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SUMMARY

Recessive deficiency in 2′,5′-oligoadenylate synthetase (OAS) or RNase L can cause systemic inflammation

in children with SARS-CoV-2 infection, but its role in adult respiratory disease is unclear. We analyzed rare

OAS1/OAS3 variants and the commonOAS1 rs10774671 polymorphism in 342 COVID-19 patients, assessing

enzymatic activity, RNase L activation, viral replication, and inflammation in cell systems and Oas3-deficient

mice. Rare heterozygous variants showed impaired RNase L activation but were not enriched in pneumonia

cases. In contrast, the rs10774671 A/A genotype (OAS1-p42 isoform) was associated with severe disease

(OR = 2.28; 95% CI = 1.13–4.58; p = 0.0107) and reduced viral control despite intact RNase L activation.

OAS3 and OAS1-p46 isoform limited viral replication and inflammatory responses, whereas Oas3-

deficient mice showed increased cytokines. These findings suggest that common OAS1 variation

influences COVID-19 severity, while rare OAS variants may affect inflammation regulation rather than respi-

ratory pathology.

INTRODUCTION

Production of type I and III interferon (IFN) is known to be the first

line of defense against viral infections. Accordingly, inborn errors

of toll-like receptor (TLR) 3- and IFN-regulatory factor (IRF)

7-dependent type I IFN immunity have been identified as caus-

ally involved in life-threatening COVID-19 pneumonia in

adults.1,2 Several studies reported that loss-of-function (LOF)
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variants in the TLR7 gene are more prevalent in severely affected

male patients.3 Additionally, deficiency in TLR7 compromises

plasmacytoid dendritic cell sensing of SARS-CoV-2, thereby

exacerbating the severity of COVID-19.3–7 X-linked recessive

TLR7 deficiency and autosomal recessive IFNAR1, STAT2, or

TYK2 deficiencies were found in children with COVID-19 pneu-

monia.8 Moreover, type I IFN auto-antibodies, which are highly

prevalent in the elderly, hinder an efficient immune response

against the viral infection and are an important risk factor for se-

vere COVID-19 pneumonia at any age.9–11 Type I IFNs induce a

transcriptional program mediated by IFN-stimulated genes

(ISGs) that trigger a powerful response.12 This response is

needed immediately after infection, and its strict regulation is

of paramount importance. Delayed, prolonged, or deregulated

type-I IFN responses may worsen viral or bacterial infections

and promote autoimmunity,13,14 and they could exacerbate the

progression of SARS-CoV-2-triggered hyperinflammation, at

least in children who did not develop COVID-19 pneumonia.15

Severe adult COVID-19 patients showed a higher hyperinflam-

mation in the blood, characterized by elevated levels of

C-reactive protein (CRP) and interleukin-6 (IL-6).16–19

SARS-CoV-2 is a single-stranded RNA (ssRNA) virus that,

like other coronaviruses, generates double-stranded RNA

(dsRNA) early in the infection cycle due to genome replication

and mRNA transcription.20 The host cells recognize the pres-

ence of intracellular dsRNA by means of several sensors.21,22

2′,5′-oligoadenylate (2-5A) synthetase (OAS) proteins 1–3 are

part of a largely conserved and complex dsRNA sensor and

effector system mediated by the generation of 2-5A from

ATP.23 In turn, 2-5A activates the latent form of ribonuclease

L (RNase L) that cleaves ssRNA from viral and host origin.24–26

Upon RNA cleavage, RNase L generates small RNAs that can

be recognized by retinoic acid-inducible gene I (RIG-I) and mel-

anoma-differentiation-associated gene 5 (MDA-5), which could

further enhance innate immune responses, including transcrip-

tional induction of pro-inflammatory genes.27 On the other

hand, RNase L can degrade host RNA, including mRNA,

rRNA, tRNA, and miRNA, thereby impairing global protein syn-

thesis and preventing the expression of certain inducible pro-

teins.28–30 However, it selectively spares specific antiviral

mRNAs, like IFN-β.31 Expression of OAS1-3 is cell type spe-

cific, being most prominent in myeloid cells such as macro-

phages, and it can be boosted by the production of type I

IFN since OAS1-3 are ISGs.32

A large genome-wide association study (GWAS) of COVID-19

patients identified genetic loci associated with disease severity

with a small effect size.33–35 One such locus is found in chromo-

some 12 and contains theOAS1-3 gene family. Within this locus,

the functional single nucleotide variant (SNV) rs10774671 was

found to be associated with severe COVID-19.33–36 This SNV

controls the splicing and generation of two isoforms of OAS1,

p46 and p42, corresponding to the G and the A alleles, respec-

tively.37 Interestingly, the G allele in rs10774671 is enriched in

the European population and derives from an ancestral haplo-

type of Neanderthal origin.38,39 Moreover, the G allele of OAS1

encodes a prenylated more active form of the enzyme.40 This

OAS1 splice variant is associated with a slightly reduced risk

of becoming critically ill after SARS-CoV-2 infection.36,41 A

recent study showed that rs10776471 participates in the forma-

tion of a risk haplotype for COVID-19 severity by decreasing

OAS1 protein expression through allele-specific regulation of

splicing and nonsense-mediated decay.42Notably, inborn errors

in the OAS-RNase L pathway were identified among children

with multisystem inflammatory syndrome (MIS-C) associated

with SARS-CoV-2 infection.43 Patients with MIS-C commonly

did not exhibit COVID-19 pneumonia, including the patients

with OAS-RNase L genetic defects, attesting to the redundancy

of the OAS-RNase L pathway for protective immunity against

SARS-CoV-2 in the respiratory tract. We tested in cellular and

animal models the hypothesis that rare variants in this pathway

may impair the response to SARS-CoV-2 infection, by affecting

viral replication and/or inflammation.
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RESULTS

Clinical and epidemiological characteristics of the

population under study

COVID-19 patients (n = 342) were aged 18–65 years and free of

major chronic or acute diseases (see exclusion criteria in STAR

Methods section). The demographic and hospitalization infor-

mation on the individuals analyzed in this study is shown in

Table 1. As expected,44,45 men were more prone to show severe

clinical characteristics than women. Within each clinical group,

there were no differences in age between the two sexes

(Table 1).

Genetic variants identified in aSpanish cohort of COVID-

19 cases

We focused on the genetic variability inOAS1, OAS2, and OAS3

due to previous reports on the role of this locus in SARS-CoV-2

infection and severity, and the strong linkage disequilibrium ex-

isting among them.35 Table 2 shows the different variants found

in the Spanish cohort for OAS1, OAS2, and OAS3, together with

the pathogenicity prediction using several bioinformatic tools. All

rare (minor allele frequency (MAF) < 0.05) and ultra-rare

(MAF<0.001) variants were found in a heterozygous state. We

did not further analyze OAS2 since no variants predicted to be

pathogenic were found for this gene in our cohort (Table 2). We

foundmore than one ultra-rare variant forOAS1 orOAS3 in three

individuals. By cloning and sequencing of PCR fragments, we

found a compound heterozygous patient who carried two ul-

tra-rare OAS1 variants in one allele (E120D and R256Q) and

the V135L variant in the other allele. Another two patients carried

two variants in the same allele in OAS3: A584T and A722G in one

case, and D277G and E499K in the other.

We searched for additional variants from whole exome- or

whole genome-sequencing data of hospitalized patients in-

fected with SARS-CoV-2 of the international CHGE cohort

(https://www.covidhge.com/) (n = 5,385 SARS-CoV-2 infected

patients; n = 3,686 critical patients and n = 1,699 non-critical pa-

tients; Data S1). The search was based on similar criteria, but

selected those OAS1 and OAS3 missense variants located in

protein domains in addition to variants selected in the Spanish

cohort. We considered patients of the same age range as in

our Spanish cohort (18–65 years). In the CHGE cohort, novel ul-

tra-rare variants were found in a heterozygous state (V55M and

R256P in OAS1, and R188Q, K207M, R767C, and R932W in

OAS3) (Data S1).

Overall, 24 (n = 9 for OAS1 and n = 15 for OAS3) variants were

predicted to be potentially damaging by multiple in silico tools.

For functional testing in vitro in cellular systems, we selected

28 variants (n = 9 for OAS1 and n = 19 for OAS3) found in the

Spanish and CHGE cohorts (Figure 1A and Data S2). Although

most of these variants were ultra-rare, we included the rare var-

iants, R65W, V456I, and R932Q found inOAS3 based on the pre-

dicted structural effect (R65W and R932Q) or because the loca-

tion at a position relevant to the enzymatic activity of OAS3

(V456I). In addition, we included a common variant, A727S in

OAS3,which is ultra-rare among Europeans but common among

Latinos, or rare variants that appear in combination with other ul-

tra-rare variants in the same allele. The A727S variant showed no

predicted deleterious effects and was used as a control (i.e.,

neutral variant) in our study. An alignment of OAS1 and the three

catalytic OAS domains of OAS3, showing the position of all var-

iants, is found in Figure S1.

In silico prediction of structural alterations in a

missense variant

The analysis of the 28 ultra-rare and rare variants in OAS1 and

OAS3 using structural homology allowed us to identify those

most likely to introduce a significant alteration in the function of

the protein, in addition to those variants identified by the in-silico

prediction tools. Some of the most significant findings are sum-

marized in Data S2 and Figure S2. Data S2 describes the OAS

variants found in our cohort of COVID-19 patients, their fre-

quency, the bioinformatic prediction of deleteriousness, when

possible, the predicted structural alteration associated with

each variant, and the reason for variant selection for further func-

tional assays.

Clinical severity of COVID-19 patients of the Spanish

cohort carriers of OAS1 and OAS3 heterozygous

missense variants

We studied the clinical features of the COVID-19 patients from

the Spanish cohort with OAS1 or OAS3 genetic variants. They

Table 1. Demographical and clinical summary of the Spanish population analyzed in this study

Total Hospitalized ICU Hospitalized non ICU Non Hospitalized

N 342 61 199 82

Sex (female N(%)) 159 (46.6%) 17 (27.9%) 82 (41.4%) 60 (73.2%)

Age (SD; range) 46.9 (11.4; 18–65) 52.1 (9.3; 28–62) 45.3 (10.7; 22–65) 46.9 (13.1; 18–64)

Age women (SD; range) 46.5 (11.9; 18–65) 51.1 (11.1; 28–62) 45.5 (11.4; 22–65) 46.6 (12.8; 18–64)

Age men (SD; range) 47.1 (10.9; 20–64) 52.4 (8.7; 31–64) 45.0 (10.3; 23–64) 47.6 (14.2; 20–64)

Ancestrya

EUR 212 42 92 78

AMR 113 15 95 3

OTHER 17 4 12 1

SD, standard deviation; ICU, Intensive care unit.
aEUR: Caucasian; AMR: Admixed American; OTHER:Other ancestries, combining East Asian, South Asian and African.
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Table 2. List of OAS genetic variants found in the Spanish population with prediction of functional effect using different tools

Position Na Gene Ref. allele Alt. allele Protein change rsIDb ClinVarb MAFc (EUR) MAFc (LAT) REVELd SIFTe PolyPhen2f CADDg Mut. Tasterh Patients

113346520 1 OAS1 G T E120D (rs2043333587) – New N/A 0.025 T (0.07) PrD (0.987) 16.13 P P1

113346563 1 OAS1 G C V135L (rs111902215) (1962088) New N/A 0.040 T (0.09) PoD (0.477) 7.19 P P1

113348870 F OAS1 G A G162S rs1131454 29024 0.52540 0.69750 0.183 T (0.13) B (0.011) 3.09 P –

113348994 1 OAS1 C T T203I (rs750099581) – New N/A 0.287 D (0.03) PoD (0.903) 23.20 P P6

113349002 1 OAS1 A C K206Q (rs1593155771) – New N/A 0.425 D (0) PrD (0.984) 23.40 P P4

113354426 3 OAS1 G A R256Q rs528923373 1482420 0.00000 0.00011 0.146 T (0.16) PoD (0.703) 4.16 P P1, P2, P3

113354534 1 OAS1 C T T292M rs778367989 1449870 0.00000 0.00065 0.112 D (0.03) PrD (0.976) 6.51 P P5

113357442 F OAS1 G A G397R rs2660 – 0.62430 0.82550 0.234 N/A B (0.075) 6.28 P –

113376388 F OAS3 G T R18K rs1859330 – 0.61270 0.79260 0.106 T (0.2) B (0.015) 7.42 P –

113379385 1 OAS3 C T S63L rs772855388 – 0.00000 0.00061 0.059 T (0.42) B (0.273) 5.75 P –

113379390 8 OAS3 C T R65W rs12819767 – 0.01359 0.00998 0.183 D (0) PrD (1) 24.20 P P21-P28

113379478 1 OAS3 G A R94H rs745545367 2481890 0.00009 0.00000 0.021 T (0.05) B (0.029) 11.84 P –

113382281 1 OAS3 G T G154V rs200770928 – 0.00017 0.00025 0.247 D (0) PrD (1) 29.80 DC P11

113384669 1 OAS3 G A R253Q rs764044255 – 0.00000 0.00000 0.085 T (0.18) PrD (0.96) 20.30 P P13

113384741 1 OAS3 A G D277G rs183804250 – 0.00104 0.00006 0.216 D (0.02) PoD (0.892) 23.70 P P12

113386754 1 OAS3 A G N373S rs769669888 2382510 0.00026 0.00009 0.007 T (0.46) B (0) 0.002 P –

113386769 1 OAS3 G A R378K rs45519442 – 0.00009 0.00037 0.052 T (0.74) B (0) 1.25 P –

113386779 F OAS3 C G S381R rs2285933 – 0.26080 0.32720 0.073 TLC (0.55) B (0.139) 0.81 P –

113386888 1 OAS3 C T R418C rs765652205 – 0.00009 0.00003 0.052 D (0.02) B (0.05) 23.30 P P16

113386889 1 OAS3 G A R418H rs373103415 – 0.00061 0.00023 0.080 D (0.01) PrD (0.994) 24.80 P P8

113387002 2 OAS3 G A V456I rs185547332 – 0.00167 0.00147 0.036 T (0.07) B (0.182) 13.70 P P29-P30

113388598 2 OAS3 G A R492H rs115666428 702134 0.00368 0.00198 0.025 T (0.46) B (0.007) 9.96 P –

113388618 1 OAS3 G A E499K rs199505039 – 0.00096 0.00006 0.068 T (0.19) B (0.027) 16.86 P P12

113388625 2 OAS3 G A R501Q rs746297884 – 0.00000 0.00000 0.030 T (0.23) B (0.05) 12.05 P –

113398968 1 OAS3 G A A584T rs35508906 – 0.00035 0.00045 0.006 T (1) B (0.007) 0.08 P P7

113398998 1 OAS3 C T R594C rs776108063 – 0.00000 0.00000 0.064 D (0.04) B (0.205) 20.40 P P9

113399047 2 OAS3 G A R610H rs779154930 – 0.00000 0.00009 0.042 T (0.26) B (0.058) 0.63 P –

113401198 1 OAS3 C G A722G rs1018742530 – 0.00000 0.00004 0.051 T (0.12) B (0.383) 5.30 P P7

113401212 F OAS3 G T A727S rs45607836 – 0.00035 0.14870 0.015 T (0.39) B (0.163) 5.42 P –

113403628 1 OAS3 A T Q828L rs756226307 – 0.00035 0.00034 0.045 D (0.02) PoD (0.642) 16.70 P P14

113405292 1 OAS3 C T A920V rs539747098 – 0.00009 0.00009 0.085 T (0.13) PrD (0.979) 16.08 P P10

113405328 5 OAS3 G A R932Q rs61732395 – 0.00784 0.00252 0.234 D (0.02) PrD(1) 23.20 P P17-P20

113405825 1 OAS3 G A G984R rs374768377 – 0.00000 0.00003 0.106 D (0.04) PrD (0.989) 18.38 P P15

(Continued on next page)
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included 6 heterozygous variants that could be putatively patho-

genic, found inOAS1 in 6 patients, and 15 heterozygous variants

in OAS3 found in 24 additional patients. No patients were found

to carry any potentially pathogenic variant simultaneously in both

OAS1 and OAS3, although 3 patients carried more than one sin-

gle rare or ultra-rare variant in one of those two genes. Alto-

gether, we report 30 patients with ultra-rare or rare OAS variants

with in silico prediction indicating they could be pathogenic.

Amongst them, 12 were women and 18 were men. Men required

ICU-level care more frequently than women (5:2), and all hospi-

talized patients (non-ICU) showing moderate COVID-19 disease

with strong inflammatory responses (n = 8) were men. Hospital-

ized patients withmild disease (n = 10) were 5men and 5women.

Non-hospitalized patients were 5 women. Most of the patients

(73%) had the A/A genotype for the rs10774671 OAS1 polymor-

phism, resulting in the expression of the OAS1-p42 isoform. The

remaining patients carried the A/G alleles and therefore ex-

pressed both the p42 and p46 isoforms. The basic characteris-

tics of COVID-19 patients carrying OAS1 orOAS3 ultra-rare het-

erozygous variants (patients P1-P16), and patients harboring

rare (R) heterozygous OAS3 variants (P17-P30) are summarized

in Figure 2 (see details of the patients in the STAR Methods

section).

Missense variants in the general population

Enrichment analysis in the Spanish cohort was made on the

presence of variants in OAS1 and OAS3 individually or, because

of their physical proximity, considering both genes as part of the

same locus and combining variants from both genes together.

No significant enrichment was observed under any of these

analytical paradigms when considering the groups defined in

this analysis (Hospitalized vs. Non-hospitalized), nor when

considering the two most extreme phenotypes (individuals

requiring ICU vs. non-hospitalized individuals, Table 3), although

a trend was observed for OAS3 when comparing ICU patients

versus non-hospitalized patients.

Genotype of the OAS1 common variant rs10774671

Given the documented functional differences and clinical

association with severity between the alternatively spliced

isoforms OAS1 p42 (rs10774671 – A allele) and OAS1 p46

(rs10774671 – G allele) (37, 63), we studied the genotype for

this common variant in patients of the Spanish cohort (Table 4;

Figure 2). We observed a significant difference in the allelic dis-

tribution between all groups (Chi-square p = 0.0333; 2 df). This

difference was associated with an increase in the frequency of

the A allele in the hospitalized population. Moreover, the A/A ge-

notype was significantly increased when comparing the two

most extreme phenotypes in our cohort: patients requiring ICU

admission vs. patients not requiring hospitalization. The OR for

carrying this genotype was of 2.28 (CI95% = [1.13–4.58], p =

0.0107). The association of the rs10774671 – A/A genotype

with clinical severity in our population agrees with previous

GWAS data.33–36,41

We also analyzed the genetic effect of the presence of the A

allele in the enrichment of rare and ultrarare variants in our pop-

ulation. For this, we repeated the SKAT analysis, including the

genotype at rs10774671 as a covariate under two differentT
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models, SKAT-O, equivalent to the one done without including

the effect of rs10774671, and another SKAT method to study

the combined effect of common and rare variants. None of these

analyses revealed a significant enrichment of rare and ultrarare

variants in the cohort (p = 0.8721 SKAT-O; p = 0.7128 SKAT-

CommonRare).

Regression analysis

Our multivariate regression analysis confirmed, on the one hand,

that age and sex are important predictors of severity (p < 0.001 in

each case) with male and older age increasing the risk of a more

severe form of COVID-19 and, on the other, that being of Latin-

American ancestry slightly increased the risk of a more severe

form of COVID-19 (p < 0.05). With no interaction of age and pres-

ence of rare variants (p = 0.681).

In the bivariate analysis, comparing non-hospitalized patients

with those hospitalized regardless of ICU admission, the

results were similar. The model obtained was highly significant

(p < 0.0001) and explained nearly 25% of the variation in hospi-

talization outcome (pseudo-R-square = 0.2527). In this analysis,

sex (p < 0.001) and ethnicity (p < 0.05) were significant predictors

of severity. Again, male individuals and a Latin-American

ancestry were associated with severity. Age was not significantly

associated with severity in this analysis, although a trend was

observed (p = 0.062), which may be due to the exclusion of pa-

tients older than 65 from the study. Both analyses showed that

there was no association of the severity of COVID-19 infection

with either rare variants found in the population or the genotype

at the rs10774671.

Effect of OAS1 variants on enzymatic activity

OAS1 and OAS3 are activated upon dsRNA binding, leading to

the synthesis of 2-5A. Aiming to study the effect of the OAS ge-

netic variants on the protein enzymatic activity, we generated

OAS1 recombinant proteins. We also attempted to generate re-

combinant OAS3 but we did not succeed, likely due to the long

length of this protein. Human recombinant WT OAS1-p42 was

compared with human recombinant WT OAS1-p46. We also

generated the OAS1-K206Q variant on the OAS1-p46 isoform

as a representative of the variants located in RNA-binding do-

mains and classified as potentially pathogenic through in silico

predictions. We studied whether the genetic variants affected

the capacity of the OAS enzyme to produce 2-5A from ATP.

The different variant enzymes were titrated serially (2-fold) to

determine the optimal concentration (Figure 3A). Enzyme reac-

tions containing ATP and dsRNA were used to determine the

amount of 2-5A formed. The K206Q OAS1-p46 variant had a

much higher EC50 and generated significantly less 2-5A than

theWT isoforms (Figures 3A and 3B). The enzyme-specific activ-

ity (measured in 2-5A μmol/min/mg) was dramatically lower for

K206Q OAS1-p46 (35.5) compared to WT OAS1-p46 (82,687.9)

and WT OAS1-p42 (35,911.2). Moreover, a comparison of the

WT p46 and WT p42 isoforms revealed that the specific activity

of WT OAS1-p46 in vitro was 2.3 times higher, resulting in a

higher production of 2-5A than the WT OAS1-p42 isoform, in

agreement with a previous report (34). Although the common iso-

form p42 has slightly lower enzymatic activity than p46, this

reduction is much smaller in magnitude compared to the effect

of the K206Q variant. Defective production of 2-5A by the

K206Q variant is likely due to defective dsRNA recognition, as

this residue is located in a region involved in dsRNA binding

(Figure 1A). Since OAS1-mediated 2-5A synthesis activates

endonuclease RNase L (24,26), the K206Q variant is expected

to impair RNase L activation.

Effect ofOAS1 andOAS3 variants on RNase L activation

and viral load

We examined whether the OAS1 and OAS3 variants identified in

SARS-CoV-2 infected patients can affect the function of the pro-

teins with respect to RNase L activation as they may reduce

enzymatic activity. First, we evaluated potential differences in

RNase L activation between the p42 and p46 OAS1 isoforms

in HEK293T-ACE2 cells, which naturally express the SNV

rs10774671(A/A) genotype corresponding to OAS1-p42 protein,

and therefore lack OAS1-p46 expression. Transfection of these

cells with plasmids expressing either the A or G alleles induced

the expression of similar levels of OAS1-p42 and OAS1-p46,

as assessed by Western blotting 24- and 48-h post-transfection

(hpt) (Figure S3A). The integrity of the rRNAswasmeasured as an

indirect assessment of RNase L activity in mock-transfected and

poly(I:C)-transfected cells. Poly(I:C) is a synthetic dsRNA that in-

duces the expression of OAS proteins, causing RNase L activa-

tion.29 No differences were observed in poly(I:C)-induced rRNA

degradation between OAS1 p42-and p46-overexpressing cells

(Figure S3B). Consequently, the small differences in the enzy-

matic capacity between p42 and p46 observed in vitro

Figure 1. Position and predicted effect of the variants found in this study

(A) Schematic representation of OAS1 and OAS3. In blue, the nucleotidyl-transferase domain. In green, the OAS domains with catalytic domains are shown in

darker green. Red arrowheads point to the location of the Asp residues involved in the catalytic center. Black arrows in OAS1 point to the residues involved in

dsRNA binding.

(B) Modeling of the effect of the OAS1 K206Q variant in a 3D structural model of the protein (top part of the panel) and in the superficial electrical charge (bottom

part of the panel). This variant modifies the hydrogen bridges formed by theWT residue, weakening the interaction at this area and provoking a significant change

in the electrostatic surface of the protein (bottom part of the panel). In the representation of the electrostatic charge at the surface of OAS1, shown in the bottom

part of panel 1B, in blue color we represent positive charges, red represents a negative environment, whereas white indicates non-charged areas.

(C) Effect of variants at the OAS3 R932 position. The top part of the panel shows the structural change produced by the binding of a dsRNA molecule to the third

OAS domain in WT (R932) OAS3. If no RNA is bound (left image in top panel), OAS3 remains inactive. The binding of a dsRNA molecule (right image of the top

panel, dsRNA depicted in brown with blue sticks representing the nucleotide pairs) prompts a structural change that places R932 in the vicinity of E973, creating

some hydrogen bonds and promoting a change in the structural conformation of the active center that allows the synthesis of the 2-5A. The two variants, Q932

and W932 (bottom part of the panel), are unable to form hydrogen bonds with the E973 residue and, therefore, the active center of the protein is not able to

efficiently promote the synthesis of 2-5A. In the 3D protein representations, the red ribbons represent the parts of the protein ordered as an α-helix, yellow arrows

represent parts folded as a β-sheet and unstructured regions are shown in green. See Figures S1 and S2 for additional information.
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(Figure 3) were not sufficient to cause noticeable variations in

rRNA degradation under the current assay conditions. However,

we cannot rule out the possibility that the degradation capacities

of the isoforms may differ for other ssRNAs, or that the effects

observed under conditions of isoform overexpression may not

accurately reflect those under physiological conditions, where

OAS expression levels may be different.

To investigate the impact of the rare OAS1 and OAS3 variants

identified in COVID-19 patients on RNase L activity, we trans-

fected HEK293T-ACE2 cells with plasmids encoding either the

rare variants or the corresponding wild-type forms. For OAS1,

the rare variants were generated on the rs10774671 G/G back-

ground, which encodes the common OAS1-p46 isoform. Corre-

sponding protein expression was assessed by Western blotting

at 48 hpt (Figures S3C and S3D). We analyzed rRNA degradation

following treatment with poly(I:C). The OAS1 variants K206Q,

T203I, R256P, and R256W (Figure 4A), and the OAS3 variants

-R418C, R594C, R767C, R932Q, R932W, and A584T + A722G

(found in the same allele in one patient) (Figure 4B) showed sta-

tistically significant reductions in their capacity to activate RNase

L. These variants were clearly LOF concerning RNase L activa-

tion. In addition, the OAS1 variant - R256Q-, and the OAS3 var-

iants -K207M, R418H, and A920V- showed a trend to decrease

rRNA degradation. We next examined whether the effect could

also be reproduced in the OAS1 rs10774671(A/A) genotype

following transfection of HEK293T-ACE2 cells. Cells were

treated with poly(I:C), and RNase L-mediated rRNA degradation

was analyzed as above. As observed in the OAS1

rs10774671(G/G) genotype (p46 isoform), the K206Q, R256W,

and T203I OAS1 rare variants on the rs10774671(A/A) genotype

(p42 isoform) showed impaired RNase L activation (Figure S4A).

In addition, none of the amino acid changes appeared to reduce

OAS1-p42 protein expression (Figure S4B), as observed for the

OAS1-p46 isoform.

We next studied whether the defective activation of RNase

L by several OAS1 and OAS3 variants also occurred in

Figure 2. Summary of OAS1 and OAS3 ultra-rare and rare missense variants found in patients of the Spanish cohort of COVID-19 patients

Variants are ultra-rare (UR) or rare (R). Black human figure/gray background indicates hospitalization in the intensive care unit (ICU) due to severe/critical disease.

Blue human figure indicates hospitalization (not ICU), with either blue background indicating moderate disease accompanied by a strong inflammatory reaction

(e.g., high CRP and ferritin), or green background indicating mild disease devoid of inflammatory biochemical parameters in serum. Green human figure/white

background indicates non-hospitalized. Px is the number assigned to each patient for data presentation (see Material and STAR Methods section for a clinical

description). The genotype of the OAS1 polymorphism (rs1077467) is shown in the top right corner of each individual square; age is indicated (y, years) in the

bottom, and sex is represented by standard man and woman figures. Further details of the clinical course and inflammatory indicators of these patients are

described in the STAR Methods section.
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SARS-CoV-2-infected cultured cells. First, we overexpressed

ACE2 in epithelial HEK-293T cells to enable SARS-CoV-2 cell

infection. Then, HEK293T-ACE2 cells overexpressing OAS1

rs10774671 (A/G) (V55M, K206Q, R256W) or OAS3 (V456I,

R932W) variants by means of plasmids, were infected with

SARS-CoV-2. Again, K206Q and R256W OAS1 and R932W

OAS3 variants caused defective RNase L activation

(Figure 4C). These results show that certain mutations in OAS1

and OAS3 impair the capacity of the cells to activate RNase L

following SARS-CoV-2 infection. Impaired RNase L activation

is expected to reduce the degradation of viral RNA and also

host RNA, which may weaken the inhibition of protein synthesis

induced by viral infection.

Effects of loss or gain of function of OAS1 and OAS3 on

RNase L activity and viral replication

We undertook loss- and gain-of-function experiments in cell cul-

tures to explore whether the effect of OAS1 and OAS3 on RNase

L activity would impact viral replication. First, we overexpressed

ACE2 in epithelial A549 cells (A549-ACE2) to enable SARS-CoV-

2 cell infection. A549 cells have theOAS1 rs10774671(A/A) com-

mon genotype, thus basally expressing theOAS1-p42 isoform.42

Following SARS-CoV-2 infection (MOI 1), A549-ACE2 cells

showed degradation of rRNAs, which was more pronounced at

24 h post-infection (hpi) compared to 48 hpi (Figure 5A).

Silencing OAS3, and to a lesser extent OAS1, in A549-ACE cells

reduced RNase L activation induced by SARS-CoV-2

(Figure 5B). Moreover, silencing OAS3, but not OAS1, increased

the viral titers (Figure 5C). Similarly to our results, previous

studies highlighted a more prominent role for OAS3 over OAS1

in RNase L activation.46–48 However, the lack of effect of OAS1

silencing on RNase L activation and viral load observed in previ-

ous studies46,48 and in our work may be due, at least in part, to

the specific expression of OAS1-p42 in human A549 cells. An

additional contributing factor could be the low endogenous

expression of OAS1-p42 in A549 cells, even after poly(I:C) treat-

ment, compared to the high expression of this protein when

overexpressed it in 293T cells by means of a plasmid

(Figure S4C). Therefore, the effect of OAS1 on RNase L activa-

tion and on antiviral activity may depend on the isoform ex-

pressed and the expression levels, which vary among different

cells and tissues. We further analyzed the effect of OAS3 on

RNase L activation by knocking down OAS3 in A549-ACE2 cells

using CRISPR/CAS9 technology. Two OAS3 knockout (KO)

clones were selected for our studies (Figure 5D). rRNA degrada-

tion was highly impaired in the OAS3 KO cells treated with

poly(I:C) versus the parental cells (Figure 5E). Moreover, rRNA

integrity was preserved in OAS3 KO cells after SARS-CoV-2

infection, in contrast to the compromised rRNA integrity in

WT cells (Figure 5F). In agreement with the siRNA results

(Figure 5C), viral titers in the cell culture supernatants increased

3 to 4-fold in the A549 OAS3 KO cells compared to the parental

control cells at 48 hpi (Figure 5G), indicating that OAS3 has a

weak antiviral activity against SARS-CoV-2 in this cell line.

Previous studies have shown that overexpression of

OAS140,49 and, to a much lower extent, OAS349 can decrease

SARS-CoV-2 replication in A549-ACE2 lung epithelial cells in

the absence of exogenous type I IFN treatment. To further

analyze whether OAS1 and OAS3 restrict SARS-CoV-2 replica-

tion, HEK293T-ACE2 cells were transfected with plasmids

to overexpress either OAS1-p46, OAS1-p42, or OAS3

(Figure 5H). Viral titers at 24 hpi were reduced in cells overex-

pressing OAS1-p46 or OAS3, while the effect of OAS1-p42 over-

expression was comparatively poorer (Figure 5I). This result was

replicated in A549-ACE2-OAS3 KO cells overexpressing the

various OAS proteins (Figure 5J). These results agree with previ-

ous studies showing that overexpression of OAS1-p46,40,42,49,50

or OAS349 restricts SARS-CoV-2 replication, whereas OAS1-

p42 overexpression does not.50 Therefore, OAS1 p42 appeared

unable to effectively restrict viral infection, despite showing

RNase L activity degrading rRNA. The impaired ability of

OAS1-p42 to inhibit viral replication may be attributed to differ-

ences in cellular localization between p42 and p46. Unlike p42,

p46 undergoes post-translational prenylation, allowing it to an-

chor to cell membranes and access endosomal membranes,

where viral replication occurs.40,51 Thus, the mislocalization of

p42 compared to p46 may explain its reduced effectiveness in

Table 3. Enrichment analysis of OAS1, OAS3 and OAS1 +OAS3 in

the Spanish cohort

Comparison OAS1 OAS3 OAS1 + OAS3

Hospitalized vs. non-hospitalized 0.264 0.142 0.110

ICU vs. Non-hospitalized 0.566 0.067 0.099

p-value of the SKAT-O association analysis for gene enrichment.

Table 4. Genotypic and allelic distributions of rs10774671 in the different groups of the Spanish cohort

Genotypesa Allelesb

A/A A/G G/G A G

Hosp. ICU 43 (70,49%) 17 (27,87%) 1 (1.64%) 103 (84,43%) 19 (15,57%)

Hosp. non ICU 36 (60,00%) 18 (30,00%) 6 (10,00%) 90 (75,00%) 30 (25,00%)

Non hosp. 42 (51,22%) 33 (40,24%) 7 (8.54%) 117 (71,34%) 47 (28,66%)

Hosp ICU: patients hospitalized requiring ICU admission. Hosp. non ICU: patients requiring hospital admission without needing ICU. Non hosp.: pa-

tients not requiring hospitalization.

In each cell the number of cases for each genotype or allele are shown together with their relative proportion (between brackets).
aICU vs. non hosp. Fisher’s exact test p = 0.042, 2df, OR = 2.28, CI95 = [1.13–4.58] p = 0.011. Hosp vs. non hosp.: Chi-square test, 1 df, p = 0.045; OR =

1.79; CI95 = [1.01–3.18], p = 0.023.
bICU vs. non hosp: Chi-square test p = 0.009, 1df, OR = 2.18, CI95 = [1.20–3.95], p = 0.0052.
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inhibiting viral infection, despite it can induce the degradation of

host cytoplasmic RNA.

Effect of OAS1 and OAS3 on the induction of

inflammatory responses

Given that potent inflammatory responses induced by SARS-

CoV-2 are related to disease severity,16,17,19 we investigated

the potential impact of OAS1 and OAS3 on the expression of

proinflammatory cytokine mRNAs. Once activated by 2-5A

generated by OAS proteins, RNase L degrades viral and host

RNA.28–30 We studied the effect of downregulating OAS1

rs10774671 (A/A) orOAS3mRNA expression in A549-ACE2 cells

bymore than 90%with siRNAs (as shown in Figure 5B). Silencing

OAS3 increased IFNL1, TNF, and CXCL10 mRNA expression

induced by poly(I:C) (Figure 6A), whereas the effect was less pro-

nounced after silencing OAS1 rs10774671 (A/A). The OAS3 ef-

fect was validated in two clones of OAS3 KO cells (Figure 6B).

We then tested the effect of infection with SARS-CoV-2 in cells

with silenced OAS1 rs10774671 (A/A) or OAS3. Again, we found

that the reduction of OAS3 exacerbated the expression of IFNL1

and TNFmRNA, compared to the control cells transfected with a

control siRNA, while the effect of OAS1 p42 was negligible

(Figure 6C). Therefore, OAS3 likely reduces pro-inflammatory

cytokine mRNA by promoting RNase L-mediated host mRNA

degradation, whereas OAS1-p42 has a milder effect, possibly

due to reduced viral sensing and subsequent weaker RNase L

activation.

To validate the observed effect of OAS3 and explore whether

OAS1-p46 could affect the inflammatory response, we overex-

pressed theseproteins (seeFigure 5H). To this end,we transfected

OAS3KOA549-ACE2 cells (clone 2)withOAS1 (rs10774671,G/G)

or OAS3 plasmids. After confirming RNAse L activation following

OAS1 and OAS3 overexpression (Figure S5), we analyzed mRNA

expression of the pro-inflammatory genes. Overexpression of

OAS1-p46 and OAS3 decreased the mRNA levels of IFNL1,

TNF, CCL2, and CXCL10 induced by poly(I:C), compared to the

control cells transfected with an empty plasmid (Figure 6D). These

results strongly suggest that OAS1-p46 and OAS3 exert an inhib-

itory control of inflammatory responses, possibly mediated by

RNase L-dependent degradation of self mRNA, including viral

induced pro-inflammatory cytokine mRNA.

To determine whether rare LOF variants in the OAS1 gene

affect the inflammatory response, we overexpressed either

OAS1-WT or the LOF variants OAS1-K206Q and OAS1-

R256W, all on the background of the rs10774671 G/G polymor-

phism, in HEK293T-ACE2 cells. Overexpression of OAS1-p46

reduced the expression of pro-inflammatory mRNAs induced

by poly(I:C); however, this effect was markedly impaired in the

presence of the rare variants that disrupt RNase L activation

(Figure 6E). These findings suggest that the anti-inflammatory ef-

fect of OAS1-p46 depends on RNase L, likely through the degra-

dation of host mRNA. Additionally, we cannot exclude the possi-

bility that certain non-canonical functions of OAS1 may be

partially preserved in some LOF variants that fail to activate

RNase L.

Inflammatory response of PBMCs to SARS-CoV-2

infection

To analyze whether cells from subjects encodingOAS1 orOAS3

variants could display exacerbated inflammatory responses, we

obtained blood from 7 subjects of the Spanish cohort who were

previously hospitalized due to COVID-19. Samples were ob-

tained at least 18 months after recovery from COVID-19

(Figure 7A). We could obtain blood of two of the previous pa-

tients that were heterozygous carriers of ultra-rare OAS1 or

OAS3 variants LOF for RNase L activation (P4 and P7 patients

in Table 2; Figure 2). Both patients were hospitalized due to

COVID-19, but only P7 (sample S2) had to be admitted to the

ICU. P7 (PBMC sample S2) carried the A584T and A722G vari-

ants in OAS3, and P4 (PBMC sample S7) carried the OAS1

K206Q variant, both causing LOF for RNase L activation

(Figure 4). We also included four patients with non-pathogenic

variants, and one patient (control) devoid of anyOAS rare variant.

Notably, sample S7 (P4) and sample S4 carried the A/A genotype

forOAS1 rs10774671 encoding OAS1-p42, whereas the remain-

ing samples were heterozygous A/G for this polymorphism

(Figure 7A).

PBMCs were either transfected with 2.5 μg/mL of poly(I:C) or

infected (MOI 0.5) with SARS-CoV-2 for 24 h. To ensure that

the ex vivo infection of PBMCs with SARS-CoV-2 was success-

ful, we determined the levels of viral genomic RNA and subge-

nomic mRNAs (gene 7 sgmRNA) in the cells by RT-qPCR

(Figure S6A), indicating that SARS-CoV-2 had successfully in-

fected the PBMCs. The expression of CCL2, CXCL10, TNF,

IL-6 mRNA (Figures 7B–7D), and OAS1, OAS2, and OAS3

mRNA (Figure S6B) was analyzed by RT-qPCR. No induction

Figure 3. Enzymatic activity of WT OAS1-p42, WT OAS1-p46, and K206Q OAS1-p46

(A and B) Enzyme titrations. FP: Fluorescent Polarization. Data are represented as mean ± SD.
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Figure 4. Effect of OAS1 and OAS3 variants on RNase L activation

HEK293T-ACE2 cells were transfected with plasmids expressing OAS1 (A) and OAS3 (B) WT and rare variant genes. For OAS1, we used the rs10774671 (G/G)

common genotype. ‘Empty’ denotes transfection with an empty vector. At 24 hpt, the cells were left mock-transfected or transfected with poly(I:C). Total RNA

was purified 24 h after poly(I:C) transfection and was analyzed in a Bioanalyzer. The amount of RNA degradation (red rectangle) was quantified by densitometry

and normalized to the amount of the 18S rRNA (shown with an arrow on the left) within each sample. Densitometry values were normalized to the values in mock-

treated cells transfected with the OAS1-WT (encoding OAS1-p46) (A) or OAS3-WT (B) plasmids. two-way ANOVA and Dunnett’s multiple comparisons (n = 2–3

per variant). Red symbols denote significant differences vs. WT (names in bold) (for OAS1 variants: *p = 0.035, p = 0.015, p = 0.014, and p = 0.019 corresponding

to T203I, K206Q, R256P and R256W, respectively), (for OAS3 variants: *p = 0.028, p = 0.035, p = 0.032, p = 0.017, and p = 0.034 for R594C, R767C, R932Q,

R932W, and A584T + A722G, respectively; & p = 0.059).

(C) HEK293T-ACE2 cells were transfected with plasmids expressing the OAS1WT (as above), OAS3WT or the indicated variant genes. At 24 hpt, the cells were

mock-infected or infected with SARS-CoV-2, and total RNA was purified 24 h after infection. RNA degradation (bands shown in the red rectangle) was quantified

by densitometry and normalized to the amount of the 18S rRNA (shown with an arrow on the left). The levels in mock-treated cells, transfected with theOAS1-WT

plasmid were expressed as 1, and the other values normalized to this value. Data are represented as mean ± SD. See Figures S3 and S4 for study controls.
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Figure 5. Activation of RNase L after viral infection and effect of OAS3 on RNase L activation

(A) A549-ACE2 cells (rs10774671 A/A genotype) were infected (MOI 1), during 24 and 48 h. Total RNA was purified and analyzed in a Bioanalyzer.

(B) Silencing OAS1 or OAS3 with siRNAs reduced the corresponding mRNA expression and attenuated RNA degradation induced by SARS-CoV-2 at 24h. two-

way ANOVA and Sidak’s multiple comparison test, **p = 0.002 for OAS1 mRNA and *p = 0.010 for OAS3 mRNA (C) Viral load of silenced cells as assessed by

(legend continued on next page)

12 iScience 28, 113966, December 19, 2025

iScience
Article

ll
OPEN ACCESS



of CCL2 was observed after poly(I:C) or SARS-CoV-2 infection.

Among the two samples from patients with ultra-rare LOF vari-

ants, sample S2 did not show excessive inflammatory cytokines

upon stimulation with poly(I:C) or SARS-CoV-2 (Figures 7B–7D),

but it showed high OAS1 expression (Figure S6C). We could

argue that high expression ofOAS1with the rs10774671 G allele

in the PBMCs may compensate for the presence of heterozy-

gous rare OAS3 LOF variants. Conversely, sample S7 showed

high cytokine expression. Defective OAS1 binding to dsRNA in

the sample carrying the OAS1-K206Q variant could prevent

RNase L activation and the degradation of cytokine mRNAs in

PBMCs. Since all the ultra-rare variants were found in heterozy-

gosity, the WT allele is expected to partially compensate for the

genetic defects.

OAS3-deficient mice show exacerbated inflammatory

responses

Given the possibility that defective OAS activity may exaggerate

the responses to pro-inflammatory challenges, we investigated

the effect of OAS deficiency in vivo in mice. We decided to

concentrate our study on Oas3-deficient mice (Oas3−/−), given

that in mice Oas1 possesses 8 paralogs of the human OAS1

gene. Oas3 deficiency was validated through genotyping and

by examining Oas3mRNA expression in the lung following intra-

tracheal administration of poly(I:C) (Figures S7A and S7B). To

assess the inflammatory response in the lungs of Oas3−/− and

Oas3+/+ mice, poly(I:C) was administered daily for 4 days. Treat-

ment did not cause mortality but reduced body weight by up to

15% in both genotypes (Figure S7C). Oas3−/− mice showed

higher upregulation of Ccl2, Cxcl10, and Tnf lung mRNA expres-

sion 24h after the last poly (I:C) administration (Figure 8A). Sys-

temically, poly(I:C) treatment increased the concentration of

Ccl2 in plasma in both genotypes, with higher increases in

Oas3−/− than Oas3+/+ mice (Figure 8B). Reduced activation of

RNase L in Oas3-deficiency could explain the higher expression

of pro-inflammatory mRNAs. RNase L degrades ssRNA not only

of viral origin but also RNA of the host and, in this way, it limits

protein synthesis.31 We assessed protein synthesis using the

surface sensing of translation (SUnSET) method. Oas3-deficient

mice showed a higher incorporation of puromycin to proteins of

the lung than Oas3+/+ mice after poly(I:C) treatment (Figure 8C).

These results suggest that Oas3 activity results in an attenuation

of protein synthesis, which may moderate the expression of pro-

inflammatory mediators induced by dsRNA. Histological anal-

ysis of the lungs showed preserved parenchymal appearance

without cellular infiltrates in the mice of the vehicle group,

whereas immune perivascular and peribronchiolar cell infiltrates

were detected after poly(I:C) in both genotypes (Figure 8D).

Quantification of the density of alveolar epithelium and connec-

tive tissue in the histological sections showed a significant in-

crease after poly(I:C), indicative of edema. However, differences

between genotypes were not statistically significant (Figure 8D).

Mice treated with poly(I:C) developed lymphopenia regardless of

their genotype (Figure 8E). In the lung, poly(I:C) increased the

percentage of myeloid cells and reduced the proportion of lym-

phocytes, as assessed by flow cytometry (see gating strategy in

Figure S8), but this change was similar in both genotypes

(Figures S7D–S7F). Collectively, these results suggest that the

enhanced inflammatory response observed in the lungs of

Oas3−/− mice challenged with poly(I:C) was not sufficient to

cause substantial exacerbation of respiratory pathology,

possibly due to the compensatory effects of Oas1 or Oas2

proteins.

Effect of Oas3 on survival, virus replication, and the

induction of innate immune responses in mice

We then investigated the response ofOas3−/− andOas3+/+mice

to SARS-CoV-2 infection. Mice were infected with 5,000 PFU of

a recombinant SARS-CoV-2 strain adapted to grow in mice

(SARS-CoV-2-MA).52 We performed experiments in male mice

since they are more susceptible to SARS-CoV-2 infection.53

First, we evaluated mortality for 10 days. As expected,52 we

observed mouse death as a consequence of infection. Interest-

ingly, whereas all the Oas3−/− mice succumbed to the infection,

33% of the Oas3+/+ mice survived the infection (Figure 9A).

Although survival differences among genotypes only exhibited

a tendency toward statistical significance, it remains plausible

that Oas3 provided a modest level of resistance to SARS-CoV-

2-MA infection in mice.

To study whether this effect correlates with virus replication

and/or with viral-induced inflammation, another set of mice

was infected with SARS-CoV-2-MA, and viral titers and the in-

duction of inflammatory cytokines were studied at different

days post-infection (dpi). Viral titers in mouse lungs at day 2

dpi showed no differences between Oas3−/− mice compared

to the Oas3+/+ mice (Figure 9B). At 4 dpi, lung viral titers showed

a non-significant trend toward a slight increase (1.6-fold) in the

Oas3−/− mice compared to the Oas3+/+ mice (Figure 9B),

measuring the viral titers in the cell culture supernatants using a lysis plaque formation assay. One-way ANOVA and Dunnett’s multiple comparisons test

(*p = 0.024).

(D) Cellular extracts from poly(I:C)-transfected cells were collected and subjected to Western blot analyses using an anti-OAS3 antibody and an anti-actin

antibody. Molecular weight markers are indicated (in kDa) on the right.

(E and F) Parental A549-ACE2 and two clones of OAS3 KO cells were left mock-treated or treated with poly(I:C) (E), or either left mock-infected or infected with

SARS-CoV-2 (MOI 1) (F). RNAs were purified and analyzed in a Bioanalyzer 24 hpt (E) or 24 and 48 hpi (F).

(G) Viral titers in the cell culture supernatants of (F) were measured by a lysis plaque formation assay. two-way ANOVA and Tukey’s multiple comparison test,

**p = 0.002, ***p = 0.0003.

(H) Cellular extracts from HEK293T-ACE2 mock-infected cells were collected and subjected to Western blot analyses using an anti-myc antibody (to detect

OAS1-p42, OAS-p46 and OAS3, indicated by arrows) and an anti-actin antibody. Molecular weight markers are indicated (in kDa) on the right.

(I) HEK293T-ACE2 cells and (J) A549-ACE2 OAS3 KO cells were transfected with pCAGGS plasmids expressing the OAS1 WT, OAS3 WT, or with the

empty plasmid, as control. At 24 hpt, the cells were infected with SARS-CoV-2 (MOI 1) for an additional 24 h and viral titers were measured. One-way ANOVA and

Sidak’s multiple comparison test, symbols indicate comparison vs. ‘Empty’ (*) or vs. ‘OAS1-p42’ (&). (I) OAS1-p42 **p = 0.0065, OAS1-p46 ****p < 0.0001, OAS3

***p = 0.0003; && p = 0.0076. (J) OAS1-p46 **p = 0.0028, OAS3 **p = 0.0016, & p = 0.0365. Data are represented as mean ± SD.
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suggesting thatOas3 deficiency does not have a major effect on

virus replication in mice. Increased levels of Oas3 mRNA were

observed in infected mice at 2 and 4 dpi, compared to non-in-

fected mice (Figure 9C), showing that Oas3 expression is highly

induced after SARS-CoV-2 infection. Likewise, Cxcl10 and Tnf

mRNA in mouse lungs after infection were higher in the Oas3−/−

mice as compared to the Oas3+/+ mice, and a similar trend was

detected for Ccl2 mRNA, as measured by RT-qPCR 4 dpi

(Figure 9D).

SARS-CoV-2 infection also increased the plasma concentra-

tion of Cxcl10 and Tnf (Figure 9E), but not Cxcl2 or Ccl5 (not

shown), compared to mock-infected mice. Moreover, after the

infection, the plasma levels of Cxcl10 were higher in theOas3−/−

than the Oas3+/+ mice, and the plasma levels of Tnf-α showed a

tendency to increase in the Oas3−/− mice (Figure 9E). Therefore,

Oas3−/− mice seem to be prone to develop a more pronounced

inflammatory response after the infection. Exacerbated inflam-

mation may contribute to increasing the severity of SARS-CoV-

2-induced pathology.16,17,19

DISCUSSION

This study identified potentially pathogenic OAS1 and OAS3

missense variants in a population of adult patients (18–65 years

old) infected with SARS-CoV-2. It also examined their molecular

and functional effects in cells and mice. Since all the variants

were found in a heterozygous state, they are unlikely to cause

a complete loss of function but could still impair RNase L activity

following SARS-CoV-2 infection. Nevertheless, no significant

enrichment of these ultra-rare/rare variants was observed in hos-

pitalized or ICU-hospitalized patients compared to non-hospital-

ized patients. In contrast, for the common OAS1 variant

rs10774671 (A/G alleles), we found an increased frequency of

the A allele in hospitalized patients within our cohort. Our results

showed that OAS1-p42 impaired the antiviral function of the

enzymatic system compared to OAS1-p46, consistent with pre-

vious studies. However, OAS1-p42 only slightly reduced the

enzymatic capacity to generate 2-5A and activate RNase L

compared to OAS1-p46, as shown in our enzymatic analysis.

Conversely, several ultra-rare/rare variants detected in our

cohort of COVID-19 patients were found to be LOF, preventing

dsRNA binding and significantly impairing 2-5A production and

RNase L activation. Since RNase L degrades ssRNA, including

both viral and host cytoplasmic RNA, its activity has a pro-

nounced impact on cellular processes by degrading cytoplasmic

mRNA and rRNA, ultimately leading to global protein synthesis

inhibition, a common antiviral response. However, ribosomes

from translation-arrested cells remain functional, and certain

antiviral mRNAs, such as IFN mRNAs, are resistant to RNase L

degradation.31,54 While cells have multiple mechanisms to con-

trol viral replication, abolishing RNase L activity is expected to

prevent host RNA degradation. This could explain the excessive

production of pro-inflammatory cytokine mRNAs and the

reduced inhibition of protein synthesis observed in our experi-

mental systems when RNase L activity was impaired. Moreover,

RNase L can block nuclear mRNA export and RNA polymerase

II-mediated transcription, which limits protein synthesis of type

I and III interferon-encodingmRNAs and prevents the expression

of interferon stimulated genes (ISGs).55–57 The loss of negative

regulation of cytokine production may contribute to an exagger-

ated inflammatory response in cells with defective RNase L

activation.

By expressing several of the genetic variants found in our co-

horts in cellular systems, we found several variants with a defi-

cient capacity to activate RNase L upon infection with SARS-

CoV-2 or stimulation with synthetic dsRNA. Moreover, for one

of these variants, OAS1-K206Q, we demonstrated the impaired

capacity of the recombinant protein to enzymatically produce

2-5A compared to the OAS1-WT protein. 2-5A triggers the acti-

vation of RNase L, which then cleaves viral ssRNA and induces

IFN-mediated antiviral response.25 In our study, OAS3 gene

silencing or deficiency impaired the capacity to control viral titers

following SARS-CoV-2 infection in cellular systems. Additionally,

OAS3 overexpression slightly lowered viral load, suggesting a

modest antiviral role for OAS3 against SARS-CoV-2. However,

SARS-CoV-2 infection in Oas3-deficient mice did not result in

increased viral titers in the lungs, despite these mice showing a

tendency toward higher mortality compared toWTmice. Contra-

dictory results are published in the literature regarding the puta-

tive anti-viral effect of OAS3. For instance, one study showed

Figure 6. Effect of OAS1 and OAS3 expression on the induction of innate immune responses

(A) A549-ACE2 cells (expressing OAS1-p42) were transfected twice with siRNAs specific forOAS1 orOAS3 or with a non-targeted (NT) siRNA. At 24 hpt, the cells

were transfected with poly(I:C). Total RNA was purified 24h later for RT-qPCR measurement of the indicated inflammatory mediators. One-way ANOVA and

Sidak’s multiple comparison test vs. NT, IFNL1: **p = 0.0038; TNF: **p = 0.0025, ***p < 0.0001; CXCL10: *p = 0.0306).

(B) Parental cells and two clones of OAS3 KO cells were transfected with two different concentrations of poly(I:C) (low: 50 ng/mL and high: 250 ng/mL) or none. At

24h, total RNA was purified for RT-qPCR measurement of the indicated inflammatory mediators. two-way ANOVA and Tukey’s multiple comparison test vs. WT,

IFNL1: low **p = 0.0084, high **p = 0.0066, ***+p < 0.0001; TNF: **p = 0.0062, ****p < 0.0001; CXCL10: **p = 0.001; ***p = 0.0007.

(C) A549-ACE2 cells were transfected twice with siRNAs specific for OAS1 or OAS3 or with a non-targeted (NT) siRNA and were treated with SARS-CoV-2.

Inflammatory cytokine mRNA was determined at 24 hpi. One-way ANOVA and Sidak’s multiple comparison test vs. NT, IFNL1: *p = 0.0463; TNF: *p = 0.0298.

(D) OAS3 KOA549-ACE2 cells were transfected with pCAGGS plasmids expressing the OAS1WT (G/G allele encoding p46) or OAS3WT forms, or with the empty

plasmid, as control. At 24 hpt, the cells were transfected with poly(I:C) and total RNA was purified 24h later. The expression levels of IFNL1, TNF, CCL2, and

CXCL10 mRNA were evaluated by RT-qPCR and are expressed as fold change in comparison to cells not exposed to poly(I:C). r.u.: relative units. One-way

ANOVA and Sidak’s multiple comparison test vs. Empty, IFNL1: *p = 0.0242; TNF:*p = 0.0289; CCL2: **p = 0.0019, ***p = 0.0008; CXCL10: *p = 0.0322 for

PAS1p46, *p = 0.0403 for OAS3. See also Figure S5.

(E) HEK293T-ACE2 cells were transfected with an empty plasmid, as control, or with plasmids expressing OAS1 rs10774671 (G/G) common genotype either WT

or containing rare LOF variant genes. At 24 hpt, the cells were left mock-transfected as controls or transfected with poly(I:C); Total RNA was purified 24 h after

poly(I:C) transfection and was analyzed; n = 4 samples obtained in two independent experiments. Values were compared vs. control (**) or vs. WT (&) with one-

way ANOVA andSidak’smultiple comparison tests. IFNL1: **p = 0.0026, &p = 0.0215 &p= 0.0215 for K206Q and &p= 0.0296 for R256W. TNF: ****p < 0.0001; ***p =

0.0006 for K206Q, ***p = 0.0003 for R256W; &p = 0.0248. Data are represented as mean ± SD.
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that overexpression of OAS3 did not affect SARS-CoV-2 titers,40

whereas OAS3 was more relevant than OAS1 to induce activa-

tion of RNase L and to inhibit virus replication, in human cells in-

fected with Sindbis, Vaccinia, influenza, and West Nile vi-

ruses,46,48 and in bat-derived cells infected with Sindbis and

vaccinia viruses.47 The antiviral activity of OAS3 arises from its

high capacity to condense viral dsRNA and activate RNase

L.48However, a recent study showed that RNase L deficient cells

only showed a mild increase in the susceptibility to SARS-CoV-2

infection relative to WT cells, and OAS1 KO cells did not show a

higher proportion of infection after exposure to SARS-CoV-2.43

The effects of OAS1 are complex due to the presence of several

common variants widely distributed in the population. Among

these, the OAS1 rs10774671 SNP has garnered particular atten-

tion, as previous studies in hospitalized SARS-CoV-2 patients re-

vealed that the G allele was associated with a slight protective ef-

fect against severe COVID-19 (37). The G allele encodes an OAS1

isoform (p46) that undergoesprenylation, enabling greater antiviral

activity against SARS-CoV-2, whereas the shorter isoform (p42),

encoded by the A allele, lacks this capability (37). Accordingly, it

has been reported that overexpression of OAS1 p46 isoform in

cells decreased viral titers, whereas overexpression of OAS1

p42 isoform did not.40 However, a previous study showed that

overexpression of several OAS1 isoforms in HEK293T cells did

not alter the capacity to activate RNase L in response to poly(I:C),

although these experiments were performed by overexpressing

the different isoforms, not under physiological conditions.58 In

line with this report, we found that the p42 and p46OAS1 isoforms

had similar effects on rRNA degradation following poly(I:C) expo-

sure after protein overexpression. Despite the capacity to activate

RNaseL,we found thatp46wasmoreeffective thanp42 in restrict-

ing viral load after SARS-CoV-2 infection following overexpression

of p42 or p46, including cells lacking OAS3. Additionally, OAS1

gene silencing in cells naturally expressing OAS1-p42 had no ef-

fect on viral titers. Altogether, these findings suggest that OAS1-

p42canactivateRNaseL in thecytoplasm,but it isdefective in viral

restriction, likely because it cannot detect viral particles accumu-

lated in intracellular organelles, as, unlike OAS1-p46, it is unable

to undergo prenylation and localization in cellular mem-

branes.37,45,50 To explore the expected differential effects of p42

and p46 OAS1 isoforms on viral restriction in COVID-19, we

analyzed their association with clinical outcomes in a Spanish

cohort of patients infected with SARS-CoV-2. The p42 isoform

was notably enriched in hospitalized patients compared to non-

hospitalized ones, with an even stronger enrichment in ICU pa-

tients compared to non-hospitalized individuals, in agreement

with the previous GWAS studies. Conversely, we did not identify

a significant correlation between heterozygous OAS1 and OAS3

LOF variants and severe hypoxemia in adult COVID-19 patients.

Consistently, with our findings, adult family members of the previ-

ously reported MIS-C children with recessive deficiencies of the

OAS-RNase L pathway, who were heterozygous for the same

deleterious variant as that of the MIS-C patients, did not report

any hospitalization due to severe COVID-19.43

Compensatory functional effects among the various OAS pro-

teins may explain the lack of clinical enrichment for rare LOF var-

iants. It is also important to note that all OAS1 and OAS3 variants

identified were in the heterozygous state, making complete LOF

unlikely. Moreover, while OAS1 variants exhibit LOF in terms of

RNase L activation, we cannot rule out the possibility that they

retain recently described non-canonical functions.50,59 Specif-

ically, OAS1-p46 binds to AU-rich elements (AREs) in certain

mRNAs, most notably IFNBmRNA, protecting them from degra-

dation by the mRNA decay machinery and thereby increasing

their stability.50 This mechanism may contribute to the antiviral

activity of OAS1-p46. In addition, OAS1-p46 has been shown

to bind IRF1 mRNA, enhancing its translation and further boost-

ing host immune responses.59 Furthermore, OAS1-p46 may

function in an RNase L-independentmanner to interfere with viral

RNA functions, as it induces aggregation of West Nile virus

Figure 7. Inflammatory response in PBMCs

of patients

(A) Information on the 7 patients from whom we

obtained PBMCs and the variants inOAS1 (red) or

OAS3 carried by them. The column indicating the

genotype refers to theOAS1 rs10774671 common

variant. Sample 2 (S2) and S7 corresponded to

patients P7 and P4, respectively, as shown in

Figure 2. S4 and S7 carried the OAS1

rs10774671 A/A genotype, whereas the rest of

the samples carried the A/G alleles.

(B–D) PBMCs isolated from patient blood were

cultured, and 24 h after seeding, the cells were

infectedwith SARS-CoV-2 or treatedwith poly(I:C)

for an additional 24 h (n = 2 replicates per condi-

tion). Total RNA was purified and the expression

levels of CXCL10 (B), TNF (C) and IL6 (D) were

evaluated by RT-qPCR and expressed as fold

change in comparison to non-transfected or non-

infected cells. Data are represented as mean ±

SD. Also see Figure S6.
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ssRNA genomes but does not initiate RNase L-mediated mRNA

decay.48 If such non-canonical activities were retained in the

described rare LOF variants on the rs10774671 G genotype,

they may still confer partial antiviral protection, potentially miti-

gating the impact of RNase L LOF on susceptibility to severe

COVID-19. We believe that the non-canonical functions of OAS

proteins warrant further investigation, as they may offer new in-

sights into antiviral defense mechanisms beyond RNase L

activation.

Some COVID-19 patients develop a cytokine storm character-

ized by excessive production of chemokines and other cyto-

kines.60,61 Previous studies in human macrophages showed

that OAS1 and OAS3 negatively regulate the expression of che-

mokines and IFN-responsive genes.43,62 Our findings suggest

that defects in OAS1 and OAS3 are associated with an amplified

inflammatory response in human A549-ACE2 cells following

exposure to SARS-CoV-2 or dsRNA, and that the anti-inflamma-

tory effect of OAS1-p46 may be attenuated in OAS1-p42, as

silencing OAS1 in cells naturally expressing p42 results in only

a small increase in the cytokine response. Moreover, the capac-

ity of OAS1-p46 to control inflammatory cytokine mRNA expres-

sion was lost when the OAS1 gene carried LOF rare variants. In

mice, we observed a slightly heightened inflammatory response

inOas3 KOmice compared to corresponding WTmice following

Figure 8. Oas3-deficient mice show a higher inflammatory response in the lungs

Oas3−/− andOas3+/+mice (n = 7 per group), male and females, received 4 daily intratracheal administrations of 60 μL poly(I:C) (1 μg/mL sterile H2O) or vehicle for

4 days. One day after the last administration, lungs and blood were collected.

(A) Lungs were collected for mRNA studies by RT-qPCR. After poly(I:C) treatment, Oas3−/− mice showed higher mRNA expression of Ccl2 (**p = 0.003), Cxcl10

(*p = 0.037) and Tnf (**p = 0.009) (two-way ANOVA by genotype and treatment), but notCcl8mRNA. Values are expressed as fold versus control (mean of vehicle

in Oas3+/+ group). Bars show the mean ± SD and points correspond to individual mice.

(B) Plasma Ccl2 concentration (n = 7–10 per group) increased after poly(I:C) in both genotypes. There was a trend toward a higher increase inOas3−/− group (p =

0.097, Mann-Whitney test).

(C) Protein synthesis was assessed with the SUnSET method. *p = 0.014, two-way ANOVA and �Sı́dák’s multiple comparisons test; for each genotype, n = 3–6

mice in the vehicle groups and n = 10–11 mice in the poly(I:C) groups. Gapdh is the loading control. Std: standard for molecular mass; values (kDa) shown on

the right.

(D) Representative histological sections of lungs stained with hematoxylin and eosin. Arrows indicate peribronchial infiltrates (two-way ANOVA, n = 7 per group,

***p < 0.0001 poly(I:C) vs. vehicle, for each genotype). Scale bar: 100 μm.

(E) Blood lymphocytes were measured in a hemocytometer. Effect of poly(I:C) (***p < 0.0001, two-way ANOVA) (n = 12–16 per group). Data are represented as

mean ± SD. See Figures S7 and S8.
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poly(I:C) treatment or SARS-CoV-2 infection. Impaired OAS ac-

tivity reduces RNase L functionality. RNase L can degrade not

only viral ssRNA but also host mRNA, thereby exerting an inhib-

itory effect on protein synthesis.31 It is conceivable that degrada-

tion of host mRNA is reduced in Oas3-deficient mice after infec-

tion, thereby facilitating the expression of pro-inflammatory

molecules. Supporting this notion, we observed that the higher

inflammatory responses in Oas3-deficient mice were accompa-

nied by elevated protein synthesis. Consequently, a deficient

OAS system may result in the loss of a fundamental regulatory

mechanism for controlling the induction of inflammatory media-

tors. While these effects may amplify the host’s inflammatory re-

actions, they seem to be partially independent of the antiviral

response.

While our experimental results highlight a role of OAS1 and

OAS3 as negative regulators of inflammatory responses trig-

gered by dsRNA and SARS-CoV-2 infection in cells and mice,

we could only demonstrate an association of the (A/A) genotype

of the common rs10774671 OAS1 variant with the pathophysi-

ology of COVID-19 pneumonia in adults. Following SARS-CoV-

2 infection in children, autosomal recessive deficiencies in the

OAS-RNase L system increase inflammation, facilitating SARS-

CoV-2–related MIS-C unrelated to hypoxemic pneumonia.43

The molecular mechanism underlying this delayed hyperinflam-

matory response detected in children with a deficient OAS-

RNase L system is intriguing. Deficient production of 2-5A, insuf-

ficient activation of RNase L, and reduced inhibitory control on

the mitochondrial antiviral-signaling protein (MAVS) pathway in

macrophages are likely involved.43 The reason why hyperinflam-

mation manifests in a delayed fashion following viral exposure in

children is unknown, but it may suggest the need for some pro-

cess of training of the innate immune system.Whether this effect

is unique to the immature immune system of children or may also

manifest in adult patients with a deficient OAS-RNase L

pathway, where the effects could present as delayed complica-

tions unrelated to respiratory pathology, remains uncertain.

In summary, our study underscores the role of OAS1 and

OAS3 in limiting inflammatory responses triggered by SARS-

CoV-2 infection or dsRNA treatment in both human cells and

mice. Additionally, our findings suggest that while OAS1-p46

and OAS3 exhibit some antiviral activity, OAS1-p42 is ineffective

at controlling viral load in cellular systems. Supporting this

observation, the A/A genotype of the OAS1 rs10774671 SNP

was associated with increased disease severity in our cohort

Figure 9. Oas3 expression slightly counteracts the induction of inflammatory responses in vivo

(A)Oas3−/− (KO) andOas3+/+ (WT) malemice (n = 15/group) were infected with amouse-adapted SARS-CoV-2-MA virus (5,000 PFU/mice), andmice survival was

evaluated daily. Mice losingmore than 25%of their initial weight were humanely euthanized and considered as part of viral-inducedmortality. Survival curves (Chi

Square, p = 0.09).

(B–E) Oas3+/+ and Oas3−/− mice (n = 4 for both Oas3+/+ and Oas3−/− mice 2 dpi, and n = 7 and 14 for Oas3+/+ and Oas3−/− mice, respectively, at 4 dpi) were

infected with a SARS-CoV-2-MA virus (5,000 PFU/mice).

(B) Viral titers in mouse lungs were evaluated 2 and 4 dpi.

(C) The expression of Oas3 mRNA in Oas3+/+ mice was evaluated by RT-qPCR at 2 and 4 dpi.

(D) The expression of Cxcl10, Tnf and Ccl2mRNA was evaluated in mouse lungs by RT-qPCR 4 dpi. mRNA levels were expressed as fold change (increases) in

comparison to mock-infected mice, used as controls. Cxcl10 (*p = 0.040, t test), Tnf (*p = 0.016, Mann-Whitney test) and Ccl2 (p = 0.179, Mann-Whitney test).

(E) The expression of Cxcl10 and Tnf proteins was evaluated in mouse sera (n = 4 and 8 for Oas3+/+ and Oas3−/− mice, respectively) at 4 dpi. Cxcl10 (*p = 0.038,

t test) and Tnf (p = 0.069, t test). Data are represented as mean ± SD.
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of COVID-19 patients. However, the presence of rare heterozy-

gous OAS1 or OAS3 LOF variants in adult COVID-19 patients

was not linked to more severe respiratory outcomes.

Further research is needed to determine whether these variants,

particularly in monoallelic or biallelic states, might predispose in-

dividuals to delayed systemic inflammatory complications of

COVID-19.

Limitations of the study

Limitations of our study include the possibility that some patients

may have undetermined factors influencing disease severity,

such as type I IFN autoantibodies, alterations in inflammatory

pathways, differences in inoculum dosage, or co-morbidities

like obesity, that could have obscured clear enrichment signals

in our analysis. For example, obese individuals without the ge-

netic variants under study might still develop severe COVID-

19, as elevated BMI is an established risk factor for worse out-

comes. Finally, not including infections with the mouse-adapted

SARS-CoV-2 strain in female mice is another limitation of the

study. However, we chose to focus on male mice because of

the worse outcomes observed in men infected with SARS-

CoV-2, consistent with previous reports in both humans44,45

and mice,53,63 and with a significantly increased proportion of

men in the most severely affected individuals observed in the

Spanish cohort.
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Anti- AMP2/GMP2 Bellbrook Labs Cat# 2247
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(Wang et al.64)

N/A
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adapted to grow in mice (SARS-CoV-2-MA)

Laboratory of Luis Enjuanes (CNB-CSIC)

(Wong et al.52)

N/A

Retroviral vector expressing hACE2 Laboratory of Pablo Gastaminza

(CNB-CSIC)

N/A

Bacterial E. coli strain BL21 (DE3) Thermo Fisher Scientific Cat#C600003

Bacterial E. coli strain DH5α Thermo Fisher Scientific Cat#18258012

Biological samples
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Chemicals, peptides, and recombinant proteins

Puromycin InVivoGen Cat#ant-pr-1

Lipofectamine 3000 Thermo Fisher Scientific Cat#L3000015

Lipofectamine RNAiMax Thermo Fisher Scientific Cat#13778075

blasticidin Thermo Fisher Scientific Cat#J67216.XF
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polyinosinic:polycytidylic acid (poly(I:C)) InVivoGen Cat# tlrl-pic

High-Capacity cDNA transcription kit Thermo Fisher Scientific Cat#4374966

SuperSignal West femto maximum
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Thermo Fisher Scientific Cat# 34095

Live/dead Aqua cell stain Thermo Fisher Scientific Cat#L34957

Brilliant Violet Stain Buffer BD Biosciences Cat# 563794

Recombinant OAS1-p42 protein Bellbrook Labs N/A

Recombinant OAS1-p46 protein This paper N/A

Recombinant OAS1-p46-K206Q protein This paper N/A

Critical commercial assays

Ccl2 ELISA assay Invitrogen Cat#88-7391

AMP the Transcreener® AMP2

Fluorescent Polarization (FP) assay

Bellbrook Labs Cat#3027-1K

Deposited data

European Genome-Phenome Archive This paper EGAD50000000094

Experimental models: cell lines

Human A549 ATCC CCL-185

Human HEK293T ATCC CRL-11268

Vero E6 Laboratory of Luis Enjuanes (CNB-CSIC) N/A

Vero-TMPRSS2 Laboratory of Luis Enjuanes (CNB-CSIC) N/A
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C57BL/6N-Oas3em1(IMPC)bay Baylor College of Medicine (Houston, TX) RRID:MMRRC_066927-MU
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to generate OAS3 KO cells, with

sgRNA guide 1: 5′- CACCG

cagtgagatgcgggcatcgc- 3′ and
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This paper N/A

Primers to generate plasmids px330,

to generate OAS3 KO cells, with sgRNA

guide 2: 5′- CACCG agagaaggcgcggc

gcgctc-3′and 3′- C tctcttccgcg

ccgcgcgag CAAA-5′

This paper N/A

Knock-down experiments: siRNA for OAS1 Thermo Fisher Scientific Cat#s511

Knock-down experiments: siRNA for OAS3 Thermo Fisher Scientific Cat#s9797

Knock-down experiments: non-targeting

(NT) negative control siRNA

Thermo Fisher Scientific Cat# AM4635

qPCR: human IFNL1 (Hs00601677_g1),

human TNF (Hs00174128_m1), human

CXCL10 (Hs00171042_m1), human
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(Hs 00174131_m1), human OAS1

(Hs00973635_m1), human OAS3

(Hs00196324_m1), human GAPDH

(Hs02786624_g1)

Thermo Fisher Scientific Cat#4331182

qPCR: murine Ccl2 (Mm00441242_m1),
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murine Tnf (Mm00443258_m1),

murine Ccl8 (Mm01297183_m1),
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Thermo Fisher Scientific Cat#4331182
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primers to analyze viral replication,

by qPCR: SARS-2-RdRp-15431-VS

(5′-GTGAAATGGTCATGTGTGGCGG-3′)

and SARS-2RdRp-15530-RS

(5′- CAAATGTTAAAAACACTATTAGCATA-3′)

This paper N/A

Primers to analyze viral transcription,

by qPCR: SARS-2-leader-VS

(5′- TCCCAGGTAACAAACCAACCAACT-3′)

and SARS-2-7a-RS (5′-AAATGG

TGAATTGCCCTCGT-3′)

This paper N/A

Primers to analyze GAPDH expression by

qPCR: 5′-TGCCATGGGTGGAATCA

TATTGGA-3’ (sense) and 5′-TCGGA

GTCAACGGATTTGGGTCGT-3 (antisense)

This paper N/A

Recombinant DNA

pCR-XL-2-TOPO plasmid Thermo Fisher Scientific Cat#K8040-20

pCAGGS plasmid Lab Luis Martı́nez-Sobrido

(Chiem et al.65; Chiem et al;66)

N/A

pcDNA3.1 plasmid Thermo Fisher Scientific Cat# V79020

Modified px330 plasmid Lab Pedro Antonio Mateos-Gómez N/A

pGEX-6P-2 plasmid NovoPro Cat#V010911

Software and algorithms

ImageJ software N/A https://imagej.nih.gov/ij/

FacsDiva software, version 5 BD Biosciences https://www.bdbiosciences.com/

FlowJo software, version 10 FlowJo LLC https://www.flowjo.com/

GraphPad Prism software, version 9.3.1 GraphPad Software https://www.graphpad.com

Geneious Dotmatics https://www.geneious.com/

AlphaFold Google DeepMind and Isomorphic labs https://alphafoldserver.com/welcome

R R-project https://www.r-project.org/

Pandas (Python library) N/A https://pandas.pydata.org/

Statsmodels (Python library) N/A https://www.statsmodels.org/

stable/index.html

Matplot (Python library) N/A https://matplotlib.org/

Seaborn (Python library) N/A https://seaborn.pydata.org/

SKAT (R package) N/A https://cran.r-project.org/web/

packages/SKAT/index.html

Hardy-Weinberg equilibrium (R package) N/A https://cran.r-project.org/web/

packages/HardyWeinberg/index.html

PyMol Schrodinger https://www.pymol.org/2/

ChimeraX UCSF https://www.cgl.ucsf.edu/chimera/

Bcl2fastq2 Illumina https://support.illumina.com/

sequencing/sequencing_software/

bcl2fastq-conversion-software.html

FastQC Babrahan Bioinformatics https://www.bioinformatics.

babraham.ac.uk/projects/fastqc/

MultiQC Seqera https://seqera.io/multiqc/

BWA-MEM N/A https://github.com/lh3/bwa

GATK Broad Institute https://gatk.broadinstitute.org/hc/en-us

VEP Ensembl https://useast.ensembl.org/info/

docs/tools/vep/index.html

SIFT N/A https://sift.bii.a-star.edu.sg/index.html

PolyPhen-2 N/A http://genetics.bwh.harvard.edu/pph2/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects and ethics

We studied patients (n = 342) who suffered SARS-CoV-2 infection in Spain, as confirmed by PCR or an antigen test, within the period

comprised between March 2020 and March 2021, i.e., before vaccines became available in this country. The study is part of the

Inmungen-CoV2 project approved by the Ethics Committee (CEIm) of Hospital Clinic of Barcelona (HCB) (Reg.HCB/2020/0357)

and the Ethics Committee of CSIC (049/2020). Age and certain diseases are risk factors for severe COVID-19 that could have con-

founding effects in the search for genetic factors. For this reason, we selected COVID-19 patients of age comprised between 18 and

65 years. We excluded patients with cancer, chronic lung or heart diseases, patients with organ transplants or with other active viral

infections, such as VIH. The core group of this study were patients hospitalized in the Hospital Clinic of Barcelona, from which we

have epidemiological and clinical data. Blood samples were obtained from patients of this hospital who provided written consent

to participate in the Inmungene-CoV2 study or were obtained from the COVIDBANK of HCB-IDIBAPS Biobank. In addition, we

collected blood samples from the following hospitals in Spain: Hospital Universitari Vall d’Hebron (Barcelona), Hospital Universitari

Mútua de Terrassa (Terrasa, Barcelona), Hospital Universitario Central de Asturias, Hospital Clı́nico Universitario de Valladolid, and

the biobanks fromHospital General de Alicante, Hospital Universitari i Politènic La Fe, Hospital Clı́nic Universitari de València and the

Public Health Biobanc from FISABIO. Recruitment of patients was approved by each of the corresponding ethics committees. The

study conformed to the principles set out in the World Medical Association (WMA) Declaration of Helsinki. Some features of the pa-

tients are described below:

P1: 47-year-old man devoid of any relevant clinical history who suffered severe COVID-19 requiring ICU.

P2: woman aged 39, who had severe COVID-19 required ICU admission due to high oxygen needs. She had severe lymphocyto-

penia (0.3 × 109/L) and neutrophilia (10.7*109/L) and moderate inflammatory parameters (CRP = 9.62 mg/dL; ferritin = 370 ng/mL;

D-dimer = 900 ng/mL) receiving corticosteroids and anti-IL6 (Sarilumab).

P3: pregnant (10 weeks) woman, aged 31, presented with mild COVID-19. She was hospitalized for 3 days.

P4: 61-year-old man. After being admitted to hospital for COVID-19, he experienced clinical worsening, showed reduced lympho-

cytes (0.9× 109/L) and strong inflammatory biochemical parameters reaching high values (CRP = 6.99mg/dL; ferritin = 2,237 ng/mL;

D-dimer = 800 ng/mL) that responded to treatment with anti-IL6 (tocilizumab) and did not require ICU.

P5: 36-year-old man. He spent five days in the hospital, during which he exhibited mild COVID-19 pneumonia without need for

oxygen.

P6: asymptomatic young woman, aged 25, positive for SARS-CoV-2.

P7: 37-year-old man who suffered severe COVID-19 with hypoxemia requiring ICU admission. Lymphocytes were in

the low normal range (1.2 × 109/L), but with a reduced proportion of CD8+ T cells, and he developed hyperinflammation (CRP =

7.17 mg/dL; ferritin = 967 ng/mL; D-dimer = 500 ng/mL) that responded to tocilizumab.

P8: woman aged 62. She suffered severe COVID-19 being admitted to ICU for hypoxemia and developing severe lymphocytopenia

(0.4 × 109/L). She showed two waves of hyperinflammation before and after ICU admission, reaching high values of inflammatory

markers (CRP = 22.2 mg/dL; ferritin = 813 ng/mL; D-dimer = 2,300) and receiving corticosteroids.

P9: man, aged 48 and devoid of any relevant clinical history. He showed COVID-19 of moderate severity requiring oxygen mask

and accompanied by low lymphocytes and a strong inflammatory reaction (CRP >7 mg/dL; ferritin >1,000 ng/mL; D-dimer from 400

to 1,800 ng/mL). Hyperinflammation was responsive to treatment with corticosteroids.

P10: man, aged 49, devoid of any relevant clinical history. He showed COVID-19 of moderate severity requiring oxygen mask and

treatment with tocilizumab.

P11: man, aged 47, hospitalized with mild COVID-19 symptoms.

P12: man, aged 62, hospitalized with mild COVID-19 symptoms.

P13: woman, aged 40. She was hospitalized with mild COVID-19symptoms.

P14: pregnant woman, aged 35. Asymptomatic, COVID-19 was casually detected when tested before delivery.

P15: man, aged 60. He was hospitalized with COVID-19, presenting a strong inflammatory reaction (CRP >7 mg/dL;

ferritin>1,000 ng/mL; D-dimer>400 ng/mL). He received IL-1 inhibitor (anakinra).

P16: 32-year-old man hospitalized with mild COVID-19.

P17: man, aged 59, who had critical COVID-19 requiring ICU admission of long duration.

Continued
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P18: man, aged 48, who had COVID-19 with moderate severity, showing inflammation (CRP = 6mg/dL; high ferritin = 1,802 ng/mL,

D-dimer = 2,000 ng/mL, and IL6 = 69 ng/mL), and clinical worsening; he received oxygen and corticosteroid treatment.

P19: man, aged 49, hadmilder COVID-19 with mild inflammation (CRP = 10.79 mg/dL; ferritin = 290 ng/mL; D-dimer = 900 ng/mL).

P20: 45 years-old-woman. She had mild COVID-19 that did not require hospitalization.

P21: man, aged 59, who had severe COVID-19 requiring ICU admission.

P22: man, aged 63, who had severe COVID-19 requiring ICU admission.

P23: man, aged 60, who had moderate COVID-19 with signs of inflammatory responses.

P24: man, aged 63, who showed mild COVID-19 symptoms.

P25: pregnant woman, aged 29. She was hospitalized with mild/moderate COVID-19.

P26: woman, aged 57, who was hospitalized showing mild/moderate COVID-19.

P27: woman, aged 39, who showed mild COVID-19 not requiring hospitalization.

P28: woman, aged 40, who showed mild COVID-19 not requiring hospitalization.

P29: man, aged 43, devoid of any previous relevant clinical history, showed COVID-19 of moderate severity accompanied by low

lymphocyte counts and inflammatory markers with high IL-6 (169 ng/mL), responsive to tocilizumab.

P30: woman, aged 45, hospitalized with mild COVID-19 without requirements of oxygen support.

Animal studies and ethics

Mice with gene and allele Oas3 em1(IMPC)Bay (RRID:MMRRC_066927-MU) in the C57BL/6 background were obtained from the

Baylor College of Medicine (Houston, TX) and maintained by the Knockout Mouse Phenotyping Project (KOMP2). Then, mice

were maintained in heterozygosis at the animal house of the School of Medicine and School of Psychology of the University of Bar-

celona (UB) under controlled environmental conditions with free access to food and water. We used adult young (2.5–4.5 months)

male and female Oas3−/− (n = 96) and Oas3+/+ (n = 95) littermate mice. Animal work was conducted in strict accordance with EU

guidelines 2010/63/UE about the protection of animals used for experimentation and the Spanish Animal Welfare Act 32/2007,

and in compliance with the NIH Guide for the Care and Use of Laboratory Animals. All experiments were conducted with the approval

of the Ethical Committee of UB (CEEA) and the local regulatory bodies of the Generalitat de Catalunya, or the Ethical Review Com-

mittee of the Centro de Investigaci�on en Sanidad Animal (CISA-INIA, CSIC) and Comunidad de Madrid (Permit number: PROEX

260.4). The work is reported following the ARRIVE guidelines (see supplemental information).

METHOD DETAILS

Whole exome sequencing

Whole Exome Sequencing (WES) was performed at two different sequencing centers. Half of the samples were sequenced at a com-

mercial service, NIMGenetics (Madrid, Spain), whereas the other half were sequenced by the EASI-Genomics consortium. In both

cases, the SureSelectXT Human All Exon v6 Capture Library (Agilent Technologies) was used to capture the coding region. The qual-

ity of the final libraries was assessed using the TapeStation (Agilent Technologies) and a Qubit fluorometer (Thermo Fisher Scientific).

Based on Qubit quantification and sizing analysis, sequencing libraries were normalized and pooled in equimolar ratios. 150

(NIMGenetics) or 100 bp (EASI-Genomics) paired-end sequencing was performed using NovaSeq 6000 instruments (Illumina Inc.)

using standard Illumina protocols (S2 and S4 flow cells). Using this protocol, we obtained around 41–42 million reads per sample,

with more than 90% with a quality score of at least Q30 and a mean coverage of around 100x.

Structural modeling

We modeled the structural effect of the identified variants using the solved 3D structure of human OAS1 (PDB: 4IG8) and the first

domain of OAS3 (PDB: 4SN3). We obtained the structure of domains II and III of OAS3 with Chimera68 using the solved structures

of OAS1 and the first OAS domain in OAS3. All variants were then modeled using Chimera followed by energy minimization. We

compared our predicted structures with those available using AlphaFold69 and concluded that the models were almost identical.

We visualized the effect of the variants using PyMol (https://pymol.org/2/).

Alignment

The alignment was produced with CLUSTAL X implemented in the software Genious (Biomatters Ltd., https://www.geneious.com)

using OAS1 (amino acids 1–367) and the three NTP-transferase+OAS domains in OAS3: OAS3-I (from amino acid 1 till 361), OAS3-II

(400–740) and OAS3-III (745–1087). The parameters for the alignment were ‘‘Global alignment with free end gaps’’, a gap open pen-

alty of 12, a gap extension penalty of 3 and with 2 refinement iterations, using the protein sequence for OAS1 (ENSP00000445409)

and OAS3 (ESNP00000228928) although the latter was divided in its three domains that we refer to as OAS3-I from residue 1 to res-

idue 361; OAS3-II from residue 400 to 740, and OAS3-III from 745 to 1087. The use of different parameters or aligners did not yield

significantly different results.

Selection of variants to analyze their functional effect

The list of variants to be analyzed (Data S1) was obtai ned by a combination of the following criteria.
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1. Genetic criteria (mandatory). Variants in OAS1, OAS2 and OAS3 with a coverage of at least 20x and with a quality value of at

least Q20 were selected. Selection was restricted to missense variants as well as those affecting consensus acceptor and

donor sequences for splicing.

2. The information provided by tools predicting pathogenicity (SIFT, PolyPhen2, CADD or MutationTaster). REVEL scores were

also determined, although it is a rather conservative tool that combines the results from other 13 tools. It is included here for

reference. For quantitative and qualitative predictions, we used SIFT and PolyPen2. We chose those variants not classified as

tolerated (SIFT) or benign (PolyPhen2). For CADD, we chose those with a score over 15. Finally, the use of MutationTaster pro-

vided qualitative predictions.

3. We also considered the information derived from the structural modeling of the variants, prioritizing variants in residues appar-

ently important for the maintenance of the 3D structure of the proteins or for the binding of dsRNA to the protein.

A similar strategy was used for variants from the COVID-19 Human Genetic Effort (CHGE, https://www.covidhge.com/) cohort. In

this case, we decided to include variants that were found in regions not covered by variants identified in the Spanish cohort. In some

cases, a variant was selected as it generated a different amino acid change in a variant position already found in the Spanish pop-

ulation. We also included ultra-rare or rare variants predicted to be neutral and with no evidence of pathogenicity as control variants.

Finally, even though not fulfilling the inclusion criteria described above, we also analyzed apparently neutral variants when several

variants were found in the same individual. According to these criteria, we generated the final list of variants to be analyzed in func-

tional studies (Data S2).

Determining the phase of multiple OAS variants in the same individual

When more than one OAS variant appeared in the same individual, we determined whether they were in phase as this could have an

impact on protein physiology. We cloned the PCR products obtained using the primers and PCR conditions stated in Table S1 into

the pCR-XL-2-TOPO vector using a TA-cloning system (Topo-XL, Invitrogen) as per the manufacturer’s instructions. Plasmid DNA

was purified from overnight bacterial cultures grown at 37◦C in LB medium, using a homemade alkaline lysis method (https://

www2.clarku.edu/faculty/dlarochelle/miniprep_protocol.pdf) and 5–10 colonies were Sanger sequenced in both directions to iden-

tify whether the amplicons had the different variants in phase. All patients with rare variants in OAS1 where homozygous for the

A-allele in the rs10774671 SNV. Therefore, there was no need for determining phase between this polymorphism and the rare allele

identified in this report.

Cell lines

Human lung epithelial carcinoma A549 (ATCC CCL-185, derived from lung carcinomatous tissue from a 58-year-old Caucassian

male), human embryonic kidney HEK293T (ATCC CRL-11268, derived from a fetus), Vero E6 and Vero cells overexpressing the

TMPRSS2 (Vero-TMPRSS2, kindly provided by Prof. Luis Enjuanes, CNB-CSIC, derived from the kidney of a normal adult African

Green monkey) cells were grown in Dulbecco’s modified Eagle’s medium (DMEM; Mediatech, Inc.) containing 10% fetal bovine

serum (FBS) and 2 mM L-glutamine at 37◦C in a 5% CO2 incubator.

Viruses and virus titrations

We used a SARS-CoV-2 strain isolated from Vero E6 cells, originated from a nasal swab from a patient infected in Madrid, Spain, at

the beginning of 2020, termed SARS-CoV-2-MAD6 strain. This strain is similar to the B.1 variants and it was kindly provided by Prof.

Luis Enjuanes, at Centro Nacional de Biotecnologı́a, CNB-CSIC, Spain.64 Viral stocks were grown in Vero E6 cells. A mouse-adapted

SARS-CoV-2, adapted to grow in mice (SARS-CoV-2-MA),52 kindly provided by Prof. Luis Enjuanes, was grown in the Vero-

TMPRSS2 cells. SARS-CoV-2 and SARS-CoV-2-MA were titrated by plaque assay (PFU/mL) in confluent Vero E6 and Vero-

TMPRSS2 cells, seeded in 24-well plates, respectively, as previously described.70

Plasmids

The OAS1 ORFs, encoding the p42 or the p46 isoforms, fused to an N-terminal c-myc epitope tag were cloned into the pCAGGS

plasmid65,66 using SacI and SmaI restriction sites. To this end, OAS1 fragments fused to the c-myc and flanked by SacI and SmaI

restriction sites were synthesized by IDT DNA Inc (Iowa, USA), and cloned using standard techniques. The OAS3 ORF C-terminally

fused to c-myc and 6xHis epitope tags was cloned in the pcDNA3.1 plasmid using HindIII andNotI restriction sites (Genscript). Plas-

mids encoding the different OAS1 and OAS3 variants were generated by obtaining PCR products using oligonucleotides encoding

the nucleotide changes and the PCR products were subcloned in the plasmids encoding the wild-type (WT) proteins using unique

restriction enzymes. Alternatively, the plasmids were generated by Genscript.

To generate OAS3 KO cells, the best short guide RNAs (sgRNAs) to be used, were selected using the webpages (https://www.

atum.bio/eCommerce/cas9/input?multipleContacts=false and http://crispor.tefor.net). The sgRNA sequences selected were:

5′-cagtgagatgcgggcatcgc-3′and 5′- agagaaggcgcggcgcgctc-3’. The cDNAs complementary to the two different sgRNAs were

cloned in a modified pX330 plasmid (kindly provided by Dr. Pedro A. Mateos, Universidad de Alcalá de Henares, Spain), expressing

the RNA guides under the U6 promoter and encoding the CAS9 gene, and modified to codify a gene encoding for resistance to pu-

romycin. To this end, a pair of forward and reverse oligonucleotides for the generation of each sgRNA (synthesized by IDT) were
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annealed and phosphorylated by incubating the forward and reverse primers with T4 polynucleotide kinase (New England Biolabs),

during 30 min at 37◦C, followed by 95◦C during 5 min and then ramp down to 25◦C, at 5 ◦C/min. The phosphorylated and annealed

primers were inserted into plasmid vector pX330 between BbsI restriction sites. E.coli (DH5α strain) bacteria were transformed with

the plasmids and grown in LB medium at 37◦C during 16 h. Plasmids were purified from the bacteria using the EZNA plasmid DNA

mini kit (Omega Bio-tek).

Generation of A549 OAS3 KO cells

To generate A549OAS3KOcells, A549 cells (12-well plate format) were transfectedwith the pX330 plasmids (1,250 ng/well) express-

ing the sgRNAs, using lipofectamine 3000 (Thermo Fisher Scientific). At 24 hpt, cells were treated with 1 μg/mL of puromycin

(InVivoGen) to select for plasmid-transfected cells. At 48 h after puromycin treatment, media was exchanged with fresh media

without puromycin. Surviving cells were detached with trypsin and cloned three times by limiting dilution. Different clones were gen-

otyped by Sanger sequencing (Macrogen) and analyzed by Western blot, as described below.

Overexpression of hACE-2 in A549 and HEK293T cells

To generate A549 and HEK293T cells susceptible to SARS-CoV-2 infection (A549-ACE2 and HEK293T-ACE2), HEK293T, A549-WT

and A549- OAS3 KO A549 cells (6-well plate format) were transduced with a retrovirus expressing the hACE-2 protein and a gene

conferring resistance to the antibiotic blasticidin (kindly provided by Dr. Pablo Gastaminza, at Centro Nacional de Biotecnologı́a,

CNB-CSIC, Spain). The transduced cells were selected by growing the cells in the presence of 2.5 μg/mL blasticidin (Thermo Fisher

Scientific).

Effect of OAS1 and OAS3 variants on RNA integrity

HEK293T-ACE2 (24-well plate format) were transiently co-transfected with 500 ng/well of pCAGGS plasmids encoding the OAS1 or

OAS3 variants, or transfected with empty plasmid as internal control, using Lipofectamine 3000 (Thermo Fisher Scientific). ForOAS1,

we studied the effect of the rare variants on both rs10774671 common genotypes (A/A and G/G). At 24 h post-transfection (hpt), cells

were treated with polyinosinic:polycytidylic acid (poly(I:C)) (InvivoGen), at 1 μg/mL for an additional 24 h or HEK293T-ACE2 cells were

infected with SARS-CoV-2 at a multiplicity of infection (MOI) of 1, during 24 h. Alternatively, A549-ACE2 cells were transfected twice

with siRNAs, as indicated below and 24 h after the second transfection, the cells were infected with SARS-CoV-2 (MOI 1). Total RNA

was extracted using the Total RNA extraction kit (Omega Biotek) and the RNA integrity was analyzed in a Bioanalyzer 2100 (Agilent).

The amount of the degradation bandswas quantified by densitometry using the ImageJ software and normalized to the amount of the

18S rRNA within each sample, in a similar way as previously described.71

Effect of OAS1 and OAS3 variants on protein expression

HEK293T-ACE2 cells (12-well plate format) were transiently co-transfected, with 1,000 ng/well of pCAGGS plasmids encoding the

OAS1 (rs10774671 G/G or A/A genotypes) or OAS3 variants, or transfected with empty plasmid as internal control, using Lipofect-

amine 3000 (Thermo Fisher Scientific). At 24 and 48 hpt, the cells were lysed in passive lysis buffer (Promega) and clarified by

centrifugation.

siRNA-mediated silencing

Human A549-ACE2 cells (24 or 96-well plate format) were transfected independently with different ‘‘silencer select’’ small interfering

RNAs (siRNAs) specific for human OAS1 and OAS3 genes (ThermoFisher Scientific, s511 and s9797, respectively), or with the non-

targeting (NT) negative control siRNA (ThermoFisher Scientific, AM4635). All siRNAs were transfected, using lipofectamine RNAiMax

(ThermoFisher Scientific), at a final concentration of 20 nM, according to the manufacturer’s instructions. The siRNAs were trans-

fected twice, 24 h apart.

Western blot

Cell lysates were mixed with Laemmli sample buffer containing 2.5% β-mercaptoethanol, and heated at 95◦C for 5 min, before SDS-

PAGE electrophoresis. Proteins were transferred to nitrocellulose membranes (Biorad), and detected using mouse monoclonal an-

tibodies specific for the c-myc epitope tag (Thermo Fisher Scientific MA1—980, RRID:AB_558470), and the human actin (Sigma-

Aldrich A1978, RRID:AB_476692), a rabbit monoclonal antibody specific for OAS1 (Cell Signaling 14498, RRID:AB_2798498), and

a rabbit polyclonal antibody specific for OAS3 (Abcam ab154270, RRID:AB_3106889), all of them at a 1:1000 dilution. Later on,

the membranes were incubated with a 1:4,000 dilution of goat anti-rabbit (pAb) or 1:2,000 dilution of goat anti-mouse (mAb) IgG an-

tibodies conjugated to horseradish peroxidase (Millipore 12–348, RRID:AB_390191 and Millipore 12–349, Millipore Cat# 12–349,

RRID:AB_390192, respectively), andmembranes were revealed by chemiluminescence using the SuperSignal west femto maximum

sensitivity substrate (ThermoFisher Scientific).

Effect of OAS1 and OAS3 variants on innate immune responses

A549 OAS3 KO cells (24-well plate format) were transiently co-transfected, with 500 ng/well of pCAGGS plasmids encoding the

OAS1 (rs10774671 G/G or A/A genotypes) or OAS3 variants, or transfected with empty plasmid as internal control, using
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Lipofectamine 3000 (Thermo Fisher Scientific). At 24 hpt, cells were transfected with poly(I:C), at 1 μg/mL for an additional 24 h. A549-

ACE2OAS3KO cells (24-well plate format) and parental cells were transfected with poly(I:C), at 50 or 250 ng/mL for 24 h. A549-ACE2

cells were transfected with poly(I:C), at 50 or 250 ng/mL for 24 h. Total RNA was extracted using the Total RNA extraction kit (Omega

biotek) and the expression of IFNL1, TNF, and CXCL10 mRNA was evaluated as described below.

RT-qPCR

mRNA levels of IFNL1, TNF, CCL2, CXCL10, OAS1 and OAS3 in human A549 cells; mRNA levels of CCL2, IL-6, TNF and CXCL10 in

human PBMCs; viral genomic RNA and viral gene 7 subgenomic (sg) mRNA in human PBMCs; andmRNA levels ofCcl2, Cxcl10, Tnf,

Ccl8, andOas3 in mice lungs, were analyzed using RNA extracted from cellular extracts. Retrotranscriptase (RT) reactions were per-

formed using the High-Capacity cDNA transcription kit (ThermoFisher Scientific) at 37◦C for 2 h, using randomprimers, and total RNA

as template. qPCRs were performed using TaqMan gene expression assays (Applied Biosystems) specific for human IFNL1

(Hs00601677_g1), TNF (Hs00174128_m1), CXCL10 (Hs00171042_m1), CCL2 (Hs00234140_m1), IL6 (Hs 00174131_m1), OAS1

(Hs00973635_m1), OAS3 (Hs00196324_m1), GAPDH (Hs02786624_g1), and murine Ccl2 (Mm00441242_m1), Cxcl10

(Mm00445235_m1), Tnf (Mm00443258_m1), Ccl8 (Mm01297183_m1), Oas3 (Mm00460944_m1) and Hprt1 (Mm00446968_m1)

genes. Data fromqPCRwere analyzed following threshold cycle (2−ΔΔCT) methodology and normalizedwithGAPDH orHprt1 expres-

sion levels.

To analyze viral replication and transcription, qPCR was performed using the primers SARS-2-RdRp-15431-VS

(5′-GTGAAATGGTCATGTGTGGCGG-3′) and SARS-2RdRp-15530-RS (5′- CAAATGTTAAAAACACTATTAGCATA-3′), complemen-

tary to the viral genomic RNA (gRNA)72; and the primers, SARS-2-leader-VS: 5′- TCCCAGGTAACAAACCAACCAACT-3′, comple-

mentary to the leader sequence; and SARS-2-7a-RS: 5′-AAATGGTGAATTGCCCTCGT-3′, were used to amplify the gene 7 subge-

nomic (sg) mRNA by qRT-PCR.73 In these cases, GAPDH was used to normalize the data, amplified using the 5′-TGC

CATGGGTGGAATCATATTGGA-3’ (sense) and 5′-TCGGAGTCAACGGATTTGGGTCGT-3 (antisense) primers.

Isolation of peripheral blood mononuclear cells (PBMCs)

We obtained an additional blood sample from seven patients of Hospital Clı́nic that had previously suffered COVID-19 and partici-

pated in our genetic study. Samples were obtained at least 18 months after patients had recovered from COVID-19. Two patients

were carriers of rare OAS1 or OAS3 variants of interest and the rest were also hospitalized COVID-19 patients devoid of rare

OAS1 or OAS3 variants. PBMCs were obtained after gradient centrifugation of blood with Ficoll-Paque (GE-Healthcare) at 500 xg

for 35 min at room temperature. PBMCs were resuspended in complete culture medium (RPMI 1640-Glutamax, 100 U/mL penicillin,

100 mg/mL streptomycin, 10 mM HEPES, 1 mM sodium pyruvate, 50 mM β-mercaptoethanol, 5% ABS serum) at 107 cells/mL and

plated in 96 well/plate U bottom at 2 × 106 cells/well.

Generation of human recombinant wild type and mutant OAS1 proteins

We cloned, produced, and purified 2 isoforms of OAS1-p46 in E. coli. Sequences of two isoforms, OAS1-WT and OAS1-K206Q,

comprised between residues 1–347 (synthesized by GeneArt, Thermo Fisher Scientific) were cloned in the pGEX-6P-2 plasmid

(NovoPro). Constructs were transformed in E. coli strain BL21 (DE3) in 2 L of LB medium and protein expression was induced

with 0.1 mM IPTG O/N at 16 ◦C. After centrifugation and PBS wash, pellets were stored at −80◦C. For purification, pellets were re-

suspended in lysis buffer (50 mM Tris-HCl pH 7.4, 300 mM NaCl, 5 mMMgCl2, 10% (vol/vol) glycerol, 0.1 mM EDTA, 2 mM DTT, 1%

Triton X-100, with protease inhibitors) and cells were lysed by means of a cell disruptor using Emulsiflex-C3 equipment. The soluble

fraction was separated through centrifugation at 15,000 x g for 45 min. Column purification was performed using AKTA equipment.

We used GST tag affinity chromatography with GSTrap HP column of 1 mL (Cytiva, 17528102). Samples were eluted with isocratic

gradient with 100% elution buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 5 mMMgCl2, 10% (vol/vol) glycerol, 0.1 mM EDTA, 2 mM

DTT, and 40 mM reduced glutathione). Purification and removal of GST were assessed by 12% SDS-PAGE and protein bands were

visualized using TGX and Western blot with an anti-GST antibody (1:1000, clone 8–326, Thermo Fisher Scientific, # MA4-004-HRP,

RRID:AB_2537634). The fractions of interest were pooled and dialyzed in 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM

DTT, pH 7.0. The protein concentration was determined by absorbance at 280 nm. GSTwas digested with PreScission protease (Cy-

tiva 27084301) following the instructions of themanufacturer. A second purification round was carried out as above. Finally, the sam-

ples without GST were subjected to an additional purification step with size exclusion chromatography (SEC). Samples were stored

at −20◦C in 45 mM Tris-HCl pH7.4, 135 mM NaCl, 0.9 mM DTT and 20% glycerol.

OAS1 enzymatic activity

OAS1 enzymatic activity was studied at Bellbrook Labs by means of an enzyme-coupled method using the AMP the Transcreener

AMP2 Fluorescent Polarization (FP) assay as described (https://www.bellbrooklabs.com/products/transcreener-hts-assays/oas1-

assay). The human WT OAS1-p46 protein we generated and one standard WT OAS1-p42 enzyme (Bellbrook) were titrated starting

at 150 nM and ending at 0.005 nM (16 points, n = 2, 1:2-fold dilution). The OAS1 enzyme carrying the K206Q variant was titrated

starting at 2 μM and ending at 0.06 nM (16 points, n = 2, 1:2-fold dilutions). Enzymes were titrated in the presence of 5 μg/mL dsRNA

and 500 μM ATP, 100 nM coupling enzyme, 16 μg/mL AMP2/GMP2 antibody (Bellbrook labs, #2247), 4 nM AMP2/GMP2 tracer in 1X

OAS1 assay buffer. Using optimal concentration for a 60-min reaction based on data from enzyme titrations, activity was monitored
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over a 2-h time course using the same reaction conditions (30◦C incubation, readings at 15, 30, 60, 90, and 120min incubation times).

A standard curve mimicking conversion of ATP to AMP was run to allow conversion of FP values to [2-5A] formed for both assays.

dsRNAwas titratedwith each enzyme using the optimal enzyme concentration determined from the titrations with 1mMATP, 100 nM

coupling enzyme, 16 μg/mL AMP2/GMP2 antibody, 4 nM AMP2/GMP2 tracer in 1X OAS Buffer. The reaction was run for 60 min at

30◦C before being read on the CLARIOstar plus. A standard curve mimicking 100%–0% conversion of 1 mM ATP to AMP was

run to allow conversion of FP to [2-5A] formed. Non-linear regression analysis was performed to determine the EC50 concentration.

A saturating concentration of dsRNA based on this titration was used for the following experiments. KM and Vmax determination was

done using saturating dsRNA at ATP concentrations of 2 mM, 1 mM, 500 μM, 250 μM, 100 μM, 50 μM, 25 μM, and 10 μM. Further

reaction conditions include 27.5 μg/mL AMP2/GMP2 antibody, 4 nM AMP2/GMP2 tracer, and 100 nM Coupling Enzyme in 1X

OAS1 Buffer. Time vs. AMP (2-5A) was plotted for each ATP concentration. The slopes (velocity) of the Time vs. AMP (2-5A) lines

were plotted vs. the ATP concentrations for each enzyme and non-linear regression was performed to obtain KM and Vmax.

Intratracheal administration of poly(I:C) and sample processing

Treatment

Under isoflurane anesthesia, mice received intratracheal administration of the immunostimulant agonist of toll-like receptor-3 (TLR-3)

poly (I:C). A dose (60 μg in 60 μL of sterile H2O) was given daily for 4 days. Themicewere daily weighted and observed for assessment

of any abnormal behavior. At the endpoint, mice were deeply anesthetized and euthanized. Blood was studied in a hematology

analyzer (DH36, Dymind Biotechnology). Plasma was obtained for Ccl2 ELISA assay (Invitrogen, # 88–7391). Mice were assigned

a code that did not reveal the identity of the samples. Treatment with drug or vehicle was given in a blinded fashion and the treatment

was allocated sequentially in an alternate fashion per each experiment.

Lung RNA extraction

We used TrizolVR Reagent (Life Technologies) followed by PureLinkTM RNA Mini Kit (#12183018 A, Invitrogen), and assessed RNA

quantity and quality using an ND-1000 micro-spectrophotometer (NanoDrop Technologies). 1 μg total RNA was reverse-transcribed

and the final product was diluted six times in RNase-free water. Real-time quantitative RT-PCR analysis was carried out with Taqman

system (#4304437, Life Technology) using iCycler iQTMMulticolor Real-TimeDetection System (Bio-Rad). The Taqman primers used

were: Ccl2 (Mm00441242_m1); Tnf (Mm00443258_m1); Cxcl10 (Mm00445235_m1); Ccl8 (Mm01297183_m1); Oas3

(Mm00460944_m1, and Mm00460945_m1); Hprt1 (Mm00446968_m1).

Flow cytometry of the lungs

The chest cavity was opened, the left atrium nicked, and the lungs were perfused with 10 mL of heparinized PBS through the right

atrium. The right lung was then processed as follows, the lung was immersed in Hanks’ Balanced Salt solution w/o ions (HBSS w/o

Ca2+ and Mg2+; #14175–053, Thermo Fisher Scientific) on ice. Enzymatic dissociation with 100 U/mL collagenase IV and 50 U/mL

DNAse I was used to homogenize the tissue. Mechanical dissociation was performed with the gentleMACS Octo Dissociator

(#130-096–427, Miltenyi Biotec: 2× Multi c_02_01 program, 1× ABDK_37C program and 1× Multi c_02_01 program). The tissue

was then filtered through a 40 μm cell strainer (#352340, Falcon) previously humidified with HBSS with Ca2+ and Mg2+ (#14025–

092, Thermo Fisher Scientific). Unspecific binding of antibodies was blocked by previous incubation for 10 min with anti-CD16/

CD32 (Fc block, 1:200, clone 2.4G2, BD Pharmingen, #553145, RRID:AB_394660) together with Live/dead Aqua cell stain

(1:1000, Thermo Fisher Scientific, #L34957) to determine the viability of cells. Cells were incubated for 30min at 4◦Cwith the following

primary antibodies: CD11b (1:200, clone M1-70, Brilliant Violet 650, Biolegend, #101239, RRID:AB_11125575), MHCII (IA/IE) (1:400,

clone M5/114,15,2, Brilliant Violet 711, Biolegend, #107643, RRID:AB_2565976), CD69 (1:200, clone H1.2F3, FITC, Biolegend,

#104506, RRID:AB_313109), Ly6C (1:200, clone HK1.4, PerCP-Cy5.5, Biolegend, #128012, RRID:AB_1659241), CD3 (1:200, clone

17A2, PE, BD BioSciences, #555275, RRID:AB_395699), CD64 (1:200, clone X54-5/7,1, PE/Cy7, Biolegend, #139314, RRI-

D:AB_2563904), CD11c (1:200, clone N418, APC, eBioSciences, #17-0114-82, RRID:AB_469346), Ly6G (1:200, clone 1A8,

AF700, Biolegend, #127622, RRID:AB_10643269), CD45 (1:200, clone 30-F11, APC-eFluor 780, eBioSciences, #47-0451-82 RRI-

D:AB_1548781) in Brilliant Violet Stain Buffer (#566349, BD Biosciences), guided by a previous report.74 The cells were analyzed

in a BD Fortessa 5L cytometer using FacsDiva software (version 5, BDBiosciences). Data analyses were performedwith FlowJo soft-

ware (version 10, FlowJo LLC).

In vivo assessment of lung protein synthesis

We used the surface sensing of translation (SUnSET), method75 to assess protein synthesis based on the incorporation of puromycin

into nascent lung proteins. Mice received an i.p. administration (100 μL) of puromycin (0.040 μmol/g of body weight) or vehicle (PBS).

Thirty min later, mice were perfused with 10 mL of heparinized PBS. The lungs were extracted and immediately frozen in liquid N2 for

Western blotting.76

Western blotting

Lung tissue was homogenized in radio-immunoassay precipitation (RIPA) buffer with protease inhibitors (PierceTM, #A32963,

ThermoScientific), centrifuged for 20min at 12,000 xg at 4 ◦Cand the supernatant was used for protein determination by the Bradford

method. Twenty-five μg of protein were mixed with loading buffer containing β-mercaptoethanol and samples were loaded in 10%

polyacrylamide gels for electrophoresis. Proteins were then transferred to a polyvinylidene fluoride membranes (Immobilon-P,

#IPVH00010, Millipore) and incubated overnight at 4 ◦C with primary antibodies, followed by horseradish peroxidase-

conjugated secondary antibodies, during 1 h at RT. The primary antibody against puromycin (mouse monoclonal, clone 12D10,
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Sigma-Aldrich, #MABE343, RRID:AB_2566826) was used diluted 1:500. Anti-GAPDH was used, diluted 1:10,000, for the loading

control (Abcam, #ab9484, RRID:AB_307272).

Histological analysis of the lungs

Mice were anesthetized with 5% isoflurane and intracardially perfused with 40 mL heparinized PBS with a perfusion pump at

5 mL/min. Lungs and trachea were dissected out and the trachea was cannulated under a magnifying glass to slowly perfuse para-

formaldehyde (PFA) (4%). Lungs are kept in 4% PFA for 12h, washed in PBS, included in paraffin, cut in 5 μm-thick sections in a

microtome, and stained with hematoxylin and eosin. Pictures of different lung regions (n = 3) per mouse were obtained and analyzed

with ImageJ in a blinded fashion. We determined the percentage of tissue area versus the percentage of alveolar area.

Mouse infection with a mouse-adapted SARS-CoV-2 viral strain

For SARS-CoV-2 infections, Oas3−/− and Oas3+/+ mice bred at the UB vivarium were sent to the biosafety level 3 (BSL3) animal fa-

cilities in the Animal Health Research Center (CISA-INIA, CSIC) inMadrid (Spain), where themice stayed in pathogen-free conditions,

one week before mice inoculation. Male mice at the ages of 2.5–4.5-month-old were slightly anesthetized with isoflurane and then,

intranasally inoculated with 5,000 FFU/mice of a mouse-adapted SARS-CoV-2-MA strain (see above under ‘Viruses’ heading). We

excluded mice that showed no evidence of infection (no body weight loss or lack of viral titers in the lung) due to unsuccessful viral

administration. Mice of each genotype received treatment in parallel, but genotype could not be blinded due to the logistic complexity

of BSL3 facilities. Mice (n = 17/group) were examined each day for weight loss, clinical symptoms (such as malaise, respiratory

distress, and lack of movement) and mortality up to day 10 post-infection. Percent body weight loss was determined relative to

the starting weight. Mice that lost more than 25% of their initial body weight were considered to have reached the experimental

endpoint and were humanely euthanized. These mice were classified as non-survivors. Two mice out of the 17 from each group

Oas3+/+ and Oas3−/− were excluded from the analysis as they did not lose any weight.

Virus replication was evaluated in other groups of mice by assessing viral titers in the lungs at 4 dpi (n = 12 and 15 for Oas3+/+ and

Oas3−/−, respectively), or 2 dpi (n = 4 per group). From the Oas3+/ group to be studied at 4 dpi (n = 12 mice), we had to exclude five

mice; two of them showed no viral titers in the lungs and three other mice fought among them, getting severely injured. Furthermore,

one mouse of the 4 dpi Oas3−/− group (n = 15) died before the endpoint and we could not extract its organs. Mice were euthanized,

and the right lung lobules were extracted in 1 mL of PBS and one 5 mm stainless steel bead (Qiagen) and homogenized using the

TissueLyser II (Qiagen) at 25 Hz for 5 min, followed by centrifugation at 5,000 x g for 10 min at 4◦C. Virus titers were determined

by a plaque titration assay on Vero-TMPRSS2 cells as specified above. In these same mice, levels of Oas3, Ccl2, Cxcl10 and Tnf

induction were analyzed by RT-qPCR in lungs at 2 and 4 dpi. To this end, the left lung lobules were extracted and incubated in RNA-

later (Ambion) at 4◦C for 24 h prior to adding the lungs to RNA lysis buffer and one 5 mm stainless steel bead (Qiagen). The samples

were homogenized using the TissueLyser II (Qiagen) at 25 Hz for 5 min, and total RNA was extracted from homogenized lungs using

the total RNA kit (Omega Biotech). RT-qPCR reactions were performed as described above. Sera from mock-infected and infected

mice were collected at 4 dpi and diluted 1:2 in assay buffer (Millipore) before analysis. The expression of Tnf, Ccl2/Mcp-1, Cxcl2,

Ccl5/Rantes, and Cxcl10/IP-10 was measured using Luminex technology and a mouse cytokine antibody bead kit (Milliplex map

kit; Millipore) according to the manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Power analysis for the human studies

We assessed the sample size to detect meaningful differences among the three clinical groups (ICU patients, non-ICU hospitalized

patients, and non-hospitalized individuals) by conducting a statistical power analysis using a chi-square goodness-of-fit test. The

total cohort comprised 342 individuals (61 ICU, 199 non-ICU hospitalized, and 82 non-hospitalized). We evaluated the power

of the study to detect small (Cohen’s w = 0.1), moderate (w = 0.3), and large (w = 0.5) effect sizes, using a significance level of

α = 0.05 and three outcome categories. The results showed that the study had:

36.1% power to detect a small effect size, 99.9% power to detect a moderate effect size, and >99.999% power to detect a large

effect size.

These calculations were performed using the GofChisquarePower class from the statsmodels Python package, specifying the

number of bins as 3. The choice of a moderate effect size as a reference is grounded in the typical expectations for genetic associ-

ation studies involving complex traits, where moderate effects are often considered biologically relevant and statistically detectable

in well-powered cohorts. Therefore, our sample size is robust and adequately powered to detect moderate to large differences

across clinical groups but no small effects.

Regression analysis

All analyses were performed using Python version 3.13, leveraging the pandas library for data manipulation, the statsmodels library

for regression modeling and the matplotlib and seaborn libraries for data visualization. A p-value of less than 0.05 was considered

statistically significant for all tests.

Predictor variables were presence of rare variants, age, sex, ethnicity and genotype at rs10774671. Ethnicity was coded in three

categories: European origin, Latin-American origin and Other, grouping African, South-East Asian and East Asian. Severity was the
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dependent variable with two (non-hospitalized and hospitalized) or three (non-hospitalized, hospitalized without ICU admission and

hospitalized with ICU admission) categories.

In the multivariate analysis, with three categories in the Severity term, we first determined the independent contribution of each

predictor. Then, we explored the possible interaction between age and presence of rare variants.

In the binary logistic regression analysis, the dependent variable consisted of two categories, non-hospitalized and hospitalized

that was formed by all hospitalized patients regardless of ICU admission. Then we look for the independent contribution of each pre-

dictor on the odds of hospitalization followed by the fitting of a model that included the main effects plus an interaction term between

age and presence of a rare variant.

In this latter analysis, absence of significant multicollinearity was assessed calculating the variance effect interaction (VEI) for each

term in the main effects model, considering VIF<5 as the threshold marking a stable model.

In both analysis we only tested the interaction between age and the presence of rare variants as there were a significant loss in

statistical power when trying to analyze other interactions due to the small size of the groups.

Analysis pipeline

Demultiplexing was accomplished using bcl2fastq2 v2.20.0.422 (Illumina Inc.). Quality control of reads was done using FastQC

v0.11.9 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and MultiQC v1.13 (https://multiqc.info/ and Ewels et al.77).

Alignment against the human genome (hg19 built) with BWA-MEM 0.7.17 (https://github.com/bwa-mem2/bwa-mem2) and for

variant calling we used GATK 4.0.3.0 (https://gatk.broadinstitute.org/hc/en-us). Variants were then filtered by selecting those with

a depth over 20x and a genome quality score over 20. Finally, variant annotation was done VEP and pathogenicity prediction was

done using REVEL implemented in VEP (https://www.ensembl.org/info/docs/tools/vep/index.html and Ioannidis et al.78), and SIFT

(https://sift.bii.a-star.edu.sg/index.html and Ng and Henikoff79), PolyPhen2 (http://genetics.bwh.harvard.edu/pph2/index.shtml

and Adzhubei et al.80), CADD (https://cadd.gs.washington.edu/ and Kircher et al.81) and MutationTaster.67 The analysis pipeline

can be found at https://doi.org/10.5281/zenodo.17396248.

Gene-based association analysis

Ultra-rare variants were pooled together and compared between groups. The variants were grouped by gene but also, due to the

close vicinity of OAS1 and OAS3 in the same locus, grouping those in OAS1 and OAS3 together. We did not include OAS2 as there

were no potential pathogenic variants in this gene in the Spanish cohort and it is in the telomeric part of the locus. For this analysis we

used the optimal sequence kernel association test (SKAT-O) (41) using the R-package SKAT.

Analysis of rs10774671

Univariate analysis of rs10774671 with severity was done using the chi-square of exact Fisher test as appropriate using R. Hardy-

Weinberg equilibrium was tested with the HardyWeinberg R package (version 1.7.8).

To test the influence of this polymorphism in severity we used R (version 4.1.2) and the SKAT package (version 2.2.5). The genotype

matrix was built so that homozygous reference, heterozygous, and homozygous alternative genotypes were assigned a value of 0,

0.5 and 1, respectively. The categorical phenotypic data were converted into numeric factors. A null model was constructed incor-

porating haplotypic information (rs10774671 genotype) as a covariate. SKAT analysis was performed using both the optimal adjust-

ment and the common-rare variant methods. The heatmap was generated using the heatmap package (version 1.0.12). This analysis

was done by EGO Genomics SL (Villamayor, Spain).

Statistical methods for animal studies

Two-group comparisons were carried out with a two-tailed Mann–Whitney test or t test, as required after testing for normality. Mul-

tiple groups were compared with one-way or two-way ANOVA, followed by appropriate post hoc analyses. Survival curves were

compared with the Log rank (Mantel-Cox) test. Specific tests used in each experiment, p-values, and n values are stated in the figure

legends. We estimated the required sample sizes in mouse experiments using G*Power 3.1.9.4. For the viral infection study, we

assumed an effect size of 0.9, an alpha error probability of 0.05, and a statistical power of 0.8, which yielded a required sample

size of approximately 16 mice per group. For the poly(I:C)-induced inflammation study, we assumed a larger effect size of 1.5 based

on prior in vitro data showing substantially higher inflammatory responses in the Oas3−/− genotype. Using the same alpha level and

power, this yielded a required sample size of approximately 7 mice per group. Values are expressed as the mean ± SD. We used

GraphPad Prism software version 9.3.1.
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