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Antiviral agents targeting the influenza virus: a review 
and publication analysis

L. Eyer, K. Hruska

Veterinary Research Institute, Brno, Czech Republic

ABSTRACT: Influenza is a serious infectious disease, which is life-threatening especially in children, seniors and 
immunocompromised patients. In addition to vaccination, the development of new anti-influenza agents represents 
a crucial defence strategy to combat seasonal and pandemic influenza strains. At present most attention is paid 
to the development of inhibitors of influenza neuraminidase, which has been established as a key drug target for 
the prophylaxis and treatment of influenza infections. However, the emergence of drug-resistant influenza vari-
ants highlights the need of continuously innovative strategies for the development of new drugs with improved 
antiviral effects, higher safety and increased tolerability. In this review article, an analysis of publications describ-
ing anti-influenza agents indexed in the Web of Science® database has been carried out. The most important 
publications are presented in tables and are characterised by several key words, abstracts and references. The 
presented publications have been sorted according to five basic criteria: (i) review articles, (ii) design, synthesis 
and evaluation of new anti-influenza drugs, (iii) major classes of anti-influenza drugs, (iv) combination therapy of 
influenza infections and (v) influenza drug resistance. The design of this review article allows us to offer a complex 
overview of known antiviral agents targeting influenza viruses, facilitates easy and rapid orientation in numerous 
publications written on this subject, and aids the gathering of required data.
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1. Introduction

Influenza is considered to be one of the life-
threatening infectious diseases. In some countries 
seasonal influenza affects annually up to 40% of 
the population and 500 million people die from 
it worldwide every year. New highly-virulent in-
fluenza strains can arise unexpectedly to cause 
world-wide pandemics with markedly increased 
morbidity and mortality, such as the “avian flu” 
in 1997 and “swine flu” in 2009. At present, the 
development of antiviral drugs represents a crucial 
strategy in the control and prevention of seasonal 
and pandemic influenza infections. Antiviral drugs 
can overcome the limitations of vaccination strate-
gies, such as the time-consuming vaccine design, 
insufficient protection for immunocompromised 
patients and the unpredictable antigenic changes 
in influenza strains which render vaccination inef-
fective. In general, the anti-influenza agents can 
be divided into two basic groups, i.e., synthetic 
analogues of biomolecules required during virus 
infection and substances derived from natural 
plant extracts. With regard to the considerable 
genetic and antigenic variability of the influenza 
virus, research has been predominantly focused on 
broad-spectrum antiviral drugs, which are effective 
against a large variety of influenza strains. The de-
velopment of antivirals targeting host-cell proteins, 
which play an important role in viral replication, 
has also gathered pace recently. Moreover, combi-
nation therapy based on the application of two or 
more different antivirals represents a promising 
approach to combat influenza infections.

The aim of this review is to offer an overview of 
known antiviral agents targeting influenza viruses 
and to discuss their characteristic properties, modes 
of action and advantages or limitations of their ther-
apeutic use. Publications which contain key informa-
tion concerning the issues of anti-influenza agents 
are in this review presented in tables and character-
ised with descriptive words, full or shortened ab-
stracts and relevant references. The text in the tables 
contains several format imperfections, which exist 
in the Web of Science® database and are caused by 
transmission and copying of data between various 
information sources. The loss of cursive typeface in 
Latin names in titles of references and in abstracts 
is such an example. The presented publications have 
been classified according to five basic criteria: (i) re-
view articles, (ii) design, synthesis and evaluation 
of new anti-influenza drugs, (iii) major classes of 
anti-influenza drugs, (iv) combination therapy of in-
fluenza infections and (v) influenza drug resistance. 
This review article should facilitate orientation in 
numerous publications dealing with anti-influenza 
drugs and enable rapid and easy search for specific 
data, information and protocols. The previous re-
views in this format have been well received (Vass et 
al. 2008; Eyer and Hruska 2012; Hruska and Kaevska 
2012; Hruska and Franek 2012).

1.1. Database used as the source 
of information

The publications were retrieved from the Web of 
Science® database using the general search profile: 
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Table 1.1. Analysis of publications: search profiles and numbers of results retrieved

Timespan All years 2010–2012
General search profile
Topic=(influenza OR flu) AND (antivir* OR virostatic* OR drug* OR “anti-influenza” OR “anti-flu” OR inhibit*)
Results 14 458 4 673
Review articles cited in Table 2 17
Design, synthesis and evaluation of new anti-influenza drugs
Topic=(influenza OR flu) AND (antivir* OR virostatic* OR drug* OR “anti-influenza” OR “anti-flu” OR inhibit*) AND 
(design OR synthesis OR evaluation)
Results 3083 1048
Cited in Table 3 19
Haemagglutinin inhibitors
Topic=(influenza OR flu) AND (antivir* OR virostatic* OR drug* OR “anti-influenza” OR “anti-flu” OR inhibit*) AND 
(hemagglutinin OR haemagglutinin)
Results 2616 742
Cited in Table 4.1 18
M2 ion channel blockers
Topic=(influenza OR flu) AND (antivir* OR virostatic* OR drug* OR “anti-influenza” OR “anti-flu” OR inhibit*) AND 
(adamantane* OR amantadine OR rimantadine)
Results 897 249
Cited in Table 4.2 15
Inhibitors of viral RNA polymerase
Topic= (influenza OR flu) AND (antivir* OR virostatic* OR drug* OR “anti-influenza” OR “anti-flu” OR inhibit*) AND 
polymerase*
Results 824 344
Cited in Table 4.3 22
Inhibitors of neuraminidase
Topic=(influenza OR flu) AND (antivir* OR virostatic* OR drug* OR “anti-influenza” OR “anti-flu” OR inhibit*) AND 
neuraminidase*
Results 2658 930
Cited in Table 4.4 21
Host cell factor targeting
Topic=(influenza OR flu) AND (antivir* OR virostatic* OR drug* OR “anti-influenza” OR “anti-flu” OR inhibit*) AND 
(“host factor*” OR “host protein*”)
Results 43 22
Cited in Table 4.5 14
Other anti-influenza agents
Topic=(influenza OR flu) AND (antivir* OR virostatic* OR drug* OR “anti-influenza” OR “anti-flu” OR inhibit*) AND 
(nucleoprotein* OR “non-structural protein” OR siRNA* OR plant* OR herbal* OR antibod*)
Results 3899 1382
Cited in Table 4.6 16
Combination therapy of influenza infections
Topic=(influenza OR flu) AND (antivir* OR virostatic* OR drug* OR “anti-influenza” OR “anti-flu” OR inhibit*) AND 
“combination therapy”
Results 102 38
Cited in Table 5 11
Influenza drug resistance
Topic=(influenza OR flu) AND (antivir* OR virostatic* OR drug* OR “anti-influenza” OR “anti-flu” OR inhibit*) AND resistance
Results 1757 700
Cited in Table 6 19
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Topic = (influenza OR flu) AND (antivir* OR vi-
rostatic* OR drug* OR “anti-influenza” OR “anti-
flu” OR inhibit*), Timespan = all years. A total of 
14 458 publications were obtained, demonstrating 
the huge number of papers on the subject pub-
lished during the period from 1945 to 2012. To ease 
orientation through the numerous publications, 
the results were subsequently refined using more 
specific search profiles as described in Table 1.1. 
A selection of the most important publications has 
been based on reading abstracts and hundreds of 
available full papers.

1.2. Basic analysis of publications on antiviral 
agents targeting the influenza virus

The Web of Science® utilities were employed for 
search result analysis. Regarding the high num-
ber of retrieved publications, attention has been 
predominantly paid to papers published in the pe-
riod 2010 to 2012; however, some older key papers 
are also included in the tables. As is evident from 
Figure 1, publication activity on the topic has con-
tinuously increased since the early 1990s. In the last 
three years, 4673 papers were published, with 1529 
papers in 2012. The oldest papers were published 
in the late 1940s and describe the research on the 
first influenza haemagglutinin inhibitors in pigs. In 
1960s, the antiviral effects of the first ion channel 
blockers were reported. The latest publications are 
focused on computer-aided structure-based design 
of new neuraminidase and viral polymerase inhibi-
tors to combat pandemic influenza strains. Of all 
the published papers, original research articles pre-
vail (82.7%). Our analysis shows that 2938 institu-
tions from 112 countries are concerned with the 

Table 1.2. Analysis of publications: TopTen authors, 
institutions and countries according to the number 
of published papers (Web of Science®, publications 
in total 14 458)

Item Number  
of publications

Authors (12 596 in total)

Garcia-Sastre A 156

Webster RG 112

Suzuki Y 103

Hayden FG 95

Kawaoka Y 85

Gubareva LV 74

Suzuki T 66

Palese P 62

Kochs G 61

Li Y 61

Institutions (2938 in total)

Centers for Disease Control  
and Prevention 307 

Harvard University 197

Chinese Academy of Sciences 175

Icahn School of Medicine  
at Mount Sinai, New York 165

National Institute of Allergy  
and Infectious Diseases 164

University of Virginia 155

University of Wisconsin 150

University of Washington 149

University of Oxford 133

Emory University 125

Countries (112 in total)

USA 5695 

Japan 1344 

England 1169 

People’s Republic of China 1097 

Germany 963 

Canada 710 

France 653 

Australia 637 

Italy 561 

Netherlands 484 
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Figure 1. The number of publications on anti-influenza 
agents during the period from 1990 to 2012
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The designed structures that are predicted to 
show high affinity to the viral target are then syn-
thesised using various chemical procedures (Shie 
et al. 2011; Rawat et al. 2012) and their anti-influ-
enza effects are evaluated using standardised in 
vitro screening methods. These methods include 
biochemical assays (Hung et al. 2012) and cell-
based antiviral screens (Schmidtke et al. 2001), 
such as the plaque reduction assay to monitor 
viral replication efficiency, dye-uptake assays for 
measuring virus cytopathic effect, and yield-re-
duction assays for quantification of specific virus 
antigens. Through the combination of bioinfor-
matic approaches, applicative robotics and min-
iaturisation strategies, most of these techniques 
can be adapted to high-throughput screen for-
mats, which are applicable for testing large drug 
libraries containing millions of unique chemical 
structures (Dai et al. 2012). As an alternative to 
experimental screening methods, virtual (com-
putational) screening can be used to select the 
desired chemical structure from large molecular 
databases (Yamada et al. 2012).

Besides in vitro tests, potential influenza virus 
inhibitors are further studied using animal models, 
such as the ferret, laboratory mouse, and chicken 
(Yoshimoto et al. 2000; Sauerbrei et al. 2006). Such 
in vivo studies play a crucial role in the preclini-
cal evaluation of new drugs. The final step in the 
development of new medications is represented by 
clinical trials, which focus particularly on clinical 
pharmacokinetic studies and evaluation of antiviral 
efficacy, safety and tolerability in human volunteers 
(He et al. 1999; Cao et al. 2012). For key publica-
tions describing the design, synthesis and evalua-
tion of anti-influenza drugs see Table 3.

4. Major classes of anti-influenza drugs

The anti-influenza drugs are usually classified ac-
cording to their target in the viral life-cycle, which 
is schematically depicted in Figure 2. Such antiviral 
molecules are particularly used as inhibitors of the 
following processes: attachment of the virus to host 
cell receptors, endocytosis and fusion of viral and 
cell membranes, replication and transcription of 
the viral genome, synthesis of viral proteins, as-
sembly of the viral progeny and release of the new 
virions into the outside environment. The following 
paragraphs are focused on the description of basic 
classes of influenza virus inhibitors.

subject of antiviral agents targeting the influenza 
virus. The authors, institutions and countries which 
show the highest publication activities (TopTen) 
are listed in Table 1.2.

2. Review articles

Review articles represent 9.2% of all publications 
retrieved from the Web of Science® database us-
ing the above mentioned search profile. In Table 2, 
seventeen key review articles are presented and 
characterised with a few descriptive words (left 
column), abstract (in the middle), and source ref-
erence (right column). These papers offer overall 
reviews on all important topics, especially regard-
ing structure-based drug design techniques (Du 
et al. 2012), chemical synthesis of antiviral drugs 
(Gong and Xu 2008; Marra et al. 2008), biochemi-
cal and cell-based antiviral screen assays (Tisdale 
2000; Atkins et al. 2012), animal models for study of 
influenza virus inhibitors (Sidwell and Smee 2000), 
structure, chemical properties and modes of ac-
tion of the major groups of anti-influenza drugs 
(Gong et al. 2009; Chintakrindi et al. 2012; Grienke 
et al. 2012), influenza virus-neutralising antibod-
ies (Martinez et al. 2009), natural products with 
antiviral activity (Grienke et al. 2012), combina-
tion therapy of influenza infections (Kaihatsu and 
Barnard 2012) and mechanisms of influenza drug 
resistance (Pizzorno et al. 2011). All the topics are 
also discussed in detail in the original papers pre-
sented in Tables 3 to 6.

3. Design, synthesis and evaluation 
of new anti-influenza drugs

The first anti-influenza drugs were usually iden-
tified using large-scale screening methods or by 
chance and their chemical structure and modes 
of action were not completely understood (Davies 
et al. 1964). In contrast, the current development 
of new antivirals is based on detailed knowledge 
of the X-ray crystallography-derived structure of 
influenza proteins as drug targets. Such an inven-
tive process of finding new drugs, which is termed 
structure-based drug design, involves the devel-
opment of organic molecules or macromolecular 
scaffolds that are complementary in shape and 
charge to potential ligand-binding pockets of the 
viral target protein (Kim et al. 1997; Lv et al. 2011).
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4.1. Inhibitors of haemagglutinin

Haemagglutinin is a trimeric rod-shaped glyco-
protein located on the surface of influenza virions 
(Figure 3). During the initial step of infection, hae-
magglutinin molecules bind specifically to host cell 
sialic acid receptors and enable entry of the virus 
into the cell cytoplasm by fusion of viral and cell 
membranes (Skehel and Wiley 2000). The bind-
ing interaction of haemagglutinin with cellular 
receptors can be efficiently inhibited by synthetic 
macromolecules composed of multiple sialic acid 
residues conjugated to glycan, glycopeptide or po-
lyacrylamide backbones (Sigal et al. 1996; Feng et 
al. 2010; Narla and Sun 2012). Such therapeutic 
constructs have been observed to exhibit higher 
antiviral effects than monovalent sialic acid ana-
logues. Haemagglutinin-mediated membrane fu-
sion has been successfully blocked by a large variety 
of small organic compounds, e.g. quinones (Larson 
et al. 2012), the antibiotic stachyflin produced by 
Stachybotrys sp. (Yoshimoto et al. 1999) and de-
rivatives of benzamide and podocarpic acid (Luo 

et al. 1997; Staschke et al. 1998). Although these 
structures show significant anti-influenza potency 
in vitro, most of them are characterised by strong 
strain specificity and apparent cytotoxicity.

The sialidase fusion protein DAS181 is an entirely 
novel broad-spectrum haemagglutinin inhibitor 
that enzymatically removes sialic acid receptors 
from respiratory epithelium cells, preventing vi-
rus attachment (Malakhov et al. 2006). This new 
antiviral is active against both A and B influenza 
strains at nanomolar concentrations, causing mini-
mal cytopathic effects. This substance is at pre-
sent being tested in phase II human trials (Moss 
et al. 2012). Recently, research has also focused on 
fusion-inhibitory peptides (Lee et al. 2011), and 
anti-haemagglutinin RNA aptamers (Park et al. 
2011). Eighteen key publications concerning in-
fluenza haemagglutinin inhibitors are presented 
in Table 4.1.

4.2. M2 ion channel blockers

M2 ion channel is a transmembrane viral pro-
tein (Figure 3) that mediates the selective trans-
port of protons into the interior of the influenza 
virion. Conductance of protons acidifies the in-
ternal space of the viral particle and facilitates the 
haemagglutinin-mediated membrane fusion which 
in turn results in the uncoating of the influenza 
nucleocapsid and import of the viral genome into 
the nucleus (Schnell and Chou 2008). Adamantanes 
are potent M2 channel blockers, which are known 
as the first synthetic anti-influenza drugs described 
in the mid-1960s (Davies et al. 1964). Two ada-
mantane derivatives, amantadine and rimantadine 

Figure 2. Life-cycle of the influenza virus (according to 
Beigel and Bray 2008)

Figure 3. Structure of the influenza virus (according to 
Ludwig et al. 2003) 

Neuraminidase Hemagglutinin

Viral envelope

RNA polymerase

M2 ion channel

NucleoproteinGenomic RNA

Non-structural 
protein
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(Figure 4), have been licensed for influenza control 
and are commercially available under the trade-
marks Symmetrel® and Flumadine®, respectively 
(Galvao et al. 2012). The adamantanes are relatively 
cheap, highly stable in storage and show strong 
anti-influenza activity at micromolar concentra-
tions. At present, the application of adamantanes 
for prevention and treatment of influenza infec-
tions is, however, not recommended because of 
the rapid emergence of drug-resistant virus vari-
ants that retain full virulence and transmissibility 
(Bright et al. 2005; Barr et al. 2008). Moreover, seri-
ous gastrointestinal and neurological side effects 
were observed in patients undergoing adamantane 
therapy (Galvao et al. 2012). Another disadvantage 
of adamantanes is their strong specificity against 
influenza A strains only (Rosenberg and Casarotto 
2010). Selected publications describing the struc-
ture, chemical properties and application of ada-
mantanes, adamantane-derivatives and other M2 
ion channel blockers are presented in Table 4.2.

4.3. Inhibitors of viral RNA polymerase

Transcription and replication of the influenza 
virus genome is carried out by the influenza RNA 
polymerase holoenzyme, which is characterised 
by two catalytic activities. Polymerase activity is 

needed for the elongation of nascent RNA chains, 
whereas endonuclease activity is essential for 
cleavage of the 5’-capped primer sequence of the 
host mRNA. The cap is the terminal 7-methyl-
guanosin bound through a triphosphate group to 
the host mRNA. This “cap snatching” process is 
needed for the initiation of viral RNA transcrip-
tion (Lv et al. 2011). Influenza RNA polymerase 
is an extremely suitable target for the develop-
ment of new broad-specific antivirals because of 
its highly conserved structure among influenza 
strains. It is thought that the influenza polymerase 
plays a crucial role in virus adaptation to human-
to-human transmission and, consequently, in the 
formation of pandemic influenza variants (Miotto 
et al. 2008; Boivin et al. 2010; Aggarwal et al. 2011; 
Ping et al. 2011).

Two basic classes of RNA polymerase inhibitors 
have been described based on different mecha-
nisms of action. The first group is represented 
by nucleoside analogues for the blocking of viral 
RNA chain elongation (Tisdale et al. 1995). A typ-
ical member of this group is favipiravir (T-705,  
Figure 4), which is an inhibitor of influenza A, 
B and C strains, including variants resistant to 
amantadine or oseltamivir. This compound is 
currently in the stage of clinical testing (Furuta 
et al. 2005). Other nucleoside analogs with anti-
influenza activity include ribavirin (Virazole®) 

Figure 4. Chemical structures of 
the most important anti-influenza 
drugs; (a) amantadine, (b) riman-
tadine, (c) favipiravir (T-705), (d) 
ribavirin, (e) viramidine, (f ) zan-
amivir, (g) oseltamivir

(a)		  (b)

(c)		  (d)	 (e)

(f )		  (g)
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and its derivative viramidine, originaly licensed 
for treatment of hepatitis C infections (Figure 4). 
Their application is, however, sometimes con-
nected with the development of haemolytic anae-
mia (Sidwell et al. 2005). The second class of 
antiviral molecules targeting the influenza poly-
merase is represented by compounds which block 
the endonuclease and cap-binding domains of the 
polymerase holoenzyme. These antivirals include 
cap analogues (Lv et al. 2011), short capped oligo-
nucleotides (Tado et al. 2001), and small organic 
compounds, such as 4-substitued 2,4-phenylbu-
tanoic acid (Hastings et al. 1996) and flutimide 
isolated from the fungus Delitschia confertaspora 
(Tomassini et al. 1996). For the representative 
publications concerning viral RNA polymerase 
inhibitors, see Table 4.3.

4.4. Inhibitors of neuraminidase

Neuraminidase, also referred to as sialidase, is an 
antigenic glycoprotein anchored in the surface en-
velope of the influenza virions, which hydrolytically 
cleaves the terminal sialic acid from the host cell 
receptors (Figure 3). Thus, it plays a crucial role in 
the release of viral progeny from the membranes of 
infected cells, prevents self-aggregation of virions 
and facilitates the movement of the infectious viral 
particles in the mucus of the respiratory epithelia 
(Matrosovich et al. 2004; Suzuki et al. 2005). Influenza 
neuraminidase has been established as a key drug 
target for the prophylaxis and treatment of influenza 
infections, predominantly for the following reasons: 
Firstly, the structure of the influenza neuraminidase 
active site is highly conserved between influenza A 
and B strains, making neuraminidase an attractive 
target for the development of broad-spectrum in-
hibitors (Yen et al. 2006). Secondly, resistance to 
neuraminidase inhibitors develops less commonly 
than to other anti-influenza drugs. Nevertheless, the 
intensive application of neuraminidase inhibitors 
for influenza treatment results in a permanently in-
creasing number of drug-resistant strains (Garcia 
et al. 2009). Thirdly, in contrast to adamantanes, 
neuraminidase inhibitors are mostly well tolerated 
in patients under therapy (Cao et al. 2012). Finally, 
neuraminidase protein is a freely accessible target 
for antiviral molecules with an extracellular mode 
of action.

The development of neuraminidase inhibi-
tors started in the middle 1970s, when the first 

structural analogues of sialic acid were described 
and denoted as DANA (2-deoxy-2,3-didehydro-
N-acetyl neuraminic acid) and its trifluoroacetyl 
derivative FANA (Schulman and Palese 1975). At 
present, several licensed anti-influenza medica-
tions are available on the market, most notably 
the inhalant zanamivir with the trademark Releza®, 
and the orally administered oseltamivir (Tamiflu®) 
having excellent bioavailability and relatively long 
half-life in vivo (He et al. 1999; Greengard et al. 
2000) (Figure 4). In response to the emergence 
of some oseltamivir-resistant influenza strains, 
peramivir and laninamivir have been recently 
developed (Bantia et al. 2006; Kubo et al. 2010). 
New-generation neuraminidase inhibitors are cur-
rently under investigation, e.g., multimeric forms 
of zanamivir (Watson et al. 2004), dual-targeted 
bifunctional antivirals (Liu et al. 2012), and several 
herbal remedies, such as flavonols, alkaloids and 
saponins (Jeong et al. 2009). The key publications 
on the structure, synthesis and therapeutic appli-
cation of neuraminidase inhibitors are presented 
in Table 4.4.

4.5. Host cell factor targeting

Many human host cell molecules play a crucial 
role in influenza virus propagation and, there-
fore, represent promising targets for the design 
of new generation inhibitors of the virus-cell 
interaction. Muller et al. (2012) describes in his 
review 35 cellular factors essential for influenza 
virus infection for which 57 inhibitors with ap-
parent anti-influenza activity are available. The 
most intensively studied are the compounds 
which effectively inhibit intracellular signalling 
cascades with a resulting negative influence on 
the establishment of viral infection (Nacken et 
al. 2012). Studies have also focused on inhibi-
tors of vacuolar proton-ATPase which render 
the viral M2 ion channels inactive (Guinea and 
Carrasco 1994), inhibitors of cellular proteases 
which block the proteolytic activation of haemag-
glutinin (Zhirnov et al. 2011), and blockers of the 
cellular ubiquitin-proteasome system (Dudek et 
al. 2010). Although the development of host fac-
tor inhibitors is a promising research strategy to 
limit the emergence of drug-resistant mutants, 
their possible toxic side-effects in vivo need to 
be carefully studied. Selected papers on the topic 
are presented in Table 4.5.
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4.6. Other anti-influenza agents

During the last decades, a large variety of chemical 
compounds with anti-influenza activity have been 
investigated. Several examples of such novel drugs 
are the inhibitors of viral nucleoprotein (Hung et 
al. 2012), blockers of influenza non-structural pro-
teins (Basu et al. 2009) and short interfering oligo-
nucleotides (siRNAs) used for viral RNA silencing 
(Stewart et al. 2011). Using large-scale screening 
techniques, new antiviral molecules which show 
significant anti-influenza effects have been identi-
fied; however, their chemical structure and mecha-
nism of action remains unknown. These include, for 
instance, natural substances isolated from plants 
in chemical and pharmaceutical studies (He et al. 
2012; Jiao et al. 2012). Another important group of 
prospective therapeutics are monoclonal antibod-
ies and recombinant antibody fragments with high 
virus-neutralising activities (Hanson et al. 2006; Wei 
et al. 2011). Sixteen publications describing alterna-
tive anti-influenza agents are presented in Table 4.6.

5. Combination therapy of influenza 
infections

Recent in vitro and in vivo studies have demon-
strated that the simultaneous application of two 
or more anti-influenza drugs with different modes 
of action, e.g. oseltamivir and amantadine, results 
in increased virus inhibition and enhanced thera-
peutic efficiency (Masihi et al. 2007). Similar find-
ings were made with the combination of influenza 
virus inhibitors and immunomodulatory agents, 
especially corticosteroids (Zheng et al. 2008; 
Quispe-Laime et al. 2010). These observations are 
in accordance with the hypothesis that the applied 
drugs exert additive or synergistic anti-influenza 
effects in the infected cells. Such a combination 
regimen enables a reduction in the concentration 
of the individual inhibitory drugs, resulting in de-
creased drug toxicity and a reduced risk of antivi-
ral resistance emergence in seasonal and pandemic 
influenza viruses (Govorkova et al. 2004; Smee et 
al. 2010; Nguyen et al. 2012). The principals of the 
combination therapy can in the future become a 
crucial strategy not only in the treatment of influ-
enza infections, but also in the therapy of other se-
rious viral, bacterial and parasitic diseases. Selected 
publications, which discuss combination antiviral 
therapy, are presented in Table 5.

6. Influenza drug resistance

As with all antimicrobials, propagation of vi-
ruses in the presence of antiviral drugs increases 
the selection pressure for mutations in the viral 
target proteins, which results in the induction of 
virus drug resistance. As an example, adamantane-
resistant strains are typically characterised by a 
single substitution in the transmembrane region 
of the M2 ion channel (Saito et al. 2003; Shiraishi 
et al. 2003). On the other hand, resistance to neu-
raminidase inhibitors can result from mutations 
in the neuraminidase active cavity, but also from 
amino acid substitutions on the molecular surface 
of the neuraminidase protein (Yen et al. 2006; Du 
et al. 2010). It is noteworthy that resistance to 
adamantanes is acquired rapidly and by a high 
number of virus strains (Bright et al. 2005). In 
contrast to adamantane resistance, neuraminidase 
inhibitor resistance has developed over a longer 
time period and occurs with a relatively lower fre-
quency (Garcia et al. 2009). This may be due to 
the fact that some mutations significantly affect 
viral infectivity and ability to replicate in the host 
cell. While amantadine-resistant strains do not 
show growth or virulence impairment (Sweet et al. 
1991), influenza variants resistant to oseltamivir 
exhibit reduced neuraminidase activity and viral 
fitness in vitro (Yen et al. 2006), and decreased 
transmissibility in ferret models (Herlocher et al. 
2004). The increasing emergence of drug-resistant 
influenza strains highlights the need to search 
continuously for innovative strategies for the de-
velopment of new drugs with improved antiviral 
effects, higher safety and better tolerability. For 
key publications describing the mechanisms of 
viral drug resistance, as well as prevalence and 
clinical impact of drug resistant influenza strains 
see Table 6.
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