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IL-10 signaling prevents gluten-dependent intraepithelial
CD4+ cytotoxic T lymphocyte infiltration and epithelial
damage in the small intestine
L. M. M. Costes1, D. J. Lindenbergh-Kortleve1, L. A. van Berkel1, S. Veenbergen1, H. (R). C. Raatgeep1, Y. Simons-Oosterhuis1,
D. H. van Haaften1, J. J. Karrich2, J. C. Escher3, M. Groeneweg4, B. E. Clausen5, T. Cupedo2 and J. N. Samsom1

Breach of tolerance to gluten leads to the chronic small intestinal enteropathy celiac disease. A key event in celiac disease
development is gluten-dependent infiltration of activated cytotoxic intraepithelial lymphocytes (IELs), which cytolyze epithelial cells
causing crypt hyperplasia and villous atrophy. The mechanisms leading to gluten-dependent small intestinal IEL infiltration and
activation remain elusive. We have demonstrated that under homeostatic conditions in mice, gluten drives the differentiation of
anti-inflammatory T cells producing large amounts of the immunosuppressive cytokine interleukin-10 (IL-10). Here we addressed
whether this dominant IL-10 axis prevents gluten-dependent infiltration of activated cytotoxic IEL and subsequent small intestinal
enteropathy. We demonstrate that IL-10 regulation prevents gluten-induced cytotoxic inflammatory IEL infiltration. In particular, IL-
10 suppresses gluten-induced accumulation of a specialized population of cytotoxic CD4+CD8αα+ IEL (CD4+ CTL) expressing Tbx21,
Ifng, and Il21, and a disparate non-cytolytic CD4+CD8α− IEL population expressing Il17a, Il21, and Il10. Concomitantly, IL-10
suppresses gluten-dependent small intestinal epithelial hyperproliferation and upregulation of stress-induced molecules on
epithelial cells. Remarkably, frequencies of granzyme B+CD4+CD8α+ IEL are increased in pediatric celiac disease patient biopsies.
These findings demonstrate that IL-10 is pivotal to prevent gluten-induced small intestinal inflammation and epithelial damage,
and imply that CD4+ CTL are potential new players into these processes.
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INTRODUCTION
Celiac disease, a chronic small intestinal enteropathy, is caused
by T-cell-driven inflammatory responses to dietary gluten. The
only treatment is a lifelong gluten-free diet (GFD), which
removes the antigenic trigger and prevents inflammation, but
does not reverse the breach of tolerance. Celiac disease results
from multiple adaptive and innate immune perturbations
culminating in loss of tolerance to gluten. Dysregulation of
adaptive immunity is evidenced by the strict major histocom-
patibility complex (MHC) class II dependency, with patients
expressing human leukocyte antigen (HLA)-DQ2 or HLA-DQ8, a
genetic susceptibility explained by preferential binding affinity
of deamidated gluten peptides to these haplotypes.1 Presenta-
tion of deamidated gluten peptides induces differentiation of
inflammatory gluten-specific interferon-γ-secreting CD4+ T cells
in the lamina propria,2 associated with gluten-specific anti-
bodies (Abs)3 and tissue transglutaminase (TG2) auto-Abs.4

However, T-cell immunity to gluten is not sufficient to cause
celiac disease.5–7 A second key perturbation is required, namely
infiltration of small intestinal cytotoxic intraepithelial lympho-
cytes (IELs) located at the site of tissue destruction evidenced by
crypt hyperplasia and villous atrophy. This IEL infiltration

represents a prime feature of celiac disease independent of
disease severity and is observed in Marsh 1 lesions where villous
blunting is absent.8,9 IEL-infiltrated Marsh 1 lesions also occur in
non-celiac gluten sensitivity, a gluten-induced small intestinal
inflammation independent of the HLA haplotype and anti-TG2
Abs.10 Moreover, short-term rectal gluten challenge increases
mucosal IEL in non-HLA-DQ2/DQ8 siblings of pediatric celiac
disease patients.11 However, the mechanisms underlying HLA-
independent gluten-specific IEL recruitment are unclear.
IEL, heterogeneous antigen-experienced T cells located

between enterocytes, can be subdivided by αβ or γδTCR and
CD8αα, CD8αβ, or CD4 expression. Small intestinal IEL are mostly
TCRαβ+ CD8αβ+ in humans12 and TCRγδ+ CD8αα+ in mice.13,14

IEL are activated by inflammatory signals and stress-induced
molecules to eliminate infected epithelial cells and are thus an
essential first-line defense. Massive infiltration of both αβTCR+15

and γδTCR+ IEL are observed in the small intestine in celiac
disease.16,17 However, infiltration of αβTCR IEL but not γδTCR IEL
correlates with tissue damage severity15,17 and normalizes on a
GFD,17 implicating αβTCR IEL in gluten-induced enteropathy.
IEL are activated via ligation of their T-cell receptor (TCR) by

cognate antigen18 or in a TCR-independent manner by ligation of
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activating natural killer receptors (NKRs).19 In celiac disease, TCR-
independent IEL activation is driven by two major changes.
Interleukin-15 (IL-15) overexpression in inflamed intestinal epithe-
lium5,20 upregulates activating NKR such as NKG2D21 and CD9422

on IEL. Concomitant IFN-γ secretion by gluten-specific CD4+

T cells, leads to overexpression of MHCII23,24 and unconventional

MHCI molecules HLA-E and MIC, ligands of CD94/NKG2C and
NKG2D, respectively.19,25–29 Ligation of NKR triggers release of
cytolytic molecules, granzyme B and perforins, causing epithelial
cytolysis and villous atrophy.19,29,30

Despite knowledge of immunological events leading to gluten
intolerance, an essential question remains: which mechanism
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prevents IEL recruitment/activation in gluten-tolerant individuals?
Gluten strongly induces T-cell secretion of the anti-inflammatory
cytokine IL-10, which may be required to maintain gluten
tolerance.7,31–33 This prompted us to investigate whether IL-10
signaling controls gluten-dependent IEL infiltration and activation.
As IL-10-mediated regulation of T cells requires intact antigen-
presenting cell (APC) IL-10 signaling,34–37 and our previous data
showed that mice with deficient IL-10 signaling in APC suffer from
spontaneous small intestinal inflammation,34 we assessed the
intestinal response to gluten in mice with disrupted IL-10 signaling
in CD11c+ APC. Here, we show that disrupting IL-10 signaling in
CD11c+ APC leads to a breach of tolerance to gluten and the
recruitment of inflammatory cytotoxic CD4+CD8αα+ IEL, asso-
ciated with a gradual, spontaneous, gluten-dependent small
intestinal enteropathy, characterized by epithelial stress—
reflected by upregulation of Il15 and unconventional MHCI
molecules—and crypt hyperplasia.

RESULTS
Gluten drives IEL infiltration and epithelial stress in the absence of
IL-10 signaling
Gluten induces T-cell secretion of the immunomodulatory
cytokine IL-10.7,31–33 As IL-10 inhibits APC function,34–37 we
assessed whether disrupting IL-10 regulation of CD11c+ cells
triggers gluten-dependent IEL infiltration and enteropathy. Hereto,
mice lacking the Il10ra gene in CD11c+ cells (ItgaxcreIl10rafl/fl) and
co-housed littermates (Il10rafl/fl) were maintained on a gluten-
containing (conventional) diet or GFD until sacrifice (30- to 45-
week-old). Compared with Il10rafl/fl mice, ItgaxcreIl10rafl/fl mice
developed gluten-dependent small intestinal IEL infiltration with
increased CD3+ cells lining the duodenal epithelium (Fig. 1a) and
increased numbers of CD45+CD3+ IEL (Fig. 1b). Dietary gluten was
crucial as both inflammatory features were abolished in Itgax-
creIl10rafl/fl mice on a GFD (Fig. 1a, b). Gluten-induced increase in
small intestinal CD45+CD3+ IEL numbers was already observed in
12-week-old ItgaxcreIl10rafl/fl mice (Figure S1A) but the number of
CD45+CD3+ IEL was twofold higher in 30- to 45-week-old mice
(Fig. 1b and S1A), inferring that gluten-induced IEL accumulation
observed in the absence of IL-10 signaling begins at young age
and gradually increases with ongoing gluten exposure. Hyperpro-
liferative small intestinal crypts were observed in ItgaxcreIl10rafl/fl

mice on a conventional diet, indicated by increased Ki67+

duodenal crypt cells and elevated crypt/villus ratio (Fig. 1c, d).
ItgaxcreIl10rafl/fl mice on a GFD had a largely reduced crypt/villus
ratio due to crypt hyperplasia, a hallmark of gluten-induced
cytolytic IEL activity in celiac disease.13,38 Upregulation of stress-
induced molecules and inflammatory cytokines in epithelial cells is
a prerequisite for gluten-dependent enteropathy. In the absence
of IL-10 signaling, small intestinal CD45neg cells of ItgaxcreIl10rafl/fl

mice on a conventional diet had significantly higher expression of
MHCII (Fig. 1e, f). In addition, transcription of T23 (encodes stress-
induced unconventional MHCI molecule and CD94/NKG2C ligand
Qa-1b) was higher in sorted small intestinal EpCAM+ epithelial
cells from ItgaxcreIl10rafl/fl mice on a conventional diet (vs.
littermates), but not a GFD (Fig. 1g). In contrast, the NKG2D

ligand Rae1 was expressed at similar levels in ItgaxcreIl10rafl/fl and
littermates irrespective of diet (Fig. 1h). Gluten-dependent
epithelial stress and crypt hyperplasia in the absence of IL-10
signaling were T-cell dependent as aged Rag.ItgaxcreIl10rafl/fl mice
on a conventional diet did not exhibit crypt hyperplasia or
overexpress MHCII on CD45neg cells (vs. littermates; Figure S1B-D).
In addition, EpCAM+ cells from ItgaxcreIl10rafl/fl mice on a
conventional diet, but not a GFD, had increased levels of Il15
transcripts, a cytokine known to activate IEL in celiac disease19

(Fig. 1i). Of note, serum anti-gluten IgG2c was not elevated in aged
ItgaxcreIl10rafl/fl mice on a conventional diet (vs. littermates;
Figure S2). These data demonstrate that a single regulatory
pathway, namely IL-10 signaling in APC, suppresses gluten-
induced small intestinal IEL infiltration, stress-induced NKR ligand
upregulation on epithelial cells, and crypt hyperplasia.

Gluten drives inflammatory CD4+ and CD4+CD8α+ IEL infiltration
in the absence of IL-10 signaling
Healthy intestinal IEL do not secrete inflammatory cytokines. In
celiac disease, infiltrating αβTCR IEL secrete high levels of IFN-γ,
which correlates with tissue damage.2,39 In analogy, small
intestinal IEL fractions from ItgaxcreIl10rafl/fl mice on a conven-
tional diet, but not a GFD, transcribed more Ifng and Il17a (vs.
littermates; Fig. 2a, b). Of note, Il21, a cytokine highly increased
during celiac disease,40–42 was also higher in IEL of ItgaxcreIl10rafl/fl

mice reared on a conventional diet but not on a GFD (Fig. 2c). In
keeping with this inflammatory profile, restimulated small
intestinal IEL isolated from ItgaxcreIl10rafl/fl mice reared on a
conventional diet contained increased frequencies of cells
secreting IFN-γ and IL-17 (Fig. 2d, e). At 12 weeks of age,
concomitant to IEL infiltration, Ifng and Il17a were increased in
ItgaxcreIl10rafl/fl mice on a conventional diet (Figure S3A-B).
Detailed analysis in aged mice revealed that two IEL populations

were drastically increased in ItgaxcreIl10rafl/fl mice on a conventional
diet (vs. littermates): CD4+CD8α+ IEL increased 28-fold, whereas
CD4+CD8α− IEL increased 5.7-fold (Fig. 2f, g). This translated into
increased total cell numbers for both these IEL populations (Fig. 2h)
and was confirmed by immunohistochemistry showing increased
numbers of CD4+ cells lining the epithelium in ItgaxcreIl10rafl/fl mice
on a conventional but not a GFD (vs. littermates) (Fig. 2i). The
increase in frequency and total cell number was dependent on
dietary gluten and normalized on a GFD. The increase in cell
numbers but not frequency of CD4+CD8α+ and CD4+CD8α− IEL
populations was already observed in 12-week-old ItgaxcreIl10rafl/fl

mice on a conventional diet (Figure S3C, D and E). Of note, although
the frequency of CD4−CD8α+ IEL was decreased in the absence of
IL-10 signaling, the total number of CD4−CD8α+ cells was also
increased (Fig. 2g, h).

Functional dichotomy of gluten-dependent CD4+CD8α+ and
CD4+ inflammatory IEL
Next, we identified the accumulating IEL population responsible
for pro-inflammatory T-cell-derived cytokines. Sorted CD4+CD8α+

IEL from aged ItgaxcreIl10rafl/fl mice on a conventional diet
expressed high levels of Ifng but did not express Il17a, whereas
CD4+CD8α− IEL expressed significantly less Ifng (Fig. 3a, b) and

Fig. 1 Gluten drives CD3+ IEL accumulation, epithelial MHCII expression, unconventional MHCI molecules, and IL-15 upregulation in the
absence of IL-10 signaling. ItgaxcreIl10rafl/fl mice and littermates were reared on a gluten-containing (conventional) or gluten-free diet (GFD)
until sacrifice. a CD3 immunohistochemistry on duodenal sections. Scale bar, 100 µm; representative of n= 9–21. b Small intestinal
CD45+CD3+ IEL number from ItgaxcreIl10rafl/fl mice and littermates obtained by assessing the frequency of single CD45+CD3+ IEL by flow
cytometry and multiplying it to the total cell number of the small intestine IEL fraction. c Ki67 immunohistochemistry on duodenal sections.
Scale bar, 100 µm; representative of n= 9–21. d Crypt/villus ratio in Ki67-stained sections. e MHCII expression on small intestine single
CD45neg cells; representative of n= 6–14. f Geometric mean fluorescence intensity (MFI) of MHCII on single small intestinal CD45neg cells. g–i
Quantitative real-time PCR (qRT-PCR) of stress-associated epithelial molecule genes (g, h) or Il15 (i) in sorted live single small intestinal
CD45negEpCAM+ cells. Twelve (a), 11 (b-d), 9 (e-f), or 7 independent experiments (g-i). Each square represents one mouse. One-way ANOVA/
Bonferroni post-test (d, f: mean+ SEM; b, g-i: mean+ SD)
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more Il17a. Interestingly, CD4+CD8α− IEL expressed more Il10
than CD4+CD8α+ IEL, whose Il10 expression was very low (Fig. 3d),
indicating CD4+CD8α+ IEL have a more pro-inflammatory
phenotype. Such a division of labor was not seen for expression
of the celiac disease-associated pro-inflammatory cytokine Il21 as
both CD4+CD8α− and CD4+CD8α+ IEL expressed high levels of

Il21 (Fig. 3c). Notably, all four cytokines were expressed at lower
levels in CD4−CD8α+ classical cytotoxic IEL than either CD4+

population (Fig. 3a-d). In accordance with their high Ifng and very
low Il17a expression, CD4+CD8α+ IEL expressed higher levels of
Tbx21 (encoding for T-bet) than CD4+CD8α− IEL (Fig. 3e), which
correlated with T-bet positivity and RORγt negativity measured by
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flow cytometry (Fig. 3f, g). Similarly, the population of CD4+CD8α−

IEL expressing high levels of Il17a and lower levels of Ifng was
mostly RORγt+ and partly T-bet+ (Fig. 3f, g). Approximately 20% of
CD4+CD8α− IEL (Il10 high) expressed Foxp3, whereas most
CD4+CD8α+ IEL (Il10 low) were Foxp3− (Fig. 3h). Therefore, gluten
leads to accumulation of two phenotypically and functionally
distinct IEL populations in the absence of IL-10 signaling:
CD4+CD8α+ IEL mainly expressing Ifng and Il21, and CD4+CD8α−

IEL with a mixed phenotype of regulatory Il10 and inflammatory
Il17a and Il21 expressing cells.

CD4+CD8α+ IEL accumulating after continuous gluten ingestion in
the absence of IL-10 signaling are cytotoxic CD4+ CTL
Small intestinal CD4+CD8α+ IEL derive from CD4+ αβTCR+ MHCII-
restricted T helper cells.43,44 Repetitive exposure to cognate
antigens induces transcriptional reprogramming of CD4+ T helper
cells to CD4+ cytotoxic T lymphocytes (CD4+ CTL), involving
ThPOK downregulation, Runx3 upregulation and initiation of a
cytolytic program.43,45 In the presence of IL-15, CD4+ CTL produce
IFN-γ and become highly cytolytic to MHCII-expressing cells.43

Indicative of transcriptional reprogramming, sorted CD4+CD8α+

IEL accumulating in response to gluten in ItgaxcreIl10rafl/fl mice
expressed lower levels of Thpok (encoded by Zbtb7b) and higher
levels of Runx3 compared with CD4+CD8α− IEL both at transcript
and protein level (Fig. 4a-d). In support of this idea, gluten-
dependent CD4+CD8α+ IEL did not express CD8β, hence are
CD8αα homodimer positive (Fig. 4e), a characteristic feature of
CD4+ CTL, and carry CD4+ CTL-associated marker CD103 (Fig. 4f)
and the cytotoxicity-associated molecule 2B4 (CD244) (Fig. 4g).
CD4+CD8α+ IEL of ItgaxcreIl10rafl/fl mice on a conventional diet
transcribed significantly more Crtam than CD4+CD8α− IEL, a
molecule that plays an essential role in classical CD4+ T helper cell
differentiation to CD4+ CTL46,47 (Fig. 4h). Moreover, in contrast to
CD4−CD8α+ classical IEL, both small intestinal CD4+CD8α+ and
CD4+CD8α− IEL of ItgaxcreIl10rafl/fl mice on a conventional diet
lacked γδTCR (Fig. 4i) strongly suggesting CD4+CD8α+ IEL derive
from CD4+ T helper cells. These data establish that, in the absence
of IL-10 signaling, gluten drives intraepithelial infiltration of
CD4+CD8α− IEL, as well as CD4+CD8α+ IEL with phenotypic
characteristics of CD4+ CTL. This, in combination with increased
expression of both MHCII and Qa-1b (Fig. 1e-g) led us to
hypothesize that CD4+CD8α+ IEL accumulating in Itgaxcre

Il10rafl/fl mice on a gluten-containing diet could be involved in
cytolysis of epithelial cells underpinning crypt hyperplasia.
CD4+CD8α+ IEL from ItgaxcreIl10rafl/fl mice on a conventional diet
expressed more Gzmb and Prf1 (encoding Granzyme B and
perforin, respectively) than CD4+CD8α− or classical CD4−CD8α+

IEL (Fig. 5a, b). Granzyme B protein frequency and mean
fluorescence intensity (MFI) were higher in CD4+CD8α+ IEL
than CD4+CD8α− IEL and Granzyme B frequency was equal in
CD4+CD8α+ IEL and CD4−CD8α+ classical cytotoxic IEL (Fig. 5c-e).
Neither the frequency nor MFI of NKG2D were increased on
CD4+CD8α+ IEL compared with CD4+CD8α− IEL (Fig. 5f, g), in line
with a lack of Rae1 expression (NKG2D ligand) on epithelial cells
(Fig. 1h), suggesting NKG2D ligation does not participate in IEL
activation leading to crypt hyperplasia in ItgaxcreIl10rafl/fl mice. In
agreement with high Granzyme B and perforin expression,

CD4+CD8α+ IEL from ItgaxcreIl10rafl/fl mice on a conventional diet
had a higher frequency of CD107a expression, a surrogate marker
for cytolysis, and higher CD107a MFI than CD4+CD8α− IEL after
TCRβ restimulation (Fig. 5h-j; Supplementary Table 3), unequi-
vocally demonstrating cytotoxic activity of gluten-dependent
CD4+ CTL accumulating in the absence of IL-10 signaling.
Altogether, this demonstrates that IL-10 signaling in APC
suppresses gluten-induced infiltration of CD4+ CTL.

Gluten selectively drives accumulation of CD4+CD8α+ LPLs in the
absence of IL-10 regulation
As CD4+ CTL arise from classical CD4+ T helper cells under
repetitive presentation of cognate antigens by APC,43 gluten-
dependent infiltration of CD4+ CTL in ItgaxcreIl10rafl/fl mice should
be associated with increased CD4+CD8α+ T-cell infiltration in the
lamina propria. The CD4+CD8α+ frequency in small intestinal
lamina propria lymphocytes (LPLs) was significantly higher in aged
ItgaxcreIl10rafl/fl mice on a conventional diet (vs. littermates, Fig. 6a,
b) but—similarly to IEL frequency—not at 12 weeks of age
(Figure S4A-B). The CD4+CD8α− LPL frequency was also increased
in aged ItgaxcreIl10rafl/fl mice on both a conventional and a GFD
(Fig. 6a, b) showing that gluten alone drives CD4+CD8α+ LPL
accumulation when IL-10 control is lost, but that CD4+CD8α− LPL
accumulation is dependent on other antigenic signals. Similarly to
the IEL fraction, both Ifng and Il17a were upregulated in the total
LPL fraction of 12-week-old (Figure S4C-D) and aged ItgaxcreIl10-
rafl/fl mice on a conventional diet compared with littermates
(Fig. 6c, d). Cytokine expression by LPL in ItgaxcreIl10rafl/fl mice on
a conventional diet mirrored the IEL populations. CD4+CD8α+ LPL
expressed more Ifng but less Il17a and Il10 than CD4+CD8α− LPL
(Fig. 6e-g). CD4+CD8α− LPL (which accumulate even on a GFD)
expressed the highest levels of Il17a, reflecting that upregulation
of Il17a in the total LPL fraction was not abolished by a GFD
(Fig. 6d). Similarly, high Ifng expression by CD4+CD8α+, whose
accumulation in the absence of IL-10 signaling was prevented by a
GFD, correlated with absence of Ifng increase in the total LPL
fraction of ItgaxcreIl10rafl/fl mice on a GFD (Fig. 6c). Of note,
absence of IL-10 signaling did not affect the Foxp3+ CD4+ LPL
frequency (Figure S5A). CD4+CD8α+ LPL also displayed evidence
of transcriptional reprogramming into CD4+ CTL; they expressed
the homodimer CD8αα and integrin CD103, tended to transcribe
less Zbtb7b and more Runx3 and Crtam than CD4+CD8α− LPL, and
expressed 2B4 while maintaining surface αβTCR (Figure S5B-H).
Moreover, CD4+CD8α+ LPL expressed more Prf1 and Gzmb and
had a significantly higher Granzyme B+ frequency and MFI than
CD4+CD8α− LPL (Figure S6A-D), demonstrating that transcrip-
tional modifications are associated with cytolytic properties.
Therefore, in the absence of IL-10 signaling gluten drives
accumulation of CD4+CD8α+ T cells with CD4+ CTL characteristics
in the lamina propria.

Granzyme B+ CD4+CD8αα+ IEL are present in pediatric celiac
disease
To determine whether CD4+ CTL could be involved in gluten-
dependent small intestinal inflammation and damage in human,
we determined whether granzyme B+ CD4+CD8αα+ IEL could be
detected in pediatric celiac disease. Biopsies from celiac disease

Fig. 2 Gluten drives inflammatory CD4+ and CD4+CD8α+ IEL accumulation in the absence of IL-10 signaling. ItgaxcreIl10rafl/fl mice and
littermates were reared on a conventional or gluten-free diet (GFD) until sacrifice. a-c qRT-PCR of T-cell cytokine genes in total IEL. d Flow
cytometry dot plot depicting IL-17 and IFN-γ production by single live CD45+CD3+ IEL isolated from mice reared on conventional diet and
restimulated for 4 h with PMA/Ionomycin in the presence of monensin. Representative of three mice per group. e Scatter plot depicting the
frequency of IFN-γ and IL-17 producing single live CD45+CD3+ IEL assessed by flow cytometry as in d. f Flow cytometry of CD4 and CD8α on
single CD45+CD3+ IEL; representative of n= 8–20. g, h Frequencies (g) and numbers (h) of small intestine IEL (pre-gated on single
CD45+CD3+ cells). i CD4 immunohistochemistry on duodenal sections. Scale bar, 100 µm; representative of n= 3–4. Seven (a-c), 2 (d, e), or 13
(f-h) independent experiments. Each square represents one mouse. One-way ANOVA/Bonferroni post-test (mean+ SEM) (a-c and g, h) or
unpaired Student’s t-test (e) (mean+ SD)
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patients with Marsh 3 lesions were compared with biopsies of
patients undergoing endoscopy due to suspicion of celiac disease
but for whom IEL infiltration and normal mucosal morphology was
found (Marsh 0). CD4+CD8α− and CD4+CD8αα+ IEL expressing
αβTCR were detected in all biopsies (Fig. 7a). However, the
CD4+CD8α+ granzyme B+ frequency was significantly higher in
Marsh 3 patients than Marsh 0 patients (Fig. 7b, c) with four out of
the nine Marsh 3 patients displaying higher CD4+CD8α+

granzyme B+ frequency when compared with the seven Marsh
0 patients. CD4+CD8+ IEL were also detectable by immunofluor-
escence in Marsh 3 celiac disease lesions (Figure S7A-B). Together,
these data strongly argue that gluten-dependent CD4+ CTL may
participate in celiac disease.

DISCUSSION
In celiac disease, aberrant responses to gluten culminate in
cytotoxic IEL infiltration and killing of stressed small intestine
epithelial cells, causing crypt hyperplasia and villous atrophy.
Despite knowledge of the faulty HLA-DQ2/8-dependent gluten-
specific inflammatory CD4+ T-cell response, the mechanisms
underlying gluten-induced cytotoxic IEL infiltration and subse-
quent tissue destruction remain elusive. We demonstrate that in
mice, constitutive IL-10 regulation of APC prevents gluten-induced
cytotoxic inflammatory IEL infiltration, epithelial activation (evi-
denced by upregulation of Il15 and T23), and crypt hyperplasia. In
particular, IL-10 suppresses gluten-induced accumulation of
cytotoxic CD4+CD8α+ IEL (CD4+ CTL) expressing Tbx21 and Ifng,
as well as disparate non-cytolytic CD4+CD8α− IEL expressing Il17a
and Il10. Gluten-dependent enteropathy develops gradually with
age independently of the HLA-DQ2/8 haplotype and is not

associated with anti-TG2 Abs, a hallmark autoimmune feature that
depends on HLA-DQ2/8-restricted gluten-specific conventional
CD4+ T cells (Figure S7C). Our findings reinforce the notion that
both HLA-dependent and HLA-independent immune defects are
concomitantly required for full-blown celiac disease. Disrupting IL-
10 signaling triggered gluten-induced epithelial stress with
upregulation of IL-15, MHCII, and Qa-1b, an activating ligand for
the NKR CD94,22 which altogether license IEL to perform cytolysis
and is likely due to increased production of IFN-γ that upregulates
stress molecules on epithelial cells.23,24 Importantly, Rae1 (NKG2D
ligand) and NKG2D were not upregulated on CD4+ CTL in the
absence of IL-10 signaling. This additional epithelial stress may be
required to induce maximal CD4+ and CD8+ CTL cytolytic capacity
and villous atrophy.
Gluten is highly degradation resistant, which allows transloca-

tion of large immunogenic peptides to the lamina propria.48

Despite its immunogenic properties, gluten is tolerated in most
individuals; this may partly rely on the capacity of gluten to induce
T-cell IL-10 production as reported in mouse models and human
celiac disease.7,31,32 Here we demonstrate that IL-10 regulation of
APC is pivotal to control gluten-induced IEL infiltration and crypt
hyperplasia. IL-10 primarily exerts its anti-inflammatory role via
APC by preventing pro-inflammatory cytokine release,34,36,37

suggesting that the effects of gluten on APC could be drastically
exacerbated in the absence of IL-10 regulation. In turn, APC
activation could lead to IFN-γ producing CD4+ T-cell differentia-
tion and conversion to CD4+ CTL. Alternatively, gluten could
indirectly alter small intestinal microbiota composition, which
would in turn induce inflammatory responses in the absence of IL-
10 regulation. Preliminary microbiota composition analysis of the
feces of ItgaxcreIl10rafl/fl mice and littermates did not reveal
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obvious differences (data not shown); further analyses are
required to determine whether gluten directly affects APC or
induces microbiota alterations in the absence of IL-10 signaling. A
recent study demonstrated that Lactobacillus reuteri induces
CD4+CD8α+ IEL by tryptophan-mediated aryl-hydrocarbon recep-
tor activation and subsequent conversion of CD4+ T cells into
CD4+CD8α+ IEL.49 In our colony, L. reuteri was detected in the
feces of both Il10rafl/fl mice and ItgaxcreIl10rafl/fl mice irrespective
of diet (Figure S8). Therefore, we do not anticipate that the large
accumulation of CD4+CD8αα+ IEL in the absence of IL-10
regulation of APCs is due to selective colonization of L. reuteri in
ItgaxcreIl10rafl/fl mice. Of note, although IEL infiltration was
completely prevented in ItgaxcreIl10rafl/fl mice on a GFD, these
animals still had signs of low-grade inflammation (mild crypt
hyperplasia and increased frequency of Ifng-expressing CD4+ T
helper cells) in lamina propria possibly due to other food or
microbial triggers.

We provide the first evidence of gluten-driven CD4+ CTL
conversion, and the first identification of granzyme B+

CD4+CD8αα+ IEL in pediatric human celiac disease biopsies. The
MHCII-restricted cytolytic capacity of CD4+ CTL, initially identified
during viral infections, is beneficial for host defense.50 However,
increased CD4+ CTL frequencies are observed in the synovia in
rheumatoid arthritis51 and circulation in ankylosing spondylitis52

and associate with disease severity, suggesting a pathogenic role
of these cytolytic cells during chronic inflammation. Together,
these data argue for a role of CD4+ CTL either in the onset or
maintenance of gluten-dependent chronic inflammation.
Repeated antigen recognition induces CD4+ CTL conversion and
coincides with ThPOK loss and CD8α, Runx3 and granzyme B
upregulation.43 This agrees with the gradual development of
gluten-dependent CD4+ CTL accumulation in our model and is in
line with a role for these cells in chronic inflammatory diseases.
Antigen presence alone is not sufficient to induce cytolytic activity
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of tissue-resident CD4+ CTL.43 Antigen reactivation in the
presence of IL-15 enhances CD4+ CTL activation.43 As deficient
IL-10 regulation in our model was associated with gluten-
dependent epithelial IL-15 upregulation, further investigation
should reveal whether IL-15 is involved in gluten-driven CD4+

CTL activation. A role for TGF-β was recently revealed in the
differentiation of intestinal CD4+ CTL by CD103+CD11b− dendritic
cells (DCs).46,53 As we have previously demonstrated that
CD103+CD11b− DC preferentially take up dietary gluten in the
small intestine when compared with other DC subpopulations and
macrophages,32,54 this raises the question whether IL-10 regula-
tion of CD103+CD11b− DC critically prevents gluten-induced
CD4+ CTL infiltration in ItgaxcreIl10rafl/fl mice. However, as the cre/
lox system we used here targets all CD11c-expressing APC and
since we have shown that macrophages play an important role in
degrading gluten,32 unraveling the relative contribution of
individual intestinal APC populations to the gluten-induced
conversion of CD4+ T helper cells into CD4+ CTL will require
further analysis.
Altogether our study demonstrates that one single biological

pathway, IL-10 signaling in APC, prevents gluten-dependent
infiltration of CD4+ CTL, as well as epithelial activation. Deregula-
tion of IL-10-mediated control of APC likely represents a previously
unappreciated early step in the cascade of events culminating in
celiac disease.

EXPERIMENTAL PROCEDURES
Mice
ItgaxcreIl10rafl/fl mice, Rag.ItgaxcreIl10rafl/fl mice with deletion of
the Il10ra in CD11c+ cells, and littermate controls (Il10rafl/fl mice
and Rag.Il10rafl/fl mice, respectively) were described pre-
viously.34 In brief, Itgaxcre mice were crossed to Il10rafl/fl mice
to obtain ItgaxcreIl10rafl/fl. ItgaxcreIl10rafl/fl mice were crossed to
Rag2-deficient mice (Jackson Laboratories) to generate Rag.
ItgaxcreIl10rafl/fl double knockout mice. All mice were on a C57/
Bl6 background. All mice were reared under specific pathogen-
free conditions in individually ventilated cages. Water and food
were provided ad libitum. All experiments were approved by
and performed in accordance with the animal experimental
committee of Erasmus Medical Center, Rotterdam, The Nether-
lands. Upon weaning and until sacrifice, mice were either fed a
conventional chow diet (SDSdiets) or GFD (ABdiets). ItgaxcreIl10-
rafl/fl mice and l10rafl/fl mice from the same litter were randomly
allocated to the diets. Unless otherwise indicated, mice were
sacrificed at 30–45 weeks. Both males and females were used in
this study. As previously reported,53 a germ-line deletion was
observed yielding Il10rafl/ko mice. No differences were observed
between Il10rafl/fl mice and Il10rafl/ko mice in any experiments
(data not shown); therefore, Il10rafl/fl mice and Il10rafl/ko mice
were pooled for analysis and all denominated Il10rafl/fl
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Patients
Duodenal biopsies were obtained from pediatric patients (aged
2–16 years) during diagnostic upper endoscopy performed at
Maasstad Hospital or Erasmus University Medical Centre, Rotter-
dam, The Netherlands. Studies were approved by the medical
ethical committee of the Erasmus Medical Centre and the parents
of all participants gave written informed consent before enroll-
ment. No patients were following a GFD prior to endoscopy. Celiac
disease diagnoses and Marsh scores were determined by a
pathologist during routine diagnostic work-up.

Murine intraepithelial and LPL isolation
Small intestinal IELs and LPLs were isolated as previously described.34

Whole small intestinal tissue was excised and incubated twice in
Hank’s balanced salt solution (HBSS) (Gibco) supplemented with 10%
fetal calf serum (FCS; Bodinco), 5mM EDTA (Sigma), and 1mM DTT
(Sigma) for 20min at 37 °C with agitation. The supernatant contain-
ing IEL was washed and resuspended in 44% percoll (Pharmacia),
overlaid with 67% percoll, and centrifuged for 20min at 684 g. IEL
were recovered from the interface layer. The remaining intestinal
segments, containing LP cells, were digested twice in RPMI
supplemented with 10% FCS, 100 U/mL collagenase type VIII (Sigma)
and 0.01mg/mL DNAse (Sigma) for 1 h at 37 °C with agitation. Cells
were passed through a 70 μm nylon cell strainer, resuspended in

100% percoll, overlayered with 40% percoll, centrifuged for 20min at
684 g and LPL were recovered from the interface layer.

Human IEL isolation
Freshly obtained biopsies were incubated twice in RPMI supple-
mented with 1% FCS, 250mM EGTA, and 45mM MgCl2 for 30 min
at 37 °C with agitation. Cells were passed through a 40 µm cell
strainer and washed with RPMI.

RNA isolation and cDNA synthesis
Total RNA was extracted using the Nucleospin RNA-XS or RNAII kit
(Macherey-Nagel) and reverse transcribed to complementary DNA
(cDNA) using random hexamers (2.5 µM), oligo(dT) primers (20
nM), dNTP (0.2 mM), M-MLV (200 units, Promega), and RNAsin (25
units, Promega).

Quantitative PCR
Real-time quantitative polymerase chain reaction (qRT-PCR) was
performed using general fluorescence-based detection with SYBR
green on an AbiPrismR 7900 Sequence Detection System (PE
Applied Biosystems). Cyclophillin was used as a reference gene to
control for sample loading and enable normalization between
samples. Target gene expression levels relative to Cyclophilin were
calculated using: relative expression level= 2−ΔCt, whereby ΔCt=
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Cttarget–Ctcyclophilin. Specific primers spanning different constant
region exons were designed (Table S1).

Flow cytometry, fluorescence-activated cell sorting, and Abs
Single-cell suspensions were incubated with normal mouse serum
for 10 min on ice followed by a 30-min incubation with the Ab mix
on ice. For analysis of intracellular factors, cells were fixed and
permeabilized using the Foxp3 permeabilisation kit (ebioscience).
Abs used are described in Table S2. Dead cells were excluded
using 7AAD (Invitrogen), 4',6-diamidino-2-phenylindole (DAPI)
(Molecular Probes), or a fixable Live/dead dye (ThermoFisher).
Flow cytometry data were acquired using a FACS Canto II (BD) and
analyzed using FlowJo software (LLC). A FACSAria (BD) was used
for fluorescence-activated cell sorting.

Immunohistochemistry
Murine small intestinal tissues were fixed in 4% paraformaldehyde
(PFA), paraffin embedded and 4 µm thick sections were stained
with hematoxylin (Vector Laboratories) and eosin (Sigma). For
detection of mCD3 (polyclonal, Dako) and mKi67 (TEC-3, Dako),
endogenous peroxidase activity was quenched with 1.5% H2O2 in
phosphate buffered saline (PBS) for 30 min, followed by micro-
wave treatment in citrate buffer (10 mM, pH 6.0) for antigen
retrieval. For detection of mCD4 (4SM95, ebioscience), antigen
retrieval was achieved by pepsin pretreatment (0.1% in 0.01 N HCl
at 37 °C). Sections were blocked for 1 h in 10 mM Tris, 5 mM EDTA,
0.15 M NaCl, 0.05% Tween-20, 0.25% gelatin, and 10% normal
mouse serum (for mCD3 and mKi67) or 10% normal mouse serum
and 10% normal donkey serum (for mCD4), then incubated
overnight with primary Ab at 4 °C. Immunoreactivity were
detected using biotinylated secondary goat anti-rabbit Ab (for
CD3 and Ki67) or donkey anti-rat Ab (for CD4) using the Vectastain
ABC Elite Kit (Vector Laboratories) and 3,3′-diaminobenzidine
tetrahydrochloride (Sigma-Aldrich). Sections were counterstained
with hematoxylin. For detection of hCD4 (4B12, ThermoFisher
Scientific) and hCD8 (SP12, ThermoFisher Scientific), human
duodenal biopsies were fixed in 4% PFA, paraffin embedded,
4 µm thick sections were microwaved in citrate buffer (10 mM, pH
6.0) for antigen retrieval, blocked for 1 h in 10mM Tris, 5 mM
EDTA, 0.15 M NaCl, 0.05% Tween-20, 0.25% gelatin, 10% normal
horse serum, and 10% normal goat serum in a 20% solution #1 of
Streptavidin/Biotin Blocking Kit (Vector Laboratories), incubated
overnight at 4 °C in primary Ab diluted in PBS containing 2%
normal human serum in a 20% solution #2 of Streptavidin/Biotin
Blocking Kit (Vector Laboratories). The next day, slides were
incubated for 1 h with biotinylated horse anti-mouse IgG (Vector
Laboratories) in PBS with 2% goat serum, incubated for 1 h with
DyLight 594 Streptavidin (Vector Laboratories) and DyLight 488
Goat anti-rabbit IgG (Vector Laboratories) in PBS. Slides were
stained with DAPI (Sigma-Aldrich), mounted in Mowiol (Sigma),
and images were acquired using a Leica DM5500B upright
microscope and LAS-AF image acquisition software (Leica
Microsystems).

CD107 mobilization assay
IEL were isolated as described above and enriched for CD45+ cells
by negative selection using an anti-EpCAM Ab and Dynabeads
technology (Life Technologies) according to the manufacturer’s
recommendations. In brief, the total IEL fraction was incubated
with purified rat IgG anti-mouse EpCAM Ab (G8.8, Biolegend),
followed by incubation with sheep anti-rat IgG Dynabeads (Life
Technologies). Bead-bound EpCAM-labeled cells were removed
using a Dynabead magnet. The EpCAM-negative fraction
(enriched in CD45+ cells) was collected and plated in a 96-well
U-bottom plate (previously coated with anti-TCRβ Ab (2 µg/mL;
Biolegend)) in the presence of Golgi plug (BD) and CD107a Ab
(ebioscience) for 4 h at 37 °C and 5% CO2.

Statistical analysis
GraphPad Prism version 5 was used to create graphs and perform
statistical analysis. Normally distributed data sets (assessed by a
Kolmogorov–Smirnov test) were analyzed using a two-tailed
unpaired or paired Student’s t-test (comparison of two groups)
or one-way analysis of variance (ANOVA; three or more groups)
followed by the Bonferroni post-test. Non-normally distributed
data sets were analyzed using the Mann–Whitney U-test
(comparison of two groups); *p < 0.05; **p < 0.01; ***p < 0.001.
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