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Abstract

Changes in diet greatly affect the mucosal immune system, particularly in diseases such as
Crohn’s disease and necrotizing enterocolitis. This article examines the hypothesis that alterations
in the luminal environment of the intestine regulate the expression of genes in the enterocyte
responsible for signaling to immune cells. Genes expressed by the epithelium orchestrate
leukocytes in the lamina propria. For example, chemokine expression in the mouse intestinal
epithelium, through transgenic means, induced the recruitment of neutrophils and lymphocytes
into intestinal tissues. Diet alters the expression of the genes responsible for signaling by a variety
of pathways. The introduction of a normal diet to a weanling mouse up-regulates MHC class Il
expression through a particular isoform of the class Il transactivator, a protein that acts in the
nucleus. SCFA concentrations in the intestinal lumen vary markedly with diet. SCFAs increase
IL-8 and insulin-like growth factor binding protein-2 expression by inhibiting histone deacetylase
activity in the enterocyte. Down-regulation of gene expression by butyrate can act through
acetylation of the inhibitory transcription factor Sp3. The review therefore describes a number of
molecular pathways, explaining how changes in diet may alter leukocyte recruitment by regulating
enterocyte gene expression. Myofibroblasts enhance enterocyte chemotactic activity by cleaving
inactive precursors; and myofibroblast genes also are regulated by SCFA. It is likely that other
similar regulatory mechanisms remain to be discovered.

Introduction

It has always been inherently plausible that the food we eat should affect the mucosal
immune system. The function of the gut-associated lymphoid tissue (GALT)# is to respond
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to changes in the environment, and there are fewer changes on the external surface of the
body than in the intestine caused by variations in diet. This article examines the possibility
that the intestinal epithelium expresses signaling proteins that communicate with cells of the
mucosal immune system. If such genes were regulated by diet, it is apparent that changes in
nutrients could, through altering the expression of genes in the epithelium, modulate
mucosal immune responses. This article, therefore, examines the hypothesis that diet-
associated alterations regulate the expression of genes in the enterocyte responsible for
signaling to immune cells. It describes the pathways within the cell by which changes in diet
alter the expression of major histocompatibility complex class proteins in the intestinal
epithelium. SCFA, particularly butyrate, concentrations in the intestinal lumen vary
markedly with diet. This article describes pathways by which these products of bacterial
fermentation both up-regulate and down-regulate specific immune genes in the epithelium.
Finally, it presents evidence that myofibroblasts enhance the chemotactic signals expressed
by the epithelium and that butyrate also regulates the expression of the protein responsible
for such myofibroblast modulation. These concepts are illustrated with experimental
evidence published from our laboratory.

We believe that signaling across the epithelium is important not only in health but also in the
treatment of disease. The primary therapy for children with Crohn’s disease in the United
Kingdom is treatment with enteral feeds. Randomized control studies showed in the 1980s
(1,2) that an elemental diet was as effective in inducing remission as high-dose steroids with
the added benefit that it did not suppress linear growth. More recent studies in children
demonstrated a rapid fall in immune markers of disease activity, with IL-6 falling within 3 d
of starting the diet (3). Changes in nutritional status, such as weight or skinfold thickness
were not detectable until after 2 wk. It is established that it was not a change in nutritional
body status that resulted in remission of inflammation but a rapid effect, most likely within
the intestine itself. Although there are many mechanisms by which enteral feeds may have
their activity, we think it possible that 1 of them is by radically altering the luminal
environment to such an extent that it varies the signals from the intestinal epithelium to the
mucosal immune system.

Genes expressed in the intestinal epithelial cell can be divided into 2 groups. There are the
intrinsic proteins, which include those that are important for epithelial function, such as
brush border proteins, solute transporters, and brush border enzymes. Proteins necessary for
the function of any cell type such as histones, enzymes in the metabolic pathways, and
cytoskeletal proteins are also part of this group. The proteins in the second group act as
signals between the enterocyte and other cells of the intestine. These include surface
molecules such as major histocompatibility complex (MHC) class Il and secreted proteins
including chemokines or insulin-like growth factor (IGF)-binding proteins.

This latter group of signaling proteins enables the epithelial cell to orchestrate events in the
intestine. In our research group we have hypothesized that the expression of signaling
molecules by the epithelial cell is regulated by changes in the intestinal lumen. By this
means, the intestinal lumen acts through the epithelium to alter indirectly events in the
intestine, particularly those of the mucosal immune system. It is also possible that the
signaling molecules released have wider effects than on the local immune response.

J Nutr. Author manuscript; available in PMC 2015 September 03.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sanderson

Page 3

This article first presents evidence that altering the expression of signaling genes in the
enterocyte affects the mucosal immune system. Second, it describes how changes in the
intestinal lumen (influenced by diet) alter the expression of these genes. The effects of the
lumen on epithelial cell gene expression can, therefore, be considered as an afferent limb in
this process; the effect of the epithelial cell on the mucosal immune system is the efferent
limb.

The efferent limb

Evidence for the effect of epithelial cell gene expression on the mucosal immune system has
come from the ability to selectively alter the expression of genes in the intestinal epithelial
cell by transgenic techniques. We have used chemokine expression by the epithelium as a
model to show that the epithelium can orchestrate the mucosal immune system. The
chemokine IL-8, which in humans results in recruitment of neutrophils, was the first
identified chemotatic cytokine. However, IL-8 is not expressed in the mouse. To examine
the effects of chemokines on the mucosal immune system, a system was developed whereby
the chemokine macrophage inflammatory protein-2 (MIP-2), whose effects are very similar
to those of IL-8 in humans, was linked to a FABPI (fatty acid binding protein of the
intestine) promoter (4). The promoter is active only in the epithelial cells of the small
intestine and proximal colon. A construct was developed in which the FABPI promoter and
MIP-2 cDNA were linked to an intron and a polyadenylation site. This construct was
injected into mouse oocytes. The epithelium from the first generation of the founder was
shown to express MIP-2 mRNA. Analysis showed effects both on neutrophil and on
lymphocyte recruitment. The transgenic mice had increased myeloperoxidase activity in the
lamina propria of the small intestine and proximal colon (Fig. 1), where the FABPI promoter
is active. These findings are indicative of neutrophil infiltration, which was confirmed by
histology. In contrast, there was no increase in myeloperoxidase activity and neutrophil
recruitment in the distal colon, liver, and spleen, where the FABPI promoter is inactive.

These data show for the first time that the epithelial cell can, through the release of
chemokines, alter themucosal immune function of the intestine in vivo. Interestingly, this
effect of epithelial signaling is also seen in a background of inflammation. Wild-type mice
fed dextran sodium sulfate exhibited less neutrophil recruitment than MIP-2 transgenic mice
receiving the same agent (5).

Further analysis of the immune system in the MIP-2 transgenic mice demonstrated that the
small intestine had increased lymphocyte infiltration in addition to neutrophils. Lymphocyte
numbers in the lamina propria were significantly increased, and there was also a doubling of
the numbers of intraepithelial lymphocytes. The increase of intraepithelial lymphocytes was
caused by an increase in afp-lymphocytes and in y3-lymphocytes. Further examination of the
receptors on the surface of the intraepithelial lymphocytes showed that they expressed the
CXCR2, which is the receptor responsible for MIP-2 activity. Therefore, these experiments
show that altering the expression of only 1 chemokine in the epithelium has marked effects
on both lymphocyte and neutrophil function. However, changes in the intestinal lumen may
affect many chemokines as well as other cytokines that alter immune function. It is likely,
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therefore, that the changes in gene expression in the epithelium have far-reaching effects on
the rest of the mucosal immune system.

The afferent limb

In the preceding section we gave evidence that the epithelium can orchestrate the events of
the mucosal immune system. It is the purpose of this section to show that alterations in the
intestinal lumen can affect the expression of these genes. In our laboratory we examined 3
sets of genes in intestinal epithelium (6) and studied how luminal factors can alter their
expression. These included the MHC Class 1l complex, the IGF-binding protein complex,
and the chemokines IL-8 and monocyte chemotactic protein-1 (MCP-1).

The MHC complex is the structure by which antigen is presented to the T-cell receptor on T
lymphocytes. In the epithelial cell of the mouse, it is not expressed until after weaning. Our
earlier experiments showed that the timing of its expression was altered by the time of
weaning. Furthermore, weaning the mice onto an elemental diet prevented the expression of
MHC class Il and its associated genes (7), including the invariant chain (li chain) (except for
some very limited expression at very late time points). The class Il transactivator (CIITA) is
a nuclear protein whose expression is both necessary and sufficient for MHC class Il and li
chain expression (8). Later experiments demonstrated that weaning up-regulated CIITA
expression in mouse intestinal epithelium (9). This was the first demonstration that changes
in diet could regulate the nuclear proteins that control gene expression in the intestinal
epithelium. Interestingly, CIITA is present in 3 isotypes in mouse intestinal epithelium, and
experiments showed that weaning induced only 1 of them, CIITA 1V (Fig. 2). CHTA 1l
increased slowly independent of diet, and its expression correlated with the late weak
expression in elemental diet fed mice, mentioned earlier.

Bacterial fermentation in the intestine results in SCFA production. Butyrate levels therefore
reflect changes in bacterial populations, in metabolic activity of the bacterial assemblages,
and in the substrates available for bacterial metabolism. Butyrate levels vary greatly in
response to external changes. For example, new-born babies have very low butyrate levels in
either the small or large intestine. However, within 2 y butyrate levels rise to adult levels
(10). Interestingly, butyrate levels are much higher in bottle-fed babies than they are in
breast-fed babies during the first 6 mo of life (10).

Butyrate levels therefore reflect events in the intestinal lumen, and we hypothesized that
their concentrations may alter epithelial cell signaling. We therefore examined the effects of
butyrate on the expression of IL-8 and MCP-1 (11,12). Increasing the concentration of
sodium butyrate increased IL-8 secretion while it simultaneously decreased MCP-1
expression. These effects were seen in resting epithelial cell lines but were much more
marked in cells that had been stimulated with a proinflammatory agent such as LPS or IL-1f
(Fig. 3). We also examined the effect of butyrate on IGF binding protein expression (13,14).
Unlike the chemokines, IGF binding proteins (IGFBPs) do not require proinflammatory
stimulation for expression, but they are constitutively secreted. Their function is to modulate
the actions of IGFs, in addition to an inherent mild antiproliferative action on cells. Butyrate
reversibly up-regulates IGFBP-2 and down-regulates IGFBP-3 (Fig. 4). Distinct IGF
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binding proteins have different affinities and differentially alter the bioavailability of IGF-I
and IGF-11 (14).

It is known that sodium butyrate alters histone acetylation. The nucleosome consists of a
solenoid of histones wrapped around by an integral multiple of 2 turns of DNA (Fig. 5).
Butyrate increases histone acetylation, and this reduces the compactness of the histone. The
DNA cannot wrap around the large nucleosome in an integral number of turns. The
nucleosome can no longer be packaged into tight bundles. This exposes the DNA and makes
it more amenable to transcription factors. We hypothesized that butyrate altered the
expression of chemokines by this process. To test this hypothesis, we used a fungicide,
trichostatin A (TSA), which is 700 times more potent in inducing histone acetylation than
butyrate. If the effects of butyrate on chemokine secretion were mediated by increased
histone acetylation, we would expect them to be reproduced by the TSA. Experiments with
TSA showed that TSA increased IL-8 secretion (12) after IL-1. In addition, it increased
IGFBP-2 (14). Figure 6 shows that both TSA and butyrate increased the acetylation of
histone 4. Nonacetylated histones move rapidly through the gel and form a single band,
whereas acetylated histones form a ladder depending on the degree of acetylation. The
histone 4 has 4 lysine residues that are acetylated, and thus, acetylation of histones will
result in a ladder of 5 bands. This can be seen in the cells given butyrate or TSA. The effects
of butyrate on histone acetylation were reversible (11). After removal of butyrate, histone
acetylation returns to normal. Different-length SCFASs have differing effects on histone
acetylation. Butyrate is the most effective SCFA in inducing histone acetylation, whereas
longer and shorter carbon lengths have lesser effects. This effect on histone acetylation is
reflected by effects on the expression of IL-8 (11) and on IGFBP-2 (Fig. 7).

The effects on epithelial cell signaling genes correlate with those seen in other genes
regulated by butyrate (15,16), where it enhances gene expression through histone
acetylation. These experiments, however, do not exclude the possibility that additional
effects of sodium butyrate may occur through promoter systems. It is a challenge of future
work to examine the interaction between chromosomal regulation, as is seen in these
experiments, and promoter-based regulation with both butyrate and other luminal molecules.
In particular, down-regulation of gene expression is difficult to explain by changes in
histone acetylation. Loosening protein-DNA interactions would enable DNA to bind to
transcription factors and to the machinery of RNA polymerase activity. A possible
explanation of how butyrate may down-regulate gene transcription is if it were to induce a
repressor, to inhibit gene expression indirectly. However, experiments using cycloheximide
to inhibit translation did not alter butyrate’s ability to down-regulate signaling genes,
including human IGF binding protein-3 (17). If butyrate were to alter the expression of a
repressor though new transcription, interruption of translation of the resulting mRNA would
be expected to remove the inhibitor effect of the butyrate. Furthermore butyrate did not
change mRNA stability, excluding another possible mechanism. Thus, it must directly act on
the target gene itself. One possibility is that it alters the acetylation state of a transcription
factor that is already fully synthesized. Certain transcription factors are now known to be
capable of acetylation. They include p300 and SP3 (18). It is possible, therefore, that
butyrate may down-regulate by also inhibiting deacetylases that act specifically on
acetylated transcription factors. Data in our laboratory have shown that butyrate alters the
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binding of SP3 to DNA and that this is related to SP3 acetylation. Thus, we proposed a
model (17) of butyrate action on down-regulation of genes that contain an SP3 site in their
promoters. Although we have concentrated on acetylation in this article, there are likely to
be other important epigenetic pathways. For example, Waterland (19) has examined the
effect of diet on gene methylation in GI development, and such pathways may be relevant in
immune signaling.

Myofibroblast interaction

Literature

The signaling mechanisms described in the article thus far have assumed that proteins
expressed by the enterocyte interact unchanged with the cells of the immune system of the
intestine. However, this is not the case. In vitro experiments coincubating myofibroblasts
with Caco-2 cells greatly enhanced the chemotactic properties of the cultured supernatant.
Analysis of this effect was based on the expression of matrix metalloproteinases (MMPs) by
the myofibroblasts that acted on an inactive chemokine precurser. Only after this molecule
had been cleaved into the active chemokine NAP-2 (20) was full activity observed (Fig. 8).

These observations are relevant to the action of butyrate in the intestine. Not only does it
alter chemokine expression in the intestine, as described earlier; it also regulates MMP
expression by intestinal myofibroblasts (21). Here again, the action of butyrate is to increase
certain MMPs and to down-regulate others. We also showed that the butyrate alters histone
acetylation in a manner similar to that seen in epithelial cells. The question remains,
however, to what extent does butyrate enter the stromal cells beneath the epithelium. The
tissue concentrations of butyrate are likely to be very low in healthy intestine; but where the
epithelium is breached in inflammatory conditions such as ulcerative colitis, Crohn’s
disease, or necrotising enterocolitis, its effects could be substantial.

Itis likely that inulin and oligofructose significantly alter the luminal environment. Our
experiments examine the hypothesis that changes in the intestinal lumen can alter the
expression of molecules in the enterocyte that direct the mucosal immune system. The
intestinal epithelium acts as a relay for transducing the information of the intestinal
environment to the mucosal immune system. Such a relay is also seen in surface receptors
that signal the presence of microbial-associated molecular patterns through the epithelium
(22). This mechanism has advantages over other forms of immune surveillance in the gut
that require the breach of the mucosal barrier. Such breaches can be manipulated by
invading organisms to enter the body. The classic example of this is the polio virus, which
enters the intestine through the M cell to the immune system of Peyer’s patch, which is
designed as a sampling system of the mucosal environment.
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FIGURE 1.
Neutrophil recruitment is increased in expressing MIP-2 in the intestinal epithelium. These

effects were blocked with a MIP-2 antibody. Data are means = SD of 8 animals for each
group. **P < 0.01. Reproduced from (4) with permission from the BMJ publishing group.

J Nutr. Author manuscript; available in PMC 2015 September 03.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sanderson

Relative Units of mRNA

70 -
60 -
50 -
40 -
30 -

20 1

10

Type IV CIITA
1
s
] e SRS e &
Day 24 31 24 31
Elemental Chow
FIGURE 2.

50 ;

40

30 1
20 ;

10 1

Type Il CIITA

Page 10

NN EFS |

Day 24 31

Elemental

24

CIHTA IV mRNA increases in the intestinal epithelium by d 31 in weanling mice being fed a
complex diet, but CIITA 111 does not. The figure shows mRNA extracted at 2 experimental
time points (d 24 and d 31). Bars represent units of mRNA as a proportion of the mRNA
measured on d 24 in mice weaned to an elemental diet (mean and standard deviation).
CIHITA IV mRNA increased postweaning onto normal complex (semipurified diet) diet (P <

0.02, n = 3). Results are representative of 3 separate experiments. Reproduced from

Sanderson et al. (9) with permission from the American Gastroenterological Association,

Copyright 2004.
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FIGURE 3.
Effect of IL-1p and butyrate on IL-8 and MCP-1 secretion by Caco-2 cells. IL-1{ alone

stimulated the secretion of both IL-8 and MCP-1. Butyrate differentially regulates the
pattern of chemokine secretion in IL-1B-stimulated cells. IL-8 secretion was increased (P <
0.0001), whereas MCP-1 secretion was decreased (P < 0.0001). Bars represent standard
deviations of 3 different wells for each point. The data are representative of 5 experiments.
Reproduced from Fusunyan et al. (11) with permission.
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FIGURE 4.
Effect of butyrate on IGFBP secretion in Caco-2 cells. The effect of butyrate on secretion of

IGFBPs from Caco-2 cells is reversible. On d 3, conditioned media were collected, and 5
mM butyrate was added to each culture for 24 h. On d 4, conditioned media were collected,
each culture well was washed to remove butyrate, and new medium without butyrate was
added to culture. Results are means + SE of triplicate wells and are representative of 3
experiments. Reproduced from Nishimura et al. (14) with permission from the American
Physiological Society.
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FIGURE 5.
Relation between nucleosomes and DNA. (A) DNA is wrapped 2 full turns around

nucleosomes made up of unacetylated histones. (B) With butyrate-induced acetylation, the
nucleosome expands, reducing the number of turns of DNA around the nucleosome to 1.8,
with less linker DNA connecting each nucleosome. The result of this is that DNA cannot
pass linearly from nucleosome to nucleosome but turns at an angle after every nucleosome,
leading to disruption of nucleosome packaging. Reprinted from Sanderson and Naik (6),
with permission, from the Annual Review of Nutrition, Volume 20, ©2000 by Annual
Reviews, www.annualreviews.org.
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FIGURE 6.
Effect of butyrate and trichostatin-A in the induction of histone acetylation in Caco-2 cells.

Both butyrate and trichostatin A increased the acetylation of histones. Trichostatin-A, a
specific histone deacetylase inhibitor, acted in a manner similar to that of butyrate when
given at concentrations that produced a comparable change in histone acetylation.
Reproduced from Nishimura et al. (14) with permission from the American Physiological
Society.
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0.1pM Trichostatin A
1UM Trichostatin A
10uM Trichostatin A

Control
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FIGURE 7.

SCFA of different chain lengths (C2-C6) alter IGFBP-2 production according to their
effects on histone acetylation. Here 2.5 mmol/L each of acetate (C2), propionate (C3),
butyrate (C4), valerate (C5), and hexanoate (C6) were added to Caco-2 cells for 24 h.
Acetate and hexanoate had little effect on acetylation and on chemokine expression (P not
significant). Valerate and propionate altered both chemokine secretion (P < 0.01) and
histone acetylation, but the effects were less than those of butyrate. Bars represent standard
deviations of 3 different wells for each point. The data are representative of 3 experiments.

J Nutr. Author manuscript; available in PMC 2015 September 03.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sanderson

Page 16

Reproduced from Nishimura et al. (14) with permission from the American Physiological
Society.
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FIGURE 8.
Model of MMP-mediated epithelial immune activation through platelet basic protein (PBP)

and NAP-2 (CXCLY7). Intestinal epithelial cells under proinflammatory conditions
synthesize and secrete PBP, which in itself has no chemotactic activity. However, when
MMPs are released by activated subepithelial myofibroblasts, epithelial PBP is processed
into chemotactically active CXCL7, resulting in the recruitment of neutrophils to the site of
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inflammation. Reproduced from Kruidenier et al. (20) with permission from the American
Gastroenterological Association, Copyright 2006.
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