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TIR8, also known as single Ig IL-1-related receptor, is a member of
the IL-1 receptor/Toll-like receptor (TLR) superfamily, which acts as
an intracellular decoy for components of the signaling pathway.
Here we report that Tir8 has a unique pattern of expression, which
includes mucosal tissues and dendritic cells (DC). Tir8-deficient DC
showed increased cytokine production in response to TLR agonists
(lipopolysaccharide, CpG oligodeoxynucleotides). Tir8-deficient
mice had normal susceptibility to systemic lipopolysaccharide tox-
icity and to i.p. or s.c. inflammation. However, Tir8-deficient mice
were more susceptible to intestinal inflammation. Thus, TIR8 rep-
resents a negative pathway of regulation of the IL-1 receptor/TLR
system, expressed in epithelial cells and DC, crucial for tuning
inflammation in the gastrointestinal tract.

embers of the Toll-like receptor (TLR)-IL-1 receptor

(IL-1R) superfamily play a key role in innate immunity
and inflammation (1-4). TLRs act as sensors for the presence of
microorganisms and activate a complex, multifaceted cellular
response. Agonists that interact with signaling IL-1R and IL-18
receptor complexes initiate an amplification cascade of innate
resistance, contribute to the activation and orientation of
adaptive immunity, and play a key role in inflammatory
conditions (5).

The activity of members of the IL-1R/TLR superfamily is
tightly regulated at multiple levels (5, 6). Released and intra-
cellular isoforms of the IL-1R antagonist block agonistic inter-
actions with formation of a signaling IL-1 receptor complex. The
IL-1 RII and IL-18-binding protein act as decoys for IL-1 and
IL-18 and as dominant negatives at the level of signaling receptor
complexes (6—8). IRAK-M is a negative regulator of TLR
signaling in macrophages (9), and a splice variant of the adaptor
MyD88 (MyD88s) inhibits recruitment of IRAK4 and IL-1/TLR
signaling (10). SOCS-1 is a further negative regulator of the
IL-1R/TLR system (11).

Toll/IL-1R 8 (TIRS8), also known as single Ig IL-1-related
receptor (SIGIRR) (12), is a member of the IL-1R family with
unique properties [Tir8 was originally used when the mouse gene
sequence was deposited by this group in 1998 (GenBank acces-
sion no. AF113795)]. Structurally, it is characterized by a single
extracellular Ig domain, an intracellular TIR domain and 95-aa
cytoplasmic tail (12, 13). Ligands for TIR8/SIGIRR have not
been identified, and searches for accessory functions in signaling
complexes have yielded negative results (12). Recently, TIR8 was
shown to inhibit NF-«B activation by members of the IL-1/TLR
family (13, 14). The inhibitory activity of TIR8 was associated
with trapping of TRAF6 and IRAK1 (14).

Wald et al. (14) have recently generated SIGIRR/Tir8-
deficient mice and found that these animals are more susceptible
to the systemic toxicity of bacterial lipopolysaccharide (LPS).
Here we report that 7ir8§ has a distinct pattern of expression that
includes epithelial tissues and dendritic cells (DC). We gener-
ated Tir8-deficient mice, and these mice showed a selective
increase in susceptibility to intestinal inflammation.
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Thus, TIRS, expressed in epithelial cells and sentinel DC,
represents a negative pathway of regulation of the IL-1R/TLR
system and plays a crucial role in tuning inflammation in the
gastrointestinal tract.

Materials and Methods

Generation of Tir8-Deficient Mice. The genomic library consisted of
mouse 129/Sv liver DNA cloned in the Xhol site of the Lambda
FIX 1I vector (Stratagene). A total of 30 X 10* plaques were
screened with the 32P-labeled Tir8 cDNA. Ten micrograms of a
monophage containing a 15.3-kb insert were analyzed by South-
ern blot with 3?P-labeled oligonucleotides. Three BamHI/
BamHI and two Notl/BamHI fragments were subcloned in
pBluscript and partially sequenced.

To generate the targeting vector, a BamHI/Stul and a Stul/
Stul fragments (6 and 2.3 kb) from a genomic clone containing
exons 1-8 were used. An internal ribosome entry site (IRES)—
LacZ cassette followed by the PGK-neomycin resistance gene
was inserted into exon 2, 51 bp downstream the first ATG, in the
Stul site. After electroporation of R1 embryonic stem cells with
the construct, neomycin-resistant clones were isolated and an-
alyzed by Southern blot analysis after Bg/II or HindIII digestion
using an external probe and an internal Neo probe, respectively
(Fig. 14 and B). Chimeric mice from 1 of 28 targeted embryonic
stem cell clones were established by injection of C57BL/6J
blastocysts and mated with C57BL/6J females (Charles River
Breeding Laboratories) to obtain an outbred line carrying the
mutated 7ir§ alleles. Mice were routinely genotyped by PCR
with two primer sets that detected the wild-type and targeted
allele (Fig. 1B). Phenotypic analysis was performed in a 129/Sv
and C57BL/6J mixed genetic background. 7ir8+/+ mice were
littermates of Tir8—/— mice.

Procedures involving animals and their care were conformed
with institutional guidelines in compliance with national
(4D.L.N.116, G.U., supplement 40, 18-2-1992) and international
law and policies (European Economic Community Council
Directive 86/609, OJ L 358,1,12-12-1987; National Institutes of
Health Guide for the Care and Use of Laboratory Animals, U.S.
National Research Council, 1996). All efforts were made to
minimize the number of animals used and their suffering.

Cells. Mouse DC were generated from pooled CD34+ bone
marrow cells from three to four mice by using granulocyte/
macrophage colony-stimulating factor (GM-CSF) (40 ng/ml)
and Flt3 ligand (100 ng/ml) as described (15). On day 7, DC were
plated at 1 X 10° per ml in 0.5 ml and cultured for 24 h in the

Abbreviations: TLR, Toll-like receptor; IL-1R, IL-1 receptor; SIGIRR, single Ig IL-1-related
receptor; TIR, Toll/IL-1R; LPS, lipopolysaccharide; DC, dendritic cells; DSS, dextran sulfate
sodium.
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Fig. 1. Targeting of the Tir8 gene. (A) The targeting vector (TV), the Tir8

wild-type allele (WT), and the homologous recombinant allele (HR) are shown.
Exons (white blocks), introns (thick line), probes (lettered black blocks), re-
striction fragments, and primers (numbered arrows) are shown. The targeting
vector contained a 6-kb BamHI-Stul fragment, an IRES-lacZ, a PGK-neomycin
resistance cassette (gray block) cloned in the second coding exon, and a 2.3-kb
Stul-Stul fragment. (B) (Left) Southern blot of Bglll-digested genomic DNA
hybridized with probe A, generating a 6.5-kb wild-type restriction fragment
and a 5-kb homologous recombinant restriction fragment. (Right) PCR anal-
ysis of genomic DNA from Tir8 +/+, +/—, and —/— mice. (C) Northern blot of
kidney (K) and colon (C) from Tir8+/+ and —/— mice. Ten micrograms of total
RNA was used in each lane. (Lower) Ethidium bromide stain of the gel.

presence of different stimuli [1-100 ng/ml LPS, 0.02-2 ug/ml
bacterial CpG oligodeoxynucleotide motif GACGTT (CpG
1826) (Invitrogen Life Technologies), 10-100 ug/ml heat-killed
Candida albicans, 5-50 pg/ml poly(I)«(C)].

Murine macrophages were generated from bone marrow cells
or collected from the peritoneal cavity 5 days after the injection
of 1.5 ml 3% sterile thioglycollate (Difco). Human monocytes,
monocyte-derived macrophages, and DC were obtained as
described (16).

mRNA Levels and Cytokine Production. mRNA expression was
assessed by Northern blot analysis on total RNA as described
(13). IL-6, IL-10, IL-12, CCL2, and CXCL10 were measured in
DC supernatants by commercial sandwich ELISA using three
replicates per experimental group.

LPS-Induced Inflammation. Mortality was evaluated twice a day
after injection of 60 mg/kg LPS i.p. (Escherichia coli O55:B5,
Sigma). Neutrophyl recruitment in the lung was assessed by
measuring myeloperoxidase activity as reported (17) 2 h after
LPS treatment (200 pg/kg i.p.). Leukocyte recruitment in the air
pouch model was assessed by local injection of 20 or 200 ng of
LPS as reported (18).

Intestinal Inflammation. For acute colitis, mice were fed 3.5% of
dextran sulfate sodium (DSS) (molecular mass, 40 kDa; ICN)
dissolved in sterile, distilled water ad libitum for 5 days followed
by 5 days of regular drinking water. For chronic colitis, mice were
fed 2% DSS dissolved in sterile, distilled water ad libitum for 5
days followed by 5 days of normal drinking water; this cycle was
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Fig.2. Tir8gene expression. (A) Northern blot analysis of murine tissue total
RNA (10 pg per lane). Specific Tir8 transcripts are shown. (Lower) Ethidium
bromide staining after RNA transfer to the membrane. (B) Murine cell lines.
Freshly isolated or cultured murine (C) or human immunocompetent (D) cells

(Mo, monocytes; M¢, macrophages; iDC, immature DC; mDC, mature DC) are
shown.

repeated three times, resulting in a 30-day experimental period.
Clinical and histological scores were assessed as described (19).
Briefly, for the determination of clinical scores, the body weight
and the presence of occult or gross blood per rectum were
determined daily during the acute course and every other day
during the chronic colitis induction. For bleeding, we used
hemoccult (Beckman Coulter) in coded samples, giving a score
from 0 to 4 depending on the color intensity.

Statistical Analysis. Five to 12 animals per experimental group
were used throughout. Experiments were repeated one to six
times as detailed. Fisher’s exact test and the two-tailed Student
t test were used as appropriate.

Results

Expression of Tir8in Murine Mucosal Tissues and DC. As shown in Fig.
2A4, Tir8§ mRNA was highly expressed in the gut (small intestine,
colon, cecum), the lung, the kidney, and the liver. Accordingly,
the murine colon epithelial cell line Colon 26, the mammary
epithelial line TSA, and the kidney RENCA line expressed high
amounts of the transcript. By contrast, the fibroblast cell line
1929 did not express Tir§ (Fig. 2B).

As shown in Fig. 2C, immature bone marrow-derived DC
expressed appreciable levels of 7ir8, whereas mature DC ob-
tained by exposure to LPS expressed lower levels of the tran-
script. By contrast, 7ir§ expression in macrophages was almost
undetectable. TIR8 expression was also analyzed in human
monocytes, monocyte-derived DC, and macrophages. As shown
in Fig. 2D, immature DC expressed TIR8 and LPS treatment
down-modulated TTR8 expression in this cell type (mature DC).
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Fig.3. Cytokine and chemokine production by bone marrow-derived DCand
macrophages from Tir8—/— mice. Cytokine and chemokine levels were un-
detectable in the supernatants of unstimulated cells from Tir8+/+ and
Tir8—/— mice, and these data are not shown. (A) IL-6 production in response
to different LPS concentrations. Results are mean *+ SE of values from one
representative experiment of six performed. (B) IL-6 production in response to
different stimuli. Results are mean =+ SE of values from one experiment for CpG
1826 and three experiments for C. albicans and poly(l)-(C). (C) CXCL10 pro-
duction (one experiment). (D) Responsiveness to 100 ng/ml LPS of DC and
thioglycollate-elicited peritoneal macrophages. Results are mean = SE from
one experiment with four individual mice for macrophages and from six
experiments for DC; *, P < 0.05; **, P < 0.01 by Student’s ¢ test.

Monocytes expressed low levels of the transcript that were
further reduced upon maturation to macrophages.

Generation of Tir8-Deficient Mice. The murine 7ir§ gene consists of
nine exons spanning ~4 kb (Fig. 14). To assess the in vivo role
of TIRS, we generated 7ir8-deficient mice by homologous
recombination. The targeting vector consisted of a genomic
DNA fragment of 8.3 kb encompassing exons 1-8 of the mouse
Tir8, with an IRES-lacZ cassette followed by the PGK-neomycin
resistance gene integrated in exon 2, 51 bp downstream of the
first coding ATG (Fig. 14). Twenty-eight independently tar-
geted R1 embryonic stem cell clones of 235 tested were identi-
fied by Southern blot hybridization using probe A (Fig. 1 A and
B) after digestion with Bg/II. No evidence for random integration
was detected with probe B (from the neomycin gene) after
digestion with HindIII. One recombinant clone was injected into
C57BL/6J blastocysts to generate germ line chimeras. Tir8
deficiency at the mRNA level was assessed by Northern blot
analysis of tissues using a 450-bp cDNA probe encompassing
exons 1-4 (Fig. 1C).

Heterozygous females and males were normal and fertile and
breeding yielded the predicted number of homozygous null mice
at a Mendelian frequency. Tir8—/— mice were viable, fertile,
and displayed a normal life span in a conventional mouse facility.
Microscopic examination of organs and tissues of young or adult
mice (1-4 months old) did not reveal gross morphological
abnormalities. Complete peripheral blood cell counts and mi-
croscopic examination of blood smears of 7ir§—/— mice (n = 4)
did not show statistically significant differences compared to
Tir8+/+ animals.

Increased Cytokine Production by Tir8—/— DC. As shown in Fig. 2,
DC, unlike mature macrophages, express 7irS. Given the key role
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Fig.4. Responsiveness of Tir8—/— mice to local and systemicinoculation of LPS.

(A) Mortality after injection of LPS i.p. (60 mg/kg). Results presented are a
compound of four experiments with a total of 43 Tir8+/+ and 45 Tir8—/— mice.
No significant difference was observed when each of the four experiments was
analyzed individually. (B) Serum IL-6 levels 2 h after injection of LPS i.p. (200
rg/kg). (C) Myeloperoxidase (MPO) activity in the lungs 2 h after i.p. injection
of 200 ug/kg LPS. (D) Leukocyte recruitment in the air pouch after local injection
of LPS.

of DC as sentinel cells it was important to assess the significance
of this observation. As shown in Fig. 34, where one experiment
representative of six performed is shown, 7ir8—/— DC showed
increased responsiveness to LPS in terms of IL-6 production.
Similar results were obtained when a CpG oligodeoxynucleotide
engaging TLRY was used, whereas no consistent difference was
observed when Candida albicans or poly(I)-(C) (three experi-
ments) was used (Fig. 3B). The better responsiveness of Tir§—/—
DC compared to wild type was also observed when CXCL10/
IP10 (Fig. 3C), IL-10, or IL-12 (not shown, one experiment
performed) were measured. Bone marrow-derived (not shown)
or peritoneal macrophages (Fig. 3D) from Tir8— /— mice showed
normal responsiveness to LPS, as expected on the basis of low
expression of 7ir8.

Selective Increase in Susceptibility to Intestinal Inflammation in
Tir8—/— Mice. The susceptibility of 7irS-deficient mice to a
variety of inflammatory conditions was then investigated. LPS-
induced mortality was evaluated by injecting 60 mg/kg LPS i.p.,
a dose corresponding to about the LDs in 7ir8+/+ mice. In four
experiments performed (two with males and two with females)
with 8-12 mice per group, we did not observe significant
differences in susceptibility to LPS between Tir8—/— and +/+
mice. Fig. 44 shows the cumulative result of the four experiments
performed with a total of 43 Tir8+/+ and 45 Tir8—/— mice.
Systemic LPS-induced inflammation was also assessed by
measuring serum levels of the proinflammatory cytokine IL-6 at
2 h after i.p. injection of 200 pg/kg LPS. As shown in Fig. 4B,
no significant difference was found between 7ir8 +/+ and —/—
mice (n = 5, one experiment performed). We then analyzed
LPS-induced polymorphonuclear cell recruitment in the lungs by
measuring lung myeloperoxidase activity at 2 h after systemic

Garlanda et al.
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Fig. 5.

Intestinal inflammation in Tir8—/— mice. Ten mice per group fed with DSS at the indicated time points (bottom bars). Body weight (A) and bleeding

(B) were determined at different time points. Results are mean = SE from 10 mice (A) or three experiments (B). (C) Histology of control untreated, Tir8+/+

DSS-treated, and Tir8—/— DSS-treated mice on day 30. (Scale bar, 100 xm.)

LPS injection (200 ug/kg, i.p.). In these experimental conditions
we observed a 8-fold increase in myeloperoxidase activity be-
tween untreated or LPS-treated mice, with no significant dif-
ferences between 7ir8+/+ and —/— mice (Fig. 4C) (n = 5, one
experiment performed).

We studied local inflammation by analyzing leukocyte recruit-
ment in two different models, the air pouch and thioglycollate-
induced peritonitis. As shown in Fig. 4D, at 4 h after the injection
of 20 or 200 ng of LPS in the air pouch, we did not observe a
significant difference in leukocyte recruitment between Tir§
+/+ and —/— mice (n = 6). Finally, Tir8 deficiency did not
modify leukocyte recruitment in the peritoneal cavity at the time
points analyzed (5 and 24 h and 5 days) after thioglycollate
injection (data not shown).

Given the expression of 7ir8 in the intestinal tract and in DC,
it was important to investigate the role played in vivo by Tir§ in
intestinal inflammation. DSS-induced colitis is caused by a toxic
effect of DSS on colon epithelial cells followed by phagocytosis
by lamina propria cells and production of proinflammatory
cytokines such as TNFa, IL-6, and IL-1 (20, 21). In the chronic
phase, the slow regeneration after DSS damaged the colon
epithelial barrier causes further perpetuation of intestinal in-
flammation by bacterial products from the lumen and activation
of DC and a T-cell mediated colitis (22). In a first series of three
experiments, DSS-induced acute colitis was studied. Although
only a nonsignificant trend in greater body weight loss in
Tir8—/— mice was observed, Tir8-deficient mice showed in-
creased blood loss with a score of 4 = (0 compared to 2.3 = 0.7
of control mice (data not shown). Chronic bowel inflammation
was then investigated. As shown in Fig. 54, in chronic colitis,
Tir8—/— mice showed an increased weight loss compared to
Tir8+ /+ mice, with, for instance, a body weight of 19 = 0.8 g and
219 *= 04 g for Tir8—/— and +/+, respectively (P < 0.01,
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Student’s ¢ test) on day 10. The difference in body weight was
paralleled by the degree of intestinal bleeding (Fig. 5B). By
histology, Tir§—/— mice showed more severe damage of intes-
tinal mucosa with erosion and inflammatory cell recruitment
(Fig. 5C). The number of mice with gross focal ulcerations was
five of eight in 7ir8—/— mice and two of nine in Tir8+/+.

Discussion

The results presented here show that T7RS has a unique pattern
of expression that includes epithelial cells and DC. Previous
studies have reported that TIRS is expressed in epithelial cells
and tissues but not in myelomonocytic cells (13, 14). Therefore,
the finding that DC derived from monocytes or bone marrow
precursors, which have a definite relationship to the myelomono-
cytic differentiation pathway (23), express TIRS, is unexpected.
DC are heterogeneous. It remains to be established whether
expression of TIRS is shared by diverse DC populations, includ-
ing, for instance, the recently characterized plasmacytoid DC
(23). Given the sentinel function of DC and their localization at
epithelial surfaces, the expression of TIRS in this cell type is
consistent with the view that this molecule has a regulatory role
in epithelial tissues and at mucosal sites.

Genetically deficient mice were generated in an effort to
define nonredundant functions of Tir8. TirS8-deficient DC, but
not macrophages, showed increased responsiveness to LPS and
CpG oligodeoxynucleotides in terms of production of cytokines
and chemokines (IL-6, CXCL10, IL-12, IL-10). LPS and CpG
interact with signaling receptor complexes that include TLR4
and TLRY, respectively (4). Therefore, the finding that 7irS-
deficient DC show increased responsiveness to TLR agonists is
consistent with its pattern of expression and its proposed func-
tion as a negative regulator of IL-1R/TLR signaling.
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Tir8—/— mice showed increased severity of colitis induced by
DSS. Recognition of microbial moieties of the enteric flora and
production of inflammatory cytokines play a key role in intes-
tinal inflammation in experimental systems and in humans
(24-27). For instance, evidence points to a key role of IL-18 and
IL-1e, which is the predominant IL-1 form expressed in epithe-
lial cells, in intestinal inflammation (1, 5, 19, 24, 25). Therefore,
the observation of increased severity of colitis in 7ir8—/— mice
is consistent with a nonredundant regulatory role of this mole-
cule in the gastrointestinal mucosa. It is conceivable that in-
creased production of inflammatory cytokines in response to
tissue damage and exposure to microbial molecules by DC in the
lamina propria and possibly by epithelial cells is responsible of
a more severe colon inflammation in 7ir8—/— mice.

Tir8-deficient mice showed normal inflammatory reactions at
sites other than the gastrointestinal tract, including normal
peritoneal inflammation to thioglycollate and normal systemic
or local inflammation in response to LPS. Wald et al. (14)
reported that SIGIRR/Tir8—/— mice showed increased suscep-
tibility to systemic administration of LPS in terms of mortality.
In the present study, in four separate experiments we observed
no significant difference in LPS toxicity between 7ir§—/— and
+/+ mice. Mononuclear phagocytes and endothelial cells, which
generally do not express TIRS (13, 14), are credited with playing
a central role in endotoxic shock (28, 29). The apparent dis-
crepancy between results reported here and those of Wald et al.
is likely due to the different genetic background and may reflect
a differential involvement in the systemic toxicity of LPS of
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cellular components other than myelomonocytic and endothelial
cells. The restricted pattern of expression of 7/R8 and the
selectivity of the inflammatory phenotype of deficient mice are
consistent with a selective regulatory role of TIRS in epithelial
tissues and mucosal surfaces.

TIRS8 has been shown to dampen signaling in response to
activation of members of IL-1R/TLR superfamily (13, 14).
Evidence suggests that TIRS recruited at signaling receptor
complexes may act as an intracellular decoy trapping key com-
ponents of the transduction cascade (TRAF6 and IRAK) (14).
The increased responsiveness of DC to TLR engagement, in
terms of cytokine production, and the increased severity of
intestinal inflammation in 7ir8 —/— mice is consistent with the
view of this molecule as a molecular trap for components of the
signaling cascade. Thus, TIRS represents a negative pathway of
regulation of the IL-1R/TLR system, with a unique pattern of
expression in epithelial cells and DC, crucial for tuning inflam-
mation in the gastrointestinal tract. Preliminary results (L. Vago,
C.G., and A.M., unpublished data) indicate that TIRS is ex-
pressed in human intestinal mucosa. It will be important to
investigate its expression and involvement in the pathogenesis of
human inflammatory bowel disease.
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