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According to the coronavirus disease 2019 (COVID-19) case
tracker of the Johns Hopkins University, more than 13 mil-
lion people around the world have been infected with severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
and as much as 575,000 COVID-19-related deaths have
been recorded by mid-July 2020 (https://coronavirus.jhu.
edu/). One of the most frequent complications of COVID-
19 is pneumonia, which underlies symptoms like cough and
shortness of breath. The clinical course of COVID-19 pneu-
monia exhibits a broad spectrum of severity and progres-
sion patterns. Severely ill patients can rapidly progress to
acute respiratory distress syndrome (ARDS) within a week.
ARDS is observed in 17-29% of hospitalized patients with
a global mortality of approximately 5.4% for all COVID-19
cases (Tu et al. 2020). Given the current worldwide intensive
research efforts, the molecular mechanisms of pneumonia
linked to COVID-19 are being elucidated at high pace. A
practical tool to capture and visualize mechanisms of adver-
sity, such as toxicity and disease, is the adverse outcome
pathway (AOP) construct (Ankley et al. 2010). An AOP
starts by the interaction of a foreign entity with a biologi-
cal system, a process called the molecular initiating event
(MIE). Activation of the MIE elicits a chain of key events
(KEs) at different levels of biological organization, including
at the cellular, tissue and organ level, eventually resulting in
the actual adverse outcome (AO), usually occurring at the
organism level (Vinken et al. 2017). The Organization for
Economic Co-operation and Development (OECD), in col-
laboration with a number of other agencies, has established
an electronic repository for AOPs, called the AOP Wiki. At
present, the AOP Wiki contains more than 300 AOPs for a
multitude of adverse effects, including an AOP on acute res-
piratory distress associated with COVID-19 (https://aopwi
ki.org/aops/320). This AOP was mainly designed to allow
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insight into the mechanism of the cellular entry of viral par-
ticles and to support vaccine development. In order to fur-
ther encourage research in this direction, an updated version
of the putative AOP for pneumonia linked to COVID-19 is
proposed, which encompasses new knowledge that is rapidly
accumulating (Fig. 1). One of the major MIEs in this AOP is
the binding of SARS-CoV-2 to the angiotensin-converting
enzyme 2 (ACE2) receptor at the plasma membrane surface
of type II pneumocytes lining the alveoli in lung. This bind-
ing occurs through subunit S1 of the SARS-CoV-2 surface
spike glycoprotein S, with the latter being primed by cellular
transmembrane serine protease 2 (TMPRSS2) (Xiao et al.
2020). Upon entry, which involves internalization of both
SARS-CoV-2 and the ACE2 receptor, the virus replicates by
making use of the ribosomes of the host cell and by relying
on the actions of RNA replicase. Following assembly of the
de novo synthetized viral proteins, the newly formed SARS-
CoV-2 is released and propagates infection (Tu et al. 2020).
The process of viral replication triggers an inflammatory
response accompanied by the recruitment of macrophages.
This most likely involves activation of the NOD-like recep-
tor family pyrin domain-containing 3 (NLRP3) inflamma-
some, which facilitates the production of pro-inflammatory
cytokines, including interleukin 1§ and interleukin 18.
NLRP3 induces the formation of gasdermin-D pores on the
plasma membrane surface, causing secretion of interleukin
1P and interleukin 18 as well as the influx of water into
the cytosol, which in turn leads to cell swelling and subse-
quent rupture or so-called pyroptosis (Yap et al. 2020). The
released pro-inflammatory cytokines, along with changes
in angiotensin homeostasis, compromise the structure and
functionality of surrounding endothelial cells in alveolar
vasculature. In particular, permeability becomes increased
and goes hand in hand with endothelial fluid leakage and
the occurrence of edema (Leisman et al. 2020). Simulta-
neously, released pro-inflammatory cytokines stimulate the
generation of reactive oxygen and nitrogen species, and thus
the onset of oxidative stress (Ntyonga-Pono 2020). In par-
allel, several enzyme systems, in particular proteases, are
activated, which damage cellular architecture. Collectively,
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Fig. 1 A putative AOP for pneumonia linked to COVID-19

these deteriorating events instigate consolidation, denoting
the replacement of air in the alveoli by transudate, pus, blood
or cells, which presents as the typical “white lungs” during
radiography. This may or may not coincide with collapse of
the lung or so-called atelectasis (Fu et al. 2020) The outcome
of this is reduced or even absent gas exchange and hence
respiratory failure (Gallelli et al. 2020). This is ultimately
manifested clinically as dry cough and shortness of breath,
also called tussis and dyspnea, respectively (Oztiirk 2020),
being considered as the actual adverse outcome (AO).

It should be stressed that this proposed AOP must be con-
sidered with caution, as it has not been assessed according
to the tailored Bradford-Hill criteria to evaluate biological
plausibility, essentiality and empirical support (Becker et al.
2015). Indeed, the relevance and sequence of some KEs as
well as their links may not be fully substantiated by cur-
rent information. Inherent to their dynamic nature, AOPs
should be updated and finetuned as soon as new relevant data
become available. This certainly holds true for the AOP for
pneumonia linked to COVID-19. In fact, the proposed AOP
should eventually evolve into an AOP network that considers
all clinically pertinent MIEs and AOs. A number of efforts
towards this goal are currently ongoing, including at the
European Commission’s Joint Research Center (JRC). Such
AOP network should comprise the mechanisms driving the
multi-organ failure frequently observed in severe COVID-
19 patients, for which the causes (i.e. MIEs) are as yet not
entirely clear or delineated. Thus, liver failure may be caused
by the direct binding and actions of SARS-CoV-2 in hepato-
cytes or cholangiocytes, but could also be an indirect con-
sequence of the systemic inflammatory response syndrome
associated with COVID-19. In addition, liver failure may
result from hepatic injury caused by drugs administered to
COVID-19 patients (Algahtani and Schattenberg 2020). The
future COVID-19 AOP network could also cover the differ-
ent steps of virus infection and, especially, replication, now
captured in a single KE. This could be of specific relevance
for the development of novel drugs and vaccines, which
typically target this process. The overall COVID-19 AOP
network could serve a number of purposes, a prominent
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one being disease modeling. In this respect, an appealing
opportunity lies ahead to generate animal-free new approach
methodologies (NAMs) that allow to study particular aspects
of the COVID-19 spectrum (Busquet et al. 2020). By opti-
mally combining these NAMs, mechanistically anchored in
the AOP network, further insight into COVID-19 pathogen-
esis will be gained, which in turn will open perspectives for
setting up targeted clinical treatment strategies.
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