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A B S T R A C T   

The outbreak of coronavirus disease 2019 (COVID-19), triggered by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and the disruptive global 
consequences in terms of mortality and social and economic crises, have taught lessons that may help define strategies to better face future pandemics. Innate and 
intrinsic immunity form the front-line natural antiviral defense. They involve both tissue-resident and circulating cells, which can produce anti-viral molecules 
shortly after viral infection. Prototypes of these factors are type I interferons (IFN), antiviral cytokines with a long record of clinical use. During the last two years, 
there has been an impressive progress in understanding the mechanisms of both SARS-CoV-2 infection and the cellular and soluble antiviral responses occurring early 
after viral exposure. However, this information was not sufficiently translated into therapeutic approaches. Insufficient type I IFN activity probably accounts for 
disease progression in many patients. This results from both the multiple interfering mechanisms developed by SARS-CoV-2 to decrease type I IFN response and 
various pre-existing human deficits of type I IFN activity, inherited or auto-immune. Emerging data suggest that IFN-I-mediated boosting of patients’ immunity, 
achieved directly through the exogenous administration of IFN-β early post viral infection, or indirectly following inoculation of heterologous vaccines (e.g., Bacillus 
Calmette Guerin), might play a role against SARS-CoV-2. We review how recent insights on the viral and human determinants of critical COVID-19 pneumonia can 
foster clinical studies of IFN therapy. We also discuss how early therapeutic use of IFN-β and prophylactic campaigns with live attenuated vaccines might prevent a 
first wave of new pandemic viruses.   

1. Introduction 

Viral pandemics represented major threats for mankind during the 
last century. The 1918 Spanish flu pandemic was indeed the most dra-
matic one, leading to approximately 50 million deaths [1]. At that time, 
virology was at its infancy and techniques to detect and culture viruses 
were not available. Viruses were only identified in the 1930s. The 1918 
causative virus was isolated only in 2005 (variant H1N1) and a vaccine 
was subsequently developed. Over the last 50 years, there was a great 
progress in virology, which allowed to understand much more about the 
origin and biology of human viruses. 

Looking back to recent viral outbreaks, including the Asian flu 
(1957), Hong Kong flu (1968) and swine flu (2009), and those caused by 
human coronaviruses (HCoV) such as SARS-CoV and MERS-CoV, several 

lessons can be learned. Among these lessons, the essential need of 
rapidly implementing effective prevention measures and early treat-
ments capable of controlling the first wave of virus spread, before any 
specific vaccine can be available. Nevertheless, the outbreak of SARS- 
CoV-2 infection in late 2019 in China and the subsequent disruptive 
impact of the COVID-19 pandemic all over the world revealed that we 
were still poorly prepared to face the spread of a new and highly in-
fectious virus. 

During the first phase of the COVID-19 pandemic, there was a delay 
in fully implementing suitable prevention strategies by national pre-
vention plans, starting from the initial shortage of personal protection 
equipment for healthcare workers, patients, and citizens at large. Very 
soon, the world witnessed a massive international effort to develop 
diagnostic tools and identify effective antiviral therapies. The research 
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on antiviral drugs was, however, characterized by a poorly coordinated 
run to test almost any type of substance in patients, sometimes without a 
strong rationale and deep scientific debate. The lack of efficient pre-
vention and treatment strategies contributed to the increase of infection 
rate world-wide, followed by a huge burden of deaths (more than 5 
million at the present time), lock-down measures adopted by many 
governments with subsequent fatal effects at the social and economic 
levels. In parallel with the poor advancement in the identification of 
effective antiviral therapies, a great hope and international efforts were 
soon given to the development of anti-COVID-19 vaccines, which were 
very rapidly produced and distributed (early 2021 in Europe). The final 
implementation of the anti-COVID-19 vaccination campaigns in devel-
oped countries, together with adequate health prevention measures and 
diagnostic monitoring, may result in the control of the SARS-CoV-2- 
induced pandemic in these countries, even though uncertainty on 
long-term immunity and possible spread of new coronavirus variants 
remain open issues. In these countries, anti-SARS-CoV-2 monoclonal 
antibodies and recently developed antiviral drugs [2,3] are likely to 
represent a largely used antiviral therapy in the early stage of infection.  
Fig. 1 illustrates the timeline of SARS-COV-2 spread, vaccine develop-
ment and distribution, COVID-19 treatment milestones and global 
deaths. 

While we are now still facing a new wave of SARS-CoV-2 infection in 
developed countries with high percentages of vaccinated subjects, it is 
likely that COVID-19 pandemic will become an endemic infection dis-
ease here, with new vaccines to be produced for controlling the spread of 
emerging SARS-CoV-2 variants. However, as for the poorest countries in 
tropical regions of the world, high costs and practical difficulties in 
vaccine storage and administration and poor availability of monoclonal 
antibodies and recently developed antiviral drugs might hamper an 
effective control of COVID-19 pandemic. 

Over the last two years, many data have been published on COVID- 
19 pathogenesis and the role of the immune response to SARS-CoV-2 
infection. We can now take lessons from these studies for presenting 
and discussing new perspectives on how factors playing a first-line de-
fense role in viral infection can be selectively exploited for preventing 
and/or controlling present and future viral pandemics. 

2. The early cytokine and cellular response to Sars-Cov-2 
infection 

The early host response to SARS-CoV-2 infection is characterized by 
the rapid production of multiple cytokines released by virus-infected 
cells. Type I IFN, including 13 IFN-α and single IFN-β and IFN-ω, are 
cytokines discovered 65 years ago as antiviral factors produced by virus- 
infected cells. They deserve a special attention as they are first-line 
defensive responses to viruses, including SARS-CoV-2. Type I IFN bind 
to the same type I IFN receptor system (IFNAR1 and IFNAR2 subunits), 
but differ for the kinetics of production in response to viruses and for 
some downstream biological effects. Plasmacytoid dendritic cells (pDC) 
are the highly specialized cells for the production of large amounts of 
IFN-α in response to virus infection, while IFN-β is locally produced in 
response to viruses and other danger signals by virtually all host cells, 
including monocytes/macrophages, where it can restrict viral replica-
tion under physiological conditions [4,5]. Of note, IFN-β is the first IFN 
produced upon viral infection in most cells, kicking off the induction of 
the other type I IFN via the self-amplification loop. In addition to its 
evolutionary emergence as the first non-tissue specific antiviral factor, 
IFN-β is considered the “high affinity sentinel” of the IFN system, in light 
of its exceptionally high affinity for IFNAR1 and IFNAR2 subunits [6]. 
Because of its rapid and efficient binding to specific receptors and 
interaction with other membrane proteins, IFN-β is poorly detectable in 

Fig. 1. Timeline of SARS-COV-2 spread, vaccine development and distribution, COVID-19 treatment milestones and global deaths. Upper panel: the gray bar shows 
the key events of COVID-19 pandemic in terms of SARS-CoV2 emergence and diffusion, genome sequencing and reporting of Variants of Concern (VOC); the orange 
bar illustrates the time frame occurring for anti-SARS-CoV2 vaccines development and approval by the competent authorities; the blue bar displays selected steps of 
the global clinical research on effective therapies against COVID-19. Middle panel: Cumulative number of deaths due to COVID-19 worldwide. Lower panel: Number 
of vaccine doses administered/100 people globally (world, gray line), in high income (orange line), low/middle income (red line) and low income (green line) 
countries. 
(a) [Source: World Health Organization https://covid19.who.int/]. (b) [Source: Hannah Ritchie, Edouard Mathieu, Lucas Rodés-Guirao, Cameron Appel, Charlie 
Giattino, Esteban Ortiz-Ospina, Joe Hasell, Bobbie Macdonald, Diana Beltekian and Max Roser (2020) - "Coronavirus Pandemic (COVID-19)". (c) Published online at 
OurWorldInData.org. Retrieved from: ’https://ourworldindata.org/coronavirus’]. 
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extracellular fluids and is rapidly catabolized when administered as an 
exogenous cytokine. 

Most of current knowledge on the IFN system stems from several 
decades of studies on the production, mechanisms of action and clinical 
use of IFN-α2 and IFN-β. IFN-α2 exhibited a remarkable success in cancer 
and HCV-infected patients, while IFN-β found its major niche of use in 
patients with multiple sclerosis [7]. Both IFN-α2 and IFN-β were largely 
used in the past in clinical studies in patients with various viral in-
fections, including respiratory viruses and coronaviruses [8]. Notably, in 
the history of cytokine research type I IFN represented a “moving 
target”, since a variety of biological activities other than their antiviral 
action were progressively described [9]. Among the immunoregulatory 
effects, enhancement of the antibody response and T cell immunity by 
these cytokines were described in several preclinical and clinical set-
tings, suggesting that they can play crucial roles in linking innate and 
adaptive immunity [10]. Of note, under certain conditions, both cyto-
kines can act as potent immune adjuvants by enhancing the response to 
reference antigens as well as to vaccines ([11] and studies reviewed in 
[12]). Furthermore, they have a major role in the activation of key 
natural host cells, such as Natural Killer (NK) cells and dendritic cells 
(DC) (reviewed in [12]). Of interest, IFN-β exerts stronger 
anti-inflammatory effects with respect to IFN-α, inducing reduction of 
pathogenic Th17 CD4+ T cells and increase in IL-10 producing Treg cells 
[13]. Moreover, IFN-β inhibits the production of TGF-β, thought to be 
involved in lung fibrosis and other inflammatory responses [14]. 

An increasing number of reports testifies that SARS-CoV-2, similarly 
to SARS-CoV and MERS [15], has evolved strategies to overcome anti-
viral immunity by blocking or delaying IFN production. These strategies 
have been recently reviewed with the aim of discussing their role in 
SARS-CoV-2 pathogenesis and suggesting perspectives for clinical 
treatment in COVID-19 patients [16]. 

Upon virus interaction with host cells, SARS-CoV-2 RNA genome is 
recognized by pattern recognition receptors (PRRs), such as the Toll-like 
receptors (TLR3, TLR7, and TLR8) and the cytosolic sensors retinoic 
acid-inducible gene 1 (RIG-1), melanoma differentiation-associated 
protein (MDA5) [17]. Activation of downstream signaling by these 
PRRs induces type I IFN through IRF3/IRF7 activation [17]. Upon 
binding to receptor, type I IFN trigger phosphorylation of STAT1 and 
STAT2 transcription factors, which activate the transcription of ISGs. 
DsRNA is also sensed by oligoadenylate synthetases (OASs), which 
induce the activation of RNase L and the consequent degradation of viral 
and host ssRNA, and PKR, which phosphorylates the translation initia-
tion factor eIF2α, leading to protein synthesis shutdown and restriction 
of viral replication [18]. Of note, although RNase L and PKR antiviral 
activity is not dependent on IFN production, the genes encoding for 
OASs and PKR are ISGs and, therefore, these pathways are activated as a 
consequence of IFN production. 

Some components of SARS-CoV-2, such as structural and nonstruc-
tural proteins [19,20] can antagonize the IFN response, thus evading 
innate immunity and enabling viral replication. Among these, nucleo-
capside (N) protein impedes type I IFN signaling by preventing the nu-
clear translocation of phosphorylated STAT1 and STAT2 [21]. A recent 
study identified six SARS-CoV-2 genes that block mitochondrial antiviral 
signaling protein (MAVS)-induced production of IFN-β, but not of IFN-α 
or IFN-γ [22]. Studies comparing peripheral immune responses in mild 
and severe COVID-19 patients report diminished type I IFN levels in 
severe cases versus mild cases, and restricted IFN-stimulated gene (ISG) 
expression among circulating immune cells [23–25]. Along these lines, 
single-cell analysis of epithelial cells from nasopharyngeal swabs of 
COVID-19 patients showed ISG upregulation in patients with mild or 
moderate disease, while severe COVID-19 patients were characterized 
by a dramatically blunted IFN response [26]. 

Type I IFN system downregulation by SARS-CoV-2 is strictly linked 
with the dysregulated innate immune response depicted in COVID-19 
patients in terms of soluble factors released and immune cells 
recruited at both local and systemic level (Reviewed in [27]). 

Bronchoalveloar fluid lavages (BALF) and blood samples of 
SARS-CoV-2-infected patients have reduced levels of pDC. Notably, pDC 
have been described to be activated and functional during asymptomatic 
infection, but not in hospitalized patients [28]. This observation, 
together with the reduced count and activity of myeloid DC (mDC), 
involved in T lymphocyte priming, testifies a general impairment of the 
immunomodulatory functions of antigen presenting cells (APC) in pa-
tients with severe COVID-19. A significant reduction of NK count and 
cytotoxic phenotype was also observed in the peripheral blood and BALF 
of infected patients [29], thus indicating that SARS-CoV-2 also blunts 
NK-mediated spontaneous antiviral defense. It is tempting to speculate 
that the dysregulation of NK antiviral activity may be a consequence of 
an insufficient activation by type I IFN. A deficient IFN production 
during the early phase of the infection may result in uncontrolled viral 
replication that put the basis for the subsequent immune response 
hyperactivation, eventually leading to tissue damage and multiorgan 
failure. In fact, the exaggerated recruitment at the infection site of 
monocytes and macrophages, cells of the innate immune response 
capable of sensing and engulfing pathogens and responsible for regu-
lating inflammation, may result in the hyperproduction of proin-
flammatory cytokines. Of note, high proportions of non-classical 
monocytes secreting inflammatory cytokines were reported in the blood 
of COVID-19 patients. At the local level, BALF of patients with severe 
COVID-19 were shown to be enriched in CCL2 and CCL7, chemokines 
involved in the recruitment of CCR2+ monocytes and neutrophils [29]. 
Moreover, data suggest that neutrophils, generally deputed to virus 
clearance and antiviral cytokine production during viral infection, can 
also act in COVID-19 patients as hyperinflammation drivers contributing 
to the increased risk of thrombosis [30]. In summary, a balanced release 
of antiviral cytokines, chemokines and proinflammatory signals strongly 
influences the cells of the innate immune response, whose timely acti-
vation is essential for an early clearance of SARS-CoV-2 and disease 
resolution, while uncontrolled inflammatory response and subsequent 
“cytokine storm” can play a role in disease progression. Fig. 2 illustrates 
how an early production of IFN-β by virus infected cells, together with 
IFN-α secretion by pDCs, can result in viral clearance and immunity, 
while a virus-induced dysregulated expression of type I IFN can later 
lead to hyper inflammatory response, cytokine storm and subsequent 
severe COVID-19 disease. 

3. Pre-existing deficits of type I IFN account for 20% of critical 
covid-19 cases 

One of the main challenges of COVID-19 pandemic was the need to 
elucidate the reasons behind the great variability of the progression and 
outcome of SARS-CoV-2 infection among different individuals. During 
the first year of the COVID-19 pandemic, it became accepted that a 
general age-related impairment of immune response was somehow 
responsible for elderly patient increased COVID-19 mortality. Joint 
research efforts and international initiatives were then established in 
spring 2020 to elucidate the role of host genetic factors in SARS-CoV-2 
susceptibility and COVID-19 severity in patients of all ages [31,32]. 
Notably, some of the genetic and immunological determinants of critical 
COVID-19 pneumonia (reviewed by Zhang et al, Nature, in press) turned 
out to be related to the individual ability to effectively activate IFN-I 
system in response to SARS-COV-2 infection. 

The presence of inborn autosomal TLR3 and X-linked TLR7 errors, 
significantly impairing the production and amplification of type I IFN by 
respiratory epithelial cells and pDC, respectively, was shown to be 
responsible for the suboptimal or delayed antiviral responses occurring 
in some patients with increased susceptibility to life-threatening COVID- 
19 pneumonia [33,34]. Moreover, circulating autoantibodies neutral-
izing high concentrations of IFN-α and IFN-ω were detected in approx-
imately 10% of patients with critical COVID-19 pneumonia and in 18% 
of COVID-19 deceased subjects, but not in asymptomatic individuals 
[35]. In contrast, a very low percentage (approximately 1%) of patients 
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Fig. 2. Role of the type I IFN system in SARS-COV-2 clearance and immunity (panel a) versus its role in dysregulated immune response leading to severe COVID-19 
(panel b). a) Signaling pathway and innate immune response during the functional response to SARS-CoV-2 infection. b) Virus-induced signaling alterations leading 
to reduced CD8 +T cells priming by DC and exaggerated recruitment of monocytes, macrophages, and of CCR2 + neutrophils, resulting in the hyperproduction of 
proinflammatory cytokines and disease exacerbation. 
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with critical COVID-19 symptoms have shown the presence of anti-
bodies neutralizing IFN-β. Of note, the existence of autoantibodies 
deactivating the antiviral activity of IFN-I, firstly reported a long time 
ago in both mouse models [36] and humans [37], has been more 
recently proven to be a feature shared by a small proportion of the 
general young population, more frequently observed in men and elderly 
individuals [38]. Even in the absence of clinical manifestation under 
physiological conditions, the presence of anti-IFN-I autoantibodies can 
increase individual susceptibility to the dramatic effects of uncontrolled 
viral replication. 

Since the outcome of viral infection occurs as a result of the delicate 
balance between spontaneous innate immunity and viral-induced sup-
pression of type I IFN response, in ways that can depend on age and sex, 
insufficient type I IFN immunity in the respiratory tract during the first 
few days of infection accounts for the spread of the virus, leading to 
pulmonary and systemic inflammation. 

On the whole, the ensemble of the studies published so far [33–35, 
38] indicate that pre-existing genetic and auto-immune deficits of type I 
IFN account for approximately 20% of critical COVID-19 cases. It would 
not be surprising that additional inborn errors of type I IFN immunity 
will be identified in COVID-19 patients in future studies. Research in this 
field will be instrumental not only for a complete understanding the 
mechanisms of resistance and susceptibility to COVID-19 in individual 
patients, but also to determine whether the constitutive deficiency of 
type I IFN occurring in some patients may affect the efficacy of 
anti-SARS-COV-2 vaccination. In this light, particular attention should 

be focused on breakthrough cases occurring in fully vaccinated 
individuals. 

4. Lessons from selected clinical trials with IFN 

Since the beginning of COVID-19 pandemic, the use of broad anti-
virals was considered for treating patients infected with SARS-CoV-2, 
and both IFN-α and β were also used, administered by conventional 
injection schedules as well as by intranasal inhalation according to some 
of the national protocols for patients management [39], and in ran-
domized clinical trials. Of note, the rationale behind most of these 
studies relied on the antiviral and not the immunomodulatory properties 
of type I IFN. 

Here, we briefly focus on clinical studies based on the use of IFN-β, 
which can be considered a good IFN prototype for a clinical use in 
COVID-19 patients in view of its natural role as first-line antiviral 
sentinel in response to SARS-CoV-2 infection. The results of many of 
these studies have been published over the last two years [40–51] and 
recent reviews are now available [52,53]. Of note, at the doses and 
schedules used in COVID-19 studies, IFN-β was well tolerated: only a few 
adverse reactions, mostly local and temporary, were observed. 

As shown in Table 1, the heterogeneity of cytokine administration 
schedule and route (inhaled, s.c., i.v.) and the confounding effects of the 
concurrent medications hamper a straightforward interpretation of the 
reported results. IFNβ-1a and IFNβ-1b were mostly given in combination 
with antivirals, either co-administered as experimental drugs or given to 

Table 1 
Summary of selected publications reporting the results of clinical trials testing IFNβ in COVID-19 patients.  

Reference IFNβ experimental 
arm 

Standard of care (SOC) Concomitant therapies COVID19 
status at 
enrollment 

Days from 
symptoms onset 
to IFNβ 
treatment 
(average) 

Results  

Hung et al 
(2020)[40] 

IFNβ-1b (s.c.) 
+ ribavirin + SOC 

Lopinavir/Ritonavir Antibiotics, Corticosteroid, 
Respiratory support 

mild and 
severe 

5-Apr IFN-base triple therapy 
alleviated symptoms and 
shorted the duration of viral 
shedding and hospital stay  

Rahmani et al 
(2020)[41] 

IFNβ-1b (s.c.)+
SOC 

Hydroxychloroquine 
+ Lopinavir/Ritonavir or 
Atazanavir/Ritonavir 

Corticosteroids, antibiotics, 
Respiratory support 

severe 7 IFN β-1b shortened TTCI, 
decreased admission in ICU 
and need for invasive 
mechanical ventilation  

Khamis et al 
(2020)[42] 

IFNβ-1b 
(inhaled)+
favipiravir 

Hydroxychloroquine Antibiotics, Steroids, 
Tocilizumab, Convalescent 
plasma 

moderate/ 
severe 

n.a. No significant differences 
between groups  

Dastan et al 
(2020)[43] 

IFNβ-1a (s.c.)+
SOC 

Hydroxychloroquine 
+ Lopinavir/Ritonavir 

Respiratory support severe 6-May No conclusion for lack of 
control group  

Ader et al (2021) 
[44] 

IFNβ-1a (s.c.)+
SOC 

Lopinavir/Ritonavir Corticosteroids, 
anticoagulants, 
immunomodulatory agents, 
Respiratory support 

moderate/ 
severe 

9 No clinical improvement; no 
reduction in viral shedding  

Baghaei et al 
(2021)[45] 

IFNβ-1a (s.c.)+
SOC 

Lopinavir/Ritonavir Antipyretic, antibiotics, 
serum therapy, Respiratory 
support 

severe 7 IFNβ1-a reduced mortality 
rate and improved 
oxygenation  

Darazam et al 
(2021)[46] 

IFNβ-1a/IFNβ-1b 
(s.c.)+ SOC 

Hydroxychloroquine 
+ Lopinavir/Ritonavir 

n.a. moderate/ 
severe 

5 IFNβ1-a reduced TTCI  

Darazam et al 
(2021)[47] 

IFNβ-1a (s.c.)+
SOC 

Lopinavir/Ritonavir n.a. moderate/ 
severe 

< 10 High dose IFNβ-1a did not 
improve TTCI or mortality vs 
low-dose IFNβ-1a  

Davoudi- 
Monfared et al 
(2020)[48] 

IFNβ-1a (s.c.)+
SOC 

Hydroxychloroquine 
+ Lopinavir/Ritonavir or 
Atazanavir/Ritonavir 

n.a. severe 11-Oct IFNβ1-a increased the 
discharge rate on day 14 and 
decreased 28-day mortality.  

Monk et al 
(2021)[49] 

IFNβ-1a (inhaled) 
(SNG001) 

n.a. n.a. moderate/ 
severe 

10-Sep SNG001 provided clinical 
improvement and faster 
recovery  

WHO Solidarity 
Trial Consortium 
(2021)[50] 

IFNβ-1a/IFNβ-1b 
(s.c. or i.v.)+
Lopinavir 

n.a. Antibiotics, Corticosteroids, 
Respiratory support 

moderate/ 
severe 

n.a. No clinical improvement  

Malhani et al 
(2021)[51] 

IFNβ-1b (s.c.)+
Ribavirin 
+ Lopinavir/ 
Ritonavir 

n.a. Corticosteroids, tocilizumab, 
Respiratory support 

mild, 
moderate, or 
severe 

6-May IFN-based triple therapy was 
associated with: lower 28-day 
mortality, lower (NEWS2), 
less need for corticosteroids  
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all patients according to the national “standard of care” protocols, which 
in some cases also included hydroxychloroquine. Of note, glucocorti-
coids (GC) were sometimes used to prevent or mitigate the massive 
systemic inflammatory response leading to lung injury and multi-organ 
damage. As previously stated in a preclinical model [54] and recently 
demonstrated in the context of acute respiratory distress syndrome 
(ARDS) [55], GC interfere with IFN-I signaling, thus dampening both the 
immune-related and the direct antiviral effects of the cytokine. 

Taking into account the limitations reported above, probably 
affecting the disappointing statistical significance of the results, IFN-β 
appears in some cases effective in accelerating the recovery from SARS- 
CoV-2 infection, in reducing the time to clinical improvement and the 
length of hospitalization. Notably, the effects of IFN-β seem to be more 
evident when the cytokine was administered shortly after symptoms 
onset [40,43,50]. This is somehow expected, considering the complex 
interplay between SARS-CoV-2 and the host immune system at the 
different stages of the disease (Fig. 2). In this light, it is worth underlying 
that, among the several studies performed in different settings, pub-
lished data report the effects of IFN-β treatment administered to patients 
admitted to hospital with signs of moderate/severe COVID-19. At the 
time of writing, no data has been officially reported on IFN-β given to 
paucisymptomatic patients (i.e., not in need of immediate hospitaliza-
tion). The lack of these data may be at least in part related to the diffi-
culties, experienced by many research groups during the acute phase of 
COVID-19 pandemic, in intercepting patients at the early time following 
SARS-CoV-2 infection diagnosis. Our group designed and set up a phase 
II clinical study to test the efficacy of low dose IFN-β given s.c. to pau-
cisymptomatic elderly patients with a recent diagnosis of SARS-CoV-2 
infection during home isolation [56]. The study was aimed at exploit-
ing the antiviral and immunomodulatory properties of low dose IFN-β in 
a time frame in which virus-induced impairment of endogenous IFN-I 
system activation can dramatically affect the course of the disease, 
especially in patients experiencing immunosenescence. The reduction of 
SARS-CoV-2 circulation among elderly people as a result of the vacci-
nation campaign, and the difficulties experienced in conducting a ran-
domized clinical trial in the home-setting during the COVID-19 
pandemic, hindered patient recruitment, so that the study was very 
recently closed for lack of patients. We expect that the absence of in-
formation on the possible immunomodulatory effects of the early 
administration of low dose IFN-β to patients infected with SARS-CoV-2 
will be partly resolved by an ongoing large clinical trial from NIH, 
testing the efficacy of several drugs, including nebulized IFN-β 
(SNG001), to outpatients not in need for hospitalization [ClinicalTrials. 
gov Identifier: NCT04518410]. 

5. Towards personalized therapies based on IFN biomarkers? 

Today’s medicine is aimed at treating patients, whenever possible, 
by a personalized targeted approach, which takes into consideration the 
individual genetic characteristics and potential biomarkers predictive of 
the clinical response to a given therapy in a given patient. While 
personalized/predictive medicine is certainly practicable in patients 
with genetic disorders or some chronic diseases, such as cancer, this is 
often much more difficult for infectious diseases, especially in the 
context of viral pandemics. 

In some viral infections such as that caused by SARS-CoV-2, only 
some infected patients become symptomatic and may then develop a 
severe disease and eventually die. We had postulated [57] and it is now 
widely accepted [58–60] that the natural capability to cope with the 
virus without developing any disease is due to a strong natural antiviral 
response, mainly triggered by an early and adequate production of type I 
IFN, occurring in the majority of patients in spite of virus-induced 
down-modulation on endogenous IFN-I response. The important dis-
covery of IFN-I-related genetic and immunologic determinants of 
COVID-19 susceptibility (see Section 3) opens new perspectives on the 
possibility to promptly identify patients that, by reasons of inherited or 

autoimmune defects in IFN-I system, are more likely to undergo un-
controlled viral replication and develop life-threatening disease. For 
these patients, the use of a personalized approach aimed at restoring a 
functional IFN-I response should be considered. Plasma exchange, re-
ported to efficiently reduce blood auto-Abs in hospitalized patients with 
life-threatening pneumonia [61], can be considered a rescue strategy to 
treat hospitalized patients. Nevertheless, the subcutaneous administra-
tion of the exogenous cytokine may be an easier option to promptly treat 
patients with defective type I IFN response at earlier time post 
SARS-CoV-2 infection. Preliminary clinical evidence was reported in one 
patients with previously diagnosed genetic condition associated with 
anti-IFN-I auto-antibodies, and treated with IFN-β soon after 
SARS-CoV-2 infection [62]. In two cases of autosomal dominant disor-
ders in TLR3 and IRF3, key genes of IFN-I immunity, the timely 
administration of peg-IFNα2b elicited the prompt resolution of 
COVID-19 symptoms [63]. Further studies are needed to confirm the 
feasibility and efficacy of this approach on a larger scale, but we pros-
pect that future clinical studies with IFN could move towards the design 
of personalized therapy strategies, taking into consideration individual 
characteristics of patients, including defects in IFN-I response. Of note, 
according to the kinetic of SARS-CoV-2 pathogenesis (Fig. 2), exogenous 
administration of IFNα and IFNβ should be avoided during the inflam-
mation phase of COVID-19, when they might exacerbate the deleterious 
effects of exaggerated leukocytes recruitment and activation. In this 
light, the identification and validation of accurate biomarkers of IFN-I 
activation state, based on circulating IFN-β levels [58,64] or on the 
expression of IFN and IFN-induced genes in different tissues [65], would 
be instrumental for the design of personalized therapies. 

6. Fostering innate antiviral immunity for the control of 
pandemic viruses: Role of type I IFN 

Epidemiological and biological data suggest that administration of 
live-attenuated vaccines (LAV) targeting tuberculosis, measles and polio 
as well as defined compounds such as β-glucan may enhance the ability 
to react against new pathogens (reviewed in [66]) including 
SARS-CoV-2 [66–69]. Thus, the finding that some old vaccines designed 
to induce adaptive immunity against a specific pathogen can also miti-
gate other infectious diseases may, in principle, open perspectives of 
their possible use in controlling the first dramatic wave of a newly 
emerging pandemic virus. 

Bacillus Calmette Guerin (BCG), a weakened strain of Mycobacterium 
bovis, is a century old vaccine used in infant/childhood vaccination 
campaigns against tuberculosis (TB) in low to middle-income countries. 
It is also used in the current therapy of high-risk non-muscle invasive 
bladder cancer, even though the mechanisms of action are still elusive. It 
has been pointed out that countries with national vaccination programs 
for TB prevention (e.g, India, Korea, Japan), showed a much lower 
morbidity and mortality from severe COVID-19 compared with coun-
tries (e.g, Italy, USA, UK) that do not have such policies [70]. This is 
consistent with recent data reported by Rivas and coworkers [71] and 
discussed in detail elsewhere [72], indicating that history of BCG 
vaccination is associated with a decrease in the seroprevalence of 
anti-SARS-CoV-2 IgG and a lower number of subjects experiencing 
COVID-19-related clinical symptoms in a cohort of health-care workers. 
Notably, current studies are also based on the use of recombinant BCG 
activating the STING pathway to enhance the potency of the immune 
response [73]. While the interim results of the “ACTIVE” clinical trial 
aimed at evaluating the efficacy of BCG vaccination in protecting elderly 
patients against new infections seem to be encouraging [74], more data 
are needed to eventually confirm whether BCG vaccination, alone or in 
combination, can indeed exert a protective effect against SARS-CoV-2 
infection. Among the possible mechanisms of action of BCG-induced 
immunity against new pathogens, the elicitation of type I IFN expres-
sion on monocytes and macrophages has been reported [75]. In partic-
ular, the cytosolic sensor nucleotide-binding oligomerization containing 
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protein 2 (NOD2), responsible for sensing Mycobacterium tuberculosis 
products, can stimulate the transcription of type I IFN in macrophages 
([75] and references herein). NOD2-induced activation of type I IFN 
pathway can, in turn, downregulate the production of pro-inflammatory 
cytokines by means of epigenetic mechanisms [75]. Likewise, it has been 
recently hypothesized that BCG-induced immunity can restrain 
SARS-CoV-2 infection by ensuring the activation of type I IFN response 
and a proper control of proinflammatory cytokine production [76]. 

Of note, β-glucan is another agent capable of fostering innate im-
munity and its potential implications for controlling SARS-CoV-2 
pandemic have also been discussed [77]. In this regard, it has recently 
been reported that innate immune training of granulopoiesis after in-
jection of mice with β-glucan promotes a strong anti-tumor activity 
which is mediated by type I IFN [78]. In agreement with this, 
Hassankadeh-Kiabi and colleagues reported that autocrine type I IFN 
signaling in DC stimulated with fungal β-glucans promoted CD8+ T cell 
activation [79]. This is not surprising since early studies revealed a 

crucial role of type I IFN in the generation of a protective humoral and 
cellular (CD8+ T cells) adaptive immunity by acting on DC [11,80]. All 
this supports the hypothesis that BCG as well as β-glucan can impart 
non-specific protective effects against viral infections or their anticancer 
effect by the action of type I IFN, and in particular IFN-β, which is the 
cytokine constitutively expressed in resting cells such as macrophages 
[5] and soon induced at considerable levels after stimulation by viral 
proteins or other danger signals [4]. This issue deserves further research 
efforts. 

7. Closing remarks 

The research progress during the COVID-19 pandemic has shown 
how rapidly vaccines and specific drugs against emerging viruses can be 
developed thanks to international research efforts and innovative tech-
nologies. Nonetheless, it is worth mentioning that the distribution of 
new vaccines and treatments is not equal worldwide: while in developed 

Fig. 3. Hypothetical scenario showing research challenges and possible strategies to boost antiviral innate immunity for the control of new viral pandemics.  
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countries there is an almost complete coverage in vaccination cam-
paigns and booster doses are expected to be granted to the whole pop-
ulation soon, only 2–4% of the population in low- middle-income 
countries have so far got access to the anti-SARS-CoV-2 vaccines. Besides 
raising moral issues on health inequities, such uneven treatments and 
vaccination coverage increase the global risk of emergence of new 
variants resistant to the current vaccines. While scientists and global 
health management experts claim new ethical global politics to diminish 
the unfair health and socioeconomic consequences of the current 
pandemic on disadvantaged populations [81], some first-line in-
terventions can be envisaged for future pandemics by taking lessons 
from the COVID-19 experience. Exploiting our current knowledge on the 
natural response to viruses and reconsidering the possible use of fully 
available drugs/vaccines should be highly encouraged at an interna-
tional level by health policy makers in order to mitigate the disruptive 
consequences of a new pandemic. As discussed in this article and sum-
marized in Fig. 3, some LAV, β-glucan, and IFN-β emerged during 
COVID-19 pandemic as potential boosters of the spontaneous and 
sometimes inefficient early antiviral immune response. Notably, here we 
mostly focused on IFN-β for its role as high affinity sentinel and regulator 
of inflammation, and for the promising preclinical and clinical evidence 
obtained in SARS-CoV-2 infection. Nevertheless, IFN-α and other IFN 
subtypes, including type III IFN and in particular IFN-λ1, can be 
considered, either directly or through the administration of drugs 
inducing IFN or IFN-induced genes. As discussed in detail elsewhere, 
among the strategies aimed at limiting pandemic viruses spread, the 
possible use of intranasally administered IFN-I as prophylactic measure 
for high-risk individuals should be also evaluated [82]. 

When looking at future directions of anti-SARS-CoV-2 therapeutic 
strategies, we can foresee that the increasing development and use of 
virus-specific monoclonal antibodies and very recently approved anti-
viral drugs could be paralleled by a selective use of IFN-β in patient- 
tailored approaches, based on individual genetic features and charac-
terization of specific biomarkers of response (Fig. 3). 

As for preparing to future pandemics, since personalized approaches, 
like the development of new variant-specific vaccines, require adequate 
resources and availability of diagnostic tools, an early use of IFN-β 
should be considered to face the first wave of emergency. Moreover, the 
employment of old LAV and substances capable of boosting cells of the 
innate immunity, such as DC and macrophages, rendering them reactive 
against new viral infections can represent another sustainable front-line 
public health measure particularly suitable for developing countries. 
Both approaches can be adopted to “bend the pandemic curve” before 
possible effective vaccines are available, thus preventing needless 
deaths and the social and economic consequences observed during the 
COVID-19 pandemic (Fig. 3). Fostering an early antiviral immune re-
sponses to react against new viruses could be also a useful strategy in 
subsequent phases of a viral pandemic, since it may also enhance the 
protection efficacy of specific vaccines (as discussed elsewhere [58,66]). 
It would be appropriate and timely to be prepared to react to future 
outbreaks with early actions grounded on the experience of COVID-19 
and past pandemics. Implementing first-line immune-based strategies 
and fully understanding the mechanisms of natural antiviral immunity 
are major challenges with a potential great impact in terms of 
cost-effectiveness value for public health services. 
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N. Blüthgen, G. Hack, C. Finnemann, H.D. Nischalke, C.P. Strassburg, 
E. Stephenson, Y. Su, L. Gardner, D. Yuan, D. Chen, J. Goldman, P. Rosenstiel, S. 
V. Schmidt, E. Latz, K. Hrusovsky, A.J. Ball, J.M. Johnson, P.A. Koenig, F. 
I. Schmidt, M. Haniffa, J.R. Heath, B.M. Kümmerer, V. Keitel, B. Jensen, 
P. Stubbemann, F. Kurth, L.E. Sander, B. Sawitzki, (.Deutsche COVID- OMICS 
Initiative, A.C. Aschenbrenner, J.L. Schultze, J. Nattermann, Early IFN-α signatures 
and persistent dysfunction are distinguishing features of NK cells in severe COVID- 
19, Immunity 54 (2021) 2650–2669, https://doi.org/10.1016/j. 
immuni.2021.09.002. 

[26] C.G.K. Ziegler, V.N. Miao, A.H. Owings, A.W. Navia, Y. Tang, J.D. Bromley, 
P. Lotfy, M. Sloan, H. Laird, H.B. Williams, M. George, R.S. Drake, T. Christian, 
A. Parker, C.B. Sindel, M.W. Burger, Y. Pride, M. Hasan, G.E. Abraham, M. Senitko, 
T.O. Robinson, A.K. Shalek, S.C. Glover, B.H. Horwitz, J. Ordovas-Montanes, 
Impaired local intrinsic immunity to SARS-CoV-2 infection in severe COVID-19, 
Cell 184 (2021) 4713–4733, https://doi.org/10.1016/j.cell.2021.07.023. 

[27] D. Ricci, M.P. Etna, F. Rizzo, S. Sandini, M. Severa, E.M. Coccia, Innate immune 
response to SARS-CoV-2 infection: from cells to soluble mediators, Int. J. Mol. Sci 
22 (2021), https://doi.org/10.3390/ijms22137017 (7017). 

[28] M. Severa, R.A. Diotti, M.P. Etna, F. Rizzo, S. Fiore, D. Ricci, M. Iannetta, 
A. Sinigaglia, A. Lodi, N. Mancini, E. Criscuolo, M. Clementi, M. Andreoni, 
S. Balducci, L. Barzon, P. Stefanelli, N. Clementi, E.M. Coccia, Differential 
plasmacytoid dendritic cell phenotype and type I Interferon response in 
asymptomatic and severe COVID-19 infection, PLOS Pathog. 17 (2021), e1009878, 
https://doi.org/10.1371/journal.ppat.1009878. 

[29] Z. Zhou, L. Ren, L. Zhang, J. Zhong, Y. Xiao, Z. Jia, L. Guo, J. Yang, C. Wang, 
S. Jiang, D. Yang, G. Zhang, H. Li, F. Chen, Y. Xu, M. Chen, Z. Gao, J. Yang, 
J. Dong, B. Liu, X. Zhang, W. Wang, K. He, Q. Jin, M. Li, J. Wang, Heightened 
innate immune responses in the respiratory tract of COVID-19 patients, Cell Host 
Microbe 27 (2020) 883–890, https://doi.org/10.1016/j.chom.2020.04.017. 

[30] Y. Zuo, S. Yalavarthi, et al., Neutrophil extracellular traps in COVID-19, JCI Insight 
5 (2020), https://doi.org/10.1172/jci.insight.138999. 

[31] COVID-19 Host Genetics Initiative, The COVID-19 Host Genetics Initiative, a global 
initiative to elucidate the role of host genetic factors in susceptibility and severity 
of the SARS-CoV-2 virus pandemic, Eur. J. Hum. Genet. 28 (2020) 715–718, 
https://doi.org/10.1038/s41431-020-0636-6. 

[32] J.-L. Casanova, H.C. Su, E. COVID Human Genetic, A global effort to define the 
human genetics of protective immunity to SARS-CoV-2 infection, Cell 181 (2020) 
1194–1199, https://doi.org/10.1016/j.cell.2020.05.016. 

[33] Q. Zhang, P. Bastard, Z. Liu, J. Le Pen, M. Moncada-Velez, J. Chen, M. Ogishi, 
I. Sabli, S. Hodeib, C. Korol, J. Rosain, K. Bilguvar, J. Ye, A. Bolze, B. Bigio, 
R. Yang, A.A. Arias, Q. Zhou, Y. Zhang, F. Onodi, S. Korniotis, L. Karpf, 
Q. Philippot, M. Chbihi, L. Bonnet-Madin, K. Dorgham, N. Smith, W.M. Schneider, 
B.S. Razooky, H.H. Hoffmann, E. Michailidis, L. Moens, J.E. Han, L. Lorenzo, 
L. Bizien, P. Meade, A.L. Neehus, A.C. Ugurbil, A. Corneau, G. Kerner, P. Zhang, 
F. Rapaport, Y. Seeleuthner, J. Manry, C. Masson, Y. Schmitt, A. Schlüter, T. Le 
Voyer, T. Khan, J. Li, J. Fellay, L. Roussel, M. Shahrooei, M.F. Alosaimi, 

D. Mansouri, H. Al-Saud, F. Al-Mulla, F. Almourfi, S.Z. Al-Muhsen, F. Alsohime, 
S. Al Turki, R. Hasanato, D. van de Beek, A. Biondi, L.R. Bettini, M. D’Angio’, 
P. Bonfanti, L. Imberti, A. Sottini, S. Paghera, E. Quiros-Roldan, C. Rossi, A.J. Oler, 
M.F. Tompkins, C. Alba, I. Vandernoot, J.C. Goffard, G. Smits, I. Migeotte, 
F. Haerynck, P. Soler-Palacin, A. Martin-Nalda, R. Colobran, P.E. Morange, 
S. Keles, F. Çölkesen, T. Ozcelik, K.K. Yasar, S. Senoglu, Ş.N. Karabela, 
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P. Peterson, L. Lorenzo, L. Bizien, S. Trouillet-Assant, K. Dobbs, A.A. de Jesus, 
A. Belot, A. Kallaste, E. Catherinot, Y. Tandjaoui-Lambiotte, J. Le Pen, G. Kerner, 
B. Bigio, Y. Seeleuthner, R. Yang, A. Bolze, A.N. Spaan, O.M. Delmonte, M.S. Abers, 
A. Aiuti, G. Casari, V. Lampasona, L. Piemonti, F. Ciceri, K. Bilguvar, R.P. Lifton, 
M. Vasse, D.M. Smadja, M. Migaud, J. Hadjadj, B. Terrier, D. Duffy, L. Quintana- 
Murci, D. van de Beek, L. Roussel, D.C. Vinh, S.G. Tangye, F. Haerynck, D. Dalmau, 
J. Martinez-Picado, P. Brodin, M.C. Nussenzweig, S. Boisson-Dupuis, C. Rodríguez- 
Gallego, G. Vogt, T.H. Mogensen, A.J. Oler, J. Gu, P.D. Burbelo, S. Cohen, 
A. Biondi, L.R. Bettini, M. D’Angio, P. Bonfanti, P. Rossignol, J. Mayaux, F. Rieux- 
Laucat, E.S. Husebye, F. Fusco, M.V. Ursini, L. Imberti, A. Sottini, S. Paghera, 
E. Quiros-Roldan, C. Rossi, R. Castagnoli, D. Montagna, A. Licari, G.L. Marseglia, 
X. Duval, J. Ghosn, L. HGID, G. NIAID-USUHS Immune Response to COVID, 
C. COVID, C. COVID-STORM, G. Imagine COVID, G. French COVID Cohort Study, 
C. Milieu Intérieur, C. CoV-Contact, B. Amsterdam UMC Covid-, E. COVID Human 
Genetic, J.S. Tsang, R. Goldbach-Mansky, K. Kisand, M.S. Lionakis, A. Puel, S. 
Y. Zhang, S.M. Holland, G. Gorochov, E. Jouanguy, C.M. Rice, A. Cobat, L. 
D. Notarangelo, L. Goldbach-Mansky, H.C. Su, J.L. Casanova, Autoantibodies 
against type I IFNs in patients with life-threatening COVID-19, Science 370 (2020), 
https://doi.org/10.1126/science.abd4585 (eabd4585). 

[36] J. De Maeyer-Guignard, E. De Maeyer, Natural antibodies to interferon-alpha and 
interferon-beta are a common feature of inbred mouse strains, J. Immunol. 136 
(1986) 1708–1711. 

[37] B. Pozzetto, K.E. Mogensen, M.G. Tovey, I. Gresser, Characteristics of 
autoantibodies to human interferon in a patient with varicella-zoster disease. 
J. Infect. Dis. 150 (1984) 707–713, https://doi.org/10.1093/infdis/150.5.707. 

[38] P. Bastard, A. Gervais, T. Le Voyer, J. Rosain, Q. Philippot, J. Manry, E. Michailidis, 
H.H. Hoffmann, S. Eto, M. Garcia-Prat, L. Bizien, A. Parra-Martínez, R. Yang, 
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cattle to COVID-19, Nat. Rev. Urol. 18 (2021) 611–622, https://doi.org/10.1038/ 
s41585-021-00481-1. 

[74] E.J. Giamarellos-Bourboulis, M. Tsilika, S. Moorlag, N. Antonakos, A. Kotsaki, 
J. Domínguez-Andrés, E. Kyriazopoulou, T. Gkavogianni, M.E. Adami, 
G. Damoraki, P. Koufargyris, A. Karageorgos, A. Bolanou, H. Koenen, R. van Crevel, 
D.I. Droggiti, G. Renieris, A. Papadopoulos, M.G. Netea, Activate: randomized 
clinical trial of BCG vaccination against infection in the elderly, Cell 183 (2020) 
315–323, https://doi.org/10.1016/j.cell.2020.08.051. 

[75] L. Moreira-Teixeira, K. Mayer-Barber, A. Sher, A. O’Garra, Type I interferons in 
tuberculosis: foe and occasionally friend, J. Exp. Med. 215 (2018) 1273–1285, 
https://doi.org/10.1084/jem.20180325. 

[76] D.L. Wannigama, A. Jacquet, NOD2-dependent BCG-induced trained immunity: a 
way to regulate innate responses to SARS-CoV2? Int. J. Infect. Dis. 101 (2020) 
52–55, https://doi.org/10.1016/j.ijid.2020.09.1429. 

[77] A. Geller, J. Yan, Could the induction of trained immunity by β-glucan serve as a 
defense against COVID-19? Front. Immunol. 11 (2020) 1–11, https://doi.org/ 
10.3389/fimmu.2020.01782. 

[78] L. Kalafati, I. Kourtzelis, J. Schulte-Schrepping, X. Li, A. Hatzioannou, T. Grinenko, 
E. Hagag, A. Sinha, C. Has, S. Dietz, A.M. de Jesus Domingues, M. Nati, 
S. Sormendi, A. Neuwirth, A. Chatzigeorgiou, A. Ziogas, M. Lesche, A. Dahl, 
I. Henry, P. Subramanian, B. Wielockx, P. Murray, P. Mirtschink, K.J. Chung, J. 
L. Schultze, M.G. Netea, G. Hajishengallis, P. Verginis, I. Mitroulis, T. Chavakis, 
Innate immune training of granulopoiesis promotes anti-tumor activity, Cell 183 
(2020) 771–785, https://doi.org/10.1016/j.cell.2020.09.058. 
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the Pasteur Institute of Rome. He has published more than 
twenty scientific papers mainly in oncology, cellular therapies, 
and immunology.  

Francesca Urbani obtained her Master of Science in Biotech-
nology at the University of Tor Vergata, Rome. She has more 
than 30 years’ research activity in Microbiology, Immunology 
and ImmunoOncology. In particular, her fields of interest have 
been focused on the study of immune responses and immune 
correlates of protection in the context of projects related to 
Pertussis, HBV and Cancer/Immunotherapy. She has been 
responsible of immune-monitoring in several clinical trials, 
with advanced expertize in multiparameter flow cytometry 
characterization of peripheral immune system. She also coor-
dinated a harmonization project of a multicolor flow cytometry 
panel.  

Jean-Laurent Casanova obtained his doctorate in medicine in 
1987 from the medical faculty of the Paris-Descartes Univer-
sity. He carried out his internal training at the Institute Pasteur 
and at the Ludwig Institute for the research on cancer and 
received his doctorate in immunology at the Pierreet-Marie- 
Curie University in 1992. In 2008 he was appointed Professor 
at Rockefeller University in New York. In 2014 he joined the 
Howard Hughes Medical Institute. He is a member of the 
United States National Academy of Sciences and American 
Academy of Medicine, Senior Attending Physician, and Head of 
the St. Giles Laboratory of Human Genetics of Infectious Dis-
eases at The Rockefeller University, as well as a visiting pro-

fessor at the Necker Hospital for Sick Children, University of Paris. Prof. Casanova’s 
laboratory is committed to study the genetic determinants of the clinical manifestations 
and outcome of primary infections by viruses, bacteria, fungi, and parasites, with partic-
ular focus on mutations that selectively compromise the immunity of otherwise healthy 
children and adults. In the course of COVID-19 pandemic, he was the co-leader of the 
“COVID Human Genetic Effort”, an international consortium aiming to discover the 
human genetic and immunological bases of the various clinical forms of SARS-CoV-2 
infection.  

Filippo Belardelli received his degree in Biological Sciences in 
1975 at the University “La Sapienza” in Rome, where he ob-
tained the specialization degree in Microbiology in 1979. In 
1980, he became staff investigator of the Laboratory of 
Virology at the Istituto Superiore di Sanità (ISS), where was 
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