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IL-10-deficient mice exhibit spontaneous enterocolitis and other symptoms akin to Crohn’s disease, indicating that IL-10 might
regulate normal physiology in the gut. However, clinical trials with IL-10 in Crohn’s disease were disappointing, although some
patients showed healing of intestinal mucosa. This study searched for genetic polymorphisms within the IL-10 pathway. We
decided to screen for mutations of thd L-10R1 cDNA in healthy volunteers and Crohn'’s disease patients and identified two novel
variants: a serine 138-to-glycine (S138G) and a glycine 330-to-arginine (G330R) substitution. The allelic frequency in a European
cohort was relatively high (16% for the S138G and 33% for the G330R), and S138G was in strong linkage disequilibrium with
G330R. A similar allele frequency was found in a group of Crohn’s patients. In IL-10R1 G330R-expressing monocytes, the
inhibitory effect of IL-10 on TNF- « production was diminished, indicating that this variant may be a loss-of-function allele. No
such difference was observed between haplotypes 4 (G330R only) and 7 (S138G and G330R). In addition, these IL-10R1 variants
had no influence on the IL-10R1 expression density. Structural analysis of the S138G variant revealed that the substitution of
S138G may interfere with binding of IL-10 to IL-10R1. The Journal of Immunology, 2003, 170: 5578-5582.

regulatory activities, which affect both innate and cell-medi- ing and signal transduction, whereas the IL-10R2 subunit (previ-

ated immunity (1). The main characteristic phenotype of theously described as cytokine receptor family 2—4) is thought to be
IL-10 knockout mouse, spontaneous enterocolitis (2, 3), and theequired for signaling only (11, 12). Interaction of IL-10 with the
demonstration of IL-10 in the mucosa of patients with active IL-10R complex stabilizes dimerization of both IL-10R subunits,
Crohn’s disease (4) have suggested that IL-10 regulates the iractivates phosphorylation of the receptor-associated Janus tyrosine
flammatory response in the gut. Increased leukocyte infiltration hakinases, Janus kinase (JAK)and TYK2 (13, 14), and induces
been demonstrated in enterocolitic lesions of Crohn’s disease wit8 TAT3- and STAT1-mediated signal transduction (15-17). Dele-
the presence of elevated numbers of activated macrophages atidn of genes of the IL-10 signaling pathway, such as the ablation
neutrophils indicating that these cell types may be partly responef IL-10R2 or myeloid-specific deletion o8TAT3, showed dys-
sible for the tissue destruction. Macrophages are a major source oégulated inflammation similar to that seen in the 1L-10 knockout
IL-10 as well as carriers of IL-10Rs, which allow these cells to intestine (11, 18). However, in humans, no inflammatory bowel dis-
exert auto- and paracrine control on the inflammatory process bgase-specific alteration of the IL-10 pathway has been identified (19).
down-regulating an array of proinflammatory mediators, such as Despite the evidence for an association between IL-10 defi-
TNF-q, IL-1, IL-6, IL-12, IFN-a, GM-CSF, and G-CSF, and up- ciency and inflammatory bowel disease, clinical trials of IL-10 in
regulating cytokine inhibitors including IL-1R antagonist and the Crohn’s have been disappointing (20—22). However, healing of
shedding of soluble TNRERs (5, 6). Furthermore, IL-10 also in- intestinal Crohn’s disease lesions was observed in some patients.
hibits matrix metalloproteinase synthesis and increases the releas#oreover, no such mucosal healing or improvement in disease
of tissue inhibitor of metalloproteinase-1, thus potentially limiting pathology was observed in placebo-treated controls (21). These
tissue destruction (7). findings led to the hypothesis that mucosal healing in inflammatory

The human IL-10R is a heterotetramer composed of two of eaclbowel disease upon IL-10 treatment could be dependent on genetic

of the receptor chains (IL-10R1 and IL-10R2), which belong to thevariations between subgroups of patients. Previous work has explored
IFNR-like or class Il cytokine receptors (8—10). The IL-10R1 the possibility that the polymorphic nature of thel0 promoter re-
gion might be associated with intestinal inflammation in particular
subgroups of patients (23-25). We chose to screen for mutations in
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cSNPs was done in 310 DNA samples from European control subjects
(mean age, 41 years (39-43); 55% female) and 100 European Crohn's
disease patients (mean age, 35 years (32-37); 53% female).

Screening of the IL-10R1 cDNA for sequence variants

Total RNA was extracted from PBMC using TRI-reagent (Molecular Re-
search Center, Cincinnati, OH). One microgram of total RNA was used for
the first-strand cDNA synthesis using the oligo(dT),g primer and Super-
Script I RNase H™ reverse transcriptase (Life Technologies, Gaithersburg,
MD). The entire IL-10R1 coding region was analyzed by PCR and cycle
sequencing of four overlapping fragments. For analysis of the 5'-untrans-
lated region, the 5'-rapid amplification of cDNA ends, abridged, anchored
primer was used (Life Technologies). The following primer pairs were
used: IL-10R1-1, 5'-GGCCACGCGTCGACTAGTACGGGIIGGGIIGG
GlIG-3' and 5'-GGCAATCTCATACTCTCGGAAG-3'; IL-10R1-2, 5'-
TCATCCTCGGGAAGATTCAG-3' and 5'-GTCCAAGTTCTTCAGCT
CTGG-3'; IL-10R1-3, 5'-TTCATCAGCCAGCGTCCCTC-3" and 5'-TG
GTCTGCCTCAGGTAACCC-3'; and IL-10R1-4, 5'-CAGGGTTACCT
GAGGCAGAC-3' and 5'-TGCCTCGTGCCTAACTTCTG-3'.

Genotyping of sequence variants

Two alele-specific PCRs were designed for detection of S138G (single
nucleotide polymorphism (SNP)3) and G330R (SNP4) in genomic DNA.
The primer sequences for IL-10R1-SNP3 are the following: P-138, 5'-
TCAGCCCTCAAGTCTCATGGTATTC-3", Q-138, 5'-TTGCTTCATC
TACAAGGGCTCTGG-3', A-138, 5'-GGGCGGGGCGGCRAATGACA
CATATGAAA-3', and B-138, 5'-GGGGCGGGGCGAAGTGACTGAAG
ATGCC-3'. Primer A-138 was specifically designed with R (A+G) to
avoid interference with a G-to-A polymorphism at position 520 (SNP2;
Table 1) of the IL-10R1 cDNA (26). The primers for IL-10R1-SNP4 were
the following: P-330, 5-CCCTTCATCTTCATCAGCCAGCGTC-3',
Q-330, 5'-CTCAGGTAACCCTGGAATGCCACAG-3’, A-330, 5'-GC
CGGGGGGGAGAACGCTGGGAAACG-3', and B-330, 5'-GGGGGC
GGGCCACAGGGGGCTCCCT-3'.

The PCR products of the SNP3 reaction are 464 bp (control PQ-138),
337 bp (wild-type AQ-138), and 183 bp (variant PB-138). The PCR prod-
ucts of the SNP4 reaction are 515 bp (control PQ-330), 318 bp (wild-type
AQ-330), and 248 bp (variant PB-330). Forty cycles of amplification were
performed with AmpliTag Gold (Applied Biosystems, Foster City, CA).
The accuracy of both assays was verified by comparison to cycle sequenc-
ing in 50 DNA samples.

Because the S138G (S\P3) is located only 16 nt downstream of the
previously identified SNP2 (A520G; Table |) (26), alele-specific linkage
analysis was performed between SNP3 and SNP2 in 90 control individuals
who carried at least one copy of SNP3. Two alele-specific PCRs were
performed using the primers P-138 and B-138 (SNP3 variant allele) or
P-138 and B-138wt (SNP3 wild-type alele): 5'-GGGGCGGGGCGA
AGTGACTGAAGATGCTT-3', followed by cycle sequencing of the PCR
products (183 bp) with primer P-138.

Inhibition of monocyte TNF-« production

Monocytes from 61 volunteers were isolated by centrifugation elutriation
and seeded at 2 X 10° cells/well in 96-well plates in triplicate. After 1-h
preincubation, LPS (10 ng/ml; Sigma-Aldrich, Poole, Dorset, U.K.) and
recombinant human IL-10 (100—-0.01 ng/ml; R&D Systems, Abingdon,
Oxon, U.K.) were added. Supernatants were harvested after 24-h incuba
tion, and TNF-a expression was analyzed by ELISA (BD PharMingen,
Cowley, Oxford, U.K.). The IL-10 concentrations at 50% TNF-« inhibition
(ICs) and the maximal inhibition of TNF-« production at 100 ng/ml IL-10,
expressed as percentage of control cultures (percentage maximal inhibi-
tion), were determined. 1Cg, values were calculated using Microcal Origin
5.0 (Microcal Software, Northampton, MA) and normalized for interbatch
variation. DNA was extracted from monocytes of the same donors and used
for subsequent SNP genotyping.

IL-10R1 expression

PBMC of 70 volunteers were isolated from 8.5 ml of whole blood using
Ficoll-Pague Plus (Amersham Pharmacia Biotech, Uppsala, Sweden). Cells
were stained for 30 min at 4°C both with an anti-IL-10R1-PE mAb (clone
37607.11; R&D Systems), or an isotype control, and with anti-CD14-FITC
mAb (MY4; Coulter, Miami, FL). Flow cytometry was performed on a
FACScan (BD Biosciences, Mountain View, CA) using CellQuest acqui-
sition software (BD Biosciences). Calculations were performed using Win-
MDI 2.8 (http://facs.scripps.edu). The IL-10R1 expression was determined
as a percentage of |L-10R1-positive monocytes and as normalized median
fluorescence intensity (MFI).
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Structural analysis of the IL-10/IL-10R1 complex

Atomic coordinates of the IL-10/IL-10R1 complex have been used to gen-
erate a tentative structural model of the IL-10R1 S138G variant. At the
beginning, coordinates form a computer model of the complex (27), and at
the end, coordinates of the crystal structure (28) were used. Program O (29)
was used for analysis, and the program RIBBONS (30) was used to gen-
erate Fig. 3.

Satistical analysis

Tests for conformity to Hardy-Weinberg equilibrium were done using a
standard x? (1 df) to test differences between observed and expected ge-
notype distributions for both SNPs based on control population allele fre-
quencies. The significance of the differencesin allele frequencies was com-
pared between the Crohn’s disease patient and control groups using 2 X 2
tables and standard x? tests (1 df). Similarly, the significance of the dif-
ferences in genotype frequencies was compared between the Crohn’s dis-
ease patient and control groups using 2 X 3 tables and standard x? tests (2
df). Haplotypes were estimated from genotype data using an expectation-
maximization algorithm as implemented by the program EH (31). Haplo-
type frequencies were compared between Crohn’s disease patient and con-
trol groups using a 2 X 4 table and standard x? test (3 df). Linkage
disequilibrium between SNP marker alleles were derived from the 2 X 2
table using the measure D’ (32). Results from monocyte inhibition and
IL-10R1 expression studies were compared using the Kruskal-Wallis and
the Mann-Whitney test.

Results
Novel IL-10R1 variants

Based on our hypothesis that an intestinal response to IL-10 ther-
apy in Crohn’s disease patients might be genetically defined, we
screened for mutations in IL-10R1. IL-10R1 cDNA (GenBank ac-
cession no. U00672) was sequenced from 10 unrelated control
subjects and from seven Crohn’'s disease individuals. In five of
seven Crohn’'s disease patients and 3 of 10 control subjects, a
G-to-A transition at position 1112 was detected causing a substi-
tution of glycine (G)330 (mature protein numbering) to arginine
(R) (G330R or SNP4). All but one of these patients were heterozy-
gous for this mutation. In the patient with the homozygous muta-
tion, one alele carried an additional A536G mutation, which
causes a substitution of serine (S)138 to glycine (S138G or SNP3).
We also detected a silent substitution at G586A in asingle allele
(SNP5). Seven dleles were found with the previously described
silent variation at G520A (SNP2) and none at G241A (26). Six
additional SNPs had been submitted to the National Center for
Biotechnology Information SNP database (GenBank accession no.
NM_001558), two of which also cause an amino acid substitution
(SNP6 and SNP8; Table I).

Tablel. SNPsin the IL-10R1 cDNA

Nucleotide Amino Acid PubMed
Position Position Reference
NP1 G241A AGBOA rs2229112
S\P2?2 G520A A153A rs3135931
(rs2256111)

S\P3? A536G S138G rs3135932
S\P5? G586A P175P rs2228054
S\P6 A731G 1203V rs2228055
NP7 C1033T T324T rs2229115
NP4 G1112A G330R rs2229113
S\P8 C1320T S420L rs2229114
S\NP9 C1929T 3 UTR® 1s752174
S\NP10 A3331G 3" UTR rs11263
S\P11 A3524G 3" UTR rs9610

2 Described in this article.
PUTR, Untranslated region.
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Population genotyping

Two multiplex PCR assays were developed for genotyping of
NP3 and SNP4 in larger populations (Fig. 1). For the variant
G330R (SNP4), there were 204 of 620 variant aleles (32.9%), and
for variant S138G (SNP3), there were 100 of 620 variant alleles
(16.1%; Table I1). For both variant sites, genotype proportions did
not significantly deviate from Hardy-Weinberg equilibrium. At the
NP4 locus, we found 10.6% (10.9% expected) homozygous vari-
ant, 44.6% (44.2% expected) heterozygous, and 44.8% (44.9% ex-
pected) homozygous wild-type individuals (x> = 0.03; p = 0.86).
At the SNP3 |ocus, there were 3.2% (2.5% expected) homozygous,
25.8% (26.9% expected) heterozygous and 71.0% (70.5% ex-
pected) homozygous wild-type individuals (x> = 0.70; p = 0.40).
NP3 wasin strong linkage disequilibrium with SNP4 (D’ = 0.94;
p < 0.001). Four hundred and twelve (66.5%) of al aleles were
wild-type at both SNP3 and SNP4 (haplotype 1), 108 (17.4%) al-
leles carried SNP4 only (haplotype 4), 4 (0.6%) aleles carried
NP3 only (haplotype 3), and 96 (15.5%) carried both SNP3 and
NP4 variants (haplotype 7). We also examined the IL-10R1 SNP
status in 100 Crohn's disease patients. In this population, geno-
type, allele, and haplotype frequencies of SNP3 and SNP4 were
similar to those of controls (Table I1).

S\P3 is located 16 nt downstream of the previously identified
NP2 (A520G; Table I). In Asians, the allele frequency for SNP2
was reported to be between 55 and 60% (33). In our control pop-
ulation (European Caucasian), the SNP2 allele frequency was
46%. All (100%) of the 100 SNP3 variant aleles and 30% of the
NP3 wild-type alleles carried SNP2.

Structural analysis of SNP3

Modeling of the IL-10/IL-10R1 complex revealed that S138 is
located on the C-terminal domain D2 at « helix A, right before
loop 5 (Fig. 2), which interacts with 1L-10 (28). The S138 hy-
droxyl group forms a hydrogen bond with carbonyl oxygen of
N133 that anchors D134 in the position, where it forms a hydrogen
bond with H71, which is located on loop 3 and belongs to the
N-terminal domain D1. Thisisthe only hydrogen bond on thisside
of the outer surface of the interdomain junction. The disruption of
this hydrogen bond upon exchange of S138 to G could produce
certain conformational rearrangements in this area.

Effect of IL-10R1 variants on monocyte inhibition

To further elucidate the effect of polymorphismsin the IL-10R1 on
receptor function, we compared the ability of IL-10 to inhibit LPS-
induced TNF-« production in human monocytes derived from in-
dividuals with two IL-10R1 wild-type alleles (wt/wt; n = 29) with
that with one wild-type and one IL-10R1 SNP3 and/or SNP4 allele

A
- 464bp
Wild-type allele — - 337bp
S138G allele —» - 183bp
B
- 515bp
Wild-type allele — - 318bp
G330R allele —* - 248bp

FIGURE 1. SNP3 (S138G) and SNP4 (G330R) genotyping by allele-
specific PCR. Multiplex PCR (SNP3, A; SNP4, B) was designed to generate
a nonspecific product along with allele-specific amplicons, a wild-type and
avariant fragment. Lane 1, 100-bp DNA marker (Life Technologies); lane
2, homozygous carrier; lane 3, wild-type individua; and lane 4, heterozy-
gous carrier. Numbers on the right indicate the size of the amplicons.

IL-10R1 VARIANTS

Table II. Allele, genotype, and haplotype frequencies of S138G (S\P3)
and G330R (S\P4) in Crohn’s disease and control subjects

Crohn’s Disease  Control Subjects

Allele or Genotype (n = 100) (n = 310) e
S138G (SNP3) genotype
GG 3(3%) 10 (3.2%) p=0.28
AG 34 (34%) 80 (25.8%)
AA 63 (63%) 220 (71%)
S138G (S\P3) alele
G (variant) 0.20 0.16 p=021
A (wild-type) 0.80 0.84
G330R (SNP4) genotype
AA 12 (12%) 33(10.6%) p=0.69
AG 48 (48%) 138 (44.6%)
GG 40 (40%) 139 (44.8%)
G330R (SNP4) dlele
A (variant) 0.36 0.33 p=0.42
G (wild-type) 0.64 0.67
SN\P3-SNP4 haplotype
G-A (haplotype 7) 39 (19.5%) 96 (155%) p=0.61
G-G (haplotype 3) 1(0.5%) 4 (0.6%)
A-A (haplotype 4) 33(16.5%) 108 (17.4%)
A-G (haplotype 1) 127 (63.5%) 412 (66.5%)

(Wt/mut; n = 28) or with that with two variant alleles (mut/mut;
n = 4). The median normalized IC5, was 0.62 in wild-type (wt/
wt), 0.79 in heterozygous (wt/mut), and 2.27 in homozygous (mut/
mut) individuals (p = 0.019). The median of the percentage of
maximal TNF-« inhibition for the respective groups was 96.0,
92.6, and 78.0% (p = 0.004; Fig. 3). These data indicate that
monocytes from individuals carrying IL-10R1 variants are less

FIGURE 2. Structure of the IL-10/IL-10R1 complex and interaction
sites of S138. In the IL-10/IL-10R1 complex, S138 is located on the C-
terminal domain D2 at « helix A before loop 5, which interacts with IL-10.
The hydroxyl oxygen on S138 forms a hydrogen bond to the peptide link
N133-D134, and the side chain of D134 interacts with the side chain of
H71 of the N-terminal domain D1. The IL-10 domain is shown in red; the
receptor-binding site is in green; the receptor molecule is yellow; S138,
D133, and H71 are shown as stick-and-ball models (atom color code: C,
green; N, blue; and O, red); and hydrogen bonds are shown as dashed lines.
Receptor loops interacting with the IL-10 are marked in accordance with
Josephson et al. (28).
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FIGURE 3. Inhibition of LPS-stimulated TNF-a production by IL-10.

Monocytes from individual s with different combinations of IL-10R1 alleles
(wild-type only (wt/wt: haplotype 1/haplotype 1 (n = 29)), heterozygous
variants (wt/mut: haplotype L/haplotype 3 (n = 1), haplotype 1/haplotype
4 (n = 14), and haplotype 1/haplotype 7 (n = 13)), and homozygous
variants (mut/mut: haplotype 4/haplotype 4 (n = 1), haplotype 4/haplotype
7 (n = 2), and haplotype 7/haplotype 7 (n = 1))) demonstrate that carriers
of the IL-10R1 variant alleles display reduced sensitivity to IL-10 (Ieft) and
lower inhibition of TNF-« expression (right). The middle lines of the box-
whisker plots are the medians, the boxes represent the interquartile ranges,
and the dotted lines are the nearest observations within 1.5 interquartile
ranges.

sensitive to IL-10-mediated inhibition of TNF-a production in
vitro.

Haplotype 4 carries SNP4, and haplotype 7 carries SNP4 and
SNP3. To test for afunctional difference between haplotypes 4 and
7, we performed subgroup analysis within the heterozygous group
(wt/mut). The median normalized 1C, value from heterozygous
individuals with haplotype 4 (0.94 (95% confidence interval (Cl),
0.55-1.27); n = 14) was higher than that from wild-type individ-
uals (0.62 (95% CI, 0.53-1.0); n = 29; p = 0.024) but not different
than that from individuals with haplotype 7 (0.74 (95% ClI, 0.45—
1.75); n = 13; p = 0.76). Likewise, the maximal TNF-« inhibition
from heterozygous individuals with haplotype 4 (91% (95% ClI,
83.2-96.0%)) was lower than that from wild-type individuals
(96% (95% Cl, 92.8—97.3%); p = 0.017) but not different than that
from individuals with haplotype 7 (95% (95% CI, 86.7-98.3%),
p = 0.35).

IL-10R1 expression on monocytes

To exclude the possibility that the difference in monocyte inhibi-
tion is due to an altered IL-10R1 expression, we analyzed the IL-
10R1 expression on monocytes. The percentage of IL-10R1-pos-
itive monocytes and the MFI were compared between wt/wt (n =
29), wt/mut (n = 34), and mut/mut (n = 6) individuals. In the
respective groups, 12.4% (95% ClI, 3.7-24.4), 12.2% (95% CI,
6.1-23.1), and 27.1% (95% ClI, 1.8-50.0) of monocytes expressed
IL-10R1 (p = 0.32). The MFI were 1.7 (95% CI, 1.4-3.0) in
wt/wt, 2.1 (95% CI, 1.6-3.0) in wt/mut, and 3.1 (95% Cl, 1.3-4.3)
in mut/mut individuals (p = 0.38). No difference was seen be-
tween the haplotype 4 and 7 subgroups of the heterozygous
individuals.

Discussion

This investigation has revealed three previously unrecognized
polymorphisms of the IL-10R1 (SNP3, SNP4, and SNP5), two of
which result in an amino acid substitution. One of the cSNPs,
SNP4, was found in approximately one-third of investigated alleles
and is located in a section of the cytoplasmic domain of the IL-
10R1 (aa 282-389), which, when deleted in mice, leads to in-
creased JAK/STAT activation and consequently to increased
downstream events such as cell proliferation, modulation of
TNF-a production, and HLA-DR expression (34). SNP3 is in
strong linkage disequilibrium with SNP4. In a European Caucasian
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cohort, approximately one-half of SNP4 alleles also carried SNP3.
Allelic genotyping studies did not show adifferent SNP3 and SNP4
allele frequency in a matched Crohn’s disease population, indicat-
ing that IL-10R1 variants do not confer susceptibility to Crohn’s
disease. However, Crohn’'s disease is not a homogenous disease
phenotype, and different disease locations and behaviors have been
recognized (35). Indeed, mutations in nucleotide-binding oli-
gomerization domain 2/caspase recruitment domain 15 are suscep-
tibility factors only for ileal but not for colonic Crohn’'s disease
(36). For IL-10R1 variants, it will be necessary to perform sub-
group analyses in larger series before rejecting the hypothesis that
IL-10R1 variants may confer genetic susceptibility in Crohn’s dis-
ease. Preliminary data from our laboratory point to a protective
effect of the IL-10R1 variants in ulcerative colitis (37).

The results from monocyte inhibition experiments reveal afunc-
tional change by these cSNPs. Monocytes from individuals ho-
mozygous for the IL-10R1 variants showed significantly higher
1C, for IL-10-induced inhibition of TNF-a production and a 20%
lower maximal inhibition. The effect was dose dependent, because
heterozygous carriers also displayed lower IL-10 responsiveness
when compared with that of wild-type individuals. To further dis-
sect a functional role of SNP3, heterozygous individuals were
grouped into haplotype 4 and haplotype 7 carriers, but no differ-
ence was detected. This indicates that the SNP4 polymorphism
may act as a loss-of-function alele, with and without the presence
of SNP3.

Receptor staining for flow cytometry revealed that the IL-10R1
haplotypes 1, 4, and 7 are expressed at a similar percentage and
density on monocytes. However, the huge interindividual variation
could have obstructed possible effects of these haplotypes. Indeed,
we observed a little tendency toward a higher median receptor
expression in the variant haplotypes. At the moment, we cannot
rule out that these variants, specifically SNP4, have a stabilizing
effect on receptor expression or increase receptor recycling. How-
ever, it is very unlikely that the reduction in IL-10-mediated inhi-
bition of TNF-a production, which was observed for the variant
haplotypes, is caused by a reduced receptor expression. These
findings support the hypothesis that SNP4 acts as a true loss-of-
function alele.

Analyses of the structure of the IL-10/IL-10R1 complex point to
a possible influence of the S138G variant on the conformation of
the IL-10/IL-10R1 complex. S138 does not make any direct con-
tacts with the ligand; however, its position at the C terminus of the
a helix A, covering the interdomain hydrophobic core of the re-
ceptor before loop 5, which is involved in the interaction with
IL-10, implies that it may be important for the proper orientation
of the receptor domains D1 and D2 upon binding with IL-10. The
exchange of Sto G with elimination of the hydrogen bond between
S138 and the peptide link N133-D134 may initiate a change in the
mutual orientation of the receptor domains or in the conformation
of loops 3 and 5, both of which could affect the downstream signal
of the IL-10R complex through impaired IL-10 binding.

For the class |1 cytokine receptor family, the downstream events
within the JAK/STAT signaling pathway are well described, but
not sufficient to explain the anti-inflammatory actions of 1L-10 (17,
38). The complex regulation of TNF-« inhibition by IL-10 in-
volves both transcriptional and posttranscriptional mechanisms
(39) and possibly aso induction of heme oxigenase-1, a stress-
inducible protein (40). However, the receptor-adjacent events of
such mechanisms are obscure. It is currently too early to speculate
on how the IL-10R1 variants could affect the regulation of TNF-«
expression. It is also unclear whether they alter STAT3 activation.
We anticipate further answers from cells that are transfected with
various IL-10R1 alleles.



5582

Acknowledgments

We are grateful to Schaker Zakeri and Verena Kratzer for excellent tech-
nical assistance and to Dr. Kevin Moore (DNAX Research Institute, Palo
Alto, CA) for inspiring advice. Dr. Gere Sunder-Plassmann (University of
Vienna) generously contributed DNA samples of healthy controls. We also
thank the patients with Crohn’s disease for their invaluable contribution to
this study.

References

1

2.

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

Moore, K. W., M. R. de Waal, R. L. Coffman, and A. O’ Garra. 2001. Interleu-
kin-10 and the interleukin-10 receptor. Annu. Rev. Immunol. 19:683.

Kuhn, R., J. Lohler, D. Rennick, K. Rajewsky, and W. Muller. 1993. Interleukin-
10-deficient mice develop chronic enterocolitis. Cell 75:263.

. Rennick, D. M., M. M. Fort, and N. J. Davidson. 1997. Studies with IL-10~/~

mice: an overview. J. Leukocyte Biol. 61:389.

. Autschbach, F., J. Braunstein, B. Helmke, I. Zuna, G. Schurmann, Z. I. Niemir,

R. Wadllich, H. F. Otto, and S. C. Meuer. 1998. In situ expression of interleu-
kin-10 in noninflamed human gut and in inflammatory bowel disease.
Am. J. Pathol. 153:121.

. Fiorentino, D. F., A. Zlotnik, T. R. Mosmann, M. Howard, and A. O’ Garra. 1991.

IL-10 inhibits cytokine production by activated macrophages. J. Immunol. 147:
3815.

. de Waal, M., J. Abrams, B. Bennett, C. G. Figdor, and J. E. de Vries. 1991.

Interleukin 10 (IL-10) inhibits cytokine synthesis by human monocytes: an au-
toregulatory role of IL-10 produced by monocytes. J. Exp. Med. 174:1209.

. Pender, S. L., E. J. Breese, U. Gunther, D. Howie, N. C. Wathen, D. Schuppan,

and T. T. MacDonald. 1998. Suppression of T cell-mediated injury in human gut
by interleukin 10: role of matrix metalloproteinases. Gastroenterology 115:573.

. Tan, J. C., S. R. Indelicato, S. K. Narula, P. J. Zavodny, and C. C. Chou. 1993.

Characterization of interleukin-10 receptors on human and mouse cells. J. Biol.
Chem. 268:21053.

. Ho, A. S, Y. Liu, T. A. Khan, D. H. Hsu, J. F. Bazan, and K. W. Moore. 1993.

A receptor for interleukin 10 is related to interferon receptors. Proc. Natl. Acad.
Sci. USA 90:11267.

Liu, Y., S. H. Wei, A. S. Ho, M. de Waal, and K. W. Moore. 1994. Expression
cloning and characterization of a human IL-10 receptor. J. Immunol. 152:1821.
Spencer, S. D., F. Di Marco, J. Hooley, S. Pitts-Meek, M. Bauer, A. M. Ryan,
B. Sordat, V. C. Gibbs, and M. Aguet. 1998. The orphan receptor CRF2—4 is an
essential subunit of the interleukin 10 receptor. J. Exp. Med. 187:571.
Kotenko, S. V., C. D. Krause, L. S. Izotova, B. P. Pollack, W. Wu, and S. Pestka,
1997. Identification and functional characterization of a second chain of the in-
terleukin-10 receptor complex. EMBO J. 16:5894.

Finbloom, D. S, and K. D. Winestock. 1995. IL-10 induces the tyrosine phos-
phorylation of Tyk2 and Jak1 and the differential assembly of STAT1« and STAT3
complexes in human T cells and monocytes. J. Immunol. 155:1079.

Stahl, N., T. J. Farruggella, T. G. Boulton, Z. Zhong, J. E. Darnell, Jr., and
G. D. Yancopoulos. 1995. Choice of STATs and other substrates specified by
modular tyrosine-based motifs in cytokine receptors. Science 267:1349.
Darnell, J. E., Jr. 1997. STATs and gene regulation. Science 277:1630.
Donnelly, R. P., H. Dickensheets, and D. S. Finbloom. 1999. The interleukin-10
signa transduction pathway and regulation of gene expression in mononuclear
phagocytes. J. Interferon Cytokine Res. 19:563.

Riley, J. K., K. Takeda, S. Akira, and R. D. Schreiber. 1999. Interleukin-10
receptor signaling through the JAK-STAT pathway: requirement for two distinct
receptor-derived signals for anti-inflammatory action. J. Biol. Chem. 274:16513.
Takeda, K., B. E. Clausen, T. Kaisho, T. Tsujimura, N. Terada, |. Forster, and
S. Akira. 1999. Enhanced Th1 activity and development of chronic enterocolitis
in mice devoid of Stat3 in macrophages and neutrophils. Immunity 10:39.
Gasche, C., S. Bakos, C. Dejaco, W. Tillinger, S. Zakeri, and W. Reinisch. 2000.
IL-10 secretion and sensitivity in normal human intestine and inflammatory
bowel disease. J. Clin. Immunol. 20:362.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

35.

36.

37.

38.

39.

40.

IL-10R1 VARIANTS

Van Deventer, S. J, C. O. Elson, and R. N. Fedorak. 1997. Multiple doses of
intravenous interleukin 10 in steroid-refractory Crohn’s disease: Crohn’s Disease
Study Group. Gastroenterology 113:383.

Fedorak, R. N., A. Gangl, C. O. Elson, P. Rutgeerts, S. Schreiber, G. Wild,
S. B. Hanauer, A. Kilian, M. Cohard, A. LeBeaut, and B. Feagan. 2000. Recom-
binant human interleukin 10 in the treatment of patients with mild to moderately
active Crohn’s disease. Gastroenterology 119:1473.

Schreiber, S., R. N. Fedorak, O. H. Nielsen, G. Wild, C. N. Williams,
S. Nikolaus, M. Jacyna, B. A. Lashner, A. Gangl, P. Rutgeerts, et al. 2000. Safety
and efficacy of recombinant human interleukin 10 in chronic active Crohn’s dis-
ease. Gastroenterology 119:1461.

Parkes, M., J. Satsangi, and D. Jewell. 1998. Contribution of the IL-2 and IL-10
genes to inflammatory bowel disease (IBD) susceptibility. Clin. Exp. Immunol.
113:28.

Tagore, A., W. M. Gonsakorale, V. Pravica, A. H. Haeer, R. McMahon,
P. J. Whorwell, P. J. Sinnott, and I. V. Hutchinson. 1999. Interleukin-10 (IL-10)
genotypes in inflammatory bowel disease. Tissue Antigens 54:386.

Klein, W., A. Tromm, T. Griga, H. Fricke, C. Folwaczny, M. Hocke, K. Eitner,
M. Marx, M. Runte, and J. T. Epplen. 2000. The IL-10 gene is not involved in the
predisposition to inflammatory bowel disease. Electrophoresis 21:3578.
Tanaka, Y., H. Nakashima, T. Otsuka, Y. Nemoto, H. Niiro, K. Yamaoka,
E. Ogami, Y. Arinobu, H. Tachida, T. Imamura, and Y. Niho. 1997. Detection of
polymorphisms within the human 1L10 receptor cDNA gene sequence by RT-
PCR RFLP. Immunogenetics 46:439.

Zdanov, A., C. Schalk-Hihi, and A. Wlodawer. 1996. Crystal structure of human
interleukin-10 at 1.6 A resolution and a model of a complex with its soluble
receptor. Protein Sci. 5:1955.

Josephson, K., N. J. Logsdon, and M. R. Walter. 2001. Crystal structure of the
IL-10/IL-10R1 complex reveals a shared receptor binding site. Immunity 15:35.
Jones, T. A., J. Y. Zou, S. W. Cowan, and M. Kjeldgaard. 1991. Improved
methods for binding protein models in electron density maps and the location of
errors in these models. Acta Crystallogr. A 47(Pt. 2):110.

Carson, M. 1991. RIBBONS 4.0. J. Appl. Crystallogr. 24:958.

Terwilliger, J. D., and J. Ott. Handbook of Human Genetic Linkage. Johns Hop-
kins University Press, Baltimore, MD, p. 188.

Lewontin, R. C. 1964. The interaction of selection and linkage. |I. General con-
siderations: heterotic models. Genetics 49:49.

Nakashima, H., M. Akahoshi, Y. Tanaka, K. Yamaoka, E. Ogami, S. Nagano,
Y. Arinobu, H. Niiro, T. Otsuka, and Y. Niho. 1999. Polymorphisms within the
interleukin-10 receptor cDNA gene (IL10R) in Japanese patients with systemic
lupus erythematosus. Rheumatology (Oxford) 38:1142.

. Ho, A. S, S. H. Wei, A. L. Mui, A. Miyajima, and K. W. Moore. 1995. Func-

tional regions of the mouse interleukin-10 receptor cytoplasmic domain. Mol.
Cell. Biol. 15:5043.

Gasche, C., J. Scholmerich, J. Brynskov, G. D'Haens, S. B. Hanauer, E. J. Irvine,
D. P. Jewell, D. Rachmilewitz, D. B. Sachar, W. J. Sandborn, and
L. R. Sutherland. 2000. A simple classification of Crohn’s disease: report of the
Working Party for the World Congresses of Gastroenterology, Vienna 1998. In-
flamm. Bowel Dis. 6:8.

Lesage, S., H. Zouali, J. P. Cezard, J. F. Colombel, J. Belaiche, S. Almer,
C. Tysk, C. O'Morain, M. Gassull, V. Binder, et a. 2002. CARD15/NOD2 mu-
tational analysis and genotype-phenotype correlation in 612 patients with inflam-
matory bowel disease. Am. J. Hum. Genet. 70:845.

Reinisch, W., S. Vermeire, S. H. Shaw, H. Vogelsang, C. Dejaco, V. Kratzer,
A. Gangl, P. Rutgeerts, and C. Gasche. 2002. Novel IL-10R1 cSNPs protect from
ulcerative colitis. Gastroenterology 122: A-300.

O'Farrell, A. M., Y. Liu, K. W. Moore, and A. L. Mui. 1998. IL-10 inhibits
macrophage activation and proliferation by distinct signaling mechanisms: evi-
dence for Stat3-dependent and -independent pathways. EMBO J. 17:1006.
Denys, A., I. A. Udalova, C. Smith, L. M. Williams, C. J. Ciesielski, J. Campbell,
C. Andrews, D. Kwaitkowski, and B. M. Foxwell. 2002. Evidence for a dual
mechanism for 1L-10 suppression of TNF-« production that does not involve
inhibition of p38 mitogen-activated protein kinase or NF-«B in primary human
macrophages. J. Immunol. 168:4837.

Lee, T. S, and L. Y. Chau. 2002. Heme oxygenase-1 mediates the anti-
inflanmatory effect of interleukin-10 in mice. Nat. Med. 8:240.



