An old cytokine against a young virus ?
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In the last five months the COVID-19 pandemics has brought national health systems to critical emergency situations, and a very heavy price is being paid particularly by the elderly. The question of how to control and curb SARS-CoV-2 in the population is debated by governments world wide with the help of scientific counselors, while researchers struggle to understand the many pathological effects in COVID-19. One after the other, countries face similar problems and implement unprecedented measures to limit the spread, but an extraordinary challenge is to identify infected patients, prevent the development of serious clinical symptoms and treat those with severe respiratory distress. The effectiveness of the lockdown measures in the various countries will be difficult to evaluate and we may be confronted in a near future with a resurgence of the infection and appearance of new clusters.

Likely a vaccine would solve most issues, but this will take several months. If, in the meantime, a treatment eliminated the risk of disease progression to severe pneumonia in the most sensitive population, COVID-19 would become an unpleasant but harmless infection. Here we compile a series of arguments strongly indicating that the complications of SARS-CoV-2 infection are due to insufficient production of interferon (IFN) in the very early phase of the infection. These considerations complement those put forward by [START_REF] Sallard | Type 1 interferons as a potential treatment against COVID-19[END_REF][START_REF] Jamilloux | Should we stimulate or suppress immune responses in COVID-19? Cytokine and anti-cytokine interventions[END_REF] on the clinical evaluation of COVID-19 treatments. We concur on suggesting a systematic administration of exogenous IFN as early as possible after the molecular diagnosis of SARS-CoV-2 in people who might be at high risk.

As for many viruses, the raison d'être of SARS-CoV-2 is to enter cells using specific cell membrane receptors, replicate its genetic material and make proteins so as to produce numerous new virions that will infect more cells. However, to perform well the virus needs to counteract or evade an important innate barrier represented by IFN. No one would argue with the fact that, from fish to humans, type I IFNs are the most powerful natural arms (cytokines) to fight viruses. Evidence from studies in humans indicates that susceptibility to severe primary infections, notably flu, can be due to defects in genes involved in the IFN-mediated antiviral response (Ciancianelli et al, 2016).

IFN is produced rapidly, in high amount and various flavours (one IFNb and many IFNα subtypes) by any type of cell infected by a virus or just triggered by viral components, such as viral RNA. Hence, within a few hours IFN is synthesized in demand, is secreted in the extracellular milieu and acts on the infected cells and all surrounding non-infected cells, making them resistant to the virus.

This wave of high IFN production is transient and, in the best scenario, viral replication is severely hampered and within a few days, with the help of the other actors of the immune response, the battle is over. However if the cell mounts an inadequate response to the virus and/or if the virus hides or antagonizes IFN, the battle will continue. Infectious viruses will persist and in the worst scenario an exaggerated production of immune mediators, cytokines and chemokines and the recruitment of more immune cells will cause an excessive inflammatory response with local tissue damage. This scenario is well documented in murine models of infection with, for example, viruses like flu, which possess strong and variegated weapons that reduce IFN production and oppose its antiviral activity at multiple levels [START_REF] Haller | Pathogenic viruses: smart manipulators of the interferon system[END_REF].

In the last two decades extensive work on other coronaviruses, notably SARS-CoV and MERS isolates, has described the molecular mechanisms these viruses use to evade the IFN barrier, ie IFN production and/or IFN response [START_REF] Kopecky-Bromberg | Severe acute respiratory syndrome coronavirus open reading frame (ORF) 3b, ORF 6, and nucleocapsid proteins function as interferon antagonists[END_REF]Perlman and Netland, 2007). We will learn soon whether SARS-CoV-2 uses similar or more sophisticated strategies to evade the IFN system in its human host. Recent studies showed that SARS-CoV-2 and SARS-CoV replicate with the same kinetics in cells lacking the type I IFN genes cluster (monkey kidney epithelial Vero cells). Yet, when these cells were pre-treated with exogenous IFN, SARS-CoV-2 was found to be much more sensitive to IFN than SARS-CoV [START_REF] Lokugamage | SARS-CoV-2 is sensitive to type I interferon pretreatment[END_REF][START_REF] Blanco-Melo | Imbalanced Host Response to SARS-CoV-2 Drives Development of COVID-19[END_REF]. This suggests that the new coronavirus may not be so talented in antagonizing IFN, while its rapid replication and high infectivity may relate, at least partly, to its ability to prevent the production of IFN by passively hiding from the sensing machinery of the host cell and/or by disrupting biochemical steps leading to IFN induction.

In line with the above, SARS-CoV-2 was shown to be a poor inducer of IFN at least ex vivo on human lung tissue [START_REF] Chu | Comparative replication and immune activation profiles of SARS-CoV-2 and SARS-CoV in human lungs: an ex vivo study with implications for the pathogenesis of COVID-19[END_REF]. Nevertheless, a recent report showed that IFN can be detected in the plasma of COVID-19 patients [START_REF] Hadjadj | Impaired type I interferon activity and exacerbated inflammatory responses in severe COVID-19 patients[END_REF]. In a study of 50 patients distributed into 3 groups based on symptom severity, the authors reported that IFNα2 protein and IFN antiviral activity are highly significantly lower in the plasma of patients exhibiting critical symptoms compared to mildto-moderate patients. Patients with intermediate (ie severe but not critical) symptoms have intermediate IFN levels. Accordingly, the intensity of the transcriptional signature associated with IFN activity in circulating cells was found to inversely correlate to the severity of the clinical symptoms. Yet, when stimulated in vitro with IFNα2, blood cells from the different patients groups responded similarly to cells from healthy donors, suggesting that severe COVID-19 patients are affected in the capacity to produce IFN. This study included patients recruited at day 8 to 12 after the first clinical symptoms, a time when disease severity is most likely related to uncontrolled inflammation rather than to the absolute number of virus in nasal swab or blood. Accordingly differences in the viral load in the three groups of patients were barely significant. Obviously, measurements at day 8 to 12 after the first symptoms do not inform on the level of IFN produced at the onset of infection. Hence, it can be assumed that the relatively low IFN measured in plasma of the less affected patients (about 10 IU/ml) is a residual quantity reflecting the extent of the initial peak of IFN produced when the virus was actively replicating.

Thus the development of clinical symptoms would be related to the efficacy of the initial IFN production, ie in severe cases the production of IFN at the onset of infection might have been low. A recent study assessing plasma IFNα in few COVID-19 patients indeed suggests that the absence of detectable IFNα2 at day 8-10 post infection is correlated with the need for invasive ventilation [START_REF] Trouillet-Assant | Type I IFN immunoprofiling in COVID-19 patients[END_REF]. Additional arguments resulting from correlation analyses also support this hypothesis. When infected with SARS-CoV-2 the probability to develop severe symptoms is related to age and sex, and the ratio of male/female death rates tends to be higher in the older population. Age and sex are two biological variables known to be correlated to the production of type I IFN.

Aging is associated to considerable changes and a decline of immune function which leads to increased susceptibility to infections, particularly viral respiratory infections, in the elderly population.

Often this decline is associated with low grade chronic inflammation. Impaired IFN secretion is likely to play a critical role in the increased susceptibility of the elderly to viral infections. A first in vitro study of human PBMC showed that the donor age influences the production of IFNα measured as antiviral activity [START_REF] Abb | Age-related decline of human interferon alpha and interferon gamma production[END_REF]. As reviewed in [START_REF] Agrawal | Mechanisms and implications of age-associated impaired innate interferon secretion by dendritic cells: a mini-review[END_REF], more recent studies demonstrated that, in human and mouse, the production of IFN by DCs and pDC, which are stimulated with TLR agonists or infected with virus, is significantly impaired with age, but the ability to produce other inflammatory cytokines is not affected. Proposed mechanisms of impairment range from reduced cell numbers, reduced expression of sensors, altered signaling and transcriptional regulation.

Epidemiological data from the SARS-CoV 2002-2003 oubreak indicated sex-dependent differences in disease outcomes. Studies in the mouse paralleled those observed in patients and identified estrogen receptor signaling as critical for protection in females [START_REF] Channappanavar | Sex-Based Differences in Susceptibility to Severe Acute Respiratory Syndrome Coronavirus Infection[END_REF].

In COVID-19 a similar sex-biased difference in morbidity and mortality is observed, while the proportion of males and females with confirmed infection is the same [START_REF] Peckham | Sex-bias in COVID-19: a meta-analysis and review of sex differences in disease and immunity[END_REF]. Sex is an important biological variable in immune responses. Innate antiviral response and sensing of viral nucleic acids by some pathogen-recognition receptors, such as TLRs, differ between the sexes [START_REF] Klein | Sex differences in immune responses[END_REF]. A remarkable sex-related difference in IFNα induction was observed in PBMC from healthy donors with a higher production in females, after stimulation of TLR7 but not TLR9. Since the TLR7 gene is on the X chromosome, it may escape X inactivation so that both alleles can be expressed simultaneously resulting in higher levels in females than males. This increased response is thought to contribute to the increased susceptibility of females to autoimmune diseases like systemic lupus erythematosus. Estrogen-dependent modulation of TLR7 signaling has also been described [START_REF] Griesbeck | Sex Differences in Plasmacytoid Dendritic Cell Levels of IRF5 Drive Higher IFNalpha Production in Women[END_REF]. IRF5 is a transcription factor involved in the innate responses mediated by TLRs. pDCs from female humans and mice exhibit higher basal levels of IRF5 and produce more IFNα following TLR7 stimulation. Transcriptional regulation of IRF5 in female mice is under the control of estrogen. IRF5 gene polymorphisms are strongly correlated with the risk of SLE and elevated levels of IFNα in patients. These findings may contribute to the understanding of the higher prevalence of lupus in females.

The use of type I IFN as therapeutical drugs has been documented in SARS-CoV and MERS and initial trials are ongoing in COVID-19 [START_REF] Sallard | Type 1 interferons as a potential treatment against COVID-19[END_REF][START_REF] Jamilloux | Should we stimulate or suppress immune responses in COVID-19? Cytokine and anti-cytokine interventions[END_REF]. To date a more complete clinical study is from Hong Kong [START_REF] Hung | Triple combination of interferon beta-1b, lopinavir-ritonavir, and ribavirin in the treatment of patients admitted to hospital with COVID-19: an open-label, randomised, phase 2 trial[END_REF]. This randomised, phase 2 trial involved non critically ill patients. One arm of the study enrolled patients < 7 days after onset of symptoms, receiving either a combination regimen of lopinavir plus ritonavir, ribavirin and IFNb (52 pts) or the combination but no IFNb (24 pts, control). Significant differences in the primary endpoint (viral load, time to negative PCR from nasopharyngeal swab) and in the clinical score were found between the two groups, suggesting that an exogenous delivery of IFN can be efficient in controlling the early steps of the infection.

If we assume, as discussed above, that the development of critical clinical symptoms is due to a low endogenous IFN production, then an IFN given as a drug as early as possible after infection will be neutral to the large majority of patients that will not progress, but beneficial to the most fragile patients. The use of type I IFN in the clinic is not new. IFN have been administered alone or in combination for decades to treat chronic diseases, such as HBV and HCV infections, multiple sclerosis and some cancers in patients of all ages. In these contexts, the adverse effects are well known and the severe ones are almost exclusively observed after long-term administration required by the chronic nature of the disease. In these diseases we lack deep understanding of the beneficial and timely action of IFN, which may be directed to various target cells, including those of the immune system. In COVID-19 the issue of timing and target cell is straightforward, since the objective would be to induce a primary antiviral state. Hence a bolus injection at the early phase of infection may be sufficient.

Interestingly, a recent study suggested that SARS-CoV-2 receptors (ACE2 and TMPRSS2) may be upregulated by type I IFN [START_REF] Ziegler | SARS-CoV-2 receptor ACE2 is an interferon-stimulated gene in human airway epithelial cells and is enriched in specific cell subsets across tissues[END_REF]. If this observation is confirmed and, as intuitively suggested, if the binding of the virus to the cell surface is proportional to the quantity of its receptor, this could be a novel IFN-induced antiviral mechanism promoting the entry of virus into cells that are in an antiviral state. Intriguingly, ACE2 expression in many tissues was reported to be lower in the high-risk population [START_REF] Chen | Individual variation of the SARS-CoV2 receptor ACE2 gene expression and regulation[END_REF].

Presently type III IFN is also considered as a possible antiviral therapy in COVID-19 [START_REF] Prokunina-Olsson | COVID-19 and emerging viral infections: The case for interferon lambda[END_REF]. What distinguishes type I and type III IFNs is their receptors and the responding cells. Type I IFN receptors are ubiquitously expressed, while functional type III IFN receptors are restricted to epithelial lining at mucosal surfaces. Thus, administered type III IFN is expected to selectively target the respiratory tissues and have less side effects than type I IFN. However, as of today, we ignore whether the cells that are infected by SARS-CoV-2, ie that express ACE2, have functional type III IFN receptors and do respond to the cytokine. Besides, type III IFN may be more potent than type I IFN in disrupting lung epithelial repair during recovery from viral infection [START_REF] Major | Type I and III interferons disrupt lung epithelial repair during recovery from viral infection[END_REF]. Another issue is that we do not yet have the benefit of hindsight on the use of type III IFN in the clinic and have much less information concerning its pharmacokinetics and pharmacodynamics.

In conclusion, the production of type I IFN is an immediate innate response of the host to viral infections. High IFN rapidly counteracts virus replication and spread. An insufficient production of type I IFN at the onset of SARS-CoV-2 infection is likely to delay the kinetics of virus clearance. We propose that a type I IFN could be administered as early as possible after diagnosis as a single administration to patients for whom there is the slightest suspicion of complication.