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Background: During the past 2 years, studies on patients with SARS-CoV-2 infection have revealed rare
inborn errors of immunity (IEIs) in type interferon (IFN) pathways underlying critical COVID-19 pneu-
monia. This has provided insights into pathophysiological mechanisms and immune signaling circuits
regulating antiviral responses to SARS-CoV-2 and governing the susceptibility to and outcome of SARS-
CoV-2 infection in humans.
Objectives: In this review, the current knowledge on IEIs underlying critical COVID-19 is presented, and
the clinical implications of these findings for individualized prophylaxis and treatment are outlined.
Sources: The review is based on a broad literature search, including primarily studies on whole-exome
sequencing, and to a lesser extent genome-wide association studies, of patients with critical COVID-
19, as well as retrospective descriptive studies of the SARS-CoV-2 disease course in individuals with
known IEIs.
Content: The review describes the discovery of monogenic IEI in 9 genetic loci related to the production
or responses to type I IFN in patients with critical COVID-19 pneumonia and the surprising finding of
phenocopies of these, represented by neutralizing autoantibodies to type IFN in a significant proportion
of patients with critical pneumonia, particularly in elderly men, and further enriched in patients with
lethal disease course. Moreover insights gained from studies on SARS-CoV-2 infection, disease course,
and outcome in patients with known IEI is presented. Finally, some hypotheses for a possible genetic
basis of autoimmune, inflammatory, and long-term complications of SARS-CoV-2 infection are presented
and discussed.
Implications: Uncovering IEIs underlying critical COVID-19 or other severe SARS-CoV-2 disease mani-
festations provides valuable insights into the basic principles of antiviral immune responses and path-
ophysiology related to SARS-CoV-2 infection. Such knowledge has important clinical implications for
identification of susceptible individuals and for diagnosis, prophylaxis, and treatment of patients to
reduce disease burden and improve preparedness against viral pandemics with known or emerging
viruses in the future. Trine H. Mogensen, Clin Microbiol Infect 2022;▪:1
© 2022 The Author. Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology and
Infectious Diseases. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction: SARS-CoV-2 disease manifestations and host
immune sensing of the virus

In late 2019, an increasing number of cases of acute respiratory
distress syndrome were reported in China, followed in March 2020
by the WHO declaring the outbreak a pandemic and attributing
COVID-19 to a novel coronavirus named SARS-CoV-2 [1]. This viral
pandemic has spread to all continents of the globe, is highly
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transmissible, and has led to millions of cases and deaths, particu-
larly in vulnerable individuals with old age or medical co-
morbidities, such as pulmonary disease, hypertension, diabetes,
obesity, or secondary immunosuppression by medications or ma-
lignant disease [2]. Although severe/critical COVID-19 pneumonia
mostly affects these groups of patients, it has become apparent that
otherwise supposedly healthy individuals in rare cases may experi-
ence a severe, sometimes fulminant, disease course. Moreover, in the
course of the pandemic, unexpected new disease manifestations
have emerged, including postinfectious multisystem inflammatory
disease in children and adults (MIS-C and MIS-A9) [3] and more
subtle long-term neurocognitive, pulmonary, and musculoskeletal
sequels named long COVID or post-acute COVID-19 syndrome [4].
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Sensing and activation of the immune system by SARS-CoV-2

The newly emerged SARS-CoV-2 is a b-coronavirus and related to
the previously identified SARS-1, the etiological source of Mediter-
ranean respiratory syndrome. SARS-CoV-2 is a single-stranded (ss)
RNA virus that infects cells through the ACE2 surface receptor and is
dependent on the cellular protease TMPRRS2 to establish productive
infection [5]. The innate host immune system senses the viral RNA
genome, ssRNA, or double-stranded (ds) RNA replication in-
termediates through membrane-bound endosomal TLR3 and TLR7
or by the cytosolic RNA sensors RIG-I and MDA (Fig. 1). Recent data
suggest that relevant leukocytes and immune cells subsets (in
particular respiratory epithelial cells and plasmacytoid dendritic
cells) mainly sense viral dsRNA through TLR3 and TLR7, respectively
[6]. These events trigger major signalling pathways governed by and
dependent on the transcription factors IRF3 and IRF7 to induce the
production of type I IFN, as well as NF-kBedependent induction of
proinflammatory cytokines. Type I IFN acts in an autocrine and
paracrine manner by binding to cognate receptors composed of
IFNAR1 and IFNAR2 and signal through the JAK-STAT pathway to
induce an antiviral program through expression of numerous IFN-
stimulated genes. Like most other viruses, SARS-CoV-2 possesses
mechanisms to subvert or evade these antiviral responses via tar-
geting and antagonizing cellular IFN-inducing pathways by viral
proteins [6,7].

Monogenic inborn errors of immunity and phenocopies in
SARS-CoV-2 infection and critical COVID-19

Inborn errors of immunity in genes governing type I IFN responses in
critical COVID-19 pneumonia

The clinical observation of extensive interindividual variation
in disease presentation of SARS-CoV-2 infection has led to efforts
Fig. 1. Major cellular pathways in innate viral sensing and interferon induction in respons
single-stranded (ss)RNA or double-stranded (ds)RNA of the viral genome or replication interm
(PRRs). These include the endosomal Toll-like receptors (TLR)3 and TLR7 recognizing dsRNA
RNA species. These events trigger major signalling pathways, most notably governed by an
(IRFs), inducing the production of type I IFN and proinflammatory cytokines. Type I IFN act
IFNAR1 and IFNAR2 and signal through the JAK-STAT pathway to induce an antiviral program
defects conferring susceptibility to SARS-CoV-2 infection as described in the main text are
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to define and understand the human genetic and immunological
basis of susceptibility to this virus. The COVID Human Genetic
Effort (http://www.covidhge.com) consortium was the first to
report major novel insights into human genetic susceptibility to
severe COVID-19 [8]: It identified 23 patients with critical COVID-
19 pneumonia and inborn errors of immunity (IEI) at eight ge-
netic loci that govern TLR3-dependent type I IFN induction,
amplification or response to IFN, implicating defects in TLR3,
UNC93B, TRIF, TBK1, IRF3, IRF7, and IFNAR1/2 [9] (Fig. 1).
Although rare, these patients with IEI showed that type I IFN
immunity is indispensable for the control of SARS-CoV-2 infec-
tion and that defects in these circuits predispose individuals to
critical pneumonia, particularly in the young and middle-aged,
among whom an estimated 3%e5% of cases may be attributed
to these genetic defects. The genetic landscape has been
expanded by two independent reports of X-linked TLR7 defi-
ciency in males with severe COVID-19, accounting for 1% of
critical COVID-19 in males under 60 years of age [10,11]. Impor-
tantly, the study of TLR7 deficiency demonstrated that this defect
was due to insufficient IFN production from pDCs (expressing
high levels of TLR7 and IRF7), and formally proving the long-
standing concept of the essential role of pDCs in type I IFN
production in humans [10]. Thus, during critical SARS-CoV-2
infection, pDCs are responsible for TLR7-driven type I IFN pro-
duction, whereas TLR3-dependent
pathways govern mucosal type I IFN production by respiratory
epithelial cells [12].

Within the genes so far demonstrated to confer susceptibility to
critical COVID-19, there is a striking lack of genetic defects within
adaptive immunity. This may suggest that viral restriction and
control to avoid severe acute infection is particularly exerted by
early innate antiviral pathways, whereas humoral and cellular de-
fects play a more modest role, if any, in analogy to the situation in
influenza. On a theoretical basis, genetic defects in adaptive
e to SARS-CoV-2 infection. Early after viral infection, viral nucleic acids in the form of
ediates are recognized by cytosolic or membrane-bound pattern recognition receptors
and ssRNA, respectively. In the cytosol, RIG-I and MDA recognize 50triphosphorylated

d dependent on the transcription factors NF-kB and interferon (IFN) regulatory factors
s in an autocrine and paracrine manner by binding to cognate receptors composed of
through expression of numerous IFN-stimulated genes. Molecules with known genetic
marked with a red asterisk. The figure was generated in Biorender.
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immunity, if they exist, may be found in patients with prolonged
infection or among those who develop critical COVID-19 despite
vaccination, so-called breakthrough cases.
Neutralizing auto-antibodies to type I IFNs underlying critical
COVID-19 pneumonia

The identification of genetic defects in antiviral type I IFN cir-
cuits in critical COVID-19 was accompanied by the almost simul-
taneous discovery of pre-existing neutralizing auto-antibodies
against type I IFNs (most notably against IFNa and IFNo) as a phe-
nocopy of the type I IFN-related IEI [13]. Although the presence of
auto-antibodies to type I IFN were previously reported in some
patients receiving IFN therapy, as well as in systemic lupus ery-
thematosus, myasthenia gravis, thymoma, autoimmune poly-
endocrine syndrome-1, incontinentia pigmenti, and others, the
impact on infection susceptibility was previously largely unex-
plored [14]. However, although the discovery of auto-antibodies to
type I IFNs in COVID-19 patients was novel and unexpected, such
phenocopies of genetically well-defined IEI exerted by the exis-
tence of specific auto-antibodies to these same mediators has been
described previously in the case of auto-antibodies against IFNg in
mycobacterial infection, against IL17 in chronic mucocutaneous
candidiasis, and against IL6 in hyper-IgE syndrome [8]. In subse-
quent studies, neutralizing auto-antibodies against type I IFNs were
confirmed in independent cohorts in over 10% of patients with
severe COVID-19 [15]. Moreover, neutralizing auto-antibodies to
physiologically relevant levels of type I have been demonstrated in
an even larger fraction of patients with COVID-19, leading to the
conclusion that neutralizing auto-antibodies to type I IFNs may be
involved in the disease course inmore than 20% of critical COVID-19
cases in patients over the age of 80 years as well as in fatal COVID-
19 across all ages [16]. Intriguingly, auto-antibodies to type I IFN
have subsequently been reported to underlie critical COVID-19 in a
significant fraction of patients with autoimmune polyendocrine
syndrome-1, and such autoantibodies have also been associated
with the development of adverse reactions to the yellow fever live
attenuated vaccine [14,17].

Collectively, these studies on the human genetics of severe
COVID-19 demonstrated the importance of type I IFN in antiviral
resistance against SARS-CoV-2 in humans and suggested that IEI
related to type I IFNs, either genetically determined or through
phenocopies, represent a major risk factor for the development of
critical COVID-19. It remains to be determined whether the exis-
tence of auto-antibodies against type I IFN is fully or partially
genetically determined. Moreover, although neutralizing type I IFN
autoantibodies predated SARS-CoV-2 infection, in agreement with
defective early antiviral defences, it remains incompletely explored
whether levels of autoantibodies may be enhanced in some in-
dividuals in the course of acute infection.
The search for human genetics underlying auto-immune
postinfectious manifestations and viral resistance

Auto-inflammatory and autoimmune drivers of pathogenesis in
acute infection and MIS-C/A

As we begin to gain major insights into the pathogenesis of
critical COVID-19 pneumonia and other SARS-CoV-2 disease man-
ifestations, an appreciation of the significant role of inflammation,
auto-immunity, and immunopathology in determining clinical
outcome is unavoidable. For example, the acute inflammation or
Please cite this article as: Mogensen TH, Human genetics of SARS-CoV-2
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‘viral sepsis’ observed in critical COVID-19 pneumonia has major
similarities to known conditions, such as macrophage activation
syndrome and haemophagocytic lymphohistiocytosis, whereas
MIS-C/A bears a striking resemblance to Kawasaki disease, the
latter also affecting children and being characterized by overt
inflammation, fever, and endothelial/heart and gastrointestinal
tract involvement [6,18]. In this context, it is interesting and of
potential relevance that both macrophage activation syndrome/
haemophagocytic lymphohistiocytosis and Kawasaki disease have
a more or less well-established genetic basis and can be triggered
by viral infection, although the specific role of an infectious trigger
remains incompletely resolved in the case of Kawasaki disease [6].
These observations and data strongly suggest that genes beyond
those related to innate type I IFN-mediated antiviral control may be
disease causing or disease modifying.

On a hypothetical basis, such susceptibility genes could be
involved in immune dysregulation, autoinflammation, or autoim-
munity, therefore theoretically involving gain of function or loss of
inhibition of molecules and pathways involved in the regulation of
cytokine and TLR signalling cascades, particularly those related to
IL1 and IL6 biology [19]. Regarding MIS-C/A, disease-causing ge-
netic defects may be partly related to tissue type, given that SARS-
CoV-2 superantigen-mediated TCR Vb21.3 polyclonal T cell expan-
sion and activation seem to play a major role in the pathogenesis
[20]. In a small study on the genetics and immunology of patients
with MIS-A, several gene variants related to Kawasaki disease, viral
replication, and cell stress were identified, although the functional
impact of these variants remains to be explored [21]. At present,
evidence on genetic components underlying MIS-C/A remain
incompletely clarified but should be part of future focus; this may
teach us important lessons, not only about MIS-C/A but also about
the closely related Kawasaki disease, for which the genetics,
pathogenesis, and possible infectious trigger(s) have remained
enigmatic for decades [3].

Finally, another even less well-understood, albeit relatively
clinically prevalent, effect of SARS-CoV-2 infection is long COVID/
post-acute COVID-19 syndrome, defined as symptoms persisting
more than 12 weeks after acute infection and consisting of fatigue,
dyspnoea, myalgia, and neurocognitive disturbances [4]. Several
hypotheses have been presented to explain this medical entity,
including metabolic andmitochondrial disturbances, persistence of
virus, auto-immunity, and others, but objective biochemical,
immunological, and functional evidence of such pathologies has
been difficult to establish, and accordingly no genetic aetiology or
associations have so far been provided [4].
Resistance to SARS-CoV-2 infection or disease

On the opposite side of the spectrum of genetic susceptibility to
critical disease or auto-immune manifestations is the theoretical
existence of protective variants or polymorphisms that confer
genetically determined resistance to infection. Accumulating evi-
dence suggest that some individuals avoid SARS-CoV-2 infection
despite repeated intense exposure to SARS-CoV-2 from family
members or other close contacts and that some patients do not
become very ill despite several comorbidities. This might suggest
rare resistance genes or polymorphisms protecting against SARS-
CoV-2 infection and/or severe outcomes of infection. Such resis-
tance genes may interfere with viral cell entry, replication, immune
activation, or viral shedding. For example, genetic polymorphisms
in the viral receptor ACE2 or the cellular protease TMPRSS2 that
would interfere with SARS-CoV-2 cell entry may be envisaged to
infection and critical COVID-19, Clinical Microbiology and Infection,
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offer some level of resistance to infection. However, solid evidence
for a marked effect of such variants in interfering with SARS-CoV-2
entry or the COVID-19 disease course has not yet been provided.

Epidemiological genetic associations with critical COVID-19
obtained from genome wide association studies

Despite several genetic associations between single nucleotide
polymorphisms and critical COVID-19 described in some cohorts,
these have not been uniformly reproducible in other cohorts, and
therefore few conclusions have been reached so far concerning
major genetic risk factors influencing disease severity in COVID-19.
One of the largest, a meta-analysis of 13 cohorts from seven studies,
found that patients hospitalized for COVID-19 were significantly
more likely to belong to blood group A and less likely to belong to
blood group O than controls, with pooled ORs of 1.23 and 0.77,
respectively [22]. Moreover, four chromosomal regions associated
with severe COVID-19 relative to the general population have been
revealed through genome wide association studies (GWAS). The
first region encompasses a gene cluster on chromosome 3 (3p21.31)
encoding six genes, with an OR between 1.6 and 2.1 for heterozy-
gosity for the susceptibility haplotype [23]. Furthermore, two in-
dependent GWAS studies comparing critically ill COVID-19 patients
with the rest of the population identified three regions, two of
which are involved in antiviral immunity [24]. The first is a region
on chr12q24.13, including a cluster of OAS1, OAS2, and OAS3 genes;
the second region, on chr21q22.1, includes IFNAR2; and the third is
CCR2. Collectively, population-based, genetic epidemiological
studies have yielded only modest ORs that do not explain the full
extent of interindividual variability in infection beyond known
comorbidities.

Lessons to be learned from studying the disease course of
SARS-CoV-2 infection in patients with known IEIs

As clinical data and experience on COVID-19 disease presenta-
tion/course and severity in individuals with known PIDs are
emerging, this should provide insights into how various genetic
defects predispose to SARS-CoV-2 susceptibility and risk of severe
disease. A few studies have addressed this issue; however, the time
span is limited, and data are influenced by the age and socioeco-
nomic factors of the patient cohort, increased awareness and self-
isolation among IEI patients, and, not least, the introduction of
effective vaccines against SARS-CoV-2/COVID-19.

Briefly, the first study published included 94 patients, more than
half of whomhad antibody deficiencies and only 15% combined and
3% innate immunodeficiency; themorbidity andmortality were not
striking, at around 10% of these [25]. Another study, including 121
individuals, concluded that the specific IEI was not a factor pre-
dicting severity, and the identified predictors, such as bronchiec-
tasis and cardiopathy, were similar to those established in the
general population [26]. An Israeli study found that the COVID-19
pandemic did not have a major impact on individuals with IEI
and even suggested that in some cases a lack of strong inflamma-
tory immune responses may be paradoxically a protective measure
against the development of severe disease and sequelae [27].
Finally, a Danish study of patients with common variable immu-
nodeficiency of mixed genetic background also reported only mild
disease/low morbidity [28]. Collectively, larger cohorts of (unvac-
cinated) individuals are needed in order to ascertain associations
between genetically well-defined IEIs and risk of severe COVID-19.
In particular these studies should focus on patients predicted to
experience increased vulnerability to SARS-CoV-2, such as innate
Please cite this article as: Mogensen TH, Human genetics of SARS-CoV-2
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deficiencies in type I IFN induction and signalling, T cell defects, or
combined immunodeficiencies. A recent review of the character-
istics of SARS-CoV-2 infection in 648 patients with different IEI
found that combined immunodeficiencies, immune dysregulation
disorders, and innate immune defects impairing type I IFN re-
sponses were associated with severe disease course in some pa-
tients [29]. However, for most patients, the underlying IEI did not
represent an independent risk factor for severe COVID-19don the
contrary, some IEI might be protective due to impaired inflamma-
tion and consequently less severe immunopathology.
Clinical therapeutic implications and concluding remarks

The discoveries of IEI affecting type I IFN circuits and pheno-
copies thereof in severe COVID-19 have improved our under-
standing of fundamental antiviral disease mechanisms in humans.
Moreover, these insights may have important clinical implications
for the management of patients. Single-patient proof-of-principle
case reports and, not least, larger clinical trials are now needed to
determine how this new knowledge can be translated into clinical
medicine to improve the management of the SARS-CoV-2 infection
at the individual and population level. The therapeutic implications
to be further explored include identification of susceptible in-
dividuals for accelerated vaccination schedules, early (even pre-
symptomatic) antiviral treatment, or intensified treatment during
acute disease. More specifically, current treatment options include
treatment of vulnerable patients (due to genetic IEI or autoanti-
bodies) with monoclonal antibodies against the SARS-CoV-2 spike
protein, administration of antivirals, or possibly type I IFN nasally or
systemically. Indeed, proof of principle for the potential benefit of
IFN therapy among particularly vulnerable COVID-19 patients has
been provided by reports of IFNa2 treatment of patients with TLR3-
and IRF3-deficiencies [30] as well as IFNb treatment of patients
with IFN auto-antibodies and incontinentia pigmenti [31].
Although the precise role of type I IFN treatment in COVID-19
infection remains to be determined, a recent study demonstrated
impaired antiviral type I IFN immunity in the nasal mucosa in pa-
tients with such auto-antibodies, suggesting a beneficial effect of
IFN therapy [32]. In the case of neutralizing auto-antibodies, these
may be detected by a rapid point-of-care test and be removed by
plasma exchange before progression into critical COVID-19 pneu-
monia with a high fatality rate.

As previously documented over the past decades during the
unravelling of the genetic basis of viral infectious diseases, the
discoveries of IEIs in patients with various clinical SARS-CoV-2
infection phenotypes may teach us important lessons on SARS-
CoV-2 infection pathogenesis, virusehost interactions, and corre-
lates of protective immunity. Many questions remain unanswered
in relation to the human genetics of different SARS-CoV-2 disease
manifestations, including the development of breakthrough infec-
tion, post-infectious autoimmune disorders such as MIS-C/A, sus-
ceptibility to long COVID-19, post-vaccinemyocarditis, and possible
viral resistance. There are undoubtedly additional IEI underlying
these disease manifestations that remain to be identified. There-
fore, future efforts should focus on patient cohorts with different
SARS-CoV-2 disease manifestations, with the goal of addressing
unresolved issues related to the molecular genetics, immunological
pathways/circuits, and pathophysiology involved in the SARS-CoV-
2 disease course and outcome in patients. Hopefully, this approach
will continue to provide further insights into the essential role of
human genetics in governing antiviral immune responses in
humans and how this may be translated into clinical medicine.
infection and critical COVID-19, Clinical Microbiology and Infection,
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