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Constitutive and cytokine induced expression of
HLA molecules, secretory component, and
intercellular adhesion molecule-i is modulated by
butyrate in the colonic epithelial cell line HT-29
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Abstract
Normal colonic epithelial cells play an
important part in the mucosal immune
system and use butyrate, a bacterial
fermentation product, as an important
energy source. Butyrate deficiency has
been associated with inflammatory bowel
disease, diversion colitis, and pseudo-
membranous colitis. Butyrate effects on
important molecules for epithelial
immune functions were studied in a
colonic epithelial cell line (HT-29): the
constitutive and cytokine regulated
expression of secretory component (poly-
Ig receptor), HLA class I and II molecules,
and intercellular adhesion molecule-i
(ICAM-1). Butyrate facilitated the consti-
tutive expression of secretory component
and HLA class I. Butyrate furthermore
tended to enhance cytokine mediated
stimulation of protein expression,
although tumour necrosis factor a (TNF)
and interleukin 4 (IL 4) responses on HLA
class I and secretory component, respec-
tively, were relatively inhibited by
butyrate. Cytokine mediated accumula-
tion in the various mRNAs usually
increased even more in the presence of
butyrate, with the exception of TNF
response on HLA class I and secretory
component mRNA concentrations. In con-
clusion, butyrate may substantially influ-
ence constitutive and cytokine mediated
expression of molecules with immune
functions in a complex and differentiated
manner, and butyrate deficiencies, as seen
in various clinical conditions, might
influence mucosal immune responses.
(Gut 1995; 36: 737-742)
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Short chain fatty acids are the predominant
aqueous solutes of normal human stool,
amounting to a total concentration of 100 to
240 mM. Short chain fatty acids mainly consist
of acetic, propionic, and butyric acids, which
are fermentation products from anaerobic bac-
teria in the large bowel. 1 Butyric acid, account-
ing for about 17% of the short chain fatty
acids, cannot be produced by human cells but
nevertheless seems to be the most important
energy source for colonic epithelial cells in
normal conditions.2A

Decreased availability5-7 or impaired oxida-
tion3 of short chain fatty acids and particularly
butyrate might be associated with development
of ulcerative colitis and diversion colitis. It has
been speculated whether low butyrate con-
sumption represents a metabolic failure that
may, at least partly, explain the pathogenesis of
ulcerative colitis.3 The possibility exists, how-
ever, that low consumption, if present, merely
reflects enzymatic changes over time secondary
to low butyrate concentrations with the gut
lumen. It should be noted that two recent
reports48 found no differences between
patients with ulcerative colitis and controls
when butyrate metabolism was measured in
biopsy specimens. Thus, it seems that
decreased supply of butyrate might be the
factor participating in the pathogenesis of
colitis.

Luminal butyrate deficiency probably
evolves from shifts within the colonic
bacterial flora, either spontaneously or after
consumption of various antibiotics.9 It is
noteworthy that enemas containing faeces
from healthy donors,'0 11 possibly by reintro-
ducing butyrate producing strains, or butyrate
enemas6 7 can induce clinical improvement
of ulcerative colitis, pseudomembranous
enterocolitis, and diversion colitis. Moreover,
taking into account the profound effects of
butyrate in regulating the behaviour of cells in
vitro,12 it might be speculated that differences
in the luminal butyrate concentration itself
can change several functions of the colonic
mucosal barrier. Because immunological
properties of intestinal epithelial cells have
been extensively studied by our laboratory
(for review, see reference 13) as well as
their modulations by cytokines,14'6 we
wanted to study the effects of butyrate to
this end in a well characterised experimental
system.

Methods

Cell culture
The human colonic adenocarcinoma cell line
HT-29m3 was used. These cells were sub-
cloned from the HT-29m2 cell line previously
selected for high expression of secretory com-
ponent.'7 The cells were grown in 96 well
microplates (Falcon, Lincoln Park, NJ) at
370C with 5% CO2 in minimal essential
medium (Flow Laboratories, Irvine, Scotland)
containing 1 0% heat inactivated fetal calf
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serum (Gibco, Grand Island, NY) and peni-
cillin, streptomycin and amphotericine B
(Gibco). Testing for Mycoplasma infection was
regularly performed.

Antibodies
The following monoclonal antibodies (mAbs)
and polyclonal antibody reagents were used:
(a) mAb to human secretory component
(ascites at 1/1800 dilution)17; (b) mAb to
HLA class I (clone W6/32, ascites at 1/3000
(Sera Lab, Sussex, UK)); (c) mAb to human
HLA-DR (clone L243, at 1/1600 (Becton
Dickinson, Sunnyvale, CA)); and (d) mAb to
human ICAM- 1 (clone 84H 10, purified IgG
0.25 pug/ml (Serotec, Oxford, UK)); (e) rabbit
antimouse IgG (purified IgG at 1/800
dilution (Dakopatts, Glostrup, Denmark));
and (f) peroxidase conjugated swine anti-
rabbit IgG (1/3000 dilution (Dakopatts)). A
control mAb to an Aspergillus enzyme
(Dakopatts) was used as purified IgG at
1 ,g/ml to control for non-specific binding of
primary reagents.

Reagents
Recombinant human interferon y (IFN),
tumour necrosis factor (TNF), interleukin 1 p
(IL 1), and IL 4 were purchased from
Genzyme (Boston, MA). Individual cytokine
activity was defined in international units (IU)
according to standard procedures performed
by the manufacturers. Sodium butyrate was
purchased from Sigma (St Louis, MO).
Two antisense 35-merDNA oligonucleotide

probes were purchased from Genosys
(Houston TX): (a) HLA class I consensus
regions were first determined from available
gene sequences in the GenEMBL database to
design a probe complementary to exon 4
encoding amino acids 212 to 223 of the (x3-
domain (5'-TGGTCCTCSCCATCCCGCT-
GCCAGGTCAGTGTGAT-3') using OLIGO
Primer Analysis Program (National Bio-
sciences, Hamel, MN). This particular
sequence was compared with other human
sequences in GenEMBL database to ensure its
specificity for HLA class I. (b) An antisense
probe for ICAM-1 was selected from the
human cDNA by the OLIGO program
sequence; it represented the base positions 894
to 928.16 Both these two antisense DNA
probes were radiolabelled with y 32P-dATP
using T4 DNA polynucleotide kinase accord-
ing to Sambrook et al'8 before hybridisation
with slot blots or northern blots.
Two 27-mer HLA-DRP polymerase chain

reaction DNA primers (GH46 and GH50
(Perkin Elmer, Norwalk, CT)) encoding a
region within the second exon were used
according to the manufacturer's instruc-
tions to generate a 272 base pair dsDNA
product from total DNA of HT-29m3 cells.
This probe was purified and labelled with
a 32P-dCTP along with cDNA probes
representing human secretory component
and 1-actin, as described in detail else-
where. 16

Quantitative cellular enzyme linked
immunosorbent assay (CELISA) for HLA
class I, HLA class II, secretory component,
and ICAM-1 expression
CELISA performed on monolayers of fixed
HT-29m3 as the solid phase has been
described in detail elsewhere.16 In brief,
antigen expression by fixed adherent cells was
measured after primary labelling with mAbs
followed by sequential incubations with rabbit
antimouse IgG and peroxidase conjugated
swine antirabbit IgG. The peroxidase depen-
dent colour reaction was then measured as
optical density (OD) at 492 nm. The actual
cell counts for all wells were subsequently
determined at OD550 n after crystal violet
staining of the same microplate. 16
The following modifications were intro-

duced to render the assays quantitative:
reference cells (IFN and TNF stimulated
HT-29m3 cells, 50 IU/ml of each cytokine for
24 hours) expressing high antigen values were
grown at graded densities on each microplate.
These standard cells were given an arbitrary
value of 1000 units of each antigen per cell. A
standard curve for each microplate was
obtained from the reference wells by plotting
CELISA OD492 nm values against the corres-
ponding cell counts determined by crystal
violet at OD550 nm. The Pearson correlation
coefficients (r) in log-log standard plots were
usually above 0-85. The antigen content in
each test well was calculated from this
standard curve by means of linear regression
analysis; the amount of antigen per cell could
finally be determined by correcting for the cell
count expressed as OD550 nm in the actual test
well.

Results of experiments from each test point
were obtained as medians of quadruplicate
measurements; differences between quadrupli-
cates was tested by the two tailed Mann-
Whitney U test. All CELISA microplates
included both irrelevant control mAb and
standard background OD without primary
antibody. All experiments were repeated at
least twice.

Slot blot and northern blot analysis
Total RNA from HT-29m3 cells was prepared
from cells that had been detached by rubber
policeman, pelleted, and subsequently snap
frozen in liquid nitrogen. The isolation ofRNA
by the guanidium isothiocyanate method and
the preparation of slot blots and northern blots
have been described in detail previously.'6
Densitometric analyses of suitably exposed slot
blot autoradiograms were analysed for OD by a
2202 Ultroscan Laser Densitometer (LKB,
Bromma, Sweden).

Results

Effects of butyrate on cell growth and morphology
Butyrate inhibited cell growth in a dose depen-
dent manner, depending on the incubation
time; after four days growth inhibition was
about 25% for butyrate concentrations at
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Figure 1: Dose dependent
responses to butyrate.
Quantitative CELISA
results forHLA class I,
HLA class II, secretory
component, and ICAM-1
after incubation (four days)
with butyrate at various
concentrations (solid lines)
and after coincubation with
IFN (50 IU/m) and TNF
(50 IUIml) for the last 24
hours (ICAM-1) or 48
hours (HLA molecules and
secretory component)
(broken lines). Each data
point represents the median
cellular expression
(quadruplicate wells) in
relation to reference cells
assigned an arbitrary value
of 1000 U. The decrease in
HLA class I expression
obtained with
0.5 mM butyrate was
consistent in three different
experiments. Vertical lines
indicate the 25 and 75
non-parametric rank
percentiles. The results of
control cells appear in the
data set where
butyrate= 0 mM. The
differences between cells
treated with butyrate alone
or combinations of butyrate,
IFN, and TNF, were
statistically different at each
data point (p= 0-02).
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dependent accumulation of small mucin
droplets as described by others.'9 The viability
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trypane blue and usually exceeded 95%.

Butyrate affects constitutive and IFN/TNF
induced HLA class I, HLA class II, secretory
component, and ICAM-1 expression in a dose
dependent but differential manner
Initial experiments were performed to examine
how various butyrate concentrations influ-
enced constitutive expression of these mole-
cules. Incubation for four days with various
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Figure 2: Kinetics of butyrate mediated effects. Quantitative CELISA results for HLA class I, HLA class II, secretory
component, and ICAM-1 after incubation with 3 mM butyrate for one to five days (solid lines) and after coincubation
with IFN (50 IU/ml) and TNF (50 IU/ml) for the last day (broken lines) at every time point. Each point represents the
median cellular concentration for quadruplicate wells. Vertical lines indicate the 25 and 75 non-parametric rank percentiles.
The results of control cells appear in the data set where time= 0 days. The differences between cells treated with butyrate
alone or combinations of butyrate, IFN, and TNF, were statistically different at each data point (p= 0-02).
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Figure 3: Butyrate
modulation of the effects
exerted by several cytokines
and cytokine combinations.
Quantitative CELISA
results for HLA class I,
HLA class II, secretory
component, and ICAM-1
in the absence (open
columns) or presence (filled
columns) of butyrate 3 mM
for 84 hours. Over the last
36 hours of the experiment
the cells were also
stimulated with IFN (100
IU/ml), TNF (100
IU/ml), IL 1 (200 IU/ml),
IL 4 (200 IU/ml), or
various combinations of
these cytokines. Each
column represents the
median cellular expression
(quadruplicate wells) in
relation to reference cells
assigned an arbitrary value
of 1000 U. Vertical lines
indicate the 25 and 75
non-parametric rank
percentiles. The results of
control cells appear in the
left most data set (0, open
columns).
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concentrations of butyrate showed a two to
fourfold dose dependent increase in the consti-
tutive secretory component and HLA class I
expression. HLA class II molecules were
undetectable in controls as well as butyrate
stimulated cells, although a very weak de novo
expression took place with butyrate at 8 mM.
Constitutive ICAM-1 expression was quite
low and was not enhanced by butyrate alone
(Fig 1).
When we simultaneously tested whether

preincubation of butyrate changed the
response to a combination of the two pro-
inflammatory cytokines IFN and TNF, all
four immune markers were increased by
cytokines as expected from previous experi-
ments.1416 However, butyrate modulated the
cytokine mediated responses in different ways:
secretory component expression was further
enhanced; HLA class II and ICAM-1 expres-
sion was maximally increased at 4 mM;
and HLA class I expression was reduced
(Fig 1).

Kinetics of the butyrate effects and butyrate
modulated cytokine responses
HT-29m3 cells treated with 3 mM butyrate
alone from one to five days showed a minimal
increase of HLA class I and secretory compo-
nent expression over time, whereas the HLA
class II and ICAM-1 values remained negative
(Fig 2). After coincubation of IFN and TNF
(both at 50 IU/ml) with butyrate for the last
day, the cytokine mediated effects on antigen
expression were differentially modulated over
time: considerable enhancement of HLA
class II and ICAM-1; slight enhancement of

secretory component; and a comparative
reduction ofHLA class I (Fig 2).

Effects ofIL 1, IL 4, IFN, and TNF are
differentially modulated by butyrate
HT-29m3 cells were preincubated with 3 mM
butyrate for 60 hours followed by 36 hours
coincubation of butyrate and various cytokines
alone or in combinations. Figure 3 shows the
overall results of these experiments. The
general trend was that butyrate further
enhanced the cytokine induced increase of
HLA class I, HLA class II, secretory compo-
nent, and ICAM-1 but with two exceptions:
(a) coincubation with butyrate selectively
decreased the enhancement of HLA class I
expression caused by TNF even in the pres-
ence of other cytokines; and (b) the enhance-
ment of secretory component expression
caused by IL 4, even along with IFN, was
decreased in the presence of butyrate.

Butyrate modulates cytokine mediated changes in
mRNA values for HLA class I, HLA class II,
secretory component, and ICAM-1
The two oligonucleotide antisense probes were
tested on northern blots of total RNA from IFN
stimulated HT-29m3 cells: the HLA class I
probe detected one band at approximately
1.5 kb; and the ICAM-1 probe detected two
bands (a strong 3-5 kb band and a much weaker
2-5 kb band) identical to those obtained after
hybridisation with the original human ICAM-1
cDNA probe20 (data not shown).
RNA was isolated from control HT-29m3

cells and cells incubated with 3 mM butyrate
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Figure 4: Butyrate effects on mRNA concentrations. Quantitation ofspecific mRNA in HT-29m3 cells treated in the absence
(open columns) or presence (filled columns) of butyrate over 96 hours and various cytokines the last 24 hours as indicated in
the text. Data were obtained by densitometric analyses ofslot blots hybridised with the relevant DNA probes and are expressed
in arbitrary units. mRNA concentrations of ,B-actin were virtually identical in aUl blots (data not shown).

over four days in combination with IFN, TNF,
IL 1, IFN and TNF, or IFN and IL 1 (100
IU/ml of each cytokine) on the last day (Fig 4).
Densitometric analyses of slot blots hybridised
with the various DNA probes showed that con-
stitutive values ofmRNA for HLA class I and
secretory component were virtually unaffected
by butyrate. Conversely, butyrate enhanced
the IFN mediated increase in message for all
four antigens, although it reduced to about
50% the enhancement of HLA class I and
secretory component caused by IFN in com-
bination with TNF (Fig 4). The blots were
finally hybridised with the ,-actin DNA probe
showing fairly equal loading in the gels of total
RNA (data not shown).

Discussion
The aim of this study was to examine how
butyrate modulates different immunological
functions of intestinal epithelial cells in a well
characterised in vitro test system using HT-29
colonic cell lines.'1416 The study seemed
relevant for two reasons. Firstly, clinical data
have shown the association between changed
butyrate metabolism and putative immuno-
logical diseases like ulcerative colitis. Secondly,
the large bowel mucosa is the only tissue that is
substantially exposed to butyrate in vivo under
normal conditions.

It should be noted that butyrate has pre-
viously been reported to induce differentiation
in the HT-29 cell line.21 We (unpublished
findings) and others2' have even isolated

HT-29 subclones with permanently changed
differentiation after longterm incubation with
butyrate. Such profound morphological and
phenotypical changes, however, did not appear

during the incubation times used in these
experiments. Nevertheless, most functional
studies on cytokine effects in our experiments
were usually performed after pretreatment
with butyrate for two to four days, which
should fairly resemble the exposure time to
butyrate for enterocytes in vivo.
The effects of butyrate were studied in

relation to both constitutive expression and
cytokine mediated responses of various epithe-
lial antigens with possible immune functions
(for review, see reference 13): (a) transmem-
brane secretory component, a member of the
immunoglobulin superfamily,20 is the poly-Ig
receptor responsible for active transport of
polymeric IgA and IgM into the gut lumen; (b)
epithelial HLA class I molecules might present
antigens to CD8+ cytotoxic or suppressor
T cells; (c) epithelial HLA class II molecules
might present antigens to CD4+ T cells and
thereby induce or enhance activation in the
gut; and (d) ICAM-1 is an adhesion molecule
that may be required for activation of specific
T cells by antigen presenting epithelial cells.'3 16
Epithelial expression of these proteins were

quantified by modifications of a semiquantita-
tive CELISA.16 23 A standard curve was
obtained on each microplate by growing
strongly positive cells at different densities.
This was particularly useful in these experi-
ments because both butyrate itself and in
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combination with certain cytokines tended to
inhibit growth rate, a variable that otherwise
could have produced inconclusive data.
We found that butyrate increased the consti-

tutive expression of secretory component and
HLA class I proteins in a dose dependent
manner, whereas the cells remained negative
for ICAM-1 and HLA class II at moderate
butyrate concentrations. Furthermore, buty-
rate enhanced stimulatory effects of most
cytokines for all four antigens with two excep-
tions: TNF and IL 4 mediated stimulation of
HLA class I and secretory component, respec-
tively, was relatively suppressed by butyrate.
These findings suggested that butyrate modu-
lated these genes differentially. The corres-
ponding mRNA concentrations were therefore
analysed in control or cytokine stimulated cells;
the constitutive messages for secretory compo-
nent and HLA class I was virtually unaffected
by butyrate alone, but mRNA for these two
antigens as well as for ICAM- 1 accumulated
additively in combination with cytokines. TNF
(alone or in combination with IFN) together
with butyrate, however, resulted in a compara-
tive reduction of both HLA class I and secre-
tory component mRNA concentrations; the
second actually showing a simultaneous
increase in secretory component protein. These
data suggested that butyrate uses complex
mechanisms to regulate the transcription and
protein synthesis of the respective genes and
gene products in a differential manner.

It is still unclear how butyrate exerts its
effects; its inhibition of histone deacetylase was
initially taken to suggest that changes in chro-
matin structure and butyrate associated gene
activation were caused by hyperacetylation of
nuclear histones.12 More recent reports have
considered the significance of butyrate sensi-
tive specific gene elements near attachment
regions to the nuclear matrix24 or specific 5'-
flanking sequences in the promotor area
that might mediate butyrate dependent gene
regulation.25

Immunohistochemical data support that our
model system reflects putative immunoregula-
tory mechanisms of the colonic epithelial cells
in situ.13 However, it must be cautioned
against extrapolation of such in vitro data
based on a continuous cell line. Nevertheless,
our results might imply that variations in the
colonic flora with secondary changes in
butyrate concentrations could influence the
immunological properties of gut epithelial
cells. For example, decreased faecal butyrate
concentrations might tend to (a) increase
expression of HLA class I, possibly rendering
the epithelial cell a better target for CD8+
intraepithelial T cells1; and (b) decrease
secretory component expression, which in turn
could result in less poly-Ig transport and
thereby suboptimal protection of the mucosal
surfaces. Furthermore, it might be expected
that changed butyrate concentrations would
significantly influence the cytokine mediated
responses taking place in inflammatory gut
lesions. In conclusion, our findings should
encourage further studies of the interplay
between the luminal bacterial flora, its

fermentation products, and the mucosal
immune system.
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