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of Cryptosporidium parvum

V. McDonald,* R. C. G. Pollok,’

W. Dhaliwal,* S. Naik,*

M. J. G. Farthing” and M. Bajaj-Elliott*
*Barts and the London School of Medicine and
Dentistry, Institute of Cell and Molecular Science,
Centre for Gastroenterology, London, UK,
"Department of Gastroenterology, St George’s
Hospital Medical School, London, UK, and
*Infectious Diseases and Microbiology, Institute of
Child Health, London, UK

Accepted for publication 12 June 2006
Correspondence: Dr Richard C. G. Pollok,
Department of Gastroenterology, St George’s
Hospital Medical School, Cranmer Terrace,
Knightsbridge Wing, London SW17 0QT, UK.
E-mail: r.pollok@sgul.ac.uk

Introduction

Summary

Accumulating evidence suggests that intestinal epithelial cells (IECs) consti-
tutively express the immunoregulatory cytokine interleukin (IL)-18.IECs also
serve as the host cell for the intracellular parasitic protozoan Cryptosporidium
parvum. In the present study, C. parvum infection of a human enterocyte cell-
line HCT-8 resulted in increased expression of IL-18 mRNA as measured by
quantitative reverse transcription—polymerase chain reaction (RT-PCR). IL-
18 protein was detected in control uninfected cells and following infection
there was increased expression as measured by enzyme-linked immunosor-
bent assay (ELISA). Gene expression revealed the presence of the IL-18 recep-
tor subunits not only in cell-lines but also in freshly isolated IECs, suggesting
that IL-18-mediated signalling events may contribute to epithelial host
defence during infection. Recombinant IL-18 inhibited intracellular develop-
ment of the parasite in HCT-8 and HT-29 cells. Increased expression of bac-
tericidal antibiotic peptides LL-37 and o-defensin 2 by IL-18 in HCT-8 and
HT-29 cells may represent one mode of action by which this pluripotent
cytokine aids in limiting the development of intracellular pathogens such as
C. parvum in the gastrointestinal tract.
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epithelium [7,8]. Several studies suggest that epithelial cells,
including IECs, may also produce IL-18 [9-13], which can

Cryptosporidium parvum is a monoxenous mucosal parasite
associated with severe diarrhoeal disease, particularly affect-
ing infants and the immunocompromised [1]. Infection is
transmitted faecal-orally by oocysts and the entire endoge-
nous development comprising asexual reproduction, game-
togony and oocyst formation occurs within intestinal
epithelial cells (IECs) [2]. The development of a Thl
immune response has been shown previously to be critical in
the control of C. parvum infection [3,4]. We have suggested
previously that interferon (IFN)-y and other proinflamma-
tory cytokines such as interleukin (IL)-1f and tumour
necrosis factor (TNF)-o. may act directly on IECs to control
parasite development [5,6].

It is now widely accepted that IECs function as a critical
sensor of infection through the production of a variety of
proinflammatory cytokines, chemokines and anti-microbial
peptides which in turn may have autocrine actions on the

play an important role in the establishment of a protective
Th1 response to a wide range of pathogens [14-22]. Studies
also suggest that IL-18 may have a distinct proinflammatory
action [23-27]; macrophages and neutrophils treated with
IL-18 show enhanced production of IL-1f3, TNF-o. and IL-8
[28]. Previous studies have also shown increased IL-18 pro-
duction by macrophages in response to direct infection
[16,29,30] and expression of the cytokine by epithelial cells
may also be altered following infection [10,12].

Upon appropriate activation the inactive precursor pro-
IL-18 (24 kDa) molecule undergoes cleavage by caspase-1 to
form mature bioactive IL-18 (18 kDa) [31]. IL-18-mediated
signals are transduced via the IL-18 receptor (R), a member
of the IL-1 receptor/Toll-like receptor superfamily. IL-18R is
composed of two subunits IL-1Rrp (also known as IL-1Rrp1
or IL-1R5 or IL-18R-at) [32] and AcPL (also known as IL1—
1RacPL or IL-1R7 or IL-18R-f) [33]. Both IL-18 subunits
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have been identified previously on T, B and natural killer
(NK) cells [34-36] and recently on intestinal epithelial lym-
phocytes [13] and primary keratinocytes [37].

To date, studies investigating the role and contribution of
IEC IL-18 to gastrointestinal mucosal immunity remain
limited; in particular, the protective role of IEC-derived IL-
18 during C. parvum infection is unknown. In the present
study we utilized an in vitro model of C. parvum infection
to investigate its effect on enterocyte IL-18 gene and protein
expression. We observed increased IL-18 mRNA and pro-
tein expression in the human enterocyte cell line HCT-8
24 h post-infection. Both intestinal cell-lines and freshly
isolated paediatric small intestinal epithelia expressed the
IL-18 receptor as judged by reverse transcription—
polymerase chain reaction (RT-PCR). Further, HCT-8 and
HT-29 cells responded to exogenous IL-18 by inhibiting C.
parvum reproduction, establishing functionality of the IL-
18 receptor on IECs. Induction of epithelial anti-microbial
peptides LL-37 and a-defensin 2 by IL-18 in HCT-8 and
HT-29 cells identifies one molecular mechanism that IL-18
may utilize not only in inhibiting C. parvum development
but in enhancing mucosal immunity in general against
enteropathogens during infections of the gastrointestinal
tract.

Materials and methods

Parasites

Purified oocysts of the C. parvum MD isolate (Moredun Sci-
entific, Penicuik, UK) were stored at 4°C in phosphate buff-
ered saline (PBS; pH 7:3). To purify sporozoites, oocysts
were incubated in RPMI-1640 medium at 37°C for 60 min to
excyst the parasites. The excystation mixture was then passed
through a 5-0-um pore filter that trapped oocyst debris and
allowed sporozoites to pass through.

Cell culture and infection of intestinal cell lines
with C. parvum

Monolayers of the human enterocyte cell lines HCT-8, HT-29
and Caco-2 were maintained in humidified incubators at
37°C with 5% CO, + 95% air and cells were passaged every
7 days as described previously [5]. In infection studies, HCT-
8 and HT-29 cells were seeded onto glass coverslips in 24-well
tissue culture plates, grown to confluence at 37°C and nor-
mally infected using 2 x 10° oocysts per well. Parasite devel-
opment was quantified 24 h later by immunofluorescence
microscopy using a rabbit anti-sporozoite polyclonal anti-
body serum [5]. For IL-18 mRNA and protein expression
studies, 1 x10° or 1x10° live or 1x 10° heat-inactivated
sporozoites (70°C for 15 min) were added to each well for
24 h prior to analysis. Each treatment was performed in qua-
druplicate and experiment repeated three times. The action of
exogenous IL-18 on parasite development was determined by

treating cells with increasing concentrations of recombinant
cytokine (Peprotech, London, UK) for 24 h prior to infection.

Isolation of primary human IECs

This study was approved by the Research Ethics Committee
of the City and Hackney Health Authority. All reagents for
primary cell culture were from Life Technologies, Paisley,
UK. Primary epithelial cells were isolated from human small
bowel and colon surgical specimens, as described previously
[38]. Fetal gut explants (13—16 weeks’ gestation) were cul-
tured in Autrups media (1% CMRL 1066, gentamicin 50 mg/
1, retinyl acetate 1 mg/l, penicillin 200 pu/ml, streptomycin
200 pg/ml, glutamine 3 mm, D-glucose 5 g/l, methionine
10 mg/l, 20 mm tricine pH 7-4, sodium bicarbonate 2 g/1) for
48 h. Epithelial cells were obtained by incubation in Hanks’s
buffered saline solution with 1 mm ethylenediamine tet-
raacetic acid (EDTA) for 1 h followed by centrifugation.

Preparation of synthetic RNA for quantitative RT-PCR

IL-18 mRNA transcripts were quantified by competitive RT-
PCR using a plasmid encoding a standard RNA molecule
constructed by cloning sequence specific intron-spanning
primers into plasmid pMBEK, as described in detail previ-
ously [39]. To generate standard RNA, the plasmid was lin-
earized with HindIII and transcribed in vitro using T7 RNA
polymerase under conditions recommended by the supplier
(Promega, Southampton, UK). Using a single primer set,
RT-PCR for IL-18 yielded a standard PCR product of
478 base pairs (bp), whereas the cellular target size was
384 bp [39]. To exclude the amplification of genomic DNA
in RNA preparations, experiments were also performed
using target RNA as substrate for PCR assay in the absence of
synthetic competitor.

RNA extraction and competitive RT-PCR

All molecular biological reagents were from Life Technolo-
gies, Paisley, UK unless otherwise stated. Total cellular RNA
was extracted from samples using the TRIZOL® reagent
according to the manufacturer’s instructions. Tissue RNA
(2 ug) and serial 10-fold dilutions of synthetic RNA (100 pg
to 10 fg) were co-reverse transcribed in a 20-pl reaction mix-
ture containing 50 mm Tris pH8-3, 75mm KCI, 3 mm
MgCl,, 500 pum each deoxy adenosine (dATP), 2’-deoxycyti-
dine-5"-triphosphate (dCTP), feoxythymidine triphosphate
(dTTP) and 2’-deoxyguanosine 5'-triphosphate (dGTP),
10 mMm dithiothreitol (DTT), 0-5 ug oligo(dT),,-1s and 100
units Moloney murine leukemia virus (MMLV)-RT at 42°C
for 1 h followed by heat inactivation.

PCR amplification was carried out routinely in 50 ul of
reaction volume containing 10 mm Tris pH 8-3, 50 mm KCI,
1-5 mm MgCl,, 200 um deoxyribonucleoside triphosphate
(dNTPs), 20 pm 5" and 3" primers and 0-5 U Taq polymerase.
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PCR conditions were: denaturation for 6 s at 94°C, anneal-
ing for 60 s at 58°C and extension for 75 s at 72°C for 35
cycles. Products were visualized on a 2% agarose gel using
ethidium bromide. Densitometric analysis of fluorescent
bands was carried out using image analysis software (1-D
image analysis software, Kodak, Rochester, NY, USA). The
ratio of band intensities for the PCR products of standard
RNA to target RNA were plotted against the starting number
of standard RNA molecules for each reaction on a double
logarithmic scale using GraphPad Prism software (San
Diego, CA, USA) [40].

Semi-quantitative RT-PCR

The expression of IL-1 Rrp and AcPL mRNA was determined
by semiquantitative RT-PCR. Total RNA was extracted from
samples (intestinal cell lines, whole intestinal mucosa or
freshly isolated human epithelial cells) and reverse-tran-
scribed as described above. Primer sequences for IL1Rrp,
AcPL and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were used as reported previously [39]. The PCR
conditions were: denaturation for 60 s at 94°C, annealing for
60 s (58°C for IL-1Rrp and 53°C for AcPL) and extension for
75 s at 72°C. Expression of IL-18 subunits was normalized to
that of the housekeeping gene GAPDH. In preliminary
experiments the optimal number of PCR cycles was deter-
mined to terminate the reaction within the exponential
phase of amplification. To exclude the amplification of
genomic DNA contaminating the samples, experiments were
also performed using RNA as substrate for PCR assay.

Inflamed colonic mucosa obtained from a patient with
active Crohn’s disease served as a positive control [41]. The
identity of the IL-18R subunits, IL1rp and AcPL, was con-
firmed by specific restriction enzyme analysis of the PCR
products. IL1-Rrp PCR product was digested with HindIII
and Bcl enzymes and AcPL PCR product was digested with
Mbol and BstOl. All digests were performed over 2 h at the
appropriate temperature in enzyme buffer supplied by the
manufacturer (Promega). Digested fragments were electro-
phoresed on a 2% agarose gel and visualized.

Determination of IL-18 protein by Western blotting and
enzyme-linked innumosorbent assay (ELISA)

Cell lysates were prepared by the addition of lysis buffer
(25 mMm Tris/HCI pH 8-0, 50 mm NaCl, 10 pg/ml leupeptin,
2 ug/ml benzamidine, 20 ug/ml aprotonin, 50 pug/ml soy-
bean trypsin inhibitor, 1mm ethylene glycol-bis (b-
aminoethyl ether) tetra-acetic acid (EGTA), 100 ug/ml phe-
nylmethylsulphonyl fluoride (PMSF) (Sigma, Poole, UK).
For the detection of IL-18 by Western blotting, 50 ug of total
protein [as determined by the bicinchoninic acid (BCA)
assay; Pierce, Nottingham, UK] was resolved by 15% sodium
dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-
PAGE). Recombinant IL-18 (R&D Systems, Abingdon, UK)

Effect of IL-18 on C. parvum-infected enterocytes

was used as a positive control. Gels were electrophoretically
transferred onto nitrocellulose membrane (Amersham Bio-
sciences, Bucks, UK) for 1:5h at 400 mA. Non-specific
binding was blocked by incubating the membrane in 5%
powdered milk in PBS/0-1% Tween 20 for 1 h at room tem-
perature. IL-18 was detected after incubation with a goat
anti-human IL-18 antibody (1 : 500, Santa Cruz Biotechnol-
ogy, CA, USA) overnight at room temperature and subse-
quent incubation with horseradish peroxidase (HRP)-
conjugated rabbit anti-goat IgG monoclonal antibody
(1:2000, Dako, Birmingham, UK) for 2 h at room temper-
ature. The antibody reaction was detected by chemilumines-
cence (ECL PLUS detection kit, Amersham Biosciences).
More sensitive quantification of IL-18 protein from infected
supernatants and cell lysates was performed by utilizing a
standard commercial ELISA kit (R&D Systems) according to
the manufacturer’s instructions.

Epithelial a-defensin and LL-37 gene expression in
response to IL-18

Control and IL-18-stimulated HCT-8 and HT-29 cells were
subjected to RNA extraction followed by RT-PCR for the
detection of o-defensins (1, 2 and 3) and LL-37. Primer
sequences and PCR conditions for o-defensin gene expres-
sion has been described previously [42]. The primers utilized
for LL-37 expression were: sense, 5'-GCGGTGGTCACTG
GTGCTCCTGCTGCT-3" and anti-sense, 5-GAAGAAAT
CACCCAGCAGGGCAAATC-3".

PCR conditions were essentially as described for the a-
defensin family.

Statistical analysis

Results are presented as means * s.e.m. of three experiments
each performed in triplicate. Statistical analyses were per-
formed using GraphPad Instat statistical software, variables
were compared using a t-test or ANOvA and a probability
value of less than 0-05 was regarded as significant.

Results

C. parvum increases IL-18 mRNA and protein
expression in HCT-8 cells

The effect of C. parvum infection on IL-18 mRNA was inves-
tigated initially in a series of intestinal epithelial cell-lines.
We confirmed high constitutive expression of IL-18 in unin-
fected control IECs, as has been reported previously [13].
Upon C. parvum infection, only a modest induction of IL-18
mRNA was observed in HT-29 and Caco-2 cells (data not
shown). In contrast, HCT-8 cells responded with a substan-
tial increase in expression during infection that was
dependent on the initial parasite inoculum. Infection in the
presence of 10° and 10° sporozoites/well induced a three- and
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Table 1. Interleukin (IL)-18 mRNA expression in Cryptosporidium
parvum-infected HCT-8 cells.

Uninfected 1x10° 1x10° 1x 10°
cells inactive spz  Live spz Live spz
Transcripts/of 1-1x10° 1-5x10° 32x10°  89x10°
RNAug
Ratio to - 1-4 29 81
uninfected

Spzs = sporozoites.

eightfold increase in IL-18 mRNA expression, respectively
(Table 1). Expression of IL-18 transcripts by HCT-8 cells was
also quantified following treatment with a panel of proin-
flammatory cytokines (IFN-y, TNF-o, IL-6 or IL-1at) but
none increased expression of IL-18 mRNA under the condi-
tions tested (data not shown).

IL-18 protein expression in C. parvum-infected HCT-8
cells was determined initially by Western blotting (Fig. 1a).
There were detectable quantities of both pro- and mature IL-
18 in control uninfected cells and any changes during infec-
tion were difficult to quantify by this technique. Due to the
greater sensitivity of ELISA, we next proceeded to estimate
IL-18 protein levels in both supernatants and cell lysates of
infected cells. No IL-18 protein was detectable in infected
supernatants (data not shown). High constitutive expression
was observed in control cell lysates, with a further increase in
both the presence of heat-killed and live sporozoites
(Fig. 1b). This increase reached statistical significance for
both heat-killed and live sporozoites (P < 0-007 and 0-02),
respectively.

Intestinal cell-lines and primary small intestinal
epithelia express IL-18 receptor

To further our understanding of the potential role of IEC IL-
18 signalling in mucosal immunity we investigated the
expression of the IL-18 receptor (IL-18R) subunits, IL1-Rrp
and AcPL by semiquantitative RT-PCR. Each component
was detected readily in a positive control sample, an intesti-
nal biopsy from a Crohn’s disease patient. Both components
were also demonstrable in intestinal cell-lines HCT-8, HT-29
and Caco-2 (Fig.2a). IL-1Rrp required a minimum of 25
thermocycles for its detection. In contrast, expression of
AcPL mRNA was relatively weak, requiring at least 35 cycles
(Fig. 2a). Restriction endonuclease fragment analysis of both
IL-18R subunits confirmed the specificity of the PCR reac-
tion. Digestion of AcPL PCR product produced the predicted
fragment pairs of 312/108 bp and 241/179 bp, respectively.
Similarly, ILIRrp PCR product yielded the predicted frag-
ment pairs of 349/114bp and 284/179 bp, respectively
(Fig. 2b). This series of experiments confirmed the authen-
ticity of ILISR mRNA in IECs. Neither treatment with a
panel of proinflammatory cytokines (IFN-v, IL-6, II-1at or
TNEF-0) nor infection of HCT-8 cells with C. parvum altered

IL1-Rrp mRNA expression as determined by semiquantita-
tive RT-PCR (data not shown).

We further extended our findings by examining IL-18
receptor expression in freshly isolated IECs of fetal, paediat-
ric and adult origin (Fig. 2c). Expression of transcripts of
both IL-18R subunits was observed in inflamed adult whole
colonic mucosa (patient with Crohn’s disease); whole fetal
gut (lane a) and normal freshly isolated paediatric small
bowel epithelium (lane d). Variation in subunit expression
was noted in paediatric and fetal colonic epithelia (lanes b
and ¢).

IL-18 inhibits C. parvum development in IECs

To determine if IL-18 modulated epithelial innate immune
responses with subsequent effects on infection, HCT-8 and
HT-29 cells were pretreated with exogenous IL-18 24 h prior
to infection and development of parasite followed as
described above. Parasite reproduction in HCT-8 cells was
significantly reduced by IL-18 at concentrations of 20 and
200 ng/ml with 21-5% *5-3 (P<0-01) and 36:0% % 3-0
(P < 0-0001) inhibition of parasite development, respectively
(Fig. 3). In HT-29 cells, significant inhibition (31-2% + 3-0;

(@)
riL-1810% 10% HI Ctrl IFN IFN* Mw

Pro IL-18 4+ 29.9 kDa
(24 kDa) = e -—-—.-—r
m IL-18 _y. — 4-21-3kDa
(18-3 kDa) -
(b)

800

IL-18 pg/ml

600
I
400
200 -
0 1 1 ]

Control HK 10% 10° Sporozoites
Sporozoites

Fig. 1. Interleukin (IL)-18 protein expression in HCT-8 cells following
infection with Cryptosporidium parvum. (a) 24 h post-infection or 48 h
after interferon (IFN)-y treatment cell homogenates were subjected to
sodium dodecyl sulphate—polyacrylamide gel electrophoresis and West-
ern blotting. rIL-18 = 1 ng recombinant mature IL-18; 10° = 1 X 10° live
sporozoites; 10° =1 X 10° live sporozoites; HI = 1 x 10° heat-inactivated
sporozoites; ctrl = uninfected cells, interferon (IFN) =200 units/ml
IFN-y, IFN* = IFN-y; and 24 h later 1 X 10° sporozoites; MW = molec-
ular weight markers. (b) Quantification of IL-18 protein by enzyme-
linked immunosorbent assay. 24 h post-infected HCT-8 cell lysates were
analysed for IL-18. Significant IL-18 induction was noted both with
heat-inactivated (HK) and live 10° sporozoites (P < 0-007 and P < 0-02).
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Fig. 2. (a) Interleukin (IL)-18R subunit gene expression in intestinal cell-lines. IL-1Rrp and AcPL mRNA expression was detected by semiquantitative
reverse transcription—polymerase chain reaction. glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression was followed in parallel as control.
CD = inflamed colonic mucosa from a patient with Crohn’s disease (positive control). (b) Specificity of IL-18R subunits as determined by restriction
endonuclease analyses. AcPL and IL1Rrp PCR products were subjected to two specific enzyme digests to confirm their identity. The size of expected

polymerase chain reaction product and digested fragments for each enzyme are indicated by arrows. (c) IL-18R subunit mRNA expression in human

intestinal mucosa and freshly isolated human intestinal epithelial cells (IECs). CD = inflamed colonic mucosa from an adult patient with Crohn’s disease

(control); lane a, whole fetal gut; lane b, colonic epithelium from a paediatric patient with active ulcerative colitis; lane c, freshly isolated fetal gut

epithelium; lane d, normal paediatric freshly isolated small bowel epithelium.

P < 0:0001) of parasite development was also observed at IL-
18 concentration of 200 ng/ml (Fig. 3).

IL-18 modulates epithelial anti-microbial responses

To elucidate if the proinflammatory properties of IL-18
could be responsible for the observed inhibitory effect on
parasite development, we pretreated HCT-8 and HT-29 cells
with recombinant IL-18 for 24 h prior to investigating the
expression of epithelial innate defense genes. This included
the expression of IL-8, members of the a-defensin family (1,
2 and 3) and LL-37, an anti-microbial peptide of the cathe-
licidin family. IL-18 led to increased LL-37 gene expression
in HCT-8 cells (Fig.4a) but not in HT-29 cells (Fig. 4b).
However, IL-18 enhanced the constitutive expression of IL-8
and induced o-defensin 2 in HT-29 cells (Fig.4b). o-
Defensin 3 expression was undetectable following stimula-
tion with IL-18 (data not shown).

Discussion

In the past decade it has become increasingly evident that the
gastrointestinal epithelium participates actively in host

innate immunity by producing soluble mediators, including
the immunomodulatory cytokine IL-18 [9-13].The patho-
genesis of cryptosporidiosis is not understood completely.
However, it is quite probable that initial host—parasite inter-
actions of attachment and invasion are important in deter-

50 1

40 +
§ ¥
E
£ 20}
£
B

0 1 1 ]
200 20 2
IL-18 (ng/ml)

Fig. 3. The effect of exogenous recombinant interleukin (IL)-18 on
Cryptosporidium parvum development in the enterocyte cell lines HCT-
8 and HT-29. Cells were pretreated with IL-18 (2-200 ng/ml). Grey
histogram = HCT-8 cells; white histogram = HT-29 cells.
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(a)
Control IL-18

20 ng/ml

HCT

GAPDH

Control IL-18 20 ng/ml

IL-8 m

hBD2

LL37

Fig. 4. Interleukin (IL)-18 modulates anti-microbial peptide expression

in intestinal cell-lines. (a) LL-37 expression in HCT-8 cells 24 h post-IL-
18 stimulation measured by reverse transcription—polymerase chain
reaction. (b) Innate defence gene (IL-8, o.-defensin 2 and LL-37) expres-
sion in IL-18-stimulated HT-29 cells.

mining the magnitude of infection. In the present study we
aimed to elucidate a potential role for IL-18 in these early
host—parasite interactions.

We confirmed high constitutive expression of IL-18
mRNA and protein in a range of intestinal cell-lines, as was
noted previously by Okazawa and colleagues [13]. The exact
function of constitutive IL-18 expression remains unclear,
but one may speculate that it may contribute to epithelial
surface homeostasis even in the absence of infection and
inflammation. We observed modest induction in IL-18
mRNA and protein but this varied between the cell-lines
tested, with HCT-8 cells being the most responsive. As with
IL-1a, regulation of IL-18 is complex, occurring both at
transcriptional level and in processing of the precursor to its
bioactive form [43,44]. In the present study, no IL-18 protein
was detected in the supernatant of infected cells (even 48 h

post-infection; data not shown), suggesting that additional
signals may be required for the release of active cytokine.

Increased production of IL-18 at the transcriptional level
has been observed during infection by diverse pathogens
[10,26,30]. For example, infection of the intracellular epithe-
lial pathogen Chlamydia trachomatis led to enhanced IL-18
protein mediated at the post-transcriptional level through
the action of caspase-1 [10]. Oral epithelium infected with
Candida albicans showed no increase in IL-18 transcripts,
but pro-IL-18 protein was decreased with a resultant increase
of mature IL-18 in supernatant, due probably to increased
caspase-1 activity [12]. The absence of secretory IL-18 pro-
tein during C. parvum infection may relate to multiple fac-
tors, including pathogen-derived virulence factors, cell type
used and differences in pathogen-induced nuclear factor
(NF)-xB and caspase-1 activation.

Although IECs produce IL-18, it has not been clear if these
cells themselves are a target of IL-18. In the present study we
observed expression of the IL-18 receptor components in
intestinal cell-lines (Fig. 2a) and the specificity of expression
was confirmed by restriction enzyme analysis (Fig.2b).
Importantly, we were able to detect the expression of the two
subunits in freshly isolated small-intestinal epithelia
(Fig. 2¢), lending support to the notion that the IL-18/IL-18
receptor complex may participate actively in host defence at
the gastrointestinal mucosal surface. In the present study we
investigated the effect of a panel of proinflammatory cytok-
ines (IL-1ct, TNFa, IFN-y) on IL-18 and IL-18 receptor gene
regulation and found no significant effect on either of the
two molecules (data not shown). A recent report by Witt-
mann and colleagues also suggests a minimal effect of IFN-y
and TNF-a on IL-18 receptor expression in primary kerati-
nocytes [37], but the authors observed potent induction
when two cytokines were combined in the experimental sys-
tem, suggesting that synergy with activation of multiple sig-
nalling pathways is a probable requirement for IL-18
receptor gene regulation. Similar observations have also been
noted in immune cells. Expression of the receptor compo-
nents increased on T and NK cells following exposure to
IFN-o and IL-12, resulting in enhanced response to IL-18
[35]. Up-regulation of IL-1Rrp expression on CD4" T cells
by antigen stimulation requires the presence of both IL-12
and IFN-y, whereas substitution of IL-12 by IL-4 down-reg-
ulated IL-1Rrp expression [36]. Further studies are required
to elucidate IL-18/IL-18 receptor regulation in IECs.

We observed significant inhibition in parasite develop-
ment in the presence of exogenous IL-18 (Fig. 3), implying
that the IEC itself is a potential target of IL-18. To delineate
mechanism(s) involved in IL-18-mediated inhibition of par-
asite development, we hypothesized that NF-xkB-mediated
proinflammatory actions of IL-18 may play a role in induc-
ing resistance to parasite infection. Surprisingly, no changes
in NF-kB-driven IL-8 or o-defensin 2 expression were
observed in the HCT-8 cell-line (data not shown); however,
a marked increase in the expression of a related anti-
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microbial peptide LL-37 was observed (Fig. 4a). In contrast,
IL-18 enhanced basal IL-8 and hBD2 expression in HT-29
cells (Fig. 4b) with minimal effects on LL-37 expression.
Induction of epithelial anti-microbial responses highlights
a novel role for IL-18 in eliciting host innate immunity.

We have shown previously that IFN-y inhibits C. parvum
development in a human enterocyte cell line by at least two
mechanisms. Invasion of the host cell is reduced and intra-
cellular parasite development declines due to the decreased
availability of cellular Fe [5] and further, synergistic effects of
IL-4 and IFN-y in parasite killing were found to be indepen-
dent of the activation status of STAT1 [6]. In the present
study we have identified a novel mechanism, i.e. potential IL-
18 mediated increase in epithelial bactericidal agents such as
LL-37 and a-defensin 2, thus enhancing host immunity dur-
ing enteric infection and inflammation. The present data,
along with our previous study describing potent effects of o.-
defensins on C. parvum viability [42], adds further weight to
the role of local immunity in modulating early host-micro-
bial interactions.

A large body of evidence supports a role for IL-18 in the
acquired immune response to a variety of infections, prima-
rily by the induction of IFN-y production by T cells and NK
cells [14,16,18,19]. In certain intracellular microbial
infections the role of IL-18 is conflicting. For example,
Toxoplasma gondii infection of severe combined immunode-
ficiency (SCID) mice was not enhanced when mice were
treated with anti-IL-18; however, infection was ameliorated
by administration of exogenous IL-18 and this response was
found to be dependent on IL-12 and IFN-y production by
NK cells [17]. Sansonetti et al., using cytokine reconstituted
Caspase-1 deficient (Casp-17") mice, demonstrated a role for
IL-18 in the inflammatory response to Shigella flexneri [27].
The rapid kinetics of this IL-18-dependent inflammatory
response to the bacterium favoured an additional, IFN-y
independent, proinflammatory action of IL-18. Another
study indicates an IFN-y independent role for IL-18 in the
early immune response to Listeria monocytogenes that is
dependent, in part, on the induction of TNF-o from mac-
rophages by IL-18 [20]. Although we implicate a role for
anti-microbial peptides in IL-18-mediated responses during
C. parvum infection, the possibility that additional, as yet
unidentified epithelial-derived mediators may further con-
tribute to the inhibitory action of IL-18 on C. parvum devel-
opment cannot be excluded. Differences in intracellular
signalling pathways between IL-1f3 and IL-18 may also be rel-
evant in this respect [44].

In conclusion, we confirmed the expression of functional
IL-18R by IECs, which explains why these cells were sus-
ceptible to IL-18-mediated inhibition of C. parvum
reproduction. Increased expression of bactericidal peptides
in response to IL-18 may provide at least one arm of resis-
tance to C. parvum. Further work in animal models of infec-
tion is required to substantiate the multi-factorial role of this
cytokine in host defence.

Effect of IL-18 on C. parvum-infected enterocytes
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