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A B S T R A C T

Nucleos(t)ide analogues play pivotal roles as antiviral, cytotoxic or immunosuppressive agents. Here, we review
recent reports of nucleoside analogues that exhibit broad-spectrum activity towards multiple life-threatening
RNA and DNA viruses. We also present a discussion about nucleoside antimetabolites—approved antineoplastic
agents—that have recently been shown to have antiviral and/or antibacterial activity. The approved drugs and
drug combinations, as well as recently identified candidates for investigation and/or experimentation, are dis-
cussed. Several examples of repurposed drugs that have already been approved for use are presented. This
strategy can be crucial for the first-line treatment of acute infections or coinfections and for the management of
drug-resistant strains.

1. Introduction

Epidemics and pandemics have had significant impacts on human
history for centuries. Recently, the World Health Organization (WHO)
has been issuing a report on new viral pathogens that pose a threat to
public health almost every year. Emerging epidemics caused by new
pathogens or by strains that are more pathogenic than the preceding
viral pathogens necessitate the development of effective strategies for
combating and preventing viral infections. Immunoprophylaxis by a
specific vaccination is one of the most important strategies for com-
bating many infectious diseases. However, there are still many viruses
for which no effective vaccine is available on the market. In these cases,
the use of effective antiviral drugs is the only possible way to fight
against infections caused by viruses.
The introduction of new antiviral agents for clinical use has re-

volutionized the treatment of many viral infections caused by either
DNA or RNA viruses (De Clercq and Li, 2016; De Clercq, 2013a;
Chaudhuri et al., 2018). Most of the approved drugs have been licensed
for the treatment of infections caused by a single virus. However, some
drugs with antiviral activity against several viruses have also been
discovered, suggesting their universal mechanism of action. Such drugs
belonging to the group of broad-spectrum antivirals are of particular

interest since their pleiotropic effect may show activity against other
viruses that have been undefined thus far (Ianevski et al., 2018, 2019).
Recently, several approved antiviral and anticancer drugs from the
nucleos(t)ide antimetabolite group have been reported to show newly
discovered antiviral/antibacterial activities (Jordheim et al., 2013;
Thomson and Lamont, 2019).
Nucleos(t)ide analogues are much more structurally diverse than

their naturally occurring counterparts (Seley-Radtke and Yates, 2018;
Yates and Seley-Radtke, 2019). Modifications may be introduced in the
nucleobase, the sugar moiety or the phosphate residue. Nucleobases
may be modified by halogenation, azotation, N-conjugation, ring
opening or the introduction of another heterocyclic system. In the sugar
moiety, substituents can be exchanged or removed, the configuration of
carbon atoms in the ring can be changed, additional heteroatoms can be
introduced into the ring, or the oxygen in the ring can be replaced with
another atom. Moreover, the ring size can be changed or replaced with
an acyclic fragment. The phosphate fragment may be protected, re-
placed by another phosphorus-containing group or by a fragment de-
rived from another compound (e.g., an amino acid) or completely
eliminated.
This review summarizes currently available nucleos(t)ide-based

drugs and their acyclic analogues that exhibit multi-target activity
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against viral infections of great medical importance (e.g., herpes sim-
plex virus (HSV), varicella zoster virus (VZV), human im-
munodeficiency virus (HIV), hepatitis B virus (HBV) and hepatitis C
virus (HCV)) and/or that are known antineoplastic agents used to treat
cancer. Approved nucleos(t)ide-based drugs with multi-target activity
and compounds being tested in clinical trials or evaluated in preclinical
assays are listed in Table 1. In this paper, the term “approval date”
means the date on which the drug was approved by the US Food and
Drug Administration (FDA) unless otherwise stated.

2. Multi-target nucleos(t)ide-based drugs in the treatment and
prophylaxis of HIV, HBV and HCV infections

HIV, HBV and HCV are three blood-borne viruses that cause emer-
ging infectious diseases in humans worldwide (Leoni et al., 2018).
According to the WHO, viral hepatitis caused 1.34 million deaths in
2015, a number that is comparable to the number of annual deaths
caused by tuberculosis and that is even higher than those attributed to
HIV. A global hepatitis report concluded that mortality from HIV, tu-
berculosis, and malaria is now declining, while mortality from viral
hepatitis has been increasing over time (World Health Organization,
2017). In the last report, the WHO estimated that in 2015, 257 million
people, that is, 3.5% of the population, were living with chronic HBV
infection. Individuals in the African and Western Pacific regions ac-
counted for 68% of those infected. These individuals are at risk of de-
veloping severe complications, including cirrhosis and hepatocellular
carcinoma. In 2015, hepatitis B resulted in 887,000 deaths, mostly due
to complications. Among the 36.7 million persons living with HIV in
2015, an estimated 2.7 million had chronic HBV infection, and 2.3
million had been infected with HCV. Liver diseases constitute the major
cause of morbidity and mortality among those living with HIV and
coinfected with viral hepatitis. People with these conditions should be
prioritized for diagnosis and provided appropriate and effective treat-
ment for both HIV and hepatitis. Currently, HIV and HBV preventive
strategies and treatment options are characterized by lifelong and
chronic treatment, while for HCV, short-term and curative treatment is
available. In contrast to HCV, for which a definitive cure has been de-
veloped because it does not persist in cells, the elimination of HBV and
HIV infections worldwide is primarily hindered by their persistence in
the host organism (Leoni et al., 2018).
Several nucleos(t)ide-based therapies are currently approved for the

treatment of chronic HBV infection (Liu et al., 2018). Approved nucleos
(t)ide inhibitors of HBV polymerase include lamivudine, adefovir, tel-
bivudine, entecavir and tenofovir. Two of them, lamivudine and teno-
fovir, exhibit multi-target activity and are also approved as inhibitors of
HIV replication (Table 1, Fig. 1). This targeted HBV polymerase is
functionally and structurally related to HIV reverse transcriptase, and in
the case of both viruses, inhibitors act as chain terminators because
they belong to the family of competitive substrate analogue inhibitors
(Menéndez-Arias et al., 2014). According to the mechanism of action,
the nucleos(t)ide analogue is converted into its active triphosphate form
by cellular kinases. Then, the activated nucleos(t)ide inhibitor

competes with natural nucleotide substrates for incorporation into the
elongating viral DNA chain. The lack of a 3′-OH group in the in-
corporated nucleos(t)ide analogue prevents the formation of the 5′ to 3′
phosphodiester linkage essential for continued DNA chain elongation,
and therefore, the viral DNA growth is terminated. Lamivudine (2′,3′-
dideoxy-3′-thia-β-L-cytidine, 3TC) is an analogue of L-cytidine in which
a sulphur atom replaces the 3′ carbon of the pentose ring. Tenofovir is
an acyclic analogue of adenosine 5′-monophosphate and is marketed in
the form of two prodrugs: tenofovir disoproxil (TDF, Viread) and te-
nofovir alafenamide (TAF, Vemlidy). The roles of the two prodrugs in
the treatment and prophylaxis of HIV and HBV infections were com-
prehensively compared by De Clercq (De Clercq, 2018). The tendency
to substitute tenofovir disoproxil with tenofovir alafenamide in both
anti-HIV and anti-HBV treatment has been reported, although both
drugs pose little or no risk of virus drug resistance.
Telbivudine (L-thymidine) is used in the treatment of hepatitis B

infection. Clinical trials have shown that this drug is significantly more
effective than lamivudine and less likely to cause resistance. Moreover,
telbivudine has some pleiotropic immunomodulatory and anti-in-
flammatory properties (Rehermann and Bertoletti, 2015). Recently, it
was shown that telbivudine confers endothelial-protective effects on
B19V-infected endothelial cells and improves the chronic myocarditis
associated with B19V transcriptional activity (Van Linthout et al.,
2018).
Treatment of HBV infections is usually carried out as a mono-

therapy; thus, combination therapies are not generally recommended
(De Clercq, 2018). One of the exceptions is the use of ribavirin in
combination with standard therapy to enhance the current treatment
regimens. Ribavirin is commonly used to treat HCV, but there is evi-
dence that it also induces immune effects that positively affect HBV
treatment. A study on anti-HBV treatment with ribavirin and tenofovir,
compared to tenofovir treatment alone, is currently in a phase 3 clinical
trial (NCT03759782).
In contrast to HBV, combination treatments have been the standard

for the treatment of HIV infection for many years. Nucleoside reverse
transcriptase inhibitors (NRTIs) are commonly administered with other
drugs in highly active antiretroviral therapy (HAART) to target multiple
stages of the HIV life cycle. Lamivudine and tenofovir are among the
most important drugs used in combination (Das et al., 2019). According
to a survey, among the top 24 small-molecule combinations most fre-
quently utilized as drug components, anti-HIV lamivudine occurred 15
times, while tenofovir disoproxil occurred 9 times. Lamivudine and
tenofovir have been combined with other NRTIs (e.g., abacavir, em-
tricitabine, and zidovudine) or with non-nucleoside reverse tran-
scriptase inhibitors (NNRTIs) (e.g., efavirenz, darunavir, rilpivirine, and
doravirine). Inhibitors of HIV integrase (elvitegravir, dolutegravir,
raltegravir, and bictegravir) can also be found in several compositions
(Table 2, Fig. 2).
One of the recently approved anti-HIV combinations, Biktarvy

(bictegravir + emtricitabine + tenofovir alafenamide), is currently
under phase 3 and 4 clinical trials for HIV-HBV coinfection
(NCT03547908 and NCT03797014). The primary objective of this

Abbreviations of virus names

AdV Adenovirus
CHIKV Chikungunya virus
CMV Cytomegalovirus
DENV Dengue virus
EBOV Ebola virus
EBV Epstein–Barr virus
FLUAV Influenzavirus A
HBV Hepatitis B virus
HCV Hepatitis C virus

HIV Human immunodeficiency viruses
HMPV Human metapneumovirus
HSV Herpes simplex virus
MARV Marburg virus
RSV Human orthopneumovirus
MulV Murine leukaemia virus
RVFV Rift Valley fever virus
SINV Sindbis virus
VZV Varicella zoster virus
YFV Yellow fever virus
ZIKV Zika virus
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study is to evaluate the efficacy and safety of a fixed-dose combination
in adults coinfected with HIV-1 and HBV. Table 2 presents the most
commonly used combinations of NRTIs, NNRTIs and HIV integrase in-
hibitors, and Fig. 2 shows the structures of the compounds listed in
Table 2 grouped according to their chemical characteristics and mole-
cular targets.
In the last two decades, notable progress has been made in the de-

velopment of anti-HCV drugs. Treatments with pegylated interferon
(PEG-IFN) and ribavirin for HCV eradication have been replaced by the
second generation of direct-acting antivirals (DAAs). Compared to
previous treatments, DAAs offer better tolerability and HCV eradication
in almost 95% of cases (Sagnelli et al., 2017). Single drugs or combi-
nations of two or more DAAs of different classes have been marketed. A
highly active drug, sofosbuvir, belonging to the group of nucleotide
prodrugs, is one of the most successful examples (Lam et al., 2012; Sofia
et al., 2010). Sofosbuvir was approved by the FDA in 2013 for use
against chronic hepatitis C infection. Sofosbuvir was the first drug that
demonstrated safety and efficacy in treating certain types of HCV in-
fection without the need for co-administration of INF. The high potency
of sofosbuvir is attributable, in part, to the first 5′-phosphate group,
which was built into the structure of this prodrug, thereby eliminating
the first rate-limiting enzymatic transformation into the monopho-
sphate. Additional groups are attached to the phosphorus atom to
temporarily mask the two negative charges of the phosphate group,
thereby facilitating the entry of the drug into the infected cell
(Murakami et al., 2010). Sofosbuvir can be used either alone or in
combination. Examples are presented in Fig. 3.
Second-generation DAA treatments can also be used for HBV/HCV

coinfected patients (Sagnelli et al., 2017). Currently, the drug combi-
nation ledipasvir/sofosbuvir is under phase 2 clinical trial for use in
HBV infection (NCT03312023). It has been observed that patients who
had both hepatitis B and hepatitis C and who were treated for hepatitis
C for 12 weeks with a combination of ledipasvir/sofosbuvir had de-
creased hepatitis B surface antigen levels. This finding was the basis for
the hypothesis that a similar decrease could be observed in mono-in-
fected individuals with hepatitis B.
Sofosbuvir was also recently shown to protect against Zika flavivirus

(ZIKV) in studies both in vitro and in vivo (Mesci et al., 2018; Bullard-
Feibelman et al., 2017). It has been found that HCV and ZIKV RNA
polymerases have very similar active sites, confirming that sofosbuvir
could also act on ZIKV-infected cells. It was also demonstrated via
cellular assays and animal models that sofosbuvir inhibits the replica-
tion of other flaviviruses, such as dengue virus (DENV) (Xu et al., 2017),
yellow fever virus (YFV) (De Freitas et al., 2019), and chikungunya
virus (CHIKV) (Ferreira et al., 2019).

3. Multi-target nucleos(t)ide-based drugs against various
herpesviruses

Even though more than 90 antiviral drugs are currently approved
for the treatment of viral infections, many are suitable for use only with
a single virus (De Clercq and Li, 2016). New antiviral drugs with ac-
tivity against multiple viral types are being sought, and many of these
compounds are undergoing advanced clinical trials (Chaudhuri et al.,
2018). Several of these drugs are used for diseases caused by herpes-
viruses.
Herpesviruses, classified in the DNA virus family, include several

different viruses, such as HSV-1; HSV-2; VZV, which may also be called
HHV-3; Epstein–Barr virus (EBV or HHV-4); human cytomegalovirus
(CMV or HHV-5); human herpesvirus 6 and 7 (HHV-6 and HHV-7); and
Kaposi's sarcoma-associated herpesvirus (KSHV, also known as HHV-8),
which cause a wide spectrum of diseases, especially in vertebrates
(Littler and Zhou, 2007; Luczkowiak et al., 2019). According to a WHO
report, approximately 70% of the worldwide population younger than
50 years old is infected with HSV-1 or HSV-2. HSV is a highly infectious
virus that causes so-called cold sores of the mouth (in cases of infectionTa
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with HSV-1) or on the genitals (in cases of infection with HSV-2). These
viruses can also attack the central nervous system and cause en-
cephalitis. HSV-1 can be transmitted through oral contact, while HSV-2
is spread through sexual contact (Looker et al., 2015; Das and Hong,
2018). For VZV, which is another herpesvirus, the infection occurs most
often in childhood and causes chickenpox. Unfortunately, even in cured
patients, the virus remains latent in the body (cervical ganglia) and can
be reactivated when the host's immune system is weakened (Littler and
Zhou, 2007).
Drugs used clinically for treating herpesvirus infections can be di-

vided into two categories: nucleoside analogues and non-nucleoside
drugs. Both types of drugs target viral DNA polymerase. Nucleoside-
type drugs enter cells through concentrative nucleoside transporters
(Cano-Soldado and Pastor-Anglada, 2012). Inside the cell, these trans-
porters undergo phosphorylation with a nucleoside kinase (e.g., thy-
midine kinase). This initial rate-limiting step leads to a monophosphate
metabolite. The herpesvirus thymidine kinase is characterized as
having broader substrate specificity than that of its counterpart in
mammalian cells, and as a result, drugs targeting herpesviruses have
relatively low toxicity (Andrei et al., 2012). The second and third

phosphorylation steps are performed by viral kinases. The tripho-
sphorylated nucleoside formed in this way is the active form of this type
of drug, and it can bind to the active sites of the viral DNA polymerase
and act as a competitive inhibitor of this enzyme during viral DNA
synthesis. The active form of nucleoside-type drugs can also act as a
substrate for the viral enzyme and can be incorporated into the DNA
chain, preventing the prolongation of the viral DNA and possibly
causing the accumulation of mutations in the multiplying viruses or the
induction of apoptosis (Scheme 1) (Jordheim et al., 2013; Das and
Hong, 2018). To increase the oral bioavailability of some of the anti-
herpesvirus drugs, such as acyclovir, penciclovir or ganciclovir, an
amino acid esterification strategy is applied to obtain compounds such
as valaciclovir, famciclovir and valganciclovir, respectively. These
“prodrugs” are rapidly converted into the active form of the nucleoside-
type drugs by enzymes in the liver and intestinal walls (Weller et al.,
1993).
As described above, some of the nucleotide-based anti-herpesvirus

drugs are active against more than one virus. Idoxuridine (IDU, 5-iodo-
2′-deoxyuridine, Fig. 4) is an iodinated thymidine analogue and the first
antiherpetic drug, discovered by W. Prusoff in 1959 (Prusoff, 1959), to

Fig. 1. Structures of nucleos(t)ide-based drugs for the treatment of HBV infections.

Table 2
Nucleos(t)ide-based multi-target drugs in the treatment of HBV and HIV infections.

Nucleos(t)ide-type drugs with multi-
target activity

Approved anti-HBV
monotherapy

Approved combination drug for HIV

Tenofovir disoproxil fumarate (TDF) Viread, Gilead, 2008 Viread, Gilead Sciences, 2001 (tenofovir disoproxil fumarate)
Truvada, Gilead Sciences, 2004 (emtricitabine + tenofovir disoproxil fumarate)
Atripla, Gilead Sciences, Bristol-Myers Squibb, 2006 (emtricitabine + efavirenz + tenofovir disoproxil
fumarate)
Complera, Gilead Sciences, 2011 (emtricitabine + rilpivirine + tenofovir disoproxil fumarate)
Stribild, Gilead Sciences, 2012 (elvitegravir + cobicistat + emtricitabine + tenofovir disoproxil
fumarate)
Delstrigo, Merck, 2018 (doravirine + lamivudine +tenofovir disoproxil fumarate)
Cimduo, Mylan Pharmaceuticals, 2018 (lamivudine + tenofovir disoproxil fumarate)
Symfi Lo, Mylan Pharmaceuticals, 2018 (efavirenz + lamivudine + tenofovir disoproxil fumarate)

Tenofovir alafenamide fumarate (TAF) Vemlidy, Gilead, 2016 Genvoya, Gilead Sciences 2015 (elvitegravir + cobicistat + emtricitabine, + tenofovir alafenamide)
Descovy, Gilead Sciences, 2016 (emtricitabine + tenofovir alafenamide)
Odefsey, Gilead Sciences, 2016 (emtricitabine + rilpivirine + tenofovir alafenamide)
Symtuza, Janssen Therapeutics, 2018 (darunavir + cobicistat + emtricitabine + tenofovir alafenamide)
Biktarvy, Gilead Sciences, 2018 (bictegravir + emtricitabine + tenofovir alafenamide)

Lamivudine (3TC) Epivir, Glaxo Wellcome,
1998

Combivir, ViiV Healthcare, 2000 (lamivudine + zidovudine)
Trizivir, ViiV Healthcare, 2000 (abacavir + lamivudine + zidovudine)
Epzicom, ViiV Healthcare, 2004 (abacavir + lamivudine)
Triumeq, ViiV HealthCare, 2014 (abacavir + dolutegravir + lamivudine)
Dutrebis, Merck, 2015 (lamivudine + raltegravir)
Delstrigo, Merck, 2018 (doravirine + lamivudine +tenofovir disoproxil fumarate)
Cimduo, Mylan Pharmaceuticals, 2018 (lamivudine + tenofovir disoproxil fumarate)
Symfi Lo, Mylan Pharmaceuticals, 2018 (efavirenz + lamivudine + tenofovir disoproxil fumarate)
Dovato, ViiV Healthcare, 2019 (dolutegravir + lamivudine)
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be licensed by the FDA, in 1963, for the treatment of HSV. It is also
effective in local therapy against VZV (Essmann and Wildenhoff, 1980;
Nikkeis and Piérard, 1994). However, significant toxicity is associated
with its systemic use. The mechanism of action of idoxuridine is not
exactly defined, but the triphosphate inhibits viral DNA synthesis and is
incorporated into both viral and cellular DNA. Currently, in the United
States, idoxuridine is approved for only topical treatment of HSV ker-
atitis, but in Europe, idoxuridine in DMSO is available for the treatment
of herpes labialis, herpes genitalis and herpes zoster (Aoki, 2015).
Brivudine (BVDU, 5-[2-bromovinyl]-2′-deoxyuridine), similar to

idoxuridine, is a 5-substituted thymidine analogue approved as a drug
for use against a wide range of herpesviruses. Brivudine is highly spe-
cific against HSV-1 and VZV; however, it does not show activity against
HSV-2 (Topalis et al., 2016). This drug is widely available in Europe,
except the United Kingdom, and many other countries, except the
United States (De Clercq, 2004; Andrei et al., 2005). It was also found
that brivudine might be used to treat EBV encephalitis. However,

clinical trials are still required to confirm its effective and safe use as an
anti-EBV drug (Lin et al., 1985; Lahmer et al., 2010). The results of a
comparison of brivudine, famciclovir and valaciclovir treatment in
immunocompetent adult patients with herpes zoster indicate that bri-
vudine may be the first choice in cases of severe herpes zoster because
of its ability to promptly control pain and its once-a-day use (Yaldiz
et al., 2016). The literature also describes a novel series of phosphor-
amidate nucleoside (idoxuridine and brivudine) prodrugs that include
amino acid motifs based on L-aspartic acid and L-glutamic acid (so-
called ProTides), which have been evaluated for their cytotoxic activity
against a panel of cancer cell lines. Compared to parent nucleoside,
such as idoxuridine or brivudine, which displayed only weak to mod-
erate activity, the corresponding ProTide showed increased cytotoxic
activity (Gao et al., 2016).
Trifluridine (trifluorothymidine, 5-trifluoromethyl-2′-deoxyuridine,

TFT) belongs to a group of fluorinated pyrimidine analogues. This
compound is used as an anti-HSV drug in therapy for HSV-induced
epithelial keratitis. After its conversion to trifluridine monophosphate,
it inhibits thymidylate synthetase, which is elevated in different cancer
cell lines. After further phosphorylation, the corresponding tripho-
sphate competitively inhibits DNA polymerases with respect to thymi-
dine triphosphate (Aoki, 2015). Trifluridine in combination with ti-
piracil (Lonsurf) has been approved in Japan, the United States, and the
European Union for the treatment of adult patients with metastatic
colorectal cancer who were previously subjected to chemotherapy in-
volving fluoropyrimidine, oxaliplatin and irinotecan (Burness and
Duggan, 2016; Matsuoka et al., 2018). Phase 3 clinical trials are also
underway to collect additional data about the safety and efficacy of
trifluridine-tipiracil during the treatment of patients with metastatic
colorectal cancer (NCT03306394). Trifluridine was also tested as an
antibacterial agent. Specifically, it was found that trifluridine strongly
inhibits Mycoplasma pneumoniae growth in vitro (Sun and Wang, 2013).
Unfortunately, no clinical trials have been undertaken in this direction
in recent years.
There are six approved acyclic guanosine analogues, namely,

Fig. 2. Structures of nucleos(t)ide-based and non-nucleoside drugs used in combination with tenofovir and lamivudine for the treatment of HIV infections.
Abbreviations: NRTIs - nucleoside reverse transcriptase inhibitors, NNRTIs - non-nucleoside reverse transcriptase inhibitors.

Fig. 3. Sofosbuvir alone and in combination with other drugs in the treatment
of HCV infections.
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acyclovir, ganciclovir, valaciclovir, valganciclovir, penciclovir, and
famciclovir (Fig. 4). First, acyclovir (ACV, [9-(2-hydroxyethoxy)me-
thyl)guanine]) was originally designed as an inhibitor of adenosine
deaminases, but in 1977, it was discovered to be an effective anti-
herpetic drug (Elion et al., 1977). Acyclovir is most active against HSV-
1, but its activity against HSV-2 and VZV has also been demonstrated
(Schaeffer et al., 1978). Acyclovir is also active against EBV and, at high
concentrations, against CMV. Its activity is based on the inhibition of
the DNA polymerase, which causes DNA chain termination because the
active acyclovir form, the triphosphate, lacks the 3′-hydroxyl group
required for DNA chain elongation (Laskin, 1984; Ostrosky-Zeichner
and Rex, 2008). The bioavailability of oral acyclovir is relatively poor
(15–21%); thus, high doses of this drug are required. It can also be
administered in topical form. This drug has an excellent safety profile
because acyclovir triphosphate is a much better substrate for the viral
polymerase than for the cellular polymerase. Additionally, because the
affinity of acyclovir for the viral thymidine kinase is approximately
200-fold greater than that for the cellular thymidine kinase, a higher
concentration of its active metabolite is observed in infected cells
(Kimberlin, 2018; Das and Hong, 2018). In 2017, studies conducted to
determine the effect of acyclovir on breast cancer MCF-7 cells were
described (Shaimerdenova et al., 2017). The obtained results demon-
strate the suppressive effect of acyclovir on breast cancer cells. Acy-
clovir treatment decreases the proliferation rate as well as the growth of
cells and correlates with upregulation of apoptosis associated with
caspase-3. Acyclovir also inhibits the colony formation ability and cell
invasion capacity of cancer cells. These results demonstrate the possi-
bility of partial suppression of cancer cell proliferation using this an-
tiviral agent. However, further research is necessary to determine the
mechanism of the anticancer activity of acyclovir. The literature also
describes an approach based on the phosphorylation of acyclovir by the
viral thymidine kinase but not the cellular enzyme (Yao et al., 2013).
Phosphorylated acyclovir inhibits cellular DNA synthesis and kills in-
fected cells. It was assumed that phosphorylated acyclovir would be a
cytotoxic agent when properly delivered to the cancer cells. To facil-
itate the targeted delivery of phosphorylated acyclovir to the tumour,
lipid/calcium/phosphate nanoparticles with a membrane/core struc-
ture were used to encapsulate the phosphorylated drug. The nano-
particles containing phosphorylated acyclovir facilitated its delivery to
the tumour, which contributed to the significantly enhanced inhibition
of tumour growth without obvious toxicity.
To increase the oral bioavailability of antiviral drugs, a prodrug

strategy can be applied. Valaciclovir (VACV, L-valyl ester of acyclovir)
is a highly efficient and safe prodrug of acyclovir. It can be dosed orally
and is absorbed in the gastrointestinal tract through both a passive
transcellular mechanism and an active peptide transporter mechanism.
The prodrug is then converted to acyclovir in the liver and intestinal
walls by specific enzymes (Weller et al., 1993). The oral bioavailability
of valaciclovir is much higher than that of acyclovir, reaching almost
50%. In clinical trials, valaciclovir has a similar antiviral activity and
safety profile as acyclovir; therefore, it has superseded acyclovir for the
treatment of HSV or VZV infections (O'Brien and Campoli-Richards,
1989; Littler and Zhou, 2007).
Penciclovir (PCV, 9-[4-hydroxy-3-(hydroxymethyl)butyl]guanine),

developed in Beecham Pharmaceuticals Laboratories, is an acyclic
guanosine analogue. Penciclovir-triphosphate, its active metabolite,
competitively inhibits the replicative function of the viral DNA poly-
merase. Unlike acyclovir, penciclovir is not considered a DNA chain
terminator due to the presence of the 3′-OH group in the acyclic part of
PCV, which allows DNA chain elongation. Incorporated penciclovir
probably distorts the DNA conformation and then induces the sup-
pression of further DNA elongation (Piret and Boivin, 2011). Penci-
clovir has broad-spectrum antiviral activity against HSV, VZV and even
EBV. It is less active than acyclovir, but its longer half-life and higher
intracellular concentration compensate for the lower antiviral effect.
Phosphorylated penciclovir concentrations can be as much as 200-fold

higher than those of phosphorylated acyclovir (Littler and Zhou, 2007;
Kimberlin, 2018). The bioavailability of penciclovir upon oral admin-
istration is poor, at approximately 5%; therefore, its prodrug famci-
clovir (FCV, 6-deoxypenciclovir diacetate) was designed and approved
for clinical use against HSV and VZV in 1994 (Tyring et al., 1995; Luber
and Flaherty, 1996). Studies in mouse models have shown that the main
advantage in using famciclovir over using other drugs is its ability to
prevent latent HSV-1 infections (Thackray and Field, 1998).
Ganciclovir (GCV, 9-[(1,3-dihydroxy-2-propoxymethyl)]guanine)

differs from acyclovir in that it has an extra hydroxymethyl group in the
acyclic chain. Due to its highly efficient action against CMV, ganciclovir
has been approved for use in the treatment of infections with this virus,
which belongs to the so-called beta-herpesvirus group. Ganciclovir, si-
milar to acyclovir, is also active against alpha-herpesviruses such as
HSV-1 and HSV-2 and has similar activity against VZV (Kimberlin,
2018). Ganciclovir has been used with some success in treating HHV-6
infections (Nakano et al., 2009) and has also been proven to be effective
against the in vitro replication of EBV and HHV-8 (De Clercq, 2007). It
has bioavailability in the oral form; less than 10% of the drug is ab-
sorbed after oral administration (Jabs et al., 1986). For this reason,
ganciclovir prodrugs have been explored. Valganciclovir (VGCV, 9-[(2-
hydroxy-1-valyloxymethyl)ethoxymethyl]guanine), which was ap-
proved by the FDA in 2001, is the first example of such a prodrug.
Valganciclovir is well absorbed after oral administration (over 60%).
The addition of a valyl ester group to ganciclovir makes it a good
substrate of the two peptide transporters (PEPT1 and PEPT2), which
increase its absorption. The ester linkage between the valyl group and
ganciclovir is easily hydrolysed by intestinal esterase and hepatic es-
terase (Sugawara et al., 2000).
Vidarabine (VDR, 9-β-D-arabinofuranosyladenine) is an analogue of

adenosine isolated from Streptomyces antibioticus. Vidarabine, unlike
previously discussed drugs, does not require viral enzymes at any step

Scheme 1. Mechanism of action of nucleoside-type drugs and prodrugs against
herpesviruses. Abbreviations: ACV – acyclovir, BVDU – brivudine, IDU –
idoxuridine, FCV – famciclovir, GCV – ganciclovir, PCV - penciclovir, TFT -
trifluridine, VACV - valaciclovir, VDR – vidarabine, and VGCV – valganciclovir.
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of the triphosphorylation process to generate an active metabolite.
When phosphorylated by cellular enzymes, vidarabine is in the active
triphosphate form. The lack of specificity is responsible for its toxicity.
Vidarabine is oncogenic and teratogenic in laboratory animal models.
Vidarabine triphosphate acts as a competitive inhibitor of viral and
cellular DNA polymerase. It functions as a chain terminator after in-
corporation into the DNA. Additionally, this metabolite also inhibits
other viral and cellular enzymes, such as ribonucleoside reductase and
S-adenosylhomocysteine hydrolase, which may also contribute to the
antiviral and toxic effects of vidarabine (Aoki, 2015; Theobald, 2016).
Vidarabine was initially used as an antiviral drug for the systematic
treatment of HSV and VZV infections (De Clercq, 2013b). Vidarabine is
used less currently than it was in the past. It is mainly used against cases
of acyclovir-resistant herpesviruses. Due to its relative insolubility in
aqueous media, vidarabine is mainly administered topically (Littler and
Zhou, 2007). A few years ago, it was proposed that vidarabine could be
applied as a potent and selective inhibitor of adenylyl cyclase 5 for the
treatment of two human diseases: heart failure and cancer. This con-
clusion was based on the results of animal testing (Iwatsubo et al.,
2012; Vatner et al., 2013). Unfortunately, in the following year, find-
ings indicating that VDR is neither a potent nor a selective cyclase 5
inhibitor were published (Seifert, 2014).
The research and development of a significant number of nucleos(t)

ide analogues were terminated in the preclinical assay stage due to the
toxicity they induced in animal models. High toxicity was also the
reason for the rejection of many compounds during clinical trials.
Examples of nucleos(t)ide-based analogues that exhibit high activity
against herpesviruses but were not approved as drugs are shown in
Fig. 5 and are described below.
Valomaciclovir (EPB-348) is a prodrug that has undergone the

preliminary stages of clinical trials for the inhibition of viral DNA
polymerase. This ester nucleoside analogue is rapidly converted to
omaciclovir (H2G) in vivo and subsequently converted by viral enzymes
into the phosphorylated form that binds to VZV polymerase. In vitro
studies have shown its activity against HSV-1 and VZV (Abele et al.,
1991). Valomaciclovir was under phase 2 clinical trials for EBV-in-
fectious mononucleosis (NCT00575185) as well as for the treatment of
herpes zoster (NCT00831103).
Cyclopropavir (MBX-400) is another extensively investigated

compound. It is a methylenecyclopropane nucleoside analogue struc-
turally related to drugs such as acyclovir, ganciclovir and penciclovir. In
vitro studies demonstrated its activity against such herpesviruses as
CMV, HHV-6 and HHV-8 (Price and Prichard, 2011). Cyclopropavir was
in phase 1 clinical trials to assess its safety and pharmacokinetics
(NCT01433835) and (NCT02454699).
Another compound exhibiting strong antiviral activity is FV-100.

This compound has a high selectivity for VZV. Unfortunately, its ac-
tivity was not observed in comparative studies of other herpesviruses
(Mcguigan et al., 2007). This drug was tested in a phase 2 clinical trial
in comparison with valaciclovir for herpes zoster (NCT00900783) and
in a phase 3 clinical trial in comparison with valaciclovir for the pre-
vention of post-herpetic neuralgia (NCT02412917).
Brincidofovir (CMX001), which is a lipid conjugate of cidofovir,

seems to be the most promising antiviral compound. In contrast to the
latter, brincidofovir is orally available. It is absorbed in the small in-
testine and transported throughout the body as a phospholipid. It
crosses target cell membranes by facilitated and passive diffusion.
Additionally, it has a long intracellular half-life (Painter et al., 2012).
Brincidofovir presents broad-spectrum antiviral activity against DNA
viruses such as herpesviruses, adenoviruses and poxviruses (Price and
Prichard, 2011; Florescu et al., 2012; Quenelle et al., 2010). It was
studied for safety and efficacy against adenovirus (AdV) infection
(phase 3 clinical trials; NCT02087306) and against serious diseases or
conditions caused by DNA viruses (phase 3; NCT01143181). Another
clinical trial (phase 2) revealed that patients taking brincidofovir were
resistant to CMV infection (NCT942305). Unfortunately, the results of
the phase 3 trial (NCT01769170) showed that the effect was only ob-
served during active drug administration and disappeared immediately
after treatment. Moreover, a significant number of patients developed
diarrhoea. As a result, two other clinical trials for CMV prevention
(NCT02439970 and NCT02439957) were stopped.

4. Nucleoside antimetabolites - approved antineoplastic drugs
with potential antiviral/antibacterial activity

Nucleoside antimetabolites are used against a broad range of human
cancers, including leukaemias, lymphomas, and pancreatic, breast,
bladder, ovarian, colon or kidney cancer. By mimicking the

Fig. 4. Nucleoside-based marketed drugs against various herpesviruses.
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physiological role of their natural counterparts, they interfere with
cellular metabolism, incorporate into DNA or RNA, inhibit enzymes
(essential polymerases, DNA methyltransferases, kinases, phosphor-
ylases, thymidylate synthase or ribonucleotide reductase) and thus in-
hibit cell division and viral replication (Jordheim et al., 2013). Among
the major players are purine analogues (including the commonly used
cladribine, approved in 1992; fludarabine, approved in 1991; second-
generation clofarabine, approved in 2004; and nelarabine, approved in
2005) and pyrimidine analogues (first approved in cytarabine in 1969,
gemcitabine in 1996, azacytidine in 2004, decitabine in 2006, and
floxuridine in 1970), which have had important roles in several cancer
treatments (Parker, 2009). Some of the cytotoxic nucleoside analogues
have recently proven their broad-spectrum antiviral activity towards
life-threatening viruses (Ianevski et al., 2018, 2019). Among them, the
cytidine analogue gemcitabine was reported to be 6th on the list of
broad-spectrum antivirals that show in vitro activities (Ianevski et al.,
2019). Additionally, it was recently reported that several nucleoside
analogues clinically approved as antivirals or antineoplastic agents also
show antibacterial activity (Thomson and Lamont, 2019). Examples of
such drugs include gemcitabine, zidovudine, 5-fluorouracil, floxuridine,
idoxuridine and thiopurines. The application limitations of some nu-
cleoside analogues as antibiotics could be connected with their side
effects and toxicity (e.g., myelosuppression or pulmonary toxicity).
However, the concentrations of nucleoside analogues that inhibited the
growth of bacteria were lower than those used for the treatment of
cancer patients, which can reduce the problem of toxicity (Jordheim
et al., 2012). The antibiotic potency of nucleoside analogues could be
useful, especially in hospital settings, to treat multi-drug-resistant
bacteria.
In this chapter, approved antineoplastic drugs from the nucleoside

antimetabolite group that have shown potency as broad-spectrum an-
tiviral agents and/or antibacterial agents are discussed (Fig. 6).
Gemcitabine (dFdC; dFdCyd) is an approved antineoplastic drug

(initially approved by the FDA in 1996; brand name Gemzar) used for
the treatment of different cancers (e.g., pancreatic, ovarian, lung and
breast and bladder cancer) (Hertel et al., 1990; Cerqueira et al., 2007).

It is a prodrug that is converted to monophosphate metabolites by
deoxycytidine kinase and then to active diphosphate and triphosphate
metabolites by nucleoside mono- and diphosphate kinases, respectively.
The diphosphate metabolite acts as an inhibitor of ribonucleotide re-
ductase, which is the catalyst for deoxyribonucleotide generation (for
DNA synthesis and repair). The triphosphate metabolite in turn com-
petes with natural deoxycytidine-5-triphosphate to incorporate into
replicating DNA (Cerqueira et al., 2007). Gemzar in combination with
cisplatin was approved in 1998 for the treatment of locally advanced or
metastatic non-small cell lung cancer, and Gemzar in combination with
paclitaxel was approved as the first-line therapy for women battling
metastatic breast cancer. Gemzar demonstrates dose-dependent sy-
nergistic activity with cisplatin. In the treatment of advanced ovarian
cancer (at least 6 months after completion of platinum-based therapy),
gemcitabine is used in combination with carboplatin. Another study
showed that co-treatment with gemcitabine and zidovudine re-sensi-
tized gemcitabine-resistant pancreatic cancer by inhibiting the key
signalling pathway, Akt-GSK3β-Snail1, in the resistant cells (Namba
et al., 2015). Other reports from phase 2 clinical trials have shown that
combining brivudine with gemcitabine or cisplatin enhanced their ef-
ficacy as a pancreatic cancer therapy (Heinrich et al., 2011). Recently
(2018), the FDA approved the premixed, ready-to-infuse formulation
called Infugem. Several (13) generic versions of Gemzar have also been
approved.
Recently, experimental data on the antiviral activity of gemcitabine

have been widely reported (Shin et al., 2018; Ianevski et al., 2019). The
broad range of viruses against which gemcitabine has shown activity
includes HIV-1 (Rawson et al., 2013; Clouser et al., 2010, 2012),
murine leukaemia virus (MuLV) (Clouser et al., 2012), HIV-2 (Beach
et al., 2014), ZIKV (Kuivanen et al., 2017), enteroviruses such as po-
liovirus (Kang et al., 2015; Zhang et al., 2017), rhinoviruses (Song
et al., 2017), HCV (Beran et al., 2012), coronaviruses (Dyall et al.,
2014), Sindbis virus (SINV), HSV-1 and FLUAV (Denisova et al., 2012).
The synergistic effect of gemcitabine combined with low doses of other
nucleoside analogues was also reported. It is applied in combination
with ribavirin for the treatment of enteroviruses or with decitabine for

Fig. 5. Additional nucleos(t)ide-based antiviral agents against various herpesviruses.
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the treatment of HIV (Kang et al., 2015; Clouser et al., 2010). In most
cases, gemcitabine inhibits viruses at low, non-cytotoxic concentrations
(Denisova et al., 2012; Kuivanen et al., 2017). Depending on the virus,
gemcitabine was shown to be an inhibitor of viral replication, pro-
liferation, RNA and protein synthesis, or production. The gemcitabine
antiviral effect on enteroviruses was proposed to be based on two ac-
tions. It can be directly incorporated into newly synthesized viral RNA
during the polymerization process. Gemcitabine preferentially in-
corporates into viral RNA since the RNA replication process in viruses is
more active than cellular DNA or RNA synthesis. It is also possible that
gemcitabine can block the RNA polymerase by binding to the nucleo-
tide-binding regions. Another possibility is that the viral ribonucleotide
reductase is inhibited, resulting in an increased mutation rate and loss
of viral proliferation capability (Kang et al., 2015). It was postulated
that the inhibition of RNA replication might be related to the limited
amount of nucleoside available (Song et al., 2017). As a cytidine ana-
logue, gemcitabine was reported to inhibit the salvage pathway of the
pyrimidine biosynthesis. Additionally, treatment with gemcitabine ac-
tivates the expression of several IFN-stimulated genes (including
CXCL10, IRF7, IRF9, IFIT1 or DDX58), the major effectors in innate
immunity (Lee et al., 2017).
Gemcitabine has also shown antibacterial activity against gram-

positive bacteria, such as Enterococcus, Listeria, Bacillus, and
Staphylococcus, including multi-drug-resistant strains of Staphylococcus
aureus (Thomson and Lamont, 2019; Jordheim et al., 2012; Sandrini
et al., 2007). Unfortunately, one study revealed that the treated strains
developed resistance to gemcitabine. Such a phenomenon could in turn
be overcome by the combination of gemcitabine and gentamicin, which
showed synergistic activity and reduced the rate of resistance devel-
opment (Jordheim et al., 2012). Gemcitabine did not show activity
against gram-negative bacteria.
Azacitidine (5-AC; 5-AZC; AZA-CR; 5-azacytidine; Vidaza) is a

prodrug and antimetabolite of cytidine that has been approved by the
FDA in 2004 for the treatment of all subtypes of myelodysplastic syn-
drome (MDS). To date, azacytidine has also been approved for the
treatment of acute myeloid leukaemia (AML) patients with 20–30%
bone marrow (BM) blasts and with>30% BM blasts (Agrawal et al.,
2018). Its antineoplastic activity is based on two mechanisms of action:
hypomethylation of DNA and direct toxification of abnormal haema-
topoietic cells in the BM. It is most toxic to cells in the S-phase of the
cell cycle (Kaminskas et al., 2005). After incorporation into DNA, aza-
cytosine substitutes for cytosine, forming azacytosine-guanine dinu-
cleotides, which are recognized by DNA methyltransferase as a natural
substrate and inhibit the enzyme (Stresemann and Lyko, 2008; Agrawal

et al., 2018). This mechanism results in a reduction in DNA methyla-
tion. Hypomethylating agents—azacitidine and decitabine—were re-
ported to influence tumour interactions with the host immune system.
They activate endogenous retroviral elements that are normally epi-
genetically silenced (Wolff et al., 2017).
Experimental studies have shown that azacitidine is a potent, broad-

spectrum antiviral agent. The range of viruses against which it shows
activity includes AdV (Alexeeva et al., 2001, 2015), human me-
tapneumovirus (HMPV) (Bösl et al., 2019), HIV-1 (Dapp et al., 2009;
Rawson et al., 2016a), HIV-2 (Beach et al., 2014), Rift Valley fever virus
(RVFV) (Ianevski et al., 2018, 2019), human T-lymphotropic virus
(HTLV-1) (Diamantopoulos et al., 2012), HSV-1, and FLUAV (Ianevski
et al., 2018). A study of azacytidine activity against HIV-1 and HIV-2
revealed that it primarily targets reverse transcription (in the form of 5-
azacytidine-triphosphate or 5-aza-2′-deoxycytidine triphosphate). An
increase in the HIV-1 mutation rate caused by incorporating azacytidine
into viral RNA was observed (Dapp et al., 2009). An additional study
indicated that the mutagenesis of HIV-1 was enhanced after the re-
duction of 5-azacytidine to 5-aza-2′-deoxycytidine, which led to G-to-C
hypermutation (Rawson et al., 2016a). A comparison of azacytidine
activity towards HIV-1 and HIV-2 revealed better efficacy towards HIV-
2 (EC50 values of 20.2 and 14.5 μM, respectively) (Beach et al., 2014).
The combination of 5-azacytidine with low concentrations of ribonu-
cleotide reductase inhibitors (e.g., resveratrol) had a synergistic effect
and significantly reduced the infectivity of HIV-1. The synergism was
explained by the reduced accumulation of reverse transcription pro-
ducts rather than increased viral mutagenesis (Rawson et al., 2016b). A
recent study on human adenoviruses revealed that azacytidine itself
was an effective antiviral agent over a wide range of concentrations but
its derivatives showed even better results, namely, N4-methyl-6-azacy-
tidine and N4,O-tetraacetyl-6-azacytidine, for which high selectivity
against AdV and low cytotoxicity were observed (Alexeeva et al., 2015).
Decitabine (DAC; 5-aza-2′-deoxycytidine; Dacogen; Demylocan),

another antineoplastic antimetabolite, is a cytidine analogue. This hy-
pomethylating agent was approved by the FDA in 2006 for the treat-
ment of multiple types of myelodysplastic syndrome. It promotes cy-
totoxic DNA hypomethylation and cell death in rapidly dividing cells by
disrupting DNA synthesis. Similar to azacytidine, decitabine also in-
duces immune responses and sensitizes tumours to checkpoint inhibi-
tion (Wolff et al., 2017). Additionally, it was shown that in muscle-
invasive bladder cancer cells, decitabine treatment (at low non-cyto-
toxic doses) restored NOTCH1 expression and promoted IL-6 release to
induce CK5 differentiation (Ramakrishnan et al., 2017).
The antiviral activity of decitabine has been shown mostly in HIV

Fig. 6. Structures of the nucleoside antimetabolites with potential antiviral activity.

G. Pastuch-Gawołek, et al. European Journal of Pharmacology 865 (2019) 172747

10



treatment. Similar to the previously described synergistic effect of
azacytidine with resveratrol, the combination of decitabine and re-
sveratrol significantly reduced the levels of HIV-1 reverse transcription
products (Rawson et al., 2016b). Another study indicated that the
combination of gemcitabine and decitabine at concentrations much
lower than those used in cancer treatment synergistically lowered HIV-
1 infectivity by 73% and significantly increased the mutation frequency
(Clouser et al., 2010).
Clofarabine (CAFdA; Cl-F-Ara-A; Clolar; Evoltra; FDA approval in

2004) is an antineoplastic agent used to treat lymphoblastic leukaemia,
specifically acute lymphoblastic leukaemia in paediatric patients aged
1–21 whose disease has relapsed or become refractory after at least two
prior treatment regimens. The drug acts as an antimetabolite that in-
terferes with DNA replication. Clofarabine inhibits ribonucleotide re-
ductase, causes termination of DNA chain elongation, and inhibits DNA
polymerases. Additionally, it disrupts mitochondrial membrane in-
tegrity, which results in the release of apoptosis-inducing factors, pro-
apoptotic proteins, and cytochrome C, leading to the activation of
programmed cell death pathways.
Clofarabine was reported to be a potent antiretroviral agent. It has

shown threefold higher activity against HIV-2 than against HIV-1
(Beach et al., 2014). Further study on the anti-HIV-1 activity of clo-
farabine revealed its dual inhibitory function in virus replication. It
limits the deoxyribonucleoside triphosphate substrates for the synthesis
of viral DNA and directly inhibits the DNA polymerase activity of HIV-1
reverse transcriptase (Daly et al., 2016).

5. Concluding remarks

Nucleoside analogues were first studied as antimetabolites, and
some of them proved to be antitumour agents. Many of these anti-
tumour agents showed antiviral activity; however, the development of a
significant number of nucleos(t)ide-based analogues was terminated
during the preclinical assay stages due to the toxicity they induced in
animal models.
Long-term exposure to antiviral drugs leads to the emergence of

drug resistance. In addition, in some cases, limitations of standard
treatment result from significant renal toxic effects. Therefore, there is a
constant need for the development of novel therapeutic agents.
Currently, more than 100 active antiviral drug candidates are in ad-
vanced preclinical or clinical trials. Most of these clinical-stage drug
candidates are being tested for activity against HIV, HBV and HCV.
Even though more than 90 antiviral drugs are currently approved

for the treatment of viral infections, many of them are suitable for use
only with a single virus. New antiviral drugs with activity against
multiple viral types are being sought, and many of these compounds are
subjects of advanced clinical trials. Moreover, experimental data open
the possibility of repurposing broad-spectrum antimetabolites to other
viral infections. Because these drugs have already been approved, such
an application could save the time and money that are needed to prove
their safety. It is possible that a compound that has already been clas-
sified as a drug against one virus may be suitable for the treatment of
other viral infections. This approach is particularly important for can-
didates for the treatment of deadly viral infections, such as Ebola virus
(EBOV). In this case, the safety threshold would be based on different
criteria from those that are currently applied for drugs used to control
chronic infections such as HIV and HBV.
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