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The published data of the last 15 years on the antiviral activity and the mechanism of action
of cage compounds are integrated and described systematically. The considerable interest in the
cage compounds as antiviral agents is related to the specific features of the spatial structure of
this class of derivatives and high lipophilicity and rigidity of the carbon cage, which allows these
molecules to easily penetrate through the lipid layer of biological membranes. Data on the ion
channel structure of influenza A and hepatitis C viruses and docking data for some cage struc�
tures to these channels are presented. Data on the antiviral properties of cage compounds
against RNA genome viruses, the influenza A virus and its mutant strains, hepatitis C virus,
human immunodeficiency viruses, and other RNA�containing viruses, are presented. The
efficiency of cage compounds against the DNA�genome viruses, herpes virus, cytomegalovirus
and orthopoxviruses, is demonstrated. The proven participation of aminoadamantanes in the
suppression of early stages of the influenza virus life cycle suggests that efficient inhibitors of not
only the influenza virus but also other RNA� and DNA�containing viruses could be found
among the cage molecules.
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The recent decades have witnessed a considerable in�
crease in the number of antiviral drugs useful for the
therapy of viral diseases that are either life�threatening or
harmful to the health of population. These rather recent
achievements are related to the development of molecular
biology, technical breakthrough in culturing of many
viruses in the laboratory, and identification of viral en�
zymes.1 However, along with the therapeutic effect, the
existing antiviral drugs possess drawbacks and, moreover,
the range of antiviral drugs is obviously insufficient. This

is evidenced by the Ebola outbreak in 2014, which became
a large�scale epidemic threatening the world.

The emergence of new forms of viruses due to varia�
bility and mutations and the fact that efficient drugs for
treating and preventing a considerable part of viral infec�
tions are still lacking dictate the necessity of permanent
quest for novel antiviral compounds.

The enhanced interest in the cage compounds as anti�
viral agents is related to the spatial structure of these de�
rivatives, high lipophilicity, and carbon cage rigidity, which
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allow these molecules to easily penetrate through the lipid
layer of biological membranes.2,3

Analysis of the cyclic moieties present in the mole�
cules of drugs approved for use demonstrated that ada�
mantane ranks in the 50th position among the 100 ring
systems encountered most frequently in the drug mole�
cules.4

The number of scientific publications and reviews of
foreign and Russian researchers devoted to the medicinal
chemistry of cage compounds,3,5—14 in particular, their
antiviral properties has considerably increased in recent
years. Cage compounds proved to be active against
RNA� and DNA�genome viruses of a very broad spec�
trum14 including influenza, parainfluenza, avian sarcoma,
rabies, herpes, tobacco mosaic, and hepatitis viruses; ade�
novirus, rhinovirus, orthopoxvirus, Newcastle disease virus,
PC�virus, vesicular stomatitis virus, ECHO�6, poliomy�
elitis virus, Coxsackie virus, HIV�1 and HIV�2, and so on.

This review integrates the data on the antiviral activi�
ties and mechanisms of action of cage compounds  pub�
lished during the last 15 years, because the data up to 2000
have been covered in considerable detail.14 The review
includes only some of the earlier publications and patents
that are of key significance. The antiviral activity is con�
sidered only for cage compounds containing no hetero�
atoms in the ring.

Antiviral activity of cage compounds
against RNA�genome viruses

Among the wide diversity of RNA genome viruses that
are pathogenic for humans and cause heavy infectious dis�
eases, we consider the antiviral properties of cage com�
pounds only for most abundant groups of viruses.

The first antiviral agents. Drug resistance

The history of cage compounds as potential inhibitors
of virus replication started with the discovery of anti�in�
fluenza properties of amantadine (1�aminoadamantane
hydrochloride) in 1964.15 Amantadine (Symmetrel®) was
the first adamantane derivative to be used in clinical
practice. The discovery of the anti�influenza activity of
1�aminoadamantane stimulated intensive search for ac�
tive compounds, which resulted in a new antiviral drug
called rimantadine (�methyl�1�adamantanemethylamine
hydrochloride, Flumadine®). This drug proved to be more
efficient and less toxic than amantadine.16,17

Amantadine Rimantadine

The discovery of antiviral properties of amino deriva�
tives of adamantane initiated the medicinal chemistry of
adamantane derivatives. This resulted in the synthesis and
investigation of biological properties of thousands of cage
compounds, and these investigations continue till now.8

Studies of the metabolism of amantadine and rimanta�
dine showed14 1�acetylaminoadamantane to be the key
metabolite of amantadine. The second stage of biotrans�
formation gives methylated and hydroxylated 1�amino�
adamantane derivatives. In the case of rimantadine, meta�
bolism follows a hydroxylation route.

In the late 1990s, the use of amantadine and rimanta�
dine for treating and preventing influenza faced the prob�
lem of development of drug resistance18—20 in response to
uncontrolled use of the drugs. The resistance to amino�
adamantanes has increased in the last 15 years from 0.8%
in 1995 to 100% for the S31N mutant of H3N221,22 and
pandemic H1N1 strain.23,24 Meanwhile, most of oselta�
mivir�resistant seasonal H1N1 strains still remain sensi�
tive to adamantane derivatives. Although currently amino�
adamantanes are not recommended for use due to increase
in the resistance, they still should be considered as possi�
ble agents against seasonal H1N1 viruses and highly patho�
genic avian influenza H5N1 virus; nevertheless, discovery
of new antiviral drugs with high activity and selectivity
remains an important task.20,25

The results of the latest studies demonstrated that the
virus resistance to adamantane�based drugs increases much
more slowly than to neuraminidase inhibitors — oselta�
mivir and zanamivir.26 Amantadine combined with osel�
tamivir demonstrated enhanced inhibitory effect on H3N2,
H1N1, and H5N1 influenza viruses in vitro;27,28 in in vivo
experiments, they showed higher protection than mono�
therapy.28,29 The synergistic effect in vivo was also found
for rimantadine combined with oseltamivir.30,31 Thus, the
application of amantadine and rimantadine together with
antiviral agents of a different chemical nature has high
potential for treatment of some resistant strains of influ�
enza viruses.20,32

The medicinal chemistry of adamantane derivatives and
structural analogs gained a new impetus from the discov�
ery of the mechanism of amantadine action on the repli�
cation of the influenza virus and viral proteins that form
ion channels in some viruses. Subsequently these proteins
were classified as a separate group and called viroporins.33

Viroporins are small proteins usually comprising about
100 or less amino acids and containing at least one hydro�
phobic transmembrane helical domain, which is to some
extent amphiphilic as it separates the amino acid residues
of hydrophobic and hydrophilic surfaces of the molecule.
In view of the small size, these proteins have to oligo�
merize to larger structures to form an ion channel. This
process is mainly due to hydrophobic interactions,
although it can also be accompanied by formation of dis�
ulfide bonds. Oligomers ranging from tetramers (the ion
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channel of M2 influenza virus)34,35 to heptamers (P7 hep�
atitis C virus (HCV))36—39 forming channels on cell and
virion surfaces were identified.33

Small ion channels of this type were also found in other
enveloped viruses, for example, BM2 (influenza B virus)
and CM2 (influenza C virus) proteins and the Vpu protein
in the human immunodeficiency virus of type 1 (HIV�1).
Studies of the interactions of viroporins with ligands are
important for the use of these proteins as drug targets.40

Activity of cage compounds against influenza A virus

The influenza virus is among the most abundant virus�
es having an ion channel on the lipoprotein envelope. This
ion channel is called the M2 channel and serves for trans�
porting hydrogen ions inside the viral envelope. A specific
feature of the M2 ion channel is rather low proton con�
duction velocity (less than 104 ions per second) compared
with typical ion channels.33 The relatively low conduction
velocity of the M2 channel is consistent with the small
channel cavity41 on the lipid membrane surface. The mod�
ern model of operation of the M2 channel implies that this
protein plays an important role in two different stages of
the influenza virus life cycle.42,43 When the virus has pene�
trated into the cell, the low pH of endosome activates the
M2 channel, which allows protons from the endosome to
get into the virus. This results in the loss of the lipoprotein
envelope and in uncoating of the viral RNA. The M2 pro�
tein also eliminates the pH gradient between the Golgi
complex and the cytoplasm in order to prevent the un�
timely conformational changes of hemagglutinin at the
stage of virus assembly.44,45

Structure and operation mechanism of the M2 ion chan�
nel. The M2 protein has an N�terminal extracellular do�
main (residues 1—23), transmembrane domain (residues
24—46) (TM), and C�terminal intracellular domain (resi�
dues 47—97). Four M2 molecules form a helical complex.
The conserved histidine 37 (H37), tryptophan 41 (W41),
and valine 27 (V27) residues are crucial for channel for�
mation and proton conduction (Fig. 1).46,47 The H37 tetra�
mer cluster is important for the pH�activation of the chan�
nel,48 whereas the W41 cluster forms the channel gate;49

and the V27 cluster is located at the channel entrance and
forms the second gate. The structures of the M2 channel
of the influenza A virus were determined in amantadine
and rimantadine complexes by X�ray crystallography41 and
NMR spectroscopy in solution,50,51 respectively. The re�
sults of these studies confirm the tetrameric arrangement
of the transmembrane helices forming the ion channel.

Mechanism of blocking of the M2 protein

During the last 10 years, numerous data concerning
the mechanism of inhibition of the M2 protein were pub�

lished. However, they are all contradictory; therefore, the
ultimate mechanism of inhibition still remains obscure.
The exact position of the binding site of adamantane�
containing drugs is also a source of debate.49 Two mecha�
nisms were proposed relying on experimental data. The
first one is blockage of the channel pore, which was re�
vealed by X�ray diffraction,41 and the second one is allo�
steric mechanism established by NMR spectroscopy.52

According to the blockage mechanism, amantadine
physically plugs the pore by being arranged inside it. Valine
(Val27), serine (Ser31), glycine (Gly34), and histidine
(His37) residues are known to have a high affinity for
adamantane and to be located in the close vicinity of the
binding site (Fig. 2).50

According to the allosteric mechanism, inhibitors of
the M2 protein efficiently stabilize the closed conforma�
tion of the C�terminal helices50 and facilitate the orienta�
tion of the H37 residue. The possible binding sites of in�
hibitors in the M2 channel are Val27, Ser31, and Gly34.
According to this mechanism, rimantadine binds to four
equivalent units in the vicinity of the tryptophan gate on
the lipid side of the channel and stabilize the pore closed
conformation. It was concluded52 that the lipid�facing
pocket near the Phe54 gate is more significant for the virus
inhibition mechanism by adamantane derivatives. In
a study designed for the understanding of the mechanism
of inhibition of the M2 channel, it was suggested53 that
the molecules of adamantane�derived drugs are likely to
bind in any inner cavity (e.g., near the H37 residue) or in
the extracellular channel mouth (L26, A30, and S31 resi�
dues). The results of other investigations also confirmed

V27

H37

W41

Fig. 1. Positions of the most important amino acid residues (his�
tidine 37 (H37), tryptophan 41 (W41), and valine 27 (V27)) need�
ed for M2 ion channel operation.51

Note. Figures 1—3 are available in full color in the on�line ver�
sion of the journal (http://www.springerlink.com).
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the assumption that the predominant binding site is locat�
ed inside the M2 channel.5,54,55 Currently it is commonly
assumed that inhibitors of the M2 proteins block the chan�
nel via a series of binding interactions in the channel
pore.40,47,56—59 Currently, the progress in the development
of M2 channel inhibitors with enhanced properties has
been restricted by poor understanding of the inhibition
mechanism and insufficient knowledge of the binding site
position. It is noteworthy that the amino acid residues
inside the M2 channel (the residues from V27 in G34) are
especially important for the favorable binding of ada�
mantane.60—63

Recently, most of influenza A virus strains have been
resistant to amantadine and rimantadine; the most abun�
dant mutation making the virus drug resistant is S31N.
The V27A and L26F mutations also occur rather frequent�
ly;52 however, a larger part of resistant virus sybtypes
represent the S31N mutant of the M2 protein.53,54 It was
suggested64 that this mutation leads to indirect increase in
the M2 protein mobility and thus prevents the inhibition.
All of the above�listed mutations considerably weaken the
hydrophobic packing between the N�terminal ends of the
transmembrane helices, and this results in looser and more
flexible tetramer structure. Loosening of the channel struc�
ture may hamper binding of the drug by destabilizing the
rimantadine binding pocket in the case of allosteric inhi�
bition mechanism or upon weakening of hydrophobic con�
tacts with amantadine in the pore in the case of pore block�
ing model.65

New M2 ion channel blockers. Owing to the increase in
the number of drug resistant strains of the avian influenza
H5N1 virus and the H1N1 virus that are resistant both
against adamantane derivatives and neuraminidase inhib�
itors, it is necessary to find and develop new anti�influen�
za agents. For this reason, considerable effort was invested
into the development of new drugs that would be able to

affect a wider range of influenza virus strains. The most
efficient approach to address this problem is virtual screen�
ing, including molecular docking. Currently molecular
docking is applied to study binding of ligands to natural
macromolecules. It is a useful tool for the understanding
of the dynamic structure of proteins and can also serve to
study the effect of solvent molecules on the protein
structure.66

Currently, intensive research of cage structures for
identification of the most active M2 ion channel inhibi�
tors is in progress. In one of the studies,5 more than 200
compounds were tested for binding to the M2 protein. The
docking was performed for two drug binding sites of amino
acid residues, including S31 and A30, inside and outside
the channel, respectively. As a result, 10 structures exhib�
iting the strongest binding inside the cavity and 10 struc�
tures with the strongest binding outside the channel were
selected.

Later,67 docking of 1447 compounds to the M2 ion
channel was carried out. The free binding energies were
determined for all structures and three ligands were found
having lower free binding energy than the standard ligands
(amantadine and rimantadine) and stronger interaction
with the M2 channel (the last three ligand structures
among the structures located on the channel surface).

The results of studies of the inhibitory action of amino
adamantane derivatives towards the H7N1 influenza virus
in vitro demonstrated68 that most compounds surpass
amantadine in the selectivity index. Noteworthy is N�(1�
adamantyl)ethylenediamine dihydrochloride whose selec�
tivity index is almost twice as high as that of amantadine.

Almost all of the existing M2 channel inhibitors have
only one pharmacophore group and, in most cases, it
is the amino group. As shown in Fig. 2, adamantane�
based inhibitors with one pharmacophore group can
bind only to one helix of the M2 channel. Nevertheless,

Fig. 2. Position of the amantadine molecule inside (a) and on the surface (b) of the ion channel.50
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* The numbers below the structures are binding energies/kcal mol–1.

Ligands located inside the M2 channel cavity (see Ref. 5)*

Ligands located on the M2 channel surface (see Refs 5, 67)*
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Table 1. Anti�influenza activity of cage compounds (IC50 is the inhibitory concentration 50%)

Compound IC50 Influenza Activity referred to Ref.
/mol L–1 strain

amantadine rimantadine

0.1 H7N1 2.5 — 68

0.60 H2N2 4.3 — 69
5.0 H3N2 2.6 — 69

0.38 H2N2 6.8 — 69
9.4 H3N2 1.3 — 69

1.7 H2N2 1.7 — 69
0.35 H3N2 36.5 — 69

18.3 H3N2 2.7 1.0 70

24.1 H3N2 2.03 0.8 70

0.36 H3N2 5.5 1.0 71

0.33 H3N2 6 1.1 71

compounds having higher activity than amantadine and
rimantadine were obtained from these multifunctional de�
rivatives.69

A series of adamantane derivatives with various sub�
stituents, including amino and hydroxy groups, cyclohex�
ane and aromatic residues, which were more active than
the traditional agents, were developed.69—78 All com�
pounds of these series were tested for the activity in vitro.
In 2011,79 a series of compounds based on isopinene pos�
sessing high activity against the influenza H3N2 virus were
obtained. A number of azoloadamantane compounds more
active against the influenza A virus than amantadine were
synthesized in 2010.80 Adamantanecarboxylic acid deriv�
atives exhibiting higher activity against H3N2 virus than

zanamivir were found in 2012.81 2,2´�Substituted amanta�
dine analogs proved82 to be much more active. Higher
activity as compared with amantadine was found for its
N�benzylated derivatives.83 some derivatives of D3�tris�
homocubane84 also exhibited activity against the influenza
H2N2 virus comparable with the activity of amantadine.
The structures of the most active compounds are shown
in Table 1.

In recent years, researchers have expressed increasing
interest in the search for new M2 ion channel blockers,
because the M2 channel is more conserved than other
influenza virus components. The potential inhibitors are
designed using not only the adamantane cage but also
trishomocubane, isopinene, and other cage compounds.

(to be continued)
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Table 1 (to be continued)

Compound IC50 Influenza Activity referred to Ref.
/mol L–1 strain

amantadine rimantadine

0.16 H3N2 12.4 2.3 71

<1.7 H2N2 0.65 — 72

<1.7 H3N2 0.53 — 72

5.9 H3N2 8.3 3.2 73

7.2 H3N2 6.8 2.7 73

3.6 H3N2 13.6 5.3 73

1.46 H3N2 1.4 0.25 74

0.34 H3N2 5.9 1.1 74

1.56 H2N2 26.9 9 75
1.8 H3N2 3.3 0.22 75

1.96 H2N2 21.4 7.1 75
2.3 H3N2 2.6 0.17 75

4.1 H2N2 10.2 3.41 75
11 H3N2 0.55 0.04 75

0.6 H3N2 3.3 0.6 76

(to be continued)
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Table 1 (continued)

Compound IC50 Influenza Activity referred to Ref.
/mol L–1 strain

amantadine rimantadine

0.5 H3N2 4 0.7 76

1.7 H2N2 4.2 77
51.0 H3N2 8.8 0.4 77

4.1 H2N2 1.7 77
5.2 H3N2 3.7 3.7 77

0.13 H1N1 1846 846 78
1.5 H2N2 0.23 1.1 78
1.1 H3N2 2.5 0.48 78

7.78 H3N2 2.7 — 79

0.088 H3N2 240 — 79

5.99 H3N2 3.5 — 79

3* H1N1 — 1.7 80

2* H1N1 — 2.5 80

1.6 H3N2 140 28.1 81

(to be continued)
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Activity of cage compounds
against the human hepatitis C virus

The human hepatitis C virus (HCV) contains viropor�
in p7, which is attractive target for the therapy, as it plays
a certain role in the virus particle assembly and affects its
exit from the cell.85 However, the exact function of p7 is
still unknown. The action of the p7 channel may be to
suppress the decrease in the pH of cell organelles and to
protect the emerging virions from acid�induced confor�
mational changes.86 Furthermore, there is a set of data
indicating that p7 has a crucial influence on the virus
assembly and exit from the cell.85

The p7 protein consists of 67 amino acid residues. Six
such proteins are combined to form an ion channel selec�
tive to Na+, K+, and Ca2+ ions. More recent studies
showed that the p7 channel indirectly affects the H+�con�
duction. Recently, the structure of the p7 channel in solu�
tion was determined by NMR spectroscopy.87 The top
and bottom views of the p7 channel are shown in Figs 3, a
and b, respectively. In the p7 channel, there are six equiv�
alent hydrophobic channels between the peripheral and

pore�forming helices, which consist of Leu52, Val53,
Leu55, and Leu56 from H3 and Phe20, Val25, and Val26
from H2. The molecules of a drug occupy several pockets
in the p7 channel located at the outer edge of the channel
funnel (see Fig. 3, c). In this state, the channel cannot
expand and, hence, it does not transmit ions.86,87

Studies of the antiviral activity of amantadine and its
derivatives85 at the stage of clinical trails for hepatitis C
virus showed limited efficiency.

Since the p7 channel is necessary for replication of the
hepatitis C virus, it is a potential target for the design of
new drugs.

Virtual screening of more than 250 thousand com�
pounds88 with high predicted affinity for the adamantane
binding site of the p7 protein was carried out. Some struc�
tures demonstrated a substantially (1000�fold) higher
activity compared with amantadine. Structure—activity
relationship measurements showed even a lower inhibit�
ing concentration and activity against several strains of
the hepatitis C virus. These inhibitors are of considerable
interest for the development of efficient drug candidates
against hepatitis C virus.

Table 1 (continued)

Compound IC50 Influenza Activity referred to Ref.
/mol L–1 strain

amantadine rimantadine

2.0 H1N1 26.5 31.5 82

4.0 H1N1 13.3 15.8 82

4.0 H1N1 13.3 15.8 82

35.2 S31N 5.7 — 83

59 WT 0.27 — 83

43.1 S31N 4.6 — 83

79 WT 0.2 — 83

30 H2N2 0.8 — 84

* In g mL–1.
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The molecular docking of ligands to the p7 protein
with subsequent in vitro verification revealed three com�
pounds having higher inhibitory activity than rimanta�
dine88 (Table 2).

Yet another target of drugs suppressing the replication
of hepatitis C virus is RNA�dependent RNA polymerase.
It was shown89 that introduction of a cage substituent
into 2�amino�3�(4�phenyloxyphenyl)acrylic acid mark�

edly enhanced inhibition of this enzyme (Table 3). The
introduction of the adamantane moiety into phenyl�
aminoisothiazole90 also enhances the inhibiting activity
(see Table 3).

Adamantane derivatives show noticeable activity
against the hepatitis C virus; therefore, it seems pertinent
to continue the search for new inhibitors among com�
pounds of this series.

Activity of cage compounds against other
human RNA�genome viruses

There is an enormous diversity of other pathogenic
RNA�containing viruses. Some of them are also sensitive
to cage compounds. For example, amantadine proved to
be effective against the rhabdovirus91 and the hepatitis A
virus,92 while rimantadine was effective against the den�
gue fever virus.93 Some adamantylarylamine derivatives94

exhibit inhibitory activity in vitro toward N�methyltrans�

Fig. 3. Structure of the p7 ion channel of the hepatitis C virus:87

top view (a) and bottom view (b) and the pocket on the ion
channel surface binding the amantadine molecule (c).

Phe20

Trp21

His17

с

a

b

Amantadine

Amantadine

Amantadine

Table 2. Compounds exhibiting inhibitory activity toward the p7
protein of the hepatitis C virus (see Ref. 88)

Compound IC50* Viral Activity**
/mol L–1 strain

52 WT 1.1
23 L20F 4.3

39 WT 1.4
53 L20F 1.8

27 WT 2.1

* Here and below, the inhibitory concentration (50%).
** Relative to rimantadine.

Table 3. Compounds exhibiting antiviral activity against
RNA�dependent polymerase of the hepatitis C virus

Compound IC50/mol L–1 Ref.

0.07 89

1.40 90
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ferase of the dengue fever virus. In 2013, it was found95

that adamantylacetic acid derivatives are active against
the Ebola virus.

The Coxsackie viruses belong to the class of entero�
viruses and affect various internal organs. Some nor�
bornylpurine derivatives exhibit high activity against Cox�
sackie viruses of type B, which cause myocarditis, peri�
carditis, and hepatitis.96,97

N,N´�Bis(ethylene)�P�(1�adamantyl)phosphonic di�
amide (NYPD) was found to suppress the Rous sarcoma
virus via inhibition of the early stage of virus replication
after adsorption on the cell membrane. The data derived
from experiments on RSV�transformed non�producing
cells indicate that NYPD cannot affect the expression of
oncogens by the embedded virus genome.98

There is quite a lot of information about the activity of
cage compounds against the human immunodeficiency
virus (HIV). Most often, the activity is observed for
adamantane�containing heterocyclic compounds.99—103

Pentacycloundecane derivatives also show a fairly good
activity.104 Adamantane�containing polymers are unusual
HIV inhibitors.105 Considerable activity against HIV�1 was
found for the synthetic analogs of glycosphingolipids as
specific inhibitors of glycolipid receptors.106 The structures
of the most efficient compounds are summarized in Table 4.

Compounds containing a cage moiety are active against
a broad spectrum of RNA�genome viruses. This is ap�
parently due to the fact that the bulky cage moiety can
enter the ion channel cavity of the virus and thus block the
viral activity.

Table 4. Compounds exhibiting antiviral activity against various RNA genome viruses

Compound IC50/mol L–1 Virus Ref.

256 Rhabdovirus 91
330 Hepatitis A 92

72.5 Dengue 93

60.5 Dengue 94

0.02 Ebola 95

13.0 Coxsackie B virus 96

0.81 Coxsackie B3 virus 97

25* Rous sarcoma virus 98

0.350 HIV�1 99

(to be continued)
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Table 4 (continued)

Compound IC50/mol L–1 Virus Ref.

0.67 HIV�1 100

10* HIV�1 101

16 HIV�1 102

27 HIV�2 102

15.1 HIV�1 103

0.5 HIV�1 104

6.0 HIV�1 105

— HIV�1 106

* In g mL–1.

Antiviral activity of cage compounds
against DNA�genome viruses

DNA�containing viruses form more than 20 families
among which poxvirus, herpesvirus, adenovirus, papillo�

mavirus, hepadnavirus, parvovirus, and some other are
most toxic for humans. The genetic material of the DNA�
genome viruses represents a single� or double�stranded
DNA molecule.107 Among the DNA�genome viruses, her�
pes viruses are globally occurring polytropic agents caus�
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ing a variety of clinical forms of the disease. The poxvirus
family is most dangerous as regards the epidemic charac�
teristics and case fatality rate.

Activity of cage compounds
against herpes virus and cytomegalovirus

Many adamantane derivatives exhibit activity against
some DNA�genome viruses, in particular, the herpes sim�
plex virus. The drug tromantadine, 2�(2�dimethylamino�
ethoxy)�N�(1�adamantyl)acetamide hydrochloride, which
is effective against herpes simplex viruses of types 1 and 2,
was developed by Merz company108 and approved for clin�
ical use since 1973. This agent commercialized under the
trade name Viri�merz is used to treat the herpetic skin and
mucosa lesions.109,110

Tromantadine

It is believed that tromantadine affects early stages of
interaction of the virus with the cell before the synthesis of
macromolecules and the stage of assembly of virions. The
sizes of the hydrophobic and hydrophilic parts of the tro�
mantadine molecule are balanced, unlike those of aman�
tadine, which accounts for the possibility of more intense
prevention of membrane merging and inhibition of the
herpes virus.111,112

Subsequently, antiherpetic activity was established for
other adamantane derivatives: 3�ethyl�1�adamantanol and
ethyl (3�ethyl�1�adamantyl)carbamate.113—115 The ethyl
(3�ethyl�1�adamantyl)carbamate activity against the her�
pes virus was demonstrated in experiments with different
virus strains including the type resistant to acycloguanosine
(ACG). Upon the combined use of ethyl (3�ethyladaman�
tan�1�yl)carbamate and ACG, the inhibition of the herpes
virus reproduction in cell culture is enhanced and the case
fatality rate among the laboratory animals with experi�
mental herpes viral neuroinfection is reduced compared
with the separate use of these agents.114

A study of the anti�herpetic properties of (3�hydroxy�
1�adamantyl)�1�ethylamine hydrochloride (oxyrimanta�
dine) in cell culture demonstrated that this compound is
a highly selective inhibitor of HSV�1.116,117

The antiviral properties of numerous adamantane de�
rivatives were studied in relation to the herpes virus.113,117—123

Among these compounds, the activity was found for ada�
mantane�derived semicarbazones, thiosemicarbazones,
and �aminoketones; adamantyl methyl ketone oxides;
adamantyl carbamates; adamantylpyrrolidines; amino

adamantane derivatives; and adamantane�containing het�
erocycles.

Adamantane derivatives exhibiting anti�herpetic activity

The virus�inhibiting action of thiosemicarbazones and
thiocarbohydrazones was studied for different types of
herpes virus (HSV�1, thymidine kinase�deficient HSV�1
and HSV�2).124 Among the recently synthesized adaman�
tane derivatives, note 2�aminopyridine N�substituted ad�
amantylthiourea with anti�herpetic properties.125

A study of the antiviral activity of 5�(3�R�1�ada�
mantyl)uracils126 in the vero cell culture demonstrated that
most of the synthesized compounds are active against her�
pes viruses of types 1 and 2 (HSV�1 and HSV�2). The
selectivity indices (SI) for 5�(3�R�1�adamantyl)uracils are
presented below.

In relation to the preparation of 1�aminoadamantane
conjugates with calix[4]arenes — p�(3�amino�1�ada�
mantyl)calix[4]arenes — it was demonstrated that the
antiviral activity of 1�aminoadamantane can be com�
bined with that of some calix[n]arenes that also possess
antiviral activities.127 The aminoadamantane derivative de�

SI = 20 (HSV�1) SI = 10 (HSV�2)

SI = 20 (HSV�1)
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monstrated a clear�cut antiviral action against HSV�2 in
cell culture.

R = H, Bu

It is known that upon introduction into molecules of
biologically active compounds, the bulky adamantane

moiety can substantially modify their pharmacological
action. The antiviral activity of new 2�substituted phenyl�
benzimidazoles and 2�phenylimidazopyridines, including
compounds containing adamantane moiety, has been in�
vestigated.128 Among the tested compounds, some were
found to efficiently suppress replication of the herpes sim�
plex virus (HSV�2). Diadamantyl�substituted 2�phenyl�
imidazopyridine also showed high activity in the animal
model of the herpetic infection. It is believed128 that dis�
covery of antiviral agents of this type could provide an
alternative approach to the treatment of herpetic infec�
tions, especially useful in the case of drug resistant strains.

The activity against the herpes virus was also identified
in N�substituted adamantylhydroxamic acid.129

The data on the antiviral activities of various cage com�
pounds against herpes virus (HSV) and cytomegalovirus
(CMV) are summarized in Table 5.

Table 5. Antiviral activity of cage compounds against herpes simplex virus (HSV) and cytomegalovirus
(CMV)

Compound Virus IC50/g mL–1 Ref.

HSV�1 0.62 113, 114

HSV�1 5.21 115

HSV�1 15.6 116, 117

HSV�1 2.71 120

HSV�1 2.54 120

HSV�1 >10 122
TK�HSV�1 >10 122

HSV�2 >10 122
CMV >20 122

HSV�1 >10 122
TK�HSV�1 >10 122

HSV�2 >10 122
CMV >20 122

HSV�1 >10 122
TK�HSV�1 >10 122

HSV�2 >10 122
CMV >20 122

(to be continued)
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HSV�1 >10 122
TK�HSV�1 >10 122

HSV�2 >10 122
CMV >5 122

HSV�1 8.29 123

HSV�1 >16 124
TK�HSV�1 >16 124

HSV�2 >16 124

HSV�1 >16 124
TK�HSV�1 >16 124

HSV�2 >16 124

HSV�1 >16 124
TK�HSV�1 >9.6 124

HSV�2 >9.6 124
CMV >2 124

CMV >2 124

CMV >2 124

CMV >2 124

HSV�1 6.2 125

HSV�1 50 126

Table 5 (continued)

Compound Virus IC50/g mL–1 Ref.

(to be continued)
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Three libraries of adamantane derivatives were synthe�
sized: adamantylphthalimides A, azaheterocyclic ada�
mantane derivatives B, and adamantyl amino acid de�
rivatives C. The antiviral properties of these compounds
against herpes viruses (HSV�1, thymidine kinase�
deficient HSV�1 and HSV�2) were estimated.130 However,
these compounds showed little antiviral activity in cell
culture.

The cage compounds are of interest as potential agents
also for the therapy of the cytomegalovirus infection. Cyto�
megalovirus is a virus with a double�stranded DNA from
the family of herpes viruses. Among viral infections, cyto�
megalovirus is the most frequently occurring pathology.
A considerable number of papers were devoted to the virus�
inhibiting action of cage compounds. The activity against

Table 5 (continued)

Compound Virus IC50/g mL–1 Ref.

HSV�2 50 126

HSV�1 50 126

HSV�2 10 127

HSV�2 20* 128

HSV�2 5* 128

HSV�1 >16 129
HSV�2 >16 129
CMV 7 129

* In nmol L–1.
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Polycyclic cage structures tested against orthopoxviruses by SIGA Technologies

CMV was found for a wide range of adamantane deriva�
tives. The data on virus�inhibiting action of these com�
pounds are summarized in Table 5.

Activity of cage compounds against poxviruses

Poxviruses occupy a special place among DNA�ge�
nome viruses. The variola (smallpox) virus, which belongs
to the genus orthopoxvirus of the poxvirus family, is con�
sidered to be most dangerous due to its pathogenic and
epidemic behavior and represents a menace as a biological
agent that can be used for bioterrorism. Poxviruses are
largest and most complicated among all known human
and animal viruses.131 Their genome is represented by
a two�stranded DNA, which bears information about the
amino acid sequences of several tens of polypeptides. The
reproductive cycle of the variola virus is very complicated.
The poxvirus maturing and exit from the cell as well as
penetration into the cell are multistage processes involv�
ing intermediate forms.131

The high throughput screening of a large array of com�
pounds (more than 350,000) performed by SIGA Tech�
nologies (USA) resulted in identification of a new class of
low�molecular�weight agents exhibiting high anti�ortho�
poxvirus activity.132

It was found that some polycyclic imides containing
a benzamide ring inhibit the formation of extracellular forms
of the virus. These compounds target the F13L gene, which
encodes the main enveloped protein (p37) needed for the
virus particle formation and exit from the cell, thus pre�
venting virus propagation.133—135

For many tricyclononane carboxamides, the concen�
tration providing inhibition of 50% of viruses varies from
20 nmol L–1 to >20 mol L–1.134,136 The most active agent
out of this group is tecovirimat137,138 (ST�246) whose oral
bioavailability is 31%.

The drug ST�246 (4�trifluoromethyl�N�(3,3a,4,4a,5,
5a,6,6a�octahydro�1,3�dioxo�4,6�ethenocyclopropa[f]�
isoindol�2(1H)�ylbenzamide) is efficient against a series

of orthopoxviruses, including the vaccinia virus, monkey�
pox, cowpox, camelpox, and mousepox viruses, and vari�
ola virus.136,139

During the study, a number of ST�246 analogs with
different substituents in different positions of the benzene
ring were synthesized; most of these compounds showed
activity against the vaccinia and cowpox viruses.134

Higher activity was found for 4�nitro�, 4�bromo�, and
4�chloro�substituted analogs. The researchers of SIGA
Technologies found that the activity of compounds of this
series is substantially affected by the presence of an elec�
tron�withdrawing group in the benzene ring. For example,
4�nitrophenyl derivatives were 100 times more active than
4�dimethylaminophenyl analogs. Furthermore, the in�
hibitory activity was markedly affected by the position
of the electron�withdrawing substituent in the benzene
ring. Compounds with an electron�withdrawing group
in the para� or meta�position have a higher activity,
which markedly decreases for the ortho�substituted de�
rivatives.

The antiviral activities of tecovirimat analogs against
the vaccinia and cowpox viruses in vitro are presented in
Table 6.

The efficiency of tecovirimat against variola virus was
measured in nonhuman primate experiments.140 Tecovir�
imat was approved as a drug for treating smallpox and is
the most efficient chemotherapeutic agent against all or�
thopoxviruses. Currently, about 1.7 million courses of te�
covirimat can be manufactured in the USA in case of
emergency (www.siga.com).

Tecovirimat
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Yet another analog of ST�246 was developed by joint
effort of researchers from the Vorozhtsov Novosibirsk In�
stitute of Organic Chemistry and the State Research Cen�
ter of Virology and Biotechnology VECTOR (Koltso�
vo).141—143 The agent NIOC�14, 7�[N´�(4�trifluorome�
thylbenzoyl)hydrazinocarbonyl]tricyclo[3.2.2.02,4]non�8�

ene�6�carboxylic acid, efficiently suppresses the replica�
tion of orthopoxviruses in cell cultures in concentrations
of 0.005—0.051 g mL–1.141

NIOC�14

The antiviral activity found for NIOC�14 proved to be
comparable with that of ST�246 (0.003 g mL–1) in all of
the parameters measured in vitro.141

The synthesis and antiviral activity of a number of poly�
cyclic analogs of the orthopoxvirus inhibitor, tecovirimat
(ST�246), were reported.144 It was assumed that replace�
ment of the tricyclononane ring in ST�246 by another
polycyclic cage can give rise to new compounds with
a potential antipoxviral activity. Some of them were active
against the vaccinia virus.

Antiviral properties against orthopoxviruses (vaccinia virus
and cowpox, mousepox, and monkeypox viruses) were de�
tected for adamantane�derived azidoketone hydrazones.145

Screening of a multitude of cage compounds with
respect to orthopoxviruses resulted in identification of
compounds with clear�cut antiviral activities. Highly active
compounds were found among adamantane�based pyr�
azoles, 1,2,4�triazoles, pyrrolidines, and amino� and

Table 6. Antiviral activity of tecovirimat ana�
logs against vaccinia and cowpox viruses134

R ЕС50/mol L–1

vaccinia cowpox

4�NO2 0.02 0.15
4�NH2 7.70 >20
4�NMe2 2.00 15.50
4�Cl 0.02 0.77
3�Cl 0.04 0.60
2�Cl 3.00 >20
4�Br 0.02 1.60
3�Br 0.05 0.60
2�Br 2.30 >20
4�OMe 2.20 >20
4�Pyridyl 0.50 17.20
3�Pyridyl 0.74 >20
2�Pyridyl >20 >20
CF3 (ST�246) 0.04 0.60

Table 7. Antiviral activity of cage compounds against orthopoxviruses

Compound Virus IC50/g mL–1 Ref.

Vaccinia 5.15 113, 114

Vaccinia 9.4 115

Vaccinia 0.7 120

Vaccinia >10 122

Vaccinia >10 122

(to be continued)
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Table 7 (continued)

Compound Virus IC50/g mL–1 Ref.

Vaccinia >10 122

Vaccinia >10 122

Vaccinia >16 124

Vaccinia >16 124

Vaccinia 20* 128

Vaccinia 10* 128

Vaccinia >16 129

Vaccinia 0.16** 144

Vaccinia 0.8** 144

Vaccinia 1.28 145
Cowpox 28.3 145

Mousepox 9.8 145
Monkeypox 4.2 145

Vaccinia 0.96 145
Cowpox 10.8 145

Mousepox 14.4 145
Monkeypox 3.8 145

Vaccinia 0.83 146

(to be continued)
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Table 7 (continued)

Compound Virus IC50/g mL–1 Ref.

Vaccinia 1.41 146

Vaccinia 4.18 146

Vaccinia 4.7 146

Vaccinia 0.75 146, 147
Cowpox 3.8 146, 147

Mousepox 1.84 146, 147

Vaccinia 3.26 146, 147

Vaccinia 0.12 148

Vaccinia 0.054 148

Vaccinia 0.36 148

Vaccinia 0.005 148

Vaccinia 3.6 149

Vaccinia 22.2 149

Vaccinia 0.012** 150

* In nmol L–1.
** In mol L–1.
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hydroxy derivatives as well as among benzoylamino�
adamantanes and unsymmetrical adamantyltriazin�
es.113,115,120,122,146—148 The activity against vaccinia virus
was found for heterocyclic derivatives based on 4�aza�
homoadamantane149 and adamantane�containing benz�
imidazobenzoxazine.150 Data on the virus inhibitory
properties targeting the vaccinia virus reproduction were
reported for adamantyloxamides, adamantylcarbam�
ates,113,114 2�substituted phenylbenzimidazoles, 2�phenyl�
imidazopyridine derivatives, containing an adamantane
moiety,128 adamantane�based thiosemicarbazones and
thiocarbohydrazones,124 and adamantyl�1�N�(4�chloro�
phenyl)hydroxamic acid.129

Data on the antiviral activities of cage compounds
against orthopoxviruses are summarized in Table 7.

Thus, the noticeable activity of cage compounds against
herpes virus, cytomegalovirus, and orthopoxviruses im�
plies that an important role belongs to the polycyclic cage.
The presence of the lipophilic moiety in the known ST�246
drug suggests that replacement of the tricyclononane cage
by the adamantane or some other cage could give rise to
adequate drug candidates for inhibition of orthopoxviruses.
Only few cases of activity of cage compounds are known
against other DNA�containing viruses such as adenovirus,
papillomavirus, hepatitis B virus, and other. Nevertheless,
it can be assumed with a reasonable degree of confidence
that more intensive research in the medicinal chemistry of
cage compounds would bring about satisfactory antiviral
drug candidates.151

The structural features of cage compounds correspond
in the best way to the view that the nucleus functions as
the transport part of the molecule and the side chain (sub�
stituent) is the attaching part in the antiviral behavior.
The initial and final (pre� and post�synthetic) stages of the
reproduction of all enveloped viruses occur in the hydro�
phobic phase of the bilayer membranes of living cells.

The value of cage compounds, including adamantane
derivatives, as antiviral agents is generally their ability to
be immersed into hydrophobic components of the cell
membrane to a certain depth owing to the presence of the
hydrocarbon cage in the molecule. The proven partici�
pation of aminoadamantanes in the suppression of the early
stages of the influenza virus life cycle suggests the possibil�
ity of finding effective cage inhibitors for not only influenza
virus but also other RNA� and DNA�containing viruses.

This work was financially supported by the Russian
Science Foundation (Project No. 15�13�0084) and the
Ministry of Education and Science of the Russian Federa�
tion in terms of the State Order No. 4.1440.2014/К.
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