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Summary
The small intestinal (SI) epithelium harbors a heterogeneous population of
lymphocytes that mediate mucosal damage and repair in celiac disease (CD).
The composition and roles of human proximal SI intra-epithelial innate lymphoid cells (ILCs), and their alterations in CD, are not well understood. We
report that duodenal intra-epithelial ILCs predominantly consist of natural
killer (NK)p44+CD127− cytotoxic ILC1s and NKp44−CD127+ helper ILC1s,
while ILC3s only represent a minor population. In patients with newly diagnosed or active CD (ACD) and refractory CD type 1 (RCD I), the frequency
of SI NKp44+ ILCs is decreased, with restoration of NKp44+ ILC frequency
observed in patients adhering to a gluten-free diet who show evidence of
mucosal healing. Moreover, the frequency of SI NKp44− ILCs is increased
in ACD and RCD I patients and correlates with the severity of villous atrophy
and epithelial damage, as assessed by serum levels of fatty acid binding
protein 2 (FABP2). We show that the ILC alterations in CD represent a
phenotypic shift of cytotoxic ILC1s rather than an increase in helper ILC1s
or transdifferentiation of ILC1s to ILC3s, and activation-induced loss of NKp44
by cytotoxic ILC1s is associated with increased interferon (IFN)-γ expression
and release of lytic granules. These findings suggest that intra-epithelial
NKp44−CD127− cytotoxic ILC1s may contribute to mucosal damage in CD.
Keywords: autoimmunity, cell surface molecules, human, inflammation, innate
lymphoid cells
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Introduction
Celiac disease (CD) is a common autoimmune disorder
with intestinal and systemic manifestations triggered by
consumption of wheat or related proteins in genetically
predisposed individuals [1,2]. The activation of adaptive
and innate immune responses by gliadin peptides results
in small intestinal mucosal damage, and adherence to a
gluten-free diet (GFD), the only effective available treatment, leads to a decrease in inflammation, recovery of

mucosal architecture and relief of symptoms [3]. A minority of patients (1–5%), however, have persistence or
recurrence of gastrointestinal symptoms and villous atrophy despite adherence to a GFD for >1 year [4,5], and
are deemed to have refractory celiac disease (RCD) [6].
The mechanisms underlying gliadin-mediated activation
of the adaptive immune response are relatively well
defined in CD, but the nature and regulation of the innate
immune response within the epithelial compartment is
not fully understood [7]. Intraepithelial lymphocytes (IELs)
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constitute a diverse population, including thymus-derived
T cells of the αβ and γδ lineage and subsets of bone
marrow-derived innate lymphoid cells (ILCs) [8,9]. It has
been shown that IELs, specifically cytotoxic T cell receptor
(TCR)-αβ+ T cells, which undergo natural killer (NK)-like
reprogramming on interacting with epithelial stress-induced
ligands, and IL-15, up-regulated upon exposure to toxic
gliadin peptides, promote epithelial destruction [10,11].
Contributions of other types of lymphoid cells to the
innate immune response in CD are suspected, but these
are currently unclear [12–20]. Recent studies have implicated ILCs in the pathogenesis of a variety of intestinal
inflammatory disorders [21]; however, data regarding the
repertoire of human proximal small intestinal (SI) ILCs
and their alterations in CD are limited [9,12–15,22].
To gain insight into the composition and dynamics of
intra-epithelial ILCs in CD we analyzed the phenotypes
of duodenal intra-epithelial ILCs in healthy adults, patients
with active CD (ACD) and RCD type 1 (RCD I) and
CD patients on GFD and performed correlative studies
and in-vitro assays to assess potential cell functions.

Materials and methods
Biopsy collection and patient characteristics
Duodenal biopsies (four to five specimens) were obtained
from adult CD patients, including 10 with biopsy-proven,
newly diagnosed or active CD (ACD), 15 patients adherent to a GFD for greater than 6 months (0·73–28·81 years,
median = 7·83 years), six patients with RCD I and 15
control subjects. ACD patients were on a gluten-containing
diet, were seropositive and had villous atrophy (Marsh
score >2) on histopathological examination. Celiac patients
with persistent villous atrophy and with persistent or
recurrent symptoms despite strict adherence to a GFD
for >1 year were considered to have RCD. After excluding
other possible causes of villous atrophy and symptoms,
patients on a strict GFD and without a clonal population
of immunophenotypically aberrant IELs were considered
to have RCD type I for this study. Control subjects underwent upper endoscopy for gastrointestinal symptoms, but
had normal duodenal mucosa without inflammation.
Clinical data were obtained from the treating physicians.
The biopsy specimens were collected after obtaining written informed consent from patients and the study was
performed in accordance with the Declaration of Helsinki
using a protocol approved by the institutional review board
of Columbia University Irving Medical Center, New York.

Histopathological analysis
Formalin-fixed paraffin-embedded (FFPE) duodenal
biopsies from patients and controls were stained with
hematoxylin and eosin for morphological analysis.
164

Severity of villous atrophy was assessed using the modified Marsh–Oberhuber scoring system (0 = normal histology, <40 IEL/100 epithelial cells; 1 = normal histology,
>40 IEL/100 epithelial cells; 2 = hyperplastic crypts,
normal villi, >40 IEL/100 epithelial cells; 3a = hyperplastic crypts, partial villous atrophy, >40 IEL/100 epithelial cells; 3b = hyperplastic crypts, subtotal villous
atrophy, >40 IEL/100 epithelial cells; and 3c = hyperplastic crypts, total villous atrophy, > 40 IEL/100 epithelial
cells) [23].

IEL isolation
IELs were extracted from biopsies as described previously,
with minor modifications [24]. Freshly obtained duodenal
biopsies were incubated in Hanks’s balanced salt solution
(HBSS) (Gibco, Gaithersburg, MD, USA) supplemented with
1 mM dithiothreitol (Sigma-Aldrich, St Louis, MO, USA),
1 mM ethylenediamine tetraacetic acid (EDTA) (SigmaAldrich) and 1% (vol/vol) fetal calf serum (FBS) (Gibco),
while shaking for 30 min at 37°C. The cell suspension was
filtered through a 100 µm cell strainer (Corning, Tewksbury,
MA, USA) to separate tissue pieces. After centrifugation
and resuspension of IELs in FBS containing 10% (vol/vol)
dimethyl sulphoxide (DMSO) (Sigma-Aldrich), aliquots of
1 × 106 cells/mL were stored in liquid nitrogen.

Antibodies and flow cytometry
IELs were incubated on ice with conjugated antibodies in
phosphate-buffered saline (PBS) containing 3% FBS for
30 min. Antibodies specific for human CD19 (HIB19), CD34
(581), CD45 (HI30), TCR-α/β (IP26), TCR-γ/δ (B1), CD107α
(1D4B), CD117 (104D2), CD122 (TU27), CD127 (A019D5),
chemoattractant receptor-homologous molecule expressed on
T helper type 2 (Th2) cells (CRTH2) (BM16) and NKp44
(P44-8) were from Biolegend (San Diego, CA, USA); antiCD3 (OKT3 and UCHT1), CD14 (TUK4) and granzyme
B (GB11) were from Invitrogen (Carlsbad, CA, USA); antiCD56 (B159) and CD123 (9F5) were from BD Biosciences
(Franklin Lakes NJ, USA); anti-CD8α (RPA-T8), CD103
(Ber-ACT8), human leukocyte antigen D-related (HLA-DR)
(LN3), NKp44 (44.189), interleukin (IL)-17A (eBio64DEC17),
interferon (IFN)-γ (4S.B3), GATA binding protein 3
(GATA 3) (TWAJ), T-bet (eBio4B10), Eomesodermin (Eomes)
(WD1928) and retinoic acid-related orphan receptor gamma
t (RORγt) (AFKJS-9) were from eBioscience (San Diego,
CA, USA); anti-CD16 (3G8) was from BD Pharmingen (San
Jose, CA, USA); and anti-NKG2D (REA797) was from
Miltenyi Biotech (Bergisch Gladbach, Germany).
Fluorochrome-labeled antibodies directed against
human CD3, CD14, CD16, CD19, CD34, CD45, TCRα/β, TCR/δ, NKp44, CD123 and CD103 were used to
identify CD45+ lineage-negative (Lin−) intraepithelial
ILCs. Fluorescence minus one (FMO) controls were used
for all experiments. Cells were acquired on a BD LSR
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Fortessa cell analyzer (BD Bioscience), and results were
analyzed with FlowJo software, version 9.9 (Treestar,
Ashland, OR, USA).

Analysis of ILC cytokine and transcription factor
expression
IELs were stimulated with phorbol myristate acetate and
ionomycin (PMA/IO) (1:500; Biolegend) for 3 h at 37°C
in RPMI complete medium (CM), with the following
composition: RPMI-1640 medium supplemented with 10%
(vol/vol) FBS, 1% (vol/vol) penicillin/streptomycin, 25 mM
HEPES, 1% (vol/vol) non-essential amino acids (NEAA),
1% (vol/vol) L-glutamine and 100 μM 2-mercaptoethanol
(all from Gibco) in the presence of brefeldin A (eBioscience). The cells were fixed and permeabilized with the
forkhead box protein 3 (FoxP3)/transcription factor staining
buffer kit (eBioscience), according to the manufacturer’s
protocol. After gating on ILCs, the intracellular expression
of IFN-γ and IL-17A and transcription factors GATA 3,
T-bet, Eomes and RORγT was analyzed.

In-vitro assessment of ILC NKp44 expression stability
and cell viability
IELs were stimulated with PMA/IO for 0·5, 1, 2 and
3 h at 37°C in CM. After gating on ILC subpopulations,
percentages of NKp44+CD103+ ILC1s were recorded at
all time-points. The percentage of NKp44+ and
NKp44−CD103+ apoptotic cells was assessed by staining
with annexin V (Biolegend), according to the manufacturer’s protocol. The rate of apoptosis was calculated as
the ratio of annexin V+CD103+ ILCs at the point of
isolation (time 0) to time-points 1, 2, 3 and 4, respectively. Additionally, CD127 expression was assessed at
all time-points.

Serum fatty acid-binding protein 2 (FABP2) analysis
Serum was obtained on the same day as the duodenal biopsy
specimens, and levels of FABP2 were determined by

enzyme-linked immunosorbent assay (ELISA) (R&D systems,
Minneapolis, MN, USA), as previously described [25].

Statistical analysis
Difference in mean patient age in the different disease categories was evaluated by the Kruskal–Wallis one-way analysis
of variance. Distribution of the modified Marsh scores was
assessed by the χ2 test. Difference in the intracellular expression of IFN-γ and IL-17A and cell surface expression of
CD107a before and after in-vitro PMA/IO stimulation in
control ILCs, as well as differences in the frequencies of
NKp44+ and NKp44− ILC1s in controls, ACD, GFD and
RCD I samples were assessed by the Mann–Whitney U-test.
Correlation between serum levels of FABP2 and the frequency of NKp44+ and NKp44− ILC1s was analyzed using
Spearman’s rho. Difference in the frequency and mean fluorescence intensity (MFI) of IFN-γ-producing NKp44− ILC1s
in control and ACD samples after PMA/IO stimulation was
evaluated by the Wilcoxon matched-pairs signed-rank test.
All P-values were two-sided, and differences were considered
statistically significant when P < 0·05. All data were analyzed
with GraphPad Prism version 6 software (GraphPad, San
Diego, CA, USA).

Results
Patient and biopsy characteristics
Clinical characteristics and biopsy histopathology of all
subjects included in this study are described in Table 1.
All celiac patients were confirmed to have celiac disease
based on prior characteristic histopathological features
and positive serology [anti-tissue transglutaminase (antitTG) and/or anti-endomysial antibody]. Controls lacked
villous atrophy and had negative celiac serology. The
mean ages of patients in different CD groups varied, in
line with previous observations. RCD I was diagnosed
more frequently in older individuals [26,27] and 17%

Table 1. Patient and biopsy characteristics
Controls Newly diagnosed celiac Celiac disease patients on a
(n = 15) % disease (ACD) n = 10 gluten-free diet (GFD) n = 15
Age (years)

Sex
Seropositive
Marsh score

Age, mean
Age, standard error
Age range
Female
Male
Seropositive
0
1
2
3a–c

57
20
20–80
7
8
0
14
1
0
0

34
14
20–68
6
4
10
0
0
0
10

53
15
23–78
10
5
2
7
4
1
3

Refractory celiac disease I
patients (RCD I) n = 6
60
23
33–88
3
3
1
0
0
0
6

P-values
0·0326*

n.s.†

< 0·0001†

*Kruskal–Wallis test. †χ2 test; n.s. = not significant.
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were seropositive for anti-tTG immunoglobulin (Ig)A
antibodies. Biopsies from CD patients showed differences
in the distribution of Marsh scores or severity of villous
atrophy in the different disease groups. All ACD and
RCD I patients had villous atrophy and the majority
of GFD patients had normalized villous architecture [28].

Phenotypic characterization of normal duodenal
intraepithelial ILCs
After exclusion of T cells, B cells, monocytes and classical
NK cells, Lin−CD45+ cells were analyzed for the expression
of NKp44 and CD103 in duodenal IEL fractions. In healthy
controls, more than 95% of the Lin−CD45+ cells were
CD103+ and comprised two subsets, NKp44+ and NKp44−
(Fig. 1a). We analyzed the expression of transcription factors
(T-bet, RORγt, GATA3 and Eomes) and a panel of markers
(CD127, CD117, HLA-DR, CD56, NKG2D, CD8α, CD122
and CRTH2) to further delineate the nature of the NKp44+
and NKp44− cells. The majority of NKp44+ cells expressed
T-bet (Fig. 1b, upper panel) and lacked CD127 expression,
with a subset expressing CD56, a profile consistent with
cytotoxic intra-epithelial ILC1s (ieILC1s) (76·84%), also
known as NK-like ILCs [29–31]. The NKp44+ population
included a minor component of RORγt+ cells that expressed
CD127, CD117 and HLA-DR, a profile indicative of ILC3s
(4·29%) [21,32]. The majority of NKp44− cells also expressed
T-bet (Fig. 1b, lower panel), with major subsets expressing
CD127 and CD8α, consistent with helper ILC1s (11·6%)
[33,34]. No distinct population of CRTH2+ cells was detected,
confirming an absence of ILC2s within the epithelium.
These results demonstrate that duodenal intra-epithelial
CD103+ ILCs can be divided into NKp44+ and NKp44−
ILCs, with NKp44+ cells mainly constituting cytotoxic
ILC1s and NKp44− cells largely comprising helper ILC1s.

Cytokine profiles and functional attributes of duodenal
intraepithelial ILCs
Since ILC1s and ILC3s were identified as the intra-epithelial
ILC subsets, we evaluated expression of intracellular IFN-γ
and IL-17A, the main effector cytokines of ILC1s and
ILC3s [29,35,36], and assessed granzyme B expression as
well as the degranulation of cytotoxic granules upon
stimulation. As expected, we observed a significant increase
in IFN-γ expressing ILCs compared with unstimulated
controls (Fig. 2a). Based on CD127 expression and in line
with previous studies, we confirmed IFN-γ production by
both CD127− (cytotoxic ILC1) and CD127+ (non-cytotoxic
ILC1 and ILC3) subsets (Fig. 2b) [29]. Consistent with
the identification of ILC3s among intra-epithelial ILCs,
we detected IL-17A expression that was significantly elevated following stimulation compared with unstimulated
controls (Fig. 2a). The median percentage of ILCs expressing IFN-γ was threefold higher than cells expressing IL-17A,
166

underlining the predominance of T-bet+ group 1 ILCs.
We observed significantly increased expression of CD107a
(Fig. 2a,b), a marker of release of lytic granules, and upregulation of granzyme B (Fig. 2b) in only CD127− ILCs,
confirming the cytotoxic potential of this subset.

Activation-induced NKp44 loss in cytotoxic ILC1s
We observed a loss of NKp44 expression after PMA/IO
stimulation in CD103+ ILCs (Fig. 3a). To investigate if
the increase in NKp44− ILCs was due to an expansion
of helper ILC1s, transdifferentiation of NKp44+ ILC1s to
ILC3s or the consequence of a phenotypic transition, i.e.
loss of NKp44 expression by cytotoxic ILC1s, we stimulated
IELs isolated from healthy adults with PMA/IO, and
assessed the percentage of CD103+NKp44+ ILCs as well
as their rate of apoptosis over time. The frequency of
NKp44+ ILCs decreased upon stimulation, without a significant change in the apoptotic rate (Fig. 3b,c). Activation
of ILCs also led to increased CD107a and granzyme B
expression, as shown previously (Fig. 2b). The percentage
of CD127+ ILCs did not change upon stimulation (Fig. 3d),
arguing against transdifferentiation of NKp44+CD127−
cytotoxic ILC1s to other CD127+ ILC subsets.

Composition of duodenal intraepithelial ILCs is
altered in CD
While TCR+ IELs accumulate during the active state of
CD, the percentage of CD7(bright)+ intracellular CD3ε+/
surfaceCD3− lymphocytes, which are now known to represent ILCs, has been reported to decrease in pediatric
and adult patients [37,38]. Hence, we determined if there
was a change in the relative abundance of NKp44− and
NKp44+ ILCs in patients with ACD, RCD I and GFD. The
frequency of NKp44+ ILCs was significantly decreased in
ACD, RCD I and GFD patients, while the frequency of
NKp44− ILCs in all disease categories showed a significant
increase compared to controls (Fig. 4a,b).
Of note, the NKp44− ILC1 frequency was significantly
lower in GFD patients compared to ACD patients. RCD
I patients, despite being on GFD, had significantly fewer
NKp44+ ILC1s than patients with uncomplicated CD on
GFD (Fig. 4b). Although the frequency of NKp44+ ILC1s
in GFD patients as a group did not differ significantly
from ACD patients (Fig. 4b), an inverse correlative trend
of NKp44+ ILC1 frequency was noted when GFD patients
were stratified by the Marsh score (see section below and
Supporting information, Fig. S1).

ILC alterations in CD correlate with the severity of
mucosal damage and are associated with enhanced
IFN-γ expression
Next, we sought to analyze the relationship between the
frequencies of NKp44+ and NKp44− ILCs and severity
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Fig. 1. Phenotypic analysis of intra-epithelial innate lymphoid cells (ILCs) isolated from normal small intestine biopsies. (a) Gating strategy for CD45+ lineage− [CD3−CD19−CD14−CD16−CD123−CD34
−T cell receptor (TCR)γ/δ−TCRα/β−] CD103+NKp44+ and CD103+NKp44− intra-epithelial ILCs. (b) Intracellular expression of indicated transcription factors in CD103+ NKp44+ (upper panel) and
CD103+NKp44− (lower panel) ILCs. (c) Expression of indicated cell surface markers in CD103+NKp44+ cells (upper panel) and CD103+NKp44− cells (lower panel) ILCs. Dot-plots represent one of three
independent experiments.

(c)

(a)
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(a)

(b)

Fig. 2. Interferon (IFN)-γ, interleukin (IL)-17A, CD107a and granzyme B expression of total intraepithelial innate lymphoid cells (ILCs) after
stimulation in vitro. (a) IFN-γ, IL-17A and CD107a-expressing ILC1s. IFN-γ: medium = 0.57 ± 0.18 (n = 7), PMA/IO = 14.87 ± 3.80 (n = 7); IL-17A:
medium = 0.18 ± 0.13 (n = 7), PMA/IO = 4.29 ± 1.82 (n = 7); CD107a: medium = 3.39 ± 0.59 (n = 4), PMA/IO = 7.38 ± 0.70 (n = 4) [mean
percentage ± standard error of the mean (SEM.)]. (b) Representative dot-plot of stimulated CD127+ and CD127− ILC1s. Dot-plots represent one of
three independent experiments ***P < 0·0001; *P < 0·05.

of mucosal damage in CD patients. For this analysis,
CD biopsies were stratified according to the modified
Marsh score into three groups (Marsh scores 0, 1–2
and 3) [23]. The frequency of NKp44+ ILCs correlated inversely with the severity of villous atrophy being
significantly higher in CD patients with Marsh 0 than
Marsh 3 scores; conversely, the frequency of NKp44−
cells was significantly higher in patients with Marsh 3
than Marsh 0 scores (Fig. 5a). As the levels of FABP2,
168

a marker of epithelial cell damage and turnover, have
been shown to correlate with the degree of villous atrophy in CD [39], we analyzed serum FABP2 levels in
15 CD patients (ACD, n = 7; GFD, n = 8) and three
controls. Increasing FABP2 levels correlated with decreasing frequencies of NKp44+ and increasing frequencies
of NKp44− ILCs (Fig. 5b).
Lastly, to assess for any difference in the cytokine
response of ILCs in CD, we compared intracellular IFN-γ
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(a)

(b)

(c)

(d)

Fig. 3. Stimulation of control innate lymphoid cells (ILCs) with phorbol myristate acetate and ionomycin (PMA/IO) in vitro. (a) Down-regulation of
NKp44 expression after PMA/IO stimulation in control ILCs. (b) Percentage of NKp44+ ILCs after 0·5, 1, 2 and 3 h stimulation. (c) Apoptotic rate is
shown as the ratio of annexin V+ cells at time-point 0 (isolation) and at time-points 1–4. (d) Percentage of CD127+ ILCs after 0·5, 1, 2 and 3 h
stimulation. Graphs represent three independent experiments.

expression in NKp44− ILC1s from control and ACD
patients. The frequency of IFN-γ-producing NKp44−
ILC1s was significantly higher in ACD patients. Moreover,
the mean fluorescence intensity (MFI) of IFN-γ expression was significantly higher in NKp44− ILC1s of ACD
patients indicative of increased IFN-γ production (Fig. 5c).

Discussion
Investigations during recent years have led to the recognition of diverse types of ILCs with distinct functions [40].
The frequencies and phenotypes of ILC subsets differ between
various anatomical sites, and the localization of specific
ILCs in different compartments relates to their roles in
immune and inflammatory responses [30,41]. Schmitz et al.
showed that the composition of proximal intestinal intraepithelial ILCs changes with age, CD56+ conventional natural
killer (cNK) cells being the dominant population at the
fetal stage, with CD127− cytotoxic ILCs and CD127+ helper
ILCs predominating in children and adults, respectively [13].
In our analysis of healthy adult duodenal intraepithelial
ILCs, CD103+ NKp44+ CD127− IFN-γ-expressing cytotoxic
ILC1s were the predominant subset, followed by NKp44−
CD127+ helper ILC1s and IL-17A-expressing RORγt+ ILC3s,
while ILC2s were not identified. These findings are in line
with those of Kramer et al., who reported ILC1s to represent the dominant subset and a low frequency of ILC3s
in the human duodenum [41].

A novel finding of our study was the loss of NKp44
expression by intra-epithelial cytotoxic ILC1s in CD. NKp44,
a member of the natural cytotoxicity receptors (NCRs),
was first identified in 1998 to be an activating receptor
mediating non-major histocompatibility complex (MHC)restricted cytotoxicity of NK cells [42]. It is a type I
transmembrane glycoprotein with a single extracellular
V-type Ig-like domain and a cytoplasmic tail containing
an immunoreceptor tyrosine-based inhibitory motif (ITIM)
[43]. Upon ligand binding, NKp44 interacts with a dimer
of immunoreceptor tyrosine-based activation motif (ITAM)
of the adaptor DNAX-activating protein 12 (DAP12/
KARAP/Tyrobp), via the positively charged lysine in the
transmembrane region, to transmit an activating signal
[42,44]. NKp44 signaling is important for potentiating NK
cell cytotoxicity against tumor cells [45,46] and the recognition and lysis of virus-infected cells [47]. NKp44
expression has also been documented in other immune
cells, including plasmacytoid dendritic cells [48], cytotoxic
ILC1s [29] and a subset of ILC3s [49], potentially conferring NK-like signaling programs to these cells [50]. In
the context of ILC1s, NKp44 expression has been used
as a marker to distinguish cytotoxic intraepithelial ILC1s
(ieILC1s) from classic helper ILC1s [29].
Lower frequencies of NKp44+ ILCs have previously
been reported in other gastrointestinal diseases, including ileal lamina propria ILC3s in inflammatory bowel
disease (IBD) and rectal mucosal ILC1s in non-celiac
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(a)

(b)

Fig. 4. Innate lymphoid cell (ILC) composition in controls and patients with celiac disease (CD). (a) Dot-plots represent one of five to 10 independent
experiments. (b) The frequencies of NKp44+ and NKp44− ILC1s in controls, patients with active CD (ACD), patients on a gluten-free diet (GFD) and
patients with refractory CD type 1 (RCD I). Left: controls = 47·68 ± 5·25 (n = 10), ACD = 11·85 ± 5·31 (n = 10), GFD = 15·56 ± 4·92 (n = 10), RCD = I
3·27 ± 2·86 (n = 5); right: controls = 21·07 ± 3·68 (n = 10), ACD = 61·55 ± 6·43 (n = 10), GFD = 37·87 ± 6·16 (n = 10), RCD I = 74·6 ± 14·05 (n = 5)
[mean percentage ± standard error of the mean (SEM.)]. ***P < 0·0001; **P < 0·01; *P < 0·05.

wheat sensitivity (NCWS) [33,51], but the reason for
attrition of NKp44+ ILCs has not been explored. We
observed a marked decrease in NKp44+ ILCs in ACD
(and RCD I). Additionally, in-vitro studies showed activation-induced loss of NKp44 expression on cytotoxic
ILC1s. These findings suggest that the decrease in NKp44
expression is the consequence of an inflammation/
activation-induced phenotypic shift of cytotoxic ILC1s
to NKp44− CD127− ILCs rather than loss due to cell
death, migration to another site, transdifferentiation into
ILC3s or a relative expansion of helper NKp44− CD127+
ILC1s. This observation is congruent with prior reports
that did not identify any difference in the fraction of
intraepithelial (or lamina propria) CD127+ ILCs between
adult CD patients and healthy individuals [12,14]. The
long-term fate of NKp44−CD127− ILCs is unknown. It
is unclear whether CD127− ILCs up-regulate NKp44
expression upon resolution of inflammation or if they
are replaced by newly generated NKp44+ ILCs.
The precise mechanisms underlying the loss of NKp44
are not known. Up-regulation of indoleamine
170

2,3-dioxygenase (IDO) and prostaglandin E2 (PGE2) in
CD [52–54] could potentially contribute, similarly to what
has been observed in NK cells [55,56]. Of interest, Marafini
et al. reported an absence of NKp44/NKp46 double-positive
NK cells and NK T cells in the intestinal epithelia in
ACD [57]. Functional exhaustion of NK cells during chronic
infections and anti-tumor immune responses [58,59] is
associated with downregulation of NKp44 among other
antigens [60]. However, in contrast to NKp44−CD127−
cytotoxic ILCs in CD, exhausted NK cells show diminished
cytolytic activity and decreased expression of effector
cytokines.
The correlation of intraepithelial NKp44− ILC frequency
with increased severity of villous atrophy and increased
serum levels of FABP2, a marker for enterocyte damage,
as well as increased IFN-γ expression and enhanced cytotoxic potential, suggests roles of cytotoxic ILC1s in fostering
inflammation and mediating epithelial destruction in CD.
These findings support the superior cytocidal activity of
CD3− IELs previously reported by Leon et al. [61]. A few
studies have explored mechanisms of intraepithelial ILC
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(a)

(b)

(c)

Fig. 5. Correlation between natural killer (NK)p44+ and NKp44− innate lymphoid cell (ILC) frequencies and intestinal epithelial cell damage in celiac
disease (CD) patients. (a) Frequency of NKp44+ and NKp44− intraepithelial ILCs in CD patients, including patients with active CD (ACD) and
patients on a gluten-free diet (GFD), and controls stratified for the degree of villous atrophy based on Marsh scores 0–3. Left: Marsh 0 = 41·68 ± 6·51
(n = 13), 1–2 = 18·88 ± 5·72 (n = 5), 3a = 17·55 ± 8·11 (n = 6), 3b–c = 4·95 ± 2·56 (n = 6); right: Marsh 0 = 28·04 ± 5·82 (n = 13), 1–2 = 27·92 ± 4·40
(n = 5); 3a = 56·85 ± 8·94 (n = 6), 3b–c = 57·57 ± 10·98 (n = 6) [mean percentage ± standard error of the mean (SEM.)]. (b) Correlation between serum
fatty acid binding protein 2 (FABP2) levels and frequencies of NKp44+ and NKp44− ILCs in CD patients (n = 15) and controls (n = 3). (c) Stimulation
of control and active CD (ACD) NKp44− CD103+ ILC1s with phorbol myristate acetate and ionomycin (PMA/IO) in vitro. Left: percentage of
interferon (IFN)-γ producing NKp44− CD103+ ILC1s. Control = 24·95 ± 4·82 (n = 6), ACD = 60·18 ± 16·29 (n = 6) (mean percentage ± s.e.m.); right:
MFI of IFN-γ expression in NKp44− CD103+ ILC1s. Control = 12·03 ± 3·98 (n = 4), ACD = 98 ± 17·01 (n = 4) (mean percentage ± SEM.). **P < 0·01.
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activation in CD and suggested roles for factors derived
from both innate and adaptive immune cells. While immunogenic gliadin peptides activate HLA-DQ2 or -DQ8
restricted T cells in CD, some gliadin peptides can induce
an epithelial stress response resulting in the up-regulation
of IL-15 [62–64], which has been shown to stimulate
ILC1s in CD [12,13,15,29]. Other cytokines, e.g. TNF, IL-2
and IL-21, released by gliadin responsive lamina propria
CD4+ T cells have also been reported to stimulate the
proliferation of Lin− innate IELs, in addition to enhancing
their survival [65]. Additionally, non-gluten proteins such
as amylase-trypsininhibitors (ATIs) have been demonstrated to initiate an innate immune response by binding
to Toll-like receptor (TLR)-4 on monocytes, macrophages
and dendritic cells [66], but it is not known if they
can activate ILCs. We found no evidence of ILC activation by gluten and non-gluten proteins (data not shown).
Further studies are awaited to elucidate other relevant
contact dependent and independent mechanisms of intraepithelial ILC activation in CD and other inflammatory
disorders.
RCD, a rare complication of CD, is currently subdivided
into two types, RCD I and RCD II, based on the absence
or presence of a clonal population of immunophenotypically aberrant IELs [67]. RCD II is a neoplastic disorder,
also referred to as cryptic enteropathy-associated T cell
lymphoma or ‘in-situ’ lymphoma [68] and the aberrant
IELs have recently been shown to derive from
CD127−CD122+ (IL-15Rβ) ILCs [12,15]. Acquisition of
gain-of-function mutations in Janus kinase 1 (JAK1) and
signal transducer and activator of transcription 3 (STAT3),
which enhance response to IL-15, are thought to contribute
to the clonal expansion of these ILCs [15]. The etiology
of RCD I is unresolved and is probably multi-factorial.
Up to a third of patients are seropositive for tissue transglutaminase antibodies [69–72], suggesting either inadvertent gluten intake or a protracted inflammatory or immune
response to ingested gluten. An increased frequency of
infections has also been documented in RCD I patients
[73,74]. Although polyclonal expansions of intraepithelial
CD3+ CD8+TCR+ T cells are well recognized, ILC alterations have not been previously examined in RCD I. We
observed a similar ILC profile and phenotypic shift of
cytotoxic ILC1s (NKp44 loss) in RCD I as in ACD, suggesting an analogous mucosal inflammatory milieu.
Although we recommend further exploration of the biological consequences of NKp44 loss by ILCs in CD and
RCD, this marker does not appear to be suitable for the
evaluation of aberrant IELs in RCD II, due to its infrequent expression [12].
In summary, this study is the first, to our knowledge, to
characterize duodenal intraepithelial ILC alteration in CD.
We identified a phenotypic shift of cytotoxic ILCs associated
with enhanced cytotoxic potential and increased IFN-γ
172

expression, which correlated with the severity of mucosal
damage. It remains to be determined whether therapeutic
targeting of specific ILC subsets can dampen mucosal inflammation and hasten the healing of SI mucosa in CD.
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Fig. S1. Frequency of NKp44 + and NKp44 − ILC1s in patients on a gluten-free diet. NKp44 + and NKp44 − ILC1s
in CD patients on a gluten-free diet (GFD) for at least
6 months stratified by degree of persistent villous atrophy compared with controls and ACD patients. Left:
ACD = 11·85 ± 5·31 (n = 10), MARSH 3 = 15·02 ± 10·95
(n = 3), 1-2 = 18·88 ± 5·72 (n = 5), 0 = 28·96 ± 12·9
(n = 5), Controls = 47·68 ± 5·25 (n = 10); right: ACD =
61·55 ± 6·43 (n = 10), MARSH 3 = 41·97 ± 0·73 (n = 3),
1-2 = 27·92 ± 4·40 (n = 5), 0 = 36·52 ± 13·44 (n = 5),
Controls = 21·07 ± 3·68 (n = 10) (Mean percentage ±
SEM) ** = P < 0·01.
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