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Abstract: The receptor for advanced glycation-end products (RAGE) is a multiligand receptor with a
role in inflammatory and pulmonary pathologies. Hyperactivation of RAGE by its ligands has been
reported to sustain inflammation and oxidative stress in common comorbidities of severe COVID-19.
RAGE is essential to the deleterious effects of the renin-angiotensin system (RAS), which participates in
infection and multiorgan injury in COVID-19 patients. Thus, RAGE might be a major player in severe
COVID-19, and appears to be a useful therapeutic molecular target in infections by SARS-CoV-2. The
role of RAGE gene polymorphisms in predisposing patients to severe COVID-19 is discussed.

Keywords: COVID-19 comorbidities; RAGE; AGER polymorphisms

1. Introduction

Coronavirus disease (COVID)-19, caused by severe acute respiratory syndrome coro-
navirus (SARS-CoV)-2 [1] (Appendix A), was first detected in December 2019 in Wuhan,
China, and has rapidly become a global pandemic due to the high transmissibility and the
continuous evolution of the virus, associated with an increasing transmission rate [2]. Over
210 countries worldwide have been involved, with over 145 million infected subjects. Peo-
ple of all ages are susceptible to SARS-CoV-2 infection and experience mild (fever, cough,
shortness of breath, muscle aches, loss of taste or smell, diarrhea) or severe symptoms,
including pneumonia and acute respiratory distress syndrome (ARDS), with an elevated
risk of death due to respiratory failure [3]. About 3.1 million deaths caused by SARS-CoV-2
infection have been registered so far, with up to 96% of dead people showing one or more
comorbidities (Table 1).

The comorbidities most frequently associated with severe COVID-19 are chronic
lung disease, hypertension, obesity, diabetes, and cardiovascular disease (CVD), typically
associated with aging, justifying that aged people are at a higher risk of hospitalization
and intensive care unit admission [4]. The presence of comorbidities also dictates the
clinical outcomes and length of hospitalization of COVID-19 patients; thus, knowledge of
the molecular mechanisms underlying comorbidities and the severe forms of COVID-19
pathology is of extreme importance.

The receptor for advanced glycation-end products (RAGE) is a multiligand receptor
of the immunoglobulin superfamily, involved in physiological (e.g., cell proliferation,
differentiation, and survival) and pathological (e.g., neurodegeneration, inflammation, and
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cancer) processes [5]. Interestingly, overexpression and/or hyperstimulation of RAGE
characterize COVID-19 comorbidities.

Table 1. Deaths in confirmed COVID-19 patients in relation to pre-existing comorbidities.

Deaths, %

Comorbidities Italy NY Jakarta
Total M 96.1 91.7 31
Hypertension 66.0 53.5 40.4
Diabetes 29.8 34.3 28.6
Coronary artery disease 27.6 13.0 21.1@
Atrial fibrillation 23.1 9.2 N.S.
Renal disease 20.2 11.3 9.0
Dementia 19.1 13.7 N.R.
COPD 17.1 10.6 5.6
Cancer 16.3 9.2 0.4
Heart failure 15.8 6.6 N.S.
Obesity /Hyperlipidemia 10.7 21.6 0.6

The most common comorbidities observed in confirmed COVID-19 deceased patients in Italy (n = 34,142) as of
22 July 2020 [6]; New York State (NY) (n = 41,849) from 1 March 2020 to 26 April 2021 [7]; and Jakarta, Indonesia
(n = 4265) from 2 March to 31 July 2020 [8]. (1) Percentages of COVID-19 deceased patients with one or more
comorbidities. (2) Reported as cardiac disease. Percentages N.S., Not specified. N.R., Not reported.

Moreover, crosstalk has been reported between RAGE signaling and the renin-
angiotensin system (RAS) which is implicated in SARS-CoV-2 infection and disease, and a
member of which, namely, angiotensin-converting enzyme 2 (ACE2), is the main cellular
receptor of SARS-CoV-2, mediating the entry of the virus into host cells [9]. Following virus
binding, ACE2 is internalized, translating into an imbalance of the RAS in favor of proin-
flammatory members of the system (i.e., angiotensin (Ang) Il and the type 1 angiotensin
receptor, AT1R) (Appendix A).

Based on several data and considerations, RAGE emerges as an intriguing molecular
target in the prevention of severe COVID-19.

2. RAGE, a Multiligand Receptor with a Role in Inflammation and Innate Immunity

The recruitment of RAGE by its ligands activates multiple intracellular signaling
cascades that depend on the cell type, the ligands involved (including advanced glycation
end-products (AGEs), 3-amyloid fibrils, high mobility group box-1 (HMGB1), S100 proteins,
and nucleic acids), and the RAGE density on the cell surface. Ligand binding causes RAGE
oligomerization and association of the RAGE cytoplasmic domain with adaptor proteins
(e.g., diaphanous-1 (DIAPH1), TIRAP, and MyD88), which in turn activate intracellular
signaling pathways, converging on the transcription factors, NF-«B, AP-1, CREB, STAT3,
and/or myogenin, thus regulating the inflammatory response or cell proliferation, survival,
differentiation and/or motility [5].

Soluble forms of RAGE (sRAGE), including membrane-cleaved RAGE (cRAGE) and
endogenous secretory RAGE (esRAGE), are present in the serum physiologically and act
as decoys for the receptor by binding RAGE ligands. cRAGE results from the cleavage of
extracellular RAGE by matrix metalloproteinases (MMPs) or ADAMI10 (a disintegrin and
metalloproteinase domain-containing protein 10) molecules, whereas esRAGE results from
a splice variant of RAGE lacking the membrane and cytoplasmic domains [10].

RAGE is a sensor for pathogen-associated molecular patterns (PAMPs), thus behaving as
a pattern recognition receptor with a key role in the innate immune response. PAMPs include
different pathogen-derived molecules sharing biochemical structures, with lipopolysaccharide
(LPS) being the most common. Similar to toll-like receptors (TLRs), the interaction of RAGE
with PAMPs activates signaling pathways, leading to NF-«B-driven production of proin-
flammatory cytokines (e.g., tumor necrosis factor (TNF)-o and interleukin (IL)-1), vasoactive
amines, nitric oxide (NO), reactive oxygen species (ROS), and arachidonic acid metabolites,
triggering an immune response to eliminate the pathogens or infected cells. Moreover, RAGE
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binds and medjiates the cellular responses of a range of damage-associated molecular patterns
(DAMPs, or alarmins, including HMGB1 and S100B) released by cells upon tissue damage
or secreted by activated immune cells. In this case, the recruitment of RAGE, together with
TLRs (especially TLR4), results in an immune response and sterile inflammation, which are
functional to the repair and regeneration of the damaged tissue [5].

RAGE mediates the internalization of complexes formed by released HMGB1 with
extracellular DNA, RNA, and other DAMPs or PAMPs, so that they can reach cytosolic
proinflammatory receptors, initiating an inflammatory response. On the other hand,
disulfide-HMGBI triggers TLR4, leading to the release of proinflammatory cytokines [11].
The crosstalk between RAGE and TLR4 in response to DAMPs is underlined by the fact that
RAGE-positive, TLR4 KO peritoneal macrophages produced almost no proinflammatory
cytokines in response to HMGBI [12], suggesting the existence of a HMGB1/RAGE/TLR4
axis in mediating inflammation in COVID-19. Indeed, HMGB1-RAGE/TLR4 signaling is
believed to mediate endothelial activation and dysfunction in COVID-19 conditions [13].

RAGE expression is developmentally regulated, being high until the completion of
development, when RAGE is found to be expressed at very low levels or not expressed at all
in most tissues. Together with the skin, lung tissue represents an exception, since alveolar
epithelial cells (AECs), especially type 1 AECs, express RAGE at high levels physiologically.
RAGE is typically found to be re-expressed and overexpressed in conditions of chronic
inflammation and in age-related diseases, such as atherosclerosis, Alzheimer’s disease
(AD), neuropathy, nephropathy, type 2 diabetes, osteoarthritis, and CVD. RAGE also
sustains inflammaging, i.e., the low-grade chronic inflammation that appears during aging
and that is at the basis of metabolic disorders associated with chronic morbidity, disability,
frailty, and premature death [14].

RAGE is also expressed in several immune cell types, in which it exerts different effects.
RAGE plays a crucial role in the differentiation of monocytes and macrophages, whose
cellular responses are dependent on the nature of RAGE ligands. RAGE is involved in the
adhesion and transmigration of granulocytes during the inflammatory response. Upon
activation by AGEs, RAGE increases the phagocytotic activity of neutrophils. Moreover,
RAGE is expressed in and promotes the maturation of dendritic cells. In most immune cells,
RAGE signaling activates NF-«B, promoting the production of proinflammatory cytokines
and the expression of RAGE itself [14].

3. Role of RAGE in COVID-19 Comorbidities

People infected by SARS-CoV-2 experience no or mild symptoms in most cases; how-
ever, approximately 15% of them develop severe COVID-19, characterized by pneumonia,
ARDS, septic shock, and /or multiple organ failure, with elevated mortality [15]. COVID-19
appears in more severe forms and with a higher risk of mortality in people presenting
comorbidities such as hypertension, obesity, chronic lung disease, hyperglycemia, diabetes,
CVD, and cerebrovascular diseases, especially in elderly people due to the age-related na-
ture of these conditions [4] (Table 1). Notably, COVID-19 is characterized by elevated levels
of circulating cytokines, and by a basal state of protein-energy malnutrition and systemic
inflammation that are typically associated with aging and metabolic and inflammatory
disorders, i.e., COVID-19 comorbidities.

Interestingly, RAGE has been reported as a major player in sustaining the pathological
states in the prevalent comorbidities of COVID-19 (Figure 1) (Table 2). In diabetes, obesity,
and aging, RAGE and its ligands are expressed at high levels in activated inflammatory and
endothelial cells, sustaining low-grade systemic inflammation and oxidative stress (OxS),
which represent risk factors for the development of vascular inflammation and subsequent
atherosclerosis, arterial stiffness, and hypertension, predisposing patients to CVD [16,17].



Biomolecules 2021, 11, 876 4 of 23

=) (=== ==

C $100 fibrotic ! ( Atherosclerotic
" @ factors .4,/ plaque
AGEs ¥ ¢ 0

Vascular A A
inflammation /

=
8

{} {}
exogenous M v . pmvcer '

AEe S Y e HMGBI
' €

<0

OOO
Inflammatory Adipokine cytokines
thrombocytosis secretion ' ®
= NH =) L%
. g Immune cell "
sinusoid

infiltration - @

Immune cell
infiltration

)

% Atherosclerotic A
' 3k cytokines plaqn\a \ >
Es

! AG I

Ov0...
endothelin-1 ~~=----4
Vasoconstriction

o 4 5
ROS 5
v v

platelet Thrombosis

!

@
Amyloid fibrils S100B cytokines Rog

formation

g S 4
o 'y--\\

Amyloid beta ™\
accumulation \

neuron
20
o y
S J/
LS pY
Neurofibrillary
Neuronal
tangles !
~ formation  degeneration

Figure 1. (A) In diabetes, obesity, and aging conditions, RAGE, expressed at high levels in activated immune cells and
endothelial cells, is overstimulated by elevated serum levels of RAGE ligands (i.e., AGEs, HMGBI, and S100 proteins)
leading to oxidative stress (OxS) and the release of cytokines and fibrotic factors, thus predisposing patients to vascular
inflammation and atherosclerosis. (B) In diabetes, RAGE expressed on hepatic Kupffer cells is stimulated by neutrophil-
derived S100A8/ A9, resulting in IL-6-dependent inflammatory thrombocytosis. (C) In obesity, necrotic adipocytes release
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HMGBI, which recruits RAGE to induce the secretion of cytokines and adipokines, reactive-oxygen species (ROS) production,
and immune cell infiltration. A high-fat diet leads to increased AGE levels in adipose tissue, sustaining RAGE-mediated
chronic inflammation and OxS. (D) Accumulation of AGEs in the vasculature promotes AGEs/extracellular matrix (ECM)
protein cross-linking, thus increasing artery stiffness and promoting hypertension. In addition, AGE-RAGE interaction
leads to hypertension by increasing ROS production, by reducing nitric oxide (NO) bioavailability and activity, and by
stimulating NF-kB-dependent expression of endothelin-1. (E) In cardiovascular disease, elevated serum AGEs interact with
endothelial RAGE, leading to ROS and pro-inflammatory cytokine production, and reduced NO levels. AGEs and S100
proteins bind platelet RAGE, favoring platelet aggregation and atherosclerotic plaque formation, predisposing patients to
the entry of inflammatory cells into atherosclerotic plaque lesions and increasing the risk of thrombosis. (F) In renal disease,
increased AGEs and HMGB1 hyperstimulate RAGE, sustaining nephropathy through ROS generation and NF-kB-mediated
synthesis of ECM proteins, thus promoting fibrosis. HMGBL1 also promotes epithelial-mesenchymal transition (EMT) of
tubular cells via RAGE. 5100 proteins and HMGBI released by immune cells induce ROS and inflammation, thus generating
additional AGEs that crosslink ECM proteins and induce amyloid fibril formation. (G) In the brain, high levels of AGEs
and 5100 proteins sustain amyloid beta (AB) production and accumulation, the formation of neurofibrillary tangles, and
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neuronal degeneration through RAGE-mediated cytokine and ROS production. CVD, cardiovascular disease.

AGEs, the canonical ligands of RAGE, are non-enzymatically glycated proteins or
lipids that accumulate in hyperglycemia conditions. The accumulation of endogenous
AGEs also occurs in the presence of high OxS, resulting in sugar oxidation, which facilitates
protein glycation, and during inflammatory processes, in which AGE formation is favored
by the myeloperoxidase secreted by activated neutrophils. Since hyperglycemia, OxS, and
inflammation typically occur during aging, it is not surprising that the accumulation of
AGEs is a common hallmark in elderly people and that these subjects are predisposed
to RAGE hyperactivation [16]. An additional and major source of (exogenous) AGEs is
represented by processed, baked, and roasted foods, typical of the modern western diet [18],
which deserves particular attention in consideration of the predisposing role of AGEs to
COVID-19 comorbidities.

Table 2. RAGE ligands and RAGE expression and activity in COVID-19 comorbidities.

Comorbidities RAGE Ligands RAGE Expression RAGE Activity Refs
AGE-RAGE generates
pro-inflammatory
. High serum AGE, S100B, High expression of RAGE; cytokines, vascular adhgswn
Hypertension and HMGBI1 low serum sRAGE molecules, and ROS in [19-24]
: and esRAGE. endothelial cells;
AGESs reduced NO and increased
endothelin-1.
AGE-RAGE results in atherosclerosis
Increased expression of through activation of NF-«B and
RAGE in monocytes. NADPH oxidase, leading to increased
. Low serum sRAGE and expression of proinflammatory
Diabetes High saerl;srr;H\A/[CC;;%sl, S1008, esRAGE in type 2 diabetes;  cytokines, pro-fibrotic factors, and ROS.  [16,17,25-28]
: high serum sRAGE in 5100 proteins and HMGB1 promote the
critically ill diabetic release of proinflammatory cytokines
patients. and ROS formation via RAGE,
contributing to atherogenesis.
. ngh expression of RAGE RAGE signaling induces inflammation
High serum AGEs, in atherosclerotic plaques and OXS. leadine to amplification of
Coronary artery disease S100A6, S100A12, S100B, and coronary arteries. th th/ roscl lfg " inﬂp mmator [29-37]
S100P, and HMGBI. High serum sRAGE; O ol
low serum esRAGE. P ’
AGE-RAGE induces atrial fibrosis,
Hieh serum AGEs. and High expression of RAGE. inflammation, and OxS.
Atrial fibrillation & HMGBI1 ’ High serum sRAGE and HMGB1-RAGE promotes platelet [38,39]
’ esRAGE. aggregation, activation of coagulation

factors, and fibrin formation.
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Table 2. Conts.
Comorbidities RAGE Ligands RAGE Expression RAGE Activity Refs
AGE-RAGE induces inflammation and
OxS in podocytes.
Low serum esRAGE in Immune cells recruited to the nephrons
Renal disease High serum AGEs and atients with end-stage release 5100 proteins and HMGBI, [40—45]
HMGBL. P renal disease 8 inducing OxS and inflammation, and N
‘ generating additional AGEs;
AGE:s crosslink local ECM proteins and
induce amyloid fibril formation.
High levels of AGEs in ngh expression of RAGE. RAGE participates in AB production
neurons and vessels in High serum sRAGE and and accumulation in AD
Dementia I-\Illagflllelizg e;?ilgg's ESR‘giif:r%aetz:;iithh Interaction of AR with RAGE induces [5,46-52]
S100A9, S100A12, and low serum sRAGE in 1nﬂammatlzr[; an OTtSI ’ ixacerbatmg
S100B in AD brains AD patients. eposttion.
RAGE activation recruits neutrophils
. . to airway space.
High expression of RAGE :
High levels of AGEs, in lungs. Deg.radat.lon of SRAGE by
COPD HMGB1. and S100B Low levels of SRAGE in neutrophil-derived proteases leads to [53-55]
! : serum and BAL hyperactivation of RAGE, and
’ persistence of neutrophil recruitment
and inflammation.
High RAGE expression in
High serum pentosidine the heart. RAGE signaling sustains cytokine
Heart failure & and HI\I;)[GBl High serum sRAGE and production, inflammation, OxS, and [56-58]
’ cRAGE; fibrous tissue deposition
low serum esRAGE.
HMGBI released by necrotic
adipocytes interacts with RAGE,
. Lo inducing pro-inflammatory cytokines
High serum AGEs, High Ecﬁcfs:iﬂrsejslon mn and ROS;
Obesity /Hyperlipidemia S100A4, SI00A8/A9, Low s};rum levelio ¢ S100A4, S100A8/A9, and S100B induce [59-64]
S100B, and HMGBI. inflammation, interacting with RAGE;

sRAGE and esRAGE.

AGE accumulation in adipose tissue
may contribute to obesity-associated
insulin resistance.

3.1. Diabetes and Obesity

In diabetic patients, the increase in plasma levels of AGEs is responsible for a non-
physiological hyperactivation of RAGE, leading to atherosclerosis through the activation
of NF-kB and NADPH oxidase, resulting in the increased expression of proinflammatory
cytokines and pro-fibrotic growth factors, and the generation of ROS, which is causative of
severe complications, including CVD and nephropathy [16,17].

Together with AGEs, the serum levels of other RAGE ligands, such as HMGB1 and
5100 proteins, are elevated in diabetic and obese patients and, similarly to AGEs, their
increase has been associated with endothelial dysfunction and cardiovascular complica-
tions in diabetic and non-diabetic subjects [17]. In diabetic conditions, AGEs induced by
hyperglycemia lead to the release of HMGB1, which plays a crucial role in the pathogen-
esis of diabetic complications, promoting the release of proinflammatory cytokines and
ROS formation, also via the interaction with RAGE [25]. In response to hyperglycemia,
neutrophil-derived S100A8/ A9 interacts with RAGE on hepatic Kupffer cells, resulting
in increased production of IL-6, a cytokine implicated in inflammatory thrombocytosis.
The inhibition of SI00A8/A9 reduces diabetes-induced thrombocytosis and decreases
atherogenesis in diabetic mice [26].

The levels of AGEs increase in liver and adipose tissue following a high-fat diet, contribut-
ing to obesity and promoting the secretion of proinflammatory cytokines (adipokines) from
adipose tissue mainly through their interaction with RAGE, sustaining low-grade chronic
inflammation and OxS, leading to diabetes, insulin resistance, and CVD [18]. Mice lacking
RAGE fed with high-fat diets showed reduced weight gain, reduced macrophage infiltration
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in the adipose tissue, and reduced insulin resistance, demonstrating that RAGE is a major
contributor in the development of obesity and adipose tissue-related inflammation [59].

In obesity conditions, HMGBI released by necrotic adipocytes interacts with RAGE,
inducing the secretion of proinflammatory cytokines, and recruits immune cells that in turn
induce additional adipocyte death through the further release of proinflammatory cytokines
and ROS production [60]. The S100 protein family members, S100A4, S100A8/A9 het-
erodimer, and S100B have all been implicated in the pathophysiology of obesity-associated
inflammation via their interaction with RAGE [61].

Notably, diabetes and obesity are associated with increased susceptibility to infections.
COVID-19 patients with diabetes mellitus or obesity are at a higher risk of worse outcomes
(including respiratory and multiple organ failure) and higher mortality. In diabetic patients,
reduced mobilization of polymorphonuclear leukocytes, chemotaxis, and phagocytic activ-
ity, and inhibition of TNF-oc have been reported, resulting in a compromised innate immune
response against SARS-CoV-2, leading to excessive and uncontrolled inflammation and a
hypercoagulable state [65]. Interestingly, diabetic mice exhibited an excess of proinflamma-
tory cytokines in response to infections with Gram-negative bacteria in comparison with
non-diabetic mice, driving lethal hyperinflammation through TLR4 and RAGE via their
common adaptor protein, MyD88. Inhibition of RAGE with FPS-ZM1 protected diabetic
mice against bacterial infection [66].

Similarly to diabetic patients, obese patients show a defective immune response, en-
dothelial dysfunction, hypercoagulability, and thrombosis following SARS-CoV-2 infection.
Obesity is particularly detrimental in patients with COVID-19 likely because of the high
expression level of ACE2 in the adipose tissue (several-fold higher than that in the lungs),
suggesting that adipose tissue is more vulnerable to SARS-CoV-2 infection, representing a
reservoir of the virus, and driving multiorgan damage. This condition is exacerbated by
the production by adipocytes of angiotensinogen, which is converted by renin and ACE
into proinflammatory Ang II [67].

Diet-induced obese mice infected with an influenza A virus (IAV) showed a significant
increase in the mortality rate, a marked delay in antiviral and proinflammatory cytokine
production, and a substantial reduction in natural killer (NK) cell cytotoxicity in the lungs
compared to lean control mice. Moreover, in infected obese mice there was a more severe
lung pathology, characterized by a late and heightened inflammatory response, likely due
to increased numbers of infected lung cells, infiltration of cytokine-producing T cells, and
reduced production of antiinflammatory cytokines [68].

3.2. Hypertension

The AGE-RAGE axis is involved in arterial stiffness and hypertension. In patients
with hypertension, the plasma levels of AGEs are positively correlated, and serum levels of
sRAGE and esRAGE inversely correlate with arterial stiffness and hypertension [19]. AGEs
can induce hypertension by both altering the arterial compliance/stiffness and interacting
with membrane RAGE on the cell surface, resulting in changes in cell function. Cross-
linking between AGEs and proteins of the extracellular matrix (ECM), such as collagen and
elastin, increases the artery stiffness [20]. AGE-RAGE interaction leads to increased ROS
production, which in turn is responsible for the increase in the total peripheral vascular
resistance, suggesting that AGEs, through the production of ROS, may induce hypertension
irrespective of arterial stiffness [19]. Moreover, AGEs may induce hypertension by reducing
the bioavailability and activity of the vasodilator molecule, NO [21], and increasing the
expression of the vasoconstrictor factor, endothelin-1 through NF-«B [22].

Of note, antihypertensive pharmacological treatments were shown to have a beneficial
role in elderly COVID-19 patients with comorbid hypertension since the clinical outcomes
were significantly improved in the case of treatment with angiotensin receptor blockers
(ARBs), ACE inhibitors, beta-blockers, or calcium channel blockers (CCBs) compared with
patients who took no drugs [69]. Nevertheless, different antihypertensive pharmacological
treatments were associated with different protection against severe COVID-19, as a large
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nationwide retrospective cohort study showed that antihypertensive people exposed to
ACE inhibitors or ARBs were at less risk of hospitalization with COVID-19 and less risk of
intubation or death compared with individuals exposed to CCBs [70], pointing to a crucial
role of RAS in COVID-19 pathology (see Section 4).

3.3. Cardiovascular Disease

Coronary artery disease (CAD) represents the main form of CVD and is due to
atherosclerosis. The main risk factors are represented by dyslipidemia, diabetes, hyper-
tension, cigarette smoking, and obesity, all characterized by elevated RAGE expression
and signaling. Indeed, AGE/RAGE signaling has an atherogenic role, whereas sRAGE
has antiatherogenic effects. A high AGE/sRAGE ratio (also known as AGE-RAGE stress)
results in the development and progression of CAD [29]. However, conflicting results have
been reported about the serum levels of SRAGE in CVD patients, with lower or higher
levels of SRAGE found, depending on the type of patients investigated. SRAGE was found
to be elevated in type 1 or type 2 diabetes and end-stage renal disease [30,31]; in contrast,
the serum levels of esSRAGE were lower in CAD patients, and low levels of esRAGE were
associated with increased mortality [32]. Other RAGE ligands have been implicated in
CVD. Subjects with acute coronary syndrome showed increased serum levels of S100A6,
S100A12, S100B, and S100P in comparison with control groups and healthy people [33,34].
Increased serum levels of HMGBI are associated with CAD in type 2 diabetic patients and
nondiabetic people [35].

As in the case of hypertension, the molecular mechanisms at the basis of RAGE-
mediated effects in CVD include the production of OxS, pro-inflammatory cytokines, and
vascular adhesion molecules, and the impairment of NO production by inhibiting the
expression of NO synthase in the endothelium. AGEs and 5100 proteins bind RAGE
on the surface of platelets, upregulating adhesion molecules and glycoproteins and fa-
voring platelet aggregation and atherosclerotic plaque formation, increasing the risk of
microthrombus [36]. Following the recruitment of RAGE, inflammatory cells enter the
atherosclerotic plaque lesions through the damaged endothelial barrier, contributing to the
development of atherosclerosis [37].

The AGE-RAGE axis is also involved in atrial fibrillation by inducing atrial fibrosis,
inflammation, and OxS, translating into atrial electrical remodeling [38]. HMGB1-RAGE
promotes thrombosis in patients with atrial fibrillation, contributing to platelet aggregation,
activation of coagulation factors, and fibrin formation [39].

RAGE and RAGE ligands are upregulated in injured heart, and the serum levels of
RAGE ligands and sRAGE correlate with the degree of heart failure [56]. Interestingly, the
serum concentration of the AGE pentosidine was found to be an independent risk factor
for heart failure, since serum pentosidine positively correlated with the risk of cardiac
events [57]. Increased serum HMGB1 and cRAGE, and decreased esRAGE levels, were
found in heart failure patients, correlating with the severity of the pathology in diabetic
and non-diabetic patients [58].

3.4. Lung Disease

RAGE is involved in non-infective and infective pulmonary diseases. Indeed, in-
creased amounts of RAGE and/or RAGE ligands have been reported in pulmonary fibrosis,
acute lung injury (ALI), ARDS, pneumonia, and cystic fibrosis (CF), and were demonstrated
to sustain the pathological outcomes in these conditions [71]. Moreover, serum sRAGE is
a recognized marker of lung epithelial injury, associated with prognostic and pathogenic
values in patients with ARDS [72]. In an experimental model of LPS-induced ALI the use
of an anti-RAGE blocking antibody reduced the upregulation of RAGE expression and
NF-kB activation in the lung, and consequently restrained inflammatory lung injury [73].

Due to the amount of AGE precursors (including glycotoxins) contained in cigarette
smoke, RAGE expressed by AECs is highly recruited in smokers, predisposing them
to chronic obstructive pulmonary disease (COPD), ultimately resulting in emphysema.
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HMGBI1 was found to be increased in the lungs of smokers with COPD compared to
non-COPD smokers or never-smokers, and a positive correlation between the serum levels
of 5100B and the severity of pathology was reported in a cohort of COPD patients [53].

DAMPs released upon lung epithelial damage activate RAGE, thus sustaining the re-
cruitment of neutrophils to sites of inflammation in the airway space of COPD patients. By
upregulating the RAGE ligand, Mac-1/CD11b on their surface, activated neutrophils interact
with AECs via a RAGE-dependent mechanism, thus amplifying the inflammatory response [54].

Reduced levels of serum sRAGE have been observed in COPD patients compared with
healthy subjects [55], and a correlation between a lack of SRAGE in bronchoalveolar lavage
and high levels of airway neutrophils has been observed in asthmatic and COPD patients.
This is likely due to the degradation of sSRAGE by neutrophil-derived proteases, leading to the
hyperactivation of RAGE, with the persistence of neutrophil recruitment and inflammation [54].

RAGE signaling is detrimental during IAV-induced pneumonia, which was found
to be associated with the enhanced expression of this receptor, together with HMGBI, in
lungs. RAGE-ablated mice infected with IAV showed enhanced immune responses and
better outcomes compared with IAV-infected wild-type mice [74]. Moreover, together with
TLR4 and TLRY, RAGE recruited by HMGB1 promotes human adenovirus type 7 (HAdV-7)
replication and signaling in a severe form of pediatric pneumonia [75].

3.5. Renal Disease

AGEs/RAGE signaling is directly involved in the pathogenesis and progression of dia-
betic nephropathy due to the generation of OxS and activation of NF-kB, increased synthesis
of ECM proteins, and subsequent perturbation of podocytes and tubular cell homeostasis [40].
Elevated levels of HMGB1 were found in patients with chronic kidney diseases, and HMGB1
has been detected in urine, blood, and cell types of renal parenchyma in renal disease condi-
tions [41]. HMGBI enhances the epithelial-mesenchymal transition of tubular cells via RAGE
recruitment, thus promoting renal fibrosis in diabetic nephropathy [42].

In renal diseases, immune cells recruited to the nephrons release S100 proteins and
HMGB], inducing ROS and inflammation, thus generating additional AGEs that crosslink
local ECM proteins and induce amyloid fibril formation [43]. RAGE~/~ mice fed with a
Ne-(carboxymethyl)-lysine (CML)-enriched diet for 18 months showed the accumulation of
CML in the renal tubules but were found to be protected against nephrosclerosis lesions (i.e.,
hyalinosis, tubular atrophy, fibrosis, and glomerular sclerosis) and renal senile amyloidosis,
and expressed less inflammatory and fibrotic mediators compared with control mice [44].

3.6. Dementia

A significantly increased risk for COVID-19 and an association with severe outcomes
of the pathology have been observed in patients with dementia, including AD [76,77].
On the other hand, neuronal injury and glial activation have been reported in patients
with moderate to severe COVID-19 with or without dementia [78]. RAGE signaling is
likely to have a role in these conditions, since (i) a correlation between the levels of the
most abundant AGE, CML, in neurons and vessels and cognitive impairment has been
reported in subjects with vascular dementia [46]; (ii) toxic AGEs have been found in the
neurofibrillary tangles and neurons of the hippocampus and parahippocampal gyrus of AD
patients [47,48]; and (iii) S100B, SI00A9, and S100A12 levels are increased in AD brains [49].
It is known that RAGE plays a critical role in AD, participating in amyloid beta (Af)
production and accumulation, the formation of neurofibrillary tangles, failure of synaptic
transmission, and neuronal degeneration by acting as an inflammatory intermediate and a
critical inducer of OxS [5,50].
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3.7. RAGE in Severe COVID-19

Thus, in subjects with comorbidities, the systemic accumulation of RAGE ligands
might predispose to severe pulmonary pathology and multiorgan damage following
coronavirus infection. In the presence of elevated RAGE ligands, the hyperactivation of
RAGE occurs, leading to a basal sub-clinical inflammatory state that primes the lung for an
excessive and unsuccessful response to the virus.

The potential key role of RAGE in the severe forms of COVID-19 is highlighted by very
recent findings about some of its ligands: (i) serum levels of AGEs were found to be higher in
COVID-19 patients with lung involvement than in asymptomatic patients [79]; (ii) SI00A12
was found to be one of the differentially expressed proteins in the bronchoalveolar lavage
fluid of critical COVID-19 patients [80]; (iii) elevated levels of S100B and S100A8/A9 were
detected in the serum of COVID-19 patients, significantly correlating with the severity of
disease [81,82]; and (iv) the serum levels of SI00A8/A9 and HMGB1 at hospital admission
were found to be increased in intensive care unit (ICU) compared to non-ICU patients, and
in fatal outcomes compared to surviving patients, in a retrospective study of COVID-19
patients [83]. Altogether, these data indicate that SI00A12 is involved in COVID-19 lung
tissue damage, and that the elevation of AGEs S100B, SI00A8/A9, and HMGBI in the serum
of SARS-CoV-2-infected people is associated with worse outcomes and increased mortality,
pointing to an overall convergence of RAGE signaling in severe COVID-19.

Notably, in a meta-analysis of the transcriptomic response of infected human cells,
comparative gene set enrichment analysis showed that AGE/RAGE was one of the twenty
commonly activated pathways upon SARS-CoV, middle east respiratory syndrome coro-
navirus (MERS-CoV), and SARS-CoV-2 infections, confirming that RAGE signaling is
crucially involved in coronavirus pathogenesis [84].

Excess inflammation and OxS contribute to the generation of the cytokine storm in
COVID-19 patients, resulting in endothelial dysfunction, which is causative of multiorgan
damage and more severe illness. Endothelial dysfunction is a common clinical feature of
coronavirus infections, in which the endothelium undergoes disruption due to increased
proinflammatory mediators and subsequent deregulation of the coagulation cascade [85].
The HMGB1/RAGE axis plays a major role in this process. HMGBL is passively released
by injured endothelial cells and, behaving as a DAMP, induces the expression of proinflam-
matory cytokines, chemokines, adhesion molecules (ICAM-1 and VCAM-1), and RAGE
itself. This way, HMGB1 induces the recruitment of macrophages, which upregulate RAGE
and the activity of which translates into the further release of HMGB1 and cytokines
propagating the inflammatory response, representing the early stage of atherosclerosis
and predisposing to acute ischemic stroke [16], a condition commonly observed in severe
COVID-19 patients [85]. Finally, RAGE has been involved in the formation of neutrophil
extracellular traps (NETs, i.e., extracellular webs made of DNA, histones, microbicidal
proteins, and oxidant enzymes) [17] that are released by neutrophils to restrain SARS-CoV-2
infection, and the excess formation of which causes respiratory failure and thrombosis in
severe COVID-19 [86]. DAMPs, and in particular HMGB, are potent activators of NETo-
sis [87]. Platelet-derived disulfide HMGB1 promotes NET formation in a RAGE-mediated
manner, leading to the exposure of additional HMGB1 on NETs’ extracellular DNA strands,
thus leading to a vicious circle of coagulation and inflammation, predisposing the subject
to thrombosis [88]. In addition, neutrophils and platelets release S100 proteins, which
facilitate thrombus formation through RAGE activation [89].

4. RAGE and the Renin—Angiotensin System. Overlapping Pathways and Biased
Signaling with Potential Relevance in COVID-19

The RAS (Appendix B), an endocrine system with pleiotropic activities, mainly known
for its involvement in the control of blood pressure, has a prominent role in COVID-19
pathology, starting from the entry of the virus into cells through the interaction of the viral
protein, spike, with the receptor, angiotensin-converting enzyme 2 (ACE2). Following
interaction with SARS-CoV-2, virus-dependent ACE2 downregulation is responsible for
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the accumulation of ACE1-derived Ang II, which mediates the inflammatory response and
parenchymal injury in lungs and other organs by interacting with ATIR and activating NF-
kB. ACE2 glycosylation, as occurring under hyperglycemia conditions typical of diabetes,
increases the binding affinity of ACE2 to the virus and favors the spreading of the virus to
multiple organs [90]. Preventing imbalances in RAS members or favoring the activity of
Mas receptor (MasR) or AT2R is a therapeutic strategy to restrain SARS-CoV-2-dependent
tissue damage in COVID-19 patients [9].

Crosstalk between RAGE signaling and the RAS cascade has been reported in several
cell types. In endothelial cells in conditions of hyperpermeability (as occurs in COVID-19
comorbidities), a loop sequence of events takes place, fuelling inflammation and OxS.
Ang Il interacts with AT1R, activating NF-«B and leading to the expression and release
of HMGBI, along with the expression of ATIR itself and RAGE. By interacting with
RAGE, extracellular HMGBI activates additional NF-kB to further increase HMGB1, AT1R,
and RAGE expression. The use of sSRAGE hampers the Ang II-induced expression of
ATIR and RAGE in these conditions [91]. Another example is offered by podocytes,
in which treatment with AGEs results in increased expression of angiotensinogen, Ang
II, and AT1R via phosphoinositide 3-kinase and in podocyte apoptosis [92]. A role of
RAGE in sustaining Ang IlI-induced proinflammatory signaling has also been reported in
macrophages and splenocytes [93]. Conversely, Ang II controls HMGB1 expression and
release by macrophages. Indeed, Ang II induces the polarization of proinflammatory M1
macrophages through the upregulation, acetylation, and release of HMGB1, which in turn
upregulates Ang II, thus activating a positive loop [94].

A link between RAGE and AT1R signaling has been demonstrated in the pathogenesis
of diabetic atherosclerosis. In the early stages of diabetes, increased AT1R staining is
associated with the expression of RAGE and its ligand, EN-RAGE (S100A12), in aortic vas-
cular smooth muscle cells (VSMCs), and treatment of VSMCs with Ang II increases RAGE
expression via AT1R. Moreover, AT1R deficiency or treatment with ARBs prevented the
diabetes-induced hyperactivation of the ligand /RAGE axis and monocyte chemoattractant
protein (MCP)-1-related inflammation, and atherogenesis in diabetic mice [95]. On the
other hand, mice genetically lacking the RAGE gene (Ager) and susceptible to atheroscle-
rosis (Ager/Apoe-double-KO mice) were found to be protected against Ang Il-induced
plaque accumulation across the aortic arch [93]. Treatment with the ACE inhibitor (ACEi),
benazepril significantly suppressed the accumulation of AGEs and RAGE expression, thus
reducing NADPH oxidase upregulation, ROS generation, NF-«B activation, and VCAM-1
and TGEF-f1 levels in the kidneys of spontaneously hypertensive rats [96].

The existence of an interplay between RAGE and AT1R signaling is stressed by the fact
that the formation of RAGE/AT1R heteromeric complexes at the plasma membrane has
been reported at the basis of the Ang II/AT1R-dependent transactivation of RAGE, leading
to inflammation and atherogenesis, independently of the presence of RAGE ligands [93].
These results point to a role of RAGE/AT1R crosstalk in severe COVID-19 and COVID-19
comorbidities (Figure 2).

The intracellular signaling activated by the recruitment of RAGE or members of the
RAS may be affected by the absence or presence of specific co-receptors or co-factors.
Indeed, it is known that some ligand-receptor-effector complexes may generate distinct
conformations, leading to the preferential activation of certain intracellular signaling path-
ways rather than others, a phenomenon known as “biased signaling” [97]. The extensive
literature reporting crosstalk between RAGE and the RAS cascade suggests that a biased
signaling system is established in several pathological settings in which RAGE overstates
the deleterious effects of the RAS, especially when RAGE is overexpressed or overstim-
ulated by an excess of its ligands. Consistent with the interaction between RAGE and
RAS signaling, ARBs or ACEi reduce the proinflammatory action of RAGE in several
experimental settings of diseases: (i) the use of the ARBs, telmisartan, irbesartan, and
candesartan, which proved to be efficacious in the prevention and acute treatment of stroke,
reduces RAGE expression, thus inhibiting the HMGB1/RAGE axis in stroke conditions [98];
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(ii) telmisartan blocks the upregulation of RAGE expression and the release of sSRAGE
induced by treatment with Ang Il in cultured endothelial cells [99]; (iii) losartan reduces the
HMGBI release in sepsis conditions [100]; (iv) candesartan reduces AGE accumulation and
subsequent albuminuria by attenuating RAGE expression and downregulating NADPH
oxidase and iNOS expression in kidneys of type 2 diabetic mice [101]; (v) the ACEi ramipril
reduces the accumulation of AGEs and inhibits the activation of MMP-2 and ROS genera-
tion induced by the AGE/RAGE axis in experimental models of diabetic nephropathy [102];
and (vi) treatment with ACEi resulted in a significant increase in SRAGE and the reduction
of AGE formation in bovine aortic endothelial cells, diabetic rat models, and type 1 diabetes
patients, and in a decrease of renal full-length RAGE in ACEi-treated rats [103].
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Figure 2. RAGE/RAS crosstalk might take place in several tissues sustaining multiorgan damage in severe COVID-19

conditions. RAGE/RAS signaling might (A) sustain cytokine storm in macrophages and splenocytes; (B) induce endothelial

dysfunction by increasing capillary permeability, the release of damage-associated molecular pattern molecules (DAMPs),

and reactive-oxygen species (ROS) production, leading to atherosclerotic plaque formation; (C) predispose to thrombosis

by inducing the formation and release of neutrophil extracellular traps (NETs) by neutrophils and subsequent platelet

aggregation; (D) induce muscle atrophy by stimulating apoptosis, increasing protein degradation, and reducing protein

synthesis; (E) sustain renal damage by inducing podocyte apoptosis and endothelial dysfunction; and (F) induce brain

damage by altering the blood-brain barrier (BBB) favoring the entry of immune cells, and neuroinflammation.

RAGE/RAS crosstalk might be involved in the abnormal activation of platelets and
the release of NETs. Spike protein/ACE2 interaction directly activates platelets, leading
to the release of HMGB], together with coagulation factors and inflammatory cytokines,
and potentiating platelet prothrombotic function [104]. RAGE/RAS-dependent ROS pro-
duction and excessive activation of NF-«B might exacerbate neutrophil infiltration and the
induction of NETs, which in turn collaborate with platelet RAGE to induce platelet aggre-
gation [105]. The role of RAGE/RAS in thrombosis also deserves attention in consideration
of the undesired effects reported for adeno-associated virus (AAV)-based vaccines [106].

Due to its established role in neuroinflammation [5,50], RAGE signaling might be crit-
ical in exacerbating the neurological damage and outcomes of COVID-19 patients through
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its interaction with the RAS. ACE2 is expressed by neurons and glial cells, including astro-
cytes and microglia, making the nervous system a potential target of SARS-COV-2. The
increase in circulating levels of chemokines and interleukins subsequent to SARS-COV-2
pulmonary infection compromises the blood-brain barrier (BBB), favoring the entry of the
virus into the brain parenchyma and leading to inflammation, with the subsequent risk of
neurological damage [107].

The deleterious crosstalk between RAGE and RAS might be active also in the muscles
of severe COVID-19 patients who develop cachexia [108], a complex metabolic syndrome
characterized by the loss of muscle mass and body weight, since both RAGE and RAS
signals play crucial roles in inducing muscle protein breakdown [109]. Skeletal muscle
tissue expresses a considerable amount of ACE2 [110], making muscles potential targets
of SARS-CoV-2. Deletion of ACE2 in mice translated into early manifestations of muscle
weakness with signatures of muscle senescence [111], suggesting that the SARS-CoV-2-
dependent downregulation of ACE2 might predispose COVID-19 patients to cachexia. At
the muscle level, Ang II induces protein degradation and apoptosis, and decreases protein
synthesis, and these detrimental effects are partly mediated by AT1R [112]. Increased
serum levels of Ang II have been found in cachectic patients [113]. RAGE is highly re-
expressed in adult skeletal muscle in wasting conditions occurring in response to aging,
genetic disorders, inflammation, cancer, and metabolic alterations, and the serum levels of
several RAGE ligands are increased in cachexia, thus sustaining RAGE activity [10,109].
Exogenous administration of the ACE2 cleavage product Ang-(1-7) or deletion of RAGE
rescued muscle wasting in age-related and cachexia conditions, respectively [109,111]. The
reported increased expression of ACE2 in an experimental model of Duchenne muscular
dystrophy (DMD) [114], in which RAGE is also expressed and chronically stimulated [115],
points to a susceptibility of DMD muscles to SARS-CoV-2 infection, and the vulnerability
of DMD patients to accelerated muscle wasting when affected by COVID-19.

All comorbidities associated with severe COVID-19 are characterized by sympathetic
overactivation, exacerbating the deleterious effects of the pathologies on the affected organs.
In COVID-19 patients, the enrollment of the sympathetic system is further sustained by the
increased induction and release of Ang II, thus establishing a vicious circle, worsening the
pathological outcomes [116]. Due to the crosstalk between RAGE and the RAS, it is likely that
RAGE also has a role in overactivating the sympathetic system in severe COVID-19 conditions.

Thus, RAGE and the Ang II/ATIR signaling are chronically stimulated in COVID-
19 comorbidities, in which crosstalk between these two pathways has been reported to
contribute to inflammation and OxS. The crosstalk between RAGE and AT1R signaling
might be responsible for the inflammatory events and alveolar—capillary barrier disrup-
tion in lungs, leading to high-permeability pulmonary edema and alveolar flooding upon
SARS-CoV-2 infection (Figure 3), and it might be determinant in predisposing subjects
with comorbidities to develop severe COVID-19. In these subjects, SARS-CoV-2 entry
and replication might lead to the additional release of RAGE ligands and further RAGE
activation, reinforcing the ATIR deleterious signaling and generating a positive proinflam-
matory loop, culminating in ARDS, systemic cytokine storm, defective immune response,
and virus escape and diffusion. As an example, the HMGBI released from necrotic cells
induces ACE2 expression in a RAGE- (but not TLR4-) dependent manner, thus sustaining
SARS-CoV-2 infection [117]. RAGE/AT1R signaling crosstalk and/or AT1R-dependent
transactivation of RAGE might occur in organs other than the lungs, leading to widespread
inflammation and multiorgan damage (Figure 3).



Biomolecules 2021, 11, 876 14 of 23

A. Susceptible subjects B. Healthy subjects
(high levels of RAGE ligands, hyperactivated RAGE) (physiologically activated RAGE)

Severe COVID-19 e Mild COVID-19

&

Sy O

© ¢ 0% Virus defeat

@®

o =

®

. ] g
& — < X =
Endothelial Qy 4% e Y
dysfunction, ” 075 + O

virus spread, o -
multiorgan

damage

X

e T

. 7. SARS-Cov-2 AGER\
Pharmacological anriams

3. Ang I \ 5. RAGE ligands €
accumulation ¥ release inhibition of RAGE
[ IS Booa u signalling
; : DAMP/
; A . 1 T N — -- AT1R Ang Il
U T T Wang il BRAGE & Lo igand
1. Spike/ACE2 ™ . / : H : v ® o Cytokines YVirus-specificamibody
’ zndin v < v 8. Deleterious
9 2acE2 | 4 Celldamage 6. RAGE RAGE/AT1R Activated
down-regulation ! expression crosstalk @ T cell O B cell @ macrophage
\ and activation  (fibroblasts, and
alveolar, immune, =7
\ dothelial <@ Fibroblast Type 1
! and endothelial q ibroblas’ -
s - e

and activation

Pyroptotic Pyroptotic
@ fype 2 AEC —— @ type 1 AEC

Figure 3. (A) In susceptible subjects (i.e., aged subjects and patients with preexisting comorbidities) a basal state of lung
inflammation and high levels of circulating RAGE ligands occur, predisposing them to severe COVID-19. Upon recognition
and binding of the viral spike protein with ACE2 receptor (1), SARS-CoV-2 enters type 2 alveolar epithelial cells (AEC)
and leads to downregulation of ACE2 (2), resulting in the unopposed accumulation of Ang II (3), which mediates the
inflammatory response and parenchymal injury in the lungs (4). Infected AECs undergo pyroptosis and release DAMPs,
including RAGE ligands (5), leading to excess RAGE expression and activation (6). In these conditions, RAGE activity
increases AT1R expression (7), and might transactivate AT1R, reinforcing the deleterious effects of Ang II/ATIR in alveolar
epithelial, immune, and endothelial cells, and in fibroblasts (8). Ang II/AT1R induce the further release of RAGE ligands
(5), thus establishing a detrimental loop between AT1R and RAGE signaling. The result is increased capillary permeability,
interstitial edema, fibrosis, further cytokine-dependent parenchymal epithelial and endothelial damage, and chronic
inflammatory cell recruitment and activation, i.e., ARDS. The virus, together with RAGE ligands and a cytokine storm,
enters the bloodstream, also favored by the disruption of the capillary integrity, reaching organs in which deleterious
RAGE/ATIR crosstalk might be already active, and causing irreversible multiorgan damage, potentially culminating in
the patient’s death. (B) In this scenario, the pharmacological inhibition of RAGE restores the physiological activity of the
receptor, as occurs in healthy subjects, resulting in mild COVID-19 upon SARS-CoV-2 infection. The absence (in healthy
subjects) or destruction (in susceptible subjects treated with RAGE inhibitors) of the deleterious RAGE/ATIR crosstalk
might result in restrained lung damage and an improved immune response, avoiding the cytokine storm and favoring
the production of neutralizing antibodies, and the removal of infected cells and the virus. Specific AGER variants might
predispose patients to or protect them against COVID-19 comorbidities, and dictate the outcome of COVID-19 pathology.

5. AGER Polymorphisms with Potential Relevance in COVID-19

Several polymorphisms of the RAGE gene (AGER) have been reported to predispose
or protect people against particular diseases. The single nucleotide polymorphism (SNP)
of AGER, rs1800624 (-374T/A), reduces the risk of cancer and Crohn’s disease, and protects
against the development of CVD in both diabetic and non-diabetic patients. Other AGER
variants, such as rs2070600 (G82S), have been shown to favor diabetic complications
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and cancer. Interestingly, rs2070600 and rs2071288 AGER variants have been associated
with an increased risk of developing COPD and ARDS or emphysema in COPD patients,
respectively [118]. The AGER polymorphism -374T/A and the S100B polymorphism
+427C /T were found to be associated with increased susceptibility to invasive aspergillosis
in patients undergoing hematopoietic stem cell transplantation, when present in both
transplantation counterparts or in donors only, respectively [119]. Finally, in CF patients,
the AGER -374T/A polymorphism leads to the upregulation of RAGE expression and
contributes to high IgE levels [120], and the AGER promoter variant, -429T/C, is associated
with more severe lung disease and increased RAGE expression in vitro [121]. Thus, it is
possible that different AGER variants might differentially predispose patients to COVID-19
comorbidities and dictate the outcome of COVID-19 pathology.

6. Concluding Remarks and Perspectives

In the above reported scenario, the disruption of RAGE/AT1R crosstalk in COVID-19
patients using specific RAGE inhibitors, rather than RAS inhibitors, might represent a pow-
erful therapeutic approach with the advantage of avoiding compromising the physiological
role of RAS in the maintenance of body homeostasis (Figure 3). This is because RAGE
physiological expression is extremely low or absent in most tissues, and the use of RAGE
inhibitors would almost selectively affect those organs in which RAGE is overexpressed
and/or hyperstimulated by its ligands.

Several molecules have been identified for their efficacy as RAGE inhibitors [122]. The
soluble non-transducing forms of RAGE, sSRAGE and esRAGE, and synthetic fragments of
the receptor represent endogenous RAGE antagonists that are able to restrain the activity of
the membrane-bound receptor by binding its excess ligands [123]. However, the association
of sSRAGE plasma levels with the severity of COVID-19 is controversial. Although a study
reported that asymptomatic COVID-19 patients showed higher serum levels of sSRAGE
than patients with lung involvement [79], others found that significantly higher plasma
levels of SRAGE characterized COVID-19-associated ARDS compared with non-COVID-19-
associated ARDS, and that plasma levels of SRAGE were associated with disease severity,
the need for mechanical ventilation, and mortality in COVID-19 [124,125].

The small molecules FPS-ZM1 and TTP488 (azeliragon) have demonstrated satisfac-
tory results in terms of RAGE inhibition, antiinflammatory effects, and safety in several
experimental models of diseases, with TTP488 being investigated in clinical trials [123].
Small interfering RNAs or single-stranded DNA oligonucleotides (aptamers) targeting
RAGE are useful in inhibiting RAGE expression and RAGE activity, respectively, and have
been used in several models of diseases, including pulmonary arterial hypertension, renal
disease, and diabetes [109]. The mutant RAGE peptide S391A-RAGE362-404 inhibited
RAGE transactivation with AT1R, thus attenuating Ang II-dependent inflammation and
atherogenesis in an animal model of atherosclerosis [126].

Interventions aiming to inhibit or reduce the levels of RAGE ligands also translate into
the inhibition of RAGE activity. Pentamidine, a small molecule that is able to bind and
inhibit S100B, reduced neuroinflammation and S100B levels in an experimental model of
multiple sclerosis [127]. Arundic acid, another S100B inhibitor, prevented astrocytic activation,
enhanced neuronal survival, and reversed neurological deficits and tissue damage following
intracerebral hemorrhage in rats [128]. Monoclonal antibodies, peptide inhibitors, RNA
interference (RNAi), ARBs, and various chemical compounds (e.g., ethyl pyruvate) have been
used to inhibit the expression and release of HMGBL in preclinical studies [129]. Interestingly,
the licorice-derived extract and HMGBI inhibitor, glycyrrhizin emerged as the most active
compound among several antiviral agents in inhibiting coronavirus replication [130].

Lifestyle changes are an important means to prevent the hyperactivation of RAGE and
to reduce the comorbidities associated with severe COVID-19. A reduced consumption of
AGE-rich foods (red meat, animal fat, cheese, etc.), changes in cooking methods (reducing
the cooking duration and temperature), and the interruption of cigarette smoking decrease
the levels of AGEs in the serum [53,131].



Biomolecules 2021, 11, 876

16 of 23

The non-enzymatic AGE cross-link breaker alagebrium (3-phenacyl-4,5-
dimethylthiazolium chloride, ALI-711), which reached phase III clinical trials, showed pos-
itive effects on cardiovascular hypertrophy, diabetes, hypertension, and vascular sclerotic
pathologies. Aminoguanidine (pimagedine), a scavenger of reactive carbonyl groups (espe-
cially dicarbonyl compounds), prevents AGE formation and reduces the accumulation of
exogenous (food-derived) AGEs, although clinical trials of aminoguanidine to prevent the
progression of diabetic nephropathy failed due to safety concerns and a lack of efficacy [132].

Thanks to the autofluorescence typical of some AGEs, the measurement of the skin
AGE content using a simple non-invasive method based on a fluorescence spectrometer is
possible. The skin AGE content represents a reliable indirect measurement of the AGEs
accumulated in other tissues. Skin autofluorescence was found to be significantly associated
with arterial stiffness in elderly people [133]. Thus, measurement of the skin AGE levels in
COVID-19 patients could be performed to evaluate the existence of a correlation between
the AGE content and unfavorable outcomes of the pathology. If this is the case, skin
AGE measurements might be useful to identify people more at risk of developing severe
COVID-19, representing a noteworthy advantage compared to members of the RAS system,
which cannot be evaluated without an invasive approach.

Current therapy for COVID-19 includes traditional prevention with vaccines [134],
the use of inhibitors of the coronavirus RNA-dependent RNA polymerase (such as remde-
sivir) [135], and passive immunity approaches using convalescent plasma from recov-
ered patients [136] or using neutralizing antiviral monoclonal antibodies (such as casiriv-
imab/imdevimab, which are recombinant human monoclonal antibodies against nonover-
lapping epitopes of the receptor-binding domain of the viral S protein) [137]. Although
interesting, little is known about the impact exerted on RAGE signaling by the current
therapeutic strategies against COVID-19. Chloroquine/hydroxychloroquine compounds
exert antiinflammatory effects and have been used in China and South Korea to treat
COVID-19 infections [138]. Chloroquine was shown to prevent the spread of coronavirus
by interfering with ACE2 glycosylation [139]. Interestingly, chloroquine decreases HMGB1
secretion from activated immune cells, interferes with HMGB1-mediated lysosomal leak-
age, preventing the activation of intracellular proinflammatory receptors, and reduces NET
formation in an experimental model of acute pancreatitis [11]. However, caution should be
taken on the use of these autophagy-inhibiting drugs in consideration of their toxic side
effects, including NF-E2-related factor 2 (Nrf2)-dependent reductive stress [140].

Based on the above-reported considerations, in-depth investigations should be per-
formed on the inhibition of RAGE signaling as a potential therapeutic approach, and
particular attention should be paid to the evaluation of the role of AGER polymorphisms
in the context of SARS-CoV infections in order to anticipate and prevent severe COVID
pathologies. Furthermore, RAGE and RAGE ligands are candidates as useful biomarkers
of the severity of lung and organ damage in SARS-CoV infections.
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Appendix A. SARS-CoV-2 Profile

Coronaviruses belong to the subfamily Coronavirinae, family Coronaviridae, order
Nidovirales. The Coronavirinae subfamily includes four groups, «, 3, v, and 6. The severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a betacoronavirus, identified
for the first time in Wuhan, China, in December 2019. The genome of CoVs is a single-
stranded positive-sense RNA (+ssRNA) of approximately 30 kb in length and with at least
six open reading frames. It encodes four main structural proteins, spike (S), envelope
(E), membrane (M), and nucleocapsid (N), together with substructural proteins involved
in virus replication [1]. SARS-CoV-2 shares ~80% and ~50% of the genome with SARS-
CoV and MERS-CoV, respectively. Its high (~95%) protein sequence homology with
SARS-CoV translates into a very similar mechanism of infection: homotrimers of the S
protein generate spikes at the virus surface and bind to the ACE2 transmembrane receptor,
which is widely expressed in cells of the trachea, bronchi, and lung alveoli (epithelial cells
and macrophages) [9]. Following SARS-CoV infection, the decrease in ACE2 amounts
leads to disruption of the physiological function of the RAS, culminating in uncontrolled
inflammation and ARDS. ACE2 is also expressed in the endothelial cells of blood vessels,
intestinal mucosal cells, kidney epithelial tubular cells, nervous cells, endocrine cells, and
immune cells, predisposing patients to SARS-CoV-2-induced multiorgan damage.

Appendix B. The Renin Angiotensin System

Although classically involved in blood pressure regulation and body electrolyte bal-
ance, the renin angiotensin system (RAS) exerts multiple paracrine/autocrine effects in
various tissues affecting organ physiology and homeostasis. In the complex RAS cascade,
renin, an enzyme produced by the juxtaglomerular cells, converts the inactive substrate,
angiotensinogen, into the active peptide angiotensin (Ang) I-(1-10). Ang I is further pro-
cessed by the angiotensin-converting enzyme (ACE), a membrane-bound exopeptidase, to
release the vasoactive Ang II-(1-8), which can bind Ang II type 1 (AT1R) or type 2 (AT2R)
receptors. Activation of AT1R by Ang II translates into NF-kB-mediated inflammation,
sodium retention, vasoconstriction, OxS, fibrosis, and cellular growth. AT2R exerts an
inhibitory effect on the cellular responses activated by AT1R. Similarly, the activity of ACE
is counterbalanced by its homolog, ACE2, the action of which is the conversion of Ang
II into Ang-(1-7), which binds Mas receptor (MasR) and antagonizes the effects of Ang
I/ AT1R [9]. Thus, the RAS includes different angiotensin peptides that bind distinct recep-
tor subtypes, leading to opposite signaling cascades, with Ang II/AT1R pairs sustaining
deleterious effects in several organs.
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