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BIOlogie, France

Reviewed by:
Guoyun Chen,

University of Tennessee Health
Science Center (UTHSC),

United States
Yasser M. El-Sherbiny,

Nottingham Trent University,
United Kingdom

*Correspondence:
Luis A. Silva-Lagos

l.a.silva.lagos@umcg.nl

Specialty section:
This article was submitted to

Inflammation,
a section of the journal

Frontiers in Immunology

Received: 03 June 2021
Accepted: 26 July 2021

Published: 12 August 2021

Citation:
Silva-Lagos LA, Pillay J, van Meurs M,

Smink A, van der Voort PHJ and
de Vos P (2021) DAMPening COVID-19
Severity by Attenuating Danger Signals.

Front. Immunol. 12:720192.
doi: 10.3389/fimmu.2021.720192

REVIEW
published: 12 August 2021

doi: 10.3389/fimmu.2021.720192
DAMPening COVID-19 Severity
by Attenuating Danger Signals
Luis A. Silva-Lagos1*, Janesh Pillay2, Matijs van Meurs2, Alexandra Smink1,
Peter H. J. van der Voort2 and Paul de Vos1

1 Department of Pathology and Medical Biology, University of Groningen, University Medical Center Groningen (UMCG),
Groningen, Netherlands, 2 Department of Intensive Care, University Medical Center Groningen (UMCG), University of
Groningen, Groningen, Netherlands

COVID-19 might lead to multi-organ failure and, in some cases, to death. The COVID-19
severity is associated with a “cytokine storm.” Danger-associated molecular patterns
(DAMPs) are proinflammatory molecules that can activate pattern recognition receptors,
such as toll-like receptors (TLRs). DAMPs and TLRs have not received much attention in
COVID-19 but can explain some of the gender-, weight- and age-dependent effects. In
females and males, TLRs are differentially expressed, likely contributing to higher COVID-
19 severity in males. DAMPs and cytokines associated with COVID-19 mortality are
elevated in obese and elderly individuals, which might explain the higher risk for severer
COVID-19 in these groups. Adenosine signaling inhibits the TLR/NF-kB pathway and,
through this, decreases inflammation and DAMPs’ effects. As vaccines will not be effective
in all susceptible individuals and as new vaccine-resistant SARS-CoV-2 mutants might
develop, it remains mandatory to find means to dampen COVID-19 disease severity,
especially in high-risk groups. We propose that the regulation of DAMPs via adenosine
signaling enhancement might be an effective way to lower the severity of COVID-19 and
prevent multiple organ failure in the absence of severe side effects.
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INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a fast-spreading virus
responsible for coronavirus disease 19 (COVID-19). In a yet-to-be-defined percentage of patients, it
causes a “cytokine storm” and hypoxic respiratory failure mimicking acute respiratory distress
syndrome (ARDS), which requires intensive care unit (ICU) admission and mechanical ventilation.
Despite supportive care, some patients progress into multiple organ failure and death (1, 2). An
important trigger for the patient deterioration might be a “cytokine storm” (1), in which high levels
of interleukin 6 (IL-6) are observed (3). In COVID-19, the levels of IL-6 are associated with
pulmonary complications and death (1, 2). Moreover, the blocking of the IL-6 receptor with
tocilizumab might be an effective therapy for COVID-19 patients (3) and recently, the
recommendations on the use of tocilizumab in critically ill COVID-19 patients have been
recently updated (4).

IL-6 production and a large number of other cytokines are under the tight control of pattern
recognition receptors (PRRs), among which toll-like receptors (TLRs) are the most recognized (5).
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The role of PRRs and TLRs in COVID-19 has received until now
only minor attention. TLRs are “sentinels” that initiate
inflammatory responses by binding danger- or danger-
associated molecular patterns (DAMPs) (6, 7). The DAMPs
can be intracellular components released by damaged virus-
infected cells (7). The production of many proinflammatory
cytokines mediated by TLR’s activation dependent on the
nuclear factor kappa B (NF-kB) pathway. Therefore, inhibiting
this pathway may limit the DAMPs/TLRs-induced cytokine
storm and improve outcomes in COVID-19 patients. A “safe”
alternative for this might be inhibiting NF-kB through the
regulation of adenosine signaling. Adenosine is a purine
nucleoside and an anti-inflammatory molecule, which signaling
inhibits the TLR/NF-kB pathway (8, 9). Evidence and proof-of-
principle for adenosine’s potential role in COVID-19 follow
from an observational study in a small group of COVID-19
patients that received dipyridamole, an adenosine regulator, that
expedited the hospital discharge and improved clinical outcomes
in mild COVID-19 patients (10). In this manuscript, we reviewed
the current insight on the potential role of DAMPs in COVID-19
and how these molecules might be associated with a higher
COVID-19 severity in males, obese and elderly individuals. We
propose and give arguments for targeting the inhibition of TLRs/
DAMPs by using clinically approved adenosine signaling
enhancers that may reduce the severity of COVID-19 by
preventing or attenuating exacerbated inflammation, such as
the “cytokine storm”.
CORONAVIRUS DISEASE 2019

SARS-CoV-2 Infection
SARS-CoV-2, like other coronaviruses, is an enveloped, positive-
sense single-stranded (ss)RNA virus with a 30 nucleocapsid of
helical symmetry (11). The SARS-CoV-2 genome is 82% similar
to the SARS-Cov, both causing respiratory and enteric symptoms
(12). The viral entrance into human cells of SARS-CoV-2 follows
from structural analysis of the virus and its receptors which
suggests that the angiotensin-converting enzyme 2 receptor and
transmembrane serine protease 2 can mediate viral entrance in
human cells (13). Even though COVID-19 vaccination is crucial
to control the current pandemic, like other diseases such as flu or
influenza, COVID-19 vaccines might not reach nor protect
everyone (14). Also, the threat of mutant SARS-CoV-2 that
might escape from current vaccines remains a major threat.
Therefore, searching for readily, available therapeutic
alternatives to avoid infection, prevent viral replication, and
prevent extreme immune events leading to fatal multiple organ
failure is still urgently needed.

Clinical Manifestations
The clinical manifestations of COVID-19 are diverse and
complex (1, 2). Some individuals remain asymptomatic or their
symptoms are self-limited. These patients represent
approximately 18% of all the infected subjects (15). These
patients may not directly contribute to the health system
Frontiers in Immunology | www.frontiersin.org 2
overload; however, they are capable of transmitting the virus
and infect other weaker individuals (16). Once infected, clinical
manifestations in symptomatic patients can vary from mild to
critical disease (1). Mild disease is associated with a mild to
moderate pneumonia, exhibiting symptoms similar to an upper-
airway infection. Severe forms of COVID-19 are associated with
dyspnea (difficulty of breathing), decreased blood hemoglobin
oxygen saturation (≤ 93%), and bilateral lung opacities on chest
X-ray (1). Critical forms of the disease lead to acute respiratory
distress syndrome (ARDS), in which mechanic ventilation and
ICU support are required. Finally, these patients can develop
varying degrees of multiple organ dysfunction (1, 2). This critical
phase of the COVID-19 has a high mortality, mainly in high-risk
individuals, such as elderly and obese individuals (17).
Noteworthy, the tight link between obesity and the
susceptibility to viral infection is not specific for SARS-CoV-2
but has been reported for other viral infections, such as severe
acute respiratory syndrome (SARS) caused by SARS-Cov, MERS
and to a lesser degree but still significant in influenza (18, 19).

Although COVID-19 is defined as a respiratory disease,
important symptoms have been reported in other systems,
especially in the gastrointestinal tract (20). SARS-CoV-2 was
shown to be present in feces of asymptomatic and symptomatic
individuals (21) and also can enter human gut epithelial cells
(22). Studies have found viral particles in feces of COVID-19
patients that were negative in nasopharyngeal swab and were
discharged from the hospitals (21). The contaminated feces may
be a possible way of spreading the virus but also an important
route for reinfection (20). Consequently, pharmacological or
dietary interventions that help to reduce the viral load or to
boost the gastrointestinal immunity to avoid spreading and
reinfection should also be considered.

Risk Factors and Laboratory Findings
The risk factors for COVID-19 include different groups. Males
seem to have a higher risk for developing more severe forms of
COVID-19 (23), likely due to the lower estrogen receptors (ERs)
activation and differential TLR expression in comparison to
females (24). ERs are important regulators of TLRs and
immune function (25). Tamoxifen, an ERs agonist, decreases
the rate of SARS-CoV infection rate in female mice whose
ovaries have been removed (26). Moreover, ERs activation has
shown to have anti-inflammatory effects in different types of
human (27) and mice (28) macrophages reducing the
lipopolysaccharide (LPS)-induced activation of TLR4.
Furthermore, TLR4 expression, an important DAMPs receptor
(5), is higher in males (29). On the other hand, TLR7 expression,
a receptor for viral structures, is higher in females (30) and
regulated by ERs (31) (Figure 1). As will be discussed in the next
section, this might explain the different responses to the virus in
males and females, which might give options for therapeutic
intervention. Besides, obesity is a risk factor for the severity of the
disease, worsening the patient’s prognosis (32). Obesity is
characterized by an imbalance in a specific family of pro and
anti-inflammatory molecules, i.e. the so-called adipokines,
among which leptin and adiponectin are the most recognized
(33). Leptin plays a proinflammatory role in obesity and
August 2021 | Volume 12 | Article 720192
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contributes to a chronic low-grade inflammation (34) with
higher circulating levels of TNFa, MCP-1 and IL-6 (35). This
proinflammatory state and higher circulating leptin levels might
explain the poorer clinical outcomes in obese individuals infected
with SARS-CoV-2 (34) (Figure 1). This has been also proposed
for higher susceptibility in obese individuals for other respiratory
viral infections, such as influenza (19). In addition to obesity, age
is an important risk factor for COVID-19 (36). This might be
associated with comorbidities and “inflammaging” , a
Frontiers in Immunology | www.frontiersin.org 3
phenomenon characterized by proinflammation, DAMPs
accumulation, NF-kB activation and elevated levels of IL-6 and
C-reactive protein (CRP) (37, 38) (Figure 1). All these
proinflammatory cytokines are regulated by the TLRs/NF-kB
pathway, suggesting an important role of this mechanism in the
proinflammation associated with COVID-19.

The research reports on COVID-19 patients show
lymphopenia, neutrophilia, elevated serum transaminases
(alanine and aspartate transaminases), increased lactate
FIGURE 1 | The proposed role of DAMPs/TLRs in the risk factors of COVID-19 severity. In males (compared to females) a lower (⇓) expression of toll-like receptor
(TLR) 7 might (⇓) reduce the viral clearance. On the other hand, higher (⇑) TLR4 in males might lead to higher (⇑) sensitivity to danger-associated molecular patterns
(DAMPs). Furthermore, obesity and aging are conditions associated with a proinflammatory state characterized by increased (⇑) DAMPs, interleukin 6 (IL-6), and
tumor necrosis factor alpha (TNFa). After SARS-CoV-2 infection, an exacerbated (⇑⇑) accumulation of DAMPs and proinflammatory cytokines might explain the
higher (⇑) COVID-19 severity in these individuals.
August 2021 | Volume 12 | Article 720192
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dehydrogenase and increased CRP. Increased hypercoagulability,
characterized by elevated D-dimer (fibrin fragments) and
prolonged prothrombin times, has been observed in some
patients (1, 39, 40). The hypercoagulability reported in
COVID-19 is associated with higher mortality (41).
Dysregulations in coagulation, such as upregulation of
plasminogen inhibitor 1, have been previously reported in
SARS-Cov infection and might also play a role in COVID-19
(41). Therefore, anticoagulant treatments might contribute to
improving the clinical outcomes in COVID-19 patients (42).
Plasmatic levels of IL-1b, IL-1 receptor antagonist, IL-7, IL-8, IL-
9, IL-10, basic fibroblast growth factor, granulocyte-colony
stimulating factor (GCSF), interferon gamma, interferon
gamma-induced protein 10 (IP10), monocyte chemoattractant
protein 1 (MCP1), macrophage inflammatory protein 1 alpha
and beta (MIP1A and MIP1B, respectively), platelet-derived
growth factor, tumor necrosis factor alpha (TNFa) and
vascular endothelial growth factor levels have been reported to
be higher in comparison to healthy adults (40). Furthermore, IL-
2, IL-7, IL-10, GCSF, IP10, MCP1, MIP1A, and TNFa are higher
in ICU patients when compared with non-critically ill patients in
general ward (40). Furthermore, IL-6 levels have been associated
with COVID-19 progression into severer stages and mortality
(43). Many of these cytokines are controlled by the signaling of
TLRs, suggesting a key role of DAMPs and these receptors in the
severity of COVID-19.
DAMPS AS A TARGET IN
MANAGING COVID-19

The cellular damage associated with the biological cycle of the
virus and the immune response in the COVID-19 patients likely
increases the levels of DAMPs in the interstitial space and
systemic circulation (44). DAMPs are functional molecules
that participate in different cellular processes and are normally
intracellularly located in specific subcellular compartments, such
as the nucleus or mitochondria (6). Once the integrity of the cells
is compromised, these molecules are released to the extracellular
milieu, where these molecules act as a “something-is-wrong” or
“danger” signal for the surrounding cells. For this, DAMPs can
be recognized by different PRRs, among which TLRs seem to
have a major role in the DAMP-induced inflammatory
responses (6).

In humans, TLRs are a family of 10 members (TLR1 to
TLR10) and are expressed mainly in immune cells, fibroblasts,
epithelial and endothelial cells (45). TLRs act as “sentinels”
sensing and recognizing specific molecular patterns associated
with microorganisms (MAMPs) or DAMPS, such as high
mobility group box 1, histones, S100 proteins, nuclear and
mitochondrial DNA (nDNA and mtDNA) (5). TLR activation
leads to intracellular activation of NF-kB pathway and the
production of proinflammatory cytokines, such as IL-6, IL-1b,
and TNFa (5). Furthermore, the SARS-CoV-2 viral RNA, found
in different tissues and circulating in the blood, can activate
TLR7 and TLR8, which are specialized in the recognition of viral
Frontiers in Immunology | www.frontiersin.org 4
RNA (5). TLR4 is an important receptor for different DAMPs
(5). In males, this receptor expression is higher than in females
(29). On the contrary, females express higher levels of TLR7 (30),
which is specialized in virus-recognition and triggering of
appropriate cellular responses, which might explain the faster
clearance of the virus in females (46). A proof of principle of this
are the individuals with inherited TLR7 mutations who
developed an earlier and severer COVID-19 (47), confirming
the importance of this receptor in the reduction of COVID-19
severity, and likely explaining the higher severity in males. This
differential TLR expression, suggests that females might be more
efficient in limiting the virus infection and, on the other hand,
males might be more sensitive to DAMPs after cellular damage
produced by the viral infection. This might explain the higher
risk for a poorer outcome and more severe COVID-19 in males
(Figure 1). Viral lysis of host-cells causes cellular and
mitochondrial DAMPs to enter the circulation. Elevated
plasma mtDNA, a DAMP recognized by TLR9 (48), has been
associated with higher severity of ARDS in severely ill trauma
and sepsis patients (49).

Hydroxychloroquine an, at the time, authorized drug for
emergency use in COVID-19 that increases the pH in
lysosomes altering the viral replication (10, 11). Notably,
hydroxychloroquine also inhibits endosomal TLRs, such as
TLR7, 8 and 9 (48, 50, 51). Also, we have shown that
hydroxychloroquine is an effective TLR8 inhibitor attenuating
the TLR8-induced IL-6 release (50), a cytokine associated with
COVID-19 progression and mortality. However, the role of
(hydroxy)chloroquine-mediated DAMPs/TLR inhibition in
COVID-19 patients has not been assessed, even though the
importance of endosomal TLRs in the viral clearance which
are inhibited by hydroxychloroquine. Interestingly, a slower viral
clearance was reported in COVID-19 patients treated with
hydroxychloroquine (52) . This undesired effect of
hydroxychloroquine might be due to the inhibition of
endosomal TLRs, such as TLR7.

The evidence against or in favor of hydroxychloroquine as a
safe treatment for COVID-19 remains inconclusive.
Nevertheless, the presence of different damage and viral
molecules in the circulation and the interstitial space in
COVID-19 (44), suggests that extracellular TLRs and DAMPs
play a crucial role in inflammation induced by the cellular and
tissue damage associated with SARS-CoV-2 infection (44).
Therefore, DAMPs/TLRs/NF-kB signaling modulation with
clinically approved drugs but with less side-effects should be
considered for the treatment of COVID-19. Based on the
available data, the enhancement of adenosine signaling might
be a readily, fast and sound approach for modulation of DAMPs/
TLRs signaling to attenuate COVID-19 severity.
ADENOSINE

Adenosine Metabolism and Signaling
Adenosine is an endogenous purine nucleoside and a drug
approved for the treatment of paroxysmal supraventricular
August 2021 | Volume 12 | Article 720192

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Silva-Lagos et al. Attenuating Danger Signals in COVID-19
tachycardia (53). Adenosine results from the glycosidic bond
between adenine and D-ribose and it is produced, released and
taken up by most, if not all cells (54). Adenosine is a local
regulator of cellular function, mediated by autocrine and
paracrine mechanisms under normal physiological conditions
and in response to acute alterations (54). Adenosine exerts
diverse cellular effects mainly mediated by four G-protein-
coupled adenosine receptors (ARs) (55): A1 and A3 ARs
mediate the activation of G inhibitory (Gi) protein and A2A

and A2B ARs activate G stimulatory protein (Gs), respectively
inhibiting or activating adenylyl cyclase (cyclic adenosine
monophosphate (cAMP) synthesis). ARs have different
distribution and expression in different cells and tissues (56).
The uptake/removal of adenosine from the extracellular space
terminates the adenosine signaling (57). Adenosine uptake is
mainly mediated by human equilibrative nucleoside transporters
(hENTs type 1 and type 2) (57). Also, adenosine deamination
mediated by extracellular adenosine deaminase (ADA) decreases
adenosine concentration limiting the adenosine signaling (57).
Once adenosine is inside the cell, it can be either phosphorylated
by adenosine kinase or deaminated by intracellular ADA,
producing AMP or inosine, respectively (55).

Adenosines half-life is approximately 10 seconds which is
advantageous to prevent and control potential side-effects.
Pharmacological regulation of adenosine is generally well-
tolerated. Adenosine’s (and other adenosine enhancers) side-
effects are usually very mild and include dizziness, flushing, and
headache (around 10-20%). Severer side effects, such as ventricular
arrhythmias, are reported in less than 1% of the patients. These side-
effects can be solved with adenosine receptor blockers, such as
aminophylline or caffeine (58, 59). The short half-life of adenosine
and other adenosine enhancers, and the availability of approved
adenosine receptor blockers allows that many of the side-effects are
self-limited or can be controlled by the use of other drugs. However,
patients should be constantly monitored for side-effects during the
treatment. Furthermore, clinical trials evaluating the safety and
effectiveness of adenosine enhancers in COVID-19 patients with co-
morbidities (e.g., cardiovascular conditions) that can be exacerbated
by adenosine signaling should be considered.

Adenosine and DAMPs
Adenosine signaling is a strong inhibitor of the NF-kB pathway,
limiting the cytokines produced by this transcription factor (60). In
different cell types including immune cells, activation of A2A and
A3A results in downregulation of the effect of TLR2, 3, 4, 7, and 9
activations and consequently to reduced release of proinflammatory
cytokines, such as IL-6, IL-1b and TNFa (8, 61–63).

Adenosine can be formed from extracellular adenosine
triphosphate (ATP) but as such ATP is proinflammatory
molecule and a DAMP. Under stressful conditions, cells
passively or actively release ATP (7). Extracellularly, ATP acts
as a DAMPs signal through activation of ATP receptors (P2X,
P2Y receptors) and induces activation of NF-kB (7, 64).
However, extracellular ATP can be broken down into
adenosine by ectonucleotidases (CD39 and CD73). Thereby,
adenosine reduces the activation of NF-kB (7), counteracting
the proinflammatory effects of TLR-activation and extracellular
Frontiers in Immunology | www.frontiersin.org 5
ATP signaling (65, 66). Interestingly, the activation of TLRs leads
to the internalization of CD39 (66), enhancing ATP signaling
and likely reducing the adenosine signaling, suggesting a tight
link between adenosine and DAMPs signaling (Figure 2).

Adenosine and Inflammation
Adenosine is a potent anti-inflammatory molecule that plays a
crucial role in innate immunity (67). It has been proven that
adenosine downregulates proinflammatory signals in different
experimental models. The anti-inflammatory effect of adenosine is
mediated mainly by the regulation of cAMP and the activation of
cAMP-activated protein kinase (PKA) (9). As outlined above,
adenosine signaling is a strong inhibitor of the NF-kB pathway
(8, 9, 68). A2AAR signaling exerts anti-inflammatory effects on
dendritic cells, neutrophils, macrophages, and T regulatory cells
(69). Moreover, adenosine can reduce the activation of different
TLR by inhibiting its downstream pathway, NF-kB. For this,
different mechanisms have been described. A2BA physically binds
to p105 (an NF-kB inhibitor) and decreases its degradation and by
that reduces the production of proinflammatory cytokines (68). In
lymphocytes from rheumatoid arthritis patients, the activation of
A2A and A3 reduced phorbol-myristate-acetate induced IL-6, IL-1b,
and TNFa release (61). In murine chondrocytes, the activation of
A2A resulted in reduced inflammatory parameters induced by IL-1b
(63). Furthermore, in systemic inflammation, the inhibition or
genetic deletion of A1 and A3A increased the systemic
inflammation and mortality in a cecum ligation model of sepsis
(70, 71). Similarly, A2AAR mediates protective effects in LPS-
induced injuries in a mice model of sepsis (72). All this data
strongly suggest that adenosine can decrease inflammation
mediated by damage signals and TLRs activation and other
proinflammatory conditions. This strongly suggests a possible
beneficial effect of adenosine administration in improving the
outcome in symptomatic COVID19 patients.

Adenosine and Acute Lung Injury
Among the most recognizable threats of COVID-19 severe stages
are the respiratory consequences, such as ARDS. A significant
body of evidence from animal models suggests that adenosine
regulation may play a crucial role in protecting lung functionality
and reducing inflammation in acute lung injury models.
Similarly, it seems reasonable that adenosine might be
beneficial to prevent lung deterioration in COVID-19 patients,
reducing the disease severity.

In the lungs, all the ARs are expressed with diverse distribution
in different cell types. In human bronchial smooth muscle cells,
levels of A2B transcripts are highly expressed in comparison with A1

and A2AAR (73). In human lung parenchyma, A2A and A3

expression have been reported in bronchiolar and alveolar
epithelium, in bronchiolar smooth muscle cells and endothelial
cells in the pulmonary arteries (74). A1AR expression seems to be
restricted to macrophages (74) and bronchial epithelium (75). In
acute lung injury models (Table 1), the signaling of adenosine exerts
anti-inflammatory and protective effects in animal models and
human cells (76). In guinea pigs (77, 86) and mice (82) with
endotoxin-induced pulmonary inflammation, the administration
of 2-chloroadenosine or 5’-N-ethylcarboxamidoadenosine (non-
August 2021 | Volume 12 | Article 720192
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TABLE 1 | Adenosine signaling enhancement in acute lung injury animal models.

Animal Model Adenosine enhancers Findings (vs. ALI control animals) Reference

Guinea
pigs

LPS induced ALI 2-chloroadenosine (non-selective ARs agonist) ⇓Tissue/plasma albumin

⇓ Lung edema

⇓ BAL macrophages

⇓ Alveolar hemorrhage

⇓ Plasma TNFa

(76)

Mice LPS-induced ALI -NECA (non-selective ARs agonist)

-Adenosine

⇓ Vascular leakage

⇓ BAL protein

⇓ Lung injury score

⇓ Lung neutrophils infiltration

⇓ Weight loss

⇓ Lung IL-6

⇓ Lung TNFa

⇓ BAL IL-6

⇓ BAL TNFa

⇓ BAL MIP1A

⇓ BAL MIP1B

(77)

(Continued)
Frontiers in
 Immunology | www.frontiersin.org
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FIGURE 2 | Integration between DAMPs signaling and adenosine signaling. (A) Different danger-associated molecular patterns (DAMPs) molecules are released by
the cells and can be sensed by toll-like receptors (TLRs) leading to the activation of nuclear factor kappa B (NF-kB) and the production of proinflammatory cytokines.
Similarly, adenosine triphosphate (ATP) is actively or passively released from damaged cells and activates purinergic ATP receptors (P2X) activating proinflammatory
responses in the cells. ATP can be broken down by ectonucleotidases producing adenosine. (B) Adenosine activates adenosine receptors (ARs) and inhibits (dotted
green line) TLR and P2X signaling by downregulating the NF-kB-mediated production of proinflammatory cytokines.
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TABLE 1 | Continued

Animal Model Adenosine enhancers Findings (vs. ALI control animals) Reference

⇓ BAL IL-1b

⇓ BAL IL-2

⇓ BAL IFNg

⇓ BAL GCSF
Mice Pulmonary ischemia-reperfusion ATL-313 (A2A receptor agonist) ⇓Pulmonary artery pressure

⇓Airway resistance

⇑ Pulmonary compliance

⇓ Lung vascular permeability

⇓ Lung edema

⇓ BAL TNFa

⇓ BAL neutrophils

(78)

Mice LPS-induced lung injury ATL202 (A2A receptor agonist) ⇓ Alveolar neutrophils migration

⇓ PMN recruitment

⇓ Vascular permeability

⇓ IL-6

⇓ TNFa

(79)

Mice Ventilation-induced lung injury -Dipyridamole (equilibrative nucleoside
transporters inhibitor)
-ENT2 knockout

⇑ ALI survival

⇓ Lung edema

⇑ Gas exchange

⇑ BAL adenosine

⇓ IL-6

Abolished dipyridamole effect in A2B knockout

(80)

Mice Pseudomonas aeruginosa-induced ALI -NBTI (equilibrative nucleoside transporters
inhibitor)
-ENT1 knockout

⇑ Total lung capacity

⇑ Lung compliance

⇑ Lung elastance

⇓ Lung tissue damage

⇓ Lung edema

⇓ BAL protein level

⇓ Lung lymphocytes

⇓ Lung neutrophils

⇓Lung eosinophils

⇓ Lung TNFa

⇓ Lung IL-6

⇓Lung IL-1b

⇑ Lung adenosine

⇓ NLRP3 activation

⇓ Caspase 20 activation

(81)

Pigs LPS-induced ALI Adenosine Faster drop in mean arterial pressure

Normalized cardiac index

Delayed drop in systemic vascular resistance

= Mean pulmonary artery pressure

Prevents drop in right ventricular ejection fraction

⇓ extravascular lung water content

= Endothelin-1

(82)

Pigs Transplantation-induced ALI ATL-146e (A2A receptor agonist) ⇓ CO2 pressure

⇑ O2 pressure

Prevents acidemia

= Mean arterial pressure

= Cardiac output index

= Systemic vascular resistance

= Pulmonary compliance

⇓ Pulmonary arterial pressure

⇓ Mean airway pressure

(83)

(Continued)
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selective ARs agonists) reduced the inflammatory response and
pulmonary edema. Furthermore, the administration of adenosine in
pigs prevented the effects of LPS in the lungs, decreasing the
extravascular lung fluid (79). Similarly, inhaled A2A agonist
ATL202 reduced LPS-induced neutrophil migration,
microvascular permeability, and chemokine release, suggesting
A2AAR activation as treatment of acute lung injuries
complications (78). In other induced acute lung injury models,
such as induced by ventilation or transplantation, the activation of
A2A decreased inflammation in the lungs (83–85, 87). This suggests
an important therapeutic potential of adenosine signaling not only
in reducing inflammation but also in maintaining the lung
functionality, crucial for COVID-19.

Pharmacological inhibition or genetic deletion of ENTs
(nucleoside transporters) in a mice model of LPS-induced lung
injury resulted in increased adenosine levels, the improvement of
the pulmonary barrier, and reduced lung inflammation, a
phenomenon dependent on the A2A and A2B (80, 81).
Moreover, dipyridamole (hENTs inhibitor) can bind to the
SARS-CoV-2 main protease (Mpro), reducing the virus
replication in vitro (10). This observational study also suggests
that dipyridamole expedited the hospital discharge in mild
COVID-19 patients, and it is associated with an improved
clinical outcome (10). Another study (88) including
irresponsive-to-standard therapy COVID-19 patients, showed
improvement in viral clearance and reparatory capacity after use
Frontiers in Immunology | www.frontiersin.org 8
of nebulized adenosine with almost absent reported side-effects. In
a similar fashion, other study (89) using nebulized adenosine
inhaled adenosine (Krenosin) showed that the treated group had a
significant reduction in the length of hospitalization, test positivity,
CRP level and D-dimer, with significant improvement in the chest
CT scans. Together, this data suggests that different strategies, for
instance by using specific adenosine receptor agonists, inhibiting
the adenosine uptake, or as proposed by others (90), inhibiting
adenosine deamination or phosphorylation, can be used to
enhance adenosine signaling, reducing the effects of acute lung
injury in, for example, COVID-19 patients.
CONCLUDING REMARKS

Based on the above-given line of reasoning, the regulation of
DAMPs via adenosine signaling enhancement seems to be a
promising strategy to prevent deterioration of COVID-19
patients to severe ARDS and/or multiple organ failure.
Currently, there are several clinically approved drugs, such as
dipyridamole or regadenoson (A2A agonist), that by different
mechanisms enhance adenosine signaling. Therefore, the
downregulation of DAMPs/TLRs pathway via the enhancement
of adenosine signaling seems to be a promising, relatively safe, and
clinically available therapeutic strategy for COVID-19 patients. At
the moment, some of these adenosine enhancers alone or in
TABLE 1 | Continued

Animal Model Adenosine enhancers Findings (vs. ALI control animals) Reference

⇓Lung edema

⇓ Neutrophil infiltration

⇓ TNFa

⇓ Lung injury score
Rats Nontransplantation pulmonary ischemia-

reperfusion
ATL-146e (A2A receptor agonist) ⇓ CO2 pressure

⇑ O2 pressure
⇓ Capillary leak
⇓ Lung neutrophils infiltration
⇓ Lung polymorphonuclear lymphocytes

(84)

Rats Cardiopulmonary bypass ATL-313 (A2A receptor agonist) = Mean arterial pressure

= Cardiopulmonary bypass flow

= Blood pH

= CO2 pressure

= O2 pressure

= Blood bicarbonate

⇓ Lung IL-6

⇓ Lung TNFa

⇓ Lung IFNg

⇓ Lung neutrophils

⇓ Pulmonary edema (comparable to healthy
animals)

⇓ Lung injury severity score (comparable to
healthy animals)

(85)
August 2021 | Volume 12 | Art
⇑, Higher, increased; ⇓, Reduced, lower; =, No differences; A2A,A2A Adenosine Receptor; A2B, A2B Adenosine Receptor; ALI, Acute Lung Injury; ARs, Adenosine Receptors; ATL-313, A2A

Adenosine Receptor agonist; BAL Bronchoalveolar lavage; CO2 Carbon Dioxide; ENT1, Equilibrative Nucleoside Transporter 1; ENT2, Equilibrative Nucleoside Transporter 2; GCSF,
Granulocyte-Colony Stimulating Factor; IFNg, Interferon Gamma; IL-1b, Interleukin 1 Beta; IL-2, Interleukin 2; IL-6, Interleukin 6; LPS, Lipopolysaccharide, MIP1A, Macrophage
Inflammatory Protein 1 Alpha; MIP1B, Macrophage Inflammatory Protein 1 Beta; NBTI, S-(4-nitrobenzyl)-6-theoinosine; NECA, 5′-(N-Ethylcarboxamido)adenosine; NLRP3, NOD-, LRR-
and pyrin domain-containing protein 3; O2 Oxygen; TNFa, Tumor Necrosis Factor Alpha.
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combination (e.g., Aggrenox; Dipyridamole/Aspirin combination)
are included in clinical trials to evaluate the potential benefits of
adenosine regulation in COVID-19 treatment (Table 2).
Adenosine enhancers might prevent or attenuate the SARS-
CoV-2-induced “cytokine storm,” reducing the severity of
COVID-19, especially in high-risk groups, lowering the health
system overload and the economic burden associated with the
pandemic (Figure 3).
Frontiers in Immunology | www.frontiersin.org 9
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