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ABSTRACT

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection is characterized by a high mortality of elderly
men with age-related comorbidities. In most of these patients, uncontrolled local and systemic hyperinflammation induces
severe and often lethal outcomes. The aging process is characterized by the gradual development of a chronic subclinical
systemic inflammation (inflamm-aging) and by acquired immune system impairment (immune senescence). Here, we
advance the hypothesis that some key features of aging contribute to the disproportionate SARS-CoV-2 mortality suffered
by elderly men. At least four well-recognized aging-related characteristics that are strongly expressed in older men go
some way towards explaining why these patients account for the vast majority of fatalities: i. the presence of subclinical
systemic inflammation without overt disease, ii. a blunted acquired immune system and type | interferon response due to
the chronic inflammation; iii. the downregulation of ACE2 (SARS-CoV-2 receptor), which triggers inflammation,
particularly in patients with age-related comorbid diseases such as type Il diabetes; and iv. accelerated biological aging,
as measured by epigenetic and senescence markers (e.g. telomere shortening) associated to the chronic inflammatory state.
Though typical of the aged, especially of elderly men, it is conceivable that these features are also shared by some subsets
of the younger population. The high mortality rate of SARS-CoV-2 infection suggests that clarification of the mechanisms
of inflamm-aging and immune senescence can help combat not only age-related disorders but also SARS-CoV-2 infection.
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Introduction

A novel coronavirus, Severe Acute Respiratory Syndrome Corona Virus 2 (SARS-CoV-2),
has been spreading across the world since December 2019. SARS-CoV-2 causes an atypical
pneumonia associated with acute respiratory distress syndrome, acute respiratory failure, and other
potentially lethal complications (Wu et al., 2020) including a deadly "cytokine storm™, i.e. a strong
increase in the plasma concentration of multiple cytokines (Shimabukuro-Vornhagen et al., 2018). In
March 2020 Corona Virus Disease 2019 (COVID-19), the disorder caused by SARS-CoV-2, was
declared a pandemic by the World Health Organization (World Health Organization, 2020). Its high
infectivity seems to be mostly due to intrinsic characteristics of the virus (van Doremalen et al., 2020)
and to the lack of previous exposure of the population to the strain. The elderly and patients with pre-
existing comorbidities are bearing the brunt of the high case-fatality rate (CFR) of the disease, which
is affecting the frailest groups of the population (Istituto Superiore di Sanitg 2020b). Data released
by the Chinese Center for Disease Control and Prevention (Novel Coronavirus Pneumonia
Emergency Response Epidemiology Team, 2020) suggest that the overall CFR of COVID-19 in
China was 2.3%. In particular, whereas there were no fatalities among patients aged up to 9 years,
the CFR of those aged 70-79 years and of those aged > 80 years was 8.0% and 14.8%, respectively.
Critically, pre-existing comorbidities were associated with a CFR of 10.5% (cardiovascular disease),
7.3% (diabetes), 6.3 % (chronic respiratory disease), 6.0% (hypertension), and 5.6% (cancer) (Young
et al., 2020). Moreover, men were more likely to die (2.8%) than women (1.7%) (Novel Coronavirus
Pneumonia Emergency Response Epidemiology Team, 2020). Thus, old age and male gender were
among the main risk factors for an adverse outcome (Zhou et al., 2020).
These data are similar to those of Italy, where on March 30" infections were 97,780 (Istituto Superiore
di Sanitg 2020a). The median age of the deceased was 80 years (interquartile range, 30-103); only
1.1% of those who died were aged less than 50 years. Notably, 70.9% of fatalities were men, whose
mean age was 78 years compared to the 82 years of women; men were also 78.5% of deceased patients

aged less than 50 years. About 1.4% of the patients who died in Italy suffered from no pre-existing
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condition, whereas 51.2% had three or more age-related diseases (ARDs), such as cardiac ischemia,
hypertension, type Il diabetes mellitus, and chronic obstructive pulmonary disease. Similar mortality
patterns have been described for severe acute respiratory syndrome (SARS) and Middle East
respiratory syndrome outbreaks, both of which are due to viral strains of the same family (Wu and
McGoogan, 2020). These data indicate that advanced age and male gender are risk factors for an
adverse outcome.

Two Chinese studies comparing the extreme patient phenotypes, i.e. discharged and deceased
individuals, found that the most powerful clinical predictors of mortality COVID-19 were the levels
of two markers of heart damage, myoglobin and cardiac troponin, and of three major proinflammatory
mediators, high-sensitivity C-reactive protein (CRP), interleukin (IL)-6 (Ruan et al., 2020), and d-
dimer (Zhou et al., 2020). In most patients with severe disease the infection was associated with a
cytokine storm (Channappanavar and Perlman, 2017; Huang et al., 2020; Zumla et al., 2020). In
particular, higher levels of circulating IL-6 have been reported in patients with more severe disease
(Chen et al., 2020; Zhou et al., 2020).

Aging is characterized by the gradual development of a chronic subclinical systemic inflammation,
which has been designated inflamm-aging (Franceschi et al., 2000), and by acquired immune system
impairment, i.e. immune senescence (Fulop et al., 2018b). The rate of inflamm-aging is higher in men
(Bonafeet al., 2001). IL-6 elevation is typical of aging (Maggio et al., 2006). Persistent IL-6 elevation
can promote lung tissue inflammation and injury (Yu et al., 2002) and foster viral replication
(Velazquez-Salinas et al., 2019). Targeting IL-6, the “cytokine for gerontologists” (Ershler, 1993),
helps attenuate the cytokine storm (Lee et al., 2014). Tocilizumab, a biological drug approved for
rheumatoid arthritis, is currently being evaluated for its efficacy against the effects of systemic IL-6
elevation (ClinicalTrial.gov, NCT04317092, NCT04320615, NCT04306705).

The evidence reviewed above suggested to us that the two key features of the aging process —
inflamm-aging and immune senescence — and their implications can explain why older men with

ARDs are the most prone to the adverse outcomes of SARS-COV2 infection.
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I. In older men, accelerated inflamm-aging worsens COVID-19 infection outcomes
Inflamm-aging affects all individuals irrespective of their health status (Franceschi et al.,

2000); inflammation is also a key pathogenic mechanism of COVID-19 disease (Figure 1).
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Figure 1. Overview of the framework where inflamm-aging is the main phenomenon contributing to the high COVID-19
mortality rate seen in male, elderly, and frail patients. In these individuals, acute SARS-CoV-2 infection compounds their
chronic, subclinical, aging-related proinflammatory state (inflamm-aging) which, together with immune senescence and
the age- and gender-specific distribution of ACE2 in the airway epithelia, could blunt the antiviral response to
inflammation. This model could explain the delayed viral clearance and the high rate of adverse outcomes observed in
older patients in the late disease stages. The assessment of selected biological and immunological aging markers could
be a valuable strategy for COVID-19 patient risk stratification in the earliest disease stage irrespective of their
chronological age. Figure based on the classification of COVID-19 disease states proposed by Siddigi and Mehra and
adapted from the accompanying paper (Siddigi and Mehra, 2020). ACE2, angiotensin converting enzyme 2; cfDNA, cell-
free DNA; IFN, interferon.

In the elderly, especially men, IL-6 is chronically upregulated (Bonaféet al., 2001; Franceschi et al.,
2000); its elevation also predicts mortality due to SARS-CoV-2 (Ruan et al., 2020; Zhou et al., 2020).
The gender bias has also been characterized at the molecular level. The stronger age-dependent

activation of the innate proinflammatory pathways demonstrated in men compared to women
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(Marquez et al., 2020) is consistent with men’s higher rate of inflamm-aging (Bonaféet al., 2001).
Inflamm-aging is regarded as a major risk factor for the common ARDs, in line with the mounting
evidence that an inflammatory pathogenesis is shared by most common ARDs (Franceschi et al.,
2000). The situation is different in centenarians, who are characterized by specific prolongevity traits
and anti-inflammatory markers that delay ARD onset, which seem to protected them against the
adverse outcomes of sustained inflammation (Franceschi, 2007; Storci et al., 2019). In older men with
ARDs, who have the highest rate of inflamm-aging, the inflammatory response induced by SARS-

CoV?2 infection seems to favor a poorer outcome.

I1. In older men, immune senescence worsens COVID-19 infection outcomes

The elderly population is the most vulnerable to infection with influenza virus (IFV) and
varicella-zoster virus (VZV), two major pathogens that are responsible for the most common
infectious diseases worldwide (Oh et al., 2019). The high mortality from seasonal flu affecting the
elderly, which most countries address with extensive vaccine campaigns (World Health Organization,
2019), is a consequence of immune senescence, which seems to be the result of lifelong immunogenic
stimulation of the immune system by exogenous subclinical infections and endogenous agents (Fulop
et al., 2018a). Endogenous factors such as misplaced nucleic acids (Franceschi et al., 2017; Storci et
al., 2020) induce a shift of T and B lymphocytes from naive to memory effector cells and impair the
ability of the adaptive immune system to fight pathogens (Fulop et al., 2018b); since the impairment
includes the proliferative exhaustion of memory cells, it involves both unencountered and previously
encountered antigens (Ciabattini et al., 2018). A recent study has found that the depletion of B
lymphocyte-driven acquired immunity affects predominantly men (Marquez et al., 2020). Thus, in
older men the chronic inflammatory status is coupled with a dramatic depletion of B lymphocyte-
driven acquired immunity. Notably, aging also attenuates the upregulation of co-stimulatory
molecules critical for T cell priming and reduces antiviral interferon (IFN) production by alveolar

macrophages and dendritic cells (DCs) in response to I[FV (Kovacs et al., 2017). Consistent with this
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finding, the ability of DCs and macrophages to elicit CD8+ T cell response and proliferation and to
release antiviral cytokines is impaired in elderly individuals (Montgomery, 2017); in parallel, these
subjects are characterized by a reduced activity of plasmacytoid DCs, the main sources of type I IFNs,
which underpin the antiviral response and provide the first-line sentinels in immune surveillance, also
in the lung (Abb et al., 1984; Cervantes-Barragan et al., 2007). An important animal study has found
that aged cynomolgus macaques infected with SARS-CoV1 (which was responsible for the SARS-
CoV1 epidemic in 2003-2004) developed more severe disease than their young adult counterparts
and showed a blunted type I IFN response coupled with an elevated production of proinflammatory
factors including IL-6 (Smits et al., 2010). Notably, as in other acquired immune system
compartments, the impairment of the plasmacytoid DC type I IFN pathway is more pronounced in
men compared to women (Griesbeck et al., 2015). Both responses help clear the virus: the former is
aimed at providing a local/contained response, whereas the latter enhances the local and systemic
response also through the recruitment of large numbers of leukocytes. The elevated production of
proinflammatory factors may ultimately induce local and systemic damage by unleashing a cytokine
storm (Tisoncik et al., 2012). In SARS-CoV-1-infected pneumocytes, the antiviral response triggered
by plasmacytoid DCs is blunted by proinflammatory cytokines released from pneumocytes (Smits et
al., 2010). Notably, the gender-biased association of inflamm-aging and immune-senescence is not
simply correlative. Indeed, the two phenomena are recognized as being closely coupled in patients
suffering from acute critical conditions such as sepsis and cytokine release syndrome (CRS), which
is characterized by simultaneous systemic inflammation and immune paralysis (Bruse et al., 2019).
A reciprocal inhibition between antiviral type-I IFN response and inflammation has been
demonstrated in viral infections (Aman et al., 1996; Kindler and Thiel, 2014; Menachery et al., 2014;
Nagata et al., 2007; Pauli et al., 2008; Reboldi et al., 2014; Wei et al., 2006; Zielecki et al., 2013).
Therefore, in older men the fine balance between the antiviral response supported by T lymphocytes,

B lymphocytes, and plasmacytoid DCs and inflammation is tilted in favor of inflammation.
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I11. In older men with age-related diseases, the aging-dependent reduction in ACE2 activity
worsens SARS-CoV-2 infection outcomes

Angiotensin-converting enzyme (ACE)2, the main SARS-CoV2 host cell receptor, plays a
crucial role in virus entry into the cell, as previously demonstrated in SARS and NL63 human
coronaviruses (Mathewson et al., 2008). ACE cleaves angiotensin | to generate angiotensin I,
whereas ACE2 is a terminal carboxypeptidase that reduces angiotensin Il levels, thus playing
important functions in the negative regulation of the renin-angiotensin system (Donoghue et al., 2000).
ACE?2 is expressed in the lung, oral mucosa (epithelial cells of the tongue), intestine (enterocytes),
and endothelial cells (Hamming et al., 2004; Xu et al., 2020). Mounting evidence indicates that it
plays a protective anti-inflammatory role on endothelial and lung function. Notably, ACE2
underexpression in the lung is implicated in respiratory diseases associated to severe infection (Kuba
et al., 2005). In the mouse lung, attenuation of ACE2 activity in the setting of endotoxin inhalation
enhanced neutrophil infiltration, exaggerated lung inflammation-induced injury by activating the des-
Arg9 bradykinin (DABK)/bradykinin receptor B1 (BKB1R) axis (Sodhi et al., 2018), and elicited the
release of proinflammatory chemokines (CXCL5, C-X-C motif chemokine 1), macrophage
inflammatory protein-2 (MIP2), and TNF-a from airway epithelia (Sodhi et al., 2018). Intriguingly,
the spike protein of SARS-CoV induces downregulation of ACE2 expression through an increased
release of proinflammatory chemokines and cytokines, thus enhancing inflammation and vascular
permeability and promoting neutrophil recruitment to the lung (Oh et al., 2019). Accordingly, lung
ACEZ2 underexpression and the consequent impaired inhibition of DABK/BKB1R signaling result in
abundant neutrophil infiltration and severe lung inflammation. In mice, in vivo injection of SARS-
CoV spike protein worsens acute lung failure, which can be attenuated by blocking the renin-
angiotensin pathway (Imai et al., 2008). As regards ACE2 expression in endothelial cells, vasculitis
has been described during viral infection (Ding et al., 2003). Several studies suggest that ACE2 is
downregulated in aging (Jia et al., 2019; Xie et al., 2006), explaining, at least in part, the increased

susceptibility to vascular injury and cardiovascular disease affecting the elderly (Jia et al., 2019; Xie
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et al., 2006). Interestingly, ACE2 overexpression has been reported in Asian females compared to
males as well as in other ethnic groups (Jiawei Chen 2020). In contrast, ACE2 is significantly
downregulated in patients with type Il diabetes as well as in most aged diabetic men with severe

COVID-19 outcomes (Cao et al., 2020).

IV. Older men show accelerated biological aging

Several aspects of inflamm-aging are still being investigated (Franceschi et al., 2018; Storci
et al., 2020). The accumulation of senescent cells during aging is one of the most likely contributors
to inflamm-aging, due to their acquisition of the senescence-associated secretory phenotype (SASP)
(Coppe et al., 2008). Senescence affects most cell types including macrophages, which serve as
sentinels against infection (Franceschi et al., 2000). Inflamm-aging has also been designated as
macroph-aging, due to the important role played by this cell type in secreting proinflammatory
mediators at the local and systemic level (Prattichizzo et al., 2016). Notably, studies of the modulation
of circulating monocyte/macrophage polarization during aging suggest different age-related trends
for the M2 subset (Costantini et al., 2018).
Macrophages are recruited to the lung by SARS-CoV-2-infected cells expressing ACE2 (Qi et al.,
2020). The stronger inflammatory state described in circulating monocytes from men compared to
women (Marquez et al., 2020) suggests that senescent-like macrophages compound the inflammation
induced by COVID-19 through the production of proinflammatory cytokines like 1L-6 (Hall et al.,
2017; Liu et al., 2019; Rana et al., 2020), in a combination that in older men is especially lethal.
Telomere shortening, i.e. the loss of chromosome ends (Lopez-Otin et al., 2013; Mensaet al., 2019),
is a hallmark of aging. Older men, particularly those suffering from ARDs, show reduced telomere
length (TL) compared to age-matched women (Barrett and Richardson, 2011). Interestingly,
telomeres released outside cells may exert an anti-inflammatory action, while shortened telomeres
may favor the production of proinflammatory molecular species (Bonaféet al., 2020; Storci et al.,

2018). Telomere shortening is seen in ARDs and is associated to an impaired response to infective
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agents, suggesting that leukocyte TL may be a marker of general immune competence (Helby et al.,
2017). Telomere research supports the notion that TL may play a role in inflamm-aging, which in
older men is commonly accelerated. Other measures of biological aging, such as changes in
epigenetic patterns, also exhibit a different expression in older men compared to age-matched women
(Barrett and Richardson, 2011; Horvath, 2013). The data reviewed above support the notion that the
aging process is associated to inflamm-aging and immune senescence and that biological aging is

accelerated in men compared to women.

Potential implications for SARS-CoV-2 host-directed therapies

The mechanisms underpinning the chronic inflammatory state characterizing older men are the
subject of intense research. We speculate that these mechanisms provide crucial insights into COVID-
19 pathobiology and natural history and that their further investigation can lead to novel therapeutic
interventions.

A variety of repurposed antiviral drugs (e.g. remdesivir, lopinavir/ritonavir) and anti-inflammatory
agents, including chloroquine (ClinicalTrial.gov, NCT04323527, NCT04324463, NCT04303507)
and tocilizumab (NCT04317092, NCT04320615, NCT04306705) are being tested to treat COVID-
19 infection (FiercePharma, 2020; Walker, 2020). It is conceivable that drugs that modulate inflamm-
aging could help treat elderly and/or frail patients with SARS-CoV-2 infection (Justice et al., 2019).
In particular, “senolytic” compounds, which selectively promote senescent cell clearance, might help
reduce systemic as well as local inflammation in such patients. Pilot trials are already in progress
(Hickson et al., 2019; Justice et al., 2019), but a substantial number of potential senolytics with a low
toxicity profile have been identified and can safely be explored (Gurau et al., 2018). Another approach
could rely on harnessing the anti-inflammatory ability of free telomeric end oligonucleotides (Gursel
et al., 2003; Yazar et al., 2020), whose airway administration in aerosol form has been studied in a
model of mouse lung injury (Scheiermann and Klinman, 2016). This approach would not be limited

to elderly COVID-19 patients.
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The rate of biological aging (including inflamm-aging) varies among subjects as a result of
interactions among genetic make-up, epigenetic modulation, environment, and random factors and
can be traced and measured by biomarkers such as TL, circulating nucleic acids, epigenetic changes
involving extracellular vesicles, and the expression of inflammatory cytokines such as IL-6 (Ferrucci
et al., 2020; Jylhava et al., 2017; Maggio et al., 2006; Mensaet al., 2020; Mensaet al., 2019;
Sabbatinelli et al., 2019; Storci et al., 2019). The ability to measure “real” biological age would help
determine a person’s aging rate. Attaining this goal clearly requires more accurate and possibly more
numerous biomarkers of biological aging capable of predicting functional capacity at a later age than
chronological age. Since the variance of aging phenotypes widens over time, owing to different
individual trajectories of aging (Ferrucci et al., 2020; Olivieri et al., 2017), immunological/biological
age rather than chronological age appears to be a more sensitive approach also to assess individual
susceptibility to the adverse outcomes of COVID-19 infection. Consequently, a panel of biomarkers
of immunological/biological aging could help identify subjects at risk of adverse COVID-19
outcomes also among the younger population. Thus, young people whose inflamm-aging signature is
not consistent with their chronological age — who may therefore be particularly prone to develop not
only ARDs, but also a deadly communicable disease such as COVID-19 infection — would also

benefit from aging research.
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