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Figure 1 Reduced thymic stromal lymphopoietin (TSLP) expression in untreated and refractory coeliac disease (CD) mucosa. (A) TSLP expression
was evaluated by immunofluorescence in the duodenum of a refractory, an untreated, a treated, a potential patient with CD and a control subject.
While in untreated and refractory CD mucosa TSLP expression was absent, in treated and potential CD and controls TSLP was expressed both at
epithelial and lamina propria level. Data are representative of staining performed in five refractory (two type 1 and three type 2), eight untreated,
eight treated, three potential patients with CD and eight controls. An isotype antibody was used as negative control. (B) TSLP protein, analysed by
immunoprecipitation in the duodenum of 5 refractory (two type 1 and three type 2), 16 untreated, 14 treated, 4 potential patients with CD and 14
controls. Examples in the upper panel are representative of all patients. Lower panel shows immunoblot densitometry. Results are mean+SEM. (C)
TSLP transcripts (total: short+long TSLP isoforms), quantified by qRT-PCR, in the duodenum of 5 refractory (2 type 1 and 3 type 2), 12 untreated, 15
treated, 4 potential patients with CD and 13 controls. Changes in transcript levels are normalised for either GAPDH or cytokeratin 18 (CK18).
Horizontal bars are mean values. au, arbitrary units.
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Figure 2 Furin overexpression and increased thymic stromal lymphopoietin (TSLP) degradation in untreated coeliac disease (CD) mucosa. (A) Furin
protein was evaluated by immunoblotting in the duodenum of seven untreated and seven treated patients with CD, and seven controls. Examples in
the left panel are representative of all patients. Blots were stripped and analysed for B-actin. Right panel shows immunoblot densitometry. Results
are mean+SEM. (B) Effects of either recombinant human furin or supernatants of biopsies from three refractory, five untreated and five treated
patients with CD and four controls on TSLP integrity. 1 ug/mL recombinant human TSLP was co-incubated with either furin (0.2—200 U/mL) or biopsy
supernatants, then TSLP integrity was evaluated by immunoblotting on reaction products. Furin-mediated TSLP cleavage occurred in a
concentration-dependent manner and was mirrored by decreasing intensity of the band corresponding to intact TSLP. At the highest furin
concentration, a further ~3 kDa TSLP fragment appeared. At 24 h, the band corresponding to intact TSLP is lower after co-incubation with refractory
and untreated CD supernatants than with treated CD and control supernatants. In parallel, we observed a higher intensity of the band
corresponding to cleaved TSLP after 2 h in refractory and untreated CD. Examples shown are representative of all patients. au, arbitrary units.

ex vivo with long or short TSLP (figure 4A). Long TSLP signifi-
cantly (p<0.05) enhanced STATS phosphorylation ex vivo,
whereas short TSLP did not have any effect on STATS phos-
phorylation. Since TSLP inhibits Th1 cell development,® we
evaluated the expression of the Th1-specific transcription factor
T-bet on biopsies from untreated patients with CD cultured ex
vivo with long or short TSLP (figure 4B). Both TSLP isoforms
significantly  (p<0.05) downregulated T-bet expression.
Compared with medium alone (mean 215.3+56.6 pg/mL), both
long and short TSLP significantly (p<0.05) downregulated
IFN-y production by untreated CD biopsies cultured ex vivo
(mean 61.2+19.6 pg/mL and 70.3+23.8 pg/mL, respectively)
(figure 4C). Long and short TSLP induced a significant
(p<0.05) downregulation of IL-8 (mean 4052*1444 pg/mL
and 4408+1250 pg/mL, respectively) compared with unstimu-
lated conditions (mean 9829+1442 pg/mL) (figure 4C).
Additionally, IL-8 was significantly decreased in culture superna-
tants of treated CD (mean 3227+1133 pg/mL, p<0.005) and
controls (mean 43831155 pg/mL, p<0.05) compared with
untreated CD (see online supplementary figure S3A).

In vitro effects of TSLP on IFN-y release by LPMCs and
peripheral blood mononuclear cells

We then addressed whether LPMCs are target of TSLP. Untreated
CD LPMCs express both TSLPR and IL-7Ra (figure 5A). We
then cultured untreated CD LPMCs in ELISPOT plates with long
TSLP in the presence of anti-CD3/CD28 antibodies and evalu-
ated IFN-y spot-forming cells. Long TSLP significantly (p<0.05)
reduced IFN-y spot-forming cells (mean 187.6+55.1/10°) com-
pared with medium (mean 457.8+100.6/10°). Anti-CD3/CD28
induced a significant increase in mean IFN-y spot-forming cells
(827.8+89.8/10°) compared with medium (p<0.05) and long
TSLP (p<0.0005), and the addition of long TSLP significantly

(p<0.05) downregulated IFN-y spot-forming cells (mean 390.2
+120.1/10°) compared with culture with anti-CD3/CD28 anti-
bodies (figure 5B). To explore the effects of furin-exposed long
TSLP on IFN-y production, we co-cultured peripheral blood
mononuclear cells in bidirectional mixed lymphocyte reactions.
Long TSLB at the concentration of 100 and 200 ng/mL, induced
a significant (p<0.05) upregulation of IFN-y production,
whereas furin-exposed long TSLE at the concentration of 25 and
50 ng/mL, significantly (p<0.05) downregulated IFN-y produc-
tion compared with medium alone. Furin alone did not have any
effect on IFN-y release. As expected, vitamin D3 induced a dose-
dependent reduction in IFN-y concentration in culture superna-
tants. Short TSLP significantly (p<0.05) reduced IFN-y produc-
tion (see online supplementary figure $4).

Ex vivo and in vitro effects of TSLP on MMP-3, MMP-9 and
TIMP-1

In untreated CD, there is increased MMP activation, thus
we analysed the ex vivo effects of long TSLP on MMP and
TIMP-1 production by untreated CD biopsies. Long TSLP sig-
nificantly (p<0.01) downregulated MMP-3, whereas it did not
change MMP-9 or TIMP-1 production (figure 6A). As intestinal
myofibroblasts are an important MMP source,”” *° we assessed
the in vitro effects of long TSLP on untreated CD myofibroblast
production of MMPs and TIMP-1. Untreated CD myofibroblasts
expressed TSLPR and IL-7Ro, both when freshly isolated
(figure 6B) and at passage 4 (figure 6C). Supernatants of myofi-
broblasts cultured with long TSLP showed significantly
(p<0.01) lower MMP-3 levels than unstimulated myofibro-
blasts, whereas long TSLP did not induce any significant change
in MMP-9 and TIMP-1 production (figure 6D). Long TSLP sig-
nificantly (p<0.005) downregulated IL-8 production by
untreated CD myofibroblasts compared with medium only
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Figure 3  Thymic stromal lymphopoietin receptor (TSLPR) and interleukin (IL)-7Ro: expression in coeliac disease (CD) mucosa. (A) Mucosal TSLPR,
evaluated by immunofluorescence, in the duodenum of a refractory, an untreated, a treated, a potential patient with CD and a control subject. No
difference was found in TSLPR expression both at epithelial and lamina propria level in all groups studied. Data are representative of staining
performed in five refractory (two type 1 and three type 2), eight untreated, eight treated, three potential patients with CD and eight controls. An
isotype antibody was used as negative control. (B) TSLPR and IL-7Rc. protein, evaluated by immunoblotting, in the duodenum of 5 refractory (2 type
1 and 3 type 2), 16 untreated, 14 treated, 4 potential patients with CD and 14 controls. Examples in the upper panel are representative of all
patients. Blots were stripped and analysed for 3-actin. Lower panels show immunoblot densitometry. Results are mean=SEM. (C) TSLPR transcripts,
quantified by gRT-PCR, in the duodenum of 5 refractory (2 type 1 and 3 type 2), 12 untreated, 15 treated, 4 potential patients with CD and 13
controls. Changes in TSLPR transcripts are shown after normalisation with either GAPDH or cytokeratin 18 (CK18). Horizontal bars are mean values.
au, arbitrary units.
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Figure 4 Ex vivo effects of long and short thymic stromal lymphopoietin (TSLP) on cytokine production by untreated coeliac disease (CD) mucosa.
Recombinant human long or short TSLP were cultured with biopsies from six untreated patients with CD and after 24 h culture phospho-signal
transducer and activator of transcription (pSTAT)5 (A) and T-bet expression (B) was evaluated in mucosal homogenates by immunoblotting, while
interferon (IFN)-y and interleukin (IL)-8 production (C) was evaluated on biopsy supernatants by ELISA. Blots for pSTAT5 and T-bet were stripped and
respectively analysed for STAT5 and B-actin. Examples shown are representative of all patients. Right panel shows immunoblot densitometry. Results

are mean=SEM. Cytokine levels are mean=SEM. au, arbitrary units.

(from mean 218.5+37.2 pg/mL to 13.5+11.9 pg/mL) (see
online supplementary figure S3B).

DISCUSSION

TSLE an immunoregulatory cytokine constitutively expressed by
enterocytes, plays an important role in preserving mucosal toler-
ance during homeostasis in the gut.>! Conversely, mucosal TSLP
deficiency has been reported in Crohn’s disease, and this contri-
butes to chronic inflammation due to the consequent impair-
ment in tolerogenic dendritic cell differentiation.’ *° In keeping
with the findings by Fornasa et al,” we observed that both long
and short TSLP mucosal transcripts are reduced in active
patients with CD compared with treated CD and controls. In
the atrophic duodenal mucosa of both untreated and refractory
patients with CD, we observed a marked TSLP reduction both

at gene and protein levels. In parallel, we found a reduced
number of epithelial cells per unit length of muscularis mucosae
in refractory and untreated CD mucosa, suggesting that reduced
TSLP may be a consequence of enterocyte loss. However, TSLP
reduction in active CD was confirmed upon normalising TSLP
transcripts for the epithelium-specific gene CK18, and this indi-
cates that this deficiency is at least in part irrespective of the epi-
thelial damage. There was no difference in mucosal TSLP
expression both at protein and mRNA levels between type 1
and 2 refractory CD. TSLP expression normalised in treated
CD, suggesting that TSLP deficiency might not be a primary
defect in CD. This concept is further supported by unchanged
TSLP content in architecturally normal potential CD mucosa.
As an additional mechanism to explain TSLP defect in CD,
we hypothesised an increased TSLP degradation by furin, a
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(CD) lamina propria mononuclear cells (LPMCs). (A) TSLP receptor (TSLPR) and interleukin (IL)-7Ra. protein, detected by immunoblotting, on lysates
of LPMCs isolated from two untreated patients with CD. Blots were stripped and analysed for B-actin. (B) Proportion of IFN-y-secreting LPMCs from
the duodenum of five untreated patients with CD evaluated through ELISPOT assay after in vitro stimulation with recombinant human TSLP. The
photographs displayed in the upper panels, showing IFN-y ELISPOTs derived from LPMCs unstimulated or stimulated with TSLP in the absence or
presence of anti-CD3/CD28 antibodies («CD3/CD28), are representative of all experiments performed. The frequency of IFN-y-secreting LPMCs is
shown in the lower panel as the mean number of IFN-y spot-forming cells (SFCs) per 10° LPMCs corrected for background. Values are mean+SEM.

calcium-dependent serine endoprotease capable of cleaving
TSLPR**~28 Furin was overexpressed in active CD mucosa com-
pared with both treated CD and controls. We then verified in an
in vitro cleavage assay whether supernatants of duodenal biop-
sies could degrade long TSLP Untreated and refractory CD
supernatants showed a higher TSLP-degrading ability compared
with treated CD and control supernatants, as shown by the
higher intensity of the cleavage fragment after 2h and the
reduced intensity of the band corresponding to intact long
TSLP Therefore, cleavage may represent an additional mechan-
ism accounting for TSLP deficiency in untreated CD.

TSLP exerts its functions by binding to the heterodimer
formed by IL-7Ro and TSLPR. We observed comparable levels
of both TSLPR and IL-7Ra in the duodenal mucosa of refrac-
tory, untreated, treated and potential CD and controls.
Moreover, we could detect both TSLPR and IL-7Ra in the
lysates from unfractionated duodenal LPMCs and myofibro-
blasts from the duodenal mucosa of untreated patients with CD.
The evidence that TSLPR co-localises with CD11¢c and CD14
on the surface of LPMCs in untreated CD supports the notion
that TSLPR is expressed by mucosal phagocytes, in keeping
with the well-known increased lamina propria dendritic cell
infiltration in untreated CD."®

TSLP reduction in active CD mucosa may have important
immunological consequences. Since TSLP signalling through
TSLPR results in downstream STATS phosphorylation,>* we
evaluated pSTATS in untreated CD biopsies challenged with
long or short TSLR Only long TSLP upregulated pSTATS,
whereas short TSLP was unable to induce STATS phosphoryl-
ation, in keeping with previous observations.® * We observed
that both long and short TSLP downregulate T-bet expression
and IFN-y production by untreated CD biopsies. Moreover, the
number of IFN-y-producing untreated CD LPMCs, which
expressed TSLPR, was reduced by the culture with long TSLE
in keeping with the demonstration that TSLP may exert its

action directly on mucosal T cells.>® * These findings support
the concept that TSLP deficiency in active CD may have a role
in upregulating the Th1 mucosal immune response, which plays
a crucial role in the development of villous atrophy.'® 12 13
While our results confirm the anti-inflammatory properties of
short TSLE the reduction of IFN-y production observed upon
culture with long TSLP is in apparent contrast with the results
of Fornasa et al,” who reported that the long isoform is respon-
sible for an increased IFN-y production in human mixed
lymphocyte reaction. In the same type of in vitro experiment,
we observed that furin-exposed long TSLP induces a reduction
of IFN-y release by peripheral blood mononuclear cells to a
similar extent as short TSLP The effects of long TSLP on IFN-y
production by untreated CD biopsies and LPMCs may derive
from TSLP proteolytic cleavage, in keeping with our results on
TSLP degradation by active CD organ culture supernatants and
furin. Additionally, both long and short TSLP reduced untreated
CD biopsy production of IL-8, a chemokine promoting immune
cell recruitment into inflamed gut, and which we showed to be
produced in excess by untreated CD biopsies grown ex vivo.
Based on recent findings showing a marked TSLP upregulation
in several chronic inflammatory disorders characterised by dysre-
gulated tissue remodelling,>*~¢ a role for TSLP in modulating
extracellular matrix turnover was proposed. Since abnormal
extracellular matrix turnover is implicated in promoting villous
atrophy in CD," 2° 37 we assessed the ex vivo influence of long
TSLP on MMP-3, MMP-9 and TIMP-1 release.”® TSLP addition
to active CD biopsies led to a significant MMP-3, but not
MMP-9 and TIMP-1, reduction. As intestinal myofibroblasts are
among the most important MMP-producing cell types,?® 3° upon
having verified their expression of TSLPR and IL-7Ro in CD, we
evaluated long TSLP effect on production of MMPs by untreated
CD myofibroblasts. TSLP markedly reduced MMP-3 production.
These findings suggest that TSLP deficiency may contribute to
tissue damage by upregulating MMP-3, confirming the
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Figure 6 Ex vivo and in vitro effects of long thymic stromal lymphopoietin (TSLP) on matrix-metalloproteinase (MMP) production by untreated
coeliac disease (CD) mucosa and myofibroblasts. (A) Recombinant human long TSLP was cultured with biopsies from six untreated patients with CD
and after 24 h culture MMP-3, MMP-9 and tissue inhibitor of matrix metalloproteinase-1 (TIMP-1) production was evaluated by immunoblotting in
biopsy supernatants. Examples shown in the upper panel are representative of all experiments. Blots were stripped and analysed for B-actin. Lower
panel shows immunoblot densitometry. Results are mean+SEM. (B) TSLP receptor (TSLPR) and interleukin (IL)-7Ro protein, detected by
immunoblotting, on lysates of mucosal myofibroblasts freshly isolated from two untreated patients with CD. Blots were stripped and analysed for
B-actin. (C) TSLPR and IL-7Ra. protein, detected by immunoblotting, on lysates of mucosal myofibroblasts isolated from two untreated patients with
CD and cultured until passage 4. Blots were stripped and analysed for B-actin. (D) Effect of TSLP on MMP-3, MMP-9 and TIMP-1 release by
untreated CD myofibroblasts. Examples shown in the upper panel are representative of six independent experiments on two different cell lines. Blots
were stripped and analysed for B-actin. Lower panel shows immunoblot densitometry. Results are expressed as mean band intensity (arbitrary units)
+SEM. au, arbitrary units.
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