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Abstrac t t 
Background Background 
Atherosclerosiss is increasingly considered to be a chronic inflammatory 
process.. We examined whether genetic variants of the toll-like receptor 
44 (TLR4), which are correlated with impaired innate immunity and with 
progressionn of carotid atherosclerosis, are also associated with coronary 
atherosclerosiss and predict the risk of cardiovascular events. 

MethodsMethods and results 
Twoo polymorphisms of the TLR4 gene (Asp299Gly and Thr399Ile) were 
determinedd in 655 men with angiographically documented coronary 
atherosclerosis.. All patients participated in a prospective cholesterol-
loweringg trial evaluating the effect on coronary artery disease (CAD), 
andd were randomly assigned to either pravastatin or placebo for two 
years.. There were no significant differences between genetically defined 
subgroupss with respect to baseline risk factors, treatment, or in-trial 
changess of lipid, lipoprotein, or angiographic measurements. Genotype was 
nott associated with progression of atherosclerosis. In the pravastatin group, 
299Glyy carriers had a lower risk of cardiovascular events during follow-
up,, than non-carriers {2.0% versus 11.5%, p=0.045). Among non-carriers, 
pravastatinn reduced the risk of cardiovascular events from 18.1% to 11.5% 
(p=0.03),, while among 299Gly carriers this risk was strikingly reduced from 
29.6%% to 2.0% (p=0.0002, p=0.025 for interaction). 

Conclusion Conclusion 
Amongg symptomatic men with documented CAD, the TLR4 Asp299Gly 
polymorphismm was associated with the risk of cardiovascular events. 
Thiss variant also modified the efficacy of pravastatin in preventing 
cardiovascularr events, such that carriers of the variant allele had 
significantlyy more benefit from pravastatin treatment. 
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Backgroun d d 
Atherosclerosiss is increasingly considered to be a chronic inflammatory 
orr even infectious disease.1 In a longitudinal study, subjects with 
chronicc infections had a significantly higher risk of developing carotid 
atherosclerosiss than subjects without chronic infections,2 and the antibody 
responsee to multiple micro-organisms is an independent risk factor for 
thee presence and severity of coronary artery disease (CAD).3 Chlamydia 
pneumoniaee has been receiving particularly much attention as a potential 
riskrisk factor in different stages of atherogenesis/^C. pneumoniae has been 
detectedd in atherosclerotic lesions,7 and the distribution of C. pneumoniae 
co-localizess with atherosclerosis within an individual.8 Gram-negative 
micro-organismss activate the immune system via lipopolysaccharide (LPS) 
which,, in combination with CD14, serves as ligand to the toll-like receptor 
44 (TLR4). 
Thee presence of LPS in the circulation is not confined to sepsis, but 
alsoo occurs in healthy subjects,2 910 and is associated with advanced 
progressionn of early atherosclerosis.2 TLR4 is expressed on cardiomyocytes, 
macrophages,, endothelial and smooth muscle cells, and importantly, 
activationn of this receptor results in the release of anti-microbial peptides 
andd cytokines that initiate innate and adaptive immunity.11 Recently, 
Arbourr and colleagues discovered two single nucleotide polymorphisms in 
thee TLR4 gene, that result in amino acid substitutions in the extracellular 
domainn of the receptor, with functional consequences. These variants, 
Asp299Glyy and Thr399Ile, lead to a blunted immunological response to 
inhaledd LPS,12 and to lower levels of proinflammatory cytokines, acute-phase 
reactants,, and soluble adhesion molecules.12 Lastly and most strikingly, 
theyy seem associated with reduced extent and progression of carotid 
atherosclerosiss as quantified by B-mode ultrasound.12 

Inflammationn may not only play a role in the progression of early 
atherosclerosis,, but may also be important in advanced atherosclerosis by 
determiningg the stability of atherosclerotic plaques and their proneness 
too rupture.13 Compared with lesions causing stable angina, the plaques 
off  patients with acute coronary syndromes contain considerably more 
inflammatoryy cells.14"16 In particular, the immediate vicinity of the site 
off  plaque rupture is invariably infiltrated by an inflammatory process.17 

Furthermore,, C-reactive protein (CRP), a marker of inflammation, has been 
identifiedd as an independent predictor of mortality and cardiovascular 
eventss in patients with stable and unstable angina,18 high-risk individuals19 

andd apparently healthy individuals.20 21 Statin therapy is most effective in 
patientss with elevated CRP levels, which underscores the hypothesis that 
statins,, beside lipid lowering effects, have plaque stabilizing and anti-
inflammatoryy effects.22 

Wee hypothesized that the TLR4 Asp299Gly and the Thr399Ile 
polymorphismss would be associated, firstly with progression of coronary 
atherosclerosiss as documented by quantitative coronary angiography, and 
secondlyy with the risk of cardiovascular events by affecting plaque stability. 
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Finally,, we hypothesized that carriers of the variant allele would respond 
differentlyy to statin therapy than non-carriers. We tested these hypotheses 
inn a group of patients with symptomatic CAD who were included in the 
REGRESSS study.23 

Method s s 
StudyStudy Design 
Thee REGRESS study and design have been described previously.23 Briefly, 
REGRESSS was a randomized, placebo-controlled multicenter study designed 
too assess the effect of two years of treatment with pravastatin 40 mg on 
progressionn and regression of angiographically documented coronary 
atherosclerosiss in 885 male patients with a normal to moderately raised 
serumm cholesterol, i.e. between 4 and 8 mmol/L (155 to 310 mg/dL), and 
triglyceridess <4.0 mmol/L (354 mg/dL). Patients were randomized to receive 
pravastatinn 40 mg once daily or matching placebo. Patients and physicians 
weree blinded to the randomization throughout the study. A number of 
substudiess were performed in addition to the main angiographic study, 
includingg specialized lipid and lipoprotein and genetic studies. 

ClinicalClinical outcome measures 
Coronaryy angiograms were analyzed quantitatively by the Cardiovascular 
Measurementt System (CMS, MEDIS Medical Imaging Systems, Nuenen, 
thee Netherlands). The quantitative coronary arteriographic procedures 
havee been described in detail previously.23 Primary end points were (a) the 
changee in average minimal obstruction diameter (MOD) per patient and (b) 
thee change in average mean segment diameter (MSD) per patient. Change 
inn MOD mainly reflects focal progression-regression of atherosclerosis, 
andd change in MSD mainly reflects diffuse progression-regression of 
atherosclerosis.. If a segment or lesion was adequately visualized in two 
(preferablyy orthogonal) projections and free of significant foreshortening in 
bothh views, the average values of the parameters in both projections were 
calculated.. To calculate average MOD and MSD per patient, the MOD and 
MSDD of all qualifying segments or obstructions were added and divided 
byy the number of contributing segments or obstructions. The following 
clinicall  events (according to pre specified criteria) were analyzed during 
thee study and identified before unblinding: myocardial infarction (fatal or 
nonfatal);; coronary heart disease death (other than known fatal myocardial 
infarction);; non-scheduled PTCA or CABG; stroke and transient ischemic 
attack,, and death (all other causes). 

BiochemicalBiochemical and DNA analyses 
Totall  cholesterol, high-density lipoprotein cholesterol (HDL), and 
triglyceridess were measured on fasting blood samples at the Lipid Reference 
Laboratory,, as published previously.23 Low-density lipoprotein cholesterol 
(LDL)) was calculated according to the Friedewald formula. Genomic DNA 
wass extracted according to a standard protocol. PCR amplification was 



Tablee 1. Baseline characteristics by toll-like receptor 4 genotype 

Subject s s 

My© © 

Bodyy mass index 

Systoli cc  bloo d pressur e 

Diastoli cc  bloo d pressur e 

Curren tt  or forme r smoke r 

Curren tt  smoke r 

Totall  cholestero l 

LDLL cholestero l 

HDLL cholestero l 

Triglyceride s s 

Histor yy of myocardia l infarctio n 

Leftt  ventricula r ejectio n fractio n 

Meann segmen t diamete r 

Minima ll  obstructio n diamete r 

Stenosi s s 

Coronar yy artery diseas e 

- 11 vesse l 

- 22 vessel s 

-- 3 vessel s 

Z99ASpAS p p 

577 7 

8 8 

3 3 

1355 8 

82110 0 

509(88) ) 

166(29) ) 

6.00 9 

4.33  0.8 

0.99 2 

299Gfy-postnv e e 

399lle-posrtiv e e 

69 9 

8 8 

3 3 

1366 0 

800 0 

58(84) ) 

144 (20) 

6.00  0.7 

4.33  0.6 

0.99  0.2 

1.67(0.49-4.03)) 1.70(0.46-3.92) 

2799 (48) 

700 2 

2.800  0.48 

1.899 5 

355 3 

2499 (43) 

195(34) ) 

1311 (23) 

288 (41) 

711  14 

2.877  0.41 

1.911 9 

333 8 

322 (46) 

22(32) ) 

15(22) ) 

299Gfy-posttrv e e 

399lle-negativ e e 

9 9 

577 9 

2 2 

1300 2 

788 8 

7(78) ) 

2(22) ) 

5.99  0.9 

4.33  0.9 

0.99 2 

1.10(0.63-2.32) ) 

5(56) ) 

633 5 

2.666  0.63 

1.911 1 

333 8 

0(0) ) 

7(78) ) 

2(22) ) 

 P 

0.8 8 

0.8 8 

0.7 7 

0.2 2 

0.4 4 

0.3 3 

0.9 9 

0.9 9 

0.8 8 

0.2 2 

0.4 4 

0.5 5 

0.2 2 

0.9 9 

0.4 4 

0.01 1 

Dataa are shown as mean ) or as number (%). The statistical analysis for 
triglyceridee levels was performed on log-transformed values, but untransformed 
mediann (minimum-maximum) values are given in the table. 

performedd on 1 ui DNA in 10 \A ReddyMix™ (ABgene, Epsom, UK) according 
too methods previously described.24 Researchers and laboratory personnel 
hadd no access to identifiable information, and could identify samples by 
numberr only. 

StatisticalStatistical analysis 
Withinn each of the treatment groups, the assumption of Hardy-Weinberg 
equilibriumm was tested by means of gene counting and chi-square 
analysis.. Patients were classified according to genotype combination 
{normall  TLR4; 299Gly-carriership in the presence of 399Ile-carriership; 
orr 299Gly-carriership in the absence of 399Ile-carriership). These groups 
weree compared with respect to relevant baseline characteristics, lipid 
andd lipoprotein concentrations, in-trial changes of lipid and lipoprotein 
concentrations,, and angiographic parameters. Differences in baseline 
parameterss were analyzed with the independent samples t- test, oneway 
analysiss of variance or the Pearson's chi-square test where appropriate. 
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Sincee triglyceride concentrations had a skewed distribution, the 
statisticall  analyses were based on log-transformed data. Changes in 
lipidd concentrations, lipoprotein concentrations, and angiographic 
measurementss during the trial were compared with one-way analysis of 
covariance,, with baseline values as covariates. The interaction between 
genotypee and treatment (placebo or pravastatin) was tested with the 
interactionn test of two-way analysis of covariance, with genotype and 
treatmentt as fixed factors and baseline values as covariates. Differences in 
thee rate of events were illustrated with Kaplan-Meier curves, and compared 
usingg a logrank test. We further used the Cox regression model to test for 
ann interaction between the TLR4 genotype and treatment (pravastatin or 
placebo). . 

Result s s 
FrequencyFrequency of the TLR4 Asp299Gly and Thr399Ue polymorphisms 
Off  the 885 patients enrolled in REGRESS, DNA was available from 670 
individuals.. Of these, 655 could be genotyped for both the Asp299Gly 
andd the Thr399Ile polymorphisms. These 655 individuals did not differ 
significantlyy in any baseline parameter from the original 885 patients. In 
thee entire cohort, 78 individuals carried the 299Gly variant allele, and 69 
carriedd the 39911e variant allele. The three common genotype combinations 
{normall  TLR4; 299Gly-carriership in the presence of 399Ile-carriership; 
andd 299Gly-carriership in the absence of 399Ile-carriership) were found at 
frequenciesfrequencies of 0.88, 0.11 and 0.014, respectively. These frequencies did not 
differr significantly between the two treatment groups (data not shown). 
Forr the placebo group, the pravastatin group, and the total cohort, the 
observedd allele frequencies were in Hardy-Weinberg equilibrium. 

BaselineBaseline characteristics 
Whenn patients were classified according to TLR-4 genotype combination, 
theree were no statistically significant differences with respect to CAD 
riskrisk factors, or treatment (table 1). The individuals with isolated 299Gly-
carriershipp had more severe CAD than individuals with other genotypes, 
ass evidenced by a higher proportion of individuals with two-vessel disease. 
However,, there were only 9 individuals with this genotype, so the data 
mustt be interpreted with caution. In both groups, approximately half of 
thee patients were randomly assigned to pravastatin treatment. 

In-trialIn-trial changes of lipid concentrations and angiographic parameters 
Thee TLR4 genotype did not affect in-trial changes of total cholesterol, LDL 
cholesterol,, triglycerides, or HDL cholesterol (table 2). Pravastatin affected 
totall  cholesterol, LDL, HDL, and triglycerides to a similar extent in all 
geneticc subgroups. Changes in angiographic measurements were also not 
significantlyy affected by the Asp299Gly polymorphism, with similar effects 
off  pravastatin treatment in the genetic subgroups. 



RiskRisk of cardiovascular events 
Carriershipp of the 299Gly allele did not significantly affect the risk of 
cardiovascularr events in the entire cohort, when compared with non-
carrierss (11.5% versus 14.9%, p=0.58) (table3). However, in the pravastatin 
groupp carriers of the variant 299Gly-allele had a significantly lower risk 
off  cardiovascular events than non-carriers (2.0% versus 11.5%, p=0.045). 
Pravastatinn reduced the risk of cardiovascular events in the entire cohort by 
50%% (19.0% versus 10.0%, p=0.0007). Strikingly, among non-carriers, the risk 
off  cardiovascular events was reduced from 18.1% to 11.5% (p=0.03), while 
amongg 299Gly carriers the risk was reduced significantly more from 29.6% 
too 2.0% (p=0.0002)(figure 1). Testing for interaction between the Asp299Gly 
genotypee and treatment group revealed that the efficacy of pravastatin in 
reducingg the time to first cardiovascular event was significantly different 
betweenn the genetic groups (p=0.025). Subdivision of the group of 299Gly-
carrierss according to carriership of the 39911e variant allele resulted in 
genotypee groups that were too small to detect significant differences and 
interactions.. The least common genotype combination (299Gly-carriership 
inn the absence of 399Ile-carriership) occurred only 9 times (3 on placebo, 6 
onn pravastatin). Although the prevalence of cardiovascular events appeared 
similarr in the 399-positive and 399-negative group, no solid conclusions can 
bee made. 

Discussio n n 
Wee examined whether the Asp299Gly and Thr399Ile polymorphisms of the 
TLR44 gene influenced the progression of coronary atherosclerosis and the 
riskk of cardiovascular events in a large cohort of men with symptomatic 
CAD.. Our results revealed an important interaction between these 
geneticc variants and pravastatin treatment on the risk of cardiovascular 
events.. In particular, the efficacy of pravastatin treatment in preventing 
cardiovascularr events was significantly higher in 299Gly carriers than in 
non-carriers.. This observation extends on previous reports in which we 
attemptedd to identify genetic factors that affect the clinical presentation of 
thee patients and their response to pravastatin therapy.2527 

FrequencyFrequency of the TLR4 Asp299Gly and Thr399He polymorphisms 
Genotypingg of study participants revealed that the allele frequency of the 
299Glyy variant was 5.9% in the REGRESS cohort. In the Bruneck study, 
thee allele frequency was 3.5%,12 and in three other populations they were 
reportedd to be 6.6%, 7.9%, and 3.3%.12 These allele frequencies are all within 
thee expected range. In addition, the frequencies of the three common 
genotypee combinations (normal TLR4; 299Gly-carriership in the presence 
off  399Ile-carriership; and 299Gly-carriership in the absence of 39911e-
carriership)) were similar to those described in previous reports. Thus, the 
genotypee combinations that were associated with decreased progression 
off  carotid atherosclerosis (299Gly-carriership with and without 39911e-
carriership),, do not occur at a substantially lower frequency in the REGRESS 



Tablee 3. Incidence of cardiovascular events by toll-like receptor 4 genotype 
a n dd t r e a t m e n t 

Placebo o 

Pravastatin n 

Total l 
p p 

Placebo o 

Pravastatin n 

Total l 

P P 

299AspAs p p 

18.11 (54/299) 

11.5(32/278) ) 

14.9(86/577) ) 

0.03f f 

18.11 (54/299) 

11.5(32/278) ) 

14.9(86/577) ) 

0.03f f 

299Gly-positiv e e 

29.66 (8/27) 

2.0(1/51) ) 

11.5(9/78) ) 

0.0002f f 

399lle-positiv ee 399ile-negative 

29.11 (7/24) 

2.2(1/45) ) 

11.5(8/69) ) 

0.0007t t 

33.33 (1/3) 

0.0(0/6) ) 

11.11 (1/9) 

0.2f f 

Tota l l 

19.00 (62/326) 

10.0(33/329) ) 

0.0007f f 

Tota l l 

19.0(62/326) ) 

10.0(33/329) ) 

0.0007f f 

P P 

0.10* * 

0.045* * 

0.6* * 

0.025* * 

P P 

0.3* * 

0.1* * 

0.6* * 

0.1** * 

Dataa are given as incidence of cardiovascular events during 2-year follow-up in % 
(n/N).. * P-value for logrank test between the genetic groups, t P-value for logrank 
testt between the treatment groups. 
*** P-value for interaction between genotype and treatment by Cox regression model. 

cohortt of men with symptomatic CAD, than in random population samples. 

RiskRisk of cardiovascular events 
Amongg individuals randomized to placebo, carriers of the 299Gly-allele 
weree at a non-significantly higher risk of cardiovascular events, compared 
too non-carriers (hazard ratio 1.84, 95%CI 0.8-3.87). In contrast, among 
thosee randomized to pravastatin treatment, 299Gly carriers were at a non-
significantlyy lower risk of events (hazard ratio 0.16, 95%CI 0.02-1.20, p for 
interaction=0.025).. In the Bruneck study, 299Gly carriers were at a non-
significantlyy lower risk for cardiovascular disease (hazard ratio 0.16, 95%CI 
0.02-1.24,, p=0.08) but data on use of statin therapy are not reported.12 

Itt has been suggested that the Asp299Gly-mediated loss of TLR4 function is 
inn turn influenced by the polymorphism at residue 399.1228 These reports 
indicatee that 299Gly-carriership in the presence of 399Ile-carriership results 
inn intermediate TLR4 function, while isolated 299Gly-carriership yields 
thee worst TLR4 functionality. Whether or not the interaction between 
TLR44 genotype and pravastatin treatment is also affected by this Thr399Ile 
polymorphism,, cannot be concluded from the present study due to the 
limitedd number of individuals with isolated 299Gly-carriership. 

Mechanism Mechanism 
Thee systemic inflammatory response to low-grade infectious stimuli 
playss a role in the progression of atherosclerosis.12 The TLR4 Asp299Gly 
andd Thr399Ile polymorphisms blunt this response, thereby reducing 
generalizedd arterial wall inflammation and subsequent generalized 
atherosclerosis.. This process is slow and well compensated for by 
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Figuree 1. Cumulative event-free survival by Asp299Gly genotype and treatment 

100% % 

90% % 

80% % 

70% % 

200 0 400 0 6000 800 

Follow-upp (days) 

Pravastatinn Carriers (299Gly-positive) 

++ + + •+ + 4 H Pravastatin Non-carriers (299AspAsp) 

Placeboo Carriers (299Gly-positive) 

ii i I I I I I I I Placebo Non-carriers (299AspAsp) 

Thee graphs represent the cumulative survival free of cardiovascular events calcu
latedd by Cox regression, for non-carriers (299AspAsp) treated with placebo, carriers 
(299Gly-positive)) treated with placebo, non-carriers treated with pravastatin, and 
carrierss treated with pravastatin. 

outwardd arterial remodelling which salvages lumen size. This seems an 
importantt reason why we did not observe any association between these 
polymorphismss and changes in MSD and MOD, two parameters of arterial 
lumenn size. In addition, the time span of 2 years may have been too short to 
detectt a small difference. 
Bluntedd inflammatory response leads to ineffective removal of infectious 



agents,, which may lead to persistence or even progression of the 
inflammatoryy trigger. Persistent triggering of the innate immune system 
mayy be especially harmful in an atherosclerotic plaque where abundant 
TLR44 is present to initiate an inflammatory response.29 30 It has been 
hypothesizedd that such an inflammatory response activates resident 
cellss and macrophages in the atherosclerotic plaque.31 Systemic LPS 
administrationn yielded more proinflammatory cytokine gene expression in 
thee aorta of rabbits with diet-induced atheroma, than in rabbits without 
atheroma.32-333 In addition, the extent of cytokine production was related 
too the burden of atheroma.33 Thus, at some point in the natural course 
off  atherosclerosis, the beneficial effect of a blunted immunological 
responsee in 299Gly carriers may be outweighed by persistent inflammatory 
triggeringg due to ineffective removal of the pro-inflammatory agent. 
Thiss balance depends on the amount of TLR4 present, and thus on the 
severityy of atherosclerosis. In the REGRESS cohort of men with advanced 
atherosclerosis,, this enhanced inflammatory response may have led to 
plaquee inflammation and instability. 
Inn summary, our observations would be explained by a model in which 
thee extent of plaque inflammation, and thus the risk of plaque rupture, 
iss determined by three factors: (I) the amount of inflammatory trigger 
thatt is capable of activating TLR4. This factor may be affected, in turn, 
byy the efficacy of TLR4 in its removal. (II) The amount of TLR4 present 
inn the vessel wall, and (III) the efficacy of TLR4 in mounting a local 
inflammatoryy response. This model would explain the striking reduction 
off  cardiovascular events observed in 299Gly carriers using statin therapy, 
comparedd with those who did not. Statins are known to reduce LDL 
cholesterol,, and thus oxidized LDL, which is a potent up-regulator of TLR4.34 

Thus,, in 299Gly carriers using statin therapy, a persistent inflammatory 
triggeringg due to ineffective removal may have been negated by a 
reductionn of TLR4 and a genotype-dependent inefficient initiation of local 
inflammation. . 

Limitations Limitations 
Theree are several potential limitations to the present study. First, the 
eventsevents defined in REGRESS include a number of different clinical entities, 
i.e.. non-scheduled percutaneous or surgical revascularization, non-fatal 
myocardiall  infarction, and fatal myocardial infarction.23 Nevertheless, the 
largee majority were events in which atherosclerotic plaque rupture and 
subsequentt thrombotic occlusion are the underlying pathophysiological 
processes.. The fact that these plaque rupture-related events led to a range 
off  clinical outcomes may have depended on numerous other factors, and 
doess not negate our findings. Second, the conclusions obviously apply only 
too symptomatic men with documented CAD. However, this population is 
representativee for the majority of male CAD patients in the Netherlands. 
Finally,, the frequency of isolated 299Gly-carriership (i.e. in the absence of 
399Ile-carriership)) was low in our cohort, which is consistent with previous 
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reports.1228Thesee reports have suggested that the genotype at residue 399 
influencess the effect of the Asp299Gly polymorphism; 299Gly-carrieship 
inn the presence of 399Ile-carriership predicts decreased TLR4 function, 
butt 299Gly-carriership in the absence of 399Ile-carriership yields a TLR4 
proteinn that functions even worse. We did perform analyses to evaluate 
whetherr the interaction between Asp299Gly genotype and pravastatin 
treatmentt was affected by the Thr399Ile polymorphism as well. However, 
thee results do not allow any solid conclusions due to the low frequency of 
thiss genotype combination. An even larger cohort of patients, or one with a 
higherr prevalence of this genotype combination, wil l be required to address 
thiss issue. 

Conclusion Conclusion 
Wee observed that, among symptomatic men with documented CAD, 
thee TLR4 Asp299Gly polymorphism was associated with the risk of 
cardiovascularr events. This genetic variant also predicted the efficacy of 
pravastatinn in preventing cardiovascular events such that carriers of the 
variantt allele had substantially more benefit from pravastatin treatment. 
AA substantial amount of experimental evidence exists regarding the role 
off  inflammation in determining the risk of plaque rupture-related events. 
However,, clinical data are limited. The relevance of our observation lies in 
thee fact that it shows genetic variance in the innate immune system to be 
associatedd with the occurrence of plaque rupture-related clinical events. In 
addition,, to our knowledge, this is the first observation of an interaction 
betweenn genotype and statin treatment in reducing the risk of clinical 
cardiovascularr events without an effect on lipid parameters. 
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