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SUMMARY

Innate immunity and the actions of type | and Il interferons (IFNs) are essential for protection from SARS-
CoV-2 and COVID-19. Each is induced in response to infection and serves to restrict viral replication and
spread while directing the polarization and modulation of the adaptive immune response. Owing to the
distribution of their specific receptors, type | and lll IFNs, respectively, impart systemic and local actions.
Therapeutic IFN has been administered to combat COVID-19 but with differential outcomes when given early
or late in infection. In this perspective, we sort out the role of innate immunity and complex actions of IFNs in
the context of SARS-CoV-2 infection and COVID-19. We conclude that IFNs are a beneficial component of
innate immunity that has mediated natural clearance of infection in over 700 million people. Therapeutic
induction of innate immunity and use of IFN should be featured in strategies to treat acute SARS-CoV-2 infec-

tion in people at risk for severe COVID-19.

INTRODUCTION

Nearly 700 million people worldwide have been infected with the
severe acute respiratory coronavirus 2 (SARS-CoV-2), the cause
of coronavirus disease 2019 (COVID-19) (https://covid19.who.
int/). 6.8 million people are known to have died from infection.
Vaccination for SARS-CoV-2 clearly protects against COVID-
19 severity, wherein humoral immunity is the major biomarker
and mediator of disease protection.’ Importantly, prior to vacci-
nation and in nonvaccinated persons today, the great majority of
people infected with SARS-CoV-2 recovered following asymp-
tomatic infection or having only acute mild to moderate disease,
with recovery occurring prior to the onset or peak of humoral
immunity.>® The kinetics of infection with recovery in these
COVID-19 cases, and that many cases are asymptomatic, un-
derscore a major role for innate immunity in early control of
SARS-CoV-2 infection.

INNATE IMMUNE CONTROL OF SARS-CoV-2

Innate immunity provides our first line of defense against virus
infection and is triggered in the infected cell through the actions
of pathogen recognition receptors (PRRs) that recognize and
bind specific pathogen-associated molecular patterns
(PAMPs) within viral products to signal downstream innate
immune activation.” In lung epithelial cells, the melanoma dif-
ferentiation antigen 5 (MDA5) protein, a member of the RIG-I-
like receptor (RLR) family of PRRs, recognizes SARS-CoV-2
likely through binding of viral RNA PAMPs and signals through
the RLR pathway for induction of innate immunity.°~" Additional
innate immune programs, possibly directed by toll-like recep-
tors (TLRs) or other PRRs, may also contribute to innate im-
mune activation. Innate immune activation occurs rapidly
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following infection in a host cell. This process first directs the
rapid expression of virus-stimulated genes (VSGs) triggered
by interferon-regulatory factor 3 (IRF3), NF-«xB, and other tran-
scription factors activated by PRR signaling.® SARS-CoV-2-in-
fected patients with rare inborn errors leading to TLR3 and
TLR7 deficiencies have resulted in severe COVID-19 out-
comes.”"" Further polymorphisms in transcription factors
including IRF7 and IRF9 result in severe COVID-19."" These ob-
servations underscore the role of PRRs and innate immune
signaling and response in early control of SARS-CoV-2. Among
the VSGs are types | and lll interferons (IFNs) whose production
and secretion lead to IFN signaling in the infected cell and
neighboring cells to induce a major second wave of gene
expression by directing the induction of hundreds of inter-
feron-stimulated genes (ISGs) and a tissue-wide and even sys-
temic antiviral state (Figure 1). While VSG products provide an
initial wave of gene expression for first-line defense to limit local
virus replication and spread, ISGs expand and diversify this
response to systemically mediate antiviral defenses.’” VSG
and ISG products also include specific chemokines and cyto-
kines that serve to program and polarize the adaptive immune
response for effective immunity and viral clearance. Cytokine
and chemokine products such as interleukin-6 (IL-6), tumor ne-
crosis factor o (TNF-a), and CXCL10 are also implicated in the
pathogenic cytokine storm underlying severe COVID-19 out-
comes,'®"* so the innate immune response must be fine-tuned
to direct recovery versus disease.'*'® Moreover, viral proteins
that accumulate in the infected cell during the course of SARS-
CoV-2 replication can attenuate innate immunity (described
below and reviewed elsewhere'”), thus marking the rapid onset
and actions of innate immunity as key features in controlling
infection and protecting against development and severity of
COVID-19.
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Figure 1. SARS-CoV-2 induction of innate
immune activation and IFNs

SAR-CoV-2 infection and cell entry results in viral
RNA deposition in the cell cytosol to initiate viral
protein synthesis and viral RNA replication. Left:
MDAG5 first senses viral products, likely viral RNA
components, and undergoes signaling activation
involving interaction with the MAVS adaptor pro-
tein. SARS-CoV-2 might also be sensed through
other pathogen recognition receptors including
specific Toll-like receptors. Signaling mediates
downstream activation and nuclear accumulation
of IRF3, NF-KB, and other transcription factors
that direct the expression of virus-stimulated
genes (VSGs), many with antiviral and immune-
modulatory activity. Right: types | and Ill IFNs are
cytokine VSG products and are secreted from
the infected cell and signal via distinct receptors
engaging the Jak-STAT pathway, leading to
interferon-stimulated gene (ISG) expression.
Hundreds of ISGs are induced in lung epithelial
cells. ISG actions amplify and diversify the
innate immune response, with the responses
to type | and type Ill IFNs being temporally
distinct and respectively partitioned by systemic
versus compartmentalized (type Il IFN) receptor
expression distribution. Specific ISGs mediate
antiviral actions against SARS-CoV-2. IFN
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CONTRASTING ROLES OF TYPES | AND Il IFNs IN
SARS-CoV-2 CLEARANCE

While types | and Il IFNs are induced through the same PRRs,
their transcriptional response kinetics are distinct and should
be expected to impart temporally distinct antiviral actions
against SARS-CoV-2. Type | IFNs induce ISG expression early
following receptor signaling, while type Il IFN-induced ISGs
are comparatively delayed, but their expression is sustained
for a longer period.'®'® While both IFNs activate the Jak-STAT
signaling cascade to induce ISGs (see Figure 1), type |
IFNs alone can also activate STAT1 homodimers to induce in-
flammatory signals, thus driving a different composition of
ISGs."® Further, type IIl IFN receptor expression is restricted to
epithelial layers at the mucosal surfaces compared to the ubig-
uitous expression of type | IFN receptor. These differences
impart a division of labor, with type | IFNs playing a dominant
role in inducing broad tissue and systemic responses and type
Il IFNs activating innate antiviral responses at the mucosal
tissues.

Primary infection of nasal and lung epithelium marks SARS-
CoV-2 as a mucosal virus.?® As type IIl IFN responses are mainly
confined to surfaces of the mucosal epithelium, this IFN is critical
to control infection by mucosal viruses including norovirus,?' %
respiratory syncytial virus, influenza A virus (IAV),%* and SARS-
CoV-2.2° The SARS-CoV-2/COVID-19 pandemic has drawn
new attention to the ongoing debate on IFNs as therapeutic
agents, particularly the role of type lll IFN in the lung. Severe
COVID-19 patients have high levels of circulating IFNs, thereby
associating IFNs with a worse prognosis of the disease®®
(Figure 2). To address the mechanisms of bad outcomes due
to high, chronic levels of IFNs in vivo, studies have evaluated
mucosal integrity in mouse models in the context of high-dose
IAV or treatment with poly I:C (a double-stranded RNA PAMP
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therapy strategies leverage these actions and the
immunomodulatory activities of ISGs for the
treatment of infection and COVID-19.

commonly used to induce IFN expression) to model SARS-
CoV-2 infection.?’?° The induced and chronic IFNs delayed
epithelial repair of damage caused by virus infection or PAMP-
induced inflammatory response in the mucosa. By contrast,
pre-infection or early treatment of mice with type Ill IFN was pro-
tective against disease following virus challenge. Thus, location,
timing, and duration of IFN exposure determines the protective
or detrimental effects of IFN actions. More recent studies have
clarified the role of type Ill IFN using mouse-adapted strains of
SARS-CoV-2 in the mouse model of infection. Here, type llI
IFN protects mice challenged with SARS-CoV-2 Alpha and Om-
icron variants, protecting against virus-induced inflammation
and tissue damage in both the upper and lower airways.* Early
type Il IFN intranasal administration to mice can also provide
protection from morbidity and mortality otherwise caused by
SARS-CoV-2, indicating that the timing of IFN production and
signaling are critical for protection against disease.” These out-
comes align with previous studies from us and others showing
that type Il IFN induces tissue-specific immunity without
causing damaging inflammation, as type Ill IFN does not recruit
immune cells to the site of infection.'8%:%"

There are several contrasting studies regarding the role of type
I IFNs in the outcome of experimental SARS-CoV-2 infection.
Considering the analyses of SARS-CoV-2 mouse models of
infection utilizing the transgenic expression of human angio-
tensin-converting enzyme 2 (ACE2) in mice, some studies
show that the response to IFN links with control of infection in
this model,?**? while others document enhanced lung inflamma-
tion caused by type | IFN linked with lack of virus clearance.®®
These contrasting outcomes can be due to differences in virus
challenge dose and route of challenge and should consider the
impact of tissue distribution of transgenic human ACE2 expres-
sion, which is aberrantly expressed in a range of tissues in
this model.>* However, we note that previous studies of the
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Figure 2. IFN actions against SARS-CoV-2
mediated by select ISGs

Cell infection progression of SARS-CoV-2 is
depicted. In the context of IFN production or
treatment, types | and Il IFNs signal through the
Jak-STAT pathway and induce the assembly,
nuclear accumulation, and activity of IFN-
stimulated gene factor 3 (ISGF3) transcription
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are featured below.

SARS-CoV-2 can enter the cell through
two main mechanisms, ACE2-mediated
endosomal entry or TMPRSS2-mediated
cell-surface entry via membrane fusion.
The major mode of SARS-CoV-2 entry is
through TMPRSS2-mediated activation/
cleavage of Spike to an S2 cleavage
product facilitating binding to Ace2.*°
Among ISG products, LY6E was found
to restrict S-protein-mediated membrane

MERS-CoV have shown that IFNs can mediate protective ac-
tions in vivo.>° These observations warrant an in-depth biological
characterization of IFN actions against SARS-CoV-2, taking
routes of infection, dose, cell type, and location-specific deple-
tion of IFN receptors into consideration. While more studies
are needed to characterize the role of type | IFNs in the context
of SARS-CoV-2, it is clear from other virus infections that they are
critical to early virus control and initiating/modulating adaptive
immune responses.*® We propose that types | and Il IFNs play
a collaborative but non-redundant role in protecting against
SARS-CoV-2 and COVID-19.

SPECIFIC ISGs RESTRICTING SARS-CoV-2

IFNs mediate their antiviral actions through the function of ISGs,
including genes that are differentially expressed by types | and Il
IFNs.®” Most ISGs described in the literature are those whose
expression is induced in response to IFNs, but it should be noted
that there are many ISGs whose expression is reduced or down-
regulated from pre-IFN baseline levels.'**® While induced I1SGs
can impact viral replication directly, the reduced expression
ISGs include genes encoding factors that regulate metabolic
and cell growth control to confer restriction of virus infection,>®
but the spectrum of the ISGs impacting SARS-CoV-2 is not
defined. The antiviral response linked with ISGs is designed to
affect every step of the virus life cycle, with specific ISGs thus
far shown to restrict SARS-CoV-2 entry or viral RNA replication,
but restriction factors affecting SARS-CoV-2 egress have

entry.*>*" The effect of LYBE diverges
beyond SARS-CoV-2, as mice lacking
LYGE were protected against another co-
ronavirus —the mouse hepatitis virus (MHV). This observation is
intriguing, given that LYGE has proviral functions in the context
of flaviviruses, IAV, and HIV.**~** Dissecting the underlying mo-
lecular mechanisms of how LYBE mediates its activity to restrict
coronaviruses will shed light on these seemingly opposing virus-
specific functions.

A transposon screen to identify restriction factors of the
Ebola virus identified a specific isoform of CD74 that impor-
tantly also inhibits the cleavage of the SARS-CoV-2 S protein,
disrupting its processing in the endosome.*® The p41 isoform
of CD74 inhibited viral entry by blocking cathepsin-mediated
processing of the Ebola virus glycoprotein. Remarkably,
CD74 p41 can also block the endosomal entry pathway of co-
ronaviruses, including SARS-CoV-2, through actions induced
by CIITA, an ISG and transcription co-factor of major histocom-
patibility (MHC) expression and upstream regulator of CD74.%°
Thus, CIITA and CD74 impart an IFN-induced pathway of ISG
actions against SARS-CoV-2 entry. Moreover, multiple studies
have implicated IFN-induced transmembrane protein 3 (IFITM3)
in SARS-CoV-2 entry restriction.*®*” IFITM3, a well-studied re-
striction factor against IAV, HIV, and West Nile virus, inhibits the
fusion of viral and cellular membranes to preclude virus entry
into target cells.® In the case of SARS-CoV-2, the IFITM3 pro-
tein binds to the virus, blocking viral entry. A single-nucleotide
polymorphism (SNP) of IFITM3 is linked to increased suscepti-
bility to SARS-CoV-2,*° with the potential of utilizing this SNP to
identify individuals who are more likely to be susceptible to
the virus.
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OAS1 is one of the major SARS-CoV-2 restriction factors that
could partially explain the heterogeneity in innate mediated con-
trol of SARS-CoV-2 infection in susceptible people. A 46-kDa
splice isoform of oligoadenylate synthetase 1 (OAS1), called
OAS1p46 or prenylated OAS1, displayed robust antiviral activity
against SARS-CoV-2. OAS proteins are IFN-inducible innate im-
mune proteins that sense and bind to viral RNA and activate a
ribonuclease RNaseL to control virus replication.”*>® The anti-
viral activity of OAS1p46 against SARS-CoV-2 is dependent on
prenylation of OAS1p46. Prenylated OAS1 traffics to the Golgi,
including possibly the SARS-CoV-2 double-membrane replica-
tion organelle (Figure 2).°**° Interestingly, the human OAST1
gene produces two major isoforms, OAS1p42 or OAS1p46 (pre-
nylated isoform), and their expression is controlled by an SNP in
the sixth exon splice site acceptor (A/G; rs10774671) of the OAST
gene. The G allele generates the OAS1p46 isoform, and the A
allele generates OAS1p42. Both OAS1p42 and OAS1p46 are ex-
pressed if an individual carries A and G alleles. Individuals who
carry homozygous alleles naturally lack either OAS1p42 (G/G)
or OAS1p46 (A/A) isoforms, while heterozygotes express both
isoforms. In the context of COVID-19, A/A homozygous patients
who are OAS1p46 deficient progress to severe COVID-19,
requiring mechanical ventilation or leading to death.”® Recent
studies have replicated these virological and genetic findings,
implicating prenylated OAS1 as a central restriction factor of
SARS-CoV-2, whose loss of function links with progression to se-
vere COVID-19.%%*” While genetic variation in OAS1 has emerged
as a significant disease predictor in multiple COVID-19 patient
cohorts, it is still puzzling that the odds ratio linked to this SNP
is not higher, which suggests that there are other variables
affecting the function of prenylated OAS1 against SARS-CoV-2.
As early innate immune-mediated control of SARS-CoV-2 is crit-
ical in preventing the infected individual from progressing to se-
vere COVID-19, we presume that prenylated OAS1 expression
is directly affected by the level of IFNs induced and hence the ac-
tions of other ISGs during actute SARS-CoV-2 infection. We pro-
pose that the SNPs in genes operating in the IFN signaling
pathway®® or IFN autoantibodies®*°' (see below) could differen-
tially influence the protective effects of prenylated OAS1. These
observations underscore the significance of prenylated OAS1 in
restricting SARS-CoV-2.

Zinc finger antiviral protein (ZAP) is another ISG that restricts
SARS-CoV-2. The Zap gene produces multiple splice isoforms,
with predominant expression of long (ZAP-L) and short (ZAP-S)
isoforms.>* ZAP-L is constitutively expressed, while ZAP-S is
an ISG. SARS-CoV-2 studies have implicated both isoforms
as playing a role in virus restriction, with each mediating
distinct mechanisms of action against the virus. Additionally,
another study shows that ZAP-L mediates virus restriction
through RNase activity, requiring KHYHN and TRIM25 as acces-
sory factors,®” with ZAP potently restricting SARS-CoV-2. This
work also shows that ZAP-L enforces constitutive antiviral
activity, with ZAP-S directing IFN-induced antiviral actions.
Another study implicates ZAP-S in restricting SARS-CoV-2
by interfering with ribosomal frameshifting, thereby inhibiting
viral replication.®® Thus, ZAP isoforms mediate basal and IFN-
induced antiviral actions against SARS-CoV-2 (Figure 2).

While the afore described ISGs are shown to have defined
functions to mediate IFN antiviral actions against SARS-CoV-2,
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the spectrum of antiviral ISGs that restrict SARS-CoV2 is yet to
be identified. CRISPR and mass spectrometry screens have re-
vealed several host factors that directly or indirectly interact with
SARS-CoV-2 products or whose expression levels impact viral
production.®*"® Defined host factors from these studies are
shown to impact SARS-CoV-2 processes of viral entry, replica-
tion, and virion morphogenesis and to regulate organelle modifi-
cations during infection, thus impacting the cellular homeosta-
sis. We note that several of these factors could also have
pro-viral functions, direct or indirect linkage with ISGs and IFN
actions, and could represent novel antiviral programs of innate
immunity. Important next steps from these multiple studies are
to validate the “hits” from each screen to identify the gene, pro-
tein, and signaling networks that confer mechanism of action to
regulate SARS-CoV-2 infection outcome.

PERTURBATIONS OF INTERFERON SIGNALING AND
IMPLICATIONS TO SARS-CoV-2 CONTROL

Type | IFNs signal through IFNa/B receptors (IFNAR), which are
expressed on nucleated cells. Humans express 14 subtypes of
type | IFNs with varying affinity to the IFN receptors.®® Only
IFNo. and IFNB are produced in the lungs during SARS-CoV-2
infection. Although type | IFNs induce an early but transient
innate antiviral program, they are also critical for promoting
the adaptive immune response. For example, IFNs activate an-
tigen-presenting cells and cooperate with other cytokines to
polarize T cells, mediate induction of the immuno-proteasome,
and enhance expression of mMMHC molecules on the surface of
cells to facilitate antigen presentation and T cell-mediated
killing of infected cells, respectively.”* In virus infection, the
absence of IFN is catastrophic for the host cell and organism.*°
As such, IFNAR-deficient mice exhibit increased susceptibility
and tissue pathology compared to wild-type mice when in-
fected with mouse-adapted SARS-CoV-2.”° Moreover, recent
studies uncovered autoantibodies against type | IFNs in people,
with an implication that the autoantibodies will block IFNs
from binding the IFN receptor and activate downstream
signaling”®”” (see Figure 1). These important studies show
that 10% of severe COVID-19 patients carry IFN autoantibodies
that attenuate IFN signaling and ISG expression.”® Notably, the
prevalence of IFN autoantibodies is higher in older individuals,
and SARS-CoV-2 patients harboring such autoantibodies prog-
ress to severe COVID-19 or mortality.”” These findings reveal
an important role for IFN actions in recovery from SARS-CoV-
2 infection and mitigation of COVID-19 and are broadly relevant
to other virus infections. Importantly, the presence of type Il
IFN autoantibodies in patients is not as prevalent as for type |
IFN autoantibodies. If this differential observation holds up in
multiple cohorts, this finding could have significant biological
implications, including the use of recombinant type Ill IFNs as
therapy against SARS-CoV-2 infections. Human genetic varia-
tions also have a significant biological effect on IFN signaling
and COVID-19 severity. Recent genome-wide association
studies revealed polymorphisms in IFNAR2 and TYK2 genes
that affect COVID-19 severity.”® While further studies are
needed to decipher the mechanisms of action underlying dis-
ease susceptibility in this genetic context, human variations in
the IFN signaling pathway explain some of the heterogeneity
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in the outcome of acute SARS-CoV-2 infection and clearly
implicate IFN as crucial for innate immune defense and protec-
tion from COVID-19.

IFN EVASION BY SARS-CoV-2

Like other pathogenic viruses, SARS-CoV-2 encodes proteins
that can suppress IFN induction and actions This topic has been
reviewed extensively (see Minkoff and tenOever'” for example)
but without context of the temporal nature of innate immune acti-
vation and the SARS-CoV-2 replication cycle. We should make it
clear that for any virus, initial infection launches an arms race for
the host to induce innate immune defenses and IFNs to suppress
virus replication and spread, wherein the virus must strike with
countermeasures to evade and/or actively suppress innate im-
mune and IFN actions of the host cell in order to survive, make
more virions, and spread to new hosts.*® Disease is a side effect
of these collective host and virus actions. SARS-CoV-2 encodes
proteins reported to suppress PRR signaling, block protein nu-
clear import that impacts the actions of activated IRF3 and
STAT proteins, and suppress specific I1SG functions.'” Many
studies that have described innate immune and IFN evasion ac-
tions of SARS-CoV-2 to date have relied on cell culture models
of viral protein overexpression conducted without context of
actual SARS-CoV-2 infection and/or without consideration of
host and virus response kinetics, including the kinetics of VSG
and ISG expression and function. Studies to model infection in
relevant cells of the upper and lower airway mucosa and across
specific tissues of infection spread are required. Additionally,
studies to document effects of wild-type and mutant SARS-
CoV-2 engineered with specific protein-expression/functional de-
letions, as well as across contemporary viral variants, are needed.
Such studies are essential to ascertain the true actions of viral pro-
teins in evasion from innate immune and IFN defenses given that
these innate defenses facilitate viral control and recovery from
infection in most people exposed to SARS-CoV-2, even in the
era of widespread vaccination. It is also important to note that
as new SARS-CoV-2 variants continue to emerge and escape
vaccine immunity,79 innate immune and IFN defenses remain
our foundational immune defense against new virus exposure
and infection, linking with hybrid immunity to suppress infection
and progression to COVID-19.2%%" Continued research to define
the virus-host interactions of innate immune and IFN control of
infection is needed to ascertain the spectrum of host genes that
serve to innately protect us against SARS-CoV-2 infection and
disease and to understand how these processes regulate the
contemporary status of hybrid immunity to infection. Such efforts
should reveal the spectrum VSG and ISG targets and their up-
stream regulatory processes for consideration in strategies of
host-directed therapeutics to suppress SARS-CoV-2 and
enhance hybrid immunity.

IFN TREATMENT AND OUTCOMES

The clinical use of IFNs against SARS-CoV-2 has been met with
skepticism because of the history of varied outcomes while
treating cancer, autoimmunity, and other virus infections. A ma-
jor barrier to the clinical use of type | IFNs are the side effects that
include flu-like symptoms, anemia, and depression.®*#* Multiple
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randomized controlled clinical trials have now evaluated IFN
therapy for improving outcomes in SARS-CoV-2 infection (sum-
marized in Ryoo et al.?* and Chen et al.?®). These include studies
of systemic or aerosol/inhaled administration of IFN, which it is
important to note was typically administered late in infection to
hospitalized patients with severe COVID-19. In clinical trials of
IFNo treatment, there was no significant difference in mortality
from placebo control across COVID-19 cohorts, but treatment
was indeed linked with a significant increase in the number of pa-
tients who improved enough to be discharged from the hospi-
tal.®® Moreover, the administration of IFNB did not increase the
survival of severe COVID-19 cases among hospitalized patients,
but it did impact the disease to reduce the need for intensive
care.®® In a departure from treating hospitalized patients with
IFN, two clinical trials of an early, systemic single administration
of pegylated (long-lived) type Il IFN evaluated efficacy for
reducing acute phase virus and suppressing disease onset
among outpatients. In one study, the cohorts included outpa-
tients with laboratory-confirmed SARS-CoV-2 within 7 days of
symptom onset and asymptomatic outpatients testing positive
or within 7 days of study.®” Type Il IFN administration was found
to increase the number of outpatients with viral clearance by day
7, including individuals with the highest initial viral load. Thus,
early administration of type Ill IFN is beneficial against SARS-
CoV-2. Similar observations were recorded in another study
where pegylated IFNs were given to mostly vaccinated although
infected with SARS-CoV-2 outpatients.®® All IFNs were shown to
be safe and tolerable across these studies, with some adverse
events reported. Taken together, these clinical studies show
that late administration of IFN does not impact survival in cases
of severe COVID-19 but does significantly link with clinical case
improvement that can reduce hospital stay or entry into intensive
care units. Most importantly, early administration of IFN (shown
by type Il IFN) during acute infection clearly presents the oppor-
tunity to reduce viral load and hence virus shedding and trans-
mission of SARS-CoV-2, outcomes that mitigate disease pro-
gression and interpersonal spreading of the virus.

CONCLUSIONS

IFNs are critical components of innate immune defense and im-
mune programming against virus infection. The actions of IFNs
are mediated through hundreds of ISGs, the function of most of
which are not defined. A growing list of VSGs and ISGs are now
known to mediate antiviral actions that suppress specific stages
of SARS-CoV-2 infection/replication but continued work in this
area is sorely needed. IFNs are among the VSGs that are induced
during acute virus infection and are indeed produced in response
to SARS-CoV-2 infection despite viral counter measures to sup-
press IFN production from infected cells. Most people infected
with SARS-CoV-2 have little to moderate disease and recover
from infection owing to the antiviral actions the innate immune
response and IFNs. While IFN levels in the blood are linked with
inflammatory disease and worse COVID-19 in hospitalized pa-
tients, one cannot attribute COVID-19 severity to IFNs among
the complex inflammatory response underlying COVID-19. In
our opinion, IFN remains a viable therapeutic for the early treat-
ment of acute SARS-CoV-2 infection. Placement of aerosol or
systemic IFN treatments into clinical strategies aimed at
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protecting people at high risk for severe COVID-19, with IFN treat-
ment administration occurring as soon as possible after testing vi-
rus positive, would induce an antiviral response to reduce the
duration of viral shedding, suppress viral load, and suppress or
mitigate disease. Finally, research to define innate immune and
IFN actions in the growing context of global/continued vaccina-
tion, emergence of vaccine-escape viral variants, and hybrid im-
munity is needed to define therapeutic strategies for control of
SARS-CoV-2 infection and to inform preparation for future epi-
demics and pandemics from emerging viruses.
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