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Interferon system deficiencies exacerbating
severe pandemic virus infections
Highlights
The human interferon system is critical
to limit severe disease during viral
pandemics.

Genetic loss-of-function variants in
human interferon system genes are
associated with individual susceptibility
to severe pandemic H1N1 influenza
and COVID-19.

Autoantibodies neutralizing the antiviral
activity of interferons lead to non-genetic
interferon system deficiency and have
been found in 5–10% of patients with
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Pandemics are caused by novel pathogens to which pre-existing antibody immu-
nity is lacking. Under these circumstances, the body must rely on innate
interferon-mediated defenses to limit pathogen replication and allow development
of critical humoral protection. Here, we highlight studies on disease susceptibility
duringH1N1 influenza andCOVID-19 (SARS-CoV-2) pandemics. An emerging con-
cept is that genetic and non-genetic deficiencies in interferon system components
lead to uncontrolled virus replication and severe illness in a subset of people.
Intriguingly, new findings suggest that individuals with autoantibodies neutralizing
the antiviral function of interferon are at increased risk of severe COVID-19. We
discuss key questions surrounding how such autoantibodies develop and
function, as well as the general implications of diagnosing interferon deficiencies
for personalized therapies.
severe COVID-19.

Whether anti-interferon autoantibodies
pre-exist in a subset of severe COVID-
19-susceptible individuals, or are in-
duced during severe SARS-CoV-2
infections, is under debate.

Current knowledge on factors associ-
ated with development of anti-interferon
autoantibodies in severe COVID-19
patients is limited, but may include in-
creased age and male gender.
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The human interferon system is a critical protective barrier against pathogens
To protect against invading pathogens, the human body has evolved a multitiered set of physical,
innate, and adaptive immune barriers that act synergistically to limit infection and reduce disease
burden. Critical among these are the innate interferon type I (mainly α, β, or ω) and III (λ) systems
(Box 1), which constitute a nonspecific cytokine-mediated response to infection that invokes
immediate and broad-spectrum intracellular defenses to suppress pathogens such as viruses
(reviewed in [1]). These systems generally protect infected individuals from uncontrolled pathogen
replication, thereby limiting disease progression and ‘buying time’ for the body to develop
adaptive immune responses (see Glossary), which both resolve the infection and create a potent
immunological memory against future incursions with the same pathogen [1].

Here, we discuss selected key research findings on disease severity during the 2009H1N1 influenza
virus pandemic and the ongoing SARS-CoV-2 (COVID-19) pandemic. These studies reveal a
critical contribution of genetic and non-genetic interferon system deficiencies to pandemic virus
susceptibility in a subset of individuals. This concept is paving the way to a better understanding
of fundamental mechanisms that protect against viral disease, and provides exciting opportunities
in the field of personalized medicine to define and stratify at-risk individuals for tailored therapies.

Human genetics reveals the importance of interferon to viral disease protection
The critical nature of the human interferon system in protecting against severe infections is evi-
denced by groundbreaking studies on individuals with inborn errors of immunity (reviewed in
[2]). Such individuals have rare genetic lesions that compromise the function of key factors in
the interferon pathway and lead to an increased susceptibility to infection. Commonly, but not
always, these inborn errors of immunity clinically manifest themselves in infancy, sometimes
leading to death of the individual following exposure to a new, but otherwise common, pathogen
[2]. For those affected who have survived into adulthood, it can be speculated that their first early
exposures to these common pathogens were at relatively low doses, that exposure occurred
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Glossary
Adaptive immune responses: refers
to pathogen-specific acquired immunity,
for example, antibodies.
AIRE: autoimmune regulatory gene, the
product of which acts as a transcription
factor regulating T cell tolerance.
Antigenically novel: refers to a new
type of agent that is not recognized by
existing antibodies.
Autoantibodies: antibodies raised
against one of the body’s own
components.
COVID-19: coronavirus disease 2019.
Endemic: constantly maintained at a
certain level in humans.
Fc: the fragment crystallizable (‘tail’)
region of an antibody that interacts with
specific cell-surface receptors.
Humoral immunity: protection
conferred by substances found in bodily
fluids.
Hyperimmune human IgG:
immunoglobulins from a donor with
high antibody titers against a specific
antigen.
Hypomorphic mutation: a type of
genetic mutation leading to reduced
activity or expression of the
corresponding gene product.
Immune tolerance: prevention of an
immune response against a specific
antigen.
Immunological memory: the ability to
recognize a previously encountered
antigen and respond more quickly with
an immune response.
Immunosenescence: natural
deterioration of immune system function
with age.
Inborn errors of immunity: germline
mutations in a single immune-related
gene resulting in a loss or gain of
function.
Interferonopathies: genetic disorders
of the interferon system characterized by
excessive production of interferon.
Molecular mimicry: the ability of some
foreign (non-self) antigens to mimic self-
antigens, the immune response to the
foreign antigen giving rise to
autoimmune damage.
Neutralizing antibody: an antibody
that inhibits the function of the target it
binds to.
Pandemic: a world-wide epidemic of
an infection affecting a large number of
people.
Passive immunity: short-lived immune
protection usually consisting of
antibodies from another source or
individual.

Box 1. The human interferon system and viral disease susceptibility

The interferon (IFN) system is set in motion when cells detect virus infections by sensing pathogen-associated molecular
patterns (PAMPs), such as viral RNA, with host-encoded pattern-recognition receptors (PRRs). For RNA viruses, such as
influenza virus and SARS-CoV-2, viral RNA is sensed in the cytoplasm by PRRs, including the RIG-I-like receptors (RLRs),
MDA-5 and RIG-I, or in the endosome by the Toll-like receptors (TLRs) TLR3 and TLR7. Upon sensing of PAMPs, each
PRR initiates a unique signaling cascade that leads to activation of the kinase, TBK1, and subsequent mobilization of
transcription factors IRF3 and IRF7, which induce type I and type III interferon gene expression. Notably, TLR3 signals via
an adapter protein, TICAM1 (also known as TRIF), and TLR7 signaling requires the trafficking chaperone, UNC93B1.
Interferon cytokines are secreted from cells and act in a paracrine and autocrine manner to alert surrounding cells to viral
infection by binding to their cognate receptors and triggering a signaling cascade leading to the transcription of several
hundred antiviral genes (interferon-stimulated genes, ISGs). In the case of type I interferons (mainly α, β, or ω), the receptor
consists of two subunits encoded by the IFNAR1 and IFNAR2 genes, whereas the IFNLR1 and the IL10RB genes encode the
type III interferon (λ) receptor subunits. Both receptors transduce the signal via the kinases JAK1 and TYK2 to activate the
transcription factor complex of STAT1, STAT2, and IRF9. This transcription factor complex binds to interferon-stimulated
response elements (ISREs) in the promoters of a large set of antiviral ISGs, stimulating their expression and leading to a
generalized antiviral state in cells that protects against virus infection. Prominent examples of relevant ISGs include IFITM3,
OAS1, and OAS3. These pathways are summarized in Figure I, where genes with rare loss-of-function variants that have
been reported to exacerbate severe influenza or COVID-19 disease are highlighted in bold.
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Figure I. Overview of the type I and type III interferon (IFN) responses. Simplified signaling cascades leading to
transcription of type I/III interferon genes following infection with an RNA virus (left panel). Simplified signaling cascades
leading to transcription of interferon-stimulated genes (ISGs) following type I/III interferon stimulation (right panel). RIG-I,
MDA-5, TLR3, TLR7, UNC93B1, TICAM1, TBK1, IRF3, IRF7, IFNAR1, IFNAR2, IFNLR1, IL10RB, JAK1, TYK2, STAT1,
STAT2, and IRF9 are human interferon system components involved in recognizing virus infections, stimulating
interferon production, or mediating antiviral signaling; ISRE, interferon-stimulated response element.
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while they still possessed some pathogen-specific passive immunity derived from maternal anti-
bodies, or that redundant aspects of innate or intrinsic immunity temper infection. Suchmechanisms
could act to delay infection, thereby ‘compensating’ for the interferon deficiency and ‘buying time’ for
an acquired immune response to develop. It might therefore be hypothesized that once an individual
has generated a protective antibody response to a specific pathogen, the absolute importance of a
fully functional interferon system as a first-line barrier to that pathogen is diminished.
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RAG deficiency: a severe
immunodeficiency caused by loss-of-
function mutations in human RAG1/2
(recombination activating genes).
SARS-CoV-2: severe acute respiratory
syndrome coronavirus 2.
Self-antigens: antibody-inducing
components originating in one’s own
body.
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Are loss-of-function variants in interferon-system genes associated with severe pandemic virus
disease?
Acute pandemic viral infections are caused by antigenically novel pathogens to which wide-
spread pre-existing antibody responses cannot protect either the individual or the population.
Under these circumstances, like exposure to new common pathogens in infancy, the body’s ability
to control initial virus replication using the interferon system is critical. Thus, factors that compro-
mise functionality of interferon system components are now recognized as determinants of individ-
ual susceptibility to severe pandemic viral disease, even in adults who have not previously exhibited
overt disease with common virus infections. The advent of two recent viral pandemics (the 2009
H1N1 influenza virus pandemic and the ongoing SARS-CoV-2 pandemic) in the age of advanced
human genome sequencing technologies has led to a critical appreciation of both the prevalence of
genetic deficiencies in contributing to severe disease as well as the mechanistic bases for such
susceptibilities. Specifically, rare loss-of-function variants in human interferon system genes
involved in recognizing virus infections and stimulating interferon production or antiviral signaling
(TLR7, TLR3, UNC93B1, TICAM1, TBK1, IRF3, IRF7, IFNAR1, IFNAR2, and TYK2) have been
associated with the development of severe COVID-19 in individual patients [3–5] and may account
for as many as 3.5% of severe life-threatening pandemic virus infections [3] (Box 1). Rare inherited
deficiencies in some of these genes (TLR3, IRF7), or related ones (IRF9), have also been reported to
lead to severe influenza [6–8] (Box 1). Furthermore, increased susceptibility to pandemic viral dis-
ease has been linked to genetic variation in individual antiviral effectors (known as interferon-
stimulated genes, ISGs), with IFITM3 defects contributing to life-threatening 2009 H1N1 [9–11]
Box 2. IFITM3 single-nucleotide polymorphisms and viral disease susceptibility

IFITM3 (interferon-induced transmembrane protein 3) is a potent antiviral protein induced by interferons that localizes to endosomal compartments [48]. Cell-based
assays have revealed that IFITM3 can increasemembrane rigidity, thereby impairing virus–host membrane fusion and restricting cell entry of enveloped viruses that enter
via the endosome, such as influenza A, SARS-CoV-1, SARS-CoV-2, and Ebola virus [49–52] (Figure IA). Moreover, a ‘negative imprinting’ of virus infectivity function has
been reported for IFITM3: HIV-1, measles, and Ebola virus particles budding from IFITM3-expressing cells appear to be less infectious [53–55], possibly due to their
increased membrane rigidity (Figure IB). Given its potent antiviral activity, and its general mode of action as an early-stage broad-spectrum inhibitor of enveloped virus
infection, IFITM3 is recognized as a critical first barrier against zoonotic and pandemic viruses. This was underlined by the striking finding that some individuals carry a
single-nucleotide polymorphism (SNP) in the IFITM3 locus (rs12252-C), which appears to create a novel splice acceptor site resulting in the production of a truncated,
and possibly unstable/inactive, IFITM3 protein [9]. Individuals who are homozygous for this rs12252-C SNP make up only ~0.3% of European Caucasians, but a
landmark study from the UK found that ~5.7% of patients hospitalized with severe pandemic H1N1 influenza in 2009 were homozygous for the deleterious IFITM3
SNP, suggesting that loss of IFITM3-mediated viral control exacerbated the disease caused by this antigenically novel pathogen [9] (Figure IC). Presumably, individuals
homozygous for rs12252-C did not previously suffer from severe ‘seasonal’ influenza due to some acquired humoral immunity to these viruses. Notably, IFITM3 rs12252
allele frequencies differ markedly across populations, with homozygosity of rs12252-C being reported in around 25% of Chinese, and 44% of Japanese, individuals [11].
While there is still some debate about how precisely the IFITM3 rs12252-C SNP results in functional deficiency in IFITM3, the impact of this SNP on viral disease outcome
has now been confirmed in some, but not all, studies [11,56,57]. Moreover, other IFITM3 alleles (e.g., rs34481144-A) have begun to be associated with severe influenza
morbidity and mortality [10], as well as COVID-19 severity [58,59] (Figure IC). It will be interesting to assess whether differences in IFITM3 allele frequencies between human
populations play a role in the distinct preliminary mortality rates observed for COVID-19 across the world [60].
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Figure I. Schematics of IFITM3 antiviral activity and functional polymorphisms. (A) IFITM3 at the endosomal membrane blocks entry of viruses, such as
influenza A virus. (B) IFITM3 at the plasma membrane limits subsequent infectivity of budding viruses, such as HIV-1. (C) The indicated single-nucleotide
polymorphisms (SNPs) in human IFITM3 impact its antiviral function and influence control of virus replication. IFITM3, interferon-induced transmembrane protein 3.
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(Box 2), and new data emerging onOAS1 and OAS3 variants in COVID-19 [5]. Until now, most re-
ported genetic links to viral susceptibility involving the interferon system have focused on genes
previously identified experimentally to play functional roles. However, unbiased genetic analyses
will no doubt uncover new human factors in this system, thereby increasing knowledge on basic
mechanisms of interferon-mediated protection.

Autoantibodies can neutralize the human interferon system
A conceptual leap was recently made with the hypothesis that non-genetic deficiencies of
the human interferon system might also predispose individuals to severe viral disease, and
that autoantibodies targeting and neutralizing the activity of interferons may provide such a
mechanism [12] (Figure 1). Neutralizing anti-interferon autoantibodies have previously been
described in some patients treated with type I interferons for cancers [13,14], or viral infections
[15]. However, naturally occurring anti-interferon autoantibodies are not very prevalent in the
general human population [16] as autoreactive induction against self-antigens should be
prevented by immune-tolerance mechanisms. Thus, naturally occurring anti-interferon auto-
antibodies have an estimated prevalence of only 0.33% [12]. As such, they are detected sporadi-
cally [17], although their levels are high in patients with certain autoimmune diseases, such as
systemic lupus erythematosus (SLE) [18] or autoimmune polyendocrinopathy syndrome type I
(APS1) [19], as well as with immune disorders caused by partial RAG deficiency [20,21].
Nevertheless, it is not entirely clear whether the presence of neutralizing anti-interferon antibodies
in these patients directly leads to an increased susceptibility to viral infections. For example,
despite increased susceptibility to fungal infections due to neutralizing autoantibodies against
several other cytokines [22], recurrent viral infections in APS1 patients are apparently rare, even
though they possess relatively high serum neutralizing titers of anti-interferon-α and anti-
interferon-ω antibodies [19]. This may be due to a number of reasons, including: (i) the
compensatory action of other antiviral interferons that appear to be less-targeted by anti-
interferon autoantibodies (e.g., interferon-β or interferon-λ); (ii) the potential low abundance of
TrendsTrends inin MicrobiologyMicrobiology

Figure 1. Do neutralizing
autoantibodies against type
interferons lead to uncontrolled virus
replication? Simplified representation o
type I interferon (IFN)-mediated inhibition
of virus replication triggered by IFNα
or IFNω binding to their cognate
heterodimeric receptor (IFNAR1/IFNAR2
(left panel). Autoantibodies that bind IFNα
or IFNω and prevent their interaction with
IFNAR1/IFNAR2 are termed ‘neutralizing
and could limit the antiviral action of type
interferons leading to uncontrolled virus
replication (right panel).
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anti-interferon autoantibodies at specific sites of virus infection (e.g., mucosa); (iii) the titer of anti-
interferon autoantibodies being insufficient to neutralize the substantial amounts of locally
produced antiviral interferon; and (iv) the protection conferred by pre-existing humoral immunity
derived from either prior infections or immunizations. Thus, in this latter regard, it might be expected
that under conditions where humoral immunity is compromised (e.g., partial RAG deficiencies or
in response to a new pathogen), the presence of neutralizing anti-interferon antibodies could
increase susceptibility to uncontrolled infection and disease severity. Indeed, several patients
with hypomorphic RAG mutations have a history of severe virus infections [20].

Do anti-interferon autoantibodies lead to increased COVID-19 severity?
Building on the observation that three young APS1 patients developed severe pandemic COVID-19,
Bastard et al. surveyed a cohort of nearly 1000 hospitalized COVID-19 patients without overt auto-
immune disorders for the presence of anti-interferon autoantibodies in their serum [12]. Remarkably,
13.7% of these critically ill COVID-19 patients, including patients as young as 25 years, had autoan-
tibodies against either interferon-α, interferon-ω, or both, and for 75% of these patients (10.2% of all
critically ill COVID-19 patients) the autoantibodies were able to neutralize the antiviral function of
interferon in vitro. Wang et al. made similar findings, identifying anti-interferon autoantibodies in
5.2% of severe COVID-19 cases [23], and other instances have recently been documented [24].
Notably, Wang et al. also found that SARS-CoV-2 viral loads in nasopharyngeal and saliva samples
from patients with anti-interferon autoantibodies were generally much higher than matched patient
controls without anti-interferon autoantibodies [23]. This observation, together with evidence that
COVID-19 patients with anti-interferon autoantibodies had lower levels of serum interferon-α protein
(and correspondingly low antiviral gene signatures) [12], is highly suggestive of a functional interferon
deficiency caused by these neutralizing autoantibodies leading to uncontrolled SARS-CoV-2 replica-
tion. However, it is not yet clear whether COVID-19 severity in patients with anti-interferon autoanti-
bodies is directly related to exacerbated virus replication per se, or is the result of disrupting other
immunemechanisms [25]. Furthermore, a very recent report also suggests that interferon deficiency
in some severe COVID-19 patients can be caused by the Fc portion of high-titer anti-SARS-CoV-2
antibodies triggering interferon inhibitory signaling by binding to immune cells [24], although whether
this is causative of disease is unclear. It is also currently unknown whether the presence of anti-
interferon autoantibodies, or other antibody-mediated mechanisms blocking interferon signaling,
played any role in determining the severity of infection during the 2009 H1N1 influenza pandemic,
or whether this is a COVID-19-specific phenotype.

Do anti-interferon autoantibodies pre-exist in virus-susceptible individuals?
It is apparent from multiple studies that some COVID-19 patients have autoantibodies against a
diverse range of self-antigens beyond type I interferons, and that these autoantibodies can have
both short- and long-term pathogenic consequences [12,23,26–29]. Thus, there is already some
debate as to whether individuals with pre-existing subclinical autoimmune conditions are more
likely to develop severe COVID-19, or whether severe SARS-CoV-2 infections trigger de novo
autoreactivity against various antigens [12,30]. Longitudinal analyses of autoantibody reactivity
in COVID-19 patient cohorts have indicated that both mechanisms may actually apply, but
perhaps in an antigen-dependent manner [23,29]. Specifically, autoantibodies targeting type I
interferons were found to pre-exist in several individuals who went on to develop severe
COVID-19 [12,23], suggesting that the SARS-CoV-2 infection itself did not drive the primary
production of anti-interferon autoantibodies. However, while the predominant isotype of anti-
interferon autoantibody found in the sera of severe COVID-19 patients was IgG, low levels of
IgM, IgE, and IgA anti-interferon autoantibodies have also been detected [12], with the presence
of IgM anti-interferon autoantibodies a potential biomarker for an initial immune response.
Notably, only IgG anti-interferon autoantibodies have so far been detected in APS1 patients
Trends in Microbiology, November 2021, Vol. 29, No. 11 977
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[12,19], suggesting a potential immunotypic difference between acute COVID-19 and APS1
patient cohorts. Thus, it cannot be ruled out that there is heterogeneity with regard to anti-
interferon autoantibody production, with SARS-CoV-2 infections possibly driving de novo
breaking of interferon immune-tolerance in some individuals [30], anti-interferon autoantibodies
pre-existing in other individuals [12,23], and some SARS-CoV-2 infections stimulating an
increase in the titers and/or affinity of pre-existing anti-interferon autoantibodies [29].

How and why do certain individuals generate anti-interferon autoantibodies?
A striking finding by Bastard et al. was the higher-than-expected proportion of men and those over
65 years in severe COVID-19 cohorts with neutralizing antibodies against interferons [12]. This sug-
gests that gender and age could be factors in the development of such autoantibodies, although this
is not absolute as both females and individuals under 40 years were identified with anti-interferon
antibodies [12], and gender and age may be confounding variables if they independently pre-
dispose to severe COVID-19 [31,32]. Most individuals with anti-interferon autoantibodies did not
have overt immunodeficiencies or autoimmune disorders [12], thus further studies are necessary
to determine whether there is an unknown host genetic component to anti-interferon autoantibody
production in these individuals, similar to the autoimmune condition APS1 that is linked to a genetic
defect in AIRE [33]. It is possible that a genetic variant localizing to an immune-regulating gene
on the X chromosome could account for the apparent increased likelihood of men developing
autoantibodies [25]. Nevertheless, host genetics alone may not fully explain the induction of
anti-interferon antibodies. Indeed, there have been reports of frequent detection of anti-interferon
antibodies in acute hepatitis A or B virus-infected patients [34], or in patients with other acute viral
infections [35], and enhanced levels of neutralizing anti-interferon autoantibodies have been
detected in some anti-tick-borne encephalitis virus and anti-hepatitis B virus hyperimmune
human IgG preparations [36]. Thus, an infectious (or at least interferon-stimulating) component to
anti-interferon autoantibody production may be critical but would probably function in concert with
host genetic determinants, immunosenescence, or environmental stimuli to elicit both the required
antigen (interferon) as well as the breakdown of immune-tolerance necessary for autoantibody
generation. In support of this ‘double-hit’ concept, a previous study concluded that a history of
recurrent severe virus infections alone is not associated with generation of anti-interferon auto-
antibodies in humans unless immune tolerance is lost through mechanisms such as partial RAG de-
ficiency [20]. Furthermore, studies in hypomorphic Ragmutantmice revealed enhanced autoantibody
production following stimulation of the interferon-induction pathway using viral-mimetic agonists of
Toll-like receptors (TLRs) and RIG-I-like receptors (RLRs) [20]. Of course, it cannot be ruled out that
specific infectious agents provide both the necessary antigenic stimulus (interferon) and the
ability to break immune-tolerance through currently unappreciated mechanisms: for example, (i) via
unregulated activation of TLR7 [30,37]; (ii) hypothetical infection-induced changes to the structure
or antigenicity of endogenous interferons to make them appear ‘non-self’; or (iii) hypothetical
molecular mimicry of an agent to interferon, similar to some viruses and other host factors [38].
In addition, there are other, non-infectious, causes of chronic type I interferon upregulation that
could predispose to anti-interferon autoantibody production (e.g., diabetes [39], interferonopathies
[40]), and should be investigated further. However, given that such mechanisms are currently highly
speculative without additional data, it may also be prudent to try and understand parallels between
induction of anti-interferon autoantibodies in severe COVID-19 patients and induction in APS1
patients, who have mutations in AIRE and who likely generate anti-cytokine autoantibodies indepen-
dently from exogenous infections but driven by a loss of central (T cell) immune-tolerance [33].

Why are autoantibodies targeting interferon-β and interferon-λ apparently rare?
Bastard et al. found that patients with autoantibodies against interferon-α had antibodies against all
13 interferon-α subtypes, but autoantibodies against other type I interferons, including interferon-β,
978 Trends in Microbiology, November 2021, Vol. 29, No. 11



Outstanding questions
How can prospective targeted genetic
testing be realistically deployed to
identify and prioritize individuals at risk
of developing severe viral disease?

How can tailored therapies be
developed to treat individuals with life-
threatening infections due to genetic in-
terferon system deficiencies, particularly
those with lesions in interferon-signaling
genes or interferon-stimulated antiviral
effectors?

Will unbiased studies on the human
genetics of severe pandemic viral
disease identify new factors and
mechanisms involved in innate
immune protection?

What stimulates the breaking of
immune-tolerance and the develop-
ment of anti-interferon autoantibodies?
Is there a specific infectious trigger and
a role for X-linked host genetics or
immunosenescence?

Why does autoantibody development
seem focused on interferon-α and
interferon-ω, rather than on interferon-
β and interferon-λ? Have prevalent au-
toantibodies against interferon-β and
interferon-λ simply not been detected
yet?

Do anti-interferon autoantibodies play
a role in the pathogenesis of pandemic
viral diseases other than COVID-19? If
they are triggered de novo by SARS-
CoV-2, how long does such a re-
sponse last, and what impact will
these autoantibodies have on the
long-term infection susceptibility of
those who have recovered from
COVID-19?

Can testing for anti-interferon auto-
antibodies provide rapid diagnostic
value for understanding the cause
of a severe pandemic viral infection
and help to stratify patients for
treatment?

What is the molecular mechanism by
which anti-interferon-α and anti-
interferon-ω autoantibodies exacerbate
viral disease? Is it by neutralizing virus-
induced interferons or by disrupting
tonic interferon signaling? Why are
interferon-β and interferon-λ not able
to compensate functionally for this
deficiency?
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were much rarer and phenotypically different: for example, only 1.9% of patients with severe
COVID-19 had autoantibodies against interferon-β, and only two of these sera were neutralizing
[12]. Similar findings have been observed in APS1 patients, where autoantibodies against
interferon-α subtypes and interferon-ω are common, but antibodies against other type I interferons
are rare or at low titers [19,33]. To some extent this makes sense: interferon-α proteins are more
closely related to interferon-ω than to other type I interferons [12], although it is still unknown
whether the autoantibodies in COVID-19 patients are cross-reactive between these two type I in-
terferons or whether different autoantibodies specifically recognize each interferon differently (we
note that both cross-reactive and subtype-specific high-affinity anti-interferon autoantibodies
have been isolated from APS1 patients [33]). Nevertheless, it does beg the question as to why
loss of immune-tolerance is directed against these interferons and not others, particularly if an in-
fectious trigger is involved which might be expected to upregulate multiple interferons. Thus, cell-
type-dependent mechanisms that respond to a specific trigger and ‘favor’ the production of
interferon-α proteins over interferon-β and interferon-λ may contribute to this phenomenon
[41], or interferon-β and interferon-λmay simply be less ‘auto-immunogenic’, although autoan-
tibodies against interferon-λ have been detected in APS1 patients [33], and rarely in some
COVID-19 patients [23]. It is also conceivable that autoantibodies against these interferons
are actually present in more individuals but that such antibodies have yet to be fully recognized
because the experimental antigens used to detect them somehow fail to represent authentic
interferons, or the autoantibodies are abundant at yet-unsampled sites of the body, such as
mucosa. Clearly, further studies are necessary to confirm the rarity of autoantibodies targeting
other interferons (such as interferon-β and interferon-λ) and to understand the mechanisms un-
derpinning this rarity.

Why is there no protective role for interferons that are not targeted by autoantibodies?
If there were indeed a complete absence of autoantibodies against interferon-β and interferon-λ
in some severe COVID-19 patients (and anti-interferon-λ autoantibodies at least seem rare
according to the study by Wang et al. [23]), it is puzzling how neutralizing interferon-α
and interferon-ω alone is sufficient to compromise local interferon-mediated control of SARS-
CoV-2, given its sensitivity to these other interferons in human airway epithelial cells and the
important protective antiviral role of interferon-λ in the respiratory tract [42,43]. One possibility
is that autoantibody-mediated neutralization of the very low constitutive amounts of interferon-α
proteins normally found in individuals leads to disruption of the tonic priming role that they have
in maintaining expression of interferon-signaling components [44], with the consequence that
signaling by other antiviral interferons (including interferon-β and interferon-λ that use the same
pathways) is compromised. This will be an important mechanism to understand and dissect in
the future.

Concluding remarks and future perspectives
While usually considered rare, current estimates suggest that genetic and non-genetic causes of
interferon system deficiencies together may contribute to almost 15% of life-threatening COVID-
19 cases [3,12]. While interferon system genetics also impacted individual susceptibility during
the 2009 H1N1 influenza pandemic [9], the role of anti-interferon autoantibodies in severe pan-
demic influenza, or indeed most other viral diseases, is unknown. However, opportunities may
exist to assess this retrospectively if biobanked serum samples from appropriately documented
2009 pandemic influenza patient cohorts are available. This would determine whether functional
interferon deficiencies mediated by autoantibodies are a general feature of disease severity with
antigenically novel viruses. Indeed, very recent data have implicated anti-interferon autoanti-
bodies in enhancing adverse disease reactions to an antigenically novel live-attenuated yellow
fever virus vaccine [45]. The same question applies to the intriguing report of functional interferon
Trends in Microbiology, November 2021, Vol. 29, No. 11 979



What treatment options are there for
individuals with anti-interferon autoanti-
bodies other than providing exogenous
interferons to which further auto-reactive
antibodies could develop?
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deficiency (and possibly consequent severe disease) caused by the Fc portion of high-titer anti-
SARS-CoV-2 antibodies triggering inhibitory signaling in immune cells [24], which breaks the
generally perceived dogma that high titers of neutralizing anti-pathogen antibodies against a
pandemic virus are a marker of protection. Furthermore, it could be worthwhile to explore the
contributions of such genetic and non-genetic interferon system deficiencies to exacerbated
disease in the context of future potential endemic SARS-CoV-2 or influenza virus infections,
particularly if humoral immunity to these viruses wanes with time. This, and several other impor-
tant research questions therefore remain to be addressed (Figure 2, Key Figure; see
Outstanding questions). Regardless, the continued identification of new interferon-system-re-
lated genetic traits, or anti-interferon antibody profiles, that predispose individuals to severe
virus infections could form the basis of new personalized medicine strategies to prioritize at-risk
individuals for preventative measures (such as vaccination) or appropriate treatments. For exam-
ple, plasma exchange has already been trialled to remove anti-interferon autoantibodies from the
blood of patients with life-threatening COVID-19 [46], and recombinant interferon-β or interferon-
λ could provide a life-saving boost to innate antiviral defenses in individuals with autoantibodies
that neutralize interferon-α and interferon-ω [12], mirroring a successful interferon-based strategy
to treat severe COVID-19 patients with genetic deficiencies in interferon production [47]. How-
ever, the long-term consequences of such cytokine treatments will have to be considered care-
fully given that these individuals may be prone to raising autoantibodies that neutralize interferon-
β or interferon-λ, thus leaving them more vulnerable to future infections. Therefore, as the underly-
ing bases of rare individual, or population-specific, severe phenotypes during pandemic viral infec-
tions are identified, an emphasis should be placed on ways to use this information both to
understand mechanisms of action and to develop novel, tailored therapeutic strategies that
might circumvent such issues.
Key Figure

The high proportion of severe COVID-19 patients with autoantibodies
against type I interferons raises important questions

TrendsTrends inin MicrobiologyMicrobiology

Figure 2. Autoantibodies against type I interferons have been found in 5–10% of individuals who suffer from severe COVID-19.
There are several important questions that still need to be addressed regarding how these autoantibodies are triggered (right
side), and what these autoantibodies mean for virus susceptibility and future personalized therapies (left side).
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