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EDITORIALS

When It Comes to COVID-19, Inflammation Is All the RAGE

Clinical severity caused by infection with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) can range from a mild
self-limiting upper respiratory tract illness to severe and life-
threatening acute lung injury with requirement for intensive care (1).
Hyperinflammation is a major driver of severity in coronavirus
disease (COVID-19), with multiple studies to date highlighting the
key role played by proinflammatory cytokines such as IL-6 and IL-13
(2). This disease feature is amenable to therapeutic inhibition

using antiinflammatory approaches such as dexamethasone or
tocilizumab, which have been shown to confer therapeutic benefit

in clinical trials (3, 4).

The nucleocapsid protein (N-protein) of SARS-CoV-2 is a
putative inducer of these inflammatory pathways through activation
of NF-«B, but the mechanisms leading to this activation are poorly
characterized (5, 6). One potentially important upstream mediator is
RAGE (receptor for advanced glycation products), a transmembrane
glycoprotein highly expressed in multiple pulmonary cell types (7, 8).
Although the involvement of RAGE in COVID-19 pathogenesis has
been postulated (9), its specific role in N-protein-induced acute lung
injury has been unknown. A better understanding of the precise
cellular mechanisms underlying the activation and propagation of the
proinflammatory response in severe COVID-19 could have profound
implications for developing more effective therapies.

In this issue of the Journal, Xia and colleagues (pp. 508-520)
report on a study that elucidates a key role for RAGE in
N-protein-mediated acute lung injury (10). Initially, the authors
determined that RAGE is a receptor for N-protein through a
combination of flow cytometric assays, surface plasmon resonance
analysis, and demonstration that N-protein binding is attenuated in
bone marrow-derived macrophages isolated from RAGE-deficient
(RAGE™'") mice. A pull-down assay in mouse lung lysate was used
to show that N-protein contains two different binding sites for
RAGE (N-terminal domain and C-terminal domain), both of
which bind to the receptor with high affinity.

Having established the ligand-receptor interaction between
N-protein and RAGE, the authors next interrogated the signaling
cascade that begins with the binding of N-protein to RAGE and
culminates in the activation of the NF-«B pathway to stimulate
inflammation. Treatment of macrophages with recombinant
N-protein led to phosphorylation of ERK1/2, p38 MAPK
(mitogen-activated kinase), and JNK1/2, critical activators of the
proinflammatory response. Importantly, inhibition of RAGE using
an antagonist or through the stimulation of macrophages from
RAGE '~ mice led to abrogated phosphorylation of ERK1/2
and NF-kB p65.

Previously, the authors had demonstrated that intratracheal
N-protein administration induces acute lung injury in mice (6).
Here, they used this model to study the in vivo effects of RAGE
in N-protein-induced acute lung injury, by showing that

RAGE™'™ mice have attenuated pulmonary proinflammatory
responses and immunopathology. Inhibition of the NLRP3 pathway,
which has also been previously implicated in N-protein-mediated
acute lung injury, had similar effects, indicating that more than one
pathway may be responsible (11). Finally, the authors show that the
administration of a RAGE antagonist one hour before treatment with
recombinant N-protein in mice similarly alleviates pulmonary
immunopathology, hinting at the potential value of RAGE inhibitors
as therapeutic options for patients with severe COVID-19.

The authors should be commended for presenting a focused and
robust study that combines detailed mechanistic experiments in vitro
with confirmation that the pathways identified are also important
in vivo within a preclinical animal model. The authors used N-protein
administration as a surrogate to model COVID-19 acute lung injury,
and further studies are required to confirm that similar effects occur
in small animal models of live SARS-CoV-2 infection (12). From a
translational point of view, the next step would be to provide evidence
that the key role played by the RAGE-ERK1/2-NF-kB pathway is
also relevant in the context of human in vivo disease. Whether this
pathway is differentially activated in individuals with risk factors that
predispose to severe COVID-19 (e.g., older age, comorbidities) also
requires further focused assessment. Furthermore, given that similar
proinflammatory pathways may also drive long-term
post—-COVID-19 pulmonary complications (13), it would be
interesting to study RAGE in this context. This may ultimately
pave the way for human experimental studies testing the utility of
targeting this pathway for acute and chronic disease.

The authors also correctly point out that although RAGE
inhibition in vitro and in vivo leads to a significant decrease in
the intensity of the proinflammatory response after exposure to
N-protein, inflammation is not completely abrogated, suggesting
that other redundant pathways may also contribute to this response.
Although NLRP3 was briefly studied here, future studies may seek to
identify the other receptors and pathways that also contribute to the
immunopathology of COVID-19. Moreover, other RAGE ligands,
such as SI00A8 and S100A9, have been shown to be upregulated in
COVID-19 (14) and also to exacerbate neutrophilic lung infiltration
in other contexts (e.g., tuberculosis) (15); the relative roles played
by these ligands also warrant future exploration.

Overall, the study by Xia and colleagues (10) provides unique
insight into the biology of SARS-CoV-2-related acute lung injury by
shedding light on the cellular mechanisms underlying the activation
of the inflammatory response (a summary of mechanistic pathways
is shown in Figure 1). The authors provide compelling evidence to
implicate RAGE as a key driver of this pathway. Despite this, the
complex pathways governing hyperinflammation in COVID-19
remain incompletely understood, and further studies are now needed
to gain more detailed mechanistic insight to ultimately facilitate the
development of effective new therapies. l
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Figure 1. Schematic figure depicting the role played by RAGE in driving inflammation during COVID-19. RAGE =receptor for advanced
glycation products; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.
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