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Abstract

Influenza is an acute respiratory disease in mammals and domestic poultry that emerges from

zoonotic reservoirs in aquatic birds and bats. Although influenza viruses are among the most

intensively studied pathogens, existing control options require further improvement. Influenza

vaccines must be regularly updated because of continuous antigenic drift and sporadic antigenic

shifts in the viral surface glycoproteins. Currently, influenza therapeutics are limited to

neuraminidase inhibitors; novel drugs and vaccine approaches are therefore urgently needed.

Advances in vaccinology and structural analysis have revealed common antigenic epitopes on

hemagglutinins across all influenza viruses and suggest that a universal influenza vaccine is

possible. In addition, various immunomodulatory agents and signaling pathway inhibitors are

undergoing preclinical development. Continuing challenges in influenza include the emergence of

pandemic H1N1 influenza in 2009, human infections with avian H7N9 influenza in 2013, and

sporadic human cases of highly pathogenic avian H5N1 influenza. Here, we review the challenges

facing influenza scientists and veterinary and human public health officials; we also discuss the

exciting possibility of achieving the ultimate goal of controlling influenza’s ability to change its

antigenicity.
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Introduction

Influenza viruses are notoriously variable. They have a segmented negative-sense RNA

genome that lacks proofreading mechanisms and thus mutations are continuously

accumulated. Antigenic drift and antigenic shift are continuous processes that result in

influenza viruses existing as a quasispecies.1 In their natural reservoirs in aquatic birds and

bats, influenza A viruses show minimal evolution and cause inapparent disease; but once

they transfer to other species, influenza A viruses can evolve rapidly and cause pandemics

and epidemics of acute respiratory disease in domestic poultry, lower mammals, and

humans.2
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The realization that all influenza A viruses emerge from zoonotic reservoirs has led to a the

concept of one world–one health, which means that the problem of controlling emerging

influenza viruses is a challenge to both veterinary and public health officials worldwide.3

The emergence of a pandemic H1N1 influenza in 2009, at the same time that the influenza

community was preparing for the spread of highly pathogenic H5N1 influenza, emphasizes

the unpredictability of this pathogen. The control strategies then depended on the use of a

single class of drugs, the neuraminidase (NA) inhibitors (NAIs), because a homologous

H1N1 vaccine was not available during the first pandemic wave. Further challenges arose

with the emergence of an H7N9 influenza virus in China in 2013, which caused inapparent

disease in wild life and poultry, but severe respiratory disease in humans. The current

challenge is to be prepared if either the H2N2 influenza virus—absent from humans for 50

years—re-emerges from the aquatic bird reservoir, or the H5N1 or H7N9 viruses acquire

efficient human-to-human transmissibility.

This review considers the challenges that veterinary and public health officials encounter

when attempting to control not only novel emerging influenza subtypes with pandemic

potential, but also continuous antigenic variation in circulating epidemic strains. Antiviral,

vaccine, prevention, and eradication strategies are considered from the perspective of current

challenges. We focus mainly on influenza A viruses, with limited discussion of influenza B

viruses.

Biology of influenza

Eighteen hemagglutinin (HA) and 11 NA subtypes of influenza A viruses are found in

nature (Fig. 1). HA subtypes are further subdivided into two groups: group 1 includes H1,

H2, H5, H6, H8, H9, H11, H12, H13, H16, H17, and H18; group 2 includes H3, H4, H7,

H10, H14, and H15.4 Sixteen HA and nine NA subtypes circulate in the aquatic birds of the

world, where they replicate primarily in the intestinal tract at the higher body temperature of

birds (40 °C), have a target-cell receptor preference for α2,3 sialic acid, and are spread

primarily by fecal–oral transmission through water. Two HA and NA subtypes of influenza

A virus are found in bats; they have not been cultured but can be detected by polymerase

chain reaction (PCR), cause inapparent disease, and do not attach to sialic acid residues.5

Influenza B viruses have a single subtype with two lineages, Victoria and Yamagata.

Although influenza B viruses have been detected in seals, they are primarily confined to

humans.

Only three HA subtypes of influenza A viruses (H1N1, H2N2, and H3N2) have caused

pandemics in humans in the past century. Thus, these may be the only subtypes that can

establish lineages in humans. However, the occasional transmission of avian influenza

viruses to humans (i.e., H5, H6, H7, H9, and H10) results in mild-to-severe disease but

without consistent human-to-human transmission, which raises doubt about the hypothesis

that only H1N1, H2N2, and H3N2 can establish infection in humans. The influenza subtype

H7N7, which circulated in horses for many years (Equine-1), is an example of an influenza

A subtype that established a stable lineage in mammals.
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The two HA subtypes H5 and H7, nonpathogenic in their aquatic bird reservoir species, are

unique in their ability to become highly pathogenic in domestic poultry.6 One diagnostic

characteristic of high pathogenicity is the acquisition of multiple basic amino acids in the

connecting peptide of the HA molecule. The resulting HA is cleaved by the furin family of

enzymes, resulting in virus that can spread systematically in infected hosts, causing

hemorrhaging and neurological symptoms. This high pathogenicity of avian H5 and H7

influenza viruses is a polygenic property that requires a specific grouping of viral gene

segments. Since the 1990s, H5 and H7 viruses have transmitted to mammals, including

humans, multiple times; the current challenge is to control the outbreaks of H5N1 and low-

pathogenic H7N9 viruses before they acquire the ability to consistently transmit between

humans.

The transmission of avian influenza viruses from the aquatic bird reservoir to mammals

requires multiple changes that favor zoonotic spread. These include the optimal temperature

of virus replication decreasing from 40 °C (avian) to 37 °C (mammalian); the site of

replication changing from intestinal to respiratory; and the receptor specificity switching

from α2,3 sialic acid to α2,6 sialic acid.7 Intermediate hosts that possess dual-specificity

sialic acid receptors on their cells, (e.g., swine and domestic poultry (quails and turkeys))

may be involved in the interspecies transfer of influenza viruses. Changes in animal

husbandry practices from small family farms to large poultry- and swine-raising farms to

meet increasing human demands, and the practice of live poultry and animal marketing,

contribute substantially to the increased threat of RNA viruses emerging from their zoonotic

reservoirs. The possible relevance of domestic cats and dogs in the interspecies transmission

of influenza viruses to humans requires additional study.

Challenges of continuous antigenic drift and antigenic shift

In the past century, four influenza pandemics have occurred in humans (Fig. 2), and

seroarcheology studies suggests that they were preceded by outbreaks of H2N2 and H3N2 in

avian species that subsequently re-emerged in humans. The H1N1 pandemic of 1918

(Spanish) was the most catastrophic, followed by the H2N2 pandemic of 1957 (Asian), and

the H3N2 pandemic of 1968 (Hong Kong). The H1N1 virus that disappeared from humans

in 1957 re-emerged in 1977, and in 2009 an H1N1 pandemic occurred while the descendants

of the 1977 virus were still circulating. Each pandemic of influenza acquired gene segments

from the aquatic bird reservoir by reassortment, which resulted in viral expression of novel

HA and NA surface glycoproteins to which the majority of the human population had little

or no immunity.

The major challenge in the influenza community is planning for a pandemic while making

recommendations on strain selection to combat antigenic drift in the circulating influenza

subtypes. The influenza network established by the World Health Organization (WHO),

which is known as the Global Influenza Surveillance and Response System (GISRS),

consists of more than 120 national laboratories that monitor influenza globally. Antigenic

analysis, sequence analysis, and population susceptibility based on antibody levels in human

sera are used to make recommendations on vaccine content for the Northern and Southern

Hemispheres.
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Recommendations on vaccine strains have to be made 6–8 months before the vaccine can be

produced; thus, the dominant strain may change during the interim owing to antigenic drift.

The WHO has a remarkable 45-year record of success predicting the dominant circulating

strain. On only two occasions has the recommended strain not matched the strain that

emerged. In 1997–1998, the A/Wuhan/359/1995-like (H3N2) virus was the recommended

vaccine strain for the H3N2 subtype, but the U.S. manufacturers chose to use A/Nanchang/

933/1995 (H3N2) virus instead because of its high-yield growth properties. The

antigenically drifted A/Sydney/5/1997 (H3N2) emerged and caused infection of vaccinated

persons.8 In 2003–2004, the A/Panama/2007/1999 (H3N2) virus was the recommended

vaccine strain, but A/Fujian/411/2002 (H3N2) became dominant.9

Antigenic drift

Antigenic drift results from the interplay between the influenza virus and the immune

response of the host. Amino acid substitution in the HA and NA surface glycoproteins are of

primary importance; if a substitution permits the virus to escape from immune control and

provides a fitness advantage, then that virus has the opportunity to emerge as a novel

epidemic strain, replacing the circulating strain.10 Antigenic mapping and sequence analysis

of the escape mutants selected in the presence of monoclonal antibodies (mAbs) against the

HA and NA surface glycoproteins defined four antigenic sites (epitopes) on the globular

head of the HA,11 and further work increased that number to five antigenic sites (A–E).12

HA glycoprotein is considered the most important antigen in antigenic drift and has received

the most attention, which may be a continuing flaw in influenza preparedness. Here, we will

use the A/Hong Kong (H3N2) family of viruses to illustrate this phenomenon.

Since the emergence of A/Hong Kong/1/1968 (H3N2) virus 46 years ago, the WHO has

recommended 29 changes in vaccine composition.13 Molecular analysis of the HAs showed

that amino acid substitutions causing antigenic drift were largely confined to epitopes A–

E.12 The working concept was that four amino acid changes in at least two antigenic sites

were required for antigenic drift to occur. Current analysis of antigenic drift in H3N2 viruses

indicates that epitopes A and B are key and that single amino acid changes in these sites

have determined the major antigenic changes in the H3N2 subtype since 1968.14 Thus, the

substitution of Q189K in the HA of A/England/42/1972 (H3N2) virus was crucial in

changing the viruses’ antigenicity to that found in the A/Victoria/3/1975 (H3N2) virus. This

amino acid substitution borders the receptor-binding site, and the key amino acid changes

responsible for the major antigenic changes in the H1N1, H3N2, and influenza B viruses

occur in that ridge (Fig. 3). The role(s) of the other compensatory mutations in determining

antigenicity and fitness remains unresolved.

Antigenic shift

Antigenic shifts occur by reassortment and introduction of a novel HA, NA, or both gene

segments from the aquatic bird reservoir into currently circulating human influenza viruses.

The virus subtypes of concern in aquatic birds can be divided into three tiers: those that have

caused pandemics in humans (H1, H2, H3) make up tier 1; those that have sporadically

infected humans (H5, H7, H9) make up tier 2; and the remaining subtypes make up tier 3.15

Because H6N1 and H10N8 have caused isolated human infections,16,17 additional subtypes
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will probably be reclassified as tier 2. Here we will consider the continuing challenges

presented by tier 1 (H2N2 and H2N3) and tier 2 viruses.

H2N2 influenza viruses—In 1957, an H2N2 influenza virus caused an Asian pandemic

with an estimated global mortality of approximately 1.5 million.18 The virus circulated for a

decade and then disappeared from humans in 1968. However, the H2N2 subtype of

influenza virus continues to circulate in the aquatic birds of the world, and is a potential

pandemic threat because there is precedence for recycling of the H1, H2, and H3 subtypes,

and because the majority of the world’s population is immunologically naive to the H2N2

subtype.

Surveillance of aquatic birds in the Americas and Europe has indicated that H2N2 influenza

viruses occur relatively infrequently. No H2N2 influenza viruses have been detected among

the 1011 influenza isolates from shorebirds and gulls at Delaware Bay or from migratory

ducks in Alberta, Canada in the past decade. In comparison, nine H2N2 influenza virus

isolates were found in wild ducks by the Minnesota Center of Excellence for Influenza

Research and Surveillance (CEIRS) in the Central Flyway in North America in the past

decade. Surveillance in domestic poultry, on the other hand, has detected the continuing

circulation of low-pathogenic H2N2 influenza in chickens and guinea fowl in New York and

New Jersey live poultry markets from 1994 to 1997, and in chickens in Pennsylvania live-

poultry markets in 2004. Surveillance in wild aquatic birds in Europe and Asia has reported

sporadic isolations of H2N2 over the past decade, with 10 influenza H2N2 viruses reported

in GenBank.

To determine the risk of human infections with H2N2 influenza viruses, 22 avian H2N2

influenza viruses from the past 6 decades were assayed for their potential to replicate in

human and swine tissue culture and in mice and ferrets.19 The avian H2N2 viruses had a low

rate of genetic and antigenic evolution and remained similar to isolates circulating near the

time of the 1957 pandemic. Most isolates replicated in mice and differentiated human

bronchial epithelial cells, but replication was low or undetectable in swine trachea explants.

Multiple isolates replicated in ferrets, and three viruses were transmitted to direct-contact

cage mates (Table 1). Markers of mammalian adaptation in HA and PB2 proteins were

absent from all isolates, and the viruses retained a preference for avian-like α2,3-linked

sialic acid receptors. Most isolates remained antigenically similar to prototype A/Singapore/

1/1957 (H2N2) virus, suggesting they could be controlled by the 1957 pandemic vaccine

candidate. The H2N2 viruses tested were all susceptible to anti-influenza drugs (NAIs and

adamantanes). Like the 1957 pandemic H2N2 virus,20 the H2N2 influenza virus with the

highest risk (i.e., A/duck/Hong Kong/319/1979 (H2N2)) was from the Eurasian avian

lineage.19 Although infrequently isolated from aquatic birds, the currently isolated avian

H2N2 viruses merit continued global surveillance and risk assessment, especially the

Eurasian viruses.

H2N3 influenza virus—During the past decade, H2N3 has been the most prevalent H2

influenza subtype in migratory aquatic birds in the Americas and Europe. In 2006, H2N3

spread from avian species to swine in the United States and caused an outbreak of

respiratory disease.21 The virus, with an L226 residue of the H2 glycoprotein, acquired
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mammalian-like characteristics in receptor binding and an ability to replicate without

adaptation in mice and ferrets. Surprisingly, this H2N3 virus did not establish a lineage in

swine, and has since disappeared from that species.

H5N1, H7N9, and H9N2 influenza viruses—Since the late 1990s, H5N1 and H7N9

viruses have emerged in domestic poultry: H5N1 virus emerged in 1997 and H7N9 virus in

2013. Both have the ability to sporadically transmit to humans and cause high mortality. As

of early 2014, there have been 650 human cases of H5N1 with 386 deaths and 259 cases of

H7N9 with 71 deaths. Many similarities and some differences are apparent between the

novel H5N1 and H7N9 influenza viruses that arose in China and sporadically transmit with

high mortality to humans (Table 2). Both viruses were triple reassortants, with six gene

segments from H9N2 influenza viruses; H5N1 is highly pathogenic in gallinaceous poultry

(chicken and quail), whereas H7N9 causes inapparent infections in poultry. H7N9 is more

transmissible to humans than is H5N1, but the latter causes higher mortality (>60%) than the

former (~30%). Both cause similar symptoms, specifically acute respiratory distress

syndrome and multiorgan failure.

Despite the exposure of many humans to these viruses in the live poultry markets, relatively

few are infected, as evidenced by serological studies for H5N1 viruses.22 The high mortality

has been associated with a cytokine storm in persons with a defect in their interferon-

induced transmembrane protein 3 (IFITM3).23 The continuing challenge with avian

influenza viruses is to be prepared if they acquire the mutations that will permit them to

transmit between humans. Highly pathogenic H5N1 influenza viruses have circulated for

more than 17 years and have become endemic in multiple countries, including China,

Vietnam, Indonesia, and Egypt. As a result, there was a sense of complacency that, despite

continued evolution, these viruses may not have the potential to acquire the ability to

transmit between humans. Using the ferret model of influenza infection, gain-of-function

studies in three separate laboratories have shown that as few as three amino acid

substitutions in the HA can generate mammalian-transmissible viruses by indirect aerosol

droplets.24–26 Despite controversy about accidental release of these viruses or the malicious

use of this information for bioterrorism, these studies established that mammalian-

transmissible H5N1 virus can arise in nature.

The common denominator in the genesis of H5N1 and H7N9 influenza viruses is

reassortment between a precursor virus, either H5N1 or H7N9, and H9N2 influenza virus.

The resultant virus possesses the surface glycoproteins from either H5N1 or H7N9 influenza

viruses and the six internal genes from H9N2 viruses. Before 1997, no low- or high-

pathogenic H5 influenza viruses were detected in humans; but H7 influenza viruses had

caused modest numbers of conjunctivitis cases in humans27 and occasional respiratory

infections, including one death and infection in 89 persons in the Netherlands.28

Reassortment with H9N2 led to a marked increase in human infections with both H5N1 and

H7N9 viruses; hence, H9N2 can be considered an “enabler” of infection. The lineage of

H9N2 influenza viruses that donated the internal gene segments to H5N1 and H7N9 were

first detected in chickens in Asia in 1997.29,30 These H9N2 viruses have evolved into

multiple lineages and sublineages, and are endemic in chickens and quail in most countries

in Eurasia.31,32 In domestic poultry, H9N2 viruses replicate primarily in the upper
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respiratory tract and cause inapparent infection, unless the birds are co-infected with

bacterial, parasitic, or other viral agents. Co-infection can result in decreased egg production

and respiratory disease. H9N2 viruses have acquired a preference for human-like receptors

(i.e., α2,6 sialic acid)33–35 and sporadically cause mild infections in humans and swine.36,37

Since the emergence of the H5N1 viruses, multiple genotypes have evolved with

replacements of the internal gene segments originally supplied by H9N2. Therefore,

although H9N2 is hypothesized to be the initial enabler, further reassortment events can

occur. The emergence of H7N9 influenza virus in February 2013 was as a triple reassortant

possessing six internal gene segments from H9N2.38 The report of a lethal human infection

in China in late 2013 with an H10N8 influenza virus possessing internal gene segments from

H9N2 adds support to the notion that H9N2 is an enabler virus. The challenge is to

determine the molecular basis for this enabling ability of H9N2 and focus efforts on

surveillance and risk assessment of H9N2 influenza viruses.

The challenges presented by the novel H5N1 and H7N9 influenza viruses differ depending

on an agricultural or a public health perspective. The novel H7N9 reassortant virus poses

limited or no threat to the poultry or pork industry, and the absence of overt disease signs

provides no warning for transmission to humans; H7N9 is therefore more insidious than

H5N1. The H5N1 viruses are highly pathogenic in unvaccinated poultry and can cause up to

100% mortality; hence, they are of great concern both to veterinary and public health

officials, as this high mortality provides a warning system for potential human infection. In

vaccinated poultry, H5N1 virus can shed without disease signs, which presents a conundrum

in control strategies. Live poultry markets serve as the ultimate mixing and breeding site for

influenza from the perspective of reassortment and transmission to humans. The closure of

live poultry markets in Hong Kong in 1997 illustrated the importance of such markets:

during the initial H5N1 outbreak in Hong Kong, there were 18 human cases with six deaths,

and the epidemiological curve was rising sharply. After closure of the live poultry markets,

the number of human cases fell to zero, and the initial H5N1 reassortant was eradicated. In

2013, the closure of the live poultry markets in Northeast China contributed to the cessation

of human cases over the summer months. Reopening of poultry markets and cooler weather

has contributed to a gradual increase in human H7N9 cases, with spread to the southern

provinces of China. As of early 2014, the number of people infected during the second wave

of H7N9 has exceeded that of the first wave.

Permanent closure of all live poultry markets is the ultimate challenge, and may be an

important step toward reducing the risk of pandemic influenza. In the interim, the

introduction of rest days and the banning of poultry carryover from one day to the next

could dramatically reduce the risk of transmission of influenza from poultry to people.39

Emergence of the 2009 H1N1 pandemic virus

In 2009, the pandemic H1N1 influenza virus (H1N1pdm09) emerged and spread from swine

to humans in Mexico. The lessons learned during that outbreak have provided valuable

insight into dealing with the continued challenges of influenza, in terms of its

unpredictability and severity.

Webster and Govorkova Page 7

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Unpredictability—At the time of the 2009 pandemic, the influenza community was

preparing for the spread of H5N1 in humans, with the possibility of a pandemic and plans to

use government-stockpiled antivirals to ameliorate the first wave of infections while

vaccines were being prepared and amplified. The 2009 H1N1 pandemic was completely

unexpected. Although the pandemic plans and antiviral stockpiles provided strategies for

dealing with an H1N1 pandemic in 2009, the H1N1 seed stocks did not match antigenically.

The emergence of this H1N1 with pandemic potential while the descendants of the 1918

H1N1 Spanish pandemic were still causing seasonal influenza was unprecedented. It served

to re-emphasize the recycling of the H1, H2, and H3 subtypes in humans and the need for

continued risk assessment of H2N2 influenza viruses.

Severity—Another unpredictable aspect of the 2009 H1N1 pandemic was the severity of

the infections. Initial reports on antigenic and structural similarity to the HA of the 1918

Spanish influenza H1N1 virus40 and the percentage of young people hospitalized (6.5%)41

raised the possibility of a severe pandemic. Although severe in young immunologically

naive persons, pregnant women, and obese people, when considered over the global

population, the 2009 H1N1 pandemic was relatively mild with a mortality of approximately

100,000 worldwide (Fig. 2). It is important to stress that “mild” is a relative term applied to

the overall H1N1pdm09 pandemic; over 100,000 persons died, amounting to the loss of

many years of life of ultimate severity. The absence of virulence markers in the PB2 gene

(no lysine at residue 627), the nonfunctional PB1-F2, and the absence of a PDZ domain in

NS1 may, in part, explain the lower pathogenicity of H1N1pdm09 virus compared with the

Spanish 1918 H1N1 virus.

The lower-than-predicted severity of the 2009 H1N1 influenza caused a problem in

perception, because no criteria in the WHO’s six-point pandemic-phasing advice system

were in place to alert public health officials about severity. How to best alert the world about

a pandemic spread and its severity without causing global panic remains a challenge.

Surveillance in swine—Another challenge raised by the 2009 H1N1 pandemic was the

inadequate global surveillance of swine for influenza, despite proposed role for swine as an

intermediate host.42 Recognizing the importance of systematic swine surveillance in Hong

Kong after the emergence of H5N1, the CEIRS program found that while the H1N1pdm09

virus was not detected in swine in Asia, precursors of the H1N1pdm09 virus had been

circulating in swine for as long as 17 years before 2009 without detection.43

The importance of swine surveillance was subsequently recognized, and the OFFLU

network, with expertise in animal surveillance, was developed by the World Organization

for Animal Health (OIE) and the Food and Agriculture Organization of the United Nations

(FAO). These networks have worked with the WHO to greatly improve swine surveillance

for influenza and are now continuously monitoring populations with the recognition that

influenza viruses in swine are very dynamic in reassorting.44 Although the H1N1pdm09

influenza virus in humans has not reassorted with the co-circulating H3N2 viruses, virus in

swine has mated with the H3N2 triple reassortant to produce H3N2v (variant H3N2), which

has the M gene from H1N1pdm09 virus and seven genes from the H3N2 triple-reassortant

virus that has circulated in pigs since the late 1990s. These H3N2v viruses are highly
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transmissible to children from show pigs at U.S. agricultural fairs.45 However,

characterization of 306 influenza H3N2v human isolates demonstrated limited person-to-

person transmission. These studies illustrate the importance of animal surveillance for

influenza and the growing awareness of the importance of joining the veterinary and human

surveillance in the one world–one health concept.

One lesson learned from the 2009 H1N1 pandemic was that, despite improvements in

preparation of influenza vaccines, the current strategies of preparing either inactivated or

live-attenuated influenza vaccines takes more than 6 months. Consequently, vaccines were

not available for controlling the first wave of the pandemic.46 Antivirals, therefore, are the

first line of defense in the face of an influenza pandemic. The continuing challenges include

being prepared by producing vaccines, seed stocks, universal vaccines, and stockpiles of

different classes of antiviral drugs that target multiple pathways.

Challenges of vaccination

Vaccines remain a cornerstone for controlling influenza virus infections in humans.

Vaccination raises neutralizing antibodies that predominately target the HA glycoprotein, a

major antigenic determinant of influenza virus. Current trivalent influenza vaccines induce

the production of neutralizing antibodies that are specific to the H1 and H3 subtypes of

human influenza A virus and to a single HA phylogenetic lineage (Yamagata or Victoria) of

influenza B virus.47 Beginning with the 2013–2014 influenza season, quadrivalent, live-

attenuated (FluMist Quadrivalent, MedImmune) and inactivated (Fluarix Quadrivalent,

GlaxoSmithKline, and Fluzone, Sanofi Pasteur) influenza vaccines are also available. These

new vaccines will most likely replace the earlier trivalent formulations.48

Because the neutralizing antibodies in annual influenza vaccines predominantly recognize

specific antigenic determinants on the globular head of the HA surface glycoprotein, their

effectiveness relies on the antigenic similarities between the HA of the vaccine strain and

that of the seasonal viruses. Appropriate vaccine strains are selected based on worldwide

influenza surveillance data and identification of a strain most likely to circulate during the

impending influenza season.

Selecting a vaccine strain that antigenically matches a currently circulating influenza strain

has many challenges and can result in suboptimal protection. These challenges include

continuous antigenic changes in the HA molecule, which can lead to the escape of

recognition by immune response and inability to predict the emergence of a novel antigenic

variant. Including representative viruses from two influenza B lineages in the vaccine will

reduce its potential for mismatch with the circulating strain. The Centers for Disease Control

(CDC) estimates that 40,000 to 275,000 illnesses per year could be prevented by reducing

influenza B virus infections.49 Thus, alternative strategies for controlling emerging influenza

viruses are greatly needed, and developing an influenza vaccine that confers broad-

spectrum, long-term protection is desirable.

Webster and Govorkova Page 9

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Universal vaccines

Research focused on broadly neutralizing antibodies against the HA of influenza viruses has

greatly expanded in recent years. Identifying mAbs that can neutralize a wide range of

influenza viruses has brought new perspectives to antiviral therapy and antibody-guided

rational design of a universal vaccine. On the basis of their reactivity patterns with influenza

A viruses, the identified antibodies can be divided into three groups: (1) cross-reactive with

group 1 HAs, (2) cross-reactive with group 2 HAs, and (3) reactive against both groups 1

and 2 HAs (Fig. 4). The C179 mAb binds to the HA stem region and cross-neutralizes

influenza viruses of the H1, H2, H5, H6, and H9 subtypes, which are representatives of

group 1 HAs.50 Human CR6261 and F10 mAbs are encoded in the immunoglobulin VH1–69

germline segment and have broad activity against group 1 HAs of influenza viruses.51–53

These antibodies do not block virus attachment but rather inhibit the conformational changes

in the HA required for fusion of viral and endosomal membranes.54 Few antibodies have

been reported with broad activity against group 2 HAs of influenza viruses.

Human CR8020 mAb binds to the stem region of H3, H4, H7, H10, H14, and H15 HAs and

neutralizes influenza viruses of H3, H7, and H10 subtypes.55 CR8020 mAb directly binds

the fusion peptide and prevents its release in the endosome, thereby inhibiting the

conformational changes in HA that are necessary for fusion. Additionally, CR8020 binds to

HA0 and inhibits its maturation to HA1 or HA2, sterically preventing cleavage by host

proteases.55 Recently, Friensen and colleagues56 identified a CR8043 mAb that binds a

conserved epitope in the HA stem of group 2 HAs. CR8043 has in vitro neutralizing activity

against H3 and H10 viruses and protects mice against challenge with a lethal dose of either

H3N2 or H7N7 virus.56 A murine mAb S139/1 has activity against both group 1 and 2 HAs

and binds the conserved region close to the receptor-binding site on the head of the HA

molecule.57 Additionally, the two human antibodies, FI6v3 and CR9114 neutralize all

viruses tested containing group 1 and 2 HAs.58,59 These mAbs bind the epitope that is

highly similar to the epitopes of CR6261 and F10 antibodies but with minor important

differences, allowing them to bind group 1 and 2 viruses.

Structural analyses by X-ray crystallography and electron microscopy have shown that all

isolated broadly neutralizing antibodies target at least two distinct sites on the stem region of

the HA molecule: CR6261, F10, and F16 mAbs target one site; CR8020 mAb targets

another and a single site on the HA1 globular head.54 CR8033 and CR8071 neutralize

influenza B viruses from both Yamagata and Victoria lineages.59 These mAbs recognize

two distinct, conserved epitopes on the HA of influenza B viruses and appear to neutralize

them by preventing virus progeny release.59 Currently, broadly neutralizing antibodies are in

development as mAb therapies and undergoing clinical trials in the United States.60

Identifying weak spots in influenza virus defense can also lead to the development of

promising drug candidates, such as proteins and small molecules that mimic the antibody

interactions and thus compete for receptor binding.61 However, the ultimate goal is to

produce a universal influenza vaccine that re-elicits antibodies to the conserved epitopes of

HA and, thus, provides long-term protection against a broad range of influenza virus

subtypes. To achieve this goal, use of novel immunization strategies is needed that include
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either immunization with a series of antigenically distinct HAs or a two-stage prime-boost

strategy. Indeed, broadly neutralizing antibodies against the HA-stem determinants have

been recently generated by priming with a DNA vaccine followed by boosting with a

seasonal vaccine.62,63

Universal vaccines can be produced by engineering vaccine candidates that lack strain-

specific, immunodominant epitopes on the HA head and instead carry cross-reactive, non-

immunodominant epitopes on the HA stem. The challenge of this approach is making the

conserved HA determinants more accessible to the immune system. To date, several

headless HA immunogens have been generated by deleting most of the HA1, but for reasons

not fully understood, these immunogens do not generate a broadly cross-reactive

neutralizing antibody response in animal models.64–66

The highly variable HA-head region has been the focus of influenza vaccine development

for the past 60 years, and the immune response generated in the course of vaccination with

traditional influenza vaccine resembles natural infection with influenza virus. Generating an

immune response to the highly conserved regions of the HA protein requires further studies

and better understanding of the molecular basis for neutralization of influenza viruses

caused by neutralizing and non-neutralizing antibodies. Recent data on vaccine-associated

enhanced respiratory disease were reported after vaccinating pigs with whole inactivated

H1N2 (human-like) virus and then challenging with heterologous H1N1pdm09 virus.67 The

authors suggested that vaccination with whole inactivated H1N2 induced antibodies that

cross reacted with the H1N1pdm09 virus. Those antibodies bind to the HA-stem region,

which is close to the fusion peptide, and induce a more efficient conformational conversion

to the fusogenic form of HA. This leads to enhanced fusion of H1N1pdm09 virus to target

cells, and hence enhanced disease.67 The following two mechanisms also have potential for

causing antibody-enhanced disease: (1) non-neutralizing HA stem–specific antibodies may

bind to HA and direct the virus to Fc receptor–bearing cells, which might then become

infected through Fc receptor–mediated endocytosis, or (2) antibodies against HA on the

surface of influenza virus–infected cells may bind and induce antibody-mediated

complement activation, which could lead to inflammation and cell lysis.68 Therefore,

although available scientific data on broadly neutralizing antibodies is very promising, more

research is required regarding rational design of safe universal influenza vaccines and the

induction of a focused, broad, and long-lasting immune response.

Adjuvants

Adding adjuvants to influenza vaccines has the potential to promote antigen immunogenicity

and both humoral and cell-mediated immune responses, reduce the minimal antigen dose,

promote antigen sparing and the global availability of influenza vaccine, induce a broader

immune response against drifted variants not present in the vaccine, and induce added levels

of protection in the elderly.69

Earlier adjuvants, which were relatively quite effective, included water in a mineral oil

emulsion and an emulsifier with or without Mycobacterium.70 However, mineral oil

emulsions (without Mycobacterium) induced nodules in humans,71 so their use was

discontinued. These early adjuvants are still the ones of choice for use in inactivated-
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influenza vaccines for poultry. Among the early adjuvants, the only approved one for use

with human vaccines was alum, which is a relatively poor adjuvant for potentiating the

immune response to subtype-specific influenza vaccines.

Adjuvants currently under development are based on the biodegradable oil squalene, which

is found in shark liver, plants, and animals, including humans. Two squalene-based

adjuvants have been approved for use with influenza vaccines in humans in Europe: MF59

by Novartis and ASO3 by GlaxoSmithKline.69 The main difference between the two is that

ASO3 contains α-tocophenol (vitamin E) in addition to squalene. The importance of these

squalene-based adjuvants is clearly demonstrated with H5N1 influenza–subunit vaccine;

without adjuvant, two 90-µg doses of antigen were required to induce a modest HA

inhibition titer (1/40) in 54% of human subjects;72 with a squalene-based adjuvant, as little

as 1.9 to 3.75 µg antigen was sufficient to induce a similar response.73

The mechanism of action of adjuvants in potentiating immune responses is complex and not

yet fully elucidated. The original idea of a depot that slowly releases antigen is an

oversimplification. The current concept is that adjuvants induce cytokines, which recruit

immune cells to the site of injection, potentiate antigen uptake by monocytes, and stimulate

differentiation of monocytes into dendritic cells. The dendritic cells then prime naive T cells,

which in turn migrate to draining lymph nodes, where they trigger an augmented immune

response to the antigen.69

If, or when, the highly pathogenic H5N1 or low-pathogenic H7N9 influenza viruses acquire

mutations to enable efficient human-to-human transmissibility, there will obviously be an

urgent need for use of adjuvants that provide for antigen sparing and immune protection.

H5N1 virus is a relatively weak immunogen; H7N9 is better, though it is not a strong

antigen. Thus, one of the immunological challenges here is to understand the molecular

basis of poor antigenicity and how to circumvent the problem of variable immunogenticity.

Although both currently available squalene-based adjuvants hold great promise for

augmenting the immune response to influenza, AS03 has been associated with narcolepsy—

a rare syndrome characterized by uncontrollable sleepiness—when administered with

subunit-specific vaccine against H1N1pdm09 influenza virus.74 This associated narcolepsy

affects approximately 1 in 3000 children or young adolescents;74 sleepiness is caused by a

lack of the neuropeptide hypocretin, which is secreted by the neurons that control

wakefulness. Remarkably, the HA of H1N1pdm09 virus contains a short peptide (residues

275–287) that is identical to a 13–amino acid peptide in hypocretin.75 When immunized

with H1N1pdm09 vaccine in ASO3, persons susceptible to the induction of narcolepsy

produce CD4+ T cells expressing human leukocyte antigen (HLA)-DQ0602 that become

activated by the 13 amino acid peptide of hypocretin and then destroy the hypocretin-

secreting cells in the hypothalamus. Thus, a rare combination of specific HLA expression

and immunogenicity produced by H1N1pdm09 peptide when augmented with ASO3

provides an explanation for the induction of narcolepsy. Why narcolepsy has been

associated with one squalene-based vaccine and not the other remains to be explained.

Vaccines have enormous value in protecting the vast majority of persons, though rare
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disorders can occur. The challenge is to define and resolve these risk factors, because the

benefits of vaccines far outweigh the risks.

Challenges of meeting the need for new antiviral drugs

Therapeutic interventions can be an important line of defense against influenza, especially

when vaccine efficacy is low or vaccine is unavailable. However, several factors limit the

effectiveness of antiviral therapy against influenza. The major challenge in antiviral

influenza therapy is that only one class of drugs, NAIs, is currently available. Another FDA-

approved class of anti-influenza drugs, the adamantanes (amantadine and rimantadine), are

not recommended by the CDC for prophylaxis or treatment of influenza owing to the

widespread resistance among human seasonal H1N1 and H3N2 influenza viruses. Moreover,

adamantanes are ineffective against influenza B viruses.76

NAIs are virus-specific drugs that bind the enzymatically active site of the NA of influenza

A or B, thereby interfering with the functions of the protein. A major function of NA is to

cleave terminal sialic acid residues from the cell surface, promoting the release of newly

formed virions.77 Therefore, NAIs inhibit the release of budding viral particles from infected

host cells and virus spread from infected cells to uninfected cells. Unlike antibiotics that can

eliminate or greatly reduce bacterial burden, NAIs merely pause the progression of disease

by preventing new host cells from being infected with influenza viruses. To effectively treat

influenza infection, NAIs should be administered within 48 hours of the onset of symptoms,

which is a significant challenge in many countries.78 Although, some data indicated that the

benefit may be obtained later in the course of disease for patients in underdeveloped regions

of the world and those requiring hospitalization. If administered early in the clinical course,

NAIs alter the tempo of infection, allowing normal immune-clearance mechanisms to

rapidly eliminate the influenza virus. Therefore, in addition to having only a single class, the

drugs must be administered during a narrow window of therapeutic efficacy, which presents

a serious challenge for physicians prescribing them.

Neuraminidase inhibitors

Among the four existing NAIs, two have been available worldwide since the 1999–2000

influenza season: oral oseltamivir (Tamiflu®, Roche) and inhaled zanamivir (Relenza®,

GlaxoSmithKline). Additionally, intravenous (i.v.) peramivir (Rapiacta®, Peramiflu®,

BioCryst Pharmaceuticals) has been approved for the treatment of influenza in adults and

children in Japan, South Korea, and China; and inhaled laninamivir octanoate (Inavir®,

Daiichi Sankyo) has been approved for the treatment of influenza in adults and children in

Japan.79 Peramivir has unique structural properties that differ from those of oseltamivir and

zanamivir;80 it is characterized by tight binding to the NA site for more than 24 hours and

slow dissociation.81 Laninamivir octanoate has demonstrated clinical efficacy against

seasonal influenza A and B and the H1N1pdm09 viruses.82 The high concentration of the

active form laninamivir persists for at least for 5 days in the lung, exceeding the level

required to inhibit the replication of influenza virus. Therefore, influenza can be treated with

a single administration of laninamivir octanoate, which is a major clinical benefit.
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Resistance to neuraminidase inhibitors

The emergence of NAI-resistant influenza viruses is a substantial challenge to the

effectiveness of antiviral therapy. The occurrence of NAI resistance–associated amino acid

substitution(s) affects the binding affinity between the NA enzyme and the inhibitor and

allows influenza viruses to evade the action of NAIs.83 The molecular markers of NAI

resistance were identified either at the catalytic or framework residues of the NA

glycoprotein and vary for oseltamivir, zanamivir, and peramivir. No laninamivir-resistant

substitutions have been reported yet.

Because oseltamivir has a large hydrophobic side chain, the influenza NA must undergo

rearrangements to enable drug binding. To form a suitable receptive pocket in NA, the E276

residue must rotate and bond with R224;84 thus any mutation that affects this rearrangement

(e.g., inhibition of the rotation of the E276 residue and prevention of pocket formation) may

reduce the binding affinity of oseltamivir, thereby lowering its efficacy. Amino acid changes

in NA commonly associated with oseltamivir resistance vary for different NA types and

subtypes. Oseltamivir-resistant influenza A viruses of N1 subtype most frequently carry

H274Y or N294S amino acid substitutions in NA (N2 numbering); viruses of the N2

subtype carry E119V or R292K substitutions; and NAI-resistant variants of influenza B

viruses harbor R152K or D198N.85

The molecular structure of zanamivir includes a guanidino group, which interacts with the

conserved E119 residue in the NA-active center pocket.86 The higher structural homology to

the NA natural substrate (sialic acid) and the lower zanamivir use (compared to oseltamivir)

are the most probable factors that account for the infrequent isolation of zanamivir-resistant

variants in the clinical setting.87 Peramivir possesses a hydrophobic group similar to that of

oseltamivir, and a guanidino group similar to that of zanamivir. Therefore, like oseltamivir,

peramivir requires structural rearrangements to accommodate its hydrophobic side chain,80

and substitutions that affect the activity of oseltamivir and zanamivir can also affect that of

peramivir.

NAI-resistant viruses can emerge either under drug-selection pressure or naturally (without

drug intervention). Before 2007, the incidence of oseltamivir resistance in clinical trial

samples was 0.3% in adults and 4% in children.88,89 The high prevalence of oseltamivir-

resistant A/Brisbane/59/2007(H1N1)-like viruses (subclade 2B) carrying the NA H274Y–

resistance marker was reported worldwide during the 2007–2009 influenza seasons.

Epidemiologic studies did not show evidence of an association between the development of

resistance and oseltamivir use.90–92 Thus, H274Y NA amino acid substitution occurred

naturally, and viruses with this mutation acquired remarkable transmissibility and superior

fitness compared to their drug-sensitive counterparts.

Several changes in the NA can counteract the adverse effects of the H274Y mutation.

D344N,93,94 Q222R, and V234M95 substitutions counteract the reduced NA affinity and

surface accumulation; therefore, these substitutions are permissive for the H274Y NA

change. Since the first wave of the 2009 pandemic and with the disappearance of the A/

Brisbane/59/2007 (H1N1) strain, the overall level of oseltamivir resistance amongst

H1N1pdm09 variants has remained relatively low (~ 1%).96,97 A few clusters of
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oseltamivir-resistant cases not associated with treatment and most likely involving

transmission of H1N1pdm09 mutant strains have been reported in the United Kingdom,98

Australia,99 and Vietnam.100 The complexity of the NAI-resistance pattern underlies the

challenges for antiviral surveillance among influenza viruses, which is an essential risk-

assessment component for newly emerging viruses or viruses isolated from the avian/human

interface.

Parenteral formulations of antiviral drugs

The lack of widely available parenteral formulations of antiviral drugs significantly limits

virus-specific therapies for use in severe and complicated influenza. To date in the United

States, only emergency use of intravenous peramivir is approved by the FDA; in Japan,

South Korea, and China, intravenous peramivir is approved for the treatment of influenza.

New parenteral formulations of zanamivir are also advancing to clinical practice.

The avian influenza H5N1 and H7N9 viruses and the H1N1pdm09 viruses with D222G HA

mutation are particularly virulent.38,101 Critically ill patients with H5N1, H1N1pdm09, or

H7N9 virus infections have been difficult to treat until the recent availability of parenteral

formulations of peramivir and zanamivir. Most patients with severe infection have risk

factors including old age, pregnancy, underlying diseases, and differences in host genetic

background, which make it difficult to determine the optimal dose and duration of NAI

therapy. In addition to the correction of hypoxemia and critical care support, effective

antiviral therapy, with either increased dose of oral oseltamivir or, preferably, intravenous

peramivir or zanamivir, is the foundation for specific treatment of influenza-associated

pneumonia.102 Although earlier antiviral treatment resulted in a greater clinical benefit,

observational studies support the use of systemic NAIs in hospitalized patients with

influenza, even when begun 48 hours after onset of illness.

What is in the drug pipeline?

The limitations of the currently available therapeutics used to control influenza are the

driving forces for the discovery and development of novel drugs and approaches. Such drugs

may act as a first line of defense against the spread of influenza infection and buy time for

vaccine development, particularly in a human pandemic setting. Anti-influenza drugs in

pipeline can be divided into two major groups: drugs undergoing clinical trials and

investigational drugs at different stages of preclinical development (Fig. 5).

Drugs in clinical trials—Currently, Fludase® (DAS181), favipiravir (T-705), and

nitazoxanide are being evaluated in clinical trials in the United States for the prevention and

treatment of influenza. Fludase consists of a bacterial sialidase catalytic domain derived

from Actinomyces viscous linked to a respiratory epithelium growth factor–like anchoring

domain (amphiregulin tag), which is required for effective targeting of epithelial cells.103

The sialidase activity of Fludase cleaves α2,3- and α2,6-linked sialic acid receptors on the

cell surface, and their removal prevents influenza virus attachment. Fludase possesses

antiviral activity against a broad range of influenza A and B viruses in cell culture and

animal models.104 A phase II study among patients with uncomplicated cases of influenza

infection demonstrated significantly reduced viral load and significantly shorter time to

Webster and Govorkova Page 15

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



sustained decreased viral shedding in the group that received multiple doses of Fludase

compared with a placebo group.105 The multidose schedule of Fludase was more effective

than the single-dose regimen.105 Thus, Fludase shows promise for prevention and treatment

of influenza virus infection, but potential concerns about using sialidase therapy still need to

be addressed, including systemic dissemination, development of anti-DAS181 antibodies,

and the role of secondary bacterial infection.

Favipiravir has a novel mechanism of action; it selectively inhibits influenza viral RNA

polymerase by phosphoribosylated favipiravir–RTP (favipiravir ribofuranosyl-5′-

triphosphate), an active form of the drug.106 This activity competes with purine nucleic

acids; thus, viral RNA polymerase mistakenly recognizes favipiravir–RTP as a purine

nucleotide. Favipiravir also shows antiviral activity against a wide range of types and

subtypes of influenza viruses, including NAI-resistant strains.107 Favipiravir showed potent

efficacy in murine lethal-infection models, including a highly pathogenic influenza H5N1

virus, a model with high virus titer, and a delayed-treatment model.108 Favipiravir is

undergoing phase II clinical trials in the United States and is now approved for the treatment

of influenza in Japan. This drug may be a leading candidate for use in controlled studies of

antiviral combinations.

Nitazoxanide is a thiazolide antiparasitic agent that is approved in the United States for

treatment of Cryptosporidium parvum or Giardia intestinalis infections in non-

immunodeficient children and adults.109 Nitazoxanide is active against a broad range of

DNA and RNA viruses, including hepatitis B and C and influenza in vitro.110,111 The

mechanism of nitazoxanide action has not been fully elucidated for influenza viruses;

however, some data suggest that it blocks terminal glycosylation of the HA glycoprotein. If

so, such an activity would impair trafficking of the HA between the endoplasmic reticulum

and the Golgi complex, thereby preventing its transport to the cell surface.112 Nitazoxanide,

which is characterized by a favorable safety profile and has been confirmed in clinical trials

and post-marketing experience, is currently undergoing clinical development for influenza

treatment.

Drugs in preclinical development—The novel strategies and approaches toward

developing drugs that can contain influenza are broad; however, they can be summarized as

follows: (1) drugs that target a specific influenza viral protein, (2) drugs that target the

cellular host factors essential for viral replication, and (3) drugs that modulate the host’s

immune response (Fig. 5).

Viral targets: One favorable target for drug development is inhibiting influenza virus entry

into host cells. Blocking this first step of infection should efficiently block virus

propagation. This category of compounds consists of anti-HA mAbs; single-domain

antibody fragments (also referred to as nanobodies) derived from camelid immunoglobulins;

cyanovirin-N, a lectin isolated from Escherichia coli; sialyl-containing macromolecules

(gangliosides sialylparagloboside and GM3); Fludase; and others.113 Viral fusion can be

prevented by inhibiting acidification in endosomes. One of the most potent inhibitors for this

purpose is bafilomycin A1 and concanamycin A. Bafilomycins belong to the family of

macrolide antibiotics that inhibit vacuolar-type proton pumps involved in viral entry.114
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Small molecules that bind to the stem region of HA and thereby hinder the conformational

changes required for fusion represent another class of fusion inhibitors. The first to be

discovered was tert-butyl hydroquinone, which has been crystallized in complex with HA.4

Subsequently, several compounds that act in a similar way have been described, but resistant

variants can develop rapidly within a few passages in cell culture and thus do not have

promise for future development.113

Using structural information and classical medicinal chemistry approaches, scientists

recently discovered novel M2 inhibitors that are active against both adamantane-sensitive

and adamantane-resistant influenza A viruses.115 Several functions of NS1 have been

described that form the basis of its anti-interferon activity, and most therapeutic targeting

strategies include disruption of these functions to relieve viral inhibition of the innate

immune response. Only a few compounds discovered to target virus proteins and interfere

with specific events in the virus-replication cycle have shown high potency and a lack of

emergence of resistant variants and low toxicity. Thus, only a few reach clinical trials.

Cellular targets: The cellular factors or pathways essential for influenza virus replication

are under development as new antiviral targets, and compounds targeting the

Raf/MEK/ERK signaling pathway, NF-κB signaling, the PI3K/Akt pathway, or PKC

signaling cascades might be promising.116 The advantage of these compounds is an

extremely low risk of emergence of drug-resistant variants. Inhibitors of intracellular

signaling cascades that are essential for virus replication have been identified as the most

promising candidates. In the near future, we may gain insight into the cell biology of

influenza virus and develop antivirals that target host factors rather than viral proteins.

Immunomodulatory therapy: The future of influenza control most likely involves

improved means of preventing infection, coupled with combined strategies to slow the virus’

entry and mitigate the immunopathologic consequences of infection. Hyperinduction of

proinflammatory cytokine production (or “cytokine storm”) has been observed in patients

with severe influenza, such as those infected with avian H5N1 and H7N9 and H1N1pdm09

viruses, and in macaques infected with reconstituted 1918 Spanish H1N1.117–119 The

investigational immunomodulatory agents targeting the host inflammatory response include

compounds that target the cyclooxygenase (COX) pathway, and in particular COX2

(acetaminophen, mesalazine, celecoxib, zaltoprofen, and rofecoxib), inhibit NF-κB IKK2

(acetylsalicylic acid), peroxisome proliferator-activated receptors α and γ (gemfibrozil,

ibuprofen, rosiglitazone, and pioglitazone), NADPH thyroid oxidase 2 (apocynin), C-C

chemokine receptor type 2, high-mobility group protein B1 (statins), sphingosine-1-

phosphate receptors (AAL-R, RP-002, and CYM-5442), and several other inhibitors.120

Several anti-inflammatory compounds have already been tested in patients with severe

influenza infections, though the role of immunomodulatory therapy is still unclear owing to

a lack of data from randomized, controlled clinical trials.

Another strategy for immunomodulatory therapy is boosting innate immunity. One way to

enhance innate immunity is to stimulate natural killer (NK) cell activity. Influenza virus

evades NK cell immunity by directly killing NK cells and inhibiting cell cytotoxicity.121,122

The γδ T cells have similar characteristics to NK cells and antigen-presenting cells and
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function in innate and adaptive immune responses to infectious agents and tumors.

However, γδ T cells constitute only 1–5% of T cells in the blood and peripheral organs of

adult humans.123,124 Human Vγ9Vδ2T cells expanded by the compound

aminobisphosphonate pamidronate reduce disease severity and mortality caused by human

seasonal H1N1 and avian H5N1 influenza viruses and control lung inflammation and viral

replication.125 However, a better understanding of common cell-signaling pathways

associated with acute lung injury caused by influenza virus is necessary to understand the

causes of immunopathologic changes. This knowledge will help determine which

immunomodulatory interventions are useful and predict the appropriate timing and

consequences of their use.

Passive immunotherapy with convalescent plasma or with hyperimmune globulin prepared

from convalescent plasma appears to be useful as an adjunct therapy for H5N1 and

H1N1pdm09 infections. Recent clinical trials have shown that convalescent plasma

effectively reduced mortality, respiratory tract viral load, and serum cytokine levels in 20

patients with severe H1N1pdm09 infection requiring intensive care support.126 Patients with

severe H1N1pdm09 influenza who were treated with intravenous hyperimmune γ-globulin

from persons who had survived the same disease had a lower peak viral load and lower

mortality than controls, if treatment was begun within 5 days of symptom onset.127

Combination therapy prevents drug resistance

To counter the challenge of drug resistance, combination therapy can be designed that

targets different viral proteins or host cellular factors with a non-overlapping resistance

profile.128,129 Such combinations will most likely enhance the effectiveness of antiviral

therapy. Moreover, it may reduce either the likelihood of developing single-drug resistance

or the adverse effect(s) of any drug resistance that develops.

One challenge to designing combination therapy for treating influenza is the lack of

approved compounds with different mechanisms of action. Therefore, studies have been

conducted to evaluate the effects of double and triple combinations of FDA-approved NAIs,

adamantanes (FDA approved but currently not recommended for treatment of influenza),

and ribavirin (FDA-approved for the treatment of hepatitis C but not approved for influenza)

in vitro and in vivo.130–133 These combinations generally produce additive-to-synergistic

inhibition of influenza virus in vitro and provide greater protection than monotherapy in

influenza-infected mice. Combination therapy prevents the selection of drug-resistant

viruses.132 However, most of these studies evaluated the efficacy of combination therapy

against influenza viruses that were susceptible to all of the drugs in the combination.

Elucidating the efficacy of combination regimens against drug-resistant viruses is essential.

A triple-drug regimen consisting of oseltamivir, amantadine, and ribavirin (known as

TCAD) has shown activity against viruses resistant to adamantanes or oseltamivir in vitro

and in murine models. Therapeutic outcomes of the TCAD regimen were comparable to

those of oseltamivir monotherapy in critically ill adult patients infected with H1N1pdm09

influenza virus.134 Currently, the National Institute of Allergy and Infectious Diseases

(NIAID) is conducting a multisite, double-blinded, randomized phase II study to evaluate

the efficacy of TCAD therapy versus oseltamivir monotherapy in patients infected with
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influenza and at risk of complications.60 In addition, the NIAID is conducting a companion

study evaluating oseltamivir monotherapy versus placebo in patients with low-risk influenza

infection.60 Finally, the value of non-pharmaceutical interventions (wearing face masks,

washing hands) should be widely used during seasonal influenza epidemics.

Challenges of variable host susceptibility

A major challenge in understanding the transmissibility of seasonal influenza, and especially

novel influenza viruses such as H5N1, H7N9, and H9N2, is variability in host susceptibility.

Hundreds of thousands of people must have been exposed to H5N1 and H9N2 viruses since

their emergence in the late 1990s, and already thousands must have been exposed to H7N9,

yet a surprisingly small number have been infected. Why? Some animal species (e.g., rabbits

and sheep) are completely resistant to influenza. Others (e.g., mallard ducks) permit

replication of highly pathogenic H5N1 influenza viruses but do not demonstrate disease

signs, whereas gallinaceous poultry (i.e., chicken, quail) are susceptible.

Insight into the genetic basis of host susceptibility is in its infancy; however, with the

resolution of the genomes of multiple influenza viruses and those of multiple hosts,

including humans, swine, and avian species, invaluable information is coming to light. The

difference in susceptibility between mallard ducks and domestic chickens has been linked, at

least in part, to the absence of the dsRNA helicase enzyme retinoic acid–inducible gene I

(RIG-I) in chickens and its retention in ducks.135 During evolutionary development,

chickens lost RIG-I, which is required for interferon synthesis and part of the immune

response capacity to infection.

The relatively small number of humans infected with the novel H5N1 influenza virus

suggests a genotypic predisposition; the extremely limited number of human-to-human

clusters of H5N1 transmission has occurred among family members, which suggests genetic

susceptibility.136 The fatal outcome of H5N1 in humans has been associated with high viral

loads and high levels of cytokine induction.117 High levels of cytokines in the lungs of

humans infected with the novel H7N9 influenza virus have been associated with genomic

variation in the gene IFITM3 (interferon induced transmembrane protein 3).23 These

findings support those of severe disease and increased mortality with aberrant innate

immune responses of macaques to the 1918 Spanish influenza virus.118 The differences in

susceptibility of mouse strains to H5N1 influenza virus has been also associated with high

virus loads and the production of proinflammatory cytokines in highly susceptible strains

like DBA 2J mice.137,138 The challenge is to determine which defects (e.g., IFITM3) are

markers of influenza susceptibility.

Challenges of controlling influenza via poultry vaccination

Vaccination is considered the optimal strategy for controlling influenza in humans and is

recommended by the WHO; however, vaccination of domestic poultry for the control of

influenza is more controversial. Countries that want to eradicate influenza viruses forbid

vaccination because antibodies induced by vaccination interfere with serologic monitoring

to detect natural influenza infection. However, vaccination is recommended by the OIE as

part of the control strategy for avian influenza.139
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Poultry vaccination can be efficacious and has served to reduce disease signs in birds and

the frequency of human cases of H5N1 in countries that have adopted vaccination as their

primary control strategy (China, Vietnam, Indonesia, and Egypt). The use of poultry

vaccination in Vietnam in 2006 dramatically reduced the incidence of H5N1 infection in

people and poultry from 61 human cases with 19 deaths and 1068 outbreaks in poultry in

2005 to zero human cases and 36 outbreaks in poultry in 2006. However, poultry

vaccination does not induce sterilizing immunity in a flock; and some birds can be infected

and shed virus with no disease signs. Added to this has been the reluctance of duck farmers

to vaccinate because most domestic duck species show limited or no disease signs from

H5N1 infection.

Poultry vaccination can be part of a strategy to eradicate influenza when used to ring

vaccinate infected flocks, with the goal of stamping out the virus. This strategy has been

successful when used with improved biosecurity and compensation of farmers.

Unfortunately, it has not eradicated H5N1 in any country that adopted poultry vaccination as

their principal control strategy. Poultry farmers tend to view vaccination as a means to

reduce disease in their flocks and not as a step toward eradicating the virus. Consequently,

poultry vaccination has contributed to establishing endemicity in each of the countries that

adopted it without a strong commitment to eradication. When vaccination in poultry is used

only to reduce disease impact, it promotes antigenic drift, evolution of distinguishable

clades, and development of variants with human transmissibility.

Another consequence of continued vaccine use in poultry is the need to change vaccine seed

stocks. Although influenza strain changes can be made easily in human vaccines, the same is

not necessarily true in poultry vaccines. Full-efficiency trials of vaccines are required to

revalidate the product. Because inactivated influenza viruses are delivered in water in oil

adjuvants, they induce cross-protection between variants, such that vaccine strain changes

are needed less frequently.139 The downside of poultry vaccines is that they are not

standardized for antigen content like human influenza vaccines, but rely on efficacy testing

that is not necessarily done on each vaccine lot. Thus, poultry vaccination is a paradoxical

practice that can save the lives of poultry and people, but when it is not used as part of an

eradication plan serves to drive antigenic drift and perpetuate virus.

Conclusions

Here we have discussed the challenges faced by veterinary and public health officials as

they attempt to control influenza. Among those many challenges, we consider the following

ones to be potential game changers.

Development of a universal vaccine for influenza

Fundamental knowledge of the structure and immunogenicity of the HA of influenza virus

has revealed a common antigenic domain in the region of the fusion peptide. A vaccine that

is effective against all subtypes of influenza, is safe, induces long-lasting immunity, and is

efficacious in lower animals and humans would be the holy grail of influenza vaccinology.

The potential of universal vaccination for influenza merits the fullest support. The

development of universal mAbs for use in severe cases of influenza and the possible
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development of small molecule antivirals in addition to a universal vaccine are exciting

possibilities that could revolutionize the control of influenza. However, vaccination is not

risk free, and we must be aware that augmenting immune responses to a minor determinant

near the fusion peptide might, in some instances, potentiate virus replication.

Closure of live poultry markets

The zoonotic nature of influenza offers the potential for reducing the introduction of novel

strains of influenza to humans at the human–animal interface. Closure of the live poultry

markets in China has dramatically decreased human infections with H5N1 and H7N9

influenza viruses. Because live poultry markets are an optimal site for genetic mixing of

influenza viruses from different hosts, their global closure would have the potential to

reduce the genesis of novel influenza viruses and their transmission to humans. However,

abrupt worldwide closure of live poultry markets would greatly disrupt the poultry industry

and traditional lifestyles. A more practical approach is to improve sanitation and biosecurity

in the live markets by instituting a no-carryover policy of live poultry from one day to the

next.39 In the long term, eventual closure of live poultry markets worldwide is desirable.

Development of new antiviral drugs that target multiple pathways

Our current reliance on NAIs has the same risk associated with all monotherapies—the

development of drug resistance. During the 2007–2009 influenza seasons, the emergence

and spread of human H1N1 influenza viruses that were naturally NAI resistant illustrates the

urgent need for novel drugs and combination therapy. Novel treatments may specifically

target influenza viral proteins or cellular factors essential for virus replication. Alternatively,

they may modulate the immune response of the host. A number of drugs in the pipeline

target the polymerase (favipiravir), HA (nitazoxanide), and sialic acid receptors (Fludase).

Compounds involved in influenza-mediated inflammation are available, and they lack the

risk of facilitating antiviral resistance. Their potential role in improving clinical outcome in

severe cases of influenza should not be ignored, but explored as an adjunct therapy or part of

combination therapy. Other approaches to be considered are to modulate the host’s innate

immune response or use immunotherapy with antibodies against the universal epitopes on

the HA protein.

Elucidation of the genomics of influenza viruses

Which influenza viruses in the natural reservoirs in aquatic birds and bats have the ability to

transmit to mammals including humans? Which viruses have the genetic information that

will permit them to transmit to humans and spread between humans? Although large

databases continue to accumulate the sequences of human H1 and H3 influenza viruses,

similar genome information on wild bird H1 and H3 viruses is lacking, as is that for H5, H7,

and H9 viruses. It is time to fill these gaps in knowledge and determine whether we can

exploit genomic information to establish which influenza viruses have pandemic potential.

Longer-term influenza-resistant animals

Eradicating influenza viruses from the zoonotic reservoir is currently not feasible; thus, an

alternative solution would be to develop influenza-resistant animals. If intermediate hosts
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(i.e., pigs, poultry, and horses) were engineered to be resistant to influenza, then transfer

between the avian reservoir and humans would be reduced. As we identify genes that confer

resistance to influenza, they could be inserted into the susceptible hosts. This approach

would probably involve multiple genes. Thus, the insertion of the RIG-I gene from ducks

into chickens could reduce disease signs but may not reduce the level of virus replication.

As the genomics of those species that are completely resistant to influenza are established

fully, influenza virus–resistant animals may be developed.

It is apparent that there are still many challenges and unanswered questions about the

evolution of influenza viruses and the genesis of pandemic strains. Ultimately, much more

information on the virus from multiple hosts needs to be gained to determine if all influenza

viruses have pandemic potential.
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Figure 1.
A diagram of the host ranges of the 18 hemagglutinin (HA) subtypes of influenza A viruses.

Open figures indicate hosts in which stable lineages are established. Filled figures indicate

hosts in which sporadic but not consistent interhost transmission of influenza has occurred.

Colored figures indicate influenza subtypes that have caused pandemic or epidemic

influenza. The 16 HA subtypes of influenza A viruses in aquatic birds and the two subtypes

in bats cause inapparent disease and are shed in feces. In mammalian hosts, influenza causes

upper respiratory disease. In horses, two subtypes—Equine 1 (H7N7) and Equine-2 (H3N8)
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—have circulated; however, Equine-1 has not been detected in horses for the past 2 decades.

Sporadic transmission of H2 in pigs in China was reported in 1957, when the Asian H2N2

pandemic occurred but did not establish a stable lineage. Sporadic transmissions of H4, H5,

H6, H7, H9, and H10 to humans and pigs have increased since the mid-1990s, but no

consistent interhost transmission has occurred.
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Figure 2.
Influenza pandemics in humans and pigs in the past century. Only three subtypes of

influenza A viruses have caused pandemics in humans: H1N1, H2N2, and H3N2. H1N1 and

H3N2 have also caused outbreaks in swine during the same period. On the basis of

seroarcheological studies, it is proposed that H2N2 and H3N2 subtypes have previously

infected humans. The most severe pandemic, which was caused by the Spanish influenza of

1918, resulted in more than 40 million deaths worldwide, many of which resulted from co-

infection with bacteria. Subsequent pandemics have been less severe. Because H2N2 viruses

have not circulated in humans for nearly 50 years, most people are immunologically naive.

The H2N2 viruses, however, continue to circulate in aquatic birds. The jagged edges on the

ends of the H1N1pdm09 and H3N2 bars indicate that these viruses continue to circulate.
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Figure 3.
The hemagglutinin (HA) molecule of A/Aichi/2/68 (H3N2) influenza virus in which the

amino acid residues that are crucial in antigenic drift are indicated. (A) The trimeric model

of the HA molecule. One monomer is shown in black; key amino acids in antigenic drift are

shown in red; and the receptor-binding site is shown in yellow. (B) Residue 145 is located in

antigenic site A, and residues 155, 156, 158, 159, and 193 are in antigenic site B. These are

considered “cluster-transition” amino acids and correspond with amino acids in the HA of

H1N1 and influenza B viruses. An asterisk indicates accessory substitutions. Reprinted from

Ref. 14 with permission from the AAAS.
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Figure 4.
Monoclonal antibodies are cross-reactive with hemagglutinins (HAs) of influenza A viruses

of groups 1 and 2. (A–B) Phylogenetic trees of the 16 HA influenza A virus subtypes

classified into groups 1 and 2 are shown. Phylogenetic trees with HA subtypes bound or

neutralized by S139/1 (A) or FI6 (B) are highlighted in red. Note that both antibodies

neutralize subtypes from both major virus groups. (C) Like CR6261 and CR8020, FI6 also

recognizes an epitope on the HA stem. HA is depicted as a molecular surface, with the HA1

and HA2 subunits from one protomer highlighted in pink and cyan, respectively. The heavy
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and light chains of FI6 are shown as red and yellow ribbons, respectively. Although the

precise location of its epitope is unknown, escape mutations suggest that S139/1 recognizes

the HA1 head region. (D) The epitopes of FI6 and CR6261/F10 overlap extensively (orange

surface), and only a small number of HA residues are recognized by FI6 only (green

surface) or CR6261 only (blue surface). Reprinted from Ref. 54 with permission from

Elsevier.
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Figure 5.
Schematic representation of influenza virus replication cycle and drugs currently used for

prophylaxis and/or treatment of influenza, drugs in clinical trials, and those in preclinical

development. Antiviral therapy predominately relies on virus-specific drugs such as the

neuraminidase (NA) inhibitors (NAIs) oseltamivir and zanamivir, which bind the

enzymatically active site of the NA of influenza A or B viruses and inhibit the release of

budding viral particles from infected host cells. M2 inhibitors (amantadine and rimantadine)

block the ion channel activity of the M2 protein of influenza A virus at the stage of virus
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fusion and uncoating. Drugs undergoing clinical trials in the U.S. for the prevention and

treatment of influenza include Fludase (DAS181), Favipiravir (T-705), and Nitazoxanide.

Sialidase inhibitor Fludase cleaves sialic acid (SA) α2,3- and SA α2,6-linked cellular

receptors and inhibits virus attachment to them. Prodrug favipiravir is converted

intracellularly to its active metabolite, T-705 ribofuranosyltriphosphate, which inhibits RNA

polymerase activity. Nitazoxanide affects the terminal glycosylation of the hemaggluttinin

(HA) glycoprotein, thereby impairing HA trafficking between the endoplasmic reticulum

(ER) and the Golgi complex. The host’s immune response can be modulated by inhibitors of

various cellular signaling pathways and cascades during the virus’ replication cycle.

Although several inhibitors are currently in preclinical development, these investigational

immunomodulatory agents can be categorized into two groups based on their target: those

that target the host’s inflammatory response (left) and those that target the virus (right). Ab,

antibody; COX2, cyclooxygenase-2; cRNA, complementary RNA; ERK, extracellular

signaling–regulated kinase; HA, hemagglutinin; NA, neuraminidase; M2, matrix protein;

MEK, MAP/ERK kinase; mRNA, viral messenger RNA; PI3K, phosphatidylinositol-3

kinase; PPAR, peroxisome proliferator-activated receptor; PKC, protein kinase C; vRNA,

viral RNA.
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Table 2

Similarities and differences between H5N1 and H7N9 influenza viruses

Property H5N1 influenza virus H7N9 influenza virus

Source Domestic poultry Domestic poultry

Pathogenicity in poultry Highly pathogenic; systemic replication Low pathogenic; respiratory tract replication

Pathogenicity in humans High lethality; ≤ 60% mortality High lethality; ≤ 30% mortality

Median age and sex of infected
humans

Young adult (20–30 years); slight female bias Older men (62 years)

Symptoms in humans Respiratory distress syndrome; multiorgan failure Respiratory distress syndrome; multiorgan
failure

Time to first 100 cases > 3 years 57 days

Properties of virus Triple reassortant
Surface genes from domestic poultry
Internal genes from H9N2–domestic poultry

Triple reassortant
Surface genes from wild birds
Internal genes from H9N2–domestic poultry

Seasonality Peak activity in poultry and humans during cooler
months

Peak activity in humans during winter months

Influence of closure of live bird
market

Interrupted initial outbreak in Hong Kong Interrupted initial outbreak in Northeast China

Sensitivity to antivirals Resistant to adamantanes
Sensitive to NAIs

Resistant to adamantanes
Sensitive to NAIs

Resistance to NAIs Human isolates ~ 60%, avian isolates ~ 30% Human strains have NAI-resistant substitutions

Control strategies in domestic
poultry

Stamping out successful with potential for
reintroduction

Closure of live bird market

Vaccination Reduces disease in poultry and humans but not at
the cost of endemicity

Not currently used

Replication and transmissibility in
swine

Replicates without disease signs but fails to transmit Replicates without disease signs but fails to
transmit

Replication and transmissibility in
ferrets

Some early strains are lethal and spread
systemically
Transmits to in-cage contacts but not by aerosol

Mild respiratory infections
Transmits to in-cage contacts and limited
aerosol transmission

Molecular properties

  HA receptor binding Predominantly SA α2,3 binding Heterogenous with SA α2,3 and SA α2,6
binding

  NA stalk deletion No Yes, associated with replication in domestic
poultry

  PB2-E627K No Yes, associated with mammalian adaptation

Replication in swans and geese Lethal No disease signs

Replication in ducks Some breeds die; others show no disease signs No disease signs

NOTE: NIAs, neuraminidase inhibitors
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