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Preface 

Continuous sporadic transmission of avian influenza H5N1 and swine influenza H1N1 to 
large numbers of humans has prompted concerns that conditions are suitable for emergence 
of a pandemic influenza virus. 

There have been five influenza pandemics during the past 100 years, and each has been 
caused by the emergence of a novel virus. Adaptability of influenza virus to various host 
species and evasion of natural immunity make this ubiquitous pathogen particularly diffi‐
cult to eradicate. We are always prone to influenza pandemics and their consequences. In‐
fluenza epidemics and pandemics have an enormous toll on human health and economy. 
Estimates of potential global mortality related to pandemic avian influenza are as high as 62 
million deaths. 

Rapid and accurate diagnosis is a key factor in order to timely instate therapeutic and con‐
trol measures. Current diagnostic techniques are not as rapid and as sensitive/specific as we 
would like them to be, and their application demands high-quality laboratories. Biosensors 
are attractive alternatives. They are self-contained integrated analytical instruments, which 
are capable of providing specific quantitative or semiquantitative analytical information ap‐
plying a biological recognition element, which is in direct spatial contact with a transducer 
element. Main parameters describing the quality of biosensors are selectivity, sensitivity, re‐
producibility, and time of response. Novel approaches using biosensors and electrochemical 
sensors are being studied and presented within the context of this book. 

Immunization against avian influenza remains an active area of research, despite a plethora 
of research articles and a wealth of information. The diversity of influenza virus strains and 
subtypes exacerbates the challenge for generating a universal vaccine against influenza. 
WHO makes recommendations for influenza vaccine composition for each flu season based 
on international surveillance systems and compares�the ability of monovalent�vaccine�proto‐
types to elicit cross-reactive antibodies against prevalent circulating strains. Development of 
a universal vaccine to protect against the diverse and continuously evolving virus would be 
a shining beacon in the scientific virology community. 

Additionally, production of influenza vaccine has been hampered by manufacturing diffi‐
culties and modest immunogenicity in humans. High-priority research goals include im‐
proving production speed and increasing quantity of vaccine. Areas of research include the 
use of cell culture systems, dose-sparing approaches,�the�use of adjuvants�and live-attenuat‐
ed viruses to induce more robust immune responses, as well as more contemporary delivery 
systems such as nanoparticles and recombinant vectors. Several such issues related to influ‐
enza vaccines are reviewed here. 



 
          

XII Preface 

Vulnerable populations such as pregnant females, the elderly, and those suffering from lung 
diseases warrant special attention regarding vaccine efficacy and safety. Thus vaccination 
outcomes in these populations are among the topics discussed in this book. 

Dr. Manal Mohammad Baddour 
Microbiology Dept., 
Faculty of Medicine 

Alexandria University 
Alexandria, Egypt 
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Chapter 1 

Influenza Diagnosis with a Specific Emphasis on the 

M2e Antigen as a Diagnostic Tool 

Yasemin Budama‐Kilinc and Rabia Cakir‐Koc 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/64786 

Abstract�

The�therapy,�observation,�inclusiveness,�and�preclusion�of�related�diseases�all�influence�
the�diagnosis�of�influenza.�Particularly,�the�pandemic�duration�and�diagnosis�time�for�
influenza�are�extremely�important.�After�the�appearance�of�symptoms,�antiviral�
medication�must�be�initiated�within�48�h.�Cell�culture,�real‐time�polymerase�chain�
reaction�(PCR),�flow�cytometry,�direct�and�indirect�immunofluorescence�methods,�and�
the�quick�diagnosis�test�are�all�valuable�approaches�for�the�diagnosis�of�influenza.�
Different�instruments,�different�time�durations�for�the�results,�and�different�specialists�
characterize�all�these�approaches.�Antigen�selection�is�of�critical�importance�with�regard�
to�the�specificity�and�sensitivity�of�these�methods,�especially�the�serological�and�rapid�
diagnosis�tests.�M2e,�the�highly�conserved�external�domain�of�the�influenza A M2�
protein,�is�a�potential�differential�diagnostic�marker�for�influenza�virus�infection.�This�
chapter�reviews�the�studies�that�use�M2e�as�a�diagnosis�agent,�and�it�illuminates�the�
role�and�importance�of�M2e�in�the�diagnosis�of�influenza.�

Keywords: M2e, diagnosis, peptide, antigen, virus culture, rapid immunochromoto‐
graphic test, serological test, ELISA, PCR�

1. Introduction�

Influenza�viruses�can�cause�respiratory�infections,�and�it�is�a�major�cause�of�morbidity�and�
mortality�worldwide�[1].�Influenza�is�typically�a�mild�disease�that�lasts�for�1–2�weeks�in�most�
people [2], although in some cases it can be fatal [3]. The likelihood of developing complications�
is�higher�in�certain�risk�groups,�such�as�people�with�chronic�health�problems,�children�under�2�
years�old,�and�the�elderly�[4].�While�45–77%�of�those�hospitalized�due�to�influenza�are�under�65�

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 
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4 Steps Forwards in Diagnosing and Controlling Influenza 

years�old,�the�patients�who�are�older�than�65�years�are�the�most�likely�(60–90%)�to�die�as�a�result�
of influenza�[5–8].�

The variable nature of the influenza has already caused several pandemics. The accurate and�
rapid diagnosis of influenza�is therefore of great importance to the effective�management of�
epidemic and pandemic periods [4]. As there are several respiratory pathogens that may cause�
clinical symptoms similar to those caused by influenza, a�final�diagnosis is difficult�for doctors�
to establish [9]. As a result, sensitive and rapid diagnosis methods are needed to confirm the�
clinical diagnosis of influenza,�as well as to improve the quality of monitoring systems. A�
variety of laboratory methods for the diagnosis of influenza�are available (Table 1). Each of�
these methods has both advantages and disadvantages, and some or all of these factors may�
affect the selection of an appropriate diagnosis method [2].�

Diagnosis method� Average acquisition�Mechanism� Application� Sample required�

time� opportunity�

Viral culture� 3–7 days� Virus isolation� Limited� Bronchoalveolar lavage�

Nose and throat swab�

Nasopharyngeal aspirate�

Molecular tests� 1–2 days� RNA detection� Limited� Post‐mortem tissue�

Bronchoalveolar lavage�

Nose and throat swab�

Nasopharyngeal aspirate�

Rapid immunochromatographic�15–30 min� Antigen detection�Widespread� Bronchoalveolar lavage�

tests� Nose and throat swab�

Nasopharyngeal aspirate�

Serological tests� 2 days� Antigen/antibody�Widespread� Serum�

detection�

Table 1. Comparison of the diagnostic methods available for the influenza A virus.�

In this chapter, the methods that have developed and used in the diagnosis of influenza will�
be evaluated in terms of their principles, sensitivity, specificity,�time, advantages and disad‐
vantages, and the antigens used for the diagnosis of influenza A.�

2. Diagnosis methods for influenza A�

There are four basic methods available for the diagnosis of influenza [10], each of which is�
detailed in Table 1.�
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2.1. Virus cultures�

2.1.1. Classic virus cultures�

Symptoms such as the deformation of cell morphology, cell necrosis, pouring from the cell�
location to the cell culture, and fusion in cells that are infected with the virus are, depending�
on the virus proliferation, referred to as the cytopathic effects (CPE) [11].�

Virus cultures that use primary rhesus monkey kidney cells (PMK) or Madin‐Darby canine�
kidney cells (MDCK) are commonly accepted to be one of the “gold standards” for laboratory�
diagnosis. Whether or not the cells are infected with the virus is determined by the cytopathic�
effects�in the cell cultures and hemadsorption using immunofluorescence�monoclonal anti‐
bodies against influenza [10].�

2.1.2. Rapid shell vial virus cultures�

Coverglasses are used in the rapid shell vial cell culture method to passage the cell lines onto�
them. The specimens are inoculated after the monolayer cell lines occur. The coverglasses are�
then stained with cause‐specific�FITC‐marked monoclonal antibodies for about 24–48 h.�
Cytopathic effects are not expected with this method, unlike in standard tube cultures [12].�

Influenza�isolation with the rapid shell vial culture method provides an advantage with regard�
to its simplicity and speed when compared to traditional culture method [13]. Influenza shell�
vial cultures show results within 1–3 days after virus inoculation [12] (Figure 1).�

Figure 1. Schematic presentation of shell vial method.�

The specificity�of the rapid shell vial test is 100%. Although the time necessary to obtain the�
results is much shorter in this method than in traditional cell cultures, in many cases, the time�
is actually insufficient to begin optimal antiviral treatment [10].�

http://dx.doi.org/10.5772/64786


            
            

              
          

                  
            

           
            

 

 

 
  

 

 

 

 

 
  

 

 

6 Steps Forwards in Diagnosing and Controlling Influenza 

2.2. Molecular methods�

The�genome�of�the�influenza�viruses�consists�of�eight�different�parts�of�single‐stranded�
negative�sense�RNA.�This�structure�changes�continuously�and�it�contributes�to�the�evaluation�
of�the�virus�[14].�Major�changes�occur�in�the�genes�encoding�the�two�major�surface�
glycoproteins,�namely�the�hemagglutinin�(HA)�and�neuraminidase�(NA)�antigens.�The�HA�
antigens�play�a�role�in�the�connection�of�the�virus�to�the�cell,�NA�plays�an�essential�role�in�
release�and�spread�of�progeny�virions,�following�the�intracellular�viral�replication�cycle�[15].�
There�are�18�different�hemagglutinin�subtypes�and�11�different�neuraminidase�subtypes,�H1–�
H18�and�N1–N11,�respectively�[16].�The�high�mutation�rate�causes�the�development�of�
subtypes�[17].�

The extreme genetic variability of the influenza�viruses leads to challenges in the design of�
molecular‐based diagnosis tests. Most conserved sequences in the genome used to determine�
the RT‐PCR primers can be used to identify individual strains of influenza virus [12]. A PCR�
that has been modified�by the addition of the reverse transcription step is known as a reverse�
transcription‐PCR (RT‐PCR). In addition, the use of specific�primers for significant�types of�
HA and NA antigens can aid in the identification of subtypes of influenza viruses [17].�

A RT‐PCR can be performed in two different�ways: (1) the one‐step approach (reverse tran‐
scription and PCR), which is performed in a single tube; and (2) the two‐step approach, which�
involves the transformation of RNA to cDNA and the amplification�of the tested sequences.�
The two‐step reaction process is more sensitive when compared with the one‐step reaction.�
On the other hand, the one‐step RT‐PCR reaction is fast, and the minimal number of steps�
reduces the risk of contamination and so improves the reproducibility of the obtained results�
[12].�

Many RT‐PCR tests of the subtypes of influenza�have shown greater sensitivity than other�
rapid diagnosis tests and conventional cell cultures. The RT‐PCR activity does not change�
depending on the age of the patients. The rotation period of the RT‐PCR for influenza�is�
between 1 and 2 days. In addition, molecular tests require considerable skill and expertise, and�
they should hence be integrated into the laboratory processes [10].�

2.3. Rapid immunochromatographic tests�

Rapid diagnosis kits are immunochromatographic methods that include the use of monoclonal�
antibodies against preserved antigens or nucleoproteins that are localized with a membrane�
or impregnated onto a strip of influenza A or A and B [18].�

Briefly�put, according to these methods, the respiratory specimen is primarily treated with an�
extraction buffer and it is then applied to a filter paper or test strip depending on the test format.�
If influenza�viral antigens are available, a visible color change is generated by the reaction of�
the antigens and influenza‐specific monoclonal antibodies [19].�

The sensitivity of the rapid diagnostic kits is approximately 70%, depending on the particular�
test kit used, the patient’s age, and the sample collection time [20]. The specificity�of the rapid�
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diagnostic kits ranges from 76 to 100% [21]. In addition, many kits can distinguish between�
the influenza A and B strains, although they cannot subtype further [20].�

Influenza�A has a higher sensitivity in the rapid diagnosis test kits when compared with�
influenza�B. Such rapid diagnosis kits are very convenient, and they have a high positive�
predictive value because of the spread of influenza�in the community [21]. The most important�
advantage of these tests is the fact that they can provide results in approximately 10–30 min�
[10].�

However,�during�periods�of�low�influenza�activity,�the�predictive�value�of�the�rapid�diagnostic�
kits�is�also�low,�and�false�positive�results�are�more�likely.�Therefore,�the�use�of�these�tests�
during�periods�of�high�influenza�activity�is�suggested�[21].�In�addition,�more�specific�testing�
methods�must�be�performed�on�patients�who�present�with�negative�results�according�to�the�
rapid�influenza�diagnostic�kits�during�high�influenza�periods.�The�major�disadvantage�of�
these�tests�is�their�limited�shelf�life�of�approximately�1–2�years.�The�inadequate�collection�of�
samples�and�the�misinterpretation�of�test�strips�by�inexperienced�personnel�may�also�lead�to�
errors�[10].�

2.4. Serological tests�

Serological methods are all based on determining the antibody response in the sera or specific�
antigens or gene sequences of influenza�virus. Specific,�sensitive, and validated serological�
assays can be used for diagnosis of influenza, the identification�of the source of infection, the�
epidemiology studies, and the identification�of asymptomatic cases. Serological methods have�
also been utilized at prescreening of influenza disease [22].�

The immunology of tested population and sensibility and specificity�of the tests have major�
role on interpret results of serological tests [23]. Each type of serological methods have own�
advantages, disadvantages, and unique characteristics [24]. The serological diagnosis of�
influenza infection is based on agar gel immunodiffusion, radioimmunoassay, immunofluor‐
escence�antibody tests, hemagglutination inhibition, enzyme‐linked immunoassay (EIA),�
complement fixation,�and an increase of specific�antibody titer between acute and healing�
serum samples as measured by neutralization tests [10, 17, 25].�

2.4.1. Direct immunofluorescence antibody test (DFA)�

In this method, antibodies are labeled with fluorescent�compounds called fluorophores.�
Fluorophores are generally organic molecules with cyclic structure. Fluorescein and rhoda‐
mine are examples of the most used molecules.�

In this method, the antigen in the suspected material is fixed�on slides and specifically labeled�
antibodies placed onto the antigen. Fluorescence labeled (FITC) “monoclonal antibodies” are�
considered positive due to the luminescence in the presence of agent in patients’ samples [12,�
25–27]. DFA test is developed for antigen detection in tissue or body fluids and used success‐
fully for diagnosis of influenza.�Among children who have high fever and spread lots of�
influenza viruses, DFA sensitivity is commonly higher [26] (Figure 2).�

http://dx.doi.org/10.5772/64786


  
   

 

 
 

 
 

 
 

8 Steps Forwards in Diagnosing and Controlling Influenza 

Figure 2. Schematic presentation of direct immunofluorescence antibody test.�

2.4.2. Indirect immunofluorescence antibody test (IFAT)�

In an indirect immunofluorescence�assay, antibodies against influenza�labeled with fluores‐
cence�dyes are used [10, 27, 28]. Influenza�A virus particles are fixed�on a slide and then the�
suspected serum is added. FITC conjugated anti‐human IgG antibodies are added and�
examination is made under a microscope [29]. If there is a homologous antibody against the�
virus on the slide in the influenza�suspected serum, a yellow‐green glow is seen under a�
microscope (i.e., a positive reaction) [10, 12].�

In principle, the serum antibodies react with immunofluorescence�allow for the rapid diag‐
nosis. The sensitivity of the IFA test is 70–90%, while the specificity�is above 90% for diagnosis�
of influenza [20]. There are individual differences�in the reporting methods for the different�
immunofluorescence�tests, since this test faces the issue of subjectivity in the reading of slides.�
To overcome this problem, the IFAT should be reported by experienced clinical laboratorians�
[30, 31] (Figure 3).�

Figure 3. Schematic presentation of indirect immunofluorescence antibody test.�

2.4.3. Radioimmunoassay (RIA)�

Radioimmunoassay test is used to search for both an antibody against influenza and virus or�
viral antigen, immunoglobulins are conjugated with radioactive material (radioisotopes 14C,�
125I, etc.). In positive reactions, the immune complex that occurs when the influenza�antigen�
and specific�antibody couple gains radioactivity. This radioactivity is determined by special�
counters (such as a gamma counter detector). When the results are evaluated according to a�
curve known as the standard curve, an overall result can be seen. The degree of determined�
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Figure 4. Principle of RIA. Labeled antigen competes with patient antigen for a limited number of binding sites on�
solid‐phase antibody.�

radioactivity could be measured in this way. In negative reactions, radioactivity cannot be�
detected [27, 32].�

RIA is a very sensitive and precise technique for detection low amounts of analytes. Otherwise,�
the health hazard of radioactive substances is most important limitation of all RIA techniques�
due to disposal problems, short half‐life, and the need for expensive equipment [31] (Figure 4).�

2.4.4. Agar gel immunodiffusion (AGID)�

The AGID detects antibodies against all influenza�A viruses, regardless of subtype. The�
principle of the AGID test is the simultaneous migration of antigen and antibodies toward each�
other through an agar gel matrix. Influenza�antigens and antibodies form a precipitate in to�
gel matrix and precipitation line is visualized. Various parameters such as electrolyte concen‐
tration, pH, and temperature can affect precipitate formation [33]. Also, concentrations of the�
antigen or antibodies cause shift the location of the line [34]. The immunodiffusion�method�
can be performed in three different�ways, namely simple diffusion�(the Oudin method),�
unidirectional diffusion�(the Mancini method), and bidirectional diffusion�(Ouchterlony) [35].�
The advantages of this method are simplicity, low cost, and inessential specialized laboratory�
equipment [36].�

2.4.5. Neutralization test�

The neutralization assay determines that patients’ antibody can neutralize the infectivity of a�
given influenza�virus strain. Sera that contain specific�neutralizing antibodies prevent the�
cytopathic effects�of influenza�virus [27]. Influenza�viruses cause CPE via proliferation in cells�
form plaques (i.e., the CPE focus) on nutrient agarose‐coated cells [19]. If the virus is cultured�
on monolayer cells after being stirred with antiviral homologous antibodies formed against�
itself and then left at room temperature for 30–40 min, plaques either do not form (i.e., plaque�
neutralization) or else the number of plaques decreases in those cells coated with nutrient agar�
(i.e., plaque reduction). A reduction in the number of plaques of 50% or more is considered a�
positive reaction. If the virus encounters a homologous antibody carrying serum, then plaque�
formation is seen because the neutralization does not occur [12].�

http://dx.doi.org/10.5772/64786
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The influenza�subtypes can be defined�by using a type‐specific�antiviral immune serum. The�
neutralization reaction is also utilized as a protection test in animals [27].�

The neutralization test has several advantages which it can identify functional, strain‐specific�
antibodies in sera [37]. However, it cannot be used routinely since it is time‐consuming and�
laborious.�

2.4.6. Complement fixation (CF) test�

The complement fixation�test (CFT) is one of the classical influenza�diagnostic assays, which�
mainly detects IgG antibodies [38].�

In this test, the primarily influenza�suspected serum (titrated), then the known viral antigen�
(titrated), and later the complement (fresh guinea pig serum titer) are added. They are�
thoroughly mixed and then allowed to stand. At this stage, if a homologous antibody against�
influenza�is present in the serum, the antibody couples with the antigen and the complement�
binds with this complex. If there is no antibody present, coupling with the antigen does not�
occur and hence the complement cannot connect and so remains free. A mixture known as the�
hemolytic system (hemolytic serum + sheep red blood cells) is added to the tubes to determine�
whether or not the complement is attached.�If there is no hemolysis in the erythrocytes, the�
complement is held in the first�stage or, in other words, in the antibody‐antigen complex. This�
indicates the presence of an antibody in the influenza�suspected patient’s serum (i.e., a positive�
reaction) [12, 39].�

CFT is useful test for diagnosis of acute virus infection, however, it is quite complex, less�
sensitive, very labor intensive, and is not suitable for automation.�

2.4.7. Hemagglutination (HA) vs. hemagglutination inhibition (HI)�

The hemagglutination inhibition test is an important diagnostic tool in certain infections�
especially influenza.�The hemagglutinin protein on the surface of the virus may cause agglu‐
tination in the presence of erythrocytes [40]. Blocking of this aggregation by specific�antibodies�
in the patient’s serum is named as hemagglutination inhibition test [37].�

The HA agglutination test is the conventional method for the determination of influenza�
viruses, while the HI test is commonly used for typing [40]. If the sera from individuals�
suspected of carrying the disease have virus‐specific�antibodies against the virus, then these�
antibodies prevent HA by neutralizing the HA property of the virus when the antibodies and�
the virus come into contact with each other. In test tubes, erythrocyte aggregate occurs on the�
bottom in the form of a round point [19].�

In the HI test, the numbers of antibodies within the serum are proportional to the amount of�
HI titers. The HI titers in the serum may remain at the initial dilution if there is less antibody�
present, although the titers in the serum will reach different�dilutions if there is too much�
antibody present [39, 41].�

The hemagglutination inhibition assay is a reliable, relatively simple, and inexpensive�
technique to antigenically characterize isolates of influenza�viruses [37]. Whereas the HI test�
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is very useful in epidemiological surveys, it is not suitable for routine diagnosis of influenza�
[42]. Nowadays, this assay is widely used and is replaced by more modern immunoassays [38].�

2.4.8. Enzyme‐linked immunosorbent assay (ELISA)�

In enzyme immunoassays, enzyme‐conjugated antibodies are generally used for detection of�
viral antigens. These groups of tests, antigen or antibody are bound to solid phase as microtiter�
plates, nitrocellulose membranes, and magnetic latex beads [31]. Patient serum is added to�
antigen bounded solid phase and an enzyme‐labeled antiglobulin is added. If anti‐influenza�
antibody is present in patient’s serum, enzyme‐labeled secondary antibody reacts and�
chromogenic substrate causes color change [27].�

The specific�antigens as HA, NA, NP, and M protein of influenza�are widely used ELISA. The�
sensitivity of EIA varies between 64 and 78% [43]. Because of the high specificity, sensitivity,�
simplicity, and low cost, ELISA is one of the most common used immunoassays in the clinical�
laboratory [31].�

3. Antigens that are used in diagnosis�

The methods used in the diagnosis of influenza�(except for viral cultures) are based on the�
determination of the antigen of the virus, the determination of antibodies against the antigen�
in the patient, or the determination of the gene region of the selected antigen as in molecular�
methods [40]. In all these methods, the target antigenic structures are used as important�
selection criteria that affect�the specificity�and sensitivity of the method. Nucleoproteins and�
neuraminidase are used in the viral commercial diagnostic kits (rapid tests) popular in�
commercial studies and academic research. Due to the virus undergoing changes, the use of�
these antigens in the diagnosis tests affects�the obtained results. For this reason, it is also�
important to use the conserved regions of influenza A in diagnosis [44].�

Therefore, in this part of the chapter, the M2 protein, the most conserved structure of influenza�
A, will be evaluated in terms of its diagnostic importance by considering its biological�
functions.�

3.1. Definition of M2e protein�

In influenza A viruses, one of the most important structural proteins is matrix protein 2 (M2)�
[45]. The M2 protein, the internal membrane protein, is made up of an ectodomain part, which�
is a single membrane spanning domain located at the N‐terminus, and a cytoplasmic tail, which�
is found in the C‐terminal [46].�

While the N‐terminus domain is 24 amino acids long, part of it is located at the outer side of�
the membrane surface (M2e), while the 54 amino acids long C‐terminus is situated in the�
cytoplasmic side and the remaining 19 amino acids sequence the lipid bilayer [46] (Figure 5).�

From the first�human influenza�A strain that was isolated in 1933 to the present day, no amino�
acid mutation has been found in the extracellular domain of the M2 protein [47]. In all subtypes�
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of the influenza�A viruses, the extracellular domain of the M2 protein, M2e, is significantly�
conserved with an unchanged SLLTEVET (residues 2e9) sequence at the N‐terminal [48]. The�
M2e protein consists of a homotetramer structure with disulfide�linkages that are held together�
by noncovalent interactions [49]. The M2e protein is conserved in all types of influenza  A�
viruses. Despite appearing in small amounts on the surface of mature virions, this protein is�
majorly expressed on the surface of infected cells [46].�

The peptide epitope of the influenza�A virus M2e protein is: Met‐Ser‐Leu‐Leu‐Thr‐Glu‐Val‐
Glu‐Thr‐Pro‐Ile‐Arg‐Asn‐Glu‐Trp‐Gly‐Cys‐Arg‐Cys‐Asn‐Asp‐Ser‐Ser.�

Figure 5. Schematic presentation of influenza A virus structure.�

3.2. Biological function of M2e�

The main functions of the M2e protein are: (i) functioning as a proton channel; (ii) playing a�
role in viral replication; and (ii) defending the maturation of HA and structural integrity [48].�

The M2e protein is not required for viral replication, but during viral disintegration, it does�
act as an ion channel that allows the entry of protons into the virions [50]. M2 also plays an�
effective role in virus morphogenesis and assembly.�

M2e stabilizes the newly synthesized HA molecules by adjusting the pH toward the secretion�
pathway [51]. M2 transport protons reduce the interior pH of the virions via a receptor‐
mediated endocytosis procedure during the entry of the virus [52].�
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3.3. Immunological responses against M2e�

Mucosal and systemic immunity play a role in the body’s resistance to infection. Influenza‐
specific�lymphocytes have been detected in the blood and lower respiratory secretions of�
influenza�patients [53]. A short‐term primary cytotoxic T‐cell response can be detected after�
1–2 weeks (infection with influenza�viruses leads to virus‐specific�B cell as well as T‐cell�
responses) [54]. Antibodies occur against type‐specific�internal proteins, NA, and M1, as well�
as against viral surface glycoproteins such as HA and NA. The neutralizing antibodies against�
HA are the first immune constituents to protect the host from infections caused by the influenza�
viruses [55, 56].�

M2 is a significantly�expressed structural protein on the surface of infected cells. M2e is a small�
portion with a low immunogenicity in its native form [52]. The relatively small size of M2e�
and its low abundance in virions when compared to other glycoproteins like HA and NA are�
possible explanations for the low reactivity of M2e [57]. Anti‐M2e antibodies can develop in�
some infected patients [52]. The host’s adaptive immune system attracts�the virus. At the same�
time, the infection of humans with influenza�A viruses stimulates a weak anti‐M2 antibody�
response for a short duration of time [58]. The anti‐M2e antibodies’ seroprevalence is increased�
with age, which is an auxiliary factor in this pre‐existing immunity against M2 [59].�

M2e‐specific�antibodies act through the antibody dependent cell cytotoxicity, and the innate�
or complementary immune system promotes the killing of infected cells. Specific�M2e�
antibodies prevent the release of viral particles toward the extracellular fluid�or else stimulate�
the uptake by phagocytic cells through the Fc receptors via connecting to the viral cell [44, 52].�

3.4. Studies that have used M2e in the diagnosis of influenza�

Ingrole et al. chose to use M2e in their study based on its preserved region. The use of an elastin‐
like particle led to the increase in size of the produced antibody. M2e can easily be recognized�
by the M2e‐specific�antibodies due to the conjugation of M2e and ELP (elastin‐like particles)�
[60].�

Khurana et al. conducted an experiment based on HA2 (488–516), PB1‐F2 (2–75), and M2 (2–�
24) peptides, which have the most conserved regions of the H5N1 strain. In their study,�
experiments were carried out with ELISA and rapid diagnostic kits, and the effects�of these�
peptides were investigated. In the study that used rapid diagnostic kits, the attachment�to the�
HA2 and M2 peptide bands was observed to be positive in the serum of infected patients. In�
the ELISA study, there was no reactivity against H5N1 in patients who were vaccinated with�
a vaccine that did not include the M2e peptide [61].�

Denis et al. investigated the use of the papaya mosaic virus as a carrier of the conserved and�
small amount M2 peptide instead of HA and NA peptides in a vaccine study. Papaya mosaic�
virus conjugated virus‐like particles have been observed to increase the production of the�
antibody against the M2 peptide. Specific�bindings were observed against M2e in both ELISA�
and MCDK cell culture experiments [62].�
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Wolf examined the effect�of M2e‐based multiple antigenic peptides on the production of�
antibodies via ELISA and ELISPOT techniques. The specificity�to the M2e peptide was�
measured in antibody secreting cells by ELISPOT assay and, as a result, a higher formation of�
immunoglobulin levels was observed [63].�

Hadifar et al. used an ELISA method based on the distracted intravenous access (DIVA) test�
against H5N1 in their study. The M2e antigenicity of the monomers that form when infected�
in a natural way to be limited is developed with the DIVA test method. The use of the tetramer�
structure of M2e instead of the M2e monomer increased the efficiency�of the ELISA and other�
tests mentioned in this study [64].�

Tarigan et al. used the single M2e peptide (sp‐M2e) ELISA and multiple antigenic forms of the�
M2e ELISA methods, and the sensitivity of these tests in the diagnosis of M2e was compared.�
The degrees of M2e were measured by ELISA in order to use the M2e as a target in the DIVA�
test during pandemics. Although both ELISA techniques have specificity�in the diagnosis of�
the M2e peptide, the MAP‐M2e ELISA technique has higher specificity�and sensitivity in the�
diagnosis of M2e [65].�

Black et al. determined the influenza�A (H2N2) M2 expression of recombinant baculovirus via�
an indirect immunofluorescent�antibody assay (IFA) in a study conducted in 1993. The�
formation of an antibody against M2e was determined using the EIA test [54].�

4. Future aspects�

In a study conducted by the US Food and Drug Administration (FDA), the analytical per‐
formance of the 11 most widely used influenza�diagnostic tests on the market was evaluated�
in a comprehensive manner. In experiments conducted using 23 different�influenza subtypes�
that have been in circulation recently, although most brands could detect the viral antigen in�
samples that included a high concentration of influenza virus, it was found that detection based�
on subtypes of the virus is limited in lower concentrations. It was further suggested that�
physicians should be careful of negative results when using rapid diagnosis tests for the�
diagnosis of influenza [66].�

Peptide‐based enzyme immunoassays are widely used in the sero‐diagnosis of bacterial and�
viral infections. These tests can be easily applied due to their enhanced advantages, namely�
simplicity, specificity, sensitivity, and relative inexpensiveness.�

Despite the genetic differentiation�of the influenza�A virus, it has been shown that the peptide�
region formed by the 24 amino acids of the M2e protein located on the surface of the virus is�
the most conserved region in all strains, and it has therefore been used as a potential diagnosis�
marker in various studies [56, 57, 67, 68]. Although M2e is normally found in small quantities�
on virus particles, it is secreted abundantly on the cell surface infected by the virus and, in�
particular, it will provide a significant�advantage in the detection of the disease during�
pandemic periods [61]. Therefore, diagnosis tests that are developed based on M2e will be able�
to detect different subtypes of the influenza viruses.�
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Abstract�

For�almost�half�a�century,�Sanger�sequencing�has�been�the�conventional�method�for�
sequencing�DNA.�However,�its�utility�for�sequencing�heterogeneous�viral�populations�
is�limited�because�it�can�only�detect�mutations�that�are�present�in�a�significant�portion�
of�the�DNA�molecules.�Several�molecular�methods�that�quantify�mutations�present�at�
low�levels�in�viral�populations�were�proposed�for�evaluation�of�genetic�consistency�of�
viral�vaccines;�however,�these�methods�are�only�suitable�for�single�site�polymorphisms,�
and�cannot�be�used�to�screen�for�unknown�mutations.�

Next‐generation�(deep)�sequencing�methods�have�enabled�the�determination�of�
sequences�of�the�entire�viral�population,�including�minority�components.�They�enable�
not�only�sequencing,�but�also�accurate�quantification�of�mutations.�This�technique�has�
great�value�for�monitoring�the�genetic�consistency�of�viral�vaccines.�Recently,�a�number�
of�new�deep�sequencing�platforms were�introduced�(MiSeq,�Iron Torrent,�etc.)�that�made�
such�an�analysis�quite�affordable�for�individual�research�labs.�Here,�we�review�the�use�
of�current�deep�sequencing�approaches�for�influenza�virus�studies,�focusing�on�the�
evaluation�of�the�genetic�consistency�of�influenza�A�vaccine�viruses.�We�also�describe�a�
new�bioinformatic�tool�to�analyze�deep�sequencing�data�and�identify�artifacts�from�the�
true�mutants.�
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1. Introductory comments on influenza viruses and vaccines�

1.1. Influenza viruses�

Influenza�A viruses are the causative agents of seasonal epidemics and periodic pandemics.�
There are many serotypes that infect birds, especially waterfowl, and a few serotypes that infect�
mammals, including humans. Although some influenza�A strains from birds and pigs have�
jumped the species barrier to infect humans, the majority of human infections are caused by�
the spread of endemic strains. The endemic strains are continually evolving being one of the�
reasons that influenza�A infections remain a persistent problem. Strains of influenza�virus that�
are used in vaccine production are prone to mutations during the manufacturing process,�
which can cause breaches in the consistency of vaccine quality. Such mutations can lead to�
changes in the antigenic structure of the virus and thus affect vaccine effectiveness.�

Influenza�A viruses belong to the Orthomyxoviridae family of viruses [1]. There are several�
common features shared among the viruses in this family: they are all negative sense, single‐
stranded RNA viruses that replicate in the nucleus of the host cell. The influenza�A virus�
genome is comprised of eight RNA segments that encode more than 11 proteins. Two of the�
segments each encode a major antigenic protein. The fourth largest segment encodes a�
hemagglutinin (HA) protein and the sixth largest segment encodes a neuraminidase (NA)�
protein. The different�subtypes and strains of influenza�A viruses are distinguished by the HA�
and NA proteins that coat the surface of the virus. There are at least 18 different�HA types and�
11 NA types [2]. The segmented nature of the viral genome enables two viruses co‐infecting�
the same cell to exchange their segments to produce reassortant progeny. Replication of�
influenza�A viruses also results in mutated viral genomes because of the high error frequency�
of the RNA polymerase and actions by host defensive elements [3, 4]. Mutations contribute to�
the emergence of new endemic strains and reassortment may lead to the emergence of�
epidemic or pandemic strains.�

The presence of mutations in influenza�A populations has been examined in a variety of�
contexts. Several groups have isolated clones and used Sanger sequencing to identify muta‐
tions. Isolation of a sufficient�number of clones has resulted in estimates of the mutation�
frequencies ranging from 6 × 10 −4�to 2 × 10−6�[3, 5, 6]. Although the information about hetero‐
geneity is of great interest, caution must be exercised to ensure that it is accurately reflected in�
sequence databases. The presence of errors in influenza�databases has been noted [7, 8]. To�
limit discrepancies, some groups have used next‐generation sequencing (NGS) to identify�
sequence heterogeneities [9–12]. Additional technologies such as multisegment reverse‐
transcription PCR have also been employed [13]. These studies revealed several interesting�
things. For example, it has been found that differences�in viral sequences may occur after a�
single passage [14], that the same antigenic variants can be detected in different�individuals�
[15], and that oseltamivir resistant and sensitive viruses can be found together as part of�
heterogeneous viral populations [16].�

Most human infections are caused by influenza�B viruses and the influenza�A serotypes H1N1�
and H3N2. In addition to the endemic human influenza�transmission, there are cases reported�
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each year of influenza�A infections originating from an animal. Influenza�A (H3N2) variant�
viruses from swine are sometimes transmitted to humans, especially those in close contact with�
pigs in agricultural settings [17]. Poultry workers are also frequently seropositive for a variety�
of different�avian influenza�strains [18–20] suggesting infrequent but detectable transmission.�
In most cases, there is no person‐to‐person transmission of the animal viruses. Nevertheless�
candidate vaccine viruses (CVVs) are prepared each year against some of these viruses to�
provide a prophylactic option in the event of an outbreak (http://www.who.int/influenza/en/).�
The CVVs for vaccines against endemic strains and potentially pandemic strains are provided�
to vaccine manufacturers for use as seed viruses in the manufacturing process.�

1.2. Influenza vaccine production�

There are several different�methods that are used to produce influenza�vaccines. Errors may�
be introduced into the antigenic protein during the replication of the seed virus, no matter�
which production method is used. The different�licensed vaccines are produced from influenza�
virus grown in eggs or cell culture, or from recombinant viruses expressing the influenza HA�
from an alternative viral backbone grown in cell culture. Contemporary strains isolated from�
patients during the current epidemic season normally do not always grow well in cell sub‐
strates used for vaccine production. To increase virus yields they are recombined with�
reference high‐growth strains, such that the CVVs have HA and NA‐coding RNA segments�
from the contemporary strain, and RNA segments coding for replicative proteins from the�
high‐growth reference virus. HA is the primary protective antigen and is responsible for�
binding the cellular receptor. Receptor properties in human and chicken cells differ,�forcing�
the virus HA to adapt to the new receptor, leading to changes in the antigenic specificity�
potentially affecting vaccine potency.�

The most common manufacturing process used in FDA‐licensed vaccines is to grow influenza�
virus in eggs and then inactivate the virus. The inactivated virus is purified and then diluted�
to the desired potency for filling�vials or syringes. Live attenuated�influenza vaccines (LAIV)�
are also grown in eggs but are administered as a nasal spray. Codon deoptimization has also�
been proposed as a method for creating attenuated�viruses [21, 22]. Unlike the current licensed�
products these may be grown in cell culture.�

Some inactivated influenza�vaccines are grown in cells. Production of cell‐grown vaccines�
currently uses the same egg isolated seed virus that is used for egg inactivated vaccine�
production. The cell‐grown viruses are harvested, inactivated, and filled into vials or syringes�
for distribution in a similar manner to the egg grown viruses. The production of recombinant�
viruses to prepare HA does not require a live seed virus. The HA sequence is cloned into the�
virus used for production. Although the frequency of errors during replication may differ�from�
that of an influenza�virus, the concern still remains. Even if vaccine strains are produced using�
cloned DNA sequences or synthetic sequences, there is still the possibility of errors arising�
during amplification�of the seed virus. Errors may emerge because of inaccuracies inherent in�
the replication system or as a response to the host cell defenses.�

http://www.who.int/influenza/en
http://dx.doi.org/10.5772/64371
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1.3. Influenza vaccine seed viruses�

The seed viruses used to produce influenza�vaccines are derived from different�sources.�
Because the influenza virus spreads throughout the world and strains are continually evolving,�
a network of academic, governmental, and commercial organizations work together to�
produce new seed viruses. New virus isolates are collected by National Influenza�Centers and�
sent to the World Health Organization Collaborating Centers (WHO CCs). The viruses are�
typed according to strain and subtype using antigenic and genetic analyses. Viruses are usually�
isolated in Madin‐Darby Canine Kidney Epithelial Cells (MDCK cells) and then amplified in�
eggs. It is important that the seed virus is as close in sequence and antigenicity to the original�
isolate as possible. To this end, the egg‐amplified�virus is used to immunize ferrets for the�
production of antiserum. The antiserum is then used for antigenic typing of viruses. Such�
analyses are used to determine how well the strains used in the influenza�vaccine are matched�
to the currently circulating strains.�

To produce sufficient quantities of vaccine, the CVVs must have good growth characteristics.�
Ideally, the viruses should replicate efficiently, have a high antigen (primarily hemagglutinin)�
to total protein ratio and not have increased pathogenicity. Many viruses do not produce high�
yields in eggs without adaptation. Some viruses have been propagated for many years and�
have well‐known growth characteristics. They include the influenza�A strains Puerto Rico/�
8/1934, cold‐adapted A/Ann Arbor/6/1960, A/Leningrad/134/17/1957 and variants of these�
viruses. Where appropriate these strains have been used as a backbone for influenza�A CVVs.�
Combining the high yield characteristics with the antigenic characteristics of contemporary�
strains facilitates vaccine production. Reassortant viruses with the desired antigenicity and�
growth characteristics are produced by two different�methods; classical reassortment and�
genetic reassortment. Dr. Kilbourne of the New York Medical College (NYMC) developed the�
classical method to create reassortant viruses that expressed the HA and NA from a seasonal�
strain in the background of a high‐growth virus [23]. This method involves co‐culture of a�
contemporary virus and a high yield strain with antibodies to select against the HA and NA�
of the high yielded strain. Although the resulting viruses have the desired HA and NA genomic�
segments, the remaining segments may come from either the high‐growth strain or the�
contemporary strain. Another approach based on genetic engineering allows the production�
of viruses from plasmids expressing the eight influenza�virus segments. Genetic engineering�
also allows the expression of HA and NA proteins in a vector‐based system such as a baculo‐
virus. The desired genetic sequence of HA engineered in this system may be incompatible with�
baculovirus components, which can result in changes as more efficient�mutants displace the�
parental virus (the so‐called gene constellation effect) [24].�

All CVVs go through several rounds of replication at manufacturers’ facilities as they produce�
their own virus stocks, working seed, and the final�product. Some changes to the virus may�
occur during manufacture so tests to verify the identity, purity, potency and stability of vaccine�
lots are required. The potency of inactivated influenza�vaccines and influenza�vaccine pro‐
duced from recombinant viruses is determined using standardized reagents supplied by�
national regulatory authorities. The potency of a live‐attenuated�virus is calculated from the�
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amount of viable attenuated�virus. Genetic characterization of the vaccine viruses is currently�
achieved by partial genome sequencing or restriction analysis.�

It has been suggested that most of the differences�between natural isolates and vaccine seed�
viruses occur during the selection and clonal isolation of the candidate virus prior to manu‐
facture [25]. The fidelity�of replication will vary among viruses and es and will depend on other�
factors such as the host cell line and multiplicity of infection used. There are some limits on�
the number of times that seed viruses may be passaged so that mutations are less likely to�
occur. The European Pharmacopoeia monograph 0158 for inactivated influenza�vaccines states�
that the seed virus should not be passaged more than 15 times. However, because regulations�
tend to lag behind scientific�development, there is no universally accepted guideline for�
influenza�vaccine manufacture that covers egg‐derived, cell‐derived, and synthetic reassor‐
tant viruses.�

2. Importance of the evaluation of genetic consistency of influenza A�
vaccine viruses�

Virus populations are comprised of genetically variable viruses and this can affect�their�
replication, evolution, attenuation,�and pathogenesis [26, 27]. Having an understanding of the�
mutations present, even at low levels, in a virus population is important for our understanding�
of how the viruses grow and cause infections. It has recently been shown that an influenza�
population containing two variants involved in cell exit grows better�than populations�
containing either variant alone [28]. Although good growth properties are a desirable feature�
in vaccine seed viruses, it is critical that other parts of the genome, such as those causing�
attenuation�or encoding the major antigenic regions, remain stable. Consistency of manufac‐
ture is important and having suitable means to assess genetic consistency is valuable. New�
assays capable of assessing entire viral genomes, and detecting mutations present at a low�
level, are needed.�

The emergence of mutations in the course of vaccine manufacture was shown to contribute to�
partial reversion to virulence in the oral polio vaccine (OPV). Mutant analysis by PCR and�
restriction enzyme cleavage (MAPREC) is used to control batches of oral polio vaccine for the�
presence of neurovirulent mutations [29, 30] and has been expanded to be used for other�
viruses [31, 32]. Mutations emerging during virus growth may also change antigenic properties�
and therefore affect�protective potency of live and inactivated vaccines. New approaches that�
can be used not only for monitoring genetic stability of live vaccines, but also for controlling�
consistency of inactivated vaccines are needed. Influenza�vaccines are manufactured in�
embryonated chicken eggs or cell culture. There is evidence that vaccine seed viruses adapt to�
grow efficiently�in the different�substrates and this can lead to changes in the receptor‐
recognition site of viral hemagglutinin, which is the major protective antigen [33–36]. For this�
reason, it is important to monitor the changes that may take place in major protective epitopes�
of the virus. It is also important to know that mutations responsible for attenuated�phenotypes�
are maintained. Knowing which mutations are emerging during virus growth in production�
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substrates could also be used to optimize genetic structure of vaccine strains. Consistently�
accumulating mutations have higher fitness,�and if they have no deleterious properties, their�
incorporation into the genome of vaccine virus could increase its yield and improve vaccine�
potency. Given these concerns it is imperative to screen genomes of viral vaccines for emerging�
mutations.�

3. Methods used for evaluation of genetic consistency of vaccine viruses�

As mentioned above viral populations are highly heterogeneous, and even small quantities of�
mutants in virus stocks may affect�their biological properties. Although PCR and restriction�
analysis of reassortant influenza�viruses can demonstrate which parental strain each genomic�
segment was derived from, it cannot detect new mutations. Even traditional sequencing�
methods are not sensitive enough to detect small amounts of mutants, and highly sensitive�
PCR‐based methods can only analyze one or few known mutations at a time.�

Conventional sequencing approaches are suitable for discovery of mutations that are present�
in substantial amounts, usually around 20–25% [37]. Determining the actual frequency using�
conventional sequencing requires the labor‐ and time‐intensive analysis of a large number of�
virus clones (plaques).�

There are indirect approaches based on analysis of electrophoretic mobility in gels [38], which�
are insufficiently�sensitive and do not allow mutations to be located accurately. Mass spec‐
trometry (MALDI‐TOF) [39] and hybridization with microarrays of short oligonucleotides [40–�
42] are sensitive, but are laborious and may require follow‐up by direct sequencing. A highly�
sensitive mutant analysis by PCR and MAPREC [29–31] can detect and quantify mutants at�
levels as low as 0.1% of the viral population. Recently we developed a quantitative allele‐
specific�PCR (asqPCR) [43] for detection of a low level of mutants in viral vaccines. RT‐PCR�
has been proposed as a method for checking the homogeneity of influenza�vaccine seed�
candidates [44]. However, these methods are only suitable for analysis of one known mutation�
at a time.�

Several versions of high‐throughput sequencing technology, known also as deep or massively�
parallel sequencing (MPS) have been used to assess influenza vaccine viruses. These technol‐
ogies enable rapid generation of large amounts of sequence information [45]. Three different�
platforms for deep sequencing are used widely at present time: the Roche/454 FLX [46] (http://�
www.454.com/)�(http://454.com/products/technology.asp),�the Illumina/Solexa Genome�
Analyzer [47]) (http://www.illumina.com/technology/next‐generation‐sequencing/sequenc‐
ing‐technology.html),�and the Applied Biosystems SOLiD TM System (http://www.thermo‐
fisher.com/us/en/home/brands/applied‐biosystems.html).�Two new sequencing platforms that�
are improved to sequence long reads have been developed recently: the Pacific�Biosciences�
SMRT Sequencing (http://www.pacb.com/smrt‐science/smrt‐sequencing/) [48] and Oxford�
Nanopore Technologies MinION (https://www.nanoporetech.com/technology/the‐minion‐
device‐a‐miniaturised‐sensing‐system/the‐minion‐device‐a‐miniaturised‐sensing‐system).�

https://www.nanoporetech.com/technology/the-minion
http://www.pacb.com/smrt-science/smrt-sequencing
https://fisher.com/us/en/home/brands/applied-biosystems.html
http://www.thermo
http://www.illumina.com/technology/next-generation-sequencing/sequenc
http://454.com/products/technology.asp
www.454.com
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These systems are also called “single molecule” sequencers and do not require any amplifica‐
tion of DNA fragments prior to sequencing.�

The deep sequencing technologies were shown to be suitable for analysis of heterogeneities in�
viral populations [49]. It can produce huge sequencing information in one run. They are used�
for de novo�sequencing of large genomes, metagenomics studies (virome, microbiome, etc.),�
screening for genomic markers, and many other applications [50–58]. Previously, it was�
demonstrated that deep sequencing can be used to monitor the genetic stability of oral polio�
vaccines, and could replace the WHO‐recommended MAPREC assay for lot release of OPV�
[59]. Recently we showed that deep sequencing is suitable for evaluation of genetic consistency�
of influenza vaccine viruses [36, 60].�

4. Description of the most used deep sequencing platforms�

Deep or massively parallel sequencing refers to several high‐throughput methods for DNA�
sequencing that are often referred to as NGS. They have dramatically improved the ability of�
biotechnology, scientific,�and healthcare researchers to analyze viruses by allowing users to�
have massive sequencing information for the entire genomes. The high‐throughput sequenc‐
ing field�has witnessed the rise of many technologies capable of massive genomic analysis. In�
the virology field,�deep sequencing has made it simple to sequence full viral genomes.�
Likewise, identification�and classification�of novel and known viruses, unbiased characteriza‐
tion of viral populations without the need for virus culturing (viromes), molecular epidemi‐
ology, viral diversity and evolution, transmission and pathogenesis, and medical virology have�
greatly benefited�from the use of deep sequencing. The cost of deep sequencing has decreased�
to an affordable�price due to the competition between vendors and the ability to analyze�
multiple samples run in one lane of the sequencing flow�cell. This has allowed virologists to�
study a huge number of viral samples, including mixture of viral populations, and study low‐
level mutants in a wide range of viruses [36, 59–61].�

There are several platforms for deep sequencing. The most widely used sequencing platforms�
are the Roche/454 FLX [46] (http://www.454.com/),�the Illumina/Solexa Genome Analyzer [47]�
(http://www.illumina.com/technology/next‐generation‐sequencing/solexa‐technology.html),�
and the Applied Biosystems SOLiD System (http://www.appliedbiosystems.com/absite/us/en/�
home/applications‐technologies/solid‐next‐generation‐sequencing/next‐generation‐systems/�
solid‐4‐system.html?CID=FL‐091411_solid4).�

The differences�between these platforms include DNA library preparation procedures and�
chemistry, the sequencing reactions on the amplified strands, the length of reads, the amount�
of data generated per run, the hardware, the software engineering and the technology used to�
amplify single strands of a fragment from the library.�

In general the DNA libraries of fragment targets are generated, and adaptors containing�
universal priming sites are ligated to the fragmented target ends, allowing complex genomes�
to be amplified�with PCR primers. After ligation, the DNA is separated into single strands and�

http://www.appliedbiosystems.com/absite/us/en
http://www.illumina.com/technology/next-generation-sequencing/solexa-technology.html
http://www.454.com
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attached�or immobilized to a solid surface or support. The immobilization of spatially�
separated template sites allows thousands to billions of sequencing reactions to be performed�
simultaneously.�

Immobilization and separation of the millions of molecules to different�surfaces can be�
achieved by a variety of methods including the Polonator and PicoTiter Plate [47, 62–64].�
Attachment�of forward and reverse primers to a slide and use of solid‐phase amplification�also�
result in the enrichment and amplification�of separate template strands [47] (Illumina/Solexa).�

Two newer sequencing platforms with longer reads differ�from those described above. They�
are sometimes referred to as “single molecule” sequencers because they sequence molecule by�
molecule and do not require any amplification�of DNA fragments prior to sequencing. The�
Pacific Biosciences system involves the attachment of a DNA polymerase to the DNA molecule.�
During the sequencing phase the polymerase adds bases labeled with a fluorophore.�The�
fluorescence�unique to each base is recorded and, as each new base is added, the fluorescent�
label is removed [48]. It generates long sequencing reads (10–15 kb long) from single molecules�
of DNA, very quickly.�

The Oxford Nanopore system runs the sample through very small (1 nm wide) pores. As the�
DNA passes through these nanopores, the Oxford machine records the electrical charge that�
is associated with each individual base pair of DNA, like a signature. It produces longer reads�
(>100 kb long).�

A detailed description of the most used two deep sequencing platforms for analysis of�
influenza viruses and their vaccines is given below.�

4.1. Roche/454 FLX pyrosequencer�

The Roche/454 FLX sequencing [46] is based on the use of the pyrosequencing technology�
(http://my454.com/products/technology.asp), in which the incorporation of each nucleotide by�
DNA polymerase results in the release of pyrophosphate that initiates a cascade of enzymatic�
reactions that converts the pyrophosphate to a light signal. This light is recorded by CCD�
camera. This approach, as with most NGS procedures, starts with DNA library preparation;�
the library DNAs with 454‐specific�adaptors are denatured into single strands and mixed with�
agarose beads whose surfaces carry oligonucleotides complementary to the 454‐specific�
adapter sequences on the fragment library, so each bead is associated with a single fragment.�
The DNA fragments captured by beads are amplified�by emulsion PCR (ePCR) [65] to produce�
approximately one million copies of each DNA fragment on the surface of each bead. These�
amplified�single molecules are then sequenced on a picotiter plate (a fused silica capillary�
structure) that holds a single bead in each of several hundred thousand single wells, which�
provides a fixed location at which each sequencing reaction can be monitored.�

Individual dNTPs are added to the template in the presence of a DNA polymerase. The�
sequencing reaction releases pyrophosphate (PPi) after the incorporation of a complementary�
nucleotide. The released PPi is used by an ATP sulfurylase to release ATP from adenosine 5'‐
phosphosulfate. The ATP is then used to generate light by converting luciferin into oxyluci‐
ferin [66]. Unincorporated dNTPs are degraded by an apyrase, and dATPαS (which is not a�

http://my454.com/products/technology.asp
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substrate for luciferase) is used instead of dATP. This pyrosequencing reaction is repeated�
during the sequence of the entire target DNA. This sequencing technology can now produce�
sequencing reads with up to 1000 bp in length (http://454.com/products/gs‐flx‐system/).�

These raw reads are processed by the 454 analysis software and then filtered to remove poor‐
quality sequences, mixed sequences, and sequences without the initiating TCGA sequence.�
Recently, the 454‐FLX system was upgraded to reach 99.9% of accuracy after filter�and an�
output of 14 Gb of data per run within 24 h.�

4.2. Illumina genome sequencer�

The Illumina sequencing [47] method begins with Illumina library preparation flanked�with�
Illumina‐specific�adapters. Sequencing templates are immobilized on a proprietary flow�cell�
surface that contains immobilized oligos with sequence complementary to those of the�
adapters, and designed to present the DNA in a manner that facilitates access to enzymes while�
ensuring high stability of surface‐bound template and low non‐specific�binding of fluores‐
cently labeled nucleotides. Solid‐phase amplification�of each single strand DNA from library�
is performed by bridge amplification,�which results in the generation of several million dense�
clusters of single‐stranded DNA in each channel of the flow cell.�

The Illumina system sequences DNA in the presence of four reversible terminator‐bound�
dNTPs [47]. At each sequencing step, a fluorescently�labeled dNTP is added to the molecule.�
The fluorescent�signal is recorded and then the fluorophore�is removed to allow sequencing�
to continue. The base calls correlate with the signal intensity. Illumina sequencing technology�
can now produce sequencing reads with up to 600 bp in length (http://www.illumina.com/�
systems/sequencing.html).�The sequencing results are generated in files�in which each raw�
read base has an assigned quality score so that the software can apply a weighting factor in�
calling differences�and generating confidence�scores. Illumina data collection software enables�
users to align sequences to a reference in resequencing applications. This software suite�
includes the full range of data collection, processing, and analysis modules to streamline�
collection and analysis of data.�

4.3. Deep sequencing data analysis�

The massively parallel scale of sequencing implies a similarly massive scale of computational�
analysis. The conventional pipeline for analysis of next‐generation sequencing data includes�
the following stages: quality control and source data filtering;�alignment (mapping); reference�
profiling�(variant‐calling, pileup); followed by single‐nucleotide polymorphism (SNP) calling�
(genotyping); and some form of clusterization or classification�analysis of samples to discover�
up or down expression of genes, detect overabundance of SNP positions and correlate those�
with function and phenotype. Because of the sheer size of the data and amount of calculations�
needed, such analyses place significant�demands on the information technology (IT) infra‐
structure. Lack of computational power, insufficiency�of actively accessible storage facilities in�
laboratory information management systems (LIMS) and deficiency�in network capacity to�
move data add significantly�to the overhead required for high‐throughput data production.�

http://www.illumina.com
http://454.com/products/gs-flx-system
http://dx.doi.org/10.5772/64371
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The hardware aspect of next‐generation sequencing is complicated by the imperfections of�
current sequence analysis tools, which are suited to shorter sequence read data. There are�
multiple implementations for all of the stages of the analysis, and some of those are considered�
to be industry standard tools, running formidable amount of bio‐medical analytics. Large‐scale�
analysis of thousands of samples using variety of available tools highlighted important issues�
with data quality, pre‐analytic quality controls, software reproducibility and post‐analytic�
quality controls. Existing data analysis pipelines and algorithms must be modified to accom‐
modate extra‐large amounts of short read sequences and combination of shorter and longer�
read technologies.�

To analyze the deep sequencing data for genetic consistency evaluation of influenza�vaccine�
viruses, we have used the corresponding viral reference sequences from NCBI GenBank as a�
template for alignment of individual sequencing reads. First, sequencing reads with low�
quality (Phred) score are removed from the data set, and the remaining sequences aligned with�
reference influenza�virus sequence using custom software: The High‐performance Integrated�
Virtual Environment (HIVE, https://hive.biochemistry.gwu.edu/dna.cgi?cmd=main) comput‐
er cluster [67, 68].�

To create a quantifiable�measure comparing the quality of the sequencing and mapping at�
different�positions on a genome, we developed a metrics for assessing positional variant‐call�
quality. To do that, first�a histogram is built at every position of a genome where the number�

Figure 1. Explanation of entropy computation. For all bases aligned to a particular reference position, the coordinates�
on a read‐frame are accumulated into a positional frequency histogram. For a non‐biased position, such distribution is�
more or less uniform (A). For terminally biased base calls such frequency distribution is skewed towards ends (B) and�
the Shannon's entropy values drop closer to zero.�

https://hive.biochemistry.gwu.edu/dna.cgi?cmd=main
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of times a base has occurred at a given read‐position is accumulated. Additionally, positions�
of insertion and deletions are also collected in similar histogram. The underlying assumption�
of the next‐generation sequencing method is that the DNA amplification�and digestion�
procedure is random and the short sequences produced by DNA digestion are not strongly�
biased and not sequence dependent. The default assumption is that a particular variant call�
should be confirmed�by different�positions on many reads thus rendering the histogram�
distribution to be uniform along the entire length of sequence read.�

Post‐alignment quality control includes identification�of mutations distributed non‐randomly�
along individual sequencing reads, which may indicate artifacts in PCR amplification�or DNA�
sequencing procedures (Figure 1A�and B). Biased distribution of mutations along sequencing�
reads was revealed by calculating Shannon entropy values [69]. Low entropy value suggests�
that a mutation could be an artifact produced in sequencing procedures. This means that there�
is an abnormal bias in distribution of this mutation. This entropy‐based post‐alignment quality�
control value is calculated on the basis of the equation below. It is based on the normalized�
first�order momentum of logarithmic probability distribution for a particular base (b) at a�
particular position (r) of reference genome:�

åL
pi ( )b × log ( pi ( )b ) 

Entropy (b,r ) = -
L-1 log ( )  

where L is the length of the longest read, pi(b) is the frequency distribution of a base b in the�
reference frame of the reads mapped at the location r. The index i runs over all of the available�
positions from 1 to L. The denominator makes sure the Shannon's entropy is normalized to a�
unit value of 1 as the maximum value for entirely uniform distribution. In contrast singular�
value distribution would have a value for entropy equal to zero. This value is computed for�
all of the reference positions for every base.�

Finally, aligned sequencing reads were used to compute SNP profiles�for the entire viral�
genome.�

5. The use of deep sequencing for evaluation of genetic consistency of�
influenza A vaccine viruses�

Influenza�A viruses are enveloped, single‐stranded RNA viruses belonging to the Orthomyx‐
oviridae family [70], which also contains four other viral species: influenza B virus, influenza�
C virus, thogotovirus, and isavirus. The segmented genome of influenza�A virus is about 13.6�
kb in size and encodes for at least 11 proteins. Its genome is highly variable due to the low�
fidelity�of RNA polymerase and reassortment between co‐infecting strains [71]. New virus�
mutants emerge continuously allowing viruses to survive in presence of the host immunity�
and cause repeated annual epidemics and occasionally pandemics. Because of this frequent�
change of the antigens, influenza�vaccines must be frequently reformulated to include antigens�
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of the currently circulating strains. Both live and inactivated influenza vaccines are produced�
mostly by reassortment with high‐growth strains for vaccine production [72, 73]. As stated�
above, adaptation to growth in different�cells can lead to changes in viral receptor‐binding�
region, and also in protective epitopes. Therefore, it is desirable to monitor genetic stability of�
viruses used in vaccine manufacture to ensure that their antigenic structure remains un‐
changed.�

Deep sequencing technology has opened up the possibility for the characterization of viral�
genomes directly from samples [74, 75]. The viral metagenome or “virome” refers to the�
collection of viruses found in a particular sample from humans, animals, plants or from a�
specific�environmental sample. Virome studies can lead to the discovery of new viruses�
and/or to their association with known or novel diseases. Numerous viruses have been�
identified as part of the virome study, including influenza A viruses [2].�

The deep sequencing technologies are a great tool to investigate genetically complex popula‐
tions of influenza�viruses and to detect minority mutant variants with clinical or epidemio‐
logical relevance. Deep sequencing‐based methods have recently been applied for the�
assessment of influenza�A viruses diversity and their dynamics of evolution [60, 76, 77]. Others�
have focused on the evolution of avian influenza�strains with potential to become pandemic�
in humans [78–82], as well as the detection of virulence signatures [83] and reassortment�
patterns [84]. Other studies have investigated the transmission and adaptation of avian�
influenza�viruses to humans, as part of preparedness for a potential influenza�pandemic [12,�
53, 85–98].�

As it is crucial to study transmission and adaptation of avian influenza�viruses, and swine�
strains for epidemics and pandemics in humans, many studies based on the use of deep�
sequencing techniques have described avian and swine influenza�virus evolution [99–103].�
Other studies have investigated the predominance and spread of different�human influenza�
viruses in specific geographic areas [16, 104–106].�

Study of drug escape variants is an important aspect of epidemiological and clinical virology.�
Sanger sequencing can only detect mutations present in around 20% of the viral population�
[37, 107–109], which excludes it for quantitation of low‐level viral mutant variants. Using deep�
sequencing to detect low portion of mutant drug resistant variants at levels as low as 0.1% of�
the virus population has been demonstrated [110–116]. Other studies have focused on the use�
of deep sequencing for surveillance of drug resistance‐associated mutations for both NA�
inhibitors and adamantanes [117–127]. Deep sequencing has also been used for the detection�
and subtyping of human influenza A viruses and reassortants [61, 84].�

Recently, deep sequencing‐based methods have been proposed for the assessment of influenza�
A viruses antigenic stability [128] using complete influenza�A genomes and exploiting the�
ability to detect and quantify mutations in heterogeneous viral populations. Deep sequencing�
was used to study the evolution of influenza�A viruses in the vaccinated pigs. The genetic�
diversity and evolution of the virus at an intra‐host level was analyzed directly from nasal�
swabs collected during infection [129]. The obtained results demonstrated remarkable�
diversity of influenza�A viruses, and rapid change of these viruses during infection of vacci‐
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nated pigs. These types of complex studies can be done only by high throughput sequence�
analysis.�

To evaluate the genetic stability in influenza�vaccine viruses, we have used a deep sequencing�
approach that was recently qualified�for quantitation of all mutants in the entire genome�
including those that are present at low level in viral populations [59]. Recently, we explored�
the utility of deep sequencing methods for monitoring the consistency of influenza�A vaccines�
[36, 60]. Also in the same study, we proposed new protocols for simultaneous amplification of�
all segments of influenza�A genomes and new bioinformatic tools to analyze the data and to�
identify artifacts generated during PCR amplification�and deep sequencing procedures.�
Amplification�of the entire genome of influenza�viruses presents a challenge because of the�
difference in size and sequence composition of the eight genomic segments.�

Figure 2. General steps followed for RNA/DNA libraries sequencing of influenza�A/California/07/2009 (H1N1) vaccine�
viruses.�

We described PCR conditions that allow to amplify all genomic segments of influenza�A virus�
in one reaction [60] that was optimized subsequently during an analysis of the A/California/�
07/2009 (H1N1) vaccine viruses (derived from X‐179A, X‐181, 121XP viruses) [36]. We have�
used both the total RNA (without specific�amplification�of viral cDNA) and DNA amplicon,�
for RNA and DNA libraries preparation, respectively, and both protocols were compared for�
consistency in mutant variants quantitation.�

The protocols for deep sequencing of viral DNA libraries and whole‐RNA libraries used to�
determine quantitative profiles�of mutations along the entire genome of viruses of influenza�
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A/California/07/2009 (H1N1) vaccine viruses were described [36]. The steps followed to�
perform the deep sequencing are presented in Figure 2�and can be summarized as follows:�
The PCR product was purified�by QIAquick PCR Purification�Kit (Qiagen) and fragmented by�
an ultrasonicator (Covaris) to generate the optimal fragment sizes needed for Illumina�
sequencing, then the fragmented DNAs were used for library preparation with NEBNext®�
DNA Sample Prep Reagent Set 1 (New England BioLabs).�

For preparation of Illumina sequencing libraries from total RNA, the NEBNext mRNA Sample�
Prep Master Mix Set 1 (New England BioLabs) was used. Briefly,�total RNA (extracted as�
mentioned above) was fragmented as described above to generate the optimal fragment sizes.�
Double‐stranded cDNA was prepared and ligated to the Illumina paired end adaptors. Finally,�
the libraries were amplified�using 15 cycles of PCR with multiplex indexed primers and�
purified�with magnetic beads using Agencourt Ampure Beads (Beckman Coulter). Deep�
sequencing was performed at Macrogen (Seoul, Korea) using HiSeq2000 (Illumina) or at our�
laboratory using MiSeq (Illumina).�

Figure 3. Sequencing analysis of the entire genome of the influenza�A/California/07/2009 (H1N1) vaccine virus reassor‐
tant tenth passage in eggs sequenced by HiSeq (Macrogen) using 101 bp paired‐end Illumina/Solexa sequencing tech‐
nology. Computations were made by in‐house custom software HIVE‐align. For each segment, the charts of the depth�
of sequencing coverage distribution (the number of times every nucleotide was sequenced on ordinate plotted�against�
the position on genome—abscissa), SNP profile�(the ratio of mutants on ordinate plotted�against the position on ge‐
nome—abscissa), and entropy were built.�

The sequencing data analysis was done using custom software, a highly integrated virtual�
environment (HIVE) computer cluster (https://hive.biochemistry.gwu.edu/dna.cgi?�
cmd=main)�as described above. The RNA sequences of X‐179A, X‐181, 121XP, A/California/�
07/2009 (H1N1), and A/PR/08/34 viruses deposited in NCBI GenBank were used as references�
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for alignment of the viral sequence reads. We analyzed the depth of sequencing, the single‐
nucleotide polymorphism profile,�and entropy (that allow us to distinct between bias and true�
mutation) for each segment of influenza�virus (see Figure 3, for example), the data analysis�
resulted also on generation of consensus sequences for each segment.�

The deep sequencing results revealed several heterogeneities in most genomic segments, and�
several mutations led to amino acid changes. Deep sequencing of whole‐RNA libraries was�
found to be more reproducible than sequencing of DNA libraries. This may be due to errors�
introduced during PCR amplification�by DNA polymerase and non‐specific�alignment of�
primers [36].�

The deep sequencing of the X‐179A passaged viruses [36] identified several mutations in HA�
and NA genes. In HA two non‐synonymous mutations; Pro314Gln (in 17% of the virus popu‐
lation) and Asn146Asp (in 78% of the virus population) were identified. The Asn146Asp mutation�
is found in the antigenic site Sa; it was detected at 11% in the A/California/07/2009 (H1N1)�
strain and as the dominant residue in the X‐181 virus [36]. One X‐179A stock contained the�
Lys328Thr mutation at a low level (9%). Viruses derived from X‐179A were heterogeneous and�
contained some complete nucleotide substitutions in comparison to their published sequences�
in PB2, PB1, NP, and in NS segments [36]. The X‐181 virus was developed from the X‐179A�
seed lot by another round of reassortment, and also is subjected to several passages in eggs.�
Deep sequencing results [36] showed that the G756T (Glu252Asp, present at 47%) mutation�
emerged in HA of the passaged X181 virus, and it is located in the conserved region of the�
antigenic site Ca [36].�

Figure 4. Percent of mutations (≥5%) emerged in X‐179A‐M1, X‐181‐M4, and 121XP‐M4 viruses (derived from X‐179A,�
X‐181, and 121XP viruses, respectively) passaged 10 times in embryonated chicken eggs.�
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Unlike the X‐179A and X‐181 viruses, 121XP was developed by reverse genetics [130]. The deep�
sequencing of 121XP virus passaged 10 times in eggs (121XP‐M4 virus) showed that this virus�
is more heterogenic than X‐179A and X‐181 viruses passaged 10 times in eggs (X‐179A‐M1 and�
X‐181‐M4 viruses respectively; Figure 4) [36]. In the passaged 121XP virus, the mutation�
Lys226Glu was emerged at low level (18%) in Ca antigenic site of HA, which is very close to the�
region that participates in the modulation of HA receptor specificity�and that enables H3�
influenza�viruses to switch specificity�from avian to human [131–133]; another mutation�
Lys136Asn was emerged at a high level (78%) close to the HA antigenic site Sa within the sialic�
acid‐binding pocket [134]. Recently a similar deep sequencing approach was used to study the�
genetic and potential antigenic diversity of influenza�viruses infecting humans, some of whom�
became infected despite recent vaccination [15].�

We found that the deep sequencing approach based on RNA library preparation was effective�
and reproducible for detection of low quantities of mutants in the entire genome of influenza�
A vaccine viruses [36]. The deep sequencing approach revealed that the viruses derived from�
three pandemic A/Ca/07/2009 (H1N1) vaccine viruses have varying levels of sequence�
heterogeneities some of them in antigenic sites, which may affect their efficacy.�

6. Conclusions�

In the last few years, the use of deep sequencing has expanded largely to tackle problems in�
many fields�of virology. The greatest benefit�of deep sequencing is its ability to detect minor�
mutant variants, as low as 0.1% of virus population [36, 59, 60, 110, 111, 113, 114]. The deep�
sequencing approach based on RNA library preparation is effective�and reproducible for�
detection of low quantities of mutants in the entire genome of influenza�A vaccine viruses [36],�
and eliminates the need for full‐length amplification.�The deep sequencing platforms are�
improving continuously to combine low error rates with long reads and relatively low cost. It�
played a key role in the discovery of many new viruses, the characterization of virus popula‐
tions in humans and the potential of their association with the pathogenesis of several diseases.�
As described here, there is no doubt that the deep sequencing is facilitating and accelerating�
the evaluation of the genetic consistency of vaccine viruses. It is an important tool for moni‐
toring vaccine consistency during manufacture and after vaccination. Deep sequencing‐based�
assays are already being implemented for the genetic consistency evaluation of oral polio�
vaccine and influenza�A vaccine viruses [36, 59, 60]. The ability to quantify potentially�
undesirable mutations in vaccine batches makes this method suitable for quality control to�
ensure manufacture of safe and effective vaccines.�
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Abstract�

Avian�influenza�viruses�(AIVs)�could�cause�severe�diseases�and,�as�the�consequence,�
serious�economic losses as�well as�a risk�for potential�transmission to humans. Therefore,�
the�detection�of�viruses�and�their�fragments�or�specific�DNA�sequences�becomes�an�
important�approach�in�molecular�diagnosis.�Here,�we�present�electrochemical�
genosensors�devoted�for�detection�of�influenza�virus�H5N1�gene�sequence.�We�focus�
our�attention�on�ion-channel�mechanism,�E-DNA�sensors,�and�genosensors�based�on�
redox-active�layer.�The�novel�dual�DNA�electrochemical�sensor�with�“signal-off”�and�
“signal-on”�architecture�for�simultaneous�detection�of�two�different�sequences�of�DNA�
derived�from�avian�influenza�virus�type�H5N1�by�means�of�one�electrode�is�presented.�
Immunosensors�are�also�adequate�analytical�devices�for�detection�of�pathogens�since�
antibodies�are�natural�receptors�responsible�for�binding�of�antigens.�Thus,�the�binding�
selectivity�and�efficiency�are�naturally�high.�The�immunosensors�presented�could�be�
divided�into�two�main�groups:�ion-channel�mimetic�and�based�on�redox-active�
monolayer.�

Keywords: Gold electrodes, Carbon electrodes, Electrochemical immunosensors, Gen-
osensors, Influenza virus detection�

1. Introduction�

Infectious�viral�disease,�which�is�spread�among�birds,�in�particular�avian�influenza�(AI),�could�
affect�other�animals,�as�well�as�humans�[1].�

The contact with infected live or dead poultry is the main source of risk of people’s AI infection�
[2].�
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Controlling the AI in animals is the first�step in decreasing risks to humans. Therefore, there�
is a high need for the development of the analytical methods allowing the fast and reliable AI�
virus detection.�

The real-time polymerase chain reaction (PCR) [3], enzyme-linked immunoassay (ELISA) [4],�
and reverse transcription-polymerase chain reaction (RT-PCR) [5] are the most frequently used�
methods. Their main drawbacks are being time-consuming and demanding high-quality�
laboratories.�

The biosensors are very good alternative. They are self-contained integrated analytical�
instruments which are capable of providing specific quantitative or semiquantitative analytical�
information applying a biological recognition element, which is indirect spatial contact with�
a transducer element. Main parameters describing the quality of biosensors are selectivity,�
sensitivity, reproducibility, and time of response.�

Electrochemical biosensors belong to a subclass of biosensors, which contain an electrochem-
ical transductor responsible for converting of energetic signal coming from an intermolecular�
recognition process into electrical on. Their main advantages are as follows: (1) the direct�
conversion of a biological event to an electronic signal, (2) excellent detection limits, (3) small�
analyte volumes in μl range, (4) ability to be used in turbid biofluids,�(5) suitability for rapid�
measurements of analytes from human and animal samples, and (6) easy miniaturization.�

The complete electrochemical biosensor should be cheap, small, portable, and capable of being�
used by semiskilled operators. In order to achieve this final�goal, we have been working on�
several types of geno- and immunosensors.�

In the ion-channel mimetic immunosensors and genosensors, the presence of redox marker in�
the sample solution is necessary. The antigen-antibody complex formation as well as hybrid-
ization process suppresses the accessibility of redox marker toward the electrode surface. This�
phenomenon, which is the base of analytical signal generation by ion-channel mimetic mode,�
was observed using the Osteryoung square-wave voltammetry (OSWV) or electrochemical�
impedance spectroscopy (EIS) in the presence of [Fe(CN)6]3−/4−�as an electroactive marker [6–14].�

In the genosensors and immunosensors based on redox-active monolayer, the strategy for�
immobilization of the specific�recognition elements involved their interactions with transition�
metal centers complexed on the electrode surface [15–19]. So, the presence of electroactive�
markers in the sample solution is not necessary. This is very important for analytical procedure�
involving naturally occurring molecules in which properties might be influenced�by redox�
markers.�

2. Electrochemical genosensors�

In general, electrochemical genosensors monitor the DNA duplex formation at the surface of�
electrode through changes of current or potential values either using electrochemical labels or�
label-free system [20–25].�
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2.1. Methods for immobilization of recognition of ssDNA probe�

The immobilization of single-stranded DNA (ssDNA) probe at the surface of electrode plays�
a crucial role for future genosensor analytical parameters. Various electrode materials such as�
gold, glassy carbon, carbon nanotubes, and graphene-modified electrodes have been applied�
for ssDNA immobilization. The physical adsorption, the simplest immobilization method,�
relies on the electrostatic interactions between ssDNA and surface of electrode. But such�
sensing layers are not stable. In addition, ssDNA strands are not well ordered, and because of�
this, they are not sufficiently accessible for target molecules.�

The alternative method for immobilization of oligonucleotides on the electrode surface is their�
entrapping into polymer film�deposited on the surface. The layer prepared according to this�
procedure is much more stable in comparison to the previous one. The weak point of this�
approach is the difficulty�to control the flexibility�of ssDNA probes and, as a consequence, their�
availability for target DNA.�

The next method of DNA immobilization exploits the natural affinity�of avidin to biotin. This�
method allows to create stable sensing layers with controlled density of ssDNA probes.�

The most popular protocols of electrode modification�are based on the formation of covalent�
bonds between the functional group introduced into ssDNA strand and functional group�
located at the surface of electrode. Therefore, the regulation of ssDNA probe density, as well�
as their stable (covalent) immobilization and proper orientation, is relatively easy to achieve.�

2.2. Methods of hybridization process detection: selected examples of different types of�
genosensors�

Different�approaches for detection of the probe-analyte hybridization processes have been�
applied in various genosensors. One of them is based on changes of electrochemical activity�
of nucleobases upon the hybridization events. This concept has been proposed by Palecek and�
coworkers [26]. Oxidation of adenine (A) and guanine (G) can be readily observed using carbon�
electrodes or hanging mercury drop electrodes (HMDEs), which are suitable for investigation�
of reduction of nucleic acids. Their main drawback is background current at the relatively high�
potentials required for direct oxidation of DNA. In the case of reduction, the serious limitation�
is the necessity to use mercury electrode.�

Another approach for voltammetric signal generation was presented by Umezawa and�
coworkers [6]. In their approach, the mechanism for generation of an analytical signal was�
connected with the binding event between target compound and recognition element immo-
bilized at the electrode surface. Because of the creation of steric hindrance, as well as changing�
the surface charge, the accessibility of redox marker present in the sample solution toward the�
electrode is changed. Thus, creation of analyte-receptor supramolecular complex affected the�
electron transfer from marker to surface of electrode. The heterogeneous rate constant of�
electron transfer from marker to electrode surface became large or smaller; therefore, the redox�
current increased or decreased. The electrochemical sensors based on this mechanism are�
called ion-channel mimetic sensors.�
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Recently, in our laboratory, we have developed two genosensors working according to this�
mechanism based on the modified�gold electrode intended for the detection of specific DNA�
sequence of avian influenza�virus (AIV) H5N1 using NH2-ssDNA or HS-ssDNA probes for the�
modification of gold electrode [11, 12].�

NH2-ssDNA probes were immobilized on the surface of mixed thioacid-thioalcohol monolayer�
via EDC/NHS coupling, whereas HS-ssDNA probes were immobilized directly to the gold�
surface via S-Au bonds. As marker ions in both cases, [Fe(CN)6]3−/4−�was employed. When SH-
NC3 probe was used, detection limit in the 10 pM range was achieved. The much lower�
detection limit in fM range was recorded when NH2-NC3 probe was applied. These data�
confirmed�that the application of DNA probe with longer spacer part increased the hybridi-
zation signal. The better�accessibility of target ssDNA toward more flexible�DNA probe is the�
main reason of this phenomenon. But at the same time, the lower genosensor selectivity was�
observed. When SH-NC3 DNA probe with shorter spacer was applied, the sensor was able to�
distinguish between the PCR products with different�positions of complementary parts,�
whereas the electrode modified with longer spacer molecules was not able to do this [11, 12].�

Plaxo and coworkers [25] introduced another type of hybridization detection technique that�
exploits the difference�in physical flexibility�between single-stranded oligonucleotides and�
double-stranded ones. Upon hybridization, the physical changes in the probe structures,�
including the change in distances of the labeled electroactive moieties to the electrode surface,�
result in the switching “on/off” of the electrochemical signal.�

The main advantages of E-DNA sensors are the conformational changes caused by hybridi-
zation, potential activation of redox label in the “safe” range separated from potential activa-
tion of majority of electroactive biomolecules present in the clinical and environmental�
samples, and detection limits in the picomoles of target DNA range.�

The genosensors working on described mechanism belong to very wide “signal-off”�mode�
family. It is worth to note that detection limit of E-DNA working according to “signal-off”�
mechanism is in the range of 10 pM. In case of genosensors that generated analytical signal�
according to “signal-on” mechanism, detection limit is around 200 pM [25].�

The “signal-off”�sensors have numerous advantages such as sequence specificity, reusability,�
and suitability for direct measurement in serum. But the suppression of signal generated after�
target binding is their main disadvantage, because only 100 % suppression of the original�
current could be detected. On the other hand, the “signal-on” sensors have a potential for great�
improvement of sensitivity, because the stimulation of these types of sensors with the target�
does not cause a limited increase of signal. A weak point of these types of E-DNA sensors is�
the use of rather complicated, but not very stable architectures. This approach does not work�
properly in the complex samples.�

Today, more and more often, biosensor is required to be not only miniaturized and cost-
effective but also capable of simultaneous detection of multiple analytes.�

Recently, a novel dual E-DNA sensor working on “signal-off”�and “signal-on” mode has been�
developed [20]. This sensor was suitable for simultaneous detection of two different oligonu-
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cleotide sequences present in avian influenza�virus (AIV) type H5N1 with using one electrode.�
The ssDNA probe represented by hemagglutinin was functionalized with ferrocene (ssDNA-
Fc). The functionalization with methylene blue (ssDNA-MB) was applied for sequence derived�
from neuraminidase. Both of them were covalently immobilized on the gold electrode surface.�
Hybridization process going at the electrode surface was controlled by the Osteryoung square-
wave voltammetry. Detection limits determined by graphic method were 4.0 x 10−8�and 2.0 x�
10−8�M, for simultaneous analysis of both sequences and for single one, respectively. These�
values, in particular the detection limits for parallel determinations of two sequences, are very�
promising from diagnosing point of view. The selectivity of duo-genosensor was similar for�
both targets. The limits of detection were in the range of 18–21 nM. The duo-genosensor was�
free from interferences. The presence of oligonucleotide sequences complementary to SH-
ssDNA-Fc probe does not influence the function of the probe decorated with methylene blue�
and vice versa. The main advantage of duo-sensor is diminishing false-positive determinations�
which may appear in the case of non-perfect hybridization with component(s) present in non-
infected host samples. The probability for existence in native samples of components efficiently�
interacting with two independent DNA probes is limited.�

Recently, in our laboratory, we have developed the new group of electrochemical DNA sensors�
in which the analytical signal generation is based on the changes of accessibility of redox center�
attached�directly to the analytical active layer or at the “foot” of the oligonucleotide probe,�
very close to the electrode surface [16, 17, 20–22]. Such localization exclude the changes of�
distance of redox marker from the electrode surface after hybridization. As a redox center, we�
have used the complexes of transition metals with dipyrromethene, porphyrin, and phenan-
throline.�

A novel mechanism of electrochemical signal generation based on changes of the ion-barrier�
energy “switch-off”�system has been proposed. According to this mechanism, the proposed�
sensors generate an analytical signal because of changes in the environment surrounding the�
redox center occurring as a result of hybridization processes.�

For the sensor based on the Cu(II) complex, during the redox cycle, Cu(II) is reduced to Cu(I).�
As a consequence, a single negative charge of the reduced form appears at the surface of the�
electrode. The precondition of redox reaction run is the compensation of this charge by ions�
from the supporting electrolyte, involving transport of cations. For the electrode modified�with�
the Co(II) complex, an oxidation process is possible, which generates an extra positive charge�
of the oxidized form. For its neutralization, anions from the supporting electrolyte will be�
involved. The mechanism of analytical signal generation by this type of sensors relies on�
changes in accessibility of ions present in the supporting solution to the redox centers in order�
to neutralize the charge occurring as a result of oxidation/reduction processes. The good�
illustration of such sensors is genosensor intended for detection of the sequence specific�of�
avian influenza�virus type H5N1. A 20 mer probe (NH2-NC3) was covalently attached�to the�
gold electrode surface.�

The detection limit of 1.39 pM for fully complementary single-stranded DNA target was�
achieved with genosensor based on (dipyrromethene)2Cu(II) complex. A linear dynamic range�
was observed from 1 to 10 pM. The good discrimination between fully complementary,�
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partially complementary (with only six complementary bases), and totally non-complemen-
tary to the probe was also recorded [16].�

The Fe(III)-phenanthroline complex is the base of genosensor suitable for detection of target�
DNA as well as RNA. An efficient�click reaction, carried out under mild conditions, between�
the NH2-NC3 probe and the epoxy groups from Fe(III)-phenanthroline complex deposited on�
the gold electrode surface, has been successfully applied for the genosensor construction. The�
good detection limits of 73 and 0.87 pM for the 20 mer c-NC3 and the 283 mer RNA1, respec-
tively, were achieved. The sensitivity of RNA sequence detection was about one hundred times�
better�than the DNA sequence detection. The 20 mer nc-NC3 non-complementary to the probe�
generated a weak response. In the case of non-complementary to the probe 277 mer RNA3�
fragment, even the opposite signal, an increase of the Fe(III)/Fe(II) peak currents was observed.�
These data confirmed�the genosensor selectivity. The main advantage of genosensor based on�
Fe(III)-phenanthroline complex is its suitability for determination of RNA and distinguishing�
of the different positions of the complementary parts. Thus, it could be applied for the detection�
of the H5N1 genetic material [17].�

3. Electrochemical immunosensors�

3.1. Methods for immobilization of recognition element�

The right immobilization of the proteins as the recognition elements on the transducer surface�
(e.g., gold, platinum, indium tin oxide, carbon materials) is a crucial factor to fully maintain�
their right conformation and activity.�

Physical protein immobilization is based mainly on electrostatic forces and hydrophobic�
interactions. The entrapping of proteins into the polymer matrix, iridium oxide films [27], and�
nanotextured zinc oxide [28] belongs to this strategy.�

The colloidal gold layers create friendly environment for proteins. Therefore, they are fre-
quently used in immunosensor creation [7–10, 29–31].�

In this approach, proteins are mainly immobilized on colloidal gold layers based on the�
electrostatic interactions, which could be enhanced by selecting the proper pH conditions. The�
drawbacks of this method are random orientation and rather weak attachment.�In order to�
overcome these weak points, covalent antibody immobilization has been applied. Two�
polypeptide chains F(ab’)2�present in immunoglobulin molecule are responsible for antigen�
binding. Fc domain, which is not involved in this interaction, could be removed by enzyme�
digestions [32]. The presence of disulfide�or thiol group allow the F(ab’)2�or F(ab’) fragments�
to covalent self-assembling on the gold nanoparticle surface [33, 34]. This approach has been�
successfully applied for development of immunosensor destined for selective binding of�
antigen rSPI2-His6�present in the sample solution by F(ab’) fragment of antibody immobilized�
on a surface of the electrode using electrochemical impedance spectroscopy (EIS) and surface�
plasmon resonance (SPR) [30] as well as for selective detection of hemagglutinin from avian�
influenza�virus H5N1 [9, 10]. The proteins A and G possessing high affinity�toward the Fc part�
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of immunoglobulins are frequently used for their covalent and oriented immobilization on the�
electrode surface [35]. The immunosensor based on glassy carbon electrode incorporating the�
protein A has been successfully applied to distinguish between sera of unvaccinated and�
vaccinated chickens against the avian influenza�virus. Sensitivity of EIS immunosensor was�
almost 104 times much better than ELISA [8].�

3.2. Methods of detection of immunoreaction: selected examples of different types of�
immunosensors�

The majority of electrochemical immunosensors incorporate not only recognition element�
(antibody or antigen) but also secondary enzyme-labeled antibody, which follows the addition�
of proper enzymatic substrate. The antibody-antigen reaction is detected in no-direct manner�
but by electroactive molecules produced by enzymatic reaction [36, 37]. Such approach�
demands very precious labeled biological materials, which increase the cost of analysis. Also,�
it involved numerous modification�steps. The no-direct detection of immunoreaction is the�
main drawback of sandwich type of immunoassays.�

In order to overcome the above weak points, the immunosensors allowing the direct electro-
chemical detection of immunoreactions have been developed in our laboratories.�

The whole antibodies or antibody-binding fragments (Fab’) have been immobilized on the�
surface of gold nanoparticle layers, which create friendly environment for proteins keeping�
their physiological activity. The formation of immunoreactions has been detected by the�
changes of accessibility of redox marker present in the sample solution to the electrode surface.�
The deposition of antibody-antigen complex on the electrode surface increases substantially�
the resistance of the analytical system, and as a consequence, faradaic current is very difficult�
to measure by voltammetric techniques. Therefore, electrochemical impedance spectroscopy�
(EIS) has been widely applied. EIS is an ac method that describes the response of an electro-
chemical cell to a small amplitude, sinusoidal voltage signal, and a function of frequency. The�
most popular mode for analyzing electrochemical impedance data is the plot of the imaginary�
impedance component versus real impedance component at each excitation frequency (the�
Nyquist plot). Numerous impedimetric immunosensors have been already reported [7, 30, 31,�
38]. This approach has been successfully applied for detection of fragments of H5 hemagglu-
tinin from avian influenza�viruses [9, 10]. The antibody-binding fragments have been cova-
lently attached�to the gold nanoparticle layers. Application of 4,4’-thiobisbenzenethiol self-
assembled monolayer [10] improved substantially immunosensor performance in the�
comparison to one incorporated 1,6-hexanedithiol [9]. Taking into account the immunosensor�
sensitivity with detection limit of 0.6 pg/mL and specificity (negative control H7 hemagglutinin�
generate negligible response), they could be recommended for direct electrochemical detection�
of H5 hemagglutinin from influenza virus in the field conditions.�

Direct impedimetric immunosensor has been successfully applied for detection of antibodies�
generated against H5N1 virus [8]. The base of this immunosensor was glassy carbon electrode�
incorporated fragment of H5 hemagglutinin. The interaction with specific�antibodies was�
detected electrochemically by changes of [Fe(CN)6]3−/4−�accessibility toward electrode surface.�
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The immunosensor was able to distinguish the sera from vaccinated and unvaccinated hen�
with sensitivity 104 better than ELISA.�

In order to avoid the necessity of the redox marker present in the sample solution, the�
immunosensor-incorporated redox-active layer has been developed [39].�

The Cu(II) complex with dipyrromethene deposited onto the gold electrode surface plays�
double roles. It is a site for covalent immobilization of the His-tagged fragment of H5 hemag-
glutinin, as well as redox centers for sensing the antigen-antibody interaction.�

This type of immunosensor was also suitable for direct antibody detection in hen sera with 200�
better sensitivity than ELISA.�

4. Future perspective�

The analytical chemists mainly search for improving sensitivity and selectivity of sensing�
devices. The intensive development of nanotechnology gives wide possibility of using�
nanomaterial labels for signal amplification�generated upon immunoreaction [18, 19, 40–43].�
Nanomaterials could be used for modification�of electrochemical transducers in order to�
improve their electrochemical properties by lowering background current and signal to noise�
ratio, as well as increasing electron transfer rate.�

The most frequently used nanomaterials are colloidal gold and silver, semiconductor quantum�
dots, carbon nanotubes, and graphene.�

They are very promising in the development of ultrasensitive immunosensors. Could they be�
applied in point-of-care and clinical diagnoses? Taking into account so intensive effort�done�
in this research area, the answer for this question is “yes.”�

5. Conclusions�

The main advantage of ion-channel mimetic sensors is the possibility of their application for�
exploring the recognition processes occurring at the water/solid interface. It is very important�
from biological as well as medical point of view. The electrochemical sensors based on redox-
active layer are new direction in sensing device development. Their main advantage is the lack�
of the necessity of using the external redox marker. The redox centers can simultaneously act�
as sites for host molecule immobilization and transducers.�

Taking into account the following parameters of electrochemical biosensors presented such as�
very good sensitivity, very low sample consumption (in μl level), lack of matrix influence,�
simple operation, and reasonable cost, it might be concluded that they are analytical tools�
suitable for detection of viruses in the environmental sample.�
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Abstract�

The�scope�of�this�chapter�was�to�review�the�advancements�made�in�the�area�of�biosensors�
for�rapid�detection�of�avian�influenza�viruses�(AIVs).�It�is�intended�to�provide�general�
background about biosensor technology and to discuss important aspects for developing�
biosensors,�such�as�selection�of�the�suitable�biological�recognition�elements�(anti-AIV�
bioreceptors)�as�well�as�their�immobilization�strategies.�A�major�concern�of�this�chapter�
isalso tocriticallyreviewthebiosensors’workingprinciplesandtheirapplications inAIV�
detection.�A�table�containing�the�types�of�biosensor,�bioreceptors,�target�AIVs,�methods,�
etc.�is�given�in�this�chapter.�A�number�of�papers�for�the�different�types�of�biosensors�give�
hints�on�the�current�trends�in�the�field�of�biosensor�research�for�its�application�on�AIV�
detection.�By�discussing�recent�research�and�future�trends�based�on�many�excellent�
publications�and�reviews,�it�is�hoped�to�give�the�readers�a�comprehensive�view�on�this�
fast-growing�field.�

Keywords: biosensor, avian influenza�virus, rapid detection, bioreceptor, nanobiosen-
sor�

1. Introduction�

Influenza�viruses,�which�belong�to�the�Orthomyxoviridae family,�are�classified as A, B, and C�
based on antigenic differences in their nucleoprotein (NP) and matrix (M1) protein [1]. All avian�
influenza viruses (AIV) are classified as type A. Type A viruses are further subtyped on the basis�
of�antigenic�differences�of�the�surface�glycoproteins,�the�hemagglutinin�(HA),�and�the�neura-
minidase�(NA)�proteins�[2].�So�far,�seventeen�HA�(H1�through�H17)�and�ten�NA�(N1�through�
N10)�subtypes�have�been�identified�[3].�Figure�1�presents�a�schematic�diagram�of�influenza A�
virus,�and�Figure�2�shows�a�transmission�electron�microscopy�photograph.�Influenza�A�virus�
is�an�enveloped�RNA�virus�approximately�80–120�nm�in�diameter�[1,�2].�There�are�two�major�

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 
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surface�glycoproteins�(HA�and�NA)�and�a�small�number�of�M2�protein,�which�has�ion�channel�
activity.�The�ratio�of�HA�and�NA�is�approximately�4:1.�The�genome�of�type�A�virus�consists�of�
eight�segments�of�negative-sense�single-stranded�RNA,�which�are�associated�with�many�NP�
and�the�transcriptase�complex�(RNA�polymerase�components�PB1,�PB2�and�PA)�to�form�
ribonucleoproteins(RNPs).ThematrixproteinM1hasaninteractionwiththeRNPsandisunder�
thelipidbilayer.NS1isfoundonlyininfectedcellsandisnotthoughttobeastructuralcomponent�
of�the�virus,�but�small�amount�of�NS2�are�present�in�purified�viruses.�

Figure 1. A schematic diagram of the structure of the influenza A virus particle.�

Figure 2. A transmission electron micrograph of influenza A virus particles.�
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AIVs have a large impact on the poultry each year and also represent a threat to human health.�
The highly pathogenic H5N1 avian influenza�(HPAI H5N1), which originally emerged in�
Southeaster Asia in late 1990s, cost the poultry industry an estimated $10 billion between 1997�
and 2008 [4]. HPAI H5N1 has also caused global concerns for public health and continues to�
spread throughout the world. Since 2003, a total of 62 countries (regions) have been affected�
by HPAI H5N1 and new human and animal cases are continuously being confirmed�and�
reported [5]. The link between human and AI has raised concern among public health�
authorities and the scientific�community about the prevalence and pandemic potential of AI�
virus. The H5N1 virus has caused 449 deaths of 846 people infected since 2003, according to�
the World Health Organization [5]. Therefore, advanced technologies for more rapid and�
sensitive AIV detection are needed for better surveillance and control of the outbreaks.�

Current virus detection techniques are available, such as virus isolation, immunofluorescence�
antibody (FA) test, immunohistochemistry (IHC), and ELISA as well as rapid procedures based�
on molecular tools, such as polymerase chain reaction (PCR)-based assays, gene sequencing,�
and microarrays. Among these test methods, virus isolation has been the “gold standard” as�
its highest sensitivity and reliability, but it is a very time-consuming procedure (4–7 days).�
ELISA is a simple and rapid test in testing mass serum samples; thus, it is commonly used for�
serum antibody detection, but not used for virus detection in practice or diagnostics. Other�
immunoassays of FA or IHC can be used as a direct virus detection test from tissue specimens,�
but they either require labels or have limitations of low sensitivity and cross-reactions in certain�
circumstances. The molecular assays of RT-PCR and real-time RT-PCR methods have the�
advantages of high sensitivity and good specificity,�but possess disadvantages of requiring�
expensive PCR equipment and reagents, and well-trained skillful technical personnel.�
Therefore, in order to minimize the social and economic costs, the development of rapid�
detection methods is essential. These rapid detection methods should meet the following�
requirements: (1) high throughput, (2) possibility of multiple target detection, (3) high�
sensitivity, (4) good specificity,�(5) high speed, (6) simple operation, (7) suitability for on-site�
and/or in-field�use, and (8) less cost. Biosensors have shown a great potential to meet such�
criteria.�

The biosensor research began in the early 60 s of the twentieth century, when a glucose�
biosensor was proposed by Clark and Lyons [6] at Children’s Hospital in Cincinnati. From then�
on, biosensor applications have expanded throughout the medical diagnosis field�and also into�
the fields�of environmental monitoring, agricultural production, food safety, pharmaceutical�
screening, and biodefense. A biosensor can be defined�as a “compact analytical device or unit�
incorporating a biological or biologically derived sensitive recognition element integrated or�
associated with a physiochemical transducer” [7]. This device is composed of a biological�
recognition element (often called bioreceptor) and directly interfaced signal transducer�
(Figure 3). The selective and reversible process of interaction between the analyte and�
bioreceptor is transduced into a measurable signal, for example, electrical signal, which is�
proportional to the concentration or activity of an analyte in any type of samples. Biosensors�
can be classified�based on the transduction element or the biological element. According to the�
basic principles of signal transduction, there are three main biosensor types, which have been�

http://dx.doi.org/10.5772/64353


 

 

 

 
 

  
 

64 Steps Forwards in Diagnosing and Controlling Influenza 

studied for use in AIVs detection: piezoelectric, optical, and electrochemical biosensors. If we�
follow the types of biological element or bioreceptors, AIV biosensors can be classified�into�
immunosensors, aptasensors, DNA or RNA-probe sensors, and more. In this chapter, we focus�
on these types of biosensors studied and developed recently for rapid detection of AIVs. It�
offers�a survey of the principles, fabrication, operation, and the most popular types of bio-
sensing devices in research or application today for AIVs detection. By discussing recent�
research and future trends based on many excellent publications and reviews, it is hoped to�
give the readers a comprehensive view on this fast-growing field.�

Figure 3. A schematic diagram of biorecognition and signal transduction in a typical biosensor.�

2. Biosensors for detection of AIVs�

As shown in Figure 4, the number of papers published in the field�of biosensor research for�
detection of AI has kept increasing from year 2001 to 2015 based on PubMed. Biosensors offer�
the advantages of simple operation, rapid response, low cost, portability, automation, and easy�
to integrate with nanomaterials/nanostructure, Micro-Electro-Mechanical System(MEMS)/�
Nano-Electro-Mechanical System(NEMS), biotechnology, Global Position System(GPS)/�
wireless, and image technologies. One of the major requirements in developing a biosensor�
for AIVs is the need for a sensitive analytical device that can easily go down to very low�
detection levels without significant�changes in selectivity. AIVs will spread rapidly through a�
community before any symptoms appear for the identification.�A biosensor that can rapidly,�
sensitively and selectively detect target virus will be invaluable. In addition, a simple, robust,�
rapid, cost-effective,�and potable biosensor, suitable for use in the field,�is urgently needed.�
While a variety of biosensors have been developed for use in different�applications, three types�
of biosensors have been mainly studied for AIV detection: piezoelectric, optical, and electro-
chemical biosensors.�
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Figure 4. Numbers of papers published in the field�of biosensor research for detection of AIVs between year 2001 and�
2015.�

2.1. Piezoelectric biosensors�

Piezoelectric biosensors utilize crystals capable of generating a piezoelectric field�to detect�
mass changes in the sensing environment [8]. The crystal is sandwiched between two excitation�
electrodes, which apply an electrical field�that causes the crystal to undergo dimensional�
changes, or oscillations, at the crystals natural resonant frequency. An increase in the mass on�
the surface of the crystal, such as antibody immobilization or capture of antigen, decreases the�
resonant frequency. Piezoelectric biosensors are useful because they are low cost, label free,�
sensitive, and have extremely low detection levels [8]. The most intensively studied piezo-
electric biosensor is the quartz�crystal microbalance (QCM), which uses a thin wafer of quartz�
as the transducing crystal. Quartz�crystals have the advantages of being widely available,�
relatively inexpensive, durable, direct detection, and real-time output. Other techniques are�
often coupled with QCM to increase the performance and capability of the biosensor. QCM�
biosensors have attracted�interest in applications for AIVs detection. Table 1�summarizes the�
main analytical features of QCM biosensors for detection of AIVs. Different�studies used�
different�concentration units for AIV. It would be helpful to know the comparable relationship�
between them. The common concentration units for AIV contain EID50�(50% egg infectious�
does), ELD50�(50% egg lethal does), PFU (plague-forming units), and HAU (hemagglutination�
unit). 1 × 103�EID50 ml−1�equals to ~0.0128 HAU/50 μl [9], 1 × 106.2�ELD50 ml−1�equals to 128 HAU/�
50 μl [10], and 1 × 105 PFU equals to 1 HAU [11].�
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Influenza�Target�Bioreceptor� Sensitivity� Detection� Detection�Labelling� Reference�

subtype� range� time� method�

H3N2� Virus�Antibody� 4 virus� 0.02–3 HAU� –� Label-free� [12]�

particles/ml�

H1N1� Virus�Antibody� 104 pfu/ml� 103–107 pfu/ml� 45 min� Label-free� [13]�

103 pfu/ml� 105 min� Label with�

13 nm gold�

nanoparticles�

H5N1� Virus�Antibody� 0.0128 HAU� 0.128–12.8 HAU�120 min� Label with� [14]�

30 nm�

magnetic�

nanobeads�

H5N1� Virus�Aptamer� 1 HAU� 1–4 HAU� 60 min� Label with� [22]�

30 nm�

magnetic�

nanobaeds�

H5N1� Virus�Aptamer� 0.0128 HAU� 0.0128–� 30 min� Label-free� [9]�

hydrogel� 0.64 HAU�

H5N3� HA� Glycan� Kd 1.44 ×� –� –� Label-free� [26]�

10−8 M�

H5N3� Virus�N-Acetylglucosamine� Ka 2.03 × 1010 M�–� –� Label-free� [27]�

H5N1� (GlcNAc)� Ka 4.35 × 1010 M�

H1N3� Ka 2.56 × 1012 M�

Table 1. QCM biosensors for detection of AIVs.�

Antibodies are the most common bioreceptor of choice for sensing, and they are generated by�
immunizing an animal system with antigen. The interaction between antibody and antigen�
can be transduced into measurable signal changes. Early studies focused on the development�
of QCM immunosensor based on antibody-antigen interaction for influenza�virus detection�
[12–14]. For example, the characterization of a QCM biosensor for the direct detection of�
influenza�A viruses was reported by Owen et al. [12]. Self-assembled monolayers (SAMs) of�
mercaptoundecanoic acid (MUA) were formed on QCM gold electrodes for the immobilization�
of anti-influenza�A antibodies, and the limit of detection was estimated to be 4 virus particles/�
ml. QCM immunosensor has been used also to detect avian influenza�label free in nasal�
washings with a lower detection limit of 104�pfu/ml, although, with the addition of a gold�
nanoparticle conjugate, the detection limit was reduced to 103�pfu/ml, which is comparable to�
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the sensitivity and specificity�of viral isolation techniques [13]. Li et al. [14] reported a nano-
beads amplified�QCM immunosensor with polyclonal antibody as the recognition ligand for�
detection of AIV H5N1.�

In recent years, aptamers have been investigated as an alternative of sensing elements, which�
have the potential to replace the antibodies. This is possible due to the unique features of�
aptamers (sensitivity, specificity,�reusability, stability, nonimmunogenicity), which can be�
easily exploited in biosensor technology. Aptamers are single-stranded RNA or DNA oligo-
nucleotides which rely on hydrogen bonding, electrostatic and hydrophobic interactions�
rather than Watson-Crick base pairing for recognition to their target. Aptamers can fold into�
distinct secondary and tertiary structures, bind to their targets with high affinity (dissociation�
constants on the order of nano- to picomolar), and recognize their targets with a specificity�
that challenges antibodies and other biological ligands. They are selected in vitro through�
systematic evolution of ligands by exponential enrichment (SELEX). The selection procedure�
involves the iterative isolation of ligands out of the random sequence pool with affinity�for a�
defined�target molecule and PCR-based amplification�of the selected RNA or DNA oligonu-
cleotides after each round of isolation. As biorecognition ligands, aptamers possess numerous�
advantages, including small size, rapid and reproducible synthesis, simple and controllable�
modification�to fulfill�different�diagnostic and therapeutic purposes, slow degradation�
kinetics, nontoxicity, and a lack of immunogenicity.�

The majority of aptamers developed for AIVs have focused on inhibition of the hemagglutinin�
protein preventing viral infection. For example, a DNA aptamer was developed by Jeon and�
co-workers [15]. RNA aptamers that inhibit membrane fusion of AIV H3N2 and influenza B�
virus hemagglutinin also were developed [16, 17]. DNA and RNA aptamers that target HA1�
proteins of influenza�virus hemagglutinin subtype H5 were investigated in two different�
studies [18, 19]. An aptamer that binds efficiently�to the HA of highly pathogenic AIV H5N1�
and H7N7 was studied by Suenaga and Kumar [20], which inhibits HA-glycan interactions.�
These aptamers were developed to inhibit function of the hemagglutinin protein and prevent�
or treat influenza�infection. Based on the function and likely binding sites of these aptamers,�
it seems unlikely these aptamers would be optimal sequences to use in a biodetection assay.�
A DNA aptamer for avian influenza H5N1 was developed by Wang et al. [21] using a combi-
nation of protein and whole virus targets. It is unique in its binding affinity in that it specifically�
targets the H5N1 subtype, having no binding activity with other H5 or N1 subtype viruses.�
This suggests that the binding site be at an intersection of the H5 and N1 proteins.�

Aptamer-based QCM biosensors, also called QCM aptasensors, have been developed for the�
detection of AIVs. Brockman et al. [22] studied a QCM aptasensor for detection of AIV H5N1�
using magnetic nanobeads labels as mass amplifiers.�The biosensor was found to have a lower�
detection limit of 1 HAU, although the detection time was reduced by half compared to a�
similar QCM biosensor using antibodies [14]. A hydrogel-based QCM aptasensor (Figure 5)�
was able to detect AIV H5N1 at 0.0128 HAU in 30 min [9]. The QCM aptasensor was based on�
swelling of the hydrogel after AIV H5N1 capture due to dissolution of the cross-linked�
aptamers and ssDNA in the hydrogel polymer. The developed aptasensor was both rapid and�
sensitive.�
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Figure 5. (a) Schematic of the QCM aptasensor; (b) a photograph of the QCM aptasensor setup. The aptamer hydrogel�
is immobilized on the gold electrode surface. The quartz�in the electrode acts as a transducer, converting the mass and�
viscosity change to a frequency signal.�

Influenza�virus specificity�for the host is mediated by the viral surface glycoprotein hemag-
glutinin (HA), which binds to receptors containing glycans with terminal sialic acids. This�
molecular recognition process leads to the host cell-virus adhesion stage [23]. The sialic acid�
receptor of various influenza�virus strains differs�in affinity�to sialic acids terminally linked�
either in α(2,3) or α(2,6) position to the galactose (Gal) residues. Human influenza�A viruses�
preferentially recognize the α(2,6)-linkage, while avian viruses have preference for the α(2,3)-
linkage [24, 25]. Each monovalent sialic acid-binding site of HA is weak, with dissociation�
constants in the millimolar range, while the high virus-cell affinity is due to multivalency.�

Takahashi and co-workers [26] demonstrated kinetics of HA binding to sulfatide and ganglio-
side GD1a by QCM analysis. QCM analysis showed that the HA bound with the Kd of�
1.44 × 10−8�M to sulfatide immobilized on a sensor chip, which indicated that sulfatide directly�
binds to the ectodomain of HA with high affinity.�N-Acetylglucosamine (GlcNAc) is a natural�
ligand and is part of the oligosaccharide ligand responsible for the influenza�virus binding�
first�step. In a report by Wangchareansak et al. [27], GlcNAc was employed as bioreceptor�
immobilized on QCM gold sensor surface for detection of influenza�A virus (H5N3, H5N1,�
H1N3), which displayed high binding affinity�with Ka values of 2.03 × 1010, 4.35 × 1010, and�
2.56 × 1012 M, respectively.�

QCM biosensor has advantages, such as simplicity, cost-effectiveness,�real-time output, and�
direct detection. But there also exists some disadvantages, such as the lack of stability, difficulty�
with sensor surface regeneration, loss of the immobilized ligands after multiple washing and�
regeneration, nonspecific�binding of other nontarget biomaterials, and relatively long incuba-
tion time. Further improvements are required to address these limitations before the QCM�
biosensor technology can be routinely employed for AIVs detection.�
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2.2. Optical biosensors�

Optical biosensors rely on visual phenomena to detect the interaction between the biological�
element and the target analyte. Examples of optical biosensors include surface plasmon�
resonance (SPR), absorption, luminescence, and fluorescent�sensors. Detection by optical�
biosensors can occur in two ways: by the analyte directly affecting�the optical properties of the�
sensing environment, such as in SPR or absorption methods, or by the analyte being tagged�
with a label that produces an optical phenomenon, such as in fluorescence�methods. Optical�
biosensors, which are sometimes referred to as “optodes,” have received considerable interest�
in the detection of AIVs. The main analytical features of optical biosensors for detection of�
AIVs are summarized in Table 2�[3, 28–38]. The target “virus” in Table 2�is the entire virus�
particle and target “HA” is the HA protein or recombinant HA protein of virus.�

Influenza� Target� Bioreceptor� Sensitivity� Sensor� Labelling� Reference�
subtype� method�
H1N1� Virus� Glycan� 45.6 × 10−13 M� SPR� Label-free� [29]�

H3N2� HA� Antibody� 1 nM� Waveguide� Dye� [32]�

H5N1� HA� Glycan� Kd 1.6 × 10−9 M� SPR� Label-free� [30]�

H5N1� Virus� Aptamer� 0.128 HAU� SPR� Label-free� [31]�

H1N1� HA� Aptamer� Kd 67 fM� SPR� Label-free� [28]�

H3N2� Virus� Antibody� 0.2 HAU/ml� Prism-free SPR� Fluorescent� [33]�

H3N2� Virus� Antibody� –� Waveguide� Gold� [3]�
nanoparticles�

H9N2� Virus� Antibody� 8.94 ng/ml� Nanobioprobe� [36]�
coupled with�
immunomagnetic�
beads, Fluorescent�

H7 subtype� HA gene� Oligonucleotide� 7 pM� Luminescence� [37]�
probe� resonance�

energy�
transfer (LRET)�

H1N1� Virus� Antibody� 1.0 × 10−13 g/ml� Silver� [35]�
nanoparticles�
labeled�
antibodies�
with indirect�
fluorescence�

H5N1� HA� Aptamer� 2 ng/ml� Silver� [34]�
(buffer);� nanoparticles;�
3.5 ng/ml� Fluorescent�
(human�
serum)�

H1N1� Virus� Antibody� 0.1 pg/ml� Gold nanoparticle- [38]�

H3N2� 50 pfu/ml� decorated carbon�
nanotubes;�
photoluminescence�

Table 2. A list of optical biosensors reported for the detection of AIVs.�
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Various modes of optical measurement exist (i.e., absorption, reflection,�fluorescence, chemi-
luminescence, and phosphorescence); however, biosensors based on surface plasmon reso-
nance (SPR) and fluorescence�principles are the most common and promising methods for�
AIVs detection.�

The Kretschmann configuration [39] is the most popular optical setup for SPR applications.�
SPR biosensors measure the change in refractive index due to binding of biomolecules near�
the sensor surface. Refractive index is defined�as the ratio of the speed of light in vacuum and�
the phase velocity of light in the medium. SPR is one of very few techniques that are able to�
provide noninvasive, real-time kinetic data on association, and dissociation rates, along with�
equilibrium binding constants for receptor or ligand systems. Estmer-Nilsson et al. [40] were�
able to utilize SPR to quantify influenza�virus for vaccine production via an antibody inhibition�
assay using HA proteins immobilized on the sensor surface. Some research showed SPR�
biosensors for avian influenza�DNA hybridization [41], adamantane binding sites in the�
influenza�A M2 ion channel [42], influenza�virus hemagglutinin monitoring [43], and binding�
kinetics study [44]. Studies by Gopinath et al. [28] revealed that SPR-based biosensor is a useful�
tool for detection of human and avian influenza viruses.�

SPR-based Biacore technology has been designed to investigate biomolecular interactions,�
which was initiated in 1984. The commercial available systems include Biacore 1000, Biocore�
3000, BIAlite, and Biacore T100. Biacore is the dominant SPR technique used for AIVs detection.�
The main advantage of this technology is its capacity to monitor weak macromolecular�
interactions that cannot be detected by other sensors and its subject ability to automation. SPR�
was used to evaluate the binding of influenza�A virus H1N1 directly to a neomembrane of�
bovine brain lipid or an egg yolk lecithin fraction [29] and to monitor the interactions between�
influenza�HA and glycan [30] or apatmers [28]. However, Biacore instruments are expensive�
and need proper maintenance. Bai and co-workers [31] have shown that a portable hand-held�
SPR-based biosensor (Spreeta™, Texas Instruments, Dallas, TX, USA) (Figure 6) can be�
employed for the detection of AIV H5N1. The fabrication of the SPR biosensor was based on�
the streptavidin-biotin binding. The streptavidin was directly adsorbed on the gold surface,�
and then, biotinylated ssDNA aptamers were immobilized. Target AIVs were captured by the�
immobilized aptamers and resulted in an increase in the refraction index. It was able to detect�
AIV H5N1 in poultry swab samples with a lower detection limit of 0.128 HAU in 1.5 h.�

The working principle of a waveguide mode sensor is similar to that of a SPR sensor. The only�
difference�is that the measurement is conducted using a waveguide mode rather than a surface�
mode [32]. Based on the properties of light-guiding and dimensions, there are two general�
classes, fiber�optical waveguides and planar waveguides, which can be further divided into�
single mode and multimode [45]. Waveguide mode biosensors were developed using antibody�
as bioreceptor for the detection of HA from H3N2 [32] and H3N2 virus [3].�

Of the optical methods requiring labels for detection, fluorescence�is the most widely studied�
[34–36, 46, 47]. Fluorescence measurements are of particular interest in biosensor systems due�
to their high sensitivity. Commonly used labels in fluorescent�biosensors are dyes, quantum�
dots (QDs), and fluorescent�proteins, with the latter�two becoming more popular as they are�
further researched [46]. A fluorescent�aptasensor was developed by Pang and co-workers [34]�
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for detection of AIV H5N1. The Ag@SiO2�core-shell nanoparticles were coated with the anti-
HA aptamers. The binding of aptamer-HA protein formed a G-quadruplex complex, which�
captured thiazole orange (TO) and reported the fluorescent�signal of TO. Moreover, it caused�
a surface plasmon resonance enhancement and performed as a metal-enhanced fluorescence�
sensing. The detection of HA protein of the AIV H5N1 could be operated both in aqueous�
buffer�and human serum with the detection limit of 2 and 3.5 ng/mL, respectively. The total�
detection time was only 30 min. Using antibodies as bioreceptors, Li et al. [35] developed a�
highly sensitive fluorescent�immunosensor for detection of H1N1, which was based on Ag�
autocatalysis. It had a detection range of 1.0 × 10−12�to 1.0 × 10−8�g/ml with a detection limit of�
10−13 g/ml.�

Figure 6. Configuration for measuring AIV H5N1using the portable SPR aptasensor (with permission from MDPI).�

Fluorescence resonance energy transfer (FRET) is used in the design of a biosensor, which is�
based on the energy transfer between two light-sensitive molecules, a donor and an acceptor�
chromophore. In the nucleic acid-based FRET method, a reporter and a quencher are conju-
gated at the terminals of a nucleic acid probe. Without the target, the duplex is formed, bringing�
these two molecules in close proximity, which results in fluorescence quenching. The present�
of a target can cause the conformational change of the probe, which changes the position of�
the reporter and quencher and emits fluorescence.�A QD-induced FRET system was developed�
by Chou and Huang [47] using two oligonucleotides. These two oligonucleotides were�
designed to specifically�recognize two regions of the AIV H5 sequences and were employed�
as the capturing and reporter probes, respectively. They were conjugated to QD655 (donor)�
and Alexa Fluor 660 dye (acceptor), respectively. At target concentrations ranging from 0.5 nM�
to 1 μM, the QD emission decreased at 653 nm and dye emission increased at 690 nm. Another�
luminescence resonance energy transfer (LRET)-based biosensor was developed by Ye et al.�
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[37] for rapid and ultrasensitive detection of AIV H7 subtype. In this work, BaGdF5:Yb/Er�
upconversion nanoparticles (UCNPs) and gold nanoparticles (AuNPs) were used as the pair�
of donor and acceptor. The oligonucleotides with H7 HA gene sequence were conjugated with�
thiol and then were assembled on the AuNPs surfaces. The complementary sequence probes�
were modified�with amino group and then were covalently bond to poly(ethylenimine)�
modified�BaGdF5:Yb/Er UCNPs. The hybridization process brought these two molecules in�
close proximity, resulting in fluorescence quenching.�

QDs are a type of semiconductor with a diameter typically between 2 and 10 nm whose excitons�
are confined�in three spatial dimensions, giving them properties of both unconfined semicon-
ductors and discrete molecules. In comparison with organic dyes and fluorescent�proteins,�
QDs have unique optical and electronic properties including size-tunable light emission,�
improved signal brightness, high resistance against photobleaching, and simultaneous�
excitation of multiple fluorescence�colors. QD-based bioconjugates used for optical sensing�
could dramatically increase the sensitivity that would permit simultaneous measurement of�
several targets. Lee and co-workers [38] developed a plasmon-assisted fluoro-immunosensor�
by the conjugation of antibody onto the surface of cadmium telluride QDs and the Au�
nanoparticle-decorated carbon nanotubes (AuCNTs) for the detection of H1N1 and H3N2. A�
detection limit of 0.1 pg/ml and 50 pfu/ml was obtained for H1N1 and H3N2, respectively.�

Fluorescent biosensors are simple and show improved sensitivity and reduced detection time.�
But they have a drawback of requiring relatively expensive reagents. In order to apply the�
fluorescent�biosensor for detection of real samples with complex background, such as tracheal�
and cloacal swabs from birds, further work would be required to combine an effective sample�
pretreatment method with the fluorescent biosensor for the detection of AIVs in the field.�

2.3. Electrochemical biosensors�

More than half of the biosensors used for the detection of AIVs are based on electrochemical�
transducers. Electrochemical biosensors use changes in the electrical properties caused by�
biochemical reactions to detect an analyte [48]. Electrochemical transducers offer�several�
advantages: low cost, high sensitivity, ease of miniaturization, independence from solution�
turbidity, low power requirements, and simplicity of use [49]. These characteristics make�
electrochemical detection methods highly attractive�for field�monitoring of infectious diseases�
and biological warfare agents. Electrochemical biosensors can be divided by the electrical�
parameter that they measure: amperometric, potentiometric, conductimetric, and impedimet-
ric. Amperometric biosensors work by applying a constant potential across an electrode and�
measuring the current associated with either the reduction or oxidation of an electroactive�
species created by the interaction of the biological element and the analyte. Amperometric�
biosensors are often used with an enzyme capable of catalyzing the production of an ionic�
product and increasing the selectivity and the sensitivity [50]. Potentiometric biosensors gather�
data by converting a biological reaction into a potential signal with the use of ion-selective�
electrodes [51]. Conductimetric biosensors simply measure the conductivity change in a�
medium caused by the analytes. Impedimetric biosensors measure a combination of the�
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resistive and capacitive or inductive properties of a material in response to a small amplitude�
sinusoidal excitation signal [52].�

A detailed review of the electrochemical biosensors for detection of AIVs before year 2014 can�
be found in the paper by Grabowska et al. [53], which covered the electrochemical genosensors�
and electrochemical immunosensors for detection of AIVs. A total of 69 references were cited�
in their review paper. Within the context of this chapter, the electrochemical biosensors�
reported prior to 2014 are referred to the review paper by Grabowska et al. and the electro-
chemical biosensors reported in the years 2014 and 2015 plus some impedance biosensors not�
mentioned by Grabowska et al. are reviewed in detail.�

Impedance biosensors are a class of electrical biosensors that measure the electrical impedance�
of an interface in AC steady state with constant DC bias conditions. This is accomplished by�
imposing a sinusoidal voltage at a given frequency and measuring the current. This measure-
ment can be done over a range of frequencies or at a given frequency [54]. Many impedance�
biosensors utilize a capture probe on the detecting surface to hold the target molecule, thereby�
stabilizing the point of detection. Due to the ease of miniaturization, low energy usage and�
relatively low cost, impedance biosensors show promise for AIVs applications. Impedance�
biosensors can use a variety of biological sensing elements but the most commonly used are�
antibodies. When using antibodies as the biological element the biosensor is often referred to�
as an impedance immunosensor. Impedance immunosensors rely on the interaction of the�
antibody and the antigen to generate a detectable signal for the transducing element. This�
allows the immunosensor to detect either indirect or direct impedance measurements. Direct�
impedance measurement, or label-free detection, is dependent on monitoring the changes in�
the electrical properties of the sensing environment caused by the antibody-antigen interac-
tion. A label-free detection method has several advantages over an indirect detection method,�
including reduced detection time, lower cost, and simpler detection protocol.�

There are two general classes of impedance biosensors, Faradic and non-Faradic impedance�
biosensor, which have been used for the detection of AIV H5N1 or subtype H5. A Faradic�
impedance biosensor was developed by Wang and co-workers [55] using an interdigitated�
array microelectrode. Polyclonal antibody against H5 was oriented immobilized on the gold�
surface through protein A to capture target virus, and red blood cells (RBCs) were used as�
biolabels for signal amplification.�The biosensor had a lower detection limit of 103 EID50 ml−1.�
Wang et al. [10] also reported a non-Faradic impedance biosensor for H5N2 avian influenza�
detection, which was based on the combination of an immunomagnetic nanobeads separation�
and a microfluidic�chip with an interdigitated array microelectrode. A lower detection limit�
of 103 EID50 ml−1�was achieved with detection time less than 1 h. Then, Lum et al. [56] further�
improved the non-Faradic impedance biosensor for H5N1 detection by a combination of�
immunomagnetic nanoparticles, a microfluidic�chip, an interdigitated array microelectrode,�
and RBCs for signal amplification.�The specificity�of the biosensor was improved due to the�
use of anti-H5 as a capture antibody and anti-N1 as a detection antibody.�

A miniaturized biosensor was developed by Diouani et al. [57] for the detection of H7N1.�
Polyclonal antibodies against AIV H7N1 were attached�to a gold electrode using a self-
assembled monolayer. The impedance measurement was carried out in the presence of a redox�
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probe and inside a Faraday cage. The lower detection limit of this biosensor was determined�
to be 5 μg/ml of specific�antigen. Hassen et al. [58] developed an impedance biosensor capable�
of quantifying influenza A virus in a media comprised of numerous other proteins and viruses.�
The biosensor had a lower detection limit of 8 ng/ml, even in the presence of nonspecific viruses�
and proteins.�

In Table 3, the electrochemical biosensors developed for the detection of AIVs in year 2014 and�
2015 are summarized [59–79].�

Influenza� Target� Bioreceptor� Sensitivity� Detection� Reference�
subtype� range�

H1N1� Virus� Antibody� 1 pfu/ml� 1–104 pfu/ml� [65]�

H5N1� HA� Antibody� 2.2 pg/ml� 4–20 pg/ml� [66]�

H1N1� PB1-F2 protein� Antibody� 0.42 nM� 5 nM–1.5 μM� [60]�
(monomeric);� (monomeric);�
16 nM (oligomeric)� 5 nM–0.5 μM�

(oligomeric)�

H5N1� Virus� Antibody� 2−15� 2−15–2−8� [67]�
HAU/50 μl� HAU/50 μl�

H5N2, H7N1,� M1 protein� Antibody� 20 pg/ml� –� [59]�
H1N1� (80–100 virus/μl)�

H1N1� PB1-F2� Antibody� 0.42 nM� 5 nM–1.5 μM� [61]�
protein�

H5N1� Antibody� HA� 2.1 pg/ml� 4–20 pg/ml� [63]�

H5N1� Antibody� HA� 2.4 pg/ml� 4–100 pg/ml� [64]�

H7N9� Virus� Antibody� 6.8 pg/ml� 0.01–20� [68]�
ng/ml�

H5N1� Virus� Antibody� 2−1� 2−1–24� [62]�
HAU/50 μl� HAU/50 μl�

H5N1� Complementary� Complementary� 73 pM (DNA� –� [71]�
DNA (20-mer);� sequences� 20-mer); 0.87 pM�
RNA (280-mer)� probe� (RNA 280-mer)�

H5N1� Full length� DNA probe� fM level� –� [69]�
H5 gene�

H5N1� Full length� DNA probe� 0.03 fM (20- –� [70]�
H5 gene� mer ssDNA); 0.08�

fM (ds DNA)�

H7N9� A fragment� DNA probe� 100 fM� –� [72]�
of the HA�
gene sequence�

H7N9� A fragment� Primer and� 9.4 fM� 50 fM–100 pM� [73]�
of the HA� DNAzyme�
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Influenza� Target� Bioreceptor� Sensitivity� Detection� Reference�
subtype� range�

gene sequence�

H5N1� Virus� Aptamer� 8 × 10−4 HAU/� 0.001–1 HAU� [74]�
200 μl�

H5N1� Virus� Aptamer� 0.0128 HAU� 0.0128–12.8 HAU� [78]�

H5N1� Viral proteins� Aptamer- 100 fM� 100 fM–10 pM� [75]�
antibody pair�

H5N1� Virus� Aptamer� 2−9 HAU� 0.001–4 HAU� [77]�

H5N1� HA� Glycan� –� –� [76]�

H5N1� HA� Glycan� aM level� 140 aM–14 nM� [79]�

Table 3. A list of electrochemical biosensors reported in 2014 and 2015 for the detection of AIVs.�

For the past two years, the immunosensors have been the dominant electrochemical biosensors�
for detection of AIVs [59–68]. For example, universal anti-M1 antibodies, which allow detection�
of all serotypes of influenza�A virus, were used for the development of an universal immuno-
sensor for detection of the influenza�A virus. It showed similar sensitivity (80–100 virus�
particles/μl) to molecular methods [59]. Miodek and co-workers [60, 61] developed an�
electrochemical immunosensor, which was based on conductive polypyrrole modified�with�
ferrocenyl groups as a redox marker for the detection of PB1-F2, a nonstructural accessory�
protein of influenza�A virus. Lin et al. [62] demonstrated that an impedance immunosensor,�
which was based on low-cost microelectrodes and specific�monoclonal antibodies for rapid�
detection of AIV H5N1 in chicken swabs. Studies by Jarocka and co-workers [63, 64] revealed�
that the immobilization of the recombinant His-tagged HA was able to detect antibodies�
against AIV H5N1 in hen serum.�

Although electrochemical biosensors for avian influenza�detection have mostly been investi-
gated for whole virus or virus protein detection, some groups have developed biosensors for�
the detection of avian influenza�nucleic acid sequences [69–73]. These biosensors are based on�
the use of nucleic acid probes, which bind to specific�sequence in the influenza�genome. Several�
genosensors have been studied for the detection of the full length H5 gene of AIV H5N1. In�
the study of genosensors by Grabowska et al. [69, 70], redox active compounds (such as cobalt�
porphyrins or 3-iron bis(dicarbollide) were conjugated with the DNA probes, which were very�
close to the electrode surface. These developed genosensors showed a sensitivity in the fM�
range. Malecka and co-workers [71] reported an AET/Phen-Epoxy/Fe(III)/(Phen-Epoxy-NH2-
NC3)2 genosensor, which has a working principle similar to this already reported by Gra-
bowska et al. [69]. The hybridization process caused the formation of the duplex structure on�
the electrode surface, which resulted in the thickness changes of the double layer at the�
interface between the electrode and solution.�

A new trend in the development of biosensors is the use of nanomaterials which exhibit unique�
and attractive�chemical, physical, and electronic properties. Various nanomaterials have been�
used as an electrode platform in highly sophisticated electroanalytical biosensing devices. The�
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working electrodes (actual physical transducers) upon modification�with these materials gain�
large effective�surface area, high catalytic capabilities, and high conductivity. Thus, these�
transducers could act as effective�mediators and facilitate electron transfer between an active�
site on the receptor and the electrode surface. Nanoparticles [74, 75], carbon nanotubes [65],�
magnetic nanobeads [68, 74], or quantum dots [76] enhance sensitivity and selectivity of the�
electrochemical detection. Among the variety of metal nanoparticles, gold nanoparticles�
(GNPs) have been extensively utilized in recent years, mainly because of their nanoscopic size,�
good conductivity, and biocompatibility. One of the most commonly used is single-walled (SW)�
or multiwalled (MW) carbon nanotubes (CNTs) as well as graphene and graphene nanosheets.�
Thanks to their fast electron transfer ability, mechanical strength, chemical stability, catalysis�
effect,�and thermal and electrical conductivity, they are attracting�greater interest than other�
applied technologies.�

A magnetic nanobeads-based impedance aptasensor was designed and developed by Fu and�
co-workers [74] (Figure 7). Briefly,�H5N1 aptamers were coated on the magnetic nanobeads�
(MBs) for specifically�capturing target AIV H5N1. Then, bionanocomposites (BNCs) were�
added using Au nanoparticles (AuNPs) as carriers, which were conjugated with concanavalin�
A (ConA) and glucose oxidase (GOx). The BNCs attached�on the captured target virus through�
ConA-glycan interaction formed a sandwich complex. Finally, the sandwich complex was�
transferred to a glucose solution, resulting in an efficient enzymatic reaction and the impedance�
decreased correspondingly on a screen-printed interdigitated array electrode. This method�
took advantages of the high efficiency�of enzymatic catalysis and the high susceptibility of�
electrochemical impedance on the ion strength and endowed the aptasensor with high�
sensitivity.�

Figure 7. Illustration of the aptasensing mechanism and construction of the aptasensor (with permission from ACS).�

Wang and co-workers [77] developed an aptamer-based bifunctional bionanogate, which could�
selectively respond to target molecules and control enzymatic reaction for electrochemical�
measurements (Figure 8). A nanoporous gold film�with a pore size of ~20 nm was prepared�
by a metallic corrosion method and then was functionalized with two types of thiol-modified�
single-stranded oligos (SH-ssDNAs) by means of Au–thiolate bonding. The bases of the two�
immobilized SH-ssDNAs were selected to be partly complementary to that of the two ends of�
an aptamer, respectively. Then, aptamers were added and hybridized with the two immobi-
lized SH-ssDNAs, resulting in the nanopore covered with aptamers, a “closed” bionanogate.�
Finally, the aptamer covered nanopore film�was placed onto an enzyme precoated glassy�
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carbon electrode to form an aptasensor. The working principle of the bionanogate-based�
aptasensor for detection of AIV H5N1 is illustrated in Figure 8. Initially, without the target�
AIV, the bionanogate was kept “closed,” which isolated coenzymes and substrates in the�
testing solution from the enzymes immobilized on the electrode so that the enzymatic reaction�
was restricted (Figure 8a). Upon the target virus binding, the aptamers dissociated into�
solution from their ssDNAs and formed aptamer–virus complexes, which triggered the�
bionanogate “open” (Figure 8b). This “open” state allowed coenzymes and substrates to�
diffuse�freely through the opened nanopore and to create contact with the immobilized�
enzymes, resulting in an efficient enzymatic reaction (Figure 8c).�

Figure 8. Principle of the bionanogate-based aptasensor for detection of AIV H5N1 (with permission from Elsevier).�

Despite the remarkable sensitivity, rapid response, miniaturization capability, and low cost of�
the electrochemical biosensors for AIV detection, there are still problems with long-term�
stability and selectivity in real samples with complex background. Obviously, further work�
would be required to demonstrate that the electrochemical biosensors do not suffer�from�
stability and selectivity problems when handling real samples in the field.�

3. Conclusion�

Biosensors have attracted�tremendous interest in AIVs detection. They are characterized by�
good selectivity and sensitivity with a wide dynamic range from subfemtomolar to nanomolar,�
easy and rapid experimental protocol, reasonable cost, and usage of the sample volume in a�
μl range. Rapid development of nanotechnology has opened a new way for design and�
construction of biosensors with even better�features. However, many contributions to the field�
of biosensors for AIVs detection still are at the “proof-of-concept” stage. Thus, authors hope�
that this chapter will promote lively and valuable discussions in order to generate new ideas�
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and make new approaches toward the development of innovative biosensors for applications�
in AIVs detection.�
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Abstract�

The�ability�of�influenza�virus�to�adapt�to�various�species�and�evade�natural�immunity�
makes�the�ubiquitous�pathogen�particularly�difficult�to�eradicate.�Annual�reformulation�
of�influenza�vaccines�is�costly�and�time-consuming�and�has�varying�efficacy�against�
influenza�virus�strains.�Therefore,�worldwide�efforts�aim�to�develop�a�universal�
influenza�vaccine�to�prevent�potential�healthcare�emergencies�such�as�pandemic�
influenza�threats,�such�as�the�1918�Spanish�Flu�and�pandemic�Swine�Flu�of�2009.�Efficacy�
of�a�universal�influenza�vaccine�must�overcome�current�challenges�with�subtype�
diversity,�antigenic�drift,�and�adequately�protect�against�emerging�reassortants�from�
both�environmental�and�agricultural�sources.�Furthermore,�the�manufacturing�and�
production�of�vaccines�largely�influence�the�effectiveness�of�a�vaccine�and�technological�
advancements�may�soon�rival�current�vaccine�strategies.�This�review�discusses�the�
evolution�and�diversity�of�influenza�viruses,�how�viral�glycoprotein�hemagglutinin�
plays�a�dominant�role�in�influenza�surveillance�and�assessment�of�protection�and�
compares�the�methodologies�of�current�and�upcoming�vaccine�options.�While�the�
obstacles�remain�daunting,�growing�knowledge�of�influenza�evolution�and�immunity�
may�lead�to�more�viable�candidates�that�protect�against�broader�varieties�of�influenza�
viruses�and�help�prevent�future�international�health�crises.�

Keywords: influenza, vaccine development, universal flu,�flu strategies, immunology�

1. Introduction�

The�World�Health�Organization�(WHO)�estimates�3–5�million�cases�of�severe�influenza�
worldwidewillresultbetween250,000and500,000deathsannually[1].WithintheUnitedStates,�
24.7�million�cases�of�seasonal�influenza�of�various�severities�are�predicted�and�an�estimated�
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3,300–49,000�deaths�occurred�per�year�between�1979�and�2001�[2].�From�2013�to�2014,�the�
hospitalization�rate�in�the�United�States�was�24.6�per�100,000�persons�[3],�although�rates�as�high�
as�309�per�100,000�have�been�reported�from�1993�to�2008,�among�elderly�>65�years�of�age�[4].�
Including�direct�medical�costs�and�loss�of�productivity�and�earnings�associated�with�work�
absentness,�seasonal�influenza�contributes�an�$87�billion�burden�on�the�US�economy�[5].�
Furthermore,�the�spread�of�pandemic�swine�influenza�virus�from�2009�to�2010�attributed�to�42–�
89�million�cases�of�pandemic�H1N1�(pdm�H1N1)�and�an�estimated�8870–18,300�deaths.�
Consequently,�there�is�still�a�need�to�enhance�our�understanding�of�influenza�virus�evolution�
and�manage�the�spread�of�pandemic�influenza�viruses.�

Global influenza�virus monitoring and surveillance systems track significant�trends or real-
time changes to influenza�epidemiology and identify predominant viral subtypes during a�
particular season. Clinical symptoms include acute onset of cough, fever, and myalgia [6–9],�
and viral presence is confirmed�by WHO-mandated laboratory standard operating proce-
dures, such as immunostaining, cell culture growth, real-time polymerase chain reaction (RT-
PCR), and detection of hemagglutination-inhibiting or viral neutralizing antibodies [10]. While�
viral culture in mammalian cells remains vital for characterization, RT-PCR remains the most�
rapid and sensitive diagnostic test available, with detection rates enhanced twofold over cell�
culture [8, 11, 12]. Alternatively, increases in hemagglutination-inhibiting antibody titers more�
than fourfold are counted as positive seroconversion and following viral infection or vaccina-
tion, which assists with monitoring immunogenicity. Collectively, data are shared through the�
WHO’s Global Influenza�Surveillance and Response System (GISRS), which includes 143�
institutions in 113 WHO Member States [13], to help alert the emergence of antigenic variants�
or the beginning of a pandemic.�

In April 2009, the Centers of Disease Control and Prevention (CDC) cited the first�incidence of�
human-to-human transmission of pdmH1N1, also referred to as swine influenza�A, which was�
antigenically distinct from other circulating human H1N1 [14]. As the first�influenza�pandemic�
of the twenty-first�century, pandemic (pdm) H1N1 was not included in the annual trivalent�
vaccine regimen, leaving a large majority of the population unprotected from the newly�
emerging pathogen. In response to the increasing number of illnesses associated with pdm�
H1N1, satellite surveillance sites throughout the world rapidly collected clinical samples,�
surveyed seroconversion rates, and monitored the spread of the pandemic. Under the recom-
mendation of WHO and CDC, the standard trivalent vaccine regimen of 2009–2010 [15] was�
reformulated to accommodate for the pdm H1N1 influenza strain (A/California/07/2009-like)�
[16, 17], and a median seroconversion rate of 59% was observed among healthy individuals�
ranging from 18 to 65 years of age [18]. During the 2010–2011 season, predicted efficacy�in�
Sweden among individuals between 6 months and 64 years was between 63% and 80%, when�
60% of the Swedish population received a monovalent AS03-adjuvanted vaccine against pdm�
H1N1 [19]; importantly, laboratory diagnosis of pdm09 H1N1 was utilized in this study. As of�
2016, A/California/07/2009-like pdm H1N1 remains the predominant H1N1 strain circulating�
in the human population and remains a component in the annual trivalent or quadrivalent�
vaccine schedule. The remaining components of the annual vaccine, including prototype�
strains of Group B influenza strains and subtype H3N2, are frequently updated due to frequent�
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antigenic changes to the hemagglutinins (HA). Ultimately, the WHO and CDC provide�
recommendations for vaccine formulation and identify what particular health concerns need�
to be address by the public, healthcare workers, and pharmaceutical/biomedical research�
industry.�

2. Influenza diversity, tropism, and evolution�

Currently, there are three types of influenza�(A, B, and C), however, only types A and B infect�
humans. Influenza�belongs to the family of Orthomyxoviridae and contains a negative sense,�
single segmented RNA genome. The influenza�virion is pleomorphic or filamentous�in shape,�
budding to approximately 80–120 nm in diameter, and attaches to sialic acid receptors found�
on numerous tissues in a diverse variety of hosts, including birds and mammals, such as swine,�
equine, canine, ferrets, and primates [20–23]. Upon budding from host cells, a lipid bilayer�
envelopes the viral ribonucleoprotein complex and presents surface viral glycoproteins, which�
are various combinations of hemagglutinins (HA, H1-H18) and neuraminidases (NA, N1-
N11); the arrangement of HA and NA help distinguish the large diversity of influenza�
subtypes [24].�

Avian influenza strains are ubiquitous in the wild; circulating in predominantly the wild ducks�
Anatidae bird populations [25–27] through an indirect fecal-oral transmission route and often�
results in little�to no pathology [25, 28]. Replication of avian influenza�virus (AIV) occurs in�
the intestinal tract of waterfowl and is shed in feces, such that contaminated waters infect other�
hosts; certain strains of AIV can persist in aquatic environments for 9 to 200 days, depending�
on salinity, pH, and temperature [29–31]. Consequently, poor water quality control and�
cohabitation of wild species increase the likelihood of AIV transmission into domestic birds�
markets [27, 32, 33] and livestock. Surveillance of live poultry markets in Asia indicate high�
prevalence of low pathogenic avian influenza�strains, such as H3N2, H5N2, and H9N2 [32, 34–�
37]; isolates collected from poultry populations in Korea were used to experimentally infect�
mice and demonstrate zoonotic adaptation for mammalian hosts [38].�

The human influenza virus threats are derived from avian [21, 39–42] or swine [14, 43] influenza�
predecessors, but these viruses have adapted to transmit and to replicate in the human host.�
Highly pathogenic avian influenza�H5N1 (HPAIV H5N1) outbreaks during the end of the�
twentieth century led to lethal disease in domestic poultry and waterfowl, and eventually�
human intervention was needed to quarantine and cull millions of contaminated flocks�
worldwide [41, 44, 45]. Although most avian influenza�strains typically do not cause disease�
in humans, HPAIV H5N1 was spread to humans in Hong Kong in 1997. From 2003 to January�
2014, the WHO reported 386 human deaths out of the 650 confirmed�H5N1 cases [46]. In�
February 2013, a novel avian influenza�virus subtype, H7N9, was also detected in humans [47]�
and was thought to have arisen from nonpathogenic H7 strains.�

In humans, influenza�spreads through aerosolized respiratory droplet transmission and the�
virus attaches�to primarily columnar epithelial cells lining the respiratory tract. Infection of�
influenza�spreads to airway epithelial cells [48–50] and alveolar macrophages [51], although�
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dendritic cells [52], natural killer cells [53], and mast cells are semi-permissive for influenza�
infection in vitro and in vivo. Typical incubation period for influenza virus is 1–4 days, in which�
an afflicted�individual begins shedding virus and continues to shed up to 10 or more days after�
the onset of symptoms [9, 54]. Unlike human seasonal influenza, most AIV transmits directly�
from animal-to-human (zoonotic), but infrequently transmits between human hosts; however,�
since 1918, four influenza�pandemics occurred after antigenic shift enabled human adaption�
and no prior immunity existed in the population. Since influenza�hemagglutinin binds to sialic�
acid receptors that are on respiratory epithelial as well as erythrocytes, a rapid assay for sialic�
acid receptor binding is the red blood cell agglutination and hemagglutination inhibition (HAI)�
assays. Developed in the 1940s and based on the ability of influenza�hemagglutinin to bind�
receptors of target cells and agglutinate red blood cells (RBCs), the HAI assay has become the�
standard serological assay for screening influenza�hemagglutinin-reactive antibodies in sera�
[10]. Serial dilutions of heat-inactivated, receptor-destroying enzyme (RDE)-treated sera are�
incubated with a fixed amount of virus titrated in hemagglutination units and then RBCs are�
added to the virus-sera mixture to permit agglutination. The presence of influenza-specific,�
receptor-binding antibodies prevents RBC agglutination and potentially reduces infectivity.�
By standard, an antibody titer of >32, or most commonly 40, is correlated with up to 50%�
protection from influenza�disease [14], and seroconversion is assumed when greater than�
fourfold increase is observed when comparing of pre- and post-vaccination HAI titers [13].�
However, as important as the standard agglutination and HAI assays are for vaccine immu-
nogenicity surveillance, new challenges arise when viruses have reduced species-specific�RBC�
agglutination [55, 56] or when HAI titers do not correlate with protection [15]. Consequently,�
additional verification�approaches are needed and applied to assess efficacy�beyond immu-
nogenicity of a vaccine candidate; the greatest obstacle, however, is overcoming the antigenic�
diversity in influenza�strains and eliciting vaccine-induced protection prior to antigenic drifts�
or shifts.�

Influenza�glycoprotein hemagglutinin (HA) amino acid sequence variation fluctuates rapidly�
amidst cross-species infections, leading to shifts within HA subtypes. For example, the�
influenza�viruses that spread internationally in 2009 were antigenically unique to seasonal�
H1N1 strains, but resembled the pandemic H1N1 strains isolated in 1918. The emergence of�
H1N1 into the human population in 1918 caused the first�influenza�pandemic of the twentieth�
century and caused ~50 million deaths worldwide [57]. Cross-reactive antibodies to the pdm�
H1N1 strains of 2009 were identified�in the sera of older people [58] and therefore this implied�
that people infected with the 1918 H1N1 viruses elicited long-lasting antibodies that cross-
reacted with the pdm H1N1 infecting people 90 year later. H3N2 influenza�strains emerged in�
1968 as a human pathogen after reassortment of HA & PB1 genes with avian source (1918 H1N1�
(avian/human)→1957 H2N2 (avian)→1968 H3N2 (avian/human)) [43] leading to the loss of�
immune recognition among human hosts. The timeline in Figure 1�illustrates the reassortment�
events that transitioned between avian influenza�viruses into human pathogens and the�
emergence of pdm H1N1 or swine flu�remained circulating in the swine population since early�
twentieth century and was reintroduced in the early 2000s.�
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Figure 1. Timeline of influenza viruses and circulation among avian, swine and human populations.�

The emergence of the 1918 Spanish Flu into the human population resulted from divergent�
reassortment of avian-like influenza�and caused substantial morbidity and mortality world-
wide. Further reassortment of the HA subsequently led to H2N2 and H3N2, which currently�
circulates abundantly in the human population. Introduction of H3N2 into the swine popu-
lation during the 1970s and circulation of H1N2 permitted�additional reassortment in the form�
of novel Swine Flu or pdm H1N1. The recent incidence of avian strains H5N1 and H7N1 is�
further evidence that zoonotic exchange of influenza�viruses increases the likelihood of�
introduction to human populations.�

Influenza�HA mediates the binding to host cell surface receptors, dominantly sialic acid, which�
tends to be specific�to species and tissue. HA proteins expressed by avian influenza�strains�
preferentially bind to the sialic acids bound by an alpha 2-3 glycosidic bond, whereas an alpha�
2-6 linkage is preferred by human adapted strains. Importantly, the upper human respiratory�
tract is lined with epithelial cells expressing sialic acids with alpha 2-6, whereas the lower�
respiratory tract contains sialic acids containing the alpha 2-3[41] potentially increasing�
susceptibility to lower respiratory tract infections by avian influenza�viruses [42]; however,�
direct droplet transmission between humans is inefficient and remains limited.�

In addition to receptor-binding specificity, the influenza�HA sequence contains a critical�
cleavage site that is necessary for initiating pH-dependent fusion into the host cell. Influenza�
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virus HA is synthesized as a precursor HA0, which is composed of a globular surface “head”�
HA1 and the stalk-like HA2. The HA2 portion contains a transmembrane domain spanning�
the viral membrane [23, 59, 60]. Within the HA1 subunit is the receptor-binding site (RBS) and�
a vestigial esterase domain that alters pH stability and ultimately, confers high or moderate�
pathogenicity [61, 62]. The exposure of the fusion peptide sequence is essential for conforma-
tional changes in the coiled-coil trimeric HA structure during a prefusion event, leading to�
extension of the HA, fold-back, hemifusion and eventual fusion of viral membrane to host�
membrane [63]. Figure 2�is reprinted from a study [63] that analyzed the fusion event between�
influenza�hemagglutinin and cell membrane of the infected cell, which utilizes a similar coiled-
coil hemifusion state as other viral pathogens, such as HIV, respiratory syncytial virus, and�
Ebola virus [64].�

Figure 2. Fusion event of influenza hemagglutinin on host cell. Adapted from Ivanovic et al. [63].�

Utilizing the coiled-coil motif to extend into a host cell, the hemagglutinin fusion peptide serves�
as an anchoring “hook” to attach�to the cell membrane; through pH-mediated hairpin folding,�
the hemifusion event occurs, followed by complete fusion of the two membranes and release�
of viral components into the host cytoplasm.�

The majority of low pathogenic influenza�strains have HA0 containing a monobasic arginine�
residue that is cleaved by extracellular enzymes; within the human respiratory tract, the�
transmembrane protease, serine 2 (TMPRSS2) and human airway trypsin-like protease (HAT)�
are capable of mediating mono-basic cleavage to yield disulfide-bonded�HA1 and HA2�
subunits [65]. Several highly pathogenic avian influenza strains (H1N1v, H5 and H7) contain�
multi-arginine motifs that are cleaved by subtilisin-like cellular proteases and are often present�
in the intestinal and respiratory tracts of birds and mammals; cleavage by host proteinases,�
such as furin and PC6, occurs intracelluarly upon exit of the endoplasmic reticulum, and�
proteolysis is blocked by inhibitors of serine proteases, such as aprotinin [50, 66]. Interestingly,�
within a human large intestine carcinoma cell line Caco-1, aprotinin treatment and disruption�
of the late Golgi transport mechanisms by brefeldin A inhibit cleavage of HA0, regardless�
whether the influenza�strain contains mono- or multi-basic proteolytic sites [66]. Figure 3�
illustrates the domains HA1 and HA2 in a homotrimer of HA from A/Fujian/411/2002-H3N2�
influenza�predicted using SWISS-MODEL service [67–70], with antigenic sites highlighted.�
Sites in H3 HA have been best characterized, with antigenic epitopes defined�as A, B, C, D,�
and E [71–73]. Alternatively, H1 contains five�antigenic sites, Cb, Sa, Sb, Ca1, and Ca2, that�
were originally modeled from H3 structure [74].�
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Figure 3. Structure of influenza hemagglutinin with antigenic sites and domains highlighted.�

Influenza�hemagglutinin is a homotrimer of a globular head and stalk domains. The HA of A/�
Fujian/411/2002-H3N2 influenza�was modeled to PDB 2yp2.1.a using structure homology�
software SWISS-MODEL and further manipulated with PyMol. One monomer is shown with�
surface, whereas the remaining two monomers illustrated in ribbon-cartoon form. Highlighted�
antigenic sites A (red), B (yellow), C (green), D (blue), and E (purple) are present in H3 HA�
(shown), whereas Cb, Sa, Sb, Ca1, and Ca2 are the known antigenic epitopes in H1 influenza�
subtypes. Sites used were derived from 73.�

Incomplete cleavage of HA0 yields lower viral titers [50, 65, 75] and virions incapable of HA0�
cleavage are less infectious upon subsequent replication cycles, with more than 4 log-units�
lower than cleaved HA [50, 76]. Current cell-based approaches to influenza�propagation using�
Madin-Darby canine kidney (MDCK) cells require artificial�addition of trypsin or serine�
protease treatment to yield appreciable viral titers, but native enzymes in egg-based culture�
sufficiently�cleave HA; therefore, no addition treatment is required [77, 78]; consequently, post-
translational HA processing is substantially different�between the two standard methods [79].�
Recent human isolates, particularly H3N2 subtype, are difficult to propagate in conventional�
egg or MDCK cell lines; advancements in stable-overexpression of α2–6 sialic acids on the�
MDCK cell line (MDCK-SIAT1) have improved virus isolation rates[56] and typically retains�
HA sequence identity better�than the aforementioned egg or MDCK approaches. These�
characteristic of HA and sialic acid binding affinity�determine species- and tissue-specificity,�
and further complicate the likelihood of zoonotic diseases and transmission among humans.�
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Fears of an avian HA and NA reassortment with a human seasonal influenza�virus are well�
justified�given the emergence of avian-to-human and human-to-human transmissible HPAI�
H5N1 [45, 80] and subsequent fatality rates averaging 56% [81]. Human infection with H7N9�
[47, 82–85] and H10N8 [86, 87] is high risks to individuals working or residing near live poultry�
markets, and mammalian receptor adaptation remains a significant concern for health officials.�
While H10N8 does not immediately appear to pose an imminent threat to global health, there�
are at least 450 confirmed�cases of H7N9 by June 2014 since its initial emergence in China in�
March 2013. Historically associated with a highly pathogenic avian influenza�strain, the H7�
subtype strains, such as H7N2, H7N3, and H7N7 [47, 88, 89], have the preferential binding to�
α2–6-linked sialic acids, which increase their affinity�to human upper respiratory epithelial�
cells [88, 90]; however, incidence of H7 avian and rare human infections remained isolated [91].�
Experimental aerosol transmission studies in 2012 [92, 93] and 2013 [94, 95] using viruses in�
subtypes H5 and H7 showed that, similar HPAI H5N1, the H7N9 viruses potentially poses�
greater threat to humans since it has a limited capacity to transmit through aerosol droplets�
(REFS) and therefore further investigations are needed to elucidate H7 pathogenesis and HA�
evolution.�

3. Challenges of generating a universal influenza vaccine�

The diversity of influenza�virus strains and subtypes exacerbates the challenge for generating�
a universal vaccine against influenza. The WHO makes recommendations for influenza vaccine�
composition for each flu�season based on international surveillance systems and compares the�
ability of monovalent vaccine prototypes to elicit cross-reactive antibodies against prevalent�
circulating strains [16, 96, 97]. Unfortunately, delays in surveillance and the generation and�
evaluation of serology data hinder the selection of the optimal candidates and seasonal efficacy�
depends on prompt production by vaccine manufacturers and subsequent distribution.�
Moreover, the emergence of antigenic drift variants after selection of vaccine candidates may�
result in poor efficacy and wasted production time and resources [98]. Consequently, there is�
a demand for a universal, or more broadly reactive, vaccine against influenza virus. Utilizing�
various manufacturing platforms, adjuvants, and targets, researchers worldwide are currently�
seeking ways to improve current influenza�vaccination strategies [99]. The following traits are�
desired in an ideal universal vaccine candidate: [1] recognition of antigenic drift variants; [2]�
elicitation of long-lasting memory responses; and [3] minimal manufacturing lag time between�
vaccine formulations. Additional desirable features may include cost-efficient�production�
methods, predictive measures to protect against future antigenic variants, and efficacy�among�
immunocompromised target populations, infants and elderly over the age of 65. Despite nearly�
a century of research, human influenza�vaccine production is largely based on the traditional�
technologies. The rapid emergence of antigenically unique subtypes continues to challenge�
the current pace of diagnosis, prototype selection, and egg-based vaccine distribution.�
Furthermore, the importance of pre-existing immunity determines the level of protection from�
novel strains and depends on the presence of circulating cross-reactive antibodies. For�
example, individuals born prior to 1957 reportedly had fewer complications associated with�
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pdm H1N1 than the younger, naïve population potentially because the elderly population�
encountered similar historical H1N1 strains during their lifetime and therefore had pre-
existing neutralizing antibodies to antigenically similar strains [100].�

Common� Distributor� Inactivation� Detergent� Platform� Derived from:�Ref�

name�

Inactivated influenza, Trivalent (IIV3) or Quadrivalent (IIV4), intramuscular�

Afluria®� CSL Limited� beta-propiolactone� sodium taurodeoxycholate�Split virus� Embroynated�[110]�

chicken eggs�

Fluarix®� GlaxoSmithKline�formaldehyde� sodium deoxycholate� Split virus� Embroynated�[111]�

chicken eggs�

FluLaval®� ID Biomedical� UV, formaldehyde� sodium deoxycholate� Split virus� Embroynated�[112]�

Corporation of� chicken eggs�

Quebec (GSK)�

Fluvirin®� CSL Limited� beta-propiolactone� nonylphenol ethoxylate� Subunit� Embroynated�[114]�

(Formerly� chicken eggs�

Novartis Vaccines)�

Fluzone®� Sanofi Pasteur� formaldehyde� Triton X-100� Split virus� Embroynated�

chicken eggs�

Flucelvax®�CSL Limited� beta-propiolactone� Cetyltrimethylammonium�Subunit� MDCK� [115]�

(Formerly� bromide� mammalian�

Novartis Vaccines)� cells�

Inactivated influenza, Trivalent (IIV3) or Quadrivalent (IIV4), intradermal�

Fluzone®� Sanofi Pasteur� formaldehyde� Triton X-100� Split virus� Embroynated�[116]�

chicken eggs�

Live, Trivalent (LAIV3) or Quadrivalent (LAIV4), intranasal�

FluMist®� MedImmune� N/A-cold-adapted,� Live� Embroynated�[117]�

temperaturesensitive,� reassortant� chicken eggs�

or attenuated�

Recombinant Influenza Vaccine, Trivalent (RIV3)�

FluBlok®� Protein Sciences� none-purified HA� Triton X-100� Recombinant�expresSF+� [118]�

HA� insect cells�

Trivalent, inactivated with adjuvant�

FLUAD™�Seqirus™ (CSL� formaldehyde� Cetyltrimethylammonium�Split virus,� Embroynated�

Limited)� bromide� MF59C.1� chicken eggs�

Table 1. A list of FDA-approved influenza vaccines in US market as of March 2016.�
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In�contrast,�recent�evidence�suggests�that�sequential�exposure�to�seasonal�strains�confers�
greater�protection�against�novel�antigenic�drift�variants;�consequently,�the�question�remains�
whether�the�existence�of�protective�neutralizing�antibodies�in�the�elderly�is�due�to�immuno-
logical�recall,�or�rather,�enhanced�broadly�reactive�response�due�to�immunological�boosts�of�
heterologous�strains�over�a�lifetime.�This�has�since�been�modeled�in�the�ferret�animal�models�
and,�without�prior�exposure�to�the�pdm�H1N1,�ferrets�sequentially�challenged�with�seasonal�
H1N1�[101,�102]�or�immunized�with�inactivated�seasonal�vaccine�[103]�strains�mount�
protective�responses�to�pdm�H1N1.�In�summary,�seroprotection�against�influenza�may�also�
depend�on�the�individual’s�pre-existing�immunity,�as�well�as�the�platform�and�strategy�
implemented.�

Current 2016–2017 influenza�vaccines recommended by the WHO are available as an inacti-
vated trivalent or quadrivalent formulation delivered intramuscularly or as live attenuated�
mixture of influenza strains (LAIV) administered through intranasal route [104]. The various�
doses and formulations may or may not contain ovalbumin or mercury, and eligibility for some�
formulations is age restricted. Vaccine manufacturers have proprietary methods for virus�
propagation and inactivation, which often alters the antigenic properties of the vaccine�
candidate. Vaccine antigens may be prepared as whole virus, detergent or solvent disrupted�
split virions [105, 106], or subunit vaccines [107–109]. Table 1�displays the 2016–2017 FDA-
approved influenza�vaccines used in the United States and exhibits formulation differences as�
described in the package inserts of each product [110–118]. Essentially, all current formulations�
aim to elicit protective antibody responses, predominantly against HA, and therefore protect�
against antigenically similar viral strains to the vaccine strain. Since the vaccine is often�
generated as a reassortant (6:2) vaccine strain from a high yield genetic backbone A/Puerto�
Rico/8/34 (H1N1), the HA and NA selected as a seasonal vaccine recommendation must be�
reformulated each season and validated for cross-reactivity to antigenically similar strains�
using HAI assay [98].�

Adverse reactogenicity remains a safety concern for the young, immunocompromised, and�
elderly, therefore split or subunit vaccines are preferred over live or whole inactivated virus,�
despite enhanced humoral responses elicited by whole virus preparations [119]. Efforts�to�
reduce the risks associated with LAIV are particularly important since humoral and cross-
reactive T-cell responses are superior to that of inactivated vaccines in experimental swine and�
ferret studies [120–122]; among children, LAIV, but not inactivated vaccine, led to enhanced�
CD4+, CD8+, and γδ T-cell responses [123]. In contrast to inactivated vaccines that require�
reformulation each year, there is evidence that LAIV induces cross-reactivity with heterolo-
gous strains. This cross-reactivity phenomenon makes LAIV a promising candidate for the�
development of a universal vaccine platform. The route of administration, absence of active�
viral replication, and process of inactivation are different between influenza vaccine formula-
tions. Further studies are needed to understand the mechanisms that promote influenza-
specific T-cell responses upon LAIV immunization.�

The WHO recommends propagating influenza�viruses in embryonic chicken eggs, and this�
methodology is predominant source of high yield vaccine strains [124]. A list of FDA-approved�
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influenza vaccines, majority of which are derived from embryonated chicken eggs, is provid-
ed in Table 1.�

Table 1�shows differences in inactivation, detergents, and platforms used in the current vaccine�
market.�

Despite the frequent use of the relatively inexpensive but highly productive virus production�
egg-based platform, some challenges are arising. Spontaneous mutations due to egg adapta-
tion were recognized as early as 1951 [125] and, as a recent vaccine efficacy�(VE) study showed,�
may present unanticipated challenges to vaccine development. In the 2012–2013 influenza�
season, MDCK-grown prototypes were selected for vaccine production and classical reassor-
tant methodology was performed; in brief, co-culture of high-yield A/Puerto Rico/8/34 (H1N1)�
reassortant (6:2) with the HA and NA gene products from A/Victoria/361/2011 (H3N2) in the�
presence of antiserum to A/Puerto Rico/8/34 yielded reassortant A/Victoria/361/2011(H3N2)-
IVR-165 [126]. During vaccine production, the high growth strain acquired several substitu-
tions within the antigenic site B, which reduced reactogenicity against the original prototype�
A/Victoria/361/2011 and antigenically similar circulating field�strains, resulting in a disap-
pointing 39% (95% CI, 29%–47%) rate in humans vaccinated with the 2012–2013 egg-based�
preparations [127]. Consequently, the low VE for the 2012–2013 H3N2 season is attributed to�
changes in the HA due to vaccine manufacturing, not antigenic drift. In contrast, growth in�
mammalian cell lines results in fewer mutations than in eggs, with up to two mutations in the�
hemagglutinin of H3N2 strains after three passages in MDCK [128–130] or MDCK-SIAT1 [56]�
but no genotypic changes reported after 10 passages of avian influenza�using human colorectal�
adenocarcinoma cell line, Caco-2 [131]. These examples suggest that alternative methods for�
influenza�propagation are expanding and optimization could ensure more consistency and�
efficacy.�

In 2013, the FDA approved the first�MDCK cell-culture influenza�vaccine (CCIV) called�
Flucelvax®, originally developed by Novartis Vaccines and Diagnostics, Inc., Cambridge, MA,�
USA [115] but acquired by CSL Limited, Melbourne, Australia, as of December 2015 [132],�
which is tolerable and safe, and demonstrates comparable, if not greater, protection to that of�
traditional egg-based technologies [133–137]. Furthermore, trials involving trivalent prepara-
tion of influenza�viruses through growth in green monkey kidney cell line, Vero, is another�
new alternative to egg-based propagation [138]. Although not yet FDA approved in the United�
States, the Vero cell-based technology licensed as Vepacel® from Baxter AG, Vienna, Austria,�
is a pre-pandemic whole, inactivated virus H5N1 vaccine designed to elicit strong immuno-
logical responses in healthy, as well as immunocompromised populations [139]. Also in 2013,�
the FDA approved a recombinant HA (rHA) only influenza�vaccine (Flubok®) from Protein�
Sciences Corporation, Meriden, CT, USA [118]. Flubok is generated from insect cells using a�
baculovirus expression system to produce high yield rHA vaccine against each seasonal�
influenza�subtype. Further studies are still needed to assess cost-effectiveness�in transitioning�
the current platforms of egg-derived influenza�virus to mammalian cell culture. Modifications�
to standard method of virus propagation have economical and practical challenges, but federal�
initiatives suggest divergence from traditional egg-based approaches.�
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4. Alternatives to current influenza vaccine strategies�

A�disadvantage�of�mammalian�cell�culture�is�the�need�for�regulated�growth�conditions�and�
reagents,�which�hinder�immediate�production�and�increase�cost;�however,�advancements�in�
high-throughput�bioreactors�are�ongoing�[140].�However,�the�same�types�of�technologies�
involved�in�mammalian�cell�culture�virus�propagation�may�further�advance�novel�alterna-
tives�to�eggs.�Virus-like�particles�(VLPs)�are�non-replicating,�self-assembling�nanostructures�
that�mimic�virus�surface�protein�presentation�and�are�synthesized�through�co-expression�of�
recombinant�DNA�in�insect�or�mammalian�cell�culture�[141–147].�Multiple�advantages�are�
associated�with�VLP�over�standard�methods�[141],�including�[1]�they�are�non-infectious�
material�and�therefore�not�a�biohazard�risk�and�inactivation�is�not�required,�[2]�VLPs�self-
assemble�into�proper�conformation�and�multivalency,�and�[3]�influenza�VLPs�have�enhanced�
stability�and�HA�potency�up�to�12�months�with�no�degradation�[148].�Several�investigators�
have�utilized�this�platform�for�evaluating�immunogenicity�of�influenza�HA�[149–151],�NA�
[144],�M2�[152],�and�combinations�of�viral�proteins.�A�mammalian�VLP�derived�in�Vero�cells,�
H5N1-VLP�(RG-14)�[153],�was�composed�of�four�influenza�virus�structural�proteins�and�
protected�against�a�lethal�H5N1�challenge�in�mice,�yielding�H5-specific�IgG1�antibodies�with�
a�dose�as�low�as�2.5�μg�in�a�prime-boost�regimen.�Similarly,�baculovirus-derived�VLPs�
expressing�H3N2�protected�against�a�lethal�challenge�of�mouse-adapted�influenza�H3N2�A/�
Hong�Kong/68�[149],�with�intranasal�instillation�providing�the�greatest�HA-specific�antibody�
titers�and protection�as�compared�to intramuscular�administration or�two�doses�of sublethal�
intranasal challenges.�The�baculovirus/insect cell�expression systems�generate�high�yields�of�
VLPs,�and�trivalent�vaccine�preclinical�studies�in�mice�and�ferrets�demonstrate�the�baculo-
virus-derived�VLPs�effectively�elicit�serum�HAI�antibodies�against�H1N1,�H3N2,�and�
influenza�B,�although�cross-reactivity�to�heterologous�strains�was�poor�[154].�Importantly,�
side-by-side�comparison�of�baculovirus-derived�VLPs�versus�whole�virion�vaccine�or�
recombinant�HA�suggests�VLPs�elicit�comparable,�if�not�higher,�IgG�titers,�but�also�yielded�
antibodies�that�cross-react�to�a�broader�panel�of�non-homologous�influenza�viruses�[146].�
The�baculovirus-derived�VLPs�have�been�fully�characterized�by�Novavax�,�Inc.�from�
Rockville,�MD,�USA,�for�the�HA�content,�NA�activity,�stability,�and�VLP�purity�[155],�and�
safety�and�reactogenicity�were�evaluated�in�two�clinical�trials�with�H5N1�and�H1N1�
baculovirus-derived�VLPs�[156,�157].�

Proprietary application of recombinant RNA bacteriophage Qbeta by Cytos Biotechnology�
Ltd., Switzerland,�offers�an alternative strategy for conformational antigen presentation on the�
surface of Qbeta-derived virus-like particles through covalent chemical linkage [158]. Since�
presentation on Qbeta-derived VLPs does not involve post-translational modifications�from�
the VLP-producing cell, potential cell type-specific�alterations to the viral surface glycoprotein�
are avoided [159]; moreover, chemical linkage of antigens to Qbeta-derived VLPs overcomes�
the steric hindrance associated with masked immunodominant epitopes and efficiently elicits�
B cell responses in the absence of an adjuvant [160]. Importantly, specific�sites or domains can�
be exclusively presented on the Qbeta-VLPs, such as the globular head of influenza�hemag-
glutinin to induce hemagglutination inhibiting antibodies [161]. Consequently, this approach�
advanced to Phase I clinical trial in Singapore through sponsorship of the manufacturer Cytos�
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Biotechnology; the findings�suggest that the Qbeta-VLP is tolerable and elicits HAI-specific�
antibodies comparable to the standard influenza�vaccines [162]. However, as with any new�
approach, insect-, mammalian-, or Qbeta-VLP manufacturing processes still need to undergo�
more thorough safety evaluation and quality control; therefore, marketing and production are�
still a few years away.�

Modern�recombinant�technology�offers�alternatives�to�live�virus�preparation.�Synthetic�or�
subunit�viral�peptide�vaccines�stimulate�the�immune�response�in�similar�mechanism�as�split�
inactivated�vaccines�and�may�be�formulated�with�pattern�recognition�receptor�agonists�or�
emulsions�to�enhance�adjuvant�activity.�Plasmid�DNA�encoding�an�immunogenic�viral�
protein�can�be�electroporated�[163],�administered�intranasally�in�conjugation�with�nanopar-
ticles�[164],�or�delivered�with�a�biolistic�system.�Particle-mediated�epidermal�delivery�of�DNA�
encoding�influenza�HA�was�recently�optimized�in�an�experimental�ferret�model�and,�when�
administered�to�the�abdomen�or�tongue,�yielded�HAI�titers�greater�than�1:40�[165];�sublingual�
route�of�vaccine�administration�has�potential�to�elicit�mucosal�immunity�and�mount�
protective�secretory�immunoglobulin�A�(sIgA)�[166,�167].�Previously�in�preclinical�studies,�
delivery�of�recombinant�IgA�protects�against�infection�in�the�experimental�animal�influenza�
model�[168]�while�elicitation�of�IgG�controls�disease�severity,�thus�elicitation�of�IgA�by�any�
universal�vaccine�candidate�would�be�highly�beneficial.�In�the�effort�to�reduce�infant�
morbidity�associated�with�influenza�infections,�ongoing�studies�will�test�the�safety,�efficacy,�
and�tolerability�of�vaccination�of�pregnant�mothers�and�their�newborns�[169–171];�subsequent�
protection�through�maternal�IgG�and�sIgA�lasting�up�to�6�months�could�reduce�infection�
within�influenza�virus�[172].�

In addition to the HA, DNA vaccination of the neuraminidase N1 from H1N1, A/New�
Caledonia/20/99, also partially protects against heterologous challenge with H5N1, A/�
Vietnam/1203/04, in the mouse model; similarly, passive immunization of heterologous anti-
N1 sera in naïve mice provided modest protection against H5N1 challenge [173]. NA-DNA�
vaccination also conferred crossprotection against heterologous H3N2 strains in a lethal H3N2�
influenza�challenge [174], further suggesting neuraminidase may be an additional target for�
eliciting protection against drift variants within a influenza�subtype. In addition to the�
neuraminidase, viral targets such as the nucleoprotein (NP), matrix 1 and 2 (M1 and M2), and�
polymerase (PB1) are different�immunogens for vaccine candidates, resulting in varied�
immunological responses. Internal NP is the predominant target antigen for cytotoxic T�
lymphocyte (CTL) activity and is well conserved among influenza�A viruses; peptide-based�
and DNA vaccination strategies have demonstrated promising protection against homologous�
and heterologous challenge with influenza�A viruses. However, as with epitope-specific�T cell�
responses, binding and affinity�between epitope and human leukocyte antigen (HLA) could�
be restricted to highly polymorphic HLA alleles and could reduce efficacy�among particular�
populations [175]. Consequently, promiscuous T cell epitopes that bind sufficiently to a wide�
range of HLA alleles remain to be identified.�Recent studies also suggest cooperative T helper�
cell assistance to mount B cell immunological responses to promiscuous epitopes on the�
ectodomain of M2 protein, M2e [176]. Modified�M2e, termed M2e multiple antigenic peptides�
(M2e-MAPs), appears to protect against influenza�challenges among mice of various genetic�
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background, providing proof of concept that M2e-MAPs are not necessarily MHC allele-
restricted. Multiple efforts�remain ongoing to test the feasibility of M2e-MAP-based vaccine�
strategies against influenza.�

Clinical� Immunogen� Principle� Immune� Phase ClinicalT� Sponsor� Route�Ref�

Trials� response� rials.g 

target� ov ID 

VAX102� Adjuvanted� M2e fused to TLR5� M2e� 1, 2� NCT00603811� VaxInnate� I.M. &�

recombinant� ligand S.� ;� Corporation� S.C.�

antigen� typhimurium� NCT00921947�

flagellin�

MVA- Viral Vector� Attenuated vaccina�NP and M1�1� NCT00993083� University of�I.D.� [177]�

NP+M1� virus prime-boost� ;� Oxford�

regimen� NCT00942071�

MVA- Viral vector� Attenuated� NP and M1�1� NCT01818362� University of�I.M &�

NP+M1 and� adenoviral and� Oxford� I.M.�

ChAdOx1� vaccinia virus prime-

NP+M1� boost regimen�

FLU-v� Synthetic� Lyophilized� M1, M2, NP�1� NCT01181336� PepTcell� S.C�

polypeptides� polypeptides T- cell�and PB1� Limited�

epitopes�

ACAM� Recombinant� Recombinant M2e� M2e� 1� NCT00819013� Sanofi� I.M.�

FLU-A� antigen�

NIBRG-14� Reassortant,� A/Vietnam/1194/2004�HA (Head/�1, 2� NCT00660257� Sinovac� I.M.� [150],�

inactivated� (H5N1) and A/Puerto�Stalk)� ;� Biotech Co.,� [151]�

influenza� Rico/8/34 (H1N1)� NCT00535665� Ltd�

virosome� (PR8) with alum or�

ISCOM-like Matrix�

M™ adjuvant�

H5N1� Baculovirus� A/Indonesia/05/2005�HA, NA,� 1,2� NCT00519389� Novavax� I.M.� [157]�

VLP-1� VLP� VLP� and M1�

H1N1 VLP� Baculovirus� A/California/07/2009�HA, NA,� 1,2� Novavax� I.M.� [158]�

VLP� VLP� and M2�

gH1-Qbeta� Qbeta VLPs� A/California/07/2009�HA� 1� CIRB Ref:� Cytos Biotech.�I.M.� [163]�

VLP� 2012/906/E�

Table 2. Clinical trials ongoing the US testing novel influenza vaccine or antiviral approaches.�
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Since monovalent HA reactivity is thought to limit broad use of an influenza�vaccine, alterna-
tive strategies aimed at less conventional tactics aside from full-length, wild-type HA. Directed�
reactogencity to either the globular head or stalk have been examined in mice, ferrets, and�
human clinical studies [150, 151, 156]. Broad protection against heterologous influenza virus�
strains is thought to rely on elicitation of well-conserved, HA2, stalk- or stem-specific�anti-
bodies [177]. Cross-protection against heterologous strains and crossreactivity to various�
subtypes appears the most rational direction toward a universal influenza�vaccine. Immuni-
zation with recombinant HA2 construct that maintains a neutral pH conformation conferred�
protection against homologous H3-type virus strains, such as A/Philadelphia/2/82 and A/HK/�
68, but not heterologous H1-type viruses [178]. Importantly, prime-boost immunization of�
chimeric hemagglutinin expressing mismatched globular HA heads on homologous HA stalk�
(cH6/1, cH9/1, and cH5/1) elicited stalk-reactive, neutralizing antibodies and conferred�
protection against lethal H1N1challenge [179]. Protection, however, remained limited within�
a particular influenza�group; therefore, further investigation remains to overcome such large�
diversity of influenza�viruses. In an attempt�to address the vast diversity of globular HA,�
computationally optimized broadly reactive antigens (COBRA) have been utilized in mam-
malian VLP platforms against H5N1 infection in mice, ferrets, and nonhuman primates [180–�
182]. Through multiple layers of consensus sequences of influenza�hemagglutinin, COBRA�
methodology avoids database input bias associated with influenza�surveillance systems;�
constructs generated have been validated to stimulate greater immunological breadth than�
monovalent vaccine strategies while successfully eliciting seroconversion, yielding hemag-
glutination-inhibiting antibody titers more than fourfold. Table 2�is a summary of several�
clinical trials that investigated novel influenza�vaccine strategies with various targets and�
approaches for eliciting protective immunity. In conclusion, the efficacy�of the immunogen,�
route of administration, and types of immune responses elicited will further determine�
whether novel approaches could replace current vaccination methods.�

The ClinicalTrial.gov database provides latest information regarding past and current clinical�
trials and the status toward future applications. Unlike the conventional influenza�vaccines�
that dominant to HA-mediated immune responses, recent clinical trials test antiviral therapies�
targeting influenza�matrix (M and M2e, matrix ectodomain) or highly conserved nucleoprotein�
(NP). These strategies come from various technologies, including virus-like particles (VLPs)�
and platforms, which do not rely on the egg-based vaccine manufacturing processes. The�
routes of delivery also vary, including intramuscular (IM), intradermal (ID), and subcutaneous�
(SC).�

5. Concluding remarks�

The pursuit of a universal vaccine against influenza�is a constant battle between influenza�virus�
evolution and current technologies. Since influenza�infections remain ubiquitous among�
humans, as well as wildlife and domestic livestock, reassortment of genomic segments can still�
yield combinations that the human species has not previously encountered; alternatively,�
gradual antigenic variation of the hemagglutinin also results in poor cross-reactivity and�

https://ClinicalTrial.gov
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protection against heterologous strains. As such, protective measures such as effective�
vaccination and more thorough understanding of HA evolution are needed to prevent�
forthcoming pandemics. Current practices rely on relatively traditional technologies for�
vaccine selection and manufacturing, and as witnessed during the pandemic H1N1 outbreak�
of 2009, it took months to identify and manufacture a new vaccine [183, 184]. In addition,�
inadequate quality control led to sterility breaches of millions of doses Fluvirin®, which at-
time was manufactured by Chiron, acquired first�by Novartis Vaccines and Diagnostics�
Limited, Speke, Liverpool, UK [185, 186] but now recently under Seqirus™, a CSL Limited�
company. During such shortages, it was evident that influenza�vaccine resources were�
insufficient�given the substantial health risks. To minimize future damages, both in morbidity�
and economical losses, the international community must disseminate new findings�rapidly�
and cooperatively strive for more effective and readily available preventative actions.�

In addition to the current vaccine approaches, innovative strategies are being tested for�
feasibility, safety, and the elicitation of broad immunogenicity to influenza�strains and�
subtypes. Overcoming the antigenic diversity remains the greatest challenge to the efforts of�
designing a universal influenza�vaccine. Moreover, changes in manufacturing and rapid�
implementation are critical for vaccine efficacy�and may require divergence from the currently�
accepted methodologies. The recombinant technology and nonconventional vaccine platforms�
aforementioned demonstrate potential and may rival the current standard of care. As our�
understanding of immune responses to influenza�and antigenic variability furthers, improve-
ments to influenza�vaccine strategies are expected to prevent significant�morbidity and�
unnecessary disease through preventative measures.�
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Abstract�

Thymosin�α1�(Tα1)�and�Bursopentin�(BP5)�are�both�immunopotentiators.�To�explore�
whether�the�thymosin�α1-Bursopentin�(rTα1-BP5)�is�an�adjuvant�or�not,�we�cloned�the�
gene�of�Tα1-BP5�and�provided�evidence�that�the�gene�of�Tα1-BP5�in�a�recombinant�
prokaryotic�expression�plasmid�was�successfully�expressed�in�Escherichia�coli�BL21.�To�
evaluate�the�immune�adjuvant�properties�of�rTα1-BP5,�chickens�were�immunized�with�
rTα1-BP5�combined�with�H9N2�avian�influenza�whole-inactivated�virus�(WIV).�The�
titers�of�HI�antibody,�antigen-specific�antibodies,�Avian�influenza�virus�(AIV)-neutral-
izing�antibodies,�levels�of�Th1-type�cytokines�(gamma�interferon�(IFN-γ))�and�Th2-type�
cytokines�(interleukin�4�(IL-4)),�and�lymphocyte�proliferation�responses�were�deter-
mined.�We�found�that�rTα1-BP5�enhanced�HI�antibody�and�antigen-specific�immuno-
globulin�G�(IgG)�antibodies�titers,�increased�the�level�of�AIV-neutralizing�antibodies,�
induced�the�secretion�of�Th1- and�Th2-type�cytokines,�and�promoted�the�proliferation�
of�T�and�B�lymphocyte.�Furthermore,�virus�challenge�experiments�confirmed�that�
rTα1-BP5�contributed�to�the�inhibition�replication�of�the�virus�(H9N2�AIV�(A/chicken/�
Jiangsu/NJ07/05)�from�chicken�lungs.�Altogether,�these�findings�suggest�that�rTα1-BP5�
is�a�novel�adjuvant�suitable�for�H9N2�avian�influenza�vaccine.�

Keywords: thymosin α1 (Tα1), Bursopentin (BP5), fusion peptide, avian influenza�
vaccine, adjuvant�
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1. Introduction�

Avian�influenza�virus�(AIV)�is�an�enveloped�virus�that�belongs�to�the�Orthomyxoviridae family�
and�has�an�eight-segmented,�single-stranded,�negative-sense�RNA�genome.�Among�the�
proteins�encoded�by�the�genome,�there�are�two�surface�glycoproteins,�hemagglutinin�(HA)�
and�neuraminidase�(NA)�[1].�AIVs�are�classified�into�subtypes�according�to�the�combination�
of�16�HA�and�nine�NA�molecules.�Among�the�many�subtypes�of�AIV,�H9N2�is�thought�to�have�
originated�from�shorebirds�and�gulls,�and�has�rapidly�spread�to�become�one�of�the�most�
prevalent�diseases�in�domestic�poultry�worldwide.�It�also�causes�serious�economic�loss�in�the�
poultry�industry�[2]�(see�Table�1).�

Abbreviation� Full name�

Tα1� Thymosin α1�

BP5� Bursopentin�

rTα1-BP5� Thymosin α1-Bursopentin�

WIV� Whole-inactivated virus�

AIV� Avian influenza virus�

HA� Hemagglutinin�

NA� Neuraminidase�

BRM� Biological response modifier�

MIF� Macrophage migration inhibitory factor�

BF� Bursa of Fabricius�

BLP� Bursin-like epitope peptide�

HI� Hemagglutination inhibition assay�

IFN-γ� Interferon-γ�

IL-4� Interleukin-4�

TNF-α� Tumor necrosis factor-α�

Th� T-helper type�

Th1� T-helper type 1�

Th2� T-helper type 2�

MDCK� Madin-Darby canine kidney�

FBS� Fetal bovine serum�

MTT� 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide�

IPTG� Isopropyl-β-d-thiogalactoside�

ConA� Concanavalin A�

PMA� Phorbol-12-myristate-13-acetate�
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Abbreviation� Full name�

TMB� Tetramethyl benzidine�

HRP� Horseradish peroxidase�

SPF� Specific pathogen-free�

SOE-PCR� Splicing overlap extension PCR method�

TRX� Thioredoxin�

TCID50� 50% tissue culture infective dose�

PBS� phosphate-buffered saline�

pfu� Plaque-forming unit�

OD� Optical density�

IgG� Immunoglobulin G�

ELISA� Enzyme-linked immunosorbent assay�

PRNT50� 50% plaque-reducing neutralizing titer�

Table 1. Abbreviations for full name.�

In domestic avian species in North America, H9N2 influenza�viruses occur primarily in�
turkeys, occasionally in quail, and rarely if ever in chickens. The H9N2 virus subtype was first�
isolated from turkeys in 1966 [3], when the virus was associated with mild respiratory disease.�
In Asia, long-term surveillance in live poultry markets in Hong Kong from 1975 to 1985�
detected H9N2 influenza�viruses in apparently healthy ducks but not in chickens [4]. Since the�
early 1990s, H9N2 influenza�viruses have become widespread in domestic chickens in Asia [5].�
Among the avian influenza�A virus subtypes, H9N2 viruses have the potential to cause an�
influenza�pandemic because they are widely prevalent in avian species in Asia and have�
demonstrated the ability to infect humans [6]. In April 1999, two World Health Organization�
reference laboratories independently confirmed�the isolation of avian influenza�A (H9N2)�
viruses for the first time in humans [7].�

The best protection against influenza�virus infection remains effective vaccination [8]. Inacti-
vated vaccines have been undergoing clinical trials as pandemic vaccine candidates, and it has�
been shown that inactivated vaccines elicit strong humoral responses; however, it is commonly�
accepted that no adequate mucosal or cellular immunity is achieved [9]. Adjuvants are able to�
improve the quantity and quality of innate immune responses by enhancing their speed and�
duration, and by inducing adequate adaptive immunity [10]. To improve methods for�
influenza�vaccine production, the current strategy of many investigators is to increase the�
efficacy�of pandemic influenza�vaccines by the addition of adjuvants to boost immune�
responses, such as aluminum salts, MF59, IC31®, and chitosan [11–14].�

A defined�peptide sequence able to stimulate specific�immune cell subsets has the potential to�
act as an adjuvant for a variety of immunogens. The thymus is an important central immune�
organ for T-lymphocyte differentiation�and maturation [15]. It is capable of secreting many�
peptides with the functions of regulating the development of different�phenotypic markers�

http://dx.doi.org/10.5772/64403


 

 

 

 
 

 

 

 

 

   
 

 

122 Steps Forwards in Diagnosing and Controlling Influenza 

and lymphocyte [16]. Thymosin alpha 1 (Tα1), an immunomodulatory peptide consisting of�
28 amino acid residues, was isolated originally from calf thymus [17]. As a biological response�
modifier (BRM), Tα1 has multiple biological activities in the immune system. It can promote�
specific�lymphocyte functions, stimulate the production of lymphokines such as gamma�
interferon (IFN-γ), tumor necrosis factor-α (TNF-α), interleukin 2 (IL-2), macrophage migra-
tion inhibitory factor (MIF), and precursor stem cell into the CD4+/CD8+ T cells, increase T-
cell proliferation, differentiation�and maturation, and so on [18, 19]. Furthermore, it has the�
activities of antitumor and protection against oxidative damage [20]. Consequently, Tα1 is�
widely used in clinic treating various diseases including immunodeficiency�diseases, severe�
sepsis, and systemic infectious disorder [21].�

The bursa of Fabricius (BF) is a primary humoral immune organ unique to birds and is the site�
of B-lymphocyte development and differentiation.�The tripeptidebursin (LysHisGlyNH2) has�
been described as an endogenous B-cell stimulant or differentiation�factor [22]. BS and bursin-
like peptide T-X-N-L-K-H-G significantly�enhance the JEV subtype vaccine-induced immune�
response in immunized mice [23]. Bursin-like epitope peptide (BLP) is one of bursin-like�
peptides and enhances immune responses in mice immunized with inactivated H9N2 avian�
influenza�vaccine [24]. Our previous study has been reported that Bursopentin (BP5) is a small�
peptide separated from BF, which amino acid sequence is CKDVY. We found that BP5 not only�
promotes T-cell and B-cell proliferation, enhances humoral immunity and cellular immunity�
but also balances Th1 and Th2 immune responses [25, 26].�

Although both Tα1 and BP5 have the potent adjuvant effects,�this study designed and�
synthesized Tα1-BP5 fusion gene according to the preferential codons of Escherichia coli, fused�
with prokaryotic expression vector pET-32a, and then transferred into E. coli�BL21 to induce�
its expression. Then, we tested whether rTα1-BP5 could enhance immune responses in chicken�
upon vaccination with H9N2 avian influenza whole-inactivated virus (WIV).�

2. Materials and methods�

2.1. Plasmid, viruses, and reagents�

pET-32a (+), E. coli�DH5α, E. coli�BL21 (DE3), pET32a (+)-BP5, and avian influenza�virus A/�
Chicken/Jiangsu/JS-1/2002(H9N2) were maintained in our laboratory. Avian influenza�virus�
A/Chicken/Jiangsu/NJ08/05(H9N2) was kindly provided by Dr. Qi-Sheng Zheng. Virus titers�
were determined in MDCK cells. H9N2 avian influenza�whole-inactivated virus (WIV) was�
prepared by diluting the virus 1:4000 (v/v) in formalin [27, 28]. All restriction enzymes and Taq�
polymerase were purchased from TakaRa Biotechnology (Dalian, China). RPMI 1640 medium�
and fetal bovine serum (FBS) were purchased from Gibco (New York, NY, USA). Isopropyl-β-
d-thiogalactoside (IPTG), 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide�
(MTT), TEMED, dNTP, Concanavalin A (ConA), Phorbol-12-myristate-13-acetate (PMA), and�
tetramethylbenzidine (TMB) were purchased from Jiu Shi Corporation (Zhengzhou, China).�
Horseradish peroxidase (HRP)-conjugated goat anti-mice IgG was obtained from Boshide�
Corporation (Wuhan, China). Control Standard Tα1 and BP5 peptides were synthesized by�
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Shanghai Science Peptide Biological Technology Co., Ltd. (Shanghai, China), and the purity�
was over 95%.�

2.2. Chicken embryos, animals, and vaccines�

Specific�pathogen-free (SPF) Roman chicken and chicken embryos were obtained from the�
Henan Experimental Animal Research Center. Avian influenza�virus A/Chicken/Jiangsu/�
NJ08/05(H9N2) (107�TCID50/0.1 mL) was inoculated into the allantoic cavities of 10-day-old SPF�
chicken embryos; the embryos that died within 24 h were discarded, and the allantoic fluids�
were harvested from the infected embryos at 48 h postinfection and inactivated by treatment�
with 0.2% formalin. The inactivated virus was emulsified�with mineral oil to make an oil-
formulated inactivated H9N2 AIV vaccine. One dose of the vaccine contained 107�TCID50/0.1�
mL, which was equal to it before inactivation. Procedure and test of inactivated vaccine were�
described according to OIE Terrestrial Manual 2012 [29].�

2.3. Gene cloning and expression of the recombinant fusion peptide Tα1-BP5�

Gene of the recombinant fusion peptide thymosin α1-Bursopentin (Tα1-BP5) was designed�
according to the preferential codons of E. coli�and amplified�by splicing overlap extension�
polymerase chain reaction (SOE-PCR) method [30]. Sequences of the primers used for the�
synthetic Tα1-BP5 are as follows: F1: 5′-CCG GAA TTC AGC GAC GCT GCT GTT GAC ACT�
AGC AGC GAA ATC ACT ACTA AAG ACT TG-3′; F2: 5′-GTT CGG GGT GCTG CCG CCG�
CCG CCG TTT TCA GCT TCT TCA ACA ACT TCT TTT TTT TCT TTC AAG TCT TTA GTA�
GT-3′; and F3: 5′-GGC GGC GGC GGC AGC TGC AAA AAT GTG TAT TAA GTC GAC�
TCG-3′, with EcoR I and SaI�I site (underlined). The genes of Tα1 and BP5 were connected with�
the gene of the GGGGS linker to form the Tα1-BP5 fusion gene. And then, the amplified�DNA�
fragment was digested by EcoR I and SaI�I, and then ligated into the expression vector pET32a.�
The ligation mix was transformed into competent DH5α cells and the single bacterial colony�
was selected by overnight growth on Luria broth (LB) agar plates containing 100-μg/mL�
ampicillin. The obtained recombinant plasmid pET32a-Tα1-BP5 was confirmed by restriction�
endonuclease digestion and DNA sequencing. The pET32a-Tα1-BP5 plasmid was transformed�
into E. coli�BL21 (DE3) for inducing expression. The expression products were examined by�
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). And the recombi-
nant proteins were purified�on a Ni-affinity�chromatography column (Amersham Bioscience�
HiTrap chelating HP 5 mL × one column) following the manufacturer’s instructions.�

2.4. Activity testing of fusion peptide Tα1-BP5 (rTα1-BP5) in vitro�

Thymus and spleens from 4 to 6-week-BALB/c mice with (20 ± 2) g were collected aseptically,�
put them at 200-mesh stainless screen mesh cells, and gently minced into single cell suspension�
with a syringe followed by adding Hank’s solution. The red blood cells were removed by�
centrifugation at 500 rpm for 5 min. The supernatant was centrifuged at 500 rpm for 5 min.�
The obtained pellet was washed with Hank’s solution twice. The density of lymphocytes was�
adjusted to around 5 × 106�cells/mL using RPMI-1640 medium containing 10% FBS. ConA and�
PMA were added into thymic lymphocytes and splenic lymphocytes to make the concentra-
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tions reach 5 μg/mL and 300 ng/mL, respectively. The two kinds of solutions were subpackaged�
into a 96-well plate with 100 μL/well, respectively, and three parallel samples were set for each�
well. The plates were incubated in CO2�incubator at 37°C for 6 h, followed by adding 100-μL/�
well rTα1-BP5 (affinity�chromatography purified�through Ni column) with different concen-
trations (1.25, 2.5, 5.0, 10.0, and 20.0 μg/mL) and continued culturing for 72 h. Control groups�
(phosphate-buffered�saline (PBS), 10.0 μg/mL thioredoxin, 10.0 μg/mL Tα1, and 10.0 μg/mL�
BP5) were used following the same procedures. MTT method was used to test the effect�of�
rTα1-BP5 effect�on thymic and splenic lymphocytes proliferation. Relative ratio of cell�
proliferation (%) = (experimental group OD570/control group OD570) × 100% [31, 32].�

2.5. Immunization of chickens�

All animal experiments were approved by the Henan University of Science and Technology�
Animal Care and Use Committee.�Twenty-one-day-old SPF Roman chickens were randomly�
divided into six experimental groups of 25 chickens each and intramuscularly immunized two�
times on days 0 and 14 with (i) 100 μL PBS as a negative control, (ii) 100 μL H9N2 WIV (A/�
Chicken/Jiangsu/NJ08/05, 107�TCID50/0.1 mL), (iii) a mixture of 100 μL H9N2 WIV and Tα1 (50�
μg), (iv) a mixture of 100 μL H9N2 WIV and BP5 (50 μg), (v) a mixture of 100 μL H9N2 WIV�
and rTα1-BP5 (50 μg), and (vi) 100 μL oil-formulated inactivated H9N2 AIV vaccine (A/�
Chicken/Jiangsu/NJ08/05, 107 TCID50/0.1 mL) as a positive control (Table 2).�

Group� Vaccination on days 0 and 14a�

1� 100 μL PBS�

2� 107 TCID50 H9N2 WIV�

3� 107 TCID50 H9N2 WIV + 50 μg Tα1�

4� 107 TCID50 H9N2 WIV + 50 μg BP5�

5� 107 TCID50 H9N2 WIV + 50 μg rTα1-BP5�

6� 107 TCID50 H9N2 AIV vaccine�

a H9N2 WIV, inactivated H9N2 avian influenza whole-inactivated virus; H9N2 AIV vaccine, H9N2 avian influenza�
virus vaccine prepared with oil/water as an adjuvant.�

Table 2. Animal groups and the experimental design.�

The details of the animal experiment time points are shown in Figure 1.�

2.6. Detection of antibodies in serum�

Chicken (n = 5 per group) sera were collected on 7 and 21 days after the first�immunization.�
Serum antibody (HI and antigen-specific�antibodies) titers were determined using standard�
HI microliter and enzyme-linked immunosorbent assay (ELISA) as described [25, 33]. Briefly,�
to detect the HI titers in chicken serum, sera were inactivated by incubation for 30 min at 56°C�
and serially diluted twofold in PBS, then transferred in duplicate to 96-well round-bottomed�
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Figure 1. Experimental scheme of immunization, sample collection, and challenge.�

plates. Standard avian influenza�virus (A/Chicken/Shandong/6/96(H9N2)) antigen with four�
units was then added to each diluted serum samples in a volume of 50 μL, and followed by�
an equal volume of 0.5% chicken erythrocyte suspensions. The mixture was incubated for 1 h�
at room temperature before the results were read. The HI titers were defined�as the highest�
serum dilution capable of preventing hemagglutination.�

To evaluate the antigen-specific�antibodies titers, ELISA plates were coated with 10-μg/mL�
recombinant influenza�HA protein (expressed in E. coli�BL21) and blocked with 1% bovine�
serum albumin (BSA) for 2 h at 37°C. Aliquots of diluted chicken sera were added to the plates,�
which were then incubated overnight, washed, and incubated with HRP-conjugated goat anti-
chicken IgG. Finally, TMB was added and the reaction was stopped by the addition of 2N�
H2SO4 and the absorbance was read at OD450. Each serum sample was repeated in quintuplicate.�
The results were plotted�as OD versus dilution (log scale). Titers at half maximal OD were�
determined by linear interpolation [34].�

2.7. Determination of AIV-neutralizing antibodies�

Inactivated sera were incubated with 100 plaque-forming unit (pfu) of avian influenza�virus�
(A/Chicken/Jiangsu/JS-1/2002(H9N2), and the titers of AIV-neutralizing antibodies deter-
mined as described [35].�

2.8. Cytokine assays�

On 7 and 21 days after the first�immunization, the serum levels of Th1-type cytokine (IFN-γ)�
in chickens were determined using commercial Chicken cytokines gamma interferon ELISA�
kits (Cusabio Biotech, MD, USA), whereas Th2-type cytokine (IL-4) was determined with�
another commercial Chicken cytokines interleukin 4 ELISA kits (Cusabio Biotech, USA). The�
procedure followed the manufacturer’s instructions.�
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2.9. Lymphocyte proliferation response�

To detect changes in cellular immunity, lymphocyte proliferation response was performed.�
Thymus and bursa of Fabricius were collected from immunized chickens at 7 and 21 days after�
the first�immunization. The thymus and BF lymphocytes were isolated and maintained in 1640�
medium supplemented with 10% FBS at 37°C with 5% CO2. The thymus lymphocytes (5 × 106�

cells/mL) were seeded in a 96-well plate and incubated with 50 μL of ConA (40 μg/mL) at 40°C/�
5% CO2�for 48 h, whereas the BF lymphocytes (5 × 106�cells/mL) were treated with 50 μL of�
PMA (1 μg/mL) in a 96-well plate at 40°C/5% CO2�for 24 h. Then, the lymphocyte proliferation�
assay was performed using a standard MTT method as described previously [36, 37]. Then,�
the plate was incubated with 10 μL of 5 mg/mL MTT for 3 h. Finally, 100 μL of 10% (w/v) SDS�
in 0.01 M HCl was added into the plate and allowed to incubate for 2 h. A spectrophotometric�
measurement was taken at A570.�

2.10. Virus challenge experiment�

Two weeks after the second vaccination, chickens (n�= 15 per group) were intranasally�
challenged with 2.5 × 106�TCID50�avian influenza virus A/chicken/Jiangsu/JS-1/2002(H9N2) in�
100 μL PBS. Five chickens per group were humanely sacrificed�at 3, 5, and 7 days after virus�
challenge and the viral titers in their lungs assessed by plaque formation assays using MDCK�
cells as described [35].�

2.11. Statistical analysis�

Statistical analyses were performed using unpaired t-tests or one-way analysis of variance�
(ANOVA) F-statistics followed by GraphPad Prism 6 software. Data are presented as the mean�
± standard deviation (SD). Turkey multiple comparison tests were used to assess differences�
among the five experimental groups, with differences being considered significant at P�< 0.05�
or P < 0.01.�

3. Results�

3.1. Expression of the recombinant fusion peptide Tα1-BP5�

The gene of Tα1-BP5 was amplified�by SOE-PCR with the primers F1, F2, and F3. The PCR�
products were identified�by electrophoresis, and then about 114bp strip was observed. The�
recombinant plasmid was extracted and identified with Hind�III enzyme. The results showed�
that the recombinant plasmid was not digested by Hind�III, indicating that the recombinant�
plasmid had deleted the Hind�III restriction site (Figure 2A). Sequencing result showed that�
the gene of the recombinant fusion peptide Tα1-BP5 was inserted into pET32a vector, and it�
was consistent to the expected size (Table 3), which was suggested that the recombinant�
expression vector was constructed successfully, and it was named pET32a-Tα1-BP5. Then,�
pET32a-Tα1-BP5 was transferred into E. coli�BL21 (DE3) for its expression, and the expressed�
products were detected by using SDS-PAGE. The result showed that Tα1-BP5 was expressed�
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and purified�with the molecular weight of 31.4 kDa (Figure 2B), which is consistent with its�
predicted molecular weight.�

Name Amino acid sequence�

Tα� Ser Asp Ala Ala Val Asp Thr Ser Ser Glu Ile Thr Thr Lys Asp Leu Lys Glu Lys Lys Glu Val Val Glu Glu Ala Glu�

1-BP5� Asn Gly Gly Gly Gly Ser Cys Lys Asp Val Tyr�

Table 3. Amino acid sequence of recombinant fusion peptide Tα1-BP5.�

Figure 2. Identification�of the recombinant plasmid pET32a-Tα1-BP5 and the expression of fusion peptide Tα1-BP5 in�
E. coli. (A) 1: DL2000 marker; 2: the recombinant plasmid pET32a-Tα1-BP5 after Hind�III enzyme digestion; and 3: the�
recombinant plasmid pET32a-Tα1-BP5. (B) 1: low molecular weight protein marker; 2: not induced E. coli�BL21 (DE3);�
3: Not induced recombinant E. coli�BL21 (DE3)/pET32a-Tα1-BP5; 4: induced recombinant E. coli�BL21 (DE3)/pET32a-
Tα1-BP5.�

3.2. Activity of rTα1-BP5 in vitro�

The expressed product of TBP5 recombinant bacteria was affinity�chromatography purified�
through protein Ni column and quantified through spectrophotometer. MTT method was used�
to test the effect�of rTα1-BP5 on the proliferation of mouse thymic and splenic lymphocytes.�
The results showed that all rTα1-BP5 with different�concentrations (1.25, 2.5, 5.0, 10.0, and 20.0�
μg/mL) could promote the proliferation of thymic and splenic lymphocytes compared to PBS�
group. rTα1-BP5 could stimulate thymic and splenic lymphocytes proliferation stronger than�
TP5 and BP5. The differences were significant (P�< 0.05) on the concentrations of 5.0 and 20.0�
μg/mL, and the differences�were more significant  (P�< 0.01) on the concentrations of 10.0�
μg/mL (Figure 3A�and B). All these data demonstrated that rTα1-BP5 could promote the�
proliferation of mouse thymic T lymphocytes and splenic B lymphocytes.�
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Figure 3. The effects�of rTα1-BP5 on the proliferation of thymic lymphocytes (A) or splenic lymphocytes (B) from im-
munized mice. The data presented are of five�replicates. *, P < 0.05, compared with mice immunized with PBS, and **,�
P < 0.01, compared with mice immunized with BP5 or Tα1.�

Figure 4. Effect�of rTα1-BP5 to H9N2 AIV vaccination on antigen-specific�HI titers and anti-HA IgG antibodies. Chick-
ens were immunized two times, and chicken sera were collected on days 7 and 21 after the first�immunization, and the�
serum HI titers (A) and IgG titers (B) were analyzed by HI assay and ELISA, respectively. The data presented are�
means ± SD of results from five�replicates. *, P < 0.05, and **, P < 0.01, compared with chickens immunized with H9N2�
WIV alone.�

3.3. rTα1-BP5 stimulates significant antigen-specific immune responses�

To determine antigen-specific�immune responses to immunization, chickens were immunized�
two times, then sera were taken on days 7 and 21 after the first�immunization and detected for�
HI and anti-HA antibody titers. HI antibody titers of chickens immunized with inactivated�
vaccine, Tα1 combined with H9N2 WIV and BP5 combined with H9N2 WIV increased�
significantly�compared with chickens immunized with the H9N2 WIV alone at days 7 and 21�
(P < 0.05). However, HI antibody titers in chickens immunized with rTα1-BP5 combined with�
H9N2 WIV were significantly�higher than in chicken immunized with BP5 combined with�
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H9N2 WIV at days 7 and 21 (P < 0.05) (Figure 4A). Anti-HA IgG antibody was observed in�
immunized chickens on days 7 and 21 after the first�immunization. rTα1-BP5 enhanced the�
secretion of IgG antibody on day 7 after the first�immunization, and the effect�was greater than�
that induced by H9N2 AIV vaccine, Tα1 combined with H9N2 WIV and BP5 combined with�
H9N2 WIV. On day 21 after the first immunization, BP5 significantly enhanced IgG antibody�
secretion levels compared with that induced by H9N2 vaccine, Tα1 combined with H9N2 WIV�
(P < 0.05), while the effect�of rTα1-BP5 was the greatest than the other groups (P < 0.01) (Figure�
4B). These results suggested that rTα1-BP5 stimulates significant�antigen-specific�immune�
responses.�

3.4. rTα1-BP5 promoted the production of AIV-neutralizing antibody�

To assess whether rTα1-BP5 can effectively enhance virus-neutralizing antibodies, chicken sera�
were collected on days 7 and 21 after the first�immunization and the titers of AIV-neutralizing�
antibody were assessed. The result showed that the titers of neutralizing antibody of chickens�
immunized with Tα1 plus H9N2 WIV, BP5 plus H9N2 WIV, and H9N2 AIV vaccine were higher�
than that in chickens immunized with H9N2 WIV alone on day 7, while it was higher in�
chickens immunized with Tα1-BP5 plus H9N2 WIV than that of other groups. Consistent with�
this, AIV-neutralizing antibody titers of chicken injected with rTα1-BP5 plus H9N2 WIV were�
the highest on day 21 (Table 4). These results indicated that rTα1-BP5 significantly stimulates�
the production of AIV-neutralizing antibodies.�

Treatment� PRNT50a�

First boost� Second boost�

PBS� –� –�

H9N2 WIV� 10 ± 0.38� 19 ± 0.21�

H9N2 WIV + Tα1� 15 ± 0.30*� 22 ± 0.25*�

H9N2 WIV + BP5� 18 ± 0.32*� 28 ± 0.43*�

H9N2 WIV + rTα1-BP5� 22 ± 0.24**� 32 ± 0.19**�

Inactivated H9N2 AIV vaccine� 16 ± 0.15*� 25 ± 0.54**�

a Chickens were vaccinated on days 0 (first boost) and 14 (second boost). Chicken sera (n = 5) were collected on days 7�
and 21, and plaque-reducing neutralizing antibody titers were determined. The 50% plaque-reducing neutralizing titer�
(PRNT50) was reported as the geometrical reciprocal of the serum dilution resulting in a 50% reduction in plaques. The�
data presented are means ± SD of results from five replicates.�
*, P < 0.05, and�
**, P < 0.01, compared with chickens immunized with H9N2 WIV alone.�

Table 4. Titers of plaque-reducing neutralizing antibody in groups of chicken.�

3.5. rTα1-BP5 increases the production of both Th1- and Th2-type cytokines�

We then examined the levels of Th1 (IFN-γ) and Th2 (IL-4) cytokines from immunized�
chickens. Compared with stimulation with H9N2 WIV alone, both IFN-γ and IL-4 secretion�
were remarkably increased after immunization with inactivated H9N2 AIV vaccine, Tα1 plus�
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H9N2 WIV and BP5 plus H9N2 WIV at days 7 and 21, and the highest level of IFN-γ secretion�
was observed in the vaccination group with rTα1-BP5 plus H9N2 WIV (P < 0.01) (Figure 5A�
and B). Taken together, the results suggested that rTα1-BP5 promoted the secretion of both�
Th1 and Th2 cytokines.�

Figure 5. Effect�of rTα1-BP5 to H9N2 AIV vaccination on cytokine production in chicken sera. Chickens were immu-
nized two times, and chicken sera were collected on days 7 and 21 after the first�immunization. Cytokine release was�
measured by using commercial chicken cytokines gamma interferon (IFN-γ) and interleukin 4 (IL-4) ELISA kits. The�
data presented are means ± SD of results from five�replicates. *, P < 0.05, and **, P < 0.01, compared with chickens im-
munized with H9N2 WIV alone.�

Figure 6. rTα1-BP5 significantly�stimulates chicken T- and B-lymphocyte proliferation. Chickens were immunized two�
times, and chicken thymus and bursa of Fabricius were collected on days 7 and 21 after the first�immunization. T- (A)�
and B (B)-lymphocyte proliferation assays were evaluated by MTT method. The data presented are means ± SD of re-
sults from five replicates. *, P < 0.05, and **, P < 0.01, compared with chickens immunized with H9N2 WIV alone.�
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3.6. rTα1-BP5 significantly enhances T- and B-lymphocyte proliferation�

To investigate the effects�of rTα1-BP5 on T- and B-lymphocyte proliferation, thymus and BF�
were collected from chickens immunized with rTα1-BP5 plus H9N2 WIV. T-lymphocyte�
proliferation responses of chickens immunized with Tα1 plus H9N2 WIV, BP5 plus H9N2 WIV,�
and H9N2 AIV vaccine were enhanced at 7 days compared with chickens immunized with�
H9N2 WIV alone (P < 0.05), whereas it was higher for that immunized with rTα1-BP5 plus�
H9N2 WIV (P < 0.01). On day 21, T-lymphocyte proliferation responses of chickens immunized�
with Tα1 plus H9N2 WIV and H9N2 AIV vaccine were higher than chickens immunized with�
H9N2 WIV alone (P < 0.05), while it was highest for that immunized with rTα1-BP5 plus H9N2�
WIV (P < 0.01) (Figure 6A). Similarly, B-lymphocyte proliferation responses of chickens�
immunized with BP5 plus H9N2 WIV and H9N2 AIV vaccine were enhanced at 7 and 21 days�
compared with chickens immunized with H9N2 WIV alone (P < 0.05), whereas, it was highest�
for that immunized with rTα1-BP5 plus H9N2 WIV (P < 0.01) (Figure 6B). The data indicated�
that rTα1-BP5 promoted T- and B-lymphocyte proliferative responses.�

3.7. rTα1-BP5 significantly promotes immune protection against H9N2 AIV challenge�

To evaluate whether rTα1-BP5 promotes immune protection against H9N2 AIV infection, viral�
titers in chicken lungs were evaluated at 3, 5, and 7 days after viral challenge by plaque�
formation assays. Chickens immunized with Tα1 plus H9N2 WIV, BP5 plus H9N2 WIV, and�
H9N2 AIV vaccine showed significant�virus removal from the lungs at 3, 5, and 7 days after�
challenge compared with H9N2 WIV groups (P < 0.05), while the viral titers of lungs from�
chicken immunized with rTα1-BP5 plus H9N2 WIV were significantly�lower than that in the�
H9N2 AIV vaccine group (P < 0.01). Moreover, chickens immunized with rTα1-BP5 plus H9N2�
WIV had almost no detectable virus particles in the lungs 7 days after challenge (Figure 7A–�
C). The data indicated that rTα1-BP5 significantly�promoted immune protection against H9N2�
AIV challenge.�

Figure 7. AIV-viral titers of lung in chickens. Lung samples from individual chicken in each group (n = 5) were collect-
ed on days 3, 5, and 7 post challenge with 2.5 × 106 TCID50�avian influenza�virus (A/chicken/Jiangsu/JS-1/2002(H9N2)).�
Each lung sample was diluted to 1 mL with 1640 media. The titers are presented as pfu per mL. The data presented are�
means ± SD of results from five�replicates. *, P < 0.05, and **, P < 0.01, compared with chickens immunized with H9N2�
WIV alone.�
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4. Discussion�

In the event of an influenza�pandemic, vaccination is one of the most effective ways of�
intervention in terms of reducing cost, disease, and even death. Appropriate adjuvant can�
enhance the immunogenicity of the vaccine and improve the immune responses [38, 39].�
However, most of the adjuvants used in conjugation with antigen have unacceptable levels of�
side effects,�only a few of them are used clinically [40]. Thus, we need to find�new and optimal�
adjuvant candidates for vaccine. In recent years, some small peptide immunostimulants were�
reported in use for vaccine adjuvants [41–43]. Both Tα1 and BP5 are associated with immune�
regulation. Previous studies showed that both Tα1 and BP5 had high potential as an adjuvant�
for vaccines [26, 44].�

In this study, the fusion peptide of rTα1-BP5 was designed and synthesized, and to investigate�
it as an adjuvant for inducing immune responses in chickens upon vaccination with inactivated�
H9N2 avian influenza�virus (WIV). An effective adjuvant should be able to enhance the levels�
of both humoral and cell-mediated immunity. To investigate the effect�of rTα1-BP5 on humoral�
responses, chickens were immunized with H9N2 WIV combined with Tα1-BP5, and then titers�
of HI antibody, antigen-specific�antibodies, and AIV-neutralizing antibodies were assessed.�
Then, we found that rTα1-BP5 significantly�enhanced HI antibody and antigen-specific�IgG�
antibodies titers, promoted the secretion of AIV-neutralizing antibodies, which suggested that�
rTα1-BP5 enhanced the levels of humoral immune responses in chickens when it was co-
immunized with H9N2 WIV.�

In addition to humoral immune responses, cellular immunity also plays an important role in�
fighting influenza virus infections [45]. The levels of Th1- and Th2-type cytokines are important�
references to measure cellular immunity. And lymphocyte homeostasis is required for the�
maintenance of normal immune function [46]. Th1-type cytokines mainly include IL-2, TNF-
α, and IFN-γ, whereas Th2-type cytokines include IL-4, IL-5, and IL-10 [47]. Our study though�
analyzed the production of Th1 (IFN-γ)- and Th2 (IL-4)-type cytokines, and T- and B-lympho-
cytes proliferation in vaccinated chickens post immunization to evaluate the cell-mediated�
immunity. The results suggested that rTα1-BP5 promoted the secretion of both Th1 and Th2�
cytokines and T- and B-lymphocyte proliferative responses. Overall, this study found that�
rTα1-BP5 not only enhanced the humoral immune responses but also promoted the cell-
mediated immune responses, and it had the potential to use as an adjuvant.�

To further evaluate the influence�of rTα1-BP5 as an adjuvant on the immunity protection�
provided by H9N2 AIV vaccine against AIV infection, chickens were intramuscularly chal-
lenged with H9N2 AIV (A/chicken/Jiangsu/JS-1/2002) on day 28 post immunization. After 3�
days post challenge, the PBS group chickens that received the challenge virus were mildly�
depressed. No other clinical signs were observed in that group or any of the other groups,�
which is typical of low-pathogenicity AIV in chickens [48, 49]. At 7 days post challenge, only�
the PBS-challenged group had mild, grossly detectable lesions in both the respiratory and�
gastrointestinal tract. And we found that the viral titers of lungs from chicken immunized with�
rTα1-BP5 plus H9N2 WIV were significantly lower than all the other groups at 3 days. Chickens�
immunized with rTα1-BP5 plus H9N2 WIV had almost no detectable virus particles in the�
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lungs at 7 days after challenge. Our data indicated that rTα1-BP5 could effectively inhibit the�
replication of H9N2 AIV in chickens and promote virus clearance in the lungs of chickens.�
Thus, rTα1-BP5 had the potential to be used in vaccine formulations to provide improved�
protection against H9N2 AIV infection in poultry.�

In summary, this study demonstrated that inactivated H9N2 AIV vaccine with Tα1-BP5 as an�
adjuvant enhanced strong immune responses at both humoral and cellular levels against AIV�
infection in chickens. These data may provide a novel insight to find�new adjuvant in vaccines.�
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Cholesteryl Pullulan Nanoparticles-Encapsulated TNF-α: 
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Influenza 
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Abstract�

We�encapsulated�tumor�necrosis�factor-α�(TNF-α),�a�major�proinflammatory�cytokine,�
into�cholesteryl�pullulan�(CHP)�to�prepare�TNF/CHP�nanoparticles.�In�this�chapter,�the�
immune�response-enhancing�capability�of�the�nanoparticles�to�act�as�a�vaccine�adjuvant�
against�influenza�is�described.�TNF/CHP�nanoparticles�showed�excellent�storage�
stability,�and�they�enhanced�host�immune�responses�to�external�immunogens.�We�
applied�the�nanoparticles�in�a�mouse�model�of�influenza�virus�infection�to�investigate�
their�adjuvant�ability.�Nasal�administration�of�TNF/CHP�nanoparticles�combined�with�
a�conventional�split vaccine was effective at�inducing systemic�IgG1 as well�as�mucosal�
IgA,�and�it�protected�mice�against�a�lethal�challenge�of�A/PR/8/34�(H1N1)�influenza�
virus.�Mechanistic�studies�showed�that�the�nanoparticles�enhanced�antigen�uptake�by�
dendritic�cells�(DCs)�and�moderately�induced�the�expression�of�inflammation-related�
genes�in�nasal-associated�lymphoid�tissue�(NALT),�leading�to�the�activation�of�both�B�
and�T�cells.�A�preliminary�safety�study�revealed�no�severe�toxicity�to�TNF/CHP�
nanoparticles.�Slight-to-moderate�influences�in�nasal�mucosa�were�observed�only�after�
repeated�administration�and�they�were�reversible.�Our�data�show�that�TNF/CHP�
nanoparticles�effectively�enhance�both�humoral�and�cellular�immunity�via�nasal�
administration�and�could�be�a�potential�adjuvant�for�vaccines�against�infectious�diseases�
like�influenza.�

Keywords: adjuvant, mucosal, nanoparticle, CHP, TNF-α�
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1. Introduction�

Vaccines�are�the�most�effective�interventions�against�infectious�diseases�such�as�influenza.�
Many�vaccines,�however,�are�only�effective�at�preventing�onset�and�aggravation�of�symptoms,�
and�less�effective�at�preventing�infection,�particularly�with�respiratory�infections.�One�reason�
for�this�is�that�the�major�administration�routes�of�conventional�vaccines,�including�subcuta-
neous�(s.c.)�and�intramuscular�(i.m.),�induce�neutralizing�IgG�antibody�in�blood�but�not�
mucosal�IgA�antibody,�which�is�more�effective�at�preventing�infection.�The�efficacy�of�IgG�
antibody�against�variant�or�mutated�viruses�is�very�limited�because�it�has�highly�restricted�
cross-protective�capabilities.�Conversely,�IgA�antibody�on�mucosa�shows�wide�cross-protec-
tion�and�can�block�infection�[1,�2].�When�immunizations�are�delivered�at�the�mucosa,�IgA�
antibody�is�induced�on�mucosal�surfaces�throughout�the�body�and�IgG�antibody�is�produced�
in�the�blood.�Since�mucosal�vaccination�induces�immunity�in�both�the�systemic�and�mucosal�
compartments�[3,�4],�enhanced�antigen-specific�mucosal�immunity�is�a�clear�goal�for�next-
generation�vaccines.�Mucosal,�especially�nasal,�vaccines�are�ideal�because�of�their�effectiveness�
in�preventing�infection�via�the�respiratory�tract.�Nasal�vaccines�have�the�additional�benefit of�
improved�patient�compliance�and�greater�clinical�convenience�as�well.�

One significant�drawback of mucosal vaccines is that they generally do not induce strong�
enough immune responses. The recent component-split vaccines, while avoiding many�
negative patient reactions, tend to be less immunogenic by themselves even in the case of�
intravenous (i.v.) or i.m. administration. Generally, children and the elderly tend to respond�
less to vaccinations, which may lower the preventive power of the population [5]. Therefore,�
adjuvants must be administered simultaneously with the vaccine in order to enhance vaccine-
specific�immune responses. Alum salts are the most commonly used adjuvant, but they are�
neither suitable for all vaccines nor always capable of eliciting the desired immune responses.�
Other types of adjuvants are being tested, such as liposomes, emulsions, and their combina-
tions [6, 7]. The development of safe, effective, and suitable adjuvants is an important compo-
nent in the future of mucosal vaccines.�

Several groups have examined the use of cytokines (proteinaceous bioactive substances) as a�
new type of vaccine adjuvant due to their potent effects�on the immune system [8–10].�
Although some encouraging results have been reported, cytokines are not yet in the practical�
use as adjuvants. One of the important points to consider is the type of drug delivery system�
(DDS). Recently, our group tried to generate a new type of vaccine adjuvant by combining�
cytokines and biocompatible saccharide materials. This chapter describes the creation of�
human tumor necrosis factor-α (TNF-α) encapsulated by cholesteryl pullulan (CHP) resulting�
in TNF/CHP nanoparticles. We investigated the potential of the nanoparticles as a nasal vaccine�
adjuvant by examining its ability to protect against lethal influenza�infection in a mouse model�
and conducting further mechanistic analyses on innate and acquired immunity.�
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2. Tumor necrosis factor-α (TNF-α)�

TNF-α is a major proinflammatory�cytokine primarily produced by T cells and macrophages,�
and it is bioactive in a homotrimeric form [11]. It was first�described as a potent anti-tumor�
factor, but it is now known to play an integral role in host defense. It activates innate and�
adaptive immunity by stimulating dendritic cell (DC) maturation and subsequent T cell�
activation as well as contributing to inflammatory responses [12, 13] (Figure 1).�

Figure 1. Various actions of TNF-α.�

Interestingly, it was recently shown that TNF-α exerted adjuvant activities against pathogenic�
infections [14, 15]. Although there were some attempts�to develop TNF-α (as well as other�
cytokines) as a vaccine adjuvant, successful practical results have not been reported. This is�
probably because TNF-α causes unfavorable biological reactions when administered system-
ically, and it is rapidly degraded when delivered at the mucosal surface. To overcome these�
obstacles, some investigators have attempted�to generate protease-resistant mutant TNF-α�
molecules and have reported some potential as a vaccine adjuvant at the experimental level�
[16, 17].�

3. Pullulan and cholesteryl pullulan (CHP)�

One method of establishing a safer and more effective way to administer bioactive substances�
that is gaining popularity is a nanoparticle DDS. For nanoparticle materials, polysaccharides�
have been shown to possess several favorable characteristics in comparison with synthetic�
polymers currently used. Unlike synthetic polymers that could accumulate in the body to levels�
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beyond the renal clearance, saccharides are biocompatible, meaning they are degraded by�
intrinsic enzymes inside the body [18, 19]. In this study, we used pullulan to create DDS�
nanoparticles.�

Pullulan is a natural and chemically neutral homopolysaccharide consisting of α-1, 6-linked�
maltotriose units (maltotriose is three glucose molecules linked with α-1, 4 glycosidic bonds).�
It is produced primarily by fermentation of starch by strains of the fungus Aureobasidium 

pullulans [20]. By introducing hydrophobic moieties onto the hydrophilic pullulan molecule,�
amphiphilic coploymers can be generated. A representative is cholesteryl pullulan (CHP) [21,�
22] (Figure 2).�

Figure 2. Chemical structure of CHP. m, n; integer values. In PUREBRIGHT CP-100T (NOF Co., Tokyo, Japan), 1–3% of�
glucose units are modified with cholesterol residues.�

CHP self-assembles into nanoparticles in aqueous solution and entraps various molecules in�
its internal space through hydrophobic interactions. The hydrophilic shell serves as a stabi-
lizing interface between the hydrophobic core and the external aqueous environment. It also�
protects the entrapped molecule from mechanical, chemical, or enzymatic attacks�from outside�
the particle, and it acts as a superior carrier for delivery. It also allows slow release of the�
encapsulated materials [23–25]. Furthermore, the CHP nanoparticles showed prolonged�
circulation and thermodynamic stability in animal models [26].�
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Figure 3. Schematic model of self-assembling of TNF/CHP nanoparticles. TNF-α is shown in the trimeric, bioactive�
form. The diameter of the particle is approximately 20–30 nm.�

Pullulan-based nanoparticles have been used for the delivery of proteins, anticancer drugs,�
imaging agents, and nucleotides. CHP nanoparticles are efficiently�transferred to antigen-
presenting cells such as macrophages and/or DCs, and they elicit strong immune responses�
[27, 28]. CHP is under vigorous investigation for establishing novel vaccine therapies against�
several types of cancers [29–31]. We created CHP nanoparticles containing TNF-α, which are�
described in the following sections (Figure 3).�

4. TNF/CHP nanoparticles�

4.1. Preparation of TNF/CHP nanoparticles�

In this study, we used TNF-α�derived from a human lymphoblastoid cell line, BALL-1 [32],�
and CHP (PUREBRIGHT CP-100T) from NOF Corporation. CHP encapsulated active trimeric�
TNF-α to form stable nanoparticles as schematically shown in Figure 3. The encapsulating�
process was time- and temperature-dependent; at 37°C, more than 95% of the TNF-α�was�
encapsulated into CHP complexes after 5 days of incubation; at 4°C, very few, if any, TNF/CHP�
nanoparticles were formed.�

The resulting nanoparticles were relatively uniform. The mode and average sizes of the�
particles were 27.2 and 42.4 nm based on dynamic light scattering�(DLS) results. This was not�
very different�from the size of the blank CHP particles with a mode of 27.6 nm and an average�
of 42.8 nm (Figure 4). Stoichiometric analyses showed that a TNF/CHP nanoparticle consisted�
of a TNF-α active trimer (ca. 50 kDa) in a CHP tetrameric complex (ca. 400 kDa).�
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Figure 4. Size distribution of TNF/CHP nanoparticles. Two hundred fifty�μg/mL TNF-α and 12 mg/mL CHP were�
mixed, sterilized by filtration,�and incubated at 37°C for 5 days. CHP self-assembled with TNF-α molecules to form�
nanoparticles. The particle size was determined by DLS with a Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern,�
UK). (a) TNF/CHP nanoparticles, (b) blank CHP particles. Reproduced with permission from Nagatomo D. et al., [33].�

4.2. Storage stability of TNF/CHP nanoparticles�

Stability of the nanoparticles was evaluated after various treatments by measuring the level of�
TNF-α. To estimate the amount of encapsulated TNF-α, methyl-β-cyclodextrin (Me-β-CD) was�
used to disrupt the CHP complex and release the TNF-α�as previously described [26]. The�
results showed that the nanoparticle retained its integrity and kept TNF-α molecules active�
inside the complex in aqueous solution at room temperature for at least 21 days (Figure 5a).�
Furthermore, even after five�cycles of freezing and thawing, 80% of the particles remained�
intact (Figure 5b). These results show that the TNF/CHP nanoparticles have excellent storage�
stability. However, upon contact with high concentrations of dissolved proteins, such as serum�
albumin, the nanoparticles rapidly released the encapsulated TNF-α (data not shown),�
probably replaced by proteins from the external environment as reported [34]. This calls an�
attention to the usage of the nanoparticles, such as i.v. injection.�

Me-β-CD is known to interact with cholesteryl groups and disrupt CHP complexes to release�
the substance inside the particles [26]. The amount of Me-β-CD required to disrupt the�
TNF/CHP nanoparticles was approximately 100 mg/mL, much higher than the 0.3 mg/mL�
reported for Interleukin-12 (IL-12)/CHP nanoparticles [35], suggesting that the affinity�
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between TNF-α and CHP was much stronger than that of IL-12 and CHP. The molecular�
interaction of TNF-α�and CHP that creates this strength is an interesting area for further study.�

Many medical formulations, especially biologicals, require storage at low temperatures or�
freezing. On the contrary, the TNF/CHP nanoparticles could be stored in solution and without�
refrigeration. Our formulation offers improved convenience of handling and transportation.�

Figure 5. Stability of TNF/CHP nanoparticles in vitro. TNF/CHP nanoparticles were incubated in Dulbecco’s phosphate�
buffer�at 25°C or repeatedly freeze-thawed (−80°C/25°C). An aliquot was examined for the amount of active TNF-α.�
Samples were treated with 100 mg/mL Me-β-CD at 37°C for 2 h to release TNF-α�from the particles. The amount of�
TNF-α was determined by an enzyme-linked immunosorbent assay (ELISA) system. (a) storage stability at 25°C; (b)�
stability through freeze-thaw cycles. Open circle, treated with Me-β-CD; closed circle, without Me-β-CD. (mean ± SD, n�
= 3).�

5. Immune responses induced by TNF/CHP nanoparticles administered�
nasally�

Although TNF-α is known to have immune-enhancing activity [14], severe and unfavorable�
effects�have hampered its practical use. Based on the stability described in the previous section,�
we hypothesized that delayed release of TNF-α from TNF/CHP nanoparticles would promote�
the beneficial�effects�of TNF-α while avoiding harmful events. We examined the adjuvant�
activity of the TNF/CHP nanoparticles, for example, enhanced induction of antigen-specific�
antibodies in mice, particularly in the case of nasal administration. We used a commercial�
influenza�virus hemagglutinin vaccine (IVV), which is a component-split and trivalent vaccine�
for seasonal influenza.�It consists of the inactivated hemagglutinin (HA) antigens from A/�
Brisbane/59/2007 (H1N1), A/Uruguay/716/2007 (H3N2), and B/Brisbane/60/2008. The nasally�
administered TNF/CHP nanoparticles combined with the IVV induced significant�levels of�
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IgA in the nasal wash, as well as IgG1�in blood plasma (Figure 6a, b). These are comparable to�
those of the positive control cholera toxin B subunit (CTB), the most powerful adjuvant in�
experimental settings [35]. Furthermore, IVV with CHP alone (without TNF-α) or with free�
TNF-α failed to induce significant�levels of antibodies when compared to IVV with no�
adjuvant. The TNF/CHP nanoparticles alone did not induce a measurable antibody response�
against IVV. To further examine antigen specificity, we performed hemagglutinin (HA)-specific�
hemagglutination inhibition (HI) assay for the different�types of influenza�virus included in�
the vaccine. The TNF/CHP nanoparticles with IVV induced significant�HI activity against all�
types of HA used (A/H1N1, A/H3N2, and B) (Figure 6c).�

Figure 6. Adjuvant effects�of TNF/CHP nanoparticles administered nasally. BALB/c mice were nasally given IVV�
(SEIKEN, Denka Seiken Co., Ltd., Japan) (0.3 μg/mouse) and TNF/CHP nanoparticles (5 μg/mouse of TNF-α) or CTB�
(0.8 μg/mouse) once a week for 4 weeks. The nasal wash and blood plasma were prepared from the mice, and the lev-
els of IVV-specific�IgA and IgG1�were determined by ELISA. (a) IgA levels in nasal wash, (b) IgG1�levels in blood plas-
ma, (c) HI titer in blood plasma against different HA types of influenza virus expressed in GMT (geometric mean titer).�
Blue column, type A/H1N1; red column, type A/H3N2; green column, type B. (mean ± SEM, n = 8). *, P < 0.05 vs. sal-
ine/IVV; #, P < 0.05 vs. free TNF/IVV. Adapted with permission from Nagatomo D. et al., [33].�
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These data indicate that TNF/CHP nanoparticles administered nasally can induce not only�
mucosal but also systemic immunity significantly and efficiently, comparable to the effects of�
CTB. In addition, the nasal vaccination covers a broad range of antigenicity as previous reports�
suggested [1, 2]. Also, just for reference, the induction of specific�antibodies was seen for other�
antigens, such as Hepatitis virus type A vaccine, diphtheria toxoid, and cedar pollen allergen�
(data not shown). Those suggest that TNF/CHP nanoparticles have the potential as a vaccine�
adjuvant with a broad range of applications, as well as influenza.�

Figure 7. Proliferation and cytokine production by splenocytes from mice nasally administered TNF/CHP nanoparti-
cles and IVV. BALB/c mice were given IVV (0.3 μg/mouse) and TNF/CHP nanoparticles (5 μg/mouse as TNF-α) or CTB�
(0.8 μg/mouse) by the nasal route as previously described. Splenocytes were prepared from the mice. Then, IVV-specif-
ic�proliferation and IL-4/IFN-γ-producing cells were examined with alamarBlue and ELISpot, respectively. The results�
represent the difference�(Δ) between data from experiments with and without IVV antigen stimulation. (a) prolifera-
tion response. (b) cytokine production. Blue column, IL-4 production; red column, IFN-γ�production (mean ± SEM, n =�
8). *, P < 0.05 vs. saline/IVV. Adapted with permission from Nagatomo D. et al. [33].�

The antigen-specific�T cell responses of the vaccinated animals were examined by challenging�
their isolated splenocytes with IVV. IVV-specific�proliferation in the TNF/CHP nanoparticle�
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group was comparable to that of CTB (Figure 7a). We also measured cytokine production to�
understand what kind of T cell response occurred. IVV alone increased IFN-γ production,�
while the addition of either adjuvant (TNF/CHP nanoparticle or CTB) suppressed IVV-induced�
Interferon-γ(IFN-γ) production. The TNF/CHP nanoparticles combined with IVV also�
produced IL-4 cytokine to a higher level than IVV with CTB (Figure 7b). These experiments�
suggest that the nasally administered adjuvant shifted the Th1/Th2 balance to a Th2-dominant�
state, which confirms previous results obtained with a mutant TNF-α [17].�

6. Protective effect of TNF/CHP nanoparticles in lethal challenge of�
influenza virus on mice�

To directly address the stimulatory effect�of the TNF/CHP nanoparticle adjuvant on protective�
immunity, we challenged immunized mice with a lethal dose of influenza�virus. Mice were�
nasally immunized with IVV with or without TNF/CHP nanoparticles once a week for 3 weeks.�
Then, they were challenged with the antigenically distinct influenza�virus A/Puerto Rico/8/34�
strain at a lethal dose (Figure 8). The mice that received only IVV died by 8 days post challenge,�
which was comparable to mice without IVV immunization. The TNF/CHP nanoparticles�
without the IVV slightly delayed the time to death, but all of the animals eventually died. On�
the contrary, combined administration of IVV and TNF/CHP nanoparticles showed a highly�
protective effect�with 90% of the mice surviving lethal challenge. The effect�was comparable�
to that of the CTB adjuvant. Free TNF also showed a somewhat protective effect.�Interestingly,�

Figure 8. Protective effect�of TNF/CHP nanoparticles adjuvant against lethal influenza�virus challenge in mice. BALB/c�
mice were nasally administered with IVV with or without an adjuvant once a week for 3 weeks. Seven days after the�
final�immunization, mice were challenged nasally with influenza�virus (Puerto Rico/8/34, 10 LD50) and then monitored�
daily. Mice that were moribund or that had lost more than 20% of their body weight were considered to have reached�
an experimental endpoint and were humanely euthanized by anesthetization. Blue diamond, saline only; red square,�
TNF/CHP nanoparticles only (5 μg/mouse of TNF-α); green triangle, IVV only (0.3 μg/mouse); purple cross, IVV with�
blank CHP nanoparticles (240 μg/mouse); blue square, IVV with TNF/CHP nanoparticles (5 μg/mouse of TNF-α); or-
ange circle, IVV with free TNF (5 μg/mouse); purple dot, IVV with CTB (0.8 μg/mouse) (n = 10). Reproduced with per-
mission from Nagatomo D. et al. [33].�
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CHP only (without TNF-α) provided a certain level of protection as an adjuvant, as we�
observed 50% survival. Importantly, the nasally administered TNF/CHP nanoparticles�
induced significant protective immunity in spite of the distinct antigenicities [36], suggesting�
that they have a potential for inducing broad cross-protection.�

Antibodies became detectable after the second or third vaccination and reached plateau levels�
thereafter in mice vaccinated with TNF/CHP nanoparticles. The surviving animals immunized�
with IVV and TNF/CHP nanoparticles had immunological memory, including IgG1�in plasma,�
and IgA in nasal/vaginal wash and feces. This memory was maintained at high levels for more�
than 90 days, and these mice responded to a boosting challenge of the IVV to further elevate�
the antibody levels (Table 1). These data indicate that the nanoparticles induced systemic�
immunity and long-lived memory, a critical feature for successful vaccine adjuvants. Overall,�
our data demonstrate that TNF/CHP nanoparticles are effective�as a vaccine adjuvant for�
nasally delivered IVV.�

TNF/CHP nanoparticles enhanced an IgA response not only at the site of application (e.g., in�
the nasal wash) but also at distant mucosal sites, such as the intestine (feces), vaginal, and�
salivary glands (data not shown). IgA antibody elicited at the mucosa is of vital importance as�
the natural route of infection for influenza�is via the respiratory mucosa. Hence, local mucosal�
protection against pharyngeal carriage is likely to be decisive for preventing disease [37].�
Conventional parenteral vaccines are not able to stimulate mucosal immune responses, thus�
restricting their efficacy�in infections of mucosal surfaces such as the respiratory tract [1]. Our�
nasal vaccine/adjuvant formulation consisting of the IVV and TNF/CHP nanoparticles�
effectively induced both systemic and mucosal protective immunity.�

IgG1 titer in plasma� IgA titer in feces extract�

(U/mL)� (U/mL)�

Adjuvant Unimmunized None  TNF/CHP� CTB  Unimmunized None  TNF/CHP� CTB 

nanoparticles  nanoparticles 

1 day before boost�

Day 90� n.d.� 21,338� 16,917 ± 9,392.0� 8,700� n.d.� 4.2 ± 3.5�14.4 ± 16.7� 13.1�

± 2,438.9� ± 5,510.3� ± 10.8�

12 days after boost�

Day 112� 36.6 ± 43.2� 19,764� 53,769 ± 29,893.7�37,729� 34.6 ± 33.3� 19.8� 64.4 ± 63.4� 58.2�

± 13,601.� ± 29,281.� ± 8.3  ± 37.1�

2 3�

BALB/c mice were nasally administered with IVV (0.3 μg/mouse), with or without TNF/CHP nanoparticles (5 μg/�
mouse of TNF-α) or CTB (0.8 μg/mouse) once a week for 4 weeks. Ninety-one days after the immunization, the mice�
were boosted with IVV (0.9 μg/mouse). Twenty-one days after the boosting challenge, the blood plasma was prepared�
and the feces were extracted with 10 volumes of water. The IgG1 in blood plasma and IgA in feces extract were�
examined (mean ± SEM, n = 8).�
n.d., not detected.�

Table 1. Induction of immunological memory by TNF/CHP nanoparticles.�
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Muraoka et al. proposed that CHP-based nanoparticles preferentially deliver antigen to�
antigen-presenting cells in the lymph nodes, which potentiates effective immune responses�
[38]. This might be the reason why the TNF/CHP nanoparticles induced excellent protective�
immunity. They, however, reported that CHP itself did not show an adjuvant effect�in the�
context of a tumor vaccine [31]. Interestingly, CHP only (without TNF-α) showed a certain�
level of protective efficacy�in our study. The reason for the discrepancy between their results�
and ours is not clear. It is unlikely, given the short time frame, that TNF-α was replaced in vivo�
by IVV antigens to form IVV/CHP nanoparticles that were then delivered to the lymph node.�
Another factor that is critical for adjuvant activity is particle size [39]; however, size is not an�
issue in our case since the DLS analyses showed no difference�in particle size between the TNF/�
CHP nanoparticles and empty CHP particles (Figure 4). Most probably, the difference�has to�
do with varying mechanisms to elicit protection against external pathogens, such as influenza�
virus, and internal antigens, such as tumor antigen.�

7. Mechanistic analyses of effects of TNF/CHP nanoparticles�

7.1. Activation of immune cells in NALT�

Being focused on the nasal route of vaccination, we examined immune cells in nasal tissues�
after immunization. The mucosal surfaces contain abundant B cells, T cells, and plasma (or�
DC) cells. After repeated immunization of animals for 3 weeks, cells from the nasal-associated�
lymphoid tissues (NALT) were prepared from mice, and expression of a surface marker for�
DCs (CD11c) and activation markers for B cells (CD80 and CD86) were examined by flow�
cytometry. The ratios of CD80+/CD11c+�cells; CD86+/CD11c+�cells were 0.20; 0.33, 0.30; 0.44, and�
0.33; 0.50% for saline, IVV, and IVV with TNF/CHP nanoparticles, respectively (data not�
shown). Even though the degree was small, IVV vaccination with or without TNF/CHP�
nanoparticles activated DCs and B cells. Also, TNF/CHP nanoparticles did not have a promi-
nent effect on DC or B cell activation.�

7.2. Antigen uptake and activation of NALT and nasal passage cells�

We next focused on the early immune response of nasal mucosal tissues. Uptake of antigen by�
the mucosal tissues is essential for the induction of immune responses [40]. Therefore, we�
examined antigen uptake by NALT-resident and nasal passage DCs, the inductive sites of the�
common mucosal immune system [41]. In these experiments, we used ovalbumin (OVA) as a�
model antigen and assessed antigen uptake by DCs in the NALT and nasal passage cells by�
flow�cytometry at 6 h after immunization. Immunization of mice with OVA combined with�
TNF/CHP nanoparticle activated antigen uptake by both NALT and nasal passage DCs. TNF/�
CHP nanoparticles stimulated DCs most in the nasal passage mucosal immune tissue�
(Figure 9). We also found that TNF/CHP nanoparticles enhanced expression of DC and B cell�
activation markers (CD40, 80, and 86) in a bone marrow-derived immature DC preparation in�
vitro (data not shown).�
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Figure 9. Antigen uptake of NALT and nasal passage DCs after TNF/CHP nanoparticles administration. BALB/c mice�
were nasally immunized with 10 μg of Alexa 647-labeled OVA antigen with or without TNF/CHP nanoparticles as an�
adjuvant. Six hours after the immunization the NALT and the nasal passage cells were prepared [42] and subjected to�
flow�cytometric analysis. Antigen uptake was determined by detecting the Alexa 647 florescence�intensity and the DC�
marker (CD11c+�cells) in parallel, for example, ratio of Alexa 647+/CD11c+. (a) NALT DCs, (b) nasal passage DCs. MFI,�
mean fluorescence intensity (mean ± SD, n = 4). Adapted with permission from Nagatomo D. et al. [33].�

7.3. Expression of inflammatory signals in NALT�

Vaccine adjuvants trigger the innate immune system allowing enhanced humoral and cellular�
responses against the co-administered vaccine antigens. To understand innate immune system�
activation caused by the TNF/CHP nanoparticles after immunization, we conducted gene�
expression profiling�in NALT cells 2, 6, and 26 h after nasal administration of IVV antigen with�
or without the nanoparticles. By scattering�analyses, the gene expression of inflammation- and�
immunity-related molecules was found to be significantly�upregulated (data not shown).�
These included the triggering receptor expressed on myeloid cells 1, fibronectin�1, CD14, Toll-
like receptor (TLR) 2, TLR3, IL-1β, IL-1 family 9, and IL-6. We confirmed�the level of inflam-
mation-related�molecules in activated NALT cells by quantitative polymerase chain reaction�
(PCR) analysis. Expression of the inflammatory�markers was enhanced when an adjuvant was�
included (TNF/CHP nanoparticles, free TNF, or CTB), while CHP itself did not show significant�
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enhancing activity. Among the molecules tested, significant�increases in expression occurred�
for IFN-γ, IL-1α, IL-1β, IL-6, CXCL2, IL-12β, CD14, and lipopolysaccharide (LPS)-binding�
protein (Figure 10). The degree of enhancement varied from gene to gene, but the greatest�
increase of expression was observed for IL-6 and IL-12β.�

Overall, free exogenous TNF-α elicited the strongest increase in expression of inflammatory�
markers, and the enhancement tended to be highest at 2 h post-immunization. TNF/CHP�
nanoparticles elicited a moderate increase in gene expression by comparison, but the pattern�
over time was similar to that of free TNF-α. One reason for the discrepancy in gene expression�
between free TNF and the nanoparticles could be that the nanoparticles cause a slow release�
of TNF-α, prolonging the immune-stimulatory effect.�The pattern�of expression over time was�
very different�for most genes when stimulated with CTB adjuvant. For example, although the�
expression of IL-12β�was prominent at 6 h post-immunization when CTB was used as an�
adjuvant, the IL-12β response was much lower with TNF/CHP nanoparticles at the same time�
point.�

Taken together, TNF/CHP nanoparticles delayed activation of innate immunity. By prolonging�
and dampening the stimulatory effect�of TNF-α�CHP seemed to minimize the unfavorable�
effects�of TNF-α�while promoting its beneficial�activities. One important safety issue related�
to the development of nasal vaccines is the potential dissemination of vaccine antigens to the�
central nervous system (CNS). Past reports suggested that nasal administration of CTB allowed�
it to reach the CNS and accumulate in olfactory tissues. It caused Bell’s Palsy in clinical studies,�
probably due to IL-12β production, and the use of CTB in humans was prohibited [43, 44]. In�
this context, the lower expression level of IL-12β�seen in our experiments with TNF/CHP�
nanoparticles could be a beneficial safety feature.�

Regarding CHP itself, a shell of the nanoparticles did not show immune-enhancing activity,�
such as increasing IgG1�and IgA or the expression of inflammation-related genes (Figure 10).�
However, CHP did confer a certain level of protection in a lethal influenza�virus challenge�
(Figure 8). We cannot easily account for these conflicting�observations; there are other path-
ways and mechanisms likely involved and waiting to be clarified.�

8. Safety study of TNF/CHP nanoparticles�

General safety was preliminarily examined according to the OECD guidelines for testing�
chemicals [45]. Mice nasally administered with a combination of TNF/CHP nanoparticles and�
IVV either once or four times were subjected to an acute or a repeated toxicity study, respec-
tively.�

8.1. General symptoms, ophthalmic examination, body weight, and body temperature�

No general symptoms or behavioral anomalies in either male or female animals were corre-
lated with the IVV with TNF/CHP nanoparticles treatment during the study period. In�
ophthalmic examinations, there were no test material-related ocular findings observed. Body�
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Figure 10. Gene expression in NALT after TNF/CHP nanoparticles administration. mRNA was prepared from NALT�
cells of BALB/c mice 2, 6, and 26 h after administration of TNF/CHP nanoparticles and IVV. Gene expression related to�
innate and adaptive immune responses was analyzed by quantitative PCR and normalized to glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) expression. Data are shown as relative level vs. control (means of quadruple experi-
ments). Red column, 2 h; orange column, 6 h; yellow column, 26 h post treatment. *, P < 0.05; **, P < 0.01; ***, P < 0.001�
vs. saline control. Adapted with permission from Nagatomo D. et al. [33].�

weight and body temperature were not statistically different among the treatment groups (data�
not shown).�
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8.2. Hematology, blood biochemistry, and urinalysis�

Hematology evaluations were performed during and at the end of study. There were no�
differences�in any of the tested parameters (white blood cell, red blood cell, hematocrit,�
lymphocyte, neutrophil, eosinophil, basophil, and monocyte) between controls and TNF/CHP�
nanoparticles with the IVV treatment. For blood biochemistry, we examined total protein,�
albumin, urea nitrogen, creatinine, Na+, K+, Cl−, Ca2+, inorganic phosphate, aspartate amino-
transferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase (LDH), amylase�
(AMY), γ-glutamyl transpeptidase (γ-GT), total cholesterol, triglyceride, high density lipo-
protein (HDL)-cholesterol, total bilirubin, and glucose. Urobilinogen, bilirubin, ketone body,�
glucose, protein, pH, specific�gravity, nitrite salt, and leucocytes were examined during the�
study period. All differences�found during the study fell within historical control value ranges�
and were not considered test material-related (data not shown).�

8.3. Pathology and major organ weights�

Gross pathology of all the animals was examined at the end of the study. The major organs�
(brain, heart, lung, kidney, liver, ovary, testis, spleen, adrenal, and thymus) were weighed at�
the end of the study in all of the animals. No change was noted as test material-related (data�
not shown).�

8.4. Histopathology�

The histopathology of tissues from animals in each group was examined. As discussed in�
Section 7.3, there were some concerns of possible harmful effects�on the CNS. However, no�
abnormalities in the brain, especially olfactory bulb, were noted in any animals after histolog-
ical examination. There were some effects�observed at the administration site (nasal mucosal�
tissue). While single administration showed no effect,�repeated administration with IVV alone�
showed a slight infusion and TNF/CHP nanoparticles combined with IVV induced slight-to-
moderate infusion and infiltration�of inflammatory�cells (lymphocytes, neutrophils, eosino-
phils, and mast cells). However, the response was reversed with time since the infusion�
diminished to trace proportions after the 2-week cessation period. No excessive inflammatory�
symptoms, such as formation of edema or fibrosis, were noted (data not shown).�

Overall, no obvious immunotoxicity was detected. Although further evaluation is required,�
our results demonstrate that the toxicity of TNF/CHP nanoparticles is relatively low and safe�
as a nasal vaccine adjuvant against influenza.�

Very recently, Onishi et al. reported that hydroxypropyl-β-cyclodextrin (HP-β-CD), another�
type of saccharide-based material that can form nanoparticles, exhibited adjuvant activity and�
elicited a strong protective effect�against influenza�virus in mice and cynomolgus macaques�
[46]. They suggested the involvement of follicular helper T cells via myeloid differentiation�
primary gene 88 (MyD88)- and TANK-binding kinase (TBK)-dependent pathways. Their�
findings�may shed some light on additional mechanisms at play with nanoparticles as vaccine�
adjuvants. However, they mentioned the cytotoxicity of HP-β-CD at more than 0.5% in vitro,�
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probably because of β-CD’s ability to extract cholesterol out of cell membranes [47]. TNF/CHP�
nanoparticles might represent a preferable alternative.�

A probable precaution for the practical use of TNF/CHP nanoparticles is avoiding contact with�
high concentrations of dissolved proteins as mentioned in Section 4.2. Unless, encapsulated�
TNF-α would be released from the nanoparticles and the adjuvant activity would be dimin-
ished. This means that the nanoparticles is not suitable for i.v. administration and premixed�
formulation with vaccine antigen. For the best performance, we recommend to administer the�
TNF/CHP nanoparticles on mucosa, such as nasal surface, after mixing with the vaccine�
antigen just before use.�

9. Conclusions�

The results of this study demonstrate that TNF/CHP nanoparticles are effective as a vaccine�
adjuvant against influenza�when administered via the nasal mucosal route. Moreover, the�
ability of TNF/CHP nanoparticles to stimulate comparatively balanced systemic and mucosal�
immune responses makes them a potentially promising vaccine adjuvant for inducing�
immunity against infectious pathogens. In the short term, TNF/CHP nanoparticles may aid�
the development of new nasal influenza�vaccines. Looking further ahead, we propose that�
combining TNF/CHP nanoparticles with next-generation vaccine platforms that do not rely�
on the cold chain will offer valuable alternatives for vaccination in a variety of settings.�
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Abstract�

Avian�influenza�(AI)�remains�a�major�threat�to�public�health�as�well�as�to�the�poultry�
industry.�AI�vaccines�are�considered�a�suitable�tool�to�support�AI�control�programs�in�
combination�with�other�control�measures�such�as�good�biosecurity�and�monitoring�
programs.�We�constructed�recombinant�turkey�herpesvirus�(HVT)�vector�vaccines�
expressing�the�hemagglutinin�gene�of�AI�virus�H5�subtype�(rHVT‐H5)�and�evaluated�
their�characteristics�and�efficacy�against�AI.�We�found�that�the�cytomegalovirus�(CMV)�
promoter�is�the�most�suitable�for�expression�of�the�hemagglutinin�gene�among�three�
promoters�we�evaluated.�The�rHVT‐H5�vaccine�did�not�cause�any�adverse�reactions�and�
did�not�revert�to�virulence�after�passages�in�chicken.�Finally,�efficacy�of�the�rHVT‐H5�
vaccine�was�evaluated.�We�demonstrated�that�it�provided�protection�against�diverse�AI�
H5�viruses�belonging�to�different�clades�and�reduced�virus�shedding�from�the�
challenged�chicken.�We�also�proved�that�efficacy�provided�by�the�rHVT‐H5�vaccine�was�
not�significantly�affected�by�presence�of�maternally�derived�antibodies�(MDA)�against�
AI�virus.�Furthermore,�the�rHVT‐H5�vaccine�could�be�applicable�to�the�differentiating�
infected�from�vaccinated�animals�(DIVA)�strategy.�In�summary,�we�successfully�
developed�a�HVT�vector�AI�vaccine�that�possesses�features�that�could�be�beneficial�to�
AI�control.�

Keywords: avian influenza, turkey herpesvirus, vector vaccines, DIVA, hemagglutinin�
gene�
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1. Introduction�

Avian�influenza�(AI)�is�an�important�zoonotic�disease�and�it�remains�a�major�threat�to�public�
health�and�to�the�poultry�industry.�The�highly�pathogenic�(HP)�H5N1�outbreaks�were�first�
reported�in�China�in�1996�and�then�spread�to�other�parts�of�the�world.�These�HP�avian�
influenza�viruses�(AIV)�have�become�endemic�in�several�countries�including�China,�Indone‐
sia,�Vietnam,�and�Egypt�[1].�Between�2003�and�2015,�846�confirmed�human�cases�of�AI�(H5N1)�
have�been�reported�and�449�of�those�human�patients�have�died�(WHO,�2016).�Most�recently,�
HP�H5N2�and�H5N8�viruses�caused�outbreaks�in�the�United�States�from�December�2014�to�
June�2015,�which�resulted�in�depopulation�of�more�than�48�million�chickens�and�turkeys.�
These�outbreaks�cost�farmers,�the�government,�and�consumers�in�the�United�States�billions�
of�dollars.�France�has�also�been�hit�by�HP�H5�viruses�since�November�2015�and�the�outbreaks�
have�caused�significant�damages�to�its�poultry�industry.�These�recent�HP�H5�AIV�continued�
to�evolve�into�various�clades�as�defined�by�the�World�Health�Organization�(WHO)/World�
Organisation�for�Animal�Health�(OIE)/Food�and�Agriculture�Organization�(FAO)�H5N1�
Evolution�Working�Group�according�to�phylogenetic�topology�based�on�hemagglutinin (HA)�
gene�sequences�[2].�Another�significant�event�of�AI�is�the�series�of�human�infections�in�China�
caused�by�H7N9�AIV�since�March�2013.�Although�these�viruses�are�low�pathogenic�(LP)�for�
poultry,�277�human�deaths�have�been�reported�out�of�693�confirmed�cases�(WHO,�2016).�These�
cases�emphasize�importance�of�controlling�AIV�in�poultry�for�the�industry�as�well�as�for�public�
health.�

Control of HP AI in poultry has been achieved traditionally through (1) education, (2)�
biosecurity, (3) diagnostics and surveillance, and (4) elimination of infected poultry (stamping‐
out) [3]. Viruses were successfully eradicated through a combination of those measures in�
many countries affected by HP AIV. However, in endemically infected countries, viruses had�
spread widely before executing effective measures, and therefore, it was impossible to identify�
and eliminate all of infected birds. In such endemic situations, vaccines are considered suitable�
and powerful tools to support AI eradication or control programs in combination with other�
control measures such as good biosecurity and monitoring programs [4–6]. When used�
properly, vaccines for AI have been demonstrated to protect poultry against clinical signs and�
mortality, increase resistance to infection, and reduce virus shedding markedly, thus decreas‐
ing the possibility of virus spreading among birds [7]. Most frequently used AI vaccines have�
been oil‐adjuvanted, inactivated whole‐virus vaccines and fowlpox virus or Newcastle disease�
virus (NDV)‐vectored vaccines are also available. However, efficacy�of these vaccines is limited�
especially against antigenically distant viruses [8–10]. Also, efficacy�of these vaccines is known�
to be severely impaired by maternally derived antibodies (MDA) [11, 12]. Furthermore, oil‐
adjuvanted, inactivated whole‐virus vaccines impede virus surveillance programs based on�
serology because serological responses elicited by the inactivated whole‐virus vaccines are�
indistinguishable to those elicited by live field�viruses. Therefore, development of novel�
vaccines which are efficacious�in the face of MDA and are compatible with so‐called differen‐
tiate infected from vaccinated animals (DIVA) strategy is necessary.�
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Turkey herpesvirus (HVT), or the meleagrid herpesvirus 1, belongs to the family of Herpesvir‐
idae, the subfamily of Alphaherpesvirinae, and the genus Mardivirus. It is classified�as part of the�
Marek's disease virus (MDV) group and designated as serotype 3 MDV. HVT is non‐oncogenic�
and antigenically related to oncogenic serotype 1 MDV. The virus has been utilized extensively�
as a vaccine against Marek's disease for over 30 years and considered extremely safe [13, 14].�
It is administered at hatcheries either to day‐of‐age chicks by subcutaneous (SQ) route or in�
ovo to chicken embryos at 18–19 days of incubation and is known to elicit strong cell‐mediated�
immunity as well as humoral immunity [15–17]. Furthermore, since HVT becomes latent and�
persists in inoculated chickens [18], a longer period of protection is expected. Indeed, HVT‐
vectored Newcastle disease vaccine has been shown to be efficacious�for 72 weeks after�
inoculation into day‐of‐age chicks [19]. For aforementioned reasons and also because of its�
large genome that can be potentially used for insertion of heterologous genes [20], HVT has�
been evaluated as vectors expressing protective antigen gene(s) of various poultry pathogens�
including NDV, infectious bursal disease virus (IBDV), and infectious laryngotracheitis virus�
(ILTV) [21–26]. These HVT vector vaccines have shown to be very safe and induce effective�
humoral and cellular immunity that is long lasting. Also, the efficacy of HVT vector vaccines�
does not appear to be excessively affected�by the presence of MDA, probably because HVT�
replicates in a cell‐associated manner [22]. Here, we intended to apply the HVT vector�
technology to develop an effective poultry vaccine against AI. Several HVT vector vaccines�
expressing HA gene of H5 AIV (rHVT‐H5) were constructed and evaluated for their charac‐
teristics and efficacy against AI.�

2. Construction of rHVT‐H5 vaccines�

2.1. Construction of recombinant viruses�

A number of HVT vector vaccines have been constructed and evaluated for their characteristics�
and efficacy�against avian pathogens [21–26]. There are three important elements in HVT�
vector vaccines that can impact efficacy�of these vaccines in chicken: insertion sites, antigen�
genes, and promoters. Several insertion sites including US2, US10, UL39 [21], and an intergenic�
region between UL45 and UL46 (UL45/46) [24–26] have been evaluated. Out of these potential�
insertion sites, we demonstrated that insertion of extraneous genes at the UL45/46 site did not�
alter their capacity to replicate [26]. Furthermore, using the UL45/46 as the insertion site, we�
were successful in constructing HVT vector vaccines having antigen genes of NDV, IBDV, or�
ILTV that are highly efficacious�against these pathogens [24–26]. Therefore, we decided to use�
the UL45/46 site for insertion of antigen genes of AIV.�

Eight segments of genomic RNA of influenza�A virus encode three membrane‐associated�
proteins, HA, neuraminidase (NA), and Matrix (M) 2, five�internal proteins, nucleoprotein�
(NP), PB1, PB2, PA, and M1, and two nonstructural (NS) proteins, NS1 and NS2. Out of these�
viral proteins, the HA surface glycoprotein is known to be the major antigen and elicits�
neutralizing antibodies that provide protection against the disease [27]. We used the HA gene�
cloned from LP A/turkey/Wisconsin/68 (H5N9) strain or HP A/Swan/Hungary/4999/2006�
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(H5N1) clade 2.2 strain. The cleavage site of the HA gene from A/Swan/Hungary/4999/2006�
(H5N1) strain was altered to a typical cleavage site sequence of LP AIV strains.�

Selection of promoters that control the expression of antigen genes is also an important factor.�
Tsukamoto et al. compared the cytomegalovirus (CMV) promoter and CMV/chicken β‐actin�
chimera (Pec) promoter for expression of IBDV VP2 gene in HVT vectors and found that the�
Pec promoter expressed more VP2 protein and provided superior protection against challenge�
with IBDV [24]. In MDV serotype 1 (MDV1) vectors expressing NDV fusion gene, less potent�
MDV glycoprotein B promoter gave better�protection than the simian virus 40 (SV40) late�
promoter when tested in chickens with MDA [28]. Another group compared five�different�
promoters for expression of the HA gene of AIV H9N2 subtype in MDV vectors and found�
that two MDV endogenous promoters (pp38 and gB) with relatively low expression activities�
provided better�protection than the other three promoters (CMV, SV40, and p1.8 kb) [29]. In�
this experiment, to find�the most appropriate promoter to express the HA gene of AIV H5�
subtype in HVT vectors, we compared three different�promoters: the CMV promoter, the�
chicken β‐actin (Bac) promoter, and the Pec promoter.�

To prepare for construction of recombinant HVT, HVT insertion site sequences (UL45 and UL46 
genes) were isolated by polymerase chain reaction (PCR) and cloned into pUC18. Homology�
plasmids were then constructed by inserting the HA gene with the promoter into the insertion�
site (between UL45 gene and UL46 gene) of the HVT sequences. The homology plasmid along�
with HVT infectious genomic DNA was transfected into chicken embryo fibroblasts�(CEF),�
where homologous recombination took place. Recombinant HVT with the inserted gene was�
identified�by an in situ immunostaining assay called black plaque assay (BPA) using anti‐HA�
(H5) antibodies. Recombinant HVT was purified�from HVT parent through several rounds of�
screening process by the BPA.�

Figure 1. Genomic structure of rHVT‐H5 vaccines.�

2.2. In vitro characterization of rHVT‐H5�

Figure 1�shows genomic structures of the constructed rHVT‐H5 vaccines. The genomic�
structures of the rHVT‐H5 vaccines were confirmed�by PCR assays with one primer binding�
to the insert sequence and the other primer binding to the HVT insertion site sequences (data�
not shown). The genomic structures were further confirmed�by Southern blot analysis using�
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Figure 2. (A) Gene structure of rHVT/H5 and expected annealing site of the HA probe. (B) Result of Southern blot us‐
ing the HA probe. Lane 1 = DNA molecular weight marker II, DIG‐labeled (Roche); Lane 2 = uninoculated CEF control;�
Lane 3�= HVT parent; Lane 4 = rHVT/H5; Lane 5 = rHVT/H5 passage 5; Lane 6 = homology plasmid. (C) Gene structure�
of rHVT/H5 with CMV promoter and HVT parent and expected annealing site of the 45/46 probe. (D) Result of South‐
ern blot using the 45/46 probe. Lane 1 = DNA molecular weight marker II, DIG‐labeled (Roche); Lane 2 = uninoculated�
CEF control; Lane 3 = HVT parent; Lane 4 = rHVT/H5 with CMV promoter; Lane 5 = rHVT/H5 with CMV promoter�
passage 5; Lane 6 = homology plasmid.�

Figure 3. Black plaque assay on a rHVT/H5 plaque detecting expression of the HA protein of AIV H5 subtype. CEF�
monolayer infected with rHVT/H5 was incubated for 5 days and fixed�with methanol:acetone. The monolayer with�
rHVT/H5 plaques was reacted with chicken anti‐AIV HA serum, then with biotinylated anti‐chicken IgG antibody and�
finally�with streptavidin‐alkaline phosphatase conjugates. Plaques expressing HA protein were stained by addition of�
BCIP/NBT solution.�

digoxigenin‐labeled probes specific�to the HA gene or HVT insertion site sequences (Fig‐
ure 2). Expression of the HA protein by the rHVT‐H5 vaccines was confirmed�by BPA using�
the chicken anti‐HA serum (Figure 3). Western blot analysis using the chicken anti‐HA serum�
detected a 75‐kDa band with CEF infected with the rHVT‐H5 (Figure 4). This band corresponds�
to non‐cleaved HA protein that is produced by the rHVT‐H5. Since the cleavage sites of the�
expressed HA proteins are those of LP AIV strains, the HA protein was not cleaved to HA1�
and HA2 subunits in CEF.�
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Figure 4. Western blot assay detecting expression of the HA protein by rHVT/H5. Lane 1 = Precision Plus Protein All�
Blue Standards (Bio‐Rad Laboratories); Lane 2�= CEF control; Lane 3 = HVT FC126 parent strain; Lane 4 = rHVT/H5. An�
arrow indicates the HA protein with a molecular weight of 75 kDa.�

In order to assess genetic and phenotypic stability of the rHVT‐H5 vaccines, the viruses were�
passed in CEF 20 times. Viruses after the passages were characterized by PCR, Southern blot,�
BPA, and western blot. Results obtained with the passed viruses were identical to those�
obtained with the viruses before the passage (data not shown), and therefore, it was concluded�
that these viruses were genetically and phenotypically stable.�

2.3. Evaluation of promoters for expression of HA gene�

In order to identify the most suitable promoter among the CMV promoter, the Bac promoter,�
and the Pec promoter for expression of the HA gene, we compared three rHVT‐H5 vaccines�
harboring the HA gene from A/turkey/Wisconsin/68 (H5N9) strain with one of these promot‐
ers. The rHVT‐H5 vaccines with the CMV promoter, the Bac promoter, and the Pec promoter�
were designated as HVT‐CMV‐H5Wis68, HVT‐Bac‐H5Wis68, and HVT‐Pec‐H5Wis68, respec‐
tively.�

One‐day‐old specific�pathogen free (SPF) White Leghorn chicks were vaccinated subcutane‐
ously with one of the rHVT‐H5 vaccines. A group of chickens was held as a non‐inoculated�
negative control group and another group of chickens was vaccinated subcutaneously with�
inactivated A/turkey/Wisconsin/68 (H5N9) vaccine at 3 weeks of age as an inactivated vaccine�
control group. Chickens in each group were bled each week between 3 and 7 weeks of age (6�
and 7 weeks of age for the inactivated vaccine control group) and obtained sera were evaluated�
by the AIV hemagglutination inhibition (HI) test and AIV enzyme‐linked immunosorbent�
assay (ELISA). The AIV HI tests were conducted using four hemagglutination units of an�
inactivated AIV homologous antigen of the A/turkey/Wisconsin/68 (H5N9) strain according�
to the standard procedure [30].�
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Figure 5. HI titers in chickens vaccinated with rHVT‐H5 vaccines with different promoters.�

Figure 6. ELISA titers in chickens vaccinated with three rHVT‐H5 vaccines using (A) FlockChek™ AIV Ab kit (Idexx�
Laboratories) and (B) ProFLOK® AIV Ab test kit (Zoetis).�
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As shown in Figure 5, the rHVT‐H5 vaccines induced increased HI titers as early as 3 weeks�
of age and the increased titers were maintained through 7 weeks of age. Chickens vaccinated�
with HVT‐CMV‐H5Wis68 had higher mean HI titers than HVT‐Pec‐H5Wis68 and HVT‐Bac‐
H5Wis68 vaccinated groups had between 4 and 7 weeks of age, with the differences�statistically�
significant at 5 and 6 weeks of age. As expected, the inactivated A/turkey/Wisconsin/68 (H5N9)�
vaccine induced high HI titers at 6 and 7 weeks of age (3 and 4 weeks post‐vaccination),�
confirming�validity of the assay. When tested with the commercial AIV ELISA kits, Flock‐
Chek™�AIV Ab kit (Idexx Laboratories) and ProFLOK®�AIV Ab test kit (Zoetis), sera collected�
from the rHVT‐H5 vaccinated chickens were negative between 3 and 7 weeks of age, whereas�
sera collected from the inactivated vaccine control chickens showed highly positive ELISA�
titers with both kits (Figure 6).�

This result demonstrated that the CMV promoter was the most suitable for expression of the�
HA gene in HVT vector vaccines. Furthermore, sera from the rHVT‐H5 vaccinated chickens�
were found to be negative by the commercially available ELISA kits, although they were highly�
positive by the AIV HI test. This is most likely because these ELISA kits are designed to detect�
antibodies to more conserved internal protein, NP, of AIV, in order to detect antibodies to many�
different�subtypes of AIV. This feature of the rHVT‐H5 vaccines will be useful in differentiating�
chicken infected with field AIV viruses from vaccinated chicken (DIVA).�

3. Safety of rHVT‐H5 vaccine�

Based on the results described above, the CMV promoter was selected for the expression of�
the HA gene. The rHVT‐H5 vaccine with the CMV promoter attached�to the HA gene from A/�
Swan/Hungary/4999/2006 (H5N1) strain (rHVT‐H5h) was evaluated further for its safety and�
efficacy.�

Safety of the rHVT‐H5h vaccine was evaluated by an overdose study and a backpassage study.�
For the overdose study, SPF embryos at 18 days of incubation or day‐of‐age SPF chicks received�
rHVT‐H5h at 10 times the typical field dose. In ovo application of rHVT‐H5h at overdose did�
not affect�hatchability and the vaccinated chickens remained free from any clinical signs or�
adverse reactions until 18 weeks of age. Chickens were necropsied at 18 weeks of age and no�
gross lesions were observed in any of the vaccinated chickens. Similarly, rHVT‐H5h did not�
cause any clinical signs, adverse reactions, or gross lesions in other avian species such as�
turkeys, quail, pheasants, and pigeons.�

For the backpassage study, to confirm�that the rHVT‐H5h vaccine will not revert to virulence,�
rHVT‐H5h was passed five�times in SPF chickens by using heparinized blood from chickens�
in the previous passage to inoculate a new set of SPF chicks. Chickens inoculated with the virus�
at the fifth�passage, that is, inoculated with the heparinized blood from the fourth passage,�
were observed closely for any clinical signs for 45 days. Chickens were then necropsied and�
observed for grossly observable lesions. No chickens had any clinical signs, adverse reactions,�
or gross lesions. Therefore, it was concluded that rHVT‐H5h did not revert to virulence after�
backpassages in chickens.�
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We conducted another study to evaluate the ability of the rHVT‐H5h vaccine to transmit from�
vaccinated chickens to non‐vaccinated chickens in contact. Day‐of‐age SPF chickens vaccinated�
in ovo with rHVT‐H5h or parental HVT were commingled in isolators with non‐vaccinated�
contact chickens. Virus isolation was attempted�from the peripheral mononuclear blood�
lymphocytes collected from chickens at 10, 14, and 21 days of age. No virus was isolated from�
any of the contact chickens at any time points while the viruses were isolated from the�
vaccinated chickens, indicating that neither rHVT‐H5h nor parental HVT spread from�
vaccinated chickens to non‐vaccinated contact chickens. It appears that transmissibility of HVT�
parent and the rHVT‐H5h vaccine between chickens is negligible.�

In summary, similar to parent HVT vaccines and other HVT vector vaccines, the rHVT‐H5h�
vaccine is extremely safe causing no adverse effects�and does not revert to virulence after�
passages in chickens. The lack of transmission of the rHVT‐H5h vaccine further strengthens�
the safety profile�of this vaccine in terms of containment of the genetically modified�organism.�

4. Efficacy of rHVT‐H5 vaccine�

4.1. Efficacy against homologous challenge�

Finally, efficacy�of the rHVT‐H5h vaccine was evaluated. After vaccination, humoral immune�
response was evaluated by the AIV HI tests. After challenge with HP AIV, vaccine efficacy was�
evaluated for (1) protection against mortality and clinical signs and (2) reduction of challenge�
virus shedding from challenged birds. Both the criteria are important for AI vaccines because�
these features will ensure that the vaccine will be beneficial�as a measure to contain spread of�
field�AI viruses as well as to reduce economical burdens in both endemic and emergent�
situations [4, 31].�

Figure 7. Individual HI titers (log2) and standard error for bird groups at 5 weeks post‐vaccination (prechallenge). Stat‐
istical significance�between mean titers was determined with ANOVA using the Tukey's multiple comparison test (p < 
0.05). NS = no significant�difference.�Modified�from “Vaccine protection of chickens against antigenically diverse H5�
highly pathogenic avian influenza isolates with a live HVT vector vaccine expressing the influenza hemagglutinin gene�
derived from a clade 2.2 avian influenza virus” by D.R. Kapczynski et al., 2015, Vaccine, 33, p1200.�
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Initial evaluation of the rHVT‐H5h vaccine efficacy�was conducted using homologous AIV as�
a challenge virus [32]. Day‐of‐age SPF chicks were vaccinated subcutaneously with either a�
frozen, cell‐associated (ca) form or a lyophilized, cell‐free (cf) form of the rHVT‐H5h vaccine.�
At 5 weeks of age before challenge, increased HI titers were observed in all the rHVT‐H5h�
vaccinated chicken with mean titers of 26.3 for the ca group and 25.1 for the cf group (Figure 7)�
when using homologous antigen.�

Chickens were challenged with 106�mean embryo infectious dose (EID50) HP H5N1 AIV A/�
Whooper Swan/Mongolia/3/2005 clade 2.2 strain at 6 weeks of age. The HA gene from the A/�
Whooper Swan/Mongolia/3/2005 strain has 100% gene homology with the A/Swan/Hungary/�
4999/2006 (H5N1) HA gene sequence. All chickens in the diluent‐vaccinated, challenge control�
group died within 3 days. However, none of the rHVT‐H5h vaccinated chickens succumbed�
to challenge and all the chickens were free from clinical signs of AI.�

Figure 8. Viral titers from oral (A) and cloacal swabs (B) on day 2 post‐challenge. Birds were vaccinated with a single�
dose rHVT‐H5h in cell‐associated (ca) or cell‐free (cf) form at 1 day‐of‐age and challenge at 6 weeks with homologous�
HPAI H5N1. Viral titers are expressed as log10EID50�per milliliter. The lower limit of detection is 0.9 log10EID50�per milli‐
liter. Statistical significance�between mean titers was determined with ANOVA using Tukey's multiple comparison test�
(p < 0.05). NS = no significant�difference.�Modified�from “Vaccine protection of chickens against antigenically diverse�
H5 highly pathogenic avian influenza�isolates with a live HVT vector vaccine expressing the influenza�hemagglutinin�
gene derived from a clade 2.2 avian influenza virus” by D.R. Kapczynski et al., 2015, Vaccine, 33, p1200.�
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We observed 3–6 log10�reduction of challenge virus shedding in the rHVT‐H5h vaccinated�
chickens. From oropharyngeal swabs at 2 days post‐challenge (dpc), only 4/30 (13%) chickens�
in the ca rHVT‐H5h group and 3/20 (15%) chickens in the cf rHVT‐H5h group shed virus with�
minimal virus titers (101–103�EID50/ml), while all the challenge controls shed significant�
amounts (105–107EID50/ml) of virus (Figure 8A). From cloacal swabs, no virus was isolated from�
any of the rHVT‐H5h vaccinated chickens at 2 dpc, while all the challenge controls shed virus�
at 102–105EID50/ml (Figure 8B).�

These results demonstrated high potential of the rHVT‐H5h vaccine as an excellent tool to�
support control of AI. Therefore, we proceeded to further evaluation of the rHVT‐H5h,�
especially for protection against heterologous virus challenge and effects�of MDA. Since the�
ca form appeared to provide slightly better�immunogenicity than the cf form, the following�
evaluation was conducted using the ca form of the vaccine.�

4.2. Efficacy against heterologous challenge�

Since HP H5 viruses have become diverse and have evolved into various different�clades, it is�
highly important that AI vaccines exert broad “cross‐clade” efficacy�against diverse AIV�
strains. Indeed, one of the limitations of conventional oil‐adjuvanted, inactivated vaccines is�
that they are not as effective against heterologous viruses as homologous viruses [8–10].�
Therefore, we tested efficacy of the rHVT‐H5h vaccine against various AIV HP H5 strains.�

Day‐of‐age SPF broiler chicks were vaccinated with the rHVT‐H5h vaccine. A commercially�
available inactivated vaccine based on H5N2 Mexican strain (iH5N2) was used as a control�
and injected into birds at 10 days of age. Challenge was conducted at 4 weeks of age using the�
Indonesian A/chicken/WestJava Sbg/29/2007 H5N1 strain (CW07). The CW07 virus belongs to�
clade 2.1.3 and sequence similarity of the HA gene between the rHVT‐H5h insert and the CW07�
virus was 93%. After challenge, all chickens in the sham‐vaccinated, challenge control group�
died within 2 days. In the group vaccinated with rHVT‐H5h, 80% (16/20) of the chickens�
survived the challenge, while only one bird (5%) vaccinated with iH5N2 survived the chal‐
lenge. When rHVT‐H5h vaccinated chickens received boost with iH5N2 vaccine at 10 days of�
age, protection increased to 90% (18/20). Reduction in virus shedding up to 3 log10 was observed�
in rHVT‐H5h vaccinated chickens compared to the challenge control. When the homologous�
antigen was used, rHVT‐H5h, either with or without boost with iH5N2 vaccine, it induced�
average HI titers of 25–26�prior to challenge. HI titers were much lower with the heterologous�
CW07 antigen with average between 21�and 22. These results indicate that cell‐mediated�
immunity as well as mucosal immunity provided by HVT vector vaccines might be involved�
in protective efficacy against heterologous CW07 strain.�

In the next trial, another AIV HP H5 strain, A/Viet Nam/1203/04 (H5N1) (VN04), was used for�
challenge. The VN04 virus belongs to clade 1 and shares 96.5% HA gene similarity with the�
rHVT‐H5h insert. Vaccination was conducted at the day of age to SPF layer chicks and�
challenge was conducted at 4 weeks of age. Protection was 85% (17/20) while all challenge�
control chickens died and reduction of virus shedding of 3 log10�was observed in the rHVT‐
H5h group.�
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Since these two trials using heterologous HP H5 strains demonstrated that the rHVT‐H5h�
provided “cross‐clade” efficacy,�we went further and conducted another efficacy�trial using�
Mexican H5N2 HP strain which shares only 82% HA gene similarity with the rHVT‐H5h insert.�
Day‐of‐age chicks vaccinated with rHVT‐H5h were challenged with A/chicken/Queretaro/�
14588‐19/95 (H5N2) strain at 4 weeks of age. Nineteen out of 20 (95%) chickens survived the�
challenge, while all the challenge control died. This result demonstrated very broad cross‐
protective efficacy provided by rHVT‐H5h.�

We further evaluated efficacy�of the rHVT‐H5h vaccine against various HP AIV H5 isolates�
including several Egyptian isolates and a recent 2014 H5N8 isolate from Germany, as sum‐
marized in Figure 9. Protection in rHVT‐H5h vaccinated chickens ranged between 60 and 100%�
with significant�reduction in virus shedding, further strengthening evidence of very broad�
“cross‐clade” efficacy provided by the rHVT‐H5h vaccine. In one study where layer chickens�
were vaccinated and raised under field�conditions in Egypt, a single rHVT‐H5h vaccination at�
day of age conferred a high level of protection (60–73%) for a relatively extended period (up�
to 19 weeks of age) against an Egyptian isolate [33].�

Figure 9. Summary of challenge experiments conducted with the rHVT‐H5 vaccine. Modified�from “Experimental and�
field results regarding immunity induced by a recombinant HVT‐H5 vector vaccine against H5N1 and other H5 Highly�
Pathogenic Avian Influenza Virus challenge.” by Y. Gardin et al., 2016, Avian Dis, in press.�

To see if cellular immunity indeed is involved in this broad protective efficacy, we conducted�
in vitro cytotoxicity assay. Splenic lymphocytes collected from chickens vaccinated with the�
rHVT‐H5h vaccine were incubated with chicken lung cells infected with either H5N9, H6N2,�
H7N2, or H9N2 low pathogenic AIV. The highest level of lysis by splenic cytotoxic T cells was�
observed with H5‐infected target cells. Lysis was also observed with other heterologous AIV�
(H6, H7, or H9), although to a lower degree. Negligible lysis was observed with naïve unin‐
fected lung cells. These results indicated that the rHVT‐H5h vaccine induced AIV‐specific�
cytotoxic T‐cell activity and it may contribute in part to broad protective immunity induced�
by the rHVT‐H5h.�
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4.3. Efficacy of rHVT‐H5 in chicken with maternally derived antibodies�

In endemic countries, most breeders are vaccinated with AI vaccines and/or exposed to field�
AIV challenge and therefore, their progeny possess MDA against AIV. Efficacy�of oil‐adju‐
vanted, inactivated AIV vaccines and fowlpox‐vectored AI vaccines has been shown to be�
significantly�impaired in the presence of MDA. On the other hands, HVT vector vaccines have�
been shown not to be excessively affected�by the presence of MDA against inserted antigens.�
Indeed, with the rHVT‐H5h vaccine, several studies demonstrated lack of significant interfer‐
ence on its protective efficacy�by the presence of MDA when administered to day‐of‐age chicks�
[10, 34].�

4.4. DIVA�

AI surveillance is conducted through serological assays including ELISA and HI. Except in�
endemic countries, positive serological response in those assays will lead to immediate and�
extreme actions including “stamping‐out.” Also, there are trade implications because many�
countries ban importation of poultry from AI‐positive countries. Therefore, when AI vaccina‐
tion is introduced, it is critical that AI vaccines do not interfere with the AI surveillance. It is�
highly favorable that serological responses elicited by AI vaccines may be distinguished from�
those elicited by infection of field AIV. Since conventional inactivated vaccines elicit humoral�
immune responses that lead to positive titers in both ELISA and HI tests, these vaccines do�
interfere with the surveillance [7].�

The rHVT‐H5h vaccine elicits antibodies against the HA protein and the antibody responses�
can be detected by the HI tests. However, those sera from vaccinated chickens were negative�
in commercial ELISA kits because the ELISA kits are designed to detect antibodies against�
more conserved internal protein (NP) in order to offer�coverage over different�subtypes of AIV.�
When we examined serological responses in chickens that were vaccinated with the rHVT‐H5h�
and then challenged with HP AIV, we found positive ELISA titers in chickens that excreted�
challenge viruses. These results demonstrated that the rHVT‐H5h vaccines may be applied to�
the DIVA strategy and do not interfere with AI surveillance.�

5. Conclusions�

Our studies demonstrated that the rHVT‐H5h vaccine possesses characteristics that could be�
beneficial�to control of AI in endemic countries and in emergency situations. Those character‐
istics are (1) broad “cross‐clade” protective efficacy�against diverse AIV H5 isolates, (2) lack of�
interference by MDA, (3) applicability to hatchery vaccination, and (4) applicability to DIVA.�
The rHVT‐H5h vaccine has been approved by authorities in Egypt, Mexico, and Bangladesh�
and is in use in the field.�An independent survey conducted by FAO, General Organization for�
Veterinary Services in Egypt, and Centre International de Recherche en Agriculture pour le�
Développement in France concluded that day‐of‐age vaccination utilizing the rHVT‐H5h�
vaccine at hatcheries is more efficient�than the program using the inactivated vaccines at farms�
and it would have a positive impact for disease control in Egypt [35].�
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It is clear that vaccines alone cannot solve all the problems associated with AI. However, we�
believe that in conjunction with active and efficient�surveillance and strict biosecurity meas‐
ures, the rHVT‐H5h vaccine can contribute to disease control by increasing resistance against�
infection and decreasing the amount of virus shed to the environment. It would also remove�
economical burdens from farmers and consumers and improve animal welfare by protecting�
chickens from mortality and clinical signs. In conclusion, we successfully developed a HVT�
vector AI vaccine that possesses many features that could be beneficial�to AI control. It remains�
to be seen whether this vaccine is truly useful in the field.�
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Abstract�

Influenza�presents�a�significant�risk�for�increased�morbidity�and�mortality�to�pregnant�
women�and�infants�based�on�evidence�from�previous�influenza�pandemics,�seasonal�
epidemics,�and�the�recent�H1N1�pandemic.�Since�2004,�influenza�vaccine�has�been�
recommended�for�pregnant�women�during�any�trimester�of�pregnancy�to�reduce�this�
risk.�This�chapter�presents�an�overview�of�influenza�risks�associated�with�pregnancy�
as�well�as�a�review�of�our�current�understanding�of�vaccine�effectiveness�in�pregnant�
women,�neonates,�and�young�infants.�In�addition,�some�of�the�current�compelling�
questions�related�to�influenza�risk�and�prevention�across�all�trimesters�of�pregnancy�
are�explored.�

Keywords: influenza vaccine, pregnancy, effectiveness, maternal immunization�

1. Introduction�

Influenza�is�a�highly�contagious,�acute�respiratory�infection�(ARI).�Each�year,�it�is�estimated�
that�5–10%�of�adults�and�20–30%�of�children�worldwide�will�become�infected�with�influenza�
[1].�Pregnant�women�and�infants�are�at�particular�risk�for�influenza.�Influenza�infection�
during�pregnancy�or�during�the�first�6�months�of�life�is�a�substantial�cause�of�morbidity.�
Prevention�of�influenza�in�these�populations�is�of�global�health�importance.�
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2. Maternal influenza�

Pregnant women are considered a high-risk group for serious illness and complications from�
influenza.�While annual influenza�incidence rates in pregnant women are similar to those of�
nonpregnant women [2–4], influenza�infection is associated with increased morbidity and�
mortality in this subpopulation, with pregnant women having an increased risk of influenza-
attributed hospitalizations compared to nonpregnant women [4, 5]. Most likely this is associ-
ated with the interaction of the infection with the physiologic and immunologic changes that�
occur during pregnancy.�

Pregnancy-associated changes such as decreased lung capacity, reduced tidal volume, and�
increased cardiac output likely reduce the capacity of the respiratory and cardiac system to�
respond to the stress of influenza�infection [2, 6]. In addition, during pregnancy there is a�
progressive suppression of cellular (T-cell mediated) immunity. While this immune suppres-
sion serves to protect the developing fetus from maternal cytotoxic T-cell immunity, it can�
impair the maternal response to viral infections such as influenza [7–11].�

The combination of these factors contributes to an increased risk of negative outcomes from�
influenza�infection. If respiratory disease develops, especially during the later stages of�
pregnancy, it can lead to high morbidity among the pregnant women [6, 12–14]. In a study of�
hospital admissions records of women admitted�between 1994 and 2000 with respiratory�
conditions during pregnancy, the hospitalization rate was 150/100,000, an admission rate�
considerably higher than that of nonpregnant women (17/100,000) and corresponding to the�
rate for people aged 65–69 [5]. Healthy pregnant women ages 20–34 were estimated to be 18�
times more likely to be hospitalized for influenza than their nonpregnant peers [5].�

While hospitalization rates are increased in all trimesters of pregnancy [4, 15, 16], they are the�
highest during the third trimester [5, 14, 16–18]. Likewise, there is a strong association of�
maternal morbidity with this trimester of pregnancy. In a 2003 study, Hartert et al. showed that�
cardiovascular hospitalization during influenza�season increased with each trimester, nearly�
threefold higher by the third trimester compared to the first trimester [18]. In a study of 8323�
healthy pregnant and postpartum women, Lindsay et al. found that the strength of association�
between influenza�exposure and influenza-like�illness (ILI) increased as the stage of pregnancy�
progressed, reporting an odds ratio (OR) of 1.12 (CI, 0.79–1.59) during the first trimester, 1.30�
(CI, 0.97–1.73) during the second trimester, and 1.84 (CI, 1.31–2.59) for the third trimester [14].�
Other studies have reported that by the third trimester, healthy pregnant women with no�
comorbidity have the same risk for ILI-associated hospitalization as nonpregnant women with�
chronic or comorbid conditions [4, 5].�

Pregnant women with comorbid conditions such as asthma, diabetes, heart disease, or chronic�
obstructive pulmonary disease are even more likely to be hospitalized than are pregnant�
women without chronic conditions [5, 14, 16–18]. Neuzil et al. reported event rates for influenza�
for low-risk women of 3, 6, and 10 per 10,000 women months in the first,�second, and third�
trimesters, respectively. The event rate in nonpregnant women was 2 per 10,000 women�
months. Among women with chronic comorbid conditions, rates of 31, 16, and 21 per 10,000�
women months were observed during these trimesters, respectively [4].�
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While considerable data demonstrate increased morbidity and hospitalization from seasonal�
influenza�in pregnant women, mortality appears to be rare in healthy pregnant women during�
non-pandemic seasons [7, 19, 20]. A study of seasonal influenza�among pregnant women over�
an 8-year period reported an average of five�deaths per year and a mean mortality ratio of 2.9�
per million live births [21]. However, during pandemics, influenza�infection presents a�
significant increased risk of both morbidity and mortality in pregnant women.�

For example, during the pandemic of 1918, pneumonia was reported in 50% of previously�
healthy pregnant women, leading to case-fatality rates of over 50% [22–26]. In the 1957�
pandemic, 50% of the women of childbearing age who died of influenza�were pregnant.�
Furthermore, 10% of all influenza�deaths during this pandemic occurred in pregnant women,�
with the majority occurring during the third trimester [23, 24].�

Increased rates of morbidity and mortality in pregnant women also were observed more�
recently during the 2009 influenza�A(H1N1)pdm09 pandemic. In fact, the first�reported death�
of an adult in the United States during this pandemic was a pregnant woman [27]. Of the 45�
deaths reported early in the pandemic, 6 (13.3%) were pregnant women, all of whom developed�
viral pneumonia and respiratory distress syndrome [27–29].�

A study of pregnant US women with confirmed or probable influenza during the first month�
of the outbreak reported 11/34 cases (32.4%) resulted in hospitalization—admissions rates four�
times higher than those in the general population [30]. Deaths were reported in all three�
trimesters and were independent of preexisting risk factors. In a California study, pregnant�
women who were hospitalized with or died from pH1N1 were less likely than nonpregnant�
women to have a predisposing or comorbid medical condition [31].�

A review of published studies following the 2009 pandemic documented that pregnant women�
were disproportionately represented among hospitalizations, ICU admissions, and deaths.�
The 120 papers that were included in the review reported 3110 pregnant women from 29�
countries with A(H1N1)pdm09 influenza�infection, including 1625 (52.3%) who were hospi-
talized with 2009 H1N1, of whom 378 (23.3%) were admitted�to an ICU and 130 (8%) died [32].�
Pooling the data from all of the studies included in the review, the authors reported that�
pregnant women, who represent approximately 1% of the population of United States and�
Australia, accounted for 6.3% of hospitalizations, 5.9% of ICU admissions, and 5.7% of deaths�
[32].�

Using data from the Centers for Disease Control (CDC) and the Pregnancy Mortality Surveil-
lance System, Callaghan et al. estimated the total burden of pregnancy-related mortality�
resulting from the 2009 to 2010 pandemic. Confirmed�and possible deaths resulting from�
A(H1N1)pdm09 infection represented the leading cause of pregnancy-related mortality in the�
United States between the months of April 2009 and June 2010. Of 915 total pregnancy-related�
deaths during this period, 12% of pregnancy-related deaths were attributed�to influenza,�75�
(8.2%) classified�as confirmed�influenza�A(H1N1)pdm09 deaths, and 34 (3.7%) classified�as�
possible influenza infection deaths [33]. The authors calculated the pregnancy-related morality�
ratio for confirmed�and possible influenza�deaths at 2.2 per 100,000 live births. This represents�
a significant burden of mortality. The number of deaths (109) during the 2009–2010 influenza�
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season was 20 times greater than the mean number (5) of annual possible influenza�deaths�
reported in a 1998–2005 cohort of pregnancy-related deaths in non-pandemic years [33].�

Infants born to influenza-infected�women during the pandemic also experienced increased�
risks of poor clinical outcomes, mostly due to preterm birth. Reports of preterm birth rates�
ranged from 15 to 30% among infected women [32, 34–36]. Infection with A(H1N1)pdm09 was�
associated with increased risk of cesarean delivery [32]. In most cases, cesarean delivery was�
an attempt�to improve worsening maternal status rather than out of concern for the infant [32].�
Siston et al. reported a cesarean delivery rate of 58% in pregnant women with 2009 H1N1�
compared to a baseline cesarean rate of 30.5% [32, 34, 37]. While cesarean deliveries were�
commonly described, it is likely that this rate was over-reported, since many of the studies�
reported only severely affected�women. Many deliveries were emergencies and performed�
outside of controlled operating room settings,�indicating the urgent nature of these deliveries�
and the critical status of the women [32].�

3. Influenza infection and fetal development�

While there is no clear consensus on transplacental transmission of influenza�virus or direct�
viral effects�on the fetus [2], the spread of virus beyond the respiratory tract during acute�
infection is unusual, and vertical transmission, although documented [38–40], appears to be�
rare [41, 42]. However, even in the absence of vertical transmission, adverse fetal effects�can�
occur, most likely due to the systemic maternal immune response to the infection [43, 44].�
Studies have documented inflammatory�responses in fetal tissues in response to influenza�
infection. Such responses could impact the maternal-fetal interface, the placenta, or the fetus�
directly, leading to pregnancy loss [43]. In addition to direct damage from inflammatory�
responses, it is hypothesized that maternal hyperthermia can result in adverse fetal outcomes�
[28, 45]. Maternal hyperthermia during the first�trimester of pregnancy, regardless of the cause,�
has been associated with an increased risk for neural tube defects [46], while fever during labor�
has been associated with adverse outcomes including neonatal seizures, cerebral palsy,�
encephalopathy, and death [2, 47–50].�

In a large population-based study of influenza�infection in over 100,000 women, Hansen et al.�
observed an increased risk for fetal abnormalities (e.g., central nervous system malfunctions�
in the fetus, chromosomal abnormalities, suspected damage to the fetus from viral disease)�
was present in both seasonal (OR 1.53, CI, 1.19–1.95) and pandemic infections (OR 1.48, CI,�
1.27–1.73) [51].�

A review and meta-analysis of 33 studies published from 1953 to 2013 of first-trimester�
influenza�exposure found that influenza�exposure during the first�trimester of pregnancy was�
associated with an increase in congenital abnormalities [adjusted odds ratio (AOR) 2.00, CI,�
1.62–4.28]. Anomalies included neural tube defects [odds ratio (OR) 3.33, CI, 2.05–5.40],�
hydrocephaly (OR 5.74, 1.10–30.00), congenital heart defects (OR 1.56, 1.13–2.14), cleft lip (OR�
3.12, CI, 2.20–4.42), digestive system anomalies (OR 1.72, CI, 1.09–2.68), and limb reduction�
defects (OR 2.03, CI, 1.27–3.27) [52]. A major limitation of this study concerns the fact that it�
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defined�influenza�exposure as any reported influenza,�influenza-like�illness, or fever with or�
without clinical confirmation.�The inclusion of wide clinical symptoms without laboratory�
confirmation�of influenza�likely resulted in overestimation of the number of infants exposed�
to influenza�during gestation. It therefore cannot be determined whether congenital abnor-
malities were associated with general, all cause hyperthermia or whether influenza infection�
poses a unique and specific�risk for these outcomes. Nonetheless, these observations suggest�
that prevention of influenza�during the first�trimester of pregnancy may reduce risk for�
congenital abnormalities.�

Fetal demise is associated with influenza infection as well. Women with influenza, especially�
those with pneumonia, had high rates of spontaneous abortion and preterm birth, with 52%�
of pregnancies ending in spontaneous abortion or preterm delivery during the 1918 pandemic�
[22, 23, 25].�

Using a large nationwide registry, Haberg et al. examined the risk of fetal death after maternal�
exposure to pandemic influenza�infection. The researchers found that pregnant women with�
a clinical diagnosis of influenza�had a nearly twofold increase in the risk of fetal death (adjusted�
hazard ratio, 1.91; 95% CI, 1.07–3.41) as compared to women who were not exposed to influenza�
[53].�

Pierce et al. assessed perinatal outcomes of maternal A(H1N1)pdm09 infection. The authors�
found that perinatal mortality was higher in infants born to infected women than in infants of�
uninfected women (39 per 1000 live births versus 7 per 1000 total births, respectively, p = 0.001).�
This was principally explained by an increase in the rate of stillbirth (27 per 1000 total births�
versus 6 per 1000 total births, p = 0.001) [54].�

4. Influenza infection in neonates and young infants�

Infants younger than 6 months of age are at a heightened risk for serious illness from influenza,�
exhibiting the highest rates of severe influenza�compared to other pediatric populations [41].�
This age group has higher rates of hospitalization, more prolonged ICU stays, and higher�
fatality rates (0.33 per 100,000 children) than almost any other age group [55–59]. In the United�
States, estimates of hospitalization rates for young infants (less than 6 months of age) range�
between 1.8 and 7.2 per 1000 infants, higher than reported rates of hospitalization for children�
up to 4 years of age (0.14 per 1000) [60] and people 65–80 years of age (0.56–2.13 per 1000) [60–�
63]. Childhood deaths associated with influenza�are most frequent in infants during the first�
months of life, with mortality rates in infants 0–6 months old more than four times higher than�
those in older children [59].�

Libster et al. [64] documented particularly high mortality rates for infants during the 2009�
H1N1 pandemic in Argentina. Of 251 infants and children hospitalized with confirmed�
A(H1N1)pdm09 infection, 13 (5%) died, for an overall death rate of 1.1 per 100,000 children.�
Infants were at particularly high risk for fatality, representing the highest death rate at 7.6 per�
100,000 children. By comparison, this death rate was 10 times the reported US infant death rate�
during the relatively serious seasonal influenza season of 2003–2004 [59, 64].�

https://0.56�2.13
https://1.07�3.41
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Taken together, these observations highlight the impact of influenza�on infants, especially the�
youngest, and underscore the need for prevention in this vulnerable population.�

5. Maternal influenza vaccination�

A large body of evidence collected over several decades demonstrates that pregnant women�
and young infants are at increased risk for complications from influenza,�making control of�
influenza�infection in these populations an important public health challenge. Influenza�
vaccines have been used since 1945 and currently are the primary strategy for preventing�
influenza infection [65].�

Due to the frequent changes of the influenza viral antigens, a vaccine is formatted during the�
end of the previous season to include the specific�antigens of the influenza�strains expected to�
circulate in the following season, with a goal of conferring protection against the upcoming�
season’s strains. Each year, the trivalent inactivated influenza�vaccines (IIV3) are formulated�
to contain three viral components: two influenza A subtypes and one influenza B virus. In 2012,�
the US Food and Drug Administration (FDA) approved the use of a quadrivalent influenza�
vaccine (IIV4). The quadrivalent vaccine contains two influenza�A subtypes and two influenza�
B subtypes. In 2009, a monovalent H1N1 vaccine was prepared because the newly recognized�
strain was identified�too late in the season to be included in the trivalent seasonal vaccines [66].�

The current inactivated influenza�vaccines (IIVs) are composed of inactivated (killed) virus�
that has been chemically disrupted and purified�to form a split-inactivated virus preparation.�
Such split-virus vaccines contain purified�HA and NA antigens and have fewer side effects�
and reactions than inactivated whole virus vaccines. The IIVs currently available in the United�
States are split virus or subunit virus similar to the split virus [66].�

The other vaccine available in the United States is a live, attenuated�influenza�vaccine (LAIV).�
This vaccine is composed of live, attenuated,�cold-adapted, temperature-sensitive virus�
administered directly into the nasal passage. The type A and B strains of influenza�in this�
vaccine can replicate in the nasal passages, stimulating an immune response, but cannot�
replicate in the lower respiratory tract [67]. While LAIV has been licensed in the United States�
since 2003, it is not recommended for use in pregnant women [68].�

A strategy to increase the effectiveness�of IIVs is the addition of adjuvants. Adjuvants are�
compounds that stimulate the immune system to mount a more robust and protective response�
to the vaccine. The most commonly used adjuvants in influenza�vaccines are the oil-based�
compounds AS03 and MF59. Adjuvants can allow for the use of lower doses of antigen,�
resulting in more available doses of vaccine, which may be useful in times of high demand�
such as during pandemics. While adjuvanted vaccines are not approved for use in pregnant�
women in the United States, in Canada, and in many European countries, the pandemic vaccine�
was formulated with adjuvant and administered to pregnant women [69].�

Vaccination of pregnant women with IIV has taken place since the 1960s. Universal recom-
mendation for vaccinating woman at all stages of pregnancy has been recommended by the�
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CDC’s Advisory Committee�on Immunization Practices (ACIP) since 2004 [65, 70, 71] and by�
the World Health Organization (WHO) since 2005 [1]. The Advisory Committee�on Immuni-
zation Practices does not preferentially recommend a specific�formulation—trivalent or�
quadrivalent—of the influenza�vaccine [72]. In response to the 2009 H1N1 pandemic, the WHO�
placed pregnant women, along with caregivers of infants younger than 6 months old, health-
care and emergency services personnel, individuals between 6 months and 24 years, and those�
aged 25 years or older with chronic medical conditions, in the highest priority group to receive�
vaccines [73].�

The American College of Obstetrics and Gynecology (ACOG) considers prevention of�
influenza�to be an “essential element of prenatal care” [74]. In full support of the ACIP�
recommendations, ACOG issued new guidelines in September of 2010 stating that all unvac-
cinated pregnant women at any gestational age be vaccinated against influenza [74].�

It is well documented that the antibody (Ab) response to influenza�vaccine in pregnant women�
is similar to that of age-matched, nonpregnant women [75–79]. These observations support a�
conclusion that influenza�vaccination will lead to an effective immune response in pregnant�
women and thereby provide an important tool in prevention of influenza in this population.�

5.1. Effectiveness of maternal influenza vaccines�

Pregnant women and neonates are high-risk groups for complications from influenza�infec-
tion. Control of influenza�in this population is an important public health concern. However,�
due in part to ethical concerns related to enrolling pregnant women in clinical studies,�
experimental data on influenza�vaccination during pregnancy has been scarce, and the quality�
of the evidence is not consistently high overall [80].�

Prior to 2010, there were few well-designed studies specifically�addressing vaccine effective-
ness�in pregnant women. From 1964 to 2008, four studies specifically�addressed vaccine�
effectiveness�in pregnant women (Table 1). These studies covered eight different�influenza�
seasons and included 51,547 pregnant women.�

During a 1962–1963 outbreak of Asian influenza,�Hulka measured vaccine effectiveness in�
pregnant women by asking immunized and nonimmunized patients if they had experienced�
influenza�symptoms during the influenza�season. While fewer immunized than unimmunized�
patients reported respiratory illness with fever (11% versus 20%, respectively), there was no�
significant difference in reports of respiratory illness between these patients [76].�

Black et al. assessed vaccine effectiveness�in almost 50,000 pregnant women across five�
influenza�seasons. Vaccine effectiveness�was determined by the number of outpatient visits for�
ILI or hospitalization for influenza�or pneumonia. Using these outcomes, the risk of medical�
visit for respiratory symptoms was no different�between vaccinated and unvaccinated women,�
and hospitalization was rare in both groups [81]. Using the adjusted hazard ratios�
(AHR = 1.151; CI, 0.979–1.352) from this study, Skowronski and De Serres calculated a vaccine�
effectiveness of −15% (CI, −35 to 2%) for this study population [7].�

http://dx.doi.org/10.5772/64368
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In a retrospective case-control study of five�influenza�seasons (1995–2003), Munoz et al.�
estimated the potential protective effect�of vaccination by recording the occurrence of acute�
respiratory infection (ARI) in vaccinated and unvaccinated women. The researchers reported�
a nonsignificant (p = 0.24) trend toward lower incidence of medically attended�ARI in vacci-
nated women as compared to unvaccinated women (22.6% of the vaccinated cohort versus�
18.9% of the unvaccinated cohort) [82]. Among the women who developed ARI, the number�
of episodes of ARI was the same, 1.4 illnesses/person in both groups. However, there was a�
difference�in the timing of these episodes, with 9% of the vaccinated cohort reporting ARI�
episodes during the peak of the influenza�season, while 19% of the ARI events in the unvac-
cinated cohort occurred during the peak (p = 0.01, CI, 0.1–0.8) [82]. In this study, only three�
women were diagnosed with ILI, one vaccinated and two unvaccinated women, all during the�
peak influenza�seasons of 1999–2000 and 2000–2001. These low rates of ILI as well as the small�
number of vaccinated women in the study population (vaccination rate was 3.5%) are limita-
tions of this study. Using the relative risks reported in the study, vaccine effectiveness�was�
−20% for ARI any time during pregnancy (CI, −59 to 9%) and 39% (CI, −56 to 76%) during the�
peak of the influenza season [7].�

Study  Study� Participants  Outcomes� Influenza vaccine protection�

period  measured 

Studies of seasonal IIV during pregnancy�

Hulka [76]  1962–1963  544 pregnant women�

-363 immunized�

-181 nonimmunized�

176 nonpregnant women�

-138 immunized�

-38 nonimmunized 

Black et al.� 1997–2002  49,585 pregnant women�

[81]  -3707 immunized�

-45,878 nonimmunized 

Munoz et al.� 1998–2003  Pregnant women�

[117]  -252 immunized�

-826 nonimmunized 

Incidence of�

influenza-like�

illness (ILI)�

Medical visit for�

respiratory�

symptoms 

Medically�

attended acute�

respiratory illness�

(ARI) 

Nonsignificant reduction in�

incidence of ILI (20% versus 11%)�

No difference in medical visits�

(p = 0.088)�

Adjusted hazard ratio = 1.151;�

(CI, 0.979–1.352)�

Clinical effectiveness: −15%�

Excluding medical visits for asthma,�

no difference (p = 0.988)�

Adjusted hazard ratio = 1.001�

(CI, 0.838–1.196)�

Clinical effectiveness: 0% 

Nonsignificant trend toward lower�

incidence of ARI (22.6% versus 18.9%;�

p = 0.24)�

Clinical effectiveness: −20%�

(CI, −59.5 to 9%) any time during�

pregnancy�
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Study  Study� Participants  Outcomes� Influenza vaccine protection�

period  measured 

Zaman et al.� 2004–2005  340 pregnant women�

[79]   -172 immunized with TIV�

-168 immunized with�

pneumococcal vaccine�

Madhi et al.� 2011–2012  2116 pregnant women�

[83]   -1062 immunized with IIV3�

-1054 received placebo 

Thompson� 2010–2012  Pregnant women�

et al. [84]   -100 with confirmed�

influenza�

-192 with ARI negative for�

influenza�

-200 control negative for�

influenza�

Studies of PH1N1 vaccine during pregnancy�

Richards et al.� 2009–2010  1125 vaccinated�

[101]  1581 non-vaccinated�

(unadjuvanted vaccine) 

Haberg et al.� 2009–2010  117,347 pregnant women�

[53]   (adjuvanted vaccine) 

Respiratory�

illness with fever 

RT-PCR-

confirmed�

influenza�

RT-PCR-

confirmed�

influenza�

RT-PCR or�

medical visit during�

pregnancy with�

influenza-related�

ICD-9 diagnosis�

code 

39% (CI, −56 to 76%) during peak of�

influenza season 

Significant reduction of respiratory�

illness with any fever:�

Risk difference: −14.2�

(CI, −25.5 to 2.9)�

Clinical effectiveness: 35.8%�

(CI, 3.7–57.2%)�

Reduction in respiratory�

disease with fever over 38 °C:�

Risk difference: −7.3%�

(CI, −14.5 to 0.1%)�

Clinical effectiveness: 43.1%�

(CI, −9.0 to 70.3%) 

Clinical effectiveness: 50.4%�

(CI, 14.5–71.2%) 

Clinical effectiveness: 44%�

(CI, 5–67%) compared to influenza-

negative controls 53%�

(CI, 24–72%) compared to�

ARI-negative controls 

Clinical effectiveness: 61.5%�

(CI, 15.5–82.5%) 

Clinical effectiveness: 70% (AHR, 0.30;�

(CI), 0.25–0.34) 

Table 1. Clinical effectiveness of IIV and A(H1N1)pdm09 influenza vaccine during pregnancy.�

The authors of this study speculate that while the receipt of an influenza�vaccine may not�
prevent infection, it is likely to reduce the severity of the disease. However, they provided no�
data on clinical severity or evidence of such an association with vaccination status. Since there�
was no confirmation of influenza infection in most patients with ARI, it is impossible to confirm�

https://0.25�0.34
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whether clinical symptoms were associated with influenza�infection or with other respirato-
ry viruses.�

In 2008, Zaman et al. published the first�randomized, double-blind, controlled clinical trial�
(RCT) of influenza�vaccine in pregnant women. In this study, 340 pregnant women were�
randomized to receive either trivalent influenza�vaccine (IIV3) or pneumococcal polysacchar-
ide vaccine during the third trimester of pregnancy. This study was part of The Mother’s Gift�
project, a randomized trial with the primary goal of assessing the safety and immunogenicity�
of pneumococcal vaccines. Therefore, the control arm consisted of mothers who received the�
pneumococcal vaccine, providing a control for an active, non-influenza�vaccine. The authors�
measured nonspecific�respiratory illness with fever and found that vaccinated women were�
significantly�less likely to have respiratory illness, reporting a clinical effectiveness of 35.8%�
(CI, 3.7–57.2%) for respiratory illness with any fever and 43.1% for fever over 38 °C (CI, −9.0�
to 70.3%) [79].�

All of these studies share the common weakness that they use clinical symptoms, and not�
laboratory-confirmed�influenza,�as the primary outcome. Influenza�vaccines are specifically�
targeted to influenza viruses. Many other respiratory pathogens can cause symptoms similar�
to influenza,�but influenza�vaccines are not designed to prevent other causes of influenza-like�
illness. Hence, clinical symptoms without laboratory confirmation are nonspecific outcomes.�
Interpretation and quantification�of true vaccine effectiveness using only clinical outcomes are�
problematic, potentially leading to inaccurate estimates of effectiveness.�For this reason,�
laboratory confirmation,�either by reverse transcription polymerase chain reaction (RT-PCR)�
or viral culture, remains the best diagnostic tool for confirming�influenza�and evaluating�
vaccine efficacy (VE) and effectiveness.�

In 2014, two studies began to address this deficiency�in the literature. The research teams�
estimated influenza�vaccine effectiveness�in preventing illness among pregnant women using�
laboratory-confirmed (RT-PCR) influenza as the primary outcome.�

Madhi et al. examined maternal and fetal outcomes in 2116 HIV-negative South African women�
during the 2011–2012 influenza�season. 1062 women who received IIV3 were compared to�
women who received a placebo. Overall vaccine effectiveness at preventing laboratory-
confirmed (RT-PCR) influenza in this population was 50.4% (CI, 14.5–71.2) [83].�

Using a large health plan database, the Pregnancy and Influenza�Project evaluated seasonal�
vaccine efficacy�during the 2010–2011 and 2011–2012 influenza�seasons. The authors compared�
the proportion of vaccinated women among 100 RT-PCR-confirmed�influenza�cases with the�
proportion vaccinated among 192 women with ARI who tested negative for influenza,�and 200�
controls matched by season, site, and trimester [84]. The adjusted vaccine efficacy�against�
influenza�was of 44% (CI, 5–67%) using the influenza-negative controls and 53% (CI, 24–72%)�
for the ARI-negative controls [84].�

The 2009 A(H1N1) pandemic provided an opportunity to improve understanding of influenza�
vaccination during pregnancy. The pandemic allowed an evaluation of the effectiveness of�
maternal vaccination during an influenza�season in which there was a high rate of viral�
circulation, as well as a close match between the vaccine strain and the circulating viral strain.�
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Pregnant women were prioritized to receive the vaccine and were strongly advised to be�
vaccinated [85], resulting in higher than usual vaccination rates [86].�

Since the 2009 pandemic, a number of studies have examined monovalent pandemic A(H1N1)�
vaccination of pregnant women. Synthesizing evidence from this new and expanding database�
should increase our understanding of maternal influenza�vaccination. While most of these�
studies measured either seroconversion and hemagglutinin inhibition (HAI) titers [87–92] or�
safety and/or birth outcomes [93–100], two studies specifically�examined clinical efficacy�of�
pandemic A(H1N1) vaccine during pregnancy.�

In a retrospective cohort study, Richards et al. evaluated influenza�infection in 1125 vaccinated�
and 1581 non-vaccinated women. In this study, influenza�infection was defined�as testing�
positive for influenza by RT-PCR or having a medical visit during pregnancy with influenza-
related ICD-9 diagnosis code during the period of 2009 influenza�A(H1N1) virus circulation�
[101]. The researchers reported a vaccine efficacy�(VE) of 61.5% (CI, 15.5–82.5%) for 2009 H1N1�
influenza vaccine against diagnosed 2009 influenza A(H1N1) infection during the study period�
among all mothers in the study cohort [101].�

A separate population-based study of 117,347 pregnant women in Norway estimated that�
vaccination during the second or third trimester of pregnancy resulted in a 70% reduction in�
influenza�diagnosis following vaccination with adjuvanted A(H1N1) vaccine (adjusted hazard�
ratio, 0.30; CI, 0.25–0.34) [53].�

While there is significant�heterogeneity among these eight clinical studies, presenting wide-
ranging estimates of vaccine effectiveness in pregnant women (from −15 to 70%), the evidence�
of effectiveness�data based on laboratory-confirmed�influenza�is mounting and compelling.�
The cumulative evidence to date provides three studies showing significant clinical effective-
ness�during seasonal influenza�years, 35.8% against respiratory disease in a RCT [79], 50.4%�
protection against laboratory-confirmed�influenza in a RCT [83], and one large data-base study�
documenting VE of 44–53% [84]. Two studies of vaccine effectiveness during the 2009 A(H1N1)�
pandemic estimated VE of 61.5% (unadjuvanted) and 70% (adjuvanted), suggesting that�
vaccination during a pandemic season may offer�more benefit�than during non-pandemic�
years.�

These more recent estimates using laboratory-confirmed�endpoints are well within the�
reported vaccine effectiveness�for healthy, nonpregnant adults. When combined with the well-
documented observation that the antibody response to influenza vaccine in pregnant women�
is similar to that of nonpregnant women, all current evidence suggests that efficacy of influenza�
vaccines in pregnant women is similar to the nonpregnant population.�

5.2. Maternal vaccination to protect young infants�

An important secondary benefit�of maternal vaccination appears to be protection of infants�
from influenza�infection during the first�months of life, providing an important two-for-one�
benefit�since no influenza�vaccine is licensed or recommended for infants younger than 6�
months of age.�

https://0.25�0.34
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Maternal vaccination has potential to protect newborns due to the transfer of maternal�
immunity. Transplacental transfer of antibodies occurs throughout pregnancy, with highest�
levels during the last 4–6 weeks of gestation [102, 103]. Antibodies (specifically IgG) cross the�
placenta from mother to fetus during the final�weeks of pregnancy, while infants acquire�
additional immune protection during breastfeeding, when the main class of immunoglobulin�
transferred in breast milk is IgA [104].�

Several studies have demonstrated transplacentally acquired antibodies after natural influenza�
infection in the mother. One study examined the cord sera of 26 infants who had culture-
confirmed�influenza�when younger than 4 months of age. The authors found a direct correla-
tion between the gestational age at the time of infection and the level of antibody in the cord�
serum (p = 0.002), suggesting a protective effect of transplacentally acquired antibody [105].�

During the 1979 influenza�epidemic, infants of mothers with serum antibody to influenza�
(seropositive) were compared to infants of mothers who were seronegative [106]. The infants�
of seropositive mothers had higher specific�serum antibody (IgG) titers against the HA�
influenza�protein than did infants of seronegative mothers. Good correlation was found�
between maternal antibody titers and titers in infants (correlation, 0.81). No such correlation�
was found for non-immune mothers and their infants (correlation, 0.24) [106]. However, this�
study showed no difference�in incidence of influenza�infection, although infants of immune�
mothers showed delayed onset of symptoms and shorter duration of illness, suggesting that�
passive maternal immunization may delay onset and severity.�

5.2.1. Serological studies�

When evaluating vaccination response to influenza,�a serum antibody titer of ≥1:40 against the�
HA protein is considered to be clinically relevant, resulting in a 50% decrease in symptomatic�
infection and, therefore, serving as a correlate of protective immunity [107]. Recent analysis of�
published data indicates an even higher level of clinical protection, estimating that 70% of�
participants are protected at a titer of 1:40, with protection increasing gradually with higher�
titers [108].�

In the absence of a widely accepted immune correlate of protection for influenza,�the analysis�
of hemagglutinin inhibition (HAI) seroprotection rates is generally considered a useful�
indicator of protection in vaccinated persons. There are challenges associated with using this�
antibody titer as a correlate of protection in infants, however, particularly since this correlate�
was determined in healthy adults [41, 107]. In any event, the US Food and Drug Administration�
(FDA) uses this HAI antibody titer in evaluation of influenza�vaccines, making the HAI�
antibody titer the standard used by most investigators [40], including those examining vaccine�
protection in neonates.�

In a study examining transplacental transfer of antibody in response to vaccination, Englund�
et al. studied women during the last trimester of pregnancy who were vaccinated with IIV3�
(A/Sichuan/H3N2, A/Taiwan/H1N1, B/Victoria). Maternal immunization resulted in the�
transfer of influenza-specific�IgG to the infants. When measured at the time of delivery, the�
levels of antibody transferred were high, with between 87 and 99% of antibody detectable in�
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the mother also detectable in the infant [78]. The antibody titers to at least two of the three�
influenza antigens (influenza�H3N2 and influenza�B) remained significantly�elevated up to 2�
months of age [78].�

Sumaya and Gibbs vaccinated pregnant women and reported a similar correlation, finding�
that cord blood HAI antibody in infants correlated with titers of vaccine-stimulated HAI�
antibody in mothers, with HAI antibody detected in 54% of newborn serum and 73% of�
maternal serum [75]. This study did not examine infant influenza infection as an outcome, so�
the study was unable to correlate serum antibody levels with clinical outcome.�

While these previous studies demonstrated that maternal antibody appears to be transferred�
to infants following both natural infection and vaccination, neither study discussed whether�
the level maternal antibody was high enough to confer protective immunity to the infant [41,�
107]. Using HAI titer as a correlate of immunity, Steinhoff�et al. did conduct an RCT of maternal�
influenza�vaccine. Serum samples were obtained from 311 mothers before vaccination and at�
delivery and from 292 infants at birth at 10 weeks and 20–26 weeks later [109]. The proportion�
of mothers with a protective antibody titer (HAI ≥ 1:40) at the time of delivery was 88% for A/�
New Caledonia (H1N1), 98% for A/Fujian (H3N2), and 45% for B/Hong Kong. Similar�
proportions of infants had protective antibody titers at birth [109].�

Yamaguchi et al. also examined the immune responses to influenza�vaccination during�
pregnancy by measuring the effect�of influenza�vaccination (IIV3) in pregnancy, including�
maintenance of the specific�antibody response, and the efficiency�of transplacental transfer of�
the antibody to the fetus. The study included 125 pregnant women, 71 in their second trimester�
and 54 during the third trimester of pregnancy. The authors reported that vaccination at any�
time during pregnancy yielded protective levels of antibody in both maternal and fetal blood�
[110].�

In a prospective study examining the immunogenicity and transplacental transmission of�
antibodies in pregnant women in Asia, Lin et al. enrolled 46 pregnant women who received a�
single dose of IIV3. Twenty-eight days after vaccination, the seroprotection rate in vaccinated�
women against H1N1, H3N2, and influenza B was 91.3, 84.8, and 56.5%, respectively [111].�

Several additional studies have demonstrated transplacental antibody transfer following�
maternal vaccination with pandemic H1N1 vaccine. Three studies evaluated adjuvanted�
A(H1N1) vaccines, and two studied nonadjuvanted A(H1N1)vaccine. All five�of the studies�
documented protective levels of antibody in significant percent of infants (79–95%).�

Zuccotti�et al. followed 69 mother-infant pairs. The women were vaccinated during their third�
trimester of pregnancy with MF59-adjuvanted influenza�A(H1N1) vaccine. All of the mothers�
had HAI antibody titers at or above 1:40 at the time of delivery and throughout the 5 months�
of follow-up. Ninety-five percent of the infants had HAI antibody titers at or about 1:40 at both�
birth and 2 months of age. By 5 months of age, the proportion of infants with titers of 1:40�
dropped to 81.2% [89], suggesting that passively acquired antibody at levels thought to be�
protective is transferred and persists for at least 5 months.�

In a separate study performed at three sites in the UK, researchers followed infants born to�
mothers who were vaccinated with AS03-adjuvanted H1N1 vaccine during the second or third�
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trimester of pregnancy. This study found that 79% of the infants of vaccinated mothers had�
serum antibody titers at or higher than 1:40 compared to a background immunity in 19% of�
infants of unvaccinated women (p = 0.001) [112].�

Helmig et al. evaluated the serological response of a cohort of women immunized with�
adjuvanted A(H1N1) vaccine or by natural infection with A(H1N1)pdm09. The authors�
detected protective antibody levels (>1:40) in a significant number 17/19 (89.5%) of newborns�
born to vaccinated mothers (p�= 0.001) [113]. Notably, while natural influenza�infection�
conferred protective antibody levels in mothers, it did not contribute to protective levels in�
their infants; only 15.8% of infants born to women who had natural influenza�infection during�
pregnancy developed protective levels of antibody at birth.�

In a study of nonadjuvanted A(H1N1) vaccine, Tsatsaris et al. measured Ab titers in cord blood�
of 88 infants born to women vaccinated with a single dose of monovalent A(H1N1) vaccine.�
The researchers reported 95% (CI, 89–99%) of infants have protective levels of antibody (>1:40)�
at birth [114], and Fisher et al. also reported protective levels of Ab in cord blood of infants�
following maternal vaccination with 2009 monovalent A(H1N1) [115].�

Taken together, these studies provide an important proof of concept for transplacentally�
acquired antibody, from either natural infection or vaccination of their mother, to potentially�
protect young infants from influenza�infection and present maternal immunization as a�
promising strategy for reducing influenza infection in infants.�

5.2.2. Clinical studies�

Over the past 11 years, nine studies have been published evaluating the effect�of maternal�
immunization on influenza�in 97,656 infants across 15 influenza�seasons. Six of these studies�
showed clinical protection; three studies did not (Table 2).�

Study  Study� Participants  Outcomes measured  Protection by maternal influenza�

period  vaccine�

Black et al.� 1997–� 49,585 pregnant women Hospitalization for�

[81]  2002  pneumonia and�

influenza�

Munoz et al.�1998–� 225 infants of� Hospitalization or�

[117]  2003  immunized mothers�

No difference in risk for hospitalization�

(p = 0.235)�

Adjusted hazard ratio: 0.956 (CI, 0.889–�

1.029)�

Clinical effectiveness: 4% (CI, –3 to 11%)�

No difference in risk including otitis�

media visit (p = 0.506)�

Adjusted hazard ratio: 0.938 (CI, 0.777–�

1.132)�

Clinical effectiveness: 6% (CI, –13 to�

22%) 

No difference in hospitalization�
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Study  Study� Participants  Outcomes measured  Protection by maternal influenza�

period  vaccine�

France et al.�1995–�

[116]  2001 

Zaman et al.�2004–�

[79]  2005 

Benowitz et�2000–�

al. [118]  2009 

Eick et al.� 2002–�

[120]  2005 

Poehling et� 2002–�

al. [126]  2009 

Sugimura et�2010–�

al. [127]  2011 

826 infants of�

nonimmunized�

mothers 

3160 infants of�

immunized mothers�

37,969 infants of�

nonimmunized women�

316 infant-mother pairs�

followed for 24 weeks�

Infants less than 12�

months old�

-220 cases�

-430 matched controls�

1169 infant-mother�

pairs 

Infants less than�

6 months old�

hospitalized with�

fever or�

respiratory symptoms�

-151 cases�

-1359 controls 

200 infants from birth�

to 6 months of age�

-106 infants of�

vaccinated mothers�

clinic visits for�

respiratory conditions 

Medically attended�

acute respiratory illness�

(ARI) 

Clinic visits for�

respiratory illness�

Laboratory-confirmed�

influenza before 24�

weeks of age�

(confirmation by rapid�

test) 

Laboratory-confirmed�

influenza (confirmation�

by direct fluorescent�

antibody (DFA) test) 

Laboratory-confirmed�

influenza (confirmation�

by viral culture,�

fourfold rise in HAI�

antibody in cord serum�

or rapid test) 

Laboratory-confirmed�

influenza (confirmation�

by viral culture or�

PCR) 

Laboratory-confirmed�

influenza (confirmation�

by rapid test) 

During first month, infants of immunized�

moms had more clinic visits for�

bronchitis (p = 0.04) and fewer for�

respiratory distress (p = 0.04)�

No other differences�

No reduction in clinic visit rates�

Incident rate ratio: 0.96 (CI, 0.86–1.07) 

63% effective at preventing laboratory-

confirmed influenza in infants up to 6�

months old (CI, 5–85%)�

29% effective in preventing febrile illness�

(CI, 6.9–45.7%)�

42% effective in preventing clinic visit�

(CI, 18.2–58.8%) 

91.5% effective at preventing�

hospitalization of infants less than 6�

months of age (p = 0.001; CI, 61.7–98.1%)�

No significant�effect on infants older than�

6 months 

Laboratory-confirmed influenza�

decreased among infants born to�

vaccinated women compared to controls�

Risk ratio 0.59 (CI, 0.37–0.93)�

Clinical effectiveness: 41%�

Hospitalization�

Risk ratio 0.61 (CI, 0.45–0.84)�

Clinical effectiveness: 39% 

Hospitalized infants whose mothers were�

immunized were 45–48% less likely to�

have laboratory-confirmed influenza�

Adjusted odds ratio (OR) 0.52�

(CI, 0.30–0.91) 

Significant difference in incidence of�

influenza between infants of vaccinated�

versus unvaccinated mothers�

(p = 0.019) 

https://0.30�0.91
https://0.45�0.84
https://0.37�0.93
https://0.86�1.07
http://dx.doi.org/10.5772/64368
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Study  Study� Participants  Outcomes measured  Protection by maternal influenza�

period  vaccine�

-90 infants of�

unvaccinated mothers 

Madhi et al.�2011–� 2046 infants� Laboratory-confirmed� Vaccine efficacy of 48.8% (CI, 11.6–�

[83]  2012  -1026 infants of� influenza RT-PCR  70.4%) 

vaccinated mothers�

- 1023 infants of�

placebo mothers 

Table 2. Clinical effectiveness of maternal vaccination for protection of infants.�

5.2.2.1. Studies finding no protective effect�

In a retrospective cohort study of 48,639 infants, Black et al. found that infants born to�
vaccinated women had the same risk of hospitalization for influenza�or pneumonia as infants�
of unvaccinated women (CI, 0.889–1.029). They also reported that maternal vaccination was�
not a significant determinant of risk for ILI or otitis media [81].�

France et al. followed 3160 infants of immunized mothers and 37,969 infants of nonimmunized�
mothers from 1995–2001 and during four specific�seasonal periods: peak influenza,�respiratory�
syncytial virus predominant, periseasonal, and summer weeks [116]. They found no difference�
in medically attended�ARI (incident rate ratio for peak influenza�season 0.96, CI, 0.86–1.07),�
concluding “maternal influenza�vaccination did not reduce visit rates during any of the four�
time periods and did not delay the onset of first respiratory illness” [116].�

In a study that included an examination of data over five�influenza�seasons, Munoz et al.�
reported similar results, finding�no difference�in hospitalizations for respiratory illness during�
the peak of influenza�season between infants of vaccinated mothers versus infants of non-
vaccinated mothers [117].�

5.2.2.2. Studies finding clinical protection�

While the three earlier studies above found no benefit�to infants from maternal vaccination, a�
more recent matched case-control study of infants less than 12 months old admitted to hospitals�
for seasonal influenza�between 2000 and 2009 reported maternal vaccination to be 91.5%�
effective (CI, 61.7–98.1%, p�= 0.001) in preventing hospitalization of infants younger than 6�
months of age [118]. Maternal vaccination was not effective in preventing hospitalization for�
infants older than 6 months (−41.4% (CI, 0.153–0.918)). In this study, influenza�cases from 2007�
to 2009 were confirmed�by direct fluorescent�antibody (DFA) test, which was reported to be�
96.2% sensitive and 99% specific�for influenza [119]. A limitation to this study is that results�
from nine influenza�seasons were combined, with no information regarding the strain match�
of vaccine to circulating strain for each influenza�season. The researchers did not type the strain�
of influenza�in infected infants, stating that they “did not have adequate power to assess the�

https://0.86�1.07
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vaccine’s effectiveness�by influenza�season…and did not type strains to determine whether�
influenza infections were caused by strains included in the vaccine” [118].�

Eick et al. conducted a study in the White Mountain and Navajo reservations over three�
influenza�seasons, November 2002 to September of 2005. In this prospective cohort study, the�
effect�of influenza�vaccine during pregnancy on influenza�infection in infants was compared�
between infants of vaccinated women and those born to non-vaccinated women. The authors�
analyzed 83 confirmed influenza cases. Of these cases, seven (86%) were confirmed by serology,�
ten (12%) by viral culture, and two (2%) by rapid influenza�testing. Using these three measures�
of influenza�infection, the authors reported a 41% reduction in the risk of laboratory-confirmed�
influenza�for infants born to vaccinated women (RR 0.59, CI, 0.37–0.93) and a 39% reduction�
in the risk of ILI hospitalization (RR 0.61, CI, 0.45–0.84) [120].�

The authors of this study pooled the results from three different�assay methods, each with�
different�sensitivities, to document influenza�infection. Pooling assays with differing�diagnos-
tics represents a limitation of this study. Likewise, the use of serology to document influenza�
in most (86%) of cases represents a weakness of this study. The authors describe serological�
documentation of influenza infection as a fourfold or greater increase in HAI antibody in serum�
collected at 2–3 or 6 months compared with previous serum specimen [120]. Significant�
limitations have been reported regarding the use of serology in diagnosing influenza in adult�
patients that have been vaccinated with inactivated vaccines [121–123]. Using serology to�
document influenza infection in young infants presents additional complications.�

Infants under 6 months of age have immature, immunologically inexperienced immune�
systems. Since their ability to produce antibody in response to infection is often delayed or�
completely absent, many of their serum antibodies are maternally derived. More than 50 years�
ago, the use of serology for diagnosis of influenza�in infancy was questioned. During an�
influenza�outbreak in Glasgow in 1953, fourfold increases in antibody were found in only 20%�
of infants admitted�to pediatric pneumonia wards (as compared to 30% of adult cases) [124].�
In two different outbreaks, antibody production was absent or considerably delayed in infected�
children under 18 months of age, even when virus could be isolated [125]. These observations�
illustrate the difficulties inherent in using serology to document influenza infection in young�
infants.�

In the only randomized, blinded clinical study to assess infant protection, Zaman et al. reported�
a vaccine effectiveness�of 63% (CI, 5–85%) against laboratory-confirmed�influenza�in infants�
up to 6 months of age [79]. Influenza�was confirmed�by rapid test (Z Stat Flu), which was�
reported to have a specificity�of 80–90% and a sensitivity of 70–72% for type A and type B�
influenza.�When respiratory illness and fever were used as measure of disease, the reported�
effectiveness was 29% (CI, 7–46%) [79].�

A recent study sought to determine whether maternal vaccination during pregnancy was�
associated with a reduced risk or laboratory-confirmed�influenza�hospitalizations in 1510�
infants over seven consecutive influenza�seasons (2002–2003 through 2008–2009) and across�
three diverse geographic regions of the United States [126]. Of the 1510 infants hospitalized�
with fever or respiratory symptoms, 151 (10%) had laboratory-confirmed�(by viral culture or�

https://0.45�0.84
https://0.37�0.93
http://dx.doi.org/10.5772/64368
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RT-PCR) influenza.�The proportion of infants who were influenza�positive varied significantly�
across influenza�seasons, from 3% in 2006–2007 to 15% in 2003–2004. The percentage of women�
who were vaccinated also varied by season, from 10% in 2003–2004 to 38% in 2008–2009.�

Among influenza-positive infants during all study years, 12% of their mothers reported being�
vaccinated during pregnancy, while 20% of mothers of influenza-negative infants reported�
receiving a vaccination [126], yielding an adjusted odds ratio of 0.52 (CI, 0.30–0.91) and�
suggesting that infants whose mothers received influenza�vaccines during pregnancy were�
48% less likely to have laboratory-confirmed�influenza�than infants of unvaccinated women�
[126].�

In a randomized, placebo-controlled trial of influenza�vaccination in South Africa, Madhi et�
al. followed 1026 infants born to women who received IIV3 and 1023 infants born to placebo�
recipients. The attack�rate of influenza�was lower among infants of vaccinated mothers (1.9%)�
than among those whose mothers received placebo vaccine (3.6%), yielding a vaccine effec-
tiveness of 57.5% (CI, 7.6–70.4) in this population [83].�

In a prospective study, Sugimura et al. assessed the incidence of fever and laboratory-con-
firmed�influenza�in newborns whose mothers were vaccinated during pregnancy with IIV3.�
Two hundred infants were followed from birth to 6 months of age. Fever was noted in 36 (34%)�
of the infants in the vaccinated group and 47 (52.2%) of infants born to unvaccinated mothers�
(p < 0.007). The incidence of influenza�as diagnosed by rapid test was 0 (0%) and 5 (5.6%),�
respectively, (p = 0.019) [127].�

The reviewed studies assessed hospitalization, clinic visits, ARI, or laboratory-confirmed�
influenza�as primary outcomes. Rationale for influenza vaccination often includes additional�
secondary outcomes such as reduction of absenteeism for household contacts, secondary�
infections, acute otitis media, or community transmission of influenza. While these outcomes�
are important in measuring the broad impact of influenza,�they do not provide accurate�
assessment of vaccine efficacy�or effectiveness.�Such an assessment is essential for evidence-
based, reasoned development of public health policy and decision-making about influenza�
prevention.�

In summary, the evidence for newborn protection through maternal vaccination is encourag-
ing, but several studies exhibit methodological limitations. The results of studies measuring�
rates of ARI, clinic visit, or hospitalization range from no vaccine effect�up to 42% effectiveness�
[81, 116, 117]. The six studies that used some form of laboratory-confirmed�influenza�(rapid�
tests, viral culture, or PCR) as the primary outcome are more encouraging, reporting vaccina-
tion effectiveness ranging from 41 to 91.5% [79, 83, 118, 120, 126, 127].�

While outcomes and study designs differ,�in general the data to date suggest that maternal�
vaccination has the potential to decrease influenza�illness in newborns. As such, maternal�
immunization during pregnancy should continue to be recommended and encouraged for all�
women.�

https://0.30�0.91
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6. Current challenges�

Influenza�is a complex disease. For centuries it has eluded complete understanding or control.�
Constantly evolving and catching us by surprise, influenza�is a perpetually emerging disease.�
The main tool for prevention of influenza�is vaccination, the cornerstone for prevention of�
influenza disease. However, unlike many other vaccines, the effectiveness of influenza vaccines�
remains moderate to marginal across all populations [128], and in addition, the vaccines need�
to be administered every year. A universal influenza�vaccine providing broad and long-lasting�
protection continues to be elusive.�

These realities—difficult�enough in the general population—are even more challenging to�
understand during pregnancy. Particularly complex is determining how, or if, the changing�
immune responses over pregnancy vis-a-vis influenza�season and vaccination schedules�
impact vaccine effectiveness and disease outcomes in pregnant women.�

A recent critique by Savitz�et al. calls into question our most basic understanding of influenza�
infection during pregnancy, with a particular critique on the quality of the evidence for a benefit�
of maternal vaccination in prevention of harm from seasonal influenza [129]. Savitz�et al.�
discuss the complications inherent in many current research practices, which serve to limit our�
understanding of the true picture of maternal influenza.�Central to this critique is the notion�
that both pregnancy and influenza�have temporal components; influenza�typically is seasonal,�
with a 2–3-month period of circulation each year. But pregnancy has trimesters, each with�
distinct fetal developmental stages along with physiological and immunological changes in�
the expectant mother. To complicate this further, the risk of adverse outcomes from influenza�
infection is not equal across all trimesters of pregnancy. Therefore, optimizing risk and benefit�
of vaccination during pregnancy is complicated and likely requires reexamination of influenza�
risk and benefit across trimesters in association with months of influenza circulation [129].�

A recent WHO review of influenza�throughout pregnancy found insufficient�data from�
comparable studies to discern which specific�weeks, months, or trimesters influenza�poses�
increased risk to pregnant women [130]. Savitz�et al. assert that “As with all time dependent�
states, pregnancies must be followed longitudinally. There needs to be a week-by-week�
consideration of the pregnancy with regard to vaccination status and circulating influenza�
viruses” [129].�

Aside from complications associated with potential differences�in virus exposure across the�
trimesters of a pregnancy, risks posed to pregnant women also may differ�according to the�
specific�strain circulating during a given season, and, likewise, the immune response to�
vaccination also could differ based on strain [131].�

Even when taking yearly strain differences�into account, variation in immune responses across�
trimesters adds yet another complicating variable. It is widely accepted that the immune�
response to influenza�vaccine in pregnant women is indistinguishable from that of nonpreg-
nant women and that gestational age appears to have no effect�on antibody response [75, 76,�
132, 133].�

http://dx.doi.org/10.5772/64368
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Findings from more recent studies suggest that we may need to entertain a more nuanced�
approach to our understanding of the maternal immune response to influenza vaccination—�
precisely because immunogenicity and seroconversion may not tell the entire story.�

In�a�2011�study,�Ohfuji�et�al.�reported�a�lower�seroprotective�antibody�response�to�pandem-
ic�A(H1N1)�vaccine�in�pregnant�women�who�had�received�prior�seasonal�influenza�vaccine�
and�suggested�that�the�potential�interference�between�pH1N1�and�seasonal�vaccination�
needed�additional�investigation�[15].�Schlaudecker�et�al.�directly�compared�immunogenici-
ty�of�inactivated�influenza�vaccine�in�pregnant�versus�nonpregnant�women�and�found�that�
pregnancy�modified�antibody�responses�to�the�vaccine�[134].�They�demonstrated�a�signifi-
cantly�decreased�postimmunization�HAI�geometric�mean�titer�and�a�nonsignificantly�de-
creased�geometric�mean�ratio�(fold�increase)�to�influenza�A�antigens�after�influenza�
vaccine,�even�though�overall�seroconversion�and�seroprotection�rates�were�comparable�be-
tween�the�two�groups�of�women.�In�a�2013�blinded�randomized�control�study,�Bischoff�et�
al.�found�that�the�immune�response�to�an�adjuvanted�pandemic�A(H1N1)�vaccine�in�preg-
nant�women�was�decreased�compared�with�nonpregnant�women�[133].�Sperling�et�al.�ex-
amined�HAI�titers�over�pregnancy�and�found�that�timing�of�vaccination�did�not�alter�
response,�although�there�was�a�trend�toward�lower�responses�during�the�first�trimester�and�
six�weeks�postpartum�[135].�

A small study of 36 women during the 2012–2014 flu�seasons suggests that T-follicular helper�
(Tfh)�cell response to vaccination was highest during the first�trimester of pregnancy. Tfh cells�
are required for the generation of high-quality antibody-producing B cells. Their expansion�
has been shown to be a predictor of response to influenza�vaccination outside of pregnancy�
suggesting that immunologic changes during pregnancy may impact vaccine response.�
Notably, there was no significant�expansion of Tfh�after vaccination during either the second�
or third trimester [136].�

In�a�study�aimed�to�determine�the�optimal�timing�for�vaccination�within�the�second�or�
third�trimesters�of�pregnancy,�Yamaguchi�et�al.�reported�that�serum�antibody�levels�in�vac-
cinated�women�depended�not�on�gestational�stage�but�on�the�amount�of�time�elapsed,�since�
vaccination�antibody�titers�decreased�with�time�[110].�This�observation�is�supported�by�oth-
er�studies�documenting�that�influenza-specific�antibodies�after�vaccination�are�typically�
short�lived�[115].�

Two separate studies of vaccine effectiveness�in nonpregnant adults during the 2011–2012�
influenza�season also suggest that vaccine effectiveness�wanes with time since vaccination�
[137, 138]. In both of these studies, vaccination effectiveness waned in people who were�
vaccinated 93 days—around 3 months—or more before presentation of symptoms. A similar�
observation was made by Fisher et al. who demonstrated a significant�linear decline over time�
in HAI titers after pH1N1 infection or vaccination (p = 0.04 for infected and p = 0.009 for�
vaccinated) [115].�

Taken�together,�these�observations�support�a�consensus�that�pregnant�women�are�capable�
of�mounting�a�robust�immune�response�to�influenza�vaccination�during�the�second�and�
third�trimester�of�pregnancy.�Experimental�evidence�during�the�first�trimester�is�less�clear,�
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due�in�part�to�a�limited�number�of�studies�on�influenza�vaccination�during�the�first�trimes-
ter.�

There is increasing evidence suggesting that—regardless of initial vaccine response—the level�
of vaccine-mediated anti-influenza-specific�antibodies decreases with time. This waning of�
antibody implies that women vaccinated during the first�trimester of pregnancy might be less 
well protected as their pregnancy progresses. It is well documented that serious influenza-
related morbidity in healthy pregnant women most often occurs during the second and third�
trimester of pregnancy. So a reasonable goal appears to be ensuring the highest possible level�
of protection during the second and third trimesters. Studies on waning immunity suggest�
that this may be precisely opposite of what occurs in women who are vaccinated early in�
pregnancy; protection wanes as risk increases.�

6.1. Timing maternal vaccination for protection of neonates�

Cross-placental transfer of immunity occurs when antibodies cross the placenta via active�
transport, particularly in the final�weeks of pregnancy. It is logical to assume that vaccine-
induced maternal antibody transmitted to the fetus will provide protection to the infant during�
the first�months of life, and several studies document increased antibody titers in infants of�
vaccinated mothers [120].�

Comparable to studies of vaccinated mothers, researchers have demonstrated that the titers of�
influenza-specific�antibodies in newborns, while not affected�by trimester of maternal vacci-
nation (within second or third trimester), do wane with time and are short lived [75]. Tsatsaris�
et al. also noted a trend toward lower cord blood antibody titer associated with longer intervals�
between maternal vaccination and delivery. A similar observation was made by Yamaguchi et�
al. who reported that transfer rate from the maternal blood to the fetal blood at time of delivery�
tended to be inversely correlated with duration of gestation postvaccination [110]. Some�
additional studies have hinted at lower cord blood titers among infants of women vaccinated�
in the first trimesters, but it is unclear if this is clinically significant [131].�

Taken together, these studies serve to highlight the complicated nature of immunity particu-
larly during pregnancy in response to vaccination and invite further virological and epide-
miological studies to confirm�and fully understand these observations and to correlate changes�
in antibody titer with clinical outcomes in both mothers and infants. As our understanding�
evolves, we may need to develop a more nuanced approach—one that takes into consideration�
the trimester of exposure to both circulating virus and vaccines—to optimize vaccine effec-
tiveness during the period of highest risk of influenza disease.�

The recommendation to vaccinate all pregnant women regardless of gestational age is�
motivated in part by operational concerns. Timing of the influenza vaccine campaigns occurs�
in the fall in temperate regions. Pregnancy, on the other hand, occurs throughout the year. Since�
pregnancy presents a period of regularly scheduled and repeat visits, a more tailored approach�
to influenza�vaccine coverage may be appropriate in order to stack the odds in favor of the�
highest level of protection for both mother and infant.�

http://dx.doi.org/10.5772/64368
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7. Conclusions�

The impact of influenza�infection on pregnant women and newborns is well documented. The�
increased risk for morbidity and mortality has resulted in the universal recommendation that�
pregnant women be vaccinated for influenza�at any stage of pregnancy [65]. Evidence to date�
suggests that influenza�vaccination during pregnancy is similarly effective as in the nonpreg-
nant population. Pregnant women mount robust immune response that correlates with clinical�
efficacy.�This immunity then is transferred to the fetus during gestation, providing clinical�
benefit�to infants less than 6 months of age. And while not a component of this review, there�
is substantial evidence that influenza�vaccines are safe during all stages of pregnancy with no�
evidence of risk of adverse pregnancy outcome linked to influenza�vaccines [3, 65, 131, 139,�
140].�

Gaps�remain�in�our�understanding�of�influenza�risk�over�all�seasons�and�trimesters,�of�ma-
ternal�immunity,�and�of�optimal�timing�of�vaccination.�To�this�end,�in�January�of�2015,�the�
Bill�and�Melinda�Gates�Foundation�held�a�meeting�of�global�stakeholders�in�the�maternal�
influenza�field.�Participants�identified�a�need�for�stronger�evidence�regarding,�among�oth-
er�issues,�the�burden�of�disease�and�maternal�immunization�efficacy�[141].�Expanding�this�
evidence�base�will�allow�for�a�deeper�understanding�of�influenza�in�this�population�and�
the�development�of�more�robust�and�efficacious�public�health�approaches�toward�this�dis-
ease.�
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Abstract�

Elderly�people�are�more�likely�than�younger�people�to�get�flu�complications�and�
respond�suboptimally�to�influenza�vaccination�because�of�the�presence�of�comorbidities�
and�immunosenescence.�In�order�to�collect�information�about�this�issue,�we�evaluated�
data�obtained�in�27�winters�of�study,�from�1988–1989�to�2014–2015,�in�frail�elderly�
institutionalized�people (≥60�years)�vaccinated�with�commercially�available�seasonal�
trivalent�inactivated�influenza�vaccines.�The�antibody�response�was�examined�
comparing�hemagglutination�inhibition�antibody�titers�in�sera�collected�from�4461�
volunteers�before�and�30�days�after�vaccination.�Examining�the�results�as�crude�mean�
responses,�we�evidenced�the�ability�of�influenza�vaccines�to�induce�significant�increases�
in�antibody�titers�against�all�the�three�vaccine�antigens�satisfying�at�least�one�of�the�
three�criteria�of�the�Committee�for�Medical�Products�for�Human�Use�(CHMP).�Higher�
responses�were�found�against�A/H3N2�vaccine�components�and,�examining�different�
subgroups,�in�volunteers�receiving�45�μg�vaccine�as�compared�with�30�μg�and�in�female�
as�compared�with�male�subjects.�Very�elderly�people�(>75�years)�gave�better�responses�
than�younger�elderly (≤75�years)�at�least�against�A/H1N1�strain�and�the�last�licensed�
potentiated�vaccines�(MF59-adjuvanted�and�intradermal)�were�more�immunogenic�
than�traditional�vaccines�(whole,�subunit,�and�split).�

Keywords: influenza�vaccination, vaccine immunogenicity, HI antibody titers, CHMP�
criteria, elderly institutionalized people�
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1. Introduction�

Influenza�virus�infections�can�affect�all�age�groups,�and�older�individuals�are�particularly�at�
risk�for�influenza�since,�despite�having�no�higher�attack�rate�than�younger�adults,�most�
influenza-related�deaths�and�severe�complications�occur�in�this�age�group.�Although�influenza�
vaccination�remains�the�mainstay�in�prevention,�nonetheless,�uncertainties�regarding�the�
effectiveness�of�the�influenza�vaccines�in�elderly�adults�are�persistent�[1,�2].�

The higher rate of flu complications and the reduced vaccine efficacy are generally attributed�
to both concomitant comorbidities and immunosenescence, i.e., the age-related weakening of�
the immune system [3, 4].�

As reported by Lambert et al. [5], the measurement of vaccine efficacy�against influenza�illness�
is a difficult�task especially in older adults. Although influenza vaccine effectiveness depends�
not only on vaccine-induced immune response but also on annual variations in influenza�
incidence, circulating strain virulence, and the quality of the vaccine-to-circulating strain�
match [6], previous studies have established that a high serum antibody level can prevent�
infection at least in children and young adults [7–9], and serological studies based on the�
evaluation of influenza-specific�antibody titers have been widely accepted and used as a�
surrogate marker for protection against influenza and vaccine efficacy.�

Chronic underlying diseases, particularly cardiac and respiratory diseases, were shown to�
negatively influence the immune response after influenza vaccination in old people [10].�

Three previous reviews on serological responses to inactivated seasonal vaccines in elderly�
people did not consider the possible role of chronic underlying illnesses, because there was�
not the possibility of controlling for the presence of serious illnesses [11] or because the elderly�
population was carefully selected to exclude any chronic diseases so that the results would�
reflect the effect of ageing on comparison with young people [12, 13].�

In comparison with community-dwelling elderly people, residents of nursing homes are�
considered to be at a higher risk of serious influenza-related�complications, because they are�
generally older, more debilitated, and more exposed to influenza�infection once the virus is�
introduced because of the close environment in which they live [14]. However, evaluating�
vaccine immunogenicity, results reported in the review of Goodwin et al. [12] and results�
previously obtained in our laboratory [15] suggested that institutionalized elderly responded�
better when compared with community-dwelling elderly.�

The aim of this chapter of the book is to examine the phenomenon of the decreased immuno-
genicity and efficacy�of influenza�vaccines in older persons from available data. We examined�
the data obtained by our research group in 27 winter seasons, from 1988–1989 to 2014–2015,�
of vaccine immunogenicity in a considerable number (4461) of elderly people (≥60 years of�
age), most of them with underlying medical conditions, vaccinated with commercially�
available seasonal trivalent inactivated influenza�vaccines. Although some of the results�
obtained in the different�winters were previously published, in the present report the results�
we obtained are cumulatively examined for the first time.�
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2. Materials and methods�

2.1. Study design and vaccination�

The volunteers initially enrolled in the prospective study of antibody response to influenza�
vaccination, conducted over a period of 27 consecutive winters, were 4461 elderly people,�
aged ≥60 years (mean age 80.5 year, range 60–106 years). Eighty-six percent of them were�
living in nursing homes in Central Italy.�

After providing informed consent, all the subjects received one dose of trivalent inactivated�
influenza�vaccine intramuscularly, in the deltoid, or intradermally. The vaccines used were�
commercially available inactivated trivalent vaccines for the winters from 1988–1989 to 2014–�
2015 produced by propagation of the virus in embryonated hens’ eggs. Each dose of vaccine�
consisted of 10 μg (from 1988–1989 to 1991–1992) or 15 μg of hemagglutinin (HA) in a 0.5 ml�
dose (for vaccines administered intramuscularly) or in a 0.1 ml dose (for vaccines administered�
intradermally) for each of the three influenza�strain antigens (A/H3N2, A/H1N1, and B�
influenza�viruses). At the time of recruitment of this study, demographic data, health status,�
and history of influenza�vaccination over the preceding year were obtained from each subject.�
Serum samples were obtained from the same subject before and 1 month after vaccination.�
Subjects were included in this study if they did not have a history of immediate hypersensi-
tivity to eggs components. Subjects suffering�from specific�illnesses or chronic condition were�
not excluded. The study was conducted according to the Declaration of Helsinki and Good�
Clinical Practices. Since vaccines were assigned by local health authorities within the annual�
influenza�campaign and sera were leftover sera from samples collected for clinical routine�
controls, the study did not need to be registered as a formal trial.�

2.2. Determination of hemagglutination-inhibiting (HI) antibody titers and measurement�
results�

HI antibody titers were determined using a standard microtiter method [16] with 0.5%�
chicken (from 1988–1989 to 1996–1997) or turkey erythrocytes (after 1996–1997). Antigens�
were prepared from the allantoic fluids�of embryonated hens’ eggs inoculated 3 days earlier�
with influenza�virus. All sera were heat-inactivated at 56°C for 30 min and treated with po-
tassium periodate and trypsin (from 1988 to 1994) or with receptor-destroying enzyme�
(RDE) of Vibrio cholerae�(after 1994) to remove nonspecific inhibitors. The first dilution for an-
tibody titration was 1:10. Pre- and postvaccination sera from each of the vaccines were fro-
zen at −30°C until used and tested simultaneously for HI antibody titers using the same�
antigens as those in the vaccine. To eliminate any subjective bias, HI titers determinations�
were carried on in a blind fashion, i.e., with the tester unaware of which treatment the donor�
had received.�

2.3. Criteria used for evaluating vaccines immunogenicity�

HI antibody titers obtained by following the procedure indicated in the previous section�
were reported as protection rate (percentage of volunteers showing HI titers ≥40, considered�
to be associated with protection from influenza�infection) [9], geometric mean titers (GMT;�
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any HI antibody titer <10 was considered equal to 5 for GMT calculation), ratio of postvacci-
nation to prevaccination GMT values (GMTR), and seroconversion rate (percentage of sub-
jects with a fourfold or greater increase in titer and with a postvaccination titer at least equal�
to 40 in seronegative volunteers). The antibody titers measured 1 month after vaccination�
were also evaluated according to the criteria of the Committee�for Medicinal Products for�
Human Use (CHMP) for approval of influenza�vaccines, which require that for individuals�
aged ≥60 years at least one of the following values must be met: seroprotection rate ≥60%,�
GMTR ≥2, or seroconversion rate ≥30% [17].�

2.4. Statistical analyses�

Statistical analyses and subanalyses considered in this work were applied to populations�
with a relatively large number of people, as a consequence both GMT and rate statistics�
were well approximated by a log normal and normal distributions, respectively. Moreover,�
since rates values were not close to 0 or 100%, thus significant�differences between mean val-
ues of the groups were analyzed by Student’s t-test. Both estimated mean values with their�
corresponding 95% confidence�intervals (CI) the p-value of the t-statistic have been reported�
in the paper. In particular, p-values <0.01 were considered highly statistically significant,�
whereas p-values <0.05 were regarded as marginally statistically significant.�Values of post-
vaccination GMT observed against different�antigens and in different�years were examined�
as such and also corrected for prevaccination status according to Beyer et al. [18] in order to�
verify that significant�differences�in the postvaccination status were independent on the pre-
vaccination HI titers. Vaccine response was evaluated also according to the dosage of vac-
cine antigens (30 and 45 μg), gender, and age (≤75 and >75). For each antigen, significant�
differences�between subpopulations means were evaluated and the corresponding statistical�
significance was indicated.�

A multiple comparison test between groups of vaccine type and between antigens was�
executed by using one-way analysis of variance (ANOVA). Paired comparison values were�
presented only when one-way ANOVA comparison identified�potentially significant�differ-
ences.�All statistical analyses were carried out using MATLAB® of MathWorks Inc. release�
2014b.�

3. Results�

3.1. Study population and demographic characteristics�

Table 1�reports the baseline characteristics of the 4461 elderly volunteers, aged ≥60 years�
(range 60–106) vaccinated with commercially available seasonal trivalent inactivated influ-
enza vaccines for each year of the 27 consecutive winters (from 1988–1989 to 2014–2015)�
studied. The number of volunteers examined each year varied from 64 to 372. The mean age�
was lower in the first�years studied (from 1988–1989 to 1998–1999) when a mixed population�
of community-dwelling and institutionalized elderly was examined (60–80 years) than in the�
other seasons when volunteers were totally recruited from nursing homes (82–86 years). The�
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majority of elderly subjects has been previously vaccinated (61–100%). Although not report-
ed in Table 1, percentage of volunteers, ≥80%, presented underlying diseases or risk factors�
for influenza�and as a consequence used chronic drugs. The most frequent chronic diseases�
were cardiovascular, respiratory diseases, and diabetes. The most frequent drugs used were�
antihypertensive/inotropic drugs and benzodiazepines.�

Type of seasonal vaccine useda�

Season� No. of� Mean age� Living� Vaccination�Whole Sub-u Split MF59�ID�Vaccine�

subjects� (range)  situationb� status prior to� dosage�

studyc�

1988–1989  282� 73 (61–93)� M� na� 232� 50� –� –� –�30 μg�

1989–1990  82� 69 (60–83)� M� 88%� –� 59� 23� –� –�30 μg�

1990–1991  372� 66 (60–87)� M� 69%� 159� 213� –� –� –�30 μg�

1991–1992  124� 69 (60–93)� M� 61%� 108� –� 16� –� –�30 μg�

1992–1993  270� nd (>60)� M� 96%� 245� 8� 17� –� –�45 μg�

1993–1994  298� 76 (60–99)� M� na� 51� –� 247� –� –�45 μg�

1994–1995  235� 78 (60–100)� M� 90%� 32� –� 203� –� –�45 μg�

1995–1996  213� 77 (60–100)� M� 90%� –� 213� –� –� –�45 μg�

1996–1997  173� 80 (60–99)� M� 96%� –� 173� –� –� –�45 μg�

1997–1998  176� na (>60)� M� 85%� 36� 140� –� –� –�45 μg�

1998–1999  116� 74 (60–102)� M� 94%� –� 110� 6� –� –�45 μg�

1999–2000  139� 83 (60–103)� I� 96%� –� 46� 78� 15� –�45 μg�

2000–2001  128� 83 (60–103)� I� 100%� –� 82� 46� –� –�45 μg�

2001–2002  96� 82 (60–104)� I� 98%� –� –� 96� –� –�45 μg�

2002–2003  107� 82 (60–105)� I� 100%� –� –� 107� –� –�45 μg�

2003–2004  125� 83 (60–101)� I� 100%� –� –� 33� 92� –�45 μg�

2004–2005  158� 82 (60–99)� I� 98%� –� –� 36� 122� –�45 μg�

2005–2006  105� 83 (60–99)� I� 100%� –� –� 40� 65� –�45 μg�

2006–2007  88� 83 (60–98)� I� 98%� –� –� 21� 67� –�45 μg�

2007–2008  66� 84 (61–102)� I� 100%� –� –� –� 66� –�45 μg�

2008–2009  114� 83 (60–103)� I� 98%� –� –� –� 114� –�45 μg�
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Type of seasonal vaccine useda�

Season� No. of� Mean age� Living� Vaccination�Whole Sub-u Split MF59�ID�Vaccine�

subjects� (range)  situationb� status prior to� dosage�

studyc�

2009–2010  64� 83 (65–98)� I� 100%� –� –� –� 64� –�45 μg�

2010–2011  112� 85 (64–101)� I� 100%� –� –� –� 112� –�45 μg�

2011–2012  151� 84 (65–102)� I� 98%� –� –� –� 103� 48�45 μg�

2012–2013  252� 85 (60–103)� I� 100%� –� –� 26� 137� 89�45 μg�

2013–2014  204� 86 (60–106)� I� 100%� –� –� –� 183� 21�45 μg�

2014–2015  211� 84 (60–104)� I� 100%� –� –� 1� 203� 7�45 μg�

Total� 4461� 85 (60–106)� 863� 1094� 996� 1343� 165�

aWhole: whole-virus vaccine; Sub-u: sub-unit vaccine; Split: split-virus vaccine; MF59: subunit MF59-adjuvanted�
vaccine; ID: Intradermal subunit vaccine.�
bI: Institutionalized elderly; M: mixed, both institutionalized and community living elderly.�
cPercent of elderly having received influenza vaccination in the previous year.�
na: not available�

Table 1. Characteristics of studied population and type of influenza vaccines in the 27 winter seasons studied (from�
1988/1989 to 2014/2015).�

3.2. Vaccines�

As reported in Table 1, different formulations such as whole, split (composed by viruses dis-
rupted, by a detergent, and containing the internal and external component of the virus),�
and subunit (composed of just the purified surface glycoproteins of the virus, i.e., hemagglu-
tinin (HA) and neuraminidase) of trivalent inactivated vaccines were used in the different�
years or in the same year. In the first�four studied years (from 1988–1989 to 1991–1992), the�
HA concentration for each strain was lower (10 μg for each antigen) as compared with the�
concentration (15 μg for each antigen) of the vaccines used in all the years after the winter�
season 1991–1992. Whole and subunit formulations were administered respectively to 863�
and 1094 volunteers in the first�13 years of the study (from 1988–1989 to 2001–2002). Nine�
hundred ninety-six elderly people were vaccinated with split vaccine in many years studied�
and, starting from the 1999–2000 season, 1343 volunteers received a subunit vaccine potenti-
ated with MF59 adjuvant. In the last period of the study, a limited number of elderly people�
was vaccinated with vaccine administered intradermally (165 volunteers from 2011–2012 to�
2014–2015). The percentages of previously influenza-vaccinated�people were high and�
ranged from 88 to 100%, not considering 3 years (1990–1991, 69%; 1991–1992, 61%, and 1993–�
1994, data not available).�

The antigenic composition of the vaccines used is reported in Figure 1�and each year was�
formulated according to the recommendations of both “Ministero della Salute (Italy)” and�
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WHO (Northern Hemisphere) for the corresponding studied winter. During the 27-year period�
covered by our study (1988–2014), the WHO recommended 15 A/H3N2, 7 A/H1N1, and 12 B�
new influenza strains for inclusion in seasonal vaccines.�

3.3. Overall response to influenza vaccination�
The ability of licensed influenza�vaccines to elicit an antibody response against vaccine anti-
gens was examined comparing HI antibody titers in blood samples collected from the 4461�
volunteers before and 1 month after vaccination with commercially available seasonal triva-
lent inactivated influenza vaccines in 27 consecutive winters (from 1988–1989 to 2014–2015).�

Figure 1. Recommended viruses for influenza vaccines by World Health Organization between 1988 and 2014.�

Vaccine component�Seroprotection� Seroconversion GMT (95% CI)� Number of reached�

(N = 4461)  rate (95% CI)� rate (95% CI)� CHMP criteria/3�

Prevacc.� Postvacc.� Prevacc.� Postvacc.�

[GMTR]�

A/H3N2� 35.1 A,B� 65.7** A,B� 30.0** A,B� 20.9 A,B� 54.6** A,B [2.6] 3/3�

(33.7–36.5) (64.3–67.1) (28.5–31.2)  (20.2–21.6) (52.5–56.8) 

A/H1N1� 23.5  52.6**� 25.1  14.2  35.3 ** [2.5]� 1/3�

(22.2–24.7) (51.1–54.1) (23.8–26.0)  (13.7–14.6) (34.0–36.7) 

B� 23.3  54.5**� 25.6  14.5  35.7 ** [2.5]� 1/3�

(22.1–24.5) (53.0–55.9) (24.3–27.1)  (14.1–14.9) (34.5–37.0) 

**: p-value < 0.01 comparing pre- and postvaccination values.�
A: p-value <0.01 comparing A/H3N2 and A/H1N1 antigens.�
B: p-value <0.01 comparing A/H3N2 and B antigens.�

Table 2. Mean values of the HI antibody responses observed in the 27-years study of the total population to the three�
influenza vaccine antigens and reachment CHMP criteria.�
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The HI antibody response after one dose of influenza vaccine was evaluated for each antigen�
(A/H1N1, A/H3N2, and B) and data obtained were processed in order to calculate, for each�
population considered in the paper, pre- and postvaccination seroprotection rate, seroconver-
sion rate, pre- and postvaccination GMT, and GMTR together to their corresponding 95%�
confidence�intervals. For each antigen, the values of these parameters referred to the overall�
population are reported in Table 2. One month after vaccination, statistically significant�
increases were found in the percentage of seroprotected volunteers and in the values of their�
corresponding GMT against all the three different�vaccine antigens. The three CHMP require-
ments were satisfied�1 month after vaccination against the A/H3N2 vaccine component,�
whereas only the requested value of GMTR was reached against the A/H1N1 and B antigens.�

Table 3�reports the results obtained examining the reachment of the CHMP criteria for each�
studied year against the three vaccine antigens. The seroprotection rate (HI titer ≥40) was�
higher than the requested 60% in 20 years against A/H3N2 (74%), 16 years against A/H1N1�
(59%), and 14 years against B antigen (52%) of the 27 years studied. Values of GMTR satisfying�
the requested value ≥2 were found in 22 (81%), 25 (93%), and 21 (78%) years against A/H3N2,�
A/H1N1, and B vaccine components, respectively. The lower positive results were found for�
seroconversion requested to be ≥30%. This value was reached in 13 years against A/H3N2�
(48%), 10 years against A/H1N1 (37%), and 8 years against B virus (30%). In some years none�
of the three CHMP criteria was satisfied,�i.e., in 3 years against A/H3N2 (11%), 2 years against�
A/H1N1 (7%), and in 7 years against the B antigen (26%). Years with responses satisfying all�
the three CHMP criteria ranged between 22% (B antigen) and 48% (A/H3N2 antigen). Because�
the use of a vaccine featuring a novel antigen might affect�the antibody response, considering�
data reported about vaccine antigenic composition in Figure 1, we identified�the presence or�
absence of a novel vaccine component in each year studied, but we could not evidence any�
obvious association between vaccine HI antibody response and the presence of a new vaccine�
component.�

Vaccine� N. of years (%) [95% CI]�

component�

Seroprotection� Seroconversion� GMTR ≥2� Reachment of�

≥60%� ≥30%� three CHMP�

criteria�

A/H3N2� 20 (74%) [55–93]� 13 (48%) [29–67]� 22 (81%) [67–96]� 13 (48%)�

A/H1N1� 16 (59%) [41–78]� 10 (37%) [18–56]� 25 (93%) [78–107]� 8 (30%)�

B� 14 (52%) [33–71]� 8 (30%) [11–48]� 21 (78%) [64–92]� 6 (22%)�

Table 3. Reachment of the CHMP criteria in the total population in the 27 years examined.�

The data reported in Table 2�evidenced differences�in the values of the HI antibody titers�
against the three different�vaccine antigens. HI antibody values against A/H3N2 antigen were�
in most instances significantly�higher before and after vaccination as compared with those�
found both against A/H1N1 and B vaccine components.�
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Since the baseline serological status is considered to be important in evaluating immunoge-
nicity of influenza�vaccines and is regarded as capable of affecting�the serological outcomes,�
in order to reduce the heterogeneity among the responses found against the three vaccine�
antigens, we examined the GMT values of the overall population correcting the postvaccina-
tion titers for the prevaccination status according to Beyer (Figure 2) [18].�

Figure 2. Postvaccination GMT values of: (a) the overall population corrected for the average prevaccination status ac-
cording to Beyer; and (b) subjects unprotected before vaccination. Comparison of antigens is also shown when differ-
ences are significant. The bars indicate the ranges of the 95% confidence limits.�

For comparison purposes, also the postvaccination GMT values of the prevaccination unpro-
tected volunteers (HI < 40) are shown in Figure 2�as indicated by the corresponding labels. The�
data reported confirmed�that the responses against the A/H3N2 antigen were higher as�
compared with those against A/H1N1 and B antigens.�

3.4. Factors associated with vaccine response�

Since different�factors may have an impact on vaccine response, we controlled for a number�
of variables for which we could obtain data. We did not consider the health status of the�
study participants, previous vaccination histories, and living situation, since a high percent-
age of the subjects had chronic underlying disease, was previously vaccinated, and was liv-
ing in a nursing home.�

3.4.1. Subanalysis according to different influenza vaccine dosages�

In Italy, as in most European countries, seasonal trivalent influenza�vaccines containing�
10 μg HA for each antigen (30 μg) has been used until 1991. From 1992 onwards European�
influenza vaccines contain 15 μg HA per strain (45 μg), according to the European Harmoni-
zation of Requirements for Influenza�Vaccines [17]. As a consequence, in the first�4 years of�
the 27-year period examined in our study, we used 30 μg and, after the winter 1991–1992, 45�
μg vaccines.�
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Since previous observations suggested that increase in influenza�vaccine dosage might be�
associated with an increase in antibody titers, at least against some of the vaccine strains [19,�
20], we compared HI immune response following vaccination with 30 or 45 μg vaccines. As�
reported in Table 1, 860 (19%) and 3601 (81%) of the 4461 elderly subjects received respectively�
a 30 or a 45 μg trivalent influenza�vaccine. Table 4�reports the results obtained studying the�
induced HI antibody response. Significant increases were observed against all the three vaccine�
antigens comparing pre- and postvaccination data against all the three different�vaccine�
antigens examining the percentages of seroprotected people and GMT values both after 30 and�
45 μg vaccine administration.�

Vaccine component� Vaccine�Seroprotection� Seroconversion  GMT (95% CI)�

dose� rate� rate (95% CI)�

(N)�

Prevacc.� Postvacc.� (95% CI)� Prevacc.� Postvacc.� CHMP criteria�
[GMTR]� satisfied�

A/H3N2� 30 μg� 14.1 A� 39.3**A� 16.9 A� 13.2 A� 26.3**A [2.0]�1/3�

(860)� (11.7–16.4)�(36.0–42.6)�(14.5–19.4)� (12.4–14.0)�(24.6–28.0)�

45 μg� 40.1� 72.0**� 32.9� 23.3� 65.1** [2.8]� 3/3�

(3601)� (38.5–41.7)�(70.5–73.5)�(31.4–34.4)� (22.4–24.3)�(62.3–68.0)�

A/H1N1� 30 μg� 10.2� 35.7**A� 20.8 A� 9.5 A� 22.5**A [2.4]�1/3�

(860)� (8.2–12.3)� (32.5–38.9)�(18.1–23.5)� (8.9–10.0)� (21.0–24.2)�

45 μg� 26.7� 56.6**� 26.1� 15.6� 39.4** [2.5]� 1/3�

(3601)� (25.2–28.1)�(55.0–58.3)�(24.6–27.6)� (15.0–16.2)�(37.7–41.1)�

B� 30 μg� 5.1� 30.0**A� 21.2 A� 8.1 A� 19.9**A [2.5]�1/3�

(860)� (3.6–6.6)� (26.7–33.1)�(18.4–24.1)� (7.7–8.5)� (18.5–21.3)�

45 μg� 27.6� 60.3**� 26.6� 16.6� 41.1** [2.5]� 2/3�

(3601)� (26.2–29.1)�(58.7–61.9)�(25.2–28.0)� (16.1–17.2)�(39.6–42.7)�

**: p-value <0.01 comparing pre- and postvaccination values.�
A: p-value <0.01 comparing response between vaccine dosages (30 and 45 μg).�

Table 4. HI antibody response in volunteers divided according to the vaccine dosage (30 or 45 μg).�

At least one of the three CHMP requirements, i.e., the value of GMTR (≥2), was always reached�
using vaccine containing 30 μg of antigen but following 45 μg vaccine administration all the�
three parameters were satisfied�against A/H3N2 antigen and two of them against the B antigen.�

Postvaccination results observed after 45 μg vaccine administration were always significantly�
higher as compared with those after 30 μg vaccine.�

However, comparing values found in the two groups of people before vaccination, we observed�
that the two groups were poorly comparable since there were differences�in the prevaccination�
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Figure 3. Postvaccination GMT values of populations divided according to the vaccine dosage (30 or 45 μg)), as indicat-
ed by legend labels. Postvaccination GMT values calculated on the overall population have been corrected for the aver-
age prevaccination status according to Beyer. For comparison purposes, post-GMT values of subjects unprotected�
before vaccination are also shown. The bars indicate the ranges of the 95% confidence limits.�

status. Volunteers vaccinated with 45 μg vaccine showed prevaccination HI titers in most�
instances significantly�higher as compared with the 30 μg volunteers. In order to have more�
homogeneous and comparable data, we examined vaccine immunogenicity both correcting�
the titers for prevaccination status of overall population [17], and considering only prevacci-
nation unprotected volunteers (HI titers < 40). As shown in Figure 3, GMT corrected for�
prevaccination status confirmed�that the increasing of the antigen dosage increments the�
response to the vaccine antigens. Postvaccination values found considering only people�
nonseroprotected before vaccination again evidenced a statistically significant higher response�
induced by 45 μg vaccine as compared with 30 μg.�

3.4.2. Subanalysis of immunogenicity within the elderly groups, i.e., younger elderly (≤75 years) and�
very elderly (>75 years)�

In a recent meta-analysis about the effect�of age on the influenza�vaccine–induced immune�
response based on studies from the past 20 years, Goodwin at al. [12] concluded that aged�
individual (>65 years) had a significantly�reduced antibody response to vaccination. The�
studied elderly were categorized into two age groups, above or below 75 years. Antibody�
responses among the very elderly (≥75 years of age) were especially impaired with serocon-
version levels at 32%, 46%, and 29% to A/H1N1, A/H3N2, and influenza�B, respectively,�
compared with 42%, 51%, and 35% observed in people aged <75 to >65 years of age [12].�
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In�order�to�have�additive�information�we�considered�the�immune�responses�found�in�volun-
teers�of�our�study�aged�≤75�or�>75�years.�The�exact�age�was�available�for�only�2712�people�
(61%)�of�the�4461�participants�and�658�(24%)�were�aged�≤75�years�and�2054�(76%)�were�
>75�years.�The�results�obtained�are�reported�in�Table�5�and�show�that�in�both�groups�the�
vaccine�administration�induced�significant�increases�in�HI�titers�evaluated�as�percentage�of�
seroprotected�people�(HI�≥�40)�and�as�GMT�values.�CHMP�criteria�were�always�satisfied�for�
GMTR�parameter (≥2)�against�all�the�three�vaccine�antigens.�All�the�three�requested�values�
were�reached�in�both�groups�against�A/H3N2�antigen�and�only�in�>75�year�group�against�A/�
H1N1�antigen.�Against�the�B�antigen,�the�requested�value�for�seroconversion (≥30%)�was�not�
reached�in�both�groups�and�the�value�for�seroprotection (≥60%)�was�satisfied�only�in�>75-
year�group.�

Vaccine component� Group�

(N)�

Seroprotection�

rate (95% CI)�

Seroconversion�

rate (95% CI)�

GMT (95% CI)�

Prevacc.� Postvacc.� Prevacc.� Postvacc.� CHMP criteria�

[GMTR]� satisfied�

A/H3N2� ≤75� 28.5 A� 60.7 **A� 31.8� 16.5 A� 46.9 **A [2.8]�3/3�

(658)� (24.1–30.9)�(28.2–35.4)�(56.9–64.4)� (15.1–17.9)�(42.5–51.7)�

Age >75�40.1� 71.4 **� 34.4� 23.5� 66.7 ** [2.8]� 3/3�

(2054)� (37.9–42.2)�(69.4–73.3)�(32.4–36.4)� (22.3–24.8)�(62.7–70.9)�

A/H1N1� ≤75� 24.6� 52.6 **A� 24.5 A� 14.2 a� 35.6 **A [2.5]�1/3�

(658)� (21.3–27.9)�(48.7–56.4)�(21.2–27.8)� (13.0–15.4)�(32.3–39.3)�

Age >75�26.9� 60.3 **� 29.8� 15.7� 42.5 ** [2.7]� 3/3�

(2054)� (25.0–28.8)�(58.2–62.4)�(27.8–31.8)� (15.0–16.5)�(40.1–44.9)�

B� ≤75� 254.6A� 54.3 **A� 26.7� 14.3 A� 36.8 **A [2.6]�1/3�

(658)� (21.3–27.9)�(50.4–58.0)�(23.4–30.0)� (13.2–15.5)�(33.4–40.5)�

Age >75�30.6� 62.8 **� 26.4� 18.0� 42.6 ** [2.4]� 2/3�

(2054)� (28.6–32.6)�(60.7–64.9)�(24.5–28.3)� (17.2–18.8)�(40.5–44.9)�

**: p-value <0.01 comparing pre- and post-vaccination values.�
A: p-value <0.01 comparing response between age groups.�
a: p-value <0.05 comparing response between age groups.�

Table 5. HI antibody response of populations divided according to the age (younger elderly, ≤75 years, and very�
elderly, >75 years).�

Comparing results obtained in the two groups, the responses observed in the oldest group�
(>75) were in most instances higher than those observed in the younger elderly (≤75). However,�
since the prevaccination status of these two groups were not fully comparable, we evaluated�
the values of GMT corrected for prevaccination status and GMT in people unprotected (HI < 40)�
before vaccination. Again the values were higher in the very elderly as compared with the�
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younger against A/H1N1 for GMT corrected and against A/H1N1 and B for the GMT unpro-
tected people (Figure 4).�

Figure 4. Postvaccination GMT values of populations divided according to the age class (younger elderly, ≤75 years,�
and very elderly, >75 years), as indicated in legend labels. Postvaccination GMT values calculated on the overall popu-
lation have been corrected for the average prevaccination status according to Beyer. For comparison purposes, post-
GMT values of subjects unprotected before vaccination are also shown. The bars indicate the ranges of the 95%�
confidence limits.�

3.4.3. Subanalysis according to responses found in females and males�

Previous data indicated that receipt of trivalent inactivated influenza�vaccines results in�
significantly�higher HI antibody titers among females than males, both in adults and elderly�
people [21].�

In our study, sex data were available for about all the people studied (4457/4461) and the�
volunteers were prevalently females (70%). We examined the vaccine immunogenicity in�
females and males and the results are reported in Table 6. Postvaccination increases found�
against all the three vaccine antigens were statistically significant�in both groups. All the three�
CHMP criteria were satisfied�against A/H3N2 antigen in female subjects, whereas only the�
GMTR requirement was satisfied�in males against A/H3N2 and both in males and females�
against A/H1N1 and B antigens. Comparison of postvaccination values evidenced statistically�
higher values in the female compared with male group. However, since differences were found�
also in the prevaccination values we compared the GMT corrected for the prevaccination status�
and examined the GMT found considering only volunteers not seroprotected before vaccina-
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tion. The female responses were again higher than those of male against all the three vaccine�
antigens (Figure 5).�

Vaccine�
components�

Group�
(N)�

Seroprotection�
rate (95% CI)�

Seroconversion�
rate (95% CI)�

GMT (95% CI)� EMA�
criteria�
satisfied�

Prevacc.� Postvacc.� Prevacc.� Postvacc.�
[GMTR]�

A/H3N2� F� 36.9 A� 68.7 **A� 32.7 A� 21.7 A� 60.0 **A [2.8]� 3/3�
(3142)� (35.2–38.5)� (67.1–70.3)� (31.0–34.4)� (20.8–22.6)� (57.3–62.9)�
M� 30.9� 58.6 **� 23.1� 19.1� 43.8 ** [2.3]� 1/3�
(1315)� (28.4–33.4)� (55.9–61.3)� (20.8–25.4)� (17.9–20.4)� (40.9–46.9)�

A/H1N1� F� 24.1� 55.3 **A� 27.7 A� 14.4� 38.0 **A [2.6]� 1/3�
(3142)� (22.6–25.6)� (53.6–57.1)� (26.2–29.2)� (13.9–15.0)� (36.3–39.8)�
M� 22.1� 46.2 **� 18.7� 13.6� 29.8 ** [2.2]� 1/3�
(1315)� (19.8–24.3)� (43.5–48.9)� (16.5–20.9)� (12.8–14.4)� (27.8–31.8)�

B� F� 24.9 A� 56.9 **A� 26.7 A� 15.2 A� 38.2 **A [2.5]� 1/3�
(3142)� (23.4–26.5)� (55.2–58.6)� (25.2–28.2)� (14.6–15.7)� (36.6–39.9)�
M� 19.3� 48.6 **� 22.7� 13.0� 30.5 ** [2.4]� 1/3�
(1315)� (17.2–21.5)� (45.8–51.3)� (20.5–25.4)� (12.3–13.7)� (28.7–32.4)�

**: p-value <0.01 comparing pre- and post-vaccination values.�
A: p-value <0.01 comparing response between M and F.�

Table 6. HI antibody response of populations divided according to gender (male: M; female: F).�

Figure 5. Postvaccination GMT values of populations divided according to gender (male: M and female: F) as indicated�
in legend labels. Postvaccination GMT values calculated on the overall population have been corrected for the average�
prevaccination status according to Beyer. For comparison purposes, post-GMT values of subjects unprotected before�
vaccination are also shown. The bars indicate the ranges of the 95% confidence limits.�
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3.4.4. Evaluation of vaccine immunogenicity in “strong responder”�

Examining the antibody response after influenza�vaccination, McElhaney et al. [22] consid-
ered as a vaccination efficiency-related�parameter the HI antibody titer ratio between day 30�
and day 0 and identified�as weak/nonresponder people with a ratio 1– < 4 and as strong res-
ponders those with a ratio ≥4, i.e., people who seroconverted after vaccination. Using the�
same parameter we decided to evaluate in the groups identified�as strong responders the in-
duction of HI antibody response evaluated as GMT values against the three vaccine anti-
gens.�

The data obtained comparing results found in people who seroconverted after vaccination are�
reported in Table 7, and in most instances confirmed the results obtained examining the overall�
population of subgroups vaccinated with vaccine containing different dosages of antigens or�
subdivided in male and female. The responses induced by a 45 μg vaccine or in female were�
in most instances statistically higher than those induced by a 30 μg vaccine or in male volun-
teers, respectively. Moreover, the immune responses evaluated in volunteers with an age ≤ or�
>75 years were similar against A/H1N1 and B antigens and higher against the A/H3N2 antigen�
in people aged >75 years as compared with response in those ≤75 years.�

Group  A/H3N2  A/H1N1  B 

N GMT post� Corrected� N GMT post� Corrected� N GMT post� Corrected�

(total)  [GMTR]� GMT� (total)  [GMTR]� GMT� (total)  [GMTR]� GMT�

(95% CI)� (95% CI)� (95% CI)� (95% CI)� (95% CI)  (95% CI) 

30 μg� 146� 84.0 A [7.6]� 82.9 A� 179� 76.8 A [10.0]�86.81A� 182� 83.8 A [9.7]� 94.1 A�

(860)� (77.2–91.5)� (74.9–91.86)�(860)� (71.4–82.7)� (80.3–93.85)�(860)� (77.9–90.1)� (86.9–101.9)�

45 μg� 1185� 164.7 [9.0]� 133.6� 940� 127.4 [9.8]� 126.1� 959� 110.2 [8.4]� 118.9�

(3601)� (155.3–174.6)�(125.–142.7)�(3601)� (120.0–135.3)�(118.5–134.1)�(3601)� (104.3–116.4)�(112.1–126.3)�

≤75� 209� 127.7 A [9.2]�112.9 A� 161� 123.0 [10.0]� 121.6� 176� 113.4 [9.1]� 122.7�

(658)� (111.4–146.4)�(99.3–128.3)�(658)� (106.1–142.6)�(104.7–141.2)�(658)� (98.6–130.4)�(105.3–143.1)�

>75� 707� 183.3 [9.2]� 146.2� 612� 127.6 [9.7]� 128.35� 543� 112.8 [8.1]� 117.3�

(2054)� (169.6–198.1)�(133.5–159.9)�(2054)� (118.7–137.2)�(119.3–138.2)�(2054)� (104.9–121.2)�(108.6–126.7)�

F� 1027� 162.1 A [8.9]�130.3 a� 872� 120.3 [9.9]� 121.6 A� 842� 113 a [8.9]� 120.9 A�

(3142)� (152.2–172.5)�(121.7–139.6)�(3142)� (113.3–127.8)�(114.4–129.3)�(3142)� (106.7–119.6)�(113.8–128.4)�

M� 304� 125.9 [8.4]� 109.4� 246� 108.4 [9.3]� 100.1� 299� 86.9 [7.8]� 93.9�

(1315)� (113.4–139.7)�(97.1–123.1)�(1315)� (96.9–121.3)�(90.6–110.4)�(1315)� (79.9–94.4)� (86.3–102.2)�

**: p-value <0.01 comparing pre- and postvaccination values.�
A: p-value <0.01; a: p-value <0.05 comparing response between different groups.�

Table 7. HI antibody response of strong responder population divided according to the vaccine dosage (30 or 45 μg),�
age class (younger elderly, μ75 years, and very elderly, >75 years), and gender (male: M; female: F).�
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3.4.5. Subanalysis according to the different types of vaccine used�

Finally, since different�vaccine formulations (whole, subunit, split, MF59-adjuvanted, and in-
tradermally administered) were used in the 27 years studied, we compared the results ob-
tained after administration of the different�types of vaccine. Chi-square and one-way�
analysis of variance (ANOVA) were used for evaluating multiple comparisons among�
groups vaccinated with the different�vaccine types. Estimates and comparison intervals are�
shown in Figure 6. Paired comparison p-values resulting from the multicomparison test are�
reported in Tables 8�only when one-way ANOVA comparison identified�potentially signifi-
cant differences.�

Figure 6. Values of CHMP parameters against the three vaccine antigens following vaccination with whole (N�= 863),�
split (N�= 996), subunit (N�= 1094), MF-59 adjuvanted (N�= 1343), and intradermally administered (N�= 165) influenza�
vaccines. The black-dashed bold line in each figure�represents the CHMP threshold value for the corresponding pa-
rameter. The bars indicate the ranges of the 95% confidence limits.�

All vaccines used induced HI antibody responses satisfying at least one (prevalently GMTR�
value ≥2) of the three CHMP criteria. The antibody response induced by whole vaccine was in�
most instances lower as compared with responses induced by the others vaccines (Table 8).�
However, as reported in Table 1, many of the volunteers vaccinated with whole vaccine in the�
first�years of the study received a vaccine with a low dose of antigen (30 μg). The responses�
induced by split and subunit vaccines against A/H3N2 and B antigens were similar; on the�
contrary against A/H1N1 antigen, the response induced by split vaccine was significantly�
lower as compared with subunit.�

The two enhanced vaccines, MF59-adjuvanted and intradermal, induced similar and higher�
responses compared with conventional vaccines against A/H3N2 antigen.�

Against A/H1N1, the response induced by MF59-adjuvanted vaccine was in most instances�
higher than conventional and intradermal vaccines.�
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Against B antigen, intradermal vaccine induced higher HI response than that induced by�
conventional and MF59-adjuvanted vaccines. In some cases the differences�were statistically�
significant.�

p-Values (when <0.05)�

Parameter� Whole� Whole� Whole� Whole� Split� Split� Split� Sub-u� Sub-u� MF59�

/sub-u� /split� /MF59� /ID� /sub-u� /MF59� /ID� /MF59� /ID� /ID�

A/H3N2 antigen�

Protection� <0.01� <0.01� <0.01� <0.01� –� <0.01� <0.01� <0.01� <0.01� –�

Conversion� –� –� <0.01� <0.01� –� <0.01� <0.01� <0.01� <0.01� –�

GMTR� <0.01� –� <0.01� <0.01� –� <0.01� <0.05� <0.01� <0.01� –�

A/H1N1 antigen�

Protection� <0.01� <0.01� <0.01� –� <0.01� <0.01� –� <0.05� <0.01� <0.01�

Conversion� –� <0.01� <0.01� –� <0.01� <0.01� –� –� –� –�

GMTR� –� <0.01� <0.01� –� <0.01� <0.01� –� –� –� –�

B antigen�

Protection� <0.01� <0.01� <0.01� <0.01� <0.01� –� –� <0.01� <0.01� –�

Conversion� <0.01� <0.01� –� <0.01� –� –� <0.05� –� –� <0.01�

GMTR� –� –� –� –� –� –� – <0.01 –� <0.01�

Whole: whole-virus vaccine; Sub-u: sub-unit vaccine; Split: split-virus vaccine; MF59: subunit MF59-adjuvanted�
vaccine; ID: Intradermal subunit vaccine.�

Table 8. Paired comparison of results obtained in volunteers divided in groups according to the type of vaccine used�
for immunization. p-values resulting from the multicomparison test are reported only when one-way ANOVA�
comparison identified potentially significant differences.�

4. Discussion�

This study describes the humoral antibody response of 4461 elderly frail institutionalized�
volunteers prevalently vaccinated in the previous year after vaccination with influenza�
inactivated trivalent vaccines commercially available for the different�years studied during a�
27-year period (from winter season 1988–1989 to 2014–2015).�

The first�data were obtained by examining the results found in the 27-year period studied as�
crude mean responses and evidenced the ability of influenza�vaccine administration to elicit�
antibody response in elderly volunteers (Table 2). One month after vaccination, significant�
increases were found against all the three vaccine antigens; however, vaccination induced�
significantly�higher HI antibody titers against A/H3N2 antigen as compared with A/H1N1 and�
B strains. The higher responses against A/H3N2 strain were substantially confirmed�consid-
ering the number of years in the 27-year period examined in which the CHMP criteria were�
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fulfilled (Table 3) or comparing GMT values after correction for baseline titers or considering�
responses in prevaccination unprotected people (Figure 2).�

In accordance with our results, higher titers after vaccination against A/H3N2 strain were�
previously found by Sasaki et al. [23] and Ohmit et al. [24], but it was not possible to discrim-
inate between the possibility that A/H3N2 antigen is more immunogenic than A/H1N1 and B�
antigens or the possibility that the higher GMT and protection rate values might depend from�
earlier contact with the A/H3N2 virus due to vaccination or natural infection. Since all the�
volunteers were previously vaccinated, the possibility of the influence�of a different�circulation�
of A/H3N2 strains is more acceptable. The A/H3N2 viruses have the highest rate of evolution�
among the three influenza�subtypes currently circulating, with antigenically distinct strains�
emerging on average 2–5 years and capable of a better�diffusion among the population [25].�

Further considerations about the results obtained derive from post hoc�analyses conducted to�
determine whether vaccine dose, age, sex, and type of vaccine might influence�the vaccine-
induced humoral immune response.�

Although the issue of increase in the antibody titers following increase in influenza�vaccine�
dosage is not completely clarified [19, 20, 26], our data found using vaccines with 30 or 45 μg�
of antigens for vaccine dose, suggested that the increase in influenza�vaccine dosage is�
generally associated with an increase in the induction of antibody titers. Significant antibody�
titers increases were observed both administering vaccines with 30 or 45 μg of antigens for�
vaccine dose against all the three vaccine antigens. However, postvaccination values following�
vaccination with 45 μg vaccine were in most instances statistically higher as compared with�
30 μg both considering mean values for the overall population (Table 4) or GMT corrected for�
prevaccination status or calculated in prevaccination unprotected volunteers (Figure 3). In�
accordance with these observations, recently (December 2009) in the United States, a high-dose�
(60 μg HA per strain) trivalent inactivated influenza vaccine was licensed for people 65 years�
of age or older. The high dose vaccine was found to improve in people aged ≥65 years both�
antibody response and protection against laboratory-confirmed influenza illness [27, 28].�

Considering vaccine immunogenicity in younger elderly (≤75 years) or in very elderly�
(>75 years), vaccine administration induced statistically significant�increases in both groups.�
Comparing the two groups, the values were in many instances slightly higher in the very�
elderly as compared with younger elderly, and in some instances the differences�were�
statistically significant.�However, the differences�persisted against A/H1N1 antigen both after�
correction for prevaccination status or calculation in unprotected volunteers before vaccina-
tion, and against B antigen only considering responses in unprotected people (Figure 4). The�
highest response of very elderly people as compared with younger elderly volunteers might�
be due to the fact that they probably represent a more selected group of elderly people capable�
of longer surviving and with a possible lower degree of age-associated alteration of the�
immune system [29].�

However, since the differences�were particularly evident against the A/H1N1 strain and are in�
accordance with previous data found in our laboratory showing in two different winter seasons�
a higher ability to give HI antibody response against A/H1N1 strains of people born between�
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1903 and 1919 as compared with volunteers born between 1920 and 1957, we cannot exclude�
the possibility that the differences�might be due to cross-reactivity generated from exposure�
to the 1918 A/H1N1 virus or related A/H1N1 strains [30].�

As far as sex could influence�the immune response against influenza�vaccines, our results�
confirmed�previous data indicating that receipt of trivalent inactivated influenza�vaccines�
results in significantly�higher HI titers among females than males, both in adults and elderly�
people [21]. Significant�rises in antibody titers were found after vaccination both in males and�
females, but the values observed in females were significantly�higher as compared with males�
(Table 6) and the differences�persisted also considering only GMT of volunteers unprotected�
before vaccination or GMT corrected for prevaccination status (Figure 5).�

Sex hormones have been considered to be the most important mediators of sex differences�and�
males with high level of testosterone have been found to have low antibody responses after�
influenza vaccination [31, 32].�

However, since our data were obtained in elderly people, i.e., after the reproductive senes-
cence, they support the hypothesis that the sex hormones are not the only mediator of sex�
differences�in humoral response to influenza�vaccination and there is the possibility that�
genetic differences�also might underlie sex-based differences�in adaptive immune response to�
viral vaccines [21, 33].�

These results (vaccine dose, age, and sex) were, at least in part, confirmed�also considering�
responses evaluated in strong responder, i.e., in volunteers showing a positive response after�
vaccination (Table 7).�

Comparison of the different�type of vaccines used in the 27-year period evidenced higher�
immunogenicity of the new “enhanced vaccines” specially licensed for elderly individuals,�
i.e., adjuvanted and intradermally administered vaccines, as compared with traditional whole,�
subunit, and split vaccines (Table 7, Figure 6) supporting previously published data [34, 35].�

Our study had several limitations. The most important are that our observations may apply�
only to frail seniors living in care facilities and that the subanalysis groups were not fully�
comparable. However, since institutionalized people represent a significant�target group for�
influenza�vaccination, it is important to analyze their response to influenza�vaccines. An�
additional limitation is the lack of data demonstrating clinical efficacy�against influenza�
infection and illness. Although there is substantial evidence that HI antibody titers represent�
a good correlate of protection from severe illness in young adults, the predictive value of these�
measurements in older adults might be variable. Although the number of volunteers and of�
winter seasons we examined was considerable and comparable to the data reported in a review,�
differently�from a review on influenza�vaccine immunogenicity, the results obtained in each�
year were considered cumulatively not taking into account of the different�characteristics of�
the vaccines used through the 27-year period. Indeed, the antigenic composition of influenza�
vaccines differ,�even considerably, from one year to another, since it is updated each year to�
match the strains circulating in the community and inactivated influenza vaccines are available�
in different�formulations (whole, split, and subunit with or without adjuvants), which are�
administered intramuscularly or intradermally. Moreover, a further aspect that should be�
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carefully considered as compared with those of a review on HI antibody titers after influenza�
vaccine administration is the HI assay itself. HI test is not standardized across laboratory and�
was found to be highly variable and sensitive to factors such as reagents, erythrocyte source,�
and virus passage history. The results reported in the present report were all obtained in the�
same laboratory, although in different�years and although, some changes were introduced in�
the HI test used during the 27-year period as reported in Section 2.�

In conclusion, our data evidenced that the use of influenza�vaccination appears to be an�
appropriate strategy to address the challenge of influenza�infections of the elderly. However,�
they underline the need of studies for new improved influenza vaccines, since, as previously�
found, the vaccine-induced HI antibody responses against the three vaccine antigens were�
different and resulted not satisfactory against A/H1N1 and B antigen, since the postvaccination�
values of seroprotected volunteers were lower than the requested 60% (Table 3).�

Moreover, they underline the necessity to expand researches and approaches to understand�
immunosenescence and its relationship to vaccine-induced immunity in order to have more�
valid vaccines. The vaccine-induced stimulation of HI antibody response following vaccination�
was found not only to be higher against one vaccine component as compared with the other�
two, but also to be influenced�by different�factors as vaccine dose, age, sex, and type of vaccine.�
It is therefore important, as suggested by Lambert et al. [5], both to understand the mechanisms�
that result in these differences�and to use such information to devise more immunogenic�
influenza vaccine candidates.�
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Abstract 

In�Russian�Federation,�27,300,000–41,200,000�acute�upper�and�lower�respiratory�
infections�are�reported�annually.�Patients�with�chronic�obstructive�pulmonary�disease�
(COPD)�are�at�higher�risk�of�severe�course,�complications,�and�lethal�outcomes�of�
influenza.�About�30%�of�COPD�exacerbations�are�due�to�viral�infections,�and�influenza�
A�and�B�viruses�are�among�the�most�common�causes.�The�aim�of�our�study�was�to�assess�
exacerbation�rate,�number�of�courses�of�antibiotic�chemotherapy,�pulmonary�function,�
and�immunological�effects�of�mono-vaccination�with�a�new�immunoadjuvant�influenza�
vaccine�vs.�combined�vaccination�against�pneumococcal�infection,�Hemophilus�type�b�
infection,�and�influenza�in�COPD�patients.�Both�complex�vaccination�against�Strepto-
coccus�pneumoniae,�Haemophilus�influenzae�type�b,�and�influenza�and�mono-
vaccination�with�a�new�immunoadjuvant�influenza�vaccine�led�to�statistically�significant�
reduction�in�the�number�of�COPD�exacerbations�and�of�antibiotic�chemotherapy�
courses.�Based�on�the�obtained�results,�widespread�implementation�of�mono-vaccina-
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tion�against�influenza�with�a�new�immunoadjuvant�influenza�vaccine,�as�well�as�
complex�vaccination�against�bacterial�respiratory�infections�and�influenza�can�be�
recommended�for�COPD�patients,�as�vaccination�is�beneficial�for�their�functional�status,�
that�is,�improves�forced�expiratory�volume�in�1�s�(FEV1)�and�6-minute�walk�test�results.�
In�our�study,�we�evaluated�immunogenicity�of�the�new�influenza�immunoadjuvant�
vaccine�administered�as�mono-vaccine�to�COPD�patients�in�accordance�with�Committee�
for�Proprietary�Medicinal�Products�(CPMP)�requirements.�

Keywords: chronic obstructive pulmonary disease (COPD), vaccination, influenza,�
clinical effects, immunological effects�

1. Introduction�

In�Russia,�27,300,000–41,200,000�acute�upper�and�lower�respiratory�infections�are�reported�
annually.�Patients�with�chronic�obstructive�pulmonary�disease�(COPD)�are�at�higher�risk�of�
severe course, complications, and lethal outcomes of influenza. Therefore, influenza prevention�
in�such�patients�is�one�of�the�most�urgent�tasks.�

About 30% of COPD exacerbations are due to viral infections, and influenza�A and B viruses�
are among the most common causes.�

The best approach to prophylaxis is provided by vaccination because it combines the advan-
tages of specificity, efficacy,�safety, and cost-effectiveness.�The GOLD guidelines (Global�
Initiative for Chronic Obstructive Lung Disease) recommend that influenza�vaccination�
preferentially with split or subunit vaccines must be integrated into treatment strategies for�
all COPD patients regardless of the disease stage. However, further studies are needed to�
evaluate the efficacy and immunogenicity of modern adjuvant influenza vaccines [1].�

It is not rarely that the risk of COPD exacerbation is associated not directly with the influenza�
virus as such, but rather with the development of bacterial superinfection, mainly caused by�
Streptococcus pneumoniae or Haemophilus influenzae type b [2–4].�

In the Russian Federation, both inactivated and live vaccines against influenza�have been�
licensed [5]. Antigenic composition of these vaccines is modified�annually to adopt current�
epidemic situation and WHO guidelines. Recently, an innovative new class of immunoadju-
vant influenza�vaccines has evolved. The use of these vaccines in COPD patients will be�
outlined below.�

According to CPMP criteria (Committee�for Proprietary Medicinal Products), a vaccine is�
considered immunogenic, if at least one of the assessments meets the indicated requirements:�

1.� Seroconversion rate (at least fourfold increase in anti-hemagglutinin antibody titre): over�
40% for individuals aging 18–60 years and over 30% among individuals above 60 years.�

2.� Seroprotection rate (number of individuals with protective titre of at least 1:40): over 70%�
for individuals aging 18–60 years and over 60% in individuals above 60 years.�
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3.� Mean titre increase after vaccination: ≥2.5 in individuals aging 18–60 years and ≥2 in�
individuals above 60 years.�

Vaccination against influenza�for COPD patients is included into the National Immunization�
Calendar of the Russian Federation.�

S. pneumoniae, H. influenzae,�M. catarrhalis, and influenza�virus are the most common causes�
of COPD infective exacerbations [6]. The standard of care for COPD patients includes vacci-
nation against influenza�and pneumococcal infection. Several serotypes of H. influenzae�are�
known, and COPD exacerbation may be caused by each of them, including H. influenzae�type�
b. Vaccine against H. influenzae�type b is now available; therefore, it is of interest to evaluate�
a combined vaccination against S. pneumoniae, H. influenzae,�and influenza�in COPD patients�
and the effects of these vaccines on exacerbation rate and pulmonary function tests.�

In adult COPD patients, the pioneer studies evaluating the therapeutic effect�of PPV23 were�
performed in 2004. Elimination of S. pneumoniae from the sputum was observed in 52.9%�
cases, that is, at a lower rate compared to children. Other findings include increased levels of�
IgG against S. pneumoniae serotypes 3, 6B, 9N, 23F; decreased total IgE, and increased Wright’s�
phagocytic index [7].�

Immunization of COPD patients with PPV23 contributed to a 2.2-fold decrease in exacerbation�
rate by 18 months; at 12 months post vaccination, the duration of acute episodes decreased 1.8-
fold compared to the control group [8].�

Though disputable, the preliminary results regarding therapeutic effects of vaccination against�
respiratory infections were thus obtained. The common controversy is whether it is possible�
to improve the respiratory function tests in COPD patients through vaccination.�

Study aim—to assess exacerbation rate, number of courses of antibiotic chemotherapy,�
pulmonary function, and immunological effects�of mono-vaccination with a new immunoad-
juvant influenza�vaccine vs. combined vaccination against pneumococcal infection, Haemo-
philus type b infection, and influenza in COPD patients.�

2. Material and methods�

The study enrolled 170 patients with grade 1, 2, 3, 4 COPD (age 30–80 years) who had signed�
informed consent according to the study protocol approved by the ethics committee�of the�
Samara State Medical University (Russian Federation) and Research Institute of Pulmonology�
(Moscow, Russian Federation). The diagnosis was determined according to GOLD guidelines�
(2012) [9].�

Patients were divided into four groups. Group I enrolled 50 patients with COPD who contin-
ued to receive basic therapy for the main disease and were vaccinated with commercially�
available vaccines against pneumococcal infection (Pneumo 23, France), H. influenzae type b�
infection (Hiberix, Belgium), and influenza�(new immunoadjuvant vaccine Grippol® plus,�
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Russian Federation). Vaccines were administered once intramuscularly into various parts of�
the body. Two patients from Group I did not complete the study per protocol (one patient died�
after a traffic�accident, and one patient died from sudden massive pulmonary embolism).�
Therefore, the data from these patients were not included into final�analysis, and it was based�
on 48 patients of Group I.�

Group II (control for patients who received complex vaccination against pneumococcal�
infection, Haemophilus type b infection, and influenza)�consisted of 80 patients with COPD�
of similar grade, who were not vaccinated and received only basic therapy.�

Group III consisted of 20 COPD patients vaccinated against influenza�with a new immunoad-
juvant vaccine. Group IV (control for patients who received mono-vaccination against�
influenza�with a new immunoadjuvant vaccine) enrolled 20 unvaccinated COPD patients.�
Groups II and IV were composed of patients who categorically rejected any vaccination,�
despite the information provided. Nevertheless, these patients gave their consent to participate�
in the study. All study patients were followed up for 1 year and subjected to function and�
immunological tests at baseline and at 12 months.�

The use of two control groups was associated with enrollment of patients in two various study�
centers. Each study center enrolled subjects either to Group I (group of complex vaccination�
and control group) or to Group III (group of mono-vaccination against influenza and control�
group). Another reason for the use of two control groups was the probability that baseline�
characteristics of the patients in Group 1 and Group 3 will not be well balanced, and their�
comparison with the total control group will be incorrect. Our study is not a direct comparison�
between the groups of complex vaccination and mono-vaccination. We just compare each of�
these groups with its own control.�

All study patients underwent a history taking (identification�of risk factors for COPD,�
complaints for cough, sputum discharge, dyspnea of any grade worsened by physical�
exercise). To verify the diagnosis of COPD, all patients were subjected to pulmonary function�
tests and broncholytic test with 400 μg of salbutamol according to the standard techniques [8].�
The study enrolled patients with Tiffeneau�index forced expiratory volume in 1 s/forced vital�
capacity (FEV1/FVC) below 70%.�

Inclusion criteria:�

•�Men and women above 30 years of age.�

•�Patients with mild/moderate/severe/extremely severe COPD.�

•�Patient’s informed consent.�

Exclusion criteria:�

•�Age below 30 years.�

•�Vaccination against pneumococcal infection within the previous 3 years.�

•�Previous vaccination against H. influenzae type b infection.�
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• Acute infectious diseases and tuberculosis.�

• Active phase of chronic virus hepatitis.�

• Mental disorders.�

• Renal or hepatic failure.�

• Malignancies.�

• Exacerbation of chronic diseases.�

• Hypersensitivity to vaccine components.�

• Severe complications of previous vaccination.�

• Pregnancy.�

• Autoimmune disorders.�

Patients were followed up by general practice physicians, pulmonologists, or allergologists-
immunologists in the outpatient context or in hospitals, if hospitalization was required. In�
cases of COPD exacerbation, if necessary, patients were hospitalized to departments of�
pulmonology.�

Patients meeting inclusion/exclusion criteria were divided into four groups. Groups II and IV�
enrolled patients who categorically rejected any vaccination. Other patients were first recruited�
to Group I to undergo complex vaccination and then to Group III to be vaccinated against�
influenza�using a new immunoadjuvant vaccine. Sample size was determined by the number�
of vaccines.�

All patients received basic bronchodilatory and anti-inflammatory�therapies in accordance�
with the disease severity and GOLD guidelines (2012). At baseline, groups were well balanced�
for age, gender, disease severity, and scope of basic therapy, which remained unchanged�
throughout the study period. Vaccination was performed at remission in the outpatient�
context, follow-up period lasted for 12 months after vaccination.�

PPV23 vaccine is a polyvalent pneumococcal vaccine manufactured by Sanofi�aventis (France).�
It contains purified�capsule S. pneumoniae polysaccharides of 23 serotypes. One dose of�
vaccine is 0.5 ml.�

Hiberix�is�a�conjugated�vaccine�to�prevent�infections�caused�by�H.�influenzae�type�b�
(GlaxoSmithKline�Biologicals�s.a.,�Belgium).�One�dose�contains�10�μg�of�purified�capsule�
polysaccharide�isolated�from�str.�H.�influenzae�type�b�conjugated�with�30�μg�of�tetanus�
toxoid.�

Grippol plus vaccine (NPO Petrovax Pharm, Russia) is a trivalent polymeric subunit immu-
noadjuvant vaccine (Petrovax, Russia) containing protective antigens isolated from purified�
influenza�type A and B viruses grown in chicken embryos. One immunization dose (0.5 ml)�
contains at least 5 μg of hemagglutinin of epidemiologically relevant influenza�subtype A�
(H1N1 and H3N2) and type B viruses, and polyoxidonium immunoadjuvant 500 μg in sodium�
phosphate buffer. Vaccine is free of preservatives.�
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Clinical efficacy�of vaccination was assessed by the number of COPD exacerbations during the�
year before vaccination and after vaccination. COPD exacerbation was defined�as increased�
dyspnea, cough, and sputum volume requiring medical advice and modification�of current�
therapy documented by primary medical records.�

Ventilation function was investigated using a Spiro S-100 spirometer (Russian Federation). The�
following parameters were measured: forced vital capacity (FVC), forced expiratory volume�
in 1 s (FEV1), and a calculated ratio of these two parameters (FEV1%/FVC), that is, modified�
Tiffeneau�test. Exercise tolerance was assessed using the 6-minute walk test (6MWT) according�
to the standard protocol.�

The levels of IgG antibodies against influenza virus strains were measured using standard HAI�
assay (hemagglutination inhibition assay) in accordance with the manufacturer’s instructions�
to the kit.�

The results were studied statistically using StatPlus 2009 Professional 5.8.4. Measures of central�
tendency and dispersion were chosen depending on the data distribution type. Continuous�
variables corresponding to normal distribution are presented as means (SD); variables�
differing�from normal distribution as medians (interquartile distance). Categorical variables�
are presented as proportions (%) and absolute values.�

The choice of statistical test depends on the data distribution type and evaluation of dispersion�
equality. The hypothesis of data distribution normality was tested (Shapiro-Wilks test). In cases�
of normal distribution of data in each sample, dispersion is to be compared between two�
distributions (Levene’s test). If both criteria are met, Student’s t test is selected, if no, its non-
parametric alternative is used (Mann-Whitney test). The same is applicable to paired tests for�
comparisons of changing variables (pairwise Student’s t test or Wilcoxon test for paired�
comparisons). Comparative analysis of categorical variables was performed using exact two-
sided Fisher’s test. Differences were statistically significant at p < 0.05 [10].�

Prospective study design allows calculating the following statistics:�

• Number of patients with exacerbations per year before and after vaccination.�

• Absolute risk (AR) of exacerbation per year before and after vaccination.�

• Relative risk (RR) of exacerbation per year before and after vaccination.�

• Reduction of absolute risk (RAR) of exacerbation after vaccination.�

• Reduction of relative risk (RRR) of exacerbation after vaccination.�

• Chance of exacerbation.�

• Odds ratio (OR) for exacerbation after vaccination compared to no vaccination.�

• Number of patients needed to treat to prevent one additional bad outcome (NNTp).�

About 95% CI of the difference�of absolute risks (AR): the results are statistically significant, if�
95% CI will not contain 0.�
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About 95% CI of the relative risk (RR): the results are statistically significant,�if 95% CI will not�
contain 1.�

About 95% CI for the odds ratio (OR): the results are statistically significant,�if 95% CI will not�
contain 1.�

3. Results and discussion�

3.1. Clinical effects of vaccination in COPD patients�

The clinical effects�of vaccination (exacerbation rate) in COPD patients are characterized by�
groups in Table 1.�

Table 1. Number of exacerbations (calculated statistics) in COPD patients per year before and after vaccination.�
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Both complex and mono-vaccination resulted in a statistically significant�reduction of the�
number of COPD exacerbations. The risk of COPD exacerbation was reduced by 54% after�
complex vaccination vs. 30% after mono-vaccination (p > 0.05 for all comparisons).�

Table 2. Number of courses of antibiotic chemotherapy (calculated statistics) in COPD patients per year before and�
after vaccination in the groups considered.�

As compared to unvaccinated patients, complex vaccination reduced the risk of COPD�
exacerbation by 59 vs. 38% reduction after mono-vaccination vs. increase by 6% in unvacci-
nated patients.�

In the group of complex vaccination against pneumococcal, Haemophilus type b infection, and�
influenza,�the chance of COPD exacerbation was 5% of that in unvaccinated patients (p < 0.05).�
In the group of mono-vaccination, the chance of COPD exacerbation was 25% of that without�
vaccination (p > 0.05).�

Table 2�presents characteristics of the clinical effect�of vaccination (i.e., number of courses of�
antibiotic chemotherapy) in different groups of COPD patients.�

Both complex and mono-vaccination led to statistically significant�reduction in the number of�
antibacterial chemotherapy courses.�
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The risk of antibiotic chemotherapy was reduced by 54% in the group of complex vaccination�
against pneumococcal, Hemophilus type b infection, and influenza�vs. 30% in the group of�
mono-vaccination (p > 0.05 for all comparisons).�

As compared to no vaccination, complex vaccination reduced the risk of antibiotic chemo-
therapy in patients with COPD by 64%, whereas mono-vaccination reduced it by 35%.�

In the group of complex vaccination against pneumococcal, Hemophilus type b infection, and�
influenza,�the chance of antibiotic chemotherapy was 8% of that in unvaccinated patients (p <�
0.05). In the group of mono-vaccination, the chance of antibiotic chemotherapy was 21% of that�
in unvaccinated (p < 0.05).�

3.2. The effect of vaccination on the pulmonary function tests in COPD patients�

In COPD patients from Groups I and II, FVC changes did not undergo any statistically�
significant�changes over 12 months (Table 3). In Group I (patients vaccinated against pneu-
mococcal, Hemophilus type b infection, and influenza),�forced expiratory volume in 1 s (FEV1)�
increased to 57.4% (2.0%) at 12 months vs. 53.9% (2.7%) at baseline (p < 0.05). In unvaccinated�
patients (Group II), these parameters remained unchanged: 54.1% (1.9%) at baseline vs. 50.4%�
(2.8%) at 12 months (p > 0.05), indicating that the rate of FEV1 decrease was lower in vaccinated�
COPD patients (Group I). Detailed characteristics of FEV1 changes in Groups I and II depend-
ing on the disease severity are given in Table 4, and Table 5�outlines the same for Tiffeneau�
index.�

COPD grade� At baseline� At 12 months�

Abs., ml� %� Abs., ml� %�

1 (n = 3/n = 24)� 3611 (466)� 100.7 (3)� 3724 (489)� 104 (0.4)�

3608 (206)� 97.8 (3.2)� 3572 (176)� 95.6 (2.9)�

2 (n = 23/n = 25)� 2943 (180)� 78.9 (3.3)� 2867 (169)� 79.3 (3.3)�

2936 (173)� 77.9 (4.1)� 2918 (167)� 76.9 (3.5)�

3 (n = 18/n = 25)� 2301 (129)� 55.2 (2.8)� 2173 (208)� 53.3 (3.5)�

2311 (128)� 55.2 (2.7)� 2086 (96.2)� 51.2 (2.6)�

4 (n = 4/n = 6)� 1854 (116)� 46.6 (5.6)� 2158 (119)&� 55.8 (3.8)&�

1845 (129)� 45.2 (5.1)� 1778 (106)� 43.3 (2.2)�

Total (n = 48/n = 80)� 2653 (119)� 68.7 (2.9)� 2602 (131)� 68.3 (2.9)�

2648 (122)� 67.9 (2.5)� 2562 (131)� 64.8 (2.2)�

Data are presented as means (standard deviation).�
Group I patients in the numerator, Group II patients in the denominator.�
& p < 0.05—differences between Groups I and II (Student’s test).�

Table 3. FVC changes in COPD patients from Groups I and II over 12 months.�
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COPD grade� At baseline� At 12 months�

Abs., ml� %� Abs., ml� %�

1 (n = 3/n = 24)� 2412 (236)     86.7 (1.6)     2597 (337)     90.5 (1.1)&&�

2399 (205)� 85.8 (2.0)� 2384 (136)� 85.4 (1.2)�

2 (n = 23/n = 25)� 1954 (112)� 66.1 (2.1)� 1985 (109)� 69.9 (2.6)&�

1959 (110)� 66.4 (2.7)� 1916 (102)� 62.9 (1.4)�

3 (n = 18/n = 25)� 1274 (65.1)� 39.1 (1.4)� 1314 (101)� 42.0 (2.2)�

1280 (69.3)� 40.0 (1.3)� 1204 (76.3)� 37.2 (1.6)�

4 (n = 4/n = 6)� 876 (106.5)� 26.9 (1.4)� 951 (106.5)� 28.6 (2.7)�

883 (115.5)� 27.9 (1.2)� 826 (97.2)� 25.9 (1.0)�

Total (n = 48/n = 80)       1638 (86.6)� 53.9 (2.7)� 1685 (95.4)� 57.4 (2.0)&�

1642 (92.5)� 54.1 (1.9)� 1574 (94.4)� 50.4 (2.8)�

Data are presented as means (standard deviation).�
Group I patients in the numerator, Group II patients in the denominator.�
& p < 0.05; && p < 0.01—differences between Groups I and II (Student’s test).�

Table 4. FEV1 changes in COPD patients from Groups I and II over 12 months.�

COPD grade� At baseline� At 12 months�

%� %�

1 (n = 3/n = 24)� 67.27 (1.95)� 69.8 (0.1)�

66.34 (2.18)� 68.4 (0.89)�

2 (n = 23/n = 25)� 67.14 (2.04)� 69.9 (2.29)&�

66.85 (1.95)� 64.24 (1.58)�

3 (n = 18/n = 25)� 56.68 (2.59)� 62.39 (2.61)�

55.43 (2.12)� 58.4 (2.53)�

4 (n = 4/n = 6)� 47.85 (6.69)� 44.2 (4.95)�

47.38 (5.12)� 45.84 (2.53)�

Total (n = 48/n = 80)� 61.62 (1.73)� 64.93 (1.94)&�

60.98 (1.85)� 59.13 (2.15)�

Data are presented as means (standard deviation).�
Group I patients in the numerator, Group II patients in the denominator.�
& p < 0.05—differences between Groups I and II (Student’s test).�

Table 5. Tiffeneau index changes in COPD patients from Groups I and II over 12 months.�

One year post vaccination, vaccinated COPD patients (Group I) showed 6MWT results that�
were 75.2% (2.8%) of the desired values vs. 60.4% (2.3%) in Group II patients (p < 0.001). Detail�
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characteristics of the dynamics of the 6-minute walk test depending on the disease severity are�
given in Table 6.�

COPD grade� At baseline� At 12 months�

Abs., m� %� Abs., m� %�

1 (n = 3/n = 24)� 440 (49.0)� 86.1 (8.6)� 450 (54.5)� 92.8 (4.3)�

434 (52.8)� 84.7 (9.1)� 429 (41.2)� 83.5 (4.2)�

2 (n = 23/n = 25)� 355 (13.1)� 71.8 (2.4)� 401 (15.8)*,&&&� 81.2 (3.1)*, &&&�

351 (10.2)� 70.9 (2.6)� 324 (8.7)#� 64.1 (1.2)#�

3 (n = 18/n = 25)� 314 (21.1)� 64.0 (3.8)� 338 (26.4)� 69.7 (4.3)&�

319 (20.3)� 64.1 (3.6)� 296 (17.1)� 59.4 (1.7)�

4 (n = 4/n = 6)� 230 (45.2)� 47.4 (13)� 266 (37.3)� 54 (12.3)�

235 (40.3)� 48.6 (10.3)� 213 (10.5)� 44.2 (2.3)�

Total (n = 48/n = 80)� 335 (12.6)� 67.8 (2.4)� 369 (14.5)&&&� 75.2 (2.8)*, &&&�

332 (18.4)� 66.3 (2.6)� 305 (10.5)� 60.4 (2.3)�

Data are presented as means (standard deviation).�
Group I patients in the numerator, Group II patients in the denominator.�
* p ˂ 0.05 vs. baseline values in Group I (Student’s test).�
# p < 0.05 vs. baseline values in Group II (Student’s test).�
& p ˂ 0.05; &&& p < 0.001—differences between Groups I and II (Student’s test).�

Table 6. Dynamics of 6MWT in COPD patients from Groups I and II over 12 months.�

Detailed characteristics of spirometry data in COPD patients from Groups III and IV are pre-
sented in Table 7.�

Parameter� Vaccinated against influenza (Group III, n = 20)� Unvaccinated (Group IV, n = 20)�

At baseline� At 12 months� At baseline� At 12 months�

FVC  Abs.�1.62 (0.18)� 1.71 (0.13)� 2.05 (0.12)� 1.88 (0.16)

 %� 37.69 (3.61)� 42 (2.74)� 47.06 (2.9)� 41.94 (3.05)�

FEV1  Abs.�1.13 (0.13)� 1.17 (0.08)� 1.48 (0.1)� 1.38 (0.11)

 %� 33.65 (3.43)� 35.76 (2.16)� 42.25 (2.76)� 40.83 (3.46)�

FEV1/FVC  %� 52.7 (3.42)� 46.46 (3.2)&� 55.8 (2.18)� 57.9 (2.66)�

Data are presented as means (standard deviation).�
& p < 0.05—differences between Groups III and IV at 12 months (Student’s test).�

Table 7. Spirometry values in COPD patients vaccinated against influenza (Group III) and in unvaccinated control�
patients (Group IV).�
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The analysis of the 6-minute walk test results showed a trend to distance increase by 13 m�
(+3.7%) 1 year after mono-vaccination (p > 0.05, Student’s test).�

Thus, the study demonstrated statistically significant�increase in FEV1 [57.4% (2.0%)] at�
12 months after complex vaccination when compared to unvaccinated COPD patients [50.4%�
(2.8%)]. This FEV1 increase was 3.5%, that is, not statistically significant�vs. baseline value,�
although the positive trend was observed.�

The group of mono-vaccination against influenza also demonstrated the positive trend of FEV1�
increase, but the increase was only 2.11%, which is less than 3.5% in the group of complex�
vaccination.�

In the group of complex vaccination, patients demonstrated significantly�improved 6MWT�
results at 12 months vs. baseline distance. In Group I, the increase was 7.4% (+34 m), that is,�
statistically significant�(p < 0.05). In patients vaccinated against influenza,�6MWT increase�
approached trend levels of significance.�

3.3. Immunological effect of vaccination in patients with COPD�

Previously, we have reported the dynamics of specific�antibodies against influenza�virus in�
COPD patients after complex vaccination against S. pneumoniae, H. influenzae�type b, and�
influenza [11].�

Combined vaccination against pneumococcal, H. influenzae�type b and influenza�is accom-
panied by production of antibodies to these infections, which persist during 1 year (observation�
period), regardless of disease severity. In patients with stage 4 COPD, the level of antibodies�
to influenza�virus (strains A/H1N1, A/H3N2 and B) in post-vaccination period was lower than�
in patients with stages 1, 2, and 3. Probably, these patients should be vaccinated against�
influenza�twice. Despite the fact that patients with COPD had lower levels of post-vaccination�
antibodies than control, they demonstrated apparent clinical effect�throughout 12 months,�
which was recorded as reduction of both exacerbation number and the need in antibacterial�
medications. Combined vaccination against bacterial and viral infections contributes to the�
achievement of antibody levels leading to the development of significant�clinical effect�in�
patients with COPD.�

Table 8�demonstrates lists immunogenicity parameter of the new immunoadjuvant vaccine�
against influenza after mono vaccination of COPD patients.�

No statistically significant�differences�in immunogenicity were found between COPD patients�
and healthy participants vaccinated only against influenza,�the latter, however, demonstrated�
a trend toward higher immune response to vaccination.�

In the comparative analysis of COPD patients, in whom antibodies to all three influenza virus�
strains were detected at arbitrarily protective titres (≥1:40) at 6 months after vaccination, and�
patients, in whom, despite vaccination, antibody titres were <1:40, COPD patients at risk of�
low response to vaccination were identified.�These patients had a long history of COPD with�
frequent respiratory infections and COPD exacerbations requiring hospitalization and�
systemic glucocorticosteroids or antibiotic chemotherapy.�
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Vaccine� Seroconversion, %� Seroprotection, %� Mean geometric antibody titre (N ≥ 40)�

strains� (N ≥ 40%)� (N ≥ 70%)�

6 months� 12 months� 6 months�12 months�At baseline� 6 months� 12 months�

A/H1N1/� 60 ± 16� 40 ± 16� 58 ± 14� 67 ± 14� 20 (log2� 30.64 (log2� 33.64^p(log2�

Brisbane/� 4.32 ± 0.36)� 4.94 ± 0.38)� 5.07 ± 0.28)�

59/07 

A/H3N2/� 70 ± 15� 50 ± 16� 75 ± 13� 83.3 ± 11� 24.75 (log2� 71.91 (log2� 59.93 (log2�

Uruguay/� 4.63 ± 0.63)� 6.17 ± 0.62)� 5.91 ± 0.38)�

716/2007�

B/Florida/� 30 [15; 45]� 10 [1; 20]� 100 ± 0� 100 ± 0� 46.94 (log2� 84.38 (log2� 59.9 (log2�

4/2006� 5.55 ± 0.30)� 6.4 ± 0.33)� 5.91 ± 0.38)�

Marked values meet CPMP requirements.�

Table 8. Immunogenicity parameters of the new immunoadjuvant vaccine against influenza after mono-vaccination of�
COPD patients (n = 15).�

4. Conclusions�

During post-vaccination period, treating physicians and patients as well focus their attention�
on the main disease course. The clinical course of the disease may be characterized by number�
of COPD exacerbations and the need for antibiotic chemotherapy. Both complex vaccination�
against S. pneumoniae, H. influenzae�type b, and influenza�and mono-vaccination with a new�
immunoadjuvant influenza�vaccine led to statistically significant�reduction in the number of�
COPD exacerbations and of antibiotic chemotherapy courses.�

Our study had some limitations, that is, its pilot character, absence of randomization and�
blinding, and small sample size. As follows from the study results, complex vaccination of�
COPD patients against bacterial and viral respiratory infections have more expressed�
beneficial�effects�on their functional status when compared to mono-vaccination against�
influenza.�Further well-designed multicenter clinical studies devoid of these limitations are�
needed to refine�the hypothesis. Nevertheless, based on the obtained results, widespread�
implementation of mono-vaccination against influenza with a new immunoadjuvant influenza�
vaccine, as well as complex vaccination against bacterial respiratory infections and influenza�
can be recommended for COPD patients, as vaccination is beneficial�for their functional status,�
that is, improves FEV1 and 6-minute walk test results.�

Mono-vaccination of COPD patients using immunoadjuvant vaccines of a new class as well as�
combined vaccination against S. pneumoniae, H. influenzae, and influenza is associated with�
protective antibody titres. In our study, we evaluated immunogenicity of the new influenza�
immunoadjuvant vaccine administered as mono-vaccine to COPD patients in accordance with�
CPMP requirements. Immune response to vaccine strains of influenza�virus was more intense�
and durable in initially seropositive patients compared to seronegative.�
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Combined vaccination against pneumococcal, H. influenzae�type b and influenza�is accom-
panied by production of antibodies to these infections. In patients with stage 4, COPD the level�
of antibodies to influenza�virus (strains A/H1N1, A/H3N2 and B) in post-vaccination period�
was lower than in patients with stages 1, 2, and 3. Probably, these patients should be vaccinated�
against influenza�twice. Combined vaccination against bacterial and viral infections contrib-
utes to the achievement of antibody levels leading to the development of significant�clinical�
effect in patients with COPD.�

Influenza�prophylaxis in COPD patients implies annual influenza�vaccination of all individ-
uals having no contraindications regardless of the disease severity. Influenza�vaccine prophy-
laxis must be included into patient’s care plan and into the list of recommendations given by�
a pulmonologist at an outpatient visit or at discharge from hospital. If possible, simultaneous�
vaccination against S. pneumoniae, H. influenzae�type b, and influenza�is recommended as�
early as possible before the season of respiratory infections starts. Combined vaccination�
against respiratory infections has more significant�effects�on clinical characteristics and�
functional status of COPD patients and promotes production of specific�antibodies not only�
against vaccine strains of influenza�virus but also against S. pneumoniae and H. influenzae�
antigens contained in the corresponding vaccines.�
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Edited by Manal Mohammad Baddour 

Te World Health Organization (WHO) estimates that 3–5 million cases of severe 
infuenza worldwide will result in 250,000–500,000 deaths annually. Collectively, data 
are shared via the WHO’s Global Infuenza Surveillance and Response System (GISRS), 
which includes 143 institutions in 113 WHO member states, to help alert the emergence 

of antigenic variants or the beginning of a pandemic. In April 2009, the Centers for 
Disease Control and Prevention (CDC) cited the frst incidence of human-to-human 

transmission of pandemic H1N1, also referred to as swine infuenza A, which was 
antigenically distinct from other circulating human H1N1. As the frst infuenza 

pandemic of the twenty-frst century, pandemic H1N1 was not included in the annual 
trivalent vaccine regimen, leaving a large majority of the population unprotected from 

the newly emerging pathogen. 
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