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Abstract

When surveying the current literature on COVID-19, the “cytokine storm” is considered to be pathogenetically involved in its
severe outcomes such as acute respiratory distress syndrome, systemic inflammatory response syndrome, and eventually
multiple organ failure. In this review, the similar role of DAMPs is addressed, that is, of those molecules, which operate
upstream of the inflammatory pathway by activating those cells, which ultimately release the cytokines. Given the still limited
reports on their role in COVID-19, the emerging topic is extended to respiratory viral infections with focus on influenza. At
first, a brief introduction is given on the function of various classes of activating DAMPs and counterbalancing suppressing
DAMPs (SAMPs) in initiating controlled inflammation-promoting and inflammation-resolving defense responses upon
infectious and sterile insults. It is stressed that the excessive emission of DAMPSs upon severe injury uncovers their fateful
property in triggering dysregulated life-threatening hyperinflammatory responses. Such a scenario may happen when the viral
load is too high, for example, in the respiratory tract, “forcing” many virus-infected host cells to decide to commit “suicidal”
regulated cell death (e.g., necroptosis, pyroptosis) associated with release of large amounts of DAMPs: an important topic of
this review. Ironically, although the aim of this “suicidal” cell death is to save and restore organismal homeostasis, the
intrinsic release of excessive amounts of DAMPs leads to those dysregulated hyperinflammatory responses—as typically
involved in the pathogenesis of acute respiratory distress syndrome and systemic inflammatory response syndrome in
respiratory viral infections. Consequently, as briefly outlined in this review, these molecules can be considered valuable
diagnostic and prognostic biomarkers to monitor and evaluate the course of the viral disorder, in particular, to grasp the
eventual transition precociously from a controlled defense response as observed in mild/moderate cases to a dysregulated life-
threatening hyperinflammatory response as seen, for example, in severe/fatal COVID-19. Moreover, the pathogenetic
involvement of these molecules qualifies them as relevant future therapeutic targets to prevent severe/ fatal outcomes. Finally,
a theory is presented proposing that the superimposition of coronavirus-induced DAMPs with non-virus-induced DAMPs
from other origins such as air pollution or high age may contribute to severe and fatal courses of coronavirus pneumonia.

Introduction

When the first articles on severe and fatal outcomes of
COVID-19 were published, researchers worldwide work-
ing in the field of damage-associated molecular patterns
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(DAMPs) thought spontaneously: this is the work of
DAMPs! And the researchers were surprised that most
authors focused on the pathogenetic role of the “cytokine
storm” observed in patients developing viral pneumonia-
induced acute respiratory distress syndrome (ARDS)
without discussing the fundamental part of DAMPs in
initiating cytokine production. However, quite admittedly,
the dataset on the pathogenetic role of DAMPs in COVID-
19 is still too poor to prove their vital pathogenetic role in
this challenging disease. On the other hand, there is accu-
mulating evidence indicating that DAMPs are involved in
respiratory viral disorders (as in all infectious diseases),
culminating in three recent reports on their detection in
COVID-19 patients [1-3]. This should be reason enough
for a short review.
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DAMPs in infectious diseases at a glance

The danger/injury model in Immunology, proposed in 1994
[4, 5] and after that several times modified, argues that
immune responses are driven by cell stress and tissue injury,
including pathogen-caused stress and injury, rather than by
the recognition of nonself molecules derived, for example,
from pathogenic invaders. The core of this model refers to
the generation and emission of DAMPs, that is, molecules
that are generated, exposed, or emitted upon any stress,
damage, or death of cells.

The World of DAMPs

DAMPs are diverse in chemical structure and function and
may be divided into four classes:

(I) endogenous constitutively expressed native molecules
such as high mobility group box 1(HMGBI1), S100
proteins, nucleic acids, and extracellular adenosine
triphosphate (eATP), which are generally released by
necrotic cells [6].

(II) endogenous constitutively expressed but injury-
modified molecules such as extracellular matrix
compounds (ECMs), oxidation-specific epitopes, and
cell-extrinsic/cell-intrinsic dyshomeostasis-associated
molecules (also called “HAMPs” [7]).

(II) endogenous inducible DAMPs secreted by DAMP-
activated cells such as interleukin-1 (IL-1) family
members, tumor necrosis factor (TNF), and type 1
interferons (IFNs), as well as counteracting suppres-
sing/inhibiting DAMPs (SAMPs, also called
“RAMPs” [8]) such as prostaglandin E2 (PGE2) [9],
annexin Al (AnxAl), and specialized proresolving
mediators (SPMs) [10] such as resolvins, protectins,
and lipoxins.

(IV) exogenous DAMPs such as air pollution particles,
aluminum salt, and in vitro modified mRNA vaccine.

Details of this classification of DAMPs and overview of
the literature concerned are presented in [6] (Part IV) and
[11], (Chapter 3), here, see also Table 1.

It is now largely accepted that DAMPs, like microbe-
associated molecular patterns (MAMPs), initiate innate
immune pathways through the engagement with pattern
recognition receptors (PRRs, also called pattern recogni-
tion molecules, PRMs), whereby DAMPs preferentially
promote and amplify subsequent efferent innate immune
responses [12—-14]. PRRs are expressed on/in mobile
sentinel and sessile innate immune cells, and one could
imagine that any viable cell, which is committed to ward
off stress or harm, uses PRRs to sense and respond
to DAMPs.

SPRINGER NATURE

The classical PRRs include Toll-like receptors (TLRs),
NOD-like receptors, retinoic acid inducible gene I-like
receptors, C- type lectin receptors, and multiple intracellular
DNA sensors [15]. Moreover, DAMPs are reportedly
sensed by nonclassical PRRs such as G-protein coupled
receptors and ion channels [15], as well as by soluble
humoral PRRs such as pentraxins [16]. Interaction of
DAMPs with these various recognition molecules on/in
innate immune cells triggers signaling pathways converging
on the production of proinflammatory cytokines and type I
IFNs to mount innate immune and fibrogenic defense
responses. In the presence of altered self or nonself anti-
gens, DAMPs shape adaptive immune responses (compre-
hensively discussed in [6], Part VI-VIII).

Model integration of DAMPs in regulated and
dysregulated inflammation

Today, when discussing the function of DAMPs in
inflammation, one must mention in one breath the modern
concept of inflammation as a two-phase, self-limited, pro-
tective innate immune defense response of the host upon
any infectious or sterile insult, consisting of both a strictly
controlled inflammation initiation [17] and tightly regulated
inflammation resolution response [18]. In the presence of
altered-self or nonself antigens, these processes are fortified
by adaptive immune responses [19], respectively.

Model integration of the work of DAMPs in this concept
turns out to be complex: as activating DAMPs (interacting
with MAMPs in pathogen-mediated injury), they initiate
and propagate proinflammatory responses while, as coun-
terbalancing SAMPs, they drive inflammation-resolving
responses, the aim always being to restore homeostasis.
Also, DAMPs have been shown to shape adaptive immune
responses by activating PRR-bearing antigen-presenting
cells such as dendritic cells (DCs) to induce Th1/Th2
responses [20]. Likewise, SAMPs (i.e., SPMs) were
demonstrated to contribute to regulatory T cell formation
[21]. Accordingly, a conceptual model of a controlled
innate/adaptive immune defense response can be proposed
encompassing an initiating DAMP-promoted proin-
flammatory crescendo — decrescendo that proceeds—
slightly shifted but nearly in parallel—to a SAMP-driven
proresolving “reversed” crescendo — decrescendo, result-
ing in restitutio ad integrum (Fig. 1).

However, under uncontrolled and dysregulated condi-
tions, the DAMP-triggered, PRR-mediated responses can
result in pathologies such as the development of chronic
inflammatory, autoimmune, or neurodegenerative diseases
[15, 22-26]. Even worse: when DAMPs are emitted
uncontrolled in excess and released locally and/or sys-
temically in large amounts, for example, by a high number
of severely damaged or dying cells, an acute exaggerated,
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Table 1 Classification of DAMPs®.

Category I: Endogenous DAMPs: Constitutively Expressed Native Molecules (Cat. I DAMPs)

Class A: DAMPs passively released from Necrotic Cells

Class B: DAMPs exposed on the Cell Surface

Subclass 1:
Subclass 2:

Subclass 1:
Subclass 2:

DAMPs except for indirectly NLRP3-activating molecules
DAMPs indirectly activating the NLRP3 inflammasome

Phagocytosis-facilitating molecules (“chaperones”)
MHC class I chain-related molecules

Category II: Endogenous DAMPs: Constitutively Expressed, Injury-Modified Molecules (Cat. II DAMPs)

Class A: DAMPs released from the Extracellular Matrix

Class B: Cell-extrinsic modified DAMPs

Class C: Cell-intrinsic modified DAMPs

Subclass 1:
Subclass 2:
Subclass 3:

Subclass 1:
Subclass 2:
Subclass 3:
Subclass 4:

Subclass 1:
Subclass 2:
Subclass 3:
Subclass 4:
Subclass 5:

Proteoglycans
Glycosaminoglycans
Glycoproteins

Oxidation-specific epitopes (membrane-bound)

Distinct structural sugar patterns (membrane-bound)
Cell-extrinsic dyshomeostasis-associated molecular patterns
Plasma-derived modified soluble molecules

Nuclear DNA breaks

Cytosolic DNA (nuclear and mitochondrial)

Cytosolic RNA (accumulated, processed)

Cell-intrinsic dyshomeostasis-associated molecular patterns
Abnormally accumulating metabolic molecules

Category III: Endogenous DAMPs: Inducible DAMPs (Cat. III DAMPs)

Class A: Native Molecules acting as Inducible DAMPs

Class B: Modified Molecules acting as Inducible DAMPs

Class C: Suppressing/inhibiting DAMPs (“SAMPs”)

Subclass 1:
Subclass 2:
Subclass 3:
Subclass 4:
Subclass 5:
Subclass 6:
Subclass 7:
Subclass 8:

Subclass 1:
Subclass 2:
Subclass 3:
Subclass 4:
Subclass 5:
Subclass 6:
Subclass 7:

Subclass 1:
Subclass 2:
Subclass 3:
Subclass 4:
Subclass 5:
Subclass 6:

Actively secreted molecules (also passively released)
Cytokines secreted by (DAMP-) activated cells
Full-length interleukin-1 family members
Complement-related and vascular molecules

Galectins

NF-kB signaling in cross-priming

Eicosanoids

Vasoactive Catecholamines, Angiotensin II, Endothelin-1

Processed interleukin-1 family members

Processed HMGBI1 secreted by activated immune cells
Anaphylatoxins C3a and C5a

“Prion-like” polymers (“Specks”)

Lysophospholipids

Peroxiredoxins

Wt Proteins

Prostaglandin E2

Adenosine (extracellular adenosine, cyclic AMP)
Annexin Al

Specialized proresolving mediators
Lysophosphatidylserine, Lysophosphatidylethanolamine
Angiotensin-(1-7)

Category IV: Exogenous DAMPs (Cat. [V DAMPs)

Class A: Exogenous DAMPs indirectly sensed by NLRP3

Class B:vExogenous DAMPs sensed by Nociceptors

Class C: Allergens

Subclass 1:
Subclass 2:
Subclass 3:
Subclass 4:

Subclass 1:
Subclass 2:
Subclass 3:
Subclass 4:

Subclass 1:

Aluminium salt

Asbestos fibres

Silica particles

Air pollution—particulate matter

Noxious stimuli involved in thermosensation
Non-reactive compounds

Reactive electrophilic compounds
Vanilloids- capsaicin

Metal Allergens

*The Table corresponds to Table 3.1, published in [11].
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Fig. 1 Schematic diagram of a conceptual model illustrating an
injury-induced controlled homeostatic inflammatory response
leading to restitutio ad integrum. The initiating DAMP-promoted
proinflammatory response proceeds—in near parallel—to a SAMP-
promoted proresolving response. The short delay of the beginning of
the proresolving response may be explained by the fact that SAMPs in
terms of inducible suppressing DAMPs are secreted by DAMP-

local, and/or systemic hyperinflammatory response may
develop. This DAMP-induced hyperinflammatory response
may proceed to a long-lasting mirror-imaged counter-
balancing hyperresolution response that—following this
conceptual model—is induced by production of SAMPs in
excess. Typically, this clinical picture of systemic inflam-
matory response syndrome (SIRS) associated with a coun-
terbalancing compensatory antiinflammatory response
syndrome (CARS) resulting in a state of immunosuppres-
sion is well known to intensivists and often observed in
severe trauma patients. In fact, the high susceptibility to
secondary infections after trauma, predisposing patients to
infectious sepsis and multiple organ failure has been attri-
butable to posttraumatic immunosuppression [27] (Fig. 2).
Notably, virus-induced ARDS and SIRS can also be con-
sidered examples of such DAMP-promoted dysregulated
hyperinflammatory responses, whereby the counter-
balancing hyperresolution response may contribute to
increased susceptibility of bacterial/fungal sepsis [28].

Regulated cell death in host defense against
respiratory viruses

Background of the “suicidal” cell demise

The host innate immune defense program against infec-
tious/sterile cell stress/tissue injury includes the (1) dys-
homeostatic =~ DAMP-promoted  cell-intrinsic ~ stress
responses such as autophagy, endoplasmic reticulum (ER)
stress-triggered unfolded protein response, and DNA
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Restitutio

phil recruitment ad integrum

activated PRR-expressing cells. DAMPs damage-associated molecular
patterns, M@ macrophages, nrp pro re nata, PRR pattern recognition
molecule, Tregs T regulatory cells, Th1/17 cells T helper cells type 1/
17. Note: Interaction of DAMPs with MAMPs in pathogen-triggered
infectious inflammation not shown. Sources: This figure corresponds
to Fig. 5.1 published in Ref. [11] (Section 5.2, p.152).

damage response; (2) MAMP/DAMP- or DAMP-triggered,
PRR-mediated signaling pathways leading to production of
cytokines such as TNF and IFNs and other inflammatory
mediator substances; and (3) induction of regulated cell
death (RCD), particularly, regulated necrosis as the hall-
mark of DAMPs emission. The stress-driven RCD of a cell
in terms of an “altruistic suicidal” process has evolutiona-
rily developed to preserve organismal homeostasis by using
two simultaneously operating mechanisms: first, elimina-
tion of unwanted dangerous cells such as infected cells,
second the release of DAMPs which are capable of pro-
moting life-saving immune defense responses against
infectious/sterile injuries.

Here, the focus is directed on the role of RCD in
pathogen infection with an emphasis on respiratory viral
infections. In principle, there are three mechanisms with
which a host cell commits suicidal RCD to combat
respiratory viral infections: via (1) unsuccessful stress
responses that fail to restore cellular homeostasis [29]; (2)
induction of cell death pathways triggered by viral nucleic
acids sensors [30, 31]; and (3) production of cytokines
(denoted as inducible DAMPs such as TNF and IFNs)
secreted by PRR-bearing, viral nucleic acid-sensing cells
[32]. Of note, RCD represents an umbrella term that
includes several subroutines of cell death which, in infec-
tions, preferentially refer to apoptosis and subtypes of
regulated necrosis such as necroptosis, pyroptosis, ferrop-
tosis, and formation of neutrophil extracellular traps by
neutrophils (NETosis) [33]. Since, per definition, regulated
necrosis is associated with an inevitable rupture of the
plasma membrane, it is consequently associated with release
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Fig. 2 Schematic diagram of a conceptual model illustrating a
severe/fatal injury-induced uncontrolled hyperinflammatory
response. as observed in ARDS/SIRS/MOF. The DAMP-induced
hyperinflammatory response proceeds, in near parallel, to a long-
lasting hyperresolution response (as observed, for example, in CARS)
that is induced by production of counterbalancing SAMPs in excess
(the controlled homeostatic proinflammatory and resolving responses
are faded in, separated by dotted lines). The short delay of the begin of
the hyperresolving response should symbolize that SAMPs in terms of

of large amounts of constitutive DAMPs that confer high
immunogenicity to necrotic cells [34-37].

Apoptosis

Apoptosis is generally considered a nonimmunogenic sub-
type of RCD; though, under particular circumstances, when
apoptotic cells are not cleared by phagocytosis (effer-
ocytosis) in an efficient and timely way, it can progress to
secondary necrosis leading to DAMPs-mediated immuno-
genicity [38]. Apoptosis is executed by the effectors or
“executioners” caspase-3, caspase-6, and caspase-7 fol-
lowing the activation of upstream initiator caspases caspase-
8, caspase-9, or caspase-10 [39].

Viral infections can induce host cell apoptosis through
either the intrinsic mitochondrial or the extrinsic death
receptor pathway. For instance, virus-induced ligands such
as Fas ligand, TNF-related apoptosis-inducing ligand, and
TNF that are sensed by their cognate death receptors (Fas,
TNF-related apoptosis-inducing ligand receptor, and TNF
receptor) can induce extrinsic apoptosis via activation of the
caspase cascade (caspase-8/-10 — caspase-3/-7). Thus,
influenza A virus (IAV) infection was shown to induce Fas-
dependent caspase activation cascade to promote the
extrinsic pathway of apoptosis [32, 40, 41]. More recent
in vitro studies in mice on IAV-infected human bronchial
epithelial cells provided evidence suggesting that apoptosis
and caspase activation on exposure to IAV are initiated at
the very early stages of infection, at least partly through the
activation of the death receptor pathway genes [42].

inducible suppressing DAMPs are secreted by DAMP-activated PRR-
expressing cells. The initial hyperinflammatory phase is associated
with an increased risk of MOF, whereas the long-lasting hyperreso-
lution phase is characterized by a state of immunosuppression that is
associated with increased susceptibility of patients to infections. CARS
compensatory antiinflammatory response syndrome, MOF multiple
organ failure, PRR pattern recognition molecule, SIRS systemic
inflammatory response syndrome. Sources: This figure is slightly
modified from (1): Fig. 1 in Ref. [27]; (2) Fig. 8.1 in Ref. [11].

Interestingly, another line of studies on IAV-infected
human lung adenocarcinoma cells could demonstrate that
IAV nucleoprotein induces host cell death through the
intrinsic apoptosis pathway [43].

Necroptosis

Necroptosis can be instigated by a variety of infectious or
sterile injury-induced triggers, including inducible DAMPs
such as TNF and type I IFNs, as well as DNA and dsRNA
released from necrotic cells [35, 44, 45]. This subtype of
regulated necrosis is a kinase-mediated cell death executed
by receptor-interacting serine/threonine-protein kinase 3
(RIPK3)-mediated phosphorylation of the pseudokinase
mixed lineage kinase domain-like protein (MLKL). Acti-
vated MLKL triggers the disruption of the nuclear envelope
and transits through the nucleus to the plasma membrane to
mediate necroptotic cell death, allowing the passive release
of DAMPs [35, 46, 47].

There is emerging evidence for the role of necroptosis in
promoting inflammation and immunity in viral infections
[46], for example, in AV infection [48, 49]. A distinct
IAV-induced cell death pathway has been explored that is
active in lung epithelial cells and has been demonstrated to
occur in most cell deaths, triggered by replicating IAV in
these and other primary cell types. The pathway is triggered
by the receptor Z-DNA binding protein 1 (ZBP1) that senses
IAV RNA to initiate RIPK3-driven cell death. Mechan-
istically, ZBP1 detects Z-RNA as a new MAMP in the form
of dsRNA (RNA duplexes), which are suggested to be
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Fig. 3 Simplified schematic diagram of a narrative model illus-
trating release of DAMPs from influenza virus-induced necrop-
totic cells. Z-RNucleic acids produced by influenza viruses in the
nucleus of infected cells (here symbolized by a lung epithelial cell) are
sensed by host ZBP1, which activates RIPK3 and MLKL to lead to
nuclear envelope rupture and necroptosis. Passive release of con-
stitutive DAMPs, including nucleic acids, results in activation of PRR-
bearing innate immune cells (here symbolized by an alveolar macro-
phage), which produce proinflammatory cytokines (including induci-
ble DAMPs) and chemokines. This leads to subsequent recruitment of
macrophages, neutrophils, and dendritic cells, which may be activated

produced during nuclear virus replication [50]. Activated
7ZBP1 then associates with RIPK3, which activates MLKL
in the nucleus (Fig. 3).

Pyroptosis

Infectious and sterile injury can be perceived by innate
immune sensors that respond to MAMPs and DAMPs to
drive the formation of multiprotein complexes known as
inflammasomes. The pyroptotic cell death is a critical
inflammasome effector mechanism relevant for the demise
of monocytes or macrophages and other cell types such as
epithelial cells upon many sterile and infectious injuries.
Proteins of the gasdermin family execute pyroptosis via
caspase-mediated cleavage of pore-forming gasdermin D
(GSDMD), gasdermin E (GSDME), and gasdermin B
(GSDMB) [51-53]. Associated with this subtype of regu-
lated necrosis is the release of the inflammatory key cyto-
kines IL-1p and IL-18 as well as large amounts of DAMPs
[35, 47, 54].

There is emerging evidence for the role of pyroptosis in
promoting inflammation and immunity in viral infections,
including influenza [55] and, recently, also COVID-19
[56, 57]. Mechanistically, most information was collected
from studies on the influenza virus, a long-recognized
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by inducible DAMPs to amplify the inflammatory response (not
shown). cGas cyclic GMP-AMP synthase, dsSRNA double-stranded
RNA, HMGBI1 high mobility group box 1, IFN interferon, MLKL
mixed lineage kinucleic acidse domain-like protein, PRRs pattern
recognition receptors, RHIM RIP homotypic interaction motif, RIG-I
retinoic acid-inducible gene (protein) I, RIPK3 receptor-interacting
serine/threonine-protein kinucleic acidse 3, ssRNA single-stranded
RNA, Zal/2 Z-form nucleic acid-binding domainl/2, TLR Toll-like
receptor, TNF tumor necrosis factor, ZBP1 Z-DNA binding protein 1.
Sources: [35, 44, 50].

potent activator of the NLRP3 inflammasome. Observations
by the Kanneganti group [58, 59] from murine influenza
virus infection models revealed a pivotal role of the cyto-
solic innate immune receptor ZBP1 in NLRP3 inflamma-
some activation resulting in pyroptosis.

Another proposal for NLRP3 activation mechanism refers
to virus-induced cytosolic molecular perturbations caused by
viroporins, which are small proteins that form ion channels
that increase membrane permeability in virus-infected cells.
Such viroporins are known to activate the NLRP3 inflamma-
some [60]. For example, the M2 protein present in all influ-
enza types belongs to the class of viroporins [61]. Also, recent
experiments revealed that SARS-CoV viroporins such as
SARS-CoV E and SARS-CoV 3a can activate the NLRP3
inflammasome [62-64], although the precise underlying
mechanisms are not yet fully understood. Nevertheless, some
exciting pathways have already been reported. Previous pre-
clinical studies had already shown that the influenza virus M2
protein triggers activation of the NLRP3 inflammasome
pathway via involvement of the proton-selective M2 ion
channel in the acidic trans-Golgi network [65]. As two striking
findings, the authors noted that M2-induced inflammasome
activation required its localization to the Golgi apparatus and
was dependent on disturbances in intracellular ionic con-
centrations. Similar observations were made in subsequent
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Fig. 4 Simplified schematic diagram of a conceptual model illus-
trating release of DAMPs from SARS-CoV/viroporin-induced
pyroptotic cells. The first priming step is exemplified by IFN receptor-
triggered transcriptional pathways (NF-kB activation) to promote
upregulation of NLRP3 and pro-IL-1f/pro-IL18 expression. The
activation step is proposed to be triggered by SARS CoV viroporins
via recruitment of NLRP3 to dTGN in the form of an early and
common cellular event caused, for example, by virus-induced ER
stress, ER stress-induced mitochondrial ROS production, calcium
mobilization, and enhanced potassium efflux and (marked by purple
arrows). Activated Gasdermin D-N then binds to lipids in the plasma
membrane and forms large pores, leading to pyroptotic cell death and
release of cellular contents such as DAMPs and matured IL-1f and IL-
18. ASC apoptosis-associated speck-like protein containing a caspase

studies on other RNA viruses [66, 67]. Moreover, the SARS-
CoV E protein was shown to form protein-lipid channels in
ER-Golgi intermediate compartment (ERGIC)/Golgi mem-
branes permeable to calcium ions acting as the main trigger of
inflammasome activation process [62]. Subsequent studies on
coronaviruses revealed that the SARS-CoV 3a protein—that
had previously been found to induce Golgi fragmentation [68]
activates the NLRP3 inflammasome via various mechanisms,
including enhanced potassium efflux and mitochondrial reac-
tive oxygen species production [63, 64]. In more recent studies
on macrophages, evidence was provided indicating that
SARS-CoV 8b triggers ER stress pathways activating the
inflammasome-pyroptotic cell death path [69].

Together, the reports on the various activation mechan-
isms of viroporins fit amazingly well with the experimental
finding of the Chen group [70] showing that the dis-
assembly of the trans-Golgi network into various dispersed
structures, forming the dispersed trans-Golgi network, is the
early and common stress event that is required for NLRP3
activation in response to diverse stimuli (Fig. 4).

NETosis

The spectrum of different subroutines of regulated necrosis
implicated in viral infections is enriched by NETosis as, for

=),

S assembly/activation

pro- IL-1p,
pro- IL-18

'aQ

ASC Inflammasome

Gasdermin-Dé:. oS
= N

recruitment domain, C C-terminal domain, CARD caspase-activating
and recruiting domain, dTGN dispersed trans-Golgi network, eATP
extracellular adenosine triphosphate, K potassium, NF-kB nuclear
factor kappa B, IL interleukin, LRR leucine-rich repeats, N N-terminal
domain, NACHT (domain), neuronal apoptosis inhibitor protein
(NAIP), MHC-Class II transactivator/ transcription activator (CIITA),
plant het product (HET-E), and telomerase-associated protein 1 (TP1)
protein, NLRP3 nucleotide-binding oligomerization domain-like
receptor family pyrin domain-containing 3, PI, phosphatidylinositol-
4-phosphate, PYD pyrin domain, P2X7R P2X purinoceptor, ROS
reactive oxygen species, TLR4 Toll-like receptor 4. Note: This figure
is modified from Fig. 2.1 (including the legend with Refs. and based
on findings of Chen and Chen [70]) published in Ref. [11] (Section
2.2.5.3, p. 20). Further Sources: [61-69].

example, observed in neutrophils recruited during pul-
monary infections. As a form of neutrophil-specific cell
death, NETosis is characterized by the release of chromatin-
derived web-like structures released into the extracellular
space, referred to as NETs. The process is accompanied by
plasma membrane rupture and neutrophil lysis, typically
associated with release of DAMPs [71, 72]. Only recently, it
was recognized that NETs are also generated during viral
infection, including COVID-19 [73]. Formation of NETs is
reportedly induced directly by virions through PRRs
expressed by neutrophils on the surface such as TLR4 and
in endosomes such as TLR7 and TLRS8, or indirectly by
proinflammatory mediators such as type I IFNs, which are
secreted by virus-infected cells [74]. In IAV infection, high
levels of circulating NETs were found to be correlated with
poor prognosis of the disease [75]. Interestingly, in a recent
study on COVID-19 patients, NETs were demonstrated to
contribute to immunothrombosis observed in ARDS [76].
In another study, NETosis, vascular neutrophil recruitment,
and immunothrombosis were identified as critical features
of COVID-19 as compared to a less prominent role in
influenza [77]. The release of DAMPs such as nucleic acids,
typically associated with this type of RCD, let suggest a
critical source for type I IFNs production by subsequently
activated innate immune cells.
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Panoptosis

Excitingly, a recent platform of inflammatory RCD pathway
was identified by the Kanneganti group [78, 79] that
reportedly operates in terms of an extensive cross-talk
between apoptosis, necroptosis, and pyroptosis. Termed
PANoptosis, this deadly protein complex has been impli-
cated in several disorders, including microbial/viral infec-
tious diseases.

In influenza virus-infected cells, ZBP1 was found to be a
key master regulator of PANoptosis. Activation of this
sensor results in its interaction with RIPK3, caspase-6,
RIPK1, and caspase-8 to assemble a single cell death
complex that regulates multiple cell death pathways,
denoted as the PANoptosome [78]. The ZBP1-dependent
PANoptosome orchestrates and drives activation of the
NLRP3 inflammasome progressing to GSDMD-dependent
pyroptosis. The activation of caspase-8 leads to caspase-3,
caspase-0, caspase-7 activation, and apoptosis, while inac-
tivation of caspase-8 leads to phosphorylation of MLKL
and necroptosis [78, 79]. The possible impact of this phe-
nomenon on the cytokine storm in COVID-19 patients, as
recently reported by Karki et al. [80], is resumed below.

Demonstration of DAMPs and SAMPs in
respiratory virus infections

The dawn of DAMPs actions in viral diseases

As a conclusion of the data briefly outlined in the previous
chapter, there is no longer any doubt that respiratory viruses
can induce various subroutines of RCD. On the other hand, a
growing number of studies have shown that the event of
RCD is associated with the release of constitutive DAMPs
and secretion of inducible DAMPs capable of promoting
inflammatory responses [34-37]. This should also apply to
respiratory virus-induced RCD. Indeed, initial reports on this
currently highly topical issue have already been published.

DAMPs

Remarkably, a possible pathogenic role of the prototypic
DAMP HMGBI in severe SARS-CoV-induced pulmonary
inflammation has already been suggested by Chen et al. in
2004 [81]. First experimental studies on DAMPs in
respiratory viral infections were reported in 2008 when Imai
et al. [82] showed that oxidized host phospholipids (i.e.,
DAMPs out of the subclass of oxidation-specific epitopes)
mediate influenza virus H5Nl-induced acute lung injury
(ALI) in mice. Subsequent preclinical studies on mouse
models of pneumonia following infection with the
H5N1 strain of influenza virus provided already first
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evidence indicating that HMGBI1 can drive inflammatory
pathways [83—-85]. In more recent studies on influenza-
infected rats, HMGB1 was identified as a potential bio-
marker of infection severity, qualifying this DAMP as a
potentially useful therapeutic target in influenza virus-
induced ALI [86]. Another DAMP shown to regulate
inflammation during IAV infection is SI00A9 that, released
from undamaged IAV-infected cells, exaggerates reportedly
proinflammatory response, cell death, and virus pathogen-
esis [87]. This DAMP in the form of its heterodimer
S100A8/A9 has already been detected in COVID-19
patients and its serum levels, like HMGBI1 serum levels,
found to be strongly correlated with the severity of clinical
manifestations and with significant predictive power for the
risk of ICU admission and death [2]. Also, recently, high
circulating mitochondrial DNA levels have been detected in
COVID-19 patients and found to be a potential early indi-
cator for poor outcomes [3].

SAMPs

The recovery rate of Covid-19 patients is about 80% [88],
implying that strong inflammation-resolving forces are
involved. Indeed, viral pathogens appear to interact with the
host in a way that is modifiable by proresolving factors.
Some preclinical evidence in support of this concept has
already been published. For example, in studies on a murine
TIAV infection model, AnxAl-treated mice were shown to
display significantly attenuated pathology upon a sub-
sequent IAV infection with significantly improved survival,
impaired viral replication in the respiratory tract, and less
severe lung damage [89]. In other lines of studies on several
in vivo models of lung inflammation and infection
(reviewed in [89]), inflammatory lung injury was observed
to be exacerbated in AnxAl-deficient mice, suggesting that
this SAMP has a general protective role in the lung.

The inflammation-resolving role of SPMs in lung
infection and inflammation is well documented and has
been reviewed by Basil and Levy [90]. For example, in
elegant studies on protectin D1 in several murine influenza
models, Morita et al. [91] observed that treatment of
influenza virus-infected mice with this SPM improves their
survival, even when administered as late as 48 hours after
infection, that is, at a time when current antiviral therapies
are no longer significantly effective [92]. In other lines of
studies, virulent strains of influenza were demonstrated to
lead to suppression of lipoxin accompanied by inhibition of
antiinflammatory responses, a scenario that is associated
with enhanced viral dissemination [93]. In addition, the
SPM 17-HDHA was shown to enhance virus-specific
humoral immunity in a preclinical influenza vaccination
model, proving a link between proresolution pathways and
adaptive immunity [94]. It is also noteworthy that, in a first
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Fig. 5 A Tentative model of severity classification of respiratory
viral infections, exemplarily related to COVID-19—with respect to
gradually increasing strength in DAMPs emission with

study on SAMPs in COVID-19, PGE2 and the resolvin E3
could be measured in the patients’ serum and were found to
be decreased in severe cases [95].

Pathogenesis of ARDS
A brief profile of the syndrome

Acute respiratory distress syndrome is a heterogeneous
clinical syndrome often associated with life-threatening
SIRS. The histopathological hallmark of the syndrome is
diffuse alveolar damage characterized by key features such
as alveolar epithelial and lung capillary endothelial injury
and hyaline membrane formation [96]. The life-threatening
disease is known to develop upon various pulmonary
injurious conditions such as major trauma without or with
shock, burns, aspiration of gastric contents, mechanical
ventilation, and infections. Among those conditions,
respiratory virus-induced pneumonia belongs to the most
common causes. In 2012, the complex of symptoms
observed in ARDS had been classified by the Berlin Defi-
nition that specifies three severity classifications, based on
the intensity of hypoxemia: mild, moderate, and severe
ARDS, whereby the mild course (“ALI non-ARDS”) is
equivalent to the earlier definition of ALI (among others
corresponding to mild pneumonia) [97]. Of note, however,
many reports on SARS-CoV-2 infection deviate from this
definition and rather rely on the WHO classification of
COVID-19 disease severity [98]: (1) mild disease (symp-
toms without pneumonia); (2) moderate disease (moderate
pneumonia); (3) severe disease (severe pneumonia); (4)
critical disease (ARDS—sepsis—septic shock). In other
words, the WHO classification refers mainly to infectious
inflammatory criteria.

emission of cDAMPs
and iDAMPs; poor

impaired resolving
responses.

Moderate ARDS Severe ARDS
WHO: Severe WHO: ARDS, sepsis,
pneumonia shock

Dysregulated/increased Dysregulated emission of cDAMPs

and iDAMPs in terms of a feed -
forward loop: VRCD — ¢cDAMPs —

generation of SAMPs.  iDAMPs —RCD — ¢cDAMPs — ...;
Consequence: severe Insufficient (non-compensatory)
proinflammatory but generation of SAMPs.

Consequence: local and systemic
hyperinflammatory responses.

concomitant decreasing strength in SAMPs production. The Berlin
classification of ARDS is set in relation to the WHO criteria [97, 98].
For details of the feed—forward—loop, see Fig. 7.

Over a long period of time, infection-induced inflamma-
tion was thought to be solely due to recognition of and
response to pathogen-derived MAMPs by PRR-bearing cells
of our defense system. These views have changed. In parti-
cular, given the accumulating reports on viruses to induce
various subroutines of RCD, it is now widely accepted that
DAMPs—together with MAMPs—play a crucial pathogenetic
role in infectious inflammatory disorders. This is also equally
applicable to infection-associated ALI - ARDS. Accord-
ingly, here, DAMP/SAMP-driven inflammation-promoting
and inflammation-resolving responses are tentatively pro-
jected onto respiratory virus-induced mild ALI non-ARDS
[97] (WHO: “moderate pneumonia” [98]) progressing to
severe ARDS [97] (WHO: “critical disease” [98]) (Fig. 5).

Cellular events in ARDS

In virus-induced ARDS, the alveolar epithelium can be regar-
ded as a critical target of the innate immune attacks. It is
composed of two types of cells, which, under homeostatic
conditions, form a natural barrier. PRR-bearing alveolar type I
cells are flat cells that mediate gas exchange. They make up
90% of the alveolar epithelium and are sensitive to stress and
prone to necrosis (Fig. 6). PRR-bearing alveolar type II cells
are a key structure of the distal lung epithelium, where they
exert their innate immune function and serve as progenitors of
alveolar type I cells. As a defender of the alveolus, alveolar
type II cells are involved in the secretion of surfactant proteins,
which are important in lung protection against pathogen
exposure. Also, they may contribute to fibroproliferation and
differentiation to type I cells contributing to alveolar epithelial
repair and regeneration upon damage. In ARDS, type II cell
injury results in a decreased production of surfactant, interfer-
ing with the normal lung repair processes and eventually
leading to diffuse lung fibrosis [99, 100]. Of note, preclinical
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induced by respiratory virus

Widened
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Fig. 6 Simplified schematic diagram of a narrative model of the
action of DAMPs and SAMPs in respiratory virus-induced acute
lung injury. Injury-induced DAMPs (e.g., released from type 1
alveolar epithelial cells succumbing to RCD) activate PRR-bearing
innate immune cells such as alveolar epithelial cells and resident
alveolar macrophages, which secrete a first wave of cytokines. Sub-
sequently, these inflammatory mediators amplify the inflammatory
response via recruitment of further innate immune/proinflammatory
cells such as PMNs and M1-like macrophages, which in turn intensify
acute pulmonary inflammation via secretion of further proin-
flammatory mediator substances (e.g., cytokines). Pulmonary inflam-
mation resolution is initiated by a switch of the PMN phenotype and
shift of M1-like to M2-like macrophages, whereby SAMPs, mainly

studies and experiments on the in vivo human lung-only mice
(LoM) model provided first evidence that angiotensin-
converting enzyme 2 (ACE2)-expressing type II cells (but
less type I cells) are infected by SARS-CoV-2 [101-103].
Moreover, in other sets of studies on COVD-19, infected
alveolar type II cells were found to transmit the virus to type I
cells with rapid spread of viral replication that can turn this type
of injury explosive, creating a diffuse injury. Also, in COVID-
19, loss of alveolar type II cells was observed implying loss of
progenitors for type I cells, thus interfering with the regen-
erative capacity of type I cells and possibly resulting in pro-
gressive deterioration of respiratory function [100, 104].

The interaction between the epithelial barrier and the
other barrier, the microvascular endothelium plays a crucial
role in controlling fluid accumulation in the alveolar space.
In ARDS, this process becomes out of control via virus-
induced RCD of endothelial cells (such as apoptosis and
necroptosis) that is promoted by various inflammatory and
cytotoxic mediators. This leads to disruption of the
alveolar-capillary barrier associated with hyperpermeability
and consequent influx of fluid into the alveoli, resulting in
pulmonary edema, intrapulmonary hemorrhage, severely
impaired gas exchange, decreased lung compliance, and
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secreted by injury-activated M2-like macrophages, less neutrophils,
contribute to resolution via promotion of antiinflammatory mechan-
isms (e.g., production of IL-10), efferocytosis, and reepithelialization
—the end result being repair of the alveolar barrier. AECI alveolar
epithelial type I cells, AECII alveolar epithelial type II cells, ECM
extracellular matrix, M@ macrophage, PMN polymorphonuclear leu-
kocytes, RCD regulated cell death. Note: Co-activating virus-asso-
ciated MAMPs are not shown. Also note: injured alveolar epithelial
type I cells are representative for other injured cells such as alveolar
epithelial type II cells and endothelial cells. In particular, the target role
of the endothelium is not shown. Sources: The figure is slightly
modified from Ref. [11]; further Refs. [119, 138].

increased pulmonary arterial pressure. Further, the injury of
alveolar epithelium impairs active fluid transport mechan-
isms in the lung, preventing reabsorption of edema fluid
from the alveolar space, which is a key step in the reso-
lution of ARDS (reviewed in [105-109]). Some of these
findings have recently been reviewed for COVID-19
ARDS [110].

Whereas the exudative stage is characterized by diffuse
alveolar damage, a subsequent second stage of fibroproli-
feration is manifested by resolution of pulmonary edema
and hyperplastic proliferation of alveolar type II cells,
which contribute to alveolar epithelial repair and regenera-
tion [106, 111]. Of note, studies on transbronchial lung
cryobiopsy carried out in Covid-19 patients, alveolar type II
cell hyperplasia was found to be a prominent event in the
majority of cases [112].

DAMP- and SAMP- driven inflammatory responses in
ARDS

A growing number of articles have been published dis-
cussing a pathogenetic action of DAMPs in ALI - ARDS,
including sepsis-induced ARDS (reviewed in [113, 114]).
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Indeed, as recently reported by Li et al. [115], there is
increasing evidence from various noninfectious and infec-
tious ARDS models showing that the pulmonary inflam-
matory pathways are induced by DAMPs, including
HMGBI, histones, and S100A8/9 proteins. These obser-
vations are supported by other lines of studies in mice
showing that extracellular mitochondrial DNA and extra-
cellular ATP are also able to contribute to induction of
ALI — ARDS [116, 117]. Again, in another set of studies
on a bromine gas inhalation-induced ALI model in mice,
attenuation of the DAMP heme was shown to improve
survival after bromine gas exposure [118]. Given the sce-
nario of respiratory virus-induced pneumonia, the DAMPs
collaborate with MAMPs (i.e., viral RNA) to mount robust
innate immune responses. (The issue of MAMPs is not
further pursued here).

Initiation of lung inflammation

In accordance with the conceptual model outlined here,
current notions hold that, in respiratory virus-induced
pneumonia (i.e., ALI non-ARDS/moderate ARDS), the
initial proinflammatory response is mediated by a first wave
of cytokines (e.g., type I IFNs, TNF, IL-6, GM CSF) and
chemokines (e.g., IL-8/CXCLS, IP-10/CXCL10, CCLS5/
RANTES), secreted by MAMP/DAMP-activated, PRR-
bearing type I and type II alveolar epithelial cells, alveolar
macrophages, innate lymphoid cells, and endothelial cells
[119] (Fig. 6). In support of this concept are reports on
noninfectious lung injury models showing that these pul-
monary innate immune cells are activated by DAMPs
[105, 120, 121], while, in lung injury mediated by respira-
tory viruses including IAV and SARS-CoV-2, other reports
still focus on viral RNA and inducible DAMPs (e.g., type I
IFNs) to interact with PRRs [122-124]. In mild cases, the
inflammatory response, at this stage, might already transit to
an inflammation-resolving process.

Otherwise, these inflammatory mediators may continue
to promote amplification of the inflammatory response,
including increased vascular permeability, via recruitment
of further PRR-expressing mobile cells such as neutrophils,
monocytes, M1-like macrophages, platelets, and DCs to the
lung. Arrived in the lung, the mobile immune cells, in turn,
get activated to produce a second wave of cytokines and
chemokines as well as cytotoxic mediators such as reactive
oxygen species and proteolytic enzymes (proteases) and
granular enzymes (Fig. 6). Additionally, recruited dying
neutrophils produce NETs as additional DAMPs sources.
These products at the efferent arm of the innate immune
response mediate vascular endothelial and alveolar epithe-
lial cell damage that leads to disruption of the alveolar
endothelial and epithelial barriers (for in-depth articles, see
[106, 108, 123, 125-130]).

Nearly in parallel, that is, in response to the first wave of
cytokines, pulmonary MAMP/DAMP-activated PRR-
bearing DCs migrate to regional lymph nodes to mount
virus-specific adaptive T and B cell responses [131, 132].
Again, this topic is not further covered here.

Resolution of lung inflammation

In those patients with mild or moderate ARDS who do not
proceed to or survive the severe course of ARDS, a
resolution of inflammation can be observed, characterized
by fluid clearance and solute reabsorption from the
alveolus [133, 134]. SAMPs such as AnxAl [135] and
SPMs [136] have already been reported to be involved in
these processes. Several mechanisms central to control-
ling the resolution of lung inflammation have been dis-
cussed, including enhanced efferocytosis of apoptotic
neutrophils/eosinophils performed by antiinflammatory
and/or proresolving macrophages. In particular, a shift
from M1-like to M2-like macrophages appears to be the
principal mechanism involved in this resolution of
inflammation stage [129] (Fig. 6). The M2-like macro-
phages promote alveolar epithelial cell transition and
fibrosis formation mainly by release of transforming
growth factor-beta (TGF-p) and IL-10 [133, 137, 138]. In
respiratory viral infections, the process of SAMP-driven
resolution of lung inflammation has also been already
documented. For example, as mentioned above, the lipid
mediator protectin D1 was shown to inhibit influenza
virus replication and improve severe influenza [91].
Similarly, as also mentioned earlier, PGE2 and resolving
E3 were found to have a protective effect on COVID-19,
as revealed by their decrease in the progression from
moderate to severe disease [95].

In most patients suffering from respiratory virus-induced
mild/moderate pneumonia, the combined MAMP/DAMP/
SAMP-driven innate/adaptive immune response, as only
briefly outlined here, will result in successful clearance of
viruses from the lung, associated with complete resolution
of pulmonary inflammation. However, respiratory virus
infection can progress to severe disease, a feared outcome
that has recently been extensively reported with respect to
COVID-19.

Dysregulated hyperinflammation

Patients who develop a severe life-threatening, sometimes
deadly clinical picture of ARDS reportedly have markedly
elevated levels of circulating proinflammatory cytokines
and chemokines, significantly correlating to disease severity
and mortality [108]. This “cytokine storm” phenomenon,
reflecting increased promotion but impaired resolution of
inflammation has also been described as a key feature in
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patients with influenza [139] and, recently, COVID-19 (the
inflammatory mediators including type I and III IFNs, TNF,
IL-1B, IL-6, IL-12, IL-18, IL-33, TGF-p, CCL2, CCL3,
CCLS5, CXCL8, CXCL9, and CXCL10) [140-143].

Moreover, the dysregulated hyperinflammatory/immune
response in COVID-19 patients has been observed to be
associated with a state of delayed immunosuppression (a
phenomenon that—as mentioned above- is particularly seen
in polytrauma patients). This syndrome is indicated by a
pronounced lymphopenia [144] and reduced monocytic
human leukocyte antigen (HLA) -DR expression [145].
Notably, substantial reduction in peripheral lymphocyte
counts was reportedly identified as a high-risk factor for
secondary bacterial infection [146] and, in another study,
found to correlate with the severity of COVID-19 [147].
Given these early observations, it is tantalizing to speculate
that the DAMP-promoted hyperinflammatory response—as
reflected by the cytokine storm—may transit into a SAMP-
driven counterbalancing hyperresolution response prone to
increased susceptibility of secondary bacterial infection/
sepsis (compare Fig. 2).

Another pathogenetic hallmark of severe ARDS refers to
the complex process of immunothrombosis that leads to
thromboembolic complications during the course of ARDS
as, for example, observed in SARS CoV, MERS CoV, and
COVID-19 patients [148, 149]. The process is orchestrated
by the action of activated platelets, neutrophils, endothelial
cells, NETs, microparticles, and coagulation proteases
[150]. Notably, DAMPs may also be involved in this
complication. Thus, DAMPs were shown to trigger such an
intravascular thrombus formation, possibly by inducing
tissue factor expression on monocytes, elevating tissue
factor procoagulant activity, and promoting platelet aggre-
gation (reviewed in [151]). In sepsis, immunothrombosis
can develop to disseminated intravascular coagulation
contributing to a fatal outcome, a scenario that has been
proposed to be due to the systemic spreading of MAMPs
and DAMPs [151].

Systemic and remote organ-specific inflammation

A distinctive feature of SARS-CoV-2 is that it spreads from
the respiratory tract and invades and damages various dis-
tant organs, including the kidney, liver, gastrointestinal
tract, and nervous system. The underlying mechanistic
pathways leading to such extrapulmonary clinical mani-
festations are still elusive. As a causative process, the
cytokine storm has been and still is often discussed but
another concept has recently gained center stage: the
infection of human cells by SARS-CoV-2 via binding of the
“spike” glycoprotein to ACE2. This receptor is widely
distributed and expressed across multiple organs including
the gastrointestinal system, bone marrow, brain, liver, heart,
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and kidney [152]. According to this concept and from the
perspective of this article, the dissemination of COVID-19
to cause extrapulmonary pathologies may be discussed by
sketching three possible mechanistic pathways:

I. systemic spreading of SARS-CoV-2 with ACE2-
mediated entry into cells of remote organs to activate
PRR-bearing cells and promote MAMP-triggered
(infectious) proinflammatory responses;

II. systemic spreading of intrapulmonary emitted
DAMPs with entry into remote organs to activate
PRR-bearing cells and promote DAMP-triggered
(“sterile”) proinflammatory responses;

III. systemic spreading of SARS-CoV-2 with entry into
remote organs to induce cytotoxic effects associated
with emission of DAMPs. This process would activate
PRR-bearing cells and promote MAMP/DAMP-trig-
gered proinflammatory responses.

Theoretically, all three pathways might work together
context-dependently. Given the topic of this review, and in
view of poor evidence for intracellular SARS-CoV-2
demonstration in non-lung organs (except for organoids),
the second pathway, that is, DAMP-triggered inflammatory
responses are of major interest here. In fact, there is accu-
mulating evidence for the action of DAMPs to trigger
exaggerated systemic and remote organ-specific inflamma-
tory response, contributing to organ injury [153-156].
These data are in support of the concept that, in COVID-19,
DAMPs are involved in promotion of remote organ-specific
inflammation.

The cytokine storm as a DAMP-driven dysregulated
hyperinflammatory response

There is an increasing number of researchers discussing the
concept that the cytokine storm in ARDS is consistent with
a dysregulated exaggerated hyperinflammatory response,
executed by DAMP-activated mobile and sessile PRR-
bearing cells of the innate immune system
[90, 104, 105, 114, 125, 126, 136, 142, 157-160]. Intri-
guingly, first clues in support of this concept were recently
provided by studies in COVID-19 patients showing that
serum levels of the DAMPs S100A8/A9, HMGBI1, and
mtDNA are correlated with both the concentrations of a
spectrum of proinflammatory cytokines [2] and the severity
of clinical manifestations [2, 3].

Considering these first clues on a role of DAMPs in
respiratory virus-induced ARDS, it is still unclear what
factors influence/determine the progression from regulated
protective inflammatory defense response to pathogenic
hyperinflammatory destructive response. Among currently
discussed theories, here, the concept of a feed-forward loop
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Fig. 7 Simplified schematic diagram of a conceptual ‘feed-for-
ward-loop” model of DAMP-induced cytokine storm in respira-
tory viral infection. Virus-induced RN (necroptosis and pyroptosis)
leads to release of constitutive DAMPs such as HMGB1 and DNA that
activate PRR-bearing alveolar macrophages, which in turn secrete
cytokines such as TNF and type I IFNs. These cytokines operate as
inducible DAMPs to induce necroptosis. Release of constitutive
DAMPs such as HMGBI1 and eATP induces pyroptosis, which again
is associated with release of the constitutive DAMPs and IL-1f. The
constitutive DAMPs such as HMGB1 and DNA activate recruited
PRR-bearing neutrophils, which contribute to further cytokine pro-
duction such as TNF and type I IFNs. The sequelae of processes are
repeated in terms of a feed-forward-loop and might proceed to a
vicious circle. AECI alveolar epithelial type I cells, cDAMPs

of RCD - DAMPs—RCD — DAMPs—RCD — DAMPs,
leading to an “avalanche of DAMPs” is proposed—as
already discussed elsewhere in the context of SIRS [161].
According to such a conceptual model, the sequelae of
processes can be sketched as follows: Initial viral injury-
induced RN such as necroptosis and pyroptosis results in
release of a first line of constitutive DAMPs including
HMGBI1, ATP, and nucleic acids, which can lead directly
[162, 163] or indirectly—via inducible DAMPs such as TNF
and type I IFN secreted by innate immune cells activated by
them [164, 165]—to further pyroptotic and necroptotic cell
death. A vicious circle may develop (Fig. 7). Emerging
evidence in support of this model is provided by a recent
study of Karki et al. [80] on multiple inflammatory cytokines
produced by innate immune cells during SARS-CoV-2
infection showing that the combined production of TNF-a
and IFN-y specifically induces PANoptosis. This data let the
authors conclude that TNF-a and IFN-y play a prominent
role in damaging vital organs by inducing inflammatory cell
death. In other words, one may argue that these two cyto-
kines of the cytokine storm operating as inducible DAMPs
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neutrophil

constitutive DAMPs, eATP extracellular ATP, HMGB1 high mobility
group box 1, iDAMPs inducible DAMPs, IFN interferon, IFNAR type
I interferon receptor, IL interleukin, M@ macrophage, P2XR7 pur-
inergic receptor P2X7, RN regulated necrosis, TLR Toll-like receptor,
TNF tumor necrosis factor, TNFR1 tumor necrosis factor receptor 1,
vc vicious circle. Note: the oversimplified figure shows only one
example out of various possible scenarios regarding release of
DAMPs, expression of pattern recognition receptors, secretion of
cytokines (iDAMPs), type of cells involved, and sequelae of processes.
Also note: injured alveolar epithelial type I cells are representative for
other injured cells such as alveolar epithelial type II cells and endo-
thelial cells. In particular, the target role of the endothelium is not
shown. Sources: [45, 121, 123].

are key players in the RCD-related production of large
amounts of DAMPs that ultimately may lead to severe and
fatal outcomes of COVID-19.

Pathogenetic role of nonviral-induced
DAMPs in respiratory virus infection—a
theory

As known from the literature, several factors and conditions
have been observed as contributing to severe and life-
threatening courses of respiratory virus infections, including
coronavirus infections (SARS-CoV, MERS-CoV, SARS-
CoV-2). Such factors include high age [166-168], environ-
mental impacts [169-171], and co-morbidities such as dia-
betes [172, 173] and cardiovascular diseases [174]. On the
other hand, these conditions have been described to be
associated—more or less—with endogenous and exogenous
DAMPs, respectively. For example, DAMPs have been
proposed to contribute to aging via promotion of sterile
inflammation (“inflammaging”) [175-178]. In atherosclerosis

SPRINGER NATURE



154

W. G. Land

Respiratory Virus Infections
(incl. SARS Coronavirus
Infections)

1
MAMPs/DAMPs/SAMPs
Activation of PRR-bearing
mobile and sessile cells of the
innate immune system

Nonviral risk factors
(high age, environmental impacts,
cardiovascular diseases, others)

1
DAMPs

Activation of PRR-bearing
mobile and sessile cells of the
innate immune system

1 -
Controlled
inflammation-promoting

— inflammation-resolving responses

Mild pneumonia -
prompt healing

Fig. 8 Proposal of a theory. The superimposition of respiratory virus-
induced DAMPs with non-virus-induced DAMPs derived from con-
ditions known to be associated with emission of DAMPs (e.g., high

associated with cardiovascular diseases, the oxidation-
specific epitopes have been shown to operate as powerful
DAMPs, which trigger innate/adaptive immune responses,
initiating and propagating chronic nonresolving vessel wall
inflammation [179-181]. Another interesting risk factor
refers to damaging environmental impacts, which are selected
here as an example for a glance at this topic. Accordingly, a
theory is presented here which holds that it is the super-
imposition of coronavirus-induced DAMPs with non-virus-
induced DAMPs of any origin that at least contributes to
severe and fatal courses of coronavirus pneumonia (Fig. 8).

Notably, as recently reviewed [182], the major con-
tributing factor (besides human behavior) to respiratory
virus outbreaks is the changes in environmental parameters.
On the other hand, however, thermal stress/injury, either
cold or heat, has been experimentally shown to be asso-
ciated with emission of endogenous DAMPs [183, 184].
Likewise, other environmental factors may operate directly
as exogenous DAMPs in respiratory tract inflammation,
such as inhaled airborne particulate matter (PM)/pathogenic
air pollutants, including asbestos and crystalline silica
(classified as exogenous IVA-4 DAMPs and reviewed in
[6], Chapter 15, p. 353, also compare the table). This
category of DAMPs was shown to trigger activation of the
NLRP3 inflammasome associated with inflammasome-
dependent proinflammatory processes as well as, even
more important, regulated necrosis in the form of pyroptosis
as a critical source of subsequent endogenous DAMPs
emission [185-188]. In this context of special importance
are two earlier studies, which had already demonstrated a
positive association between pollutants and SARS case
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age and air pollution) contributes—via promotion of hyperin-
flammatory pathways—to severe and fatal courses of pneumonia, as
observed in COVID-19.

fatality in Chinese populations [169, 170]. With this back-
ground, Qu et al. [189] recently argued: “The high levels of
PM pollution in China may increase the susceptibility of the
population to more serious symptoms and respiratory
complications of the disease. ... The simultaneous inhala-
tion of chemical pollutants in PM alongside COVID-19
virus may also exacerbate the level of COVID-19 infection.
Pro-inflammation, injury, and fibrosis from inhaled PM
combined with an immune response or cytokine storm
induced by COVID-19 infection could enhance the infection
severity”.

Recent studies confirm these observations: A Harvard
University environmental research study could demonstrate
that a small increase in long-term exposure to fine particu-
late matter (PM, 5) results in a large increase in COVID-19
death rate, with the magnitude of increase 20 times that
observed for PM,s and all-cause mortality [190]. In
accordance with these reports is a more recent multicenter,
time-series study performed in 235 Chinese cities demon-
strating a statistically significant association between
ambient air pollution (pollutants: NO,, PM, s, PM;() and
the spread of COVID-19 [191]. Future more targeted stu-
dies on this topic may help clarifying this proposal.

Future perspectives

Eighteen years after their first description, the DAMPS
have been recognized not only to mount effective defense
responses against infections but also to jeopardize the
infected host itself by inducing dysregulated exaggerated
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life-threatening hyperinflammatory responses. Indeed, in
analogy to their reported action in bacterial sepsis
[12, 192], these molecules are now suggested to play a
critical pathogenetic role in the development of severe/
fateful processes, as observed in respiratory viral infec-
tions including COVID-19. Future emphasis should be
focused on exploring the key DAMPs involved, as well as
their interaction with viral MAMPs. Specification and
quantification of DAMPs, for example, in COVID-19
patients, will serve as valuable diagnostic and prognostic
biomarkers to monitor and evaluate the course of the viral
disorder, in particular, to grasp the eventual transition
precociously from a controlled defense response as
observed in mild/moderate cases to a dysregulated life-
threatening hyperinflammatory response as seen in severe/
fatal cases. Such a diagnostic stratification strategy then
would pave the path to new therapeutic opportunities
aimed at preventing progression to severe diseases and
potentially reducing mortality, such as seen in severe
COVID-19 pneumonia. Strategically, blocking or elim-
ination of DAMPs [193] or administration of SAMPs
[136, 194] have to be seriously considered and actually
were already proposed. However, given the fact that
controlled emission of both DAMPs and SAMPs is vital
for successful host defense and that it is critical for
restoring homeostasis, therapeutic inhibition of DAMPs
and/or substitution of SAMPs should be performed under
strict caveats and precautions [195].
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