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The intestinal epithelium maintains a state of controlled inflammation despite continuous contact with Gram-negative

commensal bacteria and lipopolysaccharide (LPS) on its luminal surface. Recognition of LPS by the Toll-like receptor

(TLR) 4/MD-2 complex results in pro-inflammatory gene expression and cytokine secretion in intestinal epithelial

cells (IECs). We have shown that IECs express low levels of MD-2 and TLR4 and are poorly responsive to LPS. In this

study, we did a comprehensive analysis to understand the immune-mediated and epigenetic mechanisms by which

IECs down-regulate MD-2 expression. Expression of MD-2 and TLR4 mRNA was examined in human inflammatory

bowel disease and intestinal epithelial cell lines (T84, HT-29, Caco-2). Nuclear factor-kB transcriptional activation

was used as a measure of LPS responsiveness. Intestinal epithelial cells in patients with inflammatory bowel disease

exhibited increased expression of MD-2 and TLR4 mRNA. Lipopolysaccharide responsiveness in IECs was polarized

to the basolateral membrane. Bisulfite sequencing of the MD-2 promoter demonstrated methylation of CpG

dinucleotides. Inhibition of methylation by 5-azacytidine and histone de-actylation by trichostatin A, two forms of

epigenetic silencing, resulted in increased mRNA expression of MD-2 in IECs. These results demonstrate various

molecular mechanisms by which IECs down-regulate MD-2 and, thereby, protect against dysregulated inflammation

to commensal bacteria in the intestinal lumen.
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INTRODUCTION

The intestinal epithelium serves as a protective barrier

contiguous with a myriad of bacteria and bacterial

products along its apical surface and the mucosal

immune system along its basolateral surface.1,2 However,

the epithelium is not an inert barrier as intestinal

epithelial cells (IECs) are active participants in the

innate immune response to bacterial pathogens, capable

of pro-inflammatory gene expression, cytokine secre-

tion, and recruitment of inflammatory cells to the site of

epithelial injury.3–5 Despite the high concentration of

diverse luminal bacteria continuously in contact with the

epithelium, IECs tightly regulate their response to

commensal bacteria, maintaining a controlled state of

inflammation. Thus, the intestinal epithelium is intricately

involved in a fine balance co-existing with commensal

bacteria and defending against invading pathogens.
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In contrast, human idiopathic inflammatory bowel

disease, i.e. ulcerative colitis and Crohn’s disease,

is characterized by chronic intestinal inflammation

in the absence of a specific pathogen. Animal and

human models of inflammatory bowel disease have

demonstrated the requirement of non-pathogenic, com-

mensal bacteria and T-helper(Th)1 and Th17 cytokines

for the initiation of chronic inflammation.6–9

Furthermore, chronic intestinal inflammation is a risk

factor for malignancies of the small and large intestine

and a clear link has been shown between inflammatory

bowel disease and colorectal cancer.10–12 Studies invol-

ving animal models of colitis have implicated intestinal

bacteria as a requisite for colitis-associated cancer.13,14

These findings suggest that human inflammatory bowel

disease and possibly colitis-associated cancer may result

from dysregulated inflammation in response to the

normal intestinal flora due to aberrant host–microbial

interactions. A better understanding of the interplay

between bacteria and the intestinal epithelium may lead

to improved strategies for maintaining normal host-

microbial interactions in patients with inflammatory

bowel disease.

In recent years, many studies have evaluated the

mechanisms involved in IEC resistance to chronic

inflammation in the presence of Gram-positive

and Gram-negative bacteria that constitute the normal

intestinal flora. Specifically, we have focused our

efforts on the role of Toll-like receptor 4 (TLR4)

signaling in the intestine to understand better the

relationship between IECs and bacteria during inflam-

matory states. Others have shown that patients with

inflammatory bowel disease have increased expression

of TLR4 and we have found that increased TLR4

expression is required for epithelial proliferation

after injury and for the development of colitis-associated

cancer.15–18 In regards to TLR4 signaling, we

have shown that IECs are poorly responsive to lipopo-

lysaccharide (LPS), an immunostimulatory compo-

nent of the Gram-negative bacterial cell wall.19,20

Lipopolysaccharide is a pro-inflammatory, pathogen-

associated, molecular pattern responsible for systemic

effects resulting in septic shock.21 Recognition of

LPS begins with its transfer to CD14 via the opsonin

LPS-binding protein.22,23 The LPS/CD14 interaction

stimulates the pattern recognition receptor TLR4, the

sole sensor for LPS, via MD-2-mediated recognition

of LPS and activation of TLR4.24,25 MD-2, an essential

co-receptor, binds to the extracellular domain of

TLR4 resulting in NF-kB activation and induction

of IRF-3 resulting in secretion of pro-inflammatory

cytokines.26–31

We have previously demonstrated using three intes-

tinal epithelial cell lines that IECs respond poorly to

purified, protein-free LPS as measured by NF-kB

activation and IL-8 secretion and express low levels of

TLR4 and MD-2.19,20 In addition, we have described

that expression of both TLR4 and MD-2 in IECs

reconstitutes LPS responsiveness whereas expression

of either gene individually is not sufficient to induce LPS

responsiveness.19 Finally, we and others have shown that

MD-2 expression is induced by Th1 cytokines, specif-

ically interferon (IFN)-g-mediated MD-2 promoter

induction, via a STAT-dependent mechanism.20,32

Previous studies have attempted to elucidate the

mechanisms by which IECs regulate LPS-mediated

TLR4 activation, yet relatively little is known about

the molecular mechanisms involved in intestinal epithe-

lial cell regulation of MD-2. A number of studies have

described the importance of MD-2 in LPS-mediated

activation of TLR4. MD-2 knockout mice are phenoty-

pically similar to TLR4 knockout mice exhibiting

decreased responsiveness to LPS.33 The extracellular

domain of TLR4 is unable to bind LPS without MD-2,

which directly interacts with LPS and serves as the

ligand binding component of the TLR4/MD-2 com-

plex.34–40 In addition, TLR4 surface expression and LPS

recognition are mediated by MD-2.33

Lipopolysaccharide signaling requires ligand-induced

TLR4 oligomerization on the surface of cells. This

clustering of TLR4 on the cell surface is regulated by

MD-2 expression.41 Recently, Park et al.42 have deter-

mined the crystal structure of the TLR4–MD-2–LPS

complex and demonstrated that LPS binding to MD-2

induces a multimer composed of two copies of the

TLR4–MD-2–LPS complex. These findings depict the

crucial role MD-2 plays in TLR4 signaling and LPS

responsiveness and suggests that MD-2 is an integral

molecule in the inflammatory response to Gram-nega-

tive bacteria.

Taken together, these findings highlight the impor-

tance of MD-2 signaling in LPS responsiveness

and demonstrate that both TLR4 and MD-2 are

required by intestinal epithelial cells to activate pro-

inflammatory cytokines in response to Gram-negative

bacteria. Thus, down-regulation of one or both of the

components of the LPS signaling TLR4/MD-2 complex

in IECs may serve as a mechanism by which the

intestinal epithelium maintains a state of controlled

inflammation towards commensal Gram-negative bac-

teria and their products. Therefore, a careful analysis of

MD-2 regulation in IECs is warranted; in this study, we

have taken a comprehensive approach to examining

various ways in which MD-2 itself is regulated in IECs.

Our findings may lead to novel approaches to manipu-

late host–microbial interactions in patients with inflam-

matory bowel disease.
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MATERIALS AND METHODS

Cells and reagents

Intestinal epithelial cell lines Caco-2, HT-29, and T84

were obtained from ATCC (Rockville, MD, USA).

Subconfluent monolayers of these cell lines were kept

in a humidified incubator at 37�C with 5% CO2. T84

cells were cultured on 12-mM Transwell polycarbonate

membranes (Costar 3401) and maintained in DMEM/F-

12 (Invitrogen) with 5% Pen/Strep, 5% L-glutamine,

supplemented with 5% fetal bovine serum (FBS) as

previously described.43 T84 cells were used between

passages 16 and 35.44 Caco-2 cells were maintained in

minimum essential medium (Invitrogen) supplemented

with 10% FBS, 2 mM L-glutamine, 0.1 mM non-essential

amino acids, 1 mM sodium pyruvate, and 5% Pen/Strep.

HT-29 cells were maintained in McCoy’s 5A medium

supplemented with 10% FBS and 5% Pen/Strep.

Immortalized human dermal endothelial cells

(HMECs)45 were cultured in MCDB-131 medium

supplemented with 10% FBS, 2 mM glutamine, and

100 mg/mL penicillin and streptomycin in 24-well plates,

and used between passages 10 and 14, as described

previously.45–47 Highly purified, phenol-water-extracted

Escherichia coli K235 LPS (50.008% protein), which

was prepared according to the method of McIntire

et al.48 was obtained from Stefanie N. Vogel (Uniformed

Services University of the Health Sciences, Bethesda,

MD, USA).49,50 The purity of this LPS preparation

has been previously demonstrated.48,51,52 5-Azacytidine

and trichostatin A (TSA) were purchased from

Sigma Chemical Company (St Louis, MO, USA). Cells

were treated with one of the following regimens:

5-azacytidine (0, 2, 10, 20 mM) daily for 4 d, trichostatin

A 100 or 500 ng/mL for 24 h, or the vehicle control. Cells

were then harvested for RNA. GAPDH was used as an

internal control.

QRT-PCR analysis

Total RNA was isolated from T84, Caco-2, HT-29, and

HMECs with a Qiagen kit following the manufacturer’s

instruction and treated with RNase-free DNase I.

The MMLV Preamplification system (Life

Technologies) was used for the reverse transcription

reaction. Polymerase chain reaction amplification was

performed with Taq polymerase (Perkin-Elmer) for 38

cycles at 95�C for 45 s, 54�C for 45 s, and 72�C for 1 min

(for TLR2 and TLR4) as described earlier,47 and for 38

cycles at 94�C for 45 s, 55�C for 45 s, and 72�C for 45 s

(for MD-2). The TLR4 oligonucleotide primers used for

RT-PCR were described earlier.47 The oligonucleotide

primers for MD-2 were as follows: forward,

GAAGCTCAGAAGCAGTATTGGGTC; reverse,

GGTTGGTGTAGGATGACAAACTCC. GAPDH pri-

mers were obtained from Clontech and used as

per manufacturer’s instructions. ImageJ v.1.41 software

was used as a densitometer to quantify intensity of

PCR products.

MD-2 promoter studies

The MD-2 gene is located on the minus strand

of chromosome 8. GenBank was searched for human

MD-2 and yielded two accession numbers which

were used to create primers to amplify a 1013-bp

sequence (�1 kb) upstream of the ATG start site as

previously described:20 primer 1, GCTTTACAAATG-

CAAAGAGGATCAG (same primer for �1 kb and

deletion mutants), �1 kb¼ primer 2 reverse,

CATGGCCTGTTAGGAATCTGGT; �728 deletion

mutant¼GTTGAGCACACACACAC. T84 cells were

transfected with�1 kB-MD-2 pGL3 or deletion mutants.

After transfection (24 h), T84 cells were stimulated with

IFN-g 40 ng/mL for 5 h and lysed for luciferase

measurements.

Transient gene expression assays

T84 cells were plated at a density of 150,000 cells/well

in 12-well transwell plates 24 h before transfection. Cells

were transfected the following day with Fugene 6

transfection reagent (Roche Biomedical Laboratories,

Burlington, NC, USA) as per manufacturer’s instruc-

tions and as described earlier.46,47 The reporter gene

ELAM-NF-kB-luciferase (0.4mg), pCDNA3 empty

vector (0.3–0.6 mg), Flag-tagged wild-type human

TLR4 (0.3 mg) or human MD-2 cDNA (0.3 mg) con-

structs were co-transfected as indicated in the figure

caption. After 16 h transfection, cells were stimulated for

5 h with LPS (50 ng/mL) to the apical or basolateral well.

Cells were then lysed in 200 mL of reporter lysis buffer

(Promega, Madison, WI, USA), and luciferase activity

was measured with a Promega firefly luciferase kit on a

Wallac 1450 Microbeta liquid scintillation counter

(PerkinElmer, Foster City, CA, USA). Transfection

efficiency was determined by assaying for b-galactosi-

dase activity and data are normalized with b-galactosi-

dase activity using a colorimetric method (Promega) as

previously described.46 Data shown are mean � SD of

three or more independent experiments, and are reported

as fold-induction in relative luciferase activity over cells

transfected with a control vector.
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Bisulfite-treated genomic DNA sequencing

Genomic DNA was isolated from cell lines and human

biopsied specimens. Genomic DNA (10 mg) was chem-

ically modified by sodium bisulfite treatment using the

EZ DNA Methylation kit (Zymo Research, Orange, CA,

USA, USA) converting unmethylated cytosines to

uracils while methylated cytosines remained unchanged.

Following bisulfite treatment, the treated DNA was

amplified via PCR using the following primer

sequences: forward, GGAGGTTAACAGCAGGT-

GAGCGAGCATTAC; reverse, GTAGTG-

CATGCCTGTAATCCCAGCTATTC carried out at an

annealing temperature of 62�C. The resulting DNA

products were cloned using the TOPO TA Cloning Kit

(Invitrogen). The cloned PCR products were then

sequenced using an automated sequencer (Applied

Biosystems, Foster City, CA, USA).

Laser capture microscopy

Frozen sections derived from human intestinal resections

were obtained under the auspices of Cedars-Sinai

Medical Center IRB 1465. The tissue used for this

study included uninvolved areas of intestine from

patients with inflammatory bowel disease or colon

cancer. Slides were gently fixed in 100% ethanol

followed by a light hematoxylin and eosin staining. An

Arcturus laser capture microscope was used to micro-

dissect the tissue. Briefly, intestinal epithelial cells were

identified based on appearance and location, microdis-

sected, and captured on a microcentrifuge cap. The

lamina propria (LP) was separately microdissected and

captured from each intestinal specimen. Photo docu-

mentation was obtained before and after dissection.

Total RNA was made by incubating cells at �80�C

overnight in lysis buffer containing 50 mM Tris-HCl, pH

8.0, 100 mM NaCl, 5 mM MgCl2, 0.5% Triton X-100,

1 mM dithiothreitol, and 1000 units/mL RNase inhibitor.

After lysis and centrifugation, total RNA was followed

directly by reverse transcription using random hexamers

and Superscript II (Invitrogen). The cDNA generated

was amplified as described above.

Statistical analysis

Student’s t-tests, SD, and SE were performed using the

statistics package within Microsoft Excel. Data were

analyzed using Kruskal-Wallis one-way analysis of

variance followed by Mann–Whitney U multiple com-

parison test. P-values were considered statistically sig-

nificant when50.05. Statistically significant differences

are denoted as *P50.05.

RESULTS

Intestinal epithelial cells in human inflammatory bowel

disease express increased levels of MD-2 and TLR4

We have previously demonstrated that MD-2 expression

is low in both normal human colonic epithelial cells and

intestinal epithelial cell lines and others have shown that

IECs from normal human intestinal biopsies express low

levels of TLR4.15,19,20 Previous reports describe

increased expression of TLR4 in inflammatory bowel

disease patients but differ in regards to which cells

exhibit increased TLR4 expression, namely IECs versus

lamina propria cells.15,16 We hypothesized that expres-

sion of MD-2 is normally down-regulated in IECs and

increases in response to inflammation in patients with

inflammatory bowel disease. We examined MD-2 and

TLR4 mRNA expression in both IECs and lamina

propria cells from the small intestine and colon in

patients with inflammatory bowel disease and controls.

We utilized laser capture microscopy to microdissect

intestinal epithelial cells and lamina propria cells from

intestinal tissue from patients undergoing surgical

resections for cancer, diverticulitis, or inflammatory

bowel disease. Using quantitative real-time PCR to

examine MD-2 and TLR4 mRNA expression, we found

significantly increased levels of MD-2 and TLR4 in both

intestinal epithelial cells and lamina propria cells from

patients with active ulcerative colitis or Crohn’s disease

(Fig. 1). By contrast, samples from normal colon or

patients with diverticulitis did not demonstrate an

increase in TLR4 or MD-2 expression. These data

support the hypothesis that IECs normally down-

regulate TLR4 and MD-2 expression but that levels are

increased in individuals with inflammatory bowel

disease. In addition, these findings demonstrate that

both IECs and lamina propria cells have increased TLR4

mRNA expression in inflammatory bowel disease and

suggest that differences in the underlying inflammatory

response between inflammatory bowel disease and other

forms of inflammation may result in the differential

expression of TLR4 and MD-2.

Interferon-g is one of the critical cytokines up-

regulated in the inflamed mucosa of inflammatory

bowel disease patients and clinical trials have shown

that blocking IFN-g is an effective therapeutic strat-

egy.53 We have previously identified that the transcrip-

tional regulation element of the human MD-2 gene is

located within the first kilobase upstream (�1 kb) of the

start codon and that this region is responsive to IFN-g.20

Based on our previous data, we have developed deletion

mutants of the MD-2 promoter and tested the ability of

these mutants to direct luciferase expression in response

to IFN-g. Our data demonstrate that loss of the�1000 bp

and �700 bp region of the promoter resulted in absence
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of IFN-g inducibility of the MD-2 promoter (Fig. 2).

Basal promoter activity, however, was not lost. These

data suggest that the region between �700 bp and

�1000 bp of the MD-2 promoter contains the binding

sites for IFN-g inducible factors and offers an explana-

tion for the observed increased expression in inflamma-

tory bowel disease.

Lipopolysaccharide responsiveness is polarized to the

basolateral membrane in intestinal epithelial cells

We have shown that intestinal epithelial cells are poorly

responsive to LPS but that transgenic expression of

TLR4 and MD-2 restores LPS-responsiveness.19

Another way in which TLR signaling may be regulated

in the intestine is through distinct polarization. We

hypothesized that recognition of LPS by intestinal

epithelial cells is polarized to the basolateral membrane,

a surface not normally exposed to bacteria. To test this

hypothesis, T84 cells were transfected with an NF-kB

reporter gene, ELAM-NF-kB luciferase, and co-trans-

fected with TLR4, MD-2, or both. T84 cells grown in

transwells form a polarized monolayer. Cells were then

exposed to either apical or basolateral LPS. Experiments

were performed when trans-epithelial resistance (TER)

was42000 X/cm2 such that the monolayer was imper-

meable to LPS. Our data demonstrate that expression of

TLR4 and MD-2 restores LPS responsiveness and this

responsiveness is localized to the basolateral membrane

(Fig. 3). These data suggest that expression of TLR4,

MD-2 or both is polarized to the basolateral membrane

in IECs. Thus, in addition to the level of TLR4 and MD-

2 protein expression, the location of protein expression

in intestinal epithelial cells may control its function.

Methylation of CpG dinucleotides occurs within the MD-

2 promoter and its first exon in intestinal epithelial cells

Normal colonic epithelial cells and intestinal epithelial

cell lines express low levels of MD-2 mRNA.
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Fig. 1. MD-2 and TLR4 mRNA expression are increased in human inflammatory bowel disease. Quantitative expression of MD-2 and TLR4 by human

colonic epithelial cells. Colonic epithelial cells and lamina propria cells were isolated from sections of small bowel or colon as indicated. In each case,

lamina propria and epithelial cell samples were matched. Expression of MD-2 and TLR4 mRNA were analyzed by real-time PCR using TaqMan probes.

b-Actin was used as an internal control for all reactions. THP-1 cDNA was used as a positive control for an LPS-responsive cell line (not shown). Each

reaction was performed in triplicate. Top panel demonstrates results for MD-2 and bottom panel for TLR4. MD-2 mRNA expression was significantly

higher in inflammatory bowel disease versus other tissues in both the epithelial cells (p¼ 0.02) and lamina propria cells (p¼ 0.02).
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Methylation of cytosine residues that are followed

by guanosines, CpG dinucleotides, in promoter

elements is a well documented epigenetic mechanism

by which eukaryotic cells silence transcription

and regulate gene expression.54,55 We hypothesized

that methylation of the MD-2 gene may be responsible

for its decreased expression in the intestinal epithelium.

To test this hypothesis, we examined methylation of

the MD-2 gene directly using bisulfite labeling

of genomic DNA isolated from intestinal epithelial

cells. In bisulfite labeling, unmethylated cytosines are

changed to uracils whereas methylated cytosines are

unchanged.

We examined cytosine methylation within the

first kilobase upstream (�1 kb) of the start codon and

within the first exon of the MD-2 gene (Fig. 4A).

This region is most likely to contain methylated

cytosines resulting in transcriptional repression.54,55

Figure 4B demonstrates the sequence obtained after

amplification and cloning of untreated and bisulfite-

treated genomic DNA from T84 cells. Similar results

were found with Caco-2 cells. None of the cytosines

located in CpG dinucleotides were changed to thymidine

consistent with gene methylation of these CpG dinucleo-

tides. Whereas other cytosines not followed by guano-

sines were changed to thymidine. These data

demonstrate that CpG dinucleotides within the MD-2

promoter are methylated.

Inhibition of methylation and histone de-acetylation

increases expression of MD-2 in intestinal epithelial

cells

Given that the MD-2 promoter is methylated in intestinal

epithelial cell lines, we hypothesized that additional

epigenetic mechanisms may be involved in down-

regulating MD-2 gene expression. Histone acetylation

facilitates engagement of the transcription machin-

ery.56,57 In contrast, histone deacetylases remove

acetyl groups from histone resulting in chromatin con-

densation and inhibition of RNA transcription.58 We

hypothesized that changes in the methylation or histone

acetylation states of the MD-2 gene will result in

changes in the level of MD-2 mRNA expression. To

test this hypothesis, we measured MD-2 mRNA expres-

sion via RT-PCR in intestinal epithelial and endothelial

cell lines after inhibition of methylation or histone de-

acetylation. 5-Azacytidine, a specific inhibitor of

de novo gene methylation, increased expression of

MD-2 mRNA in T84 and HT-29 cells (Fig. 5A). No

increase in GAPDH, a house-keeper gene, was found

with addition of 5-azacytidine, supporting the specificity

of its effect on methylated genes. Trichostatin A, an

inhibitor of histone deacetylases, increased expression of

MD-2 mRNA but not TLR4 nor GAPDH (Fig. 5B). In

addition, trichostatin A had no effect on MD-2 or TLR4

mRNA expression in endothelial cells which express

high endogenous levels of TLR4 and MD-2.
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mL) was added to the apical or basolateral well as indicated. Cells were

exposed to LPS for 5 h and lysed for luciferase activity. The data are

expressed as fold-induction of relative light units when compared with

transfection of the vector control. Only basolateral addition of LPS in

cells expressing both TLR4 and MD-2 resulted in NF-kB activation.

These data are one representative experiment of three independent

experiments performed in triplicate and error bars indicate SD.
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�728 to �1 kb region. This graph is of one experiment representative of

three with similar findings and was performed in triplicate. Error bars

indicate SD.
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To determine whether inhibition of methylation in

combination with histone de-acetylation additively sup-

press MD-2 gene expression in intestinal epithelial cells,

we examined the effect of combined trichostatin A and

5-azacytidine on MD-2 mRNA expression. Treatment

of T84 cells with 5-azacytidine increased MD-2 mRNA

expression. In combination with trichostatin A,

5-azacytidine resulted in increased MD-2 mRNA

expression that was approximately 3-fold compared

with trichostatin A treatment alone (Fig. 5C). These

data demonstrate that methylation and histone

deacetylation play a role in the tonic inhibition of MD-

2 gene expression by intestinal epithelial cells and that

their combined effect is synergistic.

DISCUSSION

Our findings provide new insight into how intestinal

epithelial cells regulate the dual responsibilities of

maintaining a state of controlled inflammation in

response to commensal bacteria yet are ready to secrete

pro-inflammatory cytokines and recruit inflammatory

cells to areas of pathogen invasion and intestinal injury.

Elucidating the mechanisms of TLR4 and MD-2 regu-

lation in intestinal epithelial cells may aid in under-

standing the intricate relationship between bacteria, the

intestinal epithelium, and the innate and adaptive

immune systems. As others have shown that patients

with inflammatory bowel disease have increased expres-

sion of TLR4 and we have previously found that

increased TLR4 expression is required for epithelial

proliferation after injury and for the development of

colitis-associated cancer, our results provide a better

understanding of the role of IECs in the pathogenesis of

inflammatory bowel disease and the progression to

colitis associated cancer.15–18 In this study, we demon-

strate that TLR4 and MD-2 expression are increased in

both IECs and lamina propria cells in patients with

human inflammatory bowel disease and we present

immune-mediated and epigenetic mechanisms by which

IECs down-regulate MD-2 expression.

CGAATTGAATTTAGCGGCCGCGAATTCGCCCTTGGAGGNTAACAGCAGGTGAGCGAGCATTACCACCTGAGCTNCAGCTCCTGTCAGACC 

CGAATTGAATTTAGCGGCCGCGAATTCGCCCTTGGAGGTTAACAGCAGGTGAGCGAGCATTACCACCTGAGCTCCAGCTCCTGTCAGACC 
 

AGCAGCAGNATTAGATTCCCATGGGAGCAGGAACCTTGTTATGAAGTNTACAAGCGAGGGATCTAGGNTGCGTGCTCCCTATAANAATCT 

AGCAGCAGCATTAGATTCCCATGGGAGCAGGAACCTTGTTATGAAGTATACAAGCGAGGGATCTAGGTTGCGTGCTCCCTATAAGAATCT 
 

AATGCCTGATGTTCTGAGGTGGAACAGTTTCACCCTGAAACCATCCCTCCCCATCCCCTCAGTCCGTGGAAAAATTGGCTTCCATGAAAC 

AATGCCTGATGTTCTGAGGTGGAACAGTTTCACCCTGAAACCATCCCTCCCCATCCCCTCAGTCCGTGGAAAAATTGTCTTCCATGAAAC 
 

TGATCCCTGAGGCCNAAAATGTTGGGGACTGCTGNTATACANAGCTGTAGGAGAGAAGAATAATGNANAGGGAANAGGAGTGCCTGTCTN 

TGATCCCTGAGGCCAAAAATGTTGGGGACTGCTGTTATACAGAGCTGTAGGAGAGAAGAATAATGCAGAGGGAAAAGGAGTGCCTGTCTG 
 

TGTGAGACTTTTATGGGGACCTANNGGACTGGTTTTGNTACAATTNGACTGGGAATTGACTTGTTTNNN C TANTATNNTTTNNATTT 

T.TGAGACTTTCAGGGGGACCTAG.GGACTGGTTTTGTTACAGTT.GACTGGGAATTGTCTTGNTTATT T TATTTTATTTTTCATTT 
 

AAAAAATTTTTTTTTGANATNGNGTTTTGNTTTTGTTGGCCNNGGCTTGGAGAAACAA C NGGGGGCNCATTCTNTGGGCTNTANTGGN 

AAAAAATTTTTTT..GAAATGGAGTTTTG.CTCTGTTGCCCAN.GCTGGGAGAAGCAA T NGGTGCC.CAT.CTTTGG.CT.TACTGC. 
 

AAACCTATNCCCNNNCCANGATANNANGANGACAGGNTCNCCTGGNCCTCAAANCTGC C TGAAATTTTCTTGGNGANTTTCCATGGGC 

.AACCTCT.GCCTT.CCA.GAATAAAAG.TGAAAGCTTC..CTG..CCTTAANCCTTC T TGGAATAG.CTGGGG.A.TTACCA.GGGC 
 

NTTNCCATCTTANAANAGGGGGGCGNAATNTG 

ATTGC.A.CTTACAA.AGGGCGGAATTTCGGT 
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Fig. 4. Methylation of human MD-2 promoter site. (A) Location of CpG dinucleotides in MD-2 gene promoter and first exon and PCR strategy. The

diagram indicates the sites of CpG within the MD-2 promoter and first exon. Also shown is the location of the sense and anti-sense primers used to

amplify genomic DNA from intestinal epithelial cells. (B) Bisulfite sequence of MD-2 promoter in T84 cells. Upper sequence is untreated genomic DNA

and lower sequence is bisulfite treated. CpG dinucleotides are underlined and highlighted. Cytosines which are not methylated are converted to

thymidine and are highlighted. Similar results were obtained for Caco-2 and using exonic primers.
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Inflammatory bowel disease is characterized by acute

and chronic inflammation in the absence of a recognized

pathogen due to aberrant host–microbial interactions

resulting in Th1/Th17 cytokine production and inflam-

mation to non-pathogenic, commensal bacteria.6–8 We

have previously demonstrated that MD-2 expression is

low in both normal human colonic epithelial cells and

intestinal epithelial cell lines.19,20 Others have shown

that IECs from normal human intestinal biopsies express

low levels of TLR4 and that the continuous presence of

bacterial components results in a state of IECs hypor-

esponiveness and decreased TLR4 surface expres-

sion.15,59 If the normal intestinal epithelium remains

immunologically silent to commensal flora and

expresses low levels of MD-2 and TLR4, it is plausible

that, in inflammatory bowel disease, expression of MD-2

and TLR4 is increased resulting in a heightened state of

bacterial recognition. We demonstrate that compared to

normal intestinal epithelium, MD-2 and TLR4 mRNA

expression is significantly increased in IECs from small

intestine and colon in patients with Crohn’s disease or

ulcerative colitis. In addition, we found that both IECs

and lamina propria cells in patients with inflammatory

bowel disease express increased levels of TLR4. This

finding accounts for the discrepancies between previous

reports as to which cells are responsible for the increased

TLR4 expression observed in inflammatory bowel dis-

ease patients. Interestingly, samples from patients with

diverticulitis exhibited low expression levels of MD-2

and TLR4 mRNA, comparable to normal intestine

suggesting these phenomena may be unique to inflam-

matory bowel disease and further emphasizing the

importance of better understanding the regulation of

these molecules for possible therapeutic strategies for

inflammatory bowel disease.

Intestinal epithelial cells remain immunologically

silent to commensal bacteria and LPS on the luminal

surface, yet are able to respond to a potential pathogen.

One way in which the intestinal epithelium may deter-

mine the appropriate immune response is the location of

bacteria. Toll-like receptor 5, another member of the

TLR family, is expressed in a polarized fashion on the

basolateral membrane of IECs and the response to its

ligand is likewise polarized.60,61 We hypothesized that

recognition of LPS by IECs occurs predominantly along

the basolateral membrane, a surface not normally

exposed to bacteria. This would make teleological

sense since the majority of interactions between the

intestinal epithelium and commensal bacteria occur

along the apical surface of the epithelium, while non-

pathogenic commensal organisms and pathogens that

traverse the epithelial barrier come in contact with the

basolateral surface of the violated epithelium. Thus, the

intestinal epithelium may have evolved mechanisms to

suppress recognition of commensal bacteria and their

products on the luminal surface while retaining the

ability to activate pro-inflammatory genes in response to

invading pathogens. Our data demonstrate that expres-

sion of TLR4 and MD-2 restores LPS responsiveness in

intestinal epithelial cells and this responsiveness is

polarized to the basolateral membrane in the human

colonic adenocarcinoma T84 cell line. These findings

suggest expression of TLR4, MD-2 or both is polarized

to the basolateral membrane and that, in addition to

molecular mechanisms of regulating TLR4 and MD-2

expression, the location of protein expression may

control its function. This finding is of interest given
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Fig. 5. Inhibition of methylation and histone deacetylation increases

expression of MD-2. (A) Inhibition of methylation increases expression

of MD-2 mRNA in intestinal epithelial cell lines. Intestinal epithelial

cells as indicated were treated with increasing concentrations of

5-azacytidine. GAPDH was used as an internal control and was not

increased with demethylation. Results demonstrate that expression of

MD-2 mRNA is increased after inhibiting methylation with

5-azacytidine. C refers to negative control. (B) Inhibition of histone

deacetylases increases expression of MD-2 mRNA in intestinal epithelial

cell lines. Intestinal epithelial cells as indicated were treated with

trichostatin A. HMECs were used as a positive control for MD-2

expression. GAPDH was used as an internal control and was not

increased with trichostatin A. Results demonstrate that expression of

MD-2 mRNA is increased after inhibiting histone deacetylases.

Figure shows one experiment representative of three with similar

findings. (C) Inhibition of methylation and histone deacetylation

increases expression of MD-2 mRNA in intestinal epithelial cell

lines. T84 cells were treated with two concentrations of 5-azacytidine

(0, 2, 20 mM) daily for 4 d or the vehicle control. On the last day, cells

were exposed to trichostatin A 100 ng/mL for 24 h as indicated.

Cells were harvested for RNA on the fifth day. GAPDH was used as an

internal control. ImageJ v.1.41 software was used as a densitometer to

quantify intensity of PCR products. Fold induction compared with

unstimulated cells is shown. Figure shows one experiment representative

of three with similar findings. Results demonstrate that expression of

MD-2 mRNA is increased after inhibiting methylation and histone

deacetylases.
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the normal location of bacteria along the apical surface

of intestinal epithelium and may provide a mechanism

by which IECs avoid chronic inflammation in response

to luminal bacteria.

Since normal colonic epithelial cells and intestinal

epithelial cell lines express low levels of MD-2 and are

LPS unresponsive, we used T-84 and HT-29 intestinal

epithelial cell lines to ask whether changes in methyla-

tion or histone acetylation states, two forms of epigenetic

silencing, changed the level of MD-2 expression.

Intestinal epithelial cell lines offer the opportunity to

examine regulation of MD-2 since they recapitulate the

expression pattern in the normal colon.62 Using bisulfite

sequencing, we determined that the CpG dinucleotides

in the MD-2 promoter are indeed methylated. We then

examined the effects of inhibition of methylation and

histone deacetylation in the MD-2 promoter region. We

found that inhibition of either methylation or histone

deacetylation increased expression of MD-2 mRNA

whereas inhibition of methylation in combination with

histone deacetylation resulted in a synergistic effect with

a 4-fold induction in MD-2 mRNA expression. In

contrast, cells with inherently high levels of MD-2

expression such as endothelial cells did not demonstrate

increased MD-2 mRNA expression following inhibition

of histone deacetylase. Our data demonstrate that CpG

dinucleotides within the MD-2 promoter are methylated

and inhibition of methylation and histone deacetylation,

two epigenetic mechanisms for regulating gene expres-

sion, increased MD-2 expression. Taken together, these

findings demonstrate that methylation and histone

deacetylation play a critical role in the tonic inhibition

of MD-2 gene expression and suggest that this phenom-

enon may be unique to intestinal epithelial cells or cells

with inherently low levels of MD-2 expression.

CONCLUSIONS

Our studies highlight the complex process by which the

intestinal epithelium co-exists with the commensal flora.

On the one hand, innate immune signaling is needed for

repair but excessive signaling can culminate in malig-

nancy. Increased MD-2 and TLR4 expression seen in

inflammatory bowel disease may be a primary defect

involved in the pathogenesis of the disease or may serve

to potentiate chronic inflammation lowering the thresh-

old for progression to colitis associated cancer. By

understanding the immunological and epigenetic

mechanisms that regulate MD-2 and TLR4 expression

in intestinal epithelial cells, pathways can be targeted in

inflammatory bowel disease and colitis-associated

cancer to dampen deleterious responses.
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