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Blockade of IL-1R signhaling diminishes Paneth cell
depletion and Toxoplasma gondii induced ileitis in mice
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Abstract: Interleukin 1 is a critical inflammatory mediator and involved in host defense to several pathogens. Oral
T. gondii infection causes lethal ileitis in C57BL/6 (BL6) mice and serves to investigate the mechanisms of acute
intestinal inflammation. Here we show that IL-1 is expressed upon oral T. gondii (76K strain) infection in the small
intestine and mediates ileitis as IL-1R1 deficient mice have reduced neutrophil recruitment in the lamina propria,
parasite invasion, inflammatory lesions and enhanced survival as compared to BL6 infected control mice. Protec-
tion in the absence of IL-1R1 signaling was associated with reduced IFN-y expression and preserved Paneth cells,
while these cells were eliminated in infected BL6 mice. Furthermore, blockade of IL-1 by IL-1 antibody attenuated
inflammation in BL6 mice. In conclusion, IL-1 signaling contributes to the inflammatory response with increase IFN-y
expression and Paneth cell depletion upon oral T. gondii infection.
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Introduction

Toxoplasma gondii is an opportunistic parasite
with a worldwide distribution which triggers an
innate immune response characterized by a
rapid recruitment of neutrophils to the site of
infection followed by a strong Thl protective
response associated with the production of
proinflammatory cytokines, including IL-12 and
TNF-a [1, 2]. Neutrophils, dendritic cells and
monocytes/macrophages are recruited and,
the latter two populations are known to synthe-
size IL-12 early after the infection [3]. We
reported previously that IL-17R signalling con-
tributes to T. gondii induced fatal ileitis, since
IL-17RA deficient mice are partially protected to
T. gondii infection [4].

IL-1B is a potent mediator of acute inflamma-
tion and member of the IL-1 family consisting of
Il-1acand B and the receptor antagonist, IL-1Ra,

all the ligands bind to IL-1R1 which associates
with IL-1Racp for cell activation [5]. IL-1 togeth-
er with TGF-B induces IL-17A expression [6].
IL-1B has been shown to induce IL12 and IFN-y
in NK cells contributing to host resistance [3].
Using a mouse model of ileitis induced by oral
infection with Toxoplasma gondii, it has been
described that a crosstalk between IL-15 and
IL-18 promoted intestinal recruitment of inflam-
matory monocytes, via their chemokine recep-
tor CCR1, which was indispensable for their
recruitment into the inflamed gut. These CD11b
Ly6C monocytes produce copious amount of
inflammatory cytokines such as IL-1, IL-6 and
TNF-o [7].

In the present paper, we asked whether IL-1
contributes to T. gondii induced ileitis in mice.
We report that T. gondii induced inflammatory
changes and tissue damage in the ileum are
diminished in IL-1R17 mice with enhanced sur-


http://www.ajcei.us

IL-1 T. gondii infection

vival as compared to BL6 mice, suggesting that
IL-1 contributes to the pathology of T. gondii
infection. Importantly, reduced IFN-y produc-
tion was associated with preserved Paneth
cells in the absence of IL-1R signalling, which
are depleted in infected BL6 mice. Moreover,
IL-1B antibody blockade diminished T. gondii
induced intestinal pathology in BL6 mice.
Therefore, IL-1R1 signalling is involved in intes-
tinal inflammation induced by T. gondii oral
infection.

Materials and methods
Mice

C57BL/6 (BL6) wild type mice, IL-1R17 mice [8],
IL-1a” and IL-1B7 mice [9] were bred in our spe-
cific pathogen free animal facility at CNRS,
Orleans, France. All Knockout (KO) mice were
on the BL6 genetic background. Mice were
maintained in a temperature-controlled (23°C)
facility with a strict 12 h light/dark cycle and
were given free access to food and water. The
experiments were performed with gender-
matched mice aged 8 - 10 weeks. All animal
experimental protocols complied with the
French ethical and animal experiments regula-
tions (see Charte Nationale, Code Rural R 214-
122, 214-124 and European Union Directive
86/609/EEC) and were approved by the “Ethics
Committee for Animal Experimentation of CNRS
Campus Orleans” (CCO), registered (N°3) by the
French National Committee of Ethical Reflexion
for Animal Experimentation (CLE CCO
2012-042).

T. gondii infection

T. gondii 76K stain cysts were prepared by
homogenization, in PBS, of brain tissue extract-
ed from infected CBA/J mice that had been
orally infected with 100 cysts eight weeks ear-
lier. Numeration of cysts was performed by
counting 8 times 10 yL samples of this homog-
enate. The brain suspension containing cysts
was diluted in order to contain 30 cysts for BL6
mice strain and 100 cysts for CBA/J mice strain
per 200 yL and was administered intragastri-
cally to each animal by gavage.

Infections of IL-1R17- mice and IL-1 antibody
neutralization

BL6 and IL-1R1 deficient mice were orally
infected with 30 cysts of the 76K strain as
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described above. Further, infected BL6 mice
received an anti-IL-1f3 antibody (Dr H Gram, F Di
Padova, Novartis Basel) administration (5 ug
per mouse subcutaneously every days until the
beginning of the infection).

The mice were analysed at day 7 for neutrophil
recruitment in the ileum and morphological
alterations of various organs.

RNA extraction and PCR in ileum

lleum from control and infected BL6 mice was
isolated and RNA was extracted. Total RNA
were isolated from 100 mg of intestinal tissue
previously snap-freezed in liquid nitrogen. We
performed RNA extraction in two steps to
obtain better quality. First, RNA was extracted
with RNA TRIzol reagent (Sigma) and then puri-
fied using a commercial kit (RNeasy, Qiagen)
following manufacturer’s instructions. The puri-
fied total RNA were used to generate first-
strand cDNA by reverse transcription using 1 ug
of total RNA, M-MuLV Reverse Transcriptase
(MP Biomedicals) and a random hexamer.
Semi-quantitative PCR were realised using 100
ng of cDNA, 20 uM of each forward and reverse
primer, of dNTP 20 uyM (MP Biomedicals) and
Taq polymerase 1U (Amersham). HPRT expres-
sion was used to normalize the relative expres-
sion levels of IL-1a, IL-13 and IL-1Ra. The prim-
ers used in this study were obtained from
Qiagen. Amplifications were performed as fol-
lows: IL-1a, IL-1B, IL-1Ra: 35 cycles, annealing
temperature of 56°C; HPRT: 35 cycles, anneal-
ing temperature of 60°C.

Parasites in tissues were quantified by a semi
quantitative PCR targeting a repetitive 529-bp
cDNA fragment of T. gondii. Semi-quantitative
PCR were realised using 100 ng of cDNA, 20
MM of each forward and reverse primer (TOX-9,
5-AGGAGAGATATCAGGACTGTAG-3" TOX-10,
5-GCGTCGTCTCGTCTAGATCG-3’), of dNTP 20
UM (MP Biomedicals) and Taq polymerase 1U
(Amersham). A standard curve was performed
using 5000-5 pg T. gondii DNA to quantification
of total cDNA of samples.

Cytokines and chemokines concentration
measurement

The ileum (100 mg) was homogenized and

supernatants were tested for IL-1a, IL-13, IFN-y,
TNF-o0 and KC/CXCL1 using commercial ELISA
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kits (R&D systems) according to the manufac-
turer’s instructions.

Myeloperoxidase activity (MPQO) in ileum

MPO activity was evaluated in tissues of the
small intestines as previously described [4]. In
brief, ileum was flush with saline to remove
fecal content and frozen at -20°C until use.
lleum was homogenized in PBS by Ultra Turrax,
centrifuged and the supernatant was discard-
ed. The pellets were resuspended in 1 mL PBS
containing 0.5% hexadecyltrimethyl ammonium
bromide (HTAB) and 5 mM ethylene-diamine
tetra-acetic acid (EDTA). Following centrifuga-
tion, 150 uL of supernatants were placed in
test tubes with 200 yL PBS-HTAB-EDTA, 1 mL
Hanks’ balanced salt solution (HBSS), 100 uL
of o-dianisidine dihydrochloride (1.25 mg.mL?),
and 100 pL H,0,0.05%. After 15 min of incuba-
tion at 37°C in an agitator, the reaction was
stopped with 100 pL NaN, 1%. The MPO activi-
ty was determined as absorbance at 460 nm.

Microscopic investigations

The ileum was collected 7 days after the infec-
tion, fixed in 4% buffered formaldehyde and
paraffin embedded under standard conditions.
Tissue sections (3 um) were stained with hae-
matoxylin and eosin (HE) . The inflammatory
cell infiltrate, exudate, oedema and mucosal
and epithelium destruction were assessed by a
semi-quantitative score from O to 3 (with
increasing extent). Phloxine tartrazine (PT) his-
tological staining was performed and number
and size of Paneth cells were assessed and
scored from O to 3.

Lamina propria mononuclear cells (LPMC)
isolation and FACS analysis

The small bowel was flushed with PBS, Payer’s
patches and mesentery were removed and it
was opened longitudinally. It was cut into 1 cm
pieces and incubated in PBS/EDTA 3 mM dur-
ing 20 min at 37°C under magnetic agitation.
Pieces were then cut into 1 mm pieces and
incubated in RPMI containing 0.5 mg/mL type
IV collagenase (Life technologies), 1 ng/mL
DNase (DN25, Sigma), 5% FCS (Perbio) and
incubated 15 min at 37°C under magnetic agi-
tation. Tissue debris and cell aggregates were
removed by passage several times over a 10
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mL syringe. Cells were filtered on 70 ym cells
strainers and centrifuged 7 min at 1700 rpm.
Cells pellets were resuspended in 40% percoll
faction, overlayed on the top of a 80% percoll
fraction and centrifuged 20 min at 3000 rpm
without brake. LPMCs are collected in a white
ring at the interphase of the two different per-
coll solutions and washed by RPMI 1640. Cells
were then suspended in RPMI 1640 for experi-
ments and 10° cells/mouse were stained by
anti-CD11b PerCP Cy5.5 (Clone M1/70, BD
pharmingen) and anti-Ly6G PE-Cy7 (Clone
RBL6-8C5, eBioscience) antibodies or by con-
trol isotypes in presence of Fc Block (anti-
CD32/CD16) (Clone 24.G2, BD pharmingen).
FACS staining was assessed on a BD CANTO I
cytometer and analysed with FlowJo Software.

Statistical analysis

The parametric 1-way ANOVA test with multiple
Bonferroni’s comparison test was performed
using the graphpad software. Values are
expressed as mean + SEM. Statistical signifi-
cance was defined at a p-value < 0.05.

Results

T. gondii infection upregulates intestinal IL-1
expression and reduces Th1 cytokines

Oral inoculation with 30 cysts of T. gondii (76K
strain) caused intestinal pathology with a
robust inflammatory response [4]. IL-1 is an
essential proinflammatory cytokine and we
asked whether IL-1x or IL-13 are expressed in
the intestinal wall upon infection. We found
increased llla and ll1b mRNA and protein
expression in the ileum 7 days after the inocu-
lation (Figure 1A and 1B). The natural antago-
nist, IL-1Ra, is also upregulated after 5 days
(Figure 5B), suggesting a homeostatic control.
Oral infection with T. gondii causes a Thl
dependent inflammation in the intestine. We
then asked whether the typical pro-inflammato-
ry Thl cytokine response is altered in the
absence of IL-1R signalling. We analysed pro-
inflammatory cytokines in the ileum of infected
BL6 and IL-1R1 deficient mice. We found dimin-
ished IFN-y and TNF-a production in the ileum
homogenate from T. gondii infected mice at 7
days (Figure 2C and 2D). In addition IL-1x and
IL-1B are reduced in IL-1R17 mice as compared
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with BL6 mice suggesting an autocrine loop
(Figure 2A and 2B).

Therefore, this reduced IFN-y and TNF-a expres-
sion suggests an attenuated Thl response in
the absence of IL-1R1 signalling, in response to
T. gondii.

Reduced T. gondii induced intestinal inflamma-
tion in IL-1R1 deficient mice

According to the diminished proinflammatory
cytokine production in IL-AR1 deficient mice
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Figure 1. T. gondii infection induces IL-1a and B ex-
pression in the ileum. IL-1a and IL-13 protein (A) and
Il1a, lI1b and ll1ra mRNA (B) expression in the ileum
of BL6 mice upon infection. Groups of 5 mice were in-
fected (I: Infected mice) or not (NI: Non-infected mice)
by gavage with 30 T. gondii 76K strain cysts, and the
ileum was analyzed for gene and protein expression
before and at 3, 5 and 7 days. Mean values and SEM
on one representative out of two independent studies
are presented. *P < 0.05; **P < 0.01; ***P < 0.001.

upon T. gondii infection, we expected a reduced
intestinal inflammation in the absence of IL-1R1
signalling. BL6 mice infected orally with 30
cysts of T. gondii developed a severe ileitis with
recruitment of neutrophils (MPO activity),
increased expression of the chemokine KC/
CXCL1, increased parasite load in the intestinal
wall and rapid death (Figure 3A-D). Microscopy
revealed acute ileitis in the ileum with oedema,
erosions, ulcers and inflammatory cell infiltrate
(Figure 3E, 3F).
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Figure 2. Reduced cytokine production in the absence of IL-1R1. IL-1a (A), IL-16 (B), IFN-y (C) and TNF-a (D) protein
level in the ileum of BL6 mice upon T. gondii infection. Groups of 5 mice were infected (I: Infected mice) or not (NI :
Non-infected mice) by gavage with 30 76K cysts, and the ileum was analyzed for protein expression by ELISA at day
7. Mean values and SEM on one representative out of three independent studies are presented. *P < 0.05; **P <

0.01; ***P < 0.001.

By contrast, ileitis was dramatically reduced in
IL-1R1 deficient mice with reduced neutrophil
recruitment (MPO activity), KC/CXCL1 produc-
tion, parasite load, intestinal lesions and a sig-
nificant enhanced survival (Figure 3A-F).
Reduced intestinal inflammation and mucosal
lesions might explain the low parasite uptake,
since the inflammatory milieu enhances the
invasion of the parasite tissues.

To discriminate which ligand was involved in the
IL-1R1-mediated response to T. gondii, we orally
infected IL-1a~~ and IL-13~~ mice [9] and found
that IL-1B7- mice were protected, while IL-1a”
succumbed to acute infection similarly to BL6
control mice (data not shown). Therefore, these
data suggested that IL-1p signalling through
IL-1R1 is essential for T. gondii induced intesti-
nal inflammatory response.
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IL-1R1 dependent recruitment of neutrophils
and inflammatory monocytes in the lamina
propria

Since we demonstrated that the increased
MPO activity and KC/CXCL1 expression upon T.
gondii infection were dependent of IL-1R1 sig-
naling pathway, we further characterize the
inflammatory infiltrate in the ileum using flow
cytometry. We observed that neutrophils
(Figure 4A and 4C) and inflammatory CD11b*
Ly6G™ myeloid cells (Figure 4B, 4C) are recruit-
ed in the lamina propria at 8 days post infection
in BL6 mice. We found a dramatic reduction of
neutrophils (Figure 4B, 4C), but less of CD11b*
Ly6G™ myeloid cells (Figure 4B, 4C) in the
absence of IL-1R1 signaling. Our data suggest
that, in the absence of IL-1R1, reduced neutro-
phil recruitment may contribute to diminished
ileitis.

Am J Clin Exp Immunol 2013;2(1):107-116
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Figure 3. Attenuated ileitis due to T. gondii infection in IL-1R1 deficient mice. Enhanced survival IL-1R17 mice (A),
reduced parasite load in ileum wall (B), reduced MPO activity and KC/CXCL1 protein expression (C, D) and attenu-
ated microscopic inflammatory lesions in the ileum without IL-1R1 and semi-quantitative score of inflammation (E,
F). Groups of 5 mice were infected (I: Infected mice) or not (NI: Non-infected mice) and analyzed at day 7. Mean
values and SEM on one representative out of three independent studies are presented. *P < 0.05; **P < 0.01;

***p < 0.001.

Paneth cell integrity in T. gondii infected IL-1R1

deficient mice

Paneth cells are critical regulators of intestinal

homeostasis
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and produce several mediators

including antimicrobial peptides. A recent study
established that T. gondii infection induces a
disappearance of Paneth cells in an IFN-y
dependent manner [10]. In the present study,
we found that T. gondii infection causes a mas-
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Figure 4. Diminished neutrophils and myeloid cells recruitment in the lamina propria upon T. gondii infection in
IL-1R1 deficient mice. Lamina propria cells were isolated at day 8 after T. gondii infection, stained with Ly6G and
CD11b antibody and analyzed by flow cytometry (C): Neutrophils (A) and CD11b+ Ly6G™ myeloid cells (B). Groups
of 5 mice were used and mean values and SEM from one representative out of two independent studies are pre-

sented. **P < 0.01.

sive depletion of Paneth cells (Figure 5A).
Semi-quantitative assessment confirms a dras-
tic elimination of Paneth cells in T. gondii infect-
ed BL6 mice (Figure 5B). By contrast, degranu-
lation and depletion of Paneth cells is largely
prevented in IL-1R17” mice as compared to
infected BL6 control mice (Figure 5), suggest-
ing that IL-1R1 was required for Paneth cell
loss.
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Neutralisation of IL-13 diminished T. gondii
induced ileitis

Based on our results showing a dimished
inflammatory response in IL-1R17- mice, we
asked whether blockade of IL-1 through the use
of neutralizing IL-13 antibody affects T. gondii
inflammation in BL6 mice. We found that the
administration of IL-13 antibody has a trend to

Am J Clin Exp Immunol 2013;2(1):107-116
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Figure 5. Reduction of Paneth cell depletion in the
absence of IL-1R1 signaling. Paneth cell granules are
visible in the crypt of non-infected (NI) and IL-1R1”
infected (1) mice, but absent in BL6 infected mice (A).
The difference was assessed with a semi-quantita-
tive score (B). Groups of 5 mice were infected (I: In-
fected mice) or not (NI: Non-infected mice) by gavage
with 30 T. gondii 76K strain cysts, and the ileum was
analyzed at 7 days. Mean values and SEM on one
representative out of three independent studies are
presented. **P < 0.01.

reduced MPO and KC/CXCL1 production with-
out altering parasite load (Figure 6A-D). By con-
trast, the administration of the IL-1R antago-
nist, Anakinra, had no effect, which is likely due
to low bioavailability in vivo (data not shown).
Therefore our data suggest that IL-1 neutral-
ization diminishes T. gondii induced acute
ileitis.

Discussion
The present study demonstrated that both

Il and IL-1B are upregulated and critically
involved in the inflammatory response in the
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ileum upon oral T. gondii infection. Thus, the
immunopathology of T. gondii ileitis shares key
features of the inflammatory responses in
inflammatory bowel disease (IBD) in humans
and in models of experimental colitis in rodents
[11]. Since IL-1 is upregulated in patients with
Crohn’s disease [12], inhibitors of IL1 or neu-
tralizing IL-1 antibodies might be beneficial in
these patients.

We reported that inflammation, parasite inva-
sion in the intestinal wall and recruitment of
neutrophils in the ileum are dramatically
reduced in the absence of IL-1R1 signalling.
Furthermore, neutralization of IL-13 upon oral T.
gondii infection attenuated the inflammatory
pathology.

In the absence of IL-1R1 signalling, the Th1l
response is attenuated with reduced IFN-y and
TNF-a production. In addition, we observed
reduced KC/CXCL1 expression which could
account for the diminished neutrophil recruit-
ment resulting in partial protection of IL-1R1
deficient mice.

Recent reports suggested a critical role of
inflammatory monocytes as effector cells of T.
gondii-induced inflammation [13], although
neutrophils contribute to the inflammatory
pathology [14]. Here we confirmed increased
monocytes/macrophages recruitment, but also
neutrophils in accordance with previous reports
showing that neutrophils depletion allowed
controlling parasite replication and increasing
survival of BL6 mice to acute infection induced
by T. gondii. [1, 14] Futhermore this neutrophils
recruitment was reduced in the absence of
IL-1R1 signalling.

Paneth cells play a critical role in intestinal
homeostasis, especially through the produc-
tion of antimicrobial peptides, and intestinal
inflammation encountered in patients with
inflammatory bowel disease (IBD) may deplete
them [15]. The most striking finding of this
study is that Paneth cells integrity is preserved
in the absence of IL-1R1, while they are elimi-
nated in infected BL6 mice. Recently it was
reported that Paneth cells elimination upon T.
gondii infection was dependent of IFN-y pro-
duction [10]. In view of the diminished IFN-y
expression observed in our study, we postulat-
ed that this IFN-y dependent mechanism of
Paneth cell ablation is abrogated in IL-R1 defi-
cient mice.

Am J Clin Exp Immunol 2013;2(1):107-116
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Paneth cells are critical component of protec-
tive mucosal immunity with the production of
antimicrobial peptides and several proinflam-
matory mediators including TNF and IL-17 [16].
However we were unable to detect those medi-
ators in the infected intestines probably due to
low sensitivity of the ELISA protein assays.

TLR9 and TLR11 mediate acute ileal inflamma-
tion in T. gondii model [10, 17] and our results
suggest that IL-1R1 can also be a key mediator
for innate response to parasite by MyD88 sig-
nalling pathway.

In conclusion, our study established that IL-1 is
upregulated upon oral T. gondii (76K strain)
infection and contributes to ileitis based on
diminished acute ileitis in IL-1R1 deficient mice.
Infection mediated Paneth cell deletion was
abrogated in the absence of IL-1R1 signaling
and may be due to reduced IFN-y expression.
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Figure 6. Antibody neutralization of IL-1 attenuates
ileitis in BL6 mice. IL-13 antibody reduces MPO
activity (A), KC (B) in the ileum, and diminishes
parasite load (C). Groups of 5 mice were infected
(I: Infected mice) or not (NI: Non-infected mice) by
gavage with 30 T. gondii 76K strain cysts, and the
ileum was analyzed at 7 days. Mean values and
SEM on one representative out of three indepen-
dent studies are presented. *P < 0.05; **P < 0.01.
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