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Noble Prizes associated with Virology

1946 Preparation of viral proteins in pure form
1951 Combating yellow fever

1954 Poliovirus assay

1960 Immunological tolerance

1965 genetic control of enzyme and virus synthesis
1966 Discovery of Tumor-inducing viruses

1969 Replication and genetic structure of viruses
1975 Interaction between tumor viruses and host genome
1989 Discovery of retroviral oncogenes

2008 Link between HPV and cervical cancer

2008 Discovery of HIV

2020 Discovery of HCV
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Topics Omitted

* Several interesting and important details are left out of this presentation which would be
discussed in a introductory virology course. These include:

1. Structure of Viral particles

2. Viral evasion mechanisms of the immune system

Resources + As much as 90% of all human illness may be caused by viruses
: : + Billions of people are living with chronic viral infections
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- + The antiviral R&D market is expected to grow from $46MM to 130MM by
and Pamgrk?:eSIS by 2030.  Cumulative confirmed COVID-19 deaths
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Human Host Defenses
Physical Barriers Against Infection

The Epidermis

The Layers of Skin

* Outer layers
consist of dead cells
filled with keratin.

* Cuts, abrasions,
bites and stings can
allow viral entry.
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« Epithilium in the respiratory tract produce mucosa and
ciliated cells push the mucus out of the repiratory
system.

« Additionally, immune surveillance is high in the
respiratory system.

The Gastrointestinal Tract

* Enzymes in saliva begin the process of breaking
down ingested matter.

* The highly acidic stomach, along with digestive
enzymes serve to denature and destroy pathogens
» Other detergents and digestive enzymes are
released by the liver and intestinal tract to further
destroy potential pathogens.

Innate Immue System

« Second line of defense once the physical barriers are
breached.
» The key featurees of this system are that it is:

1. Fast.

2. Non-specific
« Its role is to slow or stall an infection long enough for
the adaptive immune system to respond (~3 days).
« This system responds to many pathogens, not just
viruses including bacteria, protozoa, fungi and parasites.
« It is the "quarterback” of immune response. Failure to
initiate a strong innate response hinders the adaptive
immune response.

The Cytokine Pathway

Step 1:

Professional Phagocytes (macrophages and neutrophils)
identify a pathogen when their Toll-like receptors (TLRs) are
activated.

Step 2:

The appropriate cytokines are released, recuriting more innate
immune effector cells to the region and alerting healthy cells of
an ongoing infection.

*Tumor Necrosis Factor Alpha (TNF-a) an inflammatory signal.
* Type | interferons (INF-a and INF-f) antiviral signals

* Type Il interferons (INF-y) immune modulators

Step 3:

Type | INFs bind nearby cells JAK receptors and activate their
STAT pathways which promote upregulation of ~300 genes to
prepare the cell for defense against the viral pathogen.

* RNA-protein Kinase (PKR)

When two molecules of PKR bind to dsRNA, they cross
phosphorylate, then activate elF2a which halts protein
synthesis. WHY?

* RNA-activated RNaselL

dsRNA activates 2'-5'-oligo(A) synthetase which activates
RNaseL which goes on to destroy all cellular and viral RNA.

» dsRNA specific adenosine deaminase (ADAR)

recognizes dsRNA and catalyzes the deamination of
adenosine to inosine on viral and cellular RNA causing
synthesis of defective proteins.

*INF activation also induces genes that ultimately can lead to
programmed cell death

Antibody-Dependent Cellular Cytotoxicity (ADCC)

Neutrophils and Natural Killer (NK) are recruited and further
activated by the inflammatory signals.

* These cells recognize viral glycoproteins used for viral entry and
enduce apoptosis.

* This system is made even more specific by the adaptive immune
system's release of specific antibodies.

* Mechanism involves the competition between activating and
inhibition signals of apoptosis.
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Complement System

Roughly 30 proteins involved in this system that achieve 5 things:

1. Formation of a Membrane Attack Complex (MAC)

2. Binds viral shells to signal distruction by phagocytes

3. Enhances the inflammatory response

4. It can neutralize some viruses

5. Can destroy virus infected cells through MAC-orthogonal mech.
It does these things very quickly through a cascade of protein
cleavage. It can occur spontaneouslyor through activation by the
adaptive immune system with antigen specific antibody signaling.
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Figure 4.6 The classical pathway of complement activation. (A) Complement protein C1 binds to the Fc region of
either IgG or IgM antibodies that are bound to the target. (B) C1 molecules contain a serine protease activity that is
activated when C1 binds to the antibody. The activated C1 then sequentially cleaves complement proteins C4 and C2,
T'hat is, C4b2a
nsand carbohy-
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drate groups on the cell surface, formi then cleaves C5 to
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cascade, C6, C7, C8, and C9, then bind to the cell surface to form the MAC that lyses the pathogen
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Human Host Defenses
Adaptive Immune System

Cell-Mediated Immune System (T Cells)

CD8 binds the ai; domain of MHC dass I

CD4 binds the 3, domain of MHC class IT

There are 3 key features that make the adaptive immune
system particularly well-suited for clearing viral infections.

1. It produces T Cells (CTLs) that are specialized to attack
and destroy host cells harboring viruses.

2. It produces B cells that produce specialized antibodies
able to recognize extracellular viruses and neutalize them.

3. It produces an immunological memory so it can respond
swiftly and aggressively to future challenges by a pathogen

It takes several days for the adaptive immune system to
produce these specialized cells for new infections.

There are two branches of the adaptive immune system:
1. Humoral Immune System

32-micro-
globulin

Antigen
T-Cell

re(eptor

Two kinds of T-Cells

1. "killer" T Cells, CTLs, CD8 T Cells

2. "helper" T cells, Th cells, CD4 T Cells
» There are also memory T cells which are immunologically
silent. Additionally, 'helper’ cells have the capacity to induce
apoptosis.
« CTL's bind Major Histocompatibility Complex 1 (MHC-1).
MHC-1 are present on all cells (except neurons) and allow
CTLs to differentiate healthy cells from unhealthy ones.
* MHC-2 receptors are used by many immune effector cells
to share antigen information and activate one another. They
are not broadly expressed by all cells.
*MHC-1 complexes display endogenous peptide fragments
less than 10 AAs long

Antigen-presenting cell

2. Cell-mediated Immune System
Humoral Inmune System (B Cells)

* This system is capable of generating an astonishing 108 to
10'® uniquely specific antibodies!

« It accomplishes this with only about 300 genes through
modular design.

B Cell Development

Step 1:

Hematopoietic stem cells (HSCs) produce naive B cells which
express a single, unique IgM membrane bound antibody.

1. B cells undergo a special process called Somatic
Recombination where different V,D, and J DNA segments
are combined at random to produce the variable region of an
antibody.

2. In recombination, imprecise splitting causes random
mutations that give rise to additionaly diversity.

Step 2:
A naive B Cell circultes until it binds its cognate antigen.

1. Binding activates maturation of the B cell and induces
clonal expansion (rapid cell division).

2. In this process, somatic hypermutation in the V domain
induces random mutations to occur.

3. Cloned B cells with enhanced binding affinity proliferate
more aggressively. This positive feedback loop generates
incredibly specific antibodies, a process known as affinity
maturation.

4. Some proliferated B cells release antibodies and some
become memory B cells for use in future infections (Memory)

Anatomy of an Antibody
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* MHC-2 receptors display exogenous peptide fragments of

T Cell Development at least 13 AA's in length

Step 1:
T cells are produced in the thymus and the naive cells circulate the lymphatic
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Functions of Antibodies
1. Interfere with viral attachment to
cells

2. Marking and collecting virus particles

for distruction

3. Accelerating ADCC of neutrophils
4. Disruption of intracellular replication of

virus

5. Complement mediated lysis of
antibody/virus complex

6. Complement mediated lysis of
antibody/infected cell

7. Inhibition of virus budding and re

Notice anything about these mechanims

and the mechanisms of synthetic
antivirals?

Variable
re

system, searching for an MHC receptor presenting their cognate antigen. Their
maturation process is similar to B cell maturation but not identical.

Step 2:

At the site of infection, a dendritic cell (which display MHC-1 and MHC-2
receptors for T cell recognition) or macrophage is activated by the innate
immune system and leave the infected tissue to the nearest draining lymph
node where they wait, eventually coming into contact with the unique T cell for
the antigen being presented. This can take several days to occur.

Step 3:

The naive T cell develops into mature Th1 and Th2 cells which go on to
activate B cells to stimulate the humoral immune response. Th cells also
activate CTL's to induce the cytopathic element of the this immune response
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General Principles of Viruses

Viruses need to acheive 3 main goals to succeed:
1. Get into Cell
It needs to bind to its host receptors and pass
through at least one membrane.
2. Replicate its Genome
This frequently includes producing mRNA's,
proteins and full genome copies of itself.
3. Get out of the Cell
The full gemone and any vital enzymes need
to be put into a successfully assembed viral particle
and must either lyse the cell or be exocytosed in
some fashion.

Baltimore Classification of Viruses

There are several ways viruses can be organized.
The earliest system used was a pathology based
system of classification. It was also the most non
descriptive. Another popular way is a mode of
transmission classification (respiratory, arthropod-
borne, sexually transmitted etc.).

* In 1971 David Baltimore proposed a system of
classification that organizes viruses by their
mechamism of mMRNA production and genome
replication.

There are currently 7 classes in the Baltimore system

Class I: double stranded DNA viruses
Polyomaviruses, papillomaviruses, herpesviruses,
adenoviruses and poxviruses are well-known
examples
Class IlI: single stranded DNA viruses
Parvoviruses are the only known linear ssDNA
viruses.
Class lll: double stranded RNA viruses
Reoviruses which include the rotavirus family
Class IV: ss(+)-RNA viruses
Examples of 'sense’ or plus sense virus include
the picornaviruses, flaviviruses, togaviruses, and
coronaviruses
Class V: ss (-)-RNA viruses
Examples of 'antisense' or minus sense viruses
include rhabdoviruses, paramyxoviruses,
orthomyxoviruses.
Class VI: ss (+)-RNA retroviruses
HIV is the most infamous example of this class
Class VII: ds DNA retroviruses
The Hepadnaviruses make up this controversial
class of viruses.

General Principles of Antiviral Therapeutics
Ultimately, all antiviral therapies exist to hinder the virus from succeeding in one of its 3 main goals. Unlike
antibiotics and antimicrobials, antivirals do not "kill" the virus, they only impead its ability to replicate successfully.
A major challenge of antiviral treatment is that the pathogen is replicating inside the host cells and is often using the

host's transcritpion and translation machinery

Broadly, there are two main categories of
antivirals:
1. Direct-acting Agents (DAAs)
These directly target viral proteins/genetic
material.
2. Host-Targeting Antivirals (HTAs)
These activate the host immune system or
block viral binding sites.
DAA Antiviral Mechanisms of Action
1. Polymerase inhibition
Viral DNA polymerase inhibitors
Viral Reverse Transcriptase inhibitor
Nucleoside analog replication inhibitors
2. Protease inhibitors
prevent polypeptide cleavage
3. Integrase Inhibitors
to block retroviral replication
4. NS5A Inhibitors
HCV RNA replication promoter
5. Translation Inhibitors
antisense oligonucleotides
6. Entry Inhibitors
block the virus from releasing its contents
7. Assembly Inhibitors
Prevent final assembly of the capsid and contents
8. Release inhibitors (neuraminidase inhibitors)
9. Attatchment Inhibitors
10. Methyltransferase inhibitors
11. Helicase inhibitors
HTA Mechanisms of Action
1. Interferon
2. Cyclophilin inhibitors
Cyps influence transciption, immune response,
protein secretion, mitochondrial function
3. Viral receptor antagonists (CCR 4/5)
block binding of virus to host cells.
4. TLR agonists
stimulate innate immune response.
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Exploratory Targets of action:

elF2a (Why?); Inosine-5'-monophosphate
dehydrogenase o-glucosidase, kinases, NTCP,
Farnesoid X receptor,, DGATs, HSP 90/70,BST-2

What might be the (dis)advantages
of a DAA or HTA approach be?

Helpful Resources for Basic Antiviral Information

Innovation and trends in the development and approval of antiviral medicines: 1987-2017 and
beyond. Antiviral Research. 2018. 155. 76-88
Current progress in antiviral strategies. Trends in pharmacological Sciences. 2014. 86-102
Antiviral drug discovery: preparing for the next pandemic. Chem. Soc. Rev. 2021. 3647

A review:Mechanism of action of antiviral drugs. DOI:10.1177/20587384211002621
Antivirals: Past, present and Future. 2019 DOI: 978-981-13-9073-9
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Inside the cytosol the ISVP changes shape again and pores open on the newly created 'core’

Step 4:

\
mRNA

B Conservative transcription

Particle-associated RNA polymerases copy the RNA genome inside the core in a
conservative fashion and the copied RNA is pumped out of the core as mRNA for translation

by the host ribosomes. (note: core proteins "cap" these RNA)

Why is this such

Step 5:

Viral proteins are synthesized and assembled with one (+) stranded RNA of each genomic a clever strategy
RNA segment. The (-) strand is then synthesized by the viral RNA polymerase. Additionally, for a dsRNA
these newly assembled particles produce mRNA for cellular translation but these secondary virus?

transcriptes are uncapped and the host ribosomes have been modified to read them.

Step 6:
The virus exits the cell.

Rotaviruses: A case study of Class Il

These pathogens are ubiquitous in humans with 95% of children
being affected worldwide between the ages of 3 to 5. They are
responsible for 1/3rd of all diarrhea related hospitalizations and
result in roughly 500,000 deaths annually (mostly children).

Fascinating Read:
The First Rotavirus Vaccine and the Politics of Acceptable
Risk.The Milbank Quarterly. 2012. 90, 2, 278-310

Coltiviruses: A case study of Class Il

Arthropod-borne virus (transmitted by 'bugs’) that has 12 RNA
genome segments (the most allowable for a reovirus).

The prototypical virus in this family is the colorado tick fever virus.

No antiviral medications are perscribed for any reovirus
disease.
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Baltimore Class lll: ds RNA; The Reoviruses @-

» Relevant Families include the orthoreoviruses, rotaviruses, orbiviruses, and coltiviruses.

» These are unique, double stranded RNA viruses whose genomes are comprised of multiple —_— — — A 2

segments of dsRNA. . -

* non-enveloped, double layered capsid shell. The virus' ¢ protein binds the JAMA receptor . ; 3

of the tight-junctions in the gut epithelia. mRNA : L :
Entry’ Rep"catlon and Exit A Semiconservative transcription 1 £l ey e .

Step1: ! L TN

The virus particle binds JAMA1 and is endocytosed. ] iy A

Step 2: s o A S s

In endosome, a pH change causes the capsid to transform into the infective subviral LW i N o left: reoviruses transcribe conservatively

particle (ISVP) which perforates the membrane of the endosome and escapes into the |'\ wherease eukaryotic cells undergo

cytosoll. : i semiconservative DNA replication

Step 3: above: a reovirus core transcribing its genome

and exporting the mRNA into the cytosol
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Baltimore Class IV: (+) ssRNA; Picornaviruses

* Relevant Families include the rhinoviruses, enterovirus, hepatovirus, cardiovirus & more
+ Ubiquitous in human pathology and nature, these have one of the most straightforward
genome replication processes, undoubtably aiding in their success.

» Smallest members of the RNA viruses, non-enveloped containing (+)-ssRNA

 Capsid shells contain a "canyon" in which a cellular receptor binds, inducing fusion and
injection of the RNA genome.

Entry, Replication and Exit
Step 1:
The virus particle binds a cellular receptor(s), fuses with the entry receptor creating a pore
which the RNA molecule can pass through.
Step 2:
Inside the cytosol, the virus genome is capable of directly translating its genome with host
ribosomes when they bind internal ribosome entry sites (IRES). Their genomes only have
one reading frame and the ribosome synthesizes one long polypeptide containing every viral
protein needed for replication and exit. Why use an IRES, not 5' cap?
Step 3:
The polypeptide contains proteases which excise themselves and the other peptides to
reveal the active enzymes and structural proteins needed for assembly and replication.
Step 4:

Class IV Case Study: Hepatitis C

A (+)-RNA genome molecule interacts with proteins to localize it near intracellular vesicles Repllcatl(_)n 1 hlghly analogous to picornaviruses, however, they are en_veloped viruses and thus
B . R L have a slightly different entry mechanism involving membrane fusion with an endosome.
where replication can begin. Replication is directed by 3 key motifs in the RNA structure: In 2017 as many as 71 million people were living with Hepatitis C.
1. The clover leaf at the 5' end which serves to localize it to the vesicles and circularize As a chronic condition it can lead to liver failure, liver carcinomas, and ultimately death.
the genome. Antivirals have essentially cured several of the genotypes of HCV. Most notable is the
combinatoin therapy of Ledipasvir/sofosbuvir (Harvoni).

2. The cre element which activates Vpg to prime the RNA polymerase 3ppe! ) .
The most successful HCV antiviral drugs are NS5A and NS5B inhibitors.

3. An RNA pseudoknot at the 3' end.

F F
Once VPg is activated, the primed RNA polymerase is transfered to the 3' end of the genome HN
and transcription begins to synthesize the (-) strand RNA compliment of the viral genome. o H (o] Me < \ ' O ';‘
Step 5: ! ‘N\)J\ )\ N N
P\0 Y 0o Me N
Me o H
(0]

(-) strand RNA are transcribed into the (+) RNA viral genome at a rate of about 100 to 1 o~ N
Step 6: . .

. , , . NH _Me ledipasvir o Me
Capsid protein pentamers form around the newly synthesized RNA genomes and the final N\jo A

\\
protein cleavages are done to produce the final particle which is released from the cell. A — Me NH HN M
" (7] e
For a complete overview of picornavirus replication watch: HO Me F MeO o O)\Me
www.youtube.com/watch?v=mvz3ggZ|5-o0 CF; sofosbuvir
N= Me. _Me Elbasvir;
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Antivirals are not currently in use for the picornaviruses, although S o 0 MeOZCN N / \ N
this is an active area of research with some promise: retro? N / \ AN N Me
Antivirals blocking entry of enteroviruses and therapeutic potential. Me < N N H
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Antiviral therapeutic approaches for humanrhinovirus infections. P ? Medchem
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Future Virol. 2018 505-518 ~uncoating inhibitor
Antiviral Research. 2009 56-63







