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Background & Aims: Celiac disease is a gluten-induced
enteropathy characterized by the presence of gliadin-
specific CD41 T cells in the lamina propria and by a
prominent intraepithelial T-cell infiltration of unknown
mechanism. The aim of this study was to characterize
the subset(s) of intraepithelial lymphocytes (IELs) ex-
panding during active celiac disease to provide insights
into the mechanisms involved in their expansion.
Methods: Flow-cytometric analysis of isolated IELs
and/or immunohistochemical staining of frozen sec-
tions were performed in 51 celiac patients and 50
controls with a panel of monoclonal antibodies against
T-cell and natural killer (NK) receptors. In addition, in
vitro studies were performed to identify candidate
stimuli for NK receptor expression. Results: In normal
intestine, different proportions of IELs, which were
mainly T cells, expressed the NK receptors CD94/
NKG2, NKR-P1A, KIR2D/3D, NKp46, Pen5, or CD56.
During the active phase of celiac disease, the fre-
quency of CD941 IELs, which were mostly ab T cells,
was conspicuously increased over controls. In con-
trast, the expression of other NK markers was not
modified. Furthermore, expression of CD94 could be
selectively induced in vitro by T-cell receptor activa-
tion and/or interleukin 15, a cytokine produced by
intestinal epithelial cells. Conclusions: The gut epithe-
lium favors the development of T cells that express NK
receptors. In active celiac disease, there is a specific
and selective increase of IELs expressing CD94, the
HLA-E–specific NK receptor that may be related to
T-cell receptor activation and/or interleukin 15 secre-
tion.

Celiac disease is an enteropathy that is induced by
gliadin in genetically susceptible individuals express-

ing HLA-DQ2 (DQA1*0501, B1*201) or HLA-DQ8
(DQA1*031, B1*302).1,2 The nature of its pathogenesis
remains unclear and may involve both direct toxic and
immune-mediated effects of gliadin.1 Active celiac dis-
ease is associated with the presence of serum autoantibod-
ies against a tissue transglutaminase,3 with activated
CD41CD251 T cells in the lamina propria and with
massive intraepithelial infiltration by proliferating T
lymphocytes.4,5 Interestingly, transglutaminase, the tar-
get of celiac disease autoantibodies, is an enzyme that
enhances the binding of gliadin peptides to DQ2 and
DQ8 molecules through deamidation of glutamine resi-
dues.6,7 Furthermore, gliadin-specific DQ2- or DQ8-
restricted T helper (Th) 1 CD41 T cells have been derived
from the lamina propria of celiac patients.6,8 These
findings suggest a model whereby enhanced presentation
of gliadin peptides by DQ2 or DQ8 molecules to CD41

cells in the lamina propria results in secretion of inter-
feron gamma (IFN-g) and other cytokines that may be
deleterious to gut epithelial cells (ECs).9 In contrast, the

Abbreviations used in this paper: EC, epithelial cell; FACS, fluores-
cence-activated cell sorter; FITC, fluorescein isothiocyanate; GFD,
gluten-free diet; IEL, intraepithelial lymphocyte; IFN-g, interferon
gamma; MHC, major histocompatibility complex; NK, natural killer;
PBL, peripheral blood lymphocyte; PE, phycoerythrin; TCR, T-cell
receptor; T-IEL, IEL expressing T-cell receptor; TNF, tumor necrosis
factor.
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role and mechanism of the intraepithelial T-cell infiltra-
tion, a hallmark of the disease, are debated. It does not
appear, as previously suggested,4 that the expansion of the
intraepithelial lymphocyte (IEL) population is a nonspe-
cific reaction to the underlying inflammatory process,
because IELs are not significantly increased in Crohn’s
disease10 and they are moderately expanded in autoim-
mune enteropathy of childhood, a disease with a strong
inflammatory reaction in the lamina propria and a
subtotal to total villous atrophy.11 In contrast, celiac
disease–associated IEL infiltration seems to be of particu-
lar significance. It is detected as early as 12 hours after
oral or rectal gluten challenge in patients receiving a
long-term gluten-free diet (GFD) and precedes the onset
of epithelial lesions.12,13 Furthermore, IELs can undergo
malignant transformation during the course of 2 rare but
severe complications of celiac disease: enteropathy-
associated T-cell lymphomas14 and refractory sprue.15

These complications, which are not observed in other
inflammatory bowel diseases, support the idea that celiac
disease IELs are permanently submitted to stimuli that
promote their expansion and ultimately may favor their
transformation. Altogether, these observations underline
the importance of understanding the mechanism(s) that
drives the expansion of IELs and their role in the
pathogenesis of the epithelial lesions.

IELs represent a heterogeneous population of T lympho-
cytes with distinct ontogenic, phenotypic, and functional
properties shown in mice.16 In humans, the main subset
expresses ab T-cell receptor (TCR), more often than
CD4. The other subset expresses gd TCR and is
CD42CD82 or CD81. A variable albeit significant
increase in the numbers of TCRgd IELs, mainly using the
Vd1 chain, has been observed in treated as well as in
untreated celiac disease.5,17,18 These gd T cells, which
recognize the MICA and MICB antigens, 2 closely related
HLA molecules that are induced by stress on intestinal
ECs, may therefore be part of a stress response to celiac
disease–associated EC injury.19 In addition, a prominent
increase in TCRab1CD81 IELs has been observed in
active celiac disease and reported to disappear after gluten
avoidance and recovery of a normal villous architec-
ture.5,20 Because there is no evidence for gliadin-specific
major histocompatibility complex (MHC)-restricted ab
T cells among CD81 IELs, the mechanism driving their
expansion remains to be elucidated.

Recent studies suggest that a subset of IELs express
surface receptors and functional properties that are nor-
mally associated with the natural killer (NK) lin-
eage.21–24 These IELs may respond to modifications of
ECs, as suggested by their natural cytotoxicity against
corona virus–infected cells in mice25,26 or against EC

tumors in humans.27,28 In mice, in which they have been
extensively characterized, they constitute a fraction of
both TCRab1 and TCRgd1 IELs and express a
CD8a1b1CD42 or CD8a2b2CD42 phenotype (re-
viewed by Rocha et al.29). Studies in humans have also
identified the presence of IELs expressing NK receptors.
CD56 and CD94 were found on both CD3-positive and
-negative cells, whereas CD16 expression was mainly
restricted to CD3-negative cells.21,22,24 The proportion of
NK-like cells decreased in one study of active celiac
disease,24 whereas another study suggested that the
disappearance of CD161 granular IELs was associated
with a more severe and persistent disease.21

With the idea in mind that NK receptors may play an
important role in the interactions between IELs and ECs
in the normal or diseased human intestine, we used a
panel of antibodies against NK receptors to characterize
the surface phenotype of IELs in normal subjects and
patients with celiac disease. We found that a significant
proportion of normal human T-IELs (IELs expressing
TCR) expressed one or several NK receptors. Remark-
ably, most of the TCRab1 IELs that expanded in active
celiac disease consistently and selectively expressed CD94,
the HLA-E–specific NK receptor.30–32 In contrast, there
was no change in the proportion of IELs expressing NK
receptors that bind classical MHC class I molecules or
other ligands unrelated to MHC molecules. Furthermore,
the increase in CD941 IELs was specific of active celiac
disease because it was not observed in various other
inflammatory diseases and it subsided under GFD.
Finally, in vitro studies with isolated IELs identified
interleukin (IL)-15, a cytokine secreted by intestinal
ECs,33 as a likely candidate for inducing CD94 expres-
sion. Altogether these findings suggest that the CD94/
HLA-E and IL-15R/IL-15 receptor/ligand pairs may
control the expansion and/or function of IELs in celiac
disease.

Materials and Methods

Celiac Patients
Twenty-four children (age, 4 6 3 years) had celiac

disease according to EPSGAN criteria.34 At the time of the
study, 10 had untreated celiac disease and total villous atrophy,
10 had been on a GFD for 1–3 years and had recovered a normal
mucosa or showed a moderate villous atrophy, and 4 additional
patients were studied before and after GFD.

Twenty-seven adults, showing symptoms of malabsorption
and severe to subtotal villous atrophy, were diagnosed with
celiac disease based on the presence of high titers of serum
antiendomysium antibodies. All had the DQA1*0501/
DQB1*0201 genotype. At the time of study, 16 patients (age,
43 6 13 years) had active celiac disease with severe to subtotal
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villous atrophy and 11 (age, 57 6 16 years) were on
GFD-induced remission with normal mucosa or moderate
villous atrophy.

Isolation of lymphocytes from biopsy specimens was per-
formed in 15 of the adult celiac patients, 8 with active celiac
disease and 7 on GFD with normal intestinal histology, and in
6 controls upon informed consent and approval by the
Institutional Ethics Committee of Hôpital Necker-Enfants
Malades.

Controls

Histologically normal intestinal biopsy specimens were
obtained from 12 children (age, 6 6 5 years), 2 with chronic
colitis and 10 investigated for short stature syndrome without
digestive symptoms, and from 11 adults undergoing duodenal
biopsies for diagnostic purposes (age, 35 6 20 years) but
without small intestinal disease. For 3 of the adult patients,
intestinal lymphocytes were isolated from the biopsy speci-
mens.

Control ileal surgical samples with an important inflamma-
tory infiltrate in the lamina propria were obtained from 2
children (aged 12 and 14 years) with active ileocolic Crohn’s
disease undergoing surgery for occlusive symptoms.

Control intestinal biopsy specimens from patients with
villous atrophy distinct from celiac disease were obtained from
9 children and 3 adults. Four children with moderate villous
atrophy had cow’s milk intolerance (n 5 1), intestinal giardia-
sis (n 5 1), and intestinal graft rejection (n 5 2).35 Five
children (aged 1–8 years) with severe to total villous atrophy
had autoimmune enteropathy (n 5 2),11 epithelial dysplasia
(n 5 1),36 or graft-versus-host disease after bone marrow graft
for severe combined immunodeficiency (n 5 2). Three adult
patients (aged 41–60 years) were included as controls for
villous atrophy. In these patients, malabsorption and subtotal
villous atrophy were not caused by celiac disease, as indicated
by the absence of antiendomysium antibodies, lack of DQ2 or
DQ8 haplotype, and lack of clinical or histological improve-
ment after GFD for over 6 months. All 3 had severe infiltration
of the lamina propria and the epithelium by CD31CD41 (n 5
1), CD31CD81 (n 5 1), or CD32CD561 (n 5 1) small

lymphocytes, suggesting low-grade lymphoproliferative dis-
ease without lymphoma.

Surgical samples of histologically normal proximal small
intestine, 3–6 cm long, were obtained from 15 adult patients
(aged 60 6 12 years) undergoing intestinal surgery for gastric
or pancreatic cancers or for chronic pancreatitis. Peripheral
blood lymphocytes (PBLs) were obtained from 17 healthy adult
volunteers.

Monoclonal Antibodies and Recombinant
Cytokines

Fluorescein isothiocyanate (FITC)- or phycoerythrin
(PE)-conjugated antibodies against CD3, CD8, CD4, CD16,
CD45RO, CD56, and CD57 were obtained from Becton
Dickinson (Le Pont de Claix, France; and Mountain View, CA),
and those against CD103, TCRab, and TCRgd were from
Coulter-Immunotech (Marseille, France). Purified HP-3B1
anti-CD94 was biotinylated according to standard procedures.
This antibody recognizes CD94 alone or associated with
members of the NKG2 family.30 The following anti-NK
antibodies were used as supernatants (Table 1): Z199,37

5H10,38 Bab 281,39 NKVSF1,40 Z27,41 Q66,42 and 191B8,43 a
gift of L. Moretta. The anti–IL-15 mouse monoclonal antibody
was obtained from R&D Systems (Oxon, England). The
anti–HLA-E antibody (3D12) was a gift from Dr. D. Geraghty.31

Recombinant IL-15, IL-12, IFN-g, tumor necrosis factor
(TNF)-a, and purified anti-CD3 were purchased from R&D
Systems and Pharmingen (San Diego, CA).

Histology and Immunohistochemistry

For histological studies, endoscopic duodenal biopsy
specimens were fixed in 10% formalin. Villous atrophy was
graded as moderate (crypt-to-villus ratio . 1) or severe
(crypt-to-villus ratio #1) and subtotal or total.

For immunohistochemical staining with anti-CD94 anti-
body, endoscopic biopsy specimens were embedded in O.C.T.
compound (Miles Inc., Elkhart, IN) and snap-frozen in liquid
nitrogen. Serial cryostat sections, cut at 4 µm, were labeled
with purified anti-CD94 antibody or with isotype-matched
control immunoglobulin (Ig) G2a at 10 µg/mL (Coulter-

Table 1. Expression of NK Receptors by IELs and PBLs

Structural family Molecule Antibody PBLs (n 5 14) CD31 PBLs (n 5 5) IELs (n 5 15) CD31 IELsa (n 5 4)

KIRb KIR2DL/S NKVSF1 8 6 4c 1.5 6 0.5 6 6 4 3 6 1
KIR3DL1 Z 27 2 6 1 0.2 6 0.2 1.5 6 1.3
KIR3DL2 Q 66 0.5 6 0.3 0.3 6 0.3 2 6 3

Lectin-like CD94/NKG2 HP-3B1 23 6 6 11 6 6 27 6 11 27 6 7
CD161 (NKR-P1A) 191B8 21 6 7 14 6 6 64 6 3 58 6 4

Others CD57 Leu 7 14 6 7 9 6 8 0
CD56 Leu 19 17 6 6 6 6 3 14 6 5 8 6 1
CD16 Leu 11c 16 6 6 2 6 2 1.5 6 1.5
NKp46 Bab281 7 6 6 0.3 6 0.2 10 6 5 7 6 4
PEN5 5H10 8 6 4 0.3 6 0.1 13 6 5 13 6 7

aOf total IELs, 92% 6 6% are T cells.
bMembers of the KIR family are designated according to the nomenclature proposed by Long et al.73

cValues are expressed as arithmetic means 6 SD of percentages.
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Immunotech) and revealed using an indirect immunoperoxi-
dase technique.44 The number of labeled IELs was estimated on
serial sections by counting peroxidase-stained cells per 100
ECs. Five hundred to 1000 ECs were counted in each section.
Comparable results were obtained by 2 different investigators
(N.P., B.J.). Numbers of IELs in the different groups were
compared using the Kruskal–Wallis nonparametric test. For
immunohistochemical staining with anti–IL-15 antibody,
samples were fixed in formalin and embedded in paraffin.
Sections were dewaxed, microwave-heated (2 3 5 minutes at
750 W in citrate buffer, pH 6), rinsed in phosphate-buffered
saline, and then incubated with anti–IL-15 antibody (2 µg/mL)
overnight at 4°C. Staining was revealed using Cy3-labeled goat
anti-mouse IgG (Amersham, Buckinghamshire, England). For
control staining, a saturating concentration of recombinant
IL-15 (R&D Systems) was added before staining with anti–
IL-15 antibody.

Lymphocyte Isolation

IELs were isolated from surgical intestinal samples, as
described previously,45 or from biopsy specimens. Five to 6
endoscopic biopsy specimens were pooled and incubated under
constant shaking for 30 minutes at 37°C in RPMI 1640
(GIBCO-BRL, Life Technology, Cergy-Pontoise, France) con-
taining 1% dialyzed fetal calf serum (GIBCO-BRL), 1.5
mmol/L MgCl2, and 1 mmol/L ethylene glycol-bis(b-
aminoethyl ether)-N,N,N8,N8-tetraacetic acid. The superna-
tant containing the IELs was passed through a nylon filter
(Falcon 2360; Becton Dickinson), and IELs were washed twice
in phosphate-buffered saline supplemented with 5% human
AB serum. PBLs were isolated on Ficoll-Hypaque (Lympho-
prep; Nycomed Pharma, Oslo, Norway) according to standard
procedures.

T-Lymphocyte and Cell Cultures

IELs isolated from 6 normal surgical intestinal samples
and PBLs from 3 normal individuals were labeled with
anti-CD94 and anti-CD8 and sorted with a fluorescence-
activated cell sorter (FACS) VANTAGE flow cytometer (Becton
Dickinson). Next, 1 3 105 to 2 3 105 CD94-negative IELs
(90%–95% TCRab1) and CD94-negative CD8-high PBLs
(98% TCRab1) were cultured in RPMI plus 10% fetal calf
serum for 18–48 hours in round-bottom microwells, alone or in
the presence of 10 ng/mL IL-15. For TCR-mediated stimula-
tion, cells were cultured in round-bottom microwells precoated
overnight with 10 µg/mL anti-CD3 antibody. KATO, a human
EC line of gastric origin, was cultured in RPMI with 10% fetal
calf serum and antibiotics.

Flow-Cytometric Analysis

After isolation, lymphocytes were first incubated for 10
minutes in phosphate-buffered saline with 10% human AB
serum to block Fc receptors. For each staining, 5 3 104 to 1 3
105 cells were used. For triple membrane staining with directly
conjugated antibodies, cells were labeled with a combination of

antibodies conjugated to red (PE) or green (FITC) fluorescent
dyes or to biotin according to standard procedures. Biotinyl-
ated antibodies were revealed with streptavidin tricolor (Caltag
Laboratories, San Francisco, CA). For single staining, superna-
tants containing antibodies were used at a 1:4 dilution and
revealed using FITC-conjugated Fab82 rat anti-mouse Igs at a
1:200 dilution (Jackson ImmunoResearch, West Grove, PA).
For multicolor analysis with antibody-containing supernatants,
cells were first incubated with a 1:4 dilution of antibody-
containing supernatant, washed twice, and stained by an
FITC-conjugated rat Fab82 anti-mouse Ig. Free antibody sites
were then blocked with a 50 µg/mL solution of purified mouse
Igs (Sigma Chemical Co., St. Louis, MO) for 10 minutes before
adding PE and biotin-conjugated antibodies for 15 additional
minutes. Biotinylated antibodies were revealed by a final
incubation in streptavidin tricolor.

Fluorescence was analyzed on a FACScan (Becton Dickin-
son). For analysis of CD94-positive lymphocytes, statistical
quadrants were set so as to score as negative more than 99% of
control-stained cells (cells stained with PE-conjugated IgG2a
control isotype; Coulter Immunotech). CD94-positive cells
include CD94-low and CD94-high cells, as previously reported
for NK cells stained with either anti-CD94 or HLA-E
tetramers.29,30 The CD94-low cells, which include cells express-
ing CD94/NKG2C complexes, partially overlap with CD94-
negative cells, and thus their frequency might have been
underestimated. The CD94-high cells include cells expressing
CD94/NKG2A complexes and are brightly stained.30,31

Results

Human Intraepithelial T Lymphocytes
Express a Distinct Pattern of NK Receptors

Expression of NK receptors was compared using
flow cytometry on IELs isolated from 15 surgical samples
of histologically normal small intestine and on PBLs
obtained from 14 healthy volunteers. As shown in Table
1, a substantial fraction of IELs, mostly CD31 T cells,
expressed NK receptors.

Two NK receptors of the C-lectin–like family were
expressed by a large fraction of normal human IELs.
NKR-P1A (CD161), a receptor with no defined ligand
that is expressed by NK cells and a subset of peripheral T
cells in humans,46 was present on 58% of intraepithelial
T lymphocytes but only on 14% of blood T lymphocytes.
This receptor can costimulate TCR-mediated signaling.47

Another C-lectin–like NK receptor is CD94, a glycopro-
tein that associates with molecules of the NKG2 family
to form heterodimers that recognize the nonpolymorphic
MHC class I molecule HLA-E and transduce either
inhibitory or activating signals.31,48 CD94 was expressed
by 27% of T-IELs, a result comparable to that obtained
by Eiras et al.,24 and by 11% of blood T lymphocytes.

Two NK receptors expressed by PBLs were virtually

870 JABRI ET AL. GASTROENTEROLOGY Vol. 118, No. 5



absent among IELs: CD57, a marker of unknown func-
tion, and CD16, an Fc receptor involved in antibody-
dependent cytotoxicity. On the other hand, 2 NK
receptors not found on blood T cells, Pen5, a receptor of
unknown function,38 and NKp46, an activatory receptor
of the Ig-like family,39,49 were expressed by 13% and 7%
T-IELs, respectively.

Other NK receptors were expressed at a similar
frequency by both IELs and PBLs. A small subset of IELs
(2%–10%) expressed NK receptors of the Ig-like KIR
family, mainly KIR2DL/S receptors stained by the
NKVSF1 antibody. These KIR receptors are biased
toward recognition of HLA-Cw3 and HLA-Bw4 class I
molecules and transduce either inhibitory (KIR2DL) or
activating (KIR2DS) signals to NK cells.46 The fre-
quency of KIR1 IELs was comparable to that of KIR1

PBLs, although the latter were mainly CD3-negative NK
cells and the former included up to 50% CD3-positive T
lymphocytes. In addition, CD56, an NK marker of
unknown function, was expressed by a fraction of IELs, as
reported previously.22,24 The frequencies of CD56-
positive cells among T-IELs and T-PBLs (PBLs expressing
the TCR) were similar, approximately 7%.

Using multicolor analysis we determined the pattern
of coexpression of several NK receptors with CD94 on
IELs of 4 different individuals. The results indicated that,
with the exception of CD161, which is present on most
IELs, only a minor fraction of CD941 IELs expressed the
various other NK receptors (Figure 1). Conversely, CD94,
which was only expressed by 27% of T-IELs, was present
on most IELs expressing KIR2DL/S, CD161, CD56,
Pen5, and NKp461 IELs, indicating that these NK
receptors tended to be coexpressed with CD94 (data not
shown).

TCRab1 IELs Expressing the CD94 NK
Receptor Are Selectively Increased in
Active Celiac Disease

We first studied infiltration of the epithelium by
CD31 intraepithelial T cells in active celiac disease. As
expected, the surface epithelium was massively infiltrated
by CD31 IELs in both children (91 6 31 IELs/100 ECs
vs. 20 6 13 IELs/100 ECs in normal control biopsy
specimens and 23 6 15 IELs/100 ECs in control biopsy
specimens with villous atrophy of other origin) and adults
(100 6 13 IELs/100 ECs vs. 34 6 20 IELs/100 ECs in
normal control biopsy specimens).

In preliminary immunohistochemical studies of intes-
tinal frozen tissue sections, the pattern of staining of IELs
with anti-CD56, -Pen5, -p46, -p58, and -CD94 antibod-
ies was compared in 4 adult patients with active celiac
disease and in 4 normal controls. CD56, p58, Pen5, and
NKp46 were expressed by less than 5% of IELs in either
group, and NKR-P1A was expressed by 70%–80% of
IELs in both groups (not shown). Strikingly, CD94 was
the only receptor whose frequency was markedly in-
creased.

To confirm the increase in CD941 IELs on a larger
population of celiac patients and to study its specificity
and its relationship with disease activity, we examined
frozen sections from 24 children and 27 adults at various
stages of celiac disease and from 32 controls (21 children,
12 with normal villi and 9 with villous atrophy not
related to celiac disease, and 11 adults with normal villi).
Counts of CD941 IELs/100 ECs were determined. As
shown in Figure 2, the number of CD941 IELs/100 ECs
was considerably increased over normal age-matched
controls during active celiac disease in children (40 6 11
vs. 5 6 2; P , 0.001) as well as in adults (40 6 16 vs.
10 6 7; P , 0.001). In contrast, the numbers of CD941

IELs/100 ECs in celiac patients on GFD (children, 13 6
8; adults, 15 6 7) were not significantly different from
those in normal controls (children, 5 6 2; adults, 10 6 7)
(Figure 2A and C). Furthermore, a longitudinal fol-
low-up of 4 children showed that high counts of CD941

IELs before GFD returned to normal after GFD and
recovery of a normal villous architecture (Figure 2B).
Altogether, these results indicate that there is a selective
increase in the number of CD941 IELs that is dependent
on the activity of the disease.

We next asked whether the increase in the number of
CD941 IELs was specific to celiac disease by examining
control patients with villous atrophy or patients with
inflammatory bowel disease unrelated to celiac disease.
No increase in the number of CD941 IELs/100 ECs was
observed in 4 children with moderate villous atrophy

Figure 1. Expression of NK receptors by CD941 IELs. Flow-cytometric
analysis using an anti-CD94 antibody associated with several anti-NK
receptor antibodies was performed on normal IELs. The results are
shown as percentage (1SD) of CD941 IELs expressing individual NK
receptors.
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because of giardiasis (n 5 1), cow’s milk intolerance (n 5
1), and intestinal graft rejection (n 5 2), or in 5 children
with total or subtotal villous atrophies because of epithe-
lial dysplasia (n 5 1), autoimmune enteropathy (n 5 2),
and graft-versus-host disease (n52). Only one 2-year-old
child with graft-versus-host disease and subtotal villous
atrophy had a moderately increased number of CD941

IELs (28 IELs/100 ECs) (Figure 2A). Finally, no increase
in the number of CD941 IELs/100 ECs was observed in 2
pediatric biopsy samples with severe Crohn’s disease
showing an important inflammatory infiltrate in the
lamina propria but no villous atrophy (4 IELs/100 ECs
and 8 IELs/100 ECs).

To determine whether the increase in CD941 IELs
simply reflected the overall increase of IELs or whether it
was selective, flow-cytometric experiments were per-
formed to precisely measure the proportion of CD941

IELs among total IELs. IELs were isolated from biopsy
specimens of 15 adult celiac patients and compared with
those isolated from 6 adult controls (Figure 3). The
percentage of CD941 lymphocytes among total IELs was
markedly increased in patients with active celiac disease
(74% 6 13%; n 5 8) over controls without villous
atrophy (23% 6 9%; n 5 3), controls with villous
atrophy unrelated to celiac disease (adults 9% 6 12%;
n 5 3), or celiac patients receiving GFD (36% 6 13%;
n 5 7) (P , 0.001) (Figure 3A and B). Additional
controls included biopsy specimens from 2 children, 1
with Crohn’s disease and 1 with autoimmune enteropa-
thy, that also showed normal frequencies of CD941 IELs
(22% and 18%, respectively; data not shown). The
frequencies of CD941 IELs in control biopsy specimens
without villous atrophy and in biopsy specimens from
patients on GFD were similar to that observed in IELs
isolated from surgical samples (23% 6 9% [n 5 3] vs.

Figure 2. Expansion of CD941 IELs is celiac disease specific and is associated with disease activity. Immunoperoxidase staining using anti-CD94
antibody was performed on frozen sections of duodenum in (A and B) 45 children and in (C) 38 adults. Results are expressed as numbers of
CD941 IELs per 100 ECs. In both (A) children and (C) adults, the number of CD941 IELs was significantly increased in active celiac disease (P ,

0.001) compared with controls with normal intestine, controls with villous atrophy unrelated to celiac disease, or patients receiving GFD. (B) A
longitudinal study in 4 celiac children confirmed that counts of CD941 IELs returned to normal after GFD.

Figure 3. Flow-cytometric analysis of CD941 IELs in celiac disease.
Flow-cytometric analysis using conjugated anti-CD94 and anti-CD103
antibodies was performed on IELs. Expression of the CD103 integrin,
characteristic of IELs, was used to distinguish IELs from ECs contami-
nating the lymphocyte preparation (lower-left quadrant). Results are
expressed as percentages of CD941 and CD942 cells among CD1031

IELs. (A) Representative examples of controls and patients with celiac
disease (CD). (B) Summary of the results obtained in 6 controls and
15 celiac patients.
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27% 6 10% [n515]; Table 1 and Figure 3B). Despite a
marked relative increase of CD941 IELs in active celiac
disease, the percentage of IELs expressing other NK
receptors was within the normal range (Table 2). These
results show that untreated celiac disease is associated
with a marked selective increase in CD941 IELs.

In addition, flow-cytometric analysis showed that the
majority of CD941 IELs in active celiac disease, as well as
in controls, expressed the ab TCR (celiac disease: 75% 6
15%, n 5 6; control biopsy specimens: 83% 6 15%, n 5
3; surgical controls: 81% 6 13%, n 5 15) (Figure 4).
Only a small and variable fraction of CD941 IELs
expressed the gd TCR in active celiac disease (12% 6
10%, n 5 6), a proportion comparable to that found in
controls (control biopsy specimens: 19% 6 15%, n 5 3;
surgical controls: 19% 6 24%, n 5 15) (Figure 4).

CD94 is usually expressed as a heterodimer associated
with various members of the NKG2 family, some of
which inhibit and others enhance cell activation.30 Flow-
cytometric analysis using an antibody directed against
the inhibitory isoform NKG2A37 showed that, in active
celiac disease, 5% 6 5% of CD941 IELs expressed
NKG2A (n 5 4), whereas the frequency in normal
controls was 29% 6 18% (n 5 5). Thus, the increase in
CD941 IELs is not related to an expansion of cells
expressing the CD941NKG2A1 inhibitory receptor.

Finally, to investigate whether the CD94 receptor
might participate to the interactions between IELs and
ECs, we examined the expression of its ligand, the
nonclassical MHC molecule HLA-E, on the surface of
ECs. HLA-E was constitutively expressed on the surface
of the KATO EC line and upon IFN-g stimulation in
KATO as well as in HT29 intestinal cell lines (Figure 5
and data not shown, respectively).

Induction of CD94 by IL-15 and/or TCR
Stimulation on Normal IELs

Previous studies indicated that CD94 could be
induced on PBLs, but that induction required the

prolonged combination of TCR engagement and expo-
sure to IL-15.50 This led us to examine the effect of TCR
stimulation and IL-15, alone or in combination, on CD94
expression by IELs. IELs were isolated from histologically
normal surgical samples, and CD94-negative cells were
further purified by cell sorting. CD94-negative IELs,
which included 90%–95% TCRab1CD81 cells, were
stimulated during a short period of time, 18–36 hours,
with anti-CD3 antibodies and/or IL-15 before multicolor
flow-cytometric analysis using anti-CD8 and CD94.
Figure 6 shows that IL-15 alone, or TCR stimulation
alone, rapidly and selectively induced CD94 on up to
40%–50% of IELs, whereas less than 10% of unstimu-
lated cells induced CD94. Induction of CD94 was
detected as early as 18 hours after culture and is shown at
24 hours. The prompt and important increase in the
frequency of CD94 expression, in the absence of changes
in cell recovery (data not shown), rules out the possibility
of selective expansion or survival of a minor subset of
CD941 contaminants among the FACS-purified cells.
Adding anti-CD3 antibody did not significantly enhance
the effect of IL-15 in 6 separate experiments. In contrast,
expression of CD56 and CD16 was consistently unaf-
fected (data not shown). In addition, within a time frame

Figure 4. Most CD941 IELs express the TCRab receptor. Flow-
cytometric analysis of IELs using anti-CD94 vs. anti-TCRab or anti-
TCRgd antibodies in a representative patient with untreated celiac
disease. Similar results were obtained in all 6 patients studied.
wGates are set to resolve CD941 cells.

Figure 5. Expression of HLA-E on KATO EC line. The KATO EC line of
gastric origin was stained with 3D12 anti–HLA-E monoclonal antibody
or with IgG1 isotype control.

Table 2. Comparison Between the Expression of CD94 and
Other NK Receptors by IELs in Active Celiac Disease

CD94 CD161
KIR

2DL/S CD56 NKp46 PEN5

Normala

(n 5 15) 27 6 11b 64 6 3 6 6 4 14 6 5 10 6 5 13 6 5
Active celiac

disease
(n 5 3) 71 6 6 54 6 11 3.6c 13 6 4 5 6 1 5.5 6 6

aReference data as shown in Table 1.
bValues are expressed as arithmetic means 6 SD of percentages.
cThe expression of KIR2DL/S on IELs has been studied in 2 patients;
it was expressed by 3.7% and 3.5% of total IELs, respectively.
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ranging from 18 to 36 hours in 3 different experiments,
IFN-g had little effect on CD94 expression, and other
cytokines that may be present in normal and/ or inflam-
matory intestine, IL-12, TNF-a, and transforming growth
factor b, had no detectable effect alone or in combination
with TCR stimulation. We confirmed in 3 separate
experiments that, within this time frame, neither IL-15
alone nor the combination of IL-15 and TCR stimulation
induced CD94 on CD8-high PBLs (which include 98%
TCRab1), as previously reported.50 Furthermore, we
showed that even the minor subset of CD45RO1CD81

PBLs that may be functionally closer to IELs than
CD45RO2CD81 PBLs displayed little induction of
CD94 (5%–7%) (Figure 6). Thus, in marked contrast
with both RO1 and RO2 CD81 PBLs, a large fraction of
IELs promptly expressed CD94 in response to IL-15 alone
and, to a lesser degree, to TCR stimulation alone. Finally,
to examine whether IL-15 might play a role in the
expression of CD94 by IELs in celiac disease, we exam-
ined the presence of IL-15 in intestinal tissue sections.
The IL-15 protein was mainly detected in ECs of the villi
in the normal intestine and was strongly expressed by

crypt and villi ECs as well as by numerous lamina propria
cells in active celiac disease (Figure 7).

Discussion

We show in this study that most normal human
T-IELs express at least 1 NK receptor and that the ab
TCR1 IELs that expand in untreated celiac disease
specifically and selectively express the NK receptor
CD94. We also provide functional evidence that in-
creased expression of CD94 in active celiac disease may be
the consequence of local release of IL-15, a potent
cytokine produced in situ by intestinal ECs and activated
macrophages (reviewed by Waldmann and Tagaya51)
and/or direct TCR activation.

T cells that express various receptors of the NK lineage
have been reported in mice and humans, in normal as well
as in pathological states.23,52–59 NK receptor expression
may be part of a genetic program of differentiation,52 or
alternatively it may be imparted on activation of mature
T cells.50,60 In the present study we confirmed the
expression of CD56 and CD94 by 7% and 27% T-IELs,

Figure 6. IL-15 alone induces the expression of CD94 by IELs but not by PBLs. Altogether, 1 3 105 to 2 3 105 FACS-sorted CD942CD81 IELs and
PBLs were cultured in RPMI plus 10% fetal calf serum alone or in the presence of saturating amounts of IL-15 in round-bottom microwells. For
TCR-mediated stimulation, cells were cultured in round-bottom microwells precoated overnight with 10 µg/mL anti-CD3. Cells were analyzed by
flow cytometry after 24 hours (IELs) or 48 hours (PBLs) in culture. PBLs are gated on CD81CD45RO2 (top row) and CD81CD45RO1 (middle row),
and IELs are gated on CD81 (bottom row). Quadrants for statistical analysis were set so as to score as negative more than 99% of control-stained
cells.
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respectively, and the paucity of CD16 expression, as
previously reported on T-IELs.22,24 We determined for
the first time the pattern of expression of an extended set
of NK receptors by T-IELs and compared it with that of
T-PBLs. The results showed that IELs and PBLs markedly
differed in the frequency of T cells expressing NK
receptors as well as in the nature of the NK receptors
expressed. Thus, more than 60% of T-IELs vs. only
20%–30% of T-PBLs expressed at least 1 NK receptor.
NKR-P1A was expressed on a much larger subset of
T-IELs than T-PBLs, and Pen5 and NKp46 were ex-
pressed by a subset of T-IELs but not by T-PBLs.
Conversely, CD57 was expressed by a subset of T-PBLs
but not by T-IELs. These NK receptor–expressing
T-IELs, or a subset of them, might be the counterpart to
the mouse NK receptor–expressing T-IELs, which are
thought to differentiate in the gut wall and expand in
response to self antigens.29,61,62 Alternatively, the expres-
sion of NK receptors on human T-IELs could be the
consequence of particular activation events. In any case,
our data suggest that the gut epithelium is a unique
environment that favors the differentiation and/or expan-
sion of particular subsets of NK receptor–expressing T
cells in humans as well as in mice. Some NK receptors,
such as CD16, endow T-IELs with NK-like properties23

that may contribute to the innate defense of the intestinal
epithelium.25–28 Other NK receptors, such as CD94,63–65

function as regulators of TCR-mediated signaling by
modulating the activation threshold of the TCR. Accord-
ingly, our recent studies of T-cell clones derived from
CD81TCRab1 IELs indicate that CD94 can modulate
TCR-mediated cytotoxicity (unpublished data, Bana Jabri
and Nadine Cerf-Bensussan, January 1999). These func-
tional properties may profoundly influence the outcome
of the local immune responses, and it is therefore of
particular significance that distinct patterns of NK
receptors may be expressed in particular types of inflam-
matory processes of the intestine.

A massive increase in the frequency of CD81TCRab1

IELs was previously reported in active celiac disease and
found to subside after gluten eviction.5,20 This IEL
expansion does not seem to be an obligatory consequence
of the underlying Th1 response.17 In fact, IEL expansion
in celiac disease could be dissociated from the Th1
response of the lamina propria because treatment with
CTL4-Ig could block IFN-g production without inhibit-
ing the migration and/or expansion of IELs that occurred
within 12 hours of gluten challenge.66 These observations
suggested that gluten itself might, directly or indirectly,
cause injury to the gut epithelial microenvironment,
which in turn would induce the expansion and/or
migration of IELs. In this context, it was important to
further characterize the nature of the expanding cells,
particularly with respect to their pattern of NK receptor

Figure 7. Expression of IL-15 protein in celiac intestine. Paraffin sections of duodenal biopsy specimens from (A) a control subject and (B) a
patient with active celiac disease were stained with anti–IL-15 monoclonal antibody. For control staining (A), anti–IL-15 antibody was preincubated
with recombinant IL-15 at neutralizing concentrations. In controls, IL-15 was mainly detected in the villous ECs. In celiac disease, IL-15 was
strongly expressed by both crypt and villous enterocytes as well as by numerous lamina propria cells. Arrows indicate areas of strong positivity for
IL-15.
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expression, because NK receptors may regulate the
interactions of IELs with the altered epithelium of celiac
patients. Our results indicated that active celiac disease is
associated with a striking increase in CD81 TCRab1

IELs expressing the CD94 NK receptor. This increase was
specific of active celiac disease and was not observed in
various other types of villous atrophies, including autoim-
mune enteropathy, or in Crohn’s disease. Furthermore, it
was tightly associated with disease activity because it
subsided after gluten eviction.

A remarkable finding of this study was that the
induction of NK receptors seemed to be a selective
process because CD94 was the only NK receptor tested
whose expression was markedly increased in active celiac
disease. This observation suggested that induction of
CD94 could be dissociated from that of other NK
receptors in vivo. Our in vitro studies further confirmed
that CD94 induction was selective because CD94, but
not the other NK receptors tested (such as CD16 and
CD56, data not shown), could be induced on CD81

T-IELs upon TCR and IL-15 stimulation. A selective
induction of CD94 upon treatment with anti-TCR and
IL-15 was also recently reported for PBLs.50 However,
there seem to be some interesting differences between the
response of PBLs and IELs to these stimuli. CD94
expression by PBLs required the combined stimulation
by anti-TCR and IL-15 over a period of 4–6 days,50 but
IELs expressed CD94 as early as 18 hours after stimula-
tion with IL-15 alone, and, to a lesser degree, with TCR
stimulation alone. This unusual property of IELs was not
shared by the minor subset of CD45RO1CD81 PBLs,
which is functionally closer to IELs than the bulk of
PBLs, suggesting that the ability to rapidly induce CD94
upon exposure to IL-15 is not a common feature of
memory CD81 T cells. A possible explanation for these
differences is that, by prior exposure to antigens in the
gut microenvironment, T-IELs were ‘‘primed’’ for CD94
induction. Our in vitro studies further indicated that
cytokine-mediated induction of CD94 was the restricted
property of IL-15 because other inflammatory cytokines
such as IL-12, IFN-g, and TNF-a consistently failed to
induce high levels of CD94. IL-15 can be secreted by the
intestinal epithelium33 and is a potent activator of human
IELs, stimulating their proliferation, cytotoxicity, and
IFN-g secretion.67 In addition, IL-15 favors migration of
lymphocytes68 and induces expression of several chemo-
kines and chemokine receptors on lymphocytes.69 Alto-
gether, these findings suggest a scenario whereby after
TCR-mediated activation and exposure to the cytokines
of the epithelial microenvironment, including IL-15,
celiac disease IELs not only up-regulate CD94 expression,
but also increase their cytotoxic properties through the

induction of perforin and granzyme B.70 Our finding that
IL-15 is abundant in the intestinal epithelium of celiac
disease is consistent with this scenario. The local events
leading to TCR engagement remain to be elucidated.
One could speculate that celiac disease IELs recognize as
yet undefined antigens induced on the intestinal epithe-
lium in response to gliadin. Such a mode of response to
stress has recently been suggested for TCRgd1 IELs
using the variable Vd1 region, a subset of IELs known to
be increased in celiac disease5,17,18 and that respond to the
stress-induced MICA/MICB HLA molecules.19

The selective induction of CD94 expression by celiac
disease IELs also points to a specific function of the CD94
receptor and its ligand, the nonpolymorphic MHC class I
molecule HLA-E,31,32,48 in the immune processes associ-
ated with celiac disease. Although the surface expression
of HLA-E on intestinal cells has not yet been shown with
the available reagents, significant levels of messenger
RNA have been reported.71 Furthermore, we found
constitutive membrane expression of HLA-E and marked
up-regulation by various cytokines, including IFN-g, on
intestinal EC lines such as HT29 colonic cells (Figure 5
and data not shown).

Depending on the associated NKG2 isotype, the
engagement of CD94 induces a range of activating or
inhibitory effects on proliferation, target killing, and
cytokine secretion by NK cells.71 In CD941 T cells,
signaling via CD94 can modulate, positively or nega-
tively, activation through the TCR, depending on the
associated NKG2 molecule.54,57,59,72 Because CD941

IELs display cytotoxic activity and IFN-g secretion after
TCR stimulation (unpublished data, Bana Jabri and
Nadine Cerf-Bensussan, January 1999), engagement of
CD94 by HLA-E may modulate the consequences of TCR
engagement. Interestingly, we found that the proportion
of CD941 T-IELs expressing the CD94/NKG2A inhibi-
tory receptor was low in celiac disease. Further studies are
in progress to define whether the NKG2 isotypes ex-
pressed by CD941 IELs in celiac disease belong to the
activating group and whether they modulate the cytotox-
icity of IELs.

In conclusion, we report a selective and specific
increase in the number of TCRab1 IELs that express the
HLA-E–specific NK receptor CD94 during the active
phase of celiac disease. We show that IL-15, which is
expressed by intestinal ECs, or TCR engagement can
selectively induce CD94 on IELs. These findings suggest
a scenario whereby IELs primed in the celiac disease
microenvironment may be locally regulated positively or
negatively by IL-15 and HLA-E. Thus, EC injury and the
resulting intestinal dysfunction in celiac disease may not
only depend on the activation of gliadin-specific, DQ2-,
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or DQ8-restricted lamina propria CD41 cells, but may
also be regulated or mediated by CD941TCRab1 IELs.
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INSERM E9925, Faculté Necker, 156, rue de Vangirard, 75730 Paris
Cedex 15, France. e-mail: cerf@necker.fr.

Supported by grants from L’Association pour la Recherche contre
le Cancer (contrats ARC 9216, 9962), Assistance Publique
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