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Viral Pandemics: COVID-19 is Only a Trailer—
We Ought Not to Wait for the Whole Film
to Run

An Appeal to World Leaders, Health Officers, Medical Organizations, and,
Corporations, and those trying to manage the fear of pandemics

Past Pandemics and Epidemics

Before November 2019, most people were unaware what a pandemic is or even
what viruses are! But people now, even in the most remote areas of the world, are
aware at least of the terms virus and COVID-19. Also, although they cannot see this
germ, they have been made aware of the consequences of infection, including high
numbers of deaths; and in certain cases, people consider it to be some kind of horror
coming from the sky. The sequel to this horror film is unclear—we neither know
when it will end nor if and when it will come back. Let us look at how the horror
film ran in the past, and what may be expected in any rerun.

Occurrence of pandemics is not new. Indeed, history reports that as far back as
3000 BC, pandemics occurred, but here only those are mentioned which occurred in
the last two millennia: The Black Death: 1346-1353; Cocoliztli epidemics: 1545—
1548; 16th Century American Plague; The Great Plague of London: 1665-1666;
The Great Plague of Marseille: 1720-1723; The Russian Plague: 1770-1772;
Philadelphia Yellow Fever Epidemic of 1793; Russian Flu Pandemic, 1889—1890;
Spanish Flu of 1918-1920; and Asian Flu of 1957-1958.

Pandemics and Epidemics Which Continue Sporadically:

Dengue virus originated 800 years back, Measles virus may have been originated
around eleventh to twelfth century, American Polio epidemic in 1916, HIN1 Swine
flu pandemic in 2009, the Avian Flu in 2018, West African Ebola pandemic in
1976, Chikungunya virus in 2006, Zika virus epidemic of South East Asia in 2015,
Crimean-Congo hemorrhagic fever virus in 2017, AIDS pandemic in 1981, and
SARS and MERS in 2003 and 2012, respectively, and now SARS-CoV-2.

ix
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Sporadic human viruses lurking around: Please see Appendix

Zoonotic Viruses and Their Reservoirs:

Zoonotic viruses are those organisms which mostly reside in vertebrate animals,
birds, bats and insects as their reservoirs and then can jump to humans. The diseases
they cause are called zoonoses.

A PubMed search (27 January 2021) for zoonotic viruses showed that there are
8329 research papers on this subject and highlighted the presence of 224 human
viruses and their associated traits. Out of a number of reservoirs of human viruses
reported, the most common primary viral hosts are humans, ducks, geese, and
shorebirds, bats, pigs, dogs, seals, horses and mosquitoes. Other reservoirs
regionally found are bamboo bats, Belgian hedgehogs, rhesus monkey, honey and
bumble bees, dromedary camel (MERS), palm civets, small and big cats, minks and
ferrets.

Current Crises with SARS-CoV-2 and Its Variants:

In early 2021 when the SARS-CoV-2 pandemic was slowly and steadily coming
under control, it was recorded that three significant variants of this virus have
emerged causing additional issues around the control of the pandemic. These
specific variants are more contagious and more virulent than the Wuhan strains.
These variants have emerged due to new mutations in their genomes. Questions
have been raised as to whether the vaccines currently in use can also confer pro-
tection against these variants. It has been seen for some other viral infections that
high rates of mutagenesis, giving rise to a large number of variants, make it difficult
to produce vaccines which can control all the different strains, e.g. avian viruses
of the HIN1 series cause influenza at regular intervals (for details of viral varia-
tions, see chapter “SARS-CoV-2 Mutations: An Insight” of this book).

Consequences of the COVID-19 Pandemic:

It was January 2021 when the final material for this book was going to press and the
world is still going through the global calamity of COVID-19, which started in
December 2019. The whole world is now experiencing very high numbers of
infections and deaths. Turmoil includes economic damage due to a large number of
factories, industries and shops closing, leading to increased unemployment and
reductions in industrial productivity and agriculture. Other human sufferings
include increased depression and mental health issues and increased domestic
violence. More worryingly, it is not known how long this will last and how many
more human lives will perish. The prediction is that even when the current wave of
infections is over, the virus may re-appear either in other mutated forms or by
finding another suitable environment/host.

Soon after the discovery of COVID-19, strenuous searches started to find
effective treatments, and hundreds of antiviral and other putative drugs, including
Chinese herbal medicines, were tested. As far as my searches have found, no
proven effective therapies for this virus currently exist. Some drugs have been used
in clinical trials, but there is no satisfactory data showing that these drugs, either
alone or in combination, are effective. Dexamethasone, which reduces mortality by
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25% in severe cases, has been in use as an anti-inflammatory drug. Other drugs with
limited success may be remdesivir, tocilizumab, chloroquine phosphate, hydroxy-
chloroquine sulphate and monoclonal antibodies. From the start of the pandemic, a
number of companies and universities entered into the race to produce a variety of
vaccines, and today a number of companies in different countries including the
USA, the UK, Germany, France, India, Russia and China have produced and
released vaccines with the hope that they will control infections and the resulting
disease (for further details, please see chapter “Treatment of COVID-19 by
Combination Therapy with 5-fluorouracil, Ribonucleosides and Ribavirin—A
Modified Strategy” of this book).

Reasons for Rapid Global Spread of Pathogenic Viruses:

The present SARS-CoV-2, causing COVID-19, started in Wuhan, China. The
speculation is that in Wuhan, the virus may have spread from bats or other livestock
being sold in market places and infected humans. Subsequently, the virus rapidly
spread to other cities in China and to neighbouring countries such as South Korea
and Japan. Then fairly rapidly, it spread to almost 160 counties in the world.
Spreading of the virus can be imagined to have occurred from infected persons
travelling from China to other countries and within the country by travelling from
one city to another. Spreading of the virus is exponential, which in its simplest form
means one person infecting a second person and the 2 of them to a further 2 making
4 and then 8 making 16 and then 32 and on and on. Imagine when it reaches say
50,000, the next infection is 100,000. It is not difficult to imagine that the infection
of one person after 20 rounds of infection can reach over a million people. In fact,
the natural infection rate for Sars-CoV-2 is around 3, making the spread even faster.

The main reason for the viral spread is physical person-to-person contact: either
within families or via interfamily contacts. It has become apparent that as with other
diseases, transmission can occur through contact between an asymptomatic person
(unknowingly carrying the infection) and a healthy person.

By March 2020, guidance was issued by governments to people to use face
masks, keep a distance of at least 2 meters between individuals, and to wash hands
more regularly and thoroughly especially when entering home from outside trips.
Unfortunately, the guidance has not been taken, by some, as seriously as required,
resulting in a limited downturn in the number of infections. Hence, more stringent
actions have been taken including the closure of non-essentials shops, restaurants
etc. and the requirement that people stay home as much as possible.

Facts About Human Viruses Affecting Our Life, Unknown or Barely Known to
People

Viruses live all around us, in the air, attached to living and non-living things, being
viable out of hosts for short or long times, and can enter living bodies. In the body,
viruses enter cells and produce their progeny and then release them from the cell to
invade other healthy cells. If this process continues especially when the immune
system is compromised, it can be lethal. Another important feature of human
viruses is that almost all are zoonotic; they can live stably inside their reservoir
hosts without causing diseases. But at times, their genomes change by mutation and
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when they enter into humans, they can cause catastrophic results. It is also con-
sidered that many more viruses have evolved over millions of years, and some may
surface as and when they get the opportunity. Recent examples are Avian influenza,
Ebola, Dengue, AID, Zika and Chikungunya viruses. Viral impact is highly vari-
able in that it can range from asymptomatic up to lethal.

Vaccines are Used Prophylactically to Prevent Disease Rather Than Treat it:
The fact is vaccines are not for use in the treatment of established diseases. They are
given to the general public to safeguard themselves by activating the immune
system: vaccine components acting as antigens. Vaccines are prepared in a number
of different ways: as attenuated whole virus, inactivated virus or engineered viruses.
The third method is prevailing now which involves the use of viral genetic material:
specific sequences of DNA or RNA are used, which drive the production of the
specific protein which acts as the antigen (such as the recent use of the spike protein
of SARS-CoV-2). To protect the sequence from degeneration and provide efficient
packaging, the sequence requires a vehicle. A vehicle developed for this purpose is
the lipid nanoparticle. This nanoformulation enables the safe delivery of the genetic
material, biodistribution, intracellular localization and release. The antigen induces
the immune system, which incapacitates the invading live viruses (for more about
vaccines, please see chapter “Global Polio Eradication: Progress and Challenges” of
this book).

Difficulties in Generating the Antiviral Drugs:

Although a large number of antiviral drugs have either been isolated from natural
sources or synthesized in laboratories, only a handful of them have been found to be
effective on COVID-19. In contrast to antibiotics which are commonly available to
kill bacterial infections, there are only a handful of antiviral agents available which
can be used to treat more than one virus. One reason for this failure is that unlike
other microbial infections, in which the infective agent can live and grow outside
the cells in the body and hence their drugs can find the targets more easily, most
viruses live silently inside host cells. This means that to send drugs to the targets, it
is important that the drugs be produced which can easily enter the cell without
harming it which is not that easy, or only treat the symptoms rather than the cause
of infection.
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The Appeal

As SARS-CoV-2 may not be the last pandemic, the emergence and re-emergence
of pandemics by SARS coronaviruses, Ebola virus, Zika virus and zoonotic avian
influenza viruses is highly probable. But when and how and to what extent they
will appear and interfere with normal global human life is everybody’s guess.
According to an estimate, 224 types and traits of human viruses are present
globally.

So what is the future of re-emergence of epidemics and pandemics? Are we
ready for the next pandemic? A simple answer is “NO” and so should we not
learn lessons from the present pandemic and prepare to combat future attacks?

Now is the time to prepare and coordinate local, national and global efforts
and determine what should be done in the preparation.

e We should take valuable lessons from the present COVID-19 and use them if
and when a new pandemic emerges.

e A centralized organization either independent or a subsection of WHO should
be established which can take an oversight of epidemics and pandemics strictly
at the global levels.

e More robust and unified policies should be made and introduced by independent
or subsection organizations of WHO to combat them at the global level.

e Countries suspecting the start of a pandemic must send an alarm to the central
organization (mentioned above), as soon as possible.

e More advanced safety measures must be developed to protect doctors, surgeons,
nurses, health workers and caregivers in hospitals, nursing homes and old
people homes, and ambulance men and the police on the street.

e We need an infrastructure to provide rapid testing, which exists and can be
tweaked for each virus. This will be more valuable for travellers.

e More stringent travel restrictions must be imposed at early stages in potential
pandemic events, and travellers should be tested more stringently as soon as
possible.

e Especially for the underdeveloped countries, new techniques must be developed
and used to produce and distribute vaccines to combat viruses causing epi-
demics and pandemics.

e More government funded research must be carried out to develop antiviral
drugs.

e Safe handling and consumption must be imposed on birds, bats and animals
used by viruses as their reservoirs.
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I sincerely hope that at least the scientific community all over the world will
support my presentation and the proposal to save millions of lives expected to be
at risk in future epidemics and pandemics, with various kinds of viruses expected
to emerge in future.

February 2021 Shamim I. Ahmad

PS: Excerpts from the speech of Mr. Bill Gates “The Next Outbreaks? We are
not ready”—delivered in 2016 and presented on YouTube.

With apology if any part of the presentation improperly understood and
presented.

During the 1918 flu pandemic, 3 million people died and it was predicted that
any further outbreak may be more devastating. Now, we are living in a much more
technologically advanced age and can use all our modern knowledge, facilities and
technology to fight emerging diseases.

When our army goes to war, it uses all the technological advancements,
equipments and facilities at its disposal to win the war. We should follow a similar
approach to fight the pandemic war. For this:

1. Strong health systems must be developed.

2. Medical expertise needs to be pooled.

3. There needs to be a step up in terms of specific diagnostics, medical research
and development.

4. Vaccine must be developed and delivered earlier, especially in support of poor
countries.

5. Germ-game simulations should be developed to practice scenarios in a similar
way to that used in war games.

Editor’s salutation: A big salute to Mr. Bill Gates with my hat down in front of
him. Also I salute all the doctors, surgeons, nurses, health workers and caregivers
both at hospitals, nursing homes and old people homes, ambulance men and the
police for their hard work in the most dangerous COVID-19 environment risking
their lives, and send condolences to those who have lost their loving and caring
relations and friends.
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Appendix
Epidemics and Pandemics by Zoonotic Human Viruses
Avian Influenza Viruses

Influenza A virus (IAV): It is zoonotic and infects various living organisms
including humans. By mutational changes of its genomes or by its reassembling
during co-infection with different IAV strains, it can change its host and properties.
The past recorded influenza virus pandemics, linked to IAV subtypes, are H2
(1889-91), H3 (1990), H1 (1918-20), H2 (1957-58) and H3 (1968). Regarding
pathogenecity, there are the low pathogenic avian influenza viruses (LPAIVs)
which are normally asymptomatic in their natural avian hosts and from this they
become highly pathogenic (HPAIVs) with devastating consequences.

HINI: This strain appeared during 2018-2019 which marks the centennial
of the Spanish flu which killed approximately 50 million people. This strain can be
considered the parent strain of all the variants of the viruses presented below.
Reasons for the variations and pathogenecity presented are the regular sequential
induction of mutations in their genome, which can evade the vaccines used for their
prevention. Although good achievements have been made for diagnosis, prevention
and treatment, the possibility of a severe pandemic to re-emerge remains possible.
HINI, also known as the Swine flu virus, causes upper, and potentially, lower
respiratory tract infections in the host it infects.

H2N2: The Asian flu pandemic of 1957 was generated by this virus and cir-
culated among humans from 1957 to 1968 before it was replaced by H3N2 subtype.

H3N2: Then in 1968, there was a 50th A(H3N2) pandemic. Although the
pandemic morbidity and mortality were much lower in 1968 than in 1918, influenza
A (H3N2) virus infection was the leading cause of seasonal influenza illness and
death over the last 50 years. Clinically, influenza is characterized by acute onset
fever, chills, runny nose, cough, sore throat, headache and myalgia. Mostly, illness
lasts for 3—4 days with a resolution in 7-10 days.

H3N3: Limited information about this virus is that it was isolated from migra-
tory birds in South Korea in November 2016 and in Canadian pigs in 2001 and
2002.

H3N8: This virus is universally present in dogs, cats, horses, donkeys and
Bacterian camel in different countries ranging from China (2007, 2014 and 2015) to
Malaysia (2015) and Chile (2018). This virus is included in this appendix for the
possibility of its spillover in future.

HS5 avian and human influenza viruses: This virus was first identified in 2013
as low pathogenic avian influenza virus (LPAI) and in 2017, its derivative
LPAIH7N9 became highly pathogenic and existed for two decades.

H5NI: The highly pathogenic virus was first reported in 1997 which had moved
from birds to humans and from Eurasia to Asia to going around the world. Since
then, the outbreaks of this highly pathogenic subtype have affected a wide variety of
mammals in addition to poultry and wild birds.
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H6: This is the subtype of IAVs, is commonly detected in wild birds and
domestic poultry and can infect humans.

HG6NG6: In 2010, the HONG6 virus emerged in Southern China, and since then, it
has caused sporadic infections among swine. HON6 swine [AV (SIV) currently
poses a moderate risk to public health, but its evolution and spread should be
closely monitored.

H7: This variant has its origin from HS A/goose/Guangdong/1/1996 (GsGd) and
Asian H7N9 viruses and has caused several hundred human infections with high
mortality rates in the Netherlands, Italy, Canada, the United States and the United
Kingdom. Human illness ranges from conjunctivitis to mild upper respiratory ill-
ness and pneumonia. While these viruses have not spread beyond infected indi-
viduals, if they evolve to new strains, they can transmit efficiently from
person-to-person and can initiate a pandemic.

H7N3: This moved from birds to humans in Canada in 2013, and China is
undergoing a recent outbreak of a novel H7N9 avian influenza virus (nH7N9)
infection. Evolutionary analysis shows that human H7N9 influenza viruses origi-
nated from the HON2, H7N3 and H11N9 avian viruses, and that it is as a novel
reassortment influenza virus.

H7N?7: This poultry epidemic pathogenic virus moved from birds to humans in
the Netherlands in 2003 is now thought to be extinct.

H7NY: This caused high mortality. Since its identification as novel reassortant
avian influenza A (H7N9) virus in China in 2013, until 2017, this avian origin as an
Asian virus has caused five epidemic waves leading to a total of 1,552 human
infections, with a fatality rate of about 40%. In the spring of 2017, it re-immerged
with few human infections. It is included in the index in case its variation can cause
the next pandemic.

HIN2: This is a subtype of the influenza A virus that originated in China
through interspecies transmission that started in poultry. Its receptor specificity and
human-to-human transfer was first recorded in 2009 in Finland. This influenza A
virus poses a persistent threat to human health, as shown above with HSN1, H7N9
and (see below) the recent surge of HON2 infections. Recent increase in human
infection with the HON2 virus in China highlights the necessity to closely monitor
the interspecies transmission events.

HIONS: This is an avian influenza virus with human infection and mortality;
since 2013, it has caused several influenza-related events; the spread of highly
pathogenic avian influenza of HIONS and others, HSN6 zoonotic infections, the
ongoing H7N9 infections in China and the continued zoonosis of HSN1 viruses in
parts of Asia and the Middle East remains alarming.

HI1IN9: Although the pathogenecity of this virus is confined to avians such as
wild birds and domestic ducks, it is important to note that the N9 gene of H7N9,
which has the ability to cause death in humans, originated from an H11N9 influenza
strain. In future surveillances, emphasis should be given on reassortments of
HI11N9 viruses affecting public health.
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Rhinoviruses: These, present ubiquitously as respiratory tract pathogens, have
been neglected in the past because they were perceived as a virus only capable of
causing mild common cold. The virus was first discovered in the 1950s; their
epidemiological studies have shown that these viruses are commonly present in
adults and children with upper or lower respiratory tract infections. The virus can
cause upper respiratory tract illness (“the common cold”) and lower respiratory tract
illness (pneumonia). Other chronic respiratory diseases include asthma and
bronchitis.

Bats and Flying Foxes Viruses

Ebola virus: This virus (EBOV) of the family Filoviridae discovered in 1976 causes
hemorrhagic fever that can lead to death in a few days. The first major outbreak in
West Africa appeared with patients who suffered from chills, myalgia, fever,
diarrhoea, vomiting, and other hemorrhagic complications and failure of multiple
organs. The virus spreads by infected persons passing body fluids such as blood,
saliva, urine, seminal fluid to uninfected person, and also by contact with con-
taminated surfaces. This virus has spawned several epidemics during the past 38
years during this period spread from Africa to other continents, Guinea, Liberia,
Sierra Leone and Nigeria becoming a pandemic (details can be found in chapters
“Ebola Virus: Overview, Genome Analysis and Its Antagonists” and “Global
Outbreaks of Ebola Virus Disease and Its Preventive Strategies” of this book).

Nipah and Hendra viruses: Nipah and Hendra viruses were classified in the new
genus Henipavirus because of their uncommon features among Paramyxoviridae.
These are equine based and were first identified in mid-1990s in Australia and
Malaysia, causing epidemics with high mortality rate in affected animals and
humans. Then in 1994 and in 2010, the hendra virus infection of horses spread from
the viral reservoir in Australian mainland flying foxes, and the transmission
occurred to people by exposure from affected horses. Pteropid bats (flying foxes)
are the natural host of hendra virus causing severe acute respiratory disease,
encephalitis and highly fatal infection in horses and humans.

Marburg viruses (MARV): This is a zoonotic and highly pathogenic and is
associated with severe disease and mortality rates as high as 90%. Outbreaks of
MARY are sporadic and deadly through hemorrhagic fever. Its genus includes two
viruses: MARYV and Ravn. The first case of the Marburg virus disease was reported
in 1967, but in 2002 the outbreaks spread to Uganda, Angola, Congo, Kenya and in
the USA. Bats have been considered as one of the most important reservoirs for this
virus.

Middle East respiratory syndrome (MERS) and Severe acute respiratory
syndrome (SARS) viruses: Human coronaviruses (HCoVs) in the past although
considered to be relatively harmless respiratory pathogens, after the outbreak of
SARS and MERS, have received worldwide attention as important pathogens in
respiratory tract infection. SARS-CoV and the MERS-CoV outbreaks started in
China and Saudi Arabia in 2003 and 2012, respectively. Since then they have
caused multiple major public health events that resulted in epidemics. Although
both viruses likely originated in bats, their spike protein (S) is slightly
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different. MERS is mostly known as a lower respiratory tract (LRT) disease
involving fever, cough, breathing difficulties and pneumonia that may progress to
acute respiratory distress syndrome and multiorgan failure.

SARS-CoV-2/COVID-19: The outbreak in December 2019 has a significant
impact on people’s health and lives. Like SARS and MERS, this virus can cause
viral pneumonia, however, evidence exist that this virus may also affect the central
nervous system. Given the outbreak of COVID-19, it seems necessary to perform
investigations on the possible neurological complications in patients who suffered
from this virus (for further details, see chapter “Treatment of COVID-19 by
Combination Therapy with 5-fluorouracil, Ribonucleosides and Ribavirin—A
Modified Strategy” of this book).

Nipah virus (NIV): This is an emerging bat-borne pathogen, related to the
Hendra virus, first emerged in Malaysia in 1998. Clinically, it can stay asymp-
tomatic but can lead to fatal encephalitis. After its outbreak in Malaysia, subse-
quently, it moved to other parts of South and South East Asia, Bangladesh and
India. It causes severe neurological and respiratory diseases and encephalitis which
is highly lethal.

Other Mammalian Viruses

Rabies virus: This is zoonotic and a member of Lyssavirus, infecting humans with a
high fatality rate. Mostly, it is transmitted via the saliva of an infected animal
especially after dog bites which accounts for >99% of human cases especially
children. Pathologically, the virus first infects peripheral motor neurons, and
symptoms occur after the virus reaches the central nervous system. Once the
clinical disease develops, it is almost certainly fatal. Although rabies has been the
subject of large-scale public health interventions chiefly through vaccination efforts,
the disease continues to take the lives of about 40,000-70,000 people per year;
roughly, 40% of them are children. Most of these deaths occur in poor countries.

Hepatitis A virus: Acute hepatitis due to the hepatitis A virus usually is a short,
benign and self-limited disease causing non-chronic hepatitis. Hepatitis A virus is
one of the most common infectious virus prevailing worldwide. The virus is
transmitted by faecal-orally, resulting in symptoms ranging from asymptomatic
infection to fulminant hepatitis, often causing jaundice and mostly remains
non-lethal.

Hepatitis B virus: This is a human blood-borne virus which infects hepatocytes
and causes significant liver diseases. An estimated 400 million chronic carriers of
HBYV exist worldwide. This virus is associated with human delta virus (HDV) and
15 to 20 million having serological evidence of exposure to HDV. High rates of
endemicity are present in Central and Northern Africa, the Amazon Basin, Eastern
Europe and the Mediterranean, the Middle East and parts of Asia.

Hepatitis C virus: This virus, first emerged in 1970, causes hepatitis, liver
cirrhosis and hepatocellular carcinoma. It infects around 170-200 million people
globally, especially in developing countries. Being a blood-borne virus, its preva-
lence progressed by parenteral transmission routes associated with medical treat-
ments, immunization, blood transfusion and by injecting drug use. Suspected
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source of this virus remains non-human primates harbouring viruses and is related
to HCV with cross-species transmission of variants. Seven main genotypes have
been identified in humans.

Hepatitis D virus and Hepatitis Delta virus: Hepatitis D causes hepatitis dis-
ease, was first reported in 1977, and now is estimated that 15-20 million people are
infected worldwide. Infection in liver leads to liver cirrhosis and possible liver
cancer. To complete the life cycle in hepatocytes, this RNA virus requires hepatitis
B surface antigen (HBsAg). In industrialized countries, this virus seems to have
diminished since the last two decades. However, it remains a medical issue for
injecting drug users, as well as immigrants travelling from infected area to
non-infected areas.

Hepatitis E virus: This zoonotic virus infection can lead to acute and chronic
hepatitis leading to acute liver failure as well as neurological and renal diseases.
Infections occur through transmission or contaminated blood products. At least 20
million people worldwide suffer from HEV infections, with more than 3 million
symptomatic cases and about 60,000 fatalities. Hepatitis E is generally self-limiting,
with fatality a rate of 0.5-3% in young adults.

Oropouche virus: This zoonotic virus circulates mainly in South and Central
America, and is responsible to induce oropouche fever. During the last 60 years,
more than 30 epidimecs and over half a million clinical cases are attributed to
OROV infection in Brazil, Peru, Panama, and Trinidad and Tobago.

Measles virus: Measles is a highly contagious disease that results from infection
with measles virus, and although vaccines are given, it is estimated that about
100,000 deaths occur every year due to measles. The virus is transmitted by the
respiratory route and illness begins with fever, cough and conjunctivitis followed
by a characteristic rash. Measles virus of genus of Morbillivirus belongs to the
family Paramyxoviridae. Persistent infection of this virus can lead to affect the
central nervous system including developing encephalitis and damage to certain
other inner organs. The infection is self-limiting interacted by virus-specific
immune response and leads to lifelong immunity of the sufferers. The viral genomic
RNA is single-stranded, non-segmented, and encodes six major structural proteins.

Mumps virus: This ia a member of the paramyxoviridae, enveloped,
non-segmented, negative-sense RNA virus mostly infecting children. The disease
symptoms are painful inflammation such as parotitis and orchitis. It is also highly
neurotropic, affecting the central nervous system in approximately half of the cases.
Due to the availability of MMR vaccines, mumps virus infection is now much rarer
at the global level.

Parainfluenza viruses and Respiratory syncytial virus (RSV): Human parain-
fluenza viruses (HPIVs) are single-stranded, enveloped RNA viruses of the
Paramyoviridaie family. Their four serotypes cause respiratory illnesses in adults
and mostly in children causing otitis, pharyngitis, conjunctivitis, croup, tracheo-
bronchitis and pneumonia. Uncommonly, it can cause acute bronchiolitis, mucosal
and sub-mucosal oedema, apnoea, bradycardia, parotitis, and respiratory distress
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syndrome and rarely disseminated infection. Worldwide, the disease is the leading
causes of death of infants of less than 1 year of age, second only to malaria.

Rubella virus: Also known as German measles, its infection and disease are
often mild. Body rash with swollen lymph nodes and fever normally start 2 weeks
after the infection and may last for 3 days. Although its infection causes mild
symptoms or even no symptoms, it can cause serious problems for unborn babies if
the mother is infected during pregnancy.

Mosquito-Borne Viruses

Dengue virus: A mosquito-borne flavivirus and a member of arboviruses, this is
one of the oldest discovered human viruses. Dengue fever disease was first sus-
pected by outbreaks in 1635 in Martinique and Guadeloupe, and in 1699 in
Panama. Viral transmission by Aedes aegypti mosquitoes was recorded in the early
nineteenth century. This virus most likely is responsible for higher morbidity and
mortality than any other Arbovirus illness in humans. Its recorded spread spans
40% of the world’s population, and about 2.5 billion people live in Dengue-infested
areas. According to WHO, around 400 million people are infected annually by any
of the 4 dengue virus serotypes resulting in diverse range of symptoms, from mild
undifferentiated fever to life-threatening hemorrhagic fever and shock (for details,
please see chapters “Dengue Preventive Strategies Through Entomological Control,
Vaccination and Biotechnology”, “Dengue Fever Epidemic in Pakistan and Its
Control Measures: Where Are We Moving?”, “Employing Geographic Information
System and Spatiotemporal Analysis of Dengue Outbreaks in a Metropolitan Area
in Pakistan”, “Identification of Dengue NS2B-NS3 Protease Inhibitors Through
High-Throughput Virtual Screening—Impacts on Drug Development Against the
Dengue Virus” of this book).

West Nile fever virus: This zoonotic arbovirus has been found in birds, mos-
quitoes of Culex genus and horses. Isolated in Uganda first in 1937, it spread
globally up to North America in 1999 and is responsible for a high rate of morbidity
and mortality. Blood transfusion, organ transplantation, and possibly pregnancy and
breastfeeding also can transfer this virus from person to person. Clinical symptoms
range from mild to asymptomatic pathogenesis to neuroinvasion.

Chikungunya virus: A member of arboviruses (CHIKV), this causes crippling
musculoskeletal inflammatory disease in humans characterized by fever, pol-
yarthralgia, myalgia, rash and headache. Aedes aegypti is the most common
reservoir from where through bite the virus is transmitted to humans. Its long-term
progress from infection is yet ill-defined but its prolonged debilitating arthralgia is
well identified. Since 2004, CHIKV has spread on a global scale.

Zika virus: This is another mosquito-borne member of arboviruses and is closely
related to dengue, yellow fever, West Nile, and Japanese encephalitis viruses. From
Africa and Asia, its emergence in Brazil in 2015 peaked the spread throughout the
Americas. Its infections are characterized by subclinical or mild influenza-like ill-
ness, but severe outcomes such as Guillain-Barre syndrome in adults and micro-
cephaly in babies born to infected mothers have been recorded (for further
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information, see chapters “Zika Virus Disease: Progress and Prospects” and “The
Medicinal Chemistry of Zika Virus” of this book).

Tahyna virus (TAHV): This virus endemic to Europe, Asia and Africa is
responsible for California encephalitis. A mosquito-borne California encephalitis,
viral sera analysed from wild boar, roe deer and red deer collected in Austria,
Hungary and Romania, demonstrate that TAHV transmission to mammals is
widespread in Europe, particularly in the wild boar population, but are no more a
major health problem in Western Europe.

Inkoo and Chatanga viruses: These viruses of the Bunyavirus group, circu-
lating in Finland, are mosquito-borne California serogroup orthobunyaviruses that
have a high sero-prevalence among humans. In Northern Europe, the sero-
prevalence against Inkoo virus (INKV) is high, 41% in Sweden and 51% in
Finland. Studies indicate that INKV infection is mainly asymptomatic, but can
cause mild encephalitis in humans.

Sindbis virus: Sindbis virus (SINV) is another mosquito-borne alphavirus that is
locally amplified in a bird-mosquito enzootic cycle and distributed all over the Old
World and Australia/Oceania. Its disease can range from mild illness to lethal
encephalitis or severe polyarthritis.

Batai virus: Belonging to the Bunyavirus group, this is another
mosquito-transmitted Orthobunyavirus. It was first detected in 2009 in Southwest
Germany in anopheline and culicine mosquitoes. Little is known about its infec-
tivity in humans as almost no systematic surveillance or infection studies have been
carried out to date.

Lednice virus: The Bunyavirus group Lednice virus (LEDV) has been detected
in Culex modestus mosquitoes in several European countries within the last six
decades. Not much information is available about this virus.

Semliki Forest complex virus: Mosquito species, Aedes camptorhynchus, Aedes
vigilax and Culex annulirostris are the prime vectors for this virus. Not much is
known about this virus.

Tick-Borne Viruses

Powassan virus (POWY): This is a flavivirus discovered in Powassan, Ontario in
1958, which causes sporadic but severe cases of encephalitis in humans. Its study
for infectivity in humans showed that each year in the USA it has steadily
increased. The virus is first transmitted by Ixodes scapularis, Ixodes cookei, and
several other Ixodes tick species to small- and medium-sized mammals and then
from there to humans. The Powassan virus is a neurovirulent flavivirus consisting
of two lineages causing meningoencephalitis.

Crimean-Congo hemorrhagic virus: This is a member of the Bunyaviridae
family and Nairovirus genus associated with Hyalomma ticks. Its viral genome
consists of 3 RNA segments of 12 kb (L), 6.8 kb (M) and 3 kb (S). Viral induced
fever is widespread and infection is reported from many regions of Africa, the
Middle East, Southern and Eastern Europe, India and Asia. Transfer of virus by tick
bite or body fluids from an infected individual to another is the most common route.
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Clinical manifestations include asymptomatic or high fever, headache, malaise,
arthralgia, myalgia, nausea, abdominal pain and non-bloody diarrhoea.

Other Less-Important Zoonotic Viruses

Enteric viral co-infections: This has been reported for a diverse group of etiological
agents, including rotavirus, norovirus, astrovirus, adenovirus and enteroviruses.
These pathogens are causative agents for acute gastroenteritis and diarrheal disease
in immunocompromised individuals of all ages. Some of them have been high-
lighted below.

Human Astrovirus (HAtVs): This is a non-enveloped, positive-sense,
single-stranded RNA virus discovered in 1975. It causes gastrointentinal illness
(e.g. diarrhoea) in children, elderly and immunocompromised people. Astroviruses
were classified into Mamastrovirus and Avastrovirus infecting mammalian and
avian groups.

Rotavirus: Group A rotavirus (RVA) is another gastroenteritis disease and
worldwide, its yearly prevalence is around 180 million, which remains the leading
cause of disease in neonates, children and adults. The virus was first reported in
turkey poults in the USA during 1977 and since then, RVs of group A (RVA), D
(RVD), F (RVF) and G (RVG) have been identified around the globe. The rotavirus
genome is composed of 11 gene segments of double-stranded RNA. This extremely
contagious virus is transmitted by the faecal-oral route, and diarrheal infections
remain the major cause of morbidity and mortality among young children.

Norovirus: This is a non-enveloped, positive-sense, single-stranded RNA viru-
ses, discovered in 1968, which belongs to the Caliciviridae family. This worldwide
prevailing virus remains a cause of acute gastrointestinal illness especially in
children, and disease may remain associated with nausea, vomiting, and diarrhoea
and significant dehydration. Viral transmission occurs by the faecal-oral route,
person-to-person contact, or by the ingestion of contaminated food and water.
About 699 million infections and over 200,000 deaths worldwide each year have
been recorded.

Oncogenic viruses: As most oncogenic viruses are not associated with pan-
demics, only their names are given as reference: Epstein-Barr virus, Hepatitis B and
C Viruses, HIV-1 and HIV-2 (human immunodeficiency virus 1 and 2), Human
papilloma virus, Human T-lymphotropic virus type 1, Human herpesvirus type 8,
and Merkel cell polyomavirus.
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Viral epidemics and pandemics: Most virologists know that there exist more than
two hundred human viruses; some are continuously persisting in the human body
and others infect humans every now and then causing various diseases and death.
Then there are zoonotic viruses present in animal bodies and ready to adapt to infect
human. The fourth group of unknown types is present underneath the soil, where
they stay for many years and when soil surface will get disturbed, they will emerge
and attack humans either directly or through animals. This means the human spe-
cies will always stay susceptible to viral attacks like epidemics or pandemics. We
have to be fully prepared for that in advance as much as possible.

Environmental disturbance and destruction: Environmentalists every now
and then have been making us aware over the last four to five decades that
disturbances and destructions have been going on in our environment in several
different ways: increased pollutions such as the overuse of plastic materials
and disposal of unwanted chemicals and garbage, increased amount of carbon-
associated exhaust fumes from aeroplanes and cars, deforestation and the reduction
of trees, all of which lead to global warming, melting of glaciers, forest fires,
increased number of floods, storms, typhoons and tornadoes; also possible is the
elimination of small islands in future. With this awareness, I understand that the
leaders of the world, although already putting efforts to minimize these damages,
they join more hands, take more targeted, serious and rapid actions to eliminate
them as much as possible.

Extinction of rare animal and plant species: Another important consequence
of environmental damage is the possible elimination of many rare remaining species
of animals and plants. Naturalists are keeping a close eye on this issue and
including charity organizations who are working for it, but we have to support them
as much as possible for the success of their hard work.

Chemical, biological, and nuclear war fares: Although several countries have
been suspected to be hoarding chemical and biological weapons, human destruction
by these agents are known to be not as destructive as the nuclear weapons.
Moreover, it is possible that in future more and more countries will try to develop
them, and hence the question is whether this will act as a deterrent or will it be used
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as a retaliation? It remains an open question. Let us try to stop further production of
this weapon of mass destruction.

Continued wealth gap between rich and poor: It is well known that the wealth
gap between the rich and the poor is increasing at a faster rate. A few years back,
the global list issued was about millionaires, then soon the list of billionaires, and
now it is not far that we will see the list of trillionaires. Its direct or indirect effects
are increased urbanization, unemployment and increased migration of people from
poor to developed countries. Also the increase in automation is resulting in the
replacement of human workforce with higher unemployment. What could be done
about it is another important question.

Public demands through demonstrations: The current surge of demonstra-
tions, some peaceful some violent, although occurring mostly at local and some at
national levels, most are due to the introduction of new unacceptable laws,
unhappiness, disappointment, depression and significant reduction in the quality of
life. There are cases where demonstrators are brutally treated with sporadic deaths.
This issue should stay more effectively to be raised at the United Nation Security
Council and dealt with appropriately through international diplomacy.

Appearance of new human diseases and increase in the number of existing
ones: No doubt that a number of human conditions globally is on the rise including
heart attacks, diabetes (the new type-2 diabetes in children which was rare a few
years back), different kinds of cancers and allergic reactions. No doubt some
of them are caused by environmental pollution and quality of food consumed.
Newly appearing diseases are mostly caused by zoonotic viruses which are gen-
erated by certain unusual way of life in certain countries. A combined global effort
is required to control and minimize these.

Biotechnology: Biotechnology has now reached a stage that if used irrespon-
sibly, it can have enormous devastation on human life. Although strict rules and
regulations have been produced and distributed to the academia and researchers, it
may not be ruled out that someone some day can misuse it and then what? It
remains a worrying prospect. We should stay vigilant about it.

Cybercrimes: This is something equivalent to virus pandemics, in that they both
work at the global level; one infects and kills humans while the other infects
computers and make them dysfunctional. This can affect industries like banking,
telecom, health care, etc. where hackers not only can hack very huge amounts of
money from banks but can also steal confidential/sensitive user information and
then threaten and demand ransom from companies. For this reason, computer
experts should continue finding certain kinds of deterrent for this problem.

February 2012 Shamim I. Ahmad
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Human Viruses: Infection, Prevention m)
and Potential Target(s) for Therapy — A Shmes
Comprehensive Review

Shilpi Gupta, Prabhat Kumar, Ankan Mukherjee Das, D. K. Gupta,
and Bhudev C. Das

Abstract It is well known that most pathogenic viruses cause acute, chronic and
co-infections that lead to pathogenesis and progression and manifestated as various
human diseases. Viral diseases mainly AIDS, Zika, Ebola, severe acute respiratory
syndrome (SARS), Middle east respiratory syndrome (MERS), influenza and
pneumonia of various forms are the biggest cause of mortality and disability in both
developed and developing countries. Also certain infectious viruses have the
potential to cause cancers in humans. Taken together, the known, unknown and
novel viral diseases associated with cancers represent a major global public health
challange for social well-being, economic stability, quality human health, produc-
tivity and progress. The threats posed by viral diseases mainly depend on the
continued emergence, re-emergence of new and novel pathogenic viruses with
varied pathogenecity and severity. Chronic infections contribute to as high as 26%
of cancer cases in developing countries, only about 11 out of millions of microbes
and chemical agents around us have been declared as human carcinogens. In the
past few years, several new and highly pathogenic viral infections, that affect
humans, have emerged and majority are of zoonotic origin. Thus, monitoring these
zoonoses and other novel viruses with unidentified origins required, advanced
efforts for increased awarness and the efficient global research co-ordination for
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pursuance of effective approaches for prevention and the control of diseases
remains crucial. This chapter presents an update on emerging and re-emerging
viruses and viral diseases, highlights their role in causing human diseases including
cancer as well as their potential targets for development of new therapeutics and
vaccines.

Keywords Infection - DNA virus « RNA virus - HPV - HIV - Influenza -
Coronavirus + Covid-19 - Community transmission + Human diseases - SARS -
MERS - Pathogenesis - Carcinogenesis -+ Therapy and vaccine

Abbreviations

AIDS Acquired immune deficiency syndrome
AP-1 Activator protein 1

ACE2 Angiotensin-converting enzyme 2
ARDS Acute respiratory distress syndrome
CaCx Cervical cancer

COVID-19 Coronavirus disease

CRISPR Clustered regularly interspaced short palindromic repeats
CAS9 CRISPR associated protein 9

CDC Centres for disease control and prevention
CDK Cyclin-dependent kinases

CD Cluster of differentiation

CYD-TDV CYD-tétravalent dengue vaccine

CFR Case fatality rate

CT Computed tomography

CMV Cytomegalovirus

DENV Dengue virus

dsDNA Double-strand DNA

EBV Epstein-Barr virus

ER Endoplasmicreticulum

ELISA Enzyme-linked immunosorbent assay
FDA Food and drug administration

HIV Human immunodeficiency virus

HPV Human papillomavirus

HR-HPV High-risk human papillomavirus

HPyV Human polyomaviruses

HSV Herpes simplex virus

HBV Hepatitis B virus

HCV Hepatitis C virus

HCQ Hydroxychloroquine

HCC Hepatocellular carcinoma

HTLV-1 Human T-cell lymphotropic virus type 1
IFN Interferon

1L-12 Inter lukin-12
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TIARC International agency for research on cancer
ICTV International committee on taxonomy of viruses
INK c-Jun N-terminal kinases

KHSV Kaposi sarcoma-associated herpesvirus
LR-HPV Low-risk human papillomavirus

LMIC Low-middle-income country

MERS-CoV  Middle east respiratory syndrome coronavirus
MCC Merkel cell carcinomas

MCpyV Merkel cell polyomavirus

mTOR Mammalian target of rapamycin

NAAT Nucleic acid amplification testing

NS1 Non-structural protein 1

NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
ORF Open reading frame

PML Progressive multifocal leukoencephalopathy
PIKFYVE FYVE finger-containing phosphoinositide kinase
PCR Polymerase chain reaction

Ry Reproductive number

RT-PCR Real-time reverse transcription PCR

RSV Rous sarcoma virus

SARS Severe acute respiratory syndrome

SARS-CoV-1 Severe acute respiratory syndrome conronavirus-1
SARS-CoV-2 Severe acute respiratory syndrome conronavirus-2

SiRNA Small interfering RNA

STI Sexually transmitted infection
STV Sexually transmitted virus

STD Sexually transmitted disease
ssDNA Single-strand DNA

sgRNA Single guide RNA

STAT3 Signal transducer and activator of transcription 3
TMPRSS2 Transmembrane protease, serine 2
VEGF Vascular endothelial growth factor
VIA Visual inspections with acetic acid
WHO World health organization

1 Introduction

If we think we have greater knowledge of the infectious agents that occupy our
planet and affect our health, nature reminds us that our understanding about
infectious pathogens is too limited. In the last few decades, several kinds of
pathogenic microbes had been discovered to cause various types of human diseases
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and killed millions of people from almost every continent. The growing challenges
to global public health and economic stability to a greater extent can be attributed to
various infectious agents including viruses, bacteria, fungi and parasites. These
infectious agents can be transmitted indirectly or directly, from human-to-human or
animal-to-human or human-to-animal. Though a lot has been done by global health
systems to protect and promote human health against infectious diseases, yet its
menace is further deepened by the sustained emergence and re-emergence of novel,
unrecognized, neglected and long standing infectious agents. At least 28.3% (17
million) of around 60 million deaths that occur globally every year are projected to
be due to infectious diseases. Some of these infections (such as pneumonia, AIDS,
tuberculosis, diarrhoea, measles and malaria) are more severe and deadly with high
incidence and fatality rates (https://www.who.int/healthinfo/global_burden_disease/
GBD_report_2004update_part2.pdf). The threats vary extensively in terms of
severity, infectivity, morbidity and mortality, as well as their effects on social and
global health and economy (https://www.who.int/healthinfo/global_burden_
disease/GBD_report_2004update_part2.pdf). Regardless of high morbidity and
mortality associated with many of these infections, the attempts in understanding
them are restricted to a remarkably small group of biomedical and public health
researchers. Whether the global health system as of today can provide effective
safety and protection against huge array of infectious diseases is doubtful and this is
very clear from by recent outbreaks of SARS-CoV-2 (severe acute respiratory
syndrome coronavirus-2) including previous epidemics of Ebola, HIV, Zika,
influenza, SARS-CoV-1 and MERS-CoV (Middle East respiratory syndrome
coronavirus) along-with looming threat of their increasing resistance (Kim et al.
2017; McNeil and Shetty 2017; https://www.worldometers.info/coronavirus/
#countries; Feldmann et al. 2020; Ksiazek et al. 2003; Memish et al. 2020). The
concern is magnified by rapid population growth in areas with weak healthcare
systems, globalization, urbanization, environmental/cultural variations, ecological
factors, civil conflict, global travel along with trade and the altered natural beha-
viour of pathogens and accelerated spread not only from human-to-human but also
from animal-to-human. Human-created epidemics/pandemics originating from
laboratory accidents or less possible but planned biological outbreaks are also of
increasing concern. These infectious diseases caused by pathogens obviously do not
respect human emotions, political and financial boundaries.

Thus, the global research communities have responsibilities to direct adequate
attention to studying these diseases, their etiologic agents, and natural history with
creating constant awareness and advanced efforts and effective strategies for
closly monitoring infectious diseases and their future emergence and re-emergence.
In this chapter, we sheds light on infectious agents particularly emerging and
re-emerging pathogenic viruses, and briefly introduce its association with human
diseases as well as their potential targets for development of new drug therapies
and/or vaccines.
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2 Infections: Acute and Chronic

Latent or Acute, chronic, recurrent and co-infections may involve in disease
pathogenesis and play a serious role in manifestation of disease. It is essential to
make a distinction between acute and chronic infections, as they play a different
role in the genesis of several diseases. Several acute infections may play a pro-
tective role for the development of some diseases while chronic infections appear to
be a predisposing factor for the onset of disease.

Acute infections are usually associated with an acute phase reaction with a local
inflammatory response, fever and an increased hepatic acute phase protein syn-
thesis. The acute process is characterized by the massive presence of activated
monocytes and macrophages in the inflammation area. These inflammatory cells
may promote angiogenesis (Corliss et al. 2015) by producing pro-angiogenic fac-
tors, such as VEGF (Zhang and Daaka 2011) and prostaglandin E2. Nevertheless,
acute infections do not involve new vessel growth. The variety of infection-induced
factors (TNF-o, IFN-o/B/y, IL-12, TGF- and the acute phase proteins) represent a
critical regulator of acute inflammation that could prevent neo-angiogenesis. The
observations of spontaneous cancer regression in patients with acute infections,
pave the way for studies on the effects of infection and inflammation on cancer
(Kucerova and Cervinkova 2016). Acute inflammation can lead to cancer regression
as shown by early experiments that artificially infected tumors with erysipelas
bacteria cause regression in some cases of incurable cancer (Zhang and Daaka
2011). It is also important to note, that acute infections occurring in childhood,
adulthood or old age have different features. Some studies examined the acute
infectious disease of childhood and underlined that these infections were associated
to a reduced risk of future development of melanoma, ovarian cancer and multiple
tumors (Oikonomopoulou et al. 2013). The cancer risk reduction may also be the
effect and consequence of acute infectious diseases in childhood. These may pro-
vide protection against cancer, but will decrease with age, with the alteration of the
immune system. It seems also that acute infections after the infancy may give an
important protection against cancer (Jacqueline et al. 2017).

Chronic infections last for many years and are not associated with fever and present
variable symptoms. In addition, these kinds of infections can be a consequence of a
failed or deficient immune response. In chronic inflammation the active tissue
destruction and repair process occur simultaneously with the help of angiogenesis
and fibrosis (Kataoka et al. 2003). Chronic infections are a leading public health
issue in high-income countries, and they cause a significant toll in low or
middle-income countries as well. The onset of the infection and, subsequently, the
establishment of the infectious disease and its possible chronic evolution basically
depend on host and pathogen factors. These factors depend on biological charac-
teristics of pathogen in terms of pathogenecity, virulence, tenacity, toxinogenesis,
infection load, contagiousness and vitality. Instead, the factors inherent the host are
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represented by sex, age, nutritional state, economic status, social, hygienic cultural
and conditions, presence of metabolic disorders and the state of the immune system.

3 Infectious Agents that Can Cause Human Diseases

There are various infectious microbes such as viruses, bacteria, fungi and even
parasites have the ability to spread infection from animal-to-human or
human-to-human and transmit diseases directly or indirectly from one person to
another. Generally, several microorganisms are harmless and live in and on human
bodies but under certain conditions, some of them may purport to cause variety of
human diseases ranging from acute to chronic including cancers.

Persistent infection of certain pathogenic microorganisms can cause variety of
human diseases including cancers (cervical cancer, gastric cancer, liver cancer, oral
cancer etc.) in both developing (26%) and developed (8%) countries (IARC 2012;
Parkin 2006). Currently, more than 20% of the human malignancies are directly or
indirectly caused by pathogenic microbes of which more than 50% of infection
associated human malignancies are caused by different strains of human papillo-
mavirus (HPV) (Parkin 2006; zur Hausen 2000). A series of studies showed links
between infectious agents and cancer in the last 60 years. Worldwide, it has been
estimated that 2.2 million (13%) infection-attributable malignancies (excluding
non-melanoma skin cancers) were diagnosed in 2018 alone (de Martel et al. 2019).
As per International Agency for Research in Cancer (IARC), about 11 infectious
agents that have been classified as group-1 carcinogens, are responsible for more
than 90% of infection-associated human cancers globally. These are Helicobacter
pylori, high-risk human papillomaviruses (HR-HPVs), hepatitis B and C virus
(HBV/HCV), Epstein—Barr virus (EBV), Kaposi sarcoma-associated herpesvirus
(KHSV), human T-cell lymphotropic virus type 1 (HTLV-1), Schistosoma
haematobium, Opisthorchis viverrini and Clonorchis sinensis. Out of these,
Helicobacter pylori, HR-HPVs, HBV, and HCV are the most important pathogens
which caused >90% of infection-associated human malignancies world over
(Plummer et al. 2016).

In the 21st century, while the world contineus to fight and contain existing
diseaases (plague, AIDS/HIV, tuberculosis, hepatitis, Influenza etc.) and newly
emerging (Dengue, SARS, MERS, Ebola, Zika, and SARS-CoV-2) the newly
emerging agents are infectious wreaking havoc in both developed and developing
countries alike when an outbreak as an epidemic or a pandemic occurs. To date,
pathogenic diseases and associated fatalities have remained a significant menace
throughout the globe. In spite of current advances highlighting the role of infectious
agents in human diseases, the global incidence of infection associated diseases is
still high, thus an a strong and flexible global health system and focused research on
infectious disease surveillance, prevention, control and treatment strategies are
required.
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4 Viruses and Human Diseases

Viruses are a mystery and can quickly spread explosively around the world. They
are “obligate intracellular parasite” that can replicate inside the host cell (Summers
2009). These intracellular parasites can be found in all living organisms such as
bacteria, fungi, protozoans, plants, animals and humans. These are mainly those
microorganisms that have small genomes, insufficient to encode their own proteins
and every step of viral life cycle depends on the host machinery for almost all
essential functions. Viruses also can affect human health and cause a wide range of
acute to fatal human diseases including variety of cancers.

The World Health Organization (WHO) has reported various human diseases
caused by different types of viral infections, and that millions of individuals are at
risk globally (https://www.who.int/healthinfo/global_burden_disease/GBD_report_
2004update_part2.pdf). The best example is of the recent global pandemic of
coronavirus and COVID-19. Though, our understanding of the mechanisms of
pathogenic virus -induced diseases has significantly advanced but we are still
lacking in-depth knowledge of several existing, emerging and re-emerging viruses
that cause severe diseases in humans. Thus, a better in-depth understanding of
what types of viruses in which situation pose the highest risk to human health
would enable evidence-based targeting of surveillance, treatment and management
of these viral diseases.

5 Virus Infection Can Lead to Cancer

Currently, about 15-20% of all human malignancies are associated with persistent
infection of several DNA and RNA viruses (Liu and Richardson 2013). There are
six major families of animal viruses which have the ability to cause cancer in both
humans and animals. Tumor viruses fall into 2 categories; DNA-containing tumor
viruses (hepatitis B virus, papillomaviruses, Epstein-Barr virus, Herpesviruses,
polyomavirus and Adenoviruses) and RNA-containing tumor viruses (Retroviruses
and Hepatitis C virus). Viruses are unable to cause cancer directly, as several other
co-factors including host cell factors besides additional exposure to various car-
cinogenic agents and immune impairment that can influence tumor development
and progression.

Originally, tumor causing viruses were identified in animals but in 1964 onwards
several human carcinogenic viruses were discovered. In 1911, Francis Peyton Rous
showed that it is possible to transmit the tumour by injecting a solution made from
extracts of cancer, thus opening the way for studies on the association between
virus infections and cancer. Rous Sarcoma Virus (RSV) was the first carcinogenic
virus identified; the studies on RSV had a major role in the development of current
understanding on cancer. Nowadays, it is well known that infections caused by
certain viruses play key roles in the pathogenesis of several cancers. Viruses can


https://www.who.int/healthinfo/global_burden_disease/GBD_report_2004update_part2.pdf
https://www.who.int/healthinfo/global_burden_disease/GBD_report_2004update_part2.pdf

10 S. Gupta et al.

subvert the functions of host cell purturting the pathways regulation of growth
arrest and apoptosis (Bagga and Bouchard 2014). Viral particles can induce tumor
as some of them have oncogenes while others can cause the transformation of a
proto-oncogene to oncogene in the host cell. The viral oncogene is a mutated,
hyperactive and homologue gene involved in cell proliferation, so it works rapidly
in all infected cells. Moreover, the over-expression of the proto-oncogene,
responsible for uncontrolled cell proliferation, is caused by the viral promoter or by
other factors that regulate the transcription. The carcinogenesis process requires
multiple steps, but it seems that virus-associated tumors may have common path-
ways; it could be, for viruses such as HBV, HPV and EBV, the functional inac-
tivation of p53 by virally encoded oncoproteins (Jiang and Yue 2014; Ko 2015;
Kordestani et al. 2014). The viruses associated with tumors are characterized by the
capacity of causing a persistent infection, but they are not exclusively carcino-
genetic agents; so cancer development may be considered as an accidental event in
the course of the infection. Obviously, the host immune status may influence the
evolution of the disease. Between the initial infection and the onset of cancer could
take several years, and carcinogenesis process in virus associated cancer, can be
promoted by direct and indirect mechanisms. The viral carcinogenesis also depends
on genome type; therefore, it is necessary to consider the main differences between
DNA viruses and RNA viruses and their implications on human cancers (Table 1)
and other diseases (Tables 2 and 3).

A. Pathogenic DNA viruses

DNA viruses are obligate intracellular parasites and important human pathogens
that have the ability to cause several acute and chronic diseases in humans.
Their DNA is replicated either by host or virally encoded DNA polymerases
(Fig. 1). Viruses lack the internal machinery to synthesize their proteins and their
Iytic cycle is totally dependent on their capability to control/command host cell
genome and thus regulate different signalling pathways. Viruses essentially “hijack”
the host cell and its mRNA is translated into proteins and these early proteins are
accountable for changing normal cellular actions which in some cases permit the
infected lysogenic cells to escape the host restriction systems. The genomes size of
DNA viruses varies between 5 and 375 kb. During viral infection, majority of these
viruses stimulate host-cell DNA replication, or at least in the early stages of DNA
replication, it creates a suitable atmosphere for their own DNA replication.
Currently, 91 human DNA virus species have been identified with 22 genera and
8 families, many of them are associated with human diseases including cancer and
are of immense public health importance worldover (Woolhouse and Adair 2013).
According to International Committee on Taxonomy of Viruses (ICTV) (Kuhn
et al. 2019a) DNA viruses are divided into 3 major categories (i) single-strand DNA
(ssDNA) viruses, double-strand DNA (dsDNA) viruses and (iii) para-retroviruses
(that replicate their genome through an RNA intermediate; e.g. Hepadnaviruses)
(Katakura et al. 2005). There are 22 families of dsDNA viruses and 5 families of
ssDNA viruses which have been recognized by ICTV. There are six distinct
members of DNA virus families, Hepadnaviridae, Polyomaviridae,
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Table 1 Estimated number of different virus-attributable human malignancies in 2018

Virus types

Associated new cases of malignancies in
2018

Total number of new
cases due to infectious
agents

DNA tumour viruses
Human
papillomaviruses
(HPV)

Cervical (570000), Oropharyngeal
(42000), Anal (29000), Penile (18000),
Vagina (14000), Vulvar (11000), Oral
cavity (5900) and Laryngeal (4100)
Carcinoma

694,000 (de Martel
et al. 2019)

Hepatitis B virus

Hepatocellular carcinoma (HCC)

360000 (de Martel

(HBV) (150000) et al. 2019)
Epstein Barr virus Hodgkin lymphoma (40000), Burkitt’s 156,600 (de Martel
(EBV) lymphoma et al. 2019)

(6600) and Nasopharyngeal Carcinoma

(110000)
Kaposi’s sarcoma Kaposi’s sarcoma and primary effusion 42000 (de Martel et al.
herpesvirus Lymphoma (12000) 2019)

(KHSV/HHV-8)

Merkel cell
polyomavirus
MCpyV)

Merkel cell carcinoma (MCC) (United
States)
(1972)

19,722 (de Martel
et al. 2019)

RNA tumourviruses

Associated malignancies

Hepatitis C virus

Hepatocellular carcinoma (140000) and

156,000 (de Martel

(HCV) Other non-Hodgkin lymphomas (16000) | et al. 2019)
Human AIDS-related Kaposi’s sarcoma (KS) 41,799 (Dalla Pria
immunodeficiency (14000) et al. 2019)

virus (HIV)

Human T-cell leukemia
virus-1 (HTLV-1)

Adult T-cell leukaemia and lymphoma
(ATL)
(1900)

3600 (de Martel et al.
2019)

Table 2 List of human herpesvirus types and family

Herpes viruses types

Alternate name/Abbreviations

Sub-family

Human herpesvirus 1

Herpes simplex-1 (HSV-1/HHV-1)

Human herpesvirus 2

Herpes simplex-2 (HSV-2/HHV-2)

Human herpesvirus 3

Varicella-zoster (VZV/HHV-3)

Human herpesvirus 4

Epstein-Barr (EBV/HSV-4)

Human herpesvirus 5

Cytomegalovirus (CMV/HHV-5)

Human herpesvirus 6

HHV-6

Human herpesvirus 7

HHV-7

Human herpesvirus 8

KSHV/HHV-8
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I Pathogenic DNA Viruses I Pathogenic RNA Viruses

|| Hepatoviridae Parvoviridae Reoviridae Filoviridae —
HBV Parvovirus B19 i Ebola & Marburg virus
| Papillomaviridae | | Flaviviridae |
HPV HCV, Dangue & Zika virus

Polyomaviridae Coronaviridae
BKV, JCV & MCPyV 5ARS-CoV-1, MERS-CoV
& SARS-CoV-2
Adenoviridae
—*| HAdV Retroviridae
HTLV-1 —
HIV
Herpesviridae
HSV-1 & H5V-2 Orthomyxoviridae
— | Gz
EBVIHHV-4
CMVIHHV-S Paramyxoviridae
HHV-6 & HHV-T Rulela & Measles —
KHSVIHHY-8 maorbilli virus.

Fig. 1 Classification of most common pathogenic human DNA and RNA viruses

Papillomaviridae, Herpesviridae, Adenoviridae and Poxviridae; they are capable of
infecting and causing various acute and chronic diseases in humans. Persistent
infections of majority of these DNA viruses are linked with cellular transformation
and carcinogenesis.

I. Hepatitis viruses

Viral hepatitis is caused by 5 different types of hepatotropic viruses (HAV, HBV,
HCV, HDV and HEV). Both, acute and chronic Hepatitis B (Cho et al. 1973) is
caused by the Hepatitis B virus (HBV). HBV is a non-cytopathic, partially (full
length negative-sense, partial positive-sense) double stranded with circular DNA
belongs to the family Hepadnaviridae (Hirschman et al. 1969). Chronic infections
caused by HBV represent the main etiological factor for the development of liver
diseases and hepatocellular carcinoma (Table 2). HBV infection remains to be a
major public health concern globally and in the last two decades the chronically
infected people ranged from 240 to 350 million (Lavanchy 2004; Ott et al. 2012),
and 8,870,00 deaths were reported in 2015 worldwide (Lozano et al. 2012). It is
an endemic in Southeast Asia and Sub-Saharan Africa and more than 8% African
and Asian population are chronic carriers of HBV (Maddrey 2001). HBV
seropositivity has been estimated to be 3.6%, with the greatest endemicity in Africa
(8.8%) and Asia (5.3%). Since India is the second largest populated country in the
world, it accounts for a large proportion of the global HBV infection and has about
40-50 million (10-15%) of the entire pool of HBV carriers (Ray 2017).
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HBYV is mainly found in secretions of semen, vagina, saliva, blood, and men-
strual blood of infected persons and transmitted by parenteral, sexual or perinatal
mode. HBV infected individuals generally remain asymptomatic or lead to an acute
hepatitis after which the infection is cleared by the immune response (Guidotti et al.
1999). However, if HBV infection fails to get cleared, it can lead to chronic in-
fection in a large number of individuals comprising young children and a good
percentage of adults.

There are eight HBV genotypes and four serotypes (adv, ayw, adr and ayr)
which are characterized by distinct geographic distribution and are clinically
important. Several reports about HBV infection showed that genetic characteristics
of virus, including genotypes and specific genetic mutations, may lead to the
development of hepatocellular carcinoma (HCC) through direct and indirect path-
ways. The ability of the virus to integrate into the host cell genome leading to
alteration of cellular signalling and tumorigenic growth control, assumes a great
importance (Chu 2000; Farazi and DePinho 2006). It is interesting to note that
integrated HBV DNA in human genome does not replicate independently but can
do so along with the human genome and can persist indefinitely. Certain disease
status of chronic HBV infection poses a higher risk of liver cancer and the risk is
increased in patients with active hepatitis (Farazi and DePinho 2006) and in cir-
rhotic patients. HBV can cause cancer by integrations into the human genome, even
in the absence of cirrhosis. The continuous injury and regeneration of cirrhotic liver
lead to increased liver cells turnover, favouring critical genomic mutations, chro-
mosomal rearrangements, activation of oncogenes and inactivation of tumour
suppressor genes. The T-cell immune response elicited to combat infection, con-
tributes to hepatocyte necrosis, inflammation and consequently regeneration
(Katakura et al. 2005). HBV-induced hepatocellular carcinogenesis, like other
malignancies, is considered a multi-step process involving several genetic alter-
ations that ultimately lead to malignant transformation of the hepatocytes.
Moreover, an association has been observed between past exposure to HBV and the
risk for pancreatic cancer development. This is not surprising, because HBV can
replicate within the pancreas and because elevations of serum and urinary level of
pancreatic enzymes are often noted in patients with HBV chronic infection
(Berrington de Gonzalez et al. 2008).

The HBV vaccine was developed in the late 1970s. This vaccine has provided an
effective means to prevent and decrease HBV infection and eventually reduced
chronic liver diseases and HBV-associated HCCs, which can therefore be consid-
ered the first anti-cancer vaccine against HBV (Hessel and West 2002). Various
novel strategies (CRISPR/Cas9, siRNA, entry and secretion inhibitors and
immunotherapy) are now being developed that could potentially be used to combat
and eliminate HBV infections and prevent virus rebound on therapy
discontinuation.
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II. Human Polyomavirus infection

At present, 14 human polyomavirus (HPyV) species have been identified and some
of which are known to cause infection in humans. These viruses are small,
non-enveloped circular, dsDNA viruses that belong to the family Polyomaviridae.
These HPyVs infect a wide range of tissues including skin, kidney, and respiratory
tract, usually resulting in a persistent, asymptomatic infection. However, in
immunocompromised hosts, HPyVs can cause serious diseases including fatal in-
fection of the brain, kidney and can cause cancer. Recent works identified 8 novel
species, MCV, HPyV6, HPyV7, KIPyV, WUPyV, HPyV9, and MW PyV/HPyV10
(Allander et al. 2007; Feltkamp et al. 2013; Feng et al. 2008; Gaynor et al. 2007,
Schowalter et al. 2010; Scuda et al. 2011; Siebrasse et al. 2012). Studies have also
shown that the JC virus (JCV) and BK virus (BKV), both belonging to HPyVs were
discovered in 1971 in patients who were immunosuppressed (Gardner 1971).
Evidence suggest that BKV persistently is linked with tissue injury, salivary gland
diseases and sclerosis in HIV-positive patients, nephropathy in kidney transplant
patients, haemorrhagic cystitis in recipients of bone marrow transplantation and
oncogenesis in transplant recipients. JCV causes progressive multifocal leukoen-
cephalopathy (PML) and in immunocompromised/AIDS patients it causes haem-
orrhagic cystitis and haematological malignancies.

MCPyV is the first polyomavirus directly implicated in more than 80% of
aggressive Merkel Cell Carcinomas (MCCs), the second most deadly form of skin
cancer after melanoma in elderly white patients. This rare and aggressive neu-
roectodermal cancer shares clinico-epidemiological features and other aspects with
Kaposi sarcoma. MCPyV is an emerging, non-enveloped, fifth tumour poly-
omavirus virus, which was first described in January 2008 in Pittsburgh,
Pennsylvania. About 1,500 new MCC cases are recorded annually in the United
States (US), representing a relatively low prevalence compared to other skin can-
cers; however, its incidence has tripled in the past two decades (Agelli and Clegg
2003; Calder and Smoller 2010; Hodgson 2005).

III. Human Herpesvirus and associated diseases

Human herpesviruses (HHVs) are potential human pathogens that belong to the
family Herpesviridae. There are eight distinct types of herpesviruses (Table 2) and
their family is divided in3 subfamilies: Alphaherpesvirinae (a-herpesvirinae),
Betaherpesvirinae (B-herpesvirinae) and Gammaherpesvirinae (y-herpesvirinae).
These viruses can cause variety of human diseases including genital or oral herpes,
infectious mononucleosis, encephalitis, meningitis, herpes keratitis, neonatal herpes
and Kaposi’s sarcoma. These viruses are transmitted from the infected area of skin
or mucous membrane and as a result of direct contact with the lesions. The distinct
types of herpesviruses that infect humans and their key features are summarized in
Tables 1 and 3.

HSV-1 and HSV-2: These are the two most common viruses which are generally
associated with human oro-facial or genital herpes, encephalitis and conjunctivitis.
However, genital herpes may be a consequence of HSV-1 infection and cold sores
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may also be caused by HSV-2. Once the individual has been infected, reactivation
is extremely common in both clinical forms: oral or genital (Whitley 1996; Wilck
et al. 2013). HSV infection is untreatable and about 90% of global population is
infected with one or both HSVs (Boppana and Fowler 2007). If HSV-encephalitis is
left untreated, it can cause >70% mortality (Jereb et al. 2005).

Varicella-zoster virus (HHV-3): Itis an exclusively human neurotropic
alpha-herpesvirus that causes chickenpox (Varicella) especially in children (1-
9 years of age) and reactivation of the dormant virus leading to herpes zoster
(shingles) in elderly and immunosuppressed persons (Pergam et al. 2019). In
the US, more than 90% of adults suffer from this disease in their childhood,
whereas the remaining children and young adults get vaccinated (Gnann 2002).

Epstein-Barr virus (EBV/HSV-4): EBV was identified and fully sequenced for the
first time in Burkitt lymphoma biopsy by Denis Burkitt in 1964 in Uganda (Zhang
and Daaka 2011). Later it was considered, along-with other genetic and environ-
mental factors (Yu and Zelterman 2002) responsible for the development of benign
lesions, infectious mononucleosis, Burkitt lymphoma and other human malignan-
cies, such as nasopharyngeal carcinoma and a series of other human infections and
diseases particularly in immunocompromised patients. It also causes Hodgkin and
non-Hodgkin lymphoma (NHL), thymic lympho-epithelioma, salivary gland and
urogenital carcinoma (Parkin 2006; Javier and Butel 2008). Based on geographical
regions, EBV infection alone accounts for 0.5-2% of human cancers (Epstein et al.
1964; Khan and Hashim 2014) and recent epidemiological studies indicate that
1.8% of all cancer-related mortalities were associated with EBV infection in 2010
(Khan and Hashim 2014). Globally, EBV is highly prevalent and more than 90% of
younger population are infected with EBV (Young et al. 2008).

Two major types of EBV (EBV-1 and EBV-2) have been identified (Cho et al.
1973) and it has been revealed that the genomes of both the EBV types are very
similar except for the regions of the EBV-nuclear antigen (EBNA) genes that have
greater ability of type 1 EBV infection to induce B cell proliferation (Tzellos et al.
2014). EBV-2 infection is prevalent in Africa and mostly among homosexual men
(Gratama and Ernberg 1995; Higgins et al. 2007; van Baarle et al. 2000). Markedly,
percentage of EBV infection differs in different diseases and may have conse-
quences toward the aggressivity of the associated diseases (Jha et al. 2016).
Moreover, the presence of autoimmune diseases such as systemic lupus erythe-
matosus, rheumatoid arthritis, and primary Sjogren’s syndrome, the condition of
transplanted and the consequent iatrogenic immunosuppression and HIV infection
are all circumstances in which the EBV infection is strongly associated to
leiomyomas, leiomyosarcomas and other smooth muscle neoplasms (Sousa et al.
2008) (Table 3).

Human cytomegalovirus (HCMV/HHV-5): It is a ubiquitous HSV-5 virus with
the high morbidity and mortality rates compared to other HSVs worldwide.
Infection of this virus inflicts “mononucleosis-like syndrome” (cytomegaly or
“cytomegalic inclusion disease) (Davison and Bhella 2007; Liu and Zhou 2007).
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Infection risk is higher among young, elderly, immunocompromised, HIV-infected
and transplant recipient individuals. It may also cause encephalitis, retinitis, hep-
atitis, colitis, esophagitis, pneumonia and neonatal infection sequelae. In developed
countries, the infection burden of HCMV increases progressively with age,
reaching over 70% prevalence by the age 70. The seropositivity rates are higher
(>90%) among lower socioeconomic groups, homosexual men, and in
low-income countries (Beam and Razonable 2012; Cannon 2009; Ho 1990; Pass
1985; Razonable 2005; Stagno and Cloud 1990). Clinical management of HCMV
infection is challenging due to the absence of 100% protective vaccine or anti-viral
drugs against the virus (Griffiths and Boeckh 2007; Heineman 2007; Plotkin and
Boppana 2019). The majority of studies have been focusing on the immune
response of viral pathogenesis. However, studies on host-genetic interaction of
virus may help in identifying molecular pathways that may lead to the discovery of
new therapeutics.

HHV-6 and HHV-7: These are ubiquitous viruses and have been linked with
lichen planus, pityriasis rosea, hypersensitivity reactions, roseola infantum,
graft-vs-host disease, and early febrile infectious syndrome. A large number of
adult population (>95%) is found seropositive to both HHV-6 and HHV-7 in-
fection worldwide. Primary infection commonly occurs in children during infancy.
HHV-6 was first identified in 1986 in patients with lymphoproliferative diseases.
HHV-7 is one of the causative agents of exanthem subitum (ES) (Tanaka et al.
1994). The peak of HHV-7 seroconversion (Tanaka-Taya et al. 1996) takes place
later than seroconversion for HHV-6 (Okuno et al. 1989) and mature CD4 positive
T-lymphocytes and epithelial cells of salivary glands seem to be the principal target
cells for both the viruses (Dockrell and Paya 2001; Caserta et al. 2001). Further
studies on diagnostic techniques and therapy will lead to better detection and tar-
geted anti-viral treatment.

Kaposi’s sarcoma herpes virus (KSHV/HHV-8): KHSV is known cause of
various Kaposi’s sarcoma (KSHV) forms (AIDS-associated, classic, endemic,
African, iatrogenic) also known as Human Herpes Virus 8 (HHVS) encodes for
several cytokines and their receptors (Cesarman et al. 1995; Soulier et al. 1995).
There are four forms of KHSV that have been described; the classic KS, identified
by Moritz Kaposi, is found in elderly men of Mediterranean and Eastern European
descent (DiGiovanna and Safai 1981). The second type is lymphadenopathic and
AIDS associated form of KS present as African endemic KS, which occurs in
Eastern and Central African countries (Friedman-Kien and Farthing 1990; Stein
et al. 1994). Currently KS is the most common malignancy associated with HIV
infection (Table 1). The fourth type of KS is iatrogenic/post-transplant KS, which is
associated with the use of immunosuppressive therapy for the prevention of organ
transplant rejection (Andreoni et al. 2001; Marcelin et al. 2007). In addition to
Kaposi’s sarcoma, the viral genome has been found in primary effusion lymphoma
(PEL), Castleman disease, angioimmunoblastic lymphadenopathy and in certain
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cases of reactive lymphadenopathies. Moreover, it is also considered a cause of
body-cavity-based lymphomas.

IV. Parvovirus B19 infection

Parvovirus B19 infection may play a role in the pathogenesis of rheumatic diseases
(Yaghoobi et al. 2015) and acute lymphoblastic and myeloblastic leukaemia (Kerr
2000). Even if Parvovirus B19 is an aetiological agent for certain diseases (Kerr
et al. 2003), there is limited literature on Parvovirus B19 involvement in solid
tumours. However, a correlation with papillary thyroid carcinoma (PTC) has been
hypothesized. In fact, studies have demonstrated the presence of viral DNA and
viral proteins in neoplastic epithelium of patients with PTC (Li et al. 2012). The
possible role of B19 in pathogenesis of thyroid neoplasm is also suggested by
involvement of immune system involving NF-kB, IL-6 and viral proteins. The
rapidly activated NF-kB, by tax and tat protein, can play a pivotal role in the
HTLV-1-induced acute leukaemia and HIV-induced KS which is also significantly
increased and co-localized with the virus DNA in papillary thyroid carcinoma
tissues (Chan et al. 2017). Moreover, one of the non-structural protein (NS1)
encoded by viral genome is cytotoxic to host cells and linked to NF-kB and IL6.
The correlation is probably due to the fact that the non-structural viral protein
resembles tax protein of HTLV-1 and tat protein of type 1- HIV. They all play a
part in viral propagation and activation of IL6 production through the
NF-kB-binding site in the IL6 promoter (Yaghoobi et al. 2015). These findings also
reveal a novel link between parvovirus B19 and thyroid carcinoma (Li et al. 2012).

V. Human adenoviruses (HAdV)

Human adenoviruses (HAdV) are ubiquitous, non-enveloped, dsDNA virus with
~35 kb of genome size belongs to the Adenoviridae family. HAdV are the first
respiratory viruses which were isolated in tissue culture. These viruses are
well-recognized as an important human pathogen of upper respiratory tract infec-
tions including common cold in children and adults. Presently, >70 HAdV ser-
otypes are known and these are further divided into 7 species (HAdV-A to
HAdV-G). In humans, over fifty adenoviral serotypes have been identified that can
cause widespread infections, from mild to life-threatening respiratory infections in
young children and in immunocompromised persons (Sun et al. 2018). Severe
HAGJV infection in young children can be complicated, leading to acute respiratory
distress syndrome (Hung and Lin 2015; Stebbing et al. 2020), pleural effusions
(Cho et al. 1973), myocarditis (Treacy et al. 2010), respiratory failure (Lai et al.
2013) and central nervous system (CNS) dysfunction (Huang et al. 2013).
However, HAdV also can cause variety of lesions of the conjunctiva and gas-
trointestinal, bladder, central nervous system and genitals. HAdV are tolerant to
interferon treatments and only Cidofovir is a choice of drug which gives
anti-adenoviral activity in severe disseminated disorders. Unfortunately, no effec-
tive vaccine for children and specific anti-adenovirus drugs against HAdV diseases
is available (Fu et al. 2019). Majority of viral infections are self-limited but in
immunocompromised patients, the burden and of the disease outcome is potentially
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fatal. This has paved the way for additional work to work identifying novel avenues
for immunotherapy and pharmacotherapy.

VI. The Human papillomaviruses (HPVs)

HPV being epitheliotropic virus it exclusively infects both, the skin and basalmu-
cosal epithelial tissues of genital, head and neck area and infection can lead to the
transformation of basal epithelial cells (Gupta et al. 2012). HPV have been clas-
sified into five genera (alpha, beta, gamma, mu and nu (de Villiers 2013; Gupta
et al. 2018b). Mucosal HPV infection can cause various human diseases including
condyloma acuminata, focal epithelial hyperplasia, cervical neoplasia and cervical
and other anogenital and head and neck carcinomas (Table 3). Cutaneous HPVs
which infect cutaneous epithelia can cause various types of benign warts
(Plantar, and Filiform which may be pigmented), epidermoid cysts and skin cancers
(Doorbar et al. 2015). To date >200 HPV genotypes have been discovered and
majority of them (~40 HPV genotypes) infect the anogenital tract (Kocjan et al.
2015). HPVs have been categorized into two main types; (i) high-risk (HR-) and
low-risk (LR-); these types are based on their potential to induce malignant lesions.
Of these, 15 mucosal HR-HPV types (HPV type 16, 18, 31, 33, 35, 39, 45, 51, 52,
56, 58, 59, 66, 68, 73 and 82) have been identified as oncogenic HPV types and are
associated with more than 99% of cervical and other anogenital cancers (de Villiers
2013; Chen and Chou 2019) HR-HPV types 16/18 are considered as the most
dominant types and are responsible for >80% of all cervical cancer (CaCx) cases,
and 6 other HR-types (HPV 31, 33, 35, 45, 52, and 58) are responsible for an
additional 20% (Bosch et al. 1995; de Sanjose et al. 2010).

HPV is considered as one of the most common sexually transmitted virus
(STV) and globally ~12% females and 1% males are infected (Chu 2000). It is
strongly associated with the pathogenesis of several types of human cancers and
accounts for ~10-20% of total human tumors (Table 3). HPV infection trans-
mission is considered through sexual contact, mostly during the vaginal, anal, oral
sex, or genital-to-genital contact (Steben and Duarte-Franco 2007). In fact, most of
the sexually active partners are exposed at least one strain of HPV at some point in
their life-time. Therefore, the difference in the capability of virus to induce
malignant transformation is totally depended on oncogenic HPV genotypes and
host immune susceptibility. HPV infection is a necessary causative agent for cer-
vical cancers (CaCx), which is one of the leading cause of death in women par-
ticularly in low or middle-income countries mainly due to lack of early screening
program for CaCx. Other than CaCx, HPV infection also induce cancers of anal
(88%), vaginal (78%), penile (50%), vulvar (25%), oropharynx (20-31%), tongue
(30%), laryngeal (2.4%), oral cavity (2.2%) and also breast and stomach (Gupta
et al. 2018b; Boda et al. 2018; Dunne et al. 2007; Pereira et al. 2015; zur Hausen
2002). Despite available effective prophylactic HPV vaccines, protecting against
most prevalent HR- and LR-HPVs, the HPV-associated tumors still remain a major
global health problem particularly in low-middle income countries (LMICs).
Understanding molecular, mechanisms and conducting large-scale clinico-
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demiological studies along-with organized HPV screening and vaccination are
crucial to completely eradicate HPV-associated disease burden globally.

Genome structure and functions of HPVs. They are non-enveloped, small, cir-
cular dsDNA viruses with about 8 kb genomes (Fig. 2). HPV belongs to the family
‘Papillomaviridae’. The viral genome contains three major regions: (i) the early
genes (E1, E2, E4, ES, E6 and E7) involved in viral replication, transcription and
tumorigenic transformation, (ii) the late genes (L1 and L2) encodes two structural
capsid proteins and (iii) the long control region (LCR), a non-coding upstream
regulatory region (URR) (Dalla Pria et al. 2019) that controls viral transcription and
replication (Fig. 2) (de Villiers 2013; Das et al. 2008). The HPV E6 and E7, which
encode oncoproteins consisting of 151 and 98 amino acids, respectively, are largely
responsible for the onset and persistence of the malignant phenotype in both
anogenital and head and neck cancers (Fig. 2).

Emergence of HPVs as the key human carcinogens for cervical cancer. The
existing data highlights that oncogenic HPV infections are the important etiological
agents in the genesis of majority of cervical cancers (CaCx). It causes almost all
cases of cervical cancer but being an epitheliotropic virus, it also induces a sig-
nificant variable percentage of certain non-cervical carcinomas. CaCx is a deadly
disease among women and a big challenge to the society, as it kills one woman in

Long Control Region

Upstream Regulatory 7}90
Region . %, -
LCR/URR ,,799
()

72 kp,
Repllcatlon

Fig. 2 Genomic organization of HR-HPV type 16. First the early region (E1-E7), second is late
capsid (L1-L2) and third is non-coding upstream regulatory region (URR). Most Papillomavirus
genomes resemble HPV16 organization in general
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every two minutes around the globe (Bray et al. 2015). Globally, CaCx is most
frequent gynaecologic cancer with an estimated 570,000 new cases and 311,365
cervical cancer-related deaths recorded in 2018, of which about 90% (9 out of 10)
cancer-related deaths were recorded in low-middle income countries (LMIC) (Bray
et al. 2015; Ferlay et al. 2018). CaCx is the 3rd most prevalent malignancy among
females globally and 2nd leading cause of death in Indian females. Worldwide, it
accounts for about 3.3% of all cancer-associated mortalities (Bray et al. 2018).

One-forth of all global cervical cancer cases are diagnosed in LMIC which
harbour greater than 21.3% of world’s population (Kumar et al. 2019). The sub-
stantial differences in CaCx incidence exist within the states, most prominently
between urban and rural populations. These figures suggest that there is an urgent
need for better prevention and treatment solutions regarding HPV-induced cancers
in women. Ironically, regardless of the fact that a cancer control programs being an
essential part of the national health strategy, there have been disappointing
improvements on HPV-mediated cancer prevention strategies. However, the
scenerio in interstingly changing with GAVI and UNDP implementing HPV vac-
cination programmes in India. More than 90% of all CaCx cases are caused by
persistent infections with HR-HPVs which can lead to the genesis of precancer
lesions and, eventually, invasive carcinoma (Ferlay et al. 2014). However, the
possibility of HPV-DNA persistence and development to lesions is increased by a
number of host and environmental factors. The risk of HR-HPV persistence and
developing into high-grade cervical lesions increases 5—10 folds due to the host
immune impairment (Birkeland et al. 1995). In addition, the relative risk of
developing CaCx is increased by several other epidemeological factors such as
types of STIs (Smith et al. 2002), continuous use of contraceptives (Moreno et al.
2002), multiple partners, early age marriage (<18 years), poor genital hygiene (Das
et al. 2008), high parity, smoking, certain religious practices and ethnicity (Bharti
et al. 2009; Wyatt et al. 2001). In majority of the cases, HPV infections are
asymptomatic and cleared by host immune system, however, in few cases, per-
sistent infections with specific strains of oncogenic HPVs can develop into invasive
cancer (Gupta et al. 2018b). Nevertheless, persistent HR-HPVs are principal cause
for more than 90% of CaCx. However, it clearly indicates that CaCx is a pre-
ventable disease through regular screening and HPV vaccination. Thus, with
these primary and secondary prevention approaches such as HPV vaccination,
different cervical screening methods along-with HPV DNA testing in the general
population in LMIC will remarkably reduce the risk of HPV-induced cervical
cancers as well as will help towards global elimination of cervical cancer in all
groups of women (Gupta et al. 2012, 2018b; Bharti et al. 2009).

HPYV: molecular mechanism of oncogenesis and target(s) for therapy.

HPV is an epitheliotropic virus that infects stratified squamocolumnar epithelial
mucosa at the transformation zone (TZ) of the cervix through micro-abrasions
caused during sexual intercourse. Thus, early age of first sexual intercourse, mul-
tiple sexual partners and other STIs enhance virus entry, progression of infections
and development of lesions in women and progress through a variety of
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pre-malignant and malignant lesions (Stokley et al. 2014). In majority of patients
(~90%) immune system clears HPV infection thus remaining asymptomatic
(Steben and Duarte-Franco 2007), cases of about ~10-12% HR-HPV infections
that persist make the differentiating epithelial cells to reach a DNA-synthesis
competent state leading to tumorigenic transformation mostly due to up-regulated
transcription of E6 and E7 oncoproteins. Therefore, persistent or chronic HR-HPV
infection for at least one year or more along-with other endogenous and/or
exogenous factors are prerequisite for the development of cellular changes which
can lead to aberrant viral oncogene expression and serve as the key factor for the
genesis of HPV-induced cancers (Das et al. 2008; Bharti et al. 2009). During
productive HPV infection, viral genomes remain in the episomal state in the basal
undifferentiated epithelial cells and replicates together with the cellular genome.
Apart from genomic predisposition, acute and chronic localized inflammatory
co-infections, persistence of HR-HPVs triggers the integration of viral DNA into
the host genome. Following this it makes nearly impossible for the premalignant
lesions to return back to normal (Bharti et al. 2009; Moody and Laimins 2010), thus
considered as a crucial step in the development of high-grade cervical lesions
(Cullen et al. 1991; Das et al. 1992a, b; Pirami et al. 1997; Shukla et al. 2010).

HPV-induced tumorigenesis is a complex and multistage process associated with
the occurrence of genomic alteration and/or tumorigenic transformation of the cells.
Genomic alterations are the hallmark of tumorigenic transformation (Senapati et al.
2016). The molecular mechanism of HPV-induced tumorigenesis can be regulated
by two key viral oncoproteins; E6 and E7 that are consistently overexpressed and
are critical to the induction and maintenance of the malignant phenotype (IARC
2007; May and May 1999). These oncoproteins are also able to disrupt innate
immunity by inhibiting type 1 interferon and alter functioning of several important
molecular regulatory signaling pathways such as p53, Rb, EGFR, Notchl, Wnt,
JNK, mTOR, STAT, AP-1 and NF-kB-mediated pathways, that are known to
play critical role in regulating normal cell growth, differentiation, apoptosis and
immune functions (Gupta et al. 2015, 2018a; Kuguyo et al. 2018; Olusola et al.
2019; Tyagi et al. 2017).

For maintenance of tumorigenicity and activation of replication machinery,
HR-HPV-E6/E7 oncoprotein interact and bind to two key tumour suppressor pro-
teins, pS3 and retinoblastoma (pRb) respectively leading to inactivation of these
two essential cell growth regulators and induction of S phase and cell cycle pro-
gression (Fig. 3). Furthermore, the E6 oncoprotein binds more efficiently to the p53
leading to the formation of a ternary complex with E6-associated protein (E6AP)
causing inactivation of p53 and PDZprotein (post synaptic density protein of
Drosophila disk large tumour suppressor-zonula occludens-1 proteins) while
stimulating phosphoinositides 3-kinase (PI3K)/protein kinase B (Akt), Wnt/
B-catenin and Notch signalling pathways (Gupta et al. 2018b; May and May 1999).

Similarly, E7 binds to unphosphorylated pRb and disrupts phosphorylated state
of pRb which ultimately induces the degradation of retinoblastoma (pRb) family
members (pRb1, pl07 and pRb2). Thereby release of the E2F transcription factor to
bind with promoters of cell cycle regulatory genes to translate cell cycle regulatory



24

Host immune system
clears infection ch
(~90%) [

Expression

in basal cells l

.,.*

P53 degradation

0
@
0‘0

l

Loss of tumor
suppressive
activity of
p53

S. Gupta et al.

A

\ N4

= >
Ay A

Some infection
Persists (~10%)

Normal squamous
epithelial cells

Persistent Expression in
Infection with | basal cells
HR- H PVs
+ﬁ;~] E2F Transcription
Immune response e factor (Rb-bound)
Inhlbmon
L
Cellular Immortalization (] .N l ;
. . .
« Rb: Degradation :
. = ° [ J
Aberrant Prollferatlon & [ )
Transformatlon 1 Unbound

Gene
Transcription,
Uncontrolled Cell
Cycle Progression
& Malignant

leferentlatmn defect

Oncogenes Expressnon &
Viral Integration

Progression

¥

Oncogenic Stress &
Extended Proliferation

Genomic Instability

[
(
[
{ Inhibition oproptOSIS &
[
[
[

-« «J . Jb «w_J J _J

\

1 Invasive
———

< Cancer

Fig. 3 Schematic diagram of molecular mechanisms of HPV-induced genomic instability and
oncogenesis. Viral oncoproteins; E6 & E7 bind to p53 and Rb, respectively and induce their
degradation and inactivation leading to uncontrolled cell cycle progression and growth
causing genomic instability and chromosome aberrations following HR-HPV infection.

proteins and polymerases required for cell growth and cell cycle progression
(Fig. 3). HR-HPV/E7 has ability to induce cell cycle progression by suppressing the
activity of p21 and p27 cyclin-dependent kinase (CDK) inhibitors that is induced
once p53 is stimulated in response to DNA damage (Cho et al. 2002; Helt et al.
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2002; Helt and Galloway 2001). E7 also disrupts p16/pRb pathway and induces
cellular immortalization. HR-HPV oncogenes specifically E5, E6 and E7 can
abrogate DNA damage responses which may lead to the accumulation of several
genomic alterations and activation of diverse signalling pathways and inhibit cancer
suppressor genes during HPV-induced tumorigenesis (Demers et al. 1996; Slebos
et al. 1994). Further, alterations in regulatory signalling pathways result cell
growth, proliferation, inhibition of cell apoptosis and drug resistance. Hence,
HR-HPV oncogenes and altered molecular signalling pathways may be excellent
molecular biomarkers for developing effective targeted therapeutic approaches for
the treatment of HPV-induced cancers (Oikonomopoulou et al. 2013; Parkin 2006).
Since transcription of two essential HR-HPV oncogenes E6/E7 is tightly regulated
by a host cell transcription factor, activator protein-1 (AP-1) as AP-1 binding to its
URR is indispensable for overexpression of E6/E7, AP-1 especially its two-family
proteins c-Fos and Fra-1 have been shown to be the potential targets for therapy
(Gupta et al. 2018b; Tyagi et al. 2017).

Detection, Diagnosis and treatment of HPV-associated diseases. The compre-
hensive control of HPV-induced diseases can be achieved by primary prevention
(HPV vaccination), secondary prevention (screening and treatment of benign
lesions) and tertiary prevention (diagnosis and therapy of invasive HPV-associated
cancers) (Gupta et al. 2012; Bharti et al. 2010). It has been established that
organised HPV screening programmes or widespread good quality cytology can
reduce both incidence and mortality of HPV-infected patients. The introduction of
HPV vaccination, development of DNA-based testing for early screening, moni-
toring and diagnosis of HPV could also effectively reduce the burden of
HPV-induced diseases in the next few decades.

HPV-induced tumorigenesis is a multistep, multistage (premalignant lesion to
invasive cancer) and complex process which takes 15-20 years to develop invasive
cancer thus providing a unique opportunity and an excellent window period for
early detection, diagnosis, prevention and treatment of the disease through vacci-
nation, conventional cytology or other methods including cellular and molecular
testing and standard treatment approaches. Currently, three FDA-approved pro-
phylactic HPV vaccines including bivalent Cervarix (for HPV typesl6 and 18),
tetravalent Gardasil (for HPV type 6, 11, 16 and 18) and nonavalent Gardasil-9 (for
HPV types 6, 11, 16, 18, 31, 33, 45, 52 and 58) are commercially available which
provide protection against the most common HR- and LR- types of HPVs. All three
vaccines are based on recombinant DNA technology and highly effective and
induce high titre of specific antibodies. Further, Pap smear test, visual inspection
with acetic acid can also be preferred and employed for early detection of HPV
lesions which are suitable for low resource settings (Das et al. 2008). Initially, most
of the HPV infected lesions are benign or asymptomatic, and are undetectable by
Pap test or VIA, thus molecular HPV-DNA testing can be preferred which provides
unequivocal results and are the most reliable methods for early HPV detection
(Gupta et al. 2012, 2018b). When premalignant lesions are recognized, cryotherapy,
loop electrosurgical excision procedure or cold knife conization can be done
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depending upon the grade of lesion. However, in-spite of several preventive and
treatments methods such as screening, vaccination, surgery, chemo and radiother-
apy, the burden of HPV-induced diseases remains high world over. Existing HPV
vaccines are providing limited results to eliminate pre-existing HPV infections and
having many challenges in its widespread use in developing countries including
India. Therefore, new approaches should be made for the development of thera-
peutic HPV vaccines which can regress pre-existing HPV-associated lesions and
will facilitate better control and management of HPV-induced diseases.

B. Human-infective RNA viruses

RNA viruses, also referred to as retroviruses, are most common pathogens inducing
new human diseases, and 1 to 3 novel RNA viruses are being discovered every year
(Rosenberg et al. 2015). Retroviruses exist as more genetically diversified popu-
lations than the DNA viruses in that their genetic material is single-stranded or a
double stranded RNA and also they have few similar notable features to DNA
viruses. Depending on their genome polarities, RNA viruses are divided into 3
groups; (i) positive-strand RNA virus, (Liu and Richardson 2013) (ii) nega-
tive-strand RNA virus and (iii) double-strand RNA virus. Presently more than 158
species of human RNA viruses have been discovered which comprise 47 genera
and 17 families, only few of them cause human diseases (Parvez et al. 2019).
Among all potential pathogenic viruses, RNA viruses are special human etiological
agents in particular these have become important zoonotic agents emerging and
transmitting from wild animals, occupying about 25-44% of all emerging human
infectious diseases (Jones et al. 2009; Morens et al. 2004; Woolhouse and
Gowtage-Sequeria 2005). Notably, variant viruses are more often generated in
RNA viruses due to their high mutation rate than DNA viruses. Due to this
property, RNA viruses are difficult and challenging to treat and control using an-
tiviral therapies. RNA viruses that can cause variety of acute to chronic human
disorders involving retroviruses, flaviviruses, filoviruses, orthomyxoviruses,
paramyxoviruses and coronaviruses (Fig. 1).

I. Human retroviruses

Retroviruses are pathogens that belong to Retroviridae family. Poiesz and col-
leagues (1980) had isolated the first human retrovirus in a cutaneous T-cell lym-
phoma patient (Poiesz et al. 1980). These viruses are enveloped and contain about
7-10 kb RNA as their genetic material. Upon infection, their complex replication
strategy is characterized by its own enzyme ‘reverse transcriptase’, which converts
their RNA genetic information into a DNA intermediate and produces a
double-stranded DNA within a host. Retroviruses can cause several human diseases
including AIDS, cancer, auto-immune and neurologic diseases. The Retroviridae
family is consisting of 7 subfamilies. Two most pathogenic viruses; human T cell
lymphotropic virus (HTLV) type 1 and human immunodeficiency virus (HIV) of
which HIV1 are most important pathogens for humans and they have also
the ability to induce cancers (zur Hausen 2002; Robertson and Levin 1999).
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a. Human immunodeficiency virus (HIV). HIV is a RNA virus of the lentivirus
genus classified into two strains: HIV-1 and HIV-2, belong to different loca-
tions. HIV-1 is a main agent of HIV/AIDS pandemic globally and found in
chimpanzees and gorillas living in western Africa, whereas the geographical
location of HIV-2 strain is endemic in sooty mangabeys, species of monkey
living in western and central Africa (Chen et al. 1996; Gao et al. 1992). The
viral infection causes the Acquired Immune Deficiency Syndrome (AIDS), a
disease defined as a set of events due to the depletion of T lymphocyte, even if
HIV is able to productively infect other cell types such as lymphocytes, mac-
rophages, microglia and dendritic cells. In patients with HIV infections, there is
an increased risk to developing cancers such as Kaposi’s sarcoma,
non-Hodgkin’s lymphoma B-cell, primitive brain lymphoma B cells and
invasive carcinoma of the uterine cervix (Tables 1 and 3). Other AIDS-related
cancers include Hodgkin disease and cancers of the lung, mouth and digestive
system; the observation of all these cancers in people who are HIV-positive is
so relevant, compared to normal population that it could be considered as an
index for AIDS definition. In patients affected by AIDS, the most important
causes of death are the opportunistic secondary infections, provoked in majority
of cases by viruses, bacteria, fungi and parasites. These microorganisms rarely
cause a disease in people with an efficient immune system but in subjects
affected by AIDS, they may cause severe diseases which are usually dissemi-
nated, difficult to treat and often have relapses. So, HIV infection exposes to a
number of opportunistic malignancies and other subsequent infections, some of
which in turn are potentially carcinogenic. The chance that an opportunistic
infection could develop depends on the deterioration of the immune system
and, in the same way, the onset of cancer can be related to the status of patient’s
immunity. Nowadays, due to the modern and efficient HAART therapy (Highly
Active Antiretroviral Therapy), we can observe an increase in survival of
patients affected by AIDS. The therapy leads to an enhancement in life
expectancy but ironically it can sustain an increased risk of contracting cancers
not necessarily linked to HIV infection. Among “no-HIV related” cancers, there
are pulmonary, digestive system and liver cancers (Bellan et al. 2003).

b. Human T-cell leukemia virus type 1 (HTLV-1). HTLV-1 is predominantly
associated to adult T-cell leukemia (ATL) (Hristov et al. 2010), a disease
characterized by uncontrolled growth of CD4+ T-lymphocytes, lym-
phadenopathy, hypercalcemia, immunodeficiency and weak prognosis
(Goncalves et al. 2010). After infection, HTLV-1 has a very long latency period
that can last for several decades, but once cancer begins, the progression is
rapid (Table 1). Mechanisms leading to ATL are not well understood, but it is
possible that a multistep leukemogenic process, in which the main roles are
played by viral genes and their products and host immune status (Goncalves
et al. 2010). Besides, NF-kB has been reported in ATL cells and is known that
it has a regulatory function of immune response to infection and is strongly
associated with oncogenesis.
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II. Human flaviviruses

Flaviviruses belong to the family Flaviviridae, which are associated with variety of
distinct mosquitoes-transmitted human diseases including dengue, yellow fever,
Japanese encephalitis (JE), tick-borne encephalitis (TBE) etc. Flaviviruses are
small, enveloped, positive-sense single-stranded vector-borne RNA viruses with
approximately 9—12 kb in genome length which share a common genome organi-
zation and replication strategy. Viral replication takes place in both the vertebrate
host and the insect vector. Flavivirus infections vary from asymptomatic, mild
fever, body aches, head-aches, nausea, vomiting joint pain and arthralgia to life
threatening and haemorrhagic (Messaoudi et al. 2015). Flaviviruses are also able to
persist in patients and may cause long-term morbidities. To date, there is no specific
treatment for flaviviruses infections are available (Dovih et al. 2019).

a. Dengue viruses. Dengue fever is caused by one of the mosquito-borne virus,
called Dengue virus (DENV). The disease is mainly transmitted by biting of
Aedes aegypti/or Aedes albopictus mosquitoes. Globally, more than 50 million
dengue virus infections have been reported annually in tropical and subtropical
regions. More than 0.5 million peoples are hospitalised and more than 3 billion
peoples live in dengue endemic regions of the globe (Sanyaolu et al. 2017).
DENV is consisting four distinct serotypes; DENV-1, DENV-2, DENV-3 and
DENV-4. Exposure to one serotype provides lifelong homologous herd
immunity against all other virus’s serotype (Gibbons et al. 2007). Symptoms of
dengue virus infection range from headache, severe muscle, joint pain, and
rashes that usually persists for 7-14 days to potentially life-threatening haem-
orrhagic fever (bleeding in the skin and gastrointestinal tract) or shock syndrome
(Dengue shock syndrome). There is currently no specific treatment available for
DENV. Recently, an FDA approved Dengvaxia® (CYD-TDV) dengue vaccine
has been developed by Sanofi Pasteur against all four strains of DENV.
Dengvaxia® DENYV vaccine was first licensed in December 2015 in Mexico. It
is recommended for the age group of 9—45 years of individuals in more than 20
countries.

b. Zika Virus. The virus is primarily transmitted through the bite of an infected
Aedes (Aedes aegypti) mosquito to the human in subtropical and tropical
regions. However, viral transmission through sexual contact, blood transfusion,
organ transplantation and mother to foetus during pregnancy has also been
reported (Wikan and Smith 2016). The virus causing Zika Virus Disease (ZVD),
was first discovered in 1947 from the Zika forest in Uganda in rhesus monkeys
and was transmitted in humans in 1952 by Aedes aegypti mosquito (Petersen
et al. 2016). The first biggest outbreak of Zika virus was reported in in 2007 in
Yap Island followed by French Polynesia and Brazil in 2013 and 2015
respectively. By 2018, Zika virus epidemic explosively transmitted in more than
86 countries and territories including America (Musso and Gubler 2016).

In 2016, the WHO declared Zika virusa global public health emergency (McNeil
and Shetty 2017). The symptoms of Zika virus disease can last for several days to
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weeks that are generally of low-grade fever, rash, joint pain, conjunctivitis, malaise,
arthralgia and asthenia. Recent studies have suggested that Zika virus has also been
associated with serious sequelae like microcephaly and Guillain-Barre syndrome
(GBS) in infants of those mothers who were infected with the virus during preg-
nancy (McNeil and Shetty 2017). To detect Zika virus infection, nucleic acid
amplification testing (NAAT) has been used for various specimens such as serum,
amniotic fluid, wurine, whole blood, semen, cerebrospinal fluid and
tissues. Presently, no specific vaccine or antiviral therapy is available for ZVD.
Supportive treatment such as analgesics and antipyretics can be used by clinician
for viral infection.

III. Human filoviruses (HFV)

Human filoviruses are the members of Filoviridae family with non-segmented, lipid
enveloped, single-stranded negative-sense RNA (-ssRNA). These viruses were first
identified as the infectious pathogens of a haemorrhagic fever outbreak in 1967 in
Europe. Filovirus forms filamentous thread-like morphology called virions. There
are two members of this family that are namely known as the Ebola virus (EV) and
Marburg virus (MV) (Martines et al. 2015). Both EV and MV are most lethal
human pathogens with epidemic potential that can cause severe haemorrhagic fever
illness in humans and non-human primates (Kuhn et al. 2019a, b). Bats are con-
sidered the natural reservoir for both EV and MV zoonotic pathogens (Kuhn et al.
2019a, b). HFV transmission in humans occurs from direct human-to-human
contact with it infectious body fluids (vomitus, blood, semen, saliva, breast milk
stool and tears) through an infected symptomatic patient. Filoviruses are classified
as category A infectious agents due to their high CFR, potential aerosol infectivity,
direct human-to-human transmission, and absence of specific antiviral therapy and
vaccine.

Ebola virus (EV). This viral infection is a most virulent and deadliest that can
causes fatal Ebola virus disease (EVD) or Ebola haemorrhagic fever in humans. The
first EV infection outbreak was reported in Zaire (now known as Democratic
Republic of the Congo) near the Ebola river in 1976, since then the virus is known
as Ebola (Messaoudi et al. 2015; Messaoudi and Basler 2015). EVD is a major
global public health concern due to its unprecedented outbreak in sub-Saharan
African regions in 2013-2016 with high case fatality rate (Feldmann et al. 2020). In
2013-2016, a total number of EVD confirmed cases were more than 28,000 with
11,000 associated deaths due to this endemic. The impact of EV infection has been
also observed in US when infected patients who recently travelled from Liberia,
West Africa (Chevalier et al. 2014; McCarthy 2014). Recently, three new cases of
EVD were reported in the Democratic Republic of the Congo betweenlO and 14
April 2020 (Feldmann et al. 2020). It is believed that EV is also an animal-borne
virus; however bat is the main reservoir and /or nonhuman primates such as
monkeys, chimpanzees and apes may be intermediate, or amplifying hosts for this
virus (Messaoudi et al. 2015; Siegert et al. 1967). EVD can get through direct close
contact with an infected person or animal infected with Ebola virus. It is primarily



30 S. Gupta et al.

transmitted by human-to-human through direct contact from the infected patients
with infected body fluids and causes severe and acute systemic disease. Ebola virus
incubation period is 2-21 days and initially the EVD patients showed with non-
specific influenza-like symptoms such as high fever, fatigue, body aches, weakness,
stomach disorder, nausea, cough, vomiting and diarrhoea and at later stage the
persistent infection may cause breathing difficulties, bloodshot eyes,
internal-external bleeding, gastrointestinal dysfunction and multiple organs failure.
Currently, no specific treatment or vaccines approved by FDA for EVD and only
supportive and symptomatic therapy is the line of treatment. Remdesivir may be
considered as the best option for its treatment (Warren et al. 2016).

IV. Human orthomyxoviruses

Human Orthomyxoviruses (influenza viruses) contain enveloped, 6-8 segments of
negative-sense, single-stranded RNA genome. These viruses belong to the
family, Orthomyxoviridae. This pathogenic virus causes significant types of dis-
eases both in humans and in animals and comprises five genera on the basis of core
proteins: Influenza virus A, Influenza virus B, Thogoto virus and Isa virus. Three
surface glycoproteins of influenza virus; nucleoprotein, Hemagglutinin (HA) and
neuraminidase (NA) are subdivided to differentiate influenza virus types. These
viruses are believed to be transmitted primarily through droplets or respiratory
secretions and aerosol from an infected person. Based on environmental conditions
and factors such as temperature, humid surfaces, the virus can survive up to many
hours (Blut 2009; Scholtissek 1985).

Influenza viruses are the most important members of this family that are major
determinant of incidence and mortality and its outbreaks and can cause worldwide
epidemics (Blut 2009; Scholtissek 1985). These viruses have ability to cause an
acute respiratory disease called influenza. Its global prevalence has affected 5 -15%
of adult population and 20-30% children. Pneumonia may develop as a compli-
cation and may be fatal, particularly in elderly persons with underlying chronic
disease. Influenza type A is highly antigenic and responsible for bird flu, worldwide
epidemics and pandemics influenza and types B causes recurring regional
epidemics.

In the past 100 years, these viruses have been causing three major pandemics,
(1) 1918-‘Spanish Flu’ (HINI strain), (ii) 1957-‘Asian Flu’ (H2N2 strain) and
(iii)) 1968-‘Hong Kong Flu’ (H2N3 strain). 1918-‘Spanish Flu’ was the worst
pandemic associated with highest mortality (~40 million) worldwide (Table 4). In
addition, recent outbreaks of avian subtypes such as HSN1, HON2, H7N7, H7N3
and H10N7 in birds have caused occasional human diseases in distinct parts of the
world (Blut 2009). The common signs and symptoms of influenza disease are
sudden onset of fever, sore throat, cough, malaise and headache. The preferred
definitive diagnosis is based on rapid influenza virus-specific antibodies detection in
the serum via immunostaining tests such as immunofluorescence, enzyme
immunoassay (ELISA), hemagglutination inhibition test (HIT) and the neutralisa-
tion test (Blut 2009). An inactivated vaccine against influenza virus has been used
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for ~40 years to prevent the disease. Rimantadine and Amantadine are the choice
of drugs being used for treatment of influenza A virus infections.

V. Human Coronaviruses (HCoV) and their diseases

The term Coronaviruses (CoVs) named for crown-like spikes on their surface in
1968 and belong to the family Coronaviridae was established in 1975 by ICTV.
CoVs are enveloped, positive-sense, single-stranded RNA viruses with largest
genome size ranged between 26.4 and 31.7 kb that have the ability to infect dif-
ferent animal species including birds and humans. They are emerging and
re-emerging viruses which can cause upper respiratory tract, enteric and central
nervous system (CNS) illness ranging from mild (common cold like symptoms) to
fatal diseases. Coronaviruses include Severe Acute Respiratory Syndrome
coronavirus-1 (SARS-CoV-1), Middle East respiratory syndrome coronavirus
(MERS) and Severe acute respiratory syndrome Coronavirus-2 (SARS-CoV-2)
which causes Coronavirus disease -2019 (COVID-19). There is now few licenced
vaccines and antiviral or repurposed drugs available to prevent or treat infections.
India was the first country in the world to introduce two successful indigenously
developed Covid-19 vaccines, Covaxin (inactivated virus) and covishield
(Coronavirus spike protein in Adenovirus vector) in January, 2021. CoV family
consists of four genera, a-CoVs, B-CoVs, y-CoVs, and 6-CoVs. There are 7 known
human coronaviruses (HCoVs) species that can infect humans and can cause mild
to severe respiratory illness. Four HCoV variants (HCoV-229E, HCoV-NL63,
HCoV-0C43 and HCoV-HKU) can cause common mild cold-like symptoms in
immunocompromised persons and other 3 (MER-CoV, SARS-CoV-1 and SARS-
CoV-2) of the seven HCoVs caused global pandemic and are highly pathogenic
with high transmission and fatality rates (Cui et al. 2018). Coronaviruses particu-
larly SARS-CoV-2 is assumed to have transmitted from bat to human first in the
animal meat market in Wuhan, China in 2019 (Zhou et al. 2020b).

a. Severe acute respiratory syndrome coronavirus-1 (SARS-CoV-1). Only 12
animal or human coronaviruses identified before the emergence of
SARS-CoV-1 in November 2002. The virus is contagious caused by
SARS-CoV-1 which was first identified in China and then spread to 4 other
countries. The virus potentially infects epithelial cells of the lungs which results
in severe and potentially fatal upper respiratory tract illness (Ksiazek et al.
2003). The fatal SARS cases are mainly dominated by diffuse alveolar damage
(Peiris et al. 2003). Following its introduction to Hong Kong in 2003, the virus
transmitted to more than 30 countries and over 8,422 people were affected with
yielding ~10% a global crude fatality rate (CFR) (Table 4). The virus infects
humans and has been detected in palm civets and a raccoon-dog in a Southern
China market (Lee et al. 2003). The ACE2 (angiotensin converting enzyme 2)
transmembrane protein in humans and bats has been identified as an entry
receptor into human cells for the SARS-CoV (Donoghue et al. 2000). It is an
airborne virus and has ability to transmit from person-to-person and one country
to another through infected person’s small respiratory droplets. Currently, no
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approved antiviral drugs against SARS-CoV-1 are available. The rapid spread in
the human population with high mortality of SARS-CoV-1, its transient
re-emergence, and global economic disruptions led to a rush for research on the
epidemiological, pathological, molecular, and immunological aspects of the
virus and the disease. Due to non-specific clinical illness caused by
SARS-CoV-1, diagnosing, management, development of treatment regimens
and controlling future infectious diseases will require urgent global coordination
to contain the infection and its future outbreak.

The Middle East respiratory syndrome coronavirus (MERS-CoV). MERS
CoV is a fatal zoonotic virus that cause MERS disease in humans and was first
discovered in 2012 in Saudi Arabia and Jordan (Hijawi et al. 2013). From April
2012 and December 2019, a total of 2499 MERS-CoV infection cases and 858
associated deaths (CFR: 34.3%) were recorded in 27 countries of the world. Out
of 2499 cases, the majority (2106 cases and 780 related deaths) of them were
reported from Saudi Arabia (Arabi et al. 2014). The actual reservoir for
MERS-CoV is presently not known but dromedary camels (Camelus
dromedarius) are supposed to be the animal source of MERS-CoV infection
transmitted to humans (see Table 4). Unlike SARS-CoV-1 infection, which was
controlled soon after its outbreak, MERS-CoV infection continued to spread and
cause human illness worldwide.

For MERS-CoV infection the host cell dipeptidyl-peptidase 4 (DPP4, also
known as CD26) was recognized as the receptor for the entry of the virus into
the cell. The high case fertility ratio (CFR) in hospital-based and family-based
cluster outbreaks was noted especially in co-morbid and immunocompro-
mised patients. The route of human-to-human transmission of MERS-CoV in-
fection could be through direct or indirect close contact, oral routes including
consumption of contaminated food items. The incubation period of MERS-CoV
infection ranges between 2 and 14 days (median 5.2 days). The clinical pre-
sentation of MERS-CoV infection varies from asymptomatic infection to acute
to chronic respiratory illness with severe pneumonia, ADR (acute respiratory
distress syndrome), respiratory and multiorgan failure leading to patient’s fatal
outcome. MERS-CoV infection can be detected by PCR and serological tests
using different specimens (nasal swabs, saliva, urine, serum, and stool etc.) from
MERS patients (Memish et al. 2020). Presently, there is no FDA-approved
specific anti-MERS-CoV vaccine or drug are available for the treatment of
MERS patients. However, supportive care/treatments are the main clinical
management for these patients (Memish et al. 2015).

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). Since
December 2019, COVID-19 (Coronavirus disease 2019) pandemic has serious
ramifications on public health, severely affecting the global healthcare systems,
killing millions of people, damaging economy and collapsing of numerous
industries. The uncontrollable outbreak of COVID-19 is now wreaking havoc
and escalating quickly in nearly 213 countries and territories including the most
affected countries: USA, Brazil, India and Russia etc. But now India almost tops
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the world with its daily toll of coronavirus infection touching 100,000 new cases
per day. The novel coronavirus is now known as severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) which was first originated in Wuhan,
Hubei province of China on December 31, 2019, has now pandemic across the
globe (https://www.worldometers.info/coronavirus/#countries; Chinazzi et al.
2020). At present (15 September, 2020), the global infection recorded is
29,789,734 and death has reached to 940,362. Cumulative global attempts are
ongoing to find effective vaccines to control the viral spread as well treatments
to save the life of millions of infected people world over (Table 3) (https://www.
worldometers.info/coronavirus/#countries).

COVID-19 has been found to be caused by infection of a very aggressive type of
coronavirus; SARS-CoV-2 which has more similarity (88% identity) with two
bat-derived SARS-CoVs (bat-SL-CoVZC45 and bat-SL-CoVZXC21) but less
sequence homology with SARS-CoV-1 (about 79%) and MERS-CoV (about 50%).
(Lu et al. 2020b; Wu 2020). Based on its genomic analysis and phylogenetic
relationships, bats have been associated to be most likely primary host for these
viruses (Zhou et al. 2020b; Lu et al. 2020a, b; Shang et al. 2020). The virus
infection can be asymptomatic, low/mild symptomatic and have strong binding
affinity to human respiratory ACE2 receptor (Wan et al. 2020) on the lung epithelial
cell surface causing highly lethal pneumonia and acute respiratory distress syn-
drome (Steben and Duarte-Franco 2007), multi-organs failure and death mainly in
elderly people, the majority of whom have co-morbidity factors (Tang et al. 2020).

Genome structure and functions of SARS-CoV-2

SARS-CoV-2 is a spherical, small, enveloped positive-sense single-standard RNA
(+ssRNA) virus (see Table 4) with its solar crown-like/club-shaped appearance due
to surface spike glycoproteins (Zhou et al. 2020b; Lu et al. 2020a, b; Chan et al.
2020; Wu et al. 2020; Wu and McGoogan 2019). The RNA genome of this virus
comprises as many as 29 open reading frames (ORFs) and size of genome is about
29.9 kb. It belongs to the family ‘Coronaviridae’ and the genus Betacoronavirus
(Khailany et al. 2020). SARS-CoV-2 RNA genome contains at least 16
non-structural proteins (nsps) to form the replication-transcription complex (RTC),
4 major structural proteins; nucleocapsid (N) protein, envelope (E) glycoprotein,
membrane (M) glycoprotein and spike (S) glycoprotein) encoded by the viral
genome on the envelope and 67 special structural and accessory proteins (HE
protein, 3a/b protein, and 4a/b protein) that are translated from the sgRNAs of virus.
Out of four structural proteins, spike (S) glycoprotein is cleaved into two glyco-
sylated subunits (S; and S,) which are responsible for binding to the host human
angiotensin-converting enzyme-2 (ACE2) receptor and host-viral cell fusion
(Tortorici et al. 2019). The transmembrane S protein has a higher affinity to bind to
ACE2 receptor unlike in SARS-CoV-1 allowing the entry of virus into susceptible
host cells leading to high chances of human-to-human spread and disease severity
(Tortorici et al. 2019). The viral N protein binds to genomic RNA and synthesizes a
helical capsid (ribonucleic capsid) which helps in viral genome protection,
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replication and assembly of virions and also interacts with membrane and
non-structural proteins (specifically nsp3). The M protein facilitates virions
assembly and budding through enrolment of other SPs to endoplasmic
reticulum-golgi-intermediate compartment (ERGIC) (Harapan et al. 2020). It also
helps in the interaction with N protein for packaging of RNA into virion and may
involve in mitigation of immune response. The last E SARS-CoV-2 protein
localizes to ERGIC and involved in assembly, budding and viral pathogenesis
(Hoffmann et al. 2020; Mousavizadeh and Ghasemi 2020). For SARS-CoV-1 and
SARS-CoV-2, tissue cell culture models are suitable for characterising viral
replication cycle, cell tropism, and virus-induced pathogenesis.

Disease pathogenesis and clinical manifestations

The binding of SARS-CoV-2 spike protein to ACE2 receptor allows the virus to
enter and infect respiratory mucosa of the host cell (Hoffmann et al. 2020;
Mousavizadeh and Ghasemi 2020). Replication cycle of virus mainly found in
mucosal epithelium of upper respiratory tract and later further multiplication causes
a severe lower respiratory tract infection (Zou et al. 2020). The virus spike proteins
help it for the initial attachment and cellular entry through ACE2 receptor and then
the virus hijacks the host cell and gain access into the cytoplasm. Studies have
reported that this process is commonly accomplished by the cellular surface
transmembrane protease, serine 2 (TMPRSS2) followed by membrane fusion with
host cells (Hoffmann et al. 2020). Once the receptors binding and fusion completed,
viral RNA is released, its genome is translated into polyproteins. Viral nucleocapsid
is assembled from genomic RNA and R protein in the cytosol and formation of
mature particles by budding into the lumen of the endoplasmic reticulum (ER) (see
Fig. 4) (Shereen et al. 2020; Zhou et al. 2020a). The mature virions are then
released from the host’s infected cell through exocytosis and are transmitted to
infect other organs cells of the body such as liver cells, kidney cells, intestine, and
lymphocytes as well as lower respiratory system.

Initially, the majority of COVID-19 patients remain asymptomatic and may
transmit infection in vulnerable people. Thus, understanding clinical manifestations
and following-up of asymptomatic COVID-19 patients is important during coron-
avirus infection. The sign and symptoms of COVID-19 in patients appear between
5 and 14 days (Wu and McGoogan 2019; Singhal 2020). In rare cases, the incu-
bation period has been found to be as long as 24 days (Harapan et al. 2020; Huang
et al. 2020b). The duration of incubation period is based on a number of factors
including patient’s age, history of co-morbidity, immune system, but majority of
infected patients can show symptoms in 11.5 days after virus exposure (World
Health Organization (WHO) 2020a; Lauer et al. 2019). SARS-CoV-2 typically
causes mild to moderate upper respiratory tract infections but occasionally it can
cause severe pneumonia and lower respiratory tract infections with extrapulmonary
clinical manifestations in both immunocompromised and older patients. COVID-19
patients usually experience several common symptoms including fever, cough,
myalgia, sore throat in conjunction with some other uncommon respiratory prob-
lems such as headache, fatigue, diarrhoea, runny nose, dyspnoea, breathing
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difficulty, pneumonia to acute respiratory distress syndrome (Stebbing et al. 2020),
and even death in severe and older patients (Adhikari et al. 2020; Wu et al. 2020;
Huang et al. 2020b). The infection of SARS-CoV-2 can be detected in
bronchoalveolar-lavage (93%), sputum samples (73%) nasal swab (63%), pharyn-
geal swab (32%) (Bastola et al. 2020; Wang et al. 2020b, c) and saliva samples (12—
50%) (Zhang et al. 2020a, b; To et al. 2020). The overall fatality rate
(CFR) depends between country to country but a global rate appears to be around
6.2.% (Abduljalil and Abduljalil 2020). The estimate of reproductive number (Rg)
of SARS-CoV-2 varies between 2.2 and 5.7 (Wang et al. 2020a) which is higher
than SARS-CoV-1 (Guan and Zhong 2020; Liu et al. 2020).

Potential targets for SARS-CoV-2

Human ACE?2 is a surface receptor that protects host from lung injury but it serves
as a point of entry for SARS-CoV-2. ACE2 is also identified as binding partner of
the SARS-CoV-1 spike (S) protein. Recent functional studies are revealing that
SARS-CoV2-ACE2 binding-directed treatment strategies can inhibit the entry of
virus into the host cell which can be an ideal antiviral therapeutic target
for SARS-CoV2 (Zhang et al. 2020a, b). Cell surface protease enzyme, TMPRSS2
(transmembrane serine protease 2) can cleaves both spike (S) and ACE2 protein of
SARS-coronaviruses. Cathepsin L is a lysosomal pH-dependent protease that
facilitates SARS-CoV entry via endosomes. Thus, targeting expression and activity
of both TMPRSS2 and Cathepsin L may be potential approaches in developing
antiviral drug for the treatment of COVID-19 (Lindahl and Li 2020). Furin is a
protease enzyme that cleaves envelope proteins of various influenza viruses, HIV,
ebolavirus and certain coronaviruses. Furin-like cleavage site has recently been
identified in the protein sequence of S glycoprotein of the SARS-CoV-2. Inhibiting
Furin can block the cleavage of SARS-CoV-2 S protein and suppress virus pro-
duction which may serve as a new therapeutic target for SARS-CoV-2. Further,
Phosphatidylinositol 3-phosphate 5-kinase (PIKFYVE) is a kinase synthesizes a
class of phosphoinositides that are essential for early endosome formation and its
activity required for human SARS-CoV-2 infection. Inhibition of PIKfyve kinase
using specific inhibitors (Apilimod) have strong antiviral activity and may serve as
potential targets for the development of small-molecules against SARS-CoV-2
representing potential COVID-19 therapeutic approach (Bouhaddou et al. 2020;
Kang et al. 2020).

Detection, Diagnosis and Treatment of COVID-19

Suspected person can be tested for infection based on the clinical manifestations or
who have travelled from COVID-19 affected part of world. Clinical presentation
accompanied by radiographic assessment and standard molecular diagnosis are the
possible methods for definitive diagnosis. The majority of COVID-19 symptomatic
patients show bilateral involvement under chest X-ray and computed tomography
(CT) imaging. CT image diagnosis is a non-invasive method that contains a number
of X-ray measurements at various angles across a chest to generate cross-sectional
images which mainly depends on the stage and onset of symptoms after viral



Human Viruses: Infection, Prevention and Potential ... 39

infection. Furthermore, viral RNA can be detected in various respiratory specimens
(nasopharyngeal swabs, sputum, bronchoalveolar lavage fluid, blood, deep throat
saliva and fibro-bronchoscope brush biopsy) by qRT-PCR method (Xu et al. 2020).
Viral protein testing for SARS-CoV-2 infection can be also used for the diagnosing
of COVID-19 patients. Serological testing such as ELISA, neutralization assay,
chemiluminescent immunoassay and immunochromatographic assays could also be
used to check immunologic reaction and which can detect IgM, IgG, or total
antibodies against virus. In addition, genome sequencing may be performed to
analyse mutational landscape (World Health Organization 2020b, c).

On the basis of clinical presentation, the clinical stages are categorised into 3
phases; (i) the acute phase (pneumonia) (Katakura et al. 2005), (ii) the chronic
phase (viremia) and (iii) the recovery phase. If patient’s immune system in pneu-
monia phase functions effectively, and no other diseases exists, the virus can be
successfully suppressed and infection can get cleared and enter the recovery phase.
If the patient’s immunity is weak or the patients are older or associated with
comorbidities, the immune system cannot function effectively to control the virus in
pneumonia phase and the patient will become critical or go to viremia phase.
During the infection period, total leukocyte count in the early stage of the disease is
slightly low (lymphopenia) and may gradually decrease when the disease pro-
gresses, which may affect antibody production in infected patients (Wang et al.
2020a; Guan and Zhong 2020). Further, a high level of D-Dimer, C-reactive pro-
tein, inflammatory cytokines, blood urea nitrogen, creatinine and high prothrombin
time are frequently noted among severe patients or non-survivors (Wang et al.
2020a).

Recommendations for admission to critical care units (oxygen-based therapy),
strategies for community transmission control, and measures to reduce health
care-associated spread are being established (Wax and Christian 2020). More
importantly, a thorough understanding of natural history and biological behaviour
of the virus and the disease is urgently needed to develop targeted therapies and/or
more effective vaccines.

A number of antiviral drugs that have been used for the treatment of other viral
diseases have been tried on COVID-19 patients but only with limited success.
A recent study showed that effective concentrations of combinational therapy with
remdesivir/lopinavir/Ivermectin (protease inhibitors), homorringtonine and emetine
against SARS-CoV-2 are proven to have significant improvement on patient’s
clinical outcome (Choy et al. 2020). Other studies or case reports indicated that
combination treatment with anti-HBV (IFN-alpha) and anti-HIV ritonavir-boosted
Lopinavir drugs have anti-SARS-CoV activity (National Health Commission of the
People’s Republic of China 2020). In addition, remdesivir has been shown antiviral
activity against SARS-CoV and MERS-CoV both in vivo and in vitro studies and
now used as a potential drug on a compassionate basis for COVID-19 patients
treatment (Wu et al. 2020; Holshue et al. 2020; Sheahan et al. 2020). A number of
multicentre clinical trials recently conducted in multiple hospitals in various
countries to assess safety and efficacy of chloroquine (CQ) or hydroxychloroquine
(HCQ) (antimalarial and antitheumatic drugs) for the treatment of COVID-19
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patients and these drugs were found to be safe and effective in treating
COVID-19 patients (Gao et al. 2020; Savarino et al. 2003). and have potential to
inhibit virus entry into the host cells by interfering with the glycosylation of its
ACE?2 receptor (Huang et al. 2020a). Recently, combination therapy of HCQ and
azithromycin have been found to have a significant synergistic effect in decreasing
viral load, effective for acute infection and associated with reduced mortality rate in
COVID-19 patients (Gautret et al. 2020; Molina et al. 2020). Furthermore, several
other potential drugs such as Arbidol, Favipiravir, Umifenovir (Targeting ACE2/S
protein), darunavir/cobicistat, Tocilizumab, Camostat mesylate (TMPRSS2 inhi-
bitor), emtricitabine/tenofovir alafenamide and baloxavir are being assessed in
clinical trials and now recommended for treatment of COVID-19 patients in various
countries including China, Russia and Japan (Harrison 2020). Favipiravir inhibits
the SARS-CoV-2 by targeting the catalytic domain of nsp12 and recommended for
the treatment of COVID-19. Other immunomodulatory drugs, herbal or bio-active
compounds can act as anti-viral agents and used to improve immunity against
SARS-CoV-2 in patients (Ingraham et al. 2020; Panyod et al. 2020). Though, these
drugs are potentially effective against COVID-19 patients but at this point these are
not routinely recommended as standard treatment for SARS-CoV-2. Hence, there is
an urgent need for large-scale global coordination for the development of thera-
peutic vaccine and/or anti-SARS-CoV-2 drug for an effective treatment and control
of COVID-19 pandemic. A large number of patients hospitalized with Covid-19
have developed high level of life-threatening blood clots leading to deadly
thromboembolic events. Therefore, patients treated with anticoagulants showed
improved survival. It is demonstrated that Covid-19 patients given anticoagulants
orally or intravenously can prevent possible deadly events such as heart attack,
strokes and pulmonary embolism in Covid-19 patients.

Prevention and vaccine approach

A number of features of SARS-Cov-2, including long incubation period, asymp-
tomatic feature and transmission from asymptomatic subjects and recurrent muta-
tions etc. make prevention and management of the disease difficult. Supportive care
strategies are critical for dealing with COVID-19 infected patients. Preventive
measures such as self-isolation, social/physical distancing, avoiding unnecessary
community gathering and use of face mask are being recommended and are

mandatory to prevent and control disease spread. Nearly every government in the
world are taking precautionary actions such as partial/complete lockdown; public
distancing, self-isolation/quarantine (14 days) and fast testing etc. to reduce and
control the spread of highly contagious corona virus and in most cases it is working
effectively. Quarantine of suspected people helps in reducing the possibility of
infection transmission to healthy population. Community lockdown by several
nations at the early onset of the outbreak meant limiting possibility of community
transmission. Extensive thermal screening of people remains initial step for iden-
tification of COVID-19 symptom and mandatory use of face mask and keeping
distance (of no less than 2 m) and regular washing of hands with soap or sensiti-
zation of hands especially when coming home from outside are ways to protecting
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and control person-to-person transmission of infection. Healthy diet, fresh air and
normal amount of exercise have been found to improve immunity and fight against
the infection (Fig. 5). Also, prophylactic use of some medicines such as parac-
etamol, certain herbal preparation including Homeopathic medicines such as
Arsenicum, Rhus toxicodendron and Mercurius solubilis are often recommended.

Until such time the virus exists amongst us and as there is no specific treatment
available for COVID-19 patients, except vaccine or administration of analgesic and
antipyretic drugs, respiratory support through mechanical ventilation and use of
pre-existing antibiotic/antiviral drugs are to control the disease. The most effective
long-term approach for prevention and elimination of COVID-19 outbreaks would
be the development of an effective SARS-CoV-2 specific vaccine which only can
provide immunological protection against this virus. However, currently research-
ers all over the world are battling for the development of effective SARS-CoV-2
vaccine and its universal access to end the pandemic. Currently, > 100 candidate
vaccines are under development globally, and amongst them more than ten were at
advanced stage of clinical trials on human subjects (Amanat and Krammer 2020).
There are atleast 10 vaccines are already placed in immunization program in dif-
ferent countries (see Table 5). In India, two indigenous vaccines were developed,
Covaxin (Bharat Biotech and National Institute of Virology, Pune ICMR), an
inactivated Corona vaccine while Covishield (Serum Institute of India in collabo-
ration with AstraZeneca, Oxford UK) is a Corona virus spike protein in adenovirus
vector called AZD1222 and ChAdOx1. Both vaccines together have been given to
more than 60 millions people in India. The data indicate that
the Covishield vaccine has an overall efficacy of 70% with vaccine efficacy at
62.1%. while Covaxin has been r reprted 81% effective in an intrim analysis
2,58,000 participants. Both vaccines were found to be safe and triggerd good
immune responses.

Conclusion

Persistent Sars Cov-2 infections may induce a number of cellular and biomolecular
modifications in the host, which can evolve over time, leading to an increased risk
of variety of human diseases including cancer. One of the first approaches could be
large clinico-epidemiological studies to obtain a better understanding of the natural
history and biological behavior of virus infection and its relationship with specific
human diseases. Some studies focused on the increased use of antipyretics and
other drugs available over the pharmacy counter without proper medical prescrip-
tion, that are able to suppress the symptoms of acute infections regardless of
possible effects on the immune system, resulting in an increased risk of disease
development. Other priority research could be development of vaccines against
various infectious agents to control the disease and associated mortalities. As a
matter of fact, the development of vaccines against HBV for young children and
HPV vaccines for adolescent girls can be considered as an effective prevention
strategy for two most prominent cancers (hepatocellular and genital carcinomas).
Further studies are needed to fill our knowledge gaps on the link between emerging,
re-emerging and pre-existing viral infections both acute and chronic and the
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Table 5 List of corona virus vaccines

43

S. Vaccine Name Vaccine Type Primary Developers Country of
No. Origin
1 Comirnaty mRNA-based Pfizer, BioNTech; Fosun Multinational
(BNT162b2) vaccine Pharma
2 Moderna COVID mRNA-based Moderna, BARDA, USA
19 Vaccine vaccine NIAID
(mRNA-1273)
3 COVID-19 Adenovirus BARDA, OWS India & UK
Vaccine vaccine
AstraZeneca
(AZD1222); also
known as
Covishield
4 Sputnik V Recombinant Gamaleya Research Russia
adenovirus Institute, Acellena
vaccine (rAd26 Contract Drug Research
and rAdS) and Development
5 COVID-19 Non-replicating Janssen Vaccines The
Vaccine Janssen viral vector (Johnson & Johnson) Netherlands,
(INJ-78436735; USA
Ad26.COV2.S)
6 CoronaVac Inactivated Sinovac China
vaccine
(formalin with
alum adjuvant)
7 BBIBP-CorV Inactivated Beijing Institute of China
vaccine Biological Products;
China National
Pharmaceutical Group
(Sinopharm)
8 EpiVacCorona Peptide vaccine Federal Budgetary Russia
Research Institution
State Research Center of
Virology and
Biotechnology
9 Convidicea Recombinant CanSino Biologics China
(Ad5-nCoV) vaccine
(adenovirus
type 5 vector)
10 Covaxin Inactivated Bharat Biotech, India
vaccine NIV-ICMR

development of various viral diseases including cancers in human. The present
COVID-19 pandemic has taught us great lesion to conform the continued threat of
infectious viral diseases and new infections that may evolve for which world should
be prepared to face the future challenges. Whether SARS-CoV-2 or any other
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highly pathogenic virus will emerge or re-emerge as an epidemic infection is
currently not possible to predict. However, constant awareness and viral surveil-
lance studies on animal species around us including bats, rodents, birds, ticks,
mosquitoes and livestock, are essential to understand the pathobiology of potential
human pathogenic agents that exist around us in the environment before they can
spill-over. Therefore, there is a need for research on these potential emerging
viruses and human development associated variation in microbiomes and to
develop broad-spectrum prophylactic vaccines and therapeutic approaches to con-
trol viral diseases and to remain prepared for the present as well as future emerging
and re-emerging pathogenic viruses and other microbes.
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Abstract Dengue (DEN) is a semi-neglected and dangerously re-emerging,
mosquito-borne viral disease of the Flaviviridae family. Dengue virus (DENV) has
been rapidly spreading for the past 6 decades, and now affects more than 50% the
world’s population, especially the tropical and subtropical countries. DENV
transmission and geographic expansion is expected to rise due to increased inter-
national travels, deforestation, industrialization, urbanization and climatic changes.
A major control strategy for dengue is achieved through targeting the mosquito
vectors, which put a significant break in the transmission of DENV to humans. For
long, most dengue endemic nations relied heavily on chemical control measures,
however, there were growing concerns and controversies on cases of multiple
insecticide resistance. Therefore, more research interest has shifted toward studies
on the use of biological control, biotechnological approaches, as potential alter-
natives. Indeed, dengue prevention is a key, mainly through continuous search for
novel vaccines and/or improves on the potency, effectiveness, efficacy, safety, and
affordability of existing ones, in order to assure protection against all serotypes of
dengue, regardless of age, sex or race of people. In this chapter, we outlined and
elucidated available non-insecticide based dengue control strategies that have been
implemented, and/or currently being tested. We also updated information on cur-
rently licensed dengue vaccines, those in clinical trials and their public health
prospects in the prevention of dengue.

L. N. Abdullahi (X)) - S. D. Abubakar - A. E. Ahmad - M. L. Tahir - A. U. Anka - Y. Usman
Department of Medical Laboratory Science, Faculty of Allied Health Sciences,

College of Medical Sciences, Ahmadu Bello University, Zaria, Nigeria

e-mail: inabdullahi @abu.edu.ng

H. A. Adekola
Department of Microbiology, Olabisi Onabanjo University, Ogun State, Nigeria

M. S. Shehu
College of Health Technology, Ningi, Bauchi State, Nigeria

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021 57
S. I. Ahmad (ed.), Human Viruses: Diseases, Treatments
and Vaccines, https://doi.org/10.1007/978-3-030-71165-8_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-71165-8_2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-71165-8_2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-71165-8_2&amp;domain=pdf
mailto:inabdullahi@abu.edu.ng
https://doi.org/10.1007/978-3-030-71165-8_2

58 1. N. Abdullahi et al.

Keywords Preventive measures - Arbovirus - Dengue vaccines - Epigenetics -
Mosquitoes biocontrol - Neglected infection - Re-emerging virus - Zoonosis -
Dengue virus

1 Introduction

Dengue is a semi-neglected tropical disease caused by Dengue virus (DENV).
DENV has been classified a re-emerging mosquito-borne virus by the World Health
Organization (WHO 2019). DENV, the Flaviviridae member, is one of the most
widespread mosquito-borne diseases in humans; it is mainly transmitted by the
Aedes mosquito, Aedes aegypti and Aedes albopictus (Bhatt et al. 2013). There are
four serotypes responsible for dengue fever; Dengue-1, Dengue-2, Dengue-3, and
Dengue-4 (Sang et al. 2015). However, a fifth serotype, DENV-5 was isolated in
Malaysia in 2013 (Mustafa et al. 2015). Dengue fever is endemic in more than 100
countries in Southeast Asia, the Americas, Western Pacific, Africa, and Eastern
Mediterranean regions (Guzman and Harris 2015). Dengue fever has evolved from
a sporadic disease to a major public health problem as geographical extension and
the number of cases and disease severity are on increase (Guzman and Harris 2015).

The incidence of dengue has changed dramatically over last few decades from a
report in only nine countries in the 1970s to an estimated 3.9 billion people at risk
in 128 countries in the regions of Africa, the Americas, the Eastern Mediterranean,
South-East Asia and the Western Pacific (WHO 2019). Cases across the Americas,
South-East Asia and Western Pacific exceeded 1.2 million in 2008 and over 3.34
million in 2016 (based on official data submitted by Member States) with the
America, South-East Asia and Western Pacific regions being the most affected
(WHO 2019).

India (Murhekar et al. 2019), China (Yue et al. 2019), Indonesia (Harapan et al.
2019), Malaysia (Cohen et al. 2019), Brazil (Cohen et al. 2019; Stolerman et al.
2019), Mexico (Cohen et al. 2019; Macias et al. 2019) and Venezuela (Cabrera and
Taylor 2019) have one of the highest rates globally and are considered high-risk
countries.

Climate change in combination with several factors, including globalisation and
changes of demography, environment and urbanisation, is considered to have an
impact on the occurrence and transmission of dengue (Hinz et al. 2019).
A Generalized Additive Mixed model (GAMM) framework was used by Cabrera
and Taylor (2019) with factors such as growing population density, precarious
living conditions, unsuitable water supply, poor well-being policies (Vincenti-
Gonzalez et al. 2017), social displacements, demographic dynamic, unplanned
urban settlements, unreliable sanitation policies, climatic factors and immunological
resistance (Torres et al. 2017) further reveal multidynamics of dengue transmission.

Current trends and statistical mapping techniques predict that 3.83 (3.45-4.09)
billion people (roughly 53% of the global population) live in areas that are suitable
for dengue transmission, with the vast majority in Asia, followed by Africa and the
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Americas (Messina et al. 2019). Unless an effective treatment is found, it is esti-
mated that more people will be at risk of dengue in 2080 compared to 2015,
bringing the total population at risk to over 6.1 (4.7-6.9) billion, or 60% of the
world populations (Messina et al. 2019).

In the recent years, a lot has been done on the issue of dengue virus control.
Although not much could be achieved, there are a few licensed dengue vaccines
whereas, ongoing trials prevail towards the production of vaccines and drug mea-
sures towards dengue prevention and control. In the absence of any available
effective vaccine and preventive drug, controlling the mosquito vectors of dengue is
the only way to prevent and control dengue transmission (Alphey et al. 2013).

Mosquitoes control strategies have conventionally focused on killing mosquitoes
using a variety of insecticides. Environmental management (through reduction or
destruction of mosquito breeding sites) has mainly been used alongside chemical or
microbiological ovicides, larvicides, and pupicides in areas endemic with dengue
and other arboviral diseases.

1.1 Hosts of Dengue Virus Transmission

The relationship between hosts and parasites is a very complex and interesting one,
the parasite develops mechanism to evade host response where as the host initiates
an effective immune response against the parasites (Ruiz-Guzman et al. 2016). The
ability of arboviruses to infect both, vertebrate and invertebrate hosts, has led to
concerns about how the viruses could survive using different cellular machineries
and overcome different antiviral responses (Villordo et al. 2015). Dengue trans-
mission occurs as a result of interactions between the natural hosts (e.g. humans and
non-human primates), intermediate hosts (mosquitoes) and environmental factors
(Guzman et al. 2016) (Fig. 1).

The mosquito Aedes aegypti and to some extent Aedes albopictus are vectors
serving as intermediate hosts for DEN (Fig. 2). Spread of virus directly relates to
the geographic distribution of these vectors which thrives in close proximity to
humans (Back and Lundkvist 2013). Monkeys and dogs have been reported to be
reservoir hosts for dengue virus, even though humans are natural hosts for dengue,
pathogenesis of the virus is dependent on various factors host genetics, virus
genetics, prior immune exposure in humans and gut microbiota of mosquitoes (Sim
and Hibbered 2016).

Originally, dengue was transmitted in sylvatic cycles in Asia and Africa between
the Aedes mosquito and nonhuman primates, the global spread however has sup-
ported the evolution of the virus from the sylvatic (enzootic) cycles to urban
(epidemic) cycles, the primary lifecycle of the virus is now exclusively between
humans serving as natural host and Aedes mosquitoes serving as intermediate hosts
(Virginia Tech 2010). Vertical transmission between vector species has been
observed but more research is still needed to determine the reservoir status of
animals such as dogs (Thongyuan and Kittayapong 2017).
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Fig. 2 On the left side (epidemic cycle), dengue virus is transmitted and maintained between
humans and Aedes aegypti and Aedes albopictus in urban settlements, whereas on the right hand
(enzootic cycle), dengue virus circulates between nonhuman primate (such as monkeys, baboons
and chimpanzees) and Aedes niveus and other related species in the jungle

2  Control of Dengue Virus Transmission

A key control strategy in major mosquito-borne diseases such as malaria, yellow
fever, dengue, Chikungunya fever, and Zika virus infection is by targeting mosquito
vectors, which put a break in the transmission of the diseases to human. The
effective control strategy of dengue will depend on the suppression of Aedes
aegypti and Ae albopictus as the two most important vectors for transmission of the
dengue. Vector control is an important approach to dengue prevention as there is
lack of a universally effective vaccine against the disease.

2.1 Chemical Approach

About three decades after the discovery of the insecticidal properties of
Dichlorodiphenyltrichloroethane (DDT), it was banned in the United States in 1972
for its mammalian toxicity, poisoning risks to nontarget organisms, persistence in
the biosphere surface, and an accumulation in food-chains. Synthetic pyrethroids
compounds were afterward added to the battery of public health insecticides. There
are growing concerns and controversies on the multiple insecticide resistance
mechanisms and therefore, more research interest is shifted toward studies on
biological control, transgenic and paratransgenic approaches as potential alterna-
tives, or complements to current chemical strategies.
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2.2 Biological Approach

Biological control is the deliberate use of natural enemies to reduce the number of
vector organisms. Natural enemies are the predators, parasites, parasitoids, and
pathogens of the vectors. Biological control includes no chemical contamination of
the environment and has specificity against target vectors.

2.3 Predators

Natural enemies feeding on mosquito larvae and pupae in aquatic environments can
play an important role in reducing Culicidae populations. These larvae and pupae
are being preyed by many aquatic organisms such as fish, amphibians, copepods,
odonate young instars, water bugs, and even larvae of other mosquito species
(Sarwar 2015). Fishes that prey on mosquito larvae include goldfish, guppies, bass,
bluegill and catfish. But the most important fish predator is the Gambusia affinis,
commonly known as the mosquito fish (Sarwar 2015).

Larvivorous fish have been established to be very effective at suppressing
mosquito larval populations in different habitats. Birds have also been demonstrated
to play vital role in remarkable reduction of adult and aquatic stages of mosquitoes.
These birds include purple martins, swallows, waterfowl (geese, terns and ducks)
and migratory songbirds (Sarwar 2015).

In addition, dragonflies are also arthropod predators that prey on mosquitoes and
often referred to as mosquito hawks. Larvae of species of mosquitoes in the genus
Toxorhynchites have been reported to be predators for larvae of medically
important mosquitoes. Toxorhynchites are autogenous, and lack the need for blood
feeding, which makes this species of mosquito ideal for release in the environment
for biological control without increasing the risk of disease transmission (Huang
et al. 2017).

2.4 Parasitoid

Insect parasitoids are natural enemies and have an immature life stage that develops
on or within a single insect host which eventually kill the host. Adult parasitoids are
free-living and may be predatory (Sarwar 2015). Parasitoids have specificity for
their host and usually smaller than the host. This precise recognition of the host by
the parasitoids is important in the biological control strategy. Ascogregarina culicis
is a gregarine protozoon parasite and has been detected from the larvae of
A. aegypti which can harmfully affect the natural population of mosquito
(Sarwar 2015).
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2.5 Plants

Plants produce compounds to protect themselves from insects, and these com-
pounds can affect insect development in many ways (Ong 2016). These plant-borne
molecules are effective at a few parts per million (ppm) against Aedes (Ae.),
Anopheles (An.) and Culex (Cx.) young larval instars (Rodriguez-Pérez et al.
2012). Hundreds of plant species have been tested for their effects against mos-
quitoes. The neem tree (Azadirachta indica) is a well-known medicinal plant that
has been widely tested against mosquitoes (Rodriguez-Pérez et al. 2012).

3 Application of Biotechnology in Dengue Control

Dengue Virus (DENV) control can be stratified into various categories depending
on the type of approach. This section will focus on the use of gene modifications on
Aedes Mosquito as a means of control dengue virus infections.

From Epigenetic perspective, dengue control can be achieved through vertical
(mating-based) transmission of heritable elements which are specie specific (Aedes
spp) (Alphey et al. 2013). This approach is most attractive due to its environment
friendly nature. It exquisitely targets the vector species (Aedes Mosquito). Some
genetic strategies have been developed overtime using classical genetics such as
Sterile Insect Technique (SIT) which is termed as “Population suppression strategy”’
aimed at achieving sterile male population of the Aedes Mosquito. Through
recombinant DNA methods, several Aedes Mosquitoes have been transformed
using either transposon vectors or by artificial infection with various Wolbachia
(Alphey et al. 2013).

The intracellular bacteria, Wolbachia can induce a form of sterility known as
Cytoplasmic Incompatibility (CI), where embryos of uninfected females are fer-
tilized by sperm from infected males, and the fertilized eggs fail to develop and
eventually die. However, when infected males mate with infected females, the eggs
can develop by a method called “Incompatible Insect Technique” (IIT). Death of
offsprings of incompatible crosses is also achieved by Wolbachia through IIT
process, though the biochemical and the genetic mechanism is unknown (Alphey
et al. 2013).

Sterility or death of most or all offsprings can also be achieved through the
introduction of dominant lethal allele into the vector insect genome by recombinant
DNA methods, rather than irradiation in sterilizing vector male population.
Although, the SIT-like methods described here are self-limiting, self-sustaining
population suppression strategies can be applied using sequence-specific nucleases
called homing endonucleases (HEGs) where reduced-fitness trait are introduced
into the target population using the super-Mendelian inheritance property of HEGs,
which can drive a population or even a specie into extinction. With the development
of SIT-like system called RIDL (Release of Insect carrying a Dominant Lethal), a
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dominant lethal transgene is inserted, but its expression is artificially repressed to
allow the insect vector to be reared. The advantage of this approach over the use of
DNA damage or CI technique is the ability to select the time death of the offspring.

However, the DENV can also be controlled through suppression of replication
by the RNAi mechanism in the mid-gut or saliva of the Aedes Mosquito.
Transgene-based expression of a hairpin RNA corresponding to part of the DENV2
virus in the mid-gut or salivary gland of the host vector has shown to provide a
strong block to virus transmission. Though for the midgut expressing-line,
anti-DENV2 hairpin expression and the associated refractory phenotype were
reported to be lost after 13 generations (Aguiar et al. 2019). This could be as result
of the unusual inverted repeats involved which may be subject to some form of
epigenetic silencing.

The “gene drive” technique has also incorporated Wolbachia as result of its
ability to reduce susceptibility of infected mosquito to various pathogens.
Wolbachia are capable of spreading through insect populations as a heritable
modification by manipulating the host’s reproductive biology- in other words,
“gene drive system”. This brought about the concept of Gene-drive-plus-
refractory-gene package. The attention was focused on wMel, a strain of
Wolbachia from Drosophila melanogaster, because its infection has a similar
dengue-blocking effect in Ae. Albopictus. The introduction of a single infected
female can lead to Wolbachia invading that population, especially if the effective
population size is low. The public perception has generally been positive about the
use of Wolbachia, reason being that it is natural, and has avoided public concerns
relating to the use of recombinant DNA methods.

Human miRNA pathway, GRP75 protein and hsa-mir-126 have been reported to
have regulatory role in dengue life-cycle. Though this experiment was performed at
cell line level, it has shown positive result on the ability of such genes to regulate
DENV replication, which is a positive step toward the search for dengue virus
control (Kakumani et al. 2016). Targeting these genes will generate positive out-
comes in the efforts to control dengue infection by arresting its replication.

Bacillus thuringiensis H-14

Bacillus thuringiensis H-14 is a gram-positive, sporulating bacterium that releases
insecticidal toxins and virulence factors that selectively target the larval stages of
insects (Ong 2016). It effectively kills the larval stage of mosquitoes such as Aedes
aegypti and Aedes albopictus without undesirable effects on the environment and
non-target organisms. Ingestion of the sporulated bacterial cells by mosquito larvae
lead to ingestion of crystals being activated in the naturally alkaline environment of
the larval mid-gut. This cause the proteolytic enzymes that existed in the mid-gut of
larval to break down the endotoxin of the crystallized bacteria, as the result, a
polypeptide toxin fraction was released by the bacteria and triggers the killing
mechanism (Ong 2016).

Three of the four toxins (Cry4A, Cry4B, and Cryl1A) produced by Bacillus
thuringiensis are homologous in their structures and utilize similar mechanisms of
killing with other members in the Cry toxin family (Huang et al. 2017). Despite the
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success recorded in use this bacterium to biologically control the dengue vector,
reports demonstrated that Ae. albopictus is capable of developing resistance to B.
thuringiensis H-14 and this indicate the application of B. thuringiensis H-14 might
not be sustainable for a long-term control program because of its potential in
developing resistance (Ong 2016).

3.1 Genetically-Modified Aedes Aegypti

The use of genetically engineered mosquitoes for biological control of dengue is
borne from the idea of using the genetically engineered mosquitoes to replace the
population of competent mosquitoes in nature (Ong 2016). Aedes aegypti is
genetically modified using a technology known as RIDL (Release of Insects car-
rying Dominant Lethal).

The science behind RIDL is known as ‘repressible lethality’ which involves
introduction of a specific DNA construct into Aedes aegypti eggs through
micro-injection so that the transformed mosquito is destined to die at larval or pupal
stage unless it is provided with a nutritional supplement otherwise antidote (tetra-
cycline) in the rearing medium. The tetracycline represses the lethal gene and hence
allows the mosquito larvae to grow normally into adults when they are reared in a
laboratory or rearing facility (Ong 2016).

The engineered males are released into the natural environment which then
mates with wild females, producing offspring that die at the larval stage in the
absence of tetracycline which is unstable in the environment (Vythilingam and
Wan-Yusoff 2017). This approach has the advantage of being species-specific and
has no long-lasting effects on the target species as the aim is to eliminate the
population in the released area.

4 Vaccination and Vaccine Development Against Dengue

Currently, there are no licensed dengue-specific therapeutics, nor are any candidate
drugs in late-stage development (Hadinegoro et al. 2015). Management options are
often helpful but could be difficult to implement in remote or resource-poor areas
(Stanaway et al. 2016). Public Health methods such as vector control can be
effective at preventing infections but these measures remain challenging because
the mosquito vectors rapidly evolve to avoid chemo-prevention and expand their
ability to live in harsh environments (World Health Organization 2019). All these
factors point to the utmost need to develop a vaccine candidate that will prevent
against all the Dengue serotypes (Whitehead and Subbarao 2018; Fauci et al. 2019).

Laboratory evidence has led to the widely accepted hypothesis that heterotypic
antibodies bind to DENVs and increase their uptake into cells of the monocytic
lineage via their FcG receptors (FcGR) and drive up virus load, leading to severe
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dengue. In this context, it has been discovered that antibodies to the pre-membrane
(prM) protein and the fusion loop (FL) epitope of the envelope (E) protein, pri-
marily play a role in enhancement of DENV infection (Swaminathan and Khanna
2019). The occurrence of antibody-dependent enhancement (ADE) of dengue
disease strongly supports the rationale underlying current dengue vaccine devel-
opment efforts, which is to provide balanced and durable immunity to all four
DENV serotypes (Raut et al. 2019).

The quest for a safe and effective DENV vaccine has been ongoing for nearly
70 years (Ngono and Shresta 2019). A live attenuated vaccine (LAV), chimeric
yellow fever/dengue tetravalent dengue vaccine (CYD-TDV), developed by Sanofi
(Hadinegoro et al. 2015) and marketed as Dengvaxia, was first licensed in 2015 and
is now licensed in several dengue-endemic countries. Two major drawbacks of this
vaccine are suboptimal antibody response against different serotypes and its relative
ineffectiveness in children younger than 9 years and naive individuals (Ngono and
Shresta 2019). Several vaccine candidates are being designed and are undergoing
both preclinical and clinical trials.

4.1 Concept of Chimerism in Dengue Vaccinology

In DENV endemic areas, multiple serotypes of dengue viruses (DENV-1 to
DENV-4) are in co-circulation. Infection by one serotype of DENV confers lasting
protection against the disease, and possible infection, following re-exposure to the
same serotype. Secondary exposure to any of the other three serotypes only
experiences transient protection (Li et al. 2013). Therefore, dengue vaccine
development only focuses on a vaccine that simultaneously provides long lasting
protection against all the DENV serotypes. This takes the approach of developing a
tetravalent DENV vaccine.

DENV have a single stranded positive-sense RNA genome that contains a single
Open Reading Frame (ORF) flanked by two untranslated regions (5’ and 3° UTRs)
(Huang et al. 2006). The ORF encodes a single polyprotein (proteolytically pro-
cessed into three structural proteins, C, prM and E) and seven non-structural pro-
teins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). Induction of protective
immunity against viral infection relies on the E glycoprotein antigen, with
co-expression of prM as a requirement to acquire its native conformation. The
non-structural proteins are actively involved in viral genome replication, transla-
tion, and regulation (Yang et al. 2014). The high degree of similarity in the flavi-
viruses genome organization, replication and translation strategy makes the viruses
viable chimeric viruses. Viable chimeric viruses have been rationally designed and
generated by interchanging various genes among flaviviruses by using reverse
genetics. In recent years, this kind of chimerism approach is been used in dengue
vaccine development. Example of vaccine that is product of this kind of technology
is the ChimeriVax-Dengue (CYD), which was created with yellow fever vaccine
strain, 17D (YF-17D) this vaccine is currently in phase 2b trial in Thailand (Li et al.
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2013). Attenuated DENV-2 strain PDKS53 is another chimeric dengue vaccine on
clinical trial. Additionally, recombinant DENV-4 with 30 nucleotides deletion in 3’
UTR (DENV4A30) has been utilized successfully as a backbone for the develop-
ment of chimeric dengue vaccine (Yang et al. 2018).

Chimeric DENV has been developed in recent years by using reverse genetics
using the full-length infectious cDNA clone of Japanese encephalitis virus
(JEV) strain, SA14-14-2 as a backbone, named ChinDENV. The ChinDENYV (novel
chimeric DENV) was designed and constructed using JEV strain SA14-14-2,
replacing the pre-membrane (prM) and envelop genes (E) of DENV-2. The chi-
meric virus showed growth and plaque properties similar to those of parental
DENV in mammalian and mosquito cells.

5 Conclusion

Global dengue virus re-emergence and expansion appear to be very difficult to
contain anytime soon. Being an arthropod-borne infection, the best that could be
done is to re-enforce vector control measures, preferably using novel biotechno-
logical and molecular approaches viz-a- viz, continue with the search for novel
vaccines and/or improve on the potency, effectiveness, efficacy, safety, and
affordability of existing ones, in order to assure protection against all serotypes of
dengue, regardless of age, sex or race of people.
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Abstract Dengue fever is one of the significant health issues throughout the world,
especially in tropical and subtropical territories. The cause of dengue fever is the
dengue virus, which is a single-stranded RNA virus that is part of Flaviviridaeviruses
family and has four distinct serotypes: DENV-1, DENV-2, DENV-3, and DENV-4.
Dengue virus is spread to humans by the bite of the mosquitoes Aedes aegypti and
Aedes albopictus. Clinically dengue fever symptoms range from mild (headache,
nausea, vomited, pain in muscles and bones) to severe form such as dengue
haemorrhagic fever and dengue shock syndrome. Since 1994 Pakistan has suffered
from dengue endemic. Nevertheless, since 2000, the world has faced the worst
dengue attack situation in which the disease has infected thousands of people and
hundreds of people have been killed. DENV-2, DENV-3 and DENV-1 are most
predominant serotypes in Pakistan.Popular diagnostic techniques being used in
Pakistan are Enzyme-Linked Immunosorbent Assay (ELISA), polymerase chain
reaction and rapid diagnostic tests, during differential diagnosis. Critical issues with
dengue diagnosis include shortcomings in screening tests and a weak health-

care system. The major factors responsible for dengue epidemics in Pakistan are
favourable climatic conditions, unplanned urbanisation, population growth, com-
muting and many socioeconomic factors etc. This chapter offers updates on
Pakistan’s dengue epidemic and explains how to strengthen the region against
dengue virus.
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1 Introduction

Mosquito-born disease caused by the dengue virus is dengue fever. Symptoms of
dengue fever are associated with flu-like symptoms which develop after three to
fourteen days of viral infection (Kularatne 2015). Other symptoms may include
high fever, nausea, vomiting, skin rashes, muscles and joints pain. Recovery gen-
erally takes place within 7 to 10 days.

In some cases dengue fever becomes severe, such as the occurrence of low
platelets, bleeding and blood plasma leakage; while in dengue shock syndrome,
blood pressure of patient becomes dangerously low, hepatomegaly and shock
(Heydari et al. 2018). Dengue, which is an enveloped single-stranded RNA virus,
belongs to the genus Flavivirus and family Flaviviridae (Ahmad and Poh 2019).
The virus is transmitted to humans via the bite of an infected female mosquito of the
genus Aedes, usually Aedes aegypti (Ae Aegypti) and rarely Ae. Albopictus. The Ae
Aegypti grow in stagnant water collected at different areas in tropical and sub-
tropical regions, and it is a day-biting mosquito. These mosquitos carrying the
virus, their biting to the person can transmit the virus to a non-infected person.
Dengue can also be transmitted by infected blood products and organ donations
(Dean et al. 2018). Vertical transmission from mother to foetus during pregnancy
has also been reported (Wiwanitkit 2010). According to World Health Organization
(WHO), dengue fever is the fastest spreading dengue-endemic disease affecting the
health of peoples of tropical and sub-tropical countries of the world. Dengue is the
primary cause of hospitalisation, and it is estimated that annually 500,000 people
infected with severe dengue required hospitalization in which children are domi-
nant. In contrast, about 2.5% of the affected people die annually (Yousaf et al.
2018).

2 Dengue Serotypes

There are four serotypes of dengue viruses: DEN-1, DEN-2, DEN-3, and DEN-4.
They are antigenically different but closely related serotypes of dengue show 65—
70% sequence homology (Ali et al. 2016). Each serotype has different genotype
with extensive genetic variability, which causes vaccine development difficulties
against all four dengue serotypes. If a person has been diagnosed with dengue from
one serotype and is later recovered from dengue it will keep him immune from this
serotype throughout life. While cross-immunity to the different dengue, serotype is
short-lived (Ali et al. 2016). Re-infection of dengue with new serotype can present a
high risk of creating dengue hemorrhagic fever due to antibody-dependent change,
a miracle where specific antibodies to infection strengthen infectious disease, and
sometimes infection replication within monocytes/macrophages and granulocytic
cells can aid (Wahala and De Silva 2011). Infection caused by all four dengue
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serotypes is analogous, but several studies have shown that DEN-2 and DEN-3 are
related to severe dengue infection, whereas DEN-1 is causing mild disease (Passos
et al. 2001).

3 Prevalence of Dengue Serotypes in Pakistan

Dengue was first discovered in Karachi, a congested city of Pakistan with a seaport
causing the importation of eggs of infected mosquitoes usually with tyres from
foreign countries (Yousaf et al. 2018). This virus is endemic in Pakistan mostly in
the post-monsoon period and can stay dormant for several years, and several out-
breaks have been reported in different regions of this country at a different time
(Table 1).

Why dengue endemic in Pakistan?

Pakistan is suffering from dengue endemic since 1994, and now this virus has
become a significant public health concern. Although started in 1994 but from 2006
it has taken status of the epidemic in which the disease has infected thousands of
people and hundreds of people lost their lives. From 1995 to 2019, there have been
around 1,47,200 instances of dengue infection and over 800 deaths. Dengue ser-
otype 2 is the most usual circulating serotype in Pakistan, with few reported cases
of serotype 3 (Fatima 2019).

Table 1 Distribution of dengue serotypes in various geographical areas of Pakistan

Year Serotype Region References

1985 DEN-2 Karachi (Cobelens et al. 2002)
1994 DEN-2 Karachi (Chan et al. 1994)
1995 DEN-2 Baluchistan (Paul et al. 1998)
1997 DEN-2 Karachi (Qureshi et al. 1997)
1998 DEN-1, DEN-2 Karachi (Akram et al. 1998)
2003 DEN-2 Nowshehra, Haripur, Khushab (Khanani et al. 2011)
2005 DEN-3 Karachi (Jamil et al. 2007)
2006 DEN-2, DEN-3 Karachi (Khan et al. 2008)
2007 DEN-2, DEN-3 Lahore (Fatima et al. 2011)
2008 DEN-2, DEN-3 Lahore (Fatima et al. 2011)
2009 DEN-2, DEN-3 Lahore (Fatima et al. 2011)
2010 DEN-1, DEN-2 Gujranwala, Lahore, Sheikhupura (Mahmood et al. 2012)
2011 DEN-2 Punjab (Fatima et al. 2012)
2013 DEN-2, DEN-3 Swat (Khan 2013)
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There are several factors involved in spreading of this virus; the most important
is the favorable climate. As the climate in this country is most beneficial to the
mosquito to grow and reproduce, especially in the post-monsoon period when there
are hot and humid conditions. Another factor supporting the growth and repro-
duction of Ae Aegypti is the moderate temperature in which vector replication and
maturation are enhanced (Ahmed et al. 2017; Rasheed et al. 2013). Another factor
favoring mosquito growth is the unregulated and unplanned urbanization which
provide favorable breeding ground to Ae Aegypti. Other reason includes the
inability of environmental sanitation to clean up the plethora of waste containers
(Pulford et al. 2012). Overpopulation, lack of fresh consuming water, inadequate
mosquito control, air travel, poor socio-economic conditions, lack of public health
and lack of awareness are other vital reasons for the dengue epidemic (Ahmed et al.
2017; Tahir et al. 2015).

4 Seasonal Effects of Dengue Outbreak

Cases of dengue infection increased during and after rainy seasons as compared to
winter and summer seasons. high humidity, optimum temperature and rainfalls
remain significant predictors of dengue incidence in Pakistan. The surge of cases
occurs between July and October as shown in Fig. 1 (Shaikh et al. 2014).
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Fig. 1 Dengue fever cases in Pakistan: monthly data collected from 2017 to September 2019
(n = 28,328) (Internal data source 2014)
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Dengue Fever cases in diffirent provinces of Pakistan

459
: 390’6
40%
35%
X 30% 27%
)
o0 25%
g 19%
O 20%
o 2
o 15% 12%
(a8
10%
3%
5% "
o 0%
UI:.'.' -
Punjab Sindh KPK Balochistan AJK FATA

Provinces/ Areas

Fig. 2 Represents the dengue fever cases in all provinces of Pakistan from 2017 to September
2019 (n = 28,328)

5 Climate Change Adds to Risk Factors

The key risk factors for dengue-endemic are urban population, indoor storage of
water with neglected storage facilities, and poor sanitary conditions. But, an
unmarked condition in this equation is climate change. The unplanned vector
surveillance cannot be predicted for the post-monsoon, unexpected rain, where
water drainage facilities are of poor quality, time after time. The open pockets of
rainwater in the urban areas results in suitable nurseries for the dengue mosquito
hence result in failures of most measures in controlling the vector population, by the
end of the monsoon period.

6 Dengue Infection Statistics in 2019

According to the data of WHO, around the world, per 100 million people there are
around 20,000 people die due to dengue virus infection (Guzman et al. 2016).
According to weekly epidemiology report of National Institute of Health
(NIH) Pakistan in November 2019: “there was a total of 24,336 cases including
2,686 cases in Baluchistan, 2847 cases in Islamabad and 5214 cases in Khyber
Pakhtunkhwa (KPK). According to the report for Punjab and Sindh province, there
were 8,770 and 2,937 cases respectively (Internal data 2014).

Dawn (I8 November 2019) a Pakistan national media news channel claimed in
2019 reported a total 49,587 cases from the whole country. Thirteen thousand two
hundred fifty-one cases from Sindh, 13,173 from Islamabad, 9,855 from Punjab,
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7,776 cases from KPK, 3,217 cases from Baluchistan, and least number of cases
1,690 reported from Azad Jammu Kashmir (AJK). Other 625 cases were placed in
‘other’ categories such as the cases whose origin could not be determined. No
deaths from KPK and Gilgit-Baltistan were recorded, while in the federal capital
Islamabad, as many as 22 dengue patients died. Of the remaining 57 cases, 33
people died in the province of Sindh, 20 in Punjab, 3 in Baluchistan and 1 died in
AJK (Countrywide 2019).

In Pakistan, several hospitals running the facilities to treat patients infected with
dengue virus include Pakistan Institute of Medical Sciences (PIMS), Islamabad,
Mayo, Jinnah and Ganga Ram Hospitals, Lahore, Civil, Jinnah and Agha Khan,
Hospital, Karachi, and Allied Hospital, Faisalabad, Benazir Bhutto Hospital,
Rawalpindi (Fig. 2).

7 Way Forward

In Pakistan control of dengue and other vector-borne diseases is extremely chal-
lenging due to insufficient expert entomologist, lack of quality assurance standards,
adequate monitoring, assessment system and the lack of designated authority for
dengue vector control interventions. Prevention of dengue in this country can be
enhanced by adopting the following measures.

1. Health care system up-gradation

In Pakistan, weak health care systems may be responsible for the high mortality rate
from dengue infection. Mortality rate can lessen by improving staff training and
clinical management, early clinical and laboratory diagnosis, intravenous rehydra-
tion, and reorganizing hospital procedures. Pakistan’s health ministry should orga-
nize health promotion programs to disseminate community information to eradicate
mosquito breeding sites. Better hygiene procedures, personal safety measures,
encouragement of the use of larvicidal agents, and treatment of unwanted stagnant
water should be the objectives of the health care staff alongside the campaigns.

2. Strengthening of surveillance system in Pakistan

Surveillance is a critical step for any dengue prevention and control as it offers the
required information for risk management and policy guidance, including disease
response and policy evaluation. The weak dengue surveillance system in Pakistan is
one of the main reasons of unsatisfactory dengue prevention. Application of
functional and continuous dengue surveillance at every level is the primary
requirement of dengue control in Pakistan, and it should be a part of the national
health care program. Passive monitoring, active surveillance, and event-based data
collection should be the valuable component of our monitoring program to assess
dengue transmission, spread of serotypes, and investigate unexplained health
incidents, including unknown etiology of fevers and case clustering.
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3. Personal protection

Protective garb can reduce the risk of mosquito biting and hence it is recommended
that socks, shirts and trousers be worn in full sleeves. Mosquito mats, coils, pres-
surized canned products and repellents are generally used for domestic safety. Plant
extricates inclusive of Neem oil and chemical such as DEET (N,
N-diethyl-m-toluamide) are repellents which offer protection against mosquitoes.
Certain insecticides are available for those who use skin-tight clothing; their clothes
can be treated with the chemical to avoid mosquito biting through skin-tight
clothing. Their clothes ought to be treated with the recommended dose to prevent
irritation on the skin. Precautions must be taken while the usage of repellents both
natural and chemical and use of mats and coils (the locally produced insect repellent
which when burnt slowly produce vapours acting as mosquito repellents) should be
avoided to be used in tightly closed rooms.

4. Environmental management

Environmental management can also be effectively used to prevent mosquito
growth and infection. Environmental management refers to the modifications in the
environment to reduce man-vector contact and consequent transmission hazard.
Quality waste management enhanced and effective water supply network, enough
drainage system, maintenance of containers for domestic water storage, cleaning of
flower vases and recycling of worn out tyres, are all part of environmental man-
agement. In Pakistan, government will enhance environmental protection to be
helped by the society in controlling mosquito spread. Improper sanitation is the key
problem in Pakistan, and the country should concentrate on street sweeping,
improved drainage network and stagnant water removal.

5. Biological control

Biological control agents can be used for the prevention of dengue. Larvivorous fish
were commonly used for management of Ae. Aegypti in a large container of water
and its output depends on the type of container or body of water being used
similarly copepods have played a role in regulating Ae. Agypti (Guzman and Kour1
2004). According to national dengue control guidelines in Pakistan, mosquito fish
should only be used in limited, clean water bodies and should be released after
comprehensive surveys of mosquito breeding sites. Fungi such as Beauveria
bassiana and Metarhizium anisopliae have also been proposed as potential bio-
logical control agent of Ae. Aegypti. Also, bacterium Bacillus thuringiensis sub-sp.
israelensis is useful to control mosquitoes. These bacteria should be applied only
during first three instars of the larval stage. The use of endosymbionts such as
Wolbachia pipientis, a gram-negative bacterium, has also been reported to control
of mosquito-borne transmission of pathogens (Tahir et al. 2015).

6. Chemical control

Certain larvicides have also been found to be effective in controlling the dengue
vectors by using larvicides. The agents are mostly used as a surface spray, limited to
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domestic use and to be applied ona short term basis. Several different larvicides
include pyriproxyfen, H-14 and temephos. Space spraying can also kill the mos-
quito by small droplets of insecticides in air, and it has been the primary method
used in several countries to control dengue fever/DHF (Dengue Hemorrhagic
Fever). Larvicides are occasionally applied at mosquito’s breeding sites to control
vector population, but precautions must be taken after proper and careful breeding
sites assessment assays carried out.

7. Research and development

Research is Pakistan is also essential for dengue control. It should address the
cost-effective enhancement of new control methods. Pakistan’s research and
development organizations such as Pakistan Science Foundation (PSF) and
Pakistan Council of Scientific and Industrial Research (PCSIR) should focus on
developing specific, sensitive and rapid test devices for dengue diagnosis, and
development of effective vaccines against all serotypes and non-insecticidal
methods to control Dengue virus.

8. Dengue vaccines

Sanofi Pasteur’s first dengue vaccine, Dengvaxia (CYD-TDV), was reported late in
2015 and early in 2016. Generic name CYD-TDV and brand name Dengvaxia is a
tetravalent chimeric, live attenuated vaccine. Other tetravalent live-attenuated
vaccines such as TAKO003, and Dengvaxia were developed by Takeda in Japan,
have completed the phase II clinical trial in children of age 2-17 years in Asia and
Latin America (Saez-Llorens et al. 2017). Other vaccine candidates like V180,
TDENV, and PIV developed by Merck from dengue virus envelope protein
((DEN-80E) effective against all serotypes of dengue have completed the first phase
of clinical trials and shown promising results in some countries including Pakistan
(Yousaf et al. 2018; Manoff et al. 2019). Vaccines remain the most effective method
for combating infectious viral diseases. A secure, effective, and affordable dengue
vaccine against all serotypes of dengue would result in considerable improvement
in dengue management.

8 Treatment for Dengue Virus Infection

In terms of the medicines required for the treatment of dengue infection, intra-
venous fluids such as crystalloids or colloids may be given. Also, intravenous
infusion employing antipyretics and oral rehydration salts are usually available at
most hospitals. Other drugs to treat severe cases are injectable vitamin K1, calcium
gluconate, sodium bicarbonate, glucose, furosemide, potassium chloride solution,
vasopressors, and inotropes. But vasopressors, vasopressin and inotropes,
Diltiazepam and Verapamil are not available in injectable form in Pakistan. These
injectable drugs are highly essential to savethe lives of critically ill patients (Lo
et al. 2017).
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9 Conclusion

This chapter showed that dengue is widespread throughout Pakistan. Dengue
growth in Pakistan is due to multiple factors that may consist of climate change
alternatives, virus evolution, and social elements such as rapid urbanization, pop-
ulation boom, development, socioeconomic influences, and global tour and trade.
For areas where humans interact with vector organisms, more efficient control steps
for dengue mosquitoes are critical. Dengue is spreading to non-endemic regions
globally. To minimize the spread and effect of this disease, the Worldwide Plan for
the prevention and control of dengue as outlined by WHO must be enforced.
Recommended dengue management initiatives may include vector population
abolition by using eco-friendly control methods, use of air conditioning, window/
door screening in homes and workplaces, improved water garage practices, and
waste cloth disposal, infrastructure that may minimize dengue vector breeding.
There is dire need to revisit the policies regarding dengue control in Pakistan.
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Abstract Dengue is endemic in Pakistan with its usual peak incidence in the post
monsoon period. In the recent past dengue outbreaks have occurred in major urban
areas particularly Karachi, Lahore and Peshawar affecting large number of popu-
lation. This study is an attempt to analyze the spatial and temporal variation of
dengue fever (DF) in Samanabad Town, district Lahore. The study is based on
primary and secondary data. Primary data is acquired through semi-structured
questionnaire. Secondary data have been acquired from concerned Government
departments. Geographic information system (GIS) is used to perform spatial
analysis. It has been found that temporally DF prevalence varies from month to
month and year to year. Similarly spatial variation has been observed. Analysis
reveals that DF is still a major threat to the area as socio-economic and geographic
conditions favors mosquitoes breeding and transfers of disease from one person/
place to another. This study presents useful information related to the dengue
outbreak spatio-temporal patterns and may bring the attention of public health
departments to plan strategies to control the spread of disease. Risk zones of DF
have been delineated using Inverse Distance Weighted (IDW) technique of spatial
interpolation. The methodology is general for spatio-temporal analysis and can be
applied for other infectious diseases as well.
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1 Introduction

Globally, dengue fever (DF) has become one of the most prominent
mosquito-borne infectious diseases (Shaikh et al. 2014; Senthil et al. 2014). The
global incidence of DF has been mounting and making large human population
vulnerable particularly in tropical and sub tropical regions (Lin and Wen 2011;
Jeefoo et al. 2011; Li et al. 2011). In the past 50 years, DF has amplified 33-fold
with an increase of 50 million cases per annum (Fareed et al. 2016). Thousands of
DF and dengue hemorrhagic fever (DHF) cases have been reported each year and
became a leading factor of morbidity and mortality (Amarsinghe et al. 2011).This
has made 2.5 billion people at risk in about 120 counteries (Raheel et al. 2010;
Arshad et al. 2011; Mulligan et al. 2012; Naqvi et al. 2015). Dengue virus is
transmitted to human by mosquito that is Aedes Aegypti and Aedes Albopictus (Li
et al. 2011).

The spatial distribution of DF is directly influenced by prevailing weather and
seasonal conditions because its vector is sensitive to it (Hales et al. 2002). The
temperature conditions have significant influence over mosquito feeding habits,
virus development and population dynamics. Similarly, the developmental stages of
mosquito life are controlled by temperature. The chance of female mosquito fer-
tilization reduces when temperature falls below 20 °C and feeding activity ceases
when temperature falls below 15 °C. Exposure to high temperatures results in
increased mortality of adult mosquitoes. The temperature of water plays vital role in
breeding and reproduction of mosquitoes (Balmaseda et al. 2006; Mahmood et al.
2019). Aedes Aegypti laid eggs in cooler water having shaded container. The Aedes
Aegypti continues to live in a wide range of temperatures and humidity while Aedes
Albopictus does not. This is the reason that Aedes Aegypti is dominant in urban
environment and Aedes Albopictus likes better Peri-urban areas (Juliano et al.
2002). Rainfall makes available the favorable habitat for mosquito initial stage of
life. The combine impact of higher temperature and rainfall increases humidity. The
higher humidity causes higher feeding rates and better development of Aedes
Aegypti (Scott et al. 2000).

In Pakistan, DF is endemic with its usual peak in the post-monsoon season
affecting urban and sub-urban areas (Mahmood et al. 2019). The very first DF
outbreak was reported in 1994—-1995 in Karachi with 4500 registered cases (Khan
and Hassan 2011; Khnanani et al. 2011). During 2005-2006, there was an
unprecedented increase in DF with more than 3640 reported cases and 40 deaths
(Shakoor et al. 2012). In Lahore, few DF cases were reported in 2006-2007 and
epidemic occurred in 2008 (Jahan 2011). The total number of reported cases was
17,493 with 290 deaths in year (Rasheed et al. 2013). The dengue epedmic has been
occuring every year since 2006 and extended to most of the cities in Pakistan
(Rasheed et al. 2013). It has badly affected the major cities of Karachi, Lahore,
Multan, Fasilabad and Rawalpendi (Laghari et al. 2015). Naqvi (2015) found that
transportation is the main factor of dengue spread from Karachi to Lahore.
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Currently, in Peshawar (The capital city of Khyber Pakhtunkhwa) the registered
cases of DF is maximum in the entire country and is spreading to the surrounding
districts very rapidly.

Geographic information system (GIS) is a strong geographical tool for spatial
and temporal analysis (Mahmood et al. 2019) and have been applied in epidemi-
ological and public health studies for many years (Mondini and Chiaravalloti-Neto
2008) to assess and identify potential risk factors involved in disease transmission
(Twumasi and Merem 2005; Jeefoo et al. 2011). This study involved micro-level
detailed investigation of DF spatial pattern at union council (UC; the smallest
electoral unit) which made it different from past studies. Similarly, there are few
studies regarding the dengue outbreak and it spatial pattern in the study area. The
main objective of this research is to employ GIS and Spatiotemporal Analysis of
Dengue Outbreaks in a Metropolitan Area in Pakistan.

2  Study Area

Lahore is the second largest city of Pakistan and capital of the province Punjab
(Shirazi and Kazmi 2014). Geographically, it is extended from is 31° 15’ to 31° 45’
N latitude and 74° 01’ to 74° 39’ E longitude with total area of 2260 km”. The
population density is 2778 person/km? (Shirazi and Kazmi 2013). Administratively,
Lahore is divided into nine towns with one cantonment area. Igbal Town is the
largest covering 476.79 km?® and Shalimar town is the smallest with 26.88 km? area.
Climate of the study area is sub-tropical. In January and February the temperature
remains low and in June and July temperature remains high (Shirazi 2012). It is
located in the lucky monsoon region of south asia with plenty of rainfall which is
significant factor for dengue growth. In July and August the study recienves
maximum rainfall (Naqvi et al. 2015).

Samanabad Town has been selected for detail and micro-level investigation
regarding the spatio-temporal trend of DF. It was severely affected by dengue
outbreak in 2008. Out of the total reported cases in Lahore, 62% were registered
from the study area (Fig. 1). The severely affected Union Council (UC; smallest
electoral unit) were Samanabad, Ichra and Gulshan-e-Ravi (Mushtaq et al. 2010). In
the Northwest of the study area River Ravi is flowing. Waste water drain (locally
Ghanda Nalla) is flowing from north to south of the town and make it favorable for
the breeding and growth of mosquito.

2.1 Data Acquisition and Analysis

To achieve objective of the study, seven UCs were selected as sample sites, out of
nineteen in the study area by random means of sampling namely Babu Sabu, Abu
Bakar Siddque, Gulshan-e-Ravi, Samanabad, New Samanabad, Ichra, and Sikander
Block (Fig. 1).
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Fig. 1 Location of the study area and sample UCs

The required data were collected from concerned Government Departments.
Population record was collected from Pakistan Statistical Bureau, Lahore. Rainfall,
temperature and humidity data were collected from Pakistan Meteorological
Department (PMD), Lahore. Data regarding the confirmed DF cases for the years
2012-15 were obtained from Governments Hospitals and Health Departments,
district Lahore. The data comprised of patient’s age, gender and postal address.
Google Earth image was downloaded as base layer to develop land use and land
cover map of the selected area. Spatial data regarding the administrative boundaries
of the study area was collected from Punjab Provincial Disaster Management
Authority (PPDMA), Lahore.

Relative location of the dengue affected person was converted to absolute
location by applying Point Level Geo-coding technique to visualize the record on
map. Then location data was converted KML using ArcGIS10.2 and geo-visualize
the record on Google Earth for validation purpose. The data were validated using
GPS-based questionnaire surveys using stratified purposive sampling techniques
with sample size of 22%. The validity of the data was 83%. Simultaneously, GPS
survey was also conducted to acquire the geographic location of health units
including hospitals and Basic Health Units (BHU). MS excel was used for data
processing and descriptive statistical analysis.
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3 Results and Discussion

Analysis reveals that out of the 7 sample sites (Fig. 1), Samanabad, Ichhra and
Gulshan-e-Ravi were the most affected with high prevalence. Sikandar Block and
Abu Bakkar Siddique were less affected with low prevalence (Table 1). DF, DHF,
and DSS are three serotypes with 394 registered cases in 2012, 388 had DF, 5 has
DHEF and 1 had DSS, 905 cases were registered in 2013, 887 had DF, 17 had DHF
and 1 had DSS while in the 2014 registered cases were 130 of only DF. In the
selected time DF cases were maximum and 2013 was severely affected by DF
outbreak (Table 2). The total registered cases of dengue from 2007-15 were 2793.

Samanabad, Ichhra and Gulshan-e-Ravi are the densely populated sample sites.
Most of the sample households have medium (7-9 members) family size. Similarly
44% of the surveyed households have monthly income ranges from 16 to 50
thousand (Pakistani Rupees). The age of confirmed DF patient ranged from 3 to
84 years with a median of 28 years. There were 725 males and 311 females out of
the total affected persons and among them 131 (12.6%) were children (15 years or
below), 579 (55.8%) were of 16-30 years; this was the most affected age group in
the selected spatial and temporal dimension. Approximately 67%, 83% and 71% of
these cases were confirmed during post Monsoon season in 2012, 2013 and 2014
respectively. In the mentioned season the rainfall decreases and relative humidity
increases which favor the breeding and growth of mosquitoes. The number of DF
cases increases from July onward, reached to its highest recorded peak in
September, and then decreases. Out of the total patients, male patients were more
than female (Fig. 2). In selected dengue outbreaks registered male patients were
about 60%. Based on age, 16-30 years age group is most affected where as the
elder persons are least affected (Fig. 3).

Temporal analysis reveals that dengue distribution varies from month to month
and year to year. Year wise 2013 was severely affected with maximum reported
cases (905), in 2012 the reported cases were 394 and in 2014 of 130. Monthly
distribution of dengue is also variable. January to May the incidence is minimum
then from Jun incidence rises, in September maximum cases were recorded in 2012
and 2013. Incidence of dengue decreases from October to November. In the year
2013 two outbreaks occurred in September and November (Fig. 4).

Spatial analysis reveals that dengue distribution is not uniform. Samanabad,
Ichhra and Gulshan-e-Ravi were the most affected sites with incidence rate; number
of patients/1000 persons of 5.8, 4.2 and 2 respectively. The dengue incidence were
high in Ichara followed by Samanabad in 2012 and 2013 whereas in Kashmir

Table 1 Serotype prevalence

- Dengue type Year 2012 Year 2013 Year 2014
of Dengue in study area DF 388 87 130
DHF 5 17 0
DSS 1 1 0

Source Health department and Arfa Kareem tower, Lahore
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Table 2 Spatio—temporal Sample uc 2012 2013 2014
distribution of dengue —
incidences in studied area Abu Bakkar Siddique 6 8 2
Gulshan-e-Ravi 49 109 16
Babu Sabu 17 11 2
Ichhra 89 301 34
New Samanabad 16 61 2
Samanabad 98 213 24
Sikandar block 0 1 2
Source Health department, Lahore
1000
900 A
800 // \\
700
$ .55 7 X
v
S /- \
s 500
S 400 /3/93 \
= X
300 \
200
100 e
—— 80
" -
2012 2013 2014 2015
. Male . Female e ToORAN
Fig. 2 Annual distribution of dengue occurrence in study area. Source Health department, Lahore
600
500

400

300

No. of Cases

200

100

<15
m 2012

===

16-30
m2013

31-45
w2014

46-60
m 2015

Fig. 3 Age wise distribution of dengue occurrence in study area. Source Health department,

Lahore



Employing Geographic Information System ... 87

250

200

w
L=

DF incidence
=
(=13

w
o

Fig. 4 Dengue fever outbreaks in district Lahore after Punjab Health Department, 2015

Block, Paki Thatti and Abu Bakar Siddique Colony the incidence was lowest
(Fig. 5). Dengue incidence maps were developed for the year 2012, 2013 and 2014
using the layers of DF, population density and landuse. Different themes were
combined in one layout to compare and identify most affected sample site (spatial)
and year/moth (temporal) as well as to identify incidence relationship with study
area attributes. Spatio-temporal analysis of the dengue reveals that prevalence is
high in Samanabad, Ichhra and Gulshan-e-Ravi, where more than 90% land is built
up with high population density while prevalence was low in Babu Sabu, Abu
Bakar Siddque, New Samanabad, and Sikander Block where green spaces are more
with comparatively low population density (Fig. 6). High risk zone are spatially
located in north-western parts of the study area because over there no vegetation
cover and high population density (Fig. 7).
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Fig. 5 Spatio-Temporal distribution of dengue incidences in studied area
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4 Conclusion

The study concludes that temporally dengue distribution varies from month to
month and year to year. Dengue prevalence was high in 2013 with 905 reported
cases followed by 2012 with 394 cases. Monthly prevalence also varies; from
December to May minimum incidence recorded and from Jun it gets momentum
and then in September attains recorded peak. In 2013 two outbreaks occurred in
September and November. Spatio analysis reveals that prevalence is high in those
UCs where green spaces are rare and more than 90% land is built up with high
population density. On other hand where green spaces are more prevalence the
incidence is low. Spatially, high risk zone is located in the North-Western areas.
Finally, it is concluded that dengue fever infected person are more in those areas
where population density is high with no green spaces or greenery.
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the Dengue Virus
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Abstract Amongst the neglected tropical diseases, dengue remains a disease of
concern, and the rise of global temperatures every year puts additional liabilities on
the infrastructure of the health sector of various underdeveloped and developing
countries. Increasing incidence puts additional stress on an already burdened
healthcare infrastructures. This calls for an urgent need of discovering an inhibitor
for Dengue virus (DENV). The success in targeting HIV and HCV proteases has
driven considerable attention of researchers to explore the same towards the DENV
NS2B-NS3 protease. Although most attempts yet remains futile, advancing com-
putational power and biotechnology can certainly play a pivotal role in speeding up
the drug discovery process. High-throughput Virtual Screening is one such frontier
that could help screening of large libraries of chemical entities, making the in vitro
pipeline efficient and cost effective. This chapter presents the DENV NS2B-NS3
protease inhibitors identified through High-throughput Virtual Screening and its
impact on drug development against the Dengue virus.

Keywords Flavivirus + NS2B-NS3 - DENV - HTVS - Protease inhibitors -
Dengue - In silico + Crystal structure - Catalytic triad - Docking - Hydrophobic
interactions - Virtual screening

1 Introduction

Dengue has emerged as one of the most threatening arthropod-borne viral diseases
in the past 50 years (WHO 2012) affecting nearly 390 million people (Bhatt et al.
2013) in tropical and the subtropical regions of the globe (Guzman et al. 2010).
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Dengue fever is caused by the Dengue virus (DENV), which belongs to the genus
flavivirus of the Flaviviridae family. DENV is mainly transmitted by the mosquito
species Aedes aegypti and Aedes albopictus. DENV has four serotypes, namely
DENV-1, DENV-2, DENV-3, and DENV-4, whose clinical complexities in humans
range from a milder dengue fever (DF) to fatal dengue hemorrhagic fever
(DHF) and dengue shock syndrome (DSS) (Ebrahim 1993; Guzman et al. 2010).
Interestingly, it was noted that being infected from one serotype did not provide
immunity on cross-infection with other serotypes. A subsequent infection from a
different serotype posed a potential risk of developing fatal dengue. The phe-
nomenon is called the “antibody-dependent enhancement” effect (ADE) (Goncalvez
et al. 2007). Vaccine development programs have suffered serious setbacks. The
first vaccine developed by Sanofi Pasteur in 2015, despite being approved in twenty
countries, carries a risk of causing ADE and has been limited for people in the age
group of 9—45 years and who have had a previous viral infection at least once (Guy
et al. 2017).

The dengue virus genome is a single strand of RNA, often referred to as posi-
tive-sense RNA, since it can be directly translated into proteins. The viral genome
encodes ten genes. The genome is translated as a single, long polypeptide and then
cut into ten proteins, three structural proteins, capsid (C), envelope (E), and
membrane (M) proteins, and seven nonstructural proteins (NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5). These nonstructural proteins play roles in viral
replication and assembly (Mukhopadhyay et al. 2005).

With the establishment of HCV (Wyles 2013) and HIV (De Clercq 2009) pro-
tease as promising drug targets, researchers worldwide began investigating
DENVNS3 protease to develop a possible inhibitor. NS3 protease is a trypsin-like
serine protease harboring a classical serine protease catalytic triad (His51, Asp75,
and Ser135) (Falgout et al. 1991). It resides at the N-terminal end of NS3 protein
(Nestorowicz et al. 1994). The proteolytic activity of NS3 protease is witnessed in
the presence of a cofactor NS2B, improves the catalytic function of NS3 (Falgout
et al. 1991; Yusof et al. 2000). The NS2B-NS3 protease complex cleaves DENV
polyprotein into its components, thereby promoting viral replication. Due to its
crucial role in cleavage and assembling of viral proteins, it appears as a promising
target for the design and development of anti-dengue drugs (Phong et al. 2011).

High Throughput Virtual Screening has now become a fundamental component
of in silico studies. This approach uses computational algorithms to filter in
potential bioactive molecules from large chemical compound libraries. A typical
HTVS methodology involves docking and scoring millions of compounds from
chemical databases against a protein binding site of interest. The binding site and
the protein are sourced and prepared from crystal structures available in protein
databases or by developing homology models. The chemical hits determined from
this campaign are then screened in vitro using biochemical and biophysical assays.
The in silico virtual screening approach has its limitations, e.g., when screening an
extensive library, it is often required to ignore protein flexibility and other factors
such as binding entropy and desolvation. However, a large number of studies have
shown that HTVS had a significant impact on lead discovery.
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In this chapter, we have compiled every attempts made by various groups
searching for an anti-dengue therapeutics through the HTVS approach while
stressing on factors such as uniqueness of the approach, merits, demerits and
success metrics.

2 Structure of Dengue NS2B-NS3 Protease

Several protein structures of DENV NS2B-NS3 protease have so far been solved.
Among these, only a few have so far been used for DENV protease in silico studies.
Among these, the most prominent ones include 2FOM, 2VBC, and 3U1L

Erbel et al. (2006) published the first reliable and enzymatically active, high
resolution (1.5 A) NS2B-NS3 protease structure that contained the catalytically
important part of NS2B (47-residue core region) linked to the N-terminal of NS3
protease via a glycine linker. The NS3 protease domain adopted chymotrypsin-like
folds with two B-barrels forming 6 B-strands. The two B-barrels formed a cleft
where catalytic triad His51-Asp75-Ser135 were located. The catalytic triad is a
classical feature of serine proteases responsible for their mechanism of action. This
research held phenomenal importance in the understanding of the role of NS2B as a
cofactor. The authors uncovered that, while a construct with NS2B residues 49-66
could produce a soluble enzyme, an active enzyme was only produced if the entire
NS2B fragment was involved. When the structure was studied in the presence and
absence of the ligand, the C terminus folds of NS2B adopted markedly different
configurations. It was also noted that the integration of residues Arg78-Leu87 from
the B-loop of NS2B into the protease-cofactor complex greatly influenced the active
site. In summary, the association of 40 amino acid NS2B fragment with
NS3protease is key to protease activity. The cofactor actively aids in S2 and S3
pocket formation in the protease active site.

A ligand-bound crystal structure of DENV3NS2B-NS3 protease published,
where NS3 adopted a closed conformation and was wrapped by NS2B, which
included the B-hairpin. They further studied the crystal structure in comparison with
WNV protease. This study revealed the amino acid level changes that influence
binding pocket and binding affinities (Noble et al. 2012).

3 High-Throughput Virtual Screening Against Dengue
NS2B-NS3 Protease

Ganesh et al. (2005) were amongst the first to perform virtual screening of com-
pounds from the available chemical directory (ACD, MDL system, Foster city CA)
against DENV2NS3 protease crystal structure (PDB ID:1BEF). The same structure
was also used to model the West Nile Virus (WNV) protease using Modeller 4.0.
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Three biguanides and seventeen single guanidine containing groups were evaluated
for their inhibitory activity against DENV and WNV protease, and five
non-substrate-based inhibitors were identified. In their study, they observed how the
modifications of the bridge group between two biguanidine arms affected the K;
value. Also, the effect of a single guanidino group on K; was observed. As shown in
Fig. 1, three compounds had K; value below 50uM against both the proteases and
thus served as effective lead for further modifications. Molecular modelling studies
of compound 1showed that it existed in two confirmations (U shape and Z shape).
Further RMS data (0.68 A) on deviation and centroid to centroid distance (7.7 A)
between the two guanidine groups indicated that the inhibitor acted best in the U
confirmation (Fig. 3). Residues Aspl129, Tyr150, Serl63 showed electrostatic
interactions with compound 1 (Figs. 2 and 3). Modeling data of Compound 2 & 3,
which had a single guanidine group, showed that amide oxygen of the indolin ring
in compound 2 and Oxygen atom of the phosphonic group in compound 3 could
form a hydrogen bond with active site Ser135 of DENV NS3 protease, resulting in
good inhibitor protease interaction.

Tomlinson et al. (2009) identified two small molecule inhibitors of DENV2 NS3
protease through Structure-based drug design. The chemical library was an in-house
database of small molecules from Mayo Clinic that contained 2.5 million
three-dimensional structure of compounds. Two filters were employed to screen the
molecules, one being the selection of only non-zwitterionic compounds at physi-
ological pH and the other being easy availability from reputed vendors.
Further EUDOC program was used to computationally screen the filtered library
against DENV2 NS3 pro (PDB ID: 1BEF, IDF9, and 2FOM). Top 20 hits, iden-
tified from Molecular modeling studies were purchased and evaluated for in vitro
inhibitory activities against NS2B-NS3 protease. Two compounds also inhibited
viral replication in cell culture experiments. ARDP0006 (Fig. 4) was most effica-
cious in inhibiting DEN2V replication with ECsy of 4.2 £ 1.9 uM. Modeling
studies were done, interactions were identified, and ARDP0006 was predicted to
interact with the residues, GIn35 (a residue near active site), His51, and Ser135 of
the active site and residues Gly151 and Gly153 of the P1 pocket. Other observed
interactions were between the inhibitor and residues Ser131, Prol132, Glyl133,
Thr134, Asnl52, and Vall55 (Fig. 5). Images were generated with SWISS PDB.

0 0-,OH
NH, =P NH,

NH, H,N HN N N
HN— )—NH, <= N =
N~I\{ C NN NH, H N,

Ki= 44= SuM(DENV NS2B(H):NS3) - g — 2319, M (DENV NS2B(H):NS3) K= 14+2M (DENV NS2B(H):NS3)
Ki=35+ SUM(WNV NS2B(H):NS3) g —1620uM (WNV NS2B(H):NS3)  K;=13+2uM (WNV NS2B(H):NS3)
Compound 1 Compound 2 Compound 3

Fig. 1 The dissociation constant (K;) of the compounds against DENV and WNV NS2B-NS3
protease
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Fig. 2 DEN2NS3 - —
protease-Compound 1
interaction (Ganesh et al.
2005). Reprinted with
permission, Copyright ©
2004 Elsevier Ltd.

Fig. 3 U-conformation of
compound 1 with ribbon
drawing model of DEN2 NS3
protease (Ganesh et al. 2005).
Reprinted with permission,
Copyright © 2004 Elsevier
Ltd.

Fig. 4 The most potent OH O OH
compound of Tomlinson et al.

NO, O NO,

Compound code: ARDP0006
ECsy=4.2+1.9uM
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Fig. 5 Model of
inhibitor-protease interaction
(Tomlinson et al. 2009).
Reprinted with permission,
Copyright © 2009

Elsevier B.V.

Knehans et al. (2011) demonstrated the successful application of a structure-
guided fragment-based in silico drug design approach for DENV protease inhibitor
(Fig. 6). Applying retrosynthetic combinatorial synthetic analysis procedure, a
library of the molecular fragment was derived from ZINC database. This library of
about 1,50,000 fragments was docked to DENV NS2B-NS3 protease, which was
developed by homology modeling. High scoring fragments were assembled and
through an implicit linking approach, with a focus on interactions of the fragments
with S1 and S2 pocket of the protease and similarity search methods, twenty-three
compounds were selected, and inhibition assay was performed. The best compound
obtained had an ICs, value of 7.7 uM. Figure 7, shows the predicted binding pose
of the most potent compound. The inhibitor is shown in magenta color, and using
GOLD (Version 4.1), it was docked into the homology modeled DENV2 substrate
binding site. Docking study of the best inhibitor showed that the inhibitor was
engaged in hydrogen bonding and electrostatic interactions with Asp129 of the S1
pocket, a m-m interaction was predicted between the phenyl guanidine group and
Tyrl61 and this arene-arene interaction was supported by hydrophobic interaction
with Pro132 and thus Tyr161 and Pro132 served as a hydrophobic clamp in the S1
pocket. The opposite phenyl moiety interacted with His51 of the catalytic triad
through nt-m stacking interaction, and its guanidine group formed a hydrogen bond
with Asnl52 of the S2 pocket. Since S2 pocket has a negatively charged envi-
ronment, the positive charge of the guanidine group compensates the same. Thus,
this approach explains how a combination of homology modeling, fragment
docking, chemical similarity and structural filters could pave the way for hit
generation.

In another study, Deng et al. (2012) utilized the crystal structure of the DENV
NS2B-NS3 complex (PDB ID: 2FOM) and screened ~ 600,000 compounds in the
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Fig. 6 Schematic representation of the evolution of potent compounds of Knehans et al.

ACD database by molecular docking. Twenty-seven hits were purchased and
evaluated for DENV2 NS2B-NS3 protease inhibition. As a result, three different
scaffolds small molecules were found to be promising. One scaffold was chosen as a
starting molecule for modification based on various parameters, including synthetic
ease and its analogues were synthesized and evaluated (Table 1). Further, the
scaffold hopping technique mediated structural modifications were done;
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Fig. 7 Predicted binding
pose of the most potent
compound. Reprinted with
permission, Copyright ©
2011 Springer Science
+Business Media B.V

A4

eventually, the quinoline moiety replaced the core phenyl moiety and the resulting
molecules were evaluated for DENV protease inhibitory activity (Table 2).
A schematic representation of their work is shown in Fig. 8. Altogether thirty-five
compounds were synthesized, and their inhibitory abilities against
DENV2 NS2B-NS3 protease were evaluated. Of the thirty-five molecules, seven-
teen were potent inhibitors of protease, and eight molecules showed good antiviral
activity against DENV2 in the cell line assay. The best molecule designed (com-
pound A) had an ICsy value of 7.46 £+ 1.15 pM against DENV2 NS2B-NS3
protease. For the Molecular modeling studies, screening was performed using
DOCK 4.0 and docking was done using GOLD3.0. Visualization was done using
PyMol. The quinoline ring of compound B showed hydrophobic interactions with
Leu76 and Ile 165. The nitrogen of quinoline formed hydrogen bond with the side
chain of Asn152. The first and the second nitrogen of hydrazone were involved in
hydrogen bond formation with the side chain of Asn152 and the carbonyl group of
Lys73, respectively. Bromobenzene portion occupied the hydrophobic region, P4
and showed hydrophobic interactions with the residue Ile123 and Vall54. Further,
hydrogen-bonding interaction was also predicted between Lys 74 and the carbonyl
group of the amide linking the hydrazine on the right side of the structure and
between amide-hydazine nitrogen and the main chain of Ile165. The remaining one
phenyl portion was occupied between the alkyl portion of Glu88 side chain and the
side chain of Alal66 (Fig. 10). The better inhibitory activity of compound A was
attributed to the sulfonamide group present in its structure, which enabled more
hydrogen-bonding interactions in the P4 region of it and the residues involved were
Thr120 and Lys73 (Fig. 9).

Yet in another study Pambudi et al. (2013), using structure based screening and
cell-based viral replication assay identified a small molecule inhibitor, SK12, that
interfered with the interaction between NS2B and NS3. They performed HTVS of a
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Table 1 Inhibition constant of compounds obtained by structural modification
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library of 661,417 compounds (derived from molecular operating environment
lead-like database) against the X-ray crystal structure of DENV2 NS2B-NS3
protease (PDB ID: 2FOM). MOE site finder identified the docking region of the
NS2B-NS3 interaction site. Thirty-nine compounds having the top score were
identified and subjected to antiviral cell-based assay. Inhibitor SK12 (Fig. 11) was
found to inhibit all four DENV serotypes with ECs, ranging between (0.74—
2.43 uM). Insilico studies predicted that SK12 preoccupied the NS2B binding site
of NS3, and it interacted with the NS2B binding site of NS3 through a hydrogen
bond, and the residues involved were Lys26, GIn27, Met59, and His60. The ligand
interaction studies were done using the MOE program. Figure 12, shows stereo
view of SK-12 bound to NS3 (represented in pink color). Figure 13, shows the
interaction of the inhibitor with the residues. Interestingly NS2B was also predicted
to interact with NS3 through Arg24, Lys26, GIn27, Met59, and His 60 residues.
Hence SK12 here interferes with the interaction between NS2B and NS3. Further, it
was established that SK12 interfered with DENV protease non-competitively.
Modification in the structure of SK12 to reduce the cytotoxicity and increase the
inhibitory potential could give us a good lead for future drug development and a
pan DENV agent.
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Table 2 Inhibition constant of compounds obtained by scaffold hopping
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Additional experiments performed, employing High throughput virtual screen-
ing (HTVS) of about 300,000 compounds (obtained from ChemDiv Inc., San
Diego, CA, USA) against DENV4 NS2B-NS3 proteases (PDB ID: 2VBC) iden-
tified few novel inhibitors of DENV4 NS2B-NS3 proteases. AutoDock 3.0.5 was
used for computational molecular docking simulation. Grid Application Platform
Virtual Screening Services (GVSS) for the batch process was employed for com-
putation. Hydrophobic and hydrogen bond interactions with the active site residues
were predicted for the active molecules. Of the thirty-six compounds selected for
in vitro DENV NS2B-NS3 protease screening, seven molecules were identified as
novel DENV4 protease inhibitors with ICsq in the micromolar concentration range.
The best molecule identified, shown in Fig. 14, (Chemdiv ID: K286-0036), had
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Fig. 8 Schematic representation of Deng et al. work

binding affinity —11.9 kcal/mol and ICsq of 3.9 + 0.6 pM against DENV4 NS2B-
NS3 protease, and the mode of inhibition identified was competitive (K; value of
3.4 £ 0.4 pM). Molecular docking studies predicted that the inhibitor (magenta
color) was bound to the NS3 protease active site pocket (Fig. 15), hydrogen
bonding interaction and hydrophobic interaction were responsible for the stabi-
lization of the inhibitor (Fig. 16). The inhibitor formed hydrophobic interactions
with Trp50, His51, Arg54, Arg73, Asn74, Asp75, Asnl52, and Gly153. The
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Fig. 9 3D Interaction of Docked pose of compound A with DENV2 NS2B-NS3 protease.
Reprinted with permission from (Deng et al. 2012), Copyright © 2012 American Chemical
Society

Fig. 10 3D Interaction of Docked pose of compound B with DENV2 NS2B-NS3 protease.
Reprinted with permission from (Deng et al. 2012). Copyright © 2012 American Chemical
Society
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EC5,=2.43 + 0.630 uM (DENV3)
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Fig. 11 Structure of SK12 and its reported ECs, values against DENV serotypes
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Fig. 12 Stereo view of
SK12-NS3 interaction
(Pambudi et al. 2013).
Reprinted with permission,
Copyright © 2013 Elsevier

Fig. 13 SK12-NS3 residue
interaction (Pambudi et al.
2013). Reprinted with
permission, Copyright ©
2013 Elsevier.

pyrimidine group oxygen atom formed two hydrogen bonds, one with the hydroxyl
group of Serl135 and the other with an amine group of Asnl52. Thus here an
attempt was made to correlate the interaction results obtained through molecular
modeling studies to the in vitro assay result (Nguyen et al. 2013).

In another study DENV NS2B-NS3 protease inhibitors were identified using the
rational drug discovery approach. Using Modeller 9.11 software and WNV protease
as a template, the homology model design of DENV NS2B-NS3 protease was
realized. Pinostorbin was used as the standard reference ligand. AutoDock4.2 was
used for the virtual screening of 13,341 molecules from the ZINC database, and the
top hits were screened for in-vitro protease assay resulting in the identification of
four small molecules as non-competitive inhibitors of DENV2 NS2B-NS3 protease.
The best molecule (Fig. 17) had a binding affinity —6.17 kcal/mol and K; of 69 uM
against DENV2 NS2B-NS3 protease. Molecular modeling data (Figs. 18 and 19)
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Fig. 14 Most potent
molecule of Nguyen et al.

Fig. 15 Inhibitor-protease
Interaction (3D) (Nguyen
et al. 2013), (Open Access)

predicted hydrogen bonding interaction of inhibitor with Asnl167 (shown in pink
color), hydrophobic interaction of the inhibitor was predicted with Ile78, Lys73 and
Ile123 residues (shown in green color) these results were prepared using Ligplot
and further Discovery Studio Visualizer 3.1 predicted pi-cation interaction between
the inhibitor and Lys74 residue (shown in orange color) (Heh et al. 2013).
Viswanathan et al. (2014) introduced their newly constructed web-based drug
discovery portal (DrugDiscovery @TACC) for structure-based drug discovery. In
their HTVS study, screening was done using both the inhibitor bound protease
structure (PDB ID: 3U1I & 3U1J) and inhibitor-free protease structure (PDB ID:



Identification of Dengue NS2B-NS3 Protease Inhibitors ... 107

Aayg A

\J

Fig. 16 Inhibitor-protease interactions (2D) (Nguyen et al. 2013), (Open Access).

Fig. 17 Most potent
molecule of Heh et al.

Ki:69 MM

2FOM). Further, two virtual libraries were compiled, a library of 642,769 mole-
cules, which was a subset of ZINC database and was named “collective” library; it
was obtained after applying the Lipinski rule of 5 filters along with other filters. The
second library, known as the focused library, obtained by applying the ClogP filter,
included 45,458 small molecules. An independent Virtual screening was performed
against DENV2 NS2B-NS3 protease (PDB ID: 2FOM) and DENV NS2B-NS3
protease (PDB ID: 3U1I, 3U1J). NS3 proteases of 2FOM and 3U1I, 3U1J share
approximately 70% sequence identity and active site residues of the same shared
approximately 90% sequence identity. Virtual screening yielded 179 hits from the
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Fig. 18 3D model of
Interactions (Heh et al. 2013).
Reproduced with permission,
Copyright © 2013 John Wiley
& Sons A/S

Fig. 19 2D model of
Interactions (Heh et al.
2013). Reproduced with
permission, Copyright ©
2013 John Wiley & Sons A/S
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collective library and 117 hits from the focused library. Thus, with its computa-
tional resources, this platform provided an option to screen multiple ligands for
similar valid targets. Further, these hits were narrowed down by applying several

filters, which included.

e Discard of hits which did not form any hydrogen bond with catalytic side

residue.

Discarding the one which had poor predicted solubility.

Discard of hits with fewer hetero atoms.

e Discarding the polar hits or which contained formal charges.
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Finally, they presented a proof of concept result for a validated compound
ZINCO04321905 (Fig. 20), which was a mixed non-competitive inhibitor and had K;
of 7 uM against DENV2 NS2B-NS3 protease. Drug-like properties of
ZINC04321905 were calculated using ORIS property calculator, which indicated
no adverse mutagenic, irritant effect, or tumorigenic effect associated with this
pharmacophore. However, the cyclohexene ring was associated with an adverse
reproductive effect. Hence future analog development approach would be to replace
this unwanted fragment and substitute it with more drug-like molecules. For
molecular modeling studies, the Vina docking program was used to calculate the
orientation of the inhibitor to the DENV3 NS2B-NS3 protease. Figure 22 was
generated using PyMol, and it showed the inhibitor (in magenta color) bound to the
protease while the catalytic site was shown in green color. Three hydrogen bonding
interactions (shown by green dashed lines) of the inhibitor with the amides of
Gly133, Thr134, and Ser135 can be seen in Fig. 21. The hydrophobic interactions
were shown by red hashed lines and residues involved were Vall52, Vall36,
His51, Prol32, Aspl129, Phel30, Tyrl61, and Tyr150. The image was prepared
using LigPlot+. An interesting study done by this group saw a comparison of NS3
protease sequence from 2211 strains spanning to the four DENV serotypes, and
about 40% of the residues were conserved, more interestingly the active
site residue conservation was 66% for all the 4 serotypes. Also, of the 11 residues,
involved in the inhibitor ZINC04321905-protease interaction, 10 residues were
conserved in all the 2211 strains of DENV examined, hence this molecule could be
further exploited for the development of pan-dengue inhibitor (Viswanathan et al.
2014).

Subsequently in 2015, Li et al. attempted a structure-guided discovery of a small
non-peptide as an inhibitor of DENV2 NS2B-NS3 protease. They carried out a
multistep virtual screening campaign on a library of 5 million compounds obtained
from 4 different commercial sources (Chembridge, Enamine, Life chemicals, and
Maybridge). The pharmacophore-based preliminary filter narrowed the compounds
to a few hundred, to this rigid docking, and induced fit docking was applied using
AutoDock 4.2.5. Fourteen compounds based on docking scores were identified and
subjected to biological screening. The protease inhibition assay was performed, and
the ECsq of the top hit was around 5.0 uM in BHK21 cells (Fig. 23). Docking

Fig. 20 Mixed F
non-competitive inhibitor

O

0
ZINC04321905
Ki=7.0 uM
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Fig. 21 2D representation of
inhibitor-protease interaction.
Reprinted with permission
from (Viswanathan et al.
2014). Copyright © 2014
American Chemical Society

Fig. 22 3D representation of
inhibitor-protease
interactions. Reprinted with
permission from
(Viswanathan et al.

2014). Copyright © 2014
American Chemical Society
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study of this compound further supported their concept of pharmacophore-based
design as its results were in good agreement with the interactions seen in the known
crystal structure (PDB ID: 3U1I) and the binding free energy being —10.65 kcal/
mole. This hit occupied the pockets of the binding site (Fig. 24). The benzyl ring of
the compound occupied the hydrophobic region between Pro 132 and Val 155.
Also, Tyr 161 showed interaction with the lone pair of N atom, and an additional
m-7 interaction could also be seen with it. Further stabilization of the inhibitor-

protease was seen when an additional water group linked the amino group of the
inhibitor with Met184 and Gly153.
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Fig. 23 Top Hit of Li et al.

Fig. 24 Binding mode of
inhibitor (Li et al. 2015).
Reprinted with permission,
Copyright © 2014 John Wiley
& Sons A/S

Subsequently, Timiri et al. (2015) performed HTVS of ZINC 8 database to
identify an inhibitor of DENV2 NS2B-NS3 protease. Top hundred molecules were
manually analyzed and they decided to synthesize phthalimide-sulphonamide
analogues as they were encouraged by protease (HIV/HCV) (Lampa et al. 2014;
Davis et al. 2017) inhibition activity of sulphonamides and antiviral (Selvam et al.
2012), antimycobacterial (Akgiin et al. 2012) and anticancer (Matsushita et al.
2015) activities reported by phthalimide derivatives. Twenty derivatives of 4-
(1,3-dioxo-2,3-dihydro-1H-isoindol-2-yl) benzene- 1-sulphonamide were synthe-
sized and screened for DENV2 protease inhibitory activity. The compound shown
in Fig. 25 had an ICsy value of 48.2 uM against DENV2 NS2B-NS3 protease.
Molecular docking and molecular dynamic simulation studies were carried out to
understand the mechanism of action of the inhibitor. Using Modeller 9.15 and 3U11
as a template, the structure of DENV2 NS2B-NS3 protease was modeled and
Induced-fit docking was performed using GLIDE of Maestro 9.2. The docking
score of the most potent compound reported was —5.12. The interactions which
were attributed for the DENV protease inhibition activities were m-m stacking
interactions between ring A and Tyr200. Hydrogen bonding interaction between O
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Fig. 25 Most potent @)
compound of Timiri et al. o)
n H CH;
N ﬁ—N
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atom of ring A and N atom of imidazole ring in Hip 90, hydrophobic interactions of
=CH group of ring A with Aspl68, Phel69, Prol71, Tyrl89, Gly190 residues.
Another hydrophobic interaction between 4-ethyl phenyl group attached to sul-
phonamide and Trp89 and Vallll, A hydrogen bond interaction between N atom
attached to sulphonamide and O atom of carbonyl group of Asnl91, and m-cation
interactions between electron cloud of ring B and cationic N of imidazole ring in
Hip90 (Fig. 26). MD simulations revealed that NS2B/NS3 protease was more
stable when it was bound with the active compound.

Subsequently Pelliccia et al. (2017). adopted a virtual screening approach to
identify allosteric inhibitors against DENV NS2B-NS3 protease. The virtual
screening mainly focused on the allosteric site of the enzyme. Based on their findings,
they designed and synthesized compounds and evaluated their inhibitory potential by
performing the cell-based and enzyme-based assay against DENV NS2B-NS3 pro-
tease. In the cell-based assay, the best compound showed an ECs, value of
6.7 £ 0.78 uM and in the enzyme-based assay, the ECs, value obtained was
4.7 £ 0.3 uM (Fig. 27). For the molecular modeling studies, crystal structure of
DENV2 NS2B-NS3 protease (PDBID: 2FOM) was used. Docking was performed
using PLANTS and scoring was done using ChemPLP scoring function (Korb 2009).
Figure 28, shows the binding mode of the inhibitor (Green color) with the protease.
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Fig. 26 2D representation of Inhibitor-modelled DENV2 NS2B-NS3 protease interaction (Timiri
et al. 2015). Reprinted with permission, Copyright © 2015 Elsevier Inc.
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Fig. 27 Potent molecule of OCH;

Pelliccia et al.
cl \ OCH,
COOCH,
N
H

EC50=6.7 £ 0.78uM (Cell-based assay)
EC50=4.7 £ 0.3uM (Enzyme-based assay)

PyMol was used to generate this structure. The carbonyl portion of the ester formed
H-bond with Asp152 side chain and the ester was well-positioned inside the binding
pocket, further hydrogen bond was predicted between indole, NH and Asnl67.
Residues Val146, Leu149 and Leu76 were predicted to form hydrophobic interaction
with the indole ring, the methoxyphenyl portion also showed hydrophobic interac-
tions with Trp83 and a pi-cation interaction with Lys74.

These studies were followed by, Hariono et al. (2019). efforts wherein
they identified a hit (D0713) against DENV2 NS2B-NS3 protease by virtual
screening of a library from the National Cancer Institute database. The binding free
energy and the experimental ICs, against DENV2 NS2B-NS3 protease of this hit
was —7.10 kcal/mol and 62 puM, respectively (Fig. 29). AutoDockVina (www.
autodock.scripps.edu) was used for this virtual screening exercise. This hit had a
thioguanine scaffold in it, and upon its modification, the best molecule obtained had
an ICso value of 0.38 uM against DENV2 NS2B-NS3 protease. Further, this
molecule was docked to the DENV2 NS2B-NS3 protease model using
AutoDock4.2 and the binding free energy obtained was —7.48 kcal/mol. Further,
interactions associated with the inhibitory activity were identified, and residues
Ser135, Tyrl61, and Gly153 were predicted to form hydrogen bonding interactions

Fig. 28 Inhibitor-protease
interactions. (Pelliccia et al.
2017), (Open Access)
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Fig. 29 The most potent (6)

compound of Hariono et al.
(2019) MS
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H H
1C50=0.38uM

with the inhibitor; other hydrophobic interactions identified across the length of the
inhibitor were Pro132, Tyr154, Thrl134, Serl131, Gly151, His51, Gly52, Asp51,
Met34, Val72, Asp75, Tyr50, Asnl52, Ser53 (Figs. 30 and 31). To get a better
insight this inhibitor—protease interaction, Amber 14 (Le Grand et al. 2013) was
used to perform molecular dynamics simulations, and key residues identified for
hydrogen binding interactions were His51, Asp129, Ser135, Asn152, and Tyr 161.

Fig. 30 2D view of 2 ve™?
inhibitor-protease interaction. .‘\,a
(Hariono et al. 2019), (Open v
Access)
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Fig. 31 3D view of
inhibitor-protease interaction
(Hariono et al. 2019), (Open
Access)

MMPBSA . .py module of AMBER 14 was used to perform MM/PBSA calculations
of this molecule, and the free binding energy obtained was —16.10 kcal/mol. MM/
PBSA calculations indicated the role of polar and non-polar interactions con-
tributing to this molecule’s low ICs( value.

In a very recent study, a multistep virtual screening of the Asinex database
containing 590,859 compounds was performed against DENV2 NS2B-NS3 pro-
tease using crystal structure 2FOM. The first step of the virtual screening was done
with the AutoDock Vina program. The set criteria narrowed the compound numbers
to 3645 compounds. Further, using the virtual screening workflow of Schrodinger
Suite and MM/GBSA based binding free energy estimation, the compounds were
narrowed down to 102. In silico pharmacokinetic assessment further narrowed
down this number and five compounds were proposed as potential NS2B-NS3
protease inhibitors. The best molecule identified had a docking score of
—7.619 kcal/mol (Fig. 32) and the binding free energy of this molecule, calculated
from MD simulation trajectories using MM/GBSA approach was 60.666 kcal/mol,
which was better than the standard inhibitor (MB21) chosen for this study. MB 21
had binding free energy of —40.207 kcal/mol. The binding interaction of this
inhibitor is shown in Fig. 33. Residues Lys73, Gly153, and Asn167 were predicted
to form four Hydrogen bonds with the inhibitor. Lys74 and Leu76 showed
hydrophobic interactions with the inhibitor and the only m-cation interaction was
between Lys74 and the inhibitor. Figure 34, shows the binding pose of the inhibitor
in 3D space (Bhowmick et al. 2020).
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Fig. 32 Lowest binding CH;
energy molecule
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Fig. 33 Inhibitor-protease ‘
binding interaction

(Bhowmick et al. 2020).

Reprinted with permission, GL
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Fig. 34 3D view of
inhibitor-protease interaction
(Bhowmick et al.

2020). Reprinted with
permission, Copyright ©
2020 John Wiley & Sons Ltd.

4 Conclusion

As conclusion here we summarise the the important interactions chronologically
reported by various groups from their HTVS studies. Ganesh et al. (2005) reported
important electrostatic interaction involving residues Aspl129, Tyrl150, Serl63.
Also they noted that, Ser135 was involved in hydrogen bonding. Tomlinson et al.
(2009) reported P1 pocket interactions, which included residues Gly151, Gly153,
some residues near to the catalytic triad (GIn35) and also the residues of the cat-
alytic triad (His51, Ser135). Besides this, some other interactions involving residue
Asnl52 were also identified. Knehans et al. (2011) showed the engagement of
residues Aspl29 and Asnl52 in hydrogen bonding in the S1 and S2 pocket of
protease, respectively. His51 of the catalytic triad was involved in ©-m interaction,
Tyrl61 was predicted to show pi-pi stacking interactions and Pro132 was involved
in hydrophobic interaction. Deng et al. (2012) reported hydrogen bonding by
residues Thr120, Lys73, Lys74, Asn152, and Ile165 with their potent compounds.
Pambudi et al. (2013) reported hydrogen bonding interactions involving
residues Lys26, GIn27, Met59, and His60. Nguyen et al. (2013) identified residues
Ser135 and Asnl52 to be involved in hydrogen bonding, and residues His51 and
Asnl52, along with few other residues, were found to be engaged in hydrophobic
interactions. Heh et al. (2013) predicted hydrogen bond formation by residue
Asnl67 and a pi-cation interaction by Lys74. Besides this, Lys73, along with other
residues, contributed to hydrophobic interactions. Li et al. (2015) reported impor-
tant residue Tyrl61 along with others for hydrophobic interactions. Timri et al.
(2015) found residues Hip90 and Asnl91 to be engaged in hydrogen bonding
interactions and again residue, Hip90 was found to be involved in pi-cation
interaction. Pelliccia et al. (2017) reported the involvement of residues Asp152 and
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Asnl67 in hydrogen bonding and Lys74 in pi-cation interaction. This was followed
by a report by Hariono et al. (2019) who found residue Tyrl61 to be involved
in hydrogen bonding interaction. Besides this, Asn152 and His51, along with other
residues were involved in hydrophobic interactions. Finally, Bhowmick et al.
(2020) reported residues, Lys73, Gly153, and Asnl67 to be involved in hydrogen
bonding, and Lys74 showing a pi-cation interaction.

Looking into these interactions, a commonality was exhibited by few residues
pertaining to certain interactions, viz involvement of Lys74 in pi-cation interaction,
the involvement of Asnl52, and Asnl67 in hydrogen bonding interaction, and
involvement of Tyrl61 in pi-pi stacking interactions. Understanding the role of
these residues can certainly help in the designing of a suitable pharmacophore
model.

Hence, it could be inferred from the above observations that HTVS has certainly
helped the researchers in making a rational approach towards dengue drug dis-
covery. It has given an option of speedily evaluating the big libraries available from
different databases and has tactically provided a smarter approach for the
drugdiscovery process. It may not be a surprise if in the near future we discover a
pan-dengue inhibitor from the HTVS studies.
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Abstract Ebola is an inexorable, negative-sense, single-strand, non-segmented
RNA virus which rapidly develops alterations through error-prone replication and is
known to be one of the most fatal diseases in humans. A member of Filoviridae,
under the genus Ebolavirus, has found to be a cataclysmic and an apex threat to
human health worldwide. In 1976 we have had epidemic outbursts, including
Nzara, Sudan, and in Yambuku and the Democratic Republic of Congo to be the
first two consecutive ones. Fruit bats are mainly considered to be the primary agents
of spreading and carrying the zoonotic infection of Ebola, especially the
Hypsignathus Monstrosus, Epomopsfranqueti, and Myonycteris Torquata. Possible
sources of spread can be plants, arthropods, rodents, and aves. This spread of
zoonotic infection can be understood by factors such as biological, environmental,
and social factors, and therefore, the infectious interaction between bats and the
ecosystem is considered the janitor for the outbreak. Ebola causes a chronic and
lethal hemorrhagic fever called the Ebola Virus Disease (EVD). In previous bursts
of EVD, many people tasted lethality in less than a week’s infection incubation
period. Thus, EBOV is the main cynosure for researchers as it has increased
interests in developing new models for virus evolution and therapies. The virus
affiliates with the immune system of the host which aids to determine the dynamics
as to how the virus functions and affects the immune system. After sequencing the
Ebola virus genome, it has attracted the researchers, especially from Bioinformatics,
Genomics, Transcriptomics, Proteomics and Metabolomics to analyze it and infer
fruitful knowledge which can be used for efficient and robust drugs for EVD
treatment approaches. This chapter presents a brief review about the Ebola virus
and discusses its genome analysis, the antagonist and control in the future.
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1 Introduction

1.1 Ebola virus (EBOYV), is an inexorable, negative-sense single-strand, nonseg-
mented RNA ((—)ssRNA) virus with a 19 kb genome, rapidly develop alterations
through error-prone replication and is known to be one of the most fatal diseases in
humans (Goeijenbier et al. 2014). Humans have experienced Ebola virus disease
(EVD) outbreaks in the past, mostly in socio-economically deprived countries,
which had a mortality rate of approximately 90%. It was first observed in 1976 in
two consecutive epidemics, in Nzara, Sudan, and in Yambuku, Democratic
Republic of Congo (Fig. 1) (Murphy, WHO, Ghazanfar et al. 2015). There are
mainly four strains of the EBOV, such as Bundibugyo virus (BDBV), Sudan virus
(SUDV), Tai Forest virus (TAFV) and Zaire Ebola virus and are collectively of the
‘Marburg Viruses’ (Sanchez et al. 1993). Genetic studies on EBOV have discerned
that the infectious viral particles of such filoviridae are composed of seven struc-
tural proteins that are observed from seven different genes which have been dis-
cerned from the complete nucleotide sequence of the Marburg genome (Feldmann
et al. 1992). In case of EBOV these proteins are: (i) RNA Dependent RNA poly-
merase (L, 180 kDa), (ii) glycoprotein (GP; 125 kDa), (iii) nucleoproteins (NP),
104 kDal and a possible second nucleoprotein (VP30), (iv) matrix protein (VP40),
(v) encased protein (VP241), (vi) and protein WP35. They have been suggested to
have a pivotal role in other P-proteins of such viruses. Geyer et al. (1992) analyzed
the carbohydrate residue of the Marburg glycoprotein stated that the glycoprotein of
EBOV (Feldmann et al. 1991) and other filoviridae contain a large amount of
N-linked and Olinked glycans (Geyer et al. 1992) while, Feldmann and colleagues
in 1991-93, deduced the same in their lectin binding studies (Feldmann et al. 1993).

1977: 1 Case in Tandala 2017: 8 Cases (4 Decths) in Likatl

2014; 66 Caoses (4% deaths) in Equater [now Tshuapa) . ._ b .

y A Area

2012: 34 Cases (13 Deaths) in Orientale

2008-200%: 32 Coses (15 Deoths) in Kosai-Occidental

2007: 264 Coses (187 Deoths) in Kosal-Occidental

1995: 315 Cases (250 Deaths] in Kikwit

1974 318 Cases (280 Deaths) in Yambuku

Fig. 1 Pictorial representation of the past outbreaks of EVD in DRC
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Drug discovery approaches have developed commendable accomplishments in
antiviral medications. Studies based on System biology have aided virtuously in the
recognition of new antiviral nominees. According to Cheng et al. (Cheng et al.
2015), an interspersed approach is required to discern new antiviral competitors for
the existing medicines by analyzing drug-gene patterns into the virus-host inter-
actome. Using this analogy, they have discerned three active drugs, Ajmaline,
Piroxicam, and Azlocillin, as the new drug candidates for anti-Ebola virus treat-
ment. Moreover, they have also suggested four the doohickey representing how
these drugs can inhibit the virus, thus blocking the infection (Khan et al. 2017).

1.2 How does it spread? It is suggested that Ebola infection spreads only through
direct contact between people, either with blood or any other body fluids of an
infected person to a healthy one (Drazen et al. 2014; CDC 2014). Saliva, mucus,
puke, feculent, sweat, breast milk, tears, urine, and semen are the bodily fluids that
are the transmission cause of the infection from an infected individual to a healthy
one (CDC 2019a, b). According to the World Health Organization (WHO) (WHO
2018a, b, c, d, e), individuals who are severely infected are the main vectors of
disease spread via saliva, blood, defecation and vomit ( McNeil 2014). The access
points for EBOV are the nose, mouth, eyes, open wounds and lesions (CDC 2019a,
b).

Most viral infection is usually spread through sneezing and coughing in which
large amount of infectious droplets that comes out remains in the environment.
Ebola virus too spreads through these large infectious droplets that are discharged
when an infected person sneezes or coughs (CDC 2019a, b). Contaminated syringes
and needles are other culprits behind the transmission of the virus (Chowell and
Nishiura 2014). In a dry state, the EBOV can survive for hours, even days within
the bodily fluids of an individual. The virus can also survive on objects for a few
hours or for a few days in a dried state.

1.3 Signs and Symptoms: Once a person is infected, the symptoms start to develop
between two to three weeks such as fever, sore throat, muscle pain, headaches,
vomiting, diarrhea, rashes, reduced functioning of the liver and kidneys, internal
and external bleeding. The coalescence of relentless puking and diarrhea generally
leads to obdurate dehydration in patients, which usually turns out to be catastrophic
(Sharma and Cappell 2015). Further symptoms such as shortness of breath and pain
in the chest may also develop along with swelling, inconvenience, and disorien-
tation (Alan 2013). In almost half of the cases, the skin of the infected patient may
foster a maculopapular rash viz. a flat red area covered with little confluent bumps
occurring five to seven days after the major symptoms begin (Goeijenbier et al.
2014; Hoenen et al. 2006; Osterholm et al. 2015).

A decreased blood clotting is the common observation in people infected with
EBOV (Hoenen et al. 2006). In almost 40-50% of cases bleeding occurs from the
mucous membranes or from sites of needle punctures (King 2012) which may be
the reason behind the presence of blood in puke, cough or in feculence (Ministry of
Health and Long-Term Care 2019). Skin bleeding may result in development of
petechiae, purpura, hematomas (Osterholm et al. 2015) moreover bleeding of eyes
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and gastrointestinal tract also occurs (Shantha et al. 2016; West and von Saint
André-von Arnim 2014). Ebola has been tagged as the mortal zoonosis disease
killing about 50% of infected people. Mortality is often observed due to low blood
pressure because of reduced fluid content.

2 Harking Down the Past Lanes, Recapitulation About
Ebola Virus Disease

To understand the origin of outbreaks EVD, its studies become mandatory; its
cataclysm started in the Sub-Saharan region of Africa. It was first identified in 1976
and through that time till 2013, the WHO confirmed almost 1,716 cases of people
affected by EVD (WHO 2018a, b, c, d, e). The highest number of epidemics of
EVD till date was in West Africa, which caused a large number of mortalities in
Guinea, Sierra Leone, and Liberia (CDC 2018a, b, ¢).

2.1 History of EVD, epidemics during 1976-2018: The itinerary of the course of
outbreaks starts from the year of 1976. Two consecutive epidemics were observed,
namely—Sudan and Zaire outbreaks (Baize et al., 2014; Yozwiak et al. 2016). The
first-ever known spread of EVD determined was between June and November 1976
in Nzara, South Sudan (Hoenen et al. 2012) caused due to Sudan virus (SUDV) and
the first EVD case was of a storekeeper in a cotton factory from whom slow and
steady spread killed 151 people and infected about 284 (Feldmann and Geisbert
2011). It was 26 August 1976, the second outbreak of EVD initiated in Yambuku, a
small rural village in the Mongala District in northern Zaire (the Democratic
Republic of the Congo) (Barry and Bonnie 2007) caused by Zaire Ebolavirus, a
different member of the genus Ebolavirus. The first person infected with the disease
was the village school’s pedagogue named Mabalo Lokela who died 14 days after
he began displaying symptoms (CDC 1995). The second biggest epidemic in Zaire
occurred in 1995, killing 254 and infecting almost 315 people. In 2000, SUDV was
again the culprit in the epidemic observed in Uganda affecting 425 and taking the
lives of almost 224 (WHO 2018a, b, c, d, e). Back then in the year 2003, a
widespread epidemic in the Republic of the Congo latched 143 and had a mortality
rate of almost 90% (Formenty et al. 2003). A Russian boffin tasted death in 2004
after injecting her with a contaminated Ebola needle (Miller 2004).

In 2007, a febrile outbreak due to EVD was confirmed in four regions of the
Democratic Republic of the Congo, killing 187 and infecting 264 individuals (CBC
2007). Furthermore, the Uganda Ministry of Health also confirmed the Ebola
invasion in Bundibugyo district; this strain was named as—Bundibugyo (UN News
Service 2007). Two small epidemics caused by SUDV strain were again observed
in Uganda in the year 2012 which were confirmed by the WHO, which initially
infected 7 and the death toll was 4 people, while, the second outbreak had a death
toll of 17 people (WHO 2018a, b, c, d, e). The same year, the Ministry of Health of
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the Democratic Republic of the Congo (DRC) reported an outbreak of the
Bundibugyo Ebola variant (VOA 2012) in the eastern region (WHO 2012).

The genome sequencing proved that the 7th, 2014 Ebola outbreak of
(DRC) (Holmes et al. 2016) was not related to the 2014—15 which occurred in West
Africa Zaire Ebola strain (WHO 2014a, b). In 2015, Guinea was declared free of
Ebola transmission after the last person was tested negative against Ebola (Dudas
and Rambaut, 2014; CBC 2015). Then in 2016, a new case was identified in Sierra
Leone (Subissi et al. 2018; WHO 2016). On 11 May 2017, the DRC Ministry of
Public Health notified the WHO about an outbreak of Ebola. Four people died, and
other four survived; five of these eight cases were laboratory-confirmed. A total of
583 contacts was monitored. On 2 July 2017, the WHO declared the end of the
outbreak. In 2018, the WHO stated that 39 people confirmed of Ebola in DRC,
including death toll of 19 (WHO 2017) and this spread revolved around regions of
Bikoro, Iboko, and Wangata areas in the Equateur region including Mbandaka. The
2018 outbreak in the DRC was discerned as over on July 24, 2018 (WHO 2018a, b,
¢, d, e). Apart from this attack, the 10th Ebola virus epidemic was noticed in North
Kivu, which was centered in a military conflict area constituting of many refugees
(Beaubien 2018; Specia 2018).

3 Factors: Reservoir of Ebola Zoonotic Viruses

Natural repository yet to be confirmed, but fruit bats are hypothesised to be
responsible because of the first cases of EVD in 197679 and also in Marburg virus
spread in 1975 and 1980 involved this bat (Chowell and Nishiura 2014; Pourrut et al.
2005). The three types of fruit bats viz.,—Hypsignathusmonstrosus,
Epomopsfranqueti and Myonycteris Torquata have been observed to play a vital role
in the EVD transmission. These bat species actually are like a ‘catalyst’ where they
carry the virus and spread it, without themselves being affected or sick (Laupland and
Valliquette 2014). Other sources like plants, arthropods, rodents, and birds are the
possible repositories of this virus and its dispersal (Sharma and Cappell 2015).

3.1 Pathogenesis: The zoonotic EBOV multiplies rapidly in cells leading to the
production of humongous concentrations of virus in monocytes, macrophages, liver
cells, fibroblasts, dendrites, adrenal glands (Ansari 2014) where its multiplication
activates inflammatory signals leading to a septic state in the patients affected (Tosh
and Sampath kumar 2014). Once an individual gets infected, the endothelial cells
(usually within three days of infection) (Chippaux 2014), liver cells and other cells
are the first sites of attack, which is then followed by immune cells, which carry this
EBOV to lymph nodes where the virus grows and multiplies further. Once the virus
is established, it shifts from the lymph nodes to the main bloodstream of the patient
and eventually is omnipresent in the entire body (Funk and Kumar 2015). The first
group of immune cells, affected in the body, is the macrophages (Chippaux 2014)
and cells like the white blood cells (WBC) which ultimately results in apoptosis
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(programmed cell death) leading to weakening of the immunity of the individual
(Funk and Kumar 2015).

The EBOV glycoprotein (GP) can be tagged as the janitor of the disruption of
the endothelial cells along with the breakdown of the blood vessels, reducing the
accessibility of specific integrins, responsible for cell attachment to the intracellular
structure. Their generation leads to liver damage and improper blood clotting,
causing swelling (Smith 2005) and this excessive bleeding and clotting increase the
activation of the external pathway of the coagulation cascade occurring due to extra
tissue factor generation by macrophages and monocytes (Goeijenbier et al. 2014).

Once the virus has infected an individual, a small-sized, soluble GP is developed
which forms a dimeric complex and disturbs the signalling pathway of neutrophils,
a type of WBC which in turn helps the virus to attack the immune system. EBOV
multiplication overpowers protein generation of infected cells and the host immu-
nity defenses. The GP forms a trimeric complex, which unleashes the virus to the
endothelial cells (Goeijenbier et al. 2014).

3.2 Transmission of EBOV: As mentioned above as to how does Ebola spreads,
viz. by direct contact with the blood or other body fluids of an infected person. The
virus is able to exist for more than 3 months in the semen (Soka et al. 2016) leading
to infections via sexual intimacy. It also occurs in the colostrum (breast milk) of
women after recovery, which is actually not sure when it is safe to breastfeed again
(CDC 2018a, b, c). The capacity for the epidemic of such infections is low, where
and in such situations, tele-based health care is usually preferred over the traditional
practice (Qazi et al. 2019). Carcasses of infected people tend to remain contagious
and it becomes very tedious for people to bury such bodies in accordance with
traditional rituals and practices (CDC 2014) as the chance of healthy people
becoming infected is very high. Furthermore, clinicians, staff and nurses, who are in
direct contact with the infected person, are at a higher risk of getting themselves
contaminated with the EBOV (CDC 2019a, b). This occurs mainly when they are
not wearing appropriate ocular gears, masks, gown, clothing or do not handle these
according to instructions. Airborne transmission of EVD is only observed in con-
taminated milieu transmission or animal-to-human but not in direct
human-to-human contact (Funk and Kumar 2015). Transmission of the virus by
water/food apart from bush meat has not been observed; also spread by mosquitoes
or other insects have not been observed (Ansari 2014). Other possible methods for
EVD transmission are being studied (Osterholm et al. 2015).

4 Pathophysiology of EBOV: Immune System Under
Attack!

EBOV zoonotic virus also disturbs the appropriate functioning of the innate
immune system (Misasi and Sullivan 2015). Its proteins disturb the immune sys-
tem’s reaction in favor of viral infections by meddling with the cells’ potential to
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develop and react to interferon proteins, interferon-alpha, interferon-beta, and
interferon gamma. The structural proteins of EBOV, VP24 and VP35, have a vital
role playing in this disturbance and interference. The receptors presence in the
cytoplasm such as—RIG-I and MDAS, or receptors on the outside of the cytosol
like Toll-like receptor3 (TLR), TLR7, TLRS, and TLR9 identify the infectious
molecules which are affiliated with the EBOV whenever a healthy cell gets infected
with the virus (Kiihl and Péhlmann 2012). Once the TLR get triggered positive,
IRF3 (Interferon regulatory factor) and IRF7 activate a signalling avalanche which
exhibits the expression of type 1 interferons (Kiihl and Péhlmann 2012). The
IFNARI1 and IFNAR2 get attached to the type 1 interferons, usually expressed on
the surface of their neighboring cells and the interferon binds to its receptors on the
neighboring cells, thus the signalling proteins STAT1 and STAT2 are triggered
positively and shift to the cell’s nucleus (Kiihl and Péhlmann 2012) which activates
the expression of interferon-activated genes, coding for proteins with antiviral
properties. The structural protein of EBOV V24 inhibits the generation of these
antiviral proteins by stopping the STATI to enter in the neighboring cell via the
nucleus (Kiihl and Péhlmann 2012). The VP35 protein directly blocks the gener-
ation of interferon-beta (Ramanan et al. 2011). The EBOV can rapidly spread the
entire body if these immune responses are blocked (WHO 2014a, b).

5 Diagnosis and Prognosis

The diagnosis is usually carried out at two-level categories: (a) Laboratory
Examinations and (b) Differential Diagnosis respectively. Both these are done
consecutively [Sichtig, FDA; Carneiro and Pereira, 2016; Swetha et al. 2015;
Whitmer et al. 2016].

(a) Laboratory Examinations: Laboratory examinations are composed of tests for
low platelet count, decreased and increased WBC count, high levels of liver
enzymes- Alanine aminotransferase (ALT) and Aspartate aminotransferase
(AST), and difficulty in blood clotting often regular with disseminated
intravascular coagulation (DIC) such as a prolonged prothrombin time, partial
thromboplastin time, and bleeding time (Kortepeter et al. 2011). Electron
microscopy can also be very helpful in identification of the unique EBOV
structures in cell culture (Goldsmith and Miller 2009). The main procedure for
diagnosing EBOV is done by isolating the virus, identifying its RNA or pro-
teins, or rectifying antibodies against the virus in a patient’s blood. Isolate the
virus by cell culture, observing the viral RNA by real-time polymerase chain
reaction (RT-PCR) (Goeijenbier et al. 2014) and detecting proteins by
Enzyme-Linked Immunosorbent Assay (ELISA) are the two best methods
employed in the initial stages of the zoonotic disease. Rectifying antibodies
against the virus is better in the later stages of the disease and in those persons
who recovered (CDC 2018a, b, c). IgM antibodies are perceptible only two
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days after symptom initiation and IgG antibodies can be observed 6—18 days
after symptom occurrence (Goeijenbier et al. 2014). Isolation of the virus is not
possible during the epidemic of EVD but, in emergency cases, mobile hospitals
can come handy which facilitate in procedures such as RT-PCR and ELISA
(Grolla et al. 2005). Results soon retrieved with the help of newly deployed
diagnostic machinery in Libya after the 2014 outbreak (WHO 2014a, b).
The WHO approved a fast antigen examination diagnosis back in 2015 which
produces results in just 15 min and is able to attest EVD in 92% infected
patients (WHO 2018a, b, c, d, e).

(b) Differential diagnosis: The initial signs and symptoms of Ebola are quite
similar to malaria and dengue (Gatherer 2014), also to those of Marburg virus
disease, Lassa fever, and Crimean Congo hemorrhagic fever accordingly
(Beeching et al. 2014). Differential diagnosis is tedious and involves the con-
sideration of myriad infectious diseases such as—typhoid fever, cholera, sepsis,
plague, Q fever, trypanosomiasis, measles, shigellosis, leishmaniasis, etc.
(Dulaurier et al. 2016). There are non-infectious/contagious diseases as well,
which may end up signs similar to those of the zoonotic disease (Grolla et al.
2005; Gear 1989; Bogomolov 1998; Gear et al. 1978). For instance, acute
promyelocytic leukemia, hemolytic uremic syndrome, blood clotting deficien-
cies, thrombotic thrombocytopenic purpura, Kawasaki disease, and warfarin
poisoning.

Prognosis: Ebola has had a high mortality rate (~25-90%) in its past outbreaks
(Murphy, WHO). The average risk of mortality among those infected was 50%
back in 2014. The highest risk of death was about 90% during 2002-2003 in DRC
(BBC 2014). Due to low blood pressure and dehydration, a person can die soon
after the symptoms start to appear (Ruzek 2014). In order to prevent mortality in
patients, the only best and quick way is to re-hydrate them. Once the patient
survives, his/her recovery can be rapid. Patients who are severely affected with the
virus have a longer course of treatment and are very tedious to treat them
(Goeijenbier et al. 2014; Shantha et al. 2017). Swelling of the uveal layer of the eye
is the most common ocular complexity in survivors of Ebola (Shantha et al. 2017).
Ocular signs like photosensitivity, over tearing, and eyesight loss have been
observed (Wiwanitkit and Wiwanitkit 2015). The Ebola virus can stay in certain
body parts such as the eyes, breasts, and testicles after infection (Wiwanitkit and
Wiwanitkit 2015; Varkey et al. 2015; Mackay and Arden 2015). Furthermore,
transmission of the virus has also been discerned after a sexual intimacy between
the infected and a normal person (Rogstad and Tunbridge 2015). The Ebola out-
break study in Sierra Leone showed around 44 survivors which had muscu-
loskeletal ache (70%), headache (48%) and ocular related issues (14%) (Scott et al.
2016).
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6 Ebola Virus Genome: Explanation and Comparison

6.1 Organization and genetic elements: When a genome-wide screening was
conducted to identify differentially expressed RNA during replication and tran-
scription of long non-coding RNAs (IncRNAs), circular RNAs (circRNAs),
microRNAs (miRNAs) and mRNAs using a tetracistronic transcription and repli-
cation component virus-like particle (trVLP) system which models the life cycle of
EBOV in 293T cells (Duy et al. 2018). The result shows that CLDN18 gene and
cirRNA19 are potentially important in EBOV pathogenesis (Wang et al. 2017).

For the identification of siRNA activity in EBOV genome replication and tran-
scription, a genome-wide siRNA screening carried out consisting of 64,755 indi-
vidual siRNA against 21,566 human genes (Martin et al. 2018). Results show that de
novo pyramiding synthesis pathway has antiviral activity against EBOV infection as
well as other nonsegmented negative-sense RNA viruses (Martin et al. 2018).

A gene, Niemann-Pick C1 (NPC1), works as a promoter for the entry of Marburg
and EBOV into the cytoplasm and when these viruses have been internalized, it
works as an intraluminal receptor (Muhlberger et al. 1999). Since blocking the virus
entry into the target cell leads to suppression of viral infection and it would be an
attractive antiviral strategy. Thus, studies conducted on small molecule inhibitors
with NPC1 to inhibit the interaction of EBOV and glycoprotein which mediates viral
entry into the cell showed that NPC1 protein shares sequence homology with tumor
suppressor i.e. protein patched homolog 1 and 2 (Wang et al. 2017). The NPC1
showed differentially expressed in different cells, and oocytes express it far more
than the other cells. Therefore, it is recommended that there is a need to check for
embryonic and oocyte toxicity while exploring the inhibitors to inhibit NPC1 as well
to explore the effect of NPC1 inhibitors on cancer (Cherian and Kuppanan 2018).

Certain structural proteins play important role in attachment, entry, stability,
gene expression and pathogenesis of EBOV within the host (Shawan et al. 2015),
and various studies show that glycoprotein and VP40 are stimulus that leads to the
activation of EBOV infection (Ning et al. 2018; Wahl et al. 2011). Monocytes and
Macrophages are the first targets of EBOV which leads to the release of
proinflammatory cytokines and chemokines. Chemokines are the most regulated
genetically regulated protein at EBOV infection (Tong et al. 2015) . Host proteins
such as Tsgl01 and Nedd4 physically and functionally interacts with EBOV VP40
and lead to the release of VLPs (virus-like particles) and infectious virus results to
TLR4 which is signalling pathway in host causes production of proinflammatory
cytokines (Okumura et al. 2015) as shown in Fig. 2.

On studying the host gene expression, infected by EBOV, it was found that
genes are differentially expressed within the initial hour of infection (Menicucci
etal. 2017; Wahl et al. 2011). In the EBOV virus pathogenesis, there is a major role
of deregulation of normal host immune response (consisting of destruction in
lymphocytes, increase in circulating cytokine level and development of coagulation
abnormalities) (Yen et al. 2010). Due to small RNA genome, EBOV requires host
factors for replication for pathogenesis (Cilloniz et al. 2011; Belyi et al. 2010;
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Fig. 2 Diagrammatic representation of the function of VP40, GP in EBOV pathogenesis

Bosworth et al. 2017). Polyamine synthesis is one of the factors which is essential
for viral replication/infection as shown in Fig. 3.

Spermidine is a polyamine which is important of hypusination of eukaryotic
initiation factor (EIFSA). EBOV gene expression and replication can be inhibited
by blocking the hypusination of EIFSA. Interaction between EIF5A and VP30 can
help to fight with EBOV (Olsen et al. 2016).

Importance of non-coding region in EBOV was discovered through a highly
complex interaction between different cis-acting elements that modulate transcrip-
tion and shows a specific combination of IR (intergenic regions) and UTR
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(Brauburger et al. 2016). According to transcriptomic analysis of the host response
to pathogen infection, there is a strong upregulation interferon signalling and acute
phase response in patients who died compared with the survivor (Liu et al. 2017).

There is a profound effect of EBOV IRADs (innate response antagonizing
domains) on the host immune adaptive response through huge transcriptional
down-regulation of DC (dendritic cell). The combined effect of VP35 VP24, IRAD,
and change in dendritic cell transcriptome associated with an individual prevents
the maturation of dendritic cell which leads to T cell response less effective as
shown in Fig. 4. VP35 protein blocks the expression of DC maturation markers by
targeting the identified suppressive pathway which could result in functional
adaptive immune response; that leads to the possibility of treatment of EBOV
infection (Ilinykh et al. 2015).

Transcription pattern of EBOV and Marburg Virus was analyzed using NGS
(next generation sequencing) method in two types of cells i.e. Huh7 (human liver
cell) and Mpg (human macrophages) infected with four wild type EBOV: Ebola
(EBOV), Sudan (SUDV), Bundibugyo (BDBV) and Reston (RSTV). The NGS
study showed a similar type of transcription pattern with a minor difference in the
two types of cell among these four viruses. The expression level of genes is like—
NP, VP35, VP40 and GP mRNAs, highest level of expression was in VP30, in
VP24 an intermediate level and gene L (RNA dependent RNA polymerase) showed
lower levels of expression. It was found that the pattern of all the gene expression
was almost similar in both types of cell lines Huh7 and Mpg which are infected by
EBOV but there was a small increase in expression level of gene VP30 and VP24 in
case of Mpg cell line.

NGS was applied in Marburg virus to analyze the transcription pattern and its
recombination. In the human Mpg cell infected with Marburg virus showed that
rMARV/GFP had reduced growth in comparison with wild type, tMARV. The
reduced expression of downstream genes and expression of GFP into the NP-VP35

Fig. 4 Different effects of
VP24 and VP35 on IRAD

VP35 is likely to
have greater
suppressing effect

IRAD

(Innate response
antagonizing domains)
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intergenic region because of the insertion of an additional transcription unit
(ATU) would be the reason behind this phenotype. It was thought that a decrease in
the level of viral protein with an innate immune inflammatory function like VP30
and VP40 and perturbation in the natural order of transcription was due to the
insertion of an additional transcription unit. Through the use of genomic design,
similar to other MARYV viruses a new recombinant MARV expressing ZsGreen
(tMARV/ZsG) was made to correct the abnormal phenotype of the recombinant
MARV expressing a reporter gene. Encoded proteins are released through the
action of P2A by fusing a reporter gene to the self-cleaving peptide P2A and to
NP. The growth level of ’IMARV/ZsG was higher than the IMARV/GFP but lower
than the wild type Rmarv and observed through the analysis of growth kinetics of
three recombinant viruses (Albarino et al. 2018).

7 Computational Genome Sequencing Solves EBOLA
Mystery

Various genetic changes in EBOV result in each EVD outbreak. Thus, genome
sequencing can play a major role in pathogen determination and its transmission
dynamics in order to develop an accurate diagnosis (Gire et al. 2014). For the
detection of pathogen and biosurveillance studies pathogen, specific ELISA and
Real-time PCR, are the techniques that are commonly used. Since Real-time PCR is
specific and highly sensitive, screening of multiple samples using Real-time PCR for
an unknown pathogen would be time-consuming and expensive too (Seifert et al.
2018). It also has small sample volume, thus it is limited to broad pathogen screening
studies. For this, a multiplexed real-time PCR assay is needed that can allow multiple
targets to be assessed in a single sample. But this multiplexed technique was
undeveloped as there are various issues like inherent specificity for the targeted
agents, the number of discrete dyes for separating multiplexed result and limited
number of assays which was capable of being multiplexed (Quick et al. 2016).

NGS is an appropriate technique for screening a large number of pathogens and
it can identify both types of pathogens that would be known or unknown from both
clinical and environmental samples. It can be applied to RNA or DNA and gen-
erates a sequence that is opposite to pathogen sequence and these sequencing data
are non-target metagenomic sequence or just like an exclusively host sequence
(Koehler et al. 2014). The major advantage of this technique is that there is no
limitation of target sequences. Viral transmission and evolution of genes can be
understood by detection of mutation or variation in the genome which is easily
determined through full genome sequencing using NGS (Brigid et al. 2018; Jabeen
et al. 2019).
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8 Discussion, Conclusion, and Research Directions

Ebola virus disease (EVD) is one of the most catastrophic forms of zoonotic in-
fection, which can take a pernicious form if not diagnosed at the earliest and not
treated appropriately. Researchers around the globe have been on their tenterhooks
and working out hard in order to decode its molecular mechanism and trying to
develop specific personalized therapeutics which can be helpful in treating the
disease. EVD is a cataclysmic infectious disease to human health worldwide caused
by Ebola Virus (EBOV) which belongs to the family Filoviridae, and is encased
zoonosis virus comprising of 18.8—-19 kB negative-sense single-stranded RNA
which codes for 7 proteins. It also has a surface glycoprotein for executing the
specific roles of—attachment, fusion and cell entry, for human immune attack and
pathogenesis of disease accordingly. Fruit bats are thought to be the primary sus-
pects of spreading and carrying the zoonotic infection of Ebola, especially—
Hypsignathus Monstrosus, Epomopsfranqueti, and Myonycteris Torquata. Other
possible sources of zoonotic infection spread are—plants, arthropods, rodents, and
aves respectively. The spread of zoonotic infection occurs from bats to humans, but
the dynamical mechanism of the lethal EBOV can be understood by factors such as
—Biological Factors, Environmental Factors, and Social Factors, and therefore, the
infectious interaction between bats and the ecosystem is considered the janitor for
the outbreak. There are many ways through which Ebola infection can spread in a
healthy individual, such as, saliva, mucus, puke, feculent, sweat, breast milk, tears,
urine, and semen are the bodily fluids.

As per the WHO, people who are majorly affected are the main transmission
initiators of the disease outbreak mainly due to saliva, blood, defecation, and puke.
The entry points for EBOV are the nose, mouth, eyes, abrasions, and lesions.
The EBOV has the most intriguing path of multiplication as it multiplies in the cells
progressing to the generation of huge amounts of virus in monocytes, macrophages,
liver cells, fibroblasts, dendrites, adrenal glands. The macrophages, WBC are the
cells which are initially attacked and harmed, which in turn, results in apoptosis,
thus reducing the immunity of the individual. This division of EBOV triggers the
inflammatory signals which in turn move ahead to the septic state in the individual
accordingly.

When a person gets affected by EBOV, in the first three days of infection, the
endothelial cells, liver cells, and other cells are damaged followed by the immune
cells carrying the EBOV infection to the lymph nodes, the site where the virus
breeds further. From the lymph nodes the virus shifts to the main bloodstream of an
individual and thus is ubiquitous in the entire body of the individual. Various
studies have shown that CLDN18 gene and cirRNA19 are potentially mandatory in
EBOV zoonotic transmission and pathogenesis. Determining the activity of siRNA
in EBOV genome multiplication and transcription analysis, it was discerned that de
novo pyrimidine synthesis pathway has antiviral activity against EBOV infection as
well as some other non-segmented negative-sense RNA viruses. Niemann—Pick
C1 (NPC1), acts as a promoter for the accession of Marburg and EBOLA into the
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cytosol, which then works as an intraluminal receptor in an individual. Direct
inhibition of the virus accession in the target cell progresses to curbing of the viral
infection, which can be employed as a fantastic antiviral strategy for the same.
Studies have proved that NPC1 protein shares sequence homology with tumor
suppressor protein patched homolog 1 and 2. Thus, it is suggested by researchers
and medical fraternity to check for embryonic and oocyte toxicity when analyzing
the inhibitors to halt the activity of NPC1. Furthermore, there is a need to explore
the effect of NPC1 inhibitors on cancer as well.

There is an apex clinical challenge in the treatment of EVD as there is no
approved therapeutics, but some of the diagnostic methods such as Enzyme-Linked
Immunosorbent Assay (ELISA) and Reverse Real Time-Polymerase Chain
Reaction (rRT-PCR) are commonly employed. Additionally, a number of vaccines
and antiviral drugs are under the development against EVD which are still under the
tedious and time taking processes of the clinical trials. The only lack in the
development of specific diagnosis and prognosis is the employment of rational,
robust super-powered technological strategies. Our century has seen a drastic
revolution in terms of scientific experimentation, analysis, and interpretation.
Next-Generation Sequencing (NGS) (Jabeen et al. 2016; Raza and Ahmad 2019)
and Nanopore sequencing (Raza and Qazi 2019) is among the revolutionized
techniques, which have proved to successfully provide novel solutions for the
identification of viruses for both—simultaneous and unbiased examinations for
different infectious agents. One of the biggest advantages of it is that many samples
can be multiplexed in a single sequencing procedure, giving an edge to the com-
putational analysis from the traditional ones. Moreover, the introduction and gen-
eration of real-time sequencing-based platforms, have aided in rapid processing and
interpretation of individualization within a short period of time. The super-powered
technique is applicable to both RNA and DNA, thus, making it an unbiased
approach (Jabeen et al. 2018). The basic modus operandi of NGS is simple and it
takes into account sequences which are opposite to the zoonotic pathogen
sequences so that a comparative study can be executed without any bias. It is also
helpful in detecting mutations, alterations in the entire genome. Further, evolution
of genes and pathogenesis of the virus can also be understood by employing NGS
studies. There are still some loopholes in the computational analysis approaches for
EVD, but researchers are working hard to increase the sensitivity of NGS-employed
diagnostic studies by focusing on the enhancement of the virus and betterment of
the sequencing libraries, which is inclusive of amplicon sequencing, PCR- pro-
duced baits, and some capture techniques accordingly. Recently, Nanopore
Sequencing has been very successful in studying virus outbreaks due to its several
important features such as small-size, portability, high throughput, decentralized
sequencing, low-cost and can be used on-site to generate data in real-time and
suitable for genomic surveillance of epidemics such as Zika and Ebola (Quick et al.
2016; Hoenen et al. 2016; Raza and Qazi 2019). It has been discerned that during
infectious epidemics where traditional PCR studies are seemingly impossible to
execute, NGS and Nanopore sequencing approaches can be easily employed, which
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can rapidly process information about the pathogenic agent and control manage-
ment and measures.

The future holds a bright Anschluss for both the wet-lab traditional experi-
mentation and computational intelligence. To deal with infectious lethal epidemics,
such as EVD, it is high time to collaborate with the new technologies in order to
learn and understand the lethal and the catastrophic mechanism of such pathogens.
The amalgamations of traditional and novel technologies are the best ingredients for
curbing and protecting our world.
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Abstract Ebola virus disease (EVD) has always been a challenge for humankind
since its discovery. Ebola virus is transmitted from human-to-human via direct
contact with the body fluids of infected people, and with surfaces and materials
contaminated with these fluids. Fever, profound weakness, diarrhoea, cramping,
abdominal pain, nausea, and vomiting are typical symptoms of EVD. The African
fruit bat (Rousettus aegyptiacus) is considered the natural reservoir for EVD. Ebola
virus epidemic emphasized the necessity for developing auspicious antiviral drugs
and vaccines to combat the disease. Over the past two decades, few effective
vaccines have been developed using DNA, virus-like particles, recombinant viral
vectors, and recombinant proteins. These vaccines were tested in rodents and
non-human primates which showed high efficacy towards the prevention of EVD.
Currently, rVSV-ZEBOV vaccine is the only approved vaccine for EVD based on
its high efficiency rate. In addition, few vaccine candidates are in preclinical stage.
Considering the dearth of promising antiviral drugs and approval of limited vac-
cines for humans, prevention is a leading strategy to eradicate EVD at present. This
chapter highlights not only the biology and pathogenesis of EVD but also discusses
the epidemiology, disparate vaccines development, and other common preventive
strategies to combat EVD outbreak in future.
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1 Introduction

Ebola virus disease (EVD) is considered as one of the deadliest diseases to
humankind because of its high mortality (Wiwanitkit 2014). This disease was first
discovered in 1976 by Dr. Peter Piotin in Zaire, Africa (now Democratic Republic
of Congo) from the blood of a catholic nun who was a suspected case of yellow
fever (Centres for Disease Control and Prevention 2015). It was formerly called as
Ebola haemorrhagic fever and has been a colossal challenge since then for com-
munities worldwide. It is a zoonotic disease which is transmitted accidentally due to
direct contact with infected live or dead animals. Ebola virus contains a
lipid-enveloped negatively stranded ribonucleic acid (RNA) virus that belongs to
the family Filoviridae (World Health Organization [WHO] 2015). Ebola haemor-
rhagic fever is caused by any of five genetically different members of the Filoviridae
family: Zaire ebolavirus (ZEBOV), Sudan ebolavirus (SEBOV), Cote d’Ivoire
ebolavirus, Bundibugyo ebolavirus (BDBV), and Reston ebolavirus (REBOV). Le
Guenno et al. 1995 in the Cote-d’Ivoire had isolated a new strain of Ebola Céte
d’Ivoire ebolavirus from a non-fatal human case infected during the autopsy of a
wild chimpanzee. It was suggested that this animal has been responsible for the
outbreaks of haemorrhagic syndromes. This is the first time that a human infection
has been connected to naturally-infected monkeys in Africa. REBOV infects
non-human primates (NHPs) only (Barrette et al. 2009). ZEBOV, SEBOV, and
BDBYV account for most of the Ebola haemorrhagic fever epidemic but ZEBOV is
threat to both human and NHPs in sub-Saharan Africa (Groseth et al. 2007). Recent
EVD outbreak began in the republic of Guinea in February 2014 and spread to the
republic of Liberia and the Sierra Leone (Enserink 2014).

Now we understand that the virus is transmitted to people from wild animals
including fruit bats, porcupines, and NHPs, and then spreads in the human popu-
lation through direct contact with the secretions such as, saliva, mucus, vomit,
faeces, sweat, tears, blood, breast milk, urine, and semen or other bodily fluids of
infected people, and with surfaces and materials (e.g. bedding, clothing) contami-
nated with these fluids (Moghadam et al. 2015).

The African fruit bat (Rousettus aegyptiacus) is considered the natural reservoir
for Ebola virus. These bats transmit the virus to apes, monkeys, and other animals’
species of forest. Humans living in these areas come in contact with such infected
animals and transmit the infection (Rajak et al. 2015) (Fig. 1).

The incubation period of the virus is 2 to 21 days. Symptoms of EVD include
fever, fatigue, muscle pain, headache, and sore throat followed by vomiting, diar-
rhoea, rash, impaired kidney and liver function, low white blood cell and platelet
counts, and elevated liver enzymes (Fig. 2).

Unfortunately, the symptoms of EVD are similar to malaria, typhoid fever, and
meningitis which make it difficult to diagnose in the primary stage of infection. The
present chapter summarizes not only various essential aspects of EVD such as virus
biology, pathogenesis, and epidemiology but also role of vaccination towards its
prime preventive strategies in future outbreak.
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2 Ebola Virus Biology

Ebola virus is an enveloped virus containing non-segmented negative-strand
ribonucleic acid (RNA) genome of approximately 19 kb.

The viral genome encodes seven different genes which are known to encode nine
proteins: nucleoprotein (NP), polymerase cofactor (VP35), matrix protein (VP40),
glycoprotein (GP), soluble GP (sGP), small soluble GP (ssGP), transcription acti-
vator (VP30), minor matrix protein (VP24), and RNA-dependent RNA polymerase
(L) (Fig. 3).

The genome shows following structure: 3’-leader—nucleoprotein (NP)
gene—viral protein (VP) 35 gene— VP40 gene—glycoprotein (GP) gene— VP30
gene— VP24 gene—polymerase (L) gene—5’-trailer. Genome replication promot-
ers and packaging signals are present in conserved leader and trailer regions. Each
gene is flanked by 3’ and 5’ untranslated regions (UTRs) including conserved
transcriptional start and stop signals. In spite of overlapping of few genes in UTRs,
most genes are separated by intergenic regions of varied lengths. All genes are
monocistronic except GP, which encodes three GP. The sGP is the preliminary
product of GP. The virus down-regulates transmembrane GP expression produces a
second small ssGP through RNA editing by polymerase complex (Furuyama and
Marzi 2019) (Fig. 4).
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Fig. 3 Structure of Ebola virus showing various proteins
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Fig. 4 Ebola virus genome displaying 3’-leader—nucleoprotein (NP) gene—viral protein
(VP) 35 gene—VP40 gene—glycoprotein (GP) gene— VP30 gene— VP24 gene—polymerase
(L) gene—5’trailer

The size of Ebola virus particle i.e. virion varies from 50 to 80 nm. The length of
virus ranges from 10000 to 14000 nm. The most common shape of the virus is
filamentous. Both the sGP are non-structural proteins and are secreted from infected
cells. The membrane-associated matrix protein (VP40) forms the filamentous
structure of viral particles and connects the nucleocapsid with the host-derived lipid
membrane (Hoenen and Feldmann 2014). The virus proteins perform distinct
function in the replication cycle (Banadyga et al. 2016).

Nucleoprotein is a prime constituent of ribonucleoprotein complex (RNP) which
is known to encapsidate the genome and protects RNA degradation. It is composed
of three major domains: N-terminal, core (located in the centre), and C-terminal
domains. N and C-terminal as well as lobes of the core domain recognize and clamp
to RNA binding groove regions. NP oligomerization and NP tube structure for-
mation are mainly carried out by N-terminal portion (Rojas et al. 2020).

VP35 (a polymerase cofactor) is a phosphoprotein which interferes with the
early innate response of host. VP35 interacts with NP and forms VP35-NP com-
plex. This complex is known to prevent premature NP oligomerization and causes
variations in NP in viral RNA synthesis machinery. VP30 is a transcriptional
activator which supports primary transcription and RNA editing. It plays pivotal
role in the stimulation of RNA synthesis. Leucine-zipper motif is present in
N-terminal region which helps in homo-oligomerization (Hartlieb et al. 2007). The
basic amino acid cluster of C-terminal region interacts with NP and control VP30
activity (Kirchdoerfer et al. 2016). This protein is not essential for the replication of
virus.

The RNA-dependent RNA polymerase L carries the enzymatic functional
domains for genome transcription and replication. It also causes activation of RNA
synthesis and edits messenger RNA (mRNA). It binds to genomic RNA at 3 leader
promoter and alters virus negative-sense RNA into positive-sense messenger RNA
for producing new virions. The L protein is responsible for mRNA polyadenylation
and capping too because of its catalytic nature (Martin et al. 2017). The editing trait
of L protein leads to generate GP transcript and regulates proteins expression
(Volchkova et al. 2011).

VP24 plays an important role in RNP assembly. The protein-protein interaction
is carried out by N-terminal region of this protein and leads to the formation of
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capsid. Protein aggregation occurs due to the mutation in this particular region (Han
et al. 2003). C-terminal deletion inhibits the formation of nucleocapsid-like struc-
ture formation, thereby indicating the importance of both domains in the assembly
of nucleocapsid (Han et al. 2003). VP24 interacts with NP via conserved loop by
depending on VP24 amino acids (V170 and N171) that plays important role in
nucleocapsid condensation, thereby producing new virions (Banadyga et al. 2017).
VP24 determines the virulence property of virus and inhibits IFN-o/p/y trigger by
sequestering proteins belonging to the karyopherin oo (KPNA) family viz. KPNA
al, a5, and a6 proteins, thus, inhibiting activated signal transducer and activator of
transcription 1 (STAT1) (Reid et al. 2006). VP24 also binds to STAT1 and inhibits
its phosphorylation, nuclear transport, and interferon (IFN)-associated gene acti-
vation (Zhang et al. 2012). VP24 is also known to inhibit the production of IFN via
both Interferon regulatory factor 3 (IRF3) and early tumour necrosis factor (TNF)-
induced nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB)
signalling (Guito et al. 2017).

The coordination of virion assembly, maintenance of structural integrity, and
budding of viral particles from infected cell is performed by VP40 (Pleet et al.
2017). The N-terminal domain of VP40 helps in dimerization and oligomerization
in the cytoplasm and translocates to the plasma membrane. The C-terminal domain
causes the interaction with the plasma membrane. Additionally, this protein induces
exosomes formation (Madara et al. 2015).

Glycoprotein is essential in viral pathogenesis. It is the only observable protein
on the surface of virus. It initiates the entry of virus into the host by fusion with
receptor (Lee and Saphire 2009). The GP gene encodes three different proteins: GP
with two subunits—GP1 (for receptor binding) and GP2 (for viral fusion); sGP
lacks transmembrane domain and is formed from the unedited transcript. The third
protein is called as ssGP and its activity is undetermined (Mehedi et al. 2011). The
fusion between virus and target cell is generally mediated by GP1. GP1 contains
three domains: the receptor binding domain (RBD) (interacts with one or more
receptors), the glycan cap (protects the RBD from antibody recognition and
interacts with GP2 to prevent premature fusion), and the O-linked glycosylated
mucin-like domain (protects RBD from immune recognition and has a cytotoxic
influence through extracellular signal-regulated kinase and mitogen-activated pro-
tein kinase pathways) (Zampieri et al. 2007). GP2 causes the fusion of membrane. It
contains five domains: the N-terminal heptad repeat region (HRR), C-terminal
HRR, fusion loop, the transmembrane region, and the cytoplasmic tail (Mohan et al.
2012). The membrane fusion is carried out by fusion loop due to the presence of a
hydrophobic sequence. Subsequently, GP2 HRR forms a transmembrane six-helix
bundle that serves as an opening in the membrane (Malashkevich et al. 1999). sGP
is known for evading the immune system (Mohan et al. 2012).
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3 Ebola Virus Pathogenesis

Ebola virus enters into the host cells by interacting with fluids of infected body
through mucous membranes or skin lesions (Rojas et al. 2020). In vivo studies in
NHPs models revealed that endothelial cells, adrenal cells, immature dendritic cells
(DCs), monocytes, macrophages, and Kupffer cells are mainly infected by virus in
the liver because of the potentiality of virus GP1 to interact with varied host-cell
proteins (Hensley et al. 2011). Several attachment factors have been reported and
may cause binding of the virus.

Lectins viz. C-type lectins dendritic cell-Specific intercellular adhesion
molecule-3-grabbing non-integrin (DC-SIGN), and L-SIGN are prime receptors for
virion attachment (Matsuno et al. 2010). The increased infectivity of Ebola virus
may be because of an increase in the glycan extension on the viral GP from the
virus, which shows high affinity for the “macrophage galactose-type calcium-type
lectin” (Fujihira et al. 2018). Other co-receptors such as Bl-integrin (Schornberg
et al. 2009), folate receptor-a (Chan et al. 2001), glycosaminoglycans (O’Hearn
et al. 2015), Tyro3, Axl, and Mer (TAM) receptor tyrosine kinases (Dahlmann et al.
2015), and T-cell immunoglobulin and mucin 1 (TIM-1) (Dahlmann et al. 2015) are
also responsible for virus entry. After binding, the virion is taken up into the target
cells by macro-pinocytosis (a non-specific endocytosis mechanism)
(Aleksandrowicz et al. 2011). The host cell membrane interacts with the phos-
phatidylserine present on the virion and stimulates the reorganization of
cytoskeleton, triggers the ruffling of the plasma membrane, and invagination of the
virion with further internalization into the early endosome (Moller-Tank and Maury
2015). After host-cell membrane fusion process, the nucleocapsid is released into
the cytoplasm. At this stage, mRNA is formed from virus RNA via translation
mechanism. Virus proteins viz. GP, NP, VP24, VP35, VP40, and L are then
translated from viral mRNA by the host machinery. After that, NP, VP35, and L
proteins act as a viral polymerase complex and allow the replication of viral gen-
ome (Muhlberger 2007). The new virion is released due to the interaction of VP40
with the host machinery (Jasenosky and Kawaoka 2004) (Fig. 5).

The secretion of pro-inflammatory cytokines such as interleukin 6 (IL-6), TNF,
and IFN-B as well as the release of tissue factor and vasoactive peptides are
enhanced due to the infection of Ebola virus (Rogers and Maury 2018).
Additionally, the virus infection shows impairment in DC activation by the action
of VP35 and VP24. Ebola virus-infected cells lack type-I IFNs production and does
not show maturation process (Bosio et al. 2003). Ebola virus hijacks IFN-I response
by inhibiting its production and by blocking its signalling mechanism, and thus,
causes impairment in the maturation of DCs, thereby inactivation of adaptive
immune response. Ebola virus primarily targets lymphoid organs. As a matter of
fact, the virus initially infects DCs and macrophages, and these immune cells guide
the virus towards the proximal lymph nodes and infect those (Steele et al. 2009). As
per in vivo NHPs models study, the virus destructs lymphocytes, follicular
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Fig. 5 Ebola virus replication cycle showing the binding of the host cell through different
co-receptors, followed by its invasion into the host cytoplasm and transcription of viral RNA into
protein. Further, the viral genome is replicated, followed by encapsidation, assembly, and release
of a new virion. [Note ESCRT: Endosomal sorting complexes required for transport; GP:
Glycoprotein; TIM-1: T-cell immunoglobulin and mucin domain 1; TAM receptors: Tyro3, Axl,
and Mer receptors; VP: Virion protein; and NP: Nucleoprotein]

structure, and parenchyma (Twenhafel et al. 2013). The virus is known to disrupt
vascular endothelium too, causing bleeding, partial blood -circulation, and
intravascular coagulation blood-tissue barrier permeability (Rasmussen 2017).

4 Epidemiology of Ebola Virus Disease

From 1976 to 2013, the WHO reported 2387 confirmed cases with 1590
deaths. The Ebola virus epidemic in West Africa is considered to be the largest
outbreak, which caused thousands of mortalities in Guinea, Sierra Leone,
and Liberia. In March 2014, the WHO reported a major EVD outbreak in Guinea, a
West African nation. The disease rapidly spread to the neighbouring countries
of Liberia and Sierra Leone. It was the largest EVD outbreak ever documented, and
the first recorded in the region. On 8 August 2014, the WHO declared this epidemic
an international public health emergency (Moghadam et al. 2015). On 29 December
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2015, Guinea was declared free of Ebola virus transmission. On 14 January 2016,
Ebola virus was detected again in Sierra Leone but emergency was not declared. On
11 May 2017, the DRC Ministry of Public Health notified the WHO about an
outbreak of Ebola which killed 4 people. On 2 July 2017, the WHO again declared
the end of the outbreak. On 1 August 2018, the world’s 10th EVD outbreak was
declared in North Kivu province of the Democratic Republic of the Congo. By
November 2018, nearly 200 Congolese died of Ebola. By March 2019, this became
the second largest EVD outbreak ever recorded, with more than 1000 cases. As of
4 June 2019, the WHO reported 2025 confirmed and probable cases with 1357
deaths. In June 2019, 2 people died of EVD in neighbouring Uganda. On 17 July
2019, the WHO declared the EVD outbreak a global health emergency (World
Health Organization 2019).

From 13 to 19 January 2020, 15 new confirmed cases of EVD were reported
from North Kivu Province in the Democratic Republic of the Congo. From 30
December 2019 to 19 January 2020, 37 confirmed cases were reported from 12 of
the 87 health areas in 6 active health zones in North Kivu and Ituri Provinces. As of
19 January 2020, a total of 3414 EVD cases, including 3295 confirmed and 119
probable cases have been reported, of which 2237 patients died. Of the total con-
firmed and probable cases, 56% were female, 28% were children aged less than
18 years, and 5% were health workers. As of 10 March 2020, a total of 3444 EVD
cases were reported, including 3310 confirmed and 134 probable cases, of which
2264 patients died. Of the total confirmed and probable cases, 56% were female,
28% were children aged less than 18 years, and 5% were health care workers. As of
30 March, 2020, a total of 3453 cases (3310 confirmed and 143 suspected) were
reported which includes 2264 deaths, 1169 survivors, and rest of the patients are
still under care (World Health Organization 2020).

5 Ebola Virus Vaccination

Over the past few centuries, vaccination has been considered as a prime strategy to
prevent and control outbreaks of certain deadly human diseases. The development
of efficacious vaccine for EVD was started in the late 1970s. The inactivated virus
based vaccine was the first vaccine developed against EVD, which prevented
guinea pigs from this deadly infection (Lupton et al. 1980). Since then, a variety of
vaccines has been developed against EVD including deoxyribonucleic acid (DNA),
virus-like particles (VLPs), recombinant viral vectors, and recombinant proteins
(Reynolds and Marzi 2017). The effectiveness of those vaccines was assessed in
rodents or NHPs (Reynolds and Marzi 2017). At present, 8 vaccine candidates are
in clinical trials stages which target viral GP (Table 1).

Plasmid encoding sGP and GP were used for the development of first DNA
vaccine for EVD. The vaccine was known to elicit humoral and T cell responses
(Xu et al. 1998). This vaccine is safer to use, produce, and shows advantages over
live attenuated vaccines. Previous study revealed that the administration of DNA
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Table 1 Vaccine candidates in clinical trial phases

Vaccines Class Immunogen Trial phases

DNA DNA GP and NP Phase 1

Protein Subunit GP Phase 1

Ad26 Replication-deficient GP Ad26/cAd3—phase 1
virus expressing Ad26/MVA—phases I, 11, III
EBOV protein

Ad5 Replication-deficient GP Ad5—phases I, I
virus expressing Ad5/VSV—phases 1, II, IV
EBOV protein

chAd3 Replication-deficient GP chAd3—phases I, II
virus expressing chAd3/MVA—phase 1
EBOV protein

MVA Replication-deficient GP and NP Ad26/MVA—phases I, 11, 111
virus expressing chAd3/MVA—phase 1
filovirus protein

VSV Replication-competent GP Phases I, II, IIT
virus expressing
EBOV protein

HPIV3 Replication-competent GP Phase 1
virus expressing
EBOV protein

Abbreviation: Ad—adenovirus; chAd—chimpanzee adenovirus; GP—glycoprotein; HPIV3—
Human parainfluenza virus 3; MVA—modified vaccinia Ankara; NP—nucleoprotein; VSV—
vesicular stomatitis virus

vaccine encoding viral GP and NP protected all the mice from EVD (Vanderzanden
et al. 1998). In another study, the vaccination of DNA vaccine with optimized
antigen expression showed 83% efficiency in NHPs (Grant-Klein et al. 2015).
A combination of DNA prime together with an adenovirus boost (both encoding
viral GP) exhibited 100% protection in NHPs (Sullivan et al. 2000). The Ebola
virus GP-based DNA vaccination depicted protection to NHPs (Patel et al. 2018).

Ebola VLPs have also been used for the development of vaccine by
co-expressing Ebola virus GP and VP40 in transfected cells. The VLP vaccination
stimulated NK cells for protecting against the virus (Warfield et al. 2004).
Additionally, VLP vaccination induces host responses through Toll-like receptor
and type I IFN signalling, thereby leading to the initiation of early innate protective
immune responses (Ayithan et al. 2014). VLPs containing VP40 and GP showed
100% protection against viral infection in rodents (Swenson et al. 2005). The
vaccination of VLPs along with RIBI adjuvant stimulated viral GP-specific anti-
bodies and strong T cell responses (Warfield et al. 2007).

The replication-deficient Ebola virus lacking the VP30 gene (EBOV_VP30) is a
subunit vaccine. Study showed that the administration of mice with EBOV_VP30
showed robust Ebola virus GP-specific antibody and Ebola virus NP-specific T cell
responses with high survival rate of animals. Guinea pigs immunized twice with
EBOV_VP30 showed protection from Ebola virus (Halfmann et al. 2009). In
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another report, the immunization of NHPs with EBOV_VP30 showed protection
from the infection (Marzi et al. 2015b).

The viral vectors encoding Ebola virus GP is another EVD vaccine in preclinical
stage. A replicon system based on Venezuelan equine encephalitis virus (VEEV) is
effective against Ebola virus. VEEV replicons expressing Ebola virus GP protected
guinea pigs and mice from Ebola virus infection (Pushko et al. 2000).

Human adenovirus serotype 1, serotype 2, and serotype 5 (AdS) cause mild
upper respiratory tract infections. Replication-deficient human Ad5 has been used
as a vaccine candidate for EVD. AdS5 stimulates cellular and humoral immunity
against the encoded antigen. Replication-deficient recombinant Ad5 revealed pro-
tection in NHPs against viral infection (Sullivan et al. 2003).

The vaccination of Ad26-Ebolavirus showed effectiveness against Ebola virus in
NHPs. Further, its effectiveness was enhanced when used with an Ad35-Ebola virus
boost (Geisbert et al. 2011). In another study, a single dose of recombinant chAd3
expressing Ebola virus GP depicted 100% protection in NHPs against EVD.
Unfortunately, the protection reduced to 50% when animals were challenged
10 months post vaccination. Hence, a chAd3- Ebola virus prime was boosted with a
modified vaccinia Ankara (MVA) vector encoding the Ebola virus GP (MVA-BN
Filo) for improving the protection (Stanley et al. 2014).

Vesicular stomatitis virus (VSV) belongs to Rhabdoviridae family and infects
livestock as well as other animals. It causes mild infection in humans (Letchworth
et al. 1999). Thus, a VSV-based vaccine is considered crucial for protection against
EVD. The VSV-G coding sequence was replaced in the wild-type VSV genome
with a sequence encoding Ebola virus GP for engineering recombinant VSV-Ebola
virus vaccine (also called as rVSV-ZEBOV) (Mire et al. 2012). rVSV-ZEBOV
showed high protection in NHPs (Marzi et al. 2015a). Headache, fatigue, and
muscle pain were commonly reported as adverse events in this period across all age
groups. Overall, r'VSV-ZEBOV offered substantial protection against EVD.

Recombinant rabies virus (RABV) has also been used for developing EVD
vaccine. The vaccine showed complete prevention against Ebola virus in NHPs
(Blaney et al. 2013). However, a replication-deficient or an inactivated version of
this vaccine candidate showed only 50% protection (Blaney et al. 2013). The
inactivated RABV vaccine vector was improved using a codon-optimized antigen
which showed complete prevention against Ebola virus (Willet et al. 2015).

The EVD vaccine was also developed using recombinant paramyxovirus-based
vectors. Multiple GPs were inserted into the genome of Human parainfluenza virus
3 (HPIV-3) (Skiadopoulos et al. 2002). Recombinant HPIV-3 expressing viral GP
alone or along with NP prevented guinea pigs against EVD (Bukreyev et al. 20006).
Two-dose immunization process using this very vaccine showed protection in
NHPs (Bukreyev et al. 2007). Mucosal (IN/intratracheal) administration of the
HPIV-3-Ebolavirus GP vaccine prevented NHPs from EVD (Meyer et al. 2015).

Prime-boost regimen with a combination of the Ad26-Ebolavirus and MVA-BN
Filo vaccines are in clinical trial phases. In one phase I trial, immunization with
Ad26-Ebolavirus or MVA-BN Filo did not show any side effect (Milligan et al.
2016). GamEvac-Combi, the combination vaccine of VSV-Ebola virus and
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Ad5-Ebola virus was developed in Russia. The vaccine induced viral GP-specific
antibodies in 95% of the volunteers, and neutralizing antibodies were detected in
93.1%. Furthermore, CD4+ and CD8+ T cells were detected in 82.8% and 58.6%
of participants, respectively (Dolzhikova et al. 2017). This vaccine is being tested in
an ongoing phase IV clinical trial in Guinea and Russia.

After EVD epidemic, several human clinical trials with VSV-Ebola virus are
ongoing or have been completed in North America, Europe, and Africa (Feldmann
et al. 2018), and still others are planned. Ten phase I clinical trials of VSV-Ebola
virus were evaluated to determine the safety and immunogenicity of the vaccine as
well as to identify doses and regimes for further clinical trial phases (Agnandji et al.
2017). Five phase 1II trials using the VSV-Ebola virus vaccine in healthy adults,
HIV-positive adults, and adults at risk for Ebola virus infection were completed in
the United States, Canada, Liberia, Sierra Leone, and Guinea (Kennedy et al. 2017).
The efficacy of the VSV-Ebola virus vaccine was tested to prevent EVD which
showed serious side effects (Henao-Restrepo et al. 2017). Further trials suggested
the administration of VSV-Ebola virus as an emergency vaccine for the prevention
of EVD (Halperin et al. 2017; Carter et al. 2018). During the recent outbreak in
North Kivu of the Democratic Republic of the Congo (DRC), VSV-Ebola virus was
administered to over 93000 individuals for preventing EVD (World Health
Organization 2019).

In December 2019, the U.S. Food and Drug Administration (FDA) approved
‘Ervebo’ or rVSV-ZEBOV, the first FDA-approved vaccine for the prevention of
EVD, caused by Zaire Ebola virus in individuals 18 years of age and older (Fig. 6).
As discussed earlier, it is a live attenuated vaccine that has been genetically engi-
neered to contain a protein from the Zaire Ebola virus. The approval of this vaccine
was granted to Merck & Co., Inc. (Centers for Disease Control and Prevention
2019).

According to Anna Abram, FDA Deputy Commissioner for Policy, Legislation,
and International Affairs, “While the risk of EVD in the U.S. remains low, the U.S.
government remains deeply committed to fight devastating Ebola outbreaks in
Africa, including its current outbreak in the Democratic Republic of the Congo.
Today’s approval is an important step in our continuing efforts to fight EVD in
close coordination with our partners across the U.S. Department of Health and
Human Services, as well as our international partners, such as the WHO. These
efforts, including today’s landmark approval, reflect the FDA’s unwavering dedi-
cation to leveraging our expertise to facilitate the development and availability of
safe and effective medical products to address urgent public health needs and fight
infectious diseases, as part of our vital public health mission” (Centers for Disease
Control and Prevention 2019).

The approval of ‘Ervebo’ is a colossal step towards the prevention of EVD
outbreaks. As a matter of fact, the vaccine is an outcome of the study conducted in
Guinea during the 2014-2016 outbreak in individuals, 18 years of age and older.
The safety of ‘Ervebo’ was assessed in approximately 15,000 individuals in Africa,
Europe, and North America. This vaccine is administered as a single-dose injection.
However, side effects such as pain, swelling and redness at the injection site,
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headache, fever, joint and muscle aches, and fatigue were reported (Centers for
Disease Control and Prevention 2019).

6 rVSV Technology for EVD Vaccination

VSV is an attenuated vector backbone which is used to develop vaccines. It causes
asymptomatic infections in humans. VSV as a vector has several advantages such
as its reduced prevalence of immunity to the vector in most populations targeted for
immunization, lack of viral RNA integration into the host, expression of large
foreign transgenes, and pseudo-typing of virus with heterologous viral glycopro-
teins (Monath et al. 2019). VSV-Indiana and VSV New Jersey are two serotypes of
VSV. VSV-Indiana (VSV-I) is the basis for current vaccine candidates. The VSV
genome contains 11000 nucleotides which encode five major proteins. The VSV
glycoprotein (G) is present in the envelope of virus which causes cellular attach-
ment, fusion with endosomal membranes, and release of viral RNA into the
cytoplasm (Monath et al. 2019). This protein provides protective immunity against
VSV. VSV vectors are constructed expressing genes from diversified species such
as Ebola virus, Marburg virus, Lassa fever virus, and influenza virus, bacteria
(Zhang et al. 2017), and tumour antigens (Blanchard et al. 2015) using reverse
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genetic process. Sometimes, a portion of the VSV G protein is retained for
expression as well as enabling fusion and internalization of the recombinant virus
(Clarke et al. 2016). VSV vectors lacking the VSV G gene (VSVDG) must
reconstitute the attachment, fusion, and budding functions with one or more pro-
teins encoded by the heterologous envelope gene. The rVSVDG-ZEBOV-GP
produced by reverse genetic system constitutes plasmids containing the VSV
genome with G deleted and replaced with ZEBOV GP, together with helper
plasmids expressing the VSV N, P, and L genes (Huttner et al. 2015). The
rVSVDG-ZEBOV-GP is constructed with full-length GP. On the other hand, native
ZEBOV expresses sGP (de La Vega et al. 2015). r'VSVDG-ZEBOV-GP is more
efficiently neutralized by antibody than wild-type ZEBOV due to lack of sGP
(Ilinykh et al. 2016). The full length heterologous GP is incorporated into the r'VSV
particle, showing bullet shaped morphology. ZEBOV and rVSV pseudo-typed with
ZEBOV GP enter the cell by macropinocytosis in a GP protein-dependent manner
(Nanbo et al. 2010). The deletion of VSV G protein and replacement by the
heterologous transgene in rVSVDG-ZEBOV-GP shows highly attenuated pheno-
type (Monath et al. 2019).

7 Preventive Approaches Other Than Vaccination

Plethora of strategies such as case management, surveillance, and laboratory testing
at wide scale are essential to prevent any outbreak. Raising awareness of risk factors
for EVD can certainly be an effective approach to reduce human-to-human trans-
mission. Reducing transmission of EVD relies on diversified factors as mentioned
below:

e Contact with infected fruit bats, monkeys, apes, forest antelope or porcupines
should be avoided maximally in order to reduce wildlife-to-human transmission.
Animals should be handled with gloves and other appropriate protective
clothing. Animal’s raw products (blood and meat) should not be consumed, and
if unavoidable, cooked thoroughly before consumption.

¢ Close contact with EVD infected people or people with EVD symptoms should
be avoided in order to reduce human-to-human transmission. Contact with the
body fluids of infected people should be avoided. Gloves and appropriate per-
sonal protective equipment should be worn when taking care of ill patients.
Regular hand washing is required after visiting patients in hospital, as well as
after taking care of patients at home.

Safe and dignified burial of the dead person should be carried out.

e People who may have been in contact with someone infected with EVD should
be identified and monitored for 21 days during quarantine.

e Risk of possible sexual transmission should be reduced. Male survivors of EVD
should practice safer sex and hygiene for at least a year from onset of symptoms
or until their semen tests negative twice for Ebola virus.
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Pregnant women who have survived EVD need to be monitored.
Health-care workers should always take standard precautions while caring the
patients. The health-care workers should wear face protective mask, goggles,
and gloves.

e Samples received for Ebola virus confirmation should be handled by trained
staff and processed in equipped laboratories.

e After sex, used condoms should be handled safely, and safely disposed of in
order to prevent contact with seminal fluids.

8 Conclusion

Since the discovery of Ebola virus, the EVD has been a serious threat to humankind
due to its human-to-human transmission feature. The epidemics, unavailability of
effective antiviral drug, and reduced research activities makes this disease fatal and
colossal health concern of recent times. Few vaccine candidates have shown
tremendous outcomes in rodents and NHPs at experimental stages. The use of those
vaccines in human based on NHPs results will not only be a time consuming
approach but also expensive process. Currently, rVSV-vector based vaccine is the
only FDA approved vaccine for EVD based on its high efficacy rate. Hence, at
present, the best approach to reduce the epidemic of EVD is the prevention only.
The quarantine and care of the infected patients, avoiding close contact with NHPs
and infected persons, early diagnosis based on sign and symptoms, and safe burial
of the dead can be prime preventive options to stop the human-to-human trans-
mission. The disease can be eradicated by initiating awareness programmes at large
scale. The rapid, cheap, and simple diagnostic kits should be made available for
health care workers in nearby medical centres and hospitals. A significant effort
should be undertaken by the government to test the suspected cases free of cost in
order to examine maximum number of people. The research funding should be
provided to prestigious institutes or research centres for the development of ideal
vaccine and antiviral drugs against Ebola virus. Most importantly, the government
and community should clarify any misconception among people regarding role of
any religious factor or groups towards the outbreak of EVD.
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Abstract Chikungunya is a major public health problem globally and the disease
spreads mainly in tropical and subtropical countries. Since its re-emergence in the
islands of the Indian Ocean in 2005, the numbers of Chikungunya cases are
gradually increasing across the world. In 2016, the epidemic of Chikungunya
occurred in National Capital Territory (NCT) of Delhi, India, reported more than
12,000 infection cases. Subsequent years this disease spread all over the India
causing a large number of infections. Besides presenting a concise review in this
chapter we have devised and make use of Ry mathematical model to understand the
potential transmission of this virus in India. The R, model is a mechanistic trans-
mission model and it is driven by the climatic factors such as minimum, maximum
and mean temperatures. The temperature data show that the disease gradually
increases over the Southern region of India. The study in this chapter shows that the
viral transmission takes place between 20 and 34 °C whereas the peak transmission
occurs at 29 °C. Likewise, it also identifies the possible regions in India which are
more vulnerable for the virus transmission and disease outbreak. The outcome of
this study should help the public health authorities to take care at the beginning and
spreading of the infection well in advance and try to implement appropriate mea-
sures including vector control operations and management in India more so in the
high risk zones.

Keywords Chikungunya virus - Mosquitoes - Transmission - Infections - India -
Climate impacts - Reproductive rate -+ Transmission potential

R. Mopuri - S. G. Kakarla - S. R. Mutheneni (D<)

ENVIS Resource Partner on Climate Change & Public Health, Applied Biology Division,
CSIR-Indian Institute of Chemical Technology (CSIR-IICT), Tarnaka, Hyderabad 500007,
Telangana, India

e-mail: msrinivas @iict.res.in

R. Mopuri - S. G. Kakarla - S. R. Mutheneni
Academy of Scientific & Innovative Research (AcSIR), Ghaziabad 201002, Uttar Pradesh,
India

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021 165
S. I. Ahmad (ed.), Human Viruses: Diseases, Treatments
and Vaccines, https://doi.org/10.1007/978-3-030-71165-8_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-71165-8_8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-71165-8_8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-71165-8_8&amp;domain=pdf
mailto:msrinivas@iict.res.in
https://doi.org/10.1007/978-3-030-71165-8_8

166 R. Mopuri et al.

1 Introduction

Chikungunya is a viral disease transmitted to humans by the infected mosquitoes
(World Health Organization (WHO) 2020). Its outbreaks occur mostly during the
monsoon season when the mosquito vector population reaches to its peak.
According to the World Health Organization (WHO) report, the vector is the pri-
mary reason accountable for millions of cases globally every year (World Health
Organization. World health report 1996). Although malaria and dengue have
attracted the public attention as widely transmitted mosquito borne diseases, the
past decades have experienced epidemics caused by a group of several arthritogenic
Alphaviruses which belong to the Togaviridae family (Suhrbier et al. 2012).
Chikungunya virus (CHIKV) is one of the Alphaviruses which poses a serious
public health threat by causing a disease condition called Chikungunya fever or
Chikungunya infection.

Chikungunya was first discovered in 1952 in Makonde, United Republic of
Tanzania, and described by Robinson and Lumsden in 1953 (Robinson 1955;
Lumsden 1952). The word Chikungunya is derived from the African dialect Swahili
or Makonde, which refers both the virus and disease, which reflect the meaning of
“to walk bent over” like a chicken, in Swahili (Pialoux et al. 2007). The disease is
transmitted by the mosquito Aedes aegypti, the principal vector for transmission in
urban areas of Asia and Aedes albopictus, another predominant vector, responsible
for latest large scale epidemics in Asia (Jupp and MclIntosh 1988; Parola et al.
2006). Intermittently Culex and Anopheles have also been reported as vectors for
Chikungunya virus transmission globally (Kakarla et al. 2019). Apart from these,
the other species of mosquitoes include A. africanus in East Africa, A. furcifer, A.
taylori, A. dalzieli, A. luteocephalus, and A. vittatus in West Africa and A.
taylori and A. cordellieri in South Africa serve as vectors for Chikungunya virus
(Zeller et al. 2016). Besides human, monkeys, rodents, and other certain uniden-
tified vertebrates can also serve as reservoir for the virus.

2 History of Outbreaks and Geographical Distribution

Chikungunya disease may be followed back as far as in 1779, in a knokkel-koorts
febrile epidemic, as mentioned in the logbook of Dutch physician, Dr. David Bylon,
in Batavia (present day Jakarta, Indonesia) (Metz 2013; Carey 1971). Later the
cases started reporting from India during 1824-1825, West Indies and Southern
states of the USA during 1826-1828, London in 1869, Tanzania, Zanzibar during
1871-1872, China in 1872 and Africa in 1917-1948. During initial periods it was
erroneously identified as “dengue”; this confusion was mainly due to the two
diseases were transmitted by the Aedes vectors, whereas prior to 1940 there was no
proper diagnostic techniques to distinguish between dengue and Chikungunya
viruses (Kuno 2015).
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The outbreak of Chikungunya virus reported to occurred throughout the World
was: South Africa (1956 and 1975-1977); Zimbabwe (1957, 1961-1962, and
1971); Democratic Republic of Congo (1958 and 1960); Zambia (1959); Senegal
(1960, and 1996-1997); Uganda (1961-1962 and 1968); Nigeria (1964, 1969, and
1974); Angola (1970-1971); and Central African Republic (1978-1979) (Jupp and
Mclntosh 1988; Zeller et al. 2016; Powers and Logue 2007; Desdouits et al. 2015).
In Asia, the first Chikungunya virus outbreak was reported in Bangkok, Thailand in
1958 by A. aegypti vector (Weaver and Forrester 2015). In India, Chikungunya
outbreak was first reported in Calcutta in 1963, followed by, epidemics in Chennai
(previous known as Madras), Puducherry and Vellore of Tamilnadu (reported
400,000 cases) in 1964. Similarly, Vishakapatnam, Rajahmudry, Kakinada (Andhra
Pradesh), Nagpur (Maharashtra) in 1965; and then remerged in Barsi village
(Solapur District, Maharashtra) in 1973 (Parashar et al. 2015). Several other epi-
demics occurred on all of the South-western Indian Ocean islands except
Madagascar and Europe during 2005-2007. The emergence of Chikungunya virus
occurred in the Americas, in December 2013 and it spread to 17 countries of the
South America until December 2014. Since it was first reported in the Saint Martin,
the autochthonous transmission of Chikungunya virus was identified in 45 countries
in the Caribbean, North America, South America, and Central America (World
Health Organization (WHO) 2020; Leparc-Goffart et al. 2014).

The resurgence and global distribution of Chikungunya in different geographical
regions is associated with various factors such as globalization of economy, social
and cultural aspects, geographical expansion of vectors, loss of herd immunity,
urbanization, and international travel and climate change (Pialoux et al. 2007).
Globally, about 2.5 million Chikungunya cases were recorded in the last decade, of
which majority of the cases reported from Asia and African regions (Powers 2014).
As of September 2019, the autochthonous cases of Chikungunya were found in 114
countries and territories, including 32 countries in Africa, 21 countries in Asia, 47
countries in the Americas, two countries in Europe and twelve countries in the
Oceania/Pacific islands (Centers for Disease control and prevention 2019).

3 Chikungunya in India

Since the occurrence of one of the largest outbreak of Chikungunya virus in Indian
Ocean countries, in December 2005 cases of Chikungunya were reported from
several Indian states including Andhra Pradesh, Karnataka, Maharashtra,
Tamil Nadu, Madhya Pradesh and Gujarat states in which more than a million
cases of Chikungunya fever suffered (Yergolkar et al. 2006; Lahariya and Pradhan
2006). The African genotype of Chikungunya virus carried by the Aedes vector was
responsible for this outbreak (Yergolkar et al. 2006). By 2010, more than 3.7
million people were infected and the virus spread to more than 18 states and Union
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Territories of India (Ministry of Health and Family Welfare 2010). The National
Capital Territory (NCT), Delhi was reported to be worst affected (Telle et al. 2016).
During the dengue outbreak in 2006, certain sera samples were found positive for
both dengue and Chikungunya viruses. This combined outbreak followed in NCT
of Delhi during October to December 2010 and again in 2016 (Chahar et al. 2009;
Singh et al. 2012).

Chikungunya cases from 2006 to 2019 were analysed and a total of 590,756
cases were reported in India. During this period the highest incidence rate (84.6 per
million populations) was reported in 2008 (Fig. 1). Subsequently the incidence rate
gradually decreased from 2008 to 2012 but started again, showing increasing trend,
from 2013 to 2019. The average incidence rate of the cases was unequally dis-
tributed among the different states, and the highest average incidence rates were
observed from West Bengal in east, Goa in west, NCT of Delhi in North,
Karnataka, Kerala, Pondicherry and Telangana in south, and Arunachal Pradesh,
Meghalaya, Tripura, Mizoram and Sikkim in North East states of India (Fig. 2).
During the outbreak of Chikungunya virus in 2016, the most affected regions were
NCT of Delhi in which were 12,279 cases (incidence rate: 698.10) and in Karnataka
were 15,666 cases (incidence rate: 247.32).
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Fig. 1 Time series of Chikungunya case Incidence rate (per million population) in India from
2006 to 2019 (Data source NVBDCP, Govt. of India)
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Fig. 2 Spatial distribution Chikungunya incidence rate (per million population) in India from
2006 to 2019 (Data source NVBDCP, Govt. of India)
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4 Phylogenetic Analysis of Chikungunya Virus

The phylogenetic studies have identified three genotypes of Chikungunya virus as
categorised by their geographic locations. The spread of Chikungunya virus
occurred from Africa with two different strains: East/Central/South African (ECSA)
and the West African strains. Subsequently the ECSA strain spread to Asiatic
region (Li et al. 2010). The ECSA strain of Chikungunya had the largest spread and
beside its spread in East/Central/South Africa, during 1963—-1973 it entered in
Europe, Australia, Japan and India. During 2005-2007 outbreaks this Asian strain
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found in South-east Asia and India and the West African strain prevalent in Western
Africa. The ECSA was further grouped into ECSA enzootic, ECSA Brazil and IOL
(Indian Ocean lineage) (Volk et al. 2010; Caglioti et al. 2013). Then the Indian
Ocean lineage (IOL) strain of Chikungunya virus arose from the ECSA lineages in
Indian Ocean outbreak. From the sequencing studies, it is revealed that the IOL
strain was actively replaced the existing Asian strains. The phylogenetic and epi-
demiological studies of IOL strain indicated that infested Ae. albopictus always
carried an alanine-to-valine substitution in the El1 envelope glycoprotein
(E1-A226V) as a key evolutionary conversion that contributed to the re-emergence
and spatial distribution of CHIKYV in the Southeast Asia (Volk et al. 2010; Powers
et al. 2000).

5 Life Cycle of Chikungunya Virus Vectors—The
Mosquitoes

Essentially low mosquito population has been associated with dry and cool con-
ditions and increase when the temperature increase and stay (bellow 32 °C) and wet
season commences. During onset of monsoon the vector Aedes aegypti and Aedes
albopictus number increases by creating the new breeding habitat. It is a domes-
ticated tropical species that prefers to breed in fresh water, primarily found in
artificial water storage containers. Likewise, the stagnant water in and around the
locality will serve as artificial breeding sites (such as artificial containers, bottles,
buckets, tanks, flower pot, air coolers, coconut shell, tires etc.) for these mosquitoes.
Aedes mosquitoes are endophagic and lives in close proximity with humans due to
its feeding requirement of human and during each gonotrophic cycle which facil-
itate effective growth of virus.

The vector mosquitoes are diurnal feeder, have four stages of their life cycle:
egg, larva, pupa and adult. To complete from egg to adult stage, the insect requires
approximately  8-10 days  (https://www.cdc.gov/dengue/resources/factSheets/
MosquitoLifecycleFINAL.pdf). The adult Aedes mosquito shows distinct patterns
of white lines on body, a lyre-shaped line in the thorax and palps are half white. The
proboscis is generally black and its peak activity is known at mid-morning and late
afternoon. It has a short flight range (less than 200 m).

Adult female mosquito lays eggs on moist wall of the container with water.
A gravid female can lay about 100 eggs at a time. Aedes eggs are hard and can stick
to walls of container with glue like substance and can survive up to 8§ months. At
suitable temperature that is >13° C and availability of stagnated water, within four
days the eggs can hatch out into larvae. The larvae then moults three times and
passes through four larval stages (Fig. 3), during which the larvae feed on organic
particulate matters, microorganisms such as small algae and other phytoplanktons
and become pupa. Pupa is a non-feeding motile stage and within two days it
develops into adult mosquito.


https://www.cdc.gov/dengue/resources/factSheets/MosquitoLifecycleFINAL.pdf
https://www.cdc.gov/dengue/resources/factSheets/MosquitoLifecycleFINAL.pdf
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Fig. 3 Mosquito life cycle (eggs, larvae, pupae and adult) and its climate dependency

6 Molecular Structure and Genome Organisation
of Chikungunya Virus

Chikungunya virus is a small enveloped microbe with icosahedral symmetry shape
which came from the Old World Semliki Forest virus, a group of arthritogenic
alphaviruses within the Togaviridae family (Kuhn 2013). It has a single-stranded,
positive-sense RNA genome which is approximately 11,800 nucleotides with a 5’
7-methylguanosine cap and a 3’ poly-A tail (Khan et al. 2002). The 12 KB
Chikungunya virus RNA genome encodes two open reading frames (ORFs) present
alienated by a non-coding junction and 5'- and 3'-untranslated regions (Yap et al.
2017). Four non-structural proteins namely nsP1, nsP2, nsP3, and nsP4 constitute
the RNA replicase are encoded by the 5’ end of the genome. The 3’ ORF translated
from a subgenomic mRNA encodes three major structural proteins namely capsid
(C) envelope glycoprotein 1 (E1), envelope glycoprotein 2 (E2) and three peptides
{(6 K, transframe (TF), and E3)} (Fig. 4a). The structural proteins are synthesized
as a long polyprotein, which is then posttranslationally cleaved into C, E1, 6 K, and
p62 proteins (Silva and Dermody 2017).

The 240 copies of capsid protein C form a nucleocapsid shell and encapsidation
of genomic RNA Occurs. During release from the host cell, the new virus particles
become coated with the envelope glycoproteins E1 and E2. The heterodimers of
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Fig. 4 Chikungunya Virus Genetic and Physical Structure. (Source Weaver, S.C. et al., N Engl J
Med 2015; 372:1231-1239. https://doi.org/10.1056/nejmral406035)

E1-E2 glycoproteins arranged in trimers form trimeric spikes on the viral surface
form an icosahedral lattice (Fig. 4b, c). The glycoprotein E2 facilitates the entry
into the new host cell through binding to yet unidentified receptors. Subsequently at
low pH the glycoprotein E1 exposes and precedes the cell fusion and release of the
nucleocapsid (Voss et al. 2010). Whereas glycoprotein E3 facilitates E1-p62
heterodimerization and prevents the exposure of the E1 fusion loops from prema-
ture fusogenic activation. The envelope glycoproteins of Chikungunya virus are the
primary antigenic targets for the host immune response (Skehel and Wiley 2000;
Eckert and Kim 2001).

The 20 trimeric spikes of the virus located on the icosahedral three-fold axes and
another 60 trimeric spikes in general positions that obey T = 4 quasi-symmetry
(Voss et al. 2010). The icosahedral capsid of viral particle is surrounded by a lipid
envelope, and measures approximately 70 nm in diameter. This lipid bilayer is
acquired from the host cell membrane during the process of maturation, assembly,
and budding of the virus. Subsequently, the infection requires a fusion of the lipid
membrane of virus with the plasma membrane of host cell during the process of a
new cycle. During the cell—cell fusion delivers the genetic materials of the virus into
the cytoplasm of the infected host. The lipid bilayer of virus contains transmem-
brane proteins those are involved in the membrane fusion and also for binding to
the cellular receptors (Harrison 2005; Kielian and Rey 2006; Weissenhorn et al.
2007).


http://dx.doi.org/10.1056/nejmra1406035
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7 Pathogenesis of Chikungunya Virus

The acute phase of infection is characterized by painful polyarthralgia, high fever,
asthenia, headache, body ache, backache, vomiting, rash, and myalgia. In the chronic
phase, incapacitating arthralgia persists for months. Neurological syndromes includes
encephalitis, encephalopathy, and myelopathy or myeloneuropathy and
non-neurological systemic syndromes are renal, hepatic, respiratory, cardiac and
haematological manifestations including lymphadenopathy, oral ulcers and
encephalitis petechiae. Other specific symptom of Chikungunya infection is pro-
longed joint pain which occurs over a period of months to years (Suryawanshi et al.
2009; Kannan et al. 2009). The virus can also affect the eyes in several ways such as
conjunctivitis, retinitis, optic neuritis photophobia and retro-orbital pains are often
seen in the acute phase of fever (Mahendradas et al. 2013). During Chikungunya
infection any joint of the body can be affected, commonly reported are the distal
extremities such as wrists, metacarpal and interphalangeal joints, as well as the ankles
and metatarsophalangeal joints, and knees are commonly affected. Generally these
manifestations of arthralgia will resolve within 1-4 weeks after the initial onset but,
mortality due to infection is rare (Chang et al. 2014; Goupil and Mores 2016).

Few more observations also reported that Chikungunya virus infection may
leads to abortion in pregnant woman. However, if the infection persists the virus
can be transmitted from mother-to-child (Ramful et al. 2007). In infants
Chikungunya fever manifests with certain differences; fever is commonly present
which is associated with some constitutional symptoms such as lethargy or irri-
tability and crying excessively. Acrocyanosis may be prominent followed by
symmetrical superficial vesicobullous lesions, erythematous asymmetrical macules,
and patches, which later is progressed to morbiliform rashes. The face and oral
cavity are usually spared (Mohan et al. 2010; Sebastian et al. 2009).

7.1 Immune Response to Chikungunya Virus

Chikungunya virus infection elicits strong systemic innate immune responses, by
producing IFN-o as well as several pro-inflammatory cytokines, chemokines, and
growth factors (Wauquier et al. 2011). This is followed by the activation of the
adaptive immunity through activation sand proliferation of CD8* T cells in the
early stages of the disease. Followed by CD4" T-cell response and
anti-inflammatory proteins like IL-1RA and IL-2RA produces during acute phase of
infection. Chikungunya infection induces a strong inflammatory response that is
possibly  coordinated by the  production  of IL-16, IL-17, monocyte
chemo-attractant protein 1 (MCP-1), IP-10, and macrophage inflammatory protein
(MIP-1o) (Wauquier et al. 2011). BST-2 (bone marrow stromal antigen-2) may
protect lymph tissues and regulate CHIKV-induced host inflammatory responses
(Mahauad-Fernandez et al. 2014). Similarly, several other cytokines such as TNF-a,
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IL-6, and IL-1 are associated with infection also promote osteoclast activity and it
has been associated with osteoclastogenesis (Chen et al. 2015).

During the end of acute phase of infection is characterized by the production of
proinflammatory Macrophage Migration Inhibitory Factor (MIF), MIP-1, stromal
cell-derived factor (SDF-1a), and IL-6 and IL-8. Similarly, Chemokine (C-C motif)
ligand 5 (CCLS: RANTES) levels also high in all patients during the first week after
symptom onset (Wauquier et al. 2011). CCL5, MCP-1, IP-10, MIP-1f, and IL-8
are produced by activated macrophages that are susceptible to CHIKV infection
(Sourisseau et al. 2007). These chemokines play a major role in leukocyte engage
at sites of infection, coordinating the deployment of efficient antiviral defences.

Chikungunya virus infection induces strong cellular immune response. Higher
plasma levels of IFN-y, IL-4, IL-7, and IL-12p40 and cytokines promote the adaptive
immunity (Wauquier et al. 2011). The B cell-promoting cytokines IL-4 and in some
cases IL-10, were also up regulated in the first few days after symptom onset probably
initiating the production of CHIKV-specific IgG. In addition to this, CD4* T lym-
phocytes are also involved to maintain the humoral response strongly to finish the acute
phase (Wauquier et al. 2011). IgG antibodies can be noticed after the first week of
Chikungunya virus infection, indicating rapid seroconversion and high levels of anti-
body responses among CHIKV-infected individuals (Sourisseau et al. 2007).

8 Diagnosis of Chikungunya Virus

There are several methods to diagnose Chikungunya virus infection. Reverse
Transcription-Polymerase Chain Reaction (RT-PCR) method is useful during the
initial viremia phase that is first week after the onset of symptoms. The real-time
PCRs have been used to amplify nsP1, nsP2, or even envelope protein genes E3,
E2, or El regions of the CHIKV genome. ELISA (Enzyme Linked Immunosorbent
Assay) is considered to be most appropriate test to be used for detection of high
levels of IgM and IgG anti-Chikungunya antibodies. IgM antibody levels peaks at
3-5 weeks after the onset of illness and persist for about 2 months. Similarly, high
levels of IgG can be detected in convalescent samples and it persists for several
years (World Health Organization (WHO) 2020; Kam et al. 2012;
Alvarez-Argiielles et al. 2019).

MAC-ELISA (IgM Antibody Capture-ELISA) is another commonly used test
for detection of Chikungunya virus. The sensitivity and specificity of serological
tests are poor because MAC-ELISA may show cross-reaction with other flavivirus
antibodies such as Ross River virus, Barmah Forest virus, Sindbis virus etc. (Marta
et al. 2019). Hence, the commercially available rapid diagnostic kits often do not
provide as reliable results as RT-PCR because they all tend to detect host-derived
anti-CHIKYV IgM antibodies. Furthermore, since IgM antibodies are produced later
in the course of infection than the antigen, this is a less sensitive test and as such can
delay diagnosis and reduce the effectiveness of disease management (Rianthavorn
et al. 2010).
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9 Treatment of Disease

Currently there is no known vaccine available for Chikungunya virus; however a
few candidate vaccines are under development and some at clinical trial stages.
These vaccines are making use of various techniques such as attenuation of live
virus, inactivated viral vaccine, recombinant viral vaccines, chimeric-alphavirus
vaccines, DNA vaccines and virus-like particles (VLPs) (https://www.who.int/
blueprint/what/norms-standards/meeting-report.pdf?ua=1).

Chikungunya treatment is generally focused on relieving the disease symptoms.
These include taking full rest, intake of fluids; taking an appropriate analgesic and,
antipyretics which may relieve symptoms of fever and aching. Movement and mild
exercise may improve stiffness and joint pains. In unresolved arthritis that does not
respond to an analgesic a non-steroidal anti-inflammatory drug is given (Ramful
et al. 2007). Infected persons should be protected from further mosquito exposure
(staying indoors and/or under a mosquito net) so that they cannot contribute to
further transmission cycle.

10 Transmission of Chikungunya Virus

The Chikungunya virus is mainly transmitted through the bite of infected mos-
quitoes of Aedes species (subgenus Stegomyia). The infected female Aedes mos-
quitoes inject the Chikungunya virus into the blood stream of a susceptible human
host during their blood meal. The human host becomes infected with the
Chikungunya virus and the virus particles replicate within the body causing the
Chikungunya fever. The subsequent blood meal by another susceptible mosquito
pickups the virus from infected human host and transfer the virus from one human
to the next. The behaviour and ecology of Aedes aegypti favours the epidemic
transmission of the virus since these species have ready access to feed on human
hosts and obtain several partial blood meals during a single gonotrophic cycle
(Monteiro et al. 2019).

11 Control of Mosquito Breeding

A. aegypti is a container habitat species and breeds primarily in clay and damp
containers and vessels. The following steps should be taken to control mosquito
breeding.

e Take all possible care that no containers including air cooler fridge etc. where
water is standing for long time making it stagnant and infected should be left.
Fill the ditches and clean the blocked drains.


https://www.who.int/blueprint/what/norms-standards/meeting-report.pdf%3fua%3d1
https://www.who.int/blueprint/what/norms-standards/meeting-report.pdf%3fua%3d1
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e If any kind of accumulation of mosquito found, ask health department to spray
the area with insecticidal agents.

e Introduce Larvivorous fish like Gambusia affinis, lebister or some cyprinids
which can effectively reduce mosquito larval population in mosquito breeding
ponds.

12 Climate Driven Chikungunya Transmission Potential
Model

12.1 Basic Reproduction Rate (Ry) Model

Like other vector-borne diseases, the life cycle of Chikungunya consists of an
epidemiological triad this includes host, vector and virus. The association between
host vector and virus is strongly influenced by various climatic factors such as
temperature and rainfall. Rainfall creates breeding habitats for vectors and tem-
perature plays a critical role in development of mosquitoes and viral transmission.
In the present study different entomological and epidemiological factors related to
disease transmission mechanism such as mosquito biting rate, vector to host
transmission rate of virus, host to vector transmission rate, extrinsic incubation
period and mortality rate were simulated as functions of temperature and which
were used to assess the transmission intensity of Chikungunya through basic re-
productive rate (Ry) model. The basic reproductive rate (Ry) is helpful to understand
the risk of spread of an infectious disease as it provides an index for transmission
intensity and its threshold levels. The R, can be defined as the average number of
secondary infections which arises from a primary infection in a susceptible popu-
lation. If R, is greater than one it indicates that the number of people will be
infected is more and it could spread further transmission, which leads to an epi-
demic, however, if Ry is less than one, virus transmission goes to reduce and disease
outbreak may not appear in the population (Smith et al. 2007; Van den Driessche
and Watmough 2002; Caminade et al. 2017).

The transmission rate is modelled as the basic reproduction rate R,. The R,
model denotes that, the relationships of parameters are required for an infection to
spread within a population (R, > 1) as opposed to dying out (R, < 1). Ry helps the
public health authorities to quantify the intensity of control interventions required to
prevent an outbreak. R, can be expressed by following equation (Degallier et al.
2010):

Ro(1) = ma® b exp (—pt, )/ ur (1)

Here R,(t) represents the reproductive rate as the function temperature ¢, m is
relative density of mosquitoes per human, a is number of bites per day, b indicates
vector to host infection probability, ¢ indicates host to vector infection probability,
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4 is daily mortality rate of vector, . is the extrinsic incubation period (EIP) in days,
r viremia in days. The parameters which were included in the model were derived
from temperature dependent mathematical equations. For visualization of data,
standard anomalies of R, were calculated using following equation:

Ry — mean(Ry)

Ry stdanomaly = 1d(Ro)
std(Ro

)

Biting rate: The average blood meal frequency (a) of female Ae.aegypti mosquito
linearly increased with increasing temperature estimated per day using the fol-
lowing equation (Liu-Helmersson et al. 2014; Scott et al. 2000):

a(T) = 0.0943 +0.0043T 21°C < T < 32°C (3)

Human to mosquito transmission: The average number of hosts infected by the
introduction of an infective vector in a susceptible population is given by the
transmission probability of mosquito to human per bite (b) represented as (Focks
et al. 1995):

b(T) = —0.9037 +0.0729T 4)

Mosquito to human transmission probability is temperature dependent and
increases linearly with temperature. The temperature range is (26.1°
C < T<325°C) equal to 1 and the transmission probability was ‘0’ if the tem-
perature was < 12.4°C. This relationship is piecewise linear, with increasing
probability starting at 12.4 °C and a constant probability of one above 26.1 °C
(Focks et al. 1995).

Mosquito to Human transmission: The number of vectors directly infected from
the single infective host is given by the transmission probability of human to
mosquito per bite (c). It is a linear relation with temperature (T) and it increases
when 12.4 °C < T < 28 °C decreases sharply when T > 28 °C and equal to zero at
T > 32.5 °C (Focks et al. 1995):

¢(T) = 0.001044T (T — 12.286)1/32.461 — T (5)

Extrinsic incubation period: To investigate the effect of temperature on the
extrinsic incubation period (EIP) of Chikungunya virus in India, we used the model
described by Focks et al., for dengue virus (Focks et al. 1995). This model relates
the EIP with temperature as a covariate range between 12 and 36 °C (McLean et al.
1974; Watts et al. 1987). The EIP (z., in days) estimated for each state on the basis
of temperature (T, in °C), by using the following equation:
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7o(T) = 4 +exp (5.15-0.1237) (6)

Mortality rate: The mortality rate (u) per day of adult mosquitoes was computed
using temperature as a function. The mortality rates were assessed based on an
experimental study on female Ae. aegypti mosquitoes over the temperature range of
10.54 °C < T < 33.41 °C (Yang et al. 2009). The mortality rates were increasing
with increasing temperature.

w(T) = 0.8692—0.15907 +0.0111672—3.408 x 10773 4-3.809 x 107°T* (7)

Constant parameter: Based on existing literature, the viremia (») period was
reported as six days and the viral load peak during commencement of illness
followed by it gradually decline (Ng et al. 2017; Riswari et al. 2016). Many
modelling studies estimated the mosquito density (m) to be between 1 and 3 per
person and also found that the high vector density can be found during the outbreak
period. Hence the study considered three mosquitoes per person for model devel-
opment (Christofferson et al. 2014; Johansson et al. 2014). The above parameters
are sensitive to temperature and hence, R, is also highly sensitive to climate.
Among these derived parameters, the biting rate, and vector to host and host to
vector transmission of Chikungunya is directly proportional to the R, whereas EIP
and mosquito mortality rate are inversely proportional to Ry.

13 Climatic Conditions in India

India displays a wide range of climatic conditions due to its vast geographical area
and other factors like latitude, longitude which influence local climatic conditions.
The temperatures between 1948-1981 and 1982-2016 across the India show that
there was an increase (1-2 °C) in average temperatures over South India and
foothills of the Himalaya region. The average maximum temperatures increased
over South India and average minimum temperatures doesn’t show much differ-
ences in other parts of India. Similarly, a significant decrease (~20 mm) of rainfall
was observed over Western Ghats region and some parts of Uttar Pradesh.

14 Temperature Dependent Chikungunya Transmission
Potential Model

Figure 5 describes the climate suitability for Chikungunya transmission potential at
different temperatures such as the Chikungunya transmission was calculated
between 15 and 35 °C. The simulated R, shows that the optimal temperature for
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peak Chikungunya transmission is 29 °C and the R, was reported as zero when the
temperature was below <17 °C and above >34 °C. Based on mean R, values it is
assessed that the Chikungunya transmission is unsuitable when temperatures
below <21.5 °C and above >34 °C (mean Ry < 0.5) and highly suitable
between >24 °C and <34 °C (mean R, > I). The R, thermal response curve shows
that the predicted temperatures are better suited for Aedes vectors.

15 R, Model for India

The average mean annual R, values were simulated for the period of 1948-1981
and 1982-2016 by using monthly mean temperature for all the states of India. This
reveals that the central, north and northeast states have low R, values, but East and
West coastal states have high R, values. The high altitude regions of north and
north-eastern states are situated in the foothills of the Himalayas, hence, generally
report low temperatures, which leads to low observation of R,. The states Gujarat,
Maharashtra, Karnataka, Kerala, Tamil Nadu, Andhra Pradesh (united), Odisha and



180 R. Mopuri et al.

West Bengal have shown high R, values. Similarly these states are relatively en-
demic for Chikungunya and high incidence rate is observed. However the
Chikungunya transmission pattern is expanding during 1982-2016 period mainly in
Southern, Northern and Western region in comparison with 1948—1981periods.
This increase may be due to increasing of temperature which results low EIP days
and mortality rates and high biting rate. Among all months the high Chikungunya
transmission and high R, values was reported during the month of September across
the India.

Similarly, the present study also assessed the seasonal pattern of Chikungunya
transmission in India, which shows that high R, values was reported in summer due
to increased temperatures, followed by monsoon period. The monsoon period,
rainfall provides ample breeding habitats and temperature helps the lifecycle to
complete faster in both vector and virus. Similarly, the temperature dependent
parameters shows that monsoon period has high biting rate, low EIPs days and
mortality rates which leads the higher Ry.

16 Conclusions

It has been long since the Chikungunya virus infection in human started and
causing a major public health issue globally. The mathematical model is developed
and presented her is based on simulations of pathogen traits and entomological
factors which help to understand the effects of the temperature range for optimal
transmission of Chikungunya in India. The study also predicts the regions that are
more vulnerable for the viral transmission or outbreak in India. The model showed
that the R, peaked at 29 °C (R > 6.5) which indicates that it is most suitable
temperature for transmission of Chikungunya virus. The model indicates that the
coastal areas and Southern region of India has the environment more suitable for
Chikungunya transmission. Whereas the Northeast, central region and few geo-
graphic regions of North India show low suitability for Chikungunya transmission,
this may be due to low-temperature.

In India most of the historical outbreaks of Chikungunya were associated with
the  monsoon and  post-monsoon  periods. The  first  outbreak
of Chikungunya (1963 July to December) in India occurred during the monsoon
and post monsoon period (Ray et al. 2012). Followed by the outbreaks in Orissa in
2006-2007, and in NCT of Delhi in monsoon and post monsoon periods (Dwibedi
et al. 2011). Therefore the Chikungunya transmission and outbreaks in India fol-
lows a strong seasonality predominantly in monsoon period where rainfall and
temperature provides ambient conditions for both vector and virus. Our model
predicts the risk of Chikungunya transmission and outbreaks during the monsoon
period. Similarly, the population of vectors such as
Aedes albopictus and Aedes aegypti is very high in many parts of the India and
they are not only vectors for Chikungunya but they can also transmit dengue,
yellow fever and Zika virus (Mutheneni et al. 2017). A comprehensive vector/larval
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control operations should be implemented on priority basis and the study also
emphasize that, most of the states are climatologically suitable for disease trans-
mission hence a continuous surveillance studies can be taken to understand the
disease burden.
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Effect of Chikungunya Viral Infection M)
on the Auditory System ke

Prashanth Prabhu and Shezeen Abdul Gafoor

Abstract It is plausible that auditory symptoms can become comorbidity with
Chikungunya (CHIK) virus infections. The exact etiology is not known due to the
lack of full literature as well as the lower number of reports regarding the incidence
of hearing related issues in the affected persons. Moreover, in the developing and
under-developed countries (which is where the infection is more prevalent), hearing
difficulties are usually not reported until it is significantly noticeable by the patient
or affecting quality of life (which is dependent on the listening needs of the indi-
vidual). It has been reported that the neurotropic nature of the CHIK virus can have
effect on the auditory and associated neurons. As demyelination neuropathy is
mostly reported in patients with CHIKinfection (Chandak et al., Neurol India
57:177-181, 2009), it is possible that a similar demyelination can be the cause of
the auditory symptom, such as in case of Auditory Neuropathy Spectrum Disorder
(ANSD) presentations. It is also likely that, if the virus crosses and reaches the
cochlea it can have similar effect of other viral infections in the cochlea such as
rubella and herpes simplex, which can cause varying degrees of atrophy of organ of
corti, striavascularis and/or tectorial membrane.

Keywords Chikungunya - Viral infections « Neuropathy - Neuro-virulence -
Spectrum disorder - Auditory system - Auditory nerve - Demyelination - Atrophy

1 Introduction

Chikungunya (CHIK) virus is gradually rising to be a “global public health men-
ace”, that affects millions of people from across the world, majorly in the tropical
and sub-tropical countries (Petersen and Powers 2016). The CHIK, a single
stranded RNA virus, is mostly transmitted by vector mosquitoes such as
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Aedesaegypti and Aedesalbopictus, belonging to the Alpha virus genus. In some
cases, vertical maternal fetal transmission have also been reported (Robillard et al.
2006). Once infected, the virus utilizes an incubation period of up to a week before
the symptoms start appearing. The CHIK infection spreads to wherever the vectors
move and are more common in tropical countries. Increased travel from one place
to the other by humans and the capacity of CHIK to produce high levels of
infection, and mutation also contribute to its fast spread. The most common
symptoms include elevated body temperatures, joint pain and swelling, rash,
headache, tiredness etc.

According to the World Health Organization, this viral infection, first identified
in Tanzania in 1952, has spread to at least 40 countries including Asia, Africa,
Europe and America (World Health Organisation, 2017). Phylogenetic analyses
carried out on CHIK virus identifies its four different genotypes—Asian/Caribbean,
West African, Eastern/Central/South African and Indian Ocean Line (Moizeis et al.
2018). The major difference between these genotypes lies in their transmission
cycles.

The CHIK virus is detected through laboratory testing (microscopic presence of
CHIK virus and its Immunoglobulin M analyses). A reverse transcription poly-
merase chain reaction can also be used; however its sensitivity remains weak
(Johnson et al. 2016).

2 Clinical Presentations

CHIK virus fever widely varies according to clinical manifestations. Samples were
collected from the residents of a CHIK virus hit area in Southern Thailand and
tested for the presence of the virus (Nakkhara et al. 2013). Although 61.9% of the
samples tested were positive for the virus, 47.1% of the positive tested were
asymptomatic. The authors concluded that even though the transmission is based on
the environmental conditions, symptoms are dependent on “personal biologic
factors and social setting”. Individuals aged above 30 years with Rh positive blood
groups were found to be more susceptible to the virus. In addition, males were 1.3
times more likely to be affected by the disease than females (Kumar et al. 2010).
Once infected, the individuals may be debilitated to work as there can be a
reduction in dexterity, mobility and reaction.

The symptomatic cases are mostly characterized by a triad of symptoms which
include ocular manifestations like conjunctivitis, retinitis etc. In some cases, the
CHIK virus infection also exhibits neurological complications such as encephalitis,
bulbar palsy, acute disseminated encephalomyelitis, cerebellitis, myelopathy,
radiculoneuropathy, carpel tunnel syndrome and tremors were reported (Anand
et al. 2019). Other signs like peripheral neuropathy and myeloneuropathy have also
been presented with CHIK virus infection. The neuropathy was mostly caused by
the demyelination of the neurons. Studies carried out in South India found that
individuals with CHIK virus infection also had some ocular signs such as anterior
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uveitis, optic neuritis, retrobulbar neuritis and dendritic lesions (Chandak et al.
2009; Lalitha et al. 2007). The prognosis for the above mentioned visual difficulties
were reported to be good and most patients recovered completely (Lalitha et al.
2007). Some other atypical manifestations like cardiovascular, respiratory, vascular,
renal, hepatic, gastrointestinal and adrenal system have also been noticed by some
authors (Mehta et al. 2018; Anand et al. 2019; Chandak et al. 2009).

3 Chikungunya Virus Effect on the Auditory System

Amongst CHIK virus infected persons, 60% reported facing some kind of comor-
bidities, which was more in individuals who had the onset of disease at an older age
(mean age: 54.2 years). Such patients also had lesser recovery rates. Of this, six percent
of the individuals reported sustained severe to profound hearing loss (Couturier et al.
2012). There are other instances where bilateral mild to severe sensorineural hearing
loss has been reported with CHIK virus infection (Dutta et al. 2011).

Therefore, development of hearing difficulty or hearing related problems, though
less encountered, are prevailing amongst neurological complication post CHIK
virus infection. In a case study carried out in Colombia, it was observed that a child
acquired mild hearing impairment, with altered auditory evoked potential, after
13 months of CHIK virus infection (Alvarado-Socarras et al. 2016).

There are also instances where sudden sensorineural hearing loss was reported
one week post onset of CHIK virus fever, which was preceded by tinnitus. The
hearing difficulty was associated with other aural symptoms such as fullness in the
ear, severe giddiness, nausea and vomiting. Upon audiological testing, the patient
was diagnosed as having profound hearing loss. The probable etiology was routed
to “atrophy of organ of corti, striavascularis and tectorial membrane with variable
loss of neuronal population” during the virus attack (Bhavana et al. 2008).

4 Peripheral Neuropathy

Peripheral neuropathy has been associated with CHIK virus infected patients. Its
symptoms usually are linked with the conditions where it is gradually progressive.
When this happens in the auditory system, the condition is termed as auditory
neuropathy spectrum disorder (ANSD). In ANSD (which is a “cochlear afferent
disorder”), it is sound transduction that is majorly affected. This is mostly accounted
to primary demyelination of neurons and axonal loss (Starr et al. 1996). It is likely
that the CHIK virus follows similar pathology within the inner ear and causes the
various auditory symptoms.

ANSD can happen at three different levels—pre-synaptic, synaptic (at the ribbon
synapse between inner hair cells and the auditory nerve) and post synaptic where it
causes a disruption in the VIII cranial nerve activity. This disruption mostly arises
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either due deafferentiation (reduced number of activated auditory nerve fibers)
which in most cases of axonal type of neuropathy or due to reduced neural syn-
chrony occurs mostly in demyelinating neuropathies (Rance and Starr 2015).
Since CHIK virus has been associated with demyelination of nerve cells and its
neurotoxic nature established, ANSD is very likely neurological comorbidity in
individuals with CHIK fever, if the virus enters the auditory system.

The possibility exists that neural hearing loss may be present in individuals
having CHIK virus infection. Prabhu (2015), observed such findings in a 14 year
old boy with complaint of a decline in his hearing and increase in humming tinnitus
(catastrophic) in both his ears along with difficulty in understanding speech onset
after the attack of CHIK fever. These were also associated with vertigo and Tullio
phenomenon. The boy also had mild form of depression. Upon detailed investi-
gation, he was found to have bilateral mild sensorineural hearing loss (rising
configuration) with poor speech identification scores. Abnormal or absent auditory
brainstem response and cervical vestibular evoked myogenic potential recordings
were obtained for this patient. This along with the findings in otoacoustic emissions
indicated the presence of retrocochlear pathology like ANSD.

Hence, a test battery approach is mandatory to diagnose and habilitate indi-
viduals with hearing impairment post CHIK virus infection. The audiological test
battery for post CHIK virus infestation should include pure tone audiometry and
speech audiometry to understand the degree of loss of sensitivity. Speech
audiometry results also can help in predicting the neuronal ability to conduct speech
sounds. An immittance audiometry need to be carried out which includes both
tympanometry as well as reflexometry to understand the middle ear status of the
individual. Otoacoustic emissions can be measured to obtain information about the
cochlear status and the outer hair cell functioning. Auditory evoked responses such
as brainstem evoked response audiometry, vestibular evoked myogenic potentials
etc. need to be administered to rule out retrocochlear pathology such as ANSD.
Further testing can be decided based on the findings from these mentioned tests.
The rehabilitative options suggested to the patient will also vary depending on these
test results.

5 Conclusion

It is intriguing that such a small single stranded RNA virus can cause such a varied
genre of symptoms in humans. It is quite evident that CHIK virus can lead to
auditory deficit, probably as a result of demyelination of neurons leading to neu-
ropathy or toxicity caused in the inner ear. However, there is dearth of literature to
point out exact signs and symptoms or prognostic factors associated with this viral
infection in the auditory system. It is likely that the symptoms vary depending on
the extent of the spread and severity of the infection.

If a person reports with hearing loss onset after CHIK virus infection, it is
important that a complete audio-vestibular test battery approach be administered.
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A single test cannot give a clear information about the patient’s audio-vestibular
profile. Multiple tests have to be carried out and correlated before reaching a
diagnostic conclusion.

Hence, a test battery approach is mandatory to diagnose and habilitate indi-
viduals with hearing impairment post CHIK virus infection. The audiological test
battery for individuals post CHIK virus infestation should include pure tone
audiometry and speech audiometry to understand the degree of loss of sensitivity.
Speech audiometry results also can help in predicting the neuronal ability to con-
duct speech sounds. An immittance audiometry need to be carried out which
includes both tympanometry as well as reflexometry to understand the middle ear
status of the person. Otoacoustic emissions can be measured to obtain information
about the cochlear status and the outer hair cell functioning. Auditory evoked
responses such as brainstem evoked response audiometry, vestibular evoked
myogenic potentials etc. need to be administered to rule out retrocochlear pathology
such as ANSD. Further testing can be decided based on the findings from the
mentioned tests. The rehabilitative options suggested to the patient will also vary
depending on these test results.
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Abstract Epstein-Barr virus (EBV) is a double-stranded DNA virus of
the y-herpesvirus subfamily that is implicated in a heterogeneous array of
pathologies ranging from benign to malignant. Several lymphomas have been
associated with latent infection of EBV, including Burkitt lymphoma (BL), Hodgkin
lymphoma, diffuse large B-cell lymphoma, and T-cell lymphoma. The role of EBV
in the pathogenesis of lymphoma is thought to be related to the induction of T-cell
independent immunoglobulin class switching, antigenic stimulation of the B-cell
receptor, and promotion of genetic instability of B-cells. In this chapter, the viral
particle, route of infection, and proposed pathogenesis of EBV-related lymphomas
are briefly discussed. The history of the discovery of EBV and BL, the first human
malignancy proven to be caused by a virus, is presented.

Keywords Lymphoma - Epstein-Barr virus - Burkitt lymphoma - Hodgkin’s
lymphoma - Diffuse large B-Cell lymphoma - Oncology - Oncogenesis

1 Epstein-Barr Virus

Epstein-Barr  virus (EBV) is a double-stranded DNA  virus of
the y-herpesvirus subfamily that encodes for nearly 100 proteins (Jenson 2011;
Minarovits and Niller 2017). There are two types of EBV, type 1 and type 2 (also
known as type A and type B, respectively), which are homologous in 70-85% of
their genome. There are no identified differences in disease or presentation between
the two types of EBV, but EBV-1 is more prevalent worldwide while EBV-2 is
more prevalent in Africa (Jenson 2011). Although it can be transmitted through
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genital secretions and sexual contact, it is transmitted primarily by saliva, which
often occurs as a child through handling toys or as an adolescent through kissing.
Following primary infection, EBV is shed in saliva at high concentrations for
6 months, as well as intermittently throughout the remainder of life at lower
concentrations (Jenson 2011; Vockerodt et al. 2015).

In low- and middle-income countries transmission of EBV occurs largely dur-
ing infancy, while in high-income countries approximately one third of transmis-
sions occur in later childhood and adolescence — presumably because of differences
in hygiene (Jenson 2011). Infections in infancy and early childhood are more likely
to be asymptomatic or mild while around 50% of adolescence and adults will
experience symptoms and signs of infectious mononucleosis with primary
infection (Jenson 2011).

EBV primarily infects the B-lymphocyte and results in lifelong infection by
establishing latency in the host genome (Jenson 2011; Minarovits and Niller 2017,
Vockerodt et al. 2015). Binding of the viral envelope glycoprotein, gp350 and
gp42, to the CD21 receptor and to human leukocyte antigen class II molecules,
respectively, on the surface of B cells begins the process of EBV entrance into B
cells (Borza and Hutt-Fletcher 2002; Nemerow et al. 1987). Infection of other cell
types is possible but much less efficient (Borza and Hutt-Fletcher 2002). In vitro, B
cells infected with EBV almost always transform into proliferating lymphoblastoid
cells and unregulated polyclonal expansion occurs (Diehl et al. 1968). In vivo, the
virus rarely achieves full lytic replication (Young and Rickinson 2004) instead
leads to latent infection of lymphoblastoid cells. Latently infected cells express a
limited set of viral gene products made up of six EBV nuclear antigens (EBNAs 1,
2, 3A, 3B, 3C and LP) and three latent membrane proteins (LMPs 1, 2A, and
2B). Non-coding viral RNA transcripts, including EBERI and EBER?2, are also
produced from latently infected cells, although the function of these transcripts is
not clear (Kieff and Rickinson 2001). The constitutive expression of these proteins
without progression to lytic replication is a hallmark of latent infection and allows
EBV (and other herpesviruses) to achieve life-long infection in a host.

Because it is transferred primarily by saliva and leads to lifelong infection; EBV is
an extremely common pathogen, with greater than 90% of adult humans being
seropositive and latently infected (Jenson 2011; Henle and Henle 1966). The per-
sistent, latent infection that follows primary EBV infection is in itself not known to
cause any symptoms or clinical manifestation, however primary infection with or
re-activation of EBV can cause a wide spectrum of clinical manifestations. Infectious
mononucleosis, usually a benign disease in otherwise healthy individuals, is a widely
recognized manifestation of EBV infection, and presents classically with fevers,
malaise, lymphadenopathy, sore throat, and hepatosplenomegaly (Jenson 2011;
Henle et al. 1968). In immunocompromised individuals, EBV infection can
cause non-malignant manifestations including lymphoid interstitial pneumonitis,
oral hairy leukoplakia, and virus-associated hemophagocytic syndrome (Jenson
2011; Minarovits and Niller 2017); several malignant disorders including primary
central nervous system lymphoma, primary effusion lymphoma, plasmablas-
tic lymphoma of the oral cavity (Carbone et al. 2009), and other lymphoproliferative
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disorders (Thomas et al. 1990) may also occur in the immunocompromised host. In
both cases immunocompetent and immunocompromised individuals, EBV infection
is  associated  with several malignancies, most  classically  with Burkitt
lymphoma (Zur Hausen et al. 1970; Epstein et al. 1964), but also with nasopha-
ryngeal carcinoma (Zur Hausen et al. 1970), Hodgkin lymphoma (Vockerodt et al.
2015), diffuse large B-cell lymphoma (Vockerodt et al. 2015), and T-cell
lymphoma (Vockerodt et al. 2015). Through molecular mimicry, EBV has been
postulated to play a role in several auto-immune conditions, including systemic lupus
erythematosus, rheumatoid arthritis, and multiple sclerosis (Evans et al. 1971; Poole
et al. 2008; Lunemann et al. 2008; 2008; Rojas et al. 2018). The ability of EBV to
induce certain cancers and induce or exacerbate inflammatory and autoimmune
conditions is thought to be related to the induction of T-cell independent
immunoglobulin class switching, which leads to unregulated and aberrant IgG, IgA,
and/or IgE production (He et al. 2003).

In addition to its importance as a human pathogen causing a variety of diseases,
EBV holds an important place in medical research and virology. EBV was the first
virus found to cause cancer in humans (Greaves 2016; Harford 2012; Magrath
2012), and its discovery stimulated further study in the fields of human oncov-
iruses, molecular virology, and viral diagnostics (Niller and Bauer 2017).

2 Historic Context

The history of EBV is tied to a unique malignancy we now term Burkitt Lymphoma
(BL). Prevalent along equatorial Africa, BL often presented with rapidly growing
and aggressive jaw tumours in children. Traditional wooden masks from equatorial
Africa often show proptosis and facial deformities, which may be a sign that the
typical facial involvement of BL was noted well before the modern era (Pulvertaft
1965). Albert Cook, who was likely the earliest European physician to devote his
practice to Uganda (IARC Working Group 1997), noted in 1901 that cancer was
prevalent in Uganda, with jaw tumours being especially common (Davies et al.
1897). Several other reports of jaw tumours surfaced from equatorial African
countries (Edington 1956; Smith and Elmes 1934), but it was not until the late
1950s that a clinically unique syndrome could be described.

In 1957 Denis Burkitt, a medical officer with the Colonial office stationed in
Uganda, was able to examine two children with tumours of the jaw. When both of
his patients died, he began to search in local records for similar cases of tumours in
young children (Wright 2012) . Over several years Burkitt and Gregory O’Conor,
the pathologists at Mulago Hospital, gathered information on tumour cases from
Uganda and neighbouring countries. In 1961, they published their findings of a
unique lymphoma syndrome characterized by rapidly growing and often fatal
tumours occurring in the jaw, abdomen, salivary gland, bone, or spinal
column (Burkitt and O’Conor 1961). Already, there were hints of a viral
aetiology; O’Conor noted that the malignant lymphoma syndrome was clinically
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similar in presentation to lymphocytic bovine leukemia, a disease in cows known at
that time to have a viral cause (O’Conor 1961). The prevalence of this newly
described lymphoma appeared to be clustered along central Africa in a “lymphoma
belt”, the margins of which Burkitt and two colleagues demarcated in 1961 by
visiting around 57 hospitals in 8 countries during a 10-week span, travel-
ling around 10 000 miles of rough terrain in a 1954 Ford station wagon (Magrath
2012). Through this epidemiological reconnaissance, Burkitt was able to describe
the lymphoma as being most common in the tropic regions of Africa and rare in
colder, dry, elevated regions, raising the possibility of an insect-vectored virus as
the cause of the lymphoma (Burkitt 1962, 1969)—a hypothesis that was eventually
proven false when it was determined that EBV was transmitted by saliva (Klein
2009). Several previous studies had examined the possibility that malaria, trans-
mitted through the anopheles mosquito, played a role in the pathogenesis of what
had by then been dubbed Burkitt Lymphoma (Dalldorf et al. 1964; Edington et al.
1963), and in 1969 Burkitt updated his hypothesis by stating that malaria may act as
a cofactor with EBV to promote oncogenesis, and the unique distribution of BL was
thus explained by the habitat of the anopheles mosquito (Burkitt 1969). The role of
malaria and EBV in causing endemic BL is complex and continues to be an active
area of research to this day (Magrath 2012; Current Cancer Research 2013).

The discovery of the viral cause of BL began in 1961 when Burkitt, back in the
United Kingdom for home leave, presented on the newly described lymphoma at a
lecture at Middlesex Hospital Medical School. Anthony Epstein, a medical virol-
ogist whose research focused on chicken tumour viruses, was in the audience to
hear Burkitt’s speech (Epstein and Eastwood 1955). Epstein had used electron
microscopy, still a relatively novel research tool, to demonstrate that the Rous fowl
sarcoma virus was a RNA virus and not a DNA virus (Epstein 1958; Epstein and
Holt 1958 June). Burkitt’s description of the strange malignant tumour syndrome
with a geographical distribution immediately had Epstein thinking about a
human cancer-causing virus as a potential cause, and Epstein shifted his research
focus to isolating a viral cause for BL (Smith 2012; Epstein 2015). After the lec-
ture, he met with Burkitt and the two entered in a collaborative research (Epstein
2015). Epstein then had tumour cells from BL patients in Uganda flown to his
laboratory in London for study (Epstein 2015). Epstein was able to secure a grant
from the US National Cancer Institute, which allowed him to recruit the
pathologist, Bert Achong, to use electron microscopy, and PhD student Yvonne
Barr, to assist with tissue cultures (Epstein 2015). After several years of attempting
to grow human lymphoma cells with disappointing results, a breakthrough was
finally made when the airplane bringing biopsy samples from Kampala to London
was diverted due to fog. When the samples finally arrived, Epstein noted
cells growing in the transit fluid, and thus a method of culturing free-floating
lymphocytes in fluid was discovered (Epstein 2015). These cell lines, when
examined under electron microscopy, showed evidence of a herpes-like virus,
and Epstein, Achong, and Barr were able to publish this result in 1964 (Epstein
et al. 1964). However, years of further studies would be needed before the virus
particles, later named Epstein-Barr virus, could be branded as oncogenic.
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To confirm these findings at an independent laboratory, Epstein contacted
Werner and Gertrude Henle, husband and wife virologists working at the
Children’s Hospital in Philadelphia. In addition to confirming the presence of a viral
particle in lymphoblast, taken from BL patients (Epstein et al. 1965),
the Henle contributed much of the early research into the characterization and
oncogenic potential of EBV. They worked collaboratively with many researchers
and clinicians, including Harald zur Hausen, who eventually won the Nobel Prize
for the discovery of human Papilloma virus (Nobelprize 2008), another human
oncovirus. At that time, it was unclear if EBV was an innocent bystander or an
oncogenic virus: although the newly described virus could be detected in nearly all
cases of African BL, it was also prevalent in asymptomatic and healthy
individuals (Henle and Henle 1966). However, Henle and others showed that BL
patients expressed antibody titres against EBV that were, on average, 8-fold higher
than controls (Henle et al. 1969), supporting an association between EBV and
BL. Henle then showed that co-cultivation of irradiated lysed BL cells with healthy
control leukocytes often lead to proliferation of hematopoietic cells, indicating that
the oncogenic potential that may be present within the contents of BL cells (Henle
etal. 1967; Henle 1968). In 1970 they published the discovery of EBV DNA within
cells taken from BL biopsies, supporting the association of EBV with BL (Zur
Hausen et al. 1970). When a technician working in the Henle laboratory
serendipitously became ill with infectious mononucleosis, it was noticed that the
technician developed antibodies to EBV over the course of the illness (Henle and
Henle 1979). Further study was then devoted to the role of EBV in the development
of mononucleosis, and the ability of EBV to cause several distinct clinical
pathologies were described (Henle et al. 1968; Henle and Henle 1979). Through the
work of Epstein, Barr, Achong, the Henle group, and many other researchers, by
the late 1970s enough evidence was gathered to prove that EBV played a
carcinogenic role in humans (Epstein and Achong 1979), and EBV became widely
recognized as the first human oncovirus.

3 Lymphomas Associated With EBV Infection

The malignancies that have been associated with EBV infection can be classified
into two broad categories: those that arise from B-cell origin (and thus are a
by-product of the persistence of EBV in the B-cell system) and those that arise from
non-B-cell origin (and are thought to be the result of EBV accessing unusual target
cell types) (Chapman and Rickinson 1998). The former category includes BL,
Hodgkin disease, diffuse large B-cell lymphoma (DLBCL), and primary effusion
lymphoma, while the latter includes T-cell lymphoma, nasopharyngeal carcinoma,
gastric carcinoma, and leiomyosarcoma.

Because EBV infection is ubiquitously found, it is sometimes challenging to
determine if EBV infection truly plays a pathogenic role in any specific disease in
which it has been associated with, or whether it is an innocent
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bystander (Thorley-Lawson and Gross 2004). The discovery that isolated the virus
from different tumours, expressing different latent genes has been used to explain
various roles of EBV in lymphomagenesis (Vockerodt et al. 2015), and provides
evidence in several cases against an “innocent bystander” role. Furthermore, EBV
has been shown to interact with memory B cells causing B cell hyperplasia and
triggering T cell-independent class switch recombination and somatic hypermuta-
tion of B cells (He et al. 2003; Magrath 2012; Epeldegui et al. 2007). Errors
associated with unregulated class switch recombination and somatic hypermutation
can lead to oncogene mutation or translocation (Epeldegui et al. 2007), which may
provide a mechanistic explanation for the role of EBV in the development of B cell
lymphomas.

4 Role of EBV In Oncogenesis Of Burkitt Lymphoma

Burkitt Lymphoma, as the first human cancer proven to be caused by a virus, has
been extensively studied and can be used as an example of some of the mechanisms
by which EBV causes lymphomas. Despite the extensive research into EBV and
BL, there are still gaps in our knowledge of the role of EBV in the oncogenesis of
BL (Bornkamm 2009). An overview of the current knowledge is presented below.

The World Health Organization (WHO) classifies BL into three broad
groups (Swedlow et al. 2016). ‘Endemic’ BL refers to cases of BL in high incidence
areas including equatorial Africa and Papua New Guinea (Magrath 2012);
‘Sporadic’ BL occurs (at much lower incidence rates) throughout the rest of the
world while immunodeficiency-associated BL, first described in patients with
HIV (Ziegler et al. 1982), occurs in those who are immunocompromised (Vockerodt
et al. 2015). Nearly all of endemic BL is EBV-positive (Henle and Henle 1966),
while only about 10-30% of sporadic JARC Working Group 1997; Frick et al.
2012) and 40% of immunodeficiency-associated cases are EBV-positive (Frick
et al. 2012). EBV causes antigenic stimulation of the B-cell receptor (BCR) and
promotes genetic instability of B-cells (He et al. 2003; Epeldegui et al. 2007;
Bornkamm 2009).

Malaria is an important cofactor in the pathogenesis of endemic BL. In addition
to causing hyper-gammaglobulinemia and polyclonal B cell activation, Plasmodium
falciparum has been shown to directly induce EBV reactivation and increase viral
loads (Chene et al. 2009). This effect intensifies the B cell hyperplasia,
CD40-idenpendent class switch recombination, and somatic hypermutation of B
cells that occurs with EBV infection (He et al. 2003; Magrath 2012; Epeldegui et al.
2007). It is the occasional errors in the cellular machinery in class switch recom-
bination that leads to oncogene mutations or translocations, genetic instability, and
deregulated expression of the MYC gene thought to underlie the development of
endemic BL (Magrath 2012; Torgbor et al. 2014).

Early studies showed that EBV serum antibodies were more prevalent and of
higher titre in cases of endemic BL than in controls (Henle et al. 1969; Klein et al.
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1970). Soon after it was shown that nearly 100% of tumour samples taken from
endemic BL cases contain multiple EBV genomes (Zur Hausen et al. 1970), and
that generally the full set of latent EBV genes (including nuclear antigens and latent
membrane proteins) were expressed when BL cells are cultured
artificially (Magrath 2012; Reedman and Klein 1973). In contrast, studies exam-
ining sporadic cases of BL found levels of EBV serum antibody titres that, although
higher than age-matched controls, were much lower than endemic BL
cases (Levine et al. 1972). In addition, compared to endemic BL, sporadic BL cases
have higher rates of mutations of TCF3/ID3 genes, which cause intrinsic activation
of the BCR-pathway independently of the activation of this pathway caused by
EBV and malaria (Amato et al. 2016). These findings support the hypothesis that
significantly different pathways exist for the pathogenesis of endemic and sporadic
BL, with EBV (and other cofactors like malaria) playing a larger role in endemic
BL while sporadic BL relies more on intrinsic mutations.

5 Conclusion

The current understanding of the role of EBV in the pathogenesis of several
heterogeneous malignancies, though incomplete, is being used to guide future
treatment options. One exciting area of research is the use of cellular
immunotherapies to target EBV antigens on infected cells. Since 1995 this tech-
nique has been used on a small number of patients with a variety of EBV-related
diseases including post-transplant lymphoproliferative disease, Hodgkin’s lym-
phoma, and nasopharyngeal carcinoma (Merlo et al. 2011; Pfeffermann et al. 2018),
although success has been somewhat variable.

From humble beginnings with a missionary surgeon in Uganda and a
chicken-virus researcher in England to new cellular immunotherapies created
through the combined knowledge of 40 years of research, researchers are still
revealing new information about the oncogenesis of EBV-related malignancies.
Burkitt Lymphoma and other EBV-related lymphomas continue to cause significant
mortality and worldwide, and research has begun to shift towards creating new
treatment options to prolong survival and perhaps, in some cases, provide cure.
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zoonotic diseases of viral hemorrhagic fever.The causative agent is a
single-stranded RNA virus belonging to the genus Orthonairovirus of the
Nairoviridae family. The virus is transmitted to humans by tick bites, or through
direct contact with blood or tissues of a viremic patient or infected animal.
Information on the pathogenesis is very limited. The disease has a wide geo-
graphical distribution, with significant numbers of cases reported from the Republic
of South Africa, the Democratic Republic of Congo, Mauritania, Tanzania, Iraq,
Pakistan, Oman, China, and Senegal. CCHF typically has four different clinical
stages, including incubation, pre-hemorrhagic, hemorrhagic, and recovery periods.
It is difficult to diagnose because the clinical manifestations of the disease can be
confused with many other diseases. This fact increases the need for new biomarkers
to help diagnose CCHF. Routine clinical laboratory parameters including platelet,
AST, ALT, first step coagulation tests, LDH creatinine, and fibrinogen have been
considered as laboratory indicators of CCHF. As disease-specific treatment options
are limited, supportive approaches are often used in the treatment of the disease.
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1 History and Geographical Distribution

CCHF was first described in the twelfth century in Tajikistan. Different nomen-
clatures have been used for the disease in different parts of the world, such as
Central Asian hemorrhagic fever, Crimean hemorrhagic fever, Congo fever, Asian
Ebola, Khungribta (blood taking), Khunymuny (nose bleeding), and Karakhalak
(black death). In modern literature, the disease was first recognized in the 1940s,
with an outbreak of a hemorrhagic febrile disease in 200 soldiers working to
increase agricultural production in Crimea. This disease, which resulted in mortality
in 10% of cases, was called Crimean fever. Subsequently, the virus isolated from
the blood of a patient in Belgian Congo in 1956 was found to be antigenically
equivalent to the causative agent of the Crimean disease. The current name of
Crimean-Congo hemorrhagic disease was applied as a result of this connection
between the two place names. Before the 1970s, most cases were reported from the
Soviet Union and the Democratic Republic of Congo, and from then until 2000,
detailed studies and significant numbers of cases were reported from the Republic
of South Africa, the Democratic Republic of Congo, Mauritania, Tanzania, Iraq,
Pakistan, Oman and China, Senegal. Since 2000, new cases have been reported
from Bulgaria, Iran, Turkey, Greece, Albania and Kosovo (Chinikar et al. 2010;
Hoogstraal 1979; Whitehouse 2004; Ince et al. 2014; Morikawa et al. 2007; Papa
2019). Important case reports were published in France (cases from Senegal),
Germany (from Afghanistan) and the UK (in Afghanistan and Bulgaria). Following
a case from Spain in 2016 it was suggested that the main vector represents a change
in the geographical distribution (Spengler et al. 2019). The most commonly
reported countries for CCHF cases, between 1998 and 2013, were Turkey, Russia,
Iran, Pakistan and Afghanistan (Ince et al. 2014; Morikawa et al. 2007).

2 Causative Agent

The causative agent is a single-stranded RNA virus of the Orthonairovirus genus of
the Nairoviridae family. The single-stranded RNA consists of 3 different segments
called L, M and S, which encode 4 different proteins. The S segment encodes the
viral nucleocapsid, the M segment encodes structural proteins (Gn and Gc) and the
L segment encodes the viral polymerase. Eight different genetic lineages have been
reported for viral RNA. The first lineage comprises the viruses in the region of
Eastern Europe. The second lineage of viruses is the so-called AP92, is mostly
found in Greece. The third lineage comprises the viruses in the region of Central
Asia, the fourth lineage comprises viruses in the region of Pakistan, Madagascar
and some parts of Iran, and the fifth lineage comprises the viruses in the region of
Iran and Senegal and Mauritania. The other lineages comprise viruses in the regions
of Africa (Whitehouse 2004; Spengler et al. 2019; Adams et al. 2017; Shayan et al.
2015; Ergoniil 2006).



Diagnosis, Prognosis and Clinical Trial ... 209

The virus is sensitive to environmental conditions and can be inactivated with
disinfectants and detergents. The CCHF virus (CCHFV) can be inactivated by
disinfectants, including 1% sodium hypochlorite, 70% alcohol, 2% glutaraldehyde,
hydrogen peroxide and peracetic acid. With this treatment the virus can be inac-
tivated in 30 min at 56 °C (Appannanavar and Mishra 2011).

3 Seasonal Distribution

It occurs in the Northern Hemisphere between April and September and reaches its
highest level in June and July. However, this may vary depending on the region;
and cases have even been reported also in January. Climatic characteristics such as
warm winters, reduced precipitation and increased temperatures in spring and
summer can cause an increase in the number of ticks of the genus Hyalomma, and
this is associated with increased cases of human CCHF (Duygu et al. 2018b). The
geographical distribution of CCHF patients and Hyalomma ticks is very similar. In
addition to Hyalomma, CCHFV has been detected in tick species such as
Rhipicephalus, Ornithodoros, Boophilus, Dermacentor and Ixodes (Telmadarraiy
et al. 2015).

4 Risk Groups

The risk of exposure to the virus is high among agricultural workers, livestock
farmers, shepherds, slaughterhouse workers, meat and meat products workers,
veterinarians, leather factory workers, rural campers, hunters, soldiers, health
workers and those travelling to endemic areas. Risk factors for seropositivity
include a history of tick bites, livestock or farming, manual removal of ticks from
animals, and living in rural areas (Whitehouse 2004; Mourya et al. 2019; Gunes
et al. 2009).

5 Transmission

The virus is transmitted to humans through tick bites or by direct contact with
infected animal blood. Due to their role in the life cycle of ticks, some animals play
an important role in the transmission and multiplication of the virus. Viremia or
antibodies against the virus have been detected in a wide variety of wild and
domestic mammals. Viremia in mammals can last up to two weeks with no clinical
manifestations. Although there data are scarce and further research is required, it
should be kept in mind that contact with body fluids or tissues of viremic animals
may cause an infection risk for slaughterhouse workers, veterinarians, shepherds
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and farmers. High risk activities such as slaughtering, transporting animals and
inspecting livestock without protective measures and the unauthorized slaughter of
animals can facilitate the transmission of the disease. In addition, human-to-human
transmission can be seen by direct or indirect contact of body fluids, skin or mucous
membranes of patients (Gozel et al. 2014; Gunes et al. 2011). Until 2016, 158
CCHEF hospital infection cases had been reported from 20 countries in Africa, Asia
and Europe. Most of these cases were reported in healthcare workers (86.1%). This
was followed by visitors (12.7%) and hospitalized patients (1.3%). Nurses (44.9%)
and doctors (32.3%) and the healthcare workers most affected by CCHF. It has been
reported that percutaneous contact (34.3%) and cutaneous contact (22.2%) are the
most common routes of transmission in healthcare workers (Tsergouli et al. 2019).
Uncertainty remains about the risk of the transmission of the CCHF agent by breast
milk and sexually transmission. If appropriate precautions are taken in the labo-
ratory, the risk of laboratory-related contamination is low (Erbay et al. 2008;
Leblebicioglu et al. 2016b). Possible causes of CCHF outbreaks also include the
transport of viruses by birds or other animals from endemic to non-endemic areas.
In addition, changing agricultural practices, climate change, the presence of vul-
nerable animal populations and wildlife increase the risk of contact with vectors
(Bente et al. 2013).

6 Clinical Findings

The disease may present with different clinical manifestations ranging from
asymptomatic cases to severe forms (Akinci et al. 2016a). The clinical manifesta-
tions of CCHF are non-specific and may be confused with many other diseases.
Fever, headache, retro-orbital pain, weakness, muscle pain, sore throat, dizziness,
conjunctivitis, photophobia, abdominal pain, nausea and vomiting are common
findings of CCHF (Fillatre et al. 2019). CCHF typically has four different clinical
stages, including incubation, pre-hemorrhagic, hemorrhagic and recovery periods
(Ergonil 2006). The incubation time may vary depending on the viral load and the
route of transmission of the virus. After a tick bite, the incubation period is usually
between 1 and 3 days (maximum 12 days). The incubation period is usually
between 5 and 6 days following contact with blood and body fluids, although it can
be up to 13 days (Vorou et al. 2007; Kaya et al. 2011).

The pre-hemorrhagic period lasts between 1 and 7 days. This period is char-
acterized by sudden onset of fever, headache, myalgia, dizziness and hyperemia in
the face and neck region and conjunctivitis. During this period, the fever continues
for an average of 4-5 days, after which the hemorrhagic period begins, which is a
very troublesome period for the patient. This is a short-term period (usually 2-
3 days) and develops rapidly. It usually begins on the third to fifth day of the
disease. In the hemorrhagic period, different types of bleeding can be seen, such as
petechiae, ecchymoses, mucosal hemorrhages, large hematomas of the skin and
intraparenchymal hemorrhages. Cerebral and intramuscular hemorrhages can be
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seen in CCHF patients, in addition to typical bleeding symptoms such as nosebleed,
gingival hemorrhage, hemoptysis, hematemesis, melana, menometrorrhagia and
hematuria (Hoogstraal 1979; Ergoniil 2006).

Death usually occurs during the hemorrhagic period. Somnolence, gross
hematuria and melanaare associated with mortality in this period (Fillatre et al.
2019). The above-mentioned findings are associated with cytokine storm,
endothelial cell activation and increased vascular permeability (Papa et al. 2016).
The recovery period is between 10 and 20 days after the onset of clinical symp-
toms. The length of hospital stay is 7 & 2.6 days, which varies depending on the
severity of the disease. It has been reported that surviving patients may experience
health problems such as weakness, hair loss, appetite disorders, polyneuritis,
hearing loss, and memory impairment (Ergoniil 2006; Leblebicioglu et al. 2016a).

Various scores are used to predict the clinical course of the disease. Two scoring
systems have been developed in Turkey, where the disease is endemic. These scores
can be used to predict the clinical outcomes in countries where the disease is
endemic (Bakir et al. 2015; Dokuzoguz et al. 2013). Although not included in
clinical scoring systems, particularly high viral load exceeding 10® copies/mL has
been independently associated with poor prognosis (Duh et al. 2007).

Mortality rates in endemic countries range from 5 to 30%. The presence of
bleeding such as gastrointestinal bleeding and hematuria, impaired consciousness,
splenomegaly, thrombocytopenia, leukocytosis, increased alanine aminotransferase,
aspartate aminotransferase, lactate dehydrogenase activity and prolonged activated
partial thromboplastin time and decreased fibrinogen levels are among the inde-
pendent predictors of mortality. No relapse has been reported to date (Bente et al.
2013; Fillatre et al. 2019).

7 Laboratory Findings

Common laboratory findings in CCHF patients include leukopenia, thrombocy-
topenia, increased activity of alanine aminotransferase (ALT), aspartate amino-
transferase (AST) and lactate dehydrogenase (LDH), high creatine kinase
(CK) level, prolonged prothrombin time (PT) and activated partial thromboplastin
time (PTT). Kupffer cells, hepatic endothelium and hepatocytes are the main targets
in CCHFV. Necrosis of hepatocytes causes an increase in liver enzymes. As a result
of virus-induced endothelial damage, the coagulation cascade is activated and
platelet counts and functions are reduced. As a result, DIC and multiple organ
failure are observed (Shayan et al. 2015).
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8 Diagnosis

The clinical diagnosis of CCHF is difficult because it can be confused with many
other diseases. Therefore, finding a rapid and reliable laboratory diagnosis is nec-
essary. The virus can be isolated from blood, plasma or tissues. Diagnosis can be
made by detecting the genomic RNA of the virus using reverse transcription-PCR,
demonstrating the viral antigen by immunohistochemical tests, or isolating the virus
in cell culture in the acute phase of the disease. Whether the patient is in the
recovery phase is confirmed by showing the virus-specific antibody response.
Enzyme-Linked ImmunoSorbent Assay (ELISA) or IFA can detect IgGand IgM in
the serum. IgM levels are detected in serum by IFA on the 7th day of the diagnosis
of the disease. IgM antibodies may persist for up to 4 months. IgG levels are
determined on days 7-9 of the disease. Although they gradually reduce in the
following periods still they can be detected for up to 5 years. The presence of viral
RNA persists until the 16th day of the disease. CCHP is classified as biosafety level
4 (BSL-4) pathogen due to the lack of a safe vaccine or specific treatment (Shayan
et al. 2015; Tezer and Polat 2015).

9 Differential Diagnosis

Sepsis, influenza, malaria, leptospirosis, Q fever, typhoid fever, septicemic plague,
rickettsial infections, meningococcemia and viral hepatitis should be considered in
the differential diagnosis. In addition, Alkhurma and Rift Valley fever in the Middle
East, Omsk hemorrhagic fever in Russia, Kyasanur forest disease in India,
Hantavirus in Europe and Asia, Lassa, Ebola, Margburg and dengue hemorrhagic
fever in Africa should be considered in the differential diagnosis. Non-infectious
causes including hematological or solid organ malignancies, ITP, liver cirrhosis and
collagen tissue disorders should be considered in the differential diagnosis (Tanyel
et al.).

10 Treatment

Treatment options for CCHF have been investigated for the last 30 years. However,
disease-specific treatment options are limited. Therefore supportive approaches are
often used in the treatment of the disease. Patients should be monitored closely for
fluid and electrolytes. As this disease occurs mostly in rural areas, it should be
investigated for potential coinfections, which have been reported in the literature as
brucellosis, malaria and leptospirosis. An analgesic such as Paracetamol can be
used for the management of febrile and painful periods. Platelet suspension, fresh
frozen plasma and erythrocyte suspension form the basis of supportive treatment for
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the control of hemostasis. The criteria for platelet transfusion have been defined as
(Leblebicioglu et al. 2012);

e Platelet counts lower than 10,000/mm? in patients with no fever or abnormalities
in coagulation parameters,

e Platelet counts lower than 50,000/mm> in patients with bleeding or who have
undergone an invasive intervention,

e Platelet counts lower than 20,000/mm? with fever or systemic hemostatic defect.

The criteria for fresh frozen plasma transfusion has been defined as
(Leblebicioglu et al. 2012);

e PT/INR 1.5 times the upper limit of normal, or aPTTat the upper limit of normal

The need for whole blood transfusion should be evaluated according to hemo-
globin level and general clinical condition. Unnecessary invasive procedures should
be avoided to minimize the risk of bleeding (Leblebicioglu et al. 2012).

Nucleoside analogs are a class of drugs that have been used for many years to
treat viral hemorrhagic infections, and some are currently being developed for
therapeutic use in emerging infections. Ribavirin, a purine nucleoside analogue, is
an agent with effective antiviral activity on several RNA viruses. The main
mechanism of action of this drug is to disrupt RNA synthesis by competing with
cellular nucleotides (Espy et al. 2018). Ribavirin is recommended by the World
Health Organization for the treatment of CCHF. In retrospective studies conducted
in Turkey and Iran it was stated that the use of ribavirin (within 4 days after the
onset of symptoms) may decrease the death rate and accelerate healing (Ergoniil
et al. 2004; Mardani et al. 2003).

However, clinical data supporting the use of ribavirin to treat CCHF is incon-
sistent. In-vivo and in-vitro studies have shown that ribavirin has an inhibitory
effect on virus replication in cell culture but has no effect on reducing mortality.
Furthermore, since most of the studies evaluating the efficacy of ribavirin are
non-randomized, the information on its efficacy is limited and further studies are
needed (Johnson et al. 2018). Furthermore, due to the ethical problems of
placebo-controlled studies, such studies are extremely difficult to be performed.
Therefore, obtaining definitive results regarding the efficacy of ribavirin in CCHF
patients is problematic. Another broad-spectrum RNA virus inhibitor is favipiravir,
which is a drug approved for the treatment of influenza virus infections in Japan.
The use of this drug is promising against other highly pathogenic RNA viruses,
including Ebola and Lassa. It has also been shown to be effective against CCHF
virus in in-vivo and in-vitro studies, with the suggestion that in-vivo efficacy is
higher than that of ribavirin (Oestereich et al. 2014).
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11 Vaccine

Vaccine studies for CCHF began in the 1960s, and the only vaccine tested in
humans to date is the inactivated vaccine formulated with aluminum hydroxide
adjuvant, which was developed in Bulgaria. The vaccine activates both cellular and
humoral immunity. Neutralization analyses of vaccinated individuals have shown
that immunity to the virus has developed. However, neutralizing antibody responses
have been reported to be low and require additional vaccinations to improve the
immune response. To date, there have been no controlled efficacy studies of the
vaccine, and it has not been licensed by the European Drug Agency or the US Food
and Drug Administration. Although this has accelerated the studies on vaccines in
order to control the disease at a global level, there is still no licensed vaccine
available (Dowall et al. 2016).

12 Novel Biomarkers in CCHF

Early diagnosis and prediction of clinical course are very important factors in
CCHEF for the patient’s survival (Akinci et al. 2016b). Although the gold standard
for the diagnosis of CCHF is virus isolation, it cannot be used in routine laboratory
tests because of the need for biosafety level 4. Therefore, many laboratories use
IgM and IgG ELISA and/or RT-PCR to determine the presence or absence of
CCHFYV infection (Vanhomwegen et al. 2012). The sensitivities of these tests have
been reported to be 87.8-93.9%, 80.4-86.1% and 79.6-83.3%, respectively.
Therefore several biomarkers which have high sensitivity and specificity have been
evaluated to determine whether they can be used in early diagnosis and prediction
of prognosis in CCHF.

12.1 Diagnostic and Prognostic Biomarkers

Routine clinical laboratory parameters including platelet, AST, ALT, first step
coagulation tests, LDH creatinine, fibrinogen have been considered as laboratory
indicators of CCHF (Cevik et al. 2008). According to our laboratory and clinical
experience, these parameters do not always change in every case. This fact
increases the need for new biomarkers to help diagnose CCHF. In a previous study
by the current authors, serum NADPH oxidases (NOX) levels were determined in
CCHEF patients and healthy controls.

Higher median NOX-1 and NOX-5 levels were found in patients compared to
the control group. Increased median serum NOX-5 levels were found in the
low-grade disease group compared to the intermediate-high grade disease group
according to two different severity scores. Despite low r values, negative
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correlations were also found between the serum NOX-5 levels and the afore
mentioned severity scores. The area under the curve (AUC) values for the NOX-1
and NOX-5 were 0.67 and 0.99, respectively. Lower NOX-5 levels were found in
patients receiving thrombocyte suspension. It was therefore concluded that NOX-5
might have a protective effect on CCHF patients and the measurement of serum
NOX-5 levels might be used as a novel biochemical test in the diagnosis of CCHF
(Biiyiiktuna et al. 2018). Altay et al. (2016) investigated members of triggering
receptor expressed on myeloid cells-1 (TREM-1). In that study, sera of 39 CCHF
patients on admission and in the recovery period were compared with healthy
control subjects. TREM-1 levels were found to be higher in patients than in the
control group. In addition, TREM-1 levels were found to be lower in the recovery
period than on admission to hospital. The specificity and sensitivity of TREM-1 in
discriminating healthy control subjects and CCHF patients were found to be 94.9%
and 87.5%, respectively (Altay et al. 2016). In a recent study by Kayadibi et al.
(2019), a novel index entitled the Hitit index was reported as a novel diagnostic tool
to identify patients with CCHF in endemic regions (Kayadibi et al. 2019). In
addition, organ-specific biomarkers have also been investigated in CCHF. It has
been reported that total protein and urine neutrophil gelatinase-associated lipocalin
could be useful biomarkers to monitor renal involvement in CCHF (Deveci et al.
2013).

CCHF is characterized by vascular endothelial damage, disseminated intravas-
cular coagulation, thrombocytopenia, liver damage, coagulation abnormalities and
hemorrhagia including ecchymosis, gingival bleeding, epistaxis and gastrointestinal
bleeding, which are prominent findings for the estimation of the case fatality rate
(Ergonul et al. 2006). Several studies have been performed to find reliable
biomarkers for estimating the prognosis of patients with CCHF.

In our recent study, different routine laboratory parameters including ferritin,
activated partial thromboplastin time, alanine aminotransferase, aspartate amino-
transferase and lactate dehydrogenase were evaluated in 40 CCHF patients to
discriminate bleeding, and a cut-off value of 149 U/L for AST was determined to
discriminate the bleeding condition in CCHF patients (Biiyiiktuna et al. 2019).
Duygu et al. (2018a, b) reported that platelet distribution width (PDW) could be
beneficial in predicting haemorrhage and mortality in CCHF (Duygu et al. 2018a).
In a study of patients with CCHF and Hemorrhagic fever with renal syndrome, fatal
outcomes have been associated with interleukin-6 (IL-6), interferon-alpha2 and
monocyte chemo-attractive protein-1(MCP-1) (Korva et al. 2019). Sagmak Tartar
et al. (2019) retrospectively investigated the laboratory findings of CCHF patients
to find indicators of the clinical course. In their study, ALP and GGT were asso-
ciated with prognosis of CCHF (Sagmak Tartar et al. 2019). Kerget et al. classified
60 CCHF patients according to severity criteria and compared the groups in terms
of endothelin-1 (ET-1), endothelial cell-specific receptor tyrosine kinase (Tie-2) and
angiopoietins 2 (Ang-2). Lower ET-1 and Tie-2 and higher Ang-2 were reported in
surviving patients (Kerget et al. 2019). It has been reported that PDW and troponin
might be used in discriminating severe cases in CCHF (Yilmaz et al. 2017, 2016). It
has been shown that monocyte chemo-attractive protein-1 (MCP-1), IL-8 and IL-6
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are indicators of fatality in the early period of the disease (Ergoniil et al. 2017).
Levels of IL-6, tumor necrosis factor alpha and IL-10 have been associated with the
disseminated intravascular coagulation scores in CCHF patients (Ergonul et al.
2006; Kaya et al. 2014). Bakir et al. reported that soluble fms-like tyrosine kinase-1
receptor, which is a vascular growth factor receptor and cell free DNA might be
used to predict CCHF prognosis (Bakir et al. 2016, 2013). In a study performed on
69 CCHF patients, prolonged aPTTwas considered as an independent risk factor for
mortality (Cevik et al. 2008). Biochemical biomarker genetic studies have also been
performed on CCHF to determine biomarkers which can be used to estimate
prognosis (Arslan et al. 2019; Kizildag et al. 2018). MicroRNAs (miRNAs) have
been investigated in CCHF patients and miR-625-5p,miR-342-5p and miR-320e
have been found to be associated with mortality (Arslan et al. 2019). Kizildag et al.
(2018) reported that toll-like receptor 10 polymorphisms might be an important
biomarker to determine susceptibility and mortality rate in CCHF (Kizildag et al.
2018).

13 Conclusion

As CCHF shows a course in different clinical tables varying from an asymptomatic
form to a severe clinical form, it remains a mystery to clinicians. The emergence of
cytokine storm and endothelial dysfunction at different levels in patients has led to
the need to investigate various biomarkers to explain the physiopathology of the
disease in clinical, biochemical and genetic aspects. In this paper the results have
been evaluated of biomarker studies in several areas.
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Abstract Zika virus (ZIKV) is a mosquito borne flavivirus that exhibits wide range
of transmission routes including mosquito, transplacental, sexual contact, blood
transfusion and organ transplantation. ZIKV is highly neurotropic which infects
central nervous system (CNS) in adult and developing brain. As of 2021, at least 86
countries and territories have been reported with autochthonous transmission of
ZIKV. Preexisting flavivirus specific sero-cross reactivity antibodies may results in
antibody dependent enhancement (ADE) of ZIKV infection with significant higher
viral load and severe disease outcomes. However, the mechanism of ADE has not
been completely understood. Upon ZIKV infection, innate immune system,
humoral immune response and cellular mediated response get activated. Even
though, the virus has developed several immune escape strategies for successful
infection. Currently there is no specific treatment available for ZIKV infection and
the treatment relies on the symptomatic relief of the patients. However, several of
the drug candidates have been discovered and are currently in the clinical trials.
Molecules have been targeted against potential viral proteins including entry
inhibitors, protease inhibitors and replication inhibitors. In spite of progress made in
this area, the absence of clinically approved drug or vaccine increases the chances
of recurrent outbreak in endemic regions and therefore needs utmost attention in
this issue.
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1 Introduction

Zika virus (ZIKV) is a flavivirus which gets transmitted primarily via bite of
infected Aedes aegypti mosquito. ZIKV is also transmitted from mother to fetus via
crossing transplacental barrier, through sexual contact, (Musso et al. 2019) blood
transfusion (Joob and Wiwanitkit 2019) and organ transplantation (Fig. 1)
(Nogueira et al. 2017). The incubation period of ZIKV infection is 3—14 days from
the exposure to the virus. Most of the individuals infected with ZIKV remain
asymptomatic. However, mild symptoms for 2—7 days may arise in few individuals
which ranges from fever, joint pain, rash, headache and malaise (Baud et al. 2017).
During pregnancy, ZIKV infection in mother may cause intrauterine growth
restriction, preterm birth and miscarriage as well as ZIKV may be transmitted to
fetus which causes infants to be born with Zika syndrome (Teixeira et al. 2020)
including cerebral atrophy, cortical and/or periventricular calcifications, corpus
callosum abnormalities, ventriculomegaly, including congenital malformations like
microcephaly (Ribeiro et al. 2017).

Adults and children infected with ZIKV are at the risk of neurological com-
plications including neuropathy, myelitis, encephalomyelitis, encephalitis,

ZIKV infected
mosgquito

Mosquito bites a
ZIKV infected person
. ‘ I -
» r | t

Transplacental transmission
of ZIKV

Zika virus .
transmission cycle B

Sexual transmission of

J} M/\lilli’

Infected Transmission of ZIKV via
mosquito transmit the ZIKV blood transfusion
to family members

Infected mosquito
transmit
the ZIKV to
community

Fig. 1 ZIKV transmission cycle. ZIKV transmission initiate when an infected mosquito bites to
an individual, family members or community for its transmission. The transmission cycle also
involve the transplacental transmission of ZIKV to fetus, sexual contact and via blood transfusion
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meningoencephalitis, sensory polyneuropathy and Guillain-Barré syndrome
(Munoz et al. 2018). Neuropathological investigations of ZIKV infection have
shown the presence of ZIKV in brain and cerebrospinal fluid samples (Fig. 2).
These findings suggest that ZIKV is highly neurotropic which infects central ner-
vous system (CNS) in adult and developing brain (Chimelli et al. 2017). ZIKV
replication follows the similar mode of replication cycle as other flaviviruses.
Dendritic cell-specific intercellular adhesion molecule 3-grabbing nonintegrin
(DC-SIGN) is the primary cellular receptor involve in the receptor mediated
internalization of ZIKV (Hamel et al. 2015). The acidic environment inside the
endosomal compartment induces the fusion of viral envelope protein with endo-
somal membrane that results in release of ZIKV RNA into the cytoplasm (Agrelli
et al. 2019). The positive sense RNA genome of ZIKV is a 10.8 Kb which com-
prised of ~ 100 nucleotides of 5’ untranslated region (UTR), a single open reading
frame (ORF) of ~10 Kb and a 3" UTR region of ~420 nucleotides (Wang et al.
2017). The single ORF encodes for a single polyprotein that gets processed into
structural proteins as capsid (C), precursor membrane protein (prM), envelop
(E) and non-structural proteins as NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5
(Rossignol et al. 2017). These proteins assist in the replication of viral RNA at the
endoplasmic reticulum surface where viral RNA and proteins assembled to generate
immature virions. Upon furin-mediated cleavage of prM to M protein, these virions
get mature in the trans-Golgi network and results in the process of egression

(Rossignol et al. 2017).
—
[

4-7% miscamiage

g
— )
Microcephaly (4-6%)

Asymplomalic cases with
medium of long term sequelae

Uninfected (79-91%)

—

Transplacental transmission
of Zika

Fig. 2 Transplacental transmission of ZIKV. 70-80% of ZIKV infection during pregnancy may
not transmit the virus to fetus. Whereas, 20-30% of ZIKV infection during pregnancy may
transmit the ZIKV to fetus and may cause preterm birth and miscarriage (4—7%) and may be
transmitted to fetus which results in microcephaly (4—6%) or asymptomatic cases with medium or
long term sequelae
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2 Epidemiology of Zika Virus Infection

In 1947, ZIKV is first identified in sentinel rhesus monkey in Uganda and later in
1952, identified in humans in Uganda and United Republic of Tanzania. However,
little attention was paid until 2007, when a major outbreak of ZIKV reported in the
Yap State of Micronesia. Consequently, in year 2013 outbreaks were reported in
French Polynesia and subsequently in other Pacific Islands. Till date, the largest
outbreak of ZIKV has been reported in Brazil in year 2015-2016 with over 200,000
cases where over 8000 babies were born with malformations caused by ZIKV (Hills
et al. 2017). Recent epidemiological data helps in understanding of global Zika
transmission and its associated challenges. As of 2021, at least 86 countries and
territories have been reported with autochthonous transmission of ZIKV that includes
Africa, America, South-East Asia and Western Pacific regions (Fig. 3) (https://www.
who.int/health-topics/zika-virus-disease#ftab=tab_1). Several factors including
prevalence of mosquito vectors, global trade and travel, tropical/subtropical climate,
poor waste management has causes recent emergence of Zika virus in countries like
China, India, Indonesia, Maldives, Thailand, and Pakistan in recent years. Due to
co-circulation of dengue in endemic tropical and sub-tropical region, it has been
estimated that people living in 2 million square kilometer are at the highest risk of
getting ZIKV infection (Messina et al. 2016). In these individuals, people may be
diagnosed with co-infection with Zika and dengue both. A retrospective population
based serological survey in Indonesia revealed that by the age of 5 years approxi-
mately 9% of the children had previous ZIKV infection. Seasonal patterns of ZIKV
transmission in Thailand demonstrated that transmission coincided with dengue virus
by sharing common mosquito vectors. In year 2018, ZIKV outbreak has been
reported in Rajasthan, India (Saxena et al. 2019).

3 Antibody-Dependent Enhancement

Preexisting flavivirus specific sero-cross reactivity antibodies may results in anti-
body dependent enhancement (ADE) of ZIKV infection with significant higher
viral load and severe disease outcomes (Dejnirattisai et al. 2016). ADE has been
studied extensively specifically with respect to secondary dengue infection, which
is attributed by the observation that pre-existing antibodies that results in secondary
infection such as DSS and/or DHF which is more severe form of DENV infection
(Guzman et al. 2013). The cross-reactive antibodies facilitates the viral uptake that
increases the severity of infection by forming a complex between the cross-reactive
Abs and the viral particles and, hence, helping these particles to get internalized via
Fc gamma receptor (Moi et al. 2010). Considerable degree of genetic similarities
and structural homology among ZIKV and other flaviviruses, results in a generation
of sero cross-reactivity antibodies (Rathore and St John 2020). Additionally,
in vitro studies shows human monoclonal Abs (mAbs) to the DENV fusion loop
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D Countries or territories that has ever reported ZIKV cases

& Countries or territories that has mosquito but no reported ZIKV cases

O Countries or territories that have no mosquito that transmit ZIKV

Fig. 3 Epidemiology of ZIKV showing the countries or territories that have reported with ZIKV
infection as well as areas where the mosquito are present or absent with no evidence of ZIKV
transmission as per Centers for Disease Control and Prevention (https://wwwnc.cdc.gov/travel/
files/zika-areas-of-risk.pdf)

epitope causing ADE of ZIKV in Fc receptor bearing cell lines which is shown to
be facilitating ZIKV infection (Priyamvada et al. 2016). On the other hand, DENV
patient derived mAbs to EDEl (E dimer-epitope) which neutralizes all the four
serotypes of DENV, in vitro, neutralizes ZIKV too, with a high potency, whereas
EDE2 binds, but does not significantly neutralizes ZIKV (Fernandez et al. 2020).
Similarly, when the convalescent plasma from DENV/WNYV infected samples was
transferred in vitro, enhancement of ZIKV infection has been found which is
mediated through Fc gamma receptors (Swanstrom et al. 2016). Although, WNV
mediated Abs shows less cross-reactivity to ZIKV in comparison to
DENV-mediated Abs, but when studied, human polyclonal Abs against WNV is
reported to be cross reactive towards ZIKV resulting in enhancement of ZIKV
infection both in vivo and in vitro (Bardina et al. 2017). So far, ADE response
during ZIKV infection has not been clearly understood.

4 Understanding the Host-Immune Response

Nucleic acid receptors such as RIG-I-like receptors (RLRs) activate upon binding to
the viral RNA and initiate the release of interferon (IFN) via stimulating IFN
receptor subunits that activates the JAK-STAT pathways and thereby establishes an
antiviral state (Rehwinkel and Gack 2020). ZIKV NSI1 protein has been shown to
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involve in the immune escape mechanism by inhibiting the type 1 IFN signaling
pathway (Xia et al. 2018). In addition, NS5 protein has been shown to degrade the
STAT?2 protein that results in inhibition of IFN signaling pathway (Grant et al.
2016). Humoral immune response confers first-line of protection against flaviviral
infection. B cell mediated antibody response is crucial in any viral infection and
may results in the development of effective vaccines. The E, prM and NS1 protein
has been found to elicit stronger antibody response which has been utilized in
several studies that shows protection against ZIKV infection in various models
(Amrun et al. 2020). Strong B cell response suggests a crucial role in ZIKV
infection that helps us to identify B cell epitopes identified specifically from NS1
protein which have been found to be preventive upon challenged with ZIKV (Kam
et al. 2019). Similarly, envelope has been found to contain B cell epitopes espe-
cially from the domain III region and has been found to protect mice upon chal-
lenged with ZIKV infection (Yang et al. 2017). Cell mediated immune response
also plays a crucial role in prevention of viral infections. Both CD8* and CD4" T
cells are involved in cell mediated immune responses during ZIKV infection
(Winkler et al. 2017). Protective role CD8" T cells in during ZIKV infection has
been validated by observing susceptibility of infected mice towards the ZIKV
infection in its absence (Elong Ngono et al. 2017). In addition, adoptive transfer of
ZIKV specific CD8" T cells has been found to protect mice challenged with ZIKV
infection by reducing the viral load (Huang et al. 2017).

5 Investigational Medicines for the Treatment of Zika

Currently there is no specific treatment available for ZIKV infection. However, the
treatment relies on the symptomatic relief of the patients. According to CDC, the
recommended treatment for ZIKV infection is to take plenty of rest, enough fluid
intakes to prevent dehydration, acetaminophen for reducing fever and pain and not to
use aspirin or other non-steroidal anti-inflammatory drugs (NSAIDs) until dengue has
been ruled out (https://www.cdc.gov/zika/symptoms/treatment.html). Considering
the replication cycle of ZIKV, several of the potential drugs targets have been iden-
tified for the development of effective antiviral drugs. Inhibitors that can interfere with
the interaction of viral envelope protein with host cell receptors may be used for the
development of potential entry inhibitors. One of the natural product nanchangmycin
derived from Streptomyces nanchangensis, has been shown to act via inhibition of
AXL receptors and abolishment of viral internalization process via receptor mediated
endocytosis (Rausch et al. 2017). Compound screening of entry inhibitor has revealed
ZINC33683341 molecule as a potential entry inhibitor during ZIKV infection
(Fernando et al. 2016). RNA dependent RNA polymerases have been well charac-
terized and explored drug targets due to its essential role in virus replication and
production of progeny virus. Nucleoside analogues including its phosphoramidate
product have been shown be a promising RdRp inhibitors. Several of the potential
drug candidates have been investigated against ZIKV. 3’-O-methylribonucleosides
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and 2'-C-methylated ribonucleoside has been found to exhibits inhibitory effect on
ZIKYV replication with less toxicity (Boehr et al. 2019). Adenosine analogues named
as NITDOOS has been shown as a potent anti-ZIKV activity in cell culture model
where in it reduces the viremia and prevent virus induced cell death (Deng et al. 2016).
This compound has been also found to inhibit DENV replication. However, due to
associated toxicity, the NITD0O8 has been discontinued from the pipeline of drug
discovery for ZIKV. One of the nucleoside analogue named as 7TDMA which has been
designed for the treatment of HCV has been found as a potent inhibitor of ZIKV
infection in cell culture and animal model (Zmurko et al. 2016). However, it has not
been successful in clinical trial. Similarly, the clinically approved HCV drug,
sofosbuvir has been extensively studied for its activity against ZIK'V infection. In both
cell culture and model, sofosbuvir has been found to exhibit potent antiviral activity
(Bullard-Feibelman et al. 2017). FDA has considered the sofosbuvir as a pregnancy
class B drug for the treatment of HCV infection and therefore it might be an ideal drug
candidate for ZIKV treatment in pregnant women. In addition, ribavirin which has
been also developed as an anti-HCV drug, found to exhibit antiviral properties against
ZIKV infection (Kamiyama et al. 2017). Galidesivir which is an adenosine analogue
drug developed for filoviruses and YFV has been shown to be effective against ZIKV
infection (Lim et al. 2017). In addition to nucleoside based analogues drugs, several of
the non-nucleoside drug candidates have been tested. NS2B-NS3 protease of ZIKV is
the most targeted ZIKV proteins for the development of antivirals due to its crucial
role in replication and maturation. A boric acid containing dipeptides inhibitors have
been designed which showed strong antiviral activity. This compound has been found
to exhibits broad spectrum anti-flaviviral activity (Lei et al. 2016). Similarly, a
pyrazole ester derivative has been developed as a covalent inhibitor of protease
activity (Li et al. 2018). Apart from these drug candidates, complementary and
alternative medicine in alliance with conventional medicine may be used for Zika
therapeutics and prevention (Saxena et al. 2016).

6 Conclusions

Zika virus is an emerging mosquito-borne flavivirus infection that causes Zika
syndrome and various neurological complications in adults. The absence of clini-
cally approved drug or vaccine increases the chances of recurrent outbreak in
endemic regions. Several of the vaccine candidates have been developed while
understanding the immunogenicity of ZIKV proteins and host cellular response
during infection. Presence of flavivirus sero-cross reactivity antibodies may results
in antibody dependent enhancement (ADE) of ZIKV infection that significantly
increases the viral load with severe disease outcomes. Currently there is no specific
treatment available for ZIKV infection and the treatment relies on the symptomatic
relief of the patients. However, several of the drug candidates have been discovered
and are currently in the clinical trials.
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7 Future Perspectives

Intense research is required for the better understanding of ZIKV pathogenesis in
various models focusing on developmental biology, transplacental transmission and
neurological complications. In addition, basic research long-term cohort studies
needs to be conducted for the better understanding of the disease impact as well as
assessment of the risk for coming future. In this regard, leading heath organizations
should establish a surveillance monitoring system in endemic areas of flaviviruses
for co-infection cases that will help us to understand more about ADE of ZIKV
infection. Due to increased risk associated with pregnant women and related
congenital abnormalities, non-essential travelling to the affected areas needs to be
avoided by travelers. Due to absence of clinically approved vaccine or drug,
personal protective measures need to be compelled.
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Abstract Arthropod-borne viruses, also known as arboviruses, are transmitted by
bites of infected mosquito or tick vectors. In this context, the Flavivirus genus is
mainly transmitted by mosquitoes from the Aedes genus, being the Ae. africanus,
Ae. aegypti, and Ae. Albopictus species are responsible for transmitting the Zika
virus (ZIKV). It is a lipid-enveloped virus constitute of an RNA genome, which is
translated into a polyprotein encoding three structural proteins {(capsid (C),
membrane (M), and envelope (E)} and seven non-structural proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5). Several biological targets have been iden-
tified for developing antiviral agents against ZIKV, which could prevent virus
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entry, assembly, or release of new virion particles, by interactions with structural
proteins. Drugs targeting non-structural proteins could inhibit the ZIKV-replication
cycle. Nature has provided excellent compounds for designing new potent analogs.
The medicinal chemistry emerges as an impressive, rationally design and to develop
new antiviral agents. Additionally, virtual and high-throughput screenings have
contributed greatly to the identification of previously approved-drugs that could be
repurposed for ZIKV, as antiviral agents. In this chapter, we offer a literature review
about the most relevant and recent advances made on the medicinal chemistry of
ZIKV research. We focus on natural, nature-based, semi-synthetic, and synthetic
antiviral compounds, as well as repurposed drugs and other inhibitors targeting
ZIKV.

Keywords Zika virus - Natural compounds - Nature-based - Synthetic com-
pounds - Drug repurposing - Virtual screening - Antivirals - Medicinal chemistry

1 Introduction

The Flavivirus genus consists of about 70 known viruses (King et al. 2012), some
of them are associated with human diseases which cause important health problems
worldwide (Schmaljohn and McClain 1996). Most of them are arboviruses (or
arthropod-borne viruses) transmitted by mosquito or tick vectors, causing diseases
in humans ranging from mild to sub-clinical infections to lethal hemorrhagic fever
or encephalitis (Holbrook 2017). The group of mosquito-borne Flaviviruses
includes Japanese encephalitis virus (JEV), Dengue virus (DENV), West Nile virus,
Yellow fever virus (YFV), and Zika virus (ZIKV). Typically, the most common
clinical manifestations of Flaviviruses infection include fever, rashes, encephalitis,
and hemorrhagic fever.

In 1947, ZIKV was isolated from the blood of Rhesus monkeys
(Macaca mulatta) during a study on YFV, in Uganda at the Zika forest. Later it was
isolated from Aedes africanus mosquitoes collected in the same forest (Dick 1952).
The first case of human ZIKV infection was reported in Uganda and Nigeria, where
the patients presented analogous symptoms of YFV infections (MacNamara 1954).

1.1 Zika Virus Infection

The ZIKV infection is characterized by an acute exanthematic febrile illness lasting
for a period of up to 7 days. It is estimated that approximately 20% of infections in
humans result in clinical manifestations and symptoms thus presenting a low
hospitalization rate (Hayes 2009; Duffy et al. 2009). Symptoms may include skin
rash, fever, arthralgia, non-purulent conjunctivitis, headache, non-intense myalgia
mainly in the hands and feet joints, edema, and vomiting (Zanluca et al. 2015).



The Medicinal Chemistry of Zika Virus 235

The viral transmission is mainly mediated by mosquitoes from the Aedes genus
and is initiated by bite of a ZIKV-infected female mosquito at the course of its
hematophagy. ZIKV is injected into human skin through the mosquito proboscis
(Guerbois et al. 2016; Briant et al. 2014) and can infect fibroblasts, keratinocytes,
and dendritic cells (DCs), activating an immune response (Hamel et al. 2015).
Moreover, it was shown that amniotic epithelial, fetal mesenchymal (Van Der Eijk
et al. 2016), neural (Cumberworth et al. 2017), trophoblasts (Aagaard et al. 2017),
fibroblasts (placental, uterine, and pulmonary) (Chen et al. 2016), endothelial, and
peripheral blood mononuclear (Foo et al. 2017) cells are susceptible to the virus,
suggesting that ZIKV is a pantropic virus, which interacts with distinct cells from
different tissues.

During the ZIKV outbreak in Brazil, the reported cases have suggested a pos-
sible association between the virus infection in pregnant patients and birth defects,
with a 20-fold increase in microcephaly cases in the Northeast of the country
(ECDC and Assessment 2015). Further, a ZIKV-microcephaly association was
noticed in French Polynesia and Brazil outbreaks (Cauchemez et al. 2016; de
Aratjo et al. 2016). The virus was detected in the 28" week of pregnancy in the
amniotic fluid of two pregnant women who presented previous clinical manifes-
tations of ZIKV infection (fever, myalgia, and rash), suggesting that the virus
crosses the placental barrier (Calvet et al. 2016). In another study, it was possible to
detect the ZIKV in fetal brain tissue with microcephaly after fetal autopsy (Mlakar
et al. 2016). Besides the microcephaly, the virus was associated with a set of
neurological disorders in newborns, including intellectual disability, cerebral palsy,
epilepsy, visual, auditory, and behavioral disorders, being described as the con-
genital Zika syndrome (Ashwal et al. 2009).

Guillain-Barré syndrome (GBS) is a serious neurological disorder that affects the
nervous system and causes demyelination of the neuron’s axon, resulting in res-
piratory failure characterized by muscle weakness and paralysis (Burns 2008).
Recently, ZIKV infection has been pointed out as one of the causes associated with
GBS, and 1,708 cases were reported amid the ZIKV outbreak in Brazil (Pan
American Health Organisation 2015).

1.2 Epidemiology of Zika Virus

After the first discovery of ZIKV, few sporadic cases of its disease were registered
in the African and Asian continents (Olson et al. 1981). ZIKV cases were restricted
to African and Asian continents, having been reported in Nigeria (MacNamara
1954), Malaysia (Marchette et al. 1969), Sierra Leone (Robin and Mouchet 1975),
Senegal (Renaudet et al. 1978; Bres et al. 1963), and Indonesia (Olson et al. 1981).
Nonetheless, in 2007, the first outbreak occurred on Yap Island, Micronesia, and
the ZIKV spread to French Polynesia, New Caledonia, Cook Island, Easter Island,
and Brazil (Tognarelli et al. 2016; Grard et al. 2014; Duffy et al. 2009).
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The ZIKV has been isolated from different mosquitoes species in Africa and Asia,
including the Aedes africanus (Dick 1952), Ae. aegypti (Marchette et al. 1969), and
Ae. albopictus (Grard et al. 2014). Furthermore, ZIKV was also isolated from the
serum of Rhesus monkeys in Uganda (Dick 1952) and anti-ZIKV antibodies were
detected in bats in Ethiopia, birds in Morocco, and rodents in the Central African
Republic (Andral et al. 1968). Vector competence was analyzed with different Aedes
populations infected with ZIKV and both Ae. aegypti and Ae. albopictus were shown
to succeed in the transmission of the virus (Chouin-Carneiro et al. 2016).

In addition to vector-borne transmission (Guerbois et al. 2016), several studies
showed that ZIKV is potentially sexually transmitted and persists in genital
secretions for a prolonged period after symptom onset as previously reviewed
(Moreira et al. 2017). High viral RNA load was detected in infected patients’ semen
and urine (Musso et al. 2015). Interestingly, although the sexual transmission of
ZIKV has been described and a high viral load has been found in the semen, its
presence has been shown to inhibit ZIKV and other Flaviviruses infection in several
cell lines, in primary lines and tissues endometrial and vaginal, suggesting that
semen acts as a protector factor of infection (Miiller et al. 2018).

Vertical transmission was observed amid the Brazilian outbreak (Oliveira Melo
et al. 2016; Calvet et al. 2016; Mlakar et al. 2016). In another study was shown the
presence of infective ZIKV particles in breast milk with meaningful viral loads
(Dupont-Rouzeyrol et al. 2016). ZIKV can also be potentially transmitted by blood
transfusions (Motta et al. 2016).

2 Zika Virus Structure

ZIKV is a lipid-enveloped Flavivirus having an RNA genome of about 10.8 kilo-
bases (kb) with a 5" cap (Fig. 1). The viral RNA is translated into a polyprotein
(3,423 amino acids) encoding three structural proteins, capsid (C), membrane
(M) which is generated from its precursor-membrane (prM), and envelope (E), as
well as seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
NS5) (Sirohi and Kuhn 2017). The structural proteins are responsible for virus
entry, assembly, and release of new virions from the host cell. The non-structural
proteins are involved in replication, assembly, and regulation of the host immune
pathways to viral infection.

The structure of mature ZIKV has been solved at 3.8 A resolution at room
temperature (Sirohi et al. 2016), 3.7 A at 40 °C (Kostyuchenko et al. 2016), and 3.1
A resolution by cryo-electron microscopy (cryo-EM) single-particle reconstruction
(Sevvana et al. 2018). The mature ZIKV particle has 500 A diameter containing a
single positive-strand RNA complexed with multiple copies of the C protein to
form the nucleocapsid core; and there are 180 copies of both E ( ~500 amino acids)
and M (~75 amino acids) proteins on the virus surface embedded in the
host-derived bilayer lipid membrane via their transmembrane regions
(Kostyuchenko et al. 2016), (Fig. 1).
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Fig. 1 ZIKV structure and organization. a Scheme of ZIKV organization showing cross-section
and surface perspectives; b Cryo-EM structure (PDB ID: 5IRE) of ZIKV with the envelope
proteins in trimeric arrangement on the surface; ¢ Viral genome is a single-stranded positive-sense
RNA (+) ssRNA of ~ 10.8 kb organized in a single open-reading frame (ORF) encoding non- and
structural proteins Figure a Source : SIB—Swiss Institute of Bioinformatics (https://viralzone.
expasy.org/6756)

2.1 Zika Virus Replication Cycle

ZIKV replication cycle is similar to other known Flaviviruses. Firstly, the E pro-
teins interact with host-cell receptors, initiating cell infection. Diverse host cell
receptors were described as entry and/or adhesion factors for ZIKV, including
AXL, DC-SIGN, Tyro3, and TIM-1 (Hamel et al. 2015). ZIKV entry is mediated by
phosphatidylserine receptors as TIM-1 and TAM family members (Axl and Tyro3),
and dendritic cell-specific adhesion receptor DC-SIGN, acting as adhesion factors
and participating in viral internalization (Hastings et al. 2019; Hamel et al. 2015).
The receptors blockage by neutralizing antibodies were already pointed out as a
mechanism to inhibit the viral endocytosis, reducing ZIKV infection (Meertens
et al. 2017; Hamel et al. 2015; Hastings et al. 2019). AXL, a member of the TAM
receptor family of cell surface receptor tyrosine kinases, is the primary ZIKV entry
cofactor on human umbilical vein endothelial cells (HUVECSs) (Richard et al. 2017)
and glial cells (Meertens et al. 2017), like others. ZIKV has been shown to infect
different cells, including skin keratinocytes, human dermal fibroblasts, neuronal,
placental, ocular tissues, immune, and reproductive tract cells, as previously
reviewed (Miner and Diamond 2017).

After virus E protein attachment on the host cell membrane, ZIKV is internalized
via endocytosis. Into the endosome, the low pH environment triggers the trimer-
ization of the E protein thus resulting in the fusion of viral and cell membranes. The
viral positive-strand RNA is released into the host cytoplasm followed by its
translation into the polyprotein with the endoplasmic reticulum (ER)-localization
signal, promoting the association of ribosome to the ER membrane. The polyprotein
presents various transmembrane sequences traversing the ER membrane bilayer and
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it is proteolytically cleaved by host and viral proteases into structural (C, prM, and
E) and non-structural (NS1 to NS5) proteins. Thereafter, the virus assembly is
initiated, and “immature viruses” are formed in the ER lumen, containing the E,
prM, lipid membrane, and nucleocapsid (Hasan et al. 2018). The cryo-EM of
immature ZIKV has been solved and it was shown to be similar to the other known
immature Flavivirus, although a less prominent capsid protein shell has been
observed (Prasad et al. 2017).

The immature virions are then transported through the Golgi apparatus where the
host furin protease cleaves the prM protein thus yielding the pr peptide and
membrane-anchored M protein to produce mature virus particles (Stadler et al.
1997). The virions are then transported to the host plasma membrane and exit the
cell via exocytosis (Fig. 2).
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Fig. 2 Schematic overview for ZIKV replication cycle. E protein interacts with host-cell receptors
and the virus enters cells by receptor-mediated endocytosis. Several ZIKV receptors were
identified including AXL, Tyro3, DC-SIGN, and TIM-1. Into the endosome occurs the fusion of
viral particles with the endosomal membrane by and acidic-pH-triggered mechanism followed by
virus disassembly and release of viral RNA into the cytoplasm. The (+)ssRNA is translated into a
polyprotein further processed and cleaved into all structural (C, prM, and E) and non-structural
proteins (NS1 to NS5). The replication process occurs at the surface of the endoplasmic reticulum
(ER). A dsRNA genome is synthesized from the genomic (+)ssRNA. Transcription and replication
of the dsRNA genome provide viral mRNAs and new (+)ssRNA. Virus assembly occurs at the ER
and leads to the formation of immature virus particles that are transported to the Golgi apparatus.
The prM protein is cleaved in the trans-Golgi network (TGN) by host furin protease, completing
the viral particle maturation. Finally, mature new virions are released from the host-cell by
exocytosis
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2.2 Targets at Zika virus for Developing Antiviral Agents

Viral protein structure analyses with refined resolution enhance the identification of
targets for antiviral therapeutic agents. The replicative cycle of ZIKV depends on
structural proteins to form the virus particle and non-structural proteins to form the
replication complex inside the host cell, and both could be targeted by antiviral
agents. Antiviral compounds targeting the structural proteins could prevent the
virus entry, assembly, and release of new virion particles. Otherwise, antiviral
agents targeting non-structural proteins (some of them with enzymatic activities)
could interrupt the replication cycle (Sinigaglia et al. 2018).

The ZIKA glycoprotein E is involved in the host cell receptor binding, mem-
brane fusion, and host immune recognition. This protein comprises four domains:
the stem-transmembrane domain (E-Stem and E-TM), responsible for the mem-
brane anchor, and three domains of the surface portion of the protein: a f-
barrel-shaped domain I, an elongated finger-like domain II responsible for dimer-
ization of E protein, and a C-terminal immunoglobulin-like domain III (Dai et al.
2016; Shi and Gao 2017). The structure of E protein presents a pocket between
domains I and II, determined as fOG pocket with conserved residues, making it a
remarkable antiviral target at ZIKV and other Flaviviruses (Wispelaere et al. 2018).

The prM protein plays a role in the assembly of mature virions and might be
implicated in the ZIKV neurovirulence. The prM might act as a chaperone-like role
for the folding and assembly of the E proteins. During the virus maturation, pr
peptide is cleaved off from the prM protein into the mature M. The M protein
anchors the lipid membrane and it is hidden under the E protein layer lying on the
virus surface. This rearrangement of E and prM proteins is critical to form the
infective virus particle (Shi and Gao 2017; Hasan et al. 2018; Dai et al. 2016).

The flavivirus C protein interacts with the viral RNA to produce the nucleo-
capsid and modulates diverse cellular processes, such as metabolism, apoptosis, and
immune response. ZIKV C protein after polyprotein translation remains on the
cytoplasmic side of the ER where they form homodimers and attach to the TM
regions of the prM/E tripods. Capsid gene encodes a protein with five a-helices with
a pre-o.l loop, critical for membrane association, and a cleavage site at helix a4-a5
to NS2B/NS3 protease (Shang et al. 2018). Recently, the cryo-EM structure
revealed in the mature virions a mixture of capsid proteins with and without helix
o5, suggesting incomplete NS2B/NS3 cleavage (Tan et al. 2020). The C protein
interacts with lipid droplets in ZIKV infected cells and possesses the broad binding
capability to RNA or DNA (Shang et al. 2018) playing a central role in the virus
assembly process (Tan et al. 2020).

The NS3 protein together with the transmembrane NS2B cofactor is a
chymotrypsin-like serine protease NS2B-NS3, which plays an essential role in viral
replication; also, an attractive target for drug design and development of antivirals.
NS3 is a multifunctional protein with an N-terminal serine protease domain
(NS3P™) that cleaves the viral polyprotein, and a C-terminal region that acts as
RNA helicase (NS3hel) unwinding RNA duplex (Zhang et al. 2016; Phoo et al.
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2018). NS2B cofactor stabilizes the correct protein fold of the core structure and
participates structurally as part of the substrate-binding pocket. NS3 catalytic site is
composed of His*', Asp’®, and Ser'* as a catalytic triad, in which serine is the
nucleophilic amino acid {(Ser(O )}. Differently of DENV, the catalytic site of
ZIKV NS3 protease has an S3 pocket with a Gly instead of a Lys, allowing the
design of ZIKV specific inhibitors (Kang et al. 2017; Zhu et al. 2019). NS3hel is
activated by GTPyS (triphosphate) at the conserved triphosphate pocket with
NTPase activity to unwind and translocate the RNA during replication accommo-
dated in the positive-charged tunnel (Tian et al. 2016).

The largest non-structural protein from ZIKV is NS5, responsible for the
replication of the viral genome and host interferon suppression. Similar to other
Flaviviruses, NS5 has an N-terminal RNA methyltransferase (MTase) domain
(responsible for 5" viral RNA capping) fused with a C-terminal RNA-dependent
RNA polymerase (RdRp) domain that replicates the RNA viral genome (Upadhyay
et al. 2017). Additionally, flaviviral NS5 is the most conserved amongst the viral
proteins and is not present in mammalian hosts, also a promising target for drug
discovery and development (Lim et al. 2015). These fused flaviviral domains act
synergistically to RNA polymerase and 5'-capping functions, meanwhile, the RNA
template fits in the RdRp channel and GTP (guanosine-5'-triphosphate) along with
SAM (S-adenosyl-L-methionine) cofactor binds MTase domain (Ferrero et al.
2019). NS5 RdRp structure has a canonical right-hand conformation comprising
fingers, palm, and thumb subdomains, which the channel has a single-strand RNA
(ssSRNA) and NTP entry, and an exit region of the double-strand RNA (dsRNA).
The priming loop in the RdRp fit the 3'-RNA template binding at the active site is
suitable for the discovery of nucleoside and non-nucleoside inhibitors. The priming
loop of the ZIKV provides a smaller and closed binding pocket with different amino
acids compared to DENV2, thus affecting the drug design (Godoy et al. 2017).

The major host-interaction Flavivirus protein is the NS1, playing a role in
replication, pathogenesis, and modulation of the host immune response. Flavivirus
NS1 structure has three domains, an N-terminal f-roll, an epitope-rich ring, and a
C-terminal f-ladder and it is included in the replication complex at the ER luminal
side (Brown et al. 2016). The crystallographic structure of full-length ZIKV NSI
protein showed an elongated hydrophobic surface for membrane association and a
polar surface that varies among Flaviviruses, and two N-linked glycosylation sites
(Shi and Gao 2017; Brown et al. 2016). Likewise, the NS1 ZIKV protein structure
reveals the two faces of dimer: inner face with a hydrophobic protrusion for
membrane interaction and a polar outer face with glycosylation residues (Shi and
Gao 2017). It is known that flaviviral secreted NS1 (sNS1) as a hexameric
lipoprotein particle interacts with components and factors from host innate and
adaptive immune systems, as an antigenic marker for ZIKV infection (Hilgenfeld
2016).

The structures of non-structural NS2A, NS4A, and NS4B proteins from ZIKV
remain unsolved, having an absence of information about the replication complex
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Table 1 Summary of the main ZIKV targets to antiviral development

ZIKV Activity Function Structural characteristics
Target
Envelope Virus entry Viral entry into Stem-transmembrane domains
protein host cells and (E-Stem and E-TM), three
dimer membrane fusion ectodomains and fOG pocket
Capsid Pack the virus Viral replication Hydrophobic helices a1 to interact
particle with viral membrane/lipid droplets
and positively charged helices o4
to interact with viral RNA
NS3 Unwind RNA Viral replication RNA binding site positively
helicase duplex charged and triphosphate pocket
domain with NTPase activity
NS2B-NS3 Cleavage of the Viral replication Serine protease domain
protease viral polyprotein
complex
NS5 MTase | 5'-capping of RNA viral Binding pocket for cofactor SAM/
domain nascent RNA replication SAH and a biding site for GTP
and RNA cap
NS5 RdRp RNA-template RNA viral Active site in RNA channel to
domain binding and replication ssRNA and NTP entry, and
polymerization dsRNA exit region
NS1 Viral RNA RNA viral Hydrophobic surface for
replication and replication and membrane interaction and polar
Particle host immune region with glycosylation sites
assembly modulation

comprising all the NS proteins. This information will provide important data to
elucidate protein domains, active sites, and perform studies focused on the rational
design and development of new antiviral agents.

In summary, main ZIKV proteins as targets for antiviral design and development
are shown in Table 1.

3 Medicinal Chemistry of Zika Virus

Below we discuss recent advances in the medicinal chemistry of active substances
against ZIKV, focusing on natural, nature-based, semi- and synthetic compounds,
and repurposed drugs, as well as, other inhibitors used to combat this infectious
disease. Additionally, for the study of those inhibitors, directed toward the
NS2B-NS3 protease, we suggest three literature reviews recently presented by
Silva-Junior et al. (2018), Silva-Junior and Aratijo-Janior (2019), Nitsche (2019),
and Voss and Nitsche (2020).
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3.1 Natural Compounds

Most studies for screening natural compounds as inhibitors for ZIKV infections
focus on the detection of substances that interfere with virus entry and release steps.
They contain several newly identified agents that exhibit antiviral activities by
targeting the virus envelope (E) protein.

In a study, Carneiro et al. (2016) identified the molecule (—)-epigallocatechin
gallate (EGCG, Fig. 3), a polyphenol from the green tea (Camellia sinensis), as a
ZIKV entry inhibitor with an ECs, value of 21.4 uM and negligible toxicity at 200
UM concentration. Intriguingly, Uganda strain (MR766) was more sensitive to
EGCG compared to a Brazilian strain (not specified) shown by a two-fold decrease
in ECsq value (Carneiro et al. 2016). The proposed mechanism of action is anal-
ogous to the anti-human immunodeficiency virus (HIV) activity by destroying the
envelope phospholipids, thus destabilizing the virus particles (Yamaguchi et al.
2002). Given the low metabolic stability of EGCG (Steinmann et al. 2013),
chemical modification or encapsulation methods need to be pursued (Lambert et al.
2006; Fangueiro et al. 2016).

In the following works, Sharma et al. (2017), as well as Hengphasatporn et al.
(2019), investigated the binding mode of EGCG on the dimeric E protein using
molecular docking studies and found conflicting results. While Sharma et al.
described the binding site to be in the flexible linker between domains I and III,
Hengphasatporn et al. (2019). Found the most likely binding site to be in domain II,
a highly conserved region in flaviviral E proteins (Hengphasatporn et al. 2019;
Sharma et al. 2017). However, these new structural insights may be utilized to
further improve E protein targeting substances as ZIKV entry inhibitors.

After identifying protoporphyrins IX (PPIX) as antiviral active agents against
Yellow fever virus (YFV) and Dengue virus (DENV), Neris et al. (2018) showed,
that the heme and its cobalt and tin analogs CoPPIX and SnPPIX (Fig. 4) also
inhibit various other enveloped viruses, including ZIKV by interfering with virus
adsorption and entry with ICsy values in the single-digit micromolar range
(Assun¢ao-Miranda et al. 2016; Neris et al. 2018). Interestingly, while both heme
and CoPPIX did not show significant changes in activity, SnPPIX displays an
improvement of its activity under light stimulation by a nearly 40-fold decrease of

Fig. 3 The chemical OH
structure of EGCG identified OH
as a Zika entry inhibitor by

Carneiro et al. (2016) ol 0. OH
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Fig. 4 Chemical structures of Heme (R= Fc)
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its ICso and CCs values against ZIKV (ECsy = 5.98 uM vs. 0.16 pM, CCs, = 816
UM vs. 20.7 puM).

Mounce et al. (2017) investigated the antiviral activities of Curcuma longa
derived curcumin, its natural derivatives bisdemethoxycurcumin and demethoxy-
curcumin, as well as two synthetic analogs, namely EF-24 and tetramethylcurcumin
(FLLL31, Fig. 5), utilized to study either curcumin effects as IxB kinase inhibitor or
as JAK/STATS3 inhibitor (Mounce et al. 2017; Vassiliou et al. 2013; Yuan et al.
2014). Despite a large number of other postulated mechanisms of action (Dutta
et al. 2009; Cells et al. 2012; Kim et al. 2010; Anggakusuma et al. 2014; Mazumder
et al. 1995; Si et al. 2007; Chen et al. 2013; Mounce et al. 2017) provided evidence
that curcumin and its derivatives are virus entry inhibitors, possibly by influencing
membrane fluidity of either the enveloped virus itself or of their host cell mem-
branes, preventing binding and fusion. These suggestions are supported by finding
that enveloped viruses as ZIKV and West Nile virus (WNV) were sensitive to
curcumin treatment, without effects against the non-enveloped Coxsackie B virus.
Another possibility is the interference with receptor function by altering envelope
dynamics on the virus itself. A finding, supporting this mechanism of action is that
viral particle formation of enveloped viruses was not impeded if virus entry was
bypassed. The high antiviral activities of the tested curcumin derivatives in the low
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Fig. 5 Curcumin and its derivatives as ZIKV antiviral agents
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micromolar range are contrasted with high toxicities resulting in poor selectivity
indices ranging from 2 to 6.

In another approach to identify natural E protein binding compounds as lead
structures for the development as ZIKV entry inhibitors, Priya et al. (2018) screened
25 natural phyto-compounds including flavones, alkaloids, and polyphenols of 25
herbs with known antiviral activities, identified by Ganjhu et al. (2015). To identify
the corresponding binding site of the E protein, Priya et al. (2018) referred to a
publication, reviewing the supporting role of unfolded protein responses (UPR) of
host cells in viral replication (Blazquez et al. 2014). Assuming a hepatitis C virus
(HCV) analog UPR-inducing effect of the ZIKV E-protein, Priya et al. (2018) then
performed protein interaction studies of five UPR involved proteins with ZIKV E
protein and concluded that the main interactions are formed with the hydrophobic
residues in domain II. To find compounds that interfere with this interaction, they
performed docking studies of herbal compounds to this fusion site of the E protein
and identified tannic acid (Fig. 6) from Terminalia arjuna to achieve best scores
(Priya et al. 2018; Ganjhu et al. 2015).

A potent ZIKV inhibitor that acts at a similar mechanism as chloroquine but with
higher potency, 6-deoxyglucose-diphyllin (DGP or patentiflorin A, Fig. 7), was
recently discovered and isolated from Justicia gendarussa to interfere with virus
particle pre- or fusion steps (Martinez-Lopez et al. 2019; Persaud et al. 2018;
Delvecchio et al. 2016; Shiryaev et al. 2017). They found that it prevents acidifi-
cation of endosomal compartments as previously described for diphyllin via
affecting the expression of vacuolar ATPase (Serensen et al. 2007). The patenti-
florin A was tested against different ZIKV strains as well as other members of the
Flaviviridae family as DENVI1, Japanese Encephalitis virus (JEV), Tick-borne
Encephalitis virus (TBEV), WNV, and Ebola Virus (EBOV) in African green
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monkey kidney epithelial cells (Vero), human fibroblast (HT1080), and human
microglial cells (CHME3), exhibiting ICsq values varying from 10 to 70 nM with
good selectivity indices especially for human cells (CCsy = 1.5-32 pM).

Because of their abundance in food, most flavonoids are considered to possess
low toxicities, thus representing promising substances for medical applications. Lee
et al. (2019) carried out a high-throughput screening with 483 flavonoids using a
viral plaque reduction assays and identified pinocembrin (Fig. 8), mostly isolated
from Pinus heartwood and Eucalyptus, with an ECs, value of 17.4 uM to be the
best flavonoid to protect human placental JEG-3 cells from ZIKV infection (Lee
et al. 2019). Pinocembrin showed low toxicity (CCsy = 251 pM) as expected since
it is found in honey, tea, and red wine. Time-course studies allowed deducing that
pinocembrin acts on post-entry steps of the ZIKV replication cycle, however, the
exact mechanism of action remains unclear.

Based on a study, where it was reported that the ZIKV E protein binds to human
placental chondroitin sulfate as a potential host cell surface receptor for ZIKV
binding (Kim et al. 2017), Kim et al. (2019) characterized the composition of
glycosaminoglycan (GAG) disaccharide of ZIKV infection-related tissues of human
and Aedes mosquito hosts (Kim et al. 2019). Besides that, they investigated the
binding effects of heparin (HP) and its derivatives to the E protein on ZIKV. As a
control, they used DENV2 with known reported inhibition by HP (Chen et al.
1997). Intriguingly, the tested HP, low-molecular-weight heparin (LMWH), heparin
dodecasaccharide (HPdpl2), and non-anticoagulant heparin (s-NACH) inhibited
DENV2 as expected, but promoted ZIKV replication in a significant and
dose-dependent manner in Vero cells. Ghezzi et al. (2017) reported HP to mod-
erately inhibit ZIKV replication in human neural progenitor cells; hence it seems

Fig. 8 Pinocembrin isolated
from Pinus heartwood and
Eucalyptus genus
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possible, that GAGs may exhibit tissue-dependent and alternative roles in ZIKV
pathogenesis mediated via other mechanisms (Ghezzi et al. 2017).

Liu et al. (2012) reported that cholesterol-25-hydroxylase (CH25H) is an
interferon-stimulated protein, induced in response to ZIKV infection (Liu et al.
2012). In the following experiments, they tested the viral titer reduction of its
enzymatic product, 25-hydroxycholesterol (25-HC, Fig. 9) against ZIKV, DENV,
YFV, and WNYV in Vero cells. The 25-HC was most potent against ZIKV and
reduced viral titers with an ECs, value of 188 nM. In baby hamster kidney cells
(BHK-21), they also showed that 25-HC acts as a ZIKV entry inhibitor. In the
following experiments, Li and Deng (2017) successfully provided additional data
about the protective effects of 25-HC against microcephaly in a mouse model, in
Rhesus monkeys and human cortical organoids, demonstrating its potential as an
antiviral agent to treat flaviviral infections, especially ZIKV (Li and Deng 2017).

In silico studies concerning molecular docking and molecular dynamics simu-
lations of natural compounds from ZINC library and small drug-like compounds
from a helicase focused library (HFL) into the NTPase site from NS3 ZIKV (PDB
ID: 5GJC) showed that the compounds ZINC03860720 (Shikimic acid) and
CHEMBL1540619 (Fig. 10) have highest docking scores (—10.3 and —11.73 kcal/
mol, respectively) and these promote stable interactions with amino acids at the
NTPase site from the NS3(hel). Wherefore, these compounds modulate the
side-chain fluctuations and interact with the P-loop residues (Lyszoo, Thr201, and
Glu?®®), suggesting further interference in the helicase function (Kumar et al. 2019).

In an in vitro study performed by using a dataset of 2,000 ligands, containing
1,000 FDA-approved drugs it was possible to identify the natural product from the
microbial origin nanchangmycin (Fig. 11), capable of blocking the ZIKV entry in
various cell types, including primary cells, with an ICs, value of 0.1 uM and CCs
of 7.0 uM for human osteosarcoma cells (U20S), ICsq of 0.4 uM and CCso > 10
UM for human brain microvascular endothelial cells (HBMVEC), and an ICs, value
of 0.97 and CCsq of 6.10 uM for human Jec-3 cells. Furthermore, it was verified
that nanchangmycin blocks the virus entry via inhibition of the clathrin-mediated
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Fig. 11 Chemical structure
of nanchangmycin

endocytosis, by blocking some specific aspect of the virus since the blocking of
endocytosis of other substances by this route did not occur. These results were
obtained by investigations upon other flaviviruses, alphaviruses, and influenza virus
(Rausch et al. 2017).

Applying Quantitative Structure—Activity Relationship (QSAR) method, the
potential activity of 62 molecules from natural origin against Aedes aegypti larvae
was evaluated, aiming to establish a set of molecular characteristics needed for the
activity, being the model useful for the development of new substances for vector
control (Saavedra et al. 2018).

QSAR strategy was also used to describe the mode of binding of flavonoids to
the ZIKV NS2B-NS3 protease. As requirements were identified the presence of sp?
or sp” oxygen atoms connected to carbon, oxygen connected to the ring via a
double bond, oxygen with branching and presence of oxygen in the absence of
nitrogen, sulfur or phosphorus atoms, being the presence of sp® carbon atom at a
ring with branching, and the presence of a glucose system deleterious for activity.
Based on this, it was possible to identify amentoflavone, fisetin, isorhamnetin, and
theaflavin-3-gallate (Fig. 12) as the most promising inhibitors, which were validated
by docking studies (Bhargava et al. 2019).

In total, 38 different flavonoids were studied and analyzed. It was revealed that
ECGC-7-0-a-glucopyranoside, isoquercetin, rutin, and ECGC-4'-O-o-glucopyr-
anoside (Fig. 13) are able to efficiently interact with the catalytic triad (His5 Y Asp75 s
and Ser'*®) from this protease, being good candidates for future studies (Yadav
et al. 2020).

Knowing that flavanone naringenin (Fig. 14) has activity against several viru-
ses, its potential for inhibiting ZIKV in vitro was evaluated. Cataneo et al. (2019)
described that this flavonoid is capable of preventing infection in human A549 cells
and also in primary human monocyte-derived dendritic cells in a
concentration-dependent manner, and regardless of the viral lineage, probably
acting in the assembly phase of new viral particles. Moreover, it was found that its
maximum non-toxic concentration against A549 cells is 125 pM and that its ICsq
value is 58.79 uM, with a CCsq value of 693.6 uM and selectivity index (SI) of
11.79. Finally, a molecular docking study suggested that naringenin probably acts
interacting with NS2B-NS3 protease (Cataneo et al. 2019).
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Fig. 14 Chemical structure HO
of the flavanone naringenin
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3.2 Nature-Based Compounds

The synthetic tetra-O-acetylated houttuynoid B (TK1023, Fig. 15) is structurally
related to flavonoid glycosides that can be isolated from Houttuynia cordata. Basic
et al. (2019) showed that this molecule interferes with the virus entry into the cell, it
reduces the infection. Besides, they observed that TK1023 impairs the release of
the internalized viral particles in the cytoplasm. In contrast, the synthesized parental
houttuynoid B (TK1024, Fig. 15), known as a naturally occurring antiviral agent,
has no activity against ZIKV. Therefore, it was concluded that the “prodrug”
TK1023 could be translocated better across the cellular membrane than the more
hydrophilic TK1024, being metabolized into an active substance by enzymatic
deacetylation. The half-maximal effective concentration (ECso) for TK1023 and
TK1024 was determined by plaque assay. The detected ECs, values for French
Polynesia (PF13/251,013-18) and Uganda 976 strains were at 1.675, and 1.552 uM
for TK1023. The TK1024 did not inhibit PF13/251,013-18 and displayed an ECsq
value of 25.8 uM for Uganda 976 (Basic et al. 2019).

Pitts et al. (2017) showed that the synthetic retinoid N-(4-hydroxyphenyl)-reti-
namide (4-HPR, Fig. 16) potently inhibits ZIKV and DENV2 New Guinea strain in
mammalian cells and significantly reduced both serum viremia and brain burden in
a murine model of ZIKV infection. The reduction was associated with a major
decrease in the rate of virus RNA synthesis that did not result from the direct
inhibition of the viral replicase activity but likely through an effect on the host. The

Ac= acetyl group
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Fig. 15 Houttuynoid B analogs with meaningful activity against Zika virus
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4-HPR inhibits the ZIKV MR766 as well as PF13-251013-18. ICqy values were
closed to 1 pM concentration in different mammalian cell lines including Vero
cells, human hepatocarcinoma Huh7, BHK-21, and human neuroblastoma SK-N-SH
cells (Pitts et al. 2017).

Chen et al. (2017a) investigated the antiviral effect of peptides derived from the
JEV E protein. The protein has four domains: a stem-transmembrane domain which
anchors the protein to the membrane, a central domain that connects to the
extended domain, and the globular domain via short flexible loops (Sirohi et al.
2016).

Peptides derived from helix 2 of the stem e.g. P4 (AWDFGSIGGVFNSIGKA
VHQVFGGAFRTL) and PS5 (AWDFGSIGGVENSIGKAVHQV) showed ICsg
values in low nanomolar range against JEV. Based on the high degree of stem
sequence conservation among flaviviruses, they tested their cross-inhibition
potential against ZIKV and measured an ICsy of 3.27 uM for PS5 against ZIKV
infected Vero cells. In contrast, the homolog peptide from ZIKV ZP2
(AWDFGSVGGALNSLGKGIHQIF) did not prevent ZIKV infection.
Additionally, ZP1 (AWDFGSVGGALNSLGKGIHQIFGAAFKSL), which is
similar to P4, had an ICs, of 1.32 uM. The group concluded that the inhibition of
ZIKV infection might be described in a two-step mechanism i.e. a relatively non-
specific and hydrophobic membrane-binding step followed by specific interaction
with E protein during low-pH-triggered conformational change and fusion.
Moreover, P5 reduced ZIKV infection-associated histopathological damages in
brain and testes as well as provided protection against JEV infection-induced
lethality in type I and II interferon receptor-deficient (AG129) mice (Chen et al.
2017a).

Synthetic carbohydrate receptors (SCR) are small molecules alternative to
lectin-based therapeutic agents whose development failed due to high molecular
weight and their peptidic nature. The aim of the development of those compounds is
the disruption of the viral docking process by carbohydrate-binding. Palanichamy
et al. (2019) synthesized a series of 16 SCRs based on tetrayltetrakis(methylene)
tetrakis (Fig. 17) which is known as a mannose selective SCR (Rieth et al. 2013).
The most potent SCR was tetrakistriazole-derived (Fig. 17) with ICs, values of 0.16
and 0.24 puM in Vero and HeLa cells, respectively. Applying time-of-addition
studies, it was shown that the SCRs inhibit the early stages of the virus infection.
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Fig. 17 Tetrakis derivatives with activity against Zika virus

Therefore, they assumed that SCRs inhibit the binding between the virus and cell
surface glycans and thus prevent viral entry into the cell (Palanichamy et al. 2019).

Sinefungin (SIN), a competitive inhibitor of several methyltransferases (Yebra
et al. 1991; Barbés et al. 1990), and its analog EPZ004777 are potent anti-fungal
antibiotics isolated from Streptomyces griseolus. Tao et al. (2018) designed and
synthesized a series of new SIN derivatives and also their respective deprotected
intermediates, with ICs, values ranging from 4.56 to 20.16 uM. The guanidine
adenosine analog (Fig. 18) showed better activity than EPZ004777, with an ICs,
value of 35.19 pM, while SIN had a value above 50 uM concentration. The most
promising SIN derivative, regarding activity and cytotoxicity, was adenosine
derivative (Fig. 18, Cyclohexyl adenosine), substituted by X = chloro and
W = cyclohexyl. Among the synthesized intermediates two—i.e., N-propy-
ladenosine and N-hydropropyladenosine (Fig. 18)—displayed anti-ZIKV activity
with the promising capability to be lead compounds for further development. The
antiviral activity of these compounds was determined in an infection-based cell
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Fig. 18 Adenosine derivatives with activity against Zika virus
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culture model and the authors did not provide a potential mechanism of action (Tao
et al. 2018).

(—)-Aristeromycin is a naturally occurring carbocyclic nucleoside, which can be
derived from Streptomyces citricolor (Kusaka et al. 1968). In order to obtain
dual-target compounds that address both ZIKV RNA-dependent RNA polymerase
(RdRp, NS5) and the host cell S-adenosyl-L-homocysteine (SAH) hydrolase, Yoon
et al. (2019) designed 6'-fluorinated aristeromycins. The most promising com-
pound, an adenosine-4,4-difluoro analog (Fig. 19), inhibits the SAH hydrolase with
an ICsq value of 1.06 uM. In addition to ZIKV RdRp, which is inhibited with an
ECs5( value of 0.26 uM, replication of several other RdRp of positive-stranded RNA
viruses, such as Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV),
Middle-East Respiratory Syndrome Coronavirus (MERS-CoV), and Chikungunya
virus (CHIKYV), is inhibited in low micromolar range by adenosine-4,4-difluoro
derivative. The corresponding phosphoramidate-prodrug (Fig. 19) did not affect the
SAH hydrolase but inhibited the replication of ZIKV with an ICsq value of 1.75 puM
(Yoon et al. 2019).

Suroengrit et al. (2017) developed halogenated chrysins, 6,8-dibromochrysin,
and 6,8-diiodochrysin (Fig. 20), two flavonoid derivatives that are potent against
ZIKV and all DENV serotypes (DENV1-4). Both inhibitors showed ECs, values in
the low micromolar range (1.65 + 0.86 and 1.39 &= 0.11 pM). Both affected
post-attachment and -replication steps probably by acting of host factors.
Nevertheless, specific drug targets are still unknown (Suroengrit et al. 2017).

Galidesivir (BCX4430, Fig. 21) is a broad-spectrum antiviral that is potently
active against YFV, EBOV, and Marburg Virus (MARYV) in in vivo experiments
(Warren et al. 2014). Julander et al. (2017) tested BCX4430 in an AG129 mouse
model after exposure with an Asian ZIKV strain (P6-740) and characterized the
course of ZIKV-induced disease. BCX4430 significantly improved the outcome of
the infected mice and was found to be the first treatment that protects from
ZIKV-associated mortality in a mouse model (Julander et al. 2017).

In a molecular dynamics study, Chuang et al. (2018) identified different sub-
structures of the Zika NS5 methyltransferase domain that might be responsible for
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Fig. 19 Adenosine derivatives studied by Yoon et al. (2019)
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the selectivity of the drugs S-adenosyl-L-homocysteine (SAH) and
7-methylguanosine-5'-triphosphate (m7GTP). ICso values were previously deter-
mined to be 0.43 uM (SAH) and 184 pM (m7GTP) by Coutard et al. (2017). For
the ZIKV NS5-SAH complex, the research group determined four NS5 substruc-
tures (residue orders: 101-112, 54-86, 127-136, and 146-161) and Ser’®, Gly®',
Arg84, Trp87, Thr1°4, Glyl%, Glylm, His”o, Asp146, 116147, and Gly148 residues
affecting the ability of SAH to bind with full-length ZIKV NS5. For ZIKV
NS5-m7GTP complex, three ZIKV NS5 substructures (residue orders: 11-31, 146—
161, and 207-218) and Asn'’, Phe**, Lys®®, Lys®, Ser'”, Arg?"®, and Ser*'’
residues influenced ZIKV NS5, and m7GTP binding through the entrapment of this
RNA analog (Chuang et al. 2018).

3.3 Semi-Synthetic Compounds

Li et al. (2020) investigated derivatives of andrographolide, a compound found in
the herbaceous plant Andrographis panicula Nees, for their antiviral activity against
the ZIKV PRVABCS59 strain, first isolated in Puerto Rico, in Vero and human
glioblastoma cells (SNB-19). The group tested more than 20 derivatives of andro-
grapholide and concluded that the combination of andrographolide scaffold and
quinoline moiety is a potential anti-Zika strategy. With 19-acetylated 14a-(5',7'-
dichloro-8'-quinolyloxy) and 14b-(8'-quinolyloxy)-3,19-diol derivatives (Fig. 22)
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Fig. 22 Quinolyloxyl analogs with antiviral activity in the low micromolar range

they found leads with ECs, values in the low micromolar range and selectivity
indices (SI) around 20 (Li et al. 2020).

3.4 Synthetic Compounds

Hrd1 complex were identified in several screens as host factors required for fla-
vivirus replication (Krishnan et al. 2008; Dang et al. 2015; Scaturro et al. 2018;
Mairiang et al. 2013). Ruan et al. (2019) tested 1,696 compounds with a null Hong
Kong mutant form of o-1-antitrypsin (NHK)-dislocation assay in which the dislo-
cation of NHK is monitored by the reconstitution of GFP in the cytosol (Zhong and
Fang 2012), which possibly target Hrd1. Among these, CP26 (Fig. 23) inhibited the
dislocation of NHK with an ICsq value of 4.45 pM. In Huh7 cells, CP26 exhibited a
broad-spectrum activity against all DENV serotypes and three ZIKV strains
(MR766, PRVABCS59, and P2-740). ZIKV replication and virus production were
reduced by about 80% at 20 nM of CP26 via an unclear mechanism (Ruan et al.
2019).

To develop drugs that potentially exhibit prophylactic activity against DENV
and ZIKV infections, Chen et al. (2020) targeted the host calcium/

Fig. 23 Chemical structure " Cl
of compound CP26 :

ICso (NHK dislocation) 4.45 uM
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calmodulin-dependent kinase II (CaMKII). In a previous study, the group observed
that JEV activated CaMKII via dopamine D2 receptor-phospholipase C signaling to
increase the surface expression of JEV binding/entry molecule in neuronal cells
(Simanjuntak et al. 2017). Since members of Flaviviridae share life cycles and
host—pathogen interactions (Leyssen et al. 2000), they proposed that CaMKII can
serve as a target for prophylactic drugs against flaviviral infections. Besides, they
designed several benzenesulfonamides of which N-(4-cycloheptyl-4-oxobutyl)-
4-methoxy-N-phenylbenzenesulphonamide (Fig. 24) was the most promising
compound. CaMKII was inhibited by an ICs, value of 0.79 uM. ZIKV E protein
expression and viral progeny production were inhibited with an ECs, value of 1.91
UM. Furthermore, it significantly reduced the viremia level and increased animal
survival time in mouse-challenge models (Chen et al. 2020).

Quek et al. (2020) used fragment-based drug design to identify fragment scaf-
folds, which can serve as a starting point for lead compound development. Using a
primary thermal shift assay, they screened a library of fragment compounds and
found twenty-two fragments that bind to the NS2B-NS3 protease from ZIKV. The
X-ray  structure of two hits, 4-(hydroxymethyl)benzoic acid and
2-thioxothiazolidin-4-one (Fig. 25) were determined and showed that both frag-
ments bind to the S1 pocket (Quek et al. 2020).

To find new antiviral inhibitors Yang et al. (2017) screened a focused library of
about 200 biaryl-substituted quinolones (Yang et al. 2017). After ECsy value
determination and summary of Structure—Activity Relationship (SAR), new
molecules for hit optimization were synthesized. The most potent molecule was
RYL-634 (Fig. 26) with an ECso value of 6 nM (determined by RT-PCR and
luciferase assays). The antiviral profile of RYL-634 was revealed, as well as its

potency against several RNA viruses, such as DENV, enterovirus 71 (EV71), HIV,
CHIKYV, respiratory syncytial virus (RSV), severe thrombocytopenia syndrome

HO g
OH /]; D
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0O
4-(Hydroxymethyl)benzoic acid 2-Thioxothiazolidin-4-one

Fig. 25 Chemical structures of inhibitors of NS2B-NS3 from Zika virus
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Fig. 26 Chemical structure
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virus (SFTSV), MERS-CoV, influenza virus, and HCV. Using activity-based
protein profiling, the research group identified different human proteins as possible
targets. By using bioinformatics analysis and SAR-guided selection in reverse
docking, the authors validated dihydroorotate dehydrogenase (DHODH) as the
major target for RYL-634 (Yang et al. 2019).

Lian et al. (2018) investigated the E protein from flaviviruses as a drug target for
preventing infections. They developed a proximity-based luminescent assay screen
and HTS to identify small-molecule inhibitors of DENV2 E protein. In total, 21,271
compounds were screened and ICsy values of 50 hits were determined. Among
these, 35 efficiently competed with GNF2-biotin, a 4,6-disubstituted pyrimidine
previously identified (Wispelaere et al. 2018; Clark et al. 2016), for binding to
DENV soluble dimeric form of the E protein (SE,) with ICsq values lower than 10
pM. Thereafter, 12 compounds inhibited DENV2 infectivity by 90% or higher, at
10 uM concentration. Lastly, eight small molecules were identified to inhibit
DENV infection by binding to the E protein and preventing membrane fusion.
Among them, five compounds A-E (Fig. 27) showed antiviral activity against
ZIKV in a plaque reduction assay lower than 10 uM concentration (Lian et al.
2018).

Other approaches employed in silico methods to identify new anti-ZIKV active
substances. In order to target the ZIKV RdRp, Pattnaik et al. (2018) screened
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Fig. 27 Zika virus inhibitors identified by Lian et al. (2018)
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100,000 small molecules in silico and tested the top ten for their ability to inhibit
the viral replication. At 1 pM concentration of the non-nucleoside inhibitor
3-chloro-N-[({4-[4-(2-thienylcarbonyl)-1-piperazinyl]phenyl }amino)carbonoth-
ioyl]-1-benzothiophene-2-carboxamide (TPB) (Fig. 28) inhibited the replication of
ZIKV PRVABCS59 in Vero cells by 99% compared to the control. The ECsq value
for TPB is about 94 nM and was determined in a plaque reduction assay. In in vivo
studies, TPB significantly reduced ZIKV viremia (Pattnaik et al. 2018).

Singh and Jana (2017) modeled the catalytic domain of the ZIKV RdRp with
special attention to conserved aspartate residues in the palm domain. Commercially
available inhibitors available in the ZINC database (Irwin and Shoichet 2005) were
virtually screened against ZIKV modeled RdRp. After refinement based on
absorption, distribution, metabolism, excretion, and toxicity (ADMET) parameters,
one promising compound, ZINC50166190 (Fig. 29), was selected. This compound
showed a remarkable docking profile against the conserved aspartate residues.
However, validation of this predicted inhibitor using a cell-based assay is still to be
performed (Singh and Jana 2017).

Using structure-based virtual screening and dynamics simulation Santos et al.
(2020a) identified a promising inhibitor targeting the NS5 methyltransferase. The
group virtually screened 42,390 structures from the Development Therapeutics
Program AIDS Antiviral Screen Database, while ZINC1652386 (Fig. 30) stood out
due to its high affinity in comparison to the co-crystallized ligand (Santos et al.
2020a).

Onawole et al. (2017) used consensus scoring to identify new inhibitors for the
mature particle of ZIKV. They screened 36 million compounds from the MCULE
database (Kiss et al. 2012) and the results of the 25 top-ranked molecules from
MCULE and Drug Score Xtended (DSX) were combined. Two hit compounds,

LT

]I\'i ECjU 94 nM
CC_;(] 19.4 }IM

Fig. 28. 3-Chloro-N-[({4-[4-(2-thienylcarbonyl)-1-piperazinyl]phenyl}amino) carbonothioyl]-
1-benzothiophene-2-carboxamide (TPB)

Fig. 29 Chemical structure 0
of ZINC50166190
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Fig. 30 Chemical structure (0] O
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Fig. 31 Chemical structures of inhibitors identified by Onawole et al. (2017)

MCULE-8830369631-0-1 and MCULE-9236850811-0-1 (Fig. 31), were selected
and their K; values were estimated by the docking score values. Both hit com-
pounds have similar predicted binding modes indicated by interactions with the
same amino acids. Finally, physicochemical properties, including ADMET, were
predicted using MCULE’s property calculator and Molinspiration tool (Onawole
et al. 2017).

An in silico screening performed on a library containing 6,265 protease in-
hibitors (PI’s) revealed that the compound 9B, a C2-symmetric HIV protease
inhibitor, emerges as a potential ZIKV NS2B-NS3 inhibitor. Hence, compound 9B
showed a meaningful affinity value towards NS2B-NS3 protease (PDB ID: 5L.CO)
(Fig. 32). By performing molecular dynamics, it was verified that this compound
forms a stable complex with this target, in the course of 40 ns simulation time.
Analyzes revealed that compound 9B mainly interacts with the ZIKV NS3 domain,
more specifically with His®' and Ser'” residues at the catalytic triad. Lastly, in vitro
experiments unveiled that compound 9B inhibits NS2B-NS3 protease with an ICsq
value of 143.25 + 5.45 uM, corroborating the in silico screening (Akaberi et al.
2019).

The original Fig. 32 has later been replaced by this figure by the author. Kindly
help me to bring to normal size for publication.
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Fig. 32 Structure of compound 9B and its interactions with NS3 protease from the Zika virus

Through molecular docking, molecular dynamics simulations, using implicit
solvation models, some molecules were identified to have significant affinities
forward dimerization site from the Axl receptor with the Gas6 protein, wherefore
interfering with the virus entry into neural cells. Thereupon, R428 and its analogs,
compounds 1’ and 2’ (Fig. 33), exhibited a greater affinity for the AxI receptor, with
binding energy values of —10.5, —11.9, and —13.06 kcal/mol, respectively. Thusly,
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Fig. 33 Dengue virus entry inhibitors identified by in silico and in vitro experiments
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compound 2’ showed a greater affinity for the binding pocket, and it was recom-
mended as a lead compound for synthesis and pre-clinical trials (Sarukhanyan et al.
2018). Alternative studies reported that compounds 2-12-2, GNF-2, and 3-110-22,
those are 2,4-, 4,6-disubstituted pyrimidines, and a cyanohydrazone analog,
respectively (Fig. 33), inhibit DENV fusion by interactions with fOG pocket from
prefusion form of the E protein from DENV (Schmidt et al. 2012; Clark et al. 2016;
Wispelaere et al. 2018). Notwithstanding with the conserved residues at the fJOG
pocket, these analogs demonstrate in vitro ZIKV inhibition with ICy, values
ranging from 4 to 107 pM (Wispelaere et al. 2018).

An interesting molecule for ZIKV control is the molecular tweezer CLRO1
(Fig. 34), which had already been found to inactivate human immunodeficiency
virus 1 (HIV-1) and herpes virus, acting via viral envelope membrane disruption.
This molecule was shown to be able to reduce the ZIKV cytopathic effect (CPE) in
Vero E6 cells, with an ICs( value of 8.2 uM, and also prevented ZIKV infection on
cells. Finally, it has been shown that CLRO1 loses its effect in the presence of serum
but not urine, saliva, semen, or cerebrospinal fluid (Rdcker et al. 2018).

Further, acting on the viral envelope, but at the stage of binding to host cells, it
could be highlighted the cyanohydrazone, as 3-110-22 (see Fig. 33), capable of
reducing viral infection with an ICsy value of 4.2 pM. However, it has demon-
strated high in vivo toxicity. Somewhat to reduce this toxicity, structural opti-
mizations were performing, yielding the compound JBJ-01-162-04 (Fig. 35), which
was tested only in a DENV infection model, where exhibited an ICy, value of 1.5
pM. Furthermore, it demonstrated in vivo antiviral activity when intraperitoneally
administered in mice at a dose of 40 mg/kg. Such results are encouraging for the
therapy of ZIKV infection since the region in the viral envelope protein, in which
this class of molecules binds, is well conserved among the different flaviviruses (Li
et al. 2019).

Fig. 34 Chemical structure 0
of the molecular tweezer <p
CLROI

Fig. 35 Chemical structure 0 o] P JF
of cyanohydrazone Y)
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An artificial nucleotide, NITD0O08 (Fig. 36), was used as an application model
for a ZIKV RNA-dependent RNA polymerase (ZIKV RdRp) model, corresponding
to the C-terminal portion of NS5, essential for viral replication. This is a very
detailed model with the potential to guide future work on rational drug design
against ZIKV (Sebera et al. 2018). Through structure-based virtual screening
(SBVS), it was possible to identify inhibitors of viral replication targeting NS5 and
RdRp proteins, such as compounds ZINC64717952 and ZINC39563464 (Fig. 36),
whose these could be used as promising scaffolds for the future development of new
drugs (Ramharack and Soliman 2018).

Based on the idea that ZIKV uses extracellular vesicles (EVs) as a mode of
escaping the immune system and to assist its propagation, and which such vesicles
are produced via ceramide formation from sphingomyelin by sphingomyelinase, it
has been proposed that the inhibition of this route could be a mechanism for
controlling the wviral spread. Notwithstanding this information, a neutral
sphingomyelinase-2 (nSMase2) inhibitor (GW4869, Fig. 37) was found to be able
to inhibit viral propagation in astrocytes in a dose-dependent manner, already at 2
puM concentration (Huang et al. 2018).

Deeming the host’s metabolic pathways used by the virus, a celecoxib derivative
kinase inhibitor AR-12 (Fig. 38), designed to act downregulating the PI3K/Akt
pathway (phosphatidylinositol 3 kinase/protein kinase B) was able to inhibit viral
replication in Huh-7 cells with ICsy and CCs values ranging from 0.82 to 0.88 and
7.01 uM, respectively (depending on the viral lineage), and SI of 7.97-8.55. AR-12

1 0
kf\"/ N o H Ls Y
[ ’ Y =N }—:\(IN 0

N= N‘-

N
ZINC39563464

HO™" NITD008 ZINC64717952 0

Fig. 36 Compounds identified by structure-based virtual screening
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Fig. 38 Chemical structure
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was also tested in neuronal cell lines (U251 and SF268), showing ICsq and CCsg
values of 0.84 and 1.18, and 6.99 and 11 pM, and SI values of 8.32 and 9.32 for
U251 and SF268 cells, respectively. Furthermore, it has seen that AR-12 inhibited
the protein expression of the envelope and NS1 proteins. Finally, AR-12 was found
to be active in vivo, leading to a survival rate from O to 83.3% when comparing
infection in untreated or AR-12-treated mice at a dose of 25 mg/kg intraperi-
toneally. Studying the route of administration, the researchers demonstrated that the
effect was only achieved with a 200 mg/kg AR-12, when the substance was
administered orally (Chan et al. 2018).

Yang et al. (2018a) aimed to enhance the antiviral potency of AR-12 (see
Fig. 38), a celecoxib analog which has been described as a favorable antiviral agent
against some relevant viruses, such as DENV, Lassa virus (LASV), EBOV, among
others (Chen et al. 2017b; Mohr et al. 2015). Deeming compound AR-12,
glycine-containing pyrazole and pyrrole derivatives were evaluated towards ZIKV.
From this, compounds P12-23 and P12-34 (Fig. 39a) displayed the best antiviral

P12-23R,=R,~ CH,
R; Ry

)%rmg P12-34 R =Benzyl R,=H
i TN i

DHODH o G0 e
Dihydroorotate —> Orotate —»  Orotidine —) monophosphate
5'-monophosphate (UMP)

Fig. 39 Structure of AR-12 and its derivatives (a) and the mechanism of viral inhibition by
dihydroorotate dehydrogenase blocking (b)
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effects and suppressed the ZIKV replication in A549 cells at nanomolar concen-
trations (ICso = 130.3 and 118.6 nM, respectively), being about tenfold more potent
than AR-12 (ICsq = 1.373 nM). Further, antiviral effects against DENV-2 and JEV
were experimentally observed. Surprisingly, P12-34 was effective against the four
DENV serotypes (DENV-1-4), with ICs, values ranging from 62.2 to 98 nM
concentrations. Compounds P12-23 and P12-34 act by interrupting DENV RNA
replication, without interfering on the viral binding, entry, or protein translation
(Yang et al. 2018a). Therefore, their mechanism of inhibition of the viral replication
is associated with the interference into the cytochrome bcl complex and, conse-
quently the inhibition of DHODH. Finally, it is a mitochondrial enzyme responsible
for catalyzing the oxidation of the dihydroorotate to orotate and inhibitors targeting
it contribute to inhibiting De Novo pyrimidine biosynthesis (Fig. 39b) (Reis et al.
2017; Yang et al. 2018a).

Another metabolic pathway used by ZIKV in its replication involves proteins of
the Hrdl complex, which is involved in the degradation of misfolded proteins,
mediating the transport of proteins from the endoplasmic reticulum to the cytosol, a
process that can be inhibited by the synthetic triterpenoid CDDO-Me (Fig. 40).
Thereafter, it was described that CDDO-Me could also bind to the grp94 chaperone,
inhibiting viral replication with an ECsq value of 15 nM and protecting cells from
viral cytopathic effect, at the same concentration range (Rothan et al. 2019).

It has been proposed that heat-shock protein 70 (HSP70) is involved in the
replication process of the various flaviviruses, and can function as a target for
antiviral therapy. In this perspective, a series of different HSP70 inhibitors was
evaluated, and it was described that apoptozole (Fig. 41) had antiviral potential
against ZIKV in vitro and in vivo. This molecule was able to inhibit the viral
cytopathic effect at 3 uM concentration. Additionally, it inhibits viral replication in

Fig. 40 Chemical structure
of triterpenoid CDDO-Me

Fig. 41 Chemical structure
of apoptozole
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a dose-dependent manner in Vero, BHK, A549, Huh7, and Huh7.5 cells, ranging
from 1 to 10 uM, without toxicity. Also, it inhibits the production of viral proteins,
acting mainly after the virus entry. In vivo, the substance was intraperitoneally
administered at a dose of 10 mg/kg in mice, being able to reduce viremia via an
increase in the animal’s innate immune response (Yang et al. 2020).

Another strategy to attack the virus is through the technology of short interfering
RNA (siRNA), which blocks the expression of genes essential for viral replication. An
in silico analysis was proposed to design candidates for this type of therapy. Through
the alignment of 347 available ZIKV genomes, the researchers selected 13 conserved
regions from among the various genomes for designing 20 siRNA molecules. Virtual
screening was then carried out to identify and to discard which of these molecules
could bind to immune epitopes (susceptible to mutation), which could bind to targets
different from that planned and those which could interfere with normal human cell
processes, selecting S09 sequences (CAAGUAUAUGACUUUUUGG) and S12/13
(UAUUCCGGCAGAUGCAACCUG) as a promising molecule (Giulietti et al.
2018).

3.5 Drug Repurposing for Zika Virus

Since flaviviruses require a large number of human host factors that could already
be effectively targeted with approved drugs, it is a promising strategy to test them in
high-throughput screenings (HTS) against several flaviviruses. Antivirals identified
by using this strategy have previously shown advantageous risk—benefit ratios and
safety profiles, allowing them to quickly enter clinical trials.

3.5.1 Antiviral Drugs

Ribavirin (Fig. 42), a synthetic guanosine nucleoside pharmacologically utilized in
the treatment of hepatitis C virus (HCV), has shown effects on the replication of
other well-known arboviruses (Rattanaburee et al. 2015; Abdel-Hady et al. 2014;
Silva-Junior et al. 2017). Notwithstanding the previous advances, Kamiyama et al.

Fig. 42 Chemical structure O
of ribavirin
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(2017) demonstrated that ribavirin 40 ug/mL significantly inhibited ZIKV repli-
cation. Eventually, its association with IFN-f 2.5 U/mL was able to completely
inhibit the ZIKV replication in Vero cells. Furthermore, the inhibitory effect on the
ZIKV replication was observed in SH-SY5Y and C6/36 cells lineages, when treated
with ribavirin at 10 pg/mL concentration. Thereafter, it was noticed that ribavirin
prevents apoptosis and ZIKV-induced death on Vero cells. Lastly, high doses of
ribavirin inhibit the early stages of ZIKV viremia in STATI-deficient mice
(Kamiyama et al. 2017).

Another HTS study, focused on previously known broad-spectrum antiviral
compounds and substances from the NIH Clinical Compound Collection Library
was published by Adcock et al. (2017) shortly after. Amongst the broad-spectrum
antivirals, they found the vacuolar ATPase inhibitor saliphenylhalamide (SaliPhe)
and innate immune response agonist CID 91632869 (Fig. 43) to be effective against
ZIKV MR766 and PRVABCS9 infection in Vero cells. Interestingly, the previously
described entry inhibitor chloroquine showed no anti-ZIKV activity in their assays.
As an explanation for that, Adcock et al. (2017) hypothesized that the lack
of antiviral activity was probably due to the nature of their assay, where readout
was performed after multiple replication cycles of the virus. Uridine analog
6-azauridine (Fig. 43) exhibited antiviral activity in the low micromolar range. In
contrast to what was observed for other pyrimidine-synthesis inhibitors like bre-
quinar, 6-azauridine did not decrease viral titers in infected Vero cells. Adcock
et al. (2017) also found the 5-a-reductase inhibitor finasteride and (HMG-CoA)
reductase inhibitor mevastatin (Fig. 43) to act against ZIKV infections, whereas the
latter showed inversed effects on ZIKV replication at concentrations above 5 uM
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Fig. 43 Repurposed drugs by Adcock et al. (2017)
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(Adcock et al. 2017). The nucleoside analog NITDO008, well-known for its antiviral
activity against DENV by Yin et al. (2009), showed activity against ZIKV MR766
and PRVABCS9, with ECs, values of 0.51 and 0.56 puM, respectively (Adcock
et al. 2017).

Sofosbuvir (Fig. 44) is an RNA polymerase inhibitor (RdRp) approved for the
treatment of HCV flavivirus infections, one of the most targeted virus among
Flaviviridae family members. In this context, sofosbuvir was tested in models of
ZIKV cell infection, such as Huh-7, neuroblastoma (SH-Sy5y), neural stem
(NSC) cells, and brain organoids. In the direct inhibition assay of ZIKV RdRp,
sofosbuvir showed an ICsq value of 0.38 puM, slightly higher than the positive
control (Ribavirin-triphosphate, ICs9 = 0.21 uM). In cellular tests, the substance
showed EC5q values ranging from 0.41 to 1.9 uM when working with a multiplicity
of infection (MOI) of 1.0, and ranging from 0.12 to 1.7 pM when working with
MOI of 0.5, all lower than the positive control (Ribavirin). Finally, the substance
was shown to be able to drastically reduce the ZIKV production in brain organoids,
in addition to causing mutations of the A-to-G type in the virus in doses lower than
those required for antiviral action, suggesting the possibility of a second pharma-
cological effect (Sacramento et al. 2017). In another study, sofosbuvir showed ECsq
value ranging from 1 to 5 uM in Huh-7 (human hepatocellular carcinoma cell) and
Jar (human placental choriocarcinoma cell) infection models, with MOI 0.1 from
several ZIKV strains, in addition to showing a protective effect when orally
administered to mice at a dose of 33 mg/kg/day (Bullard-Feibelman et al. 2017).

Considering nucleoside analogs, such as 6-methylmercaptopurine riboside
(6MMPr, Fig. 45), which is capable of inhibiting the replication of a series of
flaviviruses, it was evaluated in vitro against ZIKV and using Vero and human
neuroblastoma cells (SH-Sy5y) as infection models. 6MMPr showed ICs, values of
24.5 and 20.3 pM against infection in Vero and SH-Sy5y cells, respectively, but
with a quite different SI (11.9 and 22.7, respectively). It was suggested that 6MMPr
is much less toxic for SH-SySy cells than for Vero cells (Carvalho et al. 2017).

Arbidol (Fig. 46) is an antiviral used for decades in the treatment of influenza
that has been shown to inhibit six different ZIKV isolates from various cell lines,
including primary vaginal and human cervical epithelial lines. A study showed that
the substance is more effective when administered before virus infection, exhibiting
an ICso value of 11 pM if administered 12 h before infection and 15 pM if
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Fig. 47 Repurposed drugs by Elfiky and Ismail (2018) for Zika virus

Setrobuvir

administered 1 h before, with CCsq > 40 puM in both cases. This information
corroborates its proposed mechanism of action, which is to prevent from virus
entering the cell (Fink et al. 2018).

The in silico approach was also used to identify candidates for drug reposi-
tioning, where a virtual screening including 16 ligands studied in the last 20 years
as antivirals allowed to identify potential inhibitors of ZIKV RdRp, being identified
the compounds setrobuvir, YAK, and IDX-184 (Fig. 47) as promising anti-ZIKV
agents (Elfiky and Ismail 2018).

3.5.2 Lipid-Lowering Drugs and Nutraceuticals
Ianevski et al. (2018) developed an in vitro investigational study involving

approved, under-analysis and experimental antiviral agents against Rift Valley fever
virus (RVFV), Echovirus 1 (EV1), Herpes Simplex virus type 1 (HSV-1), ZIKV,
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Fig. 48 Hypolipidemic drugs and nutraceuticals with effects against Zika virus replication

HIV-1, CHIKV, Influenza A virus (FLUAYV), and Ross River virus (RRV).
Interestingly, the authors identified novel antiviral activities. Surprisingly, ezetim-
ibe (Fig. 48), a drug for reducing cholesterol absorption in the small intestine, has
been identified as a promising anti-ZIKV agent, exhibiting an ECs, value of 0.09
pM and selectivity index (SI) high than 333 in retinal pigment epithelium (RPE)
cells (Ianevski et al. 2018).

Neuroprotective effect of docosahexaenoic acid (DHA) (Fig. 48) in ZIKV
infection, an omega-3 polyunsaturated fatty acid (PUFA), has been analyzed for-
wards SH-Sy5y cells. Likewise, it has been reported that pre-treatment with DHA
increases the viability, proliferation, and decreases ZIKV-induced cell apoptosis.
Furthermore, it modulates the inflammatory response by decreasing
pro-inflammatory cytokines levels (IL-6 and MCP-1) and increased secretion of
anti-inflammatory cytokine (TGF-p); inhibits the production of reactive species and
prevents ZIKV-induced mitochondrial dysfunction; it reduces ZIKV viral load and
infectivity. Nevertheless, pre-treatment with DHA exhibited neuroprotective and
anti-inflammatory effects on neuronal cells infected with ZIKV (Braz-De-Melo
et al. 2019).

The in vitro activity of statins against ZIKV, a class of drugs that reversibly
inhibit HMG-CoA reductase enzyme, which is a key enzyme involved in choles-
terol synthesis, was recently investigated for their potential antiviral activity
(Moghadasian 1999; Espaiio et al. 2019). Thereupon, it was detected that lipophilic
statins such as atorvastatin, cerivastatin, fluvastatin, lovastatin, mevastatin, and
simvastatin (Fig. 48) could inhibit ZIKV infection in Vero cells, exhibiting ECsg
values ranging from 0.02 to 14.59 uM, and also SI values varying from 2.66 to
18.19. In general, it is proposed that these drugs reduced the production of ZIKV
infectious particles, reaching up to 98% of inhibition by using lovastatin, for



The Medicinal Chemistry of Zika Virus 269

CCjy pre-treated (HEK293T/17) 2715.25 pM
CCy, post-treated (HEK293T/17) 517.55 yM
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Fig. 49 Chemical structure of orlistat

example. Finally, these results highlighted the role of cholesterol and other
mevalonic acid products in ZIKV replication (Espaiio et al. 2019).

Lipids are required at multiple stages of the viral replication cycle
(Martin-Acebes et al. 2016). Hitakarun et al. (2020) investigated the potential of
orlistat (Fig. 49, tetrahydrolipstatin) an FDA-approved drug that inhibits the fatty
acid synthase (FASN), as broad-spectrum anti-flaviviral and -alphaviral agent.
Similar to orlistat, another FASN inhibitor, namely C75, was identified previously
to block DENV replication by Samsa et al. (2009). Therefore, they screened orlistat
at 100 pM concentration against different strains of DENV, ZIKV, JEV, YFV, and
CHIKV in three treatment regiments of infected HEK 293T/17 cells (pre-,
post-infection, and combined treatment). For ZIKV (Uganda and Asian SV0010/
15), very moderate change in the level of infection was observed, although virus
titer and genome copy numbers were reduced (Hitakarun et al. 2020;
Martin-Acebes et al. 2016).

3.5.3 Antiasthmatic Drugs

An in silico screening was accomplished by analyzing of 1,597 drugs toward viral
proteins from DENV (NS5), DENV2 (E, C, NS2B/NS3), DENV3 (NS5), ZIKV (E,
C, MTase, NS1, NS3, NS5, and NS2B/NS3), and CHIKV (El, E2, and nsP2).
Consequently, five compounds were selected for in vitro testing. In this context,
pranlukast (Fig. 50), an antiasthmatic drug, exhibited a better antiviral activity upon
infected human monocytic cells with DENV and ZIKV, with ICs( values of 11.85
and 22.28 pM, respectively. Finally, pranlukast blocked DENV attachment
on human monocytic cells surface and interacts with E, NS1, and C proteins from

Fig. 50 Pranlukast, an O

antiasthmatic drug repurposed
0 N
O ‘ \\N
NH N~NH

for the Zika virus
IC:‘,U= 22.28 }JM 0
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DENV, suggesting that its antiviral effect may be related to these essential proteins
(Montes-Grajales et al. 2020).

3.5.4 Antimalarial Drugs

Chloroquine is a 4-aminoquinoline used to treat malaria infections (Fig. 51).
Interestingly, it has exhibited antiviral effects against different flaviviruses, such as
DENV and JEV (Browning 2014; Zhu et al. 2012; Farias et al. 2013). Additionally,
it has demonstrated anti-ZIKV effects in Vero, hBMEC, and hNSC cells, with ECs
values ranging from 9.82 to 14.2 uM, and SI from 7.68 to 13.70 (Delvecchio et al.
2016). Based on its remarkable antiviral effects, 7-chloroquinoline-containing
analogs have been synthesized and screened for antiviral properties (Fig. 51). In this
context, some N-(2-(arylmethylimino)ethyl)-7-chloroquinolin-4-amine derivatives
(Fig. 51, a—i) should be highlighted due to their inhibitory effects on ZIKV repli-
cation (> 75%), which exhibited activity about tenfold more potent than chloro-
quine, except for compound (f). Ultimately, the best derivative
(compound k) showed ECsy and SI values of 0.8 uM and 515, respectively
(Barbosa-Lima et al. 2017).

Li et al. (2017) found an antiviral activity in cell assays and showed that it
protected mice from ZIKV-induced mortality and reduced microcephaly in

Chloroquine
ECg= 12 yM

H_\,/‘\/l\"\. =

Compound R ECs; (nM)

Compound R ECs (nM) _“L,’[/
a H 1.2 N
4 1.5
b p-NO, 1.5 & |
c p-F 1.5 bt
. e -~ 0. NO,
d 0-OH: m-OCHj 1.6 h 3@,,\0_ 0.8
e 0,0-OCH; 1.5
~5 N\ -No,

Fig. 51 Structure and ECsy values for chloroquine and its N-(2-(arylmethylimino)ethyl)-
7-chloroquinolin-4-amine derivatives against Zika virus replication
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newborns. The ICs, value was determined to be in the low single-digit micromolar
range with no detectable toxicity at 10 uM concentration. They showed that
chloroquine inhibited virus internalization but neither interfered with particle
binding nor viral replication (Li et al. 2017). Zhang et al. (2019) further investigated
the antiviral effects of chloroquine in different cell types as well as in a newly
established maternal to fetal transmission model in mice (Zhang et al. 2019) and
found that chloroquine inhibited ZIKV infection by at least two mechanisms, with
ECso values of 1.72 and 2.72 uM in GZ0I and FSS13025 cells, respectively.
Besides, it presented a CCs, value higher than 10 pM in both Vero and Huh-7 cells.
It affects RNA release from virus internalized endosomes and autophagy-dependent
viral replication as proposed by Gorshkov et al. (2019) and Delvecchio et al.
(2016). Deeming these findings, they support that more research should be per-
formed to evaluate chloroquine to be considered for the treatment of ZIKV infec-
tion, especially for reducing the risk of microcephaly in pregnant women.
Balasubramanian et al. (2017) continued their previous work
(Boonyasuppayakorn et al. 2015), in which the antimalarial amodiaquine (Fig. 52)
and analogs were found to have anti-DENV-2 and -WNV activities, and calculated
stereo-electronic profiles. Based on these profiles, they developed a computational
model that identified three additional compounds, quinacrine, mefloquine, and
GSK369796 (Fig. 52) that act against DENV2, as well as ZIKV in a plaque
reduction assay with similar ECsy values of 2.27, 3.95, and 2.57 puM
(Balasubramanian et al. 2017). Using a fluorescence-based enzyme activity assay
with purified and activated cathepsin B, a lysosomal protein involved in the
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Fig. 52 Repurposed drugs by Balasubramanian et al. (2017) and Zilbermintz et al. (2015)
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autophagic flux, they demonstrated that amodiaquine, mefloquine, and GSK369796
act as previously described for amodiaquine (Zilbermintz et al. 2015) by directly
binding and inhibiting cathepsin B. As showed by Ha et al. (2010) cathepsin B
mediates the fusion of lysosome with endosomes which, therefore, may be
important for viral release into the cytoplasm (Ha et al. 2010).

3.5.5 Anthelmintic Drugs

Niclosamide (Fig. 53) is an FDA-approved drug for the treatment of parasitic
infections by helminths. Further, it has been reported as an inhibitor of the repli-
cation of three different ZIKV strains in a screening upon SNB-19 cells. In this
context, niclosamide presented antiviral activity against ZIKV, with an ICs, value
of 0.37 uM (Xu et al. 2016). Ivermectin (Fig. 53), another antiparasitic drug, was
able to inhibit ZIKV infection in an experimental screening on different cell lines
(Barrows et al. 2017). Nevertheless, it has not shown effectiveness in a limited
study in Ifnarl knockout mice (Ketkar et al. 2019). Recently, a study has shown the
effectiveness of synthetic poly(lactide-co-glycolide)-b-polyethylene glycol (PLGA-
b-PEG) ivermectin-containing nanoparticles, with IgG Fc conjugated on top of the
nanoparticles. These nanoparticles were able to increase plasma levels of ivermectin
and also showed reduced toxicity when compared to free ivermectin. Furthermore,
these nanoparticles showed the capability of reducing the expression of the ZIKV
NS1 protein and could be a therapeutic alternative against this virus (Surnar et al.
2019).

In an approach for repurposing drugs for utilization against ZIKV infection,
Barrows et al. (2016) screened 774 US Food and Drug Administration (FDA)-
approved drugs in a Huh7 cell-based assay, where the infection rate was assessed.
Therefore, only drugs that interfere with viral entry, translation, or replication could
be identified. Amongst drugs with already known antiviral activity, they success-
fully identified the antiparasitic drug ivermectin (see Fig. 53) (ECsq ranging from 1

Ivermectin

Niclosamide

IC5p=0.37 uM B{,=CH,CH;

B]h: (.H3 i

OH

Fig. 53 Anthelmintic drugs—niclosamide and ivermectin with antiviral effects against the Zika
virus
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Fig. 54 Repurposed drugs by Barrow et al. (2016)

to 10 uM), the immunosuppressant mycophenolic acid (ECsq varying from 0.1 to 1
pM), and the antibiotic daptomycin (Fig. 54) (ECsq ranging from 0.1 to 1 uM) as
new anti-ZIKV active substances. Drugs that also showed antiviral activity included
the antidepressant sertraline-HCl, the anti-protozoal drug pyrimethamine, and the
antiemetic palonosetron-HCI (Fig. 54). In successive experiments with HeLa and
JEG-3 cell lines, deviations regarding toxicity and antiviral activity could be
observed depending on the used cell type (Barrows et al. 2016).

3.5.6 Antihistamine Drugs

In a virtual screening (VS) campaign, using a co-crystal structure of ZIKV
NS2B-NS3 (PDB ID: 5H4), Santos et al. (2020b) screened 1,861 FDA-approved
drugs available in DrugBank and applied the Glide software as well as DOCKG6 in a
consensus docking approach to minimize false positive hits. After selecting the four
drugs chlorcyclizine, clozapine, methazolamide, and levonordefrin for hit validation
in antiviral assays in Vero cells, only chlorcyclizine (Fig. 55) showed activity with
an ECs, value of 69 uM and CCsq of 130 uM (Santos et al. 2020b).

Fig. 55 Chemical structure
of chlorcyclizine O
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Fig. 56 Chemical structure of anisomycin

3.5.7 Antimicrobial Drugs

The antiviral mechanism of action of the antibiotic alkaloid anisomycin (Fig. 56)
against ZIKV and DENV is still uncovered. However, Quintana et al. (2020)
revealed that anisomycin to impair post-entry stages of viral replication. Its ECsq
values ranging from 7.9 to 50.7 nM were determined for several ZIKV strains on
Vero, human epithelial A549, and human myeloid leukemia U937 cells. In a mouse
AG129 model, low doses (4 mg/kg/d) of anisomycin were moderately beneficial in
terms of mortality, whereas higher dosages (100 mg/kg/d) reversed this effect
(Quintana et al. 2020).

3.5.8 Anticancer Drugs

In order to identify substances that interact with factors from the host to inhibit viral
replication, a series of ligands with antiviral activity were tested against several
viruses in the human retinal pigment epithelial (RPE) cells model, which are
ZIKV targeted. As a result, SaliPhe (see Fig. 43), obatoclax, and gemcitabine
(Fig. 57) were identified as capable of rescuing cells from ZIKV-mediated death,
with ECso values of 0.04, 0.05, and 0.01 uM and SI of 65, >200 and >1000,
respectively. Finally, it was proposed that SaliPhe and obatoclax inhibit virus
endocytosis, and gemcitabine interferes with viral RNA transcription (Kuivanen
et al. 2017).

Fig. 57 Drugs repurposed by NIl,
Kuivane et al. (2017) for Zika SN
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3.5.9 Other Repurposed Drugs

A phenotypic HTS, based on immunofluorescence detection of ZIKV E-protein in
infected JEG-3 cells was performed by Loe et al. (2019) for 1,172 FDA-approved
drugs. Out of 29 positive hits, four drugs were selected for further studies and
validation (candesartan cilexetil, emetine, primaquine diphosphate, and calcifediol
(Fig. 58)). All of them showed antiviral activity in the sub-micromolar range. The
candesartan cilexetil, an angiotensin II receptor subtype 1 (AT1) antagonist with so
far, no reported antiviral activity, inhibited ZIKV with an ICs( value of 3.363 nM
and a CCsg value of 22.33 uM, resulting in a high SI of 6640. Further studies
revealed a post-entry inhibitor mechanism and reduction of viral replication and
consequently protein synthesis (Loe et al. 2019). Anti-protozoal (primaquine
diphosphate) and emetic (emetine) drugs (Su, Yin, Low et al. 2009) were previ-
ously described as an antiviral drug against ZIKV infections in a work that also
elucidated its mechanism of action against ZIKV and EBOV (Yang et al. 2018b).

Candesartan cilexetil inhibited the ZIKV NS5 RdRp in a cell-free assay with a
20-fold higher IC5y value compared to the cell-based viral infection assay probably
caused by an enrichment of candesartan cilexetil in cells (Khandelwal et al. 2017).

N
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ECs (PRVABC59) 3.36 nM ECso (PRVABCS59) 4.11 nM

CCs (JEG-3) 22.3 yM
S 0\
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Primaquine Diphosphate

Calcifediol

ECs, (PRVABC59) 160 nM HO ECso (PRVABC59) 22 nM
CCsy (JEG-3) > 100 pM CCsg (JEG-3) 26.27 uM

Fig. 58 Repurposed drugs against Zika and Ebola viruses
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Another proposed mechanism is that candesartan cilexetil affects the Niemann-Pick
type C1 cholesterol transporter, possibly leading to reduced autophagy, reducing
the virus binding (as reported for EBOV) and dose-dependent lipid accumulation in
lysosomes (Carette et al. 2012; Martin-Acebes et al. 2016; Yang et al. 2018b).

3.6 Other Inhibitors Against Zika Virus

3.6.1 Free Form Amino Acid (FFAAP)

Vasireddi et al. (2019) showed that ZIKV replication in human placental cells is
dependent on intracellular glutathione levels. Cells that were treated with a specific
free form amino acid (FFAAP) formulation comprising cysteine, glycine, and a
glutamate source along with a minute concentration of selenium produced signif-
icantly greater levels of glutathione than untreated cells. Biosynthesis is increased
in a dose-dependent manner, plateauing at 5 mM concentration. FFAAP treatment
at a concentration of 10 mM was toxic to the cells. The effectiveness of FFAAP was
analyzed in ZIKV (PRVABCS9) infected Vero cells by plaque assay showing a
reduced number of plaques of 42% at 3mM and 85% at 6 mM. To evaluate whether
intracellular glutathione was responsible for the reduction in ZIKV titers the virus
reduction was quantified, while inhibiting the biosynthesis of glutathione by
buthionine sulfoximine (BSO). They observed up to 90% reduction of ZIKV yields
with FFAAP (2.5-5 mM) treatment of JEG-3 and Vero cells. The reduction of virus
titer is independent of the cell’s utilization and concentrations of the intracellular
glutathione (Vasireddi et al. 2019).

3.6.2 Bone Morphogenic Protein (BMP)

The expression of the iron hormone hepcidin is decreased upon chronic hepatitis C
virus (HCV) infection, which is regulated by hepatic bone morphogenic protein
(BMP)/SMAD signaling (Ryan et al. 2010; Babitt et al. 2006). Eddowes et al.
(2019) observed that HCV infection and activation of the BMP/SMAD pathway are
mutually antagonistic. Therefore, they explored the effects of several different
BMPs and the related activin proteins on type I interferon (IFN) signaling, cellular
antiviral responses, and replication of HCV. Upon the observation that BMP sig-
naling controls expression of genes that regulate a broadly acting antiviral response,
the group considered whether BMPs and activins may have activity against other
viruses besides HCV, namely the hepatitis B virus (HBV), and ZIKV. They found
that BMP6, as well as activin A, restrict replication of the DNA virus HBV and that
activin A inhibits ZIKV replication. INF-o and activin A inhibited viral replication
when used alone. However, the combination of both had synergistic effects
(Eddowes et al. 2019).
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3.6.3 Ferric Ammonium Citrate (FAC)

Ferric ammonium citrate (FAC; 100 puM, Fig. 59) blocks influenza A virus
(IAV) PRS8 replication and virus-induced expression of innate immune factors
without being toxic even at high concentrations (10 mM). In cell-based assays, it
was shown that FAC inhibits the endosomal release of IAV. In vivo assays showed
that FAC protected mice from IAV PRS virus infection reflected by weight loss and
survival rate. Using a mouse ZIKV infection model, Wang et al. (2018) found that
co-administration of FAC (15 mM) and ZIKV inhibited weight loss and increased
survival rate compared to used controls. Neither with citrate nor with iron alone the
anti-PR8 effect could be achieved, suggesting that specific ferric citrate complexes
are required for antiviral activity. Testing the time window for application of FAC
in vivo for prevention (FAC 30 min pre-treatment, then performing PR8 infection)
or therapeutic (Pr8 infection, then FAC 30 min treatment) purposes, FAC had no
inhibitory effect on the virus (Wang et al. 2018).

3.6.4 Benzoxazine/Carbon Dots (BZM-CD)

Carbon dots (CD) derived from hydrothermal treatment of benzoxazine
(BZM) have been reported to possess antiviral activity against DNA and RNA
viruses e.g. human herpes simplex virus type 1 (HSV-1), coronavirus, and nor-
ovirus (Ting et al. 2018; Barras et al. 2016; Dong et al. 2017). Huang et al. (2019)
combined antimicrobial properties of benzoxazine (BZM) derivates (Sun et al.
2016; Iloni et al. 2018) with carbon dots (BZM-CD). To examine the effect of
BZM-CDs on flaviviral infections they measured infectivity of JEV by plaque
reduction assay in the presence and absence of BZM-CDs. Treatment with
BZM-CDs prevented the viral infectivity in a dose-dependent manner (9.375-75
pg/mL) without being toxic. Regarding time dependency the authors found out that
virions lost their infectivity after incubation with BZM-CDs for 10 min and no
plaque was observed upon 60 min treatment. Similar to the results for JEV, the
treatment of BZ-CDs reduced the ability of ZIKV to infect Vero cells. The ECsq
value of BZ-CDs against ZIKV was determined to be 3.715 pg/mL. As shown by
electron microscopy, BZM-CDs could directly bind to the surface of virions and
block the first step of virus-cell interaction (Huang et al. 2019).
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3.6.5 Guanylate-Binding Proteins (GBPs)

Guanylate-binding proteins (GBPs) have antiviral, antibacterial, and antiprotozoal
activities (Kim et al. 2012; Vestal and Jeyaratnam 2011), nevertheless, through a
yet unclear mechanism. Braun et al. (2019) showed that GBP2 and GBPS5 target
the cellular host protease furin and suppress the maturation and priming of several
glycoproteins including those of different viruses. In this work, the research group
focused on the suppression of the maturation of HIV and murine leukemia virus,
somewhat it was identified similar effects for IAV, ZIKV, measles virus, and
MARV. Finally, in some experiments they found, that not only furin activity but
also its expression was reduced (Braun et al. 2019).

3.6.6 Protein—Protein Inhibitors (PPIs)

Kazmirchuk et al. (2017) designed synthetic competitive peptide inhibitors of
host-ZIKV protein—protein interactions (PPIs). They initiated producing a com-
prehensive map of predicted human-ZIKV PPIs. They used two complementary
sequence-based PPI prediction tools (PIPE and De Novo prediction) to identify
sequences that served for the design of several peptides aiming at disrupting the
corresponding PPI. From a list of 25 high priority human proteins that interact with
ZIKV proteins, the research team focused mainly on four: RNASET2, ENO2,
TRAF4, and CEP63. The results could be used to develop new therapeutics for the
ZIKV (Kazmirchuk et al. 2017).

3.6.7 Vivo-Morpholino

Morpholino oligomers are antisense uncharged molecules that bind to RNA and can
be applied to interrupt translation or to interfere with RNA processing. Further,
Vivo-morpholino is comprised of a morpholino oligo covalently bonded to an
octaguanidine dendrimer, a delivery portion that facilitates the cellular penetration
of the morpholino and facilitates its delivery to the cytosol (Popik et al. 2018;
Morcos et al. 2008; Moulton and Shan 2009). In this framework, Vivo-morpholino
DWK-1 (Fig. 60) designed to be complementary to the 25-mer-nucleotide sequence
within the ZIKV 5'-untranslated region (5'-UTR) suppressed the transcription of
ZIKV in podocytes (>96%) and primary human retinal endothelial cells (98%).
Also, it reduced ZIKV protein E expression (>98%) and suppressed the
pro-inflammatory gene expression from IFN-B, RANTES, MIP-1a, TNF-o, and
IL-1o in vitro. Lastly, DWK-1 (Fig. 60) demonstrates a potential antiviral effect
against ZIKV, demanding additional in vivo investigations (Popik et al. 2018).
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Fig. 60 Structure of Vivo-morpholino DWK-1. The sequence of DWK-1 complementary to the
25-mer of ZIKV 5’-UTR is shown (in red)

3.6.8 Cyclin-Dependent Kinase Inhibitors (CDKi)

A virtual screening study including about 6,000 compounds, counting approved
and clinical trial drugs candidates, and also pharmacologically active com-
pounds, was capable of identifying cyclin-dependent kinase inhibitors (CDKi) as
potential in vitro inhibitors of ZIKV replication (Xu et al. 2016). Hence,
PHA-690509 (Fig. 61) inhibited the replication of three different ZIKV strains, and
it demonstrated an ICsq value of 1.72 uM in an assay that determined intracellular
levels of ZIKV RNA. Furthermore, seliciclib, SNS-032, PHA-793887, AT7519,
BS-194, RGB-286147, dinaciclib, and alvocidib (Fig. 61) inhibited ZIKV infection
in SNB-19 cells, with ICs, values in a submicromolar range (Xu et al. 2016).

3.6.9 Non-competitive Inhibitor of Inosine-5’-Monophosphate
Dehydrogenase

Merimepodib (Fig. 62), a potent non-competitive inhibitor of inosine-5'-mono-
phosphate dehydrogenase (IMPDH), which is an enzyme involved in the De Novo
synthesis of guanine nucleotides (Sintchak and Nimmesgern 2000), exhibited an
in vitro antiviral effect by inhibiting ZIKV RNA replication, with an ECs, value of
0.6 uM. Moreover, the authors provided evidences that combinations of merime-
podib with ribavirin (see Fig. 42) or favipiravir (Fig. 62) increased the antiviral
effects. Somewhat, merimepodib was capable of inhibiting other meaningful
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viruses, such as Chikungunya (CHIKYV), Junin (JUV), Lassa (LASV), and Ebola
(EBOV) (Tong et al. 2018).

3.6.10 Pan-Caspase Inhibitors

Emricasan (Fig. 63), a pan-caspase inhibitor, is capable of inhibiting the increment
in caspase-3 activity, thus protecting neural cells from ZIKV-induced death,
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Fig. 63 Emricasan, a 0 F
caspase-3 inhibitor with F.
in vitro neuroprotective 0 H 0] OH

activity against Zika-induced X J-k[rN 5 5 F
death of neural cells H H { E

(8]

evidencing a neuroprotective activity but without inhibiting ZIKV replication (Xu
et al. 2016).

3.6.11 Innate Immunity Targets

Components of innate immunity have been explored for antiviral effects (Makhluf

et al. 2016). It was seen that primary human corneal epithelial cells (Pr. HCEC)
were permissive to ZIKV infection and signals of the innate immune response were
elicited, such as expression of pathogen recognition receptors (PRRs), induction
of cytokines and chemokines, and upregulation of interferon-stimulated antiviral
response genes. Finally, recombinant interferon-stimulated gene 15 (ISGL15)
inhibited ZIKV replication by direct inactivation and reduction of ZIKV attach-
ment to Vero cells (Singh et al. 2019).

4 Final Considerations and Future Qutlook

Deeming this scenario, the development of new alternatives medicines for the
treatment of ZIKV is an unmet need since it is a Neglected Tropical Disease (NTD)
and has not received considerable attention. Wherefore, there are no licensed
vaccines or approved drugs to specifically treat this infectious disease. In contrast,
various research groups worldwide have developed new strategies to discover
efficient alternative drugs against this viral disease. These researchers have focused
on searching for natural, nature-based, and synthetic compounds, as well as,
repurposing of drugs. Somewhat, different strategies involving other potential
inhibitors have also emerged.

It is remarkable how much medicinal chemistry in recent years has contributed
to the development of new inhibitors against ZIKV. Often, the structure-based drug
design or virtual screening campaigns have led to the identification of promising
natural or synthetic derivatives with anti-ZIKV activity in the low- or
sub-micromolar ranges. Considering the recent advances presented in this chapter,
certain points should be highlighted. From the natural origin, patentiflorin A, iso-
lated from Justicia gendarussa has demonstrated the most promising agent, with
ICsy values ranging from 10 to 70 nM against several different viruses, such
as DENV-1, JEV, TBEV, WNV, and EBOV. Additionally, nature-based
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tetrakistriazole analogs have exhibited best anti-ZIKV activities, with ICso values
varying from 0.16 to 0.24 pM. Still, quinolyloxyl analogs obtained
semi-synthetically have been found to be promising against ZIKV. Amongst the
synthetic compounds presented in this chapter, an AR-12 analog has shown the best
results, with an ICsy value of 1.37 nM on A549 infected cells. Notably, the drug
repurposing strategy has been much explored to investigate a large chemical library
of active ligands and FDA-approved drugs. Surprisingly, cerivastatin (a synthetic
statin used to lower cholesterol and prevent cardiovascular disease) was found as a
promissing drug against ZIKV, with an ECsy value of 0.02 puM against
ZIKV-infected Vero cells. Finally, other inhibitors have exhibited meaningful
activities against ZIKV, such as cyclin-kinase inhibitors and Vivo-morpholine.

ZIKV cases has been reported every year, asking for the development of new
specific and safe antiviral agents. In this context, medicinal chemistry emerges as a
powerful tool for overcoming difficulties associated with infectious diseases.
Remarkable achievements have been highlighted in this chapter, showing the
advances made by different research groups working on the ZIKV topic. This
strategy has increased along with the advent of the emergence of new virtual
protocols, more powerful machines, updated drug banks, crystallographic structures
at high-resolution, and other factors. Lastly, it is expected that in the future, safer
and active drugs will be discovered or synthesized as the number and types of
viruses, including the mutant strains, will emerge.
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Abstract Tumor-associated immune microenvironment triggered by the infection
with high risk Human Papillomavirus (HPV) is well accepted today as one of the
most important determinants for the development of HPV-related cervical cancer.
HPV has developed different immune-evasion strategies that can escape the
immune system and establish chronic infection leading to chronic inflammation.
The immune response, even though it may abolish tumor, it may also further assist
carcinogenesis by different signalling pathways. Even so, this is not enough for the
development of the tumor. Viral oncoproteins E6 and E7 are actively involved in
this process. They are known to be able to abolish cell cycle regulation, apoptosis
and DNA repair systems and as a result aid the establishment of cancer. We discuss
here the HPV life cycle and its involvement in the carcinogenesis process.
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1 Introduction

It has been well accepted that the development of different types of cancer from the
inflammatory environment might be a process driven by inflammatory cells on one
side and a variety of mediators, including cytokines, chemokines and enzymes on
the other side (Mangino et al. 2016). Chronic inflammation plays a significant role
in the process of carcinogenesis and it can be caused by variety of different sources,
like alcohol abuse or chronic infection with hepatitis B virus (HBV) or hepatitis C
virus (HCV) in hepatocarcinogenesis and Human papillomavirus (HPV) infection
in cervical cancer (Sevic et al. 2019; Graham 2017). Nevertheless, even though
persistent infection is an important event, it may not be sufficient to progress into
tumorigenesis fully. In the case of some viruses, several viral proteins are proven to
be vital for the development of cancer. In HPV infection, the crucial change nec-
essary for progression to cancer is the increase in expression of viral oncoproteins
E6 and E7 in dividing, infected cells (Graham 2017). This chapter will provide an
overview of the HPV replication and its involvement in carcinogenesis process.

2 Human Papillomavirus (HPV) Classification

Human papillomavirus (HPV) is a small, double-stranded DNA virus that has a
tropism for epithelial cells and propagates itself in a specific epithelial niche. HPVs
constitute a large family of viruses that have been divided into groups in various
manners. According to the tissue of origin they have been divided into cutaneous
and mucosal types. The mucosal HPVs belong to types defined as high risk for the
development of cancer whereas the association of cutaneous HPV types with car-
cinogenesis is still under investigation (Flores and Lambert 1997; Mangino et al.
2016).

More than 200 HPV types have been described by now and are classified into five
groups based on DNA sequences and tropism (Alpha, Beta, Gamma and Nu/Mu,
papillomavirus). Each group shows some differences in the life cycle of the virus and
its tropism (Doorbar et al. 2012; de Sanjose et al. 2018). De Villiers et al. described
the advances in HPV classification and showed that in 2013 there had been 66 types
described in genus Alpha papillomavirus, 45 in the genus Beta Papilloma virus and
54 in genus Gamma Papilloma virus (de Villiers 2013).With the arrival of new
techniques more types are being described every year and these numbers are getting
much higher, reaching 64 types reported in 2017 for alpha Papilloma virus. The
Alpha genus includes genotypes that have been mostly associated with cancer, while
Beta and Gamma genus are more associated with infections that are generally a
asymptomatic, but in the state of immune-suppression (like HIV infection) these
types can lead to the production of cutaneous Papilloma. Persistent infection with
some Beta types is associated with the development of non-melanoma skin cancers,
particularly in immune-suppressed patients. The Gamma and Nu/Mu types infect the
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cutaneous epithelium and are typically associated with the formation of benign
papillomas (de Sanjose et al. 2018; Moody 2017).

On the other hand, HPV has been divided into two groups, low and high risk
based on the risk they present for the development of cancer. The low risk group
(like HPV6 or HPV11) produces benign lesions or warts, while the high risk group
is associated with 90% of cervical cancers (Flores and Lambert 1997; de Sanjose
et al. 2018). Among these, the HPV-16 and HPV-18 subtypes are the most
prevalent in cancers and are considered to be responsible for approximately 70% of
cervical cancers. At the same time, the rest is being associated with the other
subtypes of the high risk group (like HPV-31, -33, -35, -39, -45, -51, -52, -56, -58,
-59, -68, -73, and -82). Additionally, HPV-16 is associated with approximately 95%
of HPV-positive oropharyngeal cancers (Berman and Schiller 2017; Stanley 2019).
Nevertheless, most of HPV infections do not cause symptoms and are cleared in a
period of 12-24 months post infection. Only a small portion of those infections
persists and can progress to a preneoplastic lesion (de Sanjose et al. 2018).

3 HPYV Infection Epidemiology and Diagnostics

As we previously mentioned, most cervical HPV infections are asymptomatic and
more than 90% of infections clear within 24 months (Berman and Schiller 2017).
However, cervical cancer is still a considerable burden worldwide being the fourth
most common cancer in women. It was estimated that globally there is approxi-
mately 500,000 new diagnoses each year and amongst them, squamous cell car-
cinoma (SCC) is the most common histological type. Nearly all cervical cancers of
this type are HPV-related. Adenocarcinomas account for approximately 25% of all
cervical cancers and have much more heterogeneous origin, with around 15% being
unrelated to HPV infection (Park 2020; Berman and Schiller 2017; Wakeham et al.
2017). Also, high risk HPV is now accepted as the principal cause of oropharyngeal
squamous cell carcinoma in some parts of the world (Taberna et al. 2017).

HPV, unlike some other viruses, cannot easily be diagnosed by serology. This is
due to the adaptive immune response being much slower than in other viruses, the
antibody titters that are produced are low, and it has been reported that between 30
and 50% of infected women seem never to acquire antibodies (Frazer 2009; Pattyn
et al. 2019). One of the possible explanations for this is that there is practically no
viremia phase. Infection occurs entirely in the epithelium of the cervical mucosa.
Women who develop antibodies do so between 8 and 12 months after the initial
infection, but this depends on the individual and the HPV type. The majority of the
developed antibodies are to the L1 protein, which does not necessarily protect
against successive infections (Pattyn et al. 2019; World-Health-Organization 2009).

Antibodies can be determined by ELISA, using virus particles as a substrate; or
by neutralization assays using virions and cells susceptible to infection (Frazer 2009;
Pattyn et al. 2019; World-Health-Organization 2009). Regardless, as stated above,
these tests can be used for population exposure evaluation and for the study of
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immunogenicity of vaccines (World-Health-Organization 2010). For the diagnosis
of individual infection, it should be considered that only molecular methods directly
detect HPV. The rest of the methods are dedicated to the detection of precancerous or
cancerous lesions (Centers-for-Disease-Control-and-Prevention 2019).

There are three initial screening methods:

Molecular method that detects HPV DNA: The HPV screening test is extremely
sensitive for detecting HPV infection in women. It is not recommended to apply
these methods to women under 30 years of age because many young women are
infected with these types of HPV, but most of these infections will clear sponta-
neously before they reach 30 years of age. It is recommended to perform these tests
in 30-49 years old women (World-Health-Organization 2014).

Visual inspection method with two methodologies: Visual inspection with acetic
acid and visual inspection with iodine from Lugol. In the first one a solution of
acetic acid of 3—5% is used and the cervix is illuminated with a light source. The
purpose is to identify the areas bleached by acetic acid, which may indicate that the
tissue is undergoing precancerous changes. The second method involves the
observation of the cervix after applying Lugol iodine to detect lesions. Both
techniques require experienced medical personnel (World-Health-Organization
2014; Sankaranarayanan Wesley et al. 1998).

Cytological screening method: It is performed with the conventional Pap smear.
This method uses a sample of cells taken from the cervix during a gynecological
examination with a speculum. For a Pap smear, the sample is spread on a slide,
fixed and stained, and then examined under a microscope. If abnormal epithelial
cells are found in the cytological study, a positive result is reported, which does not
necessarily indicate precancerous lesions (World-Health-Organization 2014;
Berman and Schiller 2017).

On the other hand, as confirmatory tests for the diagnosis of precancerous
lesions, methods like colposcopy, biopsy and endocervical curettage are currently
performed (World-Health-Organization 2014; Centers-for-Disease-Control-and-
Prevention 2019).

Colposcopy: It makes use of a colposcope to examine cervix, vagina and vulva
for signs of disease. It allows the examination of the specific characteristics of the
epithelial layer and the surrounding blood vessels. More recently, this test has also
been done using specially designed video or digital cameras. This test is usually
combined with targeted biopsies of all lesions where neoplasia is suspected (Torres
Garcia et al. 2007).

Biopsy: is the removal of small samples of abnormal tissue for microscopic
examination. Special tweezers are required for biopsy and training is needed. The
biopsy is used to determine the degree of abnormality of cervical cell changes and
to rule out cancer. After the examination, a biopsy is classified as normal, as
cervical intraepithelial neoplasia, or as an invasive carcinoma (Torres Garcia et al.
2007; World-Health-Organization 2014).

Endocervical curettage. It is only recommended in some cases in which there is
a strong suspicion of the lesion, but it is not observed in colposcopy or biopsies.
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A spatula or curette, adaptable to the dimension of the neck, is used to scrape it and
obtain a mucous material that contains cells. Staining and observation are then
performed by trained personnel to find the lesion (Torres Garcia et al. 2007).

To be noted that in different countries different diagnostic algorithms is applied
depending on socioeconomic realities. However, they are all based on the previ-
ously mentioned methodologies.

4 HPV Structure

HPV is a small non-enveloped virus that has a circular double-stranded DNA
genome, approximately 8 kb long. The genome organization of HPV 16 is typical of
the high-risk Alpha papillomavirus. It is divided into three main regions (Fig. 1).
The early region (E) encodes genes that are necessary in different stages of the virus
life cycle (E1-E7). These proteins are crucial for viral genome replication, virion
synthesis and release, but, they also play a fundamental role in cell transformation
and development of cancer. Second region is the late region (L), which encodes

* LCRis a noncoding region * E6 and E7 viral
* Contains the replication origin and sites for oncoproteins modify
the binding of transcription factors and E1 cellular environment
and E2 viral proteins. allowing cell cycle re-
entry
URR/LCR *  They inactivate the p53

and pRb tumor
suppressor pathways.
*  They down-regulation
Notch signaling pathway
* L1 and L2 are capsid
proteins L1 and L2 L1
*  The encapsidation of viral
genomes is completed in
the upper layers of the
epithelium.

* E1and E2 control viral
replication and gene
expression.

* Elisrecruited by E2 at

L2 the origin of viral
replication which
* E5 ontributes to efficient generates viral
productive replication. Episomes.
* ES increase signaling from * E4isconsidered to have a
the epidermal growth primary role in virus
factor receptor (EGFR). release and transmission.

Fig. 1 Genome organisation and protein functions of HPV16. HPV16 is a typical model for the
genome organization of high risk HPV. Genome is divided into three main regions. The early
region (E) encodes genes that are necessary in different stages of the virus life cycle while late
region (L) encodes capsid proteins. The third region is a non-coding region called upstream
regulatory region (URR) or the long control region (LCR) which contributes to the regulation of
DNA replication by controlling the viral gene transcription
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capsid proteins L1 and L2 (de Sanjose et al. 2018; Doorbar et al. 2012). The most
immunogenic protein of pathogenic HPVs is L1 protein, which forms the virion.
The genome is encapsidated with 360 L1 protein units organized as 72 pentamers
which probably have in the center one unit of L2 (Frazer 2009; Graham 2017). The
third region is the upstream regulatory region (URR), also known as the long
control region (LCR). This is a noncoding region that contains the replication origin
and sites for the binding of transcription factors (like SP1, AP1, Octl) and also for
the E1 and E2 viral proteins that control replication and gene expression. This
region contributes to the regulation of DNA replication by controlling the viral gene
transcription and has post-transcriptional control via the LRE (late regulatory ele-
ment) (de Sanjose et al. 2018; Graham 2017).

High-risk HPV genomes have two main promoters which are activated at dif-
ferent stages in the viral life cycle. In undifferentiated epithelial cells the early
promoter which is situated adjacent to the E6 ORF in the URR is active and
regulates viral gene expression. After epithelial differentiation the late promoter
which is located in the E7 OREF is activated. This promoter leads the expression of
the L1 and L2 genes, which allows the encapsidation of viral genomes to be
completed in the upper layers of the epithelium. In HPV16, these two promoter
elements are named PE (early promoter or p97) and PL (late promoter or p670),
which regulate the expression of differentially-spliced mRNAs during epithelial
differentiation (Doorbar et al. 2012; Moody 2017).

5 HPV Life Cycle

The HPV replicative cycle starts when HPV enters the basal layer of the epithelium
where viral particles arrive through the wounds and infect keratinocytes of the
epithelial basal layer. The productive replicative cycle of HPVs is highly dependent
to host cell differentiation. HPV enters cell by an endocytosis mechanism that is
most similar to micropinocytosis. After the initial entry the virus starts genome
replication to create a pool of episomal viral genomes (Martinez-Ramirez et al.
2018; Woodby et al. 2016; Graham 2017; Flores and Lambert 1997). When the
initial infection occurs in undifferentiated basal cells, early proteins are expressed in
low levels (E1, E2, E6, and E7) postponing normal keratinocyte differentiation. E1
is a helicase/ATPase and it is the only viral protein with enzymatic activity. E1 is
recruited by E2 at the origin of viral replication and this generates 50—100 copies of
viral episomes per cell. When the infected cell divides, viral DNA is distributed
between the daughter cells and it continues replicating together with cellular DNA.
In this manner viral genomes are maintained in undifferentiated basal cells in a
stable copy number. (Martinez-Ramirez et al. 2018; Stubenrauch and Laimins
1999).

During the epithelium differentiation, when the productive phase of the viral life
cycle is activated, these numbers increase to thousands of DNA copies. In the
middle and the upper differentiating epithelial layers, the high amounts of E6 and
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E7 are being expressed. The expression of these two proteins is important for the
viral life cycle primarily because they modify the cellular environment to help
genome amplification by allowing cell cycle re-entry. These two proteins are very
important for the high risk types as they seem also to drive cell proliferation in the
basal and parabasal layers. On the other hand for the low risk HPV types (like
HPV6 and HPV11), the exact role of these two proteins in the infected basal cells is
not clear (Moody 2017; Egawa et al. 2015). High risk HPVs also express ES protein
that contributes to efficient productive replication. E5S protein is a small membrane
protein, predominantly found in Golgi complex. One of the most described
molecular activities of this protein is to increase signalling from the epidermal
growth factor receptor (EGFR). The E2 protein is a transcription factor which
regulates viral gene expression and has also been considered to be able to control
some cellular promoters (Moody 2017; Woodby et al. 2016).

The viral life cycle is completed with the expression of L1 and L2 proteins in the
upper layer of the epithelium, after which the viral genome is encapsidated and the
mature virions are being released (Martinez-Ramirez et al. 2018; Doorbar et al.
2012).

Genome encapsidation includes the recruitment of L2 protein to the replication
regions through E2 protein, before the expression of L1. Virus maturation takes
place in the most superficial, dying keratinocytes, where the oxidizing environment
allows the accumulation of disulphide bonds between L1 proteins. This leads to the
production of very stable infectious virions. The E4 protein accumulates in very
high levels in infected cells and is considered to have a primary role in virus release
and transmission. In high risk types, this is considered to be driven possibly by E4
protein assembly into amyloid fibrils that disrupt keratin structure and compromise
the normal assembly of the cornified envelope (Egawa et al. 2015; Doorbar et al.
2012).

When a complete viral life cycle occurs, it still does not imply a high risk for
cancer development as most of these infections, even if produced by high risk
types, is abolished within two years. The persistent infection that leads to the
inflammatory environment, genomic instability and in many cases to viral genome
integration into the host DNA is considered the main determining factor for cervical
cancer development. It is well accepted for this cancer type that HPV integration
allows larger expression of oncogenes E6 and E7 which, consecutively, aids
oncogenesis (Taberna et al. 2017). Integration also can lead to oncogenesis by the
inactivation of the E2 protein expression and the disruption of host genes due to the
viral sequence insertion. If E2 protein is no longer expressed it cannot repress the
P97 promoter and as a consequence it cannot restrict E6 and E7 expression (de
Sanjose et al. 2018; Graham 2017). Tandem integration of the viral genome into the
host DNA can also provoke the formation of super-enhancer-like elements which
can additionally activate E6 and E7 protein expression. However, integration is not
considered to be a part of the normal HPV replication cycle (Martinez-Ramirez
et al. 2018; Graham 2017).
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6 HPV-Induced Carcinogenesis

Microenvironment plays a very important role in the development of tumor. As we
previously mentioned, HPV infection on its own in not enough for carcinogenesis.
Some reports show that estrogen signaling in the stromal tumor microenvironment
is associated with cervical cancer maintenance and progression. Spurgeon et al.
have shown that the HPV oncogenes and estrogen together strongly alter host gene
expression in the cervical stroma and propose that the pithelial-stromal crosstalk in
cervical carcinogenesis is bidirectional (Spurgeon et al. 2017). Stromal cells as well
as cytokines and chemokines they produce could be considered as factors that
contribute to HPV-associated carcinogenesis because of the cross-talk between
these cells and epithelial, tumor and immune cells that coexist the tumor
microenvironment (Barros et al. 2018). One of the most important roles of stromal
cells in carcinogenesis is to induce a proinflammatory milieu which in turn is a
suitable condition for establishment of HPV transformed cells (Barros et al. 2018).

The interplay between chronic inflammation and oxidative stress induces dif-
ferent tissue alterations enabling HPV integration, which, as was previously men-
tioned, is one of the key events in the malignant transformation (Georgescu et al.
2018). The inflammation process involves reactive oxygen species, cytokines,
chemokines, growth factors and enzymes (like metalloproteinases), which can
induce changes in the proliferation processes as well as senescence and cell death.
These factors can also lead to the generation of mutations and methylation of DNA
and can stimulate angiogenesis. Westrich et al. described that E7 protein interacts
with the DNA methyltransferase and stimulates its activity which could partially
explain the changes in the host methylome that they have observed in HPV-positive
keratinocytes (Westrich et al. 2017; Sadri Nahand et al. 2020).

Macrophages are one the most common immune cell in the skin and, like
fibroblasts, can be activated in the presence of tumor cells forming tumor associated
macrophages (TAMs). TAMs are known to be able to promote tumor growth and
angiogenesis by secreting growth factors (like EGF and VEGF) and by releasing
anti-inflammatory cytokines (like IL10 and TGFp) (Woodby et al. 2016), with a
phenotype like macrophages type 2 (M2). There is evidence which suggest that a
high number of TAMs intumor microenvironment is strongly associated with viral
infection. Chen et al. suggest that there is a critical role for CD163+ and CD68+
macrophages in HPV infection and show a strong association between the malig-
nant transformation of cervical tissue and the increase in the number of these two
types of macrophages (Chen et al. 2017). IL-6 which is necessary for the
pro-tumorigenic response in monocytes is suppressed by HPV during productive
infection while it is greatly up-regulated during later stages of cervical carcino-
genesis. It has been shown that M2 macrophage differentiation is driven by IL-6
derived from cervical cancer together with prostagl and in E2 (Smola 2017). Also,
the virus is able to escape the immune surveillance cells, mostly Langerhans cells,
dermal myeloid dendritic cells and memory T cells, through the uncoordinated
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production of pro-inflammatory cytokines with the synthesis of IL-6 in combination
with the inhibition of IL-1 release (Mangino et al. 2016).

HPVs show genotype-specific tropisms, infection type and pathologies. Different
HPVs have become well adapted to their own epithelial niches and some of them,
like those from Alpha papillomavirus genus, developed sophisticated immune
evasion strategies allowing them to cause persistent infection, even in immune
competent individuals (Egawa et al. 2015). Some studies proposed as one of the
immune evasion strategies the decreased activity of keratinocytes. This might be
due to viral oncoproteins being able to disarrange the expression of some genes and
transcription factors (like NF-xB) in keratinocytes, like those involved in antigen
presentation or cell communication (Barros et al. 2018).

E6 and E7 viral oncogenes are also implicated in down-regulation of Notch
signaling pathway that in turn is involved in the control of stemness. In fact, it has
been reported that inhibition of expression of E6 leads to loss of stemness of cancer
stem cells in cervical cancer, possibly through down-regulation of downstream gene
of Notch pathway, Hesl (Gupta et al. 2018).

One of the most important factors for HPV-associated carcinogenesis is the
ability of E6 and E7 proteins to inactivate the p5S3 and pRb (retinoblastoma) tumor
suppressor pathways. The E6 of high risk HPV associates with the p53 protein and
recruits ubiquitin-protein ligase which works as a ubiquitin ligase for a complex
containing p53 and as a consequence p53 undergoes rapid degradation. Similarly,
E7 binds to pRb resulting in the degradation and functional inactivation of pRb
which leads to uncontrolled cell cycle, proliferation and progression (Stubenrauch
and Laimins 1999; Hoppe-Seyler et al. 2018) (Fig. 2).

7 HPYV Vaccines and Treatment

There is a prophylactic HPV-VLP (virus like particle) vaccine that is made by the
synthesis and self-assembly of the major virus capsid protein L1 in vitro whose
structure is geometrically and antigenically almost identical to virion. This particles
are non-infectious and don’t contain viral DNA. Currently available vaccines of this
type are a bivalent HPV16/18, a quadrivalent HPV6/11/16/18 and a noncovalent
HPV 6, 11, 16, 18, 31, 33, 45, 52, 58. These vaccines are highly effective and are
mainly recommended for 9—14 year-old girls (Stanley 2019; Bednarczyk 2019).
In the case of the early stage cervical cancer the recommended treatment is
surgical and often includes hysterectomy. Most cervical cancers are radiosensitive
and can be treated with primary radiation therapy. Simultaneous chemotherapy with
either cisplatin alone or with 5-fluorouracil is frequently administered with
external-beam radiotherapy. Brachytherapy is a treatment that is frequently used for
patients with advanced cervical cancer and is usually used in combination with
external beam radiotherapy. Significantly advanced stages of cervical cancer are
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Fig. 2 Tumor microenvironment in HPV infection. HPV is able to escape the immune
surveillance cells (like Langerhans cells and memory T cells) and establish infection. Chronic
infection often leads to chronic inflammation. The inflammation process that includes ROS,
cytokines, chemokines, growth factors and enzymes (like metalloproteinases) can induce changes
in the proliferation processes, senescence, cell death, generation of mutations and methylation of
DNA and can stimulate angiogenesis. Additionally, viral proteins E6 and E7 inactivate p53 and
pRb tumor suppressor pathways. On the other hand TAMs are able to promote tumor growth and
angiogenesis by secreting growth factors (like EGF and VEGF) and anti-inflammatory cytokines
(like IL-10 and TGF). This complex interplay can lead to establishment and progression of
tumor. ROS: Reactive oxygen species; TAMs: Tumor associated macrophages; EGF: Epidermal
growth factor; VEGF: Vascular endothelial growth factor; IL-10: Interleukin 10; TGFp:
Transforming growth factor beta; pRb: Retinoblastoma protein

characterized by early treatment failure and a median survival of 7-12 months
(Berman and Schiller 2017; Small et al. 2017). Taking into account that these
standard therapies are not very efficient for advanced stages of cervical cancer, there
have been many efforts for the development of immunotherapies that could provide
better results. One of the promising treatments are DNA vaccines based on anti-
tumor T cells which are the key players in host immune response against tumor.
Multiple vaccines based on this principle are currently being designed and are on
clinical trials (Chauhan and Bharadwaj 2018).
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8 Conclusion

Despite the development of effective prophylactic vaccines cervical cancer is still
4th most common cancer in women. Immune-evasion strategies developed by HPV
together with chronic inflammation unchains a great number of events that lead to
deregulation of the cell cycle and apoptosis and disorganization of DNA repair
systems and as a result aid the establishment of cancer. Further studies about these
mechanisms will lead to a better understanding of the disease development and
treatment failure.
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Abstract Chronic hepatitis B virus (HBV) infection is a major global public health
issue. Fundamental research on HBV is necessary to eradicate and completely cure
HBV infection. Conventionally, genome alterations have been recognized as
nucleotide substitutions and canonical forms of structural variations (SVs) such as
insertion, deletions, and duplication. However, novel forms of SVs, referred to as
complex SVs, have been discovered. Complex SVs were initially reported in the
human and mouse genomes. Subsequent reports have shown that complex SVs also
occur in HBV, which can be detected using bioinformatical tools. Typically,
complex SVs show low sequence similarity and sequence gaps in pair wise/multiple
alignment. In addition, unique insertional motifs are observed, and are useful for
detecting complex SVs. HBV strains with complex SVs can change the virological
characteristics of HBV and the clinical course of HBV-infected patients, depending
on the position in viral genome, type of insertional motifs, and combination of SVs.
Notably, complex SVs that cause up-regulation of viral genome replication and
excessive expression of viral protein may worsen the clinical course.

Keywords Hepatitis B virus «+ Genome - Complex structural variation - Genetic
rearrangement - Bioinformatics - Insertional motif - Hepatocyte nuclear factor 1
binding site - Classification - Pair-wise/multiple alignment - Mutation

1 Introduction

Hepatitis B virus (HBV) research began with the discovery of Australian antigen in
1965 (Blumberg et al. 1965). Initially, immunological analyses were performed to
characterize the virus. Serotyping was introduced as a method to classify the virus,
and has been applied in epidemiological studies (Nordenfelt 1975; Holland 1975).
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In 1979, viral genome sequences of HBV were reported (Pasek et al. 1979; Galibert
et al. 1979; Valenzuela et al. 1979), and research on the HBV genome was initiated.

In 1988, HBV genotypes were first defined by nucleotide differences of more
than 8%, and 4 genotypes (genotypes A to D) were reported (Okamoto et al. 1988).
Subsequent phylogenetic analyses revealed results identical to those obtained HBV
genotyping, and 2 additional genotypes (genotypes E and F) were described
(Norder et al. 1992; Norder et al. 1994; Magnius et al. 1995). A unique HBV strain
containing 36 nucleotide (nt) insertion in the core open reading frame (ORF) was
reported by Tran and colleagues (Tran et al. 1991), which was designated as novel
HBV genotype G (Stuyver et al. 2000). HBV genotype H was subsequently
reported in South American patients (Arauz-Ruiz et al. 2002). Recently 2 other
tentative genotypes (I and J) have been reported (Tran et al. 2008; Tatematsu et al.
2009). Each HBV genotype has different geographical distribution (Orito et al.
2001a, b; Nakano et al. 2001; Ding et al. 2001; Sugauchi et al. 2001, 2002a, b; Ding
et al. 2002; Arauz-Ruiz et al. 2002; Kato et al. 2002; Suzuki et al. 2003; Kramvis
and Kew 2007; Raimondi et al. 2010).

In 1989, an important viral genome mutation, pre-core mutation G1896A, was
reported (Carman et al. 1989), and further research revealed the relationship
between fulminant hepatitis and pre-core mutation (Kosaka et al. 1991; Omata et al.
1991; Liang et al. 1991; Hasegawa et al. 1991). In 1994, core promoter
(CP) mutations (A1762T/G1764A) were reported (Okamoto et al. 1994), and the
mutations were found to be related with seroconversion from HBeAg positivity to
anti-HBe antibody positivity (Lindh et al. 1998). Further research analyzing HBV
genotypes and viral mutations was then initiated. HBV genotypes were found to be
related to virological and clinical characteristics such as genotype specific mutation
patterns (Orito et al. 2001a, b), as well as to mutation patterns and hepatocellular
carcinoma (HCC) risk (Kao et al. 2003).

Following the studies on genotypes and mutations, intergenotypic recombination
in HBV were studied and reported (Bollyky et al. 1996; Bowyer and Sim 2000;
Morozov et al. 2000; Sugauchi et al. 2002b; Simmonds and Midgley 2005;
Suwannkarn et al. 2005; Kurbanov et al. 2005; Chauhan et al. 2008; Ghosh et al.
2013; Araujo 2015). Sugauchi and colleagues (Sugauchi et al. 2002b) suggested
that recombination could explain the differences between HBV genotype B in Japan
and Taiwan. Genotype B in Taiwan was composed of genotype B and C recom-
bination, and thus, the genetic differences between HBV genotype B in Japan and
Taiwan reflected differences in clinical presentation. To date, the genetic differences
in HBV have been explained according to genotypes, point mutations such as CP
mutations and pre-core mutation, and recombination.
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2 Complex Structural Variation

Structural variation (SV) in the genome is defined by canonical forms such as
insertion, deletion, duplication, and inversion. Conversely, studies have elucidated
novel variants that cannot be categorized by those canonical forms (Hastings et al.
2009; Zhang et al. 2009). The non-canonical forms of genetic variations are called
complex SVs (Quinlan et al. 2010; Quinlan and Hall 2012; Yalcin et al. 2012; Guo
et al. 2016; Collins et al. 2017). Quinlan and Hall (2012) reported that complex SVs
comprise multiple breakpoints whose origin cannot be explained by a single
end-joining or DNA exchange events. Yalcin and colleagues (Yalcin et al. 2012)
characterized complex SVs as 2 or more SVs co-occurring at the same locus. In
comparison with known canonical variants, complex SVs have a greater biological
and clinical impact; for example, complex SVs can change regulatory genetic
regions such as enhancer, promoter, or repressor sites into a novel form, and could
disrupt normal regulation of the genome (Quinlan and Hall 2012).

3 Complex SVs in HBV

In 2005, an analysis of HBV genotype E led to the identification of a strange
genetic alteration in HBV (Fujiwara et al. 2005). The genetic alteration was com-
posed of an insertion, a deletion, and a duplication. In addition, those SVs
co-occurred at the same locus. It was a novel rearrangement, and was distinct from
SVs or mutations previously reported in the HBV genome. Nevertheless, a defined
characterization system for genomic SVs in HBV was not established at the time.
The concept of complex SVs has been developed to explain genome variations of
model species. The current characterization systems to describe the complex SVs
were adapted from previous studies of the human and mouse genomes. The HBV
strain with the novel genomic alteration was confirmed to harbour complex SVs. A
total of 70 HBV strains with complex SVs were later discovered and detailed data
on those were published (Fujiwara et al. 2018).

4 Method of Analysis

Investigators defined complex SVs as SVs with multiple breakpoints and consisting
of complicated combinations of insertions, inversions, deletions, and copy number
gains such as duplications (Quinlan and Hall 2012; Yalcin et al. 2012). Compared
with canonical SVs, the genetic sequence of complex SVs shows more nucleotide
differences as compared with reference sequences. In these studies, pair-wise or
multiple-alignment analysis was first performed using the CLUSTAL W program
(Thompson et al. 1994), MAFFT (Katoh and Standley 2013), or T-coffee
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(Notredame et al. 2000) program. Candidate nucleotide sequences were then
aligned with reference genome sequences. When partial sequences with low
sequence identities with and without sequence gaps were detected by visual
inspection, a similarity search for the unique sequence fragments was performed
using NCBI BLAST (Altschul et al. 1997). Our studies to date indicate that 80% of
complex SVs in HBV contain sequence gaps (Fujiwara et al. 2018). Then additional
analysis by visual inspection is conducted by examining the architecture of complex
SVs in previous reports (Quinlan and Hall 2012; Yalcin et al. 2012) as references.
In the initial report of complex SVs in HBV (Fujiwara et al. 2017), unique inser-
tional motif sequences were discovered. The first such sequence identified was for
hepatocyte nuclear factor 1 (HNF1) binding site. HNF1 binding site is located in the
pre-S1 promoter region. The second sequence (GAAGAGCTCAAGCTTTGC) was
an insertion of unknown origin. When new insertional motif sequences were found,
they were searched in NCBI BLAST (Altschul et al. 1997) with HBV (taxid:
10,407) imputed in the “Organism” field of the “Choose Search Set” option. Based
on the search results, candidate strains containing complex SVs were checked in a
pair-wise analysis, and additional strains with complex SVs were identified. The
NCBI-BLAST search was quite useful for detecting strains with complex SVs when
pair-wise alignment did not contain sequence gaps. In the previous studies
(Fujiwara et al. 2017, 2018), most of the complex SVs that did not show sequence
gaps in pair-wise/multiple alignments were detected using the insertional motif and
BLAST search method.

5 Architecture of Complex SVs in HBV

As an example, the architecture of complex SVs observed in CAR0O01 (AM494791,
Bekondi et al. 2007) is shown in Fig. la. The sequence enlarged under the align-
ment shows the 32 nucleotides that are specific to CAROO1 which were analyzed by
NCBI BLAST (Altschul et al. 1997). The normal core upstream regulatory region
(CURS) to basic core promoter (BCP) sequences were deleted, the pre-S1 pro-
moter, including the HNF1 binding site, was externally inserted, and duplication
occurred. Therefore, the complex SVs in CAROOI are composed of a deletion, an
insertion, and a duplication. As a second example, the architecture of complex SVs
observed in bne200 (FN594754, Abdou Chekaraou et al. 2010) is shown (Fig. 1b).
The rearrangement in bne200 consisted of a deletion and an insertion of the pre-S1
promoter, including the HNF1 binding site. To date, 70 HBV strains with complex
SVs have been reported, and the architectures of those strains have been described
in recent reports (Fujiwara et al. 2017, 2018).
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Fig. 1 Insertion patterns are shown in order of discovery. Some HBYV strains with 2 SVs of
having an identical pattern and 1 other SV are included in group I, III, and IV. SV, structural
variation; HNF1, hepatocyte nuclear factor 1. Reproduced with permission of BMC Microbiology
(Fujiwara et al. 2018)

6 Insertional Motifs

As mentioned above, unique insertional motif sequences in complex SVs were
discovered and the first sequence coded for the HNF1 binding site is located in the
pre-S1  promoter region. The consensus nucleotide sequence is
“AGTTAATCATTAC”. HNF1 is a transcriptional factor that binds to specific
DNA sequences as homo- or hetero-dimers, and its binding sites are critical in
regulating the genes in liver (Courtois et al. 1987, 1988; Cereghini et al. 1990;
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Rey-Campos et al. 1991; Locker et al. 2002). For example, the albumin promoter
contains an HNF1 binding site, which is indispensable for direct promoter activity
(Tronche et al. 1990). Transcription of pre-S mRNA is regulated by the pre-S1
promoter, which contains an HNF1 binding site (Chang et al. 1989; Raney et al.
1990; Zhou and Yen. 1991; Nishizono et al. 1991). Raney and colleagues (1994)
examined the transcriptional activity of the pre-S1 promoter and clarified that
transcriptional activity was up-regulated by the HNF1 binding site. In addition,
simple canonical insertion of the HNF1 binding site into BCP caused higher
transcriptional activity (Gunther et al. 1996; Pult et al. 1997). Researchers reported
that HBV strains with the HNF1 binding site inserted into BCP were frequently
observed in patients following liver or kidney transplantation, and some patients
were diagnosed as having fulminant hepatic failure (Laskus et al. 1994; Gunther
et al. 1996; Pult et al. 1997; Gerolami et al. 2005). Previous experimental data have
shown that BCP mutations (A1762T/G1764A) lead to the creation of a new HNF1
binding site in the BCP (Li et al. 1999). Therefore, introduction of the HNF1
binding site in BCP by point mutations, simple insertion, or complex SVs may be
selected in chronic HBV infection. The second insertional motif was
“GAAGAGCTCAAGCTTTCC (X-1)”. The origin of X-1 is unknown. In addition,
a complementary sequence of this insertional motif is also observed as an inser-
tional motif (Fujiwara et al. 2017, 2018). The third insertional motif was
“GGGCCGAACCAGA (X-2)”. The origin of X-2 was also unknown. The fourth
motif was a complementary sequence of part of box o in enhancer II. Box o in
enhancer II affects transcription of the HBV genome. Yuh and colleagues (1992)
noted that box o was one of several elements modulating BCP activity and that it
can enhance BCP activity by more than 100-fold. Duplication of box o was
reported in a previous study (Gunther et al. 1996). Box o mutation has been
reported to be associated with development of HCC (Takahashi et al. 1998; Ito et al.
2007; Shinkai et al. 2007; Yuen et al. 2008; Kim et al. 2009; Bai et al. 2011; Lyu
et al. 2013; Wang et al. 2016). These data suggest that insertional motif sequences
have virological and clinical importance.

7 Position of Complex SVs

Since a number of HBV strains with complex SVs have been detected, the question
arose as to whether these novel genetic rearrangements are equally distributed in
HBYV genome and therefore, the positions of complex SVs in HBV genome were
investigated. The locations of complex SVs in each HBV strain were plotted, as
shown in Fig. 2. Complex SVs accumulated in certain areas, that is, 94.3% (66/70)
of complex SV were observed in nt 1500-2000. This area contains the X OREF,
pre-core/core ORF. In addition, this area contains CURS/BCP, enhancer II, and
DR1/DR2, which are regions that regulate the transcription of the HBV genome.
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Fig. 2 Location of complex SVs in the HBV genome sequence. Positions where complex SVs
were detected in the HBV genome sequence were investigated. The position and length of
complex SVs were shown as each black rectangle. Reproduced with permission of BMC
Microbiology (Fujiwara et al. 2018)

8 Classification of Complex SVs in HBV

As shown in Fig. 1, complex SVs have high variability compared to known genetic
alterations reported in HBV. A previous study examined the composition of SVs
and found that some classes were more common than others (Quinlan et al. 2010).
Therefore, HBV strains with complex SVs were assorted provisionally according to
their SV patterns in order to clarify the combination of highest frequency and
elucidate the number of patterns of complex SVs. They were categorized into 6
groups, insertion (+)/deletion (+) (class I), insertion (+)/deletion (+)/duplication (+)
(class II), insertion (+)/duplication (+) (class III), deletion (+)/duplication (+) (class
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Table 1 Classification of
HBYV strains with complex
SVs (n = 70)

K. Fujiwara

L. Insertion (+), Deletion (+) 49 (70.0%)

Types of insertion

A. HNF1 binding site 24 (34.3%)

B. Insertion of unknown origin (X-1) 7 (10.0%)

C. Insertion of unknown origin (X-2) 3 (4.3%)

D. Sequence complementary to part of box a in enhancer II 6
(8.6%)

E. Miscellaneous 9 (12.9%)

II. Insertion (+), Deletion (+), Duplication (+) 6 (8.6%)

Types of insertion

A. HNF1 binding site 4 (5.7%)

B. Insertion of unknown origin (X-1) 1 (1.4%)

C. Insertion of unknown origin (X-2) 0 (0.0%)

D. Sequence complementary to part of box o in enhancer II 0
(0.0%)

E. Miscellaneous 1 (1.4%)

III. Insertion (+), Duplication (+) 5 (7.1%)

Types of insertion

A. HNF1 binding site 2 (2.9%)

B. Insertion of unknown origin (X-1) 3 (4.3%)

C. Insertion of unknown origin (X-2) 0 (0.0%)

D. Sequence complementary to part of box o in enhancer II O
(0.0%)

E. Miscellaneous 0 (0.0%)

IV. Deletion (+), Duplication (+) 4 (5.7%)

V. Duplications (+) 1 (1.4%)

VI. Highly complicated (four or more SVs) 5 (7.1%)

IV), multiple duplications (class V), and highly complicated (class VI), which are
composed of 4 or more SVs, as shown in Table 1. In addition, insertions were

divided into 5 patterns.

Regarding frequency, the class I pattern (insertion (+)/deletion (+)) was more
common (70.0%) than other patterns. More detailed analysis showed that HNF1
binding site insertion was the most frequent insertional motif sequence in the class I
pattern. The Class I pattern with HNF1 binding site insertion were observed in 24/
70 (34.3 %) of the HBV strains with complex SVs. The strain CAROO1l was
categorized as class II (insertion (+)/ deletion (+)/ duplication (+)), and class II
showed the second highest frequency. For the insertional motif of the class II
pattern, HNF1 binding site insertion showed the highest frequency.
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9 Clinical Implications and Future Perspective

In 70 strains with complex SVs, at least 11, 2, and 2 strains were observed in
patients with HCC, fulminant hepatitis, and severe chronic liver disease, respec-
tively. The virologic properties and clinical manifestations of HBV strains with
complex SVs heavily depend on the locations of the complex SVs and types of
insertional motifs. Experimental data have shown that complex SVs with HNF1
insertion up-regulated transcription of the viral genome, and an excessive amount of
viral protein was produced and localized in certain area of hepatocyte (Fujiwara
et al. 2005), thus, the potential risk of severe or fulminant hepatitis is a concern.
Further studies are required to clarify their importance in clinical medicine.

10 Conclusion

Novel genetic alterations known as complex SVs in HBV have been identified and
shown to be completely different from known mutations or rearrangements such as
CP mutations (A1762T/G1764A), pre-core mutation, or intergenotypic recombi-
nation. A total of 70 HBV strains with complex SVs were analyzed, and the
characteristics of complex SVs in HBV such as frequent location in HBV genome
and insertional motif patterns were clarified. In addition, complex SVs have now
been thoroughly classified. Further studies are needed to elucidate the virological
and clinical role of the rearrangements.
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