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Abstract

AOP379

Coronavirus disease-19 (COVID-19) is circulating all over the world. To understand and find a way of the COVID-19 treatment, the
therapeutic mechanism of COVID-19 is focused on in this Editorial. The pathogenesis of COVID-19 includes molecular networks
such as the binding of the membrane proteins, signaling pathways, and RNA replication. The mechanism of infection and targets of
the therapeutics are explored and summarized. The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is a
new type of coronavirus causing COVID-19, infects the cells via the binding of the membrane proteins of human cells and is
internalized by the cells. The viral genome is replicated by RNA-dependent RNA polymerase (RdRp), followed by the packaging and
releasing of the viral particles. These steps can be the main targets for the therapeutics of COVID-19. This AOP379 "Increased
susceptibility to viral entry and coronavirus production leading to thrombosis and disseminated intravascular coagulation” consists of
the molecular initiating events (MIE) as "Increased susceptibility to viral entry" (KE1738) and "Increased coronavirus production”
(KE1847), key events (KEs) as "Oxidative stress response” (KE1869) and "Coagulation" (KE1845), and adverse outcome (AO) as
"Thrombosis and Disseminated Intravascular Coagulation" (KE1846).

Summary of the AOP

Events

Molecular Initiating Events (MIE), Key Events (KE), Adverse Outcomes (AO)

Sequence Type EventID

1 MIE 1738
2 MIE 1847
3 KE 1869
4 KE 1845
5 AO 1846

Title

Increased susceptibility to viral entry

Increased coronavirus production

Oxidative stress response

Coagulation

Short name

Increased susceptibility to viral entry

Increased SARS-CoV-2 production

Response to ROS

Coagulation

Thrombosis and Disseminated Intravascular Coagulation Thrombosis and DIC

Key Event Relationships

Upstream Event

Increased susceptibility to
viral entry

Increased coronavirus
roduction

Oxidative stress response
Coagulation

Coagulation

Stressors

Name

Relationship
Type

adjacent

adjacent

adjacent

adjacent

adjacent

Evidence

Stressor:624 SARS-CoV-2 High

Overall Assessment of the AOP

Domain of Applicability

Life Stage Applicability
Life Stage Evidence

All life stages Moderate
Taxonomic Applicability

Downstream Event

Increased coronavirus production

Oxidative stress response

Coagulation

Oxidative stress response

Quantitative

Evi
vidence Understanding

High Moderate

Moderate Not Specified

Moderate Not Specified
Moderate Not Specified

Thrombosis and Disseminated Intravascular

Coagulation

High
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Term Scientific Term Evidence Links

Homo sapiens Homo sapiens  High NCBI
Sex Applicability
Sex Evidence

Unspecific High
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Appendix 1

List of MIEs in this AOP

Event: 1738: Increased susceptibility to viral entry
Short Name: Increased susceptibility to viral entry
AOPs Including This Key Event

AOP ID and Name Event Type

Aop:320 - Binding of viral S-glycoprotein to ACE2 receptor leading to acute respiratory distress

associated mortality KeyEvent

Aop:379 - Increased susceptibility to viral entry and coronavirus production leading to thrombosis and
disseminated intravascular coagulation

Stressors

Name

Sars-CoV-2

Biological Context

MolecularInitiatingEvent
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Level of Biological Organization

Molecular
Cell term

Cell term

cell

Organ term

Organ term

organ

Domain of Applicability
Taxonomic Applicability
Term Scientific Term Evidence Links

Homo sapiens Homo sapiens  High NCBI
Life Stage Applicability

Life Stage Evidence

All life stages High
Sex Applicability
Sex Evidence

Unspecific High
Homo sapiens

ACE 2 is highly expressed in gastrointestinal system such as small intestine and duodenum, as well as oral and nasal mucosa, lung,
kidney and brain [6-8].

Key Event Description

Coronavirus, which is a nanoparticle, is sphere-shaped and its diameter is 80-120 nm on average, where it sometimes ranges from
50 nm to 200 nm [Masters PS. (2006)]. Spike protein (S protein), the so-called peplomer, on the surface of the particle binds to the
receptor on the host cellular membrane, then internalized inside the cells. Viral RNA (plus strand) in the viral particles is replicated
and translated into the viral structural protein in the host cells, which is followed by replication of new viral particles [Weiss SR,
Navas-Martin S. (2005) ]. Coronavirus is recognized by the binding of S protein on the viral surface and angiotensin | converting
enzyme 2 (ACE2) receptor on the cellular membrane, then internalized into the cell via processing of S protein by transmembrane
serine protease 2 (TMPRSS2) protease [Hoffmann M, et al. (2020)]. The inhibition of this internalization of the viral particle would
theoretically prevent the viral infection and replication [Tanabe S. (2020)].

How it is Measured or Detected

SARS-CoV entry can be determined by quantitative RT-PCR specific to the subgenomic mRNA of the N transcript, following the
infection of the 293T-hACE2 cells with SARS-CoV [Glowacka |, et al. (2011)].

For analyzing cell entry of S protein of SARS-CoV-2, vesicular stomatitis virus (VSV) particles expressing eGFP and firefly luciferase
bearing SARS-2-S are cultured with cell lines, followed by determining luciferase activity in cell lysates [Hoffmann M, et al. (2020)].

References

1. Masters PS. (2006) The molecular biology of coronaviruses. Adv Virus Res. 66:193-292.
2. Weiss SR, Navas-Martin S. (2005) Coronavirus pathogenesis and the emerging pathogen severe acute
respiratory syndrome coronavirus. Microbiol Mol Biol Rev. 69(4):635-64.

3. Hoffmann M, Kleine-Weber H, Schroeder S, Krtiger N, Herrler T, et al. (2020).SARS-CoV-2 Cell Entry

4/18


http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606

AOP379

Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell. 181(2):271-
280.e278.
4. Tanabe S. (2020) Cellular Internalization and RNA Regulation of RNA Virus. Adv Clin Med Res. 1(1):1-3.

5. Glowacka |, Bertram S, Miiller MA, Allen P, Soilleux E, Pfefferle S, et al. Evidence that TMPRSS2 Activates the Severe Acute
Respiratory Syndrome Coronavirus Spike Protein for Membrane Fusion and Reduces Viral Control by the Humoral Immune
Response. Journal of Virology. 2011;85(9):4122.

6. Fagerberg L, Hallstrom BM, Oksvold P, Kampf C. Djureinovic D, et al. (2014) Analysis of the human tissue- specific
expression by genome-wide integration of transcriptomics and antibody-based proteomics. Mol Cell Proteomics. 13(2):397-
406.

7. Farmer D, Gilbert M, Borman R, Clark KL. (2002) Quantitative mRNA expression profiling of ACE 2, a novel homologue of
angiotensin converting enzyme. FEBS Lett. 532(1-2):107-110.

8. Xu H, Zhong L, Deng J, Peng J, Dan H, et al. (2020) High expression of ACE2 receptor of 2019-nCoV on the epithelial cells of
oral mucosa. Int J Oral Science. 12(1):8.

Event: 1847: Increased coronavirus production

Short Name: Increased SARS-CoV-2 production

Key Event Component

Process Object Action
viral RNA genome replication viral RNA-directed RNA polymerase complex increased

positive stranded viral RNA replication viral RNA-directed RNA polymerase complex increased

viral RNA genome packaging viral assembly compartment increased
mRNA transcription ssRNA viral genome increased
viral translation ssRNA viral genome increased

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:379 - Increased susceptibility to viral entry and coronavirus production leading to thrombosis and
disseminated intravascular coagulation

Aop:320 - Binding of viral S-glycoprotein to ACE2 receptor leading to acute respiratory distress
. . KeyEvent
associated mortality

MolecularinitiatingEvent

Stressors

Name

Sars-CoV-2
Biological Context

Level of Biological Organization

Cellular
Cell term

Cell term

cell
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Organ term

Organ term

organ

Domain of Applicability

Taxonomic Applicability

Term Scientific Term Evidence Links
Homo sapiens Homo sapiens High NCBI
Mus musculus Mus musculus Moderate NCBI

Mustela putorius furo Mustela putorius furo Moderate NCBI
Life Stage Applicability
Life Stage Evidence

All life stages High
Sex Applicability
Sex Evidence

Unspecific High

Broad mammalian host range has been demonstrated based on spike protein tropism for and binding to ACE2 [Conceicao et al. 2020; Wu et
al. 2020] and cross-species ACE2 structural analysis [Damas et al. 2020]. No literature has been found on primary translation and molecular
interactions of nsps in non-human host cells, but it is assumed to occur if the virus replicates in other species.

Very broad mammalian tropism: human, bat, cat, dog, civet, ferret, horse, pig, sheep, goat, water buffalo, cattle, rabbit, hamster, mouse

Key Event Description

This KE1847 "Increase coronavirus production” deals with how the genome of the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is translated, replicated, and transcribed in detail, and how the genomic RNA (gRNA) is packaged, and the virions are assembled and
released from the cell.

Coronavirus is a class of viruses that have single-stranded positive-sense RNA genomes in their envelopes [D. Kim et al.]. The virus contains a
29.7 kB positive-sense RNA genome flanked by 5' and 3' untranslated regions of 265 and 342 nucleotides, respectively [E. J. Snijder et al.] that
contain cis-acting secondary RNA structures essential for RNA synthesis [N. C. Huston et al.]. The genome just prior to the 5" end contains the
transcriptional regulatory sequence leader (TRS-L) [C.J. Budzilowicx et al.]. The SARS-CoV genome is polycistronic and contains 14 open
reading frames (ORFs) that are expressed by poorly understood mechanisms [E. J. Snijder et al.]. Preceding each ORF there are other TRSs
called the body TRS (TRS B). The 5’ two-thirds of the genome contains two large, overlapping, nonstructural ORFs and the 3" third contains the
remainder ORFs [H. Di et al.]. Genome expression starts with the translation of two large ORFs of the 5" two-thirds: ORF1a of 4382 amino acids
and ORF1ab of 7073 amino acid that occurs via a programmed (- 1) ribosomal frameshifting [E. J. Snider et al.], yielding ppia and pp1ab.
These two polyproteins are cleaved into 16 subunits by two viral proteinases encoded by ORF1a, nsp3, and nsp5 that contain a papain-like
protease domain and a 3C-like protease domain [M. D. Sacco et al.]. The processing products are a group of replicative enzymes, named nsp1-
nsp16, that assemble into a viral replication and transcription complex (RTC) associated with membranes of endoplasmic reticulum (ER) with
the help of various membrane-associated viral proteins [S. Klein et al., E. J. Snijder et al., P. V'Kovski, et al.]. Besides replication, which yields
the positive-sense gRNA, the replicase also mediates transcription leading to the synthesis of a nested set of subgenomic (sg) mRNAs to
express all ORFs downstream of ORF1b that encode structural and accessory viral proteins. These localize to the 3" one-third of the genome,
as stated above, and result in a 3’ coterminal nested set of 7-9 mRNAs that share ~70-90 nucleotide (nt) in the 5" leader and that is identical to
the 5" end of the genome [P. Liu, and J. Leibowitz]. sgRNAs encode conserved structural proteins (spike protein [S], envelope protein [E],
membrane protein [M], and nucleocapsid protein [N]), and several accessory proteins. SARS-CoV-2 is known to have at least six accessory
proteins (3a, 6, 7a, 7b, 8, and 10). Overall the virus is predicted to express 29 proteins [D. Kim et al.]. The gRNA is packaged by the structural
proteins to assemble progeny virions.

Viral translation:

SARS-CoV-2 is an enveloped virus with a single-stranded RNA genome of ~30 kb, sequence orientation in a 5’ to 3’ direction typical of positive
sense and reflective of the resulting mRNA [D. Kim et al.]. The SARS-CoV-2 genome contains a 5-untranslated region (UTR; 265 bp), ORF1ab
(21,289 bp) holding two overlapping open reading frames (13,217 bp and 21,289 bp, respectively) that encode two polyproteins [D. Kim et al.].
Other elements of the genome include are shown below [V. B. O'Leary et al.]. The first event upon cell entry is the primary translation of
the ORF1a and ORF1b gRNA to produce non-structural proteins (nsps).

This is completely dependent on the translation machinery of the host cell. Due to fewer rare “slow-codons”, SARS-CoV-2 may have a higher
protein translational rate, and therefore higher infectivity compared to other coronavirus groups [V. B. O'Leary et al.]. The ORF1a produces
polypeptide 1a (ppl1a, 440-500 kDa) that is cleaved into nsp-1 through nsp-11. A -1 ribosome frameshift occurs immediately upstream of the
ORF1a stop codon, to allow translation through ORF1b, yielding 740-810 kDa polypeptide pp1ab, which is cleaved into 15 nsps [D. Kim et al.].

6/18


http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10090
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9669

AOP379

Two overlapping ORFs, ORF1a and ORF1b, generate continuous polypeptides, which are cleaved into a total of 16 so-called nsps [Y Finkel et
al.]. Functionally, there are five proteins from pp1ab (nsp-12 through nsp-16) as nsp-1-11 are duplications of the proteins in pp1a due to the ORF
overlap. The ppla is approximately 1.4—2.2 times more expressed than pp1ab. After translation, the polyproteins are cleaved by viral proteases
nsp3 and nsp5. Nsp5 protease can be referred to as 3C-like protease (3CLP™) or as main protease (MP™), as it cleaves the majority of the
polyprotein cleavage sites. [H.A. Hussein et al.] Nsp1 cleavage is quick and nsp1 associates with host cell ribosomes and results in host
cellular shutdown, suppressing host gene expression [M. Thoms et al.]. Fifteen proteins, nsp2—16 constitute the viral RTC. They are targeted to
defined subcellular locations and establish a network with host cell factors. Nsp2—-11 remodel host membrane architecture, mediate host
immune evasion and provide cofactors for replication, whilst nsp12—16 contain the core enzymatic functions involved in RNA synthesis,
modification and proofreading [P. V'Kovski et al.]. nsp-7 and nsp-8 form a complex priming the RNA-dependent RNA polymerase (RdRp or
RTC) - nsp-12. nsp14 provides a 3-5 exonuclease activity providing RNA proofreading function. Nsp-10 composes the RNA capping machinery
nsp-9. nsp13 provides the RNA 5'-triphosphatase activity. Nsp-14 is a N7-methyltransferase and nsp-16 the 2’-O-methyltransferase. Many of
the nsps have multiple functions and many viral proteins are involved in innate immunity inhibition. Nsp-3 is involved in vesicle formation along
with nsp-4 and nsp-6 where viral replication occurs. Interactions between SARS-CoV-2 proteins and human RNAs thwart the IFN response upon
infection: nsp-16 binds to U1 and U2 splicing RNAs to suppress global mRNA splicing; nsp-1 binds to 40S ribosomal RNA in the mRNA entry
channel of the ribosome to inhibit host mMRNA translation; nsp-8 and nsp-9 bind to the 7SL RNA to block protein trafficking to the cell membrane
[A. K. Banerjee et al.]. Xia et al. [H. Xia et al.] found that nsp-6 and nsp-13 antagonize IFN-I production via distinct mechanisms: nsp-6 binds
TANK binding kinase 1 (TBK1) to suppress interferon regulatory factor 3 (IRF3) phosphorylation, and nsp-13 binds and blocks TBK1
phosphorylation.

Viral transcription and replication:

Viral transcription and replication occur at the viral replication organelle (RO) [E. J. Snijder et al.]. The RO is specifically formed during infection
by reshaping ER and other membranes, giving rise to small spherular invaginations, and large vesiculotubular clusters, consisting of single-
and/or double-membrane vesicles (DMV), convoluted membranes (CM) and double-membrane spherules invaginating from the ER [S. Klein et
al., E. J. Snijder et al]. There is some evidence that DMV accommodate viral replication which is based on radiolabelling viral RNA with
nucleoside precursor ([5-3[H]uridine) and detection by EM autoradiography [E. J. Snijder et al.].

Viral replicative proteins and specific host factors are recruited to ROs [E. J. Snijder et al.]. RNA viral genome is transcribed into messenger
RNA by the viral RTC [P. Ahlquist et al.]. Viral RTC act in combination with other viral and host factors involved in selecting template RNAs,
elongating RNA synthesis, differentiating genomic RNA replication from mRNA transcription, modifying product RNAs with 5 caps or 3
polyadenylate [P. Ahlquist et al.]. Positive-sense (messenger-sense) RNA viruses replicate their genomes through negative-strand RNA
intermediates [M. Schwartz et al.]. The intermediates comprise full-length negative-sense complementary copies of the genome, which
functions as templates for the generation of new positive-sense gRNA, and a nested set of sg mRNAs that lead to the expression of proteins
encoded in all ORFs downstream of ORF1b. The transcription of coronaviruses is a discontinuous process that produces nested 3" and 5  co-
terminal sgRNAs. Of note, the synthesis of sg mRNAs is not exclusive to the order Nidovirales but a discontinuous minus-strand synthesis
strategy to produce a nested set of 3" co-terminal sg mRNAs with a common 5 leader in infected cells are unique features of the coronaviruses
and arteriviruses [W. A. Miller and G. Koev.]. Of note, the produced genomic RNA represents a small fraction of the total vRNA [N. S. Ogando
et al].

The discontinuous minus-strand synthesis of a set of nested sg mRNAs happens during the synthesis of the negative-strand RNA, by an
interruption mechanism of the RTC as it reads the TRS-B preceding each gene in the 3" one-third of the viral genome [l. Sola, F. Almazan et
al., I. Sola, J. L. Moreno, et al.]. The synthesis of the negative-strand RNA stops and is re-initiated at the TRS-L of the genome sequence close
from the 5" end of the genome [H. Di et al.]. Therefore, the mechanism by which the leader sequence is added to the 5' end requires that the
RTC switches template by a jumping mechanism. This interruption process involves the interaction between complementary TRSs of the
nascent negative-strand RNA TRS-B and the positive-strand gRNA at the positive-sense TRS-L. The TRS-B site has a 7-8 bp conserved core
sequence (CS) that facilitates RTC template switching as it hybridizes with a near complementary CS in the TRS-L [l. Sola, F. Almazan et al. I.
Sola, J. L. Moreno, et al.]. Upon re-initiation of RNA synthesis at the TRS-L region, a negative-strand copy of the leader sequence is added to
the nascent RNA to complete the synthesis of negative-strand sgRNAs. This means that all sg mRNAs as well as the genomic RNA share a
common 5' sequence, named leader sequence [X. Zhang et al.]. This programmed template switching leads to the generation of sg mMRNAs with
identical 5' and 3' sequences, but alternative central regions corresponding to the beginning of each structural ORF [I. Sola et al. 2015, S. G.
Sawicki et al., Y. Yang et al.]. Of note, the existence of TRSs also raises the possibility that these sites are at the highest risk of recombining
through TRS-B mediated template switching [Y. Yang]. The set of sg mRNAs is then translated to yield 29 identified different proteins [F. Wu et
al.], although many papers have identified additional ORFs [D. Kim et al.. Y. Finkel et al., A. Vandelli et al.]. The translation of the linear single-
stranded RNA conducts to the generation of the following proteome: 4 are structural proteins, S, N, M, and E; 16 proteins nsp: the first 11 are
encoded in ORF1a whereas the last 5 are encoded in ORF1ab. In addition, 9 accessory proteins named ORF3a, ORF3b, ORF6, ORF7a,
ORF7b, ORF8, ORF9b, ORF9c, and ORF10 have been identified [F. Wu et al.]. At the beginning of infection, there is the predominant
expression of the nsp that result from ORF1a and ORF1ab, however, at 5 hpi, the proteins encoded by the 5" last third are found in higher
amounts, and the nucleoprotein is the protein found in higher levels [Y. Finkel et al.].

Viral assembly:

The final step of viral production requires virion assembly and this process is not well explored for SARS-CoV-2. For example, the role of the
structural proteins of SARS-CoV-2 in virus assembly and budding in not known. In general, all beta-coronavirus structural proteins assemble at
the endoplasmic reticulum (ER)-to-Golgi compartment [J. R. Cohen et al., A. Perrier et al.] and viral assembly requires two steps: Genome
packaging which is a process in which the SARS-CoV-2 gRNA must be coated by the viral protein nucleoprotein (N) protein, forming viral
ribonucleoprotein (vRNPs) complexes, before being selectively packaged into progeny virions [P. V'Kovski et al.], a step in which vRNPs bud
into the lumen of the ER and the ER-Golgi intermediate compartment (ERGIC) [N. S. Ogando et al.]. This results in viral particles enveloped
with host membranes containing viral M, E, and S transmembrane structural proteins that need to be released from the cell.

7/18



AOP379

SARS-CoV-2 gRNA packaging involves the N protein. The N protein of human coronaviruses is highly expressed in infected cells. It is
considered a multifunctional protein, promoting efficient sub-genomic viral RNA transcription, viral replication, virion assembly, and interacting
with multiple host proteins [P. V'Kovski et al., D. E. Gordon et al., R. McBride, and M. van Zyl, B. C.]. In relation to transcription and
replication, the N protein could provide a cooperative mechanism to increase protein and RNA concentrations at specific localizations S. Alberti,
and S. Carra, S. F. Banani et al.], and this way organize viral transcription. Five studies have shown that N protein undergoes liquid-liquid phase
separation (LLPS) in vitro [A. Savastano et al., H. Chen et al., C. Iserman et al., T. M. Perdikari et al., J. Cubuk et al.], dependent on its C-
terminal domain (CTD) [H. Chen et al.]. It has been hypothesised that N could be involved in replication close to the ER and in packaging of
gRNA into vVRNPs near the ERGIC where genome assembly is thought to take place [A. Savastano et al.], but so far this is still speculative.
Phosphorylation of N could adjust the physical properties of condensates differentially in ways that could accommodate the two different
functions of N: transcription and progeny genome assembly [A. Savastano et al., C. Iserman et al., C. R. Carlson et al.].

The ERGIC constitutes the main assembly site of coronaviruses [S. Klein et al., E. J. Snijder et al., L. Mendonca et al.] and budding events
have been seen by EM studies. For SARS-CoV-2, virus-budding was mainly clustered in regions with a high vesicle density and close to ER-
and Golgi-like membrane arrangements [S. Klein et al., E. J. Snijder et al., L. Mendonca et al.]. The ectodomain of S trimers were found facing
the ERGIC lumen and not induce membrane curvature on its own, therefore proposing that vVRNPs and spike trimers [S. Klein et al.].

Finally, it has been shown that SARS-CoV-2 virions de novo formed traffic to lysosomes for unconventional egress by Arl8b-dependent
lysosomal exocytosis [S. Ghosh et al.]. This process results in lysosome deacidification, inactivation of lysosomal degradation enzymes, and
disruption of antigen presentation [S. Ghosh et al.].

How it is Measured or Detected

Viral translation:
SARS-CoV-2 Nsp1 binds the ribosomal mRNA channel to inhibit translation [Schubert et al. 2020]

® Sucrose pelleting binding assay to verify Nsp1—40S complex formation
® |n vivo translation assay
e Transient expression of FLAG-Nsp1 in HelLa cells and puromycin incorporation assay

SARS-CoV-2 disrupts splicing, translation, and protein trafficking [Banerjee et al. 2020]

e SARS-CoV-2 viral protein binding to RNA

e |nterferon stimulation experiments

e Splicing assessment experiments

e |RF7-GFP splicing reporter, 5SEU RNA labeling, capture of biotinylated 5EU labeled RNA

Membrane SUNSET assay for transport of plasma membrane proteins to the cell surface
Viral transcription:

The mRNA transcripts are detected by the real-time reverse transcription-PCR (RT-PCR) assay. Several methods targeting the mRNA
transcripts have been developed, which includes the RT-PCR assays targeting RdRp/helicase (Hel), spike (S), and nucleocapsid (N) genes of
SARS-CoV-2 [Chan et al.]. RT-PCR assays detecting SARS-CoV-2 RNA in saliva include quantitative RT-PCR (RT-gPCR), direct RT-qPCR,
reverse transcription-loop-mediated isothermal amplification (RT-LAMP) [Nagura-lkeda M, et al.]. The viral mRNAs are reverse-transcribed with
RT, followed by the amplification by PCR.

Viral replication:

viral replication is measured by RT-qPCR in infected cells, formation of liquid organelles is assessed in vitro reconstitution systems and in
infected cells. Labelling by radioactive nucleosides.

Viral production:

Plague assays, infectivity assays, RT-gPCR to detect viral RNA in released virions, sequencing to detect mutations in the genome, electron
microscopy.
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List of Key Events in the AOP

Event: 1869: Oxidative stress response

Short Name: Response to ROS

Key Event Component

Process Object Action
cellular response to oxidative stress reactive oxygen species increased

response to reactive oxygen species reactive oxygen species increased

AOPs Including This Key Event

AOP ID and Name Event
Type
Aop:379 - Increased susceptibility to viral entry and coronavirus production leading to thrombosis and disseminated RETEE

intravascular coagulation

Stressors

Name

Stressor:624 SARS-CoV-2

Biological Context
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Level of Biological Organization

Cellular
Cell term

Cell term

cell
Organ term

Organ term

organ

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

Homo sapiens Homo sapiens  High NCBI
Life Stage Applicability

Life Stage Evidence

All life stages High
Sex Applicability
Sex Evidence

Unspecific High
Response to ROS occurs in many cell types and tissues in all life stages and the broad range of mammals.
Key Event Description

Oxidative stress is caused by an imbalance between the production of reactive oxygen and the detoxification of reactive intermediates.
Reactive intermediates such as peroxides and free radicals can be very damaging to many parts of cells such as proteins, lipids and DNA.
Severe oxidative stress can trigger apoptosis and necrosis. [Ref. IPA, NRF2-mediated Oxidative Stress Response, version60467501, release
date: 2020-11-19]

The cellular defence response to oxidative stress includes induction of detoxifying enzymes and antioxidant enzymes. Nuclear factor-erythroid
2-related factor 2 (Nrf2) binds to the antioxidant response elements (ARE) within the promoter of these enzymes and activates their
transcription. Inactive Nrf2 is retained in the cytoplasm by association with an actin-binding protein Keap1. Upon exposure of cells to oxidative
stress, Nrf2 is phosphorylated in response to the protein kinase C, phosphatidylinositol 3-kinase and MAP kinase pathways. After
phosphorylation, Nrf2 translocates to the nucleus, binds AREs and transactivates detoxifying enzymes and antioxidant enzymes, such as
glutathione S-transferase, cytochrome P450, NAD(P)H quinone oxidoreductase, heme oxygenase and superoxide dismutase. [Ref. IPA, NRF2-
mediated Oxidative Stress Response, version60467501, release date: 2020-11-19]

Nrf2, a master regulator of oxidative stress through enhanced expression of anti-oxidant genes of glutathione and thioredoxin-antioxidant
systems, has anti-inflammatory, anti-apoptotic, and anti-oxidant effects. Dimethyl fumarate (DMF), an activator of Nrf2, can decrease
inflammation and reactive oxygen species (ROS) through the inhibition of NF-kappaB by inducing anti-oxidant enzymes [Hassan et al., MED
ARCH. 2020 APR; 74(2): 134-138] [Timpani et al., Pharmaceuticals 2021, 14, 15.].

How it is Measured or Detected

Extracted from KE 1392 Oxidative Stress:

Oxidative Stress. Direct measurement of ROS is difficult because ROS are unstable. The presence of ROS can be assayed indirectly by
measurement of cellular antioxidants, or by ROS-dependent cellular damage:

- Detection of ROS by chemiluminescence (https://www.sciencedirect.com/science/article/abs/pii/S0165993606001683) - Glutathione (GSH)
depletion. GSH can be measured by assaying the ratio of reduced to oxidized glutathione (GSHGSSG) using a commercially available kit (e.g.,
https://www.abcam.com/gshgssg-ratio-detection-assay-kit-ii-fluorometric-green-ab205811.html). - TBARS. Oxidative damage to lipids can be
measured by assaying for lipid peroxidation using TBARS (thiobarbituric acid reactive substances) using a commercially available kit. - 8-oxo-
dG. Oxidative damage to nucleic acids can be assayed by measuring 8-oxo-dG adducts (for which there are a number of ELISA based
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commercially available kits),or HPLC, described in Chepelev et al. [Chepelev, et al. 2015].

Molecular Biology: Nrf2. Nrf2’s transcriptional activity is controlled post-translationally by oxidation of Keap1. Assay for Nrf2 activity include: -
Immunohistochemistry for increases in Nrf2 protein levels and translocation into the nucleus; - Western blot for increased Nrf2 protein levels; -
Western blot of cytoplasmic and nuclear fractions to observe translocation of Nrf2 protein from the cytoplasm to the nucleus; - gPCR of Nrf2
target genes (e.g., Ngo1, Hmox-1, Gcel, Gst, Prx, TrxR, Srxn), or by commercially available pathway-based qPCR array (e.g., oxidative stress
array from SABiosciences) - Whole transcriptome profiling by microarray or RNA-seq followed by pathway analysis (in IPA, DAVID, metacore,
etc.) for enrichment of the Nrf2 oxidative stress response pathway (e.g., Jackson et al. 2014).

Extracted from KE 1753 Chronic reactive oxygen species for ROS detection:
ROS in blood can be detected using superparamagnetic iron oxide nanoparticles (SPION)-based biosensor (Lee et al., 2020).

ROS can be detected by fluorescent probes such as p-methoxy-phenol derivative (Ashoka et al., 2020).
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Event: 1845: Coagulation

Short Name: Coagulation

AOPs Including This Key Event

AOP ID and Name Event
Type
Aop:379 - Increased susceptibility to viral entry and coronavirus production leading to thrombosis and disseminated ReETE

intravascular coagulation
Stressors

Name

Sars-CoV-2

Biological Context

Level of Biological Organization

Cellular

Cell term

Cell term

blood cell
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Organ term

Organ term

blood plasma

Domain of Applicability

Taxonomic Applicability

Term Scientific Term Evidence Links

Homo sapiens Homo sapiens  Moderate NCBI
Life Stage Applicability
Life Stage Evidence

All life stages Moderate
Sex Applicability
Sex Evidence

Unspecific Moderate

Homo sapiens
Key Event Description

Coagulation is a process that responds to injury by the rapid formation of a clot. Activation of coagulation factor proteins are
involved in coagulation. In the extrinsic pathway, platelets, upon the contact with collagen in the injured blood vessel wall, release
thromboxane A2 (TXA2) and adenosine 2 phosphates (ADP), leading to the clot formation. Extravascular tissue factor (TF) binds to
plasma factor Vlla (FVIla) and promotes the activation of FXa. Activated FXa assembles with cofactors FVa and FVllla on the
surface of aggregated platelets, which lead to generation of thrombin (Flla). Thrombin catalyzes the production of fibrin (FG) which
creates a clot.

The binding of prekallikrein and high-molecular weight kininogen activate FXlla in the intrinsic pathway.

Many regulators are involved in coagulation system. Plasmin is one of the modulators required for dissolution of the fibrin clot.
Plasmin is activated by tissue plasminogen activator (tPA) and urokinase plasminogen activation (uPA). SERPINs inhibit thrombin,
plasmin and tPA. For example, SERPINE1 or plasminogen activator inhibitor-1 (PAI-1) inhibits tPA/uPA and results in
hypofibrinolysis [Bernard l,et al. Viruses. 2021; 13(1):29.]. In addition, SERPING1 inhibits FXIl, and thus down-regulation of
SERPINGH1 lifts suppression of FXII of the intrinsic coagulation cascade [Garvin et al. eLife 2020;9:€59177]. Protein C, protein S and
thrombomodulin degrade FVa and FVllla. [Ref. IPA, Coagulation System, version60467501, release date: 2020-11-19]

How it is Measured or Detected

Coagulation and inflammatory parameters are measured in COVID-19 patients [Di Nisio et al. 2021]. Coagulation parameters include platelet
count, prothrombin time, activated partial thromboplastin time, D-dimer, fibrinogen, antithrombin Il [Di Nisio et al. 2021]. These parameters are
measured in the blood.

In vitro systems

Whole human blood model for testing the activation of coagulation and complement system, as well as clot formation [Ekstrand-Hammarstrém,
B. et al. Biomaterials 2015, 51, 58-68, Ekdahl, K.N., et al. Nanomedicine: Nanotechnology, Biology and Medicine 2018, 14, 735-744, Ekdahl,
K.N., et al. Science and Technology of Advanced Materials, 20:1, 688-698,]
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List of Adverse Outcomes in this AOP
Event: 1846: Thrombosis and Disseminated Intravascular Coagulation

Short Name: Thrombosis and DIC

Key Event Component

Process Object Action

Venous thrombosis platelet increased
AOPs Including This Key Event

AOP ID and Name Event Type

Aop:379 - Increased susceptibility to viral entry and coronavirus production leading to thrombosis and

. : - ; AdverseOutcome
disseminated intravascular coagulation

Stressors

Name

Sars-CoV-2

Biological Context

Level of Biological Organization

Organ
Organ term

Organ term

blood

Domain of Applicability
Taxonomic Applicability
Term Scientific Term Evidence Links

Homo sapiens Homo sapiens  Moderate NCBI
Life Stage Applicability
Life Stage Evidence

All life stages Not Specified
Sex Applicability
Sex Evidence

Unspecific Not Specified

Homo sapiens
Key Event Description

Thrombosis is defined as the formation or presence of a thrombus. Clotting within a blood vessel may cause infarction of tissues
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supplied by the vessel. Extreme aggravation of blood coagulation induces multiple thrombi in the microvasculature, which leads to
consumption coagulopathy followed by disseminated intravascular coagulation (DIC).

DIC is a pathological syndrome resulting from the formation of thrombin, subsequent activation and consumption of coagulation
proteins, and the production of fibrin thrombi. The initial pathologic events are thrombotic in nature resulting in thrombotic vascular
occlusions. The initial clinical events are usually hemorrhagic resulting in oozing from mucosa and massive gastrointestinal blood
loss. The occlusive events occur as a result of fibrin microthrombi or platelet microthrombi that obstruct the microcirculation of
organs. This obstruction can result in organ hypoperfusion and ischemia, infarction, and necrosis. All organs are potentially
vulnerable to the effects of thrombotic occlusions.

The renal effects of DIC are multifactorial and may be associated with hypovolemia or hypotension. If the hypotension is not
corrected it may lead to renal failure due to acute tubular necrosis. Fibrin thrombi may also block glomerular capillaries causing
ischemic, renal cortical necrosis (Colman, 1984).

The cerebral effects of DIC often result in nonspecific changes such as altered state of consciousness, convulsions, and coma.
Major vascular occlusions, subarachnoid hemorrhage, multiple cortical and brain stem hemorrhages may occur following
microvascular occlusions (Schwartzman RJ, 1982).

The pulmonary effects of DIC may be caused by interstitial hemorrhage resulting in a clinical effect resembling acute respiratory
distress syndrome (Schwartzman RJ,1973; Shahl RL, 1984).

How it is Measured or Detected

Clinical laboratory tests are used to diagnose DIC.

Prothrombin time (PT) is a blood test that measures how long it takes blood to clot. PT measures the time required for fibrin clot
formation after the addition of tissue thromboplastin and calcium. The average time range for blood to clot is about 10 to 13
seconds.

Activated partial prothrombin time (APTT). Platelet poor plasma [PPP] is incubated at 37°C then phospholipid (cephalin) and a
contact activator (e.g. Kaolin, micronized silica, or ellagic acid) are added. This leads to the conversion of Factor XI [FXI] to FXla.
The remainder of the pathway is not activated as no calcium is present. The addition of calcium (pre-warmed to 37°C) initiates
clotting. The APTT is the time taken from the addition of calcium to the formation of a fibrin clot. The clotting time for the APTT lies
between 27-35 seconds.

Decreased fibrinogen concentrations

Diluted plasma is clotted with a high concentration of Thrombin. The tested plasma is diluted (usually 1:10 but this may vary if the
Fibrinogen concentration is very low or very high) to minimize the effect of 'inhibitory substances' within the plasma e.g. heparin,
elevated levels of FDPs. The use of a high concentration of Thrombin (typically 100 U/ml) ensures that the clotting times are
independent of Thrombin concentration over a wide range of Fibrinogen levels.

The test requires a reference plasma with a known Fibrinogen concentration and that has been calibrated against a known
international reference standard. A calibration curve is constructed using this reference plasma by preparing a series of dilutions
(1:5-1:40) in the buffer to give a range of Fibrinogen concentrations. The clotting time of each of these dilutions is established
(using duplicate samples) and the results (clotting time(s)/Fibrinogen concentration (g/L) are plotted on Log-Log graph paper.
The 1:10 concentration is considered to be 100% i.e. normal. There should be a linear correlation between clotting times in the
region of 10-50 sec.

The test platelet-poor diluted plasma (diluted 1:10 in buffer) is incubated at 37°C, Thrombin [~100 U/mL] added (all pre-warmed
to 37°C). The time taken for the clot to form is compared to the calibration curve and the Fibrinogen concentration deduced. Test
samples whose clotting times fall out with the linear part of the calibration curve should be re-tested using different dilutions.

Most laboratories use an automated method in which clot formation is deemed to have occurred when the optical density of the
mixture has exceeded a certain threshold.

Platelet Measurements-

A platelet count is the number of platelets a person has per microliter. The ideal platelet range is 150,000 — 400,000 per microliter
in most healthy people.

Fibrinolysis measurements-
d-dimer concentration ALERE TRIAGE® D-DIMER TEST

D-Dimer can be measured by a fluorescence immunoassay. To determine cross-linked fibrin degradation products containing D-
dimer in EDTA anticoagulated whole blood and plasma specimens. The test is used as an aid in the assessment and evaluation
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of patients suspected of having disseminated intravascular coagulation or thromboembolic events including pulmonary embolism
Procedure:

Commercially available kits are available to measure d-dimer in whole blood or plasma. The kits contain all the reagents
necessary for the quantification of cross-linked fibrin degradation products containing D-dimer in EDTA anticoagulated whole
blood or plasma specimens.

Regulatory Significance of the AO

Thrombosis is one of the world’s main concerns in terms of severe symptoms or adverse responses of the vaccine for COVID-19
which is caused by SARS-CoV-2. Excess thrombosis leads to DIC, which might be mortal. For safely developing the therapeutics
and vaccines of COVID-19, it is regulatory significant to understand the cellular and molecular mechanisms in the pathogenesis of
coronaviral infection, which may include thrombosis and DIC, AO1846.
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Appendix 2
List of Key Event Relationships in the AOP

List of Adjacent Key Event Relationships

Relationship: 2310: Increased susceptibility to viral entry leads to Increased SARS-CoV-2 production

AOPs Referencing Relationship

Weight of  Quantitative

AOP Name el Evidence Understanding

Increased susceptibility to viral entry and coronavirus production leading to
thrombosis and disseminated intravascular coagulation

Binding of viral S-glycoprotein to ACE2 receptor leading to acute respiratory distress
associated mortality

adjacent High Moderate

adjacent High High

Relationship: 2358: Increased SARS-CoV-2 production leads to Response to ROS

AOPs Referencing Relationship

Weight of  Quantitative

AOP Name Adjacency Evidence Understanding

Increased susceptibility to viral entry and coronavirus production leading to
thrombosis and disseminated intravascular coagulation

adjacent Moderate  Not Specified

Relationship: 2359: Response to ROS leads to Coagulation

AOPs Referencing Relationship

Weight of  Quantitative

Adi
AOP Name djacency Evidence Understanding

Increased susceptibility to viral entry and coronavirus production leading to
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thrombosis and disseminated intravascular coagulation adjacent Wﬁi‘ﬁt%f Nﬁmg?ﬂle
AOP Name Adjacency

Relationship: 2360: Coagulation leads to Response to ROS

Evidence Understanding

AOPs Referencing Relationship

Weight of  Quantitative

AOP N Adj
ame Jacency Evidence Understanding

Increased susceptibility to viral entry and coronavirus production leading to

thrombosis and disseminated intravascular coagulation el Moy el Eppeied

Relationship: 2290: Coagulation leads to Thrombosis and DIC

AOPs Referencing Relationship

Weight of  Quantitative

AOP Name Adjacenc
J v Evidence Understanding
Increased susceptibility to viral entry and coronavirus production leading to . .
adjacent High

thrombosis and disseminated intravascular coagulation

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability

Term Scientific Term Evidence Links

Homo sapiens Homo sapiens  High NCBI
Life Stage Applicability
Life Stage Evidence

All life stages High
Sex Applicability
Sex Evidence

Unspecific High

Key Event Relationship Description

Many regulators are involved in coagulation system. Plasmin is one of the modulators required for dissolution of the fibrin clot.
Plasmin is activated by tissue plasminogen activator (tPA) and urokinase plasminogen activation (UPA). SERPINs inhibit thrombin,
plasmin and tPA. For example, SERPINE1 or plasminogen activator inhibitor-1 (PAI-1) inhibits tPA/uPA and results in
hypofibrinolysis [Bernard l,et al. Viruses. 2021; 13(1):29.]. In addition, SERPING1 inhibits FXII, and thus down-regulation of
SERPING?1 lifts suppression of FXII of the intrinsic coagulation cascade [Garvin et al. eLife 2020;9:e59177]. Protein C, protein S and
thrombomodulin degrade FVa and FViIlla. [Ref. IPA, Coagulation System, version60467501, release date: 2020-11-19]

Quantitative Understanding of the Linkage

Known Feedforward/Feedback loops influencing this KER

Decreased fibrinolysis is involved in coagulation system. Coagulopathy may also be involved in this KER. [Mast AE et al, Garvin MR
et al.]
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