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ARTICLE INFO ABSTRACT

Keywords: The COVID-19 pandemic caused by SARS-CoV-2 infection has been of unprecedented clinical and socio-economic
SARS-CoV-2 worldwide relevance. The case fatality rate for COVID-19 grows exponentially with age and the presence of
COVID-19 . comorbidities. In the older patients, COVID-19 manifests predominantly as a systemic disease associated with
;ﬂ::gi:ing immunological, inflammatory, and procoagulant responses. Timely diagnosis and risk stratification are crucial
Neutrophils steps to define appropriate therapies and reduce mortality, especially in the older patients. Chronically and

systemically activated innate immune responses and impaired antiviral responses have been recognized as the
results of a progressive remodeling of the immune system during aging, which can be described by the words
‘immunosenescence’ and ‘inflammaging’. These age-related features of the immune system were highlighted in
patients affected by COVID-19 with the poorest clinical outcomes, suggesting that the mechanisms underpinning
immunosenescence and inflammaging could be relevant for COVID-19 pathogenesis and progression. Increasing
evidence suggests that senescent myeloid and endothelial cells are characterized by the acquisition of a
senescence-associated pro-inflammatory phenotype (SASP), which is considered as the main culprit of both
immunosenescence and inflammaging. Here, we reviewed this evidence and highlighted several circulating
biomarkers of inflammaging that could provide additional prognostic information to stratify COVID-19 patients
based on the risk of severe outcomes.

1. Introduction

The aging process is associated with a chronic, systemic, and low-
grade proinflammatory condition previously termed as “inflammag-
ing” (Franceschi et al., 2000). During human aging, the accumulation of
macromolecular damage leads to the stochastic build-up of senescent
cells that fail to accomplish their normal tasks and acquire a
senescence-associated pro-inflammatory phenotype (SASP) (Coppe
et al., 2008). Current thinking is that the short-term presence of senes-
cent cells in a younger milieu can promote the plasticity of neighboring
cells, whereas their progressive accumulation during aging can
contribute to fuel inflammaging and to spread senescence at paracrine
and systemic levels (Hernandez-Segura et al., 2018; Prata et al., 2018).
Notably, a complex cross-link exists between inflammaging and cellular
senescence, since a chronic proinflammatory status can contribute to

increase the amount of senescent cells and amplify a vicious circle that
increases the risk to develop the most common age-related diseases
(Fulop et al., 2017; Lagnado et al., 2021).

Human aging is accompanied by a complex remodeling of the im-
mune system characterized on one hand by an increased innate immune
activity (Cunha et al., 2020), and on the other hand by a gradual decline
in adaptive functions (Lee et al., 2016; Salminen et al., 2018a). Immune
cells can themselves become senescent and acquire the SASP so that we
previously coined the term ‘macroph-aging’ to describe the contribution
of the senescent macrophages to inflammaging (Prattichizzo et al.,
2016). Mechanistically, both inflammaging and immunosenescence can
be promoted not only by the individual repeated exposures to different
pathogens during life but also by the age-related increased burden of
senescent cells (Humphreys et al., 2020).

Mounting evidence showed that the clinical severity of Coronavirus
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disease 19 (COVID-19) can be attributed to an inadequate antiviral
immune function and excessive systemic self-damaging inflammation,
to the point that level of immunosenescence associated with the rate of
inflammaging can be overall the main risk factor for the development of
COVID-19 severe outcomes (Hazeldine and Lord, 2020). In this frame-
work, the comprehension of the age-related modulation of the immune
system responses during aging appears essential to better characterize
COVID-19 progression and widen the spectrum of therapeutic options.

Here, we will briefly review the age-associated remodeling of the
innate and adaptive immune systems and discuss features of inflam-
maging and immunosenescence that are found in COVID-19. Finally,
circulating biomarkers that recapitulate these features and can therefore
be used in the clinical practice for the risk assessment of COVID-19
patients will be presented.

2. Age-related remodeling of the immune system

One of the main pillars contributing to inflammaging is the accu-
mulation of senescent cells in different organs and tissues. In this
framework, immune cells are responsible for the clearance of senescent
cells and disposal of the extracellular debris, that is, damage-associated
molecular patterns (DAMPs), which are released from cells undergoing
necrosis (Ferrucci and Fabbri, 2018). During aging, the accumulation of
senescent immune cells impairs clearance of non-immune senescent
cells in solid organs, thus accelerating the rate of systemic aging. Indeed,
administration of aged splenocytes to young mice induced organ infil-
tration by senescent immune cells, resulting in increased serum levels of
a number of SASP components, including interleukin 1 beta (IL-1p),
monocyte chemoattractant protein 1 (MCP-1), and tumor necrosis factor
alpha (TNF-a), and biomarkers of liver, pancreas, and kidney damage.
Overall, loss of tissue homeostasis driven by an aged immune system was
accompanied by a significant lifespan reduction (Yousefzadeh et al.,
2021).

2.1. Innate immunity

Age-related remodeling of innate immunity involves all myeloid-
derived cells, such as monocytes/macrophages, neutrophils, and natu-
ral killer (NK) cells (Cunha et al., 2020). Myeloid cells, especially
macrophages, were identified as the main culprits of pro-inflammatory
shifting of the innate immune response that accompanies human aging
(Franceschi et al., 2000; Prattichizzo et al., 2016). However, during the
last years, inflammaging was reconceptualized evolving from a
macrophage-centered concept towards a multilevel process (Fulop et al.,
2021), in which macrophages (as well as other immune cells) are
recruited in peripheral organs, especially visceral fat, promote
pro-inflammatory phenotypic changes of parenchymal cells and sustain
systemic inflammation (Frasca and Blomberg, 2017). Several studies in
humans and animals have reported the most relevant age-related
changes of monocytes, such as an increased absolute number (Della
Bella et al., 2007), significant changes in their polarization (Costantini
et al., 2018), impaired responses against bacteria and viruses (Metcalf
et al., 2017; Molony et al., 2017), and increased secretory ability (Lu
et al., 2021).

Other myeloid cells, i.e. polymorphonuclear neutrophilic cells, were
also investigated for their contribution to this scenario (Mantovani et al.,
2011). Neutrophils, the most abundant immune cells in human blood,
play a protective role during bacterial and fungal infections and
participate in antiviral defenses by triggering an efficient killing mech-
anism, characterized by the release of mitochondrial and nuclear chro-
matin through a regulated process that results in the appearance of the
so-called neutrophil extracellular traps (NETs) (Brinkmann et al., 2004).
NETs comprise a matrix of DNA and histones which are decorated with
antimicrobial proteins, such as myeloperoxidase (MPO), neutrophil
elastase (NE), gelatinases, and other proteases (Naumenko et al., 2018).
Two main mechanisms resulting in NET formation have been described,
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i.e., vital and lytic (also known as suicidal) NETosis (Boeltz et al., 2019),
with differences according to the nature of the stimuli and the timing of
NET release (Castanheira and Kubes, 2019; Fuchs et al., 2007; Yipp and
Kubes, 2013). While their role in entrapping and killing large microbes
is well established (Fuchs et al., 2007), their antiviral activity is more
controversial and has been demonstrated only for some viral strands,
such as human immunodeficiency virus-1 (HIV-1) (Saitoh et al., 2012)
and respiratory syncytial virus (RSV) (Souza et al., 2018). Viruses can
induce NET release both by directly engaging neutrophil pattern
recognition receptors (PRRs) or indirectly through the release of
pro-inflammatory cytokines by the virus-infected non-immune cells
(Schonrich and Raftery, 2016). Of note, the excessive NET formation has
been associated with the progression of acute lung injury (ALI) in both
infectious, e.g. HIN1 influenza (Narasaraju et al, 2011), and
non-communicable, e.g. transfusion-related ALI (Caudrillier et al.,
2012), diseases.

Importantly, senescent neutrophils, which are characterized by the
up-regulation of CXCR4, adhesion molecules (e.g., Mac-1, ICAM-1), and
toll-like receptor (TLR)4 expression (Zhang et al., 2015), display an
enhanced release of NETs, suggestive of a shift toward a proin-
flammatory phenotype (Ortmann and Kolaczkowska, 2018). Formation
of NETs can occur also at the intravascular level, especially in the
presence of senescent vascular cells (Binet et al., 2020), and histones can
be recognized by TLR4 on platelets, thus promoting the phenomenon of
immunothrombosis (Engelmann and Massberg, 2013). Excessive acti-
vation of immunothrombosis can contribute not only to pulmonary
failure but can also result in a systemic prothrombotic condition
(Creel-Bulos et al., 2020). In this framework, senescent neutrophils,
which are more prone to form NETs, can increase the prothrombotic
risk.

Paradoxically, recent studies revealed that the aging process is
associated with the activation of an immunosuppressive network,
including myeloid-derived suppressor cells (MDSCs) that are the en-
hancers of other immunosuppressive cells, e.g., regulatory T cells (T
regs) and B cells (B regs) (Pawelec et al., 2021; Salminen et al., 2018b).
Remarkably, MDSCs comprise a heterogeneous group of myeloid cells
originating from the common myeloid progenitor, including monocytic
(M-MDSC) and polymorphonuclear (PMN-MDSC) myeloid-derived cells
which are immature myeloid cells induced by inflammatory mediators,
i.e., IL-6 (Lee et al., 2016; O’Connor et al., 2017). During systemic and
chronic inflammation immature neutrophils and monocytes can be
recruited from the bone marrow (Drifte et al., 2013) and this set of
immature cells could play a central role in the immune paralysis
observed after severe inflammation (Mortaz et al., 2018).

The suppressive activity of M-MDSC can be reversed by treatment
with TLR7/8 agonists, which induce human M-MDSC to differentiate
into M1-like proinflammatory macrophages (Wang et al., 2015).
Notably, M-MDSC cultured in presence of the pro-inflammatory cyto-
kine interferon (IFN)y or the combination of TNFa plus IL-6 differentiate
into proinflammatory M1 more efficiently than those treated with
TLR7/8 agonists (Bayik et al., 2018). TLR7/8 are involved in the
recognition of single-stranded RNA leading to the production of
NF-xB-mediated cytokines and type I IFNs (Hornung et al., 2008).
Overall, we can argue that MDSC expansion and/or differentiation
observed during viral infections in presence of a proinflammatory
milieu, could promote M1 macrophage and neutrophil differentiation
rather than restraining inflammation through a suppressor activity.
These conditions could appear more likely in aged and comorbid pa-
tients, rather than in younger healthy subjects.

NK cells can show some relevant dysfunction during aging, exhibit-
ing impaired perforin release upon stimulation and granule exocytosis
(Hazeldine and Lord, 2020). Since NK cells are involved in the elimi-
nation of senescent cells through interaction between the NKG2D re-
ceptor and its ligands expressed on senescent cells (Kale et al., 2020), the
age-related remodeling of NK cells could reduce their ability to clear
senescent cells (Sagiv et al., 2013). Notably, aging reduces the
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abundance of an NK subset involved in the resolution of inflammation
and elimination of effectors (Almeida-Oliveira et al., 2011).

2.2. Adaptive immunity

Regarding adaptive immunity, reduced number of peripheral blood
naive T and B cells with a relative increase in the frequency of memory
cells are considered as hallmarks of immunosenescence, even if the
complex reshape of adaptive immune system function during aging is
currently under investigation (Fulop et al., 2017; Pawelec et al., 2020).
The senescence of T cells, as well as of other cell types, can be triggered
by two major cellular mechanisms: replicative and premature senes-
cence. Replicative senescence occurs after several rounds of prolifera-
tion leading to a shortening of telomeric ends, whereas premature
senescence is telomere-independent, and it is induced by outside factors
such as cellular stress (van Deursen, 2014). An extensive proliferation
can lead to the emergence of dysfunctional T CD4 + cells with features
resembling senescent cells and therefore called senescence-associated T
(SA-T) cells, that secrete abundant pro-inflammatory factors reminiscent
of SASP acquisition (Fukushima et al., 2018). Data obtained in mouse
models indicated that SA-T cells are involved in systemic autoimmunity
as well as chronic tissue inflammation following tissue stresses
(reviewed in Minato et al., 2020). The progressive loss of immunological
expansion of memory cells during aging, especially of CD8 + memory T
cells, correlates with reduced proliferative capacity and shortened
telomeres of T cells, a phenotype that can be recapitulated during
chronic viral infection (Moro-Garcia et al, 2012). Notably, the
dysfunctional memory T cells lack telomerase, the enzyme capable of
extending and stabilizing chromosome ends, thus promoting replicative
senescence (Bellon and Nicot, 2017). Moreover, peripheral blood
mononuclear cells (PBMCs) from the elderly contain decreased per-
centages of naive CD8 + cells and increased amounts of T effector
memory cell re-expressing CD45RA (TEMRA) cells (Koch et al., 2008).
These cells show some features of senescent cells, including short telo-
meres, lack of proliferation, mitochondrial dysfunction, and the release
of pro-inflammatory mediators. However, these cells retain their
immunosurveillance function against cytomegalovirus (CMV) and, in
contrast to senescent cells, can reacquire a proliferating phenotype upon
stimulation (Pawelec, 2019b).

Similarly, a remarkable decrease in circulating B lymphocytes occurs
during aging as a result of reduced bone marrow output and lack of
circulating factors, such as BAFF and APRIL, that promote mature B cell
survival (Bulati et al., 2017). Moreover, aging is accompanied by an
adaptive increase of IgG-producing memory B cells compared to
IgM-producing naive B cells (Pawelec, 2019a). This change is also re-
flected by a relative increase of serum IgG levels and a proportional
reduction of IgM in aged individuals, where no difference in total
immunoglobulin levels was observed (Listi et al., 2006). Interestingly,
late memory B cells, which are expanded during aging, express high
levels of SASP components, such as TNF-a, IL-6, and IL-8, thus nega-
tively affecting the function of other immune cells (Frasca, 2018). This
cell population has been implicated in autoimmune disease (Anolik
et al., 2007), impaired response to influenza vaccine (Frasca et al.,
2017), and, more recently, in COVID-19, where its expansion was
associated with severe disease and poorer outcomes (Woodruff et al.,
2020).

Overall, during aging, an imbalance of the anti-inflammatory re-
sponses occurs, with a derailment of all the immunity cell types towards
a pro-inflammatory activation.

3. Inflammaging and COVID-19

Increasing evidence strongly suggested that SARS-CoV-2 infection
stimulates the release of a plethora of pro-inflammatory cytokines and
chemokines, which can promote not only local tissue inflammation but
also a systemic dangerous inflammatory response called “cytokine
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storm” (Jafarzadeh et al., 2020). The cytokine storm plays a funda-
mental role in the development of COVID-19-related complications,
such as acute respiratory distress syndrome (ARDS), which is the main
cause of death in COVID-19 patients (Wang et al., 2021d). Peripheral
blood immune cell profile and related-biomarkers observed in
COVID-19 patients confirmed a myeloid cell-driven hyper-inflammation
and highlighted the contribution of macrophages and neutrophils to the
exacerbation of this inflammatory response.

Regarding macrophages in COVID-19 patients, the acquisition of a
macrophage-specific transcriptional program characterized by the
upregulation of M2-type molecules was reported in monocytes and
monocyte-derived macrophages isolated from the blood of COVID-19
patients (Boumaza et al., 2021). Notably, M2 macrophages are alter-
natively activated by exposure to the anti-inflammatory IL-10 cytokine
(Roszer, 2015), strongly suggesting that SARS-CoV-2 can drive mono-
cytes and macrophages towards host immune paralysis (Boumaza et al.,
2021). Several studies confirmed that the hyperinflammatory response
to COVID-19 is accompanied by a simultaneous anti-inflammatory
response, which is associated with poor outcomes and may increase
the risk of bacterial superinfections (Henry et al., 2021).

Regarding the contribution of neutrophils to COVID-19 severe out-
comes, hyper-NETosis or ineffective clearance of NETotic cells could
likely increase the risk of pro-inflammatory and/or pro-coagulant
complications, such as thrombosis, through activation of platelets and
the coagulation cascade, auto-antibody generation against NETs com-
ponents, and increased spreading of pro-inflammatory cytokines
(Holmes et al., 2019). In this complex framework, NETs interconnect
immunity, inflammation, and thrombosis, thus promoting immuno-
thrombosis associated with poorer COVID-19 prognosis (Arroyo et al.,
2021a; Cavalcante-Silva et al., 2021) (Fig. 1).

Several reports have demonstrated that a considerable fraction of the
nucleic acids contained in NETs have a mitochondrial origin (Wang
et al., 2015). Compared with nuclear DNA, which is protected by his-
tones, mitochondrial DNA (mtDNA) is more vulnerable to injury,
including oxidation, and contains unmethylated CpG DNA repeats
which act as highly potent TLR9 ligands (Fernandes-Alnemri et al.,
2009; Gaidt et al., 2017). While cell-free extracellular DNA can be
detected by TLR9, cytosolic DNA induces the intracellular sensors
c¢GAS/STING and AIM2 (Hornung et al., 2008; Ishikawa and Barber,
2008). Since extracellular DNA can be internalized and detected by the
cytosolic DNA receptors (Chamilos et al., 2012; Gehrke et al., 2013;
Lood et al., 2016; Paludan, 2016), the hyper-oxidation of NET mtDNA
can increase its IFN-inducing capacity via the activation of the
c¢GAS-STING axis (Lood et al., 2016). Notably, infection of epithelial
cells with SARS-CoV-2 triggered a cGAS-STING mediated activation of
the NF-kB pathway, which was not coupled with transcription of IFN and
interferon-stimulated genes (ISGs), suggesting that infected epithelial
cells contribute to the hyper-inflammatory response observed in severe
COVID-19. Interestingly, activation of NF-kB was mediated by the
binding of cytosolic DNA released from stressed nuclei and mitochon-
dria rather than by the viral RNA recognizing sensor (Neufeldt et al.,
2022).

Since macrophages and dendritic cells (DCs) act as antigen-
presenting cells (APCs), the infection of these cells by SARS-CoV-2 can
contribute to impairing the adaptive immune responses against the
virus. Mononuclear phagocytes, including monocytes, macrophages,
and dendritic cells, play substantial roles in fueling systemic inflam-
mation and end-organ malfunctions. Macrophage viral exposure led to
robust pro-inflammatory cytokine and chemokine expression but
attenuated type I IFN activity (Abdelmoaty et al., 2021).

Patients affected by COVID-19 have a peculiar circulating cell pro-
file, characterized by decreased numbers of circulating T, B, and NK cells
and by the presence of CD8 + T cells with a senescent phenotype
(Varchetta et al., 2021). Importantly, functional exhaustion and other
alterations of NK and T cells were observed in COVID-19 patients with
poorer prognoses (Li et al., 2020b). Reduced antiviral cytokine
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Fig. 1. Neutrophils in COVID-19 induce a pro-inflammatory and prothrombotic status. (1) Increased neutrophil count is associated with poorer prognosis in COVID-
19 patients, which exhibit a left shift of the WBC count with accumulation of immature granulocytes. (2) Direct interaction of SARS-CoV-2 with neutrophils results in
increased release of NETs in COVID-19 patients. During NETosis, the enzyme PAD4 catalyzes the conversion of histone arginine to citrulline leading to decondensed
chromatin release by neutrophils. Circulating markers of NETosis in COVID-19 patients are citrullinated-histone (Cit-H3), Myeloperoxidase (MPO), proteases —
neutrophil elastase (NE) and Protease 3 (PR3) - cell-free DNA, antimicrobial peptides (LL-37), and calprotectin. (3) NETotic cells induce platelet activation, thus
promoting coagulation cascade. (4) COVID-19 patients show an ineffective clearance of NETs. NETs are usually degraded by plasma DNases (DNase I and DNase IIT
and are then eliminated by macrophages. DNase I levels are decreased in COVID-19 patients. Auto-antibodies anti-NETs impaired clearance of NETs by DNases. (5) In
COVID-19 patients showing signs of acute respiratory distress syndrome (ARDS), the activation of type I IFN signaling in neutrophils is associated with degranulation
and formation of circulating neutrophil-platelet aggregates. (6) Myeloid-derived suppressor cell (MDSC) are precursors of monocytes and PMN, including neutro-
phils. The polymorphonuclear (PMN)-MDSC population is expanded during COVID-19, in particular in patients requiring intensive care treatments (Rowlands et al.,

2021). Parts of the figure were provided by Servier Medical Art (https://smart.servier.com).

production (Mazzoni et al., 2020) and impaired cytotoxicity (Westmeier
et al., 2020) of T lymphocytes and NK cells, in association with expan-
sion of atypical memory B cells (Oliviero et al., 2020), were identified as
prominent features of elderly COVID-19 patients. When the impact of
age on viral replication, inflammation, innate, and adaptive cellular
immune responses was investigated in hospitalized COVID-19 patients,
those above 65 years had significantly higher viral load and
pro-inflammatory marker levels, in association with inadequate mobi-
lization and activation of monocytes, dendritic cells, NK, and CD8 + T
cells compared to patients below 65 years (Cham et al., 2021).

The landscape of peripheral blood immune cell types of patients
affected by COVID-19 mirrors the peculiarity of the immune profile of
old subjects, characterized by T cell polarization from naive to memory
cells, and by exhausted effector and regulatory cells, in association with
increased pro-inflammatory monocytes and dendritic cells (Zheng et al.,
2020). Overall, these data suggest that the response to COVID-19 mir-
rors the immune cell polarization remodeling observed during aging.
The synergistic effect of diminished responses to pathogens and
enhanced responses to self-involving T cells was hypothesized to impact
on the age-related clinical severity of COVID-19 (Wang et al., 2021d).

From an immunological perspective, the peculiarities of the immune
system of older individuals may explain both the deficiency of effector
mechanisms essential to fighting viral pathogens and the exacerbated
inflammatory response, which can accelerate and intensify lung dam-
age. Increasing evidence highlighted these relevant correlations be-
tween immunosenescence, particularly the increased production of
inflammatory cytokines resulting from inflammaging, and the suscep-
tibility of aged individuals to SARS-CoV-2 infection and severe outcomes
(Bonafe et al., 2020; Pietrobon et al., 2020).

In this framework, functional biomarkers of inflammaging could
contribute to improving the risk stratification of COVID-19 patients in
order to identify those groups of patients at higher risk of developing

adverse outcomes. Biomarkers of inflammaging could also pave the way
for new therapeutic strategies to contain the spread of COVID-19 and to
curtail its most severe complications.

4. Circulating biomarkers of inflammaging with potential
relevance in COVID-19

With the aim of highlighting the biomarkers with the highest chances
to be translated into clinical routine, we will focus our analysis on
circulating, and therefore minimally invasive biomarkers of inflam-
maging, with potential clinical relevance in the context of COVID-19
diagnosis/prognosis. These biomarkers, summarized in Table 1,
include variables that already have an established role in the core
diagnostic laboratory, e.g. complete blood count and coagulation assays,
multivariable parameters that can be assessed by adaptations of already
available diagnostic pipelines, e.g. surface biomarkers of immune cells,
and biomarkers that are currently limited to the research setting due to
their complexity and lack of standardization, i.e. circulating miRNAs
and extracellular vesicles. This wide range of complexity allows the
construction of minimal sets of circulating biomarkers with rapid turn-
around time, high accuracy, and ease of interpretation, which can be
incrementally expanded based on the available facilities and expertise.

4.1. Circulating biomarkers of inflammation

4.1.1. Neutrophil count and phenotype

The diffuse alveolar damage observed in COVID-19 patients with
poorer outcomes does not directly associate with the viral load, sup-
porting the concept of aberrant host immune responses as drivers of
tissue injury and pulmonary disease progression (Dorward et al., 2021).
A disordered myeloid response was evidenced in circulating cells of
patients with mild and severe COVID-19 (Schulte-Schrepping et al.,



J. Sabbatinelli et al.

Table 1
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Summary of the circulating biomarkers with a predictive value for COVID-19 adverse outcomes.

Biomarker

Evidence in COVID-19

Ref.

Innate immunity
Monocytes/macrophages

Neutrophils

NK cells

Myeloid-derived suppressor cells
Adaptive immunity
Lymphocytes

Coagulation and fibrinolytic system

Von Willebrand factor antigen and VWF high
molecular weight multimers

Extracellular Vesicle Tissue Factor Activity

Tissue Factor

Thrombin Generation Parameters

| Non-classical monocytes

t Intermediate monocytes

1 sCD163 and sCD14

t neutrophil counts

1 neutrophil-to-lymphocyte ratio

1 immature granulocytes
1 PMN-MDSC

1 markers of NETs (cell free his-DNA, MPO-DNA

complexes, NE, free dsDNA)
NET markers correlation with coagulation,
fibrinolysis, and endothelial damage

1 citrullination of circulating nucleosomes (NET

activation)

t Calprotectin (S100A8/S100A9)
1 anti-NET antibodies

t Cathelicidin LL-37

| NK cell count

Impaired NK cell function

1 MDSC count

| T-cell count

| B-cell count

1 atypical memory B cells

| telomere length

t T-lymphocytes with senescent features
1 VWF:Ag t HMWM

1 EV TF activity

1 AT/FVIIat microparticles-TF (MP-TF)
t D-dimert PT| ETP

(Silvin et al., 2020)

(Rebillard et al., 2021)

(Zingaropoli et al., 2021)

(Lai et al., 2020;Li et al., 2020c;Zhang et al., 2020c)

(Cai et al., 2021;Lagunas-Rangel, 2020;Singh et al., 2021;Torres-Ruiz
et al., 2021)

(Linssen et al., 2020)

(Falck-Jones et al., 2021;Sacchi et al., 2020)

(Gueant et al., 2021;Krauel and Duerschmied, 2021;Veras et al., 2020)

(Middleton et al., 2020;Veras et al., 2020;Zuo et al., 2021d;Zuo et al.,
2020)
(Cavalier et al., 2021;Veras et al., 2020)

(Mabhler et al., 2021;Shi et al., 2021;Silvin et al., 2020)
(Ding et al., 2021;Torres-Ruiz et al., 2021;Zuo et al., 2021c)
(Torres-Ruiz et al., 2021)

(Varchetta et al., 2021)

(Li et al., 2020b;Mazzoni et al., 2020;Westmeier et al., 2020)
(Sacchi et al., 2020;Takano et al., 2021;Tang et al., 2021)

(Huang et al., 2020;Lee et al., 2021;Varchetta et al., 2021;
Viana-Llamas et al., 2021;Wang et al., 2021b)

(Huang et al., 2020;Varchetta et al., 2021)

(Oliviero et al., 2020)

(Dos Santos et al., 2021;Froidure et al., 2020;Sanchez-Vazquez et al.,
2021;Wang et al., 2021c)

(Bobcakova et al., 2021;Kreutmair et al., 2021;Varchetta et al., 2021)

(Cotter et al., 2021;Philippe et al., 2021;Wibowo et al., 2021)

(Guervilly et al., 2021;Rosell et al., 2021)

(Francischetti et al., 2021)

(de la Morena-Barrio et al., 2021;Long et al., 2020;Mennuni et al.,
2021)

(Kuluozturk et al., 2021)

(Lopez-Castaneda et al., 2021;Wu and Yang, 2021;Zuo et al., 2021b)

Fibrinogen to albumin ratio (FAR) 1 FAR
Plasminogen activator inhibitor-1 and T- 1 tPA t PAI-1
plasminogen activator
Other
Soluble receptors for Advanced-glycation end- t SRAGE
products
MicroRNAs | miR-146a-5p| miR-21-5pt miR-16-2-3p] miR-
627-5p
Cytokines 1 IL-6 1 IL-10 t TNF-a

(Lim et al., 2021;Rojas et al., 2021)

(de Gonzalo-Calvo et al., 2021;Li et al., 2020c;Roganovic, 2021;
Sabbatinelli et al., 2021)

(Dhar et al., 2021;Flisiak et al., 2021;Li et al., 2020b;Liu et al., 2020bj
Zhang et al., 2020b)

2020) characterized by increased circulating neutrophil counts (Lai
et al., 2020; Li et al., 2020c). It was hypothesized that the elevated
neutrophil count in COVID-19 patients and its significant correlation
with disease severity could indicate the importance of neutrophils in the
progression of COVID-19 complications (Tomar et al., 2020).

Some reports highlighted that the neutrophil-to-lymphocyte ratio is
significantly elevated in patients with severe COVID-19, suggesting that
this ratio can serve as a clinical marker for predicting fatal complications
in patients affected by COVID-19 (Lagunas-Rangel, 2020).

Notably, recent reports suggested that COVID-19 patients do not
exhibit neutrophilia, but a shifting of the neutrophil compartment to-
ward an immature profile, a feature suggestive of an emergency mye-
lopoiesis (Linssen et al., 2020; Silvin et al., 2020; Spijkerman et al.,
2021). A signature characterized by lung accumulation of naive
lymphoid cells associated with a systemic expansion and activation of
myeloid cells with immunosuppressive activity was recently observed in
patients with severe COVID-19 outcomes (Bost et al., 2021). A higher
frequency of PMN-MDSC was observed in peripheral blood from
COVID-19 patients admitted to ICU compared to non-ICU COVID-19
patients and healthy individuals, with a decreasing trend over time from
infection (Falck-Jones et al., 2021). PMN-MDSCs from COVID-19 pa-
tients expressed markers associated with immune suppressive functions,
such as Argl, TGF-B, and iNOS, and were shown to inhibit T cell

proliferation in vitro, thus confirming their central role in the decline of
antiviral T-cell responses observed in severe COVID-19 (Sacchi et al.,
2020). Taken together, these observations support the need for a more
comprehensive evaluation of the circulating blood cell phenotype,
which can be achieved also in the routine laboratory setting through the
analysis of research parameters provided by hematology analyzers and
the use of standardized flow cytometry protocols.

On the functional side, a metabolic rewiring of neutrophils in
response to type I IFN resulting in increased degranulation and forma-
tion of neutrophil-platelet aggregates in the blood was recently observed
in COVID-19 patients with ARDS, confirming the link between
dysfunctional neutrophils and the COVID-19 related immunothrombosis
(Reyesetal., 2021) (Fig. 1). A recent interesting work showed that a low
expression of adhesion molecules together with a high expression of
inhibitory receptors in neutrophils from children with COVID-19 might
prevent tissue infiltration by neutrophils thus preserving lung function
(Seery et al., 2021).

4.1.2. NET related circulating biomarkers

The pathogenic role of NETs has been described for many human
communicable and non-communicable diseases (Lee et al., 2017;
Zucoloto and Jenne, 2019). Regarding viral infections, a complex
cross-regulatory talk exists between IFNs and neutrophils for the
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activation of appropriate antiviral immune responses and minimization
of tissue damages (Stegelmeier et al., 2021). NETs are able to cause lung
damage not only by expanding in the pulmonary alveoli but also by
directly inducing epithelial and endothelial cell death. NET formation
has been reported in several pulmonary diseases, including asthma,
chronic obstructive pulmonary disease, influenza, and bacterial pneu-
monia, among others (Porto and Stein, 2016). Notably, NET release can
be induced by the direct interaction of the SARS-CoV-2 virus with
neutrophils (Veras et al., 2020).

Significant deregulation of NET markers, such as citrullinated his-
tone H3, cell-free DNA (cfDNA), MPO, and NE was observed in COVID-
19 patients and associated with clinical outcomes, suggesting a potential
role of circulating NET markers in clinical decision-making (Huckriede
et al., 2021). A recent work analyzing protein-protein interaction in
naso-oropharyngeal swab samples of COVID — 19 patients and healthy
subjects confirmed that the pathways primarily altered in SARS-CoV-2
infected patients are related to neutrophil degranulation (Akgun et al.,
2020).

A few recent studies have highlighted the correlation between NET
markers, with some relevant markers of in vivo coagulation, fibrinolysis,
and endothelial damage (Middleton et al., 2020; Veras et al., 2020; Zuo
et al., 2021a, 2021d). These evidence reinforce the hypothesis of neu-
trophils at the crossroad between inflammation, coagulation, and
endothelial dysfunction that characterize COVID-19 patients with severe
outcomes, especially among the older patients.

4.1.3. Citrullinated nucleosomes

NET activation is associated with increased histone citrullination, an
epigenetic post-translational modification that converts histone arginine
to citrulline, leading to a reduction in hydrogen bonding and a looser
chromatin structure. This epigenetic mechanism is catalyzed by a family
of enzymes called peptidyl arginine deiminases (PADIs), including
PADA4, that in humans has been shown to play a crucial role in chromatin
decondensation (Leshner et al., 2012; Thiam et al., 2020). Interestingly,
PADA4 relies on proteolysis by calpain to achieve efficient nuclear lamina
breakdown and chromatin decondensation (Gosswein et al., 2019).

Citrullination is dispensable for NETosis but potentiates histone-
mediated signaling, probably by activating TLR4 signaling (Tsour-
ouktsoglou et al., 2020).

The phenomenon of NET associated with PAD4-dependent hyper-
citrullination of histones was described for some viral infections,
including rhinovirus-induced type-2 allergic asthma (Toussaint et al.,
2017) and influenza A virus (IAV) (Hsieh et al.,, 2021). Recently,
elevated citrullination of circulating nucleosomes was observed in pa-
tients infected by SARS-CoV-2 (Veras et al., 2020), especially in those
with severe diseases (Cavalier et al., 2021).

4.1.4. Myeloperoxidase and neutrophil elastase

MPO catalyzes the production of hypochlorous acid (HCIO) from
hydrogen peroxide (H202) and chloride anion (Cl). NE is a serine pro-
tease playing proinflammatory activity and stimulating mucus secre-
tion. Both MPO and NE can be stored in azurophilic granules and can be
released upon degranulation, NET formation, and NETosis (Voglis et al.,
2009).

MPO and NE were recently analyzed in COVID-19 patients showing
that MPO+ CIt-H3 + cells were significantly higher in COVID-19 pa-
tients (Godement et al., 2021) (Fig. 1). Importantly, the lack of decrease
of NET blood level between day-1 and day-3 from admission was able to
discriminate patients who died within day-28 (Godement et al., 2021).

A recent multicenter study of markers of neutrophil innate immunity
in COVID-19 patients and healthy controls showed that blood levels of
NE, histone-DNA, MPO-DNA, and free double-stranded DNA (dsDNA)
were dramatically increased in COVID-19 patients compared with
healthy controls (Gueant et al., 2021). Target neutrophils NET, i.e.,
through the administration of NE inhibitors, was proposed as an inno-
vative strategy to prevent COVID-19 severe outcomes (Chiang et al.,
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2020; Mohamed et al., 2020; Sahebnasagh et al., 2020). Aerosol- or
nebulizer-dosed of NE inhibitors could significantly improve their effi-
cacy and lower the incidence of adverse effects (Barth et al., 2020).

Several others serine proteases different from NE, such as protease 3
(PR3), cathepsin G (CatG), and neutrophil serine protease 4 (NSP4), can
be released by activated neutrophils swarming around the place of
pathogen invasion to provoke an immune response. However, proteases
can be hijacked by several viruses to prime virus-derived surface pro-
teins and evade immune detection by entering the host cell. NE and PR3,
but not CatG, hydrolyze the scissile peptide bond adjacent to the poly-
basic amino acid sequence of the S1/S2 interface of SARS-CoV-2 (Mus-
tafa et al., 2021).

4.1.5. Cell-free (Cf)-DNA

Elevated levels of cell-free DNA were observed in COVID-19 patients,
as well as highly specific markers of NETosis, i.e. MPO-DNA and histone-
DNA (his-DNA), along with other typical markers, such as C-reactive
protein, D-dimer, and neutrophil count, among others (Middleton et al.,
2020; Zuo et al., 2020). Increasing evidence showed that cell-free
his-DNA and MPO-DNA complexes are increased in plasma of
COVID-19 patients and MPO-DNA levels are correlated with disease
severity (Krauel and Duerschmied, 2021; Teluguakula, 2021; Veras
et al., 2020).

Notably, the endogenous DNase I levels are persistently decreased in
septic patients (Sohrabipour et al., 2021) as well as in COVID-19 patients
(Gueant et al., 2021).

4.1.6. Anti-NET antibodies

NET components, on one hand, can directly stimulate both neutro-
phils and macrophages, which acquire a phenotype of activated antigen-
presenting cells, and on the other hand, can also be recognized by au-
toantibodies. High levels of anti-NET antibodies were observed in pa-
tients hospitalized for COVID-19, in association with impaired NET
clearance and increased SARS-CoV-2 mediated thromboinflammation
(Ding et al., 2021; Zuo et al., 2021c). Mechanistically, anti-NET anti-
bodies of the IgG isotype can impair the ability of DNases to degrade
NETs (Zuo et al., 2021c¢).

When antinuclear antibodies (ANA), anti-neutrophil cytoplasmic
antibodies (ANCA) and the degradation capacity of NETs were
addressed in serum of COVID-19 patients, a deficient degradation ca-
pacity of NETs and increased levels of anti-NET antibodies were
observed (Torres-Ruiz et al., 2021). A recent review on the mechanisms
by which a viral infection could be exacerbated by, and even trigger,
autoimmunity, highlighted that 10-15% of patients with critical
COVID-19 pneumonia exhibited autoantibodies against type I INF, and
that functional autoantibodies promoting thrombosis or antagonizing
cytokine signaling can be detected after SARS-CoV-2 infection (Knight
et al., 2021). Interestingly, it was suggested that these autoantibodies
may arise from a predominantly extrafollicular B cell response that is
more prone to generating autoantibody-secreting B cells.

NETs are composed not only by decondensed chromatin and en-
zymes but also by molecules such as the Cathelicidin LL-37, Calprotectin
(also known as S100A8/S100A9) and high-mobility group protein 1
(HMGB1), which have been linked to inflammation (Lande et al., 2011;
Ulas et al., 2017; Urban et al., 2009; Urbonaviciute et al., 2008; Vogl
et al., 2007; Zheng et al., 2007).

4.1.7. Cathelicidin LL-37

LL-37 is the only cathelicidin-derived antimicrobial peptide found in
humans (Chieosilapatham et al., 2018). It has been found to play addi-
tional defensive roles, such as the modulation of the inflammatory
response and the chemo-attraction of adaptive immune system cells, to
promote re-epithelialization and wound closure. LL-37 is expressed in
different cell types, such as epithelial cells and leukocytes, including
monocytes, neutrophils, NK, T, and B cells, in inflamed or infected tis-
sue. Recently, it was reported that LL-37 is mainly expressed by
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neutrophils and it can promote peripheral neutrophils to form NETs in a
dose-dependent manner (Ribon et al., 2019).

Importantly, LL-37 also functions as an antiviral-activity enhancer.
Peripheral neutrophils from chronic rhinosinusitis with nasal polyps
(CRSwNP) patients were more susceptible to LL-37-mediated NET for-
mation, compared with neutrophils derived from control subjects (Cao
etal., 2019). It was suggested that LL-37 could be a therapeutic agent for
the treatment of viral infections in inflammatory pulmonary diseases (Li
et al., 2020a). In the framework of COVID-19, LL-37 is characterized by
a high structural similarity to the N-terminal helix of the receptor for
SARS-CoV-2, Angiotensin-Converting Enzyme 2, with which the virus
interacts (Lokhande et al., 2021). Cell and mouse experiments assessing
the antiviral properties of LL-37 against SARS-CoV-2 pseudovirions
showed that this antimicrobial peptide can simultaneously block
SARS-CoV-2 spike 1 (S1) protein by binding to its receptor-binding
domain (RBD) and cloak the ligand-binding domain of host
angiotensin-converting enzyme-2 (ACE2). This dual effect, which re-
duces S1 adherence to ACE2 and further recruitment of this receptor, has
been proposed as a potential tool for COVID-19 prevention (Wang et al.,
2021a).

Unexpectedly, in psoriatic patients, PMNs mount a fulminant and
self-propagating NET and cytokine response, independently of DNA but
dependently from RNA that in complex with LL-37 can trigger TLR8/
TLR13-mediated cytokines in vitro and in vivo (Herster et al., 2020).
Notably, anti-LL-37 antibodies are present in psoriatic arthritis patients
(Frasca et al., 2018).

Vitamin D influences the expression of many genes with well-
established relevance to airway infections including the transcription
of cathelicidin, which is cleaved to generate LL-37. Recently, vitamin D
deficiency has been recognized as a risk factor for the incidence and
severity of COVID-19 (Vyas et al., 2021). In this regard, the weakened
antimicrobial response against SARS-CoV-2 in subjects with reduced
levels of vitamin D may be related to reduced LL-37 levels (Crane-Go-
dreau et al., 2020).

4.1.8. Calprotectin

Calprotectin (S100A8/S100A9) is a heterodimer involved in
neutrophil-related inflammatory processes. In COVID-19 patients, cal-
protectin levels were reported to be associated with reduced survival
time, especially in patients with severe pulmonary disease (Mahler et al.,
2021; Shi et al., 2021). Massive amounts of calprotectin were observed
in severe cases of COVID-19 (Silvin et al., 2020). Notably, SI00A8/A9
levels were linked to immature neutrophils and non-classical monocyte
phenotype, which were able to discriminate mild from severe COVID-19
(Silvin et al., 2020). This evidence suggests an S100A8/A9-driven
expansion of myeloid cells in COVID-19 patients with poorer outcomes.

It was therefore hypothesized that SI00A8/A9 can be a key agent,
leading to potent activation of NF-kB (nuclear factor k-light-chain-
enhancer of activated B cells) through interaction with the receptor for
advanced glycation end-products (RAGE) and TLR4, and it could play a
role in the expansion of inflammatory monocytes, neutrophils, and
platelets that, in turn, can contribute to the hypercoagulable state
observed in COVID-19 patients with severe outcomes (Hanssen et al.,
2021). This evidence suggests also that the SI00A8/A9-RAGE interac-
tion could be increased in diabetic patients affected by COVID-19,
increasing the risk of immunothrombosis, pulmonary embolism, and
ischemic strokes (Hanssen et al., 2021). Notably, it was recently sug-
gested that SI00A8/A9 could serve as a clinically available hematologic
index for differential diagnosis of COVID-19 and influenza (Huang et al.,
2021).

4.1.9. Monocyte count and phenotype

A study in high-dimensional flow cytometry and RNA-seq of pe-
ripheral blood cells from patients affected by COVID-19 revealed that
SARS-CoV-2 infection induces changes in the relative abundance of
monocyte and neutrophil subsets, with loss of non-classical
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CD14°¥CD16M8" monocytes and a significant reduction of the HLA-
DR expression on classical monocytes (Silvin et al., 2020). These fea-
tures are characteristics of immunosuppressive M-MDSC, which can be
induced by massive exposure of myeloid progenitors to bacterial or viral
products. Moreover, as highlighted above, M-MDSC cultured in presence
of pro-inflammatory cytokines can differentiate into proinflammatory
M1 cells (Bayik et al., 2018).

The immunosuppressive network characterized by an increase in the
numbers of MDSC, regulatory T cells (Treg), and macrophages (Mreg/
M2c) shows an age-related activation trend (Salminen, 2021). This
age-related immunosuppression should prevent the potential inflam-
matory damages even if it can promote the tissue degeneration associ-
ated with aging and age-related diseases. However, when the
immunosuppressive network is rapidly induced in a proinflammatory
milieu, the immunosuppression can be lost.

Of note, COVID-19 patients had a higher proportion of
cD14"¢"cD16 + monocytes than SARS-CoV-2-negative patients
(Rebillard et al., 2021). This monocyte subset shows robust reactive
oxygen species (ROS) and TNF production and strongly promotes pro-
liferation and antigen presentation to T cells. Interestingly,
CD14"CD16" monocytes in COVID-19 patients showed the features of
mixed M1/M2 macrophage polarization with higher expression of
CD80 + and CD206 + and secretion of higher levels of the proin-
flammatory IL-6 and TNF-o cytokines concomitantly with the
anti-inflammatory IL-10, when compared with the normal controls
(Zhang et al., 2020c).

Recently, CD14 +HLA-DR low monocytes were observed to be
expanded in severe COVID-19 patients, a likely consequence of the
pervasive emergency myelopoiesis triggered by SARS-CoV-2 infection.
Based on gene expression profiles, these cell subsets were deemed to
have immune-suppressive features (Bost et al., 2021). Notably, a sig-
nificant correlation was observed between arginase 1 (ARG1) expression
and the immunosuppressive activity of monocytes, with a minor
contribution of PD-L1. Overall, the authors suggested that the loss of
function in myeloid cells mirrors an immune pathological status pro-
gressing from immune paralysis to “immune silence” associated with
higher susceptibility to death events (Bost et al., 2021).

4.1.10. Monocyte-related biomarkers

An increased amount of soluble (s)CD14 and (s)CD163, biomarkers
of M1 and M2 macrophages polarization, were observed in COVID-19
patients in comparison with healthy subjects (Gomez-Rial et al.,
2020). Significant correlations were observed between sCD14 levels and
other inflammatory markers, particularly IL-6. Notably, treatment with
corticoids showed interference with sCD14 levels.

CD163 is a scavenger receptor that can bind to haptoglobin-
hemoglobin complexes, mediating their endocytosis, and its soluble
form (sCD163) can be released by activated cells and it is correlated with
infective disease severity. In the context of COVID-19, sCD163 levels
showed a positive correlation with the presence of ARDs (Gomez-Rial
et al., 2020).

These data were confirmed also by an independent study, showing a
significant increase in sCD163 and sCD14 plasmatic levels in COVID-19
patients at hospital admission, especially in those who developed ARDS
(Zingaropoli et al., 2021). The correlations of these mono-
cyte/macrophage activation markers with typical inflammatory markers
of COVID-19 pneumonia, underline their potential use to assess the risk
of progression of the disease.

4.1.11. Lymphocyte count and phenotype

An elevated neutrophil count has been observed in hospitalized
COVID-19 patients in association with reduced peripheral blood abso-
lute lymphocyte count. In a recent meta-analysis, the reduction of
lymphocyte subset counts in COVID-19 patients was investigated across
20 peer-reviewed studies showing that CD4 + T cell, CD8 + T cell, B
cell, NK cell, and total lymphocyte cell counts all showed a statistically
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significant reduction in patients with severe/critical COVID-19 disease
compared to mild/moderate disease (Huang et al., 2020).

Interestingly, alterations of the T cell immunophenotype observed in
COVID-19 patients share some similarities with the age-related remod-
eling of this cell population. An increased expression of programmed cell
death protein 1 (PD-1) and Tim-3, two markers commonly associated
with T cell exhaustion (Sakuishi et al., 2010), was observed in hospi-
talized COVID-19 patients (Bobcakova et al., 2021; Diao et al., 2020).
Moreover, higher frequencies of IFN-y-expressing CD8 + effector
memory cells and CCR7 — CD45RA+ TEMRA cells were associated with
severe COVID-19 (Kreutmair et al., 2021).

4.1.12. Circulating Leukocyte Telomere length

The incidence of severe manifestations of COVID-19 increases with
age with older patients showing the highest mortality, suggesting that
molecular pathways underlying aging contribute to the severity of
COVID-19. One of the most well-characterized biomarkers of aging is the
progressive shortening of telomeres, which are protective structures at
chromosome ends (Mensa et al., 2019). Critically short telomeres impair
the regenerative capacity of tissues and trigger loss of tissue homeostasis
and disease. Leukocyte telomere length (TL) is associated with natural
life span limit in humans (Arbeev et al., 2020).

The SARS-CoV-2 virus infects many different cell types, forcing cell
turn-over and regeneration to maintain tissue homeostasis. It was hy-
pothesized that the presence of short telomeres in older patients limits
the tissue response to SARS-CoV-2 infection (Aviv, 2020; Tsilingiris
et al., 2020).

It was recently proposed that compromised TL-dependent T-cell
proliferative response, driven by short telomere in the TL distribution,
can contribute to COVID-19 lymphopenia among old adults, inferring
that infection with SARS-CoV-2 uncovers the limits of the TL reserves of
older persons (Benetos et al., 2021).

TL has been measured in peripheral blood lymphocytes of COVID-19
patients with ages between 29 and 85 years old, showing that shorter
telomeres are associated with increased severity of the disease. In-
dividuals within the lower percentiles of TL have a higher risk of
developing severe COVID-19 outcomes (Sanchez-Vazquez et al., 2021).
A few studies confirmed that shorter leukocyte TL was associated with
higher risk of adverse COVID-19 outcomes, independent of several
major risk factors for COVID-19 including age (Dos Santos et al., 2021;
Wang et al., 2021c).

In a prospective study, TL was measured by Flow-FISH in 70 hospi-
talized COVID-19 patients and compared to the TL distribution with a
reference cohort of 491 healthy volunteers (Froidure et al., 2020).

A significantly higher proportion of patients with short telomeres
(<10th percentile) was observed in COVID-19 patients as compared to
the reference cohort. Short telomeres were significantly associated with
higher risk of critical disease, defined as admission to ICU or death. TL
was also negatively correlated with C-reactive protein and neutrophil-
to-lymphocyte ratio, and lung tissue from patients with very short
telomeres exhibit signs of senescence in structural and immune cells,
suggesting that TL influences the severity of the disease (Froidure et al.,
2020).

4.1.13. Circulating cytokines: interleukin-6 (IL-6)

The cytokine storm, described in COVID-19 patients, especially in
those affected by ARDS and multiorgan dysfunction, is currently
recognized as the leading cause of death in COVID-19 critically ill pa-
tients (Liu et al., 2020a). Therefore, it is not surprising the increasing
studies on IL-6, a pleiotropic cytokine with complex interactions with
multiple signalling cascades, at times producing either proinflammatory
or anti-inflammatory effects (Velazquez-Salinas et al., 2019). IL-6 exerts
its activity mainly through the binding to the cell membrane IL-6 re-
ceptor (IL-6R), and to the soluble form of IL-6R (SIL-6R), which is
cleaved from the cell membrane (Tanaka and Kishimoto, 2014). The
paradigm of IL-6 signal transduction via the membrane-bound IL-6R is
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called “classic signalling”, whereas when IL-6 signal is activated by the
link with sIL-6R, it is referred to as “trans-signalling” (Garbers et al.,
2012). Notably, the regenerative or anti-inflammatory activities of IL-6
are mediated by classic signalling whereas pro-inflammatory responses
of IL-6 are rather mediated by trans-signalling (Rabe et al., 2008;
Scheller et al., 2011). A number of studies highlighted the relevance of
IL-6 serum level as a biomarker of healthy/unhealthy aging, demon-
strating that IL-6 blood levels increase with advancing age, and high IL-6
circulating levels are associated with increased mortality risk (Ershler
et al., 1993; Ferrucci et al., 2005; Giovannini et al., 2011; Wei et al.,
1992). On the contrary, low IL-6 serum levels were associated with
successful aging (Akbaraly et al., 2013). Overall, these results were
confirmed by the Cardiovascular Health Study, by the InCHIANTI study
(Michaud et al., 2013; Varadhan et al., 2014) and by the PolSenior
study, showing that both IL-6 and CRP levels were good predictors of
physical and cognitive performance and the risk of mortality in both the
entire elderly population and in successfully aging individuals (Puzia-
nowska-Kuznicka et al., 2016).

Recently, increasing interest was devoted to the anti-IL-6 therapy as
a treatment option for COVID-19 patients (Xu et al., 2020). Several
randomized control trials investigated the efficacy of anti-IL-6 therapy
in COVID-19 patients, i.e. Tocilizumab (TCZ), an interleukin-6 receptor
antibody, suggesting that subgroups of patients may benefit from IL-6
blockade treatment (Merad and Martin, 2020), especially when the
administration of TCZ starts in an early stage of cytokine storm (IL-6
level < 100 pg/mL) (Li et al., 2021b). Hospitalized COVID-19 patients
with hypoxia and systemic inflammation (Recovery Collaborative
Group, 2021), or patients with a baseline concentration of
IL-6 > 100 pg/mL, particularly if they need oxygen supplementation
owing to the lower value of SpO2 < 90% (Flisiak et al., 2021), seems to
be the most responsive COVID-19 settings of patients. The most recent
review on this issue highlighted high certainty evidence that TCZ re-
duces the risk of mechanical ventilation in hospitalized patients with
severe COVID-19, and moderate certainty evidence that TCZ reduces the
risk of poor outcome and the risk of secondary infections in hospitalized
COVID-19 patients (Tleyjeh et al., 2021).

Overall, even if the theoretical framework on IL-6 supports a crucial
role of cytokine storm and its prototypical cytokine IL-6 in severe
COVID-19 outcomes, it remains unknown whether elevated IL-6 in viral
infections represents a therapeutic target or part of a functioning
adaptive immune response.

4.1.14. Circulating microRNAs modulating inflammatory response:
inflamma-miRNAs

A specific group of microRNAs, short non-coding RNA involved in
the modulation of gene expression, able to modulate inflammatory
processes and therefore defined as inflamma-miRs (Olivieri et al., 2013),
was recently investigated in COVID-19 patients in relationship with the
clinical response to TCZ (Sabbatinelli et al., 2021). We analyzed
miR-146a-5p, miR-21-5p, and miR-126-3p, in 30 serum samples from
patients enrolled in a clinical trial assessing the clinical response to a
single-dose intravenous infusion of TCZ in COVID-19 patients with
multifocal interstitial pneumonia. We showed that COVID-19 patients
who did not respond to TCZ had lower serum levels of miR-146a-5p after
the treatment and among non-responders, those with the lowest serum
levels of miR-146a-5p experienced the most adverse outcome (Sabba-
tinelli et al., 2021). Indeed, albeit not directly targeting the mRNAs of
IL-6 or its receptor, miR-146a-5p acts as a negative regulator of NF-kB,
which is a widely acknowledged transcription factor of the IL-6 gene (Su
et al., 2020). At the same time, transcription of miR-146a-5p is
controlled by NF-kB, even if the two molecules — IL-6 and miR-146a-5p —
play opposite roles in the inflammatory process. Our data pointed out
towards an imbalance of the IL-6/miR-146a-5p axis in COVID-19 pa-
tients with the worst prognosis and showed that a blood-based
biomarker, such as miR-146a-5p, can provide clues about the molecu-
lar link between inflammaging and COVID-19 clinical course, thus
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allowing a better understanding of the use of biologic drug armory
against this worldwide health threat (Sabbatinelli et al., 2021).

An independent study on miRNAs expression in PBMCs of COVID-19
patients confirmed that miR-146a-3p in association with miR-29a-3p
and miR-155-5p may serve as novel biomarker for COVID-19 diag-
nosis with high specificity and sensitivity (Donyavi et al., 2021).

Importantly, miR-146a is crucially involved in linking inflammation,
thrombosis, and NETosis (Arroyo et al., 2021b). Downregulation of
microRNA-146a observed in patients with diabetes, obesity and hyper-
tension could also contribute to severe COVID-19 outcomes (Roganovic,
2021).

Other works confirmed the reduction of circulating miR-21-5p and
miR-146b-5p levels, in association with other miRNAs, in COVID-19
patients (Li et al., 2021a). Remarkably, miR-16-2-3p was the most
upregulated miRNA, and miR-627-5p was the most downregulated
miRNA (Li et al., 2021a). From patient transcriptomic data miR-2392
emerged as the circulating miRNA that is directly involved with
SARS-CoV-2 machinery during host infection, driving downstream
suppression of mitochondrial gene expression, increasing inflammation,
glycolysis, and hypoxia as well as promoting many symptoms associated
with COVID-19 infection (McDonald et al., 2021).

Overall, increasing evidence support the hypothesis that circulating
microRNAs could be innovative tools for COVID-19 patient manage-
ment, but the analysis of the circulating miRNA signature and its
translation to clinical practice requires strict control of a wide array of
methodological details (Pinilla et al., 2021).

4.1.15. MiRNAs and cell-free DNA loaded into extracellular vesicles

Both ¢fDNA and microRNAs present in the bloodstream have been
found inside extracellular vesicles (EVs) (Drula et al., 2020). EVs are
endogenous nanosized subcellular structures, released in all biological
fluids, that can transfer signals among tissues and body compartments
(Mensa et al., 2020). It was recently hypothesized that EVs may
contribute to the spread SARS-CoV-2 infection by transferring some
receptors, such as CD9 and ACE2, which make recipient cells susceptible
to virus docking (Hassanpour et al., 2020). Upon entry, SARS-CoV-2
may be directed into the exosomal pathway, and its components are
packaged into exosomes for secretion (Hassanpour et al., 2020). Evi-
dence from cellular models demonstrated that SARS-CoV-2 gene prod-
ucts, i.e., Spike, are able to modify the host exosomal cargo by inducing
the enrichment of specific miRNAs, which could exert detrimental ef-
fects on recipient cells (Mishra and Banerjea, 2021). These preliminary
observations suggest that viral infection could modulate exosomal
cargoes and explain some of the effects of COVID-19 on non-infected
cells and organs.

EV-based therapies characterized by the ability to target multiple
pathways and enhance tissue regeneration can hold great potential for
COVID-19 related lung injuries. EVs may provide targeted delivery of
protease inhibitors, with fewer systemic side effects, are eligible for
major aseptic processing, and can be upscaled for mass production
(Kumar et al., 2020). However, these therapeutic approaches are not
standardized, and dosage and administration routes should be further
investigated (Khalaj et al., 2020). Overall, understanding the molecular
mechanisms behind EVs related COVID-19 virus infection may provide
us with innovative tools to overcome its adverse effects.

4.2. Circulating Biomarkers of coagulation dysfunction

A number of meta-analyses confirmed that venous thromboembo-
lism (VTE) represents a frequent complication in hospitalized COVID-19
patients, especially in the ICU setting (Boonyawat et al., 2020; Jimenez
et al., 2021; Lu et al., 2020; Porfidia et al., 2020). The review of the
available evidence regarding the anticoagulation approach to prevent
VTE among COVID-19 patients admitted to ICU showed a high preva-
lence of thromboprophylaxis failure among COVID-19 patients, pointing
out the need for individualized therapeutic protocols (Hasan et al.,
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2020). Recent findings suggest that therapeutic doses might be associ-
ated with better survival compared to prophylactic doses (Kamel et al.,
2021).

Evidence available so far suggested that COVID-19 associated coa-
gulopathy should be regarded as a low-grade disseminated intravascular
coagulation (DIC) with features of pulmonary microangiopathy (Asa-
kura and Ogawa, 2021). Autopsy analyses have revealed fibrin-rich
thrombi containing neutrophils in the alveolar capillaries and
increased lung megakaryocytes producing young platelets which are
more thrombogenic (Mitchell, 2020).

A healthy vascular endothelium represents a protective barrier with
anti-thrombotic and anti-inflammatory properties. Therefore, it is
reasonable to assume that endothelial cell (EC) dysfunction can
contribute to COVID-19-associated vascular inflammation, particularly
endotheliitis, in the lung, heart, and kidney, as well as COVID-19-
associated coagulopathy, specifically pulmonary fibrinous micro-
thrombi in the alveolar capillaries (Zhang et al., 2020a). The EC
dysfunction-induced hypercoagulation state can be caused by alter-
ations in the levels of different factors such as plasminogen activator
inhibitor 1 (PAI-1), von Willebrand factor (vWF) antigen, soluble
thrombomodulin, tissue factor, and tissue factor pathway inhibitor
(TFPI) (Norooznezhad and Mansouri, 2021).

4.2.1. von Willebrand factor

von Willebrand factor is a large multimeric protein produced mainly
by endothelial cells and stored into Weibel-Palade bodies, which are
released upon endothelial activation, such as in the case of systemic
inflammation. VWF mediates platelet aggregation and adhesion by
binding their GPIX-Ib receptor. In COVID-19, vWF antigen levels have
been observed to progressively increase according to disease severity.
Notably, in critical patients the ratio between high and low molecular
weight vWF multimers is skewed towards the former, suggesting that the
activity of the endogenous metalloproteinase ADAMTS13, which phys-
iologically cleaves vVWF into smaller and less active multimers, is over-
whelmed by the massive release from endothelial cells (Philippe et al.,
2021). On the other hand, at the later stages of COVID-19, when most of
the endothelial damage has occurred, vWF levels are reduced, suggest-
ing a progressive depletion which is directly related to the magnitude of
the cytokine storm and associated with poorer prognosis (Grobler et al.,
2020).

4.2.2. Tissue factor (TF) and endothelial anticoagulant systems

The expression of TF, i.e. the main activator of the coagulation
cascade, can be enhanced in endothelial cells, platelets, and monocytes
upon a plethora of pro-inflammatory stimuli. The involvement of TF in
the onset of COVID-19 related thrombotic complications has been
demonstrated at varying levels. A higher TF expression was reported in
lung specimens from COVID-19 patients with ARDS compared to non-
COVID-19 related ARDS samples. Notably, bronchoalveolar areas with
the highest TF expression were characterized by the extensive presence
of fibrin and PF4 in neighboring blood vessels (Subrahmanian et al.,
2021). As a transmembrane protein, TF can also be mounted onto EVs
released into the bloodstream by TF-producing cells (Gardiner et al.,
2015). This phenomenon gained remarkable importance in the attempt
to fully explain the hypercoagulable state associated with many systemic
disorders, including cancer, but the precise determination of the
EV-associated TF contribution to thrombotic risk is still hampered by
many analytical challenges (Hisada and Mackman, 2019). A recent
report showed that COVID-19 patients had higher levels of circulating
EV-TF activity and that this parameter is able to discriminate patient
survival and degree of required respiratory support (Rosell et al., 2021).
These findings were confirmed by another study using a different
method to assess the formation of antithrombin/Factor VIIa as an indi-
rect measure of blood exposure to TF. Interestingly,
complement-mediated stimulation of neutrophils during COVID-19 re-
sults in the release of NETs particularly enriched in TF which can
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enhance the expression of TF by the endothelium and be themselves
mediators of immunothrombosis (Skendros et al., 2020).

Not surprisingly, COVID-19 is accompanied by a progressive increase
in the levels of endothelial surface proteins participating in the major
endogenous anticoagulant systems, including TFPI, soluble EPCR, and
thrombomodulin, which on one side further support the evidence of a
high degree of endothelial activation and, on the other hand, poses some
difference between COVID-19 coagulopathy and overt DIC, where
coagulation inhibitors are gradually exhausted upon the persistence of
the procoagulant stimuli (Francischetti et al., 2021).

In this framework, assessment of circulating TF activity and levels of
the endogenous endothelial anticoagulant systems could enhance the
predictive value of the routinely assessed coagulation biomarkers and
offer more in-depth mechanistic insights into COVID-19 related
coagulopathy.

4.2.3. Abnormalities of the fibrinolytic system

Multiple evidence showed that fibrinolysis is impaired in COVID-19
patients. The global activity of the fibrinolytic system is the result of the
balance between pro-fibrinolytic, including t-PA and u-PA, and anti-
fibrinolytic factors, such as PAI-1, TAFI, and alfa2-antiplasmin. PAI-1
is released by many cellular types, including endothelial cells, following
damage to the vascular bed, presence of thrombin, stimulation by in-
flammatory cytokines, and angiotensin II (Morrow et al., 2021). For this
reason, PAI-1 has been proposed as a bridge between inflammation and
coagulation, and its circulating levels are generally high in patients with
systemic inflammatory conditions. During COVID-19, upregulation of
both t-PA and PAI-1 was observed, so that it has been hypothesized that
PAI-1 overwhelms the effects of t-PA resulting in a net prothrombotic
state. Interestingly, both PAI-1 and t-PA levels were positively related to
the neutrophil count and degree of activation, assessed by the means of
circulating calprotectin. The elevation of PAI-1 levels has been
confirmed by multiple reports and related to the extent of hypofi-
brinolysis evaluated ex vivo through thromboelastographic tests (Blasi
et al., 2020). Similarly, levels of thrombin-activatable fibrinolysis in-
hibitor (TAFI), which prevents the degradation of fibrin by plasmin,
were found to be higher in COVID-19 patients admitted to ICU compared
to non-ICU patients, independently of pre-existing conditions and
thromboprophylaxis (Nougier et al., 2020). These results suggest that
circulating biomarkers of fibrinolysis should be considered in addition
to the assessment of the hypercoagulability state in patients presenting
with severe COVID-19.

4.3. Circulating Biomarkers of hyperglycemia-induced damage

4.3.1. Soluble receptors for Advanced-glycation end-products (sSRAGE)
Obesity and type 2 diabetes are major factors in COVID-19 causing a
progression to excessive morbidity and mortality. An important char-
acteristic of these conditions is poor glycemic control leading to inap-
propriate chemical reactions and the production of Advanced Glycation
End-products (AGEs) (Birts and Wilton, 2021). RAGE plays a central role
in the inflammatory response activating NF-xB, and the subsequent
production of inflammatory cytokines. During the COVID-19 pandemic,
many clinical reports have pointed out that diabetes (DM) increases the
risk of COVID-19 complications, hospitalization requirements, as well as
the overall severe acute case-fatality rate. It was suggested that the basal
activation state of the RAGE axis in common preexisting conditions in
DM patients such as endothelial dysfunction and hyperglycemia-related
prothrombotic phenotype, as well as the contribution of RAGE signaling
in lung inflammation, may then lead to the increased mortality risk of
COVID-19 in these patients (Rojas et al., 2021). Since RAGE is mainly
expressed by type 2 epithelial cells in the alveolar sac, which has a
critical role in SARS-CoV-2-associated hyper inflammation and lung
injury, it was suggested that AGEs, through their interaction with RAGE
amongst other molecules, could modulate COVID-19 pathogenesis and
related comorbidities, especially in the elderly (Sellegounder et al.,
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2021). Recent data strongly support this hypothesis, confirming that
serum sRAGE concentrations are positively associated with COVID-19
disease severity, and sRAGE levels could be considered as an inter-
esting biomarker for predicting mortality in COVID-19 patients (Lim
et al., 2021).

5. Conclusion and future perspectives

Altogether, the findings that we reviewed strongly suggest that even
if SARS-CoV-2 infection can affect subjects of different ages, including
children. However, the most severe COVID-19 outcomes are expected in
elderly subjects, and age, age-related diseases risk factors and age-
related diseases are, overall, the main risk factors for COVID-19 mor-
tality (Santesmasses et al., 2020). This observation is not trivial since it
suggests that COVID-19, and deadly respiratory diseases in general, may
be targeted, in addition to antiviral approaches, by approaches that
target or delay the aging process and, on the other hand, that selected
biomarkers of inflammaging and immunosenescence should be imple-
mented into the routine clinical practice for predicting COVID-19
prognosis.
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