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Abstract

The SARS-CoV-2 virus, which causes COVID-19, has been associated globally with substantial
morbidity and mortality. Numerous reports over the past year have described the clinical and
immunological profiles of COVID-19 patients, and while some trends have emerged for risk
stratification, they do not provide a complete picture. Therefore, efforts are ongoing to identify
genetic susceptibility factors of severe disease. In this issue of the JCI, Povysil et al. performed a
large, multi-country study, sequencing genomes from patients with mild and severe COVID-19,
along with population controls. Contrary to previous reports, the authors observed no enrichment
of predicted loss-of-function variants in genes in the type I interferon pathway, which might
predispose to severe disease. These studies suggest that more evidence is needed to substantiate
the hypothesis for a genetic immune predisposition to severe COVID-19, and highlights the
importance of considering experimental design when implicating a monogenic basis for severe

disease.

Identifying risk predictors remains a pressing need

It has been a little over a year since the novel coronavirus infection caused by SARS-CoV-2 was
classified as a pandemic by the World Health Organization (WHO), and since then we have seen
a dazzling array of studies of all aspects of the virus, its manifestations, and impact on human
lives. With over 159 million people infected globally, and over 3 million deaths, it has become
imperative to identify major risk factors predisposing to infection, disease severity or mortality.

Many studies indicate that severe outcomes are associated with a cytokine release syndrome (1),



and that age, several comorbidities, and male gender are associated with higher mortality (2, 3).
However, these factors do not completely explain risk of severe outcomes to infection, and

identifying other risk predictors remains a pressing need.

One intuitively attractive hypothesis is that an intrinsic immune deficiency might increase risk
both, of infection, and more severe consequences of infection. Pathogenic variants in over 450
genes have been reported to cause single-gene inborn errors of immunity (IEIs) (4, 5), and it is
tempting to speculate that the IEI population would be at particular risk. Individuals with
variants in almost all the categories of IEIs in the 2019 International Union of Immunological
Societies (IUIS) classification of IEIs (4) have been reported to have SARS-CoV-2 infection,
including those with phenocopies of disease (where the disorder is caused by somatic variants or
autoantibodies to immunologically relevant proteins, and mimics the phenotype of a genetic
defect). The Iranian registry of IEIs reported infections in 19 out of 2,754 assessed patients,
which is an incidence 1.23-fold higher than the total Iranian population (6). In a retrospective
study of SARS-CoV-2 infected IEI patients, 33 of 94 (35%) had severe outcomes (7). Nine
patients died of the infection, indicating a mortality rate of approximately 10%. The age of the
deceased patients ranged from infancy to over 75 years, suggesting that predisposition to
mortality was based on clinical status at the time of infection, and other comorbidities rather than

a specific underlying genetic defect.

Another study of 987 patients with COVID-19 pneumonia found that 101 had autoantibodies
against a variety of type I interferons (IFNs), including IFN-w and IFNa, or both, and that these

autoantibodies were absent in patients with mild or asymptomatic disease, and noted in only a



minority of healthy controls (8). In a different study (age range: 8-48y; 9 male, 13 female)
assessing patients with a specific IEI, autoimmune polyendocrine syndrome type 1 (APS-1), it
was observed that of 21 patients tested for type I IFN autoantibodies, all had high titers of
neutralizing antibodies to either IFNa and/or IFNw, and one patient, also had autoantibodies to
IFNP (9). Approximately two thirds of these patients (68%) had severe COVID-19, and 86%
were hospitalized. These autoantibodies were present before the pandemic, and were thus
postulated to predispose to high risk of developing severe SARS-CoV-2 infection. In contrast,
Meisel et al. in this issue of the JCI explored a smaller number of APS-1 patients (n=4, age <26y,
female) who also had pre-existing high titers of neutralizing autoantibodies to type I IFNs (IFNa
and IFN®) and failed to show any predisposition to severe COVID-19; all patients had mild
disease (10). The type I IFNs are crucial to innate immune responses, as are TLR3, 7 and 8,
which act as viral sensors. In a study of 50 COVID-19 patients with variable disease severity,
those with severe and life-threatening illness had an impaired type I IFN response with a hyper-
inflammatory component (11). Thus, several strands of evidence support the notion that
individuals with immune deficiencies have a higher risk of severe SARS-CoV-2 infection
outcomes. Though there are potential ascertainment biases — on the one hand, these patients are
followed more closely, and are consequently more likely to have an infection diagnosed; on the
other, they tend to take more precautions than average — make definitive conclusions difficult.
The presence of IFN antibodies suggests that at least some patients with severe SARS-CoV-2
infection have defective antiviral signaling, either due to an abnormality in the response to IFN

or in IFN production (12).

In an orthogonal approach, Zhang et al. performed a genetic study of 659 individuals with life-

threatening COVID-19 pneumonia. The authors suggested that IEIs mediate severe SARS-CoV-



2 infection outcomes in at least a subset of patients without prior IEI-associated symptoms (13).
They argued that an over-representation of rare, protein-altering genetic variants in thirteen
genes related to type I IFN on which they had focused, some of which showed variable activity
in in vitro biochemical assays, indicated previously undiagnosed IEIs, and thus explained a small
proportion of the severe cases in their cohort. In this issue of the JCI, Povysil et al. (14), looking
at a substantially larger cohort, found no evidence, in severe cases, of enrichment of rare,
protein-altering variants in the genes reported by Zhang et al. In fact, Povysil and colleagues
identified one of the initially reported variants in three of their controls (IRF7, p.GIn198%*), and
further identified only one LOF variant (STAT2; p.Arg330%*) in their severe COVID-19 group.
Here, we try to reconcile these findings to assess the genetic evidence, and determine whether

individuals with IEIs are at greater risk of severe SARS-CoV-2 infection outcomes.

Rare variants in type I interferon genes and severe COVID-19

Though Zhang et al. (13) sequenced the entire coding portion (exome) of the genome in 295, and
the whole genome in 364 individuals with severe disease, they focused on assessing whether
rare, potentially deleterious variants were enriched in thirteen genes previously implicated in
severe viral infections. They looked for rare variants (at a minor allele frequency less than 0.1%),
considering those which changed the sequence of the protein product (missense); or were in-
frame insertion deletions, which added or removed one or more amino acids in an otherwise
intact protein; or were predicted loss-of-function (pLOF). They found that 113 of 659 patients
with severe COVID-19 were heterozygous for such variants across twelve of the 13 genes they
studied, and another four patients were homozygous for such variants in two of those genes.
Nine of these 118 variants were pLOF, with the remaining 109 being missense or in-frame

indels. In the 534 controls, they found only one pLOF variant in the 13 genes studied. They did



not report the number of missense or in-frame indels in the controls. When considering only
pLOF variants, they reported enrichment in severe cases compared with mild [P =0.01; odds
ratio (OR) = 8.28; 95% confidence interval (CI) = 1.04 to 65.64, under an autosomal dominant
model]. Zhang et al. (13) then demonstrated that 24 of the 118 variants present in 23 patients,
including the nine pLOF, have an effect in in vitro biochemical assays, suggesting altered protein
function. They conclude that the carriers of these variants have cryptic IEIs, and that these
conditions underlie their severe outcomes. Thus, they suggest that 3.5% of severe cases are

caused by previously undiagnosed IEIs in the population.

In this issue, Povysil et al. (14) attempt to replicate the findings of Zhang et al. The authors
sequenced 713 patients with severe COVID symptoms, 1,151 with mild disease, and 15,033
population controls (Figure 1). In this substantially larger cohort, they found only one rare pLOF
variant in one individual across the 13 genes postulated by Zhang et al. in their severe disease
group, and 23 of the controls, but there was no enrichment of pLOFs in severe cases relative to
mild cases. They also did not observe an enrichment relative to matched population controls,
which would suggest that variation in these genes is unrelated to susceptibility to infection or
severity of outcome. Furthermore, they did not observe an enrichment of rare missense or in-
frame indels in these genes. Of note, Zhang et al. have studied such variants found in cases, but
not in controls, and do not report how many such variants they found in controls. Therefore, as
Povysil et al. note, there is no way of assessing whether these variants are enriched in the severe

cases of COVID-19 studied by Zhang et al.

Interpretation and Conclusions



In essence, Zhang et al. make two claims: (1) patients with severe COVID-19 outcomes have a
higher frequency of rare pLOF variants in thirteen genes, compared to patients with mild
infection; and (2) missense, in-frame insertion/deletion, and pLOF variants with variably
impaired biochemical activity cause severe SARS-CoV-2 infection outcomes in carriers, and
effectively constitute previously undiagnosed IEIs. Povysil et al (14) find no evidence in support

of the first claim, but do not directly test the second claim.

Zhang et al. show enrichment in severe cases only for pLOF variants but conclude that all
variants with varying degrees of biochemical activity are causal. However, the authors do not
present evidence that all classes of rare variants are enriched; nor do they assay missense variants
identified in mild cases for biochemical activity to show that this class is enriched in severe
cases. Second, the in vitro reporter assays used are based on transfection, and thus tend to mimic
the homozygous state, whereas 21 of 23 putative IEI patients are heterozygous for the variant
they carry. Further, Zhang et al. assume that these 21 heterozygous alleles must act in an
autosomal dominant manner, even though the majority of the twelve autosomal genes they
focused on have only been reported with autosomal recessive disease. By making these
assumptions, and by considering a single carrier of each variant sufficient proof of causality,

Zhang et al. (13) arrive at the conclusion that 3.5% of severe cases are caused by IEIs.

How then, are we to interpret these claims and the evidence that supports them? And what, if
any, relevance do the data of Povysil et al. have for the second claim made by Zhang et al.?
Firstly, it is essential to have a large sample size with appropriate numbers of population-

matched controls to eliminate bias introduced from assessing specific populations.



Secondly, it is critical to assess variation across all genes in an unbiased way, rather than pre-
selecting genes representing an a priori hypothesis. While this candidate gene approach was
widely employed in the past, it has largely failed, with most reported candidate gene studies not
replicable in new cohorts (15, 16), so it is perhaps unsurprising that Povysil et al. were unable to
replicate the associations observed by Zhang et al. This pre-selection bias was the major impetus
for genome-wide study designs (15), which have uncovered roles with thousands of previously
unsuspected genes across many immune-relevant traits, and in traits involving every other organ

system.

Thirdly — and somewhat counterintuitively — biochemical activity is insufficient in itself to declare
that a variant is causal for a trait. Causality can only be demonstrated with evidence that variants
are statistically enriched in different groups of patients. Rare variants are, paradoxically, quite
common: gnomAD lists almost 450,000 pLOF variants discovered across over 125,000
individuals, with approximately 40% of these variants being observed in only one individual (17).
A large fraction of these variants is likely to associate with varying degrees of biochemical activity,
but that does not necessarily indicate that they cause physiological phenotypes. While the
American College of Medical Genetics (18), and the Association of Molecular Pathology (19)
have guidelines for interpreting sequence variants, consensus from scientists and clinicians
performing population genetics studies are necessary to ensure conformity remains for both study

design and classification.

In summary, there is currently no convincing evidence that individuals with monogenic immune

disorders are at increased risk of severe COVID-19 outcomes. The hypothesis remains viable,



but more compelling evidence will be needed to substantiate it. Other susceptibility factors
include phenocopies of monogenic disease, such as IFN-a and IFN-o neutralizing
autoantibodies, with a 15.8-fold male to female predominance (8, 20). Therefore, COVID-19
infection clinical course is likely to depend on a variety of risk factors, including age, gender,

clinical status, immunological and genetic factors.



References

10.

11.

12.

13.

14.

Carvalho T, Krammer F, and Iwasaki A. The first 12 months of COVID-19: a timeline of
immunological insights. Nat Rev Immunol. 2021;21(4):245-56.

Scully EP, Haverfield J, Ursin RL, Tannenbaum C, and Klein SL. Considering how biological
sex impacts immune responses and COVID-19 outcomes. Nat Rev Immunol.
2020;20(7):442-7.

Takahashi T, Ellingson MK, Wong P, Israelow B, Lucas C, Klein J, et al. Sex differences in
immune responses that underlie COVID-19 disease outcomes. Nature.
2020;588(7837):315-20.

Tangye SG, Al-Herz W, Bousfiha A, Chatila T, Cunningham-Rundles C, Etzioni A, et al.
Human Inborn Errors of Immunity: 2019 Update on the Classification from the
International Union of Immunological Societies Expert Committee. J Clin Immunol.
2020;40(1):24-64.

Tangye SG, Al-Herz W, Bousfiha A, Cunningham-Rundles C, Franco JL, Holland SM, et al.
The Ever-Increasing Array of Novel Inborn Errors of Immunity: an Interim Update by the
IUIS Committee. J Clin Immunol. 2021;41(3):666-79.

Delavari S, Abolhassani H, Abolnezhadian F, Babaha F, Iranparast S, Ahanchian H, et al.
Impact of SARS-CoV-2 Pandemic on Patients with Primary Immunodeficiency. J Clin
Immunol. 2021;41(2):345-55.

Meyts |, Bucciol G, Quinti I, Neven B, Fischer A, Seoane E, et al. Coronavirus disease
2019 in patients with inborn errors of immunity: An international study. J Allergy Clin
Immunol. 2021;147(2):520-31.

Bastard P, Rosen LB, Zhang Q, Michailidis E, Hoffmann HH, Zhang Y, et al.
Autoantibodies against type | IFNs in patients with life-threatening COVID-19. Science.
2020;370(6515).

Bastard P, Orlova E, Sozaeva L, Levy R, James A, Schmitt MM, et al. Preexisting
autoantibodies to type | IFNs underlie critical COVID-19 pneumonia in patients with APS-
1. J Exp Med. 2021;218(7).

Meisel C, Akbil B, Meyer T, Lankes E, Corman VM, Staudacher O, et al. Mild COVID-19
despite autoantibodies to type | IFNs in Autoimmune-Polyendocrine-Syndrome Type 1
(APS-1). Journal of Clinical Investigation. 2021.

Hadjadj J, Yatim N, Barnabei L, Corneau A, Boussier J, Smith N, et al. Impaired type |
interferon activity and inflammatory responses in severe COVID-19 patients. Science.
2020;369(6504):718-24.

Meffre E, and lwasaki A. Interferon deficiency can lead to severe COVID. Nature.
2020;587(7834):374-6.

Zhang Q, Bastard P, Liu Z, Le Pen J, Moncada-Velez M, Chen J, et al. Inborn errors of type
I IFN immunity in patients with life-threatening COVID-19. Science. 2020;370(6515).
Povysil G. Failure to replicate the association of rare loss-of-function variants in type |
IFN immunity genes with severe COVID-19. . Journal of Clinical Investigation. 2021.



15.

16.

17.

18.

19.

20.

Border R, Johnson EC, Evans LM, Smolen A, Berley N, Sullivan PF, et al. No Support for
Historical Candidate Gene or Candidate Gene-by-Interaction Hypotheses for Major
Depression Across Multiple Large Samples. Am J Psychiatry. 2019;176(5):376-87.
Studies N-NWGOoRIA, Chanock SJ, Manolio T, Boehnke M, Boerwinkle E, Hunter DJ, et al.
Replicating genotype-phenotype associations. Nature. 2007;447(7145):655-60.
Karczewski KJ, Francioli LC, Tiao G, Cummings BB, Alfoldi J, Wang Q, et al. The
mutational constraint spectrum quantified from variation in 141,456 humans. Nature.
2020;581(7809):434-43.

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and guidelines
for the interpretation of sequence variants: a joint consensus recommendation of the
American College of Medical Genetics and Genomics and the Association for Molecular
Pathology. Genet Med. 2015;17(5):405-24.

Li MM, Datto M, Duncavage EJ, Kulkarni S, Lindeman NI, Roy S, et al. Standards and
Guidelines for the Interpretation and Reporting of Sequence Variants in Cancer: A Joint
Consensus Recommendation of the Association for Molecular Pathology, American
Society of Clinical Oncology, and College of American Pathologists. J Mol Diagn.
2017;19(1):4-23.

Koning R, Bastard P, Casanova JL, Brouwer MC, van de Beek D, and with the Amsterdam
UMCC-BI. Autoantibodies against type | interferons are associated with multi-organ
failure in COVID-19 patients. Intensive Care Med. 2021.



