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1 SUPPLEMENTAL METHODS

Cohorts

NSPHS The Northern Sweden Population Health Study (NSPHS) represents a cross-sectional study conducted

in the communities of Karesuando (samples gathered in 2006) and Soppero (2009) in the subarctic region of the

County of Norrbotten, Sweden. NSPHS consists of 1069 individuals that were 14 to 94 years of age at time of

sample collection. The NSPHS was approved by the local ethics committee at the University of Uppsala (Regionala

Etikprövningsnämnden, Uppsala, 2005:325, and extension of the project was approved 2016-03-09). Informed consent

to the study was given by all participants, including the examination of environmental and genetic cause of disease.

If a person was not of age (<18 years), a legal guardian signed additionally.

ORCADES The Orkney Complex Disease Study (ORCADES) is a family-based, cross-sectional study that seeks

to identify genetic factors influencing cardiovascular and other disease risk in the isolated archipelago of the Orkney

Isles in northern Scotland (McQuillan et al., 2008). Genetic diversity in this population is decreased compared to

Mainland Scotland, consistent with the high levels of endogamy historically. 2078 participants aged 16-100 years

were recruited between 2005 and 2011, most having three or four grandparents from Orkney, the remainder with two

Orcadian grandparents. Fasting blood samples were collected and many health-related phenotypes and environmental

exposures were measured in each individual. All participants gave written informed consent and the study was

approved by Research Ethics Committees in Orkney and Aberdeen (North of Scotland REC).

FENLAND The Fenland study is a population-based cohort of 12,435 participants of Caucasian-ancestry born

between 1950 and 1975 who underwent detailed phenotyping at the baseline visit from 2005 to 2015. Participants

were recruited from general practice surgeries in the Cambridgeshire region in the UK. Exclusion criteria were: clin-

ically diagnosed diabetes mellitus, inability to walk unaided, terminal illness, clinically diagnosed psychotic disorder,

pregnancy, or lactation.

HELIC MANOLIS The HELIC (Hellenic Isolated Cohorts; www.helic.org) MANOLIS (Minoan Isolates) collection

focuses on Anogia and surrounding Mylopotamos villages. Recruitment of this population-based sample was primarily

carried out at the village medical centres. All individuals were older than 17 years and had to have at least one

parent from the Mylopotamos area. The study includes biological sample collection for DNA extraction and lab-based

blood measurements, and interview-based questionnaire filling. The phenotypes collected include anthropometric

and biometric measurements, clinical evaluation data, biochemical and haematological profiles, self-reported medical

history, demographic, socioeconomic and lifestyle information. The study was approved by the Harokopio University

Bioethics Committee and informed consent was obtained from every participant.
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HELIC POMAK The HELIC (Hellenic Isolated Cohorts; www.helic.org) Pomak collection focuses on the Pomak

villages, a set of isolated mountainous villages in the North of Greece. Recruitment of this population-based sample

was primarily carried out at the village medical centres. The study includes biological sample collection for DNA

extraction and lab-based blood measurements, and interview- based questionnaire filling. The phenotypes collected

include anthropometric and biometric measurements, clinical evaluation data, biochemical and haematological profiles,

self-reported medical history, demographic, socioeconomic and lifestyle information. The study was approved by the

Harokopio University Bioethics Committee and informed consent was obtained from every participant.

ARISTOTLE The ARISTOTLE trial included 18 201 patients with AF and an increased risk of stroke who were

randomized to a median of 1.9 years treatment with warfarin or apixaban. Biomarker samples at baseline were

available from 14 611 participants and a random sample of 3999 patients was used for the multiplex proteomics

analysis including the sACE2 measurements in the current study. The trial complied with the Declaration of Helsinki

and were approved by appropriate ethics committees at all sites. All patients provided written informed consent.

A subset of the patients with available sACE2 measurements participated in the ARISTOTLE genetic substudy.

Participation in the ARISTOTLE genetic substudy with whole blood sampling for DNA extraction was voluntary and

based on signing a separate consent form.

DIRECT The DIRECT (Diabetes Research on Patient Stratification) consortium includes pre-diabetic participants

(target sample size 2,200–2,700) and patients with newly diagnosed type 2 diabetes (target sample size 1,000) pro

existing cohort studies across Europe: Metabolic Syndrome in Men (METSIM) (Finland); Relationship between Insulin

Sensitivity and Cardiovascular disease (RISC), Hoorn Meal Study (HMS), and New Hoorn Study (NHS) (Netherlands);

Health2010, Health2006, Danish Study of Functional Disorders (DanFunD) (Dandund-web), and Gut, Grain and

Greens (GGG) studies (Denmark); Malmö Diet and Cancer (MDC) study (Sweden). Blood samples from venous

blood were collected together with other biochemical analyses. All measurement procedures are standardized across

study sites and performed by trained nurses or research assistants. Height is measured using calibrated wall-mounted

stadiometers, weight using calibrated scales, and waist, hip, thigh and calf circumferences using non-stretchable

measuring tapes (Koivula et al. 2019).

Approval for the study protocol was obtained from each of the regional research ethics review boards separately

(Lund, Sweden: 20130312105459927, Copenhagen, Denmark: H-1-2012-166 and H-1-2012-100, Amsterdam, Nether-

lands: NL40099.029.12, Newcastle, Dundee and Exeter, UK: 12/NE/0132), and all participants provided written

informed consent at enrolment. The research conformed to the ethical principles for medical research involving human

participants outlined in the Declaration of Helsinki.

EGCUT The Estonian Biobank cohort is a volunteer-based sample of the Estonian resident adult population (aged

⩽ 18 years). All participants have signed a broad informed consent form, which allows the continuous periodical
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linking to national electronic databases and recontacting of participants (Leitsalu et al., 2015). The cohort is currently

composed of over 200,000 participants, which is around 20% of the Estonian adult population and the ratio of males

and females within biobank reflects the general population of Estonia. All of the gene donors have genotyping data

available. In this project the subsample of 500 individuals with available proteomics data were used. The subcohort

contains 52.8% females and 47.2% males with the mean age of 53.932 (s.d. =14.002).

VIS The CROATIA_Vis study includes 1008 Croatians, aged 18–93 years, who were recruited from the villages

of Vis and Komiza on the Dalmatian island of Vis during 2003 and 2004 All participants were volunteers and gave

informed consent. They underwent a medical examination and interview, led by research teams from the Institute for

Anthropological Research and the Andrija Stampar School of Public Health, (Zagreb, Croatia). All subjects visited

the clinical research centre in the region, where they were examined in person and where fasting blood was drawn and

stored for future analyses. Many biochemical and physiological measurements were performed, and questionnaires of

medical history as well as lifestyle and environmental exposures were collected. The study received approval from the

relevant ethics committees in Scotland and Croatia and complied with the tenets of the Declaration of Helsinki.

WHI The Women’s Health Initiative (WHI) recruited 161,808 post-menopausal women age 50-79 years between 1993

and 1998 (baseline) at 40 clinical centers in the United States. Further details of the WHI design, recruitment and

enrollment, and study population have been described in ref. 55. A broad array of demographic, clinical, and lifestyle

characteristics were collected from each participant in the WHI through questionnaires, clinical examinations, periodic

follow-up, and medical records, Plasma ACE2 levels were measured in a subset of WHI participants (using the Olink

CVDII panel) who were enrolled in WHI Long Life Study and had blood specimens collected between March 2012 and

May 2013 and who also underwent whole genome sequencing (>38x coverage) through the NHLBI Trans-Omics for

Precision Medicine (TOPMed) program. All participants gave written informed consent and the study was approved

by Human Subjects Committee at the Fred Hutchinson Cancer Research Center (Seattle, Washington, USA).

Quality control of each cohort

NSPHS Samples were sequenced using Illumina short read technology (X-ten) to 30x coverage per individual. WGS

data was aligned to the GR37 using bwa-mem v0.7.1243. The raw alignments were then processed according to GATK

best practice using GATK v3.3. Variants were called by the GATK HaplotyeCaller 3.3 followed by variant quality

score recalibration (VQSR). Only, biallelic SNPs and indels that did not deviate from Hardy-Weinberg equilibrium

(P > 1×10−8) were included. We also filtered on genotype quality (GQ) > 50, and SNVs and indels with >10% missing

genotypes and MAF< 0.0017 (less than 3 observations in the cohort) were removed. No cohort-specific variables were

used.
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FENLAND Fenland study participants were genotyped using the Affymetrix UK Biobank Axiom array. Samples

were excluded for the following reasons: (1) failed channel contrast (DishQC < 0.82), (2) low call rate (< 95%), (3)

gender mismatch between reported and genetic sex, (4) heterozygosity outlier, (5) unusually high number of singleton

genotypes or (6) impossible identity-by-descent values. Single nucleotide polymorphisms (SNPs) were removed if: (1)

call rate < 95%, (2) clusters failed Affymetrix SNPolisher standard tests and thresholds, (3) MAF was significantly

affected by plate, (4) SNP was a duplicate based on chromosome, position and alleles (selecting the best probeset

according to Affymetrix SNPolisher), (5) Hardy-Weinberg equilibrium P < 10−6, (6) did not match the reference, or

(7) MAF= 0. Ancestry outliers and related individuals were also excluded.

Autosomes were imputed to the HRC (r1) panel using IMPUTE4, and the X-chromosome was imputed to HRC.r1.1

using the Sanger imputation server. Imputation to the HRC panel was supplemented with any additional variants in

the UK10K+1000Gphase3 reference panel, imputed using the Sanger imputation server. Variants with MAF< 0.001,

imputation quality (info) < 0.4, or Hardy-Weinberg equilibrium P < 10−7 were excluded from further analyses.

Protein levels (on the log2 scale) were transformed using the rank-based inverse normal transformation, then

adjusted for age and 10 genetic principal components. Genetic association under an additive model was performed

using BGENIE (v1.3).

HELIC MANOLIS Basecall files for each sequencing lane were transformed into unmapped BAMs using Illu-

mina2BAM, marking adaptor contamination and decoding barcodes for removal into BAM tags. PhiX control reads

were mapped using BWA Backtrack and were used to remove spatial artefacts. Reads were converted to FASTQ and

aligned using BWA MEM 0.7.8 to the hg38 (GRCh38) with decoys (HS38DH) reference. The alignment was then

merged into the master sample BAM file using Illumina2BAM MergeAlign. PCR and optical duplicates are marked

using biobambam markduplicates and the files were archived in CRAM format. Per-lane CRAMs were retrieved and

reads pooled on a per-sample basis across all lanes to produce library CRAMs; these were each divided in 200 chunks

for parallelism. GVCFs were generated using HaplotypeCaller v.3.5 from the Genome Analysis Toolkit (GATK) for

each chunk. Ploidy was set to 1 for non-pseudoautosomal sex chromosome regions. All chunks were then merged

at sample level, samples were then further combined in batches of 150 samples using GATK CombineGVCFs v.3.5.

Variant calling was then performed on each batch using GATK GenotypeGVCFs v.3.5. The resulting variant callsets

were then merged across all batches into a cohort-wide VCF file using bcftools concat. Variant-based quality control

was performed for autosomes only using GATK Variant Quality Score Recalibrator. Sample quality control was aided

by comparison to genotyping array data in the same samples.

In MANOLIS, four individuals failed sex checks, 8 samples had low concordance (π̂ < 0.8) with chip data, 11

samples were duplicates, and 12 samples displayed traces of contamination (Freemix score from the verifyBamID

suite> 5%). In case of sample duplicates, the sample with highest quality metrics (depth, freemix and chipmix score)

was kept. As contamination and sex mismatches were correlated, a total of 25 individuals were excluded (n = 1, 457).
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No further samples were excluded based on depth, heterozygosity, transition/transversion (Ti/Tv) rate, missingness

or ethnicity.

HELIC POMAK 1,642 Pomak samples underwent the same sequencing, variant calling, variant QC and sample

QC procedure as MANOLIS. As part of sample QC, three duplicates were removed, as well as 9 sex check failures, 11

contamination outliers, as well as one missingness and one average depth outlier (final n = 1, 617).

ARISTOTLE The genotyping was performed using the Illumina Global Screening Array (24v2). Quality controls

were performed using the whole-genome association analysis toolset PLINK v1.9 (https://www.cog-genomics.org/plink/)

which included sex check, call rate per SNP and individual > 98%, MAF > 0.001 and HWE P > 10−8. Imputation

of genotypes was performed using the Sanger imputation service with the Haplotype reference consortium v1.1 as

reference, Eagle v2.3.3 for phasing and PBWT for imputation. No cohort specific covariates were used.

DIRECT Blood collection and DNA extractions was carried out using Maxwell 16 Blood DNA purification kits and

a Maxwell 16 semi-automated nucleic acid purification system Page 16 of 56 (Promega). Genotyping was conducted

using the Illumina HumanCore array (HCE24 v1.0) and genotypes were called using Illumina’s GenCall algorithm.

Samples were excluded for any of the following reasons: call rate < 97%; low or excess mean heterozygosity; sex

discordance; and monozygosity. Genotyping quality control was then performed to provide high-quality genotype data

for downstream analyses using the following criteria: call rate < 99%; deviation from Hardy-Weinberg equilibrium

(exact P < 0.001); variants not mapped to human genome build GRCh37; and variants with duplicate chromosome

positions (a total of 30,318 markers were excluded).

Sex of the genotype samples was assessed using the mean homozygosity rate across the X-chromosome calculated

using the –check-sex command in PLINK (Purcell et al. 2007). For 91 samples (including 22 with unspecified sex and

10 samples with undetermined genotypic sex) the sex discrepancy between genotyping data and reported sex could

not be resolved. To identify possible ethnical outliers in the DIRECT data, we performed a principal component

analysis (PCA) using the genotype data from our studied population (3,102 samples; 547,644 markers) using the

following cut-offs MAF> 0.01, HWE P > 10−4 and call rate> 90% (280,845 markers and 3,033 samples in the analysis

after excluding 69 samples with low call rate and duplicate sample). The clean DIRECT data (all samples which

had previously failed QC are excluded in this step, missing sex samples were retained) was merged with data from

the publicly available 1,000 Genomes project database, and thinned down to only contain markers that were present

in both dataset and not palindromic (241,092 markers). This PCA was performed with GCTA software (command

–pca). For these 4,127 samples (3,033 from DIRECT and 1,094 from 1,000 Genomes), ethnic characterization and

genotype calls at the 241,092 SNPs were available. The first factorial plane was sufficient to discriminate ethnic origin

(more accurately, the recruitment centers in DIRECT cohort). A total of 3,033 samples and 517,958 markers across

the two studies passed quality control procedures. Imputation to the 1000 Genomes Phase 3 CEU reference panel was
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performed with ShapeIt (v2.r790) and Impute2 (v2.3.2).

ACE2 protein abundance were measured using the Olink® Cardiovascular II (Olink Proteomics AB, Uppsala,

Sweden) according to the manufacturer’s instructions. The obtained data was processed using Olink’s NPX manager

software version 0.0.85.0. The internal controls are designed to mimic and monitor the different steps of the PEA.

They consist of two incubation/immuno controls, an extension control and a detection control. The internal controls

are introduced to all samples as well as to the external controls and are used for quality control and normalization of

the data. The external controls consist of a negative control used to calculate the limit of detection (LOD), as well as a

triplicate of inter-plate controls (IPCs) that are used for data normalization. Quality control of the data is performed

in two steps: First, the run is quality controlled by calculating the standard deviation for the detection control and the

incubation/immuno controls. The standard deviation should be below 0.2 for a run to pass quality control. Secondly,

each sample is quality controlled by comparing the results for the detection control and one of the incubation controls

against the run median. Samples that fall more than 0.3 NPX from the run median with regards to these two internal

controls will fail the quality control. Assays on individual plates influencing the LOD determination highly, due to an

overall lower or higher signal, were excluded as well as whole plates, with more than 50% of all assays excluded due

to the previous reasoning. All assay validation data (detection limits, intra- and inter-assay precision data, etc.) are

available on manufacturer’s website (www.olink.com).

We performed association tests of imputed SNPs on the autosomal chromosomes with the SNPTEST program

(version 2.5.2). We used the options ‘-frequentist 1’ to perform a frequentist additive test, and ‘-method score’ to

apply a missing data likelihood score test. Moreover, we included following covariates into the testing model: type 2

diabetes status (diabetic or pre-diabetic), center, sex, age, plate, as well as 10 genotype PCs.

EGCUT Genotyping was performed using Illumina HumanOmniExpress arrays and Illumina Genomestudio was

used for genotype calling (Illumina Inc., San Diego, US). Samples were excluded based on call rate of⩾ 95%. Additional

samples were excluded based on gender mismatch, ethnic outliers, heterozygosity > 3 s.d. from the mean and cryptic

relatedness. Pre-imputation SNP quality control was done using minor allele frequency cutoff of ⩾ 1%, on the basis of

call rate (⩽ 98%) across samples and deviation from Hardy-Weinberg equilibrium (⩽ 10−6). Genotypes were phased

by using Eagle 2.3 and imputed to the Estonian-specific reference panel by Beagle 2.4.2 with default parameters.

Plasma concentrations of ACE2 were measured in EDTA plasma samples using the ProSeek Cardiovascular II panel

(Olink Biosciences, Uppsala, Sweden), according to the standard protocol. Prior to statistical analyses, samples that

didn’t pass Olink internal quality control were removed. Rank-based inverse normal transformation was performed on

raw ACE2 measurements and then linear regression with adjustments was conducted. Proteomics data was corrected

for possible population stratification by adjusting for the first 4 MDS that were calculated from genotype data using

PLINK 2.0 software, additional covariates were age, sex, Olink batches, Olink sample position, season of sample

collection, sample preparation time until storage in days, sample storage time in days. The standardised residuals
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were used in a linear regression-based association analysis using “–dosage” flag in PLINK 1.9 software to test association

between genetic data and ACE2 levels.

VIS The CROATIA_Vis samples were genotyped using the Illumina’s Sentrix HumanHap300 Genotyping BeadChip

(v1).We excluded individuals with a genotyping rate lower than 95%. and SNPs showing departure from Hardy-

Weinberg equilibrium (P < 10−6) , call rate < 95% and MAF< 0.01.

Conditional analysis

We performed the multi-SNP conditional analysis using the COJO module26 in the GCTA software. For the input

GWAS summary statistics, we used our genome-wide association meta-analysis summary-level data and the 1000

Genomes Phase 3 data as the reference panel for LD. SNPs with minor allele frequency (MAF) less than 0.01 were

filtered out. The genome-wide significance threshold of p-values was set to 5× 10−8. The collinearity cutoff for LD r2

was set to 0.9.

Analysis of ACE2 pQTL associations with other complex traits

We investigated the gene-based associations for the pQTL of plasma ACE2 on other complex traits based on the

GWAS catalog database, using the GENE2FUNC module of FUMA56. Phenotypes that have a significant enrichment

of ACE2 pQTL mapped genes were reported (false discovery rate < 0.05). The mapped genes were based on the

SNP2GENE module of FUMA, underlying genome-wide significant SNPs for plasma ACE2.

Analysis of ACE2 cis-eQTL effects on UK Biobank phenotypes

We extracted the cis-eQTL results for ACE2 gene expression from the GTEx project portal for 44 human tissues. The

1 Mb cis-window harboured 3,867 SNPs. We also extracted the Neale’s lab UK Biobank GWAS summary statistics

for the X chromosome across 3,990 phenotypes. In order to represent the cis-eQTL across multiple tissues and link

to UK Biobank GWAS results, we investigated the common SNP (minor allele frequency (MAF) > 0.05) upstream of

ACE2 that is closest to the transcription starting site (TSS), X:15618063 (Ch37 reference, MAF = 0.4572, distance to

TSS = -2208 bp). At a p-value threshold of 0.05/3867, we detected the significant eQTL represented by this SNP and

performed Mendelian randomization analysis across all the UK Biobank phenotypes. The p-value distribution across

the UK Biobank phenotypes were evaluated.
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Data availability

COVID-19 Host Genetics Initiative (HGI) summary statistics: https://www.covid19hg.org/; UK Biobank GWAS

summary statistics: http://www.nealelab.is/uk-biobank; GTEx eQTL summary statistics in human tissues:

https://gtexportal.org/home/datasets; eQTLGen summary-level data: https://www.eqtlgen.org/cis-eqtls.

html; LD-Hub: http://ldsc.broadinstitute.org/lookup/; Consolidated epigenomes (Roadmap + ENCODE):

https://egg2.wustl.edu/roadmap/web_portal/meta.html; IEU Open GWAS Project: https://gwas.mrcieu.ac.

uk/.

Code availability

HDL:https://github.com/zhenin/HDL; LDSC: https://github.com/bulik/ldsc; GCTA: https://cnsgenomics.

com/software/gcta.
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2 SUPPLEMENTAL RESULTS & DISCUSSION

Specificity and accuracy of the Olink ACE2 assay

The specificity of the Olink ACE2 assay was tested by running the assays against 96 antigens (Table S14), including

some with strong homology to ACE2 such as ACE. The antigens were tested at both 50 and 5 ng-ml. The experiments

were run two times at both concentrations. A signal at LOD+1 NPX was considered unspecific. ACE2 did not yield

an unspecific signal in any of the experiments.

Moreover, the antibodies used have been tested by the producer of the antibodies, who reported less than 1% cross-

reactivity against ACE. The antibodies are polyclonal and were developed by immunization against Mouse myeloma

cell line NS0-derived recombinant human ACE-2 Gln18-Ser740. The antibodies are commercially available but the

exact article is Olink proprietary information.

Besides, the discovered strong cis-pQTL and trans-pQTL (e.g., the transcription factor HNF1A) for ACE2 already

provide justification of the specificity of the Olink assay: 1) Without specific measurement of the protein, we would not

be able to map the cis-pQTL on the X chromosome with great statistical significance; 2) It is unlikely that our pQTL

discoveries were driven by an epitope effect (where one amino-acid variant is preferentially bound by the antibodies)

– the trans-pQTL harbor biological relevant candidates such as HNF1A and HNF4A, and the HNF1A association

colocalizes with the cis-eQTL association of HNF1A (Figure S21) – these would be unlikely to be detected if the

ACE2 cis-pQTL was due to an epitope effect of the assay.

Genetic relationships between ACE2 and ACE

GTEx gene expression data across different human tissues revealed significant positive correlations between ACE and

ACE2 in blood vessel, colon, and small intestine, whereas negative correlations were found in many other tissues

including adipose tissue, breast, heart, lung, and so on (Figure S22, Table S15). With our large-scale genomic

analysis on ACE2, we investigated the genetic relationship between ACE and ACE2. Due to the relatively sparse

genetic architecture of the proteins, insignificant positive genetic correlations were detected (Figure S23A). Nev-

ertheless, bidirectional Mendelian randomization analysis suggested a weak causal effect of ACE2 on ACE, i.e., the

cis-pQTL allele that increases plasma ACE2 also increases ACE (Figure S23B). We used 17 independent cis-pQTLs

as instruments according to M. Pigeyre et al.’ study17.

When conducting the same set of causal inference and genetic correlation analyses in Figure 3 for ACE instead of

ACE2, we observed a clear difference between the two proteins in terms of their connections with vascular phenotypes

(Figure S24, Table S16 - S18). For this analysis, the GWAS summary statistics of ACE was from E. Ferkingstad et

al.’ study18, and we took 14 significant SNPs overlaped with above 17 SNPs as instruments to conduct cis-pQTL-based

MR. As a well-established drug target for hypertension, both GSMR and cis-pQTL-based MR suggest that genetically
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elevated ACE levels had a causal role on high blood pressure. In contrast, as we mentioned in the main Results,

ACE2’s effects are mainly on CVD-related phenotypes instead of blood pressure traits.

Utilizing the power of both ACE and ACE2 cis-pQTL effects, we further investigated the downstream effects of

these two proteins on cardiovascular and blood pressure phenotypes in the IEU Open GWAS Project database (see

Data availability). Across CVD-related traits, the downstream effects of the protein-increasing allele are significantly

negatively correlated between ACE and ACE2 (Figure S23C, Table S19 - S20). Such relationship could not be

detected if also considering blood pressure traits, consistent with our results that ACE2 has no significant causal effect

on blood pressure phenotypes.

Detailed explanations of the annotated phenotypes in Figure 2

The quoted trait names below match the names in Table S9. Since the GWAS summary statistics were obtained

from the UK Biobank analysis, please refer to the UK Biobank data showcase (https://biobank.ctsu.ox.ac.uk/

crystal/index.cgi) for further details.

Wheeze or whistling in the chest: ‘Wheeze or whistling in the chest in last year’, wheezing is the harsh whistle or

rough rattle you hear when your airway is partially blocked. It may be blocked due to colds, allergic reactions,

bronchitis or allergies. Wheezing is also a symptom of asthma, pneumonia, and heart failure.

SBP: ‘Systolic blood pressure (automated reading)’

None vascular/heart problems diagnosed by doctor: ‘Vascular/heart problems diagnosed by doctor: None of the

above’, none of the asked vascular/heart problems, i.e. angina, heart attack, high blood pressure …, has been

diagnosed by doctor before.

Hypertension: ‘Vascular/heart problems diagnosed by doctor: High blood pressure’ - left, ‘(Non-cancer) self-reported:

hypertension’ - right.

CRP: ‘C-reactive protein’, a cyclic pentameric protein found in plasma, the circulating concentration of which in-

creases with inflammation. It is a liver-derived acute-phase protein that is increased after interleukin-6 secretion

by macrophages and T cells.

None blood pressure medication: ‘Medication for cholesterol, blood pressure or diabetes: None of the above’, none

of the asked medication, i.e. blood pressure medication, insulin …, was taken.

Blood pressure medication: ‘Medication for cholesterol, blood pressure, diabetes, or take exogenous hormones: Blood

pressure medication’ – left, ‘Medication for cholesterol, blood pressure or diabetes: Blood pressure medication’

– right.
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Amlodipine: ‘Treatment/medication code: amlodipine’, Amlodipine is used alone or in combination with other

medications to treat high blood pressure in adults and children 6 years and older. It is also used to treat certain

types of angina (chest pain) and coronary artery disease.

Leg fat: ‘Leg fat percentage (left)’ - left, ‘Leg fat percentage (right)’ – right.

Usual walking pace: ‘Usual walking pace’, question ”How would you describe your usual walking pace?” was asked.

If the participant activated the Help button, they were shown the message: Slow pace is defined as less than 3

miles per hour. Steady average pace is defined as between 3-4 miles per hour. Fast pace is defined as more than

4 miles per hour.

FVC: ‘Forced vital capacity (FVC), Best meassure’

Arm fat: ‘Arm fat mass (right)’ - left, ‘Arm fat mass (left)’ – right

Fluid intelligence: ‘Fluid intelligence score’, This is a simple unweighted sum of the number of correct answers given

to the 13 fluid intelligence questions. Participants who did not answer all of the questions within the allotted

2-minute limit are scored as zero for each of the unattempted questions.

Red wine (weekly): ‘Average weekly red wine intake’, question ”In an average WEEK, how many glasses of RED

wine would you drink? (There are six glasses in an average bottle)” was asked.

Current tobacco smoking: ‘Current tobacco smoking’ - left, ‘Smoking status: Current’ – right

Alcohol with meals: ‘Alcohol usually taken with meals’, question ”When you drink alcohol is it usually with meals?”

was asked.

Qualifications: from left to right, ‘Qualifications: Other professional qualifications eg: nursing, teaching’, ‘Qualifica-

tions: O levels/GCSEs or equivalent’, ‘Qualifications: College or University degree’

Years of schooling: ‘Years of schooling 2016’
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3 SUPPLEMENTAL FIGURES
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Figure S1: Phenotypic associations between plasma ACE2 and various conditions. Each log odds ratio

(OR) was estimated via a univariate linear regression of plasma ACE2 on each condition. The error bars represent

95% confidence intervals. Estimates that passed a Bonferroni-corrected 5% p-value threshold are shown in bright

colors, otherwise transparent. The red stars on the y-axis labels indicate statistically significant sex heterogeneity in

the estimated effects at a Bonferroni-corrected 5% p-value threshold. CTSL1: Cathepsin L1, BMI: body mass index,

TG: triglycerides, CVD: cardiovascular disease, DBP: diastolic blood pressure, SBP: systolic blood pressure, ARB:

angiotensin receptor blocker, ACEi: angiotensin-converting enzyme (ACE) inhibitor, COPD: chronic obstructive pul-

monary disease, NSAIDs: non-steroidal anti-inflammatory drugs, CHD: coronary heart disease, TC: total cholesterol,

HDL: high-density lipoprotein.
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Figure S2: Quantile-quantile plot of the ACE2 GWAS − log10 P values.
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Figure S3: Regional plot for the rs3094087 locus.
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Figure S4: Regional plot for the rs2954021 locus.
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Figure S5: Regional plot for the rs1169288 locus.
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Figure S6: Regional plot for the rs28929474 locus.
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Figure S7: Regional plot for the rs2274685 locus.
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Figure S8: Regional plot for the rs340005 locus.
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Figure S9: Regional plot for the rs17616063 locus.
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Figure S10: Regional plot for the rs1800961 locus.
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Figure S11: Regional plot for the rs5992134 locus.
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Figure S12: Regional plot for the rs1849863 locus.
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A B C

Figure S13: Sex heterogeneity of the ACE2 cis-pQTL genotype-phenotype map. (A) Sample size distri-

butions of males and females across the ACE2 cis-pQTL genotypes. (B) Narrow-sense heritability captured by the

ACE2 cis-pQTL for males and females. (C) Estimated allelic substitution effect of the ACE2 cis-pQTL for males and

females, respectively.
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Figure S14: cis-eQTL associations of the trans-pQTL of plasma ACE2. The lead variant at each mapped

trans-pQTL is used to represent the pQTL association. Besides the MHC, the other eight trans-pQTL are shown in

different colours. (A) cis-eQTL association signals of the eQTLGen analysis, where the genome-wide significant eQTL

associations are highlighted in dark colours. (B) cis-eQTL association signals of the GTEx analysis across multiple

human tissues.
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Figure S15: Enrichment of ACE2 genetic associations across chromatin states in different tissues and

cell types. Genome-wide association true-false status of P < 5 × 10−8 for ACE2 were logistic-regressed on the

chromatin states values to test for enrichment signals, including the LD scores of the genetic variants to account for

linkage. TSS: transcription start sites. See Data Availability for detailed descriptions of the tissues and cell types.
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Figure S16: ACE2 cis-eQTL signals across 44 human tissues. The data were extracted from the GTEx

project portal. The cis-window was defined as a 1 Mb window around the transcription starting site of ACE2. The

common SNP upstream of ACE2 that is closest to the transcription starting site, X:15618063 (Ch37 reference, minor

allele frequency = 0.4572, distance to TSS = -2208 bp), was considered a reference for linkage disequilibrium R2

calculation and colouring of the other SNPs in the cis-window.
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Figure S17: ACE2 expression and specificity across human tissues. The expression data were extracted

from the GTEx project portal. (A) Medians of the gene expression values across samples in transcript counts per

million reads. (B) Tissue-specificity of the gene expression normalised for both the distribution across samples and

that across all the genes.
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Figure S18: colocalisation of TRIB1 locus on blood lipids, and waist circumference. LDL: low-density

lipoprotein, HDL: high-density lipoprotein, BMI: body mass index, WC: waist circumference.
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ENSR00000085879

ENSM00156191351

A

B

Figure S19: HNF4A binds on locus rs17616063 as a transcription factor (TF) (A) rs17616063 is lo-

cated on the TF binding site ENSR00000085879 and the nearest experimentally verified motif ENSM00156191351 is

shown. (B) The position weight matrix (PWM) ENSPFM0290 offered by ENCODE project corresponds to the motif

ENSM00156191351. Protein HNF4A is one of the target binding TFs in HepG2 cell line.
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Figure S20: QQ-plots testing the ACE2 cis-eQTL effects on UK Biobank phenotypes. The common

SNP upstream of ACE2 that is closest to the transcription starting site, X:15618063, was testing against 3,990 UK

Biobank phenotypes, based on the Neale’s lab protocol. (A) The QQ-plot for the marker-trait associations from UK

Biobank GWAS. (B) The QQ-plot for testing the expression-trait Mendelian randomization causal effects with the

marker as a single instrument.
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Figure S21: Colocalisation between cis-eQTL of HNF1A and C12orf43 and the corresponding tran-

s-pQTL of ACE2. (A) Comparison between the ACE2 trans-pQTL and the cis-eQTL of multiple genes in the

region based on eQTLGen summary data. (B) Visualisation of the heterogeneity of multiple SNP effects between

three eQTL and the ACE2 trans-pQTL, where the SNPs were LD-clumped by the HEIDI procedure. The SNPs

showing heterogeneous effects for OASL expression are also highlighted in (A).
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Figure S22: Relation of ACE and ACE2 expression across human tissues The RNA-seq data of ACE

and ACE2 obtained from GTEx project V7 across 26 tissues. The raw TPM values were performed log2 scale

transformation. Blue lines are linear regression lines.
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Figure S23: Genetic relationship between plasma ACE and ACE2 The figure shown the genetic covari-

ance between plasma ACE and ACE2, cis-region mendelian randomization (MR) analysis and their causal effects on

cardiovascular disease (CVD) and blood pressure traits. The error bar represents 95% confidence interval. (A) the

genetic covariance between plasma ACE and ACE2 estimated by method high-definition likelihood (HDL) and LD

Score Regression (LDSC) respectively. (B) Cis-SNPs based MR of effect of ACE concentration change on ACE2

concentration and effect of ACE2 change on ACE. (C) MR analysis was performed on ACE and ACE2 concentration

to different CVD and blood pressure traits using top cis-SNP as instrument. Z-score obtained from MR’s effect size

and standard error. Red dots represent effect on CVD traits and blue represent effect on blood pressure traits.
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Figure S24: Genetic and causal relationships between plasma ACE and vascular diseases. Estimates

significantly (Bonferroni Correction) different from zero are highlighted in filled circles. The first two forest plots show

the bidirectional generalised summary-level Mendelian randomization (GSMR) analysis results between plasma ACE

and 48 vascular-disease-related traits. The third forest plot gives the corresponding genetic correlations estimates

between plasma ACE and these phenotypes. The last forest plot shows the estimated MR effects based on cis-pQTL

only. The error bar represents 95% confidence interval. OR: odds ratio.
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123Hull	Royal	Infirmary,	Hull,	UK	
124Harefield	Hospital,	London,	UK	
125Chesterfield	Royal	Hospital	Foundation	Trust,	Chesterfield,	UK	
126Barnet	Hospital,	London,	UK	
127Aintree	University	Hospital,	Liverpool,	UK	
128St	James’s	University	Hospital	and	Leeds	General	Infirmary,	Leeds,	UK	
129Glan	Clwyd	Hospital,	Bodelwyddan,	UK	
130University	Hospital	Crosshouse,	Kilmarnock,	UK	
131Royal	Bolton	Hospital,	Bolton,	UK	
132Princess	of	Wales	Hospital,	Llantrisant,	UK	
133Pilgrim	Hospital,	Lincoln,	UK	
134Northumbria	Healthcare	NHS	Foundation	Trust,	North	Shields,	UK	
135Ninewells	Hospital,	Dundee,	UK	



136Lister	Hospital,	Stevenage,	UK	
137Bedford	Hospital,	Bedford,	UK	
138Royal	United	Hospital,	Bath,	UK	
139Royal	Bournemouth	Hospital,	Bournemouth,	UK	
140The	Great	Western	Hospital,	Swindon,	UK	
141Watford	General	Hospital,	Watford,	UK	
142University	Hospital	North	Durham,	Darlington,	UK	
143Tameside	General	Hospital,	Ashton	Under	Lyne,	UK	
144Princess	Royal	Hospital	Shrewsbury	and	Royal	Shrewsbury	Hospital,	Shrewsbury,	UK	
145Arrowe	Park	Hospital,	Wirral,	UK	
146The	Queen	Elizabeth	Hospital,	King’s	Lynn,	UK	
147Royal	Blackburn	Teaching	Hospital,	Blackburn,	UK	
148Poole	Hospital,	Poole,	UK	
149Medway	Maritime	Hospital,	Gillingham,	UK	
150Warwick	Hospital,	Warwick,	UK	
151The	Royal	Marsden	Hospital,	London,	UK	
152The	Princess	Alexandra	Hospital,	Harlow,	UK	
153Musgrove	Park	Hospital,	Taunton,	UK	
154George	Eliot	Hospital	NHS	Trust,	Nuneaton,	UK	
155East	Surrey	Hospital,	Redhill,	UK	
156West	Middlesex	Hospital,	Isleworth,	UK	
157Warrington	General	Hospital,	Warrington,	UK	
158Southport	and	Formby	District	General	Hospital,	Ormskirk,	UK	
159Royal	Devon	and	Exeter	Hospital,	Exeter,	UK	
160Macclesfield	District	General	Hospital,	Macclesfield,	UK	
161Borders	General	Hospital,	Melrose,	UK	
162Birmingham	Children’s	Hospital,	Birmingham,	UK	
163William	Harvey	Hospital,	Ashford,	UK	
164Royal	Lancaster	Infirmary,	Lancaster,	UK	
165Queen	Elizabeth	the	Queen	Mother	Hospital,	Margate,	UK	
166Liverpool	Heart	and	Chest	Hospital,	Liverpool,	UK	
167Darlington	Memorial	Hospital,	Darlington,	UK	
168Southend	University	Hospital,	Westcliff-on-Sea,	UK	
169Raigmore	Hospital,	Inverness,	UK	
170Salisbury	District	Hospital,	Salisbury,	UK	
171Peterborough	City	Hospital,	Peterborough,	UK	
172Ipswich	Hospital,	Ipswich,	UK	
173Hereford	County	Hospital,	Worcester,	UK	
174Furness	General	Hospital,	Barrow-in-Furness,	UK	
175Forth	Valley	Royal	Hospital,	Falkirk,	UK	
176Torbay	Hospital,	Torquay,	UK	
177St	Mary’s	Hospital,	Newport,	UK	
178Royal	Manchester	Children’s	Hospital,	Manchester,	UK	
179Royal	Cornwall	Hospital,	Truro,	UK	
180Queen	Elizabeth	Hospital	Gateshead,	Gateshead,	UK	
181Kent	&	Canterbury	Hospital,	Canterbury,	UK	



182James	Paget	University	Hospital	NHS	Trust,	Great	Yarmouth,	UK	
183Darent	Valley	Hospital,	Dartford,	UK	
184The	Alexandra	Hospital,	Redditch	and	Worcester	Royal	Hospital,	Worcester,	UK	
185Ysbyty	Gwynedd,	Bangor,	UK	
186Yeovil	Hospital,	Yeovil,	UK	
187University	Hospital	Hairmyres,	East	Kilbride,	UK	
188Scunthorpe	General	Hospital,	Scunthorpe,	UK	
189Princess	Royal	Hospital	Brighton,	West	Sussex,	UK	
190Lincoln	County	Hospital,	Lincoln,	UK	
191Homerton	University	Hospital,	London,	UK	
192Glangwili	General	Hospital,	Camarthen,	UK	
193Ealing	Hospital,	Southall,	UK	
194Scarborough	General	Hospital,	Scarborough,	UK	
195Royal	Albert	Edward	Infirmary,	Wigan,	UK	
196Queen	Elizabeth	Hospital,	Woolwich,	London,	UK	
197North	Devon	District	Hospital,	Barnstaple,	UK	
198National	Hospital	for	Neurology	and	Neurosurgery,	London,	UK	
199Eastbourne	District	General	Hospital,	East	Sussex,	UK	and	Conquest	Hospital,	East	
Sussex,	UK	
200Diana	Princess	of	Wales	Hospital,	Grimsby,	UK	
201The	Christie	NHS	Foundation	Trust,	Manchester,	UK	
202Prince	Philip	Hospital,	Lianelli,	UK	
203Prince	Charles	Hospital,	Merthyr	Tydfil,	UK	
204Golden	Jubilee	National	Hospital,	Clydebank,	UK	
205Dorset	County	Hospital,	Dorchester,	UK	
206Calderdale	Royal	Hospital,	Halifax,	UK	
207West	Suffolk	Hospital,	Suffolk,	UK	
208West	Cumberland	Hospital,	Whitehaven,	UK	
209University	Hospital	Lewisham,	London,	UK	
210St	John’s	Hospital	Livingston,	Livingston,	UK	
211Sheffield	Children’s	Hospital,	Sheffield,	UK	
212Hinchingbrooke	Hospital,	Huntingdon,	UK	
213Glenfield	Hospital,	Leicester,	UK	
214Bronglais	General	Hospital,	Aberystwyth,	UK	
215Alder	Hey	Children’s	Hospital,	Liverpool,	UK	
216University	Hospital	Monklands,	Airdrie,	UK	
217Cumberland	Infirmary,	Carlisle,	UK	

	


	SUPPLEMENTAL METHODS
	SUPPLEMENTAL RESULTS & DISCUSSION
	SUPPLEMENTAL FIGURES
	SUPPLEMENTAL TABLES
	SUPPLEMENTAL INFORMATION

