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SUMMARY

The intestinal flora play an important role in experimental colitis and inflammatory bowel disease
(IBD). Using colonic explant cultures from 132 IBD and control subjects, we examined tumour necrosis
factor-alpha (TNF-¢), interleukin (IL)-1 and interleukin-1 receptor antagonist (IL-1RA) production in
vitro in response to bacterial activators. Unstimulated TNF-o. release was increased significantly in rec-
tal biopsies from involved IBD tissue, correlating with inflammation severity. Whereas lipopolysaccha-
ride (LPS) only moderately stimulated TNF-a production from inflamed tissue, pokeweed mitogen
(PWM) induced its release in all groups, with a stronger response in involved IBD tissue. Superantigen
staphylococcal enterotoxin A (SEA) had a similar, but weaker effect. SEB was observed to be the stron-
gest inducer of TNF-o for all groups, again with a more marked response in inflamed tissue. Stimulated
release of IL-1 was considerably less than for TNF-c. The superantigens’ superior potency over LPS was
not as marked for IL-1 as it was for TNF-¢. In addition to IL-1, IL-1RA release was also triggered by
the bacterial products. The net effect of activation on the IL-1RA/IL-1 ratio was relatively modest.
Release of the proinflammatory cytokines TNF-o and IL-1, as well as that of the anti-inflammatory
cytokine IL-1RA was increased by incubation of colonic tissue with bacterial factors. TNF-a production
and release was increased significantly in involved colonic explants from IBD. SEB was even capable of

inducing TNF-¢ release from uninvolved colonic tissue.
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INTRODUCTION

Inflammatory bowel diseases (IBD) are chronic immune-medi-
ated disorders of yet unknown aetiology. An increased number of
activated leucocytes are present in IBD intestinal mucosa, result-
ing in heightened production of proinflammatory cytokines such
as tumour necrosis factor-alpha (TNF-a), interleukin-1 (IL-1),
IL-12, IFN-y and chemokines [1-4]. Among these, TNF-« is of
particular importance in view of recent trials that demonstrated
impressive clinical improvement following TNF-« neutralization
using monoclonal antibodies [5-7]. Overproduction of TNF-«
also characterizes experimental models of chronic intestinal
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inflammation [8]. TNF-« plays a pivotal role in orchestrating the
inflammatory response and is implicated in the activation of mac-
rophages, co-stimulation of T cells, up-regulation of adhesion
molecules, release of proinflammatory cytokines from immune
cells, as well as chemokines from epithelial cells [9]. IL-1 also
appears to be an important mediator of inflammation in IBD, with
increased levels in intestinal tissue from IBD patients [10]. The
activity of IL-1 is determined in part by the levels of the IL-1
receptor antagonist (IL-IRA), which competes with IL-1 for
receptor binding. We and others have provided evidence that IL-
1 and IL-1RA are imbalanced in IBD mucosa [10,11]

Despite intensive efforts, the precise triggering events and the
mechanisms that perpetuate the inflammation and cause IBD
relapses remain poorly understood. The hypothesis held most
widely is that there is an abnormal and uncontrolled immune
response to normally occurring gut intraluminal constituents [12].
Bacterial products are prime suspects, because Crohn’s disease
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(CD) recurrence is typically restricted to intestinal segments
exposed to luminal flora [13]. IBD patients have been shown to
have aberrant intestinal immune tolerance to commensal bacte-
rial antigens [14,15]. Furthermore, the development of colitis in
several transgenic and gene knock-out animal models is contin-
gent on colonization by conventional gut bacteria [12,16,17].

Lipopolysaccharide (LPS) is a Gram-negative bacterial cell
wall component that activates peripheral blood mononuclear cells
(PBMC), but not lamina propria mononuclear cells (LPMC) from
normal intestinal mucosa [18,19]. Bacterial superantigens such as
staphylococcal enterotoxins A (SEA) and B (SEB) induce T cell
proliferation and cytokine secretion [20]. Alterations in the lym-
phocyte T cell receptor (TCR) Vi repertoire have been observed
in autoimmune disorders, implicating such superantigens [21].
Specific and persistent oligoclonal expansion of circulating and
gut T cells in IBD has been taken as an indication that they have
responded to specific bacterial antigens [22]. Furthermore, SEB
was shown recently to induce a self-limited enteropathy, charac-
terized by altered villus-crypt in BALB/c and T cell-reconstitued
SCID mice [23]. Pokeweed mitogen (PWM) stimulates helper T
cells and B cells and is a strong inducer of cytokine release by
PBMC [24]. Activation of T cells by PWM is monocyte-dependent
[25].

Ex vivo colonic organ culture has been reported by us and
others to be a useful in vitro model to study cytokine production
in intestinal disorders [10,26,27]. The goal of this study was to
compare intestinal TNF-¢, IL-1 and IL-1RA release to the afore-
mentioned bacterial products, using colonic explant cultures from
IBD and control patients.

PATIENTS AND METHODS

Materials
Dulbecco’s phosphate buffered saline (PBS), CMRL 1066 and
penicillin—streptomycin were purchased from GiBCoO BRL (Life

Technologies, Burlington, Ontario, Canada). Fetal calf serum,
TRIS, Escherichia coli LPS serotype 026:B6, PWM, SEA and
SEB were from Sigma (St Louis, MO, USA). Anti-proteases were
obtained from ICN (Mississauga, Ontario, Canada).

Organ cultures

Colonic specimens were obtained from 132 consenting patients at
the time of colonoscopy for evaluation of gastrointestinal symp-
toms [Table 1]. Six biopsies were taken from macroscopically dis-
eased areas of the rectal mucosa. If no macroscopic lesions were
visible, six rectal specimens were taken randomly. To determine
mucosal disease severity, one representative sample was fixed in
formalin for routine histopathology. An experienced pathologist
classified patients blindly into one of the four groups, ranging
form normal histology (score 0) to severe inflammation (score 3),
as we have described previously [10].

Colonic biopsies were transported immediately to the labo-
ratory in CMRL medium on ice and weighed. The tissue was
either homogenized in 1 ml of ice-cold PBS (pH 7-4) containing
an antiprotease cocktail [AEBSF (2-5 mg/ml), leupeptin, aproti-
nin, antipain and pepstatin (0-5 mg/ml)], or placed immediately
surface-up on a sterilized steel grid in an organ culture dish (Fal-
con). The central well was filled with 1 ml of medium, consisting
of CMRL 1066 supplemented with 10% heat inactivated fetal
calf serum, TRIS 20 mM, 100 U penicillin-streptomycin, 50 ug
gentamicin, 0-25 ug amphotericin B and 1 ug B-retinyl acetate.
Explants were maintained for either 4 (short-term culture) or 18
(prolonged culture) h, as reported previously [10]. Briefly, the
cultures were incubated at 37°C in an humidified 95% air/5%
CO, atmosphere, and rocked gently at 20 cycles/min. At the end
of each culture period, the supernatants were collected, ali-
quoted and stored at —70°C until assayed. Biopsies were cul-
tured in media or in the presence of PWM (50 ug/ml), LPS
(100 pug/ml), SEB (50 ng/ml) or SEA (10 ng/ml). These concen-
trations provide a half-maximal response. The study protocol and

Table 1. Clinical characteristics and basal cytokine release from colonic explants

N-IC CD- 1C CD* uct
n 26 30 20 5 21
Sex (M/F) 12/14 16/14 911 21/24 11/10
Age (years) 13 15 14 14 12
Histological score
0 26 30 - - -
1 - - 14 25 1
2 - - 6 17 14
3 - - - 3 6
Treated - 13 - 16 8
TNF-o (pg/100 ug) 40 4-4 6:0 15-5% 45-8%*
(2:1-5:0) (2-4-61) (2-8-8-8) (6:0-25'5) (19-6-61-1)
IL-1 (pg/100 ug) 19 23 6-0* 12:1%* 27-5%
(11-3-1) (17-3-4) (2-7-11-1) (5-5-24-0) (14-8-44-1)
IL-1RA (pg/100 ug) 218 248 445 391 930%
(145-378) (133-430) (202-690) (242-645) (385-2980)
IL-1RA/IL-18 104 118 50 33%* 29%
(60-195) (83-191) (39-93) (25-57) (20-65)

Age and cytokine values are expressed as median (interquartile range). *P <0-05 versus N-IC. Groups: N-IC: non-inflammatory controls; CD™: Crohn’s

disease with rectal tissue non-involved; IC: inflammatory controls; CD*: Crohn’s disease with rectal involvement; UC": ulcerative colitis with rectal

involvement.
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consent forms were approved by the Ethics Review Committee
of Ste Justine Hospital.

Patient populations

Characteristics of the patient groups are provided in Table 1.
Among the 30 CD patients with uninvolved rectal mucosa (CD"),
13 were treated and 15 had at least one other site of colonic
involvement. Mean disease duration was 12 months (1-5 months—
6 years). Of the 45 CD patients, 25 had mildly inflamed tissue
while 20 had moderate to severe inflammation. Among the CD
group with tissue involvement, 16 were on treatment. Their mean
disease duration was 9-5 months (1 month—7 years). All the 21
ulcerative colitis (UC) patients had moderate to severe rectal
inflammation. Eight were treated at the time of their biopsies. The
mean UC disease duration was 6 months (2 months—15 years).
The inflammatory control (IC) group was comprised of 20
patients with acute self-limited colitis. The non-inflammatory con-
trol (N-IC) group consisted of 26 children with normal colonic
biopsies.

Cytokine determination
TNF-e, IL-18 and IL-1 RA assays were performed using com-
mercially available ELISA Kkits, according to the manufacturer’s
instructions (R&D Systems, Minneapolis, MN, USA). Cytokine
release corresponded to the amount measured in supernatants.
All values were ajusted for the weight of the biopsy specimens.
To take into account differences in basal amounts of cytokines
found in the supernatants from the different groups, net colonic
release was calculated. Paired biopsies were cultured for 18 h with
and without the bacterial factors and cytokines were measured in
supernatants. The value measured in the supernatant from the
explants cultured without the antigen was substracted from that
of the paired explants incubated with the antigen.

Statistical analysis

Non-normally distributed data were expressed as medians. The
variation between group medians was then tested using the
Kruskal-Wallis test for non-parametric data. Thereafter, the dif-
ferences between groups were assessed with the two-tailed
Mann-Whitney U-test. The effect of clinical variables on cytokine
excretion within each group was tested using the one-tailed
Mann-Whitney U-test. A P-value < 0-05 was considered statisti-
cally significant.

RESULTS

Explant basal cytokine release

All colonic explants released measurable amounts of TNF-¢, IL-
1 and IL-1RA during the culture period (Table 1). TNF-o levels
in supernatants from involved CD and UC explants were signifi-
cantly higher than those from the N-IC. Moderately to severely
inflamed tissue from CD patients (score 2 and 3) released signif-
icantly more TNF-¢ than mildly inflamed (score 1) mucosa (233
versus 9-2 pg/100 ug, P < 0-05). IL-1 levels from IC and involved
IBD tissues were significantly higher than those from N-IC
explants. More severely inflamed CD tissue released greater
amounts of IL-1 than mildly inflamed tissue (12-3 versus 6:6 pg/
100 ug, P <0:05). IL-1RA release was significantly higher in
explants with involved UC. CD explants with higher histological
scores released more IL-1RA than those with mild inflammation
(399 versus 339 pg/100 ug, P < 0-05). IL-1IRA/IL-1 ratios were sig-
nificantly lower in supernatants from involved CD and UC.

Modulation of colonic TNF-o. release by bacterial activators
Involved IBD and IC explants stimulated with LPS, SEB and
SEA released significantly higher amounts of TNF-¢ than the N-
IC tissue (Table 2). When TNF-o concentrations released by
explants cultured for 18 h in the presence of PWM were com-
pared, only supernatants from CD and UC biopsies had signifi-
cantly higher amounts than N-IC. Similar data were obtained with
a shorter incubation period (4 h), although the values were lower
(data not shown). Taken together, our data reveal that even when
stimulated with different bacterial activators, non-involved IBD
explants did not release as much TNF-¢ as involved tissue.
Because basal TNF-a release was higher in involved explants,
the net release was calculated for each stimulated explant (Fig. 1).
Stimulation with PWM had a moderate effect on TNF-o release
from non-involved biopsies, while involved UC tissue consistently
released high amounts of TNF-o. LPS weakly stimulated TNF-¢
release, but the response by involved explants was significantly
stronger. SEB induced high levels of TNF-« release from the
explants in all groups, particularly in explants from involved IBD
as well as in IC patients. SEA proved to be a weaker stimulus than
SEB, and its effect was more marked in involved IC and UC
biopsies. As response magnitude was related to the degree of
inflammation, the biopsies were classified according to their
inflammatory score and the release of TNF-o was examined.
More severely inflamed CD biopsies released higher net amounts

Table 2. TNF-o in colonic explant supernatants cultured for 18 h in the presence of bacterial products

TNF-o (pg/100 ug)

Group n PWM n LPS n SEB n SEA

N-IC 9 14-3 (7-0-30-5) 9 3-0 (1-6-6-0) 12 14-6 (10-7-16-6) 10 5-9 (5-6-10-4)
CD~ 10 166 (7-5-362) 10 4-6 (1-9-10-0) 15 22-4 (12-8-46-0) 8 11-3 (7-6-32-8)

IC 6 23-1 (10-7-31-4) 12 8:0 (4-1-19-0)* 9 470 (17-4-107-0)* 4 69:3 (45-1-72-8)*
CD* 13 40-2 (13-0-52-1)* 15 14-1 (8-5-27-5)* 15 552 (43-9-65-0)* 13 49-8 (222-57-2)*
ucr 7 110-0 (69-6-126-0)* 7 43-8 (222-83-1)* 6 61-0 (352-106-5)* 6 84-1 (45-8-120-4)*

Results are expressed as median (IQR). *P < 0-05 versus N-IC explants stimulated with the same activator. Groups: N-IC: non-inflammatory controls;
CD: Crohn’s disease with rectal tissue noninvolved; IC: inflammatory controls; CD*: Crohn’s disease with rectal involvement; UC": ulcerative colitis with

rectal involvement.
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Fig. 1. Net colonic TNF-o release in supernatants of colonic explants
cultured for 18 h in the presence of (a) LPS (l) or PWM (OJ) and (b) SEA
(M) or SEB (0J). The box and whisker plots show the median values
(horizontal lines) and first to third quartiles in boxes. Net release was
calculated as described in Material and methods. *P < 0-05 versus N-IC
explants stimulated with the same activator. Groups: N-IC: non-inflamma-
tory controls; CD™: Crohn’s disease with rectal tissue non-involved; IC:
inflammatory controls; CD*: Crohn’s disease with rectal involvement; UC":
ulcerative colitis with rectal involvement.

of TNF-o after 18 h than did mildly involved tissue in response to
PWM, LPS, SEB, and SEA (Fig. 2).

Modulation of IL-1 release by immune activators

As observed for TNF-¢, IL-1 concentrations after stimulation
were significantly higher in supernatants from inflamed tissue
(6-8-26-5, 8-8-17-8 and 20-0-51-0 pg/100 ug for IC, CD and UC
groups, respectively), compared to values from N-IC explants
(1-6-3-8 pg/100 ug). IL-1 concentration in supernatants were
generally lower than those of TNF-c, as was IL-1 release
induced by the bacterial activators (Fig.3). PWM induced
higher IL-1 release from UC tissue, while the other activators
induced higher IL-1 release from involved tissue compared to
biopsies from N-IC patients. Release from inflamed tissue was
triggered most potently by PWM, followed by SEB and SEA.
When uninvolved tissue was considered, PWM and SEB were
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Fig. 2. Net colonic TNF-¢ release in supernatants of colonic explants from
Crohn’s disease patients according to inflammation severity score. Biop-
sies were cultured in the absence and the presence of LPS, PWM, SEA
and SEB. N-IC: non-inflammatory controls, CD*: mildly inflamed CD tis-
sue, CD*: moderately and severely inflamed CD tissue. *P < 0-05 versus
other groups with the same bacterial activator. [, N-1C; 4, CD; [2], CD*;
H, CD*.

the more effective stimulants. SEA also induced slightly higher
IL-1 from uninvolved CD tissue. Moderately to severely
inflamed tissue released higher amounts of IL-1 compared to
mildly involved tissue when stimulated with LPS, SEB and SEA
(72 versus 19, 102 versus 3-0, 4-1 versus 1-0 pg/100 ug). In
response to LPS, the difference in cytokine release by involved
and uninvolved tissue was more marked for IL-1 (Fig.3) than
for TNF-a (Fig. 1).

Modulation of IL-1RA release by immune activators

IL-1RA concentrations were elevated in stimulated inflamed tis-
sue (294-815, 340-600 and 820-1700 pg/100 ug for IC, CD and
UC, respectively) compared to N-IC (187-300 pg/100 ug). IL-
1RA concentrations in supernatants from IC tissue were not sig-
nificantly more induced than those from N-IC biopsies following
stimulation with LPS, PWM and SEB. As for IL-1, SEA was a
potent stimulator for IC tissue with acute inflammatory infil-
trates (Fig.4). IL-1RA release from involved tissue was trig-
gered more efficiently by SEB and SEA, although a positive
response was also observed in UC explants following LPS stimu-
lation. SEB and PWM were the most efficient to evoke IL-1RA
release from uninvolved tissue. The effect of stimulation on IL-
1RA/IL-1 ratios was not as dramatic as expected. If the bacterial
factors triggered IL-1 release, they also stimulated the release of
its receptor antagonist. Overall, the ratio was decreased by about
20-40%. PWM induced the most important decline in IL-IRA/
IL1 ratios. Supernatants of involved CD explants had lower
ratios that were further decreased after incubation with PWM
and LPS (38-26 and 41-36, respectively). SEB only minimally
affected the IL-1RA/IL-1 ratio, while the ratios from IC and UC
culture (66-26 and 30-14, respectively) were decreased after
SEA stimulation. With uninvolved tissue, the IL-1IRA/IL-1 ratio
was not changed after incubation with LPS, while it was moder-
ately decreased by SEB and SEA. PWM was again the more
potent stimulatory agent, as the IRA/IL-1 ratio from N-IC
decreased from 163 to 85.
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Fig. 3. Net colonic IL-1 release in supernatants of colonic explants cul-
tured for 18 h in the presence of (a) LPS (M) or PWM (OJ) and (b) SEA
(M) or SEB (). The box and whisker plots show the median values
(horizontal lines) and first to third quartiles in boxes. Net release was
calculated as described in Material and methods. *P < 0-05 versus N-IC
explants stimulated with the same activator. Groups: N-IC: non-inflamma-
tory controls; CD™: Crohn’s disease with rectal tissue non-involved; IC:
inflammatory controls; CD": Crohn’s disease with rectal involvement; UC":
ulcerative colitis with rectal involvement.

DISCUSSION

The major goal of this study was to determine the effect of bac-
terial antigens on colonic mucosal proinflammatory cytokine pro-
duction in IBD. Given the critical importance of the intestinal
microflora to the development of several experimental models of
colitis [12,16,17], as well as the clinical utility of antibiotic therapy
in Crohn’s disease, we focused our investigation on gut flora-
derived products. Each of the microbial products tested increased
colonic TNF-¢ release in all patient groups (Fig. 1). The relatively
weak stimulation induced by LPS is in accordance with previous
studies using isolated LPMC [18,19]. Low TNF-o and IL-1 release
in response to LPS by non-inflamed specimens probably reflects
the small number of CD14" cells present in normal mucosa [28].
On the other hand, involved IBD mucosa is the site of dense accu-
mulation of recently immigrated CD14* macrophages, secreting
large amounts of proinflammatory cytokines [28,29]. These
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Fig. 4. Net colonic II-1RA release in supernatants of colonic explants
cultured for 18 h in the presence of (a) LPS (l) or PWM (OJ) and (b) SEA
(M) or SEB (O). The box and whisker plots show the median values
(horizontal lines) and first to third quartiles in boxes. Net release was
calculated as described in Material and methods. *P < 0-05 versus N-IC
explants stimulated with the same activator. Groups: N-IC: non-inflamma-
tory controls; CD™: Crohn’s disease with rectal tissue non-involved; IC:
inflammatory controls; CD*: Crohn’s disease with rectal involvement; UC":
ulcerative colitis with rectal involvement.

macrophages also express several Toll-like receptors that medi-
ated cellular activation by bacterial components [30]. PWM was
more potent than LPS in eliciting TNF-a release and, as with LPS,
the response was greater in inflamed biopsies. This is in accor-
dance with Rugtveit et al. [29], who found that PWM-stimulated
LPMC from involved IBD tissue released more TNF-¢ than from
cells isolated from controls. The important role of newly recruited
macrophages is supported by the finding that PWM and LPS
induced TNF-o release was threefold higher from more severely
inflamed CD biopsies than that from mildly involved tissue.
Superantigens induced greater TNF-a release in inflamed tis-
sue and were the most powerful activators for the IC group’s tis-
sue. More severely inflamed CD tissue released higher amounts
than mildly involved explants upon SEA or SEB stimulation,
although the difference was less marked than with LPS or PWM.
This could be due to increased total T cell numbers, increased
subpopulations of T cells resulting either from gut homing or
from modifications dependent upon the mucosal environment,
MHC expression on APC or co-stimulatory molecules, such as
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ICAM, B7-1/B7-2 or LFA-3 [31]. TNF-a release from uninvolved
mucosa upon SEA or SEB stimulation probably reflects the pro-
portion of T cells bearing appropriate V3 elements in the resident
T cell population.

In a previous study, we observed that TNF-o release from
unstimulated biopsies was higher in patients with colonic inflam-
mation in an area other than the rectum than in those with a
totally spared colon [32]. An alternative explanation is that TNF-
o may have been released by cellular sources others than T cells,
including macrophages, fibroblasts, eosinophils, mast cells, epithe-
lial and Paneth cells [8,33]. Mast cells have been observed to
release TNF-a upon contact with bacteria, causing neutrophil
influx into the lung and peritoneum [34], while bacterial invasion
of epithelial cells induced the release of TNF-o and chemokines
[35]. Sequential secretion of TNF-o and chemokines, followed by
leucocyte accumulation, occurred upon SEA injection into air
pouches [36]. Neutralizing antibodies against TNF-¢ inhibited
leucocyte recruitment by 75%. Interestingly, T cells were not
required to induce this inflammatory response [36]. Recent evi-
dence also pointed to an important role for TNF-« originating
from cells others than T lymphocytes. In the CD4CD45RB" trans-
fer model, recipient non-T cell TNF-¢ is essential and sufficient
for the induction of colitis [8].

The bacterial products used in this study also induced IL-1
release of comparable amplitude. We observed that LPS was
almost as potent as the superantigens in eliciting IL-1 release
from inflamed mucosal tissue, while the latter were far more
potent than LPS to induce TNF-o release. These data may be
explained in part by the greater contribution of CD14" macroph-
ages to IL-1 release than for TNF-¢ [29]. Our data suggest that the
release of TNF-¢ is regulated more tightly than that of IL-1. IL-1
plays an important role in at least one model, the TCR-or"~ mouse,
which shares several homologies with UC [17]. IL-1RA release
was also elicited by the bacterial factors. Interestingly, UC tissue
released more IL-1RA than CD explants.

A key role for TH1-type CD4" T cells has emerged in both
CD and animal models of colitis [16,17,37]. Activation of CD4*T
cells may occur secondary to loss of tolerance to commensal bac-
teria [37,38]. TNF-a was shown recently to act as a co-factor for
TH1 cell development, and its neutralization by the cA2 antibody
down-regulated IFN-y production in CD patients [39]. In several
models, increased TNF-o preceded the appearance of T cells, the
THI1 cytokine profile and the development of colitis [8,40].

Taken together, the data herein provide further evidence for
an important role of proinflammatory cytokines in the pathogen-
esis of IBD. Our findings support the concept that bacterial lumi-
nal products amplify the immune response in IBD tissue in part
by inducing TNF-o and IL-1 release. The data substantiate further
the role of bacterial products in IBD relapse or initiation. Mono-
cyte/macrophage activation by normal bacteria and their products
has been shown recently to alter physiological epithelial ion trans-
port and transepithelial electrical resistance [41]. Clinically, these
changes may explain, in part, the chronic diarrhoea in such
patients. The immune activation elicited by SEB may allow trig-
gering of abnormal immunological responses silenced normally
by the tolerogenic mucosal milieu. SEB administration has been
shown to induce an experimental enteropathy mediated by CD4*
T cells, accompanied by increased MHC II expression [23]. The
fact that SEB potently increased TNF-« release from histologi-
cally normal colonic mucosa suggests that it could be an impor-
tant mediator in the initiation of the inflammatory cascade.
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