

addition to osmotic balance and cell volume control, the flux of protons contributes to pH 

homeostasis at the brush border membrane. Sodium transport through NHE3 is also coupled to 

other transport processes such as the Cl-/HCO3
- transporter downregulated in adenoma (DRA) in 

the small intestine and mid colon, as well as short chain fatty acid (SCFA) transport in the 

proximal colon (Figure 13) 312. Peptide absorption through H+/coupled dipeptide transporter 

(hPepT1) could not function following the inhibition of NHE3313. Finally, NHE3 was also found 

to be critical for the renal absorption of calcium314. Its function, therefore, is a central process for 

the maintenance of intestinal homeostasis.  

 

The production SCFA, another potent regulator of homeostasis, is connected to NHE3 function. 

Production of SCFA by intestinal microbes, especially butyrate, upregulate the expression and 

activity of NHE3 and therefore take an indirect role in the modulation of host fluid balance315,316. 

SCFA transport is coupled to Na+/H+ exchange through SCFA-/Cl- exchange. The partnership 

between short chain fatty acid production and uptake and sodium hydrogen exchange is likely a 

vital process in mutually-reinforcing homeostasis, where NHE3 activity drives a lower brush 
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border pH that benefits such butyrate-producing families as Lachnospiraceae and 

Ruminococcaceae, while their expression of SCFA helps stabilize NHE3 expression and activity.   

 

 

 

1.4.2.2 NHE3 During Inflammation 

 

NHE3 is targeted for inhibitory regulation by several inflammatory and infectious processes. The 

pro-inflammatory cytokines IFNγ and TNFα have been shown to transcriptionally repress NHE3 

in vitro and in vivo65. Indeed, the suppression of NHE3 was shown to be necessary for 

inflammatory diarrhea in a TNF-induced model293.  

 

Pathogenic inhibition of NHE3 has also been observed, as loss of NHE3 is mediated both by 

infection with Vibrio cholerae317,  and Clostridium difficile toxin B318, which are both associated 

Figure 13. NHE3 and Coupled 

Transport in Different Colonic 

Regions 

Coupled transport of NHE3 
differs by region of the colon. 
NHE3 expression is highest in the 
proximal colon.   
Source: Talbot and Lytle 2010312 
Reprinted with permission. 

 



 73

with potentially lethal diarrhea. Cholera toxin increases cellular cAMP 317, which has been 

shown to alter NHE3 traffic to the apical membrane through a protein kinase A (PKA) and 

NHERF-mediated mechanism319,320. C. difficile purportedly works through the destabilization of 

ezrin and loss of stability on the apical membrane318, and has been proposed to actively suppress 

NHE3 for its own competitive advantage by alkalinizing the mucosa321.  

 

Perhaps as a facet of its inhibition by inflammatory cytokines, NHE3 is inhibited or 

downregulated during active inflammatory bowel disease61,62,64,322 . One study indicated that 

while NHE3 protein and activity were repressed in both types of IBD, only CD was accompanied 

by a transcriptional reduction in NHE3 message322. Another study showed that in ulcerative 

colitis, NHE3 was stable on the membrane even in active inflammatory disease, but activity was 

inhibited62. Together these studies indicate that NHE3 is targeted for repression during 

inflammatory disruptions in homeostasis and active inflammatory bowel disease. The resultant 

effects of disruptions to sodium/hydrogen exchange are discussed in the next section.  

 

 

1.4.2.3 NHE3 Knockout Animals and Colitis 

 

Schultheis and colleagues were the first to describe the loss of NHE3 in knockout animals323. 

From their work, in which they generated a homozygous null knockout through targeted 

disruption of the SLC9A3 locus, they demonstrated that loss of NHE3 resulted in mild diarrhea 

and systemic acidosis, as well as an alkalization of the luminal contents323. Knockout of NHE2, 

by contrast, did not produce similar evidence of disease, except for a decrease in gastric parietal 
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cell longevity324. NHE2/NHE3 double knockouts resemble NHE3 knockouts in phenotype, with 

no observed additive dysfunction, which suggests that NHE3 is the primary NHE responsible for 

apical fluid and pH homeostasis in the intestine325. Moreover, the inflammation-associated loss 

of ion transport associated with NHE3 activity is thought to be the driving force behind 

inflammation associated diarrhea293,294.  

 

Our research group previously demonstrated that the loss of NHE3 itself may actually predispose 

toward the development of spontaneous colitis53. NHE3-/- mice weighed significantly less, 

expressed significantly elevated inflammatory cytokine, showed influx of immune cells into the 

mucosa, and showed gross mucosal signs of an inflammatory process53. Subsequent studies also 

found that NHE3-/- mice were dramatically susceptible to a dextran sodium sulfate (DSS) model 

of injury-induced colitis, where a fraction of the amount of DSS required to induce disease in 

wildtype animals was lethal in NHE3 knockouts326. When crossed with IL-10-/- mice, which 

develop autoimmune colitis, NHE3xIL-10 double knockout mice had exacerbated immune 

infiltration, architectural indications of colitis, and upregulation of pro-inflammatory cytokine 

than single knockouts of either genotype327. Prolonged propagation of the NHE3xIL-10 double 

knockouts resulted in sufficiently high mortality so as to prevent further study (unpublished 

observation).  

 

Together these data show that in addition to being susceptible to inflammatory mediators, the 

loss of NHE3 alone can foster an inflammatory environment. This suggests that NHE3 may be a 

mediator in the transition from homeostasis to chronic disease, not merely a bystander. 
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1.4.2.4 NHE3 and the Microbiome 

 

During development, NHE3 is most highly expressed in the post-weaning period328, which is 

also when the microbiome begins to expand in abundance and diversity with the introduction of 

conventional foods244. In the proximal colon, its transport activity is also coupled to microbe-

dependent short chain fatty acid (SCFA) production and transport312, indicating that its 

expression may be coevolved with a healthy and stable microbiome.  

 

Our study in NHE3-/- mice showed that the development of inflammation was dependent on the 

microbiome, as mice treated with broad spectrum antibiotics were protected53. A follow-up study 

found that NHE3-/- mice have a reduced microbial diversity329, which is a feature common 

associated with the development of disease49. Moreover, the expression of pro-inflammatory 

cytokine among genetically identical NHE3-/- mice depended on the microbiome of the facility in 

which they were housed329. Together these data indicate that the colitogenic phenotype of 

disrupted Na+/H+ exchange may be at least partially mediated by the microbiome.  

 

These observations are fortified by documented interactions between specific members of the 

microbiome and NHE3. NHE3 inhibition is hypothesized to drive a competitive advantage for 

Clostridium difficile, which thrives in a more alkaline environment relative to other Clostridium 

species321. A study by the same group showed that NHE3 loss is also associated with an 

expansion of Bacteroides thetaiotomicron, as well as pH- and Na+-associated and region-specific 

changes in the microbiome330. Conversely, Lactobacillus acidophilus has been shown to drive 
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DRA and NHE3 coupled expression and protect against infectious colitis with C. rodentium331. 

Furthermore, butyrate, the microbial byproduct of fiber fermentation, enhances NHE3 expression 

and activity315 and attenuates the IFNγ- and TNFα-mediated suppression of it66.  

 

As a brush border transporter, NHE3 activity and expression have coevolved with the 

microbiome. As such, it is plausible that NHE3 and the microbiome have reciprocal influence 

over one another that may tip the scale between health and disease. Disruptions in NHE3 alter 

the microenvironmental pH and solute concentration at the brush border, which has already been 

shown to confer benefit on at least one pathobiont, C. difficile321. Conversely, the upregulation of 

NHE3 by butyrate315 lowers brush border pH and confers a selective advantage to those butyrate-

producing microbes, which optimally thrive at a lower pH290. Inflammatory inhibition of NHE3 

by cytokines such as IFNγ and TNFα may alter the microbiome by changing the 

microenvironmental conditions for these same anti-inflammatory microbes to thrive.  

 

Altogether, there is a dynamic relationship between NHE3 activity and the composition of the 

microbiome, as well as the inflammatory susceptibility to experimental models of colitis. This 

suggests that the NHE3-microbiome axis may mediate the development of IBD.  

 

 

 

 

 

 



 77

1.5  Putting the Pieces Together: NHE3 in IBD 

“Great things are done by a series of small things brought together.” 
-Vincent Van Gogh 

 

 

Evidence from human and animal models has suggested that the presence of the microbiome is 

necessary for the development of colitis. Indeed, germ-free conditions or antibiotic treatment can 

ameliorate or prevent human and animal colitis52-56. Other studies have shown the presence of 

significant dysbiosis among IBD and experimental colitis characterized by a loss of bacterial 

diversity and the contraction of certain bacterial groups, such as the Firmicutes phylum and in 

some cases expansion of Proteobacteria47-51.  

 

NHE3 is a sodium hydrogen exchanger on the apical membrane of the epithelial layer that is 

considered the primary mediator of sodium and water uptake in the intestine294,304. It is targeted 

for inhibitory regulation by inflammatory cytokines IFNγ and TNFα, which are also critical 

cytokines in the pathogenesis of IBD. Prospective cohort studies have revealed that pre-clinical 

IBD patients display elevated signs of inflammation years before active disease presents 

itself332,333. Indeed, several studies have demonstrated that NHE3 is either functionally repressed 

or transcriptionally downregulated during active IBD. However, work in our lab has also brought 

to light that the loss of NHE3 alone is enough to predispose animal models to spontaneous distal 

colitis in a microbiome-dependent manner53. The inflammation experienced by NHE3 knockout 

animals could be directly modulated by the composition of the microbiome, according to 

different facilities in which genetically identical animals were housed329. This raises the 

possibility that NHE3 is a mediator of homeostasis whose disruption precipitates dysbiosis and 
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inflammation that drive the development of chronic inflammatory disease, and may be a 

checkpoint of sorts on the road to full IBD.  

 

This dissertation synthesizes data from immunology, gastroenterology, the microbiome and 

ion transport to address the hypothesis that Na+/H+ exchange through NHE3 is a 

homeostatic process that, once lost, creates an inflammatory dysbiosis that drives the 

development of IBD (Figure 14).  

 

 

 

 

Figure 14. Central Hypothesis 
A diagram depicting the driving hypothesis that initiated this dissertation: That disruption of 
NHE3 drives changes in the microbiome that in turn drive an amplified immune response and 
perpetuate disease.  
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1.6 Significance and Goals of This Dissertation 

 

1.6.1 Goals of This Dissertation 

 

The goals of this dissertation were to evaluate the role of the microbiome in the pathology 

associated with NHE3-inhibition. It was known that NHE3 inhibition was observed in human 

IBD, and the NHE3-knockout animals were themselves susceptible to spontaneous and 

experimental colitis in a microbiome-dependent manner. This work sought to clarify the 

contribution of the microbiome to the susceptibility observed in experimental colitis, and by 

extension, the make inferences about the role of NHE3 as a mediator of homeostasis that is lost 

in the progression of inflammatory bowel disease.  

 

 

1.6.2 Significance  

 

This work is significant in its advancement of the known connections between ion transport, the 

microbiome, and the onset of colitis. In addition to the identification of conserved bacterial 

families that are altered in both inflammation and the loss of NHE3, we have fortuitously built 

on concurrent discoveries among the same bacterial groups in human IBD from other groups. 

Our data further imply that disrupted ion transport may be a mechanism driving specific pro-

inflammatory changes observed in both experimental and human colitis.  
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Our data also build on the question of causality of the microbiome in IBD, which has posed the 

contrasting scenarios in which the microbiome either drives the onset of IBD or changes as a 

response to the inflammatory microenvironment. Our data infers a middle-route in which the 

microbiome is neither the sole driving force nor merely a reflection in the development of 

experimental colitis in our model, but rather a necessary and driving factor that nonetheless 

likely relies on other host-processes for full disease onset.  
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CHAPTER 2 
 
 
 

DISCUSSION 
 
 
 
 
 
 

“The time has come,” the Walrus said, “To talk of many things…” 
-Lewis Carroll, “The Walrus and the Carpenter”  
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2.1 What We Will Show 

The work presented in this dissertation will show that NHE3 is an important modulator of the 

colonic microbiome, and that the changes associated with NHE3 dysfunction promote dramatic 

susceptibility to a T-cell mediated model of colitis, and a dysbiosis capable of enhancing the 

onset and severity of an IL-10-/- model of colitis. The data together indicate that NHE3 promotes 

balance under homeostatic conditions, and contributes to a healthy colonic microenvironment. 

However, its loss – presumably from repression by inflammatory cytokines IFNγ and TNFα in 

human systems65,66,334 – may be a critical step in the establishment of chronic colitis.  

 

Previous work from our group had already shown the NHE3 knockout animals both develop 

spontaneous distal colitis53, and are also susceptible to chemically induced326 and IL-10-/- 

deficiency colitis models327. The first part of this dissertation (Chapter 2) enriches our 

understanding of the contribution of NHE3 to colitis. We found that NHE3 knockout animals are 

highly sensitive to T cell mediated colitis335. Furthermore, we observed that the presence or 

absence of NHE3 was one of the most influential components affecting the composition of the 

microbiome. Notable differences included the reduction in anti-inflammatory Lachnospiraceae 

and enhancement of obesity and chronic-inflammation-associated Erysipelotrichaceae families.  

 

Following these observations, we set out to determine whether the changes observed in the 

microbiome were sufficient to drive colitis in a host with endogenous NHE3 expression (Chapter 

3). We found that despite vastly disparate microbiome compositions between NHE3 sufficient 

and deficient mice, the NHE3-/- microbiome was not passively transferred to a healthy host via 

cohousing. This may have occurred for a couple different reasons, specifically that cohoused 
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animals already had an established enteric microbiota, and also that Rag-/- animals endogenously 

express NHE3. It is likely that the unstable and dysbiotic microbiome could not compete with an 

established homeostatic microbiome in this model, but the study did not rule out the possibility 

that the microbiome fostered by NHE3-deficiency was itself colitogenic.  

 

We moved forward with a more direct method: fecal microbiome transplants (FMT) into germ-

free hosts infused with two separate models of colitis: the adoptive T cell transfer and the IL-10 

deficiency colitis. Although the microbiome did not significantly promote an advancement of 

colitis in the T cell transfer model, there was a noticeable convergence of the control microbiome 

with the onset of inflammation toward a profile associated with NHE3 deficiency, including a 

relative decline in Firmicutes and specifically the short-chain fatty-acid (SCFA) producing 

families, Lachnospiraceae and Ruminococcaceae. This indicated that both the onset of 

inflammation and, separately, a lack of NHE3, promoted similar changes in the microbiome, 

although it is not clear in our study whether alterations to NHE3 activity or expression mediates 

the change in both cases.  

 

When NHE3-/- versus NHE3+/+ microbiomes were introduced to germ-free IL-10-/- mice, the 

microbiomes remained stably different between groups. At the level of individual taxa, it was 

evident that the abundance of taxa were changing over time in both groups, unlike the adoptive 

transfer FMT experiment, in which only the control FMT changed notably over time. However, 

both recipients of NHE3+/+ and NHE3-/- were changing in a similar manner such that in relation 

to one another, compositional differences were maintained between groups. Animals from the 

IL-10 deficient model of colitis had higher histological inflammation scores compared to those 



 84

that underwent adoptive T cell transfer, and it’s possible that the overwhelming level of 

inflammation in the former had a dominating effect on the microbiome composition even in 

recipients of NHE3-/- FMT. The immune system of the IL-10-/- model is more holistic, as 

opposed to a Rag-/- adoptive transfer model which lacks CD8+ and gamma delta T cells, as well 

as B cells, and may not be as responsive to the antigenic load of the intestine. We also know that 

the IL-10-/- model has been shown to inhibit NHE3 activity through downregulation of regulators 

that help promote its localization to the membrane336, which may itself be influential on the 

microbiome composition. The effect of adoptive transfer on NHE3 activity or expression is 

currently unknown. Although both fecal and mucosal microbiomes remained distinct between 

FMT groups, differences were more significant in the mucosal-adherent microbiome of IL-10-/- 

mice, which may be directly related to the role of NHE3 in the brush border microenvironment, 

and the known residence of Lachnospiraceae and Ruminococcaceae families in the mucus 

layer284. 

 

Loss of colonic microbiome diversity is repeatedly observed in association with a number of 

disease processes, including IBD48,49,337. Crohn’s patients in particular are noted to show a 

reduction in observed OTUs and especially from the Firmicutes phylum. This was also observed 

in our model, with significant reductions of Lachnospiraceae and Ruminococcaceae families, 

which are known butyrate-producing bacteria and have been shown to promote anti-

inflammatory T cell differentiation280. As will be discussed below, these are pH-sensitive 

bacteria290, and may be susceptible to alterations in brush-border pH seen in NHE3 knockouts. A 

connection between NHE3, the microbiome and SCFA production was confirmed through ultra-

performance liquid chromatography – mass spectrometry (UPLC-MS), which indicated 
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significantly lower SCFA production among NHE3-/- when compared to NHE3+/+ mice at steady-

state. 

 

Together these data demonstrate an important role for NHE3 in the cultivation of microbes 

associated with health and SCFA production. More work remains to be done in parsing the 

specific relationship between NHE3 and these microbes at the mucosal and molecular levels, but 

our data indicate an important role for NHE3 in the maintenance of colonic homeostasis through 

the promotion of a microbes associated with health. Moreover, we’ve shown that its loss is not 

only a source of marked susceptibility to autoimmune colitis, but that it results in a microbiome 

capable in some models of enhancing the onset and severity of colitis.  

 

2.2 How This Work Advances the Field 

It is known that the microbiome is a critical component in the development of human IBD. Both 

human IBD and experimental animal models are repeatedly associated with changes to the 

microbiome49-51,335, and in the case of experimental models, frequently require the presence of 

the microbiome for the onset of disease52,53. However, what is less clear concerns the question of 

causality: Which comes first – dysbiosis or inflammation?  

 

NHEs have been associated with numerous homeostatic transport functions such as cell fluid 

balance, pH homeostasis, parietal cell function, among others295. Some NHEs, like NHE8, have 

also been associated with mucosal protection of the colonic epithelium, host-microbe 

homeostasis, and protection from dextran sodium sulfate (DSS) induced colitis338. However to 

date, the loss of NHE3 has been associated with the most overt development of spontaneous 
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colitis53. NHE3 is not known to be a significant risk allele in human IBD. Yet, NHE3 activity 

and, in some cases, expression are suppressed during active IBD61,62, and our lab has shown that 

NHE3 deficiency is sufficient to promote spontaneous colitis and exacerbate experimental 

colitis53 326,327. Although one recent paper implicates genetic mutations to the NHE3 locus in 

congenital sodium diarrhea and subsequent risk of IBD339, NHE3 has not previously been 

implicated as a major risk allele in the population, suggesting that the role of NHE3 disruption 

during colitis is not primarily genetic in nature, but rather functional. It was therefore relevant to 

investigate the mechanisms through which loss of NHE3 could promote inflammatory disease. 

This work helped to close the gap between the observed inhibition of NHE3 activity and the 

development of chronic colitis and elucidate the role of NHE3 as a mediator of mucosal balance. 

 

Prior work from our group revealed that significant compositional differences in the microbiome 

existed at the phylum level between NHE3 knockout mice and wildtype animals. These changes 

included reductions to diversity and broad alterations to the Bacteroides and Firmicutes phyla 

that occurred both at the fecal and mucosal levels329. NHE3-/- mice that had been rederived into 

an ultra-clean barrier facility had a lower inflammatory response than animals housed in a 

conventional SPF facility presumably with a different and less regulated microbial exposure329. 

This, along with the observation that the broad spectrum antibiotics could prevent the 

development of colitis53 suggested a direct connection between the microbiome of NHE3-/- 

animals and their colitic phenotype. It remained to be seen which specific bacterial groups may 

contribute to the observed differences in phenotype, and how they changed over time with regard 

to the inflammatory state of the colon.  
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The groups that we observed as susceptible in our model were none other than the 

Lachnospiraceae and Ruminococcaceae families, also commonly called Clostridia clusters IV 

and XIVa, that have been associated with health and shown to promote regulatory T cell 

function280. These groups and their associated species are shown to be downregulated in a 

growing number of studies associated with IBD and other autoimmune conditions, along with the 

associated rise in Bacteroides in some cases94,289,340-342. Moreover, they are currently under 

investigation in biotech for their therapeutic potential, from metabolic to immunological 

conditions and beyond343. Our work introduces the loss of NHE3 and the associated changes in 

the microenvironment as a possible factor promoting these changes. 

 

Other groups have done elegant work investigating the effect of NHE3 knockout on specific 

microbial groups, such as Bacteroides thetaiotomicron330 and Clostridium difficile291. These 

studies are relevant and important and have added necessary insight into how we understand the 

role of NHE3 in the modulation of the microbiome composition. However, our work is the first 

to tie NHE3 inhibition to direct IBD-associated changes in overall microbiome composition, and 

to promote the onset of colitis using the same dysbiotic microbiome.   

 

By inducing experimental colitis both in the context of genetic disruption of NHE3, and in the 

context of fecal microbiome transplant (FMT) from NHE3-deficient hosts, we were able to 

compare the effect of loss of NHE3 to the associated changes in the microbiome with regard to 

disease risk. This contributed to dialogue in the field regarding host versus microbial factors in 

the development of IBD, as our data suggested that both factors are relevant and necessary. This 

was demonstrated by the ability of the NHE3-/- to accelerate and amplify colitis (Chapter 3), 
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however the reduced capacity of the microbiome to promote critical susceptibility to adoptive 

transfer without an intrinsic host disruption of NHE3 (Chapter 2). This indicates that both host 

and microbiome contribute together to the development of disease. 

 

The work of this dissertation has built on the hypothesis of NHE3 as a mediator of homeostasis 

by confirming a dramatic susceptibility to T cell mediated colitis in NHE3-/- animals 

accompanied by major microbial shifts. We tested the hypothesis a step further to address the 

direct role of the microbiome in the development of inflammation through fecal microbiome 

transplant into two different models of colitis, and showed that the microbiome fostered by an 

NHE3-deplete environment was colitogenic with reproducible changes in butyrate-producing 

Lachnospiraceae and Ruminococcaceae families of the Firmicutes phylum. This is consistent 

with several observations in the field that these groups are also contracted in active 

IBD48,268,342,344,345. We’ve further shown that these dysbiotic changes are associated with the 

enhanced onset and severity of an IL-10-/- model of colitis, suggesting its potential importance in 

the development of disease.  

 

2.3 Implications 

Our data suggest that NHE3 promotes stability and homeostasis in the gut microbiome, and that 

its loss can lead to an inflammatory dysbiosis. This work implicates the disruption of NHE3 as a 

potential gateway in the development of chronic intestinal inflammation. Its repression may 

promote microenvironmental changes and fluctuations in the microbiome, which in the long-

term may be one hit of several steps in the development of chronic autoimmunity, loosely 

analogous to the loss of a tumor suppression gene in the development of cancer.  
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We would postulate that the initial disruption of NHE3 likely begins with an inflammatory event, 

whether acute or chronic in nature. Several pathogens, including Vibrio cholerae, Clostridium 

difficile, and enteropathogenic E. coli  have been observed to selectively inhibit NHE3 for their 

own ends291,317,346. Antibiotics may also disrupt the gut ecosystem and leave the host more 

susceptible to an inflammatory milieu347. Lifestyle and dietary choices may also lead to chronic 

subclinical inflammation, which may be the kind of chronic stimulus to create a vicious cycle 

whereby inflammatory cytokines lead to inhibition of NHE3, which leads to further 

inflammation. Lifestyle factors are consistent with the geographical nature of IBD.  

 

The dysbiosis observed in IL-10-/- recipients of the NHE3-/- FMT was most pronounced at the 

level of the mucosal microbiome. There, the contraction of the Firmicutes phylum was driven 

almost entirely by Lachnospiraceae and Ruminococcaceae, with a reciprocal expansion of 

Bacteroidaceae. Interestingly, this is similar to a study that demonstrated that a rise in pH from 

5.5 to 6.5 could blunt Ruminococcaceae, and disrupt butyrate production, while simultaneously 

bolstering a Bacteroidaceae expansion290. Since NHE3 is a key regulator of pH at the brush 

border through the secretion of protons, and knockout animals are demonstrated to have 

alkalinized luminal contents323, it is feasible that the observed shifts in the microbiome at the 

mucosal surface are directly connected to the dysfunction of NHE3 in FMT donors. 

 

SCFA are known beneficial microbial metabolites able to fortify the intestinal barrier through the 

strengthening of junctional complexes348,349. They are also immunomodulatory in nature by 

acting as histone deacetylase (HDAC) inhibitors in macrophages and other immune cells, leading 
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to tolerogenic changes or, in the case of neutrophils, apoptosis217,350. The effects of SCFA are 

mediated through several different receptors, including free fatty acid receptor 2 

(FFAR2)/GPR43, as well as GPR41 and GPR109, expressed on both colonic epithelial cells and 

leukocytes351-355. Depletion of GPR109 made mice more susceptible to inflammation and colon 

cancer355, demonstrating the important role for SCFA and specifically butyrate in colonic 

homeostasis.  

 

SCFA, including butyrate, propionate, and acetate have all been shown to enhance NHE3 

localization to the brush border membrane315,356. Feeding rats fiber in the form of pectin has been 

shown to have the same effect356. Of the SCFA, butyrate, which is known to be produced by the 

Lachnospiraceae and Ruminococcaceae families, appears to be the most potent of the SCFA in 

its promotion of NHE3 transcription316 and localization to the membrane315,356,357. This may be in 

the best interest of the commensal microbes, as it secures an advantageous environment for them 

by lowering the microenvironmental pH. Interestingly, Clostridium difficile secures its own 

advantage by suppressing NHE3 and raising the pH291. Some studies have suggested that the two 

microbial groups may directly compete in the microenvironment of the intestine, demonstrated 

by the ability of both to attenuate the other358,359. Our data suggest the possibility that NHE3 may 

be at the center of a cultural warfare between microbial subsets, and that homeostasis may hang 

in the balance of stable NHE3 expression and activity.  

 

Unpublished observations from our lab indicate that NHE3 knockout-associated dysbiosis grows 

more pronounced through successive mouse generations. While our early study of RagxNHE3-/- 

had a reduced but observable presence of Lachnospiraceae and Ruminococcaceae (Chapter 2, 
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Figure 4), subsequent generations of NHE3 knockouts had almost entirely lost these groups 

(Chapter 3, Figure 4A). In the same time frame, we observed that the baseline phenotype of 

NHE3-/- grew visibly more severe over successive generations, further suggesting a direct 

connection between the composition of the microbiome and the disease outcome of the mice 

(unpublished observations).  

 

Finally, although an NHE3-/--mediated dysbiosis was enough to accelerate the onset of colitis, 

the susceptibility observed in FMT recipients wasn’t as severe as the rapid colitis observed in 

mice with endogenous NHE3 knockout. Our earlier data indicate that the microbiome is 

necessary for the onset of colitis, and this together suggests that NHE3-/--driven dysbiosis is part 

but not all of the story. There are likely other factors directly in association with loss of NHE3 

that may exacerbate immune exposure to the microbiome. Apical junctional complexes, for 

instance, are known to be disrupted with NHE3 inhibition360. Unpublished observations from our 

laboratory also suggest changes to cellular dynamics such as polarity, anoikis, and proliferation 

in association with loss of NHE3. These are the focus of future study, but it is worth noting that 

the microbiome is necessary but not entirely sufficient to recapitulate the drastic colitic 

susceptibility we’ve observed in NHE3-/-. NHE3 itself, however, appears to remain central to 

homeostasis.  

 

2.4 Limitations of the Present Study and Future Directions 

Although it appears that the onset of inflammation coincided with a loss in the relative 

abundance of Lachnospiraceae and Ruminococcaceae in a manner reflective of loss of NHE3, 

our current study does not provide the resolution to be able to determine the specific 
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contributions of inflammatory mediators and the activity or expression of NHE3 to specific 

microbiome changes. The development of a germ-free NHE3 knockout would allow the study 

not just of epithelial-intrinsic defects associated with the loss of NHE3 in the absence of the 

microbiome, but would allow the study of select inoculations using these Lachnospiraceae and 

Ruminococcaceae, or conversely, Bacteroidaceae families. A comparison of the ability of these 

families to compete in an NHE3+/+ or NHE3-/- environment relative to each other or to other 

microbes may provide a more reductionist system to assess the contribution of NHE3 to 

homeostasis of these microbe families. In vitro and anaerobic cultures would be useful to 

elucidate specific microbial dependence on pH, as preliminarily indicated by Walker et al.290. 

Even if these families are identified as directly susceptible to a loss of NHE3, we would further 

need to identify whether susceptibility is derived from a loss of positive actions from the 

Clostridia clusters (such as SCFA production), or gain of pro-inflammatory mediators among the 

Bacteroidaceae family.  

 

On a broader scale, metagenomic or metabolomic studies of the microbiome of NHE3 sufficient 

and deficient mice would provide important insight into the functional changes occurring within 

the microbiome in the absence of NHE3. The identification of specific metabolites, such as 

SCFA, that are absent in NHE3-/- and could rescue an NHE3-/- phenotype would be a highly 

desirable finding.  

 

The normal gut is populated with numerous subsets of lymphocytes, both T and B cell lineages. 

The T cell transfer model of colitis into a Rag-/- lymphopenic host, by definition, limits the 

disease to a CD4+ T cell-driven mechanism. While this is a key part of the pathogenesis of IBD, 
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it is worth noting that T cell transfer does not include other important subsets such as CD8+ T 

cells, gamma delta T cells, or B cells. Our IL-10-/- recipients would, however, include all 

endogenous lymphocyte populations, and the difference in disease severity may be partially due 

to this. However, since all FMT donors come from a Rag-/- background, there are possible 

nuances in the microbiome of donors that are not reflective of a normal gut ecology. Repeating 

similar community dynamics using FMT donors from a complete immunological background, 

such as wildtype mice and NHE3-/- on a pure 129 background, would confirm that the associated 

effects that we observed were not due to aberrations in the host-microbe interactions from Rag-/- 

fecal donors.  

 

Although the entirety of this work has focused on the contribution of NHE3, it is also important 

to remember that NHE3 exists as one of several sodium-hydrogen exchangers in the intestine, 

and moreover as part of an intricate network of transport proteins that together regulate the influx 

and secretion of a wide range of ions and solutes. NHE3 is one of nine known sodium hydrogen 

family members (SLC9A family), four of which are known to be expressed in the intestine294,361. 

Of these, NHE1, NHE2, NHE3 and NHE8 are structurally similar but are differentially expressed 

and carry out compartmentalized functions in Na+/H+ exchange295. The ubiquitous and 

basolaterally-expressed NHE1 is important for intracellular fluid and pH homeostasis in the 

intestine, and neurological and cardiac homeostasis elsewhere in the body362,363. The role of 

NHE2 remains to be clearly established, but to date its knockout bears little intestinal 

consequence, and NHE2/NHE3 double-knockouts are similar to NHE3 in phenotype325,364. 

NHE8 is a more recently described intestinal NHE thought to be involved in mucin 

homeostasis361. NHE3 and NHE8 are both expressed in the intestine, but NHE8 is considered to 
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be the primary neonatal intestinal NHE while NHE3 is considered to be the primary apical 

exchanger in adulthood295,361. NHE8 knockout mice display a disorganization of the mucus layer 

and increased bacterial adhesion, suggesting that it may also play an important role in 

homeostasis of host-microbe interactions338. Indeed, NHE8 is compensatorily upregulated in a 

gender-specific manner when NHE3 is inhibited365, suggesting potential and important crossover 

between the functions of NHE3 and NHE8. Future investigation into NHE3/NHE8 double 

knockouts may be informative as to the relative contributes of each isoform for mucosal 

homeostasis.  

 

However, despite critical protective and homeostatic functions of other NHE3s, particularly 

NHE8, NHE3 has shown the most dramatic susceptibility to spontaneous colitis53,295. Moreover, 

NHE3 has been associated with susceptibility to experimental colitis models326,327. Our work 

here further established a dramatic susceptibility to a T cell-mediated model of colitis reflective 

of human IBD in both immunological etiology and progression of disease335. NHE3 is the only 

intestinal NHE known to be regulated by endocytic cycling, and has longer c-terminal regulatory 

region than related NHEs including NHE8. Although NHE3 appears to be a key NHE in 

mediating homeostasis between host and microbiota, we still cannot completely rule out the role 

of other NHEs both at baseline and as a compensatory mechanism in our model.  

 

Beyond other NHE family members, NHE3 takes part in a complex network of transport events 

at the intestinal brush border. Na+/H+ Exchange is coupled to Cl-/HCO3
- exchange in the colonic 

epithelium through down-regulated in adenoma (DRA)366, and the proton flux generated by 

NHE3 is necessary for peptide transport through PepT1367,368. Sodium potassium ATPase on the 
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basolateral membrane drives the sodium gradient that makes these processes possible, and is 

itself known to be downregulated during IBD369. The loss of cystic fibrosis transmembrane 

conductance regulatory (CFTR) and potassium channels also mediate the necessary gradients to 

facilitate functional transport. The disruption of any one of these processes may thus affect 

related transport processes dependent on these ion gradients and other associated downstream 

processes, making the specific contribution of Na+/H+ exchange difficult to assess.  

 

Epithelial sodium channel (ENaC), a potential compensatory mechanism for sodium uptake, is 

also known to be disrupted during IBD and by the same cytokines that disrupt NHE3: IFNγ, 

TNFα, and IL-1β369-371. This suggests that the presence of inflammatory cytokines may have a 

more dramatic overall effect on disruption of sodium flux and the associated changes through 

coupled transport than just disruption of NHE3 alone, which is known to promote higher 

compensatory ENaC subunit expression323. Moreover, the established gradients depend on stable 

junctional complexes between epithelial cells, which are disrupted as part of the inflammatory 

process. Together this makes it likely that the onset of inflammation has a broader effect on 

overall transport dynamics and disease outcome than the reductionist knockout of NHE3 alone. 

However, since NHE3 knockout has also been shown to disrupt barrier function and ultimately 

lead to inflammation, the specific contributions of these individual components are difficult to 

untangle.  

 

Although our results reflect published microbiome studies among human IBD patients, care must 

always be taken when comparing mouse physiology and microbiome to human disease. For 

instance, there are differences in the primary fermenting locations between mice and humans. 
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Mice produce a large amount of short chain fatty acid (SCFA) in their large bacteria-replete ceca, 

whereas humans do not have such a pronounced cecum and perform the majority of their SCFA 

synthesis in the distal colon. Our failure to observe butyrate specifically in the fecal samples of 

mice may be a product of normal murine butyrate production and usage in the cecum, and 

butyrate may have been absorbed and metabolized from luminal content before being expelled 

with the feces (data not shown). We nonetheless saw a reduction in detectable SCFA production 

by our NHE3 knockouts reflected in fecal samples, specifically acetate, propionate, isobutyrate, 

butyrate, isovalerate, and caproate.  

 

Future studies building on this research should focus on the host-microbe interaction between 

NHE3 activity and the relevant Firmicutes families. Our data so far are limited in mechanistic 

scope. It would also be worthwhile to investigate whether butyrate/SCFA production is the 

mechanism mediating the protective effects in this system, or perhaps whether the loss of these 

microbes is critical in the development of colitis. Conversely, while little focus has been given to 

Bacteroidaceae in this work, it is worth investigating whether its expansion specifically 

enhances susceptibility. Bacteroides was shown to benefit from the pH dynamics that were so 

harmful to Ruminococcaceae and Lachnospiraceae families290, and Bacteroides spp. have been 

shown to be associated with colitis on numerous occasions56,372. Our current study does not 

provide the depth to reliably predict microbiome composition on a species level, but we know 

from Engevik at al.330 that NHE3 knockout promotes the propagation of Bacteroides 

thetaiotomicron, a pathobiont. Potential real-time PCR investigations could indicate the presence 

of other documented opportunistic pathogens from the Bacteroides genus in the microbiomes of 

NHE3-/- mice , and anaerobic culture could help elucidate the growth kinetics as affected by 
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changes to the microenvironment. Gnotobiotic investigation into inoculation of NHE3 sufficient 

and deficient hosts may provide insight into whether the loss of NHE3 promotes the survival and 

competitive advantage of these potentially colitic microbes in vivo. The specific effect of NHE3 

on the mucosal microenvironment and the structure of the mucus layer, mucosal pH, would be 

valuable contributions to the field with respect to how the microbiome is affected.  

 

Beyond the microbiome, our lab is currently investigating cellular dynamics associated with the 

loss of NHE3. The microbiome clearly amplifies the inflammatory response, but the epithelial 

barrier may be an additional key contributor to dramatic inflammation. To that respect, 

inappropriate contact with any microbiome, regardless of dysbiosis, would generate an 

inflammatory response. It is possible and feasible that NHE3 loss is generating a pro-

inflammatory dysbiosis and creating greater inappropriate microbe-host exposure, as well as 

potentially altering epithelial cell responses. Together, the immune reactivity and the dysbiosis of 

the microbiome – both amplified by dysfunction in NHE3 – may mutually reinforce one another 

toward chronic disease. Further studies should more carefully document the barrier-associated 

disruptions associated with NHE3 dysfunction, along with cellular dynamics that may affect 

homeostatic function in the monolayer.   

 

These questions could be approached through reductionist in vitro systems, and would benefit 

from the development of an inducible NHE3 knockout mouse, which is currently underway. 

Inducible knockouts would enable an in vivo system that reproduces a more physiologically 

relevant model of the onset of colitis as it respects dysfunctional NHE3 than a congenital defect, 

since NHE3 is not known to be a significant genetic risk allele in the development of IBD.  
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2.5 Final Words 

This thesis has built upon our understanding of NHE3 in the ecosystem of the colon, tying 

together the influence of inflammation, Na+/H+ exchange at the brush border, the microbiome, 

and the development of chronic autoimmune colitis. It reinforces and expands the concept of 

NHE3 as a key mediator of homeostasis in the colonic microenvironment, with particular respect 

to the microbiome. We believe it is a valuable addition to the field, and await the continued 

advancement of this line of study in future research.  
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Abstract 
 
Inflammatory bowel diseases (IBD) are associated with functional inhibition of epithelial Na+/H+ 

exchange. In mice, a selective disruption of NHE3 (Slc9a3), a major apical Na+/H+ exchanger, 

also promotes IBD-like symptoms and gut microbial dysbiosis. We hypothesized that disruption 

of Na+/H+ exchange is necessary for the development of dysbiosis, which promotes an 

exacerbated mucosal inflammatory response. Therefore, we performed a temporal analysis of gut 

microbiota composition, and mucosal immune response to adoptive T cell transfer was evaluated 

in Rag2-/- and NHE3-/-/Rag2-/- (DKO) mice with and without broad spectrum antibiotics. 

Microbiome (16S profiling), colonic histology, T cell and neutrophil infiltration, mucosal 

inflammatory tone, and epithelial permeability were analyzed. In adoptive T cell transfer colitis 

model, Slc9a3 status was the most significant determinant of gut microbial community. In DKO 

mice, NHE3-deficiency and dysbiosis were associated with dramatically accelerated and 

exacerbated disease, with rapid body weight loss, increased mucosal T cell and neutrophil influx, 

increased mucosal cytokine expression, increased permeability, and expansion of CD25-Foxp3+ 

Tregs; this enhanced susceptibility was alleviated by oral broad spectrum antibiotics. Based on 

these results and our previous work, we postulate that epithelial electrolyte homeostasis is an 

important modulator in the progression of colitis, acting through remodeling of the gut microbial 

community.  
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Introduction  
 
It is well-established that the vast assemblage of microbes harbored in the gastrointestinal tract 

exists in a mutualistic relationship with the host, which can become tenuous when disturbed2-4. 

Inflammatory bowel disease (IBD), an umbrella term for Crohn’s disease and ulcerative colitis, 

stems from a combination of precipitating environmental factors and genetic predisposition5,6. 

IBD is associated with a dysregulated immune response to commensal gut-resident bacteria, and 

is one of several disorders associated with altered gut microbial ecology7. The microbiota of IBD 

patients show profound shifts in the relative abundance of major and minor taxonomic groups, 

reflective of altered intestinal ecology2,8,9.  

 

While the role of the microbiota has frequently been studied in the development of disease, the 

mechanisms by which the host’s inflammatory response itself affects the gut microbiota remain 

largely speculative2,10. One of the non-immune consequences of mucosal inflammation that may 

result in changes within the microbial habitat is altered epithelial nutrient and especially 

electrolyte transport11. Epithelial electrolyte balance is critical in regulating nutrient uptake, 

intestinal, intracellular and systemic pH, maintaining stool consistency, and in promoting normal 

gut motility, all of which may contribute to the maintenance of microbial equilibrium in health. 

 

 The apical epithelial Na+/H+ exchange system, represented by three isoforms, NHE2, NHE3, 

and NHE8, is of particular interest due to its role in transepithelial Na+ absorption and pH 

regulation. NHE3 in particular (encoded by the Slc9a3 gene), provides a proton gradient which 

supports the function of other key carriers such as the butyrate transporting H+-coupled 

electroneutral monocarboxylate transporter 1 (MCT1, Slc5a8), or proton-coupled oligopeptide 
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carriers – PepT1, which plays a predominant role in the intestinal absorption of dipeptides and 

tripeptides, and small bacterially derived peptides, such as N-formylmethionyl-leucyl-

phenylalanine, muramyl dipeptide, or L-Ala-[gamma]-D-Glu-meso-diaminopimelic acid (Tri-

DAP). Most importantly, NHE3 expression and/or activity are depressed in vitro by IFNγ12, in 

vivo in several models of experimental colitis13-15, and in IBD patients15-18. Enteropathogenic 

bacteria inhibit19, whereas commensal Lactobacillus acidophilus upregulates intestinal NHE3 

expression and function20.  

 

While these studies convincingly demonstrate the negative effects of inflammation or pathogenic 

bacteria on NHE3 function, we have previously described an inverse relationship whereby loss 

of NHE3 activity in NHE3-/- mice lead to spontaneous, bacterially mediated distal colitis21, 

greatly increased susceptibility to DSS-mediated epithelial injury22, increased bacteria-epithelial 

adhesion, and changes in the mucous structure and enhanced bacterial translocation21. Moreover, 

we and others have demonstrated that loss of NHE3 activity is associated with changes in ileal 

and colonic microbiota reminiscent of those described in IBD patients23,24. However, the 

presence of T cells or gut microbiota is not imperative in the pathogenesis of DSS-induced 

colitis25-27. Considering the importance of T cell-driven immune response to commensal bacteria 

in the pathogenesis of human IBD, we sought to address whether loss of NHE3 activity 

modulates gut microbiota and mucosal immune responses in a chronic, progressive, T cell-

mediated28, and microbiota-dependent29, model of colitis. We found that in adoptive T cell 

transfer colitis, increased mucosal CD4+ T cell and neutrophil homing, intestinal permeability, 

which was attenuated with broad-spectrum antibiotics. Dysbiotic microbiome was more strongly 

associated with NHE3 deficiency than with T cell mediated colitis per se. Na+/H+ exchange is, 
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therefore, a crucial process for maintaining microbial homeostasis within the gut. Its disruption 

in IBD is likely a strong contributor to dysbiosis, which in turn affects the progression and 

severity of disease.  

 
 
 
Materials and Methods 

 
Ethics Statement 

 
Animal protocol and procedures were approved by the University of Arizona Animal Care and 

Use Committee (approval #07-126) and all experimental procedures were carried out in 

accordance with the approved guidelines.  

 
 
Animals 

 
All animals were kept in a specific pathogen free barrier facility at the University of Arizona 

BIO5 Institute. To generate Rag2-/-NHE3-/- double knockouts (DKO), 129SvEv NHE3 

heterozygotes were cross-bred with 129S6/SvEv Rag2 knockout mice (Taconic Farms). Rag2-/-

NHE3-/- mice were bred to generate DKO and Rag2-/-NHE3+/+ (Rag) littermates, which were 

used for further studies at 6-8 weeks of age. The barrier facility in the BIO5 Institute at the 

University of Arizona used in this study provided a non-sterile environment with highly 

controlled procedures, including sterilization of all supplies and equipment entering the barrier 

and personnel working in barrier facilities required to wash their hands, wear gloves and 

sterilized clothing, including scrubs, shoes, caps and masks. It provided a Helicobacter sp-free 

and murine norovirus (MNV)-free environment. Sentinel mice were routinely monitored and 

determined as free from common murine pathogens (MHV, MPV, MVM, TMEV, Mycoplasma 

pulmonis, Sendai, EDIM, MNV, ectoparasites, and endoparasites). Mice were maintained in 
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individually ventilated cages changed every two weeks. Sterile water and sterilized food were 

provided ad libitum. Breeders were fed Teklad Global 2019 diet and experimental mice 

maintained on the NIH-31 modified open formula mouse/rat diet (7013). For antibiotic treatment 

experiments, mice were given a mixture of 200mg/L ciprofloxacin and 500mg/L metronidazole 

(Sigma-Aldrich, St. Louis, MO) in drinking water 7 days prior to T cell (or PBS) injection and 

then continuously until tissue collection day, as we described previously21. Based on the average 

water consumption, approximate doses were 46.6 and 116 mg*kg-1day-1 respectively. 

Experimental mice were sacrificed b CO2 inhalation followed by cervical dislocation.  

 
 
Adoptive T Cell Transfer 

 
The following group designations are used throughout the manuscript: Rag/PBS and DKO/PBS-

PBS-injected Rag2-/- or Rag2-/-NHE3-/- double knockout (DKO) mice, respectively; Rag/AT and 

DKO/AT- Rag2-/- or Rag2-/-NHE3-/- DKO mice adoptively transferred with 5x105 cells in 500ul 

PBS injected intraperitoneally. Naïve T cell transfer experiments were performed as described28. 

Briefly, 129S6/SvEv WT donors were sacrificed and spleens were extracted. Spleens were cut 

into small pieces, dissociated, and cells were passed through a 100µm strainer. After red blood 

cell lysis (Pharm Lyse, BD) CD4+ cells were purified using negative selection kit and magnetic 

columns (BIO Biotec). Cells were fluorescently labeled (anti-mouse CD4-PE and anti-mouse 

CD45-FITC, BD) and CD4+CD45RBhigh population was sorted using BD FACSAria Ilu at the 

University of Arizona Flow Cytometry Core Facility. Cells were counted and a suspension of 106 

cells/ml was prepared. A solution of 5x105 cells in 500µl PBS was intraperitoneally injected into 

Rag2-/- (Rag/AT) and DKO (DKO/AT) mice. Control groups were injected with sterile PBS 
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(Rag/PBS and DKO/PBS). Stool was collected on the day of injection and every two days 

afterwards. Body weight was recorded at the same time and monitored closely thereafter.  

 
 
Histology and Immunohistochemistry 

 
Colonic segments were collected, flushed with PBS and opened longitudinally on nitrocellulose 

membrane. For histological evaluation, tissues were fixed with 10% buffered formalin (Fisher 

Scientific), and embedded in paraffin. Samples were cut into 5µm thick sections and 

hematoxylin-and-eosin (H&E) staining was performed. O.C.T. embedded frozen segments were 

used for CD4 and neutrophil immunohistochemistry detection. Frozen samples were cut and 

immunoassayed using rat anti-CD4 (Novus Biologicals) or anti-mouse MCA771GA antibody 

recognizing a polymorphic 40 kDa antigen expressed by polymorphonuclear cells (AbD Serotec) 

and visualized using DAB Peroxidase Substrate Kit (Vector Laboratories).  

 
 
Intestinal Permeability 

Intestinal permeability was assessed in vivo using FITC-labeled dextran (4 kDa, Sigma) as a 

mucosal tracer flux marker. Prepared solution in PBS was administrated by gastric gavage at the 

final dose of 60 mg/100g body weight. Four hours later, mice were sacrificed and blood samples 

were taken on heparin by cardiac puncture. The fluorescence in the resulting plasma was 

measured in 96-well-plate using SpectraMax M3 plate reader (ex485/em525) and the 

concentration of FITC-label marker in the blood was calculated against a respective standard 

curve. 
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Flow Cytometry   

The mesenteric lymph nodes (MLNs) were collected and dissociated with frosted glass slides. 

Cells were passed through 100µm strainer and stained with FITC-conjugated anti-CD4 and 

APC-conjugated anti-CD25. Cells were then fixed, permeabilized and strained with PE-

conjugated anti-FoxP3 antibody. Data was collected using the LSRII FORTESSA operated by 

FACSDiva software followed by raw data analysis with FlowJo v. 7.6.5 software.  

 
 
Fecal DNA Extraction  

 
Fecal pellets were collected from mice and stored at -80°C. Fecal DNA was extracted using a 

phenol-chloroform extraction protocol described by the CBDM Laboratory (Harvard Medical 

School, Boston, MA). Briefly, frozen fecal specimens were incubated at room temperature for 2 

hours with 500µl of 0.1mm zirconium beads (BioSpec Products) in 710µl Lysis Buffer 

containing 100mM NaCl, 10mM Tris, 100mM EDTA, 0.2mg/ml Proteinase K and supplemented 

with DNAse-free 5.9% SDS (Fisher Scientific) solution. 500µl phenol:chloroform:isoamyl 

alcohol (24:24:1) reagent was added to each sample followed by cell disruption for 2 minutes 

using Mini bead-beater (Biospec Products). Then, samples were centrifuged (5,00 x g, 3 min, 

4°C) and the aqueous phase was transferred into a new tube and again extracted with 300µl of 

phenol:chloroform:isoamyl alcohol. After centrifugation (15,700 x g, 3 min, 4°C) the aqueous 

phase was collected into a new tube and DNA was precipitated with equal volume of (-20°C) 

isopropyl alcohol and 1:10 (v/v) 3M sodium acetate. Samples were incubated on ice, pelleted by 

centrifugation (15,700 x g, 20 min, 4°C), rinsed with cold ethanol, spun and dried. Purified DNA 

was resuspended in 200µl TE buffer (Amresco) and quantified on Nanodrop ND-1000. DNA 

samples were stored at -80°C.  



 127

 
 
Bacterial Quantitative PCR 

 
Firmicutes, Clostridia cluster IV, and Clostridia cluster XIVa were amplified from 10ng fecal 

DNA using PerfeCTa SYBR Green Fastmix (Quanta Biosciences) at primer annealing 

temperatures optimized by melting curve. Cq values were used to calculate relative abundance. 

All samples were normalized to universal 16S control, an all reactions were done on a CFX96 

Real-Time System (BioRad). Primers were selected from De Gregoris et al30 and ordered from 

Sigma. Sequences31 and annealing temperatures can be found in Table 1.  

 
 
Gut Microbiome Analysis 

 
The hypervariable V4 region of the 16S rRNA gene was amplified from each sample using 

barcoded 806R primers and 515F primer32 and 5 Prime Hot MasterMix (5 Prime, Germany) in 

triplicates. Quality of the amplicons and potential contaminations were checked on an agarose 

gel. Amplicons were quantified using Picogreen (Invitrogen), according to the manufacturer’s 

protocol. 240ng of DNA from each sample was pooled and cleaned using UltraClean PCR 

Clean-Up Kit (MoBio). Pooled amplicons were diluted, denatured (0.2N NaOH) and sequenced 

on MiSeq platform (Illumina) using custom primers32. Due to the limited sequence diversity 

among 16S rRNA amplicons, 10% of the PhiX control library (Illumina) made from phiX174 

was added to the run. Final concentrations of 6.75pM of the pooled 16S rRNA library was 

subjected to the paired-end sequencing using 2 x 150bp MiSeq Reagent Kit V2 (Illumina). 

Sequencing of all samples collected from the mice was performed at Argonne National 

Laboratories on Illumina MiSeq (SN M02149, with the MiSeq Control Software v 2.2.0). The 

run of total 289 pooled samples generated 13,322,438 sequences. After de-multiplexing and 
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quality filtering, 12,001,960 reads remained and with a median length of 253 bases. Out of 389 

pooled samples, 128 samples from this study with total number of reads 3,839,752 were taken 

for analysis presented in this chapter. Other samples belong to a different experiment and are not 

discussed here.  

 

De-multiplexing and filtering were done using QIIME 1.9.1 software package33. Sequences were 

assigned to operational taxonomic units (OTU) with a 97% similarity threshold using QIIME’s 

uclust-based open-reference OTU picking protocol against SILVA reference database (release 

119, http://www.arb-silva.de.download/archive/qiime/). Sequences that did not match the 

reference database were clustered do novo, thus all sequences were included in the analysis. The 

average sequence number per sample was 29,998.1 ± 8,075.3 (mean ± SD). The samples with the 

number of sequences lower than 17,900 were filtered out, which resulted in the exclusion of 4 

samples. Core diversity analysis was performed on the OTU tables including alpha and beta 

diversity as well as taxonomic summary as implemented in QIIME software package. All 

sequence data generated in this study will be available in Qiita (formerly called the QIIME DB) 

as Study ID 10309 (http://qiita.ucsd.edu/study/description/10309) and in Open Science 

Framework (DOI 10.17605/OSF.IO/UWFAP, https://osf.io.uwfap/).   

 
 
Functional Profiling of the Microbial Community  

 
PICRUSt (release 1.0.0) was used to predict functional profiling of the microbial communities 

based on the 16S rRNA gene sequences34. All sequences from each sample were searched 

against the Greengenes (gg_13_5) at the 97% identity (closed OTU picking method). The OTU 

tables were normalized by dividing each OTU by the known/predicted 16S rRNA gene copy 
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number abundance, and the prediction of the metagenome functional content was done using the 

KEGG Orthology (KO) classification scheme. The predicted metagenome BIOM table was 

analyzed and visualized using the Statistical Analysis of Taxonomic and Functional Profiles 

(STAMP) software package v. 2.0.9. 

 
 
Quantitative RT-PCR 

 
Colonic gene expression of the selected genes in all experimental and control groups were 

analyzed independently by qPCR. RNA was extracted from distal and proximal colonic tissues 

from TRIzol reagent (Invitrogen, Carlsbad, CA). 250ng of total RNA was reverse-transcribed 

using the cDNA synthesis qScript (Quanta Biosciences) or Transcriptor Universal cDNA Master 

kit (Roche). qPCR reactions for specific genes of interest as well as endogenous reference gene 

were set up using commercially available TaqMan primers (Applied Biosystems), PerfeCTa 

qPCR Super Mix (Quanta Biosciences) and cDNA (10% of the real-time reaction). Data were 

analyzed and expressed as a relative fold change of the gene expression, normalized to the 

endogenous reference (GAPDH) gene and relative to normalized Cq value obtained from the 

control group (2-∆∆Ct) as indicated.  

 
 
Statistical Analyses 

 
Statistical analyses of non-sequencing data were performed using Prism 6 (GraphPad Software 

Inc.) or STAMP 2.0.9 package for functional prediction of the microbial community. All data 

were tested for normal distribution of the data by the Shapiro-Wilk test. Data sets that passed the 

normality test were analyzed using one-way ANOVA with Fisher’s LSD post-hoc test. Those 



 130

that did not pass the normality test were analyzed using Kruskal-Wallis test with Dunn’s multiple 

comparison’s test. 

 
 
 

 

 
 
 
Results  
 
At Baseline, NHE3-/- and NHE3-/-Rag2-/- DKO Mice Develop Comparable Spontaneous 

Colonic Inflammation  

 
We have previously shown that a change in the microbial environment via re-derivation of 

NHE3-deficient mice from conventional to a barrier SPF facility results in reduced colitis, and 

re-conventionalization partially restores the original inflammatory phenotype23. For this study, 

we crossed NHE3-/- with Rag2-/- mice (DKO) maintained in the barrier facility to generate T- and 

B-cell deficient hosts with reduced epithelial Na+/H+ exchange. In order to determine baseline 

inflammatory response between groups before proceeding with adoptive transfer, we assessed 

the degree of distal colitis in NHE3-/- and DKO strains. While NHE3-/- mice develop distal colitis 

primarily via activation of innate immune mechanisms without a significant engagement of 

effector T cells21, loss of B and T lymphocytes, and presumably the associated loss of regulatory 

T cells (Tregs), led to higher mucosal expression TNFα, IFNγ, IL1β, and NOS2 in the distal 

Table 1. Primers used for quantitative real-time PCR analysis of respective taxa. 

F-forward, R-reverse. Annealing temperature for the 3-step PCR protocol is indicated for each primer pair.  
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colon of DKO mice, as compared with WT, Rag2-/-, or NHE3-/- strains (Fig. 1). This increase 

was not consistent among the DKO mice, and despite a clear trend, it did not reach statistical 

significance when compared to NHE3-/- mice. Rag2-/- and DKO mice had similarly elevated 

mucosal expression of MMP8, a neutrophil collagenase and a surrogate marker of neutrophilic 

infiltration (Fig. 1), consistent with reported increase in neutrophil infiltration in the colonic 

lamina propria of Rag-/- at baseline35. Mean pathology score was lower in DKO than in NHE3-/- 

mice, albeit due to considerable deviation it did not reach significance.  
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Accelerated and Exacerbated T Cell Transfer Colitis in NHE3-/-Rag2-/- DKO Mice is 

Alleviated by Broad Spectrum Antibiotics 

 
In order to determine whether reduced epithelial Na+/H+ exchange altered susceptibility to T cell-

mediated colitis, we adoptively transferred Rag2-/- and DKO mice in naïve T cells. Following 

adoptive transfer of naïve CD4+CD45RBHi T cells, Rag2-/- mice typically develop mild to 

moderate colitis within 6-8 weeks. In DKO mice, however, critical moribundity (body weight 

loss ≥20% of initial body weight) was reached 13 days following T cell transfer (Fig. 2A), at 

which point the mice were sacrificed and the last stool samples along with tissue samples were 

acquired for analysis. With the exception of modest, but significant increase of mucosal 

TNFα expression, 13 days post-transfer Rag2-/- mice did not develop overt signs of colitis (Fig. 

2). Substantial body weight loss in T cell transferred DKO mice was accompanied by a 

significant increase in the histological inflammation score in the colon (Fig. 2B and 2C), and a 

dramatic increase in mucosal expression of IL1β, IFNγ, IL17A, TNFα, IL12p35, and iNOS (Fig. 

2D). At day 13 post-transfer, epithelial barrier breach was evident in DKO mice, as demonstrated 

by mucosal flux of FITC-labeled dextran (Fig. 2E). Combination of two broad-spectrum 

antibiotics (ciprofloxacin plus metronidazole) used commonly in IBD clinical practice, prevented 

the development of colitis in DKO mice (Fig. 2A-2C), thus suggesting that impaired epithelial 

Na+/H+ exchange, a process also observed in human IBD patients, dramatically increases 

susceptibility to experimental T cell-mediated colitis in a microbiome dependent manner.  

Figure 1. Cytokine expression and histological scoring in distal colon in WT (n=3), Rag2-/- (n=10), 

NHE3-/- (n=5) and Rag/NHE3 DKO mice (n=9). 

Bar graphs represent mean with SD values; dots represent individual mice and horizontal lines are mean 
values ± SD. Statistical analyses were performed using the Kruskal-Wallis test followed by Dunn’s 
multiple comparison’s test. Asterisks in all panels indicate statistical significance: * P < 0.05, ** P < 0.01, 
*** P < 0.001, **** P < 0.0001 
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Figure 2. After adoptive T cell transfer, NHE3-/-Rag2-/- DKO mice develop severe colitis, which is 

alleviated by broad-spectrum antibiotic treatment.  

A. Changes in body weight (% change of initial value 13 days post-transfer; boxes extend from 25th to 75th 
percentiles of values, whiskers represent min and max value, line within the box represents the mean value); B. 
Histological colitis scoring (dots represent individual mice and lines mean value ± SD); C. Representative H&E 
images of distal colon from respective experimental groups; D. qPCR analysis of mucosal expression of pro-
inflammatory cytokines in Rag/PBS (n=10), Rag/AT (n=8) and DKO/PBS (n=9) and DKO/AT (n=8) mice (bar 
graphs represent mean ± SD values); E. Intestinal mucosal permeability measured by FITC-labeled dextran 
tracer flux (n=3-6). Statistical analysis was performed using one-way ANOVA (ANOVA P value is indicated 
in each panel) with Fisher’s LSD post-hoc test. Asterisks in all panels indicate statistical significance: * P < 
0.05, **P < 0.01, *** P < 0.001, **** P < 0.0001. Brackets point to differences between indicated groups. 
Asterisks without brackets indicate a statistical difference from all other groups within the panel. Each 
experimental group is color-coded in a way consistent in the remaining figures.  
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Mucosal T Cell and Neutrophil Homing Are Dramatically Increased in NHE3-/-Rag2-/- 

DKO Mice After Adoptive T Cell Transfer 

 
Infiltrating T cells and neutrophils are key effectors of mucosal damage in IBD. Thirteen days 

after adoptive T cell transfer, colonic mucosa of Rag2-/- mice showed limited and scattered T cell 

infiltration, and limited and focal granulocyte (Fig. 3A and 3B). We observed increased number 

of CD4+ cells in PBS-treated DKO mice, primarily concentrated around the base of the crypts 

(Fig. 3A). These likely represent innate immune cells such as monocytes, macrophages, dendritic 

cells, or activated NK cells, all of which can express CD4. In response to T cell transfer, DKO 

mice responded with a significantly greater influx of both immune cell populations with uniform 

trans-mucosal infiltrates of CD4+ cells and granulocytes (Fig. 3A and 3B). Neutrophil 

immunohistochemistry was further confirmed by mucosal expression of MMP8, which in some 

cases exceeded 500-fold increase in T cell transferred DKO mice as compared to PBS-injected or 

T cell-transferred Rag2-/- mice (Fig. 3C).  

 

Flow cytometry analysis of mesenteric lymph node (MLN) T cells showed a similar degree of T 

cell activation in adoptively transferred Rag2-/- and DKO strains, based on CD44 and CD69 cell 

surface expression (data not shown). Regulatory T cell (Treg) analysis showed a significant 

increase in the total CD4+Foxp3+ cell pool in T cell transferred DKO mice compared to Rag2-/- 

mice (11.77%±5.34 vs. 3.26%±0.68, respectively, Fig. 3D). While this included a modest 

expansion of the classical immnosuppressive CD4+CD25+Foxp3+iTregs, of the 11.77% 

CD4+FoxP3+ Tregs observed in DKO mice, the majority (9.03%±4.9) were CD25-negative 

(CD4+CD25-FoxP3+) – significantly more than in Rag2-/- mice (Fig. 3D). This population has 

been recently reported in several human autoimmune diseases and in experimental ileitis (see 

Discussion). Interestingly, antibiotics, which prevented the development of colitis, suppressed 
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the expansion of total FoxP3+ and CD25-FoxP3+ Tregs, thus indicated that this CD25-negative 

Treg population expands as a consequence of inflammation and/or dysbiosis (Fig. 3D). 

Antibiotic treatment increased the relative contribution of CD25+FoxP3+ Tregs in T cell 

transferred Rag2-/- mice, but to a significantly lesser degree in DKO mice (Fig. 3D).  

 
 

 
 

Figure 3. Increased T cell and neutrophil infiltration in the colonic mucosa of DKO/AT mice is 

accompanied by altered MLN Treg phenotype.  

A and B. Representative images of immunohistochemical analysis of A. CD4+ cell abundance and B. 
neutrophil abundance in the distal colonic mucosa; C. qPCR analysis of mucosal expression of neutrophil 
collagenase MMP8; D. Flow cytometry analysis of regulatory T cells in mesenteric lymph nodes (MLN) in 
adoptively transferred mice and effect of antibiotics. Bar graphs represent mean with SD values. Statistical 
analysis were performed using one-way ANOVA (P value indicated in each panel) with Fisher’s LSD post-
hoc test. Asterisks in all panels indicate statistical significance: * P < 0.05, **P < 0.01, *** P < 0.001, **** 
P < 0.0001.  
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Significant Colonic Dysbiosis in NHE3-/-Rag2-/- DKO Mice At Baseline Is Not Further 

Modulated by Aggravated Response to Adoptive T Cell Transfer 

 
Since aggravated colitis in DKO mice was ameliorated with broad-spectrum antibiotics, and thus 

clearly depended on the gut microbiota, we sought to determine the differences in the 

composition of the gut microbiome between Rag2-/- and DKO mice. We regularly collected fecal 

samples from the mice that had been injected with PBS or with naïve T cells, and subsequently 

amplified and sequenced the V4 region of 16S rRNA gene. A total of 3,839,752 sequence reads 

were obtained from 128 samples (average 29,998 ± 8,075.3 reads/sample (mean ± SD)). These 

sequences were clustered into OTUs, and all reads with less than 97% sequence similarity with a 

reference sequence in the SILVA database. Representative sequences for each OTU were 

assigned to respective taxonomic levels by comparing against the SILVA database.  

 

Regardless of treatment (PBS or T cell transfer), NHE3-deficiency in DKO mice was associated 

with differences in the relative abundance of several taxa at the confidence level of 99.5%. A 

dramatic loss of Lactobacillaceae and Clostridiales was observed in DKO compared to Rag2-/-. 

Other examples include reduced relative abundance of the Lachnospiraceae, Ruminococcaceae, 

Anareoplasmataceae, Coriobacteriaceae, Mogibacteriaceae and Dehalobacteriaceae families. 

Lower abundance of Bifidobacteriaceae was also observed, albeit without reaching a statistical 

significance. DKO mice had a dramatically higher relative abundance of Erysipelotrichaceae 

compared to Rag2-/-, as well as elevated Bacteroidales (S24-7), Turicibacteraceae, 

Enterococcaceae, and Bacillaceae (Fig. 4A, Table 2). The expansion of Erysipelotrichaceae in 

DKO mice was predominantly due to a prominent increase in the relative abundance of the 

Allobaculum genus. Expansion of this genus has also been reported in experimental colitis in Il-
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22 deficiency model associated with defective production of mucosal antimicrobial peptides 

RegIIIβ and RegIIIγ36. However, compared to T cell-transferred Rag2-/- mice, DKO mice had 

significantly higher mucosal expression of Il-22 and RegIIIβ (Fig. 5).   

 
 

 
 

 
 

Figure 4. Changes in microbiota composition in Rag and DKO mice before and after adoptive T cell 

transfer.  

A. Endpoint taxonomic analysis (day 13) of the relative abundance of bacterial families in fecal samples; 
B. Endpoint qPCR analysis of selected clusters of Clostridia; C. Endpoint analysis of alpha diversity 
(Margalef index and the number of observed OTUs); D. Principal Coordinate Analysis (PCoA) of 
unweighted UniFrac distances between the microbiota samples (first two principal coordinate axes versus 
time shown) in Rag2-/- and DKO mice with or without adoptive T cell transfer over the course of the 
experiment. Samples were collected every 2 days post injection. Prematurely ended lines (DKO+AT) 
represent mice sacrificed earlier due to a critical body weight loss (≥20%). Points represent individual 
mice. In B-C, statistical analyses were performed using one-way ANOVA (P value indicated in each 
panel) with Fisher’s LSD post-hoc test. Asterisks in all panels indicate statistical significance: * P < 0.05, 
**P < 0.01, *** P < 0.001, **** P < 0.0001. 



 138

Within 13 days, adoptive T cell transfer caused only minor changes in the taxonomic group 

prevalence in both Rag2-/- and DKO mice. In Rag2-/-, we observed decreased relative abundance 

of Bifidobacteriaceae and expansion of Bacteroidaceae, while in DKO mice, only small increase 

in Clostridiaceae reached significance (Table 2). Among order Clostridiales, clusters IV and 

XIVa are known to play an influential role in gut homeostasis and the induction of iTregs, 

particularly through butyrate production. Among Clostridiales, cluster XIVa (but not IV) 

increased in relative abundance in T cell-transferred Rag2-/-, but was significantly decreased in 

DKO mice post-transfer (Fig. 4B). Relative abundance of segmented filamentous bacteria (SFB) 

did not change in DKO mice at baseline or by adoptive transfer of naïve T cells, as determined 

by qPCR (data not shown). NHE3 deficiency was associated with a significant decrease in 

microbial alpha diversity, as measured by the Margalef index and OTU count number. Alpha 

diversity was not further influenced by T cell induced inflammation (Fig. 4C). 

 
  

 

 
 

Figure 5. Mucosal expression of protective cytokine Il-22 and Il-22-regulated anti-microbial 

peptide, RegIIIb.  

Bars represent mean values ± SD. Statistical analyses were performed using one-way ANOVA (P value 
indicated in each panel) with Fisher’s LSD post-hoc test. Asterisks in all panels indicate statistical 
significance: **P < 0.01, *** P < 0.001, **** P < 0.0001. 
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Principal Coordinate Analysis (PCoA) of unweighted UniFrac distances37 showed differences 

between Rag2-/- and DKO mice gut microbiome composition from the onset of the study and 

throughout the experiment (Fig. 4D). Similar to taxonomic analysis (Fig. 4A), this beta diversity 

analysis indicated that inflammation triggered by adoptive T cell transfer did not significantly 

change the microbiome further within the 13-day time frame of the study (Fig. 4D). This, along 

with the Analysis of Similarity (ANOSIM, Table 3), indicates the major factor shaping 

microbiome composition was almost entirely related to the NHE3-deficiency in DKO mice. 

These data corresponded with the PICRUSt analysis of the functional profiling of the microbial 

community as visualized and analyzed using STAMP software package. Functional annotation of 

the fecal microbiome of Rag2-/- and DKO mice with adoptive T cell transfer was consistent with 

potentially pro-inflammatory enterotype (Fig. 6). Collectively, this set of data implies that loss of 

NHE3 activity leads to considerable dysbiosis, which may be responsible for baseline 

inflammation as well as a dramatic response to adoptively transferred naïve T cells.  
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Table 2. Taxonomic analysis of relative family abundance.  

Family level relative abundance [%] differences in Rag2-/- vs. DKO treated with PBS (+PBS) or after 
adoptive T cell transfer (+AT). Fecal samples collected and pooled from these groups were used in the 
FMT experiment. Asterisks indicate significant differences in Dunn’s test between respective 
experimental groups: * P < 0.05, **P < 0.01, *** P < 0.001, **** P < 0.0001 (ns- no significant difference).  
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Discussion  
 
While the general concept of contribution of commensal gut microbiome to the pathogenesis of 

aberrant immune response in IBD has been firmly established, it remains debatable whether the 

changes in microbial diversity and composition are the cause or the result of the inflammation. 

Similarly, the specific driving forces leading to gut microbial dysbiosis in IBD remain unknown, 

largely due to experimental difficulties in dissociating these factors from the inflammatory 

process itself. We hypothesized that altered epithelial nutrient transport, especially the reduced 

Na+/H+ exchange activity, may be a significant contributor to inflammation-associated microbial 

dysbiosis which results in further disease exacerbation. In our previous work, we showed that 

NHE3 deficiency in mice is associated with a susceptibility to dextran sulfate (DSS)-induced 

mucosal injury22. However, DSS-induced colitis does not require the presence of a gut 

microbiota and a more severe form of disease can be induced in germ-free mice, suggesting a 

protective role of bacteria in this model25,26. Considering the importance of T cell-driven immune 

response to commensal bacteria in the pathogenesis of human IBD, we aimed at testing the role 

of epithelial Na+/H+ exchange in a model in which mucosal inflammation is initiated by CD4+ T 

cells, and is reliant on the gut microbiota29, as more representative of progressive human IBD28.  

 
 
 

Figure 6. PICRUSt prediction of functional profiling of the microbial communities based on the 16S 

rRNA gene sequences.  

Extended error bar plot indicating differences in functional profiles of the Rag+AT and DKO+AT microbiota 
(at taxonomic Level 3). All unclassified reads were removed and categories with a minimum of 20 reads, and 
P value greater than 0.01 are displayed. Categories are sorted by P value calculated using a two-sided Welch’s 
t-test.  
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Here, we used mice genetically deficient in one of the apical Na+/H+ exchangers, NHE3, to 

demonstrate the consequences of reduced epithelial Na+/H+ exchange on the colonic microbiota 

and the severity of T cell-mediated colitis. We showed that contrary to Rag2-/- mice, in which 

adoptive transfer of naïve CD4+CD45RBHi T cells requires typically 6-8 weeks for the 

development of moderate disease, T cell-transferred DKO mice developed rapidly progressive 

colitis in less than two weeks This exacerbated phenotype included rapid body weight loss, 

increased mucosal T cell and neutrophil influx, increased mucosal cytokine expression, increased 

permeability, and expansion of CD25-FoxP3+ Tregs. The latter has been reported in several 

autoimmune diseases such as systemic lupus erythematosus38-40, multiple sclerosis41, idiopathic 

thrombocytopenic purpura42, as well as in a mouse model of Crohn’s-like ileitis43. Although the 

function of these cells remains controversial, their immunosuppressive potential is likely 

diminished due to reduced ability to scavenge Il-244.  

 

Table 3. Summary of beta diversity analysis. 

A non-parametric ANOSIM (Analysis of Similarity) method was applied to dataset presented in Fig. 3D 
(PBS or adoptive T cell transfer in Rag2-/- or DKO mice, for day 0 to day 13). Among single variables, 
only the genotype of the T cell recipient mice was significantly different based on a UniFrac beta diversity 
metric. In multivariate analysis, genotype was the single contributor to differences in beta diversity. Each 
row is a comparison of microbial diversity done with one or more factors, indicated by labels. Beta 
diversity was calculated using Analysis of Similarity (ANOSIM) and significance was considered reached 
when both a and b were true as follows: a) P < 0.05 and b) R value > 0.3.  
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The severely exacerbated phenotype observed in DKO mice was reduced and normalized with 

the preventive administration of a clinically relevant combination of broad-spectrum antibiotics, 

thus highlighting the key role of intestinal microbiota in the pathogenesis of colitis in this model. 

Consistent with our previous observations23, at the onset of the study, DKO mice had a 

significant colonic dysbiosis with reduced microbial diversity, and significant changes in 

taxonomic composition. This included a reduced relative abundance of Lactobacillaceae, 

Ruminococcaceae, and some Clostridia, including cluster XIVa (Clostridium coccoides group) 

known for its immunomodulatory effects31, decreased abundance in ulcerative colitis (UC), and 

associated with remission after FMT in UC patients45. Loss of NHE3 in DKO mice was also 

associated with a significant expansion of Erysipelotrichaceae (30.06% in DKO vs. 5.29% in 

Rag2-/-; Table 1), a Firmicutes clade most known for its bloom associated with high fat diet46,47. 

The changes in abundance and the role of Erysipelotrichaceae family in IBD appear to follow a 

different pattern. Contraction has been shown in treatment-naïve Crohn’s patients, and expansion 

was associated with clinical response to exclusive enteral nutrition48,49. On the other hand, 

increased relative abundance of this family was shown in patients with colorectal cancer50. The 

expansion of Erysipelotrichaceae in DKO mice was primarily driven by increased relative 

abundance of the Allobaculum genus. Similar findings have been reported in experimental colitis 

in Il-22 deficiency model with decreased production of antimicrobial peptides RegIIIβ and 

RegIIIγ36. However, the Allobaculum bloom was more likely related to inflammation in general 

than to Il-22 deficiency since compared to T cell-transferred Rag2-/- mice, our DKO mice had 

significantly higher mucosal expression of Il-22 and RegIIIβ (Fig. 5).  
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Statistical (ANOSIM) and visual (PCoA) comparisons of unweighted UniFrac distances between 

gut microbiome samples indicated that NHE3 deficiency was the single most significant factor 

associated with microbial dysbiosis, and that despite a very strong inflammatory response to the 

adoptive T cell transfer, within the 13-day timeframe of the study, fecal microbial ecology was 

not significantly affected by the developing colitis. Future studies will need to address whether 

this strong genotype effect on the gut microbiota would translate into transmissible colitis via 

horizontal transfer of altered fecal microbiota from NHE3-deficient mice into NHE3-sufficient 

mice with genetic susceptibility to colitis. A possibility like that is supported by data from the 

TRUC mouse model [Rag2-/- x Tbx22-/-]51 or NLRP6-/- mice52. While the question of whether the 

changes in microbial diversity and composition are the cause or the result of the inflammation 

remains open, we hypothesize that both may be true. In this scenario, inflammatory mediators 

(even in the absence of frank histological evidence of colitis) may lead to impaired epithelial 

Na+/H+ activity, which leads to change s in the gut microbiome and ultimately to exacerbated 

immune response to dysbiotic commensal microbiome. Our observations also indicate that in the 

future, approaches aimed at normalizing epithelial Na+/H+ exchange may become valuable in 

IBD treatment not only as means of restoring ion and fluid homeostasis, but also as means of 

restoring normal gut microbial ecology and controlling immune reactivity.  
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Abstract 

 

Epithelial Na+/H+ exchange is a highly-regulated process vital for modulating electrolyte and 

water absorption, brush border pH, and is primarily facilitated in the intestine by the apical 

sodium hydrogen antiporter NHE3 (gene product Slc9a3). NHE3 is functionally and by some 

accounts transcriptionally inhibited during active inflammatory bowel disease (IBD), mediated at 

least in part by the pro-inflammatory cytokines interferon gamma (IFNγ) and tumor-necrosis 

factor alpha (TNFα), which are considered fundamental to the development of IBD. Previous 

work in our lab has indicated that NHE3 inhibition may be important in the transition toward 

IBD, as NHE3 knockout (NHE3-/-) animals develop spontaneous distal colitis. This colitis is 

preventable by the administration of broad-spectrum antibiotics, suggesting that it is 

microbiome-dependent. Moreover, NHE3-/- mice are highly susceptible to adoptive T cell 

transfer models of colitis, wherein the single most defining factor differentiating their 

microbiomes was the expression or absence of NHE3. Together, these data suggest that 

disruption NHE3 may play a role in modulating the development of IBD in a microbiome-

dependent manner. In this chapter, we tested the hypothesis that the microbiome fostered in an 

NHE3-deficient environment is able to drive the immune response that precipitates disease. 

Through a series of cohousing experiments and fecal microbiome transplants, we determined that 

the NHE3-/- microbiome was able amplify the onset and severity of disease in an autoimmune 

model of experimental colitis. The onset of inflammation in control mice coincided with 

reductions in pH-sensitive butyrate-producing Firmicutes families Lachnospiraceae and 

Ruminococcaceae (also known as Clostridia clusters XIVa and IV), with a relative expansion of 

Bacteroidaceae. The same patterns characterized NHE3-/- fecal microbiome transplant. The 
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convergence of the microbiome diminished phenotypic inflammatory differences between 

groups. Together we conclude that the microbiome fostered during defunct sodium hydrogen 

exchange may enhance the onset and severity of colitis through specific alterations to the gut 

microbiome.   

 

 

Introduction  

 

Ion exchange at the brush border of the intestine mediates the uptake of electrolytes, water, and 

the balance of pH, all of which help maintain homeostasis at the mucosa1,2. Mucosal homeostasis 

of the gut remains of key importance in balancing the composition of the microbiome, securing a 

strong epithelial barrier, and maintaining immunological tolerance by the immune cells that 

patrol the gut epithelium3-5. In the intestine and especially in the colon, sodium and concomitant 

water uptake are primarily mediated through Na+/H+ exchange by sodium hydrogen exchanger 3 

(NHE3, gene product Slc9a3)6,7. NHE3 also modulates pH at the brush border of the intestine 

through the secretion of protons, and knockout animals experience an alkalization of the luminal 

conent7. This pH regulation helps maintain mucin structure within the mucus layer, where 

mucins remain compacted and impenetrable for bacteria within the low pH of the unstirred layer, 

but expand with elevated pH to form the loose outer layer inhabitable by microbiome8,9. pH may 

additionally be an important modulator of the microbiome, catering to different microbial 

families according to their optimum conditions for replication. Sodium concentration has also 

been shown to influence microbiome colonization, as the high brush border concentration of 
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sodium associated with NHE3 knockouts was shown to promote the grown of Bacteroides 

thetaiotomicron10.  

 

NHE3 is expressed on the luminal membrane of colonic epithelial cells and its activity is tightly 

regulated through modulation and phosphorylation of various c-terminal domains11. Pro-

inflammatory cytokines such as interferon gamma (IFNγ) and tumor necrosis factor alpha 

(TNFα)12-14, along with bacterial toxins such as those found in Vibrio cholerae15 or Clostridium 

difficile infection16, are capable of functionally inhibiting NHE3 activity and disrupting normal 

sodium hydrogen exchange. It has even been proposed that NHE3 is a target of opportunistic 

bacteria to enhance pathogenesis or provide a selective microenvironmental advantage to 

opportunistic microbes17. Disruption of NHE3 activity leads to failed water absorption and 

diarrhea, as well as alterations to the mucosal pH microenvironment at the brush border, and 

even in the penetrability of the mucus layer by luminal microbes7,18. 

 

The elevated expression of pro-inflammatory cytokines during inflammatory bowel disease 

(IBD), a relapsing and remitting autoimmune disorder of the gastrointestinal tract, has been 

shown to inhibit the activity of NHE3 during active disease19,20. However, animal knockouts of 

NHE3 also develop a spontaneous distal colitis characterized by neutrophilic infiltration, 

elevated cytokine expression, and enhanced pathological score21. NHE3 knockouts demonstrate a 

dramatic dysbiosis, reminiscent in some ways of the dysbiosis seen among human IBD 

patients22,23. Moreover, colitis in these animals is preventable by the administration of 

antibiotics, suggesting a necessary role for the gut microbiome in the development of disease23. 

The colitis experienced by NHE3-knockout mice (NHE3-/-) appears to follow a dose-dependent 



 153

relationship with the permissiveness of a given specific pathogen free (SPF) animal facility, 

whereby NHE3-/- mice in a strict barrier facility experience a significant reduction in disease 

compared to genetically identical animals in an older more conventionalized facility with a 

higher microbial burden22. This suggests that the microbiome is a necessary modulator of the 

colitis associated with disrupted ion exchange 

 

Current thought holds that the immune system develops an aberrant and ongoing overreaction to 

commensal microbes, leading to host-damaging autoimmune disease. However, it remains 

unclear whether the microbiome in IBD is causative or merely reflective of disease.  

In this paper, we explore the idea that the loss of NHE3, which happens functionally during 

inflammation, may drive colitogenic changes in the microbiome that modulate the progression of 

chronic inflammatory disease. Through a series of fecal microbiome transplants in immune-

mediated models of colitis, we show that the microbiome appears necessary to amplify the 

progression of disease, however an ongoing secondary inflammatory stimulus may be necessary 

to maintain dysbiosis. Specifically, we were unable to passively transfer the NHE3-/- microbiome 

via cohousing. However, in gnotobiotic transplants of the NHE3-/- microbiome in two different 

models of colitis, consistent changes in the microbiome accompanied both fecal microbiome 

transplant (FMT) from an NHE3-/- host, and the onset of inflammation in recipients of control 

FMT. In both the NHE3-/- FMT and in inflammation, we observed significant reductions of 

butyrate-producing Firmicutes families Lachnospiraceae and Ruminococcaceae and an 

expansion of Bacteroidaceae. Persistent differences in these microbial families, especially in the 

mucosal microbiome, were associated with an enhanced onset and severity of colitis in the IL-10-

/- model of autoimmune colitis. 
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Altogether, we conclude that the microenvironment fostered in the absence of NHE3 promotes a 

pro-inflammatory microbiome, although it may require an ongoing environmental insult to 

maintain dysbiosis and drive disease. The microbiome appears necessary, but fecal microbiome 

transplant on its own into an NHE3-replete host may not be wholly sufficient to drive colitis in 

our model. Both inflammatory mechanisms and the microbiome appear to act in concert with one 

another to drive the full onset and continuation of autoimmunity. Our data suggest that 

disruptions to sodium hydrogen exchange may create a vulnerability to autoimmunity in part 

through associated changes in the microbiome. 

 

 

Materials and Methods 

 

Mice 

Ethics Statement 

All animals used in the experiments that were carried out at the University of Arizona were 

handled in accordance with University of Arizona University Animal Care (UAC) guidelines, 

protocol #07-126 under the direction of Dr. Pawel Kiela. IL-10-/- mouse experiments were 

conducted in collaboration with the University of Florida, and all animals therein were handled 

according to University of Florida animal protocol under Dr. Christian Jobin.  
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The following sub-sections describe the mice used per experiment. Experimental methods 

follow this section.  

 

Co-Housing Followed by Adoptive T Cell Transfer 

Rag2-/- mice on a 129SvEv background were either housed with fellow Rag2-/- or NHE3xRag-/- 

littermates at a ratio of 2:3 Rag:Littermate. Littermates were not experimented on, and only 

existed to share living space and donate fecal matter to the experimental Rag2-/- mice (n=2 

experimental mice per cage, n=6 per group). All mice in this experiment were female to facilitate 

cohousing with minimal added stress. Animals were cohoused for one week prior to adoptive 

transfer with T cells or PBS. Mice were weighed and fecal samples were collected weekly. 

Littermate NHE3xRag mice that died during the course of the experiment were promptly 

replaced by another double knockout to keep the 3:2 ratio. Experimental mice were kept for eight 

weeks before sacrifice.  

 

 

Fecal Microbiome Transplant into Wildtype Germ-free Mice 

Fecal slurries were prepared from Rag2-/- and NHE3xRag2-/- mice. Wild-type germ-free mice 

were orally inoculated with one of the slurries and allowed continue for 9 weeks, with weekly 

fecal sample collection (adoptive transfer is described below). At the end of 9 weeks, mice were 

sacrificed and fecal samples were processed for fecal microbiome analysis.  
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Fecal Microbiome Transplant into Gnotobiotic Rag-/- Followed by Adoptive T Cell Transfer 

Fecal slurries were prepared from Rag and NHE3xRag donors (see below). Germ-free Rag1-/- 

C57 black 6 (B6) mice were inoculated with fecal slurries from Rag2-/- or NHE3xRag2-/- mice 

(n=6 per group). Ex-germ-free mice were subsequently allowed to habituate for a week before 

adoptive transfer with CD4+CD45RBHI T cells. Mice were weighed weekly, and fecal samples 

collected weekly. After a little over four weeks, animals were sacrificed at the request of the 

veterinary personnel, and tissues were processed.  

 

 

Fecal Microbiome Transplant into Gnotobiotic IL-10-/- Mice 

These experiments were done in collaboration with the University of Florida. All animals were 

handled in the University of Florida gnotobiotic animal facility. Fecal samples for the creation of 

donor slurries were collected and shipped frozen to Florida for fresh slurry preparation. Germ-

free IL-10-/- mice were inoculated with either Rag2-/- or NHE3xRag2-/- slurry. Animals were 

weighed weekly, and fecal samples were collected at day 0, and weeks 2, 4, 5 and 7. Additional 

fecal samples were collected at 2, 5, and 7 weeks for Lipocalin 2 ELISA. At 7 weeks, the 

experiment was completed, animals sacrificed and tissues shipped frozen to the University of 

Arizona for analysis.  

 

 

Histology and Pathological Interpretation 

Histological preparations and pathological interpretations were done in partnership with the staff 

at University Animal Care (UAC). Colons were resected, gently flushed with PBS to clear 
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debris, and opened lengthwise on nitrocellulose membrane (Millipore, cat #HAWP00010). 

Longitudinal proximal and distal colonic segments were collected and fixed in 10% buffered 

formalin phosphate (Fisher Chemical) overnight at 4°C. Tissues were subsequently transferred 

from formalin into 70% ethanol and submitted to UAC for embedding in paraffin. Blocks were 

cut into 5µm thick sections, mounted on slides, and stained with hematoxylin and eosin (H&E). 

H&E sections were examined and scored by a pathologist blinded to the experimental design.  

 

Adoptive T Cell Transfer 

Adoptive transfer of naïve CD4+CD45RBhi T cells was carried out as described and previously 

performed23,24. Briefly, spleens were resected from wild-type 129SvEv mice and collected into 

complete medium (RPMI + GlutaMAX, Gibco) containing 10% fetal bovine serum (FBS, 

HyClone), 5% penicillin streptomycin (HyClone), and 5% non-essential amino acids (NEAA, 

HyClone). Splenocytes were gently released from the tissue through the mechanical mashing of 

the tissue against a 100µm cell strainer (Alkali Scientific, Inc.) in medium, using the blunt end of 

a 1ml syringe plunger (BD). Following red cell lysis (Pharm Lyse, BD), released splenocytes 

were enriched for CD4 expression using an anti-biotin negative selection kit and run through LS 

columns (Miltenyi Biotec, kit cat# 130-095-248, column cat# 130-042-401). CD4-enriched 

splenocytes were fluorescently labeled with PE-conjugated rat anti-mouse CD4 and FITC-

conjugated rat anti-mouse CD45RB antibodies (BD, cat#’s 553059 and 553100 respectively), 

and sorted on a BD FACSAria Ilu operated by the University of Arizona Flow Cytometry Core 

Facility for CD4+ and the top 40% of CD45RB-expressing cells. Sorted cells were counted and 

injected intraperitoneally (i.p.) at 5x105 cells/ml in 500µl sterile PBS. Control animals were 
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injected with 500µl sterile PBS. Animals were monitored weekly for weight change and stool 

collection.  

 

Fecal Microbiome Transplant 

Fecal samples were collected from 129SvEv Rag2-/- (Rag) and NHE3xRag2-/- (NHE3xRag or 

DKO) donors. Donor fecal pellets were collected at the same time from the same donors, stored 

at -80°C until use, and prepared fresh the day of inoculation. On the day of inoculation, fecal 

samples were made into a slurry of 200 mg/ml fecal matter using sterile PBS. Slurries were kept 

on ice until used to inoculate recipient mice by introducing the slurries to the oral cavity and fur 

(200µl slurry per mouse). Gnotobiotic animals were inoculated once.  

 

Nucleotide Extraction (from feces, tissue) 

Fecal DNA 

Fecal samples were collected and stored at -80°C until use. DNA was extracted in 96-well format 

using the Powersoil-htp 96 Well Soil Isolation Kit (Mo Bio, cat #12955-4-2CP, now owned by 

Qiagen). 

 

Mucosal DNA and RNA 

Mucosal DNA and RNA were isolated from colonic segments using the Qiagen AllPrep 

DNA/RNA Mini Kit (cat # 80204). Colons were resected from mice, flushed with PBS, and 

opened lengthwise on nitrocellulose membrane. Lengthwise segments of the proximal and distal 

colons were taken separately, snap frozen in liquid nitrogen, and stored at -80°C. Upon 

processing, tissues were kept frozen until the moment they were added to 2ml tubes containing 
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0.5mm glass beads (Fisherbrand, cat # 15-340-152) with pre-added Buffer RLT Plus (Qiagen 

kit), with 1% beta-mercaptoethanol (β-ME, GeneMate) and 0.5% Reagent DX (Qiagen, cat # 

19088). Samples were homogenized in this buffer by bead-beating with a Retsch Mm400 (Mo 

Bio cat #11996) at a frequency of 20 1/s for 5 minutes before flipping the orientation and 

repeating for another 5 minutes. Following bead-beating, we proceeded with the kit protocol 

instructions. Extracted DNA and RNA were stored at -20°C.  

 

 

Next-Generation Sequencing 

Extracted fecal and mucosal DNA were sequenced using an Illumina MiSeq platform. Briefly, a 

library was created by the amplification of the bacterial 16S rRNA gene by polymerase chain 

reaction (PCR) using 515F and 806R primers with a unique barcoded sequence for each 

sample25 and 5 Prime Hot Mastermix (5 Prime, Germany). Amplification was verified by 

running on an agarose gel and amplicons were quantified using Picogreen (Invitrogen) per 

manufacturer instructions. Paired ended sequencing was performed in-house on the Illumina 

MiSeq (MiSeq Control Software version 2.2.0), using the MiSeq Illumina Sequencing Kit V2 

2x150bp kit (Illumina) for the V4 hypervariable region.  

 

Bioinformatic Analysis of the Microbiome 

Bioinformatic analysis of sequenced amplicons was performed using the QIIME 1.9.2 software 

package26: a python-based, open-source command-line package developed for the analysis of 

microbial datasets. Microbial sequences were demultiplexed and assigned to operational 

taxonomic units (OTUs) by an open-reference OTU picking algorithm based on comparison to 
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the SILVA reference database (release 128, https://www.arb-silva.de) 27 at a similarity level of 

97%. Unassigned sequences were subsequently clustered de novo. Quality filtering was unique to 

each experiment, based on the number of sequences per sample. Filtering cutoffs were assigned 

to exclude any samples with dramatically decreased sequence counts from the majority, or at 

minimum any samples with less than 1000 sequences per sample. On average between one and 

five samples were excluded per experiment. Core diversity (including both alpha and beta 

diversity metrics) were calculated for each experiment, from which principal coordinate (PCoA) 

analyses were generated. For fecal samples, PCoA plots represent beta diversity over time, and 

for mucosal samples, at the final time point. Unless otherwise indicated, taxonomic analyses in 

this paper focused on family-level differences at the final experimental timepoint. Raw data on 

bacterial abundance at the final time points were transferred into GraphPad Prism version 7.00 

for comparisons of individual taxa between groups.  

 

 

Quantitative RT-PCR 

Following RNA-extraction (described above), mucosal RNA from proximal and distal segments 

was quantified and reverse-transcribed into cDNA (Bioline, cat # BIO-65054). Quantitative real-

time PCR (qRT-PCR) was performed in 10µl reactions using Bioline mastermix (cat # BIO-

86005) and FAM-conjugated probes for relevant cytokines and targets (Applied Biosystems). Cq 

values were quantified using a Roche LightCycler 96 instrument and LightCycler 96 SW 1.1 

software package. Raw Cq values were exported to Microsoft Excel, where they were used to 

calculate relative abundance using the 2-∆∆Cq method, with GAPDH as a housekeeping gene.  
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Fecal Lipocalin 2 ELISA 

Fecal pellets were collected from gnotobiotic IL-10-/- mice and stored at -80°C until use. Fecal 

suspensions were prepared from frozen fecal samples by recording the weight of each sample, 

suspending in 1 ml PBS containing 0.1% Tween 20, mixing and vortexing for 20 minutes at max 

speed (Vortemp 56, Labnet International), centrifuging at 12,000 rpm 4°C for 10 min, and 

collecting the supernatant. Fecal suspensions were stored at -20°C, and used within a couple 

weeks of preparation. Lipocalin 2 was detected by ELISA (DuoSet, cat# DY1857, ancillary kit 

cat# DY008), with sample dilutions of 1:100, 1:500, and 1:1000. Quantification of protein was 

detected by measure optical density against a standard curve, according to kit specifications, and 

measured by SpectraMax M3 (Molecular Devices). 

  

 

Statistical Analysis 

Statistical tests were performed using GraphPad Prism Version 7.00. Unless otherwise indicated, 

comparisons of two groups in which both groups passed a Shapiro Wilke normality test were 

compared by t test. Those in which one or both groups did not pass a Shapiro Wilke normality 

test were compared by a non-parametric Mann-Whitney test. For comparison of three or more 

groups, if three or more groups passed the Shapiro Wilke normality test, standard ANOVA was 

used with a Fisher LSD post hoc test. In cases where two or more groups failed a Shapiro Wilke 

normality test, groups were compared by non-parametric Kruskal-Wallis test with Dunn’s 

multiple comparison’s test.  
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Results 

 

NHE3-/--associated susceptibility to colitis is not transferred through passive microbiome 

sharing 

 

Previous work in our lab had demonstrated that NHE3-/- mice develop spontaneous distal colitis 

that could be prevented by treatment with broad spectrum antibiotics21, and that the severity of 

colitis followed an inverse relationship with the cleanliness of the animal facility such that 

NHE3-/- mice in more permissive or “dirty” facilities developed more robust colitis22. We also 

demonstrated that the absence of NHE3 expression had a significant effect on the composition 

microbiome and a dramatically enhanced susceptibility to the development of experimental 

colitis by adoptive T cell transfer. NHE3-status had a more prominent effect on the composition 

of the microbiome than the state of inflammation in the timeframe studied23.  

 

All of this suggested to us that the microbiome was a vital part of the pathogenesis of colitis 

associated with loss of NHE3, and led us to hypothesize that the microbiome shaped in an 

NHE3-deficient environment may be key in driving disease. We thus sought to determine 

whether the microbiome could perpetuate a susceptibility to colitis in an NHE3-competent host. 

To facilitate passive microbiome sharing between cage-mates, we cohoused Rag2-/- (Rag) mice 

with either NHE3xRag2-/- double knockout (DKO) littermates in a ratio of 3:2 DKO:Rag, or with 

other Rag mice as a control. Since mice are coprophagic, they will continually share their 

microbiome by consuming their cage-mate’s stool pellets. We hypothesized that those Rag mice 
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continually exposed to a DKO microbiome would be more susceptible to an adoptive transfer 

model of colitis.  
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After a week of cohousing to normalize the microbiome, Rag mice were adoptively transferred 

with naïve CD4+CD45RBHI T cells as a standard immune model of colitis that typically develops 

over the course of 5-8 weeks. Control animals were injected with sterile PBS as an injection 

control. Only experimental Rag mice (2 per cage, 6 per group) were adoptively transferred, while 

cage-mates were simply allowed to remain in the cage to share living quarters and donate fecal 

matter. 

 

Throughout the course of the cohousing experiment, we collected weekly fecal samples, from 

which we extracted fecal DNA and subjected to 16S rRNA amplicon sequencing in order to 

compare the composition of the microbiome. Principal coordinate analysis suggested that the 

microbiome from colitic NHE3-/- mice was not stably established in their cage-mates via 

Figure 1. Passive Microbiome Sharing Does Not Confer Colitic Susceptibility. 
Rag mice were cohoused with either other Rag littermates or NHE3xRag double knockout 
littermates in a 3:2 ratio other:Rag. Rag mice (2 per cage, 6 per group) were adoptively 
transferred with naïve CD4+CD45RBhi T cells, or control-injected with sterile PBS. Fecal 
samples were collected weekly for microbiome analysis. A. Alpha-rarefaction plot depicting 
observed OTUs between Rag or NHE3xRag DKO littermates compared to Rag littermates 
either adoptively transferred or control injected. B. Family-level taxaonomic composition at 
weekly timepoints in Rag mice adoptively transferred or control-injected with PBS. C. 
Percent weight change, measured weekly, among Rag mice. T cell-injected Rag mice that had 
been cohoused with NHE3xRag littermates weighed significantly less than PBS-injected Rag 
mice cohoused with NHE3xRag (*). PBS-injected Rag mice that had been cohoused with 
NHE3xRag littermates weighted significantly less than PBS-injected mice that had been 
cohoused with Rag littermates (#); Two-way ANOVA.  D. Colonic hyperplasia of Rag mice 
as measured by mg weight by cm length of the colon at sacrifice. E. Histological 
inflammation score as measured by a pathologist blinded to experimental design.  
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cohousing (Fig. 1A and 1B), and despite dramatically lower alpha diversity of mice with an 

endogenous NHE3 knockout, groups cohoused with either genotype had a comparable number of 

observed operational taxonomic units, or OTUs (Fig. 1A). This suggests that the unstable 

dysbiotic microbiome does not compete by passive exposure in an NHE3-replete host. Despite 

no evidence for the influence of cohousing on the microbiome of cohoused Rag mice, we did 

notice that adoptive transfer with T cells was associated with reductions in the Lachnospiraceae 

family, especially the Roseburia genus, and a reciprocal expansion of Bacteroidaceae (Fig. 2). 

Presumably these changes co-occurred with the onset of inflammation.  

 

Despite a failure to gain weight (Fig. 1C), Rag mice housed with mice lacking NHE3 did not 

have significant evidence of enhanced hyperplasia (Fig. 1D) or colonic inflammation (Fig. 1E 

and 3A) in comparison to those housed with other Rag mice. The colonic mucosa also showed 

no significant evidence of enhanced expression of inflammatory cytokines by quantitative PCR 

(Fig. 3B), altogether suggesting that passive microbiome sharing between NHE3xRag DKO and 

Rag knockout mice was not sufficient to promote enhanced colitis in response to adoptive T cell 

transfer.  
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Together, our cohousing experiment suggested that the microbiome was not successfully shared 

through cohousing, and thus did not confer an increased inflammatory potential in our 

experimental mice. The possibility exists that microbiome sharing was mutual, and thus the 

NHE3-/- mice also received the benefit of their NHE3-sufficient cage-mates, however many 

Figure 2. Taxonomic shifts in the microbiome with the onset of inflammation.  
A taxonomic analysis over time measuring percentage of total abundance at weekly time 
points. All animals are Rag mice cohoused with other Rag (NHE3+/+) littermates. Blue lines 
indicate Rag mice injected with PBS, black lines indicate Rag mice control-injected with T 
cells.  
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RagxNHE3-/- littermates persisted in overt colitic symptoms and succumbed to colitis during the 

course of the experiment, suggesting that their genetic loss of NHE3 was still driving significant 

disease. The failure of highly vulnerable NHE3-/- mice to increase susceptibility to colitis in 

cagemates suggest that the microbiome associated with loss of NHE3 may be pathogenic but 

unable to compete with the microbiome in a replete animal. Together, this left open the 

possibility that the microbiome was still a key piece of pathogenesis, but could not be passively 

established in a healthy host by cohousing.  

 

 

 

 

Figure 3. No Differences In Inflammatory Potential by Cohousing.  

A. H&E stain depicting proximal and distal colon histology in Rag mice cohoused with either 
Rag (NHE3+/+) or NHE3xRag (NHE3-/-) littermates, and either adoptively transferred with T 
cells or PBS. Magnification is 10X. B. RT-qPCR depicting distal colon expression of 
inflammatory cytokine in Rag mice cohoused with above mentioned littermates and either 
adoptively transferred or control injected.  
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Direct fecal microbiome transplant stably introduces microbial communities from NHE3 

sufficient and deficient donors in gnotobiotic mice 

 

 

We next sought a direct and stable way to transplant donor microbiomes from NHE3 sufficient 

and deficient donors without the competing indigenous microbiome of the recipients. To this 

end, we performed fecal microbiome transplant (FMT) from Rag2-/- control or RagxNHE3-/- 

DKO fecal donors into germ-free recipients. As proof of principle, we established that these 

microbial communities could be stably transplanted into wildtype germ-free recipients using oral 

inoculation, followed by maintenance for nine weeks. Fecal samples were collected weekly in 

that time to monitor the microbiome composition. Although DKO mice lacking endogenous 

NHE3 expression had a more dramatically dysbiotic microbiome composition than the NHE3-

sufficient recipients of NHE3-/- FMT (Fig. 4A and 5A), we established in an unweighted 

analysis that different microbiome communities from NHE3+/+ and NHE3-/- could be stably 

introduced to wildtype recipients (Fig. 4B). Although a weighted analysis showed that there was 

some convergence over time in the microbiome (Fig. 4C), individual taxonomic analysis 

indicated that the major phyla (Fig. 5B) and most bacterial families (Fig. 5C) were stably 

different over the course of the nine weeks. The only major exception was the Bacteroidaceae 

family (Fig. 5C), which steadily declined in wildtype recipients of NHE3-/- FMT, which suggests 

that perhaps this bacterial family is most competitive in the inflammatory microenvironment 

fostered in DKO mice. Wildtype recipients that had received FMT from DKO mice lacking 

NHE3 demonstrated less alpha diversity than recipients of control Rag FMT (Fig. 4D).  
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Figure 4. NHE3+/+ and NHE3-/- microbiomes stably transferrable to germ-free wild-type 

recipients. 
Fecal microbiome transplant (FMT) from Rag (NHE3+/+) and NHE3xRag (NHE3-/-) mice into 
wildtype germ-free mice, mice were maintained with weekly fecal collections for nine weeks. 
A. A family level microbiome composition for Rag (NHE3+/+) and NHE3xRag (NHE3-/-) 
fecal donors. B. Principal coordinate analysis depicting beta diversity over time in an 
unweighted UNIFRAC analysis. C. Principal coordinate analysis depicting the beta diversity 
over time in a weighted UNIFRAC analysis, which takes into account the abundance of each 
taxa in its calculation. D. Alpha rarefaction plot depicting observed OTUs from wildtype mice 
that had received FMT from either Rag (blue) or NHE3xRag (red) donors.  



 170

Limited pro-inflammatory effect of fecal microbiome transplant from DKO to gnotobiotic 

Rag recipients may be explained by convergence of microbiota over time 

 

 

Having established a stable transplantation of microbiomes into gnotobiotic recipients, we 

wanted to determine whether recipients of an NHE3-/- microbiome would be more susceptible to 

experimental colitis than recipients of a control microbiome, again asking whether the dysbiotic 

microbiome developed during NHE3-deficiency could drive the development of colitis. We 

collected fecal samples from a pool of Rag-/- or RagxNHE3-/- DKO mice and created fecal 

slurries to inoculate germ-free Rag1-/- mice. Following a week of equilibration after inoculation, 

we performed an adoptive transfer of naïve CD4+CD45RBHI T cells in order to induce colitis. 

After 4.5 weeks, we sacrificed the mice early over veterinary concern for loose stools and 

beginning weight loss in some animals.  

 

When we analyzed the composition of the microbiome via 16S rRNA amplicon next-generation 

sequencing, we observed that although the NHE3-/- FMT recipients’ microbiomes remained in a 

stable dysbiotic state, the control FMT began to show a convergence over time toward the 

dysbiotic NHE3 microbiome, perhaps with the onset of inflammation (Fig. 6A). This was clearly 

visible in the major phyla Bacteroidetes and Firmicutes (Fig. 6B), and driven at the family level 

by dramatic reductions in butyrate-producing Firmicutes families Lachnospiraceae and 

Ruminococcaceae, as well as reductions in Clostridiales vadinBB60, and a relative expansion of 

Bacteroidaceae (Fig. 6C). Alpha diversity trended lower in recipients of the NHE3-/- FMT, as we 

had seen in our FMT into wildtype recipients (Fig. 6D).  
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Figure 5. Most taxonomic groups remain stably transplanted over time following FMT 

into wildtype recipients.  
Fecal microbiome transplant (FMT) from Rag (NHE3+/+) and NHE3xRag (NHE3-/-) mice into 
wildtype germ-free mice, mice were maintained with weekly fecal collections for nine weeks. 
This figure assesses specific taxa over time. A. Family-level microbiome composition from 
weekly fecal collections in wildtype germ-free mice that had received FMT from either Rag 
(NHE3+/+) and NHE3xRag (NHE3-/-) fecal donors. B. Percentage of total bacterial abundance 
of two main bacterial phyla, Bacteroidetes and Firmicutes among different FMT groups. C. 
Percentage of total bacterial abundance of a selection of bacterial families in wildtype 
recipients of FMT.   
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Consistent with the convergence of the microbiomes over time, FMT with NHE3-/- resulted in 

only mildly enhanced inflammation assessed at the end of the study compared to control FMT 

(Fig. 7). Consistent with this observation, animals that had received FMT from NHE3-/- initially 

lost some weight, but regained it by the termination of the experiment (Fig. 7A), and showed a 

nonsignificant trend towards gross colonic hyperplasia (Fig. 7B). Histology and pathological 

interpretation indicated that the NHE3-/- FMT recipients trended toward higher inflammation 

scores in both proximal and distal colon, however these trends did not reach significance and 

gross morphology was similar between groups (Fig. 7C and 7D). Similar trends accompanied 

the cytokine response, wherein NHE3-/- FMT recipients expressed significantly higher IL-1β in 

the distal colon, and had a trend towards higher expression of other pro-inflammatory mediators, 

but the majority of these were not significantly different (Fig. 7E).  

 



 173

 

 

 

 

 

Figure 6. Convergence of microbiomes of FMT recipients during inflammation in 

adoptive T cell transfer.  
Germ-free Rag mice were transplanted with microbiome from either Rag (NHE3+/+) or 
NHE3xRag (NHE3-/-) mice, and adoptively transferred with naïve CD4+CD45RBhi T cells one 
week later. Time points are shown in reference to inoculation. A. Principal coordinate 
analysis depicting beta diversity (unweighted UNIFRAC) over time in Rag recipients of 
NHE3+/+ or NHE3-/- FMT. B. Percentage of total bacterial abundance of two main bacterial 
phyla, Bacteroidetes and Firmicutes among different FMT groups. C. Percentage of total 
bacterial abundance of selected families of bacteria among Rag recipients of either NHE3+/+ 
or NHE3-/- FMT. D. Alpha rarefaction plot depicting the alpha diversity shown by observed 
OTUs between Rag FMT recipients of either Rag (NHE3+/+, blue) or NHE3xRag (NHE3-/-, 
red) fecal microbiome.  
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Together our data in this adoptive transfer experiment evidenced that the NHE3-/- FMT was able 

to remain in a stable dysbiotic state in a model of experimental colitis, whereas the control FMT 

recipients’ microbiomes converged over time to resemble aspects of the NHE3-/--like 

“inflammatory” dysbiosis. This was driven by dramatic reductions in several anti-inflammatory 

Firmicutes families and a reciprocal expansion of Bacteroidaceae, which on a genus level was 

entirely accounted for by Bacteroides (data not shown). However, as the microbiomes had nearly 

converged by the termination of the experiment, fittingly little inflammatory differences were 

observed between the two FMT recipients, despite obvious visual trends toward enhanced 

inflammatory response in the recipients of the NHE3-/- FMT.  
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The NHE3-/- microbiome remains stably different and promotes exacerbated inflammation 

in the IL-10-/- model of colitis 

 

IL-10-/- mice are an alternative model of immune-mediated colitis, whereby germ-free mice do 

not develop colitis28, but the introduction of enteric microflora to germ-free IL-10-/- animals will 

induce severe colonic inflammation over the course of about 6-8 weeks. Moreover, colitis in IL-

10-/- mice is known to be associated with significant inhibition of NHE3 activity29. Thus, we 

reasoned that microbiome transferred from NHE3-/-
 was more likely to maintain its dysbiotic 

characteristic. We performed another fecal microbiome transplant into germ-free IL-10-/- mice to 

determine whether the NHE3-/- microbiome could drive disease in this alternate model of colitis. 

We created fecal slurries from the same pool of donors collected at the same time as the previous 

fecal transplant to maintain consistency.  

 

16S amplicon sequencing of the microbiome from IL-10-/- recipients of FMT revealed that in 

contrast to the FMT into Rag recipient mice, the microbiomes of NHE3+/+ and NHE3-/- donors 

remained stably different in relation to one another over time, although there did appear to again 

Figure 7. Microbial convergence diminishes observed differences in inflammation in 

adoptive T cell transfer. 
A. Percentage of weight change from starting weight, measured weekly, in Rag recipients of 
Rag (NHE3+/+) or NHE3xRag (NHE3-/-) FMT and subsequently adoptively transferred with T 
cells. B. Colonic hyperplasia between Rag recipients of FMT, measured as mg weight by cm 
length of the colon at sacrifice. C. H&E stained proximal and distal colonic sections from Rag 
recipients of FMT. Magnification is 10X. D. Histological inflammation scores as measured by 
a pathologist blinded to the experimental design. E. RT-qPCR measuring distal colon 
expression of inflammatory cytokines and mediators.  
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be a slight convergence of the control microbiome at the final timepoint (Fig. 8A). At the 

taxonomic level, however, the microbiomes of both groups appeared to change over time with 

the onset of disease; in this instance they appeared to be largely changing together (Fig. 9). 

Again, the onset of inflammation was accompanied in the fecal microbiome by a plummeting 

abundance of butyrate producing Lachnospiraceae, Ruminococcaceae, and Clostridiales 

vadinBB60, and the same reciprocal increase in Bacteroidaceae (Fig. 9). In this experiment, 

NHE3-/- FMT recipients also saw an enhanced bloom of the Erysipelotricaceae family, which 

has been associated with inflammatory processes30.  

 

At the final timepoint in the fecal microbiome collection and analysis, the recipients of NHE3-/- 

FMT were still characterized by contractions of overall Firmicutes abundance, driven 

specifically by reductions in Lachnospiraceae and Clostridiales vadinBB60 (Fig. 8B and 8C). 

The control group also had a higher relative abundance of Lactobacillaceae (Fig. 8B and 8C), 

but a time course analysis suggests this was an expansion in the control FMT group, not a 

reduction in the NHE3-/- FMT group (Fig. 9). Inflammation was also associated with a dramatic 

reduction of the Roseburia genus, which is part of the Lachnospiraceae family and has been 

observed as reduced in human ulcerative colitis31 and Crohn’s disease32 (Fig. 9). Alpha diversity 

in the fecal microbiome again trended lower in NHE3-/- FMT recipients (Fig. 8D). Seeing that 

FMT from NHE3-/- animals was associated with a decrease in SCFA-producing bacteria, we 

compared the fecal SCFA content of untreated Rag and NHE3xRag DKO mice, and confirmed 

that the absence of NHE3 in our fecal donors was associated with reduced SCFA production 

(Fig. 8E). This drew a direct connection between NHE3 expression and microbial SCFA.  
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Figure 8. The fecal microbiome of IL-10-/- recipients of FMT remain stably different 

over time.  
Germ-free IL-10-/- mice were transplanted with microbiome from either Rag (NHE3+/+) or 
NHE3xRag (NHE3-/-) fecal donors and maintained for seven weeks, with regular fecal 
collection. A. Principal coordinate analysis showing beta diversity over time (unweighted 
UNIFRAC) in IL-10-/- recipients of Rag (NHE3+/+, blue) or NHE3xRag (NHE3-/-, red) FMT. 
B. Family-level microbiome composition bar charts depicting the fecal microbiomes at 
sacrifice in IL-10-/- recipients of Rag (NHE3+/+) or NHE3xRag (NHE3-/-) FMT. C. Percentage 
of total abundance of selected bacterial families from IL-10-/- recipients of FMT. Abundance 
here is measured at the final timepoint. D. Alpha-rarefaction plot depicting alpha diversity 
shown in observed OTUs of the fecal microbiome between IL-10-/- recipients of Rag 
(NHE3+/+, blue) or NHE3xRag (NHE3-/-, red) FMT.  E. Ultra-performance liquid 
chromatography mass spectrometry (UPLC-MS) measuring short chain fatty acid content in 
the feces of untreated Rag or NHE3xRag mice (µmol/g stool).  
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The mucosa-adherent bacteria, analyzed by amplifying 16S rRNA sequences from proximal and 

distal colonic segments (Fig. 10A), demonstrated that at the level of the mucosa, many of the 

microbiome differences between either NHE3+/+ and NHE3-/- FMT recipients were enhanced. In 

the mucosa, NHE3-/- FMT recipients were characterized by more dramatic relative reductions of 

Firmicutes driven almost entirely by Lachnospiraceae and Ruminococcaceae (Fig. 10B and 

10C), which are both butyrate-producers and mucin-degraders, and have been shown to be 

especially sensitive to alkalization of the microenvironment33. There was some differentiation in 

the mucosal microbiome by the sex of the FMT recipient, but these groups did not correspond to 

inflammation (Fig. 10A, data not shown). The mucosal microbiome of IL-10-/- recipients of 

NHE3-/- recipients had a noticeable drop in alpha diversity compared to recipients of NHE3+/+ 

FMT (Fig. 10D), in contrast to what we observed in the fecal microbiome from the same 

experiment (Fig. 8D).  

 

In contrast to the gnotobiotic adoptive T cell transfer, we saw exacerbated colitis in the IL-10-/- 

mice that had received fecal microbiome from NHE3-/- compared to those that had received the 

control Rag microbiome (Fig. 11). The IL-10-/- mice developed a severe colitis in recipients of 

both Rag control and RagxNHE3 FMT, but colitis was most severe in the proximal colons of 

those that received NHE3-/- FMT (Fig. 11A and 11B). Inflammation scores were not 

significantly different in the distal colon, though distal colon is typically affected to a lesser 

degree than cecum and proximal colon in this model. Since FMT recipients from both groups 

developed such severe inflammation, there was the potential for a saturation point in pathological 

scoring. When we looked at penetrance of disease, we found that 100% of NHE3-/- microbiome 

recipients scored higher in the proximal colon than the median Rag recipient score, and the 
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majority also scored higher in the distal colon (Fig. 11C). IL-10-/- recipients of NHE3-/- 

microbiome more rapidly secreted lipocalin 2 (LCN2, also known as NGAL), which is secreted 

by immune and epithelial cells in response to toll-like receptor (TLR) stimulation to sequester 

iron and limit bacterial expansion34 (Fig. 11D). Although the group that had received control 

FMT began to catch up by the final time point, it is worth noting that this is also the time at 

which the control microbiome had begun to converge toward the dysbiotic NHE3-/- FMT (Fig. 

8A). Finally, an endoscopy from the five-week time point showed evidence of “cobblestoning,” 

in NHE3-/- FMT recipients that was not seen in control microbiome recipients (Fig. 11E). This 

phenotype is one of several classical manifestations of Crohn’s disease, and represents the 

formation of fissures and submucosal edema in an escalated inflammatory response35. Together, 

these data suggest that the microbiome of NHE3-/- mice was able to drive a more rapid and more 

severe colonic inflammation in IL-10-/- recipients than the control Rag microbiome, and this 

susceptibility was accompanied by consistent contractions in butyrate-producing Firmicutes 

families and an expansion of Bacteroidaceae. 
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Altogether our data suggest that the NHE3-/- microbiome may be pro-inflammatory in nature, 

and able to amplify colitic onset. There were marked similarities between the dysbiosis observed 

among NHE3 knockouts and control FMT recipients during the onset of inflammation. However, 

we find it likely that a secondary inflammatory stimulus is required to drive and maintain 

dysbiosis, and we were unable to passively share the colitogenic microbiome through cohousing 

(Fig. 1). The onset of inflammation was associated with shifts in the microbiome of control 

Figure 9. Individual taxa over time in IL-10-/-
 recipients of either NHE3+/+ or NHE3-/- 

FMT. 
Germ-free IL-10-/-

 were transplanted with fecal microbiome from Rag (NHE3+/+) or 
NHE3xRag (NHE3-/-). This figure depicts the percentage of total abundance of selected taxa 
over time in IL-10-/- recipients of either FMT.  
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animals that reflected the already-existent dysbiosis of NHE3 knockouts, suggesting that the 

dysfunction of NHE3 may lower the inflammatory threshold at least in part through associated 

alterations in the microbiome. Further studies are needed to untangle the direct contributions of 

inflammation and NHE3-deficiency, but we find it likely that both are working in tandem to 

drive autoimmune colitis forward.  

 

 

Discussion  

 

The paradigm has emerged that diversity and stability of the gut ecosystem is associated with 

good health, where perturbations to microbial homeostasis and losses of diversity are associated 

with a variety of disease processes36. Inflammatory bowel disease and especially Crohn’s disease 

is specifically associated with losses in microbiome diversity and especially losses of the 

Firmicutes phylum37-39. These losses include butyrate-producing microbes associated with the 

Lachnospiraceae and Ruminococcaceae families40,41, such as Faecalibacterium prausnitzii42,43. 

We’ve shown in this work that the loss of sodium hydrogen exchange through NHE3 also 

nurtures similar microbiome changes, with reductions in these bacterial families and an 

expansion of Bacteroidaceae. These changes occur with the onset of experimental colitis in 

control animals as well, and are specifically associated with greater inflammation in our animal 

model.  
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Lachnospiraceae and Ruminococcaceae, also commonly known as Clostridia clusters XIVa and 

IV respectively, are fairly abundant members of the normal microbiome, reaching approximately 

10-20% of abundance in healthy humans where they break down indigestible carbohydrates and 

Figure 10. IL-10-/- recipients of NHE3-/- FMT show more significant reductions in 

beneficial taxa in the mucosa-associated microbiome. 
Proximal and distal colonic segments were resected from IL-10-/- mice that had received 
FMT from either Rag (NHE3+/+) or NHE3xRag (NHE3-/-) mice. DNA was extracted from 
colonic segments and the bacterial DNA sequenced to determine the composition of the 
mucosa-associated microbiome. A. Principal coordinate analysis demonstrating beta 
diversity (unweighted UNIFRAC) of the mucosal microbiome at sacrifice between IL-10-/- 
recipients of Rag (NHE3+/+, blue) or NHE3xRag (NHE3-/-, red) FMT. B. A family-level 
microbiome composition of IL-10-/- recipients of FMT. C. Percentage of total bacterial 
abundance of selected families of bacteria, taken from the proximal colon of IL-10-/- that had 
received either NHE3+/+ or NHE3-/- FMT. D. Alpha rarefaction depicting alpha diversity in 
terms of observed OTUs from IL-10-/- recipients of FMT.  
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produce short chain fatty acids (SCFA) such as butyrate44. Butyrate is a multifunctional anti-

inflammatory metabolite that is largely accepted to promote colonic barrier stability and 

homeostasis45. Although not all Lachnospiraceae and Ruminococcaceae family members are 

butyrate-producers, different studies estimate that approximately half to most of them are44,46,47. 

Overall, some members of other phyla such as Bacteroidetes also have the predicted capacity to 

produce butyrate, however most known butyrate-producing families are part of the Firmicutes 

phylum44.  

 

Many of these family members, notably Roseburia spp., which was also vulnerable to 

inflammation in our model, largely reside in the mucus layer of the intestine48. This localization 

may make them particularly vulnerable to microenvironmental changes brought about by 

disruptions in sodium hydrogen exchange. NHE3, which brings in luminal sodium in exchange 

for cellular hydrogen, helps facilitate a pH gradient at the brush border as protons diffuse out of 

the unstirred layer. pH gradient is important for mucin structure, which exists in a compact 

impenetrable layer at the lowest pH next to the epithelia, and expands with the rising pH to form 

the secondary mucus layer that is widely inhabited by the microbiota8,9,49. The disruption of 

NHE3 has been shown to promote alkalization of the luminal contents7, which may promote a 

premature expansion of the mucus layer and disrupt homeostatic ecology among mucus-dwelling 

microbes. This idea is fortified by the observation that NHE3 knockout mice maintain a thick 

mucus layer, which is nonetheless more penetrable by bacteria18.  

 

Changes in pH have been shown to have dramatic consequences on Lachnospiraceae and 

Ruminococcaceae families as well as SCFA production. A change from a pH of 5.5 to 6.5 
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dramatically stunted both bacterial abundance as well as butyrate production – shifting instead to 

a peak production of propionate and an expansion of Bacteroides33. These compositional 

changes mimic nearly exactly what we have seen both with the NHE3 knockout microbiome and 

also with the onset of inflammation. Our NHE3 knockout microbiome, even after transfer to a 

new host, was characterized by contractions of Lachnospiraceae and Ruminococcaceae, with 

concomitant expansions of Bacteroidaceae, all of which were from the genus Bacteroides. With 

the onset of inflammation, the microbiome of control animals in both gnotobiotic models began 

to follow the same pattern. We cannot clearly resolve whether inflammation itself, or NHE3 

deficiency, is driving the observed changes – or whether the microbiome itself is driving 

inflammatory changes - but future studies will be needed to untangle these components.  
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Figure 11. FMT from NHE3-/- donors accelerates the onset and severity of colitis in IL-

10-/- mice 
A. H&E sections from IL-10-/- mice that had received FMT from either Rag (NHE3+/+) or 
NHE3xRag (NHE3-/-) mice. B. Histological inflammation scores of proximal, distal, and total 
colonic segments, scored by a veterinary pathologist blinded to the experimental design. C. 
Penetrance of disease calculated by the percentage of animals that had a higher histological 
inflammation score (B) than the median score of the control Rag FMT group. D. ELISA 
depicting fecal lipocalin 2 collected from fecal samples at 2, 5, and 7 weeks. Lipocalin 
measured in ng/g stool. E. Colonoscopy at the 5 week timepoint, depicting IL-10-/- recipients 
of either Rag (NHE3+/+) or NHE3xRag (NHE3-/-) FMT.  
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On the level of the microbiome, SCFA production could be a strategic move by Lachnospiraceae 

and Ruminococcaceae families, as butyrate promotes the stable expression of NHE350, thereby 

acidifying the mucus layer and providing a competitive advantage to themselves and other 

acidophilic bacteria. One exceptional Firmicute is Clostridium difficile, the pathobiont 

responsible for the epidemic of hospital related diarrhea, which is adapted to replicate optimally 

at a slightly higher pH than other Clostridia species17. Interestingly, NHE3 appears to land in the 

middle of a cultural warfare between these microbial families, whereby C. difficile silences 

NHE3 activity during pathogenesis16 to raise pH and give it a competitive advantage17, and 

reciprocally, Lachnospiraceae alone is capable of promoting resistance to C. difficile51, perhaps 

by the opposing effect on pH through butyrate. This ongoing standoff is supported by the 

observation that our NHE3-/- FMT recipients in IL-10-/- had an expansion of 

Peptostreptococcaceae, which houses Closridium difficile, though our compositional studies do 

not allow us species-specific resolution.  

 

Further studies are needed to elucidate these relationships in the context of inflammation, but 

from the standpoint of microbial ecology, it appears quite possible that NHE3 may act as a sort 

of pH rheostat at the brush border that is readily modulated by microbes competing for mucosal 

niche advantage. It is possible that the loss of NHE3 is a first predisposing step in the cascade of 

dysbiosis, foisting out beneficial microbes from a competitive foothold, and leaving the host 

vulnerable to further inflammatory insult.  
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Abstract  

This paper describes the interface between nutrition, non-communicable chronic diseases, and 

socioeconomic standing, with a special focus on the microbiome. We provide a theoretical 

framework and several lines of evidence from both animal and human studies that support the 

theory that income inequities are an underlying factor for maladaptive changes in the 

microbiome seen between populations, and contribute to the health disparities seen in lower 

income populations in higher-income countries.  
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Introduction 

A prominent paradigm that has developed to explain the complexity of human health involves 

the mammalian gut microbiome, or the intricate community of microorganisms that live with the 

gastrointestinal tract1. It’s well known now that microbial cells are estimated to outnumber our 

own human cells ten to one, which collectively express an estimated hundred-fold more genes 

than the human genome, adding complexity to the interaction between gene and environment2,3. 

The gut microbiome affects digestion and absorption by breaking down otherwise indigestible 

carbohydrates4-6, and protects against pathogens by competitive exclusion7,8. Disruptions in the 

microbiome with antibiotic administration, persistent genetic or environmental stressors, or 

active disease can impactfully influence the long-term health of both microbiome and the host9. 

Moreover, we now appreciate that the rich ecosystem of microbes influences not just the health 

of the bowel itself10-12 but also distal processes in the liver4,13, the joints14-16 and the brain17, even 

influencing and being influenced by the circadian clock18-20. What we less often discuss is how 

these factors are influenced by the social context in which an individual resides. 

 

The composition of the microbiome can be influenced by host genetics21 and early life 

imprinting22-25, but diet is inescapably an important and ongoing influence on both the 

composition of the microbiome21,26,27 and the chemical signatures of the microbes that are 

present28. The last century has seen a dramatic shift from farm and home-based eating to 

industrialized food processing29, an increase in convenience foods and snacks30, and a surge in 

eating restaurant-prepared foods31. In recent decades, our diets have shifted to higher ratios of 

processed fats and sugars compared to the fresh foods we consume, and these patterns are 

significantly enhanced by socioeconomic stress32,33. Individuals with greater socioeconomic 
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hardship are often forced to weigh their food selection by a “calorie-per-dollar trade-off”, in 

which the most accessible foods become those that offer more energy and satiation for a lower 

price. In high income countries (HIC), these trade-offs often necessarily include refined 

carbohydrates and processed oils, and exclude fresh foods34. In low and middle income countries 

(LMIC), the diets of higher income populations are starting to mimic the processed food intake 

of HICs, while malnutrition continues to impact the maturity of the microbiome in the LMICs. 

 

We posit that these socioeconomically-derived nutritional differences impact both the 

composition and function of the microbiome, the immune system, and have a concomitant 

influence on health (Figure 1)13,18,35-37.  We will first provide a biological foundation for the 

microbiome, nutrition and immunity, and finish with how socioeconomic status (SES) affects 

these factors in metabolic disease. With chronic preventable diseases on the rise, especially 

among those least able to afford care, the pandemic of chronic metabolic diseases affecting the 

poor becomes impossible to ignore.  
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The Microbiome 

The Microbiome and Immunity 

The gastrointestinal tract is a primary interface between the microbiome and the immune system. 

The densest population of microbes resides in the colon38,39, just a single epithelial cell layer 

away from the depot of innate and adaptive immune cells residing in the connective tissue 

known as the lamina propria3. Microbes have a complex relationship with the immune system, 

even manipulating the expression of anti-microbial peptides by Paneth cells of the intestine, 

potentially as a way for the microbiome to shape itself40. Microbial metabolites produced by the 

breakdown of dietary components, especially short chain fatty acids, act as immune modulators 

NCD) 

Figure 1. Proposed framework for the relationship between socioeconomic status and the 
microbiome in the development of chronic disease.  
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and masters of tolerance on numerous levels41-44, and studies of mice in utero have revealed that 

the microbial ecology of the mother can affect the immunological function of the neonate after 

birth45. Relations between the microbial milieu of the intestine and the development of the 

immune system have been extensively and thoroughly reviewed46-49.  

 

The Microbiome During Development 

It has been shown that birth method can have a profound effect on the shape of the neonatal 

microbiome, with C-section babies more likely to have a gut microbiome influenced by maternal 

skin microbes such as Staphylococcus, whereas vaginal-born children demonstrate colonies of 

lactose-fermenting Lactobacillus, as well as Prevotella, and Sneathia as seen in the vagina22. 

Additionally, the placental microbiome may influence a neonate’s microbiome or immunity 

before birth50. Gomez de Aguero et al. demonstrated that even a transient microbial exposure in a 

gnotobiotic mother can have lasting impacts on the immune system of her offspring45 adding to 

the evidence that the maternal microbial environment in utero can dramatically shape the 

immunological outcome of children. The duration and exclusivity of breastfeeding, the 

frequency of bathing, the environment within the home, older siblings or the lack thereof, the 

presence of pets, interaction with non-familial people and other factors create a unique imprint 

upon the child’s early life microbiome that may have important health implications, though more 

studies are needed on specific exposures. 

 

The Microbiome and Metabolism 

The bioavailability of nutrients from food depends in many ways on the composition of the 

microbiome51.  A fundamental example of this is the fermentation of the non-digestible 
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carbohydrates in dietary fiber (Figure 2). Certain families of microbes specialize in the 

fermentation of complex carbohydrates into short chain fatty acids (SCFA), specifically butyrate, 

which has a profound influence on colonic health. Butyrate serves as a primary energy source for 

colonocytes52, and requires fermentation of soluble fibers by microbial symbionts to become 

bioavailable to the host53. Butyrate stabilizes tight-junctions between cells in the intestines54,55 to 

strengthen the barrier between the host immune compartment and the commensal microbial 

milieu56. Gut permeability and tight junctional alterations are thought to affect the progression of 

several diseases, including non-alcoholic fatty liver disease57, inflammatory bowel disease58,59, 

celiac disease60,61, and autism62-65. Butyrate further promotes the expression and activity of 

sodium hydrogen exchanger 3 (NHE3), which promotes pH homeostasis at the brush border and 

helps facilitate proper absorption of fluids and electrolytes66. Butyrate also modulates gene 

expression as a histone deacetylase (HDAC) inhibitor, reprogramming expression of pro-

inflammatory mediator NF-κB67, blocking differentiation of dendritic cells from stem cell 

precursors42, and ameliorating colonic inflammation through the promotion of Fas-induced 

apoptosis in T lymphocytes43. Moreover, butyrate modulates CD4+ T cell fate into the 

tolerogenic regulatory T cells (Tregs), which protect from the development of autoimmune 

colitis41,44. Experimental administration of butyrate and other SCFA has attenuated hyperphagia 

and insulin resistance associated with a high fat diet68. Butyrate given in the diet was also able to 

improve insulin resistance69.  Butyrate-producing bacteria are therefore considered “healthy,” 

and diets high in fiber are strongly recommended for both maintaining these populations of 

microbes as well as reaping these multiplicative health benefits. Adequate amounts of soluble 

dietary fiber are conspicuously missing from the standard western diet, especially among 

processed food.    
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The microbiome also modulates how efficiently we harvest energy from the foods we consume, 

a hypothesis for the onset of obesity70. The addition of a conventional microbiome to a 

previously germ-free host promotes glucose uptake and may influence hepatic lipogenesis4, 

suggesting a potentially critical role for the microbiome in the development of obesity. Indeed, 

the microbiome has been shown to modulate de novo lipogenesis in the liver4. Moreover, a study 

by Zeevi et al. reported that the microbiome was able to reliably predict the blood glucose 

response to individual food consumption in a cohort of over 800 people71. Bile acids from the 

diet are also known microbicidal agents that serve to selectively suppress certain populations of 

bacteria, perhaps causing the dysbiotic shifts observed following high-fat diets72. Although, 

depletion of microbes appears to also have a reciprocal effect on bile acid composition73. The 

microbiome contributes importantly to metabolism, and can be key in translating dietary input 

into beneficial or harmful health outcomes.  

 

Socioeconomic Status and Non-Communicable Chronic Diseases 

Chronic non-communicable diseases have risen in recent decades at a pace too fast to be 

accounted for by genetics alone74. They include conditions such as cancers, autoimmunity, 

diabetes, chronic inflammation, and cardiovascular disease. Low SES has been associated as a 

risk factor unto itself for many of these conditions, and ‘health disparities’ have entered a 

prominent place in the international dialogue in recent decades75,76. Early associations with SES 

and health were observed between income level, income instability and mortality, with low 

income, and especially persistent low income, being strongly predictive of mortality independent 

of educational status or initial health status77.  It was reported that raising the minimum wage by 



 199

a single dollar predicts a 2% decrease in low-birthweight babies, and up to 4% drop in infant 

death78. Children living in neighborhoods associated with a greater poverty or crowding index 

were three times more likely to be hospitalized for influenza than children from more wealthy, 

less crowded neighborhoods79. These and numerous other disease-specific associations have 

been made that demonstrate that societal standing and income contribute importantly to many 

diseases of numerous etiologies. Some of these are discussed below.  

 

 

 

 

 

 

Figure 2. The multiplicative benefits of fiber on the microbiome and colonic health, 
representative of the benefits of fresh foods 
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A Closer Look At Selected Chronic Diseases 

Obesity and Metabolic Syndrome 

In HIC, obesity is a more prevalent disease among lower income people80. Among all estimated 

risk factors for obesity and metabolic syndrome, changes in the global food system appear to be 

some of the most influential, along with changes in the built environment and the availability of 

food81.  Low-cost energy-dense foods high in fat or sugar are consistently linked to the 

prevalence of obesity82. In HICs, obesity tends to be experienced most by the lowest 

socioeconomic quartiles81,83, but this trend reverses for LMICs84,85. Additionally, many LMICs 

are increasing their intake of processed and packaged foods86, which negatively impacts their 

microbiome and  the health of those who can purchase them. 

 

Animal studies have provided us a method to see the impact of how dietary changes modify the 

microbiome and effect health.  Germ-free mice are resistant to weight gain with high fat diet87 

and have lower metabolic rate than their conventionalized counterparts4. However, the 

introduction of a specific-pathogen-free (SPF) microbiome induced a 60% weight gain and 

lipogenesis in the liver by facilitating an increased monosaccharide absorption from the gut4.  In 

both mice and humans, obesity has been associated with shifts in major phyla of bacteria from a 

dominance of Bacteroidetes to Firmicutes, and when the microbiome from an obese donor is 

transferred to germ-free mice, the mice gain more weight than recipients of a “lean” 

microbiome35,70. When toll-like receptor 5 (TLR5), a bacterial flagellin sensor present on 

epithelial cells, is knocked out, mice develop early signs of metabolic syndrome, including 

hyperlipidemia and insulin resistance88, which suggests an ancestral partnership between 

bacterial sensing and metabolic regulation.  
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Diet induced obesity is a well-established model via administration of high energy diets to 

experimental animals to induce symptoms of obesity and metabolic syndrome. The nature by 

which the microbiome responds or contributes to obesogenicity of a diet is currently under 

scrutiny. Serino et al. suggested that whether or not mice responded to high fat diet with diabetes 

or not was related to the nature of their already-existent microbiome89. Though high fat diets can 

promote predictable changes within the microbiome, the source and nature of the fat matters 

(Table 1)18,24,25,28,89-92. Mice fed a saturated milk-fat based diet saw an expansion of sulfite-

reducing bacteria and an exacerbated Th1 immune response, making them susceptible to 

colitis90. A lard-based high-fat diet preferentially promoted weight gain and inflammatory 

macrophage recruitment to adipose tissue in a toll-like receptor 4 (TLR4) dependent-manner 

compared to a high-fat diet from fish oil92, suggesting a microbiome-dependent difference in 

metabolic effects in response to different fat sources.  

 

Food additives, ubiquitous among processed shelf-stable foods, may also affect metabolism 

through the microbiome. Even low amounts of dietary emulsifiers – extremely common among 

processed foods – were sufficient to induce changes in the mucus layer of the intestine and 

provoke low-grade inflammation, making mice susceptible to colitis93. Finally, the timing of 

eating also affects the microbiome, which itself oscillates on a diurnal circadian clock20. High fat 

feeding suppressed these oscillations and promoted obesity, while time-restricted feeding could 

partially restore circadian oscillation and attenuate the development of obesity20. 
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In both primates and humans, a maternal high-fat diet during pregnancy had a lasting impact on 

the microbiome of her offspring even if she herself was not obese25,94. However, leptin, insulin 

and unfavorable fatty acid ratios within breastmilk were found in mothers of higher BMI95, 

which could have lasting impact on the seeding microbiome of the infant gut and immunological 

training. Early disruptions in the establishment of the microbiome may also be obesogenic. 

Administration of antibiotics in the first couple years of life, often for childhood infections, has 

repeatedly been associated with childhood obesity96-98, and even maternal antibiotic exposure 

during pregnancy has been associated with low birth weight, which can be a risk factor for 

obesity99. Importantly, these disruptions may be more common among low-income populations 

due to the prohibitive cost of pharmaceuticals, the misuse of antibiotics and poverty-driven 

practices such as medication-sharing, though more epidemiological studies on the misuse of 

antibiotics are merited100. 

 

Type II Diabetes 

It has been estimated that for every additional 150 kilocalories available per person per day, the 

world diabetes risk increases by 0.1%. However, if those kilocalories happen to come from 

sugar, world diabetes risk increases by 1.1%, or 11-fold more than for generic caloric 

consumption101.  Furthermore, Basu et al, reported that sugar was the only nutrient to produce a 

significant correlation to the prevalence of diabetes, which may not be inherently surprising. But 

sugar-free diet options may not be much better. A recent study published in Nature demonstrated 

that non-caloric sweeteners, including the most common diet-soda sweetener aspartame, could 

still promote glucose intolerance by altering metabolism via the microbiome102. Another 

common sweetener, sucralose (Splenda®), was also included in the study to similar affect.  
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Between 1980 and 2012, diabetes more than doubled in the United States103, with the alarming 

appearance of type 2 diabetes among younger age groups104. Alongside obesity, diabetes has 

been labeled potentially one of the gravest public health epidemics of our time104. On a national 

level, a 1% increase in gross domestic product (GDP) correlates to a 1.07% rise in diabetes 

prevalence101. Like obesity, however, diabetes incidence falls harder on deprived populations in 

higher-income societies105,106, even though it has been deemed largely preventable by dietary and 

lifestyle interventions107-110. Even though minority race has also been identified as a risk factor 

for diabetes, one study indicated that diabetes’ risk had a greater association with SES than with 

race, highlighting the dietary cost-constraints discussed in this review111. The intractability of 

diabetes prevalence despite known preventability suggests an attainability gap in these 

populations that scientists should not be quick to overlook, especially as we uncover the rippling 

importance of our diets.  

 

It’s known that type 2 diabetes frequently follows a progressive insensitivity to insulin, low-

grade inflammation, and glucose intolerance. It’s becoming more evident that just as for obesity, 

the microbiome is altered in the progression of diabetes as well, perhaps as part of the same 

process. While the obesogenic shifts mentioned earlier are also risk factors for type 2 diabetes, 

there appear to be some shifts that are diabetes-specific. For instance, the ratios of major 

bacterial phyla Bacteroidetes and Firmicutes in diabetic patients of varying BMIs appear to 

correlate more strongly with blood glucose than BMI112. One metagenomics study among 

diabetic women found that the gene expression of the microbiome could predict a diabetic 

metabolism, though the markers for European women were region-specific, and differed from a 
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Chinese population113. Diabetic patients display a dysbiosis characterized by a an enrichment in 

sulfate-reducing bacteria and some opportunistic pathogens, and multiple studies have reported a 

reduction in butyrate-producing bacteria112,114. The reported lack of butyrate-producing bacteria 

could be key in the development of diabetes and related conditions, as butyrate is shown to 

induce regulatory T cells115, which have been shown to be able to attenuate inflammation within 

adipose tissue and reduce insulin resistance in ob/ob mice116. 

 

There is some evidence to suggest that the microbiome may be involved in cognitive aspects of 

diabetes as well. High-sucrose diets were shown in one study to exert a more powerful shift on 

the microbiome than high-fat diets, and shifts in Clostridiales and Bacteroidales bacterial 

families corresponded to disruptions in cognitive flexibility and both short- and long-term 

memory117. While this study did not establish a causal relationship between the shifts in the 

microbiome and cognitive impairment, it is worth noting that both elevated sugar consumption 

and cognitive impairment are documented aspects of type 2 diabetes progression118-120.  While 

more studies are needed to elucidate these relationships, it’s worthwhile to note the extent to 

which the microbiome may be modulating the physiological milieu associated with type 2 

diabetes and similar conditions.  

 

Cardiovascular Disease 

Cardiovascular disease (CVD) is another example of a disease affected by SES. A study among 

office workers showed that the risk of cardiovascular disease (CVD) rose sharply the lower 

occupational attainment an individual achieved, with the lowest-level workers surpassing the 

highest levels in CVD risk by three fold121. A 2012 study showed that living in a neighborhood 
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with a low-socioeconomic profile predisposed healthy Americans to a much greater risk of 

mortality when compared to counterparts in higher-SES neighborhoods, independent of their 

individual socioeconomic standing122. An economic downturn during a person’s birth years was 

associated with cardiovascular mortality later in life, suggesting the importance of early years in 

the development of health disparities123. Higher rates of ischemic heart disease among both 

genders were found among low SES individuals in 10 different western European nations124 and 

mortality from CVD could be predicted by low SES among individuals with type 2 diabetes125.  

 

The role that SES has on CVD risk is multifactorial, however two components within disease 

risk certainly include dietary factors and inflammation. A 15-year follow-up study tracking 

dietary patterns found that higher dietary quality (e.g. more fresh food compared with processed 

food) across numerous indices could reduce cardiovascular mortality126. It has long been 

observed that obesity, serum cholesterol, and blood pressure serve as major risk factors127-129, 

while fruit and vegetable intake are associated with significant protection across multiple studies, 

especially dark leafy greens and cruciferous vegetables130-133. One study found a 27% reduced 

risk of cardiovascular disease mortality among individuals who consumed at least three servings 

of fruit or vegetables per day, when compared to those who consumed less than one133. The same 

population was protected against stroke, ischemic heart disease, and all-cause mortality as well.  

 

Several studies have been published demonstrating a role of the microbiome in mediating dietary 

promotion of atherosclerosis. It was found that the gut microbiota was necessary to metabolize 

dietary choline, phosphatidylcholine, or L-carnitine, to trimethylamine (TMA) and then to the 

atherogenic compound trimethylene-N-oxide (TMAO) through the action of Flavin 
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monooxygenase 3 (FMO3)134-137. These compounds predicted adverse cardiac events and 

outcomes in humans, and led to the development of atherosclerosis in mice, but required the 

microbiome to do so136. Choline is an essential nutrient found in sources such as eggs, meat, 

poultry, and dairy138,139, the vast majority of which gets converted to phosphatidylcholine140. L-

carnitine is a lysine derivative frequently found in red meat that is involved in fatty acid uptake 

by the mitochondria141. A high-fat diet in humans has since been shown to elevate post-prandial 

TMAO levels as well142. Each of these nutrients have their place within a healthy diet, and 

indeed choline is an important mediator in liver and neuromuscular health140. But together, these 

findings underline an additional role that poverty and diet may have on the microbiome in 

modulating metabolic disease risk.  

 

Indeed, like obesity and diabetes, cardiovascular disease was found to be accompanied by altered 

ratios of Bacteroidetes and Firmicutes, as well as a relative dearth of butyrate-producing 

microbes143, perhaps proceeding from the same root causes. It is important to remember that 

cardiovascular disease, obesity and type 2 diabetes alike can be thought of as inflammatory 

conditions emanating from prolonged subclinical inflammation involving circulating 

inflammatory mediators144, endothelial vessel inflammation145 and adipose tissue 

inflammation146. As butyrate serves as a primary anti-inflammatory microbial metabolite, its lack 

could potentially contribute to a failure to dampen this corrosive systemic inflammation. This is 

an example of one way in which refined low-fiber diets leave low-income populations vulnerable 

to disease.   

Stress 
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SES is repeatedly associated with worse health outcomes in both children and adults across 

numerous measures of health 75. It’s been hypothesized that one key component connecting low 

SES to inflammation and subsequent disease outcomes may be the persistence of stressors in the 

lives of low SES individuals147,148. The term allostatic load is used to describe the cumulative 

physiological effects of prolonged stress, and is an idea that has persisted for more than 20 

years149. Prolonged stress can lead to both accumulated visceral adiposity and greater risk for 

cardiovascular morality150. Lower social and financial position in society predisposes individuals 

to a number of complex and interwoven stressors not necessarily experienced as frequently by 

higher SES individuals, such as financial stress, shift work, low job control, discrimination, 

noisier and more crowded living conditions, social stress, neighborhood crime, and reduced 

access to healthcare, among others. It turns out that social status and social stress have been 

repeatedly associated with health outcomes. One prospective cohort study found that receiving 

support from relatives or a spouse could reduce mortality risk by 19%, and by a network of 

regular interaction with 6-7 friends by 24%151, suggesting that one of the more beneficial health 

choices an isolated individual could make may be to invest in strong relationships. A recent 

study found an increased mortality risk from low social integration, but not independently from 

living in a disadvantaged neighborhood152, suggesting that the stresses that mediate the 

maladaptive effects of allostatic load may be social and socio-physiological in nature. People 

receiving low social support have more cardiovascular events and higher death rates of 

cardiovascular causes, as well as higher all-cause mortality153. And indeed, a study in rhesus 

macaques demonstrated that disruptions in social stature could account for direct effects on the 

innate and adaptive immune system. Specifically, NK cell and helper T cell subsets were 

especially sensitive to changes in gene expression in response to changes in social status, and 
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showed differential responses to the same inflammatory stimuli. Low status females tended 

toward greater inflammatory potential through activation of the MyD88 pathway154. 

 

Sympathetic nerve fibers directly connect to primary and secondary immune organs such as the 

bone marrow, thymus, and spleen, which respectively produce, train and act as hubs of signaling 

for adaptive immune cells155. Stress is associated with differential cytokine expression, and 

different kinds of stress may affect the immune system differently. Both chronic and traumatic 

stress can promote elevated levels of circulating IL-6, a pro-inflammatory cytokine with a 

complex role in health156,157. Circulating IL-6 is a risk factor for numerous chronic diseases, 

including cardiovascular and metabolic disorders. It was associated with a 38% risk of heart 

attack for each elevated quartile of circulating cytokine158, and both c-reactive protein (CRP) and 

IL-6 have been linked to the development of depression159,160. IL-6 knockout mice are resistant 

to stress-induced depression161, and certain anti-depressants also have the effect of lowering 

circulating IL-6162, though not all of them163.  

 

Until recently, connections between neurological function and the microbiome had not been 

thoroughly investigated, but it’s now becoming evident that important connections exist. The 

vagus nerve connects the brain to the intestines and is capable of communicating shifts in the 

inflammatory milieu of the gut back to the brain164. Stress from social disruption in one study 

reduced diversity of the gut microbiome, including reduction in the relative abundance of 

Bacteroidetes165, the same phylum diminished in the onset of obesity 70. Similarly, male mice 

that underwent repeated social defeat in an experimental setting also displayed reduced bacterial 

diversity in the gut microbiome, which is a feature generally associated with disease166. In a 
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model of early-life stress, maternal stress could induce neural stress pathways through the 

hypothalamic-pituitary-adrenal (HPA) axis, but the microbiome was required for the onset of 

anxiety-like and despairing behavior, suggesting that disruptions in microbial ecology act as a 

mechanism for the onset of stress-associated-behavior167. In fact, introduction of a specific 

pathogen free microbiome to ex-germ free mice could reduce symptoms of anxiety and enhance 

neurotransmitter turnover in mice168. Though disruption of early-life microbiome through the 

administration of antibiotics did not influence anxiety behaviors, it could enhance adult 

sensitivity to visceral pain, suggesting a role for the microbiome in pain sensation169, though 

another study indicated that probiotics could decrease reported feelings of anxiety in a human 

population170. Together these studies indicate that the microbiome is intricately involved in 

stress, pain sensation, and neurological well-being, which deepens its connection to the health 

outcomes of low-income populations. 

 

Immunological Implications of Diet 

In a globalized food system, the nutrient quality of food depends on decisions made throughout 

the food chain171-175. In 2012, three-fourths of the caloric energy purchased among U.S. 

households came from processed foodstuffs, most of which could be categorized as ready-to-

eat29.  Processed foods are more likely to be populated with large amounts of fat and sugar while 

lacking the fiber, vitamin, and micronutrient benefits of antioxidant-rich fruits and 

vegetables82,176. This has implications for the composition of the microbiome and its effect on the 

immune system.  
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On the other hand, having the resources to modify diet to increase the well-acknowledged 

benefits of fresh foods and their accompanying micronutrients may protect against these 

outcomes.  

 

Evidence is beginning to uncover a role for the microbiome in moderating these effects. Ellagic 

acid for instance, which is found in berries, nuts and pomegranates, is emerging as a potent 

antioxidant, anti-inflammatory, anti-tumor immune-modulatory compound177 that may even be 

able to mitigate the inflammatory effects of diet-induced obesity and metabolic syndrome 

through involvement of the microbiome178,179. It also attenuates symptoms of allergy through the 

suppression of histamine release and reduced production of pro-inflammatory cytokines TNFα 

and IL-6180.  

 

Flavonoids are also potently beneficial while being subject to microbial metabolism. 

Anthocyanins, phenolic antioxidants of the flavonoid family found in deep purple fruits and 

vegetables such as blueberries, are potent anti-inflammatories capable of inhibiting the activation 

of NF-κB in monocytes181,182, and attenuate airway inflammation in a model of asthma183. They 

were also noted to inhibit the growth of cancer cells from numerous tissues184. Anthocyanins and 

other flavones were also associated with reduced insulin resistance, as well as lower levels of c-

reactive protein (CRP)185, which is associated with cardiovascular risk. Importantly, 

anthocyanins and their downstream metabolic products appear to be necessarily modified by the 

microbiome, and in fact, there is discussion of anthocyanins as a form of “pre-biotic” microbial 

food186. Quercetin, a flavonol available in fruits and vegetables, is suggested to regulate hepatic 

lipid metabolism and prevent adipogenesis and the onset of diet-induced obesity187-189, and high 
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doses were shown to offset metabolic syndrome190. Quercetin appears to specifically attenuate 

the expression of pro-inflammatory cytokines by macrophages, an underlying driver of 

dangerous subclinical inflammation191. It is also shown to dramatically alter the composition of 

the gut microbiome toward what is thought to be a more favorable metabolic profile192. 

Moreover, given the long half-life of quercetin in the body, its antioxidant capacity in the blood 

is perpetuated by frequent consumption193. Each of these micronutrients is an example among 

many of compounds abundant in an often cost-prohibitive fresh food diet, that nonetheless confer 

numerous benefits on the physiology and microbiome of the host. They highlight the interplay 

between diet, nutrition, health, and the microbiome in ways that may be inaccessible to those 

who cannot afford to eat them regularly. 

 

Despite ongoing debate about the health of certain dietary structures, it is nearly universally 

recognized that the healthiest diets contain lots of fruits and vegetables, and their protection 

against premature mortality is well-documented194. The key trend through all of it is that some of 

the most healthful micronutrients that affect the microbiome reside in fresh foods, the same 

foods deemed less accessible to the financially challenged34,195. Such nutrients are lost on the 

energy dense and nutrient-poor diets frequently available to the poor. When refined 

carbohydrates are filling, affordable, and palatable relative to their healthful counterparts, the 

imbalance in dietary intake is a logical consequence195,196.  

 

Conclusions 

Low SES has repeatedly been listed as a risk factor for numerous metabolic conditions such as 

obesity, type 2 diabetes, cardiovascular disease, among other diseases. While the influences of 
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SES on health are complex and multifactorial, and metabolic diseases often include genetic risk, 

dietary factors are not trivial. This review has brought together diet, the microbiome, 

immunology and social sciences to develop a new paradigm to explain how dietary tradeoffs 

faced by individuals unable to afford or unsocialized to consume a beneficial ratio of whole 

minimally processed foods has impacts not just on basic metabolism, but on the microbiome and 

health. We emphasize that this is likely a facet of both eating too much of the harmful 

macronutrients such as high fat, high sugar, and refined compounds, as well as a failure to 

receive the multiplicative benefit of fiber fermentation and the immuno-regulatory benefits of 

vitamins and micronutrients. The exact tradeoffs between our ability to influence the microbiome 

and concomitant disease, and the influence of early disease processes on the microbiome remain 

unclear, and it likely varies by disease. However, the fiber, vitamins and micronutrients found in 

fresh whole foods promote shifts in the microbiome associated with protection from the 

development of the chronic low-level inflammation immune dysregulation that precipitate 

disease. While anyone may suffer these losses through personal dietary choices, and there are 

likely other social factors beyond strictly cost, the “calorie-per-dollar” challenge faced by 

socioeconomically challenged individuals, and the compounding influence of greater stress in 

their lives, leaves them particularly vulnerable. Studies addressing these connections more 

directly are needed and important. We propose that these relationships be kept in mind as we 

move forward in creating meaningful research, and a food system and food policies that serve all 

people.  
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Implications for Future Research 

While there are numerous studies into the physiological outcomes of SES, and a depth of 

research into the physiological impacts of the microbiome, direct research investigating the 

social contexts that may impact microbe-host interactions remains under-studied. This review 

has focused largely on potential connections between the microbiome and low SES among 

inhabitants of wealthy nations, but there are known differences dependent on the national and 

cultural context as well. Moreover, the insights of this review remain largely correlative in 

nature. Further research directly investigating socio-demographic factors across numerous levels 

as they impact both host and microbiome, along with the immunological milieu, will add richly 

to our way forward in health science.  
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“Here is the world. Beautiful and terrible things will happen. Don’t be afraid.” 

-Frederick Beuchner 
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