A Distinct Array of Proinflammatory Cytokines Is Expressed in Human Colon
Epithelial Cells in Response to Bacterial Invasion
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Abstract

Pathogenic bacteria that penetrate the intestinal epithelial
barrier stimulate an inflammatory response in the adjacent
intestinal mucosa. The present studies asked whether colon
epithelial cells can provide signals that are important for
the initiation and amplification of an acute mucosal in-
flammatory response. Infection of monolayers of human co-
lon epithelial cell lines (T84, HT29, Caco-2) with invasive
strains of bacteria (Salmonella dublin, Shigella dysenteriae,
Yersinia enterocolitica, Listeria monocytogenes, enteroinva-
sive Escherichia coli) resulted in the coordinate expression
and upregulation of a specific array of four proinflamma-
tory cytokines, IL-8, monocyte chemotactic protein-1, GM-
CSF, and TNFa, as assessed by mRNA levels and cytokine
secretion. Expression of the same cytokines was upregulated
after TNFa or IL-1 stimulation of these cells. In contrast,
cytokine gene expression was not altered after infection of
colon epithelial cells with noninvasive bacteria or the nonin-
vasive protozoan parasite, G. lamblia. Notably, none of the
cell lines expressed mRNA for IL-2, IL-4, IL-5, IL-6, IL-
12p40, IFN-y, or significant levels of IL-1 or IL-10 in re-
sponse to the identical stimuli. The coordinate expression of
IL-8, MCP-1, GM-CSF and TNF« appears to be a general
property of human colon epithelial cells since an identical
array of cytokines, as well as IL-6, also was expressed by
freshly isolated human colon epithelial cells. Since the cyto-
kines expressed in response to bacterial invasion or other
proinflammatory agonists have a well documented role in
chemotaxis and activation of inflammatory cells, colon epi-
thelial cells appear to be programmed to provide a set of
signals for the activation of the mucosal inflammatory re-
sponse in the earliest phases after microbial invasion. (J.
Clin. Invest. 1995. 95:55-65.) Key words: MCP-1 - IL-8
* GM-CSF ¢+ TNFa ¢« IL-6 « reverse transcription PCR -
inflammation :
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Introduction

Cells that line the mucosal surface of the intestine form a major
mechanical barrier that separates the host’s internal milieu from
the external environment. In addition to the well established
role of epithelial cells in ion transport, these cells appear to
function as an integral component of the mucosal immune sys-
tem. Thus, human colon epithelial cells in vitro can process and
present antigens to T cells (1), and the human colon epithelium
in vivo and in vitro can be stimulated to express HLA class 11
(2, 3) and intercellular adhesion molecules (4—6). In addition,
human colon epithelial cells and cell lines produce IL-8 (7,
8), a potent neutrophil chemoattractant and, as assessed by
immunohistochemistry, ~ 5% of human colon epithelial cells
in vivo produce IL-6 (9). Moreover, human colon epithelial
cell lines express TGFfA1 (7, 10), complement proteins (C3,
C4, Factor B) (11), and leukotrienes that may be involved in
the initiation and regulation of mucosal inflammatory responses
(12). Colon epithelial cell lines also can respond to a broad
array of cytokines (e.g., TNFa, IL-1, IL-4, IL-6, IFN-v,
TGFf1) with altered gene expression and growth characteristics
(7, 13-18).

Cytokines produced by a number of different cell types play
an essential role in intercellular communication by delivering
signals which influence the activation, growth, differentiation,
or migration of the target cells upon which they act. Individual
cells can produce multiple cytokines. Moreover, populations of
cells can be grouped according to the array of cytokines they
produce, which in turn influences the spectrum of functions that
the cell mediates. For example, human CD4 T cell clones, like
those initially described in mice (19), can be divided into func-
tionally distinct subsets depending on whether they produce the
cytokines IL-2 and IFN-v or, alternatively, IL-4 and IL-5 (20—
22). This coordinate regulation of specific groups of cytokines
has important consequences for the host response to microbial
pathogens since resistance or susceptibility can correlate closely
with the specific group of cytokines expressed (23-25). Cyto-
kines also can be categorized based on their major activities.
For example, the cytokines TNFa, IL-1 and GM-CSF, as well
as IL-8, MCP-1 and other chemokine family members can acti-
vate a spectrum of proinflammatory effects, whereas cytokines
such as TGFA1 and IL-10 can mediate effects that downregulate
inflammatory responses (26-28). Cytokine signaling between
cells often involves a network of effects. Thus, stimulation of
cells with one group of cytokines (e.g., TNFa or IL-1) may
result in the production by those cells of other cytokines (e.g.,
IL-8, monocyte chemotactic protein-1 [MCP-1])' that mediate

1. Abbreviations used in this paper: 1EL, intraepithelial lymphocyte;
MCP, monocyte chemotactic protein; RT, reverse transcription.
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Figure 1. Structure of pHCQ plasmids used for generation of standard
RNA. Plasmid pHCQ1 has 5’ and 3’ priming sites for 11 cytokine
genes as well as B-actin, TCRa, TCRé, CD8, and CD4. The priming
sites correspond to the sequences of the primers used to amplify target
cDNA. The arrangement of priming sites was designed to yield PCR
products that differ in size from those of the target RNA. Sequences
are flanked upstream by a T7 RNA polymerase promoter and down-
stream by a poly (A) sequence. Using the same strategy, plasmids
pHCQ2 and pHCQ3 were constructed to quantitate the mRNA for MCP-
1 and GM-CSF or IL-12p40, respectively. Plasmid pHCQ3 also encodes
priming sites for IL-1 receptor type 1 and 2, TNFa receptor type 1
(p55) and type 2 (p75) and the IL-6 receptor.

additional effects which serve to further amplify an inflamma-
tory response (29).

Other than IL-8, little is known regarding the overall reper-
toire of cytokine genes whose expression is regulated in human
colon epithelial cells in response to environmental stimuli. In
the present study, we describe the coordinated and regulated
expression of a specific array of proinflammatory cytokines in
human colon epithelial cells in response to bacterial invasion
and TNF« or IL-1 stimulation. Alone and in combination, these
cytokines are known to attract and activate inflammatory cells
and thus may provide an important early signaling system for
the initiation and amplification of the mucosal inflammatory
response in the early stages of bacterial infection, after penetra-
tion of the host epithelial barrier by pathogenic microbes.

Methods

RNA standards for quantitative PCR. To facilitate quantitation of cyto-
kine RNA by PCR, we constructed three plasmids, pHCQ1, pHCQ2, and
pHCQ3 (Fig. 1), which encode RNA standards. In vitro transcription
of these plasmids using T7 RNA polymerase yields RNA products
carrying primer sites identical to those used to amplify target RNA, an
approach initially described by Wang et al. (30). In addition to cytokine
priming sites, pHCQ! contains priming sites for S-actin, TCR a, 6,
CD4, and CD8; pHCQ3 contains priming sites for IL-1R type 1, IL-1R
type 2, TNF-R type 1, TNF-R type 2, and IL-6-R. The distance between
specific 5’ and 3’ primer sequences and, therefore, the size of PCR
amplification products, differ for standard and target RNAs (Table I).
To construct the three plasmids, separate double-stranded DNA cassettes
carrying 5’ or 3’ priming sites were generated using PCR-oligonucleo-
tide overlap extension. Appropriate restriction site extensions at the
ends of the cassettes were used to facilitate their sequential cloning
into pGEM-3Zf(—) (Promega, Madison, WI). Finally, to provide a
poly(A) tail at the end of the standard RNA, the sequence 5’ CTG-
CAG(A)sAAGCTT (encoded by two complementary oligonucleo-
tides) was inserted between the Pstl and HindIII sites of the constructs.
To ensure appropriate spacing, the constructs carry a spacer sequence
separating the 5’ and 3’ priming sites. Nucleotide sequences of the 3
pHCQ constructs were confirmed by the dideoxy chain termination
method using Sequenase (United States Biochemical Corp., Cleveland,
OH). To generate standard RNA, plasmids were linearized with HindIII
and transcribed in vitro using T7 RNA polymerase under conditions
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recommended by the supplier (Stratagene, La Jolla, CA). pHCQI yields
an 840 nt, pHCQ2 a 413 nt, and pHCQ3 a 611 nt RNA product.

Oligonucleotide primers for PCR amplification. Sequences of the
oligonucleotide primers used for PCR amplification and the size of the
predicted PCR products from target RNA and standard RNA are shown
in Table 1. Primers were obtained as follows: IL-1a, IL-18, and IL-2
from Perkin Elmer Cetus (Norwalk, CT); IL-5, IL-6, IL-8, and TGFA1
from Clontech (Palo Alto, CA); TNFa, IFN-y, GM-CSF, and (-actin
from Stratagene. Primers for IL-10 were as described in (23). Primers
for IL-4, MCP-1 and IL-12p40 were designed and synthesized in our
laboratory. The primers either amplified fragments whose sizes, when
obtained from cDNA, can be readily distinguished from those obtained
from genomic DNA, or span exon-exon boundaries and, therefore, do
not amplify genomic DNA.

RNA extraction and PCR amplification for quantitation of cytokine
mRNA. RNA was extracted using acid guanidinium thiocyanate/phenol/
chloroform as described previously (7). Known quantities of standard
RNA molecules were mixed with 1 pug total cellular RNA and reverse
transcribed at 37°C for 60 min in 20 ul buffer containing 10 mM Tris
pH 8.3, 50 mM KCl, S mM MgCl,, 1 mM each of dATP, dCTP, dGTP,
and dTTP, 20 U RNasin ribonuclease inhibitor (Promega), 0.1 ug oli-
20(dT),s (Boehringer Mannheim, Indianapolis, IN), and 50 U M-MLV
Reverse Transcriptase (Bethesda Research Laboratories, Gaithersburg,
MD). Reactions were stopped by heat inactivation for 10 min at 95°C
and chilled on ice. Subsequently, cDNA products were amplified by
PCR in 100 ul of 10 mM Tris pH 8.3, 50 mM KCl, 2 mM MgCl,, 200
uM each of dATP, dCTP, dGTP, and dTTP, in the presence of 25 pmol
each of 5’ and 3’ primer. Hot start PCR was used to increase specificity
of the amplification. The temperature profile of the amplification con-
sisted of 35 cycles of 1 min denaturation at 95°C and 2.5 min annealing
and extension at 60°C (IL-1a, IL-14, IL-2, IL-6, IL-8, IFN-y, and MCP-
1), 65°C (IL-4, IL-5, IL-12p40, GM-CSF, and TGFg1) or 72°C (IL-
10, TNFa, and $-actin). Negative controls were performed by omitting
RNA from the cDNA synthesis and specific PCR amplification. As
positive controls, RNA from cells known to abundantly express the
respective mRNA were used: 5637 human bladder carcinoma cells for
IL-1a, IL-14, IL-8 and GM-CSF; human chondrocytes for IL-6; HUT78
human T lymphoma cells for IL-2, TGFS1, IFN-y, and S-actin; PHA-
stimulated normal human PBMC for IL-4, IL-5, IL-10, and TNFq;
Caco-2 colon carcinoma cells for MCP-1 and a PMA-stimulated EBV
transformed human B cell line for IL-12p40. PCR products were sepa-
rated in 2% NuSieve agarose (FMC Bioproducts, Rockland, ME) or in
5% polyacrylamide gels.

Quantitation of PCR products. Two methods were used to quantitate
PCR products. In the first method (Fig. 2 A) cellular target RNA and
standard RNA were reverse transcribed together in a single reaction,
after which serial two- or fivefold dilutions of the cDNA reaction mix-
ture were prepared and cytokine transcripts were amplified by PCR.
PCR products were visualized in gels by ethidium bromide staining and,
when ¥P 5’ end-labeled primers were used, bands were excised from
the gels and the incorporated radioactivity was determined using a scin-
tillation counter. Radioactivity of the standard RNA PCR product was
plotted against the number of standard RNA molecules in the PCR
amplification, and radioactivity in the PCR product from target RNA
was plotted against the amount of sample RNA used for PCR amplifica-
tion using a double-logarithmic scale. With this method, a linear rela-
tionship was obtained between the number of standard RNA molecules
or the amount of sample RNA, and the radioactivity incorporated into
the PCR products. Moreover, curves for standard RNA and target RNA
were parallel, indicating equal amplification efficiencies for both prod-
ucts.

In the second method (Fig. 2 B) a constant amount of cellular target
RNA was mixed with varying numbers of standard RNA transcripts and
the mixtures were reverse transcribed, after which cDNA was amplified
as described above. Each experiment used between 100 ng and 1 ug total
cellular RNA. PCR products were electrophoresed in 2% NuSieve agarose
gels and bands were visualized by ethidium bromide staining. Photographs
of the gels were taken with Polaroid 665 film after which band intensities



Table 1. Oligonucleotide Primers and PCR Product Sizes for 14 Cytokine cDNAs

Size of PCR
products
mRNA Standard = Target
species 5' primer 3' primer RNA ' RNA
bp
IL-la 5'-GTCTCTGAATCAGAAATCCTTCTATC-3' 5'-CATGTCAAATTTCACTGCTTCATCC-3’ 530 420
IL-18 5'-AAACAGATGAAGTGCTCCTTCCAGG-3’ 5'-TGGAGAACACCACTTGTTGCTCCA-3' 528 388
IL-2 5'-GAATGGAATTAATAATTACAAGAATCCC-3’ 5'-TGTTTCAGATCCCTTTAGTTCCAG-3' 299 222
IL-4 5'-AACACAACTGAGAAGGAAACCTTC-3' 5'-GCTCGAACACTTTGAATATTTCTC-3' 347 276
IL-5 5'-GCTTCTGCATTTGAGTTTGCTAGCT-3’ 5'-TGGCCGTCAATGTATTTCTTTATTAAG-3’ 372 293
IL-6 5'-ATGAACTCCTTCTCCACAAGCGC-3' 5'-GAAGAGCCCTCAGGCTGGACTG-3' 523 628
IL-8 5'-ATGACTTCCAAGCTGGCCGTGGCT-3’ 5'-TCTCAGCCCTCTTCAAAAACTTCTC-3' 401 289
IL-10 5'-ATGCCCCAAGCTGAGAACCAAGACCCA-3’ 5'-TCTCAAGGGGCTGGGTCAGCTATCCCA-3’ 478 352
IL-12p40 5'-ATGTCGTAGAATTGGATTGGTATCCG-3' 5'-GTACTGATTGTCGTCAGCCACCAGC-3’ 462 358
TNFa 5'-CGGGACGTGGAGCTGGCCGAGGAG-3’ 5'-CACCAGCTGGTTATCTCTCAGCTC-3’ 432 355
TGFg1 5'-GCCCTGGACACCAACTATTGCT-3' 5'-AGGCTCCAAATGTAGGGGCAGG-3' 246 161
IFN-y 5'-ATGAAATATACAAGTTATATCTTGGCTTT-3' 5'-GATGCTCTTCGACCTCGAAACAGCAT-3’ 384 501
MCP-1 5'-TCTGTGCCTGCTGCTCATAGC-3' 5'-GGGTAGAACTGTGGTTCAAGAGG-3' 381 510
GM-CSF  5'-ACACTGCTGAGATGAATGAAACAGTAG-3' 5'-TGGACTGGCTCCCAGCAGTCAAAGGGGATG-3' 337 286
[B-actin 5'-TGACGGGGTCACCCACACTGTGCCCATCTA-3' 5'-CTAGAAGCATTGCGGTGGACGATGGAGGG-3' 520 661

were quantitated by densitometry (BioRad GS-670 imaging densitometer;
Bio Rad Instruments, Hercules, CA). In this approach, a point is determined
where the starting number of standard RNA transcripts is equal to the
starting number of cellular target RNA transcripts. To determine this point,
the ratios of the band intensities of the PCR products from the standard
RNA and target RNA (i.e., ratio standard RNA /target RNA band intensity)
were plotted against the starting number of standard RNA molecules using
a double logarithmic scale.

As shown in Fig. 2 for TNFa stimulated T84 cells, both methods
yielded similar results when conducted in parallel. Such was the case
also for lower abundance messages (data not shown). Moreover, both
methods gave. reliable inter-experimental results and, for all 14 cyto-
kines, were sufficiently sensitive to quantitate fewer than 10° transcripts/
ug cellular RNA. Since 10° cells yielded ~ 1 ug cellular RNA, 103
transcripts/ pug cellular RNA is equivalent, on average, to ~ 1 transcript/
100 cells. Although technically the cytokine transcripts could be de-
tected and quantitated at lower levels, this value was arbitrarily selected
as a lower limit for the quantitative PCR analysis as lower levels are
unlikely to be reflected by biologically meaningful protein production.

Cytokines, bacteria, and Giardia lamblia. The following cytokines,
bacteria, and bacterial products were used in these studies: Recombinant
human TNFa (rTNFa) (Genentech, South San Francisco, CA), rIL-1a
(Immunex, Seattle, WA), rIFN-y (Biosource International, Camarillo,
CA), bacterial lipopolysaccharide (LPS) from E. coli serotype O111:B4
(Sigma Chemical Co., St. Louis, MO), Salmonella dublin lane strain
(31), Yersinia enterocolitica 08, Shigella dysenteriae (clinical isolates
identified by the California State Health Department, Berkeley, CA),
E. coli DH5a, E. coli serotype O29:NM (ATCC 43892), E. coli serotype
0157 (ATCC 43894), Listeria monocytogenes 4b (ATCC 19115), and
Enterococcus faecium (ATCC 35667) and Streptococcus bovis (ATCC
9809). G. lamblia trophozoites (provided by Dr. F. Gillin, UCSD) and
bacterial strains were grown as described before (32, 33).

Colon epithelial cells and cell culture. Human T84 colonic epithelial
cells (34) were a gift from K. Dharmsathaphorn and were used between
passage 16 and 35. Human HT29 colonic epithelial cells (HTB38),
human SW620 colonic epithelial cells (CCL 227), and human Caco-2
ileocecal epithelial cells (HTB37) were obtained from American Type
Culture Collection, Rockville, MD. Cell lines were maintained as de-
scribed before (7).

Freshly isolated human epithelial cells and intraepithelial lympho-
cytes (IEL) from surgically resected colonic specimens were prepared
as described before (1, 7). Epithelial cell preparations were free of
contaminating B cells and monocytes/macrophages as assessed by flow
cytometry using CD19/20 and CD14 markers. Cells were seeded at 1—
2 X 10%/ml in RPMI medium supplemented with 10% fetal calf serum
and 2 mM glutamine. For 48-h cultures, antibiotics were also added.
Viability of the freshly isolated epithelial cells, as assessed by Trypan
blue exclusion and staining with propidium iodide, was > 95% immedi-
ately after isolation, > 90% after 6—7 h in culture, 60—-70% after 24 h
in culture, and 20—-30% after 48 h in culture. To assess the contribution
of IEL to the secretion of cytokines in cultures, epithelial cells and IEL
were isolated from the same surgical specimens and cytokine secretion
was determined in separate cultures of each. IEL comprised 2—3% of the
epithelial cell preparations whereas IEL preparations contained > 80%
lymphocytes. IEL were cultured at 2 X 10%/ml. For assays of cytokine
secretion, freshly isolated epithelial cells or IEL were cultured at 2 X
10%/ml for 48 h (7).

Infection of colon epithelial cell monolayers with bacteria and G.
lamblia. To infect colon epithelial cell lines with bacteria, cells grown
to confluency in six-well plates were incubated with bacteria for 1 h to
allow invasion to occur, after which the extracellular bacteria were
removed by washing and cultures were incubated for an additional 2—
3 h in the presence of 50 ug/ml of the nonmembrane permeant antibiotic
gentamicin to kill the remaining extracellular, but not the intracellular,
bacteria (33). In the case of S. bovis, 16 pg/ml ampicillin was used.
Cells were lysed in distilled H,O and numbers of viable intracellular
bacteria were determined as described before by plating of serial dilu-
tions on agar (33). Cells were harvested for RNA extraction after the
total 3-h period. To assess cytokine secretion, after the initial 1-h incuba-
tion with bacteria, cells were incubated for an additional 7 h in the
presence of antibiotics, after which supernatants were harvested for
cytokine ELISAs. Freshly isolated epithelial cells were plated at 10°
cells/ml in a 1 ml volume in six-well plates, and infected as above.
Cells were incubated for 6 to 7 h in the presence of gentamicin before
determining numbers of intracellular bacteria and cytokine secretion.

To infect T84 or Caco-2 cells with G. lamblia, trophozoites were
washed with ice-cold DME, and 5 X 107 trophozoites were added to
confluent monolayers in 10-cm dishes. After 5 h, the monolayers were
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Figure 2. Comparison of two methods for competitive quantitative PCR.
Method 1 (A, top). In this example, total cellular RNA (1.3 ug) from
T84 cells stimulated with TNFa (100 ng/ml) was reverse transcribed
in the presence of 2.5 X 10° molecules of standard RNA and serial
twofold dilutions of the cDNA mixture were amplified using TNFa
specific primers (Table I). The 5’ primer was end-labeled with
[v-*P]ATP. PCR products were electrophoresed in a 5% polyacryl-
amide gel and visualized by ethidium bromide staining.

(A, bottom) Bands were excised from the gel, their radioactivity
counted and results plotted. The amount of target RNA in the sample
can be obtained from the graph by determining the number of standard
RNA molecules and the amount of total sample RNA which yield identi-
cal amounts of incorporated radioactivity in their PCR products. As
indicated, 340 ng cellular RNA (dashed line, right vertical axis) and 7
X 10* molecules of standard RNA (dashed line, left vertical axis)
contained the same amount of radioactivity (horizontal axis) indicating
that 1 ug of cellular RNA from the stimulated T84 cells contained 2
X 10° molecules of TNFa mRNA.

Method 2 (B, top). Varying numbers of standard RNA molecules
were co-reverse transcribed with a constant amount of cellular RNA
(340 ng) from the same TNFa stimulated cells used in the experiment
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cooled on ice for 10 min and trophozoites were removed by washing
with ice-cold PBS.

Cytokine assays. Cytokines in cell culture supernatants were assayed
by enzyme linked immunosorbent assays (ELISAs). IL-8 ELISAs were
done as described before (7, 33) and were sensitive to 20 pg/ml. MCP-
1 ELISAs used optimal concentrations of polyclonal goat anti—human
MCP-1 antibody (R & D Systems, Minneapolis, MN) as the capturing
antibody, and rabbit polyclonal MCP-1 antibody (Genzyme, Cambridge,
MA) as the detection antibody. IL-6 ELISAs used optimal concentra-
tions of monoclonal mouse anti—human IL-6 as capturing antibody (R &
D Systems) and rabbit polyclonal anti-human IL-6 antibody (Endogen,
Boston, MA) as the detection antibody. Alkaline phosphatase labeled
monoclonal mouse anti-rabbit immunoglobulin G (Sigma Chemical Co.,
St. Louis, MO) was used as a second antibody step. Bound alkaline
phosphatase was visualized with the substrate p-nitrophenylphosphate
(Sigma Chemical Co.). MCP-1 assays were sensitive to 0.5 pg/ml, and
IL-6 assays were sensitive to 5 pg/ml. The TNFa ELISA (Quantikine
HS; R & D Systems) was sensitive to 0.2 pg/ml, and the GM-CSF
assay (Quantikine; R & D Systems) was sensitive to 4 pg/ml.

TGFf1 bioassays were done using the mink lung cell line, Mv 1
Lu, (ATCC CCL 64) (35). Briefly, epithelial cell monolayers were
cultured for 12 h, with and without added stimuli, in DME supplemented
with 1% fetal calf serum and 2 mM glutamine, after which supernatants
were harvested. Aliquots of the supernatants were transiently acidified
with 65 mM HCI for 30 min at 4°C, and neutralized with 65 mM
NaOH, 65 mM Hepes. Serial dilutions of the supernatants were added
to confluent CCL 64 monolayers in 96-well plates for 24 h. For the
final 4 h in culture, 0.5 uCi [*H]thymidine was added to each well.
Cells were harvested and incorporated radioactivity was determined by
liquid scintillation counting. As a control for serum-derived TGFG1
activity, culture medium alone containing 1% fetal calf serum was as-
sayed in parallel and values were subtracted as background. The bioas-
say was sensitive to 100 pg/ml active TGFS1.

Results

Expression of cytokine genes in control and TNFa stimulated
cultures of T84, HT29, and SW620 cells. We first characterized
the array of cytokine genes expressed in control cultures of
T84, HT29 and SW620 cells. As shown in Table II, all three
cell lines expressed mRNA for IL-8 and TGFf1 in the absence
of added stimuli. In addition, low levels of transcripts for TNFa
and IL-18 were detected in T84 cells, those for IL-13 and GM-
CSF were found in HT29 cells and those for IL-10 were present
in SW620 cells. All of the cell lines expressed detectable
amounts of MCP-1 and IL-1a mRNA but at levels < 10° tran-
scripts/ug. None of the cells expressed detectable levels of
mRNA for IL-2, IL-4, IL-5, IL-6, IL-12p40, or IFN-vy (data not
shown).

in A. After reverse transcription, the cDNA reaction mixture was ampli-
fied using TNFa specific primers. PCR products were electrophoresed
in 2% NuSieve agarose gels and bands were visualized by ethidium
bromide staining and photographed using Polaroid 665 film. Negatives
of the photographs were used to quantitate band intensities by densitom-
etry. (B, bottom) Graph shows the ratio of band intensities of the PCR
products from standard and target RNA plotted against the starting
number of standard RNA molecules. When the ratio of band intensities
equals 1, the number of target RNA molecules is equivalent to the
number of standard RNA molecules. In this example, 340 ng cellular
target RNA was equivalent to 6.8 X 10* molecules of standard RNA,
indicating that 1 ug of cellular RNA from the stimulated T84 cells
contained 2 X 10° molecules of TNFa mRNA.



Table II. Cytokine mRNA Levels in Control or TNFa Stimulated T84, HT29, and SW620 Cells*

T84 cells HT29 cells SW620 cells
Transcripts/ug* Transcripts/ug Transcripts/ug

Ratio of TNFa Ratio of TNFa Ratio of TNFa
Cytokines* Control + TNFa stimulated/control Control + TNFa stimulated/control Control + TNFa stimulated/control
IL-8 8 x 10° 5% 10° 63 8 x 10* 8 x 10° 100 3 x 10* 6 x 10° 20
MCP-1 <10 2 x 10° > 200 < 10° Nt NC! <10° 9 x 10° >9
TNFa 1x10°0 2x10° 200 <10®* 6 x 10* > 60 <10®° 4x10* > 40
GM-CSF <10 1x10* > 10 4%x10° 3x10° 75 <10* 3x10* > 30
IL-18 1x10° 1 x 10* 10 1x 10° 2 x 10° 2 <10 <10 NC
IL-la <10* 3x10° >3 <10 <10 NC <10 <10 NC
IL-10 < 10® <10° NC <10° <10° NC 3 x10° 5% 10° 1.7
TGFR1 5 x 10* 5 x 10* 1 4 x 10° 7 x 10° 1.8 1 x 106 9 x 10° 0.9

* Cultures of T84, HT29, or SW620 cells were stimulated with TNFa (200 ng/ml) or no additional stimuli were added for 16 h after which cellular
RNA was prepared as described in Methods. * Values are numbers of cytokine transcripts/ug total cellular RNA. 10° transcripts/ug cellular RNA
is equivalent to ~ 1 transcript/100 cells and was arbitrarily taken as a lower limit for quantitation. *Not shown, IL-2, IL-4, IL-5, IL-6, IL-12p40,
and IFN-y transcripts could not be detected in any of these cell lines under control conditions, or following TNFa stimulation. ! N7, not tested.

1 NC, value cannot be calculated.

mRNA levels for four cytokines were markedly increased
by TNFa stimulation in all three cell lines. As shown in Table
II, TNFa stimulation resulted in a 20—100-fold increase in
steady state levels of mRNA for IL-8, a greater than 9—-200-fold
increase in MCP-1 mRNA levels, a > 40-200-fold increase in
TNFa message levels and a greater than 10-75-fold increase
in GM-CSF mRNA levels in the cell lines as assayed 16 h after
stimulation. In contrast, upregulation of IL-13, IL-1a, and IL-
10 was variable among the cell lines and never greater than 10-
fold. TNFa did not upregulate expression of TGF31 mRNA.
As in control cultures, none of the cell lines expressed mRNA
for IL-2, IL-4, IL-5, IL-6, IL-12p40, or IFN-vy following TNFa
stimulation.

Increased cytokine mRNA levels in T84 and Caco-2 cells
in response to bacterial invasion. To assess changes in cytokine
gene expression in epithelial cells in response to bacterial infec-
tion, T84 cell monolayers were infected with the invasive bacte-
ria S. dublin or with noninvasive bacterial strains ( E. coli DHS«,
E. faecium) and cytokine mRNA levels were determined 3 h
after infection. As shown in Table III, infection of T84 cells
with the invasive gram-negative bacterium S. dublin resulted in
increased mRNA levels of IL-8, MCP-1, TNFa, and GM-CSF.
In contrast, neither the noninvasive gram-negative bacterium E.
coli DH5a, the noninvasive gram-positive bacterium E. fae-
cium, nor bacterial LPS (data not shown) influenced cytokine
mRNA levels expressed by these cells. Further, constitutive
levels of mRNA for TGFA1 and SB-actin were not increased by
S. dublin invasion and IL-2, IL-4, IL-5, IL-6, IL-12p40, and
IFN-y mRNA were not detected after co-culture of T84 cells
with invasive or noninvasive bacterial strains. Similarly, in-
creased mRNA levels for IL-8, MCP-1, TNFa, and GM-CSF
were found in Caco-2 cells following invasion by S. dublin
(data not shown).

Trophozoites of G. lamblia, a noninvasive protozoan para-
site, attach to, but do not invade intestinal epithelial cells, and
infection is not accompanied by an acute inflammatory re-
sponse. To explore whether G. lamblia infection could upregu-
late epithelial cell cytokine expression, monolayers of T84 or
Caco-2 cells were co-cultured with G. lamblia trophozoites. Co-

culture of these cells with G. lamblia did not alter expression
of the cytokines studied herein as assessed by RT-PCR (data
not shown).

Regulated secretion of IL-8, MCP-1, TNFa, and GM-CSF
by colon epithelial cells. The above studies indicated that
mRNA levels of four cytokines were coordinately upregulated
in colon epithelial cells in response to TNFa stimulation and
Salmonella invasion. To determine if increased mRNA levels
for these cytokines were paralleled by increased protein secre-
tion, cytokine secretion by the cell lines in response to bacterial
invasion or stimulation with proinflammatory agonists was
studied.

As shown in Table IV, TNFa secretion by T84 cells was
increased following bacterial invasion of the monolayers with
Y. enterocolitica, S. dublin, enteroinvasive E. coli and S. dysent-
eriae. The quantity of TNFa secreted paralleled the extent of
bacterial entry, as reflected by the number of recovered intracel-
lular bacteria. In contrast, infection of the monolayers with
noninvasive E. coli or stimulation with bacterial LPS did not
increase TNFa secretion by T84 cells.

As shown in Table V, infection of Caco-2 monolayers with
several different strains of invasive bacteria upregulated both
MCP-1 and IL-8 secretion. MCP-1 secretion was also increased
following stimulation of this cell line with IL-1a and, as noted
before (7), IL-1 stimulation upregulated IL-8 secretion. In con-
trast, IFN-y had no effect on the expression of either of these
chemokines. Moreover, Caco-2 cells were poorly responsive to
LPS and TNF« stimulation (7, data not shown).

HT29 monolayers were used to ask whether secretion of
GM-CSF was increased following bacterial invasion or TNFa
stimulation, since HT29 cells, compared with the other cell
lines, expressed the highest levels of mRNA for GM-CSF after
TNFa stimulation (Table IT). In addition, HT29 cells were used
to assess secretion of the full array of all four proinflammatory
cytokines by one cell line. As shown in Table VI, secretion of
GM-CSF, IL-8, MCP-1 and TNFa was markedly increased in
HT29 monolayers infected with the invasive gram negative bac-
teria S. dysenteriae, Y. enterocolitica, S. dublin, lane and entero-
invasive E. coli. Moreover, TNFa stimulation increased secre-
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Table III. Cytokine mRNA Levels in Control or Bacteria Infected T84 Cells*

Additions to culture

Control S. dublin E. coli DH5a E. faecium TNFa
Transcripts/  Transcripts/ Ratio infected/ Transcripts/ Ratio infected/ Transcripts/ Ratio infected/ Ratio stimulated/
Cytokines* gt ug control 74 control ug control Transcripts/ug control
IL-8 1% 10° 2 x 10° 20 1x10° 1 1% 10° 1 1 x 107 100
MCP-1 < 10° 3 x 10* > 30 < 10° NC! < 10° NC 2 X 10° > 200
TNFa < 10° 1 x10° > 100 <10 NC 1x10° >1 5% 10° > 500
GM-CSF <10 1x10° > 100 <10 NC <10 NC 3 x 10* > 30
IL-18 5% 10° 8 x 10° 1.6 2 x10° 0.4 3 x10° 0.6 2 x 10° 40
IL-1a <10® 2x10° >2 <10 NC <10 NC 1 x10* > 10
TGFpg1 3 x 10° 2 X 10° 0.7 1 x 108 0.3 2 X 10° 0.7 8 x 10° 0.3
B-Actin' 7 % 107 3 x 107 0.4 4 x 107 0.6 3 x 107 0.4 6 x 107 0.9

* Cultures were infected with bacteria as described in Methods or stimulated with TNFa (200 ng/ml) for 3 h. * Not shown, IL-2, IL-4, IL-5, IL-
6, IL-10, IL-12p40, and IFN-vy transcripts were not detected after infection with bacteria or after TNFa stimulation. ® Values are the number of
cytokine transcripts/ug total cellular RNA. ! NC, value cannot be calculated. ' B-actin is included as a control since it is a constitutively expressed

‘‘housekeeping’’ gene.

tion of GM-CSF, IL-8, and MCP-1. We also found increased
cytokine secretion in response to the noninvasive gram negative
bacterial strains, E. coli O157 and E. coli DH5a, in HT29 cells
but not in the other cell lines tested (Tables IV and V.) This
response was significantly lower than that noted after infection
with invasive gram negative bacteria and may reflect stimulation
by cell wall components such as LPS. Consistent with the data
in Table VI, we previously demonstrated that HT29 cells se-
creted small amounts of IL-8 in response to LPS stimulation
(7). The data in Table VI further demonstrate that HT29 cells
secrete small amounts of GM-CSF, MCP-1 and TNFe« in re-

Table IV. TNFa Secretion by T84 Cells after Coculture with
Bacteria*

Bacterial Intracellular bacteria
inoculum recovered
Number/ Number/ Percent of TNFa
Additions to culture well* well* inoculum secreted
pg/ml
Y. enterocolitica 56 x 10° 1.5x10° 27 5.4+0.5%
E. coli O29:NM
(enteroinvasive) 7.6 X 10° 3.1 x 10’ 4.1 3.8+0.1
S. dublin lane 8.6 X 107 1.6 x 10° 1.9 2702
S. dysenteriae 6.4 X 10° 3.3 x 10° 0.52 1.3+0.1
E. coli DH5a
(nonpathogenic) 3.1 x10°  1.0x 10* 0.0032 <02
E. coli O157
(enterohemorrhagic) 6.8 X 10° 1.2 x 10* 0.0018 <02
LPS — — — <0.2
None — — — 0.3+0.1

* Confluent cultures of T84 cells were infected with bacterial strains
as shown. Numbers of intracellular bacteria and cytokine secretion
were determined as outlined in the Methods. Parallel cultures were
stimulated with LPS (10 pug/ml) for 7 h. Data are from a representa-
tive experiment. Comparable results were obtained in two additional
experiments. ¥ Numbers are means of duplicate cultures. * Numbers
are means*SEM of triplicate cultures.
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sponse to LPS stimulation. Expression of all four cytokines
was coordinately upregulated in response to infection with the
invasive gram positive bacteria, L. monocytogenes, but not in
response to infection with the noninvasive gram positive bacte-
rium, S. bovis. This finding confirms the importance of bacterial
invasion for expression of proinflammatory cytokines in HT29
cells, independent of an LPS effect.

In contrast to the proinflammatory cytokines, and consistent
with the RT-PCR results (Table 1), TGF81 secretion was not
increased in the cell lines in response to TNFa or IL-1/ stimula-
tion (Table VII). Moreover, in contrast to rat epithelial cells
(36), IL-2 did not stimulate TGFB1 secretion by the human
cell lines.

Bacterial invasion and cytokine production by freshly iso-
lated human colon epithelial cells. We next determined if bacte-
ria entered normal colon epithelial cells in culture, as was the
case for the epithelial cell lines. As shown in Table VIII, freshly
isolated colon epithelial cells were invaded by pathogenic Y.
enterocolitica, S. dublin and, to a lesser extent, L. monocyto-
genes, but not by nonpathogenic E. coli DH5a. Moreover, the
numbers of intracellular bacteria were similar to those in the
cell lines.

To determine if the same array of cytokines that are ex-
pressed in colon epithelial cell lines can be produced also by
freshly isolated human colon epithelial cells, cells isolated from
seven different individuals were cultured in vitro for 48 h. We
previously reported that IL-8 (7) and GM-CSF (37) can be
produced by freshly isolated human colon epithelial cells. The
data in Table IX show MCP-1 and TNFa secretion by these
cells. Since the epithelial cell preparations contained 2-3%
contaminating intraepithelial lymphocytes (IEL), we also ana-
lyzed IEL from some of the same surgical specimens for their
ability to produce MCP-1 and TNFa. IEL secreted only low
amounts of these cytokines indicating that, in the epithelial
cell cultures, TNFa and MCP-1 were produced mainly by the
epithelial cells.

In further experiments, we asked if MCP-1 and IL-8 secre-
tion by freshly isolated human colon epithelial cells, like that
of the cell lines, was upregulated in response to bacterial inva-



Table V. Chemokine Secretion by Caco-2 Cells*

Bacterial
inoculum Intracellular bacteria recovered Chemokines secreted
Additions to culture Number/well* Number/well* Percent of inoculum MCP-1 IL-8
pg/ml

S. dublin lane 9.5 x 107 3.4 x 10° 36 198.0+1.5% 1412+50%
Y. enterocolitica 9.6 x 107 3.1 x 107 32 97.0+2.2 542+64
L. monocytogenes 2.4 x 10° 1.1 x 107 0.46 80.3+4.9 583+13
E. coli 029:NM (enteroinvasive) 3.6 x 10® 6.4 x 107 18 45.7+1.0 279+8
S. dysenteriae 8.2 x 10® 84 x 10° 0.10 25.6+0.5 11510
E. coli 0157 (enterohemorrhagic) 53 x 10® 1.3 x 10° 0.00024 17.6x1.0 69+2
LPS — — — 17.1+£0.6 20+2
IL-la — — — 217.2+£5.0 118127
IFN-y — — — 12.2+0.6 <20
None — — — 11.9+0.5 <20

* Confluent cultures of Caco-2 cells were infected with bacterial strains as shown. Numbers of intracellular bacteria and cytokine secretion were
determined as outlined in the Methods. Parallel cultures were stimulated with LPS (10 ug/ml), IL-1a (10 ng/ml), or IFN-y (40 ng/ml) for 7 h. IL-
1 was used for stimulation of Caco-2 instead of TNFa as Caco-2 cells were previously reported to upregulate IL-8 secretion in response to IL-1,
but not in response to TNFa stimulation (7). Data are from representative experiments. Comparable results were obtained in two additional
experiments. ¥ Numbers are means of duplicate cultures. | Numbers are means*+SEM of triplicate cultures.

sion or IL-14 stimulation, since those chemokines likely pro-
vide early signals for initiation of a mucosal inflammatory re-
sponse. As shown in Table X, stimulated cytokine secretion by
normal epithelial cells was of a similar order of magnitude to
that of the Caco-2 cell line (Table V) and, as reported before,
the T84 cell line (7). Moreover, MCP-1 and IL-8 secretion
increased in response to co-culture with the invasive bacteria
Y. enterocolitica and L. monocytogenes or stimulation with IL-

18. However, relative increases in MCP-1 and IL-8 secretion
over background levels in freshly isolated cells were not as
great as with cell lines, which may reflect the generally higher
background levels of MCP-1 and IL-8 seen with freshly isolated
cells. This notion is supported by the results from Exp. 2 (Table
X) which shows 5-8-fold higher background levels compared
with Exp. 1 and, concurrently, less marked relative increases
in chemokine secretion in response to bacterial invasion. Fi-

Table VI. Secretion of GM-CSF, IL-8, MCP-1, and TNFa by HT29 Celis*

Intracellular bacteria

Bacterial recovered Cytokines secreted
inoculum
-_ Percent of
Number/well* Number/well* inoculum GM-CSF IL-8 MCP-1 TNFa
pg/ml ng/ml pg/ml pg/ml
Gram negative bacteria
S. dysenteriae 6.2 X 10® 1.5 x 10° 0.24 402+25 80.5+3.1° 81.3+2.9% 101.4+10.6°
Y. enterocolitica 4.5 x 10 2.6 X 10 57.8 370x16 72.5+1.6 155.0+5.0 188.7+18.1
S. dublin lane 6.2 x 107 2.1 x 10° 34 363+13 424+12 128.0x1.0 71.0+£2.3
E. coli 029:NM (enteroinvasive) 2.5 x 108 7.1 x 10° 0.28 251+3 41.9+5.1 68.0+0.9 37.0+0.9
E. coli O157 (enterohemorrhagic) 1.9 x 108 35 x 10° 0.0018 25+2 5902 20.7+0.7 7.7x04
E. coli DH5a (nonpathogenic) 1.0 x 10® 43 x 10° 0.0043 21+2 4.7+0.06 214=1.1 4.3+0.2
Gram positive bacteria
L. monocytogenes 14 x 10° 4.5 x 107 32 31%2 17.1+0.1 12.3+0.7 17.9+1.0
S. bovis 2.2 X 108 1.6 x 10* 0.0073 6+1 0.5+0.03 2.7+0.1 0.7+0.1
Other stimuli
LPS — — — 5+1 2.0+0.1 5.0x0.2 1.1+0.1
TNFa — — — 919+28 230.5+11.5 909.0+8.0 ND!
None — — — <4 0.5+0.02 24+0.1 0.320.1

* Confluent cultures of HT29 cells were infected with bacterial strains as shown. Intracellular bacteria and cytokine secretion were determined as
outlined in the Methods. Parallel cultures were stimulated with LPS (10 pg/ml), or TNFa (200 ng/ml) for 7 h. Data are from a representative
experiment. Comparable results were obtained in an additional experiment. * Numbers are means of duplicate cultures. * Numbers are means*+SEM
of triplicate cultures. ' ND, not done since TNFa was added exogenously.
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- Table VII. Secretion of Latent TGFf1 by Colon Epithelial
Cell Lines*

Table IX. Secretion of TNFa and MCP-1 by Freshly Isolated
Intestinal Epithelial Cells

Cell line Additions to culture TGFp1 secreted IL-8 secreted
pg/ml pg/ml
Caco-2 None 510 <20
IL-18 510 880
IL-2 470 <20
SW620 None 730 NT*
TNFa 550 NT
IL-2 850 NT
T84 None < 100 500
TNFa < 100 6,040
IL-2 < 100 450

* Representative experiment in which confluent monolayers of colon
epithelial cells were grown in media containing 1% fetal calf serum and
stimulated with 10 ng/ml IL-14, 50 ng/ml IL-2, or 100 ng/ml TNFa
for 12 h as described in Methods. Active and latent TGF31 concentra-
tions were determined by bioassay. Only latent TGFS1 was secreted by
the cell lines. IL-8 concentrations were determined by ELISA. * NT,
not tested. We previously reported TNFa increases IL-8 secretion by
SW620 cells (7).

nally, we note that colon epithelial cells were previously re-
ported to produce IL-6 in vivo by immunostaining (9). Consis-
tent with this, freshly isolated intestinal epithelial cells, in con-
trast to the cell lines, produced IL-6 and secretion of this
cytokine was upregulated in response to microbial invasion and
IL-18 stimulation.

Table VIII. Entry of Invasive Bacteria into Freshly Isolated
Colon Epithelial Cells

Intracellular bacteria

recovered
Bacterial
Bacteria added to inoculum Number/ Percent of
Experiment cultures (number/well) well inoculum
1 Y. enterocolitica 2.5 X 10° 2.3 X 107 9.2
S. dublin 2 x 10’ 3.1 X 10° 15.5
L. monocytogenes 5 X 10’ 9.0 X 10° 0.018
E. coli DH5«a 2.5 x 10° 4.0 X 10? 0.00016
2 Y. enterocolitica 5 x 10’ 1.7 X 10° 34
S. dublin 2 x 107 2.4 X 10° 1.2
E. coli DH5«x 5 x10 < 10? < 0.0002
3 Y. enterocolitica 2.5 x 10® 1.9 x 10’ 7.6

5 x10 7.2 X 108 14.4
1.3 x 107 1.4 x 10° 10.8

E. coli DH5a 25 x 10 8.0 X 107 0.00032
5 x10 9.0 x 10 0.00018

* Intestinal epithelial cells were isolated from surgically resected
colon specimens, as described in Methods. Cells were seeded at 10%/
well in a 1 ml volume using six-well plates and infected for 1 h
with different bacterial strains, as indicated in the Table. Subse-
quently, bacteria were removed and cultures were further incubated
for 6-7 h in the presence of gentamicin. Epithelial cells were lysed
in water and the number of viable intracellular bacteria was deter-
mined.
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TNFa secreted MCP-1 secreted
Individual Epithelial cells IEL Epithelial cells IEL
pg/ml ng/ml
1 18.5 1.7 2.8 0.1
2 161.7 46.5 22 0.2
3 7.8 7.5 2.4% 4.1
4 4.7 ND* 14 ND
5 6.8 ND 1.0 ND
6 7.7 ND 0.7 ND
7 11.2 ND 0.2 ND

* ND, not done. *IEL and epithelial cells were cultured for 48 h
at2 X 10%/ml. Since IEL contamination of epithelial cell preparations
was 2 to 3%, ~ 0.1 ng/ml of MCP-1 in the epithelial cell preparation
of this patient likely derived from IEL contamination.

Discussion

A specific array of four proinflammatory cytokines, IL-8, MCP-
1, TNFa, and GM-CSF, was coordinately expressed and upreg-
ulated in human colon epithelial cell lines in response to bacte-
rial invasion or stimulation with TNFa or IL-1. The regulated
expression of this constellation of cytokines in human colon
epithelial cells is noteworthy as each of these cytokines has
an established role in the initiation and amplification of the
inflammatory response. IL-8 and MCP-1 are prototypic mem-
bers of the C-X-C and C-C families of chemokines, and act
as potent chemoattractants and activators of neutrophils and
monocytes, respectively (38). TNFa can amplify the in-
flammatory response by activating neutrophils, mononuclear
phagocytes, and other cell types such as eosinophils, whereas
GM-CSF prolongs the survival of neutrophils, monocytes and
eosinophils, and increases the response of those cells to other
proinflammatory agonists which can further amplify the in-
flammatory response (39—42). In addition, TNFa can stimulate
IL-8 and MCP-1 production and GM-CSF can stimulate TNFa
and IL-1 production by monocytes/macrophages (39, 41). The
regulated expression of a specific array of proinflammatory cy-
tokines in colon epithelial cell lines, as reported herein, suggests
that these cells are programmed to provide chemotactic and
activating signals to adjacent and underlying immune and in-
flammatory cells in the initial period following microbial inva-
sion of epithelial cells. Further, production of proinflammatory
cytokines by epithelial cells in response to TNFa or IL-1 pro-
duced by other cells in the epithelial microenvironment would
serve to amplify the mucosal inflammatory response.

The characteristic array of proinflammatory cytokines pro-
duced by colon epithelial cell lines overlaps, but also exhibits
some important differences from that produced by cells of the
monocyte/macrophage lineage. Thus, none of the epithelial
cells expressed IL-12p40 or high levels of IL-1, cytokines that
are characteristic of the monocyte/macrophage lineage (43—
45). Consistent with our findings, prior studies using Northern
blot analysis also failed to detect IL-1 expression by freshly
isolated human colon epithelial cells (46). The array of cyto-
kines expressed by epithelial cells differs markedly from that



Table X. Increased Cytokine Secretion by Freshly Isolated Colon Epithelial Cells after Coculture with Invasive Bacteria*

Cytokines secreted

MCP-1 IL-8 IL-6
Fold increase Fold increase Fold increase
Experiment/Additions to culture pg/ml over controls pg/ml over controls pg/ml over controls
1
Y. enterocolitica 278 4.5 1,248 3.1 514 6.0
L. monocytogenes 182 29 953 23 493 5.7
E. coli DH5a 99 1.6 783 1.9 230 2.7
LPS 94 1.5 669 1.6 154 1.8
IL-18 103 1.7 843 2.1 205 24
None 62 1.0 408 1.0 86 1.0
2
Y. enterocolitica 551 1.8 2,953 1.2 1,652 23
E. coli DH5«a 326 1.0 2,877 1.1 1,248 1.8
IL-18 619 20 5,689 22 1,673 23
None 315 1.0 2,546 1.0 715 1.0

* Intestinal epithelial cells were isolated from surgically resected colon specimens, infected for 1 h with different bacterial strains, and further
incubated for 6—7 h in the presence of gentamicin. Parallel cultures were stimulated with 1 pg/ml IL-15 or 10 p/ml LPS for 6—7 h. Cytokine
concentrations in the supernatants were determined by ELISA. Numbers are means of two separate determinations.

characteristic of the T cell lineage. Thus, none of the epithelial
cell lines expressed mRNA for IL-2, IL-4, IL-5, and IFN-v,
cytokines which are produced by T cells, but also variably by
other cell types (e.g., mast cells, eosinophils and NK cells)
(47-50). Taken together, our findings support the notion that
epithelial cells are an integral component of the host’s nonspe-
cific (i.e., natural) immune system. This concept complements
the finding of others that intestinal epithelial cells can be in-
duced to express HLA class I molecules, can process and pres-
ent antigen to T cells, and can express complement proteins
(1-3,11).

The colonic cell lines used in these studies are transformed
and, in this regard, differ from normal colon epithelial cells.
We note, however, that despite their different origins, an identi-
cal array of proinflammatory cytokine mRNAs was consistently
upregulated in each of the cell lines in response to bacterial
invasion and TNFa or IL-1 stimulation, suggesting that expres-
sion of these cytokines is a general property of colon epithelial
cells. Moreover, our results argue that unless the expression or
lack of expression of one or more of the cytokines is causally
related to the transformation process, a similar array of cyto-
kines should be produced by non-transformed colon epithelial
cells. This was the case for TNFa and MCP-1 as shown herein,
and for IL-8 (7) and GM-CSF (37), as we noted before. How-
ever, in contrast to those cytokines, IL-6 was produced by
freshly isolated normal colon epithelial cells but not by the
colon epithelial cell lines studied herein and by others (7, 51).
Consistent with our findings with freshly isolated cells, others
have reported IL-6 expression in normal human colon epithelial
cells by immunostaining of tissue sections (9). However, in
those studies, < 5% of the colon epithelial cells expressed that
cytokine (9). Thus, the lack of IL-6 expression by the cell lines
may reflect the origin of these cells from precursors which
themselves did not express IL-6, rather than a loss of IL-6
expression in the cell lines related to the transformed state.

Cell lines will continue to provide useful models for charac-

terizing the regulation of cytokine gene expression in colon
epithelial cells. This is particularly the case given the heteroge-
neity and lack of purity of epithelial cell preparations obtained
from fresh colonic tissue, the limited viability of these cells,
and the current lack of long term lines of nontransformed human
colon epithelial cells. This is further supported by our studies
using freshly isolated colon epithelial cells. Although these
cells, like the cell lines, can secrete proinflammatory cytokines
like IL-8 or MCP-1, as well as IL-6, in response to bacterial
invasion or stimulation with IL-14, they do not provide a useful
model system for studying cytokine expression since back-
ground levels vary markedly from preparation to preparation,
which may reflect the multiple manipulations performed in the
isolation procedure. This parallels our findings showing that
simple mechanical irritation of the colon mucosa can upregulate
IL-8 mRNA expression (Y. Chowers and M. F. Kagnoff, unpub-
lished data), and that of others showing that hypoxia induces
IL-8 secretion in endothelial cells (52). In studies parallel to
those with freshly isolated epithelial cells, we found freshly
isolated monocytes also expressed high background levels of
MCP-1 and IL-8. These cytokines were minimally increased
by further stimulation with IL-1, PMA, or LPS (L. Eckmann,
unpublished data). However, after several days in culture, base-
line levels decreased and regulated expression in response to
those agonists was seen. It is not possible to use a similar
experimental approach with freshly isolated colon epithelial
cells given their limited viability beyond 24—48 h.

Invasion of the intestinal mucosa by pathogenic bacteria
leads to a marked acute mucosal inflammatory response which
is characterized histologically by an infiltration with neutrophils
and macrophages/monocytes. Therefore, we used bacterial in-
vasion, as a physiologically relevant model, to study the upregu-
lation of proinflammatory cytokine expression in colon epithe-
lial cells. As shown in these studies, bacterial invasion of the
colon epithelial cell lines upregulated mRNA levels and secre-
tion of IL-8, MCP-1, TNFa, and GM-CSF, and could upregulate
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MCP-1, IL-8, and IL-6 secretion in freshly isolated epithelial
cells. We suggest that these proinflammatory cytokines, in com-
bination, comprise an important signaling system for the initia-
tion of the mucosal inflammatory response when the host intesti-
nal epithelial surface lining is invaded by microbial pathogens.
Indeed, the specific array of proinflammatory cytokines ex-
pressed by epithelial cells is ideally suited for that function
since, in combination, these cytokines attract and activate neu-
trophils and monocytes/macrophages, key cell types of the in-
flammatory response. Noninvasive bacterial strains and G. lam-
blia trophozoites do not invade intestinal epithelial cells or
cause intestinal inflammation in vivo. The finding that they did
not upregulate cytokine gene expression further highlights the
importance of microbial entry for the activation of this cytokine
signaling network. Our findings do not exclude the possibility
that additional cytokines, including other members of the chem-
okine family, also may be part of this signaling network.

Levels of TNFa mRNA and TNFa secretion by T84 cells
were upregulated in response to stimulation with TNFa or Sal-
monella infection. This suggests that TNFa produced by these
cells may exhibit autocrine and paracrine effects. Thus, TNFa
produced by epithelial cells in response to bacterial invasion or
in response to stimulation with TNFa could amplify its own
expression and the inflammatory response by secondarily upreg-
ulating epithelial cell production of the additional proinflamma-
tory cytokines IL-8, MCP-1, and GM-CSF. However, in con-
trast to T84, HT29, and SW620, freshly isolated colon epithelial
cells and Caco-2 cells did not respond to TNFa stimulation
with increased proinflammatory cytokine expression (data not
shown). This lack of TNFea responsiveness is consistent with
the apparent lack of TNFa receptor expression on freshly iso-
lated intestinal epithelial cells (53), although it is not yet clear
whether or not functional TNFa receptors are expressed and
regulated in colon epithelial cells in vivo.

In contrast to the proinflammatory cytokines, mRNA levels
and secretion of TGFf1, a cytokine which can exhibit potent
immunosuppressive and anti-inflammatory activities (26, 27),
were not upregulated in colon epithelial cells in response to
TNFa stimulation or Salmonella invasion. Although TGFA1
expression was reported to be increased in a rat small intestinal
epithelial cell line (i.e., IEC-6) after IL-2 stimulation (36), this
was not the case for the cell lines studied herein. It is possible
that anti-inflammatory cytokines like TGFA1 and IL-10 (28)
can be regulated in human intestinal epithelial cells in response
to different stimuli or, alternatively, epithelial cells may not
play a major role in downregulation of the acute inflammatory
response through the production of those cytokines. Irrespective
of the cellular origin of the anti-inflammatory cytokines, the
development of marked intestinal inflammation in transgenic
IL-10 knockout mice demonstrates the importance of main-
taining an appropriate balance in the intestinal mucosa between
cytokines with proinflammatory and those with anti-inflamma-
tory activities (54).
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