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MAP3K19 regulatory variation in populations
with African ancestry may increase

COVID-19 severity

Zhongshan Cheng,’?* Yi Cai,” Ke Zhang,® Jingxuan Zhang,* Hongsheng Gui,” Yu-Si Luo,® Jie Zhou,’
and Brian DeVeale®*

SUMMARY

To identify ancestry-linked genetic risk variants associated with COVID-19 hospitalization, we performed
an integrative analysis of two genome-wide association studies and resolved four single nucleotide poly-
morphisms more frequent in COVID-19-hospitalized patients with non-European ancestry. Among them,
the COVID-19 risk SNP rs16831827 shows the largest difference in minor allele frequency (MAF) between
populations with African and European ancestry and also shows higher MAF in hospitalized COVID-19 pa-
tients among cohorts of mixed ancestry (odds ratio [OR] = 1.20, 95% CI: 1.10-1.30) and entirely African
ancestry (OR = 1.30, 95% Cl: 1.02-1.67). rs16831827 is an expression quantitative trait locus of
MAP3K19. MAP3K19 expression is induced during ciliogenesis and most abundant in ciliated tissues
including lungs. Single-cell RNA sequencing analyses revealed that MAP3K19 is highly expressed in mul-
tiple ciliated cell types. As rs16831827*T is associated with reduced MAP3K 19 expression, it may increase
the risk of severe COVID-19 by reducing MAP3K 19 expression.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection causes coronavirus disease 2019 (COVID-19)." SARS-CoV-2 is trans-
mitted by respiratory droplets and aerosols between individuals.” SARS-CoV-2 infects cells via viral spike (S) protein binding to ACE2 on the
surface of target cells, such as respiratory epithelia cells where ACE2 is abundant.® Subsequent cleavage of the S protein by the serine pro-
tease TMPRSS2 or cathepsin L/B primes the infection by allowing fusion of the viral and lysosomal membranes.” COVID-19 symptoms vary
across individuals, with acute respiratory distress and excessive inflammation being hallmarks of severe COVID-19.>

COVID-19 severity is influenced by multiple risk factors, including sex, age, body mass index, comorbidities, and ethnicity.” Genetic factors
influencing the severity of COVID-19 have been reported by large-scale genome-wide association studies (GWASs). These include GWASs
comparing cohorts with severe COVID-19, defined by hospitalization, to the general population.” '’ They revealed several single nucleotide
polymorphisms (SNPs) or indels associated with the risk of severe COVID-19, including rs11385942, an intronic indel of LZTFL1 that tags a
gene cluster harboring SLC6A20, LZTFL1, CCR9, FYCO1, CXCRé, and XCR1, rs10735079 that maps to a gene cluster comprised of OAST,
OAS2, and OAS3, and three other SNPs (rs74956615, rs2109069, and rs2236757) that map to TYK2, DPP9, and IFNAR2, respectively.m Among
these genes, OAST1-3, IFNAR2, CCR9, and CXCRé6 are involved in innate-immune responses to SARS-CoV-2 infection.'%'? Whereas LZTFL1is
an airway cilia regulator,'® and cilia may be a site of SARS-CoV-2 entry and influence pathogenesis.'* However, these COVID-19 risk SNPs or
genes were all found in populations of European ancestry and few COVID-19 genetic risk factors have been identified in other populations.

Here, we inferred SNPs with higher frequency in hospitalized COVID-19 patients with African (AFR) ancestry and sought to interrogate their
impact on COVID-19 progression. To do so, we performed an integrative comparison between two COVID-19 hospitalization GWASs per-
formed on ethnically diverse populations. This involved comparing COVID-19-hospitalized patients (n = 2,430) to non-hospitalized patients
(n = 8,478) (HGI-B1) and COVID-19-hospitalized patients (n = 7,885) to the general population (n = 961,804) (HGI-B2). We revealed that
rs16831827 is a COVID-19 risk SNP in individuals with African ancestry. rs16831827 is an expression quantitative trait locus (eQTL) of
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Figure 1. Comparative analysis of two COVID-19 hospitalization GWASs

The differential analysis between COVID-19 association effect sizes for each SNP between two GWASs. The SNP with the top independently differential
association Z score between the two GWASs is rs16831827 (delta Z score [AZ-score] p = 1.5 X 107). No significant associations from the original GWASs
showed differential association Z score (P < 5 x 1075).

MAP3K19that is primarily expressed in ciliated cells.”” We hypothesize that rs 16831827 is a risk factor for COVID-19 hospitalization because it
impairs mucociliary clearance that is exacerbated by SARS-CoV-2 infection.

RESULTS

To identify ancestry-linked genetic risk variants for severe COVID-19, we evaluated the differential association signals of SNPs between
COVID-19 hospitalized cases and either non-hospitalized COVID-19 cases or the general population (release 4, open to public on October
20, 2020). This analysis leverages two GWAS studies. The first, HGI-B1, compares hospitalized COVID-19 patients (n = 2,340) to non-hospi-
talized COVID-19 patients (n = 8,478) and the second, HGI-B2, compares hospitalized COVID-19 patients (n = 7,885) with the general pop-
ulation (n = 961,804) (see Figures 1 and S1). Both GWASs were conducted before COVID-19 vaccines were available. We initially thought that
the relatively small and heterogeneous non-hospitalized cohort used in HGI-B1 may result in associations driven by ancestry as compared to
the general population control cohort used in HGI-B2 (see Figure S1). To test this hypothesis, we adapted the differential Z-test statistical
method to compare SNP association effect size beta (i.e., per unit increase or decrease in the outcome) from summary statistics of HGI-
B1 and HGI-B2 to reveal SNPs displaying differential association signals between the two HGI GWASs.'® AZ-scores were used to estimate
the difference between the two effect sizes of a SNP. In detail, we selected high-quality SNPs with minor allele frequencies (MAF) > 0.01
and imputation scores > 0.6, and then evaluated the GWAS quality using Manhattan and quantile-quantile (QQ) plots (see Figure S2).
Both the HGI-B1 and HGI-B2 GWAS had A values ~1, confirming their high quality and indicating negligible inflation of association values
in each GWAS. In contrast, we found deflation in the differential effect size analysis between HGI-B1 and HGI-B2 (A = 0.639). Further inves-
tigation of the formula used to estimate the differential effect size of each SNP (see STAR Methods) revealed that the standard errors of two
effect size beta from the two GWASs are highly correlated, mainly as a result of the overlapping samples used in HGI-B1/B2 (Figure S1).
Normalizing differential Z scores genome-wide reduced the genome-wide correlation and achieved uninflated differential effect sizes be-
tween HGI-B1 and HGI-B2 (A = 0.991). To substantiate this approach and provide additional context for our comparison between HGI-B1
and HGI-B2, we evaluated 12 published SNPs related to COVID-19 hospitalization and 4 related to COVID-19 susceptibility.'” Most of these
genome-wide significant SNPs associated with COVID-19 severity or susceptibility are significant with ORs greater or less than 1 in HGI-B2
(Figure S3). An OR = 1 would indicate no effect on the odds of COVID-19 hospitalization, while an OR greater or less than 1 would indicate
arisk or protective effect on the odds of COVID-19 hospitalization.'® Additionally, we found that 7 of these 16 published COVID-19 risk SNPs
had larger effect sizes (normalized nominal differential p < 0.05; see Table S1) in HGI-B2 than in HGI-B1, stemming from the larger sample size
in HGI-B2. Conversely, none were larger in HGI-B1 than HGI-B2 (see Figure S1; Table S1). In the updated differential effect size analysis, the
top independent signal, close to genome-wide significance (normalized differential p = 7.8 x 1078), was represented by the SNP rs16831827
(P of AZ-score = 2 x 10~° COVID-19 association p=17x 107 beta = 0.19, se = 0.05, and OR = 1.3 for HGI-B2; Table 1; Figure 2), which is
located in the intronic region of the gene R3H domain containing 1 (R3HDM). Three other independent SNPs also differed in association at a
threshold of P < 5 x 107° (Table 1; Figures S4A-S4D). Thus, our comparison revealed four independent SNPs with differential effect sizes
between the two HGI GWASs.
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Table 1. SNPs displaying the greatest differential association signal between two GWASs that compared COVID-19 hospitalized cases to either non-
hospitalized patients (HGI-B1) or the general population (HGI-B2)

Alt-allele Alt-allele

Position Ref/ P (AZ- P (Z score) P (Z score) frequency  frequency
Chr  (hg19) SNP Alt Gene score) of HGI-B1 of HGI-B2 in HGI-B1 in HGI-B2
2 136323787  rs16831827 G/T R3HDM1 20%107°(=43) 7.7%x1073%(-2.7) 1.6 x 1074 (3.8) 0.19 0.02
4 20980969 rs10009407 G/C KCNIP4 3.0x107°@4.2 33x10°@4.14) 32x107"(-1.0) 0.46 0.39
1 239197542 rs112317747  T/C None 40 x 107° (4.1) 8.1 x 10°°(4.5) 8.8x 107" (—0.15) 0.04 0.03
17 80168281 rs141909101 C/T CCDC57 5.0 x 107°(4.1) 5.7 x 107°(5.0) 48 x 1071 (0.7) 0.02 0.13

HGI: the COVID-19 host genetics initiative; Chr: chromosome; Ref: reference allele; Alt: alternative allele; AZ-score: delta Z-score between the effect size beta of
each common SNP by comparing the two HGI GWASs. Z-score: effect size beta/se, which is not normalized.

Next, we asked whether the differential association of these four SNPs reflected differences in the ancestry of the HGI-B1/2 control cohorts
by evaluating their MAFs across populations. The MAFs of three of these SNPs showed varied global population frequency (Figures S4A-
S4D), with the top SNP rs16831827 displaying the largest frequency difference between African and other populations. In the two COVID-
19 hospitalization GWASs, the MAF of rs16831827 is 0.19 in the whole HGI-B1 cohort but only 0.02 in the whole HGI-B2 cohort (Table 1). After
evaluating the population frequencies of rs 16831827 across 26 populations from the 1000 Genome Project, we found the SNP has higher MAF
(MAF >0.45) in 7 populations with African ancestry (Figure S4A). For the 19 other populations with European or Asian ancestry, the MAFs of
rs16831827 are all <0.05, indicating that the rs16831827 SNP is more prevalent in populations of African ancestry.

To validate that rs16831827 is a risk variant of severe COVID-19, we used COVID-19 hospitalization GWASs from the UK Biobank that per-
formed GWAS on cohorts of common ancestry.'® In this study, rs16831827 was associated with severe COVID-19 in AFR but not other pop-
ulations (GWAS of hospitalized COVID-19 cases vs. non-hospitalized COVID-19 positive or COVID-19 negative of all tested AFR samples;
p =0.01, beta = 0.40, Figure S5). These UK Biobank AFR samples were not included in the two HGI COVID-19 GWASs analyzed here. To
evaluate the contribution of rs16831827*T to the risk of COVID-19-related hospitalization, we calculated the average odds ratios (ORs) for
the SNP in the HGI-B2 GWAS with mixed population (OR = 1.2) and the UK Biobank COVID-19-hospitalization GWAS with African ancestry
(OR =1.3). An OR = 1.25 corresponds to a 1.25x greater risk of hospitalization for COVID-19 patients. No association between rs16831827 and
COVID-19 hospitalization was observed in patients with EUR ancestry in the UK Biobank GWASs, in patients from Italy with EUR ancestry in the
study (p = 0.144),7 or patients of European ancestry in the HGI-B2-EUR GWAS (Figure S5). Hence these analyses reveal rs16831827 to be a
genetic risk marker of COVID-19 hospitalization specifically among patients with AFR ancestry.

To understand how rs16831827 impacts COVID-19 severity, we evaluated the relationship between rs16831827 genotype and the expres-
sion of nearby genes using the GTEx database.'” We found that rs16831827 is an eQTL for four genes (Figure 3), including MAP3K19 (eQTL
p =1.5 % 1077 in the testis), ZRANB3 (eQTL p = 9.0 X 10~ in cultured fibroblasts), MCM6 (eQTLp = 1.6 x 10~%in the heart), and DARS (eQTL
p =2.7 x 10~%inwhole blood). Further evaluation of the correlation between rs1683817 and CXCR4 using the GTEx eQTL dashboard revealed
that higher expression of CXCR4 is correlated with the rs16831827 risk allele in adrenal glands (p = 2.3 x 1072). The most significant eQTL of
the COVID-19 risk allele rs16831827*T was correlated with lower MAP3K19 expression in the testis. Because rs16831827 is also an eQTL
of MAP3K19in the lung (p = 0.04, Figures 3A, S6, and S7), which is central to COVID-19 pathology, we further considered whether reduced
MAP3K19 expression by rs16831827*T led to its association with severe COVID-19. We hypothesized that other regulatory SNPs of MAP3K19,
especially rare AFR SNPs, may be associated with COVID-19 severity. Hence we searched for COVID-19 association signals among all SNPs
located in the 1-Mbp window around MAP3K19 across all Regeneron COVID-19 GWASs via its browser.”” Among the top hits, we identified
two SNPs in MAP3K19 introns (rs186150828 and rs192473276; MAFs <0.001) that are associated with COVID-19 hospitalization among pop-
ulations with African ancestry (both ORs > 100; Table S2; Figure S8). Both passed the multiple adjustment P threshold of 5 x 1077 These rare
SNPs are not linked with rs16831827 among all 1000 Genome Project samples (all R? < 0.01). Hence, rs16831827 is an eQTL of MAP3K19, and
several MAP3K19-linked SNPs are associated with COVID-19 severity in patients with AFR ancestry.

To explore normal MAP3K19 expression and how it is altered in the context of SARS-CoV-2 infection, we leveraged published single-cell
data”' and found that MAP3K19 is primarily expressed in ciliated cells, including nasal multiciliated cells (see Figure S9). In respiratory tis-
sues, MAP3K19is highly expressed in ciliated epithelial cells (Figures 3B, 3C, and Sé). Additionally, MAP3K19is down-regulated in nasal multi-
ciliated cells following SARS-CoV-2 infection in bulk RNA-seq data (Figure S10). In experimentally infected human bronchial epithelial cells,
MAP3K19 expression was acutely up-regulated after SARS-CoV-2 infection but then progressively downregulated compared to controls (Fig-
ure S11). Furthermore, the percentage of one cell type (Figures 4A and 4B), ciliated cells (Ciliated), is significantly lower in critical COVID-19
patients than in healthy controls (Figures 4A-4D), consistent with previous report that SARS-CoV-2 depletes ciliated cells.”* No difference in
the distribution of other cell types was observed across patient groups. We also observed that a lower proportion of the ciliated cells express
MAP3K19 in critical but not severe COVID-19 patients compared to healthy controls (Figure 4E). Furthermore, the expression of MAP3K19is
consistently lower among all ciliated cells in critical COVID-19 patients compared to healthy controls (Figure 4F). Differential expression of
MAP3K19 between severe COVID-19 and healthy controls was apparent in differentiated ciliated cells (Ciliated-Diff), ciliated-viral-response
cells (Ciliated-ViralResp), and secretory-ciliated cells (Secretory-Ciliated cells). In Ciliated-Diff and Ciliated-ViralResp cells only, MAP3K19
expression is significantly lower in critical COVID-19 than in severe COVID-19 samples. As the percentage of non-ciliated cells expressing
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Figure 2. Local Manhattan plots of COVID-19 association signals around MAP3K19

The four scatterplots illustrate the association signals among 4 GWASs: HGI-B1, HGI-B2, raw HGI-B1 vs. HGI-B2, and normalized HGI-B1 vs. HGI-B2. After
adjusting for sample overlap, the final differential effect size of rs16831827 for the HGI-B1 to HGI-B2 comparison is p = 7.8 x 1078, The positive and negative
directions of effect sizes are colored orange and green in the scatterplots.

MAP3K19 and MAP3K19 expression in non-ciliated cells are extremely low, we did not conduct differential expression analyses. Taken
together, MAP3K19is primarily expressed in ciliated cells. In critical COVID-19 patients, the expression of MAP3K19is downregulated in Cili-
ated, Ciliated-Diff cells, Ciliated-ViralResp cells, and Secretory-Ciliated cells compared to healthy controls.

DISCUSSION

Here we identified ancestry-linked SNPs that affect COVID-19 severity. Our evaluation revealed that rs16831827 (an eQTL of MAP3K19) is a
COVID-19 risk SNP found predominantly in individuals with African ancestry. The association of rs16831827 with COVID-19 hospitalization in
individuals with AFR ancestry was also observed in an independent GWAS of entirely AFR ancestry (UK Biobank) and not observed in European
populations. We also revealed two additional rare variants of MAP3K19 associated with COVID-19 hospitalization in populations with AFR
ancestry. In contrast, no rare MAP3K19variants associated with COVID-19 severity emerged in populations with European ancestry. Our results
suggest that the MAP3K19 SNP rs16831827 is a genetic risk marker for COVID-19 hospitalization specifically in patients with AFR ancestry.
Our analyses indicate that the contribution of rs16831827 to the risk of COVID-19 hospitalization is consistent as the ORs derived from the
HGI-B2 GWAS and the UKB AFR replication COVID-19 hospitalization GWAS are similar. The OR of rs16831827 is 1.2 (95% confidence interval:
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Figure 3. Analysis of rs16831827 and MAP3K19 expression

(A) eQTL analysis of rs16831827 in GTEx tissues.

(B) Expression of MAP3K19 across GTEXx tissues. The error bar indicates the 95% confidence interval (Cl) of odd ratio (OR).

(C) MAP3K19 expression among lung single cell types. Only tissues with median normalized expression of Transcripts Per Kilobase Million (TPM) > 0.05 were
included in panel A and B. The box-and-whisker plots display the mean (dot within box), median (line inside the box), inter-quantile interval (box), minimum
(lowest value of whisker), and maximum (maximum value of whisker), with outliers represented by dots up or down the whiskers. Note: the lower or upper
whisker is the line specifically goes from the minimum to the lower quartile or the line links the upper quartile to maximum. NES: normalized effect size.

1.1-1.3) in the HGI-B2 GWAS (COVID-19-hospitalized cases vs. general population controls), indicating that a COVID-19 case harboring the
rs16831827 risk allele T is 20% more likely to be hospitalized than someone without it. Similarly, the rs16831827 risk allele T in the replication
cohort from UKB demonstrates OR = 1.3 (95% Cl: 1.02-1.6).

Gene expression analyses of MAP3K19 localized its expression primarily to ciliated cell types and support its involvement in ciliogenesis.
MAP3K19is expressed in nasal multiciliated epithelial cells and airway-ciliated cells, both of which are relevant to COVID-19 pathogenesis. Nasal
ciliated cells are sites of early SARS-CoV-2 replication,” and airway ciliated cells are a primary infection site.”® MAP3K19 expression is reduced at
later stages of SARS-CoV-2 infection in both cell types. The most significant reduction of MAP3K19 occurred in the Ciliated-Diff cells, which
along with the other two cilial cell types, Secretory-Ciliated cells, and Ciliated-ViralResp cells, also correlated with increased COVID-19 severity.
Hence these data suggest that MAP3K19 impacts COVID-19 severity in ciliated cells that are sites of SARS-CoV-2 infection and replication.

MAP3K19was prioritized as the potential causal link between rs16831827 and severe COVID-19 based on its association with rs16831827 in
lung tissue, which is critical to COVID-19 pathology. However, rs16831827 is located in a genomic region harboring a 4.0 Kbp deletion within
the first intron of LCT (lactase gene) in populations of AFR but not European ancestry.”” The SNP potentially regulates multiple genes,
including MAP3K19, ZRANB3 (zinc finger RANBP2-type containing 3), MCM56 (minichromosome maintenance complex component 6), and
DARS (aspartyl-tRNA synthetase), as well as CXCR4 (C-X-C chemokine receptor type 4). rs16831827 shows significant associations with these
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Figure 4. MAP3K19 is expressed in ciliated cells and associated with COVID-19 severity

(A) Uniform Manifold Approximation and Projection (UMAP) of nasopharyngeal single cell expression profiles”” from healthy controls (n = 16), severe (n = 23), and
critical (n = 9) COVID-19 patients.

(B) Highlighted view of ciliated clusters expressing MAP3K19with black dots in the UMAP as that from panel (A). MAP3K19is predominantly expressed in ciliated
cell types.

(C) Fewer ciliated cells show MAP3K19 expression in individuals with COVID-19.

(D) The percentage of each cell type among all cells.

(E) The percentage of MAP3K19-expressing cells.

(F) MAP3K19 expression is reduced in ciliated cells of critical COVID-19 patients. There are 4 ciliated cell types: ciliated (Ciliated), ciliated-differentiated (Ciliated-
Diff), ciliated-viral-response (Ciliated-ViralResp), and secretory-ciliated (Secretory-Ciliated) cells. MAP3K19 expression was reduced in Ciliated-Diff, Ciliated-
ViralResp, and Secretory-Ciliated cells but not Ciliated cells from severe critical COVID-19 patients compared to healthy controls. MAP3K19 expression is
lower in Ciliated-Diff and Ciliated-ViralResp cells of critical relative to severe COVID-19 patients. The box-and-whisker plots display the mean (dot within
box), median (line within the box), inter-quantile interval (box), minimum (lowest value of whisker), and maximum (maximum value of whisker), with outliers
represented by dots above or below the whiskers. Pairwise statistical significance test was conducted with the “Ismeans” statement adjusted by the “TUKEY"”
method using the SAS procedure “proc GLM", with p < 0.05 set as the significance threshold.

first 4 genes in at least one GTEXx tissue (all P <5 x 10~%. CXCR4 expression is also weakly associated with rs16831827 in adrenal glands
(o = 2.3 x 1079, Altered regulation of these genes, perhaps outside the lung, may impact COVID-19 severity. In particular, higher CXCR4
expression was associated with increased COVID-19 severity by single-cell analysis of nasopharyngeal samples derived from COVID-19 pa-
tients.”> Functional experiments would be valuable to delineate regulatory effects of each gene on COVID-19 severity. It is also possible that
rs16831827 exerts its effects on severe COVID-19 through multiple genes and cell types.

In relation to targeting MAP3K19for COVID-19 treatment, higher MAP3K19 expression protects against COVID-19 hospitalization. We are
unaware of drugs that directly stimulate MAP3K19 expression. However, treatments that improve cilium functions among COVID-19 pa-
tients”®° could be a feasible approach to ameliorate severe COVID-19. Alternatively, steric-blocking oligonucleotides could be developed
to directly elevate MAP3K19 abundance.”’

Overall, our integrative GWAS, eQTL, and expression analysis indicate that rs16831827 is a potential risk factor for severe COVID-19 in
patients of AFR ancestry putatively by lowering MAP3K19 expression and disrupting cilium function.

Limitations of the study

A limitation of our analysis is that it is based on two HGI GWASs, which were generated without adjusting for factors predisposing to COVID-
19 hospitalization, such as sex, age, BMI, and diabetes. Some of these factors are more prevalent in populations with AFR ancestry. Further-
more, the GTEx and single-cell RNA-seq data analyzed here are mostly from European individuals. According to Gay et al.,*” 103/838 GTEx
individuals have AFR ancestry and most others (n = 715) are European American. Our GTEx eQTL analysis is still informative and supportive of
the potential regulatory roles played by rs16831827, since in the 1000 Genome Project the MAF of rs16831827*T is 2% and 58% in the Euro-
pean and AFR populations, respectively. The single-cell RNA-seq analysis is complementary, correlating expression of MAP3K19 and COVID-
19 severity as a contrast based on rs16831827 genotypes is not currently feasible with available data. To confirm our observation, future inves-
tigation with cis-eQTL and single-cell RNA-seq data exclusively from individuals with AFR ancestry are warranted.
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Airway epithelium upon SARS-CoV-2 infection

Nasal lifespan single cell atlas

COVID-19 nasopharyngeal single cell RNA-seq

Bulk RNA-seq of nasal multiciliated epithelial
cells infected with SARS-CoV-2

GRASP'® and HGI'/

GRASP'® and HGI"/

This study

Ravindra et al.*

Winkley et al.??

Trump et al.”’

GEO™*

https://grasp.nhlbi.nih.gov/downloads/
COVID19GWAS/10202020/
COVID19_HGI_B1_ALL_20201020.b37.txt.gz

https://grasp.nhlbi.nih.gov/downloads/
COVID19GWAS/10202020/COVID19_HGI_
B2_ALL_leave_23andme_20201020.b37.
txt.gz

cheng, zhongshan (2023), “Differential
association analysis between two COVID-19
hospitalization GWAS from HGI", Mendeley
Data, V1, https://doi.org/10.17632/
7bgym75bjx.1
https://cells.ucsc.edu/covid19-bronch-epi/
exprMatrix.tsv.gz; https://cells.ucsc.edu/
covid19-bronch-epi/meta.tsv; https://cells.
ucsc.edu/covid19-bronch-epi/UMAP.coords.
tsv.gz
https://cells.ucsc.edu/lifespan-nasal-atlas/
lifespan-nasal/exprMatrix.tsv.gz; https://cells.
ucsc.edu/lifespan-nasal-atlas/lifespan-nasal/
meta.tsv; https://cells.ucsc.edu/lifespan-nasal-
atlas/lifespan-nasal/Integrated_UMAP.coords.
tsv.gz
https://cells.ucsc.edu/covid-hypertension/
exprMatrix.tsv.gz; https://cells.ucsc.edu/
covid-hypertension/meta.tsv; https://cells.
ucsc.edu/covid-hypertension/Seurat_umap.

coords.tsv.gz

GSE199743 *°

Software and algorithms

SAS OnDemand for Academics

UCSC Cell Browser

Regeneron curated COVID-19 GWASs
GTEx Portal (version 8)

Genetic Variants Browser

COVID-19 GWAS Analyzer

SAS Institute Inc.

Speir ML et al.”’
Regeneron?®

The GTEx Consortium'?

Marcus and Novembre®®

This study

https://www.sas.com/en_us/software/on-

demand-for-academics.html
https://cells.ucsc.edu/
https://rgc-covid19.regeneron.com/results
https://gtexportal.org/home/
https://popgen.uchicago.edu/ggv/

https://github.com/chengzhongshan/
COVID19_GWAS_Analyzer

RESOURCE AVAILABILITY
Lead contact

Further information and requests for data and analysis codes will be addressed by the lead contact, Zhongshan Cheng (cheng.zhong.shan@

gmail.com).
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Materials availability statement

No new unique reagents were generated in this study.

Data and code availability

® The downloading links for COVID-19 GWAS summary statistics, all single-cell or bulk RNA-seq data that are published by other researchers
are listed in the key resources table. The GWAS summary statistics are the COVID-19 Host Genetics Initiative (HGI) hospitalization GWAS B1
(hospitalized vs. non-hospitalized COVID-19; release 4) and the COVID-19 HGI hospitalization GWAS B2 (hospitalized COVID-19 vs. gen-
eral population; release 4). The following single-cell or bulk RNA-seq data are used in the current study: airway epithelium upon SARS-
CoV-2infection, nasal lifespan single cell atlas, COVID-19 nasopharyngeal single cell RNA-seq, and the bulk RNA-seq of nasal multiciliated
epithelial cells infected with SARS-CoV-2. The final differential GWAS summary statistics reported in this paper are provided in the key re-
sources table with its downloadable link at Mendeley data. The above summary statistics will also be shared by the lead contact upon
request.

o All original code has been deposited at github and is publicly available as of the date of publication. Downloadable links are listed in the key
resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Our study did not involve experiments on patients or animals and our analyses were only conducted on other freely and de-identified GWAS
summary statistics from HGl and GRASP databases. We followed the ethical guidelines of research at St. Jude Children’s Research Hospital as
well as in our collaborators’ Universities or institutes. The eQTL analysis and single cell expression data were shared by other researchers and
we cited their publications accordingly. When the sex information was included in the meta-data belonging to these data sets used in our
study, we adjusted the analysis based on the sex assigned at birth to eliminate potential sex biases. The age or developmental stages of sub-
jects were unavailable among these summary statistics and single cell expression data sets, thus we were unable to evaluate its impact on our
analyses.

METHOD DETAILS
Pairwise comparison of association effect sizes

Summary statistics of two multi-ancestry COVID-19 hospitalization GWASs comprising samples from European, African, Asian, and other
populations were obtained from GRASP'® (https://grasp.nhibi.nih.gov/Covid19GWASResults.aspx). These data were generated by the
COVID-19 Host Genetics Initiative (release 4, generated on October 20, 2020)." The first HGI GWAS (HGI-B1) was designed by comparing
2,430 hospitalized COVID-19 cases with 8,478 non-hospitalized COVID-19 cases. While the second COVID-19 hospitalization GWAS (HGI-B2)
was performed between hospitalized COVID-19 cases (n = 8,638) and general population controls (n = 1,736,547) (Figure S1). We used a dif-
ferential Z-test to compare the effect sizes of each common SNP (minor allele frequency [MAF] > 0.01, imputation score > 0.6) between the
two GWASs'® with or without normalizing the effect of overlapped samples of hospitalized cases between HGI-B1 and HGI-B2 on the esti-
mated variance, i.e., gwas1.se’ + gwas2.se’. The quality controls for the two GWAS summary statistics and the rationale for the Z-score
normalization are explained in the following section.

Normalization of differential effect sizes

The HGI consortia generated GWAS summary statistics by analyzing diverse populations. These analyses included quality control such as
evaluation of genomic inflation factor and Hardy-Weinberg Equilibrium (HWE) filtering (www.covid19hg.org/results/r4/). Our analysis began
from these summary statistics by focusing on high quality SNPs with minor allele frequencies > 0.01 and imputation scores > 0.6. We per-
formed meta-analysis comparisons between the two GWASs that revealed SNPs which differed in the two GWASs and are specific to indi-
viduals with African ancestry. In detail, we evaluated the GWAS quality using Manhattan and QQ plots (see Figure S2) and normalized differ-
ential Z-scores to reduce the genome-wide correlation that deflated comparisons of the two HGI GWASs. The rationale for the normalization
is demonstrated in the following two formulas that are suitable for differential effect size analysis where there are overlapped samples among
the GWASs being compared. In the current analysis, overlap in hospitalized COVID-19 cases between the two HGI GWASs lead to correlated
standard errors (se) of the effect size beta of each SNP. The se values for each SNP were estimated based on the number of effect alleles in the
cases and controls in each GWAS,” i.e., se=sqrt(1/a+ 1/b +1/c+1/d), where a, b, ¢, and d denote: (a) the number of COVID-19 cases carrying
the risk allele; (b) the number of controls harboring the risk allele; (c) the number of COVID-19 cases not carrying the risk allele; and (d) the
number of controls not harboring the risk alleles. Notably, the estimated variance, gwas1.se? + gwas2.se?, in the formula 1 for each SNP is
overestimated because gwas1.se and gwas1.se have the common components from COVID-19 cases and thus are correlated due to use
of overlapped COVID-19 hospitalized cases in the two GWASs.
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Formula 1 for calculating differential effect size of each SNP from HGI-B1 and HGI-B2:

AZ — score = gwas1.8 — gwas2.8

was1.se2+gwas2.se?
9 9

diff.zscore = AZ — score

P = pnorm( — |diff.zscore|) * 2

Formula 2 for determining normalized differential effect size of each SNP between HGI-B1 and HGI-B2. The updated formula considers the
correlation (due to sample overlap) between the standard errors of each SNP from the two GWASs by normalizing differential Z-scores, i.e.,
setting mean at 0 and adjusting it by standard deviation genome-wide on differential Z-score among all SNPs. Without this adjustment, the
sqrt(gwas1.se” + gwas2.se”) is overestimated,® resulting in smaller differential z-score for each SNP and consequently leading to less signif-
icant P:

A7 — score — gwas1.f — gwas2.68

\/(gwas'l seZ+gwas2.se?)

diff.zscore = Normalization(AZ — score)

P = pnorm( — |diff.zscore]) x 2

Identification of ancestry-linked COVID-19 SNPs

The two HGI COVID-19 hospitalization GWASs included summary statistics of (HGI-B1) 9,384,545 and 12,844,271 SNPs (HGI-B2) with
MAF > 0.01, and indels were excluded in the analysis. There were 9,138,337 SNPs overlapped between these two datasets. The genome-
wide significance threshold for the AZ-score Pwithout normalization was set at P < 5x10™ to select SNPs demonstrating suggestive differential
COVID-19 association between the two HGI COVID-19 hospitalization GWASs. As many samples overlap between the two HGI GWASs (Fig-
ure S1), most SNPs show similar effect sizes in the two GWASs. Hence the AZ-score P threshold (< 5x107°) was only used to select candidate
SNPs for downstream analysis. Next we evaluated these SNPs based on normalized AZ-score P. To evaluate the MAFs of the top SNPs among
all global populations we used Genetic Variants Browser.”® SNPs with independent COVID-19 association signals and absolute delta
MAFs > 0.2 between ancestrally diverse populations, such as AFR vs. EUR, were selected for manual investigation. We then determined
whether these ancestry-specific SNPs are eQTLs in GTEx Portal.'” Ultimately, rs16831827 (MAF=0.54 in AFR population but MAFs < 0.05
in EUR, ASN, and AMR), representing an independent association signal and also being an eQTL of MAP3K19, ZRANB3, MCM6, and
DARS based on the GTEx Portal,'” was prioritized for further investigation. Because rs16831827 shows the most significant association to
MAP3K19 in testis tissue and is nominally associated with MAP3K19 but not other genes in COVID-19-relevant lung tissue, we prioritized
MAP3K19 as the gene underlying the association of rs16831827 with COVID-19 hospitalization.

Replication of rs16831827 in other COVID-19 GWASs

To determine whether the association of rs16831827 with COVID-19 hospitalization was reproducible and to evaluate whether other
MAP3K19 SNPs are associated with different COVID-19 phenotypes, we queried the SNP of MAP3K19 in publicly available COVID-19
GWASs, including GRASP (https://grasp.nhlbi.nih.gov/COVID-19GWASResults.aspx),' the European population specific severe COVID-
19 GWAS,” and the Regeneron curated COVID-19 GWASs for MAP3K19 (https://rgc-covid19.regeneron.com/).””

MAP3K19 expression upon SARS-CoV-2 infection

We evaluated MAP3K19 expression using multiple single cell RNA-seq datasets in the UCSC Cell Browser.”' We focused on three datasets
including a nasal lifespan atlas,”” airway epithelial upon SARS-CoV-2 infection,® and COVID-19 nasopharyngeal cells.?® The last dataset
included healthy controls (n = 16), as well as severe (n = 23) and critical (n = 9) COVID-19 patients. We performed differential gene expression
for MAP3K19 across these three cohorts for each cell type with SAS OnDemand for Academics (https://www.sas.com/en_us/software/on-
demand-for-academics.html). The proc GLM procedure was used to evaluate a general linear model of MAP3K19 expression across each
cell type and patient groups, adjusted by age, sex, and medication, as well as for coronary artery disease (CAD), cardiovascular disease
(CVD), and hypertension. The Ismeans option was used to compare MAP3K19 expression across different sample groups with Tukey’s mul-
tiple adjustment and a significance threshold set at P < 0.05. We also used a bulk RNA-seq timecourse of nasal multiciliated epithelial cells
infected with SARS-CoV-2 (GEO: GSE199743).% In this analysis, normalized read counts of MAP3K19 were compared in a pairwise manner
between treated samples and matched mock controls using paired t-test. For visualization, GTEx'? data across 49 tissues was plotted using
the UCSC Cell Browser to compare MAP3K19 expression across tissues.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All pairwise differential comparisons conducted in the study were performed using the “Ismeans” statements with “TUKEY" adjustment
method under the procedure “proc GLM” from SAS OnDemand for Academics. Other quantification analyses or visualizations if not exclu-
sively mentioned were carried out using SAS OnDemand for Academics.
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