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SYNOPSIS

A virus is a small biological substance, regarded as an obligate intracellular
parasite. The virus replicates only within the living cells of plants, animals, and
bacteria. In contrast, a virus particle composed of only two macromolecules,
nucleic acids (DNA or RNA) as genetic material, and a protein coat that
encapsulates this genetic material.[1] [2] Viral infections cause millions of deaths
each year and are a primary health concern globally. Many researchers delve into
understanding how the virus interacts with its hosts and strategizing appropriate
prevention and mitigation measures to address the problems. While many
successful antiviral drugs targeting viral proteins are often used, their
administration is usually limited to specific viral species or strains. Baltimore
classified the virus into seven branches based on their genetic makeup.[2]
Compared to DNA viruses, the RNA viruses have low-fidelity polymerase enzymes
and therefore prone to rapid mutations, leading to drug-resistant strains.
Additionally, viruses encode very few proteins, thus limiting the number of

available targets for drug discovery [3].

Hence to discover new antivirals, it's essential to know about host-virus
pathogenesis, including how the virus enters the host cells, which proteins are
involved in virus entry, replication, translation, assembly, virus antagonizes the
host immune responses, etc. In recent years, genome-wide high-throughput RNA
interference (RNAI) screening and CRISPR-Cas ribonuclease-based technologies
have accelerated the search for such factors involved in virus-host interactions.[4-
7] As a result, we now have detailed knowledge of host factors involved in virus

life cycles and their involvement mechanisms.

When a virus infects its host, two kinds of host factors get activated. One
category associated with viral lifecycle is called essential host factors, and the
second types put a restriction on a viral infection called restriction host factors. Both
kinds of host factors information are necessary to understand viral pathogenesis.

Moreover, this virus and host interactions have resulted in various evolutionary
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outcomes. During this deep-rooted common history, viruses and hosts have always
put stress on each other for survival. Over time, hosts have developed the first
defense mechanisms against viruses, called restriction factors. Restriction factors
are host proteins that are part of the innate immune system and are potently inhibit
pathogen infection.[8] These restriction proteins target the various stages of the
viral life cycle. Some factors directly interact with the virus or viral protein, while
others indirectly inhibit virus infection by stopping macromolecule synthesis,
apoptosis, etc. But with the evolution, viruses have also evolved antagonism
mechanisms against these restriction factors. These antagonistic connections
between the host factors and the virus proteins induced an evolutionary genetic
conflict between the two entities.[9] This genetic contest is also called the "virus-
host arms race," based on the Red Queen hypothesis, where organisms continuously
develop and adapt to survive with changing environments.[10] Moreover, host
factors information is essential to understanding viral pathogenesis and discovering

new antiviral drugs.

The current thesis work highlights the host factors' information associated
with the severe acute respiratory syndrome coronavirus-2 (SARS-COV-2) and
Chandipura virus (CHPV). Our in silico and in vitro study shows how the
complement system regulates the thrombosis process in COVID19 patients. In the
same line of research, we have found that SARS-CoV-2 induces degradation of
CDA cells.

In respect of the CHPV, we have come with a novel viral entry mechanism.
Interestingly, we discovered that a host restriction factor, Bone marrow stromal cell
antigen 2 (BST-2), helps in virus entry. Further, we learned that the N terminal of
BST-2 is essential for virus entry. Additionally, we have developed a virus-host
factor interaction database called VHFIDB (WWW.VHFIDB.COM). It contains
detailed information on 72 viral species and their respective host factors.

The thesis work includes seven chapters that are discussed below in detail.
We aimed to define the importance of the host factors in the contest of the RNA

viral infection.



Chapter 1: Review of literature for a few important viral diseases, associated

host factors, virus-host evolution, and BST-2.

This chapter describes a detailed review regarding the viruses, their
associated disease, mode of transmission, associated host factors, and their possible
roles in virus restriction and virus pathology. This portion also elaborates on the
part of host factors in virus evolution and vice versa. It further explains the specific

host factor BST-2, its structure, topology, and role in viral pathogenesis.

Chapter 2: Materials, methodology, and techniques involved in the research

study.

This chapter describes the materials, methodology, and techniques
involved in conducting the research studies. Additionally, this chapter briefs about
the basic principle of various techniques and tools used to predict viral protein
structure, virus-similar host protein identification, identification of weighted
proteins in associated pathways, etc. It also describes the standard assays, such as
Western blot, RT-PCR, plaque assay, TCID-50, and cutting-edge gene-editing
methods like CRISPER/cas9. Chapter 2 also describes the pseudovirus generation
method for studied viruses such as CHPV, vesicular stomatitis virus (VSV), and

murine leukemia virus (MuLV).
Chapter 3: VHFIDB: The Virus-Host Factor Interaction Database

This chapter describes the VHFIDB database. Here we have curated host
factor information from peer-reviewed research articles and made an open online
resource for the VHFs database. The Virus-Host Factor Interaction Database
(VHFIDB, https://vhfidb.com/index.php) is a freely available online platform,
where each entry is stemmed from the published work of peer researchers. With
broader coverage of virus families and incorporation of analytical tools, the
VHFIDB provides a unique user-friendly enhanced learning experience compared
to the other published databases, such as EHFPI and vhfRNAI. For example, the
EHFPI and vhfRNAI databases comprise information only from RNAI screen-
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based research articles. Simultaneously, the VHFIDB collects data from RNAI

screen, CRISPR Cas9, or supported by other essential molecular techniques.

Additionally, the VHFIDB contains information on 72 virus species and
9,921 host genes. It covers some highly contagious viruses like Enterovirus A 71
(EVA-T71), severe acute respiratory syndrome coronavirus (SARS-CoV), SARS-
CoV-2, Zaire ebolavirus (ZEBOV), Marburg virus(MARYV), etc. We have also
compiled the emerging and re-emerging viruses in the current context. Information
on contagious animal viruses like porcine reproductive and respiratory syndrome
virus (PRRSV), equine arteritis virus, etc. is also available. Most importantly, the
VHFIDB is also associated with three powerful analytical tools: VHF pathogen
network, VHF overlap analysis, and gene enrichment analysis, which increases the
usability of VHFIDB. We believe this database is a valuable resource tool for
investigators in virology, biomedical sciences, and those involved in discovering

and developing antiviral therapeutics.

Chapter 4: Bone Marrow Stromal Cell Antigen 2 (BST-2) enhances CHPV
entry in BHK cells.

This chapter describes the role of BST-2 in CHPV pathogenesis and
associated novel entry mechanism. BST-2 or Tetherin is a cell surface protein
associated with lipid rafts whose expression is induced by type I Interferon (IFN-1)
signaling. Induced expression of BST-2 blocks the release of a diverse group of
enveloped viruses from infected cells' surface. These include many human
pathogens such as HIV-I, JEV, Ebola virus, CHIKV, Dengue virus, etc. However,
the action of BST-2 against the Chandipura virus is not yet studied. In our study,
unexpectedly, we noticed that human and murine BST-2 overexpression

significantly increases the infection of CHPV in a dose-dependent manner.

Further investigation shows that BST-2 enhances the virus entry
mechanism. In - Silico study reveals that Tyrosine residues at 6 and 8 positions in
the cytoplasmic domain of BST-2 interact with glu-405, glu-38, and thr-188 of
CHPV glycoprotein via electrostatic interaction. Similarly, the threonine at position
4 of BST-2 cytoplasmic domain interacts with glu-399 and glu -402 of CHPV
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glycoprotein. We have got similar results in in vitro studies. Moreover, we have

also found that the virus used clathrin-mediated endocytosis for its entry.

Chapter 5: Structural similarity-based prediction of host factors associated
with SARS-CoV-2 infection and pathogenesis

This chapter describes the host protein associated with the virus's life cycle
and pathogenesis. This study involves implementing a computational method for
predicting the interactions between SARS-CoV-2 and host proteins. This approach
is based on protein structural similarity. At first, we determined the structural
similarities between SARS-CoV-2 and human proteins using an established method
by analyzing protein crystal structures. Further, we identified known interactions
for these SARS-CoV-2 -similar human proteins. We assumed that these interacting
proteins of SARS-CoV-2 - similar proteins would also interact with the SARS-
CoV-2 proteins. We predicted and shortlisted an interaction map for SARS-CoV-2
and host proteins using cellular co-localization information. We then validated this
interaction by using previously published data of host factors of coronaviruses and

other RNA viruses.

Further analysis of these interacting proteins revealed that SARS-CoV-2
might use the clathrin-mediated endocytosis pathway for its entry. We also
delineated the interplay of host proteins associated with the SARS-CoV-2 life
cycle. We primarily focused on viral genome replication, translation, assembly, and
predicted the pathways and the host factor requirements. Gene enrichment analysis
of these interacting proteins reveals that apoptosis, IFN-gamma signaling, and
CDAT cells proteasomal degradation pathways are positively associated with
SARS-CoV-2 pathogenesis.

Chapter 6: In Silico and In vitro Studies Reveal Complement System Drives

Coagulation Cascade in SARS-CoV-2 Pathogenesis

This chapter described the mechanism of SARS-CoV-2 associated
pathogenesis. This study utilized bioinformatics and computational biology
methods to predict the interactions between SARS-CoV-2 and the host proteins.

Xiii



Further, we analyzed transcriptome and proteomics results of the SARS-CoV-2
infected Huh7 cell-line. Gene enrichment analysis of these interacting host proteins
advocates that cytokine storm and neutrophil degranulation drive acute respiratory
disease syndrome (ARDS) in SARS CoV-2 patients. The degree centrality analysis
shows cytokine-associated pathways are regulated by key players such as TP53,
TNF, MAPK3, and MAPK1 proteins. Similarly, degree centrality analysis of
neutrophils degranulation genes highlighted VAMPS8, ITGM, and STOM to be the
highly weighted proteins in this pathway. We also discovered that to counter IFN-
I, a few SARS-CoV-2 proteins may interact with signaling molecules like MAVS,
IRF3, TRIM21, TRAF6, and IRK1 and thus could inhibit their functions. On further
study, we have found that the Complement and Coagulation cascade is most
strikingly interconnected and potentially a key driver of the innate immune
response against SARS-CoV-2. This prediction was further validated by the KEGG
pathway in gene enrichment analysis of combined transcriptomics and proteomics
data sets resulted from in vitro SARS-CoV-2 infections in cell lines. Thus, the
current study helps us understand the SARS-CoV-2 infection's molecular
mechanism and its role in pathogenesis driven by the combined activation of

cytokine storm, neutrophil degranulation, and the complement system.
Chapter 7: Scope of the thesis work and the future perspective:

Viruses cause significant acute and chronic infectious diseases. They are
major patron to the global burden of disease—however, very few vaccines and
antiviral drugs are available for these emerging viruses. Recent studies denote how
viruses evolve to hijack the host cellular pathway and evade innate immune
responses by modulating essential host protein and signaling pathways. Using in
silico and in-vitro methods, we have described the host factor information and
critical pathways associated with the SARS-CoV-2 and CHPV virus pathogenesis.
In the SARS-CoV-2 study case, we explain how a host complement system drives
the thrombosis process in COVID19; we also explain and give host factors
information associated with the virus entry, replication, assembly, release, and

another associated pathway that regulates virus pathogenesis. The current thesis
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work also describes the CHPV virus use the clathrin-mediated endocytosis pathway

for entry, and at the same time, cellular restriction factor BST-2 helps in virus entry.

Further in silico and in vitro study reveals that the cytoplasmic region of
BST-2 is essential for virus entry. Additionally, we have also developed a
comprehensive database called VHFIDB., which contains information about virus
classification, virus pathogenesis, associated virus host factors. Moreover,
VHFIDB is also hitched with three robust analysis tools VHF pathogen network,
VHF overlap analysis, and gene enrichment analysis. Conclusively, the study opens
up a new dimension of host-pathogen interactions and provides new therapeutic

perspectives for treating viral diseases.
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mediated thrombosis. SARS-CoV-2- Spike (S) protein interacts with
C3 and activates proteolytic processing of C3, C3 hydrolyzes in C3a
and C3b, further C3b cleaves C5 into C5a and C5b. C3a and Cba
induce inflammatory cytokines production. Further, C3a, C5a, and
C5hb9 activate the coagulation pathway. C5a also activates IL6 and
TNF alpha production, which also magnifies the coagulation
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Figure 6.7. In vitro validation of the complement and coagulation cascade in
Huh7cells. a) Heatmap of 59 genes associated with KEGG pathway
“Complement and coagulation cascades” that were detected in the
transcriptomics over the indicated time of infection. (b) Heatmap of
36 proteins associated with KEGG pathway “Complement and
coagulation cascades” that were detected in the proteomics data over
the indicated time of infection. Data were quantile normalized and Z-
score transformed. Lower values are represented in yellow and
higher values in red. (c) Cytoscape network of KEGG pathway
“Complement and coagulation cascades” labeled with
transcriptomics results. 59 transcripts were detected, and 44 have a
differential expression over time (d) Cytoscape network of KEGG
pathway “Complement and coagulation cascades” labeled with
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Chapter 1

Introduction

1.1 Virus overview

Viruses are the smallest and the most abundant biological substance on the
earth. According to one of the estimates, around 103 viruses are present in the
biosphere, so practically, viruses are everywhere. They can infect almost all kinds
of life, including plant, animal, bacteria, fungi, amoeba, and archaea bacteria [1,2].
In contrast, a virus particle comprises only two macromolecules, nucleic acids
(DNA or RNA) as genetic material, and a protein coat that encapsulates this genetic
material[3]. It is well known that viruses do not carry metabolic components. Most
notably, viruses cannot generate ATP by themselves and do not bear the required
machinery essential for translation. Specifically, they don't have ribosomes and
cannot autonomously make proteins from messenger RNA. That's why they are

considered obligate intracellular parasites[4].

1.1.1 History

When we talk about the virus, the first question that appears in our mind is
how long ago the human viruses first appear? Human life originated about 34
million years ago, and the oldest document of the virus in history was found 4000
years back in ancient Egypt. The oldest virus evidence was observed in a stele from
13th-century BC in Egypt, where a man is standing with a stick is believed to be a
victim of poliovirus. Except for poliovirus, Smallpox was also explained in ancient
China's literature (700 BC), and the first physical evidence was found in the

Egyptian mummies[5,6].

Even after a long history of viral infection, the first virus was discovered in
1892 by a Russian biologist named Dmitry Losifovich Ivanovsky. He observed an

exciting and unexpected finding during his study on the Tobacco mosaic disease of



a plant. He observed that even after filtration, individual infectious particles
remained in the solution to infect fresh tobacco plants. After six-years, Martinus
Beijerinck, a Dutch scientist, separately made similar observations in his research
on a plant's tobacco mosaic disease and speculated these infectious particles exist
only in living cells. He gave the term 'virus' for these infectious particles[7].
Consequently, at the same time, two German scientists, Loeffler and Frosch, made
a similar observation for an animal virus that causes foot and mouth disease in
cows[8]. The first human virus was discovered in the early 20th century when
Walter Reed demonstrated that a filter inoculum from an infected person could
infect healthy volunteers. The moment of discovery of the yellow fever virus (YFV)
in 1902 was the first human virus ever isolated. From the discovery of YFV to now,
more than 219 species are known to infect humans[9,10]. However, 3-4 new viral

species are still discovered every year and cause millions of deaths globally.

1.1.2 Classification of viruses

The scientific community proposed in 1953 that viruses should be separated
from non-viruses. To justify their demand, they have pointed out a few
discriminative characters of viruses: the first one is that viruses only carry one type
of nucleic acid, either DNA or RNA; another type contains both DNA and RNA.

The second one is that Virions are reproduced from their nucleic acid,
whereas other agents are reproduced from their constituents' integrated sum. The
third one is that Virions are unable to expand and undergo binary fission. After this,
many classification systems came for viruses, i.e., Cooper's system, Hamparian,
Hillman, Ketlers's system, The Loff Horne Tournier system, and the Baltimore

classification system[11].

Out of those, Baltimore is the most conventional and widely accepted
classification system of viruses. In 1971, David Baltimore proposed animal viruses
classification, and he divided them into seven groups: DNA viruses (Group | and
I1), RNA viruses (Group 11, 1V, and V), and RT viruses (Group VI and VID[12].



Group I: Double-stranded (ds) DNA virus

Group Il: Single-stranded (ss) DNA virus

Group I11: Double-stranded (ds) RNA virus

Group 1V: Single-stranded (ss) positive-sense (+ve) RNA virus
Group V: Single-stranded (ss) negative-sense (-ve) RNA virus

Group VI: Single-stranded RNA (ss) with DNA intermediate with the help of

reverse transcriptase enzyme

Group VII: Double-stranded DNA (ds) with RNA intermediate with the help of

reverse transcriptase enzyme

Whether some viral genomic strand directly replicates and makes mRNA,
which translates and makes viral structural proteins. Different mRNA transcription
approaches represent the trademark of each virus group. Viruses belonging to
Group | have ds DNA genome structure and directly synthesize mRNA from the
DNA genome template. GROUP 11 viruses have ssSDNA genome, and their genome
first converts into dsDNA, which is then used as a template for mRNA
transcription. Group Il viruses have dsRNA genome, and they directly
manufacture mRNA by transcription from their double-stranded RNA template.

Group IV viruses have +ssSRNA genome. They use genomic RNA now as mRNA.

Viruses including a negative-stranded RNA genome represent group V.
Group V viruses made mRNA by transcription from their RNA genome template.
Group VI and VII viruses are called reverse transcriptase (RT) viruses. These
viruses have either RNA or ds DNA genome. RT viruses shared an important
feature that the viral DNAS are synthesized via a reverse transcription mechanism.
Even Group VI viruses contain an RNA genome, but the genomic RNA does not
work as mRNA, unlike Group IV (Figure 1.1).



It is noteworthy to mention here that Viral species are officially classified
and named by an international committee called the International Committee on
Taxonomy of Virus (ICTV) and was established in 1966. ICTV can be organized
and categorizes recorded viral species into different hierarchical ranks, starting with
orders, then families, then genera, and then species. Species can be further

subdivided into genotypes[13].
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Figure 1.1. Schematic diagram of Baltimore classification. Baltimore divided
viruses into seven groups based on virus genomes and their replication mode.

The intermediate steps involved in mMRNA synthesis are also described in the

diagram.



1.1.3 Host-virus pathogenesis

Virus infections are not analogs of disease or death. Many microbial infections are
subclinical or asymptomatic. Typically, three kinds of host-pathogen interaction
exist in nature; mutualism, commensalism, and parasitism. The virus comes under
parasites; as mentioned above, it doesn't carry essential substrates for its replication
and other processes. It depends on the host for its replication and progeny process.

Although all host has a common defense mechanism which may include:

e Skin and mucosal secretions

e Non-specific local responses (e.g., pH)

¢ Non-specific inflammatory responses (I1L2, IL10)

e Specific immune reactions (B cell, T cells mediated response)
Some viruses invade these host defense mechanisms and cause pathogenesis.
Pathogenesis is the process by which a virus develops the disease (Figure 1.2). It
can occur when a virus enters the cells, colonizes, invades the host defense
mechanism, increases its numbers, damages host tissue and exit from the host body,
and infects other individuals[14,15].
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Figure 1.2. Schematic diagram of virus infection and pathogenesis



1.1.4 Host virus interaction

As we discussed earlier, a virus is not able to propagate alone. For
propagation and pathogenesis, it interacts with the host factors. Host factors are
host proteins that activate after viral infection. It can be divided into two groups.
The first is essential host- factors (proviral), which is critical for viral infection, and
the second is restriction host factor, which inhibits viral infection. Identification of

viral restriction host factors can lead to new advances in antiviral therapies[16].

Recent advancements in functional genomics and proteomics have provided
an unbiased platform for identifying cellular factors involved in viral infection.
Several screening methods have been used in this course, including loss of genomic
function and gain of function screens[17]. Genome-wide techniques, RNAI-
mediated transient silencing of mMRNAs in mammalian cells (SiRNA) and Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas ribonuclease
system are widely used to identify cellular requirements for viral infection[18-21].
A combination of other omics technologies, including proteomics and
transcriptomics, can give a more comprehensive picture of the complex interactions
between viruses and their hosts. Commonly genome-wide screening occurs in
appropriate cells; most probably, cells have been chosen based on the virus,
primarily infection site is the natural host. With the time, with extensive scale
screening of host factors in different cell lines, researchers will get information
about common host factors and pathways between cells or viruses.[22-24] This

information may allow us to design broadly acting antiviral drugs.

1.1.5 Role of host factors in zoonosis

When animal viruses infect humans, this process is called zoonosis, which
can be a reason for the epidemic and pandemic conditions. In contrast, humans are
regularly exposed to animal viruses through food, pets, and interactions with nature.
Most of the viruses that enter our bodies pass through our gastrointestinal tracts
without any effect or, if they enter the cells, they can be neutralized by our immune
systems[25]. However, on the minimal condition, an animal virus infects humans

and starts replication itself[26]. Replication of an animal virus within the first



human host is crucial in the zoonotic process because it possibly renders two things.
The first thing is that the virus does mutations and adapts and improves itself for
virus replication in the new host. Secondly, the replication produces a high titer,
and the virus is ready to infect the second human. With time, only highly replicating
and spreading viruses can go for positive selection. Now we know that host genetics
play a crucial role in determining which animal virus can cross the species barrier

and replicate in a first human host (Figure 1.3).[27]

Animal viruses replicate in human cells, where they interact with most of
the essential host factors. Simultaneously, they need to avoid interaction with all
immune and restriction proteins that would inhibit them. For most animal viruses,
these conditions are very stringent[28]. It is just a chance when a virus matches
these conditions. Moreover, a virus with a few or no genetic barriers to replicate in

human cells poses the greatest risk to humans (Figure 1.4).
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Figure 1.3. Viral adaptation to the human and viral disease emergence. On the
left side of the figure shows that most of the zoonosis occur from birds and animal
to human, the middle part of the model shows a zoonosis pyramid which carries
a concept that that animal viruses become frequently adapted to human through
a series of evolutionary steps represented from bottom to top. The right part of
the figure represents the status of immune system functionality against zoonosis.
In the early phase of zoonosis, the innate immune plays a crucial role in
inhibiting virus infection, but when the virus is adopted in the new host, the

adaptive immune system plays a key role.
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Figure 1.4. Role of Host protein in virus zoonosis process. Host carries two kinds

of protein, proviral and antiviral. Whenever a virus infects the host, the innate

immune system will be activated, and simultaneously proviral gens also activated.

For proper virus adaptation and zoonosis, the virus is required to use most of the

proviral host factors for their infection and replication, and at the same time, it

is also needed to protect itself from restriction factors.
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1.1.6 Coevolution of virus and host

As discussed earlier, viruses interact with the host, and host proteins play a
crucial role in virus infection. Moreover, this virus and host interactions have
resulted in various evolutionary outcomes. During this deep-rooted shared history,
viruses and hosts have always stressed each other for survival. Over time, hosts
have acquired the first defense mechanisms against viruses, called restriction
factors. Restriction factors are host proteins that are part of the innate immune
system, and they potently inhibit pathogen infection[29,30]. These restriction
proteins target the various stages of the viral life cycle. Some factors directly
interact with the virus or viral protein, while others indirectly inhibit virus infection
by stopping macromolecule synthesis, apoptosis, etc. But with the evolution,
viruses have also evolved antagonistic mechanisms against restriction factors[31].
These antagonistic connections between the host factors and the virus proteins
induced an evolutionary genetic conflict between the two entities. This genetic
contest is also called the "virus-host arms race,” based on the Red Queen
hypothesis, where organisms continuously develop and adapt to survive with
changing environments[32]. But most of the time, the virus wins the 'virus-host
arms race." because the virus has a small life span and can evolve faster than its
hosts. That's why the current-day host's innate immune system works against the
ancient virus rather than more recent viral infection[33]. Therefore, the
evolutionary history of restriction factors may explain why a host is responsive or
resistant to a newly emerging virus (Figure 1.5). A newly emerging coronavirus
(SARS-CoV-2) is an excellent example of virus-host arms race evolution.
Evolutionary arms race dynamics develop the heterogeneity of viruses and their
receptors. In a recent study, it is reported that Chinese horseshoe bat populations
show high polymorphism in ACE2. These ACE2 modifications support SARS-
CoV and SARSr-CoV infection, but it shows different binding affinities to
different-different spike proteins. The authors found that the SARSr-CoV spike
shows a higher binding affinity to human ACE2[34,35]. This study suggests that

these viruses can cross the species barrier and infect humans.
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Figure 1.5. Schematic representation of virus-host co-evolution. In this figure,
we describe a host-virus arm-race, an antiviral protein antagonized by the virus,
but human protein evolution allows the host protein to win this battle against the
virus. but with time virus again evolved and overcome by the host protein effect.
Moreover, most of the time, the virus wins the *virus-host arms race." because the

virus has a small life span and can evolve faster than its hosts.
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1.2 Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)

1.2.1 Classification lineage and history

SARS-CoV-2 is an enveloped positive-sense, single-stranded RNA
betacoronavirus, which belongs to the Coronaviridae family. A Coronaviridae
family has a diverse group of viruses that infect many different animals. Six human
coronaviruses (HCoVs) were previously identified; HCoV-229E and HCoV-NL63
belong to the alpha coronavirus group. The rest members, HCoV-HKU1, HCoV-
OC43, severe acute respiratory syndrome coronavirus (SARS-CoV), and Middle
East respiratory syndrome coronavirus (MERS-CoV) belong to the betacoronavirus
group[36,37]. However, over the past few years, highly pathogenic human
coronaviruses have emerged. The appearance of SARS-CoV in 2002 exhibited
~8,000 cases worldwide with a mortality rate of ~10%. Similarly, MERS-CoV in
2012 marked with 2,500 patients with a higher mortality rate of 36%[36]. In late
December 2019, a novel coronavirus named SARS-CoV-2 emerged in Wuhan,
China, which causes unusual viral pneumonia[38]. This novel coronavirus disease,
also called coronavirus disease 2019 (COVID-19), is highly transmissible and
spreads fast. The COVID-19 patients showed similar symptoms like SARS and
MARS. Most of the first 27 known hospitalized patients are epidemiologically
linked to Huanan Seafood Wholesale Market. According to a retrospective study,
patient zero of SARS-CoV-2 was observed on 8 December 2019[39]. On 31
December china government notified and informed the world health organization
about a pneumonia outbreak from an unknown cause; after that virus spread very

fast from China to the whole world, and the rest is history[40].

1.2.2 Clinical impact
SARS-CoV-2 infects almost all ages of the people, and the median age of

infection is around 50 years. However, the clinical conditions differ with age;
people age above 60 develop a severe respiratory disease that may require
hospitalization or even die. Most young people and children have only mild
disorders or are asymptomatic. Whenever a virus infects most common symptoms

are fever, dry cough, fatigue, olfactory and taste disorders, and less common

14



symptoms are sputum production, headache, haemoptysis, diarrhea, anorexia, sore

throat, chest pain, chills, and nausea and vomiting[41,42].

1.2.3 Genomic Structure and Replication cycle

SARS-CoV-2 shares genomic similarity with other betacoronavirus. It
shows 79% genome sequence similarity with SARS-CoV and 50% with MERS-
CoV. It is a single-stranded positive-sense RNA virus with a genome size of 29.9
kB. The viral genome carries 14 open reading frames (ORFs), which make 27
different proteins. First, six ORFs are organized in order from 5’ to 3’ direction:
spike (S), replicase (ORF1a/ORF1b) envelope (E), membrane (M), and
nucleocapsid (N). Besides, seven putative ORFs encoding accessory proteins are
distributed between the structural genes (Figure 1.6). The replicase gene of SARS-
CoV-2 covers two-thirds of the 5" genome. It encodes a large polyprotein (pplab),
further cleaved into 16 non-structural proteins (NSPs) that participate in
transcription and virus replication (Table 1.1). The 3'UTR comprises four structural
genes and eight accessory genes[43,44]. The accessory genes are located between

the structural genes, and their function is not known till now.

The SARS-CoV-2 genome work as a template for both replication and
translation. The virus enters the cell and releases its genome in the cytoplasm. The
virus controls its proteins' relative expression through a conserved molecular
mechanism, identified as -1 programmed ribosomal frameshifting (-1 PRF). SARS
also observed a similar mechanism. The two ORFs, ORF1a and ORF1b, translate
into non-structural proteins (NSP1-NAP16), which participate in virus replication,
immune suppression, and other viral beneficiary works.[45] The viral genome's
replication and transcription process is mediated by RNA-dependent RNA
polymerase activity (RdRP/nspl12). The NSP12 catalyzes the synthesis of viral
RNA with the help of nsp7 and nsp8 as cofactors. Usually, RNA virus lacking
proofreading activity, but coronavirus has a specific protein named NSP14, which
provides proofreading activity. Virus replication occurs in the replication complex;
viral and host both proteins make this complex and produce full-length negative-

sense RNA intermediates, which serve as a template for the synthesis of positive-
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sense RNA. The nucleocapsid protein encapsulates the genomic RNA(positive-
sense RNA), and The virus assembly and maturation process occur inside the Golgi.

after the maturation virus is released from the cells (Figure 1.7)[46-48].
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Figure 1.6. Genomic organization and molecular structure of SARS-CoV-2.
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Table 1.1. List of non-structural proteins of SARS-CoV-2and their function

S.No. | Protein Function
name

1. nspl Interferes with the mRNA binding and suppresses hosts’ immune
functions, Anchors the replication complex to cellular membranes
Degrades host's mRNA by interacting with the human 40S
ribosomal subunit

2. nsp2 Harbours mutations that make it more contagious Might play a role
in the modulation of host cell survival; also known as p65 homolog

3. nsp3 Papain-like protease 2 (PL2P™) involved in proteolytic cleavage

4. nsp4 Responsible for the formation of the double-membrane vesicle
during replication, Anchors the viral replication-transcription
complex to the membranes of the endoplasmic reticulum

5. nsp5 Proteases (3CLP™, MP™) involved in polypeptide cleaving

6. nsp6 Prevents the expansion of autophagosome, Help information of
double-membrane vesicle; suppresses IFN-I signaling

7. nsp7 Forms a hexadecamer with nsp8 and acts as a primase in viral
replication

8. nsp8 Acts as a primase with nsp7

9. nsp9 Acts as ssRNA binding protein

10. nspl0 Plays role in the methylation of viral mMRNA cap. Stimulates the
nsp14 3'-5' exoribonuclease and 2'-O-methyltransferase (NSP16)
activities

11 nspll Unknown

12 nspl2 Catalytic subunit of the RNA-dependent RNA polymerase;
Catalyses the synthesis of viral RNA, using nsp7 and nsp8 as
cofactors

13. nspl3 Helicase and NTPase activity: hydrolyze the NTPs and unwind the
duplex RNA and DNA with a 5' single-stranded tail in a 5" to 3’
direction
A potent interferon antagonist

14. nspl4d Guanine-N7 methyltransferase, a multienzyme complex
Acts on both sides ssRNA and dsRNA in a 3'-> 5’ direction
A potent interferon antagonist
It plays a role in genome replication, sub-genomic RNA synthesis,
and recombination

15. nspl5 It is a nidoviral RNA uridylate-specific endoribonuclease (NendoU);
plays a role in viral replication and transcription
A potent interferon antagonist

16. nspl6 Acts as 2'-O-methyltransferase that mediates mRNA cap 2'-O-
ribose methylation to the 5'-cap structure of viral MRNAs
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1.2.4 Treatment and prevention

Limited initial drugs are suggested against the SARS-CoV-2, but their
efficacy remains poor. Many drugs suggest and are used to treat COVID19 patients;
these drugs belong to different classes include nucleotide analogue, monoclonal
antibody, protease inhibitor, RNA polymerase inhibitor, endonuclease inhibitor,
immune modulator, interferon-alpha, and immune suppressor. Scientists across the
world are trying to make a vaccine against SARS CoV-2. According to the WHO
report, there are 48 vaccine candidates under the clinical trials' advanced stages.
Out of them, 11 are currently in the phase 11 trial[49-52].

1.3 Chandipura virus (CHPV)

1.3.1 Classification lineage and history

Chandipura virus belongs to the vesiculovirus genus and Rhabdoviridae
family, which comes under the mononegaviridae. Viruses belong to
mononegaviridae are characterized by a non-segmented, single-stranded RNA
genome. Among all mononegaviridae Rhabdoviridae family got significant
attention because of its wost host range[53]. Viruses from the Rhabdoviridae
family can infect humans, other vertebrates, arthropods, fishes, and even infect
members of the plant kingdom. They have typical bullet shape morphology[54].
Similarities between CHPV and VSV in genetic structure, polypeptide
composition, and life cycle include CHPV within the vesiculovirus genus.
Comparative sequence analysis of CHPV and VSV shows that CHPV is
evolutionarily equidistant from new world vesiculoviruses VSV Indiana (VSVind)
and VSV New Jersey (VSVnj), and closely related to its Asian kin Isfahan[55].

Chandipura virus was first discovered and isolated accidentally from the
two adults' blood with a febrile illness in a village in Nagpur district, Maharashtra,
India, in 1965[56]. The only other instance when It was isolated from a human in
1980, in Madhya Pradesh, India, from an acute encephalitis patient[57]. However,
the retrospective serological studies indicate that CHPV history is more senior and

its infected human population as early as 1957-58[58].
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However, due to the low case reports, it has not got much attention until the
2003 outbreak in Andhra Pradesh, India. The epidemic started in June 2003 and
continued next 3-4 months. Around 329 children (age between 9 months -14 years)
were infected with the virus, showed encephalitis, and 183 children died[59].
Simultaneously CHPV encephalitis outbreak was also reported in Fifteen districts
of Maharashtra during the same time. In the subsequent year 2005, another outbreak
was reported in the Baroda district of Gujrat, India, with 70 % cases of mortality in
the pediatric population. However, many small outbreaks are reported throughout
the country with different periods[60-62]. Moreover, the CHPV virus outbreak is
not only limited to India. It is also reported in other countries of Asia ( Bhutan,

Nepal, Sri Lanka) and Africa (Nigeria, Senegal) subcontinent[63,64].

1.3.2 Clinical impact

CHPV is an emerging tropical virus with a high mortality rate in children
below 15. Usually, CHPV causes cerebral edema and cerebral encephalitis. These
patients also show high-grade fever, vomiting, loose motion, hypertonia of the
limbs, hyperreflexia, bilateral extensor plantar response, with a sudden drop in
blood pressure.[53,54]

1.3.3 Genomic Structure and Replication cycle

The CHPV is an enveloped, non-segmented RNA virus with a genome size
of 11 kb. CHPV genomic RNA contains a 49 nucleotide leader gene (1), followed
by five transcriptional units separated by intragenic spacer regions and a short non-
transcribed 46 nucleotide trailer sequence (t) arranged in the order 3’ 1-N-P-M-G-
L-t 5'. It has a lipoprotein envelope containing a helical ribonucleoprotein (RNP),
which further enwraps an RNA genome. CHPV genome codes five polypeptides;
namely, glycoprotein (G), large protein (L), nucleocapsid protein (N), matrix
protein (M), and phosphoprotein (P) (Figure 1.8) The G protein spikes present on
the outer membrane. They play a role in virus entry, receptor recognition, the fusion
of viral and cellular membrane, and a major antigenic determinant. The M protein
acts as an adhesive layer between the lipid bilayers' inner membrane and the core

nucleocapsid. The core N protein encapsulates viral genomic RNA and protects it
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from cellular RNAse. It also enwraps the viral genome and forms the template for
viral transcription. L and P protein form viral RNA-dependent RNA polymerase,
where L performs the catalytic activity for RNA polymerization, and P acts as a

transcriptional activator[65,66].

CHPV virus life cycle can be divided into many steps. At first, the viral
glycoprotein interacts with the host cell plasma membrane and is internalized by
endocytic vesical; uncoating occurs in the late endosome in the low Ph condition
and virus genome release in the cytoplasm. Released viral RNA starts the
transcription process, and viral polymerase synthesizes five discrete mMRNAs and
obeys to stop signals present at the genomic RNA or transcribed in decreasing order
of molar ratio as N>P>M>G>L and enter the translation phase. After accumulating
the subsequent amount of viral proteins in the host cell, L protein acts as a replicase.
It ignores the gene junctions to generate a polycistronic antigenomic analog that
works as a template for further replication to create many more copies of the
genome RNA. The newly developed genomic RNA goes for viral protein

packaging and is released as a mature particle from the cells (Figure 1.9)[67,68].

1.3.4 Treatment and prevention

Till now, there is no such vaccine or medicine available for the Chandipura
virus. Most of the time, doctors gave symptoms-based treatment to the patients.
However, some recombinant and killed virus vaccine approaches are in a clinical
trial[69].
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1.4 Bone marrow stromal antigen 2 (BST-2)

1.4.1 History and molecular characterization

Initially discovered as a surface marker for terminally differentiated and
neoplastic B cells, bone marrow stromal antigen-2 (BST-2) was later reported to
have diverse cellular functions[70,71]. The protein is expressed in almost all cell
types; however, the degree of expression varies from cell to cell[72,73]. BST-2 is
a type Il transmembrane protein and contains ~180 amino acids (aa). The mature
protein adopts a unique topology comprising a short N-terminal cytoplasmic tail
(1-20aa) followed by an a-helical transmembrane domain (21-48aa), an
ectodomain (49-161aa), and a C-terminal glycosylphosphatidylinositol (GPI)
domain (162-180aa)[74,75]. The cytoplasmic tail of BST-2 has a highly conserved
YXY tyrosine motif known to play a role in NF-kB-mediated signaling and
clathrin-mediated endocytosis (Figure 1.10)[76-78]. Simultaneously, its
ectodomain contains two evolutionarily conserved motifs - three cysteine residues
and two glycosylation sites[79]. These conserved cysteine residues covalently link
monomers to form dimeric or tetrameric forms of BST-2[80]. Two N-linked
glycosylation sites (at N65 and N92) are required for the proper folding of BST-2,
and the GPI domain anchors BST-2 to cell surface lipid rafts. In addition to the
plasma membrane, BST-2 expression is also detected in the trans—Golgi network

and within the recycling endosomes in the cytoplasm[81].
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Figure 1.10. Molecular characterization of BST-2. BST-2 is a type Il
transmembrane protein and contains ~180 amino acids (aa). Its cytoplasmic
domain contains The mature protein comprising of a short N-terminal
cytoplasmic domain (1-20aa) followed by an a-helical transmembrane domain
(21-48aa), an ectodomain (49-161aa), and a C-terminal
glycosylphosphatidylinositol (GP1) domain (162-180aa). The cytoplasmic tail of
BST-2 has a highly conserved YXY tyrosine motif which plays a crucial role in

NF-kB-mediated signaling and clathrin-mediated endocytosis.
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1.4.2 Antiviral activity of BST-2

Bieniasz and colleagues reported in 2008 that BST-2 restricted the release
of human immunodeficiency virus-1 (HIV-1). BST-2 inhibited virion release of a
recombinant HIV-1lacking the Vpu gene by tethering the nascent virion to the host
cell plasma membrane[82]. This prompted the name “tetherin” for BST-2.
Subsequently, BST-2 was shown to tether a broad range of enveloped viruses, but
its tethering activity against enveloped viruses is not a universal phenomenon. The
antiviral activity of BST-2 is related to its membrane anchoring topology[79]. The
two anchoring domains of BST-2 form a bridge between the budding virion and the
host plasma membrane, thereby physically restricting virion release [82,83]. Perez
Caballero et al. demonstrated that the membrane anchoring domains are necessary

and sufficient for viral tethering.

Interestingly, the action of tetherin occurred independently of other host
cofactors. Engineered forms of BST-2 lacking any significant sequence homology
but retain the transmembrane domain, dimeric ectodomain, and GPI anchor
domains restricted HIV-1 release from the cell surface, demonstrating the
importance of these domains for BST-2 antiviral activities[84]. Tethered virions
are either retained at the cell surface or mobilized for endocytic internalization and
subsequent ubiquitin-based degradation [85,86]. BST-2 antiviral activities against
a variety of enveloped viruses, including retroviruses, alphaviruses, rhabdoviruses,
and mammarenaviruses, have been discussed in several excellent review
articles[78,87-91]. Here, we highlight other aspects of BST-2 biology, such as cell

signaling, immunomodulatory functions, and immunity.

1.4.3 BST-2 and cell signaling pathways

BST-2 expression is induced by type 1 and type 2 interferons in response to
viral infection. The role of BST-2 in cell biology was later reconsidered after it was
established as a potent inducer of NF-kB[92]. Still, this finding was initially
overshadowed by studies focusing on its antiviral functions. More recent studies
confirmed a role for BST-2 in regulating NF-kB signaling[77,93,94]. BST-2
induction of NF-kB depends on its multimerization or viral sensing actions[93],
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but no experimental data are linking its tethering action with that of NF-kB
induction. Early studies identified TGF beta-activated kinase 1 (TAK1) as being
critical for BST-2-induced NF-kB mediated signal transduction[77,93]. However,
subsequent studies identified additional intermediate signaling molecules have a
role in the activation of the NF-kB signaling pathway by BST-2. For example,
knockdown of TNF receptor-associated factor 6 (TRAF6) or TNF receptor-
associated factor 2 (TRAF2)/ Ubiquitin-Conjugating Enzyme E2N (Ubc13) gene
expression blocked BST-2 mediated NF-kB activation[77]. Yet, Myeloid
differentiation primary response protein MyD88, TRAF2, TGF beta activated
kinase 1 (TAB1), and TGF beta activated kinase 2 (TAB2) were found dispensable
for BST-2-induced activation of the NF-kB signaling pathway[93]. These findings
revealed that BST-2, via induction of NF-kB signaling, can influence the host
inflammatory response to a virus [95,96], but the underlying mechanisms remain

to be elucidated.

1.4.3 Immunomodulatory role of BST-2 following infection
1.4.3.1 Interferons & innate immunity

Host-pathogen recognition and responses are multifaceted. Upon pathogen
encounter, pattern recognition receptors (PRR), including Toll-like receptors
(TLRs), Nod-like receptors (NLRs), and RIG-1 like receptors (RLRs)[97-100] can
initiate antiviral responses, including IFN-I and pro-inflammatory cytokine
production[101]. IFN-I signaling via the IFN receptor and JAK/STAT pathway
induces the expression of hundreds of interferon-stimulated genes (ISGs) that
contribute to establishing an antiviral state that limits virus propagation within the
infected host[102]. IFN-I responses are highly controlled and short-lived, but if
unchecked, excessive expression of IFNs may harm the host [103] and negatively

affect hematopoiesis[104].

Plasmacytoid dendritic cells (pDCs) are among the highest producers of
IFNs and inflammatory cytokines upon sensing bacterial or viral nucleic acids
through TLR7 and TLR9 receptors [105,106]. In this context, Cao et al.
demonstrated that BST-2 negatively regulates the IFN-I response in pDCs. BST-2
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is a biological ligand for the human pDC-specific receptor immunoglobin-like
transcript 7 (ILT7), and binding of BST-2 to ILT7 can initiate signaling via the
ILT7-FceRly (a high-affinity IgE receptor) complex. FceRly contains an
immunoreceptor tyrosine-based activation motif (ITAM) in its cytoplasmic tail that
mediates a calcium-dependent signaling cascade that inhibits the production of
IFNs and inflammatory cytokines by pDCs[107,108]. However, the detailed
mechanisms underlying this negative feedback loop are largely unknown. Co-
culture of pDCs with BST-2-expressing cells reduced IFN-I production by pDCs
following stimulation by the oligodeoxynucleotide, CpG-A[109]. Moreover,
treatment with a MEK1/2 inhibitor significantly increased interferon production
[109], suggesting that the BST-2-ILT7 mediated downregulation of IFN-I is at least
partially associated with MEK1/2 signaling. This pathway is highly specific for
human pDCs, as ILT7 is only present in human and primate pDCs[110].

BST-2 mediated down-regulation of the IFN-I response was also linked to
this protein's ability to counteract the RLR-mediated IFN-I signaling
pathway[111]. Specifically, BST-2 recruits the E3 ubiquitin ligase, MARCH 8,
which catalyzes the lysine (K27) linked polyubiquitin chains on the mitochondrial
antiviral-signaling protein (MAVS)[111]. This activity subsequently targets
MAVS for autophagic degradation via nuclear domain 10 protein 52 (NDP52)
receptor. As MAVS is an essential host signaling adaptor protein for IFN-I
production, its degradation negatively affected the interferon response[111](figure
1.11). Interestingly, unlike humans, murine NDP52 lacks the ubiquitin-binding
domain LIM-L[112-114], which should prevent BST-2-mediated degradation of
MAVS. In fact, pDCs from BST-2 KO mice showed reduced IFN-I secretion in
response to viral challenges [115]. These results suggest that the evolutionary
selection of the LIM-L domain in NDP-52 and ILT7 expression by human pDCs
cells influences how BST-2 regulates IFN-I production in these cells relative to
mice pDCs. Additional research is required to determine how BST-2 affects the

innate antiviral immune response in different species.
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Figure 1.11. BST-2 regulation of the IFN-I response.

(1) Virion interacts with cell surface receptors to enter the cell. (2) Viral genome
(RNA) is recognized by the RLRs. RIG-1 signals are transduced to the
transcription factors through stimulation of MAVS at the mitochondrion-
associated membrane. Activation of MAVSleads to phosphorylation of IRF3.
Phosphorylated dimers of IRF3 then translocate to the nucleus where they bind
and activate specific promoters triggering expression of 1FNs. (3) Type-1 IFNs
interact with IFNAR, recruit, and phosphorylate the STAT1 and STAT2. STAT1
and STAT2 form a heterodimer that, in turn, recruits the IRF9 to make a
complex. This complex translocates to the nucleus and induces expression of
genes (e.g., BST-2) regulated by IFN-stimulated response elements. (4) BST-2
recruits the E3 ubiquitin ligase MARCH 8. (5) MARCH 8 then catalyzes the K27-
linked polyubiquitin chains on MAVS at K7 position. (6) Cargo receptor NDP52
recognizes ubiquitinated MAVS. (7) NDP52 delivers MAVS to autophagosome

29



for degradation. (8) BST-2-mediated autosomal degradation of MAVS and
terminal of RIG-1, MAVS-mediated IFNI production via a negative feedback
manner. BST-2, bone marrow stromal antigen 2; IFN, interferon; IRF3, IFN
response factor 3; IFNAR, IFN-a/f receptor; MAV'S, mitochondrial antiviral-
signaling protein; RLR, RIG-1-like receptor; STAT, signal transducers and

activators of transcription.
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1.4.3.2 Adaptive Immunity

Although BST-2 has conserved coding regions, polymorphic forms do
exist across species. BST-2 alleles lacking the endosomal-sorting motif (YXY) are
found in NZW/LacJ (NZW) mice and show higher cell surface expression than
C57BL/6 mice whose BST-2 contains the YxY motif. BST-2 from NZW mice
restricted Friend murine leukemia retrovirus (F-MuLV) more potently than BST-2
from C57BL/6 mice[116]. Because BST-2 is expressed at higher levels on the cell
surface in NZW mice (due to defective endocytosis), these mice should have an
increased potential to restrict Friend retrovirus distribution in vivo. However, the
endocytosis-competent version of BST-2 in C57BL/6 mice actually showed a
greater ability to control viremia, suggesting a role for immune-modulatory
functions linked to BST-2 [117]. For example, enhanced restriction of F-MuLV
was associated with a stronger IFNy response in NK cells, CD4+ T cells, and CD8+
T cells[117]. This study further proposed that increased endocytosis of virions by
pDCs could trigger TLR3-mediated IFN-I production, leading to augmented NK
function, as these cells are highly responsive to TLR3-and TLR7-dependent
cytokine stimuli[115,117,118](figure 1.12). This might account for lower IFN-I
production observed in BST-2 deficient pDCs[115]. Because BST-2 can influence
IFN-I levels, it has the potential to modulate host defense during both the early and
late phases of viral infection. Using the chronic lymphocytic choriomeningitis virus
(LCMV) infection model in mice, we showed that the early confinement and
sequestration of virions in the splenic marginal zone was compromised in the
absence of BST-2[119]. This resulted in alterations in antiviral T cell priming,
leading to reduced T cell proliferation and effector functions (e.g. IFNy and TNFa).
Peripheral control of a chronic LCMV infection was also compromised in BST-2
deficient mice, and the virus established long-term persistence in the brain [119].
Collectively, these studies demonstrate how BST-2 can influence both innate and
adaptive immune responses to viral infections. Further studies are required to
understand the direct versus indirect contributions of BST-2 to antiviral immunity

and how this protein's functionality can be enhanced to help fight infections.
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Figure 1.12. Antiviral and immunomodulatory functions of BST-2.

(A) (1) BST-2 interacts with the viral envelope and restricts cellular egress of
nascent virion that, in turn, internalizes the virion through endocytosis. (2) Also,
endosomally expressed BST-2 halts virion trafficking and likely allows more time
for endosomal proteases to act upon and degrade the virions. (3) Endosomal
degradation of viral envelope facilitates the release of genomic RNA that
activates TLR3 and TLR7-mediated innate immune pathways. (4, 5) Activation
of TLR3 and TLR7, along with other costimulatory molecules, can further
enhance the expression of ISGs and cytokines in antigen-presenting cells. (6)
Cytokines such as IL-15 can promote NK cell activation and function. (7)

Proteolytically degraded viral proteins generate a plethora of viral peptides that

32



are often cross-presented by MHC I and can stimulate CD8 T cells. (8) Similarly,
peptides loaded into MHC 11 can promote CD4 T cell activation. (B) In HIV-I1-
infected cells, the interaction between BST-2 and viral Env protein can increase
the accumulation of Env at the surface of the cell. This can facilitate interactions
with circulating antibodies against HIV-1 and stimulate ADCC-mediated
elimination of the infected cell. (C) BST-2 can tether exosomes like viral
envelopes restricting their movement. Exosomes often carry signaling molecules
such as DAMPs and activated EGFR. DAMP-carrying exosomes can activate
antiviral immunity, whereas EGFR-carrying exosomes can suppress it. ADCC,
antibody-dependent cellular cytotoxicity; DAMPs, damage-associated molecular
patterns; EGFR, epidermal growth factor receptor; HIV-1, human
immunodeficiency virus-1; IL, interleukin; 1SGs, IFN-stimulated genes; TLR,

Toll-like receptor.
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1.4.4 BST-2 and cancer

Increased BST-2 expression is shown in different cancer tissues, including
ovarian, lung, head and neck, cervical, thyroid, breast, endometrial, pancreatic
glioblastoma, and myeloma[120-127]. BST-2 overexpression at the early stage of
multiple myeloma suggested that BST-2 might be a suitable target for cancer
immune therapy. However, not all cancer types exhibit increased BST-2
expression. BST-2 expression reamins unchanged in thyroid and lung
adenocarcinomas and is downregulated in the liver, kidney, lung squamous, and
prostate cancer relative to normal cells[123]. Almost all breast tumors express
BST-2 to a certain level, and a higher expression level of BST-2 is associated with
aggressive and progressive malignancy [124]. The functional significance of BST-
2 expression in malignancy remains to be elucidated, but BST-2 homodimers
appear critical in certain instances for the promotion of cancer cell adhesion[128].
In addition, BST-2 enhances cancer cell survival and growth by promoting
proteosomal degradation of pro-apoptotic proteins, such as BIM - a member of the
Bcl-2 protein family [128](figure 1.13A). Evidence indicates that the cytoplasmic
tail of BST-2 is responsible for cell migration and invasion, but the detailed
mechanisms underlying such functions are largely unknown[129] (figure 1.13B).
Studying the role of BST-2 in different cancers is a very active area of research. In
the future, we expect that novel insights will emerge regarding the relationship

between BST-2 and malignancy.
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Figure 1.13. The influence of BST-2 on tumor cell survival, invasion, and

migration.

(A) The dimeric form of BST-2 can facilitate cell-to-cell interactions or
extracellular matrix interactions. BST-2 activation leads to phosphorylation of
its cytoplasmic tail (most likely in the tyrosine-6 and tyrosine-8 positions).
Phosphorylated BST-2 recruits GRB-2 and activates a kinase (unknown) that
phosphorylates ERK (pERK), which, in turn, phosphorylates BIM, resulting in
subsequent proteasomal degradation of BIM. In the absence of BIM, procaspase-
3 is neither cleaved nor activated. This results in cancer cell survival. In a
monomeric form, the cytoplasmic domain of BST-2 is not phosphorylated, which
can promote apoptosis of cancer cells. (B) The YXY motif of BST-2 is responsible
for cancer cell migration and invasion. In the absence of the YXY motif, cancer

cells exhibit a reduced migration rate.
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1.5 AIM and Scope

The discipline of virology is the most senior subject of infectious biology,
and for a long time, it was focused on the pathogen itself. It is established that the
host response is uniformly or more important in establishing the pathological
outcome of virus infection. Based on the recent outbreak of highly infectious and
deadly viruses like SARS-CoV-2, Influenza viruses, etc., vaccine failures against
continuously mutating viruses, and insufficient availability of antiviral
therapeutics. To overcome contagious virus pathogenesis requires that the virology
and viral immunology community should focus on host-pathogen interaction and
identify new antiviral targets. Our study has tried to fill this gap; this thesis contains
a database VHFIDB (https://vhfidb.com). VHFIDB includes information on 72
viral species and their associated host factors. Moreover, it hitched with 18 other
databases. VHFIDB has three comprehensive tools that are very useful for the

scientific community.

After that, we have focused our study on two highly pathogenic viruses
CHPV and SARS-CoV-2. CHPV is an emerging tropical virus with a high mortality
rate in children below the age of 15 years. We have generated and characterized the
VSV-based CHPV fluorescence pseudovirus and also described the CHPV entry
mechanism. Our study found that CHPV virus entry required clathrin, lipid raft,
and low pH. more interestingly, we have found that an antiviral protein BST-2
enhance CHPV virus entry, In-silico docking of the cytoplasmic domain of BST-2,
and glycoprotein of CHPV revels that YXY region of BST-2 directly binds with
virus and increases virus entry. By studying the SARS-CoV-2, we have described
the host factor information and critical pathways associated with the SARS-CoV-2
and CHPV virus pathogenesis. In the SARS-CoV-2 study case, we explain how a
host complement system drives the thrombosis process in COVID19; we also
explain and give host factors information associated with the virus entry,
replication, assembly, release, and another associated pathway that regulates virus

pathogenesis.
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Chapter 2

Material, methods, and instrumentation

2.1 Materials

2.1.1 Chemicals

All oligos used in this study were procured from Sigma-Aldrich Chemicals Ltd. (St. Louis,
MO, USA) and Integrated DNA Technologies (lowa, United States), respectively
(Appendix B). The chemical agent used in this study are as follows: Trizma base, Glycine
(C2HsNOy), Ethylene diamine tetra acetic acid (EDTA), Potassium hydrogen phosphate
(K2HPO4), Potassium dihydrogen phosphate (KH2PO4), Sodium hydrogen phosphate
(Na;HPO.), Sodium dihydrogen phosphate (NaH.PO.), Ethidium bromide (EtBr),
Potassium chloride (KCI), Sodium chloride (NaCl), Magnessium chloride (MgCl.),
Calcium chloride (CaCl,), Sodium hydroxide (NaOH), Sodium thiosulphate (Na,S:0s3),
Sodium hydrogen carbonate (NaHCOs3), Silver nitrate (AgNOs), Sodium carbonate
(Na2,CQOg3), Dimethyl formamide (C3H;NO), Sodium dodecyl sulphate or Sodium lauryl
sulphate (SDS), Commassie brilliant blue G-250, B-mercaptoethanol (HOCH,CH,SH),
Agarose, Luria-Bertani agar (LB-agar), Luria-Bertani broth (LB-broth), Ampicillin,
Kanamycin, Acrylamide (CsHsNO), N, N’-Methylene bisacrylamide (MBAA),
Triethylenetetramine or Tetramethylethylene diamine (TEMED), Ammonium per sulphate
((NH4)2S20sg), Polysorbate 20 or Tween 20 (CsgH114026), non-fat dry skimmed milk
powder, Glycerol (CsHs03), bromophenol blue or 3',3",5",5"-
tetrabromophenolsulfonphthalein (CigH10BrsOsS), Bovine serum albumin (BSA), 4',6-
Diamidino-2-Phenylindole, Dihydrochloride (C16H1sNs), Paraformaldehyde
(OH(CH20)nH(n=8-100)), Isopropyl-p-D-thiogalactopyranoside (CgH1s0sS), Imidazole
(CsHaNy), 5- bromo-4-chloro-3-indolyl-p-D-galactopyranoside (C14H1sBrCINOg), Nonidet
P- 40 (tergitol), Triton X-100 C14H20(C2H40)n, ethylene glycol-bis (B-aminoethyl ether)-
N,N,N’,N'-tetraacetic acid (Ci1aH2aN2010), Glycerol (CsHsO3), Xylene cyanol
(C2sH27N2NaOsS;), RNase A, Methanol (CHsOH), Glacial acetic acid (CH3;COOH),
Formalin or formaldehyde (CH.O (H—CHO)), Ethanol (C;HsOH), Fetal bovine serum
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(FBS), Dimethyl sulphoxide (C2HsOS), 2- mercaptoethanol (HOCH,CH,SH), Glutamine
(CsH19N203), Pyruvic acid (CsH4Os), Penicillin G streptomycin, Phenol (CsHsOH),
Chloroform (CHCIs), Isoamyl alcohol (CsH120), N-lauroylsarcosine (CisH2sNNaOs),
phenylmethylsulfonylfluoride (C;H;FO,S), Protease inhibitor cocktail, HEPES buffer
(CsH1sN204S), Tamoxifen (Nolvadex), Lipofectamine 2000, X-tremeGENE HP,
Chlorpromazine, Ammonium chloride, Methyl-B-cyclodextrin, Sucrose. All chemicals
were from molecular biology grade and procured from different makes like Sigma Aldrich
Chemical Pvt. Ltd., Invitrogen Pvt. Ltd., MP Biomedical USA, Himedia Pvt. Ltd. India,
Alpha aesar Pvt. Ltd. and, Sisco Research Lab Pvt. Ltd. India,

2.1.2 Cloning vectors and competent cells

The mammalian expression vectors used are pPCAG and pcDNA 3.1, kindly gifted by Prof.
Asit K. Pattnaik (University of Nebraska-Lincoln, USA). Plasmid related to the retrovirus
system and BST-2 k/o, PQCXIP-BST2-HA, pUMVC, and pSpCas9(B.B.)-2A-Puro
(PX459) V2.0 were purchased from Addgene. BST-2 shRNA plasmid was procured from
Sigma-Aldrich Chemicals Ltd. Bacterial competent cells used, E. coli DH5a were obtained
from Himedia Pvt. Ltd. India.

2.1.3 Cell lines

The human embryonic kidney cells 293T (HEK 293T), Human embryonic kidney 293
(HEK 293), Vero, and Vero E6 cells were obtained from NCCS Pune. Baby hamster kidney
cells (BHK-21) were obtained from Sigma-Aldrich Chemicals Ltd.

2.1.4 Enzymes, Cell culture media, Antibodies, and Kits

The PCR purification kit, Plasmid isolation kit, and Gel extraction kit were purchased from
QIAGEN and Favorgen Biotech Corporation. T4 DNA ligase, 10X Buffer with Mg,
dNTPs, Tag DNA Polymerase, Q5 DNA polymerase, 100bp DNA ladder, 1kb DNA ladder,
unstained protein marker, prestained protein marker, and all restriction enzymes were
purchased from New England Biolabs, USA. TRIzol reagents, Superscript IV cDNA
synthesis kit, Anti Flag antibody, Cell culture media (DMEM, MEM OptiMEM, etc.), and
SYBR green master mix were purchased from Invitrogen Pvt. Mouse monoclonal antibody

against BST-2 was purchased from Santa Cruz Biotechnology, CHPV antibody was
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obtained from Abegenex, Rabbit polyclonal anti-actin antibody, anti-rabbit secondary
antibody, anti-mouse secondary antibody were obtained from Sigma Aldrich Chemical Pvt.
Ltd.

2.2 Methods and Instrumentation

2.2.1 E. coli competent cell preparation

Competent cells were prepared by using a 50 mM CaCl; solution. E. coli was grown on
Luria Broth (L.B.) agar plates. Single colonies from overnight grown cultures plate were
transferred to L.B. broth medium. Cells were incubated in a bacterial incubator shaker at
250 rpm at 37 °C. After the optical density (O.D.) reached 0.4 nm, the flask was placed on
ice for 20 min, and then transferred to sterile centrifuge tubes and spinned at 6000 rpm for
5 min at 4 °C. Next, the pellets were gently resuspended in ice-cold sterile CaCl,, kept on
ice for 20 min, and spinned at 6000 rpm for 5 min at 4 °C. The pellet was resuspended in
2 ml of CaCl, (100 mM), containing 15% glycerol, kept on ice for 20 min, and at the end,
50 ul each was aliquoted into Eppendorf tubes and put in liquid nitrogen until they were

frozen and stored them in -80 °C.

2.2.2 Transformation of E. coli competent cells

We have used E. coli strains DH5a for the transformation of a specific plasmid. For each
transformation, 1-100 ng of plasmid DNA were added to 50 pl of competent cells. And
incubated on ice for 20 min, followed by heat shock at 42 °C for 90 seconds in a water
bath and set it on ice for the next 5 min. The cells were allowed to recover in 1 ml Luria-
broth (L.B. broth: 1 % Bacto-Tryptone, 1 % NaCl, and 0.5 % Bacto-Yeast extract) and then
incubated for 90 min at 37 °C and shaken at 220 rpm in a bacterial shaker incubator.
Transformed E. coli cells were plated on the appropriate antibiotic-containing agar plates
and incubated at 37 °C overnight in a bacterial incubator to select the transformants (Figure
2.1).
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Figure 2.1. Schematic representation of transformation process.
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2.2.3 Plasmid DNA isolation

Plasmid DNA was isolated from transformed cells using QIAGEN and Favorgen kits. The
single isolated colony from transformed cells was inoculated in 50 ml L.B. broth containing
appropriate antibiotics and incubated at 250 rpm at 37 °C for overnight. It was then
centrifuged, and following the kit manufactures protocol, the plasmid DNA was isolated.

The recovered plasmid DNA was then stored at -20 °C.

2.2.4 Polymerase chain reaction

Gene sequences were amplified from genomic DNA or cDNA by using PCR. Plasmid
DNA was used as a positive control. A PCR reaction mixture of 20-50 ul containing 10X
PCR Buffer with Mg™(NEB), 2 mM dNTPs (Sigma), Primers (Forward and Reverse), Taq
DNA Polymerase or Q5 DNA Polymerase (NEB). The thermal cycle was programmed for
5 min at 95 °C as initial denaturation, followed by 30 cycles of 30 sec at 95 °C for
denaturation, annealing temperature based on primer, extension based on template size,

and a final extension at 72 °C for 10 min.

2.2.5 PCR purification

The PCR amplified product was purified by a PCR purification kit (Thermo scientific) and
a PCl manual method. Further, PCR purified DNA concentration and band size were
checked on agarose gel electrophoresis. PCR purified DNA was stored at -20 °C and used

for further cloning.
2.2.6 Restriction digestion

To perform restriction digestion, we have taken appropriate amounts of plasmid DNA as a
vector and PCR product as an insert. DNA was mixed with sterile ddHO to a final volume
of 50 pl. Further, 10X cut smart buffer was added in a 1X dilution. Finally, the mixture
was supplemented with 1U of restriction enzyme per pg of DNA. Digestion was carried
out for 3 hours for plasmid DNA and PCR products at an appropriate temperature as
recommended by the manufacturers in a water bath. The samples were gel electrophoresed

and gel purified as described below.

53



2.2.7 Agarose gel electrophoresis

Presence of amplified PCR product or digested plasmid vector/ insert size were confirmed
by using 0.8 % Agarose in 0.5X TAE Buffer. Ethidium bromide was added to the gel of
100 pg/ml from the stock concentration. Samples were loaded with 6X Loading Dye. 1 Kb
DNA ladder and 100 bp DNA Ladder were used during the process. Bands were visualized

using a U.V. transilluminator, and images were taken by Image Quant (G.E. Healthcare).

2.2.8 Gel extraction

PCR amplified product of respective DNA fragments were gel eluted by Gel extraction kit
(Fibrinogen). The eluted DNA fragments concentration was further checked on agarose gel
electrophoresis. Eluted DNA was stored at -20 °C and used for cloning into corresponding

vectors.

2.2.9 Ligation

For a ligation reaction, the vector and insert following solution was mixed as 1:3 molar
ratio (linearized purified vector DNA: a purified insert DNA), 1 ul of 10X T4 DNA ligase
buffer, 1 ul of T4 DNA ligase (NEB) to the total volume of 10 pl. Ligation control was
without the insert DNA. After that, the ligation mixture was incubated at 16 °C for 16

hours. 2-5 pl of ligation mixture and ligation control were used for transformation.
2.2.10 cell culture

293T human embryonic kidney cells (HEK 293T), HelLa, Vero, and Vero E6 cells were
obtained from NCCS Pune. Baby hamster kidney cells (BHK-21) were obtained from
Sigma-Aldrich Chemicals Ltd. BST K/O and BST-2 expressing cells generated in the lab.
All cells were grown in Dulbecco's modified essential medium (DMEM: Invitrogen),
supplemented with glutamate (Invitrogen) and 10% fetal bovine serum (Invitrogen). All

cells were maintained in a humidified 37 °C incubator with 5 % CO,.

2.2.11 Virus propagation

To propagate the virus (CHPV, VSV, etc.), 90% confluent Vero cells in T-75 flask were
infected at .01 MOI in serum-free DMEM. Cells were incubated for 12 to 24 hours, and

54



cells were checked at different time intervals when all cells looked rounded or loosely
attached. We have collected the cell supernatants, spinned at 12000 rpm for 30 min at 4
°C. The supernatant was filtered through a 0.22-micron filter and aliquoted in small
amounts ( 50-100 ul), and stored at -80 °C.

2.2.12 CHPV Pseudovirus generation

For the generation of VSVAG TFP stock, a single plaque was picked and subsequently
resuspended in 500 pl of DMEM containing 1X PS. This diluted virus inoculum was used
to infect VSV G expressing BHK -21 cell plated in 100mm tissue culture dish. The
following day, the supernatant was collected, centrifuged at 350 g to clarify for 20 minutes
at 4 °C, and filtered through a 0.22-um filter. This VSVAG TFP stock was later used to
generate CHPV G pseudotyped VSV AG TFP particles. 293T cells were plated 3.5 x 106
per 10-cm dish in 10 ml in DMEM containing 5 % FBS. The following day, cells were
transfected with the five pg of pPCAG-CHPV-G using the lipofectamine 2000 in a 1:3 ratio
and according to the procedure recommended by the manufacturer. Incubate the cells in a
CO2 incubator for 48 hr. During this incubation period, the 293T cells grow to reach
confluence. After 48 hr, the transfected cells were infected with the purified virus stock.
The infection was performed for 90 minutes adsorption with rocking at each 10 min
interval. The following day, the supernatant was collected, centrifuged at 350 g to clarify
for 20 minutes at 4 °C, and filtered through a 0.22-um filter (Figure 2.2).[1] Aliguots were
prepared and stored at -70°C for further experiments. The stock titer was determined as the

pseudotype's infectious unit (IU) using the plaque assay.
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Figure 2.2. Schematic representation of CHPV Pseudovirus generation
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2.2.13 Plaque assay

One day before the assay (in the evening), Vero cells were plated in 6-well plates at 80-90
% confluent density. The next day, virus stock was thawed, and serial dilutions of the virus
are prepared in plain DMEM. Make a 1:10 dilution by adding 100 pl viral stock to 900 pl
medium (Opti — MEM) and starting with your 1:10 dilution up to 10-5 to 10-10 depending
on your viral stock's expected concentration. Infect cells with 0.5 ml of each dilution, add
it to the evenly distribute cell monolayer. Incubate the cells for 60 mins at 37°C for
adsorption and shake the plate gently occasionally. The cell monolayer was then washed
twice with PBS and subsequently overlayed with 3 ml of DMEM containing 2% FBS and
0.5 % of Agarose. Let the agarose layer solidify at RT and incubated at 37°C until the
development of plaques (18h for VSV and 48h for vTF7-3). Following the development of
plagues, the cell was fixed and stained using the Fixing and staining solution (FS) (0.1%
solution of Crystal violet and 2 % of glutaraldehyde) 12 h at room temperature, and then
the plagues were removed carefully. The following day, the cell was stained with a 0.1%
crystal violet solution for 10 minutes, followed by gentle washing with water (Figure 2.3).
The number of plaques was counted, and the initial viral suspension concentration in

PFU/mI was determined using the following formula.[2]
Viral titer (PFU/ML) = No. of Plaques

(DxV)
D = Dilution factor

V = Volume of diluted virus/well
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Figure 2.3. Schematic representation of Plaque assay
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2.2.14 Construction of BST2 knock-in cells

The establishment of BST-2 expressing cell lines by retrovirus system is a two-step
process. The first step is the retrovirus generation, and the second step is the transduction

of the retrovirus in appropriate cells.

2.2.14.1 Generation of MULYV based retrovirus

To make stable cell lines first, we need to generate retrovirus; for that, we have seeded
293T cells with 60 % confluency in a 100 mm dish. After 24 hours, cells were transfected
with three different plasmids, desiring protein plasmid (PQCXIP-HA-BST2), packaging
plasmid (pMULYV), and envelope plasmid (pCAG-VSV-G), using lipofectamine 2000,
after 48 h of transfection supernatant were collected, centrifuged at 12000 rpm for 30 min
at 4 °C. Then centrifuged supernatant was filtered by a 0.45-micron filter and stored at -

80 °C.[3] (Note- fresh retrovirus show more transduction efficiency)

2.2.14.2 Retroviral Transduction

To introduce the desired protein permanently in a cell line, we need to perform retroviral
transduction. We have seeded 80% 293T, BHK-21, and HelLa cells in a 100 mm dish and,
after that, added 4 ml of retrovirus containing media supplemented with 8 pg/mL
Polybrene. Polybrene can increase transduction by 10-fold or more, but it's toxic for cells.
To make the 4 ug/mL final concentration of Polybrene, we added 4 ml extra media after 6
hours of transduction in cells.[4] After 72 hours, cells were split and poured into selection
media (Puromycin, 3ug/ml ). Cells that carry the gene of interest only survived (Figure

2.4). After selection, the desired gene expressing cells was confirmed by western blot.
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Figure 2.4. Schematic representation of Retrovirus generation and transduction
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2.2.15 Construction of BST2 knock-out cells

To generate BST K/O cell lines, we have used the CRISPER-Cas9 system. CRISPER-Cas9
is the only known adaptive immune system in bacteria that memorizes previous infections
by integrating short sequences of invading genomes called spacers into the CRISPR locus.
The spacers are interspaced with repeats expressed as small guide CRISPR RNAs
(crRNAs) employed by Cas proteins to target invaders sequence-specifically upon a

reoccurring infection.[5]

We have designed gRNA from the Zhan lab and cloned it in pSpCas9(B.B.)-2A-Puro
(PX459) V2.0 vector. Cells were seeded on 100 mm dish with 70% confluency and
transfected with BST K/O plasmid DNA using lipofectamine. After 36 h, the old media
was removed and filled with the selection media (Puromycin, 3ug/ml ) (Figure 2.5). After

selection, confirmed K/O cells were analyzed by western blot.
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Figure 2.5. Schematic representation of CRISPER-Cas9.
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2.2.16 RNA isolation and cDNA synthesis

Cells seeded on 12 well culture plates were transiently transfected with plasmid or treated
with the drug in a separate set of experiments. After the appropriate time in each
experiment, total RNA was isolated from virus-infected and control cells by using Trizol
reagent, according to the manufacturer’s protocol (Invitrogen). RNA concentration and
purity were quantified using the nanodrop spectrophotometer (Thermo Scientific). 1 pg of

RNA was used to synthesize cDNA using the iScript™ cDNA Synthesis Kit (Bio-Red).
2.2.17 Quantitative real-time polymerase chain reaction assay

The gRT-PCR technique is an advanced method of PCR that is mostly used in molecular
biology studies. It allows the detection and quantification of the amplified products formed
during each PCR cycle in real-time. It gives the advantage of using the RNA as the primary
template material, which is first transcribed into the complementary DNA (cDNA) with
reverse transcriptase enzyme that is subsequently used as PCR template for DNA
amplification.[6] The primary PCR protocol includes three necessary steps: denaturation,
annealing, and elongation. Furthermore, the RT-PCR has an additional step of converting
RNA to cDNA before PCR and uses fluorescent labels to obtain the real-time data profile.
Two well-known RT-PCR methods are widely used; the probe-based gPCR and the other
process take advantage of a dye that can specifically bind to double-stranded(ds) DNA like
SYBR green. With each PCR cycle, the copy number of ds DNA increases, and the dye
binds with these newly formed amplified products and increases the fluorescence intensity.
So, in this case, also the fluorescence intensity released by the dye is directly proportional
to the number of amplified products. The SYBR green-based RT-PCR method is cost-
effective but not sequence-specific as that of the TagMan process and, therefore, very

commonly used for RNA quantification (Figure 2.6).

We have run and analyzed RT-PCR on a StepOnePlus system with SYBR green master
mix during our study. We have analyzed CHPV-G, pCAG-CHPV-G, and GAPDH
transcription levels using the SYBR Green PCR Master Mix ( Invitrogen or Bio-Rad). PCR
conditions used for a run as 92 °C for 30 sec, 52 °C for 45 sec, and 72 °C for 60 sec for 40
cycles, and a melt curve was also added in the reaction. The comparative method threshold
cycle was used, and data were normalized with a pCAG-CHPV-G plasmid. Results were

analyzed by StepOnePlus software (Applied Biosystems). Fold change values for change
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in gene expression were calculated concerning the control. At least three independent
experiments were performed. Error bars represent the standard deviation of performed

technical replicates. Standard deviations of ACT and AACT were calculated as per the

manufacturer's guidelines.
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Fluorescent Dye-Based Real Time PCR (qPCR)
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Figure 2.6. Schematic representation of Real time PCR
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2.2.18 Protein sample preparation

Cells seeded on 12 well culture plates were transiently transfected in a separate set of
experiments with plasmids of interest. Then each set of transfected cells was treated either
with the virus for 2 hours each. Similarly, for drug inhibition assay, cells were treated with
different drugs and infected by CHPV pseudovirus after 45 minutes. Simultaneously, in
these two different experimental conditions, after 2 and 24 hours, the medium was
aspirated, and cells were washed with ice-cold PBS. Cells were lysed using RIPA lysis
buffer (Thermo scientific-89900) and centrifuged at 4 °C at 14000 g for 15 min. Protein
concentration was defined by using the Bradford method (Bio-Rad)[7]. BSA was used as

a standard, and samples were analyzed in duplicates.

2.2.19 SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transfer to
PVDF membrane

After that, proteins were resolved by SDS-PAGE according to the standard methodology
using 10 % percent resolving and 5 % stacking gel. Running buffer (0.3% Tris base, 1.44%
glycine, and 0.1% SDS) was added to the Mini PROTEAN 11l Cell electrophoresis unit
(Bio-Rad). Protein samples were prepared by adding 6x loading dye (Laemmli buffer) and
boiling at 5 min. A prestained protein marker (Himedia-MBT092) was used, and
electrophoresis was performed at 70 V until the bromophenol blue dye front had reached

the bottom of the gel.

After completing electrophoresis, the SDS-PAGE gels were removed from the gel
apparatus and transferred to the PVDF membrane (Millipore). The transfer was performed
using the Mini Trans-Blot®Electrophoretic Transfer Cell unit. The tank was filled with
transfer buffer (25 mM Tris; 193 mM glycine; 20 % methanol), and transfer of blot was
performed at 250 V for 70-80 min, and proper cooling was maintained during transfer.
Following the transfer, the membrane was stained with Ponceau S (0.1% (w/v) in 5% acetic
acid) to verify the effective transfer of proteins. After that, the membrane was destained

with dH20 and subjected to western blot analysis.
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2.2.20 Western blot assay

Western blotting PVDF membranes were blocked in 5 % blocking buffer (5% milk in
TBST) at room temperature for 1 hour on a rotating chamber. Antibodies were diluted in
5% milk TBST, with the preceding block being 5% milk TBST. The membrane was
washed with TBST 3-5 times at room temperature (R.T.) and incubated with desired
primary antibody (Dilution as per manufacturer's instructions). The membrane was
incubated with the relevant HRP-conjugated secondary antibody (Diluted as per
manufacturer's instructions) for 2 hours at R.T. Bands were detected using
chemiluminescence reagents (Invitrogen), and the image was acquired and analyzed using
ImageQuant LAS 4000 (G.E. Healthcare, Biosciences Ltd., Sweden) (Figure 2.7).[8]
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Figure 2.7. Schematic representation of western blot
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2.2.21 Immunofluorescence microscopy

To identify the CHPV pseudovirus entry mechanism, we have plated Vero and Vero E6
cells in 12 well plates, after 45 min virus were infected for 1 h. After 24 hours of infection,
the fluorescence was observed using the Olympus Multi-Photon Laser Scanning
Microscope (FV1200MPE, 1X83 Model) (Figure 2.8).
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2.2.22 LC-MS analysis

The Huh7 cells were infected with SARS-CoV-2 wherever needed (uninfected, 24hpi,
48hpi, and 72hpi) and were lysed using lysis buffer (5% glycerol, 150 mM NaCl, 10 mM
Tris, 10% SDS, and protease inhibitor) after the required time. NuPAGE™ LDS sample
buffer (Thermo Fisher Scientific, U.S.) was further added, and the samples were boiled at

99°C for 10 min using a water bath.

Cell lysates were aliquoted and transferred to sample tubes, incubated at 37°C for 5 min
at 550 rpm using a block heater, and further sonicated in the water bath for 5 min. Each of
the samples prepared was reduced by adding 7 uL of 0.5 M dithiothreitol (DTT) and
incubating at 37°C for 30 minutes. Further, alkylation was done by adding 14 yL of 0.5 M
iodoacetamide and incubating in the dark for 30 min at room temperature (R.T.). Then, 2
pL of concentrated phosphoric acid and 1211 pL of binding buffer were added, following
which the protein capturing was performed using S-Trap™ Micro spin columns (Protifi,
Huntington, NY) according to the manufacturer’s protocol. The samples were washed with
150 pL of binding buffer four times and then performed proteolytic digestion by using 1.2
g trypsin (sequencing grade, Promega) for 2 h at 47°C. After that 40 puL of 50 mM TEAB
was added, followed by acidification using 40 uL of 0.2% formic acid (F.A.) and elution
with 40 pL of 50% acetonitrile (AcN)/0.2% F.A. The eluents were then dried with the help
of a Vacufuge vacuum concentrator (Eppendorf, U.S.). The produced peptides were
cleaned up in a HyperSep filter plate with a bed volume of 40 pL (Thermo Fisher Scientific,
Rockford, IL). Briefly, the plate containing the peptides was washed with 80% AcN/0.1%
F.A. and equilibrated with 0.1% F.A. Samples were then filtered in the plate and washed
with 0.1% F.A. Further, the peptides were eluted with 30% AcN/0.1% F.A. and 80%
AcN/0.1% F.A. and dried using a vacuum concentrator prior to tandem mass tag (TMT)
labeling. Further TMT-Pro labeling and RPLC-MS/MS analysis performed by following
the previously published paper. Further to identify the relative gene changes, temporal
differential abundance analysis was performed using a univariate time series model from
the R package LIMMA. In the LIMMA design matrix, separated coefficients were
associated with time and replicate to extract the difference as a contrast. Moderated paired
t-test using LIMMA with adjustment for replicates was used. Benjamini-Hochberg (BH)
adjustment was applied, and only proteins and transcripts with adjusted p values <0.05

were selected (Figure 2.9).[9]
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2.2.23 TEM analysis

The morphological assessment of the CHPV Pseudovirus was done using a transmission
electron microscope (TEM, JEOL 2100F). Transmission electron microscopes (TEM) use
the electron beam for imaging specimens and generate a highly-magnified image. TEMs
can increase objects up to 2 million times. TEMs apply a high voltage electron beam to
create an image. It has an electron gun at the top and emits electrons that move through the
microscope's vacuum tube. Rather than having a glass lens focusing the light, TEM applies
an electromagnetic lens that focuses the electrons into a magnificent beam. This beam then
passes through the sample, which is very thin, and the electrons either scatter or hit a
fluorescent screen at the bottom of the microscope. The specimen's image with its assorted
parts shown in different shades according to its density appears on the screen. To generate
the virus's morphological structure, we placed samples on 400-mesh copper grids (SIGMA
ALDRICH CHEMICALS PVT LT) and incubated them for 5 minutes. The grids were then
rinsed twice with DI water, wicked dry, and stained with 2% uranyl acetate for 5 min and
used for TEM imaging (Figure 2.10).[10]
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2.3 Bio-informatic tools and server used in the studies

2.3.1 Molecular Docking

Molecular docking is a valuable method that involves predicting ligand orientation and
conformation within a target site. Molecular docking is a multi-step complex process with
two essential aims: 1) Correct prediction of activity and 2) Accurate structural
modeling.[11] A computational tool such as Autodock, Discovery studio, and Schrodinger
has emerged as valuable tools for drug discovery purposes.[12] Out of these tools,
Autodock is a non-commercial docking tool, which uses a stochastic Lamarckian genetic
algorithm to deduce the ligand conformations and different scoring functions. These two
values help to elucidate the thermodynamic stability of the ligand-macromolecule
complex.[13,14] Rizvi et al. have been discussed the detailed description of the protocol

to perform the docking of ligand and macromolecules.
2.3.2 Determination of structural similarities between virus and human proteins

We discovered the structural similarities among SARS-CoV-2 and human proteins from
DaliLite v. 5 web servers.[15] The Dali server compares 3D structural coordinates of two
PDB entries by an alignment of alpha carbon distance matrices, allowing for differences in
domain order, and produces a structural similarity score. It provides all similar proteins
available in the PDB database. From these results, we then filtered only to include those

structures pertaining to the human host.
2.3.2 Gene enrichment analysis

To perform gene enrichment analysis, many databases like DAVID, PANTHER,
Reactome, etc., and servers available. For our study, we have used g: Profiler g: GOSt tools
and manually selected G.O.: biological process (G.O.: B.P.), KEGG pathways, and
Reactome database in the data source option and set the threshold value at 0.05. We
collected the result data and generated their interaction networks and degree centrality
calculations using the STRING and CytoNCA tool in Cytoscape.[16-20]
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Chapter 3
VHFIDB: The Virus-Host Factor Interaction Database

3.1 Introduction

Infectious viral diseases resulted in millions of deaths each year and are regarded
as a primary health concern globally [1]. Many researchers delve into
understanding how the virus interacts with its hosts and strategizing appropriate
prevention and mitigation measures to address the problems. While many
successful antiviral drugs targeting viral proteins are often used, their
administration is limited to specific virus species or strains. Some RNA viruses
have low fidelity polymerase enzymes such as influenza virus, human
immunodeficiency virus 1 (HIV-1), enteroviruses (e.g. EV71), etc.[2,3] and are
prone to rapid mutations, leading to drug-resistant strains. Additionally, viruses
encode very few proteins, thus limiting the number of available targets for drug
discovery.

If affordable to the host, host protein targeting could emerge as an alternative
and attractive tool to counter the viral life cycle. Viruses depend on host factors
(proteins, nucleotides, etc.) at various stages of their life cycle. Traditionally,
multiple techniques such as co-immunoprecipitation, chromatography, yeast two-
hybrid method, phage display, fluorescence system, etc., are employed to identify
interacting factors [4]. In recent years, genome-wide high-throughput RNA
interference (RNAI) screening and CRISPR-Cas ribonuclease-based technologies
have accelerated the search for factors involved in virus-host interactions [5-7]. As
a result, we now have detailed knowledge of host factors involved in virus life
cycles and their involvement mechanisms. The genome-wide loss-of-function
analysis method is a valuable tool to identify host genes that enhance or inhibit
virus infections without overtly impacting the host; thus, they are assigned as Virus-
Host Factors (VHFs). Sayda M. Elbashir et al. firstly demonstrated the RNAI-
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mediated transient silencing of mMRNAs in mammalian cells to discover essential
host factors, which others later adopted to investigate the basis of host-pathogen
interactions [5].

Furthermore, Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)-Cas ribonuclease system is widely used in studying host-virus
interactions. The CRISPR-Cas is an RNA and protein-based adaptive immune
system that protect bacteria and archaea against invading viruses and foreign
nucleic acid [8,9]. Genome-wide CRISPR—Cas screens are being used to identify
host factors required for virus replication, entry, and assembly. It has begun by
transducing S. pyogenes Cas9+ target cells with a lentiviral SJRNA library where
host dependency factors, particularly in the context of Epstein-Barr virus-
transformed B cells. Multiple genome-wide sgRNA libraries are now commercially
available for conducting such studies [10]. With the availability of sgRNA
designing tools [11] and progress in reducing unwanted Cas9 off-target effects, the
technology is being widely used in eukaryotic genome engineering and aided the
researchers in screening host factors in the context of virus infection [12,13].

This study has curated host factor information from peer-reviewed articles and
made an open online resource for the VHFs database for human and animal viruses.
The Virus-Host Factor Interaction Database (VHFIDB,
https://www.vhfidb.com/index.php) is a freely available online platform, where
each entry is stemmed from the published work of peer researchers. With broader
coverage of virus families and incorporation of analytical tools, the VHFIDB
provides a unique user-friendly enhanced learning experience compared to the
other published databases, such as EHFPI and vhfRNAI [14,15]. For example, the
EHFPI and vhfRNAI databases comprise information only from RNAI screen-
based research articles, while the VHFIDB collects data from RNAI screen,
CRISPR Cas9, or supported by other essential molecular techniques. Additionally,
the VHFIDB contains information on 72 viruses and 9,921 host genes. It covers
some highly contagious viruses like enterovirus, coronaviruses (Human
coronavirus 229E, Human SARS coronavirus, SARS-CoV-2), Zaire ebolavirus,

Marburg virus, etc., taking into view the emergence and re-emergence of these
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viruses in the current context. We have also incorporated some relevant information
on contagious animal viruses like porcine reproductive and respiratory syndrome
virus (PRRSV), equine arteritis virus, etc. Most importantly, the VHFIDB is also
associated with three powerful analytical tools, namely, VHF pathogen network,
VHF overlap analysis and, gene enrichment analysis, which increases the usability
of VHFIDB (Figure 3.1). We believe this database is a valuable resource tool for
investigators in virology, biomedical sciences, and those involved in discovering

and developing antiviral therapeutics.
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Figure 3.1. Overview of VHFIDB

Virus host factors related to research articles were retrieved from peer-
viewed papers through a search on PubMed and Google Scholar. The
current VHFIDB database is hitched with the external databases, e.g.,
UniProt, KEGG ID, GO ID, MINT ID, STRING, OMIM ID, PANTHER,
PDB ID, Pfam ID, DrugBank ID, ChEMBL ID, etc.
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3.2 Results and discussion

3.2.1 Database overview

The VHFIDB is a collection of experimentally validated viral host factors
curated manually from publications. This online resource is primarily obtained
from results or work using high throughput CRISPR Cas9, RNAI, and other
molecular virology technology. This online resource also comprises analytical
bioinformatics tools to interpret the data sets. The VHFIDB can be accessed at the
web URL https://www.vhfidb.com/index.php. Figure 3.2 represents the VHFIDB
home page's screenshot showing search, browse, advanced search, tools, help,
download, and contact us options. Currently, the VHFIDB gives information on
9,921 host genes affecting 25 virus families and 72 virus species (Figure 3.3). These
host factors exhibit both functions, either they are essential for the virus infection
or showing any antiviral activities. We also provide specific information on host
factors' roles concerning viral pathogenesis. Our study shows that the maximum
number of host factors are attributed to the Parvoviridae family with 1,494 entries
followed by the Flaviviridae (1,467 entries), the Orthomyxoviridae (1409), and so
on, as displayed in Figure 3. These host factors have been validated on different
cell lines like U20S, MRCS5, Vero, HeLa, HEK293, etc. Some information is also
supported by the murine model, which is published by peer researchers. With this,
we have also provided brief details on viral pathogenesis, like virus-associated

diseases, cell tropism, and mode of transmission, except for their classification.
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Figure 3.2. Screenshot of the home page of VHFIDB

The database's home page depicts the search, advanced search, browse,
tools, help, and contact us options.
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Figure 3.3. Bar graph representing the virus and host factors distribution in 25

different families—example of the number of host factors associated with the

virus family. The total number of factors related to a virus family is presented in
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3.2.2 Data retrieval

The VHFIDB provides many web-based search tools to reduce the time cost of

database users and get the desired information in a minimum number of clicks.

3.2.3 Search

To explore the database content fast, we have provided a search option on the
home page. Users can enter the query like host factor name, VHFID 1D, PubMed
ID, UniProt ID, virus name, virus family name in the box and select the given option
in the dashboard. The product includes various components like VHFIDB unique
ID, gene name, protein name, host factor function, UniProt ID, virus name, virus
family, and references PubMed ID. If a viewer wants more information about the
host factor, he needs to click on VHFIDB ID. Moreover, we are also giving a
clickable option below the virus name to view the interactive map for a specific

virus and its host factors. (Figure 3.4).
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Figure 3.4. Screenshot of options available on the home page (A) Provides search
options and (B) the output results, including VHFIDB 1D, host factor symbol,
protein name, HF function, UniProt ID, Interacting Proteins, Virus name, Virus

family, and reference PubMed ID.
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3.2.4 Browse

The browse option contains the list of virus families described by the
Baltimore classification system. For example, single strand (+) RNA virus group
include eight virus families, the user can directly click on a family to go to its host
factors or can click on "+" sign before the family name to go on further

classification, including genus, and species (Figure 3.5).
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Figure 3.5. Screenshot of browse options. The figure shows host factors of

different viruses based on the Baltimore system of virus classification.
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3.2.5 Advanced search

We have incorporated an advanced search tool to search the database by virus
classification. According to the Baltimore classification system, viruses can be
classified into seven classes, single-strand (+) RNA virus, single-strand (-) RNA
virus, double-strand DNA virus, single-strand DNA virus, double-strand RNA
virus, single-strand RNA reverse transcribing (RT) virus, and double-strand DNA
RT virus. For further specifications, we have provided three more drop-down
menus. The user can select specifically virus family, virus genus, and virus species

to get information on their host factors.

3.2.6 Analysis

VHFIDB also provides useful analytical tools such as overlap analysis,
network analysis, and gene enrichment analysis to help understand host-pathogen
biology (Figure 3.6).
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Figure 3.6. Schematic representation of analysis tools. Three analysis tools of

VHFIDB to facilitate the in-depth understanding of host factors for pathogenic
infection.
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3.2.6.1 Overlap analysis

Overlap analysis identifies host factors linked to various viral infection
pathways. The VHFIDB allows multicentric comparisons of VHF data and turns
results into a heatmap representation. The maximum number of overlapping host
factors was found between the vaccinia virus (VACV) and the Influenza-A virus
(1AV), with 118 common host factors. The 1AV has the maximum number of
overlapping host genes with VACV, followed by HIV-1, Hepatitis C virus (HCV),
and Adeno associated virus-2 (AAV2), having 118, 117, 98, and 91 entries,
respectively. While HIV-1 shared the highest number of overlapping host genes
with 1AV, VACV, AAV2, HCV, and EV71 that have 117, 78, 49, 45, and 31
entries, correspondingly. Similarly, Betacoronavirus shared a maximum number of
overlapping host genes with 1AV, HIV-1, HCV, and AAV-2 with 90, 49, 31, 20
matching entries. These overlapping host factors can also be observed in a family-
wise and class-wise manner. Coronaviridae shared the highest number of
overlapping host genes with Flaviviridae, Picornaviridae, Retroviridae,
Orthomyxoviridae, Poxviridae with 105, 93, 44, 41, and 36 entries, respectively. In
the case of group-wise overlapping, single-strand (+) RNA virus ((+) sSRNA) has
the highest frequency of overlapping host genes with single strand (-) RNA virus
((-) ssRNA), double-strand DNA virus (dsDNA), single-strand RNA (RT) virus
(sSRNA-RT) and single-strand DNA virus (ssSDNA) with 727, 565, 520 and 494
entries, respectively (Figure 3.7) moreover that a user can directly download the

results and use it for their publication and other purposes.
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Figure 3.7. Screenshot of the VHF overlap analysis tool and its corresponding
results. (A) Users can select virus class, family, and species to do overlap analysis.
Heatmap is exhibiting overlapping host factors in VHFIDB based on (B) Family,
(C) Species, and (D) Class.
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3.2.6.2 VHF pathogen network analysis

The VHF-pathogen network displays the global connection of VHFs for
selected viruses in an imaged version. The connectivity of nodes (i.e., pathogens or
VHF genes) exhibits different viruses' associations based on shared VHFs. The
graphical network shows that human SARS-CoV-2 shares a different number of
host factors with 30 other viruses. Especially, SARS-CoV-2 shares the most host
factors with Influenza A virus (IAV) and Human immunodeficiency virus type 1
(HIV-1), followed by Hepatitis C virus (HCV), Vaccinia virus (VACV), Dengue
(DENV-2), and Enterovirus 71 (EV71), etc. (Figure 3.8). the viewer can also
precisely select interacting virus or host factor whatever he wants for his study.
Moreover, by clicking on the virus name or host factor name, viewer can redirect

to search results for the specific virus or host factor.
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VHF Pathogen Network Analysis

Advanced Search Browse

Contact Us

VHF Pathogen Network Analysis Tool represents the network analysis of the host factor interactions with different viruses. This tool can be used for visualizing molecular interaction

networks. Analysis can be done in two ways; either on the basis of Host Factor or on the basis of virus.

Select any

Select any

Virus Name <

Rotavirus A - RVA

Rubella virus - RuV

Sapovirus - N.A.

Sendai virus - SeV
Severe acute respiratory syndrome coronavirus-
2 - SARS-CoV-2

Simian Virus 40 - SV40

Sindbis virus - SINV

Swine flue virus - HIN1

Tick-borne encephalitis virus - TBEV

Vaccinia Virus - VACV

Analyze
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= NEU1 ® TBEV
= ATP13A3 VACV
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@ TMPRSS2 = WNV
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Figure 3.8. Screenshot of VHF Pathogen Network Analysis and

its

corresponding result. (A) Users can select a virus name or put the host factor

name to get overlap analysis; (B) selection of SARS-CoV-2 and network analysis

of it as an example.
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3.2.6.3 Gene enrichment analysis

In gene enrichment analysis, users can analyze host factors/proteins based on
evolutionary and functional classification. In this tool, we have linked the host
factor from the DAVID database [16]. Gene enrichment analysis results come in
two forms, annotation summary results and function annotation table. In annotation
summary results, results appear as a bar graph of genes associated with different
terms.

If users want to get more results, they need to click on the function annotation
table, and a new window with a table will appear, and the user can get information

according to his/her necessity (Figure 3.9).
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'VHFIDB links to PANTHER to perform gene enrichment analysis. The users are able to perform the gene enrichment analysis on the basis of host factors or virus.

Select any
¥ No Selection
Hest factor

Virus Species.
Analyze

Adeno-associated virus 2

Alphacoronavirus 1

Avian leukosis virus
Betacoronavirus 1

Borna disease virus

Bovine papillomavirus 5

Canine morbillivirus

Chikungunya virus

Dengue virus

Eastern equine encephalitis virus

Enterovirus A

Select any

Virus Species B

Analyze

Annotation Summary Results Show functional annotation table

Disease

GAD_DISEASE
GAD_DISEASE_CLASS
OMIM_DISEASE

Functional_Categories

COG_ONTOLOGY
PIR_SEQ_FEATURE
SP_COMMENT_TYPE
UP_KEYWORDS
UP_SEQ_FEATURE

ENSGO00000105127
BIOCARTA

2549 ¢ )
2549 | )
83 C B

48 [ bl
34 i
335 4
343 4
343 @

Functional Annotation Table

A-kinase anchoring protein 8(AKAPS8) Homo sapiens
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transcription, DNA-templated, regulation of transcription, DNA-templated,
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production, regulation of histone phosphorylation, cell cycle G2/M phase t
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Methylation, Nucleus, Phosphoprotein, Polymorphism, Protein transport,
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Transport, Zinc, Zinc-finger

Figure 3.9. Screenshot of gene enrichment analysis tool. (A) Users can select
virus names or put the host factor name to get gene enrichment analysis, and (B,

C) shows the analysis results in the form of an annotation summary and function

annotation table.
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3.2.7 VHFs as a potential source of antiviral drug information

It is always challenging to develop a specific antiviral drug against the virus
because of the small number of molecular targets involved in pathogenesis and the
rapid mutation rate of the viral genome. Viruses require host factors for their
attachment, entry, genome transcription, replication, translation, and assembly, thus
targeting the host factor(s) offers a unique opportunity to develop novel antiviral
drugs. Genome-wide RNAI, CRISPR Cas9, and some other molecular techniques
screening for viral infections have offered virus host factors a promising class of
potential drug targets for viruses. The VHFIDB also provides information on FDA-
approved drugs and other compounds from DrugBank and ChEMBL's IDs that
target host factors [17,18].

For example, with respect to the SARS-CoV-2, 48 out of 333 VHF genes were
identified as targets of 196 drugs from the DrugBank database, and 70 out of 333
VHF genes were identified as drug targets of 70 drugs from the ChEMBL database,
respectively (Table 3.1). It was also observed that many drugs targeted VHFs have
commonalities with other pathogens too. Therefore, the potential of VHFs as drug
targets for developing broad-spectrum antivirals can be discovered. For example,
ATP6V1A, a human gene, is essential for replicating four viruses (Human SARS
coronavirus, Swine flu virus, West Nile virus, Avian influenza virus) that can be
targeted by four different drugs. Similarly, SARS-CoV2 (COVID-19) and Human
SARS coronavirus use ACE2 as an entry receptor, and its also crucial for Swine flu
virus infection that can be targeted by four drugs Moexipril (DB00691), Lisinopril
(DB00722), SPP1148 (DB05203), Azilsartan medoxomil (DB05358) [19-21].
Thus, the VHFIDB provides a multifaceted platform for answering queries of the

wider virology field.
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Table 3.1. List of virus-host factors associated with the SARS-CoV-2 and their

associated function. The DrugBank IDs and ChEMBL IDs represent the drugs

against the host factor that can be used to treat the Coronaviruses.

Gene Viral
VHFID Nam Function protei DrugBank ChEMBL
e n
Cell entry
VHFID95 ACE2 receptor for Spike DB00722;DB00691;DB0520 | CHEMBL
90 the SARS- 3;DB05358 3736
CoV-2
Cell entry
VHFID95 | TMP | receptor for Spike NA CHEMBL
91 RSS2 | the SARS- o 1795140
CoV-2
Associated
VHFID95 | POL with the NsDL DB00242;DB00631;DB0107 | CHEMBL
92 Al viral P 3;DB01280 1828
infection
Associated
VHS'?,DQE’ P/SZL W'\t/ﬂ;‘e Nspl DB00851 N.A.
infection
Associated
VHFID95 | SLC2 with the Nsp2 NA CHEMBL
99 TA2 viral T 4326
infection
Associated DB03461;DB00865;DB0069
VHFID96 POR with the Nsp2 4;DB00997;DB01466;DB031 | CHEMBL
03 viral 47;DB00166;DB00305;DB00 | 2169731
infection 665;DB00698;DB03247,
Associated
VHFID96 | GIGY with the Nsp2 N.A CHEMBL
04 F2 viral o 2331055
infection
Associated
VHFID96 IDE with the Nsp4 DB00626;DB00030;DB0007 | CHEMBL
10 viral 1; 1293287
infection
Associated DB01223;DB05015;DB0022
VHFID96 HDA with the Nsp5 7:DB05651;DB01303;DB066 | CHEMBL
13 C2 viral P 03;DB06176;DB05223;DB00 1937
infection 277;DB00313;DB02546;
Associated
VHFID96 GPX with the CHEMBL
15 1 viral Nsp5 DB00143; 2163186
infection
Associated
VHFID96 | ATP6 with the Nsp6 NA CHEMBL
18 AP1 viral o 4790
infection
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Associated

DB00321;DB09014;DB0051

VHFID96 | SIGM with the NSD6 4;DB01488;DB00540;DB006 | CHEMBL
19 AR1 viral P 52;DB03575;DB01708;DB00 287
infection 4009;

Associated
VHFID96 | SCA with the CHEMBL
21 RB1 viral Nsp7 DB00144; 1914272
infection
Associated
VHFID96 PTG with the Nsp7 NA CHEMBL
23 ES2 viral o 4411
infection
Associated
VH';'f% CESS W'\t/'i};:‘e Nsp7 DB03147;DB00157; CFZ'EZ"GSBL
infection
Associated
VH';'gD% R';m W'\t/'i};:‘e Nsp7 DB04315; N.A.
infection
Associated
VHFID96 NDU with the Nsp7 NA CHEMBL
36 FAF2 viral o 2363065
infection
Associated 5,DB00255 DBOVBALDB00Y
VH';'7D96 CoM W'\t/ﬂ;:‘e Nsp7 | 88:DB00494:DB00968;DBO1 C"Z"ég’gBL
infection 141;DB04820;DB00118;DB0O
1420;DB00323;
Associated
VHFIDO6 | paia | Withthe 1 Noo7 DB04315; N.A.
40 viral
infection
Associated
VHFID96 | RHO with the CHEMBL
41 A viral Nsp7 DB04315; 6052
infection
Associated
VHFID96 | MTA with the Nsp7 NA CHEMBL
42 RC1 viral o 3706559
infection
Associated
VHFID96 | MOG with the CHEMBL
48 s viral Nsp7 N-A. 4684
infection
Associated
VHFID96 | ACSL Wlththe Nsp7 DB00159: NA.
49 3 viral
infection
Associated
vHFIDgs | SEP | with the
SEC . Nsp8 DB00114; N.A.
56 S viral
infection
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Associated

VHFID96 | NSD with the Nsp8 NA CHEMBL
59 2 viral T 3108645
infection
Associated
VHz'gD% N$2R W'\t/ﬂ;:‘e Nsp8 DB00174; N.A.
infection
Associated
VHFID96 | EIF4 with the Nsp9 NA CHEMBL
76 H viral T 1293274
infection
Associated
VH';'ZD% 'VgET W'\t/ﬂ;:‘e Nsp9 DBO00134; N.A.
infection
Associated
VHFID96 with the CHEMBL
89 NEK9 viral Nsp9 N.A. 5257
infection
Associated
VHFID96 EIF4 with the CHEMBL
92 H viral Nsp9 N-A. 1293274
infection
Associated
VHFID96 | GFE with the Nspl . CHEMBL
93 R viral 0 DBO3147; 1741189
infection
Associated
VHFID96 | RIPK with the Nspl NA CHEMBL
99 1 viral 2 o 5464
infection
Associated
VHFID97 | BCK with the Nspl .
12 DK viral 5 DB01660; N.A.
infection
Associated
VHFID97 | USP1 with the Nspl NA CHEMBL
27 3 viral 3 o 3407324
infection
Associated
VHFID97 with the Nspl CHEMBL
32 cir viral 3 N-A. 5579
infection
Associated
VHFID97 with the Nspl CHEMBL
34 | TBKI viral 3 N-A. 5408
infection
DB07107;DB06959;DB0785
Associated 7;DB07860;DB08073;DB069
VHFID97 | PRK with the Nspl | 77;DB08568;DB07858;DB08 | CHEMBL
54 ACA viral 3 756;DB07855;DB07876;DB0O 4101
infection 8070;DB08113;DB07859;DB

07996,DB07856;DB04098;D
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B02611;DB01940;DB02155;
DB08846;DB04707;DB0794
7,DB08231,DB07995;DB079
97;DB07854,DB01919;DB04
522;DB02482,;

Associated
VHFID97 | PRK with the Nspl .
55 AR2A viral 3 DB05798; N.A.
infection
Associated
VHFID97 | PRK with the Nspl .
56 AR2B viral 3 DBO2527; N.A.
infection
Associated
' DB04566;DB01033;DB0068
VH';'ODW ”\ﬂED W'\t/ﬂ;:‘e Ns4p1 8:DB01024;DB00157;DB008 ngg"zBL
. . 11;DB03070;DB06103;
infection
Associated
VHFID97 | SIRT with the Nspl DB03478;DB02059;DB0270 | CHEMBL
61 5 viral 4 1;DB04786; 2163183
infection
Associated
VHFID97 | BRD with the E NA CHEMBL
67 4 viral o 1163125
infection
Associated
VHFID97 | BRD with the E NA CHEMBL
68 2 viral o 1293289
infection
Associated
VHFID97 | SLC4 with the
72 4AD viral E DB00122; N.A.
infection
Associated
VHFID97 | CSN with the CHEMBL
75 K2A2 viral N DBO7546; 4070
infection
Associated
VHFID97 | CSN with the N NA CHEMBL
76 K2B viral o 2358
infection
Associated
VHFID97 | PAB with the N N.A CHEMBL
80 PC1 viral o 1293286
infection
Associated
VHFID97 | PAB with the N N.A CHEMBL
82 PC4 viral o 5333
infection
Associated
VHFID97 | PITR with the M NA CHEMBL
87 M1 viral o 3124731
infection
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Associated

VHFID97 | COQ with the M NA CHEMBL
90 8B viral T 5753
infection
Associated
. DB01125;DB00100;DB0003
VHS'1D97 GSC W'\t/ﬂ;:‘e M | 6:DB00055;DB00142:D8001 CHZ'SQ"ZBL
. . 70;DB01022;
infection
Associated
VHFID97 | ATP6 with the M DB00630;DB06733;DB0673 NA
92 V1A viral 4;DB01077;DB01133; o
infection
Associated
VHFID97 | ATP1 with the CHEMBL
97 B1 viral M DB09479; 2095186
infection
Associated
VHFID97 AAS with the M DB00142;DB04207;DB0015 NA
98 S viral 7:DB02338; o
infection
Associated
VHFID97 | ACA with the DB03415;DB03147;DB0291
. M ) N.A.
99 DM viral 0;
infection
Associated
VHFID98 with the CHEMBL
03 |R™N4] iral M N-A. 3712895
infection
Associated
VHFID98 | TAR with the CHEMBL
12 S2 viral M DB00156; 3351186
infection
Associated
VHFID98 | PSM with the M NA CHEMBL
14 D8 viral o 2364701
infection
Associated DB07342;DB02468;DB0390
VHFID98 | HMO with the Orf3a 6;DB02073;DB01942;DB001 | CHEMBL
18 X1 viral 57;:DB04912;DB04803;DB00 2823
infection 163;
Associated
VHFID98 | NEU with the CHEMBL
30 1 viral Orfe DB00198; 2726
infection
Associated
' DB07684;DB00513;DB0640
VHz'ngs PLAT W'\t/f‘r;r‘e orfs | 4,DB09228:DB01050:DBO10 cqg;nBBL
. . 88;DB00013;
infection
Associated
VHFID98 | DNM with the orf8 DB00928;DB01262;DB0109 | CHEMBL
41 T1 viral 9:DB01035; 1993
infection
VHFID98 | ITGB | Associated CHEMBL
42 1 with the Or8 DB00098; 1905
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viral

infection
Associated
VHFID98 | ADA with the . CHEMBL
43 M9 viral Ori8 DB05033; 5982
infection
Associated
VHFID98 PCS with the CHEMBL
44 K6 viral Orig N.A. 2951
infection
Associated
VHFID98 IL17 with the CHEMBL
47 RA viral Orig N.A. 3580485
infection
Associated
VHFID98 with the . . CHEMBL
48 GGH viral Orf8 DB00158;DB00563; 2993
infection
Associated
VHFID98 PLO with the .
51 D2 viral Orf8 DB00126; N.A.
infection
Associated
VHFID98 | COL6 with the CHEMBL
52 Al viral Orig N.A. 2364188
infection
Associated
VHFID98 | o p [ withthe | DB08231:DB03203; N.A.
53 viral
infection
Associated
VHFID98 with the CHEMBL
54 LOX viral Orf8 N.A. 2249
infection
VHFID98 ADA Ai\;i?hcltiJ[eed CHEMBL
58 MIS viral Ori8 N.A. 5133
infection
Associated
VHFID98 | oy [ withthe | o DB02201: N.A.
59 viral
infection
Associated
VHFID98 HYO with the CHEMBL
63 Ul viral Ori8 N.A. 2216741
infection
Associated
VHFIDI8 | o) 4 [ withthe g N.A. N.A.
64 viral
infection
Associated
VHFID98 | ERO [ withthe | g DB03147: N.A.
65 1B viral
infection
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Associated

VHFID98 | GDF with the CHEMBL
75 15 viral Orfe N-A. 3120039
infection
Associated
VHFID98 | MAR with the CHEMBL
77 K1 viral Orfob N.A. 5940
infection
Associated
VHFID98 | MAR with the CHEMBL
78 K2 viral Orfob N-A. 3831
infection
Associated
VHFID98 | MAR with the CHEMBL
79 K3 viral Orfob N.A. 5600
infection
Associated
VHFID98 | DPH | withthe | DBO1752; N.A.
83 5 viral
infection
Associated
VHFID98 DCT with the CHEMBL
87 PP1 viral Orfob N-A. 3769292
infection
Associated
VHFID98 | F2RL with the CHEMBL
99 1 viral Orfoc N-A. 5963
infection
DB05812;DB00345;DB0070
1;DB01072;DB01076;DB048
51;DB02659;DB01394;DB00
286;DB00091;DB00970;DB0O
0694;:DB00586;DB01248;DB
00997;DB00445;DB00773;D
B00693;DB01645;DB00143;
DB01016;DB00365;DB0105
Associated 0;DB01177;DB00224;DB003
VHFID99 | ABC with the Orfoc 28;DB00762;DB00602;DB0O0 | CHEMBL
01 C1 viral 709;DB00563;DB00834;DB0 3004
infection 1204;DB02375;DB03467;DB
01165;DB01229;:DB01174;D
B01032;DB00396;DB04216;
DB03825;DB01045;DB0050
3;DB01098;DB01232;DB063
35;DB01138;DB04348;DB09
161;DB05294;DB08881;DB0
0661;DB00570;DB00541;DB
00399;
Associated
VHFID99 | NDU with the CHEMBL
05 | FAF1 viral Orfoc N-A. 2363065
infection
VHFID99 | NDU Associated CHEMBL
07 FB9 | withthe | ©O19C DB00157 2363065
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viral
infection

VHFID99
14

PPT1

Associated
with the
viral
infection

Orf10

DB02035;DB03796;

CHEMBL
2331051

VHFID99
19

RBX1

Associated
with the
viral
infection

Orf10

N.A.

CHEMBL
3833061

VHFID99
20

ELO

Associated
with the
viral
infection

Orf10

N.A.

CHEMBL
3301400

VHFID99
21

ELO

Associated
with the
viral
infection

Orf10

N.A.

CHEMBL
3301400
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3.3 Conclusions

We have developed a comprehensive database comprising host factors
involved in viral pathogenesis identified by experimentally validated techniques
with supporting literature. Currently, the VHFIDB contains 9,921 entries related to
25 virus families and 72 virus species. We have also incorporated five powerful
tools for VHFIDB analysis and visualization with exhaustive information about
host factors, viruses, and publications. We anticipate that this database will be of
significant help to the researchers engaged in biomedicine, microbiology,
pharmaceutical industries, etc. As an open resource, it will not only help in
understanding the host-virus interactions and their associated diseases but also
facilitate the research and developments of translational medicine and host factor-
directed antiviral drug development. The VHFIDB database will continue to
include newly discovered host factors on a half-yearly basis to keep abreast with
this rapidly developing field. Therefore, we are committed to making this database

more feature-rich and valuable to researchers worldwide.

3.4 Materials and Methods

3.4.1 Data source

The VHFIDB database includes VHFs backed by strong experimental
evidence from the published scientific literature. The primary source of references
was obtained from the advanced search on PubMed, and Google Scholar using the
keywords such as genome-wide RNAi or RNAI screen of host factors in virus
pathogenesis, genome-wide CRISPR/Cas9 screen identifies host factors for virus
pathogenesis and essential antiviral host factors. Literature reporting the screening
and identification of host genes necessary or inhibitory effect on viral infections
was accurately extracted by reviewing the articles. The initial search retrieved many
published papers. However, only a limited number of Research articles had
relevant, usable information for the database. Finally, 557 peer-reviewed articles
became the foundation for the data collection.
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3.4.2 Data organization

The VHFIDB provides comprehensive information about essential as well as
antiviral host factors and viruses. We have divided the host factor information page
into three parts: host factor information, pathogen information, and publication

information.

Host factor information is hitched with: (1) host factor (HF) name, (2) HF protein
name, (3) HF function, (4) UniProt ID [22], (5) protein sequence, (6) NCBI gene
ID, (7) gene name, (8) gene synonyms, (9) Ensemble gene ID [23], (10) Ensemble
transcript, (11) KEGG ID [24], (12) GO ID [25], (13) MINT ID [26], (14) STRING
ID [27], (15) OMIM ID [28], (16) PANTHER ID [16], (17) PDB ID [29], (18)
Pfam ID [30], (19) DrugBank ID [17], (20) ChEMBL ID [18], (21) Organism.

The virus information is associated with: (1) virus name, (2) virus short name,
(3) order, (4) virus family, (5) virus subfamily, (6) genus, (7) species, (8) host, (9)
cell tropism, (10) associated disease, (11) mode of transmission, (12) VIPR DB link
[31], (13) ICTV DB link [32], (14) virus-host DB link [33]. Similarly, the
publication information is hitched with: (1) paper title, (2) author's name, (3)
journal name, (4) Pubmed ID, (5) abstract, (6) used model, (7) DOL.

3.4.3 Data update

The VHFIDB database will combine newly published research papers and

related VHF data on a half-yearly basis.

3.4.4 Data analysis

The VHFIDB is a flexible web interface that allows both basic and advanced
search and browsing options. Besides this, the database also provides three different
analysis tools to help in-depth understand host factors involved in viral

pathogenesis (Figure 3.2). They are serially enlisted below:
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3.4.4.1 VHF Pathogen Network Analysis:

The VHF Pathogen Network Analysis Tool represents the network analysis of
the host factor interactions with various viruses. This tool provides the user with a
broader view regarding molecular interaction networks. One can either select the
host factor's name or the virus's name to visualize the molecular interaction network

between them.
3.4.4.2 VHF Overlap Analysis

The interactive heatmap displays the common host genes shared by different
viruses. The heatmap generated by this tool may be based on different classes of
viruses, families of viruses, or between different viruses.
3.4.4.3 Gene Enrichment Analysis

It is an essential and general analytical tool for functional annotation of VHF
genes by using DAVID. Users can investigate the VHFs genes as involved in

different metabolic or signaling pathways [16].

112



3.5 References

10.

11.

12.

13.

14.

Nichol, S. T., J. Arikawa and Y. Kawaoka. (2000), Emerging viral diseases, Proc
Natl Acad Sci U S A, 97, 12411-12412 (10.1073/pnas.210382297)

Sanjuan, R., M. R. Nebot, N. Chirico, L. M. Mansky and R. Belshaw. (2010), Viral
mutation rates, J Virol, 84, 9733-9748 (10.1128/JV1.00694-10)

Kautz, T. F. and N. L. Forrester. (2018), RNA Virus Fidelity Mutants: A Useful
Tool for Evolutionary Biology or a Complex Challenge?, Viruses, 10
(10.3390/v10110600)

Phizicky, E. M. and S. Fields. (1995), Protein-protein interactions: methods for
detection and analysis, Microbiol Rev, 59, 94-123

Elbashir, S. M., J. Harborth, W. Lendeckel, A. Yalcin, K. Weber and T. Tuschl.
(2001), Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured
mammalian cells, Nature, 411, 494-498 (10.1038/35078107)

Panda, D., A. Das, P. X. Dinh, S. Subramaniam, D. Nayak, N. J. Barrows, J. L.
Pearson, J. Thompson, D. L. Kelly, I. Ladunga et al. (2011), RNAi screening
reveals requirement for host cell secretory pathway in infection by diverse
families of negative-strand RNA viruses, Proc Natl Acad Sci U S A, 108, 19036-
19041 (10.1073/pnas.1113643108)

Shalem, O., N. E. Sanjana, E. Hartenian, X. Shi, D. A. Scott, T. Mikkelson, D.
Heckl, B. L. Ebert, D. E. Root, J. G. Doench et al. (2014), Genome-scale CRISPR-
Cas9 knockout screening in human cells, Science, 343, 84-87
(10.1126/science.1247005)

Wiedenheft, B., S. H. Sternberg and J. A. Doudna. (2012), RNA-guided genetic
silencing systems in bacteria and archaea, Nature, 482, 331-338
(10.1038/nature10886)

Bhaya, D., M. Davison and R. Barrangou. (2011), CRISPR-Cas systems in bacteria
and archaea: versatile small RNAs for adaptive defense and regulation, Annu
Rev Genet, 45, 273-297 (10.1146/annurev-genet-110410-132430)

Ma, H., Y. Dang, Y. Wu, G. Jia, E. Anaya, J. Zhang, S. Abraham, J. G. Choi, G. Shi,
L. Qi et al. (2015), A CRISPR-Based Screen Identifies Genes Essential for West-
Nile-Virus-Induced Cell Death, Cell Rep, 12, 673-683
(10.1016/j.celrep.2015.06.049)

Doench, J. G., N. Fusi, M. Sullender, M. Hegde, E. W. Vaimberg, K. F. Donovan,
I. Smith, Z. Tothova, C. Wilen, R. Orchard et al. (2016), Optimized sgRNA design
to maximize activity and minimize off-target effects of CRISPR-Cas9, Nat
Biotechnol, 34, 184-191 (10.1038/nbt.3437)

Smith, I., P. G. Greenside, T. Natoli, D. L. Lahr, D. Wadden, I. Tirosh, R. Narayan,
D. E. Root, T. R. Golub, A. Subramanian et al. (2017), Evaluation of RNAi and
CRISPR technologies by large-scale gene expression profiling in the
Connectivity Map, PLoS Biol, 15, e2003213 (10.1371/journal.pbio.2003213)
Kleinstiver, B. P., V. Pattanayak, M. S. Prew, S. Q. Tsai, N. T. Nguyen, Z. Zheng
and J. K. Joung. (2016), High-fidelity CRISPR-Cas9 nucleases with no detectable
genome-wide off-target effects, Nature, 529, 490-495 (10.1038/nature16526)
Liu, Y., D. Xie, L. Han, H. Bai, F. Li, S. Wang and X. Bo. (2015), EHFPI: a database
and analysis resource of essential host factors for pathogenic infection, Nucleic
Acids Res, 43, D946-955 (10.1093/nar/gku1086)

113



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Thakur, A., A. Qureshi and M. Kumar. (2017), vhfRNAi: a web-platform for
analysis of host genes involved in viral infections discovered by genome wide
RNAi screens, Mol Biosyst, 13, 1377-1387 (10.1039/c6mb00841k)

Mi, H., A. Muruganujan, D. Ebert, X. Huang and P. D. Thomas. (2019), PANTHER
version 14: more genomes, a new PANTHER GO-slim and improvements in
enrichment analysis tools, Nucleic Acids Res, 47, D419-D426
(10.1093/nar/gky1038)

Wishart, D. S., Y. D. Feunang, A. C. Guo, E. J. Lo, A. Marcu, J. R. Grant, T. Sajed,
D. Johnson, C. Li, Z. Sayeeda et al. (2018), DrugBank 5.0: a major update to the
DrugBank database for 2018, Nucleic Acids Res, 46, D1074-D1082
(10.1093/nar/gkx1037)

Gaulton, A., A. Hersey, M. Nowotka, A. P. Bento, J. Chambers, D. Mendez, P.
Mutowo, F. Atkinson, L. J. Bellis, E. Cibrian-Uhalte et al. (2017), The ChEMBL
database in 2017, Nucleic Acids Res, 45, D945-D954 (10.1093/nar/gkw1074)
Shapira, S. D., |. Gat-Viks, B. O. Shum, A. Dricot, M. M. de Grace, L. Wu, P. B.
Gupta, T. Hao, S. J. Silver, D. E. Root et al. (2009), A physical and regulatory map
of host-influenza interactions reveals pathways in HIN1 infection, Cell, 139,
1255-1267 (10.1016/j.cell.2009.12.018)

Hoffmann, M., H. Kleine-Weber, S. Schroeder, N. Kruger, T. Herrler, S. Erichsen,
T.S. Schiergens, G. Herrler, N. H. Wu, A. Nitsche et al. (2020), SARS-CoV-2 Cell
Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven
Protease Inhibitor, Cell (10.1016/j.cell.2020.02.052)

Li, W., M. J. Moore, N. Vasilieva, J. Sui, S. K. Wong, M. A. Berne, M.
Somasundaran, J. L. Sullivan, K. Luzuriaga, T. C. Greenough et al. (2003),
Angiotensin-converting enzyme 2 is a functional receptor for the SARS
coronavirus, Nature, 426, 450-454 (10.1038/nature02145)

Apweiler, R., A. Bairoch, C. H. Wu, W. C. Barker, B. Boeckmann, S. Ferro, E.
Gasteiger, H. Huang, R. Lopez, M. Magrane et al. (2004), UniProt: the Universal
Protein knowledgebase, Nucleic Acids Res, 32, D115-119 (10.1093/nar/gkh131)
Zerbino, D. R., P. Achuthan, W. Akanni, M. R. Amode, D. Barrell, J. Bhai, K. Billis,
C. Cummins, A. Gall, C. G. Giron et al. (2018), Ensembl 2018, Nucleic Acids Res,
46, D754-D761 (10.1093/nar/gkx1098)

Kanehisa, M., M. Furumichi, M. Tanabe, Y. Sato and K. Morishima. (2017),
KEGG: new perspectives on genomes, pathways, diseases and drugs, Nucleic
Acids Res, 45, D353-D361 (10.1093/nar/gkw1092)

Harris, M. A., J. Clark, A. Ireland, J. Lomax, M. Ashburner, R. Foulger, K. Eilbeck,
S. Lewis, B. Marshall, C. Mungall et al. (2004), The Gene Ontology (GO)
database and informatics resource, Nucleic Acids Res, 32, D258-261
(10.1093/nar/gkh036)

Licata, L., L. Briganti, D. Peluso, L. Perfetto, M. lannuccelli, E. Galeota, F. Sacco,
A. Palma, A. P. Nardozza, E. Santonico et al. (2012), MINT, the molecular
interaction database: 2012 update, Nucleic Acids Res, 40, D857-861
(10.1093/nar/gkr930)

Szklarczyk, D., J. H. Morris, H. Cook, M. Kuhn, S. Wyder, M. Simonovic, A.
Santos, N. T. Doncheva, A. Roth, P. Bork et al. (2017), The STRING database in
2017: quality-controlled protein-protein association networks, made broadly
accessible, Nucleic Acids Res, 45, D362-D368 (10.1093/nar/gkw937)

114



28.

29.

30.

31.

32.

33.

Hamosh, A., A. F. Scott, J. S. Amberger, C. A. Bocchini and V. A. McKusick.
(2005), Online Mendelian Inheritance in Man (OMIM), a knowledgebase of
human genes and genetic disorders, Nucleic Acids Res, 33, D514-517
(10.1093/nar/gki033)

Berman, H. M., J. Westbrook, Z. Feng, G. Gilliland, T. N. Bhat, H. Weissig, I. N.
Shindyalov and P. E. Bourne. (2000), The Protein Data Bank, Nucleic Acids Res,
28, 235-242 (10.1093/nar/28.1.235)

Finn, R. D., A. Bateman, J. Clements, P. Coggill, R. Y. Eberhardt, S. R. Eddy, A.
Heger, K. Hetherington, L. Holm, J. Mistry et al. (2014), Pfam: the protein
families database, Nucleic Acids Res, 42, D222-230 (10.1093/nar/gkt1223)
Pickett, B. E., E. L. Sadat, Y. Zhang, J. M. Noronha, R. B. Squires, V. Hunt, M. Liu,
S. Kumar, S. Zaremba, Z. Gu et al. (2012), ViPR: an open bioinformatics
database and analysis resource for virology research, Nucleic Acids Res, 40,
D593-598 (10.1093/nar/gkr859)

Lefkowitz, E. J., D. M. Dempsey, R. C. Hendrickson, R. J. Orton, S. G. Siddell and
D. B. Smith. (2018), Virus taxonomy: the database of the International
Committee on Taxonomy of Viruses (ICTV), Nucleic Acids Res, 46, D708-D717
(10.1093/nar/gkx932)

Mihara, T., Y. Nishimura, Y. Shimizu, H. Nishiyama, G. Yoshikawa, H. Uehara, P.
Hingamp, S. Goto and H. Ogata. (2016), Linking Virus Genomes with Host
Taxonomy, Viruses, 8, 66 (10.3390/v8030066)

115



116



CHAPTER 4



118



Chapter 4
CHPV Pseudovirus generation and identification of virus

entry mechanism

4.1 Introduction

Chandipura virus (CHPV) is an emerging human pathogen, mainly reported
from many areas of the Indian subcontinent, with a fatality of around 55 to 77%.
CHPV causes brain encephalitis in children below the age of 15[1]. Its symptoms
are similar to other encephalitides and are characterized by acute fever, diarrhea,

altered sensorium, seizures, and vomiting[2].

CHPV is an enveloped (—) single-stranded RNA virus, belongs to the
Rhabdoviridae family. It's a vector-borne virus transmitted by sandflies. CHPV
genome size is 11 kb; it encodes five genes, namely, nucleoprotein (N), matrix
protein (M), phosphoprotein (P), glycoprotein (G), large polymerase protein (L),
and glycoprotein (G). Chandipura virus was first discovered and isolated
accidentally from the two adults' blood with a febrile illness in a village in Nagpur
district, Maharashtra, India, in 1965.[3] The only other instance when it was
isolated from a human in 1980 was in Madhya Pradesh, India, from an acute
encephalitis patient.[4] Although the retrospective serological studies indicate the
enduring history of CHPV and that it infected the human population as early as
1957-58.[5] However, due to the low case reports, it has not got much attention
until the 2003 outbreak in Andhra Pradesh, India. The epidemic started in June
2003 and continued for the next 3-4 months. Around 329 children (age between 9
months -14 years) infected with the virus showed encephalitis, and 183 died.[6]
Simultaneously, a CHPV encephalitis outbreak was also reported in fifteen districts
of Maharashtra during the same time. In the subsequent year 2005, another outbreak
was reported in the Baroda district of Gujrat, India, with a 70 % mortality rate in
the pediatric population.[7] However, many small outbreaks are reported
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eventually throughout the country during different periods. [8,9]Although CHPV
survives endemically in limited parts of the Indian subcontinent, it has a high
potential of epidemic or pandemic because its vector can cross the current borders.
Due to limited research facilities, the detailed investigation on CHPV is slow yet

necessary.

All viruses are a non-cellular life form that must find some way to enter the
host cell to complete their life cycle.[10] Most of the enveloped viruses enter the
cells by the two primary pathways. Some viruses bind to the cell surface receptor
and deliver their genome to the cytoplasm, while others use cellular endocytosis
machinery.[11,12] Different viruses use different paths, including clathrin-
mediated endocytosis (CME), caveolae-mediated endocytosis, lipid raft-mediated

endocytosis, macropinocytosis, etc.[13,14]

The most common and well-studied cellular endocytosis pathway is the
clathrin-mediated pathway, which many of the viruses use. After endocytosis, some
viruses like vesicular stomatitis virus (VSV), Crimean-Congo hemorrhagic fever
virus (CCHFV), and influenza viruses require acidified conditions to activate their
fusion proteins, and they require internalization by endocytic vesicles to reach the
cytosol.[15-17]

Bone Marrow Stromal Antigen 2 (BST-2) was discovered as a surface
marker of neoplastic B cells. The protein present in almost all cell types; however,
the degree of expression varies from cell to cell. BST-2 is a type Il transmembrane
protein and contains ~180 amino acids (aa). BST-2 inhibits most of the envelope

viruses released from the cell surface.[18]

It was also reported once that it enhances human cytomegalovirus (HCMV)
entry[19]. The receptor and entry mechanism for CHPV is unknown. A member of
rhabdovirus VSV uses a Low-density lipoprotein receptor (LDL-R) as a primary
receptor. VSV internalization occurs by clathrin-mediated endocytosis while acidic

pH and, lipid-raft is also required.[20-22]
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To identify the molecular mechanism of CHPV entry. We have generated a
VSV backbone-based fluorescence CHPV pseudovirus, and we have also
characterized it. We have demonstrated that CHPV pseudovirus shows clathrin-
mediated entry with that lipid-raft and low pH also required for CHPV entry.
Moreover, we have reported that the mouse and human tetherin host factor enhance
CHPV virus entry.

4.2. Results

4.2.1. Generation and characterization of CHPV Pseudovirus

The CHPV G pseudotyped virus is produced using a VSV pseudotyped
virus packaging system. This system was previously used to generate various
pseudotyped viruses, such as SARS-CoV-2, Ebola virus, Nipah virus, Hantaan
virus, Hepatitis c virus, and Rift valley fever virus.[23-28] The pseudotyped virus's
backbone came from the VSV virus. The G gene of VSV was replaced with the
Teal fluorescence protein (TFP) gene, and the G protein from CHPV was provided
as the membrane protein on the surface of the VSV pseudotyped virus. The
schematic representation of the CHPV pseudotyped virus generation is shown in
figure 4.1. During the preparation of CHPV pseudovirus, BHK-21 cells were
transfected with the CHPV G expressing plasmid. After 30 hours of transfection,
the cells were infected with G¥*AG-VSV. After infection, the uncoated AG-VSV
genome expressed the structural proteins and the enzymes from the VSV genome

and completes genome replication.

The expressed incomplete genome assembled into virus particles without
an envelope. The viruses were discharged from the cells by budding using the
CHPV envelope protein present on the cell membrane. So, the new virus particles
were termed CHPV pseudovirus. After 24 hours of infection, the supernatant was
collected, filtered with a 0.45 um filter, and kept at -80C. CHPV pseudovirus
presence was further confirmed by western blot analysis and LC-MS (Figure 4.2).
Most interestingly, we have found some human proteins attached to the CHPV

pseudovirus (Appendix C). Because we have used VSV Pseudovirus as a control
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for LC-MS and respective human proteins were not observed with its data, Which
confirmed that these proteins specifically bind with CHPV glycoprotein. Further,
we have examined the CHPV Pseudovirus morphology by using Transmission
Electron Microscope (TEM). It looked circular, and its size was around 70-100 nm
(Figure 4.3).
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Figure 4.1. Schematic diagram of CHPV Pseudovirus production. At first, to
generate VSV pseudovirus, we have replaced VSV Glycoprotein from TFP and
use pCAG VSV-G for packing (G*AG-VSV). 70% confluent 100 mm dish of
BHK-21 cells were transfected with N, P, L, G, *AG-VSV-TFP and generate
G*AG-VSV-TFP, and used for further experiment. Next, for CHPV
pseudoviruses construction, envelope genes of CHPV from Nagpur strain
(strain No. 1653514) were cloned into the eukaryotic expression plasmid pCAG
and transfected in BHK21 cells, which is transcribed and expresses CHPV
glycoprotein that is transferred to and attached to the cell membrane. Twenty-
four hours later, transfected cells infected with G*AG-VSV-TFP with 1 MOI.
one hour after infection, cells were washed with PBS twice, and then 2%
DMEM was added. Twenty-four hours post-infection, CHPV pseudovirus
carrying culture supernatants were collected, filtered, tested, and stored in
—80°C.
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Figure 4.2. LC-MS data of CHPV Pseudovirus.70% confluent 100 mm dish of
BHK-21 cells were transfected with 5 ug of pCAG-CHPV-G by using
Lipofectamine 2000. Thirty hours later, transfected cells infected with G*AG-
VSV-TFP with 1 MOI. one hour after infection, cells were washed with PBS
twice, and then 2% DMEM was added. Twenty-four hours post-infection, CHPV
pseudovirus carrying culture supernatants were collected, filtered (0.45-um pore
size, Millipore, SLHPO033RB). After filtration centrifuge it at 1x10° RPM for 2
hours, and send it to V-proteomics a Delhi (India) based company for LC-MS.

LC-MS data confirms CHPV glycoprotein.
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Figure 4.3.The morphological characterization of CHPV Wt (left) and CHPV
pseudovirus (right) CHPV pseudovirus generated as mentioned above. For the
TEM imaging, samples were placed onto 400-mesh copper grids (SIGMA aldrich
chemicals) and incubated for 5 minutes. The grids were then rinsed twice with
DI water, wicked dry, and stained with 2% uranyl acetate for 5 min. CHPV virus
looked bullet shape (left) while CHPV Pseudovirus looked circular, and its size
was around 70-100 nm.
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4.2.2. Clathrin is essential for CHPV entry:

After generating the CHPV pseudovirus, we attempted to identify the
specific endocytosis pathway used by the virus.[14] The clathrin-dependent
pathway is the most common pathway used by animal viruses. To obtain the role
of clathrin-dependent endocytosis in CHPV entry, we have investigated the
inhibitory role of chlorpromazine (CPZ) and sucrose. CPZ and sucrose cause
clathrin lattice to gather on endosomal membranes and, simultaneously, prevent
coated pits' assembly at the cell surface. We have examined the effect of CPZ and
sucrose on CHPV pseudovirus using two techniques: microscopy and
spectrofluorimetry. At first, we have treated Vero and Vero E6 cells with 40 um of
CPZ. CHPV pseudoviruses were infected after 45 min of drug treatment in the
presence of drug. After 1.5 h, cells were washed, and infection was maintained in
fresh 2% culture media till 24 hours post-infection. After 24 hpi, TFP fluorescence
was observed with microscopy (figure 4.4). Relative infectivity of the viruses was
determined by measuring TFP expression level using the spectrofluorometer
(figure 4.4). Our results demonstrated that CPZ and sucrose significantly inhibit
virus entry, and CHPV enters into Vero and Vero E6 cells by using clathrin-

mediated endocytosis.
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Figure 4.4. Clathrin is essential for CHPV entry. Vero and Veo E6 cells were
treated with 40 um CPZ and .45 M sucrose. After 45 min, cells were infected with
CHPV pseudovirus in the presence of a drug. Microscopic imaging was
performed after 24 hours (A, D). Fluorescence cells counted by Image j software
(B, E), CHPV pseudovirus TFP infectivity was measured using a
spectrophotometer at 24 h of infection(C, F). Error Bar represents the SD of

three independent experiments.
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4.2.3. CHPV entry is pH-dependent

Viruses that enter the host cell via endocytosis are normally trafficked to early
endosomes for sorting and then transported to late the late endosome.[29] Since we
have observed that CHPV pseudovirus entry depends upon clathrin-mediated
endocytosis. We have also investigated the potential role of pH in CHPV entry. For
that, we have used NH4Cl, an inhibitor of endosome acidification.[30] Vero and
Vero EG6 cells were pretreated with two different concentrations of NH4CI (25mM
& 50 mM) for 45 min and infected with CHPV Pseudovirus in the presence of
NHa4CI. Cells were washed, and 2% fresh media was added after 1.5 h. After 24
hours, fluorescence was determined by microscopy and spectrofluorometer (Figure
4.5). We have observed that interference with endosome acidification significantly
-reduced CHPV fluorescence level, and CHPV also displayed a similar mechanism
as VSV, HCV, SACRS-COV do.[22,31,32]
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Figure 4.5. CHPV entry is pH dependent.Vero and Veo EG6 cells were treated with
25 mM NH4Cl and 50 mM NH4CI. After 45 min, cells were infected with CHPV
pseudovirus in the presence of a drug. Microscopic imaging was performed after
24 hours (A, D). Fluorescence cells counted by Image j software (B, E), CHPV
pseudovirus TFP infectivity was measured using a spectrophotometer at 24 h of
infection(C, F). Error Bar represents the SD of three independent experiments.
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4.2.4. Lipid raft is essential for CHPV entry

After discerning the importance of clathrin and pH for CHPV entry, we have
also investigated the role of lipid raft in virus entry. Lipid rafts are membrane
microdomains loaded with sphingolipids and cholesterol and contain various
proteins associated with signalling.[33] In respect of viral access, lipid raft is
usually used as entry gateways.[34-36] To investigate lipid raft's role, we have used
a drug named methyl-b-cyclodextrin (MBCD). Vero and Vero E6 cells pretreated
with 1 & 5 mM of MBCD for 45 min, then CHPV pseudovirus were infected for
1.5 h. Cells were washed, and fresh 2% media was added. After 24 hours,
fluorescence was determined by microscopy and spectrofluorometer. In our results,
we have found that CHPV virus entry was reduced in an MBCD concentration-
dependent manner (Figure 4.6). In5 mM of MBCD, very few viruses reached inside
the cells compared to that control and in the presence of 1mM MBCD. These results

suggest that lipid raft is essential for CHPV pseudovirus entry.
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Figure 4.6. Lipid Raft is important for CHPV entry.Vero and Veo EG6 cells were
treated with 1 mM MBCD and 5 mM MACD. After 45 min, cells were infected
with CHPV pseudovirus in the presence of a drug. Microscopic imaging was
performed after 24 hours (A, D). Fluorescence cells counted by Image j software
(B, E), CHPV pseudovirus TFP infectivity was measured using a
spectrophotometer at 24 h of infection(C, F). Error Bar represents the SD of

three independent experiments.
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4.2.5. BST-2 enhance CHPV entry

Further, we have investigated the role of BST-2 in CHPV infection.
Normally BST-2 inhibits the release of enveloped viruses.[37,38] Our primary
investigation found that virus titer will be high in BST-2 expressing cells. To check
the role of BST-2 in CHPV entry, we determined the amount of CHPV glycoprotein
by qPCR from BST2-transient expressing or control BHK-21 cells immediately
after virus infection. We have transfected BHK-21 cells with 2ug of pCAG-M-
BST-2 or pCAG-H-BST-2 (M: Mouse, H: Human). After 32 hours of transfection,
cells were infected with 10 MOI of CHPV for 2 h at 4°C. The cells were then
washed with citric acid buffer (pH = 3), following PBS wash, to remove adhered
virions from the cell surface. Cells were then trypsinized, Viral RNA was extracted
from BHK-21 cells, and gPCR determined viral genome copies. At 1hpi, BST2
expressing cells carried an increased amount of CHPV viral genome. This result
concludes that BST-2 helps in viral entry (Figure 4.7 A, B, E, F). To rule out that
increased viral copy numbers were due to increased viral genome replication. We
infected U.V. inactivated CHPV, which can enter the cells but unable to replicate.
We have taken all experiment conditions similar as we have taken for the untreated
virus. An Increased amount of viral RNA was recovered from BST-2 expressing
cells (Figure 4.7 C, D, G, H). This result confirmed that BST-2 increases viral

infection by enhancing the virus entry.
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Figure 4.7. BST-2 enhance CHPV entry. BHK-21 cells were transfected with

Murine and Human BST-2. After 32 hours of transfection, cells were infected
with 10 MOI of CHPV (A, B, E, F) and UV inactivated CHPV (C, D, G, H) for
2h at 4 C (p > 0.05). then, cells were washed with citric acid buffer (pH 3),

following PBS wash, viral RNA was extracted from BHK-21 cells and quantified
by gPCR.
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4.2.6. In-Silico study reveals that the cytoplasmic domain of BST-2 interacts with
CHPV Glycoprotein

In the previous experiment, we have confirmed that BST-2 enhances CHPV
entry. Further, we want to know how BST-2 increases viral infection. Either it
directly interacts with BST-2, or it increases infection by other means. To
investigate this, we have performed a docking experiment between the cytoplasmic
domain of BST2 (PDB ID: 4P6Z: T) and CHPV glycoprotein (PDB ID: 4DEW).
In our result, we have found that the cytoplasmic domain of BST-2 directly interacts
with CHPV-G and, Tyr6 and Tyr8 of BST-2 cytoplasmic domain interact with Glu-
405, Glu-38, Thr-188 of CHPV glycoprotein via electrostatic interaction and Thr4
of BST-2 cytoplasmic domain interact with Glu-399 and Glu-402 of CHPV-G.

This result is also supported by the previous publication, which shows that
the YXY region of the cytoplasmic domain of BST-2 is essential for clathrin-
mediated endocytosis, and we have also demonstrated that CHPV uses clathrin-

mediated endocytosis for entry (Figure 4.8).[39]
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subunitA

Cytoplasmic tail

Figure 4.8. Cytoplasmic domain of BST-2 interact with CHPV-G.We have
performed molecular docking by using Autodock vina. The cytoplasmic chain of
BST-2 was extracted from PDB: 4P6Z and performed docking with CHPV-G,
PDB: 4DEW (A, B). The cytoplasmic domain of BST-2 directly interacts with
CHPV-G and, Tyr6 and Tyr8 of BST-2 cytoplasmic domain interact with Glu-
405, Glu-38, Thr-188 of CHPV glycoprotein via electrostatic interaction, and
Thr4 of BST-2 cytoplasmic domain interact with Glu-399 and Glu-402 of CHPV-
G (C, D).
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4.3. Discussion

In this study, we have generated and characterized the VSV-based CHPV
fluorescence pseudovirus and also described the CHPV entry mechanism. Viruses
are obligate parasites.[31] They must enter the host cell before they can start their
life cycle. Some viruses interact with their receptor and directly discharge their
genome to the cytoplasm. While other use cells endocytic machinery. Usually,
direct interaction with the plasma membrane does not require low pH, while the
endocytic pathway's entry depends upon the low pH of late endocytic
vesical.[12,40,41] It was previously thought that a single virus could use either
direct membrane fusion or endocytosis method for their entry, not both. For
example, before 2000, HIV and Newcastle disease virus was only known for direct
fusion entry, but later, it was reported that they also used endocytic pathways for
access in the cells.[42,43] Our study observed that CHPV pseudovirus shows more
negligible fluorescence in CPZ and sucrose-treated cells. CPZ and sucrose are
known for clathrin-mediated endocytosis inhibitors. This confirms CHPV uses
clathrin for their entry. Other rhabdoviruses also used a similar mechanism(ref).
Further, we have investigated the role of pH in CHPV entry, and we have observed
that low pH facilitates CHPV entry. VSV, CCHFV, and HCV also required low pH
in the late endosome for productive infection.[16,22] In our next step, we have
examined the role of lipid raft in CHPV entry. In respect of viral entry, lipid raft is
commonly used as an entry portal.[44,45] In our results, we have found that virus
fluorescence is decreased in a dose-dependent manner on MBCD treatment,
suggesting that lipid raft also essential for CHPV entry. Moreover, we have also
checked the effect of a host factor, BST-2, on virus infection. BST-2 is highly
famous for its antiviral property; it inhibits enveloped viruses released from the cell
membrane.[18] More interestingly, we have got different results. BST -2 increased
CHPV infection. Although a similar observation was reported for HCMV.[19] In
our further investigation, we have found that BST-2 enhances CHPV entry. in-
silico study reveals that BST-2 cytoplasmic domain directly interacts with CHPV-
G.
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However, CHPV is a highly contagious virus reported in the Indian subcontinent,
with a case fatality of around 55 to 77%. But there are significantly fewer studies
occur related to virus pathogenesis, specifically regarding the virus entry domain.
We are probably the first who made the VSV-based fluorescence pseudovirus and
identified the molecular entry mechanism of CHPV to the best of our knowledge
(Figure 4.9).
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Figure 4.9. Proposed schematic representation of CHPV entry. CHPV binds with
cells and enters into the cells by clathrin-mediated endocytosis. Lipid raft and
BST-2 also play a crucial role in virus entry. After entry, first, it will move to early

endosome than late endosome. After that, viral RNA is released in the cytoplasm
at low pH.
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4.4. Material method

4.4.1 Chemicals

Dulbecco’s modified Eagle’s medium (DMEM), OptiMEM, L-glutamine,
Sodium pyruvate and goat, fetal bovine serum (FBS), Lipofectamine 2000 were
purchased from Invitrogen. X-tremeGENE HP, Chlorpromazine, Ammonium

chloride, methyl-B-cyclodextrin, sucrose, and all other chemicals were from Sigma.

4.4.2 Antibody

Mouse monoclonal antibody against BST-2 was purchased from SANTA CRUZ
((E-4): sc-390719), CHPV antibody was obtained from Abegenex, Rabbit
polyclonal anti-actin antibody (A2066), anti-rabbit secondary antibody (A9169),

anti-mouse secondary antibody (A4416) were obtained from Sigma.

4.4.2 Cell lines

293T human embryonic kidney cells (HEK 293T), Vero, and Vero E6 cells were
obtained from NCCS Pune. Baby hamster kidney cells (BHK-21) were obtained
from SIGMA. All cells were grown in Dulbecco's modified essential medium
(DMEM: Invitrogen), supplemented with glutamate (Invitrogen) and 10% fetal

bovine serum (Invitrogen).

4.4.3 Viruses:

Chandipura virus (CHPV) was kindly gifted by Dr. Anirban Basu, National Brain
Research Center (NBRC). VSVwt and VSV-eGFP were generated by reverse

genetics in our lab.

4.4.4 Pseudovirus production:

For pseudoviruses construction, envelope genes of CHPV from Nagpur strain
(strain No. 1653514) were cloned into the eukaryotic expression plasmid pCAG.
To generate VSV pseudovirus, we have replaced VSV Glycoprotein from TFP and
use pCAG VSV-G for packing (G¥*AG-VSV). 70% confluent 100 mm dish of
BHK-21 cells were transfected with 5 pg of pCAG-CHPV-G using Lipofectamine
2000 (Invitrogen, 11668019) following the manufacturer’s direction. Twenty-four
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hours later, transfected cells were infected with G*AG-VSV-TFP with 1 MOI. One
hour after infection, cells were washed with PBS twice, and then 2% DMEM was
added. Twenty-four hours post-infection, CHPV pseudovirus carrying culture
supernatants were collected, filtered ( 0.45-um pore size, Millipore, SLHPO33RB),
aliquoted, and stored in —80°C.

4.4.5 LC-MS analysis of Pseudovirus
70% confluent 100 mm dish of BHK-21 cells were transfected with 5 pg of

pCAG-CHPV-G using Lipofectamine 2000 (Invitrogen, 11668019) following the
manufacturer's direction. Twenty-four hours later, transfected cells infected with
G*AG-VSV-TFP with 1 MOI. One hour after infection, cells were washed with
PBS twice, and then 2% DMEM was added. Twenty-four hours post-infection,
CHPV pseudovirus carrying culture supernatants were collected, filtered ( 0.45-um
pore size, Millipore, SLHPO33RB). After filtration, it was centrifuged at one lakh
rcf for 2 hours. The obtained pellet was dissolved in 1 ml PBS and sent V-

proteomics a Delhi (India) based company for LC-MS.

4.4.6 Transmission electron microscopy Imaging

The morphological assessment of the CHPV Pseudovirus was done using a
transmission electron microscope (TEM, JEOL 2100F), operating at an
accelerating voltage of 200 kV. For the TEM imaging, samples were placed onto
400-mesh copper grids (SIGMA ALDRICH CHEMICALS PVT LT) and incubated
for 5 minutes. The grids were then rinsed twice with DI water, wicked dry, and

stained with 2% uranyl acetate for 5 min.

4.4.7 RNA extraction and RT PCR:

Total RNA from BHK-21, Vero, and Vero EG6 cells infected with CHPV Wt, CHPV
U.V. inactivated, and CHPV pseudovirus was extracted with TRIzol reagent
(Invitrogen) by following the standard protocol. cDNA was synthesized by using
iScript (BIORAD) by following the manufacture's protocol. The primer sequence
for CHPV-G was designed by a real-time PCR tool of IDT. The sense sequence
used was 5-GCCCGGTGTTGAAAGAAATG-3, and the antisense sequence was
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5-GTTTGGGCCTATCTCCATATCC-3'. The pCAG-CHPV-G plasmid was taken

as a control.

4.4.8 Drug inhibition of pseudovirus entry:

The disruption of lipid raft from the plasma membrane was performed using methyl
-b- cyclodextrin (MBCD). Vero and VeroE6 cells were seeded in 12 well plates
one day before the experiment and at 90% confluency were incubated with one and
five mM MBCD for 40 min then infect with 1 MOI of Pseudovirus after 1.5 hours,
cells were washed three times and 2% culture media was added for 24 hours. For
the inhibition of clathrin-mediated endocytosis, cells were incubated with 40 um of
chlorpromazine and .45 M sucrose for 1 hour and then infected with the
Pseudovirus for 1.5 hours. After extensive washes with PBS, cells were further
incubated for 24 hours. To determine the pH dependency of the virus, cells were
incubated with 25mM and 50 mM NHA4CI for 1 hour then infected with Pseudovirus
for 1.5 hours. The TFP fluorescence was determined by microscopy and

spectrofluorimetry.

4.4.9 Statistical Analysis

Data are represented as means = SD, and the significance of the difference between
groups was evaluated by using ANOVA Test. The data were analyzed and plotted
using the Graphpad Prism (v6.01) (Graphpad Prism, San Diego, CA, USA).
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Chapter 5

Structural similarity-based prediction of host factors

associated with SARS-CoV-2 infection and pathogenesis

5.1 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS- CoV-2) causes a
rainbow of diseases, ranging from flu-like symptoms to pneumonia, acute
respiratory distress syndrome (ARDS), thrombosis, and fatal consequences.[1]
SARS-CoV-2 is a Coronaviridae family member that encapsulates a positive-sense,
single-stranded RNA genome. Six human coronaviruses (HCoVs) are identified
earlier; these are HCoV-229E and HCoV-NL63, belonging to alpha coronavirus
group. The rest members, HCoV-HKU1, HCoV-OC43, severe acute respiratory
syndrome coronavirus (SARS-CoV), and Middle East respiratory syndrome
coronavirus (MERS-CoV), belong to the betacoronavirus group.[2] However, over
the past few years, highly pathogenic human coronaviruses have emerged. The
appearance of SARS-CoV in 2002 exhibited 8,000 cases worldwide with mortality
of ~10% and MERS-CoV in 2012, marked with 2,500 cases with a higher mortality
rate of 36%.[3,4] Although the mortality rate of current SARS-CoV-2 is
comparatively low, it is exceptionally contagious in nature. The SARS-CoV-2
mainly spread through aerosolized droplets and can be transmitted by direct contact
and oral-fecal route.[5] Lack of efficacious vaccine or antivirals is a measure
concern for SARS-CoV-2 infection. The use of some antiviral drugs like
remdesivir, lopinavir plus, and symptom-based management are currently available
options for COVID patients.[6] Therefore to develop new therapeutic
interventions, a better understanding of the virus biology and host-pathogen
interactions is necessary.

Our study involves implementing a computational method for predicting the
interactions between SARS-CoV-2 and host proteins. The approach is based on
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protein structural similarity. At first, we determined the structural similarities
between SARS-CoV-2 and human proteins using an established method by
analyzing protein crystal structures. Further, we identified known interactions for
these SARS-CoV-2 similar human proteins. We assumed that these interacting
proteins of SARS-CoV-2 similar proteins would also interact with the SARS-CoV-
2 proteins. This approach is also reported earlier for the prediction of HIV,
Chandipura virus (CHPV), chikungunya virus (CHIKV), and dengue virus
(DENV)- human interactions.[7-10] We predicted and shortlisted an interaction
map for SARS-CoV-2 and host proteins using cellular co-localization information.
We then validated these interactions using previously published host factors
datasets associated with coronaviruses and other RNA viruses.[11-13] The
predicted interactions are highlighted based on their functional importance during
SARS-CoV-2 infection and prioritized based on other related RNA viruses’
available information. In a similar line, we also predicted the host complement
system driving the coagulation process in SARS-CoV-2 infection.[14] While, in
this study, these interacting proteins revealed that SARS-CoV-2 might use the
clathrin-mediated endocytosis pathway for its entry. We also delineated the
interplay of host proteins associated with the SARS-CoV-2 life cycle. We primarily
focused on viral genome replication, translation, assembly and predicted the
pathways and the host factor requirements. Gene enrichment analysis of these
interacting proteins reveals that apoptosis, IFN-y signaling, and proteasomal
degradation of CD4 T cells are positively associated with SARS-CoV-2

pathogenesis.

5.2 Results

5.2.1 Identification of SARS-COV-2 host interactor proteins and gene
enrichment analysis

The initial study identified 3,735 human proteins showing similarity to 16 SARS-
CoV-2 proteins. These SARS-CoV-2 similar proteins were predicted to interact

with 12,872 (endogenous interaction) human proteins through 57,359 unique
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interactions. To filter out the noise and curate the data, we performed CC analysis.
This resulted in finding the involvement of 6,877 proteins through 19,047 unique
interactions. Interestingly about 35% of resultant proteins are already reported to
have some role in the pathogenesis of other coronavirus and RNA viruses. Next,
we performed gene enrichment analysis by using g: GOSt tool of g: Profiler. For
this, we uploaded the SARS-CoV-2 interactors protein lists (CC filtered) in g: GOSt
tool and manually selected "Reactome database™ and "Human protein atlas
database™ as data source option and set the threshold value at 0.05. The g: Profiler
gave us a list of associated pathways and their adjusted_p_value for the input gene
list. Subsequent Reactome dataset analysis revealed that SARS-CoV-2 interactors
proteins enriched with the terms of Axon guidance, Membrane trafficking, Vesicle-
mediated transport, Programmed cell death, Apoptosis, etc. (Figure 5.1A).
Similarly, the HPA database showed a higher expression of human cells for SARS-
CoV-2 interacting human protein (Figure 5.1B).
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Figure 5.1. Gene enrichment analysis of SARS-CoV-2 interactor human
proteins. (A). Enriched biological pathways obtained from Reactome database
(B). Cellular expression data of interacting protein obtained from HPA.
Bonferroni corrected p-values were transformed by — log10. (The bar graphs

were created by using GraphPad-Prism software)
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5.2.2 SARS-CoV-2 use clathrin-mediated endocytosis for its cellular entry

The productive viral infection begins after virions get access to a highly specific
entry pathway. This allows the viral components to enter the host cytoplasm for the
following processes, virus uncoating, gene expression, genome replication, virion
assembly, and nascent virion release. Most of the viruses accomplish this task via
endocytosis. Recently it was reported that host proteins ACE2 and TMPRSS2 are
essential for SARS-CoV-2 entry. In the present study, we found that SARS-CoV-2
spike (S) interacts with several other host proteins for its entry through clathrin-
coated pits. These include CLTC, DNM2, AP2A1, AP2A2, AP2B1, AP2M1, and
DAB?2. This result suggested that the SARS-CoV-2 internalization is dependent on
clathrin-mediated endocytosis. Overall the SARS-CoV-2 entry process is very
similar to that of SARS CoV, HCV, and VSV.[15-17] The host proteins such as
AP2Al, AP2A2, AP2B1, and AP2M1 are the subunits of the heterotetrameric
adaptor protein complex AP2, while DAB2 is present on the clathrin-coated
vesicles. These host proteins continuously construct clathrin-coated pits and have a
crucial role in the entry of SARS-CoV and MHYV viruses.[15,18] The cytoskeletal
machinery containing actin and microtubule is essential for the entry process of the
mouse hepatitis virus (MHV).[19] This machinery is recruited through endocytosis
after the coat formation, which triggers cell membrane deformation and virion
internalization. The clathrin components, such as actin, and microtubule complex,
when associated with dynamin proteins, result in the activation of binding sites for
several other proteins. For example, cortactin (CTTN) and intersectin 1 (ITSN1)
can activate the Arp2/3 complex of the actin cytoskeleton.[20] This leads to
enhanced localized polymerization of actin and microtubules, favoring virus
internalization. Here, SARS-CoV-2 glycoprotein is predicted to interact with
CTTN and ITSN1 along with various types of actin (ACTAL, ATP2C1, ACTB, and
ACTC1), dynamin (DNM1, DNM2, and DNM3), and microtubules (DYNC1H1)
molecules. Together, these components facilitate clathrin-mediated endocytosis of
virion and crucial for the intracellular trafficking of viral components during the
virion assembly process.[21] Out data suggest that the interaction of SARS-CoV-
2 spike (S) protein with Rab5b and Rab5c. It is established that upon clathrin-
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mediated uptake, SARS-CoV-2 is trafficked to the early endosomes in a RAB5-
dependent manner. [22] The S protein also interacts with Rab11lb and Rab13,
associated with the early endosome, and regulates the recycling of receptors and
other ligands to the membrane. [23] After endocytosis, the lysosomal protease
cathepsin L cleaves the S protein in the early endosome. Thus initiating fusion of
the viral envelope with the endosome membrane.[24] The S protein interacts with
the late endosomal proteins (RAB7A, RAB7B, RAB7L1) for lysosome maturation
(VPS11, VPS33A) proteins. The HOPS complex regulates the late endosomes to
the lysosomal maturation process (Figure 5.2).[25] Although the HOPS complex
does not affect the infection process of other viruses such as VSV and 1AV, viral
entry is more dependent upon low pH conditions. While in the case of SARS-CoV-
2, low pH is not sufficient to trigger virus entry. Hence, it appears that the HOPS
complex could play a significant role in comparison to the pH factors during the
SARS-CoV-2 entry process.

5.2.3 Intracellular replication and assembly of SARS-CoV-2
5.2.3.1 Host proteins involved in SARS-CoV-2 translation

Upon cellular entry and uncoating, the viral RNA serves as a transcript for
the cap-dependent translation of ORF1a, ORF1b and produces polyproteins ( ppla
and pplab). The autoproteolytic cleavage of both polyproteins generates 15-16
non-structural proteins (NSP's) associated with various functions. Simultaneously,
the host mounts innate immune response by augmenting antiviral protein synthesis
primarily orchestrated by type-1 interferon (IFN-I) signaling mechanism. To
counter this, viruses (including +ve sense RNA viruses) modulate host protein
synthesis by restricting the host mRNAs translation and favoring viral protein
synthesis.

Host mRNA translation is initiated by forming the heterotrimeric elF2
complex comprising elF2a, elF2pB, and elF2y. The complex recruits Met-tRNAI to
start ribosomal translation in a GTP-dependent manner. Once the initiation process
is completed, elF2-GDP gets discharged from the ribosome, and GTP substitutes

GDP to form an active elF2-GTP complex to participate in another round of
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translation initiation.[26] The elF2 complex can be inactivated by phosphorylation
at a single serine (Ser51) of its alpha subunit (elF2a) by one of the four mammalian
kinases in response to various stimuli. In this study, we found that three mammalian
kinases interact with SARS-CoV-2 proteins, protein kinase R (PKR), PKR-like
endoplasmic reticulum kinase (PERK), and heme-regulated inhibitor (HRI) can

phosphorylate elF2a and shut off the host cell’s translation machinery (Table 5.1).
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Table 5.1. List of human protein kinase and their interactor SARS-CoV-2

proteins.
S.No | Host Protein Protein Name Interacting Viral
Protein

1 EIF2AK1/HRI | Eukaryotic Translation | NSP4, NSP7,
Initiation Factor 2 Alpha | NSP8, NSP14
Kinase 1 / Heme-Regulated
Inhibitor

2 EIF2AK2/PKR | Eukaryotic Translation | NSP3, NSP4,
Initiation Factor 2 Alpha | NSP7, NSP8
Kinase 2/ Protein kinase R

3 EIF2AK3/PER | Eukaryotic Translation | NSP4, NSP7,

K Initiation Factor 2 Alpha | NSP8

Kinase 3 / PKR-like

endoplasmic reticulum kinase
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5.2.3.2 Host proteins involved in a double-membrane vesicle (DMV) formation
during SARS-CoV-2 infection

Positive-sense RNA viruses perform RNA replication in the cytoplasm. Genome
replication is associated with virus-induced structures derived from cellular
endomembranes.[27] In the case of coronaviruses, replication takes place in
double-membrane vesicles (DMVs). The mechanism by which these DMVs are
formed is not fully understood. In our study, we predict that the viral NSP4 interacts
with the host proteins, namely, SEC61, VAPB, COPA, ARCN1, COPB1, GBF1,
VAPA, VAPB, STX17, and TMED1, while NSP15 interacts with protein disulfide
isomerase (PDI) associated with the ER. Earlier studies have reported that SEC 61
A and PDI are present on the inner surface of DMV.[28] Vesicle-associated
membrane protein-associated protein A (VAP-A) and VAP-B are crucial for viral
RNA replication and present in the DMV. Electron microscope tomography studies
earlier confirmed that DMVs are part of a reticular network of modified
endoplasmic reticulum (ER) membranes. The inner surface of DMVs also contains
double-stranded RNA (dsRNA) derived from viral replication intermediate.[29]
The outer layer of SARS-CoV-2 induced DMVs can be continuous with ER
cisternae suggesting that the secretory pathway is also essential for virus
replication. The depletion of COPB1 and GBF1, associated with the same path,
affected SARS-CoV replication, intensifying this phenomenon.[30]

Previous studies suggested that coronaviruses take advantage of the cellular
autophagy system for DMV biogenesis.[30] We observed that NSP4 interacts with
several factors associated with autophagy, namely, ATG12, ATG16L1, ATP13A2,
BECN1, C9ORF72, MAP1LC3A, MAP1LC3B, etc. suggesting that autophagy
could play a crucial role in SARS-CoV-2 mediated DMV formation. Interestingly,
NSP13 shows interaction with ERDA regulators EDEM1 and OS-9. Both EDEM1
and OS-9 are associated with the ERAD tuning pathway. It is observed that the
prototypic coronavirus, MHV interferes with ERAD. This directs to intracellular
accumulation of EDEM1 and OS-9, leading to relocalization and limitation of these
chaperones, and enhance MHV-induced DMV formation (Figure 5.2).[31] Our
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study suggests that SARS-CoV-2 mediated DMV formation is associated with the
endoplasmic reticulum, autophagosome, and ERAD machinery.

5.2.3.3 Host proteins involved in SARS-CoV-2 replication

The +ve sense RNA genome of coronavirus serves as a template for the replicase
that synthesizes a full-length negative-sense RNA, which serves as a template for
the further synthesis of nascent genomic RNA. This process occurs in virus
replication/transcription complex (RTC), a complex of viral and host proteins. The
viral proteins (NSP3-NSP16) having various enzymatic activities are considered to
be part of the RTC. These enzymes' actions include deubiquitination, protease,
helicase, polymerase, Exo and endonuclease, and N7- and 2'0-methyltransferases.
Interestingly, we observed that many host interactor of RTC complex are associated
with RNA processing, [ELAVL like protein 1 (ELAVLL1), ribosomal proteins (40S
ribosomal protein S6 (RPS6), 40S ribosomal protein S4, X isoform (RPS4X), 40S
ribosomal protein S3a (RPS3A), polyadenylate-binding protein 1 (PABPC1)].
Protein involved in translation initiation, especially multiple subunits of eukaryotic
translation initiation factors 2, 3, 4, 5(elF2, elF3, elF4, elF5) and DDX3Y helicase.
The viral proteins also showed interactions with the 60S ribosomal protein L13A
(RPL13A) and its regulatory elements, such as IGF2BP1, GCN1L1, LARP, and
NCKZ1 (Figure 5.2). These findings indicate that the host cell translation machinery

is present near the RTC complex.
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Figure 5.2. Schematic representation of the SARS-CoV-2 life cycle and its
associated host proteins. This cartoon depicts the endocytotic pathway for viral
entry, followed by uncoating and releasing the viral genome to the host cell
cytoplasm. Subsequently, viral RNA is associated with the replication and
transcription complex (RTC) membrane and double-membrane vesicles (DMV5s)

during the viral genome replication and transcriptions.

161



5.2.3.4 Host proteins involved in SARS-CoV-2 assembly and release

Coronavirus assembly occurs in the ER-Golgi intermediate compartment
(ERGIC) and organized by the viral matrix (M) protein.[32,33] The M-S and M-
nucleoprotein (N) interactions facilitate the recruitment of structural components to
the assembly site. Contrastingly our analysis did not pick any hSARS-CoV-2 for N
protein interactions. SARS-CoV-2 S and M proteins interact with 43 host proteins
(i.e., ANPEP, COPG1, COPG2, ERGIC1, and GBF1) associated with the ERGIC
inter-organelle compartment. This result shows SARS-CoV-2 also uses a similar
mechanism as other coronaviruses. This mechanism is also conserved with other
viruses such as HIV and VSV and can be inhibited by Brefeldin A (BFA).[34] BFA
iIs an antiviral antibiotic drug containing a 13-member macrocyclic lactone
ring.[35] It causes disassembly of the Golgi complex and inhibits lipid vesicle
secretion.[36] Besides ERGIC associated proteins, SARS-CoV-2 also interacts
with B-actin, vimentin (an intermediate filament protein), and AP2M1, which are
essential for virus assembly and release.[37] The viral S protein interacts with a
host antiviral protein, bone marrow stromal antigen 2 (BST-2 ), which is known to
inhibit the release of the nascent virion from the cell. The BST-2 is a well-defined
antiviral protein that tethers many enveloped viruses release like HIV1/2, Dengue,
HCV, VSV, etc.[38]

5.2.4 IRF1/9/7 suggested to have a regulatory role in IFN-y mediated signaling
pathway during SARS-CoV-2 infection

The innate immune response is a conserved defense strategy of the host; this is
critical for the first detection and localized restriction of pathogens. Various case
reports indicate that SARS and SARS-CoV-2 downregulate IFN-I, but at the same
time, type Il interferon ( IFN-y) present in higher concentration in SARS and
SARS-CoV-2 patients.[39,40] Hence, it is highly possible that IFN-y to be a
critical player in SARS-CoV-2 mediated lung injury and could be a potential
biomarker for disease severity. Our results also suggest a significant role of IFN-y
pathways associated with SARS-CoV-2 infection. We show that 62 candidates
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(associated with IFN-y) interact with SARS-CoV-2 proteins. The degree centrality
analysis suggests that IRF1, IRF9, IRF7, and HLA-DRBL1 protein (HLA-DRB1)
have crucial and central roles in cytokines IFN-y signaling pathway. (Figure 5.3,
Table 5.2).
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Figure 5.3. A predicted interaction map of the top 20 IFN-y associated human
proteins and their interacting SARS-CoV-2 protein. Blue color represents the
virus proteins, and brown color represents the human interactor proteins. Twelve
SARS-CoV-2 proteins interact with human proteins related to IFN-y signaling
pathway. IRF1, IRF7, and IRF9 (illustrated in green color) are highly weighted
proteins and may regulate IFN-y signaling cascade. (Interaction map was

created using Cytoscape.)
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Table 5.2. Degree centrality analysis of proteins associated with IFN-y signaling

pathway.

Serial Host Protein Ensemble Gene ID Degree Centrality
Number (Weight)
1 IRF1 ENSP00000245414 46.187
2 IRF9 ENSP00000380073 45.519
3 IRF7 ENSP00000380697 44.485
4 HLA-DRB1 ENSP00000353099 44311
5 HLA-DRA ENSP00000378786 44.263
6 HLA-DQA1 ENSP00000339398 44217
7 HLA-DPA1l ENSP00000393566 44,048
8 IRF3 ENSP00000471896 44.038
9 HLA-DQAZ2 ENSP00000364076 44.028
10 PML ENSP00000268058 43.965
11 HLA-DPB1 ENSP00000408146 43.961
12 HLA-DRB5 ENSP00000364114 43.878
13 B2M ENSP00000452780 43.652
14 HLA-A ENSP00000379873 43.531
15 OAS1 ENSP00000388001 43.358
16 SP100 ENSP00000343023 43.092
17 HLA-C ENSP00000365402 42.578
18 HLA-B ENSP00000399168 42.534
19 GBP1 ENSP00000359504 42.492
20 OAS2 ENSP00000342278 42.453
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5.2.5 TP53 and CASP3 are the critical players of SARS-CoV-2 mediated
apoptosis

Apoptosis is a sort of programmed cell death characterized by the highly
controlled disassembling of cellular structures released in membrane-bound
vesicles engulfed by neighboring cells or phagocytes. [41] Apoptosis occurs by two
pathways, extrinsic and intrinsic, regulated by a preformed cascade of proteases
called caspases. Individually, these pathways stimulate downstream caspases that
initiate morphological and biochemical changes in the cell that eventually begin
apoptosis.[42] Many viruses encode specific proteins that modulate the apoptosis
pathway. In coronavirus-infected patients, one of the common abnormalities
manifested is lymphopenia resulting from the depletion of the T cell
population.[43] Autopsy findings of SARS-CoV-2 and SARS cases show T cell
apoptosis in various infected tissues, such as lungs, liver, and thyroid.[44] In line
with this, we observed apoptosis pathways to be highly enriched in gene enrichment
analysis. Here 137 host proteins (associated with apoptosis) showed interaction
with SARS-CoV-2 proteins. The degree centrality analysis of these genes suggests
that cellular tumor antigen p53 (TP53), followed by caspase-3 (CASP3), catenin
beta-1 (CTNNB1), and ubiquitin-60S ribosomal protein L40 (UBA52) are having
crucial roles in the apoptosis pathway (Figure 5.4) (Table 5.3).
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Figure 5.4. A predicted interaction map of the top 20 apoptosis-associated human
proteins and their interacting SARS-CoV-2 protein. Blue color represents the
virus proteins, and brown color represents the human interactor proteins.
Fourteen SARS-CoV-2 proteins interact with human proteins connected with
apoptosis. Degree centrality analysis reveals that TP53, CASP3, and CTNNB1
(illustrated in green color) are the principal players in the SARS-CoV-2 mediated

apoptosis. (Interaction map was created using Cytoscape.)
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Table 5.3. Degree centrality analysis of proteins associated with apoptosis

pathway.
Serial Host Protein Ensemble Gene ID Degree Centrality
Number (Weight)
1 TP53 ENSP00000269305 73.562
2 CASP3 ENSP00000311032 57.312
3 CTNNB1 ENSP00000344456 53.542
4 UBA52 ENSP00000388107 52.511
5 UBB ENSP00000304697 52.417
6 BIRC2 ENSP00000477613 52.298
7 UBC ENSP00000441543 51.775
8 RPS27A ENSP00000272317 51.714
9 PSMD1 ENSP00000309474 47.781
10 PSMC6 ENSP00000401802 46.648
11 PSMAS5 ENSP00000271308 46.036
12 PSMC5 ENSP00000310572 46.01
13 PSMA3 ENSP00000216455 45.966
14 PSMD11 ENSP00000261712 45.945
15 PSMD12 ENSP00000348442 45.92
16 PSMD2 ENSP00000310129 45.898
17 PSMA1 ENSP00000414359 45.89
18 PSMAZ2 ENSP00000223321 45.848
19 PSMA7 ENSP00000359910 45.761
20 PSMC2 ENSP00000391211 45.214
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5.2.6 SARS-CoV-2 protein-induced proteasomal degradation of CD4 T cell

In eukaryotes, most intracellular proteins are diminished by the ubiquitin (Ub)—
proteasome pathway (UPP). [45] Ubiquitin is a 76-amino acid polypeptide present
and conserved in every eukaryotic cell.[46] The covalent modification of proteins
with ubiquitin chains forms a strong targeting signal driving recognition and
destruction by the 26S proteasomes. The covalent interaction of ubiquitin to lysine
residues requires the action of at least three ubiquitin enzymes: the ubiquitin-
activating enzyme E1, one of several ubiquitin-conjugating enzymes, E2, and one
of the multiple ubiquitin ligases, E3.[47]

Some viruses use ubiquitin (Ub)-proteasome pathway for cellular protein
degradation, and the best example for this is HIV-I. Vpu of HIV-I targets CD4
protein for degradation. CD4 is a class | integral membrane glycoprotein expressed
on the surface of a subset of T lymphocytes that recognize MHC-I1I associated
peptides. This process is vital for construction and maintenance of the immune
system. The HIV-Vpu interacts with the CD4 in the endoplasmic reticulum and
triggers its proteolytic degradation. At first, Vpu interacts with the cytoplasmic
domain of CD4 and connects it to BTrCP (a member of the F-box protein family
first characterized as components of ubiquitin-ligase complexes). Following this
the, N terminal of BTrCP interact with SKP1, a targeting factor for ubiquitin-
mediated proteolysis.[48] Interestingly, our data highlights 43 candidates out of 52
known proteins associated with Vpu mediated degradation of CD4 T cells. Degree
centrality analysis reveals that ubiquitin-60S ribosomal protein L40 (UBA52),
followed by ubiquitin C (UBC), and 26S proteasome regulatory subunit 8 (PSMC5)
having crucial roles in the proteasomal degradation of CD4 expressing T cells
(Figure 5.5 and Table 5.4). We found that core elements of the 26S and 20S
proteasome complex (Psmdl, Psmc2, and Psmb3) interact with SARS-CoV-2
proteins. These findings suggest that SARS-CoV-2 could also use a similar
pathway to degrade CD4 expressing cells. A recent case study on COVID19
patients having lower CD4 and CD8 T cell counts corroborates this notion. We
hypothesize that SARS-CoV-2 proteins directly bind to CD4 and direct its

degradation using ubiquitin (Ub)—proteasome pathway.

169



Figure 5.5. A predicted interaction map of the top 20 proteasomal degradations
of CD4-associated human proteins and their interacting SARS-CoV-2 protein.
Blue color represents the viral proteins, and brown color represents the human
interactor proteins. Thirteen SARS-CoV-2 proteins interact with human proteins
connected with proteasomal degradation of CD4 T cells. Degree centrality
analysis reveals that UBA52, UBC, and PSMC5 (represented in green color) are
the key player in the process of proteasomal degradation of CD4 T cells.

(Interaction map was created using Cytoscape.)
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Table 5.4. Degree centrality analysis of proteins associated with proteasomal
degradation of CD4 T cells

Serial Host Protein Ensemble Gene ID Degree Centrality
Number (Weight)
1 UBA52 ENSP00000388107 40.771
2 UBC ENSP00000441543 40.754
3 PSMC5 ENSP00000310572 40.751
4 UBB ENSP00000304697 40.748
5 PSMC2 ENSP00000391211 40.719
6 PSMB2 ENSP00000362334 40.717
7 PSMA3 ENSP00000216455 40.716
8 PSMD1 ENSP00000309474 40.703
9 PSMA5 ENSP00000271308 40.686
10 PSMAG ENSP00000261479 40.684
11 PSMAA4 ENSP00000044462 40.684
12 PSMB1 ENSP00000262193 40.68
13 PSMB4 ENSP00000290541 40.675
14 PSMCA4 ENSP00000157812 40.673
15 PSMA1l ENSP00000414359 40.662
16 PSMD12 ENSP00000348442 40.653
17 PSMB3 ENSP00000483688 40.643
18 PSMC1 ENSP00000261303 40.641
19 PSMD7 ENSP00000219313 40.64
20 PSMC6 ENSP00000401802 40.63
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5.3 Discussion

A successful viral infection depends on the virus's ability to manipulate host
biological pathways to evade the host immune system during the pathogenesis. In
the present study, we constructed a network of the protein-protein interactome of
the host and SARS-CoV-2 proteins by applying a structure-based computational
approach. This computational method's principle is based on the assumption that
proteins with similar structures would share related interaction partners.

Based on this analysis, we craft possible chronological events associated with
SARS-CoV-2 pathogenesis and brought light into the molecular partners and their
potential role in host-pathogen interactions. The GO analysis of interacting proteins
reveals that SARS-CoV-2 may use clathrin-mediated endocytosis for its entry.
Among the viral proteins, the spike protein was found to interact with a series of
host proteins. These include actin and microtubule cytoskeletal proteins (CTTN and
ITSN1), early endosome (RAB5, RAB11B, and RAB13), late endosome (RAB7A,
RAB7B, and RAB7L1), and HOPS complex (VPS11, VPS33A) proteins. These
factors are known for their association with clathrin-mediated virus entry.[49] We
also predict the role of several host factors essential for SARS-CoV?2 replication
and assembly. Hence, therapeutic modalities could be targeted to restrict these
factors (if affordable) to mitigate viral infection. Most of the positive-sense RNA
viruses replicate at virus-induced endomembranes. [50] While in the case of
coronaviruses, genome replication occurs at the DMV sites.[51,52] Various
cellular organelles reorganized and form DMV after virus infection. Here we report
that the endoplasmic reticulum, the autophagosome, and ERAD machinery are
associated with DMV formation. After the DMV formation, SARS-CoV-2 non-
structural proteins (NSP3-NSP16) interact with the host proteins and make an RTC
complex. Among these host proteins, ELAVL1, RPS6, RPS4X, PABPCI,
elF2/3/4/5, and 60S ribosomal protein contribute to RTC complex formation, which
is essential for virus replication. Similarly, these viral protein interacts with
candidates associated with ERGIC, where virus assembly takes place.[53]

Further, we elaborate significantly enriched pathways associated with SARS-
CoV-2 pathogenesis. These include SARS-CoV-2 mediated apoptosis, IFN-y
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signaling pathway, and proteasomal degradation of CD4 pathway playing an
essential role in viral pathogenesis. Various clinical reports show elevated blood
levels of IFN-y, associated with a higher degree of SARS-CoV-2 pathogenesis.[54]
The Degree centrality analysis of IFN-y signaling suggests that IRF1/9 and IRF7
are the key players of this pathway. Previously it was observed that coronavirus
induced apoptosis in host cells. However, this is not required for virus replication
and infection.[55] It might be a possible mechanism by which viruses degrade
immune cells and cause leukocytopenia.[43] In this case, the degree centrality
analysis reveals TP53 and CASP3 are the most weighted protein in SARS-CoV-2
mediated apoptosis process. Apart from core apoptosis, we uncovered one more
interesting pathway, "Vpu mediated degradation of CD4 cells.” Similar to HIV-I
Vpu causing proteasomal degradation of CD4 T cells, [48,56] we learn that core
elements of the 26S and 20S proteasome complex (Psmdl, Psmc2, and Psmb3)
interact with SARS-Cov-2 proteins. Considering these pieces of evidence, we
postulate that SARS-CoV-2 induces ubiquitination-mediated proteasomal
degradation of CD4 T cells and other immune cells in the affected host. Lower
CDA T cell counts in severe SARS-CoV-2 patients support this hypothesis. Overall,
we bring crucial mechanistic insight to SARS-CoV-2 pathogenesis in this study.

These observations could be the foundation for future clinical and in vivo studies.

5.4 Material and method

5.4.1 Data sources

The PDB files for the crystal structures of SARS-COV-2 were obtained from the
two primary sources: RCSB PDB [main protease (PDB ID:5R7Y), spike
glycoproteins (PDB ID: 6VSB, 6VXX), HR2 domain (PDB ID:6LVN), NSP15
(PDB ID:6VWW), NSP3 (PDB ID:6W02) and NSP9 (PDB ID: 6W4B)] and from
Zhang Lab (modeled these structure by using I-TASSER).[57] The PBD files were
uploaded to the DaliLite v.5 webservers for structural similarities
identification.[58] The Dali server provides the PDB codes as an output file

mapped to their corresponding Uniprot ID and gene name by DAVID Gene ID
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conversion or Uniprot ID mapping.[59,60] Reactome and g: Profiler database was
used to perform the gene enrichment analysis, whereas the network interactions

were analyzed in Cytoscape software. [61,62]

5.4.2 Determination of structural similarity between SARS-CoV-2 and human

proteins

The Dali server uses the alpha carbon distance matrix, allowing them for
differences in domain order, and produces a structural similarity score (z) to
identify the structurally similar human protein.[58] For the current study, we have
used the cutoff z score of 2.0. The human protein showing the result above the
cutoff score was selected and referred to as " SARS-CoV-2 similar™ proteins.

5.4.3 Interaction prediction

The SARS-CoV-2 proteins' interacting partners were determined by identifying
the interaction partner for " SARS-CoV-2 similar” proteins. We mined BIOGRID,
HPRD, and MINT database to find the endogenous target proteins.[63-65] These
databases are sources of literature-curated interaction partners of human proteins.
The assumption is that the human protein that interacts with "SARS-CoV-2 similar"

proteins will also interact with the SARS-CoV-2 viral proteins.

5.4.4 Cellular compartmentalization (CC) and GO enrichment analysis

The identified host protein interactors of the SARS-CoV-2 proteome were
shortlisted based on their localization and associated functions. Therefore, the
interactor host proteins must share at least one cellular compartment with the viral
protein for direct communication. The information regarding cellular
compartmentalization protein-protein interactions is available in the UniProt
database, curated by published literature. The host and viral protein sharing at least
one cellular compartment were identified, and later, these proteins were submitted
to the g: profiler for gene enrichment analysis.[61] The Reactome functional
annotation charts and human protein atlas organized as a tree structure. As the
distance from root increased, the terms were supposed to be more specific. The

Bonferroni procedure was used to obtain the corrected p-values, and these values
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were then plotted in -log10 terms for graphical representation of data. The identified
proteins were imported to Cytoscape software for further analysis.[62] STRING
and CytoNCA tool in Cytoscape was used for network generation and degree

centrality calculation.[66]

5.4.5 Validation of Predictions
The Dali server provides the PDB ID that was converted to the Uniport ID. We

observed many duplicates in the datasets during the analysis, as multiple PDB
structures are available for the same protein, hence leading to repetition in the
interaction predictions. Therefore, we removed the duplicate copies by analyzing
the prediction based on a single pair of individual Uniprot accessions and SARS
CoV-2 protein names. For better understanding, a SARS-CoV-2 protein is labeled
with the protein name, while Entrez Gene ID was assigned for the host protein. For
further validation of the output data, we also compared the predicted datasets with
published experimental results carried out for SARS-CoV-2 and other related RNA

viruses.
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Chapter 6

In silico and In vitro Studies Reveal Complement System

Drives Coagulation Cascade in SARS-CoV-2 Pathogenesis

6.1. Introduction

Coronavirus disease 2019 (COVID-19) is a respiratory disease that
primarily manifests with pneumonia-like symptoms, gastrointestinal symptoms and
occasionally associated with multiorgan failure.[1,2] The causative agent SARS-
CoV-2 is an enveloped positive-sense, single-stranded RNA betacoronavirus,
which belongs to the Coronaviridae family. Six human coronaviruses (HCoVs)
have been previously identified. However, over the past two decades, highly
pathogenic HCoVs have emerged. These include SARS-CoV in 2002 with a
mortality rate of 10%, and MERS-CoV emerged in 2012 with a case fatality rate of
36%.[3,4] Although the overall mortality rate due to the SARS-CoV-2 relatively
lower, it seemingly spread more efficiently, making it far more challenging to
contain and increases its pandemic potential. Despite continuous research activities
by the scientific community, efficacious vaccines or antivirals may be months or
even years away. In order to understand the pathophysiology of the virus and to
develop new therapeutics, it is necessary to develop a broad understanding of host-
pathogen interactions, like how SARS-CoV-2 uses the host machinery during
infection, and apply this information towards developing both new drugs and
repurposing of existing drugs.

In this study, we utilized in silico methods for predicting the interactions
between SARS-CoV-2 and the host proteins, followed by transcriptomics and
proteomics analysis of the SARS-CoV-2 infected Huh7 cell-line. The approach is
based on protein structural similarity. We predicted an interaction map for SARS-
CoV-2 cellular co-localization information by using previously published data sets
of coronaviruses and other respiratory disease-causing RNA viruses.[5-7]
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Collectively, with the knowledge of protein-protein interactions of SARS-CoV-2,
these predictions provide an additional platform for a better understanding of viral
pathogenesis and identification of potential clinical targets. Gene enrichment
analysis of these interacting host proteins advocates that cytokine storm and
neutrophil degranulation drive acute respiratory disease syndrome (ARDS) in
SARS CoV-2 patients. Most strikingly, the Complement and Coagulation cascade
are interconnected and potentially key driver of the innate immune response against
SARS-CoV-2. This prediction was further validated by the KEGG pathway in gene
set enrichment analysis of combined transcriptomics and proteomics data sets
resulted from in vitro SARS-CoV-2 infections in cell lines as reported earlier.[8]
Thus the current study helps us understand the molecular mechanism of the SARS-
CoV-2 infection and its role in pathogenesis through the combined activation of

cytokine storm, neutrophil degranulation, and the complement system.

6.2. Results

6.2.1. ldentification of SARS-CoV-2-similar human proteins (hSARS-CoV-2)
and hSARS-CoV-2 host interaction

To identify the list of human host proteins having structural similarity to
SARS-CoV-2 proteins, we employed a previously established protocol [9] by
collecting the available PDB structures of viral proteins and predicted structures
from the Zhang lab.[10] The viral protein structure was then submitted to DaliL.ite
v. five web servers for predicting structure similarity to human proteins. We refer
these identified human proteins bearing a domain of high structural similarity to the
SARS-CoV-2 protein as "SARS-CoV-2 -similar". Next, we determined the known
interactions for these SARS-CoV-2 -similar human (hSARS-CoV-2) proteins. The
structural similarity analysis identified 3,735 human proteins (hSARS-CoV-2)
similar to the 16 SARS-CoV-2 proteins. Next, we identified all possible interaction
partners for these proteins and identified the interacting partners of the 16 proteins
of SARS-CoV-2 from all interacting partners of the hNSARS-CoV-2 similar proteins
downloaded from three different databases (HPRD, BIOGRID, and MINT). A total
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of 57,359 unique interaction partners were identified for these 16 SARS-CoV-2
proteins, involving 12,872 unique human interacting proteins. To further enrich the
protein pool, we used two different kinds of filters (Cellular compartment analysis
(CC), and Literature analysis). First, we used GO cellular compartment (CC)
annotation to refine and filter the candidates using the cellular localization pattern.
This exercise reduced the number of unique interaction partners to 19,047, with
6,876 unique proteins. Later we curated the data by analyzing the RNA virus
dataset, filtered, and obtained 5,903 unique interaction partners with 2,647 unique
proteins. This information was subsequently used for the functional pathway
analysis and for determining the role of genes in associated pathways.

We compared our predictions with a previously published study by Gordon
et al. Experimental data sets published in this study showed SARS-CoV-2 and
human proteins resulted in 332 unique interactions. When we aligned our
interacting protein list with Gordon et al., we noticed around 91% overlap with our
primary interacting list and about 54% genes with our CC and literature filtered list.
(Figure 6.1)
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Primary interactors  Gordon et.al. CC filtered Gordon et.al. Literature filtered ~ Gordon et al.

Figure 6.1. Overlap with previous studies: (A) Figure represents the overlap
proteins between primary interactors list and that of list published by Gordon et
al. Note ~91 % of the list provided in Gordon et al. study overlap with the
candidates predicted in our study. (B, C) Diagram represents the overlap proteins

between CC and literature filtered protein with Gordon et al. proteins.
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6.2.2. Gene enrichment analysis of SARS-CoV-2 interactor proteins

Next, we performed gene enrichment analysis by using g: GOSt tool of g:
Profiler. g: GOSt is the core tool for performing functional enrichment analysis on
the input gene list.[11] It mapped a handler-provided list of genes to find relevant
information sources and detect statistically significant enriched biological
processes and pathways. At first, we uploaded the SARS-CoV-2 interactors protein
lists in. g: GOSt tools and manually selected GO: biological process (GO: BP),
KEGG pathways, and Reactome database in the data source option and set
threshold value at .05. Finally, we got g: GOSt multi-query Manhattan plot, which
shows significantly enriched GO: BP, KEGG terms, and Reactome enhanced data
(Table 6.1, Figure 6.2A). Subsequent Reactome dataset analysis revealed that
SARS-CoV-2 interactors proteins are enriched with the terms of biomedical
pathways. Similarly, the KEGG pathway showed most of the genes associated with
salmonella infection, MAPK signaling pathway, complement, and coagulation
cascades, endocytosis, PD-L1 expression, and PD-1 checkpoint pathway in cancer
and C-type lectin receptor signaling pathway. To check the essential proteins of
these signaling pathways and their overlapping genes, we performed the degree
centrality analysis of genes associated with highly enriched pathways by using the
CytoNCA tool of Cytoscape. The degree centrality analysis revealed that the
MAPK1, MAPK3, AKT1, and SRC proteins play a crucial role in six highly
relevant biomedical pathways. These include cytokine signaling in the immune
system, MAPK signaling pathway, PD-L1 expression, and PD-1 checkpoint
pathway in cancer, platelet activation, Innate immune system, and C-type lectin

receptor signaling pathways. (Figure 6.2B).
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ID Source Term ID S Term Name Padj (query_1)

1 KEGG KEGG:05132 Salmonella infection 3.974x10°17
2 KEGG KEGG:04010 MAPK signaling pathway 8.579x10°15
3 KEGG KEGG:04610 Complement and coagulation cascades 9.573%10-14
4 KEGG KEGG:04144 Endocytosis 4.423x10713
5 KEGG KEGG:04722 Neurotrophin signaling pathway 6.123x10-12
6 KEGG KEGG:04145 Phagosome 4.708x10 1
7 KEGG KEGG:04611 Platelet activation 2.669x10°10
8 KEGG KEGG:04068 FoxO signaling pathway 1.514x107
9 KEGG KEGG:05235 PD-L1 expression and PD-1 checkpoint pathway in... 3.956x109
10 KEGG KEGG:04625 C-type lectin receptor signaling pathway 5.300x10-2
11 KEGG KEGG:04066 HIF-1 signaling pathway 1.328x1038
12 KEGG KEGG:03050 Proteasome 1.720x10°°
13 KEGG KEGG:04012 ErbE signaling pathway
14 KEGG KEGG:04151 PI3K-Akt signaling pathway
15 KEGG KEGG:04915 Estrogen signaling pathway 2.851x10°
16 KEGG KEGG:04062 Chemokine signaling pathway
17 KEGG KEGG:04014 Ras signaling pathway ‘ X 10~
18 KEGG KEGG:04660 T cell receptor signaling pathway
19 KEGG KEGG:04668 TNF signaling pathway
20 KEGG KEGG:04662 B cell receptor signaling pathway
21 REAC REAC:R-HSA-42... Axon guidance 4.425x1042
22 REAC REAC:R-HSA-16... Innate Immune System 7.175%10
23 REAC REAC:R-HSA-12... Cytokine Signaling in Immune system 4.669x10
24 REAC REACR-HSA-37... Signaling by ROBO receptors 7.459x10°28
25 REAC REACR-HSA-67... Neutrophil degranulation 1.957x1027
26 REAC REAC:R-HSA-90... Signaling by Receptor Tyrosine Kinases 7.213x1026
27 REAC REAC:R-HSA-16... Influenza Life Cycle 1.548x% 10~
28 REAC REACR-HSA-72... Eukaryotic Translation Initiation 7.206x103
29 REAC REAC:R-HSA-56... Vesicle-mediated transport 9.396x10°17
30 REAC REAC:R-HSA-10... Apoptosis 2.639x10-16
31 REAC REACR-HSA-56... MAPK family signaling cascades 1.206x10°14
32 REAC REACR-HSA-10..  Hemostasis 4371x10°1?
33 REAC REAC:R-HSA-11... Downstream signaling events of B Cell Receptor (B... 4.880%x10-12
34 REAC REAC:R-HSA-16... Toll Like Receptor 3 (TLR3) Cascade 7.405%10-12
35 REAC REAC:R-HSA-88... Clathrin-mediated endocytosis 3.820x10-10
36 REAC REAC:R-HSA-91... Interferon Signaling 5.476x1071°
4
version e99 eg46_p14_f929183
date 5/25/2020, 11:07:11 AM
organism hsapiens

Table 6.1. List of significantly enriched KEGG terms and Reactome enhanced
data. Compilation of 2,647 unique proteins entries resulting in highly enriched
biomedical relevant KEGG term and the Reactome pathways listed above having

p-adjusted p-values.
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Figure 6.2. GOSt multi-query Manhattan plot and Degree centrality analysis of
overlapping proteins in the profoundly enriched pathways. (a) g: GOSt multi-
query Manhattan plot shows significantly enriched GO: BP, KEGG terms, and
Reactome enhanced data for SARS CoV-2 interacting proteins. (b) Network
analysis based on the input pathways, showing overlapping proteins between 6
highly enriched pathways. Of these, the subnetwork shows MAPK1, MAPK3,
AKT1, and SRC proteins are connected maximally. Abbreviations: M1: MAPK
signaling pathway, M2: C-type lectin receptor signaling pathway, M3: Platelet
activation, M4: PD-L1 expression, and PD-1 checkpoint pathway in cancer, M5:

Innate Immune System, M6: Cytokine Signaling in Immune system.
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6.2.3. MAPK is predicted to be the key player in the innate immune response

Coronavirus can evade the host innate immune response by interacting with

key components of signaling pathways. GO enrichment analysis of predicted
candidates showed 369 host genes associated with the innate immune system to
interact with SARS-CoV-2 proteins. In silico analysis revealed that viral proteins
like S, NSP13, NSP15, NSP7, NSP8, NSP 5, and NSP4 interact with mitochondrial
antiviral-signaling protein (MAVYS), an essential intermediate of RIG-I signaling-
mediated IFN-I production. This interaction of the viral proteins with MAVS can
inhibit IFN-I production. For example, by blocking CARD-CARD domain
interaction between RIG-1 and MAVS, promoting proteasomal degradation of
MAVS or interfering with the recruitment of tumor necrosis factor receptor-
associated factor (TRAF) family proteins.[12] Significantly, the same viral proteins
also can interact with TRIM-25 E3 ligase, which is essential for the ubiquitination
of RIG-1 and activation of the signaling cascade. The SARS-CoV-2 proteins also
can interact with effector targets of the RIG-I signaling like IRF3 and IRF7 and
inhibit its translocation to the nucleus and downregulate IFN-I production.[13] We
also observed that viral protein might interact with components of TLR-mediated
IFN response like TRAF6 and IRAK1.[14]
The IFN-I signaling can also activate mitogen-activated protein kinase (MAPK)
signaling that regulates several cellular processes ranging from inflammation, cell
differentiation, stress to apoptosis and metabolism. On the other hand, the MAPK
signaling pathway is activated by several viruses. Interestingly, MAPK is essential
for coronavirus replication and, also associated with the production of
inflammatory cytokines (Figure 6.3).[15,16] In this context, the degree centrality
analysis of the predicted 369 host genes revealed that the MAPK signaling pathway
could play a central role in the innate immune signaling in response to SARS-CoV-
2 infection. In the downstream, the MAPK-signaling could result in a cascade of
other potent pathways that potentially influence the outcome of viral
pathogenesis.[17]
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Figure 6.3. Type I interferon induction and signaling during SARS-CoV-2

Cytoplasm

infection and virus-mediated inhibition of IFNI and ISGs. The schematic
diagram represents key players of INF-1 pathways associated with SARS-CoV-2
infection. After entering the cells, the innate sensors such as MDAS5, RIG1, and
PAMS recognize the viral proteins and nucleic acids, which then activate IFN-I
and pro-inflammatory cytokine production. Subsequently, INF-1 enhances the
production of 1SGs and sets the stage of the potent antiviral immune response.
At the same time, the SARS CoV-2 proteins interact with the MAVS, TRAF6,
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IRAK1 and negatively regulate IFN-I signaling and dampen host immune

response.

Abbreviations: TyK2: Tyrosine kinase 2, JAK1: Janus kinase 1, MK2: MAPK-
activated protein kinase 2, MKK1/2/3/4/6/7 . Mitogen-activated protein kinase,
ERK1/2: extracellular signal-regulated kinases, JNK1/2: c-Jun N-terminal
kinases, TAB2/3: TGF-Beta Activated Kinase Binding Protein, TAK1: TGF-beta-
activated kinase, ABIN2: TNFAIP3 interacting protein 3, IRF 3/9: Interferon
regulatory factor 3/ 9, STAT1/2: Signal Transducer and Activator Of Transcription,
IKKa: IkB Kinase o, IKKf: IkB Kinase f, NEMO: NF-Kappa-B essential
modulator, RIGI: retinoic acid-inducible gene I, MDA5: melanoma differentiation-
associated protein 5, MAVS: Mitochondrial antiviral-signaling protein, TBK1:
TANK Binding Kinase 1, TRAF3: TNF Receptor Associated Factor 3, TRAF6: TNF
Receptor Associated Factor 6, TRIF: TIR domain-containing adapter molecule 1,
MYD88: Myeloid differentiation primary response protein MyD88,IRAK1/2/4:
Interleukin-1 receptor-associated kinase, PAMP: Pathogen-associated molecular
pattern, TLR: Toll-like receptors, TLP2: Thioredoxin, ISG: Interferon-
stimulated gene, AP1: Activator protein 1, ISRE: Interferon-Stimulated Response
Element, IFN-1: Type | Interferon, RIP1: Receptor Interacting Serine/Threonine

Kinase 1.
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6.2.4. TP53 and VAMPS8 respectively are the key proteins of Cytokines storm and
neutrophil degranulation process associated with acute respiratory distress
syndrome (ARDS)

The SARS-CoV-2 causes acute lung injury and acute respiratory distress
syndrome (ARDS), resulting in severe lethal conditions.[18] Our results suggest
that cytokine signaling and neutrophils degranulation pathways are the most
significant pathways associated with SARS-CoV-2 infection. We show that 299
candidates (associated with cytokine signaling) interact with SARS-CoV-2
proteins. The degree centrality analysis of these genes suggests that cellular tumor
antigen p53 (TP53), followed by tumor necrosis factor (TNF), mitogen-activated
protein kinase 3 (MAPK3), and mitogen-activated protein kinase 1 (MAPK1) have
crucial and central roles in cytokines signaling (Figure 6.4A) (Table 6.2). TNFa is
a potent pro-inflammatory factor and key regulator of immune cell functions. In
viral infections, TNFa can induce pro-inflammatory cytokine production and
activates TNF-dependent pathways. This primarily directs NF-kxB-mediated
cytokines production, i.e., IL6, 1L4.[19] Also, SARS-CoV-2 viral proteins can
stimulate the MAPK and NF-«kB pathways (Figure 6.4A), leading to the induction
of IL6 production.
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Table 6.2. Degree centrality analysis of proteins associated with Cytokines storm.

Serial Host Ensemble Gene ID Degree Centrality

Number Protein (Weight)
1 TP53 ENSP00000269305 114.272
2 TNF ENSP00000398698 113.552
3 MAPK3 ENSP00000263025 110.762
4 MAPK1 ENSP00000215832 106.453
5 AKT1 ENSP00000451828 103.622
6 HRAS ENSP00000407586 98.912
7 STAT3 ENSP00000264657 98.127
8 SRC ENSP00000362680 98.033
9 RELA ENSP00000384273 87.107
10 UBC ENSP00000441543 84.869
11 NFKB1 ENSP00000226574 84.853
12 NRAS ENSP00000358548 83.778
13 UBA52 ENSP00000388107 83.556
14 RPS27A ENSP00000272317 82.657
15 UBB ENSP00000304697 82.254
16 EGFR ENSP00000275493 82.104
17 MAPKS ENSP00000378974 79.934
18 HSP90AAl ENSP00000335153 79.78
19 EGF ENSP00000265171 79.206
20 CCND1 ENSP00000227507 78.367
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Neutrophils are present during many lung diseases associated with acute
respiratory distress syndrome (ARDS) and may be involved in severe lung injury
[20] in COVID-19 patients. Neutrophils form extracellular web-like structures of
DNA and proteins called neutrophil extracellular trap (NET). These NETs induce
mucus accumulation in patients' airways and facilitate ARDS during viral
infection.[21] Presently, we noticed that 193 proteins are associated with
neutrophils degranulation to interact with SARS-CoV-2 proteins. Degree centrality
analysis suggests that vesicle-associated membrane protein 8 (VAMPS), integrin
alpha-M (ITGAM), and erythrocyte band 7 integral membrane protein (STOM) are
the key regulators of neutrophil degranulation (Figure 6.4B) (Table 6.3). VAMP8
is a member of the soluble N-ethylmaleimide-sensitive fusion protein attachment
protein receptor (SNARE) family of fusion proteins. It confines on secretory
granules, and degranulation is inhibited in VAMP8-deficient macrophages and
mast cells.[22] VAMPS is also expressed in human neutrophils and may follow a
similar mechanism of degranulation.[23] The complement system also activates
neutrophils degranulation. The Cb5a triggers the phagocytic NADPH-oxidative
burst and enhances phagocytosis and the release of granule molecules from

neutrophils and macrophages. [24,25]
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Table 6.3. Degree centrality analysis of proteins associated with neutrophil

degranulation.

Serial Host Protein Ensemble Gene ID | Degree Centrality
Number (Weight)

1 VAMPS8 ENSP00000263864 72.583
2 ITGAM ENSP00000441691 64.175
3 STOM ENSP00000286713 62.88
4 C3AR1 ENSP00000302079 60.08
5 ITGB2 ENSP00000380948 58.371
6 DNAJC5 ENSP00000354111 57.133
7 TOM1 ENSP00000413697 56.9

8 CD59 ENSP00000379191 56.825
9 MAPK1 ENSP00000215832 56.629
10 CKAP4 ENSP00000367265 56.388
11 SNAP23 ENSP00000249647 54.835
12 CYBB ENSP00000367851 54.389
13 TMEMB30A ENSP00000230461 54.252
14 CMTMG6 ENSP00000205636 54.165
15 GAA ENSP00000305692 52.909
16 ATP6VOC ENSP00000329757 52.449
17 ADAM10 ENSP00000260408 52.051
18 PLD1 ENSP00000342793 51.552
19 UBR4 ENSP00000364403 50.564
20 CYBA ENSP00000261623 50.427
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Figure 6.4. Predicted interaction map of SARS-CoV-2 proteins and top 20 host
proteins associated with cytokines signaling pathway and Neutrophils
degranulation. Blue color represents the virus proteins, and brown color
represents the human interactor proteins. (a) Sixteen SARS-CoV-2 proteins
interact with human proteins associated with the cytokines pathway. TP53, TNF,
and MAPKS3 (illustrated in green color) are highly weighted proteins and may
regulate cytokine production. (b) Thirteen SARS-CoV-2 proteins interact with
human proteins associated with Neutrophils degranulation. Degree centrality
analysis reveals that VAMPS8, ITGAM, and STOM (represented in green color)

are the key players in the neutrophils degranulation process.
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6.2.5. The complement system-induced thrombosis in SARS CoV-2 patients

Extra-pulmonary microvascular injury associated with blood thickening
and clotting is being reported in different organs and blood vessels of SARS-CoV-
2 infected patients. These virus-induced thrombotic changes manifest in
endotheliitis, and intravascular coagulation is presumed to be the primary cause of
stroke and other complications in patients. Earlier, Margo et al. published a case
study on five seriously ill SARS CoV-2 infected patients and reported that
complement components C3, C4, the terminal complex C5b-9 [also known as the
membrane attack complex (MAC)] were deposited on the coagulation area in the
lungs alveoli.[26] The COVID-19 patients showed thrombocytopenia and possibly
elevated D-dimer level, a fibrinolysis-specific degradation product. [27],[28] The
thrombocytopenia and elevated D-dimer can be described by the extreme activation
of the coagulation cascade and platelets.[29]

In our KEGG pathway and gene enrichment analysis, we discovered two highly
enriched, prothrombotic, i.e., Complement and coagulation cascade, and platelet
activation pathways, presumably directing thrombotic activities in severe COVID-
19 patients. Our analysis shows that 52 proteins related to Complement and
coagulation cascades interact with SARS-CoV-2 proteins. Degree centrality
analysis of these genes suggests that Kininogen-1 (KNG1), followed by C3, and
Fibrinogen gamma chain (FGG), play a crucial role in activating Complement and
coagulation cascades (Figure 6.5) (Table 6.4). Our study suggests that among all
SARS-CoV-2 proteins, the spike protein showed high weighted interaction with
proteins associated with complement and coagulation cascade and potentially could
activate proteolytic processing of C3. The C3 hydrolysis leads to C3a and C3b,
subsequently further cleavage of C5 into C5a and C5b. Activation and generation
of C3a and Cb5a are well-known inducers for the production of inflammatory

cytokines that leads to tissue damage in the lungs.
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Table 6.4. Degree centrality analysis of proteins associated with complement and

coagulation cascade.

S.No. | Host Protein Ensemble Gene ID Degree Centrality
(Weight)
1 KNG1 ENSP00000265023 30.174
2 C3 ENSP00000245907 29.864
3 FGG ENSP00000336829 29.062
4 FGA ENSP00000306361 28.534
5 PLG ENSP00000308938 28.522
6 SERPINC1 ENSP00000356671 28.022
7 F2 ENSP00000308541 27.394
8 FGB ENSP00000306099 25.675
9 PROC ENSP00000234071 23.989
10 F5 ENSP00000356771 23.368
11 C4A ENSP00000396688 22.361
12 F3 ENSP00000334145 22.34
13 SERPINE1 ENSP00000223095 21.536
14 F8 ENSP00000353393 21.432
15 F10 ENSP00000364709 20.901
16 SERPINA1 ENSP00000416066 20.644
17 THBD ENSP00000366307 20.425
18 CD59 ENSP00000379191 18.566
19 ITGAM ENSP00000441691 18.562
20 VTN ENSP00000226218 17.758
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Figure 6.5. Predicted interaction map of SARS-CoV-2 proteins and the top 20
host proteins associated with complement and coagulation cascade. Blue color
represents the virus proteins, and brown color represents the human interactor
proteins. Four SARS-CoV-2 proteins interact with human proteins associated
with complementing and coagulation cascade. Most of the proteins interact with
spike protein. Degree centrality analysis reveals that KNG1, C3, and FGG
(represented in green color) are the key player in the complement and

coagulation cascade.

200



The alteration of cellular membranes is essential in platelet activation,
which is required for the primary clot formation. Association of the complement
C5b-9 complex into the cell membrane activates platelets and results in the
appearance of procoagulant lipids.[30] Modification of the phospholipid is also
required for the tissue factor (TF)-based coagulation pathway. TF starts the
extrinsic pathway of coagulation and is highly expressed in various tissues,
including the brain, lung, kidney, and placenta.[31]. Our analysis shows that the
activated complement substrate, specifically C5, can cause an increase in the
expression of functionally active TF in leukocytes and endothelial cells (Figure
6.6).[32] Although neutrophils carry TF on their membranes, it is unclear whether
they can produce TF alone. It is tempting for us to speculate that the enhanced
coagulation process observed in SARS-CoV-2 infection is due to higher neutrophils

degranulation.
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Figure 6.6. Schematic representation of the mechanism of complement system-
mediated thrombosis. SARS-CoV-2- Spike (S) protein interacts with C3 and
activates proteolytic processing of C3, C3 hydrolyzes in C3a and C3b, further C3b
cleaves C5 into C5a and C5b. C3a and C5a induce inflammatory cytokines
production. Further, C3a, C5a, and C5h9 activate the coagulation pathway. Cba

also activates IL6 and TNF alpha production, which also magnifies the

coagulation pathway.
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6.2.6. Genes associated with complement and coagulation pathways are
upregulated in the SARS-CoV-2 infected Huh7 cells

Our in silico analysis showed strong evidence of complement and
coagulation cascade in SARS-CoV-2 infection. We then validated our findings in
vitro experiments by re-analyzing the proteomics and transcriptomics data from the
study by Appelberg et al., where Huh7 cells were infected with SARS-CoV-2 for
72 h. Proteomics and transcriptomics data sets were analyzed against 85 genes
associated with the ‘Complement and coagulation pathways’ obtained from the
KEGG database. In globality, there was a constant increase in transcript expression
(Figure 6.7A) and protein abundance (Figure 6.7B) of coagulation associated genes
from the uninfected stage to 72 hours post-infection. Fold change of hits was
relatively low because proteins or transcript abundance was not increasing
constantly. In the main study by Appelberg et al., the authors showed that the most
significant increase in transcriptomics was between 48 and 72 h, while for
proteomics, it was between 24 and 48 h. The network of experimentally observed
genes associated with complement and coagulation cascade shows a highly
interconnected network (Figure 6.7 C, D). The network was annotated with
transcriptomics (Figure 6.7C) and proteomics data (Figure 6.7D). Among 85 genes
associated with complement and coagulation, 59 transcripts were detected, of
which 44 showed significant changes in the transcriptomics data set. While in the
proteomics data set, 36 proteins were detected, and 28 showed significant changes.
There was a considerable overlap of 24 genes/proteins. Thus, by analyzing both (in
silico and in vitro) data sets, we suggest that most proteins and transcripts are
upregulated during the course of infection and strongly activate the complement
and coagulation pathways. These findings can be extrapolated to existing
pathophysiological observations of thrombotic events in COVID-19 disease, which
could be directly influenced by activation of complement and coagulation

pathways.
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Figure 6.7. In vitro validation of the complement and coagulation cascade in
Huh7cells. a) Heatmap of 59 genes associated with KEGG pathway
“Complement and coagulation cascades” that were detected in the
transcriptomics over the indicated time of infection. (b) Heatmap of 36 proteins
associated with KEGG pathway “Complement and coagulation cascades” that
were detected in the proteomics data over the indicated time of infection. Data
were quantile normalized and Z-score transformed. Lower values are represented
in yellow and higher values in red. (c) Cytoscape network of KEGG pathway

“Complement and coagulation cascades” labeled with transcriptomics results. 59
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transcripts were detected, and 44 have a differential expression over time (d)
Cytoscape network of KEGG pathway “Complement and coagulation cascades”

labeled with proteomics results.

36 proteins were detected, and 28 have differential abundance over time.
Genes or proteins are represented as circles. Gradient color was applied to
proteins depending on temporal fold change calculated by LIMMA (low =
green to high = red). Nonsignificant proteins or transcripts are represented
with transparency. Non-detected proteins are represented grey. The size of the

significant protein is proportional to the fold change.
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6.3. Discussion

In the study, we established a network of protein-protein interactions
between the host and SARS-CoV-2 proteins by using a protein structure-based
computational approach. The GO analysis of these proteins identified their
involvement majorly in the innate immune system, cytokine signaling, MAPK
signaling pathway, neutrophils degranulation, complement, and coagulation
cascades. On further analysis, we discovered that all these pathways overlap
considerably with a key set of highly connected genes. The degree centrality
analysis revealed that MAPK1, MAPK3, AKT1, and SRC genes are crucial for
these pathways and overlapped maximally. This information suggests the existence
of a nexus of robust inflammatory events upon SARS-CoV-2 infection. As MAPKs
are heterogeneous kinases capable of phosphorylation of serine and threonine
residues present in many proteins, the emergence of MAPK-associated pathways is
seen as the likely reason for a profound pro-inflammatory cytokines production:
stimulation and induction of strong innate response in the host. We also discovered
that to counter IFN-I, a few SARS-CoV-2 proteins may interact with IFN-I
signaling pathways associated proteins like MAVS, IRF3, TRIM21, TRAF6, and
IRK1 and could inhibit their functions.[14,33] By combining these observations,
we suggest that the MAPK signaling pathway is central to the innate immune
response to SARS-CoV-2 infection and associated pathophysiology. We have also
found some other enriched pathways, which may be crucial for SARS-CoV-2
mediated pathogenesis, such as PD-L1 expression and PD-1 checkpoint pathway in
cancer and C-type lectin receptor signaling pathways. A recent clinical study shows
that PD-L1 expression is associated with COVID-19 patient's severity. It is highly
activated in COVID-19 severe patients.[34]as it was earlier reported that PD-1
and PD-L1 are vital mediators in T cell depletion in sepsis and cancer
patients.[35,36] Our observations are in line with the clinically approved drug
Camrelizumab (human anti-programmed cell death 1 (PD-1) monoclonal antibody)
with thymosin is already in use against SARS-Cov-2.[37] Similarly, C-type lectin
receptor signaling pathways are also enriched in our study and might be associated
with induction of the pro-inflammatory response after virus infection.[38]
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Clinical studies and case reports suggest the COVID-19 disease severity is
related to the degree of ARDS, lung injury, hypoxia, thrombosis, ischemia, and
reperfusion injury. These pathological manifestations are also observed along with
the increased cytokine storm, neutrophils degranulation, and activation of
components of the complement and coagulation pathway.[39,40] We show highly
enriched pathways exactly supporting these clinical observations and further
unravel the plausible mechanism behind these phenomena. The degree centrality
analysis shows cytokine-associated pathways are regulated by key players such as
TP53, TNF, MAPK3, and MAPKZ1 proteins. Similarly, degree centrality analysis
of neutrophils degranulation genes highlighted VAMPS8, ITGM, and STOM to be
the highly weighted proteins in this pathway. Thus, we propose that these
molecules could be the target to mitigate viral infection.

Most strikingly, our observations were narrowed down to the Complement
and Coagulation cascade's activation and showed their interconnectivity in SARS-
CoV-2 pathogenesis. These findings could be a step in solving the thrombotic
events observed in severe COVID19 patients.[41] our In vitro experimental results
identified a vast majority of known players associated with complement and
coagulation during viral infection. On the other hand, the complement system also
inhibits an anticoagulation process. The C4b-binding protein (C4BP) is an essential
cofactor for the enzymatic degradation of C4b. It can make a complex with protein
S (PS), a vitamin-K-dependent anticoagulant glycoprotein. The PS is the cofactor
of activated protein C (APC), which degrades coagulation factors Va and Vllla.
Formation of the PS—-C4BP complex results in a loss of PS cofactor activity, thereby
reducing its anticoagulant effects.[42] After proteolytic cleavage of complement
cascade results in the formation of C3a and Cb5a, which regulates cytokines
response and enhance the production of TNF and IL6.[43] Cytokines like TNF and
IL6 also are strongly associated with the coagulation process. TNF is a potent
enhancer of TF expression on monocytes, and IL-6 enhances the production and
thrombogenicity of platelets, [44]. Therefore, they can also decrease the
anticoagulant factors like; thrombomodulin, the endothelial cell protein C receptor,

and PS.[44] Activation of the complement system, coagulation cascade, and
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neutrophiles degranulation are interconnected and could result in the pleiotropic
effect in response to the SARS-CoV-2 infection. This could exacerbate
pathogenesis of lung parenchymal cells, diminished oxygen uptake, and cause rapid
thrombotic events and intravascular coagulation, which could result in multiorgan
failure, including central nervous system complications and death. [45]

Among the viral proteins, spike protein interacts with complement
components such as with C3, C4A, C5, and ORF 3a product interact with mannose-
binding lectin2 (MBL2). This observation is in line with earlier studies conducted
on SARS-CoV-1, which revealed direct interaction with MBL2 and activation of
the complement system.[46,47] The C3 is a critical regulatory protein of the
complement system. This notion is supported by a recent study on SARS-CoV-2,
which revealed that activation of complement component C3 exacerbates disease
pathology in SARS-CoV-associated ARDS. Mice deficient with C3 (C37)
exhibited significantly lesser respiratory dysfunction despite having equivalent
viral loads in the lungs. This was associated with considerably fewer neutrophils
and inflammatory monocytes present in the lungs of C3”- compared to the control
mice. Subsequent investigations exhibited reduced lung pathology and lower
cytokine and chemokine levels in the tissue and the sera of C37 mice.[48] Thus,
the Complement system chemoattractant property may cause neutrophilia in
damaged tissue. Based on previous studies and our experimental results, we
propose the complement system, along with neutrophils, significantly modulate the
thrombogenesis pathway during SARS-CoV-2 infection.

Since the complement system plays a crucial role during the entire course
of pathological events during COVID-19 disease progression, a recent study shows
that the anti-complement C3 inhibitor AMY-101 successfully treats COVID-19
patients. [49] This supports our findings that the complement system is a key
pathway of the innate immune system associated with SARS-CoV-2 mediated
pathogenesis.[50] We propose active research on antiviral drug discovery front
targeting the key molecules on the complement and coagulation cascade pathway.
as our study is limited to in silico and in vitro experiments and warrants for detailed

clinical studies of the samples obtained from critically ill COVID-19 patients.
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Future studies with animal models with genetically modified hosts could also help

unravel the exact mechanism of this phenomenon and warrants future studies.

6.4. Materials and Methods

6.4.1 Data sources

The crystal and cryo-EM structures of SARS-CoV-2 [main protease (PDB
ID:5R7Y), Spike glycoproteins (PDB ID: 6VSB, 6VXX), HR2 Domain (PDB
ID:6LVN), NSP15 (PDB ID:6VWW), NSP3 (PDB I1D:6W02) and NSP9 (PDB ID:
6W4B)] were obtained from RCSB Protein Data Bank (PDB). The rest of SARS-
CoV-2 protein structures (NSP1, NSP2, NSP4, NSP6, NSP7, NSP8, NSP10,
NSP12, NSP13, NSP14, NSP16, ORF3a, E, M, ORF6, ORF7a, ORF8, N, ORF10)
were curated from Zhang Lab, which modeled these structures by using I-
TASSER.[10] Each of the structures for SARS-CoV-2 proteins was compared with
proteins of known structure for structural similarities using the DaliLite v.5
webservers.[51] The PDB codes obtained from Dali were mapped to their
corresponding Uniprot ID and gene Name by DAVID Gene ID Conversion or
Uniprot ID mapping.[52,53] Gene Ontology (GO) analysis of these proteins was
performed using the g: Profiler tool and Reactome database. Their interaction
networks and degree centrality calculation were annotated using the STRING and
CytoNCA tools in Cytoscape. [11,54-56]

6.4.2. Determination of structural similarities between SARS-CoV-2 and human
proteins

We determined the structural similarities among SARS-CoV-2 and human proteins
from DaliLite v. 5 webservers.[51] The Dali server compares 3D structural
coordinates of two PDB entries by aligning alpha carbon distance matrices,
allowing them for differences in domain order, and producing a structural similarity
score. In the present study, we submitted each SARS-CoV-2 protein (PDB and
Zhang Lab) into the Dali web server that searched against the entire PDB dataset
for structurally similar proteins, with a z-score above 2.0. As a result, we retrieved

all the proteins having structures similar to SARS-CoV-2 proteins available in the
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PDB database. From these results, we then collected only those structures that were
from the human host. These human SARS-CoV-2 similar proteins are hence

referred to as "nSARS-CoV-2 similar" proteins.

6.4.3. Interaction prediction

To predict the human endogenous proteins interacting with the SARS-CoV-2
proteins, we investigated the target proteins that interact with the hSARS-CoV-2
similar proteins during cellular processes. We found known interactions between
hSARS-CoV-2 similar proteins and target human endogenous proteins using data
from the BIOGRID, HPRD, and MINT database.[57-59] These datasets are
sourced from literature-curated interactions among human proteins. It is presumed
that these cellular proteins, which are known to interact with human protein (similar
to SARS-CoV-2 structures), might interact with SARS-CoV-2 proteins due to their

structural similarity.

6.4.4. Cellular compartmentalization (CC) and Gene enrichment analysis

The assumed host protein interactors of the SARS-CoV-2 proteome were
shortlisted based on their functionality and cellular localization. The interactor host
proteins were primarily annotated based on protein localization, as theoretically,
the two proteins must share at least one cellular compartment for direct
communication among them. In our study, cellular compartments were chosen
based on published literature and as available in the UniProt database, suggesting
the localization of viral proteins in the host cell. Classified proteins from CC study
were then submitted to the g: Profiler and Reactome database to retrieve the list of
terms enriched with these proteins and the biological pathways, including
them.[11,54]

6.4.5. Validation of Predictions

As there may be multiple PDB structures representing the same protein in Dali,
there is some repetition in the interaction predictions. In some cases, SARS-CoV-
2 proteins were found to have numerous PDB structures pointing to the same

interaction predictions. Hence, the predictions counted as single based on a pair of
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human Uniprot accessions and SARS-CoV-2 protein names. The predicted
interactions supported by the data obtained from experimental studies carried out
for SARS-CoV-2 and datasets from related RNA viruses obtained from our
VHFIDB database (www.vhfidb.com) is very comprehensive and manually curated

database, which contains 9921 host factors information for 72 viral species.

6.4.6. Complement and coagulation cascades pathway in SARS-CoV-2 infection

model

We re-analyzed the proteo-transcriptomics data of SARS-CoV-2 infected (1 MOI)
Huh7 cells to identify the temporal changes resulted from infection over time.[8]
Briefly, Huh7 cells infected with SARS-CoV-2 were collected at 24, 48, and 72 h
in triplicates. Transcript and protein abundance was quantified using RNA-seq and
LC-MS/MS methods. To identify the relative genes changes, temporal differential
abundance analysis was performed using a univariate time series model from the R
package LIMMA. In the LIMMA design matrix, separated coefficients were
associated with time and replicated in order to extract the difference as a contrast.
Moderated paired t-test using LIMMA with adjustment for replicates was used.
Benjamini-Hochberg (BH) adjustment was applied, and only proteins and
transcripts with adjusted p values < 0.05 were selected. Eighty-five genes
associated with the KEGG pathway "Complement and coagulation cascades -
Homo  sapiens”  were retrieved from the KEGG  database

(https://www.genome.jp/kegg-bin). Proteins and transcripts related to complement

and coagulation networks were created separately with Cytoscape ver 3.6.1. For
each node, fold change and g-value from LIMMA were added to the network
template file. Edges between nodes were taken from the string database

(https://string-db.org/) with high evidence (interaction score > 700), and

interactions retrieve from experiments and databases only. Nodes refer to
connected objects in the network and edges to the connections between nodes.

Heatmap was created using R package heatmap 2.
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Chapter 7

Conclusion and Future prospective

7.1 Conclusion of the thesis

The discipline of virology is the most senior subject of infectious biology. And for
a long time, the research was focused on the pathogen itself. Viruses cause significant acute
and chronic infectious diseases. They are major patron to the global burden of disease—
however, very few vaccines and antiviral drugs are available for these emerging viruses.
While many successful antiviral drugs targeting viral proteins are often used, their
administration is limited to specific virus species or strains. Some RNA viruses
have low fidelity polymerase enzymes such as influenza virus, human
immunodeficiency virus 1 (HIV-1), enteroviruses (e.g., EV71), etc. and are prone

to rapid mutations, leading to drug-resistant strains.

Additionally, viruses encode very few proteins, thus limiting the number of

available targets for drug discovery.

It is established that the host response is uniformly or more important in
establishing the pathological outcome of virus infection. Based on the recent
outbreak of highly infectious and deadly viruses like SARS-CoV-2, Influenza
viruses, etc., we saw vaccine failures against continuously mutating viruses, and
insufficient availability of antiviral therapeutics. To overcome contagious virus
pathogenesis, it requires that the virology and viral immunology community should
focus on host-pathogen interaction and identify new antiviral targets. In this thesis
work, first we created a database called VHFIDB (https://vhfidb.com). VHFIDB
contains information about host factors associated with 72 viral species. Moreover,
it hitched with 18 other databases. We have also incorporated some relevant
information on contagious animal viruses like porcine reproductive and respiratory
syndrome virus (PRRSV), equine arteritis virus, etc. Most importantly, the
VHFIDB is also associated with three powerful analytical tools, namely, VHF

pathogen network, VHF overlap analysis and, gene enrichment analysis, which
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increases the usability of VHFIDB. We believe this database is a valuable resource
tool for investigators in virology, biomedical sciences, and those involved in
discovering and developing antiviral therapeutics. Further we have studied 2 highly
pathogenic human viruses, CHPV and SARS-COV-2.

CHPV is an emerging tropical virus with a high mortality rate in children
below the age of 15 years. We have generated and characterized the VSV-based
CHPV fluorescence pseudovirus and also described the CHPV entry mechanism.
We have found that CHPV enters into the cells by using clathrin and lipid raft. We
have also observed that low pH is required for virus uncoating and genome release
in the cytoplasm. More interestingly, during our investigation, the antiviral role of
BST-2 against CHPV. We have found that BST-2 enhances CHPV virus entry, in
silico docking of the cytoplasmic domain of BST-2, and glycoprotein of CHPV
reveals that the YXY region of BST-2 directly binds with the virus and increases
virus entry. Further we have discussed SARS-CoV-2 infection, access, replication,

and pathogenesis.

SARS-CoV-2 is a newly emerged virus. It was observed first in late
December 2019 in Wuhan, China which causes unusual viral pneumonia. The virus
is highly transmissible and has spread fast worldwide. Till today, there have been
111,762,965 COVID-19 cases reported, including 2,479,678 deaths. We have
performed a detailed in silico and in-vitro study to understand host-pathogen
interaction against SARS-CoV-2. Our study was based on structural similarity. We
have found 3,735 human proteins (hSARS-CoV-2) similar to the SARS-CoV-2
proteins during our primary investigation by using Dali V5 webserver. We
identified all possible interaction partners for these proteins and identified the
interacting partners of SARS-CoV-2 from all interacting partners of the hSARS-
CoV-2 similar proteins downloaded from three different databases (HPRD,
BIOGRID, and MINT). Total of 12,872 unique human interacting proteins, have
been identified. Further, we have filtered the list by Cellular compartment analysis
(CC) and Literature analysis. Then we have performed the gene enrichment

analysis of these viral interacting host proteins.
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The GO analysis of interacting proteins reveals that SARS-CoV-2 may use
clathrin-mediated endocytosis for its entry. Among the viral proteins, the spike
protein was found to interact with a series of host proteins. These include actin and
microtubule cytoskeletal proteins, early endosome, late endosome, and HOPS
complex proteins. We also predict the role of several host factors essential for
SARS-CoV-2 replication and assembly. In our study, we have found that viral
genome replication occurs at the DMV sites. Various cellular organelles
reorganized and form DMV after virus infection. Here we have reported that the
endoplasmic reticulum, the autophagosome, and ERAD machinery are associated
with DMV formation. After the DMV formation, SARS-CoV-2 non-structural
proteins (NSP3-NSP16) interact with the host proteins and make an RTC complex
essential for virus replication. Similarly, these viral protein interacts with

candidates associated with ERGIC, where virus assembly takes place.

Further, we elaborated significantly enriched pathways associated with
SARS-CoV-2 pathogenesis. These include SARS-CoV-2 mediated apoptosis, IFN-
y signaling pathway, and proteasomal degradation of CD4 pathway, MAPK
signaling pathway, complement, and coagulation cascades, cytokines storm,
neutrophils degranulation, endocytosis, PD-L1 expression, and PD-1 checkpoint
pathway in cancer and C-type lectin receptor signaling pathway. Further, we have
performed the degree centrality analysis to know critical proteins in these pathways.
Our most exciting finding was that the complement system regulates the
coagulation process in SARS-CoV-2 patients. Our in vitro data also support our
conclusions; moreover, we came with all possible SARS-CoV-2 pathogenesis

modes and predicted the essential proteins associated with that.
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7.2 Future prospective

Several outbreaks of old viruses occur each year. At the same time, new
viruses also emerge, which increases the burden on governments and scientists to
generate vaccines and other viral protein targeting drugs. Creating a vaccine and
cure, from lab to production, will take huge time. At that time, our study opens a
new path in virus pathogenesis. We have created a database with vast information
on the virus and its associated host factors. The research related to virus
pathogenesis and drug discovery can choose a host proviral protein essential for

many viruses and develop or repurposing drugs against them.

At the same time, we have also come with novel findings related to CHPV
and SARS-CoV-2 viruses. We have generated a VSV backbone-based TFP
expressing CHPV pseudovirus. A similar platform was used to develop a vaccine
against Ebola, Influenza, and many more other viruses. So we can also use this for
further investigation as a vaccine candidate against CHPV. CHPV shows an
outbreak in India almost every year and causes encephalitis in infants with a higher
mortality rate because our pseudovirus is fluorescent, so it can be easy to use for

drug testing.

Moreover that we also come with a novel entry mechanism for CHPV. This
information can be helpful for researchers associated with CHPV pathogenesis.
Similarly, we have also identified many cellular pathways and associated proteins
with respect to SARS-CoV-2 pathogenesis, which might help SARS-CoV-2
pathogenesis research. We have given a mechanism of how a complement system
regulates the coagulation process during SARS-CoV-2 infection. It was a mystery
that SARS-CoV-2 patients show coagulation and heart attack even after a long time
of infection. Recently it was also reported that sometimes the vaccine also causes
thrombosis. We believe our finding helps the researchers and drug-making
companies to target virus pathogenesis by using host factors information for

respective viruses.
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APPENDIX-A

Vector Maps
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APPENDIX-B

Primers used for PCR and RT-qPCR

Primer Sequence 5'to 3'

RDT1 ATATATGAATTCaccgccATGGACTACAAAGACGATGACGACAAGGGTAC
CATGGCGCCCTCTTTCTATCAC
RDT2 ATATATCTCGAGTCAAAAGAGCAGGAACAGTGA
RDT3 ATATATGGTACCATGGATGAGATGGGGGGGAAG
RDT4 ATATATGGTACCATGGGGGGGAAGCAAGGATGG
RDT5 ATATATCTCGAGTCAGTTCACCTGCACTGTGCTAGA
RDT6 ATATATGGTACCATGGCATCTACTTCGTATGA
RDT7 ATATATGGTACCATGGAAGACGGGGATAAGCGC
RDTS ATATATGGTACCATGGCATCTACTTCGTATGACTATTGCAGAGTGCCCAT
CGAAG

RDT9 ATATATCTCGAGTCAGGAGTCCTGGGAGCTGGGGT

RDT10 ACACTGTGATGGCCCTAATG

RDT11 CGTCCTGAAGCTTATGGTTTAATG

RDT12 CAGAAGGGCTTTCAGGATGT

RDT13 TTTGTCCTTGGGCCTTCTC

RDT14 ATATATGGTACCATGGCACCTATTTTGTATGA

RDT15 ATATATCTCGAGTCACAGCAGCAGAGCGCTCAAG

RDT16 TGTCGCAATGTCACCTATCTC

RDT17 GCATCCAGGGAAGCCATTA

RDT18 CTCCTGGTCATAGTGCTTCTG

RDT19 TAGGTGACATTGCGACACTC

RDT20 GCCCGGTGTTGAAAGAAATG

RDT21 GTTTGGGCCTATCTCCATATCC

RDT22 ACAGCAGGAGGGTACAAATTC

RDT23 GGTAGCTGTGGATGGTCTAAAG

235




RDT24 GTGACGTGGACATCCGTAAA

RDT25 CAGGGCAGTAATCTCCTTCTG

RDT26 GCTCTCTTCCAACCTTCCTTC

RDT27 CGTACAGGTCTTTACGGATGTC

RDT28 ATATATGAATTCaccgccATGCACCACCACCACCACCACGGTACCATGGCG

CCCTCTTTCTATCAC
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APPENDIX-C

LC-MS data of CHPV pseudovirus interacting proteins

sv=1

Accessio . Sum PEP
Description

n Score

P58876 Histone H2B type 1-D OS=Homo sapiens GN=HIST1H2BD PE=1 95729
Sv=2

P60709 Actin, cytoplasmic 1 OS=Homo sapiens GN=ACTB PE=1 SV=1 94.784

P62805 Histone H4 OS=Homo sapiens GN=HIST1H4A PE=1 SV=2 92.576

P63261 Actin, cytoplasmic 2 0OS=Homo sapiens GN=ACTG1 PE=1 SV=1 86.575

P57053 Histone H2B type F-S OS=Homo sapiens GN=H2BFS PE=1 SV=2 85.808

Q71DI3 Histone H3.2 OS=Homo sapiens GN=HIST2H3A PE=1 SV=3 84.294

P68431 Histone H3.1 OS=Homo sapiens GN=HIST1H3A PE=1 SV=2 74.204

P84243 Histone H3.3 OS=Homo sapiens GN=H3F3A PE=1 SV=2 59.571

Heat shock protein HSP 90-beta OS=Homo sapiens
P08238 48.041
GN=HSP90AB1 PE=1 SV=4
P11142 Heat shock cognate 71 kDa protein OS=Homo sapiens 43248
GN=HSPAS8 PE=1 SV=1
Acti i h I =H i N=ACTA2
P62736 ctin, aortic smooth muscle OS=Homo sapiens G C 43.163
PE=1SV=1

P06748 Nucleophosmin OS=Homo sapiens GN=NPM1 PE=1 SV=2 42.311

P62917 60S ribosomal protein L8 OS=Homo sapiens GN=RPL8 PE=1 41.449
Sv=2

40S ribosomal protein S19 OS=Homo sapiens GN=RPS19 PE=1

P39019 41.371

Sv=2
| Idehyde-3-phosph h =H
P04406 Glyceralde yde.3 phosphate dehydrogenase OS=Homo 39.245
sapiens GN=GAPDH PE=1 SV=3

P10412 Histone H1.4 OS=Homo sapiens GN=HIST1H1E PE=1 SV=2 37.143

P07437 Tubulin beta chain OS=Homo sapiens GN=TUBB PE=1 SV=2 36.124

P07900 Heat shock protein HSP 90-alpha OS=Homo sapiens 35.544

GN=HSP90AA1 PE=1 SV=5 '
4 i I in S7 OS=H i N=RPS7 PE=1
P62081 0S ribosomal protein S7 OS=Homo sapiens G S 35.364
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60S ribosomal protein L24 OS=Homo sapiens GN=RPL24 PE=1

P83731 35.339
sv=1
P68363 Tubulin alpha-1B chain OS=Homo sapiens GN=TUBA1B PE=1 34.587
Sv=1
Hist H2A t 1-B/E OS=H i GN=HIST1H2AB
P04908 istone ype 1-B/E OS=Homo sapiens S 33
PE=1SV=2
i | inLl =H i N=RPL13 PE=1
P26373 60S ribosomal protein L13 OS=Homo sapiens GN=RPL13 37368
Sv=4
T li -4B i =H i N=TUBB4B PE=1
P68371 ubulin beta-4B chain OS=Homo sapiens G U 31.666
Sv=1
P16403 Histone H1.2 OS=Homo sapiens GN=HIST1H1C PE=1 SV=2 31.514
Histone H2A type 3 OS=Homo sapiens GN=HIST3H2A PE=1
Q7L7L0 31.455
SV=3
Hist H2A t 10S=H i GN=HIST1H2AG PE=1
POCOSS istone ype 1 OS=Homo sapiens S 30.441
Sv=2
i Il 10S=H i N=KRT1
P04264 Keratin, type Il cytoskeletal 1 OS=Homo sapiens GN=KR 99,746
PE=1SV=6
p25308 40S ribosomal protein S12 OS=Homo sapiens GN=RPS12 PE=1 29,638
Sv=3
P23528 Cofilin-1 0S=Homo sapiens GN=CFL1 PE=1 SV=3 29.077
4 i | in S1 =H i N=RPS16 PE=1
P62249 0S ribosomal protein S16 OS=Homo sapiens G S16 58.455
SV=2
i inS1 = i = 17 PE=1
P08708 40S ribosomal protein S17 OS=Homo sapiens GN=RPS17 P 27 982
Sv=2
Q00839 Heterogeneou§ nuclear ribonucleoprotein U OS=Homo 27377
sapiens GN=HNRNPU PE=1 SV=6
P62269 40S ribosomal protein S18 OS=Homo sapiens GN=RPS18 PE=1 26.916
SV=3
40S ribosomal protein S11 OS=Homo sapiens GN=RPS11 PE=1
P62280 26.369
SV=3
i I inL11 OS=H i N=RPL11 PE=1
P62913 60S ribosomal protein OS=Homo sapiens G 95,792
SV=2
i | in L4 OS=H i N=RPL4 PE=1
P36578 60S ribosomal protein L4 OS=Homo sapiens G 24,962
Sv=5
Pc2272 Heterogeneous nuclear ribonucleoprotein M OS=Homo 23.607

sapiens GN=HNRNPM PE=1 SV=3
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40S ribosomal protein S25 OS=Homo sapiens GN=RPS25 PE=1

P62851 23.26
sv=1
PE0SGE 40S ribosomal protein S20 OS=Homo sapiens GN=RPS20 PE=1 22.99
sv=1
P14618 Pyruvate kinase PKM OS=Homo sapiens GN=PKM PE=1 SV=4 22.241
P16104 Histone H2AX OS=Homo sapiens GN=H2AFX PE=1 SV=2 21.792
QONZI8 Insulin-like growth'factor 2 mRNA-binding protein 1 OS=Homo 19.081
sapiens GN=IGF2BP1 PE=1 SV=2
40S ribosomal protein S14 OS=Homo sapiens GN=RPS14 PE=1
P62263 19.001
Sv=3
4 i | tein S2 =H i GN=RPS26 PE=1
P62854 0S ribosomal protein $26 OS=Homo sapiens S26 18.538
Sv=3
i | in $13 0S= i N=RPS13 PE=1
P62277 40S ribosomal protein S13 OS=Homo sapiens GN=RPS13 18.537
Sv=2
P16401 Histone H1.5 OS=Homo sapiens GN=HIST1H1B PE=1 SV=3 17.734
PO5386 60S acidic ribosomal protein P1 OS=Homo sapiens GN=RPLP1 1791
PE=1Sv=1
40S ribosomal protein S8 OS=Homo sapiens GN=RPS8 PE=1
P62241 17.095
Sv=2
4 i | i =H i N=RPS3A PE=1
P61247 0S ribosomal protein S3a OS=Homo sapiens G S3 16.737
Sv=2
i i = i = E=1
P62753 40S ribosomal protein S6 OS=Homo sapiens GN=RPS6 P 16.489
Sv=1
P19338 Nucleolin OS=Homo sapiens GN=NCL PE=1 SV=3 15.398
P68104 Elongation factor 1-alpha 1 OS=Homo sapiens GN=EEF1A1 152
PE=1SV=1 '
P02768 Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 15.188
i in L12 0S= i =RPL12 PE=1
P30050 60S ribosomal protein 0OS=Homo sapiens GN=RP P 15115
Sv=1
Q02878 60S ribosomal protein L6 OS=Homo sapiens GN=RPL6 PE=1 14.759
Sv=3
Transitional endoplasmic reticulum ATPase OS=Homo sapiens
P55072 14.729
GN=VCP PE=1 SV=4
40S ribosomal protein S4, X isoform OS=Homo sapiens
P62701 13.986

GN=RPS4X PE=1 SV=2
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60S ribosomal protein L7a OS=Homo sapiens GN=RPL7A PE=1

P62424 13.738
Sv=2
P62826 GTP-binding nuclear protein Ran OS=Homo sapiens GN=RAN 13.577
PE=1SV=3
P62829 60S ribosomal protein L23 OS=Homo sapiens GN=RPL23 PE=1 13.493
Sv=1
i i =H i N=RPS5 PE=1
PaG782 40S ribosomal protein S5 OS=Homo sapiens GN=RPS5 13.312
Sv=4
Q86v81 THO complex subunit 4 OS=Homo sapiens GN=ALYREF PE=1 13.261
Sv=3
P18621 60S ribosomal protein L17 OS=Homo sapiens GN=RPL17 PE=1 13.207
Sv=3
000571 ATP-dependent RNA helicase DDX3X OS=Homo sapiens 12.883
GN=DDX3X PE=1 SV=3 '
4 i | tein S2 =H i GN=RPS28 PE=1
P62857 0S ribosomal protein $28 OS=Homo sapiens S28 12.578
Sv=1
Il | i i D2 0OS=H i
P62316 Small nuclear ribonucleoprotein Sm OS=Homo sapiens 12.469
GN=SNRPD2 PE=1 SV=1
Il | i i D =H i
P62318 Small nuclear ribonucleoprotein Sm D3 OS=Homo sapiens 12.176
GN=SNRPD3 PE=1 SV=1
P69905 Hemoglobin subunit alpha OS=Homo sapiens GN=HBA1 PE=1 12.118
SV=2
60S ribosomal protein L9 OS=Homo sapiens GN=RPL9 PE=1
P32969 12.102
Sv=1
P08670 Vimentin OS=Homo sapiens GN=VIM PE=1 SV=4 12.1
i in L31 OS= i =RPL31 PE=1
P62899 60S ribosomal protein L31 OS=Homo sapiens GN=RPL31 P 11.634
Sv=1
26641 Elongation factor 1-gamma OS=Homo sapiens GN=EEF1G PE=1 10.753
Sv=3
P61254 60S ribosomal protein L26 OS=Homo sapiens GN=RPL26 PE=1 10.681
Ssv=1
P52926 High mobility group protein HMGI-C OS=Homo sapiens 10.613
GN=HMGA2 PE=1SV=1
K i | keletal =H i N=KRT9 PE=1
P35527 eratin, type | cytoskeletal 9 OS=Homo sapiens G 9 10.46

Sv=3

240




60S ribosomal protein L28 OS=Homo sapiens GN=RPL28 PE=1

P46779 10.315
Sv=3
P63220 40S ribosomal protein S21 OS=Homo sapiens GN=RPS21 PE=1 10.246
sv=1
Heterogeneous nuclear ribonucleoprotein A1 0S=Homo
P09651 10.198
sapiens GN=HNRNPA1 PE=1 SV=5
P06733 Alpha-enolase OS=Homo sapiens GN=ENO1 PE=1 SV=2 10.015
P37108 Signal recognition particle 14 kDa protein OS=Homo sapiens 9.52
GN=SRP14 PE=1 SV=2
P16989 Y-box-binding protein 3 0S=Homo sapiens GN=YBX3 PE=1 9.376
sv=4
60S ribosomal protein L19 OS=Homo sapiens GN=RPL19 PE=1
P84098 9.365
sv=1
Keratin, t | cytoskeletal 1 =H i GN=KRT1
P13645 eratin, type | cytoskeletal 10 OS=Homo sapiens 0 9.337
PE=1SV=6
H i i =H
P51991 eterogeneou§ nuclear ribonucleoprotein A3 OS=Homo 8.954
sapiens GN=HNRNPA3 PE=1 SV=2
P53999 Activated RNA ponmera.se Il transcriptional coactivator p15 8.948
0S=Homo sapiens GN=SUB1 PE=1 SV=3
p49207 60S ribosomal protein L34 OS=Homo sapiens GN=RPL34 PE=1 8.867
Sv=3
UPF0488 protein C8orf33 OS=Homo sapiens GN=C8orf33 PE=1
Q9H7E9 8.727
sv=1
P06454 Prothymosin alpha OS=Homo sapiens GN=PTMA PE=1 SV=2 8.556
QoY3U8 60S ribosomal protein L36 OS=Homo sapiens GN=RPL36 PE=1 8.517
Sv=3
P13639 Elongation factor 2 OS=Homo sapiens GN=EEF2 PE=1 SV=4 8.456
Adenosylhomocysteinase OS=Homo sapiens GN=AHCY PE=1
P23526 8.399
sv=4
i I inL27 =H i N=RPL27A
PAGTTE 60S ribosomal protein a OS=Homo sapiens G 8.352
PE=1 SV=2
Serine/arginine repetitive matrix protein 2 0S=Homo sapiens
QsUQss GN=SRRM2 PE=1 SV=2 8.077
PE2266 40S ribosomal protein S23 OS=Homo sapiens GN=RPS23 PE=1 2 884

Sv=3
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40S ribosomal protein S30 OS=Homo sapiens GN=FAU PE=1

P62861 7.817
sv=1
Q9Y281 Cofilin-2 0S=Homo sapiens GN=CFL2 PE=1 SV=1 7.629
PE2750 60S ribosomal protein L23a OS=Homo sapiens GN=RPL23A 2 579
PE=1SV=1
i inL21 OS= i N=RPL21 PE=1
PAGTTS 60S ribosomal protein OS=Homo sapiens GN=R P 299
Sv=2
P62314 Small nuclear ribonucleoprotein Sm D1 OS=Homo sapiens 7959
GN=SNRPD1 PE=1 SV=1
P05387 60S acidic ribosomal protein P2 OS=Homo sapiens GN=RPLP2 2013
PE=1Sv=1
P67809 Nuclease-sensitive element-binding protein 1 0S=Homo 6.874
sapiens GN=YBX1 PE=1 SV=3 ’
P62987 Ubiquitin-60S ribosomal protein L40 OS=Homo sapiens 6.496
GN=UBA52 PE=1 SV=2
Q9BWIS Splicing factor 3B subunit 5 OS=Homo sapiens GN=SF3B5 PE=1 6.478
Sv=1
Chandipur
a_G_prote Chandipura_G_protein 6.474
in
17096 High mobility group protein HMG-I/HMG-Y OS=Homo sapiens 6.355
GN=HMGA1 PE=1 SV=3
P62937 Peptidyl-prolyl cis-trans isomerase A OS=Homo sapiens 6.298
GN=PPIA PE=1 SV=2 '
P07910 Heterogeneous nl'JcIear ribonucleoproteins C1/C2 OS=Homo 6.261
sapiens GN=HNRNPC PE=1 SV=4
Q9Y230 RuvB-like 2 OS=Homo sapiens GN=RUVBL2 PE=1 SV=3 6.237
P62906 60S ribosomal protein L10a OS=Homo sapiens GN=RPL10A 6.116
PE=1SV=2
PA2766 60S ribosomal protein L35 OS=Homo sapiens GN=RPL35 PE=1 6.102
SV=2
P07355 Annexin A2 OS=Homo sapiens GN=ANXA2 PE=1 SV=2 6.028
T in alpha-4 chai =H i N=TPM4 PE=1
P67936 ropomyosin alpha-4 chain OS=Homo sapiens G 5.968
Sv=3
P09496 Clathrin light chain A OS=Homo sapiens GN=CLTA PE=1 SV=1 5.783
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Heat shock protein 105 kDa OS=Homo sapiens GN=HSPH1

Q92598 5.783
PE=1Sv=1
P18669 Phosphoglycerate mutase 1 OS=Homo sapiens GN=PGAM1 577
PE=1SV=2
P62910 60S ribosomal protein L32 OS=Homo sapiens GN=RPL32 PE=1 5.576
Sv=2
POCOS5 Histone H2A.Z OS=Homo sapiens GN=H2AFZ PE=1 SV=2 5.562
P10227 T-complex protein 1 subunit zeta OS=Homo sapiens 5.481
GN=CCT6A PE=1SV=3
P52701 DNA mismatch repair protein Msh6 OS=Homo sapiens 5293
GN=MSH6 PE=1 SV=2
P81605 Dermcidin OS=Homo sapiens GN=DCD PE=1 SV=2 5.29
D - - - Z -
10809 60 kDa heat shock protein, mitochondrial 0S=Homo sapiens 592
GN=HSPD1 PE=1 SV=2
Q9BSD7 Cancer-related nucleoside-triphosphatase OS=Homo sapiens 5.107
GN=NTPCR PE=1 SV=1
P14625 Endoplasmin OS=Homo sapiens GN=HSP90B1 PE=1 SV=1 5.105
60S ribosomal protein L27 OS=Homo sapiens GN=RPL27 PE=1
P61353 5.045
Sv=2
P31943 Heterogeneou.s nuclear ribonucleoprotein H OS=Homo 4.899
sapiens GN=HNRNPH1 PE=1 SV=4
Q8TF09 Dynein light chain roadblock-type 2 OS=Homo sapiens 4.797
GN=DYNLRB2 PE=1 SV=1
P39023 60S ribosomal protein L3 OS=Homo sapiens GN=RPL3 PE=1 4734
Sv=2
P50914 60S ribosomal protein L14 OS=Homo sapiens GN=RPL14 PE=1 4728
sv=4
60S ribosomal protein L36a OS=Homo sapiens GN=RPL36A
P83881 4.703
PE=1SV=2
Q9Y310 tRNA-splicing ligase RtcB homolog OS=Homo sapiens 4.649
GN=RTCB PE=1 SV=1
- -splici 27 0s= i =BCAS2
075934 Pre-mRNA-splicing factor SPF27 OS=Homo sapiens GN=BCAS 4.623
PE=1SV=1
P01023 Alpha-2-macroglobulin 0S=Homo sapiens GN=A2M PE=1 SV=3 4.542
P09429 High mobility group protein B1 OS=Homo sapiens GN=HMGB1 4.462

PE=1SV=3
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Barrier-to-autointegration factor OS=Homo sapiens

075531 4.448
GN=BANF1 PE=1 SV=1
40S ribosomal protein S15 OS=Homo sapiens GN=RPS15 PE=1
P62841 4.414
SV=2
Transcription intermediary factor 1-beta OS=Homo sapiens
Q13263 GN=TRIM28 PE=1 SV=5 4.388
T- inl i =H i N=CCT2
p78371 complex protein 1 subunit beta 0S=Homo sapiens GN=CC 4.353
PE=1SV=4
P07477 Trypsin-1 OS=Homo sapiens GN=PRSS1 PE=1 SV=1 4.315
p18124 60S ribosomal protein L7 OS=Homo sapiens GN=RPL7 PE=1 4.188
sv=1
Chromatin target of PRMT1 protein OS=Homo sapiens
Q9Y3Y2 4.136
GN=CHTOP PE=1 SV=2
Apoptotic chromatin condensation inducer in the nucleus
9UKV3 4.118
Q 0OS=Homo sapiens GN=ACIN1 PE=1 SV=2
P23246 Splicing factor, proline- and glutamine-rich OS=Homo sapiens 4.064
GN=SFPQ PE=1 SV=2
P14678 Small nuclear ribonuclegprotein-associated proteins B and B' 4.007
0OS=Homo sapiens GN=SNRPB PE=1 SV=2
014818 Proteasome subunit alpha type-7 OS=Homo sapiens 3733
GN=PSMA7 PE=1 SV=1
P55209 Nucleosome assembly protein 1-like 1 OS=Homo sapiens 3718
GN=NAP1L1 PE=1SV=1 '
Q92785 Zinc finger protein ubi-d4 OS=Homo sapiens GN=DPF2 PE=1 3.495
Sv=2
1 - - Z -
09234 U1 small nuclear ribonucleoprotein C 0S=Homo sapiens 3.423
GN=SNRPC PE=1 SV=1
Q01105 Protein SET OS=Homo sapiens GN=SET PE=1 SV=3 3.204
QONPAS Transcription and mRNA export factor ENY2 OS=Homo sapiens 3.176
GN=ENY2 PE=1SV=1 '
QUMS4 Pre-mRNA-processing factor 19 OS=Homo sapiens GN=PRPF19 314
PE=1SV=1
Q14683 Structural maintena-nce of chromosomes protein 1A OS=Homo 3.124
sapiens GN=SMC1A PE=1 SV=2
QoH444 Charged multivesicular body protein 4b OS=Homo sapiens 3.106

GN=CHMP4B PE=1 SV=1
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Proteasome subunit alpha type-6 OS=Homo sapiens

P60900 3.061
GN=PSMAG6 PE=1 SV=1
Q12904 Aminoacyl t'RNA synthase con?plex-interacting multifunctional 3.041
protein 1 OS=Homo sapiens GN=AIMP1 PE=1 SV=2
Q01658 Protein Dr1 OS=Homo sapiens GN=DR1 PE=1 SV=1 3.01
Q15019 Septin-2 OS=Homo sapiens GN=SEPT2 PE=1 SV=1 2.954
P63173 60S ribosomal protein L38 OS=Homo sapiens GN=RPL38 PE=1 5935
Sv=2
Q86X55 Histone-arginine methyltransferase CARM1 OS=Homo sapiens 2927
GN=CARM1 PE=1SV=3 ’
Fructose-bisphosphate aldolase A OS=Homo sapiens
PO4075 GN=ALDOA PE=1 SV=2 2.865
| I i | in EOS=H i
P62304 Small nuclear ribonucleoprotein E OS=Homo sapiens 5 841
GN=SNRPE PE=1 SV=1
i | in L22 OS=H i N=RPL22 PE=1
P35268 60S ribosomal protein OS=Homo sapiens GN=R 5745
Sv=2
P60981 Destrin OS=Homo sapiens GN=DSTN PE=1 SV=3 2.732
Polymerase | and transcript release factor OS=Homo sapiens
Q6NZI2 2.72
GN=PTRF PE=1 SV=1
20290 Transcription factor BTF3 OS=Homo sapiens GN=BTF3 PE=1 5713
Sv=1
- L Z - ZRPL
P18077 60S ribosomal protein L35a OS=Homo sapiens GN=RPL35A 5 696
PE=1SV=2
P41091 Eukaryotic translat.lon initiation factor 2 subunit 3 0S=Homo 2673
sapiens GN=EIF2S3 PE=1 SV=3
£02042 Hemoglobin subunit delta OS=Homo sapiens GN=HBD PE=1 2 656
Sv=2
Enhancer of rudimentary homolog OS=Homo sapiens GN=ERH
P84090 2.637
PE=1SV=1
N I ide- i | it alph
EOPAV3 ascent p.o.ypeptlde associated Fomp ex subunit alpha, 5 615
muscle-specific form OS=Homo sapiens GN=NACA PE=1 SV=1
P63313 Thymosin beta-10 0S=Homo sapiens GN=TMSB10 PE=1 SV=2 2.554
Transcription initiation factor IIA subunit 1 OS=Homo sapiens
P52655 2.544
GN=GTF2A1 PE=1 SV=1
60S ribosomal protein L37a OS=Homo sapiens GN=RPL37A
P61513 2.521

PE=1SV=2
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Q06830 Peroxiredoxin-1 OS=Homo sapiens GN=PRDX1 PE=1 SV=1 2.438
Q09028 Histone-binding protein RBBP4 OS=Homo sapiens GN=RBBP4 2 426
PE=1SV=3
QOUKMS9 RNA-binding protein Raly OS=Homo sapiens GN=RALY PE=1 5381
Sv=1
Q96K17 Transcription factor BTF3 homolog 4 OS=Homo sapiens 5 345
GN=BTF3L4 PE=1SV=1
015126 Secretory carrier-éssociated membrane protein 1 0S=Homo 2342
sapiens GN=SCAMP1 PE=1 SV=2
Q9H299 SH3 domain-bindir.1g glutamic acid-rich-like protein 3 5331
0OS=Homo sapiens GN=SH3BGRL3 PE=1 SV=1
26S proteasome non-ATPase regulatory subunit 6 0S=Homo
Q15008 . 2.304
sapiens GN=PSMD6 PE=1 SV=1
P27635 60S ribosomal protein L10 OS=Homo sapiens GN=RPL10 PE=1 2996
Sv=4
Q99733 Nucleosome assembly protein 1-like 4 OS=Homo sapiens 9 966
GN=NAP1L4 PE=1SV=1
TATA-binding protein-associated factor 2N OS=Homo sapiens
Q92804 &P P 2.098
GN=TAF15 PE=1 SV=1
043390 Heterogeneous nuclear ribonucleoprotein R OS=Homo sapiens 1.972
GN=HNRNPR PE=1 SV=1
60S ribosomal protein L30 OS=Homo sapiens GN=RPL30 PE=1
P62888 1.954
SV=2
Q13409 Cytoplasmic dynein 1 intermediate chain 2 0S=Homo sapiens 1.951
GN=DYNC1I2 PE=1 SV=3
P0O7737 Profilin-1 OS=Homo sapiens GN=PFN1 PE=1 SV=2 1.931
P15880 40S ribosomal protein S2 0S=Homo sapiens GN=RPS2 PE=1 1.927
SV=2
60S ribosomal protein L29 OS=Homo sapiens GN=RPL29 PE=1
P47914 1.923
SV=2
22626 Heterogeneouslnuclear ribonucleoproteins A2/B1 OS=Homo 1.917
sapiens GN=HNRNPA2B1 PE=1 SV=2
Q96124 Far upstream element-binding protein 3 OS=Homo sapiens 1.878
GN=FUBP3 PE=1 SV=2
i inS2 = i = 24 PE=1
P62847 40S ribosomal protein S24 OS=Homo sapiens GN=RPS24 P 1.854

Sv=1
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Heterochromatin protein 1-binding protein 3 0S=Homo

Q5SSJ5 . 1.852
sapiens GN=HP1BP3 PE=1 SV=1
Eukaryotic initiation factor 4A-Ill 0S=Homo sapiens
P38919 1.839
GN=EIF4A3 PE=1 SV=4
P11387 DNA topoisomerase 1 OS=Homo sapiens GN=TOP1 PE=1 SV=2 1.812
QONP79 Vacuolar protein sorting-associated protein VTA1 homolog 1,788
0S=Homo sapiens GN=VTA1 PE=1 SV=1
P01008 Antithrombin-Ill 0S=Homo sapiens GN=SERPINC1 PE=1 SV=1 1.786
60S ribosomal protein L5 OS=Homo sapiens GN=RPL5 PE=1
P46777 1.785
Sv=3
Heterogeneous nuclear ribonucleoprotein F OS=Homo sapiens
P52597 GN=HNRNPF PE=1 SV=3 1.785
i [ =H i N=RPS3 PE=1
23396 40S ribosomal protein S3 OS=Homo sapiens GN=RPS3 1.743
Sv=2
P50991 T-complex protein 1 subunit delta OS=Homo sapiens GN=CCT4 1724
PE=1SV=4
PSO768 Guanine nucleotide-binding !:)rotein G(1)/G(S)/G(0) subunit 1711
gamma-2 OS=Homo sapiens GN=GNG2 PE=1 SV=2
T-complex protein 1 subunit eta OS=Homo sapiens GN=CCT7
Q99832 1.708
PE=1SV=2
P62244 40S ribosomal protein S15a OS=Homo sapiens GN=RPS15A 1.706
PE=1SV=2
Q7KZF4 Staphylococcal nucle?se domain-containing protein 1 1.658
OS=Homo sapiens GN=SND1 PE=1 SV=1
Q15046 Lysine--tRNA ligase OS=Homo sapiens GN=KARS PE=1 SV=3 1.643
P09874 Poly [ADP-ribose] polymerase 1 OS=Homo sapiens GN=PARP1 1.629
PE=1SV=4
Q969G5 Protein kinase C delta-binding protein 0S=Homo sapiens 1535
GN=PRKCDBP PE=1 SV=3 '
29087 rRNA 2'-O-methyltransferase fibrillarin OS=Homo sapiens 1518
GN=FBL PE=1 SV=2
Q15637 Splicing factor 1 OS=Homo sapiens GN=SF1 PE=1 SV=4 1.508
P62328 Thymosin beta-4 OS=Homo sapiens GN=TMSB4X PE=1 SV=2 1.462
Splicing factor 3B subunit 1 0S=Homo sapiens GN=SF3B1 PE=1
075533 1.431

Sv=3
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Q04917 14-3-3 protein eta OS=Homo sapiens GN=YWHAH PE=1 SV=4 1.428
FACT complex subunit SPT16 OS=Homo sapiens GN=SUPT16H
Q9Y5B9 1.41
PE=1SvV=1
Q92945 Far upstream element-binding protein 2 OS=Homo sapiens 1391
GN=KHSRP PE=1 SV=4
QOUQN3 Charged multivesicular body protein 2b OS=Homo sapiens 1.385
GN=CHMP2B PE=1 SV=1
Q09666 Neuroblast different_iation-associated protein AHNAK 138
0OS=Homo sapiens GN=AHNAK PE=1 SV=2
P0S636 Steroid 21-hydroxylase OS=Homo sapiens GN=CYP21A2 PE=1 1.376
Sv=1
P21333 Filamin-A OS=Homo sapiens GN=FLNA PE=1 SV=4 1.351
Serine/arginine-rich splicing factor 9 OS=Homo sapiens
13242 1.349
Q GN=SRSF9 PE=1 SV=1
QIBRLE Serine/arginine-rich splicing factor 8 0S=Homo sapiens 1333
GN=SRSF8 PE=1 SV=1
Q15149 Plectin OS=Homo sapiens GN=PLEC PE=1 SV=3 1.33
Myosin light chain 6B OS=Homo sapiens GN=MYL6B PE=1
P14649 1.322
Sv=1
043633 Charged multivesicular body protein 2a OS=Homo sapiens 1.285
GN=CHMP2A PE=1 SV=1
P02788 Lactotransferrin OS=Homo sapiens GN=LTF PE=1 SV=6 1.285
P009EE Argininosuccinate synthase OS=Homo sapiens GN=ASS1 PE=1 1.231
SV=2
Eukaryotic translation initiation factor 3 subunit A OS=Homo
Q14152 . 1.214
sapiens GN=EIF3A PE=1 SV=1
Salivary acidic proline-rich phosphoprotein 1/2 OS=Homo
P02810 1.194
sapiens GN=PRH1 PE=1 SV=2
Q15052 Rho guanine nucleotide exchange factor 6 OS=Homo sapiens 1192
GN=ARHGEF6 PE=1 SV=2
Q3KaQu3 MAP7 domain-containing protein 1 OS=Homo sapiens 1173
GN=MAP7D1 PE=1 SV=1
P43243 Matrin-3 OS=Homo sapiens GN=MATR3 PE=1 SV=2 1.167
Inter-alpha-trypsin inhibitor heavy chain H2 OS=Homo sapiens
P19823 1.163

GN=ITIH2 PE=1 SV=2
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Eukaryotic initiation factor 4A-Il OS=Homo sapiens GN=EIF4A2

Q14240 1.149
PE=1SV=2
P50502 Hsc70-interacting protein OS=Homo sapiens GN=ST13 PE=1 1.148
Sv=2
P02545 Prelamin-A/C OS=Homo sapiens GN=LMNA PE=1 SV=1 1.133
| | =1(1 i =H i N=COL1A1l PE=1
P02452 Collagen alpha-1(I) chain OS=Homo sapiens GN=COL1A 1112
Sv=5
Q9H3N1 Thioredoxin-relat_ed transmembrane protein 1 0S=Homo 1.092
sapiens GN=TMX1 PE=1 SV=1
Pa2677 40S ribosomal protein S27 OS=Homo sapiens GN=RPS27 PE=1 1.083
Sv=3
Protein disulfide-isomerase A4 OS=Homo sapiens GN=PDIA4
P13667 1.075
PE=1SV=2
P13647 Keratin, type Il cytoskeletal 5 0S=Homo sapiens GN=KRT5 1.073
PE=1SV=3
i i =H i N=RPSA PE=1
POSSES 40S ribosomal protein SA OS=Homo sapiens GN=RPSA 1.052
Ssv=4
Q5T7WO Zinc finger protein 618 OS=Homo sapiens GN=ZNF618 PE=1 1.036
Sv=1
Exosome complex component RRP40 OS=Homo sapiens
NQT 1.
QsNars GN=EXOSC3 PE=1 SV=3 035
14-3-3 protein gamma OS=Homo sapiens GN=YWHAG PE=1
P61981 1.033
Sv=2
P35579 Myosin-9 OS=Homo sapiens GN=MYH9 PE=1 SV=4 1
- — 1
060244 Mediator of RNA polymerase Il transcription subunit 14 0.996
0OS=Homo sapiens GN=MED14 PE=1 SV=2
THO complex subunit 7 homolog OS=Homo sapiens
19Y2 .
Q619 GN=THOC7 PE=1 SV=3 0.965
Putative protein FAM157C OS=Homo sapiens GN=FAM157C
POCG43 0.963
PE=3 SV=1
H hock 70 kD in 4 OS=H i N=HSPA4
P34932 eat shock 70 kDa protein 4 OS=Homo sapiens G S 0.946
PE=1SV=4
P63104 14-3-3 protein zeta/delta OS=Homo sapiens GN=YWHAZ PE=1 0.946
Sv=1
043823 A-kinase anchor protein 8 0S=Homo sapiens GN=AKAP8 PE=1 0.944

Sv=1
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60S ribosomal protein L13a OS=Homo sapiens GN=RPL13A

P40429 0.943
PE=1SV=2
Serine/arginine-rich splicing factor 4 OS=Homo sapiens
08170 0.943
Q GN=SRSF4 PE=1 SV=2
Q02543 60S ribosomal protein L18a OS=Homo sapiens GN=RPL18A 0.936
PE=1SV=2
095661 GTP-binding protein Di-Ras3 OS=Homo sapiens GN=DIRAS3 0.925
PE=1SV=1
Q7LBR1 Charged multivesicular body protein 1b OS=Homo sapiens 0.916
GN=CHMP1B PE=1 SV=1
QOUDRS Alpha-aminoadipic sem.ialdehyde synthase, mitochondrial 0.902
0OS=Homo sapiens GN=AASS PE=1 SV=1
Q13162 Peroxiredoxin-4 OS=Homo sapiens GN=PRDX4 PE=1 SV=1 0.891
P15924 Desmoplakin OS=Homo sapiens GN=DSP PE=1 SV=3 0.848
- | 2 0S=H i N= B PE=1
000763 Acetyl-CoA carboxylase 2 0S=Homo sapiens GN=ACAC 0.845
Sv=3
P02458 Collagen alpha-1(Il) chain OS=Homo sapiens GN=COL2A1 PE=1 0.844
Sv=3
P04083 Annexin A1 OS=Homo sapiens GN=ANXA1 PE=1 SV=2 0.837
Q13395 Probable methyltransferase TARBP1 OS=Homo sapiens 0.762
GN=TARBP1 PE=1 SV=1
Q72408 CUB and sushi domain-containing protein 2 OS=Homo sapiens 0.756
GN=CSMD2 PE=1 SV=2
Q9NVA2 Septin-11 OS=Homo sapiens GN=SEPT11 PE=1 SV=3 0.748
Q99961 Endophilin-A2 OS=Homo sapiens GN=SH3GL1 PE=1 SV=1 0.744
Q5J5P0 FYVE, RhoGEF and P.H domain-containing protein 3 OS=Homo 0.742
sapiens GN=FGD3 PE=1 SV=1
QOBXPS Serrate RNA effector molecule homolog OS=Homo sapiens 0.733
GN=SRRT PE=1 SV=1
Kinesin-like protein KIF3A OS=Homo sapiens GN=KIF3A PE=1
Q9496 P P 0.733
Ssv=4
Q12851 Mitogen-activated pr'otein kinase kinase kinase kinase 2 0.713
0S=Homo sapiens GN=MAP4K2 PE=1 SV=2
Dynein heavy chain 5, axonemal OS=Homo sapiens
Q8TE73 0.71

GN=DNAHS5 PE=1 SV=3
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Proteasomal ubiquitin receptor ADRM1 OS=Homo sapiens

Q16186 0.706
GN=ADRM1 PE=1 SV=2
P01024 Complement C3 OS=Homo sapiens GN=C3 PE=1 SV=2 0.704
QINQX4 Unconventional myosin-Vc OS=Homo sapiens GN=MYO5C 0.703
PE=1SV=2
P35443 Thrombospondin-4 OS=Homo sapiens GN=THBS4 PE=1 SV=2 0.691
KH domain-containing, RNA-binding, signal transduction-
Q07666 associated protein 1 OS=Homo sapiens GN=KHDRBS1 PE=1 0.677
Sv=1
Q5vu43 Myomegalin 0S=Homo sapiens GN=PDE4DIP PE=1 SV=1 0.675
Peroxisomal targeting signal 2 receptor OS=Homo sapiens
000628 GN=PEX7 PE=1SV=1 0.673
075569 Int.erferon-i_nducible double-stranqed RNA-dependent protein 0.671
kinase activator A OS=Homo sapiens GN=PRKRA PE=1 SV=1
P20929 Nebulin OS=Homo sapiens GN=NEB PE=1 SV=5 0.669
Q9Y265 RuvB-like 1 OS=Homo sapiens GN=RUVBL1 PE=1 SV=1 0.665
QouJ83 2-hydroxyacyl-CoA lyase 1 OS=Homo sapiens GN=HACL1 PE=1 0.653
Sv=2
075439 Mltochondrlal-pro.cessmg peptidase subunit beta OS=Homo 0.647
sapiens GN=PMPCB PE=1 SV=2
P28066 Proteasome subunit alpha type-5 OS=Homo sapiens 0.646
GN=PSMAS PE=1 SV=3
Q9Y229 ' Ubiquino'ne biosynthesis monooxygenase COQs, 0.641
mitochondrial 0S=Homo sapiens GN=COQ6 PE=1 SV=2
26S protease regulatory subunit 4 0S=Homo sapiens
P62191 0.627
GN=PSMC1 PE=1 SV=1
-i -phosph in 1 0S=H i N=STIP1
p31948 Stress-induced-phosphoprotein 1 OS=Homo sapiens GN=S 0.626
PE=1SV=1
099447 Ethanolamine-ph.osphate cytidylyltransferase OS=Homo 0.612
sapiens GN=PCYT2 PE=1 SV=1
Q15005 Signal peptidase complex subunit 2 0S=Homo sapiens 0.612
GN=SPCS2 PE=1 SV=3
Q8WWQ2 Inactive heparanase-2 OS=Homo sapiens GN=HPSE2 PE=1 0.611
Sv=3
Keratin, type | cuticular Ha4 OS=Homo sapiens GN=KRT34
076011 0.608

PE=2 SV=2
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Cleavage stimulation factor subunit 2 tau variant 0S=Homo

Q9HOL4 . 0.608
sapiens GN=CSTF2T PE=1 SV=1
39S ribosomal protein L53, mitochondrial 0S=Homo sapiens
96EL3 0.603
Q GN=MRPL53 PE=1 SV=1
Afadin- and alpha-actinin-binding protein OS=Homo sapiens
Q9Y2D8 GN=SSX2IP PE=1 SV=3 0.602
075369 Filamin-B OS=Homo sapiens GN=FLNB PE=1 SV=2 0.6
CCAAT/enhancer-binding protein zeta OS=Homo sapiens
701 .
Q0370 GN=CEBPZ PE=1 SV=3 0.598
Solute carrier family 15 member 1 OS=Homo sapiens
P46059 0.588
GN=SLC15A1 PE=2 SV=1
40S ribosomal protein S9 OS=Homo sapiens GN=RPS9 PE=1
P46781 0.588
SV=3
P57721 Poly(rC)-binding protein 3 0S=Homo sapiens GN=PCBP3 PE=2 0.585
Sv=2
QONRO9 Baculoviral IAP repeat-containing protein 6 OS=Homo sapiens 0.585
GN=BIRC6 PE=1 SV=2
T-complex protein 1 subunit zeta-2 OS=Homo sapiens
252 .57
Q92526 GN=CCT6B PE=1 SV=5 0.579
Serine/arginine-rich splicing factor 3 0OS=Homo sapiens
P841 .
84103 GN=SRSF3 PE=1 SV=1 0.563
Zinc finger protein 281 OS=Homo sapiens GN=ZNF281 PE=1
Q9Y2X9 0.559
Sv=1
Q9Y620 DNA repair and r.ecombination protein RAD54B OS=Homo 0.55
sapiens GN=RAD54B PE=1 SV=1
Q969F1 General transcri_ption factor 3C polypeptide 6 OS=Homo 0.544
sapiens GN=GTF3C6 PE=1 SV=1
015230 Laminin subunit alpha-5 OS=Homo sapiens GN=LAMAS PE=1 0.541
Sv=8
Q9Y3R5 Protein dopey-2 OS=Homo sapiens GN=DOPEY2 PE=1 SV=5 0.541
Insulin-like growth factor 1 receptor OS=Homo sapiens
PO8069 GN=IGF1R PE=1SV=1 0.536
Q13200 26S proteasome n.on-ATPase regulatory subunit 2 0S=Homo 0.528
sapiens GN=PSMD2 PE=1 SV=3
Q9HD42 Charged multivesicular body protein 1a OS=Homo sapiens 0.526

GN=CHMP1A PE=1 SV=1
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Exocyst complex component 5 OS=Homo sapiens GN=EXOC5

000471 0.517
PE=1Sv=1

Q13155 Aminoacyl t'RNA synthase conjnplex-interacting multifunctional 0.499

protein 2 OS=Homo sapiens GN=AIMP2 PE=1 SV=2

Q00536 Cyclin-dependent kinase 16 OS=Homo sapiens GN=CDK16 0.492
PE=1SvV=1

QOY5K6E CD2-associated protein OS=Homo sapiens GN=CD2AP PE=1 0.492

Ssv=1

QoUll4 E3 ISG15--protein ligase HERC5 OS=Homo sapiens GN=HERC5 0.485
PE=1 SV=2

QL5904 V-type proton ATPase subunit S1 OS=Homo sapiens 0.481

GN=ATP6AP1 PE=1 SV=2
28S ribosomal protein S17, mitochondrial 0S=Homo sapiens
Q9Y2R5 0.469
GN=MRPS17 PE=1 SV=1
Signal transducer and activator of transcription 2 0S=Homo
P52630 0.46
sapiens GN=STAT2 PE=1 SV=1
i in-l = i N=MY

B2RTYA Unconventional myosin-IXa OS=Homo sapiens GN=MYO9A 0.455

PE=1SV=2
Leucineri — — 1
AAD1FE eucine-rich repeat and.death domain-containing protein 0.448
0OS=Homo sapiens GN=LRRD1 PE=2 SV=2
043150 An"-GAP with .SH3 domain, ANK 'repeat and PH domain- 0.446
containing protein 2 OS=Homo sapiens GN=ASAP2 PE=1 SV=3
095396 Adenylyltransferase and sulfurtransferase MOCS3 OS=Homo 0.437
sapiens GN=MOCS3 PE=1 SV=1 ’
Q8N9W8 Protein FAM71D OS=Homo sapiens GN=FAM71D PE=2 SV=2 0.43
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