medRxiv preprint doi: https://doi.org/10.1101/2021.05.18.21257396; this version posted October 15, 2021. The copyright holder for this preprint

RRR R
ARWNROOWONOUDRWN R

(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

A Phenome-Wide Association Study of genes associated with COVID-19 severity reveals
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Abstract

The study aims to determine the shared genetic architecture between COVID-19 severity with
existing medical conditions using electronic health record (EHR) data. We conducted a
Phenome-Wide Association Study (PheWAS) of genetic variants associated with critical illness
(n=35) or hospitalization (n=42) due to severe COVID-19 using genome-wide association
summary from the Host Genetics Initiative. PheWAS analysis was performed using genotype-
phenotype data from the Veterans Affairs Million Veteran Program (MVP). Phenotypes were
defined by International Classification of Diseases (ICD) codes mapped to clinically relevant
groups using published PheWAS methods. Among 658,582 V eterans, variants associated with
severe COVID-19 were tested for association across 1,559 phenotypes. Variants at

the ABO locus (rs495828, rs505922) associated with the largest number of phenotypes (Nrsagsszs=
53 and nrss05922=59); strongest association with venous embolism, odds ratio (ORsigss2s 1.33
(p=1.32 x 10™%), and thrombosis OR;ssos022 1.33, p=2.2 x10?%°. Among 67 respiratory conditions
tested, 11 had significant associations including MUCSB locus (rs35705950) with increased risk
of idiopathic fibrosing alveolitis OR 2.83, p=4.12 x 10**"; CRHR1 (rs61667602) associated with
reduced risk of pulmonary fibrosis, OR 0.84, p=2.26x 10™. The TYK2 locus (rs11085727)
associated with reduced risk for autoimmune conditions, e.g., psoriasis OR 0.88, p=6.48 x10'%,
lupus OR 0.84, p=3.97 x 10%. PheWAS stratified by genetic ancestry demonstrated differences
in genotype-phenotype associations across ancestry. LMNA (rs581342) associated with
neutropenia OR 1.29 p=4.1 x 10" among V eterans of African ancestry but not European.
Overall, we observed a shared genetic architecture between COVID-19 severity and conditions

related to underlying risk factors for severe and poor COVID-19 outcomes. Differing
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132  associations between genotype-phenotype across ancestries may inform heterogenous outcomes
133  observed with COVID-19. Divergent associations between risk for severe COVID-19 with

134  autoimmune inflammatory conditions both respiratory and non-respiratory highlights the shared
135 pathways and fine balance of immune host response and autoimmunity and caution required
136  when considering treatment targets.

137
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138  Introduction

139  Coronavirus disease 2019 (COVID-19) first identified in December of 2019, became a global
140 pandemic by March 2020. As of September 2021, COVID-19, transmitted by the SARS-CoV-2
141  virus, has resulted in the loss of over 4.6 million lives worldwide.? Identifying host genetic
142  variants associated with severe clinical manifestations from COVID-19, can identify key
143  pathways important in the pathogenesis of this condition. Internationa efforts such as the
144  COVID-19 Host Genetics Initiative (HGI)* have meta-analyzed genome-wide association study
145 (GWAS) summary statistics at regular intervals to identify novel genetic associations with
146 COVID-19 severity. Thus far, ten independent variants associated with COVID-19 severity at
147  genome-wide significance have been identified, most notably at the ABO locus.* These GWASs
148 have also identified variations in genes involving inflammatory cytokines and interferon

149  signaling pathways such as IFNAR2, TYK2, and DPP9.*

150 The unprecedented availability of genome-wide data for COVID-19 provides an
151  opportunity to study clinical conditions that share genetic risk factors for COVID-19 severity.
152  Examining known conditions, each with abody of knowledge regarding important pathways and
153 targets, may in turn improve our understanding of pathways relevant for COVID-19 severity and
154 inform the development of novel treatments against this pathogen. The Phenome-Wide
155 Association Study (PheWAS) is an approach for simultaneously testing genetic variants
156  association with a wide spectrum of conditions and phenotypes.” The Veteran's Affairs (VA)
157  Million Veterans Program (MVP) has generated genotypic data on over 650,000 participants
158 linked with electronic health record (EHR) data containing rich phenotypic data, enables large-

159 scale PheWAS. Moreover, MVP has the highest racial and ethnic diversity of the major biobanks


https://doi.org/10.1101/2021.05.18.21257396
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2021.05.18.21257396; this version posted October 15, 2021. The copyright holder for this preprint

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

worldwide affording an opportunity to compare whether associations are similar across genetic

ancestries.®

The objective of this study was to use existing clinical EHR datato identify conditions
that share genetic variants with COVID-19 severity using the disease-agnostic PheWAS
approach. Since COVID-19 is anew condition, identifying existing conditions which share
genetic susceptibility may alow us to leverage existing knowledge from these known conditions
to provide context regarding important pathways for COVID-19 severity, aswell as how

pathways may differ across subpopulations.

Methods

Data sources

The VA MVPisanational cohort launched in 2011 designed to study the contributions of
genetics, lifestyle, and military exposures to health and disease among US Veterans.®

Blood biospecimens were collected for DNA isolation and genotyping, and the biorepository was
linked with the VA EHR, which includes diagnosis codes (International Classification of
Diseases ninth revision [ICD-9] and tenth revision [ICD-10]) for al Veterans followed in the
healthcare system up to September 2019. The single nucleotide polymorphism (SNP) datain the
MV P cohort was generated using a custom Thermo Fisher Axiom genotyping platform called
MVP 1.0. The quality control steps and genotyping imputation using 1000 Genomes
cosmopolitan reference panel on the MV P cohort has been described previously.” All individuals
in the study provided written informed consent as part of the MV P. This study was approved

through the Veterans Affairs central institutional review board as part of the MVP.
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Genetic variant selection

An overview of the analytic workflow isoutlined in Fig 1. Variants were derived from the
COVID-19 HGI GWAS meta-analysis release v6°. In this study, we analyzed the following HGI
GWAS summary statistics: 1) hospitalized and critically ill COVID-19 vs. population controls
denoted as“A2” in HGI, and referred to as “critical COVID” in this study, and 2) hospitalized
because of COVID-19 vs. population controls, denoted as “B2” in HGI, referred to as
“hospitalized COVID” in this study®. For each GWAS, variants with a Benjamini-Hochberg false
discovery rate (FDR) corrected p-value < 0.01 were selected as candidate lead SNPs (3,502
associated with critical COVID, and 4,336 associated with hospitalized COVID). Variants with
r? <0.1 were clustered within a 250 kb region according to 1000 Genomes phase 3 transethnic
reference panel®, resulting in 45 independent variants associated with critical COVID and 42
variants associated with hospitalized COVID summary statistics. The lead variants from each set

of GWAS summary statistics are availablein eTable 1.

Outcomes

For both MV P, clinical data prior to the onset of the COVID-19 pandemic were used to reduce
potential confounding bias from SARS-CoV-2 infection on existing conditions. Phenotypes
were defined by phecodes from prior studies™®. Each phecode represents ICD codes grouped into
clinically relevant phenotypes for clinical studies. For example, the phecode “deep venous
thrombosis’ includes “venous embolism of deep vessels of the distal lower extremities,” and
“deep venous thrombosis of the proximal lower extremity,” both of which have distinct ICD

codes. Using this approach, all ICD codes for all Veteransin MV P were extracted and each
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assigned a phenotype defined by a phecode. ICD-9 and ICD-10 codes were mapped to 1876

phecodes, as previously described.>®

For each phecode, participants with >2 phecode-mapped ICD-9 or ICD-10 codes were defined as
cases, whereas those with no instance of a phecode-mapped ICD-9 or ICD-10 code were defined
as controls. Based on our previous simulation studies of ICD EHR data, populations where the
phecode comprises < 200 cases were more likely to result in spurious results'®, and we thus
applied this threshold in each ancestry group. Intotal, we analyzed 1,617 (EUR), 1304 (AFR),

993 (HI1S), 294 (ASN) phecodes from the MV P cohort.

Phenome-wide association studies

The primary PheWAS analysis used SNPs identified from the HGI GWAS of critical and
hospitalized COVID, and tested association of these SNPs with phenotypes extracted from the
EHR using data prior to the COVID-19 pandemic. Logistic regression using PLINK?2 to
examine the SNP association with phecodes and firth regression was applied when logistic
regression model failed to converge. Regression models were adjusted for sex, age (at
enrollment), agesquared, and the first 20 principal components. Genetic ancestry was determined
using the HARE method for four major groups: African (AFR), Asian (ASN), Hispanic (HIS),
and European (EUR) ancestry™'. Ancestry-specific PheWAS was first performed in these four
groups, and summary data were meta-analyzed using an inverse-variance weighted fixed-effects
model implemented in the PheWAS R package’. We assessed heterogeneity using 12 and

excluded any results with excess heterogeneity (12 > 40%).
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222  To address multiple testing, an association between SNP and phecode with FDR p < 0.01 was
223  considered significant. Thus, the threshold for significance was p < 6.07 x 10 for critical

224  COVID lead variants, and p < 4.13 x 10 for hospitalized COVID lead variants. In the main
225  manuscript we highlight PheWAS significant associations using FDR < 0.01 and an effect size
226  associated with increased or reduced risk for a condition by 10%, with complete PheWAS results

227  providedin S2 Tableand S3 Table.

228 Reaults

229  Westudied 658,582 MV P participants, with mean age 68 years (SD), 90% male, with 30%
230  participants from non-European ancestry (Table 1). The PheWAS was performed on 35 genetic
231 variants associated with critical COVID-19, and 42 genetic variants (S1 Table) associated with

232  hospitalized COVID, across 1,559 phenotypes.

233  From the trans-ethnic meta-analysis, we identified 151 phenotypes significantly associated with
234  critical COVID GWAS-identified variants, and 156 associations with hospitalized COVID

235 GWAS-identified lead variants (FDR, p<0.01). Among these lead variants with significant

236  PheWAS associations, 10 SNPs were associated with reduced risk of critical and hospitalized
237  COVID-19in HGI. Six variants were common to both severe and hospitalized COVID and had
238  dignificant PheWAS associations, namely, variations nearest to the genes ABO (rs495828 and
239  rsb05922), DPP9 (rs2277732), MUCSB (rs35705950), TYK2 (rs11085727), and CCHCR1

240  (rs9501257) (S2 Table and S3 Table).

241

242
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243  Association of ABO loci with known risk factors and outcomes related to COVID-19 severity

244 Inthe transethnic meta-analysis, the phenotypes with the strongest association with variants near
245  ABO locus (rs495828 and rs505922) was “hypercoagulable state” (ORgiitical_phewas = 1.48 [1.42 -
246 1.54], Pgitca_phewas = 1.84 x 10°*%; ORnospitalized phewas = 1.51 [1.46 - 1.56], Prospitalized_hewas =
247 211 x 10 Fig2). The ABO loci had the largest number of significant PheWAS association
248  findings, accounting for 35% (53/151) of significant phenotype associations in the critical

249  COVID PheWAS, and 37% (59/156) in the hospitalized COVID PheWAS. The phenotypes with
250 the most significant associations and largest effect size were related to hypercoagulable states
251 and coagulopathies. As expected, conditions not related to coagulopathy associated with the
252  ABO locus, included type 2 diabetes and ischemic heart disease, have been reported as risk

253 factorsfor or are complications associated with COVID-19 severity and mortality (Fig 2, S2

254 Tableand S3 Table).

255  Associations between variants associated with COVID-19 severity and respiratory conditions

256 andinfections

257  Among 68 respiratory conditions, only 11 diseases had significant associations (FDR < 0.01)
258  shared with genetic variants associated with severe COVID-19. The most significant association
259  was observed between rs35705950 (MUCS5B) and idiopathic fibrosing alveolitis (OR = 2.83
260 [2.76—2.90]; P =4.12 x 10'*"), also known as idiopathic pulmonary fibrosis (IPF). Similarly,
261  rs2277732 near DPP9 was associated with IPF (OR = 1.16 [1.09 — 1.22]; P = 5.84 x 10°%), both
262  association between MUC5B, DPP9 variants and | PF has been reported in previous studies.™
263  However, the association of genetic variants with other respiratory conditions may represent

264  novel findings. the association of intronic variant rs61667602 in CRHR1 with reduced risk of
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265  post inflammatory pulmonary fibrosis (OR = 0.84 [0.80 — 0.89]; P = 2.26x 10™?), “aveolar and
266  parietoalveolar pneumonopathy” (OR = 0.80[0.72 —0.88]; P = 1.58 x 10°%) and IPF (OR = 0.87
267 [0.82-0.92], P =7.5x 107). We did not detect associations between any of the variants and
268  other respiratory conditions which are known risk factors for COVID-19 such as COPD, cystic

269 fibrosis, pulmonary hypertension. (S2 Table, S3 Table).

270  Associations between variants associated with COVID-19 severity and reduced risk for certain

271  phenotypes

272  Thersl1085727-T alele of TYK2, alead variant from the both critically ill and hospitalized
273 COVID GWAS was associated with areduced risk for psoriasis (OR = 0.88 [0.86- 0.91], P =
274 6.48 x 10%), psoriatic arthropathy (OR = 0.82 [0.76 - 0.87], P = 6.97 x 10™), and lupus (OR =
275 0.84[0.76 - 0.91], P = 63.97 x 10). This TYK2 signal has been previously reported to be

276  associated with reduced risk of psoriasis, psoriatic arthropathy, type 1 diabetes, systemic lupus

277  erythematosus and RA aswell as other autoimmune inflammatory conditions™** (Table 2).

278  Ancestry specific PheWAS provide insights into disease risks across ancestries

279  The PheWAS analyses performed across four major genetic ancestry group in MV P observed
280 similar findings as the overall meta-analysis with few associations unique to each ancestry. (Fig
281 3, S8 Table). SNPrs581342 (LMNA), associated with severe COVID-19, was a highly prevalent
282  variant among subjects with AFR ancestry (MAF=0.53) and was associated with neutropenia
283  (ORarr = 0.82[0.76 - 0.87], Parr = 4.09 x 10™*%); this association was not observed in larger
284  population of EUR descent (S8 Table). Following up on this finding, we extracted data on

285 laboratory values and observed a strong associ ation between LMNA with lower white blood cell
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286  count (beta=-0.34[-0.35, -0.32], Parr= 1 x 10°%) and lower median neutrophil fraction (beta =
287 -1.84[-1.94, -1.75], Parr = 1 x 10°*®) compared to those without this variant. This association in
288 laboratory values was again more significant with a stronger effect size among subjects with

289  AFR ancestry in comparison to EUR (P=0.005). Among AFR individuals, each allele was

290 associated with a1.84% lower neutrophil fraction, where among EUR individuals, each allele

291 wasassociated with only a 0.04% reduction (SO Table).

292  Similarly, associations between rs9268576 (HL-DRA) and thyrotoxicosis was only observed in
293  AFR ancestry participants. The EUR ancestry specific PheWAS identified 39 significant

294  associations which were not observed in other ancestry groups. One such association was

295  between MUCSB variant and phecode for “ dependence on respirator [Ventilator] or

296  supplemental oxygen” (ORgur = 1.16 [1.11 — 1.12], Peyr = 1.72x 10™*°) among EUR ancestry
297  participants was not sgnificant in other ancestry population (S8 Table). It isimportant to note
298 that the conditions with significant association among EUR participants had smilar prevalence
299 among other ancestries. However, since there were overall fewer subjectsin non-EUR ancestry
300 groups, thislikely resulted in lower statistical power to detect associations. All ancestry specific
301 PheWASresults are available in supplementary tables ($4 Table, S5 Table, S6 Table, S7 Table).
302

303  Association with variation at sex chromosome

304 Inthe hospitalized COVID-19 GWAS, we identified rs4830964 as the only lead variant on
305 chromosome X. The SNP islocated near ACE2 and was associated “non-healing surgical
306 wound” (OR =0.92[0.89 —0.96], P = 2.23x 10'®). Notably, the SNP had nominal association

307  (p<0.05) with type 2 diabetes and diabetes related complications that are previously reported
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association with variation in ACE2 (S3 Table). We did not observe any association with this

variant in the ancestry specific PheWAS analysis.

Discussion

In this large-scale PheWAS, we identified the shared genetic architecture between variants
associated with severe COVID-19 and other complex conditions using data from MV P, one of
the largest and most diverse biobanksin the world. Broadly, theserisk alleles identified
conditions associated with risk factors for severe COVID-19 manifestations such as T2D,
ischemic heart disease across all ancestries. Notably, the strongest associations with the highest
effect size were related to coagulopathies, specifically, hypercoagulable state including deep
venous thrombosis and other thrombotic complications, also shared variants associated with
severe COVID-19. In contrast, among respiratory conditions, only idiopathic pulmonary fibrosis
and chronic alveolar lung disease shared genetic risk factors, with the notable absence of an
association with COPD, pulmonary hypertension, and other respiratory infections. When
comparing findings from the two largest ancestry groupsin MV P, AFR and EUR, we observed
that arisk allele associated with severe COVID-19 that shares an association with neutropenia
on among Veterans of AFR ancestry. Finally, we observed that variants associated with severe
COVID-19 had an opposite association, or reduced odds with autoimmune inflammatory

conditions, such as psoriasis, psoriatic arthritis, RA, and inflammatory lung conditions.

A classic GWAS tests the association between millions of genetic variants with the presence or
absence of one phenotype, e.g., GWAS of deep venous thrombosis. In the COVID-19 HGI
GWAS, the “phenotype” was patients hospitalized for or critically ill from COVID-19.

Clinically, this population includes a mixture of patients with a complex list of medical
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330 conditionsat high risk for severe COVID complications and those who had actual complications
331 from COVID-19. Thus, we would anticipate that many of the significant phenotypes would be
332  associated with risk factors such as obesity and deep venous thrombosis. The clinical data used
333 inthisstudy pre-dates the emergence of COVID-19 to reduce potential confounding bias that can
334  occur in apopulation infected with SARS-CoV-2, e.qg., interaction between COVID-19 and type
335 2diabetes. Additionally, our findings suggest that the PheWAS approach can be a useful tool to
336 identify clinical factors related to emerging infectious diseases regarding severity or

337  complications when genomic data are available.

338

339 ThePheéWAS results of SNPsin the ABO locus served as a positive control for this study.

340 Genetic variationsin ABO are an established risk factor for COVID-19 severity. Patients with
341 blood group A have ahigher risk of requiring mechanical ventilation and extended ICU stay
342  compared with patients with blood group O." These same variations at ABO had known

343  associations with a spectrum of blood coagulation disorders identified in studies pre-dating

344 COVID-19.°"® The PheWAS of ABO variantsidentified associations with increased risk of
345  deep vein thrombosis, pulmonary embolism, and other circulatory disorders, in line with prior
346  studies, and recent studies among patients hospitalized with COV1D-19.%2%

347

348  Among the respiratory conditions, only idiopathic pulmonary fibrosis (IPF) and chronic alveoli
349  lung disease had associations with the variants near genes MUC5B, CRHR1, and NSF. Located
350 intheenhancer region of the MUCBSB, rs35705950, is a known risk factor for IPF, and a high
351 mortality rate was observed among the COVID-19 patients with pre-existing

352  IPF.** However, the variant is associated with a reduced risk of severe COVID-19 (OR=0.89),

353 revedling therisk allele's opposing effect for infection and pulmonary fibrosis. In a separate
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study of MV P participants tested for COVID-19, we identified a significant mediating effect of
the MUC5B variant in reducing risk for pneumonia dueto COVID-19%. An intronic variation in
CRHRL1 (rs61667602-T) had reduced risk for severe COVID-19 (OR= 0.91) as well as
respiratory conditions such as IPF. CRHRL1 geneis areceptor that binds to the corticotropin-
releasing hormone has a key role in immune, behavioral, autonomic, and neuroendocrine
responses to stress. Depression and anxiety are the known conditions associated with variations
in CRHRY, but variations in this gene have also shown associations enhanced improvement in
pulmonary function in asthma patients taking inhaled corticosteroid®. This finding may inform
results from the RECOVERY clinical trial of patients hospitalized with COVID-19 where a
survival benefit was observed for dexamethasone use among those receiving respiratory

support?’.

Severa conditions shared genetic variants associated with severe COVID-19, however, the
association was for reduced odds for these conditions. All except one, rosacea, have a known
autoimmune etiology. The existing literature can help explain the dual association between
reduced risk of autoimmune conditions such as psoriasis and RA and increased risk of severe
COVID-19viaTYK2. TYK2, amember of the Janus Kinase (JAK) family of genes, plays akey
rolein cytokine signal transduction and the inflammatory response, particularly vialL-12, IL-23,
and is also important for IL-6 and IL-10 signaling (Fig 3).” TYK2 serves a central rolein type 1
interferon signaling, part of the innate immune response blocking the spread of a virus from
infected to uninfected cells. Partial loss of TYK2 function is associated with reduced risk for
several autoimmune disorders such as RA and psoriatic disease, conditions treated with
immunosuppressive therapy.**?**? Humans with complete TYK2 loss of function have clinically

significant immunodeficiency with increased susceptibility to mycobacteria and viral
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infections.®®3 In line with the TYK2 findings is enhanced steroid responsiveness among patients
with asthma carrying the CRHR1 variant®. Here again, a variant associated with severe COVID-
19 is associated with anon-COVID phenotype responsive to immunosuppressive therapy. In
summary, reviewing the overall signal of opposing associations of variants with COVID-19 and
autoimmune conditions, highlights the known fine balance between host immune response and

autoimmunity.

While non-white populations are disproportionately affected by COVID-19, the current genetic
studies of severe COVID-19 till predominantly consist of individuals from EUR ancestry. MVP
has the most racial and ethnic diversity compared to other major biobanks. The availability of
linked EHR data provide the opportunity to provide more in-depth studies of genotype-
phenotype associations observed from the PheWAS. The GWAS from the HGI provides the
most diverse genomic data of COVID-19 consisting of participants from over 25 countries EUR
(33% non-EUR samples), enabling identification of variants more prevalent in non-EUR
populations. In the present study, we observed that a variant located in the LMNA gene locus was
associated with neutropeniain AFR ancestry but not in other ancestry groups, including EUR
which would have been well powered to detect an association. Furthermore, examination of
actual neutrophil percentages measured as part of routine care demonstrated stronger

associationsin Veterans of AFR ancestry compared to EUR.

LMNA variants are associated with a broad spectrum of cardiomyopathies such as dilated
cardiomyopathies, familial atrial fibrillation. However, the association with neutropenia has not
been previously reported. Neutropeniarefers to an abnormally low number of neutrophilscell in

the blood, and predisposes to increased risk of infection . Epidemiology studies have shown that
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402  lower neutrophil counts are more common in individuals with African Ancestry® and are

403  hypothesized to be aresult of selection and generally considered benign. Whether low

404  neutrophil levels may clinically impact COVID-19 outcomes remains to be seen and should be
405  further studied.

406

407  Limitations

408 Wenote several limitations. First, the PheWAS was designed as a broad screen to test for

409 potentialy clinically relevant associations between genes and phenotypes, with limited power to
410  detect associations among uncommon conditions, and when further stratified by genetic ancestry.
411  Findings from this study suggest that variants associated with severe COVID-19 are also

412  associated with reduced odds of having an autoimmune inflammatory condition. However, the
413  results cannot provide information on the impact of actual SARS-CoV-2 infection in these

414  individuals after diagnosis of an autoimmune disease

415

416 Conclusons

417 The PheWAS of genetic variants reported to associate with severe COVID-19 demonstrated
418  shared genetic architecture between COVID-19 severity and known underlying risk factors for
419  both severe COVID-19 and poor COVID-19 outcomes, rather than susceptibility to other viral
420 infections. Overall, the associations observed were generally consistent across genetic ancestries,
421  with the exception of a stronger association with neutropenia among V eterans of African

422  ancestry than European ancestry. Notably, only few respiratory conditions had a shared genetic
423  association with severe COVID-19. Among these, variants associated with areduced risk for
424  severe COVID-19 had an opposite association, with reduced risk for inflammatory and fibrotic

425  pulmonary conditions. Similarly, other divergent associations were observed between severe
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COVID-19 and autoimmune inflammatory conditions, shedding light on the concept of the fine
balance between immune tolerance and immunodeficiency. This balance will be important when
considering therapeutic targets for COVID-19 therapies where pathways may control both

inflammation and the viral host response.
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560 Tablesand Figures

561 Tablel. Patient characteristics of Million Veteran Program participants

Characteristics Million Veteran Program
Number (%)
Total Patients 658,582
Male 592,516 (90)
Genetic Ancestry
European 464,961 (70)
African 123,120 (19)
Hispanic 52,183 (8)
Asian 83,29 (1)
Other 99,89 (2)
Comorbidities
Obesity (phecode = 278) 283,197 (43)
Hypertension (phecode = 401.1) 451,998 (69)
Type 2 Diabetes (phecode = 250.2) 227,575 (34)
Coronary Artery Disease (phecode = 411.4) 152,136 (23)
Chronic Kidney Disease (phecode = 585.2) 100,46 (15)
562
563
564
565

566
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Table 2. Phenotypes sharing association with variants also associated with severe COVID-19
infection, with reduced odds of disease listed in order of p-value*.

Phenotype OR (95% CI) p-value | Gene SNP CcovID-
severity
Psoriasis 0.89 [0.86-0.91] 6.48E-23 | TYK2 rs11085727 Both
Rosacea 0.84 [0.8-0.89] 7.54E-16 | HLA-DPB1 rs9501257 Critical
Psoriatic arthropathy 0.82 [0.77-0.88] 6.97E-12 | TYK2 rs11085727 | Both
Post-inflammatory pulmonary fibrosis 0.87 [0.83-0.92] 4.54E-09 | NSF rs9896243 Critical
Vitiligo 0.69 [0.56-0.82] 3.03E-08 | CCHCR1 rs111837807 | Both
Sarcoidosis 0.74 [0.62-0.85] 1.80E-07 | CCHCR1 rs111837807 | Both
Lupus (localized and systemic) 0.84 [0.77-0.91] 3.97E-06 | TYK2 rs11085727 | Both
Cutaneous lupus erythematosus 0.79 [0.68-0.89] 6.21E-06 | TYK2 rs11085727 Both
Post-inflammatory pulmonary fibrosis 0.85 [0.8-0.9] 2.26E-12 | CRHR1 rs61667602 Hospitalized
Rheumatoid arthritis 0.84 [0.79-0.9] 4.20E-10 | HLA-DRA rs9268576 Hospitalized
Idiopathic fibrosing alveolitis 0.81 [0.73-0.88] 1.58E-08 | CRHR1 rs61667602 | Hospitalized
Rheumatoid arthritis and other inflammatory 0.88 [0.84-0.93] 6.34E-08 | HLA-DRA rs9268576 Hospitalized
polyarthropathies
Other alveolar and parietoalveolar 0.88 [0.83-0.93] 7.50E-07 | CRHR1 rs61667602 | Hospitalized

pneumonopathy

*OR<0.9 and P<10-5 shown in table, full resultsin supplementary; if multiple related conditions, e.g. psoriasis,
psoriasis vulgaris, psoriasis and related disorders, description with lowest p-value selected shown in table.

Fig 1. Overview of variant selection and PheWAS analysis design.

Fig 2. PheWAS results of candidate SNPs from GWAS of critically ill and hospitalized COVID-

19. Significant associations between 48 SNPs from critical ill COVID GWAS (A) and 39 SNPs

from hospitalized COVID (C) and EHR derived phenotypes in the Million Veteran Program. The

phenotypes are represented on the x-axis and ordered by broader disease categories. The red line

denotes the significance threshold using false discovery rate of 1% using the Benjamini-

Hochberg procedure. The description of phenotypes is highlighted for the associations with FDR

< 0.1 and odds ratio < 0.90 or oddsratio > 1.10. B) and D) A heatmap plot of SNPs with at least

one significant association (FDR < 0.1). Thedirection of effect disease risk is represented by
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582 oddsratio. A red color indicates increased risk and blue color indicated reduced risk. The results

583 with oddsratio < 0.90 or odds ratio > 1.10 are shown.

584  Fig 3. PheWAS results of candidate SNPs from GWAS of Hospitalized COVID-19 in AFR
585  ancestry individuals. The plot highlights the association between rs581342 SNP and

586  Neutropenia, which was only observed in the AFR ancestry. The phenotypes are represented on
587 thex-axisand ordered by broader disease categories. The red line denotes the significance

588 threshold using false discovery rate of 1% using the Benjamini-Hochberg procedure. The table
589 onthetop right of the plot shows the association results between rs581342 and neutropeniain
590 other ancestries. The association was not tested among participants of ASN ancestry dueto low

591 case numbers.
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COVID—lzgmﬁiSSummary Selection of Lead Variants MVP Dataset PheWAS

Genotype Data

s GWAS summary statistics +* SNPs were clumped and s Ancestry specific PheWAS
(Freeze 6) analyzed for pruned using the 1000G +» 1000G imputed data ¢ Logistic or firth regression
PheWAS: reference panel s Ancestry defined by HARE % Covariates

% FDR=0.01 algorithm % 1st 20 PCs
< COVID-19 critically ill vs % R?threshold =0.1 +»+ Total N=658,582 ¢ Sex
Population (A2) % Distance threshold = % EUR =464,961 % Age
250 kb X = o Age?
% COVID-19 hospitalized vs < ﬁrsianlig i’230183 o Transetghenic Meta-analysis
Population (B2) . . - ’
+»» 35 lead loci were identified + Asian = 8,329
from critically ill COVID-19 vs
population GWAS Phenotype Data
mitcc?xg-il: A < 42 Iefad !oci identified from & 1CD-9/10 codes mapped to
hospitalized COVID-19 vs phecodes
population GWAS % Case-Control Definition:

% Cases: >=2 phecodes
s Controls: No phecodes
** Phecodes with cases < 200
were dropped
+ Total phecodes : 1,688



https://doi.org/10.1101/2021.05.18.21257396
http://creativecommons.org/licenses/by/4.0/

-log10(p)

{ Idiopathic fibrosing alveolitis}
200 - 8

150-

[Phlebitis and thrombophlebitis of lower extremities]

[Other chronic ischemic heart disease, L[Atrial fibrillation ]

Chronic pulmonary heart disease

Arterial embolism and thrombosis

Arterial embolism and thrombosis of lower extremity artery
Phlebitis and thrombophlebitis

Phlebitis and thrombophlebitis of lower extremities
Varicose veins of lower extremity

Varicose veins of lower extremity, symptomtic
Vitiligo

Rosacea

Lupus (localized and systemic)

Cutaneous lupus erythematosus

Psoriasis and related disorders

Psoriasis

Psoriasis vulgaris

Psoriatic arthropathy

Sarcoidosis

Duodenal ulcer

Peptic ulcer, site unspecified

Acute appendicitis

Ulceration of intestine

N Psoriasis

Cyst and pseudocyst of pancreas

Varicose veins
Phlebitis and thrombophiebitis

I

Primary hypercoagulable state ]\

Diabetes mellitus

Diverticulosis and diverticulitisiRﬁacg‘

— Microscopic hematuria
[Psonatlc arthropathy}

Anemia in chronic kidney disease

Coagulati

— Chronic pulmonary heart disease |

\ (Abnormal findings examinatior] Microscopic hematuria |

Cancer of prostate,

[ Atrial fibrillation and flutter] — 7] [
Varicose veins of lower extremity]
[Coronary atheroscleros|

N

(Ischemic Heart Dif aricose veins of lower ex_Peptic ulcer (excl. esophageal) |

Diabetic retinopathy

Type 2 diabetes

50-

[Hypercoagulable state}

Atrial fi

[Other and unspecified coagulation defects]

/'¢

. - Coagulation defects
iPsoriaS|s and related dlsorders] gulation defe

Other and unspecified coagulation defects

Hypercoagulable state

i
Psoriasis vulgaris

Primary hypercoagulable state

Fracture of clavicle or scapula

[Seborrheic dermatitis] Arthropathy associated with neurological disorders

A\

Ankylosing spondylitis

Pancreatic cancer

brillation

A 2

[ Erythematosquamous dermatosis ]

Postinflammatory pulmonary fibrosis

v

vy Idiopathic fibrosing alveolitis

Asphyxia and hypoxemia

%I/
%o,

%/’
%, %
. % %

S, % S, S,
.18.2&257396; this versitfrﬁposted Octobe/r 15, 2021. The copyrig‘ﬁyholder for this preprint
95thor/funder, who has granted medRxiv a license to display the préhg;nt in perpetuity.
7,

S

Q,.
medRxiv preprl‘rﬁgjoi: https://doi.org/10.1101/20
(which was niegertified by peer review) is th
It is made av le under a CC-BY 4.0 International license .

(of

Direction of effect A Risk ¥V Protective

[Other venous embolism and thrombosis]

200-

[Idiopathic fibrosing alveolitis]

[Phlebitis and thrombophlebitis of lower extremities]

[Other alveolar and parietoalveolar pneumonopathy]

(Phlebitis and thrombophlebitis |
[ Idiopathic fibrosing alveolitis]

100-

FDR < 0.01
0.90<OR>1.10

TYK2
CCHCR1
DPP9
NCF4
mucss | [
ABO
FBRSL1
KANSL1
HLA-DPB1
NSF

Disease Category

. Dermatologic
Digestive
Genitourinary

Circulatory system

B Hematopoietic o'd; Jatio

Injuries & poisonings 2
I Musculoskeletal 15

Neoplasms 1

Respiratory

Q

Pulmonary heart disease

Arterial embolism and thrombosis

Arterial embolism and thrombosis of lower extremity artery
Phlebitis and thrombophlebitis

Phlebitis and thrombophlebitis of lower extremities
Other venous embolism and thrombosis
Chronic venous hypertension

Vitiligo

Lupus (localized and systemic)
Cutaneous lupus erythematosus
Psoriasis and related disorders

Psoriasis

Psoriasis vulgaris

Psoriatic arthropathy

Sarcoidosis

Peptic ulcer (excl. esophageal)

Duodenal ulcer

Peptic ulcer, site unspecified

Acute appendicitis

Microscopic hematuria

Coagulation defects

Other and unspecified coagulation defects
Hypercoagulable state

Psoriasis

[F’soriasis and related disorders]

Primary hypercoagulable state

Rheumatoid arthritis and other inflammatory polyarthropathies

[Pulmonary heart disease]

[Peptic ulcer, site unspeciﬁed]

Rheumatoid arthritis

[ Postinflammatory pulmonary fibrosis | /

[Hypercoagulable state] [Peptic ulcer (excl. esophageal)]

Ankylosing spondylitis
Lipoma of skin and subcutaneous tissue

Psoriasis vulgaris

Parkinson's disease

Postinflammatory pulmonary fibrosis

I [

Arterial embolism and th| |diopathic fibrosing alveolitis]/

[Lupus (localized and syciTnmir\i

[ Primary hypercoagulable state]

Coagulation defects
A

N

( Chronic venous hypertension ]

Arterial embolism and thrombosis of lower extremity artery |
Duodenal ulcer

Y,

(
[Other and unspecified coaguration defects |

o ther alveol ietoalveol th
{ Psoriatic arthropathy] Other alveolar and parietoalveolar pneumonopathy

N T 7

[Cutaneous lupus erythematosus]

Idiopathic fibrosing alveolitis

Disorders of optic nerve and visual pathways

Optic neuritis/neuropathy

Sarcoidosis Asphyxia and hypoxemiaNA>

0-

Direction of effect A Risk WV Protective

FDR < 0.01
0.90<0OR>1.10

"

TYK2
CCHCR1
DPP9
LZTFL1
MUC5B
ABO
CRHR1
CASC20
HLA-DRA

Disease Category

B Dermatologic
Digestive
Genitourinary

. Hematopoietic

Circulatory system Bl Musculoskeletal

Odds Ratio

-2.5
-2

1.5

1
! 0.5

Neoplasms
. Neurological

Respiratory
- Sense organs



https://doi.org/10.1101/2021.05.18.21257396
http://creativecommons.org/licenses/by/4.0/

-log10(p)

Ancestry MAF OR P Cases/Controls
AFR 0.56 1.29 3.1x1073 1,788/113,277
EUR 0.07 1.05 0.24 3,855/438,702
HIS 0.10 1.65 8.84 x 10 308/49,162

40-
30-
Neutropenia, rs581342-T (LMNA)
A
20-
A
A
v
A
10- A
. A
-A
v&
0-
G 2
/Q.% N .
’o'), 9{0/}
Ty



https://doi.org/10.1101/2021.05.18.21257396
http://creativecommons.org/licenses/by/4.0/

