Specific virus families: Picornaviridae, Caliciviridae,
Astroviridae, Bunyaviridae, Filoviridae, Hepeviridae

(HEV), Coronaviridae (SARS), Togaviridae, Flaviridae

(HCV), Rabdoviridae, Paramyxoviridae,
Orthomyxoviridae, Arenaviridae, Reoviridae,
Retroviridae  (HIV, HTLV-1), Polyomaviridae,

Papillomaviridae, Adenoviridae, Parvoviridae (B19),

Herpesviridae, Hepadnaviridae (HBV), Viroids (HDV),

Prions.
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Any antiviral compound must possess

a good selectivity index

TOXIC CONCENTRATION
SELECTIVITY INDEX-=

ACTIVE CONCENTRATION
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MILESTONES IN ANTIVIRAL DRUG
DEVELOPMENT

DISCOVERY (years) COMPOUND

Hamre et al. (1950) Thiosemicarbazone
Davies et al.(1964) Amantadine
Isaacs et al.(1957) Interferon

Prusof, (1959) Tododeoxyuridine
Kaufman, (1964) Trifluorothymidine
Elion et al.(1971) Acyclovir

ACTIVITY VS

Poxvirus
Orthomixovirus
Many viruses
Herpesvirus
Herpesvirus
Herpesvirus




30 FDA-Approved Antiretroviral Drugs

Saquinavir Indinavir  Emtricitabine

Stavudine Ritonavir Amprenavir Enfuvirtide (T-20) Maraviroc

Zidovudine Didanosine Nelfinavir / Tenofovir Darunavir |Etravirine

— \

1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

— N Y

Lamivudine |Delavirdine | Abacavir | Atazanavir| Tipranavir

NRTIs (8)
NNRTIs (4) Zalcitabine  Nevirapine Efavirenz Fosamprenavir ~ Raltegravir
Protease Inhibitors (10)
Fusion Inhibitor (1)

Integrase Inhibitor (1)

Entry Inhibitor (1)
Combinations (5) - not shown

Lopinavir + Ritonavir



Antivirals on hepatitis C virus

Interferon and ribavirin

Interferon |

Direct acting antivirals on hepatitis C virus

Table 1: Timeline

for DAA approval

Date of approval

Drug

On May 13th, 2011
On May 23th, 2011
In November, 2013
In December, 2013

In October, 2014
In December, 2014

In July, 2015

In January, 2016

In July, 2016

Boceprevir was approved by the FDA for the treatment of chronic HCV to be used, in combination with
peginterferon alfa and ribavirin, in adult patients.

Telaprevir was approved by the FDA to be used in combination with peginterferon alfa and ribavirin for the
treatment of HCV infection in adults.

Simeprevir was approved by the FDA to be used in combination with peginterferon alfa and ribavirin or in
combination with sofosbuvir.

Sofosbuvir was approved to be used in combination with ribavirin or with pegylated interferon and
ribavirin.

(Ledipasvir/Sofosbuvir) were approved by the FDA in one tablet.

FDA approved a combination (ombitasvir/paritaprevir/ritonavir and dasabuvir) for the treatment of patients
with genotype 1.

Daclatasvir was approved to be used with sofosbuvir.

A combination (ombitasvir, paritaprevir and ritonavir) in one tablet to be used in combination with ribavirin
for the treatment of HCV genotype 4 infections.

On January 28" FDA approved a combination of elbasvir and grazoprevir, with or without ribavirin for
treating patients with genotype 4.

A combination of sofosbuvir plus velpatasvir were approved with or without ribavirin for treating adult
patients in all genotypes.

DDA: direct acting antiviral agent; HCV: hepatitis C virus.
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NS5A inhibitors

M55B Muc. Polymerase Inhibitors
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APPROVED
ANTIVIRAL
DRUGS (2019)

Main Approved Antiviral Drugs and Their Mechanism of Action**

Anti-HIV Mechanism of action (Main)

Entry inhibitors

Enfuvirtide It interferes with glycoprotein 41-dependent membrane fusion
blocking virus entry.

Ibalizumab It binds CD4 extracellular domain, preventing conformational
changes in the CD4—gp120 complex essential for viral entry.

Maraviroc Negative allosteric modulator of the CCRS receptor that is an

essential co-receptor for the entry process of HIV.

Reverse transcriptase inhibifors

Nucleoside analogs

Abacavir

Emtricitabine

Lamivudine

Stavudine

Zidovudine

Nucleotide analog

Tenofovir

Active as triphosphate derivates which prematurely terminate
DNA synthesis.

Non-nucleoside inhibitors

Doravirine

Efavirenz

Etravirine

Nevirapine

Rilpivirine

They bind to a hydrophobic pocket of HIV-1 reverse
transcriptase, blocking polymerization of viral DNA.

Protease inhibitors

Atazanavir

Fosamprenavir

Lopinavir

They bind to the active site of viral protease.

Darunavir

Tipranavir
p

They bind strongly and selectively to the HIV-1 protease.

Pharmacodynamic enhancer

Cobicistat

These drugs inhibit CYP3A4 leading to higher drug exposure

Ritonavir

Integrase inhibitor

Dolutegravir They bind viral integrase inhibiting the strand transfer step of
Bictegravir® HIV-1 integration

Elvitegravir®

Raltegravir




Anti-Herpes viruses

DNA polymerase inhibitors

Niucleoside analogs

Aciclovir

Brivudine®

Famciclovir

Ganciclovir

Valaciclovir

G R [ -

Active as triphosphate derivates, which prematurely terminate
DNA synthesis.

It selectively inhibits the pyrophosphate binding site on viral
DNA polymerases.

DNA maturation and packaging inhibitor

[Letermovir

It nhibits CMV replication by binding to components of the
terminase complex

Anti HBV

Reverse transcriptase inhibitors

Nucleoside analogs

Entecavir

Telbivudine

Lamivudine

Nucleotide analog

Tenofovir

Active as triphosphate derivates, which prematurely terminate
viral DNA synthesis

APPROVED
ANTIVIRAL
DRUGS (2019)




Anti-HCV

NS5B RNA polimerase inhibitor

Non nucleoside inhibitor

Dasabuvir

It binds HCV NS5B polymerase and blocks viral RNA synthesis
and replication.

Nucleotide analog

Sofosbuvir

Potent inhibitor of the NS5B polymerase. It blocks viral RNA
synthesis and replication.

Nucleoside analog

Ribavirin

Active as triphosphate derivates, which prematurely terminate
viral nucleic acid synthesis®

NS54 protein inhibitor

Elbasvir

Ledipasvir

Ombaitasvir

Pibrentasvir

Velpatasvir

They bind to the replication complex protein NS5A, disrupting
HCV RNA replication and virion assembly

NS3/44 protease inhibitor

Glecaprevir

Grazoprevir

Paritaprevir

Voxilaprevir

They prevent viral replication by inhibiting the NS3/4A serine
protease of HCV

APPROVED
ANTIVIRAL
DRUGS (2019)




HCV RNA

< Region encoding polyprotein precursors >

5_

/ Structural proteins Nonstructural proteins

Boceprevir Daclatasvir

Telaprevir Ledipasvir

Simeprevir Ombitasvir

Asunaprevir Elbasvir

Paritaprevir Velpatasvir

Grazoprevir —

NSSA

Protease inhibitors
inhibitors

Figure 1: Proteins encoded by the hepatitis C virus genome as targets for direct acting antiviral agents.

Sofosbuvir

Dasabuvir

Polymerase
inhibitors



APPROVED
ANTIVIRAL
DRUGS (2019)

Anti-influenza virus

Encoating inhibitor

Amantadine

Rimantadine

Inhibitors of the viral M2 channel. The activity of channel 1s
required for uncoating

Neuraminidase inhibitors

Oseltamivir

Peramivir

Zanamivir

Block influenza neuraminidase and prevent the cleavage of sialic
acid residues, thus interfering with progeny virus release

Endonuclease inhibitor

Baloxavir marboxil

It inhibits cap-dependent endonuclease, a key enzyme involved in
the initiation of influenza virus mRNA synthesis.

Anti-RSV

Entry inhibitors

Palivizumab*®

[t Binds to RSV F protein, which plays a role in virus attachment
and fusion.

RNA inhibitor

Ribavirine

It interferes with viral RNA synthesis®




Antonelli, Clementi, Pozzi, Rossolini

Inibitori dell’entrata

Penetrazione

Inibitori della sintesi

degli acidi nucleici

[ G S S S —

Traduzione 1 Sintesi

acidi nucleici

S _S_E-

Proteolisi 1 Inibitori della proteasi

A A

Assemblaggio

M: Inibitori del rilascio

Rilascio

Principi di microbiologia medica - 1l edizione
978-88-08-18705-5

Figura 67.1 Principali tappe del ciclo di replicazione dei virus bersaglio dei farmaci antivirali.
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THE VIRAL LIFE CYCLE (EXEMPLIFIED BY HIV) AND
TARGET FOR ANTIVIRAL THERAPY

CCR5 inhibitor
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THE VIRAL LIFE CYCLE (EXEMPLIFIED BY HIV) AND
TARGET FOR ANTIVIRAL THERAPY

T20

/Reverse
transcription
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RNA assemble at
the cell membrane
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HUMAN IMMUNODEFICIENCY VIRUS CO-RECEPTOR ANTAGONIST
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FUSION INHIBITOR
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THE VIRAL LIFE CYCLE (EXEMPLIFIED BY HIV) AND
TARGET FOR ANTIVIRAL THERAPY

AMANTADINE, RIMANTADINE




Inhibition of the influenza-virus replication cycle by antiviral agents
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Model for uncoating of influenza A virus
and effect of amantadine or rimantadine.

g
ADP Viral membrane CHNH,
ATP
HA bound
to sialic acid on
Amantadine 0ol receptor Rimantadine
Cell receptor
Endosomal
membrane —
Early endosome
Low pH Low pH + Amantadine or
Rimantadine
Acd-induced
ADP ADP Amantadine or
dissociation of H* Rimantadine

ATP ATP
RNP
| released from
endosome
N
M2 channel opens to Late endosome

permit entry of protons

Acid-induced structural changes
in HA trigger membrane fusion



THE VIRAL LIFE CYCLE (EXEMPLIFIED BY HIV) AND
TARGET FOR ANTIVIRAL THERAPY
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MAIN NUCLEOSIDE ANALOGUES USED TO TREAT HIV INFECTION
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MECHANISM OF ACTION OF NUCLEOSIDE ANALOGS
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MECHANISM OF ACTION OF NUCLEOSIDE ANALOGS

Nucleoside kinase
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Mechanism of action of acyclovir (ACV)

A
N N
NH NH
</ | )\ HSV or VZV </ Iﬁ\
P~ thymidine kinase 4‘\
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I
Acyclovir 0
Acyclovir monophosphate
Collular kinaseo
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Acyclovir triphosphate (pppACV) Acyclovir diphosphate

o Binding of pppACV to viral 9 ACV is incorporated into o When the next deoxynucleoside
DNA polymerase competes growing DNA chain, blocking triphosphate binds, viral DNA
for binding of pppdG further chain growth, polymerase is *frozen”.

Fields Virology, V ed., Lippincott Williams and Wilkins



Anti-herpesvirus nucleoside and nucleotide analogues
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dTMP dNDP
chinasi chinasi

BZD)-(P)(P) (P oNa
»(_Thd-TP) —/—»DNA

AZT—Y» 0@ (PXP)

|
Thd ——>( Thd-MP)—"—»( Thd-DP)

4---14--

Meccanismo d’azione dell’azidotimidina (AZT). Questo composto, per poter esercitare la sua
azione antivirale, deve essere fosforilato da chinasi cellulari. La timidina chinasi (TK) cellulare & responsabile
della prima fosforilazione, successivamente intervengono la timidilato (dTMP) chinasi e la nucleotide (dNDP)
chinasi. Le forme trifosfato possono cosi competere con la timidina trifosfato (Thd-TP).
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NRTIS AND NNRTIs

: MECHANISMS OF ACTION
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MECHANISMS OF ACTION OF RIBAVIRIN
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Non-nucleoside Inhibitors of Herpesvirus DNA Polymerase:
Foscarnet
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DNA Polymerase
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THE VIRAL LIFE CYCLE (EXEMPLIFIED BY HIV) AND
TARGET FOR ANTIVIRAL THERAPY
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THE VIRAL LIFE CYCLE (EXEMPLIFIED BY HIV) AND
TARGET FOR ANTIVIRAL THERAPY
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http://upload.wikimedia.org/wikipedia/commons/c/ca/Fomivirsen_composite.png

THE VIRAL LIFE CYCLE (EXEMPLIFIED BY HIV) AND
TARGET FOR ANTIVIRAL THERAPY
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Precursore poliproteico Precursore poliproteico
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Figura 67.4 Meccanismo di azione degli inibitori della proteasi. La proteasi virale & responsabile della scissione

proteolitica del precursore poliproteico. Gli inibitori di questo enzima impediscono la formazione delle proteine
mature.
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THE VIRAL LIFE CYCLE (EXEMPLIFIED BY HIV) AND
TARGET FOR ANTIVIRAL THERAPY
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Response




Mortality vs. HAART Utilization
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Table 2: Role of DAA in HCV guidelines

Drug regimen

HCV genotype

Sofosbuvir/Ledipasvir +/-Ribavirin

Paritaprevir/Ritonavir/Ombitasvir + Dasabuvir +/- Ribavirin:

Sofosbuvir + Simeprevir +/- Ribavirin:
Sofosbuvir + Daclatasvir +/- Ribavirin:
Paritaprevir/Ritonavir/ombitasvir + /- Ribavirin:

Sofosbuvir + Ribavirin

Genotypes 1, 4, 5, and 6
Genotype 1

Genotypes 1 and 4

All genotypes

Genotype 4

Genotypes 2 and 3

HCV: hepatitis C virus; DDA: direct acting antiviral agent.
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Virus con  Virus
envelope nudi
Infezione CITOPLASMA
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) IFN-a/B
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Tipo il NUCLEO
CITOPLASMA
Azione dell’IFN

Produzione e meccanismo d’azione antivirale dell’IFN. A. Produzione dell’interferon (IFN) in risposta a una infezione virale. | PRRs coinvolti nella sintesi di IFN di
tipo I/lll durante un’infezione virale sono i TLR2/4, localizzati sulla membrana plasmatica, i TLR3/7/8/9, espressi sulle membrane degli endosomi e alcuni sensori citoplasmatici
di acidi nucleici (cGAS, DA, IFI16, RIG-1, MDAS5, PKR, 2'5'0AS). La sintesi di IFN-a/B e di IFN-As avviene in seguito al riconoscimento di proteine virali (TLR2 e TLR4), di polimeri di
RNA a doppia (TLR3, RIG-1, MDAS, PKR, 2'5' OAS) o a singola elica (TLR7/8 e RIG-1), e di molecole di DNA (TLR9, cGAS, DAI, IFI16) prodotte durante il ciclo vitale del virus. Il
signalling intracellulare, diversificato a seconda del PRR stimolato, porta all’attivazione di fattori di trascrizione (ad es. NF-kB, IRF7 e IRF3), che traslocando dal citoplasma al
nucleo inducono la sintesi di numerosi MRNA codificanti citochine e IFNs. Mentre gli IFN di tipo I/Ill vengono sintetizzati dalla cellula dopo il legame di proteine o acidi nucleici
virali ai PRRs, I'IFN-y viene prodotto principalmente dalle cellule NK e dai linfociti T in risposta allo stimolo di microbi, mitogeni, antigeni o citochine. B. Meccanismo d’azione
antivirale dell’IFN. L'IFN secreto dalle cellule infette si lega a specifici recettori situati sulla membrana plasmatica. Gli IFN di tipo | (a/B) legano un recettore costituito da due
proteine strutturalmente correlate (IFNAR1 e IFNAR2), mentre gli IFN di tipo lll (IFN-A1-4) riconoscono un recettore formato da 2 subunita: IL28R o IFNLR1 e IL10R2. Ad
entrambi i recettori sono ancorate le proteine Tyk2 e JAK1. Al contrario, I'lFN-y attiva un recettore costituito da due catene polipeptidiche, IFNGR1 e IFNGR2, associato alle
proteine JAK1 e JAK2. Il legame ad alta affinita degli IFN di tipo I-lll con i recettori specifici attiva delle vie di trasduzione del segnale che portano alla traslocazione nel nucleo di
complessi proteici che stimolano la trascrizione di centinaia di geni IFN-indotti (ISGs, IFN stimulated genes) in seguito al legame a sequenze denominate ISRE (/FN-stimulated
response element, per gli IFN a/B e IFNAs), o GAS (IFN-gamma-activated sequence, per I'IFN-y).

Antonelli, Clementi, Pozzi, Rossolini
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IFN di tipo | (alfa e beta)

Infezione virale
acuta

* Espressione di geni/proteine
antivirali

¢ Attivazione della risposta
immune

* Reclutamento di cellule
immuni e attivazione cronica
del sistema immune

¢ Produzione di proteine ad attivita
immunosoppressoria e morte cellulare

* Evasione del virus dalla risposta IFN-indotta

X Infezione virale
cronica

Figura 68.2 l’azione dell’IFN di tipo | (che comprende anche i piu noti IFN alfa e beta) nei confronti delle
infezioni virali. Vedi testo per maggiori infomazioni.
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New Issues In antiviral therapy

* The emergence of resistant viral variants

e Residual viremia and eradication of chronic
Infection

* Antiviral therapy as prevention.
 Pharmacogenetics

* TOXICItY

* Therapeutical drug monitoring
* New class of antiviral drugs
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Model of HDF roles in the HIV life cycle. With the stages of the HIV life cycle as a framework, each HDF was placed at the position most likely to
elicit HIV dependency. The function and subcellular location of HDFs were determined with the use of multiple databases (rationale, table S4).
Some proteins are in multiple locations to represent more than one possible role in the HIV life cycle. Newly identified HDFs (red or blue, the latter
if they inhibited HIV in part two only); previously implicated HDFs detected in the screen (green), or not detected but with a relevant interaction
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ABOBEC is a cytidine-deaminase that, when packaged into virions, causes extensive
G-to-A hypermutation during reverse trascription compromising the stability and functionality
of the viral cDNA
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ABOBEC is a cytidine-deaminase that, when packaged into virions, causes extensive
G-to-A hypermutation during reverse trascription compromising the stability and functionality
of the viral cDNA
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Tetherin is an IFN-inducible protein that causes retention
of viral particles on the cell surfaces
Neil, S. J. D., Zang, T. & Bieniasz, P. D. Nature 451,425-430 (2008).
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Tetherin is an IFN-inducible protein that causes retention
of viral particles on the cell surfaces - vpu counteract the action of tetherin
Neil, S. J. D., Zang, T. & Bieniasz, P. D. Nature 451,425-430 (2008).
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