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ORIGINAL INVESTIGATION

IL1B gene promoter haplotype pairs predict clinical levels
of interleukin-1f and C-reactive protein
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Abstract Interleukin-1f (IL-1p) activates inflammatory
mediator cascades and has been implicated in the patho-
genesis of several diseases. Single nucleotide polymor-
phisms (SNPs) of the IL1B promoter have been associated
with various inflammatory diseases. We recently reported
that IL1B gene transcription was influenced by four pro-
moter SNPs, and that individual SNP function in vitro was
governed by haplotype context. In the present study we
tested the in vivo relevance of this observation by compar-
ing IL1B promoter haplotype-pairs with IL-1§ protein lev-
els in 900 gingival tissue fluid samples. Three SNPs (=511,
—1464, —3737) defined four IL1B promoter haplotypes
that occurred in the study population and could be assigned
unambiguously to each chromosome. The four haplotypes
defined ten haplotype-pairs of which four pairs, represent-
ing 57% of the population, were associated with 28-52%
higher IL-1f protein levels in vivo. Two of these pairs,
characterized by homozygosity for the common allele at
—3737, were also associated with raised serum levels of
C-reactive protein (p = 0.02). We validated these findings
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in stimulated peripheral blood mononuclear cells (PBMCs)
from a separate population (N =70). PBMCs with IL1B
haplotype-pairs associated with higher in vivo levels of IL-
1p produced 86-287% more IL-1§ in vitro than the refer-
ence group. We believe that this is the first demonstration
of a relationship between in vivo levels of an inflammatory
mediator and gene promoter haplotypes on both chromo-
somes. These findings may apply to other inducible genes
and could provide a logical framework for exploring
disease risk related to genetic variability in pathogenic
mediators.

Introduction

Pathological inflammation underlies many of the chronic
diseases of aging (Hansson and Libby 2006; Kornman
2006; McGeer et al. 2006; Shoelson et al. 2006). In overtly
healthy populations there is evidence of variation in the
level of systemic inflammation as measured by circulating
biomarkers, including C-reactive protein (CRP). Some
individuals have consistently higher levels of inflammatory
markers (Woloshin and Schwartz 2005) and seem to be at
increased risk for conditions such as cardiovascular disease,
dementia and metabolic disease, when compared with indi-
viduals with lower levels (Bo etal. 2005; Kardys et al.
2006; Ridker 2003; Ridker et al. 2005, 1998a, b; Schmidt
etal. 2002). Smoking, low-grade chronic infections and
body mass index can account for some of the variance in
inflammatory biomarker levels in overtly healthy popula-
tions. Genetic variation also appears to be a determinant of
inter-individual differences in the inflammatory response
(Berger etal. 2002; Curran et al. 2005; Kahraman et al.
2006), but the data are inconsistent (Capri etal. 2006;
Kozlowski et al. 2006).
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Polypeptide cytokines such as IL-1/ and tumor necrosis
factor o (TNFo) are produced by macrophages in response
to pro-inflammatory stimuli and, acting through cognate
receptors on many cell types, initiate a self-amplifying cas-
cade of mediators that form a large component of the acute
and chronic inflammatory responses. These cytokines are
inducible at transcriptional level, and since their gene pro-
moters are polymorphic, it has been postulated that they
may contribute to the genetic basis of stable inter-individual
differences in inflammatory responsiveness.

Genetic variation in the IL-1 gene cluster has been
extensively characterized in several ethnic groups and has
been associated with clinical phenotypes including in vivo
levels of inflammatory biomarkers and clinical outcomes of
inflammatory diseases (Camargo et al. 2006; EI-Omar et al.
2000; Engels et al. 2007; Iacoviello et al. 2005; Kornman
2006; Vilaichone et al. 2005). Reports of these associa-
tions, however, have not been consistent in terms of spe-
cific genetic sequence differences and clinical phenotypes.

We considered that one reason for inconsistent geno-
type—phenotype association in different studies may be that
the SNPs available as genetic markers in these studies were
not sufficiently well-characterized in terms of haplotype,
haplotype interactions, and functional significance in gene
regulation.

To test this in the specific case of IL-1f, which has no
recorded variations at protein level, we first mapped all of
the SNPs in the IL1B gene, determined the extent of link-
age disequilibrium across the chromosomal region (2q13-
14) and defined the common haplotypes that existed in
different ethnic populations. We then studied IL1B gene
promoter function in reporter assays and found that several
SNPs of the promoter-enhancer region could affect in vitro
transcription and transcription factor binding according to
which allele was present upstream of the reporter gene. Fur-
thermore, in these studies we found that the effect of an
individual SNP on transcriptional activity was highly
dependent on the alleles of other SNPs that were present in
the construct, to the extent that an individual SNP could
have a positive or negative effect in different haplotype con-
texts. Moreover, the allelic patterns of these functional SNP
combinations corresponded with common haplotypes of the
IL1B promoter found in the population (Chen et al. 2006).

A further consideration, however, is that in diploid cells
we have very limited knowledge on whether genes of inter-
est are equally active on both chromosomes. This becomes
an important consideration in gene association studies
based on the hypothesis that the gene makes a biological
contribution to the phenotype in question.

In the present study, with an IL-1 system that allows
unambiguous assignment of haplotypes, we could define
the functional promoter region haplotypes on each of the
chromosomes. We found that functional haplotype-pairs
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were significantly associated with increased in vivo levels
of IL-1f in gingival tissue fluid samples from 900 donors.
IL1B haplotype-pairs were also tested in relation to IL-1f
production by stimulated peripheral blood mononuclear
cells from a separate population of 70 healthy donors. The
same haplotype-pairs that were associated with higher in
vivo levels of IL-1f were also associated with higher levels
of IL-1 production in vitro.

The results show that the use of haplotypes on both chro-
mosomes, as compared with a single chromosomal haplo-
type, provides valuable information concerning genotype/
phenotype relationships. In certain situations, it appears
that analysis of a single chromosomal haplotype may lead
to incorrect conclusions, and could be misleading in terms
of disease association studies.

Materials and methods

The in vivo study sample was selected from the Atheroscle-
rosis Risk in Communities study (ARIC), a prospective
investigation of atherosclerosis and its clinical sequelae.
The ARIC population-based cohort contains 15,792 sub-
jects aged 45-65 years, selected by probability sampling
from four communities: Forsyth County, NC; Jackson, MS;
Northwestern suburbs of Minneapolis, MN; and Washing-
ton County, MD. A detailed description of the ARIC study
design and methods is published elsewhere (The ARIC
Investigators, 1989).

As part of an ancillary study of periodontal disease, a
subset of the original ARIC population underwent dental
examinations and a further subset was selected for IL1
genotyping. Participants enrolled in the study provided
informed consent to the protocol that was reviewed and
approved by the Institutional Review Board on Research
Involving Human Subjects at the University of North Caro-
lina. Our study sample comprises the 900 Caucasians from
ARIC with both dental examinations and IL1 genotypes.
More extensive description of the periodontal status of this
population, including the level of disease and microbial
load, has been recently reported (Offenbacher et al. 2007).

IL-1p levels were assessed from samples of gingival tis-
sue fluid. Since the gingival crevice epithelium is in con-
stant contact with a microbial biofilm, the level of IL-1f
within the gingival tissue fluid represents a serum transu-
date that is enriched by the local evoked gingival tissue
response that has reached a steady state. Gingival tissue
fluid was collected as described in detail previously (Cham-
pagne et al. 2003). Briefly, four paper strips were eluted
and analyzed separately (from the mesio-lingual of each
first molar) from each subject and pooled to provide a
patient mean value in ng/ml. IL-1ff concentrations were
measured on the collection strip, using Enzyme-Linked
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Immunoadsorbent Assays (ELISA, Caymen Chemical Ann
Arbor, MI).

C-reactive protein in serum was measured with a high
sensitivity assay. Fasting blood samples were taken from
all subjects and serum was frozen for subsequent analysis
as previously described (Papp etal. 1989). Serum CRP
concentrations were measured by latex-enhanced nephe-
lometry (High Sensitivity CRP assay) on a BNII nephe-
lometer (Dade Behring, Deerfield, IL). The BN II high
sensitivity CRP assay utilizes a monoclonal antibody
attached to polystyrene particles and fixed-time kinetic nep-
helometric measurements. This fully automated system cre-
ates a seven point standard curve from 0.4975 pg/ml (1:40
dilution of Rh Standard SL) to 0.0078 pg/ml (1:2,560 dilu-
tion). The BN II makes a 1:400 dilution to measure sample
CRP concentrations between 3.5 and 210 mg/l and a 1:20
dilution below 3.5 mg/l. This is an FDA, CLIA-complaint
assay. Individuals with values above or below the limits of
detection were excluded from analysis.

Since the GCF volume and protein composition is influ-
enced by the local tissue inflammation, two periodontal
endpoints were included in the study as covariates. One
endpoint was the assessment of the percent of pocket
depths of 4 or more millimeters. The second variable is
composite measure of periodontal disease composed of
pocket depth, bleeding on probing and interproximal
attachment level of 3 mm or more measured on a 6-point
ordinal scale. This composite measure is a more detailed
version of an index developed to assess the inflammatory sta-
tus of the periodontal tissue-biofilm interface (Offenbacher
et al. 2005).

Blood samples were collected in ethylenediaminetetra-
acetic acid (EDTA)-containing tubes and DNA was
extracted for genotyping in the Division of Genomic Medi-
cine, University of Sheffield, Sheffield, UK. Blood used for
plasma factors was centrifuged and frozen at —70° until
analyzed. All genetic and blood analyses were performed
by individuals unaware of other data.

Single nucleotide polymorphisms (SNPs) were tested at
three locations within the IL1B promoter, IL1B(—511)
(C>T transition), IL1B(—1464) (G > C transition), and
IL1B(—3737) (C>T transition). Two additional SNPs,
IL1A(+4845) (G > T transition) and IL1B(+3954) (C>T
transition), were also genotyped to facilitate comparisons
with other studies. The first nucleotide designated for each
sequence variation is the common allele in Caucasians (e.g.
—511C), while the second nucleotide (e.g. —511T) is the
less common allele in Caucasians. Genotyping was per-
formed by Tagman™ 5’ nuclease assay, as previously
described (di Giovine et al. 2000).

We used HAPLO.SCORE (Schaid et al. 2002) to iden-
tify haplotype frequencies with non-negligible frequencies
(>0.5%). Next, we formed each possible pair of haplotypes

drawn from this set and determined whether the resulting
haplotype-pair groups could be recreated unambiguously
from phase unknown genotypes of the individual SNPs.

We tested the overall null hypothesis of equal mean IL-
1p levels across all haplotype-pair groups using analysis of
variance (ANOVA) with degrees of freedom equal to the
total number of groups minus one.

To identify specific haplotype groups associated with high
IL-1f levels, we compared mean levels of IL-1f between
each pair of haplotype groups. Next, we calculated nominal
p-values for each comparison and ranked the pairs from most
to least significant. Finally, we searched for patterns of haplo-
types clustering among the most significant pairs.

We used linear regression to estimate the magnitude of
difference in IL-1§ for different haplotype-pair groups.
Ordinary least squares regression was employed using the
software package Splus®. Dependent variables were first
log-transformed. The independent variables, other than
IL-1 genotypes, were smoking status, diabetes status, body
mass index, and degree of periodontal disease. To do so, we
identified the set of non-genetic covariates that associate
with IL-1p. Then, with these covariates in the model, indi-
cator variables for the haplotype-pair groups were added. A
similar approach was taken for CRP analysis except 1-sided
p-values were calculated to reflect an a priori expectation of
the direction of the effect based on the IL-1f results. IL-1f
and CRP values were log-transformed prior to statistical
analysis because of skewness in the distribution of both
parameters.

P-values are used in three distinct ways in this report.
First, for the overall test of equal mean IL-1f levels, they
are used in the traditional hypothesis testing sense. That is,
the p-value will reflect the proportion of times we would
expect a statistic as large as or larger than the one observed
if the null hypothesis were true. Second, p-values are used
as a device for ranking all pair-wise comparisons of haplo-
type pair groups. This allows us to search for patterns of
haplotypes that underlie any overall significant differences.
Finally, once haplotype pair groups are identified (hope-
fully with a discernable pattern of constituent haplotypes),
p-values will be calculated for the aggregate risk group
compared to all other groups. These p-values do not take
into account the multiple comparison issue inherent in such
a grouping procedure. However, they will offer a heuristic
measure of the potential strength of the association. At this
stage of analysis, the importance of the gene will have
already been established with a statistically valid test and
the remaining task is one of identifying the important vari-
ants using a combination of statistical inference and possi-
bly pattern recognition.

Effect of IL1B haplotype-pairs on IL-1f release by
peripheral blood mononuclear cells (PBMCs) was
determined in healthy volunteers, using methods described
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previously (Iacoviello et al. 2005). PBMCs were obtained
from 75 healthy volunteers, of which complete data were
available for 70. No subject had received medication or
experienced allergic disease or infections within a period of
2 weeks before blood sampling. Freshly drawn whole blood
was processed as described previously (Napoleone et al.
2000). The final mononuclear cell preparation was incu-
bated with LPS (0.1 mcg/ml; from Escherichia coli 055:B5;
Sigma-Aldrich, St Louis, MO, USA) for 24 h. The concen-
tration of LPS and incubation time were chosen on the basis
of preliminary time-course and dose-response experiments
which showed an optimal release of IL-1f in the experi-
mental conditions used. Cells were spun down and IL-1f
was measured in the supernatants using a high-sensitivity
ELISA (Amersham Pharmacia Biotech). Experiments were
performed in duplicate by operators who were unaware of
sample identity and the genotype of the donor.

Results
Haplotypes

Demographic characteristics of the 900 Caucasian study
participants are presented in Table 1.

Table 1 Subject characteristics

Variable

Age (years) 61.7 £5.3%
Female sex 498 (55)°
Current smoker—number (%) 199 (22)
Diabetes—number (%) 133 (15)
Body mass index (kg/m?) 279 +£5.0
IL-1f (ng/ml)

Median 155
Interquartile range 95-235
C-reactive protein (mg/1)

Median 4.2
Interquartile range 1.9-8.9

The study group comprised 900 Caucasian subjects
# Values are mean & SD

® Number of subjects (% of study population)

We have previously reported that the gene for IL-1f
(IL1B gene) has four functionally active SNPs in the pro-
moter-enhancer region and one synonymous exonic SNP
(Chen et al. 2006), as shown in Fig. 1. In several ethnic
groups studied, two of the functional SNPs, IL1B(—31) and
IL1B(—511) are perfectly concordant (El-Omar et al. 2000;
Lee et al. 2004; Muraki et al. 2004); therefore we used the
three SNPs shown in Table 2 to characterize the function-
ally important IL1B genetic variation. Analysis of the hapl-
otypes in the 900 subject Caucasian population indicated
that of the eight potential three-SNP haplotypes only four
haplotypes were detected, which we have denoted B1, B2,
B3, and B4 (Table 2).

Based on all possible combinations of the four haplo-
types, there are ten genotype patterns for the IL1B pro-
moter (Table 3). Because each of the ten is unique,
haplotypes can be assigned unambiguously for any individual.
All of the ten possible composite genotype patterns were
observed in the study population, but only three individuals
(<1%) were homozygous for the B4/B4 haplotype-pair. In
addition, we point out that IL1B(—511) and IL1B(—1464)
largely convey the same information in this population of
Caucasians, as they are concordant in all haplotypes except
for the least common, B4.

Haplotype association with IL-1§ protein level in vivo

To correlate genotypes with IL-1 levels, we first tested the
null hypothesis that the mean in vivo IL-1§ protein levels
(log IL-18) were equal across the ten haplotype-pairs
shown in Table 3. The null hypothesis was rejected
(ANOVA,; 9 degrees of freedom; p = 0.005), indicating that
there were significantly different IL-1 levels based on haplo-
type-pairs. Exclusion of the small B4/B4 group did not
affect this conclusion (p = 0.003).

Having established an overall difference in mean log IL-
1 across haplotype-pair groups, we turned our attention to
the identification of specific haplotype-pairs associated
with elevated IL-1f levels. To do this, we compared each
haplotype-pair against every other pair, producing 45 com-
parisons; ranked all comparisons by nominal p-value; and
identified comparisons in the top tertile, i.e. the 15 compari-
sons that have the most significant p-values (Table 4).
From this evaluation, we found haplotype-pairs to partition

-3737 -1464 -511 -31 +3954
SNPs ‘ ’ |
[ ] | ] ] [ ] pr—
i i | - - | —

Fig. 1 General structure of the Human gene for IL-1f. The functional
single nucleotide polymorphisms (SNP) in the enhancer-promoter re-
gion of the gene for IL-1f are IL1B(—31), IL1B(—511), IL1B(—1464)
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and IL1B(—3737). They are shown above together with IL1B(+3954),
a commonly studied synonymous SNP in exon 5
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Table 2 Promoter haplotype frequencies

Haplotype Single nucleotide polymorphisms

IL1B(-511)C>T* ILIB(—1464)G>C ILIB(-3737)C>T Haplotype
frequency® (%)

rs16944° rs1143623 rs4848306

B1 C G T 46

B2 T C C 28

B3 C G C 20

B4 T G C 6

B5 C C C ND

B6 C C T ND

B7 T G T ND

B8 T C T ND

ND not detected in the study population

# Nucleotide transition at the indicated position 5’ the transcriptional start site. The first nucleotide is the more common allele in Caucasian pop-

ulations

® Reference SNP identification number in dbSNP (http://www.ncbi.nlm.nih.gov/SNP/index.html)

¢ Frequency in a Caucasian adult population (N = 900)

Table 3 Possible composite genotypes from four observed IL1B promoter haplotypes

Haplotype-pair Genotypes

ILIB(-511)C>T*

ILIB(—1464) G>C

IL1B(—3737)C>T Frequency of

haplotype-pair® (%)

B1/B1 C/IC G/G
B1/B2 C/T G/C
B1/B3 C/IC G/G
B1/B4 C/T G/G
B2/B2 T/T C/IC
B2/B3 C/IT G/C
B2/B4 T/T G/C
B3/B3 C/IC G/G
B3/B4 C/T G/G
B4/B4 T/T G/G

T/T 22
C/IT 25
C/IT 17
C/IT
C/IC
C/IC 12
C/IC
C/IC
C/IC 2
C/IC <1

The genotype at each locus is shown for all possible pairs of IL1B haplotypes observed in a Caucasian population

# Nucleotide transition at the indicated locus. The first nucleotide is the more common allele in Caucasian populations

® The frequency of the indicated IL-1 composite genotype that was observed in a Caucasian population (N = 900)

very nicely into two groups. The first group comprised any
combination of B1 and/or B3 haplotypes (shown in bold in
Table 4). The second group (shown in italic in Table 4)
included individuals with one copy of B3 and one copy of
either of the two haplotypes, B2 or B4, that share allele T at
IL1B(—511).

Of the 15 most significant haplotype-pair comparisons,
the first group, individuals with any combination of B1 and/
or B3 haplotypes (i.e. B1/B1, B3/B3, B1/B3), occurred as
the “high IL-1p” haplotype-pair 11 of 15 times. In the top
tertile, there were no comparisons in which pairs of B1 and
B3 haplotypes were the “low IL-15” haplotype-pair The
second group included individuals with one copy of B3 and

one copy of either B2 or B4, and occurred in the remaining
4 of 15 comparisons as the “high IL-1/" haplotype-pair and
was the “low IL-1p” haplotype-pair only when compared
with the haplotype-pairs in the first group. Linear regres-
sion revealed that, relative to all other possible haplotype
pairs (42.6% frequency), the first group (42.7% frequency)
had a 33% increased level of IL-1f (p < .0001) and the sec-
ond group (14.8% frequency) had a 28% increased IL-1f
level (p < .01).

The magnitude of difference between the haplotype pairs
is evident when we compare the geometric means of 1L-1f
levels for the most common “high” pairs in the top tertile,
B3/B3 (180.6 ng/ml) and B1/B1 (163.3 ng/ml) to the most
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Table 4 IL-1p level of each haplotype-pair comparison

Table 4 continued

Higher Lower Percent Nominal ~ Rank® Higher Lower Percent Nominal ~ Rank®
haplotype-pair®  haplotype-pair  higher (%)°  p-value haplotype-pair®  haplotype-pair  higher (%)°  p-value
B1/B1¢ B1/B2 39 0 1 B2/B2 B1/B4 2 0.443 42
B1/B3 B1/B2 32 0.002 2 B1/B2 B4/B4 6 0.448 43
B3/B3 B1/B2 53 0.006 35 B3/B3 B3/B4 0.454 44
B1/B1 B1/B4 37 0.006 35 B1/B4 B1/B2 0.468 45
B1/B1 B2/B2 34 0.008 3 ? The tissue fluid log IL-1p protein concentration for individuals with
B1/B3 B1/B4 30 0.025 6 each of the 10 possible IL1B haplotype-pairs was compared with every
B3/B3 B1/B4 51 0.027 7 other haplotype-pair, and the most significant comparisons are listed in
B3/B3 B2/B2 48 0.032 85 order of nominal p-values. The first column from the left shows the
’ ’ haplotype-pair with the higher IL-1§ protein in this specific compari-
B1/B3 B2/B2 27 0.032 8.5 son. The second column from the left shows the haplotype-pair with
B1/B1 B2/B3¢ 19 0.042 10 the lower IL-1p protein in this specific comparison
B3/B4 B1/B2 47 0.066 11 ® The mean percent increase in IL-1/ protein level in individuals with
B3/B3 B2/B3 32 0.072 12 the higher IL1 haplotype-pair compared with individuals with the low-
' er IL-1 haplotype-pair
B3/B4 B1/B4 46 0.081 13.5 . . . . .
¢ The relative rank of the 45 most significant haplotype-pair compari-
B2/B3 B1/B2 17 0.081 13.5 sons
B3/B4 B2/B2 42 0.099 15 4 Highlighted in bold are the haplotype-pairs in the most significant
B1/B1 B2/B4 24 0.113 16 comparisons that comprise genotype C/C at IL1B(—511)
B3/B3 B2/B4 37 0.129 17 ¢ Highlighted in italic are the haplotype-pairs in the most significant
B1/B3 B2/B3 13 0.132 18 comparisons that comprise genotype C/T at IL1B(—511) plus C/C at
IL1B(—3737)
B3/B4 B2/B4 32 0.151 19
B1/B1 B4/B4 48 0.169 20 Table 5 Concentration of IL-1f protein for the predominant haplo-
B3/B3 B1/B3 16 0.173 21 type-pairs
B2/B3 B1/B4 1 182 22
/ / 3 0.18 Number with IL-1p level
B3/B4 B2/B3 26 0.19 23 haplotype-pair (ng/ml)*
B1/B3 B2/B4 18 0.191 24
B3/B4 B4/B4 57 0196 25 Higher haplotype-pairs”
B1/B3 B4/B4 40 0214 26 B3/B3 37 180.6 £2.0
B2/B3 B2/B2 12 0217 27.5 B1/B1 179 163.3£238
B3/B3 B4/B4 63 0217 27.5 B1/B3 141 1552+21
B3/B3 BI/B1 i 0.25 29 Lower haplotype-pairs*
B1/B1 B1/B3 5 0278 30 B2/B2 62 1222423
B2/B4 BI/B2 11 0.293 31 B1/B4 >4 119.3£2.2
B3/B4 B1/B3 11 0311 32 BI1/B2 210 179+23
B2/B4 B1/B4 10 0.319 33 # Geometric mean concentration of interleukin-1/ in gingival tissue
B2/B3 B4/B4 22 0.332 34 fluid + standard deviation
B2/B4 B4/B4 18 0.34 35 ® Pairs of the four predominant IL1B promoter haplotypes were com-
pared to each other in every possible combination (45 pair-wise com-
B2/B4 B2/B2 0.363 36 parisons) relative to levels of IL-1f protein. The haplotype-pairs that
B3/B4 B1/B1 6 0.388 37 had the “higher” IL-1 levels in the most significant comparisons (see
B2/B2 B1/B2 0.395 38 Table 4) are shown here
B2/B2 B4/B4 10 0.421 39 ¢ Pairs of the four predominant IL1B promoter haplotypes were com-
B2/B3 B2/B4 4 0.427 40 pared to each other in every possible combination (45 pair-wise com-
’ parisons) relative to levels of IL-1f protein. The haplotype-pairs that
B1/B4 B4/B4 0.438 41

common “low” pairs in that tertile, B2/B2 (122.2 ng/ml)
and B1/B2 (117.9 ng/ml) (Table 5).

Since the in vivo IL-1p levels were assessed in gingival
tissue fluid, a serum transudate that also reflects the severity
of local periodontal tissue inflammation (Armitage 2004;
Ebersole et al. 1993; Graves and Cochran 2003; Orozco
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had the “lower” IL-1f levels in the most significant comparisons (see
Table 4) are shown here

etal. 2006), the analysis included adjustment for two
periodontal disease severity endpoints available in this
database. Other covariates included smoking status, diabe-
tes status, and body mass index. With the two periodontal
endpoints included in the model, no other covariates except
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for IL-1 genotypes were significant predictors of the in vivo
IL-18 levels. An assumption of model linearity was not
critical, since all parameters in the final model were cate-
gorical variables.

Haplotype association with serum CRP

The first group of IL-1f over-expressing haplotype-pairs
(B3/B3; B1/B3; B1/B1) translates more simply into car-
riage of C/C at IL1B(—511). Equivalently, the second
group (B2/B3; B4/B3) includes those who are both C/T at
IL1B(—511) and C/C at IL1B(—3737). Because the group
comprising individuals with C/C at IL1B(—511) is rela-
tively large (>40% of this study population), we repeated
our regression analysis splitting the group into its three hap-
lotype-pair groups: B3/B3, B1/B3, and B1/B1l. Each of
these components, as well as the B2/B3 + B4/B3 group was
significantly higher in IL-1p levels than the reference group
(i.e. individuals who were not B3/B3, B1/B3, B1/B1, B2/
B3 or B4/B3) (Fig. 2). Interestingly, only two of these four
groups were associated with increased serum CRP, namely
B3/B3 and B2/B3 + B4/B3 (Fig. 2). The two groups associ-
ated with higher CRP levels are distinguished from the
other pro-inflammatory patterns by homozygosity for the

% Increase
60 | |
50 ECRP |-
N\ | =
40 - §
N . .
30 - % =
.
20 - %
10
\
B3/B3 B1/B3 B1/B1 B2/83 or B4/B3
IL1B(-511) cic cic cic CIT
IL1B(-3737) CIC CIT TT cic

Fig. 2 Percent increase of IL-1f and C-reactive protein for pro-
inflammatory IL1B haplotype pairs relative to all others. The IL-1f
protein level or C-reactive protein (CRP) level for the indicated IL1B
promoter haplotype pair (e.g. B3/B3) is shown as the percentage in-
crease, and 95% confidence interval bars, in the mean level of IL-1 or
CRP relative to the reference group. The reference group for the IL-1f
levels includes all of the subjects with genotypes other than the four
pro-inflammatory haplotype pairs shown in the figure. Because CRP
levels for B1/B3 and B1/B1 are indistinguishable from those with hap-
lotype pairs associated with low IL-1/, B1/B3 and B1/B1 are consid-
ered as part of the reference group for CRP analysis. The genotypes at
IL1B(—511) and IL1B(—3737) that constitute each haplotype pair are
shown below the haplotype pair. N = 900 Caucasians. ***p < 0.001;
**p <0.01; *p < 0.02

common allele (C/C) at IL1B(—3737). The combined B3/
B3 and B2/B3 + B4/B3 group had 33% higher CRP values
when compared with all others (p =.007) after adjustment
for BMI, smoking, and gender.

Testing for ‘gene dose’ effect

Two of the commonly occurring pairs, B1/B1 (22% fre-
quency) and B1/B3 (17% frequency), associated with
higher levels of IL-1p (Table 4) included the B1 haplotype.
In a haplotype analysis for dose effect of B1 haplotype rela-
tive to IL-1f levels, i.e. comparison of O copies, 1 copy,
and 2 copies, the association was not significant
(p = 0.114). This appears to be due to the fact that the other
commonly occurring B1 pair, B1/B2 (25% frequency), is a
low producer of IL-1p in this study, so the single copy of
B1 in Caucasians will be found predominantly in both a B1/
B3 over-producing pair and a B1/B2 under-producing pair.
This will tend to favor a lower level of IL-1p if the B1 sin-
gle haplotype is assessed out of diploid context, yet the B1/
B1 pair is clearly associated with higher levels of IL-1p.

Comparison with other IL-1 region SNPs associated
with inflammatory response

Three additional SNPs in the IL-1 gene cluster, IL-
1A(+4845), or the concordant allele at IL-1A(—889), and
IL1B(—3954) have been associated in the literature with
differential expression of inflammatory mediators and clini-
cal phenotypes (Adjers et al. 2004; Berger et al. 2002; Brett
et al. 2005; Florez et al. 2006; Haggerty et al. 2005; Korn-
man 2006; Rainero et al. 2004; Seripa et al. 2005), with
carriage of the minor alleles reported to be pro-inflamma-
tory. The frequency of carrying a minor allele at both
IL-1A(+4845) and IL1B(—3954) was 35% in our study
population, but this frequency increased to 84% in the B3/
B3 and B2/B3 + B4/B3 pro-inflammatory haplotype-pairs
compared with 23% in others. In this data set, CRP was less
strongly associated with IL-1A(+4845), IL1B(+3954), or
composites of these two SNPs, than the combined B3/B3
and B2/B3 + B4/B3 groups (data not shown).

Haplotype association with blood monocyte production
of IL-1f

To validate the pro-inflammatory potential of the specific
IL1B haplotype-pairs found to be associated with higher in
vivo levels of IL-1f, we collected PBMCs from a separate
population of individuals with no inflammatory diseases
(N=170) and analyzed IL-1f production after stimulation
with lipopolysaccharide (LPS) (Fig. 3). Of the four haplo-
type-pairs associated with higher in vivo IL-1§ levels, stimu-
lated PBMCs from three of the four groups (B1/B1; B3/B3,
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Fig. 3 IL1 haplotype influence on IL-1p protein levels produced by
stimulated peripheral blood mononuclear cells. The IL-1/ protein level
(ng/ml) produced by LPS stimulated peripheral blood mononuclear
cells from individuals with the indicated IL 1B promoter haplotype pair
(e.g. B3/B3) is shown as the geometric mean level (£SE) of IL-1f rel-
ative to the reference group. The reference group for the IL-1f levels
includes all of the subjects with genotypes other than the four pro-
inflammatory haplotype pairs shown in the figure. N = 70 healthy Cau-
casians. ! Geometric mean of IL-1 levels by the indicated group. 2 The
haplotype-pair group and number of subjects in the group. * The calcu-
lated p-value of the indicated haplotype-pair group in comparison to
the reference group

B3/B2-B4) produced significantly more IL-1§ protein than
cells from those with haplotype-pairs in the reference
group. PBMCs from the fourth group (B1/B3) produced
more IL-1f protein than the reference group, but the differ-
ence was not significant.

Discussion

Inflammation is a major pathological component of many
diseases, and the IL-1 family of cytokines, produced by the
well-described IL-1 gene cluster (Cox et al. 1998; Nicklin
et al. 2002), is a major contributor to the inflammatory pro-
cess. Following pro-inflammatory challenge with a broad
range of stimuli, including microbial products and oxidized
LDL cholesterol, IL.-1 and TNFu are among the first genes
to be activated (Dinarello 1998; Hung et al. 2006; Karouza-
kis et al. 2006; Rosenwasser 1998). These cytokines acti-
vate receptor-mediated signaling mechanisms leading to
induction of other pro-inflammatory genes such as IL-6 and
COX2 that contribute to the inflammatory response in
different tissues.

Given recent in vitro results (Chen et al. 2006) highlight-
ing the importance of haplotype context in the functional
expression of IL1B SNPs, we set out to determine whether
certain pairs of functional IL1B haplotypes might be pre-
dictive of a higher level of in vivo production of IL-1f as
well as higher levels of serum CRP. Since most genotyping
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is performed on DNA extracted from cells with paired
chromosomes it is not possible to assign alleles to specific
chromosomes within a chromosome pair. Most studies
involving genotypes at multiple loci are therefore assessing
how pairs of haplotypes relate to phenotypes of interest.
Here, we report the results of an in vivo study building on
the structure of IL1B haplotypes that can be unambiguously
assigned to determine how IL-1 genotype patterns contribute
to the differential expression of selected inflammatory
responses. We also report validation support of the in vivo
findings from experiments in vitro measuring IL-1f pro-
duction by stimulated PBMCs obtained from a separate
population of donors.

We first identified the IL-1 haplotype-pairs that, in com-
parison with other pairs, had the highest log IL-1f levels.
The IL1B haplotype and genotype patterns that were asso-
ciated with higher in vivo levels of IL-1 and CRP and
higher production of IL-f by stimulated PBMCs are sum-
marized in Table 6. Three of the four IL1B haplotype-pairs
deemed as pro-inflammatory had one feature in common,
namely being C/C homozygous at ILIB(—511). This sup-
ports the findings of others (Iacoviello et al. 2005) who
reported that, in comparison with those carrying T/T, indi-
viduals with the C/C genotype had a significantly higher
risk of myocardial infarction and ischemic stroke at a
young age, as well as a significantly elevated release of IL-
1 from mononuclear cells stimulated with LPS.

Our fourth and final pro-inflammatory haplotype-pair is
characterized by a C/T genotype at IL1B(—511) together
with a C/C genotype at IL1B(—3737) (Table 6). This result
appears to support and clarify findings of Iacoviello et al.
(2005). Specifically, they reported that individuals with C/T
at ILIB(—511) are also at increased risk of both clinical
and biochemical endpoints in cardiovascular disease, but
less significantly than those carrying C/C at ILIB(—511).
Our data suggest that this intermediate risk group of
IL1B(—511) heterozygotes actually comprises two distinct
groups of haplotype-pairs, one group includes B2/B3 or
B4/B3 with C/C at IL1B(—3737) and the other group
includes the B1/B2 or B1/B4 pairs that would give a C/T
genotype at IL1B(—3737). The former, we speculate,
would be associated with clinical endpoints and biochemi-
cal markers, perhaps as significantly as those carrying C/C
at IL1B(—511), and the latter would be more similar to
those with T/T at ILIB(—511). In this Caucasian popula-
tion approximately 47% of the individuals carried
IL1B(—511) genotype C/T, which was divided between
14% of the population that also carried IL1B(—3737) geno-
type C/C, which was pro-inflammatory, and 33% that also
carried IL1B(—3737) genotype C/T, which was not associ-
ated with higher in vivo levels of IL-1f (Table 6). In this
population, no individuals carried ILIB(—511) genotype
C/T and IL1B(—3737) genotype T/T.
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Table 6 Summary of haplotype-pair relationship to IL-1/ and CRP

Haplotype-pairs ~ Genotypes Increased IL-1f in Increased IL-1f Increased Frequency

tissue fluid* production by CRP (%)

IL1B(—511) IL1B(—1464) IL1B(—3737) PBMCs
C>T G>C C>T

B1/B1 C/IC G/G T/T Yes Yes No 22

B1/B3 C/IC G/G C/T Yes Yes No 17

B3/B3 C/IC G/G C/IC Yes Yes Yes 4

B2/B3 C/T G/C C/C Yes Yes Yes 12

B3/B4 C/T G/G C/IC Yes Yes Yes 2

Reference group below®

B1/B2 C/T G/C C/IT 25

B1/B4 C/T G/G C/IT

B2/B2 T/T C/IC C/IC

B2/B4 T/T G/C C/C

B4/B4 T/T G/G C/IC <1

2 All comparisons are between the indicated IL1B haplotype-pair and the reference group

® The reference group includes all subjects with one of the five IL1B composite genotypes that is defined unambiguously by the indicated haplo-

type-pair

In our previous allele-specific transcription factor bind-
ing studies (Chen et al. 2006), NF-xB components showed
increased binding to IL1B(—3737) allele C compared with
allele T. This is consistent with the findings in the present
study of increased IL-1f protein in subjects with the C/C
genotype at IL1B(—3737), if they also carried IL1B(—511)
genotype C/C or C/T. The IL1B(—511) genotype C/T was
only associated with increased IL-1§ protein when in com-
bination with IL1B(—3737) C/C. IL1B(—3737) also
appears to be a key determinant of whether or not an IL1B
promoter pattern associated with high IL-1f expression is
also associated with increased serum CRP levels (Table 6).
This may be due to potential temporal differences in IL-1f
expression with haplotypes that include different
IL1B(—3737) alleles or may be due to different transcrip-
tional regulation of IL-1 in Kuppfer cells of the liver where
local hepatocytes produce most of the CRP that is detect-
able in serum. These findings further emphasize the critical
role of haplotype context in the clinical expression of
inflammatory mediators.

Haplotypes are often used to explore clinical associa-
tions with genetic variation over a relatively broad physical
region of the genome. The primary value of haplotypes in
that application is efficiency, i.e. to capture much of the
genetic variation by means of a limited subset of known
SNPs. The haplotypes used in this study served a different
purpose. The enhancer-promoter region of a gene regulates
expression of that gene by multiple transcription factors
binding to specific DNA sequences. Complexes of bound
transcription factors may influence binding of additional
factors and ultimately initiate or regulate activation of tran-
scription. This process has been extensively described for

the IL1B gene (Listman etal. 2005). The IL1 SNPs
included in this study have allele-specific influences on
binding of transcription factors and/or transcription activity,
and the biological activity of specific IL1 alleles was shown
to change based on haplotype context (Chen et al. 2006).
Since this group of SNPs work together to regulate tran-
scription, associations with biological activity should focus
on haplotype context rather than single SNP analysis. The
approach used in this study appears to overcome two chal-
lenges with complex genetic systems. Firstly, it is often the
case that multiple “risk” haplotypes have different alleles at
a specific SNP. In that situation, analysis of individual
SNPs will be misleading since both alleles may involve
risk, given certain context. Secondly, the complexity also
complicates a standard haplotype analysis. For example,
the usual programs designed to derive and analyze haplo-
types are not set up to consider the possibility of different
protein production for each distinct pair of haplotypes that a
specific individual inherited. In fact, this is what we did.
The fact that haplotypes in the beta promoter can be scored
unambiguously allowed us to sidestep the usual programs
and to proceed by direct analysis of the pairs of haplotypes.

Although confidence in genotype—phenotype associa-
tions is strengthened when gene variants are used that have
functional relevance to the clinical phenotype, molecular
function studies on specific regulatory region SNPs are
rarely consistent with clinical disease associations (Ioanni-
dis and Kavvoura 2006). With current knowledge, there is
no simple way to extrapolate the in vitro molecular obser-
vations on IL1B promoter haplotype activity (Chen et al.
2006) to predict the observed clinical associations with
composite genotypes in this study. However, in this study
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we have specifically analyzed pairs of predominant haplo-
types that have been shown to have distinctly different
molecular functions and determined that those functional
haplotypes were associated with significantly different in
vivo and in vitro levels of IL-1 when analyzed as haplo-
type-pairs.

In several studies, investigators have concluded that car-
riage of minor alleles at IL-1A(+4845) and/or IL1B(+3954)
represents a pro-inflammatory genotype (Brett et al. 2005;
Haggerty etal. 2005; Seripa etal. 2005). For example,
allele 2 at IL1B(+3954) is strongly associated with
increased CRP in individuals presenting for cardiac cathe-
terization (Berger etal. 2002). However, not all studies
demonstrate such significance. One possibility is that IL-
1A(+4845) and IL1B(+3954) act only as surrogate markers
in linkage disequilibrium with causative genetic variants,
possibly defined by IL1B haplotype-pair groups. In fact,
among our haplotype-pair groups associated with elevated
log IL-1p expression, 84% carried a minor allele at both IL-
1A(+4845) and IL1B(—3954) compared with 23% in the
remaining haplotype-pair groups.

It should be emphasized that these observations were
made only in a Caucasian population. Investigators have
recently reported (Wen et al. 2006) that peripheral blood
leukocytes from Chinese individuals with haplotypes that
include IL1B(—511) allele C produce more IL-1§ protein
than individuals with allele T, consistent with the findings
of this study and those reported previously for Caucasians
(TIacoviello et al. 2005). We have reported substantial differ-
ences in the distribution of IL1B haplotypes between Cau-
casian and African-American populations (Chen et al.
2006) and evaluation of the relationship of IL1B haplotype-
pairs with inflammatory mediators in other population
groups is in progress. The differences in distribution of
these functional IL1B haplotypes may influence results of
associations with individual SNPs or haplotypes in different
populations. This is evident in the data for the B1 haplo-
type-pairs, where the predominant pairs include two (B1/
B1 and B1/B3) associated with higher levels of IL-1/ and
one pair (B1/B2) associated with low levels of IL-1§. In an
Asian population (data not shown) the B1/B1 frequency is
similar to that found in Caucasians (21 and 22%, respec-
tively), but the B1/B2 frequencies (38 and 25%) and B1/B3
frequencies (3 and 17%) are different. These may produce
confusing results with either single SNP or haplotype
analyses, but appear to be readily explained in an analysis
of haplotype-pairs.

This study has certain limitations. First, it is reasonable
to assume that the present study reflects tissue inflamma-
tory responses in which monocytes/macrophages are the
main contributors to local production of IL-1p. In other tis-
sues, such as bone, muscle, or brain, in which other cell
types may be involved in IL-1f production, the relation-
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ships between variations in regulatory regions and tissue
IL-18 production may be different. Second, haplotype
assignment is usually a mathematical assighment and has
certain limitations. In this study, due to the predominant
genotypes found in Caucasians, the assignment of these
specific IL1B promoter haplotypes is unambiguous and was
done by direct assignment. Finally, the study may only refl-
ect functional relationships in Caucasians. As discussed
above, the population differences in distributions of some of
the IL1B haplotypes may produce misleading genotype—
phenotype associations in different populations. We believe
those differences may be resolvable by the use of haplo-
type-pairs. In addition, studies in both Caucasians (Iacoviello
et al. 2005) and Asians (Wen et al. 2006) suggest the popu-
lations have some similarities in IL-1 genetic influence on
monocyte expression of IL-1p.

Confirmation that these biomarker-genotype associa-
tions relate to risk of clinical disease phenotypes will be a
key step in linking inflammation genetics to disease. These
studies are underway. The identification of functionally dis-
tinct promoter haplotypes in the gene for IL-1, and the use
of pairs of those haplotypes, seems to have the potential to
increase our understanding of how IL-1 promoter SNPs
relate to biomarker phenotypes and the risk of clinical
events in diseases with an inflammatory component.
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