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Abstract

Analysis of autoinflammatory and immunodeficiency disorders elucidates human immunity 

and fosters the development of targeted therapies. Oligoadenylate synthetase 1 is a type I 

interferon-induced, intracellular dsRNA sensor that generates 2’−5’-oligoadenylate to activate 

RNase L as a means of antiviral defense. We identified four de novo heterozygous OAS1 
gain-of-function variants in six patients with a polymorphic autoinflammatory immunodeficiency 

characterized by recurrent fever, dermatitis, inflammatory bowel disease, pulmonary alveolar 

proteinosis, and hypogammaglobulinemia. To establish causality, we applied genetic, molecular 

dynamics simulation, biochemical, and cellular functional analyses in heterologous, autologous 

and inducible pluripotent stem cell derived macrophages. We found that upon interferon-induced 

expression, OAS1 variant proteins displayed dsRNA-independent activity, which resulted in 

RNase L-mediated RNA-cleavage, transcriptomic alteration, translational arrest, and dysfunction 

and apoptosis of monocytes, macrophages, and B-cells upon interferon stimulation. RNase L­

inhibition with curcumin modulated and allogeneic hematopoietic cell transplantation cured the 

disorder. Together, these data suggest that human OAS1 is a regulator of interferon-induced 

hyperinflammatory monocyte and B-cell pathophysiology.

One Sentence Summary

OAS1-GOF/RNase L-mediated RNA-cleavage caused an interferon-induced hyperinflammatory 

monocyte and B-cell immunodeficiency.

Introduction

Inborn errors of immunity (IEI) cause autoinflammation, infection susceptibility, 

autoimmunity, malignancy, and extra-hematopoietic syndromic features (1). The IEI 

subgroup of predominantly antibody deficiencies is a paradigm of how genetic and 

molecular dissection contribute to our understanding of human immunity and foster 

precision medicine (2). The IEI subgroup of autoinflammatory disorders, as exemplified 

by the activated stimulator of interferon genes (STING) syndrome (3), similarly provides 
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fundamental insight into inflammation that has impacted the anti-inflammatory treatment of 

high prevalence disorders such as coronavirus disease 2019 (COVID-19)(4, 5).

The type I interferon-inducible oligoadenylate synthetase 1 (OAS1) is a member of the 

OAS protein family sharing structural and functional homology to cyclic GMP-AMP 

(cGAMP) synthetase (cGAS) (6). Both OAS1 and cGAS initiate an antiviral immune 

response upon recognition of cytoplasmic foreign nucleic acids (6), i.e. viral double-stranded 

RNA (dsRNA) (7) and viral double-stranded DNA (dsDNA) (8), respectively. Both proteins 

are template-independent nucleotidyltransferases and produce the second messengers 2’−5’­

oligoadenylate (2–5A) (9) and cGAMP (10), respectively. 2–5A activates RNase L which 

degrades viral and cellular RNA thereby interfering with viral propagation (11). cGAS 

activates STING and induces the expression of multiple antiviral genes (12). Activating 

variants in STING cause an autoinflammatory IEI (3). OAS1 is linked to pulmonary alveolar 

proteinosis (PAP) with hypogammaglobulinemia (13), however, specific mechanistic and 

pathophysiological insights necessary to demonstrate causality of this genotype-phenotype 

association are lacking.

Here, we demonstrated that four different heterozygous OAS1 gain-of-function (GOF) 

variants cause a polymorphic autoinflammatory immunodeficiency that can be cured by 

allogeneic hematopoietic cell transplantation (HCT). We identified RNase L-mediated RNA 

cleavage as the underlying disease mechanism and human OAS1 as critical regulator of 

interferon-induced hyperinflammatory monocyte and B-cell pathophysiology.

Results

A polymorphic autoinflammatory immunodeficiency with de novo heterozygous OAS1 
variants

We evaluated six unrelated patients (patient 1–6, abbreviated in the figures as P1-P6; 

patient 5 has been previously reported (13)) born to non-consanguineous healthy parents 

of variable ethnicities (Fig. 1A and Tab. S1). All six patients presented with an early­

onset disorder characterized by recurrent fever, ulcerative skin rash (Fig. 1B), viral-like 

airway infection, and diarrhea (Tab. S1). Radiological and histological analyses showed 

mild interstitial lung disease and PAP, dermatitis with mononuclear inflammation, and non­

specific gastrointestinal inflammation (Fig. 1C–E, Tab. S1 and Fig. S1). Peripheral blood 

T-cell count was normal, but monocytes and B-cells were low (during flares) to normal 

(in remission), and all patients had hypogammaglobulinemia (Tab. S1). All patients had 

respiratory insufficiency and poor weight gain or failure to thrive despite multiple lines of 

conservative treatment (Tab. S1). Four patients were treated with allogeneic HCT leading 

to correction of the clinical phenotype in two (Fig. 1E, Fig. S1B), while one succumbed 

to complications, and another to chronic graft-versus-host disease (Tab. S1). Patient 5 (13) 

deceased prior to and patient 6 was awaiting allogeneic HCT at the time of this study (Tab. 

S1).

Exome sequencing from DNA extracted from PBMCs (patient 1–6) and Sanger validation 

from DNA extracted from fibroblasts (patient 1–4), buccal swabs (patient 6) and PBMCs 

(patient1,5–6) identified four de novo heterozygous OAS1 missense variants (OAS1-A76V, 
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OAS1-C109Y, OAS1-V121G, OAS1-L198V) and excluded hematopoietic mosaicism (Fig. 

1A, Fig. S1A). Minor allele frequencies of 0.00000 (Tab. S2), the Combined Annotation­

Dependent Depletion (CADD) (14), and the Mutation Significance Cutoff (MSC) (15) 

algorithms predicted all but OAS1-L198V to be disease-causing (Tab. S2). Phylogenetic 

analysis showed close relation of the human OAS1 gene with those of non-human placental 

mammals (Fig. 1F) and logo plot analysis revealed high conservation of all four amino acids 

and their adjacent sequences (Fig. 1G).

OAS1 wild-type (WT) protein expression in unstimulated monocytes, B-cells, and T­

cells from healthy donors (HD) peaked around day four of culturing and was further 

increased upon interferon (IFN)-α-, CpG-, or CD3/CD28-stimulation (Fig. 1H, Fig. S2A). 

Primary cells were available from patient 1 (having OAS1 A76V) and patient 6 (having 

OAS1 C109Y) and we detected A76Vlow and C109Ylow monocytes and B-cells, but 

not T-cells (Fig. 1H, Fig. S2A–B). When comparing unstimulated and CpG-stimulated 

B-cell subsets, we identified higher OAS1 expression in non-class-switched memory 

B-cells (IgD+CD27+), class-switched memory B-cells (IgD-CD27+), and plasmablasts 

(CD27+CD38+), as compared to naïve B-cells (IgD+CD27-) (Fig. 1I, Fig. S2C–D), but 

all B-cell subsets contained apparently pre-apoptotic-looking A76Vlow and C109Ylow cells 

(Fig. 1I) based on FSC and SSC (16).

Thus, the severe autoinflammatory immunodeficiency correlates with de novo heterozygous 

OAS1 missense variants and OAS1low monocyte and B-cell subsets and can be cured by 

allogeneic HCT.

Functional and transcriptomic alteration in OAS1-A76V and C109Y monocytes, B-cells, and 
T-cells

We performed cellular and transcriptomic studies on primary monocytes, B-cells, and T­

cells to analyze the link between the autoinflammatory immunodeficiency and the OAS1 
variant genotype. First, we assessed the capacity of OAS1-WT, A76V and C109Y CD19+ 

B-cells to proliferate and differentiate. While unstimulated and CpG-stimulated WT B-cells 

showed normal responses, A76V and C109Y B-cell proliferation and differentiation into 

non-class-switched memory B-cell, class-switched memory B-cells, and plasmablasts were 

impaired as indicated by CFSE-dilution and up-regulation of CD27 and CD38 (Fig. 2A–B). 

Next, we used unstimulated, CD3-, CD3/CD28-, and PMA/ionomycin-stimulated PBMCs 

to analyze CD4+ and CD8+ T-cell proliferation. As opposed to OAS-WT, A76V and 

C109Y T-cells had impaired activation and proliferation and activation as indicated by 

CD25 up-regulation and CFSE-dilution, especially after CD3- and, to a lesser extent, after 

CD3/CD28-stimulation (Fig. S3). To distinguish a defect in proliferation and differentiation 

from increased apoptosis, we probed the same conditions for apoptosis using cleaved PARP 

staining. While apoptosis in OAS1-WT, A76V, and C109Y total PBMCs and T-cells was 

comparable, there was increased apoptosis in A76V and C109Y monocytes and especially in 

differentiated B-cell subsets (Fig. 2C, Fig. S4–S5).

Reduced A76V and C109Y T-cell proliferation (Fig. S3) was not attributable to increased 

apoptosis (Fig. S5) in the assays using total PBMCs that, in addition to T-cells, contained 

monocytes and B-cells. Therefore, we analyzed FACS-sorted CD4+ and CD8+ T-cell 
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proliferation in a mixed lymphocyte reaction with allogeneic B-cell-stimulation (Fig. S6). In 

the absence of monocytes and B-cells, CD3-stimulation alone did not induce activation 

and proliferation of OAS1-WT or A76V T-cells as illustrated by CD25 up-regulation 

and CFSE-dilution (Fig. 2D). However, A76V T-cell activation and proliferation were 

intact as indicated by CD3/CD28- and allogeneic OAS1-WT B-cell-stimulation, but A76V 

B-cells failed to induce activation and proliferation of allogeneic wild-type T-cells that 

properly responded to CD3/CD28-stimulation (Fig. 2D, Fig. S7), pointing toward defective 

co-stimulation of OAS1 A76V and C109Y B-cells and monocytes.

Next, we performed poly-A-selection based RNA-sequencing on FACS-sorted OAS1-WT 

and A76V monocytes, B-cells, and T-cells (Fig. S8). We found A76V allele expression in 

50% of T-cells, 43% of B-cells and 17% of monocytes (Fig. S9) thereby excluding nonsense 

mediated decay. The reduced A76V allele expression in monocytes might reflect a selective 

survival disadvantage inferred by the variant allele as these cells showed the strongest 

propensity towards apoptosis (Fig. 1H and 2C). Compared to OAS1-WT, A76V monocytes, 

B-cells, and T-cells differentially expressed 2,455, 1,179, and 1,135 genes, respectively 

(Fig. 2E, Tab. S5). Gene ontology (GO) term enrichment analysis revealed 21 functional 

groups for monocytes, 16 for B-cells, and 14 for T-cells when focusing on clusters related 

to immune function with >10 differentially expressed genes (DEG) with a P-value <0.05 

(Fig. 2F, Tab. S5). Heat maps for particular GO clusters further illustrated a global defense 

response to virus and a type I IFN signature and detailed the apoptotic process in monocytes 

and B-cells (Fig. S10). Translation was globally suppressed in monocytes, and to a lesser 

extent in B-cells, while T-cell co-stimulation and antigen processing and presentation 

signatures were altered in monocytes and T-cells (Fig. S10).

Therefore, and as illustrated by primary A76V and C109Y cells, the autoinflammatory 

immunodeficiency was linked to the OAS1 genotype by increased spontaneous and 

stimulation-dependent apoptosis of monocytes and B-cells. This resulted in impaired B-cell 

proliferation, differentiation, and co-stimulation; impaired monocyte translation initiation, 

co-stimulation, and antigen presentation; and a type I IFN- and defense to virus-signature in 

monocytes, T-cells, and B-cells.

Interferon-α induced RNase L-dependent dysfunction of monocytes and iPSC-derived 
macrophages

To understand the pathophysiology of PAP, we analyzed primary CD14+ monocyte function 

by measuring STAT5 phosphorylation in unstimulated, GM-CSF-, IL-3-, and pervanadate 

(PV)-stimulated OAS1-WT, A76V, and C109Y cells. GM-CSF-receptor-expression (Fig. 

S11) and STAT5 phosphorylation after GM-CSF- and IL-3-stimulation were reduced in 

A76V and C109Y monocytes, but normal in OAS1-WT and unstimulated and PV-stimulated 

cells (Fig. 3A). Additionally, primary alveolar macrophages from patient 5 (having OAS1 

L198V) that were derived from CD14+ monocytes and were uniquely available after 

bronchoalveolar lavage, showed reduced phagocytosis as compared to OAS1-WT cells (Fig. 

3B).

To overcome the scarcity of primary cells and to better understand the monocyte/

macrophage disorder, we generated primary OAS1-WT and L198V or gene-edited knock­
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in (KI) L198V and C109Y CD34+ hematopoietic stem cell-derived inducible pluripotent 

stem cells and differentiated them into macrophages (iPSC-MΦ) (Fig. S12). As viral-like 

bronchitis preceded the development of PAP (Tab. S1) and OAS1 expression is induced 

by type I IFNs, we compared unstimulated and IFNα-stimulated iPSC-MΦ. Unstimulated 

primary L198V iPSC, and L198V and C109Y KI iPSC-MΦ showed decreased adhesion, 

cell clustering, and increased floating single cells (FSC) as compared to OAS1-WT iPSC­

MΦ (Fig. 3C). IFNα-stimulation further augmented the frequency of FSC (Fig. 3C) and lead 

to a pre-apoptotic phenotype based on FSC and SSC (16) and as exemplified by L198V 

iPSC-MΦ (Fig. 3D). To test whether the increase in FSC was mediated by RNase L, we 

treated iPSC-MΦ with curcumin, a noncompetitive inhibitor of RNase L (17). Curcumin 

inhibited the IFNα-induced increase of FSC in OAS1-WT, L198V and C109Y iPSC-MΦ 
(Fig. 3E). As observed in primary L198V alveolar macrophages, L198V iPSC-MΦ showed 

reduced phagocytosis of PE-latex beads (Fig. 3F), and reduced expression of multiple 

surface scavenger receptors (Fig. 3G) after IFNα-stimulation.

To understand the transcriptional consequences of variant OAS1 mediated monocyte/

macrophage dysfunction, we performed poly-A-selection based RNA-sequencing from 

unstimulated and IFNα-stimulated OAS1-WT and L198V iPSC-MΦ. Mean average (MA) 

plot visualization of DEG with a false discovery rate (FDR) <0.05 showed a few DEG 

between unstimulated (124 down- and 15 up-regulated), but numerous DEG between IFNα­

stimulated (1960 down- and 299 up-regulated) OAS1-WT and L198V iPSC-MΦ (Fig. 3H). 

Kyoto Encyclopedia of Genes and Genomes (KEGG)-based gene set enrichment analysis 

(GSEA) identified no up-regulated, but 10 down-regulated gene sets in IFNα-stimulated 

L198V iPSC-MΦ (Fig. 3I). In particular, expression of ribosomal and transfer RNAs, 

phagocytosis-, lysosomal-, antigen-presentation-, cytoskeletal, and glucose metabolism­

related gene sets were decreased (Fig. 3I, Fig. S13).

Thus, primary monocytes/macrophages and IFNα-stimulated variant OAS1 iPSC-MΦ 
displayed impaired cell adhesion and clustering, scavenger receptor expression, and 

phagocytosis in a RNase L-dependent manner that correlated to down-regulated concomitant 

gene sets.

OAS1-GOF 2–5A synthetase activity- and RNase L-dependent cellular RNA degradation, 
protein translational arrest, and apoptosis

To understand the molecular mechanisms of monocyte/macrophage and B-cell dysfunction 

and apoptosis, we FACS-sorted unstimulated primary OAS1-WT, A76V and C109Y cells 

(Fig. S8), isolated cellular RNA from monocytes, B-cells, and T-cells, and analyzed 

RNA degradation to calculate the RNA integrity number (RIN) (18). While OAS1-WT 

cells uniformly had intact cellular RNA, A76V and C109Y monocytes and B-cells, but 

not T-cells, displayed RNA degradation (Fig. 4A–B) that resembled RNase L-mediated 

degradation (19).

To test the hypothesis of OAS1-GOF-based activation of RNase L, we expressed 

recombinant OAS1-WT and OAS1-MUT (A76V, C109Y, V121G, L198V) proteins in E. coli 

BL21(DE3) as N-terminal 6xHis- SUMO fusions, purified them as described previously(20–

22) nd tested their ability to synthesize 2–5A in the presence and absence of poly(rI:rC)­
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dsRNA. In the presence of dsRNA, each OAS1-MUT protein except L198V, showed 

reduced 2–5A synthesis compared to OAS1-WT indicating a potential protein instability­

related reduced ligand-dependent activation (Fig. S14A). As the effects of OAS1-MUT 

observed in cell-based assays, however, did not appear to have their origin in dsRNA­

induced reduced enzyme activity, we inspected the basal activity of each OAS1-MUT 

enzyme in the absence of dsRNA. As compared to OAS1-WT, OAS1-MUT enzyme activity 

consistently appeared above background (Fig. 4C). We compared OAS1-WT, A76V, and 

L198V activity in the absence of dsRNA at different protein concentrations (C109Y and 

V121G could not be analyzed because of instability of the purified proteins). We observed 

2–5A synthesis in a protein concentration- and time-dependent manner for A76V and 

L198V, but not OAS1-WT (Fig. 4D) further confirming their GOF 2–5A synthetase activity.

As the ligand-independent OAS1-MUT activity produced very small amounts of 2–5A in 
vitro, we asked if this was sufficient to explain the observed RNase L-activity of OAS1­

MUT cells. We transiently co-transfected HEK293T cells with the 2–5A biosensor V6 or 

the non-functional variant V6-Y312A (23) together with OAS1-WT or OAS1-MUT, and 

analyzed these cells in the presence and absence of exogenous poly(rI:rC) dsRNA (Fig. 4E). 

As compared to OAS1-WT, OAS1-MUT cells had increased 2–5A production, that further 

increased after poly(rI:rC)-dsRNA treatment (Fig. 4E). To check for RNase L-dependency, 

we transiently co-transfected 1205Lu melanoma wild-type (WT) and RNase L knockout 

(KO) cells that have no constitutive OAS1, 2, and 3 expression, with OAS1-WT or OAS1­

MUT in combination with an eGFP reporter gene (Fig. S14B). While OAS1-WT did not 

induce RNA degradation, OAS1-MUT proteins induced the same RNA degradation pattern 

as observed in primary monocytes and B-cells in a RNase L-dependent manner (Fig. 4F).

Since OAS1/RNase L pathway-activation leads to translational arrest and subsequently 

to apoptosis, we studied the impact of OAS1-MUT on cellular translational activity and 

viability. First, we transfected 1205Lu melanoma WT and RNase L KO cells with OAS1­

WT and OAS1-MUT. Next we analyzed eGFP reporter gene expression, translational 

activity through surface sensing of translation (SUnSET) (24), that relies on the amount 

of puromycin incorporated into newly translated proteins, and apoptosis by flow cytometry. 

While there was no difference in eGFP expression and translational activity between RNase 

L WT and KO cells upon expression of OAS1-WT, transfection of OAS1-MUT proteins 

led to significantly reduced expression of eGFP and translational activity in WT, but not 

KO cells (Fig. 4G–H). Concurrently, and in line with our finding in primary monocytes and 

B-cells (Fig. 2B), we observed apoptosis upon OAS1-MUT transfection in RNase L WT but 

not in KO cells (Fig. 4I, Fig. S14C–D).

Thus, OAS1-MUT proteins displayed dsRNA-independent GOF 2–5A synthetase activity 

that led to RNase L-dependent RNA degradation, translational arrest, and cellular apoptosis. 

While L198V displayed the weakest GOF activity followed by A76V, C109Y and V121G 

had stronger activity which was hampered by protein instability.
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dsRNA-independent OAS1-GOF 2–5A synthetase activity favored by allosteric loss of 
structural constraints

Residues A76, C109, and V121 distributed across the OAS1 N-lobe β-sheet-core and 

adjacent α-helices, while residue L198 located in the OAS1 C-lobe. All four residues 

located in regions of the protein that under dsRNA-induced conformational changes or local 

reorganization (25–27). To gain initial insight into the potential disruption of local protein 

structure for each OAS1-MUT substitution, we first generated in silico models of each 

amino acid substitution (Fig. S15). Although there is a structure available of human OAS1 

bound to dsRNA, we used porcine OAS1 (pOAS1) in its free and dsRNA-bound forms 

for direct comparisons of both protein conformational states since the overall structure, the 

OAS1-MUT residues, and their interaction partners were conserved (Fig. S15) (25–27).

Upon dsRNA-binding, A76 shifted into a hydrophobic pocket formed by the adjacent β­

strands and α2-helix, forming new interactions that might have been more readily promoted 

by the bulkier V76 side chain in the absence of dsRNA (Fig. S15A–F). Thus, the A76V 

substitution could promote formation of a more dsRNA bound-like structure in this region 

of the protein. C109 was located on the α2: α3 interface in a hydrophobic pocket and 

substitution with the bulkier Y109 would have disrupted these interactions and force the 

two α-helices apart (Fig. S15G–H). Similarly, V121 was sequestered in a predominantly 

hydrophobic pocket formed by residues of the α3-helix and the β-sheet-core but, in this 

case, its substitution with the smaller G121 would have eliminated these interactions 

destabilizing the protein in this critical region (Fig. S15I–J). Thus, both Y109 and G121 

may have disrupted the protein structure in a manner that relieves constraints on the 

dsRNA-free OAS1 structure that ordinarily requires dsRNA binding. Finally, L198 was 

located in a predominantly hydrophobic pocket of the OAS1 C-lobe that upon dsRNA­

binding underwent complex conformational changes mediated by E233 and resulting in the 

displacement of K65 and R194 (Fig. S15K–M). The dsRNA-free and catalytically inactive 

OAS1 conformation was stabilized by an inhibitory clash between L198 and K65 the 

pro-catalytic repositioning of which might have been facilitated by the smaller V198 (Fig. 

S15N).

To test how the different OAS-MUT substitutions might have manifested as a common GOF 

outcome, we used molecular dynamics simulations to assess and compare protein dynamics 

of the wild-type and the four variant proteins. First, we compared overall root-mean-square 

deviation (RMSD) for all protein backbone atoms over the 100 ns production run of the MD 

simulation (Fig. 5A). These analyses revealed that each of the OAS-MUT proteins exhibited 

higher RMSD over the simulation reflecting a globally more dynamic nature than OAS-WT. 

The differences were most apparent for A76V, C109Y and V121G, and less in L198V, 

consistent with its lower measure activity in the absence of dsRNA. To identify specific 

regions of OAS-MUT that exhibited altered dynamics, we examined the residue root-mean­

square fluctuation (RMSF) for backbone atoms and calculated difference RMSF for each 

variant by subtraction of the OAS-WT values (Fig. 5B–C). For each protein’s difference 

RMSF, we calculated the standard deviation for all residues and used a 2σ cut-off for the 

most significant changes in each OAS-MUT and mapped these residues onto the pOAS1 

structure in its dsRNA-bound conformation (Fig. 5D–E). This analysis revealed that despite 
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their distinct locations in OAS1, each OAS-MUT substitution caused changes in protein 

dynamics shared by each OAS-MUT. While some substitutions induced local perturbations 

as expected (e.g., C109Y in α3 and V121G in the β-sheet core of the OAS1 N-lobe), most 

increases in protein dynamics were induced allosterically in more distant protein regions, in 

particular surrounding the enzyme active site (Fig. 5D). Further supporting the idea that such 

induced changes were one pathway for weak GOF activity, we also observed allosterically 

induced decreases in protein flexibility in the core of the protein (centered around the loop 

containing R70) and more distantly at the base of the C-lobe. Again, many of these distant 

changes were common to all OAS-MUT substitutions and some were located in regions that 

form more extensive interactions in the dsRNA-bound conformation compared to free OAS1 

(such as the R70 loop).

In summary, while each of the local structural perturbations caused by the OAS-MUT 

substitutions were likely distinct, a common feature of all OAS1-MUT proteins appeared 

to be the loss of constraints that favor adoption of the activated conformation by OAS1, 

independent of dsRNA. As such, these variant OAS1 proteins might have been partially 

able to adopt a dsRNA-bound-like conformation which resulted in the observed constitutive 

OAS1-GOF 2–5A synthetase activity (Fig. 5F).

Discussion

We report a polymorphic autoinflammatory immunodeficiency with recurrent 

fever, dermatitis, inflammatory bowel disease, pulmonary alveolar proteinosis, and 

hypogammaglobulinemia that was caused by de novo heterozygous OAS1 GOF variants. 

Upon type I IFN-induced expression in response to common infectious agents, OAS1­

GOF variants inappropriately synthetized 2–5A independent of dsRNA-binding and 

induced RNase L-mediated cleavage of cellular RNA leading to transcriptomic alteration, 

translational arrest, dysfunction and apoptosis of monocytes, iPSC-derived macrophages, 

and B-cells. The ensuing hypogammaglobulinemia may cause susceptibility to infection 

while monocyte and tissue macrophage dysfunction may cause accumulation of pro­

inflammatory damage-associated molecular patterns. Recent findings indicate that dsRNA­

mediated activation of the OAS1/RNase L pathway induces rapid degradation of global 

mRNAs, but spares innate immunity mRNAs such as IFNs and IFN-stimulated genes 

(ISGs) (23, 28, 29). The resulting selective transcription and translation of innate immunity 

mRNAs and proteins combined with a translational arrest of metabolic and housekeeping 

genes may create a positive feedback loop that builds up an inflammatory immune 

response (28, 29). In line with this, our findings on OAS1-GOF point towards an initial 

IFN-induced expression of ISGs including OAS1 that was followed by a self-sustaining 

autoinflammatory and immunodeficiency vicious circle. Based on the mechanistic findings 

of OAS1/RNase L-mediated systemic inflammation that have been detailed before (23, 28, 

30), we thus described a disease entity of IFN-induced OAS1/RNase L pathway-mediated 

hyperinflammatory monocyte and B-cell dysfunction that in vitro could be modulated by 

RNase L-inhibition with curcumin and that could cured by allogeneic HCT in some patients. 

In parallel with the previously identified STING-associated vasculopathy with onset in 

infancy (SAVI) (3), we name this IEI OAS1-associated polymorphic autoinflammatory 

immunodeficiency disorder (OPAID).
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All reported pathogenic OAS1 variants are de novo, absent from genomic databases and 

cause highly lethal early-onset OPAID, thereby indicating that OAS1 activity requires tight 

limitation. A human splice site polymorphism reducing OAS1 activity has been reported 

(30) and several primates have evolved OAS1 loss-of-function orthologs (31). However, 

reduced OAS1 activity is associated with increased risk of viral infections (32) and immune 

dysregulation (33). Taking into account the cost-benefit ratio of immune defense versus 

longevity and fecundity, there is no obvious evolutionary reason for human OAS1-low­

activity alleles (31). The severe systemic and cellular consequences of OAS1-GOF showed 

here that monocytes and B-cells were particularly susceptible towards OAS1/RNase L 

pathway activation. Both cell types are professional antigen presenting cells, but also exert 

immune cell effector functions that depend upon proliferation, differentiation and migration 

into lymphoid and non-lymphoid tissues (34, 35). While further analyses are needed to 

understand the molecular mechanisms and functional properties of the OAS1/RNase L 

system in monocytes and B-cells as opposed to T-cells and extra-hematopoietic cells, we 

speculate that it might constitute a cell intrinsic immune checkpoint to balance the need for 

antigen-presentation and the risk of antigen-spreading by deleting cells that exceed a certain 

signaling threshold induced by foreign dsRNA.

Besides its role in anti-viral immunity, OAS1 has been found to mediate apoptosis of 

thymic pre-T-cells that have not succeeded in productive TCR-beta recombination (36). 

We show that differentiating B-cells undergoing class-switch-recombination and somatic 

hypermutation have increased OAS1 expression and are prone to OAS1/RNase L-mediated 

apoptosis. Although the mechanism of interferon-receptor expression and signaling, 

OAS1 up-regulation, putative endogenous ligands and negative-regulators in pre-T-cells, 

differentiating B-cells, and likely also pre-B-cells, are not clear, we envision a critical role 

for OAS1 in shaping the adaptive immunity TCR- and BCR-repertoire. In line with that 

is the current identification of STING as a critical regulator of TCR-dependent calcium 

homeostasis and the finding that STING-GOF variants lead to increased T-cell apoptosis and 

inflammatory lung disease (37). Additional analyses are necessary to study the impact of 

OAS1 GOF variants in thymocyte, B-cell precursor and plasma cell differentiation models.

In acute COVID-19 germinal centers are lost in lymph nodes and spleens upon 

increased tumor necrosis factor (TNF) α production and this leads to an inefficient 

humoral immune response (38), a mechanism that is reminiscent of B-cell apoptosis and 

hypogammaglobulinemia in OAS1 GOF. A systematic review describes OAS1 as a gene 

influencing coronavirus-associated phenotypes (39). A single cell atlas and a systems 

biology assessment identify enhanced ISG-expression including OAS1 and downregulation 

of genes related to antigen presentation in monocytes in severe COVID-19 (40, 41). 

Consequently, we envision that OAS1/RNase L-targeted anti-inflammatory treatment with 

curcumin (5, 42) in IFN-induced hyperinflammatory monocyte and B-cell pathophysiology 

might allow for a more successful clinical management of these high prevalence disorders.
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Materials and methods

Study design

The objective of this study was to elucidate the pathophysiology of an unexplained 

polymorphic autoinflammatory immunodeficiency associated with de novo heterozygous 

OAS1 variants. We evaluated in silico genetic and molecular dynamics simulation analyses. 

We cloned, expressed and purified variant OAS1 proteins and determined their enzymatic 

activity in vitro. We analyzed their impact on RNA metabolism and cell survival in a 

heterologous cell system. To further study the consequences of mutant OAS1 on B-cells, 

monocytes, and macrophages, we used primary human cells and inducible pluripotent stem 

cell derived macrophages by RNA-sequencing and particular biochemical and cell biological 

techniques. Based on these findings we established the rationale for curative patient 

treatment with allogeneic hematopoietic cell transplantation and delivered this service to 

eligible patients.

Patients

Legal guardians of the patients gave written informed consent according to current ethical 

and legal guidelines and the Declaration of Helsinki. The Institutional Review Boards at the 

Medical Faculty of the Ludwig-Maximilians-Universität München (project number 381–11), 

the Children’s Hospital of Philadelphia (CHOP 2001–4-2405), the Children’s Hospital Los 

Angeles (CCI 2006–00093), and the Tokyo Medical and Dental University (protocol number 

103 and 676) approved the study. Ethnic groups are defined as described in (43).

Genetics and sequence conservation analysis

Genomic DNA from peripheral blood mononucleated cells (PBMC) was used for whole 

exome sequencing (Agilent enrichment with Illumina sequencing). Rare variant detection 

and filtering were described previously (44). OAS1 sequence variants were validated by 

Sanger sequencing using specific primers (Tab. S3).

For phylogenetic analysis, OAS sequences were retrieved by BLAST search using human 

OAS1, 2, 3, and L as queries in UniProt. A set of 669 unique amino acid sequences was 

then selected by applying a 0.99% sequence identity cut-off in CD-HIT (45). This unique 

sequence set, corresponding to both known and hypothetical OAS1, 2, 3, and L proteins, 

were aligned with CLUSTAL omega and the alignment was subjected to phylogenetic 

inference using the unweighted pair group method with arithmetic mean (UPGMA) method 

in MEGA 6.0 to generate an OAS superfamily evolutionary tree (46). Calculations of 

A76, C109, V121, and L198 conservation were made using Geneious Prime for all OAS1 

sequences resulting from the process (336 sequences) and for the subclade containing 

human OAS1 (184 sequences) (47). Evolutionary distances (amino acid substitutions per 

site) were computed using the JTT matrix-based method and the rate variation among sites 

was modeled with a gamma distribution (shape parameter = 1). All positions with less than 

95% site coverage were eliminated from the calculations.
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Cell culture and stimulation

PBMC were isolated by density gradient centrifugation using Ficoll-Hypaque (Biochrom, 

Berlin, Germany) and maintained in RPMI1640 supplemented with 2mM Glutamax, 

100U/ml penicillin, 100μg/ml streptomycin and 10% FCS (Thermo Fisher Scientific, 

Waltham, USA) at 37°C and 5% CO2. For T- and B-cell proliferation PBMC were labeled 

with 2.5μM carboxyfluorescein succinimidyl ester (CFSE, Thermo Fisher Scientific). For 

analysis of T-cell proliferation and apoptosis PBMC were stimulated with anti-CD3-coupled 

beads (anti-Biotin MACSiBeads, Miltenyi Biotec coupled with Biotin-anti-CD3, OKT3) at a 

ratio of 5:1 with and without 1μg/ml CD28 (CD28.2, both Thermo Fisher Scientific) or with 

0.5ng/ml phorbol 12-myristate 13-acetate (PMA) and 1μM ionomycin (Sigma Aldrich, St. 

Louis, USA). For analysis of B-cell proliferation and apoptosis PBMC were stimulated with 

50nM CpG (ODN 2006, InvivoGen, San Diego, USA). OAS1-expression was induced by 

stimulation with 1×104U/ml IFN-α2a (Miltenyi Biotec, Bergisch Gladbach, Germany). For 

detection of phosphorylated STAT5 PBMC were stimulated with GM-CSF (10ng/ml), IL-3 

(200ng/ml), and pervanadate (500μM) for 20min at 37°C. Titration curves of stimulation 

reagents (Fig. S16) and gating strategy (Fig. S17) are shown in the Supplementary 

Appendix.

Flow cytometry and fluorescence activated cell sorting

B-cell proliferation and differentiation were measured by labeling PBMC with PC7-anti­

CD19 (J3–119, 1:50, Beckman Coulter, Brea, USA), PE-anti-CD27 (L128, 1:25), APC-anti­

CD38 (HIT2, 1:12.5) and BV421-anti-IgD (IA6–2, 1:100, Becton Dickinson (BD), San Jose, 

USA). Intracellular staining of cleaved-PARP was performed using Cytofix/Cytoperm buffer 

set and A647-anti-cleaved-PARP (Asp-214, 1:20) after surface staining with APC-H7-anti­

CD3 (SK7, 1:50), PE-anti-CD14 (MφP9, 1:6.25) all BD and PC7-anti-CD19 (J3–119, 1:50, 

Beckman Coulter). T-cell proliferation was measured by labeling PBMC with APC-H7­

anti-CD3 (SK7, 1:50), APC-anti-CD4 (SK3, 1:50), PacB-anti-CD8 (RPA-T8, 1:50) and 

PE-anti-CD25 (M-A251, 1:25) all from BD. For analysis of T- and B-cell apoptosis PBMC 

were additionally stained with FITC-anti-Annexin-V (1:25) and 7-amino-actinomycin-D 

(7-AAD, 2.5μg/ml) all BD. For OAS1-expression analysis in PBMC Cytofix/Cytoperm 

(BD) buffer set and anti-OAS1 (F-3, 10μg/ml, Santa Cruz, Dallas, USA), mouse-IgG (MG1–

45, 10μg/ml, BioLegend, San Diego, USA) as isotype control and mouse FITC-conjugated 

secondary antibody (RMG1–1, 1:200, BioLegend) were used followed by blocking with 

normal mouse IgG (Thermo Fisher Scientific) and surface staining with APC-H7-anti-CD3 

(SK7, 1:25), PE-anti-CD14 (MφP9, 1:6.25) and PC7-anti-CD19 (J3–119, 1:50, Beckman 

Coulter). For phospho-flow analysis PBMC were fixed and permeabilized with fixation 

buffer (Thermo Fisher Scientific) in 90% methanol followed by staining with A647-anti­

phospho-STAT5 (47/Stat5, 1:10), PerCP-anti-CD3 (SK7, 1:20) and FITC-anti-CD14 (MφP9, 

1:20) all BD. Gates were set on single CD14+ monocytes. Data was acquired on a BD 

FACSCanto II flow cytometer and data analysis was performed with FlowJo software 

(TreeStar, Ashland, USA). Gating strategies are shown in Fig. S17. Monocytes, T- and 

B-cells were stained with APC-anti-CD14 (M5E2, 1:10), FITC-anti-CD3 (SK7, 1:10) and 

PC7-anti-CD19 (J3–119, 1:10, Beckman Coulter) and sorted using a BD FACSAria cell 

sorter II (Fig. S6 and S8).
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Protein expression, in vitro activity, and structural analyses

Human OAS1 proteins were expressed in E. coli BL21(DE3) as N-terminal 6xHis-SUMO 

fusions and purified as described previously (20–22). More information is available in the 

supplement.

OAS1 RNA expression analysis

Briefly, cell lineages and B-cell subpopulations were sorted on a BD FACSAria cell sorter 

II and total RNA was purified by RNeasy Micro Kit (Qiagen). The RNA-seq library was 

constructed by NEBNext Ultra RNA Library Prep Kit for Illumina (New England Biolabs) 

and sequenced by Hiseq 1500 with single read 50 cycle kit (Illumina). The obtained 

sequence data was mapped to human genome (hg38) by TopHat2 and transcripts by RefSeq 

data. Fragments per kilobase of transcript per million mapped reads (FPKM) calculation was 

performed with cufflinks 2.2.1. More information is available in the supplement.

Human iPSC generation and gene editing

Human CD34+ hematopoietic stem cell-derived inducible pluripotent stem cells (iPSC) were 

generated as previously described (48). To verify iPSC integrity, karyotype (G-banding), 

pluripotency (qPCR for OCT4 and NANOG), and tri-lineage differentiation capacity 

[qPCR for PAX6, SOX1, SOX17, FOXA2, TBXT, and NCAM (STEMdiff™ Trilineage 

Differentiation Kit, STEM CELL Technologies, Vancouver, Canada)] were analyzed. T- 

and B-cell origin of the iPSCs was excluded by TCRB or IGH Gene Clonality Assay 

(Invivoscribe Technologies, San Diego, USA).

Gene editing of iPSCs was done with the single nicks in the target gene and donor 

plasmid (SNGD) method as previously described (49). More information is available in 

the supplement.

Human iPSC-derived macrophage differentiation

Differentiation of iPSCs into hematopoietic stem cells (HSC) was performed as previously 

described (50). More information is available in the supplement.

Phenotypic and functional analyses of human iPSC-derived macrophages

Surface marker expression of iPSC-derived macrophages was analyzed by flow cytometry 

on a LSRFortessa flow cytometer (BD, Franklin Lakes, USA) with CD11b-PE/Cy5 

(#301307), CD14-APC (#301807), CD36-APC/Cy7 (#336213), CD36L1-PE (#363203), 

CD64-Pacific Blue (#305017), CD68-PE/Cy7 (#333815), CD115-APC (#347305), CD116­

PE (#305908), CD163-FITC (#333617), CD204-APC (#371905), CD206-Alexa Fluor 700 

(#321131) (all Bio Legend, San Diego, USA), and CD16-FITC (#130–106-761) (Miltenyi 

Biotec, Bergisch Gladbach, Germany) antibodies and evaluated with FlowJo (BD, Franklin 

Lakes, USA). iPSC-derived macrophages were stimulated with 1,000 IU/mL (f/c) of human 

recombinant IFNα (R&D Systems, Minneapolis, USA) for indicated time points. Singlet 

live cells were gated by FSC/SSC profile, and then CD14 positive macrophages were 

FACS-sorted. Mean fluorescence Intensity (MFI) of these surface markers were compared 

within the samples.

Magg et al. Page 13

Sci Immunol. Author manuscript; available in PMC 2021 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



For analysis of phagocytosis activity, iPSC-derived macrophages were incubated with PE­

labeled latex beads (Sigma #L3030, Sigma-Aldrich, St. Louis, USA) for three hours with 

intermittent stirring. Then, all cells were harvested, washed once, and stained with CD14­

APC (#301807, BioLegend). Intracellular PE-labeled latex beads were analyzed by flow 

cytometry on a LSR Fortessa flow cytometer. Singlet live cells were gated by FSC/SSC 

profile, and then CD14 positive macrophages were FACS-sorted. Percentages of PE-positive 

cells were compared within the samples.

Phagocytosis activity of alveolar macrophages was analyzed as previously described (51). 

In brief, isolated alveolar macrophages were incubated with 0.5% PE-labelled latex beads 

(Sigma-Aldrich) for 30 minutes and fixed in 4% in paraformaldehyde. Then, cells were 

stained with Syber green (Dojindo Laboratories, Kumamoto, Japan) and analyzed by a 

confocal laser microscope (Carl Zeiss Inc., Oberkochen, Germany).

Cell culture analysis of OAS1 variants

The OAS1 gene was amplified from cDNA of IFN-stimulated 1205Lu human melanoma 

cells (provided by R. Besch, University Hospital, LMU Munich, Germany) and subcloned 

into pCR4. OAS1 mutants were produced by Q5 mutagenesis (New England Biolabs, 

Ipswich, USA), verified by Sanger sequencing, and a T2A-eGFP cassette was introduced by 

Gibson Assembly cloning (New England Biolabs). OAS1-WT and mutant OAS1-T2A-eGFP 

were cloned into pcDNA3.1 and transiently transfected into 1205Lu cells using TransIT-X2 

Transfection Reagent (Mirus, Wisconsin, USA).

1205Lu RNaseL knockout cells were generated by transient expression of rationally 

engineered enhanced Cas9(1.1) nucleases with improved specificity together with a single­

guide (sg) RNA (5’-GCCGAGTTGCTGTGCAAACG-3’) targeting exon 2 of RNASEL 
from a T2A-Puro-modified eSpCas9(1.1) plasmid [a gift from Feng Zhang (Addgene 

plasmid # 71814)] (52). Transfected cells were enriched by puromycin selection and single­

cell clones were established by limiting-dilution cultivation. Knockout cells were validated 

by next-generation sequencing of the target locus applying the OutKnocker web tool and 

via western blotting (anti-RNaseL antibody from CST, 27281S) (53). More information is 

available in the supplement. 1205Lu cells were cultivated in DMEM supplemented with 

10% bovine fetal calve serum (Thermo Fisher Scientific), L-glutamine (Sigma-Aldrich) 

and penicillin/streptomycin (Sigma-Aldrich) at 37°C and 5% CO2. 1205Lu cells were 

seeded at 12×104 cells per well in 96 well plates a day before transfection. Transfection 

was performed at a ratio of 250ng of plasmid DNA to 0.75μl TransIT-X2 Transfection 

Reagent (Mirus) per ml culture volume according to the manufacturer’s protocol. For 

dsRNA stimulation, 1μg of poly(rI:rC) [poly(I:C) (HMW), Invivogen] was complexed using 

2.5μl of Lipofectamine RNAiMAX (Thermo Fisher Scientific) per ml of culture medium 

according to manufacturer’s recommendations. Cells were STR-typed and regularly tested 

for mycoplasma contamination using MycoAlert™ Mycoplasma Detection Kit (Lonza, 

Basel, Switzerland).

To quantify apoptosis induction and GFP-expression, cells were stained 48h after plasmid 

transfection with PE- or APC- conjugated Annexin-V (1:50; Immunotools, Friesoythe, 

Germany) or Violet Live Cell Caspase Probe (1:1250; BD) together with Fixable Viability 
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Dye eFluor 780 (1:5000, Thermo Fisher Scientific) and analyzed by flow cytometry (BD 

LSR Fortessa). To measure RNA integrity, total RNA was isolated 20h after plasmid 

transfection using Total RNA Kit, peqGOLD (VWR International, Radnor, USA). 5ng of 

RNA were analyzed on an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, 

USA) using Agilent RNA 6000 Pico Kit (Agilent Technologies).

Global translational activity was measured by SUnSET (24). Cells were seeded at 2×105 

per well in 6 well plates one day prior to treatment. Transfection of plasmid DNA was 

performed in 1mL of culture medium at 250ng/ml. 24h after plasmid transfection, all 

experimental conditions were pulsed with 1μg/ml puromycin in complete medium for 

30min, followed by a chase in puromycin-free medium for 1h to facilitate detection of 

labeled proteins at the cell surface. For FACS analysis cells were detached by scraping, 

washed once and stained with anti-puromycin-AF647 antibody (12D10, 1:200; Merck).

RNA degradation and sequencing

Total RNA was isolated from sorted cells using Qiazol lysis reagent and RNeasy Mini 

Kit (Qiagen, Hilden, Germany). RNA degradation was analyzed on RNA Pico chips using 

Agilent Bioanalyzer 2100 (Agilent) and RNA integrity number (RIN) was calculated (18). 

For primary PBMCs, Illumina RNA-Seq and data analysis was done as previously described 

(54). For iPSC-derived macrophages, poly-A tailed mRNA isolation, library preparation and 

quantification were performed with NEBNext kits (New England Biolabs, Ipswich, USA) 

following manufacturer’s instructions. Libraries were sequenced on a Lumin (Illumina, 

San Diego, USA) and transcriptome analysis was performed as previously described (55). 

Differentially expressed genes were assessed by edgeR and pathway analysis was performed 

by gene set enrichment analysis (GSEA) as previously described (56, 57).

Immunoblotting

Whole cell lysates were prepared from T-lymphoblasts, total protein was resolved by SDS­

PAGE, transferred to nitrocellulose membrane, and probed with anti-OAS1 (sc-374656, 

1:1,000), anti-Actin (sc-8432, 1:1,000) and goat anti-mouse IgG-HRP (sc-2005, 1:10,000, 

Santa Cruz, USA) as previously described (54).

In vivo 2–5A biosensor assay

Measurement of in vivo 2–5A synthesis was performed as previously described by Chitrakar 

et al (23). Briefly, we designed the 2–5A biosensor V6 (wild type) and V6-Y312A 

variant (lacking 2–5A binding capacity) and cloned them into pcDNA3.1 vector (GenScript, 

Piscataway, NJ, USA). HEK 293T cells were seeded into flat bottom white 96-well plates 

and grown to semiconfluency, and each V6 or V6–312A plasmid with OAS1 expressing 

plasmid (WT, C109Y, A76V, V121G, or L198V) were transfected using Lipofectamine 

3000 (Thermo Fischer Scientific). 24 hours after transfection, the cells were treated with 

D-luciferin ethyl ester (Marker Gene Technologies, Eugene, OR, USA) and with 2 μg/ml 

poly(rI:rC) dsRNA and luminescence was measured in 15-minute intervals over 6 hours on a 

TriStar LB941 plate reader (Berthold Technologies, Baden-Württemberg, DE).
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Curcumin RNase-L inhibition assays

0.2–0.3 × 106 iPSCs (OAS1-WT and OAS1-MUT) were subjected to terminal differentiation 

to macrophages in 24 well plates. Curcumin (FUJIFILM Wako Pure Chemical Corporation, 

Tokyo, Japan) was added to the culture at 25mM at 24 hours after initiation of differentiation 

and incubation was continued for another 24 hours. The cells were then cultured in the 

presence of IFN-α (1,000 IU/mL, R&D Systems, Minneapolis, USA) for 48 hours, at the 

end of which floating cells in the culture medium and viable adherent cells were counted 

under by microscopy. Cells were cultured in duplicate and the ratio of floating single cells 

(FSCs) and viable adherent cells were calculated for three independent experiments.

Molecular Dynamics (MD) Simulations

pOAS1 (PDB code 4RWQ) was used to generate in silico models for A75V, C108Y, 

V120G, and L197V variants, corresponding to the human OAS-MUT proteins A76V, 

C109Y, V121G, and L198V, respectively. The resulting structures were prepared using the 

Protein Preparation Wizard and molecular dynamics (MD) simulation were performed in 

Desmond using OPLS3e force field of the Schrödinger software (Schrödinger, New York, 

NY, USA). MD simulations were run in triplicate for all proteins with each set of runs 

initiated using a different initial velocity. Each system was first neutralized by adding 

sodium ions around the protein using the System Builder module. The neutralized protein 

was placed in TIP3P water, and random water molecules were substituted in order to obtain 

an ionic strength of 150 mM. Each solvated system was relaxed using a series of restrained 

minimization stages each of 1 ns duration: 1) all heavy atoms with force constant 1000 kcal/

molÅ2, all protein backbone atoms with 2) 100 kcal/molÅ2 and 3) 5 kcal mol kcal/molÅ2, 

and finally 4) with no constrains. Unrestrained MD simulations were then performed for 

120 ns, comprising 20 ns for equilibration followed by a 100 ns production run in the 

isothermal-isobaric (NPT) ensemble using Langevin thermostat and barostat with relaxation 

times of 1 and 2 ps, respectively. The equations of motion were integrated using multiple 

time steps for short-range (2 fs) and long-range (6 fs) interactions with a 10 Å cutoff 

applied for non-bonded interactions. RMSD and RMSF values were output directly from 

the production runs and plotted as the average of triplicates for each protein. Difference 

RMSF was calculated by subtracting the average RMSF for each residue in OAS-WT from 

the equivalent residue in each OAS-MUT. The standard deviation in each set of difference 

RMSF values was calculated after excluding five residues at each protein terminus and a 

cut-off of two standard deviations (2σ) used to identify the most significant changes within 

each difference RMSF calculation.

In silico substitutions of amino acids and structural images were made using PyMOL 

(Schrödinger, New York, NY, USA). These analyses used the structures of dsRNA-bound 

human OAS1 (PDB code 4IG8), dsRNA-bound porcine OAS1 (PDB code 4RWN), and free 

porcine OAS1 (PDB code 4RWQ).

Statistics

Statistical analysis was done with the software environment R (version 4.0.2) or GraphPad 

Prism 8 (GraphPad Software, San Diego, USA). Two-sided Welch’s t-test was performed 

after testing for normal Gaussian distribution using Shapiro Wilk normality test. To compare 
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two independent variables a Two-way ANOVA was performed followed by Tukey’s multiple 

comparisons or by Sidak’s post-hoc test. P values < 0.05 were considered as significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. A polymorphic autoinflammatory immunodeficiency with de novo heterozygous OAS1 
variants.
(A) Ancestry of patient 1–6 (abbreviated P1–6 throughout the figures) and 

electropherograms [fibroblasts (patient 1–4), PBMCs (patient 5), and buccal swabs (patient 

6)] of de novo germline heterozygous OAS1 variants. (B) Clinical photographs of facial 

rash (patient 6) and skin erosions (patient 4). (C) Lung histology (patient 1) of PAP 

with granular material, cholesterol cleft-like cracks (upper image, bar = 250 μm), and 

foamy alveolar macrophages (lower image, bar = 50 μm). (D) Skin histology (patient 

3) with intra- and subepidermal blister formation, epidermal lymphocytes, and dermal 

chronic inflammation (upper image, bar = 500 μm); duodenal histology (patient 3) with 

marked villous atrophy, crypt hyperplasia and epithelial regeneration (lower image, bar = 

100 μm). (E) Chest radiography (patient 1) with PAP 14 days before (upper image) and 

resolution 1 year after HCT (lower image). (F) OAS superfamily phylogenetic analysis 

indicating conservation of A76, C109, V121, and L198 for the full OAS1 and the human 

OAS1 subclade. (G) Consensus and sequence logos within the human OAS1 subclade 

surrounding A76, C109, V121, and L198. (H) Pseudo-color plots, overlay histograms, and 

summary graphs of PBMCs, monocytes (CD14+), B-cells (CD19+), and T-cells (CD3+) 

either unstimulated (Med) or after IFNα-, CpG- and CD3/CD28-stimulation showing 

time-dependent changes in median intracellular OAS1 expression. (I) Overlay histograms 
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and summary graph of intracellular OAS1 expression in naïve (IgD+CD27-, Naive), un­

switched memory (IgD+CD27+, UM), class-switched memory (IgD-CD27+, SM) B-cells, 

and plasmablasts (CD27+CD38+, PB) in unstimulated (Med) and CpG-stimulated PBMCs. 

For H and I, summary graphs of 6 different OAS1-WT donors, patient 1 (A76V) and patient 

6 (C109Y) from 4 independent experiments (error bars, mean ± s.d.) are shown.
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Fig. 2. Functional and transcriptomic alteration in OAS1-A76V and OAS1-C109Y monocyte, B- 
cells, and T-cells.
(A) Pseudo-color plots showing B-cell proliferation of unstimulated (Med) and CpG­

stimulated PBMCs from OAS1-WT, A76V, and C109Y after 5 days by CFSE-dilution 

and up-regulation of CD27. Graphs show summary of B-cell proliferation percentages 

for 6 different OAS1-WT, A76V and C109Y from 5 independent experiments. (B) 

Pseudo-color plots showing B-cell differentiation of naïve B-cells (IgD+CD27-, Naive) 

into un-switched memory (IgD+CD27+, UM), class-switched memory (IgD-CD27+, SM) 

B-cells, and plasmablasts (CD27+CD38+, PB)òf unstimulated (Med) and CpG-stimulated 

PBMCs from OAS1-WT, A76V, and C109Y after 5 days. Graphs show summary of 

B-cell differentiation for 6 different OAS1-WT, A76V and C109Y from 5 independent 

experiments. (C) Histogram plots of cleaved PARP-1 (cl.PARP) in unstimulated and 

medium- (Med), CpG-, and CD3/CD28–48h-stimulated PBMCs, monocytes (CD14+), B­

cells (CD19+), and T-cells (CD3+), and summary of percentages of cleaved PARP for 4 

different OAS1-WT, A76V, and C109Y from 4 independent experiments. (D) Pseudo-color 

plots of CD25 expression and CFSE-dilution on CD4+ T-cells in a mixed lymphocyte 
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reaction after allogeneic B-cell stimulation of 3 different allogeneic OAS1-WT donors and 

A76V without (Med) and after stimulation with anti-CD3 and anti-CD3/CD28 for 5 days. 

Summary graph of CD4+ T-cell proliferation percentages and median CD25 expression 

for 4 different OAS1-WT (gray) and A76V (red) from 3 independent experiments. (E) 

Venn diagram intersection of DEGs (adjusted p-value <0.05 and log2FC>0.5) in monocytes, 

B-cells, and T-cells from 3 OAS1-WT and A76V. (F) GO-term enrichment analysis of 

DEGs specific for monocytes, B-cells, and T-cells (non-redundant terms related to immune 

function with Fisheŕs exact P-value <0.05 containing >10 genes; a complete GO-term list is 

presented in Tab. S5). (A-D) Significance levels are calculated with two-sided Welchś t-test 

and indicated in the summary graphs (NS = non-significant).
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Fig. 3. Interferon-α induced RNase L-dependent dysfunction of monocyte and iPSC-derived 
macrophages.
(A) Overlay histograms of phosphorylated STAT5 (pSTAT5) in monocytes of unstimulated 

(Med), GM-CSF-, IL-3-, and pervanadate- (PV) stimulated PBMCs and summary of 

median pSTAT5 from 5 different OAS1-WT (gray), A76V (red), and C109Y (blue) 

from 3 independent experiments. (B) Fluorescence microscopy of OAS1-WT and L198V 

alveolar macrophages (green nuclear staining) and phagocytosed PE-latex beads (red). 

(C) Bright-field microscopy of OAS1-WT, L198V, KI-L198V, and KI-C109Y iPSC-MΦ 
either unstimulated or IFNα-stimulated (−/+IFNα) for 48 hours, and summary graph of 

proportions of floating single cells (FSC) of total live iPSC-MΦ unstimulated (black) or 

IFNα-stimulated (red) from 3 independent experiments. (D) Pseudo-color plots of OAS1­

WT and L198V iPSC-MΦ unstimulated or IFNα-stimulated for 7 days. (E) Proportions 

of floating single cells (FSC) of total live OAS1-WT, L198V, KI-L198V iPSC-MΦ, and 

KI-C109Y iPSC-MΦ unstimulated (black), IFNα- (red), and curcumin (orange) stimulated/

inhibited for 48 hours from 3 independent experiments. (F) Histogram overlays of PE­

latex beads phagocytosed by OAS1-WT and L198V iPSC-MΦ unstimulated (black) or 

IFNα- (red) stimulated for 48 hours and summary graph of 2 OAS1-WT and 2 L198V 

clones analyzed in 3 independent experiments. (G) Relative expression levels of surface 

scavenger receptors of OAS1-WT (white) and L198V (red) iPSC-MΦ unstimulated and 

IFNα-stimulated for 48 hours from 3 independent experiments. (H) MA-plot visualization 

of DEGs (magenta) with a FDR <0.05 between unstimulated and 48 hours IFNα-stimulated 

OAS1-WT and L198V iPSC-MΦ. (I) KEGG-based GSEA of down-regulated DEG in 

IFNα-stimulated L198V iPSC-MΦ as compared to OAS1-WT. Significance levels are 
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calculated with two-sided paired t-test and indicated in the summary graphs (ns = non­

significant, * p<0.05, ** p<0.005, error bars, mean ± s.d.).

Magg et al. Page 27

Sci Immunol. Author manuscript; available in PMC 2021 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. OAS1-GOF 2–5A synthetase activity- and RNase L-dependent cellular RNA degradation, 
protein translational arrest, and apoptosis.
(A) RNA chip analysis from OAS1-WT, A76V, and C109Y monocytes (CD14+), B-cells 

(CD19+), and T-cells (CD3+) of total RNA degradation and (B) summary graph of RIN from 

5 independent experiments (NS = non-significant). (C) In vitro activity for OAS1-WT and 

OAS1-MUT (A76V, C109Y, V121G, L198V) proteins in the absence of poly(rI:rC) dsRNA 

after 60 minutes (error bars, mean ± s.e.m). (D) Chromogenic analysis of reaction time 

courses for purified OAS1-WT (white bars), A76V (black bars), and L198V (purple bars) 

protein in the absence of poly(rI:rC) dsRNA for a range of protein concentrations (error 

bars, mean ± s.e.m). (E) 2–5A biosensor analysis of unstimulated and poly(rI:rC) dsRNA­

stimulated HEK293T cells transiently transfected with OAS1-WT and OAS1-MUT (error 

bars, mean ± s.d.). (F) RNA chip analysis of total RNA isolated from 1205Lu melanoma 

RNase L wild-type (WT) and RNase L knockout (KO) cell lines untransfected (None) and 

transiently transfected with OAS1-WT, OAS1-MUT, or poly(rI:rC) (pIC). (G) Expression 

levels of OAS1-WT or OAS1-MUT in transfected 1205Lu melanoma wild-type (WT) and 

RNase L knockout (KO) cell lines determined by eGFP co-expression 48h after transfection 

(error bars, mean ± s.d.). (H and I) Translational activity (GFP-positive/GFP-negative) and 

frequency of dead (Annexin-V+) cells 48h after transfection (error bars, mean ± s.d., * p < 

0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).
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Fig. 5. dsRNA-independent OAS1-GOF 2–5A synthetase activity favored by allosteric loss of 
structural constraints.
MD simulation analysis of OAS-WT and OAS-MUT: (A) overall protein root-mean-square 

deviation (RMSD) over the 100 ns MD production run, (B) residue backbone atom root­

mean-square fluctuation (RMSF), and (C) difference RMSF (OAS-WT subtracted from each 

OAS-MUT). Individual proteins are as noted in the plot legends (left to right): A76V (blue), 

C109Y (orange), V121G (purple) and L198V (green); OAS-WT (black) is shown in panels 
A and B for comparison to each OAS-MUT. Shaded regions on plots in panel B are the error 

in each value (SD). In panel C, dotted lines denote two standard deviations (+/− 2σ) from 

the average difference RMSF for each protein (i.e., the most significant changes in residue 

dynamics). (D) Residues with most significant changes in dynamics mapped onto OAS1 

structure (shown in the dsRNA-bound conformation; PDB code 4RWN) as Cα spheres; 

color coding denotes increased dynamics (> 2σ; red) and decreased dynamics (< −2σ; blue) 

compared to OAS-WT. (E) Locations of the OAS-MUT substituted residues shown in the 

same views as panel D. (F) Model for common action of OAS1-GOF variants. OAS1-WT 
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(left) strictly regulated by dsRNA binding-induced conformational changes, whereas OAS1­

MUT amino acid substitutions (right) relieve this strict control by allosteric induction of 

changes around the enzyme catalytic center (red dotted lines) and mirroring changes that 

occur upon dsRNA binding (blue dotted lines). These changes promote low-level GOF 

activity in the absence of dsRNA.
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