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Coronavirus disease 2019 (COVID-19) is an infectious disease caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The ability of our cells
to secrete type | interferons (IFN-Is) is essential for the control of virus replication
and for effective antiviral immune responses; for this reason, viruses have
evolved the means to antagonize IFN-I. Inhibition of IFN-I production is
pronounced in SARS-CoV-2 infection, which can impair the adaptive immune
response and exacerbate inflammatory disease at late stages of infection.
However, therapeutic boosting of IFN-I offers a narrow time window for efficacy
and safety. Here, we discuss how limits placed on IFN-I by SARS-CoV-2 shape
the immune response and whether this might be countered with therapeutic
approaches and vaccine design.

IFN-I and Immunity to SARS-CoV-2 Infection

COVID-19 presents a spectrum of clinical manifestations in humans, ranging from asymptomatic
infection to severe pneumonia accompanied by multisystemic failure, especially in aged people
[1]. The cause of severe COVID-19 is still controversial, but increasing evidence suggests that de-
fects in responsiveness to IFN-I is of prime importance [2]. In this article, we review current litera-
ture on IFN-I in COVID-19 patients and present our own perspective on how defective production
of IFN-I can impair the adaptive immune response, yet can also exacerbate inflammatory disease at
late stages of infection, and how our increasing knowledge of SARS-CoV-2 presents opportunities
for therapeutic intervention and vaccine design.

The respiratory virus SARS-CoV-2 initially infects cells lining the upper respiratory tract. To
establish infection, SARS-CoV-2 first binds to angiotensin-converting enzyme (ACE)2 and
transmembrane serine protease (TMPRSS)2 on the respiratory epithelium [3]. SARS-CoV-2
is recognized in the cytosol of human epithelial cells by single-stranded (ss)RNA sensing
Toll-like receptors (see Glossary), including TLR3 and TLR7 in endosomes, and cytosolic
RIG-like receptors (RLRs), which engage with the mitochondrial antivirus signaling (MAVS)
protein [4]. These events lead to the activation of interferon regulatory factor (IRF)3, IRF7,
and nuclear factor (NF)-«B, inducing rapid production of IFN-I, IFN-IIl, and proinflammatory
cytokines [5].

IFN-I a, 3 and other members of the extended IFN-I family are produced rapidly following virus
infection and exhibit key antiviral activity within infected cells, thereby limiting virus proliferation
and spread [2,6]. In conjunction with the products of IFN-I-stimulated genes (ISGs), IFN-I
potentiates both the innate and adaptive immune responses to clear viral infections [7]. These
properties of IFN-I are shared by IFN-IIl (IFN-A), although expression of the receptors for these
cytokines is different. Thus, whereas receptors for IFN-I (IFNAR) are widely expressed, the receptor
for IFN-A (IFNLR1) is restricted to a few cell types and tissues in mice and humans, namely macro-
phages, conventional dendritic cells (DCs) and plasmacytoid dendritic cells (pDCs), neutrophils,
and respiratory epithelial cells [8—10]. Generally speaking, IFN-IIl can suppress both T helper cell
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(Th)2 and Th17 responses and has important antiviral functions in respiratory tissues [11,12]. For
IFN-I, these cytokines augment immune responses to viruses in several ways, namely by inducing
the expression of MHC Il and co-stimulatory molecules, as well as interleukin (IL)-15 synthesis by
antigen-presenting cells (APCs) (Figure 1, Key Figure). The activation of APCs, such as DCs, in-
duces natural killer (NK) and T cell proliferation and differentiation, with enhanced IFN-y secretion
[13-16]. In addition to supporting T cell responses via the activation of DCs and IL-15 production,
IFN-I acts directly on both CD8" T cells [14,15] and CD4™ T cells [including both T follicular helper
(Tfh) cells and T follicular regulatory cells] [17] for expansion and differentiation (Figure 1). In
this manner, IFN-I can positively influence both cellular and humoral immunity (Figure 1).

Key Figure

Type-I Interferon (IFN-I), Adaptive Immunity, and Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV2) Infection
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Figure 1. Schematic showing (A) the positive effect of IFN-I on activation of antigen-presenting dendritic cells (DCs) that
interact with CD8" T cells for differentiation of CD8" cytotoxic T lymphocytes [that target and lyse virus-infected cells
(shown as infected monocyte/macrophage)]. Similarly, IFN-1 acts via DCs or directly on CD4* T cells to promote the
differentiation of T follicular helper (Tth) cells that interact with B cells in germinal centers within secondary lymphoid organs
for the production of affinity-matured antibody (Ab) that binds virus. (B) In the case of SARS-CoV-2 infection in mice and
humans, IFN-I production is hindered, leading to poor T cell activation, reduced cytotoxic T lymphocyte (CTL) numbers,
and reduced production of high affinity Abs that have undergone somatic hypermutation. This can lead to slower
clearance of the virus and infected cells, and continued production of inflammatory mediators from infected (shown, is a
monocyte/macrophage) and bystander cells. Abbreviations: IL, interleukin; PD-1, programmed death 1; TNF-a, tumor
necrosis factor a.
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The timing of IFN-I production is crucial for its influence on the immune response to virus infection.
Thus, while early induction of IFN-I is associated with effective virus inhibition, virus clearance, and
antiviral immune responses, administration of IFN-I after respiratory virus infection (SARS-CoV-1
or influenza virus) has been established in mice and is associated with increased immunopathology
[18,19]; this topic will be discussed in detail. This review examines the ability of SARS-CoV-2 to
antagonize IFN-I and how this might affect the course of inflammation following virus infection,
with relevant implications on the pathology of COVID-19 disease.

Antagonism of IFNs by SARS-CoV-2

To evade the inhibitory effects of IFN-I, viruses have evolved mechanisms to suppress IFN-I pro-
duction [7]. This is particularly evident for SARS-CoV-2 as its capacity to elicit IFN-[3 (and IFN-IIl) in
human cells infected in vitro is weaker or delayed, compared with other viruses and coronaviruses
with similar tropism [20,21] (Figure 1). With severe iliness, the ability of coronaviruses to evade
innate immunity during the first 10 days of infection in humans has been associated with a period
of widespread inflammation and steadily increasing viral load [22]. Indeed, a profoundly low pro-
duction of IFN-f3, with consequent minimal induction of ISGs, has been observed in patients with
moderate and severe COVID-19 [20]. By contrast, other studies demonstrating increased levels
of expression of ISGs following SARS-CoV-2 infection in humans have queried the notion of poor
IFN-I induction [23,24]. However, expression of ISGs does not invariably correlate with an abun-
dance of IFN-I and can be influenced by the presence of other cytokines, such as tumor necrosis
factor (TNF)-a, which have been reported to correlate with disease severity in COVID-19 patients
[25,26]. For instance, the activation of IRF1 by TNF-a in human macrophages in vitro induces
picomolar concentrations of IFN-[3 that increase signal transducer and activator of transcription
(STAT)1 expression, thus resulting in high induction of ISGs in these cells [27,28].

In both SARS-CoV-1 and SARS-CoV-2 infections, IFN-I antagonism largely functions through the
ability of CoV proteins to interfere with signaling via the RLR/MAVS pathway and modulation of the
receptor for IFN-I [29]. SARS-CoV-1 encodes at least 10 proteins that allow the virus to either escape
or counteract the induction and antiviral action of IFN [29], and initial observations indicate that SARS-
CoV-2 proteins are at least as efficient at inhibiting IFN-I [30]. The 30-kb genome of SARS-CoV-2 has
82% nucleotide identity with SARS-CoV-1 [31]. It includes ORF1a/b, encoding 16 nonstructural pro-
teins (Nsp1-16), structural proteins including spike (S), envelope (E), membrane (M), and nucleocap-
sid (N), and nine accessory proteins (ORF3a, 3b, 6, 7a, 7b, 8, 9b, 9c, and 10) [32]. SARS-CoV-2
proteins, including N, ORF6, ORF8 and ORF3b, have the capacity to interfere with IFN-I induction,
and ORF3a protein decreases the amount of IFNAR expressed on the cell surface [29,33,34].
Thus, confirmation of the most powerful SARS-CoV-2 IFN-I antagonists and design of protein
modifications that can prevent IFN-I inhibition might provide a unique opportunity for vaccine design.

In addition to the impaired IFN-| response triggered by SARS-CoV-2, recent studies have
demonstrated that further restrictions on IFN-I function can occur through genetic predisposition
or the development of autoantibodies that neutralize IFN-1 [35]. A recent study revealed that at
least 3.5% of patients with life-threatening COVID-19 pneumonia have presented genetic muta-
tions at candidate loci known to be involved in TLR3- and IRF7-dependent induction and ampli-
fication of IFN-I [36]. Susceptibility to severe COVID-19 is also associated with the presence of
neutralizing autoantibodies against IFN-I (IFN-a and/or IFN-w), which were found in 10.2%
(101/987) of patients with life-threatening COVID-19 and men were more likely than women to
carry the rogue antibodies (Abs) [35]. By contrast, anti-IFN-I Abs were not present in 663 patients
with asymptomatic or mild COVID-19 and were only found in 0.33% (4/1227) healthy individuals
not exposed to SARS-CoV-2 [35]. Whether the 10.2% of patients with severe COVID-19 had
preexisting autoantibodies remains an important question. However, none of the patients
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Glossary

Affinity-matured antibody: process
of selection of surface antibody variants
generated from somatic hypermutation;
requires B cell interaction with antigen
and Tth cells to produce antibodies with
increased binding affinity for antigen.
Circulatory T follicular helper (cTfh)
cells: phenotypically resemble Tfh cells
with surface expression of CXCR5 and
PD-1, but are found in the blood.
Exhausted phenotype: observed
during virus infection or in cancers due to
T cell persistent antigen exposure;
characterized by the stepwise and
progressive loss of T cell effector
functions.

GC B cells: germinal centers (GC) are
specialized sites within B cell follicles of
secondary lymphoid organs where B
cells proliferate, differentiate, and mutate
their antibody genes to make potent
antibodies.

IFN-I-stimulated genes (ISGs):
genes whose expression is stimulated
by IFN-I.

Neutralizing antibodies (nAbs): can
bind to a virus and prevent it from
entering a cell.

Pyroptosis: highly inflammatory form of
programmed cell death, commonly seen
with cytopathic viruses.

Somatic hypermutation (SHM):
genetic process of rapid and sequential
mutations of surface immunoglobulins
(antibodies) by which B cells increase the
diversity of their antibody receptors and
thus, the chance of improved antibody
binding to antigen.

Systemic inflammatory response
syndrome (SIRS): exaggerated and
persistent inflammatory response
affecting multiple organs; most often
induced by infection.

T follicular helper (Tfh) cells:
specialized subset of CD4* T cells found
within specialized structures within B cell
follicles of secondary lymphoid organs,
known as GCs, help B cells to produce
potent antibodies.

T follicular regulatory cells: subset of
CD4* T cells found within the GC;
express Foxp3 and act to regulate

Tfh cells and GC B cells.

Tbet* Th1 cells: expression of the
T-box family molecule, T-bet, is
important for CD4* T helper cell effector
functions, including secretion of IFN-y
and cytotoxicity.

Th2 and Th17 responses: CD4*

T helper cells can be categorized by their
secretion of soluble mediators known as
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who produced Abs against IFN-I or had the mutations that limited IFN-I had a history of life-
threatening viral illnesses requiring hospitalization, suggesting that the effect of limitation of IFN-I
may have been particularly problematic in SARS-CoV-2 infection [35]. However, increased blood
concentrations of IFN-a have been observed in some patients with severe COVID-19 relative to
healthy controls [37]. Several possibilities may explain this finding, including a delayed onset of
IFN-I production or persistence of the cytokine in the bloodstream through binding to IFN-a Abs,
as has been shown for IL-2 monoclonal Abs (mAbs) [38].

Since COVID-19 is associated with raised concentrations of IL-1, IL-6, and IL-8, the ability
of SARS-CoV-2 to reduce IFN-I production is clearly not matched by impaired production of
proinflammatory cytokines [39]. This might be due to the ability of CoV proteins to more selectively
inhibit IFN-I signaling than NF-kB signaling during SARS-CoV-2 infection [29,33,34]. Skewing of
the cytokine milieu away from IFN-I, and towards production of proinflammatory cytokines
such as TNF-a and IL-6 might have subsequent effects on immune cells, such as T cells and
monocytes, but this possibility remains to be rigorously tested.

IFN-1 and T Cells in COVID-19

Due to the importance of neutralizing antibodies (nAbs) in virus clearance, research on COVID-19
has been focused on B cell production of SARS-CoV-2-specific Abs. However, the presence of
high titers of nAbs in severe COVID-19 sera, and effective viral clearance in patients lacking nAbs
[40], including B cell-deficient patients [41], clearly query the decisive role of nAbs, focusing
researchers’ attention on other immune cells, notably T cells [41,42]. In this respect, it is often
forgotten that nAbs are of little or no use once viruses enter cells. Once this happens, T cells,
especially CD8" cytotoxic T cells (CTLs) play a major part in the elimination of virus-infected cells.

T lymphopenia is prominent in severe COVID-19 patients, and when considering CD8* T cells,
these can display an exhausted phenotype, although recovery from infection notably leads to
rapid restoration of T cell numbers and phenotype in peripheral blood [43,44]. Despite the occur-
rence of lymphopenia, both CD8* and CD4™ T cell responses against SARS- CoV-2 are detected
in the blood around 1 week after the onset of COVID-19 symptoms with the majority of T cell reac-
tivity in convalescent patients directed towards peptides derived from SARS-CoV-2 M, S, and N
proteins [45]. Moreover, the degree of severity of COVID-19 cases has been shown to positively
correlate with the breadth and magnitude of memory CD4* and CD8* T cell responses to
SARS-CoV-2 M, S, N, and ORF proteins, indicating a strong T cell response against SARS-
CoV-2 [46]. Of note, specific CD8" T cell responses have been found to predominate during
mild SARS-CoV-2 infection [46-48]. Thus, the characterization of T cell responses that are associ-
ated with milder disease can further our understanding of protective immunity to SARS-CoV-2.

For CD4™ T cells, SARS-CoV-2-reactive cells have also been observed in a variable proportion of
unexposed individuals and this has been suggested to reflect crossreactive responses generated
from prior exposure to other coronaviruses [45,47,49]. This finding raises the interesting possibility
that these responses might provide crossprotection against COVID-19. Although still unresolved,
this issue begs the question of how CD4" T cells function during COVID-19 pathology. Similar to
other viruses, CD4* T cells are presumed to react against SARS-CoV-2 largely by providing help
to both CD8" T cells for the acquisition of cytolytic functions and B cells for nAb production [50].
In addition, CD4* T cells synthesize a spectrum of cytokines, some of which, namely IFN-y and
IL-2, are probably of major importance in countering SARS-CoV-2 infection through their actions
on T cells and innate cell populations. In this respect, studies on SARS-CoV-1 infection in mice
showed that prior immunization with a single peptide recognized exclusively by CD4* T cells, pro-
vided strong protection against subsequent virus infection; this effect suggested the occurrence of
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cytokines: Th2 cells typically secrete IL-4
and Th17 cells typically secrete IL-17.
Toll like receptors: evolutionariy
conserved receptors expressed in
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derived from microbes.
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not only augmented IFN-y synthesis, but also the provision of increased CD4* T cell-mediated help
for naive CD8™ T cells upon infection [51]. In addition, such priming of CD4* T cells allows their con-
version into CD4™ Tfh cells, which then provide help for Ab production by B cells [50] (see later).

Germinal Center Reaction in COVID-19

Similar to other virus infections, the generation of nAbs is thought to be important for inactivating
SARS-CoV-2 during infection and preventing its distribution via the bloodstream. Such a general
antiviral mechanism is known to be important for protection against re-infection through the
generation of long-lived Ab secreting plasma cells and memory B cells that can be quickly
reactivated to secrete potent nAbs. B cells undergo a process of somatic hypermutation
(SHM) to generate the best virus-binding Abs. Affinity-matured Ab requires the interaction of
Tth cells with B cells in germinal centers (GCs) that form in response to antigen within B cell
follicles in secondary lymphoid organs [52]. IFN-I is important for the differentiation of Tth cells,
acting both through direct stimulation of Tth precursors [17] and also by eliciting cytokine genera-
tion from DCs [53]. In addition to Tth cells, IFN-I is important for the differentiation of T follicular
regulatory cells [17] that originate from thymic-derived Foxp3™ precursors and act to suppress
the outgrowth of non-antigen-specific B cells in GCs [54].

Despite the limited analyses of Tth cells in COVID-19, there is some indication that GC output is
impaired during infection. Specifically, T cells in peripheral blood that resemble Tth cells known as
circulatory T follicular helper (cTfh) cells (defined as CD3*CD4*CD45RA CXCR5") that can
provide help to B cells for Ab production have been detected in convalescent COVID-19 patients
[55]. However, cTth cells in the periphery may not be a reliable surrogate for GC-residing Tth cells,
as cTfh cells may instead arise from T helper cells that reside outside of the B cell follicles
(extrafollicular) in secondary lymphoid organs [56]. In this regard, studies in critically ill patients
with COVID-19 have reported marked expansion of plasmablasts, which is a hallmark of
extrafollicular B cell activation [57]. The generation of affinity matured Abs are an effective readout
for a successful GC reaction and Abs against SARS-CoV-2 detected in most COVID-19 patients
remain close to germline, with low levels of SHM [58,59]. Moreover, for COVID-19 patients, a re-
cent postmortem study showed a reduction of both GC B cells and Tth cells and an absence of
GCs in the thoracic lymph nodes relative to controls [60]; furthermore, there was also a reciprocal
increase in Tbet* Th1 cells and aberrant extrafollicular accumulation of TNF-a in these patients,
consistent with an extrafollicular immune response [60]. Collectively, these findings suggest con-
spicuous GC dysfunction in severe COVID-19 patients.

Seroconversion is observed in all COVID-19 patients 2-3 weeks after symptom onset, but early ob-
servations indicate that Ab titers can wane significantly as early as 30-50 days after symptom onset
[40,61,62]. Thus, the durability of SARS-CoV-2-specific Ab titers exhibits marked heterogeneity,
with some patients recovering rapidly from COVID-19, exhibiting longer-lasting Abs and higher fre-
quencies of previously activated CD4* T cells relative to patients recovering slowly [63]. For SARS-
CoV-1 infection, nAb responses in convalescent patients have also declined over time [64]. These
findings are not unexpected, however, because similar abbreviated Ab responses also apply to
other coronaviruses, including those that cause the common cold [22]. By contrast, at least
for SARS-CoV-1, memory T cell responses can persist for up to 6 years [64], suggesting that
SARS-CoV-2 vaccines that target T cells as well as B cells may provide durable immunity. However,
whether SARS-CoV-2-specific T cells are similarly long-lived, awaits future studies.

Age: IFN -1 and COVID-19
As discussed elsewhere, COVID-19 is most often mild or asymptomatic in young people, but se-
vere or lethal in old age, especially in men [65]. It is well documented that immune responses are
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less effective in old age and are associated with immunosenescence characterized, among several
factors, by aloss of T cell clonal diversity and a paucity of naive T cells with proliferative capacity
[66]. In this scenario, a restricted T cell repertoire is likely prone to antigen-mediated exhaustion.

Although the cause of immunosenescence is contentious, there is increasing evidence that ageing
per se is associated with IFN-1 dysfunction [67]. Thus, aging is marked by a sharp decline in IFN-I
and IFN-IIl production by both myeloid DCs and pDCs in response to viruses, including influenza
virus and West Nile virus (WNV) [68]. This deficit in IFN production is prominent in severe
COVID-19 patients and correlates with the earlier-mentioned finding that IFN-I and IFN-IIl pro-
duction in response to SARS CoV-2 infection is low and parallels impaired T cell function [20].

At face value, the findings described earlier would seem to imply that severe COVID-19 is primarily
a reflection of IFN-I dysfunction potentiated by immunosenescence. Although this might be true,
at least to some extent, studies in mice suggest that the role of IFN-I signaling in virus infections is
highly complex and, in part, is virus-specific. Specifically, for infection of mice with either influenza
virus or Middle East respiratory syndrome coronavirus (MERS-CoV), the generation of an effective
adaptive immune response essentially depends on early T cell contact with IFN-I; without such
contact, severe disease occurs, but can be prevented by therapy with IFN-I (or IFN-I-inducing
agents) given soon after infection, although not at later stages [69]. With SARS-CoV-1 infection,
however, the results are similar but much more extreme: although effective when given before
infection, IFN-[3 therapy potentiates disease elicited by SARS-CoV-1 when given as early as
12 h postinfection [19]. Conversely, blocking contact with IFN-1 or using IFN-I-deficient mice
as hosts can reduce disease severity [19].

IFN-I therapy delivered after infection might exacerbate inflammation by direct stimulatory effects
on both innate immune cell subsets and T cells, but with time, can also act to suppress the adap-
tive immune response by inducing T cell exhaustion [70,71]. Thus, during chronic infection of
mice with lymphocytic choriomeningitis virus (LCMV), clone-13, IFN-I induces the production of
suppressive factors, such as IL-10 and programmed cell death 1 ligand 1 (PD-L1) on splenic
DCs [71]. Furthermore, blockade of IFNAR with mAb led to the rescue of IFNy* CD4* T cells
and promoted LCMV clearance by CD8* CTLs [71]. These findings suggest that the beneficial
effects on the immune response resulting from IFN-1 signaling might change rapidly soon after
infection; instead of protection, IFN-I signaling may lead to the onset of immunopathology
associated with infiltration of the lungs by immature macrophages synthesizing IL-6 and other
proinflammatory cytokines. These findings are most prominent in aged mice compared with
young [18,72,73] and could potentially be applicable to SARS-CoV-2 infections [22], although
direct data on the consequences of IFN-I signaling in COVID-19 patients awaits future studies.

There is still much to be learned about the effects of aging on the severity of COVID-19. For both
myeloid DCs and pDCs, studies in mice have shown that a selective decline in IFN-I and IFN-III
production with aging retards responses to influenza virus and WNV relative to young mice [68].
In addition, aging has been associated with poor DC maturation in humans [74] and migration to
the lungs following influenza virus infection in mice [75], thereby further impairing T cell responses
in aged COVID-19 patients. In mice, impaired DC migration from the lungs to the draining
lymph nodes is mediated by the presence of inhibitory macrophages and increased expression
of prostaglandin D5, leading to impaired T cell responses [75]. Of note, in SARS-CoV-1 infection
in mice, macrophage depletion by clodronate was beneficial in reducing the severity of disease
[76]. These data suggest that the prominent immunopathology seen in severe COVID-19 patients
might be due, at least in part, to an influx of proinflammatory monocytes and macrophages into the
lungs [77], although this remains to be further investigated.
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Systemic Inflammation in COVID-19

To prevent the deleterious effects of chronic inflammation, IFN-I during viral infections is important
for causing rapid elimination of the virus, thereby curtailing the immune response [2]. For certain
viruses, infection of mice that lack expression of IFN-I receptors can lead to heightened pathology
associated with elevated production of proinflammatory cytokines [78]. Specifically, IFN-I acts on
T effector cells that eliminate virus and regulatory CD4" T cells that secrete inhibitory cytokines
such as IL-10 [79]. In this context, it is tempting to speculate that dysregulation of IFN-I by
SARS-CoV-2 may lead to sustained inflammation by constraining T cells.

In systemic inflammatory response syndrome (SIRS), inflammatory cytokines go into over-
drive and can leak into the circulation and cause multiorgan dysfunction [80]. This cytokine storm
is a feature of many virus infections and sepsis, and is a prospective predictor of morbidity and
mortality; yet, the cellular sources of the cytokines involved remain undefined. A cytokine storm
resulting from influenza virus infection is thought to have contributed to the high mortality rates
associated with the 1918 influenza A virus subtype H1IN1 pandemic, and perhaps also
with subsequent influenza virus epidemics [81]. In severe SARS cases with rapid fatalities,
SARS-CoV-1 was not invariably detected, suggesting that death of the infected individuals was
not necessarily the result of viral replication and could potentially reflect exuberant host inflamma-
tory responses [82,83]. Indeed, in this study, a poor outcome following SARS-CoV-1 infection was
found to correlate with high concentrations of proinflammatory cytokines and chemokines [82].

It is now well documented that SIRS is also a characteristic feature of COVID-19 [84]. As for
SARS, lung pathology in severe COVID-19 patients is associated with excess production of pro-
inflammatory chemokines and cytokines that promote vascular leakage and disseminated intra-
vascular coagulation [85]. SARS-CoV-2 infection of respiratory epithelium leads to cell death by
pyroptosis [86,87], which results in the release of proinflammatory cytokines from neighboring
cells. This cytokine release, in turn, recruits immune cells, including inflammatory cytokine-
producing (e.g., IL-6, TNF-a, and IL-8) macrophages and monocytes to the lungs, to compound
the inflammation [88]. This sequence of events is especially pronounced in elderly people, and is
accentuated late in disease by the onset of a delayed IFN-I response [19,89]. Furthermore, high
IL-6 concentrations inhibit the activation of CD8" T cells via STAT3 phosphorylation, and impair
their function via the induction of inhibitory molecules, including PD-1, PD-L1, and NKG2A/
CD94 [90]. Likewise, for CD4™ T cells, increased IL-6 favors IL-4 production and a Th2 pheno-
type; this allergic-type response occurs in aged mice following SARS-CoV-1 infection, and is
associated with Th2 immunopathology in the lung [73]. Consequently, it is tempting to speculate
that this cadre might present a potential problem for successful vaccination outcomes of the
elderly against COVID-19.

The findings described earlier highlight the hypothesis that the positive effects of IFN-I on the
immune response might apply only during the initial stage of the immune response. During this
stage, rapid production of IFN-I promotes efficient differentiation of T cells into effector cells
and prompts elimination of the virus. However, when IFN-I synthesis is limited and/or delayed,
for instance, in elderly people, IFN-I signaling might no longer be protective: instead, signaling
may become proinflamsmatory, with T cell dysfunction, and possibly, prominent immunopathology.
The implication, therefore, is that T cells play an important role in regulating the intensity of the
proinflammatory response of the innate immune system. In support of this notion, injecting intrave-
nously T cell-depleted nude, or Rag”” mice, with a dose of MHV-A59 murine coronavirus that was
not lethal in T cell-replete wild-type (WT) mice, or with poly:IC (an IFN-l inducer), elicited a prominent
cytokine storm (including TNF-a or IL-6) and mortality that could be prevented by injection of puri-
fied CD4* or CD8" T cells [91]. Of note, the mortality in nude mice did not reflect increased virus
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titers relative to WT controls, which suggested an immune- rather than virus-induced pathology
[91]. Collectively, these findings suggest that in response to viruses, the innate immune system
(or cells other than T cells) can elicit an intense cytokine storm that is normally suppressed by the
presence of T cells.

Concluding Remarks

Since SARS-CoV-2 strongly inhibits IFN-I induction [29,33,34], yet is highly sensitive to exogenous
IFN-I in vitro [92], it has been suggested that boosting IFN-I concentrations might be an effective
candidate treatment for COVID-19. However, studies in mice have cautioned that once infection
has been established, it may be too late to administer a safe and effective IFN-I therapy [19].
From another angle, because of its local effects in the respiratory system [11], early therapy with
IFN-IIl is currently being investigated. However, as for IFN-1, it is now apparent that IFN-IIl may
have an injurious proinflammatory effect in severe COVID-19 [93]. Hence, therapy with either
IFN-I of IFN-IIl could be potentially dangerous late in disease.

Despite the concerns described earlier, prophylactic use of IFN-1 (or IFN-IIl) might have potential;
a recent uncontrolled exploratory study on hospitalized COVID-19 patients with mild disease
found that administering nebulized IFN-a2b reduced the duration of detectable SARS-CoV-2 in
the upper respiratory tract, and also reduced the concentrations of both IL-6 and C reactive pro-
tein (CRP) in blood [23]. In addition, repeated intranasal administration of IFN-a in volunteers be-
fore exposure to common coronaviruses led to reduced viral loads and minimal symptoms [94],
and prophylactic intranasal IFN-a treatment prevented subsequent infection with acute viral re-
spiratory viruses [95]. We posit that when used either as a prophylactic or administered early in
infection, IFN-I and or IFN-IIl therapy might show beneficial outcomes, especially for elderly pa-
tients that are vulnerable to severe COVID-19. Currently, multiple clinical trials on the prophylactic
and therapeutic use of IFNs for COVID-19 are in progress [96].

Regarding other forms of therapy, there is much interest in preventing the prominent rise in
proinflammatory cytokines seen in severe disease. Here, multiple clinical trials are in progress
to examine the effects of blocking the rise of IL-6, IL-1, or TNFa; however, results from these trials
for IL-6 have been disappointing [97]. Hopefully, the results of future trials, notably for TNF-a
blockade [26], might be more encouraging.

Needless to say, eliminating the SARS-CoV-2 virus pandemic will hinge on the development of an
effective vaccine (see Outstanding Questions) and, as discussed in depth elsewhere, multiple
vaccines are in advanced stages of production and distribution [98,99]. The majority of vaccines
currently approved for use deliver immunogenic forms of a single (S) protein from SARS-CoV-2
that can generate Abs that block entry of the virus into cells [99]. While these single protein
vaccines have shown success at reducing the incidence of COVID-19, the duration of ensuing
immunity is not yet known, and SARS-CoV-2 remains in the nasopharyngeal passage of vaccine
trial subjects, thus indicating a lack of sterilizing immunity [99]. Furthermore, as SARS-CoV-2
mutates to avoid immunological pressure [100], so does the probability that the efficacy of current
vaccines will be reduced. There are a number of possible approaches that could be used to
further refine SARS-CoV-2 vaccines to meet these challenges, including targeting the site of
infection by oral delivery of a vaccine to promote anti-SARS-CoV-2 IgA at mucosal surfaces. In
addition, utilizing a variety of SARS-CoV-2 proteins rather than a single protein to induce immunity
may counter emerging SARS-CoV-2 mutations and ensure that both Ab producing B cells and
T cells are armed to fight infection. The ability of SARS-CoV-2 proteins to antagonize IFN-
[29,33,34] and thus limit an effective antiviral immune response poses a problem when expanding
the repertoire of proteins for vaccination. However, increasing knowledge of SARS-CoV-2
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Outstanding Questions

Will vaccines work equally well in
young and old COVID-19 infected
patients? Phase Il clinical trials for cur-
rent SARS-CoV-2 vaccines will need to
be expanded from testing on young to
middle aged adults to determine
whether they work as well in children
and adults aged >65-years.

Will intranasal vaccination prove more
effective than injected intramuscular
vaccines?

The lingering presence of SARS-CoV-2
in the nasopharyngeal passage follow-
ing vaccination may be countered by a
potent secretory IgA response driven
by oral vaccination.

Will novel mRNA and viral vector
vaccines prove to be as effective and
durable as conventional whole-virus
vaccines, and will S-protein vaccines
elicit a sufficiently broad B cell and
T cell response to induce long-lasting
immunity? Increasing the arsenal of
SARS-CoV-2 proteins that induce B
and T cell immune responses in
vaccines may improve long-lasting
immunity and counter the threat of
emerging SARS-CoV-2 mutations.
This approach will require further
understanding of T and B cell SARS-
CoV-2 protein epitopes and mecha-
nisms underlying IFN-I antagonism by
these proteins.
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suggests that modification of SARS-CoV-2 proteins to prevent IFN-I antagonism might provide an
opportunity to develop a multi-protein vaccine to generate broad immunity against SARS-CoV-2.

The ability of SARS-CoV-2 proteins to antagonize IFN-I [29,33,34] and thus limit an effective anti-
viral immune response poses a problem for the use of the whole virus as vaccine. Conversely,
vaccination with individual SARS-CoV-2 proteins that lack IFN-I regulatory activity, for example,
the S-protein, might be expected to lead to enhanced IFN-I production and consequent strong im-
munogenicity. It is notable that strong induction of IFN-l is a conspicuous feature of MRNA vaccines
[101]. Hence, for the currently used mRNA vaccines encoding the S-protein, it is not surprising that
these highly-efficient vaccines elicit transient induction of fever, aches etc. — a known hallmark of
strong IFN-I induction [102]. Indeed, treatment with a dose of one of these vaccines at the time
of initial SARS-CoV-2 diagnosis, before significant clinical symptoms develop, might be a simple
and effective method for overcoming the IFN-I deficit seen in older patients, thus boosting the initial
antiviralimmune response, and potentially preventing the onset of severe disease. Evidently, clinical
trials would be needed to test this hypothesis.
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