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Abstract
This study has examined the stimulatory and costimulatory effects of IL-18 on two subsets of murine
small intestinal intraepithelial lymphocytes (IELs) defined by the expression of the CD43 S7
glycoform. Data from gene array studies and real-time PCR indicated that S7+ IELs had significantly
higher levels of gene expression for the IL-18 receptor and the IL-18R accessory protein than S7−
IELs. IL-18 costimulation of IELs in conjunction with CD3-induced activation resulted in
significantly greater proliferation than CD3 stimulation alone. In CFSE dilution experiments, IL-18
costimulation favored the S7+ IEL population. IL-18 costimulation did not affect apoptosis of either
S7− or S7+ IELs compared with CD3 stimulation alone. Although IL-18 costimulation did not alter
the total number of IFN-γ-producing cells relative to CD3 stimulation alone, twice as many S7+ IELs
were IFN-γ-secreting cells than S7− IELs in both CD3-stimulated and IL-18-costimulated cultures.
Notably, direct IL-18 stimulation in the absence of CD3 activation induced an IFN-γ response that
was predominantly directed to the S7+ population, indicating that IL-18 is itself an IFN-γ activational
signal for intestinal T cells. In contrast, direct IL-18 stimulation of IELs did not generate TNF-α-
producing cells, indicating a differential response in the activation of proinflammatory cytokines
following IL-18 exposure. These findings point to distinctly different activational effects of IL-18
on IELs, both with regard to the type of functional responses elicited and with respect to the IEL
subsets affected.
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INTRODUCTION
Because of their strategic location throughout the intestinal epithelium, it is generally believed
that intestinal intraepithelial lymphocytes (IELs) are important in the defense against intestinal
infection [1] and that they also contribute to disease processes of intestinal autoimmune
pathologies [2–4]. Moreover, IELs in mice [5,6] and rats [7] differ from other peripheral T
cells in that a high proportion of IELs develop extra-thymically within intestinal anatomical
sites referred to as cryptopatches. Difficulties in ascribing functional activities to IELs have
been confounded, in part, by their extensive heterogeneity [8–10]. IELs express cytotoxic
activity in freshly-isolated preparations [11–15]; however, they normally do not produce
cytokines until a stimulatory signal has been received through the TCR/CD3 complex or
following mitogen activation [15,16]. Moreover, with the exception of CD69 [15,17], most
IELs do not express markers commonly associated with activated T cells, such as OX40, ICOS,

1Correspondence to: University of Texas Health Science Center at Houston Department of Diagnostic Sciences Dental Branch 6516 MD
Anderson Blvd. Houston, TX 77030, USA. E-mail: john.r.klein@uth.tmc.edu.

NIH Public Access
Author Manuscript
J Leukoc Biol. Author manuscript; available in PMC 2008 November 13.

Published in final edited form as:
J Leukoc Biol. 2007 November ; 82(5): 1166–1173. doi:10.1189/jlb.0207108.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



or Ly-6C, and when isolated from naïve mice, they are primarily CD44low and CD45RBhigh

[15]. Following CD3-mediated activation or virus infection, IELs acquire OX40, ICOS, and
Ly-6C expression and become CD44high and CD45RBlow [15,17]. In general, IELs have a low
proliferative potential in vitro [18–20]. Hence, murine small intestinal IELs exhibit some but
not all properties of activated T cells, a characteristic of IELs that is supported by gene array
studies [21,22].

Factors that regulate IEL immune function are poorly understood, although they are central to
elucidating the underlying mechanisms of immunity and inflammation at the level of the
intestinal mucosa. As part of our studies aimed at gaining a better understanding of the
functional properties of IELs, we reported that murine small intestinal IELs consist of two cell
populations based on whether they express a CD43 glycoform identified by reactivity with
anti-CD43 mAb S7. Thus, although >95% of all IELs express the CD43 core molecule
recognized by mAb R2/60 [11], only about half of the IELs are S7+ cells [11]. That difference
appears to be specific for intestinal T cells since nearly all T cells in other immunological
compartments are S7+ cells [23]. Of particular interest, S7 expression on IELs does not
correlate with the type of TCR (αβ vs. γδ) or CD8 (αα vs. αβ) expression [11], both of which
have commonly been used to differentiate IELs functionally and developmentally [24]. S7+

IELs are more cytolytic in redirected cytotoxicity assays; they express higher levels of Th1
and Th2 cytokines following CD3 stimulation; and they are the primary IFN-γ-producing cell
in the terminal ileum of IL-10−/− mice [11]. Gene-array studies indicate that S7+ IELs are more
typical of activated T cells and have properties of adaptive immunity, whereas S7− cells express
genes associated with innate immunity [11].

IL-18 is a powerful proinflammatory cytokine that has diverse biological effects that are
primarily, though not exclusively, associated with Th1 responses [25–28]. IL-18 has been
shown to induce IFN-γ synthesis [29] and to augment human IEL proliferation, which can act
synergistically with IL-2, IL-7, or IL-15, either alone or in combination with CD3 stimulation
[30]. IL-18 synthesis has been linked to many disease conditions, including the pathology of
inflammatory bowel disease [31–39], graft vs. host disease [40], and spontaneous autoimmune
diseases [41], and it contributes to the immune defense mechanism in response to infectious
agents [25,42,43].

On the basis of the above observations, we hypothesized that S7+ and S7− IELs would differ
according to their functional responsiveness to IL-18 and that activation via IL-18 would be
most pronounced in the S7+ population. As reported here, S7+ IELs had significantly higher
levels of gene expression for the IL-18 receptor (IL-18R) and the IL-18R accessory protein
(IL-18RAcP) than S7− IELs. IL-18 differentially influenced the responsiveness of IELs with
regard to CD3-mediated proliferation and IFN-γ synthesis, thus further documenting the value
of using CD43 expression to operationally define intestinal T cell subsets.

MATERIALS AND METHODS
Mice

Adult female C57BL/6 mice, 6–8 wk of age, were purchased from Harlan (Indianapolis, IN,
USA). Animals were used in accord with The University of Texas Animal Welfare Guidelines.

IEL isolation, antibodies, and flow cytometry
Small intestinal IELs were isolated according to published protocols [44]. Antibodies and
staining reagents used in this study were: purified anti-mouse CD16/32 (2.4G2); NA/LE anti-
CD3 (145-2C11); purified NA/LE anti-hamster Ig (G94-56); biotin-anti-CD43 (S7); FITC-
annexin V; propidium iodide; monensin (BD PharMingen; San Diego, CA, USA); PE-anti-

Montufar-Solis et al. Page 2

J Leukoc Biol. Author manuscript; available in PMC 2008 November 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



IFN-γ (XMG1.2); PE-anti-TNF-α (MP6-XT22); streptavidin-APC (eBioscience; San Diego,
CA, USA); CFSE (Invitrogen-Molecular Probes; Carlsbad, CA, USA). Flow cytometric
analysis was done using a FACSCalibur flow cytometer using Cell Quest software (BD
Biosciences). Recombinant IL-15 was purchased from Sigma-Aldrich (St. Louis, MO, USA).

For intracellular IFN-γ and TNF-α staining, IELs were cultured at a density of 1×106 cells/ml
in 24-well tissue culture plates (Costar; Corning, NY, USA) coated with 1 μg/ml anti-hamster
mAb followed by 1 μg/ml anti-CD3 mAb with or without 50, 100, or 200 ng/ml IL-18 (R&D
Systems; St. Paul, MN, USA). After 18 h, 1 μl/ml monensin was added for 4–6 h. Intracellular
IFN-γ and TNF-α staining were done according to previously described protocols [11], using
a commercial cell staining kit (BD PharMingen) and the manufacturer’s reagents and protocols,
with surface staining using biotin-labeled anti-CD43 S7 mAb plus streptavidin-APC.

In vitro proliferation and CFSE staining
Wells of 96-well microtiter plates (Corning #3595) were coated by incubating overnight at 4°
C with 50 μl of 1 μg/ml anti-hamster Ig in PBS. The following day, wells were washed with
PBS and 50 μl of 1μg/ml anti-CD3 mAb was added to appropriate wells for 2 h at 37°C. Wells
were washed with PBS prior to the addition of cells. IELs were added at 1 × 105 cells in 200
μl of RPMI 1640 supplemented with FCS (10% v/v), 100 U/ml penicillin-streptomycin, 2 mM
L-glutamine, and 5 × 10−5 M 2-mercaptoethanol (all reagents; Sigma-Aldrich, St. Louis, MO,
USA). IL-18 was added at a final concentration of 100 or 200 ng/ml to appropriate wells. Plates
were cultured for 42 h at 37°C. 1 μCi 3H-thymidine was added in 20 μl of unsupplemented
RPMI-1640 for 6 h; cells were collected using a semiautomated cell harvester (Skatron
Instruments; Sunnyvale, CA, USA), and 3H-thymidine levels were measured with a Beckman-
Coulter Model LS3801 β-counter (Fullerton, CA, USA).

For CFSE staining, IELs were stained with 2 ml of 5 μM CFSE (Invitrogen; Carlsbad, CA,
USA) prepared in DMSO. Cells were incubated for 15 min at 37°C in 5% CO2 environment,
pelleted to remove unbound stain, resuspended in 2 ml of supplemented RPMI-1640 (37°C),
and cultured for 30 min at 37°C/5% CO2 to ensure complete modification of probe. Cells were
washed by centrifugation and cultured in 24-well plates at a density of 1 × 106 cells/ml in
supplemented RPMI-1640 without stimulation, with plate-bound anti-CD3 (as above), or with
plate-bound anti-CD3 plus 100 or 200 ng/ml of IL-18. After 72 h, cells were harvested, stained
with biotin-labeled anti-CD43 S7 plus streptavidin-APC, and analyzed by flow cytometry.

Gene expression analysis
Gene expression microarray studies of purified CD43 S7+ and S7− IELs were done as described
previously by our laboratory [11]. Real-time PCR was done using S7+ and S7− IELs purified
by autoMACS sorting (Miltenyi Biotec; Auburn, CA, USA). Total RNA was isolated using an
RNeasy Protect Mini Kit-50; samples were treated with DNase using an RNase-Free DNase
Set-50 (Qiagen; Valencia, CA, USA), according to the manufacturer’s protocols. RNA
concentrations were estimated electrophotometrically at A260. Primer sets for mouse IL-18R,
GenBank Accession No. NM_008365 for a 174 bp fragment with reference position 1645–
1665 of IL-18R mRNA; mouse IL-18RAcP, GenBank Accession No. NM_010553 for a 191-
bp fragment with reference position 1866–1888 of IL-18RAcP mRNA; and mouse GAPDH,
GenBank Accession No. NM_001001, were purchased from SuperArray Bioscience Corp.
(Frederick, MD, USA). Quantitative real-time PCR was performed on 100 ng total RNA using
an iScript One-Step RT-PCR kit with SYBR Green (Bio-Rad; Hercules, CA, USA). A blank
sample with RNase-free water was used for primer controls. Amplification was done in 96-
well thin-wall plates sealed with optical quality film (Bio-Rad) in a Mini-Opticon (Bio-Rad)
with a program of 10 min at 50°C for cDNA synthesis, 5 min at 95°C for reverse transcriptase
inactivation, followed by 45 cycles of 95°C for 10 s and 55°C for 30 s for data collection. A
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melt curve was performed using a protocol of 1 min at 95°C, 1 min at 55°C, increasing the
temperature in 0.5°C increments for 80 cycles of 10 s each. Real-time PCR data were quantified
using the 2−ΔΔCt method of Livak and Schmittgen with each sample normalized to its GAPDH
value [45] with a Gene Expression Macro Version 1.1 program (Bio-Rad). For each gene
evaluated, the lowest expressing sample was assigned a value of one; the value of the other
sample was expressed relative to that. The amplified gene products were electrophoresed
through a 2% agarose gel followed by staining with ethidium bromide.

Statistical analyses
Comparisons of multiple culture group combinations were done using two-way factorial
analysis of variance (ANOVA). In the event of statistical significance (P<0.05) by ANOVA,
post hoc analysis between groups was done using a t-test with unequal variances; a P value of
<0.05 was considered to be statistically significant.

RESULTS
The IL-18R and IL-18RAcP genes are preferentially expressed in S7+ IELs

As part of a continuing analysis of data obtained from gene array studies of S7+ and S7− IELs
[11], we observed that the IL-18R and the IL-18RAcP genes, both of which are required for
IL-18 signaling [46], were expressed at significantly higher levels in the S7+ IEL population.
Those differences are shown in Table 1, which shows ≥3-fold excess at a statistically significant
level (P<0.05) for the expression of both genes in the S7+ population compared with S7− IELs.
This consisted of analyses of three independent isolates of S7+ IELs and two independent
isolates of S7− IELs [11]. Those findings were confirmed by conventional (Fig. 1A) and real-
time PCR (Fig. 1B) using IELs purified by autoMACS sorting, which indicated higher levels
of gene expression for IL-18R and IL-18RAcP in the S7+ population compared with S7− cells.

S7+ IELs are more responsive to proliferation mediated by IL-18 costimulation than S7− IELs
Studies of human IELs indicate that IL-18 is an activational signal for proliferation in
conjunction with CD3-mediated stimulation [30]. Additionally, IL-18 has been reported to
contribute to the proliferation of mucosal lymphocytes in Crohn’s disease [47]. Thus, we were
interested in determining the extent to which IL-18 influences the proliferative response of
murine IELs and, more importantly, to determine which CD43 IEL population is most
responsive to IL-18-mediated proliferation. Although, as expected, CD3-mediated stimulation
resulted in greater IEL proliferation compared with nonstimulated IELs based on in vitro 3H-
thymidine incorporation 48 h post-CD3 stimulation, there was a statistically significant
increase in 3H-thymidine uptake among IL-18 costimulated IELs compared with cells
stimulated via CD3 alone; this was true for two concentrations of IL-18 (Fig. 1C). In the absence
of CD3 stimulation, IL-18 did not induce cell proliferation (Fig. 1C). IL-18 costimulation also
increased the number of total IELs recovered after 48 h of proliferation compared with CD3
stimulation alone (Fig. 1D), further demonstrating the proliferation-inducing effects of IL-18
in combination with CD3-driven activation.

To determine which CD43 population was most responsive to IL-18 costimulation, CFSE-
labeled cells were used to track cell proliferation profiles across time. IELs were labeled with
CFSE and cultured for 72 h without stimulation, with IL-18 alone, with CD3 stimulation, or
with CD3 stimulation in the presence of 100 ng/ml of IL-18. Cells were recovered from cultures
and stained for surface expression of CD43 S7 and analyzed by flow cytometry. IL-18
costimulation had a slight but not statistically significant effect on the proliferation of the
S7− IEL population (mean 140 vs. 132) (Fig. 2A). In contrast, on the basis of CFSE dilution
experiments, IL-18 costimulation augmented the proliferation of S7+ IELs relative to S7+ cells
stimulated via CD3 alone (mean 116 vs. 141) (Fig. 2A). These findings were consistent in three
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independent experiments as shown in Fig. 2B. Differences in the levels of CFSE dilution
between experiments likely reflect variations in the initial labeling of cells with CFSE;
however, mean fluorescence values of IL-18 costimulated S7+ IELs in each experiment were
significantly lower than that of S7+ IELs stimulated via CD3 alone. Additionally,
proportionally, more cells were S7+ in the IL-18 costimulation population after 72 h of culture
(Fig. 2A, C). These findings collectively indicate that the effect of IL-18 costimulation is
principally targeted to the S7+ cell population.

IL-18 costimulation does not alter activation-induced cell death compared with CD3
stimulation alone

In mice with induced colitis, IL-18 has been shown to suppress apoptosis of intestinal lymphoid
cells [48]. To determine whether IL-18 would alter the pattern of apoptosis following the
activation of S7− and S7+ IELs, annexin-V/PI profiles were assessed following CD3
stimulation or with IL-18 costimulation. For both S7− and S7+ IELs, a lack of stimulation or
stimulation with IL-18 alone resulted in minimal apoptosis (Fig. 3A, annexin-V+/PI−). CD3-
mediated stimulation or IL-18 costimulation resulted in high level of apoptosis for both S7−
and S7+ IELs, which was roughly equivalent in both groups (Fig. 3A, B). Thus, IL-18
costimulation had no significant effect on the apoptosis pattern of IELs in either a positive or
negative manner.

Differential effects of IL-18 on IFN-γ synthesis directed to S7− and S7+ subsets
IL-18 has been shown to promote IFN-γ synthesis [27], which can be augmented by IL-12
[49,50]. To understand how IL-18 might influence the synthesis of IFN-γ in IELs, we examined
the effect of IL-18 as an inductive signal for IFN-γ production by IELs in the presence or
absence of CD3 stimulation. In 24-h cultures, IL-18 costimulation did not significantly alter
the number of intracellular IFN-γ-producing cells in either the S7+ or the S7− population
compared with CD3 stimulation alone; however, there were consistently more IFN-γ-secreting
S7+ than S7− IELs when stimulated via CD3 both in the presence or absence of IL-18 (Fig.
4A). This held true across a range of IL-18 concentrations from 50 to 200 ng/ml (data not
shown). Hence, IL-18 costimulation did not lead to more IFN-γ producing IELs. The most
significant finding from these studies was the observation that direct IL-18 stimulation, i.e., in
the absence of CD3 stimulation, resulted in an IFN-γ response in both the S7+ and S7−
populations, which once again favored the S7+ population (Fig. 4A). Interestingly, IL-18
stimulation without CD3 stimulation consistently had brighter fluorescence than IELs
stimulated with IL-18 plus CD3 stimulation (Fig. 4A). The significance of this is not yet
evident, however. IELs did not produce IFN-γ in the absence of stimulation by either CD3 or
IL-18 stimulation (Fig. 4A).

To determine whether the effect of IL-18 stimulation resulted in the activation of other cytokine
responses, TNF-α-producing cells were studied following the stimulation protocols used for
IFN-γ analysis, except that cells were cultured in the presence of 50 ng/ml recombinant IL-15.
Previous unpublished studies from our laboratory revealed that IL-15 is required as a cofactor
for TNF-α synthesis by IELs when stimulated via CD3. We found this to be the case in the
present study as well, since IELs cultured without IL-15 failed to generate a TNF-α response
under any of the stimulatory conditions, whereas the addition of IL-15 did not alter IFN-γ
activity (data not shown). Most important, in contrast to the IFN-γ response elicited by IL-18,
direct stimulation of IELs by IL-18 in the absence of CD3 stimulation did not result in the
generation of TNF-α-secreting cells (Fig. 4, panel B). Stimulation of IELs by CD3 or by IL-18
costimulation resulted in equivalent numbers of TNF-α producing cells, indicating that as with
the IFN-γ response, IL-18 costimulation did not augment the activity of TNF-α. These findings
thus point to a differential response of direct IL-18 stimulation with regard to IFN-γ vs. TNF-
α. Finally, direct stimulation of IELs by IL-18 did not result in cells becoming blastogenic.
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Rather, IL-18-stimulated IELs remained typical of nonstimulated cells (Fig. 4C), even though
they produced IFN-γ following IL-18 stimulation (Fig. 4A).

DISCUSSION
Several aspects of this study were particularly noteworthy. From the point of view of IEL
proliferation, IL-18 functioned as a strict costimulatory molecule that augmented proliferation
only in conjunction with a CD3-mediated signal. That finding was supported by CFSE-staining
studies, which demonstrated that there was more dilution of CFSE in the S7+ population
following IL-18 costimulation compared with S7+ cells stimulated via CD3 alone.

The ability of IL-18 to induce an IFN-γ response differed from its ability to induce proliferation
in that IL-18 by itself was a strong inductive signal for IFN-γ synthesis. In repeated
experiments, we found little enhancing effect of IL-18 on the synthesis of IFN-γ when delivered
with a CD3-mediated signal across a range of IL-18 concentrations (50–200 ng/ml). In contrast,
IFN-γ synthesis was evident within 24 h in both the S7+ and S7− subset following direct IL-18
stimulation. As with proliferation, the S7+ IEL population was the predominant IFN-γ source
following direct IL-18 stimulation. These findings collectively indicate that 1) IL-18 operates
independently of CD3 signaling as an activational signal to induce IFN-γ synthesis in small
intestinal IELs; 2) IELs do not need to undergo proliferation for IFN-γ production; and 3)
S7+ IELs are the predominant IFN-γ-producing cell population following IL-18 stimulation.

Although IL-18 has been linked to conditions of chronic intestinal inflammation, the
mechanistic basis for that remains poorly understood. The findings reported here indicate that
IL-18-driven IFN-γ production, particularly by the S7+ subset, may be an important factor in
perpetuating intestinal inflammation in mice. Indeed, studies from our laboratory demonstrated
that S7+ IELs in the ileum of IL-10−/− mice secrete 10-fold more IFN-γ than S7− IELs [11].
Consequently, S7+ IELs, which preferentially express the IL-18R (Table 1, and Fig. 1A, B),
would be capable of synthesizing IFN-γ in the absence of immune activation and without
proliferation, as documented by IFN-γ synthesis from nonblastogenic IELs (Fig. 4C). Thus,
factors that lead to IL-18 dysregulation, e.g., diminished IL-10 or TGF-β1 activity, would
activate a cascade of events leading to IFN-γ synthesis. Importantly, this also could occur
following exposure to enteric infectious agents that promote IL-18 production [42,43].

Other ancillary cytokine effects could be expected to accompany IL-18 production as inferred
from studies in a murine trinitrobenzene sulfonic acid (TNBS)-induced colitis model in which
blockade of IL-18 using IL-18 binding protein resulted in suppression of colonic inflammation
and decreased levels of intestinal TNF-α, IL-6, and IL-1β, all of which normally accompany
TNBS-mediated inflammation [51]. Treatment of mice with dextran sulfate sodium (DSS)-
induced colitis using either anti-IL-18 antibody or IL-18 binding protein not only decreased
intestinal pathology but lowered local cytokine activity, including TNF-α and IFN-γ [52,53].
Similar beneficial effects were observed using adenovirus anti-sense IL-18 in a model of CD4
T cell-induced colitis [54]. Interestingly, our studies revealed no evidence for the activation of
a TNF-α response by IL-18. Nor did we observe activational effects of IL-18 on IL-2 or IL-17
(data not shown). Differences between our studies and in vivo models of inflammation [51–
54] may have to do with the fact that, unlike the latter, it is possible to more precisely control
and evaluate the effects of stimulation under in vitro conditions. It also should be noted that
TNBS-, DSS-, and CD4-induced inflammation are principally associated with colonic tissues,
whereas our studies were restricted to small intestinal IELs.

Finally, in view of our present findings regarding an association between IL-18R expression
and IFN-γ production following IL-18 exposure, it will be of interest to determine whether
depletion of S7+ IELs will ameliorate intestinal inflammation in an animal model such as
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IL-10−/− mice. These studies will require considerably more experimental work; however,
given that depletion of the S7+ population in vivo cannot readily be achieved through gene
inactivation methods since S7 is a carbohydrate determinant of the CD43 molecule.
Experiments are currently under way using in vivo treatment with anti-S7 antibody as a
treatment protocol.
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Fig. 1.
Effect of IL-18 costimulation on IEL proliferation. (A) PCR analysis using RNA from S7− and
S7+ sorted IELs amplified with primer sets for the murine IL-18R and the IL-18RAcP. Note
the difference in PCR product in the S7+ sample compared with the S7−sample. (B) PCR
quantification was determined by real-time PCR, which indicated higher gene expression levels
for IL-18R and IL-18RAcP in S7+ vs. S7− IELs. (C) 3H-thymidine incorporation after 48 h of
in vitro stimulation using the conditions indicated in the graph. Note the enhancement of
proliferation in IL-18 co-stimulated cultures, and the lack of proliferation due to direct IL-18
stimulation alone. On the basis of two-way factorial ANOVA, there was a highly significant
difference between all six groups (P<0.001), and between the anti-CD3, and anti-CD3 plus
IL-18 costimulation groups (P<0.01). Post hoc analysis between individual groups using t-test
with unequal variances resulted in the significance levels shown in the graph. Values are
numbers of triplicate cultures; data are representative of 2 experiments. (D) Numbers of IELs
in cultures after 48 h stimulation. Note the increase in the number of IELs due to IL-18
costimulation. On the basis of two-way factorial ANOVA, there was a highly significant
difference between the three groups (P<0.001). Post hoc analysis of individual groups using
t-test with unequal variances resulted in significance levels shown in the graph. Data are derived
from 4 experiments.
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Fig. 2.
(A) Effects of CFSE dilution in S7− and S7+ IELs during 72 h of culture with stimulation by
PBS (nonstimulated), IL-18 alone, anti-CD3 stimulation, or anti-CD3 plus 100 ng/ml IL-18
costimulation. Note the increase in proliferation in the S7+ population with IL-18 costimulation
compared with S7+ cells stimulated via CD3 alone. (B) Comparison of data from three
independent experiments for mean fluorescence values of S7+ IELs. On the basis of two-way
factorial ANOVA and pos hoc analysis by t-test with unequal variance, S7+ IELs differed
significantly between CD3-stimulated cultures and IL-18 costimulated cultures as shown in
the graph. (C) IL-18 costimulation also resulted in a statistically greater (P=0.03) numbers of
S7+ IELs between the nonstimulated cultures and the IL-18 costimulated cultures after 72 h,
based on the proportion of S7+ cells calculated from the CD43 S7 histograms, in panel A, as
determined by t-test analyses with unequal variances for data from individual groups.
Demarcation between S7− and S7+ populations was determined from the average distance
between mean peaks of each group. Other combinations were not statistically significant. Data
are representative of 3 experiments.
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Fig. 3.
(A) Annexin-V/PI staining of IELs cultures for 24 h in PBS (nonstimulated), with IL-18 alone,
with CD3 stimulation (αCD3), or with IL-18 costimulation (αCD3 + IL-18). (B) Both anti-
CD3 stimulation and IL-18 costimulation resulted in significantly more apoptosis as
determined by ANOVA and post hoc t-test with unequal variances for S7− and S7+ IELs
compared with nonstimulated or direct IL-18 stimulated populations. No statistically
significant difference was observed between cells stimulated with CD3 or costimulated with
IL-18. Data are representative of 3–5 experiments.
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Fig. 4.
Analyses of effects of IL-18 on intracellular IFN-γ and TNF-α in S7+ and S7− IELs. (A)
Stimulation of IELs with anti-CD3 alone and anti-CD3 plus 200 ng/ml IL-18 resulted in
equivalent numbers of IFN-γ producing cells in the S7− and S7+ populations. Direct stimulation
of IELs with IL-18 resulted in significantly greater IFN-γ-producing cells compared with non-
stimulated cultures, but significantly less than that of either CD3 stimulation alone or IL-18
costimulation. This was true for both S7− and S7+ IELs. Statistical evaluation consisted of two-
way factorial ANOVA for all four culture conditions followed by post hoc analysis using a t-
test with unequal variances. Data are from 5–8 experiments. (B) Stimulation of IELs with anti-
CD3 alone and anti-CD3 plus 200 ng/ml IL-18 resulted in equivalent numbers of TNF-α-
producing cells in the S7− and S7+ populations. However, direct stimulation of IELs with IL-18
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resulted in no significant increase in TNF-α-producing cells compared with nonstimulated
cultures. This was true for both S7− and S7+ IELs. Statistical evaluation consisted of two-way
factorial ANOVA for all four culture conditions followed by post-hoc analysis using a t-test
with unequal variances. All cultures used for TNF-α staining were supplemented with 50 ng/
ml recombinant IL-15, which we have previously determined is required for the activation of
a TNF-α response in IELs. IL-15 is not needed for the induction of an IFN-γ response from
IELs with or without IL-18 (data not shown). (C) Cell size analysis of nonstimulated IELs,
CD3-stimulated IELs, and IELs stimulated with IL-18 in the absence of CD3 stimulation. Note
that IL-18 stimulation did not induce a blastogenic state, even though they produced IFN-γ
(data not shown) similar to that shown in panel A. Data are representative of a total of 2–6
experiments.
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TABLE 1
IL-18R and IL-18RAcP Gene Expression in S7+ IELs Relative to S7− IELs

Gene title GenBank no. Fold increase P value

Interleukin 18 receptor 1 U43673 3.32 0.011
Interleukin 18 receptor accessory protein AF077347 3.00 0.043
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