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Abstract

Cardiovascular disease (CVD) is a major cause of premature deaths and disability
globally. Inflammation, the response of the immune system to damaging stimuli,
was reported to contribute to CVD risk, with key inflammation-associated proteins
(e.g. interleukin-6 [IL-6] signalling) targeted in recent clinical trials. I investigated
whether components (IL-6 and IL-6 receptor [IL-6R]) and markers (C-reactive
protein [CRP] and fibrinogen) of the IL-6 signalling were associated with CVD risk,
with the aim of identifying relevant therapeutic targets for CVD.

First, using a nested case-control study design in the prospective China Kadoorie
Biobank (CKB), I reported that in Chinese adults higher plasma CRP concentrations,
but not plasma fibrinogen levels, were log-linearly associated with higher risks of
major coronary events, ischaemic stroke (IS), and intracerebral haemorrhage (ICH).
However, prior genetic studies have reported null associations of plasma CRP-
associated genetic variants with CVD risk, precluding CRP as a therapeutic target
for CVD.

To investigate potential therapeutic targets, I used genome-wide association studies
of CRP in CKB and in Europeans to derive genetic instruments representing the
IL-6R and the IL-6 ligand. The IL-6R instrument was a non-synonymous genetic
mutation in the IL6R locus (rs2228145-C) and reportedly mimicked the effects of
tocilizumab (an IL-6R antagonist). The IL-6 instrument was composed of three
genetic variants in CKB and a single genetic variant in Europeans (rs1880241-G)
near the IL6 locus. The CKB/EUR IL-6 genetic instruments were, therefore,
constructed to broadly represent effects of lower IL-6 signalling. Using a two-sample
Mendelian randomization approach, I showed that although the IL-6R instrument,
associated with lower plasma CRP, was associated with a lower risk of coronary heart
disease (CHD) phenotypes in both CKB and Europeans, there was no evidence of
an association of the IL-6 instrument with CHD in either population. Additionally,
on trans-ethnic meta-analysis, there was weak evidence that the IL-6R instrument
was associated with a lower risk of IS and a higher ICH risk but with consistent
estimates observed with the IL-6 instrument.



In conclusion, although the observational study supported the role of inflammation in
CVD, the null association of the IL-6 instrument with CHD in both the Chinese and
Europeans with weak evidence of lower and higher risk of IS and ICH, respectively,
questions the net therapeutic value of targeting IL-6 signalling for CHD.
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1
Introduction

1.1 Global burden of premature deaths and dis-
ability

According to the Global Burden of Disease (GBD) 2019, there were 56.5 million

deaths recorded globally in 20191. Of the 56.5 million deaths, 42 million deaths were

due to non-communicable diseases (NCDs). Cardiovascular disease (CVD), muscu-

loskeletal and mental disorders, and cancer were among the largest contributors to

deaths due to NCDs; of these, deaths due to CVD comprised the majority of NCD-

related deaths (18.6 million out of 42 million NCD-related deaths). Cardiovascular

diseases are also a major cause of global morbidity. A metric used by GBD to

quantify the number of years lost due to morbidity, disability or premature death is

the disability-adjusted life years (DALYs). Cardiovascular diseases were among the

largest contributors to DALYs, accounting for 393 million DALYs out of 1.62 billion

DALYs due to NCDs in 2019 (Figure 1.1), representing an increase of 12.5% since

2010. The increase in global DALY rates due to CVD does not necessarily suggest

an absolute increase in global morbidity due to CVD. The higher CVD DALY rates

may be due to global population growth and longer average life expectancies. Hence,

when DALY rates are standardised for age, age-standardised DALY (ASDALY) rates

1



1. Introduction 2

Figure 1.1: Global Burden of Cardiovascular Disease. A global map of age-
standardized disability-adjusted life years due to CVD in 2019, showing the
disproportionate effects of CVD in mostly low-and-middle-income countries.
Reproduced from Vos et al [1]

for CVD since 2010 were reported to have actually declined by 11.2%. The higher

life expectancy is likely primarily due to advances in secondary prevention measures

for CVD (i.e. better therapies and therapeutic procedures after the first CVD event)

and this is evidenced by the disproportionate ASDALYs in developing countries

compared to developed nations due to CVD in 2019 (Figure 1.1). Nevertheless,

although the global CVD ASDALY rates have reduced over the years, CVD remains

the largest cause of premature deaths in the world. Additionally, the steady

population growth and higher proportions of the older population forecasted for the

next few decades is likely to translate to higher absolute burdens of CVD in the

coming years and, therefore, warrants further research to advance our understanding

of effective therapies.

1.2 Cardiovascular Disease

The World Health Organisation (WHO) defines CVD as a group of disorders that

affects the heart or the circulatory system2. The major groups that comprise



1. Introduction 3

CVD include coronary heart disease (CHD), peripheral arterial disease (PAD) and

cerebrovascular disease. The underlying pathology in many of these CVD groups is

a restriction of blood supply to their respective organs, such as the heart (CHD),

limbs (PAD), or the brain (cerebrovascular disease). In most cases, the restricted

circulation results from internal occlusion of the lumen of blood vessels due to

progressive growth inside the lining of the vessels of a plaque composed of fibrous

and fatty tissue (Section 1.4). The abnormal growth of the fibrofatty plaque in blood

vessels of the respective organs is slow and undulating, with affected individuals

reporting symptoms spanning from mild to progressively severe depending on

the extent of the plaque growth3. When blood circulation supporting the heart

(via coronary blood vessels) is affected, mild symptoms include chest pain on

physical exertion that is relieved at rest (stable angina) that, if untreated, becomes

progressively severe enough to remain even at rest (unstable angina)4. When

blood supply is restricted in brain tissues, it can initially lead to only a temporary

(typically less than 24 hours) focal disturbance of brain function characterised

by blindness or limb weakness affecting one-half of the body (transient ischaemic

attack). In both the heart and brain, when the plaque is ruptured (usually from

high-pressure turbulent blood flow), it typically leads to clot formation at the site of

rupture. The resulting clot can potentially occlude blood vessels causing permanent

damage and death (necrosis) of underlying tissues; when this occurs in the heart, it

causes myocardial infarction (MI) and, in the brain, it leads to a stroke. Among

CVD groups, CHD and stroke were the top two leading causes of global mortality

and morbidity in individuals over 50 years of age in 20191.

1.2.1 Coronary heart disease

There are several terms used interchangeably in the literature to refer to symptoms

and signs arising from blockage of arteries around the heart (coronary arteries), such

as coronary artery disease (CAD), CHD, ischaemic heart disease (IHD), and acute

coronary syndromes (ACS). However, these terms have distinct meanings4. Both

CHD and IHD are near-equivalent terms and collectively refer to the clinical signs
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and symptoms that arise from the pathological occlusion of coronary arteries. When

the occlusion inside coronary vessels is confirmed by imaging (e.g. by computed

tomography angiography), it is referred to as CAD. If the occlusion is sufficient to

cause necrosis of heart muscles, the acute symptoms that result are one of the acute

coronary syndromes, either unstable angina or acute MI5. These acute symptoms

can be classified as obstructive CAD, non-obstructive CAD (NOCAD), or coronary

microvascular dysfunction (CMD)6. The extent of stenosis or narrowing in the

coronary arteries required to angiographically distinguish between obstructive and

non-obstructive CAD varies between different guidelines or studies7. The most recent

American College of Cardiology/American Heart Association guidelines considers

stenosis in the coronary arteries to be significant when there is an angiographically-

determined luminal narrowing of more than 70% of any coronary artery or more

than 50% narrowing of the left main coronary artery or a 40% to 70% narrowing of

any coronary artery if there is associated inducible ischaemia8. If the coronary artery

narrowing is not significant stenosis, it is generally classified as non-obstructive

CAD. Both NOCAD and CMD can present with symptoms of angina (i.e. chest pain

with or without exertion) and can potentially underlie the persistence of ischaemic

symptoms even after coronary revascularisation for obstructive CAD6.

In 2019, CHD (mostly representing obstructive CAD) resulted in approximately 9

million global deaths, contributing 182 million DALYs to global DALYs, representing

an increase of 50% since 19901. Prevalence of non-obstructive CAD varies between

studies, with one study reporting 16% to 22% of patients undergoing coronary

angiography had no obstructive CAD9. The prevalence of NOCAD was reported

to be higher in women (65%) than men (32%)10. In both men and women, almost

60% of patients with NOCAD had evidence of CMD (defined as endothelium-

dependent or endothelium-independent microvascular dysfunction)11. Irrespective

of the diagnosis of specific CAD type, patients with NOCAD or CMD are at a

higher risk of obstructive CAD, major adverse cardiovascular events (MACE), heart

failure with preserved ejection fraction, and ACS7,10.
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1.2.2 Stroke

Stroke is defined by WHO as “a clinical syndrome consisting of rapidly developing

clinical signs of focal (or global) disturbance of cerebral function, lasting more

than 24 hours or leading to death, with no apparent cause other than that of

vascular origin”12. About 6 million deaths in 2019 were attributed to stroke

representing a contribution of 143 million DALYs to global DALYs1. Depending on

the underlying pathology (occlusion of cerebral arteries or bleeding in brain tissues),

stroke is classified as either ischaemic or haemorrhagic stroke type. Ischaemic stroke

(IS) describes the occlusive pathology that occurs inside blood vessels supplying

the brain and results in signs and symptoms of focal brain disturbances that

arise from the occlusion. Haemorrhagic stroke (HS) occurs due to rupture of

weakened or malformed blood vessels or iatrogenically induced thinning of the

blood (e.g. inappropriate use of anticoagulants). While anticoagulant therapy may

be instituted in IS, it is contraindicated in HS. The determination of whether a

stroke is ischaemic or haemorrhagic, therefore, is crucial as a treatment for one

can exacerbate the other. The determination of IS or HS is also necessary from

a prognostic point of view. Although IS is the prevalent stroke type (~80%1), IS

generally has a better prognosis than HS13 with lower case-fatality rates (CFR)

than ICH - the most common subtype of HS (CFR: 15-20% for IS14 vs. 40% for

ICH in the first month15). The prognosis of SAH - the less common type of HS

caused commonly by a ruptured malformed vessel - is similar to ICH with CFRs

between 32% and 67%16.

Therapeutic and prognostic differences also exist within IS stroke subtypes. The

Trial of Org 10172 in Acute Stroke Treatment (TOAST)17 classified IS into five

IS subtypes: 1) large-artery atherosclerosis, 2) cardioembolism, 3) small-vessel

occlusion, 4) stroke of other determined aetiology, and 5) stroke of undetermined

aetiology. Of these, recurrent strokes with higher mortality rates were observed

frequently in cardioembolic stroke (where a clot from the heart lodges and occludes

cerebral arteries) than other IS subtypes17. The therapeutic modalities may also
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differ depending on the IS subtype. For example, while long-term anticoagulation is

the preferred mode of treatment for cardioembolic stroke18, carotid endarterectomy

(the surgical opening and removal of plaque from carotid arteries) is recommended

for the management of large-artery atherosclerosis where one or both the carotid

arteries are narrowed by plaque deposition19.

Both IS and ICH had DALY contributions of 64 million and 69 million, respectively,

to the 143 million global DALYs accrued due to stroke in 2019. Despite declines in

CVD ASDALY rates over the years, both CHD and stroke remained the top two

causes of premature death globally in 20191. Identification and further mitigation

of risk factors of CHD and stroke remain the cornerstone of the prevention of CVD

and its complications.

1.3 Risk factors of cardiovascular disease

A number of modifiable and non-modifiable risk factors contribute to the risk of

CVD. The non-modifiable factors include age, male sex, and ethnicity.

1.3.1 Non-modifiable risk factors
Aging

As described in Chapter 1.1, the ASDALYs due to CVD have declined since the 1990s

and, therefore, much of the attributed increase of DALYs due to CVD since 1990

have been due to population growth and ageing. The association of non-modifiable

factors to CVD is due, at least in part, to the correlation of non-modifiable factors

to potentially modifiable CVD risk factors. Ageing is a good example of this model

as the higher CVD risk due to ageing can potentially be the result of the cumulative

exposure to modifiable CVD risk factors over time20. This was shown to be the

case in the Framingham Heart Study which examined differences in lifetime risk at

age 50 by modifiable risk factor burden. The study demonstrated substantially low

lifetime risks of CVD and longer median survival in both men and women at age 50

with the lowest risk factor burden21.
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Sex

Similar to age, the higher CVD risk in males than females can be partially accounted

for by differences in modifiable risk factor burden between the sexes (for e.g. males,

on average, tend to drink and smoke more than females22). However, whether

biological sex is an independent risk factor remains unclear. Several lines of

epidemiological evidence suggest that men tend to have CVD events at younger

ages with higher mortality rates due to CVD than females23–25. It was postulated

that this sex-specific difference in CVD risk was due to a protective effect of female

hormones prior to menopause but there is limited epidemiological and experimental

evidence to support this notion26. A more recent study showed that mortality due

to CHD in women increased exponentially with age, with no evidence of acceleration

during menopause27. With men, the investigators observed a higher risk of death

due to CHD in younger ages with the deceleration of risk after 45 years of age

compared to age-matched women27. Indeed, at age 55, men and women tended to

have similar lifetime risks of CVD24, further weakening the case of female hormones

playing a cardioprotective role.

Ethnicity

The trans-ethnic differences in CVD risk (i.e. a higher CVD risk in blacks and South

Asians than the Europeans) may, at least partially, stem from ethnic disparities

in the burden of potentially modifiable social risk factors of socio-economic status,

childhood nutrition, and equitable access to quality healthcare28. Like sex, whether

ethnicity is an independent risk factor for CVD remains widely debated. It was

observed by several investigators that migrants of South Asian descent in the

UK and African Caribbeans were at higher risk of CHD29 and stroke30 than their

White-ancestry European peers. Disparities of equitable access to healthcare were

postulated to explain part of the differences in risk; for example, among patients

where revascularisation surgery was indicated for obstructive CAD, a study showed

that South Asian patients were less likely to receive revascularisation surgery than

white patients31. Large-scale studies that have systematically examined inequities
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in healthcare access based on ethnic groups are scarce. Several other studies have

postulated metabolic derangements in South Asians such as insulin resistance32

and higher levels of lipoprotein (a)33 to explain the higher CVD risks. Markers of

systemic inflammation such as C-reactive protein (CRP)34 and fibrinogen35 were

also found to be disproportionately elevated in South Asians than Europeans.

South Asians, Blacks, and other non-European ethnic groups are currently under-

represented in genetic studies36, and hence, evidence of genetic predisposition to

CVD risk of one ethnic group over another is limited. The scarcity of non-European

genetic studies also greatly limits investigations on mechanisms that would confer

higher CVD risk to South Asians or Blacks compared to Europeans. However,

efforts to increase genetic diversity in GWAS are currently underway37, and the

current thesis, which aims to understand the relevance of inflammation to CVD

risks in the Chinese, represents a small step towards the goal of inclusive genetic

epidemiological investigations.

1.3.2 Modifiable risk factors

Several modifiable risk factors were identified and extensively studied over the years

(Box 1.1)38. This section briefly describes the epidemiological evidence for the

associations of modifiable risk factors with CVD and then discusses the biological

relevance of these risk factors to inflammation.

Blood pressure

The pressure of blood in the circulatory system rises (systolic blood pressure, SBP)

and falls (diastolic blood pressure, DBP) on each heartbeat and is commonly

referred to as blood pressure. There is strong epidemiological evidence that higher

SBP and higher DBP predispose to higher risks of most CVD phenotypes in both

Europeans39,40 and East Asians41. The Prospective Studies Collaboration meta-

analysis of 61 European cohorts (aged between 40 and 89 years of age) reported

log-linear associations of usual SBP and DBP with risks of CVD mortality, without

any evidence of a threshold down to an SBP/DBP of 115/75 mm Hg. The lifetime
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risk of CVD (a measure of absolute risk representing the probability that an

individual will develop CVD over the course of their lifetime) was reported to be

17.2% higher in individuals at 30 years of age with hypertension (i.e. blood pressure

more than or equal to 140/90 mm Hg) compared to age-matched individuals without

hypertension40. Hence, lowering blood pressure is associated with a reduced risk

of mortality from CVD and the relative risk reductions are proportional to the

magnitude of the BP reductions achieved42. A meta-analysis of 123 trials with

613,815 participants showed that every 10 mm Hg reduction in SBP was associated

with approximately 20% to 30% relative risk reductions of major CVD events, CHD,

stroke, and heart failure42.

Obesity

Obesity is defined by WHO as abnormal or excessive fat accumulation that may

impair health43. Body-mass index (BMI, weight in kilograms/(height in metres)2)

is frequently used to quantify obesity. Individuals with BMI between 25.0 and 29.9

kg/m2 are classified as overweight, and a BMI over 30.0 kg/m2 is considered obese44.

Analyses in 57 prospective studies with 894,576 participants (mostly Europeans,

35-89 years of age) showed higher risks of death due to CHD or stroke with higher

BMI; for each 5 kg/m2 higher BMI than baseline BMI associated with a higher

relative risk of CHD or stroke by approximately 40% (HR: 1.41 [95% CI: 1.37,

1.45])45. A similar association of BMI with CHD was also observed in East Asians,

with one large prospective cohort (n = 222,000 Chinese men, 40-79 years of age)

reporting that each 2 kg/m2 higher usual BMI, over 20 kg/m2, was associated

with a 12% (95% CI: 6%,19%) higher CHD mortality46. In the same prospective

East Asian cohort but with a larger sample size (n = 512,891 adults, aged 30–79

years), the investigators showed that each 5 kg/m2 higher BMI was associated with

a 30% higher risk of IS (HR: 1.30 [95% CI 1.28–1.33]) and 11% higher risk of ICH

(1.11 [1.07,1.16])47. However, the associations of BMI with IS in East Asians were

substantially attenuated on adjustment for usual SBP (HR: 1.05 [1.03-1.07] per 5

kg/m2 higher BMI)47, with associations of BMI with ICH reversed (i.e. higher BMI
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was associated with lower ICH) on statistical adjustment of SBP. The association

of BMI with stroke types pre- and post-adjustment for SBP suggests that at least

part of the risk of BMI on IS and ICH may be potentially mediated via the effect

of BMI on SBP.

Blood Cholesterol

The Framingham Heart Study provided the first prospective evidence of elevated

blood total cholesterol levels and CHD risk in a cohort of approximately 5000

men and women48. The Prospective Studies Collaboration subsequently combined

61 prospective observational studies comprising of almost 900,000 adults (mostly

Europeans) between the ages of 40 and 89 years and showed that each mmol/L

lower total cholesterol was associated with lower risk of CHD and the risk was lowest

in both sexes at ages 40–49 years (HR: 0.44 [95% CI: 0.42, 0.48])49. However, total

cholesterol is a composite trait and represents the sum of cholesterol concentrations

in different lipoprotein particles. Two of the major lipoproteins studied in relation to

CVD risk are low-density lipoprotein (LDL, which transport cholesterol as LDL-C

to peripheral tissues) and high-density lipoprotein (HDL, which carry cholesterol as

HDL-C away from tissues to transport them back to the liver for excretion). Several

epidemiological studies have provided strong evidence supporting the causal role of

LDL-C as a risk factor for CHD and stroke50–54. The specific role of HDL-C remains

unclear. Higher plasma HDL-C was observationally associated with lower CHD

risk55, but there was no evidence that genetically predicted plasma HDL-C was

associated with CHD risk51. However, both genetically predicted plasma LDL-C and

HDL-C were associated with stroke types and subtypes. Genetically predicted lower

plasma LDL-C was associated with a lower risk of IS54, specifically the large-artery

atherosclerotic subtype of IS56 but higher risk of ICH54. Genetically predicted lower

plasma HDL-C was only associated with a lower risk of small-artery occlusion56.

Neither genetically predicted plasma LDL-C nor plasma HDL-C were, however,

associated with cardioembolic stroke56.
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Blood glucose

Epidemiological studies have indicated that irrespective of diabetes, both fasting

and postprandial glucose levels were associated with CVD risk57–59. For random

blood glucose, while a preliminary study showed largely neutral associations with

CVD risk60, a larger prospective investigation using a large East Asian cohort

showed a log-linear relationship of elevated random plasma glucose levels and risk

of heart disease and stroke61,62. The mechanism linking excessive plasma glucose

with CVD risks is unclear. There is some experimental evidence to suggest a

role of advanced glycation end-products (AGE, these are products of chemical

transformations of amine-containing molecules, e.g. proteins, lipids or nucleotides,

by reducing sugars such as glucose)63,64; AGE products are triggered by high

oxidative stress that typically results from long-term blood glucose elevations65 and

is reported to contribute to both the aetiology and complications (e.g. CVD66) of

diabetes67.

Smoking and Alcohol

Smoking and alcohol are among the major lifestyle factors associated with CVD risk.

An extensive body of studies spanning several decades has provided strong evidence

for the aetiological role of cigarette smoking in CHD, stroke, aortic aneurysm,

and peripheral arterial disease68–72. The observations of association of smoking

with CVD risks are not limited to smokers but also extend to individuals exposed

to secondhand smoke73. Several mechanisms were postulated linking tobacco

smoke with CVD, including sustained elevations of heart rate and blood pressure,

derangements of lipid metabolism, endothelial dysfunction, and low-grade persistent

chronic inflammation74. Unlike smoking which had strong support from conventional

epidemiological studies that linked smoking with CVD risk, the interpretation of the

association of alcohol with CVD risk using traditional epidemiological study designs

was not as straightforward. While observational studies have shown a U-shaped or

J-shaped association of alcohol consumption with CVD risks, genotype-predicted

alcohol consumption showed clear log-linear associations of higher alcohol intake
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with a higher risk of most CVD phenotypes with no evidence of a lower safe threshold

of drinking75–77.

Diet

According to the GBD 2019 risk factors collaboration, among risk factors with the

highest attributable deaths in 2019, dietary risks ranked 2nd and 3rd for women

and men, respectively78. In absolute numbers, dietary risks were responsible for

11 million deaths globally in 2019, of which 10 million deaths were due to CVD79.

Specific diets considered as risk factors for CVD by the GBD study include diets low

in fruits and vegetables, and high in red meat, processed meat, sodium, sugar, and

trans-fats. These dietary risk factors collectively referred to as ‘Western’ pattern

diet, were nominated by the GBD investigators because there was extensive evidence

from several epidemiological studies that implicated these diets as major risk factors

of CVD80–83. Many of these diets mediate CVD risk through the aforementioned

risk factors. For example, high salt intake is linked to high blood pressure which

contributes to CVD risk. Consumption of trans-fats and sugar is linked to obesity

and elevated plasma glucose levels, both of which are well-established CVD risk

factors.

Air pollution

In 2015, approximately nine million premature deaths were due to diseases linked to

air pollution84. Of these nine million premature deaths, CVD deaths accounted for

21%, with 26% of CVD deaths due to CHD and 23% due to stroke84. The adverse

CVD effects of air pollution are not limited to ambient air pollution; household

air pollution due to (self-reported) burning of solid fuels were also associated with

higher risks of CVD mortality85,86.

Environmental enteropathy

Environmental enteric dysfunction (EED) is a subclinical intestinal abnormality that

is reported to be prevalent among children growing in impoverished resource-limited

areas of developing countries87. EED in children is postulated to result from the
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lack of access to clean water and inadequate sanitation87. As a consequence, there

is constant exposure to environmental non-commensal pathogens which disrupts

the absorption of essential nutrients from the gut lining, accelerates low-grade

chronic intestinal inflammation and causes childhood growth faltering88. EED in

early life is increasingly being recognised as an emerging risk factor for CVD in

adulthood88–90.

Low-grade persistent inflammation

Inflammation represents the response of the immune system to foreign antigens and

tissue damage in living tissues91 (Section 1.4.2). Markers of dysregulated systemic

inflammation, plasma C-reactive protein (CRP) and fibrinogen were observationally

associated with risks of heart disease and stroke92,93. Although the observational

associations of plasma CRP and fibrinogen with CVD risks were not observed

with genetically predicted plasma concentrations of CRP and fibrinogen94,95, the

genotype-predicted concentration of soluble interleukin-6 receptor (sIL-6R) which

associated with circulating CRP and fibrinogen levels were associated with risks

of CHD96,97. The observational associations of plasma CRP and fibrinogen along

with the roles of components of IL-6 signalling to CVD, are among the major

themes of my thesis and discussed in-depth in subsequent sections and the next few

chapters.
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Box 1.1: Modifiable risk factors for cardiovascular disease (CVD)

Established CVD risk factors
• Smoking [98]
• Alcohol [76, 99]
• Adiposity [47]
• ’Western’-style diet [80]
• Sedentary lifestyle [100]
• Cholesterol [101]
• Blood Glucose [61]
• Blood Pressure [102]

Emerging CVD risk factors
• Low-grade persistent inflamma-

tion [103, 104]
• Air pollution [105]
• Environmental enteropathy

[106]

1.3.3 Relevance of CVD risk factors to low-grade persistent
inflammation

Dysregulated inflammation that persists at low-grade underlies the mechanisms for

many of the aforementioned well-established modifiable and non-modifiable CVD

risk factors.

Aging and sex

Ageing is associated with the development of a low-grade persistent inflammatory

state107. Age-associated increases in persistent systemic inflammation are associated

with higher CVD risk108. Using parental lifespan as a proxy for the longevity of

study participants, a genome-wide association study (GWAS) in Europeans of

parental life-span found a number of GW significant signals in loci harbouring genes

associated with inflammation109. The precise mechanisms or inflammation pathways

associated with aging remains unclear but there is some emerging experimental

evidence to suggest a role of the nucleotide-binding oligomerization domain (NOD)-

like receptor family pyrin domain containing 3 (NLRP3) inflammasome110–112. The

NLPR3 inflammasome activates a series of cellular inflammation pathways that

result in the synthesis of interleukin-1 beta (IL-1β) and interleukin-6 (IL-6) among

other inflammation-associated molecules (these inflammation-associated proteins

are described in Section 1.4.2).

Men have a higher risk of mortality due to CVD at younger ages than women

(Section 1.3.1). Higher levels of testosterone - the male sex hormone - was
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postulated to increase risks of CVD. However, there was conflicting evidence from

observational studies for the relevance of testosterone to CVD risk113–115 but a

genetic epidemiological study supported the role of testosterone in MI116. Further,

an experimental study showed altered levels of testosterone was observed to induce

reactive oxygen species (ROS) which activates the NLPR3 inflammasome117.

Obesity and Blood pressure

As defined in Section 1.3.2, obesity is the abnormal or excessive accumulation of fat

that impairs health. A mechanism linking excessive fat accumulation to suboptimal

health is persistent low-grade inflammation characterised by higher plasma CRP

concentrations118,119. Evidence to support this obesity-inflammation hypothesis

emerged from both conventional observational and genetic epidemiological studies,

where the latter also showed it was genetically predicted adiposity that was associ-

ated with higher plasma CRP concentrations and not the other way round120,121.

Furthermore, a clinical trial to test the effects of a diet- and exercise-induced

weight loss program on markers of persistent low-grade inflammation showed lower

plasma CRP and plasma IL-6 concentrations in the diet-induced weight loss group

compared to the comparison group that only received health education122, further

supporting the role of obesity in persistent low-grade inflammation. Emerging

evidence also suggested where fat accumulates is linked to higher inflammation; the

fat tissue around organs was reported to have higher numbers of macrophages than

other tissues123, secrete more cytokines than subcutaneous adipose tissue124, and

contribute to the development of atherosclerosis125.

Association of persistent low-grade inflammation (represented by plasma concentra-

tions of CRP and IL-6) with blood pressure was reported mainly by conventional

observational studies126,127. These preliminary reports were tested using genetically

predicted CRP concentrations and the genetic epidemiological study did not find

evidence of association of CRP with any BP phenotype (SBP or DBP), suggesting

that observational associations of inflammation and BP may have been due to

confounding and/or reverse causation128. Obesity was, in particular, noted as a
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major confounder that distorted the association between inflammation and BP

indices128. Conversely, whether blood pressure plays a causal role in persistent

low-grade inflammation remains unclear. There is some observational evidence

suggesting associations of higher BP with plasma IL-6 concentrations129. Genetic

epidemiological studies to clarify the associations of genetically predicted BP

phenotypes on plasma CRP and IL-6 concentrations are warranted.

Smoking and alcohol

Smoking, specifically cigarette smoking, is a known causal risk factor for heart

disease and stroke69,130. Among the effects of cigarette smoking reported, are an

increase in absolute monocyte count131, an increase in the adhesion of monocytes

to blood vessel walls132, the enhanced migration of monocytes in the subendothelial

space133 and increases in concentrations of CRP134 and IL-6135.

With alcohol, conventional observational studies found an inverse relationship

between light alcohol consumption and markers of inflammation such as IL-6 and

CRP136,137. Genetically predicted alcohol consumption, however, showed that lower

alcohol consumption was causally associated with lower levels of IL-6, in contrast

to traditional epidemiological studies, and a lower risk of CHD (with no minimum

safe threshold of drinking)75.

Cholesterol, glucose, and Western diet

Among the CVD risk factors listed in Box 1.1, two of them are biological molecules

or biomarkers: cholesterol and glucose. High concentrations of specific types of

cholesterol and high glucose levels are strongly associated with CVD risk62,101.

High cholesterol mainly refers to low-density lipoprotein cholesterol (LDL-C) and

triglycerides (TG). As illustrated in Figure 1.2, ingestion of lipids is an essential

step for macrophages to become foam cells that ultimately form the core of the

atherosclerotic plaque. Similarly, dysregulated glucose levels (dysglycaemia), a

hallmark of type 2 diabetes, are correlated to CRP concentrations138. Both

cholesterol and glucose are disproportionately high in the ‘Western pattern’ diet.
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The Western diet triggers systemic inflammation via activation of the NLRP3

inflammasome complex80 that, as described in Section 1.4.4 and as shown in Figure

1.2, drives the IL-1β stimulated IL-6 signalling pathway.

Unravelling the causal role of the IL-6 signalling pathway for CVD is, thus, a

major aim of the present thesis. Indeed, the different types of balanced diet have

been recommended by nutritionists to prevent CVD. Many of these balanced diet

recommendations are associated with lower levels of inflammation when consumed

on a regular basis. For example, the Mediterranean diet (that consists of fish, fruits,

nuts, seed, whole-grains and olive oil) was shown to reduce markers of inflammation

including CRP, IL-6, and lower concentrations of adhesion molecules and chemokines

- factors that promote the atherosclerotic process (Section 1.4.3)139,140 (Figure 1.2).

The PREDIMED (Prevención con Dieta Mediterránea) trial that investigated the

effect of the Mediterranean diet on CVD, found that compared to a control diet,

the Mediterranean diet with extra-virgin olive oil reduced the risk of a major

cardiovascular event (myocardial infarction, stroke, or death from cardiovascular

causes) by more than 30% (Hazard ratio: 0.69 [95% confidence interval, 0.53

to 0.91])82,141. Such was the importance of inflammation to diet, that researchers

constructed a Dietary Inflammatory Index (DII) to assess the inflammatory potential

of different diets. The DII score was a literature-derived score that summarized

the effect of dietary parameters on six inflammatory biomarkers (IL-1β, IL-4, IL-6,

IL-10, TNF-α and CRP)142. The Mediterranean diet was shown to be inversely

associated with the DII score143, i.e. adherence to the diet lowers concentrations of

markers of inflammation, including CRP and IL-6140.

Physical activity

Other lifestyle-based risk factors include sedentary activity or lack of physical

activity and lack of sleep. There are a number of studies that have provided clear

evidence that regular physical activity lowers CVD risk144–146. Some of these studies

suggested that lower inflammation may be one mechanism mediating the cardio-

protective benefits of regular physical activity147,148. Among the various markers of
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inflammation assessed with physical activity, levels of CRP and IL-6 stand out; a

study that investigated participants over a 10-year follow-up showed that, compared

to self-reported physically inactive participants, participants who reported to have

engaged in at least 2.5 h/week of moderate to vigorous physical activity displayed

lower CRP and lower IL-6 levels149. The association of optimal sleep to inflammation

and CVD is similar to physical activity and balanced diets. Shorter (< 7 hours)

or longer sleep (> 9 hours) duration are linked to risk of CHD150–152 and stroke153

compared to individuals who reported sleep for 7-9 hours. Longer sleep duration, in

particular, has also been associated with higher levels of IL-6 and CRP154. Several

sleep researchers have suggested that the higher inflammation may contribute to

the CVD risk of suboptimal sleep patterns155,156.

Emerging risk factors: air pollution and environmental enteropathy

In addition to contributing to the adverse effects of ‘established’ risk factors on

CVD, chronic low-grade inflammation is an independent risk factor for CVD103,157.

‘Chronic Inflammation’ is, thus, listed as an ‘emerging’ risk factor in Box 1.1.

Like the established risk factors, many non-inflammatory emerging risk factors

converge on inflammation to affect CVD risk. For example, chronic childhood

undernutrition results in linear growth faltering of the growing child; the impeded

linear growth (‘stunting’) is reported to be partially due to impaired gut function106.

The impaired gut function results from the constant exposure to sources of faeco-

oral contamination disrupting the gut barrier function, and allowing passage of

microorganisms and/or their bioproducts from the intestinal lumen to the gut wall

leading to mucosal inflammation, ultimately leading to damage of the digestive

and absorptive functions of the gut. This phenomenon termed “Environmental

Enteropathy” (EE)106 is among the emerging risk factors for adult-onset CVD.

The linear growth faltering that occurs as a consequence of EE is correlated to a

systemic increase in markers of inflammation including CRP158 and is observed to

be associated with adult-onset CVD risk factors including dyslipidemia, high blood

pressure and dysglycaemia89. An additional pervasive risk factor that is known to
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influence CVD risk is ambient air pollution105. The main mechanism of ambient

pollution contributing to CVD risk is by deposition of ambient particulate matter

(PM) in the air sacs of the lungs; the finer the PM, the deeper they deposit in the

walls of the air sacs and the more they trigger systemic inflammation. Higher levels

of markers of systemic inflammation including CRP, IL-6, and IL-1β were observed

in healthy subjects even on short-term exposure to ambient PMs159.

1.4 Atherosclerosis and its immunological ori-
gins

1.4.1 Atherosclerosis

The pathological processes which cause abnormal changes to occur inside blood

vessel walls and typically lead to occlusion of vessels, restriction of oxygenated

blood flow and subsequent hypoxic damage to tissues are collectively referred to as

‘atherosclerosis’160. The atherosclerotic process involves the gradual formation of a

fatty streak that is eventually surrounded by fibrous tissue (the ‘fibrofatty’ plaque).

The resulting plaque protrudes into the vessel lumen and obstructs the laminar

flow of blood. Atherosclerotic CVD (ASCVD) events generally result from rupture

of these atherosclerotic plaques, the rupture triggers the clotting cascade and clot

formation at the site leads to occlusion of the vessel lumen and hypoxic damage to

the living tissue161.

However, the development of atherosclerotic plaque is not the only route to causing

CVD symptoms. Many other CVDs such as haemorrhagic stroke (a stroke type that

causes bleeding inside brain tissues) can occur on a background of the atherosclerotic

process (e.g. haemorrhagic transformation of ischaemic stroke162) or can be primary

in origin (i.e. occur de novo163). There are other types of CVD that do not depend

on the lumen-occlusive effects of atherosclerosis at all, such as Prinzmetal’s angina

that causes CVD symptoms due to the spasmodic occlusion of the blood vessels

supplying the heart164.
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Regardless, atherosclerosis underlies the pathology of most ischaemic CVDs. There-

fore, an understanding of atherosclerosis, including the cellular and molecular

processes that contribute to its pathology, is crucial to appreciate the contribution

of modifiable risk factors to atherosclerosis and to CVD risk as a result.

The atherosclerotic process is widely described as a ‘chronic inflammatory process’165–167

as immune cells play important roles at every stage of the atherosclerotic plaque

development, from the early fatty streak stage to late-stage fibrofatty plaque

to ultimately rupture of the plaque (Figure 1.2). Hence, prior to discussion of

the atherosclerotic process in the context of immune cells, I will describe what

inflammation is and how it works to aid in understanding the role of inflammation

in the atherosclerotic process.

1.4.2 Inflammation

Inflammation has a number of definitions. In ancient times, it simply represented the

classic symptoms of redness, swelling, heat, pain, and loss of function, in any body

part due to any cause (Box 1.2)91. A more recent definition suggested inflammation

was “the succession of changes which occurs in a living tissue when it is injured

provided that the injury is not of such a degree as to at once destroy its structure

and vitality” or “the reaction to injury of the living microcirculation and related

tissues”168.

As the recent definitions suggest, inflammation is a complex biological phenomenon

that represents the response of the immune system to tissue damage in living tissues.

Based on the intensity and duration of the immune response, inflammation can be

acute or chronic. While acute inflammation is intense and lasts for a short duration

(few days to few weeks), chronic inflammation is low-grade, persistent (few months

to years), and not as easily resolved as acute inflammation.

Acute and chronic inflammation also differ in the type of immune cells recruited for

their respective activities. For example, immune cells called ‘neutrophils’ play major

roles in acute inflammation while ‘monocytes’ and ‘lymphocytes’ play important
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roles in chronic inflammation. Unsurprisingly, monocytes and lymphocytes have

been demonstrated to drive the inflammatory process inside blood vessels that form

the basis of atherosclerosis (Figure 1.2)169.
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Box 1.2: Inflammation and atherosclerosis

The concept of inflammation is ancient; the earliest records date back to 2000
BC when the sixth king of Babylon – Hammurabi – enacted laws for surgeons
dealing with ocular abscess drainage. In the 5th century, BC Hippocrates of
Cos first began to use terms like edema and erysipelas to describe the signs of
inflammation. Roman medical writer Aulus Cornelius Celsus, in the 1st century
CE, defined the four cardinal signs of inflammation: redness, swelling, heat, and
pain. Galen (A.D 130–200) later added ’loss of function’ as a fifth sign. Rudolf
Virchow, a German physician – widely known as the father of modern pathology –
in the 19th century was the first person to link inflammation with atherosclerosis
[170] with his observation of the two processes that occur for the development of
atherosclerotic plaques:

“The state of the matter here also is more or less very simply
this, that two processes must be distinguished in the vessels, which
are very analogous in their ultimate results; first, the simple fatty
metamorphosis, which sets in without any discoverable preliminary
stage, and in which the existing histological elements pass directly
into a state of fatty degeneration and are destroyed, so that a larger
or smaller proportion of the constituents of the walls of the vessel
perishes; and, in the next place, a second series of changes, in
which we can distinguish a stage of irritation preceding the fatty
metamorphosis, comparable to the stage of swelling, cloudiness, and
enlargement which we see in other inflamed parts. I have therefore
felt no hesitation in siding with the old view in this matter, and in
admitting an inflammation of the inner arterial coat to be the starting
point of the so-called atheromatous degeneration”.

Experimental data in the 20th and 21st centuries led to a more explicit formulation
of the inflammation hypothesis of atherosclerotic CVD – that persistently elevated
mediators of systemic inflammation are associated with risk of CVD [104].
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Notes: IL-6: Interleukin-6; gp130: glycoprotein 130; IL-6Rα: Interleukin-6 receptor alpha; sIL-6Rα: soluble
Interleukin-6 receptor alpha;

Figure 1.2: Central role of immune cells and their secreted proteins in
the pathogenesis of atherosclerosis. The figure illustrates the roles and
activities of endothelial cells, lymphocytes, smooth muscle cells, monocytes,
and macrophages, along with their secreted proteins, at every stage of the
atherosclerotic process. Reproduced from Ruparelia et al [171]
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1.4.3 Role of immune cells in the atherosclerotic process

The atherosclerotic process typically starts when shear stress is exerted at the

endothelium (inner lining of the blood vessel wall) by disrupted laminar flow of

blood inside the vessel lumen (e.g. due to high blood pressure)172. The endothelial

cells secrete adhesion molecules (e.g. vascular cell adhesion protein 1, VCAM-1) that

promote the adhesion of monocytes along the endothelium173. The mobilisation

of monocytes inside the subendothelial space (space between endothelium and the

smooth muscle cell layer of the vessel wall) is facilitated by other molecules called

‘chemokines’ (e.g. monocyte chemotactic protein 1, MCP-1) secreted by monocytes

and smooth muscle cells (SMCs)174. A postulated role of CRP is to increase the

responsiveness of monocytes to the chemokine MCP-1175.

When monocytes are inside the subendothelial space, they become large and

transform into ‘macrophages’. These macrophages secrete more chemokines to

attract more monocytes at the lesional site. The macrophages possess a receptor

known as CD36 or ‘scavenger receptor’ that bind to and ingest oxidized lipids

from apolipoprotein-B (apo-B) containing lipoprotein particles (because lipids are

insoluble in blood plasma, they require proteins such as apo-B to carry it around

circulation)173,176,177. The lipid-laden macrophages, also known as ‘foam cells’178,

progressively increase in number in the lesional site, coalesce and constitute the

core of the developing atherosclerotic plaque (Figure 1.2).

This growing plaque is made susceptible to rupture by proteolytic enzymes (matrix

metalloproteinases) secreted by endothelial cells179. Rupture of the plaque initiates

the physiological clotting cascade that attempts to ‘heal’ the ruptured area by

aggregating platelets, clotting factors, blood cells in a meshwork, the meshwork

made of a protein called fibrin derived from fibrinogen161; both fibrinogen and CRP

are products of the IL-6 signalling pathway (these are discussed in detail in Section

1.5).
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1.4.4 Role of immune cell secreted proteins (‘cytokines’)

The cholesterol crystals in the ingested lipid within macrophages activates the

NLRP3 (NACT, LRR and PYD domains-containing protein 3) inflammasome

complex (a multi-protein complex) inside the cytoplasm of macrophage that activates

a molecule called caspase-1 (also known as interleukin-1 converting enzyme, ICE)180.

Caspase-1 converts interleukin-1 beta (IL-1β) to its active form; active IL-1β is

central to the activation of other ‘cytokines’ (cytokines are proteins that act as

signalling molecules of the immune system)181. Activation of cytokines contributes

to the initiation and progression of atherosclerotic plaque.

For example, in atherosclerotic lesions, IL-1β induces its own expression and that

of adhesion molecules in vascular cells, attract monocytes, stimulates proliferation

of SMCs, and then stimulates SMCs to produce IL-6182–185. Like IL-1β, IL-6 is

thought to play crucial roles in SMC proliferation, SMC migration and activation

of monocytes186,187. As well as pro-inflammatory actions, including stimulating the

hepatic synthesis of C-reactive protein (CRP) and fibrinogen188,189, it is postulated

that IL-6 has anti-inflammatory properties through feedback regulation of IL-1β

and up-regulation of IL-1 receptor antagonist, which blocks the action of IL-1β by

binding to its receptor190. Interleukin-6 performs these activities either by binding to

its membrane-bound IL-6R (‘classic signalling’) or soluble IL-6R (‘trans-signalling’)

- that is reported to promote IL-6 pro-inflammatory effects191; binding to either

receptor transduces signal inside the cell via IL-6 signal transducing (IL-6ST) protein

glycoprotein 130 (gp130) and this activates the Janus kinase/signal transducer and

activator of transcription 1 and 3 (JAK-STAT) inflammation pathway. Both types

of IL-6 signalling - trans-signalling and classic signalling - are discussed in-depth in

Section 1.5.5 as they are of particular relevance to the central aims of the present

thesis.
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1.4.5 Role of cytokines in non-atherosclerotic CVD

In contrast to the clear evidence for roles of cytokines in induction and progression

of atherosclerosis for ASCVD, the evidence for cytokines conferring risk for non-

atherosclerotic CVDs, such as intracerebral haemorrhage (ICH, a subtype of

haemorrhagic stroke), is scarce.

For primary ICH, most studies implicate cytokines in the brain injury that follows

ICH192–195 and not in the initiation of ICH. The haematoma (collection of blood)

formed inside the brain in ICH activates microglia (connective tissues of the brain)

and affected neurons (brain cells) to produce TNF-α, IL-1β and IL-6, that were

reported to mediate secondary brain injury after an ICH event196. However, there

was conflicting evidence of clinical benefits for the amelioration of secondary brain

injury following ICH with therapies that targeted the cytokines in animal models

of primary ICH197. Further, a clinical trial showed no overall clinical benefit on the

surgical evacuation of hematoma, the source of inflammation-induced brain injury,

compared to initial conservative treatment in patients with ICH198. If anything, ICH

was shown to induce neurogenesis in the adult human brain199, and cytokines such

as IL-6 were reported to play roles in axonal regeneration and neuronal survival200.

Additionally, cytokines such as IL-6 tend to create pro-coagulant states that promote

clot formation201, biologically relevant for atherosclerotic CVD like ischaemic stroke.

Indeed, the rates of ischaemic events were observed to be 6 times higher at 5 years

following deep ICH202.

However, there is a clear lack of studies implicating IL-6 signalling on the risk of

primary ICH. The present thesis will attempt to fill this knowledge gap by exploring

the observational and causal associations of components of IL-6 signalling with

ICH.
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1.5 CRP, Fibrinogen, and Interleukins: compo-
nents of systemic inflammation

Plasma concentrations of several proteins increase during acute inflammation

episodes and remain persistently elevated in chronic low-grade systemic inflammation203.

These ‘acute-phase proteins’189,204 include CRP, fibrinogen and interleukins. The

interleukins include IL-1β and IL-6 that stimulate the hepatic synthesis of CRP

and fibrinogen205.

1.5.1 Discovery of CRP, fibrinogen and interleukins

C-reactive protein is a ring-shaped protein produced by the liver. Its binds to dead

or dying cells (and some types of bacteria) and facilitates ingestion of these cells by

larger immune cells such as neutrophils206. The discovery of CRP and fibrinogen

began when Paul Ehrlich and Ilya Metchnikoff, two experimentalists, discovered

and experimentally demonstrated the ‘antigen-antibody’ complementarity at the

start of the 20th century. ‘Antigens’ are proteins, peptides, or polysaccharides (long

carbohydrate molecules) on the surface of cells or free-flowing in blood plasma

that can elicit the production of specific ‘antibodies’ that it can bind to. The

antibodies are produced by cells of the immune system tailored for a particular

antigen. When antibodies bind to their antigen, they ‘precipitate’, i.e. form long

insoluble solid products sometimes visible to the naked eye. In the 1930s, it was

observed that serum (blood plasma without proteins) taken from acutely ill patients

with bacterial pneumonia precipitated when mixed with a purified extract of C-

polysaccharide (the ‘antigen’) obtained from the pneumococcal bacterial cell wall207.

This precipitation reaction was not observed in healthy individuals or patients

recovering from pneumonia. This suggested that patients with acute pneumonia

possess disproportionate amounts of a certain protein (the ‘antibody’) that reacts

with the C-polysaccharide of the bacteria; this protein was named the C-reactive

protein. It was later found that levels of CRP can be raised in almost any acute

or chronic inflammatory events208 and not limited to inflammation triggered by

bacteria.
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Using precipitation methods to detect new proteins was not new. Half a century

earlier from the discovery of CRP, Hammarsten used precipitation methods in horse

plasma to isolate fibrinogen – a rod-like glycoprotein complex that is essential for

the formation of blood clots in humans209. Soluble fibrinogen, like CRP, is produced

by the liver and accumulates at sites of tissue injury where it is cleaved to insoluble

fibrin. The insoluble fibrin forms a mesh that traps platelets and other blood cells

and plugs the site of injury. This process is central to the sequence of events that

occur post-atherosclerotic plaque rupture (Section 1.4.3 and Figure 1.2).

Both CRP and fibrinogen synthesis are regulated by signalling molecules called

interleukins that play essential roles in orchestrating the immune system response.

It was in the early 1980s when several independent groups began identifying

these signalling molecules, isolating their complementary DNA (cDNA) (i.e. DNA

complementary to the messenger RNA that produces the protein) from monocytes

in humans. These signalling molecules were termed ‘interleukins’ given their role in

signalling between leukocytes (i.e. white blood cells). Starting from 1984, Dinarello

et al published the cDNA sequence of Interleukin-1β (IL-1β) precursor210, Aggarwal

and colleagues characterized Tumour Necrosis Factor-alpha (TNF-α) in 1985211,

followed by 3 independent groups discovering the cDNA sequence of IL-1–induced

26-kDa protein or (later named) ‘Interleukin-6 ’ (IL-6) in 1986212–214. In 1987,

Gauldie et al first showed the regulation of fibrinogen in liver cells by IL-6215.

Several other groups demonstrated regulation of CRP synthesis by IL-6 also in liver

cell lines188,216. Around the same time, Libby et al217 reported the induction of

IL-1 gene expression in human endothelial cells and smooth muscle cells by TNF-α

and Van Damme et al218 demonstrate the induction of IL-6 by IL-1β and TNF-α

in human fibroblasts. It was later shown that IL-1β also induces IL-6 synthesis in

endothelial cells219, epidermal cells220 and monocytes221.

These proteins, CRP, fibrinogen, IL-1β and IL-6 have been the subject of a number

of studies that aimed to assess whether they would be predictive of or causal for

CVD92,93,96,222–224.
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1.5.2 Observational studies

Many of the evidence in humans that suggested the role of inflammation in CVD

were generated by observational studies. Several prospective observational studies

in humans and their meta-analyses consistently demonstrated strong associations

of CRP, fibrinogen and IL-6 protein with both atherosclerosis and incident CVD

events92,93,225–228 (Table 1.1). In the largest meta-analyses aggregating data from

mostly Europeans, clear log-linear associations were observed for log CRP and

fibrinogen with atherosclerotic CVD such as IHD and ischaemic stroke (IS)92,93, and

log IL-6 with CHD225,229. The large sample sizes of Europeans in the meta-analyses

ensured that these studies were well-powered, i.e. they had a low probability of

observing associations of CRP and IL-6 with CVD if there was none (type II error).

The large sample sizes also enabled a high precision of risk estimates (i.e. lower

standard errors) contributing to the internal validity of the findings. Internal validity

refers to the extent to which observations in the study represent the truth in the

population of study participants. However, a couple of questions remained:

1. Are these findings generalizable to other non-European population groups

(i.e. external validity)?, e.g. East Asians?

Indeed, only a few studies included populations of East Asian origin for assessment of

associations of CRP and fibrinogen with stroke types and CHD230,231. Associations

observed in Europeans may not necessarily be the same (either in terms of direction

or magnitude) in other population groups. Indeed, even inferences from an internally

valid study in a single study sample that is not a random sample of the target

population being studied cannot be generalizable to the target population of

interest232 and one reason for this could be due to differences in the distribution

of potential confounders and effect modifiers between the study population and

target population or between different populations in general233. For example,

levels of LDL-C are inherently much lower in the East Asian population than the

Europeans (mean ~140 mg/dL vs ~90 mg/dL)54,92,93. Given that LDL-C is a well-

established risk factor of CVD55, is it possible that differences in the distribution
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of LDL-C between these population groups limit generalisability of associations

(for example, association of CRP with CVD) observed only in one population? For

these reasons, external validity is as important as internal validity of studies and

neither should be considered in isolation when appraising a study234. Hence it is

important to understand whether there are differences in the direction or magnitude

of associations of markers of inflammation with CVD in other population groups

that have different risk factor distributions.

Table 1.1: Observational Evidence
Tabulating observational studies of markers of inflammation showing the asso-
ciation CRP, fibrinogen and interleukin-6 with ischaemic stroke, intracerebral
haemorrhage and coronary heart disease

Protein Study
reference Study design Population IS ICH CHD

N RR (95% CI)a N RR (95% CI)a N RR (95% CI)*

CRP [92] Meta-analysis Europeans 1931 1.27 (1.15-1.40) 469 1.07 (0.86-1.32) 5373 1.36 (1.29-1.45)

[230] Meta-analysis East Asians 1105 1.40 (1.08 - 1.81) 738 1.04 (0.66 - 1.65) 529 1.75 (0.96 - 3.19)

[231] Prospective study Chinese 1049 1.15 (1.06 - 1.24) 383 0.97 (0.86 - 1.08) - -

[235] Prospective study European women 517 1.69 (1.26 - 2.29) 111 0.83 (0.44 - 1.57) - -

Fibrinogen [93] Meta-analysis Mostly Europeans 596 1.93 (1.47 - 2.52) 215 1.45 (0.91 - 2.29) 2534 1.82 (1.60 - 2.06)

[235] Prospective study European women 517 1.01 (0.77 - 1.34) 111 1.14 (0.64 - 2.00) - -

Interleukin-6 [229] Meta-analysis Europeans - - - - 5730 3.34 (2.45 - 4.56)

[225] Meta-analysis Europeans - - - - 7982 1.25 (1.19 - 1.32)

[236] Case-control study Europeans - - - - 931 2.53 (1.86 to 3.43)

N: Number of cases; IS: Ischaemic stroke; ICH: Intracerebral haemorrhage; CHD: Coronary heart disease’ CRP:
C-reactive protein; RR: Relative risk; CI: Confidence Interval
aAll studies reported RR per SD increase of natural log-transformed biomarker except [235] - top vs bottom
quartile, and [236] - top vs bottom third.
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2. Are markers of systemic inflammation associated with the risk of ICH?

As noted before, one of the CVD phenotypes that have been understudied in

all population groups is ICH - a subtype of haemorrhagic stroke that has been

increasing in incidence and prevalence in China237. Sample sizes for investigation of

association of CRP and fibrinogen with ICH in East Asians were particularly low

(largest Ncases = 738230) compared to sample sizes assessing associations with other

atherosclerotic CVDs (Table 1.1).

It is for these reasons, one of the aims of the present thesis is to investigate

associations of CRP and fibrinogen with CVDs, including ICH, in a large cohort of

East Asians.

1.5.3 Randomised controlled trials

Two major problems in observational studies are the problems of bias due to

confounding and reverse causation. Both of these problems are solved, to a large

extent, by random allocation of study participants to intervention and placebo

groups, making the two groups comparable by ensuring equal distribution of

confounders between the groups. The prospective nature of randomised controlled

trials (RCTs) also ensures the study design is robust to reverse causation bias.

RCTs, therefore, remain the gold standard for establishing causation. Despite

being the gold standard, they are not as widely used for epidemiological queries as

observational studies. This is because:

1. RCTs are expensive

Randomised controlled trials are ‘controlled’ by design. From the random assignment

of study participants to treatment/placebo arms to investigator-blinded evaluations

of study participants, every step requires careful thought, planning and management.

The logistics and human resources thus required to execute a trial are vastly different

from conducting an observational study. In clinical trials that evaluate the efficacy

and safety of drugs, there is an additional cost incurred to manufacture the drug at
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its appropriate dose. Further, not all drugs that are investigated in trials eventually

make it to the market. When studying the proportion of drugs approved during a

ten-year period (1991–2000) for ten big pharmaceutical companies in the United

States and Europe, it was shown that only 1 in 5 drugs investigated for CVD

was approved238. For CVD drugs, 44% of these drug failures were attributed to

poor efficacy and 24% due to safety concerns239. On average, it is estimated to

cost $2.5 billion and require 12.5 years per approved drug for CVD240. These cost

considerations have prompted investigators to look for better ways to reduce this

high attrition rate observed in costly clinical trials. One approach that I will discuss

in detail in my thesis is the use of genetic data from observational studies for causal

inference (Mendelian randomisation); this approach is reported to increase the odds

of success of a drug in clinical trials241–243.

2. RCTs are not always appropriate to address an epidemiological query

Randomised trials are not always an appropriate design for evaluating ‘high-risk’

exposures (e.g. smoking or alcohol consumption); high-risk exposures are those where

there is a reasonable consensus among large numbers of well-powered observational

studies that it is likely that exposures can cause addiction or harm. Prime examples

of these exposures include alcohol consumption and smoking. But this means that

causal questions related to smoking or alcohol consumption on important health

outcomes such as CVD remain unresolved. Here, again, genetic data from large

population biobanks can be leveraged to understand whether there is a causal

relationship between the exposure and outcome. For example, as discussed in

Section 1.3, when carriers of the A-allele of rs1229984 genetic variant representing

a non-synonymous mutation of the alcohol dehydrogenase 1B (ADH1B) gene which

encodes the ADH1B enzyme (these individuals flush when they drink due to their

physiological inability to metabolise acetaldehyde which accumulates in the blood

and cause flushing; these individual therefore tend to avoid alcohol intake244) were

compared with individuals carrying the G-allele of the same genetic variant (these

individuals have a functioning alcohol dehydrogenase 1B enzyme, can metabolise
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acetaldehyde, and therefore can drink without any physiological reactions), it was

shown that lower alcohol consumption (with no minimum safe threshold of drinking)

was causally associated with a lower risk of CHD75.

In spite of these limitations, to establish the efficacy and safety of drugs, RCTs

remain the gold standard and produce the strongest evidence (or lack of evidence)

of causal associations. Randomised controlled trials although primarily designed

to test hypotheses generated from observational and experimental studies can also

generate new hypotheses. But this hypothesis generation by trials often breaks

the randomisation because it involves the examination of a subgroup of individuals

with a combination of traits. For example, subgroup analyses of early RCTs of

statins provided the first insights into the anti-inflammatory effects of statins that

were independent of its lipid-lowering effect245,246. Three early RCTs evaluating the

efficacy of statins on CHD (REVERSAL247, PROVE-IT248 and IMPROVE-IT249)

demonstrated maximal clinical benefit for CHD in patients who achieved low levels

of both LDL-C and CRP concentrations (Figure 1.3). Prospective analysis of

the JUPITER (The Justification for the Use of Statins in Primary Prevention:

an Intervention Trial Evaluating Rosuvastatin) trial250 that randomised patients

with low LDL-C concentrations but high levels of CRP to receive Rosuvastatin

or placebo showed greater relative reductions in CHD in those achieving lower

post-treatment LDL-C and CRP levels, compared with lowering of LDL-C only.

The anti-inflammatory effect of statins was also supported by human cell line

studies; statins reduced IL-6-induced CRP production directly in hepatocytes via

inhibition of protein geranylgeranylation and, additionally, by inhibition of STAT3

phosphorylation251,252.

However, the causal role of inflammation on CVD was unclear as subgroup analyses

of RCTs break randomisation and, therefore, these were essentially observational

analyses of trials that evaluated the relevance of the lipid-lowering effect of statins

to CVD. To test whether inhibition of the IL-6-CRP inflammation pathway,

independent of lipid-lowering, leads to cardiovascular disease risk reductions, Ridker
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et al set up the canakinumab Anti-inflammatory Thrombosis Outcome Study

(CANTOS)223 and Cardiovascular Inflammation Reduction Trial (CIRT)253.

CANTOS and CIRT studies The CANTOS trial used a human monoclonal

antibody – canakinumab – that binds to and inhibits the activity of IL-1β254 while

low-dose methotrexate (LDM) in CIRT was hypothesized to exert athero-protective

effects via broad-spectrum anti-inflammatory mechanisms255,256. In ~10,000 patients

with prior MI (>90% on statins, median baseline LDL-C levels in the placebo group:

83 mg/dL), canakinumab in the CANTOS trial lowered CRP and IL-6 levels, with

no effect on lipids, and reduced risk of recurrent CVD represented by their primary

endpoint (non-fatal MI, non-fatal stroke or CVD death) compared to placebo (HR

[95% CI]: 0.85 [0.74, 0.98], p = 0.021)257; this clinical benefit was proportional to

the magnitude of reduction in CRP levels258. By contrast, LDM in CIRT did not

lower CRP or IL-6 levels and did not significantly reduce recurrent cardiovascular

events compared to placebo259.

The discordant findings from CANTOS and CIRT highlighted the importance

of targeting the IL-1β–IL-6–CRP pathway of innate immunity in cardiovascular

disease260 (Figure 1.4).
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LDL-C: low-density lipoprotein cholesterol; hsCRP: high-sensitivity C-reactive protein
Reproduced from Ridker et al [261]

Figure 1.3: Post-hoc analysis of PROVE-IT and IMPROVE-IT trials, that
investigated effect of statins on risk of recurrent vascular events, in different
patient groups
Illustrating that the lowest risk of recurrent vascular events were achieved in
patients when both LDL-C and hsCRP were lowered
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MACE+: recurrent myocardial infarction, stroke, need for urgent revascularization, or cardiovascular death.
Reproduced from Ridker et al [260]

Figure 1.4: Comparison of cumulative risk of recurrent CVD outcomes in the
CANTOS and CIRT
Illustrating that interleukin-1β inhibition that lowered interleukin-6 (IL-6)
protein and high-sensitivity C-reactive protein (hsCRP) reduced risk of major
adverse cardiovascular events (MACE), compared to low-dose methotrexate
that did not lower IL-6 or hsCRP and did not lower the risk of MACE

The CANTOS trial was the first RCT demonstrating the relevance of inflammation

to CVD risk. However, the success of CANTOS is not without caveats. For example,

although canakinumab reduced the risk of a composite CVD endpoint by 15%, this

was mainly driven by the reduction in risk of MI by 24% with no effect observed

for other atherosclerotic CVD such as stroke. The question here is whether this

was due to the lack of power of the CANTOS trial to detect an effect on stroke or

that inflammation plays a disproportionately larger role on some atherosclerotic

CVD more than others? Further, there was a slight increase in the risk of fatal

infections with canakinumab compared to placebo, consistent with the role of

immuno-modulatory role of IL-1β262.

For both the therapeutic and adverse effects of canakinumab, a query that looms is

whether these effects are due to blockade of IL-1β or mediated by lower concen-
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trations of proteins regulated by IL-1β, such as IL-6? One reliable way to answer

these questions is to undertake another RCT with an agent that only blocks the

IL-6 signalling pathway (e.g. tocilizumab) powered to investigate and compare

causal effects of blocking IL-6 signalling on CVD, MI, and whether adverse effects

observed in CANTOS are also seen in this trial. In the absence of such an RCT, a

separate approach that can generate causal inferences similar to (but not equivalent

to) RCTs is the use of genetic variants in humans (if available) that can reliably

represent effects of drug target modulation.

1.5.4 Mendelian randomisation studies

Analogous to RCTs, it is possible to exploit the naturally randomised allocation

of germline genetic variants that encode biological traits in a population to draw

causal inferences for the lifetime impact of an exposure trait (e.g. levels or activity

of proteins) on the risk of an outcome (Figure 1.5). The approach of using genetic

variants as instruments for exposure as formalised by George Davey Smith and

Shah Ebrahim was termed ‘Mendelian randomisation’ (MR)263. The principle of

MR is based on what has become known as Mendel’s first and second laws of

genetic inheritance, the Law of Segregation and the Law of Independent Assortment,

respectively264. The Law of Segregation implies that, at conception, the offspring

will randomly inherit one of two of their mother’s and one of two of their father’s

allele, at any given chromosomal locus. The Law of Independent Assortment states

that, during the formation of gametes in an individual, alleles will segregate to

gametes independently of each other. Although MR was initially conceived in parent-

offspring trios in 2003, subject to consistent family formations in a population265, one

can still use the MR approach with population-level data of unrelated individuals

to obtain approximate and reliable epidemiological associations between exposures

and outcomes.
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RCT: randomised controlled trial; MR: Mendelian randomisation; δ - change

Figure 1.5: Comparison of study designs evaluating causality
Illustrating the conceptual similarity of a randomised controlled trial (RCT)
with Mendelian randomisation (MR) study to investigate causal associations

A key aspect of MR analyses is the derivation of genetic instruments representing

the exposure trait. Genome-wide association studies of the exposure trait are the

chief source of genetic instruments that are associated with the exposure trait

(relevance). The selected genetic instruments for the exposure should, additionally,

not be associated with potential confounders of the exposure-outcome relationship

(independence) and not affect the outcome trait conditional on exposure and

confounders (exclusion restriction). Although these three requirements, relevance,

independence, and exclusion restriction, constitute the instrumental variable (IV)

assumptions266 (Figure 1.6), some of these assumptions are testable. While the

relevance assumption is required for the selection of IVs, providing evidence to

reliably prove independence and exclusion restriction assumption remains impossible.

Nevertheless, to assess if the genetic IVs are at least plausible, independence and

exclusion restriction assumption can be tested by investigating the association of the

genetic instrument with several traits, analogous to testing the balance of baseline

characteristics between treatment and placebo arms in an RCT267. Additional
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IV: instrumental variable

Figure 1.6: Mendelian randomisation
Illustrating the general concept of Mendelian randomisation (MR) approach.
For a genetic instrument to reliably represent the exposure, it must meet
three IV assumptions: 1) the genetic instrument must be associated with the
exposure of interest, 2) the genetic instrument must not be associated with
confounders of exposure-outcome association, and 3) the genetic instrument
must affect outcome via the exposure

tests are required when the genetic IVs represent molecular traits such as protein

abundance and these are detailed in the next section.

MR analysis using proteomic traits as exposures

There are two broad approaches to selection of genetic instruments for MR analysis

where molecular traits are exposure traits. The first approach entails selection

of genetic variants associated with the molecular trait from across the genome

(‘polygenic’ instrument). The second approach involves use of locus-specific genetic

instruments, either cis-acting genetic variants (i.e. genetic variants located near the

region of the genome encoding the molecular trait) or trans-acting genetic variants

(i.e. genetic variants distantly located from the molecular trait-encoding genetic

region). When the molecular trait is a protein, the respective genetic instruments

are referred to as cis-pQTL (protein-quantitative trait locus) or trans-pQTL.

There are a couple of advantages of the polygenic approach to genetic instrument

selection. A key reason to consider polygenic instruments is power - the larger
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number of genetic variants are likely to explain more of the variation in plasma

protein concentrations than use of a few locus-specific instruments. Furthermore,

the larger number of instruments permit use of additional analytic methods (e.g.

MR-Egger that typically requires more than three instruments) to explore whether

the observed MR association is robust to violations of the instrumental variable

assumptions. However, the inclusion of trans-pQTL in the genetic instrument

agnostic to prior biological knowledge (i.e. evidence linking the trans-pQTL

associated genes with the protein under investigation) risks the association between

the protein and outcomes driven by pathways that are not necessarily mediated

through the protein (i.e. horizontal pleiotropy). Additionally, while the use of

MR-Egger and other post-MR sensitivity analyses can assess the extent of and

potentially correct for the horizontal pleiotropy, the corrected estimates typically

have wider confidence intervals reflecting the low power of these sensitivity tests268.

For these reasons, it is not ideal to use the polygenic approach to appraise the

proteins as therapeutic targets.

In contrast to the polygenic approach, the use of locus-specific genetic instruments

provides a greater degree of specificity of the genetic instrument (and, therefore, a

lower chance of MR associations driven by horizontal pleiotropy) for the protein

under investigation (Figure 1.7). The high degree of specificity comes at a cost

of power, as the number of locus-specific instruments associated with a protein

at a given threshold of significance generally tends to be lower than genome-wide

instruments and, as a consequence, often explains less of the variation of the protein

abundance. The lower number of locus-specific instruments also prevents assessment

of validity of MR associations using MR-Egger or weighted median approaches but

permits use of other methods such as genetic colocalisation to examine whether the

MR estimate is confounded by linkage disequilibrium. The major advantage of the

locus-specific approach is that, unlike the polygenic approach, the high specificity of

the instruments enables researchers to interpret the locus-specific MR estimates as

evidence (or no evidence) of likely therapeutic or adverse effects of pharmacologically
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IV: instrumental variable

Figure 1.7: Mendelian randomisation using proteins as exposure traits. The
figure illustrates the desired pathway (solid arrows) and alternative pathways
(dashed arrows) that can potentially explain the association of genetically
predicted levels of protein1 with disease. The alternative pathway can be due
to the genetic instrument (IVA) being in linkage disequilibrium (LD) with a
second genetic instrument (IVB) that associates with disease via protein3 or
association of IVA with protein2 that associates with disease.

perturbing a protein269. There are two types of locus-specific instruments: cis-pQTL

and trans-pQTL. In MR analysis of drug targets (in which more than 90% are

proteins), it is more straightforward to infer that the likely biological pathway from

a protein to a disease or risk factor of a disease is via the protein under investigation

when cis-pQTL instruments are used for the MR analysis as opposed to trans-pQTL

instruments. Nevertheless, trans-pQTL instruments are often informative when

there is evidence of biological plausibility linking the trans-pQTL associated genes

with the protein (e.g. IL6R genetic instruments for CRP) and the protein can then

be used as a marker of target modulation (e.g. using CRP as a marker of genetically

mimicking IL-6R blockers, as has been done in my thesis).

Informing drug development pipelines using MR analysis of proteins

Drug development pipelines are incredibly expensive, due to only a fraction of drugs

translated successfully from early stage clinical trials to clinical approval for specific

indications (Figure 1.8). MR studies of proteins can provide important pre-trial on-

target efficacy and adverse drug event data that can potentially influence decisions

to invest in large-scale clinical trials for specific drugs. It has been demonstrated

that drugs with genetic support are twice more likely to be approved than drugs
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Figure 1.8: Drug discovery and development pipeline
Illustrating the processes spanning from drug discovery to approval. There is
a high attrition rate of compounds that show promise in preclinical studies in
animal models. Indeed, only 1 in 5,000 compounds screened in early-stage
discovery successfully makes it through to market. Data for the figure was
obtained from Hughes et al[271]

without genetic support242. The most recent estimates suggest that drugs with

human genetic evidence increase the probability of drug approval for a given disease

by more than two-fold270.

To aid drug development, MR analyses using proteins can potentially discover:

1. Novel druggable targets for existing diseases

For example, Chong et al performed two-sample MR analyses for ischaemic stroke

deriving cis-acting genetic instruments from summary data of 5 proteomic GWAS

datasets and stroke data from MEGASTROKE and UK Biobank272. Using these

genetic instruments, they sought to discover any druggable target that would confer

protection against any IS subtypes. They discovered SCARA5 that encodes the

scavenger receptor class A5 as a novel drug target for the cardio-embolic type of IS,

with no predicted adverse effects.
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2. Potential adverse effects of druggable or existing drugs

Potential adverse effects can be assessed by conducting phenome-wide association

studies (‘PheWAS’) with given a drug or druggable target. For example, Gill et

al performed a two-sample MR-PheWAS in UK Biobank using cis-acting genetic

instruments for the blood pressure lowering effects of five classes of antihypertensive

medications: angiotensin-converting enzyme (ACE) inhibitors, angiotensin receptor

blockers, beta-blockers, calcium channel blockers (CCB) and thiazide diuretics

deriving instruments from a GWAS of systolic blood pressure273; the study predicted

a higher risk of diverticulosis (a condition which causes the inner layer of the gut

wall to protrude outward through the outer layer) with a specific class of CCBs273.

Similarly, other MR studies have also shown adverse effects of existing drugs. A

notable example is statin use and risk of diabetes274 and ICH54.

3. Novel indications for existing drugs (‘therapeutic repurposing’)

A good example where MR has informed of a potential therapeutic repurposing

opportunity is the drug-target MR study of interleukin-6 receptor (IL-6R) signalling.

Swerdlow et al97 and Sarwar et al96 used a drug-target MR approach with a functional

variant (Asp358Ala, Section 1.5.5) to demonstrate the potential of repositioning

anti-inflammatory drugs such as IL-6R blockers (e.g. tocilizumab) typically indicated

for chronic inflammatory diseases like rheumatoid arthritis, for CHD. The genetic

variant Asp358Ala is a functional genetic variant that alters the concentrations

of soluble and membrane-bound forms of IL-6R, increasing concentrations of the

soluble form over the membrane-bound form, whilst IL-6R blockers like tocilizumab

blocks both forms of the IL-6R. However, the effects of IL-6R blockade, such as lower

CRP and fibrinogen (along directionally consistent effects between Asp358Ala and

tocilizumab on several biomarkers documented by Swerdlow et al97), is observed in

both tocilizumab-treated patients and individuals harbouring the Asp358Ala variant,

providing the empirical basis for the claim that Asp358Ala variant mimics the effect

of tocilizumab. The present thesis investigates the Asp358Ala variant in greater

detail, comparing effects between populations and with effects of genetic instruments
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representing lower IL-6 plasma protein concentrations, to understand whether effects

of Asp358Ala are equivalent to effects of lower IL-6 protein concentration. However,

to understand the effects of the Asp358Ala genetic variant, it is essential to first

understand the modes of IL-6 signalling and this is described next.

1.5.5 Interleukin-6 signalling and its components
Modes of IL-6 signalling

The IL-6R is a receptor complex made of two molecular components: IL-6R alpha

(IL-6Rα) which interacts with the IL-6 protein, and glycoprotein 130 (gp130) which

transduces the signal from the IL-6Rα-IL-6 interaction to within the cell. Two

modes of IL-6 signalling - classic signalling and trans-signalling - govern localised

and broader systemic effects of IL-6 signalling, respectively. Classic signalling

occurs when IL-6 binds to membrane-bound IL-6 receptors (mIL-6Rα), present in

limited cells types including liver cells and some immune cells275. The extracellular

domain of mIL-6Rα can be cleaved from the IL-6R receptor complex by proteases

to the soluble IL-6 receptor (sIL-6R). Trans-signalling occurs when IL-6 binds to

sIL-6R; the IL-6:sIL-6R complex can bind to gp130 membrane-bound receptor that

is present in most cell types, and exert the broader systemic effects276 (Figure 1.9).

In healthy physiological states, the relatively higher molar concentrations of sgp130

are thought to preferentially bind to the IL-6:sIL-6R complex and prevent trans-

signalling277. However, this sgp130-mediated physiological inhibition is lifted in

pathological inflammatory states when levels of IL-6 overwhelm the buffer capacity

of sgp130278 and allow trans-signalling to occur. The downstream intracellular

consequences of classic and trans-signalling are the same. In either signalling,

Janus kinase (JAK) signal transducer and activator of transcription 3 (STAT3)

pathway, and the JAK- Src homology region 2 (SH2) domain tyrosine phosphatase 2

(SHP2)-mitogen-activated protein (MAP) kinase pathway are activated and increase

transcription of IL-6 responsive genes. The IL-6 responsive genes transcribed will

depend on what kind of cells are activated, e.g. in liver cells, genes encoding CRP
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will be expressed more than other genes279; in endothelial, genes encoding MCP-1

will be preferentially expressed280.

Classic signalling
via membrane-bound IL-6R

IL-6

IL-6Rα

Cell membrane

IL-6

gp130

Legend

Trans- signalling
via gp130 directly

IL-6

IL-6Rα

IL-6

IL-6

IL-6Rα

IL-6Rα
IL-6Rα

gp130

gp130

JAK-STAT3 pathway
JAK-SHP2-MAPK pathway

Notes: IL-6: Interleukin-6; gp130: glycoprotein 130; IL-6Rα: Interleukin-6 receptor alpha; JAK: Janus kinase;
SHP2: Src homology region 2 domain tyrosine phosphatase 2; MAPK: mitogen-activated protein kinase.

Figure 1.9: Different modes of interleukin-6 (IL-6) signalling
Classic signalling occurs when IL-6 binds to the membrane-bound IL-6Rα
(present in limited tissues such as liver cells and immune cells); trans-signalling
occurs when IL-6 first binds to cleaved soluble IL-6Rα. In both cases,
this IL-6:IL-6Rα complex induces signal via gp130 expressing cells and two
downstream pathways are activated: JAK-STAT3 and JAK-SHP2-MAPK
pathways

Asp358Ala genetic variant alters the ratio of mIL-6R to sIL-6R

The functional variant (rs2228145-C) causes a non-synonymous mutation in the

IL6R gene, changing the aspartic acid to alanine in the 358th position of the IL-6R

polypeptide chain (hence known as Asp358Ala IL6R variant)281. The Asp358Ala

mutation makes the mIL-6Rα susceptible to cleavage by circulating proteases and

is associated with higher concentrations of sIL-6Rα. While a reduction of mIL-6Rα

would plausibly reduce classic signalling (as indicated by lower CRP concentrations
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with Asp358Ala), it remains unclear whether the higher sIL-6Rα increases trans-

signalling. As stated earlier, a number of investigators hypothesized the role of

sgp130 that buffers the systemic effects of trans-signalling under physiological

conditions277,278,281,282. However, so far, strong experimental evidence of this

buffering phenomenon is lacking. For this reason, for the aims of the present

thesis, I avoided making strict comments on the direction of the effect of Asp358Ala

on IL-6 signalling and instead refer to it as ‘altered’ IL-6R signalling throughout the

thesis. Although Swerdlow et al97 and Sarwar et al96 have shown that Asp358Ala

associations with biomarkers such as CRP were directionally consistent with effects

of tocilizumab (an IL-6R blocker indicated for chronic inflammatory disorders like

rheumatoid arthritis and blocks both classic and trans-signalling), it remains unclear

whether the lower risk of CVD also observed with Asp358Ala was due to lower

classic signalling or higher trans-signalling (or a combination of both). The direction

of classic and trans-signalling of the Asp358Ala variant can help us interpret whether

tocilizumab (which is reportedly mimicked by the Asp358Ala variant) is likely to

have cardioprotective benefits as demonstrated by the association of the Asp358Ala

variant with a lower risk of CHD in Europeans.

1.6 Evidence and knowledge gaps

Observational associations of plasma CRP and fibrinogen with CHD and IS have been

extensively studied in Europeans, with very limited studies in East Asians (Table

1.1). Furthermore, underpowered studies have reported largely null associations of

CRP and fibrinogen with ICH - a subtype of haemorrhagic stroke, that is becoming

increasingly prevalent in China237.

Additionally, compared to MR studies on lipids for CVD, MR studies investigating

the association of components of systemic inflammation with CVD risk have been

understudied (Table 1.2). Over the years, drug-target MR studies investigated the

effects of lipid-lowering therapies using genetic variants to represent lifelong lower

LDL-C levels; these genetic variants are associated with lower LDL-C levels at
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various drug-target relevant loci such as LDLR, PCSK9, HMGCR, and NPC1L1 283.

However, only a few studies explored causal associations of inflammatory markers

with CVD (Table 1.2); this is mainly due to the lack of reliable genetic instruments

representing different components of systemic inflammation.

In addition to being understudied, there were discrepant associations between

observational associations of markers of inflammation and their corresponding

MR studies. Comparing observational and MR studies of CRP and fibrinogen,

the MR studies (Table 1.2) reported that observational associations of CRP and

fibrinogen with IS and CHD (Table 1.1) were largely non-causal. By contrast, while

observational studies showed higher levels of IL-6 protein was associated with a higher

risk of CVD (Table 1.1), MR studies of altered IL-6R signalling using the Asp358Ala

variant which increased IL-6 concentrations, was associated with a lower risk of CVD

(Table 1.2). As mentioned, previous studies assumed that the Asp358Ala variant

lowers both classic and trans-signalling, and this assumption was based on the

directional consistency of the Asp358Ala variant’s phenotypic associations (mainly

circulating IL-6 and sIL-6R) with effects of tocilizumab reported in clinical trials,

raising the possibility that tocilizumab (indicated for chronic inflammatory diseases

like rheumatoid arthritis) could be repurposed for CVD outcomes97. However, the

biological mechanism of, for example, higher circulating IL-6 and sIL-6R observed

in healthy carriers of the Asp358Ala variant is unlikely to be the same as the

biological mechanism of elevation of the same circulating markers in patients

receiving tocilizumab. For instance, Nishimoto et al’s284 pharmacokinetic analyses

in patients who had received tocilizumab found that the higher sIL-6R and IL-6

protein observed with tocilizumab was due to tocilizumab competing with free IL-6

protein to bind to sIL-6R and form tocilizumab:sIL-6R complexes; this prolongs the

half-life of sIL-6R and results in higher circulating IL-6 protein, without increasing

IL-6 trans-signalling. However, the Asp358Ala variant is associated with higher

sIL-6R:IL-6 complexes which can, if not neutralised by circulating sgp130, trigger

IL-6 trans-signalling - the mode of IL-6 signalling that underlies the pathology of a

number of chronic inflammatory diseases. A proper assessment of the contributions
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of classic and trans-signalling will ideally require data on the ratio of circulating

sIL-6R:IL-6 complex and sIL-6R:IL-6:sgp130. As of writing this thesis, there were

no data on sIL-6R or sgp130 in CKB or in external publicly available datasets.

Therefore, to represent both lower classic and lower trans-signalling in my thesis, I

used an IL-6 ligand-based genetic instrument.

Furthermore, although two PheWAS were carried out to assess potential therapeutic

repurposing opportunities or adverse effects of the Asp358Ala variant, a limited

number of phenotypes were used285,286. For example, Rosa et al assessed associations

of the Asp358Ala variant with only 17 traits286. Although Cai et al explored more

than 1000 traits, 90% of the participants were men285. And in both of these

PheWAS, associations were assessed only in Europeans. The external validity of

epidemiological studies (i.e. whether associations observed in the study population

are generalisable to other population groups) are as important as internal validity

(explained in Section 1.5.2), and, often regarded as part of internal validity234.

Hence, it is important to understand whether the biological and epidemiological

associations observed in Europeans are portable to other population groups such as

East Asians232.

The present thesis will carry out an MR analysis and MR-PheWAS in a densely

phenotyped cohort of more than 100,000 East Asians who are part of the half

a million strong China Kadoorie Biobank, who possess the Asp358Ala variant

at a similar allele frequency (39%) as Europeans. Additionally, I will also use a

separate instrument representing altered IL-6 signalling (the altered IL-6 signalling

represented by genetic variants in the IL6 region associated with lower plasma

CRP concentrations), to investigate the consistency of effects between instruments

representing the receptor and ligand components of the IL-6 signalling pathway.

The next section outlines the aims and objectives of the present DPhil thesis.
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Table 1.2: Mendelian randomisation studies of inflammation markers in
European population. The table shows studies that have investigated the
associations of genetically predicted CRP, fibrinogen and IL-6R using cis-
acting genetic instruments on ischaemic stroke and coronary heart disease.

Protein MR Study design IS CHD Reference
N RR (95%CI)a N RR (95%CI)a

CRP One sample MR (gene score)b - - 37,336 1.00 (0.90 - 1.13) [94]

Two-sample MR (gene score)b 3,548 1.19 (0.93 to 1.53) 60,801 0.98 (0.91 - 1.06) [287]

Two-sample MR (gene score)b 60,601 0.96 (0.84 - 1.09) [288]

Fibrinogen One sample MR (gene score)b - - 4,685 1.00 (0.95 - 1.04) [289]

Meta-analysis 4,712 1.03 (1.00 - 1.07) 40,695 1.00 (0.97 - 1.03) [290]

Interleukin-6 receptor Two-sample MR (functional SNP) 6,904 0.98 (0.95 - 1.00) 25,458 0.95 (0.93 - 0.97) [97]

Two-sample MR (functional SNP) - - 51,441 0.966 (0.950 - 0.982) [96]

CHD: Coronary heart disease; IS: Ischaemic stroke; N: Number of people; RR: Relative risk; CI: Confidence Interval
aStudy [94] reported risks for 1 SD higher genetically predicted log CRP; Studies [287] and [288] reported risks for
1 mg/L increase in genetically predicted log CRP. The rest of the studies reported risks per minor allele.
bGene score refers to multiple cis-acting genetic instruments used by each of these studies

1.7 Thesis Aims & Objectives

The overarching aim of my DPhil research is to understand the observational and

causal roles of different components of systemic inflammation in cardiovascular

disease.

To represent systemic inflammation, I will use data from the China Kadoorie

Biobank for CRP, fibrinogen, IL-6 protein and IL-6R. As outlined in Table 1.1,

there is an evidence gap with regards to the associations of CRP in East Asian

populations (traditionally having lower LDL-C than Europeans) with both stroke

types, including ICH, due to low sample sizes. Further, as shown in Table 1.2, to

date the largest IL-6 signalling studies have used IL6R to represent IL-6 signalling;

however, IL6R strictly represents IL-6R mediated signalling (Fig 1.9). Whether

associations of altered IL-6R signalling are equivalent to lower IL-6 protein activity

remains unclear.

Hence, the specific objectives of my thesis are the following:
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1. To investigate observational associations of CRP and fibrinogen with major

cardiovascular disease in East Asians (Chapter 3).

2. To assess associations of altered IL-6R and IL-6 signalling on cardiovascular

diseases using separate genetic instruments for IL-6R and IL-6 protein (Chapter

4).

3. To evaluate associations of altered IL-6R and IL-6 signalling on pre-specified

non-vascular disease outcomes and phenome-wide using separate instruments

for IL-6R and IL-6 protein (Chapter 5).



2
Data

To address the research aims outlined in Chapter 1.7, I used the following data

sources for analyses:

1. Individual-participant data from China Kadoorie Biobank (CKB)

2. Summary data from the following sources (non-CKB)

• UK Biobank (UKB, as processed by MRC-Integrative Epidemiology Unit,

University of Bristol and Neale Lab)

• CARDIoGRAMplusC4D Consortium

• MEGASTROKE

• International Stroke Genetics Consortium

• GIANT consortium

Brief descriptions of the non-CKB data sources and outcome definitions used are

provided in Table 2.1 and Section 2.1.2 below. Detailed descriptions of these data

sources are provided in their respective papers291–296.

51
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2.1 Non-CKB data

2.1.1 Data sources

Where possible, I assessed and used traits from publicly available data sources with

the largest sample sizes for that trait. In most cases, the quantitative traits were

from UKB and disease traits were obtained from studies that meta-analysed several

large studies, including, in some cases, using data from UKB (Table 2.1). The UKB

is a large (n = ~500,000), population-based, prospective study, that enables detailed

investigations of the genetic and nongenetic determinants of chronic diseases in

the European population. Follow-up of UKB study participants was via electronic

linkages to routinely available national datasets. Details of the UKB study are

provided elsewhere293. The summary statistics of UKB were processed by MRC-IEU

and Neale lab, which were used for analyses in the present thesis.

Table 2.1: Selected outcomes from non-CKB data sources for trans-ethnic
meta-analysis

Phenotype Data source Population Sample size Cases Controls Units
CVD outcomes
CHD CARDIoGRAMplusC4D [292] Europeans - 113,937 339,115 Binary
MI CARDIoGRAMplusC4D [297] Europeans - 43,676 128,199 Binary
IS MEGASTROKE [291] Europeans - 34,217 406,111 Binary
ICH ISGC [294] Europeans - 3,226 3,742 Binary

CVD risk factorsa

SBP UKB [293] Europeans 436,419 - - SD (mmHg)
DBP UKB [293] Europeans 436,424 - - SD (mmHg)
HR UKB [293] Europeans 436,424 - - SD (beats/min)
BMI GIANT + UKB [295] Europeans 656,398 - - SD (kg/m2)

Lipid outcomesb

Lp(a) UKB [296] Europeans 273,896 - - SD (mg/dL)
HDL-C UKB [296] Europeans 315,133 - - SD (mg/dL)
Apo-A1 UKB [296] Europeans 313,387 - - SD (mg/dL)
LDL-C UKB [296] Europeans 343,621 - - SD (mg/dL)
Apo-B UKB [296] Europeans 342,590 - - SD (mg/dL)
TG UKB [296] Europeans 343,992 - - SD (mg/dL)
TC UKB [296] Europeans 344,278 - - SD (mg/dL)

Apo-A1: Apolipoprotein-A1; Apo-B: Apolipoprotein-B; BMI: Body-mass index; CHD: Coronary Heart Disease;
CVD: Cardiovascular disease; DBP: Diastolic Blood Pressure; HDL-C: high density lipoprotein – cholesterol; HR:
Heart rate; ICH: Intracerebral haemorrhage; IS: Ischaemic stroke; LDL-C: low density lipoprotein – cholesterol;
Lp(a): Lipoprotein (a); TC: Total cholesterol; TG: Triglycerides.
aUKB estimates as processed by MRC-Integrative Epidemiology Unit, Bristol University
(http://gwas.mrcieu.ac.uk/)
bUKB estimates as processed by Neale Lab [296]
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2.1.2 CVD outcome definitions in non-CKB data sources
Coronary Heart Disease

Coronary Heart Disease phenotype was variably defined by participating studies in

CARDIoGRAMplusC4D but broadly identified participants who reported ischaemic

heart disease, myocardial infarction, angina, and underwent any coronary revascular-

ization procedure. The data used for CHD meta-analysis with equivalent phenotype

- Major Coronary Events (MCE) - was obtained from meta-analysed estimates re-

ported by Nelson et al292 and were downloaded from www.CARDIOGRAMPLUSC4D.ORG.

Myocardial infarction

Myocardial infarction phenotype was variably defined by participating studies in

CARDIoGRAMplusC4D but included participants who have had an episode of ST-

segment elevated MI or non-ST-segment elevated MI with elevated troponin levels.

The data used for MI meta-analysis with equivalent CKB phenotype was obtained

from meta-analysed estimates reported by Nikpay et al297 and were downloaded

from www.CARDIOGRAMPLUSC4D.ORG.

Ischaemic Stroke

Stroke was defined according to the World Health Organization (WHO), i.e. rapidly

developing signs of focal (or global) disturbance of cerebral function, lasting more

than 24 hours or leading to death with no apparent cause other than that of vascular

origin.

Ischaemic stroke was variably defined (using clinical/imaging criteria) by partici-

pating studies in MEGASTROKE but broadly identified individuals who have

neurological symptoms consistent with the WHO definition of stroke that is

supported by ischaemic changes observed in magnetic resonance imaging (MRI)

of the brain or computer tomographic (CT) scan of the head. The data used for

ischaemic stroke meta-analysis with equivalent CKB phenotype was obtained from

meta-analysed estimates reported by Malik et al291 and were downloaded from

www.MEGASTROKE.ORG.
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Intracerebral haemorrhage (a subtype of haemorrhagic stroke)

Intracerebral haemorrhage was variably defined (using clinical/imaging criteria) by

participating studies in MEGASTROKE but broadly identified individuals who

have neurological symptoms consistent with the WHO definition of stroke that

is supported by haemorrhagic changes observed in MRI of the brain or CT scan

of the head. The data used for ischaemic stroke meta-analysis with equivalent

CKB phenotype was obtained from meta-analysed estimates reported by Woo

et al294 and were downloaded from International Stroke Genetics Consortium

www.CEREBROVASCULARPORTAL.ORG.

A brief description of CKB, the primary data source for individual-level data, is

provided below along with details of the study population and statistical methods

used for observational and Mendelian randomisation analyses.

2.2 CKB data

2.2.1 Study population

China Kadoorie Biobank was established to enable the investigation of the role

of genetic and environmental factors of chronic diseases. It is a prospective study

of 512,715 Chinese adults, between the ages of 30-79 years at enrolment. For the

baseline survey, eligible study participants from 10 diverse regions (5 urban and 5

rural) of China identified through public registry records were sent invitation letters

by health workers or local community leaders. The overall response rate was about

30%. Recruitment began on 25 June 2004 and ended on 15 July 2008. The CKB

cohort has been extensively described elsewhere298. Ethical approval for CKB was

obtained from the University of Oxford, the Chinese Centre for Disease Control

and Prevention (CCDC) and the regional CDC from the 10 study areas. Release 15

of the CKB database was used for all analyses.
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2.2.2 Data Collection

Following informed written consent, study participants (at baseline and resurveys of

approximately 5%) were interviewed on socio-demographics (e.g. age, occupation),

lifestyle (e.g. smoking, alcohol consumption) and past medical history (e.g. diabetes,

hypertension). Anthropometric (e.g. height, weight, hip and waist circumferences)

and physiological measurements (e.g. blood pressure) were obtained by trained

health workers using calibrated instruments and following a standard protocol.

A 10 mL non-fasting blood sample (with last meal time recorded) was obtained

from all participants at baseline and a subset of study participants during resurvey.

The blood samples were kept in a cool box for a few hours before transfer to the

local study laboratory for immediate processing. Four vials (three plasma and

one buffy coat) from each blood sample were stored in a 40°C freezer for 3–4

months, before being couriered on dry ice to the central blood repository in Beijing

and cryopreserved at 80°C. Clinical biochemistry, metabolomics and proteomics

data were obtained for subsets of participants. The second resurvey was carried

out between August 4, 2013, and September 18, 2014, and included ultrasound

measurements (GM-72P00A; Panasonic Healthcare Co, Ltd) of carotid intima-media

thickness and plaque. Further descriptions of survey and data collection methods

are provided elsewhere299.

2.2.3 Follow up for fatal and non-fatal outcome

Study participants were followed up for incident events, using their unique national

identification numbers, by electronic linkage to mortality and disease (CHD, stroke,

cancer, and diabetes) registries and to a nationwide health insurance system.

These events were coded by trained staff blinded to baseline information using

the International Classification of Diseases and Related Health Problems, Tenth

Revision (ICD-10). Specific case-control definitions are provided in Chapter 3.2.3.

Medical records for hospitalization due to CVD events have been systematically

reviewed by clinicians in Oxford and China; for example, approximately 90% of
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stroke diagnoses were supported by computed tomography (CT) scan or magnetic

resonance imagining (MRI)41.

2.2.4 Measurement of biomarkers

Clinical biochemistry, including markers of inflammation (high-sensitivity CRP

[hsCRP], and fibrinogen), lipids (total cholesterol, LDL-C, triglycerides [TG],

high-density lipoprotein cholesterol [HDL-C]), lipoproteins (lipoprotein(a) [Lp(a)],

apolipoprotein A1 [ApoA1] and apolipoprotein B [ApoB]), markers of liver function

(albumin, aspartate transaminase [AST], alanine transaminase [ALT] and gamma-

glutamyl transferase [GGT]), markers of renal function (creatinine, uric acid and

cystatin-C), and total vitamin D, were assayed at the NDPH Wolfson Laboratory,

Oxford. Assays were performed using an AU680 clinical chemistry analyser

(Beckman-Coulter, UK) with the following exceptions: plasma fibrinogen and

cystatin C were measured using a BN Prospec nephelometer analyser (Siemens,

UK); and vitamin D was measured using an Access 2 Immunoanalyser (Beckman-

Coulter, UK). All assays used standard manufacturers’ reagents, calibrators, and

settings.

For measurement of metabolites, a high-throughput proton nuclear magnetic

resonance (1H NMR) spectroscopy platform was used to obtain quantitative

molecular information on the plasma samples for 147 metabolic measures and

78 derived measures (225 in total), which included lipoprotein subclasses, fatty

acids, amino acids, intermediate substrates of glycolysis and ketone bodies300.

Measurements of 92 proteins were carried out using proximity extension assays

(PEA) (Olink Proteomics); in PEA, pairs of oligonucleotide-labelled antibodies are

used as ‘probes’ to bind to the target protein. When the two probes are in close

contact, and in the presence of DNA polymerase, the oligonucleotides hybridize in a

pair-wise manner (‘proximity-dependent DNA polymerization event’) and generate

a unique polymerase chain reaction (PCR) target sequence, that can be detected

and quantified using real-time PCR301.
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2.3 Statistical analysis plan

Details of statistical analyses conducted are provided in individual Chapters 3, 4,

and 5. Here I will briefly describe the analysis plan for each of the Chapters.

For analyses in Chapter 3, I used differentially adjusted logistic regression models

to estimate associations of usual plasma concentrations of CRP and fibrinogen with

risks of major coronary events (MCE), ischaemic stroke (IS), and intracerebral

haemorrhage (ICH) using individual-level data from CKB.

In Chapter 4, I used both individual-level (genotype and trait) data from CKB

and summary statistics data for corresponding traits in Europeans from publicly

available external sources. With CKB data, I first investigated appropriate genetic

instruments for the interleukin-6 receptor (IL-6R) and interleukin-6 (IL-6) protein.

The sample size of study participants with both genetic data and measurements of

plasma IL-6R and IL-6 was extremely small, compared to the number of genotyped

participants with measurements of CRP. As plasma concentration of CRP is

regulated by IL-6 signalling, I examined for genetic variants in IL6R and IL6 loci

that associated with plasma CRP concentrations in CKB to identify appropriate

genetic instruments representing altered IL-6R and IL-6 signalling, respectively. In

IL6R locus, the genetic variant which showed the strongest association with CRP

in CKB was in close linkage disequilibrium (LD) at an r2 of 0.99 with a missense

genetic variant (rs2228145) that was known to alter soluble IL-6R abundance. The

aim of the IL-6R instrument construction was to find if there were additional

SNPs in the IL6R locus that associated with CRP independently of rs2228145. To

construct the IL-6 instrument (which did not have any functional variants like IL-6R

instrument), the IL6 region was fine-mapped and credible sets of likely causal SNPs

were generated; of these, the set of SNPs that explained the most variance in plasma

CRP concentrations was used to construct the IL-6 gene score. The IL-6 gene score

was used as the IL-6 instrument. To compare associations between the IL-6R and

IL-6 instrument in CKB, associations of the IL-6 instrument were compared with

the IL-6R instrument for halving of genetically predicted CRP concentrations. To
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compare associations between CKB and Europeans, I constructed equivalent IL-6R

and IL-6 instruments using summary data of CRP from UKB. In Chapter 4, linear

and logistic regression models were used to assess the association of the IL-6R and

IL-6 instruments with quantitative and binary CVD traits, respectively.

In Chapter 5, the same methods were used to perform phenome- and proteome-wide

associations of the IL-6R and IL-6 instruments, to identify additional repurposing

opportunities or potential adverse events. Unless otherwise stated, in all results

Chapters, regression models were fitted in each of the 10 CKB regions and adjusted

for age, age2 and sex, with estimates meta-analysed by fixed effect inverse-variance

weighted method.



3
CRP, Fibrinogen and Cardiovascular

Disease

3.1 Introduction

Evidence from randomised clinical trials (RCTs) for interleukin-1β (IL-1β) and from

human genetic studies for interleukin-6 receptor (IL-6R) signalling suggest that

IL-1β and IL-6 signalling play causal roles in cardiovascular disease (CVD)96,222,223.

Both IL-1β and IL-6 also demonstrably induce hepatic synthesis of C-reactive protein

(CRP) and fibrinogen205,302. This makes CRP and fibrinogen useful indicators for IL-

6 and IL-1β signalling (discussed in Chapter 1.5.5). This biology has been leveraged,

for example, in clinical trials that investigated inhibition of IL-1β (where direct

measurement of IL-1β can be expensive), assessing IL-1β activity via measurements

of CRP and fibrinogen levels303 (see Chapter 1.5.3).

Interleukin-1β/IL-6 led systemic inflammation as represented by CRP and fibrinogen

was associated with increased risks of atherosclerosis and atherosclerotic CVDs

(mainly CHD)92,93,304–310. However, these studies that investigated risks of CHD

with CRP and fibrinogen were largely conducted in European populations, with

only a few studies in East Asians230,231,311. As stated in Chapter 1.5.2, differences in

59
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distributions of effect modifiers between population groups can, in principle, affect

the generalisability of associations of a risk factor with an outcome observed in only

one of the population groups233,234. For example, one potential effect modifier that

can affect trans-ethnic generalisability of associations of CRP and fibrinogen with

CVD is low-density lipoprotein cholesterol (LDL-C). Higher levels of LDL-C are

associated with higher risks of CHD55 and levels of LDL-C are much lower in East

Asians compared to Europeans (mean ~140 mg/dL vs ~90 mg/dL)54,92,93. This

raises the question, if there are trans-ethnic differences in associations of CRP or

fibrinogen with CVD, are these differences due to trans-ethnic differences in levels

of potential effect modifiers like LDL-C?

Furthermore, compared to studies that have examined associations of CRP and

fibrinogen with risk of CHD, observational evidence for the relevance of systemic

inflammation to individual stroke types is limited. In particular, there is limited

evidence on the associations of CRP and fibrinogen with risk of intracerebral haem-

orrhage (ICH). Reliable assessment of the association of systemic inflammation with

stroke types is of particular relevance to China, where rates of stroke, particularly

ICH (incidence/prevalence of ICH in China: 24% and 16% respectively237), are

much higher than for Western populations. Additionally, whether there are any

systematic differences in the pattern of association between CRP and fibrinogen

with CHD and stroke types in East Asians is largely unknown.

In this Chapter, I investigated the associations of CRP and fibrinogen measured

at baseline with incident CVD outcomes in a large cohort of East Asians. For

the present study, I used observational data on CRP and fibrinogen assayed in a

subset of East Asians individuals (n = 18,255) selected from a larger nested CVD

case-control study (n = 22,936) in CKB. The logic of participant selection for the

present study from the nested case-control CVD study is illustrated in Figure 3.1.

The CVD outcomes selected are major coronary events (MCE), and both stroke

types - ischaemic stroke (IS) and ICH. The definitions of cases and controls are

provided in Table 3.2. To assess the magnitude and direction of association of CRP
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and fibrinogen with the selected CVD outcomes, I fitted logistic regression models

initially adjusting only for age, age2, and sex (‘base model’). I used age as a linear

and quadratic term to account for any non-linearity of association between age and

CVD (as has been done in previous studies of CVD40,312). However, the observed

associations in the base model may still be confounded by risk factors beyond age

and sex (see Chapter 1.3 and Chapter 1.5.2) that are independently associated

with CRP/fibrinogen and CVD outcomes. To identify additional risk factors, I first

tabulated the distribution of key baseline traits by case-control status (Chapter

3.3.1). The objective of this analysis was to generate insights on whether there were

any systematic differences in cases and controls with respect to key baseline traits

that have been associated with CVD risk in previous studies (Chapter 1.3). Second,

I examined variations of baseline CRP and fibrinogen concentrations adjusted for

case status by groups of selected risk factors measured at baseline (Chapter 3.3.2).

On identifying the additional risk factors, I compared the shape and strength of the

crude association of CRP and fibrinogen with each CVD outcome in the base model

with the shape and strength of associations in the adjusted model (i.e. the model

that accounts for the additional risk factors) (Chapter 3.3.3). These comparisons

were aimed to illustrate the impact of potential confounding by risk factors in the

base model. Separately, I also investigated the impact of individual risk factors

and physiologically similar risk factor groups (e.g. lipids - LDL-C and triglycerides)

on the base model. Finally, I examined whether the adjusted associations of CRP

and fibrinogen with MCE, IS and ICH vary by pre-specified subgroups, that would

suggest potential effect modification (Chapter 3.3.4).

The work in this Chapter was published in Scientific Reports on 20201.

1Karim, M.A., Kartsonaki, C., Bennett, D.A. et al. Systemic inflammation is asso-
ciated with incident stroke and heart disease in East Asians. Sci Rep 10, 5605 (2020).
https://doi.org/10.1038/s41598-020-62391-3
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3.2 Methods

For the present observational study, I used individual-level data from CKB. I have

described the study participants in CKB, including details of collection of relevant

baseline and follow-up data in Chapter 2 (Data) of this thesis. I have divided this

section into five inter-related parts that describe the reasoning I used to select

participants for the present study and methods I used for statistical analyses.

3.2.1 Participant selection for the nested case-control study

Participants in the present study were a subset of a larger nested case-control study

of incident stroke (IS and ICH) and incident ischaemic heart disease (IHD) for

which participants were selected until June 2014 (Figure 3.1). Cases for incident

IHD in the nested case-control study included study participants who had fatal MI

(i.e. resulting in death due to the CVD event) or non-fatal MI (ICD-10: I21-I23) or

fatal IHD (ICD-10: I20-I25). Cases for incident stroke in the nested case-control

study were assigned IS if the first stroke event was IS (ICD-10: I63 ‘Cerebral

infarction’, I69.3 ‘Sequelae of cerebral infarction’). Stroke cases were assigned ICH

if the first stroke event was ICH (ICD-10: I61 ‘Intracerebral haemorrhage’, I69.1

‘Sequelae of intracerebral haemorrhage’). The controls in the nested case-control

study were frequency matched to ICH cases (matched for age, sex and region). To

minimize confounding by medication use or prevalent disease status, individuals

with a history of CVD, cancer, or statin use at baseline were excluded from among

incident cases and controls from the nested case-control cohort.

3.2.2 Clinical chemistry measurements

Clinical chemistry measurements were obtained from a cryopreserved 10 mL non-

fasting blood sample (with last meal time recorded) (details provided in Chapter

2.2.2). Although the 10 ml blood samples were obtained from all CKB study

participants at baseline, clinical chemistry measurements were conducted for only a

subset of the study participants. Furthermore, not all participants in the nested

case-control study had clinical chemistry measurements.
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Table 3.1: Clinical chemistry measurements for the nested case-control study
in China Kadoorie Biobank

Type of biomarker Biomarker Measurement

Inflammatory biomarkers C-reactive protein AU680 clinical chemistry analyser (Beckman-Coulter, UK)
Fibrinogen BN Prospec nephelometer analyser (Siemens, UK)

Lipids

Total cholesterol

AU680 clinical chemistry analyser (Beckman-Coulter, UK)

Low-density lipoprotein cholesterol
Triglycerides
High-density lipoprotein cholesterol
Lipoprotein(a)
Apolipoprotein A1
Apolipoprotein B

Markers of liver function

Albumin

AU680 clinical chemistry analyser (Beckman-Coulter, UK)Alanine transaminase
Aspartate transaminase
Gamma-glutamyl transferase

Markers of renal function
Creatinine AU680 clinical chemistry analyser (Beckman-Coulter, UK)Uric acid
Cystatin-C BN Prospec nephelometer analyser (Siemens, UK)

Vitamins Total vitamin D Access 2 Immunoanalyser (Beckman-Coulter, UK)

Details of clinical biochemistry measurements are provided in Table 3.1. All assays

used standard manufacturers’ reagents, calibrators, and settings.

3.2.3 Case-control definitions for the present study

In the present study, cases were identified by first CVD event: IS (ICD-10 codes:

I63, I69.3), ICH (ICD-10 codes: I61, I69.1) or Major Coronary Event (MCE, defined

as defined as acute myocardial infarction [ICD-10: I21-I23] or fatal IHD [ICD-10:

I20, I24 or I25] or undergoing a coronary revascularization procedure such as stent

placement or coronary artery bypass graft) before 1st January 2017. Because relevant

cases were identified by the first CVD event, individuals who had MCE, IS and/or

ICH events on the same day or had non-MCE/IS/ICH CVD events (e.g. rheumatoid

heart disease) earlier than MCE, IS or ICH during follow-up, were excluded. Only

the first CVD events were chosen to minimize the possibility of events arising due

to treatment of the first event. For example, ICH can result from anti-thrombolytic

or anti-platelet treatment for IS or MCE. Using the first CVD event as ICH ensured

that assessment of association of systemic inflammation with ICH was robust to

adverse events arising from treatment of MCE or IS.

To minimize selection bias, controls were selected from the same source population

as cases (CKB source population described in Chapter 2.2.1) and were common to
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Table 3.2: Definitions of Case/Control and exclusions used with corresponding
ICD:10 codes (where appropriate)

Case/Control/Exclusion Disease (ICD-10 code)/Procedure

Major Coronary Events (MCE)
1. Ischaemic heart disease (ICD-10: I20-I25) (when fatal);
2. Acute myocardial infarction (ICD-10: I21);
3. PCI/CABG/stent procedure

Ischaemic stroke (IS) Cerebral infarction, including sequelae (ICD-10: I63, I69.3)
Intracerebral haemorrhage (ICH) Non-traumatic intracerebral haemorrhage , including sequelae (ICD-10: I61, I69.1)

Controls Not a case of MCE, IS, or ICH as defined above

Exclusions
1. Other CVD events that are not MCE, IS, or ICH
(ICD-10: I00-I09, I16-I19, I27-I60, I62, I64-I69 [except I69.1 and I69.3], I70-I88, I95-I99; I10-I15);
2. Same day MCE & IS or MCE & ICH or IS & ICH event

MCE, IS and ICH cases; study participants identified as controls had no CVD event

before 1st January 2017. All endpoint definitions are provided Table 3.2.

3.2.4 Participants for the present study

For the present study, I selected participants from the nested case-control study that

had clinical chemistry measurements. From the subset that had clinical chemistry

measurements, I used the case status of study participants as of 1st Jan 2017, not

the time of ascertainment for the nested case-control (June 2014). Hence, some

controls in the nested case-control study became cases in the present study if an

event occurred prior to 1st Jan 2017.

Among study participants, baseline CRP (fibrinogen) measurements were available

for 1,508 (1,280) participants with MCE as the first CVD event, 5,418 (2,280)

participants with IS as the first CVD event, 4,476 (2,011) participants with ICH as

the first CVD event, and 5,285 (3,028) participants with no CVD event before 1st

January 2017. About 1,484 (781) individuals who had CVD events other than the

ones defined in Table 3.2 or had same day MCE/IS/ICH events were excluded from

the present analyses. One individual with missing data for BMI was excluded from

all analyses. (Figure 3.1).

Because single CRP and fibrinogen measurements may not accurately reflect the

usual or average levels of the CRP or fibrinogen (due to random measurement errors

or biological fluctuations over time), I used data on repeat measurements of CRP

and fibrinogen from a randomly selected subset of individuals for whom plasma
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samples were collected during the second resurvey, approximately 10 years after the

baseline survey, between 2013-2014 (hsCRP, n=1,296; fibrinogen, n=639).
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CRP: C-reactive protein; CVD: Cardiovascular disease; ICD: International Classification
of Diseases; ICH: Intracerebral haemorrhage; IHD: Ischaemic heart disease; IS: Ischaemic
stroke; MCE: Major Coronary Event; TIA: transient ischaemic attack

Figure 3.1: Flowchart of participant selection.
Flowchart shows the selection of study participants for the present analysis,
starting with the set-up of the nested case-control study in China Kadoorie
Biobank to selecting individuals with clinical chemistry data on CRP and
fibrinogen to selection of relevant cases and controls after necessary exclusions.
1The nested study excluded individuals with history of CVD, cancer or statin
use at baseline
2Defined in Table 3.2
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3.2.5 Statistical Analysis

For all analyses, data for CRP, fibrinogen, and selected biomarkers (TG, AST,

ALT, GGT, Lp(a), creatinine, cystatin-C) were log-transformed to obtain near-

Gaussian distributions (Appendix Figure A.1). The standard deviation for baseline

log(e)-transformed CRP and fibrinogen concentration was 1.19 and 0.23 respectively,

equivalent to a 3.3 fold (i.e. e1.19) and 1.3 fold (i.e. e0.23) differences in mg/L and

g/L on the original scale of CRP and fibrinogen measurements respectively.

For assessment of baseline characteristics, adjusted means and proportions of

baseline characteristics for cases and controls, and cross-sectional mean levels of

CRP and fibrinogen for categories (or quintiles) of selected CVD risk factors, were

standardized (as appropriate) to age, sex, study area, and case status using R

package lsmeans313 with P values for association derived from linear regression

models (Wald test). To assess cross-sectional associations of quantitative traits

(standardized using the R scale function) per standard deviation (SD) of log-

transformed CRP and fibrinogen, I used linear regression, adjusted for age and

sex, and stratified by study area, combining the area-specific estimates with inverse

variance-weighted fixed-effect meta-analysis using function rma from R package

metafor314.

To estimate odds ratios (ORs) for the associations of CRP and fibrinogen with

risk of incident MCE, IS and ICH, logistic regression models were used with

adjustment for age, age2, and sex (base model), and stratification by study area

with inverse variance-weighted fixed effect meta-analysis. The base model was

further adjusted (individually or in combination) for BMI, SBP, LDL-C, TG,

and additional CVD risk factors: household income (in yuan: <2500, 2500-4999,

5000-9999, 10,000-19,999, 20,000-34,999, >35,000); occupation (agriculture, factory

worker, administrator/manager, professional/technical, sales and service, retired,

house-wife/husband, self-employed, unemployed, other or not stated); education (no

formal school, primary school, middle school, high school, technical school/college,

university); standing height (meters); self-reported or screen-detected diabetes
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status; physical activity (metabolic equivalent of task hours per day, MET h/day);

smoking (never smoker, occasional smoker, ex-regular smoker, smoker); and alcohol

consumption (never regular drinker, ex-regular drinker, occasional or seasonal

drinker, monthly drinker, reduced intake, weekly drinker)99. Where models failed

to converge due to very low numbers of cases, those study area(s) or strata were

excluded from the analysis. The Wald χ2 statistic (with one degree of freedom)

was calculated using function anova.rma from R package metafor to assess the

improvement in model fit following inclusion of additional covariates. Heterogeneity

and trend tests were conducted by χ2 tests applied to the log ORs and their

SEs. For quintiles of CRP and fibrinogen, floating CIs were estimated using the

Plummer method315 to provide 95% CI for all quintiles including the reference

quintile, enabling inter-quintile comparisons.

Regression calibration was used to adjust for within-person variation in CRP

and fibrinogen. Regression coefficients and predicted usual values were estimated

from linear regression of log-transformed CRP or fibrinogen levels from resurvey

samples (taken median 5 years after baseline) on the corresponding baseline

values for the same participants. Quintile plots used predicted usual values

for CRP and fibrinogen levels; adjusted log ORs per SD of usual log CRP and

fibrinogen levels and corresponding standard errors were calculated by dividing those

derived using baseline CRP and fibrinogen levels by the corresponding regression

coefficient316.

Where stated, significance thresholds for P values from multiple hypothesis testing

were corrected using the Bonferroni method. Analyses were performed using R

version 3.5.0.

3.3 Results

3.3.1 Baseline characteristics of participants

Systematic differences in baseline traits between cases and controls can lead to

differences in risk of outcomes that are not necessarily due to differences in levels of
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risk factor under investigation.

To understand whether there are any systematic differences in key baseline traits

(selected based on previous studies of CRP and CVD317,318, see Table 1.1) between

MCE/IS/ICH cases and controls, I derived means and proportions of these traits

standardised to age, sex, study area and case status, where appropriate. The

means and proportions were standardised to ensure that any systematic differences

observed between cases and controls would not be due to differences in age, sex,

study area or case status (statistical procedure to obtain standardised means and

proportions are detailed in Chapter 3.2.5).

The baseline characteristics of the study participants are shown in Table 3.3.

Controls (mean age 55.8 years, 49.8% female) were older and had a higher proportion

of men than what was previously reported for the overall CKB population299; these

age and sex distribution differences of the present study from the overall CKB

population reflected the structure of the larger nested case-control cohort from

which the present case-control study population was drawn.

Cases of IS (55.4 years) and MCE (56.5 years) were similar in age to controls but

ICH cases (59.3 years) were older. With regards to case-control distribution between

men and women, the proportion of women was similar between controls (49.6%)

and ICH cases (49.9%) but a lower proportion of women had MCE (41.6%) whilst

a higher proportion had an IS event (55.6%), compared to controls. The reason for

this sex discrepancy between case and controls is unclear.

Baseline systolic blood pressure (SBP, mmHg) was higher in MCE (143.6) and

IS (144.4) cases than in controls (134.4), but was highest in ICH cases (152.9).

Compared to controls, larger proportions of MCE and stroke cases had reported at

baseline, poor health (MCE: 18%; IS: 15%; ICH: 16%; controls: 8%), hypertension

(MCE: 22%; IS: 24%; ICH: 26%; controls: 10%), and (screen-detected or self-

reported) diabetes (MCE: 14%; IS: 12%; ICH: 9%; controls: 6%). This was

expected, given that hypertension and diabetes are known risk factors of MCE and



3. CRP, Fibrinogen and Cardiovascular Disease 70

stroke, and having hypertension and diabetes may lead participants to self-report a

state of poor health. There were, however, only small differences between cases and

controls with respect to adiposity traits (e.g. BMI kg/m2, MCE: 23.9; IS: 24.1; ICH:

23.8; controls: 23.4) or levels of self-reported physical activity (MET h/day, MCE:

18.7; IS: 18.7; ICH: 19.0; controls: 20.1) presumably due to the smaller sample

size of the present study (since the present study selected individuals with clinical

chemistry measurements).

Baseline levels of markers of inflammation (CRP and fibrinogen), lipids (LDL-C and

TG), and subclinical atherosclerosis (proportion of participants with plaque, carotid

intima media thickness) were higher in participants with incident MCE and IS

(i.e. atherosclerotic CVD) than in controls. By contrast, differences in these traits

were smaller (for CRP and plaque) between ICH cases and controls. The systematic

differences in biomarker concentrations and markers of subclinical atherosclerosis

between MCE/IS and ICH when compared to controls was expected as it likely

reflects the predominant atherosclerotic processes involved in the pathogenesis

of MCE and IS compared to ICH which can have both atherosclerotic and non-

atherosclerotic processes192.
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Table 3.3: Baseline characteristics of study participants.
The table shows the baseline characteristics of study participants who had
incident MCE, IS or ICH compared with controls who had no CVD event
until 1st Jan 2017.

Trait Controls
(n=5285)

MCE
(n=1508)

IS
(n=5418 )

ICH
(n=4476)

Age and Sociodemographic factors
Agea, y 55.8 (10.9) 56.5 (9.72) 55.4 (9.36) 59.3 (10.1)
Femaleb, % 49.6 41.6 55.6 49.9
Ruralc, % 79.2 66.6 54.6 79.5
Middle School and above, % 38.3 36.8 38.2 36.0
Income >10,000 yuan/year, % 62.2 61.5 65.6 62.5

Lifestyle factors
Male smokers, % 87.1 90.9 89.5 86.9
Female smokers, % 3.9 7.8 5.4 5.9
Male regular drinkers, % 32.1 26.5 30.9 33.1
Female regular drinkers, % 2.1 1.8 2.2 2.1
Physical activity, MET h/day 20.1 (11.8) 18.7 (11.6) 18.7 (11.5) 19.0 (11.6)

Anthropometric, blood pressure and circulatory measures
Standing height, m 1.59 (0.06) 1.59 (0.06) 1.59 (0.06) 1.58 (0.06)
BMI, kg/m2 23.4 (3.1) 23.9 (3.4) 24.1 (3.4) 23.8 (3.4)
Waist-hip ratio 0.89 (0.07) 0.91 (0.07) 0.90 (0.07) 0.90 (0.07)
SBP, mmHg 134.4 (19.7) 143.6 (25.1) 144.4 (23.9) 152.9 (27.3)
DBP, mmHg 78.5 (11.0) 83.0 (13.3) 83.9 (12.5) 88.5 (14.2)
Heart rate, per minute 78.3 (11.7) 80.4 (12.7) 79.2 (12.1) 79.9 (12.6)

Markers of subclinical atherosclerosis
Plaque, % 39.9 60.5 50.7 44.4
cIMT, mm 0.71 (0.13) 0.78 (0.23) 0.75 (0.16) 0.72 (0.16)

Inflammatory biomarkers
CRPd, mg/L 0.90 (0.86-0.93) 1.31 (1.24-1.39) 1.12 (1.08-1.16) 1.08 (1.04-1.13)
Fibrinogend, g/L 3.00 (2.98-3.03) 3.07 (3.04-3.11) 3.05 (3.02-3.08) 3.02 (2.99-3.05)

Lipids
Triglyceridesd, mg/dL 145.8 (143.1-148.5) 163.4 (158.5-168.5) 156.6 (153.9-159.45) 145.5 (142.7-148.5)
LDL cholesterole, mg/dL 91.6 (23.9) 95.9 (29.1) 95.9 (25.8) 90.8 (26.4)

Self-reported health and disease
Poor self-rated health, % 8.1 18.4 14.6 15.5
Hypertension, % 10.4 21.7 23.7 26.4
Diabetes, % 6.0 14.0 12.4 9.3

CRP: C-reactive protein; cIMT: carotid intima-media thickness; DBP: Diastolic Blood Pressure; ICH: Intracerebral
haemorrhage; IS: ischaemic stroke; LDL: Low-density lipoprotein; MCE: Major Coronary Event; MET: metabolic
equivalents; SBP: Systolic Blood Pressure;
Values are mean (standard deviation) for continuous traits or proportion (weighted percentage) for
binary/categorical traits, standardized to age, sex and study area of case-control cohort unless otherwise stated.
aStandardized to sex and study area only
bStandardized to age and study area only
cStandardized to age and sex only
dGeometric mean (95% CI)
eLow-density lipoprotein (LDL) cholesterol was directly measured
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3.3.2 Cross-sectional associations of CRP and fibrinogen
with selected CVD risk factors

To identify confounders, I assessed the cross-sectional associations of CRP and

fibrinogen with CVD risk factors in CKB. I have divided this assessment into three

parts illustrated by the three figures in this section:

1. Shape of cross-sectional association of CRP with six well-established CVD

risk factors.

The six risk factors were LDL-C, TG, HDL-C, SBP, BMI and physical activity.

These risk factors were selected based on their previously reported associations with

CRP and CVD (see Table 1.1 for a list of these studies). Additional risk factors,

e.g. Apolipoprotein A1 (Apo-A1) and B (ApoB) were not included in the present

analysis (but included in the next section) due to the correlation of Apo-A1 and

ApoB to HDL-C319 and LDL-C320 respectively, and HDL-C and LDL-C have been

selected for this assessment.

If this assessment was done in both cases and controls, the observed association

between CRP and the risk factors may be due to the higher levels of these risk

factors in cases than controls (see Table 3.3). Hence, I conducted this analysis only

in controls. Because a larger number of controls had measurements of CRP than

fibrinogen (5,285 vs. 3,028) and there was more evidence of association of these risk

factors with CRP than fibrinogen from prior studies92,321, the present assessment

was limited to CRP. Cut-offs for quintiles of each of the six selected quantitative

risk factors were based on their distribution in controls only, and estimates were

adjusted only for age, age2, sex and region. P-trend was estimated using chi-square

for linear trend with one degree of freedom and tests the null hypothesis of no linear

trend between CRP and quintiles of quantitative traits (Chapter 3.2.5) .

C-reactive protein showed strong dose-response relationships with quintiles of five

out of the six CVD risk factors. There were positive associations of CRP with

LDL-C (P-trend=0.016), TG (P-trend=5.3 x 10-3), and BMI (P-trend=9.3 x 10-11).
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A positive but weaker association of CRP was observed with SBP (P-trend=0.06).

Inverse dose-response associations of CRP were observed with HDL-C (P-trend=1.8

x 10-5) and physical activity (P-trend=0.028) (Figure 3.2). This suggests that, in the

present cohort, higher CRP concentration is linked to higher levels of atherogenic

lipids (LDL-C and TG) and adiposity (BMI) but with lower levels of HDL-C and

physical activity.
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Figure 3.2: Cross-sectional associations of C-reactive protein with selected traits.
The figure demonstrates dose-response relationships of CRP with CVD risk factors selected on the basis of prior evidence.
Analyses were carried out only in controls (n=5,285). Cut-offs for biomarker quintiles were based on their distribution in
controls only. Geometric mean of CRP was adjusted for age, age2, sex and region. P-trend tests the null hypothesis of no
trend and was calculated using chi-square test statistic with 1 degree of freedom. Error bars represent 95% CI for each
quintile
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2. Cross-sectional associations of CRP/fibrinogen with other clinical chemistry

measurements

In this assessment, I included fibrinogen along with CRP as markers of systemic

inflammation. The objective here was to gain a broader understanding of the pattern

of relationships of CRP and fibrinogen with clinical chemistry measurements; some

of these clinical chemistry measurements were used as biomarkers for other chronic

diseases (e.g. cystatin-C for chronic kidney disease322). Like Figure 3.2, these

associations were assessed only in controls to assess associations of CRP and

fibrinogen with clinical chemistry measurements independent of the association of

these quantitative traits with CVD. To assess association of baseline CRP/fibrinogen

with baseline clinical chemistry measurements, I regressed each clinical chemistry

measurement on CRP or fibrinogen, adjusting the model for only age, age2, and

sex. For each biomarker, linear regression models were fitted for each region and

estimates per SD increase of log CRP were meta-analysed across regions using a

fixed-effect modelling with inverse variance weighting. The corresponding P-values

were extracted from the meta-analytic procedure and tests the null hypothesis of

no association (Chapter 3.2.5).

C-reactive protein showed strong inverse associations with HDL-C, Apolipoprotein-

A1, and albumin (Figure 3.3). The association estimates (SD (95% CI)) for HDL-C,

Apo-A1, and albumin per SD increase of log CRP were -0.18 (-0.21, -0.15), -0.17

(-0.19, -0.14), and -0.08 (-0.10, -0.05) respectively. Strong positive associations of

CRP were observed with LDL-C, triglycerides and apolipoprotein-B with effect

estimates (SD (95% CI)) for each of these per SD increase of log CRP were 0.10

(0.07, 0.13), 0.14 (0.11, 0.17), 0.17 (0.14, 0.19) respectively. C-reactive protein

also exhibited positive associations with markers of liver (AST, ALT, and GGT)

and renal function (creatinine, uric acid, and cystatin-C). I observed a similar

pattern of associations (i.e. similar to CRP) of fibrinogen for all clinical chemistry

measurements, except triglycerides; there was no evidence of association of fibrinogen

with triglycerides.
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These analyses showed that CRP and fibrinogen concentrations were broadly

similarly associated with a range of biomarkers that included lipids, lipoproteins,

markers of liver and renal function. Some of these biomarkers such as LDL-C

are also strongly associated with CVD risk and are, thus, adjusted for in models

investigating associations of CRP and CVD in the present study.
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ApoA1: Apolipoprotein-A1; ApoB: Apolipoprotein B; ALT: Alanine transaminase; AST: Aspartate transaminase; CRP: C-reactive protein; GGT: Gamma-glutamyl transferase;
HDL-C: High-density lipoprotein cholesterol; LDL-C: Low-density lipoprotein cholesterol; Lp(a): Lipoprotein (a);

Figure 3.3: Cross-sectional associations of CRP and Fibrinogen with biomarkers.
The figure demonstrates cross-sectional associations of CRP and fibrinogen with a range of clinical chemistry measurements.
Analyses were carried out only in controls. SD (95% CI) estimates of CRP and fibrinogen were adjusted for age, age2, sex
and stratified and meta-analysed (fixed-effects inverse variance method) by region. P for each trait was extracted from
the regression model. Error bars represent 95% CI.
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3. Cross-sectional associations of CRP/fibrinogen with categorical traits

There are several categorical traits ascertained or measured at baseline that can

provide insights on the pattern of variation between CRP and fibrinogen across

different categories of the same trait. For this assessment, I explored associations of

CRP and fibrinogen with a wide range of categorical baseline traits. As before, these

traits were selected based on evidence from previous studies that either examined

association of CRP or fibrinogen with CVD risk adjusting for these traits or studies

that investigated these traits as risk factors for CVD in general.

For these associations, I regressed CRP or fibrinogen on the categorical traits

adjusted for age, sex, study area and case status, where appropriate. From the

linear regression models constructed, I extracted the adjusted geometric means of

CRP and fibrinogen from each category of the trait using the lsmeans R package

(Chapter 3.2.5). The P value tests the null hypothesis that, for ordered categorical

traits, there is no evidence of trend of CRP/fibrinogen across the categories or,

for discrete categories, there is no evidence of heterogeneity in the variation of

CRP/fibrinogen across categories.

All trait categories included both males and females, except sex, smoking, drinking,

and standing height. There was no evidence of variation (P = 0.3) of geometric

mean [95% CI] CRP levels (mg/L) between males (1.06 [1.03, 1.09]) and females

(1.04 [1.01,1.07]), but a difference between sex was observed for fibrinogen (P = 8 x

10-56); in males, the geometric mean fibrinogen (g/L) concentrations in males was

lower (2.93 [2.90, 2.95]) than females (3.15 [3.12, 3.17]). Due to the lower number of

women who smoke (3% women vs. 68% men in CKB reported to smoke regularly323)

and drink (2% women vs. 33% men in CKB reported to drink at least once a

week324) in CKB, I included only men while examining the variation of CRP and

fibrinogen concentrations among smokers and drinkers. I observed higher fibrinogen

levels in men who consumed alcohol less than weekly (2.98 [2.95, 3.02]) than those

who consumed alcohol weekly (2.80 [2.76, 2.84]) (P = 1.51 x 10-16). There was no

evidence of variation of CRP or fibrinogen levels across smoking categories in men
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(P > 0.05/32, accounting for the total number of traits examined in this assessment

for CRP and fibrinogen). Due to substantial variations of standing height between

males and females in CKB299, I examined standing height separately in males and

females. Like smoking, there was no evidence of trend across categories of standing

height in either sex.

When examining variation of CRP and fibrinogen from youngest to oldest, I observed

evidence of a strong trend with age, with differences between the youngest (30 - 49

years) and oldest (60 and over) age categories of 0.50 mg/L (P=1.16 x 10-126) for

CRP and 0.61 g/L (P=5.42 x 10-307) for fibrinogen. The trend of higher CRP and

higher fibrinogen with increasing age was consistent with variations observed in

other traits correlated with age. For example, aging is correlated to lower physical

activity, and there was evidence of trend of lower CRP and fibrinogen with higher

levels of self-reported physical activity (CRP: P=1.42 x 10-27; fibrinogen: P=1.45

x 10-7). Similarly, CRP and fibrinogen levels (CRP: P=9.02 x 10-19; fibrinogen:

P=2.49 x 10-5) were observed to be lower in manual occupation workers (CRP:

0.97 [0.94, 1.00]; fibrinogen: 3.01 [2.98, 3.03]) than non/semi-manual workers (CRP:

1.18 [1.14, 1.23]; fibrinogen: 3.08 [3.05, 3.11]), and this may be due to the higher

physical activity in manual work occupations compared to non/semi-manual workers.

C-reactive protein and fibrinogen were also observed to be higher in individuals with

diabetes (CRP: P=6.12 x 10-46; fibrinogen: P=1.26 x 10-12), higher with increasing

BMI categories (CRP: P=9.45 x 10-218; fibrinogen: P=5.86 x 10-6), higher SBP

(CRP: P=9.34 x 10-34; fibrinogen: P=2.09 x 10-7) and higher LDL-C tertiles (CRP:

P=3.12 x 10-40; fibrinogen: P=1.60 x 10-51).
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Table 3.4: Geometric mean and 95% confidence interval (CI) of C-reactive
protein (CRP) and Fibrinogen by key baseline characteristics.
The table shows cross-sectional associations of CRP and fibrinogen across
categories of potential confounders

Baseline traits N CRP, mg/la P* N Fibrinogen, g/la P*
Age Categories, yearsb

30-49 4024 0.76 (0.73-0.78) 1.16 x 10-126 3279 2.70 (2.68-2.72) 5.42 x 10-307

50-59 5387 1.01 (0.98-1.04) 2518 3.06 (3.03-3.08)
60 and over 7275 1.26 (1.23-1.29) 2801 3.31 (3.29-3.34)
Genderc

Male 8463 1.06 (1.03-1.09) 0.3 4426 2.93 (2.90-2.95) 8.00 x 10-56

Female 8224 1.04 (1.01-1.07) 4173 3.15 (3.12-3.17)
Regiond

Urban 4987 1.18 (1.14-1.23) 5.32 x 10-18 2486 3.01 (2.98-3.04) 5.03 x 10-02

Rural 11700 0.99 (0.97-1.02) 6113 3.04 (3.02-3.06)
Education
Below Middle School 10192 1.06 (1.03-1.09) 0.52 4774 3.04 (3.02-3.06) 0.25
Middle school and above 6495 1.04 (1.00-1.08) 3825 3.02 (2.99-3.05)
Income (annual)
<10,000 yuan 6480 1.03 (1.00-1.07) 0.25 3227 3.03 (3.01-3.06) 0.81
>10,000 yuan 10207 1.06 (1.03-1.09) 5372 3.03 (3.01-3.05)
Occupation
Non/Semi-manual 6904 1.18 (1.14-1.23) 9.02 x 10-19 3198 3.08 (3.05-3.11) 2.49 x 10-05

Manual 9783 0.97 (0.94-1.00) 5401 3.01 (2.98-3.03)
Drinking (Males)
Less than weekly 5898 1.02 (0.98-1.06) 0.68 3044 2.98 (2.95-3.02) 1.51 x 10-16

Weekly 2565 1.04 (0.98-1.09) 1382 2.80 (2.76-2.84)
Smoking (Males)
Never smokers 1100 0.94 (0.87-1.01) 8.77 x 10-03 560 2.97 (2.92-3.03) 5.33 x 10-02

Ever smokers 7363 1.04 (1.00-1.08) 3866 2.92 (2.89-2.95)
Diabetes
No 15238 1.00 (0.98-1.03) 6.12 x 10-46 7947 3.02 (3.00-3.04) 1.26 x 10-12

Yes 1449 1.58 (1.49-1.68) 652 3.21 (3.15-3.26)
BMI (kg/m2)
<22.0 5849 0.78 (0.75-0.80) 9.45 x 10-218 2946 3.01 (2.99-3.04) 5.86 x 10-06

22.0 - 24.9 5313 0.97 (0.94-1.00) 2748 3.00 (2.97-3.03)
>25.0 5525 1.50 (1.45-1.55) 2905 3.07 (3.05-3.10)
SBP (mmHg)
<120.0 3125 0.85 (0.81-0.89) 9.34 x 10-34 1845 2.99 (2.95-3.02) 2.09 x 10-07

120.0 - 139.9 5496 1.01 (0.98-1.05) 2922 3.02 (2.99-3.05)
>140.0 8066 1.15 (1.12-1.19) 3832 3.06 (3.04-3.09)
LDL-cholesterol (mg/dL)
<80.0 5942 0.92 (0.89-0.96) 3.12 x 10-40 3281 2.92 (2.90-2.95) 1.60 x 10-51

80 - 99.9 5020 1.01 (0.97-1.05) 2632 3.02 (3.00-3.05)
>100 5725 1.22 (1.18-1.26) 2686 3.16 (3.13-3.19)
TG (mg/dL)f

<110.0 5640 0.90 (0.87-0.93) 6.05 x 10-47 2882 3.02 (2.99-3.05) 9.02 x 10-02

110 - 179.9 5360 1.02 (0.98-1.05) 2753 3.05 (3.02-3.08)
>180.0 5687 1.24 (1.20-1.28) 2964 3.03 (3.00-3.05)
Physical activity (MET hours/day)
<10.0 5218 1.22 (1.17-1.26) 1.42 x 10-27 2363 3.11 (3.08-3.14) 1.45 x 10-07

10.0 - 14.9 3366 1.12 (1.07-1.17) 1632 3.05 (3.01-3.08)
>15.0 8103 0.95 (0.92-0.98) 4604 3 (2.97-3.02)
Standing height of males (m)
<1.60 2255 1.04 (0.98-1.10) 0.93 1026 2.92 (2.87-2.97) 0.85
1.60 - 1.64 2508 1.02 (0.97-1.07) 1260 2.93 (2.89-2.97)
1.65 - 1.69 2107 1.02 (0.97-1.08) 1137 2.91 (2.87-2.95)
>1.70 1593 1.04 (0.97-1.11) 1003 2.93 (2.89-2.98)
Standing height of females (m)
<1.50 2495 1.06 (1.01-1.12) 4.41 x 10-02 1154 3.15 (3.10-3.19) 2.13 x 10-02

1.50 - 1.54 2656 1.08 (1.03-1.14) 1321 3.17 (3.13-3.21)
1.55 - 1.59 2044 1.09 (1.03-1.15) 1098 3.13 (3.09-3.18)
>1.60 1029 0.96 (0.89-1.03) 600 3.09 (3.03-3.14)
BMI: body-mass index; LDL: Low-density lipoprotein; TG: Triglycerides.
aGeometric means (95% CI) standardised for age, sex, study area and case status unless otherwise stated
bStandardised for sex, study area and case status only. Age groups inclusive of the high end of each age group
cStandardised for age, study area and case status only
dStandardised for age, sex and case status only
*derived from a multivariable regression model and tests the null hypothesis of no association between
CRP/fibrinogen and categorical trait.



3. CRP, Fibrinogen and Cardiovascular Disease 81

3.3.3 Associations of CRP and fibrinogen with CVD

A key objective of my thesis is to understand whether observational associations

of CRP and fibrinogen with CVD outcomes observed in European populations are

also evident in East Asians. A number of observational studies in East Asians has

already suggested that CRP is indeed associated with CHD and IS but not with

ICH230,231,311. However, the number of ICH cases in previous studies were limited

compared to the number of ICH cases in the present study (383 to 738 in previous

studies vs 4,476 in the present study). Furthermore, associations of fibrinogen

(which, along with CRP, is also regulated by IL-6 signalling) with CVD outcomes in

East Asians are currently lacking. In particular, there are no studies in East Asians

or Europeans that compared the shape and strength of associations between CRP

and fibrinogen - two key proteins regulated by IL-6 signalling - with MCE, IS and

ICH in the same population.

This section investigated the associations of CRP and fibrinogen with CVD outcomes

- MCE, IS and ICH in a large cohort of East Asians. To accomplish this objective, I

fitted two separate logistic regression models. The first model adjusted for age, age2

and sex (base model); a quadratic term for age is used to improve model fit. The

second model adjusted for the following covariates: income, occupation, education,

systolic blood pressure, body-mass index, diabetes, physical activity, standing

height, smoking, alcohol, LDL-C and triglycerides (full model). I identified these

covariates as potential confounders based on my reading of prior observational

studies of inflammation and CVD or their associations with CRP and fibrinogen

documented in the previous sections of the present Chapter (Chapter 3.3.1 and 3.3.2).

Hence, some covariates that were only associated with fibrinogen and not CRP

(e.g. gender) or not associated with either CRP or fibrinogen (e.g. education and

income) were nevertheless retained in the model, as they have been associated with

systemic inflammation or CVD in previous studies (see Chapter 1.5.2, studies listed

in Table 1.1). Retaining the same covariates for analysis also enabled comparisons

between CRP and fibrinogen.
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However, it is possible that the impact of potential confounders on CRP/fibrinogen-

CVD associations observed in previous studies may not necessarily be the case for

CRP/fibrinogen-CVD associations in the present study. To evaluate the impact

of potential confounders, I illustrated CRP/fibrinogen-CVD associations in three

different ways in the present section.

The first figure (Figure 3.4) shows the dose-response associations of quintiles of CRP

and fibrinogen with the log-odds of MCE, IS and ICH. This is typically done prior

to obtaining regression coefficients92,93, to establish the linearity of the relationship

between the log-odds of outcome with unit change in independent variables - a key

assumption of logistic regression models325. Both CRP and fibrinogen were log-

transformed to normal distributions for ease of interpretation and to be comparable

to previous studies which had also presented estimates of CVD association using log-

transformed CRP/fibrinogen92,93. The quintiles were derived from the distribution

of CRP/fibrinogen in the combined case-control cohort. To derive the usual levels

of log CRP/fibrinogen in each quintile, I regressed log CRP/fibrinogen measured

at resurvey on log CRP/fibrinogen measured at baseline; this linear regression

model was used to predict usual levels of CRP/fibrinogen for participants in each

baseline-defined quintiles (see Chapter 3.2.5). Logistic regression models were

then fitted for each of the 10 regions separately for each quintile of CRP and

fibrinogen and estimates were meta-analysed using a fixed-effect modelling with

inverse variance weighting; for each region in each quintile, models were excluded

when they failed to converge (9 models out of 600 models in total for CRP and

fibrinogen analyses).

As illustrated in Figure 3.4, I observed log-linear positive associations of log CRP

with risks of MCE, IS and ICH, in both base and full models. The associations

of CRP were stronger with MCE than with IS or ICH. The shape of associations

of CRP illustrated in Figure 3.4 were similar between IS and ICH. In contrast to

CRP, although fibrinogen showed weaker log-linear associations with MCE and IS,
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these associations showed no significant trend in the full model. Furthermore, no

associations of fibrinogen were observed with ICH in either base or full model.

Two things are of note in these observations. First, the contrasting shape of associ-

ations between CRP and fibrinogen in the present analysis suggested that although

both CRP and fibrinogen are under the common control of IL-6 signalling, CRP,

but not fibrinogen, is associated with CVD risk in the present study. Furthermore,

although CRP remained associated with MCE, IS and ICH in the full models, the

slope of the association became less steep after adjustment for potential confounders,

suggesting an important role of confounders to potentially distort associations of

CRP and fibrinogen with CVD risk.

Given the important role of confounders, the next analyses in this chapter assessed

the impact of confounders on the magnitude of the associations of CRP and

fibrinogen with MCE, IS and ICH. Confounders were first assessed in groups

(grouped based on type of confounder) and then individually to understand if there

are specific confounders or groups of similar confounders that disproportionately

affected the relationship of CRP and fibrinogen with CVD risk. This is followed by

a subgroup analysis to assess whether associations of CRP and fibrinogen vary by

pre-specified subgroups.
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Figure 3.4: Risk of Major Coronary Events, Ischaemic Stroke, and Intracere-
bral haemorrhage by quintiles of C-reactive protein (CRP) and fibrinogen.
The figure illustrates associations of CRP and fibrinogen with MCE, IS and
ICH. Base model included age, age2 and sex; full model included base model +
income, occupation, education, SBP, BMI, diabetes, physical activity, standing
height, smoking, alcohol, LDL-C and triglycerides. Models were fitted for
each of the 10 regions separately for each quintile of CRP and fibrinogen
and estimates were meta-analysed using a fixed-effect with inverse variance
weighting. Error bars represent 95% floated confidence intervals (CI). The
areas of the boxes are proportional to the inverse of the variance of the log
ORs. OR, CRP, and fibrinogen are plotted on log scale
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To assess the impact of these confounder groups, I constructed five models similar

to what was done in previous studies of Europeans92:

1. base model (adjusted for age, age2 and sex),

2. base model adjusted for BMI and SBP,

3. base model adjusted for lipids (LDL-C and TG),

4. base model adjusted for other CVD risk factors (income, occupation, education,

physical activity, standing height, smoking and alcohol),

5. full model (base model + all covariates)

This approach is useful because it will help me understand whether there are groups

of confounders that have a disproportionately large effect on CRP/fibrinogen - CVD

association. As before, the models were stratified by region and meta-analysed

using a fixed effect modelling with inverse variance weighting.

In the base model, the ORs [95% CI] per-SD higher usual log CRP was 2.05 [1.80,

2.33] for MCE, 1.57 [1.43, 1.73] for IS, and 1.43 [1.30, 1.56]) for ICH. However,

on adjustment for BMI and SBP, there was substantial attenuation of effects for

all CVD outcomes: adjusted ORs [95% CI] per-SD higher usual log CRP was

1.89 [1.65, 2.17] for MCE, 1.35 [1.22, 1.49] for IS, and 1.31 [1.18, 1.44]) for ICH.

Between the base model and base model adjusted for SBP and BMI, the largest

attenuations of effect were observed in the following order: IS (22%), MCE (16%),

and ICH (12%). This suggests that SBP and BMI accounts differentially for the

associations of CRP exhibited with MCE and IS; despite MCE and IS sharing a

similar pathophysiological process (i.e. atherosclerosis), accounting for SBP and BMI

attenuate associations of CRP with IS greater than MCE. Compared to adjustment

of base model with SBP and BMI, the attenuation of association of CRP with

MCE/IS/ICH was less when base model was adjusted for LDL-C and TG or ‘other’

CVD risk factors. However, in each case, for MCE, IS and ICH, there was some

attenuation when adjustments were made to their base models; the only exception

was ICH. In ICH, there was no observed attenuation of effect size when the base

model of ICH (OR [95% CI] per-SD higher usual log CRP: 1.43 [1.30, 1.56]) was
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adjusted for lipids [1.44 [1.32, 1.58]. This suggests that the association of CRP

with ICH is largely independent of contributions from LDL-C and TG, unlike the

atherosclerotic CVD phenotypes - MCE and IS. In all CVD outcomes, despite

substantive attenuation of effects post-adjustment, CRP remained associated in

the full model; strong associations were observed with MCE (OR [95% CI]: 1.67

[1.44, 1.94]), and similar associations observed with IS (OR [95% CI]: 1.22 [1.10,

1.36]) and ICH (OR [95% CI]: 1.22 [1.10, 1.36]) in the full model. The full model

for stroke types was notable, as identical effect sizes are observed for IS and ICH -

two pathophysiologically distinct stroke types (Figure 3.5).

Unlike associations of MCE, IS, and ICH with CRP, associations of fibrinogen with

MCE and IS were weaker in the base model compared to associations of these

outcomes with CRP, with largely neutral associations observed with ICH. In the

base model, the ORs [95% CI] per-SD higher usual log fibrinogen was 1.35 [1.13,

1.60] for MCE, 1.22 [1.05, 1.42] for IS, and 1.08 [0.94, 1.25]) for ICH. However, there

is no evidence of association of fibrinogen with MCE in the full model (OR [95% CI]

per-SD higher usual log fibrinogen: 1.10 [0.89, 1.34]). The respective associations

of fibrinogen concentrations with IS and ICH attenuate earlier than MCE. With IS,

the association of fibrinogen becomes neutral on adjustment for BMI and SBP (OR

[95% CI] per-SD higher usual log fibrinogen: 1.12 [0.96, 1.31]). With ICH, there

was no evidence of association of fibrinogen in the base model (OR [95% CI] per-SD

higher usual log fibrinogen: 1.08 [0.94, 1.25]) (Figure 3.6).
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CVD: Cardiovascular disease; BMI: body-mass index; LDL-C: Low-density lipoprotein cholesterol; TG: triglycerides

Figure 3.5: Risk of (A) Major Coronary Events, (B) Ischaemic Stroke, and
(C) Intracerebral haemorrhage per standard deviation (SD) of usual log-
transformed high-sensitivity C-reactive protein (CRP).
The figure illustrates associations of CRP with MCE, IS and ICH. Base
model included age, age2 and sex; full model included base model + income,
occupation, education, SBP, BMI, diabetes, physical activity, standing height,
smoking, alcohol, LDL-C and triglycerides. Models were fitted for each of the
10 regions separately and estimates were meta-analysed using a fixed-effect
with inverse variance weighting. Error bars represent 95% floated confidence
intervals (CI). The areas of the boxes are proportional to the inverse of the
variance of the log ORs. OR, CRP, and fibrinogen are plotted on log scales.
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CVD: Cardiovascular disease; BMI: body-mass index; LDL-C: Low-density lipoprotein cholesterol; TG: triglycerides

Figure 3.6: Risk of (A) Major Coronary Events, (B) Ischaemic Stroke, and
(C) Intracerebral haemorrhage per standard deviation (SD) of usual log-
transformed Fibrinogen.
The figure illustrates associations of fibrinogen with MCE, IS and ICH. Base
model included age, age2 and sex; full model included base model + income,
occupation, education, SBP, BMI, diabetes, physical activity, standing height,
smoking, alcohol, LDL-C and triglycerides. Models were fitted for each of the
10 regions separately and estimates were meta-analysed using a fixed-effect
with inverse variance weighting. Error bars represent 95% floated confidence
intervals (CI). The areas of the boxes are proportional to the inverse of the
variance of the log ORs. OR, CRP, and fibrinogen are plotted on log scales.
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To identify specific confounders that had maximal impact on the association of

CRP and fibrinogen with CVD, I additionally fitted logistic regression models to

assess the progressive impact of individual risk factors on the associations of CRP

and fibrinogen with MCE, IS and ICH (Figure 3.7, arranged in descending order

of Wald χ2). As before, models were fitted separately for each of the 10 study

areas for each covariate and estimates were meta-analysed; for each analysis, study

areas were excluded when models failed to converge (2 models out of a total of 780

models). The equivalent figure that illustrates the effect of adjustment of individual

risk factors is provided in the Appendix Figure A.2.

As shown in Figure 3.7, addition of SBP to the base model had the largest impact

on the associations of CRP with MCE (OR [95% CI] changed from 2.05 [1.80, 2.33]

in the base model to 1.88 [1.64, 2.15] on adjustment for SBP, with corresponding

change of χ2 from 115.6 to 85.3), and with ICH (OR [95% CI] in base model to SBP

adjustment changed from 1.43 [1.30, 1.56] to 1.26 [1.14, 1.38], with corresponding

change of χ2 from 59.7 to 21.5). Similar to CRP, associations of fibrinogen with

MCE and IS were similarly affected on adjustment for SBP. From base model to

adjustment for SBP, associations of fibrinogen with MCE changed from 1.35 [1.13,

1.60] to 1.27 [1.06, 1.352] (with corresponding change of χ2 from 11.4 to 6.9) and

association of fibrinogen with IS changed from 1.22 [1.05, 1.42] to 1.14 [0.97, 1.33]

(with corresponding change of χ2 from 6.9 to 2.6). This highlights the important

role of SBP that acts as the strongest confounder to the association of CRP with

MCE and ICH, and association of fibrinogen with MCE and IS.

For the association of CRP with IS, BMI had a larger impact than SBP (OR

[95% CI] in base model to BMI adjustment changed from 1.57 [1.43, 1.73] to 1.41

[1.28, 1.56], with corresponding change of χ2 from 91.6 to 49.3), suggesting an

important role of adiposity to confound associations between CRP and IS. As in

Figure 3.5, Figure 3.7 showed that CRP remained strongly associated with MCE,

and associated in similar magnitudes with IS and ICH in the fully adjusted models;

this further supports the relevance of inflammation for MCE and highlights the
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similar association of CRP with pathophysiological distinct stroke types - IS and

ICH.

Although fibrinogen was associated with MCE and IS in the base model, there

was no significant association after adjustments. For the association of fibrinogen

with MCE, associations attenuated to include the null (OR [95% CI]: 1.17 [0.98,

1.41]) after adjustment for the first three covariates - SBP, diabetes and alcohol

- added on the basis of decreasing Wald χ2 change. Similarly, for the association

of fibrinogen with IS, associations attenuated to include the null after adjustment

for SBP. For the association of fibrinogen with ICH, no associations were observed

even in the base model.

The present analyses of CRP and fibrinogen that investigated progressive associations

with MCE, IS and ICH generated two important insights. The first insight is related

to the importance of SBP for CVD associations of both CRP and fibrinogen (SBP

was consistently one of the strongest confounders of the associations of CRP and

fibrinogen with MCE, IS or ICH). The second insight is related to the differential

impact of specific confounders for associations of CRP and fibrinogen with the

same outcomes. For example, both SBP and diabetes had maximal impact on the

associations of CRP and fibrinogen with MCE; but while SBP and BMI are most

important for explaining associations of CRP with IS, SBP and LDL-C appear to

be the strongest confounders for associations of fibrinogen with IS.

The next analyses examined whether associations of CRP and fibrinogen with MCE,

IS and ICH vary by pre-specified potential effect modifier subgroups.



3. CRP, Fibrinogen and Cardiovascular Disease 91

CRP Fibrinogen

M
aj

or
 C

or
on

ar
y 

Ev
en

ts
Is

ch
ae

m
ic

st
ro

ke
In

tr
ac

er
eb

ra
l h

ae
m

or
rh

ag
e

CVD: Cardiovascular disease; BMI: body-mass index; LDL-C: Low-density lipoprotein cholesterol; TG: triglycerides

Figure 3.7: Progressive adjustment of (A) CRP and (B) Fibrinogen for Major
Coronary Events, Ischaemic Stroke and Intracerebral haemorrhage.
The figure illustrates associations of CRP and fibrinogen with MCE, IS and
ICH in progressively adjusted models. Base model included age, age2 and sex;
for each adjustment, models were fitted for each of the 10 regions separately
and estimates were meta-analysed using a fixed-effect with inverse variance
weighting. Progressive adjustment used at each step the covariate giving the
largest change in χ2. Error bars represent 95% floated confidence intervals
(CI). The areas of the boxes are proportional to the inverse of the variance of
the log ORs. OR, CRP, and fibrinogen are plotted on log scales.



3. CRP, Fibrinogen and Cardiovascular Disease 92

3.3.4 Prespecified subgroup analyses of C-reactive protein
and fibrinogen

There are suggestions from previous studies that associations of inflammatory

markers with CVD may vary by specific subgroups, like sex22,326 and levels of LDL-

C247,327. The specific mechanisms by which these variations occur are unknown.

I sought to understand whether associations of CRP and fibrinogen with CVD

outcomes in the present study would vary by specific subgroups. These potential

effect modifier traits were pre-specified and measured or ascertained at baseline and

included age, gender, region, education, smoking, alcohol consumption, physical

activity, SBP, BMI, and LDL-C. The potential effect modifier traits selected for

subgroup analysis were based on evidence of these traits being risk factors for CVD

from previous studies92,93.

For each subgroup, analyses used full model omitting the relevant covariates under

investigation (e.g. the subgroup analysis for sex included all covariates used in

the full model except sex). The full model was fitted for each of 10 regions and

estimates were meta-analysed by fixed-effect inverse-variance weighted method. For

each subgroup in each region, models were excluded if they failed to converge (62

models out of 750 models for CRP and 141 models out of 750 models for fibrinogen

failed to converge and were excluded).

For associations of CRP, there was no evidence (after Bonferroni adjustment, P <

0.05/20) for effect modification by any of these traits (Figure 3.8). This suggests

that associations of CRP with CVD were likely robust to effect modification by

specific subgroups. However, the subgroup analyses (that is, again, stratified by

region in the present analysis) are also likely to be under-powered to detect an

effect.

By contrast, although associations of fibrinogen with MCE, IS, and ICH risk did

not exhibit differences between most of the pre-specified subgroups, there was

evidence of heterogeneity (heterogeneity and trend tests were conducted by χ2 tests

applied to the log ORs and their SEs, Chapter 3.2.5) by levels of physical activity
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(P=6.7x10-4) for MCE, and suggestive evidence of an interaction with smoking

(P=0.0021) for IS (Figure 3.9). Although the subgroup analysis for fibrinogen-MCE

associations, like CRP, were corrected for multiple testing by the Bonferroni method,

it is still possible that the interactions observed with physical activity and smoking

may be false positives and require replication in other independent East Asian

datasets.
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Figure 3.8: Risk of Major Coronary Events, Ischaemic Stroke, and Intracerebral haemorrhage per standard deviation
(SD) of usual log-transformed high-sensitivity C-reactive protein (CRP) by pre-specified subgroups.
The figure illustrates associations of CRP with MCE, IS and ICH in pre-specified subgroups. Analyses for each subgroup
used the full model (age, age2, sex, income, occupation, education, SBP, BMI, diabetes, physical activity, standing height,
smoking, alcohol, LDL-C and triglycerides), omitting covariates under investigation. Models were fitted for each of the 10
regions separately and estimates were meta-analysed using a fixed-effect method with inverse variance weighting. The
sizes of the boxes are proportional to the inverse of the variance of the log ORs. The dotted line represents the overall
adjusted OR. The open diamond represents the overall adjusted OR and its 95% CI
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Figure 3.9: Risk of Major Coronary Events, Ischaemic Stroke, and Intracerebral haemorrhage per standard deviation
(SD) of usual log-transformed fibrinogen by pre-specified subgroups.
The figure illustrates associations of fibrinogen with MCE, IS and ICH in pre-specified subgroups. Analyses for each
subgroup used the full model (age, age2, sex, income, occupation, education, SBP, BMI, diabetes, physical activity,
standing height, smoking, alcohol, LDL-C and triglycerides), omitting covariates under investigation. Models were fitted
for each of the 10 regions separately and estimates were meta-analysed using a fixed-effect method with inverse variance
weighting. The sizes of the boxes are proportional to the inverse of the variance of the log ORs. The dotted line represents
the overall adjusted OR. The open diamond represents the overall adjusted OR and its 95% CI
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3.4 Discussion

In this Chapter, I examined patterns of associations of baseline CRP and fibrinogen

concentrations, two well-established markers of systemic inflammation, with CVD

risk factors and incident CVD outcomes in a large cohort of East Asians. The CVD

outcomes assessed were incident MCE, IS, and ICH, three CVD outcomes that are

of particular relevance to the East Asian population given their rising incidence and

prevalence in China328. Although observational associations of CRP and fibrinogen

with CVD outcomes are well-established in Europeans, studies in larger East Asian

populations are scarce. Furthermore, there is a dearth of studies comparing the

pattern of association between CRP and fibrinogen with CVD outcomes in an East

Asian cohort. Given that both CRP and fibrinogen synthesis are regulated by

IL-6 signalling, comparing their patterns of association with CVD would provide

useful insights with respect to their distinct biological roles (see Chapter 1.4.3).

Additionally, studies that evaluated association of CRP with ICH had conflicting

reports; most of these studies had lower number of ICH cases (n=383 to 738), and

the present study sought to resolve the conflicting reports of association of CRP

with ICH by examining the association in the present cohort that had a higher

number of ICH cases (n=4,476).

3.4.1 Associations of CRP and fibrinogen with baseline
traits

The aim of these correlative analyses was to assess whether baseline traits, that

may or may not be established CVD risk factors, were associated with markers of

systemic inflammation. In this regard, I have used CRP and fibrinogen as markers of

systemic inflammation and assessed effect on baseline traits for every 1 SD increase

in CRP or fibrinogen corresponding to a 3.3 fold and 1.3 fold differences in CRP

and fibrinogen respectively (see Chapter 3.2.5). This has, therefore, also provided

an opportunity to examine patterns of association between CRP and fibrinogen

with these traits.
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To start with, I examined the variation of CRP and fibrinogen with higher age and

between sex. When examining variation of CRP and fibrinogen from youngest to

oldest, I observed evidence of a strong trend with age, with differences between the

youngest (30 - 49 years) and oldest (60 and over) age categories of 0.50 mg/L for CRP

and 0.61 g/L for fibrinogen. This association with age is consistent with the observed

associations of CRP and fibrinogen with age in Europeans92,329. Furthermore, it

is consistent with the notion that ageing and age-related diseases converge on

inflammation as a mechanism of age-related adverse events330. This phenomenon has

been termed as ‘inflammageing’ and both CRP and fibrinogen are well-established

markers of inflammageing331. By contrast, I observed a discordant pattern of

association with sex between CRP and fibrinogen; while fibrinogen was observed

to be higher in females than males in the present study, there was no evidence of

a difference in CRP levels between the sexes. The observation of sex-discrepancy

with fibrinogen is consistent with a number of previous studies302,329,332,333; however,

the precise biological reasons why levels of fibrinogen are higher in women than

men are unclear. Similar to fibrinogen, prior studies have demonstrated higher

CRP concentrations in women92 that is not observed in the present study. The

discrepancy may be due to the larger number of men and women in the European

study92 (~ 10 times more than the present study) offering greater power to detect a

difference or simply reflect an intrinsic biological difference between Europeans and

East Asians. East Asians also have substantially lower CRP levels than Europeans

(median CRP in Europeans i ~ 2.5 times higher than in East Asians334,335), and

there was no evidence of substantial differences of CRP being noted between males

and females in East Asian studies335–337. Indeed, one study noted large trans-ethnic

variations of mean CRP concentrations that cannot be readily explained by study

design, CRP assay, age or BMI338.

Like sex, there were other traits that exhibited a discordant pattern of association

between CRP and fibrinogen. For example, the discordant association between

CRP and fibrinogen with TG. For context, I observed a positive association of

higher CRP with atherogenic lipids (LDL-C and TG) and inverse association with
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HDL-C. The largest study of CRP that meta-analysed 54 prospective Europeans

studies92 also observed a similar trend of associations with HDL-C (i.e. inverse

association with CRP) and non-HDL-C lipids (i.e. a positive association with CRP);

non-HDL-C lipids comprise of LDL-C and TG339. The observed associations of

CRP with lipids were directionally consistent with the associations of fibrinogen

with lipids, except for TG; whereas CRP showed a positive association with TG,

associations with fibrinogen were neutral. The neutral association of fibrinogen with

TG was consistent with observations in the European population where association

of fibrinogen with TG were either ‘weak’340, ‘curvilinear’329, or null341. By contrast,

consistent patterns of association of CRP and fibrinogen were observed with LDL-

C and HDL-C; with LDL-C, higher CRP and fibrinogen were associated with

higher LDL-C and lower HDL-C and this pattern is consistent with observations

in Europeans329. The precise biological mechanisms underlying these associations

remain elusive, although one study has suggested a central role of IL-6, the cytokine

that regulates hepatic synthesis of CRP and fibrinogen to also regulate HDL-C

concentrations342 via inhibition of lipoprotein lipase activity, and stimulation of

lipolytic activity of endothelial lipase343; lipoprotein lipase, although it metabolises

triglycerides, is correlated with HDL-C levels and endothelial lipase is associated

with metabolism of HDL particles in animal models344. C-reactive protein and

fibrinogen also exhibited a similar inverse relationship with Apo-A1 with similar

magnitudes of associations. This association with Apo-A1 was expected given the

well-established biological relationship of Apo-A1 with HDL-C345; Apo-A1 is the

major protein component of HDL particles and enables the transport of HDL-C in

plasma. Similar to HDL-C and Apo-A1, I observed an inverse association of CRP

and fibrinogen with albumin concentrations; this association was consistent with

prior studies in Europeans92,329 and aligns with the suggestion that lower albumin

levels is one of the markers of systemic inflammation346.

Beyond lipids, lipoproteins, and albumin, associations of CRP and fibrinogen were

directionally consistent to each other with respect to their associations with markers

of liver function (AST, ALT, and GGT) and renal function (creatinine, uric acid,
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and cystatin-C). Although, studies examining epidemiological associations of CRP

and fibrinogen with liver and renal function traits are limited, the few studies that

exist do support positive associations of markers of liver and renal function with

markers of systemic inflammation347–349.

In addition to biological markers, I also assessed associations of CRP and fibrinogen

with CVD risk factors like SBP and BMI. Consistent with previous studies92,329, there

was some evidence of increasing geometric mean CRP and fibrinogen concentrations

with progressively higher SBP tertiles. However, when this analysis was limited

to controls, and a dose-response curve was constructed to assess the shape of the

association, there was no evidence of a trend for CRP across higher SBP quintiles.

Indeed, the shape of CRP-SBP association curve is similar to the shape observed in

Europeans92 and also showed weak correlations in Europeans between CRP and

SBP (r = 0.13). With BMI, which is a well-established measure of adiposity, as

observed in Europeans92,120,329 - higher CRP and fibrinogen was associated with

higher BMI. Physical activity, which is correlated with measures of adiposity, showed

inverse associations with higher CRP and fibrinogen in the present study, consistent

with observations in Europeans92,329 and consistent with the suggestion that regular

exercise may have ‘anti-inflammatory’ roles149,321,350.

With regards to social habits such as smoking and alcohol consumptions, the

evidence of their associations with CRP and fibrinogen were not as strong as

evidence for other risk factors. For example, although I observed higher CRP

levels in smokers than non-smokers, this was not statistically significant after

correction for multiple testing, and associations with fibrinogen were neutral. This

was inconsistent with previous studies that showed higher CRP and fibrinogen

levels in smokers than non-smokers with statistical significance92,329,332,351. Reasons

for this inconsistency may be inadequate power to examine differences in CRP

between smokers and non-smokers in the present study due to lower sample size or

reflect valid trans-ethnic differences. I had a lower sample size because I included

only men for the analysis of smoking and CRP given the fact that a very small
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number of women (3%) reported smoking in CKB323. Similar to smoking, there

was no evidence of differences in CRP between weekly drinkers and non-drinkers

in the present study, in contrast to previous reports in Europeans which observed

lower CRP in drinkers than non-drinkers92. Like smoking, this could reflect limited

statistical power in my analysis (analysis of alcohol, like smoking, was limited to men

only given that only 2% women reported drinking in CKB324) or real trans-ethnic

differences or have occurred due to trans-ethnic differences in distributions of effect

measure modifiers. By contrast, despite limiting analysis to men, I observed lower

fibrinogen concentrations in drinkers than non-drinkers, and this was consistent with

observations in Europeans329. The observed effect of alcohol on levels of CRP and

fibrinogen was previously used to explain the apparent cardio-protective benefits of

moderate alcohol consumption. But as the most recent Mendelian randomisation

studies (see Chapter 1.5.4 for a primer on Mendelian randomisation) have shown75,352,

even light consumption of alcohol is deleterious and the observed associations are

likely the result of residual confounding and/or reverse causation.

3.4.2 Associations of CRP and fibrinogen with CVD out-
comes

In Chapter 1.5.2, I tabulated different studies that have examined associations

of CRP and fibrinogen with CVD markers (e.g. atherosclerosis) and outcomes

(i.e. CVD events) using different study designs. In this section, I tabulated the

effect estimates (with confidence intervals) reported by the different studies that

investigated associations of CRP/fibrinogen on CVD risk in different populations for

comparison of effect estimates in the present study (Table 3.5). For comparability

of effect estimates with previous studies and ease of interpretation, I examined

association with CVD outcomes per 1 SD increase of log CRP or fibrinogen that

corresponded to a 3.3 fold and 1.3 fold difference of CRP and fibrinogen, respectively

(the fold change is similar to the largest European studies of CRP and fibrinogen92,93).

The CVD outcomes assessed are MCE and stroke; the types of stroke examined

were IS and ICH. Below I will discuss the patterns of associations of CRP and
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Table 3.5: Observational Evidence
Tabulating observational studies of markers of inflammation showing the asso-
ciation CRP and fibrinogen with ischaemic stroke, intracerebral haemorrhage
and coronary heart disease

Protein Study reference Study design Population IS ICH CHD
N RR (95% CI)a N RR (95% CI)a N RR (95% CI)*

CRP [92] Meta-analysis Europeans 1931 1.27 (1.15-1.40) 469 1.07 (0.86-1.32) 5373 1.36 (1.29-1.45)

[230] Meta-analysis East Asians 1105 1.40 (1.08 - 1.81) 738 1.04 (0.66 - 1.65) 529 1.75 (0.96 - 3.19)

[231] Prospective study Chinese 1049 1.15 (1.06 - 1.24) 383 0.97 (0.86 - 1.08) - -

[235] Prospective study European women 517 1.69 (1.26 - 2.29) 111 0.83 (0.44 - 1.57) - -

Present study Nested case-control Chinese 5418 1.22 (1.10 - 1.36) 4476 1.22 (1.10 - 1.36) 1508 1.67 (1.44 - 1.94)

Fibrinogen [93] Meta-analysis Mostly Europeans 596 1.93 (1.47 - 2.52) 215 1.45 (0.91 - 2.29) 2534 1.82 (1.60 - 2.06)

[235] Prospective study European women 517 1.01 (0.77 - 1.34) 111 1.14 (0.64 - 2.00) - -

Present study Nested case-control Chinese 2280 0.99 (0.83 - 1.18) 1981 0.98 (0.82 - 1.16) 1251 1.10 (0.89 - 1.34)

N: Number of cases; IS: Ischaemic stroke; ICH: Intracerebral haemorrhage; CHD: Coronary heart disease’ CRP:
C-reactive protein; RR: Relative risk; CI: Confidence Interval
aAll studies reported RR per SD increase of natural log-transformed biomarker except [235] - top vs bottom
quartile.

fibrinogen observed with each CVD outcome and compare them to observations in

the European and other East Asian study cohorts.

Associations of CRP and fibrinogen with MCE

The present study used a composite outcome defined as major coronary events or

MCE (composed of fatal IHD, AMI, and patients who have undergone an stent

placement procedure or bypass surgery, see Chapter 3.2.3) to represent CHD and

this is largely equivalent to CHD definitions used in European studies92.

In the present study, I observed log-linear positive associations of log-transformed

CRP with risk of MCE that remained after adjustment for potential confounders,

with no evidence of effect modifications observed in pre-specified subgroups. The

shape of the observed associations were consistent with several studies that examined

associations of CRP with CHD, including the largest study of CRP-CHD in

Europeans that meta-analysed 54 prospective studies92 and is consistent with

associations observed in studies of East Asians230,231,311. The study in Europeans

had 5,373 CHD cases (first-ever myocardial infarction or fatal CHD) and observed

that per SD higher usual log CRP concentration (equivalent to approximately a
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3-fold difference of CRP in the original scale, similar to the 3.3 fold difference in

the present study) was associated with higher CHD risk. Comparing the estimates

observed in the meta-analysis with estimates in the present study, I noted that

the MCE estimate in the present study (OR [95% CI] per 1 SD higher usual log

CRP: 1.67 [1.44, 1.94]) was appreciably greater than which was observed in the

meta-analysis (OR [95% CI] per 1 SD higher usual log CRP: 1.36 [1.29, 1.45])

higher risk of CHD, with very little overlap of confidence intervals (Table 3.5).

The difference in the estimates likely reflects differences in the spectrum of disease

severity and/or aetiology, since there were a much higher proportion of fatal MCE

cases in the present study (65% in CKB vs 29% in the European meta-analysis92).

Indeed, when the European study was restricted to fatal events, the risk estimate

was closer to the estimate in the present study (OR [95% CI] per 1 SD higher usual

log CRP: 1.57 [1.44, 1.71]) (eTable 10 of92). This suggests that concentrations of

CRP were a stronger predictor of risk of fatal CHD events than risk of non-fatal

CHD events.

By contrast, there was no evidence of association for fibrinogen with MCE in the

present East Asian cohort. This was unexpected and inconsistent with previous

studies (Table 3.5). In the largest study of fibrinogen-CHD association in Europeans,

the authors meta-analysed 31 prospective studies, involving a total of 154,211

participants (including 7% from Japan) and 7118 CHD cases93. This fibrinogen-CHD

study in Europeans demonstrated positive log-linear associations of concentration

of fibrinogen with CHD; although the association substantially attenuated on

adjustment for classical CVD risk factors, smoking, alcohol, BMI, LDL-C, TG, and

SBP, the association remained in the full model. Although I observed similar positive

associations (e.g. with age, LDL-C, BMI) and inverse associations (e.g. males, alcohol

consumption, HDL-C) of fibrinogen with CVD risk factors as the European study,

the association of fibrinogen with MCE in the present study was largely neutral on

adjustment for age and sex. There are several possible reasons for this discrepancy;

first, with approximately 9,000 individuals (mean fibrinogen [g/L] = 3.00) in the

present cohort having fibrinogen measurements (compared to ~18,000 individuals
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with CRP measurements), the present study had only 1250 MCE events compared

to 7118 CHD events in the European study (mean fibrinogen [g/L] = 3.02)353.

Hence, a lack of power in the present study can potentially explain the neutral

association observed for fibrinogen with MCE. Second, unlike CRP, almost a third of

the variation in plasma fibrinogen in the European cohort (~12% Asian origin) was

explained by non-modifiable risk factors that included ethnic group, cohort, age, sex,

and season353. Therefore, differences in the distribution of potential confounders

and potential effect measure modifiers between different population groups can

potentially account for these trans-ethnic differences in associations232,234. This

can happen if background CVD risk is, for example, higher in one ethnic group

compared to the other due to differences in anthropometric traits that are associated

with CVD risk (e.g. tall stature354, higher BMI355, higher lean body mass356, among

others) or well-established CVD risk factors (e.g. higher mean SBP357 or elevated

mean plasma LDL-C levels54). Compared to Europeans in UK Biobank for example,

study participants in CKB, on average, were shorter (Men: 165.2 cm in CKB vs.

175.7 cm in UKB), leaner (lean body mass in Men: 49.5 kg in CKB vs. 63.7 kg in

UKB), had lower BMI (Men: 23.4 kg/m2 in CKB vs. 27.8 kg/m2 in UKB), lower

plasma LDL-C concentrations (2.4 mmol/L in CKB vs. 3.6 mmol/L in UKB), and

lower mean SBP (130.6 mmHg in CKB vs. 137.9 mmHg in UKB)356.

This emphasizes the need to investigate the same epidemiological associations in

different population groups in order to have a broader understanding of exposure-

outcome relationships in different epidemiological contexts.

Associations of CRP and fibrinogen with stroke types (IS and ICH)

Similar to what was observed for MCE, the associations of CRP and fibrinogen were

discrepant with respect to their associations with stroke types. While higher CRP

was associated with higher risk of IS, consistent with previous studies92,230,231,311,

there was no evidence of association of higher fibrinogen concentration with risk of

IS, discrepant with prior studies93. The reasons for these discrepant associations of

fibrinogen with IS are the same as described for MCE (see above); either low power
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in the present study to detect associations and/or different effect measure modifier

distributions in East Asians than Europeans or simply represent true trans-ethnic

differences.

Beyond differences in association patterns between CRP and fibrinogen, the present

study also provided an opportunity to examine differences of association between

two pathophysiologically distinct stroke types: IS and ICH358. When comparing

associations of CRP with IS and ICH in the present study, I observed consistency

in both direction and strength (Figure 3.5). These results differ from previous

studies which reported null associations of CRP with ICH230,231,311, although these

studies (Table 3.5) included relatively fewer ICH cases (383 to 738 in previous

studies vs 4,476 in the present study), typically leading to effect estimates with

wider confidence intervals (e.g.230, OR [95% CI] per 1 SD higher usual log CRP: 1.04

[0.66, 1.65]) that overlap present study estimates of a 22% increase in risk (OR [95%

CI] per 1 SD higher usual log CRP: 1.22 [1.10, 1.36]). Furthermore, in a separate

study in CKB, other markers of inflammation that are only moderately correlated

with CRP, such as glycoprotein acetyls347, also exhibited positive associations with

both IS and ICH, providing additional support for the role of inflammation in both

stroke types101.

3.4.3 Strength and limitations

A key strength of the present observational study was the large number of well-

characterized stroke cases in CKB. The majority (90%) had CT or MRI scans at

the time of hospital admission41; further adjudication by clinician-led review of

medical records refuted the diagnosis in only 7% of cases with IS and 8% with ICH.

In addition, measurements of CRP and fibrinogen using plasma samples of study

participants were collected at baseline, prior to the occurrence of incident vascular

events, thus somewhat limiting reverse causality bias in the present observational

study. Furthermore, I was able to correct for measurement error and within-

person variation in CRP and fibrinogen levels (i.e. regression dilution bias) by using



3. CRP, Fibrinogen and Cardiovascular Disease 105

measurements from repeat plasma samples collected 6-9 years later, so that the

results reflect the risk associated with usual levels of these biomarkers.

The present observational study had several limitations as well. The observed

associations of CRP with risk of incident MCE, IS and ICH were attenuated by

inclusion of additional risk factors, and it is possible that there remains residual

confounding due to unknown confounders or inaccurate measurements of potential

confounders (e.g. physical activity), or biases from other sources such as reverse

causality. Although the prospective study design likely limits reverse causation bias,

the bias from residual confounding remains difficult to account for in observational

studies. Conversely, the lack of association of fibrinogen with MCE and stroke types

in the present study may reflect limited statistical power (number of samples with

fibrinogen measurements was half the number of samples with CRP measurements

in the present study, i.e. ~9,000 vs. ~18,000). While, the present study included

twice the number of IS cases compared to the largest fibrinogen meta-analysis to

date (our study vs meta-analysis, 2,280 vs 1,370 IS cases in fully adjusted models)93,

I am currently unable to sub-classify the proportion of CKB individuals classified as

an IS or ICH case to different stroke sub-types. Associations of CRP and fibrinogen

may not be consistent across subtypes of IS (e.g. large artery, small vessel, and

cardio-embolic) and ICH (e.g. lobar and non-lobar), and should be investigated

once ongoing characterization of stroke subtypes in CKB is complete.

It should be emphasized that CRP does not play a causal role in stroke, as indicated

by large-scale evidence from Mendelian randomisation studies in the past94,359,360.

Rather, the consistently observed associations of CRP with MCE, IS and ICH

likely reflect roles for biomarkers upstream in the inflammatory signaling pathway

(e.g. IL-6 or IL-1β), as has been shown previously for IL-6 signalling (using the

functional genetic variant rs2228145 in IL6R locus) and CHD in Europeans96,97.

However, the contributions of different components of IL-6 signalling to different

CVD outcomes beyond CHD remain unclear, and was therefore the subject of

research for Chapters 4 and 5 of my DPhil thesis.
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3.5 Conclusion

In conclusion, the present study examined the observational associations of CRP

and fibrinogen with MCE, IS and ICH in a large cohort of East Asian individuals.

The associations observed in the present study suggested that higher concentrations

of CRP was associated with higher risks of MCE, IS and ICH, consistent with

associations observed in Europeans in previous studies. However, there was no

evidence of associations of fibrinogen with MCE or stroke types and this was

inconsistent with what was observed in Europeans where fibrinogen was strongly

associated with CVD outcomes; possible reasons that account for this inconsistency

include lower sample sizes for fibrinogen analysis in the present study resulting in

lower statistical power to detect associations, or different distributions of (unknown)

effect measure modifiers in East Asian vs. European populations relevant for

the association of fibrinogen with CVD outcomes, or represent true trans-ethnic

differences of association of fibrinogen concentrations with CVD risk.



4
Interleukin-6 signalling and Cardiovascular

Disease

4.1 Introduction

Interleukin-6 (IL-6) is a protein composed of 184 amino acids and is synthesized

by multiple cell types such as monocytes, T-cells, fibroblasts and endothelial

cells361. Interleukin-6 signals via the interleukin-6 receptor (IL-6R)362. The mode

of IL-6 signalling depends on the state of IL-6R, whether it is membrane-bound

(classic signalling, mIL-6R) or in soluble form (trans-signalling, sIL-6R). Whether

circulating IL-6 binds to mIL-6R or sIL-6R, both modes of signalling require the

interaction of IL-6:IL-6R complex with another protein, glycoprotein 130 (gp130)363,

a transmembrane protein which serves as the signal transducer for all members of

the IL-6 cytokine family364. The binding of IL-6:IL-6R complex to gp130 activates

the Janus kinase (JAK)-signal transducer and activator of transcription factor 3

(STAT3) pathway that stimulate transcription of IL-6 responsive genes (as illustrated

in Figure 1.9). Among the IL-6 responsive genes are genes that encode the acute-

phase proteins: C-reactive protein (CRP), fibrinogen, and serum amyloid A (SAA)

protein. Hence, elevated levels of CRP, fibrinogen, or SAA is a strong indicator of

107
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the magnitude of IL-6 signalling275.

While gp130 expression is ubiquitous across human cells, expression of mIL-

6R is limited to specific cell types (liver cells and some immune cells)215,365.

Hence, the spectrum of cells responsive to IL-6 signalling is increased by sIL-

6R. Although some sIL-6R are alternatively spliced, the majority of circulating

sIL-6R is proteolytically cleaved from mIL-6R by ‘A disintegrin and metalloprotease

17’ (ADAM17) enzyme281,366. A non-synonymous genetic variant (rs2228145-C,

Asp358Ala, that changes aspartic acid, at the 358th position of the IL-6R polypeptide

chain, for alanine) in the IL6R locus that encodes the cleavage site of mIL-6R,

increases the cleavage of the extracellular portion of mIL-6R to sIL-6R. The

Asp358Ala variant, therefore, results in higher sIL-6R plasma concentrations281 and

alters the ratio of sIL-6R to mIL-6R. This altered sIL-6R:mIL-6R ratio is leveraged in

the present study (similar to previous studies96,97) to represent the effects of ‘altered

IL-6R signalling’. Among the associations reported with the Asp358Ala variant

include lower plasma CRP and fibrinogen concentrations and higher circulating sIL-

6R and IL-6 concentrations96,97. Reduced CRP and fibrinogen, and elevated sIL-6R

and IL-6 levels were also observed in clinical trials of tocilizumab97 - a monoclonal

antibody that competes with circulating IL-6 to occupy both sIL-6R and mIL-6R,

broadly antagonising both modes of IL-6 signalling. The directional consistency

of associations of the Asp358Ala variant and the effect of tocilizumab on plasma

concentrations of CRP, fibrinogen, sIL-6R and IL-6 prompted the possibility that

the Asp358Ala variant can be used to mimic the effects of tocilizumab. Furthermore,

the association of Asp358Ala with lower risk of CHD96,97 raised the question of

whether tocilizumab, typically indicated for chronic inflammatory conditions like

rheumatoid arthritis, can be repurposed for CHD.

There are, however, two queries that remain unresolved. First, whether despite

the higher concentrations of sIL-6R and IL-6 protein observed with tocilizumab

and Asp358Ala variant, use of Asp358Ala instrument still represents effects of a

global reduction of IL-6 signalling. Homeostatic feedback mechanisms can explain
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the seemingly paradoxical effect of tocilizumab on plasma levels of sIL-6R and

IL-6, i.e. lower IL-6R signalling with tocilizumab disrupts the negative feedback

that would typically occur with steady-state IL-6R signalling and lower sIL-6R

and IL-6, resulting in higher levels of plasma sIL-6R and IL-6. Tocilizumab was

also shown to form tocilizumab:sIL-6R complexes that can prolong the half-life of

sIL-6R284. In either case, the higher plasma levels of sIL-6R and IL-6 observed

with tocilizumab does not represent an increase in IL-6 signalling. By contrast,

the biological mechanism of higher plasma sIL-6R and IL-6 with the Asp358Ala

variant remains unclear. The pro-inflammatory effects of higher sIL-6R and IL-6

are reportedly buffered by higher levels of soluble gp130 (sgp130)367; this was

used to explain why Asp358Ala, in physiological states, was associated with lower

levels of markers of inflammation (CRP, fibrinogen) despite being associated with

higher levels of sIL-6R and IL-6. But, to date, there is no evidence to suggest

that Asp358Ala variation also associated with higher levels of sgp130. If levels of

sgp130 are unaffected by natural Asp358Ala variation, it stands to reason that

the postulated buffering phenomenon is insufficient to explain the paradoxical

association of Asp358Ala, where well-established markers of inflammation - CRP

and fibrinogen - are in opposing directions to proteins - sIL-6R and IL-6 - that govern

IL-6R trans-signalling, considered the ‘pro-inflammatory’ arm of IL-6R signalling367.

Second, if we assume Asp358Ala indicates effects of IL-6 receptor-mediated reduction

of global IL-6 signalling, would the use of Asp358Ala instrument be representative

of broader effects of reduced plasma IL-6 protein concentrations?

With the present study, I aimed to address the knowledge and evidence gaps by

carrying out Mendelian randomisation (MR) analysis (Figure 4.1) to investigate

the relevance of the individual IL-6R and IL-6 protein components to CVD risk

factors and outcomes, for equivalent differences in CRP concentrations (the second

objective of my thesis, see Chapter 1.7).

As described in Chapter 1.5.4, I used locus-specific genetic instruments, specifically

trans-pQTL genetic instruments of CRP - that is, genetic variants associated with
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CRP located near the IL6R and IL6 loci (the trans-pQTL instrument selection

was based on prior knowledge of IL-6 signalling influencing levels of circulating

CRP). The aim was to understand whether CVD associations observed with the

IL-6R instrument were concordant with CVD associations of the IL-6 instrument,

for equivalent differences in CRP; the assessment of consistency between the two

instruments would allow us to predict the likely pharmacological consequences

for CVD with IL-6 signalling inhibition. The use of locus-specific instruments is,

therefore, a more appropriate approach than selecting genetic instruments from

across the genome - which would trade-off specificity for power. Although the

limited number of genetic variants that make up the IL-6R instrument (one) and

the IL-6 instrument (three) preclude use of the extra sensitivity analysis methods

like MR-Egger for assessment of horizontal pleiotropy, the possibility of horizontal

pleiotropy is minimised by use of the locus-specific approach.

To represent altered IL-6 signalling, I constructed IL-6 genetic instrument by testing

the association of genetic variants near IL6 locus in a GWAS of CRP in CKB

(i.e. CRP was used as a marker of IL-6 protein-mediated signalling). To represent

altered IL-6R signalling, I used Asp358Ala as the IL-6R instrument. For the present

work, I have used CKB data as the primary data source on East Asians. However,

where possible, I have presented and meta-analysed with estimates of similar traits

using equivalent genetic instruments from the European population.
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Figure 4.1: Drug-target Mendelian randomisation.
Illustrates the Mendelian randomisation study design (as analogous to an RCT
design) investigating effects of rs2228145-C allele that increases cleavage of
interleukin-6 receptor alpha (IL-6Rα) to soluble interleukin-6 receptor alpha
(sIL-6Rα).

4.2 Methods

4.2.1 Study population

For the present study, I used genetic and phenotype data from both individual-level

CKB data and summary data from external sources for Europeans (Chapter 2.1.1).

This approach will enable the assessment of associations between East Asians

and Europeans to check for consistency and provide more precise estimates on

trans-ethnic meta-analysis.

In CKB, out of 512,715 East Asian study participants, genetic data were available

for 162,408 study participants. The 162,408 study participants were genotyped using

a 384–single-nucleotide polymorphism (SNP) panel (GoldenGate; Illumina) or a

custom-designed Affymetrix Axiom (~800,000 [800K] SNPs) array at BGI (Shenzhen,

China) (for all variants, call rates were more than 98% and allele frequency difference
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less than 20% with 1000 genomes project [1KGP] East Asian population) (Figure

4.2). For individuals genotyped using the 800K-SNP array, 6,087 were identified as

non-locals (i.e. they hail from a region that is not the reported region they were

based in when included in the CKB study) using principal components (PCs) of

genetic ancestry and excluded from all downstream analyses. To construct PCs,

genetic data from CKB and East Asian 1000 Genomes Phase 3 population were

used in the PLINK implementation of the GCTA (Genome-wide complex trait

analysis) tool to obtain 142,165 SNPs with r2 less than 0.2 (i.e. near-independent

SNPs). The first 12 national PCs were used as a covariate in subsequent association

studies which adjust for the region. A subset of participants with genetic data

also had clinical chemistry/metabolomics data (these were participants part of a

larger nested case-control study of stroke and CHD), and proteomics measurements

(these were participants part of a larger nested case-control study of pancreatic

cancer). Details of these measurements and assays have been provided previously in

Chapter 2.2.4. Details of the study population from external sources are provided

elsewhere291–296 and tabulated in the Appendix Table 2.1.

Case ascertainments of vascular and non-vascular (COPD) outcomes were the result

of them being selected on the basis of case status at the time of case/control

selection for genotyping for a genome-wide association study (GWAS) of CVD and

COPD in CKB. Hence for MR analyses of non-CVD and non-COPD endpoints,

using this GWAS of cardiovascular disease (CVD) or chronic obstructive pulmonary

disease (COPD) may result in associations arising due to correlations with CVD

or COPD, unless these ascertainments are accounted for. For example, if IL-6R

or IL-6 is associated with COPD, any association of the IL-6(R) instruments with

lung cancer may be due to the correlation of lung cancer with COPD. Therefore,

for both IL-6R and IL-6 MR analyses in CKB, I obtained cases and controls from a

study population-representative subset (or ‘random’ subset, see Figure 4.2) within

the GWAS (800K SNP array) in CKB. Additional cases and controls were available

among individuals genotyped by the 384-SNP panel for IL-6R analyses (rs7529229

was one of 384 SNPs in the panel); individuals in the 384-SNP panel were randomly
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Figure 4.2: Summary of genotyped participants in CKB, genotyped with
384-SNP panel or 800k SNP array.
Illustrates how genotyped participants with endpoint data are aggregated
to a base dataset for assessment of genetic associations using IL6 and IL6R
instruments with proteomic traits, clinical chemistry traits and outcome
endpoints

selected (and, therefore, considered population-representative by default) and so can

be used in all analyses of IL-6R. Additional cases were included from ascertained

cases myocardial infarction (MI), ischaemic stroke (IS), intracerebral haemorrhage

(ICH), subarachnoid haemorrhage (SAH), fatal ischaemic heart disease (IHD) or any

chronic obstructive pulmonary disease (COPD) during follow-up, and included only

in analyses of the respective disease endpoints. Application of this selection protocol

for IL-6R [IL-6] analyses, yielded 145,878 [70,808] cases and controls from the

random subsets, with varying numbers of additional cases for each endpoint (Table

4.1). A subset of those with IL-6R [IL-6] genetic data also had clinical chemistry

measurements (n= 17,092 [16,979], part of the nested case-control study of stroke

and CHD - the same dataset used to obtain individuals for the observational analysis



4. Interleukin-6 signalling and Cardiovascular Disease 114

of CRP and fibrinogen with CVD in Chapter 3), and proteomics data (n=863 [766],

part of a nested case-cohort study of pancreatic cancer). Details of clinical chemistry

and proteomics measurements have been described in Methods Chapter 2.2.4.
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Table 4.1: Case-control selection for IL6R Mendelian randomisation analyses

Group Endpoint (ICD-10) Random subset
(case/control where appropriate)

Ascertainment group Total2

(case/control where appropriate)IS ICH SAH MI Fatal IHD COPD Others
Total 145878 2456 4105 353 1308 634 2993 4681 16530
Total_cases 2261 3957 319 1265 621 2624 X 11047

Primary
endpoints Major Coronary Events1 4952/140926 X/X X/X X/X 1265/X 621/X X/X 203/X 7041/140926

Acute Myocardial Infarction (I21) 2220/143658 X/X X/X X/X 1265/X X/X X/X 92/X 3577/143658

Ischaemic stroke (I63, I69.3) 13601/132277 2261/X X/X X/X X/X X/X X/X 357/X 16219/132277

Intracerebral haemorrhage (I61, I69.1) 2761/143117 X/X 3957/X X/X X/X X/X X/X 80/X 6798/143117

Secondary
endpoints Oesophageal cancer (C15) 730/145148 X/X X/X X/X X/X X/X X/X 32/X 762/145148

Stomach cancer (C16) 985/144893 X/X X/X X/X X/X X/X X/X 44/X 1029/144893

Colorectal cancer (C18-C20) 997/144881 X/X X/X X/X X/X X/X X/X 26/X 1023/144881

Liver cancer (C22) 887/144991 X/X X/X X/X X/X X/X X/X 38/X 925/144991

Lung cancer (C33-C34) 1697/144181 X/X X/X X/X X/X X/X X/X 103/X 1800/144181

Breast cancer (females only) (C50) 780/86188 X/X X/X X/X X/X X/X X/X 17/X 797/86188

Diabetes
(Incident [E10-E14] and prevalent at baseline) 13622/132256 X/X X/X X/X X/X X/X X/X 433/X 14055/132256

COPD
(incident [J41-44] and GLI-defined at baseline) 13665/132210 X/X X/X X/X X/X X/X 2624/X 554/X 16843/132210

Asthma (J45-46) 755/145123 X/X X/X X/X X/X X/X X/X 38/X 793/145123

Tuberculosis
(A15-A19, J65, K23.0, K67.3, M01.1, M49.0,
M90.0, N33.0, N74.0, N74.1, O98.0, P37.0)

793/145085 X/X X/X X/X X/X X/X X/X 41/X 834/145085

Pneumonia (J12-J18) 7854/138024 X/X X/X X/X X/X X/X X/X 338/X 8192/138024

Depression (CIDI A and F32) 1228/3617 X/X X/X X/X X/X X/X X/X 34/X 1262/3617

IS: Ischaemic stroke; ICH: Intracerebral haemorrhage; SAH: Subarachnoid haemorrhage; MI: Myocardial infarction; IHD: Ischaemic Heart Disease; COPD: Chronic Obstructive
Pulmonary Disease
1 Major coronary events includes myocardial infarction [I21], coronary revascularization, or death from IHD [I20-I25]
2 Total column represents the sum of case/controls from the random subset and cases from the ascertainment groups as appropriate for a given endpoint; X denotes ascertainment
groups not selected as a source of cases or controls for a given endpoint.
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4.2.2 Selection of cases and controls

In CKB, the definitions of the main pre-specified vascular outcomes [ICD-10 codes]

are outlined in Table 3.2 for the observational study and included major coronary

events (myocardial infarction [I21], coronary revascularization, or death from IHD

[I20-I25]), ischaemic stroke [I63, I69.3], intracerebral haemorrhage [I61, I69.1] or

presence of carotid plaque in either internal carotid artery (identified on ultrasound

study during the second resurvey). Controls for vascular outcomes excluded

participants reporting a history of IHD, stroke, or transient ischaemic attack at

baseline or during follow-up.

4.2.3 Statistical analysis

To create a genetic instrument for IL-6 protein, a multivariable linear regression

model regressed residuals of log-transformed hsCRP (adjusted for age, age2, sex,

ascertainment status, region, and 12 principal components of genetic ancestry) on

the three IL6 SNPs to obtain independent per-allele estimates with hsCRP; these

estimates were used to construct a weighted IL6 gene score using the following

formula,

wGS =
n∑

i=1
WiXi

where i is each IL6 SNP, n is the number of IL6 SNPs (3 in our case), Wi is the

independent per-allele estimates of each IL6 SNP with hsCRP, and Xi is the effect

allele dosage. However, derivation of weights using data under analysis (in this case,

CKB participants with hsCRP measurements) can lead to substantial bias, typically

in the direction of the confounded association368. Therefore, for participants with

hsCRP measurements in CKB, unbiased internal weights were derived by 100-fold

cross-validation (i.e. weights for each 1% of the sample were derived iteratively from

99% of the data). For participants without hsCRP measurements, the per allele

estimates for each SNP from the multivariable model was used to derive weights.
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For each SNP in the score, the allele associated with lower CRP was selected as the

effect allele.

In CKB, associations of IL6R (rs7529229-C) and the IL6 instruments (gene score

and rs13306436) with quantitative and binary traits (including disease outcomes)

were scaled to correspond to the effect of the halving of genetically predicted hsCRP

levels. The scaling factor in CKB was derived separately for each genetic instrument

by regressing log2-transformed hsCRP on the genetic instrument adjusted for age,

age2, sex, ascertainment and 9 regional PCs (regional PCs account for the local

heterogeneity between individuals in each CKB region); this model was fitted

separately for each region and estimates were meta-analysed by fixed effect inverse-

variance weighted method.

For Europeans, I obtained estimates of CRP association from UK Biobank (UKB)

(Neale Lab296) using the same (e.g. IL6R variant in UKB is the same IL6R variant

used in CKB: rs7529229) or near-equivalent (e.g. IL6 SNP in UKB is rs1880241

vs. IL6 gene score composed of 3 SNPs in CKB) genetic instrument. To convert

standardized effect estimates of genetic variants with CRP obtained through Neale

Lab (UKB biomarkers were rank-inverse normally transformed by Neale Lab) to

log-transformed CRP, I log-transformed the values for the deciles of the CRP

distribution as provided in UKB data showcase of CRP (http://biobank.ctsu.

ox.ac.uk/crystal/field.cgi?id=30710). The log-transformed decile values of

CRP were plotted against the Z-scores corresponding to those deciles; the slope of

that line was used to derive the standard deviation (SD) of log-transformed deciles

(using the qnorm function in R). I used the derived SD of logCRP to convert beta

from the SD scale, as processed by Neale lab for UKB CRP GWAS, to the logCRP

scale for use in my thesis. To calculate the variance of CRP explained by each

genetic variant or gene score as well as their F-statistic, I derived the variance

directly from a univariate regression model (containing the SNP with age, age2,

sex, region and principal components of genetic ancestry) in CKB. In UKB, the

variance (R2) was estimated using the formula:

http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=30710
http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=30710


4. Interleukin-6 signalling and Cardiovascular Disease 118

R2 = 2f(1 − f)β2

where f is the minor allele frequency and β is the per-allele effect on standardized

CRP; the R2 obtained was used to estimate F-statistic (F) or instrument strength

of UKB SNPs by the formula

F = R2(n − 1 − K)
(1 − R2)K

where R2 is the variance, n is the sample size, and K is the number of genetic

predictors (however, when used to estimate the F-statistic of a genetic score using

multiple SNPs, k is 1).

Similar to Chapter 3.2.5, means and proportions of baseline characteristics across

IL6R genotype groups or tertiles of IL6 gene scores were standardized (as appro-

priate) to age, sex, study area or case status using R package lsmeans. Natural

log transformations were used to correct skewed biomarkers distributions. Where

comparisons of effects between different biomarkers on a trait are the objective, I

standardized distributions of the biomarkers (using scale function in R with default

settings) to enable comparisons to be made on the same scale (i.e. in SD units).

All quantitative and binary traits (which include disease outcomes) were assessed

by fitting linear (lm function in R) and logistic regression (glm function in R)

models respectively in each region adjusted for age, age2 and sex, with estimates

meta-analysed by fixed effects inverse-variance weighted method (using the rma

function in metafor R package314), unless otherwise stated. A per-allele (additive)

model was used for analyses of individual variants. Alleles or gene scores were

oriented to represent genetically predicted lower CRP concentrations.

P values presented are unadjusted for multiple testing unless otherwise stated. Many

of the tests planned for the analyses in my thesis were not completely independent.

Hence, for assessment of significance, I used a 5% false-positive discovery rate
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(Benajmini-Hochberg method)369 rather than a more stringent familywise error rate

(FWER) controlling procedures (e.g. Bonferroni correction). Power analyses used

the program Quanto370. Analyses were performed using R version 3.5.0.

4.3 Results

4.3.1 Selection of SNP to construct the IL-6R genetic in-
strument

The SNP with the strongest association with sIL-6R in Sun et al’s protein GWAS

dataset (which was the largest protein GWAS at the time of writing this thesis)

was rs12126142 (P = 2.24 x 10-1099)371; rs12126142 was also strongly associated

with CRP in CKB (P = 7.90 x 10-28). Using r-squared (r2) to assess for evidence

of linkage disequilibrium (LD), I examined the LD between rs12126142 and the

functional SNP rs2228145 in CKB. Both SNPs were in high LD at an r2 of 0.99.

However, in CKB, both rs2228145 and rs12126142 were only present in the 800k

SNP array. To maximise sample size with genetic data, I explored SNPs in LD

rs12126142/rs2228145 that were present in both the 384-SNP panel and 800k SNP

array. Three SNPs qualified this criterion, i.e. they were present in both the panel

and array: rs12740969, rs4845625, and rs7529229. Of these 3 SNPs, rs7529229

was the SNP with the strongest association with CRP and is also in high LD with

rs2228145 (r2 = 0.99). Furthermore, when adjusted for rs7529229, associations

of rs12126142, rs12740969, and rs4845625 with CRP in CKB become null (Table

4.2). Therefore, as the IL-6R instrument in CKB, I selected rs7529229 as this SNP

was genotyped both in the 800K SNP array and the 384-SNP panel and, therefore,

had a larger sample size (n = ~150,000) compared to rs12126142 or the functional

SNP rs2228145 - both of which were genotyped only in the 800K SNP array (n =

~100,000). Furthermore, rs7529229 was previously used to represent altered IL-6R

signalling in Europeans96,97 and, thus, it was also used to represent altered IL-6R

signalling for Europeans in the present study.
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Table 4.2: Candidate SNPs in IL6R locus associated with CRP in CKB

SNP_EA N beta3 SE3 P3 r2 with rs2228145 P3 (adjusted for rs7529229)
rs12126142_A1 1011572 -0.116 0.011 7.17E-27 0.991 0.46
rs7529229_C1 168561 -0.116 0.011 8.80E-27 0.987 -
rs12740969_G 168569 -0.042 0.038 0.00348 0.124 0.84
rs4845625_C 168549 -0.092 0.012 1.71E-18 0.636 0.44

EA: Effect Allele; SE: Standard error; SNP: single-nucleotide polymorphism; P: P-value
1 Note: rs12126142-A and rs7529229-C are in high LD with each other (r2 > 0.9)
2 The lower sample size for rs12126142-A is because it was present only in the 800k array (and not part of the
384-SNP panel)
2 Beta, SE, and P are extracted from a regression model where rank-inverse normally transformed (logCRP
residuals) were regressed on the respective SNPs. (logCRP residuals derived by regressing logCRP against age,
age2, sex, 4 levels ascertainment and region)

4.3.2 Selection of SNPs to construct the IL-6 genetic in-
strument

To represent IL-6 protein activity (using CRP concentrations as proxy), I used

separate genetic instruments in CKB and Europeans. For CKB, the following

approach was used (Figure 4.3):

1. Summary statistics were available for a GWAS of hsCRP in CKB in 8,981

males and 8,705 females of Han Chinese ancestry (mean age [SD]: 57 [10.5]):

rank-inverse normally transformed residuals of log-transformed hsCRP were

regressed on age, age-squared, sex, region, 12 PCs representing East Ancestry

and genotype arrays. This was implemented in BOLT-LMM v.2.3.2 using a

linear mixed model.

2. FINEMAP372 – a tool that employs a Bayesian approach to prioritize credible

sets of potentially causal SNPs. Fine-mapping was conducted using summary

statistics of CKB CRP GWAS and a SNP correlation matrix using CKB

genetic data by a CKB bioinformatician (Kuang Lin) to obtain possible SNP

configurations at the IL6 locus (chr7:22.5 Mbp – 23.0 Mbp, approximately

300 Kb from around the IL6 gene).

3. Among the possible causal configurations, the first 6 configuration models

were selected (ranked by decreasing posterior probability).
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4. For the SNPs in each of the first 6 configuration models, I fitted 6 multivariable

regression models (where SNPs in each causal configuration model were

adjusted for each other) using as the dependent variable residuals from the

regression of log-transformed hsCRP on age, age2, sex, region, ascertainment,

and the first 12 PCs of genetic ancestry.

5. From the regression models above, the SNP set that explained the greatest

variance of hsCRP was selected to construct the IL6 gene score. F-statistic of

each SNP and the IL6 gene score was extracted from the multivariable model

and used as a measure of instrument strength.

Using the CRP GWAS in CKB, a search for additional genetic instruments

representing different but related components of systemic inflammation (e.g. IL1β,

JAK1 ) did not yield any additional signals (Appendix Figure A.3).

To represent IL-6 protein activity (via CRP concentrations) in Europeans, I used

the most recent GWAS of CRP in Europeans288 to identify the genetic variant in

the IL6 locus reported to most strongly associate with CRP; the selected rs1880241

in the IL6 locus has been reported to affect the expression of IL6 gene in monocytes

(Table A.1). The association of SNP rs1880241 with CRP was checked for replication

in the UK Biobank (data processed by Neale Lab296). Estimates of variance and

strength of IL-6R instrument (rs7529229) and IL-6 instrument (rs1880241) with

CRP for Europeans were also extracted from UK Biobank.

Using the above strategy, three SNPs associated with CRP in CKB in the IL6 locus

were selected to construct the IL-6 gene score as an IL-6 genetic instrument. The

logic of selection of these three SNPs in CKB is provided in Figure 4.3. A GWAS

of CRP in CKB showed a signal near the IL6 locus as shown in Figure 4.3. This

set of SNPs was one of the top six possible configurations in the set obtained by

fine-mapping the region containing the SNPs in the IL6 locus associated with CRP.

To identify which of the six sets explained the most variance in CRP, I fitted 6

regression models, regressing on residuals of log-transformed hsCRP (adjusted for



4. Interleukin-6 signalling and Cardiovascular Disease 122

Figure 4.3: Selection of IL6 SNPs.
The figure illustrates the logic of selection of genetic variants for construction
of IL6 gene score. Associations of genetic variants with CRP in the IL6 locus
in China Kadoorie Biobank was FINE-MAPPED [372] and credible sets of
genetic variants were generated for use in the IL6 gene score.

age, age2, sex, region, ascertainment and the first 12 PCs of genetic ancestry) on the

combination of SNPs in each set. As shown in Table 4.3, the SNPs in the second

model (rs80085481, rs113221056, rs13306436) that explained the most variance

(r2=0.00727) in CRP were selected to construct the IL-6 gene score. These variances

(r2) were extracted directly from the regression model.
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Table 4.3: Multivariable regression models of first 6 fine-mapped IL6 SNP
sets from FINEMAP.
Estimates of SNP-CRP association were derived from joint regression models
of the first 6 sets of SNPs generated using FINEMAP. The regression models
used CRP residuals as the dependent variable generated by regressing log CRP
against age, age2, sex, region, case ascertainment and 12 national principal
components of ancestry. P-values and r2 were extracted directly from the
joint regression models

Model SNP_EA Effect per allele SE P r2

SNP1 SNP2 SNP3 BETA1 BETA2 BETA3 SE1 SE2 SE3 P1 P2 P3

1 rs80085481_G rs113221056_A 0.111 0.0802 0.0173 0.0132 1.71 x 10-10 1.15 x 10-09 0.00600

2 rs80085481_G rs113221056_A rs13306436_G 0.109 0.0648 -0.186 0.0173 0.0135 0.0392 2.88 x 10-10 1.75 x 10-06 2.04 x 10-06 0.00727

3 rs80085481_G rs75443424_T rs13306436_G 0.109 0.0646 -0.186 0.0173 0.0136 0.0392 2.93 x 10-10 1.88 x 10-06 2.00 x 10-06 0.00726

4 rs80085481_G rs75443424_T 0.111 0.0800 0.0173 0.0132 1.75 x 10-10 1.26 x 10-09 0.00599

5 rs80085481_G rs6461660_T rs13306436_G 0.109 0.0645 -0.186 0.0173 0.0136 0.0392 2.94 x 10-10 2.00 x 10-06 1.98 x 10-06 0.00726

6 rs80085481_G rs6461660_T 0.111 0.0799 0.0173 0.0132 1.76 x 10-10 1.35 x 10-09 0.00599

EA: Effect Allele; SE: Standard error; SNP: single-nucleotide polymorphism; P: P-value;

To compare how the IL-6R (rs7529229-C) and IL-6 instruments differ in performance

between CKB and UKB, I have tabulated the variance and F-statistics for the

effect of each SNP on logCRP (Table 4.4). As the table shows, the variance of

CRP explained by each instrument are small (less than 1%); this is expected when

small numbers of cis-acting variants are used as instruments. Although the use of

genome-wide genetic variants can be used to increase the variance explained287, this

would be at the cost of specificity and increase risk of horizontal pleiotropy (Chapter

1.5.4). However, despite the low variance explained, the IL-6(R) instruments from

each of CKB and UKB are strong, with F-statistics of more than 100 for single-SNP

IL-6R in CKB and UKB and for the IL-6 gene score in CKB, and of 88 for the

single-SNP IL-6 instrument in UKB. The high F-statistic also suggests that both

the IL-6(R) instruments have limited vulnerability to weak instrument bias, which

can potentially bias causal estimates towards observational associations373.
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Table 4.4: Comparison of IL6R and IL6 Instruments between CKB and UKB.
The table shows effect size, variance explained, and strength of IL6 and IL6R
instruments in CKB and UKB with relation to CRP. Estimates of effect size,
variance, and F-statistic for UKB were obtained or derived from Neale Lab
data [296].

Instrument-EA N Chr:Posa AA
Effectb per allele

on log CRP
(95% CI)

Variancec

explained
(%)

F-statisticd

IL6R

CKB (rs7529229-T) 17085 chr1:154420778 C 0.127
(0.103 to 0.152) 0.59 105.52

UKB (rs7529229-T) 343524 chr1:154420778 C 0.010
(0.006, 0.015) 0.42 1432.98

IL6

CKB (rs13306436-A) 16972 chr7:22771296 G 0.186
(0.110 to 0.263) 0.25 45.29

CKB (rs113221056-A) 16972 chr7:22743596 C 0.063
(0.037 to 0.090) 0.36 64.23

CKB (rs80085481-G) 16972 chr7:22697176 A 0.110
(0.076 to 0.143) 0.39 69.77

CKB - IL6 gene score
(jack-knifed)e - - - - 0.68 123.59

UKB (rs1880241-A) 343524 chr7:22759469 G 0.043
(0.038, 0.047) 0.026 88.02

AA: Alternate Allele; CKB: China Kadoorie Biobank; EA: Effect Allele; UKB: UK Biobank
aBuild 37 (GRCh37.p13)
bFor CKB IL6 SNPs, effects are derived from a joint regression model
cVariance for CKB SNPs and IL6 gene score are extracted from a univariate regression model; variance for UKB
SNPs derived using the formula 2f(1 - f)β2 where f is minor allele frequency and β is the per allele effect on CRP
(expressed in SD units).
dF-statistic of CKB SNPs and IL6 gene score are extracted from a univariate regression model; F-statistic of UKB
SNPs are derived using the formula R2 × (n - 1 - K)]/[(1 - R2) × K, where R2 is the variance explained, n =
sample size, and K is the number of SNPs.
e Although the IL6 gene score combines information from the preceding three SNPs (rs13306436, rs113221056,
rs80085481), the score explains less variance than the sum of the variance of the three SNPs. This is because the
weights for IL6 gene score were derived by an iterative process of estimating effect of each SNP on CRP for each
10% of study population from the 90% (jack-knifing procedure) of study population. The sum of the product of the
number of effect alleles of each SNP and the jack-knifed weights created the IL-6 gene score.

4.3.3 Association of the IL-6(R) instruments with CRP and
IL-6 protein

Consistent with how the genetic instruments were selected in both East Asians

and Europeans, the IL-6(R) instruments were associated with both CRP and IL-6

protein in CKB and UKB (Figure 4.4 and 4.5). Furthermore, the association of the

multi-SNP IL-6 instrument with CRP was not driven by any one particular SNP

(Figure 4.5). Nevertheless, it remains possible that SNPs selected from a GWAS of

CRP in CKB to create the IL-6 gene score may have been associated with CRP due

to the selection being conditioned on cardiovascular disease (collider bias). However,
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CKB: China Kadoorie Biobank;

Figure 4.4: Associations of the IL-6(R) instruments, scaled to halving
of genetically predicted CRP concentrations, with markers of systemic
inflammation in CKB. Error bars represent 95% CI. Area of boxes are not
proportional to inverse of the variance of effect.

I observed consistent associations between a ‘random’ subset of study participants

and the complete dataset (that includes both random and non-random population

subsets) of the selected SNPs used in the IL-6(R) instruments with CRP and IL-6

protein (Figure A.4).

Associations of IL-6R instrument with CRP and IL-6 protein

Consistent with selection of variants for the IL-6R instrument, the IL-6R instrument

was associated at similar magnitudes in both CKB (change in log2 CRP [95% CI]

per allele: -0.182 [-0.218, -0.146]) and UKB (change in log2 CRP [95% CI] per allele:

-0.142 [-0.147, -0.137]) study populations (Figure 4.5). A subset of the CKB study

population with genetic data also had IL-6 proteomics data that I used to check

whether the IL-6R instrument was associated with IL-6 protein (Figure 4.4). With

effects scaled to a halving of genetically predicted CRP, IL-6R was associated with

a 0.36 (95% CI: 0.02, 0.69) unit increase of log-transformed IL-6 protein in the

CKB study population. The association of the IL-6R instrument (orientated to

genetically predicted lower CRP concentrations) with IL-6 protein is directionally

consistent with what was observed in RCTs of tocilizumab, i.e. tocilizumab that
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CKB: China Kadoorie Biobank; UKB: UK Biobank; EA: Effect Allele; EAF: Effect Allele Frequency

aEAF is the EAF of the relevant SNP in the respective dataset and not from a reference panel.

Figure 4.5: Per-allele associations of the IL-6(R) instruments with C-reactive
protein in East Asians and Europeans. Error bars represent 95% CI. Area of
boxes are not proportional to inverse of the variance of effect.

blocks both sIL-6R and mIL-6R, is associated with lower CRP and higher IL-6

protein concentrations97.

Associations of IL-6 instrument with CRP and IL-6 protein

Because CRP concentrations were used to construct the IL-6 instrument in CKB

and for Europeans, I observed a similar magnitude of effects (similar to IL-6R) with

SNPs representing the IL-6 instrument in CKB (Figure 4.4). Like IL-6R, I was also

able to separately assess the association of the IL-6 instrument with IL-6 protein in

CKB. With effects scaled to a halving of genetically predicted CRP, IL-6 instrument

was associated with a 0.40 unit (95% CI: -0.68, -0.12) decrease of log-transformed

IL-6 protein in the CKB study population. The association of the IL-6 instrument

with IL-6 protein was in the opposite direction to the effect of the IL-6R instrument

on IL-6 protein for equivalent differences in CRP, validating the method used to

select SNPs for the IL-6 instrument for CKB, and provides confidence that the SNP

similarly selected for UKB is also instrumenting IL-6 protein levels
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4.3.4 Summary and interpretation of genetic instruments
selected

A summary of the SNPs used to create the IL-6(R) instruments for analysis in the

present thesis for CKB and Europeans are provided in Table 4.5.

As explained in the introduction to this Chapter (Section 4.1), the SNP rs2228145-C

(that is the IL-6R instrument in my thesis) represents lower classic signalling

(indicated by lower plasma CRP concentrations); however, given the positive

association of the IL-6R instrument with plasma IL-6 protein levels (Section 4.3.3),

it remains unclear whether it represents higher or lower trans-signalling, making

attribution of genetic epidemiological associations of the IL-6R instrument to either

lower classic and lower trans- IL-6 signalling or lower classic and higher trans- IL-6

signalling challenging. Hence, to refer to the IL-6 signalling of the IL-6R instrument,

I used the term ‘altered IL-6R signalling’.

The interpretation, however, is relatively straightforward for the IL-6 instrument.

The IL-6 instrument, composed of three near-independent SNPs in IL6 locus, is

associated with lower plasma CRP and lower plasma IL-6 protein concentrations

(Section 4.3.3), and hence likely represents, both lower classic and lower trans-

IL-6 signalling. However, like the IL-6R instrument, whether the IL-6 instruments

truly represent lower trans-signalling is pending experimental verification. Until

then, like the IL-6R instrument, the IL-6 instrument also represents ‘altered IL-6

signalling’.

Table 4.5: Summary of the IL-6(R) instruments for CKB and Europeans

IL-6R instrument IL-6 instrument
CKB (East Asians) rs7529229-C IL-6 gene score1

Europeans rs7529229-C rs1880241-C
1 IL-6 gene score composed of rs80085481, rs113221056, and rs13306436

4.3.5 Baseline characteristics of study participants

To characterise baseline traits for the present study population, I used a similar

approach as used in Chapter 3 (Table 3.3). The objective of characterising baseline
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traits of study participants was to understand whether there were any systematic

differences of relevant traits by IL-6R genotype groups and IL-6 gene score tertiles.

Assessment of this table can provide insights on whether any observed differences in

risks of disease outcomes with the IL-6R or IL-6 instruments are due to differences in

the distribution of baseline traits across genetic subgroups of the IL-6(R) instruments

instruments. In addition, this exercise can help assess the assumption of Mendelian

randomisation, that randomisation of alleles at the population level is analogous

to the process of randomisation in RCTs, ensuring genetically-defined groups are

comparable to each other with respect to the distribution of known and unknown

confounders. To minimise variations of descriptive estimates of baseline traits due

to age, sex, study area or case status, means and proportions were standardized (as

appropriate) to age, sex, study area or case status (Chapter 4.2.3).

Among population-representative individuals with genotype data on IL-6R (n =

145,878) and IL-6 SNPs (n = 70,808), mean (SD) age was 52 (10.5) and 52.1 (10.5)

years, respectively (Table 4.6). The proportion of women was approximately equal

in IL-6R and IL-6 groups (61%). A slightly higher proportion of individuals were

from rural areas in the IL-6R group than IL-6 group (57.6 vs 54.0 %). In a subset

of individuals with baseline data on inflammation markers and lipids, selected for a

nested case-control study of CVD, the adjusted (adjusted for case status) geometric

mean (95% CI) CRP level for participants with genotype data on IL-6R [IL-6 gene

score] was 1.03 (1.00, 1.06) mg/L [0.97 (0.93, 1.02) mg/L]; fibrinogen concentration,

3.07 (3.04, d3.10) g/L [3.03 (2.99, 3.07) g/L]; triglyceride concentration, 152 (150,

155) mg/dL [147 (144, 151) mg/dL]; mean (SD) of LDL-cholesterol was 93 (25)

mg/dL [92 (25) mg/dL]. Hence, the distribution of inflammation markers and lipids

appears to be approximately equal in IL-6R and IL-6 groups. This suggests that any

differences in risk of disease observed using the IL-6(R) instruments will unlikely

be due to differences in the distribution of baseline traits between IL-6R and IL-6

groups.
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A comparison of traits across genetically-defined groups was also undertaken, using

genotype groups for IL-6R and tertiles of IL-6 gene score (Table 4.7). Across the

genetic subgroups, no major systematic differences were observed except for region;

lower proportions of individuals were from rural areas per T allele of rs7529229

(IL6R) or higher IL6 gene score (P for trend = 1.8 x 10-5 for IL-6R, and 4.1 x 10-9

for IL-6 gene score). This suggests that any differences in risk of disease observed

using the IL-6(R) instruments will unlikely be due to systematic differences in the

distribution of baseline traits (except region) across IL-6R genotype subgroups or

IL-6 gene score. To correct for the effect of regional variation on associations of

IL6R and IL6 instruments with disease (in subsequent sections) in CKB, where

possible I have stratified and meta-analysed estimates across regions or adjusted in

regression models.

In summary, both Tables 4.6 and 4.7 showed no major systematic differences with

respect to their baseline traits between individuals genotyped for IL-6R and IL-6

SNPs, or across their respective genetic subgroups. Hence, any differences in disease

risk observed in MR analyses using the IL-6(R) genetic instruments in subsequent

sections would likely be due to differences in IL-6R and IL-6 led signalling, and not

due to differences in baseline characteristics.
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Table 4.6: Baseline traits of the study population.
Selected baseline traits for the individuals genotyped for IL6R and IL6. Mean
(standard deviation) for continuous traits or proportion (weighted percentage)
for binary/categorical traits are standardized to age, sex and study area or
case-control cohort unless otherwise stated.

Trait IL6R (rs7529229) IL6 (gene score)
No. of participants (random subset) 145,878 70,808
Age and Sociodemographic factors
Age, ya 52 (10.5) 52.1 (10.5)
Femaleb, % 60.6 60.9
Ruralc, % 57.6 54.0
Income >10,000 yuan/year, % 72.7 73.0
Lifestyle factors
Male smokers, % 87.8 87.4
Male drinkers, % 36.6 37.5
Physical activity, MET h/day 22.1 (12.0) 21.5 (12.0)
Anthropometric and physiological factors
BMI, kg/m2 24.0 (3.25) 24.1 (3.26)
Waist-hip ratio 0.89 (0.07) 0.88 (0.07)
Mean SBP, mmHg 131.6 (19.7) 131.6 (19.7)
Mean DBP, mmHg 79.3 (10.9) 79.4 (10.9)
Markers of subclinical atherosclerosis
Plaque, % 40.7 40.9
cIMT, mm 0.71 (0.14) 0.71 (0.14)
Inflammatory markers
CRP, mg/Ld 1.03 (1.00-1.06) 0.97 (0.93-1.02)
Fibrinogen, g/L4 3.07 (3.04-3.10) 3.03 (2.99-3.07)
Lipids
TGd, mg/dL 152.0 (149.5-154.6) 147.0 (143.6-150.6)
LDL-Ce, mg/dL 93.3 (25.0) 92.4 (24.6)
Self-reported health and disease
Hypertension, % 11.1 11.2
Diabetes, % 6.1 6.2
BMI: body-mass index; CRP: C-reactive protein; cIMT: carotid intima-media thickness; DBP: diastolic blood
pressure; HR: heart rate ;LDL-C: low-density lipoprotein cholesterol; MET: metabolic equivalents; SBP: systolic
blood pressure; SRH: self-reported health; TG: triglycerides;
aStandardized to sex and study area only
bStandardized to age and study area only
cStandardized to age and sex only
dGeometric mean (95% CI)
eLow-density lipoprotein (LDL) cholesterol was directly measured
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Table 4.7: Baseline traits of the study population according to genotype subgroups of IL6R and tertiles of IL6 gene score.
Selected baseline traits for subgroups according to IL6R and IL6 gene score are shown. Values are mean (standard
deviation) for continuous traits or proportion (weighted percentage) for binary/categorical traits, standardized to age, sex
and study area of case-control cohort unless otherwise stated.

Traits IL6R (rs7529229) IL6 (gene score) tertiles
CC CT TT P* Lower Middle Upper P*

No. of participants 22813 69042 54023 29341 22917 18550
Age and Sociodemographic factors
Age, ya 52 (10.6) 52 (10.5) 52 (10.6) 0.429 52.2 (10.6) 52.2 (10.5) 52.1 (10.6) 0.146
Femaleb, % 60.4 60.6 60.7 0.506 60.5 61.2 60.9 0.462
Ruralc, % 58.3 58 56.9 1.8x10-5 55.7 54.1 52.9 4.1x10-9

Income>10,000 yuan/year, % 72.4 72.7 72.7 0.442 73.1 73 72.8 0.422
Lifestyle factors
Male smokers, % 87.8 88.1 87.6 0.305 87.2 87.7 87.3 0.964
Male drinkers, % 36.1 36.6 36.7 0.35 37.7 37.5 37.5 0.793
Physical activity, MET h/day 22.11 (12.16) 22.15 (12.01) 22.07 (11.79) 0.496 21.45 (12.09) 21.51 (11.9) 21.5 (11.84) 0.677
Anthropometric and physiological factors
BMI, kg/m2 23.96 (3.23) 23.99 (3.25) 23.96 (3.25) 0.504 24.05 (3.25) 24.05 (3.27) 24.08 (3.25) 0.295
Waist-hip ratio 131.43 (19.71) 131.62 (19.78) 131.51 (19.56) 0.926 131.48 (19.55) 131.6 (19.78) 131.75 (19.75) 0.151
Mean SBP, mmHg 79.24 (10.95) 79.35 (10.94) 79.26 (10.78) 0.791 79.26 (10.83) 79.38 (10.96) 79.48 (10.85) 0.042
Mean DBP, mmHg 78.4 (11.68) 78.56 (11.78) 78.6 (11.63) 0.0473 78.53 (11.62) 78.45 (11.64) 78.33 (11.69) 0.073
Markers of subclinical atherosclerosis
Plaque, % 40 40.4 41.4 0.0758 41.2 41.1 40.5 0.295
cIMT, mm 0.7 (0.14) 0.71 (0.14) 0.71 (0.14) 0.144 0.71 (0.14) 0.71 (0.14) 0.7 (0.14) 0.196
Lipids
TGd, mg/dL 151.1 (146.2-156.2) 151.3 (148.1-154.5) 153.4 (149.9-157.1) 0.335 147.2 (142.3-152.3) 146.9 (141.6-152.5) 147.0 (142.1-152.0) 0.935
LDL-Ce, mg/dL 92.3 (25.0) 93.2 (25.0) 93.8 (24.9) 0.0656 91.8 (24.3) 93.6 (24.6) 92.2 (24.8) 0.655
Self-reported health and disease
Hypertension, % 11.2 11.2 11 0.411 10.9 11.5 11.3 0.262
Diabetes, % 5.98 6.09 6.23 0.15 6.05 6.41 6.12 0.916
BMI: body-mass index; CRP: C-reactive protein; cIMT: carotid intima-media thickness; DBP: Diastolic Blood Pressure; HR: heart rate ;LDL-C: Low-density lipoprotein cholesterol;
MET: metabolic equivalents; SBP: Systolic Blood Pressure; SRH: self-reported health; TG: Triglycerides;
aStandardized to sex and study area only
bStandardized to age and study area only
cStandardized to age and sex only
dGeometric mean (95% CI)
eLow-density lipoprotein (LDL) cholesterol was directly measured

*P-values test the null hypothesis that there is no trend across the genetic subgroups
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4.3.6 Associations of interleukin-6 signalling with cardio-
vascular diseases

To investigate the causal relevance of IL-6 signalling to cardiovascular disease, I

first used IL-6R (rs7529229) and IL-6 (IL-6 gene score) instruments to investigate

associations of IL-6 signalling with CVD phenotypes in East Asians using individual-

level data from CKB. Second, I examined associations of the IL-6(R) instruments

with CVD outcomes in Europeans using summary data from the largest available

GWAS using the same IL-6R instrument (rs7529229) and similarly derived IL-6

(rs1880241) instruments. The effects of the IL-6(R) instruments in Europeans and

East Asians were orientated and scaled to correspond to a halving of genetically

predicted CRP (Section 4.3.3).

Associations of IL-6R instrument with CVD outcomes

As shown in Figure 4.6, in CKB, the IL-6R instrument was associated with a

reduced risk of both CHD and the more specific and better-defined MI endpoint.

For equivalent differences in genetically predicted CRP concentrations, the effects

in East Asians and Europeans were similar. On trans-ethnic meta-analysis of

estimates, associations of the IL-6R instrument were similar between MI (OR [95%

CI]: 0.67 [0.58, 0.77], p = 2.6 x 10-8) and CHD (0.74 [0.66, 0.82], p = 2.5 x 10-8).

The IL-6R instrument was also associated with a reduced risk of carotid plaque

in a subset of participants in CKB who had sonographic measurements of carotid

atherosclerosis. At the time of submission, summary statistics for GWAS of carotid

plaque in Europeans374 were not publicly available.

I also examined associations of the IL-6R instrument with two pathophysiologically

distinct stroke types (as done in Chapter 3 for observational associations of plasma

CRP and fibrinogen concentrations) - IS and ICH. The IL-6R instrument was

associated with a lower risk of IS (ORmeta across CKB and Europeans [95% CI]:

0.89 [0.81, 0.99]) with no evidence of heterogeneity observed between CKB and

European effect estimates (P-het = 0.13). With ICH, as for IS, there were consistent

associations of the IL-6R instrument between CKB and Europeans. When the IL-6R
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instrument - ICH associations were examined separately in CKB and Europeans,

effect estimates in CKB (ORCKB [95% CI]: 1.20 [0.98, 1.47]) and Europeans (OREUR

[95% CI]: 1.64 [0.74, 3.66]) had CIs that contained the null value. The CIs in

Europeans were wider than CIs in CKB, owing to the fact that CKB had almost

twice the number of ICH cases than MEGASTROKE (nCases: 3226 Europeans

vs. 6757 East Asians). However, there was no evidence of heterogeneity of effect

estimates between CKB and Europeans (P-het = 0.46) and, on meta-analysis, the

IL-6R instrument was, by contrast with the effect on IS, associated with a higher

risk of ICH (ORmeta [95% CI]: 1.22 [1.01, 1.49]).

Associations of IL-6 instrument with CVD outcomes

In contrast to the IL-6R instrument, largely null associations were identified with

CHD phenotypes (i.e. CHD, MI) using the IL-6 instrument, individually in both

CKB and Europeans and also on trans-ethnic meta-analyses (Figure 4.6) with no

evidence of heterogeneity between CKB and Europeans (P-het in CHD = 0.44;

P-het in MI = 0.31).

The discrepancy between the IL-6(R) instruments with respect to their associations

with CHD phenotypes in CKB may be due to several factors. Firstly, it may be due

to a lack of sufficient power of the IL-6 instrument. In CKB, I had more than 80%

power to detect association of IL-6 instrument with CHD and MI at an OR of 0.90

(Appendix Chapter A.3); so if IL-6 instrument was truly associated with a lower

risk of CHD or MI, it is likely that this relationship is weaker than that observed

for the association CHD/MI with IL-6R and may therefore be of limited clinical

relevance. Second, this null association may represent a real discordant receptor-

ligand relationship with respect to CHD/MI. This is supported by the replication of

the null association of the IL-6 instrument with CHD/MI in Europeans (which had

larger numbers of CHD/MI cases than CKB). These results suggest independent

roles of the IL-6 receptor and ligand with respect to their contributions to CHD/MI

risk. Additionally, histopathological studies showed that similar discordant IL-6

receptor-ligand relationships exist for other phenotypes such as prognosis for ovarian
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cancer375,376. Overall, these observations suggest that the effects of drugs that target

IL-6R may not be equivalent to the blockade of the IL-6 ligand directly, especially

in reducing the risk of CHD or MI.

With IS, the association of the IL-6 instrument with IS was directionally consistent

to IS associations of the IL-6R instrument, but the CIs for the point estimate for the

IL-6 instrument included the null (ORmeta [95% CI]: 0.87 [0.75, 1.00]). When the

IS association of IL-6 instrument was examined separately in CKB and Europeans,

the CI of effect estimates in Europeans did not contain the null value (OREUR [95%

CI]: 0.51 [0.31, 0.84]), suggesting the null association in CKB (ORCKB [95% CI]:

0.91 [0.78, 1.07]) may be due to lack of power (nCases: 34,217 Europeans vs. 11,618

East Asians), although the CKB study had 80% power to detect an OR as low as

0.95 for IS in CKB (Appendix Chapter A.3). Alternatively, the null association

of IL-6 with IS observed in CKB may represent the real association as opposed

to the reduced risk of IS observed in Europeans. This suggestion is supported by

better characterization of IS in CKB (90% of stroke cases were diagnosed for stroke

type with an expert examination of case notes, including radiologist’s reports on

brain imaging data41) compared to MEGASTROKE (data source for European

IS cases/controls) aggregated cases from multiple studies, and it was unclear to

what extent a similar quality control protocol was applied for adjudication of IS

in Europeans. A third possibility is related to differences in the spectrum of IS

subtypes between CKB and MEGASTROKE that could potentially explain the

heterogeneous effect estimates between CKB and MEGASTROKE. At the time

of writing this chapter and performing analyses, I was not able to access CKB IS

subtype data and hence unable to compare the composition of IS subtypes between

CKB with MEGASTROKE to verify differences in case spectrum.

With the IL-6 instrument, I observed a higher risk of ICH in CKB (ORCKB [95% CI]:

1.28 [1.04, 1.56]). The corresponding estimate in the Europeans was directionally

consistent but overlapped the null with wide CIs (OREUR [95% CI]: 3.89 [0.32,

47.8]). The wide CIs in Europeans vs. CKB may be due to low statistical power
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given the relatively lower number of Europeans with ICH examined vs. numbers

of CKB participants as stated previously. Additionally, there was no evidence of

heterogeneity of estimates between CKB and Europeans for IL-6 instrument - ICH

associations (P-het = 0.39) and trans-ethnic meta-analysis was consistent with

estimates observed in CKB (ORmeta [95% CI]: 1.29 [1.05, 1.58]).

The IL-6 instrument in CKB was composed of 3 SNPs and it is possible that

pleiotropic effects across the 3 SNPs on CVD phenotypes can potentially dilute

associations of the IL-6 instruments with CVD risk. To check for heterogeneity, I

investigated vascular associations with the individual IL-6 SNPs (Appendix Figure

A.5), including using rs13306436 (the IL-6 SNP with regulatory function) as the IL-6

genetic instrument, and observed a similar pattern of cardiovascular associations

as the IL-6 instrument (Appendix Figure A.6). A similar pattern of associations

suggests that there are no single SNPs in the IL-6 gene score that would differentially

affect CVD association magnitude or direction.
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aCARDIoGRAMplusC4D [292]
bCARDIoGRAMplusC4D [297]
cMEGASTROKE [291]
dInternational Stroke Genetics Consortium [294]

Figure 4.6: Trans-ethnic association of the IL-6(R) instruments with cardiovascular disease traits and outcomes.
The figure illustrates trans-ethnic meta-analysis (where possible) of associations of the IL-6(R) instruments with CVD
outcomes. Models for MR analysis in CKB adjusted for age, age2, sex and principal components of genetic ancestry in
each of the 10 regions, and meta-analysed across the regions using fixed-effect method with inverse variance weighting.
Estimates for Europeans used summary statistics from the largest genome-wide association studies of the respective
diseases. Error bars represent 95% CI.
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4.3.7 Associations of interleukin-6 signalling with CVD risk
factors

Several risk factors are associated with CVD risk (Box 1.1). In the previous section,

I have shown that the IL-6R instrument consistently associated with CVD risk

in both East Asians and Europeans. However, whether this risk is potentially

mediated by any known CVD risk factors is unclear.

In this section, I investigated associations of the IL-6(R) instruments with selected

CVD risk factors in CKB. The selected CVD risk factors comprise SBP, DBP, BMI,

physical activity, and heart rate. The selection of CVD risk factors was based on the

evidence of association of these risk factors with CRP (Figure 3.7), prior evidence

of association with CVD risk (Chapter 1.3), and what was available to investigate

in CKB. Because of the relatively larger number of lipids in CKB, the association

of the instruments with lipids is presented separately in the next section. As before,

associations of the IL-6(R) instruments with CVD risk factors were investigated in

Europeans to assess trans-ethnic consistency of direction and estimates as well as

to get a better-powered analysis through meta-analysis.

With the IL-6R instrument, there were largely null associations of IL-6R with SBP,

DBP, BMI, HR, and physical activity in both East Asians and Europeans (Figure

4.7). However, with the IL-6 instrument, there was some evidence of association of

IL-6 instrument with only DBP both in CKB and after meta-analysis (Effectmeta in

SD [95% CI]: 0.06 [0.02, 0.11], p = 3 x 10-3, significant at 5% FDR) with no evidence

of heterogeneity between CKB and Europeans (P-het = 0.19). This association

of the IL-6 instrument with DBP may potentially explain the higher risk of ICH

observed with the IL-6 instrument (Figure 4.6); higher DBP is a risk factor for ICH41.

However, as noted earlier, there was no evidence of association of IL-6R with DBP

or SBP, suggesting the higher risk of ICH with IL-6R may be independent of blood

pressure. Between CKB and Europeans, although many of the CVD risk factor

associations of IL-6 were directionally consistent, some were directionally discrepant.

The directionally discrepant traits include systolic blood pressure (P-het = 1.2 x
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10-5) and body mass index (P-het = 9.8 x 10-4); the source of these trans-ethnic

discrepancies is presently unclear.
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Figure 4.7: Trans-ethnic association of the IL-6(R) instruments with selected cardiovascular disease risk factors.
The figure illustrates trans-ethnic meta-analysis of associations of the the IL-6(R) instruments with CVD traits. Models
for MR analysis in CKB adjusted for age, age2, sex and principal components of genetic ancestry in each of the 10 regions,
and meta-analysed across the regions using fixed-effect method with inverse variance weighting. Error bars represent 95%
CI.
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4.3.8 Associations of interleukin-6 signalling with lipids

Differences between the IL-6(R) instruments for their association with CHD/MI

(Figure 4.6) may be due to differences in associations of the IL-6(R) instruments

with lipids. For example, LDL-C is a known causal risk factor for CVD51.

To examine for associations with lipids, I investigated associations of the IL-6(R)

instruments in CKB and UKB with lipoprotein (a) (Lp(a)), high density lipoprotein-

cholesterol (HDL-C) and its carrier protein apolipoprotein A1 (Apo-A1), low density

lipoprotein-cholesterol (LDL-C) and its carrier protein apolipoprotein B (Apo-B),

triglycerides (TG) and total cholesterol (TC) (Figure 4.8). The selection of these

lipids was based on prior MR and observational studies that have examined the

association of these lipids with CVD risk51,101 and what was available in CKB and

UKB296.

In Europeans (UKB), associations with selected lipid traits between the IL-6(R)

instruments were generally consistent (all P_het > 0.05). In CKB, only associations

with Lp(a), HDL-C, and Apo-A1 were consistent between the IL-6(R) instruments;

inconsistent associations between the IL-6(R) instruments were observed with LDL-

C (P_het = 0.008), Apo-B (P_het = 8.0 x 10-4), TG (P_het = 0.04), and TC (P_het

= 0.0075) in CKB and the source of inter-instrument discrepancy for these traits

is presently unclear. Nevertheless, there is no evidence of heterogeneity between

the IL-6(R) instruments when heterogeneity was assessed with the CKB-EUR

meta-analysed estimates for all selected lipid traits. Similarly, when comparing

estimates between UKB and CKB for each IL-6(R) instruments, there was no

evidence of heterogeneity (at 5% FDR) between CKB and UKB for associations

with all selected lipid traits (Figure 4.8).

On further assessment of CKB-EUR meta-analysed estimates at 5% FDR, three

lipid traits (HDL-C, Apo-A1, and TC) exhibited significant associations with both

the IL6(R) instruments; for equivalent differences in genetically predicted CRP,

the IL-6(R) instruments were associated with higher HDL-C (IL-6R, Effectmeta in
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SD units [95% CI] per halving of genetically predicted CRP: 0.07 [0.04, 0.11], P

= 2.2 x 10-5; IL-6, Effectmeta: 0.11 [0.04, 0.19], P = 3.7 x 10-3), Apo-A1, and TC

(Figure 4.8). The meta-analysed association of only one lipid trait (Lp(a)) was

significant using the IL-6 instrument (Effectmeta: -0.12 [-0.21, -0.04], P = 3.3 x 10-3)

with estimates from the IL-6R instrument including the null, but no evidence of

heterogeneity between the IL-6R and IL-6 estimates (P_het = 0.06).

To understand if the lipid associations observed with the IL-6(R) instruments

were driven by the association of the instruments with specific lipid metabolites,

I investigated the association of the IL-6(R) instruments in a small subset of

CKB study participants (part of a nested CVD case-control study) with lipidomic

measurements (Appendix Figure A.7). These measurements were carried out using

a high-throughput proton nuclear magnetic resonance (1H NMR) spectroscopy

platform (Chapter 2.2.4). Associations of the IL-6(R) instruments with lipidomic

traits were largely null at 5% FDR; the lack of associations is potentially due to

low statistical power owing to the small sample size (n = ~4500) for these lipidomic

trait measurements.
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aUK Biobank [296] - IL6 genetic variant used: rs1880241 [288]

Figure 4.8: Trans-ethnic association of the IL-6(R) instruments with lipids.
The figure illustrates associations of the IL-6(R) instruments with lipid traits
in East Asians (CKB). Models for MR analysis in CKB adjusted for age, age2,
sex and principal components of genetic ancestry in each of the 10 regions, and
meta-analysed across the regions using the fixed-effect method with inverse
variance weighting. Error bars represent 95% CI. Estimates for Europeans
used summary statistics from the UK Biobank for the respective lipid traits.
Area of boxes are not proportional to the inverse of the variance of effect
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4.3.9 Pre-specified subgroup analysis of the IL-6(R) instru-
ments with CVD

Associations of the IL-6(R) instruments observed in Figure 4.6 may be subject to

potential effect modification by other factors, potentially confounding or biasing the

observed associations. To identify whether the IL-6(R) instrument associations in

CKB differ by specific subgroups, I examined their associations with CVD endpoints

in 10 pre-specified subgroups of 10 potential confounding variables (Figure 4.9 and

Figure 4.10). The methods used for this subgroup analysis were similar to the

subgroup analysis in Chapter 3.3.4: associations in each stratum of each subgroup

trait were stratified by 10 regions in CKB and meta-analysed using fixed-effect

inverse variance method (Chapter 4.2.3). As with previous analyses, I used a 5%

FDR threshold rather than the conservative Bonferroni adjustment to assess for

significant trends or heterogeneity (where appropriate).

Using the IL-6R instrument, there was no evidence of effect modification by any

of the 10 subgrouped traits examined for AMI, IS or ICH. Although there was a

nominally significant trend observed for IS with SBP (i.e. risk of IS was observed to

be lowest in those with SBP ≥ 150 mmHg, P-trend = 0.013), this was not significant

at 5% FDR (Figure 4.9). Thus associations of the IL-6R instrument with CVD

were not subject to appreciable effect modification by any subgroup strata.

Similar to subgroup analysis using the IL-6R instrument, I observed no evidence

of effect modification using the IL-6 instrument, across categories of any of the 10

subgrouped traits for any of AMI, IS or ICH outcomes (Figure 4.10). Thus the null

associations of IL-6 with CVD were not subject to appreciable effect modification

by any subgroup strata.
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The figure illustrates associations of the IL-6R instrument with pre-specified subgroups in East Asians (CKB). Models for
MR analysis in CKB adjusted for age, age2, sex and principal components of genetic ancestry in each of the 10 regions in
each subgroup strata, and meta-analysed across the regions using fixed-effect method with inverse variance weighting.
Error bars represent 95% CI. Area of boxes are proportional to inverse of the variance of effect
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The figure illustrates associations of the IL-6 instrument with pre-specified subgroups in East Asians (CKB). Models for
MR analysis in CKB adjusted for age, age2, sex and principal components of genetic ancestry in each of the 10 regions in
each subgroup strata, and meta-analysed across the regions using the fixed-effect method with inverse variance weighting.
Error bars represent 95% CI. Area of boxes are proportional to inverse of the variance of effect
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4.4 Discussion

The present study investigated on-target associations of the IL-6(R) instruments,

for equivalent differences in CRP (a marker of IL-6 signalling), with risk of CVD

outcomes and CVD risk factors in CKB and Europeans. I found that while the

IL-6R instrument was associated with a lower risk of CHD, IS, and carotid plaque,

only null associations were observed with the IL-6 instrument (constructed to be a

better instrument of IL-6 signalling inhibition than the IL-6R instrument) with the

same CVD phenotypes (except IS). Furthermore, both IL-6(R) instruments were

associated with a higher risk of ICH.

4.4.1 Genetic instruments representing interleukin-6 sig-
nalling

As discussed previously, a major reason for drug-target MR studies is to examine

putative therapeutic or adverse effects of drugs using genetic instruments that can

reasonably represent the effects of drugs in humans. Drugs that interfere with IL-6

signalling pathway comprise drugs that block the IL-6 receptor (both mIL-6R and

sIL-6R, e.g. tocilizumab) or bind to the IL-6 ligand (e.g. siltuximab) and prevent

binding of the IL-6 ligand to IL-6R. To represent the effects of drugs that act on

the IL-6 signalling pathway, IL-6 drug-target MR studies to date used the non-

synonymous genetic variant rs2228145-C to represent effects of IL-6R blockers such

as tocilizumab. However, IL-6R blockers block both mIL-6R and sIL-6R while the

rs2228145-C simply alters the balance between mIL-6R and sIL-6R (reducing mIL-

6R and increasing sIL-6R via increased proteolytic cleavage of mIL-6R); although

many of the downstream effects of both rs2228145-C and IL-6R blockers are

consistent with each other (e.g. lower CRP concentrations, higher IL-6 protein

concentrations, among many others discussed in Swerdlow et al97), the alteration of

the balance of mIL-6R and sIL-6R associated with rs2228145-C limits comparisons

with drugs like tocilizumab that blocks both forms of IL-6R. Indeed, the higher

sIL-6R concentrations should increase IL-6 trans-signalling (the two forms of IL-6

signalling are described in Chapter 1.5.5). Interleukin-6 trans-signalling is reported
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to contribute to the pathogenesis and progression of chronic inflammatory diseases

(e.g. rheumatoid arthritis377). These chronic diseases are typically characterised by

higher CRP concentrations191. But, paradoxically, rs2228145-C associated with a

physiological doubling of sIL-6R281 (and associated with lower risk of the chronic

inflammatory diseases377) is associated with lower CRP concentrations96,97. Garbers

et al offers two explanations for this seemingly paradoxical association of rs2228145-

C and lower CRP levels281. Firstly, experimental evidence suggested higher levels

of sIL-6R potentiates the activity of soluble glycoprotein 130 (sgp130)277; sgp130

binds to the IL-6:sIL-6R complex and prevents it from binding to cells that express

gp130 receptor (which is present in almost all cells in humans). This buffering effect

by sgp130 makes it less likely for IL-6 signalling to promote the hepatic synthesis

of CRP. Furthermore, sgp130 is at higher concentrations in plasma than sIL-6R191

in physiological states, and the higher sIL-6R is speculated to increase the buffer

capacity of sgp130281. A second explanation is that the rs2228145-C allele, via

increased proteolytic cleavage, lowers the expression of mIL-6R on the surface of

liver cells, which can reduce IL-6 signalling in the liver and lower amounts of CRP.

Nevertheless, it remains challenging to use just the rs2228145-C variant (IL-6R

instrument) to distinguish whether associations of altered IL-6R signalling observed

in the present study is due to lower mIL-6R signalling (classic signalling) or higher

sIL-6R signalling (trans-signalling).

To partially address this limitation, the present study also constructed a genetic

instrument that represents altered IL-6 protein signalling, as the IL-6 instrument.

However, the IL-6 instrument oriented to genetically predicted lower CRP concen-

trations (as an indicator of altered IL-6 signalling) would represent, to an extent,

effects equivalent to lowering of both classic and trans-signalling, and a robust

assessment ideally requires separate analysis of classic and trans-signalling pathways

and lies beyond the scope of the present thesis.

In the present study, both IL-6(R) instruments were associated with CRP (this

being the basis for their construction) and IL-6 protein. With effects scaled to
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halving of genetically predicted CRP, the IL-6R instrument was associated with

higher IL-6 protein concentrations (Effect in SD units [95% CI]: 0.36 [0.02, 0.69],

p = 0.036). This was directionally consistent with observations in previous MR

studies that used the same IL-6R instrument (Effect [95% CI] in pg/ml of IL-6

concentrations per minor allele of rs7529229: 0.09 [0.08, 0.10], p = 8.41 × 10 6897,

Effect [95% CI] in percentage mean difference of IL-6 concentrations per minor

allele of rs7529229: 14.6% [10.7, 18.4], p = 8.3 × 10 1496). The higher IL-6 protein

concentrations observed with rs7529229-C (IL-6R instrument) is consistent with

effects of tocilizumab observed in RCTs (from comparisons of tocilizumab and RCTs

as documented by Swerdlow et al97), i.e. tocilizumab administration (that blocks

both mIL-6R and sIL-6R) also results in higher IL-6 protein concentrations.

There are three possible explanations of why tocilizumab and the IL-6R instrument

result in higher IL-6 protein concentrations. One hypothesis suggests that the higher

sIL-6R levels (observed with both IL-6R instrument and tocilizumab therapy97)

may result in sIL-6R:IL-6 complexes that may prolong the half-life of IL-6 protein378

(i.e. the IL-6 protein detected by assays may not be free IL-6 but IL-6 complexed

with sIL-6R). However, while this may be the case for the IL-6R instrument, it does

not explain IL-6 elevations in which tocilizumab competes with free IL-6 to form

sIL-6R-tocilizumab immune complexes284. An alternative hypothesis suggests that

higher IL-6 protein concentrations observed with blockade of IL-6R by tocilizumab

or the IL-6R instrument may be due to the disruption of a negative feedback loop97

that would typically occur after IL-6 signalling has occurred and reduced levels of

IL-6 in an autocrine or paracrine manner (similar to the regulation of hormones379).

A third possibility is that receptor-mediated IL-6 clearance is a major IL-6 clearance

pathway and tocilizumab blockade of IL-6 receptors results in delayed clearance

and elevations of free IL-6 levels284. While there is limited experimental evidence

to support any of these hypotheses, it suggests the likely biological mechanism of

higher plasma concentrations of IL-6 protein with tocilizumab may not be the same

as the biological mechanism of observed higher plasma concentrations of higher

IL-6 with the IL-6R genetic instrument. Genetic instruments representing altered
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IL-6 protein-mediated signalling could, therefore, aid assessment of consistency, if

any, of associations with altered IL-6R signalling that is associated with higher IL-6

protein concentrations, with the two genetic instruments orientated to genetically

predicted lower CRP concentrations.

To assess altered IL-6 signalling, a weighted IL-6 gene score was constructed using

three SNPs in the IL6 locus that were independently associated with CRP in CKB.

The alleles of the SNPs were orientated to represent lower CRP concentrations as a

marker of altered IL-6 signalling. The IL-6 instrument was validated by assessing

its association with IL-6 protein (similar to the assessment of the IL-6R instrument)

in a smaller but independent subset of individuals in CKB with both genetic

and proteomic data. The equivalent IL-6 instrument in Europeans was the SNP

rs1880241, selected based on its association with CRP in IL6 locus in Europeans288

and linked to IL-6 gene expression380. The lack of studies using similar or equivalent

IL-6 genetic instruments limits comparisons of estimates of the association of IL-6

genetic instruments constructed for the present study.

4.4.2 Interleukin-6 signalling and coronary heart disease

The present study showed associations with CHD outcomes that were directionally

discrepant between IL-6(R) instruments but directionally consistent for both

instruments between East Asians and Europeans. The directions of association of

IL-6R instrument with CHD were consistent with previous MR studies using the

same IL-6R instrument96,97,285). Only one of the three studies285 provided separate

estimates for MI (OR [95% CI] per rs2228145-C: 0.94 [0.92, 0.97] which was also

directionally consistent with meta-analysed estimates of IL-6R instrument with MI

in the present study (OR [95% CI] per halving of genetically CRP concentration: 0.67

[0.58, 0.77]). The stronger association of the IL-6R instrument with MI compared

to the association of IL-6R instrument with CHD in the present study may be

due to the less likelihood of outcome misclassification for MI (which is a more

specific CVD phenotype with clear definitions) compared to CHD. By contrast,

using the IL-6 instrument, for equivalent differences in CRP concentrations as
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the IL-6R instrument, was not associated with risk of CHD or MI in either East

Asians or Europeans. As before, the lack of studies using similar or equivalent IL-6

instruments prevents comparisons of effect estimates in the present study.

The precise reasons for the IL-6 receptor-ligand inconsistency concerning CHD/MI

outcomes are unclear. Nevertheless, the null association of the IL-6 instrument with

CHD suggests two follow-up actions. First, the need for further pre-clinical research

to investigate the purported cardioprotective benefits of targeting systemic IL-6

signalling. Second, pending sufficient in-depth investigations, to reconsider large

investments in clinical trials testing IL-6 blockers to treat CHD381. However, the

present study is a proof-of-concept demonstrating the need for dual receptor-ligand

MR studies to clarify the effects of drugs blocking receptors of a ligand that are not

necessarily equivalent to the effects of blocking the ligand directly. The discrepant

receptor-ligand associations speak to the complexity of biological pathways where

receptors and their ligands may have biological roles independent of each other, as

is the case for many orphan G-protein-coupled receptors382.

4.4.3 Interleukin-6 signalling and stroke types

In contrast to the discordant associations of the IL-6(R) instruments with CHD/MI,

the association with stroke types - IS and ICH - were consistent with respect to

direction and effect size between instruments - IL-6R and IL-6, and between ethnic

groups - East Asians and Europeans. On trans-ethnic meta-analysis, the associations

of IL-6R instrument with IS in the present study (OR [95% CI] per halving of

genetically CRP concentration: 0.89 [0.81, 0.99]) was directionally consistent with

the most recent IL-6R signalling MR study in Europeans (OR per rs2228145-C

for any stroke = 0.98 [95% CI: 0.97,0.99])286. This consistency is, in part, due to

Rosa et al286 using the same stroke dataset (MEGASTROKE291) as the present

study. It should be noted, however, that IS is a composite phenotype, composed

of five IS subtypes (based on TOAST classification scheme383) with three major

subtypes - large artery, small vessel, and cardio-embolic subtypes of IS. At the

time of analyses, I was not able to access data on specific IS subtypes in CKB, and
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therefore could not assess associations of IL-6R with IS stroke subtypes in East

Asians. However, in Europeans, Rosa et al found no difference (in direction or

magnitude) between associations of the IL-6R instrument with IS and any of its

three major subtypes286.

In addition to IS, the present study also examined associations of the IL-6(R)

instruments with ICH in East Asians and Europeans. With the IL-6R instrument,

there was no evidence of association with ICH in either East Asians or Europeans.

However, when trans-ethnic estimates (which were directionally consistent, P-het

= 0.46) were meta-analysed, there was a nominally significant association of the

IL-6R instrument with a higher risk of ICH (OR [95% CI] per halving of genetically

CRP concentration: 1.22 [1.01, 1.49]). With the IL-6 instrument, there was weak

evidence of a similar association (i.e. similar to IL-6R instrument) with ICH in

East Asians (p = 0.02), but a similar association was not observed in Europeans (p

= 0.29). However, as with the IL-6R instrument, the meta-analysis showed there

was a nominally significant association of the IL-6 instrument with ICH (mainly

driven by the association in East Asians). Although weak, the association, of the

IL-6(R) instruments with ICH is novel and had not been reported in prior IL-6R

MR studies97,286,377,384,385, presumably due to the lower number of ICH cases.

The mechanism linking lower systemic inflammation (as represented by the IL-6(R)

instruments) to a higher risk of ICH is unclear at present. It is possible that lower

systemic inflammation that is observed to be associated with reduced risks of CHD

and IS may be associated via known CVD risk factors such as blood pressure

(discussed in the next section) or alterations of components of the coagulation

cascade that promotes an anti-thrombotic state386 which can potentially result in

the higher risks of ICH. This anti-thrombotic state as a result of lower systemic

inflammation is supported by the association of the IL-6R instrument with a

reduced risk of carotid plaque in CKB (OR [95% CI] per halving of genetically

CRP concentration: 0.75 [0.58, 0.98]), as carotid plaque build-up is a marker of

systemic atherothrombosis387. The association of IL-6R instrument with risk of
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carotid plaque in East Asians is directionally consistent with what’s observed in

the Million Veterans Study using the same IL-6R instrument with atherosclerosis

(OR [95% CI] per rs2228145-C: 0.93 [0.91-0.96])285.

4.4.4 Interleukin-6 signalling and cardiovascular disease risk
factors

Trans-ethnic assessments of the IL-6(R) instruments with well-established CVD risk

factors showed largely consistent associations in the present study between East

Asians and Europeans, except for associations with systolic blood pressure (SBP)

(P-het = 1.2 x 10-5) and body-mass index (BMI) (P-het = 9.8 x 10-4) with the IL-6

instrument. Although the associations of SBP and BMI were heterogeneous between

East Asians and Europeans with the IL-6 instrument, the associations were null on

trans-ethnic meta-analysis. The reasons for this trans-ethnic discrepancy in these

two cases (SBP, BMI) with IL-6 instruments is unclear. Some of these trans-ethnic

discrepancies may be related to the pleiotropic effects of different SNPs that make

up the IL-6 gene score in CKB compared to the single-SNP IL-6 instrument in

Europeans. Alternatively, the discrepant trans-ethnic estimates for SBP and BMI

with the IL-6 instrument may represent environmental or familial influences that

can only be resolved using alternative study designs such as within-family Mendelian

randomisation analyses388.

With IL-6R instrument, on trans-ethnic meta-analysis, there were largely null

associations of IL-6R instrument with the selected CVD risk factors, including

blood pressure (SBP/DBP, SD units [95% CI] per halving of genetically CRP

concentration: 0.02 [-0.001, 0.05]/0.002 [-0.02, 0.03]) and BMI phenotypes (SD units

[95% CI] per halving of genetically CRP concentration: 0.01 [-0.01, 0.04]). The

null associations of IL-6R instrument with SBP and DBP in the present study are

not in keeping with reported associations from previous studies which found lower

SBP (Percentage mean difference per rs2228145-C [95% CI]: 0.1% [-0.3, -0.01]96;

mmHg per rs2228145-C: 0.21 mm Hg [-0.37, -0.05]97) and lower DBP (mmHg per

rs2228145-C: 0.11 mm Hg [-0.20, -0.02]97) with the IL-6R instrument. The reason
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for the discrepancy between the present study and previous studies concerning the

association of the IL-6R instrument with blood pressure phenotypes is unclear.

However, the present study had a combined (East Asian + European) sample size

(n = ~500,000) five times the previous studies and therefore can provide more

precise estimates of the association. For BMI, a previous MR study96 observed

null associations with BMI (Percentage mean difference per rs2228145-C [95% CI]:

0.01% [-0.1, 0.2]) consistent with the present study.

With the IL-6 instrument, like the IL-6R instrument, most of the associations were

null on meta-analysis. However, the IL-6 instrument was associated with higher

DBP on meta-analysis (Estimate in SD units [95% CI] per halving of genetically

CRP concentration: 0.06 [0.02, 0.11]). This can potentially be the mechanism that

might explain the higher risk of ICH observed with the IL-6 instrument in CKB

since DBP is a risk factor for ICH in CKB41. As previously, the lack of studies using

equivalent IL-6 instruments to assess associations with DBP limits comparison with

external studies.

4.4.5 Interleukin-6 signalling and lipids

The present study reported largely consistent associations of the IL-6(R) instruments

with most of the available clinical biochemistry measures of lipid traits. In CKB,

the IL-6 instrument was associated with higher Apo-A1, HDL-C, Apo-B, and

LDL-C. The estimates were consistent with effect estimates in Europeans using the

equivalent IL-6 instrument in Europeans. Using MR methods, studies have shown

that both LDL-C and Apo-B are causal risk factors for coronary heart disease51,389

but there was no evidence of causal association of HDL-C with CVD51. As above,

the lack of studies using IL-6 instruments limits the comparison of these effect

estimates with previous studies.

On meta-analysis of estimates from CKB with estimates of association in the

European population, the associations of the IL-6 instrument with lipid traits in

the present study were directionally consistent with the IL-6R instrument. For both
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instruments, null associations were reported for triglycerides. The IL-6R instrument

was associated with higher concentrations of Apo-A1 and HDL-C in CKB with

consistent estimates in the Europeans. Apo-A1 was not assessed with an IL-6R

instrument in previous studies, but null associations of the same IL-6R instrument

with HDL-C were reported in two previous MR studies (mmol/L [95% CI] per

rs2228145-C: 0.002 [-0.001, 0.006]97, Percentage mean difference per rs2228145-C

[95% CI]: 0.07% [-0.1, 0.4]96). As with blood pressure previously, the discrepancy

between the present study and the previous MR study may be due to the large

sample size used in the present study. For example, a more recent MR study286

that used a larger sample size of the European population from UK Biobank

(approximately twice the sample size of the previous studies, n = 255,929) reported

associations of their IL-6R gene score (represented by sIL-6R concentrations) with

HDL-C concentrations (Effect per SD unit increase of genetically predicted sIL-6R

[95% CI]: 0.005 [0.001,0.010]) consistent with meta-analysed (CKB + UKB, n =

332,219) estimates in the present study (Effect in SD units [95% CI] per halving

of genetically predicted CRP: 0.07 [0.04, 0.11]). Although HDL-C is unlikely to

be causal for CHD51 and does not mediate the protective CHD effects of IL-6R286

despite previous observational studies that showed inverse associations of HDL-C

with CVD55, plasma HDL-C (like plasma CRP) is likely a marker of CVD risk than

being causal for CVD.

Separate from Apo-A1/HDL, there were largely null associations of the IL-6R

instrument with Apo-B and triglycerides. Similar to Apo-A1, Apo-B association

with the IL-6R instrument was not assessed in previous studies. But the null

association of IL-6R with triglycerides in the present study is consistent with the

previous studies that reported similar null associations96,97,286. With LDL-C, there

was weak evidence of association of IL-6R instrument with LDL-C in the present

study (meta-analysed effect in SD units [95% CI] per halving of genetically predicted

CRP: 0.04 [0.001, 0.07]) that was not observed in three previous studies which

reported null associations with LDL-C (mmol/L [95% CI] per rs2228145-C: -0.003

[-0.012, 0.005]97, percentage mean difference per rs2228145-C [95% CI]: -0.03%
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[-0.3, 0.3]96, effect per SD unit increase of genetically predicted sIL-6R [95% CI]:

0.002, 95% CI [-0.001, 0.005]286). As above, larger sample size in the present study

for assessment of LDL-C (n = 360,706) compared to the previous studies (n =

~100,000 to ~280,000) enabled detection of this small effect that previous studies

were underpowered to detect.

The association of higher HDL-C and LDL-C with IL-6R instrument is also consistent

with RCTs of tocilizumab which observed similar associations with higher HDL-

C/LDL-C due to tocilizumab therapy97. The association of IL-6R instrument with

HDL-C is supported by an association of a similar magnitude with its carrier protein

Apo-A1 in the present study; this was not the case for LDL-C as the association of

IL-6R instrument with its carrier protein Apo-B was null in the present study. The

association patterns are similar to observations in a clinical case-control study of

SAMURAI trial, where rheumatoid arthritis patients, after 3 months of tocilizumab

therapy, had elevations (from baseline levels) of HDL-C, LDL-C, and Apo-A1, but

not Apo-B390. The inconsistency of HDL-C/LDL-C associations between IL-6R

instrument and what was observed in tocilizumab RCTs led some investigators in a

previous study97 to suggest it may be an off-target effect of tocilizumab or a general

sign of inflammation suppression in individuals with excessive systemic inflammation.

However, the present study, having assessed the association of IL-6R instrument

with HDL-C/LDL-C in a larger number of samples, suggests that elevations of

HDL-C/LDL-C observed with tocilizumab therapy may be an on-target effect of

IL-6R blockade.

4.4.6 Strength and limitations

The present study has several strengths. To understand the role of interleukin-6

signalling on CVD, I used the MR approach to investigate causal associations of IL-6

receptor and IL-6 ligand on CVD risk for equivalent differences in CRP. Mendelian

randomisation studies, in general, have several strengths over observational studies

(these are discussed in Chapter 1.5.4). For example, provided instrumental variable

assumptions are met391, MR studies are generally robust to biases of reverse
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causality and confounding - two major limitations of conventional observational

epidemiology.

An extension of MR, the drug-target MR approach, uses genetic variants near or in

genes encoding proteins that are of interest as pharmaceutical targets. Drug-target

MR leverages the randomisation of genetic variants at conception at the population

level in a manner analogous to the randomisation of study participants in an

orthodox randomised controlled trial (RCT) (Figure 1.5). This random allocation

of genetic variants allows genetic variants to be used to represent life-long effects of

therapeutic target modulation, without necessarily incurring the high cost of an

RCT392,393. It needs to be emphasized, however, that drug-target MR studies are

not a substitute for RCTs; rather, inferences generated using this approach can be

used to prioritize RCTs of drugs that show promise in ‘human models’ of disease

and are more likely to be approved for the treatment of human diseases242.

To this end, a major strength of the MR approach used in the present study is the

specificity of genetic instruments used to represent the different components of IL-6

signalling. Both the IL-6(R) instruments were constructed based on their shared

associations with CRP - a general marker of systemic inflammation - that is produced

in large amounts from the liver on stimulation by IL-6 protein. The present study

further confirmed the legitimacy of rs7529229 as the IL-6R instrument by using IL-6

protein concentrations (available for a subset of the Chinese population in CKB) as

indicators of pharmacological interference in the IL-6R mediated signalling. For the

IL-6 instrument, I used genetic variants in the IL6 locus that were associated with

CRP in both Europeans (rs1880241) and East Asians (IL-6 gene score in CKB) to

create a genetic instrument for IL-6 protein, validated the IL-6 instrument in CKB

by confirming its association with IL-6 protein, and investigated whether effects

of IL-6R instrument are representative of effects of IL-6 instrument, for equivalent

differences in CRP as the IL-6R instrument. It is assumed that with the high

specificity of the IL-6(R) instruments to represent modulation of their respective

targets, the possibility of a horizontal pleiotropic association, i.e. associations of
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the genetic variant are via pathways other than IL-6R or IL-6 pharmacological

modulation, would be minimal (but horizontal pleiotropy is still possible, see next

paragraph on limitations of the present study). The trade-off, however, with the

use of locus-specific IL-6(R) instruments is power, i.e. a polygenic instrument (e.g.

an allele score or genetic risk score of CRP) could potentially explain more of

the variation of the protein abundance (e.g. CRP) than the locus-specific IL-6(R)

instrument. But, as described before, if the aim of my thesis was to simply infer

the causal relationship between CRP as a biomarker of systemic inflammation

and CVD, the polygenic approach to genetic instrument selection would be more

appropriate than use of locus-specific instruments269. However, when the objective

is understanding whether pharmacological modulation of a target alters the course

of a disease, locus-specific instruments work better than polygenic instruments

(where associations may be driven via other unknown pathways). For example,

using the polygenic instrument approach it was shown that CRP was associated

with CHD287, although CRP locus-specific instruments showed that there was no

evidence that direct pharmacological modulation of CRP is likely to have any

cardioprotective benefits94. Nevertheless, it remains possible (and plausible) that

pathways beyond IL-6 signalling may regulate levels of CRP; however, a search

for additional inflammation-associated genetic instruments (e.g. IL1β, JAK1 ) did

not yield any additional signals (Appendix Figure A.3) limiting my analyses to

use only the IL-6(R) instruments. An additional strength of the present study is

the large number of vascular outcomes and risk factors in CKB; reliability of the

genetic associations of vascular outcomes in CKB is further strengthened by the

inclusion of European studies. The public availability of summary statistics in

European studies enabled me to determine whether findings in CKB concerning CVD

associations of the IL-6(R) instruments were consistent between ancestries using

equivalent European genetic instruments. Trans-ethnic meta-analysis of estimates

provided higher power to confirm causal effects of IL-6 signalling on cardiovascular

disease outcomes. The dense phenotyping in CKB study participants also enabled

investigations of known CVD risk factors, lipids, lipidomics and proteomics with
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the IL-6(R) instruments to understand if there are additional epidemiological and

biological associations of IL-6 signalling.

The present MR study also has several limitations. First, the construction of the

IL-6 instrument used different genetic variants from the IL6 locus to represent

IL-6 protein activity in East Asians and Europeans that may not be equivalent.

This is because the IL-6 SNP used to represent IL-6 protein activity in Europeans

(rs1880241) is rare in East Asians (allele frequency of effect allele G is 0.01) and 2

of the 3 IL-6 SNPs (rs13306436, rs80085481) used to create the IL-6 gene score in

East Asians are at low frequency in the Europeans (minor allele frequencies < 0.01).

The IL-6 instrument in Europeans (rs1880241), in particular, was selected based on

its association with CRP in IL6 locus in Europeans288 but not validated (as was

done for the IL-6 gene score in CKB) by confirming its association to levels of IL-6

protein due to lack of access to publicly available data of IL-6 protein GWAS in

Europeans at the time of writing this thesis; hence, this instrument, although linked

to IL-6 gene expression (Table A.1) and CRP levels, may not reliably represent

differences in IL-6 protein concentrations in Europeans. This was not the case for

the IL-6 gene score used in CKB, as the instrument demonstrated clear associations

in CKB with both IL-6 protein (in a small subset of study participants); further,

one of the SNPs in the IL-6 gene score - rs13306436 - is located in the three prime

untranslated region (3’-UTR) in IL-6 mRNA transcript394; 3’-UTR generally post-

transcriptionally regulate gene expression. Second, instruments for East Asians were

selected based on CRP measurements that were assayed in a subset of participants

selected for a nested case-control study of cardiovascular disease in CKB (i.e. a

non-random subset of participants). Hence, SNPs selected from a GWAS of CRP in

CKB to create the IL-6 gene score may have been associated with CRP due to the

selection being conditioned on cardiovascular disease (i.e. collider-stratification bias).

However, I assessed the association of the selected SNPs, the IL-6(R) instruments

in a random subset of study participants and observed consistent associations (as

in the non-random subset) with CRP and interleukin-6 protein. Ideally, SNPs for

IL-6 instrument should be selected from a GWAS of IL-6 protein, but given the
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limited sample size that has IL-6 proteomic data in CKB, I chose to select SNPs

from near the IL6 locus based on their association with CRP (which were assayed

in a larger number of participants with genetic data). Although I validated our

instrument by ascertaining the association of IL-6 gene score with IL-6 protein,

there remains a possibility that it may not reflect the effects of IL-6 protein. To

further confirm these are effects of genetically predicted IL-6 protein concentrations,

I assessed similar associations with one of the SNPs that is part of the IL-6 gene

score (rs13306436) which, as mentioned previously, is likely a regulatory variant

affecting IL-6 gene expression - and observed consistent associations (i.e. as seen

with IL-6 gene score). Third, the weights for IL-6 gene score in CKB were generated

internally, i.e. from the same data that is also used to assess outcomes (or ‘data

under analysis’) and this can bias causal estimates368. To mitigate this bias, I

generated weights using a 100-fold cross-validation approach, where weights for

each 1% of the sample were derived iteratively from 99% of the data. Fourth,

the lack of adequate phenotyping for ischaemic stroke subtypes in CKB at the

time of writing this thesis limits the investigation of the association of IL-6(R)

instruments with the subtypes. Finally, a further limitation concerns the use of

the IL-6R instrument to represent IL-6 signalling. As stated, the IL-6R instrument

represents the alteration of the ratio of sIL-6R to mIL-6R. The lack of sIL-6R data

in CKB prevents assessment of the IL-6R instrument with sIL-6R; nonetheless,

previous studies have consistently shown that the IL-6R instrument (represented

by rs2228145-C non-synonymous variant) is associated with higher plasma sIL-

6R concentrations96,97,286 similar to what was observed in patients on tocilizumab

therapy97. However, while elevations of circulating sIL-6R in tocilizumab therapy

are due to the formation of higher sIL-6R:tocilizumab complexes284, elevations of

sIL-6R observed using the IL-6R instrument may be due to higher sIL-6R:IL-6

complexes378. The accuracy of the SOMAScan platform to detect proteins complexed

with other proteins (or discerning free proteins from complexed proteins) is yet to

be determined395. The higher sIL-6R:IL-6 complexes associated with the IL-6R

instrument can bind to the gp130 receptor which is present in most human tissues
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(trans-signalling) and induce a pro-inflammatory state396. This raises the question,

is higher trans-signalling induced inflammation associated with lower CVD risk

observed with the IL-6R instrument in the present and previous studies? As stated

at the beginning of this section, one hypothesis postulated by Garbers et al281

to explain why the higher sIL-6R:IL-6 complexes do not result in higher trans-

signalling is the disproportionately higher levels of plasma sgp130 concentrations

which is typically the case in normal physiological states (that form sgp130:sIL-

6R:IL-6 complex and prevent binding to gp130). The buffering activity of sgp130

is overwhelmed in pathological states when excessive production of IL-6 and the

resulting sIL-6R:IL-6 complexes end up binding to membrane-bound gp130 receptors

to induce the trans-signalling led pro-inflammatory state. However, this hypothesis

requires experimental verification. Although the use of the IL-6 instrument enabled

some differentiation, as the IL-6 instrument was used in a way that represented

lower IL-6 protein activity using CRP as a marker of protein activity, to reliably

distinguish between classic and trans-signalling, future research will require the use

of additional genetic variants, e.g. genetic variants that encode sgp130 - that is

known to inhibit trans-signalling specifically282 (but also inhibits classic signalling

to an extent depending on the ratio of free IL-6 and sIL-6R397) or genetic variants

that represent the ratio of sIL-6R:IL-6 complex to the sIL-6R:IL-6:sgp130 complex.

Finally, although I stated the specificity of genetic instruments as a strength in this

thesis, it remains possible that exposure- and disease-associated variants do not

share the same causal signal. The specificity of instruments simply based on how

variants are selected (i.e. cis-acting rather than genome-wide) does not necessarily

preclude horizontal pleiotropy via genetic confounding. Genetic confounding occurs

when an MR association is driven by exposure-associated variants in LD with disease-

associated variants. In these cases, additional analysis like genetic co-localisation

can estimate the posterior probability that both exposure and disease share the same

causal variant243. Furthermore, only about 3 SNPs were obtained after fine-mapping

and conditional analysis of the signal in CRP GWAS near IL6 to construct the

IL-6 instrument, precluding additional sensitivity analyses like use of MR-Egger,



4. Interleukin-6 signalling and Cardiovascular Disease 161

which typically requires a large number of genetic instruments398. Additionally,

for locus-specific genetic instruments – it is possible that the genetic associations

of the exposure to be correlated to the genetic associations of the outcomes via

genetic confounding due to linkage disequilibrium, violating one of the assumptions

of MR-Egger (InSIDE assumption – Instrument Strength is independent of direct

effects)399. As before, genetic colocalisation tests can be used to evaluate whether

there is genetic confounding prior to using MR-Egger, provided there are sufficient

number of strong genetic instruments. Future studies should report, alongside

MR results, results of genetic co-localisation and, if the number of genetic variants

permit, sensitivity analyses (MR-Egger and/or MR weighted median) to check for

violations of instrumental variable assumptions and provide additional evidence for

(or against) the specificity of a genetic instrument.

4.5 Conclusion

The work in this chapter provides evidence that reproducibly supports the association

of the IL-6R instrument with lower CHD risk but, at present, does not support

the association of the IL-6 instrument with CHD risk. The discrepant associations

between the IL-6(R) instruments suggests that the cardioprotective association

of the IL-6R instrument is likely not via IL-6 signalling inhibition, and reinforces

the need for further pre-clinical investigations prior to large-scale investments in

randomised controlled trials testing the efficacy of IL-6 blockade against CHD.



5
Phenome-wide associations of interleukin-6

signalling

5.1 Introduction

In the last chapter, I investigated associations of the IL-6R and IL-6 instruments

(IL-6(R) instruments) with the risk of CVD outcomes. The present chapter reports

associations of IL-6(R) instruments with prespecified and non-prespecified phenome-

wide disease outcomes and quantitative traits in CKB. On the assessment of

associations of the IL-6(R) instruments with blood biomarkers, I compare, where

possible, the consistency of associations of the genetic instruments with effects

observed in tocilizumab (an IL-6R antagonist) trials for the same biomarkers.

This approach to investigating endpoints beyond hypothesised outcomes has in-

creasingly become standard practice in drug-target mendelian randomisation (MR)

studies97,285,286. This is due to two reasons. First, it is important to assess whether

genetic instruments that mimic the effect of a potential therapy are associated with

the risk of unintended disease outcomes. The risk of unintended disease outcomes

could represent potential adverse events of the therapy (i.e. on-target adverse events)

under investigation. The need to assess outcomes beyond efficacy endpoints is driven

162
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by the concern that potential adverse drug events may compromise the purported

therapeutic benefits of modulating a drug target. Human genetics can therefore

serve as an important source of evidence to assess this balance between potential

therapeutic benefits and safety endpoints for a drug, using genetic instruments that

represent the effect of modulating the target of the drug. Furthermore, a number of

drug-target MR studies have retrospectively recapitulated adverse drug events that

were observed in clinical trials. For example, although several MR studies and clinical

trials of statins demonstrated a reduced risk of atherosclerotic CVD associated with

lower LDL-C, some MR studies that examined associations of genetically predicted

lower LDL-C concentrations flagged a potentially higher risk with diabetes400,401.

The higher risk of diabetes with lower LDL-C also corresponded with findings in the

statin trials402, suggesting that the risk of diabetes associated with statins may be

an on-target effect. The utility of drug-target MR for investigation of adverse drug

events, therefore, has implications for the design of future RCTs that would use

the appropriate efficacy and safety assessment parameters to investigate drugs for

specific indications. Drug-target MR studies should thus form an integral part of

the design of RCTs to inform what safety endpoints matter. Second, an additional

output from MR-PheWAS is the potential opportunity for drug repositioning.

For example, a phenome-wide association study of IL-6 signalling using the IL-

6R functional variant rs2228145 suggested a reduced risk of aortic aneurysm285.

Patients with giant cell arteritis (GCA) have approximately a two-fold higher risk

of aortic aneurysm403 and GCA is the most recent FDA-approved indication for

tocilizumab404.

Interleukin-6 is a highly pleiotropic cytokine405, i.e. it has a diverse repertoire

of functions in multiple organ systems. It was shown that drug side effects

were statistically more likely to occur in organ systems where there is genetic

evidence of a link between the drug target and a phenotype involving that organ

system406. In addition to CVD (Chapter 4), previous studies have reported

that IL-6 signalling plays roles in cancers e.g. digestive cancers407 (especially

gastric408, oesophageal409 and colorectal carcinoma410), hepatocellular carcinoma411,
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lung cancer412, breast cancer413), respiratory disease414 (e.g. chronic obstructive

pulmonary disease415, pneumonia416, asthma417, resistance to tuberculosis418), and

additionally in diabetes419, and depression420. However, in most of these studies, the

evidence for IL-6 signalling was generated from in vitro experiments or observational

studies. The present study examines the causal role of IL-6 signalling for the

aforementioned phenotypes using human genetics data from a large cohort of East

Asians part of the China Kadoorie Biobank.

Unless otherwise stated, I used the same IL-6(R) instruments as in the previous

chapter (Chapter 4). Throughout this chapter, to facilitate comparisons of effects

between instruments, effects for the IL-6(R) instruments are expressed per halving

of genetically predicted CRP.

5.2 Methods

The methods used for the present chapter are identical to what was used in Chapter

4. Additionally, I have also described these methods in brief in the relevant sections

in the present chapter before discussion of the results.

5.2.1 Selection of cases and controls
Prespecified non-vascular disease outcomes

Pre-specified non-vascular outcomes [ICD-10 codes] were selected based on a non-

systematic search for papers that have examined associations of IL-6 signalling and

non-vascular disease phenotypes, and what was available in CKB (with a sample

size of at least 500 cases in the genotyped set). This included individuals with

cancers, respiratory disease, and other outcomes with prior evidence of association

with interleukin-6 signalling.

Cancer outcomes included digestive tract cancers407 (oesophageal [C15]409, stomach

[C16]408, colorectal [C18-C20]410), lung cancer [C33-34]412 and breast cancer [C50]413;

respiratory disease outcomes included chronic obstructive pulmonary disease [J41-

J44]415, pneumonia [J12-J18]416, asthma [J45-J46]417, and tuberculosis [A15-A19,
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J65, K23.0, K67.3, M01.1, M49.0, M90.0, N33.0, N74.0, N74.1, O98.0, P37.0]418.

Additionally, I had assessed association of the instruments with incident type 1 or

type 2 diabetes [E10-E14] or diabetes diagnosed at baseline (using random and

fasting blood glucose screens)419, and individuals reporting symptoms of major

depressive disorder at baseline or diagnosed during follow-up [F32]420. Controls for

pre-specified non-vascular outcomes excluded individuals who self-reported with

the respective disease outcomes at baseline or diagnosed during follow-up.

Power estimates for different sample sizes are provided in Appendix table A.4; in

brief, for endpoints with >1000 cases, the IL-6 instrument and IL-6R instrument

had more than 70% power to detect an OR of 0.85 at an adjusted alpha of 0.05/10

(adjusted for the number of pre-specified endpoints).

Non-prespecified vascular and non-vascular outcomes

For the phenome-wide analysis, I initially selected 35 outcomes with at least 500

IL6R genotyped cases for MR-PheWAS. This yielded 35 outcomes for PheWAS

analysis. At an alpha of 0.05/35 and 500 cases, the MR-PheWAS analyses had

more than 50% power to detect an OR of 0.85 and more than 80% power to detect

an OR of 0.80. Although power was lower, outcomes selected for IL6R PheWAS

analysis using the sample size parameter (i.e. n = 500 IL6R genotyped cases) were

also selected for IL6 PheWAS, irrespective of the number of IL6 genotyped cases

available, to allow comparisons of the results for IL6R.



5. Phenome-wide associations of interleukin-6 signalling 166

5.3 Results

5.3.1 Associations of the IL-6(R) instruments with prespec-
ified non-vascular diseases in CKB

As for CVD (Chapter 4), I constructed logistic regression models to investigate

associations of the IL-6(R) instruments with non-vascular disease outcomes. These

models were adjusted for age, age2, sex, and principal components of genetic ancestry;

each model was stratified by 10 regions and the resulting estimates meta-analysed

across using the fixed-effect method with inverse variance weighting.

The IL-6R instrument was associated with a lower risk of digestive cancers at 5%

FDR (OR [95% CI] per halving of genetically predicted CRP: 0.58 [0.42, 0.79],

P = 5.9 x 10-4), especially oesophageal cancer (OR [95% CI]: 0.46 [0.26, 0.83], P

= 9.2 x 10-3) and a nominally significant reduced risk of colorectal cancer (OR

[95% CI]: 0.59 [0.36, 0.98], P = 0.04). For equivalent differences in CRP, there was

no evidence of associations of the IL-6 instrument with any digestive cancers but

associations were consistent with those for IL-6R (P-het = 0.16). There was no

evidence of associations observed with IL-6R or IL-6 instruments with non-digestive

cancers (liver, lung and breast).

On assessment of associations with respiratory disease, there was a higher risk of

tuberculosis associated with the IL-6R instrument (OR [95% CI] per halving of

genetically predicted CRP: 2.28 [1.33, 3.92]), but no significant association was

observed with the IL-6 instrument, although the two results were consistent (P-het

= 0.10). Associations of the IL-6(R) instruments with asthma and COPD were

largely null (i.e. no evidence of association).

Both IL-6R and IL-6 instruments had no evidence of association with depression.

Although for the IL-6 instrument, there was a nominally significant lower risk of

diabetes (OR [95% CI]: 0.82 [0.68, 0.97]), this did not survive multiple-testing

correction at 5% FDR, and there was no association observed for the IL-6R

instrument.
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There is a possibility that the associations of the IL-6 instrument may not represent

associations of altered IL-6 signalling. As a sensitivity analysis, I compared

associations of the IL-6 instrument with rs13306436 (SNP with regulatory function

on IL6 gene expression394, which is part of the IL-6 instrument). When using

rs13306436, I observed a similar pattern of associations with these prespecified

non-vascular disease outcomes (Appendix Figure A.8).
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*Indicates outcome significant at 5% FDR for IL-6R instrument

Figure 5.1: Association of the IL-6R and IL-6 instruments with prespecified
non-vascular outcomes.
The figure illustrates associations of the IL-6R and IL-6 instruments with
prespecified non-vascular outcomes in East Asians (CKB). Models for MR
analysis in CKB adjusted for age, age2, sex and principal components of
genetic ancestry in each of the 10 regions, and meta-analysed across the
regions using fixed-effect method with inverse variance weighting. Error bars
represent 95% CI. Area of boxes are proportional to inverse of the variance
of effect.
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5.3.2 Associations of the IL-6(R) instruments with clinical
chemistry measurements in CKB

To further clarify the phenotypic signatures of IL-6 signalling, I explored associations

of the IL-6(R) instruments with additional clinical chemistry and amino acid

measurements (Figure 5.2). Because this was a hypothesis-generating exercise, the

selection of this panel of biological molecules were based on what was available

in CKB. Covariates used in these models were identical to what was used for

assessment of associations with non-vascular disease outcomes (Section 5.3.1), but

with an additional covariate, ascertainment status, since clinical chemistry and

amino acid profiles were obtained from a nested case-control cohort of CVD in CKB

(Section 4.2.1).

As with the assessment of the IL-6(R) instruments with CVD risk factors and

lipids in the previous chapter (Chapter 4), a useful output from this exercise would

be to identify any potential associations of altered IL-6(R) signalling that might

explain the association of the IL-6R instrument with lower risk of atherosclerotic

CVD outcomes, lower risk of digestive cancers or a higher risk of tuberculosis;

or alternatively, explain the null associations of the IL-6 instrument with similar

outcomes. An additional aim was to draw comparisons between associations of

the IL-6(R) instruments with these additional biomarkers, and associations of

tocilizumab with the same biomarkers in RCTs; this would enable us to understand

which instrument, IL-6R or IL-6, is better in reflecting associations of tocilizumab

(Table 5.1).

Association of the IL-6(R) instruments with markers of inflammation

In Chapter 4.3.3, I reported associations of the IL-6(R) instruments with CRP.

Here, I assessed associations of the IL-6(R) instruments with other markers of

inflammation (Figure 5.2).

As expected, both the IL-6R and IL-6 instruments associated with lower levels of

plasma fibrinogen (IL-6R, Effect [95% CI] in SD per halving of genetically predicted
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CRP: -0.34 [-0.50, -0.19], P = 1 x 10-5; IL-6, -0.47 [-0.61, -0.34], P = 1.7 x 10-11).

Contrary to expectations, a directionally discrepant association between the IL-

6(R) instruments were observed with circulating albumin concentrations (P-het

between instruments = 3.2 x 10-6), i.e. the association of the IL-6R instrument

with albumin was in the opposite direction (and included the null) to associations

observed with the IL-6 instrument. The association of IL-6 with higher albumin

was significant at 5% FDR (IL-6, Effect [95% CI] in SD per halving of genetically

predicted CRP: 0.26 [0.16, 0.37], P = 9.3 x 10-7). Levels of albumin tend to

reduce in systemic inflammation421 and, therefore, the association of higher albumin

with lower systemic inflammation (that the IL-6 instrument is orientated to) is

biologically plausible. The associations of the IL-6R instrument with fibrinogen

and IL-6 instrument with albumin were consistent with effects observed in RCTs of

tocilizumab (Table 5.1).

There was no evidence of association of the IL-6 instrument with glycoprotein

acetyl. The IL-6R instrument was associated with lower plasma concentrations of

glycoprotein acetyl but the effect estimate of the IL-6R instrument included the nulL;

hence any interpretation of the association of the IL-6R instrument with glycoprotein

acetyl warrants additional studies with larger sample sizes. Glycoprotein acetyl,

like CRP, is a recognised inflammation marker and observationally associated with

incident CVD outcomes in CKB101.

Association of the IL-6(R) instruments with liver enzymes

Many inflammation biomarkers, including CRP and fibrinogen, are synthesized in

the liver in response to IL-6 signalling205,302. Whether IL-6R or IL-6 signalling is

associated with the synthesis of other hepatic enzymes or proteins is unclear. All

associations were directionally consistent between the IL-6(R) instruments (Figure

5.2). While associations of the IL-6R instrument with alanine transaminase (ALT)

and aspartate transaminase (AST) were null, the IL-6 instrument was associated

with higher levels of ALT (IL-6, Effect [95% CI] in SD per halving of genetically

predicted CRP: 0.15 [0.04, 0.25], P = 5.5 x 10-3) that was significant at 5%
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FDR. With the IL-6R instrument, altered IL-6R signalling was associated with

lower gamma-glutamyl transferase (GGT) at nominal significance but largely null

associations observed with IL-6. Clinical trials of tocilizumab reported higher levels

of AST and ALT in tocilizumab-treated patients compared to placebo (Table 5.1),

consistent with the association of the IL-6 instrument but not the IL-6R instrument

(IL-6R instrument had null associations with both AST and ALT).

Association of the IL-6(R) instruments with markers of renal func-
tion

Observational studies have suggested higher levels of creatinine422, cystatin-C423,

and uric acid424 were associated with a higher risk of CVD. Mendelian randomisation

studies were available only for cystatin-C425 and uric acid426,427; evidence for a causal

association of higher uric acid with risk of CVD was inconsistent, with a recent

study demonstrating associations of genetically determined plasmic uric acid with

CVD were likely acting via non-urate pleiotropic pathways. For cystatin-C, there

was no evidence of the causal role of cystatin-C observed for CVD outcomes.

Three markers of renal function were assessed for association with the IL-6(R)

instruments - creatinine, cystatin-C, and uric acid (Figure 5.2). Although the

associations between IL-6R and IL-6 instruments were directionally consistent with

respect to their associations with creatinine, cystatin-C, and uric acid, only the

association of IL-6 instrument with lower cystatin-C was significant at 5% FDR

(IL-6, Effect [95% CI] in SD per halving of genetically predicted CRP: -0.13 [-0.23,

-0.03], P = 8.3 x 10-3). Furthermore, as with inflammation markers and liver

enzymes above, null associations of the IL-6R instrument with markers of renal

function suggest that it is unlikely that the cardio-protective benefits of altered

IL-6R signalling can be explained by alteration of markers of renal function. The

lack of studies examining the effect of tocilizumab on markers of renal function

limits the comparison of the direction of associations of the IL-6(R) instruments

with markers of renal function in the present study.
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Association of the IL-6(R) instruments with amino acids

Given the role of some amino acids in inflammation428, I examined the associations

of the IL-6(R) instruments with the available amino acid measurement data (as

measured by NMR, Chapter 2.2.4) in CKB.

Only associations of IL-6 with histidine were significant at 5% FDR (IL-6, Effect

[95% CI] in SD per halving of genetically predicted CRP: 0.28 [0.08, 0.48], P = 6.1

x 10-3) (Figure 5.2) which was directionally consistent between the IL-6R and IL-6

instruments. As with markers of renal function, the lack of studies examining the

effect of tocilizumab on amino acids limit the comparison of direction of associations

of the IL-6(R) instruments with amino acids in the present study

Table 5.1: Summary of comparisons of clinical chemistry measurements
between effect of tocilizumab and IL-6R/IL-6 instruments

Trait Effect of Associations of
Tocilizumab1 IL-6R instrument2 IL-6 instrument2

Inflammation markers
CRP lowers lower* lower*
Fibrinogen lowers lower* lower*
Albumin increases lower higher*
Liver enzymes
ALT increases null higher*
AST increases null higher
Renal function markers
Uric acid - null null
Creatinine - null null
Cystatin-C - null lower*
Amino acids
Alanine - null higher
Glutamine - null null
Histidine - null higher*
Isoleucine - null higher
Leucine - null null
Valine - null null
Phenylalanine - null lower
Tyrosine - null null

*Significant at 5% FDR
1 Clinical trials tested tocilizumab at 8mg/kg and documented by Swerdlow et al [97]
2 Orientated to represent lower systemic inflammation as indicated by lower plasma CRP concentrations
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aThese biomarkers were log-transformed prior to standardization

Figure 5.2: Associations of the IL-6(R) instruments with additional clinical
chemistry and amino acid measurements.
Illustrates associations of the IL-6(R) instruments instruments with other
inflammation-related biomarkers, liver enzymes, markers of renal function
and amino acids assayed in CKB. Models for MR analysis in CKB adjusted
for age, age2, sex, ascertainment status, and principal components of genetic
ancestry in each of the 10 regions, and meta-analysed across the regions using
fixed-effect method with inverse variance weighting. Error bars represent 95%
CI. Area of boxes are not proportional to inverse of the variance of effect.Error
bars represent 95% CI.
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5.3.3 Proteomic associations of IL-6/IL-6R instruments

To characterize any systematic patterns of proteomic associations of the IL-6(R)

instruments beyond association with IL-6 protein (Figure 4.4), I explored associa-

tions of these instruments with 91 proteins assayed by the immune-oncology panel

of OLINK429 in a nested pancreatic cancer case-control subset in CKB (Details of

proteomic measurement are provided in Chapter 2.2.4). Because the sample sizes

were small compared to sample sizes for outcomes, models were not stratified by

region. Instead, region was included as a covariate in the model.

There was no evidence of proteomic associations with the IL-6(R) instruments

at 5% FDR. To illustrate the null associations for both instruments, associations

with the IL-6(R) instruments were arranged by increasing P-values and the first 5

associations for each instrument are shown in Figure 5.3 and 5.4. Full associations

with the 91 proteins are provided in the appendix Figure A.9.
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aProteins were log-transformed prior to standardization

Figure 5.3: Proteomics associations of the IL-6R instrument.
The figure illustrates the first 5 proteomic associations with the IL-6R
instrument from among associations with 91 proteins (Appendix Figure A.9),
when arranged in order of increasing P-values. Proteins were assayed by
OLINK using a proximity extension assay technique (Chapter 2.2.4). For
each protein, models for MR analysis in CKB adjusted for age, age2, case
status, sex and principal components of genetic ancestry and region. Error
bars represent 95% CI. Area of boxes are not proportional to inverse of the
variance of effect.

aProteins were log-transformed prior to standardization

Figure 5.4: Proteomics associations of the IL-6 instrument.
The figure illustrates the first 5 proteomic associations with the IL-6 instrument
from among associations with 91 proteins (Appendix Figure A.9), when
arranged in order to increasing P-values. Proteins were assayed by OLINK
using a proximity extension assay technique (Chapter 2.2.4). For each protein,
models for MR analysis in CKB adjusted for age, age2, case status, sex and
principal components of genetic ancestry and region. Error bars represent
95% CI. Area of boxes are not proportional to inverse of the variance of effect.
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5.3.4 Exploratory associations of IL-6R/IL-6 instrument
with non-prespecified disease outcomes in CKB

As an exploratory analysis, I carried out a phenome-wide screen in CKB for

associations of the IL-6(R) instruments, selecting 35 ICD-10 coded outcomes with

at least 500 cases with genetic data (Figure 5.5). At an alpha of 0.05/35, the

present MR-PheWAS analyses had more than 50% power to detect an OR of

0.85 and more than 80% power to detect an OR of 0.80. Covariates used in the

MR-PheWAS models were identical to what was used for assessment of associations

with prespecified non-vascular disease outcomes (Section 5.3.1), with models for

each outcome stratified by 10 regions and estimates meta-analysed across using

fixed-effect inverse variance weighting.

There was no evidence of associations for any of these endpoints with either the

IL-6R or IL-6 instruments (Figure 5.5).
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Figure 5.5: Phenome-wide associations of the IL-6R and the IL-6 instruments.
The figure illustrates phenome-wide associations of the IL-6R and the IL-6 instruments in CKB. Endpoints in the figure
were annotated as outcomes (ICD-10 code) and those selected had at least 500 IL6R genotyped cases, offering more than
80% power to detect an OR as large as 0.80 (Chapter 5.2.1). For each outcomes, models for MR analysis in CKB adjusted
for age, age2, sex and principal components of genetic ancestry in each of the 10 regions, and meta-analysed across the
regions using fixed-effect method with inverse variance weighting. Error bars represent 95% CI. Area of boxes are not
proportional to inverse of the variance of effect.



5. Phenome-wide associations of interleukin-6 signalling 178

5.4 Discussion

Interleukin-6 signalling is an important biological pathway and has been the

subject of a number of experimental and epidemiological studies. Most epidemi-

ological associations investigated associations of plasma IL-6R concentrations (or

genetically predicted plasma IL-6R concentrations) with cardiovascular disease

outcomes96,97,285,286,377. Some of these studies have also performed PheWAS using

the functional IL6R genetic variant (rs2228145) to assess associations beyond

vascular outcomes97,285,286,377. The work presented in this chapter builds on these

previous works in three ways. First, the use of the IL-6 instrument alongside the

IL-6R instrument is novel and has enabled comparison of estimates between the

IL-6 receptor and ligand that is expected to provide additional confidence (or reduce

confidence) on evidence linking the relevance of traits to the IL-6 signalling pathway.

Second, the dual IL-6(R) phenome-wide assessment reported in this Chapter is

the largest of its kind on East Asians, leveraging the dense phenotyping and the

relatively large genotyped population in CKB. Third, the phenome-wide assessment

revealed novel associations of the IL-6R instrument with digestive cancers (with

consistent IL-6 instrument estimates but including the null), but confidence in

this association is pending independent replication in other cohorts (currently

limited by the lack of publicly available cancer GWAS). Furthermore, analysis

of the IL-6(R) instruments with clinical chemistry measurements showed that

both instruments associated similarly with fibrinogen (i.e. associated with lower

fibrinogen levels) but directionally discrepant with respect to their associations with

albumin. Both fibrinogen and albumin are produced by the liver and modulated

in response to inflammation; in acute inflammation, levels of fibrinogen usually

increase and albumin concentrations are usually reduced. The pattern of association

of the IL-6 instrument (i.e. associated with lower circulating fibrinogen but higher

albumin) is more consistent with the effect of tocilizumab on the same biomarkers

than the pattern of association exhibited by the IL-6R instrument, suggesting the

IL-6 instrument may be a better proxy for effects of tocilizumab than the IL-6

instrument. On exploratory analysis, there was no evidence of associations of
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the IL6(R) instruments with any of the phenome-wide or proteomic outcomes in

CKB.

5.4.1 Interleukin-6 signalling and cancers

For the first time to my knowledge, the present study showed that altered IL-6R

signalling represented by the IL-6R instrument is associated with a reduced risk of

digestive cancers in general, and oesophageal carcinoma in particular.

The association of altered IL-6R signalling with digestive cancers has implications for

future studies that investigate drugs that inhibit components of the IL-6R signalling

pathway for the prevention of digestive cancers. Furthermore, this observation

is supported by a number of experimental studies that have documented the

relevance of IL-6 signalling (especially the STAT3 signalling pathway) for tumour

progression430. Specific to oral upper digestive cancers, IL6 knockout suppressed

tumorigenesis in physiologically relevant 3D organotypic and 3D tumoroid models

and murine models of squamous cell variety of oesophageal cancer431. The signalling

pathways identified in the study for the development of oesophageal cancer were

the STAT3 and ERK1/2 signalling pathways, and administration of tocilizumab

(that blocks both mIL-6R and sIL-6R) suppressed tumour growth in 100% of the in

vitro 3D tumoroid models of oesophageal cancer431. The association of the IL-6R

instrument with digestive cancer traits is also supported by the generally higher

IL6R gene expression, compared to IL6 gene expression, in digestive tract tissues

(Figure A.10) and the association of the IL-6R instrument with the relatively higher

IL6R gene expression in digestive tract tissues in a cross-tissue comparison (Figure

A.11).

Additionally, I attempted to examine the association of the IL-6R instrument with

digestive, oesophageal, and colorectal cancer in other studies. To assess well-powered

GWAS of equivalent phenotypes in UKBB (as processed by Zhou et al432), I was

only able to find the colorectal cancer phenotype that had a sample size of cases

over 1000 (oesophageal cancer had only 162 cases and therefore was not assessed



5. Phenome-wide associations of interleukin-6 signalling 180

Table 5.2: Look-up and comparison of IL-6R instrument (rs7529229-C) signal
in other colorectal cancer case-control cohorts

Study Ancestry Case/Control OR1 (95% CI) P-value2 P for heterogeneity3

CKB Chinese 1016/143883 0.91 (0.83, 1.00) 0.04 0.14
Tanikawa et al [434] Japanese 10405/34511 0.99 (0.95, 1.03) 0.72
Zhou et al [432] Europeans (UKB) 4562/382756 1.01 (0.96, 1.05) 0.76

1 Odds ratio per 7529229-C allele
2 P-value testing the null hypothesis of no association between rs7529229-C and colorectal cancer risk.
3 P-value testing the null hypothesis of no heterogeneity across the three effect estimates tabulated.

due to the potential unreliability of associations as a result of low statistical power).

I also identified several GWAS of digestive cancer traits in the GWAS catalog

(EFO codes: EFO_1000218 for digestive cancer, EFO_0000478 for oesophageal

adenocarcinoma, and EFO_0005842 for colorectal cancer)433; however, summary

statistics were publicly accessible only for two colorectal cancer GWAS (one of them

from the UKBB study identified above in Zhou et al432), that showed no evidence

of replication of association of rs7529229-C with colorectal cancer (Table 5.2). The

limited accessibility of summary statistics for digestive cancer and oesophageal

cancer GWAS prevents any assessment of replication of observed signals for digestive

cancer and oesophageal cancer in CKB with other studies. The lack of replication

of signals of the IL-6R instrument with digestive cancer traits in other studies is a

reason to exercise caution on the reliability of the signal observed in the present

study.

With other cancer types, a previous study that assessed associations of the IL-6R

instrument with cancer outcomes reported null findings with all cancer, breast cancer

and colorectal cancer97. The present investigation also reported no evidence of

association of the IL-6R instrument with breast or colorectal cancer, consistent with

the previous report97. However, in contrast to a previous Mendelian randomisation

study that observed a lower risk of liver cancer associated with genetically predicted

lower plasma IL-6 concentrations435, I did not observe any association of IL-6R or

IL-6 instrument with liver cancer in CKB. This may be due to the use of an IL-6

instrument by Tian et al435 constructed using a single SNP rs1800795, that is not

in linkage disequilibrium (LD) with any of the 3 IL6 SNPs used in CKB; the effect
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of rs1800795 on plasma IL-6 concentrations as reported by the different studies

collated by Tian et al was, as acknowledged in the study, highly heterogeneous

(I2 more than 99%) limiting the reliability of its use as an IL-6 instrument to

assess the association of IL-6 signalling on liver cancer. Furthermore, most of the

cohorts that contributed cases of liver cancer for meta-analysis by Tian et al were

predominantly Europeans, and the observed null association in East Asians in the

present study raises the possibility of a gene by environment interaction of IL-6

signalling influencing the development of liver cancer.

5.4.2 Interleukin-6 signalling and prespecified non-cancer
outcomes

For the non-cancer non-vascular endpoints, the present study does not support a

causal role of IL-6R or IL-6 in COPD, asthma, pneumonia or depression, conditions

which were previously linked to dysregulated IL-6 signalling416,417,420,436.

Null associations with COPD and overall asthma in the present study are consistent

with previous MR studies280,437; using data from the UK Biobank and ECLIPSE

COPD cohort, Farahi et al used the same IL-6R instrument as the present study and

showed a higher risk of atopic asthma (OR [95% CI] per minor allele of rs2228145:

1.07 [1.01, 1.13]) but null associations of overall asthma (OR [95% CI]: 1.02 [0.99,

1.05]) and COPD (OR [95% CI]: 1.02 [0.96, 1.07])280 consistent with null associations

of COPD (OR [95% CI] per halving of genetically predicted CRP: 1.03 [0.90, 1.18])

and asthma (OR [95% CI]: 1.43 [0.82, 2.52]) observed in the present study.

With the IL-6 instrument, there was a nominally significant reduced risk of diabetes

(OR [95% CI] per halving of genetically predicted CRP: 0.82 [0.68, 0.97]), supporting

previous studies linking IL-6 with type 1 and type 2 diabetes419,438. Recent studies

also suggested a role of interleukin-6 in the pathogenesis of depression especially

in rheumatoid arthritis (RA) patients439. Using an MR approach, a study showed

a protective effect of the IL-6R instrument for severe depression and/or psychosis

(OR [95% CI]: 0.65 [0.44, 0.95]) but associations were null for specific depression
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or psychosis outcomes440. The null findings with specific depression outcome are

consistent with the present study which also showed null associations of IL-6R

with overall depression (OR [95% CI] per halving of genetically predicted CRP:

1.20 [0.71, 2.03]), suggesting either there is no evidence of a causal association of

IL-6 signalling in depression or the effect may be limited to patients with high

background levels of inflammation (e.g. RA patients). An RCT of tocilizumab

(IL-6 receptor blocker) is currently ongoing that will clarify the MR findings and

evaluate the potential of tocilizumab to treat depression in patients with evidence

of low-grade systemic inflammation441.

5.4.3 Interleukin-6 signalling and blood biomarkers

To further clarify phenotypic signatures of IL-6 signalling, I explored associations

of the IL-6(R) instruments with additional clinical chemistry and amino acid

measurements.

I observed both instruments to be associated with lower fibrinogen concentrations

(associations of IL-6R consistent with previous MR studies96,97) but directionally

discordant associations with albumin - albumin is considered a ‘negative’ acute

phase protein, which means that levels of albumin are inversely correlated with

inflammation442. Association of the IL-6R instrument with albumin in the present

study, although null, is directionally opposite to associations of IL-6R observed for

albumin in Europeans97. Whether this directional inconsistency between Europeans

and East Asians with respect to the association of the IL-6R instrument with

albumin is due to a gene by environment interaction is presently unclear. The

IL-6 instrument, however, was positively associated with albumin and, therefore,

consistent with the negative correlation of albumin with CRP442. Furthermore,

the association of the IL-6 instrument with albumin was directionally consistent

with the effect on albumin reported in tocilizumab clinical trials, suggesting the

IL-6 instrument may be a better genetic instrument representing the effects of

tocilizumab than the IL-6R instrument.
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In addition, I observed suggestive (nominal) associations of the IL-6R instrument

with lower levels of gamma-glutamyl transferase (GGT), consistent with the

observational linear trends of GGT with CRP443. The IL-6 instrument, on the other

hand, exhibited nominally significant associations with plasma histidine. Dietary

histidine is hypothesized to play roles in the prevention of obesity and diabetes444,

and associations of IL-6 with higher levels of histidine observed in the present study

may underlie the association of IL-6 with a lower risk of diabetes as observed in

Figure 5.1. The lack of studies exploring associations of the IL-6(R) instruments

with GGT and amino acids limited comparisons of associations observed in the

present study with external studies.

5.4.4 Phenome-wide and proteomic associations of interleukin-
6 signalling

To explore any additional associations of the IL-6(R) instruments that can be used

to generate new hypotheses, I carried out a phenome-wide screen in CKB selecting

ICD-10 coded outcomes that have at least 500 cases with genetic data and also

assessed associations of the instruments with a panel of 91 proteins. There was

no evidence of additional phenome-wide or proteomic associations with either the

IL-6R and IL-6 instruments observed in the present study.

5.4.5 Strength and limitations

Because the present MR study used a similar approach to Chapter 4, many of the

strengths and limitations of the MR approach were already described in Chapter

4.4.6.

A major strength of the present MR study was the unprecedented depth of

investigations, made possible by the dense phenotyping in CKB, carried out using a

dual receptor-ligand MR approach. From our understanding of the IL-6 signalling

pathway, we would expect to observe consistent estimates between IL-6R and

IL-6 instruments, given that both these instruments represent lower systemic

inflammation via lower classic signalling (that results in lower CRP concentrations).
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The IL-6 instrument, additionally, represents lower trans-signalling, but the direction

of trans-signalling with the IL-6R instrument is unclear (Chapter 4.4.1). Hence,

while inter-instrument consistency of associations are helpful to understand what

associations are likely operating via lower classic signalling pathway, interpretation of

associations that are heterogeneous between the IL6R and IL6 instruments remains

unresolved. Research on instruments specifically representing trans-signalling

(e.g. genetic instruments from a GWAS of the ratio of IL-6:sIL-6R complex to

IL-6:sIL-6R:sgp130 complex) are warranted in future studies. From the point of view

of safety of putative drugs that would mimic the IL-6R or IL-6 instrument, except

for the higher risk of tuberculosis observed with the IL-6R instrument, there was no

evidence of additional associations of IL-6R or IL-6 instrument with any phenotypes

or proteomic measurements in CKB at 5% FDR level of significance.

An additional limitation (that is typically common to all PheWAS and the present

study is no exception) is the high number of non-vascular outcomes assessed that

can increase the number of false-positive associations; although I have applied

the Benjamini-Hochberg method445 for multiple hypotheses testing corrections

to control the false discovery rate (FDR), false-positive associations may remain.

Hence independent replication of non-vascular associations of IL-6 and IL-6R are

warranted in future studies. Finally, MR associations of the instruments with

traits (or associations with gene expression) reported in the present study may be

confounded by linkage disequilibrium (LD) of the SNPs used in the instrument with

SNPs associated with the trait. Future investigations using tests such as genetic

co-localisation (a fairly recent development that occurred at the final stages of

drafting my thesis243) are warranted to verify whether associations were confounded

by LD. Nevertheless, given how the genetic instruments in the present study were

constructed, i.e based on association with CRP and whether there was any prior

biological evidence for their use as genetic instruments, it appears unlikely that

reported associations would be confounded by LD.
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5.5 Conclusion

The use of the IL-6(R) instruments enabled a dual receptor-ligand based phenome-

wide assessment of IL-6 signalling in a large East Asian cohort. Genetically predicted

lower plasma CRP concentrations, represented by the IL-6(R) instruments, was

associated with a lower risk of digestive cancers and a higher risk of tuberculosis

using the IL-6R instrument (with consistent estimates using the IL-6 instrument but

estimates included the null). Assessment of associations of the IL-6(R) instruments

with blood biomarkers revealed directionally consistent associations with effects

of tocilizumab on the same biomarkers (where comparisons were possible), except

in the case of circulating albumin: only association of the IL-6 instrument with

circulating albumin was consistent with effects of tocilizumab on plasma albumin

concentration (association of the IL-6R instrument with albumin included the null),

suggesting that IL-6 instrument may be a better proxy for tocilizumab than the

IL-6R instrument. The present work demonstrates the utility of dual receptor-ligand

based MR studies to clarify epidemiological associations of genetic instruments

representing the receptor and ligand, and critically appraise potential therapeutic

and adverse effects of modulating targets part of the same signalling pathways.



6
Discussion

My DPhil research aimed to understand the epidemiological relevance of components

and markers of systemic inflammation to CVD outcomes. In particular, I wanted

to address several knowledge gaps that remained with regards to observational

associations of CRP and fibrinogen, which are fairly well-established markers of

systemic inflammation, and genetic associations of components of interleukin-6

signalling, which influence the hepatic synthesis of CRP and fibrinogen, with CVD,

CVD-related traits, and any relevant non-CVD outcomes. In this section, I discuss

the knowledge and evidence gaps that motivated the research presented in my thesis

and summarise evidence in the context of the wider literature.

6.1 CRP, Fibrinogen, and CVD outcomes

Observational epidemiological studies over the years have consistently shown that

higher concentrations of plasma CRP and fibrinogen were associated with higher risks

of CHD, IS, and ICH92,93,304–310. However, only a few observational studies have eval-

uated these CRP-/fibrinogen - CVD associations in non-Europeans230,231,311.

Although the underlying biology of diseases or traits may be shared across different

ethnic groups, epidemiological associations informing biology of diseases in one

186
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ethnic group may not necessarily be portable to a different ethnic group233,234; one

reason this can occur is due to differences in the distribution of potential effect

measure modifiers232. Moreover, while many studies have investigated associations

of CRP and fibrinogen with CHD and IS, far fewer studies (that were largely likely

underpowered230,231,311) have assessed associations of the inflammatory markers with

ICH - a subtype of haemorrhagic stroke, that is becoming increasingly prevalent237

in non-European countries, like China.

The present study showed, similar to studies in Europeans92, higher usual levels of

plasma CRP were associated with higher risks of CHD, IS, and ICH. The associations

of CRP with the CVD outcomes were independent of several well-established CVD

risk factors, including BMI, SBP, and plasma LDL-C concentrations, among others.

There was also no evidence of effect modification of the CRP-CVD associations by

pre-specified subgroups.

However, unlike reports in European studies93, higher usual levels of plasma

fibrinogen were not associated with higher risks of CHD or the stroke types in

my analysis. A major limitation of my analysis of plasma fibrinogen with CVD

outcomes was that only half the study participants who had measurements of CRP,

had measurements of plasma fibrinogen (n = ~9,000), suggesting one possible reason

for the largely null fibrinogen-CVD association may be due to low statistical power.

The alternative explanation of the null fibrinogen-CVD association is that it is

a real observational association specific to East Asians and was not observed in

Europeans due to the aforementioned trans-ethnic differences in the distribution of

potential effect measure modifiers. Larger East Asian cohorts are required to resolve

whether the present scenario of neutral fibrinogen-CVD association reported in my

thesis represents a case of an underpowered study or illustrates a true trans-ethnic

difference in the epidemiological association due to differences in the distribution

of anthropometric traits (e.g. height, BMI) that are associated with CVD risk or

known CVD risk factors (e.g. LDL-C, SBP)353,356.
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Nevertheless, observational associations of CRP and fibrinogen with CVD outcomes

in the present and the previous studies are discordant with their respective genetic

epidemiological associations. Mendelian randomisation studies, using genetic

variants in or near the relevant gene encoding CRP or fibrinogen, have reliably shown

that observational associations of CRP and fibrinogen with CVD outcomes were

unlikely to be causal94,289,360,446. This means that whilst CRP and fibrinogen remain

useful as markers of general inflammation and as predictors of CVD outcomes,

they are unlikely to be useful as therapeutic targets. This led me to search

for inflammation-associated therapeutic targets that influence the synthesis of

circulating CRP and fibrinogen that are likely to have translational value.

The studies by Ridker et al205,309 and the CANTOS303 and CIRT259 trials (that

were published during my DPhil) demonstrated the potential therapeutic value

of targeting the IL-1β-IL-6 axis for CHD. While the CIRT study using low-dose

methotrexate showed no effect on circulating levels of IL-6 or CRP and no evidence

of a therapeutic effect in recurrent CVD, the CANTOS trial using canakinumab

(IL-1β antagonist) showed reductions in plasma IL-6 and CRP concentrations and a

commensurate lowering of risk of recurrent CVD events compared to placebo. This

motivated my research on IL-1β and IL-6 signalling components and resulted in

the subsequent chapters where I report genetic epidemiological investigations of

components of the IL-6 signalling pathway. It should be noted that the subsequent

chapters focus on IL-6 and not on IL-1β because I was not able to find genetic

variants in the IL1B locus (and other inflammation-associated loci) (Figure A.3)

associated with plasma CRP concentrations in CKB whereas there were several

genetic variants in IL6R and IL6 loci associated with circulating CRP in CKB and

also reported in various European studies288,371.
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6.2 Interleukin-6 signalling and CVD outcomes

Evidence from MR studies has documented associations of the IL-6R protein with

CVD in Europeans96,97,286,385. The basis of these MR studies was the use of a

genetic variant (rs2228145-C, Asp358Ala) that was reported to alter IL-6 signalling

by enhancing proteolytic cleavage of mIL-6R to sIL-6R281. The Asp358Ala variant

(will be referred to as the IL-6R instrument henceforth), in addition to being

associated with higher plasma sIL-6R concentrations, was also associated with lower

plasma concentrations of CRP and fibrinogen, and higher plasma concentration

of IL-6 protein. The direction of association of the IL-6R instrument with sIL-6R,

IL-6 protein, CRP, and fibrinogen was consistent with the direction of effects of

tocilizumab (an IL-6R antagonist) on the same circulating proteins reported in

tocilizumab clinical trials97, raising the possibility that the IL-6R instrument can

be used to investigate therapeutic and adverse effects of tocilizumab (and similar

IL-6R antagonists).

However, given the two modes of IL-6 signalling (Figure 1.9), the higher concentra-

tions of sIL-6R and IL-6 protein observed with tocilizumab and the IL-6R instrument

would tend to promote IL-6 trans-signalling, the mode of signalling that was shown

in animal models to underlie the progression of several inflammatory diseases367.

One explanation of higher sIL-6R and IL-6 protein observed with tocilizumab

was that tocilizumab competes with free IL-6 protein to bind to sIL-6R to form

tocilizumab:sIL-6R complexes and prolongs the half-life of sIL-6R284. Similar to

tocilizumab, the higher plasma sIL-6R concentrations in individuals harbouring the

IL-6R instrument is likely to result in higher sIL-6R:IL-6 complexes that prolong

the half-life of both sIL-6R and IL-6 protein378 and this can lead protein assays to

detect higher concentrations of sIL-6R and IL-6 protein. It remains unclear to what

extent protein assays, e.g. SomaLogic, can reliably distinguish between bound and

free forms of a protein371.

Nevertheless, while tocilizumab blocks both mIL-6R and sIL-6R (preventing IL-6

classic and trans-signalling, respectively), the higher circulating sIL-6R:IL-6 complex
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associated with the IL-6R instrument, unless bound to soluble gp130 (sgp130), can

still (plausibly) trigger trans-signalling. To better profile the effects of lower IL-6

classic and trans-signalling, I used genetic variants in the IL6 locus associated

with lower plasma CRP in CKB as the IL-6 instrument. An alternative design

would be to select genetic variants associated with CRP from across the genome

and this polygenic approach would explain more of the plasma CRP variation than

the IL-6(R) instruments. This polygenic approach, however, would be susceptible

to horizontal pleiotropy as observed associations may be mediated by unknown

pathways. Furthermore, the polygenic approach is not appropriate when the research

question concerns associations related to pharmacological perturbation of a biological

target as it may yield associations that are not target-mediated (e.g. differences

in polygenic vs. locus-specific associations of CRP with CHD287). In these cases,

where investigations aim to infer the efficacy or safety of target modulation, it is

important to understand whether the observed associations are target-mediated and

use of cis-acting and biologically valid trans-pQTLs tend to be more informative

approaches than the polygenic approach to instrument selection269.

Additionally, to assess whether associations are generalisable, I used the same

IL-6R instrument and an equivalent IL-6 instrument from European studies to

investigate associations in Europeans. An important implication of this work, beyond

characterising the consistency of associations between the IL-6(R) instruments and

between the ethnic groups, is whether the potential effects of drugs targeting the

IL-6R receptor is equivalent to drugs targeting the IL-6 ligand, informing the

design and relevance of clinical trials targeting components of the IL-6 signalling

pathway.

In this chapter of my thesis, I reported associations of the IL-6R and the IL-6

instruments with CVD outcomes and CVD risk factors. In particular, I identified

some associations with the IL-6R instrument in East Asians that were not consistent

with the IL-6 instrument. A key finding was the association of the IL-6R instrument

with lower risks of CHD and MI in East Asians and Europeans (consistent with
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previous studies in largely European populations) was not consistent with the null

association of the IL-6 instrument with CHD/MI that was observed in both East

Asians and Europeans and persisted even when IL-6 instrument:CHD/MI estimates

were meta-analysed across the two ethnic groups. Construction and analysis using

the IL-6 instrument was motivated not just by the need to understand associations

due to lower levels of the IL-6 ligand informative for IL-6 blockers, but also to

resolve whether the associations observed with the IL-6R instrument (given its

paradoxical associations with higher sIL-6R and IL-6) are representative of IL-6

signalling inhibition (i.e. relevant for IL-6R blockers). The null associations of the

IL-6 instrument with CHD may, therefore, indicate that pharmacological agents

that inhibit the IL-6 signalling pathway may not reduce the risk of CHD. The

discrepant IL-6 receptor-ligand association for CHD/MI has implications for the

development and trials of drugs targeting IL-6 receptor and IL-6 protein for these

CVD outcomes. For example, although preliminary trials of ziltivekimab (IL-6

blocker)381 increased myocardial salvage in patients with acute MI and reduced

biomarkers of inflammation respectively, the present work questions their efficacy

in preventing incident CVD events.

By contrast, the IL-6R instrument was also associated with a lower risk of IS and a

higher risk of ICH, and in this case, these associations were consistent with the IL-6

instrument and with meta-analysed estimates consistent across both ethnic groups.

The lower risk of IS associated with the IL-6R instrument was also demonstrated

in a more recent study in Europeans, along with the observation that the lower

risk extends to different subtypes of IS (specifically, large-artery, small-vessel, and

cardio-embolic subtypes)286. The corresponding higher risk of ICH with both the

IL-6R and IL-6 instrument, however, has not been reported by previous studies to

the best of my knowledge.

The lack of evidence of an association of the IL-6 instrument with CHD and the

corresponding higher risk of ICH observed with both the IL-6(R) instruments should

serve as an impetus for deeper pre-clinical investigations thoroughly examining the
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genetic associations in different ethnic groups in well-powered phenotype-linked

bioresources. Provided there is clear evidence of replication of associations observed

in my thesis, we should reconsider the value of large investments in clinical trials

testing IL-6 inhibition for primary prevention of CHD.

Furthermore, although both the IL-6(R) instruments are associated with lower CRP

and fibrinogen, there may be key differences in their signalling mechanisms (with

one [IL-6R] altering the ratio of trans- to classical signalling and the other [IL-6]

lowering both) that underlies the differences in their distinct associations (or lack

of an association) with CHD. Experimental work, which is beyond the scope of

my thesis, is required to disentangle the precise molecular signatures that result

from the different signalling pathways. Additionally, it remains possible, despite

use of locus-specific instruments, and especially for the IL-6 instrument (since the

IL-6R instrument was based on a biological evidence of a mutation directly affecting

the levels of the sIL-6R protein), that the associations (or the lack of associations)

of the IL-6 instrument may be mediated via unknown pathways proximal to the

IL-6 ligand (i.e. horizontal pleiotropy). However, the association of the CKB IL-6

instrument with the IL-6 protein in CKB provides additional confidence that the

associations are likely mediated via the IL-6 protein; future studies, however, need

to use larger GWAS of the IL-6 protein to develop better IL-6 instruments in

Europeans to ascertain the observed null associations with CVD.

In addition to CHD97,384, the IL-6R instrument was noted to also reduce risk of aortic

aneurysm in a separate study385; due to the lack of phenotypes related to aortic

aneurysm in CKB at the time of analyses, I was not able to verify the association

of the IL-6(R) instruments with incidence of aortic aneurysm in CKB.

To investigate potential mechanisms underlying these associations, I examined

associations of both instruments with carotid atherosclerosis, well-established CVD

risk factors, lipids, and lipidomic traits (Table 6.1). The IL-6R instrument was not

associated with any of the selected CVD risk factors. However, both the IL-6R
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and IL-6 instruments showed directionally consistent associations with carotid

atherosclerosis, consistent with a previous report in Europeans385. The directionally

consistent associations of both instruments with carotid atherosclerosis potentially

explains the consistent association between IL-6R and IL-6 instruments with lower

risk of IS, but does not explain the discrepant associations between the instruments

with CHD/MI.

To identify any potential biology that could explain the inconsistent associations of

the IL-6(R) instruments with CHD/MI, I examined associations of both instruments

with lipid traits available in CKB and compared, where possible, equivalent

associations in Europeans (Table 6.1). Both the IL-6(R) instruments were associated

with higher plasma concentrations of HDL-C in both East Asians and Europeans.

The association of HDL-C with the IL-6R instrument, however, does not explain

the lower risk of CHD/MI with the IL-6R instrument, as MR studies using

instruments specific to HDL-C have shown that genetically predicted plasma HDL-C

concentrations were not associated with CHD51. Additionally, there was evidence

that both instruments were associated with higher plasma LDL-C concentrations. A

previous IL-6R MR study reported largely null associations of the IL-6R instrument

with plasma concentrations HDL-C and LDL-C, a finding that was inconsistent

with clinical trials of tocilizumab97. This led investigators to speculate that higher

HDL-C/LDL-C may be an off-target effect of tocilizumab or a general sign of

inflammation suppression in individuals with excessive systemic inflammation97.

However, the present study (and a more recent MR study for HDL-C286), using

larger sample sizes, demonstrate associations of the IL-6R instrument with both

HDL-C and LDL-C, that are directionally consistent with tocilizumab trials and

suggest the HDL-C/LDL-C elevations may be an on-target effect of IL-6R blockade.

To understand if the associations of the instruments with HDL-C/LDL-C were due

to associations of the instruments with any specific lipidomic trait (e.g. HDL/LDL

particles), I investigated associations of the instruments with lipidomic data available

in CKB. However, there was no evidence of associations of either instrument with

any lipidomic traits.
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These dual receptor-ligand analyses provide three important insights. First, blockade

of IL-6 signalling, although associated with lower markers of systemic inflammation,

is unlikely to prevent incident CHD. There is some evidence that IL-6 signalling

antagonism may reduce the risk of IS, but at the cost of higher risk of ICH (similar

to the effect of LDL-lowering therapies54) and future research should aim to perform

a net-benefit analysis..

Table 6.1: Summary of trans-ethnic (East Asians and Europeans) and inter-
instrument (IL6(R)) consistency of associations

Traits Figure Evidence of heterogeneity*
East Asians and Europeans IL-6R and IL-6 instruments

CVD outcomes Figure 4.6 Null Null, except for CHD and MI
CVD risk factors Figure 4.7 Null, except SBP and BMI Null
Lipids Figure 4.8 Null Null

*5% FDR of meta-analysed estimates

Second, the association of both the IL-6(R) instruments with HDL-C and LDL-C

are directionally consistent with reports from tocilizumab trials and suggest the

HDL-C/LDL-C elevations may be an on-target effect of IL-6R blockade. Third, the

thesis makes a general case for dual receptor-ligand analyses as standard practice,

where appropriate, for therapeutic appraisal of drug targets. If associations of the

IL-6 instrument with CHD/MI are real, it suggests that the effects of drugs that

target IL-6R may not be readily portable to drugs that target the IL-6 ligand or,

more generally, block the IL-6 signalling pathway. This means that investigators

should not assume that the effects of drugs targeting the receptor as equivalent

to targeting the ligand (or vice versa) and should perform in-depth receptor-

ligand assessments, for example using human genetics. Additionally, many soluble

receptors are known to be decoy receptors447, i.e. higher levels of these soluble

receptors sequester the circulating ligand and, rather than activating, antagonizes the

signalling pathway that typically operates when the ligand binds to the membrane-

bound form of the receptor. This may not always be the case, and like soluble IL-6R,

many soluble receptors may operate via pathways distinct from the ligand. The

present work exemplifies one approach to appraise the associations of the soluble
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receptors. Using genetic instruments that represent the circulating receptor and

ligand enables a more comprehensive assessment of the likely efficacy and safety of

pharmacologically modulating the biological pathways that operate via the receptor

and ligand molecules.

6.3 Phenome-wide associations of interleukin-6
signalling

In addition to investigating the therapeutic relevance of IL-6 signalling for CVD,

I leveraged the extensive phenotyping in CKB to investigate pre-specified non-

vascular (i.e. for diseases, where the role of inflammation is known or suspected),

proteomic, and phenome-wide screens to elucidate potential adverse effects or

discover additional potential therapeutic signals with each instrument.

Among the pre-specified non-vascular outcomes, the IL-6R instrument was associated

with a reduced risk of digestive cancer outcomes (driven largely by the association

of the IL-6R instrument with oesophageal cancer) and a higher risk of tuberculosis.

Like CHD/MI analysis in the previous chapter, these associations were not consistent

with the IL-6 instrument which showed largely neutral associations with digestive

cancer and tuberculosis. The restricted access to full summary statistics of digestive

cancer traits in the European population and the lack of studies examining the

association of IL-6R/IL-6 instruments with tuberculosis, limits the comparison of

effects reported in my thesis. The association of the IL-6R instrument with a higher

risk of tuberculosis is consistent with the immunological role of IL-6 signalling418

and was also identified as a possible adverse effect of tocilizumab which was reported

to re-activate latent tuberculosis448.

To investigate potential mechanisms, I assessed associations of the IL-6(R) instru-

ments with clinical chemistry measurements (in addition to the clinical chemistry

examined in the previous chapter) and, for a smaller subset of the study cohort, with

92 proteins part of OLINK’s immuno-oncology panel. The IL-6R instrument was

associated with lower plasma fibrinogen and lower plasma albumin concentrations,
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whereas the IL-6 instrument was also associated with lower levels of fibrinogen but,

unlike the IL-6R instrument, associated with higher plasma albumin concentrations.

Albumin is a ‘negative’ acute phase protein and is inversely correlated with CRP

concentrations346. The directionally discordant associations of both instruments with

albumin suggest that the IL-6(R) instruments may represent different IL-6 signalling

pathways and speaks to the relevance of dual receptor-ligand MR investigations as

part of comprehensive pharmacological assessments of drugs targeting components

of a signalling pathway. For example, in this case, the association of the IL-6

instrument (and not the IL-6R instrument) with albumin was consistent with

observations in clinical trials of tocilizumab449,450.

Additional proteomic and phenome-wide assessments did not yield any additional

biological insights, indicating the need for larger studies for more reliable assessments

in the future.

6.4 Research implications

Emerging evidence suggests that targeting inflammation pathways related to the

IL-1β signalling pathway is of therapeutic relevance for reducing the residual risk

of CVD (residual risk refers to the CVD risk that remains despite treatment

with lipid-lowering, antihypertensive, and anti-platelet agents)309. The IL-1β

signalling pathway regulates IL-6 signalling which contributes to the hepatic

synthesis of CRP and fibrinogen. The CANTOS trial of ~10,000 patients with

prior MI demonstrated a beneficial effect of therapeutic inhibition of IL-1β on

the primary endpoint of major vascular events (nonfatal myocardial infarction,

nonfatal stroke, or cardiovascular death)303. Compared to placebo, canakinumab

(the IL-1β blocker tested in CANTOS) reduced levels of plasma IL-6 and CRP,

with the magnitude of CVD risk reduction proportional to the reduction of CRP

plasma concentrations258,451. However, a separate assessment of CVD risk in study

participants on canakinumab showed a residual CVD risk still remains and this

risk was highest in those with the highest levels of IL-6451. This suggested the
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possibility that CVD risk can be lowered further by drugs that inhibit IL-6 signalling

pathways.

Human genetic evidence that used genetic instruments which partially mimicked

the effects of tocilizumab showed CVD risk reductions prompting the possibility of

therapeutic repurposing tocilizumab or tocilizumab-like drugs for CVD96,97,286,385.

The work in my thesis builds on the previous human genetic evidence, by extending

the IL-6 signalling assessment to a large cohort of East Asians, and, using separate

genetic instruments to represent altered IL-6R and IL-6 signalling, showed that

CHD risk reductions associated with the IL-6R instrument were not observed with

the IL-6 instrument. While both instruments were constructed using genetic data

from a GWAS of CRP in CKB, the IL-6 instrument was designed to mimic the

effect of a drug that would specifically lower CRP concentrations via inhibition

of the IL-6 protein (e.g. siltuximab), as opposed to reductions of CRP observed

with alteration of the ratio of sIL-6R to mIL-6R (the effect of the IL-6R genetic

instrument).

Aside from CHD, there were largely consistent associations between both instruments.

Indeed, some IL-6 instrument associations with clinical chemistry measurements

(e.g. albumin, Table 5.1) suggested that the IL-6 instrument may represent biological

effects of tocilizumab better than the IL-6R instrument that was assumed in previous

studies to represent effects of tocilizumab. Given the partial consistency of effects

between IL-6R instrument and tocilizumab observed in the present and previous

studies, it would be appropriate to state that the IL-6R instrument only partially

mimics the effects of tocilizumab. A potential drug that would sufficiently represent

the effect of the IL-6R instrument would be therapeutically beneficial not just for

CVD, but potentially also for digestive cancer traits. However, given the null findings

of the IL-6 instrument with CHD, it is unlikely that IL-6 signalling antagonists

would be therapeutically useful to prevent incident CHD events. The results should

guide the need for deeper pre-clinical research on the cardiovascular implications



6. Discussion 198

of IL-6 signalling blockade before major investments are made to conduct large

clinical trials.

The work in my thesis, therefore, provides a proof-of-concept that dual receptor-

ligand assessments using human genetic evidence can provide important pre-trial

data to guide investments for therapies that have the highest chance of success in

well-powered clinical trials.
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APPENDIX

A.1 Supplemental contents for Chapter 3

Figure A.1: Distributions of biomarkers studied in this thesis before and after
log-transformation
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Standing height

Case/Controls

2382/2862
2382/2862
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2382/2862
2382/2861
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P value
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OR 
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Intracerebral 
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Baseline Traits

Age, Age² and Sex

SBP
BMI
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Physical activity
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Occupation
Standing height
Smoking

Income
Triglycerides

LDL cholesterol

Case/Controls

4657/4984
4657/4984
4657/4983
4657/4984
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P value
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Standing height

Case/Controls
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P value
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OR 
(95% CI)

Ischemic Stroke
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SBP
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LDL cholesterol
BMI
Smoking
Physical activity
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Occupation
Standing height

Income
Education

Case/Controls

1453/4984
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1453/4983
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1453/4984
1453/4984
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P value
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Major Coronary Events

Figure A.2: Associations of CRP and fibrinogen with MCE, IS and ICH on
adjustments for individual risk factors
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Table A.1: Association of rs1880241-G on IL6 gene expression across several
tissues or cell lines in different eQTL studies curated from the Open Targets
Genetics portal filtered at p < 0.05

Study Tissue or cell line1 beta2 se pval
FAIRFAX_2014 [380] Monocyte (LPS2) -0.22 0.04 3.18E-07
QUACH_2016 [452] Monocyte (R848) -0.07 0.02 1.36E-03
GTEX_v7 [453] Cells transformed fibroblasts -0.12 0.04 7.32E-03
GTEX_v7 [453] Spleen -0.22 0.08 8.57E-03
NEDELEC_2016 [454] Macrophage (Listeria) -0.34 0.13 9.81E-03
GTEX_v7 [453] Brain caudate basal ganglia 0.17 0.07 2.41E-02
NEDELEC_2016 [454] Macrophage (Salmonella) -0.20 0.09 2.82E-02
ALASOO_2018 [455] Macrophage (Salmonella) -0.11 0.05 3.05E-02
TWINSUK [456] Lymphoblastoid cell lines -0.17 0.08 3.44E-02
CEDAR [457] Platelet 0.03 0.02 4.10E-02
TWINSUK [456] Skin -0.09 0.04 4.16E-02
GTEX_v7 [453] Skeletal muscle -0.09 0.04 4.20E-02
GTEX_v7 [453] Tibial nerve -0.09 0.04 4.46E-02

LPS2: Lipopolysaccharide 2; R848: Toll-like receptor 7/8 ligand
1 beta represents effect per rs1880241-G allele
2 Included in parenthesis are agents or microbes used to stimulate gene expression in cells

A.2 Supplemental contents for Chapter 4

Table A.2: Power estimates for primary vascular endpoints for IL6R analyses

CVD Outcome Case N Controls N per Case Power
OR = 0.95 OR = 0.90 OR = 0.85 OR = 0.80

MCE 6987 20 0.82 1.00 1.00 1.00
MI 3554 20 0.54 0.99 1.00 1.00
IS 16124 10 0.99 1.00 1.00 1.00

ICH 6757 20 0.81 1.00 1.00 1.00
Plaque 8427 2 0.75 1.00 1.00 1.00

MCE: Major Coronary Events; MI: Myocardial Infarction; IS: Ischaemic stroke; ICH: Intracerebral haemorrhage;

Table A.3: Power estimates for primary vascular endpoints for IL6 analyses

CVD Outcome Case N Controls N per Case Power
OR = 0.95 OR = 0.90 OR = 0.85 OR = 0.80

MCE 5113 20 0.69 1.00 1.00 1.00
MI 2844 20 0.45 0.96 1.00 1.00
IS 11618 10 0.95 1.00 1.00 1.00

ICH 5998 20 0.76 1.00 1.00 1.00
Plaque 8383 2 0.75 1.00 1.00 1.00

MCE: Major Coronary Events; MI: Myocardial Infarction; IS: Ischaemic stroke; ICH: Intracerebral haemorrhage;
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Figure A.3: LosusZoom plots of inflammation loci from CRP GWAS
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Figure A.4: Association of the IL-6(R) instruments and IL6 regulatory SNP
(rs13306436-A) with CRP and IL-6 in all and random subsets.
The figure compares associations of IL6 and IL6R instruments between all
individuals with genetic, biochemistry and proteomics data (model adjusted
for age, age2, sex and case acertainment in each region and estimates meta-
analysed across region using fixed effect method with inverse weighting) and
individuals part of a random study population representative subset (model
adjusted for age, age2, and sex in each region and estimates meta-analysed
across region using fixed effect method with inverse weighting). Error bars
represent 95% CI. Area of boxes are not proportional to inverse of the variance
of effect.
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Figure A.5: Association of IL6 SNPs with vascular and non-vascular outcomes
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Figure A.6: Association of IL6 SNP rs13306436 with CVD traits and
outcomes
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Figure A.7: Associations of IL6R, IL6 gene score with lipidomic traits
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A.3 Supplemental contents for Chapter 5

Table A.4: Power estimates for pre-specified non-vascular endpoints with an
α = 0.05/10 (10 is the number of secondary non-vascular endpoints)

Case N Power
OR = 0.95 OR = 0.90 OR = 0.85 OR = 0.80

500 0.02 0.11 0.35 0.69
1000 0.04 0.28 0.73 0.97
5000 0.35 0.98 1.00 1.00
15000 0.92 1.00 1.00 1.00
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Figure A.8: Association of IL6 SNP rs13306436 with non-vascular outcomes
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Notes: Error bars represent 95% CI. Area of boxes are not proportional to inverse of the variance of effect.
aProteins were log-transformed prior to standardization

Figure A.9: Proteome-wide associations of the IL-6(R) instruments
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TPM: Transcripts per million

Figure A.10: IL6R and IL6 gene expression across post-mortem tissues (listed
alphabetically in reverse). Please note, because these were extracted directly
from the GTEx v8 web interface, the y-axes are on different intervals of the
same scale, log(TPM+1). The figure provides a qualitative measure of relative
expression of IL-6R and IL-6 transcripts across different tissues.
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NES (Normalized effect size) is defined as the slope of the linear regression, and is computed as the effect of the
alternative allele (ALT) on gene expression.
m-value is the posterior probability that an eQTL effect exists in each tissue tested in the cross-tissue meta-analysis,
and ranges from 0 (tissue is predicted to not have an eQTL effect) to 1 (tissue is predicted to have an eQTL effect)
p-value is derived from a t-test that tests the null hypothesis of no effect of rs7529229-C on IL6R gene expression
in a given tissue.

Figure A.11: Effect per rs7529229-C on IL6R gene expression across tissues in
GTEx v8 arranged by effect size. The figure shows that some of the strongest
evidence of association of rs7529229-C was on IL6R gene expression in arterial
and digestive tract tissues.
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