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Preface

Influenza is a perpetual economic burden causing significant morbidity and mortality rate
in humans. Globally, the reported cases of seasonal influenza viruses rise up to 3–5 million
during epidemics with estimated death toll of 290,000–650,000 per year. Comorbidity condi‐
tion (such as diabetes and heart or liver disease) and immunocompromised condition of the
patients are predominant causes of mortality associated with influenza virus. Transmission
of influenza virus occurs by direct or indirect contact, inhaling virus-infected droplets or the
small droplet nuclei, exposure to diseased poultry, intake of raw or undercooked poultry, or
transplacental transmission. Influenza viruses enter humans through the respiratory tract by
oral or nasal route, and then they cross the mucous layer surrounding the respiratory epi‐
thelium. The host defense mechanism gets activated to prohibit the spread of the virus. In‐
nate and adaptive immune responses collectively play an important role in clearance of
influenza virus from the host. A comprehensive understanding at the molecular and genetic
level of the avian and swine influenza virus will strengthen us in understanding their mech‐
anism of reassortment and transmission in humans. Several antivirals are given for the treat‐
ment of influenza virus infection such as adamantanes, oseltamivir, and zanamivir targeted
toward viral proteins. The complementary and alternative medicine provides an additional
support to the antivirals for its treatment. The development of the vaccine should consider
several strategies such as epidemiological data of the previous pandemic influenza viruses,
presence of viruses in nature, and viruses responsible for infecting human population. The
current influenza vaccines available are live attenuated influenza vaccines (LAIV), inactivat‐
ed influenza vaccine (IIV), recombinant subunit DNA, and vectored virus vaccine. There are
some limitations associated with influenza virus vaccines suggesting circulating virus, and
the vaccine virus should be of same strains to give a high efficacy, or else the vaccine might
provide a false sense of security. Other preventive methods to control influenza are proper
hand washing, the use of masks, covering the mouth during coughing and sneezing, avoid‐
ing physical contacts with influenza-infected individuals, wearing gloves while working
with infected poultry or swine, and intake of effective antiviral medications. Awareness re‐
garding the prevention and control methods of influenza should be widely spread.

This book covers a collection of articles by brilliant researchers who have devoted their time
to combat influenza. This book gives a comprehensive overview of recent advances in influ‐
enza, as well as general concepts of molecular biology of influenza infections, epidemiology,
immunopathology, prevention, and current clinical recommendations in management of in‐
fluenza, including preparation of vaccines, assessment of the safety and quality of influenza
vaccines and adjuvants highlighting the ongoing issues and recent advances, with future
directions in prevention and therapeutic strategies. The book focuses on various aspects and
properties of influenza, whose deep understanding is very important for safeguarding hu‐
man race from more loss of resources and economies due to pathogens.
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1. Introduction

Influenza virus is a perpetual economic burden that causes a significant morbidity and mor-
tality rate in humans. Globally, the reported cases of seasonal influenza viruses (SIVs) rise up 
to 3–5 million during epidemics with an estimated death toll of 290,000–650,000 per year [1]. 
The Global Influenza Surveillance and Response System (GISRS), a surveillance system of the 
World Health Organization (WHO), analyses the incidences of avian and zoonotic influenza 
virus to accurately estimate the severity of the disease. As of March 5–18, 2018, GISRS-WHO 
has reported 46.8% cases of influenza A virus (where 64% were influenza A(H1N1)pdm09 
cases and 36% were infected with H3N2) and 53.2% of influenza B virus (where 91% were 
B-Yamagata strain and 9% were B-Victoria) [2]. The co-morbidity condition (such as diabetes, 
heart or liver disease) or the immuno-compromised condition of patients is the predominant 
cause of mortality associated with influenza virus.

Influenza virus belongs to the Orthomyxoviridae family and is categorized as influenza A virus 
(IAV), influenza B virus (IBV), and influenza C virus (ICV). The genome of influenza virus is 
segmented with 8 negative-sense single-stranded viral RNA (vRNA) strands which code for 
11 proteins in cases of IAV and IAB, whereas IAC has seven vRNA segments that code for 
nine proteins. These segments are named after their main proteins such as segment 1-PB2 
(polymerase basic 2), segment 2-PB1 (polymerase basic 1), segment 3-PA (polymerase acid), 
segment 4-HA (hemagglutinin), segment 5-NP (nucleoprotein), segment 6-NA (neuramini-
dase), segment 7-M (matrix), and segment 8-NS (non-structural) [3]. Influenza vRNA has 
heterotrimeric RNA-dependent RNA polymerase (RdRp) at the 5′ and 3′ end of the segment 

© 2018 The Author(s). Licensee IntechOpen. 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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and the internal part of vRNA is bound with several nucleoproteins (NP) forming viral 
ribonucleoprotein complexes (vRNP) [4]. Hemagglutinin (HA) and neuraminidase (NA) are 
envelope glycoproteins responsible for the antigenic variation and the generation of different 
strains of influenza virus. HAs are of 16 subtypes (H1–H16) and NA has nine subtypes (N1-
N9) [5]. As a result of the antigenic drift, SIVs are generated due to several point mutations 
in the HA and NA genes caused by RdRp [6]. Thus, the antibodies generated during primary 
infection with the influenza virus are unable to neutralize the drifted strains of SIVs, leading 
to epidemics or pandemics. Considerable numbers of individuals are always at risk of getting 
infected with influenza viruses, thus creating a state of alertness. In addition to SIVs, there are 
several pandemic viruses generated due to the antigenic shift, where the newly drifted strains 
of viruses have the ability to cross species barriers, as a result of the re-assortment of a viral 
genome with other influenza viruses (human or non-human).

2. Transmission

The natural reservoirs of IAV are duck and waterfowl allowing direct virus transmission 
to other avian hosts as well as in others via crossing species barrier such as in humans, 

Figure 1. Transmission cycle of IAV: The triangle in the figure describes the most important transmission cycle of IAV, 
where the virus is directly transmitted from the natural host, duck to avian, and further transmitted to the human, or the 
virus is transmitted from duck to human by inter-species transmission or via pig where pig acts as an intermediate host 
between the duck and the human. The other low pathogenic hosts of IAV are cat, horse, dog, ferret, seal, and whale. The 
subtypes of IAVs responsible for causing influenza in their host are also mentioned.
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cats, pigs, horses, ferrets, seals, and whales (Figure 1). Avian IAV such as H5N1 and 
H9N2 are known to cause bird flu, whereas H1N1 and H3N2 are responsible for swine 
flu. IAVs are also categorized as seasonal and pandemic based on genetic variation and 
the severity of influenza disease; IAV transmission occurs by direct or indirect contact, 
inhaling virus-infected droplets or small droplet nuclei, being exposed to diseased poul-
try, feeding raw or undercooked poultry, transplacental transmission, or drinking water 
contaminated by viruses [7]. The serological evidence validated that human-to-human 
transmission of influenza viruses is inefficient; however, in some rare cases human-to-
human transmission was observed during an outbreak of the highly pathogenic avian 
influenza viruses (HPAI) of H5N1 [8]. Influenza virus enters the human body through 
the respiratory tract and its incubation period is 1–7 days. The common symptoms associ-
ated with influenza are respiratory distress, fever, headache, cold, abdominal pain and 
joint pain [9]. With the progression of the disease, other symptoms observed are bloody 
sputum and pneumonia that further cause respiratory failure leading to acute respira-
tory distress syndrome (ARDS) [10]. IAV-infected patients can be diagnosed by reverse 
transcription-polymerase chain reaction (RT-PCR), viral culture, and the high levels of 
HA antigen- specific neutralizing antibodies.

3. Life cycle of influenza A virus

The IAV enters in the host cell by binding with surface receptors possessing sialic acid 
moiety. Viruses are internalized by endocytosis and the uncoating of the virus by matrix 
protein 2, an ion channel. The vRNA is released in the cytoplasm and is imported to the 
nucleus where vRNA is transcribed and replicated by using its polymerase [11]. Thus, 
these steps lead to the synthesis of a positive sense complementary RNA (cRNA) and viral 
messenger RNA (vmRNA) with 5’cap and 3′ poly (A) tail. The influenza virus polymerase 
does not exhibit capping activity at the 5’end; hence, they have to depend on host-capped 
mRNAs where they capture its 5’cap, a process known as cap snatching [12]. The viral 
m-RNA is translated in the cytoplasm after being exported from the nucleus and viral pro-
teins, and nucleoproteins are synthesized by cellular ribosomes. Translated viral proteins 
re-enter the nucleus and bind to the vRNAs to generate viral ribonucleoproteins (vRNPs). 
Following nuclear export, progeny vRNPs and viral proteins are assembled to form virions 
which later egress from the host cell.

4. Pandemics and outbreaks of human influenza A virus

The prominent IAVs causing pandemics and outbreaks in various parts of the world are 
shown in the Figures 2 and 3, respectively. The 1918 spread of human influenza A(H1N1) 
virus has caused death of approximately 40–50 million people worldwide. This virus had 
again emerged in 2009 and caused a death toll of 4100 people. The clinical presentations were 
similar to the earlier strain that led to a less severe response. The twenty-first-century influ-
enza viruses that cause infections in humans are briefly discussed below.
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4. Pandemics and outbreaks of human influenza A virus

The prominent IAVs causing pandemics and outbreaks in various parts of the world are 
shown in the Figures 2 and 3, respectively. The 1918 spread of human influenza A(H1N1) 
virus has caused death of approximately 40–50 million people worldwide. This virus had 
again emerged in 2009 and caused a death toll of 4100 people. The clinical presentations were 
similar to the earlier strain that led to a less severe response. The twenty-first-century influ-
enza viruses that cause infections in humans are briefly discussed below.
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4.1. Influenza A(H5N1) virus

The first outbreak of human infection due to influenza A(H5N1) virus occurred in Hong Kong 
in 1997 with 18 cases and 6 deaths, following its re-emergence in regions of Southeast Asia 
during 2003, where 392 individuals were infected and 247 fatal outcomes were reported [13]. 

Figure 2. The pandemics of influenza A viruses. Noted influenza A virus pandemics are shown in the figure till 2018.

Figure 3. Recent outbreaks of influenza A virus in humans. The prominent influenza A viruses of twenty-first century 
causing most number of cases are shown in the picture.
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This HPAI H5N1 virus further infected humans as well as migratory birds. The reported 
mortality rate was ~60% of the infected human population [14] and ~6000 deaths of migratory 
birds have been reported in Western China [15, 16].

4.2. Influenza A(H1N1)pdm09 virus

The first human infection from pandemic influenza A(H1N1)2009 virus was reported in 
Mexico and the United States in March 2009, and later it was transmitted globally [17]. The 
number of cases reported worldwide to the WHO in the period from March to September 
2009 was 340,000 with 4100 deaths. In India, influenza A(H1N1)2009 was the pandemic, with 
10,036 laboratory-reported cases and 308 deaths. The susceptible age groups infected were 
children of age less than 5 years and adults of more than 65 years, while pregnant women 
were at high risk of infection [18].

4.3. Influenza A(H7N9) virus

A highly pathogenic novel strain of IAV is H7N9, first reported in China in 2013. The Chinese 
Center for Disease Control and Prevention (China CDC) has actively investigated the first 82 
patients infected with influenza A(H7N9) in the provinces of China [19] where the number 
of reported cases was 131 with 32 deaths. Based on the weekly report on April 20, 2017, the 
WHO has identified 1393 laboratory-observed cases of H7N9 virus with 534 deaths. Further, 
the WHO has assessed that within 2 months of the H7N9 outbreak, the number of cases were 
as many as of H5N1 in 10 years and till date cases of H7N9 are reported [20].

5. Immunobiology

Influenza viruses enter in humans through the respiratory tract by the oral or nasal route 
and the first barrier for the virus is to cross the mucous layer surrounding the respiratory 
epithelium. Then, through the mucous layer, influenza virus has to attach and internalize 
these epithelial cells to cause infection. The host defense mechanism is activated to prohibit 
the spread of the virus. Thus, the pattern recognition receptors (PRRs) detect the pathogen-
associated molecular patterns (PAMPs) of the infectious viral agents and activate the host’s 
innate immune system by the secretion of type-I interferons, pro-inflammatory cytokines 
and chemokines [21]. Respiratory tract cells such as macrophages, dendritic cells (DCs), 
pneumocytes and plasmacytoid DCs (pDCs) actively participate in production of type-I 
interferons that stimulates a pool of genes called interferon-stimulated genes (ISGs) (men-
tioned in Table 1) which enhance the antiviral activity of host defense system [22, 23]. These 
PRRs include the toll-like receptors such as TLR3 that recognizes the viral dsRNA present 
in infected cells; TLR7 and TLR8 detect viral ssRNA present in endosomes of infected cells; 
retinoic acid-inducible gene I (RIG-I) recognizes the virus present in the cytosol of infected 
cells [24]. The human respiratory epithelial cells constitutively express TLR3 that induces 
the generation of pro-inflammatory cytokines on the detection of influenza virus that stimu-
lates the infiltration of leukocytes and CD8+ T cells restricting virus replication [25]. These 
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pro-inflammatory cytokines cause local inflammation and fever that activate the adaptive 
immune response against influenza virus. Chemokines instruct downstream immune cells 
by recruiting neutrophils, monocytes and natural killer (NK) cells to the respiratory tract. 
NK cells target and eliminate the virus-infected epithelial cells initiating viral clearance 
[26]. Monocytes and neutrophils participate in the removal of dead cells infected with virus. 
Alveolar macrophages cause the phagocytic clearance of infected cells, a crucial step for virus 
clearance [27]. The innate and adaptive immune system works hand in hand for the clearance 
of the influenza virus from the host system.

6. Antiviral therapeutics

Numerous antiviral drugs inhibiting influenza viruses are available. The most targeted sites 
for restricting influenza viruses are matrix protein 2 and NA, inhibited by antivirals such as 
adamantanes (amantadine and rimantadine), oseltamivir, and zanamivir [28]. The adaman-
tanes interfere with viral uncoating and had shown toxic effects that lead to the generation of 
adamantanes-resistant strains of the influenza virus. Furthermore, the budding off progeny 
virions from host cells is impeded by the neuraminidase inhibitors that caused only one round 
of replication, hence preventing the spread of infection. Influenza viruses such as influenza 
A(H3N2) and A(H1N1)pdm09 were observed to be resistant for adamantanes; therefore, for 
the clinical treatment of influenza virus A, adamantanes are not recommended. However, 
IAV and influenza B virus are susceptible to oseltamivir and zanamivir [29]. The other poten-
tial targeted sites are viral entry, HA, pH-dependent endosomal fusion, nucleoproteins and 
polymerase proteins of influenza viruses. HA1 and HA2 play key roles in the invasion of 
the influenza virus in target host cells. HA1 binds with the sialic acid receptors while HA2 

Interferon-stimulated genes (ISGs) Intracellular location Mode of action

Cholesterol 25-hydroxylase (CH25H) Cytosol Inhibits fusion of virus with host cell 
membrane

2ʹ-5ʹ-Oligoadenylate synthase (OAS) 
and RNase L

Cytosol Stimulates cleavage of viral RNA

Protein kinase R (PKR) Cytosol Inhibits translation and activates 
downstream NF-κB pathway

ISG15 Cytosol Ubiquitin-like protein that targets newly 
translated viral proteins for modification

Tripartite motif-containing protein 22 
(TRIM22)

Nucleus Binds with nucleocapsid for proteasomal 
degradation

MX1 Nucleus Inhibits viral transcription in nucleus

IFITM3 and other IFN-inducible 
transmembrane (IFITM) proteins

Endosomes Inhibits viral attachment, fusion and 
endocytosis

Viperin Lipid droplets and the cytosolic 
face of the endoplasmic reticulum

Inhibits egression of virus by blocking 
formation of the lipid raft

Table 1. Role of pertinent interferon-stimulated genes (ISG) in controlling influenza virus infection (adapted from Ref. [4]).
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contributes in the fusion and internalization by endocytosis. Furthermore, a novel antiviral 
N-stearoyllipopeptide of C18-ARLPR inhibits the viral replication of influenza A/Puerto 
Rico/8/34 (H1N1) and A/Aichi/2/68 (H3N2) effectively with low toxicity [30]. This peptide 
adequately binds to the sialic acid-binding site of HA1 subunit due to its structural similarity.

7. Complementary and alternative medicine (CAM)

The National Centre for Complementary and Integrative Health-National Institute of Health 
(NCCIH-NIH), the United States, describes complementary and alternative medicine (CAM) as a 
collection of varied medicinal practices, natural products, and health-care systems, different from 
conventional medicine [31]. CAMs treat the disease effectively with fewer side effects and low 
toxicity [32]. Several plant products are globally applied for the treatment of influenza, though 
the mechanism of their action is still unknown. The extracts of plants are prepared at very high 
dilution and are given in small doses. The interaction of active components of plant extracts 
and viral proteins of the influenza virus is further explored for discovering a potent organic 
antiviral against a pandemic virus such as H1N1. Some of the reported natural compounds for 
the treatment of human influenza are baicalin, tinosporon, allicin, curcumin, ursolic acid, car-
vacrol, ajoene, methanol, andrographolide, coumarin, theaflavin, and eugenol [33]. In in silico 
study, these natural compounds blocked H1N1 NA effectively with significant values of bind-
ing energies. Several traditional plants such as Trachyspermum ammi, Ocimum sanctum, Zingiber 
officinalis, Allium sativum, Curcuma longa, Tinospora cordifolia, and Mentha piperita are potential 
antiviral agents against H1N1 swine flu. Another plant-based antiviral agent, ginseng (Panax 
quinquefolium), has triterpenes and saponins that are the potent inhibitors of influenza A(H1N1)
pdm09 [34]. The CAM therapies for the treatment of influenza virus also include influenzinum 
that induces cytokine release from macrophages and furthermore activates the innate immune 
response [3]. In a study, IAV H3N2-infected MDCK cells were treated with influenzinum and it 
was observed that there was no cytotoxic effect due to influenzinum, yet the morphology of cells 
were altered [35].

8. Prevention and control

The transmission of influenza virus between humans and other hosts like avian and swine was 
reported to be possible and significantly caused pandemics in various countries [36]. The viruses 
responsible for infecting humans are HPAI or low-pathogenicity avian influenza (LPAI) viruses. 
Owing to the enormous ability of re-assortment (due to shift and drift) in influenza viruses, abso-
lute prediction of the responsible subtype(s) for the next pandemic infection is impractical. Thus, 
a vaccine which can effectively target a broad range of influenza viruses is required for the protec-
tion of the human host. The development of the vaccine should be dependent on several strategies 
such as epidemiological data of the previous pandemic influenza viruses, the presence of viruses 
in nature, and viruses responsible for infecting human population. The current influenza vaccines 
are live-attenuated influenza vaccines (LAIV), influenza-inactivated vaccine (IIV), recombinant 
subunit, DNA and vectored virus vaccine [37]. According to Centers for Disease Control and 
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Prevention (CDCs), the United States, available vaccines are of two types—trivalent and quadri-
valent flu vaccines. Trivalent influenza vaccine protects against influenza A(H1N1) and A(H3N2) 
as well as influenza B virus. The standard-dose trivalent flu shots are IIV 3, given to individuals 
between 18 and 64 years. The CDC has not recommended using LAIV as the vaccines for the year 
2017–2018 due to its low effectiveness found during 2013–2017. There are some limitations asso-
ciated with influenza virus vaccines suggesting that the circulating virus and the vaccine virus 
should be of same strains to give a high efficacy or else the vaccine might provide a false sense 
of security. The early influenza vaccination of individuals at a high risk might prevent influenza 
from becoming a pandemic. The Advisory Committee on Immunization Practices (ACIP) has 
recommended to primarily providing vaccination to children, pregnant women, individuals of 
age more than 65 years, and to people suffering from chronic ailments [38]. The other effective 
methods to control influenza are properly washing hands, use of masks, and covering mouth 
during coughing and sneezing, avoiding physical contacts with influenza-infected individuals, 
wearing gloves while working with infected poultry or swine, and the intake of effective antiviral 
medications.

9. Conclusions and future perspectives

Several factors play a pivotal role in preventing influenza virus infection such as increasing 
antigenic and genetic variants of influenza virus subtypes, the ability to cross the species bar-
rier, antiviral drug resistance, incapability in predicting the upcoming pandemic virus, the 
low probability of correctly matching the circulating and vaccine viruses, and the high cost 
of vaccination. Thus, a robust surveillance system that monitors the human influenza viruses 
will provide the candidate virus vaccine (CVV) as an adequate strategy required for prepar-
ing the pandemics. Apart from this, a comprehensive understanding at the molecular and 
genetic level of the avian and swine influenza virus will strengthen us in understanding their 
mechanism of re-assortment and transmission in humans. The veterinary vaccines designed 
for avian and swine population should be examined to evaluate their efficacy on the avian 
and swine influenza viruses. Furthermore, there is a crucial requirement of the universal vac-
cine that can target both seasonal and pandemic influenza viruses. Awareness regarding the 
prevention and control methods of influenza should be widely spread.
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Abstract

The chapter is based upon the own experience of scientific school the author belongs in 
comparison with the published data. Special attention is paid to three types of cellular 
changes related to viral replication, immediate causes of death, extrapulmonary lesions, 
and peculiarities of lesions in experimental mice model. Different courses of the disease 
and morphologic appearance during different epidemics are analyzed as well.
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1. Introduction

Influenza A and influenza B can present along a broad spectrum of disease, ranging from sub-
clinical to severe generalized infection leading to numerous lethal outcomes causing pandemia 
and epidemics or developing as sporadic cases [1]. Particular attention of clinicians, physicians, 
virologists, and molecular biologists, as well as public media, is devoted to the lesions of respi-
ratory organs during the epidemics with most severe course of the disease. Only in clinical 
practice such cases usually are officially registered as influenza. Pathological studies are much 
less in number and usually devoted only to changes in the trachea and lungs in single cases or 
small series of autopsy observations. In majority of manuals, pathology in influenza is charac-
terized as vascular disorders or viral pneumonia [2, 3]. No typical changes related to virus rep-
lication are discussed. The data related to histopathological changes in extrapulmonary lesions 
are very scarce in spite of widely accepted fact that influenza negatively influences upon the 
course of myocardial infarction and other forms of ischemic heart disease. It has been consid-
ered for a long time that the most severe illness with possible lethal outcomes usually develops 
in infants and elderly persons due to decreased immune reactions. In 2009–2011 during the 
epidemics caused by H1N1 virus (so-called swine strain) all over the world, the most of lethal 
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outcomes occurred in middle-age patients with the signs of metabolic syndrome, but this fact 
has not been explained in the literature [4–9]. The fact that influenza has more severe course 
in pregnant women has been described by many authors [10], but its pathogenesis remains 
unclear. In the literature, one cannot find special analysis of immediate death causes related to 
different periods of time, virus strains, and age of the deceased.

In Saint Petersburg/Leningrad (Russia, former Soviet Union), pathology of influenza has 
been studied by Zinserling (Tsinzerling) (1923–1995), his collaborators, and pupils since the 
end of 60th. The most of numerous publications of that time were in Russia, partly sum-
marized in monographs and manuals [11], but he succeeded to make several contributions 
in the world literature as well [12, 13]. The most significant data received at that time was 
demonstration of typical cell changes, called by him “influenza cells.” Cytoplasm enlarged 
being at early stages of the disease basophilic, later on parallel with virus disappearance 
pale stained and showing signs of degeneration. Intracytoplasmic fuchsinophilic inclu-
sions were considered as very typical, although not specific, for influenza, representing 
the necrotic foci surrounded by the membrane. Appearing as small dots in the perinuclear 
zones, they grew in size and were transferred at the periphery being expelled afterward. 
Such transformations were observed in ciliated epithelial cells of the trachea and bron-
chi, alveolocytes, and lung macrophages. As exception such inclusions were noted also in 
smears from meninges and placenta. In infants and small children basing upon clinical, 
virological data and immunofluorescent microscopy, generalized infection was proven in 
many cases with development of brain, liver, kidney, intestine, and adrenal lesions partly 
with appearance of “influenza cells.” In adults the majority of lethal cases were explained 
by bacterial, at that time usually staphylococcal, superinfection leading to destructive 
pneumonias. Mucous layer in the larynx, trachea and bronchi was swollen with mixed infil-
tration and desquamation of epithelium. Viral antigen could also be detected in capillary 
endothelium. Described changes were found in all cases of influenza due to viruses H3N2 
and B, regardless of its clinical manifestation. In cases with expressed clinical symptoms, 
lung edemas and plethora of vessels with hemorrhagic foci were observed. Neutrophilic 
infiltration was considered as a hallmark of bacterial superinfection. Indeed, in majority of 
cases of focal pneumonias, viral-bacterial associations have been found. Bacterial pneumo-
nia can be both community and hospital acquired.

Later on the progress of clinical and preventive medicine resulted in critical decrease of lethal out-
comes due to influenza. Situation changed with appearance of the new “swine” strain of virus. 
Our new experience was partly summarized in Russian [14, 15] and international press [16].

Pathomorphological features and disease severity depend on patient general state and sus-
ceptibility, as well as the virus type in question. The so-called H1N1 avian influenza virus 
is considered to be the most dangerous virus, causing generalized infection with more than 
50% lethality. Seasonal H3N2 and H1N1 influenza viruses that have been circulating in 
recent years tend to cause primarily localized respiratory infection, although extrapulmonary 
lesions may occur in severe cases. New H1N1 influenza virus also causes mainly localized 
infection, but in most autopsies, signs of generalization can be found. Also, it should be noted 
that bacterial coinfections are relatively rare.

Influenza - Therapeutics and Challenges18

Diagnosis is based upon the epidemiological, clinical, and virological data. At the autopsy 
enlarged slightly firmed reddish lungs were very typical (Figure 1), while in histological 
examination, the changes of the infected cells becoming enlarged intensively stained cyto-
plasm were very informative. In other respiratory infections, either cytoproliferative changes 
(respiratory-syncytial and parainfluenza) or intranuclear basophilic inclusion (adenoviral 
and respiratory herpes) is notified.

Our experience based upon about thousand observations in the period 1977–2017 allows us to 
make several not widely known statements:

1. Clinical course of influenza may differ, and sometimes, usually in intraepidemic periods, 
the disease may manifest with moderate symptoms usual for all acute respiratory infec-
tions of different viral etiologies (rhinitis, cough, etc.).

2. Our data allow to confirm the existence of previously described in experiment chronic 
forms of influenza without distinct clinical symptoms, being able to be activated in unfa-
vorable for the patient situation, superinfection by other pathogens first of all. Persistence 
of viral antigens in lung macrophages without signs of inflammation has been proven in 
our study with the help of immunohistochemistry (Figure 2). One can submit that this 
phenomenon has to be studied specially and can be considered in relation to survival of 
“not actual” viral strains. Once, we had the opportunity to detect such strain in plexus 
choroideus of 4.5 month girl.

3. It is widely accepted and properly investigated that all types and antigenic variants of influ-
enza virus have tropism to ciliated epithelial cells of the trachea and bronchi of different ca-
libers. In single publications it has been demonstrated that alveolocytes, lung macrophages, 
and endothelial cells can be considered as targets for virus as well (Figure 3). In accordance 
with our experience, virus-exposed cells are submitted to typical transformation which can 
differ due to properties of virus strain. During the infection caused by virus with short rep-
licative period (H3N2 as example), one can observe during the first 3 days of the infection 
of the cells with the enlarged slightly basophilic cytoplasm (“influenza cells” of Zinserling) 
(Figure 4). Such changes were explained by active viral replication. Later on (5th–7th day 

Figure 1. Macroscopic view of the lung of a deceased patient from influenza A H1N1 California pdm “swine”.
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tration and desquamation of epithelium. Viral antigen could also be detected in capillary 
endothelium. Described changes were found in all cases of influenza due to viruses H3N2 
and B, regardless of its clinical manifestation. In cases with expressed clinical symptoms, 
lung edemas and plethora of vessels with hemorrhagic foci were observed. Neutrophilic 
infiltration was considered as a hallmark of bacterial superinfection. Indeed, in majority of 
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Our new experience was partly summarized in Russian [14, 15] and international press [16].
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ceptibility, as well as the virus type in question. The so-called H1N1 avian influenza virus 
is considered to be the most dangerous virus, causing generalized infection with more than 
50% lethality. Seasonal H3N2 and H1N1 influenza viruses that have been circulating in 
recent years tend to cause primarily localized respiratory infection, although extrapulmonary 
lesions may occur in severe cases. New H1N1 influenza virus also causes mainly localized 
infection, but in most autopsies, signs of generalization can be found. Also, it should be noted 
that bacterial coinfections are relatively rare.
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Diagnosis is based upon the epidemiological, clinical, and virological data. At the autopsy 
enlarged slightly firmed reddish lungs were very typical (Figure 1), while in histological 
examination, the changes of the infected cells becoming enlarged intensively stained cyto-
plasm were very informative. In other respiratory infections, either cytoproliferative changes 
(respiratory-syncytial and parainfluenza) or intranuclear basophilic inclusion (adenoviral 
and respiratory herpes) is notified.

Our experience based upon about thousand observations in the period 1977–2017 allows us to 
make several not widely known statements:

1. Clinical course of influenza may differ, and sometimes, usually in intraepidemic periods, 
the disease may manifest with moderate symptoms usual for all acute respiratory infec-
tions of different viral etiologies (rhinitis, cough, etc.).

2. Our data allow to confirm the existence of previously described in experiment chronic 
forms of influenza without distinct clinical symptoms, being able to be activated in unfa-
vorable for the patient situation, superinfection by other pathogens first of all. Persistence 
of viral antigens in lung macrophages without signs of inflammation has been proven in 
our study with the help of immunohistochemistry (Figure 2). One can submit that this 
phenomenon has to be studied specially and can be considered in relation to survival of 
“not actual” viral strains. Once, we had the opportunity to detect such strain in plexus 
choroideus of 4.5 month girl.

3. It is widely accepted and properly investigated that all types and antigenic variants of influ-
enza virus have tropism to ciliated epithelial cells of the trachea and bronchi of different ca-
libers. In single publications it has been demonstrated that alveolocytes, lung macrophages, 
and endothelial cells can be considered as targets for virus as well (Figure 3). In accordance 
with our experience, virus-exposed cells are submitted to typical transformation which can 
differ due to properties of virus strain. During the infection caused by virus with short rep-
licative period (H3N2 as example), one can observe during the first 3 days of the infection 
of the cells with the enlarged slightly basophilic cytoplasm (“influenza cells” of Zinserling) 
(Figure 4). Such changes were explained by active viral replication. Later on (5th–7th day 

Figure 1. Macroscopic view of the lung of a deceased patient from influenza A H1N1 California pdm “swine”.
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of the disease), the cells are desquamated and undergo necrotic changes, which are hall-
marked by cytoplasm becoming pale with indistinct cell borders. In the infection due to 
strains with prolonged virus replication in lungs (H1N1 California first of all), one can as-
sume that virus-cell interactions undergo important modifications and the infected cells in-
stead of dying express proliferative changes. In our experience they can become binucleated 
(Figure 5), considerably enlarged (Figure 6), multinucleated (Figure 7), or even undergo 
squamous cell metaplasia (Figure 8). Comparison between two types of cell changes due 
to influenza virus is presented in Table 1. From Table 1 it is evident that recently described 
influenza cells of the two types typical for influenza H1N1 California are larger (p ≤ 0,05) 
than influenza cells described and studied by Zinserling and are distinguished from them 
also by larger nucleus-cytoplasm index (p ≤ 0,05). It is evident that the fine mechanisms of 
such only recently described phenomenon need further study.

4. In many lethal cases due to influenza, we deal with mixed infection. The most evident 
variant of its development is bacterial superinfection in the course of influenza leading to 

Figure 2. Antigen of influenza A virus nucleoprotein in cytoplasm of interstitial alveolar macrophages without any 
inflammatory changes in a patient without signs of respiratory infection (IHC, ×400).

Figure 3. Immunohistochemical detection of influenza virus HA in lungs in lethal H1N1 influenza (×1000): TM, alveolar 
macrophage; Э, endothelium; A, alveolocyte.
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Figure 4. Lungs in lethal H1N1 influenza: the first type of virus-affected (“influenza”) cells with prominent hyperemia 
and dystelectasis (H&E, ×400).

Figure 5. Lungs in lethal H1N1 influenza: the second type of virus-affected (“influenza”) cells (H&E, ×600).

Figure 6. Enlarged alveolar macrophages (H&E, ×600).
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defect of defense mechanisms of respiratory tract due to desquamation of ciliated cells. 
Later on viral-bacterial pneumonia develops playing an important role in clinical manifes-
tations and tanatogenesis in lethal cases. Bacterial pneumonias are focal, usually confluent, 
frequently with signs of tissue destruction. The etiology of such bacterial superinfection can 
differ, in certain periods of time with prevalence of staphylococci, but in majority of cases 
stays undetermined either clinically or at the autopsy. Interestingly that during the lethal 
outcomes in 2009–2011 with the leading role in pathogenesis of diffuse alveolar damage 
(DAD), the expression of neutrophilic infiltration usually explained by bacterial component 

Figure 8. Squamous cell metaplasia (H&E, ×600).

Influenza cells (first type) Influenza cells (second type)

Square (relative unit) 14,273.6 ± 1099.8 19,715.3 ± 1436.4

Nucleus-cytoplasm index 0.274 ± 0.014 0.347 ± 0.016

Table 1. Square and nucleus-cytoplasm index in influenza cells of the first and second type (n = 50; p < 0.05).

Figure 7. Giant multinuclear cells (H&E, ×600).
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was rather modest. Certainly, this fact can partly be explained as a result of the efficacy of 
antibiotic treatment, but the same tendency was noted also in the patient without it.

Another case demonstrates practically not discussed in the literature variant of develop-
ment of mixed infection is activation due to influenza virus influence of another preexist-
ing, but not manifestating infection. One of our observations allows to suspect such pos-
sibility with high probability.

Case report of lethal influenza A/H1N1/California

One of the studied cases is of particular interest. We succeeded to provide more detailed in-
vestigation using immunohistochemical detection of Chlamydia spp., Adenovirus, influenza 
H1N1, Herpes simplex type 1 and type 2 (HSV1/HSV2), cytomegalovirus (CMV), Epstein–
Barr virus (EBV), RSV, enterovirus, parvovirus, Mycoplasma pneumoniae, as well as electron 
microscopy. The latter was performed as follows: samples were fixated in glutaraldehyde 
4 hours after death and then treated with osmium oxide, and uranyl acetate was used for 
contrast enhancement. Dehydration and embedding were performed using conventional 
techniques. Sections were analyzed on electron microscope JEM-100S.

A 31-year-old male patient IV with obesity got ill acutely, with fever up to 39°C. Three 
days later he was hospitalized to the intensive care unit with severe respiratory insuf-
ficiency. Intubation and, later on, tracheostomy were performed. The clinical diagnosis of 
“swine influenza” was supported by RT-PCR and serology (increase of the antibody level 
from 0 to 640). In spite of intensive treatment including antibiotics and antiviral drugs, the 
patient died on the 35th day of the illness.

Macroscopic changes. At the autopsy remarkable changes were found only in the lungs: ne-
crotic posttracheostomic tracheitis, large abscesses in the lower lobes of the lungs in the 
stage of organization, and bilateral fibrinous pleuritis. The rest of the lung tissue was dark 
red and firm.

Microscopic changes. During the histological examination in the lungs, changes typical for 
rather old abscesses and late stages of respiratory distress syndrome were noted (Figure 9). 
The changes that we consider to be typical for influenza (virus-induced transformation of 
epithelial cells) were expressed only in the moderate number of the cells. We notified numer-
ous intra-alveolar macrophages, partly with vacuolated cytoplasm (Figure 10), and PAS-
positive inclusions. Some cells had slightly enlarged hyperchromic nuclei. Similar changes 
were noted in other organs as well.

Postmortem laboratory investigation. Postmortem RT-PCR of lung and spleen specimens 
for influenza A/H1N1sw was negative. During the bacteriological investigation of lung 
specimens, cultures of E. coli, nonpathogenic Corynebacterium, Enterococcus, S. viridans, 
and S. epidermidis were isolated.

Immunohistochemical investigation. In lungs strong positive reactions with serum against 
Chlamydia spp. (Figure 11), moderate against Adenovirus (Figure 12), and weak against 
influenza H1N1 were obtained. The reactions with sera against HSV1/2, CMV, EBV, RS, 
enterovirus, and parvoviruses, as well as Mycoplasma pneumoniae, were negative.
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red and firm.
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epithelial cells) were expressed only in the moderate number of the cells. We notified numer-
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were noted in other organs as well.

Postmortem laboratory investigation. Postmortem RT-PCR of lung and spleen specimens 
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Figure 11. Lungs of the same patient, IHC with serum against Chlamydia spp. (×400).

Figure 9. Lungs of a patient IV deceased from H1N1 influenza at low-power magnification, signs of moderate DAD 
(H&E, ×100).

Figure 10. Lungs of the same patient, prevalence of macrophages in the exudate (H&E, ×640).
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Electron microscopy. During the electron microscopic investigation of lungs, we succeeded 
to evaluate numerous elementary and reticular bodies of Chlamydia (Figure 13), in the 
brain only reticular bodies, predominantly in the cytoplasm of endothelial cells. In their 
nuclei several PML nuclear bodies (small intranucleolar inclusions containing promyelo-
cytic leukemia protein) were found (Figure 14).

Conclusion. Death of a young previously healthy man occurred on the 35th day of illness 
clinically regarded as influenza with bacterial superinfection. The results of postmortem 
morphological and laboratory investigation proved that clinically diagnosed infections 
were expressed rather weakly but provoked the activation and severe course of respiratory 
chlamydiosis (with probable generalization) and adenoviral infection.

5. Practically, all authors from all over the world describing the lethal outcomes due to epi-
demic strain of influenza A virus underline the development of DAD syndrome with res-
piratory insufficiency resistant to treatment. During the postmortem morphological inves-
tigation macroscopically, firm reddish lungs vaguely resembling red congestion seen in 

Figure 12. Lung lymph node of the same patient, IHC with serum against adenovirus (×640).

Figure 13. Lungs of the same patient, elementary (double arrow) and reticular (single arrow) bodies of Chlamydia 
detected by electron microscopy (scale 1 μm).
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lobar pneumonia are noted. But microscopic picture is quite different: lungs are plethoric; 
lumen alveoli contain serous exudate (but practically no neutrophils), occasionally eryth-
rocytes; and the most typical and important were hyaline membranes (Figure 15). Micro-
thrombosis of arterioles and venules was noted as well (Figure 16). Such changes were not 
typical for lethal outcomes due to former virus types. We can assume that such changes 
could be explained by cytokine overproduction by damaged macrophages, but such hy-
pothesis needs to be proven by proper methods.

6. Extrapulmonary manifestations with involvement of the brain, meninges, heart (Figure 17), 
vessels, kidneys, liver, and intestine in severe influenza occur rather regularly. Partly, they can 
be explained by vascular disorders due to not fully clarified “toxic influences,” but tropism 
of certain influenza strains to the brain, intestine, endothelium, and placenta has been either 
proven or at least suspected. There is also evidence of intrauterine influenza, although usually 
without severe clinical manifestations. The role of influenza virus in development of malfor-
mations has been discussed for a long time but still remains doubtful. The question which 

Figure 15. Hyaline membranes in the lung of a patient deceased from influenza a H1N1 swine (H&E, ×600).

Figure 14. Brain of the same patient, reticular bodies in the cytoplasm and PML inclusion (insertion on the right) in 
endothelial cell detected by electron microscopy. N, nucleus; Er, erythrocyte (scale 2 μm).
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needs further studies is the fact that the antigen of influenza virus is detected outside the res-
piratory system with the help of IHC or immunofluorescence more frequently than by virus 
cultivation. The hypothesis of probable appearance of incomplete viral particles or tis-mutants 
needs to be investigated on clinical material.

7. Immediate death causes in influenza may be quite different. Basing upon our long-term 
experience, we can distinguish (1) severe respiratory insufficiency due to respiratory dis-
tress syndrome, (2) generalized viral infection, (3) secondary bacterial pneumonia, and (4) 
aggravation of severe somatic diseases. Many aspects of pathogenesis need complex study. 
It is obvious that such division has extreme clinical importance; unfortunately, we never 
found similar analysis in the literature.

In experiment the following groups were studied: (1) mice intranasal challenged with influ-
enza viruses A/California/07/09 (H1N1) and A/WSN (H1N1) in saline solution in doses 1 and 
10 LD50, and (2) control mice got only saline or were considered as negative control. Virus 
titer was determined by standard methods.

Figure 16. Microthrombosis of the arteriole in the lung of a patient deceased from influenza a H1N1 swine (H&E, ×400).

Figure 17. Nuclear protein of influenza a virus in the heart (IHC ×400).
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Replication of influenza viruses of both types was maximal on the third day after challenge 
(California 6.20 ± 0.18; WSN 6.10 ± 0.26) with its gradual decrease on the 7th and 14th day. One 
has to note that on the 14th day the medium index of replication influenza California virus 
(1.30 ± 0.30) was more than twice as high as those of A/WSN 0.60 ± 0.22).

The cells of bronchial epithelium, alveolocytes, alveolar macrophages, and endotheliocytes 
contained viral antigen and underwent changes similar to those described on human autopsy 
material but expressed moderately (Figure 18). Lesions comparable with “diffuse alveolar 
damage” in men were absent.

Thus, we can resume that the disease caused by different strains of influenza A virus has 
substantial peculiarities. Histopathological changes are rather typical and allow at least to 
suspect the etiology of infection, which has to be confirmed by virological methods, RT-PCR 
nowadays first of all. Lethal outcomes may be related to (1) severe respiratory insufficiency 
due to respiratory distress syndrome, (2) generalized viral infection, (3) secondary bacterial 
pneumonia, and (4) aggravation of somatic diseases, ischemic heart disease first of all. Many 
questions of influenza pathogenesis need to be clarified in complex studies on clinical and 
experimental material including morphological methods. Among the most important studies 
which have to be provided, we can mention (1) the exact virus-cell interactions in the tar-
get cells and mechanism of cytoproliferative changes; (2) interactions of influenza with other 
viruses, bacteria, mycoplasma and fungi; (3) the nature of extrapulmonary lesions; and (4) the 
difference in histopathological picture due to the same virus type in different species.
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Abstract

The public health risk of influenza at the human-animal interface is dicey, due in part to 
continuous evolution of the virus. Influenza virus consist of 7 genera of which only influ-
enza A is at present zoonotic, where subtypes H5, H7 and H9 of avian origin and subtype 
H1 and H3 of swine origin are important. The most devastating influenza pandemic in 
history was suspected to have emerged from avian reservoir and manifested in 1918. The 
first recognized direct human transmission of highly pathogenic avian influenza (HPAI) 
H5N1 occurred in 1997 in Hong Kong. Subsequently, many cases of varying severity 
have been described in people who were exposed to poultry. More recently in 2009, triple 
reassortant influenza A of swine origin (A/H1N1pdm09) caused the first pandemic of 
the twenty-first century and since 2013, H7N9 though initially benign in birds, caused 
fatal infection in humans who had contact with poultry. These public health threats 
from animal influenza virus are aggravated by increase co-mingling in shared human-
animal environment. Therefore, the challenge of emerging zoonotic influenza viruses on 
human host immunity, efficacy of vaccines and antiviral resistance require continuous 
risk assessment of virological and clinical changes that have impact on control measures 
including advances in vaccines and chemotherapeutics.

Keywords: influenza viruses, zoonotic transmission, reassortment, immunity and 
vaccines, antiviral resistance

1. Historical perspective on zoonotic influenza

The family of influenza virus, known as Orthomyxoviridae, consists of 7 genera viz.: Influenza 
A, B, C and D. Others are Thogotovirus, Quaranjavirus and Isavirus which are associated with 
arthropods and fish [1]. Only 3, influenza A, B and C so far have been described in humans, 
while only Influenza A is commonly transmitted from animals to human and vice versa [2, 3]. 
Influenza A virus (IAV) is further divided into subtypes based on the Hemagglutinin surface 

© 2018 The Author(s). Licensee IntechOpen. 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.



Chapter 3

Preventing Zoonotic Influenza

Clement Meseko, Binod Kumar and Melvin Sanicas

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76966

Provisional chapter

DOI: 10.5772/intechopen.76966

© 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. 

Preventing Zoonotic Influenza

Clement Meseko, Binod Kumar and Melvin Sanicas

Additional information is available at the end of the chapter

Abstract

The public health risk of influenza at the human-animal interface is dicey, due in part to 
continuous evolution of the virus. Influenza virus consist of 7 genera of which only influ-
enza A is at present zoonotic, where subtypes H5, H7 and H9 of avian origin and subtype 
H1 and H3 of swine origin are important. The most devastating influenza pandemic in 
history was suspected to have emerged from avian reservoir and manifested in 1918. The 
first recognized direct human transmission of highly pathogenic avian influenza (HPAI) 
H5N1 occurred in 1997 in Hong Kong. Subsequently, many cases of varying severity 
have been described in people who were exposed to poultry. More recently in 2009, triple 
reassortant influenza A of swine origin (A/H1N1pdm09) caused the first pandemic of 
the twenty-first century and since 2013, H7N9 though initially benign in birds, caused 
fatal infection in humans who had contact with poultry. These public health threats 
from animal influenza virus are aggravated by increase co-mingling in shared human-
animal environment. Therefore, the challenge of emerging zoonotic influenza viruses on 
human host immunity, efficacy of vaccines and antiviral resistance require continuous 
risk assessment of virological and clinical changes that have impact on control measures 
including advances in vaccines and chemotherapeutics.

Keywords: influenza viruses, zoonotic transmission, reassortment, immunity and 
vaccines, antiviral resistance

1. Historical perspective on zoonotic influenza

The family of influenza virus, known as Orthomyxoviridae, consists of 7 genera viz.: Influenza 
A, B, C and D. Others are Thogotovirus, Quaranjavirus and Isavirus which are associated with 
arthropods and fish [1]. Only 3, influenza A, B and C so far have been described in humans, 
while only Influenza A is commonly transmitted from animals to human and vice versa [2, 3]. 
Influenza A virus (IAV) is further divided into subtypes based on the Hemagglutinin surface 

© 2018 The Author(s). Licensee IntechOpen. 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.



glycoproteins (HA1-18) and Neuraminidase (NA1-11), HA1-16 and NA1-9 are those that are 
up till date identified to occur naturally in avian host, mostly waterfowls where they exist in 
benign form (low pathogenic) [4, 5]. Two additional subtypes (HA 17 and 18, NA 10 and 11) 
were identified in bats [6]. Genetic mutations and reassortment may occur spontaneously or 
over a long period in reservoir hosts. These result in the emergence of novel subtypes, reassor-
tants, strains or variants from the Low Pathogenic Avian Influenza (LPAI) precursors. These 
phenomena that have been described as antigenic shift and drift also contribute to the evolu-
tion, adaptation and inter-species transmission of influenza viruses and provide opportuni-
ties for gain of function in nature including molecular and or biological properties that may 
enhance zoonotic transmission. Sometimes a strain may arise in animals with adaptations of 
fitness to cause fatal infection or increase transmission and potentials to cause pandemics in 
human population [7, 8].

Aquatic birds are the most important group of animals in the ecology and epidemiology 
of influenza virus. Almost all naturally circulating subtypes of influenza virus in birds and 
mammals (including human) can be traced to avian descendants including earlier description 
in literature by Perroncito in 1878 [4, 9]. The first pandemic of influenza virus that occurred in 
1918 (Spanish flu) was caused by an avian influenza virus, as revealed by sero-archeology and 
molecular characterization [10, 11]. The 1918 influenza pandemic killed over 50 million people 
and about one third (500 million persons) of the world’s population had clinically apparent 
illnesses. The Case-fatality rate was greater than 2.5% in comparison to less than 0.1% in other 
influenza pandemics. Nearly half of influenza-related deaths were observed in young adults 
between the ages of 20–40 years, an indication that the virus was newly introduced possibly 
from animal reservoir to naive human population [12].

The causative virus of the 1918 pandemic, following human transmission, was concurrently 
transmitted to pigs in America, Europe and China. This was to play out again in 2009 when A/
H1N1pdm09 virus was also transmitted via anthropogenic means to swine. In both scenarios, 
the causative virus was eventually isolated in pigs [2, 13]. More epidemics and pandemics 
arising from descendants of the 1918 virus were subsequently recorded in 1957 Asian flu 
(H2N2), 1968 Hong Kong flu (H3N2) and the more recent H1N1 2009 influenza pandemic that 
originated in Mexico (Mexican flu). The common precursor of these viruses appeared to be an 
avian influenza virus that entered the human population directly or indirectly through inter-
mediate hosts probably at some points involving pigs as enunciated by Nelson et al. [14] and 
in Figure 1. Exceptionally, the 1918 pandemic virus appeared to have been wholly derived 
from avian-like influenza virus from an unknown source [15]. Thus zoonotic influenza trans-
mission seems to be the foundation of influenza virus infection in human including previous 
pandemics, contemporary and more recent transmissions and fatal human infections caused 
by avian H5, H7 and H9 in many countries [16, 17].

In the last 100 years, influenza virus in human are generally manifested as seasonal, zoonotic 
and pandemic with clinico-pathological manifestation that vary from mild, severe to fatal. 
However, the most threatening influenza infections are those caused by zoonotic and/or pan-
demic strains following their introduction usually from animal reservoir into human popula-
tion that has little or no pre-existing specific or cross protective immunity [18]. The burden of 
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zoonotic and potentially pandemic influenza A virus infections has therefore attracted global 
concern since the identification of avian and swine influenza viruses that can (with or with-
out biological or molecular adaptations) be transmitted directly, and cause severe disease in 
humans and other mammals. This was notable with the advent of A/Goose/Guangdong/96 
lineage of H5N1, which had infected 860 people and killed 454 (52% case-fatality rate) up till 
December 2017 [19]. Continuous circulation of H5N1 in birds and zoonotic transmission to 
human may cause influenza virus to acquire adaptive genetic features for efficient human to 
human transmission through mutations (insertions/deletions), reassortment or emergence of 
immune or antiviral resistant strains. Those may likely be precursors of emerging influenza 
virus with pandemic potential. Global surveillance for influenza diversity in animals and 
human may therefore greatly improve our ability for early detection, to identify and antici-
pate which strains are more likely to evolve and be better prepared [18].

2. Human infections with avian influenza virus

The first human transmission of Highly Pathogenic Avian Influenza (HPAI) subtype H5N1 
occurred in 1997 in Hong Kong. It became a global public health concern, knowing that pan-
demic influenza viruses in the past originated from animals [20]. The H5N1 was thus consid-
ered a potential pandemic threat [21]. The HPAI H5N1 lineage (A/Goose/Guangdong/1/96) 
was initially isolated from a goose farm in Guangdong Province, China in 1996. In the following 

Figure 1. Illustration of cross-species transmission of avian, swine and human influenza viruses. Waterfowls as natural 
reservoirs, pigs serve as ‘mixing vessels’, viruses from humans seed pH1N1 in swine populations, reassortment between 
pH1N1 viruses and co-circulating triple reassortant H3N2 viruses in pigs generate novel reassortant H3N2v.
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year, outbreaks of highly pathogenic H5N1 were reported in poultry at farms and live bird 
markets in Hong Kong. Subsequently, contact with poultry and exposure to infected live and/
or dead birds became the medium for human exposure and in Hong Kong there were alto-
gether, 18 cases (6 fatal) reported in the first known instance of human infection with this 
virus [22].

Early symptoms of influenza H5N1 virus usually develop 2 to 4 days after exposure to sick 
poultry and most patients infected with influenza H5N1 virus presents symptoms of fever, 
cough, shortness of breath and radiological evidence of pneumonia [21]. The number of 
human H5N1 cases reported globally was heightened in 2003 and since then, the virus has 
maintained a steady infection, morbidity and mortality at the animal-human interface. Those 
primarily at risk are cohorts of poultry farmers, handlers and operators in live bird markets 
and their immediate family members or contact. Though human to human transmission of 
H5N1 is not yet efficient, evolving nature of influenza virus in the environment is a reminder 
of the risk of emergence of a strain adapted for that possibility.

The HPAI (H5, H7) viruses circulating in terrestrial poultry (Chicken and turkeys) and are 
transmitted to human, normally emerge from the low pathogenic precursors in waterfowls. 
This arises by mutations in the gene and occurrence of multiple basic amino acids in the 
connecting peptide between the HA1 and HA2 domains of the HA0 precursor protein [23]. 
Trypsin-like proteases found in the respiratory and gastrointestinal tracts may be responsible 
for this limited enzymatic cleavage hence pathology are usually restricted to these systems. 
However, when multiple basic amino acids are introduced by insertion or deletion in the HA 
cleavage site, the HA0 precursor becomes cleavable by a wide range of ubiquitous proteases 
found in many host tissues [24]. Consequently, the virus is able to replicate in almost all the 
tissues/organs beside the respiratory and gastrointestinal tracts such as brain (nervous) and 
the cardiovascular (hematopoietic) system, resulting in fulminant and disseminated disease 
with high mortality index particularly in turkey and chicken [25].

In a peculiar incident, in February and March 2013, three patients were hospitalized with 
severe lower respiratory tract disease of unknown cause in China. The causative virus was 
later identified as novel avian-origin reassortant influenza A (H7N9), and phylogenetic analy-
sis of all genes of the isolate showed that each gene segment was of avian origin [17]. The 
HA cleavage site possessed only a single basic amino acid R (arginine) as against polybasic, 
indicating tendency to be of low pathogenicity in poultry. On the contrary, cases in human 
host were severe, with patients developing severe pneumonia, acute respiratory distress, 
and eventually death. All the three patients had pre-existing medical conditions, but more 
importantly two of them had a history of direct contact with poultry [17]. The switch in viru-
lence and pathogenicity were associated with certain mutations in the reassorted virus that 
may have contributed to severity of human infection and death. Similarly, waves of H5N8 
outbreaks, first detected in domestic birds in China in 2010, which later spread from 2014 
through 2016 in Europe and North America was heighten in the winter of 2016 and affected 
a wide range of domestic and wild birds but no human infection was recorded. Experimental 
studies even showed low virulence in ferret hence risks to human were considered low [26], 
even though the contemporary HPAI viruses of subtypes H5N2, H5N5, H5N6 and H5N8, all 
contain genes from 1997 A/Goose/Guangdong H5N1 lineage with acquired internal genes 
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from LPAIs. Interestingly, the H5N8 (clade 2.3.4.4) though virulent in poultry has remained 
of low susceptibility in human, but another newly emerged H5N6 first identified in a peafowl 
arising from reassortment of H5 clade 2.3.4.4 has shown virulence in human and has killed 
7 people among 17 that were infected since 2016 [27]. Repeated cases in human have raised 
concerns that subtype H5N6 virus also has the potential for crossover human infection which 
if sustained, may also be a candidate for influenza pandemic [28]. The notification of the first 
human case of novel subtype H7N4 to the Centre for Health Protection in Hong Kong on the 
14th of February 2018 is a reminder that avian influenza is continually evolving bird-human 
transmission [29]. This H7N4 event and previous H7N9 detection first in human before cases 
in poultry were noticed also shows that humans are fast becoming sentinel for influenza sur-
veillance at the human-animal interface.

3. The pandemic H1N1pdm09, zoonosis and reverse zoonosis

Triple reassortant influenza A/H1N1pdm09 originating in swine caused the 1st pandemic 
of the twenty-first century in 2009. This was at the time of HPAI H5N1 epizootics in Asia, 
Europe and Africa. The strain and the region thought to be probable epicenter of future pan-
demic was H5N1 and Asia. The severity and spread of HPAI H5N1 in poultry and subsequent 
transmission to human, lent credence to scientific speculations that the zoonotic virus might 
have been a pandemic strain. Unpredictably, while attention was on HPAI H5N1, a pandemic 
H1N1 influenza virus emerged in Mexico, although the virus was believed to have been cir-
culating in pigs many years before its first detection in human [16, 30]. The 2009 influenza 
pandemic spread to more than 214 countries and an estimated 151,700–575,400 respiratory 
and cardiovascular deaths were associated with the infection worldwide [31]. Lessons learnt 
include the realization that a zoonotic and pandemic virus may emerge from an animal reser-
voir in an unexpected location and spread rapidly throughout the world within a short time 
[32]. Also important is the realization that that the 2009 H1N1 pandemic virus was subse-
quently transmitted from human to pigs in a phenomenon that has been variously described 
as reverse zoonosis reported in more than 20 countries in America, Europe, Asia and Africa. 
Interestingly, the swine influenza sequence data available in public gene bank showed that 
humans transmit far more influenza A virus to swine than pigs have ever transmitted to 
humans, at least in terms of viruses that are transmitted onward in the new host as against 
dead end or accidental hosts [14]. The implication is that endemic human-like influenza virus 
that is enzootic in pigs will continuously pose public health risk in the generation of Influenza 
variants (combination of human and swine influenza viruses). This has also been reported to 
cause human infections in people exposed to pigs especially in America [14].

Virus strains or variants resulting from reassortment of swine influenza A(H3N2) and influ-
enza A/H1N1pdm09 and similar viruses have been detected in swine in many countries. It is 
therefore of concern that emerging influenza variants could efficiently be transmitted among 
humans. Over 300 human cases of A(H3N2)v have been described between 2011 and 2012 in 
the United State alone beside clusters of human-human transmission further demonstrating 
that variant influenza viruses also pose a public health threat at the human-animal interface. 
Animals and humans may infect each other in intensive farms, abattoirs and agricultural fairs 
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year, outbreaks of highly pathogenic H5N1 were reported in poultry at farms and live bird 
markets in Hong Kong. Subsequently, contact with poultry and exposure to infected live and/
or dead birds became the medium for human exposure and in Hong Kong there were alto-
gether, 18 cases (6 fatal) reported in the first known instance of human infection with this 
virus [22].
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a wide range of domestic and wild birds but no human infection was recorded. Experimental 
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even though the contemporary HPAI viruses of subtypes H5N2, H5N5, H5N6 and H5N8, all 
contain genes from 1997 A/Goose/Guangdong H5N1 lineage with acquired internal genes 
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from LPAIs. Interestingly, the H5N8 (clade 2.3.4.4) though virulent in poultry has remained 
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culating in pigs many years before its first detection in human [16, 30]. The 2009 influenza 
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humans, at least in terms of viruses that are transmitted onward in the new host as against 
dead end or accidental hosts [14]. The implication is that endemic human-like influenza virus 
that is enzootic in pigs will continuously pose public health risk in the generation of Influenza 
variants (combination of human and swine influenza viruses). This has also been reported to 
cause human infections in people exposed to pigs especially in America [14].

Virus strains or variants resulting from reassortment of swine influenza A(H3N2) and influ-
enza A/H1N1pdm09 and similar viruses have been detected in swine in many countries. It is 
therefore of concern that emerging influenza variants could efficiently be transmitted among 
humans. Over 300 human cases of A(H3N2)v have been described between 2011 and 2012 in 
the United State alone beside clusters of human-human transmission further demonstrating 
that variant influenza viruses also pose a public health threat at the human-animal interface. 
Animals and humans may infect each other in intensive farms, abattoirs and agricultural fairs 

Preventing Zoonotic Influenza
http://dx.doi.org/10.5772/intechopen.76966

37



when in close proximity [33, 34]. Our ability to predict and prevent outbreaks of zoonotic 
pathogens like influenza therefore requires an understanding of their ecology and evolution 
in reservoir hosts [35]. This is important because Influenza A viruses from animals including 
reassortant, novel and variants are considered of significant threat in the emergence of the 
next pandemic due to the abundance of permanent animal reservoirs harboring viruses that 
are now frequently spilling over into human.

4. Mutation, reassortment and variants influenza virus

Over the past 100 years, the IAVs have caused several pandemics including the one that has 
been described as “the greatest medical holocaust in history” [36]. Mutation and reassort-
ment are two well established factors that have contributed in zoonotic influenza viruses 
gaining the ability to adapt to humans, leading to pandemics and thereafter sustained 
human-to-human transmissions. The accumulation of mutations and genome reassortments 
have been the driving force for most of the IAV adaptability in humans as the IAV RNA 
genome replication lacks the exonuclease proofreading capability, thus giving rise to high 
nucleotide mutation rates [37]. Antigenic drift and shift are the two major phenomena in 
influenza viruses that lead to antigenically variant influenza viruses [1, 38, 39]. The antigenic 
drift refers to point mutations in the HA and/or NA while the antigenic shift leads to the 
formation of a new virus subtype with a novel combination of HA and NA from different 
subtypes. While the antigenic drift is responsible for yearly epidemics, the antigenic shift 
has been responsible for some of the devastating pandemics in influenza history claiming 
many lives, including the 1918-Spanish flu. A list of zoonotic influenza outbreaks have been 
summarized in Table 1.

The human influenza viruses have limited subtypes of HA and NA (H1, H2, H3 and N1, N2) 
whereas the avian influenza viruses infecting the poultry may harbor almost all the subtypes 
of HA and NA [40], thus giving rise to multiple recombination of HA and NA in avian spe-
cies. Since 1996, the HPAI-H5N1virus have claimed several lives resulting in high mortality 
rate while the recently identified LPAI-H7N9 in East China region had a mortality rate of 40% 
[41]. The H7N9 virus isolates have the capability of binding to both avian and human influ-
enza virus receptors due to presence of a leucine at amino acid position 217 [42]. A relatively 
limited number of mutations in the zoonotic IAV genome can lead to production of new viral 
progenies with capability of efficient transmission among mammals and studies have also 
demonstrated that amino acid substitutions in the HA protein can change the preference of 
binding receptors of influenza viruses. For example, the G186 V mutation in HA protein of 
H7N9 virus has been identified as the potential adaptation of the virus to human-type recep-
tors [43]. A recent study conducted on a non-laboratory-adapted virus A/Vietnam/1203/2004 
(H5N1) with an HA2-K58I point mutation (K to I at position 58) showed that a decrease in the 
HA activation pH (pH 5.5) influenced the viral properties as compared to the wild type virus 
(HA activation pH 6.0) in mammalian hosts [44]. The mutation increased the viral load in fer-
ret’s nasal cavity while it reduced the viral load in lungs thus supporting the fact that a single 
mutation could lead to an increased viral growth in mammalian upper respiratory tract [44]. 
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Several studies in ferrets have shown that the viruses such as H5N1 [45], H7N9 [46] and H7N1 
[47] could transmit through respiratory droplets after acquiring mutations in their genomes. 
Another study on A/Anhui/1/13 (H7N9) virus showed that substitutions at G219S and K58I 
resulted in high affinity for α2,6-linked sialic acid receptor and acid and temperature stability 
[48]. The increased polymerase activity due to mutation in the viral PB2 has also been linked 
to enhanced viral replication. The PB2 subunit from all avian viruses generally contains poly-
merases with glutamic acid at amino acid position 627 (E627) while the PB2 from human viral 
isolates almost exclusively have lysine at 627 (K627). Mehle et al. have shown that E627K 
mutation of PB2 conferred a high level of polymerase activity in human and porcine cells thus 
increasing the viral replication [49]. Another study showed that a basic amino acid at position 
591 of the PB2 subunit compensated for the lack of PB2-627 K in HPAI-H5N1 and pandemic 
H1N1viruses markedly increased the replication of these viruses in mammalian species [50]. 
The PB2 gene mutation in duck H7N9 also enhanced the polymerase activity and thus viral 
replication in human cells [51]. The H1N1 influenza virus that caused the 1918 pandemic and 

Year (Country) Influenza 
subtype

Confirmed cases Adaptation in segment

1997/2003-present (Asia, Europe and Africa) H5N1 660 N224 K (HA)

N158D (HA)

T160A (HA)

E627K (PB2)

2003 (USA) H7N2 1 Not determined

2003 (Hong Kong) H9N2 1 Q226L (HA)

G228S (HA)

T212A (HA)

2003 (The Netherlands) H7N7 89 E627K (PB2)

2004 (Egypt) H10N7 2 Not determined

2004 (Canada) H7N3 2 Not determined

2007 (UK) H7N2 4 Not determined

2008–2009 (Hong Kong) H9N2 2 Not determined

2012 (Mexico) H7N3 2 Not determined

2013 (China) H10N8 3 Not determined

2013 (China, Taiwan, Hong Kong) H7N9 137 Q226L (HA)

E627K (PB2)

2013 (Taiwan) H6N1 1 P186L (HA)

Since 2014 (China) H5N6 16 G540A (NS)

2018 (China) H7N4 1 Not determined

Table 1. Zoonotic influenza A viruses and identified adaptations (reviewed in [53] with modification).
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when in close proximity [33, 34]. Our ability to predict and prevent outbreaks of zoonotic 
pathogens like influenza therefore requires an understanding of their ecology and evolution 
in reservoir hosts [35]. This is important because Influenza A viruses from animals including 
reassortant, novel and variants are considered of significant threat in the emergence of the 
next pandemic due to the abundance of permanent animal reservoirs harboring viruses that 
are now frequently spilling over into human.

4. Mutation, reassortment and variants influenza virus

Over the past 100 years, the IAVs have caused several pandemics including the one that has 
been described as “the greatest medical holocaust in history” [36]. Mutation and reassort-
ment are two well established factors that have contributed in zoonotic influenza viruses 
gaining the ability to adapt to humans, leading to pandemics and thereafter sustained 
human-to-human transmissions. The accumulation of mutations and genome reassortments 
have been the driving force for most of the IAV adaptability in humans as the IAV RNA 
genome replication lacks the exonuclease proofreading capability, thus giving rise to high 
nucleotide mutation rates [37]. Antigenic drift and shift are the two major phenomena in 
influenza viruses that lead to antigenically variant influenza viruses [1, 38, 39]. The antigenic 
drift refers to point mutations in the HA and/or NA while the antigenic shift leads to the 
formation of a new virus subtype with a novel combination of HA and NA from different 
subtypes. While the antigenic drift is responsible for yearly epidemics, the antigenic shift 
has been responsible for some of the devastating pandemics in influenza history claiming 
many lives, including the 1918-Spanish flu. A list of zoonotic influenza outbreaks have been 
summarized in Table 1.

The human influenza viruses have limited subtypes of HA and NA (H1, H2, H3 and N1, N2) 
whereas the avian influenza viruses infecting the poultry may harbor almost all the subtypes 
of HA and NA [40], thus giving rise to multiple recombination of HA and NA in avian spe-
cies. Since 1996, the HPAI-H5N1virus have claimed several lives resulting in high mortality 
rate while the recently identified LPAI-H7N9 in East China region had a mortality rate of 40% 
[41]. The H7N9 virus isolates have the capability of binding to both avian and human influ-
enza virus receptors due to presence of a leucine at amino acid position 217 [42]. A relatively 
limited number of mutations in the zoonotic IAV genome can lead to production of new viral 
progenies with capability of efficient transmission among mammals and studies have also 
demonstrated that amino acid substitutions in the HA protein can change the preference of 
binding receptors of influenza viruses. For example, the G186 V mutation in HA protein of 
H7N9 virus has been identified as the potential adaptation of the virus to human-type recep-
tors [43]. A recent study conducted on a non-laboratory-adapted virus A/Vietnam/1203/2004 
(H5N1) with an HA2-K58I point mutation (K to I at position 58) showed that a decrease in the 
HA activation pH (pH 5.5) influenced the viral properties as compared to the wild type virus 
(HA activation pH 6.0) in mammalian hosts [44]. The mutation increased the viral load in fer-
ret’s nasal cavity while it reduced the viral load in lungs thus supporting the fact that a single 
mutation could lead to an increased viral growth in mammalian upper respiratory tract [44]. 
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[47] could transmit through respiratory droplets after acquiring mutations in their genomes. 
Another study on A/Anhui/1/13 (H7N9) virus showed that substitutions at G219S and K58I 
resulted in high affinity for α2,6-linked sialic acid receptor and acid and temperature stability 
[48]. The increased polymerase activity due to mutation in the viral PB2 has also been linked 
to enhanced viral replication. The PB2 subunit from all avian viruses generally contains poly-
merases with glutamic acid at amino acid position 627 (E627) while the PB2 from human viral 
isolates almost exclusively have lysine at 627 (K627). Mehle et al. have shown that E627K 
mutation of PB2 conferred a high level of polymerase activity in human and porcine cells thus 
increasing the viral replication [49]. Another study showed that a basic amino acid at position 
591 of the PB2 subunit compensated for the lack of PB2-627 K in HPAI-H5N1 and pandemic 
H1N1viruses markedly increased the replication of these viruses in mammalian species [50]. 
The PB2 gene mutation in duck H7N9 also enhanced the polymerase activity and thus viral 
replication in human cells [51]. The H1N1 influenza virus that caused the 1918 pandemic and 
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the H5N1 avian influenza virus isolated in 1997 (Hong Kong) both harbors the N66S mutation 
in PB1-F2 which drastically enhanced the pathogenicity of these viruses [52].

Genetic reassortment in influenza viruses is yet another vital event that leads to sudden 
outbreaks of influenza. Influenza viruses have a segmented genome and thus, simultaneous 
infection with other IAVs results in reassortment event leading to formation of new viral prog-
enies containing gene segments of mixed parental origin. Several pandemics have emerged 
in the past [54] and appears to be more frequent now than previously thought [55]. The reas-
sortment event can be a result of errors during the replication of viral RNA polymerase, the 
host environment, the immune or evolutionary pressure [56]. The pandemics of 1957 and 1968 
were caused by reassortant viral strains [57]. The HA, NA, and PB1 genes of the H2N2 1957 
pandemic strain and the HA and PB1 fragments of the H3N2 1968 pandemic strain were both 
derived from avian influenza virus strains [57]. The HPAI subtype H5N1 isolated from geese 
in Guangdong province in 1996 evolved to produce H5N8 clades 2.3.4.4 Gs/GD HPAIV. A 
recent study on the evolution and pathogenicity of H5N2 avian influenza viruses isolated in 
H5N1 endemic areas in China revealed that these viral isolates were derived from reassort-
ment events in which few isolates had the HA and NS derived from H5N1 while few had the 
HA derived from endemic H9N2 viruses [58]. A similar study from South Korea reported 
the emergence of novel reassortant H5N8 viruses in 2014 in ducks raised in breeder farms 
[59]. Since its first appearance, lineage of the HPAI H5N1 continues to circulate with lots of 
diversification of the HA gene into multiple genetic clades. The H5 clade 2.3.4.4 of the H5N8 
subtype was subsequently detected in several countries of Europe by the end of 2014 and in 
summer of 2016, it was detected again in wild aquatic birds sampled in western Siberia [60]. 
A recent study has also shown that the reassortment event between the Gs/GD lineage H5N8 
virus and North American origin viruses further resulted in the emergence of H5N1 and 
H5N2 viruses in the US [61].

Experimental observations have further revealed that reassortment between zoonotic and 
seasonal IAVs can result in production of airborne-transmissible viruses in mammals [62–65]. 
A study showed that a reassortant virus, comprising of the H5 hemagglutinin having 4 muta-
tions from H5N1 avian virus and remaining seven segments from the 2009 pandemic H1N1 
virus lead to reassortant H5 HA/H1N1 virus that gained the capacity of droplet transmis-
sion in ferret model [62]. Another experiment further showed that the avian H5N1 subtype 
viruses do have the potential to attain mammalian transmissibility by genetic reassortment 
[63]. The authors utilized reverse genetics to create several reassortant viruses between duck 
H5N1 (HA gene) and human-infective H1N1 virus to show that the new reassortant viruses 
could efficiently infect and sustained droplet transmission in guinea pigs without mortal-
ity [63]. Similar study reported that the avian-human H9N2 reassortant virus harboring the 
surface proteins of avian H9N2 in a human H3N2 backbone gained the ability of transmis-
sion through the respiratory droplets and caused clinical infection in ferrets similar to human 
influenza infections [64]. A recent study performed in a novel transfection-based inoculation 
system generated a reassortant H9N1 virus by transfecting the plasmids containing genes 
from H9N2 virus and pandemic H1N1 (pH1N1) virus into HEK 293 T cells. The resulting 
transfections gave rise to two reassortant viruses (H9N1) that had the capability of droplet-
transmissibility [65].

Influenza - Therapeutics and Challenges40

According to the Centers for Disease Control and Prevention (CDC), when an influenza virus 
that normally circulates in swine (not in humans) is detected in humans, it is referred to as 
variant influenza viruses. The human infections with H1N1, H3N2 and H1N2 variant viruses 
have been reported from United States [13, 65]. Although the variant influenza viruses rarely 
show sustained human-to-human transmission, yet there have been few strains that over-
came this barrier. All the cases reported in US were of swine origin rather than avian origin. 
In 2009, triple reassortant variant influenza virus was detected throughout the world and 
caused the first pandemic of twenty-first century. This variant virus had genes from avian, 
human, and swine influenza viruses claiming more than 12,500 lives in the US alone and 
about 575,400 globally [31, 66]. Later H3N2 variant viruses which had similarity with triple-
reassortant viruses were detected in US swine but had acquired the matrix gene from highly 
transmissible influenza A H1N1-2009 viruses which contributed in efficiency of transmission 
of the variant virus [67]. A recent study has also identified two distinct variants of H3N2 
influenza virus that grows in cell culture [68]. Both the variants differed in just one single 
mutation at amino acid 151 of NA. The D151 viral variant could efficiently grow in cell culture 
while the G151 viral variant showed extremely poor growth in cell culture system [68]. More 
in-depth studies are still needed to better understand the viral properties of variant influenza 
viruses as they continue to pose threat to human lives.

5. Immunity and challenges of vaccination

The isolation of influenza A/H1N1 in 1933 quickly ushered the development of the first 
generation of live-attenuated influenza vaccines (LAIV). The initially developed inactivated 
influenza vaccine (IIV) only targeted a single influenza strain (influenza A). Then, in 1942, 
a vaccine targeting both influenza A and B viruses were produced soon after the discovery 
of influenza B. Subsequently, scientists discovered that influenza viruses mutated, lead-
ing to antigenic changes (antigenic drift and antigenic shift). Since 1973, the World Health 
Organization (WHO) has been providing yearly recommendations for the composition of the 
influenza vaccine, based on results of the virological surveillance conducted by the WHO’s 
Global Influenza Surveillance and Response System (GISRS). Later in 1978, the trivalent 
influenza vaccine was developed that included two influenza A strains and one influenza B 
strain. Currently, two influenza B lineages are circulating (Yamagata and Victoria) therefore, 
since 2013, the WHO recommendations suggested a second B strain to be added to make a 
quadrivalent influenza vaccine (QIV) [69]. Influenza vaccines protect against infection and 
can reduce illness and severity of infection especially in groups at risk for flu complications 
such as children, the elderly, pregnant women, and individuals with underlying medical 
conditions like asthma, HIV/AIDS, and chronic heart or lung diseases [70]. Frequent influ-
enza infections at the human-animal interface may also warrant occupational vaccination for 
veterinarians, researchers, health care providers, farmers and animal traders who are more 
likely to be exposed to zoonotic influenza virus [71].

For over half a century now, WHO has been collaborating with scientists, epidemiolo-
gists, and policymakers to create an integrated approach to manufacture, test, and approve 
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the H5N1 avian influenza virus isolated in 1997 (Hong Kong) both harbors the N66S mutation 
in PB1-F2 which drastically enhanced the pathogenicity of these viruses [52].

Genetic reassortment in influenza viruses is yet another vital event that leads to sudden 
outbreaks of influenza. Influenza viruses have a segmented genome and thus, simultaneous 
infection with other IAVs results in reassortment event leading to formation of new viral prog-
enies containing gene segments of mixed parental origin. Several pandemics have emerged 
in the past [54] and appears to be more frequent now than previously thought [55]. The reas-
sortment event can be a result of errors during the replication of viral RNA polymerase, the 
host environment, the immune or evolutionary pressure [56]. The pandemics of 1957 and 1968 
were caused by reassortant viral strains [57]. The HA, NA, and PB1 genes of the H2N2 1957 
pandemic strain and the HA and PB1 fragments of the H3N2 1968 pandemic strain were both 
derived from avian influenza virus strains [57]. The HPAI subtype H5N1 isolated from geese 
in Guangdong province in 1996 evolved to produce H5N8 clades 2.3.4.4 Gs/GD HPAIV. A 
recent study on the evolution and pathogenicity of H5N2 avian influenza viruses isolated in 
H5N1 endemic areas in China revealed that these viral isolates were derived from reassort-
ment events in which few isolates had the HA and NS derived from H5N1 while few had the 
HA derived from endemic H9N2 viruses [58]. A similar study from South Korea reported 
the emergence of novel reassortant H5N8 viruses in 2014 in ducks raised in breeder farms 
[59]. Since its first appearance, lineage of the HPAI H5N1 continues to circulate with lots of 
diversification of the HA gene into multiple genetic clades. The H5 clade 2.3.4.4 of the H5N8 
subtype was subsequently detected in several countries of Europe by the end of 2014 and in 
summer of 2016, it was detected again in wild aquatic birds sampled in western Siberia [60]. 
A recent study has also shown that the reassortment event between the Gs/GD lineage H5N8 
virus and North American origin viruses further resulted in the emergence of H5N1 and 
H5N2 viruses in the US [61].

Experimental observations have further revealed that reassortment between zoonotic and 
seasonal IAVs can result in production of airborne-transmissible viruses in mammals [62–65]. 
A study showed that a reassortant virus, comprising of the H5 hemagglutinin having 4 muta-
tions from H5N1 avian virus and remaining seven segments from the 2009 pandemic H1N1 
virus lead to reassortant H5 HA/H1N1 virus that gained the capacity of droplet transmis-
sion in ferret model [62]. Another experiment further showed that the avian H5N1 subtype 
viruses do have the potential to attain mammalian transmissibility by genetic reassortment 
[63]. The authors utilized reverse genetics to create several reassortant viruses between duck 
H5N1 (HA gene) and human-infective H1N1 virus to show that the new reassortant viruses 
could efficiently infect and sustained droplet transmission in guinea pigs without mortal-
ity [63]. Similar study reported that the avian-human H9N2 reassortant virus harboring the 
surface proteins of avian H9N2 in a human H3N2 backbone gained the ability of transmis-
sion through the respiratory droplets and caused clinical infection in ferrets similar to human 
influenza infections [64]. A recent study performed in a novel transfection-based inoculation 
system generated a reassortant H9N1 virus by transfecting the plasmids containing genes 
from H9N2 virus and pandemic H1N1 (pH1N1) virus into HEK 293 T cells. The resulting 
transfections gave rise to two reassortant viruses (H9N1) that had the capability of droplet-
transmissibility [65].
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have been reported from United States [13, 65]. Although the variant influenza viruses rarely 
show sustained human-to-human transmission, yet there have been few strains that over-
came this barrier. All the cases reported in US were of swine origin rather than avian origin. 
In 2009, triple reassortant variant influenza virus was detected throughout the world and 
caused the first pandemic of twenty-first century. This variant virus had genes from avian, 
human, and swine influenza viruses claiming more than 12,500 lives in the US alone and 
about 575,400 globally [31, 66]. Later H3N2 variant viruses which had similarity with triple-
reassortant viruses were detected in US swine but had acquired the matrix gene from highly 
transmissible influenza A H1N1-2009 viruses which contributed in efficiency of transmission 
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ing to antigenic changes (antigenic drift and antigenic shift). Since 1973, the World Health 
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enza infections at the human-animal interface may also warrant occupational vaccination for 
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gists, and policymakers to create an integrated approach to manufacture, test, and approve 
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influenza vaccine research and development efforts, including their proper use and efficient 
distribution. Since the virus mutates frequently, WHO, GISRS network and collaborating 
centers predict the strains that are expected to circulate in the following season because of 
the time required to manufacture vaccines. This happens twice a year, one for the northern 
hemisphere and another for the southern hemisphere [70]. But the virus can mutate during 
the time it takes to develop the vaccine, resulting in a mismatch between circulating virus and 
the vaccine.

Although the effectiveness of the flu vaccine varies from year to year depending mainly on the 
match of the strain in the vaccine and the circulating strain, most provide modest to high pro-
tection against influenza [72]. The US-CDC has reported that flu vaccination reduces medical 
visits, flu illness, hospitalizations, and deaths [73]. Vaccination is still the most efficient way to 
prevent infection and severe outcomes caused by influenza viruses.

The WHO and CDC recommend yearly vaccination for nearly everyone over 6 months of 
age, especially those at higher risk of influenza complications and mortality [70, 73]. The 
European Centre for Disease Prevention and Control (ECDC) also recommends yearly vac-
cination of high risk groups: older adults and all persons (over 6 months of age) with chronic 
medical conditions including those with diseases of the respiratory system (e.g. asthma), 
cardiovascular system (e.g. coronary artery disease), endocrine system (e.g. diabetes), 
hepatic system (e.g. liver cirrhosis), renal system (e.g. chronic renal failure), neurological/
neuromuscular conditions (e.g. parkinsonism), any condition compromising respiratory 
functions e.g. morbid obesity (BMI > 40), physical handicap in children and adults, and 
immunosuppression due to disease or treatment including due to hematological conditions 
and HIV infection [74].

Currently licensed flu vaccines include inactivated influenza vaccine (IIV), live attenuated 
influenza vaccine (LAIV), and recombinant HA vaccines [75]. These vaccines are either tri-
valent or quadrivalent with components representing influenza A and B viruses predicted 
to circulate in the next influenza season. The IIV is either a split virion or subunit vaccine 
containing 15 μg of each purified HA protein administered intramuscularly, or 9 μg of each 
purified HA protein administered intradermally [75]. A higher dose version with 60 μg of 
each HA antigen is available for older adults aged 65 years and above. The IIV induces a 
strain-specific serum IgG antibody response. A vaccine with an oil-in-water adjuvant MF59 
also enhances the immunogenicity of IIV in the elderly [76].

The LAIV contains live viruses with temperature-sensitive and attenuating mutations [77] 
and is a combination of the same four strains as the QIV. The LAIV is administered intra-
nasally as a spray. The mutations in the LAIV strains allow the viruses to replicate at the 
cooler temperature of the nasal cavity but prohibit replication at the temperature of the lower 
respiratory tract. The LAIV results in the production of strain-specific serum IgG as well 
as mucosal IgA and T cell responses [77]. The recombinant HA vaccine with HA proteins 
expressed in insect cells from baculovirus vectors is currently licensed only for adults aged 18 
to 49 years and are recommended for individuals who are allergic to eggs [75]. The manufac-
turing process for the recombinant HA vaccine is shorter than the IIV and LAIV, which would 
be important in case of a pandemic. The 2009 pandemic showed the challenges in production 
and distribution of vaccines against a newly emerged virus within a short timeframe given 
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the production timeline for both IIV and LAIV [78]. Production of IIV and LAIV require the 
use of embryonated eggs. Disadvantages for egg-based flu vaccine production include being 
contraindicated in people with severe allergies to eggs, and in the event of a pandemic where 
the virus is pathogenic to poultry, embryonated eggs may be in short supply [69]. Currently, 
licensed influenza vaccines focus on the production of antibodies against the viral HA pro-
tein, which binds host receptors to mediate viral entry. Strain-specific antibodies produced 
against the HA neutralize the virus and prevent infection. However, the HA is under positive 
selection for antigenic escape from neutralization by pre-existing antibodies [70].

Vaccine-induced HAI antibody titer is currently accepted as the correlate of protection 
against influenza. An HAI titer of ≥1:40 in healthy adults is the titer at which approximately 
50% of individuals are protected from infection. However, some studies have indicated that 
a higher HAI titer may be required in children and that T cells may be a better indicator for 
protection in the elderly [79, 80]. Also, serum HAI antibody titer is not a reliable correlate 
of protection for seasonal and pandemic LAIV vaccines. LAIV has been shown to be effec-
tive in the absence of a robust serum antibody response [77]. The HAI antibody titer also 
fails to take into account other aspects of immune memory against the virus, including the 
contribution of non-neutralizing antibodies and T cell responses to protection. The immune 
response to influenza is complicated, and there could be several correlates of protection 
apart from HAI antibodies. A more comprehensive immunological analysis and an integra-
tive genomic analysis of the human immune response [81] using the different influenza 
vaccines could further define other correlates of protection to better interpret influenza vac-
cine efficacy [82].

Influenza A viruses (IAVs) infects human, swine, and domestic poultry; therefore; interspe-
cies and intercontinental spread make IAV more complicated. Vaccination of domestic poul-
try (including chicken and turkey) is common against the HPAI, H5/H7 LPAI, and H9N2 
LPAI worldwide. In the past, emergency vaccination against HPAI to control epizootics has 
occurred. Areas include Mexico (H5N1, 1995), Pakistan (H7N3, 1995–2004), Asia/Africa/
Europe (H5N1, 1996–continuing), and North Korea (H7N7, 2005) to aid in stamping out pro-
grammes [83]. Poultry vaccines are manufactured inexpensively and are not filtered and puri-
fied like human vaccines and usually contain a whole virus, and not just HA antigen. Mineral 
oil, which induces a strong immune reaction and causes inflammation and abscesses, is added 
as an adjuvant to poultry vaccines.

Usage of vaccine to control swine influenza virus (SIV) varies by countries; some countries use 
vaccination strategies, while others do not. For examples, SIV vaccination is conducted exten-
sively in Europe and North America. In Korea, on the other hand, vaccines for SIV control are 
rarely used despite availability in the market. Because of the genetic diversity of circulating 
SIV strains, most commercial vaccines consist of multiple strains of subtype H1N1, H1N2, 
and H3N2. Nevertheless, the rapid evolution of circulating viruses could surpass the updates 
of commercial vaccines. Combining the herd-specific autogenous vaccine with other commer-
cialized vaccines occurs in some countries; about 20% of pig farms in the United States used 
autogenous vaccines in 2006. However, compared to avian influenza viruses, vaccines against 
SIVs have not been used extensively by swine veterinarians in many countries because other 
major pathogens including the porcine reproductive syndrome virus and porcine circovirus 
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against influenza. An HAI titer of ≥1:40 in healthy adults is the titer at which approximately 
50% of individuals are protected from infection. However, some studies have indicated that 
a higher HAI titer may be required in children and that T cells may be a better indicator for 
protection in the elderly [79, 80]. Also, serum HAI antibody titer is not a reliable correlate 
of protection for seasonal and pandemic LAIV vaccines. LAIV has been shown to be effec-
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fails to take into account other aspects of immune memory against the virus, including the 
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tive genomic analysis of the human immune response [81] using the different influenza 
vaccines could further define other correlates of protection to better interpret influenza vac-
cine efficacy [82].

Influenza A viruses (IAVs) infects human, swine, and domestic poultry; therefore; interspe-
cies and intercontinental spread make IAV more complicated. Vaccination of domestic poul-
try (including chicken and turkey) is common against the HPAI, H5/H7 LPAI, and H9N2 
LPAI worldwide. In the past, emergency vaccination against HPAI to control epizootics has 
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grammes [83]. Poultry vaccines are manufactured inexpensively and are not filtered and puri-
fied like human vaccines and usually contain a whole virus, and not just HA antigen. Mineral 
oil, which induces a strong immune reaction and causes inflammation and abscesses, is added 
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Usage of vaccine to control swine influenza virus (SIV) varies by countries; some countries use 
vaccination strategies, while others do not. For examples, SIV vaccination is conducted exten-
sively in Europe and North America. In Korea, on the other hand, vaccines for SIV control are 
rarely used despite availability in the market. Because of the genetic diversity of circulating 
SIV strains, most commercial vaccines consist of multiple strains of subtype H1N1, H1N2, 
and H3N2. Nevertheless, the rapid evolution of circulating viruses could surpass the updates 
of commercial vaccines. Combining the herd-specific autogenous vaccine with other commer-
cialized vaccines occurs in some countries; about 20% of pig farms in the United States used 
autogenous vaccines in 2006. However, compared to avian influenza viruses, vaccines against 
SIVs have not been used extensively by swine veterinarians in many countries because other 
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are considered more important [83]. Nevertheless, successful application of influenza vac-
cines in animals may contribute in reducing zoonotic transmission.

6. Antiviral resistance mutants

Antiviral resistance in influenza viruses is a global concern and the number of resistant 
mutants is increasing year after year. The antiviral drugs have been formulated mainly against 
the M2 ion channel (amantadine and rimantadine) and the neuraminidase proteins (oselta-
mivir and zanamivir) of influenza viruses. These FDA approved drugs are currently used 
for prophylaxis and treatment of influenza A infections and are effective against the HPAI 
H5N1 viruses [84]. The effectiveness of these drugs ranges from 80 to 90% if the treatment 
had begun within 48 hours of infection [85]. The antiviral resistance in influenza may develop 
during disease treatment and occasionally spreads widely to replace the susceptible strains in 
the absence of drug pressure. An example of this event is the global spread of adamantane-
resistant H3N2 viruses in the year 2003, oseltamivir-resistant seasonal H1N1 viruses since 
2007 and more recently the adamantane-resistant pandemic A (H1N1) viruses in 2009. Such 
events show the highly unpredictable nature of influenza viruses and increase the challenge 
of its management. Sometimes a single reassortment event or mutations leads to emergence 
of variant influenza viruses such as the pandemic 2009 or seasonal A (H1N1) viruses that 
becomes completely unresponsive to most antiviral drugs. The amantadine resistance was 
soon observed after the discovery of the drug in early 1960s and studies subsequently reported 
that a single point mutation in the M2 protein lead to the emergence of high-level resistant 
mutant viruses showing resistance to both amantadine and rimantadine [86]. Other studies 
also suggested that resistance to M2 blockers (amantadine/rimantadine) can be achieved by 
only a few substitutions in the codon L26, L27, A30, A31 and G34 of the M2 gene [87] and these 
mutants retain the virulence and are transmissible between humans [88]. A study showed that 
adamantane resistance emerged in about 30% of patients post few days of treatment [89]. 
Another study has shown the synergistic antiviral effects of amantadine-oseltamivir combi-
nation chemotherapy [90]. The adamantanes were very effective for almost 4 decades after 
which the frequency of adamantine resistance among influenza A H3N2 viruses started to 
increase. The global resistance among H3N2 virus was as low as 0.8% between the periods 
1991 to 1995. The adamantine resistance has now been reported for human H1N1, H3N2 and 
H5N1 avian influenza viruses. The frequency of resistance further increased to 28% during 
2004–2005 and to 72% in 2005–2006 for H1N1 variant viruses [1]. The US reported around 92% 
resistance among H3N2 viruses by the year 2005. A recent study based on the frequency and 
distribution of M2 gene mutations in influenza virus variants that circulated between 1902 
and 2013 showed that 45.2% of all resistant influenza A viruses (H1-H17) circulating globally 
had S31 N mutations [91].

Similarly the NA mutations causing resistance to neuraminidase inhibitors (NAI) has lots of 
variations. The most common mutation observed is the H275Y that confers high resistance 
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to oseltamivir [92]. A study showed that the amino acid changes at residue 223 (I → R/V) 
conferred reduced inhibition to oseltamivir and zanamivir [93]. The N2 subtype has been 
associated with oseltamivir resistance due to mutation at E119V and R292K. The R292K has 
also been linked to zanamivir resistance [94]. Studies have demonstrated that the most fre-
quent mutation conferring the oseltamivir resistance in NA of the H1N1 and H5N1 subtypes 
was H274Y, while the E119V and R292K mutations were more common among the H3N2 and 
H7N9 subtypes [95]. Another study showed that R292K mutation in NA protein in the H7N9 
virus strains were detected in patients after drug treatment. This substitution promoted resis-
tance against oseltamivir [96]. Similarly oseltamivir resistance was associated with the H274Y 
NA mutation in H5N1 influenza viruses detected in patients during treatment or prophylaxis 
[97]. Few other studies have reported that the Egyptian H5N1avian influenza isolates from 
humans had N294S NA mutation [98]. Boltz et al. reported that H5N1 viruses of clade 2.3.2 
isolated from the Republic of Laos in 2006–2008 had V116A, I222L, and S246 N mutations in 
NA [99]. The ongoing concerns about influenza A viruses and increasing antiviral resistance 
needs immediate attention, better antiviral surveillance for better management and control of 
future influenza pandemics.

7. Infection control, advances in vaccines and therapeutics

Generally, people infected with the flu are advised to stay home and rest, both to recover 
and to avoid infecting others. In severe cases, or for individuals at high risk of complications, 
physicians may prescribe antiviral medication. The antiviral drugs currently available against 
influenza viruses are adamantane derivatives (amantadine and rimantadine) and neuramini-
dase (NA) inhibitors (zanamivir, oseltamivir and peramivir). A viral infection can be inhibited 
at several crucial steps, such as entry, signaling, assembly, and egress [1].

Oseltamivir, works by blocking neuraminidase that enables newly made influenza virus to 
escape from an infected cell. Zanamivir (inhaled), peramivir (intravenous), and inavir (inhaled) 
operate in a similar way. Baloxavir, discovered in Osaka, received preliminary approval in 
Japan in January 2018 and will be filed for regulatory review in the US and Europe thereafter. 
Baloxavir requires a single dose, unlike oseltamivir which is taken twice a day for 5 days [100].

Efforts to improve currently available vaccines have been explored over the last 2 decades 
such as: increasing the antigen dose, intradermal route of administration to activate other 
arms of the immune system, and adding immunostimulating compounds such as adjuvants 
[78]. The main areas of research and development in flu vaccines involve:

1. Creation of vaccines with protective immunity lasting more than one season,

2. Shortening of the production time to allow a virological assessment nearer the upcom-
ing influenza season. Cell-culture-based vaccines (e.g., Optaflu, Flucelvax, Preflucel, and 
Celvapan) are also being used to overcome this issue [101].
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Japan in January 2018 and will be filed for regulatory review in the US and Europe thereafter. 
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3. Development of a universal vaccine that protects against influenza regardless of what 
influenza viruses are circulating. These includes vaccine targeting the HA stalk domain 
[102, 103], and the use of influenza-virus-like particles as vaccines [104].

In addition to antiviral drugs and vaccines, several novel therapeutic alternatives may 
prove to be beneficial in the near future. The long-acting inhaled neuraminidase inhibitor 
CS-8958 (also known as R-118958) has shown promising results in murine models of influ-
enza treatment while a polymerase inhibitor, T-705 (Toyama Chemical), that inhibits viral 
RNA polymerase has been found to be effective against all three influenza virus types (A, B 
and C) and to some extent against other RNA viruses, including hemorrhagic fever viruses. 
The drug, DAS181, a fusion construct that includes the sialidase from Actinomyces viscosus,  
affects the viral attachment process during the early stages of influenza replication. 
Another study demonstrated the antiviral properties of chlorogenic acid (CHA) and its 
inhibitory effect on A/PuertoRico/8/1934 (H1N1) and oseltamivir-resistant strains in the 
late stage of the infectious cycle. Other novel antiviral drugs under clinical development 
include AVI-7100, a 20-mer phosphorodiamidate morpholino oligomer (PMO) IV formula-
tion that hinders translation and splicing of mRNA from the matrix gene. EV-077, a dual 
thromboxane receptor antagonist and thromboxane synthase inhibitor, prevents virus 
replication by inhibiting prostanoids associated with influenza infections. Aureonitol, a 
compound obtained from fungi, has shown inhibitory effects against both influenza A 
and B virus replication by impairing virus adsorption. Monoclonal antibodies, CR6261 
and CR8020, bind to the conserved stalk region of HA and inhibit the entry and fusion 
stages. A broad spectrum human monoclonal antibody (mAb- MEDI8852), which unlike 
other stem-reactive antibodies, used a rare heavy chain VH (VH6-1) gene, was found to be 
effective in mice and ferrets and better than oseltamivir [1]. These novel approaches will 
potentially become effective tools for managing seasonal, zoonotic and pandemic influenza 
virus infections.

8. Conclusions

Influenza viruses have a silent reservoir in the aquatic avian species and continuously pose 
threat to human population. The avian, swine and other zoonotic influenza infections may 
range from a mild upper respiratory tract infection to a more severe pneumonia, acute respira-
tory distress syndrome and even death. Humans can be infected with a wide range of avian 
[subtypes A(H5N1), A(H7N9), and A(H9N2)] and swine [subtypes A(H1N1), A(H1N2) and 
A(H3N2)] influenza viruses. Although sustained human to human transmission is lacking, these 
viruses can be transmitted when there is a direct contact with infected animals or contaminated 
environments. The virus shows a tremendous potential to mutate, re-assort and give rise novel 
variants to evade host immunity and vaccination strategies. The emergence of antiviral mutants 
has further worsened the worldwide control measures. Although management of influenza has 
been a challenging task owing to its large reservoir and ability to mutate rapidly, the disease can 
be controlled in the animal source to decrease the risk to human population. With advancements 
in modern diagnostic methods, vaccination and antiviral strategies, the annual epidemics and 
occasional pandemics can be managed efficiently.
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9. Future perspectives

The public health threats from influenza viruses have always been a global concern. They are not 
only responsible for annual epidemics throughout the world, but also affect quality of life and 
have negative impacts on the economy due to frequent school and work place absenteeism. The 
frequencies of influenza infections have further increased due to co-mingling in shared human-
animal environment. The virus is known to acquire antigenic shift and drifts and thus pose chal-
lenges in control measures and management. Advancements in vaccination strategies, discovery 
of novel drugs and antiviral therapeutics along with development of a universal influenza vac-
cine are promising approaches toward the management of future epidemics and pandemics.
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virus infections.
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been a challenging task owing to its large reservoir and ability to mutate rapidly, the disease can 
be controlled in the animal source to decrease the risk to human population. With advancements 
in modern diagnostic methods, vaccination and antiviral strategies, the annual epidemics and 
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Abstract

As part of an influenza pandemic preparedness program, the WHO analyzes a range of 
potentially pandemic influenza viruses for appropriate vaccines development. Several 
vaccine candidates were prepared using classical genetic reassortment, with the cold-
adapted A/Leningrad/134/17/57(H2N2) (Len/17) master donor strain (MDS) which is 
licensed in the Russia for the live influenza vaccine (LAIV) strains type A production for 
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1. Introduction

Influenza viruses belong to the family Orthomyxoviridae. These are RNA-containing viruses 
possessing a negative fragmented genome. To date, there are four types (serotype) of influ-
enza viruses—influenza A, B, C, and D. Influenza A viruses affect humans and a wide range 
of mammals (horses, pigs, dogs, wild and domestic cats, seals, ferrets) and birds (chickens, 
wild waterfowl, gulls, etc.). Only influenza A viruses are known as causative agents of severe 
epidemics and pandemics. The antigenic properties of influenza A viruses are based on two 
surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA).

Wild waterfowl are considered as a natural reservoir of influenza A viruses which is char-
acterized by high divergence. The 16 HA subtypes and nine NA subtypes were detected in 
migratory waterfowl and poultry [1]. Sometimes, avian influenza viruses overcome the inter-
species barrier and infect poultry and mammals. Avian influenza viruses of subtypes H5N1, 
H7N3, H7N7, H7N9, and H9N2 may become pathogenic for humans and occasionally cause 
very severe infections. As part of an influenza pandemic preparedness program, the World 
Health Organization (WHO) analyzes a range of zoonotic and potentially pandemic influenza 
viruses for the development of appropriate vaccines as seasonal influenza vaccination does 
not protect against pandemic avian influenza viruses [2].

After isolation of the first influenza viruses in 1933–1936, the development of influenza 
vaccines in England, the United States, Australia, and in the USSR began. The devel-
opment of active immunization against influenza using live attenuated vaccines was 
conducted in Russia under the leadership of A.A. Smorodintsev since 1937, and in the 
USA since 1960, where the group of H.F. Maassab also obtained cold-adapted attenu-
ated variants of influenza viruses A and B. At present, two types of LAIVs are com-
mercially available. The first, based on cold-adapted master donor viruses (MDVs) A/
Leningrad/134/17/57 (H2N2) and B/USSR/60/69 [3–5], was licensed in 1987 for the people 
3 years and older as Ultravac (Microgen, Russia). The second, known as FluMist based 
on cold-adapted MDVs, A/Ann Arbor/6/60ca (H2N2), and B/Ann Arbor/1/66ca, was 
licensed in 2003 (MedImmune, Inc., USA). FluMist is used for the prevention of influenza 
in persons younger than 49 and older than 2 years of age [6]. According to World Health 
Organization (WHO), vaccination prevents influenza in 80–90% of vaccinated people, 
and the economic effect of influenza vaccinations is 10–20 times higher than the cost 
of vaccination. In the past 10 years, attention was paid due to the advantages of LAIV 
that cause the formation of systemic and strong local (secretory) immunity. By contrast, 
parenteral inactivated influenza vaccines (IIV) stimulate mainly the formation of serum 
strain-specific antibodies which offer only limited protection against newly emerging 
viruses [7]. Intranasal implementation of LAIV produces immune response similar to 
natural infection and therefore induces an earlier, broader, and more long-lasting pro-
tection than inactivated vaccines [8]. Besides, the cost of live vaccine is five times less 
than inactivated vaccine, and the productivity of the biotechnological production pro-
cess is significantly higher which is also important in the event of pandemic.
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2. Avian influenza in humans

Most avian viruses are initially low virulent for birds, causing only transient asymptomatic 
intestinal infections in wild waterfowl [9]. Viruses of subtypes H5 and H7 can be widespread 
among poultry, while acquiring the increased pathogenicity. This was observed during out-
breaks caused by H5N2 viruses in 1983 or 1994–1995 in North America [10, 11], subtype H7 
(H7N7 or H7N2)—in Europe and in Australia [12]. For the first time, “bird plague,” a dis-
ease caused (as is now known) by highly pathogenic influenza viruses, was described in 1878 
during an outbreak among chickens in Italy. The outbreak causative agent was isolated in 
1902 (virus A/Chicken/Brescia/1902 (H7N7)). During similar outbreaks, repeatedly observed 
in Europe and around the world, several other viruses of H7 subtype were isolated. In 1955, 
those viruses were identified as belonging to a group of influenza viruses [13]. The first of 
the highly pathogenic (HP) viruses of the H5N3 subtype—the A/Tern/South Africa/61—was 
isolated in 1961 [14]. HP avian influenza viruses can cause a mass death of chickens in a short 
time as a result of dissemination of infection in poultry with rapidly progressive neurologic 
symptoms, diarrhea, and fatal outcome. Until 1997, there was no obvious evidence of direct 
infection of humans with avian viruses. Nevertheless, serological studies revealed the pres-
ence of antibodies against avian viruses of various subtypes in human sera in southern China, 
Hong Kong, and East Asia, indicating exposure of some people to avian influenza viruses [15].

2.1. H5N1 influenza viruses

For the first time, attention to H5 avian influenza viruses as possible pandemic agents was 
brought in May 1997 in Hong Kong during a mass outbreak among chickens when the avian 
virus H5N1 was isolated from a child who died from viral pneumonia [16]. To the end of 
1997, an infection with the virus H5N1 similar to poultry viruses identified in the region was 
confirmed in another 17 people, five of whom died [17].

It is possible that before the appearance of the virus H5N1 in humans, a series of reassort-
ments during the circulation of a number of precursor viruses in birds have occurred. Thus, 
HA of H5N1 viruses isolated from humans were almost identical to those of the A/Goose/
Guandong/1/96 (H5N1) [18], and NA may have been acquired from the virus H6N1 [24]. It is 
assumed that the internal genes were borrowed from the same H6N1 virus or H9N2 A/Qail/
Hong Kong/G1/97 (H9N2) influenza viruses during transmission from waterfowl to quails 
and chickens [19].

The mechanisms of avian influenza viruses “step-by-step” adaptation to new hosts are well 
characterized [20]. The change in host cell specificity and the increase in the pathogenicity of 
influenza viruses can be influenced either by amino acid substitutions in the receptor bind-
ing site of HA or by substitutions affecting the conformation and steric availability of this 
center. In particular, this can be influenced by changes in the number of glycosylation sites or 
their localization. High pathogenicity of avian influenza viruses in mammals is polygenic in 
nature. The HA of H5 or H7 HP viruses with a polybasic cleavage site is known as a primary 
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virulence factor, although the unusual severity of clinical manifestations during human infec-
tion with influenza H5N1 viruses can also be associated with mutations in internal proteins 
(PB1-F2, PB2) and non-structural (NS) proteins.

From 1997 to 2001, the HA of H5N1 viruses remained antigenically conserved, although, 
since 2003, there has been an unusually high level of H5N1 viruses evolution. The HP H5N1 
viruses isolated from poultry and humans separated into three branches that differ antigeni-
cally and genetically [21]. During the outbreak in 2005 on Lake Qinghai, a number of HP 
H5N1 viruses were isolated from wild waterfowl [22]. This may indicate a reverse drift of 
similar viruses from poultry to wild birds, which was not observed previously. Along with 
H5 HA evolution, the extensive reassortment of avian influenza viruses in birds in China 
resulted in new H5 viruses possessing different NA subtypes (H5N2, H5N5, H5N6, and 
H5N8) and internal protein genes. In 2014, HA gene segments of H5N1, H5N2, H5N5, H5N6, 
and H5N8 were designated as clade 2.3.4.4., which were detected in birds in 40 countries in 
Africa, Asia, and Europe [23].

WHO has consistently recorded cases of human infection caused by HP influenza H5N1 
virus, many of which had fatal outcomes. The clinical features of human infection caused 
highly pathogenic H5N1 viruses are characterized not only by primary viral pneumonia but 
also by complications with acute distress syndrome and poly-organ lesions [24].

At present, cases of human infection with the avian influenza H5N1 virus were decreased 
compared to the early 2000s. From 2003 to 2009, 468 cases of this disease were registered in 
16 countries, mainly in Vietnam, China, Indonesia, Thailand, and Egypt. In 2010–2014, the 
number of cases was two times decreased (233 people). In 2016, the virus continued to infect 
people in only one country—Egypt (10 cases, three of them with a fatal outcome). In 2017, 
again in Egypt three cases were recorded, one of which was fatal. Thus, even when the abso-
lute number of cases was decreased, mortality remains extremely high. In total, according 
to WHO data, by mid-2017, 859 people were infected with influenza H5N1, 453 (53%) from 
which died [25].

During the outbreak in Hong Kong in 1997, there was no direct evidence of a sustained 
human-to-human transmission of H5N1 viruses, although antibodies against H5 viruses were 
detected in 3.7% of physicians who had contact with H5-infected patients [26]. In 2008, trans-
mission of an infection with avian influenza H5N1 from a son to his father was registered in 
China [27]. Under conditions of the continuous appearance HP H5N1 viruses in the humans, 
there is a risk of such a transmission during close contacts.

2.2. H7N9 influenza viruses

On March 31, 2013, the first three cases of human infection with the avian influenza H7N9 
virus were registered in China. In all three cases, an infection of the respiratory tract was 
complicated with severe pneumonia. Two patients died, the third was in a critical condition 
for a long time, but recovered. Since then, the number of laboratory-confirmed cases in China 
has increased every day. In addition to severe and lethal cases, the sero-diagnostics methods 
have proved the asymptomatic course of the disease in workers of poultry farms. From March 
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2013, there were 1566 cases of avian influenza H7N9 in the world, of which 613 (39%) were 
fatal [28]. At the same time, 88% of the infected developed severe pneumonia, 68% was hospi-
talized in the intensive care unit. Mortality in different years ranged from 31 to 39%.

Experts believe that the virus H7N9 is not likely transmitted from person to person, but 
can spread with prolonged contact, especially when people care for sick family members. 
Moreover, the reassortment of several viruses is also not excluded. Genome analysis of 
human-isolated H7N9 viruses has shown adaptive evolution and convergent changes in 
eight viral genes, including sites in the PB2 gene (Q591K, E627K, and D701N), in HA (R156K, 
V202A, and L244Q), and in NA (R289K). These substitutions are known as playing a role in 
crossing species barriers from avian to human [29].

2.3. H9N2 influenza viruses

The H9N2 influenza viruses readily transmit from birds to animals and humans due to 
the easy appearance of variants that have an affinity for sialic receptors in mammals [30]. 
Sero-epidemiological studies revealed antibodies to viruses H9N2 among 15% of poultry 
workers in China [31]. Viruses H9N2 were isolated from people with symptoms of respi-
ratory infection in Hong Kong and China from 1997 to 2009 [32] belonging mainly to the 
antigenic G1 line, unlike other H9N2 viruses isolated from swine and poultry belonging 
to the antigenic variety G9 [33]. Phylogenetic analysis showed that after 1994, Eurasian 
H9N2 after complex genetic reassortment of G1 and G9 viruses circulating among wild 
and domestic birds formed several antigenic lines [34]. The H9N2 viruses, which caused 
human cases, were not HP as they did not possess highly cleavable HA and were not 
highly virulent for poultry, although molecular analysis demonstrated similarity of genes 
for internal proteins with HP H5N1 viruses, which caused an outbreak among people in 
1997 [35]. Due to the fact that the avian influenza viruses of the H9 subtype are transmit-
ted to humans, have genetic similarity to the H5N1 viruses, and are widespread in Asia, 
Europe, and the Middle East, the WHO has included H9N2 vaccine development in the 
overall plan for pre-pandemic training [36].

2.4. H6N1 influenza viruses

Serological studies in Southern China revealed that 13% of people from different provinces 
have antibodies to the influenza virus of H6 subtype [37]. Phylogenic analysis of influenza A 
viruses indicates that the closely related genes coding the internal proteins could be found in 
influenza A viruses of different subtypes and that the reassortment between the avian and 
human influenza viruses is possible [38]. It was also shown that some of the fragments of 
the NP and NA genes of highly pathogenic H5N1 viruses originated from the H6 virus of 
wild ducks [18, 39]. Therefore, the avian influenza viruses of H6N1 subtype may represent a 
potential danger for humans.

Thus, various avian influenza viruses can pose a threat to humans that necessitates the 
development of a corresponding vaccine strain for the protection of humans from possible 
infection. As part of an influenza pandemic preparedness program, the WHO monitors the 
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number of zoonotic and potentially pandemic influenza viruses to schedule candidates for 
the development of appropriate vaccines [40].

3. Development of live influenza vaccines against potentially 
pandemic avian influenza

The LAIVs preparation against potentially pandemic avian influenza viruses is conducted in 
two directions: the preparation of vaccine strains using classical genetic reassortment in chick 
embryos or through reverse genetics (RG) technique. The first attenuated A/Ann Arbor/6/60 
(H2N2)-based vaccine strains were obtained by reverse genetics shortly after H5 influenza 
outbreaks in Hong Kong in 1997 [41].

The vaccine candidates containing internal genes from the attenuation donor, and the sur-
face antigens from viruses A/Hong Kong/156/97 (H5N1) or A/Hong Kong/483/97 (H5N1) with 
RG-modified HA demonstrated an attenuated phenotype for ferrets and chickens. Both reas-
sortants caused seroconversions in chickens, which confirm the sensitivity of chickens to these 
vaccine strains despite the att-phenotype [42]. By RG methods, three reassortant strains based 
on the A/Ann Arbor/6/60 (H2N2) were prepared in the Vero cell line [43]. As a source of surface 
antigens, viruses H5N1 of 1997, 2003, and 2004 years of isolation with RG-modified HA were 
used. It was shown that a double immunization with LAIV from a strain isolated in 1997 com-
pletely protected mice from infection with later “wild” isolates, including the isolate obtained 
in 2005—A/Indonesia/05/2005 (H5N1). The use of HP viruses requires increased biosecurity 
level laboratories, certified cell lines, and RG techniques. The HP avian viruses found in nature 
cannot be used directly to prepare influenza vaccines because they would not grow in eggs 
and might be dangerous to people. The RG-modified viruses do not cause severe illness in 
birds and that also will grow well in chicken eggs (so that vaccine manufacturers can use it 
to produce vaccine). An alternative approach is to use low pathogenic surrogate viruses that 
show antigenic similarity to HP viruses. In this regard, the identification of non-pathogenic 
variants, which are antigenically close to potentially pandemic strains, may be very important.

Another vaccine candidate based on A/Ann Arbor/6/60, containing HA and NA from virus A/
duck/Hokkaido/69/2000 (H5N3), A/chicken/Hong Kong/G9/97 (H9N2), or A/Chicken/British 
Columbia/CN-6/04 (H7N3) was prepared by classical genetic reassortment methods in the 
chick embryos (CE) [44–46]. The vaccine strains exhibited ts-, ca-, and att-phenotype and pro-
vided protection against infection with the wild-type virus in mice and ferrets.

3.1. Development of reassortant vaccine strains based on a/Leningrad/134/17/57 
(H2N2) MDV

To prepare vaccines based on A/Leningrad/134/17/57 (H2N2) MDV, several non-pathogenic 
avian viruses of different subtypes (A/duck/Potsdam/1402–6/1986 (H5N2), A/mallard /The 
Netherlands/12/2000 (H7N3), A/Hong Kong/1073/99 (H9N2), A/quail/Hong Kong/G1/1997 
(H9N2), and А/herring gull/Sarma/51 s/2006 (H6N1)) were used. The HP avian influenza 
viruses of subtypes H5 and H7 contain a HA insertion from several positively charged amino 
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acid residues (lysine and arginine) in the proteolytic cleavage site [47], which causes effective 
cleavage of HA by intracellular proteases expressed in most organs and tissues of birds and 
mammals. Unlike HP avian influenza viruses, non-pathogenic viruses contain a single arginine 
residue (R) in the cleavage site [44]. For non-pathogenic viruses proteolytic activation, the pres-
ence of trypsin-like enzymes is required, which is expressed by a limited range of cells and is 
found in the airways.

The reassortant vaccine strains were prepared in the Virology Department, Institute of Experi-
mental Medicine, using classical genetic reassortment in CE as previously described [48]. The 
H5N2 reassortant virus inherited only the HA gene from the H5N2 parent virus, and the 
remaining seven genes from the Len/17 MDV (7,1 genome composition) [49]. The reassortants 
of subtypes H7N3, H9N2, and H6N1 inherited the HA and NA from parental avian influenza 
viruses (6,2 genome composition). All the reassortant strains were studied for temperature-
sensitive (ts-) and cold-adapted (ca-) phenotype [49–52]. For those purposes, the reassortant 
viruses were propagated in CE for 2 days at 25, 34, and 40°C. The yield of “wild-type” avian 
influenza viruses at 40°C was the same or greater than at 34°C. Only when the temperature 
was increased to 41°C, the reproduction of these strains was partially limited. Thus, the high 
degree of temperature resistance of all the above viruses was demonstrated. In contrast to 
parental avian viruses, all vaccine candidates poorly reproduced at 40°C in titers not exceeded 
1.5–1.8 log10 EID50/ml. At the same time, these reassortant strains grew well at low tempera-
tures. Thus, all obtained reassortants acquired the genes of internal and nonstructural pro-
teins from the A/Leningrad/134/17/57 (H2N2) MDV inherited the ts- and ca-phenotype. The 
pronounced difference in optimal reproductive conditions between the temperature-resistant 
viruses of avian influenza and the cold-adapted attenuation donor is due to the properties of 
viral polymerases [53]. This difference in the temperature optimum of the parental viruses 
may facilitate the isolation of the reassortant viruses possessing the desired gene composition 
after selective passages at a lower temperature.

3.2. Immunogenicity and cross-protection in mice

The ability of LAIV to induce antibodies not only to the homologous variant subtype but 
also to cross-reacting antibodies to antigenically different variants including HP variants was 
shown in several mouse studies [50–52, 54–56].

Among all vaccine candidates based on non-pathogenic avian influenza viruses, the H6N1 
LAIV was characterized by the highest HI titers in mice after a single administration 
(GMT = 17.4). The LAIV of H7N3 subtype raised serum antibodies not only against the 
homologous virus but also against H7N9, which possessed the difference of 3% in the HA 
amino acid sequence. In the sera from mice double-vaccinated with H7N3 LAIV, serum HI 
titers against H7N9 were 20–40 times higher than against H7N3 (P < 0.05) [56]. At the same 
time, local IgA levels were higher against homologous H7N3 compared with H7N9 after vac-
cination with LAIV. The H5N2 LAIV induced detectable HI and neutralizing antibody titers 
only against the homologous H5N2 virus, perhaps due to the genetic differences between 
H5N2 vaccine strain and infectious viruses H5N1 isolated in 1997, 2003, and 2005 (10–12% 
differences of the HA1 amino acid sequence).
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Nevertheless, immunization using virus H5N2 of 1986 resulted in a significant level of protec-
tion in experimental infection of mice (Figure 1).

Data on the protective efficacy of reassortant vaccine strains against intranasal challenge with 
avian influenza viruses are summarized in Table 1. When the mice were challenged with 
HP H5N1 viruses following immunization with H5N2 LAIV, the infectious viruses were not 
isolated from nasal passages or from the brain [54, 55]. Limited reproduction of HP viruses in 
the respiratory tract of mice and preventing a systemic infection, including neuro-infections, 
are important advantages of LAIV, especially in respect with data on the neurogenic pathway 
of generalization of infection caused by HP H5N1 viruses [58]. The absence of nasal infec-
tion correlated with high titers of secretory virus-specific IgA viruses in nasal swabs. The 
local immune response of the mucous membranes of the body serves as the first and most 
significant barrier for many viral infections, including influenza [59]. Due to their polymeric 
structure, IgAs have several times higher anti-hemagglutinating and neutralizing activity 
compared to IgG [60] and are also more stable and more cross-reactive. In addition, IgA can 
interact with the surface proteins of the influenza virus intracellularly, during trans-cyto-
sis [61]. With respect to LAIV, it is still unclear how antibody-mediated immune response 
is related to protective efficacy. Mechanisms of cross-immunity in influenza are mediated 
by several factors, among which the cellular immune response is very important. Cellular 
immunity is involved in virus clearance and in activating the humoral immune response. 
In this regard, the production of Th1 and Th2 marker cytokines in vitro by splenocytes from 
mice immunized with H5N2 LAIV and whole-virion H5N2 IIV was compared [55].

Both LAIV and IIV caused the cytokines production by splenocytes of immunized mice in 
response to stimulation with both whole H5N1 virus and recombinant H5 HA. While immuni-
zation with LAIV caused higher levels of IFN-γ production by splenocytes of mice stimulated 
with H5N1 viruses, immunization with IIV induced IL-4 and IL-10 production. Interestingly, 

Figure 1. Influenza virus-specific serum antibodies and local IgA in mice after intranasal (i.n.) immunization with LAIV 
[50–52, 54–56]. *Nd, not done.
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after immunization with the H2N2 MDV, the IFN-γ production by splenocyte of mice occurred 
only in response to stimulation with whole virus H5N1, but not purified HA. This may indi-
cate the directivity of hetero-subtypic immunity to conserved epitopes of viral proteins [55].

3.3. Pathogenicity for chickens

Several experiments with vaccine candidates H5N2 and H7N3 were performed at Southeast 
Poultry Research Laboratory, GA, USA. Those studies demonstrated that the ca- reassortants 
of avian viruses adapted to a lower temperature of reproduction were unable to either infect 
a bird or be released into the environment. This was confirmed by the absence of virus isola-
tion from the gastrointestinal tract of birds, as well as the impossibility in the determination of  
specific antibodies (Table 2).

A high degree of attenuation of H5N2 and H7N3 reassortants in chickens (up to a total inability) 
to reproduce confirms the safety for poultry farms during the production and use of such strains.

3.4. Study in primates

If the genetically homogeneous population using linear mice is the most appropriate model for 
assessing the molecular mechanisms of pathogenicity, the use of genetically heterogeneous  

Challenge virus Dosage Vaccine 
groups

Protection Refs.

Virus titers (log10EID50/
ml)

Lethality

Lung Noses Brain

A/Hong Kong/483/97 (H5N1) 50 LD50 H5N2 
LAIV

1.9 ≤0.8 ≤0.8 0% [54]

PBS 5.9 4.0 4.3 100%
A/Hong Kong/213/2003 (H5N1) 100 MID50 H5N2 

LAIV
1.8 Nd* Nd Na** [54]

PBS 5.3 Nd Nd Na
A/Vietnam/1203/2004 (H5N1) 200 LD50 H5N2 

LAIV
1.6 0.8 0.8 0% [55]

PBS 6.1 4.7 4.5 100%
A/chicken/Kurgan/02/2005 (H5N1) 27 LD50 H5N2 

LAIV
Nd Nd Nd 13% [57]

PBS Nd Nd Nd 100%
A/mallard/The Netherlands/12/2000 
(H7N3)

7 lg EID50 H7N3 
LAIV

≤1.5 ≤1.5 ≤1.5 Na [50]

PBS 5.7 4.2 ≤1.5 Na [50]
A/chicken/Hong Kong/G9/97 (H9N2) 7 lg EID50 H9N2 

LAIV
3.4 1.1 Nd Nd [51]

PBS 6.9 2.0 Nd Nd [51]

*Nd, not done.
**Na, not applicable.
The virus was not lethal for mice.

Table 1. Protection against infection with avian influenza viruses.
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3.4. Study in primates
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animals (ferrets, primates) better allows one to assess the effect of natural host defense 
factors in mammalian infection by avian influenza viruses. The use of primates is one of 
the most promising areas in the study of human infectious pathology. The evolutionary 
relationship and biological similarity between humans and monkeys make them unique 
objects in the modeling of infectious diseases. However, the lower primates, while remain-
ing closest to humans than other mammals, differ significantly in physiological characteris-
tics from them. In experiments on the hybridization of nuclear DNA, it has been established 
that the similarity of man to chimpanzee reaches 90–98%, with lower monkeys—50–75% 
whereas in rodents, this index is not more than 20% (unpublished data).

The use of lower primates as models makes it possible to establish the duration and sequence 
of biochemical, metabolic, and physiological responses in the course of the development of 
the disease, which are then used to evaluate various preventive and therapeutic measures 
[62]. The use of primates for the modeling of the pathogenesis of influenza H5N1 in people of 
preclinical evaluation of vaccine preparations by a group of scientists from The Netherlands 
is described [63].

Before the clinical trials, the safety, immunogenicity, and protective properties of the LAIV 
based on strain A/17/duck/Potsdam/86/92 (H5N2) were studied by intranasal immunization of 
Java macaques [64]. None of the four monkeys immunized with H5N2 LAIV at a dose of 6.9 log10 
EID50/ml showed no adverse reactions with either temperature or behavioral changes or weight 
loss. The vaccine virus multiplied in the upper respiratory tract and was isolated in two of four 
monkeys, on days 3–5 after the first vaccination with the maximum titer of 4.2 lg EID50/ml. The 
absence of viremia and a temperature reaction in the same period indicates the local immuniza-
tion process. In three of four monkeys, double immunization caused neutralizing antibodies to 
H5 viruses in titers 1:40–1:160. Twenty-one days after the end of the immunization cycle, the 

Virus I.v. pathogenicity test* I.n. pathogenicity and infectivity data** Refs.

Virus isolation on day 3 p.i. Seroconversions 
(AGID).

Morbidity Mortality

Morbidity Mortality Oropharyngeal 
swabs

Cloacal 
swabs

Len/17 0/8 0/8 0/5 0/5 0/5 0/5 0/5 [53]

Len17/H5N2 0/8 0/8 0/5 0/5 0/5 0/5 0/5

H5N2-wt 0/8 0/8 0/5 0/5 3/5 0/5 0/5

Len17/Н7N3 0/8 0/8 0/5 0/5 0/5 0/5 0/5 [49]

H7N3-wt 5/8 5/8 2/5(101.1)*** 1/5(100.91)*** 5/5 0/5 0/5

*Groups of eight 5-week-old specific pathogen-free (SPF) chickens were infected intravenously (i.v.) with and observed 
daily for 10 days for clinical signs and death.
**Groups of five chickens were infected intranasally (i.n.) with 6 log10 EID50/0.1 ml. The oropharyngeal and cloacal swabs 
were collected 3 days post infection (p.i.) and titrated in eggs for assessing viral replication. The chickens were observed 
for clinical signs of disease and death for 14 days. To determine infectivity, sera were collected 21 days p.i. and tested for 
the presence of antibodies by agar gel immunodiffusion (AGID) test.
***Mean virus titers (EID50/0.1 ml).

Table 2. Pathogenicity and infectivity data for chickens.
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animals were infected in a combined method using intratracheal and intranasal administration 
of 7.5 lg EID50/ml primate-adapted influenza virus A/Chicken/Kurgan/2/05 (H5N1). According 
to the summary data on clinical reactions and virus isolation from the respiratory tract, the vac-
cine protected at least 50% of immunized animals against the H5N1 infection.

3.5. Study of the H5N2 and H7N3 reassortants in phase I clinical trials

The randomized, double-blinded, placebo-controlled phase I trials were conducted in healthy 
adults at the St. Petersburg Institute of Influenza [65, 66]. Both H5N2 and H7N3 LAIV were 
safe for volunteers. In the genome of the isolated vaccine virus, all the mutations known 
for the MDV were conserved [65, 66]. Data on the LAIV when used in humans confirm the 
concept of attenuation of influenza viruses by reassortment with MDV and association of the 
ca- phenotype with an attenuation for people. For the vaccine virus isolation from the nasal 
washes, two to three passages were required on MDCK cell culture, indicating a very low 
content of the virus. These data confirmed LAIV implementation safety for contact persons.

The post-vaccination antibody response was assessed using the HI test, which is still posing 
as the “gold standard” for the evaluation of influenza vaccine immunogenicity, the micro-
neutralization (MN) test which is supposed to be more sensitive compared to the HI in the 
detection of serum antibodies after immunization against potential pandemic subtypes. Local 
IgA response in nasal washes was estimated using ELISA (Figure 2).

According to the results of three tests, more than 80% of the vaccinated subjects responded 
to immunization with a significant increase in serum or local antibodies [65, 66]. Moreover, 
after double vaccination with H5N2 LAIV, 30.8% of vaccinated volunteers responded to the 
HA antigen of the A/Indonesia/05/2005xPR8 IBCDC-RG (H5N1). When serum samples of 
volunteers vaccinated with H7N3 LAIV were tested for the anti-H7N9 HI antibodies, the 

Figure 2. Immunogenicity of H5N2 and H7N3 LAIV in volunteers after boost immunization [65–67].
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is described [63].
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based on strain A/17/duck/Potsdam/86/92 (H5N2) were studied by intranasal immunization of 
Java macaques [64]. None of the four monkeys immunized with H5N2 LAIV at a dose of 6.9 log10 
EID50/ml showed no adverse reactions with either temperature or behavioral changes or weight 
loss. The vaccine virus multiplied in the upper respiratory tract and was isolated in two of four 
monkeys, on days 3–5 after the first vaccination with the maximum titer of 4.2 lg EID50/ml. The 
absence of viremia and a temperature reaction in the same period indicates the local immuniza-
tion process. In three of four monkeys, double immunization caused neutralizing antibodies to 
H5 viruses in titers 1:40–1:160. Twenty-one days after the end of the immunization cycle, the 

Virus I.v. pathogenicity test* I.n. pathogenicity and infectivity data** Refs.

Virus isolation on day 3 p.i. Seroconversions 
(AGID).

Morbidity Mortality

Morbidity Mortality Oropharyngeal 
swabs

Cloacal 
swabs

Len/17 0/8 0/8 0/5 0/5 0/5 0/5 0/5 [53]

Len17/H5N2 0/8 0/8 0/5 0/5 0/5 0/5 0/5

H5N2-wt 0/8 0/8 0/5 0/5 3/5 0/5 0/5

Len17/Н7N3 0/8 0/8 0/5 0/5 0/5 0/5 0/5 [49]

H7N3-wt 5/8 5/8 2/5(101.1)*** 1/5(100.91)*** 5/5 0/5 0/5

*Groups of eight 5-week-old specific pathogen-free (SPF) chickens were infected intravenously (i.v.) with and observed 
daily for 10 days for clinical signs and death.
**Groups of five chickens were infected intranasally (i.n.) with 6 log10 EID50/0.1 ml. The oropharyngeal and cloacal swabs 
were collected 3 days post infection (p.i.) and titrated in eggs for assessing viral replication. The chickens were observed 
for clinical signs of disease and death for 14 days. To determine infectivity, sera were collected 21 days p.i. and tested for 
the presence of antibodies by agar gel immunodiffusion (AGID) test.
***Mean virus titers (EID50/0.1 ml).

Table 2. Pathogenicity and infectivity data for chickens.
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animals were infected in a combined method using intratracheal and intranasal administration 
of 7.5 lg EID50/ml primate-adapted influenza virus A/Chicken/Kurgan/2/05 (H5N1). According 
to the summary data on clinical reactions and virus isolation from the respiratory tract, the vac-
cine protected at least 50% of immunized animals against the H5N1 infection.

3.5. Study of the H5N2 and H7N3 reassortants in phase I clinical trials

The randomized, double-blinded, placebo-controlled phase I trials were conducted in healthy 
adults at the St. Petersburg Institute of Influenza [65, 66]. Both H5N2 and H7N3 LAIV were 
safe for volunteers. In the genome of the isolated vaccine virus, all the mutations known 
for the MDV were conserved [65, 66]. Data on the LAIV when used in humans confirm the 
concept of attenuation of influenza viruses by reassortment with MDV and association of the 
ca- phenotype with an attenuation for people. For the vaccine virus isolation from the nasal 
washes, two to three passages were required on MDCK cell culture, indicating a very low 
content of the virus. These data confirmed LAIV implementation safety for contact persons.

The post-vaccination antibody response was assessed using the HI test, which is still posing 
as the “gold standard” for the evaluation of influenza vaccine immunogenicity, the micro-
neutralization (MN) test which is supposed to be more sensitive compared to the HI in the 
detection of serum antibodies after immunization against potential pandemic subtypes. Local 
IgA response in nasal washes was estimated using ELISA (Figure 2).

According to the results of three tests, more than 80% of the vaccinated subjects responded 
to immunization with a significant increase in serum or local antibodies [65, 66]. Moreover, 
after double vaccination with H5N2 LAIV, 30.8% of vaccinated volunteers responded to the 
HA antigen of the A/Indonesia/05/2005xPR8 IBCDC-RG (H5N1). When serum samples of 
volunteers vaccinated with H7N3 LAIV were tested for the anti-H7N9 HI antibodies, the 

Figure 2. Immunogenicity of H5N2 and H7N3 LAIV in volunteers after boost immunization [65–67].
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seroconversions were found among 44.8% of vaccinated persons [67]. These data indicate the 
substantial level of cross-reactive antibodies induced by LAIV against distant avian influ-
enza viruses. The two doses of LAIV raised both CD4 and CD8 T-memory-cell responses in 
peripheral blood of healthy volunteers on day 21 after boost immunization [67].

Previously, when studying the immunogenicity of inactivated vaccines based on potentially 
pandemic avian influenza viruses, both the experiment and the clinical trials showed a low 
immunogenicity of such preparations, according to generally accepted criteria for serocon-
version of HI antibodies. The European Committee for the Control of Medicines has estab-
lished the following criteria for the immunogenicity of vaccine preparations based on both 
epidemic and potentially pandemic influenza viruses: the multiplicity of antibody growths 
of at least 2.5 for individuals 18–60 years old and the development of reliable seroconversion 
in 40% of the vaccinated [68]. Obviously, the detection of only strain-specific HI antibod-
ies is not sufficient to fully characterize the immunogenicity of the LAIV [69]. Moreover, it 
remains unclear what antibody titer can be considered protective against potentially pan-
demic viruses—1:20 or 1:40. Recently, it was shown that neuraminidase-inhibiting (NI) anti-
body titers better correlate with protection and can be an independent predictor of reduction 
of influenza disease severity [70]. Therefore, neuraminidase immunity should be considered 
when studying susceptibility after vaccination as a critical target in future influenza vaccine 
platforms. In this connection, the NI antibodies in the sera of volunteers after H5N2 immuni-
zation were estimated (Table 3). The two doses of the monovalent LAIV H5N2 raised a sta-
tistically significant increase in the NI antibodies against vaccine strain. More than twofold 
increase in antibodies was obtained among 19.5–33.3% of those vaccinated. The MN test and 
NI assay titers in the same sera of the vaccinated volunteers were 73.2% corresponded and 
suggested a statistically significant correlation between the values in antibody titers revealed 
in both tests (p = 0.04).

4. Conclusions

• The use of non-pathogenic avian viruses as a source of surface antigens combined with 
the use of cold-adapted “donors” of attenuation can be a significant advantage in the de-
velopment of vaccine strains for LAIV against potentially pandemic influenza using clas-
sical genetic reassortment in CE. Low pathogenic avian influenza viruses do not contain a 

Vaccine Groups NI data Ref.

Number of 
≥2-fold antibody 
rises

Geometric mean titers (GMT) GMT 
fold-rise

Before 
vaccination

After revaccination

LAIV H5N2 (6.9 log10 
EID50/0.5 ml)

LAIV 6 (33.3) 5.0 9.9 2.0* [71]

Placebo 0 (0) 9.9 7.5 0

*P < 0.05.

Table 3. Serum NA-inhibiting antibodies against H5N2 LAIV 21 days after second vaccination.
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polybasic amino acid insertion in the cleavage site and therefore do not require modifica-
tion by reverse genetics methods prior to reassortment.

• A high degree of attenuation of the reassortants of subtypes H5N2 and H7N3 in chick-
ens, up to a total inability to reproduce, confirms the safety for poultry farms during the 
production and use of such strains. The high yield of the obtained reassortants in the CE 
makes it possible to produce a large amount of viral material, which allows their use for the 
production of both LAIV and IIV.

• In preclinical and clinical studies, LAIV based on non-pathogenic avian influenza vi-
ruses causes the formation of systemic and secretory antibodies including those against 
antigenically distant viruses. In animal models, LAIV based on non-pathogenic avian 
influenza viruses provided protection against HP variants that appeared much later. Pro-
tection from lethal infection with HP viruses was observed even in the absence of HI an-
tibodies. This suggests that the use of LAIV may be effective against HP influenza viruses 
even in the case of incomplete antigenic correspondence between the vaccine strain and 
the infectious virus.

• In general, studies in mice represent an adequate preclinical model for studying the prop-
erties of reassortants of non-pathogenic avian influenza viruses, since data on the safety, 
immunogenicity, and cross-reactivity of post-vaccinal antibodies obtained in mice were 
confirmed in clinical trials.

• In the clinical trials of LAIV of potentially pandemic subtypes, the detection of only strain-
specific HI antibodies is not sufficient to fully characterize the positive effect of immuniza-
tion on the stimulation of antiviral immunity, which in this case is mediated by a variety of 
other factors, both humoral and cellular.

5. Future perspectives

In the face of a pandemic threat, only live vaccines can eliminate the risk of losses from 
increased morbidity and mortality, as it was demonstrated in the cases with smallpox 
eradication and polio control. The conducted studies clearly showed that the classical 
genetic reassortment method allows obtaining high-yield, harmless and immunogenic 
LAIVs on the basis of an attenuated donor virus. In the post-pandemic period, when the 
direct threat of infection recedes, the main task is the search for optimal regimens for the 
use of new pandemic vaccines, including (1) the possibility of including such vaccine 
strains in the composition of polyvalent live vaccines; (2) prime-boost schemes using both 
LAIV and IIV; (3) the development of recommendations for vaccination of people with 
an increased risk of influenza infection complications; (4) a comprehensive study of the 
immune mechanisms of vaccination with influenza vaccines against emerging variant 
viruses; (5) the development of the most reliable and standardized assays to measure 
post-vaccination immune response.

Currently, the FluMist LAIV, which was withdrawn from use in the USA and Europe in 2015 
due to reduced LAIV effectiveness against A/H1N1pdm09, was returned to the practice by 
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polybasic amino acid insertion in the cleavage site and therefore do not require modifica-
tion by reverse genetics methods prior to reassortment.

• A high degree of attenuation of the reassortants of subtypes H5N2 and H7N3 in chick-
ens, up to a total inability to reproduce, confirms the safety for poultry farms during the 
production and use of such strains. The high yield of the obtained reassortants in the CE 
makes it possible to produce a large amount of viral material, which allows their use for the 
production of both LAIV and IIV.
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ruses causes the formation of systemic and secretory antibodies including those against 
antigenically distant viruses. In animal models, LAIV based on non-pathogenic avian 
influenza viruses provided protection against HP variants that appeared much later. Pro-
tection from lethal infection with HP viruses was observed even in the absence of HI an-
tibodies. This suggests that the use of LAIV may be effective against HP influenza viruses 
even in the case of incomplete antigenic correspondence between the vaccine strain and 
the infectious virus.

• In general, studies in mice represent an adequate preclinical model for studying the prop-
erties of reassortants of non-pathogenic avian influenza viruses, since data on the safety, 
immunogenicity, and cross-reactivity of post-vaccinal antibodies obtained in mice were 
confirmed in clinical trials.

• In the clinical trials of LAIV of potentially pandemic subtypes, the detection of only strain-
specific HI antibodies is not sufficient to fully characterize the positive effect of immuniza-
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use of new pandemic vaccines, including (1) the possibility of including such vaccine 
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an increased risk of influenza infection complications; (4) a comprehensive study of the 
immune mechanisms of vaccination with influenza vaccines against emerging variant 
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post-vaccination immune response.

Currently, the FluMist LAIV, which was withdrawn from use in the USA and Europe in 2015 
due to reduced LAIV effectiveness against A/H1N1pdm09, was returned to the practice by 
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the CDC’s Advisory Committee on Immunization Practices (ACIP) (http://www.cidrap.umn.
edu/news-perspective/2018/02/cdc-vaccine-panel-brings-back-flumist-2018-19-season). It was 
noted that after the replacement of A/H1N1pdm09 vaccine strain in the quadrivalent LAIV, 
an immune response was achieved similar to that of highly immunogenic seasonal A/H1N1 
viruses circulating before 2009. Therefore, at present, much attention is paid to influenza vac-
cine strategies that target more broadly reactive antibodies which also apply to potentially 
pandemic vaccine strains.
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1. Introduction

Vaccination is the most effective means of preventing influenza and consequently reducing 
incidence and severity of complications. Modern influenza vaccines include a live attenuated, 
inactivated (whole-virion, split-virion and subunit) vaccines. Currently, inactivated split and 
subunit vaccines are used for influenza prevention as the safest ones and stimulating the 
production of a protective level of strain-specific virus-neutralizing antibodies to the globular 
domain of hemagglutinin protein and neuraminidase protein of contemporary serotypes of 
the influenza virus. These vaccines protect against infection with the appropriate antigenic 
variants of influenza virus. Not all inactivated vaccines have been reported to be effective 
enough for certain categories of vaccinated people [1–7]. Some of them are not able to protect 
against drift variants of influenza virus [8–11].

Due to the continuous antigenic drift of influenza viruses and the emergence of pandemic 
influenza viruses, the study of influenza vaccines causing broader protective immunity is of 
great interest [12]. In this regard, before influenza pandemic of 2009–2010 vaccination with 
adjuvanted vaccines began, aiming to enhance the synthesis of specific antibodies. In addi-
tion, given poor population health in the modern era, there is the need to enhance the efficacy 
of vaccines meant to activate all the components of the immune system. According to the 
literature data, adjuvanted vaccines seem to have such effect. However, a small number of 
human studies to investigate, how adjuvanted vaccine influence cellular immunity and acti-
vate of not only adaptive, but also innate immunity, have been conducted. In addition, unlike 
foreign adjuvanted influenza vaccines developed in 2009–2010, the National Immunization 
Calendar of the Russian Federation for more than 20 years applies polymer-subunit influenza 
vaccine containing immunomodulator PO as the adjuvant. Furthermore, immunomodulators 
have long been used in vaccination practice for immunocompromised patients in the Russian 
Federation. Immunomodulator use to support the vaccination was shown to promptly 
enhance the synthesis of specific antibodies and significantly decrease the incidence of respi-
ratory infections in the postvaccinal period [13–15].

To date, the vaccine immunogenicity is assessed according to the requirements of the 
European Committee for influenza vaccines [16], and must meet at least one of the three 
criteria:

• seroconversion (percentage of subjects with a fourfold increase in antibody titers after vac-
cination)—at least 40%;

• seroprotection (percentage of subjects with a protective antibody titers before and 
21–28 days after vaccination)—at least 70% and

• multiplicity factor for the increase of antibody titers compared to baseline—at least 2.5.

Taking into account a new type of vaccine (adjuvanted), not only humoral, but also cellular 
immune response is important for the evaluation of immunological efficacy. The activation 
of cellular immunity parameters, important to the formation of immunological memory, may 
differ from that of non-adjuvanted vaccines.

Influenza - Therapeutics and Challenges84

The aim of the study was to examine the effect of immunoadjuvant-containing and non-
adjuvanted influenza vaccines on the immunophenotype of healthy donor lymphocytes and 
the number of cells with toll-like receptor expression in vitro.

2. Materials and methods

2.1. Clinical characteristics of patients

An open-label non-randomized monocenter study enrolled 27 healthy women of childbear-
ing potential (aged 18–40 years) without co-morbidities who were not influenza-vaccinated 
within the previous 3 years and acquired no influenza or influenza-like illnesses within the 
previous 6 months.

2.2. Legal basis of the study

Once the signed informed consent for study participation was obtained, venous blood 
samples were drawn from volunteers with all applied aseptic and antiseptic techniques met 
and in accordance with the Study Protocol approved in 2015 by the Ethics Committee at the 
Mechnikov Research Institute of Vaccines and Sera. The study was conducted at the certified 
laboratory of the Mechnikov Research Institute of Vaccines and Sera (Moscow) using modern 
reagents and equipment.

2.3. Distribution pattern of lymphocyte subpopulations

The distribution pattern of peripheral blood lymphocyte subpopulations in vitro in healthy  
women exposed to influenza vaccine was tested by flow cytometer FC-500 (Beckman Coulter, 
USA), using anti-CD45/CD3, anti-CD45/CD3/CD4, anti-CD45/CD3/CD8, anti-CD16/56, anti-CD3/
CD16/56, anti-CD45/CD20, anti-CD8/HLA-DR, anti-CD3/HLA-DR, anti-CD45/CD25, and anti-СD4/
CD25/Foxp3 FITC- and PE-labeled monoclonal antibodies mAbs (Beckman Coulter, USA).

2.4. Toll-like receptors

The concentration of granulocytes with TLR expression was evaluated by flow cytometer 
FC-500 (Beckman Coulter, USA) using anti-TLR2, anti-TLR 3, anti-TLR4, anti-TLR6, anti-
TLR8, and anti-TLR9 mAbs (eBioscience, USA).

Mononuclear WBCs were isolated from the whole blood using Ficoll-Urografin density gra-
dients. We incubated 106 cells/mL in RPMI-1640 complete growth medium (PanEco, Russia) 
with 10% FBS (PanEco, Russia) and antibiotic (streptomycin) in the presence of 10 μL of a 
corresponding vaccine for 72 hours.

2.5. Study vaccines

Influvac (“Abbott biologicals” B.V., Netherlands) – inactivated subunit influenza vaccine, 
Vaxigrip (“Sanofi Pasteur”, France)– inactivated split-virion influenza vaccine for influenza 
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prevention. These vaccines contain hemagglutinin of the influenza virus type A subtypes 
A/H1N1 и A/H3N2 (15 μg each) and hemagglutinin of the influenza virus type B (15 μg). 
Grippol plus (LLC “NPO Petrovax Pharm,” Russia) – trivalent polymer subunit inactivated 
influenza vaccine. It contains hemagglutinin of the influenza virus type A subtypes A/H1N1 
и A/H3N2 and hemagglutinin of the influenza virus type B (5 μg each), and immunoadjuvant 
Polyoxidonium (500 μg). All the vaccines contained current influenza virus strains for epide-
miological seasons 2015–2016 and 2016–2017.

Anti-influenza virus A/H1N1/California/07/09, p.149, A/H3N2/Switzerland/9715293/13 (subunit 
antigen), B/Phuket/3073/13, p. 25 (season 2015–2016); A/H1N1/California/07/09 p.124 till 01.17, A/
H3N2/Hong Kong/4801/14 p.200, and B/Brisbane/60/08 p. 27 (season 2016–2017) baseline serum 
antibody levels were studied in volunteers using the standard method (MU 3.3.2 1758–03) for 
HAI assay. The 4+ system was applied to HAI assay: an antigen titer, i.e., 1 HAU, was highest 
antigen dilution giving complete hemagglutination of RBCs (3+ or 4+). In HAI assay the antigen 
working dose was the antigen dilution containing 4 hemagglutination units (4 HAU) in 0.2 mL.

2.6. Statistical analysis

Cell percentage difference between test groups was measured by a robust dispersion analysis 
of repeated measures (R Statistical Software, WRS2 package, rmanova function) with sub-
sequent pairwise comparisons (R Statistical Software, WRS2 package, rmmcp function), the 
obtained significance level was corrected by Holm method [17]. Benjamini-Hoсhberg method 
was used to account for multiple comparison (false discovery rate control) [18]. The obtained 
data were described with the median and interquartile range.

3. Study results

First, we estimated vaccine effect on distribution pattern of lymphocyte subpopulations in 
PBMC cultures. Volunteers were divided into three groups according to the baseline antibody 
(AB) titers against the hemagglutin of the influenza virus A/H1N1, A/H3N2, and B: low AB 
titers (20–40 U) in the first group, medium AB titers (80–160 U) in the second group, and high 
AB titers (≥320 U) in the third group. Such differences in AB level indicate that influenza 
infection in the unvaccinated volunteers could have been masked under the guise of another 
infection, as all volunteers did not report previous influenza infection.

Immunophenotypic analysis showed changes in the number of T lymphocytes (СD45+/
СD3+), NK cells (CD16+/56+), NKT cells (CD3 + CD16/56+), B lymphocytes (СD45+/CD20+), 
and activated cells (Table 1).

There were statistically significant differences (F = 8.00, p < 0.001, q = 0.001) in T lymphocytes 
(СD3+) distribution after incubation with different types of vaccines (Figure 1). It should be 
noted that regardless of the AB level vaccines did not have a significant effect on T lympho-
cyte number except subunit vaccine, which caused a decrease in the percent of T lympho-
cytes compared to control (PBMC culture without vaccine) while the absolute number did 
not change. These results may indicate a shift in the number of cells due to an increase in the 
number of other subpopulations.
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Lymphocyte 
subpopulations

N % in comparison groups – Me(Q1–Q3) F p q

Control Subunit 
V

Adjuvanted 
V

Split-
product V

T lymphocytes

(CD45/СD3+)

18 79.85

(74.17–
83.35)

71.25

(64.7–
79.75)

74.6

(66.38–79.17)

73.91

(66.92–
78.22)

8.00 <0.001 0.001

Helper T cells

(CD45/CD3/СD4+)

21 43.5

(41–49.8)

37.5

(32.7–
43.8)

40.2

(31.8–46.5)

41.9

(35.6–47.7)

2.50 0.071 0.107

Cytotoxic

T lymphocytes, CTL

(CD45/CD3/СD8+)

21 23.5

(17.3–24.7)

21.2

(17.4–
23.6)

22.5

(16.9–26.9)

21.5

(18.4–5.8)

0.64 0.533 0.601

Natural killer

cells, NK cells

(CD16/56+)

24 4.85

(4.175–5.9)

13.2

(11.15–
14.85)

17.25

(15.93–18.25)

15

(13.8–16.25)

180.28 <0.001 <0.001

Natural killer

T cells, NKT

(CD3/CD16/56+)

24 1.6

(1.3–2.25)

3.6

(2.775–
5.825)

7.5

(6.675–8.225)

5

(4.625–6.75)

57.52 <0.001 0.00001

B lymphocytes

(CD45/CD20+)

24 5.15

(4.475–
6.725)

16.36

(15.47–
17.7)

21.15

(18.93–22.9)

18.1

(15.88–
19.62)

167.44 <0.001 <0.001

Activated

cytotoxic

T lymphocytes, 
CTL(CD8/HLA-DR+)

20 0.4

(0.275–0.5)

0.7

(0.3–1.2)

1.6

(1.2–2.4)

1.35

(0.4875–
1.975)

13.36 <0.001 <0.001

Activated

T lymphocytes

(CD3/HLA-DR+)

12 1.05

(0.65–1.65)

2.7

(1.875–
3.375)

4.95

(3.775–7.1)

2.6

(1.9–3.575)

8.92 <0.001 0.002

Activated

lymphocytes

(CD45/CD25+)

16 1.45

(1–1.775)

3.7

(2.6–4.85)

4.15

(3.2–9.075)

4.15

(3.075–
5.275)

12.94 <0.001 0.001

Regulatory T cells, 
Tregs

(CD4/CD25/Foxp3+)

13 2.7

(1.7–2.9)

3.5

(3.2–4.9)

3.7

(3.2–5.5)

4.2

(2.2–4.5)

4.27 0.017 0.032

IRI

(CD4/CD8)

20 1.825

(1.5–3.275)

1.85

(1.45–
2.325)

1.85

(1.4–2.5)

1.65

(1.475–.525)

1.26 0.300 0.389

Note. Aliquots of 10 μL vaccines were added to cell suspensions (PBMC, 106 cells/mL). Cells were incubated for 72 hours 
at 37°С in 5% СО2. The cells were then washed with RPMI-1640 at 1500 g for 10 min. Monoclonal antibodies against 
studied cell receptors were added in accordance with the manufacturer’s instructions. The number of cells (%) in each 
sample was determined by flow cytometry.

Table 1. Distribution pattern of peripheral blood lymphocyte subpopulations incubated with influenza vaccines.
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prevention. These vaccines contain hemagglutinin of the influenza virus type A subtypes 
A/H1N1 и A/H3N2 (15 μg each) and hemagglutinin of the influenza virus type B (15 μg). 
Grippol plus (LLC “NPO Petrovax Pharm,” Russia) – trivalent polymer subunit inactivated 
influenza vaccine. It contains hemagglutinin of the influenza virus type A subtypes A/H1N1 
и A/H3N2 and hemagglutinin of the influenza virus type B (5 μg each), and immunoadjuvant 
Polyoxidonium (500 μg). All the vaccines contained current influenza virus strains for epide-
miological seasons 2015–2016 and 2016–2017.

Anti-influenza virus A/H1N1/California/07/09, p.149, A/H3N2/Switzerland/9715293/13 (subunit 
antigen), B/Phuket/3073/13, p. 25 (season 2015–2016); A/H1N1/California/07/09 p.124 till 01.17, A/
H3N2/Hong Kong/4801/14 p.200, and B/Brisbane/60/08 p. 27 (season 2016–2017) baseline serum 
antibody levels were studied in volunteers using the standard method (MU 3.3.2 1758–03) for 
HAI assay. The 4+ system was applied to HAI assay: an antigen titer, i.e., 1 HAU, was highest 
antigen dilution giving complete hemagglutination of RBCs (3+ or 4+). In HAI assay the antigen 
working dose was the antigen dilution containing 4 hemagglutination units (4 HAU) in 0.2 mL.

2.6. Statistical analysis

Cell percentage difference between test groups was measured by a robust dispersion analysis 
of repeated measures (R Statistical Software, WRS2 package, rmanova function) with sub-
sequent pairwise comparisons (R Statistical Software, WRS2 package, rmmcp function), the 
obtained significance level was corrected by Holm method [17]. Benjamini-Hoсhberg method 
was used to account for multiple comparison (false discovery rate control) [18]. The obtained 
data were described with the median and interquartile range.

3. Study results

First, we estimated vaccine effect on distribution pattern of lymphocyte subpopulations in 
PBMC cultures. Volunteers were divided into three groups according to the baseline antibody 
(AB) titers against the hemagglutin of the influenza virus A/H1N1, A/H3N2, and B: low AB 
titers (20–40 U) in the first group, medium AB titers (80–160 U) in the second group, and high 
AB titers (≥320 U) in the third group. Such differences in AB level indicate that influenza 
infection in the unvaccinated volunteers could have been masked under the guise of another 
infection, as all volunteers did not report previous influenza infection.

Immunophenotypic analysis showed changes in the number of T lymphocytes (СD45+/
СD3+), NK cells (CD16+/56+), NKT cells (CD3 + CD16/56+), B lymphocytes (СD45+/CD20+), 
and activated cells (Table 1).

There were statistically significant differences (F = 8.00, p < 0.001, q = 0.001) in T lymphocytes 
(СD3+) distribution after incubation with different types of vaccines (Figure 1). It should be 
noted that regardless of the AB level vaccines did not have a significant effect on T lympho-
cyte number except subunit vaccine, which caused a decrease in the percent of T lympho-
cytes compared to control (PBMC culture without vaccine) while the absolute number did 
not change. These results may indicate a shift in the number of cells due to an increase in the 
number of other subpopulations.
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Lymphocyte 
subpopulations

N % in comparison groups – Me(Q1–Q3) F p q

Control Subunit 
V

Adjuvanted 
V

Split-
product V

T lymphocytes

(CD45/СD3+)

18 79.85

(74.17–
83.35)

71.25

(64.7–
79.75)

74.6

(66.38–79.17)

73.91

(66.92–
78.22)

8.00 <0.001 0.001

Helper T cells

(CD45/CD3/СD4+)

21 43.5

(41–49.8)

37.5

(32.7–
43.8)

40.2

(31.8–46.5)

41.9

(35.6–47.7)

2.50 0.071 0.107

Cytotoxic

T lymphocytes, CTL

(CD45/CD3/СD8+)

21 23.5

(17.3–24.7)

21.2

(17.4–
23.6)

22.5

(16.9–26.9)

21.5

(18.4–5.8)

0.64 0.533 0.601

Natural killer

cells, NK cells

(CD16/56+)

24 4.85

(4.175–5.9)

13.2

(11.15–
14.85)

17.25

(15.93–18.25)

15

(13.8–16.25)

180.28 <0.001 <0.001

Natural killer

T cells, NKT

(CD3/CD16/56+)

24 1.6

(1.3–2.25)

3.6

(2.775–
5.825)

7.5

(6.675–8.225)

5

(4.625–6.75)

57.52 <0.001 0.00001

B lymphocytes

(CD45/CD20+)

24 5.15

(4.475–
6.725)

16.36

(15.47–
17.7)

21.15

(18.93–22.9)

18.1

(15.88–
19.62)

167.44 <0.001 <0.001

Activated

cytotoxic

T lymphocytes, 
CTL(CD8/HLA-DR+)

20 0.4

(0.275–0.5)

0.7

(0.3–1.2)

1.6

(1.2–2.4)

1.35

(0.4875–
1.975)

13.36 <0.001 <0.001

Activated

T lymphocytes

(CD3/HLA-DR+)

12 1.05

(0.65–1.65)

2.7

(1.875–
3.375)

4.95

(3.775–7.1)

2.6

(1.9–3.575)

8.92 <0.001 0.002

Activated

lymphocytes

(CD45/CD25+)

16 1.45

(1–1.775)

3.7

(2.6–4.85)

4.15

(3.2–9.075)

4.15

(3.075–
5.275)

12.94 <0.001 0.001

Regulatory T cells, 
Tregs

(CD4/CD25/Foxp3+)

13 2.7

(1.7–2.9)

3.5

(3.2–4.9)

3.7

(3.2–5.5)

4.2

(2.2–4.5)

4.27 0.017 0.032

IRI

(CD4/CD8)

20 1.825

(1.5–3.275)

1.85

(1.45–
2.325)

1.85

(1.4–2.5)

1.65

(1.475–.525)

1.26 0.300 0.389

Note. Aliquots of 10 μL vaccines were added to cell suspensions (PBMC, 106 cells/mL). Cells were incubated for 72 hours 
at 37°С in 5% СО2. The cells were then washed with RPMI-1640 at 1500 g for 10 min. Monoclonal antibodies against 
studied cell receptors were added in accordance with the manufacturer’s instructions. The number of cells (%) in each 
sample was determined by flow cytometry.

Table 1. Distribution pattern of peripheral blood lymphocyte subpopulations incubated with influenza vaccines.
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The comparison of the T lymphocyte count between vaccines showed a significant decrease 
in the number of cells after incubation with subunit vaccine only (71.2% vs. 79.8% in control, 
p = 0.008) (Figure 1). However, the changes in the T lymphocyte (СD3+) number after incuba-
tion with different types of vaccines were observed only in women with medium AB level 
(F = 6.40, p = 0.004, q = 0.007). In this group, statistically significant differences were found for 
subunit vaccine (72 vs. 82.6% in control, p = 0.022) and split-product vaccine (74.8 vs. 82.6% in 
control, p = 0.022) (Figure 2).

Figure 1. Lymphocyte count in PBMC culture after incubation with influenza vaccines. C = control; Su = inactivated 
subunit influenza vaccine; A = trivalent inactivated polymer-subunit influenza vaccine; Sp = inactivated split-product 
influenza vaccine.

Figure 2. The impact of influenza vaccines on the lymphocyte count in PBMC cultures from volunteers with different 
antibody titers against the hemagglutinin of the influenza virus a/H1N1, a/H3N2, and В. Significant differences: *** 
p < 0.001, ** p < 0.01, * p < 0.05.
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Analysis revealed significant changes (F = 180.28, p < 0.001, q < 0.001) in percent of natural 
killer cells (NK, CD16/56+) after incubation with different types of vaccines (Table 1, Figure 1). 
Regardless of the AB level there was an increase in number of NK cells from 4.8 (control) to 
13.2% (subunit vaccine), 17.2% (adjuvanted vaccine), and 15% (split vaccine). There were sta-
tistically significant differences for subunit (13.2 vs. 4.8%, p < 0.001), adjuvanted (17.2 vs. 4.8%, 
p < 0.001), and split vaccines (15 vs. 4.8%, p < 0.001) compared to control, for subunit vaccine 
compared to adjuvanted (13.2% vs. 17.2%, p < 0.001) and split vaccines (13.2 vs. 15%, p = 0.003), 
and for adjuvanted vaccine compared to split vaccine (17.2 vs. 15%, p < 0.001). That means that 
incubation with influenza vaccines increased the number of NK cells in all cultures.

However, the changes in number of NK cells (CD16/56+) after incubation of PBMC with dif-
ferent types of vaccines were observed in all groups of volunteers, regardless of the baseline 
anti-influenza AB level (F = 48.88, p < 0.001, q < 0.001 – low AB level, F = 103.04, p < 0.001, 
q < 0.001 – medium AB level, F = 89.09, p < 0.001, q < 0.001 – high AB level) (Figure 2).In women 
with low anti-influenza AB level, percent of NK cells (CD16/56+) was significantly higher after 
incubation with subunit (11 vs. 5%, p = 0.045), adjuvanted (16.5% vs. 5%, p = 0.001), and split 
vaccines (14.2 vs. 5%, p = 0.01) compared to control. Immunoadjuvant-containing vaccine had 
a higher potential for elevation of NK cell number (3.3-fold increase) compared with subunit 
vaccine (2.2-fold increase) (p = 0.017).

In women with medium anti-influenza AB level, percent of NK cells (CD16/56+) was sig-
nificantly higher after incubation with subunit (12.8 vs. 4.8%, p = 0.001), adjuvanted (17.5 vs. 
4.8%, p < 0.001), and split vaccines (15.3 vs. 4.8%, p < 0.001) compared to control. This cor-
responds to a 2.6- to 3.6-fold increase. Immunoadjuvant-containing vaccine produced more 
pronounced increase compared to subunit vaccine (17.5 vs. 12.8%, p = 0.029) and split vaccine 
(17.5 vs. 15.3%, p = 0.011), and number of NK cells was significantly higher after incubation 
with split vaccine compared to subunit vaccine (15.3 vs.12.8%, p = 0.029).

In women with high anti-influenza AB level, percent of NK cells (CD16/56+) was significantly 
higher after incubation with subunit (14.8 vs. 4.4%, p = 0.023), adjuvanted (18.2 vs. 4.4%, 
p = 0.046), and split vaccines (16.1 vs. 4.4%, p = 0.035) compared to control. This corresponds 
to a 3.3-, 4.1-, and 3.6-fold increase, respectively. There were no statistically significant differ-
ences between various types of vaccines.

For NKT cells (natural killer Т cells, CD3 + CD16/56+), following findings were revealed. 
Regardless of the AB level there were statistically significant changes (F = 57.52, p < 0.001, 
q < 0.001) in NKT cells distribution after incubation with different types of vaccines: for sub-
unit (3.6 vs. 1.6%, p = 0.006), adjuvanted (7.5 vs. 1.6%, p < 0.001), and split vaccines (5 vs. 1.6%, 
p < 0.001) compared to control, for subunit vaccine compared to adjuvanted (3.6 vs. 7.5%, 
p < 0.001) and split vaccines (3.6 vs. 5%, p = 0.007), and for adjuvanted vaccine compared to 
split vaccine (7.5 vs. 5%, p = 0.006). Therefore, subunit vaccine caused a 2.2-fold increase in 
NKT cell number, adjuvanted vaccine caused a 4.6-fold increase, and split vaccine caused a 
3.1-fold increase compared to control (Table 1, Figure 1).

An increase of NKT cell (CD3 + CD16/56+) number in all cultures was dependent of baseline 
anti-influenza AB level (F = 22.08, p < 0.001, q < 0.001 – low AB level, F = 20.02, p < 0.001, 
q < 0.001 – medium AB level, F = 65.92, p < 0.001, q < 0.001 – high AB level) (Figure 2).
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The comparison of the T lymphocyte count between vaccines showed a significant decrease 
in the number of cells after incubation with subunit vaccine only (71.2% vs. 79.8% in control, 
p = 0.008) (Figure 1). However, the changes in the T lymphocyte (СD3+) number after incuba-
tion with different types of vaccines were observed only in women with medium AB level 
(F = 6.40, p = 0.004, q = 0.007). In this group, statistically significant differences were found for 
subunit vaccine (72 vs. 82.6% in control, p = 0.022) and split-product vaccine (74.8 vs. 82.6% in 
control, p = 0.022) (Figure 2).

Figure 1. Lymphocyte count in PBMC culture after incubation with influenza vaccines. C = control; Su = inactivated 
subunit influenza vaccine; A = trivalent inactivated polymer-subunit influenza vaccine; Sp = inactivated split-product 
influenza vaccine.

Figure 2. The impact of influenza vaccines on the lymphocyte count in PBMC cultures from volunteers with different 
antibody titers against the hemagglutinin of the influenza virus a/H1N1, a/H3N2, and В. Significant differences: *** 
p < 0.001, ** p < 0.01, * p < 0.05.
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Analysis revealed significant changes (F = 180.28, p < 0.001, q < 0.001) in percent of natural 
killer cells (NK, CD16/56+) after incubation with different types of vaccines (Table 1, Figure 1). 
Regardless of the AB level there was an increase in number of NK cells from 4.8 (control) to 
13.2% (subunit vaccine), 17.2% (adjuvanted vaccine), and 15% (split vaccine). There were sta-
tistically significant differences for subunit (13.2 vs. 4.8%, p < 0.001), adjuvanted (17.2 vs. 4.8%, 
p < 0.001), and split vaccines (15 vs. 4.8%, p < 0.001) compared to control, for subunit vaccine 
compared to adjuvanted (13.2% vs. 17.2%, p < 0.001) and split vaccines (13.2 vs. 15%, p = 0.003), 
and for adjuvanted vaccine compared to split vaccine (17.2 vs. 15%, p < 0.001). That means that 
incubation with influenza vaccines increased the number of NK cells in all cultures.

However, the changes in number of NK cells (CD16/56+) after incubation of PBMC with dif-
ferent types of vaccines were observed in all groups of volunteers, regardless of the baseline 
anti-influenza AB level (F = 48.88, p < 0.001, q < 0.001 – low AB level, F = 103.04, p < 0.001, 
q < 0.001 – medium AB level, F = 89.09, p < 0.001, q < 0.001 – high AB level) (Figure 2).In women 
with low anti-influenza AB level, percent of NK cells (CD16/56+) was significantly higher after 
incubation with subunit (11 vs. 5%, p = 0.045), adjuvanted (16.5% vs. 5%, p = 0.001), and split 
vaccines (14.2 vs. 5%, p = 0.01) compared to control. Immunoadjuvant-containing vaccine had 
a higher potential for elevation of NK cell number (3.3-fold increase) compared with subunit 
vaccine (2.2-fold increase) (p = 0.017).

In women with medium anti-influenza AB level, percent of NK cells (CD16/56+) was sig-
nificantly higher after incubation with subunit (12.8 vs. 4.8%, p = 0.001), adjuvanted (17.5 vs. 
4.8%, p < 0.001), and split vaccines (15.3 vs. 4.8%, p < 0.001) compared to control. This cor-
responds to a 2.6- to 3.6-fold increase. Immunoadjuvant-containing vaccine produced more 
pronounced increase compared to subunit vaccine (17.5 vs. 12.8%, p = 0.029) and split vaccine 
(17.5 vs. 15.3%, p = 0.011), and number of NK cells was significantly higher after incubation 
with split vaccine compared to subunit vaccine (15.3 vs.12.8%, p = 0.029).

In women with high anti-influenza AB level, percent of NK cells (CD16/56+) was significantly 
higher after incubation with subunit (14.8 vs. 4.4%, p = 0.023), adjuvanted (18.2 vs. 4.4%, 
p = 0.046), and split vaccines (16.1 vs. 4.4%, p = 0.035) compared to control. This corresponds 
to a 3.3-, 4.1-, and 3.6-fold increase, respectively. There were no statistically significant differ-
ences between various types of vaccines.

For NKT cells (natural killer Т cells, CD3 + CD16/56+), following findings were revealed. 
Regardless of the AB level there were statistically significant changes (F = 57.52, p < 0.001, 
q < 0.001) in NKT cells distribution after incubation with different types of vaccines: for sub-
unit (3.6 vs. 1.6%, p = 0.006), adjuvanted (7.5 vs. 1.6%, p < 0.001), and split vaccines (5 vs. 1.6%, 
p < 0.001) compared to control, for subunit vaccine compared to adjuvanted (3.6 vs. 7.5%, 
p < 0.001) and split vaccines (3.6 vs. 5%, p = 0.007), and for adjuvanted vaccine compared to 
split vaccine (7.5 vs. 5%, p = 0.006). Therefore, subunit vaccine caused a 2.2-fold increase in 
NKT cell number, adjuvanted vaccine caused a 4.6-fold increase, and split vaccine caused a 
3.1-fold increase compared to control (Table 1, Figure 1).

An increase of NKT cell (CD3 + CD16/56+) number in all cultures was dependent of baseline 
anti-influenza AB level (F = 22.08, p < 0.001, q < 0.001 – low AB level, F = 20.02, p < 0.001, 
q < 0.001 – medium AB level, F = 65.92, p < 0.001, q < 0.001 – high AB level) (Figure 2).
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In women with low anti-influenza AB level, NKT cell (CD16/56+) number was significantly 
higher after in vitro incubation with subunit (7 vs. 1.6%, p = 0.033), adjuvanted (8.1 vs. 1.6%, 
p = 0.007), and split vaccines (5 vs. 1.6%, p = 0.005) compared to control. There were no statisti-
cally significant differences between various types of vaccines.

In women with medium anti-influenza AB level, NKT cell number in PBMC cultures was 
significantly higher after incubation with adjuvanted vaccine compared to control (7.4 vs. 
1.3%, p < 0.001) and subunit vaccine (7.4 vs. 3%, p < 0.001) (5.7- and 2.48-fold increase, respec-
tively) and after incubation with split vaccine compared to control (4.4 vs. 1.3%, p < 0.001) and 
subunit vaccine (4.4 vs. 3%, p = 0.009) (3.38- and 1.46-fold increase, respectively).

In women with high anti-influenza AB level, percent of NKT cells (CD3 + CD16/56+) was 
significantly (4.6-fold) higher after incubation with adjuvanted vaccine compared to control 
(7.4 vs. 1.6%, p = 0.043).

Analysis also revealed statistically significant differences (F = 167.44, p < 0.001, q < 0.001) in 
B lymphocytes (CD45/CD20+) distribution after incubation of PBMC with different types of 
vaccines (regardless of the AB level): for subunit (16.3 vs. 5.1%, 3.1-fold increase, p < 0.001), 
adjuvanted (21.1 vs. 5.1%, 4.1-fold increase, p < 0.001), and split vaccines (18.1 vs. 5.1%, 3.5-
fold increase, p < 0.001) compared to control, and for adjuvanted vaccine compared to subunit 
(21.1 vs. 16.3%, 1.3-fold increase, p < 0.001) and split vaccines (21.1 vs. 18.1%, 1.1-fold increase, 
p < 0.001). Therefore, adjuvanted vaccine was the most effective (Table 1, Figure 1).

Regardless of the AB level there was a significant increase in B lymphocyte number after 
incubation with different types of vaccines (F = 24.09, p < 0.001, q < 0.001 – low AB level, 
F = 181.14, p < 0.001, q < 0.001 – medium AB level, F = 150.61, p < 0.001, q < 0.001 – high 
AB level) (Figure 2). In women with low anti-influenza AB level, percent of B lymphocytes 
(CD20+) was significantly higher after incubation with subunit (15.6 vs. 5%, p = 0.017), adju-
vanted (16.3 vs. 5%, p = 0.046), and split vaccines (14.7 vs. 5%, p = 0.014) compared to control. 
There were no statistically significant differences between various types of vaccines.

In women with medium anti-influenza AB level, percent of B lymphocytes (CD20+) was 
also significantly higher after incubation with all types of vaccines: subunit (16.2 vs. 5.3%, 
p < 0.001), adjuvanted (21.6 vs. 5.3%, p < 0.001), and split vaccines (18.1 vs. 5.3%, p < 0.001) 
compared to control. Immunoadjuvant-containing vaccine had the greatest potential for 
elevation of B lymphocyte number (21.6%) compared with subunit vaccine (16.2%, 1.3-fold 
increase) (p < 0.001) and split vaccine (18.1%, 1.2-fold increase) (p = 0.013).

In women with high anti-influenza AB level, there was a significant increase in B lympho-
cyte number after incubation with subunit (20 vs. 4.7%, p = 0.021), adjuvanted (23.6 vs. 4.7%, 
p = 0.030), and split vaccines (21.9 vs. 4.7%, p = 0.030) compared to control. Immunoadjuvant-
containing vaccine induced higher (fivefold) increase of B lymphocyte number than split vac-
cine (4.6-fold, p = 0.011).

Analysis revealed statistically significant differences (F = 13.36, p < 0.001, q < 0.001) in 
the distribution of activated cytotoxic T lymphocytes (CD8/HLA-DR+) after incubation 
of PBMC with different types of vaccines (regardless of the AB level) (Table 1, Figure 1). 
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Immunoadjuvant-containing and split vaccines more effectively increased the number 
of this type of cells. There were statistically significant changes for subunit (1.6 vs. 0.4%, 
p < 0.001), adjuvanted (1.3 vs. 0.4%, p = 0.050), and split vaccines (1.6 vs. 0.7%, p = 0.002) 
compared to control, for adjuvanted vaccine compared to subunit vaccine (1.3 vs. 0.7%, 
respectively, p = 0.046), and for adjuvanted vaccine compared to split vaccine (4.9 vs. 2.6%, 
respectively, p = 0.044).

However, changes in the number of activated cytotoxic T lymphocytes in vitro between vac-
cine types were significant only in women with medium anti-influenza AB level (F = 5.16, 
p = 0.020, q = 0.035) (Figure 2). Incubation with adjuvanted vaccine caused significant increase 
of the number of activated cytotoxic T lymphocytes compared to control (1.4 vs. 0.4%, 
p = 0.049) and subunit vaccine (1.4 vs. 0.7%, p = 0.047).

Regardless of the AB level there were significant changes in the number of Т lymphocytes 
with late activation marker (CD3/HLA-DR+) after incubation with different types of vaccines 
(F = 8.92, p < 0.001, q = 0.002) (Table 1, Figure 1). There were statistically significant changes 
for subunit (2.7 vs. 1%, p < 0.044), adjuvanted (4.9 vs. 1%, p = 0.006), and split vaccines (2.6 vs. 
1%, p = 0.010) compared to control, and for adjuvanted vaccine compared to subunit (4.9 vs. 
2.7%, p = 0.015) and split vaccines (4.9 vs. 2.6%, p = 0.044).

Statistically significant changes in the number of this type of cells were demonstrated only 
in women with low (F = 30.17, p < 0.001, q < 0.001) and high (F = 12.49, p = 0.001, q = 0.003) 
anti-influenza AB level (Figure 2). In women with low serum AB level, analysis of activated 
T lymphocytes showed significant activation by adjuvanted vaccine compared to control (3.8 
vs. 0.9%, p = 0.047). In women with high serum AB level, the number of activated T lympho-
cytes was significantly higher after incubation with adjuvanted vaccine compared to split 
vaccine (8.2 vs. 3.5%, p = 0.027) (Figure 2).

For lymphocytes with early activation marker (CD45/CD25+), there was statistically signifi-
cant increase (F = 12.94, p < 0.001, q = 0.001) after incubation of PBMC with different types of 
vaccines, regardless of the AB level (Table 1, Figure 1).All types of vaccines increased number 
of cells with early activation marker. Furthermore, there were statistically significant changes 
for subunit (3.7 vs. 1.4%, p = 0.007), adjuvanted (4.1 vs. 1.45%, p = 0.049), and split-product 
vaccines (4.1 vs. 1.4%, p = 0.003) compared to control. There were no statistically significant 
differences between various types of vaccines.

Regardless of the AB level there was a significant changes in the number of activated CD45/
CD25+ lymphocytes. It was dependent of the vaccine type in all groups of volunteers (F = 9.96, 
p = 0.002, q = 0.006 – low AB level, F = 7.92, p = 0.002, q = 0.005 – medium AB level, F = 25.89, 
p < 0.001, q < 0.001 – high AB level) (Figure 2).

In women with low and medium AB level, percent of T lymphocytes with early activation 
marker (CD45/CD25+) was significantly increased after incubation of PBMC with subunit 
vaccine (3.8 and 3.3%, respectively) compared to control (1.1 and 1.2%, respectively) (p = 0.024 
and p = 0.036). At the same time, in women with high AB level, the number of these cells 
was increased after incubation of PBMC with adjuvanted vaccine (11%) compared to control 
(1.5%) (p = 0.009).
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In women with low anti-influenza AB level, NKT cell (CD16/56+) number was significantly 
higher after in vitro incubation with subunit (7 vs. 1.6%, p = 0.033), adjuvanted (8.1 vs. 1.6%, 
p = 0.007), and split vaccines (5 vs. 1.6%, p = 0.005) compared to control. There were no statisti-
cally significant differences between various types of vaccines.

In women with medium anti-influenza AB level, NKT cell number in PBMC cultures was 
significantly higher after incubation with adjuvanted vaccine compared to control (7.4 vs. 
1.3%, p < 0.001) and subunit vaccine (7.4 vs. 3%, p < 0.001) (5.7- and 2.48-fold increase, respec-
tively) and after incubation with split vaccine compared to control (4.4 vs. 1.3%, p < 0.001) and 
subunit vaccine (4.4 vs. 3%, p = 0.009) (3.38- and 1.46-fold increase, respectively).

In women with high anti-influenza AB level, percent of NKT cells (CD3 + CD16/56+) was 
significantly (4.6-fold) higher after incubation with adjuvanted vaccine compared to control 
(7.4 vs. 1.6%, p = 0.043).

Analysis also revealed statistically significant differences (F = 167.44, p < 0.001, q < 0.001) in 
B lymphocytes (CD45/CD20+) distribution after incubation of PBMC with different types of 
vaccines (regardless of the AB level): for subunit (16.3 vs. 5.1%, 3.1-fold increase, p < 0.001), 
adjuvanted (21.1 vs. 5.1%, 4.1-fold increase, p < 0.001), and split vaccines (18.1 vs. 5.1%, 3.5-
fold increase, p < 0.001) compared to control, and for adjuvanted vaccine compared to subunit 
(21.1 vs. 16.3%, 1.3-fold increase, p < 0.001) and split vaccines (21.1 vs. 18.1%, 1.1-fold increase, 
p < 0.001). Therefore, adjuvanted vaccine was the most effective (Table 1, Figure 1).

Regardless of the AB level there was a significant increase in B lymphocyte number after 
incubation with different types of vaccines (F = 24.09, p < 0.001, q < 0.001 – low AB level, 
F = 181.14, p < 0.001, q < 0.001 – medium AB level, F = 150.61, p < 0.001, q < 0.001 – high 
AB level) (Figure 2). In women with low anti-influenza AB level, percent of B lymphocytes 
(CD20+) was significantly higher after incubation with subunit (15.6 vs. 5%, p = 0.017), adju-
vanted (16.3 vs. 5%, p = 0.046), and split vaccines (14.7 vs. 5%, p = 0.014) compared to control. 
There were no statistically significant differences between various types of vaccines.

In women with medium anti-influenza AB level, percent of B lymphocytes (CD20+) was 
also significantly higher after incubation with all types of vaccines: subunit (16.2 vs. 5.3%, 
p < 0.001), adjuvanted (21.6 vs. 5.3%, p < 0.001), and split vaccines (18.1 vs. 5.3%, p < 0.001) 
compared to control. Immunoadjuvant-containing vaccine had the greatest potential for 
elevation of B lymphocyte number (21.6%) compared with subunit vaccine (16.2%, 1.3-fold 
increase) (p < 0.001) and split vaccine (18.1%, 1.2-fold increase) (p = 0.013).

In women with high anti-influenza AB level, there was a significant increase in B lympho-
cyte number after incubation with subunit (20 vs. 4.7%, p = 0.021), adjuvanted (23.6 vs. 4.7%, 
p = 0.030), and split vaccines (21.9 vs. 4.7%, p = 0.030) compared to control. Immunoadjuvant-
containing vaccine induced higher (fivefold) increase of B lymphocyte number than split vac-
cine (4.6-fold, p = 0.011).

Analysis revealed statistically significant differences (F = 13.36, p < 0.001, q < 0.001) in 
the distribution of activated cytotoxic T lymphocytes (CD8/HLA-DR+) after incubation 
of PBMC with different types of vaccines (regardless of the AB level) (Table 1, Figure 1). 
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Immunoadjuvant-containing and split vaccines more effectively increased the number 
of this type of cells. There were statistically significant changes for subunit (1.6 vs. 0.4%, 
p < 0.001), adjuvanted (1.3 vs. 0.4%, p = 0.050), and split vaccines (1.6 vs. 0.7%, p = 0.002) 
compared to control, for adjuvanted vaccine compared to subunit vaccine (1.3 vs. 0.7%, 
respectively, p = 0.046), and for adjuvanted vaccine compared to split vaccine (4.9 vs. 2.6%, 
respectively, p = 0.044).

However, changes in the number of activated cytotoxic T lymphocytes in vitro between vac-
cine types were significant only in women with medium anti-influenza AB level (F = 5.16, 
p = 0.020, q = 0.035) (Figure 2). Incubation with adjuvanted vaccine caused significant increase 
of the number of activated cytotoxic T lymphocytes compared to control (1.4 vs. 0.4%, 
p = 0.049) and subunit vaccine (1.4 vs. 0.7%, p = 0.047).

Regardless of the AB level there were significant changes in the number of Т lymphocytes 
with late activation marker (CD3/HLA-DR+) after incubation with different types of vaccines 
(F = 8.92, p < 0.001, q = 0.002) (Table 1, Figure 1). There were statistically significant changes 
for subunit (2.7 vs. 1%, p < 0.044), adjuvanted (4.9 vs. 1%, p = 0.006), and split vaccines (2.6 vs. 
1%, p = 0.010) compared to control, and for adjuvanted vaccine compared to subunit (4.9 vs. 
2.7%, p = 0.015) and split vaccines (4.9 vs. 2.6%, p = 0.044).

Statistically significant changes in the number of this type of cells were demonstrated only 
in women with low (F = 30.17, p < 0.001, q < 0.001) and high (F = 12.49, p = 0.001, q = 0.003) 
anti-influenza AB level (Figure 2). In women with low serum AB level, analysis of activated 
T lymphocytes showed significant activation by adjuvanted vaccine compared to control (3.8 
vs. 0.9%, p = 0.047). In women with high serum AB level, the number of activated T lympho-
cytes was significantly higher after incubation with adjuvanted vaccine compared to split 
vaccine (8.2 vs. 3.5%, p = 0.027) (Figure 2).

For lymphocytes with early activation marker (CD45/CD25+), there was statistically signifi-
cant increase (F = 12.94, p < 0.001, q = 0.001) after incubation of PBMC with different types of 
vaccines, regardless of the AB level (Table 1, Figure 1).All types of vaccines increased number 
of cells with early activation marker. Furthermore, there were statistically significant changes 
for subunit (3.7 vs. 1.4%, p = 0.007), adjuvanted (4.1 vs. 1.45%, p = 0.049), and split-product 
vaccines (4.1 vs. 1.4%, p = 0.003) compared to control. There were no statistically significant 
differences between various types of vaccines.

Regardless of the AB level there was a significant changes in the number of activated CD45/
CD25+ lymphocytes. It was dependent of the vaccine type in all groups of volunteers (F = 9.96, 
p = 0.002, q = 0.006 – low AB level, F = 7.92, p = 0.002, q = 0.005 – medium AB level, F = 25.89, 
p < 0.001, q < 0.001 – high AB level) (Figure 2).

In women with low and medium AB level, percent of T lymphocytes with early activation 
marker (CD45/CD25+) was significantly increased after incubation of PBMC with subunit 
vaccine (3.8 and 3.3%, respectively) compared to control (1.1 and 1.2%, respectively) (p = 0.024 
and p = 0.036). At the same time, in women with high AB level, the number of these cells 
was increased after incubation of PBMC with adjuvanted vaccine (11%) compared to control 
(1.5%) (p = 0.009).
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Analysis also revealed significant changes (F = 4.27, p = 0.017, q = 0.032) in regulatory T cell 
(T-regs) number with CD4/CD25/Foxp3+ phenotype after incubation of PBMC with different 
types of vaccines, regardless of the AB level (Table 1, Figure 1). Immunoadjuvant-containing 
vaccine increased T-regs number compared to control (3.7 vs. 2.7%, 1.3-fold increase, 
p = 0.005). Other types of vaccines did not have a significant effect on these cells.

Significant changes in the number of T-regs between vaccine types were noted only in women 
with high AB level against influenza viruses A/H1N1, A/H3N2, and В (F = 8.15, p = 0.003, 
q = 0.006) (Figure 2).Incubation of PBMC with adjuvanted vaccine induced significant increase 
of T-regs count (CD25/CD4/Foxp3+) compared to control (5.5 vs. 2.7%, p = 0.049).

At the next step of the study we evaluated number of TLR-expressing granulocytes in PBMC 
cultures incubated with influenza vaccines.

All types of vaccines had immunostimulating effect on TLR-expressing cells by increasing the 
number of granulocytes expressing TLR 2,3,4,6,8, and 9, as shown in Table 2.

We found significant differences (F = 270.16, p < 0.001, q < 0.001) in the percent of granulocytes 
expressing TLR2 (Table 2, Figure 3) after incubation of PBMC with different types of vac-
cines, regardless of the AB level against the hemagglutinin of the influenza virus A/H1N1, 
A/H3N2 and В.. Subunit vaccine increased number of TLR2+ cells in PBMC culture from 
16.6 (in control) to 38.2% (p < 0.001), adjuvanted vaccine—to 39.8% (p < 0.001), and split vac-
cine—to 37.5% (p < 0.001). However, there were no significant differences in TLR2 cell number 
between vaccine types.

Incubation of cell culture in the presence of influenza vaccines induced an increase in the 
number of TLR2+ granulocytes regardless of the baseline anti-influenza AB level (F = 53.25, 
p < 0.001, q < 0.001 – low AB level, F = 169.63, p < 0.001, q < 0.001 – medium AB level, F = 103.89, 
p < 0.001, q < 0.001 – high AB level) (Figure 4). In women with low AB level, the number 

TLR N TLR-expressing granulocytes, %, Me (Q1-Q3) F p q

Control Subunit Adjuvanted Split

2 24 16.6 
(14.2–18.38)

38.2 
(36.45–40.05)

39.35 
(37.73–42.4)

37.5 
(35.38–39.27)

270.16 <0.001 <0.001

4 24 22.3 
(19.75–25.4)

26.85 
(25.23–29.43)

24.45 
(22.15–26.9)

23.35 
(21.5–25.35)

10.62 <0.001 <0.001

3 24 20.2 
(18.23–22.95)

20 
(18.02–24.05)

21.7 (19.5–23.05) 24.15 
(21.95–25.95)

6.90 <0.001 <0.001

9 24 11.95 
(9.825–12.85)

19.85 
(17.95–25.2)

25.45 (24–26.32) 26.4 
(24.48–28.23)

86.57 <0.001 <0.001

8 24 20.6 
(18.68–22.4)

32.7 (30.12–35) 42.5 (37–45.1) 34.4 (29–37) 138.59 <0.001 <0.001

6 23 4.3 (4.05–5.15) 6.5 (5.95–7) 5.7 (5.2–6.9) 6.9 (5.95–7.55) 18.04 <0.001 <0.001

Table 2. Number of TLR-expressing granulocytes after incubation with influenza vaccines.
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of TLR2-expressing granulocytes increased 2.4-fold after incubation with subunit vaccine 
(ph = 0.019), 2.3-fold after incubation with adjuvanted vaccine (ph = 0.019), and 2.2-fold after 
incubation with split vaccine (ph = 0.003) compared with control.

In women with medium AB level, there was similar increase in the number of these cells: 2.3-
fold for subunit and split vaccines (ph < 0.001), and 2.4-fold for adjuvanted vaccine (ph = 0.001) 
compared with control.

In women with high AB level, the number of TLR2-expressing granulocytes increased 2.6-fold 
after incubation with subunit vaccine (ph = 0.031), 2.8-fold after incubation with adjuvanted 
vaccine (ph = 0.029), and 2.7-fold after incubation with split vaccine (ph = 0.029) compared with 
control.

Analysis revealed significant differences (F = 10.62, p < 0.001, q < 0.001) in the percent of 
granulocytes expressing TLR4 after incubation of PBMC with different types of vaccines, 
regardless of the AB level against the hemagglutinin of the influenza virus (Table 2, Figure 3). 
Subunit vaccine increased number of TLR4+ cells 1.2-fold compared to control (p < 0.001) and 
1.1-fold compared to split vaccine (p < 0.001).

Statistically significant changes in the number of TLR4+ cells (Figure 4) between vaccine types 
were demonstrated only in women with medium AB level (F = 5.24, p = 0.008, q = 0.010): the 
number of these cells increased 1.1-fold after incubation with subunit vaccine compared to 
control (ph = 0.047) and 1.2-fold compared to split vaccine (p = 0.007).

Figure 3. Number of TLR-expressing granulocytes in PBMC cultures incubated with influenza vaccines. C = control; 
Su = inactivated subunit influenza vaccine; A = trivalent inactivated polymer-subunit influenza vaccine; Sp = inactivated 
split-product influenza vaccine.
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Analysis also revealed significant changes (F = 4.27, p = 0.017, q = 0.032) in regulatory T cell 
(T-regs) number with CD4/CD25/Foxp3+ phenotype after incubation of PBMC with different 
types of vaccines, regardless of the AB level (Table 1, Figure 1). Immunoadjuvant-containing 
vaccine increased T-regs number compared to control (3.7 vs. 2.7%, 1.3-fold increase, 
p = 0.005). Other types of vaccines did not have a significant effect on these cells.

Significant changes in the number of T-regs between vaccine types were noted only in women 
with high AB level against influenza viruses A/H1N1, A/H3N2, and В (F = 8.15, p = 0.003, 
q = 0.006) (Figure 2).Incubation of PBMC with adjuvanted vaccine induced significant increase 
of T-regs count (CD25/CD4/Foxp3+) compared to control (5.5 vs. 2.7%, p = 0.049).

At the next step of the study we evaluated number of TLR-expressing granulocytes in PBMC 
cultures incubated with influenza vaccines.

All types of vaccines had immunostimulating effect on TLR-expressing cells by increasing the 
number of granulocytes expressing TLR 2,3,4,6,8, and 9, as shown in Table 2.

We found significant differences (F = 270.16, p < 0.001, q < 0.001) in the percent of granulocytes 
expressing TLR2 (Table 2, Figure 3) after incubation of PBMC with different types of vac-
cines, regardless of the AB level against the hemagglutinin of the influenza virus A/H1N1, 
A/H3N2 and В.. Subunit vaccine increased number of TLR2+ cells in PBMC culture from 
16.6 (in control) to 38.2% (p < 0.001), adjuvanted vaccine—to 39.8% (p < 0.001), and split vac-
cine—to 37.5% (p < 0.001). However, there were no significant differences in TLR2 cell number 
between vaccine types.

Incubation of cell culture in the presence of influenza vaccines induced an increase in the 
number of TLR2+ granulocytes regardless of the baseline anti-influenza AB level (F = 53.25, 
p < 0.001, q < 0.001 – low AB level, F = 169.63, p < 0.001, q < 0.001 – medium AB level, F = 103.89, 
p < 0.001, q < 0.001 – high AB level) (Figure 4). In women with low AB level, the number 

TLR N TLR-expressing granulocytes, %, Me (Q1-Q3) F p q

Control Subunit Adjuvanted Split

2 24 16.6 
(14.2–18.38)

38.2 
(36.45–40.05)

39.35 
(37.73–42.4)

37.5 
(35.38–39.27)

270.16 <0.001 <0.001

4 24 22.3 
(19.75–25.4)

26.85 
(25.23–29.43)

24.45 
(22.15–26.9)

23.35 
(21.5–25.35)

10.62 <0.001 <0.001

3 24 20.2 
(18.23–22.95)

20 
(18.02–24.05)

21.7 (19.5–23.05) 24.15 
(21.95–25.95)

6.90 <0.001 <0.001

9 24 11.95 
(9.825–12.85)

19.85 
(17.95–25.2)

25.45 (24–26.32) 26.4 
(24.48–28.23)

86.57 <0.001 <0.001

8 24 20.6 
(18.68–22.4)

32.7 (30.12–35) 42.5 (37–45.1) 34.4 (29–37) 138.59 <0.001 <0.001

6 23 4.3 (4.05–5.15) 6.5 (5.95–7) 5.7 (5.2–6.9) 6.9 (5.95–7.55) 18.04 <0.001 <0.001

Table 2. Number of TLR-expressing granulocytes after incubation with influenza vaccines.
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of TLR2-expressing granulocytes increased 2.4-fold after incubation with subunit vaccine 
(ph = 0.019), 2.3-fold after incubation with adjuvanted vaccine (ph = 0.019), and 2.2-fold after 
incubation with split vaccine (ph = 0.003) compared with control.

In women with medium AB level, there was similar increase in the number of these cells: 2.3-
fold for subunit and split vaccines (ph < 0.001), and 2.4-fold for adjuvanted vaccine (ph = 0.001) 
compared with control.

In women with high AB level, the number of TLR2-expressing granulocytes increased 2.6-fold 
after incubation with subunit vaccine (ph = 0.031), 2.8-fold after incubation with adjuvanted 
vaccine (ph = 0.029), and 2.7-fold after incubation with split vaccine (ph = 0.029) compared with 
control.

Analysis revealed significant differences (F = 10.62, p < 0.001, q < 0.001) in the percent of 
granulocytes expressing TLR4 after incubation of PBMC with different types of vaccines, 
regardless of the AB level against the hemagglutinin of the influenza virus (Table 2, Figure 3). 
Subunit vaccine increased number of TLR4+ cells 1.2-fold compared to control (p < 0.001) and 
1.1-fold compared to split vaccine (p < 0.001).

Statistically significant changes in the number of TLR4+ cells (Figure 4) between vaccine types 
were demonstrated only in women with medium AB level (F = 5.24, p = 0.008, q = 0.010): the 
number of these cells increased 1.1-fold after incubation with subunit vaccine compared to 
control (ph = 0.047) and 1.2-fold compared to split vaccine (p = 0.007).

Figure 3. Number of TLR-expressing granulocytes in PBMC cultures incubated with influenza vaccines. C = control; 
Su = inactivated subunit influenza vaccine; A = trivalent inactivated polymer-subunit influenza vaccine; Sp = inactivated 
split-product influenza vaccine.
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Analysis of TLR3-expressing granulocytes (Table 2, Figure 3) revealed significant differences 
(F = 6.90, p < 0.001, q < 0.001) between groups, meaning that activation of the innate immunity 
effectors was dependent of the vaccine type, but not baseline AB level. There were significant 
differences for split vaccines compared to control (1.2-fold increase, p = 0.001) and subunit 
vaccine (1.2-fold increase, p = 0.008). That means that split vaccine had higher activity.

In women with low and high AB level, there were significant changes in the number of TLR3-
expressing cells (Figure 4). The significance of differences was (F = 6.05, p = 0.025, q = 0.030) 
for low AB level and (F = 6.45, p = 0.008, q = 0.010) for high AB level. In women with low and 
high AB level, percent of TLR3-expressing granulocytes significantly increased after incuba-
tion with split vaccine (1.3-fold, ph = 0.042 and ph = 0.050, respectively) compared to control.

Analysis also revealed (Table 2, Figure 3) that different vaccines influenced (F = 86.57, p < 0.001, 
q < 0.001) the number of TLR9-positive cells regardless of the AB level. All types of vaccines 
increased the number of TLR9-expressing granulocytes in PBMC culture. Subunit vaccine 
caused 1.6-fold increase (p < 0.001), adjuvanted vaccine caused 2.1-fold increase (p < 0.001), 
and split vaccine caused 2.2-fold increase (p < 0.001) compared to control. Subunit vaccine was 
1.2-fold less effective than adjuvanted vaccine (p = 0.012) and 1.3-fold less effective than split 
vaccine (p = 0.003).

Analysis showed that effect of different types of vaccines on TLR9-positive cells depended on 
the baseline AB level (F = 26.93, p < 0.001, q < 0.001 – low AB level; F = 39.81, p < 0.001, q < 0.001 
– medium AB level; F = 29.41, p < 0.001, q < 0.001 – high AB level) (Figure 4). In women with 
low AB level, split vaccine induced threefold increase in the number of TLR9+ granulocytes 

Figure 4. The impact of influenza vaccines on TLR-expressing granulocytes in PBMC cultures from volunteers with 
different AB titers against the hemagglutinin of the influenza virus A/H1N1, A/H3N2 and В.
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compared to PBMC culture without stimulation (ph = 0.002). However, in women with medium 
and high AB level, other types of vaccines stimulated TLR9+ granulocytes. There were follow-
ing differences between vaccine types: subunit vaccine caused 1.6-fold increase (ph = 0.017, 
ph = 0.050), adjuvanted vaccine caused 2- and 1.8-fold increase (ph < 0.001, ph = 0.040), and 
split vaccine caused 2.3- and 1.8-fold increase (ph < 0.001, ph = 0.050) compared to control, 
respectively, in women with medium and high AB level.

Analysis of TLR8-expressing cells showed interesting results (Table 2, Figure 3). This receptor 
plays important role in recognition of viral single-stranded RNA. Analysis revealed a significant 
increase in the number of these cells in PBMC culture dependent on vaccine type (F = 138.59, 
p < 0.001, q < 0.001). All vaccines induced increase in the number of TLR8-positive granu-
locytes. This parameter increased 1.6-fold after incubation with subunit vaccine (p < 0.001), 
twofold after incubation with adjuvanted vaccine (p < 0.001), and 1.7-fold after incubation with 
split vaccine (p < 0.001) compared to control. Adjuvanted vaccine was 1.3-fold more effective 
than subunit vaccine (p < 0.001) and 1.2-fold more effective than split vaccine (p < 0.001).

Differences in the number of TLR8+ cells dependent on vaccine type were detected in all groups 
of volunteers, regardless of the baseline anti-influenza AB level (F = 35.99, p < 0.001, q < 0.001 – 
low AB level, F = 76.10, p < 0.001, q < 0.001 – medium AB level, F = 116.13, p < 0.001, q < 0.001 – high 
AB level) (Figure 4). In women with low, medium and high serum AB level, subunit vaccine 
induced 1.7-fold (ph < 0.001), 1.5-fold (ph < 0.001), and 1.6-fold (ph = 0.002) increase, respectively, 
adjuvanted vaccine caused 1.9-fold (ph < 0.014), twofold (ph < 0.001), and 2.1-fold (ph = 0.014) 
increase, respectively, and split vaccine caused 1.8-fold (ph < 0.029), 1.5-fold (ph < 0.001), and 
1.7-fold (ph = 0.042) increase of TLR8-expressing granulocyte number, respectively, compared 
to control. In women with medium and high serum AB level, immunoadjuvant-containing 
vaccine was, respectively, 1.3- and 1.2-fold more effective than split vaccine (ph = 0.002 and 
ph = 0.042), and 1.3-fold more effective than subunit vaccine (ph < 0.001 и ph = 0.042). In women 
with medium and high serum AB level, immunoadjuvant-containing vaccine was, respectively, 
1.3- and 1.2-fold more effective than split vaccine (ph = 0.002 and ph = 0.042), and 1.3-fold more 
effective than subunit vaccine (ph < 0.001 и ph = 0.042).

Changes in the distribution of TLR6-expressing granulocytes were similar (Table 2, Figure 3). 
Analysis showed significant increase in the number of these cells in PBMC cultures depen-
dent on vaccine type (F = 18.04, p < 0.001, q < 0.001). TLR6-expressing granulocyte number 
increased 1.5-fold after incubation with subunit vaccine, 1.3-fold after incubation with adju-
vanted vaccine, and 1.6-fold after incubation with split vaccine compared to control (p < 0.001). 
However, there were no statistically significant differences between various types of vaccines.

Analysis also showed that effect of different types of vaccines on TLR6-positive cells 
depen ded on the baseline AB level (F = 26.38, p < 0.001, q < 0.001 – low AB level; F = 11.71, 
p < 0.001, q < 0.001 – medium AB level; F = 16.57, p = 0.001, q = 0.001 – high AB level) 
(Figure 4). In women with low and medium serum AB level, subunit vaccine induced 1.6-
fold (ph = 0.043) and 1.5-fold (ph = 0.004) increase, respectively, adjuvanted vaccine caused 
1.2-fold (ph = 0.032) and 1.3-fold (ph = 0.004) increase, respectively, and split vaccine caused 
1.3-fold (ph = 0.027) and 1.6-fold (ph < 0.001) increase of TLR6-expressing granulocyte num-
ber, respectively, compared to control.
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Analysis of TLR3-expressing granulocytes (Table 2, Figure 3) revealed significant differences 
(F = 6.90, p < 0.001, q < 0.001) between groups, meaning that activation of the innate immunity 
effectors was dependent of the vaccine type, but not baseline AB level. There were significant 
differences for split vaccines compared to control (1.2-fold increase, p = 0.001) and subunit 
vaccine (1.2-fold increase, p = 0.008). That means that split vaccine had higher activity.

In women with low and high AB level, there were significant changes in the number of TLR3-
expressing cells (Figure 4). The significance of differences was (F = 6.05, p = 0.025, q = 0.030) 
for low AB level and (F = 6.45, p = 0.008, q = 0.010) for high AB level. In women with low and 
high AB level, percent of TLR3-expressing granulocytes significantly increased after incuba-
tion with split vaccine (1.3-fold, ph = 0.042 and ph = 0.050, respectively) compared to control.

Analysis also revealed (Table 2, Figure 3) that different vaccines influenced (F = 86.57, p < 0.001, 
q < 0.001) the number of TLR9-positive cells regardless of the AB level. All types of vaccines 
increased the number of TLR9-expressing granulocytes in PBMC culture. Subunit vaccine 
caused 1.6-fold increase (p < 0.001), adjuvanted vaccine caused 2.1-fold increase (p < 0.001), 
and split vaccine caused 2.2-fold increase (p < 0.001) compared to control. Subunit vaccine was 
1.2-fold less effective than adjuvanted vaccine (p = 0.012) and 1.3-fold less effective than split 
vaccine (p = 0.003).

Analysis showed that effect of different types of vaccines on TLR9-positive cells depended on 
the baseline AB level (F = 26.93, p < 0.001, q < 0.001 – low AB level; F = 39.81, p < 0.001, q < 0.001 
– medium AB level; F = 29.41, p < 0.001, q < 0.001 – high AB level) (Figure 4). In women with 
low AB level, split vaccine induced threefold increase in the number of TLR9+ granulocytes 

Figure 4. The impact of influenza vaccines on TLR-expressing granulocytes in PBMC cultures from volunteers with 
different AB titers against the hemagglutinin of the influenza virus A/H1N1, A/H3N2 and В.
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compared to PBMC culture without stimulation (ph = 0.002). However, in women with medium 
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ph = 0.050), adjuvanted vaccine caused 2- and 1.8-fold increase (ph < 0.001, ph = 0.040), and 
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vanted vaccine, and 1.6-fold after incubation with split vaccine compared to control (p < 0.001). 
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In women with high serum AB level, the number of TLR6-expressing granulocytes increased 
only after incubation with split vaccine (ph = 0.050).

4. Discussion

Considering that inactivated influenza vaccines have a number of drawbacks (lack of efficacy 
in certain patients [1–7], no protection against drift influenza viruses [8–11]), there is a need 
for next generation vaccines to be developed. Besides, the effect many influenza vaccines have 
on the cellular and molecular immunologic mechanisms remains poorly studied.

The effects of inactivated influenza vaccines on key effectors of innate and acquired immunity 
are being investigated at the Mechnikov Research Institute of Vaccines and Sera (Moscow). 
Various types of influenza vaccines were selected for the study. First, their effect on distribu-
tion pattern of lymphocyte subpopulations was estimated in vitro.

Analysis of the vaccine effect on the immunophenotype of lymphocytes cultured for 72 hours, 
showed activation of the innate and acquired immunity effectors: NK cells (CD16/56), NKT 
cells (CD3/CD16/56), В lymphocytes (CD45/CD20), cells with early activation marker (CD45/
CD25), Т lymphocytes with late activation marker (CD3/HLA-DR), and regulatory Т cells 
(Tregs, CD4/CD25/Foxp3). In view of this, below are characteristics of the cells that most 
actively responded to influenza vaccines added to PBMC culture.

Natural killer cells are essential to the innate immunity in influenza. Their function is to lyze 
tumor and virus-infected cells and to regulate innate and adaptive immune responses [19, 20]. 
Natural killer cells have been reported to identify influenza-infected cells through the NKp44 
and NKp46 receptors that bind influenza hemagglutinin. Natural killer cells have also been 
reported to stimulate cellular immune response, regulate eosinophil maturation, and protect 
respiratory epithelium [21]. When interacting with peripheral mononuclear cells, PO, a com-
ponent of the adjuvanted vaccine, significantly increases NK cells’ cytotoxic effect on target 
cells. The phenomenon was observed almost in all donors examined, with the increased effect 
being especially pronounced in patients with the baseline activity of NK cells at the lower 
normal limit or decreased [22].

Being phenotypically heterogenous, NKT cells duplicate the functions of NK cells and link 
innate and acquired immunity [23].

Cytotoxic T lymphocytes identify and kill virus-infected cells. Infected cells present virus 
core antigens coupled to MHC class I molecules, which ensures their identification and sub-
sequent killing by cytotoxic T lymphocytes [24, 25].

Specific cytotoxic lymphocytes cannot prevent cells from being initially infected with the 
virus, but they can restrict virus reproduction and enhance virus elimination out of the body. 
In unvaccinated adults, cytotoxic lymphocytes are crucial for clearing the body from influ-
enza. They release perforin and stimulate apoptosis of virus-infected cells [26, 27].

Efficacy of influenza vaccines is currently assessed from their ability to activate the humoral 
immune response, as recommended in WHO guidelines. We think that this assessment 
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does not adequately reflect the mechanisms of immune response to viruses. Therefore, it 
is essential to also study the cellular immunity. Immunodominance, which means that the 
immune system chooses one or more key epitopes for recognition, is an important factor for 
the development of vaccines stimulating the cellular immune response [28]. Vaccines aimed 
at producing cytotoxic T lymphocytes specific for an immunodominant epitope can signifi-
cantly narrow the cross-reactive range of immune response to various virus strains. The role 
of antigen delivery route and presentation should also be considered when developing such 
vaccines. To stimulate a strong cytotoxic immune response, an antigen should be processed 
and presented by dendritic cells and coupled to MHC class I molecules. These may occur 
either at the moment dendritic cells are being infected or transduced or when dendritic cells 
engulf apoptotic bodies from other infected cells. Thus, the induction of cytotoxic immune 
response varies from strong one (with live attenuated vaccines) to a weaker, lower one (with 
inactivated whole-virion and subunit vaccines) [21].

B lymphocytes are among the key adaptive immunity effectors in influenza, since they produce 
anti-hemagglutinin (HA) (mainly against its globular domain) virus-neutralizing antibodies that 
prevent hemagglutinin from interacting with cellular receptors. Moreover, their Fc portion con-
tributes to virion phagocytosis and to stimulation of antibody-dependent cellular cytotoxicity. 
HA amino acid sequence homology is about 80% between different strains within one subtype 
and 40–70% between strains of different subtypes. Besides, anti-neuraminidase antibodies have 
protective properties. They do not offer virus-neutralizing activity but they can inhibit neur-
aminidase enzymatic activity, which prevents the virus from spreading. Anti-neuraminidase 
antibodies also stimulate antibody-dependent cellular cytotoxicity. In addition, anti-neuramini-
dase antibodies have been shown to protect mice from H5N1 influenza virus [29].

Our study showed high stimulating effect of all studied influenza vaccines on B cell counts 
in PBMC culture. Adjuvanted vaccine was 1.3-fold more effective than subunit vaccine and 
1.1-fold more effective than split vaccine. That means that adjuvanted vaccine activated B cell 
proliferation more effectively than the inactivated vaccines studied.

B cells were found to produce IgA, IgG, and IgM antibody isotypes in primary infection, 
while no production of IgM antibodies was observed in secondary infection. IgM antibodies 
are capable of activating the complement cascade as well as of neutralizing the virus [21, 29]. 
Secretory immunoglobulins A protect respiratory mucosae, through which influenza enters 
the body, and are indicative of recent virus exposure. Immunoglobulins G ensure the longest 
protection against influenza [21, 30].

Comparative analysis of the vaccines studied showed that adjuvanted vaccine is more effec-
tive in stimulating NK, NKT cells and Tregs, as well. The vaccine was 1.3- and 1.1-fold more 
effective than subunit and split vaccines in increasing NK cell count, 2.1- and 1.5-fold for NKT 
cell count, 1.3- and 1.16-fold for B lymphocyte count, and 1.5- and 1.2-fold for Treg count, 
respectively. The studied vaccines were not found to activate other cell types.

Natural thymus-derived regulatory cells (nTreg) of CD4 + CD25+ surface phenotype with con-
stitutive expression of Foxp3 transcription factor responsible for their regulatory activity are one 
of the best documented cell population. Increased Treg number can possibly be explained by the 
immunoregulatory effect of PO (adjuvant)-containing vaccine. Immunoregulatory function of 
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respiratory epithelium [21]. When interacting with peripheral mononuclear cells, PO, a com-
ponent of the adjuvanted vaccine, significantly increases NK cells’ cytotoxic effect on target 
cells. The phenomenon was observed almost in all donors examined, with the increased effect 
being especially pronounced in patients with the baseline activity of NK cells at the lower 
normal limit or decreased [22].

Being phenotypically heterogenous, NKT cells duplicate the functions of NK cells and link 
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Cytotoxic T lymphocytes identify and kill virus-infected cells. Infected cells present virus 
core antigens coupled to MHC class I molecules, which ensures their identification and sub-
sequent killing by cytotoxic T lymphocytes [24, 25].

Specific cytotoxic lymphocytes cannot prevent cells from being initially infected with the 
virus, but they can restrict virus reproduction and enhance virus elimination out of the body. 
In unvaccinated adults, cytotoxic lymphocytes are crucial for clearing the body from influ-
enza. They release perforin and stimulate apoptosis of virus-infected cells [26, 27].

Efficacy of influenza vaccines is currently assessed from their ability to activate the humoral 
immune response, as recommended in WHO guidelines. We think that this assessment 
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immune system chooses one or more key epitopes for recognition, is an important factor for 
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aminidase enzymatic activity, which prevents the virus from spreading. Anti-neuraminidase 
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proliferation more effectively than the inactivated vaccines studied.

B cells were found to produce IgA, IgG, and IgM antibody isotypes in primary infection, 
while no production of IgM antibodies was observed in secondary infection. IgM antibodies 
are capable of activating the complement cascade as well as of neutralizing the virus [21, 29]. 
Secretory immunoglobulins A protect respiratory mucosae, through which influenza enters 
the body, and are indicative of recent virus exposure. Immunoglobulins G ensure the longest 
protection against influenza [21, 30].

Comparative analysis of the vaccines studied showed that adjuvanted vaccine is more effec-
tive in stimulating NK, NKT cells and Tregs, as well. The vaccine was 1.3- and 1.1-fold more 
effective than subunit and split vaccines in increasing NK cell count, 2.1- and 1.5-fold for NKT 
cell count, 1.3- and 1.16-fold for B lymphocyte count, and 1.5- and 1.2-fold for Treg count, 
respectively. The studied vaccines were not found to activate other cell types.
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stitutive expression of Foxp3 transcription factor responsible for their regulatory activity are one 
of the best documented cell population. Increased Treg number can possibly be explained by the 
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nTreg is implemented both through cytokine secretion, such as TGF-β and IL-10, and through 
contact interaction with the effector T lymphocytes and antigen-presenting cells [31, 32].

Innate immune mechanisms are key to protection against pathogens, since they ensure 
prompt inflammatory reactions including detection of highly conservative structures, which 
are common to many microorganisms, through special receptors of broad specificity. These 
are signal PRRs, and TLRs are the most important of them [33–36].

Having recognized a specific pattern, PRRs initiate a series of signal cascades, which make 
the first line of defense against microorganisms. Besides, these signals initiate maturation of 
dendritic cells, which prepare the second line of immune response to the infection, known as 
acquired immunity. Thus, TLRs contribute to the regulation of innate and acquired immunity. 
Currently known are 11 types of TLRs in humans and 13 types in mice [37, 38]. Four of them 
(TLR3, TLR7, TLR8, and TLR9) recognize virus RNA and DNA. TLRs have an established role 
in physiological regulation of pro-inflammatory cytokine production, which are required for 
immune response to infections caused by bacteria, fungi, and viruses [39]. Inflammation is 
known to be directly associated primarily with neutrophils, which express almost all identi-
fied TLRs, as it has been shown recently. This explains the importance of TLRs in neutrophil 
activity regulation: LPS-induced TLR4 activation induces the production of pro-inflammatory 
cytokines and chemokines (IL-1β, IL8, and TNFα); TLR2, TLR4, and TLR9 stimulation is 
accompanied by respiratory burst and changed expression of adhesion molecules [40, 41].

The study of the effect influenza vaccine has on TLR-positive cell (granulocyte) expression 
gave the following results.

Patients with initially different anti-influenza AT titers in vitro showed statistically significant 
differences in TLR3, TLR8, and TLR9-expressing cell counts, depending on the type of influ-
enza vaccine added to leukocyte culture.

All the influenza vaccines studied, caused a statistically significant (p < 0.05) increase in 
TLR2-, TLR6-, TLR8-, and TLR9-positive granulocyte counts in PBMC culture, compared to 
non-stimulated cells.

Subunit vaccine showed statistically significant (p < 0.001) stimulating effect on the expression 
of TLR4-positive granulocytes, compared to control group and split vaccine. TLR4 is known 
to be an important regulator of neutrophil survival [40–42].

Split vaccine provided better increase in TLR3- (p = 0.008) and TLR9- (p = 0.001) positive cell 
counts, compared to subunit vaccine. Both vaccines had similar effect on TLR8+ granulocyte 
proliferation. TLR3 is an important receptor in recognition of viral double-stranded RNA 
generated during replication [43]. TLR3 expression by CD4+ и CD8+ lymphocytes is known 
to be accompanied by their activation, which allows them to get directly involved in various 
types of immune response [44].

Dendritic cell activation has been reported to occur predominantly with TLR2, TLR3, TLR4, 
TLR7, and TLR9. TLRs are effective contributors to APC activation, not only because they 
induce pro-inflammatory cytokine production, but also because they enhance expression 
of various co-stimulating molecules required for effective antibody recognition [45, 46]. 
Moreover, TLRs control dendritic cell maturation and antigen-presenting function [47]. 
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Influenza vaccines have been reported to activate innate effectors—the first line of defense to 
infection—dendritic cells, both myeloid and lymphoid lineages [48]. TLR3 plays an important 
part in cross-priming of naive CD8 T cells that differentiate to cytotoxic T cells [49, 50]. They 
are key to killing virus-infected cells. TLR3 expressed on dendritic cells is also essential for 
NK cell activation via INAM molecule [51].

Adjuvanted vaccine showed high induction potential with respect to TLR9- and TLR8-expressing 
cells, compared to subunit vaccine (p = 0.012 and p < 0.001, respectively) and split vaccine 
(p = 0.003 and p < 0.001, respectively). TLR8 has been found to recognize viral single-stranded 
RNA and to be a specific receptor responsible for influenza virus recognition [45, 52]. The 
increased TLR8-positive cell count in this study can be attributed to the co-stimulating effect 
of the adjuvant in the adjuvanted vaccine.

TLR9 along with TLR2 and TLR4 are involved in the regulation of B lymphocyte activation, 
proliferation, differentiation, and survival (this is considered an alternative pathway of B lym-
phocyte activation) [53]. TLR9 is also supposed to be a PRR key to influenza identification and 
binding, while recognition of influenza virions by TLR7/8 is significant for the induction of 
protective immune response to main antigens (hemagglutinin) [54].

Two different intracellular signaling systems are generally recognized at the moment. One 
of them involves TLR2, TLR4, TLR5, TLR7, TLR9 and intracellular molecules MyD88, IRAK, 
TRAF, NFkB. This intracellular signaling system usually activates an early pro-inflammatory 
response. The other intracellular system involves TLR3, TLR4, (might involve TLR7 and 
TLR8), adaptor protein TRIF and intracellular proteins TRAM, TBK1, and IRF3. This signaling 
system ensures the activation of anti-virus response. TLR3 is the key component of this signal-
ing pathway, since it interacts with double-stranded viral RNA. TLR4 is equally effective in 
the activation of both intracellular signaling systems. Thus, there are two important types 
of innate immune responses. The first type activates antibacterial protection along with the 
tissue inflammation. The second type provides type I interferon-mediated antiviral response, 
with interferon being the primary antiviral mediator in innate immunity [55].

5. Conclusion

Thus, the studies have shown that influenza vaccines activate cellular immunity effectors as 
well as induce humoral immune response. PO-containing adjuvanted vaccine showed the 
strongest capability of inducing the cellular response, among the three vaccines studied.

Influenza vaccines in vitro induced an increase in the number of the innate and acquired 
immunity effectors: NK cells, NKT cells, В lymphocytes, cells with early activation marker, Т 
lymphocytes with late activation marker, and regulatory Т cells.

Despite the fact that influenza vaccines must activate endosomal receptors, they cause non-
specific activation of the surface TLRs. This might be due to the influence exerted by antigen 
complexes contained in influenza vaccines of various types and due to the presence of an 
adjuvant in one of the vaccines studied. These vaccines activate TLR signaling cascade and, 
thus, can probably stimulate key effectors of the innate (DC, NK, and NKT cells) and adaptive 
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(CTL, B lymphocytes) immunity, which provide antiviral effect and induce body’s own 
defense mechanisms against microbial infection.

6. Vaccination against influenza: the prospect of using adjuvants

The flu is widespread around the world and causes seasonal epidemics, which result in the 
death of hundreds of thousands of people each year [56]. Complications leading to morbidity 
and mortality following infection are predominantly observed in high-risk groups: children 
of early age, people with chronic diseases and pregnant women [57]. According to WHO, 
globally annual epidemics result in 3,000,000–5,000,000 cases of severe disease and approxi-
mately 250,000–500,000 deaths [58].

The vaccination is the most effective tools for preventing of influenza and, as a consequence, 
reducing the number and severity of post-infectious complications. Inactivated influenza vac-
cines received the most widely used, due to its high efficiency and low reactogenicity. But, 
at the same time, inactivated influenza vaccines, including seasonal trivalent vaccines, used 
for the annual prevention of influenza in the autumn-winter period, are not without some 
limitations. These vaccines are not enough (effective) immunogenic in vaccinating a number 
of population groups - small children, pregnant women, the elderly, people with various 
chronic diseases that are considered to be influenza risk groups. Also, inactivated influenza 
vaccines are not sufficiently protected against antigenically different strains (drift and heter-
ologous) of the influenza virus that are not contained in the vaccine. In addition, the capacity 
of all manufacturers may not be sufficient to provide mass vaccine prevention around the 
world, especially in the event of a pandemic [59–61].

To increase the immunogenicity of inactivated influenza vaccines, adjuvants (immunoadju-
vants) have been proposed. With the use of adjuvants, it is possible to increase the immuno-
genicity of influenza vaccines against a set of antigenically different strains. Adjuvants in the 
influenza vaccine can also provide efficacy in the immunization of various population groups, 
including at-risk groups. In addition, a significant increase in the immunogenicity of the vac-
cine due to the adjuvant will allow the transition to simple (single) immunization regimens, 
as well as reduce the dose of the antigen (hemagglutinin). This is especially important for 
pre-pandemic vaccines, because with the same production capacity, more vaccines will be 
obtained - and as a result, more people are immunized [59, 61].

The action of most adjuvants is based on the prolongation of the AG action, which is provided 
by the creation of a “depot” of the AG, which slows its absorption. Due to the sorption of 
AG on certain carriers, the antigen is held in places necessary for exposure of the antigen to 
antigen presenting cells and lymphocytes. Such an effect occurs when using aluminum alum, 
immunostimulating complexes, an oil microemulsion [62].

The effect of deposition is also achieved through the use of liposomes [63]. Adjuvants that 
primarily affect the phagocytic link of the immune system include polyelectrolytes, includ-
ing PO. Structural association of the AG and polymer-immunostimulant enhances the 
migration of phagocytes, the functional activity of macrophages in tissues and increases 
their processing activity [64].
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The action of adjuvants depends on the initial immune status of the organism preceding the 
vaccination. Adjuvants accelerate development and increase the level of immune response, 
increase the duration of its retention. Long rise and a slow decrease in the intensity of post-
vaccination immunity is characteristic of adjuvanted vaccines. At the same time, a reliable 
immune response is achieved with the help of small doses of AG and a small number of 
injections of the vaccine [63].

PO possesses expressed immune modulating effects acting first of all on the innate immunity 
factors such as monocytic-macrophagal system cells, neutrophils and NK-cells and inducing 
their activation under initially reduced functions. Flow cytochemistry data showed that PO 
does interact with three lymphocyte subclasses, predominantly binds with monocytes and 
neutrophils and to a lesser extent with lymphocytes, enhancing intracellular H2O2 produc-
tion. Hydrogen peroxide being the secondary messenger activates the transcriptional NF-kB 
factor that is the participant of the cytokines synthesis regulation. The enhancement of the 
pro-inflammatory cytokines IL-1β, IL6, TNF-α synthesis takes place. Activation by PO cells 
of monocytic-macrophagal cluster and natural killers promotes mobilization of both cellular 
and humoral immunity. Finally, all immunity starts up for adequate response development 
similarly to that as it occurs in natural way [65].

Besides its own clinical application as independent drug, Polyoxidonium is used as immu-
noadjuvant in new generation vaccines and is a compound in subunit adjuvanted Grippol 
family vaccines since 1997 when first Grippol® vaccine was registered in Russian market. 
Due to Polyoxidonium, all Grippol family vaccines contain 3-times lower antigen content in 
one immunizing dose - 5 mcg per strain, in comparison to 15 mcg per strain in other subunit 
and split influenza vaccines. This provides Grippol family vaccines with higher safety profile. 
Today Grippol vaccines are approved and especially recommended for vaccination of cohorts 
that previously were considered to be not vaccinated (patients with allergic conditions, sub-
jects with chromic somatic diseases, individuals with different immune deficiencies), and chil-
dren from 6 months of age, and pregnant women. These recommendations were made based 
on relevant clinical trials results followed by many years practical mass vaccine application 
experience [66, 67].

Annual vaccination with the “yearly adapted vaccine” is an effective means of prevention 
and control of influenza in immunocompetent individuals, even in those with a known poor 
antibody response. In addition to the development of protective antibodies after vaccina-
tion, the induction of cell-mediated immunity is considered to be of critical importance [68]. 
Recent researches concerning the response to influenza vaccination in patients with CVID and 
unclassified antibody deficiency have shown that while the humoral immune response was 
strongly impaired, a T cell response against the vaccine was detected in most patients [69].

Seasonal vaccines primarily work through the induction of neutralizing antibodies against 
the principal surface antigen HA. This important role of HA-specific antibodies explains 
why previous pandemics have emerged when new HAs have appeared in circulating human 
viruses. It has long been recognized that influenza virus-specific CD4(+) T cells are important 
in protection from infection through direct effector mechanisms or by providing help to B 
cells and CD8(+) T cells. However, the seasonal influenza vaccine is poor at inducing CD4(+) 
T cell responses and needs to be combined with an adjuvant facilitating this response [70].
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Protective immunity induced by SF-10 (synthetic human pulmonary surfactant with a car-
boxy vinyl polymer as a viscosity improver) against lethal influenza virus infection was 
partially and predominantly suppressed after depletion of CD8+ and CD4+ T cells (induced 
by intraperitoneal injection of the corresponding antibodies), respectively, suggesting that 
CD4+ T cells predominantly and CD8+ T cells partially contribute to the protective immunity 
in the advanced stage of influenza virus infection [71]. These results suggest that adjuvants 
can promote effective antigen delivery to antigen presenting cells, activates CD8+ T cells via 
cross-presentation, and induces cell-mediated immune responses against antigen.

Influenza infection elicits high-affinity IgA in the respiratory tract and virus-specific IgG, 
which correlates with protection. Long-lived influenza-specific T cells have also been shown 
to ameliorate disease [72]. Activation of the parameters of innate immunity is critical for the 
recognition of infection, as well as for the effectiveness of vaccination, which allows not only 
eliminating pathogens and cells with altered antigenic properties, but also having a signifi-
cant effect on the formation of adaptive immunity [73].

Development of a universal influenza vaccine currently seems to be quite workable and 
promising task. Such universal vaccines are expected to contain both antibody production 
stimulants and inductors of cellular immune response with effectors of innate and adaptive 
immunity being involved. Adjuvants may play an important part, their functions being aimed 
both at enhancing immune response to an antigen and at regulating that response [74]. Thus, 
due to the emergence of a new type of vaccine (adjuvant), in assessing the immunological 
efficacy is important not only humoral but also cellular immune response.
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Abstract

Vaccination is an effective means for prevention of the progression and spread of influ-
enza virus infection. Nonetheless, there is a risk of adverse reactions, such as pain and 
fever, during the vaccination. In addition, because people from a wide age range, that is, 
from children to the elderly, are inoculated with vaccines, safety confirmation of these 
vaccines is important. Safety assessments of a vaccine, in the form of quality controls, 
have been carried out on animals. For example, the abnormal toxicity test is based on 
body weight changes as a toxicity index, and the leukopenic toxicity test can evaluate 
hematological toxicity. Meanwhile, since the 2000s, safety evaluation of drugs and chemi-
cals by the genomic approach has been conducted frequently. The benefits with respect 
to safety evaluation are high sensitivity and abundant information about toxicity profiles. 
In this chapter, we describe the genes that are helpful as safety assessment markers and 
their usefulness for safety testing and vaccine development. In addition, this information 
may provide toxicity profiles, help understand the reactogenicity of nasal vaccines or 
adjuvants, and explain the prospects of genomic analyses in the development of novel 
vaccines and adjuvants.

Keywords: influenza vaccine, safety test, biomarker, preclinical test, quality control

1. Introduction

The current toxicological assays for chemicals and biological therapeutics (biologicals) involve 
high costs, are time-consuming, and require a large number of animals. Thus, such a project 
becomes a substantial investment in the development of a drug or biological therapeutic [1, 
2]. There is a need to improve these preexisting safety-testing strategies.

© 2018 The Author(s). Licensee IntechOpen. 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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Vaccination is an effective means for prevention of the progression and spread of influ-
enza virus infection. Nonetheless, there is a risk of adverse reactions, such as pain and 
fever, during the vaccination. In addition, because people from a wide age range, that is, 
from children to the elderly, are inoculated with vaccines, safety confirmation of these 
vaccines is important. Safety assessments of a vaccine, in the form of quality controls, 
have been carried out on animals. For example, the abnormal toxicity test is based on 
body weight changes as a toxicity index, and the leukopenic toxicity test can evaluate 
hematological toxicity. Meanwhile, since the 2000s, safety evaluation of drugs and chemi-
cals by the genomic approach has been conducted frequently. The benefits with respect 
to safety evaluation are high sensitivity and abundant information about toxicity profiles. 
In this chapter, we describe the genes that are helpful as safety assessment markers and 
their usefulness for safety testing and vaccine development. In addition, this information 
may provide toxicity profiles, help understand the reactogenicity of nasal vaccines or 
adjuvants, and explain the prospects of genomic analyses in the development of novel 
vaccines and adjuvants.

Keywords: influenza vaccine, safety test, biomarker, preclinical test, quality control

1. Introduction

The current toxicological assays for chemicals and biological therapeutics (biologicals) involve 
high costs, are time-consuming, and require a large number of animals. Thus, such a project 
becomes a substantial investment in the development of a drug or biological therapeutic [1, 
2]. There is a need to improve these preexisting safety-testing strategies.
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The microarray technology was recognized in the toxicology research community after its 
introduction in the 1990s [3–5]. Subsequently, toxicological studies using the microarray tech-
nology have given rise to a new field termed toxicogenomics [6]. By integrating the genomic 
technology and bioinformatics, toxicogenomics has garnered a great deal of attention as an 
alternative means of addressing drug safety by studying the fundamental molecular mecha-
nism of toxicity, which was difficult to detect with conventional toxicological methods [6]. In 
fact, microarray-based toxicogenomics remains a major breakthrough. Using microarrays, we 
can monitor the expression levels of tens of thousands of genes at the same time and evaluate 
gene expression profiles altered by various compounds or changes in gene expression pro-
files associated with different physiological conditions. Moreover, testing a large number of 
genes together gives the opportunity to identify genetic patterns and signatures that provide 
unique insights into drug toxicity, which are difficult to obtain by conventional animal-based 
techniques [7]. Thus, toxicogenomics is expected to revolutionize the traditional approaches 
to toxicity assessment and has been considered a paradigm shift in toxicology. To date, many 
studies have revealed the value of toxicogenomics [8–15]. For example, it has been suggested 
that toxicogenomic biomarkers can identify drug candidates that are more likely to cause 
toxicity in susceptible patient populations despite the lack of conventional toxicity indica-
tors, such as hematological parameters, body weight changes, blood biochemical data, and 
histopathological data, which are examined in preclinical studies [16, 17]. Similarly, more 
sensitive biomarkers for the detection of early toxicity can be analyzed at “subtoxic doses” of 
a candidate therapeutic agent, where the injury is at the genetic level, but does not occur at the 
phenotypic level or cannot be detected by clinical-chemistry measurements [18].

Just as chemical and synthetic drugs, biological therapeutics are evaluated for their toxicity by 
safety tests involving animal experiments, as part of preclinical studies. In addition, to guarantee 
the quality and homogeneity of the preparation, a portion of the biological preparation is sub-
jected to toxicity tests for each lot [19, 20]. These toxicity tests are based on the aforementioned 
conventional assays, and phenotypic alterations such as body weight changes, hematological 
changes, pathological changes, and similar parameters are the evaluation criteria [19, 21]. Tests 
of the safety and quality control of vaccines include the abnormal toxicity test (ATT, also known 
as a general toxicity test) [21], and the leukopenic toxicity test (LTT) [19]. In all preclinical trials, 
in addition to these tests, a pathological examination is carried out. Although these tests have 
historically been practiced for a long time, it is expected that genomics techniques will be incor-
porated into these tests to improve their sensitivity and to obtain information on toxicity. For 
biologicals, however, toxicity studies using the genomics technology have not yet been actively 
carried out, when compared to the testing of chemical and synthetic drugs.

Therefore, we have been using the genomics technology to search for vaccine safety assess-
ment markers since the late 2000s. In particular, we have been conducting research on the 
use of genomics technology for studying pertussis vaccine [22, 23], Japanese encephalitis vac-
cine [24], and influenza vaccine [25]. This chapter provides an introduction to the genom-
ics technology in the safety assessment and quality control evaluation of influenza vaccines 
and describes a new evaluation method involving the biomarkers obtained by the genomics 
technology.
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2. Current vaccine safety tests

This section describes the lot release safety and quality control testing methods implemented 
for the influenza vaccine. The ATT has been conventionally conducted as an animal-based test 
to evaluate the contamination by phenol, which is used in the process of inactivating endotox-
ins, viruses, and bacteria [26, 27]. The method of ATT is simple: 5 mL of a sample is injected 
into the abdominal cavity of a guinea pig, and its survival and 7-day body weight changes are 
measured [19]. It has been suggested that these 7-day body weight changes reflect the biologi-
cal activity of the vaccine. Indeed, if the animals were inoculated with a different type of influ-
enza vaccine, their body weight changes would show different profiles [21]. The whole-particle 
inactivated influenza vaccine (WPV) that has high reactogenicity [28]. Nevertheless, it causes 
highly frequent adverse reactions, such as pain, swelling, and fever [29]; on the other hand, 
the hemagglutinin-split influenza vaccine (HAV), whose effectiveness is inferior to that of the 
WPV [28], has been reported to cause almost no adverse reactions [29]. The current seasonal 
influenza vaccines are based on the HAV, and the WPV is manufactured only as a pandemic 
vaccine. This approach also includes avoiding adverse reactions caused by WPVs. Therefore, 
the WPV also serves as a toxicity index in the quality control testing of the HAV by the LTT, 
which is described later.

The LTT is a safety test that assesses the leukopenic toxicity induced by the WPV as a toxicity 
index [19]. In this method, mice are inoculated with 0.5 mL of a WPV as a toxicity reference 
vaccine, and the leukopenic activity rate induced by the WPV at that time point is set to 100% 
leukopenic activity. At that time point, the test sample confirms whether the leukopenic activity 
rate is within 20% or not. The test criterion is as follows: the leukopenic activity rate should be 
less than 20% of the toxicity control. On the other hand, the ATT is an assay that evaluates the 
body weight loss of guinea pigs, and the transition during their recovery. When the same exper-
iment was carried out in rats, WPV-injected rats showed a severe body weight loss, unlike HAV-
injected rats [21]. A vaccine showing a statistically significant body weight loss in a population, 
when compared with a homogeneous preparation, would be rejected in terms of its quality.

Thus, safety and quality of the HAV are mainly ensured by two tests. Safety assessments of 
the HAV have been conducted using WPVs, which is one of the safety indices.

3. The genomic approach to identifying novel biomarkers of 
influenza vaccine safety

The search for new biomarkers that can reflect the bioactivity assessed in the ATT and LTT 
was conducted by performing comprehensive gene expression analyses on major organs via 
the microarray technology [25]. Inactivated influenza vaccines have been widely used for 
preventing infections and the spread of infections; they can roughly be subdivided into two 
types: the HAV and WPV [30]. The HAV mainly contains hemagglutinin (HA). This type of 
vaccine has no strong bioactivity; it does not contain substances other than HA proteins that 
act as antigens, thereby leading to no adverse reactions. Nevertheless, their ability to induce 
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Symbol Official full name Accession

Cxcl11 Chemokine (C-X-C motif) ligand 11 NM_019494

Cxcl9 Chemokine (C-X-C motif) ligand 9 NM_008599

Zbp1 Z-DNA binding protein 1 NM_021394

Mx2 MX dynamin-like GTPase 2 NM_013606

Irf7 Interferon regulatory factor 7 NM_016850

Lgals9 Lectin, galactoside-binding, soluble, 9 NM_010708

Ifi47 Interferon gamma inducible protein 47 NM_008330

Tapbp TAP binding protein (tapasin) NM_001025313

Csf1 Colony stimulating factor (macrophage) NM_007778

Timp1 Tissue inhibitor of metalloproteinase 1 NM_001044384

Trafd1 TRAF type zinc finger domain containing 1 NM_001163470

Lgals3bp Lectin, galactoside-binding, soluble, 3 binding protein NM_011150

Psmb9 Proteasome (prosome and macropain) subunit, beta type, 9 NM_013585

C2 Complement component 2 NM_013484

Tap2 Transporter 2, ATP-binding cassette, sub-family B (MDR/TAP) XM_006525355

Ifrd1 Interferon-related developmental regulator 1 NM_013562

Psme1 Proteasome (prosome and macropain) activator subunit 1 NM_011189

Ngfr Nerve growth factor receptor NM_033217

Table 1. Marker genes for safety evaluation of influenza vaccines.

antibody production is considered insufficient to prevent the progression of influenza virus 
infection [30]. Historically, however, vaccines have been more effective than the existing 
split vaccines. The WPV is considered effective against influenza virus infections. This type 
of vaccine contains the whole influenza virus particle, including lipid and single-stranded 
RNA, and therefore, drives various immune responses. On the other hand, various WPV-
induced immune responses also cause adverse reactions in humans [29]. Therefore, although 
WPV is a highly effective vaccine, it has lately not been employed as a seasonal influenza 
vaccine and is only partially manufactured as a pandemic influenza vaccine. We have carried 
out the searches for safety assessment marker genes of the HAV using two types of vaccines: 
the WPV and split influenza vaccine (SV). The WPV has high reactogenicity (effectiveness 
and toxicity) and therefore serves as a toxicity reference. The SV has low reactogenicity and 
frequency of adverse reactions and is therefore employed as a safety control. As a result, the 
clearest clustering of gene expression patterns in the lungs of animals by different types of 
vaccines was obtained [25]. In particular, the gene expression patterns in the lungs differed 
between the SV-treated and WPV-treated animals. Furthermore, the gene expression levels, 
which showed large differences between the SV- and WPV-treated animals, were estimated. 
As a result, 18 genes expressed in the lungs were identified as biomarker genes (Table 1) [25]. 
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Functionally, these biomarker genes tend to correlate with the white blood cell (WBC) count 
in the peripheral blood of animals (leukopenic toxicity) that were treated with the inactivated 
influenza vaccine [31, 32]. It has been known that intraperitoneal injection of the WPV causes 
leukopenic toxicity in mice, and this bioactivity has been used as an index for the safety 
evaluation of inactivated influenza vaccines in Japan, which is termed the LTT [19]. In addi-
tion, WPV-induced body weight loss may be reflected in biomarker gene expression levels 
[25]. Thus, WPV-like bioactivity assessed by the ATT could be predicted by the expression 
levels of biomarker genes. Furthermore, the biomarker genes can partially measure biologi-
cal activities that cannot be quantitated by means of body weight changes. For example, the 
identified biomarker gene expression increases with leukopenia and weight loss; however, 
some genes show increased expression even in a state without body weight loss and with-
out a decreased WBC count (without leukopenic toxicity) [33]. The SV hardly induces the 
elevated expression of biomarker genes. By contrast, if SVs produced at different manufac-
turing plants were evaluated using the biomarker gene expression levels, variations in their 
quality can be reflected in the expression levels [33]. This variation is not indicated by body 
weight changes or by the WBC count [33]. This case is an example where the gene expression 
level can detect biological reactions that cannot be detected by phenotypic changes. This is 
the advantage of the toxicogenomics technology. Thus, it is likely that the genomics technol-
ogy is also useful for the safety assessment of vaccines. Furthermore, there is a possibility 
that the assay involving the newly identified biomarker genes can be widely adopted as an 
alternative method to the currently popular methods: the ATT and LTT.

4. Safety evaluation of influenza vaccines on the basis of biomarker 
gene expression

The utility of the identified biomarker genes has been verified. For seasonal influenza vac-
cines, the ATT has been regarded as a test for safety and quality control. Therefore, a safety 
assessment of SVs manufactured at four manufacturing plants was conducted by means 
of biomarker gene expression and body weight as parameters (ATT) and by the LTT, with 
a WPV as a control [33]. With respect to phenotypic changes, body weight loss rates of all 
the SVs were found to be equivalent, and leukocyte number reduction was hardly observed 
for the HAVs from all the manufacturers. Nevertheless, in case of one manufacturer’s HAV, 
analyses of the expression of 18 biomarker genes in lungs showed a significant difference 
in gene expression levels from other manufacturers’ HAV [33]. This result suggests that the 
biomarker genes identified by the microarray analysis can capture biological changes that 
cannot be detected by body weight changes and leukocyte number reductions. This finding 
indicates that the analysis of expression of biomarker genes is a more sensitive assay than the 
conventional safety and quality control tests (ATT and LTT). This evaluation method can be 
applied not only to predict the toxicity but also to evaluate the homogeneity among vaccines 
produced in different batches.

Subsequently, the safety assessment of trivalent virosome-type influenza vaccine (Inflexal 
Berna V) currently licensed in several European countries such as Switzerland and Italy was 
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performed by means of the biomarker genes. The virosome-type influenza vaccine is similar 
to the WPV but does not contain viral RNA. Leukopenic reactions were not noticeable when 
the animals were vaccinated with the virosome-type influenza vaccine; however, a body 
weight loss was observed, accompanied by an increase in the expression of some biomarker 
genes [31]. It is thought that some biological activities of this vaccine may be close to those 
of the WPV, because just like the WPV, Inflexal Berna V consists of a virosomal formulation. 
Genes whose increased expression levels were induced by the virosomal type influenza vac-
cine include Tap2 and Psmb9, which are involved in antigen presentation and antigen diges-
tion, suggesting that the antigen-presenting ability is higher for the virosomal-type influenza 
vaccine than for the HAV [31]. Consequently, it is likely that biomarker genes obtained by 
genomic analysis can elucidate the mechanistic details of bioactivity and toxicity.

5. Safety evaluation of the nasal influenza vaccine using biomarker 
gene expression

Nasal vaccines have been attracting attention as promising strategies against influenza virus 
infection. This is because nasal vaccines can predominantly induce mucosal immunity, when 
compared with conventional subcutaneous vaccines or intramuscularly injectable vaccines 
[34]. In nasal vaccines, IgA antibody production and secretion in the bronchial and intranasal 
cavities are observed, and this approach seems to be effective for the prevention of influenza 
infection [35–37]. For this reason, several newly developed vaccines have been designed on 
the premise of nasal inoculation. It is important to develop a safety assessment method for 
nasal vaccines by assays that are different from the conventional intramuscular and subcu-
taneous injections. This is because there are case control studies on the use of the inactivated 
intranasal influenza vaccine, which is composed of influenza antigens in a virosomal formu-
lation with an E. coli-derived LT adjuvant, and the risk of Bell’s palsy in Switzerland [38]. 
Therefore, to determine the relation between the expression of the 18 biomarker genes and the 
safety evaluation of the nasal inoculation influenza vaccine, an assay was devised. Mice were 
nasally inoculated with an influenza vaccine, and biomarker gene expression levels in the 
lungs were analyzed [39]. As described earlier, this biomarker gene has been identified based 
on the gene expression profile obtained when the vaccine was inoculated intraperitoneally. 
After the administration of the nasal influenza vaccines, there was an increase in the WPV-
dependent expression of the biomarker gene; the evaluation of the HAV based on WPV was 
shown to be possible by nasal inoculation and by analysis of marker genes [39]. Furthermore, 
the biomarker expression level positively correlated with lymphoproliferation in nasal-asso-
ciated lymphoid tissue [39], and it was inferred that this formulation induces the activity of 
mucosal immunity. Furthermore, in recent years, the development of an adjuvant-containing  
vaccine has been advanced for the purpose of enhancing the effectiveness of SVs [37]. The 
same trend in nasal vaccines has also been seen [37] because of the ability to induce IgA pro-
duction by SVs alone is not enough to prevent infection with an influenza virus. Therefore, 
there has been active development of adjuvanted influenza vaccines. Although adjuvants 
increase the effectiveness of vaccines, strong adjuvant bioactivity is thought to lead to toxicity. 
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The strong bioactivity of the adjuvant will ensure increased effectiveness of vaccines. In some 
cases, however, highly reactogenic adjuvants can cause toxicity in humans. For example, poly 
I:C is known to function as an excellent vaccine adjuvant. On the other hand, it is known to 
cause exothermic reactions and cytokine storms [40–42]. Additionally, in the past, poly I:C has 
been discontinued due to adverse reactions such as a fever and arthritis in clinical trials [40]. 
Even other adjuvants such as R848, a Toll-like receptor (TLR)7/8 agonist, are known to cause 
cold-like symptoms, including a fever [43–45]. Such compounds are excellent in terms of 
enhancing the effectiveness of the vaccine; however, the risk of developing toxicity remains 
high. Therefore, we hypothesized that the expression of 18 biomarker genes could be applied 
to the safety assessment of adjuvanted vaccines. The objective of this safety test is to identify 
an adjuvant that has high reactogenicity and toxicity such as poly I:C and R848. The risks of 
adverse reactions caused by adjuvanted vaccines as test products were compared with those 
of the WPV. In the case of a nasal vaccine, expression of some biomarker genes was higher 
when animals were inoculated with the TLR9 agonist CpG K3-adjuvanted HAV, than when 
the animals were inoculated with the HAV alone [39]. Nonetheless, the marker gene expres-
sion levels were markedly lower than those of the WPV. Thus, the CpG K3 adjuvant did not 
have high reactogenicity accompanied by toxicity. The CpG K3 adjuvant is under develop-
ment for use with malaria vaccines [46]; no adverse reactions have been reported so far. The 
authors of these reports presumed that the risk of toxicity would not be high in humans. 
Currently, the authors are working on building a database for constructing an adjuvant evalu-
ation system based on an influenza vaccine that includes various adjuvants including poly I:C 
and R848, an oil/water emulsion adjuvant, and various other TLR-related adjuvants.

6. Development of an alternative assay for the leukopenic toxicity 
test based on biomarker gene expression

The biomarker genes for the safety assessment of an influenza vaccine are characterized 
by the biological activity that can be detected by the ATT and LTT. Specifically, biomarker 
gene expression levels and the WBC count with body weight changes show a negative cor-
relation [31]. Momose et al. (2015) reported that a virosomal influenza vaccine caused only a 
body weight loss and did not cause leukopenia; however, some of the marker genes showed 
increased expression levels at that time point [31]. In other words, it seems that all the marker 
genes cannot respond uniformly via the same mechanism of action. Therefore, we considered 
whether the leukocytopenic activity could be evaluated with the expression of the marker 
genes responsible for the leukopenic activity, and we searched for biomarker genes associated 
with leukocytopenic activity. Furthermore, we devised a method for WBC count-predicting 
systems involving only the biomarker gene expression levels. If this method is established, it 
will be possible to set up the WBC number prediction using the biomarker gene expression 
and body weight loss evaluation by the ATT in one test system. This strategy will reduce the 
number of animals required and shorten the testing duration. We tried to identify the genes 
useful for the prediction of the WBC count from the biomarker gene set by multiple linear 
regression analysis and a stepwise method [32]. In the multiple regression analysis method, 
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performed by means of the biomarker genes. The virosome-type influenza vaccine is similar 
to the WPV but does not contain viral RNA. Leukopenic reactions were not noticeable when 
the animals were vaccinated with the virosome-type influenza vaccine; however, a body 
weight loss was observed, accompanied by an increase in the expression of some biomarker 
genes [31]. It is thought that some biological activities of this vaccine may be close to those 
of the WPV, because just like the WPV, Inflexal Berna V consists of a virosomal formulation. 
Genes whose increased expression levels were induced by the virosomal type influenza vac-
cine include Tap2 and Psmb9, which are involved in antigen presentation and antigen diges-
tion, suggesting that the antigen-presenting ability is higher for the virosomal-type influenza 
vaccine than for the HAV [31]. Consequently, it is likely that biomarker genes obtained by 
genomic analysis can elucidate the mechanistic details of bioactivity and toxicity.

5. Safety evaluation of the nasal influenza vaccine using biomarker 
gene expression

Nasal vaccines have been attracting attention as promising strategies against influenza virus 
infection. This is because nasal vaccines can predominantly induce mucosal immunity, when 
compared with conventional subcutaneous vaccines or intramuscularly injectable vaccines 
[34]. In nasal vaccines, IgA antibody production and secretion in the bronchial and intranasal 
cavities are observed, and this approach seems to be effective for the prevention of influenza 
infection [35–37]. For this reason, several newly developed vaccines have been designed on 
the premise of nasal inoculation. It is important to develop a safety assessment method for 
nasal vaccines by assays that are different from the conventional intramuscular and subcu-
taneous injections. This is because there are case control studies on the use of the inactivated 
intranasal influenza vaccine, which is composed of influenza antigens in a virosomal formu-
lation with an E. coli-derived LT adjuvant, and the risk of Bell’s palsy in Switzerland [38]. 
Therefore, to determine the relation between the expression of the 18 biomarker genes and the 
safety evaluation of the nasal inoculation influenza vaccine, an assay was devised. Mice were 
nasally inoculated with an influenza vaccine, and biomarker gene expression levels in the 
lungs were analyzed [39]. As described earlier, this biomarker gene has been identified based 
on the gene expression profile obtained when the vaccine was inoculated intraperitoneally. 
After the administration of the nasal influenza vaccines, there was an increase in the WPV-
dependent expression of the biomarker gene; the evaluation of the HAV based on WPV was 
shown to be possible by nasal inoculation and by analysis of marker genes [39]. Furthermore, 
the biomarker expression level positively correlated with lymphoproliferation in nasal-asso-
ciated lymphoid tissue [39], and it was inferred that this formulation induces the activity of 
mucosal immunity. Furthermore, in recent years, the development of an adjuvant-containing  
vaccine has been advanced for the purpose of enhancing the effectiveness of SVs [37]. The 
same trend in nasal vaccines has also been seen [37] because of the ability to induce IgA pro-
duction by SVs alone is not enough to prevent infection with an influenza virus. Therefore, 
there has been active development of adjuvanted influenza vaccines. Although adjuvants 
increase the effectiveness of vaccines, strong adjuvant bioactivity is thought to lead to toxicity. 
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The strong bioactivity of the adjuvant will ensure increased effectiveness of vaccines. In some 
cases, however, highly reactogenic adjuvants can cause toxicity in humans. For example, poly 
I:C is known to function as an excellent vaccine adjuvant. On the other hand, it is known to 
cause exothermic reactions and cytokine storms [40–42]. Additionally, in the past, poly I:C has 
been discontinued due to adverse reactions such as a fever and arthritis in clinical trials [40]. 
Even other adjuvants such as R848, a Toll-like receptor (TLR)7/8 agonist, are known to cause 
cold-like symptoms, including a fever [43–45]. Such compounds are excellent in terms of 
enhancing the effectiveness of the vaccine; however, the risk of developing toxicity remains 
high. Therefore, we hypothesized that the expression of 18 biomarker genes could be applied 
to the safety assessment of adjuvanted vaccines. The objective of this safety test is to identify 
an adjuvant that has high reactogenicity and toxicity such as poly I:C and R848. The risks of 
adverse reactions caused by adjuvanted vaccines as test products were compared with those 
of the WPV. In the case of a nasal vaccine, expression of some biomarker genes was higher 
when animals were inoculated with the TLR9 agonist CpG K3-adjuvanted HAV, than when 
the animals were inoculated with the HAV alone [39]. Nonetheless, the marker gene expres-
sion levels were markedly lower than those of the WPV. Thus, the CpG K3 adjuvant did not 
have high reactogenicity accompanied by toxicity. The CpG K3 adjuvant is under develop-
ment for use with malaria vaccines [46]; no adverse reactions have been reported so far. The 
authors of these reports presumed that the risk of toxicity would not be high in humans. 
Currently, the authors are working on building a database for constructing an adjuvant evalu-
ation system based on an influenza vaccine that includes various adjuvants including poly I:C 
and R848, an oil/water emulsion adjuvant, and various other TLR-related adjuvants.

6. Development of an alternative assay for the leukopenic toxicity 
test based on biomarker gene expression

The biomarker genes for the safety assessment of an influenza vaccine are characterized 
by the biological activity that can be detected by the ATT and LTT. Specifically, biomarker 
gene expression levels and the WBC count with body weight changes show a negative cor-
relation [31]. Momose et al. (2015) reported that a virosomal influenza vaccine caused only a 
body weight loss and did not cause leukopenia; however, some of the marker genes showed 
increased expression levels at that time point [31]. In other words, it seems that all the marker 
genes cannot respond uniformly via the same mechanism of action. Therefore, we considered 
whether the leukocytopenic activity could be evaluated with the expression of the marker 
genes responsible for the leukopenic activity, and we searched for biomarker genes associated 
with leukocytopenic activity. Furthermore, we devised a method for WBC count-predicting 
systems involving only the biomarker gene expression levels. If this method is established, it 
will be possible to set up the WBC number prediction using the biomarker gene expression 
and body weight loss evaluation by the ATT in one test system. This strategy will reduce the 
number of animals required and shorten the testing duration. We tried to identify the genes 
useful for the prediction of the WBC count from the biomarker gene set by multiple linear 
regression analysis and a stepwise method [32]. In the multiple regression analysis method, 
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Predictor variable Model 1 Model 2 Model 3 Model 4

β β β β

Intercept 2141.2 5390.6 4222.5 5293.7

C2 — — — 502.8

Trafd1 −3196.2 −2886.6 — −1131.1

Irf7 — — — −94.7

Csf1 — — — 1118.1

Ngfr −1344.8 — — −360.1

Ifi47 — — — 472.3

Ifrd1 — — — −1628.5

Psme1 4099.9 — — —

Tap2 3084.6 1839.1 — —

Cxcl11 −0.3847 −0.1217 — —

Lgals9 −8.0607 — — —

Zbp1 −197.49 — — —

Cxcl9 — — 1.8226 —

Lgals3bp — — −552.93 —

Tapbp — — 349.20 —

Table 2. Multiple regression by the stepwise forward selection method for the leukopenic reaction prediction model 
(cells/μl blood).

a linear equation expressed by the following formula was derived, and a predicted value was 
calculated. In particular, the leukocyte count of the animals and data on the expression lev-
els of all the biomarker genes were acquired. The animals were inoculated with the WPV or 
HAV, and the expression levels of marker genes and numbers of WBCs were then determined. 
Multiple regression analysis was performed on the acquired data. A linear equation was then 
derived. The regression equation is shown below.

   (Predicted WBC)  =  (intercept)  +  β  1    x  1   +  β  2    x  2   + … + β  n    x  n    (1)

In this equation, “x” is substituted by the marker gene expression that corresponds to its coef-
ficient (β); “n” indicates the number of factors corresponding to the number of selected genes. 
The intercept was used for calculation of the WBC number in the multiple regression analysis.

Precision of the prediction differs depending on the combination of marker genes. Therefore, 
by the stepwise method, a linear equation was derived that contains the combinations of 
marker genes having the highest prediction accuracy. As a result, some gene combinations 
(models) were selected (Table 2). Predicted leukocyte numbers produced by these models 
can predict leukopenia caused by WPVs with high accuracy (Figure 1). Even if the predicted 
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values of individuals are analyzed, the deviation between the predicted value and the mea-
sured value is small [32]. In addition, variations in the WBC count owing to individual differ-
ences are reproduced with high accuracy [32]. Therefore, it was shown that the leukopenic 
activity can be predicted by means of the identified marker gene set. With this method, it is 
expected that it will be possible to carry out WBC count reduction assays and abnormal tox-
icity negative tests by expression analysis of one biomarker gene. As mentioned in the pre-
vious section, the development of adjuvanted vaccines has advanced in recent years. Some 
adjuvants, like WPVs, exert a leukocytopenic activity. Leukopenic activity is also present in 
compounds with an excellent adjuvant activity such as Poly I:C and R848 [43]. Therefore, 
we analyzed the CpG K3 adjuvant, which manifested a slight leukopenic activity according 
to the newly developed multiple regression Equation [32]. As a result, a slight leukopenic 
activity was observed in animals that received the CpG K3 adjuvant in combination with 
the SV. Furthermore, when the expression levels of the marker genes were analyzed, and 
the predicted WBC count was calculated from their expression levels, the leukocyte count 
reduction by the CpG K3 adjuvant could be predicted with high accuracy [32]. At the same 
time, however, it became clear that leukocytosis is unpredictable in this system [32]. When 
the CpG K3 adjuvant was inoculated at low concentrations, the leukocyte count tended to 

Figure 1. Prediction of a leukocyte count reduction by means of marker gene expression levels in mice treated with 
influenza vaccine. In the leukopenic toxicity test (LTT), mice were intraperitoneally injected with 0.5 mL of one of 
influenza vaccines. The dosing of whole-particle inactivated influenza vaccine (WPV) and hemagglutinin-split vaccine 
(HAV) was 15 μg hemagglutinin (HA)/0.5 mL. Poly I:C was reconstituted in an appropriate volume of the HAV solution 
to obtain concentrations of 1, 5, 10, and 20 μg poly I:C per dose. Saline (SA) served as the cssssontrol. Sixteen hours after 
vaccination, blood was collected to assess the numbers of leukocytes, and the lungs were immediately excised. The 
collected lung tissue was subjected to gene expression analyses. The predicted values were calculated via the multiple 
regression equation. The coefficient values and values serving as the intercept are indicated in Table 2. The error bar 
indicates standard deviation.
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(cells/μl blood).

a linear equation expressed by the following formula was derived, and a predicted value was 
calculated. In particular, the leukocyte count of the animals and data on the expression lev-
els of all the biomarker genes were acquired. The animals were inoculated with the WPV or 
HAV, and the expression levels of marker genes and numbers of WBCs were then determined. 
Multiple regression analysis was performed on the acquired data. A linear equation was then 
derived. The regression equation is shown below.

   (Predicted WBC)  =  (intercept)  +  β  1    x  1   +  β  2    x  2   + … + β  n    x  n    (1)

In this equation, “x” is substituted by the marker gene expression that corresponds to its coef-
ficient (β); “n” indicates the number of factors corresponding to the number of selected genes. 
The intercept was used for calculation of the WBC number in the multiple regression analysis.

Precision of the prediction differs depending on the combination of marker genes. Therefore, 
by the stepwise method, a linear equation was derived that contains the combinations of 
marker genes having the highest prediction accuracy. As a result, some gene combinations 
(models) were selected (Table 2). Predicted leukocyte numbers produced by these models 
can predict leukopenia caused by WPVs with high accuracy (Figure 1). Even if the predicted 
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values of individuals are analyzed, the deviation between the predicted value and the mea-
sured value is small [32]. In addition, variations in the WBC count owing to individual differ-
ences are reproduced with high accuracy [32]. Therefore, it was shown that the leukopenic 
activity can be predicted by means of the identified marker gene set. With this method, it is 
expected that it will be possible to carry out WBC count reduction assays and abnormal tox-
icity negative tests by expression analysis of one biomarker gene. As mentioned in the pre-
vious section, the development of adjuvanted vaccines has advanced in recent years. Some 
adjuvants, like WPVs, exert a leukocytopenic activity. Leukopenic activity is also present in 
compounds with an excellent adjuvant activity such as Poly I:C and R848 [43]. Therefore, 
we analyzed the CpG K3 adjuvant, which manifested a slight leukopenic activity according 
to the newly developed multiple regression Equation [32]. As a result, a slight leukopenic 
activity was observed in animals that received the CpG K3 adjuvant in combination with 
the SV. Furthermore, when the expression levels of the marker genes were analyzed, and 
the predicted WBC count was calculated from their expression levels, the leukocyte count 
reduction by the CpG K3 adjuvant could be predicted with high accuracy [32]. At the same 
time, however, it became clear that leukocytosis is unpredictable in this system [32]. When 
the CpG K3 adjuvant was inoculated at low concentrations, the leukocyte count tended to 

Figure 1. Prediction of a leukocyte count reduction by means of marker gene expression levels in mice treated with 
influenza vaccine. In the leukopenic toxicity test (LTT), mice were intraperitoneally injected with 0.5 mL of one of 
influenza vaccines. The dosing of whole-particle inactivated influenza vaccine (WPV) and hemagglutinin-split vaccine 
(HAV) was 15 μg hemagglutinin (HA)/0.5 mL. Poly I:C was reconstituted in an appropriate volume of the HAV solution 
to obtain concentrations of 1, 5, 10, and 20 μg poly I:C per dose. Saline (SA) served as the cssssontrol. Sixteen hours after 
vaccination, blood was collected to assess the numbers of leukocytes, and the lungs were immediately excised. The 
collected lung tissue was subjected to gene expression analyses. The predicted values were calculated via the multiple 
regression equation. The coefficient values and values serving as the intercept are indicated in Table 2. The error bar 
indicates standard deviation.
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increase. This increase in the WBC count could not be predicted from the biomarker gene 
expression levels. The possible reason is that multiple linear regression analysis was per-
formed on the animals inoculated with vaccines with leukopenic activity. The physiological 
association of the extracted biomarker gene with leukopenia could be another reason for this 
phenomenon. We have identified biomarker genes highly correlating with leukocyte counts 
in mathematical terms, ignoring the functions of the genes. There is a report that apoptosis 
of leukocytes caused by type 1 interferons (IFNs) could be a mechanism underlying the 
WBC count reduction by WPVs [47]. The marker gene set contains many genes related to 
type 1 IFN. By contrast, in model 4 (Table 2), more than a half of the genes related to type 
1 IFN were omitted because they lacked predictability. As a result, it is conceivable that a 
correlation cannot be obtained from only a simple expression level because of the time lag 
between gene expression and actual leukocyte depletion; furthermore, a gene itself forms a 
complicated network.

7. Possibility of application of genomic approaches to in vitro safety 
evaluation methods

Currently, safety evaluation and parts of quality control of vaccines are carried out in animal 
experiments. The ATT and LTT are representative tests in this regard; they have been practiced 
for more than 50 years [48]. Due to the nature of the test, the ATT excludes the unintended tox-
icity of the vaccine; the test of lots having reactogenicity different from that of other reference 
lots is a final confirmatory test designed to prevent serious toxicity in humans [21]. Actually, the 
ATT has been incorporated into the lot release of vaccines, especially for inactivated influenza 
vaccines in Japan [19]. On the other hand, tests on animals are being replaced with in vitro evalu-
ation systems involving cultured cells, from the viewpoint of animal welfare and cost [48]. In the 
safety evaluation of chemically synthesized medicines, there has been a notable development: 
human cultured hepatocytes and cardiomyocytes prepared from induced pluripotent stem cells 
[48–52]. The benefit of the in vitro evaluation system is not only the reduction in the number of 
animals used, but also the possibility of using human tissue or fluid samples, so that extrapola-
tion to humans can be expected. For biologicals, a part of the rabbit pyrogen test was replaced 
with an endotoxin quantitative test. Nevertheless, this replacement has not yet been achieved 
for all biologicals. The endotoxin test could not be performed on some preparations because of 
the presence of interfering substances [53, 54]. Therefore, a rabbit pyrogen test has been carried 
out for these biologicals. In this test, the causative agent of the fever has been recognized as the 
endotoxin in some biologicals. Thus, switching to a method of directly quantitating endotox-
ins was introduced as an alternative for the rabbit pyrogen test. Nonetheless, because the ATT 
evaluates the weight loss of animals, it is difficult to determine from body weight changes what 
types of molecular signaling pathways or physiological reactions have been affected. Therefore, 
it has not been easy to develop an in vitro assay as an alternative for the ATT.

We have tried to create a safety evaluation system for an influenza vaccine using the genomics tech-
nology in animal models [22–25]. The marker genes identified in animal experiments are believed 
to be involved in the body weight loss of animals after WPV injection [25]. When considering an 
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alternative assay, phenotypic changes in animals, such as body weight loss, cannot be assessed 
in cultured cells. On the contrary, marker genes linked to these bioactivities can be identified at 
the cultured-cell level. Biomarker genes can make it possible to link cellular data with biological 
reactions observed in animal phenotypes. We are currently working on demonstrating the useful-
ness of marker genes and their expression mechanisms. Most of the marker genes are involved in 
an immune response and are related to type 1 IFN signaling and innate immune responses [39]. 
According to these findings, it is possible that the usefulness of biomarker genes evaluated in ani-
mals can be extrapolated to cultured cells, if such cell lines as peripheral blood mononuclear cells, 
immune cells, and alveolar epithelial cell lines are employed in the assays. If an alternative (in vitro 
method) for the ATT and LTT is developed, it will be possible to secure the safety and quality of 
the current ATT and LTT by animal-free testing. This approach is expected to reduce the number 
of animals tested and to shorten the testing period.

8. Establishment of a new evaluation method for vaccine or adjuvant 
bioactivity based on biomarker gene function

Analysis by the genomics technology can be applied not only to the search for biomarkers but 
also to mechanistic analyses. Besides, it is possible to classify each biological reaction by hier-
archical clustering analysis, according to microarray analysis results. Microarray analysis is the 
most information-rich assay; however, it is inefficient in terms of cost and labor. In the case of a 
clear-purpose test such as safety evaluation and quality control, it is expected that robust results 
will be obtained by using only selected highly important genes for evaluation. Therefore, if we 
consider the function of the genes identified as safety or quality evaluation markers for influ-
enza vaccines, then the biological activity profile of the vaccine may be predicted. For example, 
genes such as Irf7 are induced by type 1 IFN [55], genes such as Psmb9 and Tap2 are involved 
in antigen presentation [56], and Csf1 participates in the activation of monocytes and macro-
phages [57]. Thus, expression levels of these genes could serve as indicators of the mode of 
action and help in the development of a biological activation assessment tool. These genes are 
thought to be involved in innate immunity, in which responses are observed at a relatively 
early time point after vaccination. Indeed, expression of these genes was assayed 16 h after vac-
cination. Therefore, long-term toxicity due to the vaccine (e.g., autoimmune and chronic inflam-
matory reactions) cannot be assessed. Safety evaluation by means of these biomarker genes is 
helpful for the development of adjuvant-containing vaccines. This is because most adjuvants 
are designed to activate the innate immune system. Adjuvants enhance innate immunity via 
cytokine production and activation of antigen-presenting cells; however, strong activation of 
innate immunity causes uncontrollable inflammatory reactions. This problem could lead to a 
fever, pain, and swelling, which appear as adverse reactions. Thus, adjuvants are required to 
have strong innate-immunity–activating effects, but at the same time, good safety. On the other 
hand, it is difficult to distinguish between the effectiveness and safety of vaccines. For example, 
interleukin (IL)-6 and type 1 IFN are important for the induction of adaptive immunity and are 
favorable for vaccine efficacy [58, 59]. Nevertheless, excess production of IL-6 or type 1 IFN 
causes a cytokine storm. Thus, safety can be evaluated with the same biological vector as that 
of effectiveness. In other words, if the factor of effectiveness becomes excessive, toxic effects 

Genomic Approaches Enable Evaluation of the Safety and Quality of Influenza Vaccines…
http://dx.doi.org/10.5772/intechopen.76361

123



increase. This increase in the WBC count could not be predicted from the biomarker gene 
expression levels. The possible reason is that multiple linear regression analysis was per-
formed on the animals inoculated with vaccines with leukopenic activity. The physiological 
association of the extracted biomarker gene with leukopenia could be another reason for this 
phenomenon. We have identified biomarker genes highly correlating with leukocyte counts 
in mathematical terms, ignoring the functions of the genes. There is a report that apoptosis 
of leukocytes caused by type 1 interferons (IFNs) could be a mechanism underlying the 
WBC count reduction by WPVs [47]. The marker gene set contains many genes related to 
type 1 IFN. By contrast, in model 4 (Table 2), more than a half of the genes related to type 
1 IFN were omitted because they lacked predictability. As a result, it is conceivable that a 
correlation cannot be obtained from only a simple expression level because of the time lag 
between gene expression and actual leukocyte depletion; furthermore, a gene itself forms a 
complicated network.

7. Possibility of application of genomic approaches to in vitro safety 
evaluation methods

Currently, safety evaluation and parts of quality control of vaccines are carried out in animal 
experiments. The ATT and LTT are representative tests in this regard; they have been practiced 
for more than 50 years [48]. Due to the nature of the test, the ATT excludes the unintended tox-
icity of the vaccine; the test of lots having reactogenicity different from that of other reference 
lots is a final confirmatory test designed to prevent serious toxicity in humans [21]. Actually, the 
ATT has been incorporated into the lot release of vaccines, especially for inactivated influenza 
vaccines in Japan [19]. On the other hand, tests on animals are being replaced with in vitro evalu-
ation systems involving cultured cells, from the viewpoint of animal welfare and cost [48]. In the 
safety evaluation of chemically synthesized medicines, there has been a notable development: 
human cultured hepatocytes and cardiomyocytes prepared from induced pluripotent stem cells 
[48–52]. The benefit of the in vitro evaluation system is not only the reduction in the number of 
animals used, but also the possibility of using human tissue or fluid samples, so that extrapola-
tion to humans can be expected. For biologicals, a part of the rabbit pyrogen test was replaced 
with an endotoxin quantitative test. Nevertheless, this replacement has not yet been achieved 
for all biologicals. The endotoxin test could not be performed on some preparations because of 
the presence of interfering substances [53, 54]. Therefore, a rabbit pyrogen test has been carried 
out for these biologicals. In this test, the causative agent of the fever has been recognized as the 
endotoxin in some biologicals. Thus, switching to a method of directly quantitating endotox-
ins was introduced as an alternative for the rabbit pyrogen test. Nonetheless, because the ATT 
evaluates the weight loss of animals, it is difficult to determine from body weight changes what 
types of molecular signaling pathways or physiological reactions have been affected. Therefore, 
it has not been easy to develop an in vitro assay as an alternative for the ATT.

We have tried to create a safety evaluation system for an influenza vaccine using the genomics tech-
nology in animal models [22–25]. The marker genes identified in animal experiments are believed 
to be involved in the body weight loss of animals after WPV injection [25]. When considering an 
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alternative assay, phenotypic changes in animals, such as body weight loss, cannot be assessed 
in cultured cells. On the contrary, marker genes linked to these bioactivities can be identified at 
the cultured-cell level. Biomarker genes can make it possible to link cellular data with biological 
reactions observed in animal phenotypes. We are currently working on demonstrating the useful-
ness of marker genes and their expression mechanisms. Most of the marker genes are involved in 
an immune response and are related to type 1 IFN signaling and innate immune responses [39]. 
According to these findings, it is possible that the usefulness of biomarker genes evaluated in ani-
mals can be extrapolated to cultured cells, if such cell lines as peripheral blood mononuclear cells, 
immune cells, and alveolar epithelial cell lines are employed in the assays. If an alternative (in vitro 
method) for the ATT and LTT is developed, it will be possible to secure the safety and quality of 
the current ATT and LTT by animal-free testing. This approach is expected to reduce the number 
of animals tested and to shorten the testing period.

8. Establishment of a new evaluation method for vaccine or adjuvant 
bioactivity based on biomarker gene function

Analysis by the genomics technology can be applied not only to the search for biomarkers but 
also to mechanistic analyses. Besides, it is possible to classify each biological reaction by hier-
archical clustering analysis, according to microarray analysis results. Microarray analysis is the 
most information-rich assay; however, it is inefficient in terms of cost and labor. In the case of a 
clear-purpose test such as safety evaluation and quality control, it is expected that robust results 
will be obtained by using only selected highly important genes for evaluation. Therefore, if we 
consider the function of the genes identified as safety or quality evaluation markers for influ-
enza vaccines, then the biological activity profile of the vaccine may be predicted. For example, 
genes such as Irf7 are induced by type 1 IFN [55], genes such as Psmb9 and Tap2 are involved 
in antigen presentation [56], and Csf1 participates in the activation of monocytes and macro-
phages [57]. Thus, expression levels of these genes could serve as indicators of the mode of 
action and help in the development of a biological activation assessment tool. These genes are 
thought to be involved in innate immunity, in which responses are observed at a relatively 
early time point after vaccination. Indeed, expression of these genes was assayed 16 h after vac-
cination. Therefore, long-term toxicity due to the vaccine (e.g., autoimmune and chronic inflam-
matory reactions) cannot be assessed. Safety evaluation by means of these biomarker genes is 
helpful for the development of adjuvant-containing vaccines. This is because most adjuvants 
are designed to activate the innate immune system. Adjuvants enhance innate immunity via 
cytokine production and activation of antigen-presenting cells; however, strong activation of 
innate immunity causes uncontrollable inflammatory reactions. This problem could lead to a 
fever, pain, and swelling, which appear as adverse reactions. Thus, adjuvants are required to 
have strong innate-immunity–activating effects, but at the same time, good safety. On the other 
hand, it is difficult to distinguish between the effectiveness and safety of vaccines. For example, 
interleukin (IL)-6 and type 1 IFN are important for the induction of adaptive immunity and are 
favorable for vaccine efficacy [58, 59]. Nevertheless, excess production of IL-6 or type 1 IFN 
causes a cytokine storm. Thus, safety can be evaluated with the same biological vector as that 
of effectiveness. In other words, if the factor of effectiveness becomes excessive, toxic effects 
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may appear. We are currently working on establishing a safety assessment system based on 
the WPV as a toxicity indicator [60]. The WPV is an effective and excellent vaccine, but the 
frequency of adverse reactions is high, and currently, it is only rarely used, especially as a pre-
pandemic vaccine. Therefore, we believe that the WPV can be a safety indicator. In other words, 
we think that there is a high probability that adjuvants and vaccines with innate-immunity–
inducing activities that exceed the activity (toxicity) of WPVs will cause adverse reactions [60].

9. Future perspectives of safety evaluation of vaccines and adjuvants

According to the abovementioned concept, various evaluations of adjuvanted vaccines have 
been carried out. Furthermore, we have focused on the functions of biomarker genes. We 
have attempted to compile gene clusters based on the function of each gene. Such an assay is 
currently at the development stage, and further examination of the evaluation method and 
validation should be conducted in the future. Such an assay is considered applicable to the 
development of novel adjuvants.

For the development of low-molecular-weight synthetic drugs, a seed compound having 
a desired bioactivity is searched for by a screening system in compound libraries [61]. For 
promoting adjuvant development, to create as many prominent novel adjuvants as possible, 
finding seed compounds that are likely to become adjuvants is a crucial step in adjuvant 
development. Conventionally, to demonstrate whether a compound has adjuvant activities, 
animals are inoculated with one of the compounds, and the antibody titer and infection pre-
vention rate are then assessed. This evaluation is not as efficient as the seed search and com-
pound screening because the assessment process takes more than 1 month. In contrast, if 
we introduce an evaluation method involving a biomarker gene or genes, then prediction 
of safety and of the biological activity profile for compounds may be achieved in animals or 
cultured cells. Such an assessment may make it possible to search for effective adjuvant seeds 
that are safer than WPVs and more effective than the HAV.

10. Extrapolation of the safety evaluation results to humans 
according to biomarkers’ gene function

Given that the evaluation of the quality and safety of vaccines assumes a reaction with 
humans, the evaluation result must reflect the human biological response. Generally, there 
are species differences in immunological responses between humans and rodents. Therefore, 
it is necessary to interpret the results carefully.

In case of safety evaluations based on genomic analyses, estimating the difference between 
experimental animals and humans with reference to the function of genes may be partially pos-
sible. For example, in the case of the WPV, leukopenic toxicity and body weight loss are observed 
in rodents, but these effects cannot be verified in humans. Nevertheless, at the gene level, if a 
gene is conserved among species, it is possible to estimate whether similar biological reactions 
can be observed between humans and animals. All our identified marker genes are homologous 
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to their human counterparts, except for Ifi47. This observation suggests that some phenomena 
common to the tested animals and humans may be identified via the animal experiments by 
means of marker genes. To test this hypothesis and to develop an in vitro assay system, the use 
of human peripheral blood mononuclear cell-based or alveolar-epithelial-cell-based methods 
is necessary. Thus, extrapolation of the results of these evaluations to humans can be partially 
achieved by bridging the species differences with the marker genes.

11. Conclusions

It has been established that information that could not be obtained by conventional pheno-
typic analyses can be obtained by genomic analyses. Research conducted on the safety of 
vaccines and adjuvants using toxicogenomics has been less likely to be reported, and such 
data about chemically synthesized drugs have mostly been limited. Since the late 2000s, we 
have been trying to apply the genomics technology to the safety assessment of vaccines, 
and to demonstrate its sensitivity, ability to yield abundant toxicological and mechanistic 
information, the possibility of extrapolating its results to humans, and its potential for appli-
cation to in vitro evaluation systems. In addition, we have shown that the newly developed 
evaluation system may be employed in analyses involving a biomarker gene(s) as an indi-
cator, instead of the conventional quality control or safety test. It can also be assumed that 
these technologies can be utilized for adjuvant development, and it is expected that a wide 
range of genomics technologies will be applied in the future to the development of quality 
control and safety testing.
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to their human counterparts, except for Ifi47. This observation suggests that some phenomena 
common to the tested animals and humans may be identified via the animal experiments by 
means of marker genes. To test this hypothesis and to develop an in vitro assay system, the use 
of human peripheral blood mononuclear cell-based or alveolar-epithelial-cell-based methods 
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Abstract

Influenza infection is usually a self-limiting and suddenly life-threatening disease. Sea-
sonal influenza causes severe clinical symptoms and almost subsides within 7 days in
patients without severe illness, following no complications of pneumonia and encephali-
tis. Influenza A (H1N1) pdm09 brought the disaster including many deaths. We cannot
make differential diagnosis between seasonal and pandemic influenza adequately in a
pre-pandemic state. Seasonal influenza displaces suddenly pandemic, and we necessarily
establish a standard treatment for influenza viral infection in routine work. If antiviral
therapy would not be effective for patients with influenza viruses in an early period of
illness, further investigations would be proceeded concerning three points: mutations of
influenza viruses resistant to neuraminidase inhibitors (NAIs), concomitant diseases of
patients, and a new pandemic virus. If the systemic procedure would be functioned, we
are able to reduce individually burden of patients with severe clinical symptoms and
leading complications and socially delay widespread of pandemic and plan for the
streamline management of pandemic documents.

Keywords: antiviral therapy, seasonal epidemic, pandemic, streamline surveillance,
the systemic procedure

1. Introduction

Influenza viruses spread seasonally and cause infection of the airway tract in humans follow-
ing severe symptoms. Influenza viruses grow and multiply among in human, swine, and avian
bodies. Influenza viruses escape human immunological protective system against influenza
viruses by changing their epitope detected by human immune cells. Annual seasonal influenza
epidemic often happened under no antiviral procedure by easy infection of influenza viruses.
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Seasonal influenza viruses affect 10–20% of human population in epidemics each year [1] and
worldwide, cause an estimated 3.5 million cases of severe illness and 250,000–500,000 death
each year [2]. Although almost infected patients with seasonal influenza viruses recover from
the disease in less than 2 weeks. On the other hand, some group of people containing young
children, adults being elder than 65 years old and compromised hosts with severe illness had
complications of influenza infection leading hospital admission [3]. Influenza viruses mutate
and change the disease severity in host when transferring from avian to swine or from avian to
human or from swine to human. A new mutant of influenza viruses is defined at the site of a
mutation and called as influenza A (H5N1), A (H7N9), and A (H1N1) pdm09 each, causing
severe affected people following many deaths [4]. Three influenza pandemics happened in the
twentieth century: in 1918–1919, 1957, and 1968 and were called as Spanish flu, Asian flu, and
Hong-Kong flu each and caused the severe disaster [4]. Especially Spanish flu brought esti-
mated 20–50 million mortality [4]. We have the inability to predict and testify the appearance
of dangerous influenza viruses to human health by the lack of rapid, affordable, highly
sensitive, and specific diagnostic tests. The appearance of a new mutation of influenza viruses
was noticed as unsuccessful treatment cases leading to life-threatening complications of influ-
enza infection in the treatment of seasonal influenza [4]. The expansion of disaster by both the
delayed use and little sharing of pre-pandemic information makes difficult in minimizing a
widespread of a new mutant infection of influenza virus [4]. So it is necessary to establish a
systemic procedure of diagnosis and treatment for patients with seasonal influenza and pan-
demic viruses in early phase of pandemic. In a first step of diagnosis of influenza virus
infection, we can use rapid diagnostic kits for influenza A/B virus and we diagnose easily
seasonal influenza infection in the outpatients. But rapid immune-chromatographic kits cannot
show the mutation of influenza virus subtypes, we cannot make a differential diagnosis
between seasonal and pandemic influenza virus by it [5]. A mutation of influenza virus sub-
types is evaluated by reverse-transcriptase polymerase chain reaction (RT-PCR) and direct
sequence of a recognition site of influenza virus subtypes [5]. This method is expensive and
time-consuming. We cannot apply this method to all outpatients with influenza virus. On the
course of clinical treatment, we need to discriminate patients with suspicious pandemic influ-
enza virus from the other patients with seasonal influenza effectively and economically. We
would discuss the feasibility and execution of this trial in the following chapters.

2. Prevention

It is not too enough to exaggerate that prevention is the most effective therapy for infectious
disease. It is desirable to establish universal most effective vaccine against influenza virus.
Vaccine effectiveness (VE) is influenced by viral subtype/lineage as well as the timing of
vaccination (early or late epidemic in a season). VE of trivalent influenza vaccine (TIV) is
assessed as from 20 to 50% in vaccine programs of several countries [6, 7]. The population rate
of people was over 80% in the Korean national immunization program but VE remains low in
the elderly adults [8]. They addressed the improvement of influenza vaccine including the
adoption of quadrivalent influenza vaccine (QIV), adjuvanted influenza vaccine, and high-dose
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influenza vaccine. Recently, WHO has been recommending QIV in 2013 and QIV has been
adopted in several countries. QIV is estimated cost-effective and cost saving to reduce the burden
of outpatient visit for influenza but 1.62 hospitalizations and 0.078 deaths per 100,000 indi-
viduals were estimated in Japan [9]. VE is often influenced by the timing between vaccination
and influenza epidemic. Early epidemic occurs seasonally before administration of vaccine
against seasonal influenza infection in people and VE is low. A mismatch of influenza viral
strains between vaccination and epidemic makes VE low. It is very difficult to overcome
influenza infection only by vaccination because of current VE and variability of influenza
virus. We need the adequate diagnosis and treatment systematically after the procedure of
adequate vaccination.

3. Therapy for patients with influenza viruses

3.1. Antiviral therapy

Adoption of neuraminidase inhibitors (NAIs) for treating patients with influenza virus
improves clinical incidences of outpatients leading hospitalization. Influenza infection is typi-
cal symptoms such as fever, headache, sore throat, cough, joints lasting, and sometimes
diarrhea and nausea. On the first step of the treatment for influenza, concomitant use of
antipyretic and mild analgesic drugs such as acetaminophen, are applied to the patients with
influenza viruses as symptomatic treatment. It is very difficult to suppress widespread of
influenza viruses without the isolation of patients within 1 or 2 weeks. On the next step of the
treatment for influenza, amantadine and rimantadine were administered to patients with
influenza A, and ribavirin was used to treat immunosuppressed patients with severe influenza
conditions [10]. These are limited in operating only against influenza A viruses and adverse
effect and resistance of virus to drugs lead to less use. On the use of these drugs, antiviral
effectiveness for alleviation of severe symptoms of patients with seasonal influenza viruses
was limited and not enough to suppress the widespread of those? On the third step of the
treatment for influenza, NAIs are administered to the patients with influenza viruses. The NA
protein is a homotetrameric glycoprotein with a stalk region and enzymatically active head.
The NA active site cleaves sialic acid at the glycol-sialic bond on the host cell as well as in
respiratory mucus, leading to spread of the virus [11–13]. NAIs act to inhibit the release of
progeny viral particles from infected host cells and have more effectiveness and less adverse
effects than amantadine and rimantadine when administered to patients with influenza viral
infection [14]. Administration of NAIs to patients is recommended within 48 h from the onset
of infection [14]. NAIs alleviate symptoms and shorten its duration bothered from typical
symptoms of influenza, especially high fever and headache without using antipyretic agents.
Four NAIs, namely oseltamivir, zanamivir, laninavir, and peramivir are available in various
countries and three measures of administration, namely oral intake, inhalation, and infusion to
vein are used [14]. Zanamivir was the first NAI to be developed and was licensed in 1999. Its
feature is poor absorption and an inhaled agent and is available in an intravenous form for
compassionate use [15]. Oseltamivir is a prodrug being developed on the basis of the structure
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of the active site of zanamivir and is activated in the liver [16]. Oseltamivir is administered
orally and sometimes intravenously in the patients not being tolerable in oral dose [17].
Peramivir is administered only as an intravenous formulation and show low oral bioavailabil-
ity [17]. It achieves very high concentration in the bloodstream and its half maximal inhibitory
concentration (IC50) for influenza viruses is lower than that of both oseltamivir and zanamivir
[18]. Laninamivir is another inhaled prodrug which is activated in the respiratory tract. One
inhalation of laninamivir is effective for patients with influenza virus because of long half-life
and high concentration within tissue [17]. Now the adequate measure for administration of
NAIs can be selected following as the patients’ condition and ages. If patients are children and
cannot intake NAIs orally or inhaler NAIs, intravenous infusion of peramivir would be
recommended [19].

3.2. Necessity of monitoring body temperature in patients without antipyretic and analgesic
drugs

Patients with seasonal influenza viruses almost have recovered from high-fever state within 1
or 2 days on the condition of no use of antipyretic drugs (Figure 1). So monitoring a patient’s
body temperature is useful to evaluate whether antiviral treatment is successful or not. We
showed the typical monitor of successful treatment of NAIs in body temperature measured by

Figure 1. Correlation between age and amount of time required to alleviate fever. Almost cases with NAIs treatment have
normal temperature within 3 days. This figure is cited from clinical effects of Oseltamivir, Zanamivir, Laninamivir, and
Peramivir on seasonal influenza infection on outpatients in Japan during the winter of 2012–2013. Takemoto et al. [57].
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the patient own (Figure 2). If treatment of NAIs fails to alleviate typical symptoms of patients
with influenza viruses within 2–3 days, complications of influenza viral infection; influenza-
associated pneumonia and encephalopathy would have to be investigated. The patient with
influenza virus type A detected by a rapid test for influenza viruses had been annoyed over
4 days from onset of the disease on the condition of administration of zanamivir (Figure 3),
and was diagnosed as influenza associated pneumonia by a close examination for further
diseases (Figure 4). The antibiotic drugs were additionally administered to the patient
(10-year-old girl) at the outpatient without antipyretic and analgesic drugs and pneumonia
was treated successfully at home as the diagnosis of pneumonia categorized as mild severity
and bacterial pneumonia following influenza viral infection. No new mutation of influenza
virus A derived from this patient was detected. Hospitalization would be recommended for
the severe pneumonia with any danger sign according to classification of pneumonia because
pneumonia is the significant cause of death in the world [20, 21]. We had experienced one case
of influenza-associated encephalopathy which had uncontrolled high fever and mild neuro-
psychiatric disorder despite of administration of oseltamivir. We sent the 6-year-old boy to the
hospital for diagnosis and treatment of influenza-associated encephalopathy and had good
information of a full recovery without death or neurologic sequela. In all, 200–300 cases of
influenza encephalopathy are reported as the result of 7% death, 17% survive with neurologic
sequel, and 76% full recovery of patients in a year in Japan [22]. If high fever and other typical

Figure 2. A pattern of body temperature of the patient with influenza virus A in the winter of 2017 is shown in a graph.
The NAI is effective for alleviation of high fever and no relapse of fever in the effective clinical course of NAI treatment is
shown. Patients with no complications and no resistant influenza viruses to NAIs show this pattern on the administration
of NAIs.
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Figure 2. A pattern of body temperature of the patient with influenza virus A in the winter of 2017 is shown in a graph.
The NAI is effective for alleviation of high fever and no relapse of fever in the effective clinical course of NAI treatment is
shown. Patients with no complications and no resistant influenza viruses to NAIs show this pattern on the administration
of NAIs.
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symptoms in patients with influenza viruses continue over 3–4 days under the administration
of a NAI and no remarkable complications of influenza in patients, resistance of viruses to
antiviral drugs or new mutations for pandemic should be investigated. It is very important to
follow up patients in taking view of their body temperature from the beginning of NAI
treatment and inform reconsultation with the doctors to patients on the condition of little
amelioration from high fever of influenza infection within a few days.

3.3. NAIs were effective for influenza A (H1N1) pdm09

Pandemic of influenza A (H1N1) pdm09 was disseminated worldwide in 2009 –2010 and in
many countries severe complications of its infection, hospitalization, and death from it were
reported [23]. On the other hand, the incidence of such phenomenon was lower in a few
countries than in the other countries. WHO overviewed pandemic 2009 on October in 2009
and defined the difficulty of comparison for evaluating the difference factors between coun-
tries due to the different age classes used to present data and the use of crude number of cases
rather than rates [4]. The most burdened population of disease was occurred in younger age
group as a striking difference between pandemic (H1N1) 2009 and seasonal epidemic [24].
This difference is hypothesized the population difference exposed to 1918–1919 epidemic like
H1N1 influenza viruses between the elder generation over 65 years old and the younger

Figure 3. A pattern of body temperature of the patient with influenza virus A in the winter of 2017 is shown. High-grade
fever is prolonged and relapsed over 3 days from the onset of influenza infection. Usually NAI treatment does not need
the use of antipyretic agent for alleviation of high fever. Complications and/or viral mutations of resistant to NAIs cause
the prolongation of high fever.
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generation under 20. Compared with the rest of the population to develop severe disease, in
countries of Americas and the Pacific, disproportionate affection by influenza A (H1N1) pdm
09 might be influenced by the prevalence of underlying medical conditions and limited access
to medical care living conditions in addition to a social component and crowded living
conditions [25]. Therefore, it is necessary to establish the medical conditions against viral
infection and easy access to medical care in the worldwide for pandemic before administrating
antiviral drugs. Adequate diagnosis of influenza infection and the early intervention with
antiviral drugs (NAIs, etc.) to influenza viral infection among healthy little immunized popu-
lation are desirable. On the other hand, effectiveness of NAI treatment is suggested for reduc-
ing mortality when given to hospitalized patients with influenza A (H1N1) pdm09 and the
likelihood of requiring of hospital admission when given to population with confirmed or
suspected influenza A (H1N1) pdm09 at high risk of hospitalization [26, 27]. NAI treatment
following to rapid positive tests for influenza viruses might be effective for pandemic and
reduce mortality rate of pandemic [27]. Additionally, influenza-like illness (ILI) in pandemic
without laboratory confirmation among community patients with relatively severe influenza
infection and patients with underlying comorbidities would be recommended to be treated by
NAIs for reducing hospitalization and prevention of severity in early time (<48 h) after the
onset of illness [26, 27].

3.4. Resistance to antiviral drug among influenza viruses

Influenza virus is a negative-sense RNA virus and contains eight gene segments that encode
eleven proteins, including hemagglutinin (HA) and neuraminidase (NA) glycoprotein.

Figure 4. Chest X-ray films shows the influenza-associated pneumonia in the left lobe of the lung in the phase of pre- and
post-treatment with antibiotics. Close examination for prolongation of high fever after treatment of NAI clarified the
pneumonia in the patient with influenza virus infection in the early phase of pneumonia. A clinical treatment and follow
up the patient with influenza virus with NAI and no antipyretic agents is useful for evaluation and findings of complica-
tions and viral mutations.
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Influenza virus initiates the infection using HA to attach to sialic acid residues on the host cells
and entries the host cells using M2 to initial receptor mediated endocytosis and releases
progeny and propagate infection to other host cells using NA to cleave sialic acid residues on
the host cells [28]. Each year influenza virus develops mutations within these genes leading
antigenic drift and antigenic shift. Antigenic drift is represented by the little changed nature of
virus and causes epidemics. Antigenic shift means change of major variant of virus and
initiates a severe pandemic followed at intervals of a year or two by successive epidemics by
antigenic drift [13]. Different from antigenic drift in transmission between interspecies by
viruses, antigenic shift is the reassortment of gene segments between two different parental
viruses within the same host [29]. The most recent pandemic; influenza A (H1N1) pdm09 was
caused by a swine-origin H1N1 subtype, which originated from the sequential reassortment
events between human H3N2, swine H1N1 subtype, and avian H1N2 subtypes of North
America and Eurasian lineages [30]. Concerning to the nature of virus, many mutants of
viruses are reported. It is not completely understood in mechanism to produce the resistance
to antiviral drugs among influenza viruses. But many types of viruses being resistant to
antiviral drugs are reported [31]. Adamantanes were the first approved class of antiviral drugs
by binding M2 channel pore and blocking conductance either directly or allosterically. Conse-
quently, adamantanes inhibits the virus RNA release and influenza virus replication [32].
Mutated amino acids (L26F, V27A, A30T/V, S31N, G34E, and L38F) in M2 membrane domain
that line the channel pore (V27, A30, and G34) or are involved in the tetramer helix–helix
packing (L26, S31, and L38), lead to increase in pore size with hydrophilicity of the channel or
lead to narrow of the pore size with destabilization of helix–helix assembly. Consequently,
influenza viruses reduced susceptibility to adamantanes [33]. In 1980 epidemics, the first
detection of the resistance of influenza to adamantanes was reported [34]. The resistance of
influenza viruses to adamantanes was rare with 1–2% frequently until 2000 [35] but the rate of
resistance has dramatically risen to 27% since then [36]. From 2005 onward, the rate of the
resistance to adamantanes started to increase almost exponentially to 90.6% of the H3N2 and
the 15.2% of H1N1 global isolates [37]. Similar rates were confirmed in isolated viruses in the
USA and the resistance conferring mutation was S31N in the 90–98% of isolated H1N1 and
H3N2 subtypes [38]. Vast majority of adamantanes-resistant influenza virus subtypes (95%)
contained the S31N mutation [39, 40]. Similar to M2, influenza virus has mutated several
amino acids in or around neuraminidase active site to acquire the resistance to NAIs [41, 42].
Several in vitro and preclinical studies have found some mutations in neuraminidase; E119G/
A/D/V, R292K, and H274Y [43]. Therefore, a global Neuraminidase Inhibitor Susceptibility
Network (NISN) was established to monitor influenza virus to NAIs [44]. Unlike adamantanes
resistance, which initially emerged and was predominant in H3N2 subtypes, NAI resistance
first isolated and was spread in H1N1 subtypes [40, 45]. During the first 3 years of using NAI
from 1999 to 2002, no resistance basically was detected [43, 44]. But from 2008 to April 2009
[before the emergence of influenza A (H1N1) pdm 09], over 99% influenza viruses of the H1N1
isolated were resistant to oseltamivir but were sensitive to zanamivir and none of the H3N2
isolates were resistant to oseltamivir in the report of the Centers for Disease Control and
Prevention (CDC) in the USA [45]. Similarly in 2008–2009 season, more than 90% of the
circulating H1N1 subtypes globally were oseltamivir resistant [46, 47]. H274Y mutant was
predominantly circulating during 2008–2009 and rapid transmission of H274Y mutation in
influenza (H1N1) pdm 09 has been detected in communities with little or no previous expose
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to oseltamivir [48, 49]. Fortunately, almost of the pandemic H1N1 global isolates collected
between April 2009 and January 2010 were sensitive to NAIs, except an odd 0.7% and other
few H1N1 isolated local cases [50–54]. The NAI sensitive 2009 pandemic H1N1 subtypes
displaced the-pre-pandemic oseltamivir resistant H1N1 lineage and remains largely NAI
sensitive and is predominantly circulating at present [54, 55]. Sequential investigation of
influenza virus mutation following impairment of NAI treatment for seasonal epidemics is
useful for early detection of pandemic. There is no rapid diagnostic test for the detection of
mutation or strains available in clinical laboratories. Systemic reviews of influenza resistance
to NAIs did not reveal any difference in time for alleviate symptoms between oseltamivir-
resistant and oseltamivir-sensitive patients [56]. This conclusion is different from our data and
this difference might be dependent on the different analysis between the monitor for fever
isolated from symptoms and the monitor for all symptoms of patients including estimate
difference [57]. On the course of NAI treatment, an alleviation time for fever is not over 2–
3 days in the group of patients with seasonal influenza viruses susceptible to NAIs. Treatments
for patients with influenza viruses resistant to NAIs are considered to switch to other NAI:
oseltamivir to zanamivir or other NAIs or to combine two NAIs: oseltamivir and zanamivir or
three antiviral drugs; oseltamivir, adamantanes, and ribavirin [58]. Evaluated by the outcome
of influenza viral copy numbers at 48 h after treatment, dual therapy; zanamivir/oseltamivir is
less effectiveness than oseltamivir monotherapy [59]. Triple combination antiviral drugs
(TCAD) composed of oseltamivir, amantadine, and ribavirin impedes the selection of the
influenza virus A in vitro and clinical trials have been completed for the treatment with
immunocompromised hosts with influenza in the United States [60, 61]. For preparedness to
emergence and widespread of influenza virus variants resistant to antiviral drugs, new
antiviral agents targeting viral particles and mechanism of viral replication are desired. Poly-
merase inhibitors; T-705, VX-787, and S-033188 concerning to suppressing of replication, are
undergoing phase 2/3 clinical trials and favipiravir (T-705) is approved for the treatment of
pandemic in Japan [62] when NAIs are ineffective to pandemic and the government permit to
use. In addition to new antiviral agents, pandemic vaccine is necessary for pandemic prepared-
ness [5]. Genotypic and phenotypic assays are available in the surveillance laboratories. Geno-
typic assays are rapid and can be done without viral culture otherwise genetic resistance does
not always correlate phenotypic resistance [63]. Phenotypic assays are able to the effect of both
known and unknown resistant mutations coupled with genetic assays and provide suscepti-
bilities to antiviral drugs [64]. World Health Organization (WHO) category based for NA
inhibition assay is showed as follows: normal inhibition or susceptibility (S) (<10-fold increase
in IC50 for influenza A, <5-fold increase for influenza B), reduced inhibition (RI) (between 10-
and 100-fold increase for influenza A, between 5- and 50-fold increase for influenza B) and
highly reduced inhibition (HRI) (>100-fold increase for influenza A, and >50-fold increase for
influenza B [65]. All mutations were not definitely associated phenotypic resistance, but it is
important to assess the relevance between clinical and phenotypic resistance to NAIs.

3.5. Strategy for treatment and survey

Nevertheless of clinical effectiveness and little adverse effects of NAI treatment for seasonal
influenza infection, concerning about cost effectiveness of NAI treatment, conventional treat-
ment was adopted for influenza infection in healthy populations without rapid tests for
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influenza viruses [66]. Effectiveness on NAIs in reducing mortality and hospitalization in
patients with influenza A (H1N1) pdm09 was clarified [67]. Compared with no antiviral
treatment, diagnostic testing and oseltamivir treatment when positive in children with sea-
sonal influenza viruses is more effective and cost between $25,900 and $71,200 per quality-
adjusted life year gained (QALY), depending on the prevalence of oseltamivir resistance in
circulating viruses [68]. Oseltamivir treatment for influenza is less cost-effective than conven-
tional treatment, considering the productivity loss by the analysis of the incremental cost-
effective ratio (ICER) of oseltamivir in Japan [69]. Pandemic is consequent of unpredictable
mutations of seasonal influenza and the only measure of the first information about pandemic
is surveillance of an avian suspicious single death following cluster deaths or a report of
clinical worsening cases of fevers unknown origin following severe complications in medica-
tion. The case of family cluster of a highly pathogenic avian influenza A (H5N1) virus might
suggest for the hint of suppressing a widespread of viral infection to pandemic in Thailand in
2004 [70]. The index patient contacted with dying household chickens and 4 days later became
ill and was presented to clinic with fever, cough, and a sore throat. The 11-year-old girl got
worse in symptoms including fever and dyspnea within 5 days and was admitted for viral
pneumonia and died in a day despite of intensive care. Her mother and aunt provided bedside
care for her in the hospital for 18 h in 2 days and for 13 h in 1 day each. Her mother began to
have high fever after 3 days of unprotected nursing care for her and was admitted to a hospital
and died from pneumonia and progressive respiratory failure. Her aunt noted high fever,
myalgia, and chills after 9 days of unprotected nursing care for her and was admitted to the
distinct hospital. On the day of admission, the patient was suspected as pneumonia due to
avian influenza and received treatment with oseltamivir and instituted full isolation precau-
tions by an investigating team. Despite moderate dyspnea and hypoxia, she gradually amelio-
rated and was discharged a month later. First, a nasopharyngeal swab from the aunt was
weakly positive for influenza nucleoprotein gene and no evidence of influenza infection in
the laboratory data on tissue culture or egg inoculation. Specimens of lung obtained from the
mother’s body embalmed were positive for influenza A (H5N1) by RT-PCR at the Siriraj
hospital laboratory in Thailand and at CDC in the United States. This study suggests that the
systemic procedure of treatment for seasonal influenza is sequent to the systemic procedure of
preparedness and response for the following pandemics and is desirable. The desirable sys-
temic procedure for epidemic and pandemic is described as follow; [1] application of rapid
tests for influenza virus in diagnosis, [2] early administration of NAIs within 48 h from a onset
of influenza infection, [3] monitor for patients without antipyretic, [4] further investigation of
complications and mutations of influenza viruses under late time of alleviation for fever, [5]
adoption of other treatments for complications or hospitalization in the progression of illness,
[6] check of family member or cluster by surveillance system if possible and consultation to
public health center for the further investigation. After a new mutated influenza virus is
confirmed, the isolation of the patients and the contacts are given antiviral prophylaxis and
exposed persons are put under active surveillance and poultry in the surrounding area is
culled under the control of government. This procedure would be helpful for treatment of
seasonal influenza and the following pandemic. WHO recommend for development and
application of measures to assess the severity of every influenza epidemic [5] and this proce-
dure might be one of those? Addiction to measures to assess severity, strengthen surveillance
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technology is necessary to detect pandemic, too. There are four types of surveillance for
seasonal influenza epidemic in Japan and one of those? is (Nursery) School Absenteeism
Surveillance System ((N)SASSy) which enables real-time surveillance and informs its result to
school officials including school lengths and teachers by websites [71]. This is one of tools for
preparedness for epidemics: noticing each condition of the numbers of infected students with
influenza virus, both inter-schools and inter-cities on the closed website and sharing real-time
information for spread of epidemics around them. Open access to the website is available for
spread of epidemics except personal information, names of schools, and so on. This surveil-
lance system will be applied in pandemic as streamline surveillance in local. WHO suggests
the Global Influenza Surveillance Network (GISN) and mobilize the Global Outbreak and
Alert Response Network (GROAN) teams for information sharing [72]. WHO recommends a
close relationship and partnership with International Health Regulations 2005 (IHR) to prevent
and respond to acute public health risks worldwide [5]. Real-time surveillance and sharing of
its information are useful in domestics and international.

4. Conclusions

Seasonal influenza virus mutates in transmission of interspecies and suddenly changes both
highly lethal and transmissible from person to person. Prevention of influenza infection by
universal vaccine is desirable but are undergoing in development. Confirmation for the emer-
gence of pandemic influenza virus is only the detection of cluster infection with severe compli-
cations by the new mutated virus. Surveillance in local and global is the effective measure for it.
We can add the procedure of clinical diagnosis and treatment for seasonal influenza infection to
one of useful surveillance systems for pandemic. Adoption of NAIs and evaluation of clinical
effectiveness monitoring body temperature is the first step of surveillance of clinical treatment.
Assessment of NAI treatment insufficiency to influenza infection leads to the close examination
for the factors of patients and viral mutations as the second step. In third step, antigenic drift
and/or antigenic shift are examined on the condition of no patient’s factors and information
sharing for drug resistance and/or pandemic is necessary for administration of new antiviral
drugs and combination therapy of antiviral drugs and/or the management against pandemic. It
is difficult to predict when NAIs will not be ineffective to influenza infection due to viral
resistance to those? New antiviral drugs for influenza virus are under development and they
would change the treatment of influenza infection as NAIs changed it. If the new convenient and
rapid diagnostic test for influenza viral infection of seasonal influenza virus and pandemic virus
would be developed, it would be more useful than the clinical procedure. At present, the
systemic procedure of treatment and taking measure for seasonal influenza infection in usual
would lead to the preparedness and taking management against pandemic.

5. Future perspectives

Trial of antiviral therapy in influenza infection is progressed as in the treatment of hepatitis C
viral infection and HIV infection, too. Now in influenza virus infection, the three mechanical
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ill and was presented to clinic with fever, cough, and a sore throat. The 11-year-old girl got
worse in symptoms including fever and dyspnea within 5 days and was admitted for viral
pneumonia and died in a day despite of intensive care. Her mother and aunt provided bedside
care for her in the hospital for 18 h in 2 days and for 13 h in 1 day each. Her mother began to
have high fever after 3 days of unprotected nursing care for her and was admitted to a hospital
and died from pneumonia and progressive respiratory failure. Her aunt noted high fever,
myalgia, and chills after 9 days of unprotected nursing care for her and was admitted to the
distinct hospital. On the day of admission, the patient was suspected as pneumonia due to
avian influenza and received treatment with oseltamivir and instituted full isolation precau-
tions by an investigating team. Despite moderate dyspnea and hypoxia, she gradually amelio-
rated and was discharged a month later. First, a nasopharyngeal swab from the aunt was
weakly positive for influenza nucleoprotein gene and no evidence of influenza infection in
the laboratory data on tissue culture or egg inoculation. Specimens of lung obtained from the
mother’s body embalmed were positive for influenza A (H5N1) by RT-PCR at the Siriraj
hospital laboratory in Thailand and at CDC in the United States. This study suggests that the
systemic procedure of treatment for seasonal influenza is sequent to the systemic procedure of
preparedness and response for the following pandemics and is desirable. The desirable sys-
temic procedure for epidemic and pandemic is described as follow; [1] application of rapid
tests for influenza virus in diagnosis, [2] early administration of NAIs within 48 h from a onset
of influenza infection, [3] monitor for patients without antipyretic, [4] further investigation of
complications and mutations of influenza viruses under late time of alleviation for fever, [5]
adoption of other treatments for complications or hospitalization in the progression of illness,
[6] check of family member or cluster by surveillance system if possible and consultation to
public health center for the further investigation. After a new mutated influenza virus is
confirmed, the isolation of the patients and the contacts are given antiviral prophylaxis and
exposed persons are put under active surveillance and poultry in the surrounding area is
culled under the control of government. This procedure would be helpful for treatment of
seasonal influenza and the following pandemic. WHO recommend for development and
application of measures to assess the severity of every influenza epidemic [5] and this proce-
dure might be one of those? Addiction to measures to assess severity, strengthen surveillance
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technology is necessary to detect pandemic, too. There are four types of surveillance for
seasonal influenza epidemic in Japan and one of those? is (Nursery) School Absenteeism
Surveillance System ((N)SASSy) which enables real-time surveillance and informs its result to
school officials including school lengths and teachers by websites [71]. This is one of tools for
preparedness for epidemics: noticing each condition of the numbers of infected students with
influenza virus, both inter-schools and inter-cities on the closed website and sharing real-time
information for spread of epidemics around them. Open access to the website is available for
spread of epidemics except personal information, names of schools, and so on. This surveil-
lance system will be applied in pandemic as streamline surveillance in local. WHO suggests
the Global Influenza Surveillance Network (GISN) and mobilize the Global Outbreak and
Alert Response Network (GROAN) teams for information sharing [72]. WHO recommends a
close relationship and partnership with International Health Regulations 2005 (IHR) to prevent
and respond to acute public health risks worldwide [5]. Real-time surveillance and sharing of
its information are useful in domestics and international.

4. Conclusions

Seasonal influenza virus mutates in transmission of interspecies and suddenly changes both
highly lethal and transmissible from person to person. Prevention of influenza infection by
universal vaccine is desirable but are undergoing in development. Confirmation for the emer-
gence of pandemic influenza virus is only the detection of cluster infection with severe compli-
cations by the new mutated virus. Surveillance in local and global is the effective measure for it.
We can add the procedure of clinical diagnosis and treatment for seasonal influenza infection to
one of useful surveillance systems for pandemic. Adoption of NAIs and evaluation of clinical
effectiveness monitoring body temperature is the first step of surveillance of clinical treatment.
Assessment of NAI treatment insufficiency to influenza infection leads to the close examination
for the factors of patients and viral mutations as the second step. In third step, antigenic drift
and/or antigenic shift are examined on the condition of no patient’s factors and information
sharing for drug resistance and/or pandemic is necessary for administration of new antiviral
drugs and combination therapy of antiviral drugs and/or the management against pandemic. It
is difficult to predict when NAIs will not be ineffective to influenza infection due to viral
resistance to those? New antiviral drugs for influenza virus are under development and they
would change the treatment of influenza infection as NAIs changed it. If the new convenient and
rapid diagnostic test for influenza viral infection of seasonal influenza virus and pandemic virus
would be developed, it would be more useful than the clinical procedure. At present, the
systemic procedure of treatment and taking measure for seasonal influenza infection in usual
would lead to the preparedness and taking management against pandemic.

5. Future perspectives

Trial of antiviral therapy in influenza infection is progressed as in the treatment of hepatitis C
viral infection and HIV infection, too. Now in influenza virus infection, the three mechanical
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points for viral inhibition in cells are applied and new drugs are developed. New NAIs and
RNA polymerase inhibitor and the cap-dependent endonuclease inhibitor are in developed.
Recently, baloxavir marboxil (trade name Xofluza) may be used within a few months in Japan
and prevent viral replication by inhibiting the cap-dependent endonuclease activity of the viral
polymerase instead of inhibition for viral release from host cells as NAIs act [73]. It inhibits
influenza RNA viruses from hijacking the host mRNA transcription system to allow synthesis
of viral RNA. Only oral one dose is effective for amelioration from symptoms of influenza viral
infection with less adverse effects. New drugs and combinations for administration of antiviral
drugs against influenza virus would be defined following to the appearance of new mutations
concerning to drug resistance in the future. Seasonal influenza infection and pandemic would
be under controlled by the application of antiviral drugs, vaccination, and surveillance.
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