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IL-15 positively regulates |L-21 production in

celiac disease mucosa

M Sarra!, ML Cupi!, I Monteleone!, E Franzé!, G Ronchetti!, A Di Sabatino?, P Gentileschi?,
L Franceschilli3, P Sileri3, G Sica3, G Del Vecchio Blanco!, M Cretellal, OA Paoluzi!, GR Corazza?2,

F Pallone! and G Monteleone!

Celiac disease (CD)-associated inflammation is characterized by high interleukin- 21 (IL-21), but the mechanisms
that control IL-21 production are not fully understood. Here we analyzed IL-21 cell sources and examined how IL-21
production is regulated in CD. Intraepithelial lymphocytes (IELs) and lamina propria lymphocytes (LPLs), isolated
from CD patients and non-CD controls, were analyzed for cell markers, cytokines, and transcription factors by flow
cytometry. IL-21 was highly produced by CD4 + and CD4 +/CD8 + IELs and LPLs in active CD. IL-21-producing cells

coexpressed interferon-y (IFN-v) and to a lesser extent T helper type 17 (Th17) cytokines. Treatment of control LPLs with
IL-15, a cytokine overproduced in CD, activated Akt and STAT3 (signal transducer and activator of transcription 3), thus
enhancing IL-21 synthesis. Active CD biopsies contained elevated levels of Akt, and blockade of IL-15 in those samples

reduced IL-21. Similarly, neutralization of IL-15 in biopsies of inactive CD patients inhibited peptic-tryptic digest of
gliadin-induced IL-21 expression. These findings indicate that in CD, IL-15 positively regulates IL-21 production.

INTRODUCTION

Celiac disease (CD) is a gluten-sensitive enteropathy that occurs
in genetically predisposed individuals after ingestion of gluten.
Originally considered a malabsorption syndrome of childhood,
CD is now recognized as a common condition that may be diag-
nosed at any age.! Ingestion of gluten in CD patients triggers a
mucosal inflammatory response, which leads to epithelial tissue
damage, villous atrophy, crypt cell hyperplasia, and increased
number of intraepithelial lymphocytes (IELs).? The exact
mechanism by which CD-associated inflammatory response is
induced and sustained is not fully understood. There is evidence
that gluten peptides are deamidated by the enzyme tissue trans-
glutaminase 2, processed by antigen-presenting cells, and pre-
sented to lamina propria CD4 + T cells (T-LPLs) in the context
of HLA-DQ2/DQ8 molecules.? This sequence of events leads to
the activation and expansion of gluten-specific T cells.? It has
also been shown that certain non-immunodominant gluten pep-
tides derived from o.-gliadin (e.g., peptides 31-43 and 31-49),
which are distinct from those that bind DQ2 or DQ8 and activate
gluten peptide-specific CD4+ T cells, induce the production
of interleukin (IL)-15 by innate immune cells, thereby leading
to epithelial cell death.? These findings correlate with the

demonstration that IL-15 is overexpressed in both the lamina
propria and intestinal epithelium of patients with active CD
as compared with normal controls or inactive CD patients.*>
Studies examining the mechanisms by which IL-15 promotes
epithelial injury have revealed that IL-15 upregulates the noncon-
ventional HLA molecules MICA/B on enterocytes and enhances
both NKG2D and DAP10 in IELs,® with the downstream effect
of promoting IEL-mediated epithelial damage. IL-15 also
controls the activation of adaptive immune responses, as
substantiated by its ability to make mucosal T lymphocytes
resistant to the transforming growth factor-B1-mediated
immune-suppression and sustain the survival of such cells.>”~*

Analysis of cytokines produced by T-LPLs in the gut of CD
patients has shown that CD-associated inflammation is domi-
nated by production of interferon-y (IFN-vy) and IL-17A, the
cytokine signatures of T helper (Th) 1 and Th17 cell responses,
respectively.!%!! In this context, we and others have recently
demonstrated that in CD, gliadin-specific T cells produce high
levels of IL-21,'21% a cytokine that is supposed to play a key role
in the pathogenesis of CD. Indeed, IL-21 amplifies Th1 and Th17
cell responses,!®!5 enhances secretion of extracellular matrix-
degrading proteases by stromal cells'® and chemoattractants
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by epithelial cells,!” and counterregulates the immune-suppres-
sive activities of regulatory T cells.!® Chromosomal 4q27 region
harboring the IL-2 and IL-21 genes is associated with CD,! but
if these genetic alterations affect IL-21 protein remains to be
ascertained. Similarly, the cell source of IL-21 and the basic
mechanisms that control IL-21 expression in CD mucosa are
not known. In this study, we performed a single-cell analysis
of IL-21-producing CD4 + T cells to ascertain which cells
produce IL-21 and to investigate the factors involved in the
regulation of IL-21 production in CD.

RESULTS

IL-21 is produced by both CD4 + IELs and T-LPLs in CD

To evaluate cell sources of IL-21 in CD mucosa, we performed a
single-cell analysis of IL-21 production by flow cytometry using
IELs and T-LPLs isolated from patients with active and inac-
tive CD and non-CD controls. The fraction of IL-21-produc-
ing CD3 + IELs was significantly higher in active CD patients
as compared with inactive CD patients and normal controls
(Figure 1a). There was no significant difference in the percent-
age of such cells between inactive CD and non-CD samples
(Figure 1a). Similarly, the percentage of IL-21-producing T-LPLs
was significantly higher in patients with active CD as compared
with non-CD controls (Figure 1c). Moreover, IELs and LPLs iso-
lated from active CD biopsies expressed elevated levels of IFN-y
as compared with cells isolated from inactive CD or non-CD
control biopsies (Supplementary Figure S1 online). In active
CD, there was higher percentage of CD4+ and CD4+ CD8 +
T cells as compared with controls (Supplementary Figure S2
online). In both epithelial and lamina propria compartments
of active CD, IL-21 was produced by CD4+ and CD4+CD8+
T cells, whereas CD4 - CD8 + cells and CD4 - CD8 — cells did
not express IL-21 (Figure 1b,d). These data confirm precedent
studies showing that IL-21 is produced by activated CD4 + but
not CD4 - T cells.?”

To confirm the localization of IL-21-producing cells, duode-
nal sections of non-CD controls and active CD patients were
stained with anti-IL-21 antibody. IL-21-positive cells were evi-
dent both in the epithelium and lamina propria of CD patients
(Figure le). Western blotting of extracts of cells isolated from
the epithelium and lamina propria and densitometric analy-
sis of immunoreactive bands revealed that IL-21 expression
was significantly increased in CD patients in comparison with
non-CD controls (Figure 1f,g).

The y/3-positive IELs produce IL-21 in CD

A typical histological feature of CD is the increased infiltration
of the epithelial layer by y/3-positive lymphocytes.?! By flow
cytometry we confirmed that the percentage of y/5-positive
IELs was increased in duodenal biopsies of patients with active
CD and patients with inactive CD as compared with non-CD
controls (Figure 2a). Phenotypic analysis of y/5-positive IELs
in the duodenal mucosa revealed that the majority of them were
negative for both CD4 and CD8 with no difference between
active CD and controls (Supplementary Figure S3A online).
Less than 10% of y/8-positive IELs was CD4 + CD8 — in active

MucosalImmunology | VOLUME 6 NUMBER 2 | MARCH 2013
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CD and this percentage was significantly higher than that
in controls (Supplementary Figure S3A online), thus
confirming previous reports.?? In contrast, the fraction of y/3-
expressing CD8 + CD4 — IELs was significantly higher in con-
trols than in active CD mucosa (Supplementary Figure S3A
online). As CD4+ T cells produce IL-21, we next examined
whether y/5-positive IELs expressed IL-21. Figure 2b shows
that the percentage of IL-21-producing y/d-positive IELs was
increased in active, but not inactive, CD mucosa in comparison
with non-CD controls (Figure 2b). By flow cytometry we also
showed that nearly half of y/3-expressing CD4 + IELs isolated
from the duodenum of active CD patients were positive for
IL-21 (Supplementary Figure S3B online, right panel).

CXCR5-positive T-LPLs are a source of IL-21 in CD

A subset of T cells, termed T follicular helper cells, provides help
to B cells and represents one of the most numerous and impor-
tant subsets of effector T cells in lymphoid tissues.?* T follicular
helper cells express the CXC-chemokine receptor 5 (CXCR5)
and IL-21,24 and have recently been involved in the develop-
ment of immune-mediated diseases.>>2® We next examined
whether in the human duodenum, IL-21-expressing CD4 + cells
were positive for CXCR5. CXCR5+ CD4 + cells were present
in lamina propria mononuclear cell (LPMC) samples of both
controls and CD patients (Figure 3a). Immunofluorescence of
duodenal sections taken from active CD patients showed that
cells positive for both CD4 and CXCR5 were mostly confined
in follicular structures, although some of them were seen in the
lamina propria compartments outside the follicles (Figure 3b,
right panel), thus corroborating previous data.?” Interestingly,
the percentage of IL-21-producing CXCR5 +/CD4 + T cells was
higher in CD than in non-CD controls (Figure 3c).

In CD, the majority of IL-21-producingT cells

coexpress IFN-y

Although in mice IL-21 is mostly produced by Th17 cells,?
studies in human systems indicate that additional T-cell sub-
sets can make IL-21. For example, we have recently shown that
in the inflamed gut of patients with CD, IL-21 is preferentially
synthesized by IFN-y-producing cells.?’ Therefore, we deter-
mined whether in CD mucosa IL-21-producing cells coexpress
Th1- or Th17-related cytokines. Flow cytometry analysis of both
IELs and T-LPLs isolated from active CD biopsies showed that
the majority of IL-21-producing cells coexpressed IFN-v and
to alesser extent IL-17A and IL-22 (Figure 4a,b). Consistently,
more than one-third of IL-21-positive T cells coexpressed T-bet
(Figure 4c), a transcription factor involved in the commitment
of Th1 cells.*®

IL-15 enhances IL-21 production through an Akt-dependent
mechanism

Asin CD, IL-15 targets CD4 + T lymphocytes,® we determined
whether IL-15 controls IL-21 production. To this end, we cul-
tured normal jejunal IELs and T-LPLs with or without IL-15 in
the presence or absence of activating anti-CD3 antibody. IL-15
increased IL-21 and IFN-vy and this was evident at both RNA
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Figure 1 Interleukin- 21 (IL-21) is highly expressed in intraepithelial lymphocytes (IELs) and lamina propria T lymphocytes (T-LPLs) of active celiac
disease (ACD) patients. (a—d) IELs (a) and lamina propria mononuclear cells (LPMCs) (c) were isolated from 7 non-CD controls (NCD), 5 inactive CD
(ICD) patients, and 8 ACD patients, stimulated with phorbol 12-myristate 13-acetate (PMA), ionomycin, and monensin for 5h, and then analyzed for
the expression of CD3 and IL-21 by flow cytometry. Data indicate meanzs.e.m. of all experiments. Right panels of figures a and ¢ show representative
dot plots of IL-21-positive IELs and T-LPLs isolated from the duodenum of 1 NCD, 1 patient with ICD, and 1 patient with ACD. Numbers in the selected
areas indicate the percentage of IL-21-expressing CD3-positive T cells. Staining with control immunoglobulin G (IgG) antibody is also shown. *P<0.05;
**P<0.01. (b) IELs and (d) LPLs gated on CD3 and expressing CD4 and/or CD8 were also evaluated for IL-21 in three patients with ACD. Data indicate
meanzs.e.m. of all experiments. (e) Representative photomicrographs showing IL-21 immunostaining in duodenal paraffin-embedded specimens

from 1 NCD and 1 patient with ACD. Arrows indicate IL-21-positive IELs. Isotype control staining is also shown. (f, g) Representative western blots
showing IL-21 and B-actin in proteins extracted from (f) IELs and (g) LPMCs isolated from NCD controls and ACD patients. One of four independent
experiments is shown. Bottom insets show quantitative analysis of IL-21/3-actin protein ratio, as measured by densitometry scanning of western blots.
Values are expressed in arbitrary units (a.u.) and are the meanzs.e.m. of IELs and LPMC isolated from 4 NCD and 4 ACD patients. *P<0.05; **P<0.01.

and protein levels (Figure 5a-d). The IL-15-mediated induc-  cytometry we next showed that IL-15 increased not only the
ing effect on IL-21 and IFN-vy production was seen even when = percentages of IL-21- or IFN-y-producing cells, but also
cells were stimulated with anti-CD3 (Figure 5a-d). By flow  the fraction of cells coexpressing both cytokines (Figure 5e).
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Figure2 The y/5-positive intraepithelial lymphocytes (IELs) produce interleukin- 21 (IL-21) in celiac disease (CD). (a) IELs isolated from 6 non-CD
controls (NCD), 4 inactive CD (ICD), and 6 active CD (ACD) patients were analyzed for the expression of CD3 and /6 by flow cytometry. Data indicate
meanzs.e.m. of all experiments. *P<0.001. (a, right panels) Representative histograms of y/3-positive CD3+ cells in duodenal IEL samples of 1 NCD,
1 1CD patient, and 1 ACD patient. Numbers indicate the percentage of positive cells. Staining with a control immunoglobulin G (IgG) antibody is also
shown. (b) Percentage of IL-21-producing y/5-positive IELs. Cells were isolated as indicated in a, stimulated with phorbol 12-myristate 13-acetate
(PMA), ionomycin, and monensin for 5h, and analyzed by flow cytometry. Data indicate meanz+s.e.m. of all experiments. *P<0.01. (b, right panels)
Representative dot plots showing IL-21-producing v/8-positive IELs in cell samples isolated from the duodenum of 1 NCD, 1 ICD patient, and 1 ACD
patient. Numbers indicate the percentage of IL-21-producing y/3-positive cells. Staining with a control IgG antibody against v/3 is also shown.

To determine whether IL-15 also regulates the expression of
IL-21 in CXCR5+CD4 + cells, normal jejunal CD4 + LPLs were
either left unstimulated or stimulated with IL-15 and then cul-
tured with or without phorbol 12-myristate 13-acetate (PMA)
and ionomycin. After 5h, cells were assessed by flow cytometry.
Figure 5f shows that nearly 10% of CD4 + LPLs cultured with
medium alone in the absence of PMA and ionomycin were posi-
tive for CXCR5, thus indicating that expression of CXCR5 on
CD4+ LPLs is not secondary to PMA/ionomycin stimulation.
As expected, PMA/ionomycin stimulation doubled the fraction
of CXCR5+CD4 + cells. Treatment of cells with IL-15 increased
the percentage of IL-21-expressing CXCR5 + and CXCR5—
CD4+ LPLs, without affecting the fraction of CD4 + LPLs
expressing CXCR5 (Figure 5f).

Next, we explored mechanisms by which IL-15 regulates
IL-21 production. Analysis of signaling pathways activated in
T cells has previously shown that IL-15 induces strong activation
of STATS5 (signal transducer and activator of transcription 5),

MucosalImmunology | VOLUME 6 NUMBER 2 | MARCH 2013

Akt, and STAT3.31-33 As STAT5 does not regulate IL-21 produc-
tion,** we initially focused our work on Akt. We monitored the
phosphorylation of Akt in normal T-LPLs treated with IL-15
for different time points. By using an antibody that specifically
recognizes Akt phosphorylation on serine 473 (S473) residue,
we showed that IL-15 enhanced Akt activation (Figure 6a,b).
To inhibit Akt, cells were treated with 100 nM wortmannin
(WRT), as previous studies have documented the specificity
of this compound when used at this concentration.?> WRT
abrogated IL-15-induced Akt phosphorylation (Figure 6c) and
significantly reduced IL-15-driven IL-21 and IFN-7 synthesis
(Figure 6d,e). Flow cytometric analysis revealed that WRT
also reduced the fraction of IL-21/IFN-y double-positive cells
(Figure 6f). The fact that suppression of Akt by WRT was not
accompanied by abrogation of IL-15-driven IL-21 production
(Figure 6d-f) prompted us to examine the involvement of other
signaling pathways. As we previously showed that IL-21 produc-
tion in T cells is positively regulated by STAT3,% we examined
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isolated from 6 active CD (ACD) patients and 6 non-CD controls (NCD) were gated on CD3 and analyzed for the expression of CD4 and CXCR5
(CXC-chemokine receptor 5) by flow cytometry. Data indicate mean+s.e.m. of all experiments. (a, right panels) Representative dot plots showing
CXCR5+CD4 + cells in LPMC samples of 1 NCD and 1 ACD patient. Staining with control immunoglobulin G (IgG) antibodies is also shown.
Numbers in the quadrants indicate the percentage of positive cells. (b) Representative microphotographs of CD4 (red)-, CXCR5 (green)-, and

4’ 6-diamidino-2-phenylindole (DAPI; blue)-stained sections of duodenal samples taken from 4 ACD patients. Arrows indicate the presence of
CXCR5-expressing CD4-positive cells (yellow). (b, right panel) Inset shows a follicular structure (x200) with cells coexpressing CXCR5 and
CD4. (c) LPMCs isolated as indicated in a were stimulated with phorbol 12-myristate 13-acetate (PMA), ionomycin, and monensin for 5h

and subsequently analyzed by flow cytometry. CD4 + cells were gated and analyzed for CXCR5 and IL-21. Data indicate mean+s.e.m. of all
experiments. *P<0.05. (c, right panels) The percentage of CD4-positive cells expressing CXCR5 and IL-21 isolated from 1 ACD patient and

1 NCD are shown. Staining with a control IgG antibody against CXCR5 is also shown. Numbers indicate the percentage of IL-21-expressing

CXCR5+CD4+ T cells.

the role of this transcription factor in IL-15-driven IL-21 syn-
thesis. Stimulation of CD4 + LPLs with IL-15 enhanced phos-
phorylation of STAT3 on 705 tyrosine residue, a phenomenon
that associates with activation of STAT3 (Supplementary
Figure S4A online). Inhibition of STAT3 activation with AG490
reduced IL-15-mediated IL-21 induction (Supplementary
Figure S4B and C online). Simultaneous inhibition of AKT and
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STAT3 suppressed almost completely IL-15-driven induction of
IL-21 (Supplementary Figure S4C online). Interestingly, the
prosurvival effect of IL-15 on CD4 + T-LPLs was not affected
by WRT or AG490 (Figure 6g and Supplementary Figure
$4D online), suggesting that the inhibitory effect on IL-15-
induced IL-21 synthesis was not due to a toxic effect of these
compounds.
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Figure 4 Interleukin- 21 (IL-21)-positive intraepithelial lymphocytes (IELs) and lamina propria T lymphocytes (T-LPLs) expressed interferon-y
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phorbol 12-myristate 13-acetate (PMA), ionomycin, and monensin for 5h and subsequently analyzed by flow cytometry for IFN-y, IL-17A, and IL-22.
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1 patient with ACD. Numbers indicate the percentage of IL-21-positive cells expressing T-bet. Staining with control IgG antibodies is also shown.

Activation of Akt in CD mucosa

To confirm that Akt is involved in the control of IL-21 in CD, we
evaluated p-Akt in biopsies taken from active CD patients and
non-CD controls. A more pronounced expression of p-Akt was
seen in CD as compared with controls (Figure 7a). Treatment
of explants, taken from active CD patients, with WRT reduced
IL-21 expression (Figure 7b). In line with the above data, the

MucosalImmunology | VOLUME 6 NUMBER 2 | MARCH 2013

addition of a neutralizing anti-IL-15 to cultures of CD duode-
nal explants reduced p-Akt and IL-21 protein and RNA expres-
sion (Figure 7¢,d). In a final set of experiments we assessed
whether inhibition of endogenous IL-15 negatively regulated
IL-21 induction in biopsies of inactive CD patients stimulated
in vitro with a peptic-tryptic digest of gliadin (PT). Initially, we
determined the variation in the response of individual biopsies
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Figure 5

Interleukin- 15 (IL-15) enhances IL-21 and interferon-y (IFN-y) production in CD4 + lamina propria T lymphocytes (T-LPLs). CD4 + T cells

were isolated from jejunal mucosa and cultured with or without (unstimulated (Unst)) activating anti-CD3 antibody in the presence or absence of IL-
15 for 24 or 48h. (a, b) IL-21 and IFN-y RNA expression was analyzed by real-time PCR after 24 h of culture, (¢, d) whereas supernatants obtained
after 48 h of culture were measured for IL-21 and IFN-y by enzyme-linked immunosorbent assay. Data indicate mean+s.e.m. of three independent
experiments. *P<0.05; **P<0.01; ***P<0.005. (e) CD4 + cells were cultured with or without IL-15 for 48 h. Phorbol 12-myristate 13-acetate (PMA),
ionomycin, and monensin were added in the last 5h of culture, and cells were analyzed for the expression of IFN-y and IL-21 by flow cytometry.

(f) CD4 + cells were cultured as in e. Cultures were then either left untreated (medium) or treated with PMA, ionomycin, and monensin for 5h and
cells were analyzed for the expression of CXCR5 (CXC-chemokine receptor 5) and IL-21 by flow cytometry. Representative dot plots show one of
three experiments in which cells isolated from three normal controls were used and similar results were obtained. Numbers indicate the percentage

of positive cells in the designed gates.

taken from the same patient to PT stimulation in terms of
IL-21 induction. To this end, mucosal explants taken from the
duodenum of inactive CD patients were cultured in the pres-
ence or absence of PT. Cultures were performed in duplicate.
After 24h, IL-21 expression was evaluated by real-time PCR.
Biopsies taken from the same patient and cultured with medium
alone contained similar levels of IL-21 and responded to PT
stimulation with enhanced expression of IL-21 (Supplementary
Figure S5 online). However, there was a variation in the response
to PT, probably reflecting the grade of T-cell infiltration in the

250

single biopsies (Supplementary Figure S5 online). In these
cultures, blockade of IL-15 significantly reduced PT-induced
IL-21 RNA expression (Figure 7e).

DISCUSSION

CD is a disorder characterized by excessive immune response to
ingested wheat gluten and related cereal proteins."? Although
innate immune response seems to be sufficient to elicit epithe-
lial damage, a considerable amount of work has been produced
to indicate that gluten-reactive CD4 + T cells synthesize large
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Figure 6 Interleukin- 15 (IL-15) enhances IL-21 production in CD4 + lamina propria T lymphocytes (T-LPLs) through a mechanism involving the
activation of AKT. (a) Representative western blots showing p-Akt and B-actin in proteins extracted from CD4 + T-LPLs isolated from the jejunum of
normal controls and stimulated with IL-15 (50ngml-") for the indicated time points. (b) CD4 + T-LPLs were isolated and cultured as indicated in a and
analyzed for p-Akt by flow cytometry. Staining with a control immunoglobulin G (IgG) is also shown. Numbers in the quadrants indicate the percentage
of p-Akt-expressing T-LPLs. One of three experiments in which similar results were obtained is shown. (c) Cells were stimulated with or without IL-15
(50ngmi=1) for 30min in the presence of wortmannin (WRT; 100 nw) or dimethyl sulfoxide (DMSO) and then analyzed for p-Akt by flow cytometry.
Numbers indicate the percentage of p-Akt-expressing T-LPLs. One of three experiments in which similar results were obtained is shown. (d, e) CD4 +
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meanzs.e.m. of three independent experiments; *P<0.05. (f) CD4 + T-LPLs were isolated and cultured as indicated in d and e. Phorbol 12-myristate
13-acetate (PMA), ionomycin, and monensin were added in the last 5h of culture, and cells were analyzed for the expression of IL-21 and IFN-y.
Numbers in the dot plots indicate the percentages of IL-21- and/or IFN-y-positive cells. One of four experiments, in which similar results were obtained,
is shown. Unst, unstimulated. (g) Percentage of AnnexinV (AV) +/propidium iodide (PI)—, AV +/Pl+, and AV-/Pl+ CD4 + T-LPLs. Cells were cultured
as indicate in f. Data indicate meanz+s.e.m. of five separate experiments. *P=0.04. Right inset shows representative dot plots showing the percentage
of AV+/Pl-, AV+/Pl+, and AV-/Pl+ CD4+ T-LPLs isolated from the jejunum of 1 control and stimulated with or without IL-15 in the presence of
DMSO or WRT.
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Figure 7 Activation of Akt in celiac disease (CD). (a) Representative
western blots showing p-Akt and B-actin in proteins extracted from of 3
non-CD controls (NCD) and 3 patients with active celiac disease (ACD).
Right inset shows quantitative analysis of p-Akt/f-actin protein ratio,

as measured by densitometry scanning of western blots. Values are
expressed in arbitrary units (a.u.) and are the meanzs.e.m. of 9 NCD
and 9 ACD patients; P=0.03. (b) Western blots showing the content

of interleukin- 21 (IL-21) and B-actin in duodenal biopsies of two CD
patients, cultured with dimethyl sulfoxide (DMSO) or wortmannin (WRT;
100nM) for 24 h. (c) Western blots showing p-Akt, IL-21, and B-actin in
duodenal biopsies of two CD patients, cultured with a neutralizing anti-
human IL-15 antibody or isotype control immunoglobulin G (IgG) for
24h. (d) Duodenal biopsies isolated from three patients with active CD
patients were treated with a neutralizing anti-human IL-15 or control IgG.
After 24 h, tissues were analyzed for IL-21 RNA expression by real-time
PCR. Data indicate meanzs.d. of all experiments. *P<0.01. (e) Duodenal
biopsies isolated from three patients with inactive CD were treated

with a peptic—tryptic digest of gliadin (PT, 1 mgml-) in the presence or
absence of a neutralizing anti-human IL-15 (alL-15) or control IgG. After
24 h, tissues were analyzed for IL-21 RNA expression by real-time PCR.
Data indicate meanzs.d. of all experiments. *P<0.05.

amounts of cytokines, which amplify the ongoing mucosal
inflammation and contribute to the duodenal villous atro-
phy.?37 In this context, we have recently shown that in active
CD, mucosal T lymphocytes produce IL-21 and that this
cytokine sustains the synthesis of both IFN-y and IL-17A.!1:12
Our data are consistent with the recent work by Bodd et al.,'3
showing that in CD, IL-21 and IFN-7y are made by gluten-
specific T cells, whereas IL-17A is produced by nongluten-
specific T cells. Altogether, these observations strongly suggest
arole for IL-21 in CD-associated inflammatory response.

The present study was undertaken to assess which cells pro-
duce IL-21 and how IL-21 production is regulated in CD. By
performing a flow cytometry analysis at single-cell level, we
showed that IL-21 production is more pronounced in patients
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with active CD as compared with patients with inactive CD and
non-CD controls and that in CD mucosa, both CD4 + T cells
and CD4/CD8 double-positive cells express IL-21. However, it
is likely that the contribution of CD4+ CD8 + cells to IL-21 pro-
duction is modest as the duodenal mucosa is infiltrated with a
small number of these cells. This was evident both in the epithe-
lium and lamina propria, as confirmed by immunohistochem-
istry and western blotting. We also showed that y/8-expressing
CD4 + IELs were another source of IL-21 in the human duo-
denum. Increased numbers of y/3-positive cells were observed
in IEL preparations of both active and inactive CD patients,
but the percentage of IL-21-expressing y/8-positive IELs was
upregulated only in active CD. As most y/d-positive IELs do
not seem to recognize peptides in association with major histo-
compatibility complex molecules,?® it is likely that induction of
IL-21 in this cell subset is driven directly by cytokines/molecules
produced within the inflamed intestine following gluten inges-
tion rather than gluten peptides. As discussed below, IL-15 could
accomplish this function.

The exact role of y/5-positive IELs in the pathogenesis of CD
remains unclear. It has been recently suggested that CD8 + y/
8+ NKG2A + IELs exert regulatory functions in CD patients
on a gluten-free diet, as these cells secrete transforming growth
factor-B1 and suppress the IL-15-stimulated cytotoxic activity
of CD8 + IELs.3° We were not able to purify sufficient numbers
of IL-21-producing y/d-positive IELs to carry out functional
studies. However, the fact that the majority of IL-21-expressing
v/8-positive IELs coexpressed the inflammatory cytokine
IFN-vy (Sarra et al., unpublished observations) would suggest
a proinflammatory role of IL-21-producing y/8-positive IELs.
This hypothesis well fits with the demonstration that y/d-posi-
tive T cell-derived IL-21 enhances the production of IL-17A and
IL-17F by CD4 + T cells and contributes to the pathogenesis of
experimental autoimmune pathologies in mice.*’ It is thus con-
ceivable that distinct subsets of y/5-positive IELs can accumulate
during the various stages of CD. In the gut of active CD patients,
where the excessive amount of IL-15 and IL-21 renders T cells
refractory to the suppressive action of transforming growth
factor-B1,>18 effector y/3-positive IELs could predominate. In
contrast, when gluten is withdrawn from the diet and IL-15 and
IL-21 levels diminish, y/3-positive IELs could become regula-
tory under the stimulus of transforming growth factor-f1 and
contribute to the recovery from gluten-driven epithelial damage
and maintenance of mucosal homeostasis.

The majority of IL-21-producing IELs and T-LPLs coex-
pressed IFN-vy, and to a lesser extent IL-17A or IL-22, support-
ing the hypothesis that in the human gut, IL-21 is preferentially
made by Th1 rather than Th2/Th17 cells.!>?%4! Indeed, in active
CD, nearly 40% of IL-21-producing cells were positive for T-bet,
a Thl-related transcription factor.>" These data are in line with
our previous report in which blockade of IL-21 in mucosal sam-
ple taken from active CD patients reduced T-bet expression.'?
Moreover, these findings confirm and expand on our own previ-
ously published studies showing that IL-21 is highly produced in
other Th1-related gastrointestinal inflammatory disorders, such
as CD and Helicobacter pylori-related gastritis.?*4142
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IL-21 is also produced by T follicular helper cells, a newly
defined effector CD4 + T-cell subset that expresses the chemokine
receptor CXCRS5, preferentially localizes to lymphoid tissue, and
provides help to B cells.”” The gut is a lymphoid tissue-rich envi-
ronment and inevitably, cells from lymphoid follicles are present
in LPMC preparations. CXCR5 +CD4 + cells isolated from the
duodenum expressed IL-21, and the fraction of IL-21-producing
CXCR5+CD4 + LPLs was higher in active CD samples than in
control samples. We do not yet know what role is played by IL-21-
producing CXCR5+ CD4 + LPLs in CD, although it is conceiv-
able that these cells could contribute to the enhanced production
of auto-antibodies and promote CD8+ T cell-driven tissue
damage in line with data generated in other systems.?®43

Data of the present work show that IL-15 positively regulates
IL-21 expression in T-LPLs, and that IL-15-mediated IL-21
induction is enhanced by T cell receptor signaling. The positive
effect of IL-15 on IL-21 synthesis was seen in both CXCR5-
positive and CXCR5-negative T cells. Analysis of mechanisms
by which IL-15 controls IL-21 production revealed that IL-15
activates both Akt and STAT3 in intestinal CD4 + LPLs and that
simultaneous inhibition of Akt and STAT3 suppresses almost
completely IL-15-induced IL-21 synthesis. In contrast, the
antiapoptotic effect of IL-15 on intestinal CD4 + lymphocytes
does not seem to rely on Akt, because preincubation of T-LPLs
with WRT did not revert the prosurvival effect of IL-15. These
later findings are consistent with data published by Malamut
et al.,** showing that the pro-survival effect of IL-15 on IELs
is not inhabitable by WRT. Duodenal biopsies of active CD
patients displayed high levels of active Akt, and treatment of
such samples with WRT reduced IL-21 production, thus con-
firming the role of Akt in driving IL-21 synthesis. Consistent
with the above data, blockade of IL-15 in ex vivo cultures of CD
biopsies reduced both Akt phosphorylation and IL-21 produc-
tion. In line with our data is the demonstration that Akt drives
inflammatory signals in other immune-mediated diseases such
as systemic lupus erytemathosus, rheumatoid arthritis, multiple
sclerosis, and type 1 diabetes.*>~*° Studies are now in progress
to dissect the basic mechanisms by which Akt regulates IL-21
production in CD. Further work would also be necessary to
ascertain whether IL-21 positively regulates IL-15 production,
thereby facilitating a positive feedback loop that contributes to
amplify the ongoing mucosal inflammation.

In conclusion, our study provides a detailed analysis of IL-21-
producing T cells in CD mucosa and shows that IL-15 posi-
tively regulates IL-21 production. As IL-21 enhances IL-17A and
IFN-7 synthesis in CD,!!2 our findings contribute to delineate a
scenario in which several cytokines produced by different T-cell
populations help amplify the gluten-driven inflammation.

METHODS

Mucosal samples. Duodenal biopsies were taken from 38 patients with
active CD during upper gastrointestinal endoscopy. The histopathologi-
cal diagnosis of CD was based on typical mucosal lesions with crypt cell
hyperplasia and villous atrophy. All active CD patients were positive
for anti-endomysial and anti-transglutaminase antibodies at the time of
diagnosis. Biopsies were also obtained from 15 inactive CD patients who
adhered to a strict gluten-free diet and were in clinical and histological
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remission and negative for anti-endomysial and anti-transglutaminase
antibodies. Non-CD controls (N=28) were under investigation for gas-
trointestinal symptoms, but had normal histology and no increase in
inflammatory cells. Normal jejunal surgical specimens were available
from eight patients who underwent gastro-jejunal bypass for obesity.
Informed consent was obtained from all patients and controls and the
study protocol was approved by the local ethics committee.

Cell isolation and culture. All reagents were from Sigma-Aldrich
(Milan, Italy) unless specified. LPMCs and IELs were isolated as pre-
viously described!! and resuspended (1x10° per ml) in RPMI-1640
supplemented with 10% fetal bovine serum, penicillin (100 Uml 1),
streptomycin (100 pgml~!), and gentamycin (50 pgml~!; complete
medium; Lonza, Milan, Italy).

LPMC:s were also isolated from jejunum surgical specimens of eight
normal controls. LPMCs were used to purify CD4+ T-LPLs using a
CD4+ cell isolation kit (Miltenyi Biotec, Bologna, Italy) according to
the manufacturer’s instruction. The resulting cell preparations (>95%
CD4 +) contained >85% of viable cells as assessed by flow cytometry.

IELs (2x10°) and T-LPLs (2x10°) were cultured in complete medium
with PMA (40ngml~1), ionomycin (1 mgml~1!), and monensin (2 pv,
eBioscience, San Diego, CA) for 5h, and then assessed by flow cytometry.
Additionally, T-LPLs (1x10° cells per ml) were cultured in complete
medium with recombinant human IL-15 (50 ngml~ L R&D systems,
Minneapolis, MN) in the presence or absence of anti-CD3 (aCD3) activat-
ing antibody (MiltenyiBiotec) WRT (100 nm), AG490 (50 um, DBA Italia,
Milan, Italy), and/or dimethyl sulfoxide (0.1%), harvested at the indicated
time points and analyzed for active Akt and STAT3 by flow cytometry
or western blotting. In parallel, T-LPLs (1x10° cells per ml) were cul-
tured in complete medium with or without recombinant human IL-15,
AG490, WRT, and/or dimethyl sulfoxide for 24 and 48h, and analyzed
for the content of IL-21 and IEN-y by real-time PCR, enzyme-linked
immunosorbent assay, and flow cytometry.

Flow cytometry. Cells were stained with the following monoclonal
anti-human antibodies: fluorescein isothiocyanate (FITC) and allophy-
cocyanin anti-IFN-v, allophycocyanin anti-CXCR5, allophycocyanin
anti-IL-21, anti-T-bet, allophycocyanin, PercP anti-CD4, PercP anti-
CD3, FITC anti-y/6 (clone 11F2; all from Becton Dickinson, Milan,
Italy), PE anti-IL-21, Alexa Fluor 647 anti-IL-17A, Alexa Fluor 647
anti-IL-22 (from eBioscience), FITC anti-CD4 and allophycocyanin
anti-CD8 (from Miltenyi Biotec), and allophycocyanin anti-p-Akt (from
Cell Signaling, Danvers, MA). In all experiments, appropriate isotype
control IgG (Becton Dickinson) was used. All antibodies were used in a
1:50 final dilution. For intracellular staining, cells were fixed and permea-
bilized using IC Fixation buffer and the permeabilization buffer (both
from eBioscience) according to the manufacturer’s instruction.

Immunohistochemistry and immunofluorescence. Tissue sections
from three non-CD controls and three patients with active CD were cut,
deparaffinized, dehydrated through xylene and ethanol, and incubated
with a rabbit anti-human IL-21 antibody (Millipore, Milan, Italy) for
1h at room temperature. Immunoreactive cells were visualized using
MACH4 Universal HRP-Polymer kit with DAB (Biocare Medical, CA),
according to the manufacturer’s instructions, and lightly counterstained
with hematoxylin. Isotype control sections were prepared under identi-
cal immunohistochemical conditions, as described above, replacing the
primary antibody with a purified, normal rabbit IgG control antibody
(Dako, Glostrup, Denmark).

Frozen sections of four active CD patients were also stained with anti-
human CD4 (Santa Cruz Biotechnology, DBA, Milan, Italy) and CXCR5
(1:100 final dilution, R&D Systems) followed by incubation with a highly
sensitive biotinylated secondary antibody (Dako) and Tyramide signal
amplification kit (Perkin Elmer, Waltham, MA) or with cy3-conjugated
secondary antibody (1:200 final dilution, Jackson Immunoresearch,
Starfish, Milan, Italy).
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Organ culture. Duodenal biopsies taken from five active CD patients
were cultured in Agix medium (Aqix, London, UK) supplemented with
1% of L-glutamine, penicillin (100 Uml~1), streptomycin (100 mgml~1),
and gentamycin (50 pgml~!). Biopsies were treated with a neutralizing
monoclonal anti-human IL-15 (R&D Systems) or control IgG (both
used 20 pgml~! final concentration), WRT (100 nm), or dimethyl
sulfoxide. Organ cultures were performed as previously described.!!
After 24 h of culture, mucosal explants were examined for IL-21 and
p-Akt. Duodenal biopsies were also taken from six patients with
inactive CD, and cultured as described above with or without PT
(1mgml~1) in the presence or absence of a neutralizing monoclonal
anti-human IL-15 (R&D Systems) or control IgG (both used 20 g ml~!
final concentration). To assess the variability in the response of biopsies
to gluten stimulation, paired mucosal explants taken from the duode-
num of three patients with inactive CD were cultured with or without
PT; each of these cultures was performed in duplicate. After 24 h of cul-
ture, tissue explants were used for examining IL-21 RNA expression by
real-time PCR.

Protein extraction and western blotting. Proteins were extracted from
freshly isolated IELs and LPMCs, biopsies, and mucosal explants using a
buffer containing 10 mm HEPES (pH 7.9), 1l mm EDTA (pH 8.0), 60 mm
KCl, Nonidet P40 0.2%, 1 mm DTT, 1 mm PMSE, 10 ug ml~! aprotinin,
10 pgml~! leupeptin, 1 mm Na3VO4, and 1 mm NaF. Equal amounts of
total proteins (50 jig per sample) were separated on a 10-12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis.

The membranes were blocked with Tris-buffered saline containing
0.05% Tween 20 and 5% nonfat dry milk and then incubated with anti-
p-Akt, anti-p-Tyr (705)-Stat3 (all used 1:500 final dilution, Santa Cruz
Biotechnology), and anti IL-21 (1:1,000 final dilution, ProSci, Poway,
CA), followed by horseradish peroxidase-conjugated secondary antibod-
ies (Dako, Milan, Italy). Bound antibodies were visualized with the use of
enhanced chemiluminescence (Pierce, S..A.L., Rome, Italy). After detec-
tion of IL-21 and p-Akt, blots were stripped and incubated with a mouse
anti-human B-actin antibody (1:5,000 final dilution) followed by a goat
anti-mouse antibody conjugated to horseradish peroxidase. Computer-
assisted scanning densitometry (Total Lab, AB.EL S.r.l., Rome, Italy) was
used to analyze the intensity of the immunoreactive bands.

RNA extraction, complementary DNA preparation, and real-time PCR.
RNA was extracted by using TRIzol reagent according to the manufac-
turer’s instructions (Invitrogen, Milan, Italy). A constant amount of
RNA (0.5 pg per sample) was retro-transcribed into complementary
DNA, and this was then amplified using a SYBR-green Master mix
(Bio-Rad, Milan, Italy) with the following conditions: denaturation
for 1 min at 95°C, annealing for 30s at 60 °C for B-actin and 58 °C for
18S, IL-21 and IFN-vy followed by 305 of extension at 72°C. Primer
sequence was as follows: B-actin FWD: 5'-AAGATGACCCAGATCAT
GTTTGAGACC-3" and REV: 5'- AGCCAGTCCAGACGCAGGAT-3;
18S FWD 5'-TTCTTAGAGGGACAAGTGGC-3" and REV:
5'-AATGGGGTTCAACGGGTTAC-3"; IL-21 5'-GGAGAGGATT
GTCATCTGTC-3" and REV: 5'-CACAGTTTGTCTCTACATCTTC-3;
IFN-y FWD: 5'-TGGAGACCATCAAGGAAGAC-3" and REV:
5'-GCGTTGGACATTCAAGTCAG-3'. B-Actin was used as housekeep-
ing gene in the experiments performed with biopsies, whereas 18S was
used for studies in which RNA was extracted from cells. Gene expression
was calculated using the AACt algorithm.

Statistical analysis. Differences between groups were compared using
Student’s ¢-test, Wilcoxon test, or the Mann-Whitney U-test.

SUPPLEMENTARY MATERIAL is linked to the online version of the
paper at http://www.nature.com/mi
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