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Abstract

Rationale

Chronic Thromboembolic Pulmonary Hypertension involves formation and non-
resolution of thrombus, dysregulated inflammation, angiogenesis and the development of
a small vessel vasculopathy.

Objectives
We aimed to establish the genetic basis of chronic thromboembolic pulmonary
hypertension to gain insight into its pathophysiological contributors.

Methods

We conducted a genome-wide association study on 1907 European cases and 10363
European controls. We co-analysed our results with existing results from genome-wide
association studies on deep vein thrombosis, pulmonary embolism and idiopathic
pulmonary arterial hypertension.

Measurements and Main Results

Our primary association study revealed genetic associations at the ABO, FGG, F11,
MYH7B, and HLA-DRA loci. Through our co-analysis we demonstrate further
associations with chronic thromboembolic pulmonary hypertension at the F2, TSPANIS,
SLC44A2 and F5 loci but find no statistically significant associations shared with
idiopathic pulmonary arterial hypertension.

Conclusions

Chronic thromboembolic pulmonary hypertension is a partially heritable polygenic
disease, with related though distinct genetic associations to pulmonary embolism and to
deep vein thrombosis.

(162 words)
Key words: Genome-wide association study, Pulmonary Arterial Hypertension, Venous
Thromboembolism



Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is characterised by the
organisation and fibrosis of thromboembolic material leading to the obstruction of
proximal pulmonary arteries which, together with a secondary small-vessel vasculopathy,
results in pulmonary hypertension and subsequent right heart failure.

CTEPH is conventionally considered to result from a process of disordered thrombus
resolution following one or more episodes of acute pulmonary embolism (PE) (1). The
pathobiology of thrombus non-resolution following acute PE however remains poorly
understood but likely arises from complex interactions between mediators of the
coagulation cascade, angiogenesis, platelet function and inflammation in association with
host factors. Large volume acute PEs, idiopathic presentation, and PE recurrence are
associated with a risk for CTEPH development (2). Inefficient anticoagulation may also
trigger thrombus formation (3). These factors however do not serve to explain the
development of CTEPH in most patients. Furthermore, up to 25 % of CTEPH patients do
not have a history of antecedent PE. The ability to identify abnormalities in
coagulation/fibrinolysis pathways in CTEPH patients is compounded by their treatment
with therapeutic anticoagulation and lack of a good animal model of CTEPH.

Genetic studies in CTEPH have the potential to inform our understanding of disease
pathophysiology, but have thus far been hampered by the challenge of assembling cases
in rare diseases. A European prospective registry found an increased CTEPH risk in non-
O blood groups, in a similar pattern to DVT and PE (4), indicating a genetic association
with the disease at this locus. This differential risk with ABO is also seen in overall risk
of PE and other clotting disorders. To our knowledge, no other genetic associations with
CTEPH have been confirmed at genome-wide significance (P< 5 x 10-8).

The genetic basis of a comparator disease, Idiopathic Pulmonary Arterial Hypertension
(IPAH) has been much more systematically explored. Heterozygous germline mutations
in BMPR?2 are found in 10 — 20 % of individuals with IPAH alongside rarer sequence
variants including SMADY, ACVRLI, ENG, KCNK3 and TBX4 (5). A more recent GWAS
study has also identified common variants contributing to IPAH aetiology and clinical
course (6).



An improved understanding of the genetic basis of CTEPH has the potential to not only
inform disease aetiopathogenesis but in quantification of CTEPH risk, preventative
strategies and treatment options. An evaluation of CTEPH genome-wide associations is
therefore warranted. Co-analysis with existing GWAS in PE and DVT aims to improve
both discovery and the interpretation of results in comparison to other venous
thromboembolic phenotypes. Given well-known genetic drivers to the development of
IPAH and its shared pathobiological features of vascular remodelling, inflammation and
dysregulated angiogenesis with CTEPH, genetic associations between CTEPH and IPAH
were also explored.

Methods

Study samples and participants

The study was approved by the regional ethics committee (REC no. 08/H0802/32 and
08/H0304/56). All study participants provided written informed consent from their
respective institutions.

GWAS on CTEPH

We conducted a two-stage design: a discovery study including only UK samples, and a
replication stage using non-UK cases and a mixture of non-UK and UK controls.

CTEPH was diagnosed in accordance with international guidelines (7). All patients were
diagnosed through internationally accredited specialist centres with multimodal imaging
and invasive haemodynamics. The UK cases, in addition to review at nationally designated
tertiary centre MDTs are additionally reviewed at the national CTEPH MDT where all
cases are discussed by a multi-disciplinary team of surgeons, cardiologists, radiologists
and PH specialists. Demographics of CTEPH samples are reported in Table S1
(Supplementary Methods). Controls were sourced randomly from the population (without
requiring absence of thromboembolic phenotypes). Samples in the discovery phase were
genotyped on one of four platforms: the Illumina HumanOmniExpress Exome-8 v1.2
BeadChip (1555 cases, 1693 controls); the Illumina HumanOmniExpressExome-8 v1.6
BeadChip (372 cases, 12 controls); the Affymetrix Axiom Genome-Wide CEU 1 Array
(541 cases, 5984 controls, including re-genotyping of 1533 controls genotyped on the



[Mlumina HumanOmniExpressExome-8 v1.2 BeadChip) and the Affymetrix UK Biobank
Axiom array (6717 controls).

We performed sample- and SNP- wise quality control on our dataset (8) and excluded
cases of non-European ancestry using principal components generated using the 1000
genomes project. We imputed all genotypes to whole-genome cover using the Haplotype
Reference Consortium panel on the Sanger imputation server (9,10), separating samples
by genotyping platform, and we included SNPs with an INFO score of at least 0.5 across
all genotyping platforms used in the study. The INFO score is a measure of imputation
accuracy, interpretable as a proportion: a score of 1 indicates full knowledge of the SNP
in all samples, 0 indicates no knowledge of the SNP, and other values indicate knowledge
of the SNP equivalent to full knowledge in that proportion of samples (11). Full details of
quality control procedures are given in the Supplementary Methods.

We separated the discovery cohort into two groups by genotyping platform (Affymetrix
or [llumina) and analysed each separately. In each cohort, we used a logistic regression
with ten principal component covariates to generate association statistics, and corrected
results for residual genomic inflation (12). Since each analysis involved separate samples,
we combined results across platforms using a routine p-value meta-analysis using Fisher’s
method accounting for effect directions.

Co-analysis with DVT and PE

In order to enhance our power to detect CTEPH associations, we co-analysed our p-values
from the CTEPH meta-analysis with p-values derived from GWAS on self-reported PE
and DVT drawn from the UK Biobank (13) (GWAS round 2; self-reported DVT (code
20002 _1094) and self-reported PE (code 20002 1093)). Details of the co-analysis are
given in the Supplementary Methods. In short, the output of each co-analysis is a set of p-
values for CTEPH 'adjusted’ for the overall genetic similarity between CTEPH and the
second disease (14), which we call 'V-values'. We also performed an analysis using results
from DVT in place of results from PE, but found the results from the two analyses were
very similar, so we focus principally on the analysis of PE.

CTEPH GWAS associations



Noting that our replication cohort was analysed at genome-wide SNPs, we defined genetic
associations at three tiers of significance, all of which generally correspond to a genome-
wide significance of overall p-value < 5 x 10" with varying levels of evidence in the
discovery and replication sub-cohorts. The first tier required P < 5 x 10 in the combined
discovery cohort, P < 5 x 10~ in the replication cohort, and P < 5 x 10-® in the combined
meta-analysis, with consistent directions of effect across the two sub-analyses in the
discovery study and in the replication study. The second tier, designed to ensure nominal
association in each cohort and overall genome-wide significance, required a nominal
association of P < 5 x 1072 in discovery and replication cohorts and P < 5 x 107 in the
overall meta-analysis, again with consistent directions of effect. The ‘adjusted’ p-values
allowed a comparison of evidence for association using cFDR in a similar way to a
comparison using meta-analysed p-values, and hence we defined a third tier of association
requiring a p-value of 5 x 10°® in either the overall meta-analysis or the ‘adjusted’ sets of
p-values derived from leverage of the CTEPH summary statistics on summary statistics
for PE, along with consistent directions of effect in discovery and replication cohorts. All
p-value thresholds used in 'tier' definitions were chosen prior to observing the data.

There was a distribution of cases and controls across genotyping batches which could
enable confounding batch effects, and differing sources of cases and controls in the
replication cohort necessitated across-platform comparisons and imperfect geographical
matching resulting in high inflation in association statistics. We also noted recent work
indicating that blood-bank sourced control samples may have differing distributions of
ABO blood groups to the general population, potentially biasing association statistics at
that locus. In the Supplementary material, we analyse allele frequencies across batches and
cohorts directly, and thus demonstrate that these confounding effects are unlikely to drive
our positive associations.

The study design is outlined in Figure 1.



Figure 1. Flow chart for study design. PCA: excluded due to inferred ancestry based on PCA. Rel/dup:
excluded due to being closely related to another sample, or a duplicate of another sample. Heterozygosity:
excluded due to abnormal heterozygosity rate. Missingness: excluded due to high missingness in genotype,
or otherwise unusable genotype. Full details are given in the supplementary methods. In short, we recruited

cases and controls from a variety of centres around the UK and Europe, including existing controls. Our
discovery cohort consisted of UK and USA samples; our replicatioh cohort of European samples.

Exclusions were applied sequentially: for instance, some samples which would have been excluded for

abnormal heterozygosity rate in the replication cohort were already excluded by PCA.

Genetic overlap with IPAH and PE

As a cause of pulmonary arterial hypertension, we considered the possibility that CTEPH
shares pathology with idiopathic pulmonary hypertension (IPAH). We firstly assessed
whether our findings had any associations in common with a recent GWAS on IPAH (6).
To assess for genome-scale similarity in genetic basis between IPAH and CTEPH, we used
linkage disequilibrium-score regression (LDSC) (15) to estimate genetic correlation pg
between the two traits, which measures the degree of shared genetic basis. We also
estimated genetic correlation between IPAH and PE (using the summary statistics for PE
used in the co-analysis with CTEPH) for comparison.

Diseases with identical genetic bases have genetic correlation 1, and diseases with
completely independent genetic bases have genetic correlation 0. If IPAH and CTEPH
each occurred as a consequence of some identical underlying cause, we would expect them
to have genetic correlation 1, whereas if they were caused by completely independent
pathological processes, the genetic correlation would be 0 (and likewise for PE and
CTEPH).

Comparison of DVT, PE, and CTEPH

We would expect to see a slight difference in observed effect sizes between CTEPH, PE,
and DVT at any given variant due to random variation across studies. For each of our
CTEPH-associated variants, we assessed whether the observed effect sizes in CTEPH and
PE were consistent with random variation if CTEPH and PE/DVT had identical underlying



genetic causes. Specifically, we considered a null hypothesis that the two diseases have
identical effect sizes for all SNPs, and assessed the probability of seeing large differences
in effect sizes between CTEPH and PE. Our approach is detailed in the Supplementary
Methods, section 'Differential effect sizes between CTEPH, DVT and PE'.

Results

GWAS on CTEPH

After quality control (see Figure 1), our dataset consisted of 1146 cases and 5498 controls
in the discovery cohort, and 761 cases and 4865 controls in the replication cohort. A total
of 4655481 SNPs passed quality control and were included in the final analysis. At tier 2
significance, the study had approximately 80 % power to detect an odds ratio of 1.3 for a
SNP of minor allele frequency (MAF) 0.25, or an odds ratio of 1.7 for a SNP of MAF 0.05.
Further details of power for tier 1 and 2 significance are shown in Supplementary
Figures 1,2,3. Minimal detectable effect sizes at tier 3 significance are more complex; see
Supplementary Methods.

We computed genomic inflation factors (A) which measure the overall distribution of p-
values, and should be close to 1. These were 0.95 in the discovery cohort and 1.21 in the
replication cohort (Aioco = 1.16; see Supplementary Methods (16)), suggesting that p-
values in the replication cohort were overall lower than expected. We were not able to
reduce inflation in the replication cohort by inclusion of further covariates or by use of
linear mixed models, and concluded that the degree of inflation was inevitable given the
imperfect geographical matching between cases and controls in the replication dataset. We
corrected P-values in the replication cohort for this residual inflation (12), thereby
avoiding false positives arising from this inflation.

A Manbhattan plot of meta-analysed p-values is shown in Figure 2. Manhattan plots for the
discovery and replication cohorts alone are shown in Supplementary Figures 4 and 5. Two
regional associations (FGG and ABO) were found at tier 1 significance, and a further
association (MYH7B) at tier 2 significance. Two further regions (F// and HLA-DRA)
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reached tier 3 significance on the basis of meta-analysis p-value. Results for all SNPs
reaching genome-wide significance are shown in Table 1.

Chr. BP RSID MAF OR P P(PE) \% Tier  Gene

9 136137106 15687289 0.340 1.80 6.8x 107 5.4x10% 6.8 x 107 1 ABO

4 155520930 187659024 0.250 1.60  9.0x 10" 47x 10" 3.5x10% 1 FGG

4 187207381 152289252 0.400 130 7.7x 107 33x 107 3.0x 107 3 Fll

20 33572178 15745849 0.430 0.76  3.4x10* 7.5x 107 9.7x 10 2 MYH7B

6 32434481 rs17202899 0.100 1.60 4.7x10°% 5.5x 10" 9.2x 107 3 HLA-DRA
11 46349696 rs149903077 0.013 330 79x10* 1.6 x 10" 3.0x 10" 3 F2

10 71196698 rs78677622 0.130 0.70  1.5x10° 8.2x 10" 6.0x 10" 3 TSPANIS
19 10742170 rs2288904 0.210 0.76  83x10° 22x107 9.3x 10 3 SLC44A42
1 169272453 rs796548658 0.039 1.60 1.5x10* 39x 10" 7.2x 1070 3 F5/NME7

Table 1: Genome-wide significant regions for CTEPH. Positions shown are GRCh37 and minor allele
frequency (MAF) is in controls. Overall odds ratios are estimated from meta-analysis p-values and overall
sample sizes. P and P(PE) refer to CTEPH meta-analysis p-values and p-values for for PE (derived from a
separate GWAS) respectively. V shows v-values, which can be thought of as p-values for CTEPH adjusted

to account for overall genetic similarity with PE.

Figure 2: Manhattan plot of -logio(p)-values derived from meta-analysis of discovery and replication
cohorts. Points higher up correspond to variants more strongly associated with CTEPH. Variants reaching
genome-wide significance ( Pcrepr < 5 x 10°®) are marked in black, and variants discovered using co-
analysis with PE are marked in blue, both labelled with the likely associated gene. The black horizontal

line denotes genome-wide significance (p=5x 10_8). Values of -logio(p) larger than 16 are truncated to 16.

Co-analysis with DVT and PE

The co-analyses with PE demonstrated four further associations at tier 3 genome-wide
significance (F2, TSPANI15, SLC44A2 and F5/NME?7). Plots of z-scores from the three
analysis showed evidence of widespread sharing of associations with DVT and PE, but
differential effect sizes between phenotypes (Figures 3, 4a, 4b).

Figure 3. Back-to-back Manhattan plots for CTEPH and PE. The distance from the middle line
corresponds to -logio(p) values; points further from the middle line correspond to variants more strongly
associated with CTEPH (upwards) or PE (downwards). Values of -logio(p) larger than 16 are truncated to

16. Peak variants as in Table 1 are marked with the likely corresponding gene. There is substantial sharing
between associations with CTEPH and with PE. Genome-wide associations (p<5 x 10-8) are marked in
red. Additional associations discovered through leverage (cFDR) are marked in blue.
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Figure 4a, 4b: Z-scores for CTEPH against Z-scores for DVT (left) and PE (right). Each point corresponds
to a SNP, with colour and shape corresponding to chromosome as per the legend. Z-score pairs close to the
origin are excluded. Points higher up correspond to variants more associated with DVT/PE, and points
further to the right correspond to variants more associated with CTEPH. Potential genes (F11, F5, HLA-
DRA, etc.) are labelled for some SNPs. The area to the right of the dotted black line is a rejection region
based on a CTEPH genome-wide significance threshold of Pcrgpy < 5 x 108, The area to the right of the
solid black line is a rejection region based on the levered analysis using conditional false discovery rates,
equivalent to a V-value < 5 x 10°%. The solid red line shows the expected position of Z-score pairs if SNP
effect sizes for CTEPH and DVT/PE were identical. If effect sizes were identical for all SNPs, the
probability of any of the points corresponding to the =200 SNPs reaching genome-wide significance for
CTEPH or DVT/PE falling outside the dashed red lines is < 0.05. We see that peak SNPs for F'5 and HLA-
DRA fall outside the dashed lines in both plots.

CTEPH GWAS associations
FGG and ABO (tier 1)

We found an association with peak SNP rs7659024, around 4kb downstream of the FGG
gene. The FGG gene codes for the gamma chain of the fibrinogen protein, a precursor for
fibrin, the principal non-cellular component of blood clots. Polymorphisms in FGG are
well-known to be associated with DVT (17). The variant is also 9kb downstream of the
FGA gene, which codes for the alpha chain of the fibrinogen complex. The strongest
association (by p-value) in CTEPH was rs687289 in the 4BO gene, which determines ABO
blood group. This locus is also known to be associated with DVT (17). Patients with non-
O blood groups are at higher risk of CTEPH (18).

HLA-DRA, TSPANI1S5, F2, SLC44A2, F11 (tier 2/3)

An association (variant rs17202899) was found at tier 2 significance in the HLA-DRA
gene, which to our knowledge has not been shown to be associated with DVT or PE. The
variant is strongly associated with multiple autoimmune conditions, including type 1
diabetes (19), systemic lupus erythamatosis (20), and multiple sclerosis (21). Variant
rs78677622, on chromosome 10, is an intron variant 10kb upstream of T7SPAN15, which
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is known to be associated with DVT (17). Variant rs149903077 on chromosome 11 is an
intron variant in the DGKZ gene, but is likely to correspond to an association of CTEPH
with the F2 gene, from which it is 390kb upstream.

Variant rs2288904 on chromosome 19 is a missense variant in the SLC44A42 gene, variants
in which are associated with DVT (17). Variant rs2289252 on chromosome 4 is an intron
in F11, which codes for coagulation factor 11, variants in which are DVT-associated (17).
Variant rs745849 on chromosome 20 is an intron in the MYH7B gene, for which there are
nearby associations with DVT (17), though the variant itself does not reach genome-wide
significance for either DVT or PE. The variant is associated with human height and ease
of tanning (13). Finally, we found an association at rs796548658 on chromosome 1 at tier
3 significance. Although the peak variant is an intron in the NME7 gene, it is likely to
represent an association of CTEPH with the F5 gene, which is strongly associated with
DVT (17). This association is notable for the relatively small effect size in CTEPH.

Genetic overlap with IPAH and PE

We did not find genetic evidence of shared pathology between CTEPH and IPAH. No
shared genome-wide associations are evident between our findings and a recent GWAS
on IPAH (6). The observed genetic correlation between IPAH and CTEPH was not
significantly different from 0 (est. pg -0.37, standard error 0.38; p-value 0.3 against H: p,
=0), but was significantly different from 1. The genetic correlation between CTEPH and
self-reported PE was significantly above zero, indicating shared genetic architecture (est.
pe 1.07, standard error 0.44; p-value 0.014 against H’: p, =0) but not significantly different
from 1, indicating that identical genetic architecture could not be ruled out with this
analysis. We concluded that, on the basis of genetic correlation, CTEPH is more similar
to PE than to IPAH.

Comparison of DVT, PE and CTEPH
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We found a substantial difference in observed effect sizes of variants in the F5 gene
between DVT, PE and CTEPH. We also noted that the HLA-DRA and MYH?7B variants are
not known to be associated with DVT or PE.

For both the F'5 and HLA-DRA regions, the probability of observing effect sizes at least as
different as those seen under a null hypothesis of identical true effect sizes between
CTEPH and DVT or PE was < 0.05, using a Bonferroni correction over all variants
reaching genome-wide significance for either disease. This is shown in Figure 2.

If the observed odds ratio of the peak SNP for 5 in DVT (or SNPs in close linkage
disequilibrium) were equal to the true odds ratio in CTEPH, our study would have had >
99 % power to detect an association at tier 1 significance. Likewise, if the observed odds
ratio for the HLA-DRA association found in our study corresponded to the true effect size
in DVT, then the study on DVT would have > 99 % power to detect the association.

We conclude that the effect size of causal variants in 5 and HLA-DRA in CTEPH is
different to the effect of those variants in DVT and in PE. We cannot conclude that the
effect size of the causal variant in MYH7B differs between CTEPH and DVT or PE.

Discussion

We report the first GWAS in CTEPH, comprising a multinational study on a cohort with
sufficient power to find common-variant associations of reasonable size. In general, the
associations we find are consistent with a shared genetic associations of venous
thromboembolism, although we identify important differences in genetic architecture to
PE and DVT. CTEPH is a partially heritable polygenic disease: it does not develop
randomly amongst patients with pulmonary emboli, nor is development of CTEPH
governed entirely by environmental triggers: if this were the case, all genetic associations
for both diseases would have identical size (and variants in F5 and HLA-DRA do not).
Historical debate has for decades posited that the similarity in pathophysiology, presence
of thrombus in some cases of IPAH and absence of index PE in up to a quarter of cases of
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CTEPH suggests that CTEPH is not simply the consequence of disordered thrombus
fibrinolysis but instead a potential overlap of distal cases of CTEPH and IPAH (22). Our
work supports evidence that CTEPH and IPAH are distinct and that despite similar
vascular remodelling, inflammation and involvement of dysregulated angiogenesis, the
underlying aetiologies are different. This is consistent with work examining CTEPH
cohort demographics and phenotypes (23). Genetic associations of underlying
susceptibility to vascular remodelling or pulmonary hypertension do not appear to be
major drivers of CTEPH in this study.

The smaller effect sizes of variants in /5 in CTEPH may be an example of index-event
bias (24), a phenomenon in which the effect of a risk factor is underestimated due to the
dominance of other factors. Specifically, the large effect of the F5 Leiden variant in
causing thromboembolic disease may paradoxically mean that patients with PE carrying a
F5 Leiden variant have a lower burden of other genetic and environmental risk factors for
CTEPH, and are hence less likely to develop CTEPH following PE than those without the
variant. This could also account for the apparently smaller relative effect of F5 variants in
PE than in DVT seen in Figures 4a, 4b.

To our knowledge, HLA-DRA has not previously been shown to be associated with either
DVT or PE, though variants in the locus have been associated with a range of immune-
related phenotypes (25), likely reflecting a role in the processing and presentation of Major
Histocompatibility Complex molecules. Increased CTEPH risk has long been linked with
underlying autoimmune and haematological disorders (4). In addition, a variety of
inflammatory cytokines are elevated in CTEPH and correlate with pulmonary artery
inflammatory cell infiltration and CTEPH severity (26).

An important shortcoming of our work is imperfect geographic matching between cases
and controls in the replication cohort, resulting in a degree of inflation in summary
statistics. This is unavoidable with our current dataset. To manage this, we forcibly
rescaled y* statistics to remove the inflation (see Supplementary methods). Reassuringly,
our overall findings are not unexpected. A further shortcoming of our work is its restriction
to individuals of western or central European ancestry, and further investigation into the
genetic architecture of CTEPH in other ethnicities is warranted.
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In summary we provide the first large scale GWAS in this rare disease and we demonstrate
for the first time the genetic architecture of a complex condition leveraged against
comparator datasets. These analyses establish the primacy of dysregulated
thrombosis/fibrinolysis in aetiology and extend our understanding of the possible
contribution of additional pathophysiological mechanisms including inflammation.
CTEPH did not share any genetic associations with IPAH further confirming that despite
significant shared pathophysiology these conditions have divergent aetiology.
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Supplementary Methods

Sample details

We recruited CTEPH patients with western and central European ancestry from five
European and one United States specialist pulmonary hypertension centres: Bad Nauheim
(Kerckhoff Heart and Lung Centre, Bad Nauheim, Germany); Papworth (Royal Papworth
Hospital, Cambridge, UK), Imperial (Hammersmith Hospital, Imperial College Healthcare
NHS Trust, London, UK), Leuven (KU Leuven - University of Leuven, Leuven, Belgium),
San Diego (University of California, San Diego, USA), Vienna (Medical University,
Vienna, Austria). CTEPH was diagnosed using international criteria (27) and patients were
excluded if they had other major contributing factors to their pulmonary hypertension.
Cases were recruited between 2011 and 2017. Centres supplied all available bio-banked
samples that had been consented for genomic studies and were suitable for DNA
extraction. Clinical details of samples are shown in table S1.

Cases Pre-QC Final

N 2467 1907

Male 49.7;10.5% 49.1;13.1%

Age 65.4 (53-74); 24 % 66 (54-74); 17 %
Height 172 (160-180); 86 % 172 (160-180); 85 %
Weight 80 (72-94); 86 % 80.7 (72-95); 85 %
MPAP 45 (36-53); 74 % 45 (36-52); 70 %
PVR 652 (360-930); 75 % 649 (370-930); 71 %
Cl 2.4 (2-2.9); 96 % 2.4 (2-2.9); 95%

Co 4.18 (3.3-5.1); 69 % 4.2 (3.3-5.1); 67 %
PCWP 11(8-14); 72 % 10(8-13); 70 %
6MWD 313(210-390); 75 % 314 (210-390); 73 %
NYHA class 3(3-3); 70% 3(3-3); 68 %
Controls Pre-QC Final

N 13247 10363

Male (%) 48.2;0.034 % 48.7;0.019 %

Age 45 (35-53); 88 % 45 (35-53); 86 %
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Table S1: Clinical characteristics of case and control samples, format median (IQR) where appropriate.
MPAP: mean pulmonary artery pressure; PVR: pulmonary vascular resistance; CI: cardiac index; CO:
cardiac output; PCWP: pulmonary capillary wedge pressure; 6MWD: six-minute walk distance; NYHA:
New York Heart Association class. Percentages after values give the proportion of missing or ambiguous
values. Data on height, weight, MPAP, PVR, CI, CO, PCWP, 6MWD and NYHA class were available
only for patients from UK clinics

In our discovery phase, we compared UK- and California- sourced CTEPH cases to 5984
healthy controls from the UK 1958 birth cohort and UK Blood Service. These samples
were originally genotyped on the Affymetrix Axiom Genome-Wide CEU 1 Array, and we
re-genotyped 1533 controls on the [llumina HumanOmniExpress Exome-8 v1.2 BeadChip
which was used for cases.

In our replication phase, we compared non-UK non-California samples with 6717 UK-
and European- samples from a recent GWAS on eosinophilic granulomatosis with
polyangiitis (28). Although cases used in the replication dataset were exclusively non-UK,
we found that inclusion of UK-sourced controls did not worsen inflation, so we did not
restrict control samples to those not from the UK.

Genotyping, quality control and imputation

As above, our cohort consisted of [llumina-typed cases and controls and Affymetrix-typed
cases which we genotyped and imputed, UK-based Affymetrix-typed controls which were
previously genotyped, but we imputed, and Affymetrix-typed UK- and Europe- based
controls which were previously genotyped and imputed. We were able to split the
discovery phase into two separate analyses by platform type, but this was not possible in
the replication phase as all controls were genotyped on an Affymetrix platform. Our
quality control procedures diverted slightly between the discovery and replication phase.

[llumina samples were genotyped in four separate batches, and Affymetrix cases in a fifth.
Genomic DNA was extracted and from whole blood or bufty coat fractions and quantified
with ultraviolet-visible spectrophotometry (LGC, Hoddesdon, Herts, UK). DNA was
normalised to a concentration of 50 ng/pL and a total volume greater than 4 pL (total DNA
> 200 ng), which was required for the DNA microarray. Each batch of micro-array
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intensity data was normalised and clustered. Genotypes were called independently using
Illumina GenomeStudio (v2.0) or the Affymetrix Genotyping Console (4.0). Samples
containing more than 1 % missing genotypes were removed and SNPs were re-clustered.
SNPs with poor clustering quality scores (GenTrain score (< 0.7) or clustering separation
score (< 0.5)) were excluded following re-clustering. Genotyping procedures for the UK
1958 Birth cohort and UK NBS controls chip used in the discovery cohort are described
in (25) and for controls used in the replication cohort in (28). We removed samples with
heterozygosity rate more than 3 standard deviations from the batch mean or disparate
reported and inferred sex. Across all samples including those genotyped, we assessed
relatedness and removed one of any pair with > 30 % identity-by-descent, ensuring the
absence of first-degree relatives in the dataset.

We then added two further batches: Affymetrix controls from the 1958 birth cohort, and
Affymetrix controls from the UK NBS. Within each batch, we removed SNPs with minor
allele frequency < 1 %, SNPs deviating from Hardy-Weinberg equilibrium with p < 1 x
105, and SNPs with missingness > 2 % or differential missingness between cases and
controls (p < 0.05, Bonferroni corrected). We removed samples of divergent ancestry
(separating by discovery and replication cohorts), assessed using principal components
derived from the 1000 Genomes project (see section below).

We then combined all Illumina samples and all Affymetrix samples into separate
combined batches for imputation, and imputed combined batches separately to genome-
wide cover (Haplotype Reference Consortium (rl.1)) using the Sanger Imputation Server
(9,10), pre-phasing with EAGLE2. Imputation details for replication controls are described
in (28). We retained imputed variants with an INFO score of > 0.5 and a minor allele
frequency of > 1 % in all three datasets.

We then separated all samples to be used in the replication phase. We combined remaining
discovery-phase samples into two cohorts by genotyping platform (Illumina/Affymetrix).
Since cases and controls in the replication phase were genotyped and imputed separately,
and had somewhat different geographic distributions, we imposed further quality control
measures on this cohort. We again removed SNPs with differential missingness between
cases and controls (p < 0.05, Bonferroni corrected), removed SNPs for which any
difference was detectable between batches (p < 1 x 1076), removed SNPs with even slightly
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differing allele frequencies between UK controls in the discovery phase and UK controls
in the replication phase (p < 0.005).

We then formed three separate cohorts for association testing. We split the discovery
cohort by platform (Illumina/Affymetrix) but were unable to do this for the replication
cohort, since all control samples were genotyped on an Affymetrix platform, so combined
all replication case samples into a single cohort.

Assessment of divergent ancestry

Principal component analysis using a set of independent directly genotyped SNPs was used
to identify samples with outlying ancestry. This was done separately in the discovery
cohort (four Illumina batches, combined Affymetrix samples) and with all samples
combined in the replication cohort. Samples were initially excluded if they did not cluster
with super-populations from 1000 genomes data (29) PCA was then repeated, and samples
that did not cluster with 1000 genomes European populations were excluded. Samples
were excluded on the basis of distance from the relevant cluster median in standard-
deviation units. Thresholds for exclusion were decided visually from each plot, but in no
case were samples included if they were more than 3 standard deviations from the median
on either the first or second principal component. In the replication cohort, in order to
reduce genomic inflation to a reasonable level, we additionally excluded samples for
whom the first five principal component values were at a Mahalanobis distance of > 10
from the population mean. Plots are shown in Supplementary Figure 6. Some residual
differences can be seen between cases and controls in the replication cohort. Analyses
were conducted in R using the snpRelate package (30).

Statistical analysis

We assessed association between cases and controls using a logistic regression for each
cohort. In the discovery analyses, we used ten principal components as covariates, in which
principal components were derived from genotyped SNPs only. In the replication cohort,
in order to manage a wider geographical diversity, we used five principal component
covariates derived from both our samples and European samples from the 1000 genomes
data, as above.
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We did not adjust for age or sex in our logistic regression models. Neither age nor sex can
be associated with (autosomal) genotype, so neither can act as a confounder in our analysis.
In some cases, adjustment for age or sex may strengthen GWAS associations due to
younger individuals in the control cohort who would become cases were they older or of
a different sex. However, given the rarity of CTEPH, this is unlikely in our case.

We evaluated genomic inflation in sets of p-values derived from each study. We evaluated
both direct genomic inflation, termed A, and the effective genomic inflation had the same
allele frequencies been observed in a study of 1000 cases and 1000 controls, termed 1000,
defined as follows, in which no is the number of control samples and #; the number of case
samples:

1,1
A=1+ A-1) 1”°+"11)
(m+m)

The genomic inflation factor for the replication cohort was moderately large (A=1.21, A1000
= 1.16) but we were unable to reduce it by inclusion of further covariates or by use of a
linear mixed-model (BOLT-LMM (31)) in place of logistic regression. We thus simply
corrected for inflation in each cohort by scaling y? statistics (12).

We combined the two sets of p-values from the discovery cohorts into an overall discovery
p-value, and all three sets of p-values into a set of meta-analysed p-values, using a standard
z-score meta-analysis. Our criteria for genome-wide association are described in the results
overview section above.

Levered analysis

Since CTEPH is phenotypically similar to DVT and PE, we expected that it would share
some genetic associations. This enabled us to use results from large GWAS on PE and
DVT to 'lever' our analysis on CTEPH to improve our power to detect CTEPH
associations. Roughly, we do this by concentrating attention on variants more strongly
associated with DVT or PE.
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Define H’crepn as a null hypothesis of non-association of a variant of interest with CTEPH.
The p-value in our CTEPH GWAS pcrepn  gives us some information as to whether
H'crepr holds. We may also be able to glean some information about H’crepr holds by
considering the association of that variant with some other disease, measured by a p-value
porrer from an association study on other on separate samples. This will only be useful if
the diseases tend to share the same associations. We use a procedure which both assesses
degree of association sharing and tests assocaition with CTEPH in one, involving a
quantity termed the conditional false discovery rate, or cFDR (14,32,33). In our case, the
‘other’ phenotype is PE, giving p-values poruer = pre (or pprr). We consider values
(pcrepH, prE) as samples from the bivariate random variable (PcrepH, PrE)

A routine analysis rejecting H’crepr whenever perepr < 5 x 1078 corresponds to a rejection
subregion of the sample space of the (Pcrern, Prr): specifically, the regions to the right of
the dotted black lines in Figure 4a,4b. The cFDR replaces this with a data-driven rejection
region (the regions to the right of the solid black lines in Figures 4a, 4b), which
approximates the most powerful possible such region (14). It is roughly equivalent to
firstly restricting attention to only SNPs for which Prg < a for some a, concentrating
associations with CTEPH.

We can then estimate the joint distribution of p-values for both CTEPH and DVT under
the null hypothesis for H’crepr and integrate this over these data-driven rejection regions,
giving ‘v-values’, which behave like p-values in having uniform distributions under
H’crepu. These v-values can be thought of as p-values against Hcrepn ‘adjusted’ for the
additional information learned from the set of p-values for DVT association.

Differential effect sizes between CTEPH, DVT and PE

To determine whether the observed differential effect sizes at F'5 and HLA-DRA between
CTEPH, DVT and PE reached significance (red lines on Figure 4a, 4b) we considered a
null hypothesis that the underlying odds ratios of these variants were the same in both
diseases.

23



If ny, Ny, M, My, [y, g represent case/control numbers, observed case/control minor allele

frequencies and population case/control minor allele frequencies respectively for a SNP of
interest, then the Z score is approximated by
log (OR)
~ SE{log(OR)}
lOg (ml(l — mO))

my(1—my)

T1 1 1 1 1
—= + + +
\/f\/nomo ng(l—my) nymy;  ny(1—my)

- m1 - mo Znonl

Vg (1 — o) Mo Ty

assuming no and n; are large, w0~ i and the SNP is diploid. Thus

H1 — Ho 2nony

Vi (1 — o) ™o Ty

E(Z) =

Variance in Z is due to random variance in the study population, and we assume it is
independent between studies on independent traits. Thus, denoting n;"EPH pgCTEPH |y PE
, ng" as case/control numbers in GWAS on CTEPH and PE respectively, under a null
hypothesis that the effect size of the SNP is identical in both diseases, the joint distribution
of Z scores (Zcreru, Zpe): will be bivariate normal with mean on a line through the origin

with gradient
nPERPE  |nSTEPH 4 nCTEPH
PE_, . PE CTEPH ,CTEPH
ny”+ng ng ny
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and unit variance /2. A multivariate normal with unit variance is invariant under rotation,
so given n SNPs, the probability that at least one pair of Z-scores is at distance greater than
D from the mean line is approximately

2nd(—D)

where @ is the Gaussian CDF function. Dotted lines on Figures 4a, 4b show distances D
such that: under a null hypothesis that the effect size of all SNPs is identical for both
diseases, the probability of at least one of the n SNPs reaching genome wide significance
for either disease lying outside the dotted lines is < 0.05,

This is somewhat conservative, since Z scores are dependent due to linkage disequilibrium
and the effective number of independent SNPs is less than n. Correspondingly,
shortcomings of this approach include the possibility that geographic origin can affect
relative effect sizes between GWAS and magnitude of linkage disequlibrium between
SNPs, potentially confounding the relationship between different disease pathologies and
different observed effect sizes in GWAS.

Rationale for tiers of association and choice of p-value threshold

We chose to reject null hypotheses of genetic non-association for variants which had either
a meta-analysis p-value or a v-value less than 5 x 1078, This value is generally taken as an
industry standard in genome-wide association studies, based on a Sidak correction to
control family-wise error rate (FWER) at 5 % across a million independent common
variants (34). Even after stringent quality control, it remains possible that confounding
from population structure or batch effects could lead to a false positive rate exceeding 5 %
in variants affected by this confounding. Since such confounding would be more likely to
differentially affect either the discovery or replication cohort, we additionally required that
in order to reject the null hypothesis, variants had to have a consistent direction of effect
in both the Illumina- and Affymetrix- subcohorts of the discovery cohort and in the
replication cohort. We also defined higher 'tiers' of association (as defined in the main
manuscript) for variants for which we additionally had stronger evidence of a consistent
effect in both the discovery and replication cohorts. Although variants in all three tiers
reach a reasonable threshold for genome-wide significance, we have greater confidence
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that variants in tier 1 and tier 2 were not rejected due to confounding affecting only one
cohort.

We investigated whether the genome-wide association threshold of 5 x 10 was
appropriate in our case, since in practice, individual genotyping platforms have fewer than
a million independent sites. We also aimed to assert that our approach (in which we
rejected the null hypothesis for a SNP if the p-value or the v-value was less than the
threshold) would not lead to an FWER in excess of 5 %.

We estimated the effective number of independent variants in our dataset as follows. for
500 simulations, we repeatedly ran a logistic regression, restricted to our final quality-
controlled set of SNPs and a single chromosome (chromosome 10), and using a random
phenotype (that is, we simulated under the null hypothesis). We also found the minimum
v-value when conditioning on a second random phenotype. For each simulation i, we
examined set {p;} of meta-analysed p-values and the set {vi! of v-values attained in each
simulation, and recorded the minimum p- or v- value from the simulation as

m=min({pi}, {vi}).

Given the set of such minimum values across 500 simulations, the log-likelihood for an

effect number 70 of independent SNPs on chromosome 10 was
500

l(nyo) = Z fB(n161) (M)
=1

where fgn,1)(M;) is the density at m; of a Beta distribution with parameters 70 and 1.

since if we generate independent p-values for n SNPs for which the null hypothesis holds,
the density of the minimum p-value p is fg(,,1)(P)-

We found a maximum-likelihood estimate of 48941 effective independent variants
amongst our 211705 total quality-controlled SNPs on chromosome 10. Presuming that the
ratio of total variants to independent variants is roughly conserved across chromosomes,
we estimate that our total dataset of 4090493 quality-controlled SNPs corresponds to
approximately 945624 total independent variants (that is, slightly under a million). Under
a Sidak correction to control FWER at 5 %, this suggests use of a threshold of 5.4 x 108
on the minimum p-value or v-value to reject the null hypothesis for a SNP.
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It is reassuring that this threshold is slightly looser than the industry standard. However,
we chose to revert to the stricter threshold of 5 x 107, in the interests of consistency with
the standard.

Power for tier 3 association

To approximate power to reject a variant at tier 3 significance given a z-score Zosmer at that
variant for DVT or PE, we refer to the relevant plot in Figure 4a, 4b. The Z-score that must
be obtained for CTEPH in order to reject the null hypothesis for CTEPH equivalent to a
p-value < 5 x 108 corresponds to the x-co-ordinate of the intersection of the horizontal line
at zomer With either the dotted or solid black lines (whichever x-intersection gives the
smaller value). The minimum odds-ratio resulting in the requisite Z-score given can be
routinely computed given the minor allele frequency and study size.

Assessment of batch effects

Samples were genotyped in several separate procedures (batches), and between-batch
differences (batch effects) could have led to false positive results. The distribution of cases
and controls across batches is shown in table S2. The absence of both control and case
samples in some batches meant that such batch effects could not be directly differentiated
from true case/control differences, and that batch numbers could not be included as
covariates in the GWAS analysis.

Dis. Illu.  Dis. Illu.  Dis. Aff.  Dis. Aff.  Rep. Rep. case | All

cont. case. cont. case. cont.
Batch 1 1492 369 0 0 0 0 1861
Batch 2 0 68 0 0 0 208 276
Batch 3 0 319 0 0 0 205 524
Batch 4 0 213 0 0 0 54 267
Batch Aff. 0 0 0 177 0 294 471
NBS 0 0 1293 0 0 0 1293
1958BC 0 0 2713 0 0 0 2713
Eur. cont 0 0 0 0 4865 0 4865
All 1492 969 4006 177 4865 761 12436

27



Table S2. Distribution across batches for cases and controls in the discovery and replication phases.
Batches 1-4 used Illumina chips; all other batches used Affymetrix. Genotyping of the final three batches
was performed by external groups. cont = control, rep = replication

The three areas of concern were 1. that in the Illumina-genotyped part of the discovery
phase, batches 2-4 contained only cases; 2. that in the Affymetrix-genotyped part of the
discovery phase, cases and controls were genotyped in separate batches; 3. that in the
replication phase, cases and controls were genotyped in separate batches; and 4. that
controls in the discovery phase were partially sourced from blood bank samples, which
may drive the ABO association through differential distribution of ABO groups.

We address these problems by showing that at our discovered associations, allele
frequencies are generally consistent across batches, allowing for case-control status. We
also demonstrate that on a genome-wide scale, inter-batch effects are not detectable for
each analysis (see section 'Between-batch comparisons'). We acknowledge that the
presence of batch effects cannot be definitively ruled out, particularly for the Affymetrix-
genotyped part of the discovery phase and for the replication phase.

Allele frequency at genome-wide associations

We computed allele frequencies across each batch for each genome-wide association in
table 1, separating by case/control status. Across these nine associations allele frequencies
in batches were generally consistent (Supplementary Figure 7).

We also note that the association at the ABO locus (chromosome 9) is not driven by the
blood bank-sourced cohort (NBS); allele frequencies for the peak variant are consistent in
the NBS cohort and 1958 BC cohort, the latter of which, as a birth cohort, can be considered
an unbiased population sample. Indeed, allele frequencies are consistent for the NBS and
1958BC cohort for all associations.

Between-batch comparisons
Where possible, we analysed whether allele frequencies differed systematically across

batches within one of the three case/control comparisons. We compared allele frequencies
amongst cases in batches 1-4 for the Illumina-genotyped discovery phase, amongst NBS
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and 1958BC controls in the Affymetrix-genotyped discovery phase (Supplementary
Figure 8), amongst all batches (including between Affymetrix and Illumina) amongst cases
in the replication phase, and between controls in the replication phase and NBS and
1958BC controls.

We compared allele frequencies at all variants using Fisher’s exact test, and assessed
whether the distribution of resultant p-values differed from the expected distribution of p-
values should the observed batches represent identically-genotyped truly random samples
from a common population. We removed 48 variants for which an allelic difference
between batches had a p-value < 1 x 107,

We found that our results were consistent with equality of underlying allele frequency
between each pair of compared batches using Q-Q plots of log-p values (Supplementary
Figure 8). Moreover, in all cases, inflation of test statistics was < 1, and (after removing
variants as above), there was no evidence of a surplus of low p-values, in that all Q-Q plots
lay below the X-Y line.

Amongst our claimed CTEPH associations (Table 1), no variant reached a p-value < 1 x
1073 in any comparison (Bonferroni-corrected significance threshold 4 x 10-%). We were
thus otherwise unable to detect any systematic or specific differences between batches
after accounting for case/control status. We concluded that systematic batch effects were
unlikely to be present, and SNP-specific batch effects were unlikely to be causing false-
positive associations.

Role of the funding sources

Funders had no role in study design; in the collection, analysis, and interpretation of data;
in the writing of the report; or in the decision to submit this paper for publication
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STREGA guidelines statement

Item

Title and
Abstract

Introduction

Background
rationale

Objectives

Methods

Study design

Setting

Participants

Item
number

Extension for Genetic
Association Studies
(STREGA)

STROBE guideline

(a) Indicate the study’s design
with a commonly used term in
the title or the abstract

(b) Provide in the abstract an
informative and balanced
summary of what was done
and what was found

Explain the scientific
background and rationale for
the investigation being
reported

State specific objectives,
including any pre-specified
hypotheses

State if the study is the
first report of a genetic
association, a replication
effort, or both

Present key elements of study
design early in the paper

Describe the setting, locations
and relevant dates, including
periods of recruitment,
exposure, follow-up, and data
collection

Give information on the
criteria and methods for
selection of subsets of

(a) Cohort study: give the
eligibility criteria, and the
sources and methods of
selection of participants.
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Reference section

Title

Abstract

Introduction, paragraphs 1-2

Introduction, paragraphs 3-4

Results: methods overview: all
paragraphs.
Figure 1.

Introduction: paragraph 4
Supplementary Methods: sample
details: all paragraphs

Results: Methods overview:
paragraph 2

Supplementary Methods: sample
details: paragraph 1



Item

Variables

Data sources/
measurement

Item
number

8a

STROBE guideline

Describe methods of follow-up
Case—control study: give the
eligibility criteria, and the
sources and methods of case
ascertainment and control
selection. Give the rationale
for the choice of cases and
controls

Cross-sectional study: give the
eligibility criteria, and the
sources and methods of
selection of participants

(b) Cohort study: for matched
studies, give matching criteria
and number of exposed and
unexposed

Case—control study: for
matched studies, give
matching criteria and the
umber of controls per case

(a) Clearly define all
outcomes, exposures,
predictors, potential
confounders, and effect
modifiers. Give diagnostic
criteria, if applicable

(a) For each variable of
interest, give sources of data
and details of methods of
assessment (measurement).
Describe comparability of
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participants from a larger
study, when relevant

(b) Clearly define genetic
exposures (genetic
variants) using a widely-

used nomenclature system.

Identify variables likely to
be associated with
population stratification
(confounding by ethnic
origin)

(b) Describe laboratory
methods, including source
and storage of DNA,
genotyping methods and
platforms (including the
allele calling algorithm

Reference section

Results: Methods overview:
paragraph 2

RSID and CHR/BP used, with
GRCh build specificied (eg Table
D).

Supplementary Methods:
Assessment of divergent ancestry
Supplementary Methods:
Statistical methods.

Results: Methods overview:
paragraphs 2-4

Supplementary Methods:
Genotyping, quality control and
imputation: all paragraphs



Item

Bias

Study size

Quantitative
variables

Statistical
methods

Item
number

9

10

11

12

STROBE guideline Extension for Genetic Reference section
Association Studies
(STREGA)

assessment methods if there is | used, and its version),

more than one group error rates and call rates.
State the laboratory/center
where genotyping was
done. Describe
comparability of
laboratory methods if there
is more than one group.
Specify whether genotypes
were assigned using all of
the data from the study
simultaneously or in

smaller batches
(a) Describe any efforts to (b) For quantitative Supplementary Methods:
address potential sources of outcome variables, specify |Assessment of batch effects: all
bias if any investigation of paragraphs

potential bias resulting
from pharmacotherapy
was undertaken. If
relevant, describe the
nature and magnitude of
the potential bias, and
explain what approach was
used to deal with this

Explain how the study size Introduction: paragraph 3
was arrived at

Explain how quantitative If applicable, describe how Not applicable
variables were handled in the | effects of treatment were

analyses. If applicable, dealt with

describe which groupings were

chosen, and why

(a) Describe all statistical State software version Supplementary Methods:
methods, including those used | used and options (or Genotyping, quality control and
to control for confounding settings) chosen imputation: paragraphs 2-5
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Item

Item
number

STROBE guideline

(b) Describe any methods used
to examine subgroups and
interactions

(c) Explain how missing data
were addressed

Cohort study: if applicable,
explain how loss to follow-up
was addressed

Case—control study: if
applicable, explain how
matching of cases and controls
was addressed
Cross-sectional study: if
applicable, describe analytical
methods taking account of
sampling strategy

(e) Describe any sensitivity
analyses
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(f) State whether Hardy—
Weinberg equilibrium was
considered and, if so, how

(g) Describe any methods
used for inferring
genotypes or haplotypes

(h) Describe any methods
used to assess or address
population stratification

Reference section

Supplementary Methods:
assessment of divergent ancestry.

Supplementary Methods: Batch
effects: all paragraphs

Supplementary Methods:
Genotyping, quality control and
imputation: paragraph 4

Supplementary Methods: Sample
details: all paragraphs
Supplementary Methods: Batch
effects: Allele frequency at
genome-wide associations:
paragraph 2

Supplementary Methods: Batch
effects: Allele frequency at
genome-wide associations

Supplementary Methods:
Genotyping, quality control and
imputation: paragraph 3

Supplementary Methods:
Genotyping, quality control and
imputation: paragraph 4

Supplementary Methods:
Assessment of divergent ancestry:
all paragraphs



Item

Results

Participants

Descriptive data

Item
number

13¢

142

STROBE guideline

(a) Report the numbers of
individuals at each stage of the
study—e.g., numbers
potentially eligible, examined
for eligibility, confirmed
eligible, included in the study,
completing follow-up, and
analyzed

(b) Give reasons for non-
participation at each stage

(c) Consider use of a flow
diagram

(a) Give characteristics of
study participants (e.g.,
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(1) Describe any methods
used to address multiple
comparisons or to control
risk of false-positive
findings

(j) Describe any methods
used to address and correct
for relatedness among
subjects

Report numbers of
individuals in whom
genotyping was attempted
and numbers of
individuals in whom
genotyping was successful

Consider giving
information by genotype

Reference section

Supplementary Methods:
Statistical analysis: all paragraphs

Results: Methods overview:
paragraphs 5-7

Supplementary Methods:
Statistical analysis: all paragraphs
Supplementary Methods: Levered
analysis: all paragraphs

Supplementary Methods:
Genotyping, quality control and
imputation: paragraph 2

Results: Methods Overview:
paragraph 2
Results: GWAS on CTEPH:
paragraph 1

Supplementary Methods:
Genotyping, quality control and
imputation: all paragraphs
Supplementary Methods:
Assessment of divergent ancestry:
all paragraphs

Figure 1

Table S1



Item

Outcome data

Main results

Item
number

15°

16

STROBE guideline

demographic, clinical, social)
and information on exposures
and potential confounders

(b) Indicate the number of
participants with missing data
for each variable of interest

(¢) Cohort study: summarize
follow-up time, e.g., average
and total amount

Cohort study: report numbers
of outcome events or summary
measures over time

Case—control study: report
numbers in each exposure
category, or summary
measures of exposure

Cross-sectional study: report
numbers of outcome events or
summary measures

(a) Give unadjusted estimates
and, if applicable, confounder-
adjusted estimates and their
precision (e.g., 95 %
confidence intervals). Make
clear which confounders were
adjusted for and why they
were included
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Report outcomes
(phenotypes) for each
genotype category over
time

Report numbers in each
genotype category

Report outcomes
(phenotypes) for each
genotype category

Reference section

Supplementary Methods:
Genotyping, quality control and
imputation: paragraphs 2,3,5

Not applicable

Not applicable

Table 1 (MAF)
Supplementary Methods:

Assessment of batch effects: Allele

frequency at genome-wide
associations

Table 1

Figures 2-3
Supplementary Figures 4-5
Supplementary Methods:
Statistical analysis
Supplementary Methods:
Assessment of divergent ancestry:
all paragraphs
Supplementary Methods:
Statistical analysis: all paragraphs



Item

Other analyses

Discussion

Key results

Item
number

17

18

Extension for Genetic
Association Studies
(STREGA)

STROBE guideline

(b) Report category boundaries
when continuous variables
were categorized

(c) If relevant, consider
translating estimates of
relative risk into absolute risk
for a meaningful time period

(d) Report results of any
adjustments for multiple
comparisons

(a) Report other analyses
done—e.g., analyses of
subgroups and interactions,
and sensitivity analyses

(b) If numerous genetic
exposures (genetic
variants) were examined,

summarize results from all

analyses undertaken

(c) If detailed results are
available elsewhere, state
how they can be accessed

Summarize key results with
reference to study objectives
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Reference section

Not applicable

Not applicable

Results: Methods overview:
paragraphs 5-7

Results: Co-analysis with DVT
and PE

Supplementary Methods:
Statistical analysis: all paragraphs
Supplementary Methods: Levered
analysis: all paragraphs

Results: Co-analysis with DVT
and PE

Results: Comparison with IPAH
Results: Comparison of DVT, PE
and CTEPH

Results: GWAS on CTEPH
Results: Comparison of DVT, PE
and CTEPH

Results: Comparison with [IPAH

Please contact authors

Discussion: paragraphs 1,2



Item

Limitations

Interpretation

Generalizability

Other
information

Funding

Item
number

20

22

STROBE guideline

Discuss limitations of the
study, taking into account
sources of potential bias or
imprecision. Discuss both

direction and magnitude of any

potential bias

Give a cautious overall
interpretation of results
considering objectives,
limitations, multiplicity of

analyses, results from similar

studies, and other relevant
evidence

Discuss the generalizability

(external validity) of the study

results

Give the source of funding and
the role of the funders for the

present study and, if
applicable, for the original
study on which the present
article is based
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Reference section

Discussion: paragraph 5
Supplementary Methods:
Assessment of batch effects: all
paragraphs

Discussion: paragraph 2

Discussion: paragraph 4
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Supplementary Figures

Supplementary Figure 1: Power to reject a null hypothesis of CTEPH non-association at
tier 1 or 2 significance for a range of of minor allele frequencies in controls. For
instance, if a SNP has a MAF of 0.4 in controls, and has an odds ratio of 1.4 between
CTEPH cases and controls, we have approximately 20 % power to detect it at tier 1, and
40 % power to detect it at tier 2. Power calculations take account of the meta-analytic
structure.

Supplementary Figure 2: Power to reject a null hypothesis of CTEPH non-association at
tier 1 significance for a range of minor allele frequencies in controls and odds ratios.
Colours correspond to power. As expected, we have greater power to detect variants at
higher MAF and higher odds ratios. Power calculations take account of the meta-analytic
structure.

Supplementary Figure 3: Power to reject a null hypothesis of CTEPH non-association at
tier 2 significance for a range of minor allele frequencies in controls and odds ratios.
Colours correspond to power. As expected, we have greater power to detect variants at
higher MAF and higher odds ratios. Power calculations take account of the meta-analytic
structure.

Supplementary Figure 4: Manhattan plot of -logio(p)-values from analysis of discovery
cohort only. Points higher up correspond to variants more strongly associated with
CTEPH. Variants reaching genome-wide significance ( Pcrepr < 5 x 10°%) are marked in
black, and variants discovered using co-analysis with PE are marked in blue, both
labelled with the likely associated gene. Note that most variants do not reach genome-
wide significance when analysis is restricted to the discovery cohort. The black

horizontal line denotes genome-wide significance (p=5x 10_8). Values of -logio(p) larger
than 16 are truncated to 16
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Supplementary Figure 5: Manhattan plot of -logio(p)-values from analysis of replication
cohort only. Points higher up correspond to variants more strongly associated with
CTEPH. Variants reaching genome-wide significance ( Pcrerr < 5 x 107%) are marked in
black, and variants discovered using co-analysis with PE are marked in blue, both
labelled with the likely associated gene. Note that most variants do not reach genome-
wide significance when analysis is restricted to the replication cohort. The black

horizontal line denotes genome-wide significance (p=>5x 10_8). Values of -logio(p) larger
than 16 are truncated to 16

Supplementary Figure 6: Principal components of genetic samples combined with 1000
Genomes (1KG) samples. Leftmost plots show principal components including all 1KG
samples, middle plots including all European 1K G samples, and rightmost plots
including all European 1KG samples after exclusions. Black lines indicate exclusion
boundaries. Cases are marked in black, and controls in red. Some cases and controls can
be seen to cluster with East Asian or African 1K G samples, and some are widely
aberrant and isolated (likely due to widespread genotyping errors).

Supplementary Figure 7. Allele frequencies across batches at peak SNPs in Table 1.
Horizontal lines show average allele frequencies, and vertical lines show 95 %
confidence intervals. In general, observed allele frequencies in cases and controls are
consistent with equal underlying case and control allele frequencies in each batch.
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Supplementary Figure 8. Q-Q plot for genome-wide p-values for between-batch
comparisons. In each case, we compare the allele frequency for each variant in our final
dataset between two batches, and compute p-values using Fisher's exact test. We then
consider the distribution of -logio(p) values against the distribution of -logio(p) values we
would expect to see if there were no differences in underlying allele frequency between
batches. If any p-values are lower than what would be expected in this case, they would
correspond to the black line lying above the red X-Y line. Figures on the graph show
'inflation’, analogous to genomic inflation; values above 1 indicate that p-values are
generally lower than expected. Since all black lines stay below the X-Y line, and all
between-batch inflation values are less than 1, we conclude that our data (following
quality control) show no evidence of between-batch differences in allele frequency.
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