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Toll-like receptors (TLRs) may influence the development of non-
Hodgkin lymphoma (NHL) given their important roles in recog-
nizing microbial pathogens and stimulating multiple immune
pathways. We conducted an investigation of TLR gene variants
in a pooled analysis including three population-based case–
control studies of NHL (1946 cases and 1808 controls). Thirty-
six tag single-nucleotide polymorphisms (SNPs) in TLR2, TLR4
and the TLR10–TLR1–TLR6 gene cluster were genotyped. Two
TLR10–TLR1–TLR6 variants in moderate linkage disequilibrium
were significantly associated with NHL: rs10008492 [odds ratio
for CT genotype (ORCT) 1.12, 95% confidence interval (CI) 0.97–
1.30; ORTT 1.40, 95% CI 1.15–1.71; Ptrend 5 0.001] and
rs4833103 (ORAC 0.75, 95% CI 0.64–0.88; ORAA 0.74, 95% CI
0.62–0.90; Ptrend 5 0.002; Pdominant 5 0.0002). Associations with
these SNPs were consistent across all the three studies and did not
appreciably differ by histologic subtype. We found little evidence
of association between TLR2 variation and all NHL, although the
rare variant rs3804100 was significantly associated with marginal
zone lymphoma (MZL), both overall (ORCT/CC 1.89, 95% CI
1.27–2.81; Pdominant 5 0.002) and in two of the three studies.
No associations with TLR4 variants were observed. This pooled
analysis provides strong evidence that variation in the TLR10–
TLR1–TLR6 region is associated with NHL risk and suggests that
TLR2 variants may influence susceptibility to MZL.

Introduction

The etiology of non-Hodgkin lymphoma (NHL) is poorly understood,
although various lines of evidence suggest that infections and immune
dysregulation play a role. This evidence includes elevated incidence
rates in immunosuppressed people and among individuals with se-
lected autoimmune diseases, established links between specific infec-
tious agents and rare NHL subtypes [Epstein-Barr virus and Burkitt
lymphoma, human T-cell leukemia/lymphoma virus 1 and adult T-cell
leukemia/lymphoma, human herpesvirus 8 and primary effusion lym-
phoma, Helicobacter pylori and gastric mucosa-associated lymphoid
tissue (MALT) lymphoma] and associations with NHL risk for aller-
gies and indicators of early-life exposure to infectious agents (1). In
light of these findings, it is plausible that dysregulation in the recog-
nition of and immune response to microbial pathogens may influence
the risk of NHL development.

Toll-like receptors (TLRs) are a family of transmembrane receptors
that play a key role in mounting an immune response against micro-
bial pathogens. These receptors have been evolutionarily conserved to
recognize specific microbial molecular components; once activated,
TLRs engage a signaling cascade resulting in the stimulation of innate
and adaptive immune responses targeting the invading pathogen. To
date, 10 functional human TLRs have been identified (2). TLR-2 and
TLR-4 are the principal receptors involved in the recognition of bac-
terial cell wall components; TLR-4 binds to Gram-negative bacterial
lipopolysaccharides, whereas TLR-2 recognizes other cell wall mol-
ecules from a wide variety of bacteria as well as capsid ligands from
several viruses (2,3). The capability of TLR-2 to recognize such
a broad spectrum of ligands is the result of its ability to form hetero-
dimer receptor complexes with TLR-1 and -6. Some endogenous
molecules may also trigger TLR-mediated inflammatory responses;
suspected TLR ligands include heat shock proteins, HMGB1, fibrin-
ogen and host DNA (4).

TLRs have been hypothesized as possible contributors to lym-
phoma and other immunologic/inflammatory diseases given their
important role in recognizing microbial ligands and stimulating mul-
tiple immune pathways (2,5,6). Single-nucleotide polymorphisms
(SNPs) in TLR2 (�16933T.A; rs4696480) and TLR4 (Arg299Gly;
rs4986790) have been associated with lymphoma risk in recent stud-
ies (5–7). TLR1 and TLR6, located along with TLR10 [a TLR of un-
known function (8)] in a 57 kb long region on 4p14, have not been
studied in detail in relation to NHL, although an uncommon TLR6
variant was significantly associated with increased risk of NHL and
selected subtypes in one study (9). Variation elsewhere within the
TLR10–TLR1–TLR6 gene cluster has been associated with other dis-
eases, including asthma (10,11) and prostate cancer (12).

To further explore whether genetic variation in TLR genes influen-
ces NHL pathogenesis, we conducted a pooled investigation of tag
SNPs in TLR2, TLR4 and the TLR10–TLR1–TLR6 region in three
population-based case–control studies of NHL.

Materials and methods

Study population

Our study population was derived from pooling three independent population-
based case–control studies, which have been described in detail previously: the
National Cancer Institute (NCI)-Surveillance Epidemiology and End Results
(SEER) NHL case–control study (13,14), the Connecticut NHL case–control
study (15,16) and the New South Wales (NSW) NHL case–control study
(17,18). Selected characteristics for each study are presented in Table I. All
the three studies included first primary NHL cases only, and population con-
trols were frequency matched to cases. The protocols for each study were
approved by the following institutions: the Institutional Review Boards of
the NCI and each SEER center for the NCI-SEER study; Yale University,
the Connecticut Department of Public Health and the NCI for the Connecticut

Abbreviations: CI, confidence interval; CLL, chronic lymphocytic leukemia;
DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; LD, linkage
disequilibrium; MALT, mucosa-associated lymphoid tissue; MZL, marginal
zone lymphoma; NCI, National Cancer Institute; NHL, non-Hodgkin
lymphoma; NSW, New South Wales; OR, odds ratio; SEER, Surveillance
Epidemiology and End Results; SLL, small lymphocytic lymphoma; SNP,
single-nucleotide polymorphism; TLR, Toll-like receptor.
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study and all participating institutions for the NSW study. All study partici-
pants provided informed consent.

NHL pathology classification

All cases were histologically confirmed by the local diagnosing pathologist in
the NCI-SEER study and by central review by two independent pathologists in
the Connecticut study. In the NSW study, all cases were histologically con-
firmed by the local diagnostic pathologist; a confirmatory central pathology
slide review was performed for cases of ,90% certainty when they had con-
sented to access to their pathological specimens (19). In the present analyses,
we grouped cases into NHL subtypes according to the World Health Organi-
zation classification (20) using the International Lymphoma Epidemiology
Consortium (InterLymph) guidelines (21). Subtype-specific analyses were
done for the four most common NHL subtypes: diffuse large B-cell lymphoma
(DLBCL), follicular lymphoma (FL), marginal zone lymphoma (MZL) and
chronic lymphocytic leukemia (CLL)/small lymphocytic lymphoma (SLL).
Our studies primarily included SLL rather than CLL cases because these dis-
eases were not considered the same entity until the World Health Organization
classification was introduced in 2001 (20).

Biological samples and DNA extraction

Study participants who did not provide a biologic specimen, did not have
sufficient material for DNA extraction or sufficient DNA for genotyping or
whose genotyped sex was discordant from the questionnaire data were ex-
cluded from this analysis. For the NCI-SEER study, DNA was extracted from
blood clots or buffy coats (BBI Biotech, Gaithersburg, MD) using Puregene
Autopure DNA extraction kits (Gentra Systems, Minneapolis, MN) and from
buccal cell samples by phenol–chloroform extraction methods (22). Genotype
frequencies for individuals who provided blood compared with buccal cells
were equivalent (23). For the Connecticut study, DNA was extracted from the
blood samples using phenol–chloroform extraction methods; subjects provid-
ing buccal cells only were excluded from this analysis (22). For the NSW
study, DNA was extracted from buffy coats using Qiagen QIAamp� DNA
Blood Midi Kits by laboratory staff at the Viral Epidemiology Section,
SAIC-Frederick, NCI-Frederick.

Genotyping

Thirty-six tag SNPs for TLR10–TLR1–TLR6 (n 5 11), TLR2 (n 5 11) and
TLR4 (n 5 14) were selected from the designable set of common SNPs (minor

allele frequency � 0.05) genotyped in the Caucasian (CEU) population sam-
ple of the HapMap Project (Data Release 20/Phase II, NCBI B35 assembly,
dbSNP b125). Tag SNP selection was done using the software application
TagZilla (v1.1; http://tagzilla.nci.nih.gov/), which employs the pairwise bin-
ning algorithm of Carlson et al. (24). For each gene, SNPs within the region
20 kb 5# of the ATG-translation initiation codon and 10 kb 3# of the end of the
last exon were binned using a binning threshold of r2 .0.80. When there were
multiple transcripts available for genes, the primary transcript was assessed.
Genotyping was performed at the National Cancer Institute Core Genotyping
Facility (Gaithersburg, MD) using the Illumina GoldenGate platform, with
the 36 tag SNPs included in an oligo pool assay (OPA) investigating genetic
variants from different candidate pathways. Data for an additional non-
synonymous TLR4 SNP (D299G; rs4986790) that had been previously geno-
typed by TaqMan assay in the NCI-SEER (14) and Connecticut studies were
also included in the pooled analysis, increasing the total number of investigated
SNPs to 37. Gene coverage (the number of genotyped SNPs divided by the
number of bins from the designable set of SNPs in HapMap Build 20 CEU
samples) was calculated to be 61, 69 and 94% for TLR10–TLR1-TLR6, TLR2
and TLR4, respectively.

All investigated SNPs in TLR1, TLR2, TLR4, TLR6 and TLR10 had genotype
concordance rates and assay completion rates �99%. For each SNP, an exact
test of Hardy–Weinberg proportions was performed among Caucasian controls.
One TLR2 SNP deviated significantly from Hardy–Weinberg proportions
(rs4696187, P 5 0.02).

We excluded samples with OPA-wide sample completion rates ,90% (NCI-
SEER: 11 cases, 6 controls; Connecticut: 0 cases, 2 controls; NSW: 4 cases,
9 controls). The final analytic population from pooling the three studies con-
sisted of 1946 cases and 1808 controls (NCI-SEER, 990/828; Connecticut,
436/515; NSW, 520/465).

Statistical methods

Statistical analyses were performed using SAS version 9.1 (SAS Institute,
Cary, NC) unless otherwise specified. Odds ratios (ORs) and 95% confidence
intervals (CIs) estimating the relative risk of NHL in relation to SNP genotype
were calculated using unconditional logistic regression adjusting for age, race/
ethnicity, sex and study center. Analyses restricted to non-Hispanic Caucasians
were also performed. Tests for trend (i.e. assuming a codominant genetic
model) were performed by modeling the number of rare alleles (0, 1 or 2) as

Table I. Selected characteristics of the NCI-SEER, Connecticut and NSW NHL case–control studies

NCI-SEER Connecticut NSW

Location Residents of the Iowa,
Detroit, Los Angeles
and Seattle SEER registries

Residents of the Connecticut
SEER registry

Residents of the Australian State of
NSW or the Australian Capital Territory
via the NSW Central Cancer Registry

Time period 1998–2000 1996–2000 2000–2001
Age range (years) 20–74 21–84 20–74
Eligibility criteria Excluded known HIV-positive

individuals
Excluded males Excluded known HIV-positive individuals

and organ transplant recipients
Histopathologic
classification system

ICD-O-2 REAL WHO þ ICD-O-3

Control selection ,65 years: random digit dialing ,65 years: random
digit dialing

Electoral rolls

�65 years: medicare files �65 years: medicare files
Matching variables Age (5 year groups), sex, race

and SEER area
Age (5 year groups) Age (5 year groups), sex, state or territory

Study population (participation)a Cases: n 5 1321 (76%) Cases: n 5 601 (72%) Cases: n 5 694 (85%)
Controls: n 5 1057 (52%) Controls: n 5 717 (,65 years:

69%; �65 years: 47%)
Controls: n 5 694 (61%)

Risk factor information Self-administered questionnaire,
in-person interview

Self-administered questionnaire,
in-person interview

Self-administered questionnaire,
telephone interview

DNA source Venous blood or mouthwash
buccal cell sample

Venous blood or mouthwash
buccal cell sample

Venous blood sample

Restrictions for this analysis Excluded participants who
provided a buccal cell sample

Included participants of European or Asian
ethnicity (97% of participants)

Genotyped for this analysisb Cases: n 5 1001 Cases: n 5 436 Cases: n 5 524
Controls: n 5 834 Controls: n 5 517 Controls: n 5 474

HIV, human immunodeficiency virus; ICD-O-2/3, International Classification of Diseases for Oncology, second/third revision; REAL, Revised European American
Lymphoma system; WHO, World Health Organization.
aParticipation was defined as the percentage interviewed among those approached.
bStudy participants who did not provide a biologic specimen, did not have sufficient material for DNA extraction or sufficient DNA for genotyping or whose
genotyped sex was discordant from the questionnaire data were excluded from this analysis. As described in Materials and Methods, the final analytic population
further excluded participants with a low sample completion rate (NCI-SEER: 11 cases, 6 controls; Connecticut: 2 controls; NSW: 4 cases, 9 controls).
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a continuous variable. In general, P-values for SNPs reported in the Results are
from the trend test. For rs4833103, which showed consistent evidence of
association under a dominant genetic model throughout our analyses, both
trend test P-values and P-values assuming a dominant model are reported.

Gene-level statistical tests of association of TLR10–TLR1–TLR6, TLR2 and
TLR4 were conducted using two approaches. First, we performed the ‘MinP’
test, which assesses the true statistical significance of the smallest P-trend
within each gene region by permutation-based resampling methods (10 000
permutations) that automatically adjust for the number of tag SNPs tested
within that gene and the underlying linkage disequilibrium (LD) pattern
(25,26). These analyses were performed using the MATLAB Statistics Tool-
boxTM 6.2 (The Mathworks, Natick, MA). Second, we conducted a likelihood
ratio test comparing the log likelihood for a model containing main-effect
parameters (assuming a codominant model) for all non-correlated SNPs
(r2 , 0.80 among controls) within a gene region to the log likelihood for
a model with these parameters removed (27).

Two types of haplotype analyses were conducted among non-Hispanic Cau-
casian subjects only. We evaluated risk associated with haplotypes defined by
SNPs within a sliding window of three loci across a gene region (Haplo.Stats,
haplo.score.slide, version 1.3.1; http://cran.r-project.org/web/packages/haplo.
stats/index.html). A global score statistic was used to summarize the evidence
of association of disease with the haplotypes for each window. We also con-
ducted analyses of haplotypes inferred from all tag SNPs across the gene re-
gion (Haplo.Stats, haplo.glm, minimum haplotype frequency 1%). These
region-wide haplotype analyses were performed after visualizing the haplotype
structures across TLR10–TLR1–TLR6, TLR2 and TLR4 and noting the absence
of separate haplotype blocks within each region (Haploview version 4.0; http://
www.broad.mit.edu/mpg/haploview/). For both approaches, codominant hap-
lotype effects were modeled with adjustment for age, sex and study center.

In addition to analyses of all NHL, we investigated associations with
specific histologic subtypes (FL, DLBCL, MZL and CLL/SLL). Polytomous

regression modeling was used to simultaneously calculate subtype-specific
SNP effects and to construct tests of heterogeneity in codominant SNP
effects across subtypes. Subtype-specific gene-level tests and haplotype anal-
yses were performed using unconditional logistic regression modeling. The
association between the TLR2 variant rs3804100 and MALT lymphoma, the
most common type of MZL, was also investigated using unconditional logis-
tic regression.

Results

The distributions of cases and controls were similar with respect to
sex, age, race or ethnicity and study site, both overall and within each
study (Table II). Approximately 90% of the overall study population
were non-Hispanic Caucasian (87% of controls and 90% of cases),
5% were Black and 6% were members of other racial/ethnic groups.
The NCI-SEER and Yale studies had similar distributions of NHL
subtypes, whereas the NSW study had a higher frequency of FL (37
versus 24%) and a lower frequency of CLL/SLL (3 versus 10%) and
not otherwise specified (NOS) tumors (7 versus 15%) compared with
the other studies.

Figure 1 summarizes findings from tests of association involving
the 11 investigated SNPs within the TLR10–TLR1–TLR6 gene cluster.
Two SNPs were associated with NHL risk: rs10008492 (ORCT 1.12,
95% CI 0.97–1.30; ORTT 1.40, 95% CI 1.15–1.71; Ptrend 5 0.001)
and rs4833103 (ORAC 0.75, 95% CI 0.64–0.88; ORAA 0.74, 95% CI
0.62–0.90; Ptrend 5 0.002; Pdominant 5 0.0002). When analyses were
restricted to non-Hispanic Caucasians, both SNPs remained associ-
ated with NHL (rs10008492, Ptrend 5 0.008; rs4833103, Ptrend 5
0.01, Pdominant 5 0.003). Associations with these SNPs were

Table II. Study-specific and pooled demographic and pathology characteristics of study participants in the NCI-SEER, Yale and NSW NHL case–control studies

NCI Yale NSW Pooled

Control,
N 5 828,
n (%)

Case,
N 5 990,
n (%)

Control,
N 5 515,
n (%)

Case,
N 5 436,
n (%)

Control,
N 5 465,
n (%)

Case,
N 5 520,
n (%)

Control,
N 5 1808,
n (%)

Case,
N 5 1946,
n (%)

Sex
Male 443 (53) 536 (54) — — 268 (58) 304 (58) 711 (39) 840 (43)
Female 385 (47) 454 (46) 515 (100) 436 (100) 197 (42) 216 (42) 1097 (61) 1106 (57)

Age (years)
,50 203 (25) 277 (28) 98 (19) 86 (20) 107 (23) 121 (23) 408 (23) 484 (25)
50–59 177 (21) 235 (24) 97 (19) 89 (20) 135 (29) 171 (33) 409 (23) 495 (25)
60–69 285 (34) 311 (31) 120 (23) 110 (25) 151 (32) 154 (30) 556 (31) 575 (30)
70þ 163 (20) 167 (17) 200 (39) 151 (35) 72 (16) 74 (14) 435 (24) 392 (20)

Race/ethnicity
White, non-Hispanic 646 (78) 829 (84) 473 (92) 415 (95) 459 (99) 507 (98) 1578 (87) 1751 (90)
Black 112 (13) 64 (6) 14 (3) 13 (3) — — 126 (7) 77 (4)
Other/unknown 70 (8) 97 (10) 28 (5) 8 (2) 6 (1) 13 (3) 104 (6) 118 (6)

Study site
Detroit 139 (17) 197 (20) — — — — 139 (8) 197 (10)
Iowa 246 (30) 301 (30) — — — — 246 (14) 301 (16)
Los Angeles 199 (24) 234 (24) — — — — 199 (11) 234 (12)
Seattle 244 (29) 258 (26) — — — — 244 (13) 258 (13)
Connecticut — — 515 (100) 436 (100) — — 515 (28) 436 (22)
NSW — — — — 446 (96) 496 (95) 446 (25) 496 (26)
ACT — — — — 19 (4) 24 (5) 19 (1) 24 (1)

NHL subtype
DLBCL — 294 (30) — 137 (31) — 169 (33) — 600 (31)
Follicular — 246 (25) — 103 (24) — 191 (37) — 540 (28)
CLL/SLL — 101 (10) — 43 (10) — 17 (3) — 161 (8)
Mantle cell — 40 (4) — 10 (2) — 19 (4) — 69 (4)
Marginal zone — 82 (8) — 29 (7) — 49 (9) — 160 (8)
LPL — 24 (2) — 9 (2) — 23 (4) — 56 (3)
MF/SS — 18 (2) — 10 (2) — 3 (1) — 31 (2)
Burkitt — 11 (1) — 0 — 3 (1) — 14 (1)
Peripheral T — 41 (4) — 14 (3) — 7 (1) — 62 (3)
NOS — 133 (13) — 81 (19) — 39 (7) — 253 (13)

DNA source
Blood 598 (72) 688 (70) 515 (100) 436 (100) 465 (100) 520 (100) 1578 (87) 1644 (85)
Buccal 230 (28) 302 (30) — — — — 230 (13) 302 (15)

ACT, Australian Capital Territory; LPL, lymphoplasmacytic lymphoma; MF/SS, mycosis fungoides/sézary syndrome.
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consistent across the three studies (Figure 2). These SNPs, located
50 kb apart, are in moderate LD (D# 5 0.54; r2 5 0.19 among Cauca-
sian controls; Figure 1).

A complete summary of findings for all investigated SNPs in the
TLR10–TLR1–TLR6 region is provided in supplementary Table I
(available at Carcinogenesis Online). Marginally significant associa-
tions with NHL risk were also observed for two other SNPs in the
region, rs11096956 (Ptrend 5 0.05) and rs1039559 (Ptrend 5 0.09).
Global tests of association for the entire region were statistically
significant (MinP test, P 5 0.008; likelihood ratio test, P 5 0.006).
Haplotype-based analyses further supported an association between
TLR10–TLR1–TLR6 variants and NHL risk; findings from analyses of
consecutive 3-SNP haplotype windows across the region suggested
associations with rs10008492 and rs4833103 (Figure 1), and a global
test of haplotypes across all 11 genotyped variants in the region was
statistically significant (P 5 0.01).

Associations with rs10008492 and rs4833103 for specific NHL sub-
types are shown in Table III (complete subtype-specific findings for all

SNPs are in supplementary Tables II–VI, available at Carcinogenesis
Online). Only some subtype-specific associations were statistically
significant (FL for rs10008492; DLBCL and MZL for rs4833103).
However, for each SNP, the associations were in the same direction
for all subtypes. Subtype-specific sliding-window haplotype analyses
(supplementary Table VII is available at Carcinogenesis Online) and
global tests of association (supplementary Table VIII is available at
Carcinogenesis Online) of the TLR10–TLR1–TLR6 region supported
associations with DLBCL and, less consistently, FL and CLL/SLL.

Investigations of the 11 tag SNPs summarizing the TLR2 region did
not provide strong evidence of association with NHL risk (supple-
mentary Table I is available at Carcinogenesis Online), although two
tag SNPs, located within the neighboring gene RNF175, were asso-
ciated with risk at a moderate level of statistical significance
(rs11935252, Ptrend 5 0.01; rs7695605, Ptrend 5 0.03). Of the global
tests of TLR2 variation performed, the likelihood ratio test was sta-
tistically significant (P 5 0.005), but the MinP test and region-wide
haplotype global test were not (P 5 0.12 and 0.84, respectively).

While subtype-specific analyses of TLR2 SNPs were generally null,
one notable exception was observed for rs3804100 (Table III), which
was strongly associated with MZL risk (CT/CC versus TT: OR 1.89,
95% CI 1.27–2.81; P 5 0.002). Statistically significant associations
with this SNP were observed in two of the three studies (Figure 2).
Analyses of rs3804100 among non-Hispanic Caucasians only yielded
identical findings (P 5 0.001), and sliding-window haplotype analysis
also supported an association with this SNP (supplementary Table VII
is available at Carcinogenesis Online). Additional analyses restricted
to MALT lymphoma (n 5 118), the most common type of MZL,
yielded an even stronger association (ORCT/CC 2.21, 95% CI 1.42–
3.43; P 5 0.0005). This variant was not associated with other sub-
types or with NHL risk overall; a test of heterogeneity in SNP effects
across subtypes was statistically significant (P 5 0.007). The MinP
test of TLR2 variants approached statistical significance for MZL (P5
0.06), but the likelihood ratio test and region-wide haplotype global
test did not (P 5 0.15 and 0.14, respectively).

The 15 investigated SNPs in TLR4 were not associated with NHL
(supplementary Table I is available at Carcinogenesis Online). Gene
region tests, haplotype-based analyses and investigations by subtype
were similarly null.

Discussion

In this pooled investigation of TLR gene polymorphisms in three
case–control studies of NHL, we found consistent evidence that var-
iation in the TLR10–TLR1–TLR6 region is associated with disease
risk. Global tests of association across all genotyped variants in this
region were statistically significant. In particular, two SNPs within the
region, rs10008492 and rs4833103, were significantly associated with
NHL; these SNP associations were observed in all the three studies
and did not appreciably differ by histologic subtype. We did not
observe clear evidence of association with variation in TLR2, although
the variant rs3804100 was significantly associated with MZL. No
associations with TLR4 variants were observed.
TLR10, TLR1 and TLR6 are located in a gene cluster spanning

57 kb on chromosome 4p14. TLR-1 and -6 are important elements
of TLR-2 signaling; these polypeptides, which bind tri-acyl and
di-acyl lipoproteins, respectively, interact with TLR-2 to create
heterodimer receptors capable of recognizing a broad spectrum of
pathogen ligands (2). The ligand and function of TLR-10 are not
known, although this receptor has been shown to be expressed in
normal and malignant B lymphocytes (8). There is evidence that
genetic variation in the TLR10–TLR1–TLR6 region may influence
risk of inflammatory diseases; associations with asthma (10,11) and
aspergillosis following allogeneic stem cell transplantation (28)
have been reported. Associations with TLR10–TLR1–TLR6 variants
were also observed in a large case–control study of prostate can-
cer (12), although a subsequent study of this region reported null
findings (29).

Fig. 1. A summary of findings from analyses investigating variation in the
TLR10–TLR1–TLR6 gene cluster and risk of NHL. The top of the figure
illustrates the chromosomal positions of TLR10, TLR1 and TLR6. The middle
portion of the figure is a plot of �log10 P-values from tests of association
with risk of all NHL across the region. Horizontal bars represent the �log10
P-values from global tests of 3-SNP haplotype windows moving sequentially
across the region (conducted among non-Hispanic Caucasians only).
Diamonds represent the �log10 P-values from tests of trend for each
individual SNP (conducted among all subjects). The bottom of the figure
illustrates the chromosomal position of the 11 tag SNPs and a plot of pairwise
D# within the Caucasian (CEU) population sample of HapMap (Data Release
20/Phase II, NCBI B35 assembly, dbSNP b125). The SNPs rs10008492 and
rs4833103 are enclosed in rectangles.
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The functional relevance of the tag SNPs rs10008492, located 8.5
kb telomeric of TLR10, and rs4833103, located 9.1 kb centromeric of
TLR1 and 12.9 kb telomeric of TLR6, has not been investigated. If our
observed associations are real, it is probably that these two variants do
not directly influence NHL susceptibility but rather are markers for
one or more underlying causal variants. Given the strong LD through-
out the TLR10–TLR1–TLR6 region (Figure 1), it is difficult to infer
a specific effect of any one of these genes from these SNP findings. It
is worth noting though that, within the HapMap CEU sample, both
variants exhibit LD with the non-synonymous TLR1 SNP I602S,
which has been shown to exhibit reduced activity toward tri-acyl
lipoproteins in two studies (30,31). It is possible that I602S and/or
other functionally relevant TLR1 variants such as P315L (32) directly
influence NHL risk. However, we cannot rule out TLR10 and TLR6 as
susceptibility loci; indeed, a rare non-synonymous TLR6 SNP was
significantly associated with NHL risk in a recent case–control anal-
ysis (9). Additional investigations involving a fine-mapping approach
to TLR10–TLR1–TLR6 will be important for identifying the underly-
ing causal variants in this region.

We did not observe clear evidence of association between TLR2
variants and risk of all NHL; the likelihood ratio test was statistically
significant, but findings from other analyses were null or equivocal. The
TLR2 region tag SNPs rs11935252 and rs7695605 were associated with
NHL at a moderate level of statistical significance; however, as both
variants actually reside within the neighboring gene RNF175, involved
in metal ion binding, it is unclear what gene effect would be responsible
for those associations (if real). We did observe a strong association with
MZL risk for the variant rs3804100, both overall and within two of the
three studies. No TLR2 variants were associated with other NHL sub-
types. Nieters et al. (6) reported a statistically significant association
with FL for the TLR2�16933T.A (rs4696480) variant. This SNP was
not genotyped in our study, although we note that it resides within a LD
block shared by three SNPs included in our study (rs6835636,
rs4696187 and rs13150331) in the HapMap CEU sample.

TLR2 haplotypes including rs3804100 have been previously asso-
ciated with risk of type 1 diabetes and severity of genital herpes
simplex virus type 2 infection (33,34). If our observed association
with rs3804100 is real, it is most probably that this SNP, which is
synonymous (S450S), is a marker for another causal variant. Several
non-synonymous SNPs within the TLR2 exon have been identified,
including the putatively functional variant Arg753Gln (rs5743708)
(35–37), although most are rare. An association between TLR2 and
MZL is biologically plausible given the strong evidence linking spe-
cific infectious organisms to the pathogenesis of MZL, MALT lym-
phoma in particular (38), and the importance of TLR-2 in recognizing
these organisms. There is convincing evidence that H.pylori infection
is a causal factor for gastric MALT lymphoma, the most common type
of extranodal MZL (39,40). Other infectious organisms have also
been linked to MALT lymphomas at other anatomic sites, including
Borrelia burgdorferi (41,42), Chlamydia psittaci (43), Campylobacter
jejuni (44) and the hepatitis C virus (45,46). Interestingly, TLR-2 has
been shown to play an important role in mediating immune responses
to H.pylori (47,48), B.burgdorferi (49) and hepatitis C virus (50).

Genetic variation in TLR4 was not associated with NHL risk in our
study. There is conflicting evidence from smaller studies regarding an
association of the TLR4 polymorphism Asp299Gly (rs4986790) with
NHL; this variant was associated with increased risk of MALT lym-
phoma in one study (6) and with decreased risk of MALT lymphoma
(7) and DLBCL (5) in two others. Our findings for this SNP were
consistently null, both overall and for specific subtypes.

Strengths of this pooled analysis include its large size and the
population-based design of the three participating case–control stud-
ies. It is unlikely that our findings are the result of bias due to pop-
ulation stratification, as race was adjusted for in regression modeling,
and analyses restricted to non-Hispanic Caucasians yielded virtually
identical findings. Given that we investigated several variants across
the three gene regions for both all NHL and different subtypes,
we must consider the possibility that our observed associations are

Fig. 2. Study-specific associations with NHL for rs10008492 and rs4833103 (TLR10–TLR1–TLR6) and with MZL for rs3804100 (TLR2). Square symbols
represent ORs; symbol size is proportional to number of cases. Horizontal lines represent 95% CIs.
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false-positive findings. The consistency of our key findings across the
three participating studies suggests that they are not due to chance;
however, these results require replication in other studies before
meaningful inferences regarding causation are drawn.

In conclusion, this pooled investigation of TLR gene variants across
the three case–control studies of NHL provides strong evidence that
variation in the TLR10–TLR1–TLR6 region is associated with risk and
suggests that TLR2 variants may influence susceptibility to MZL.
Additional studies are needed to replicate these findings and, more
generally, to explore further the relevance of TLR pathways to the
pathogenesis of NHL. Pooled investigations within the InterLymph
Consortium (51) will be especially informative in this regard.

Supplementary material

Supplementary Tables I–VIII can be found at http://carcin.
oxfordjournals.org/
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