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A B S T R A C T   

A novel infectious disease (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV- 
2), was detected in December 2019 and declared as a global pandemic by the World Health. Approximately 15% 
of patients with COVID-19 progress to severe pneumonia and eventually develop acute respiratory distress 
syndrome (ARDS), septic shock and/or multiple organ failure with high morbidity and mortality. Evidence points 
towards a determinant pathogenic role of members of the renin–angiotensin system (RAS) in mediating the 
susceptibility, infection, inflammatory response and parenchymal injury in lungs and other organs of COVID-19 
patients. The receptor for advanced glycation end-products (RAGE), a member of the immunoglobulin super-
family, has important roles in pulmonary pathological states, including fibrosis, pneumonia and ARDS. RAGE 
overexpression/hyperactivation is essential to the deleterious effects of RAS in several pathological processes, 
including hypertension, chronic kidney and cardiovascular diseases, and diabetes, all of which are major 
comorbidities of SARS-CoV-2 infection. We propose RAGE as an additional molecular target in COVID-19 pa-
tients for ameliorating the multi-organ pathology induced by the virus and improving survival, also in the 
perspective of future infections by other coronaviruses.   

1. Introduction 

Several members of the Coronaviridae family (i.e. HIV, hepatitis B 
and C, and influenza viruses), constantly circulate in the human popu-
lation usually causing mild respiratory diseases [1]. In contrast, the 
severe acute respiratory syndrome coronavirus (SARS-CoV) is trans-
mitted from animals to humans and causes severe consequences in 
affected individuals [1,2]. SARS emerged for the first time in 2002 in 
China where the human transmission to horseshoe bats, which are the 
natural reservoir hosts for SARS-CoV [3], was extremely facilitated by 
intermediate hosts like civets, cats and raccoon dogs, which are 
frequently sold as food sources in Chinese wet markets [4]. In December 
2019, a new infectious respiratory disease called coronavirus disease 
2019 (COVID-19), which is caused by SARS-CoV-2, emerged in Wuhan 
(Hubei, China) and rapidly spread all over the world, forcing the World 
Health Organization to officially declare a global pandemic [5,6]. 

Although most patients with COVID-19 exhibit mild to moderate 
symptoms, approximately 15% develop severe pneumonia, acute res-
piratory distress syndrome (ARDS), septic shock and/or multiple organ 
failure [5,7] with high morbidity and mortality. 

Unfortunately, at the beginning of the pandemic neither vaccines or 
antiviral drugs were available to treat the first SARS pandemic, which 
has been being counteracted with conventional control measures, 
including travel restrictions, interpersonal distance, and patient isola-
tion. Consequently, from April 2020 the Food and Drug Administration 
(FDA) has created a special emergency program for possible coronavirus 
therapies, i.e. the Coronavirus Treatment Acceleration Program [8]. 
Nowadays, five different pharmacologic managements have been 
approved by FDA to treat COVID-19 patients, based on the severity of 
disease. For mild-to-moderate COVID-19 patients who are at high risk of 
severe progression, but not requiring hospitalization or supplemental 
oxygen, two monoclonal antibodies with different mechanisms of action 
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have been approved [9,10]: Bamlanivimab (LY-CoV555) binds to the 
receptor binding domain (RBD) of the SARS-CoV-2 spike protein, 
whereas Casirivimab plus imdevimab (REGN-COV2) binds to non- 
overlapping regions of the SARS-CoV-2 RBD [9,10]. For COVID-19 pa-
tients requiring hospitalization, but not supplemental oxygen, the anti-
viral drug Remdesivir (Veklury), which inhibits the RNA polymerase 
essential for viral replication, has been approved [11]. When COVID-19 
patients require supplemental oxygen (but not invasive ventilation), a 
combination of Veklury and dexamethasone is recommended [12]. 
Lastly, to treat hospitalized COVID-19 patients requiring mechanical 
ventilation, dexamethasone treatment has been approved, since it might 
modulate inflammation-mediated lung injury and thereby reduces the 
progression towards respiratory failure and death [12]. 

Recently, FDA has emanated an Emergency Use Authorization (EUA) 
to permit the use of three vaccines by Pfizer-BioNTech (BNT162b2), 
Moderna (mRNA-1273) and AstraZeneca (ChAdOx1-S or AZD1222) for 
the prevention of COVID-19 [13–15]. The vaccines by Pfizer-BioNTech 
and Moderna are based on a new technology using a messenger RNA 
(mRNA) that encodes the full-length SARS-CoV-2 spike protein, which 
enables the virus to enter cells [3,13,14]. AstraZeneca vaccine is a 
conventional replication-deficient simian adenovirus vector (ChAdOx1) 
containing the full-length codon-optimized coding sequence of the spike 
protein [15]. After vaccination, the spike protein is produced prompting 
the immune system to attack the coronavirus in future infections. The 
vaccines are administered by two intramuscular injections and are 
suitable in people over 16 for Pfizer-BioNTech or over 18 years for 
Moderna and AstraZeneca. 

In addition to approved strategies, other options can be envisaged to 
control or prevent emerging infections of SARS-CoV-2, including renin- 
angiotensin system (RAS) signalling inhibitors. Indeed, the binding of 
the spike viral protein with the recognized receptor, angiotensin- 
converting enzyme 2 (ACE2) and subsequent viral-dependent ACE2 
down-regulation, leads to uncontrolled accumulation of angiotensin 
(Ang) II, which mediates the inflammatory response and parenchymal 
injury in lungs and other organs of COVID-19 patients through the type 1 
angiotensin receptor (AT1R) [16–18]. 

In this context, we focus on the receptor for advanced glycation end- 
products (RAGE), a member of the immunoglobulin superfamily, as a 
possible molecular target to alleviate the pathology induced by SARS- 
CoV-2 and improve the survival of infected patients. RAGE was char-
acterized in 1992 in endothelial cells and owes its name to its ability to 
bind advanced glycation end-products (AGEs), which are adducts 
formed by glycoxidation accumulating in several disorders [19]. How-
ever, RAGE is a receptor able to bind multiple ligands, many of which 
can be defined as pathogen-associated molecular patterns (PAMPs) or 
damage-associated molecular patterns (DAMPs) [20]. Contrary to the 
developmental stage, during which RAGE is highly expressed in many 
tissues, in the majority of healthy adult tissues RAGE is expressed at a 
very low basal level or not expressed at all, and up-regulation of RAGE in 
the adulthood has been associated with a wide range of pathological 
events [21]. Uniquely, adult skin [22] and pulmonary tissue express 
remarkably high basal levels of RAGE, and numerous studies indicate 
important roles for RAGE in both lung physiology and pathological 
states, including pulmonary fibrosis, pneumonia and ARDS [23,24], 
which are all major consequences of SARS-CoV-2 infection. An impor-
tant functional crosstalk has been reported between RAGE and AT1R 
pathways in several pathogenic processes, including diabetic, athero-
sclerosis and nephropathy, and endothelial and cardiac dysfunction, in 
which RAGE overexpression/hyperactivation seems to be essential to 
the deleterious effects of RAS [25–27]. In this review we summarize the 
hypotheses and the experimental evidences about the crucial role of 
RAGE axis in COVID-19 pathogenesis [28,29], and propose a potential 
molecular mechanism used by the receptor to induce the hallmarks of 
severe COVID-19 in susceptible subjects infected by SARS-CoV-2. RAGE 
hyperactivity might impose unresolved lung inflammation leading to 
ARDS, but also might induce multi-organ damage effects by sustaining 

RAS hyperactivation in different tissues. We propose targeting RAGE as 
a novel therapeutic strategy to restrain or prevent severe COVID-19, and 
to reduce the adverse effects of RAS hyperactivation, avoiding 
compromising the physiological role of RAS in the maintenance of body 
homeostasis, which limits the use of conventional RAS blockade. 

2. SARS-CoV-2 pathogenesis 

The main pathogenic feature of COVID-19 is severe pneumonia 
evolving in ARDS [5,30], which is characterized by diffuse alveolar 
damage with formation of hyaline membranes, infiltration of mono-
nuclear cells and macrophages in air spaces, and diffuse thickening of 
the alveolar wall. Viral particles were detected in type I and type II 
pneumocytes in foci of diffuse alveolar damage, and in ciliated epithelial 
cells of nasal, bronchial and bronchiolar mucosae [31–33]. SARS-CoV-2 
infectious virus particles have been isolated also from faeces and urine of 
COVID-19 patients [33,34], and human testes are considered an addi-
tional target and reservoir of SARS-CoV-2 [6]. In addition to lung 
damage, RNAemia, ground-glass opacities in lung X-ray films, acute 
cardiac injury, spleen atrophy, hilar lymph node necrosis, focal hem-
orrhage in the kidney, enlarged liver with inflammatory cell infiltration, 
oedema and scattered degeneration of central neurons were detected in 
some patients [31]. 

In mild COVID-19 patients, resident lung macrophages initiate an 
efficient innate and adaptive inflammatory response that is able to curb 
the SARS-CoV-2 replication and infection, so that the patients with 
either no or only mild pneumonia recover quickly. In severe or critical 
COVID-19 cases, alveolar macrophages and/or epithelial cells, which 
result basally sub-clinical activated by the presence of various comor-
bidities/conditions underpinning the susceptibility to the virus infec-
tion, produce excessive levels of proinflammatory cytokines and 
chemokines that massively attract monocytes and neutrophils to the 
infection site to clear the virus particles and infected cells, resulting in an 
uncontrolled innate inflammatory response. This unsuccessful response 
seems due to the delay in the production/action of type I interferons 
(IFNs) cytokines machinery, which is essential for a successful virus 
depletion in early phase of the infection and the induction of effective 
adaptive immune response, i.e. activation of T cell response. The 
defective IFNs signalling activation leads to abnormal production of 
cytokines that seems the principal mechanism at the basis of SARS-CoV- 
2 escape. In this condition, SARS-CoV-2 disrupts the integrity of the 
epithelial–endothelial (air–blood) barrier by attacking epithelial cells as 
well as lung capillary endothelial cells, leading to a large amount of 
plasma exudate in the alveolar cavity and consequent respiratory 
distress [35,36]. 

In accordance with this hypothesis, no severe cases were reported in 
children, in which the inflammatory system is not basally activated and 
innate immune response is highly effective, whereas adults with un-
derlying pro-inflammatory chronic status due to a setting of comorbid-
ities, including hypertension, diabetes, coronary heart disease and 
cerebrovascular disease, especially in elderly, are particularly suscepti-
ble to virus infection and evolution to a severe or fatal COVID-19 
[5,35,36]. 

Most severe COVID-19 patients exhibit substantially elevated serum 
levels of proinflammatory cytokines and chemokines, including IL 
(interleukin)-6 and IL-1ß, as well as IL-2, IL-8, IL-17, G-CSF (gran-
ulocyte-colony stimulating factor), GM-CSF (granulocyte-macrophage 
colony-stimulating factor), IP10 (interferon gamma-induced protein 
10), MCP (monocyte chemoattractant protein) 1, MIP (macrophage in-
flammatory protein) 1a and TNF (tumor necrosis factor)-α, that define a 
cytokine storm. High proinflammatory cytokines cause shock and tissue 
damage locally in the lung and systemically in the heart, liver and kid-
ney, leading to respiratory failure and multiple organ failure. Also, C- 
reactive protein and D-dimer are found abnormally high [5,35–37]. The 
observed spleen atrophy and lymph node necrosis found in deceased 
COVID-19 patients are indicative of immune-mediated damage [35]. 
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Due to the “virus escape” from adaptive immune response and the 
chronic pulmonary recruitment of circulating immune cells, lympho-
penia is a common feature in patients with severe but not mild or 
recovered COVID-19, with drastically reduced numbers of CD4+ T cells, 
CD8+ T cells, B cells, and natural killer (NK) cells, as well as reduced 
percentages of circulating monocytes, eosinophils and basophils 
[5,35–37]. Antibodies against the SARS-CoV-2 spike glycoprotein has 
been detected in recovered or convalescent patients [38]. Notably, AIDS 
patients with deficient immune system are somewhat resistant to SARS 
infection, raising the possibility that an excessive immune response is 
responsible for the lethality in patients who die of SARS [39]. 

Besides specific vaccines to counter SARS-CoV-2 morbidity and 
mortality [13–15], several approaches to treat COVID-19 are under 
active investigation waiting to be validated and standardized. The 

combination of different strategies pointing to prevent the virus entry, to 
block viral replication, or to reduce excessive immune response to avoid 
ARDS, may represent a more efficacious approach against SARS-CoV-2 
than using single modalities, also in consideration of the virus variants 
spreading [40,41]. 

3. SARS-CoV-2 mechanism of action 

Similar to previous SARS-CoV, superficial spike proteins of SARS- 
CoV-2 recognize and bind the human, pig, civet (but not mouse) 
angiotensin-converting enzyme 2 (ACE2), which is a type I trans-
membrane metallocarboxypeptidase enzyme within the RAS cascade, to 
gain entry into ACE2 expressing cells [42] (Fig. 1). Indeed, treatment of 
Vero-E6 cells, a monkey kidney cell line that permits SARS-CoV 
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Fig. 1. Overview of RAGE (receptor for advanced glycation end-products) activity in coronavirus disease 2019 (COVID-19). 
(A) SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) enters healthy subjects through the respiratory tract and infects secretory lung cells expressing the 
surface receptor ACE2 (angiotensin-converting enzyme 2) (1). The replication and release of virus cause pyroptosis of host cells (2) and consequent release of DAMPs 
(damage-associated molecular patterns), including HMGB1 (high mobility group 1), which are recognized by receptors, including RAGE (3,4), expressed in 
neighbouring epithelial cells, endothelial cells and alveolar macrophages. RAGE/HMGB1 signalling sustains the activation of alveolar macrophages and endothelial 
cells (5) triggering the generation of pro-inflammatory cytokines and chemokines (6), which attract monocytes, neutrophils and T cells to the site of infection 
promoting further inflammation (7). Alveolar macrophages and virus-specific T cells eliminate apoptotic and infected cells, respectively (8), before the virus spreads. 
Neutralizing antibodies produced by B cells (9) can block viral infection, and alveolar macrophages phagocyte the neutralized virus (10). This positive inflammatory 
feedback leads to the clearance of the virus and minimal lung damage, resulting in recovery. (B) In aged subjects or in patients with preexisting comorbidities a basal 
state of inflammation and high levels of circulating RAGE ligands i.e. S100 proteins, AGEs (advanced glycation end-products) and HMGB1, occur. In these conditions, 
SARS-CoV-2 infects, replicates and induces apoptosis of ACE2-expressing lung cells, which in turn release DAMPs (including HMGB1) (1–3). The massive presence of 
RAGE ligands (4) leads to over-expression and hyperactivation of RAGE in alveolar, endothelial and immune cells, including activated alveolar macrophages (5). The 
excessive release of cytokines and chemokines (6) may lead to abnormal accumulation of immune cells in the lung, i.e. pneumonia (7) and to a strong cytokine- 
dependent parenchymal epithelial and endothelial damage (8). The consequent disruption of the air-blood barrier leads to release of considerable amount of 
DAMPs and biomarkers of endothelial injury, such as angiotensin (Ang) II, in the alveoli and blood (9). Ang II combines with AT1R (type 1 angiotensin receptor) 
(10), which is over-expressed and sustained by RAGE signalling in alveolar epithelial cells, inflammatory cells, endothelial cells and fibroblasts leading to increased 
capillary permeability, vasoconstriction, interstitial pulmonary oedema and fibrosis, additional pulmonary and vessel cell apoptosis, and chronic inflammatory cell 
recruitment and activation, i.e. ARDS (acute respiratory distress syndrome). The disruption of microcapillary integrity causes the entry in the bloodstream of a 
cytokine storm and RAGE ligands, resulting in widespread inflammation and Ang II-dependent multi-organ damage (11). In addition, the excessive pro-inflammatory 
response inhibits the type I interferons (IFNs)-mediated activation of T cells leading to non-neutralizing antibodies production by B cells and reduced removal of 
infected cells. The RAGE-HMGB1 axis may be involved in the virus immune escape leading to virus diffusion (11) and massive virus infection of ACE2-expressing 
cells, culminating in patient’s death. 
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replication, with a specific anti-ACE2 antibody blocked the entry of 
SARS-CoV-2 spike proteins. The affinity of SARS-CoV-2 for ACE2 is 
10–20-fold higher than that of SARS-CoV, which could explain its higher 
transmissibility. Binding of the spike protein to ACE2, along with pro-
teolytic cleavage of ACE2 by transmembrane serine protease 2 
(TMPRSS2), facilitates the entry of the virus into cells, viral replication 
and cell-to-cell transmission [42]. 

ACE2 is expressed in vascular endothelial cells [43], renal tubular 
epithelium [43,44], lung (especially in type 2 alveolar epithelial cells 
(AT-2) and Clara cells) [45], and the gastrointestinal tract [46], in which 
it functions as a co-receptor for nutrient uptake, justifying intestine as 
the putative entry site of SARS-CoV-2 after eating food at the Wuhan 
market, and in Leydig cells in the testes [47,48], explaining why these 
cells can serve as a reservoir for viral invasion [48]. ACE2 is also found 
at different extent in heart, thyroid, adipose tissue, liver, bladder, ad-
renal gland, blood, spleen, bone marrow, brain, and muscle tissue 
[43,44], explaining the symptoms and multi-organ dysfunction 
observed in critical COVID-19 patients [5]. The involvement of ACE2 in 
the pathogenesis of SARS-CoV infection has been proved by several re-
ports [49]. Overexpression of human ACE2 enhanced disease severity in 
a mouse model of SARS-CoV infection [50]. 

ACE2 degrades Ang I into Ang 1–9, and Ang II into Ang 1–7, which 
act on the Mas proto-oncogene receptor expressed on a variety of cell 
lineages including AT-2, thereby negatively counter-regulating compo-
nents of the RAS (Fig. 2). Indeed, ACE2 exhibits a protective function in 
the cardiovascular system and other organs by modestly lowering blood 
pressure through vasodilation and by promoting kidney sodium and 
water excretion, but also attenuates inflammation through the produc-
tion of nitric oxide [51]. Ang 1–9 also shows beneficial biological effects 
via the angiotensin type 2 receptor (AT2R) resulting in cardioprotection 
[52,53]. These effects directly oppose those induced by ACE–Ang II 
signalling, whereby ACE converts the inactive peptide Ang I into Ang II, 
which acts principally on AT1R to increase blood pressure by inducing 
vasoconstriction, kidney reabsorption of sodium and water and oxida-
tive stress, and to promote inflammation and fibrosis [44,51] (Fig. 2). 
Indeed, Ang II acts also as a pro-inflammatory cytokine via AT1R by 
activation of the nuclear factor-κB (NF-κB) and the metalloprotease, 

ADAM17 which generates the mature form of epidermal growth factor 
receptor ligands, TNF-α and soluble form of IL-6 leading to a loop of NF- 
kB-STAT3 stimulation [54,55]. Although capillary blood vessels in the 
lung are one of the major sites of ACE expression and Ang II production 
in the human body [56], the components of both deleterious and pro-
tective RAS cascade are co-expressed in the majority of tissues and act in 
both paracrine and autocrine manner in several organs; the balance 
between these cascades determines whether or not tissue injury will 
occur in response to a stimulus, especially in heart and kidney [44,51]. 

The abnormal activation of RAS is associated with the pathogenesis 
of many diseases, such as hypertension, myocardial infarction, heart 
failure, diabetes and inflammatory lung disease [17]. Regardless to lung 
injury, Ang II induces pulmonary vasoconstriction and hypertension also 
in response to hypoxia; increases vascular permeability thus facilitating 
pulmonary oedema; induces pulmonary fibrosis by the activation of 
smooth muscle cell or fibroblast proliferation; directly induces apoptosis 
of human lung alveolar-derived carcinoma cell line, A549, and in pri-
mary type I alveolar (AT-1) cells [56–58] (Figs. 1,2). Interestingly, in 
SARS-CoV spike-treated mice, Ang II levels were increased and the 
worsened ARDS symptoms could be partially reversed by treatment with 
AT1R blockers [59]. In a cohort of twelve COVID-19 patients, circulating 
Ang II levels were markedly elevated compared to healthy controls, and 
linearly correlated with viral load, providing a direct link between tissue 
ACE2 downregulation and systemic RAS imbalance, and facilitating the 
development of multi-organ damage from SARS-CoV-2 infection [60]. 

On the other hand, pulmonary ACE2 showed a strong protective 
effect in several animal models of acute lung injury (ALI) and ARDS that 
can be triggered by SARS [16,61,62], by regulating the circulating levels 
of Ang II and Ang 1–7. In experimental models of lung disease, cata-
lytically active ACE2 alleviated pulmonary injury and vascular damage 
[61,63], prevented pulmonary hypertension, decreased lung fibrosis 
and arterial remodelling, and improved right ventricular performance 
[64] due to a combination of direct action in the lungs and the activation 
of an ACE2-dependent gut-lung axis [65]. Moreover, 1) ACE2 knock-out 
mice displayed more severe symptoms of ARDS compared with wild- 
type controls [61]; 2) recombinant ACE2 protein has been proved 
effective in improving lung pathologies associated with ALI and ARDS 

Cell 
membran

e

ACE2
down-regulation

ACE2

Ang
1-7

Mas
R

Tissue protection

RAGE/AT1R 
heterodimerization

Chronic RAGE 
expression/activity  

DAMPs cytokines

NF-kB

Cell damage

SARS-CoV-2

Ang
II HMGB1

Release

Cardiovascular disease, hypertension, 
obesity, diabetes, smoking, chronic 

kidney disease, chronic lung disease, 
cancer, ageing

Ang
II

Ang
I

Ang
II

Ang
II

Acute kidney injuryMyocardial damage,
ischemic injuryPneumonia, ALI, ARDS 

Pro-apoptotic
Pro-oxidant
Pro-fibrotic
Pro-inflammatory
Pro-atropying

Cytokine storm,
virus immune escape

Physiological
reduction of 
Ang II levels

S100
AGEs

RAGE 
expression

AT1R 
expression

Vasoconstriction,
vascular permeability

(oedema)

RAG
E

AT1R ACE

Fig. 2. Potential mechanism underlying the interaction between RAGE (receptor for advanced glycation end-products) signalling and RAS (renin–angiotensin 
system) cascade in SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) infection. 

S. Chiappalupi et al.                                                                                                                                                                                                                            



Life Sciences 272 (2021) 119251

5

induced by influenza viruses [66,67]; and, 3) recombinant spike protein 
did not cause ARDS in ACE2 knockout mice [16,59]. Notably, a re-
combinant human ACE2 (APN01) resulted safe, with no negative he-
modynamic effects in healthy volunteers and in a small cohort of ARDS 
patients in which its administration rapidly decreased the levels of Ang 
II and inflammation [68]. Interestingly, SARS-CoV2 rapidly disappeared 
from the nasal cavity, lung and serum of one patient with severe COVID- 
19 after APN01 therapy, without interference with the generation of 
neutralizing antibodies [69]. 

Thus, RAS appears to play a critical role in the pathogenesis of ALI 
and ARDS, and the role of ACE2 is of particular significance in patho-
logical conditions where RAS is overstimulated, including acute lung 
failure in several diseases. Noteworthy, SARS-CoV infection induced a 
marked downregulation of ACE2 expression in lungs of wild-type mice 
and the treatment with recombinant SARS-CoV spike protein down-
regulated ACE2 expression in vitro and in vivo [59,70]. SARS-CoV-2 
infection might lead to the suppression of ACE2 expression, as a 
consequence of increased internalization and shedding of ACE2 from the 
cell surface, leading to significant loss of the ACE2 physiological func-
tion. This subsequently would lead to dwindling levels of Ang 1–7 and 
elevated Ang II production. The abnormal increase of Ang II/AT1R ac-
tivity might drive the inflammatory response in lungs and potentially 
induce direct parenchymal injury as well as pathological effects in other 
organs (Fig. 1). 

Manipulation of RAS to limit SARS-CoV-2 infection and confer pro-
tection against lung and other tissue damages in COVID-19 patients is 
currently under investigation [17]. The use of ACE2-derived peptides, 
small molecule inhibitors, ACE2 antibody or single chain antibody 
fragment against ACE2 might potentially prevent the binding of human 
ACE2 to SARS-CoV-2. Interestingly, in two phase II clinical trials, 
administration of ACE2 translated into reduced systemic inflammation 
and shifted the RAS peptide balance away from Ang II towards Ang 1–7 
[68,70]. Selective receptor antagonists, such as L-158809 or losartan, 
and PD-123319 or PD-126055, which are respectively inhibitors of 
AT1R and AT2R, represent additional tools to limit RAS activation 
during SARS-CoV-2 infection [71]. 

4. RAGE 

4.1. Structure and ligands 

RAGE is a member of the immunoglobulin (Ig) superfamily [72]. 
Protein homology studies revealed that RAGE is present only in mam-
mals and it has the highest homology with genes coding for Ig cell 
adhesion molecules (IgCAMs), including ALCAM, BCAM and NCAM 
[73]. Full-length RAGE is composed of an extracellular region contain-
ing one “V”-type connected to two “C”-type Ig domains. These extra-
cellular domains are followed by a hydrophobic transmembrane 
spanning domain that in turn neighbours a highly charged, short cyto-
plasmic domain essential for RAGE intracellular signalling. The V 
domain of RAGE is essential for binding most RAGE ligands [74,75]. 

RAGE was identified as a receptor for advanced glycation end- 
products (AGEs) [72], which are products of nonenzymatic glycation 
and oxidation of lipids, proteins and other macromolecules that appear, 
in particular, under conditions of increased availability of reducing 
sugars and/or enhanced oxidative stress, especially when molecules turn 
over slowly and aldose levels are elevated, as in the diabetic state [76]. 

Due to its ability to recognize three-dimensional structures rather 
than specific amino acid sequences, RAGE can interact with a wide range 
of endogenous ligands such as HMGB1 (high mobility group 1), S100 
family members/Calgranulins, amyloid-β peptides (Aβ) and nucleic 
acids (DNA, RNA), which are considered DAMPs; exogenous ligands 
such as bacterial lipopolysaccharide (LPS) and dietary AGEs; and cell 
adhesion related ligands, i.e. collagen I/IV and macrophage-1 antigen 
(Mac)-1 [77,78]. 

Twenty splice variants of RAGE have been identified in humans, and 

seventeen exist in mice; the tissue type dictates which splice form is 
expressed [79,80]. The soluble isoform, sRAGE is found in the extra-
cellular space and results from alternative splicing of Ager mRNA or 
cleavage from the membrane RAGE by proteolysis. sRAGE lacks the 
transmembrane and cytosolic domains and, consequently, is capable of 
binding RAGE ligands prior to their interaction with full-length RAGE 
thereby acting as a decoy receptor [81]. 

4.2. RAGE expression 

RAGE is highly expressed in many embryonal tissues, but its 
expression decreases or stops in adult tissues, exceptions being repre-
sented by lung and skin [21,22], suggesting that RAGE may have lung- 
and skin-specific functions distinct from those in other adult tissues. 
RAGE is highly expressed in the basolateral membrane of AT-1 cells, for 
which it represents a specific marker [24,82], and where it acts as an 
adhesion molecule to mediate the contact between AT-1 cells and the 
alveolar basal lamina, probably contributing to their flat and spread 
morphology, essential for gas exchange [83]. RAGE is expressed also in 
AT-2 epithelial cells, in bronchiolar epithelia, and in alveolar macro-
phages [84]. 

Although RAGE knockout does not affect lung development [85], 
several studies have illustrated that RAGE possesses a number of 
important physiological roles in the lung, including modulation of cell 
spreading, adhesion to extracellular matrix components, proliferation 
and migration [83]. Indeed, decreased RAGE expression in lung has 
been associated with decrease of biomechanical power, lung cancer and 
pulmonary fibrosis [86-88]. 

RAGE is expressed at low levels in vascular smooth muscle cells, 
endothelial cells, pericytes, airway smooth muscle cells, neurons, and in 
circulating adaptive and innate immune cells, such as macrophages, 
dendritic cells, eosinophils, T cells and B cells [89–91]. In these cell 
types RAGE expression is increased in certain conditions as inflamma-
tion, ageing, upon injury or in the presence of elevated amounts of RAGE 
ligands [21,78,92]. 

4.3. RAGE and inflammation 

Due to its ability to bind and mediate the cellular responses to a 
range of DAMPs (including HMGB1 and S100 proteins) and to act as an 
innate immune sensor of microbial PAMPs (including bacterial endo-
toxin, viruses and microbial DNA), RAGE is viewed as a pattern recog-
nition receptor (PRR) and has emerged as a key regulator of the innate 
immune response and the inflammatory process [77,78]. 

Activation of cell-surface RAGE by HMGB1, S100 proteins and AGEs 
results in many signalling cascades leading to activation of the NF-kB, a 
transcription factor with a crucial role in a variety of immune and in-
flammatory processes [93–95]. An autoregulatory positive feedback 
loop has been proposed whereby RAGE is up-regulated and overex-
pressed via its ligands by NF-κB (Fig. 2), thereby converting a brief pulse 
of cellular activation to sustained cellular perturbation and tissue injury. 
In this way, engagement of cell-surface RAGE by ligands can lead to 
increased expression of proinflammatory cytokines, chemokines and 
adhesion molecules as well as enhanced oxidative stress that may 
culminate in local inflammation or neurodegeneration [91,96,97]. 

RAGE signalling is upregulated in conditions of chronic inflamma-
tion, including diabetes, cardiovascular diseases (CVD), obesity, rheu-
matoid arthritis, osteoarthritis, atherosclerosis, chronic renal disease, 
sepsis, vasculitis, cancer, Alzheimer’s disease (AD), cancer cachexia, 
muscular dystrophies, and a range of host- and pathogen-induced in-
flammatory diseases, where RAGE contributes to the development, 
progression and complications of the pathological states [93,98–100]. 

An interesting interplay between RAGE/HMGB1 and the adhesion 
molecule β2 integrin, Mac-1 has been reported in leukocytes, required 
for HMGB1-mediated inflammatory cell recruitment [93]. 

S100-RAGE interactions might have important consequences in 
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inflammatory and degenerative events, since they determine the acti-
vation of endothelial and vascular smooth muscle cells, neurons, astro-
cytes, microglia/macrophages, and other cell types, inducing the 
activation of different signalling pathways leading to production of 
proinflammatory cytokines and adhesion molecules [95,101]. Certain 
S100 proteins, namely S100A4, S100A8/S100A9 heterodimer and 
S100B, show a critical role in the pathophysiology of obesity by pro-
moting macrophage-based inflammation via RAGE and/or toll-like re-
ceptor 4 [102]. In general, S100 proteins have to be present at high 
levels to generate these effects, except for S100B, which activates RAGE 
in neurons at low and high concentrations with trophic and toxic effects, 
respectively, and in macrophages with antiinflammatory and proin-
flammatory effects at low and high S100B concentrations, respectively 
[101,103]. 

Evidence is accumulating that RAGE strongly contributes to 
inflammaging, i.e. the chronic low-grade and sterile inflammation that 
appears in ageing and whose absence is considered the best predictor of 
successful longevity [104]. Together with the accumulation of its li-
gands, RAGE sustains the pro-inflammatory response and leads to stress 
events favouring mitochondrial dysfunction or cellular senescence. By 
promoting chronic inflammation, RAGE activity is closely linked to age- 
related diseases, including retinopathy, neuropathy, nephropathies, 
type 2 diabetes, cancer, osteoarthritis, CVD and AD [104]. Deletion or 
blockade of RAGE in mice leads to a pro-longevity phenotype in which 
the features of ageing are significantly diminished in vessels and kid-
neys, and is associated with a decreased overall inflammatory burden 
[105]. Interestingly, SARS-CoV-2 infection is characterized by increased 
mortality in elderly people with age-related comorbidities [106], and 
RAGE activity might be proposed as a key mechanism responsible for the 
high susceptibility to the virus in the presence of age-related disorders. 

4.4. RAGE in lung diseases 

Although further studies are needed to better unravel the physio-
logical function(s) of pulmonary RAGE, the disturbance of RAGE 
expression/activity in lung might give rise to non-infective and infective 
pathological states, including pulmonary fibrosis, ALI, ARDS, pneu-
monia, cystic fibrosis (CF) and bronchopulmonary dysplasia [23,24]. 
Studies on different animal models of fibrosis have produced conflicting 
results. In bleomycin, asbestos or silica-treated animals, both membrane 
RAGE and sRAGE protein levels were found reduced [23,86,107]. 
RAGE-deficient (Ager− /− ) mice develop more severe fibrosis upon 
treatment with asbestos compared to control mice, and spontaneously 
develop fibrosis-like alterations in lungs during ageing [86]. Accord-
ingly, RAGE protein levels were found reduced in lung homogenates, 
and lower concentration of sRAGE was found in bronchoalveolar lavage 
fluid (BALF) of patients suffering from idiopathic pulmonary fibrosis 
(IPF) [108]. However, other researcher groups by the use of bleomycin- 
induced fibrosis reported that i) Ager− /− mice were resistant to lung 
injury, showing enhanced survival rates and lower fibrotic scores; ii) 
HMGB1 and AGEs levels increased in the serum of injected mice; iii) 
HMGB1 was able to induce epithelial-mesenchymal transition (EMT) in 
AT-2 cells via RAGE; and iv) blockade formation of AGEs by treatment 
with aminoguanidine attenuated bleomycin-induced fibrosis [109,110]. 
Moreover, overexpression of RAGE was found in reactive pneumocytes, 
bronchiolar metaplastic epithelium, endothelium and, especially, in 
fibroblastic foci in lungs of IPF patients [111]. These findings are in 
accordance with the traditional view of RAGE as a profibrotic receptor 
[112]. 

It has been suggested that some S100 proteins mediate their proin-
flammatory effects in CF via RAGE. S100A12 is locally expressed by 
infiltrating neutrophils in the lungs of CF patients [113]. Furthermore, 
the levels of S100A12 are extremely high in the sputum of CF patients, 
serum S100A12 is increased during acute infectious exacerbations, and 
the intravenous antibiotic treatment successfully reduced S100A12 
levels [114]. In addition, RAGE expression in CF neutrophils was 

significantly enhanced along with a reduction in sRAGE levels [114], 
pointing to a role of RAGE in neutrophil-associated airway inflammation 
in CF. Polymorphisms of the AGER gene have been associated with 
increased disease severity in CF. AGER − 429 T/C variant is associated 
with decreased FEV1 (forced expiratory volume in 1 s) and increased 
AGER promoter activity, leading to increased RAGE expression and 
worsening lung function [115], and AGER − 374 T/A variant is asso-
ciated with increased RAGE expression and results in increased IgE 
levels in lungs [116]. The authors hypothesized that CF patients with 
this RAGE-mediated increase in allergic airway inflammation are more 
susceptible to sensitization by environmental allergens and pathogens 
[116]. 

The RAGE activity has been implicated also in ALI and ARDS, which 
are characterized by hallmarks typical of severe COVID-19 [5,7]. In 
several mouse models of ALI and in patients with ALI/ARDS, sRAGE 
levels were increased in BALF and plasma correlating with the degree of 
lung injury [24,117–120]. Interestingly, mice lacking RAGE were pro-
tected from hyperoxia-induced ALI and mortality [118], suggesting that 
RAGE signalling sustains lung inflammation and alveolar destruction in 
ALI. In humans, systemic and alveolar levels of HMGB1, S100A12 and 
sRAGE from damaged AT-1 cells are increased in ARDS patients [119]. 
Since the ALI/ARDS resolves in patients, plasma sRAGE levels fall, 
sRAGE can serve not only as a marker of disease severity and prognosis 
but also as a marker of resolving disease [121]. 

Several studies support the role of HMGB1 as an effector and regu-
lator of ALI sustaining oxidative stress, neutrophils infiltration, pulmo-
nary hemorrhage, and inflammatory cytokine release [122]. The levels 
of HMGB1 were significantly increased in plasma and lungs of a mouse 
model of LPS-induced ALI [123]; HMGB1 is a critical mediator of 
bacteria-induced pyroptosis in lung endothelial cells by directly binding 
LPS outside the cells and efficiently delivering LPS into the cytoplasm 
via RAGE [124]. HMGB1 directly decreases transendothelial electrical 
resistance (TER) in human pulmonary artery endothelial cells, sug-
gesting a direct role in vascular barrier disruption in sepsis-induced ALI 
[125]; HMGB1 induces a dose-dependent increase in paracellular gap 
formation in concert with loss of peripheral organized actin fibres, 
dissociation of cell-cell junctional cadherins, and development of central 
stress fibres, a phenotypic change associated with increased contractile 
activity and increased endothelial permeability, principally by RAGE- 
depended activation of p38 MAP kinase and Hsp27 [125]. 

In pneumonia, the role of RAGE is closely linked to the type of 
infective pathogen [20]. Murine pneumonia induced by bacteria (i.e., 
S. pneumoniae and K. pneumoniae) is associated with an upregulation of 
intra-alveolar membrane RAGE expression and high levels of HMGB1 in 
BALF from infected patients [126,127]. In the case of S. pneumoniae 
infection, mice lacking RAGE had reduced lung injury and neutrophil 
recruitment, a better survival rate together with a lower pulmonary 
bacterial load and decreased bacterial dissemination to blood and spleen 
compared to wild-type mice, due to the improvement of killing capacity 
of Ager− /− alveolar macrophages leading to early bacterial removal 
[126]. Blockade of the RAGE activity and the subsequent inflammatory 
response might be an explanation for the less severe pulmonary damage 
in Ager− /− mice during S. pneumoniae infection. In contrast, RAGE plays 
a beneficial role in mice during the host response to K. pneumoniae, 
where RAGE deficiency was associated with increased mortality and 
bacterial outgrowth and dissemination [127]. In this case, RAGE defi-
ciency impaired host effective antibacterial defences, likely neutrophils’ 
phagocytising capacity. 

Recent findings provide a central role for RAGE in cigarette smoke 
(CS)-dependent chronic obstructive pulmonary disease (COPD). RAGE 
ligands contained in CS bind to alveolar RAGE leading to oxidative 
stress, macrophage activation and lung parenchyma pathogenesis, ulti-
mately resulting in emphysema, which is prevented by deletion or 
pharmacologic inhibition of RAGE [128]. Interestingly, smoking is most 
likely associated with the negative progression and adverse outcomes of 
COVID-19 patients, in which RAGE-dependent alveolar damage might 
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be amplified [129]. 

4.5. RAGE and virus infection 

Van Zoelen et al. demonstrated that RAGE deficiency resulted in a 
better outcome from pulmonary seasonal influenza A virus infection, as 
indicated by a relative protection from lethality in mice [130]. This was 
accompanied by improved viral clearance, enhanced T cell response and 
activation of neutrophils, suggesting that endogenous RAGE impairs the 
cellular immunity against respiratory tract infection with Influenza A 
virus. 

In preclinical and clinical studies, it has been demonstrated that se-
vere respiratory infections, including influenza and infections caused by 
human respiratory syncytial virus (RSV), generate substantial release of 
HMGB1 driving pulmonary inflammation, and that HMGB1-specific 
antagonists ameliorate these conditions [131,132]. HMGB1 also 
increased the replication of RSV, which is a negative-sense RNA virus 
[131]. Human adenovirus type 7 (HAdV-7) causes severe paediatric 
pneumonia characterized by cell necrosis, release of a large number of 
inflammatory mediators, high incidence of sequelae and mortality. 
HMGB1 levels gradually increase in the media supernatants or BALF of 
HAdV-7-infected A549 cells and mice, respectively, and HMGB1 pro-
motes HAdV-7 replication and signals through TLR-4, TLR-9 and RAGE. 
Blocking HMGB1 leads to a reduction of the adenoviral pathology in 
lung tissues, suggesting that HMGB1 could be a therapeutic target in 
HAdV-7 infection [133]. 

Interestingly, HMGB1 has been implicated in the mechanism of AIM2 
(absent in melanoma 2)-mediated viral evasion [6,134]. AIM2, a 
member of the PYRIN protein family, has affinity for viral DNA derived 
from murine cytomegalovirus (MCMV) and Vaccinia virus; activation of 
AIM2 leads to secretion of IL-1β and IL-18, polarization in M1 macro-
phages mediating the inflammation in response to infection [135]. 
HMGB1 induces excess activation of AIM2 inflammasome in alveolar 
macrophages response to virus infection via RAGE, causing cytokine 
storm and compromising the innate immune response, which is a critical 
factor for the outcome of virus infection [6,134]. Furthermore, the use of 
the HMGB1 inhibitor, glycyrrhizin, was able to rescue IL-35 secretion by 
Treg lymphocytes reducing cytokine storm and restoring immune ho-
meostasis in a murine model of ALI [136]. One might speculate that 
HMGB1 utilizes similar strategies to modulate the host innate immune 
response in the presence of SARS-CoV-2, which has been able to evade 
the immune system in severe COVID-19 patients [35–38]. 

The involvement of RAGE/HMGB1 axis has been recently speculated 
in the development of the Kawasaki disease (KD), which is an acute and 
usually self-limiting vasculitis of the medium calibre vessels affecting 
almost exclusively children [137–139]. An aberrant response of the 
immune system to an infectious agent in genetically predisposed chil-
dren seems to trigger the cascade that causes the illness, which has been 
recently associated with the common respiratory viruses, such as en-
teroviruses, adenoviruses, rhinoviruses, and coronaviruses [138,139]. A 
strong association between an outbreak of Kawasaki-like disease and the 
SARS-CoV-2 epidemic in the Bergamo, Italy has been recently reported, 
suggesting that SARS-CoV-2 might represent one of the triggers of the 
disease [138]. Particularly, as suggested by data obtained in animal 
model of KD, HMGB1 might accumulate in coronary endothelial cells 
causing coronary vasculitis and promoting coronary artery dilatation via 
RAGE/NF-κB signalling. HMGB1 levels were found higher in children 
with KD than in healthy controls suggesting serum HMGB1 as an indi-
cator of inflammation and coronary artery injury in this pathology 
[137]. 

4.6. RAGE and COVID-19: state of the art 

A potential correlation between RAGE activity and the pathogenesis 
of SARS infection as well as the clinical severity of COVID-19 has been 
recently proposed by others [28,29]. 

Starting from the knowledges about HMGB1, several authors propose 
HMGB1 as therapeutic target for COVID-19. In SARS patients HMGB1 
can be actively released from innate immune cells stimulated by 
elevated proinflammatory cytokines (e.g., IL-1, IL-6, TNF-α and IFN-γ), 
and passively released by infected alveolar cells, endothelial cells or 
macrophages undergoing to virus-mediated cytolysis. Once released, 
extracellular HMGB1 may mediate an injurious pulmonary inflamma-
tory response including neutrophil infiltration, derangement of epithe-
lial barrier, lung oedema and injury contributing to respiratory failure 
and patient death [29]. As an RNA-binding molecule, HMGB1 might 
bind RNA of SARS-CoV-2 and bring it to the cytosol via the RAGE- 
lysosomal pathway, offering an additional pathway apart from the 
ACE2 enabling intracellular virus replication [29]. The administration 
of an α7 nicotinic acetylcholine receptor agonist was able to reduce 
hyperoxia-induced acute inflammatory lung injury by inhibiting RAGE 
expression and the release and accumulation of HMGB1 in the airways 
and the circulation [140]. This suggests that reducing HMGB1 might 
alleviate inflammation in severe COVID-19 patients with concurrent 
oxygen-induced lung injury [140]. 

Among several pro-inflammatory cytokines investigated, only the 
expression of the S100A12 gene, encoding EN-RAGE and considered as a 
biomarker of pulmonary injury, was found significantly increased in the 
peripheral blood mononuclear cells from COVID-19 patients [141]. The 
expression of EN-RAGE in myeloid cells strongly correlated with its 
plasma levels, and was inversely related to lack of type I IFNs response 
and the expression of genes encoding the antigen presentation ma-
chinery, suggesting a strong role of EN-RAGE/RAGE axis in the mech-
anism of virus escape [141]. Significantly higher levels of EN-RAGE 
were observed in extracellular vesicles derived from plasma of severe 
COVID-19 patients compared to patients with moderate COVID-19. 
Interestingly, plasma exosomes contain ACE2, which makes recipient 
cells susceptible to virus entry thus contributing to spread of infection 
[142]. Moreover, serum S100B has been suggested as a marker of clin-
ical severity in SARS-CoV-2-infected patients since S100B concentration 
was associated with inflammation markers [143]. 

Experimental studies have shown that sRAGE enhances ACE2 
expression and high sRAGE levels have been found in individuals with 
asymptomatic course of COVID-19, suggesting a strong potential role of 
sRAGE in reducing the RAGE-dependent hyperactivation of Ang II/ 
AT1R [144]. The prognostic and therapeutic potential role of circulating 
RAGE isoforms to help treatment of COVID-19 has been hypothesized 
after a pilot study in diabetic and non-diabetic COVID-19 patients 
[145,146] . 

In a study based on interactome analysis, an activated AGE-RAGE 
signalling emerged as a critical pathway in older people and patients 
with diabetes, cancer or cardiovascular disorders, which are all fatal 
comorbidities of COVID-19 [147]. The AGE-RAGE signalling system was 
also identified among the common molecular pathways associated with 
SARS-CoV-2 infection and rheumatoid arthritis, malaria, hepatitis B, 
and influenza A [148]. Interestingly, the natural compounds Dayuanyin 
and N. sativa showed strong ability to reduce lung inflammation and 
oxidative stress in severe COVID-19 by inhibiting the activation of AGE- 
RAGE pathway in pre-clinical and clinical studies [149,150]. 

A curious link has been proposed between RAGE signalling and the 
gender dependent differences in SARS-CoV-2 infection and disease 
progression, with increased susceptibility in male patients. In particular, 
estrogen receptors and RAGE seem to synergize to maintain homeostasis 
of metabolic pathways, the dysregulation of which is at the basis of the 
comorbidities worsening the clinical conditions of COVID-19 patients 
[151]. Increasing evidence show also that estrogens, similarly to RAGE, 
are involved in the regulation of RAS, including ACE2, also in differ-
entiated airway epithelial cells [152]. A recent study demonstrated an 
unexpected gender-specific stress response and HMGB1 release in iso-
lated murine pulmonary endothelial cells [153]. Indeed, upon exposure 
to hypoxia, cells from males responded with necrosis thus releasing 
significant amount of HMGB1, whereas female cells preferentially 
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responded with apoptosis, avoiding the HMGB1-mediated inflammatory 
response. The increased release of HMGB1 might contribute to the pro- 
inflammatory phenotype associated with the male gender in COVID-19 
[153]. 

Lastly, the DAMPs-RAGE enrichment in blood vessels or adipose 
tissue in diabetic and obesity conditions, respectively, and in the lungs 
and heart during active infection, is proposed to contribute to the wide 
spread tissue damage induced by SARS-CoV-2 [154]. 

4.7. The RAGE/RAS axis 

Recent studies have suggested a functional deleterious link between 
RAGE signalling and some members of RAS cascade in various cell types. 
In cultured podocytes, which express RAGE, AT1R and AT2R, Ang II 
induces RAGE mRNA and protein expression through AT2R and NF-κB 
[155]. On the converse, treatment with AGEs increases Ang II expression 
by phosphoinositide 3-kinase and supports Ang II/AT1R action, which 
have a crucial role in the pathogenesis of podocyte injury leading to 
proteinuria [25]. Similarly, the activation of the AGE/RAGE pathway 
augments renal proximal tubular angiotensinogen production via ERK1/ 
2, which can contribute to the development of diabetic nephropathy 
[156]. On the other hand, AGE-RAGE axis induces damage of mesangial 
cells by activating RAS and leading to VCAM-1 gene expression, and by 
decreasing ACE2 gene expression and Ang 1–7 production, which plays 
a protective role against renal injury (Fig. 2). RAGE-dependent 
dangerous effects were completely abolished by olmesartan, an AT1R 
blockers (ARBs) [156]. The decrease in ACE2 mRNA level in AGE- 
exposed mesangial cells depends on RAGE-mediated superoxide gener-
ation [157]. 

In cultured vascular smooth muscle cells, Ang II increases RAGE 
protein levels and directly upregulates the ligand-RAGE pathway via 
AT1R stimulation. This step seems essential to the mechanism leading to 
diabetic atherosclerosis by promoting diffuse inflammatory response 
[26]. 

A link between RAS and RAGE pathways has been demonstrated in 
the Ang II-induced endothelial hyperpermeability, which is one of the 
earliest signs of endothelial dysfunction and is associated with the 
development of various diseases, such as, inflammation, hypertension, 
atherosclerosis, diabetes, thrombosis, and cancer. In the mechanism 
proposed by Jeong et al., Ang II activates AT1R, which subsequently 
activates NF-κB, leading to the expression and release of HMGB1 along 
with the expression of AT1R, RAGE and the adaptor protein mammalian 
diaphanous-1 (mDia1). Extracellular HMGB1 activates RAGE, which in 
turn activates again NF-κB to further increase the expression level and 
release of HMGB1. Blockade of RAGE signalling using HMGB1 blocking 
antibodies or sRAGE attenuates Ang II-induced endothelial barrier 
permeability in vitro and in vivo, indicating the therapeutic potential of 
modulating RAGE activity in controlling vascular permeability under 
pathological conditions. Interestingly, Ang II increased the expression of 
the AT1R and RAGE, and increased the production of HMGB1 via NF-κB 
to induce disruption of vascular endothelial cadherin (VE-cadherin) 
adhesion in HUVECs [27] (Fig. 2). Moreover, the cross-talk between 
HMGB1 and Ang II has been reported also in in vitro model of sepsis- 
induced ALI leading to loss of barrier integrity [125]. 

The association of RAGE with Ang II-induced signalling pathways 
has been demonstrated also in cardiomyocyte hypertrophy, in which 
RAGE regulates an NF-κB/NLRP3 (NOD-like receptor protein 3)/IL-1β- 
mediated signalling pathway as well as the traditional PKC/ERK hy-
pertrophic signalling pathway. Accordingly, sRAGE attenuated Ang II- 
induced cardiomyocyte hypertrophy by downregulating RAGE and 
AT1R expression and the secretion of HMGB1 and IL-1β. Thus, RAGE- 
NLRP3 may be important mediators of Ang II-induced cardiomyocyte 
hypertrophy [158] (Fig. 2). 

A recent study suggests that Ang II leads to myocardial inflammation 
in diabetic mice by increasing RAGE expression in monocyte/macro-
phage and furthers AGE-RAGE-mediated leucocyte myocardial 

infiltration [159]. 
Consistent with the interaction between HMGB1 and the RAS, 

numerous evidences have been presented that the levels of ACE2 can 
reduce the secretion/activity of HMGB1 [160–162]. Indeed, circulating 
HMGB1 levels increased in infarcted normal or ACE2 transgenic mice, 
and tissue expression of HMGB1 increased in the hearts of normal but 
not ACE2 transgenic infarcted mice leading to reduction of infiltration of 
inflammatory cells. ACE2 activation ameliorated hypoxia-induced cell 
death, and downregulated HMGB1 in cardiomyocytes, linking the pro-
tective effect of ACE2 to downregulation of HMGB1 and reduced 
downstream proinflammatory cascades. How ACE2 overexpression af-
fects HMGB1 levels is unclear [160–162]. 

In line with these data: 1) the ACE inhibitor, ramipril, attenuated 
AGE accumulation in diabetic animals [163]; 2) ARBs and ACE in-
hibitors significantly attenuated AGE production in vitro [164]; 3) ARBs, 
such as olmesartan and valsartan, ameliorated diabetic nephropathy by 
repressing renal RAGE expression [157,165]; 4) treatment of diabetic 
mice with ARBs suppressed atherosclerosis, ligand-RAGE expression and 
inflammatory changes, implying that ARB might decrease diabetic 
atherogenesis by inhibiting ligand-RAGE signals [26]; and 5) treatment 
of diabetic rats with losartan or enalapril, reduced the proinflammatory 
action of RAGE in myocardium [159]. 

These results strongly correlate the reduction of RAS deleterious 
hyperactivity with the reduction of RAGE signalling. 

Underlining the important role of RAGE in RAS activity, the forma-
tion of heteromeric complexes between AT1R and RAGE was demon-
strated at the plasma membrane [166]. The heterodimerization of RAGE 
with other receptors might be functional to the trigger of RAGE’s sig-
nalling pathways [167]. In particular, independently of the liberation of 
RAGE ligands and the ligand-binding ectodomain of RAGE, the activa-
tion of the AT1R by Ang II triggers transactivation of the cytosolic tail of 
RAGE and NF-κB–driven proinflammatory gene expression (Fig. 2). 
Consequently, Ang II–dependent inflammation and atherogenesis 
induced by RAS were attenuated when RAGE was deleted or when RAGE 
transactivation was inhibited by the RAGE specific intracellular inhibi-
tor, S391A-RAGE362–404 [166]. 

4.8. RAGE inhibitors 

The involvement of RAGE and its ligands in several diseases have 
prompted studies to identify endogenous inhibitors and synthesize 
chemical ones, so that a variety of RAGE antagonists is now available for 
preclinical and clinical studies (Tables 1,2) [168,169]. 

As a decoy receptor for RAGE ligands, sRAGE is considered a strong 
potential blocker of RAGE/ligand interaction, and was shown to play a 
protective role against accumulation of RAGE ligands [170,171]. 
Extensive studies in mice demonstrated the role of sRAGE, systemically 
or directly administrated to target organs, in counteracting RAGE- 
mediated pathogenesis [168]. In humans, plasma levels of sRAGE is 
reduced in disease conditions such as atherosclerosis, coronary artery 
disease, hypertension, hypercholesterolemia, chronic obstructive lung 
disease, heart failure, and AD [170,172,173]. In a clinical perspective, 
since patients infected with SARS-CoV-2 show low sRAGE plasma levels 
[145] they would benefit from treatment with sRAGE as a drug, as re-
ported for emphysema and chronic lung damage [174]. In line with this 
possibility, preclinical studies have shown that sRAGE treatment 
attenuated lung injury and restored alveolar fluid clearance (AFC) in a 
mouse model of ARDS [175] (Table 1). Interestingly, ACE inhibition 
reduces accumulation of AGEs partly by increasing sRAGE plasma levels 
in hypertension [176], confirming the cross-talk between RAS and RAGE 
signalling. However, the potential use of sRAGE in humans is limited by 
some caveats. Firstly, the bacterial expression system for human sRAGE 
should lead to the non-glycosylated form of sRAGE, which is important 
for binding ligands in the V-type domain and preventing them from 
reaching cell-surface RAGE [81]. Secondly, sRAGE administration 
would prevent physiological binding of ligands to receptors that share 
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ligands with RAGE. Thus, novel strategies mimicking the physiological 
effects of sRAGE have been developed. Small synthetic fragments of 
RAGE able to bind RAGE ligands showed efficacy in pre-clinical models 
of AD [177]; blocking antibodies against RAGE extracellular domains 
reduced systemic inflammation in LPS-injected rats [178] and kidney 
damage in animal models of diabetes [179,180]; the intravenous 
administration of a small peptide antagonist, RAGE antagonistic peptide 
(RAP), which prevents RAGE from binding with several ligands, 
(including HMGB1, S100P, and S100A4), improved AFC and oxygena-
tion, and decreased alveolar inflammation and lung injury in Landrace 
piglets with ARDS, at similar extent of sRAGE [175]. 

Besides conventional therapeutics, non-coding RNA targeting RAGE 
have been synthesized, showing ability in reducing the progression of 
hepatic fibrosis, and inflammation and apoptosis in ischemic mice 

[181,182]. Moreover, infusion of short, single-stranded DNA oligonu-
cleotides, called RAGE aptamers, which are able to inhibit RAGE-ligands 
binding, showed efficacy in several diseases including melanoma, pul-
monary arterial hypertension, renal diseases and diabetes [183–186]. 

Several small-molecule inhibitors have been developed able to bind 
RAGE’s extracellular ligand-site or the intracellular signalling domain. 
The compound FPS-ZM1 (N-Benzyl-N-cyclohexyl-4-chlorobenzamid 12) 
was selected through a screening of 5000 compounds in the search for 
inhibitors of RAGE/Aβ interaction. FPS-ZM1 is able to cross the blood- 
brain barrier (BBB), block the inflammatory signalling in the mouse 
brain, reduce Aβ accumulation and improve cognitive performance 
without causing toxic side effects in mice, even at high doses [187]. The 
efficacy of FPS-ZM1 has been explored in other animal models of 
neuropathology (such as amyotrophic lateral sclerosis, Parkinson’s dis-
ease, cerebral ischemic stroke, and pneumococcal meningitis), heart 
failure, hypertension, asthma, emphysema, COPD and cancer progres-
sion/metastasis of breast cancer [187–191]. The results demonstrated 
that the administration of FPS-ZM1 reduces or abrogates the pathogenic 
effects caused by RAGE activity by interfering with RAGE-ligand in-
teractions. Interestingly, the treatment with FPS-ZM1 plus the ARB, 
valsartan, alleviates renal tubular epithelial cell injury in diabetic rats 
more efficiently than single treatment partly by suppressing renal 
inflammation and oxidative stress [192], suggesting the use of RAGE 
inhibitor as a potential adjunctive for the management of diabetic 
nephropathy. 

Azeliragon is an orally bioavailable small molecule able to cross the 
BBB discovered by TransTech Pharma (now vTv Therapeutics) as 
TTP488 ([3-(4-{2-butyl-1-[4-(4-chlorophenoxy)-phenyl]-1H-imidazole- 
4-yl}-phenoxy)-propyl]-diethylamine1) and then licensed to Pfizer as 
PF-04494700 in 2006 (Table 2). TTP488 is able to inhibit the interaction 
from sRAGE or RAGE and Aβ, S100B, HMGB1 and the AGE compound, 
carboxymethyl-lysine. Preclinical studies have demonstrated that 
TTP488 efficiently contrasts complications due to RAGE activity in 
diabetes and AD [193,194]. Based on the results obtained in a mouse 
model of AD, in which TTP488 administration inhibited inflammation, 
neuronal Aβ accumulation and neurocognitive decline, a phase II clin-
ical trial demonstrated no adverse effects associated with the dose of 15 
mg/day for 6 days followed by daily dosing of 5 mg/day [195,196]. A 
phase II trial (NCT00287183) in type 2 diabetes subjects has been 
completed in 2009, and a recruitment for a phase II/III clinical trial 
(NCT03980730) is currently in progress. 

Lastly, RAGE modulator compounds able to block the binding of 
RAGE cytoplasmic domain with signalling partners, which are critical 
for downstream effects, have been identified. Starting from 58,000 
molecules, 13 small intracellular inhibitors that prevent the engagement 
of mDia1 inhibit AGE–RAGE proinflammatory signalling and decrease 
the cardiac injury in ischemic mouse models [197]. Interestingly, the 
mutant RAGE peptide S391A-RAGE362–404, which inhibits the formation 
of RAGE/AT1R heteromeric complex, attenuates Ang II–dependent 
atherosclerosis in Ace2/ApoE-dKO mice and reduces plaque accumula-
tion in diabetic mice [166]. These compounds represent attractive mo-
lecular scaffolds for the development of therapeutics against RAGE- 
mediated diseases but show several caveats in terms of solubility, 
permeability, stability and half-life. 

Despite the promising results, further studies are needed to establish 
chemical refinement, tolerance, selectivity and pharmacokinetics of the 
above-mentioned compounds, and to test whether intracellular and 
extracellular RAGE inhibitors are effective therapeutics in the different 
diseases. 

5. Our hypothesis 

We assume that upon binding of SARS-CoV-2 to lung ACE2 and virus 
replication and release, the AT-2 infected cells undergo RAGE mediated 
pyroptosis and release DAMPs, including HMGB1. In healthy subjects, 
activation of RAGE expressed by neighbouring epithelial lung cells, 

Table 1 
RAGE-based therapeutic approaches in preclinical studies.  

Inhibitors Mechanisms of action Diseases 

Anti-RAGE 
antibodies 

Blocking polyclonal or 
monoclonal antibodies against 
RAGE extracellular domains 

Crash injury [198] 
Duchenne muscular 
dystrophy [99] 
Intra-abdominal 
sepsis [178] 
Systemic 
inflammation [199] 
Type 1 diabetes [179] 
Type 2 diabetes [180] 

FPS-ZM1 
High-affinity chemical inhibitor 
of RAGE V domain 

Alzheimer’s disease 
[187,200] 
Asthma [188] 
Amyotrophic lateral 
sclerosis [201] 
Breast cancer [190] 
Cerebral ischemic 
stroke [202] 
Disuse-induced 
muscle atrophy [203] 
Emphysema [191] 
Hypertension and 
heart failure [204] 
Parkinson’s disease 
[205] 
Pneumococcal 
meningitis [206] 

Inhibitors of 
RAGE–mDia1 
interaction 

Small-molecules binding RAGE 
intracellular domain responsible 
for mDia1 interaction 

Ischemia/reperfusion 
in diabetic heart 
[197] 

RAGE-aptamers 
Short, single-stranded DNA 
oligonucleotides able to inhibit 
RAGE-ligands binding 

Melanoma [186] 
Pulmonary arterial 
hypertension [185] 
Renal diseases [183] 
Type 1 diabetes [184] 

RAGE mutant 
peptide S391A- 
RAGE362–404 

Mutant cytosolic RAGE 
oligomeric peptide inhibiting the 
formation of RAGE/AT1R 
heteromeric complex 

Type 1 diabetes [166] 

RAGE siRNA 
Non-coding small interfering 
RNAs targeting RAGE mRNA 

Hepatic fibrosis [182] 
Ischemia/reperfusion 
injury [181] 

RAP (RAGE 
antagonistic 
peptide) 

S100P-derived peptide competing 
with RAGE for ligand binding 

ARDS [175] 
Pancreatic tumor and 
glioma [207] 

sRAGE 

Soluble form of RAGE lacking the 
transmembrane and cytoplasmic 
domains, acting as a decoy 
receptor 

ARDS [175] 
Chronic colitis [208] 
Heart failure [209] 
Myocardial ischemic 
injury [210] 
Neutrophilic asthma 
[211] 
Type 1 diabetes [212] 
Type 2 diabetes 
[213,214] 

Synthetic fragments 
of RAGE 

RAGE peptide sequences binding 
RAGE ligands 

Alzheimer’s disease 
[177]  
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endothelial cells and alveolar macrophages mediates an efficacious 
immune response leading to clearance of the virus. In this condition, 
SARS-CoV-2-dependent ACE2 downregulation leads to a compensable 
hyperactivation of the ACE/Ang II/AT1R pathway, which is not able to 
induce lung parenchymal damage (Fig. 1A). Instead, in the presence of 
comorbidities, such as chronic kidney, cardiovascular or lung disease, 
hypertension, obesity and diabetes, or in aged or smoking subjects, high 
levels of RAGE ligands and RAGE expression are elevated in lungs and in 
the immune system, where RAGE sustains a chronic grade inflammation. 
Upon SARS-CoV-2 infection, alveolar necrosis and local lung inflam-
mation might lead to additional release of RAGE ligands and excess 
RAGE activation. In these conditions, RAGE reinforces and sustains the 
deleterious crosstalk between AT1R and RAGE signalling cascades 
leading to the establishment of a pro-inflammatory loop in the lung 
leading to systemic cytokine storm, a defective immune response lead-
ing to virus escape and diffusion, and lung irreversible damage, i.e. 
ARDS (Fig. 1B). RAGE-AT1R transactivation might occur in many other 
tissues, including heart, vessels and kidney leading to widespread 
inflammation and multi-tissue damage (Fig. 2). This is also a possible 
explanation for the effects of the virus in several organs distant from the 
attack site of the virus in severe COVID-19 patients (Fig. 1B). 

This hypothesis, if experimentally demonstrated might lead to the 
development of novel therapies able to specifically disrupt the crosstalk 
between AT1R and RAGE signalling, reducing a broad range of patho-
logical states in which RAGE might be reasonably responsible for the 
exacerbation of the Ang II action during the course of SARS-CoV-2 
infection. The reduction of RAGE activity with specific inhibitors, in 
particular TTP488, which has been already tested in human patients, 
might be important to improve the immune response, reduce the cyto-
kine storm, and increase the humoral response. 

Preclinical and clinical studies evaluating the efficacy of RAGE in-
hibition in the course of coronavirus infections are urgent also in view of 
possible development of new SARS-CoVs in the future. 

In the presence of several diseases and conditions, high levels of 
RAGE ligands are present in the serum, and RAGE expression is 
increased in tissues and the immune system. Upon recognition and 

binding of the viral spike protein by angiotensin-converting enzyme 
(ACE)2 receptor, SARS-CoV-2 enters the cell and leads to down- 
regulation of ACE2, resulting in unopposed accumulation of Ang II. 
Infected cells undergo pyroptosis and release DAMPs (damage-associ-
ated molecular patterns), including HMGB1 (high mobility group 1). 
DAMPs, cytokines and RAGE ligands lead to excess RAGE expression 
sustained by NF-κB (nuclear factor kappa-light-chain-enhancer of acti-
vated B cells). In these conditions, RAGE induces a further down- 
regulation of ACE2, increases AT1R (type 1 angiotensin receptor) 
expression, and transactivates with AT1R reinforcing the deleterious 
effects of ACE/angiotensin (Ang) II/AT1R pathway. At the same time, 
Ang II/AT1R induces NF-κB activation and the release of RAGE ligands 
with the establishment of a detrimental loop between AT1R and RAGE 
signalling. RAGE-AT1R crosstalk might occur in lung, vessels, immune 
cells, heart and kidney causing irreversible multi-organ damage. 
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Cueto, M. Salcedo-Vargas, The big challenge of SARS-CoV-2 latency: testes as 
reservoir, Gac. Med. Mex. 156 (2020) 328–333, https://doi.org/10.24875/ 
GMM.20000295. 

[49] H. Zhang, J.M. Penninger, Y. Li, N. Zhong, A.S. Slutsky, Angiotensin-converting 
enzyme 2 (ACE2) as a SARS-CoV-2 receptor: molecular mechanisms and potential 
therapeutic target, Intensive Care Med. 46 (2020) 586–590, https://doi.org/ 
10.1007/s00134-020-05985-9. 

[50] X.H. Yang, W. Deng, Z. Tong, Y.X. Liu, L.F. Zhang, H. Zhu, H. Gao, L. Huang, Y. 
L. Liu, C.M. Ma, Y.F. Xu, M.X. Ding, H.K. Deng, C. Qin, Mice transgenic for human 
angiotensin-converting enzyme 2 provide a model for SARS coronavirus 
infection, Comp Med 57 (2007) 450–459 (PMID: 17974127). 

[51] M.A. Sparks, S.D. Crowley, S.B. Gurley, M. Mirotsou, T.M. Coffman, Classical 
renin-angiotensin system in kidney physiology, Compr Physiol. 4 (2014) 
1201–1228, https://doi.org/10.1002/cphy.c130040. 

[52] V.B. Patel, J.C. Zhong, M.B. Grant, G.Y. Oudit, Role of the ACE2/angiotensin 1-7 
Axis of the renin-angiotensin system in heart failure, Circ. Res. 118 (2016) 
1313–1326, https://doi.org/10.1161/CIRCRESAHA.116.307708. 

[53] M. Paz Ocaranza, J.A. Riquelme, L. García, J.E. Jalil, M. Chiong, R.A.S. Santos, 
S. Lavandero, Counter-regulatory renin-angiotensin system in cardiovascular 
disease, Nat. Rev. Cardiol. 17 (2020) 116–129, https://doi.org/10.1038/s41569- 
019-0244-8. 

[54] S. Eguchi, T. Kawai, R. Scalia, V. Rizzo, Understanding angiotensin II type 1 
receptor signaling in vascular pathophysiology, Hypertension 71 (2018) 
804–810, https://doi.org/10.1161/HYPERTENSIONAHA.118.10266. 

[55] T. Hirano, M. Murakami, COVID-19: a new virus, but a familiar receptor and 
cytokine release syndrome, Immunity 52 (2020) 731–733, https://doi.org/ 
10.1016/j.immuni.2020.04.003. 

[56] K. Kuba, Y. Imai, J.M. Penninger, Angiotensin-converting enzyme 2 in lung 
diseases, Curr. Opin. Pharmacol. 6 (2006) 271–276, https://doi.org/10.1016/j. 
coph.2006.03.001. 

[57] M. Papp, X. Li, J. Zhuang, R. Wang, B.D. Uhal, Angiotensin receptor subtype AT 
(1) mediates alveolar epithelial cell apoptosis in response to ANG II, Am. J. Phys. 
Lung Cell. Mol. Phys. 282 (2002) L713–L718, https://doi.org/10.1152/ 
ajplung.00103.2001. 

[58] C.W. Lin, Y.Y. Huang, Does the direct renin inhibitor have a role to play in 
attenuating severity of the outbreak coronavirus disease 2019 (COVID-19)? Ther 
Adv Endocrinol Metab. 11 (2020), 2042018820916430 https://doi.org/10.1177/ 
2042018820916430. 

[59] P. Verdecchia, C. Cavallini, A. Spanevello, F. Angeli, The pivotal link between 
ACE2 deficiency and SARS-CoV-2 infection, Eur J Intern Med 76 (2020) 14–20, 
https://doi.org/10.1016/j.ejim.2020.04.037. 

[60] Y. Liu, Y. Yang, C. Zhang, F. Huang, F. Wang, J. Yuan, Z. Wang, J. Li, J. Li, 
C. Feng, Z. Zhang, L. Wang, L. Peng, L. Chen, Y. Qin, D. Zhao, S. Tan, L. Yin, J. Xu, 
C. Zhou, C. Jiang, L. Liu, Clinical and biochemical indexes from 2019-nCoV 
infected patients linked to viral loads and lung injury, Sci. China Life Sci. 63 
(2020) 364–374, https://doi.org/10.1007/s11427-020-1643-8. 

[61] Y. Imai, K. Kuba, S. Rao, Y. Huan, F. Guo, B. Guan, P. Yang, R. Sarao, T. Wada, 
H. Leong-Poi, M.A. Crackower, A. Fukamizu, C.C. Hui, L. Hein, S. Uhlig, A. 
S. Slutsky, C. Jiang, J.M. Penninger, Angiotensin-converting enzyme 2 protects 
from severe acute lung failure, Nature 436 (2005) 112–116, https://doi.org/ 
10.1038/nature03712. 

[62] H. Gu, Z. Xie, T. Li, S. Zhang, C. Lai, P. Zhu, K. Wang, L. Han, Y. Duan, Z. Zhao, 
X. Yang, L. Xing, P. Zhang, Z. Wang, R. Li, J.J. Yu, X. Wang, P. Yang, Angiotensin- 

converting enzyme 2 inhibits lung injury induced by respiratory syncytial virus, 
Sci. Rep. 6 (2016), 19840, https://doi.org/10.1038/srep19840. 

[63] G.J. Rey -Parra, A. Vadivel, L. Coltan, A. Hall, F. Eaton, M. Schuster, H. Loibner, J. 
M. Penninger, Z. Kassiri, G.Y. Oudit, B. Thébaud, Angiotensin converting enzyme 
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[115] J. Beucher, P.Y. Boëlle, P.F. Busson, C. Muselet-Charlier, A. Clement, H. Corvol, C. 
F. French, Modifier Gene Study Investigators, AGER -429T/C is associated with an 
increased lung disease severity in cystic fibrosis, PLoS One 7 (2012), e41913, 
https://doi.org/10.1371/journal.pone.0041913. 

[116] R.G. Iannitti, A. Casagrande, A. De Luca, C. Cunha, G. Sorci, F. Riuzzi, M. Borghi, 
C. Galosi, C. Massi-Benedetti, T.D. Oury, L. Cariani, M. Russo, L. Porcaro, 
C. Colombo, F. Majo, V. Lucidi, E. Fiscarelli, G. Ricciotti, C. Lass-Flörl, L. Ratclif, 
A. Esposito, F.M. De Benedictis, R. Donato, A. Carvalho, L. Romani, Hypoxia 
promotes danger-mediated inflammation via receptor for advanced glycation end 
products in cystic fibrosis, Am. J. Respir. Crit. Care Med. 188 (2013) 1338–1350, 
https://doi.org/10.1164/rccm.201305-0986OC. 

[117] T. Uchida, M. Shirasawa, L.B. Ware, Y. Hata Kojima, K. Makita, G. Mednick, Z. 
A. Matthay, M.A. Matthay, Receptor for advanced glycation end-products is a 
marker of type I cell injury in acute lung injury, Am. J. Respir. Crit. Care Med. 173 
(2006) 1008–1015, https://doi.org/10.1164/rccm.200509-1477OC. 

[118] R.S. Reynolds, R.E. Schmitt, S.D. Kasteler, A. Sturrock, K. Sanders, A. Bierhaus, P. 
P. Nawroth, R. Paine 3rd, J.R. Hoidal, Receptors for advanced glycation end- 
products targeting protect against hyperoxia-induced lung injury in mice, Am. J. 
Respir. Cell Mol. Biol. 42 (2010) 545–551, https://doi.org/10.1165/rcmb.2008- 
0265OC. 

[119] M. Jabaudon, R. Blondonnet, L. Roszyk, B. Pereira, R. Guérin, S. Perbet, S. Cayot, 
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