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Herein, we summarized modification of traditional nucleoside framework (sugar + base), traizole nu-
cleosides, nucleoside analogues assembled by other drugs, macromolecule-modified nucleosides, and
their bioactivity rules. 2’-“Ara”-substituted by —F or —CN group, and 3’-“ara” substituted by acetylenyl
group can greatly influence their anti-tumor activities. Dideoxy dehydrogenation of 2’,3’-sites can

Keywords:
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enhance antiviral efficiencies. Acyclic nucleosides and L-type nucleosides mainly represented antiviral
capabilities. 5-F Substituted uracil analogues exihibit anti-tumor effects, and the substrates substituted
by —I, —CF3, bromovinyl group usually show antiviral activities. The sugar coupled with 1-N of triazolid

QEE‘_/;Ellmr usually displays anti-tumor efficiencies, while the sugar coupled with 2-N of triazolid mainly represents
Triazoles antiviral activities. The nucleoside analogues assembled by cholesterol, polyethylene glycol, fatty acid
Prodrugs and phospholipid would improve their bioavailabilities and bioactivities, or reduce their toxicities.
© 2021 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Nucleosides play a key role in biology processes, involving in the
retention, replication and transcription of gene information.
Nucleoside analogues can be used as a nucleic acid metabolism
inhibitor to interfere with virus reproduction and tumor cell
growth, showing good antiviral and anti-tumor effects.

Nucleoside drugs are mainly divided into enzyme inhibitors and
DNA chain terminators. They are recognized by specific proteins on
the cell membrane and then transferred to the cells, which can be
monophosphorylated, diphosphorylated and then triphosphory-
lated by the kinases, including thymidine kinases (TKs), adenosine
kinase (AK), deoxycytidine kinase (dCK), and deoxyguanosine ki-
nase (dGK). A triphosphorylated nucleoside drug can act as a
cellular polymerase inhibitor or a reverse transcriptase inhibitor, or
participate in the replication or transcription of a nucleic acid.
Monophosphorylation is the rate-limiting step in its metabolism
[1]. Anti-tumor nucleoside drugs can not only serve as a competi-
tive substrate for cell polymerase, but also tightly bind to the DNA-
enzyme complex, thereby activating genotoxic stress response,
leading to apoptosis [2].

Table 1 lists currently available antiviral and anti-tumor nucle-
oside drugs. It is worth noting that Remdesivir (RDV, GS-5734)
shows good inhibition effect on COVID-19 [3—6], and has been
approved by FDA as a drug for the treatment of COVID-19. The
nucleoside drugs in clinical trial include Valtorcitabine (anti-HBV),
Elvucitabin (Fd4C) (anti-HBV, anti-HIV). Besides, some nucleoside
drugs show inhibitory activities on SARS virus, Ebola virus and Zika
virus [7—10].

Different from the progress of nucleoside derivatives [11—13],

herein we mainly focus on different structural characteristics of
nucleoside compounds with antiviral or anti-tumor effects, and
sum up triazole nucleosides, drug assembly nucleosides, and
macromolecule-modified nucleosides, to provide useful informa-
tion for development of nucleoside analogues. It should be pointed
out that, from structure of nucleosides, there is no absolutely strict
distinction between the antiviral and anti-tumor effect.

2. Modification of sugar
2.1. Ribose/deoxyribose nucleoside analogues

2.1.1. 2'-Site modification

2.1.1.1. Antiviral compounds. Modification at 2’-site mainly involves
in: (I) Introduction of “ara”-substituent (“ara” means “up” on the
ring plane). (II) Dehydroxylation at 2’-site or substitution of 2’-OH
with a fluoro-methylene group. The 2’-site methyl substituted
nucleosides 2’-methylcytidine (active form of Valopicitabine, 1), 2’-
methyluridine (2), 2’-methyladenosine (3) and 2’-methylguanosine
(4) show anti-HCV activities (3 > 1 > 4 > 2), but these 2’-methyl
substituted derivatives have poor bioavailabilities [13,14]. Intro-
ducing valine ester at 3'-O-site of 1 could generate Valopicitabine
(NM283, 5) with better bioavailability [15]. The presence of F at 2’-
site (compound 6) could reduce cytotoxicity [16]. 2’-Hydrox-
ymethyl adenosine (7) obtained by substituting methyl with
hydroxymethyl also shows anti-HCV activity [17]. Besides, com-
pound 1 exhibits efficacy against foot-and-mouth disease virus,
yellow fever virus, norovirus, dengue virus, hepatitis E virus and
parechoviruses A (HPeV) [18—23].

Fluoriodine Cytarabine (FIAC, 8) and Fluoroiodine Uridine (FIAU,

Table 1
Antiviral and anti-tumor nucleoside drugs currently on the market.
Bioactivities Drug names
Antiviral Broad-spectrum Ribavirin

antiviral drug

Anti-HIV

Anti-HBV

Anti-HCV

Anti-herpes virus

Anti-COVID-19
Anti-tumor

Sofosbuvir

Remdesivir

Zidovudine, Didanosine, Zalcitabine, Stavudine, Lamivudine, Abacavir, Tenofovir, Emtricitabine
Lamivudine, Telbivudine, Adefovir dipivoxil, Emtricitabine, Entecavir, Ttenofovir disoproxil, Clevudine

Idoxuridine, Trifluorothymidine, Brivudine, Acyclovir, Valacyclovir, Penciclovir, Famciclovir, Ganciclovir, Formimivir, Cidofovir

6-Mercaptopurine, 6-Mercaptoguanine, Fludarabine, Clofarabine, Cladribine, Adenine arabinoside, Nelarabine, Cytarabine, Decitabine,

Enocitabine, Troxacitabine, 5-FU, Gemcitabine, Zalcitabine, Capecitabine, CNDAC
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9) are 2’-F and 5-I substituted pyrimidine derivatives. Compound 9
displays good anti-HBV activity in vitro [24] and 8 has broad-
spectrum antiviral efficiency, which not only has effect against
HBV, but also against herpes simplex virus (HSV), varicella zoster
virus (VZV), human cytomegalovirus (HCMV), and Epstein-Barr
virus (EBV) [25]. Adenosine arabinoside (ara-A, 10) is used clini-
cally to treat simplex virus encephalitis, herpes zoster and varicella
infections in immunosuppressed patients and its monophosphate
has inhibitory effect on HBV.

2’-Deoxynucleoside analogues such as lodouridine (IDU, 11),
Trifluridine (TFT, 12), Brivudin (13) present anti-HSV activities, and
(E)-2'-deoxy-2’-fluoromethylene cytidine (MDL101731, 14) is a
ribonucleotide reductase inhibitor, which shows anti-HSV potential
[26].

When O atom in sugar is replaced by S, and H atom of 5-site in
pyrimidine is substituted by I, ethyl or chloroethyl, the resulting 2’-
deoxy-2'-F-4'-thio-nucleoside analogues 15, 16, 17, 18 exhibit anti-
HSV activities. Besides, purine nucleoside analogues 19 and 20 also
demonstrate outstanding anti-HSV efficacies, but they are cytotoxic
[27] (Fig. 1).

2.1.1.2. Anti-tumor compounds. The 2’-site substitution “X” (-OH,
—CN, —F) of anti-tumor ones is always “up” on the ring plane. For
example, Cytarabine (21) is mainly used for treatment of acute
leukemia, and has a certain effect on malignant lymphoma, and
cancer of lung, digestive tract, head and neck. Cyclocytidine
(Ancitabine, 22) is prodrug of 1. Its 2’-OH on sugar dehydrates and
condenses with the O atom at pyrimidine to form a ring and this
special structure makes it stable to cytosine nucleoside deaminase,
being effective orally. It has similar anti-leukemia activity as 21 in
clinic, but lower toxic side effect [25]. The —CN group in CNDAC (23)
possesses a small volume, special electronic effect, and can act as a
receptor of hydrogen bond, which makes CNDAC have ability to
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inhibit growth of tumor cells by cutting off DNA chain and stopping
cell replication in the G2 phase. It is effective for hematologic ma-
lignancies and solid tumors (the anti-tumor range is wider than 21)
[28,29]. Gemcitabine (24) with two F atoms at 2’-site, has a
different anti-tumor spectrum from 21 and is effective for a variety
of solid tumors. Clearly, —F, —CN substituents at 2’-C are closely
related to solid tumors and blood systemic tumors. When —OH is
maintained, it is effective for acute leukemia.

Cladribine (25) is a deoxydehydro nucleoside at 2’-site, which
has a good therapeutic effect on lymphoproliferative diseases, but
is not ideal for solid tumors. On this basis, 2’-site is substituted by
—F group to give Clofarabine (26), which not only inherits advan-
tages of 25, but also displays superior safety and broader anti-
tumor range (involving solid tumors) than 25. Compound 26 is
the first drug approved by FDA for specific treatment of childhood
leukemia. Fludarabine (27) is F derivative at 2-site on the base
moiety, which is similar to 25 and 26. It is the first adenosine
analogue for the treatment of chronic B-lymphocytic leukemia (B-
CLL) and clinically used in combination with 21 to achieve a syn-
ergistic effect. Compound 21 is mainly used to treat leukemia, while
it is effective for a few solid tumors. 4’-Thio-arabinofuranosyl
cytosine (T-araC, 28) is an analogue of 21 where the 4’-O atom was
replaced by S atom, showing active against many different solid
tumors as well as leukemia and lymphoma (wider anti-tumor
spectrum) [30]. This compound has a certain effect on DNA dam-
age bypass polymerase and is active on a xenograft human solid
tumor mouse model [31]. As analogues of 24, 2’-F-4'-thio-arabi-
nofuranosyl cytosine (29) and 2’-F-4’-thio-5-F-arabinofuranosyl
cytosine (30) have shown effective inhibitory acitivities against
leukemia and solid tumor cells, but introduction of 5-F slightly
decreases anti-tumor activity [27] (Fig. 2).
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Fig. 1. 2'-Modified nucleoside analogues with antiviral activities.
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2.1.2. 3'-Site modification

Modification at 3’-site usually presents anti-tumor activity. For
example, Ethynylcytidine (ECyd, 31) and EUrd (32) display very
potent strengths in adenocarcinoma breast cancer cells (MCF-7)
and prostate cancer cells (PC-3) in vitro [32]. Compound 31 can
significantly restrain growth of various human solid tumor cells
in vivo and in vitro and has now entered clinical trials [33]. Aden-
osine derivative 3’-methyladenosine (33) has a good inhibitory
effect on leukemia and solid tumors (human colon carcinoma HT-
29 and human breast carcinoma MCF-7 cell lines) [34] (Fig. 3).

2.1.3. Simultaneous modification on 2'and 3'-site

2.1.3.1. Antiviral compounds. Thymidine analogue Zidovudine (AZT,
34) is the first nucleoside drug approved by FDA for treatment of
AIDS. Its 3’-azide group, which is compatible with N-containing
natural nucleosides, has a linear structure, resulting in small hin-
drance and electronegativity. This phenomenon can improve the
stability of nucleoside and make the drug not easy to be recognized
by viruses. FLT (35) is obtained by replacing 3’-OH in natural
thymidine with a F atom, which is an effective HIV nucleoside
reverse transcriptase inhibitor (NRTI), but is also highly toxic [35].
Stavudine (d4T, 36), where its sugar ring is dehydrogenated and
deoxygenated simultaneously to form a C=C bond at 2/, 3'-site, is
an effective HIV-1 NRTI with high oral availability, and has been
approved for treatment of HIV infection [36]. Uridine analogue 3’-F-
2',3'-dideoxy-5-chlorouridine (3’-F-ddClIU, 37) with Cl substitution
at 5-site, displays good anti-HIV activity. Its “selectivity index (SI)”
is close to 34, whereas cytotoxicity is lower than 34 [37]. FLG (38),
which is similar to 35, shows weaker anti-HIV activity, but has a
good resistance potential to HBV [35]. The anti-HIV activity follows
35 > 34 > 36 > 37 > 38 order, and the cytotoxicity follows 35 > 34 >
36 > 38 > 37 trend [35—37].

Dedanoxin (ddl, 39) is a NRTI against HIV. 2’,3’-Dideox-
yadenosine (ddA, 40) can be metabolized to 39 in the body so has
anti-HIV potential. 2’-F-2',3/-Dideoxy-arabinoside (2’-F-ara-ddA,
41) has anti-HIV activity close to 39, where the introduction of 2'-
“ara” F improves metabolic and chemical stability and is currently
in pre-clinical trials [38]. The 3’-hydroxymethylpurine derivative
(42) of 39 presents comparable capability to 39 and has no signif-
icant toxicity for H9 cells [39].

Zalcitabine (ddC, 43) is also a NRTI that is used for the treatment
of AIDS patients ineffectively treated by 41 and 34, but long-term
use will inhibit the synthesis of mitochondrial DNA and cause

CL o
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Fig. 3. 3/-Modified nucleoside analogues with anti-tumor activities.

peripheral neuropathy. Its 5-F substituted analogue 44 has stronger
pharmaceutical activity but greater cytotoxicity. When configura-
tion is changed to L-type, antiviral spectrum expands. For instance,
45 and 46 present anti-HBV effects. The order of anti-HIV activity is
46 > 43 > 44 > 45, and cytotoxicity: 44 > 43 > 46 > 45 [40].
Many L-type nucleosides demonstrate good momentum in
antiviral therapy. Lamivudine (3TC, 47) is a classic anti-HBV and
anti-HIV drug. Emtricitabine (FTC, 48) is obtained by replacing 5-H
with F atom, which can improve its anti-virus bioactivity and
decrease the toxicity. L-Fd4C (49) is a deoxydehydrogenation de-
rivative at 2’,3’-site, its anti-HBV and HIV activities are stronger
than 48, and anti-HBV potential is 5—10 times than that of 47 [41].
The phase I/II clinical trials showed that 49 had good tolerance, low
side effect and superior safety, and clinical combination therapy
could be considered. Interestingly, F atom introduced in the base or
sugar can change the antiviral efficiency. Compared with 47, the
fluorinated substances 48, 49, and L-2’-F-d4C (50) show more
intensive effects [42]. Anti-HBV potencies of 50 and L-2’-F-5-Fd4C
(51) are at the same level as 14, and higher than 13 [43]. L-d4C (52)
and L-5-FddC (46) also exhibit anti-HBV and anti-HIV potential
[44]. The order of anti-HBV activity follows 49 = 50 = 51 > 52 =
48 > 47 = 46, and the anti-HIV capability follows 49 > 50 > 46 > 52
=~ 48 > 47 >51 [41-44]. Seen from Fig. 4: (I) Formation of a C=C
bond at 2/,3’-site of sugar ring has the greatest effect on anti-HBV
activity, the IC5g value of 49 against HBV is only about one-tenth
that of 46. (II) Presence of F at 5-site of base exhibits good po-
tency, the IC5g value of 48 against HBV is only about one-third of
that of 47, and its anti-HIV value is about one-quarter. (IIl) Intro-
duction of F at 2’-site slightly reduces the antiviral efficacy, the ICsq
value of 49 against HIV is only about one-eighteenth of 51, and its
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Fig. 2. 2’-Modified nucleoside analogues with anti-tumor activities.
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anti-HBV value is about one-quarter. In addition, B-L-3/-F-d4C (53)
is inhibitory against 3 TC-resistant strains in vitro, and can be used
as a candidate for the treatment of HIV and HBV infection, espe-
cially patients resistant to 3 TC (47) [45]. Anti-HBV effect of Hyd4C
(54) is comparable to 47 [46]. Valtorcitabine (55) is modified as an
amino acid ester that has been improved in oral bioavailability [47].

Inspired by 3 TC (47) and FTC (48), 2’-deoxy-3’-oxa-4'-thio-
cytidine (dOTC, BCH-10652, 56) and its 5-F analogue 57 (dOTFC)
display anti-HIV-1 potential. Though anti-HIV activity of 56 is not as
good as 47. This substance is effective against strains resistant to 47,
and introduction of 5-F has slightly effect on the antiviral activity
since there is no order of magnitude difference in the anti-HIV ICsq
values of compound 56 and 57 for Cord Blood Mononuclear cells,
MT-4 cells, and H9 cells [48,49]. As D-configuration compound of
Troxacitabine (67) (L-type, anti-tumor, Fig. 5), (+)-(2'R, 4'R)-diox-
olane cytidine (58) presents anti-HIV potency, but its cytotoxicity is
high. Its 5-F analogue (B-D-FDOC, 59) has anti-HIV activity, and
lower cytotoxicity [50,51]. 2,6-Diamino-9-(2-dioxolane) purine
(DAPD, 60) is prodrug of (—)-p-p-dioxolane guanine (DXG, 61),
which displays anti-HIV potential (weaker than AZT, 34). Com-
pound 60 is less active than 61, but less cytotoxic and more water
soluble [52,53].

OH
O
(o)
67

Fig. 5. L-type Nucleoside analogue with anti-tumor activity.
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Telbivudine (62) is a thymine nucleoside, and its mechanism of
action is similar to that of 3 TC (47). It enters the cell to form a 5'-
hydroxy-triphosphorylated active molecule and then competes
with the natural nucleoside of viral DNA to participate in and
terminate DNA strand replication for the treatment of chronic HBV,
but carries a risk of myopathy. An “ara”-F atom is introduced at 2’-
site of 62 to give Clavudine (L-FMAU, 63). It has anti-EB virus ca-
pabilities in vitro, and has strong and long-lasting anti-HBV ability
in clinical trials, but long-term therapy may result in the develop-
ment of considerable resistance and myopathy. Introduction of
“ara”-F enhances bioactivity and toxicity [54,55]. In D-configura-
tion, such as Gemcitabine (24), the introduction of “ara”-F at 2’-bit
has a great impact on the anti-tumor efficiency, but when the drug
configuration becomes L-type, such functional group no longer
shows the reinforce to anti-tumor functioning. It hints “ara”-F
cannot change the configuration’s antiviral effect, thus verifying the
important role of L-configuration on antiviral activity. Meanwhile,
anti-HBV capability of 63 is less than 46, and it has no activity
against HIV [41]. It can be preliminarily concluded that cytosine
bases are more effective than thymine bases, which may be related
to the gene sequence structure of the open reading frame of HBV.

Among L-d4N and L-d2N (N = A/I/G), L-d4A (64) presents the
strongest antiviral potential, but is far less than cytosine nucleoside
52, while L-d4A’s vigour is much greater than L-ddA (65) [56].
Inspired by Gemcitabine (24) and L-FMAU (23), two F atoms are
introduced at 2’-site to form B-L-2,2’-2F-ddA (66), which shows
anti-HIV-1 potential [31]. The anti-HIV activity follows 64 > 66 > 65
trend (ECso = 0.38, 3.4, 8.2 uM, respectively) and anti-HBV activity
follows 64 > 65 > 66 trend (EC5o = 1.2, 6, 20 pM, respectively)
[56,57], revealing such patterns: (I) Deoxydehydrogenation at 2/,3'-
site to form a C=C bond is a significant factor to promote the
antiviral activity, the anti-HIV ECsg value of compound 64 is only
about one-twentieth of 65, and the anti-HBV value is about one-
fifth. (II) Introduction of F at 2’-site has a positive or negative in-
fluence on the antiviral effect, the anti-HIV ECs5q value of compound
66 is about half of that of 65, while the anti-HBV value is about 3
times. (III) L-Configuration is an important factor influencing the
antiviral activity, and substitution of “ara”-F at 2’-site cannot
change this effect, since compound 66 possesses antiviral potential
but its D-configuration (compound 24) is an anti-tumor substance
(Fig. 4).

2.1.3.2. Anti-tumor compounds. Troxacitabine (L-OddC, BCH-4556,
67) is an anti-tumor drug under clinical trials, which has effects
on leukemia, lung cancer, liver cancer, and prostate cancer [58—60].
The 3’-C of its sugar ring is replaced by an O atom to become a
dioxolane, which may be an important factor affecting its anti-
tumor activity, while 3 TC (47) and FTC (48) in which 3’-C atom is
replaced by an S atom, show antiviral effects (Fig. 5).

2.14. 4'-Site modification

4'-Site modification of nucleosides mainly involved 4’-site
substitution with ethynyl, cyano, azidosubstituents or 2’-dehy-
droxylation, usually exhibiting antiviral efficacy.

2’'-Deoxy-4'-ethynyl-5-F cytidine (68) and 2’-deoxy-4’-ethynyl
adenosine (72) have anti-HIV-1 activity similar to AZT (34). 2'-
Deoxy-4""-ethynyl arabinofuranosyl cytidine (69) shows higher
activity and cytotoxicity than AZT. It indicates that introduction of
2’-“ara”-OH enhances anti-HIV capability and the cytotoxicity. 2’-
Deoxy-4'-ethynylthymidine (70) also has anti-HIV potential, but its
ability is weaker than AZT [61]. 2/,3’-Dideoxydehydroge -4’'-ethy-
nylthymidine (4’-Ed4T, 71) shows more persistent anti-HIV effi-
ciency than d4T (36) or AZT in cell culture. The presence of 4'-
ethynyl greatly improves potency and reduced side effects of d4T in
inhibiting mitochondrial DNA synthesis and cell growth [62,63]. It
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may be due to the additional binding of the 4’-ethynyl group at a
presumed hydrophobic pocket in the reverse transcriptase active
site. 4’-Ethylnyl-2-F-2’-deoxyadenosine (EFdA, 73) demonstrates
highly potent anti-HIV activity. The introduce of 4’-ethynyl and 2-F
also cause significant efficacy against NRTI-resistant strains [64].
AZT was used as a control substance to record the sequence of anti-
HIV activity in MTT experiment: 73 > 69 > 72 > 68 = AZT > 70 [61],
or 73 > 68 = AZT > 69 > 72 >70 [ 64]. Although there is a difference
in sorting, it can be determined that 73 is the most specific and
potent, while 70 is the least potent. But their therapeutic windows
are small (much smaller than AZT) except 71 and 73 [61—64].
Therefor 73 is the most potential anti-HIV-1 compound, which is
stable to intracellular enzymatic catabolism and acidic degradation.
It has a very long intracellular T1/2, does not greatly inhibit DNA
polymerase, and does not have acute mouse toxicity [64].
Furthermore, 4'-ethynyl-2’-deoxy-4’-thioguanosine (74) has
inhibitory effect on reverse transcriptase with low cytotoxicity [65].

Thymine derivative 4’-cyano-2’-deoxythymidine (75) presents
anti-HIV efficacy, but great toxicity in a mouse model [66]. Cytosine
analogue 4’-cyano-2’-deoxycytidine (76) has ability to resist HIV
and HSV, and also has an inhibitory effect on L1210 tumor cells,
without obvious cytotoxicity. The cell experiments show that its
anti-HIV activity is slightly stronger than AZT, but the treatment
window is much smaller [67]. The purine derivatives CAdA (77) and
CdG (79) have anti-HIV effect, but the toxicity is also obvious. It is
later found that they both have anti-HBV potential. CdA (78) and
Cdl (80) without —NHy substituent at 2-site have no obvious
toxicity, but their anti-HIV ability is weakened. The order of anti-
HIV ability follows 78 > 77 > AZT > 79 = 80, and cytotoxicity:
77 = 78 > 79 > 80 > AZT [68]. Clearly, the —NH; substituent at 2-
site reduces toxicity and bioactivity.

Guanosine analogue 4’-azido-2’'-deoxyguanosine (81) and cyti-
dine analogue 4’'-azido-2’-deoxycytidine (82) have stronger anti-
HIV potency than AZT, but are highly toxic. Uracil derivatives 4'-
azido-2’-deoxyuridine (83) and 4’-azido-2’-deoxy-5-chlorouridine
(84) have anti-HIV effect. Introduction of -Cl at the 5-site can
enhance anti-HIV potential and reduce toxicity. Thymine derivative
4'-azido-2'-deoxythymidine (85) shows anti-HIV activity equiva-
lent to AZT (34) for A3.01 cell line and is effective against HIV-1
strains resistant to AZT, but its cytotoxicity is also stronger than
AZT [69]. The order of anti-HIV activity is 81 > 82 > 95 = AZT >
84 > 83, but therapeutic window of these compounds are much
smaller than AZT. Interestingly, cytosine derivatives R1479 (86), RO-
9187 (87) and RO-0622 (Azvudine, FNC, 88), where the 2’-substit-
uent are o-OH, “ara” —OH and “ara”-F, respectively, have anti-HCV
efficacy. Compounds 87 and 88 with 2’-“ara” substituents are
stronger than 86 [70,71]. Compound 87 with 2’-“ara” OH has
resistance to tick-borne encephalitis virus (TEBV) [72]. More
interestingly, the 2’-“ara” F substituted compound 88 also has
strong anti-HIV activity and is currently in clinical phase III trial
[73,74]. 1t is worth noting that 87, 88, and Gemcitabine (24),
Cytarabine (21) all belong to cytarabine derivatives. Compounds 87
and 88 possess antiviral potential, which can be guessed that the
—N3 at 4’-site is an important influencing group. Benefits of intro-
duction of 4’-N3 can be summarized as follows: the 3’ and 5'-hy-
droxy groups of the nucleoside will form a five-membered ring
during enzymatic and acidolysis, but when —Nj3 is introduced at the
4’-site, it will hinder the formation of the five-membered ring,
thereby increasing stability in organisms [75] (Fig. 6).

2.1.5. 5'-Site modification

Nucleosides usually need to convert into active substrate of 5'-
triphosphates in the body, and the formation of monophosphates is
the speed-determining step. Therefore, most of the modifications at
5’-site are focused on the phosphorylation of 5’-site which does not
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affect its anti-tumor or antiviral activity, but rather improve the oral
bioavailability and efficacy.

2.1.5.1. Antiviral compounds. Sofosbuvir (89) approved by FDA for
the treatment of HCV has a broad spectrum and good therapeutic
effect [76]. In addition, fluorine-containing nucleic acid 4’-fluoro-
uracil-5-O-triphosphate (90) also shows potency for HCV [77]

(Fig. 7).

2.1.5.2. Anti-tumor compounds. 5'-Diphosphonates nucleoside
APCP (91) and “Clofarabine” PCP (92) are emerging tumor target
CD73 inhibitors, and the latter is more potent than 91 [78]. The
3',5'-site modified compound 93 shows significantly greater effi-
cacy in the Capan2 cell line compared with Gemcitabine [79].
Fosteabine (YNK 01, 94) is a fatty phosphate esterified derivative of
Cytarabine (21), which can be taken orally, and is also effective for
leukemia [80]. In addition, 5’-ureido modified CI-IB-MECA (95) is
an adenosine A3 receptor agonist, and is effective against leukemia
and various solid tumors in vitro with excellent safety. It is currently
undergoing a [I-phase clinical trial in patients with liver cancer [81].
5-Fluorouracil (5-FU, 146) is a rare nucleoside drug without sugar
but has a broad anti-tumor spectrum. When it is glycosylated by
furanose, and the 5'-OH is replaced by a methyl group, the prodrug
Furtulon (96) is generated. It is an oral anti-tumor drug on the
market. The introduction of furanose achieves the purpose of
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Fig. 7. 5'-Site modified nucleoside analogues with antiviral activities.

improving oral absorption. The structural advantage of compound
96 is that without 5’-OH, it could not be converted into nucleotides
and incorporated by polymerase, but could be treated by pyrimi-
dine nucleoside phosphorylase in tumor tissue to release 5-FU, and
then exerts anti-tumor effect. The presence of 4'-F in compound 97
makes the glycosidic bond abnormally unstable and increases bond
cleavage of uridine phosphorylase, so more 5-FU can be delivered
to the tumor site to enhance anti-tumor effect. Its IC5g value in
L1210 cell line is one order of magnitude lower than that of 96 [82]

(Fig. 8).

2.2. Carbocyclic sugar nucleoside analogues

Natural carbocyclic nucleosides (—)-Aristeromycin (98) and
(—)-Neplanocin A (99) display antibacterial activity. Five-
membered carbocyclic nucleoside Carbovir (100) and Abacavir
(ABC, 101) have anti-HIV potential, and Entecavir (102) is effective
against HBV. Besides, Neplanocin F (103) can be regarded as the
allyl rearranged isomer of Neplanocin A, which is much less cyto-
toxic [83]. Four-membered carbocyclic nucleoside Lobucavir
(Cyclobut-G, 104) and Cyclobut-A (105) have broad-spectrum
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Fig. 8. 5'-Site modified nucleoside analogues with anti-tumor activities.
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antiviral activities, involving in HIV, HCMV, HSV and other viruses
to varying degrees. In 2’-F-Cyclobut-A (106), displacement of a
hydroxyl group at 2’-site to F diminishes anti-HIV efficacy [84].
Three-membered carbocyclic nucleoside A-5021 (107) can effec-
tively inhibit the replication of HSV and VZV [85]. Synadenol (108)
and synguanol (109) exhibit potential anti-HCMV capabilities [86]

(Fig. 9).
2.3. Acyclic nucleoside analogues
Acyclic nucleosides mainly present antiviral effects.

2.3.1. Adenine nucleoside analogues (PMEA)

Tenofovir (TFV, 110) is a NRTI used to treat HIV infection.
However, it is almost not absorbed through the gastrointestinal
tract, so it is made into different prodrugs. Tenofovir disoproxil
fumarate (TDF, 111) and Tenofovir alafenamide (TAF, 112) have been
made into oral preparations. Adefovir dipivoxil (ADV, 113) is mainly
used to treat HBV infection and has some resistance to HIV. Long-
term use can easily cause side effects such as renal dysfunction
and lactic acidosis. To decrease its renal toxicity, researchers
modified the sugar chain and obtained the following drugs. Pra-
defovir (PDV, 114) is a liver-targeting phosphonate prodrug of
Adefovir including a 4-aryl cyclic substituent in the structure.
Compared with 113, 114 shows higher antiviral efficiency, stronger
resistance and lower nephrotoxicity [87]. Alamifovir (MCC478,
Ly582563, 115) has anti-HBV ability that is much higher than 3 TC
(47), and the clinical trial is underway [88]. Adefovir dip-L-isoleu-
cine ethyl ester (116) is a representative compound of Adefovir
amino acid ester prodrug. Its in vitro anti-HBV activity is 5 times
that of 113. The most feature of its structure is that the phosphono
group is connected with the amino acid by a two-carbon chain, and
the side chain is an amino acid ester, so it will not produce form-
aldehyde and pivalic acid as in 113 metabolism. So kidney toxicity
can be reduced [89,90] (Fig. 10).

2.3.2. Guanine nucleoside analogues (PMEG)

With Acyclovir (ACV, 117) as matrix, continuous modification of
the ring-opening sugar chain can give lots of compounds. Ganci-
clovir (GCV, 118), Penciclovir (PCV, 119), Famciclovir (FCV, 120),
Valacyclovir (VGV, 121) and Valganciclovir (122) are used to treat
symptoms such as herpes virus and cytomegalo virus infection,
with increased bioavailability and reduced toxicity. Compounds
120, 121, and 122 are orally effective. Cycloganciclovir (123) is a
ring-shaped prodrug of 118, which can mimic the second
messenger cGMP in structure and exhibit broad-spectrum antiviral
efficacy. Besifovir converted from LB80380 (124) is a new type of
guanine nucleoside phosphonate prodrug. It is equivalent to
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Entecavir (102) in the treatment of HBV infection and has no
nephrotoxicity. It was approved by Korean Drug Administration in
June 2018 (Fig. 11).

2.3.3. Pyrimidine nucleoside analogues

Cidofovir (HPMPC, 125) was approved by FDA in June 1996 for
treatment of cytomegalovirus (CMV) infections and treatment of
diffuse HSV in AIDS patients. But it has a low oral bioavailability and
is nephrotoxic. Cyclo-cidofovir (126) is a lactone-type prodrug
formed by cyclization. It is chemically stable and can be converted
into 125 by phosphatase in the cell. Its oral bioavailability is
improved and the renal toxicity is weakened (Fig. 12).

3. Modification of base
3.1. Purine nucleoside analogues

3.1.1. Antiviral compounds

To increase the lipophilicity of anti-HIV drugs and better
penetrate the blood-brain barrier, 6-site of the purine can be usu-
ally modified. For example, adenosine deaminase active prodrugs
6-methylmercaptopurine riboside (6MMPr, 127) exhibits anti-Zika
virus (ZIKV) potency [91]. 2’-F-6-Ethylaminoadenosine (128) and
2'-F-6-dimethylaminoadenosine (129) are much more lipophilic
than their unmodified compound ddI (39) or its 2’-F analogue,
although the anti-HIV activity is slightly reduced [74]. 2’-F-6-Azido
adenosine (130) has brain targeting property as a prodrug of anti-
HIV nucleoside 2’-F-ara-ddA (41) [92]. 2’-F-2/,3’-Dideoxy-6-
ethoxyinosine (131) has good lipophilicity and acid stability, but
the anti-HIV activity is lower than its final active form ddlI in vivo
[93].

Adenine analogue BCX-4430 (132) shows broad-spectrum
antiviral capability against a wide range of RNA viruses but does
not include HIV [94]. It is worth noting that its glycosidic bonds are
not traditional C—N bonds, but “C—C” bonds (C-nucleoside).
Remdesivir (GS-5734, 133), which is in the limelight in the 2020
new coronavirus pandemic, belongs to this type of nucleoside. It is a
viral RNA-dependent RNA polymerase (RdRp) inhibitor that works
by hindering the synthesis of viral RNA during the replication stage
[8]. GS-441524 (134) could completely inhibit infectious peritonitis
(FIP) virus replication in CRFK cells and naturally infected feline
peritoneal macrophages in vitro without obvious toxicity [95].
Remdesivir (133) is phosphorylated product of 134 and its phos-
phorylation design is similar to that of Sofosbuvir (89). This feature
can make 133 have stronger activity and better cell permeability,
and be more effectively metabolized into active nucleoside
triphosphate (NTP). When nucleoside analogues are integrated into
the viral RNA, they will be cut out by COVID-19 exonuclease.
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Fig. 9. Carbocyclic nucleoside analogues.



X. Lin, C. Liang, L. Zou et al.

European Journal of Medicinal Chemistry 214 (2021) 113233

NH, NH, Ag(
N NH, o
NZ )I N\
L N\> k 9 o == N\> °> oj‘/k
" (_o ~o J\ K/ov'Pl\'“o‘Q KN N g or
Y ~~ I\OH H oﬁ NH |\/0\/\P\/
S Lo o
110 111 °\(° m Ky( j/ 13
NH, ° °\ ° HN
NH
N7 N 2 oﬁ
K | \> N7 N o)
NN § CF, K | \>
Lol w0 AL
/ _o
o\\\\ﬁP\ :> \/P/\ o0 \\/0\/? ~ o F
o it CF3 o NH,
114 115 116

Fig. 10. “PMEA” type acyclic nucleoside analogues.

HN l
N)%N

B
% AT
0 poey >J*

Lo,

Cr.
0~ —P

\
123 b 124

Fig. 11. “PMEG” type acyclic nucleoside analogues.

O
117 118
° o]
N
N HN \
MO 0 gy i
PR N H
Ny~ N HNNT N o 2
WS o Ly
NH.
NH, HO 2
121 122
NH, NH,
NZ NT

| |
N 0 0)\N
O on
OH
OH

Fig. 12. Pyrimidine acyclic nucleoside analogues.

126

However, Remdesivir (133) is resistant to exonuclease. This should
be an important reason why this drug is more effective against
COVID-19 than other nucleoside analogues [96]. NITD0O08 (135) can
inhibit proliferation of Enterovirous (EV71) [97]. 3/-Ethynyl-B-D-
ribofuranose purine nucleoside (136) shows potential against
HCMV [98]. 6-Methyl-7-substituted-7-deaza purine nucleoside
(137) exhibits anti-influenza virus effect in MDCK cells [99] (Fig. 13).

3.1.2. Anti-tumor compounds

Mercaptopurine (6-MP, 138) is suitable for the treatment of
chorionic epithelial cancer, malignant hydatidiform mole and leu-
kemia. Mercaptoguanine (6-MG, 139) is suitable for leukemia
treatment. While 127 (Fig. 13) linked to furanose, exhibits anti-Zika
virus (ZIKV) efficiency [91].

2-Site halogenated nucleosides Cladribine (25), Clarabine (26)
and Fludarabine (27) are suitable for leukemia or lymphoma.
Nairabine (140) is a water-soluble prodrug of 9-B-D-arabinofuran
guanine, which is effective against T-cell malignant tumor (T-LBL)
and T-cell leukemia (T-ALL) and has excellent therapeutic effect,
which was approved by FDA in 2006 [100]. 3’-Ethynyl-

isonucleoside (141) has an inhibitory activity on metastatic breast
tumor [98]. Guanine analogue Forodesine (Immucillin-H, 142)
displays the potency of inhibiting leukemia T cells and has been
approved by FDA for the treatment of T-cell non-Hodgkin’s lym-
phoma including T-cell skin cancer, leukemia, and acute lympho-
cytic leukemia (B-ALL) [101]. Tricyclic nucleoside analogue
Triciribine phosphate (VQD-002, 143) is an anti-tumor drug
developed in the 1990s, but was abandoned for various reasons. It
has recently been discovered that it can selectively inhibit the Akt
signaling pathway by restraining the phosphorylation of protein
kinase Akt, thereby inducing the apoptosis of tumor cells with
abnormal expression of Akt. It is currently in the phase II clinical
stage of various tumor treatments [102] (Fig. 14).

3.2. Pyrimidine nucleoside analogues

3.2.1. Antiviral compounds

5-Substituted derivatives IDU (11), TFT (12), Brivudin (13) are
anti-herpes virus drugs. FIAC (8) is a broad-spectrum antiviral
medicine and FIAU (9) has an inhibitory effect on HBV [24]. 1-(2-
Hydroxyethoxy methyl)-6-phenylthio thymidine (HEPT, 144) is an
acyclic NRTI, showing strong selective inhibitory activity against
HIV [103]. 4-Amino acid derivative (145) desmonstrates promising
efficacy against coxsackie virus B (CVB) [104] (Fig. 15).

3.2.2. Anti-tumor compounds

5-FU (146) is the first pyrimidine anti-tumor metabolism drug,
which is easy to cause bone marrow suppression and serious
digestive tract reactions such as emesis, diarrhea. To reduce the
adverse reactions, and improve the selectivity, heterocycles, amino
acids, sugar rings and other means are introduced to derive a series
of nucleoside anti-tumor drugs. For example, Carmofur (147) is
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obtained by connecting alkyl chain with an amide bond on the basis
of 5-FU. Furtulon (96), Tegafur (148) and Difuradin (149) are
modified by linking sugar with 5-FU derivatives, and their oral
bioavailability has been improved. They have all been made into
oral dosage forms in clinic, which can gradually release 5-FU in the
body and play an anti-cancer effect. In 149, the presence of tetra-
hydrofuran ring can reduce toxicity. Capecitabine (150) is an oral
fluoropyrimidine nucleoside drug, which is catalyzed by enzyme to
metabolize 5-FU in the body. Its efficacy is comparable to other
intravenously administered pyrimidine drugs, and its toxicity and
side effects, especially bone marrow suppression, are less than 5-
FU. These may be related to the tissue distribution of the catalytic
enzyme in the bone marrow [105]. Compared with Cytarabine (21),
4-amide cytosine nucleoside, such as Enocitabin (151), is modified
into a compound with amide group. Its half-life is significantly

10

prolonged, and anti-tumor activity has been significantly improved.
It is currently in the stage of clinical trials for treating leukemia
[106]. Decitabine (152) is a hypomethylating agent, mainly acts on
DNA methyltransferase (DNMT) and was approved in 2006 by FDA
for treatment of myelodysplastic syndromes (MDS) and chronic
myelomonocytic leukemia (CMML) [107] (Fig. 16).

3.3. Triazole nucleoside analogues

Triazole is an important class of five-membered heterocyclic
compounds with two common isomers, 1,2,3-triazole and 1,2,4-
triazole. The unique structure makes it interact with various bio-
macromolecules in the form of coordination bonds, hydrogen
bonds, ion-dipole, cation-m, -7 stacking, hydrophobicity and van
der Waals forces [108].

3.3.1. 1,2,4-Triazole nucleoside analogues

3.3.1.1. Ribavirin and its analogues. 1,2,4-Triazole nucleoside is a
novel analogue with various biological activities and it is not easy to
be metabolized after entering the organism [108]. Ribavirin (153)
with broad-spectrum antiviral activity is an important milestone in
the development of nucleoside drugs and belongs to hypoxanthine
nucleoside dehydrogenase (IMPDH) inhibitors. It has an antiviral
effect by reducing guanylate levels and is effective against a variety
of RNA and DNA viruses. However, its side effects are large, and
long-term use can cause anemia and teratogenicity. Besides, Riba-
virin has an inhibitory efficacy on a variety of solid tumor cells
[109].

Most of Ribavirin derivatives are antiviral compounds. For
example, Levovirin (154), the L-enantiomer of Riavirin, retains the
immunomodulatory effects and has less adverse reaction. Vir-
amidine (155) is a prodrug of Ribavirin in which the phthalimide
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group of Ribavirin is replaced by an amidino group. It can be taken
orally and has the characteristics of liver targeting. It will be con-
verted to Ribavirin under the action of alanine aminotransferase in
the liver, rather than in other tissues and organs, and its side effects
are significantly reduced [110]. The ribose 5'-OH substituted tri-
azole riboside compounds 156, 157, 158 and the above three com-
pounds have different degrees of inhibition against influenza A
virus [111—113]. ETAR (159) is an analogue of Ribavirin obtained by
replacing the carboxamide group with an ethynyl group. The
in vitro and in vivo experiments show that it is superior to Ribavirin
for Hantavirus [114], and also demonstrates significant inhibition
against flaviviruses in vitro [115]. This phonoment indicates that
ethynyl substitution could change antiviral spectrum.

Ribavirin’s iminoester compounds 160 and 161 do not show
virus inhibitory activity at the cellular level and anti-tumor activity
in vitro, but exhibit potential in mice with leukemia [116].
Furthermore, Ribavirin can be used as an inhibitor of eukaryotic
translation initiation factor elF4E, and has a certain effect on leu-
kemia [117,118] (Fig. 17).

3.3.1.2. Aryl-modified triazole nucleoside analogues. Alkynyl triazole
ribonucleosides 162, 163 and the aryl alkynyl open-loop triazole
ribonucleoside 164 have better anti-HCV potential than Ribavirin
[119,120]. Furthermore, bis-triazole-containing derivatives have
similar activity to Ribavirin against tobacco mosaic virus (TMV)
[121—123] (Fig. 18).

The other compounds not only have good inhibitory effect on
the proliferation of tumor cells, but also show different mecha-
nisms of action from those of conventional nucleoside drugs, such
as restriction of heat shock-related proteins, androgen receptors,
transcription, and immune regulation [124—129]. The alkenyl
compounds 165, 166, 168, 169 and the N aryl compounds 167, 170,

rme iy

L

171, 172 exhibit potential viabilities without significant side effects
on the drug-resistant pancreatic cancer MiaPaCa-2 cell line, of
which 166, 167, 170, 171 and 172 are with a better potency than
Gemcitabine (24). Compound 167 does not inhibit DNA synthesis,
but exerts an anti-tumor effect by down-regulating expression of
heat shock protein heat shock protein 27 (HSP27). Compound 168
could down-regulate heat shock transcription factor 1 (HSF1),
thereby down-regulating HSP27, HSP79, HSP90, reduce presence of
client oncoproteins such as STAT3 and AKt, thereby inhibiting the
proliferation of mouse pancreatic cancer tumors. In addition to its
inhibitory effect on pancreatic cancer, compound 173 can play an
anti-prostate cancer role by down-regulating HSF1 and HSPs and
restricting expression and transcription of androgen receptor (AR).
Compounds 174 and 175 have certain activities on BXxPC-3, Pan-
cake-1, HepG2, PC-3 and SKOV3 tumor cell lines, and the effects is
superior to Ribavirin [130].

The anti-tumor characteristics are summarized as follows: (I) N-
aryl triazoles. (II) C—N glycosidic bonds formed by 1’-C of sugar ring
and 1-N of triazolyl. (Il) Ribose sugar moiety protection. (IV) Para-
substituted alkynyl groups, the substituents on aryl may be long
alkyl chain, halogen, trifluoromethyl, etc. Different substituents
have effects on the mechanism of action, such as long alkyl chains
can reduce the expression of HSPs.

Interestingly, whether the sugar is ring-opened or not has no
significant effect on anti-tumor or antiviral properties of these
compounds, which is different from the antiviral capabilities of
traditional nucleoside derivatives (purines and pyrimidines)
mentioned above (Fig. 18).

3.3.2. 1, 2, 3-Triazole nucleoside analogues

SRO-91 (176) is very similar to Ribavirin and presents a prom-
ising anti-tumor activity of the same order as Ribavirin with a lower
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Fig. 17. Ribavirin and its analogues with antiviral activities (black ones)and anti-tumor activities (blue ones).
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cytotoxicity on the MeT-5A mesothelial cells in vitro and no lethal
effect on mice in vivo [109]. 4’-Azido-2’-deoxy-2'-F- [ 1—3]-triazole-
4-amide nucleoside analogue 177 can effectively restrain HBV
replication and is effective against Lamivudine resistant strains
[131]. Compounds 178, 179 with benzoyl (Tol-) protection exhibit
anti-HCV potential against single-stranded RNA viruses and less
toxicity [132].

N Atom on triazole base can be substituted with C, S, Se, etc.,
giving some anti-tumor compounds. Mizoribine (180), Tiazofurin
(181), Selenazofurin (182) belong to hypoxanthine IMPDH inhibitor,
as does Ribavirin, and act as antiviral drugs by reducing guanylate
levels. Compound 180 is clinically used as an anti-rejection drug for
treatment of organ transplantation. Compounds 181 and 182 have
inhibitory effects on lymphoma, toga viruses, bunya viruses, and
arena viruse. In particular, 181 is the only one of IMPDH inhibitors
developed for clinical use as an FDA-approved anti-cancer agent
and is an orphan drug for chronic myeloid leukemia (CML) primi-
tive cell crisis (Fig. 19).

In some cases, triazole can be regarded as a modification group
of the sugar. Compound 183 shows strong suppressive activity
against human liver cancer cells (HepG2), lung cancer cells (A549
and LAC) and cervical cancer cells (Hela) [133]. Compound 184,
which with 3-triazolium alkyl substitution chain length of 7—17
carbon atoms exhibits good anti-tumor potency against human
gastric cancer cell line (MGC0803) [134]. 1,2,3-Triazole thymidine
derivative (185) presents inhibiting effect against HIV or influenza
virus A549 cells [135]. 2’-Deoxygen-2'-F-4’-(1,2,3-triazole) cytosine
nucleoside derivative (186), displays similar inhibitory efficiency
against HIV-1 as the control drug Zidovudine, and it also demon-
strates inhibitory action against HBV [136]. 1,2,3-Triazole acyclic
nucleoside phosphate compounds 187, 188 possess significant anti-
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HCV potential without obvious toxicity [137] (Fig. 20).

4. Drug assembled nucleoside analogues

The same or different active fragments can be assembled as a
new hybrid molecule, i.e. “double prodrugs”, which not only have
characteristics of individual active fragments, but also synergisti-
cally enhance biological activity and reduce toxic side effects [138].

4.1. Antiviral “double prodrugs”

Compound 189 and deoxydibase nucleoside 190 can inhibit
NS5B polymerase in hepatitis C, because the phosphate two-base
nucleoside binds stably to the lysine and arginine residues of po-
lymerase through magnesium ions [139,140]. “d4T-MKC442” Dual-
prodrugs 191,192 and 193 are active against Y181C mutant strain of
wild type HIV-1 and against HIV-2 [141]. “AZT-HEPT” Complexes
194, 195 and 196 have anti-HIV-1 potency, but no effect against
HIV-2 or Y181C mutant of HIV-1. The ddC-HEPT conjugate 197 is
active against HIV-1 and HIV-2 [142]. The dual prodrug 198
assembled from foscarnet (PFA, anti-reverse transcriptase pyro-
phosphate analogue) and AZT (34) exhibits good antiviral efficacy
in vitro, and has resistance to HIV, HSV-1, human megasalivirus
(HCMV) and human herpesvirus-6B (HHV-6) [143] (Fig. 21).

4.2. Anti-tumor “double prodrugs”

The quinoxaline group (QX) is a known DNA intercalator that
prevents DNA replication and repair. 3’-Deoxythymidine phenyl-
quinoxaline conjugate (dT-QX) (199) can selectively kill liver cancer
cells and has low lethality to normal hepatocytes [144]. But its high



X. Lin, C. Liang, L. Zou et al.

European Journal of Medicinal Chemistry 214 (2021) 113233

No )V o ¢l
HO & X (f / Hz NHZ NH,
NH, ) o
OH OH N Ny Se
176
HO
N—N 0 ToIO N ToIO
HO.
\\..ko“y OH OH OH OH OH OH
N o OToI 0To|
177 178 179 180 181 182
Fig. 19. 1,2,3-Triazole nucleoside analogues.
o]
i o NH °
- E R= AcHN — or©/ \O
N fl it X "
"f N o /w0 0 anti-influenza virus
Z. e
N %
o
Dx¢ @é— o w )t
N OH
SEt SEt . anti-HIV
183
184 n=7-17
NH, o NH,
N R= H 5 %g_
N NH x
| | N
A 1)
N o anti-HIV N" o NN
HO
O-F R=
_ . N — 0 ,—<_
N-N ®—§ Oé > HO__ || Woll T\
OH 2
"\% anti-HBV HO' \M/ N o' > W
R 186 187 188

Fig. 20. 1,2,3-Triazole nucleoside derivatives with antiviral activities (black ones) and anti-tumor activities (blue ones).

ECsp value limits clinical application [145]. Halogen atoms are
further introduced into the QX part, and the synthesized halogen
dT-QX 2Cl/2Br (200) shows stronger anti-tumor activity than dT-
QX under low power UVA irradiation [146]. Sunitinib, a multi-
target tyrosine kinase inhibitor, with multiple effect against tu-
mor cell growth and tumor angiogenesis, has been approved by
FDA as a first-line treatment for advanced renal cell carcinoma.
However, the “dT-Sunitinib” conjugate does not show significant
anti-tumor property [147].

Compounds 201 (obtained by the combination of triazole and
aminodithioformate), 202 (obtained by combination of thio-
semicarbazide, alkynyl and pyrimidine), 203, 204 and 205 (ob-
tained by combination of fluorenyl heterocyclic and
pyrimidotriazole skeleton), could effectively inhibit tumor growth
and metastasis by targeting silencing histone lysine specific
demethylase 1 (LSD1) expression or inhibiting the enzyme activity
of LSD1 [148—150]. Compound 206 assembled from triazole and
pyrimidine has good inhibitory activity against gastric cancer cell
MGC-803 and is little toxic to normal cell line GES-1 [151]. Similar
derivative compound 207 has significant inhibitory activity on lung
cancer cells H1650 and A549, and little toxicity on normal cell lines
GES-1 [152]. Thiazolo-[5,4-d]-pyrimidine derivative 208 presents
good anti-proliferative potential against gastric cancer cell HGC-27,
and low toxicity to GES-1 cells [153]. Similar compound 209
demonstrates high potency to gastric cancer cells and selective
inhibition to MGC-803 cells [154].

Moreover, 5-FAU-ECyd (5'—5’) (210) can fight against gastric
adenocarcinoma cell lines. 5-FAU-ECyd (3’—5’) (211) can resist
against hepatoblastoma cell lines, and ECyd-lipid-5-FdU (212) can
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confront against cervical cancer cells [155—157] (Fig. 22).
5. Macromolecular carrier conjugated nucleosides

Most nucleoside analogues, as hydrophilic compounds, cannot
pass freely through the cell membrane, especially through the
blood-brain barrier to inhibit viral replication in the brain tissue.
The nucleoside modified with a lipophilic macromolecular carrier
to form a prodrug is a common strategy. Under the action of free
diffusion or directed active transport system of cell membrane,
these prodrugs can pass through the corresponding biological
barrier and release active molecules thencausing antiviral activity
[158,159]. The lipophilic macromolecular carriers include choles-
terol, polyethylene glycol, fatty acids, and phospholipids.

5.1. Cholesterol conjugated nucleosides

Some cholesterol-polyamine amide conjugates display anti-
bacterial effect in addition to increasing its solubility. The steroid-
polyamine conjugate can be used as an ionophore and has a
strong interaction with the negatively charged lipid membrane. The
lipophilic cholesterol conjugated with nucleosides ACV (118), ddI
(39), and AZT (34) can form a battery of novel self-assembling drug
delivery systems. Among them, the cholesterol-AZT conjugate (213)
shows good anti-HIV activity in vitro, and ECsg value reaches 1 nM
in the MT-4 cell model, which was 1/5 of AZT. The cholesterol-ddI
conjugate 214 exhibits good sustained release in vivo, but it is too
stable to be degraded to release the active drug ddl, so it does not
exhibit significant potential [160,161] (Fig. 23).
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5.2. Polyethylene glycol conjugated nucleosides

Polyethylene glycol and its derivatives have become significant
chemical modifiers due to their water-fat amphiphilicity, biocom-
patibility, non-immunogenicity, and no toxic side effects. The
Gemcitabine-folate-PEG conjugate 215 shows a sustained release
effect relative to Gemcitabine (24), and significantly increases oral
bioavailability. It also presents higher anti-proliferative potency in
early cervical cancer cells (HelLa cells) and nasopharyngeal
epithelial cancer cells (KB-3-1) and exhibits lower toxicity than
Gemcitabine [162]. mPEG750-AZT (216) has good stability in vitro,
meanwhile its in vitro activity of original AZT against wild strains of
HIV-1 and HIV-2 is well retained, and the toxicity is significantly
reduced. Pharmacokinetic evaluation shows that the half-life of
compound 216 is extended to 2.3 times of AZT, and the oral
bioavailability increased to 224% of AZT [163] (Fig. 24).

5.3. Fatty acid modified nucleosides

Many nucleoside analogue drugs have low oral bioavailability,
poor cell penetration and high nephrotoxicity. To reduce these
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therapeutic defects, alkoxyalkyl groups can be used to modify nu-
cleotides. A macromolecular nucleotide prodrug conjugated with
alkoxyalkyl can be readily absorbed by gastrointestinal tract as an
analogue of lysophospholipid and its half-life in blood can be
prolonged. This macromolecular prodrug can reduce its accumu-
lation in renal tubules since it cannot be recognized by the trans-
port system, thus reducing the renal toxicity of the drug. Since the
macromolecular modified prodrug is more permeable to the cell
membrane, the alkoxyalkyl nucleotide modifier also exhibits
stronger activity in vitro than the original drug [164,165]. Among
nucleotide conjugates, compounds CMX001 (217) (Cidofovir (125)
modified by cetyl propoxy) and CMX157 (218) (TFV (110) modified
by cetyl propoxy) have now entered clinical studies [166,167]. The
bioavailability of TFV diester prodrug TDF (111) has been improved
to some extent, but it is only 25%—40%, depending on the fat con-
tent in the diet [168]. Octadecyloxyethyl-Tenofovir (ODE-TFV, 219)
is obtained by introducing ether-soluble long chains onto one of the
hydroxyl groups of the phosphonates in the TFV molecule. It shows
higher bioavail ability and chemical stability than TDF, and exhibits
higher inhibitory activity than TDF and 3 TC in the human hepa-
toma cell line 2.2.15 cells transfected with HBV gene. DHBV-
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214

Fig. 23. Cholesterol conjugated nucleosides.

infected duckling model is used to evaluate the antiviral potency DNA [169].
To solve the defects of low oral bioavailability of cytarabine and

in vivo and results indicate that medium and high-dose ODE-TFV
(100, 200 mg/kg) could significantly inhibit replication of DHBV- short half-life, Cytarabine (21) is modified with long-chain alkyl
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groups to form cytarabine ocfosfate (Fosteabine, YNKO1, 94) which
can be effectively taken orally. This modification can improve sur-
vival rate, reduce the recurrence rate in clinical phase II, but its side
effects make the patient less tolerable [170]. CP-4055 (Elacytar-
abine, 220) is a prodrug connected between oleic acid and 5-OH of
cytarosine by ester bond, which can gradually increase fat solubility
and drug accumulation in the nucleus, and has an inhibitory effect
on both leukemia and solid tumor [171—173]. CP-4126 (221) has
entered clinical stage III, and patients with solid tumors have a good
tolerance to it without obvious side effects [173].

The Cytarabine (21) connected with six carbon hexanoic acid
(HA), twelve carbon lauric acid (LA), eighteen carbon oleic acid
(OA), can construct the multifunctional prodrugs HA-Ara (222), LA-
Ara (223), OA-Ara (224), DTA-Ara (225) [174—178]. These four
conjugates show significant suppressive activities against acute
myelogenous leukemia cell line HL60 and human chronic mye-
logenous leukemia cell line K562. They could self-assemble into
nanomolymers and significantly increase drug loading, and their
inhibitory efficiency and oral bioavailability on cancer cells are
higher than that of raw material drug Cytarabine. LA-Ara (223)
nanofibers have inhibitory effect on solid tumor-derived breast
cancer cells (4T1) and can avoid the clinical toxic side effects such
as hand-foot syndrome and mucositis [178]. The amphiphilic mo-
lecular conjugates Ara-AOT (226) and Cytarabine prodrug with
double hydrophilic head groups Ara-R-Ara (227) have stronger cell
sensitivity and increased toxicity among leukemic HL60 cells and
K562 cells than the original drug Cytarabine, and have a rapid onset
of action [179,180] (Fig. 25).

5.4. Phospholipid conjugated nucleosides

Phospholipids have a wide range of physiological activities, and
have targeted affinity to tumor tissues. To this end, a large number
of nucleoside glycerophospholipid conjugates have been developed
to promote the distribution of nucleoside drugs in tumor tissues so
to improve drug selectivity and reduce the minimum concentration
required for treatment, and at the same time produce synergistic
effects with nucleosides to decrease its toxic and side effects in
normal tissues. Cytarabine phospholipid conjugates (228, 229) are
better for mouse lymphocytic leukemia L1210 than the parent drug
Cytarabine [181]. Thioether phospholipid conjugates of Cytarabine
(230, 231) show good effect on transplanted mouse leukemia L1210
[182]. Anti-HIV activity of AZT phospholipid conjugate (232) is only
1/10 of AZT, but its anticancer activity is 10 times that of AZT [183].

The anticancer drug Tegafur (148) is modified by phospholipid
and active atomic selenium. The resulting compound 233 has a
good inhibitory effect on the malignant proliferation of bladder
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cancer cell PGA; [184]. Compound 234 displays good growth in-
hibition efficacy on both gastric cancer cells BGC-823 and bladder
cancer cells T-24, but shows highly toxic on normal liver epithelial
cells [185]. Tegafur-selenophospholipid conjugate (235) has stron-
ger suppressive effect on bladder cancer cell PGA1 than Tegafur
[186] (Fig. 26).

6. Conclusion

With Remdesivir being approved by FDA as a drug for the
treatment of COVID-19, nucleoside drugs have once again received
widespread attention in the medical community. Herein, we
summarized structural modifications of nucleosides scaffold and
the bioactivity rules. 2’-“Ara”-substitution by —F, or —CN group, and
3’-“ara” substitution by acetylenyl group in sugar have important
influence on the anti-tumor activities. The presence of “ara”-OH or
the absence of 2’-OH has good effect on non-solid tumors such as
leukemia. When the substituent is the other groups, it can not only
treat non-solid tumors, but also enhance the sensitivity to solid
tumors. Fluoroiodine cytarabine (FIAC) is an exception, possibly
because the substitution of 5-I on cytosine base has a greater
impact on biological activity. Dideoxy dehydrogenation of 2',3'-
sites of sugar ring can promote the bioactivity. For example, the
antiviral capabilities of L-Fd4C (49) and L-d4A (64) are 10—20 times
stronger than the 2’,3’-saturated analogues L-FddC (46) and L-ddA
(65). Acyclic nucleosides and L-type nucleosides mainly represent
antiviral potential. Nearly all of acyclic nucleosides can fight with
DNA viruses, but only adenosine-acyclic nucleosides are effective
for RNA viruses (HIV).

The 5-F substitution of uracil bases is a key factor for bioactivity,
such as 5-FU (146) and its derivatives with anti-tumor properties.
While 5-site is substituted by —I, —CF3, bromovinyl group, it usually
shows antiviral activity (such as FIAC (8), FIAU (9), IDU (11), TFT
(12), Brivudin (13)).

C—N Glycosidic bond is an important factor affecting potentials
of triazolid nucleoside analogues. When 1’-C of sugar coupled with
1-N of triazolid the analogues usually show anti-tumor activities.
Whereas 1’-C of sugar ring coupled with 2-N of triazolid the ana-
logues mainly represent antiviral efficiencies. Triazole nucleosides
modified by long alkyl chain, halogen, or trifluoromethyl group
would usually affect their action mechanism. For example, long
alkyl chain can reduce the expression of HSPs. Whether the sugar is
cycled or not has no significant effect on the anti-tumor or antiviral
properties of triazoles, which is different from the traditional
nucleoside derivatives of antiviral drugs.

The nucleoside analogues assembled by cholesterol, poly-
ethylene glycol, fatty acid and phospholipid would improve their
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bioavailabilities and bioactivities. For example, alkoxyalkyl conju- Foundation of China (No. 21967003), 2017 basic ability improve-
gated Cytarabine achieves oral efficacy. The anti-HIV activity of the ment project for young and middle-aged teachers in colleges and
cholesterol conjugated AZT is 5 times that of the original drug, universities in Guangxi (No. 2017KY1226).

while the anti-tumor activity of ether phospholipid conjugated AZT

is 10 times that of AZT.
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