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CHAPTERR 10 
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Introduction n 
Differentiatedd epithelial cells of the adult gastrointestinal (GI) mucosa are 
continuouslyy replaced from a pool of progenitor cells. These precursor cells 
givee rise to modules of differentiated cell types with the appropriate spe-
cializedd functional properties for their position along the anterior-posteri-
orr (AP) axis of the gastrointestinal tract. This process of continuous renew-
all  shows a remarkable stability during our adult lives.1 However, in the 
contextt of chronic damage and inflammation, deregulation of epithelial 
turnoverr is a common finding. Progenitor cells can then be found to give rise 
too epithelial cells not normally found at a given position along the AP axis, 
aa condition called metaplasia.2 For example, in a setting of chronic reflux of 
gastricc content columnar epithelial metaplasia occurs in the esophagus that 
iss normally lined by squamous epithelium. This metaplasia is called Barrett's 
esophaguss and is considered a premahgnant lesion with an estimated cancer 
riskk of around 0.5% per patient year.3 Interestingly it is not known what 
underliess the development of metaplasias. Although genetic mutations play 
aa critical role in the progression from metaplasia to dysplasia and cancer there 
iss no evidence to support a role for genetic mutations as a cause of the initial 
changee in epithelial phenotype in epithelial metaplasias. 
Ass pointed out by Slack,2 metaplasias show features of homeotic transformations 
(aa change from a tissue appropriate to one position in the body to a tissue appro-
priatee to another position during development) observed when misexpressing 
homeoboxx genes. However, somatic mutations in such genes have rarely been 
describedd in humans. The inappropriate induction or repression of transcrip-
tionn factors that regulate tissue specific gene expression seems however to provide 
aa possible explanation for the etiology of metaplasias. The question remains 
thenn what is responsible for this inappropriate regulation of the expression of tran-
scriptionn factors? These metaplasias occur in a context of chronic inflamma-
tion.. We therefore hypothesize that soluble signals, most likely morphogens, ema-
natingg from the chronic inflammatory cells (lymphocytes and macrophages) 
mayy be responsible for such coordinated changes in expression. These signals may 
providee an altered instructive environment to maturing epithelial cells. 
Thee role of morphogens in body patterning and cell fate determination dur-
ingg development is well established. Deregulation of morphogens expression 
duringg development has been shown causes changes in epithelial phenotype. 
Forr example, mice that lack Sonic Hedgehog display intestinal transformation 
off  the stomach and bone morphogenetic protein (BMP) signaling has been 
shownn to regulate body axis patterning throughout development. 4' 5 Such 
morphogenss are also expressed and functional in the adult GI tract.6- 7 

Wee hypothesize that ectopic expression of morphogens in the chronic 
inflammatoryy infiltrate associated with epithelial metaplasias may alter the 
epitheliall  precursor cells perceived position along the AP axis of the GI 
tract.. Such ectopic expression may therefore cause or contribute to the 
developmentt of epithelial metaplasia. 
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Methods s 
Antibodies Antibodies 
Thee following antibodies were used in this study: an anti-BMP2 mouse 
monoclonall  antibody (mAb) (355; 1:1000; 1:2000), an anti-BMP RIa goat 
polyclonall  antibody (AF346) and an anti-BMP Rib mouse monoclonal anti-
bodyy (MAB505) were from R&D systems (Minneapolis, MN) . 

Immunohistochemistry Immunohistochemistry 
Formalinn fixed paraffin embedded human resection specimens were obtained 
fromm the archives of the pathology department of the Academic Medical 
Centerr and the Massachusetts General Hospital following institutional 
standardss for human subject research. We used 5 resection specimens of nor-
mall  esophagus and 33 specimens from 20 different patients with Barrett's 
esophagus.. Immunohistochemistry was performed on 4fim sections using a 
three-stepp diaminobenzidine (DAB) detection method with antigen retrieval 
ass described in detail previously.s Two different negative controls were 
usedd for the immunohistochemical staining, omission of the primary anti-
bodyy and use of an appropriate control Ig. 

InIn situ hybridization 
Humann Shh and BMP-2 cDNAs, a gift of Dr C. Tabin, were used to tran-
scribee a digoxigenin-labelled (Roche) mRNA probe according to Mango et 
al.99 Following deparaffinization 4^m sections were treated with 1 0 mg/ml 
Proteinasee K for 8 minutes and postfixed in 4% paraformaldehyde. Prior to 
applicationn of the mRNA probe, sections were incubated in 0.1M tri -
ethanolamine/0.25%% acetic anhyride and rinsed in 0.1M Tris-buffered 
glycine.. The probe hybridized at 70°C overnight. Post-hybridization wash-
es'weree carried out in (1) 50% formamide, 5X SSC, pH 4.5,' 1% SDS, (2) 0.5M 
NaCl,, lOmMTrisHCl, pH 7.5, 0.1% Tween-20, 10 mg/ml RnaseA, (3) 50% 
formamide,, 2X SSC, pH 4.5, (4) TBST. Sections were blocked for 30 minutes 
RTT in 5% sheep serum and incubated for 2 hours RT in anti-digoxigenin 
(Roche)) antibody solution. After additional washes in TBST, expression was 
detectedd using purple AP substrate (Roche, Mannheim, Germany). Tissue 
wass mounted with Ultramount (DAKO) . 

Results s 
BMP2BMP2 and Shh mRNA are expressed in the chronic inflammatory infiltrate 
inin Barrett's esophagus. 
Duringg the course of our experiments that try to localize morphogen expres-
sionn in the adult gastrointestinal tract, we noted that inflammatory cells 
expressedd two of these morphogens, Shh and BMP2 (unpublished observa-
tions).. Both of these morphogens play an important role in the regulation of 
GII  epithelial cell fate during development, are downregulated early in the 
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Figuree 1. Localization of Shh (A-C) and BMP-2 (D-F) mRNA in patients with 
Barrett'ss esophagus by in situ hybridization. (A) Strong signal with the 
Shhh probe in gastric glands (arrows) in gastric metaplasia. (B) In 
areass of intestinal metaplasia the signal was mainly in the inflammatory 
infiltrate.. (C) Blow-up of boxed area in B showing the many inflam-
matoryy cells (arrows) that express Shh mRNA. (D) BMP-2 mRNA is 
expressedd in the gastric type glands in gastric epithelial metaplasia of 
thee esophagus. (E) Blow-up of boxed area in D, showing the BMP-2 
expressingg gastric type glands (arrows). (F) Inflammatory cells (arrows) 
expresss BMP-2 in an area of intestinal metaplasia. 

developingg esophagus and are not normal ly expressed in the adult esophagus. 
Wee therefore set out to invest igate ii Shh and BMP2 could be ectopical ly 
expressedd by the chron ic in f lammatory inf i l t rate that is assoc ia ted with 
Barret t 'ss esophagus. For the detect ion of Shh we used in situ hybr id iza t ion 
sincee we have found prev ious ly that this method is more sensi t ive than 
immunoh is tochemis t ryy on paraffin sec t i ons /' As can be aeen in f igure l we 
detectedd abundant Shh m R NA expression in areas of fundic gastr ic gland 
metaplasiaa (fig. la). This finding is in accordance with the expression pattern 
off  Shh we have previously ' In addi t ion to the staining ol fundic 
glandss we found that many in f lammatory cells under ly ing the metaplast ic 
epithel iumm expressed Shh m R NA in all specimens with metaplasia (Fig. lb,c) 
Similarly,, we found express ion of BMP2 m R NA at the base ot glands in 
fundicc gland type metaplasia (F ig la ,b). This is in accordance with the expres-
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sionn of BMP2 protein we have previously reported in the norma) stomach.7 In 
additionn to the signal detected at the base of the gastric glands we also found 
stainingg of inflammatory cells with the BMP2 probe (Fig lc). 

LocalizationLocalization of protein expression for BMP2 and the BMP receptors ia and lb. 

Thee expression of BMP2 by inflammatory cells was confirmed by immuno-
histochemistryy with a monoclonal anti-BMP2 antibody. Whereas we did 
nott observe any BMP2 immunoreactivity in the normal esophagus (Fig 2a) we 
detectedd strong staining of the base of fundic type glands in areas of gastric 
metaplasiaa (Fig 2b). This is in accordance with the BMP2 expression pattern 
previouslyy observed in the normal stomach and with the BMP2 mRNA 
expressionn pattern observed in fundic gland metaplasia of the esophagus in 
thiss study. In all of the metaplastic areas we found BMP2 expressing inflam-
matoryy cells (Fig 2c), indicating that these cells are an exogenous source of 
BMP22 in the esophagus. 
Too identify possible target cells for BMP signaling in areas ot esophageal meta-
plasia,, we used antibodies against the two BMP signaling receptors, the BMP 
receptorss Ia and IbJc The BMP receptor lb was widely expressed in columnar 
epitheliall  cells. In gastric type metaplasia (Fig 2d) the receptor is expressed in 
thee surface epithelial cells (pit cells) (Fig 2e) and on parietal cells in the 
gastricc glands (Fig 2f). In areas of intestinal metaplasia all epithelial cells were 
positivee for the BMP receptor lb (Fig 2g) with highest expression in the 
mostt superficial cells. Importantly, the basal cells of islets of squamous 
epitheliumm in areas of metaplasia also expressed the BMP receptor lb, (Fig 2h) 
indicatingg that these cells can respond to BMPs present in the inflammatory 
infiltrate.. In a specimen with squamous epithelium with gland like growth this 
receptorr expression was highest at the leading edge (Fig 2i,j). The BMP 
receptorr Ia was widely expressed throughout the lamina propria (Fig 2k). 
Inn conclusion, inflammatory cells in the lamina propria are a source of 
exogenouss BMPs in Barrett's metaplasia. A wide variety of epithelial and mes-
enchymall  cell types express BMP signaling receptors Ia and lb, including the 
basall  precursor cell region in squamous epithelium. 
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Figuree 2. Immunohistochemical detection of BMP-2 and BMP receptors in 
Barrett'ss esophagus. (A) No BMP-2 is detected in the normal esopha-
gus.. (B) gastric metaplasia. BMP-2 is expressed in gastric glands 
andd inflammatory cells. (C) Inflammatory cells produce BMP-2 in 
intestinall metaplasia. (D) Expression of the BMP Rib in gastric type 
metaplasiaa in both pit type cells (zoom in E) and gland type cells 
(zoomm in F). (G) BMP Rib expression in intestinal metaplasia. Both the 
columnarr epithelial cells and the basal layer of the squamous epithe-
liumm (see blow-up in H) are positive. (I) A gland like structure in the 
squamouss epithelium is strongly positive for the BMP Rib (see blow-up 
inn J). (K) The BMP Rla is mainly expressed in cells in the mesenchyme. 
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Discussion n 
Inn Barrett's metaplasia of the esophagus the epithelial phenotype is altered in 
thee context of chronic inflammation. In this study we show that cells in the 
inflammatoryy infiltrate can be an ectopic source of expression of morphogens 
withh an established role in cell fate regulation in the GI tract. 
Thee molecular etiology of epithelial metaplasias is unclear and rarely addressed. 
Althoughh a role for somatic genetic mutations has sometimes been considered 
inn the development of metaplasias, such a hypothesis does not seem to explain 
severall  interesting features of these pathologies. (1) The conversion of one tis-
suee module to another can be complete. This must involve complex repro-
grammingg of the precursor cells at the level of the transcription factors that 
regulatee tissue-specific gene expression. (2) Different degrees of metaplasia 
existt that seem to represent a sequence from normal tissue to a complete 
switchh of the epithelial phenotype. 6- ' '>l2 Such varying degrees of complete-
nesss of the metaplasia would argue for the need for several sequential genetic 
mutationss to cause complete metaplasia. (3) Initiall y differentiation of the 
metaplasticc cells is complete (there is no dysplasia). In types of metaplasia 
wheree dysplasia is found (such as Barrett's metaplasia) the dysplasia arises years 
afterr the conversion of the tissue type.13, l4 (4) Large areas of mucosa can show 
metaplasticc change without obvious proliferative advantage of the metaplastic 
precursorr cells, arguing against clonal spread of a mutated cell.55'16 (5) Areas 
off  metaplasia are often patchy and multifocal, again arguing against a model of 
clonall  spread.17 (6) Mutations that drive neoplastic change in areas of meta-
plasiaa seem to arise after the initial metaplastic transformation and are main-
lyy found in patients with a diagnosis of dysplasia.14* l i ! 

Epitheliall  metaplasias have to be understood form the perspective of a rapid-
lyy regenerating epithelium. Precursor cells continuously replace the epithelial 
cellss in this dynamic homeostatic system. In each position along the anterior-
posteriorr axis of the GI tract precursor cells produce a module of differentiated 
celll  types that contribute to the local functions of the epithelium. It is not 
knownn if precursor cells produce the appropriate cells because of an intrinsic 
transcriptionall  makeup specified at birth or whether cell fate of their descen-
dantss is continuously regulated by extrinsic signals that precursor cells receive 
inn their precursor cell niche. Both intrinsic pre-birth patterning and extrinsic 
ongoingg patterning are likely to play a role in adult precursor cell fate speci-
fication,, metaplasias seem to provide an interesting example of the importance 
off  the extrinsic milieu. 
Ass mentioned in the introduction, metaplasias show features of homeotic 
transformations.22 The similarity between metaplasia and homeotic transfor-
mationn is important and may point to an explanation that does not involve 
geneticc mutations. It has been shown that the intestine specific homeobox gene 
Cdx-11 is inappropriately expressed in areas of intestinal metaplasia of the 
stomachh and esophagus in humans.1V And when the intestine specific home-
oboxx gene Cdx-2 was ectopically expressed in the stomach of mice, their 
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gastricc units developed features of the intestinal metaplasia observed in the 
humann stomach.~^ The inappropriate induction or repression of transcription 
factorss that regulate tissue specific gene expression seems to provide a possi-
blee explanation for the etiology of metaplasias. We hypothesize that epithelial 
precursorr cells may be sensitive to extrinsic morphogenetic signals derived 
fromm the chronic inflammatory infiltrate that underlies areas of metaplasia. 
Duringg development morphogens are the most important extrinsic cues in the 
regulationn of cell fate and body axis patterning. We have shown previously that 
manyy morphogens with a role in the development of the GI tract are expressed 
alongg the adult gut in regionally distinct patterns.6' 7 The two morphogens 
examinedd in this study, Shh and BMP2 are not expressed in the adult esopha-
guss (ref6 and figure 2 of this study). Experiments in chicks and mice have 
shownn an essential role for both Hh and BMP signaling in the development gas-
tricc glands and of the gastric epithelial phenotype.21~-J We conjecture that the 
precursorr cells oi the squamous epithelium may switch the cell fate of their dif-
ferentiatedd progeny towards a columnar epithelial phenotype upon exposure 
too morphogens like Shh and BMP2 produced by inflammatory cells. The 
expressionn of such morphogens by inflammatory cells is likely to play a role in 
thee differentiation of immature inflammatory cells in the infiltrate. Indeed, a 
rolee for both Hh and BMP signaling in T cell development has already been 
established.'4,, -^ Epithelial cells at the site of inflammation may be affected by 
thesee molecules as innocent bystanders. 
Thiss hypothesis can provide an explanation for all of the features of metapla-
siaa listed above. (1) Experiments by embryologists have shown that misex-
pressionn of a single morphogen can cause homeotic transformation,4, 5 (2) 
Varyingg concentrations of the morphogen or its antagonist, produced by 
inflammatoryy cells throughout the tissue may account for varying degrees of 
completenesss of the metaplasia. (3) Although misexpression of a morphogen 
mayy alter the precursor cells perceived position along the A-P axis and thus the 
naturee of the differentiation of its progeny, it does not necessarily affect the 
completenesss of differentiation (no dysplasia). (4) The abundant presence of 
chronicc inflammatory celts in the mesenchyme may account for the large areas 
off  metaplasia without the necessity of clonal spread of mutated epithelial 
cells.. (5) Local differences in the composition of the inflammatory infiltrate may 
explainn the patchy and multifocal nature of metaplasias. (6) The altered mor-
phogeneticc environment is not likely to completely recapitulate the environ-
mentt of the tissue-type the metaplastic precursor cell perceives to be in. This 
mayy result in conflicting maturations signals that may compromise the normal 
celll  cycle controls and make precursor cells more sensitive to genetic change. 
Inn conclusion, epithelial metaplasias are a poorly understood phenomenon; 
misexpressionn of morphogens could provide an explanation for a switch in the 
epitheliall  phenotype. In this study we provide the first evidence that the 
chronicc inflammatory infiltrate can be an ectopic source of such morphogens 
inn Barrett's esophagus. 
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