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ABSTRACT

Genomic regions have been associated with COVID-19 susceptibility and outcomes, including
the chr12g24.13 locus encoding antiviral proteins OAS1-3. Here, we report genetic, functional,
and clinical insights into genetic associations within this locus. In Europeans, the risk of
hospitalized vs. non-hospitalized COVID-19 was associated with a single 19Kb-haplotype
comprised of 76 OAS1 variants included in a 95% credible set within a large genomic fragment
introgressed from Neandertals. The risk haplotype was also associated with impaired
spontaneous but not treatment-induced SARS-CoV-2 clearance in a clinical trial with peglIFN-A1.
We demonstrate that two exonic variants, rs10774671 and rs1131454, affect splicing and
nonsense-mediated decay of OAS1. We suggest that genetically-regulated loss of OAS1
expression contributes to impaired spontaneous clearance of SARS-CoV-2 and elevated risk of
hospitalization for COVID-19. Our results provide the rationale for further clinical studies using
interferons to compensate for impaired spontaneous SARS-CoV-2 clearance, particularly in

carriers of the OAS1 risk haplotypes.
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TEXT

The complex response to pathogens, such as SARS-CoV-2, the causative agent of COVID-19, is
likely determined by the interplay between host and pathogen factors. Variability in clinical
outcomes of COVID-19 has prompted the search for host genetic factors to elucidate underlying
disease mechanisms and guide optimal treatment options. Recent genome-wide association
studies (GWAS) have reported a series of genetic variants in distinct loci associated with COVID-
19 susceptibility and increased risk of hospitalization or severe disease compared to the general

population™?.

The associated locus at 12g24.13"%, marked by rs10774671, harbors three genes encoding
antiviral 2’,5’-oligoadenylate synthetase (OAS) enzymes — OAS1, OAS2, and OAS3 — which are
interferon-inducible effectors activating the latent form of ribonuclease L (RNaseL)**. Activation
of the RNasel pathway leads to degradation of viral RNA, inhibition of virus replication, and cell
death®. A 185 Kb-haplotype spanning OAS1, OAS2, and OAS3 was reported as introgressed into
genomes of modern humans from the Neandertal and Denisova lineages””’. The risk of severe
COVID-19 was associated with rs10774671-A allele capturing the non-Neandertal haplotype™’.
Alleles of rs10774671 affect splicing of 3’ terminal exons of OAS1. Specifically, the rs10774671-
G allele creates a new splicing site for inclusion of exon 6, creating a transcript for a protein
isoform of 46 KDa known as OAS1-p46. Other splicing sites are utilized in the absence of G allele
(and presence of A allele), creating transcripts for other OAS1 isoforms, including OAS1-p422,
Notably, rs10774671-A allele was also associated with impaired spontaneous clearance of West
Nile virus infection® and decreased basal OAS enzyme activity in unstimulated peripheral blood

mononuclear cells (PBMCs) from healthy individuals®. Additionally, rs10774671-A, as well as
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linked alleles of other variants in this region have been associated with chronic hepatitis C virus
. . 10 . . 11 . T .
infection™, impaired SARS-CoV clearance™, and increased susceptibility to several autoimmune

conditions - multiple sclerosis***?, Sjégren’s syndrome™®, and systemic lupus erythematosus™*®.

A linked variant, rs4767027 (r°=0.97 with rs10774671 in Europeans), has been reported as a
protein quantitative trait locus (pQTL) for OAS1 blood levels in the general population®’.
Because OAS1 levels were decreased in the presence of rs4767027-C allele (linked with the
GWAS rs10774671-A risk allele), this suggested that OAS1 deficiency could underly the risk of

severe COVID-19". However, the factors regulating OAS1 expression were not explored.

Here, we sought to explore the underlying mechanism of the COVID-19 GWAS locus at
12g24.13. In case-case analyses in 1555 individuals of European ancestry, we refined the
associations of the Neandertal and other haplotypes with COVID-19 severity. Further, we
employed a series of bioinformatics and experimental approaches to demonstrate the
combined effects of two associated variants on post-transcriptional regulation of OAS1
expression through nonsense-mediated decay (NMD). By analysis in a clinical trial with

recombinant interferon lambda (pegIFN-A1)*®

, we demonstrated that the OAS1 haplotype
associated with an elevated risk of hospitalized COVID-19 was also associated with impaired
spontaneous but not peglFN-Al-induced clearance of SARS-CoV-2. These results offer a
molecular mechanism underlying the COVID-19 related genetic associations within the
12g24.13 locus and suggest the utility of further pursuit of treatment with pegIFN-A1 or other

interferons to compensate for deficiencies in spontaneous clearance in carriers of the OAS1 risk

haplotypes.
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RESULTS
Case-case analyses within the 12q24.13 locus refine the associations with COVID-19 outcomes

We investigated the 116Kb region (hg38, chr12: 112,901,422-113,017,487) within the 12q24.13
locus, which includes OAS1, OAS2, and OAS3 genes. In COVID-19 Host Genetics Initiative (HGI)
GWAS meta-analysis®, rs10774671 (hg38, chr12:112919388-G-A) was reported as the lead
variant in this region for associations with critical disease (A2 analysis, p=1.1E-12), hospitalized
disease (B2, p=1.51E-09), and reported SARS-CoV-2 infection (C2, p=2.09E-11), all compared to
the general population®. However, rs10774671 was not associated with hospitalized vs. non-
hospitalized disease (B1, p=0.80) (release r5, COVID-19 HGI Browser

https://app.covid19hg.org/).

We analyzed 366 genotyped or imputed variants from this region in an independent set of 1555
patients of European ancestry from COVNET. A 32Kb linkage disequilibrium (LD) block (r*>0.8
with rs10774671) spanning OAS1 and OAS3 included 125 variants associated with p=1.72E-04 to
4.22E-06 comparing all hospitalized vs. non-hospitalized patients (Table S1, Figure 1a). Applying
the Sum of Single Effects (SuSiE) analysis'®, we identified two credible sets, each predicted to
include at least one effect variant with 95% certainty. The lead rs10774671 was included in a
credible set of 76 variants, all in r2>0.9 with the lead rs10774671 and spanning OAS1; the
second credible set included 12 OAS3 variants in low LD with the first set, possibly indicating an

independent but weaker signal (Table S1, Figure 1b).

A similar analysis limited to 1167 patients with hospitalized severe vs. non-hospitalized disease

identified an additional set of 24 variants with suggestive associations (p=0.045-0.0049, Table
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$1, Figure 1c). This set included three missense variants in moderate or low LD with
rs10774671: an OASI-exon 3 rs1131454 (Glyl62Ser, OR=1.36 (1.07-1.74, p=0.014, r’=0.73 with
rs10774671), a common OAS3-exon 6 rs2285933 (Ser381Arg, OR=1.47 (1.11-1.94), p=0.0066,
r’=0.18) and an uncommon European-specific OAS3-exon 2 rs12819767 (Arg65Trp, OR=2.73

(1.13-6.52), p=0.024, r’=0.009). The SuSiE analysis was not informative for this outcome due to

less significant associations precluding generation of 95% credible sets (data not shown).

The 125 variants within the OAS1/0AS3 LD block formed only two common haplotypes — the
risk (61.9%) and non-risk (33.6%). The non-risk haplotype included alleles defining the
Neandertal haplotypezo, which spans >97Kb of this region (Figure 1d). Our OAS1 credible set of
76 variants further limited the potentially causal region of this haplotype to 19Kb within OAS1
(Table S1A). From this credible set, we selected four directly genotyped variants spanning a
4.2Kb region (rs10774671, rs1131476, rs2660, and rs4766664) and capturing the Neandertal
haplotype in Europeans. In a comparison to the Neandertal haplotype (GGGT), there was only
one common risk haplotype formed by these variants (AAAG, OR=1.51 (1.25-1.83), p=3E-05,

n=1555) (Table S2, Figure 1e).

Analyses of the extended haplotypes (adding three additional variants associated with severe
disease to the core four-variant haplotype) demonstrated that rs12819767-T and rs2285933-G
alleles increased and rs1131454-G allele decreased the associations with severe disease of the
core risk haplotype (AAAG, Table S3, Figure 1e). In smaller sets of patients of non-European
ancestries (483 African, 166 admixed-Hispanic, and 103 East-Asian), none of these variants or
their haplotypes showed significant associations (Table S4-S8). Thus, in Europeans, the risk of

hospitalized disease was largely associated with one non-Neandertal haplotype comprising a
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95% credible set of 76 OAS1 variants, while investigation in other populations awaits larger

studies. Additional OAS1 and OAS3 missense variants and their corresponding haplotypes might

be further contributing to the association with severe COVID-19.
OAS1 allelic protein isoforms have comparable anti-SARS-CoV-2 activity

Our analyses suggested that in Europeans at least one effect variant for the risk of hospitalized
disease is included in the 95% credible set of 76 OAS1 variants. This set included four missense
variants (rs1131476, rs1051042, rs2660, and rs11352835) and one splicing variant
(rs10774671). Additionally, an OASI missense variant rs1131454 was included in a haplotype
associated with severe disease. The alleles of rs10774671 create distinct protein isoforms
OAS1-p42 (A-allele) and OAS1-p46 (G-allele)®, but the functional effects of other associated

OAS1 variants, especially in the context of OAS1 protein isoforms, have not been explored.

To test the anti-SARS-CoV-2 activity of OAS1 proteins generated by the risk and non-risk
haplotypes, we generated four expression constructs corresponding to OAS1-p42 and p46
proteins (Figure 2a). We transiently overexpressed all OASI plasmids in a lung epithelial cell line
A549-ACE2 stably expressing ACE2, the SARS-CoV-2 receptor. To control for endogenous
interferon response to the plasmids, we transfected cells either with a control GFP plasmid or
individual OAS1 plasmids and, after 48 hours, infected cells with SARS-CoV-2 for 24 hours
(Figure 2b). The A549-ACE2 cells were highly infectable by SARS-CoV-2, but viral loads were
similarly decreased by overexpression of all OASI plasmids (Figure 2c, Table S9). Thus, in A549-

ACE2 cells, proteins produced by similar amounts of OAS1 plasmids provided comparable anti-
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SARS-CoV-2 activity, without a detectable functional impact of the splicing (rs10774671) or

missense (rs1131454, rs1131476, and rs1051042) variants (Figure 2c).

OAS1-p42 and OAS1-p46 proteins have been shown to localize to the cytosol and the trans-
Golgi compartment, respectively. By confocal imaging of endogenous OAS1 proteins in IFNpB-
treated cells, we confirmed that OAS1-p46 produced in HT1376 cells (rs10774671-GG) was
enriched in the trans-Golgi compartment. In contrast, OAS1-p42 produced in A549 cells
(rs10774671-AA) appeared exclusively cytosolic (Figure 2d-h). Despite differences in
intracellular localization of OAS1 protein isoforms, determined by the splicing variant

rs10774671, our results do not support their differential anti-SARS-CoV-2 activity.
OAS1 expression is regulated by a splicing enhancer created by missense variant rs1131454

The risk rs10774671-A allele was associated with lower OAS1 blood levels in the general
population’’. To explore whether this difference can be detected on mRNA level as well, we
quantified the expression of OAS1 isoforms in various RNA-seq datasets. Expression of OAS1-
p46 (created by rs10774671-G allele) was higher than of other OAS1 isoforms in all datasets
tested - adjacent normal tissues from TCGA (Figure S1), nasal epithelial cells infected with
Rhinovirus (Figure S2a), pulmonary alveolar type 1 cell-based organoids infected with SARS-

CoV-2 (Figure S2b), and in PBMCs from COVID-19 patients (Figure S2c).

Higher expression of the OAS1-p46 isoform could be due to its enhanced transcription
regulated by rs10774671 or its linked variants. However, based on analyses of chromatin
profiles in three cell lines by ATAC-seq and H3K27ac ChIP-seq or chromatin interactions by Hi-C,

we did not observe evidence for regulatory elements within the associated region (Figure S3).
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Similarly, we did not detect chromatin interactions involving this region by Hi-C in a monocytic
cell line THP-1 at baseline or after treatment with IFNB (Figure S4). Therefore, we excluded

transcriptional regulation of OAS1 expression by rs10774671 or its linked variants and

considered post-transcriptional mechanisms.

As an indication of a potential imbalance in transcript production or stability, we evaluated
allele-specific expression of transcribed OAS1 variants. Specifically, we analyzed heterozygous
samples from nasal epithelial cells — mock or in vitro infected with Rhinoviruses, and PBMCs
from COVID-19 and non-COVID-19 patients. Using allele-specific RNA-seq reads, we analyzed
two transcribed variants linked with rs10774671 - rs2660 in exon 6 (r* =0.96 in Europeans,
included in OAS1-p46 and p48 transcripts) and rs1131454 in exon 3 (r’=0.72 in Europeans,
included in all OAS1 transcripts). For both variants, the counts of RNA-seq reads with G alleles
were significantly higher than reads with A alleles (Figure 3a). In most cases, rs1131454-G is
linked with the rs10774671-G allele and included within the Neandertal haplotype. However,
rs1131454-G also exists in the less common haplotype with the risk rs10774671-A allele. We
analyzed samples heterozygous for rs1131454 (AG) but homozygous for the risk alleles of
rs10774671 (AA) and rs2660 (AA). Analysis of haplotypes of these three variants in different
datasets showed higher expression in samples with the GAA compared to AAA haplotypes,
indicative of allele-specific expression for rs1131454. The expression of both OAS1-p46 and

OAS1-p42 transcripts was increased in the presence of exon 3 rs1131454-G allele (Figure 3b-f).

By visual examination of RNA-seq plots, we noted different lengths of OASI exon 3 (labeled as
Short and Long, Figure 4a), created due to alternative splicing through cryptic acceptor (~15-25

% reads) and donor (~5% reads) splice sites. Splice-QTL analyses showed increased canonical

10
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splicing and reduced alternative splicing of exon 3 in the presence of the rs1131454-G allele
(Figure 4b-d). By in-silico analysis, we predicted that the rs1131454-G allele creates a putative
exonic splicing enhancer/silencer (ESE/ESS) (Figure 5a). To test this prediction, we generated
allele-specific mini-genes with the A or G alleles of rs1131454 (Figure 5b). By RT-PCR in two cell
lines (A549 and T24), we detected increased splicing of Long exon 3 in the mini-gene with the
non-risk rs1131454-G allele (Figure 5c¢, d). Based on these results, we conclude that the

functional effect of the missense variant rs1131454 could be related to creating an allele-

specific ESE/ESS regulating splicing of OAS1 Short and Long exon 3 isoforms.

OAS1 transcripts are eliminated by allele-specific nonsense-mediated decay

To explore the impact of exon 3 splicing on OAS1 transcripts, we performed long-read Oxford
Nanopore RNA-sequencing in A549 and HT1376 cells at baseline and after treatment with IFN
(Figure S5). Reads with alternatively spliced exon 3 were included in all OAS1 transcripts (Figure
$6). The combination of p42 and p46 isoforms and Short and Long exon 3 created several
transcripts; all of these transcripts, except for p46-Long exon 3 isoform, had premature
termination codons (PTCs, Figure S6). Prematurely terminated transcripts might be targeted by
nonsense-mediated decay (NMD). To test this, we analyzed RNA-seq data for Hela cells
(rs10774671-AA, OAS1-p42) after siRNA-mediated knockdown (KD) of NMD pathway genes —
SMG6 and SMG?7. The siRNA-KD of SMG6 and SMG7 resulted in upregulation of both alternative
(Short) and canonical (Long) isoforms of exon 3, confirming that all OASI-p42 transcripts are

targeted by NMD (Figure 6a,b).
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To test whether increased expression of OAS1-p46-Long could be due to its protection from
NMD, we performed siRNA-KD of SMG6, SMG7, and UPFI (another component of the NMD
pathway) in two cell lines - A549 (OAS1-p42) and HT1376 (OAS1-p46) and analyzed mRNA
expression of Long and Short exon 3 as a readout (Figure 6¢). In A549 cells, the triple-KD
resulted in a significant increase in expression of both the Short and Long exon 3 versions of the
OAS1-p42 isoform (Figure 6d,e). However, in HT1376 cells, we observed a modest but
significant increase of expression only of OAS1-p46-Short but not OAS1-p46-Long isoform
(Figure 6f,g). We conclude that, unlike all other isoforms, the non-risk OAS1-p46-Long isoform
is NMD-resistant. Because OAS1 isoforms are created by haplotypes with rs1131454 and

rs10774671 alleles, their combinations can contribute to the variation in NMD of OAS1

transcripts.

OAS1 haplotypes are associated with impaired spontaneous clearance of SARS-CoV-2 that can

be compensated by interferon treatment

Increased NMD of OAS1-p42 transcripts, especially those with rs1131454-A allele, will result in
significantly reduced OAS1 baseline expression levels. Early interferon signaling is important for
mounting an efficient antiviral response®. For some infections, such as with SARS-CoV-2, that
either do not induce sufficient interferon response or use various ways to counteract it, this
deficit in the magnitude or delayed timing of the response could be crucial®®*®. Interferon

treatment has been proposed for mitigating SARS-CoV-2 infection, especially at an early

27,28

infection stage””~". To explore whether interferon treatment could prevent or mitigate

29,30
(

infection in vitro, we treated infection-permissive intestinal cells Caco2 heterozygous both

for rs10774671 and rs1131454) with IFNB or IFN-A cocktail four hours before or after SARS-CoV-
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2 infection. All treatments significantly decreased viral loads (Figure 7a,b, Table S10). In the
same cells, OAS1 expression was only minimally induced by SARS-CoV-2 alone but was strongly
induced by pre- and post-treatment with both interferons (Figure 7c, Table S11). Interferon-
induced expression of both OAS1-p42 and p46 isoforms was also detectable by Western
blotting (Figure S7). These results suggested that interferons can induce robust immune

response even in SARS-CoV-2 infected cells, inducing expression of both OAS1-p42 and OAS1-

p46 isoforms and compensating for any loss of their expression due to NMD.

To investigate whether this can be relevant in clinical settings, we analyzed data from a clinical
trial in which patients with mild outpatient COVID-19 were treated with a single subcutaneous
injection of peglFN-A1 or saline placebo™®. We genotyped OAS1 variants rs1131454, rs1074671,
and rs2660 (capturing main OAS1 haplotypes associated with COVID-19 outcomes in our case-
case analyses) in genomic DNA of 58 participants. In multivariable analyses, baseline viral load
was not associated with age, sex, race, treatment group, or OAS1 haplotypes. Only baseline
viral load and treatment group (placebo/treatment) were significantly associated with the viral
decline in longitudinal analyses (Table S12). In the placebo group, which represents
spontaneous viral clearance, compared to the GGG haplotype (OAS1-p46, Neandertal, non-risk),
the association of AAA haplotype (OAS1-p42-A, risk) with an impaired viral loss showed similar
trends at several days, reaching significance at day 5 and 10 post-treatment (Figure 7d, Table
$12). However, the viral loss was not associated with OAS1 haplotypes in the treatment group,
indicating that peglFN-A1 treatment overcame the deficit in OAS1 expression associated with

the AAA haplotype (Figure 7d, Table 12). Thus, the OASI-AAA haplotype was associated with
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both increased risk of hospitalized COVID-19 and impaired spontaneous clearance of SARS-CoV-

DISCUSSION

Interindividual variability in response to SARS-CoV-2 infection resulting in the range from
asymptomatic to fatal disease requires an urgent understanding of the underlying molecular
mechanisms. Results of our cases-case analyses in individuals of European ancestry confirmed
the genetic association within chr1224.13 locus initially reported comparing patients with
COVID-19 to the general population®. We fine-mapped the risk of hospitalized disease to a
19Kb-haplotype that included 76 OAS1 variants forming a 95% credible set for association in
this region. In functional analyses, we showed that alleles of two OAS1 variants - a splicing
variant rs10774671 and a missense variant rs1131454 in exon 3 regulate expression levels of
OAS1 through NMD. We demonstrated that the OASI haplotype most targeted by NMD was
associated with the lowest baseline OAS1 expression, increased risk of severe COVID-19, and
impaired spontaneous clearance of SARS-CoV-2, which could be compensated by early
treatment with pegIFN-A1.

A 185Kb-haplotype was reported as introgressed into the genomes of modern humans from the

>720 |t was hypothesized that the

Neandertal and Denisova lineages of non-African ancestors
introgression of this haplotype was beneficial, perhaps by protecting humans from select
pathogens; several associations with immune-related phenotypes reported for individual

variants comprising this haplotype®® supported this idea. However, all these studies explored

only one or a few variants, not providing sufficient clarity on the extent of the protective part of
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the Neandertal haplotype or the plausible molecular mechanisms underlying its protective
effect. The analysis of COVID-19-related outcomes affords a unique opportunity to address
these questions. Based on the COVID-19 GWAS meta-analysis, a 97Kb block of linked variants
(r*>0.8) associated with hospitalized disease compared to the general population was
nominated as a potentially protective part of the Neandertal haplotypezo. Based on association
and credible set analyses, we further narrowed this fragment to a 19Kb-region, which included

76 OAS1 variants in r*>0.9 with the lead variant rs10774671 and comparably associated with

the hospitalized disease.

Because rs10774671-G allele, associated with protection from severe COVID—191’2, creates the
OAS1-p46 protein isoform (vs. OAS1-p42 and some other isoforms), this marker can be
considered the lead functional variant in the OAS1 credible set®®. Previous reports™ and our
results showed that OAS1-p46 expression is enriched in trans-Golgi compartments, while OAS1-
p42 is expressed in the cytosol. Targeting OAS1 to endomembrane structures may benefit
response to pathogens that hide from cytosolic pattern recognition receptors>". Virus-induced
formation of complex membrane rearrangements originating from the endoplasmic reticulum
was demonstrated as the mechanism used by plus-strand RNA flaviviruses (such as West Nile,
hepatitis C, Dengue, Yellow Fever, and Zika viruses) to evade sensing and elimination®'. Trans-
Golgi localization of OAS1-p46 would support enhanced sensing and clearance of flaviviruses,
contributing to the strong differences in antiviral activities observed between OAS1-p42 and

p46 isoforms’".

It was hypothesized that coronaviruses and SARS-CoV-2 specifically might use a similar

mechanism to evade the immune response®. In embryonic kidney cells stably expressing ACE2
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(HEK293-ACE2), SARS-CoV-2 was cleared in the presence of both OAS1 protein isoforms but
more efficiently in the presence of OAS1-p46 than OAS1-p42°'. We tested the functional effects
of rs10774671 and several linked missense OAS1 variants by creating corresponding OAS1
plasmids. In A549-ACE2 cells used as our experimental model, all OAS1 plasmids provided a
similar anti-SARS-CoV-2 response. The presence of the C-terminal OAS1-p46 CaaX motif, which
is responsible for trans-Golgi targeting, was insufficient to explain differences in antiviral
activities of OAS1-p42 and OAS1-p46°'. Furthermore, OAS1-p42 and OAS1-p46 were similarly
functional as enzymes activating the antiviral RNaselL pathway”. These protein isoforms
overexpressed in A549 cells similarly blocked in-vitro replication of Dengue virus via an RNaselL-
dependent mechanism*?. Overall, previous and our results suggest that both OAS1-p42 and
OAS1-p46 have anti-SARS-CoV-2 activity, which is likely to be context-dependent, such as
determined by the requirement of localization to specific cellular compartments for viral

sensing, and expression levels of each isoform.

Our expression analyses showed that in all datasets explored, mRNA expression of OAS1-p46
transcript was on average 3.9-fold higher than OAS1I-p42. We did not find evidence for
transcriptional regulation of OASI expression but demonstrated that OASI expression is
regulated by NMD differentially affecting OAS1 isoforms. By creating an NMD-resistant OAS1-
p46 transcript, the non-risk rs10774671-G allele plays the major role in preserving the OAS1
expression. Additionally, we identified rs1131454 within exon 3 of OAS1 as the second variant
contributing to the regulation of OAS1I NMD. Although rs1131454 is a missense variant in exon
3 (Gly162Ser), it did not appear to have a functional impact on the enzymatic activity of

recombinant OAS1 proteins* and in our anti-SARS-CoV-2 assays. Instead, the non-risk
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rs1131454-G allele of this variant creates an ESE/ESS to include the Short vs. Long forms of exon
3. Although NMD targets all OAS1-p42 transcripts, transcripts with rs1131454-G allele are
partially rescued from NMD. Because the OAS1-p46 transcripts always carry the rs1131454-G
allele, they are most NMD-resistant. Trans-Golgi accumulation of OAS1-p46 coupled with its
increased expression due to the combined effects of non-risk rs10774671-G and rs1131454-G

alleles may significantly enhance the antiviral activity of OAS1, offering a functional mechanism

underlying the association of the Neandertal haplotype with COVID-19 outcomes.

We observed a decrease in SARS-CoV-2 expression after treating cells with interferons (either
IFNP or IFN-A cocktail) before or after infection, suggesting that interferons can overcome
insufficient viral clearance. Indeed, in a clinical trial with peglFN-A1, we observed that
spontaneous but not the interferon-induced clearance of SARS-CoV-2 was associated with OAS1
haplotypes. Thus, our results suggest that spontaneous clearance of SARS-CoV-2 impaired in
the presence of specific OAS1 variants can be compensated for by treatment with interferons.
Although this treatment accelerated viral clearance in all patients, patients with the risk OAS1
haplotype (AAA for rs1131454-A, rs10774671-A, and rs2660-A) would benefit from this
treatment the most because of their impaired ability to clear the virus without treatment. In
our clinical trial, patients were treated with a single subcutaneous injection of pegIFN-A1'%. Due
to the restricted expression of receptors, IFN-A1, a type lll interferon, is well tolerated without
causing systemic side effects often associated with administration of type | interferons®.
Inhaled nebulized type | interferons, IFNB-1a® and IFN-a2b®’*?, are also tested as an early

treatment for SARS-CoV-2 infection, with promising results.
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The strengths of our study include genetic analyses evaluating outcomes in individuals with
laboratory-confirmed COVID-19 and integrated analyses of multiple genomic datasets (e.g.,
RNA-seq, ATAC-seq, ChlIP-seq, and Hi-C) supported by experimental testing of our hypotheses.
In addition, we analyzed multi-variant haplotypes in association studies with COVID-19 severity
and a clinical trial with peglFN-AL. The extensive multi-method investigation provides strong
plausibility for our findings. Of multiple associated genetic variants, we identified rs10774671
and rs1131454 as most functional within OAS1 for clearance of SARS-CoV-2 and COVID-19
severity. However, we cannot exclude additional functional variants, especially in non-European
populations, in which we had low statistical power for genetic analyses. Some of the
associations with severe COVID-19 might be related to the function of OAS3, which we did not
explore. Specifically, in Europeans, we identified two missense OAS3 variants that might be
independently contributing to the risk of severe disease. The activity of OAS1 and OAS3
enzymes might be synergistic but cell type and condition-dependent, which further genetic and

functional studies should explore. Our study did not explore the genetics of immune response

to SARS-CoV-2 variants.

Overall, we propose that non-risk alleles of two variants (rs10774671-G and rs1131454-G)
protect OAS1 transcripts from NMD (Figure 8). The rs10774671-G allele has the major role by
generating the OAS1-p46 isoform, while rs1131454-G additionally and independently
contributes by creating an ESE that increases inclusion of Long exon 3, thus protecting both
OAS1-p46 and OAS1-p42 from elimination by NMD. The non-risk G alleles of both variants
create the most abundant and NMD-resistant OAS1 isoform (OAS1-p46-Long). In contrast, the

risk A alleles of both variants create the NMD-vulnerable and low-expressed isoform (OAS1-
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p42), while the haplotype with rs10774671-A but rs1131454-G allele creates the OAS1-p42
isoform with an intermediate NMD resistance and expression levels (Figure 8). Deficient
spontaneous clearance in individuals carrying these risk OAS1 haplotypes can be compensated

by early treatment with interferons, which should be further explored in clinical trials.
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METHODS

Patients from COVNET

Patients were recruited by several studies participating in COVNET: Large-scale Genome-wide
Association Study and Whole Genome Sequencing of COVID-19 Severity

(https://dceg.cancer.gov/research/how-we-study/genomic-studies/covnet), based on ethical

approvals by corresponding institutions and informed consents provided by patients. COVID-19
diagnosis was confirmed based on positive viral testing or serology. Sample collection occurred

pre-emegence of SARS-CoV-2 variants. Detailed demographic and clinical records were

20


https://doi.org/10.1101/2021.07.09.21260221

medRxiv preprint doi: https://doi.org/10.1101/2021.07.09.21260221; this version posted July 13, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
This article is a US Government work. It is not subject to copyright under 17 USC 105 and is also made available
for use under a CCO license.
provided by the participating studies and independently reviewed by COVNET team. Outcomes
were defined as mild (non-hospitalized) COVID-19, hospitalized moderate (not requiring

mechanical ventilation) and hospitalized severe (mechanical ventilation or death due to COVID-

19).

We used data and samples from a clinical trial (NCT04354259), in which patients with mild
outpatient COVID-19 received a single subcutaneous injection of 180 pg peglFN-A1 or saline
placebo®. DNA was extracted from PBMCs of all participants and genotyped for 3 OAS1
variants —rs1131454, rs10774671, and rs2660 representing main risk and non-risk haplotypes.
SARS-CoV-2 RNA decline (viral copies, log10) at baseline and several days after treatment were

analyzed in relation to OAS1 haplotypes, adjusting for relevant covariates.
Analysis of COVNET data

COVNET DNA samples were analyzed by AmpFLSTR Identifiler and then genotyped for 712,191
variants using the Global Screening Array version 2.0 (GSA2, lllumina) by the Cancer Genomics
Research (CGR) Laboratory, DCEG/NCI. Samples exceeding an estimated contamination rate >
20% by VerifylDintensity, an autosomal heterozygosity deviation FHET within +/- 0.20, a missing
call rate >2%, and sex-discordant samples were excluded. Variants deviating from Hardy—
Weinberg equilibrium (p < 10e-6), with a minor allele frequency < 0.01, an overall genotyping
rate < 95%, or differential missingness between cases and controls (p-value cutoff 0.001) were
excluded. Additionally, whole-genome sequencing data generated by contributing studies were
used for a subset of samples. Sex, relatedness and population groups (European, African,

admixed-Hispanic and East-Asian) were determined based on genetic analyses for all patients.
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All genotyped variants were used for principal components analysis (PCA) with GCTA (v1.93.0

beta) to generate the first 20 eigenvectors, separately for each ancestry.

Imputation of additional variants was performed using the Michigan Imputation Server with the
Minimac4 algorithm. We imputed the whole chromosome 12 based on population-specific
reference panels: the Trans-Omics for Precision Medicine (TOPMed) reference panel was used
for individuals of European ancestry; the Consortium on Asthma among African-ancestry
populations in the Americas (CAAPA) reference panel was used for individuals of African
ancestry; the American admixture population from Phase 3 of the 1000 Genomes Project (AMR-
1KGP) reference panel was used for individuals of Hispanic-ancestry; and the Genome Asia pilot
(GAsP) reference panel was used for individuals of East Asian-ancestry. Imputed variants with
R? > 0.9 were retained for further analyses. SNPs rs10774671, rs1131454, and rs2285933 were
directly genotyped with TagMan assays in all non-European populations due to low imputation
quality for these variants and in a subset of European individuals to confirm high concordance

with imputed genotypes.

Each variant coded as O, 1, or 2 based on the counts of the variant allele was analyzed for
association using logistic regression with glm function with binomial family and logit link in R
software (v4.0.4). For haplotype analyses, ShapelT (v2.r837) software was used to phase the
selected variants using the genetic map file for chromosome 12 with recombination frequencies
for GRCh38/hg38. Haplotype association analyses using logistic regression were done with
PLINK (v1.07), with a custom selection of a reference haplotype. Both single-variant and
haplotype analyses were performed adjusting for sex, age, squared mean-centered age, and the

first 20 principal components as covariates to control for population stratification. Summary
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statistics for association analyses for hospitalized vs. non-hospitalized patients of European
ancestry were used to generated 95% credible sets using Sum of Single Effects (SuSiE) R

package (v0.9.26)", where the R2 LD matrix was generated from the genotype data using the

genetics R package (v1.3.8.1.3). LD plots were generated with Haploview 4.2.
Cell lines

Details for all cell lines used in this work are presented in Table $13. Cell lines were either used
within 6 months after purchase or periodically authenticated by microsatellite fingerprinting
(AmpFLSTR Identifiler, ThermoFisher) by the Cancer Genomics Research Laboratory/DCEG/NCI.
All cell lines were regularly tested for mycoplasma contamination using the MycoAlert

Mycoplasma Detection kit (Lonza).
TagMan genotyping

Genotyping of rs10774671, rs1131454, rs2660, and rs2285933 was done using TagMan
genotyping assays (Supplementary Table S14), with 2x TagMan expression Master Mix (Qiagen)
and 2-5 ng of genomic DNA in the 5-pl reactions in 384-well plates on QuantStudio 7
(ThermoFisher). Positive controls (HapMap samples with known genotypes) and negative

controls (water) were included on each 384-well plate.

Plasmids

Plasmids with a FLAG-tag for OAS1-p46-G (ID: OHu21619D, rs1131454-G, rs1131476-G,
rs1051042-G) and OAS1-p42-A (ID: OHu29197D, rs1131454-A) were purchased from GenScript.
QuikChange Il site-directed mutagenesis kit (Agilent 200523) was used to generate plasmids

OAS1-p42-G (rs1131454-G) and OAS1-p46-A (rs1131454-A, rs1131476-A, rs1051042-C) using
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mutagenesis primers (Table S14). Sequences of original and modified plasmids were confirmed

by Sanger sequencing.
SARS-CoV-2 infections

SARS-CoV-2 (strain BavPatl) was obtained from the European Virology Archive, amplified in
Vero E6 cells, and used at passage 3. Media was removed from plated cells, and SARS-CoV-2
(MOI 3) was added to cells for 1 hour at 37°C; then the virus was removed, cells were washed
1x with PBS, and fresh media was added back to the cells. RNA from harvested cells was
extracted using RNeasy kit (Qiagen), cDNA was generated with iSCRIPT reverse transcriptase
(BioRad) from 250 ng of total RNA, and qRT-PCR was performed using SYBR Green assays (iTaq
SYBR Green buffer, BioRad) or TagMan expression assays (Table $14) and as previously

. 29,30
described”™™".

A549-ACE2 cells (2.0x10° cells) were seeded in 12-well plates 24 hrs before transfection. Cells
were transfected with the indicated GFP or OAS1 plasmids using Lipofectamine 2000. Media
was replaced 6 hrs post-transfection, and cells were infected with SARS-CoV-2 at an MOI=3 for
1 hr 48 hrs post-transfection. Following infection, fresh media was added, and SARS-CoV-2

replication was monitored for 24 hrs post-infection.

Caco2 cells (7.5x10%) were seeded in 48-well plates for 20 hrs, then media was removed, and
interferons were added to the wells for 4 hrs. Media with interferons was collected and added
back after infection with SARS-CoV-2 for 1 hr. Alternatively, Caco2 cells were infected with

SARS-CoV-2 for 1hr first and then 4 hrs post-infection media with the virus was replaced with
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media with interferons for the indicated time. Interferon treatment: 2000 IU/mL of IFNB or 300

ng/mL (a cocktail of 100ng each of IFN-A1, IFN-A2 and IFN-A3).
Confocal microscopy

HT1376 bladder cancer cell line (rs10774671-GG genotype, OAS1-p46 isoform) and A549 lung
cancer cell line (rs10774671-AA genotype, OAS1-p42 isoform) were plated on 4-well chambered
slides (2x10* cells per well, LabTek) for 24 hrs. Cells were left untreated or treated with 2ng/ml
IFNB (R&D System) for 24 hrs. Cells were then washed twice with PBS and fixed with 4%
paraformaldehyde (BD Biosciences) for 30Bmin. After rinsing twice in PBS and permeabilization
buffer (BD Biosciences), cells were incubated with permeabilization buffer for 1Ghr. Fixed cells
were incubated with mouse anti-Golgin-97 antibody (1:250 dilution, ThermoFisher, A-21270)
for 3 hrs at room temperature, washed, and then stained with anti-rabbit Alexa Fluor 488
(1:500 dilution, ThermoFisher, A21202 ). Cells were then incubated with rabbit anti-OAS1
antibody (1:100 dilution, ThermoFisher, PA5-82113) overnight, washed, and stained with anti-
rabbit Alexa Fluor 680 (1:500 dilution, ThermoFisher, A10043). Slides were mounted with
antifade mounting media with DAPI (Thermo Fisher) and imaged at 63x magnification on an
LSM700 confocal laser scanning microscope (Carl Zeiss) using an inverted oil lens. Colocalization
and correlation coefficients between OAS1 and Golgin-97 expression were generated with
LSM700 Zen software by analyzing randomly imaged fields of view (5-7 fields) containing at
least 7 cells from IFNB-treated wells. The linear relationship between the expression of OAS1
and Golgin-97 at every pixel with protein expression was determined with Pearson’s correlation

coefficient®. Cells with less than 10 analyzed pixels were excluded due to very low expression
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of either protein, making the correlation data unreliable. Mander’s overlap coefficients were

also calculated®®, which factor in the total number of pixels of either protein.

RNA-seq analysis of data from NCBI SRA and TCGA

RNA-seq datasets were accessed from the NCBI sequence read archive (SRA) by using SRA
command-line tools. SRA datasets analyzed in this study are listed in Table S15. Briefly, the raw
FASTQ files were aligned with STAR version 7.1.31 to the reference human genome assembly
(hg38). Low-quality sequencing files with <80% of mappable reads were excluded from further
analyses. BAM slices were indexed and sliced to include 117 Kb of the OAS1-3 genomic region,
chr12:112,901,893-113,019,729, hg38. For TCGA, BAM slices for the OAS gene locus were
generated through the NCI Genomics Data Commons portal accessed on 25 November 2020,

using standard workflow (https://docs.gdc.cancer.gov/APIl/Users_Guide/BAM _Slicing/).
Estimation of RNA-seq read counts specific to OAS1 isoforms

Expression of OAS1 isoforms - p42, p44, p46, and p48 was quantified based on unique RNA-seq
reads. Specifically, RNA-seq BAM slices were processed using the R package ASpli version 1.5.1
with default settings, and exon and exon-exon junction specific reads were quantified and
exported in a tab file format. For OAS1 isoforms - p44, p46, and p48, RNA-seq reads specific to
their unique last exon-exon junctions were used for quantification. For the p42 isoform, which
does not have a unique exon-exon junction, sequencing reads corresponding to its unique
3’UTR (extension of exon 5) were used as a proxy for quantification. For normalizing the
expression, junction reads were divided by 50 (average length of an RNA-seq read), and p42 3’

UTR exon reads were divided by 317 bp, corresponding to its length. The mean expression of
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each isoform was calculated from samples with >3 RNA-seq reads supporting the unique splice

junction or exon.

Analysis of ATAC-seq, ChiIP-seq, and Hi-C data of cell lines

The ATAC-seq, H3K27ac ChIP-seq, Hi-C, and RNA-seq raw data for SW780, HT1376, and SCABER
bladder cancer cell lines were downloaded from NCBI SRA (ID: PRINA623018) using the SRA
tools. For ATAC-seq and H3K27ac ChIP-seq analysis, the FASTQ files were aligned to hg19 using
Encode-DCC ATAC-seq-pipeline (https://github.com/ENCODE-DCC/atac-seqg-pipeline) and chip-
seq-pipeline2 (https://github.com/ENCODE-DCC/chip-seq-pipeline2) with default settings. The
output bigwig files were then uploaded to the UCSC genome browser for visualization. For RNA-
seq analysis, the FASTQ files were mapped to hg19 using STAR aligner
(https://github.com/alexdobin/STAR) with default settings. The output sorted BAM files were

indexed using SAM tools (https://github.com/samtools/). For Hi-C, FASTQ files were processed

using Juicer (https://github.com/aidenlab/juicer) by selecting relevant restriction cutting sites
such as Mbo I/Dpn Il and aligned to hg19. The chromatin loops in Hi-C data were detected using
Hiccups in Juicer tools with default settings. The same procedure was applied to analyze Hi-C
data for THP-1 monocytic cell line untreated or treated with INFb for 6 hrs. The Hi-C and
chromatin interaction files were visualized in the UCSC genome browser
(https://genome.ucsc.edu). Integrative data analysis was performed to identify open chromatin
marks and chromatin interactions between potential genetic variant co-localizing with
enhancers and promoters of OAS1, OAS2, and OAS3 within the COVID-19-associated genetic
locus.

Genotyping and allele-specific expression analysis from RNA-seq data
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RNA-seq BAM slices were genotyped for OAS1 exonic variants with an IGV command-line tool

using 21 bp sequence centered at each variant. For each variant, a 10% threshold of allele-

specific reads was used for genotype calling.
Analysis of exonic splicing enhancer activity affected by rs1131454 within OAS1 exon 3

The allele-specific 27 bp sequence (GUCAGUUGACUGGC[A/G]GCUAUAAACUA) centered on
rs1131454 was used for the prediction of exonic splicing enhancer (ESE)/silencer (ESS) motifs
using the Human Splicing Finder (HSF, www.umd.be/HSF3/). The binding sites for alternative
splicing factors were depicted with a bar graph. Exontrap mini-genes were generated for alleles
of rs1131454. Specifically, allele-specific sequences of exon 3 with 100 bp of flanking intronic
sequences and overhangs for restriction sites (Xhol and Not1) were custom-synthesized as
gene fragments (IDT, Table S16). These fragments were cloned in sense orientation in Exontrap
vector pETO1 (MoBiTec) using Xhol and Notl restriction sites and validated by Sanger
sequencing. The A549 and T24 cells were seeded in a 12-well plate at a cell density of 2x10° and
transfected after 24 hrs with 200 ng of allele-specific mini-genes using Lipofectamine 3000
transfection reagent (Invitrogen) in 3 biological replicates. At 48 hrs post-transfection, cells
were harvested, and total RNA was extracted with QIACube using RNeasy kit with on-column
DNase | treatment (Qiagen). cDNA was prepared for each sample with 500 ng of total RNA using
SuperScript lll reverse transcriptase (Invitrogen) and a vector-specific primer: 52-
AGGGGTGGACAGGGTAGTG-3R. cDNA corresponding to 5 ng of RNA input was used for each RT-
PCR reaction. Two common primer pairs were used for characterizing splicing products of
allele-specific mini-genes (Table S16). Only primer pair 1 (FP vector exon 1: GGA GGA CCC ACA
AGG TCA GTT; and RP exon 3: GCTG CTT CAG GAA GTC TCT CTG) identified alternative splicing
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events corresponding to endogenous exon 3 splicing between vector exon 1 and insert after
PCR-amplified products were resolved by agarose gel electrophoresis. The specific bands were
cut out from the gel, purified, and validated by Sanger sequencing. The ratio of alternative

splicing products was calculated based on band intensity using densitometry, and fold changes

were calculated between two allele-specific mini-genes.

Oxford Nanopore RNA-seq

A549 or HT1376 cells (2x10° per sample) were seeded in T25 flasks overnight. The next day
media was replaced with either media containing 2 ng/mL IFNB (treated) or normal media
without IFNB (mock). Total RNA was prepared from cells 24 hrs post-treatment using the
RNeasy Mini Kit (Qiagen). PolyA+ RNA was enriched from total RNA using the Dynabeads mRNA
Purification Kit (Invitrogen). cDNA libraries were prepared from 200 ng of PolyA+ RNA using the
Direct cDNA Sequencing Kit (Oxford Nanopore), according to the PCR-free 1D read protocol for
full-length cDNA (Oxford Nanopore, SQK-DCS109), with some modifications. Specifically, RNase
Cocktail Enzyme Mix (ThermoFisher) was used during the RNA digestion step after the first-
strand synthesis; all reaction amounts for reverse transcription reactions up to the second-
strand synthesis step were doubled; from second-strand synthesis up to adapter ligation,
reactions were 1.5x of original amounts; during adapter ligation, 35 ul Blunt/TA Ligase Master
Mix was used instead of the recommended 50 ul, and nuclease-free water was excluded. Final
libraries were loaded into MinlON Fluidics Module flow cells (Oxford Nanopore, FLO-MIN106D),
and sequencing was carried out on GridION MK1 and MinlON MK1C instruments (Oxford

Nanopore) for 3 days, using default parameters.
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The FASTQ files generated by Nanopore GridlON long-read sequencer were trimmed using
Porechop (https://github.com/rrwick/Porechop) and aligned to the hg19 genome using
Minimap2 (https://github.com/lh3/minimap2) with -ax splice command. The output SAM files

were then converted to indexed, sorted BAM files using SAM tools

(https://github.com/samtools/). The BAM files were visualized with the UCSC genome browser.

Analysis of nonsense-mediated decay (NMD) of OAS1 isoforms

We downloaded RNA-seq data for Hela cells (OAS1-p42 expressing) with and without siRNA-
mediated knockdown of NMD genes — SMG6 and SMG7 (SRA:PRJNA340370). The FASTQ files
were aligned with STAR aligner (https://github.com/alexdobin/STAR) with default settings
followed by quantification of isoforms-specific reads for alternative splicing junctions of OAS1
exon 3 with adjacent exons. The data was also visualized as sashimi plots using Integrative
Genome Viewer. We also generated a triple-knockdown (tri-KD) by transfecting A549 (OAS1-
p42 expressing) and HT1376 (OAS1-p46 expressing) cells with siRNAs —scrambled (negative
control) and targeting genes for the NMD pathway (SMG6, SMG7, and UPF1). After 48 hrs, cells
were harvested, and total RNA was isolated using an RNeasy kit with on-column DNase |
treatment (Qiagen). Subsequently, cDNA for each sample was prepared from equal amounts of
RNA using the RT’ First-Strand cDNA kit (Qiagen). TagMan assays were used to confirm the
knockdown of each gene, using the expression of HPRT1 as an endogenous control (Table S14).
Detection of OAS1 exon 3 splicing events was done with custom expression assays (Table $14).
For each condition, experiments were performed in biological triplicates, and expression was
quantified in four technical replicates on QuantStudio 7 (Life Technologies) using TagMan Gene

Expression buffer (Life Technologies). Genomic DNA and water were used as negative controls

30


https://doi.org/10.1101/2021.07.09.21260221

T o o8 et o) R ot Tandc 1o s A G A GRS 13 Sy preprt ey
This article is & US Government work. It is not subject to copyright under 17 USC 105 and is also made available

for all assays. Expression was measured as C; values (PCR cycle at detection threshold) and
calculated as dCt values normalized by endogenous control and ddCt values normalized by a
reference group of samples.
Western blotting
Cells (Caco2, HT1376, A549, and HBEC) were plated in 6-well plates (5x10° cells per well) and
were untreated or treated with IFNB (1ng/ml), IFNy (2ng/ml) or IFN-A3 (100ng/ml) for 24 hrs.
Cells were lysed with RIPA buffer (Sigma) supplemented with protease inhibitor cocktail
(Promega) and PhosSTOP (Roche) and placed on ice for 30Bmin, with vortexing every 10@min.
Lysates were pulse-sonicated for 30&s, with 10&s burst-cooling cycles, at 4°C, boiled in reducing
sample buffer for 5Bmin and resolved on 4-12% Bis-Tris Bolt gels and transferred using an iBlot
2 (ThermokFisher). Blots were blocked in 2.5% milk in 1% TBS-Tween before staining with rabbit
anti-OAS1 antibody (1:200, Thermo Fisher, PA5-82113) and rabbit anti-GAPDH antibody (1:500,
Abcam, ab9485). The signals were detected with HyGLO Quick Spray (Denville Scientific) or

SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFisher) and viewed on a

ChemiDoc Touch Imager with Image Lab 5.2 software (Bio-Rad).

Bioinformatic analyses

We utilized the computational resources of the NIH Biowulf supercomputing cluster

(http://hpc.nih.gov) and specific packages for R version 3.6.2.

Data availability

Summary statistics for all genetic analyses is provided in Supplementary Tables. Individual

genotypes will be submitted to dbGAP. Dataset for Oxford Nanopore RNA-seq was deposited to
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NCI SRA as BioProject PRINA743928. Full-length sequence data for OAS1-p42 transcript with
Short exon 3 was deposited to NCBI GenBank with accession number MZ491787. Requests for

any additional data or reagents should be addressed to L.P.-O. (prokuninal@mail.nih.gov).
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Figure 1. Association analyses within the chr12q24.13 region in relation to COVID-19

outcomes in patients of European ancestry.
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a) Association analyses in 601 patients with non-hospitalized (mild) compared to 954 patients
with hospitalized COVID-19. b) Variants included in SuSie 95% credible sets and their posterior
inclusion probabilities (PIP); two 95% credible sets were identified with a threshold of an
average correlation between all variables >0.9. ¢) Association analyses in 601 patients with non-
hospitalized (mild) compared to 566 patients with hospitalized severe COVID-19. d) LD plot (r?)
in the total set of 1555 patients with COVID-19 and location of OAS1, OAS3, and OAS2 reference
transcripts. Blue shading indicates the 32Kb LD block (hg38: chr12:112912991-112945172) that
includes 135 variants in r*>0.8 with the lead rs10774671; 125 of these variants form only two
common haplotypes — risk and non-risk. The Neandertal-introgressed genomic fragment of 97
Kb is marked based on previously reported variants’. e) Analysis of haplotypes including four
core variants tagging the Neandertal haplotype and extended haplotypes additionally including
three variants associated with severe COVID-19. Full association results for individual variants

and haplotypes are provided in Table S1.
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Figure 2. Anti-SARS-CoV-2 activity and subcellular localization of OAS1-p42 and p46 isoforms.
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a) Description of OAS1-p42 and OAS1-p46 plasmids. b) Experiment outline: plasmids were
transiently transfected in A549-ACE2 cells, followed by infection with SARS-CoV-2 and qRT-PCR
for viral detection. ¢) SARS-CoV-2 load in A549-ACE2 cells transfected in duplicates or triplicates
with 0.4 ug/well or 0.8 ug/well with OAS1 or GFP plasmids in six-well plates. Expression of
SARS-CoV-2 was detected by gRT-PCR and normalized to the expression of an endogenous
control (HPRT1). P-values between OAS1 plasmids are for ANOVA tests. d, e) Representative
confocal images for endogenous OAS1 expression in untreated and IFNB-treated A549 cells
(rs10774671-AA, OAS1-p42, cytosolic expression) and HT1376 (rs10774671-GG, OAS1-p46,
enrichment in trans-Golgi compartment); OAS1 (red), Golgin-97 (green) and nuclei (DAPI, blue).
Scale bars, 20Bum. f) Mander’s coefficient 1 (MC1) for colocalization of Golgin-97 with OAS1 in
confocal images. g) Mander’s coefficient 2 (MC2) for colocalization of OAS1 with Golgin-97 in
confocal images. h) Overall correlation (Pearson’s, r) between colocalization of Golgin-97 and
OAS1 expression in confocal images. P-values are for non-parametric, two-sided Mann—

Whitney U tests.
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Figure 3. Allelic expression imbalance of OAS1 transcripts.
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a) Outline of allelic imbalance analysis for transcribed OAS1 variants based on RNA-seq reads.
Counts of allele-specific RNA-seq reads in heterozygous samples for transcribed OAS1 variants
rs1131454 and rs2660 in b) nasal epithelial cells — uninfected (Mock) and infected with
Rhinovirus (RV) strain A or C or ¢) in PBMCs from patients with COVID-19 and healthy controls
(labeled as non-COVID). d) Haplotypes of the three OAS1 variants used for analysis. e)
Haplotype-specific imbalance in OAS1 expression contributed by rs1131454. P-values are for

non-parametric, Wilcoxon matched pairs signed-rank tests.
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Figure 4. Splicing of OAS1 exon 3 is associated with rs1131454
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a) RNA-seq plots showing splicing patterns of OAS1 exons in representative samples from nasal
epithelial cells - uninfected (Mock) and Rhinovirus (RV)-infected with strains A and C. OAS1
exon 3 shows alternative splicing at both 5' acceptor and 3' donor splice sites, resulting in four
splicing junctions —two canonical junctions (CJ) and two alternative junctions (AJ) producing
Long and Short versions of exon 3. Exon junctions AJ1 (major) and AJ2 (minor) account for
approximately 25% and 5% of total RNA-seq reads, respectively. Splice quantitative trait locus
(sQTL) analysis of AJ1 and AJ2 with rs1131454 in b, c) nasal epithelial cells — uninfected (Mock)
or infected with RVA and RVC and d, e) in PBMCs from COVID-19 patients and healthy controls
(labeled as non-COVID). P-values are for linear regression adjusting for sex and age. All graphs
show individual data points with error bars representing 95% confidence intervals for the

medians.
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Figure 5. Exontrap assays demonstrate the functional effect of rs1131454 on OAS1 exon 3

splicing.

a) In silico prediction of allele-specific splicing factor binding sites within OASI exon 3. Only the
rs1131454-G allele creates a binding site for SFRS1 splicing factor; binding sites for SFRS2 are
created by both alleles, with three or two sites in the presence of G or A allele, respectively. b)
Experiment outline: description of allele-specific mini-genes with OAS1 exon 3 inserts,
transfection in T24 and A549 cells, and splicing ratios of amplicons detected by RT-PCR with FP
and RP primers. ¢) A representative agarose gel showing splicing events of mini-genes detected

by RT-PCR in T24 and A549 cells; Vector corresponds to negative control; M corresponds to
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100-bp size marker. Upper and lower bands correspond to Long and Short exon 3 splicing
events with vector exon 1 (VE1). No alternative splicing event was identified between exon 3
insert and VE2 (data not shown). Each mini-gene was analyzed in three biological replicates and
the results of one of two independent experiments are shown. d) The ratios of Long/Short
OAS1 exon 3 expression quantified by densitometry of agarose gel bands. Splicing of Long exon
3 is significantly higher from the mini-gene with rs1131454-G allele compared to mini-gene with
rs1131454-A allele. Fold changes (FC) were calculated from the splicing ratios. The dot plots are

presented with means and SD; P-values are for unpaired, two-sided Student’s t-tests.
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Figure 6. Nonsense-mediated decay targets OAS1 isoforms with Short exon 3 upregulated by

risk rs1131454-A allele.
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a) RNA-seq plots showing OAS1 expression and splicing patterns in Hela cells (rs10774671-AA,
OAS1-p42) targeted by siRNA-knockdown (KD) of NMD-pathway genes SMG6 and SMG7 or by
scrambled siRNA (Neg Ctrl). b) Expression of both Long and Short OAS1-p42 isoforms is
increased in Hela cells with siRNA-KD of NMD genes. ¢) Schematics for characterizing effects of
KD of NMD genes on the expression of Long and Short exon 3 in context of OASI-p42 (in A549)
and OAS1-p46 (in HT1376). d, e) Downregulation of NMD-pathway genes (SMG6, SMG7 and
UPF1) targeted by siRNA-KD in A549 cells. Expression of both Long and Short exon 3 OAS1-p42
isoforms is increased in cells with siRNA-KD of NMD genes. f, g) Downregulation of NMD-
pathway genes (SMG6, SMG7 and UPF1) targeted by siRNA-KD in HT1376 cells. Only expression
of Short-exon 3 OAS1-p46 isoform is increased by siRNA-KD of NMD genes. Expression was
analyzed by qRT-PCR and normalized to an endogenous control (HPRT1). The dot plots present

means with SD; P-values are for unpaired, two-sided Student’s t-tests.
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Figure 7. Effects of interferons on SARS-CoV-2 viral loads in vitro and in patients in a clinical

trial.

a) Outline of an experiment in Caco2 cells: cells were infected with SARS-CoV-2 and treated
with IFNB or IFNA four hours before or after infection, and SARS-CoV-2 and OAS1 expression
was measured by qRT-PCR 24 hrs post-infection. Expression of b) SARS-CoV-2 and ¢) OAS1
normalized by the expression of endogenous control (HPRT1). P-values are for comparison with
infection alone or Mock; d) Outline of the clinical trial: a single subcutaneous injection of 180ug

peglFNA1 or saline placebo was administered at day 0 and decline of SARS-CoV-2 load (log10
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copies per ml) was evaluated at indicated days compared to day 0. The viral load decline is
presented comparing to OAS1-GGG haplotype (rs1131454-G, rs10774671-G, rs2660-G) and

adjusting for age, sex, and viral load at day O (complete results are shown in Table $12).
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Figure 8. The proposed model for mechanisms underlying association between OAS1 genetic

variants and COVID-19 outcomes.

Two OASI variants — exon 3 missense variant (rs1131454-A/G, Gly162Ser) and splice site variant
(rs10774671-A/G) determine the structure and expression levels of OAS1 isoforms. Alleles of
the splicing variant rs10774671 define the OAS1 isoforms — OAS1-p42 (A allele) and OAS1-p46
(G allele). Alleles of rs1131454 create an exonic splicing enhancer/silencer (ESE/ESS) for splicing
of the canonical/Long vs. alternative/Short exon 3. Transcripts with Short exon 3 are terminated
by premature stop codons (PTCs) within exon 4 and efficiently targeted by nonsense-mediated
decay (NMD). The stop codon for OAS1-p42 is located within exon 5, followed by several
additional exons creating OAS1-p44 and OAS1-p48 isoforms, making this stop codon a PTC.
Thus, OAS1-p42 is also targeted by NMD, albeit less efficiently compared to transcripts with
PTCs in exon 4. The combined splicing effects of rs10774671, which creates alternative OAS1

isoforms and rs1131454, which regulates the inclusion of Short or Long exon 3 and thus the
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introduction of additional PTCs result in variable degradation of OAS1 transcripts by NMD. At
baseline, the expression is highest for OAS1-p46 and the lowest for OASI-p42-A. However,
treatment with IFNs may compensate for NMD, allowing OAS1-p42 protein to reach expression
levels comparable to OAS1-p46. Thus, the effects of genetic variants on OAS1 expression can be
compensated by IFN treatment to overcome impaired viral clearance leading to severe COVID-

19.
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Figure S1. Mean expression levels of OAS1 isoforms in adjacent normal tissues in TCGA.

Expression of OAS1 isoforms was analyzed in RNA-seq data in The Cancer Genome Atlas (TCGA),

using tumor-adjacent normal tissues with RNA-seq data in 215 samples. RNA-seq reads for
each OAS1 isoform were calculated based on unique splice junctions (OAS1-p44, p46, and p48)
or unique 3’UTR (p42). For normalization, the total number of RNA-seq reads for exon-exon
junctions for p44, p46 and p48 was divided by 50 (length of an RNA-seq read) and unique RNA-
seq reads for p42 exon 5 by its length (317 bp). The mean expression levels of each isoform
were calculated from all the samples with >3 RNA-seq reads. Overall, the mean expression

of OAS1-p46 is higher than OASI-p42, with an average fold change (FC) of 3.9 across tissues.

FC=63

23
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Figure S2. Mean expression levels of OAS1 isoforms in nasal epithelial cells, pulmonary
alveolar cells and PBMCs.

Expression of OAS1 isoforms was analyzed in RNA-seq data of a) nasal epithelial cells (SRA
PRINA627860), b) organoids of pulmonary alveolar type 1 cells (SRA PRINA673197), and c)
PBMCs (SRA PRINA660067). The bar graphs show the mean expression levels of each OAS1
isoform normalized as described in Figure S1. The expression of OAS1-p46 is higher than OAS1-
p42 in all cell types and conditions tested.
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Figure S3. Multi-omics profile of the 0AS1/0AS3/0AS2 genomic region.

Multi-omics data for genome-wide Hi-C, ATAC-seq, H3K27ac ChIP-seq, and RNA-seq of three
bladder cancer cell lines (SRA PRINA623018) were analyzed and visualized using UCSC genome
browser. OAS1, OAS2, and OAS3 expression was observed in all samples, but there is no
evidence of open chromatin, enhancer activity, or chromatin interactions within the LD block
(blue shading) that includes top 125 variants associated with hospitalized vs. non-hospitalized
COVID-19 in Europeans (Figure 1).
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Figure S4. Hi-C chromatin interaction analysis in the OAS1/0AS3/0AS2 genomic region.

Chromatin interaction (Hi-C) data for the THP-1 monocytic cell line untreated and treated with
IFNB for 6 hrs (SRA PRINA401748) were analyzed and visualized using UCSC genome browser.
No chromatin interactions were detected with the LD block (blue shading) that includes top 125
variants associated with hospitalized vs. non-hospitalized COVID-19 in Europeans (Figure 1).
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Figure S5. Long-read sequencing of OAS1 transcripts in A549 and HT1376 cells with and
without IFNB treatment.

The A549 (rs10774671-AA, OAS1-p42) and HT1376 (rs10774671-GG, OAS1-p46) cells were
treated with IFNB or PBS (control) for 48 hrs. Total RNA was harvested and subjected to long-
read sequencing with Oxford Nanopore. In both cell lines, the expression of OAS1 isoforms was
strongly induced by IFN treatment. The IGV plots show auto-scaled profiles with read counts
indicating maximum coverage in the window. Genotypes of transcribed variants are indicated.
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Figure S6. Long-read sequencing of OAS1 transcripts demonstrates functional consequences
of alternative splicing of exon 3.

UCSC genome browser view shows the known OAS1 transcripts and full-length sequences of
OAS1 isoforms determined by long-read RNA-seq with Oxford Nanopore (Figure S5). Splicing
patterns of OAS1 exon 3 depend on two acceptor and two donor splice sites that define the
Short and Long exon 3 isoforms. Two common exon 3 isoforms are Short (138 bp) and Long
(185bp), and rare (<5% reads) exon 3 isoforms are Short (160 bp) and Long (208 bp). The
inclusion of common Short (138 bp) or rare Long (208 bp) exon 3 isoforms results in premature
termination codons (PTC) in exon 4. The stop codon of canonical p42 isoforms presented by
rare Short (160 bp) and common Long (185 bp) isoforms is located within exon 5 and functions
as a PTC due to the inclusion of additional exons creating p44 or p48 isoforms. All transcripts
with PTC are targeted by nonsense-mediated decay (NMD) with a variable extent of
degradation depending on specific isoforms.
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Figure S7. Western blot analysis of expression of endogenous OAS1-p42 and p46 protein
isoforms in human cell lines.

Four cell lines with different genotypes of rs10774671: A549 (AA), primary bronchial epithelial
cells BEC (AG), Caco2 (AG), and HT1376 (GG) were treated with interferons — IFNB (2ng/mL),
IFNy (2ng/mL) or IFN-A3 (100 ng/mL) for 48 hrs. Similar amounts of protein lysates were used
for Western blot with C-terminal OAS1 antibody. Only two isoforms, OAS1-p42 and p46, were
detected, with p46 protein being dominant in heterozygous cell lines. In homozygous cell lines,
the protein expression of p42 and p46 appeared comparable after IFN treatment.
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Figure S8. Association analyses within the chr12q24.13 region in relation to COVID-19
outcomes in patients of diverse ancestries.

Association analyses and LD plots (r2) in patients with non-hospitalized (mild) vs. hospitalized
COVID-19 in patients of a) European ancestry (n=1555); b) African ancestry (n=483); ¢) Admixed
Hispanic ancestry (n=166); and d) East-Asian ancestry (n=103). e) location of OAS1, OAS3, and
OAS2 reference transcripts. Haplotype analysis of four core variants within the 32 Kb LD block
(hg38: chr12:112912991-112945172), marked by blue shading, tagging the Neandertal
haplotype in Europeans. Association results comparing the main risk vs. main non-risk
(Neandertal) haplotypes. Full association results for individual variants and haplotypes are
provided in Tables S4-S8.
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