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Abstract

Infection with SARS-CoV-2 results in clinical outcomes ranging from silent
or benign infection in most individuals to critical pneumonia and death in
a few. Genetic studies in patients have established that critical cases can re-
sult from inborn errors of TLR3- or TLR7-dependent type I interferon
immunity, or from preexisting autoantibodies neutralizing primarily IFN-α
and/or IFN-ω. These findings are consistent with virological studies show-
ing thatmultiple SARS-CoV-2 proteins interfere with pathways of induction
of, or response to, type I interferons. They are also congruent with cellular
studies and mouse models that found that type I interferons can limit SARS-
CoV-2 replication in vitro and in vivo, while their absence or diminution
unleashes viral growth.Collectively, these findings point to insufficient type I
interferon during the first days of infection as a general mechanism under-
lying critical COVID-19 pneumonia, with implications for treatment and
directions for future research.
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COVID-19

We are now into the third year of the COVID-19 pandemic, with no clear end in sight. At least
6.6 million people have died of COVID-19 (https://coronavirus.jhu.edu/map.html, accessed
December 2022), and the death toll is probably much higher. The virus responsible for these
deaths, SARS-CoV-2, is an RNA respiratory virus and the third known highly virulent human-
tropic coronavirus (1). Up to 85% of unvaccinated individuals develop silent infection or benign
upper respiratory disease, and about 10% develop nonhypoxemic pneumonia (2). Hypoxemic
pneumonia strikes about 5%, a third of whom require admission to an intensive care unit (ICU)
for mechanical ventilation (2), with a global infection fatality rate between 0.3% and 1% across
age, gender, and ethnicity (3). The risk of hospitalization and death is strongly age dependent:
It doubles every 5 years and is 10,000 greater at 85 than 5 years old (4). Other clinical forms of
SARS-CoV-2 infection include multisystem inflammatory syndrome in children (MIS-C) (5),
pernio (i.e., COVID toes) (6), and postacute COVID-19 syndrome (i.e., long COVID) (7).

Over the last three years, multiple variants of SARS-CoV-2 have emerged and spread, often
with increasing transmissibility but with no clear evidence of increased virulence (8). RNA vac-
cines, developed in a record-breaking feat of less than one year, have provided protection from
life-threatening pneumonia in most but not all vaccinees, while other types of vaccines have been
less effective (9). Even RNA vaccines, however, do not prevent infection per se, as vaccinated indi-
viduals can be infected and transmit the virus. Therapies administered to patients with hypoxemic
pneumonia were supportive for about one year into the pandemic, with specific antivirals and
monoclonal antibodies becoming available only in 2021 (10). Despite these developments, much
remains to be done to better understand SARS-CoV-2-related disease mechanisms and improve
the management of patients.

The most puzzling enigma over the last three years has been the extremely broad spectrum
of interindividual variability during infection, especially in unvaccinated individuals. Using an
approach similar to one that has been successful for other common infectious diseases (11),
we launched the COVID Human Genetic Effort (https://www.covidhge.com) to discover the
molecular, cellular, and immunological determinants of the various clinical forms of SARS-CoV-2
infection (12).We also aimed to discover the molecular and cellular basis of resistance to infection
per se (13). Our first achievement has been the discovery that insufficient type I interferon immu-
nity is a key driver of critical COVID-19 pneumonia in at least 15–20% of patients, highlighting
the importance of type I interferon immunity for potential therapeutic interventions.We will not
discuss here our second, more recent achievement, which has been the identification of inborn
errors of the OAS–RNase L pathway in children with MIS-C (14).

TYPE I INTERFERONS AND THEIR FUNCTIONS

Interferon was originally discovered by Isaacs & Lindenmann in 1957 during studies of virus
interference (15). They identified a substance newly released from influenza virus–infected chick
cells that was able to suppress a second viral infection and named it interferon to distinguish it
from viral proteins (15).We now know that interferons are divided into three families (types I, II,
and III) based on their sequence similarity and the receptor complexes through which they signal
(16–19). In humans, there are 17 type I interferons (13 subtypes of IFN-α, IFN-β, IFN-ε, IFN-κ,
and IFN-ω), a single type II interferon (IFN-γ), and 3 type III interferons (IFN-λ).Most if not all
human cells can produce type I interferons, whose receptor is also ubiquitously expressed.Human
type I interferons have been shown to control infections by many different viruses in vitro in
diverse cell types (16, 20). The protective functions of IFN-λ against some virus infections in
vitro in a more restricted range of cell types are also well-recognized, particularly in epithelial

562 Su et al.

https://coronavirus.jhu.edu/map.html
https://www.covidhge.com


Genetic defects identified in
severely ill COVID-19
pneumonia patients 

Genetic defects not yet identified in
COVID-19 pneumonia patients 

MyD88
TLR3

TYK2
STAT2

IRF9

IRF7

Plasmacytoid dendritic cell Respiratory epithelial cell

TRIF

TRAF3

TBK1

IFNs

IRF3

NEMO

UNC93B1

TLR7

IFNAR2

IFNAR1

IRAK-4

Type I IFNs

IKKε

MDA5 RIG-I

MAVS

JAK1
STAT1

IFITM

RSAD2

IFIT

MX1

PKR

OAS

RNase L

ISGsISGs

Figure 1

Pathways of virus-induced type I interferon immunity and genetic defects found in COVID-19 patients. As detailed in the text, sensors
of viral RNAs include TLR3 and TLR7 (the latter in plasmacytoid dendritic cells) or RLR helicases (MDA5, RIG-I), which trigger
signaling cascades that converge upon IRF3 and IRF7 for type I interferon production. The secreted type I interferons bind to
IFNAR1 and IFNAR2 (forming type I interferon receptors) to induce via ISGF-3 (STAT1, STAT2 and IRF9 trimer) host gene
transcription of ISGs, which through various mechanisms suppress virus replication. The plasmacytoid dendritic cell has been
simplified to depict only the TLR7-proximal signaling events. Genetic defects identified in severely ill COVID-19 pneumonia patients
are indicated by pink boxes, whereas those that have not yet been identified in COVID-19 pneumonia patients are indicated in blue
boxes. RNase L genetic defects have been identified in MIS-C patients but not in COVID-19 pneumonia patients so are not
highlighted here (14). Abbreviations: IFIT, interferon-induced protein with tetratricopeptide repeats; IFITM, interferon-induced
transmembrane protein; IFN, interferon; IFNAR1, interferon alpha and beta receptor subunit 1; IRF3, interferon regulatory factor 3;
ISG, interferon-stimulated gene; ISGF-3, interferon-stimulated gene factor 3; MIS-C, multisystem inflammatory syndrome in
children; RIG-I, retinoic acid–inducible gene I; RLR, RIG-I-like receptor; TLR3, Toll-like receptor 3.

cells (21). By contrast, type II interferon is produced by leukocytes and primarily functions as a
macrophage-activating factor rather than in antiviral immunity, and it is not discussed further in
this review (22). We will also focus our discussion on type I interferons (Figure 1), whose role in
the pathogenesis of COVID-19 is now established.

In most resting cells, type I/III interferons are expressed at very low levels, but their expression
is rapidly induced when viral products are detected by host virus sensors in various subcel-
lular compartments (23). Within endosomal compartments, double-stranded RNA (dsRNA) is
recognized by Toll-like receptor 3 (TLR3), single-stranded RNA (ssRNA) by TLR7/8, and un-
methylated CpGDNA byTLR9.Activation of TLR7–9 leads to induction of type I/III interferon
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mainly through theMyD88- and IRAK-4-dependent signaling pathway,while activation of TLR3
proceeds through the TIR-domain-containing adaptor-inducing IFN-β (TRIF)-dependent sig-
naling pathway. Within the cytosol, dsRNA is sensed by the retinoic acid–inducible gene I
(RIG-I)-like receptors (RLRs)-MAVS pathway, while dsDNA is sensed by the cGMP-AMP syn-
thase (cGAS)–stimulator of interferon genes (STING) pathway (24, 25). These different signaling
pathways converge upon interferon regulatory factor 3 (IRF3) and IRF7, which are key positive
regulators of type I/III interferon induction (26). Upon upstream activation, IKKε and TBK-1
phosphorylate IRF3 and IRF7, which homodimerize or heterodimerize to activate type I/III in-
terferon expression. IRF7 is expressed at low basal levels in cells other than plasmacytoid dendritic
cells (pDCs) but can be upregulated by interferon signaling during viral infections, leading to a
positive feedback loop that amplifies interferon responses (26). Type I interferons can also be in-
duced by sensors recognizing self RNA/DNA when aberrantly released from damaged cells or
mitochondria, thereby instigating the development of type I interferonopathies (23, 27).

Type I interferons signal through heterodimeric type I interferon receptor (IFNAR), composed
of the IFNAR1 and IFNAR2 subunits, which are ubiquitously expressed on all nucleated cells (17,
28, 29). Binding of this receptor complex activates the constitutively associated kinases JAK1 and
TYK2, which phosphorylate STAT1 and STAT2, leading to STAT1-STAT2 heterodimerization
and then association with the DNA-binding component IRF9 (30). The STAT1-STAT2-IRF9
heterotrimeric transcription factor interferon-stimulated gene factor 3 (ISGF-3) complex binds
interferon-stimulated response elements (ISRE) in the promoter regions of interferon-stimulated
genes (ISGs) to turn on or off their expression (28, 29). Different type I interferon subtypes
have different binding affinities to the IFNAR1/2 receptor complex, resulting in different sig-
nal strengths and different sensitivities to negative regulators (30). For example, with the highest
affinity among all type I interferons, IFN-β exerts more robust antiviral effects. Its tighter binding
to IFNAR1 can apparently elicit in some experimental conditions IFNAR2-independent signals
(30, 31), and its own activity is unaffected by USP18-mediated desensitization while impairing
reactivation of IFN-α signaling (32). Strikingly, IFN-ε and IFN-κ have at least 1,000-fold less
activity than the other subtypes (33, 34).

By contrast, type III interferons signal through a different heterodimeric receptor complex,
composed of the IFNLR1 (IL-28Rα) and IL-10R2 (also termed IL-10Rβ) subunits, to activate the
JAK-STAT pathway for many of the same ISGs (17, 28, 29). As with the type I interferons, type III
interferons display different receptor affinities, but overall binding affinities for type III interferons
to their receptors are lower than those of type I interferons to their cognate receptors, resulting in
type III interferons being generally less antiviral and less inflammatory than type I interferons (17).
Furthermore, IFNLR1 expression is restricted to epithelial cells in the intestinal, respiratory, and
female reproductive tracts, correlating with preferential type III interferon induction at mucosal
surfaces (35, 36). Growing evidence in mouse models of infection suggests that type I and III
interferons cooperate in vivo,with type III interferons serving to contain virus spread to initial sites
of infection at mucosal surfaces, and type I interferons importantly protecting against systemic
spread of virus (37, 38). It is unclear whether this synergic dichotomy holds in humans.

Type I/III interferons can induce or regulate the transcription of target genes (28, 29). Most
human ISGs are thought to be antiviral, although the first inborn errors of human ISGs were sur-
prisingly found in patients without viral diseases but with type I interferonopathy due tomutations
in ISG15 or USP18 (39, 40). Following type I interferon signaling, hundreds of ISGs are rapidly
induced that globally exert antiviral activities, albeit through distinct molecular mechanisms (28,
29). ISGs include some sensors, IRFs, and several signal-transducing proteins such as STAT1/2.
They are usually expressed at very low levels in resting cells but are upregulated by interferon
signaling upon viral infections. ISGs sensitize host cells, including bystander uninfected cells, to
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enhance virus detection, amplify interferon production, and reinforce interferon responses (28,
29). ISGs can directly interfere with pathways required for the life cycles of viruses, such as pre-
venting virion entry into host cells [e.g., interferon-induced transmembrane proteins (IFITMs)]
and trafficking into the nucleus (e.g., MX1), halting virus genome replication (e.g., RSAD2) and
virus protein translation [e.g., interferon-induced proteins with tetratricopeptide repeats (IFITs),
PKR], and degrading virus RNAs or genomes (e.g., OAS, RNase L) (41–44). Except for MX1
in which rare loss-of-function variants conferred increased replication of and susceptibility to
influenza virus (45), these findings in vitro and in mouse models await confirmation in vivo in hu-
mans. Besides suppressing viral replication, interferons modulate immune responses by producing
proinflammatory chemokines and altering immune cell functions (20, 46). Effects include increas-
ing antigen presentation by macrophages and dendritic cells, as well as directly activating natural
killer cells, T cells, and B cells (47–50). Interferons also exert antiproliferative activity by blocking
cell cycle and inducing apoptosis (51, 52). These immunomodulatory and other effects require
much higher concentrations of and prolonged stimulation by interferons than what is required
for antiviral activities (30).

SARS-CoV-2-ENCODED PROTEINS ANTAGONIZE THE HOST TYPE I
INTERFERON ANTIVIRAL RESPONSE

Early studies demonstrated that exogenously added type I interferons suppress SARS-CoV-2
replication in vitro within various cell lines (53–55). These included respiratory cell lines such as
the human bronchial epithelial cell line Calu-3, which expresses ACE2 and TMPRSS2 (required
for virus entry and viral Spike-protein priming) at levels sufficient for replicative infection by
SARS-CoV-2, and which can produce and respond to type I interferons. Furthermore, the virus-
restricting effects of type I interferon in vitro are apparent even when it is added after infection
(54). By contrast, treatment of Calu-3 cells with ruxolitinib, a JAK inhibitor that interferes with
downstream type I interferon signaling, increases SARS-CoV-2 replication (53). These results
support the importance of type I interferons in limiting SARS-CoV-2 replication and suggest that
interfering with type I interferon during early infection could impair control of viral replication.

Several of these studies also examined responses to type III interferons, which predominantly
target epithelial cells.Type III interferons are produced not only at the initial site of infection in the
respiratory tract but also in the gastrointestinal tract, which may function as a persisting reservoir
for infectious SARS-CoV-2. In Calu-3 cells, human colonic cell lines, and colonic organoid culture
systems, exogenously added type III interferons, like type I interferons, suppress SARS-CoV-2
replication in vitro (53, 55). However, SARS-CoV-2 replication increases to a greater extent in
intestinal epithelial cells deficient for the type III interferon receptor versus the type I interferon
receptor (55).Although SARS-CoV-2 is predominantly transmitted by the respiratory route rather
than through the gastrointestinal tract, these results suggest that endogenously produced type III
interferons may contribute to virus suppression in the gastrointestinal tract, including at later
times when adaptive immunity is also active and predominates.

Compared with SARS-CoV, which is responsible for the first documented coronavirus pan-
demic, SARS-CoV-2 appears more sensitive to the virus-restricting effects of type I interferon
in respiratory cells (53). This differential sensitivity raises the possibility that the two viruses
diverged in their ability to antagonize the host antiviral type I interferon response. SARS-CoV
encodes proteins such as NSP3,ORF3b, andORF6,which can subvert type I interferon immunity
by deubiquitinating ISG15 (56), interfering with IRF3 phosphorylation/nuclear translocation
(57), or blocking STAT1 nuclear transport (58). Similar mechanisms of type I interferon an-
tagonism have also been reported for SARS-CoV-2 viral proteins (59, 60). Interestingly, ORF6
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from SARS-CoV-2 shows modest sequence identity (<70%) when compared with ORF6 from
other coronaviruses including SARS-CoV. Thus, an ORF6 less effective at antagonizing type I
interferons might account for SARS-CoV-2’s relatively increased sensitivity to type I inter-
ferons. This explanation is supported by a recent elegant study that used recombinant viruses
having a SARS-CoV backbone and encoding either wild-type ORF6 from SARS-CoV-2 or a
mutated nonfunctional ORF6 from SARS-CoV (61). Infection of Calu-3 cells with these re-
combinant viruses, when compared to infection with SARS-CoV, induced higher levels of type I
interferon–dependent genes along with decreased viral replication.

The differential ability to antagonize type I interferon responsesmay extend to different SARS-
CoV-2 subtypes as they continue to evolve. Amino acid substitutions in the C-terminal region
of SARS-CoV-2 ORF6, particularly those that remove charged residues, decrease the ability to
antagonize type I interferon responses, as shown in overexpression-reporter assay systems (59,
60). Reciprocally, mutations that introduce charged residues in this region increase the ability to
antagonize type I interferon responses, and several such mutations have already been identified in
large sequencing databases (61).As anRNA virus, SARS-CoV-2 has a relatively highmutation rate,
so changes can rapidly accumulate, particularly within individuals having defective immunity (62–
66). From a practical standpoint, this means that dynamic changes in the virus genome that alter its
ability to antagonize human type I interferon immunity, along with germlinemutations in humans,
might influence disease severity and could potentially explain the variable disease penetrance in
humans with monogenic defects in type I interferon immunity. For this reason, future research
that combines sequencing within any given individual of SARS-CoV-2 genomes in parallel with
human genome sequencing could be informative.

MOUSE MODELS OF SARS-CoV-2 INFECTION: VARIABLE IMPACTS OF
TYPE I INTERFERON ON DISEASE OUTCOME

As SARS-CoV-2 is not a natural mouse pathogen, various approaches have been taken to facilitate
its use in mice (67). These include transgenic or adenovirus vector–delivered expression of the
human ACE2 (hACE2) receptor to permit infection and development of mouse-adapted strains
of SARS-CoV-2. The advantage of such approaches is the availability of knockout strains, mono-
clonal antibodies, and other reagents that enable in vivo dissection of the contributions of type I in-
terferons and other molecules, as well as those of leukocytic and nonleukocytic cell types, for viral
replication, disease pathology, and survival. A caveat is that themousemodels do not mimic human
infection well, due to differences resulting from ectopic expression of hACE2. For example, such
mice show SARS-CoV-2 replication in the respiratory tract and central nervous system but not in
the gastrointestinal tract and kidney, unlike what is observed in natural infections of humans (68).

Previous studies of SARS-CoV infections in hACE2-expressingmice have established a role for
early type I interferon responses in preventing severe disease, with modest effects on limiting early
viral replication (69, 70).However, studies of SARS-CoV-2 infections using similar mouse models
have been less clear. One study from Sun et al. (71) showed increased viral replication in the lungs
at early times after infection in Ifnar1- or Stat1-deficient mice, indicating that type I interferon
contributed to early antiviral immunity. However, lung inflammation was decreased in the former
while increased (along with increased weight loss) in the latter. This disparity raised the possibility
that type III interferon responses,which are also compromised by Stat1 deficiency,might normally
have a role in limiting disease. Stat1 deficiency also impairs cellular responses to type II interferon
and IL-27. By contrast, a second study from Hassan et al. (72) showed marginally increased viral
replication in the lung of Stat1-deficient mice, and treatment of wild-type mice with anti-Ifnar1
blocking antibodies also did not increase viral replication in the lung but did increase weight loss
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and lung inflammation. Further complicating the interpretation, a third study from Israelow et al.
(73) showed viral replication was also unchanged in the lungs of Ifnar- or Irf3/7-deficient mice,
while T cell and monocyte/macrophage infiltration was not increased but decreased. The latter
results raise the possibility that any positive effects of type I interferons on limiting viral replication
might be counteracted by negative effects of type I interferon on inflammation, which could be
required for optimal antiviral immunity in the whole animal. The different results among these
early studies may reflect multiple factors such as efficiency of hACE2 expression, virus isolate,
dose of virus used in the experimental infections, timing when viral replication was measured, age,
sex, and mouse strain.

Of these factors, genetic background has rarely been considered in mouse studies, which are
usually conducted using inbredC57BL/6mice.A recent study byRobertson et al. (74) comprehen-
sively examined SARS-CoV-2 infections in hACE2-transgenic F1 offspring of 10 mouse strains
(including Collaborative Cross founder mice), which collectively cover over 90% of this species’
genetic variability. The phenotypic responses among the mice showed wide variability, with dif-
ferent patterns of weight loss, survival, and sex-dependent outcomes. Several different patterns
were observed depending upon the strain: high sensitivity with high and prolonged viral replica-
tion in lungs and brain (e.g., C57BL/6), resistance with low viral replication in lung and elsewhere
(e.g., BALB/c), or sex-dependent resistance that was not correlated with level of viral replication
(e.g., WSB). Interestingly, increased inflammatory infiltrates in the lung correlated with disease
sensitivity for some strains but were also observed in some resistant strains. Additionally, several
different patterns were observed when type I interferon responses were measured at early times
after infection: high levels correlating with resistance, low levels correlating with sensitivity, or
high levels discordant with lung pathology and sensitivity. Overall, there generally appeared to be
correlation between early type I interferon production, control of viral replication, and outcome,
but in a few strains, other mechanisms apart from production of type I interferon may also de-
termine outcome. These might involve cellular responses to type I interferons, i.e., the range and
levels of ISGs induced.

Given the potential immunomodulatory role of type I interferons, the disparate mouse strain
study additionally characterized production in the lung of cytokines and chemokines in the dif-
ferent F1 crosses (74). Resistant versus sensitive mice had different patterns and kinetics of
production, with resistant mice showing higher levels of inflammasome-mediated cytokines,Th1-
type cytokines, and chemokines at early times after infection. By contrast, sensitive mice made
less of these products at early times but continued to produce them at later times. Furthermore,
sensitive mice also showed increased production at later times of IL-10 and the myeloid chemoat-
tractant CCL4. Overall, these results are consistent with the idea that type I interferon not only
exerts direct antiviral effects on viral replication but also has immunomodulatory or proinflam-
matory effects, and the idea that dysregulated type I interferon responses can contribute to disease
manifestations depending on timing and location during infection (Figure 2). This is consis-
tent with what has been demonstrated in mouse models of SARS-CoV infection, where type I
interferon provided early is protective, but when delayed it causes severe disease by recruiting
monocytes into the lung, which differentiate into macrophages producing proinflammatory cy-
tokines (69, 70). Although similar studies have not been conducted for SARS-CoV-2, elevated
type I interferon production was shown to contribute to pathology in a humanized mouse model
of chronic SARS-CoV-2 infection (75). In that study, human macrophages were capable of be-
ing infected with SARS-CoV-2, treatment with anti-IFNAR antibodies decreased weight loss
and lung inflammation, and anti-IFNAR antibodies in combination with the antiviral remde-
sivir also decreased proinflammatory gene expression. Thus, under some circumstances elicited
by SARS-CoV-2 infections, the type I interferon responses are pathogenic rather than protective.
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Figure 2

Critical role of type I interferon immunity for outcome of SARS-CoV-2 infection. At an early stage during SARS-CoV-2 infection,
endogenously produced type I interferons can elicit antiviral responses that efficiently suppress SARS-CoV-2 replication with minimal
pathology. Treatment with type I interferons, if provided sufficiently early, can do the same. However, sustained production of type I
interferons during chronic SARS-CoV-2 infections, or delayed treatment with type I interferons, can damage the lungs, probably
through enhanced proinflammatory effects. Defective type I interferon immunity in humans, resulting from genetic mutations
impairing production or responses to type I interferons or from autoantibodies neutralizing type I interferons, increases SARS-CoV-2
replication and predisposes to life-threatening COVID-19. Abbreviation: ISG, interferon-stimulated gene. Figure adapted from images
created with Biorender.com.

The recent comparisons showing high variability among different mouse strains are especially
relevant for human studies of SARS-CoV-2 susceptibility, which are typically conducted in popu-
lations of various ancestries. It is easy to see how patients with different genetic backgrounds could
exhibit differences in the relative contribution of type I interferons versus other factors in deter-
mining clinical outcome, especially if type I interferon effects can also be beneficial or detrimental
depending on the stage of infection and tissue site. For some patient cohorts, the resulting noise
may confound genetic association studies, emphasizing the increased importance of functional
studies.

GENETIC LESIONS AFFECTING THE TYPE I INTERFERON
PATHWAY IN HUMANS

Production of type I interferons occurs early during acute virus infections in humans, and
SARS-CoV-2 is no exception. Most critically ill COVID-19 patients showed IFN-α2 in plasma
peaking within 10 days of symptom onset and declining to below detection by 30 days (76).
However, approximately 20% of patients had no detectable IFN-α2 within 20 days. This latter
group of patients had somewhat worse outcome, with greater likelihood of requiring mechanical
ventilation and longer duration of ICU stay (76). In another study examining a small series
of patients with differing severities of COVID-19, IFN-α2 levels, biological type I interferon
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activity, and downstream ISG score in the blood were lowest for the critically ill, intermediate for
those severely ill, and highest among those mildly/moderately ill (77). These measures of type
I interferon correlated inversely with plasma virus load and circulating inflammatory mediators
such as IL-6 and TNF. Hence, these early observations suggested that insufficient type I interfer-
ons led to poor control of SARS-CoV-2 replication and in turn immunopathologic inflammation
resulting in life-threatening disease. Descriptive and correlative studies of COVID-19 or other
infectious diseases, however, suffer from the inevitable problem that the anomalies observed
may be a cause of disease or a consequence of infection or disease. An alternative interpretation
of these findings is that disseminated viral infection in patients with the most severe forms of
COVID-19 would exhaust type I interferon production in infected tissues.

Human genetic studies searching for inborn errors of immunity (IEIs) in patients with critical
COVID-19 have clarified the contribution of type I interferon to infection outcome (Figure 1).
Building on the prior identification of IEIs of TLR3-dependent type I interferon in otherwise
healthy children with critical influenza pneumonia (78), we undertook a candidate gene approach
to test the hypothesis that critical influenza and critical COVID-19 pneumonia may be allelic at
some of the 13 influenza susceptibility loci (79). This approach was successful, showing an enrich-
ment in variants predicted to be loss-of-function (pLOF) in adult patients, when compared with
individuals with silent or mild infection. Moreover, about 3% of the patients with critical disease
carried biochemically validated IEIs, including both pLOF and in-frame variants. Remarkably,
four adult patients had autosomal recessive IRF7 or IFNAR1 deficiency, providing compelling
evidence that IEIs of type I interferon can underlie critical COVID-19. Additional patients with
the same and related recessive deficiencies (e.g., TYK2, STAT2, TBK1) have since been reported
(80–84). In a subsequent study, the initial findings were extended, with an enrichment of pLOF
variants in the 13 influenza susceptibility genes and TYK2 (85). Furthermore, a study of children
with COVID-19 pneumonia found recessive IEIs in 10% of cases, including children with autoso-
mal recessive TYK2 deficiency (82). These findings collectively incriminate type I interferons and
suggest that TLR3 sensing of dsRNA in respiratory epithelial cells is essential for host defense
against SARS-CoV-2. In at least fibroblasts and perhaps also in respiratory epithelial cells, TLR3
can sense viral intermediates or by-products, as well as unknown agonists that govern the basal,
tonic levels of type I interferon (78, 86).

A genome-wide approach tested the hypothesis that rare nonsynonymous variants in specific
genes may be enriched in patients with critical COVID-19 pneumonia, when compared with pa-
tients having silent or mild infection. No gene reached statistical significance on autosomes when
a recessive model was considered. However, variants at the X-linked TLR7 locus were enriched in
male patients with critical COVID-19 pneumonia. The enrichment was stronger after all TLR7
variants were tested biochemically, as none of the patients with silent or mild infection had TLR7
deficiency, and >1% of male patients with critical COVID-19 pneumonia had X-linked recessive
TLR7 deficiency (81). Moreover, when reanalyzing untested TLR7 variants reported in other
studies, we found that about half of them were biochemically deleterious, all of which were found
in patients with hypoxemic pneumonia (81, 87, 88). Some TLR7-deficient relatives of index cases,
however, did not develop hypoxemic pneumonia upon SARS-CoV-2 infection, implying that
clinical penetrance is high but incomplete (81). Patients with X-linked recessive TLR7 deficiency
were prone to critical COVID-19 because of impaired sensing of SARS-CoV-2 by pDCs. It had
been previously shown that pDCs sense the virus via the UNC93B1- and IRAK-4-dependent
pathway, suggesting that TLR7 and/or TLR9 upstream are essential (89). Unlike the case of
respiratory epithelial cells, the virus does not replicate in pDCs. Their production of type I
interferon in response to SARS-CoV-2 was abolished in patients with UNC93B1 or IRAK-4
deficiency. A recent study also showed that patients with IRAK-4 or MyD88 deficiencies are
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highly vulnerable to severe or critical COVID-19 pneumonia (90). Additionally, we found that
TLR7-deficient pDCs had a profoundly impaired but not entirely abolished production of type
I interferon upon stimulation with SARS-CoV-2 (81).

Two cell types were therefore incriminated by different genetic approaches: respiratory ep-
ithelial cells because of IEIs of TLR3-dependent type I interferon immunity, and pDCs because
of TLR7-dependent type I interferon immunity. It is worth noting that the genome-wide burden
test itself, prior to any biochemical, immunological, and virological studies, incriminated pDCs
(81). Indeed, TLR8 is also encoded on the X chromosome and expressed in endosomes, and both
its agonists and pathway are shared with TLR7. The most striking difference is that TLR7 is
expressed in pDCs, unlike TLR8. This genetic study indicated that host defense against at least
SARS-CoV-2 requires not only TLR7 but also pDCs (81). This genome-wide study of critical
COVID-19 also solved the conundrum of why IRAK-4-, MyD88-, and UNC93B1-deficient pa-
tients would not suffer from TLR7–9-related viral diseases, despite the three genes being under
negative selection (81, 90).Our findings suggest that previous viral epidemics or pandemics related
to SARS-CoV-2 have maintained TLR7 under negative selection. Viruses controlled by TLR8 or
TLR9, if any, remain to be discovered. Another immunological implication of these studies is that
human pDCs are essential for host defense against at least one virus.Their unique capacity to pro-
duce high levels of type I interferon, because of their constitutively high levels of IRF7 expression,
suggested that pDCs contribute to antiviral immunity. Genetic evidence was, however, lacking in
the absence of inherited selective defect of human pDCs.X-linked recessive TLR7 deficiency now
provides strong evidence that human pDCs are essential for host defense against at least one virus.

Remarkably, both the candidate and the genome-wide approaches converged to incriminate
type I interferon. The surprise, however, is not so much that IEI of type I interferon can under-
lie critical COVID-19 pneumonia but that these profound deficiencies can be silent for years or
decades prior to SARS-CoV-2 infection. The patients with critical COVID-19 due to autoso-
mal recessive IFNAR1, IRF7, STAT2, or TYK2 deficiency were healthy until the ages of 1.5 to
13 years. Patients with X-linked recessive TLR7 deficiency were also healthy until infected with
SARS-CoV-2. These findings therefore suggested that human type I interferons (for IFNAR1-
deficient patients), type I and III interferons other than IFN-β (for IRF7-deficient patients),
ISGF-3-dependent type I and III interferons (for STAT2-deficient patients), TYK2-dependent
cellular responses to type I interferons, and TLR7-dependent production of type I interferons
were largely nonredundant for protective immunity against viruses. This was not surprising, as
type I and III interferons are widely thought to be essential for host defense against most if not all
viruses (91, 92). Earlier studies, however, suggested that type I interferons were redundant against
many viruses (20, 46). It was even questioned whether type III interferons play any essential role in
antiviral immunity, as IL-10RB-deficient patients, before or after hematopoietic stem cell trans-
plantation, did not display any unusually severe viral disease (93). These were, however, reports
of rare patients. An ascertainment bias was recently found to be unlikely, when null IFNAR1 and
IFNAR2 alleles were found to be common in populations of Polynesian and Arctic origins, respec-
tively (94–96). Children, adolescents, and adults without type I interferons can apparently control
many viruses well, yet they display a high but selective vulnerability to a few viruses, including
SARS-CoV-2, certain seasonal influenza viruses and by inference pandemic influenza viruses, and
the attenuated live virus vaccine strains of measles-mumps-rubella (MMR) and by inference wild-
type measles virus. The penetrance for these viral diseases even seems incomplete. The basis for
this variable disease presentation, as well as that for normal resistance to many viruses in the
absence of type I interferons, remains unexplained.

The above-described rare variant analyses were the first to identify genes important for type I
interferon immunity as essential for protective immunity to SARS-CoV-2 in the respiratory tract.
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These discoveries were also complemented by the identification of several common variants af-
fecting the same pathway.Multiple genome-wide association studies (GWAS) of COVID-19 have
been performed, using datasets from the GenOMICC (Genetics Of Mortality In Critical Care)
cohort of initially 2,244 (later expanded to 7,491) critically ill UK patients, as well as from the
COVID-19 Host Genetics Initiative (COVID-19 HGI) cohort of 49,562 SARS-CoV-2-infected
patients (of all disease severities) across 19 countries (97–99). These studies identified approx-
imately 30 different loci associated with susceptibility to COVID-19 (97–101). Some loci were
located at or close to genes involved in host immune responses to virus infection, including type I
interferon immunity. The association with the gene cluster including the ISGs OAS1, OAS2, and
OAS3 on chromosome 12q24.13, first identified in GenOMICC and COVID-19 HGI studies,
was confirmed in additional patient cohorts of European and African ancestries (97, 99, 102–
104). Two associated OAS1 exonic variants (rs10774671 and rs1131454) were shown to regulate
OAS1 protein levels through splicing and nonsense-mediated decay (102). Other interferon-
related association loci that have been identified are TYK2 on chromosome 19p13.2 (97, 99),
IFNAR2 on chromosome 21q22.1 (97, 99), and IFNA10 on 9p21.3 (98). Since common vari-
ants have small or modest effect sizes, the ability of GWAS to detect other interferon-related
loci may be highly sensitive to the population characteristics of cases and/or controls. Factors
possibly obscuring signal detection include different ancestries/ethnic background, age, clini-
cal severity definitions, etc. Indeed, age-stratified effects have been seen in some COVID-19
GWAS in which certain GWAS signals had significant stronger effect in the younger age group
(<60 years) (98). Finally, as discussed earlier, given that SARS-CoV-2 is highly mutable, different
variants of SARS-CoV-2 with different abilities to interfere with type I interferon immunity, in-
cluding those arising within immunosuppressed individuals, may also confound ability to detect
other interferon-related susceptibility loci.

PREEXISTING AUTOANTIBODIES NEUTRALIZING TYPE I
INTERFERONS CAN UNDERLIE CRITICAL COVID-19

By analogy with autoantibodies to other cytokines resulting in clinical phenocopies of IEIs of
the corresponding cytokines, the identification of patients with IEIs of type I interferons in 1–
5% of cases raised the hypothesis that autoantibodies to type I interferons may underlie critical
COVID-19 in other patients (105). This turned out to be correct and led to the discovery that
>15% of patients suffer from critical COVID-19 because of autoantibodies neutralizing type I in-
terferons (106–109). The natural occurrence of these autoantibodies had been described from the
early 1980s onward in patients with systemic lupus erythematosus (SLE), thymoma, or myasthe-
nia gravis. These autoantibodies were widely thought to be clinically silent, not being responsible
for severe viral disease, with the notable exception of a patient with disseminated zoster studied
by Ion Gresser (110). The autoantibodies found in patients with critical COVID-19 neutralize
the 13 subtypes of IFN-α and/or IFN-ω, more rarely IFN-β. Neutralization of IFN-ε and IFN-κ,
which are 1,000 times less potent and the expression of which predominates in reproductive and
cutaneous tissues, has not been tested. About 10% of patients have autoantibodies that neutral-
ize 10 ng/mL of interferon, with blood diluted 1/10, while another 5% neutralize 100-fold-lower
concentrations. The risk of life-threatening disease increases with the number and concentration
of type I interferons neutralized, with odds ratios varying between 5 and 100 (106). The autoanti-
bodies were found in about 20% of deceased patients across age groups. They were also found to
confer a high risk of death, with an infection fatality rate much greater than that conferred by sex,
comorbidities, or the most significant at-risk haplotype detected by GWAS (108). Their impact
was also documented in vivo during infection, both at the mucosal surface (111) and in leukocytes
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EVIDENCE THAT AUTOANTIBODIES AGAINST TYPE I INTERFERONS CONFER
SUSCEPTIBILITY TO LIFE-THREATENING COVID-19

Multiple lines of evidence support a pathogenic role of autoantibodies against type I interferons for worsened out-
come of SARS-CoV-2 infections in humans. Definitive evidence in vivo awaits large-scale and better-designed
prospective studies in humans, including interventional trials to deplete such autoantibodies. Adapted from
Reference 108.

� The autoantibodies are detectable in patients, at times predating SARS-CoV-2 infection. In the general
population, autoantibodies increase with age.

� The autoantibodies aremore prevalent in patients with increased severity of SARS-CoV-2 infection, including
those with certain autoimmune disorders associated with higher risk of severe SARS-CoV-2 infection.

� The autoantibodies neutralize type I interferon both in vitro and in vivo and thereby interfere with the ability
to suppress SARS-CoV-2 replication.

� The autoantibodies phenocopy genetic defects in type I interferon immunity, as an additional example of
anticytokine autoantibodies phenocopying their corresponding genetic defects in other cytokines.

� The autoantibodies can underlie susceptibility to other viral illnesses, such as severe influenza pneumonia and
adverse reactions to the live attenuated yellow fever virus.

(112). These findings have since been replicated in various ways in at least 26 independent centers
in the Americas, Asia, and Europe (112–137). Neutralization of high concentrations of multiple
interferons was even found to account for 20% of cases of breakthrough hypoxemic pneumonia, in
patients whose antibody response to the RNA vaccine was normal (138).Multiple lines of evidence
indicate that these autoantibodies preexist infection with SARS-CoV-2 and are causal of critical
disease (see the sidebar titled Evidence That Autoantibodies Against Type I Interferons Confer
Susceptibility to Life-Threatening COVID-19) (108). Particularly relevant medically, these au-
toantibodies are found in the general population, with a prevalence that sharply rises after age
65 years, reaching 5–8% in the elderly population (106).

In a subset of patients studied longitudinally, levels of neutralizing anti-type I interferon au-
toantibodies appeared highest during acute SARS-CoV-2 infection and then decreased during
convalescence, although most patients maintained some neutralizing activity several months out
(139). In a complementary study that included twoCOVID-19 patients with preexisting neutraliz-
ing anti-type I interferon autoantibodies, acute SARS-CoV-2 infection caused a transient increase
in the amount of these autoantibodies (140). Since the presence of these autoantibodies, even dur-
ing acute COVID-19, is associated with a dramatically increased likelihood of developing severe or
critical outcomes, these kinetic data suggest that a small memory B cell population exists in some
individuals that can rapidly expand and differentiate into plasmablasts upon antigenic type I inter-
feron exposure or because of bystander activation,which has been shown to be precipitated by viral
infection (105). Indeed, multiple autoantibodies have been detected in patients with COVID-19
or other infections (125). Such a situation might be more likely to occur upon infection with a
virulent virus to which the individual is immunologically naive, i.e., a situation in which there is
widespread viral replication and type I interferon induction. This could explain why patients with
neutralizing anti-type I interferon autoantibodies tend to be older, as they might require repeated
and prolonged exposure in the past to type I interferons to break tolerance. Furthermore, this
requirement may also explain why patients with these autoantibodies do not generally have a his-
tory of life-threatening infections by other viruses. This model raises the alarming possibility that
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severe or protracted COVID-19 might be a factor predisposing to future severe viral infections in
individuals who already have neutralizing anti-type I interferon autoantibodies.

These findings also raise various questions pertaining to the origin, nature, and consequences
of autoantibodies to type I interferons. Their origin is unknown in most cases, especially in
the significant proportion of elderly people who carry them. Known associations include SLE,
thymoma, and myasthenia gravis, conditions that were long known to be associated with these
autoantibodies. Autoantibodies to type I interferons have also been more recently described in
incontinentia pigmenti (IP) (107); partial deficiencies of RAG1/2 (141); immunodysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) (142), and autoimmune polyen-
docrinopathy syndrome type I (APS-1; also known as APECED) (143). The latter condition is
particularly important, because most if not all patients with APS-1 display such autoantibodies
from early childhood onward. These observations in patients hint that tolerance to type I inter-
ferons may be broken through a mechanism involving failure to delete autoreactive T cells that
promote B cell type I interferon autoantibody production. So far, all known IEIs underlying au-
toantibodies to type I interferons involve defective thymopoiesis, whether due to a T cell–intrinsic
defect (mutations in RAG1,RAG2, and FOXP3) or a medullary thymic epithelial cell–intrinsic de-
fect (mutations in AIRE). Moreover, the occurrence of autoantibodies to type I interferons in
thymoma is probably explained by the localized defect of expression of AIRE within the lesion
(144). These findings raise the exciting possibilities that a not negligible proportion of patients
with various other autoimmune conditions carry autoantibodies to type I interferons predisposing
them to critical COVID-19 and that they could be considered to have occult IEIs.

The nature of these autoantibodies is also largely elusive. What are the components of the
heavy and light chains of the antibodies, and the corresponding B cell epitopes? Is there an HLA
association, and what are the corresponding T cell epitopes? What are the frequencies of type I
interferon–specific T and B cells in the blood? What are the differences between autoantibodies
recognizing IFN-α, IFN-ω, and IFN-β? Finally, the consequences of these autoantibodies need to
be unraveled. They were already shown to account for about a third of a small cohort of patients
with adverse reaction to the live attenuated yellow fever virus vaccine (145). They are also found
in about 5% of patients under 70 years old with severe influenza pneumonia (146). Finally, and
consistent with Ion Gresser’s seminal report, they were found to be associated with recurrence
of varicella-zoster virus flares in patients hospitalized with COVID-19 (110, 115). Longitudinal
studies of people with autoantibodies to type I interferons are warranted to delineate their natural
history of viral resistance and susceptibility.

EFFECTS OF ACTIVATING THE TYPE I INTERFERON PATHWAY
APPEAR BENEFICIAL EARLY BUT NOT LATER DURING
SARS-CoV-2 INFECTIONS IN HUMANS

While deficiency of type I interferon in humans, either through loss-of-function gene mutations
or neutralizing anticytokine autoantibodies, predisposes to life-threatening COVID-19, it re-
mains an open question whether increased or prolonged production of type I interferon during
SARS-CoV-2 infection can in some circumstances contribute to severe disease through different
mechanisms. Constitutive overproduction of type I interferon in humans occurs in a group of
disorders called type I interferonopathies, which often result from mutations in genes involved in
nucleic acid metabolism or sensing (27). Interferonopathies as a group characteristically manifest
autoinflammatory and sometimes autoimmune disease. Most patients have central nervous
system involvement including intracranial calcification and skin disease including pernio, but
some can also develop pulmonary, ocular, or gastrointestinal involvement. Remarkably though,
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these patients do not apparently have increased susceptibility to life-threatening SARS-CoV-2
infections. Instead, they might be better protected from developing severe disease because their
increased basal production of type I interferon keeps their cells in an antiviral state. This idea is
supported by a recent study in which the differentiated macrophage cell line THP-1 was rendered
SAMHD1-deficient by knockout, to mimic one cause of inherited type I interferonopathy (147).
Such cells showed decreased SARS-CoV-2 transcripts after infection, along with the expected
biochemical markers of increased type I interferon signaling. Primary human monocyte-derived
macrophages in which SAMHD1 was targeted for degradation by treatment with Vpx-containing
virus-like particles also showed similarly decreased SARS-CoV-2 transcripts after infection.

Consistent with the idea that the early increase in type I interferon is protective rather than
deleterious, a subgroup of patients develop chilblain-like lesions (pernio) after exposure to SARS-
CoV-2. These young individuals develop pernio on their extremities (so-called COVID toes), but
most report no extracutaneous symptoms of COVID-19 (148). Infection with SARS-CoV-2 was
inferred by epidemiological exposure histories, although only a minority of these patients have
serological evidence of prior infection, and most test negative by conventional PCR at the onset
of pernio. Early histopathologic studies demonstrated SARS-CoV-2 proteins in endothelial cells
and eccrine gland epithelial cells (149). However, those findings were not replicated in a subse-
quent study, suggesting that an abortive SARS-CoV-2 infection might have occurred, resulting in
very low, barely detectable levels of virus (150). Intriguingly, when peripheral blood mononuclear
cells (PBMCs) from these individuals were stimulated in vitro by a TLR7/8 ligand, type I inter-
feron production was increased compared with PBMCs from individuals with acute respiratory
COVID-19 (mild or severe) (149), and pDCs present within affected tissue have been implicated
in the pathogenesis of other forms of pernio (151, 152). Moreover, increased expression of ISGs
ex vivo was observed not only in skin but also in blood of patients with COVID-19-associated
or other forms of pernio, when compared to healthy controls or COVID-19 patients with mild
respiratory symptoms (152). Since TLR7 and pDCs are important for protection against acute
respiratory COVID-19 (see above) (81), it seems plausible that a hyperactive type I interferon
response elicited early upon SARS-CoV-2 exposure makes it difficult to detect residual virus prod-
ucts later in COVID-19-associated pernio patients. Other post-COVID-19 sequelae like what is
seen in type I interferonopathies have been anecdotally reported, such as myopathy and dermato-
myositis (153, 154).Overall, these observations suggest a common protectivemechanism involving
increased early type I interferon similar to what is seen in type I interferonopathies.

As genetic or acquired type I interferon deficiency is associated with more severe COVID-19,
several randomized clinical trials have been carried out to test efficacy of type I interferon ad-
ministration. The trials have used IFN-β, which fortuitously is less likely to be neutralized by
endogenously arising autoantibodies (see the above section titled Preexisting AutoantibodiesNeu-
tralizing Type I Interferons Can Underlie Critical COVID-19). Depending upon the timing of
type I interferon treatment relative to onset of symptoms and severity of disease when treatment
was started, these trials could provide clues regarding possible deleterious effects of delayed ex-
posure to type I interferon. However, clinical trials are difficult to control given many potential
confounding factors such as age, sex, severity, comorbid conditions, and other treatments, not to
mention the uniqueness of the genome of each participant. Stratification and subgroup analyses
are typically used to take these factors into account, but even so overall the trials have yielded
mixed results.

An early randomized open-label trial by Hung et al. (155) compared (a) a 14-day treatment
course of subcutaneously administered nonglycosylated IFN-β (n = 86) combined with ribavirin
and lopinavir-ritonavir with (b) lopinavir-ritonavir only. Treatment was started at no more than
7 days after symptom onset [median 5 days, interquartile range (IQR) 3 to 5 days] in a hospitalized
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patient cohort that tended to have milder disease. In the group additionally treated with IFN-β
and ribavirin, there was more rapid clearance of SARS-CoV-2 PCR positivity from the upper res-
piratory tract, as well as more rapid resolution of clinical symptoms and organ dysfunction (155).
In a randomized, double-blind, placebo-controlled trial by Monk et al. (156), a 14-day treatment
course of nebulized glycosylated IFN-β (n= 48) was started at a median of 10 days after symptom
onset (IQR 7 to 11 days). Here, the IFN-β-treated group showed a greater likelihood of clini-
cal improvement and quicker recovery compared with placebo control, despite having an initially
worse baseline severity score before treatment. The IFN-β treatment appeared well-tolerated,
with only headache and cough during aerosolized administration, as previously observed when
it was administered in other clinical conditions such as asthma, and there were no deaths in the
IFN-β-treated group. Thus, these two studies suggested that treatment with type I interferon can
be efficacious.

Two other randomized open-label trials at a single center tested a 14-day treatment course of
different forms of IFN-β added onto a regimen of hydroxychloroquine plus lopinavir-ritonavir (or
atazanavir-ritonavir) in more severely ill hospitalized patients (157, 158). Treatment was started
at a median of 10 days (IQR 8 to 13 days) after symptom onset for glycosylated IFN-β or 7 days
(IQR 5 to 9 days) for nonglycosylated IFN-β. In those who had received additional subcutaneously
injected glycosylated IFN-β (n = 42) earlier (defined as <10 days after symptom onset), time
to resolution of symptoms was not decreased, but the proportion of those discharged from the
hospital at 14 days was increased and 28-day mortality was decreased, effects that were reported
as not seen in patients who started receiving type I interferon later (157). For the parallel study
of nonglycosylated IFN-β (n = 33), the proportion of patients discharged from the hospital at 14
days was also increased, but there were several differences including decreased time for resolution
of symptoms and unaffected 28-day mortality (158). Of note, in the study of glycosylated IFN-β,
several patients were censored from the treatment group because they died before receiving at
least four doses of IFN-β (157). It is unclear whether these deaths occurred in individuals who
started to receive IFN-β earlier or later, and whether these deaths reflect a deleterious effect of
delayed interferon administration.

On the other hand, several open-label randomized clinical trials did not show any clear benefit
of IFN-β administration. In a study by the WHO Solidarity Trial Consortium, a 7-day course
of glycosylated IFN-β (n = 2,050), sometimes combined with lopinavir, in hospitalized patients
with COVID-19 of at least moderate severity did not decrease mortality, respiratory support,
or duration of hospitalization, although there did appear to be a non–statistically significant in-
creased likelihood of death in those whowere ventilated (159).However, some critically ill patients
received intravenous IFN-β along with corticosteroids, instead of subcutaneous IFN-β, compli-
cating the interpretation. Furthermore, the duration of symptoms prior to treatment was not
provided, so whether the timing of administration of IFN-β affected outcome is unknown. Simi-
larly, in a randomized open-label trial from Ader et al. (160), a 7-day course of glycosylated IFN-β
(n = 145) was given along with lopinavir-ritonavir to hospitalized patients with COVID-19 of
moderate or greater severity and a median symptom duration since onset of 10 days (IQR 7 to
12 days). Treatment did not improve clinical score, decrease time to hospital discharge, or result
in more rapid clearance of virus from the respiratory tract.

Further complicating the picture, a double-blind, placebo-controlled trial has tested effects of
glycosylated IFN-β in sicker hospitalized patients. In the ACTT-3 trial, a 7-day treatment course
of subcutaneously administered IFN-β (n = 477) was given in combination with the antiviral
remdesivir, with treatment starting at a median of 8.7 days (standard deviation 4.4 days) after
symptom onset (161). Even when analysis was adjusted for actual disease severity, treatment with
IFN-β plus remdesivir in those who were moderately or severely ill did not result in quicker
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recovery compared to remdesivir alone. Furthermore, those who were critically ill also had higher
likelihood of clinically worsening with the additional IFN-β treatment. Interpretation of these
results is difficult since unlike lopinavir-ritonavir or hydroxychloroquine (which have since been
shown not to be beneficial for clinical outcome in SARS-CoV-2-infected patients), remdesivir
seems to have efficacy to prevent severe illness when patients already require a low level of oxygen
supplementation. Thus, in the ACTT-3 trial the lack of an effect of added IFN-β may be due to
the beneficial effects of concurrently administered remdesivir (162).

In summary, it appears that situations of increased type I interferon produced endogenously,
either at baseline before infection (type I interferonopathies) or early during the course of natural
infection (pernio), are associated with less severe clinical disease. This is consistent with an early
protective effect of type I interferon. By contrast, when type I interferon is provided exogenously
in interventional clinical trials, it is started several days after initial symptoms develop, when it is
probably too late to see beneficial clinical effects, especially inmore severely affected patients (109,
163). This essentially delayed provision of type I interferon is not protective, and there are hints
that it might worsen clinical outcomes, but more evidence in humans is needed to support such
a conclusion. Testing the therapeutic effect of type I interferon in asymptomatic, ambulatory, un-
vaccinated individuals, shortly after a diagnosis of SARS-CoV-2 infection but before they become
patients, would be highly informative. If efficacious, it would not only provide a new preventive
therapy but also further incriminate inadequate type I interferon in the first days of infection as a
general mechanism of disease.

AGE AND CRITICAL COVID-19: FACTS AND HYPOTHESES

During the pandemic, age has emerged as the most important epidemiological determinant for
clinical outcome to SARS-CoV-2 infection. At the molecular and cellular levels, age-dependent
factors contributing to outcome could include physiological differences such as different patterns
of alveolar ACE2 expression and different numbers of lung progenitor cells in children versus
older adults (164). Our discovery that defects in the type I interferon pathway are a strong deter-
minant for poor outcome also raises the possibility that SARS-CoV-2-elicited induction of type I
interferons and cellular responses to them may themselves vary with age. As we have shown, the
prevalence of autoantibodies neutralizing type I interferon is stable, between 0.3% to 1%, until
age 65 years, and then it rises sharply to reach 4–8% (106). Additional contributing factors could
include declines with age in pDC counts and basal levels of type I interferon in respiratory mu-
cosae that have been observed in other contexts (165, 166). We speculate that the overall decline
of type I interferon immunity with age accounts, at least in part, for the epidemiological obser-
vation of age-dependent COVID-19 mortality. The molecular and cellular bases of this decline
remain, however, largely unknown. Future research into this important topic may shed light into
the age-dependent susceptibility that is observed with other viral infections.

CONCLUSIONS

In this review, we have focused on the mechanisms of life-threatening COVID-19 pneumonia
in humans. We now know that inborn errors of TLR3- or TLR7-dependent type I interferon
immunity occur in about 1–5% of patients with hypoxemic COVID-19 pneumonia, with the pen-
etrance of recessive defects higher than that of dominant defects. We also know that preexisting
autoantibodies neutralizing IFN-α, IFN-β, and/or IFN-ω occur in about 15–20% of patients with
hypoxemic pneumonia. These autoantibodies are found in 0.3–1% of healthy individuals until age
65 years, when their prevalence sharply increases to reach up to 4–7% above 75 years old. In a
small proportion of cases, these autoantibodies appear driven by inborn errors of T cell tolerance
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in the thymus. Collectively, these findings suggest that insufficient type I interferon, whether in-
herited or acquired, might be a general mechanism of hypoxemic COVID-19 pneumonia. Many
unknowns remain. Are there other pathogenic inborn errors of type I interferon, especially affect-
ing type I interferon–inducible genes that could alter cellular responses to type I interferons? Are
there other inborn errors of thymopoiesis underlying autoantibodies to type I interferons? Why
does their prevalence increase sharply above 65 years of age? Finally, is type I interferon deficiency
the only mechanism at work in patients, or do other mechanisms contribute to life-threatening
COVID-19 pneumonia, such as proinflammatory/immunomodulatory effects of inappropriately
high or misdirected type I interferon?
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