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Preface

Perhaps first described in the Bible in Numbers 11:31–34 and later by the poet
W.H. Auden:

Little birds with scarlet legs,
Sitting on their speckled eggs,

Eye each flu-infected city

Influenza has over the course of human experience been defined by the suffering,
illness, and death rates it caused and causes of epidemics and pandemics
worldwide.

Influenza virus belongs to the orthomyxovirus family and comes in three flavors,
types A, B, and C, with type A and B viruses being important causes of disease in
humans, with the majority of cases due to type A. These viruses have a negative
strand sense, segmented RNA genome with eight genes that can code for up to
11 proteins. Because of the segmented genome and permissive infection of several
animal species (primarily humans, birds, and pigs) influenza virus can easily
reassort differing RNA segments between human and animal viruses. Such an event
leads to antigenic shift, and possible new pandemic strains. Further, as with other
RNA viruses, influenza’s RNA-dependent RNA polymerase is error-prone such that
mutations occur frequently, and in the absence of a proofreading frame that elim-
inates and thus fails to control fit mutated viruses from evolving. The fitness of such
mutated virus is suggested by their fidelity during replication. They undergo further
selection because of antibody responses and immune escape, termed antigenic drift.

This work consisting of two volumes explores influenza pathogenesis and
control from basic structure, binding, entry, replication, and release of influenza
virus to its spread, the results of its interaction with animal models, the innate and
adaptive immune systems, and current epidemiologic efforts at rapid recognition
and antiviral, anti-host cytokine storm therapies as well as vaccine strategies to
control and prevent influenza virus infections.

Volume I provides overviews of current information on molecular determinants
of viral pathogenicity, virus entry and cell tropism, pandemic risk assessment,
transmission and pathogenesis in animal species, viral evolution, ecology, and
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antigenic variation. Leading investigators who provide current information on these
topics include Hans-Dieter Klenk and colleagues on the influenza hemagglutinin,
Guelsah Gabriel and Ervin Fodor on the polymerase complex, David Steinhauer
and John McCauley on receptor binding, and Charles Russell on membrane fusion
activity of the hemagglutinin protein. Nancy Cox and colleagues describe the
influenza risk assessment tool (IRAT) to evaluate pandemic potential of novel
influenza viruses. Yoshi Kawaoka, Ron Fouchier, Anice Lowen, John Steel, Hualan
Chen, Juergen Richt, and their colleagues provide overviews of studies on viral
transmission in animal hosts. Monique Franca, Jacqueline Katz, Ian York, Terrence
Tumpey, Amy Vincent, and colleagues review studies on pathogenesis in avian and
mammalian hosts. Amber Smith and Jon McCullers describe the significance of
secondary bacterial infection in viral pathogenesis. Viral ecology, evolution, and
antigenic variation are discussed in chapters by Sun-Woo Yoon, Robert Webster,
Richard Webby, Anice Lowen, John Steel, and Ruben Donis.

The second volume in this series, Volume II is concerned with innate immunity
and adaptive immunity, vaccines, and antivirals. Experts in these various areas
including John Teijaro, Adolfo Garcia-Sastre, Bali Pulendran, Stacey Shultz-
Cherry, Paul Thomas, and colleagues have contributed chapters on specific aspects
of innate immunity, while Tom Braciale, Rafi Ahmed, Donna Farber, and col-
leagues describe B and T cell adaptive immunity. Chapters on vaccines and vac-
cination include those contributed by Rino Rappuoli, Ian Wilson, Peter Palese, John
Steel, Kanta Subbarao, Daniel Perez, Philip Dormitzer, Hongquan Wan, Maryna
Eichelberger, Hiroshi Kida, Hideki Hasegawa, Richard Compans, Ioanna Skount-
zou, and their colleagues. Lastly, Ralph Tripp and S. Mark Tompkins discuss new
antiviral discoveries, while John Teijaro writes about the use of sphingosine-1-
phosphate receptor 1 agonist to control the resultant cytokine storm caused by
influenza virus infection.

La Jolla, USA Michael B. A. Oldstone
Atlanta, USA Richard W. Compans

vi Preface



Contents

Part I Innate Immunity

The Role of Cytokine Responses During Influenza Virus
Pathogenesis and Potential Therapeutic Options . . . . . . . . . . . . . . . . . 3
John R. Teijaro

Innate Immune Sensing and Response to Influenza . . . . . . . . . . . . . . . 23
Bali Pulendran and Mohan S. Maddur

The NS1 Protein: A Multitasking Virulence Factor . . . . . . . . . . . . . . . 73
Juan Ayllon and Adolfo García-Sastre

Role of NK Cells in Influenza Infection. . . . . . . . . . . . . . . . . . . . . . . . 109
Stacey Shultz-Cherry

Host Detection and the Stealthy Phenotype in Influenza
Virus Infection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
Pradyot Dash and Paul G. Thomas

Part II Vaccines and Adaptive Immunity

Inactivated and Adjuvanted Influenza Vaccines . . . . . . . . . . . . . . . . . 151
Giuseppe Del Giudice and Rino Rappuoli

Live Attenuated Influenza Vaccine . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
Hong Jin and Kanta Subbarao

Design of Alternative Live Attenuated Influenza Virus Vaccines . . . . . 205
Courtney Finch, Weizhong Li and Daniel R. Perez

vii

http://dx.doi.org/10.1007/82_2014_411
http://dx.doi.org/10.1007/82_2014_411
http://dx.doi.org/10.1007/82_2014_405
http://dx.doi.org/10.1007/82_2014_400
http://dx.doi.org/10.1007/82_2014_403
http://dx.doi.org/10.1007/82_2014_412
http://dx.doi.org/10.1007/82_2014_412
http://dx.doi.org/10.1007/82_2014_406
http://dx.doi.org/10.1007/82_2014_410
http://dx.doi.org/10.1007/82_2014_404


Rapid Production of Synthetic Influenza Vaccines . . . . . . . . . . . . . . . . 237
Philip R. Dormitzer

Influenza Neuraminidase as a Vaccine Antigen . . . . . . . . . . . . . . . . . . 275
Maryna C. Eichelberger and Hongquan Wan

Advances in Universal Influenza Virus Vaccine Design
and Antibody Mediated Therapies Based on Conserved
Regions of the Hemagglutinin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 301
Florian Krammer, Peter Palese and John Steel

Structural Characterization of Viral Epitopes Recognized
by Broadly Cross-Reactive Antibodies . . . . . . . . . . . . . . . . . . . . . . . . 323
Peter S. Lee and Ian A. Wilson

Skin Immunization with Influenza Vaccines . . . . . . . . . . . . . . . . . . . . 343
Ioanna Skountzou and Richard W. Compans

Mucosal Immunization and Adjuvants . . . . . . . . . . . . . . . . . . . . . . . . 371
Hideki Hasegawa, Elly van Reit and Hiroshi Kida

B Cell Responses to Influenza Infection and Vaccination . . . . . . . . . . . 381
Christopher Chiu, Ali H. Ellebedy, Jens Wrammert and Rafi Ahmed

Memory CD4 T Cells in Influenza . . . . . . . . . . . . . . . . . . . . . . . . . . . 399
Kyra D. Zens and Donna L. Farber

The Effector T Cell Response to Influenza Infection . . . . . . . . . . . . . . 423
Matthew M. Hufford, Taeg S. Kim, Jie Sun and Thomas J. Braciale

Part III New Antiviral Discovery

Antiviral Effects of Inhibiting Host Gene Expression . . . . . . . . . . . . . . 459
Ralph A. Tripp and S. Mark Tompkins

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 479

viii Contents

http://dx.doi.org/10.1007/82_2014_399
http://dx.doi.org/10.1007/82_2014_398
http://dx.doi.org/10.1007/82_2014_408
http://dx.doi.org/10.1007/82_2014_408
http://dx.doi.org/10.1007/82_2014_408
http://dx.doi.org/10.1007/82_2014_413
http://dx.doi.org/10.1007/82_2014_413
http://dx.doi.org/10.1007/82_2014_407
http://dx.doi.org/10.1007/82_2014_402
http://dx.doi.org/10.1007/82_2014_425
http://dx.doi.org/10.1007/82_2014_401
http://dx.doi.org/10.1007/82_2014_397
http://dx.doi.org/10.1007/82_2014_409


Part I
Innate Immunity



The Role of Cytokine Responses During
Influenza Virus Pathogenesis
and Potential Therapeutic Options

John R. Teijaro

Abstract Aberrant pulmonary immune responses are linked to the pathogenesis
of multiple human respiratory viral infections. Elevated cytokine and chemokine
production ‘‘cytokine storm’’ has been continuously associated with poor clinical
outcome and pathogenesis during influenza virus infection in humans and animal
models. Initial trials using global immune suppression with corticosteroids or
targeted neutralization of single inflammatory mediators proved ineffective to
ameliorate pathology during pathogenic influenza virus infection. Thus, it was
believed that cytokine storm was either chemically intractable or not causal in the
pathology observed. During this review, we will discuss the history of research
assessing the roles various cytokines, chemokines, and innate immune cells play in
promoting pathology or protection during influenza virus infection. Several
promising new strategies modulating lipid signaling have been recently uncovered
for global blunting, but not ablation, of innate immune responses following
influenza virus infection. Importantly, modulating lipid signaling through various
means has proven effective at curbing morbidity and mortality in animal models
and may be useful for curbing influenza virus induced pathology in humans.
Finally, we highlight future research directions for mechanistically dissecting how
modulation of lipid signaling pathways results in favorable outcomes following
influenza virus infection.

J.R. Teijaro (&)
Department of Immunology and Microbial Science, The Scripps Research Institute,
La Jolla, San Diego, CA 92037, USA
e-mail: teijaro@scripps.edu

J.R. Teijaro
Department of Chemical Physiology, The Scripps Research Institute, La Jolla,
San Diego, CA 92037, USA

Current Topics in Microbiology and Immunology (2015) 386: 3–22 3
DOI: 10.1007/82_2014_411
� Springer International Publishing Switzerland 2014
Published Online: 30 September 2014



Contents

1 Introduction.......................................................................................................................... 4
2 Role of Cytokines and Chemokines in Immunopathology Versus Protection ................. 5

2.1 Interferon..................................................................................................................... 5
2.2 Interleukin-1 (IL-1) and Tumor Necrosis Factor Alpha (TNF-a) ............................ 7
2.3 Interleukin-6 (IL-6)..................................................................................................... 7
2.4 Chemokines................................................................................................................. 8
2.5 Negative Regulatory Cytokines, Interleukin-10 (IL-10), and Tumor

Growth Factor-Beta (TGF-b) ..................................................................................... 9
3 The Role of Innate Immune Cells in Pathogenesis Versus Protection ............................. 10

3.1 Macrophages/Monocytes ............................................................................................ 10
3.2 Neutrophils .................................................................................................................. 11
3.3 Dendritic Cells ............................................................................................................ 11

4 Identifying Therapeutic Interventions to Blunt Immune Pathology.................................. 12
5 Future Perspectives.............................................................................................................. 16
References.................................................................................................................................. 17

1 Introduction

The morbidity and mortality of severe influenza infections reflects properties
intrinsic to the virus strain, including the ability to enter, replicate, and lyse
respiratory epithelial cells (Garcia-Sastre 2010; Tscherne and Garcia-Sastre 2011).
Host-intrinsic properties reflect both susceptibilities to infection as well as the
double-edged sword of host immune responses that may ameliorate or exacerbate
both infection and clinical outcome. The correlation of an aggressive immune
response and severe disease following influenza virus infection in humans and
animal models has been discussed previously (La Gruta et al. 2007). An aggressive
innate response, with elevated recruitment of inflammatory leukocytes to lung,
likely contributed to the morbidity of the 1918 influenza infection (Ahmed et al.
2007; Kobasa et al. 2007). In fact, lung injury during infection of macaques with
the 1918 H1N1 influenza virus strain directly correlated with early dysregulated
inflammatory gene expression (Cilloniz et al. 2009; Kobasa et al. 2007). More
recently, clinical studies on avian H5N1 infected humans documented a significant
association between excessive early cytokine responses and immune cell recruit-
ment as predictive of poor outcome (de Jong et al. 2006). Moreover, an aberrant
cytokine/chemokine response was observed in patients with severe disease during
the most recent H1N1 pandemic in 2009 (Arankalle et al. 2010).

Thus far, public health approaches to influenza pandemics have relied primarily
on preventative vaccine strategies and supportive measures including extensive
use of various antiviral therapies. Nevertheless, the speed at which the 2009 H1N1
influenza virus pandemic spread coupled with increased morbidity associated with
infection made evident the need to identify additional therapeutic strategies for the
amelioration of influenza virus associated pathologies (Openshaw and Dunning
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2010). While antiviral drugs that inhibit virus replication run the risk of mutational
escape rendering the therapy ineffective, modulating the host immune response is
less susceptible to selective pressure and drug resistance. Moreover, the current
vaccine platforms require bi- or triennial modification to anticipate newly-
emerging viral strains. Thus, uncovering novel therapies that can blunt the path-
ogenic immune response without compromising viral clearance could save
countless lives and economic losses when the next lethal influenza virus pandemic
emerges. Because of the strong connection between pathogenic influenza virus
infection and excessive cytokine/chemokine production, this review will focus
exclusively on the role various cytokines, chemokines, and innate immune cells
play in promoting influenza virus protection versus pathogenesis. While it is
recognized that some animal models have reported enhanced cytokine responses,
control of influenza virus replication and reduced morbidity during influenza virus
infection (Maelfait et al. 2012; Strutt et al. 2010), the majority of clinical and
animal model studies overwhelmingly support that aberrant immune responses
play a commanding role during influenza virus pathogenesis (La Gruta et al. 2007;
Salomon and Webster 2009; Tisoncik et al. 2012).

For this reason, the focus of this chapter will be to evaluate the role innate
immune cytokines, chemokines, and leukocytes play in protection and pathology
during influenza virus infection.

2 Role of Cytokines and Chemokines in Immunopathology
Versus Protection

2.1 Interferon

Type I interferon signaling is well-known to inhibit influenza virus replication and
spread (Garcia-Sastre and Biron 2006). In fact, a major function of the viral NS1
protein, one of 11 viral proteins, is to inhibit type 1 interferon production and
signaling (Hale et al. 2008). Deletion or mutation of the NS1 gene results in
significant increases in the levels of type 1 interferon in infected cells and sig-
nificantly lower virus titers both in vitro and in vivo (Garcia-Sastre et al. 1998; Jiao
et al. 2008; Kochs et al. 2007). Despite strong evidence demonstrating extensive
antiviral properties of type 1 interferon, several studies also suggest pathogenic
roles for IFN-a during influenza virus infection. The production of several pro-
inflammatory cytokines and chemokines are known to be amplified by type I
interferon receptor signaling. Moreover, symptom onset correlates directly with
the local appearance of IFN-a in respiratory lavage fluid in humans (Hayden et al.
1998; Van Reeth 2000). Thus, type I interferon signaling has dual roles in virus
control and pathogenesis. Infection of IFNAR1-/- mice with the PR8 strain of
influenza virus resulted in altered recruitment of Ly6Chi versus Ly6Cint monocytes
in the lung, translating into increased production of the neutrophil chemoattractant,
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KC (CXCL8), elevated numbers of neutrophils in the lung and increased morbidity
and mortality (Seo et al. 2011). Therefore, modulation of type 1 interferon sig-
naling and production needs to be balanced to have enough to control virus
infection but not promote excessive inflammation.

Type II interferon, made up of IFN-c, is produced throughout influenza virus
infection. Early levels of IFN-c (within the first 3 days of infection) are made by
macrophages and natural killer (NK) cells. While later on during infection (days
5–10 postinfection) IFN-c is produced primarily by antiviral CD4 and CD8 T cells
in the lung and secondary lymphoid tissues. Administration of IFN-c early fol-
lowing influenza virus infection has been demonstrated to exert antiviral properties
and is protective (Weiss et al. 2010). The protective role of IFN-c is supported by
the use of proteinase-activated receptor 2 (PAR2) agonist in vivo, which increased
IFN-c production, reduced influenza virus titers, and improved survival (Khoufache
et al. 2009). However, a subsequent study demonstrated that following high-dose
influenza virus infection, the absence of PAR2 resulted in improved survival (Nhu
et al. 2010). Enhanced survival was also observed following lethal influenza virus
infection in protease-activated receptor-1 (PAR1)-deficient mice or wild-type mice
treated with PAR1 antagonist peptide, which correlated with a decrease in early
influenza virus titers though the levels of IFN-c were not assessed in this study
(Khoufache et al. 2013). Protective memory CD4 T cell responses are correlated
with the elevated numbers of lung CD4 T cells producing IFN-c (McKinstry et al.
2012; Teijaro et al. 2010, 2011a). Moreover, IFN-c-deficient, virus-specific T cells
were more pathological than their IFN-c-sufficient counterparts (Wiley et al. 2001).
Antibody neutralization of IFN-c in vivo affected influenza virus induced humoral
and cellular immune responses in the lung (Baumgarth and Kelso 1996). Con-
versely, several studies reported that IFN-c-deficient mice have negligible defects
in virus clearance or generating efficient immune responses (Bot et al. 1998;
Nguyen et al. 2000; Price et al. 2000). These studies suggest that spatial and
temporal activity of IFN-c production and signaling likely play key roles in con-
trolling influenza virus infection and the magnitude of the immune response.

In addition to type I and II interferons, type III interferon, k-interferon, has been
detected in both respiratory epithelial cell cultures as well as mouse lung following
influenza virus infection (Crotta et al. 2013; Jewell et al. 2010). Interestingly,
k-interferon did not require type I interferon for its induction and appeared to be
sufficient to protect mice in the absence of type 1 interferon signaling during
influenza virus challenge (Jewell et al. 2010). Administration of k-interferon prior
to influenza virus infection protected type 1 Interferon receptor knockout mice
from infection. However, deletion of IL-28Ra, the receptor that recognizes
k-interferon, rendered mice only slightly more susceptible to influenza virus
infection (Mordstein et al. 2008). Thus, it appears that Interferon-k signaling
following influenza virus challenge contributes to antiviral protection similar to
type I interferon signaling.
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2.2 Interleukin-1 (IL-1) and Tumor Necrosis Factor
Alpha (TNF-a)

In addition to endosome (TLR3, 7) and cytosolic (RIG-I) sensors, influenza virus
infected cells can activate the NLRP3 inflammasome (Ichinohe et al. 2009, 2010).
The end result of inflammasome activation is the cleavage of pro-IL-1b and pro-
IL-18 to active proteins. In turn, secreted IL-1b can signal through the IL-1R to
induce inflammatory gene production through MyD88 signaling. Signaling
through IL-1R has been demonstrated to contribute to both host protection and
immune pathology following influenza virus infection. One group found that while
IL-1R-/- mice displayed reduced lung inflammatory pathology with reduced
neutrophil recruitment, IL-1R-/- mice also displayed reduced anti-influenza virus
IgM antibody, along with delayed viral clearance and increased mortality (Schmitz
et al. 2005). In contrast, a separate study demonstrated delayed mortality in IL-
1R-/- mice following infection with H5N1 influenza virus (Perrone et al. 2010).
In fact, elevated levels of IL-1b drive proinflammatory responses in patients with
acute respiratory distress syndrome (Pugin et al. 1996). Elevated levels of TNF-a
have also been linked to morbidity and mortality following highly pathogenic
influenza virus infection in humans and animal models (Szretter et al. 2007).
Interestingly, anti-TNF-a antibody therapy in mice resulted in reduced recruitment
of inflammatory cells, T cell cytokine production, and morbidity in a mouse model
of influenza virus infection (Hussell et al. 2001). Conversely, no difference in
disease severity or mortality was observed in TNFR-/- mice following H5N1
infection (Salomon et al. 2007). Interestingly, mice lacking both IL-1R and TNFR
displayed reduced morbidity, significantly delayed mortality, suppressed cytokine/
chemokine production and reduced numbers of neutrophils and macrophages in
the lung compared to wild-type mice (Perrone et al. 2010). Whether the disparate
results between these two studies are due to the different viral strains used (H1N1/
PR8 versus H5N1), differences in the method of depletion (anti-TNF antibody
versus congenital TNFR knock out), or redundancy between the TNFR and IL-1R
signaling pathways is still unclear.

2.3 Interleukin-6 (IL-6)

Elevated levels of IL-6 were found in human serum from patients infected with H5N1
and H1N1/2009 infections. Moreover, levels of IL-6 correlate directly with symptom
formation in human influenza virus infection (Kaiser et al. 2001; Van Reeth 2000).
Infection of macaques with the H1N1/1918/1919 pandemic influenza virus gener-
ated increased levels of IL-6 in the serum, suggestive of an aberrant inflammatory
response (Kobasa et al. 2007). Despite the strong correlation of IL-6 levels and
influenza pathogenesis, genetic depletion of IL-6 did not alter mortality following
experimental infection of mice with H5N1 infection (Salomon et al. 2007),
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suggesting IL-6 may not be causal for influenza virus immune pathogenesis. On the
other hand, IL-6 signaling was required to survive sublethal influenza virus infection
in a mouse model (Dienz et al. 2012). In this study, the absence of IL-6 signaling led
to increased lung pathology and viral titers, however, resulted in significant
decreases in neutrophils in the lung, which was shown to be attributable to neutrophil
death. Signaling through the IL-6 receptor is also essential for CD4 T follicular
helper cell generation, B cell and antibody responses, which may explain the inability
of IL-6 deficient mice to control influenza viral titers in the lung. The immune
stimulatory antiviral properties of IL-6 may also explain why IL-6 deficient mice
succumbed at a similar rate following H5N1 infection (Salomon et al. 2007).
Alternatively, the different viral strains used in the above studies could explain the
disparate clinical outcomes in mice deficient in IL-6 signaling. Nevertheless, fine-
tuning will likely be required during inhibition of IL-6 signaling following influenza
virus infection to allow for a sufficient immune response to control virus replication.

2.4 Chemokines

In addition to cytokines, multiple chemotactic molecules are induced following
influenza virus infection in humans and animal models. In fact, production of
several chemokines, both locally and systemically, correlate with influenza virus
pathogenesis (de Jong et al. 2006; Kobasa et al. 2007; Van Reeth 2000). Elevated
levels of MCP-1 (CCL2) and IP-10 (CXCL10) were found in the serum of patients
infected with H5N1 compared to patients with less virulent strains (de Jong et al.
2006; Peiris et al. 2004). Moreover, elevated levels of RANTES (CCL5) mRNA
were detected in human primary macrophages following infection with H5N1 as
compared to H1N1 or H3N2 infection (Cheung et al. 2002). Influenza virus
infected monocytes also express MIP-1a (Sprenger et al. 1996). While there is a
clear correlation between increased production of the above chemokines during
lethal influenza virus infection and pathology, a causal relationship between
individual chemokines and pathogenesis has been difficult to prove. Infection of
CCR2 and CCR5-deficient animals with mouse adapted PR8 H1N1 influenza virus
yielded opposing results. CCR5 deficient mice developed a severe pro-inflam-
matory response, pulmonary cell damage, and decreased survival despite normal
control of virus replication (Dawson et al. 2000). In contrast to worse pathology
observed in CCR5-/- mice following influenza virus infection, CCR2-deficient
mice displayed reduced pulmonary innate immune cell infiltration, decreased
pulmonary damage, and increased survival. Interestingly, despite reduced pul-
monary immune pathology, influenza virus loads were elevated in CCR2-/- mice
(Dawson et al. 2000). Based on the above studies, one might assume that neu-
tralization or deletion of CCL2 (or CCR2) during infection with human pathogenic
influenza virus strains would result in a favorable clinical outcome. However, it
was later determined that CCL2-/- mice succumbed to H5N1 infection at a
similar rate and frequency as CCL2+/+ control mice (Salomon et al. 2007). Again,
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the discrepancy could be due to the differences in the virus strains used or that
other non-CCL2 chemokines that signal through CCR2 are responsible for
immune pathology. However, neutralization of CCR2 signaling with antibody,
chemotherapeutic, or genetic deletion in animal models has not been tested fol-
lowing infection with H5N1 or other highly pathogenic influenza virus strains. In
light of the increased pathology in CCR5-/- mice, it was demonstrated that
CXCR3-deficiency (CXCR3 is a receptor for CXCL10) blunted lung pathology
and cytokine levels and ultimately restored survival in CCR5-/- mice (Fadel et al.
2008), suggesting that signaling through CXCR3 in the absence of CCR5 may be
detrimental during influenza virus infection. Moreover, blockade of CXCR3 with
the drug AMG487 reduced symptom formation and delayed mortality in H5N1
infected ferrets (Cameron et al. 2008).

2.5 Negative Regulatory Cytokines, Interleukin-10 (IL-10),
and Tumor Growth Factor-Beta (TGF-b)

In addition to initiating immune responses, the host immune system also utilizes
multiple anti-inflammatory cytokines to prevent detrimental immune pathology.
One major negative immune regulator, IL-10, is a central factor for regulating
immune responses to viruses, bacteria, and parasitic infections (Couper et al.
2008). During human pathogenic influenza virus infection, elevated IL-10 levels
are found in severely ill patients (de Jong et al. 2006). However, upregulation of
IL-10 in these patients was likely a reactionary response to the excessive
inflammation generated. One study reported that blockade of IL-10 signaling using
an IL-10R neutralizing antibody following sublethal infection of mice resulted in
exacerbated morbidity and mortality. The source of the IL-10 was determined to
be effector CD8 T cells infiltrating the lung tissue (Sun et al. 2009). In a separate
study, IL-10-deficient mice were protected from death following infection with a
lethal dose of influenza virus. However, in this model the source of IL-10 was lung
effector CD4 T cells (McKinstry et al. 2009). Moreover, a significant increase in
the T helper 17 cell subset was detected in IL-10-/- mice following lethal
influenza virus infection (McKinstry et al. 2009).

The immune regulatory role of Transforming Growth Factor Beta (TGF-b) has
been extensively studied (Li et al. 2006). The activity of TGF-b has been reported
to increase following influenza virus infection in mice. In fact, the influenza virus
neuraminidase (NA) protein was demonstrated to convert inactive TGF-b into its
active form (Schultz-Cherry and Hinshaw 1996). Interestingly, it was also dis-
covered that highly pathogenic strains of H5N1 influenza virus fail to activate
TGF-b (Carlson et al. 2010). Thus, one might anticipate that TGF-b activation
may be essential for host protection during lethal H5N1 infection. In support of
that hypothesis, it was determined that exogenous administration of active TGF-b
using an adenovirus vector resulted in reduced viral loads and delayed mortality
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following lethal H5N1 infection in mice (Carlson et al. 2010). Conversely, neu-
tralization of TGF-b produced higher mortality rates in mice infected with non-
lethal doses of influenza virus, suggesting that active TGF-b can serve as a
protective factor (Carlson et al. 2010). Despite these interesting results, the degree
and mechanisms by which TGF-b regulates pathological immune responses or
interferes with virus replication during human pathogenic influenza virus infection
requires further studies and is likely to be a fruitful area of investigation. More-
over, a better understanding of these and other negative immune regulatory
molecules may lead to treatments that blunt immune pathology following patho-
genic influenza virus infection in humans.

3 The Role of Innate Immune Cells in Pathogenesis
Versus Protection

3.1 Macrophages/Monocytes

Experimental infection with H5N1 and 1918 H1N1 influenza viruses results in
recruitment of macrophages/monocytic cells into infected lungs. Recruited
monocytic cells can serve as reservoirs for influenza virus replication early fol-
lowing infection (Pang et al. 2013) and can be protected from infection via type 1
interferon signaling (Hermesh et al. 2010). Further, this infiltration may contribute
to lung pathology and correlates directly with morbidity and mortality. In addition
to infiltrating macrophages and monocytes, lung resident alveolar macrophages
(AMs) have been demonstrated to play a role in the control of influenza virus
clearance (Tumpey et al. 2005). In fact, administration of clodronate containing
liposomes prior to infection with influenza viruses containing genes from the
1918–1919 H1N1 pandemic isolate reduced cytokine/chemokine production,
however, also led to increased mortality. Moreover, depletion of AMs prior to
sublethal influenza virus infection using clondronate liposomes resulted in
uncontrolled viral titers and increased mortality despite reduced cytokine and
chemokine expression (Tate et al. 2010). In contrast, AM depletion using clodr-
onate liposomes during lethal PR8 infection did not alter the severity of disease or
mortality (Tate et al. 2010). These contrasting results highlight the importance of
the infectious dose of virus used and the outcome of immune cell depletion.
Moreover, it is important to point out that clodronate liposome administration
likely eliminates additional non-AM cell populations in the lungs, and a more
extensive analysis of the populations depleted in these studies would be beneficial
for interpretation. Further, the selective depletion of specific monocyte populations
following influenza virus challenge has not been performed to date.
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3.2 Neutrophils

Pathology following infection with highly virulent strains of human pathogenic
influenza virus correlates with elevated neutrophil recruitment into lung tissue
(Perrone et al. 2008). Moreover, the neutrophil responsive chemokine, IL-8, is
elevated in patients displaying severe disease during H5N1 infection compared to
infection with seasonal strains (de Jong et al. 2006). However, upon closer review
of the literature, both protective and pathogenic roles for neutrophils have been
reported following influenza virus infection. Complete depletion of neutrophils
using antibody methods increased morbidity and mortality that was accompanied
by decreased control of virus replication following infection with various strains of
influenza virus (Brandes et al. 2013; Tumpey et al. 2005). Increased neutrophil
numbers were detected in influenza virus infected CCR2-/- mice, correlating with
reduced lung pathology and survival, despite slightly elevated viral loads (Dawson
et al. 2000). Interestingly, a recent report demonstrated that attenuation, not
depletion, of the neutrophil response correlated with improved survival following
infection of mice with the PR8 strain of influenza virus (Brandes et al. 2013). This
latter report suggests that too many or too few neutrophils can result in negative
pathological outcomes either through exacerbated lung immune pathology or
reduced virus control. Collectively, the above studies suggest that there may be a
‘‘sweet spot’’ in the numbers of neutrophils required to allow for the optimal
control of both virus replication and immune pathology following influenza virus
infection. In light of the above work, a more detailed understanding of the exact
mechanisms of neutrophil-mediated protection and pathology will be crucial to
designing therapies to quell lung immune pathology while preserving virus
control.

3.3 Dendritic Cells

During respiratory virus infection, lung resident dendritic cells (DCs) play
important roles in priming naïve T cells in the lung draining mediastinal lymph
nodes. Several different subpopulations of these DCs have been identified by
phenotypic flow cytometry analysis, with different populations displaying varying
abilities to prime virus-specific T cells (Lambrecht and Hammad 2012). This
aspect of influenza immune biology will be discussed in more detail in a separate
chapter in this volume. Our focus here will be to discuss what is known about the
pathogenic roles of DCs during the innate immune response of influenza virus
infection. Several studies have linked DC responses with the immune pathology
observed following influenza virus infection. Accumulation of CCR2+ monocyte
derived DCs in the lung correlates with increased lung pathology, morbidity, and
mortality. Importantly, reduced numbers of CCR2+/+ monocyte derived DCs are
found in the lung of CCR2-/- mice following influenza challenge, and CCR2-/-
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mice display reduced morbidity and less mortality (Dawson et al. 2000). A similar
study reported that TNF-a and Nitric Oxide Producing DC (TipDC) are found in
higher numbers in the lung following infection with highly pathogenic compared
to less pathogenic influenza virus strains. Moreover, TipDC recruitment was
completely abolished in CCR2-/- mice following PR8 influenza virus infection
(Aldridge et al. 2009). Despite reduced TipDC numbers in the lungs in CCR2-/-

mice, no differences in morbidity or mortality were observed. The authors further
demonstrated that TipDCs were essential for priming virus-specific CD8 T cell
responses and conclude that complete depletion of TipDCs in their model may
prevent the control of influenza virus replication. Interestingly, using the peroxi-
some proliferator-activated receptor-c (PPAR-c) agonist Pioglitazone prior to
influenza virus infection reduced TipDCs, MCP-1, and MCP-3 chemokine pro-
duction in the lungs, promoting increased survival following influenza virus
infection (Aldridge et al. 2009). Collectively, the above studies suggest that a fine
balance between protection and pathology exists upon depletion of DC populations
during influenza virus infection. Therapeutic modulation of influenza virus
induced immune pathology will likely require effective blunting without ablation
of specific pulmonary DC subsets.

4 Identifying Therapeutic Interventions to Blunt Immune
Pathology

Overabundant innate immune responses correlate with increased morbidity and
mortality during infection with multiple pathogenic respiratory viruses (Kobasa
et al. 2007; Macneil et al. 2011; Thiel and Weber 2008). In fact, cytokine storm
during influenza virus infection is a prospective predictor of morbidity and mor-
tality in humans (de Jong et al. 2006). Despite a strong correlation with patho-
genesis, a direct causal link between innate immune responses, morbidity, and
mortality has been difficult to prove. While cytokines and chemokines are pro-
duced at elevated levels during highly pathogenic compared to less pathogenic
human influenza virus infection, inhibition of any single inflammatory mediator
only modestly improved morbidity and delayed mortality in animal models
(Cameron et al. 2008; Salomon et al. 2007; Salomon and Webster 2009; Szretter
et al. 2007). These results indicate that isolated neutralization of single immune
signaling molecules is insufficient to curb the resultant immune pathology fol-
lowing highly pathogenic influenza virus infection. However, global immune
suppressive strategies such as corticosteroids have proven either ineffective or only
modestly altered disease course in humans or animal models (Brun-Buisson et al.
2011; Tisoncik et al. 2012). One critical hurdle to generating effective treatments
to curb influenza virus mediated immune pathology is a more detailed under-
standing of the cellular signaling pathways that elicit cytokine storm and potentiate
lung pathology.
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The balance between influenza virus immune control and pathology is on a
knife’s edge; too much immune modulation results in the loss of virus control and
too little can prove ineffective to blunt immune pathology. One must remain in the
‘‘goldilocks zone’’ for the best efficacy. Perhaps it is best to discuss therapies that
have proven effective in blunting immune pathology while simultaneously sparing
control of influenza virus replication with the hope of gaining insight into effective
immune modulatory strategies to curb pathogenesis. Over the past 5 years, several
studies have emerged demonstrating efficacious immune modulation of influenza
virus replication and immunopathology. One of the more exciting areas of research
that has recently developed is the characterization of lipid species following
influenza virus infection and how they contribute to pathogenicity or protection. In
fact, the majority of effective immune modulatory therapies that suppress mor-
bidity and mortality following influenza virus infection have targeted various
pathways that mediate lipid production or signaling. Performing lipidomic pro-
filing following influenza virus infection using viruses with varying pathogenicity,
one group identified lipid species that predominated during the pathogenic phase
of infection and others that were associated with the resolution phase. Specifically,
the authors found 5-Lipoxygenase metabolites in pathogenic influenza virus
infection while 12/15-lipoxygenase metabolites were found in less pathogenic
influenza infection (Tam et al. 2013). The generation of the omega-3 polyunsat-
urated fatty acid-derived lipid mediator, Protectin D1, was determined to inhibit
influenza virus replication and result in reduced morbidity and mortality following
infection (Morita et al. 2013). Another group identified that the oxidized phos-
pholipid OxPAPC (OxPL) was essential for acute lung injury (ALI) following
administration of inactivated H5N1 influenza virus to lungs (Imai et al. 2008).
Interestingly, OxPL promoted lung injury and cytokine production by lung mac-
rophages, which was dependent on TLR4-TRIF signaling. Moreover, TLR4- or
TRIF-deficiency protected mice from ALI following H5N1 stimulation. Compli-
mentary studies confirmed and extended this work, demonstrating that TLR4-/-

mice are less susceptible to mortality following infection with a lethal dose of the
PR8 strain of influenza virus (Nhu et al. 2012). Moreover, both prophylactic and
therapeutic administration of a TLR4 antagonist, Eritoran, protected mice from
lethal infection with either PR8 or the A/California/07/2009 H1N1 virus strain
(Shirey et al. 2013). Importantly, Eritoran treatment resulted in reduced levels of
oxidized phospholipids, suppressed cytokine/chemokine gene expression and
ameliorated lung pathology (Shirey et al. 2013). While early viral titers were
comparable between control and Eritoran treated mice infected with influenza
virus, viral loads were reduced on day 7 postinfection in Eritoran treated mice
compared to controls. Despite significant immune modulatory effects, Eritoran
displayed no direct antiviral activities. The above reports indicate that a better
understanding of pathogenic lipid species following influenza virus infection may
lead to superior therapeutic modalities to blunt disease pathogenesis.

The cyclooxygenase enzymes (COX-1 and 2) convert arachidonic acid into
prostaglandins and can control various inflammatory processes. The roles these
enzymes play in the outcome of influenza virus pathology have been addressed.
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Deletion or pharmacological inhibition of the COX-1 enzyme was detrimental
during influenza virus infection, resulting in enhanced morbidity, mortality, and
enhanced cytokine/chemokine production. In contrast, COX-2 deficiency or
pharmacological inhibition ameliorated pathology, suppressed inflammation and
improved survival despite elevated viral loads (Carey et al. 2005, 2010). Notably,
coadministration of the COX-2 inhibitor celecoxib and the antiviral drug zanam-
ivir reduced mortality in mice infected with pathogenic H5N1 virus (Zheng et al.
2008). Thus, inhibiting COX-2 activity can be beneficial during influenza virus
infection in the presence of antiviral therapies.

Sphingosine-1-Phosphate (S1P) is a lipid metabolite synthesized from intra-
cellular ceramide precursors to sphingosine. Sphingosine is subsequently phos-
phorylated by sphingosine kinase 1 and 2 (Sphk) to bioactive S1P (Chalfant and
Spiegel 2005). The levels of bioactive S1P are stringently regulated through the
actions of S1P lyases and phosphatases which degrade and dephosphorylate S1P,
respectively. Highest levels of S1P are found in the blood and lymph with sig-
nificantly lower levels maintained in peripheral tissues (Cyster 2005). S1P binds
and signals through five G-protein coupled receptors denoted S1PR1–5. The
expression of S1P receptors is heterogeneous, being found on various cell types of
both hematopoietic and nonhematopoietic lineages and regulation of S1P signaling
is mediated primarily through the expression pattern of the five receptors and
stringent regulations of S1P levels (Im 2010). The diverse cellular functions
associated with S1P receptor signaling is mediated through coupling to multiple
heterotrimeric G-proteins adding an additional level of regulation. Binding
through these five receptors is known to modulate multiple cellular functions
including: cell adhesion, migration, survival, proliferation, endocytosis, barrier
function, and cytokine production (Rivera et al. 2008). Since the initial discovery
that the immunomodulatory agent, FTY720, induced lymphopenia, investigators
sought to understand how S1P signaling affects immune cell function. To this end,
genetically altered mice and selective agonists/antagonists have been developed to
probe how S1P signaling on different S1P receptors alters immune cell responses
(Marsolais and Rosen 2009; Rosen et al. 2008). FTY720 and AAL-R are prodrug
promiscuous S1P receptor agonists and once phosphorylated in vivo by SphK-2,
bind and signal through S1P1, 3, 4, and 5R. Both FTY720 and AAL-R have been
used extensively to characterize the effects of S1P signaling in vivo and have been
shown to alter the outcome of autoimmune disease, toxic shock syndrome, and
viral infection (Niessen et al. 2008; Oldstone 2013). In addition, several S1P
receptor selective agonists have been developed to probe the cellular functions of
S1P-receptor signaling. For instance, S1P1R selective agonists (CYM5442,
SEW2781 and AUY954) (Gonzalez-Cabrera et al. 2008; Rosen and Liao 2003)
and antagonists (W146 and Ex26) (Cahalan et al. 2013; Gonzalez-Cabrera et al.
2008) have been synthesized and have provided insights into how S1P1R signaling
affects lymphocyte trafficking and endothelial cell barrier functions (Rosen and
Liao 2003; Shea et al. 2010). More recently, an S1P1R-eGFP knock-in mouse has
been created, allowing for fluorescent and biochemical detection of functional
S1P1R expression (Cahalan et al. 2011). Further, small molecule probes to S1P3
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and S1P4 have been developed and are being used to probe the functions of these
receptors in modulating DC activation and in turn pathological T cell responses.
Most importantly, FTY720 has been approved for use in humans to treat Multiple
Sclerosis (MS) and several S1P1R-selective agonists are in phase 2/3 clinical trials
for MS and Colitis. Thus, potential of S1P receptor signaling modulation to
modulate immune pathology during influenza virus infection wielded great
promise.

Studies using the promiscuous S1P receptor agonist, AAL-R, demonstrated
significant reductions in the numbers of macrophages and neutrophils in the lung
early following infection with a mouse-adapted strain (WSN) (Marsolais et al.
2009). In addition, activation of lung infiltrating macrophage and NK cells, as
measured by CD69 expression, was also significantly attenuated by AAL-R
treatment following infection with a human virulent strain (pandemic H1N1 2009)
of influenza virus (Walsh et al. 2011). Moreover, early administration of AAL-R
resulted in significant reductions of multiple proinflammatory cytokines and
chemokines following infection with either WSN or human pandemic H1N1 2009
influenza virus (Marsolais et al. 2009; Walsh et al. 2011). Further, AAL-R-med-
iated reduction of early innate immune cell recruitment and cytokine/chemokine
production correlated directly with reduced lung pathology and improved survival
during H1N1 2009 influenza virus infection. While AAL-R clearly inhibited innate
immune responses, significant inhibition of activated T cell recruitment into the
lung at various times postinfection was also observed in both mouse adapted
(Marsolais et al. 2008) and human pathogenic strains of influenza virus (Walsh
et al. 2011). Thus, whether AAL-R-mediated survival was due to inhibition of
innate or adaptive immune responses could not be determined from these studies.
The above results were extended using genetic and chemical tools to probe
functions of the S1P1 receptor (S1P1 GFP knock-in transgenic mice, S1P1
receptor agonists and antagonists) revealing that pulmonary endothelial cells are
major modulators of innate immune cell recruitment and cytokine/chemokine
responses early following influenza virus infection (Teijaro et al. 2011b). While
S1P1R is expressed on endothelial cells and lymphocytes within lung tissue, an
S1P1R-selective agonist suppresses cytokines and innate immune cell recruitment
in wild-type and lymphocyte-deficient mice, identifying pulmonary endothelial
cells as central players in promoting cytokine storm (Teijaro et al. 2011b). Immune
cell infiltration and cytokine production were found to be distinct events, both
orchestrated by signaling through the S1P1R located on endothelial cells (Teijaro
et al. 2011b). Furthermore, suppression of early innate immune responses through
S1P1R signaling results in reduced mortality during infection with human patho-
genic strains (H1N1 swine) of influenza virus without compromising the host’s
ability to mount a sufficiently effective antiviral immune response to control
infection in both mouse and ferret models (Teijaro et al. 2011b, 2014a). Impor-
tantly, no differences were observed in T cell functionality or total numbers in the
lung during influenza virus infection following S1P1R agonist treatment (Marso-
lais et al. 2008), suggesting that the protective effect likely occurred primarily
through suppression of early innate immune responses. We extended these findings
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showing that S1P1R agonist treatment suppresses global cytokine amplification.
Importantly, S1P1R agonist treatment blunted cytokine/chemokine production and
innate immune cell recruitment in the lung independently of endosomal and
cytosolic innate sensing pathways (Teijaro et al. 2014b). Further, S1P1R signaling
suppression of cytokine amplification was independent of multiple innate signaling
adaptor pathways, indicating common pathway inhibition of cytokine storm is
likely essential for protection. Moreover, the MyD88 adaptor molecule was
determined to be responsible for the majority of cytokine amplification observed
following influenza virus challenge (Teijaro et al. 2014b). Collectively, our results
suggest that blunting global cytokine and chemokine production and innate
immune cell recruitment is likely required for effective host protection from
excessive immunopathology. Collectively, the observations that host-generated
lipids and lipid signaling pathways can promote or inhibit aberrant immune
responses as well as suppress virus replication reveal new targets that may ulti-
mately be utilized to ameliorate disease following pathogenic influenza virus
infection.

5 Future Perspectives

Current research is illuminating the cellular and molecular contributions of
immunopathology caused by highly virulent influenza viruses that lead to disease.
New therapies should focus on blocking inflammation in conjunction with antiviral
therapy to reduce morbidity and mortality following infection. Moreover, it is
clear from studies performed recently that global blunting, not ablation, of
inflammatory mediators will likely be required to ameliorate disease following
highly pathogenic influenza virus infections. Thus, future studies should focus on
the signaling pathways necessary for cytokine amplification and seek out ways to
globally dampen inflammatory immune responses generated through these path-
ways. Toward this end, it will be essential to understand in greater detail the
mechanisms by which the lipid signaling modulators described above improve the
outcome during pathogenic influenza virus infection. Additionally, poor outcome
during pathogenic influenza virus infection may be predictable by identifying
mutations in genetic loci that alter the production of these lipid species.

Despite encouraging reports that differential lipid signaling can affect the
outcome of influenza virus infection, more work is necessary to create a thorough
understanding of how different host-generated lipids modulate influenza virus
generated pathological immune responses. Blockade or deletion of TLR4 signaling
significantly improves the clinical outcome of influenza virus infection in mice.
Understanding the pulmonary cells that produce oxidized phospholipid species
that target TLR4 will be essential. Moreover, the cell types that require TLR4
signaling to amplify cytokine production, innate immune cell recruitment, and the
resulting morbidity and mortality will also be informative. The fact that Eritoran is
already FDA approved may expedite its use during influenza virus infection in
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humans. Further investigation into the cellular and molecular sources of these
lipids may lead to novel interventions to relieve immune pathology. The detection
of 5-Lipoxygenase metabolites in pathogenic influenza virus infection while 12/
15-lipoxygenase or docosahexaenoic acid derived metabolites in less pathogenic
influenza infection suggests that some lipid species can indicate resolution of
infection or exert antiviral protective effects. Again, the sources of these lipids and
how they mediate their protective or pathological effects will be important
directions for future research. Whether similar lipid profiles are also observed in
human pathogenic influenza virus infection would significantly buttress this area
of research.

The identification that S1P signaling dampens influenza virus immune pathol-
ogy provides insights and tools to dissect influenza virus pathogenesis. S1P
receptor signaling inhibits inflammation during both the innate and adaptive
immune responses to influenza virus infection. Specific targeting of distinct cell
populations as well as selective S1P receptors may differentially dampen innate
and adaptive inflammatory responses and thus will be important to explore. Fur-
ther research will focus on pinpointing the S1P receptors and pulmonary cell
subsets responsible for blunting innate and adaptive immune responses during
influenza virus infection. To this end, more potent receptor selective drugs and
knock-in and knock-out mouse models can be used as tools to further understand
the mechanisms and signaling pathways involved during the inflammatory
response. Moreover, the development and application of potent, selective agonists
will likely decrease the potential of adverse side-effects through more precise
targeting of specific receptors, modulating distinct immune functions. Addition-
ally, human susceptibilities to inflammatory disease may correlate directly with
differential regulation and/or signaling of the S1P receptor cascade. Modulation of
inflammation utilizing S1P receptor signaling may be a general phenomenon that
occurs in multiple respiratory viral associated maladies and manipulation of this
pathway may provide broad anti-inflammatory therapeutic efficacy during multiple
respiratory virus infections.
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Innate Immune Sensing and Response
to Influenza

Bali Pulendran and Mohan S. Maddur

Abstract Influenza viruses pose a substantial threat to human and animal health
worldwide. Recent studies in mouse models have revealed an indispensable role
for the innate immune system in defense against influenza virus. Recognition of
the virus by innate immune receptors in a multitude of cell types activates intricate
signaling networks, functioning to restrict viral replication. Downstream effector
mechanisms include activation of innate immune cells and, induction and regu-
lation of adaptive immunity. However, uncontrolled innate responses are associ-
ated with exaggerated disease, especially in pandemic influenza virus infection.
Despite advances in the understanding of innate response to influenza in the mouse
model, there is a large knowledge gap in humans, particularly in immunocom-
promised groups such as infants and the elderly. We propose here, the need for
further studies in humans to decipher the role of innate immunity to influenza
virus, particularly at the site of infection. These studies will complement the
existing work in mice and facilitate the quest to design improved vaccines and
therapeutic strategies against influenza.
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1 Introduction

Influenza viruses pose a substantial threat to human and animal health worldwide.
Based on the antigenic specificity of their envelope proteins, influenza viruses are
classified into three distinct types: A, B, and C. Influenza A virus is the major type
that circulates in humans, birds, horses, dogs, and pigs. Influenza virus has a
negative sense, single-stranded RNA genome composed of eight segments, which
encode up to 13 proteins (Wright et al. 2013). Influenza A virus is further classified
into different subtypes based on the antigenic properties of two glycoproteins, the
hemagglutinin (HA) and neuraminidase (NA). Influenza virus causes annual epi-
demics that result in millions of human infections due to the emergence of virus
strains arising from high frequency of point mutations (antigenic drift). Further-
more, it also has high potential to cause pandemics, owing to the generation of
novel subtypes, especially in animal reservoirs, following the gene reassortments
between different influenza viruses (antigenic shift) (Medina and Garcia-Sastre
2011; Tscherne and Garcia-Sastre 2011). Such new variants of influenza virus
possess an array of strategies to disarm the host immune system, and enable
productive invasion of host cells.

Influenza virus infection in humans can result in a wide range of disease symp-
toms, from an asymptomatic infection to a severe form of febrile respiratory disease.
(Taubenberger and Morens 2008). These acute symptoms may last for 7–10 days,
but in most cases influenza virus infection is self-limiting due to the induction of
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protective immune response (Valkenburg et al. 2011). Enhanced disease severity
associated with high mortality is very common in infants, but also in the elderly
and in immunocompromised populations (Taubenberger and Morens 2008).
Therefore, a key challenge is learning how to induce protective immunity in pop-
ulations at the extremes of age and in immune compromised subjects. This in turn
requires a much deeper understanding of the nature of the innate and adaptive
immune systems in these populations.

Although virus is restricted to the respiratory tract and cleared efficiently in most
cases, acute fatal infections are associated with systemic spread of virus, particu-
larly in pandemic influenza virus infections (Taubenberger and Morens 2008; Tse
et al. 2011). In the United States, more than 36,000 deaths and 200,000 hospital-
izations with a total health care cost of $10 billion are associated with influenza
infections every year (Mao et al. 2012; Molinari et al. 2007; Taubenberger and
Morens 2008). Because of the potentially devastating consequences of influenza
pandemics and epidemics, several control measures, such as annual vaccination
with either inactivated (IIV) or live attenuated (LAIV) influenza vaccines, are used
to prevent the likelihood of future outbreaks. These vaccines incorporate the cir-
culating strains of influenza A/H1, A/H3, and B types, which are expected to
emerge in the upcoming season, based on epidemiological data obtained from
around the globe (Centers for Disease Control and Prevention 2011). Immunization
with influenza vaccines, similar to virus infection, primarily induces virus-specific
antibody responses, in the blood as well as the local respiratory tissues (Clements
et al. 1986). Although vaccination induce a protective B cell memory response, the
numbers of antibody secreting cells wane rapidly over time (Sasaki et al. 2007),
leading to reduced antibody titers, which may not be sufficient to prevent virus
infection (Castilla et al. 2013; Song et al. 2010). In addition, the potential for
emergence of new strains and particularly novel subtypes of influenza virus against
which there is no immunological memory in the population, poses major threats to
human health.

Based on extensive studies in mouse models and influenza-infected patients, it
is becoming clear that the innate immune response is critical for virus control and
plays a key role in the induction and regulation of adaptive immune responses.
Paradoxically, evidence is also emerging that an exaggerated innate immune
response can lead to enhanced pathophysiology including influenza-induced acute
respiratory distress syndrome (ARDS) in individuals with secondary complications
such as chronic respiratory or cardiac illness, or diabetes. In this review, we
discuss recent advances in our understanding of innate immunity to influenza
virus, with particular emphasis on the different subsets of innate immune cells
involved, the nature of the innate receptors that sense the virus, and the antiviral
effector molecules. Furthermore, we highlight the contrasting roles played by the
innate immune system in mediating protective antiviral immunity to influenza,
versus enhanced pathophysiology and disease severity. Most of these insights have
resulted from the mechanistic studies in animal models, in which specific subsets
of cells or specific receptors have been ablated using gene targeting. However, the
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extent to which such insights can be translated into the human model is poorly
understood. Thus, we review the knowledge gap about the roles of the various
subsets of antigen (Ag) presenting cells and other subpopulations of innate
immune cells during influenza infection in humans. We emphasize here, the
paramount need for future studies deciphering the role of innate immune response
to influenza virus at the site of infection in humans. We believe that these studies
will facilitate better understanding of the mechanisms that mediate pathogenesis of
disease, and in designing improved vaccine and therapeutic strategies against
influenza.

2 Innate Immunity to Influenza Virus

Influenza virus primarily targets the respiratory epithelial cells after breaking
through the first innate barrier, the mucous layer. In the majority of individuals
infected with the seasonal influenza virus, the virus replication is restricted to the
upper respiratory tract (nose, pharynx, and larynx). However, in some cases,
the virus can also reach the lower respiratory tract (trachea, bronchi, and lung
alveoli) in infections with pandemic strains, especially in children and the elderly.
Avian influenza virus, such as H5N1 and H7N9, can even reach the blood circulation
to infect cells in distant tissues (Taubenberger and Morens 2008; Tse et al. 2011).
Attachment to cells via virus-binding receptors enables endocytic uptake resulting
in recognition of the virus through innate receptors, which trigger intricate signaling
networks to produce antiviral effector molecules that are capable of conferring the
protective immunity.

3 Cells of the Innate Immune System Involved
in Immunity to Influenza

3.1 Respiratory Epithelial Cells

It has been demonstrated in fatal human cases as well as in mouse model that the
epithelial cells of alveoli (type I and II pneumocytes), trachea, bronchi, nose,
pharynx and larynx, and sub mucosal glands are infected by influenza virus
(Manicassamy et al. 2010; Nakajima et al. 2012, 2013; Pan et al. 2013). Influenza
virus causes productive infection of these epithelial cells resulting in the release of
large numbers of infectious virus progeny. Notably, the temperature of nose and
pharynx is 30–34 �C, which is relatively lower than the tracheal and internal body
temperature (36–37 �C). Human influenza viruses, but not avian viruses, can
replicate efficiently at this lower temperature of upper respiratory tract, similar to
that at 37 �C (Boonnak et al. 2012; Pelletier et al. 2011). Although different innate
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immune cells are found in nasal and pharyngeal cavity, the functional features of
innate immunity against pathogens at this lower temperature is not known.

In vitro, primary human type II alveolar cells produced type III IFNs in
response to human seasonal influenza virus (Wang et al. 2009), whereas differ-
entiated/polarized human bronchial epithelial cells upregulated the expression of
type I IFNs upon infection with human influenza virus, but not avian H5N1
influenza virus (Chan et al. 2010; Gerlach et al. 2013; Hsu et al. 2012; Zeng et al.
2007). These findings are consistent with the idea that the activation of type I IFN
response in respiratory epithelial cells is crucial for limiting the initial viral
infection, since the impaired type I IFN production by H5N1 virus is associated
with severe virulence.

In addition to the initial IFN-mediated antiviral response, epithelial cells secrete
various cytokines and chemokines such as IL-6, TNF-a, IL-8/CXCL8, CXCL10,
CCL2, CCL5 (Chan et al. 2005, 2009; Vareille et al. 2011; Wang et al. 2011; Yu
et al. 2011). Furthermore, influenza virus-infected epithelial cells trigger recruit-
ment of an array of innate immune cells, which participate in the protective
immune response (Table 1). Interestingly, a recent study in mice showed that
expression of GM-CSF by influenza virus-infected alveolar epithelium is essential
for effective viral clearance mediated by CD103+ DC-induced CD8+ T cells
(Unkel et al. 2012).

3.2 Neutrophils

Neutrophils arrive very early at the site of infection, and together with the tissue-
resident macrophages are among the first line of cellular defense against patho-
gens. Although influenza viruses are phagocytized by neutrophils in humans and
mice (Brandes et al. 2013), neutrophils are not permissible for productive infection
in vitro (Tate et al. 2011). Neutrophils are shown to be important for controlling
replication and spread of influenza virus in mouse models (Fujisawa 2001). Lethal
dose infection of mice depleted of neutrophils results in increased virus titers in the
lungs and in extrapulmonary sites with increased mortality (Tate et al. 2008, 2009,
2011; Tumpey et al. 2005) (Table 1). Consistent with this, in an in vitro culture of
human bronchoalveolar lavage fluid (BALF), addition of neutrophils, particularly
activated neutrophils, resulted in significantly greater clearance of influenza virus
(White et al. 2007). As phagocytic cells, neutrophils can uptake influenza virus-
infected apoptotic cells in the lungs to augment clearance of virus (Hashimoto
et al. 2007; Watanabe et al. 2005). Despite neutrophils being important partici-
pants in the antiviral response in mouse models, the phenotype and functional
relevance of large number of neutrophils that accumulate at the site of infection in
influenza virus-infected patients, and their mechanisms of anti viral immunity, are
poorly understood.
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3.3 Macrophages (MU)

These include both tissue-resident alveolar macrophages (aMU) as well as recently
recruited MU derived from circulating monocytes (moMU) (Table 1). In mouse
models, during the course of influenza virus infection, aMU are outnumbered by the
migrant monocytes, which differentiate into MU with an activated phenotype
(Herold et al. 2008). Because of their efficient phagocytic capacity, like neutrophils
MU are critical for clearance of virus-infected and apoptotic cells (Hashimoto et al.
2007; Hoeve et al. 2012; Watanabe et al. 2005). In the absence of MU, influenza
virus replication is enhanced, leading to greater disease severity and mortality, in
mice and pigs (Ito et al. 2011; Kim et al. 2008, 2013; Tate et al. 2010; Tumpey et al.
2005). In humans, most of the studies were done employing in vitro culture of aMU
obtained from BALF or lung specimens and blood monocyte-derived MU (moMU).
Compared to moMU, aMU are considered to be resistant to productive infection
with the seasonal human influenza virus strains in vitro. Consistent with this,
influenza virus replication and induction of proinflammatory cytokine responses
were much poorer in aMU when compared with moMU (van Riel et al. 2011). In the
case of avian influenza, however, the virus is able to productively infect both
moMU and aMU (reviewed in Short et al. 2012). Notably, highly pathogenic H5N1
viruses are found to induce more potent proinflammatory cytokine responses, and
IFN production than seasonal human viruses (Cheung et al. 2002; Geiler et al. 2011;
Lee et al. 2009; Perrone et al. 2008; Yu et al. 2011; Zhou et al. 2006). Moreover,
aMU are believed to be the main producers of type I IFN, since they are shown to
produce significantly more type I IFNs than DCs during influenza virus infection
(Helft et al. 2012). Thus, MU appear to play critical role in the early innate response
to influenza virus infection.

3.4 Monocytes

There are three monocyte subsets identified in the blood, which includes classical
monocytes (CD14++CD16- in humans), intermediate monocytes (CD14++CD16+

in humans), and the so-called patrolling monocytes (CD14loCD16++ in humans)
(Cros et al. 2010; Ziegler-Heitbrock et al. 2010) (Table 1).

Increased number of monocytes are found in the nasal mucosae, the first site of
infection (Gill et al. 2005, 2008; Oshansky et al. 2013) as well as in the peripheral
blood of influenza virus-infected patients (Giamarellos-Bourboulis et al. 2009; Gill
et al. 2005, 2008; McClain et al. 2013; Oshansky et al. 2013). Interestingly, in
influenza virus-infected mice, type I IFN-signaling was found to augment the dif-
ferentiation of stem cells into CCL2-producing monocytes, which mediate
the recruitment of additional monocytes (Brandes et al. 2013; Seo et al. 2011).
Consistent with this, influenza virus infection of human monocytes induces the release
of CCL2 and CXCL10 (Hoeve et al. 2012; Maddur and Pulendran, unpublished data),
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but inhibits the responsiveness to chemokines, such as CCL2, CCL3, CCL4, and
CCL5 by downregulation of their respective chemokine receptors (Salentin et al.
2003), presumably to retain these cells at the site of infection.

As discussed earlier, in addition to transformation to moMU, monocytes that
migrate to influenza virus-infected tissues can also differentiate into monocyte-
derived dendritic cells (moDCs) (Cao et al. 2012; Lin et al. 2008; Unkel et al.
2012). In vitro studies have shown that productive influenza virus infection of
human monocytes induces secretion of TNF-a and GM-CSF, and triggers rapid
transformation into cells with phenotypic features of DCs (Cao et al. 2012; Hou
et al. 2012; Qu et al. 2003). In contrast, we found that infection of monocytes with
influenza virus did not induce activation and TNF-a secretion, but merely induces
the loss of CD14 resulting in DC-like phenotype (CD11c+CD14-). Despite the
phenotypic similarity to DCs, these CD14- cells lack the functional properties of
DCs (Maddur and Pulendran unpublished data). Mice with reduced numbers of
monocytes at the site of infection, such as CCR2-/- mice or mice treated with a
CCR2 antagonist did not show increased viral loads, raising the question of the
direct role of monocytes in virus clearance (Lin et al. 2008, 2011). Furthermore,
the relevance of these findings of mouse models and in vitro studies to influenza
human patients is not clear and is worth investigating for understanding the role of
monocytes in influenza.

3.5 Dendritic Cells (DCs)

DCs are rare but widely distributed throughout the body, and function as key or-
chestrators of the immune response (Banchereau and Steinman 1998; Manicassamy
and Pulendran 2011; Pulendran et al. 2010b; Steinman and Banchereau 2007).

3.5.1 DC Subsets

In mice, DCs can be broadly classified as CD11chi conventional DCs (cDCs) and
CD11clo B220+ plasmacytoid DCs (pDCs). In the steady-state respiratory tract, the
epithelial layer of conducting airways is lined by CD103+CD11blo cDCs (langerin+),
which extends their long dendrites into the airway lumen. The lamina propria, which
is beneath the epithelial layer, contains CD103-CD11bhi cDCs (langerin-) as well as
CD11clo pDCs. Further, all the three DC subsets are found in the alveolar septa of
lung parenchyma. Under inflammatory conditions, additional CD11cloCD11-
b+Ly6C+ moDCs are recruited to the conducting airways and lung parenchyma
(Guilliams et al. 2013; Helft et al. 2010; Lambrecht and Hammad 2009, 2012). Of
note, in the lungs, MU subsets, which are CD11chi, must be distinguished from cDCs
based on other markers (Table 1). The respiratory tract draining lymphoid tissues
contain resident DC subsets such as, CD8a+ cDCs, and CD11b+ cDCs as well as
CD11clo pDCs, in addition to migratory DCs (Haniffa et al. 2013; Helft et al. 2010).
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In influenza virus-infected mice, there is an increased accumulation of
CD103-CD11bhi cDCs as well as CD103+CD11blo cDCs in the trachea and lung
interstitial tissue, with a transient increase in CD11clo pDCs, all of which display
an activated phenotype (GeurtsvanKessel et al. 2008; Ho et al. 2011; McGill et al.
2008). In addition, CD11cloCD11b+Ly6C+ moDCs also infiltrate the lungs in high
number (Guilliams et al. 2013; Lin et al. 2008, 2011). pDCs are considered to be
less susceptible to influenza virus infection, compared to the highest susceptibility
of CD103+ cDCs and CD11b+Ly6C+ moDCs, and that of intermediate suscepti-
bility of CD11bhi cDCs (Hao et al. 2008; Hargadon et al. 2011). Of relevance,
murine DCs are considered to be less susceptible to productive influenza virus
infection than human DCs in vitro (Hartmann et al. 2013; Ioannidis et al. 2012).

In addition to secretion of inflammatory cytokines and chemokines, DCs effi-
ciently migrated to the regional mediastinal LN (MLN) and induce protective
adaptive immune responses to augment viral clearance (see later sections)
(GeurtsvanKessel et al. 2008; Helft et al. 2012; Ho et al. 2011; Kim and Braciale
2009; McGill et al. 2008; Unkel et al. 2012). Consistent with these findings, an
effective reduction in influenza virus replication in the lungs and enhanced survival
of infected mice was observed following adoptive transfer of CD11chi cDCs 1 day
before infection (GeurtsvanKessel et al. 2008) or influenza virus-activated bone
marrow-derived DCs (BMDCs) 1 day after infection (Boonnak et al. 2013).
Conversely, removal or loss of pDCs and/or migratory cDCs in mice prior to
influenza virus infection resulted in higher viral load in the lungs with increased
mortality, supporting the contribution of DCs in viral control (GeurtsvanKessel
et al. 2008; Kaminski et al. 2012; McGill et al. 2008).

In humans, similar to mice, two lineages of DCs are identified, which include
CD11c+CD123lo myeloid DCs (mDCs) and CD11c-CD123hi pDCs. The respiratory
tract has both mDCs and pDCs. Further, CD1c+ mDC1 (CD1a+langerin-/+), which
resemble Langerhans cells and CD141+ mDC2 (CD1a-langerin-) subsets of mDCs
identified in the human lungs are proposed to correspond to CD103-CD11bhi cDC
and CD103+CD11blolangerin+ cDC subsets in mice, respectively (Haniffa et al.
2012; Yu et al. 2013) (Table 1). The draining lymphoid tissue contains pDCs and
CD1c+ mDC1 as well as CD141+ mDC2 (Segura et al. 2012).

Studies have observed an increased number of mDCs and pDCs in the nasal
mucosa, but a decreased number in the peripheral blood of influenza virus-infected
patients (Gill et al. 2005, 2008; Huang et al. 2013), supporting the recruitment of
circulating DCs to the site of infection. Furthermore, influenza virus infection
induced activation of human DC subsets including CD1c+ mDC1, pDC and
moDCs characterized by upregulation of expression of HLA-DR, HLA-ABC,
CD80, CD86, CD40, and CCR7 (Fonteneau et al. 2003; Larsson et al. 2000; le
Nouen et al. 2011; Osterlund et al. 2005; Piqueras et al. 2006; Smed-Sorensen
et al. 2012). Interestingly, although enhanced production of IL-6, IL-8, and CCL2
was observed in pandemic H1N1 2009 influenza virus-infected patients (Lee et al.
2011), in vitro virus infection failed to enhance cytokine secretion in human
moDCs (Osterlund et al. 2010). Consistent with this, influenza virus infection of
moDCs failed to induce maturation and production of IFN-a, TNF-a, and IL-6, due
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to the suppressive effects of NS1 protein (Fernandez-Sesma et al. 2006). Notably,
exposure to type I IFNs prior to influenza virus infection was found to enhance the
activation and cytokine secretion of mDCs and pDCs, by partially overcoming
the inhibition by IFN antagonist NS1 protein of influenza virus (Fernandez-Sesma
et al. 2006; Phipps-Yonas et al. 2008).

3.6 Natural Killer (NK) Cells

NK cells possess unique natural cytotoxicity receptors (NCRs) such as NCR1 in
mice, and NKp30, NKp44, and NKp46 in humans, involved in recognition of
viral- and tumor-associated molecules and activation of NK cells (Jost and Altfeld
2013). Influenza virus productively infects human NK cells in vitro (Mao et al.
2009, 2010) as well as mice NK cells in vivo (Guo et al. 2009). In mouse models
of influenza virus infection, there is a substantial increase in the population of
activated NK cells expressing CD107a and IFN-c in the lungs, which can lyse
influenza virus-infected cells through granzyme B and perforin, and contribute to
the virus control (Ge et al. 2012; He et al. 2004; Hwang et al. 2012; Verbist et al.
2012). Accordingly, NK cell–depletion (Ge et al. 2012) or defects in NK cell
activity (Gazit et al. 2006) resulted in delayed virus clearance from the lungs with
worsen disease in mouse models of sublethal influenza virus infection.

Consistent with this, in humans, NKp46 and NKG2D-mediated recognition of
HA on influenza virus-infected cells induced NK cell-mediated cytolysis of target
cells (Draghi et al. 2007; Mandelboim et al. 2001). However, in contrast to these
in vitro findings, virus infection was associated with transient deficiency of cir-
culating NK cells, particularly CD56+++ NK cells, and downregulation of NK cell
activity, especially with pandemic H1N1 2009 influenza patients (Denney et al.
2010; Fox et al. 2012; Guo et al. 2011; Heltzer et al. 2009). It is not clear whether
the reduced number of NK cells in peripheral blood is a reflection of augmented
recruitment of NK cells to the site of infection, the respiratory tract. However, the
fatal cases of influenza virus infections showed reduced number or absence of NK
cells in lung inflammatory infiltrate (Denney et al. 2010; Welliver et al. 2007).
Consistent with this, studies have found that influenza virus-infection of NK cells
inhibits their functions of cytotoxicity and cytokine and chemokine secretion in
humans (Mao et al. 2010) as well as in mice (Guo et al. 2009).

3.7 Natural Killer T (NKT) Cells

These are a heterogeneous group of T cells that share properties of both T cells and
natural killer (NK) cells. Many of these cells recognize the non-polymorphic
CD1d molecule, an Ag-presenting molecule that binds self- and foreign lipids and
glycolipids (reviewed in Bendelac et al. 2007).
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In mice, influenza virus-activated invariant NKT cells were found to reduce viral
load and the immune-pathology during lethal influenza virus infection by different
mechanisms mediated by IFN-c and IL-22 (Kok et al. 2012; Paget et al. 2011).
Interestingly, in influenza virus-infected mice as well as in humans, activated iNKT
cells were found to diminish the immunosuppressive effect of influenza virus-
induced myeloid-derived suppressor cells (MDSCs) through CD1d- and CD40-
mediated interactions (de Santo et al. 2008). Despite these striking observation, the
role of NKT cells in humans, particularly at the site of infection is unexplored.

3.8 Innate Lymphoid Cells (ILCs)

In mice as well as in humans, ILCs include three groups of cells, (1) IFN-c-
producing NK cells and ILC1, (2) IL-4/IL-5/IL-13-producing ILC2, and (3) IL-17/
IL-22-producing ILC3 and LTi (lymphoid tissue-induce) cells (Spits et al. 2013).
Recent studies have revealed the diverse role of ILC2 in influenza virus infection.
In mice lacking T cells and B cells, ILC2 cells were found to accumulate in the
lungs following sublethal influenza virus infection, and were critical for sustaining
lung epithelial barrier and remodeling of respiratory tissue through secretion of
amphiregulin (Monticelli et al. 2011). In contrast, sublethal influenza virus
infection triggered airway hyper-reactivity (AHR) is shown to be mediated by IL-5
and IL-13–producing ILC2 (natural helper cells) that are activated by IL-33
secreted by aMU and NKT cells (Chang et al. 2011; Gorski et al. 2013). The
significance of these cells during human influenza needs to be determined.

3.9 Other Innate Immune Cells

In spite of the presence of other innate immune cells like mast cells, eosinophils
and basophils in the lungs and airways, the interaction of these cells with influenza
virus is not fully explored.

4 Virus Binding Surface Receptors

4.1 Sialic Acid-Containing Receptors

Sialic acid (SA, N-acetylneuraminic acid) is identified as the primary attachment site
on the cell surface that interacts with the receptor-binding site within the globular
head of HA of influenza viruses (Skehel and Wiley 2000; Wilson and Cox 1990).
Following the interaction of virus with SA-containing receptors, entry into the cell
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might involve clathrin-mediated endocytosis or caveolin and clathrin independent
mechanism (de Vries et al. 2011; Lakadamyali et al. 2006).

Sialic acid is added to surface proteins as part of post-translational modification.
SA consists of nine carbon sugar frequently attached to underlying terminal gal-
actose residue of glycoproteins or glycolipids of cell surface receptors by either
a2,3 (SAa2,3Gal) or a2,6 (SAa2,6Gal) linkage (Wilson and Cox 1990). The SA
and its linkage is critical for facilitating influenza virus infection of epithelial and
immune cells, since enzymatic switching of SA linkage or removal of cell-surface
SA can alter susceptibility or confer resistance to influenza virus infection. It has
been observed that human influenza virus strains usually bind SAa2,6Gal, whereas
avian influenza virus strains have preference for SAa2,3Gal linkage, (reviewed
in Londrigan et al. 2012). Thus, SA is considered to be an important determinant
of virus tropism and contributes to viral pathogenesis and induction of immune
response.

In the human respiratory tract, using lectins specific for SA linkage, epithelial
cells of the nasal mucosa, paranasal sinuses, the pharynx, the trachea, and the
bronchi and bronchioles were found to predominantly express SAa2,6Gal, with
SAa2,3Gal expression being rare (Shinya et al. 2006). However, the cells of the
lower respiratory tract, including non-ciliated cuboidal bronchiolar cells and the
type II pneumocytes of alveoli predominantly expressed SAa2,3Gal (Ibricevic
et al. 2006; Shinya et al. 2006; Thompson et al. 2006). Although a similar pattern
of SAa2,3Gal expression is observed in mouse respiratory tract, SAa2,6Gal is not
expressed (Ibricevic et al. 2006) (Table 1). In the human innate immune cells, cell
surface expression of SAa2,6Gal is found to be predominant compared to
SAa2,3Gal (Corral et al. 1990; Hartshorn et al. 1995; Nicholls et al. 2007; Ramos
et al. 2011; Sakabe et al. 2011; Videira et al. 2008) (Table 1).

Despite these observations of differential expression of SA-linkages on cells
and its significance in virus attachment, the identity of SA-containing receptors is
unexplored. Further, it is also not clear whether virus binding SA-containing
receptors trigger intracellular signals for activation and cytokine production in
innate cells. However, study using UV-inactivated genetically modified human
influenza viruses showed that virus binding to SAa2,3Gal induced higher levels of
proinflammatory cytokines and IFN-inducible genes in DCs and MU compared to
influenza virus with SAa2,6Gal binding specificity (Ramos et al. 2011), suggesting
a viral replication-independent induction of innate response. These finding indicate
that the binding of SA-containing receptors to HA can induce differential innate
antiviral responses. Further, inactivated influenza vaccine (IIV) used in humans is
a split vaccine mainly containing HA, and hence, the interaction of IIV with
SA-containing receptors is likely to play role in the vaccine-induced immunity.
Therefore, deciphering the identity, structure, and functional features (like cyto-
plasmic signaling network) of SA-containing receptors involved in influenza is
warranted.

Although SA is critical for virus binding and tropism, the cells lacking surface
SA were found to be permissive to virus entry and infection, although to lesser
extent (Thompson et al. 2006). Further, it is believed that SA enhances the binding
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of influenza virus to cell surface to facilitate the interaction with other receptors
required for virus entry (Londrigan et al. 2012). Consistent with this, several cell
surface carbohydrate-recognizing receptors are also proposed in binding to sugar
residues within the surface glycoproteins of influenza virus to augment virus
uptake. They include C-type lectin receptors (CLRs), which are the innate rec-
ognition receptors of host (discussed below).

5 Virus Sensing Receptors

Influenza virus is sensed by different pattern-recognition receptors (PRRs).
Detection of viral components by PRRs triggers intracellular signaling cascades
responsible for secretion of type I IFNs, proinflammatory cytokines, and chemo-
kines, and acquisition of activation status. Recent studies have shown that influenza
virus is sensed by PRRs such as, CLRs, Toll-like receptors (TLRs), retinoic acid-
inducible gene I (RIG-I)-like receptors (RLRs), and nucleotide oligomerization
domain (NOD)-like receptors (NLRs).

5.1 C-Type Lectin Receptors (CLRs)

These are a diverse family of transmembrane proteins that contain one or more
carbohydrate recognition domains (CRDs), but do not bind only carbohydrate
structures (Geijtenbeek and Gringhuis 2009; Sancho and Reis e Sousa 2012).
Interaction between influenza virus and CLRs specific to mannose and galactose,
which serve as the receptor for virus attachment and infection of cells, has been
observed. These CLRs include (i) macrophage mannose receptor (MMR, CD206,
which binds to mannose, fucose, and sulphated sugars), (ii) macrophage galactose-
type lectin (MGL, CD301, which binds mainly to terminal GalNAc residues, but
also to galactose and Lewis-X structures) and (iii) DC-specific ICAM3-grabbing
non-integrin (DC-SIGN, CD209, which binds mannose-rich glycans) (Geijtenbeek
and Gringhuis 2009; Sancho and Reis e Sousa 2012).

These CLRs are primarily expressed on monocytes, MU, and mDCs (Table 1).
They can mediate influenza virus binding to augment the SA-dependent virus up take
by cells resulting in enhanced susceptibility to infection. However, these receptors
alone do not mediate efficient infection in the absence of SA (Londrigan et al. 2011;
Wang et al. 2008). Furthermore, these CLRs, which are known to bind influenza
virus lack both activating-ITAM as well as inhibitory-ITIM cytoplasmic signaling
motifs, but possess tyrosine motifs involved in endocytosis (Geijtenbeek and
Gringhuis 2009; Sancho and Reis e Sousa 2012). Hence, based on the recent findings,
it is speculated that virus-bound CLRs can employ the endocytic equipment to direct
the captured viral antigenic cargo for processing and cross-presentation to T cells,
especially MMR and MGL (Sancho and Reis e Sousa 2012). Furthermore, despite
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being unable to induce myeloid cell activation by themselves, these CLRs,
particularly DC-SIGN, are found to modulate the outcome of signaling by other
PRRs (Geijtenbeek and Gringhuis 2009; Sancho and Reis e Sousa 2012). It is
therefore important to determine the effect of binding of influenza virus to these
CLRs on the activation and function of myeloid cells induced by other PRRs, and
also the ensuing CD8+ T cell immune response.

5.2 Toll-Like Receptors (TLRs)

TLRs have emerged as key sensors of innate immunity to viruses recognizing their
PAMPs. TLR2 and TLR4 on cell surface detect the envelope glyco/lipoproteins
and that of intracellular/endosomal TLR3, TLR7, TLR8, and TLR9 sense viral
nucleic acids (Finberg et al. 2007; Kawai and Akira 2011).

All TLRs recruit a specific set of adaptor molecules that harbor TIR (Toll-IL-1
receptor) domain, such as MyD88, TIRAP, TRIF, or TRAM, a combination of
which decides the response to ligand. MyD88 is employed by all TLRs, except
TLR3, which uses TRIF. Whereas TLR4 can utilize TIRAP or TRAM to recruit
MyD88 or TRIF, TLR2 uses TIRAP to recruit MyD88. Further, MyD88-dependent
and TRIF-dependent signaling pathways activate NF-kB, interferon regulatory
factor7 (IRF7) or IRF3 through IRAKs, TRAF6, TAK1, and IKK complex,
resulting in induction of antiviral status and secretion of cytokines. Interestingly,
TLRs cooperate with other PRRs like NLRs and RLRs to induce innate immunity
to pathogens including influenza (reviewed in Kawai and Akira 2011) (Fig. 1).
Studies have shown that influenza virus is recognized by different TLRs, such as
TLR7/8 that bind ssRNA and TLR3, which senses the dsRNA in the endosomes. In
addition, TLR4 can detect the damage-associated molecular patterns (DAMPs)
released from virus-infected cells (Table 2).

5.2.1 TLR3

Although absent in pDCs, monocytes, and neutrophils, low levels of TLR3 is
expressed in MU, mDCs, moDCs (Kadowaki et al. 2001) and primary respiratory
epithelial cells of mice (le Goffic et al. 2006) and humans (Guillot et al. 2005;
Ioannidis et al. 2013) (Table 1). It is important to note that due to the action of RNA
helicase DDX39B, dsRNA is not generated during replication of influenza virus
(Pichlmair et al. 2006; Wisskirchen et al. 2011). It is therefore important to determine
whether TLR3 plays a significant role in antiviral immunity during influenza virus
infections and to identify the ligands for TLR3 within the influenza-infected cells.

Pretreatment of human moDCs with TLR3 ligand (poly I:C) conferred resis-
tance to infection with H5N1 influenza virus (Thitithanyanont et al. 2007). Con-
sistent with this, intranasal pretreatment of mice with poly I:C provided high level
of protection against lethal challenge with influenza virus (Wong et al. 2009).
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Furthermore, lethal dose influenza virus-infected mice showed TLR3-mediated
enhancement of inflammatory reaction and CD8+ T cell response, associated with
augmented viral clearance, compared to TLR3-/- mice (le Goffic et al. 2006)
(Table 2). However, TLR3-/- mice survived longer than control mice (le Goffic
et al. 2006), suggesting that TLR3-triggered innate response inhibits viral spread,
but the ensuing adaptive immunity is detrimental to the host.

5.2.2 TLR7/8

In humans, the highest levels of TLR7 is expressed in pDCs (Kadowaki et al. 2001),
whereas mDC1, mDC2, LCs, and NK cells lack TLR7 (Kadowaki et al. 2001;

Fig. 1 Recognition of influenza virus infection by pattern-recognition receptors. Activation of
TLRs upon detection of viral RNA (TLR3 and TLR7/8) or binding of death-associated molecular
patterns (DAMPS; TLR4) recruits adaptor molecules (MyD88 and TRIF) triggering distinct
signaling pathways that activates nuclear translocation of transcription factors (IRF3/7 and
NF-kB) to induce production of type I interferons (I IFNs) and inflammatory cytokines (IL-6,
TNF and pro-IL-1b and -IL-18). Recognition of 5’ppp-RNA by RIG-I activates recruitment of
MAVS on mitochondrion, which in turn induces the production of cytokines through IRF3/IRF7.
Of the NLRs, NOD2 detects ssRNA to activate translocation of MAPK and IRF3/IRF7 by
recruiting adaptor molecules, RIPK2 and MAVS, respectively, to induce cytokine production.
Activation of NLRP3 mediated by diverse stimuli, dependent on ionic channel M2 protein of
influenza virus, recruits ASC (apoptosis-associated speck-like protein containing a caspase
recruitment domain), which in turn interact with pro-caspase-1 to form NLRP3 inflammasome.
Autoactivation of caspase-1 cleaves pro-IL-1b/IL-18 to mature IL-1b/IL-18 for their secretion
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Merad et al. 2013). However, TLR8 is expressed at low levels by moMU (Hui et al.
2011) and mDCs, but not pDCs (Kadowaki et al. 2001). In mice, CD8a+ cDCs
lack TLR7, but express TLR3, whereas CD8a- cDCs, pDCs, and BMDCs (Edwards
et al. 2003), and also BMMU (Kawai and Akira 2011) express TLR7 (Table 1).

In response to live or inactivated influenza virus in vitro, pDCs produced high
levels of IFN-a, and also inflammatory cytokines in a TLR7-and MyD88-dependent
manner through recognition of viral ssRNA (Diebold et al. 2004; Koyama et al.
2007; Lund et al. 2004) (Fig. 1). TLR7-mediated sensing of inactivated-influenza
virus by pDCs is required to confer protective primary adaptive immune response in
mice (Geeraedts et al. 2008; Koyama et al. 2007, 2010). In contrast, cytokine
production in the lungs following live influenza virus infection did not require
TLR7-signaling in pDCs (Koyama et al. 2010). Despite the uncontrolled viral load
and mortality observed in TLR7/MyD88-deficit mice infected with lethal dose of
influenza virus in a previous study (Seo et al. 2010), the lack of TLR7 did not
markedly alter the viral load, disease pathology and inflammatory cytokine
response in following lethal dose (Jeisy-Scott et al. 2011) or sublethal dose (Pang
et al. 2013b). Consistent with this finding, TLR7-induced type I IFN in pDCs was
dispensable for induction of protective response to influenza virus in mice vacci-
nated with live-virus vaccine (Koyama et al. 2010). Furthermore, IFN-a secretion
by murine mDC/BMDCs in response to influenza virus is found to be dependent on
live virus replication, but not on TLR7/MyD88- signaling (Barchet et al. 2005;
Koyama et al. 2007). Nevertheless, in murine BMDCs, TLR7-signaling was
required for the induction of pro-IL-1b and secretion of mature IL-1b after influ-
enza virus infection (Ichinohe et al. 2010). These results suggest a cell-specific role
of TLR7 in the induction of innate immune response to influenza virus infection as
well as vaccination.

5.2.3 TLR4

TLR4 is expressed mainly on myeloid cells including, neutrophils, monocytes,
mDCs, moDCs, and MU (Table 2). Although the ligand for TLR4 in influenza
virus is not known, a DAMP molecule, S100A9 released in influenza virus-
infected lungs was found to trigger TLR4-MyD88-signaling pathway in MU to
induce exaggerating proinflammatory response, cell-death, and virus pathogenesis
following lethal infection (Tsai et al. 2014) (Fig. 1). Furthermore, similar to TLR4
deficient mice (Nhu et al. 2010), treatment of mice with a TLR4 antagonist,
Eritoran, was found to protect from lethal influenza infection by alleviating lung
pathology, clinical symptoms, cytokine, and oxidized phospholipid expression, as
well as by controlling viral loads, a process dependent on CD14 and TLR2
expression (Shirey et al. 2013). Activation of TLR4-signaling during influenza
infection seems to induce an exaggerated inflammatory response.
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5.3 RIG-I-Like Receptors (RLRs)

These are the RNA-sensing PRRs expressed in the cytosol of majority of the
mammalian cells. RLRs represent a family of RNA helicases, which includes three
members, RIG-I, melanoma differentiation-associated gene 5 (MDA5), and labo-
ratory of genetics and physiology-2 (LGP-2) (Takeuchi and Akira 2009). In
addition to the RNA helicase domain, RIG-I and MDA5 contain two N-terminal
caspase recruitment domains (CARDs), whereas LGP2 lacks a CARD component,
and functions as a negative regulator of RIG-I/MDA5-signaling (Loo and Gale
2011). RIG-I recognizes RNA containing 5’-triphosphate with panhandle-like
secondary structures, whereas MDA5 preferentially senses long dsRNA ([2 kb)
(Takeuchi and Akira 2009). RLRs signal through a common adaptor IFN-b
promoter stimulator-1 (IPS-1), also known as mitochondrial antiviral signaling
(MAVS) leading to phosphorylation of IRF7/3 and NF-kB , which in turn induce
type I IFNs, and proinflammatory cytokines and chemokines, respectively (Loo
and Gale 2011). The recruitment of the adaptor MAVS is dependent on E3-ligase
tripartite motif containing 25 (TRIM25)- and Riplet-dependent ubiquitination of
RIG-I (Loo and Gale 2011). Under steady state, RLR is expressed at low levels,
but is greatly increased in response to IFN and after virus infection (Loo and
Gale 2011) (Fig. 1).

In influenza virus-infected cells, RIG-I is the RLR that senses the virus in
cytosol by recognizing the 5’-triphosphate -RNA sequence motifs along RNA
containing some dsRNA part (panhandle), which is generated by active viral
replication within the cells (Kato et al. 2006; Pichlmair et al. 2006; Rehwinkel
et al. 2010). Of note, a recent study revealed that influenza virus lacking NS1
induces antiviral stress granules that contain viral RNA together with RIG-I and
antiviral proteins including protein kinase R (PKR). These antiviral stress granules
are shown to serve as the site of 5’ppp RNA-induced activation of RIG-I-signaling
(Onomoto et al. 2012). Consistent with this, influenza virus infection boosted an
early transient expression and activation of RIG-I in respiratory epithelial cells
(Crotta et al. 2013; le Goffic et al. 2007), MU (Ohman et al. 2009; Wang et al.
2012), BMDCs (Koyama et al. 2007) and mast cells (Graham et al. 2013).
Although dispensable for viral control following sublethal dose, signaling from
RIG-I and TLR7 was required for survival and restricting the virus growth after
lethal dose influenza infection in mice (Koyama et al. 2007; Pang et al. 2013b).
Furthermore, expression on RIG-I and MDA5 were enhanced in peripheral blood
cells (Lee et al. 2013) and patients who exhibit a polymorphism resulting in the
expression of a nonfunctional variant of RIG-I were severely attenuated in anti-
viral responses against influenza virus (Pothlichet et al. 2009). These findings
support an important role for the RIG-I-mediated responses in restraining the
influenza virus.
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5.4 NOD-Like Receptors (NLRs)

The NLR family comprises more than 20 receptors that are expressed intracellu-
larly in the cytosol, and respond to various PAMPs to trigger inflammatory
response. NLRs can trigger several signaling pathways including MAPK, NF-kB,
and MAVS-IRF3 to induce production of IL-6, TNF-a, pro- IL-1b/IL-18, and also
type I IFNs, respectively (Kanneganti 2010) (Fig. 1). Importantly, some of
the NLRs can recruit the adaptor ASC (apoptosis-associated speck-like protein
containing a CARD), which in turn interact with the pro-caspase-1 to form the
‘‘inflammasome’’ (Franchi et al. 2009). Assembly of inflammasome leads to
autoactivation of caspase-1, which cleaves pro-IL-1b/IL-18 to mature IL-1b/IL-18
for secretion (Yu and Finlay 2008) (Fig. 1).

Studies have shown that NLRP3 (NLR family PYD-containing protein
3/Cryopyrin), NLRC2 (NLR family CARD-containing protein 2), and NLRX1 are
the NLRs responding to influenza virus (Kanneganti 2010). Whereas NLRP3
inflammasome induces the secretion of mature IL-1b/IL-18, NLRC2/NOD2, and
NLRX1 signals the production of type I IFNs in response to influenza virus.

Influenza virus-induced NLRP3-mediated IL-1b and IL-18 production involve
two steps that include, enhancing the transcription of genes encoding pro-IL- 1b
and pro-IL-18 and NLRP3 (signal 1) and activating NLRP3 inflammasome (signal
2). Signal 1 is initiated by the detection of viral RNA by TLR7, which activates
NF-kB. Although initial studies showed that NLRP3 detects influenza virus via
recognition of viral RNA (Allen et al. 2009; Thomas et al. 2009), it is now clear
that many sources contribute to signal 2 either in combination or alone, and all
depend on the newly synthesized viral M2 protein. These include, (i) ionic
imbalance of the trans-Golgi pH, (ii) potassium efflux through the P2X7 receptor,
an ATP-gated cation channel, (iii) lysosomal maturation and release of cathepsin B
and (iv) cellular reactive oxygen species (Ichinohe et al. 2010; Lietzen et al. 2011)
(Fig. 1). Recently, influenza virus virulence protein polymerase basic protein
1-frame 2 (PB1-F2) alone in aggregated form was found to be sufficient to activate
NLRP3 inflammasome-induced IL-1b (McAuley et al. 2013). In addition, recent
evidences support the role of commensal microbiota derived PAMPs as signal 1
for NLRP3 inflammasome activation (Ichinohe et al. 2011). Despite these findings,
the specific PAMP in influenza virus interacting with NLRP3 is not yet known.
Apart from the cleavage of pro-IL-1b and pro-IL-18, NLRP3-inflammasome
activation also results in the initiation of a proinflammatory form of cell death
known as pyroptosis (Schroder and Tschopp 2010).

Studies have shown that live influenza virus infection induces the expression and
activation of NLRP3 inflammasome components (NLRP3, ASC, and Caspase-1) to
mediate IL-1b and IL-18 production in different cell types in vitro; such as mice
BMDCs and BMMU, human MU, nasal airway epithelial cell line and monocytic cell
line THP-1 (Allen et al. 2009; Ichinohe et al. 2009; Kanneganti et al. 2006; Thomas
et al. 2009). Accordingly, mice lacking any of the NLRP3 inflammasome compo-
nents did not produce IL-1b and IL-18 following the high-lethal dose influenza virus
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infection (Allen et al. 2009; Thomas et al. 2009). Furthermore, NLRP3-deficient
mice showed a reduced protective inflammation including the suppressed accumu-
lation of neutrophils and monocytes to the lungs and airways upon influenza virus
infection, which resulted in higher mortality (Allen et al. 2009; Thomas et al. 2009).
Strikingly, NLRP3-deficient mice showed collagen deposits in lungs suggesting the
delayed resolution of lung injury due to the absence of pro-fibrotic role of IL-1b
(Thomas et al. 2009). Notably, the inflammasome complex was found to be dis-
pensable for early clearance (up to 6 days) of the virus (Thomas et al. 2009), but was
essential for reducing the viral load in later stage of infection (Allen et al. 2009;
Ichinohe et al. 2009). These findings suggested that NLRP3-inflammasome induced
inflammatory response, rather than direct viral control, mediates the protective
immunity to influenza virus infection, possibly via adaptive immune responses.

NLRC2 (or NOD2) is believed to recognize the viral genomic ssRNA to recruit
MAVS adaptor protein to activate IRF3-mediated type I IFN production in DCs and
MU in response to influenza virus (Fig. 1). In agreement, NOD2-deficient mice
showed decreased type I IFNs and DC activation, and exhibited enhanced sus-
ceptibility to lethal dose virus-induced pathogenesis (Lupfer et al. 2014; Sabbah
et al. 2009). Further, NLRX1, NLR located in mitochondria, binds to viral protein
PB1-F2. NLRX-signaling prevents virus-induced MU apoptosis and promotes both
MU survival as well as type I IFN signaling in mice infection with lethal dose
(Jaworska et al. 2014). On contrary, NOD2 and NLRX1 are found to negatively
regulate the NLRP3 and RIG-induced inflammatory response to lethal dose influ-
enza virus, respectively, and control the immunopathology (Allen et al. 2011;
Lupfer et al. 2013). Together, these findings suggest that NLRs execute differential
role in response to influenza virus infection to obtain a balanced innate immunity.

6 Effector Molecules of Innate Immunity

6.1 Cytokines and Chemokines

These mainly activate and attract various immune cells to the site of infection.
Type I IFNs are the principal antiviral effectors to inhibit viral replication, and also
promote greater activation of innate immune cells, particularly DCs, to facilitate
the induction of adaptive immunity.

6.2 Soluble Innate Mediators

These function mainly by direct interaction with the virus outside the cells, resulting
in either inhibition of viral binding to target cells, or in disruption of viral membranes
(reviewed in Tripathi et al. 2013). Some of these soluble innate mediators, such as
mucins, surfactant protein A (SP-A), glycoprotein-340, pentraxins, ficolins- inhibit
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the attachment of influenza virus to cells by presenting SA to the viral HA. Whereas
other mediators, such as SP-D, mannose binding lectin (MBL), H-ficolins possess a
lectin activity, and can interact with glycans on viral HA to form aggregate, which
prevents the binding of virus to cells. In addition, there are antimicrobial peptides,
such as a-defensins (human neutrophil peptides) and b-defensins, which cause
viral aggregates, and also LL-37 that causes disruption of viral membrane. Fur-
thermore, complement proteins activated by either soluble innate mediator, MBL,
or natural IgM are also shown to exert beneficial role in influenza virus infection
(Tripathi et al. 2013).

6.3 Intrinsic Antiviral Factors

These factors directly interact with the virus inside host cells to restrict the entry,
replication, and assembly of virus, thereby rendering the cells nonpermissive to
virus. This form of immunity to virus is referred as intrinsic antiviral immunity
(Yan and Chen 2012). These factors are preexistent, but can be further enhanced by
viral infection and type I IFNs, the principal mediator of antiviral innate response.

Type I IFNs activate the JAK/STAT pathway upon binding to its receptor,
IFNAR. In addition to upregulating the innate recognition receptors (discussed
earlier), IFNAR-signaling results in transcriptional upregulation of interferon-
stimulated genes (ISGs), which in turn restrict the viral replication.

6.3.1 Mx

The myxovirus resistance gene, or Mx, was the first ISG found to restrict influenza
virus replication. The human MxA and MxB, and the murine Mx2 are cytoplasmic
proteins, whereas the murine Mx1 is localized within the nucleus (Haller et al.
2009). In mice, Mx1 inhibits the influenza virus infection, but Mx2 does not. In
humans, MxA inhibits influenza as well as other viruses, but MxB has no effect on
influenza infection. Mx proteins are reported to interact with viral NP and RNA
helicases involved in the transport of viral RNA to the nucleus, which is the site of
viral transcription and replication, resulting in the inhibition of viral growth (von
der Malsburg et al. 2011). Different strains of influenza virus vary in their sensi-
tivity to these proteins (Zimmermann et al. 2011). Of note, since most of the inbred
mice strains are devoid of functional Mx proteins, the extrapolation of mouse data
to humans has to be done with extreme caution.

6.3.2 Protein Kinase R (PKR)

It is an IFN inducible protein kinase that becomes activated upon binding to
dsRNA in cytosol. In case of influenza virus, this is shown to be mediated by the
panhandle secondary structure formed by 5’ppp end of RNA (Dauber et al. 2009).
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While there have been multiple substrates identified for PKR, most of the antiviral
activity of PKR is due to phosphorylation of eIF2a, which results in a general
translational block, limiting viral replication (Pindel and Sadler 2011). NS1 of
influenza A virus inhibits the activity of PKR (Li et al. 2006), and PKR-KO mice
are highly susceptible to infection with NS1 defective influenza A virus (Bergmann
et al. 2000), highlighting the contribution of PKR in restricting influenza virus
replication. In addition to its role in inhibiting the translation of viral RNA, PKR
activation also initiates signal transduction via NF-kB leading to cell growth arrest
and autophagy, which result in an enhanced anti-viral immunity (Sadler and
Williams 2008).

6.3.3 OAS/RNAseL

OAS (oligoadenylate synthetase) and RNase L is one of the first interferon-
induced antiviral pathways discovered. Similar to PKR, OAS requires binding to
dsRNA for activation of its enzymatic activity in cytosol. Upon activation, OAS
generates 2’–5’ oligoadenylates that act as a cofactor for a latent cytoplasmic
RNAse, RNAseL. Activated RNAseL cleaves viral and cellular RNA stopping the
viral replication (Chakrabarti et al. 2011).

6.3.4 ISG15

ISG15 is a 17kDa protein present in cytosol that has structural resemblance to two
covalently linked ubiquitins. Like ubiquitin, ISG15 is conjugated to proteins
through lysine residues. While the outcome of ISGylation are still unclear, ISG15-
KO mice are more prone to infection by several viruses, including influenza A and
B viruses, supporting the antiviral activity of this molecule (Lenschow et al. 2007).
Importantly, NS1 protein of influenza A virus was shown to be conjugated by
ISG15 resulting in the inhibition of NS1 function, and is believed to restrict the
influenza virus replication (reviewed in Garcia-Sastre 2011).

6.3.5 Viperin and Tetherin

These are the recently discovered ISGs expressed on cell surface that exhibit the
ability to inhibit influenza virus infection. Viperin is localized in the endoplasmic
reticulum. It interferes with the enzymatic process of membrane fluidity and
membrane microdomains to inhibit the efficient budding of influenza virus from
infected cells (Wang et al. 2007). Tetherin (also known as BST2), like viperin, also
restricts viral budding. By retaining newly assembled virions attached to the
plasma membrane, tetherin restricts the formation of influenza virus like particles
(reviewed in Garcia-Sastre 2011).

48 B. Pulendran and M.S. Maddur



6.3.6 IFITM and IFIT

IFITM (IFN-inducible transmembrane protein) are ISGs that restrict viral entry
(Brass et al. 2009; Everitt et al. 2012). IFITM3 has been identified as an important
host restriction factor for influenza virus. IFITM3 proteins block infection early
during cytosolic entry of viruses that utilize the endosomal pathway (Feeley et al.
2011), suggesting that they affect the function of viral proteins involved in viral
fusion in the endosome (Garcia-Sastre 2011). Infection of IFITM3 deficient mice
with low virulence influenza A virus resulted in a severe form of disease, similar to
that caused by high virulence virus (Brass et al. 2009; Everitt et al. 2012). Inter-
estingly, avian cells do not seem to express a homolog to IFITM3, which raises the
possibility that IFITM proteins might influence viral tropism (reviewed in Yan and
Chen 2012).

The IFIT family (interferon-induced proteins with tetratricopeptide repeats)
includes four members, IFIT1, 2, 3, and 5, which are the cytoplasmic proteins that
recognize viral RNA with 5’triphosphate or without 2’-O-methylation. IFIT1 is
found to inhibit cellular translation by binding to the eIF3 initiation factor to
suppress the viral translation and replication (Yan and Chen 2012).

7 Innate Control of Adaptive Immunity to Influenza

7.1 Innate Immune Cells

At the cellular level, innate immune cells, particularly DCs, which sense the viral
invasion through unique innate receptors, are also endowed with the ability to
prime adaptive immune cells, such as T cells and B cells, to induce a virus-specific
long-lasting immunity (Braciale et al. 2012; Iwasaki and Medzhitov 2010;
Manicassamy and Pulendran 2009, 2011; Pulendran et al. 2010b).

7.1.1 DCs

DCs are well known for their critical role in the initiation of Ag-specific response
owing to their ability to uptake and process Ags, and to migrate to the lymphoid
tissues for presentation to naïve Ag-specific T cells. Furthermore, DCs in airways
are believed to derive viral Ag for presentation via two unique ways, endogenous
Ag following direct infection or exogenous Ag by uptake of infected dead cells.

Extensive studies have shown that respiratory DC subsets, such as
CD103+CD11blocDCs and CD11bhiCD103- cDCs acquire a mature phenotype in
the presence of type I IFNs and migrate to the regional LN in CCR7-dependent
manner (Fig. 2). Among the DCs in LN, respiratory CD103+CD11blo cDCs are
found to be the only DCs that prime virus-specific naïve CD8+ T cells in the LN to
differentiate into effector cells (GeurtsvanKessel et al. 2008; Helft et al. 2012;
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Ho et al. 2011; Kim and Braciale 2009; Kim et al. 2014; Unkel et al. 2012). This is
because, type I IFN-dependent antiviral status of CD103+CD11blo cDCs restrains
their productive infection, and they preferentially uptake influenza virus-infected
apoptotic cells in the lungs (Desch et al. 2011; Helft et al. 2012). This results in an
influx of high number of activated CD103+CD11blocDCs that carry viral Ags into
LN for cross-priming of virus-specific CD8+ T cells, early during the infection
(Albert et al. 1998; Desch et al. 2011; Helft et al. 2012; Ho et al. 2011) (Fig. 2).

On the contrary, CD11bhiCD103- cDCs, which is the major migratory DC
subset in LN at the peak of infection, are found to drive the generation of central
memory CD8+T cells (Kim et al. 2014) (Fig. 2). The differential function of cDC

Fig. 2 Innate control of adaptive immunity to influenza. Innate immune cells, particularly
dendritic cells (DCs) in the respiratory tissues acquire antigens either through direct infection or by
uptake of influenza-infected dead cells and undergo maturation process triggered by TLR7 or RIG-
I-signaling, under the influence of type I IFNs produced by macrophages and pDCs. Respiratory
DC subsets (CD103+ cDCs, CD11b+ cDCs and pDCs) migrate to the draining lymph node (LN),
where they can transfer influenza antigens (Ag) to LN-resident CD8a+ cDC. In the LN, respiratory
CD103+ cDCs together with CD8a+ cDCs stimulate the naïve CD8+ T cells to proliferate and
differentiate into cytotoxic effector CD8+ T cells, in a CD24-dependent manner. On the other hand,
CD11b+ cDCs drive the activation of CD8+ T cells, mainly effector T cells at later stage of
infection, to induce memory CD8+ T cells. Interaction of naïve CD4+ T cells with cDCs generates
IFN-c-producing Th1 cells, which in turn facilitates the differentiation of effector B cells in a
TLR7-dependent manner. These effector cells migrate from LN to respiratory tissues, where they
have second interaction with Ag-bearing innate immune cells to undergo further activation and
differentiation to terminal effector cells that secrete effector molecules to control virus spread
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subsets is attributed to an enhanced expression of CD24 on CD103+CD11blocDCs,
which regulate CD8+ T cell activation through HMGB1-mediated engagement of
T cell RAGE (Kim et al. 2014). Although CD11clo pDCs and CD11b+Ly6C+

moDCs migrate to the LN in high number, and are shown to carry viral Ags, they
were inefficient in activating naïve CD8+T cells, compared to CD103+ cDCs and
CD11bhi cDCs (Ballesteros-Tato et al. 2010; GeurtsvanKessel et al. 2008; Kim and
Braciale 2009).

In addition to migratory respiratory DCs, some studies suggested that
LN-resident CD8a+ cDCs are also able to activate naïve CD8+ T cells by cross-
presentation of Ag acquired from migratory DCs (Belz et al. 2007; Waithman et al.
2013). Notably, together with neutrophils and MU (Hufford et al. 2012; Kohlmeier
et al. 2010; Tate et al. 2012), respiratory DCs at the site of infection were essential for
the survival of effector T cells in Ag (cross-) presentation, IL-15 trans-presentation-
and lymphotoxin (LT) b-dependent manner (McGill et al. 2008, 2010) (Fig. 2).
Thus, the non-redundant role of DC subsets facilitates rapid generation and main-
tenance of the effector T cells needed to clear acute infection, followed by slower
development of the cells needed for sustained memory.

Furthermore, both CD103+CD11blo cDCs and CD11bhiCD103- cDCs are found
to efficiently activate naïve virus-specific CD4+ T cells in the LN (Fig. 2), compared
to other migratory DC subsets, in mice exposed to infectious as well as inactivated
influenza virus (GeurtsvanKessel et al. 2008; Kim and Braciale 2009). However,
blood monocyte-derived moDC recruited to LN are reported to stimulate IL-12p70-
mediated Th1 response in mice (Nakano et al. 2009). Recent studies in influenza-
infected mice (Leon et al. 2014) and influenza-vaccinated humans (Bentebibel et al.
2013) showed that follicular CD4+ T (Tfh) cells are present in LN and circulation,
respectively, and are essential for germinal center (GC) reactions and antibody
production. Notably, pDCs were found to be essential for enhancement of virus-
specific primary antibody response following influenza infection (GeurtsvanKessel
et al. 2008; McGill et al. 2008) and vaccination (Koyama et al. 2010). Further,
CD11chi cDCs in the lungs were crucial for maintenance of GC reactions in tertiary
lymphoid structures, and to sustain virus-specific antibodies (GeurtsvanKessel et al.
2009). Despite these observations, the role of DC subsets in the generation of Tfh
cells and primary antibody response is not clearly known.

In humans, consistent with the high susceptibility to productive infection
in vitro, influenza virus-exposed mDCs were impaired in Ag (cross-) presentation
to CD8+ T cells (Smed-Sorensen et al. 2012) and CD4+ T cells (Fernandez-Sesma
et al. 2006). However, mDCs exposed to inactivated virus or infected dead cells
were highly efficient in Ag (cross-) presentation to activate CD8+ T cells (Smed-
Sorensen et al. 2012). Furthermore, when LAIV was administered to humanized
mice, the lung-resident CD1c+ mDC1, but not CD141+ mDC2, are found to drive
the expansion of influenza virus-specific CD103-expressing mucosal CD8+ T cells
through membrane-bound TGF-b-dependent mechanisms (Yu et al. 2013).

Recent studies showed that pDCs are less efficient than mDCs, in both cross-
as well as direct presentation of influenza Ag to T cells in vitro (Lui et al. 2009;
Smed-Sorensen et al. 2012). Strikingly, influenza virus-activated pDCs were able
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to induce a strong Th1 polarization through synergistic effect of IL-12 and type I
IFNs (Cella et al. 2000). Furthermore, influenza virus triggered secretion of type I
IFNs and IL-6 from pDCs induced differentiation of plasma cells and virus-
specific antibody production from B cells activated by T cells (Jego et al. 2003).
These findings indicate that human mDCs are likely important for the induction of
CD8+ T cell response and that of pDCs in CD4+ T cell-dependent virus-specific
antibody response.

Despite these studies in mouse models and in vitro human studies on how
influenza virus-exposed mDCs and pDCs influence different aspects of adaptive
immunity; the phenotype, activation status and functional role of DC subsets in
influenza virus-infected patients, particularly at the site of infection, is not known.

7.2 Virus Sensing Receptors

7.2.1 TLRs and RLRs

Although a previous study implicated TLR3 in the enhancement of CD8+ T cell
response in lethal dose influenza virus-infected mice (le Goffic et al. 2006), later
studies found that TLR3 and its associated adapter molecule, TRIF, do not play a
significant role in the development of influenza virus-specific CD4+ or CD8+ T cell
or B cell responses following sublethal infection (Heer et al. 2007; Koyama et al.
2007; Seo et al. 2010) (Table 2). Surprisingly, TLR7/MyD88 and RIG-I-signaling
are also found to play negligible roles in CD8+ T cell activation and effector
functions in sublethal dose influenza virus-infected mice (Heer et al. 2007;
Koyama et al. 2007; Pang et al. 2013a). However, CD4+ T cell response, the
number of antibody-secreting cells in secondary lymphoid organs, and the pro-
duction of virus-specific antibodies following sublethal intranasal infection were
dependent on TLR7 signaling, but not RIG-I signaling (Jeisy-Scott et al. 2012;
Koyama et al. 2007). Furthermore, TLR7-signaling in pDCs, was essential for
protective antibody response induced by virion RNA-containing split vaccine
(Jeisy-Scott et al. 2012) and inactivated whole virus vaccine (Koyama et al. 2007,
2010) (Table 2). Here, along with stimulation of TLRs on B cells, TLR7-mediated
induction of type I IFNs in pDCs was found to be critical for T cell-dependent
antibody response following infection and vaccination (Heer et al. 2007; Koyama
et al. 2010). Based on these findings, it appears that TLRs rather than RLRs
contribute to the induction of effective T cell-dependent antibody response to
influenza virus, whereas TLR-independent and RLR-independent mechanisms
might exist with regards to CD8+ T cell responses. In this context, our recent study
showed that activation of induced general control nonderepressible 2 kinase
(GCN2) in DCs by the yellow fever vaccine (YF-17D) is crucial for generation
of CD8+ T cell response through autophagy and enhanced Ag presentation
(Ravindran et al. 2014). Interestingly, induction of CD8+ T cell responses to the
LAIV was also dependent on GCN2 (Ravindran et al. 2014).
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7.2.2 NLRs and Caspase-1

Mice deficient of caspase-1, ASC, and NLRP3, which lacked IL-1b and that of
IL-1R-deficient mice showed a failure in the activation of virus-specific IFN-c-
secreting CD4+ and CD8+ T cells, and to generate nasal IgA and serum IgG
response following sublethal dose of influenza virus infection (Ichinohe et al.
2009; Pang et al. 2013a) (Table 2). Furthermore, microbiota-mediated NLRP3-
inflammasome-caspase-1 activation-induced IL-1b is believed to be essential for
activation and migration of DCs from the lungs to the LN for T cell priming during
sublethal dose influenza virus infection in mice (Ichinohe et al. 2011). Supporting
these previous findings, a recent study showed that signaling through the IL-1R (by
IL-1b/IL-1a) in uninfected DCs carrying viral Ag was required and sufficient for
productive priming of CD8+ T cells, but signaling through TLR7 and RIG-I was
dispensable (Pang et al. 2013a). In contrast, a previous study found that antibody
production, as well as the influenza virus-specific CD8+ T cell number in the BAL,
of both Nlrp3 and caspase-1-deficient mice was similar to wild type mice infected
with sublethal dose of influenza virus between 7 and 11 days of infection (Thomas
et al. 2009) (Table 2). While several studies favored the role of influenza virus-
triggered caspase-1 activation in CD8+ T cell response, further studies are needed
to clarify these findings. A recent study revealed that NOD2-deficiency causes
reduced generation of virus-specific CD8+ T cell response following lethal
infection in mice (Lupfer et al. 2014) (Table 2).

In summary, despite a unique indispensable role of innate immune system in
antiviral immunity, cooperation with CD8+ T cell and CD4+ T cell-dependent
virus-neutralizing antibody response, is essential for protection, especially het-
erosubtypic influenza virus immunity.

8 Pathogenic Role of Innate Immunity to Influenza Virus
Infection

A major form of innate immune-mediated pathology following influenza virus
infection is viral pneumonia, which leads to ARDS resulting in multiorgan failure
and a high mortality rate (Short et al. 2014). In addition to virus-induced cell injury,
ARDS is attributed to hyperactivation of innate immune cells, such as neutrophils,
monocytes, and NK cells. These cells induce excessive inflammatory responses
involving reactive oxygen species, TNF-related apoptosis-inducing ligand
(TRAIL), inducible nitric oxide synthase (iNOS2) and proinflammatory cytokines
(Herold et al. 2008; Hogner et al. 2013; Lin et al. 2008; Short et al. 2014).

Increased accumulation of innate cells through a chemokine-mediated feed-
forward loop is observed in the lung lesions of high dose lethal infection associated
with poor innate control of influenza virus (Aldridge et al. 2009; Brandes et al.
2013; Lin et al. 2008; Narasaraju et al. 2011; Seo et al. 2011). Consistent with this,
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interfering with the massive infiltration of these innate cells through chemokine
antagonism (CCR2 for monocytes) or partial cell depletion (Aldridge et al. 2009;
Brandes et al. 2013; Lin et al. 2011) was found to alleviate the immune-mediated
pathology.

9 Systems Vaccinology of Influenza Vaccines

System vaccinology employs a number of high-throughput technologies like DNA
microarrays, protein arrays, deep sequencing, and mass spectrometry to generate
system-wide unbiased molecular measurements to reconstruct the events in an
immune response (Pulendran et al. 2010a). Over the last few years, several studies
have used systems biology approaches to obtain a global picture of the immune
responses to vaccination, and to identify molecular signatures that can be used to
predict vaccine immunity in humans, and also to understand the mechanisms
involved in the vaccine-induced immunity (Li et al. 2013, 2014; Nakaya et al. 2011,
2012; Pulendran 2009; Pulendran et al. 2010a; Querec et al. 2009; Ravindran et al.
2014; Tsang et al. 2014).

A comparative study of immune response to trivalent inactivated influenza
vaccine (TIV) and live attenuated influenza vaccine (LAIV) using systems biology
approach revealed salient common as well as contrasting features between them.
While LAIV induced the expression of several interferon-related genes, which are
similar to live viral vaccines, the TIV induced a signature composed of genes
highly expressed in plasma B cells (Nakaya et al. 2011). For TIV, of the 44 genes
identified to accurately predict the outcome of immunization as either high or low
antibody titers, one gene-CAMKIV- had no known function in regulating immu-
nity, but was negatively correlated with antibody titers. Consistent with this,
CAMKIV-deficit mice developed high antibody titers after vaccination (Nakaya
et al. 2011). Furthermore, the expression of TLR5 few days after TIV adminis-
tration highly correlated with the antibody titers 4 weeks post vaccination. How-
ever, TIV did not activate TLR5 signaling per se (Jason and Pulendran
unpublished data). TLR5 is sensor of bacterial flagellin, which could be derived
from commensal flora. In this context, perturbation of gut microbiota was found to
influence the host immune response involved in the clearance of virus from lungs
in influenza infected mice (Ichinohe et al. 2011). Consistent with this, our pre-
liminary results support the significant influence of intestinal flora on TIV-induced
antibody response in mouse model (Jason and Pulendran unpublished data).

In addition, studies are also being performed in influenza virus-infected patients
and animal models for better understanding of the disease pathogenesis that might
help in efficient control (Huang et al. 2011; Korth et al. 2013; Woods et al. 2013;
Zaslavsky et al. 2013). A temporal pattern of host molecular responses was
identified by systems biology approach in the peripheral blood of influenza virus-
infected human volunteers, which differentiated symptomatic from asymptomatic
infections of influenza virus strains (Huang et al. 2011; Woods et al. 2013).
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Further, while symptomatic patients showed multiple PRR-mediated antiviral and
inflammatory responses, asymptomatic individuals revealed a highly regulated
antiviral responses together with enhanced cell-mediated and antioxidant respon-
ses (Huang et al. 2011; Woods et al. 2013). Similarly, differential induction of
inflammatory gene expression is observed in the mouse lungs following infection
with influenza virus causing mild or severe respiratory disease, which is largely
accounted by neutrophils (Brandes et al. 2013; Kash et al. 2006; Korth et al. 2013).
Furthermore, by integrating the large-scale lipid measurements with targeted gene
expression, a recent study in influenza mouse model and human patients showed
that 5-lipoxygenase metabolites correlate with the pathogenic phase of the infec-
tion, whereas 12/15-lipoxygenase metabolites associate with the resolution phase
(Tam et al. 2013).

10 Conclusions and Perspectives

In this review, we summarized our current knowledge of the innate immune
responses to influenza. At the cellular level, respiratory epithelial cells being the
primary target support the viral replication to release progeny viruses; but together
with DCs and MU, trigger trafficking of increased number of immune cells to the
site of infection. Uptake of influenza virus mainly through the SA-containing
receptors and recognition of viral components by the innate receptors trigger
activation and upregulation of antiviral program in respiratory epithelial as well as
immune cells recruited to the airways. Antiviral innate response mainly includes
type I and III IFNs and the IFN-stimulated genes, in addition to various inflam-
matory cytokines and chemokines. Although innate immunity seems to achieve the
protective viral clearance in concert with adaptive immune response, damaging
role of innate immunity in the pathogenesis of influenza is also emerging with the
recent studies. Of note, variation in the amplitude of innate immune response has
been linked to both virus dose and strains as well as host factors.

There is an impressive amount of knowledge emerging on innate immunity to
influenza virus from experimental studies in mice. However, there is a paucity of
knowledge about the mechanisms that mediate innate and adaptive immunity to
influenza in humans, particularly among those populations that show enhanced
morbidity and mortality to infection, such as the infants and the elderly. Thus,
there is an imperative to study innate immunity in humans using cutting edge tools
like systems biology, in order to acquire a deeper understanding for devising
rational prophylactic and therapeutic strategies for the control of influenza.
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The NS1 Protein: A Multitasking
Virulence Factor

Juan Ayllon and Adolfo García-Sastre

Abstract The non-structural protein 1 of influenza virus (NS1) is a relatively
small polypeptide with an outstanding number of ascribed functions. NS1 is the
main viral antagonist of the innate immune response during influenza virus
infection, chiefly by inhibiting the type I interferon system at multiple steps. As
such, its role is critical to overcome the first barrier the host presents to halt the
viral infection. However, the pro-viral activities of this well-studied protein go far
beyond and include regulation of viral RNA and protein synthesis, and disruption
of the host cell homeostasis by dramatically affecting general gene expression
while tweaking the PI3K signaling network. Because of all of this, NS1 is a key
virulence factor that impacts influenza pathogenesis, and adaptation to new hosts,
making it an attractive target for control strategies. Here, we will overview the
many roles that have been ascribed to the NS1 protein, and give insights into the
sequence features and structural properties that make them possible, highlighting
the need to understand how NS1 can actually perform all of these functions during
viral infection.
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1 The Road to Understanding NS1 Functions: The
Non-Structural Protein that became Lindenmann’s
Reverse Interferon

When the influenza virus genome was originally mapped (Palese 1977; Shaw and
Palese 2013), it became a challenge to assign a role for the non-structural proteins
found in infected cells, but apparently not present in the virion. Among them was
the non-structural protein 1 (NS1) (Lazarowitz et al. 1971), a highly expressed
protein originated from the collinear mRNA transcribed from segment 8 in the
influenza virus genome. The same segment also encoded another non-structural
protein, NS2, generated by alternative splicing of segment 8 mRNAs and that was
renamed NEP (nuclear export protein) after its functions became clearer and the
protein was also found in virions (O’Neill et al. 1998). Some initial studies with
temperature sensitive mutants (Koennecke et al. 1981; Shimizu et al. 1982)
showed that segment 8 was required for the efficient replication of the virus, and
hinted that NS1 might be playing a role in the regulation of viral gene expression,
yet it was unclear how could be so given that NS1 was not necessary for in vitro
replication of the viral segments, that only required the polymerase subunits and
the nucleoprotein (Huang et al. 1990) (Fig. 1).

Among the first features that could be ascribed to NS1 was its ability to bind
different species of RNA (vRNA, dsRNA, polyA tails and snRNA) (Hatada et al.
1992; Hatada and Fukuda 1992; Qiu and Krug 1994; Qiu et al. 1995) and, related
to this, the NS1 was found to be a regulator of host gene expression by blocking
splicing of pre-mRNA and export of polyadenylated mRNAs out of the nucleus
(Alonso-Caplen and Krug 1991; Alonso-Caplen et al. 1992; Fortes et al. 1994;
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Fig. 1 a–c Features, interactors, and structure of the influenza A virus NS1 protein. a Schematic
representation of the primary structure of an NS1 monomer, highlighting its most representative
features and the regions known to be required for its multiple interactions. b The NS1 dimer,
adapted from the X-ray structure described for the H5N1 A/Vietnam/1203/2004 NS1 (Bornholdt
and Prasad 2008; PDB ID: 3F5T). The RNA-binding domains (RBD) are shown interacting,
while the effector domains (ED) are in a monomeric state. Both the linker and the disordered tail
regions of the protein, not present on the original structure, are hinted as a dashed line. c Residues
and regions involved in the best characterized interactions of NS1. The color code is the same as
in (a) for comparison purposes
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Qian et al. 1994; Qiu and Krug 1994). When a little later it was described that NS1
interacts with and inhibits the cellular polyadenylation machinery (Nemeroff et al.
1998), it became evident that this viral protein was efficiently shutting down host
gene expression at a post-transcriptional level. The implications of this in viral
replication remained unclear. At first it was described that the effects of NS1 on
host mRNAs resulted in a steady pool of sequestered mRNAs in the nucleus
available for the viral polymerase to cap-snatch and transcribe viral mRNA
(Nemeroff et al. 1998). At this point the NS1 protein was mainly considered a post-
transcriptional gene regulator, but the interferon pathway was not into the picture
yet (Fig. 2).

History of interferon (IFN) research runs in parallel with that of influenza virus.
It was treating cells with heat-inactivated influenza viral particles that Isaacs and
Lindenmann (1957) first discovered the secretion of this cytokine with antiviral
properties. Soon afterwards, Lindenmann reported that cells infected with a live
influenza virus were not producing interferon upon subsequent treatment with the
inactivated virus particles, an inhibitory phenomenon he denominated ‘‘inverse
interference’’: some factor related to viral replication had to be inhibiting inter-
feron production (Weber et al. 2004; Lindenmann 1960). The first interferon-
stimulated gene (ISG) found to prevent viral infections in vivo was identified for
its ability to confer resistance to influenza virus, hence its naming as Mx, from
‘‘mixovirus resistance’’ (Lindenmann 1962; Horisberger et al. 1983). Another ISG,
the antiviral translational repressor PKR, was found to be inhibited during influ-
enza virus infection (Katze et al. 1986), and it was the first connection between the
NS1 protein and the interferon response as it was shown that the PKR inhibitory
effect was, at least in part, due to NS1 (Lu et al. 1995) (Fig. 3).

Research on NS1 up to this point was limited to biochemical assays, transfection
studies, and the use of temperatures sensitive mutants. The development of reverse
genetics techniques allowed directed and selective manipulation of the influenza
virus genome (reviewed by Palese et al. 1996), and revealed the identity of Lin-
denmann’s ‘‘inverse interferon’’ encoded by influenza virus. Recombinant viruses
carrying truncated forms of NS1 (Egorov et al. 1998) or devoid altogether of the
NS1 gene (delNS1) (García-Sastre et al. 1998) were severely attenuated in IFN
competent cells while still growing efficiently in Vero cells, which cannot produce
a/ß interferons. Furthermore, the delNS1 virus was lethal in STAT1-/- mice
lacking a transcription factor required for IFN action, and induced higher activation
of ISG promoter than its wild type counterpart. For the first time it was postulated
that the NS1 protein was a virally encoded antagonist of the interferon response,
and thus became the first of such inhibitors to be described for a negative-stranded
RNA virus. While interferon-inhibitor accessory proteins had by then been
described for other viruses (Weber et al. 2004), the limited genome size and small
number of proteins encoded by influenza viruses had made it difficult to believe that
one of them could be nonessential and mostly devoted to oppose the host innate
immune response, as the delNS1 virus demonstrated. The exploration of the
mechanisms by which NS1 exerts its inhibitory effect advanced in parallel with
the increasing knowledge on the innate immune response pathways: the discovery
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Fig. 2 Overview of the functions of the influenza A virus NS1 protein in the cytoplasm and
nucleus of infected cells. NS1 is the main IFN antagonist of influenza virus, and also plays a
critical role in the viral takeover of the cellular gene expression machinery. NS1 inhibits the IFN
pathway at a pre-transcriptional level by blocking the activation of the RIG-I sensing and
signaling platform, and at a post-translational level by repressing the activation of the anti-viral
genes PKR and OAS. In the nucleus, NS1 inhibits the correct processing and export of mRNA,
thus hindering all cellular gene expression including that of IFN-related genes. At the same time,
NS1 enhances the production of viral mRNA, and in turn the specific translation of the latter by
interacting with several translation-related factors. As a result of all these functions, NS1 renders
the cell unable to properly respond to the viral infection or to alert neighboring cells of the
danger. The reported activation of PI3K by NS1 may change the expression profile of the cell,
inhibiting premature apoptosis or inducing other unknown changes on the cellular environment
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of the cytoplasmic helicase RIG-I as the main sensor of influenza virus infection
(Yoneyama et al. 2004) pointed toward a possible target for pre-transcriptional
repression of innate immunity, and ever since numerous publications have
addressed how NS1 limits RIG-I signaling, as discussed below.

With its role as an interferon antagonist clearly established, the actual strategy
used by NS1 remained unclear. Some experimental setups pointed toward a
prevalence of the originally described general gene expression shut off (Nemeroff
et al. 1998) as the main mechanism to prevent antiviral inducible gene expression,
while others highlighted the pre-transcriptional inhibition of the RIG-I/IRF3 axis
(Pichlmair et al. 2006; Mibayashi et al. 2007). This apparent dichotomy was
resolved thanks to growing evidence of a strain-dependent behavior of the NS1
protein (Kochs et al. 2007). Indeed, the subtleties of NS1 performance were soon

Fig. 3 a–c Structural versatility of the NS1 protein. a Variability of the orientation of the ED
respect to the RBD on the crystal structures of different NS1 proteins: A/Vietnam/1203/2004
(H5N1)(Bornholdt and Prasad 2008), A/blue-winged teal/MN/993/1980 (H6N6) and A/blue-
winged teal/MN/993/1980 carrying a deletion on the linker region similar to that of the H5N1
protein (Carrillo et al. 2014). b Homodimerization of the NS1 ED. Depiction of one of the
variable helix-helix interfaces between the two ED, showing the central, pivotal position of
tryptophan 187 (Adapted from Kerry et al. 2011; PDB ID: 3O9S). c Proposed oligomerization of
NS1 upon binding to dsRNA (Aramini et al. 2011). While the RBD on each NS1 dimer binds to
the central dsRNA molecule, neighboring effector domains interact through the W187-mediated
helix-helix interface promoting a spiral oligomerization around the RNA
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revealed as complex as the ever-growing array of functions it has been related
to; including a very well structurally-characterized—but functionally obscure-
activation of the PI3K signaling pathway (Hale et al. 2006), a critical regulator of
cell fate. In the following paragraphs, we will summarize the broad scope of the
NS1 functions, their regulation and the—still not completely understood—effects
they have in influenza virus pathogenesis.

2 Sequence and Structure of NS1

The NS1 protein is encoded in the smallest of the genomic segments of influenza
virus, denominated NS, and numbered as segment 8 in influenza A and B and
segment 7 in influenza C viruses (Shaw and Palese 2013). Collinear transcription
of the segment generates the NS1 mRNA, whereas its splicing leads to the gen-
eration of the NEP mRNA (Inglis et al. 1979; Lamb and Choppin 1979). As a
result, NS1 and NEP share their first 10 aminoacids and bases 503–690 on the NS1
coding sequence overlap with bases 31–221 on NEP, though on a shifted reading
frame (Lamb and Lai 1980). This partial sharing of genetic information makes
difficult to mutate selectively certain residues of NS1 without affecting NEP. This
remains both a caveat and a challenge when generating recombinant viruses with
modified NS segments, though careful engineering can be used to circumvent the
overlap by separating NS1 and NEP ORFs (Manicassamy et al. 2010; Varble et al.
2010; Marazzi et al. 2012). An alternative splicing product that would generate a
third protein from the NS segment (NS3) has been described for certain isolates of
influenza A virus. Though its function and relevance remain unclear, NS3 could
be providing an adaptive advantage when jumping to a new host species (Selman
et al. 2012).

NS1 mRNA translates into a *26 kDa polypeptide whose length may vary
slightly among different strains: for influenza A viruses (IAV) it ranges between
215–237 aminoacids (Hale et al. 2008c). Comparison of a large number of isolates
from different strains revealed two subsets of NS1 proteins based on sequence
homology that were named alleles A and B (Scholtissek and von Hoyningen-
Huene 1980; Treanor et al. 1989; Ludwig et al. 1991). Among the same allele
90–100 % of the residues are conserved, while between alleles conservation can be
as low as 60 %. All of NS1 proteins from human, swine, equine, and other
mammal virus isolates belong to allele A. Allele A NS1s are also found in many
avian strains, including those found to sporadically infect humans. Allele B
comprises only avian-origin NS1, and reassortant human viruses with an allele B
NS segment are attenuated in monkeys (Treanor et al. 1989), suggesting that allele
A NS1, which underwent stronger evolutive pressures according to phylogenetic
studies (Ludwig et al. 1991), provides specific advantages for infecting diverse
host species.

The NS1 polypeptide comprises two functionally distinct globular domains: an
N-terminal RNA binding domain (RBD) (amino acids 1–73), and a C-terminal
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effector domain (ED) (85-end), separated by a short linker region. Crystallographic
data is available on both the individually expressed RBD and ED of several strains
(Chien et al. 1997; Liu et al. 1997; Bornholdt and Prasad 2006; Hale et al. 2008a;
Cheng et al. 2009; Kerry et al. 2011), as well as on the full length NS1 proteins of
H5N1 and H6N6 avian viruses (Bornholdt and Prasad 2008; Carrillo et al. 2014).
The RBD domain is formed by 3 a-helices and homodimerizes to constitute a six-
helix antiparallel bundle, which sets up the tracks upon which dsRNA can sit (Liu
et al. 1997; Cheng et al. 2009). Dimerization is absolutely required for RNA
binding, and so is the conserved arginine in position 38, with some other charged
residues being also important for stabilizing the interaction through hydrogen
bonds and electrostatic contacts (R35, R37 and K41, among others) (Wang et al.
1999). Alanine substitutions of R38 and K41 have been extensively used as
abrogators of the RNA-binding function of NS1 in different studies.

The C-terminal effector domain, formed by seven ß-strands and three a-helices,
can also homodimerize independently (Bornholdt and Prasad 2006; Hale et al.
2008a). Interaction between the EDs takes place through the highly conserved
tryptophan residues at position 187, which reciprocally embed into hydrophobic
pockets resulting in a variable helix-helix interface. Biophysical data and in silico
analysis suggest that the RBD association is highly stable and has the properties of
an obligate dimer, whereas contacts between the monomers in the ED dimer are
likely to be transient (Kerry et al. 2011; Aramini et al. 2011). The short linker region
between the RBD and the ED is thought to be flexible allowing different confor-
mations of the NS1 homodimer quaternary structure, in which the strong RBD dimer
remains fixed and the effector domains change their relative position cycling
between mono and dimeric statages. It is not clear whether dimerization of the ED
takes place within the same NS1 RBD dimer, with neighbouring NS1 RBD dimers
to generate oligomers, or both. In any case, the length of the linker and the exact
amino acid composition of its sequence, as well as nearby residues, are probably
important steric determinants of the tridimensional disposition that NS1 can adopt,
and may influence in a strain specific manner the interactions of this viral protein
with its cellular partners (Hale et al. 2010a; Kerry et al. 2011; Carrillo et al. 2014).
While most of the NS1 proteins have an 11 amino acid long linker, highly patho-
genic H5N1 strains isolated after 2000 carry a deletion of 5 amino acids in that
region (residues 80–84), a genotype that is persistently found ever since and has
replaced the full-length linker consensus, hinting toward a selective advantage for
H5N1 influenza viruses that has not yet been identified (Dundon and Capua 2009).

The structure of the last residues of the C-terminal end of NS1 is not apparent in
the NS1 crystals and they are thought to form a disordered and flexible ‘‘tail’’.
Interestingly, this is one of the most variable regions among different NS1 proteins
and the main reason for the diversity in their lengths, with successive truncations
and elongations showing up through viral evolution (Suarez and Perdue 1998). As
a noteworthy example, the NS1 of human-circulating viruses acquired seven
additional residues in their C-terminus during the late 1940s due to a single point
mutation, extending its length from 230 to 237 amino acids. For the following 40
years, the NS1 proteins of all human isolates were 237 residues long, including
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those of the 1957 and 1968 pandemic strains, with few and punctual exceptions
(Hale et al. 2008c). Then, by the late 1980s a reversion of the original mutation
brought the NS1 length back to 230 amino acid residues. Interestingly, shortening
of the NS1 sequence happened in parallel and about the same time in H1N1 and
H3N2 strains. There is no evidence of any clear evolutionary advantage associated
with this convergence, and the only biological implication found with this change
is that it could have allowed H3N2 strains to gain a novel function by unmasking a
histone H3-like sequence, as discussed below (Marazzi et al. 2012).

3 The Great Antagonist: NS1 and the Innate Immune
Response

Innate immunity is one of the first barriers a virus faces when infecting a host.
Mammalian cells have evolved sophisticated antiviral mechanisms based on
sensing intruding pathogen products and triggering of signaling cascades leading
to the production of type I (IFNa and IFNß) and type III (IFNk) interferons.
Interferons are cytokines that act in an autocrine and paracrine manner to alert
neighboring cells of the presence of the intruder, promoting changes in their
expression profiles and leading ultimately to the establishment of an effective anti-
viral state through the production of a myriad of interferon-stimulated genes (ISG)
(García-Sastre 2011; Schneider et al. 2014). Furthermore, the interferon system not
only limits the original spread of the pathogen, but is also linked to the activation
of the slower, yet more specific, adaptive immune response (Schmolke and García-
Sastre 2010; Iwasaki and Medzhitov 2010). Given such a formidable defense
mechanism, it is not surprising that pathogens have developed a number of dif-
ferent strategies to overcome, limit, or hide from the interferon system and
establish a successful infection.

The NS1 protein’s main contribution to influenza virus pathogenesis is the
inhibition of the host’s innate immune response through repression of the type I/III
interferon system. The virus encodes several other factors that have been described
to limit to a certain degree this response, either directly by interacting with
components of the interferon pathway (the case of the accessory PB1-F2 protein or
the PB2 subunit of the viral polymerase) (Varga et al. 2011; Graef et al. 2010; Iwai
et al. 2010), or indirectly by allowing the virus to outrun the interferon effects (the
case of highly efficient polymerase complexes found in some virus strains)
(Grimm et al. 2007). However, NS1 is the main viral interferon antagonist due to
the large impact it has in this pathway, which can be inhibited by NS1 at multiple
levels. Not all virus strains rely equally in all of the anti-interferon functions of
NS1, nor are all these functions conserved among different strains, and yet the
striking degree of redundancy in inhibiting the IFN system is a good proof of how
relevant for the virus is to block the host’s response. In the following paragraphs
we will address the different stages of the anti-viral response at which NS1 exerts
its antagonism.
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3.1 Pre-Transcriptional Inhibition: NS1 and the RIG-I
Signaling Axis

The interferon signaling cascade is triggered by the recognition of molecules
bearing pathogen-associated molecular patterns (PAMPs): a series of alien or
uncommon biological fingerprints that the cell can distinguish as ‘‘non-self,’’ and
thus, alert of the presence of an invading agent. This recognition is carried out by
specialized molecular sensors known as pattern recognition receptors (PRRs) that
can be classified into different families according to their subcellular location, the
PAMPs they recognize and the origin of those PAMPs (Takeuchi and Akira 2009).
The cytosolic RNA helicase RIG-I (retinoic acid-inducible gene I) is the PRR that
accounts for detection of influenza virus in epithelial cells, the main targets for
influenza virus infection in vivo. The PAMPs that RIG I detects upon infection are
dsRNA structures with 50-triphophates, which are specific for viral RNAs and not
found in cytoplasmic cellular RNAs (Yoneyama et al. 2004; Pichlmair et al. 2006).
Binding of RIG-I to its PAMP triggers an ATP-dependent conformational change
on RIG-I, exposing two N-terminal caspase recruiting domains (CARD) (Myong
et al. 2009). Upon this structural change different residues in RIG-I are ubiquiti-
nated by the E3 ligases TRIM25 (Gack et al. 2007) and RIPLET (Oshiumi et al.
2009), and/or bound to free ubiquitin chains also produced by TRIM25 (Zeng et al.
2010), resulting in RIG-I oligomerization. The modified RIG-I CARDs can then
bind to the CARD domains of the mitochondrial adaptor MAVS (mitochondrial
antiviral signaling), which in turn leads to MAVS oligomerization and to the
scaffolding of a multi-kinase signaling platform that ultimately leads to the phos-
phorylation and nuclear translocation of the transcription factors IRF3, AP-1(c-Jun/
ATF-2) and NFjB. Once in the nucleus, these activated factors are the essential
components of the enhanceosome that drives transcription of the IFN gene
(McWhirter et al. 2005).

The NS1 protein of influenza A viruses has been reported to block the activation
of IRF3 (Talon et al. 2000a), NFjB (Wang et al. 2000) and AP-1 (Ludwig et al.
2002), repressing pre-transcriptionally the expression of interferons. This inhibitory
action takes place at the very origin of the RIG-I signaling pathway. NS1 forms a
complex with RIG-I, detectable by co-immunoprecipitation (Pichlmair et al. 2006;
Guo et al. 2007; Opitz et al. 2007; Mibayashi et al. 2007), but there is no clear
evidence on whether this complex involves direct inhibitory contacts between the
two protein or it is mediated through other interactions. Indeed, NS1 has been
reported to also associate with two positive regulators of RIG-I: the ubiquitin
ligases TRIM25 (Gack et al. 2009) and RIPLET (Rajsbaum et al. 2012). By binding
the coiled coil domain of TRIM25 NS1 can block its oligomerization and sub-
sequent E3 ligase activity on the CARD domains of RIG-I. Mutant NS1 proteins
carrying E96A/E97A substitutions in a putative protein-protein interaction motif in
the ED are unable to bind TRIM25 and cause viral attenuation and higher IFN
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induction (Gack et al. 2009). NS1 can also interact with RIPLET and prevent it
from activating RIG-I, although E96/E97 residues are not involved in that inhibi-
tion (Rajsbaum et al. 2012). It is controversial whether RIPLET and TRIM25 can
both ubiquitinate the same residues in the C-terminal CARD domains of RIG-I.
Instead, RIPLET seems to be specifically driving a distinct modification of the
N-terminus of the sensor, allowing its initial conformational change and the sub-
sequent activation by TRIM25 (Oshiumi et al. 2013). According to this model, NS1
could be blocking independently two required regulatory steps on the activation of
RIG-I. This apparent redundancy can be explained by the fact that interaction of
NS1 with TRIM25, RIPLET or both is both viral strain- and host species-specific
(Rajsbaum et al. 2012). As an example, human IAV NS1 proteins can bind both
human RIPLET and TRIM25, whereas they are unable to bind murine TRIM25 and
as such rely mostly on their inhibition through RIPLET to inhibit RIG-I in mice.
The ability of different NS1 to interact with host-specific components of the RIG-I
pathway may help in surpassing the interspecies barrier, and as such it could be a
factor influencing this critical aspect of IAV epidemiology.

Additionally, the dsRNA binding ability of NS1 could also be playing a role in
the pre-transcriptional inhibition of the interferon pathway by sequestering away
the PAMPs that RIG-I recognizes. A fact weighting against this possibility is the
very low affinity of the RBD of NS1 for dsRNA (Chien et al. 2004), that makes it
unlikely to outcompete more efficient binders such as RIG-I. On the other hand,
mutation of amino-acids R38 and K41, both pivotal for dsRNA binding (Wang
et al. 1999), greatly impairs the ability to block interferon production (Pichlmair
et al. 2006). Remarkably, R38/K41 substitutions also abrogate the aforementioned
interactions of NS1 with RIG-I, TRIM25 and RIPLET (Pichlmair et al. 2006; Gack
et al. 2009; Rajsbaum et al. 2012). Although it is not ruled out that those two
amino acids could be specifically involved in direct protein-protein contact
interfaces, it is tempting to propose that the RNA binding properties of NS1 help
its localization into multicomponent and dynamic RNA-protein complexes in
which the NS1 exerts its inhibition. Indeed, some pieces of data suggest that such
complexes are formed during influenza virus infection (Onomoto et al. 2012). The
actual role of RNA-binding on IFN antagonism of the RIG-I pathway by NS1
remains to be fully elucidated.

While the interaction of IAV NS1 with the components of the RIG-I signaling
axis are conserved among virus isolates, the extent and efficiency of the inhibitory
effect varies significantly among different viral strains. Several studies have
addressed this issue (Hayman et al. 2006; Kochs et al. 2007; Kuo et al. 2010) and,
despite discrepancies related to the different experimental approaches, all conclude
that several strains of H1N1, H2N2, and H3N2 human-circulating viruses cannot
block efficiently the pre-transcriptional steps of the IFN signaling cascade. The NS1
proteins of these viruses must then rely on a different strategy: crippling host gene
expression, including that of IFN and IFN-stimulated genes, at a post-transcriptional
level as discussed below.
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3.2 Co- and Post-Transcriptional Inhibition: Limiting Host
Gene Expression

The NS1 protein of a number of IAV strains can also efficiently suppress the
expression of cellular genes by directly interfering with the pre-mRNA processing
machinery of the host. In eukaryotic cells, the 30 ends of primary transcripts are
cleaved upon recognition of a conserved AAUAAA sequence some 10–30 bases
upstream of the cleavage site. The Cleavage and Polyadenylation Specificity
Factor (CPSF) is a polyprotein complex formed by four subunits that recognizes
the AAUAAA sequence, binds to the nascent mRNA and catalyzes the endonu-
cleolytic step and the subsequent addition of a poly(A) tail (Wahle and Keller
1996; Colgan and Manley 1997). The smallest of the components of CPSF is a 30
kDa protein (CPSF30) with five C3H zinc fingers (Barabino et al. 1997). The
effector domain of NS1 binds to two of the CPSF30 zinc fingers (F2F3), and by
doing so inhibits the binding of the whole CPSF complex to pre-mRNA and its
consequent cleavage and polyadenylation (Nemeroff et al. 1998; Twu et al. 2006;
Das et al. 2008). Additionally, the influenza virus replication machinery (the
polymerase subunits PB1, PB2, and PA; as well as the nucleoprotein NP) con-
tributes to stabilizing NS1-CPSF interactions in a strain-specific manner (Twu
et al. 2007; Kuo and Krug 2009).

By blocking CPSF, NS1 inhibits cellular mRNA processing and the expression
of cellular genes, including those of interferon and ISG that are involved in the
anti-viral response. CPSF30 inhibition may also explain at least partially some
other functional effects of NS1 expression: the suppression of nucleo-cytoplasmic
transport of mRNA (Fortes et al. 1994; Qiu and Krug 1994), since this transport
requires polyadenylation, and the inhibition of mRNA splicing (Alonso-Caplen
and Krug 1991; Alonso-Caplen et al. 1992; Fortes et al. 1994; Qian et al. 1994), in
which CPSF is also involved (Li et al. 2001). Viral transcripts are not affected by
the repression of CPSF, however, because their polyadenylation is directly cata-
lyzed by the viral polymerase (Shaw and Palese 2013). Moreover, it’s been
hypothesized that the sequestered pre-mRNA in the nucleus provides a steady pool
of capped 50 ends for cap snatching by the viral polymerase (Nemeroff et al. 1998).

Relevant residues involved in the NS1-CPSF30 interaction have been charac-
terized by mutagenesis (Li et al. 2001; Noah et al. 2003; Kochs et al. 2007; Twu
et al. 2007) and more recently by the X-ray crystal structure of the NS1 ED in
complex with the F2F3 region of CPSF30, described for the A/Udorn/73 (H3N2)
human seasonal strain (Ud) (Das et al. 2008). A patch of highly conserved
hydrophobic residues at NS1 (184-188) embeds into a pocket on the F2F3 CPSF30
domain, with G184 standing in a central position. Substitution of G184 by an
arginine effectively abrogates Ud NS1 binding to CPSF30 (Das et al. 2008).
Interestingly, this NS1 residue is also required for virulence in mice independently
of both the IFN system and CPSF30 interactions (Steidle et al. 2010). Another
important NS1 residue that impact CPSF30 binding is W187, which is pivotal in
driving the dimerization of the NS1 ED (Hale et al. 2008a; Kerry et al. 2011;
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Aramini et al. 2011). In fact, W187 mediated NS1 ED dimerization is incom-
patible with NS1-CPSF30 binding based on crystal structures (Kerry et al. 2011).
This fact, as discussed below, likely plays a role on the spatial-temporal regulation
of the NS1 functions. Two additional amino acids are important for stabilizing the
NS1-CPSF30 interaction although they are not strictly part of the binding inter-
face: these are a phenylalanine in postion 103 (F103) and a methionine in position
106 (M106) (Kochs et al. 2007; Das et al. 2008).

As with the pre-transcriptional inhibition of the RIG-I signaling, the suppres-
sion of general gene expression is a variable feature among different influenza
virus strains. The NS1 proteins of H1N1, H2N2, and H3N2 viruses seasonally
circulating in humans during the last century share a strong binding capability to
CPSF30. On the other hand, the widely used egg- and mouse-adapted PR8 strain
lacks this property due to substitutions in the aforementioned amino acids residues
at positions 103 and 106 (Kochs et al. 2007). Also, the highly pathogenic H5N1
avian viruses involved in the 1997 human outbreak in Hong Kong carried F103L
and M106I substitutions in their NS1s, which then could not bind CPSF30 effi-
ciently (Twu et al. 2007). Interestingly, H5N1 strains eventually acquired F103
and M106 NS1 amino acid residues and most avian (and all human) isolates
reported from 1998 onward carry this signature of strong CPSF30 binding. Gain-
of-function studies in which the H5N1 strain A/Hong Kong/483/1997 was mutated
to carry F103 and M106 NS1 amino acid residues resulted in increased virulence
and systemic spread in mice (Spesock et al. 2011). However, a similar approach
rendered the opposite results with a different isolate (A/Hong Kong/456/1997)
(Dankar et al. 2013).

Another relevant influenza virus whose NS1 is defective in binding to CPSF30
and repressing cellular gene expression is the 2009 pandemic (pH1N1) influenza
virus. This strain carries three NS1 amino acid substitutions (K108R, D125E,
D189G) that, like F103L and M106I, prevent optimal NS1 binding to CPSF30
(Hale et al. 2010b). In this case, restoring NS1 binding to CPSF30 slightly
decreased replication and virulence in mice. As shown by these examples, dis-
secting the contribution of CPSF30 inhibition to pathogenesis is a difficult task, as
it is most probably impacted by synergy versus competition with other NS1
functions depending on the strain,. Indeed, variations in CPSF30 binding seem to
arise commonly upon influenza virus adaptation to different hosts (Hossain et al.
2008; Brown et al. 2001). In general, mouse-, egg- and swine-adapted viruses have
NS1s that bind weakly to CPSF30, whereas those from human-circulating strains
are strong binders (with the exception of the pH1N1 virus, whose NS1 is of swine
origin) In the case of avian strains both NS1 phenotypes can be found (Twu et al.
2007; Hale et al. 2010b).

While the inhibition of CPSF30 is presumed to block unspecifically overall
gene expression, some NS1 proteins may have evolved to repress expression of
specific sets of genes. This is the case of influenza A H3N2 viruses isolated after
1989. As previously mentioned, the NS1 of these viruses reverted back to a length
of 230 amino acids from a 237 amino acid length configuration (Hale et al. 2008c).
As a result, their C-terminal residues became ARSKV, a very similar motif to the
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ARTKQ motif found on histone H3. Consequently, the tail on these NS1 proteins
acts as a histone tail mimic, repressing the expression of specific cellular genes
through competition with H3 for binding to the PAF1 transcription-elongation
complex (Marazzi et al. 2012). PAF1 regulated genes include those involved in the
IFN response.

Additionally, the NS1 of the H1N1, A/WSN/33 (WSN) strain has been reported
to interact with several components involved in mRNA export (NXF1, p15, Rae1,
E1B-AP5) and block their function (Satterly et al. 2007). Although WSN NS1 is
able to bind to CPSF30 (Twu et al. 2007), it lacks the D189 amino acid residue
involved in optimal interaction (Hale et al. 2010b). Inhibition of cellular mRNA
export proteins may give some specificity for inhibition of cellular gene expression
to NS1, as different cellular mRNA use different export factors to translocate to the
cytoplasm (Satterly et al. 2007).

3.3 Post-Translational Inhibition of Antiviral Genes: PKR
and OAS

The anti-interferon antagonism of NS1 goes beyond the pre- and post-transcrip-
tional repression of the interferon genes: NS1 also blocks directly the antiviral
effects of some of the interferon-stimulated gene (ISG) products. The best studied
of these are the Ser/Thr kinase PKR and the RNAse L-pathway activator OAS
(20-50-oligo (A) synthetase).

PKR is an RNA-binding protein kinase constitutively expressed in an inactive
conformation in mammalian cells that becomes upregulated upon interferon
treatment (Hovanessian 1989). Overall, PKR is a sensor activated by dsRNA and
other stimuli. Upon activation, it phosphorylates a number of substrates and
activates different signal transduction pathways to counteract potential threats. In
its best characterized role as an antiviral agent, PKR phosphorylates the alpha
subunit of the eIF2 translation initiation factor, effectively repressing all protein
synthesis in the cell (García et al. 2006). Proof of the relevance of this inhibition
for the host vs pathogen arms race is that many different viruses have evolved
specific proteins that inhibit PKR (reviewed by García et al. 2006).

Influenza A virus was found to inhibit PKR activity in early studies (Katze et al.
1986, 1988). In fact, influenza virus has been postulated to antagonize PKR during
infection via two different mechanisms: (i) by regulating the function of p58IPK, a
factor that in turns regulates PKR activity (Melville et al. 1999; Goodman et al.
2007) and (ii) by the action of the NS1 protein. The lack of PKR allows NS1-
defective recombinant viruses (delNS1) to replicate efficiently in mice (Bergmann
et al. 2000). Several studies suggested that the inhibitory effect caused by NS1 was
due to sequestration of dsRNA away from PKR (Hatada et al. 1992; Lu et al.
1995). However, as commented earlier regarding RIG-I inhibition, the affinity of
NS1 for dsRNA is much lower than that of PKR, so out-competition in vivo seems
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unlikely (Li et al. 2006). Furthermore, a recombinant influenza virus carrying
RNA binding-defective R38A NS1 effectively represses PKR (Min and Krug
2006), and NS1 also blocks the dsRNA-independent activation of PKR by PACT
(PKR-associated activator) (Li et al. 2006). In fact, NS1 binds PKR through an
interaction that involves NS1 amino acids 123–127 and the N-terminal region of
PKR (Min et al. 2007). Based upon these findings, it has been postulated that NS1
prevents the activating conformational change in PKR subsequent to PKR binding
to dsRNA (Li et al. 2006).

Beyond its role in translational repression, PKR has also been involved in the
activation of several signaling pathways, including the transcription factor NFjB
that is pivotal for IFN gene expression (Williams 2001; Munir and Berg 2013).
Indeed, PKR was believed to be of a major cytoplasmic PRR involved in the
transcriptional activation of IFN, until the discovery of the RIG-I—like sensors
(Pichlmair and Reis e Sousa 2007). However, the relevance of PKR as a sensor
involved in antiviral gene expression should not be lightly ruled out.

The 20-50-oligo (A) synthetase (OAS) is an IFN-stimulated gene product that
catalyzes the formation of 20-50-polyA chains from ATP. The main function of
these oligomers is to activate the otherwise latent RNAse L, a potent repressor of
viral infection due to its degradation of single-stranded RNA. By-products of this
degradation might also be recognized by RIG-I like receptors and positively
feedback the IFN response (Silverman 2007). Silencing and knock-down of
RNAse-L greatly enhances the replication of a recombinant A/Udorn/72 virus
encoding the NS1 RNA-binding unpaired mutant R38A (Min and Krug 2006). No
direct interaction has been described between NS1 and OAS and/or RNAse L: the
proposed mechanism of action for this inhibition is sequestration of dsRNA away
from OAS. In this case, contrary to what happens with PKR or RIG-I, the dsRNA
binding affinity of OAS is low enough for NS1 to outcompete it in vivo (Min and
Krug 2006).

4 Additional Pro-Viral Functions of NS1

4.1 Activation of PI3K and Regulation of the Apoptotic
Response

Phosphoinositide-3-kinases (PI3K) are ubiquitously expressed and highly con-
served cytoplasmic heterodimeric enzymes (Engelman et al. 2006). Upon activa-
tion by a number of different stimuli, they catalyze the formation of PIP3
(phosphatidylinositol (3,4,5) trisphosphate), a membrane-embedded lipidic second
messenger. PIP3 acts as docking platform for PH domain-containing proteins
involved in signaling,—the best characterized being the Ser/Thr kinase Akt.
Cellular responses that involve PI3K signaling include survival, proliferation,
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trafficking, and regulation of the immune function (Engelman et al. 2006). Because
of its relevance as a checkpoint for cellular homeostasis, the PI3K network is very
tightly regulated, and abnormalities in its behavior lie behind numerous hereditary
and oncogenic pathologies (Kok et al. 2009).

Influenza A virus is known to activate PI3K signaling twice during infection, as
detected by the phosphorylation state of its downstream effector Akt (Ehrhardt and
Ludwig 2009; Ayllon et al. 2012a): a first, early, and transient PI3K activation
peak takes place during viral attachment and entry, probably related to the required
uptake by endocytosis (Ehrhardt et al. 2006), whereas a second, sustained acti-
vation appears 2–3 h post-infection and is due to NS1, which can directly bind to
the PI3K complex (Hale et al. 2006; Shin et al. 2007b; Zhirnov and Klenk 2007).
The structural and mechanistic basis for this activation has been well studied: the
heterodimeric PI3K is kept at its basal state due to inhibitory contacts exerted by
the regulatory subunit (termed p85) over the catalytic one (termed p110). This
inhibition is mediated by two SH2 domains on p85. NS1 binds to p85 and dis-
places the N-terminal SH2 domain from its position on the heterodimer, thus
releasing the inhibition over p110 (Hale et al. 2008b, 2010a). Several relevant
sequential features and amino acids in NS1 involved in p85 binding have been
mapped (Hale et al. 2006, 2010a; Shin et al. 2007a), including a highly conserved
tyrosine in position 89 that settles in the center of the NS1-p85 interphase (Hale
et al. 2006, 2010a). Conservative substitution of tyrosine 89 for phenylalanine
(Y89F) abrogates p85 binding and PI3K/Akt activation.

Despite the knowledge on the activation mechanism of PI3K by NS1, its bio-
logical relevance remains obscure. By using the Y89F substitution in the PR8
backbone, it has been shown that PI3K activation improves viral replication in
tissue culture and virulence in the mouse model (Ayllon et al. 2012b; Hrincius
et al. 2012); although in a strain-dependent manner as it does not impact fitness
of another H1N1 strain, A/WSN/33 (Ayllon et al. 2012b). Given the well-
characterized role of PI3K signaling as anti-apoptotic, it was first suggested that by
activating it NS1 would stimulate cell survival beneficially for the virus (Zhirnov
et al. 2002; Ehrhardt et al. 2007; Zhirnov and Klenk 2007; Shin et al. 2007a).
Although initial studies had pointed out that NS1 could actually be promoting
apoptosis instead (Schultz-Cherry et al. 2001), it is possible that increased apop-
tosis is an indirect consequence of the many cellular-disturbing functions of the
protein such as CPSF30 inhibition. Indeed, the use of a delNS1 virus showed
clearly the anti-apoptotic role of NS1 (Zhirnov and Klenk 2007), although remains
controversial whether this feature is a result of lack of PI3K/Akt activation: Y89F
and other p85 binding-defective mutants are still anti-apoptotic, at least in the Ud
backbone (Jackson et al. 2010). Activation of PI3K by NS1 has been shown to
regulate cationic currents in the airway epithelium, the primary target of influenza
virus infection, and thereby this influences liquid accumulation and pathogenicity
(Gallacher et al. 2009).

A most noteworthy aspect of NS1 activation of PI3K it is its isotype specificity.
Class IA PI3K comprises three different catalytic p110 isotypes (p110a, p110ß,
and p110d) and two main p85 ones: p85a and p85ß. Because PI3K is an obligate
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heterodimer, the different possible combinations of catalytic and regulatory sub-
units, each with distinct relative ratios of expression in different cell types and
tissues, provides a complex diversity amplifier for the PI3K pathway whose
research has become increasingly appealing given its relevance in human malig-
nancies (Vanhaesebroeck et al. 2010). The NS1 protein binds very specifically to
p85ß (Hale et al. 2006; Shin et al. 2007a): a remarkable feature unique among the
numerous PI3K activators. It is unknown why influenza virus would only target
p85ß complexes, as well as if there are also preferred p110 isotypes, but this may
be the key for understanding of the biological relevance of PI3K activation by
NS1.

4.2 Regulation of Viral RNA and Protein Synthesis

Early studies on temperature-sensitive mutant viruses had suggested that the NS3
was involved in the regulation of vRNA synthesis (Wolstenholme et al. 1980).
Influenza virus gene expression has traditionally been divided into early and late
stages, with the NS and NP vRNAs being selectively expressed during the former
and all the eight genomic segments showing higher expression levels at the latter
(Shapiro et al. 1987; Skehel 1973). Alanine substitutions of NS1 amino acids 123/
124 of the Ud strain result in a temporal deregulation of vRNA synthesis, with late
genes being generated earlier and in greater numbers (Min et al. 2007). Although
residues 123/124 are required for binding to and inhibiting PKR, the observed
phenotype was unrelated to any activation of PKR, as it could also be noted on
PKR-/- mice. Further evidence that NS1 plays a role in regulating viral RNA
synthesis came from recombinant PR8 viruses carrying deletions of their whole
NS1 ED, which specifically impair the mRNA levels of HA (Maamary et al. 2012).
The mechanism by which NS1 can influence vRNA temporal regulation is
unknown, but it has been postulated to be related to the well-characterized
interaction of NS1 with the viral ribonucleoprotein complex (Marion et al. 1997b;
Kuo and Krug 2009) through its direct binding to NP (Robb et al. 2011). Com-
plementary, very recent data suggests that NS1 inhibition of DDX21 may be the
key for this process. DDX21 is a cellular helicase able to block the viral poly-
merase complex formation and an interacting partner of both NS1/CPSF30 and
PB1 (Chen et al. 2014).

Influenza virus efficiently takes over the cellular protein production systems, so
in infected cells there is a preferential translation of viral products over the host’s
own (Garfinkel and Katze 1993). The NS1 protein contributes to this phenomenon
by selectively shutting off cellular gene expression at co- and post-transcriptional
levels, as described earlier, but additionally has also shown to directly enhance the
translation of viral mRNAs, a feature mapped to its N-terminal 113 amino acids
(Marion et al. 1997a). NS1 can bind to the conserved 50 UTR regions of the mRNA
(Park and Katze 1995), as well as to different proteins involved in eukaryotic
translation: the elongation initiation factor 4GI (eIF4GI) (Aragón et al. 2000), its
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interactor PABPI (Burgui et al. 2003) and hStaufen, a dsRNA binding protein
involved in the transport of mRNA to active translation sites (Falcon et al. 1999).
The proposed model for NS1 enhancing viral translation involves the selective
recruitment of these factors to the 50 viral UTRs in cytoplasmic polysomes that
were actually one of the first subcellular locations in which NS1 was found (Krug
and Etkind 1973).

4.3 Interactions with Other Host Cell Factors: the
C-terminal PDZ Binding Motif

High-throughput screening strategies combined with bioinformatics analysis have
been used to identify cellular pathways and components affected during influenza
virus infection (Shapira et al. 2009; Pichlmair et al. 2012; de Chassey et al. 2013).
In addition to confirming previously characterized interactions of NS1, these
studies have also identified novel potential interactors of NS1, which will require
further research. Another approach to discover additional functions and partners
for NS1 has been the use of bioinformatics and sequence analysis to find common
motifs in the protein’s sequence (Obenauer et al. 2006). This identified a putative
PDZ binding motif (PBM) in the C-terminus of many of 230 amino acid long NS1
proteins. PDZ domains are important protein recognition signals, relevant in the
assembly of multi-component signaling complexes (Javier and Rice 2011). The
most common C-terminus sequences in NS1 proteins of human (RSKV/RSEV)
and avian (ESEV/EPEV) strains are putative PBMs, although only the latter has
been found to interact with PDZ domain-containing proteins such as Scribble and
Dlg1, which may be affecting cellular junctions and the apoptotic response (Liu
et al. 2010; Javier and Rice 2011, Golebiewski et al. 2011). The relevance of this
avian-specific motif is unclear: while it has been shown to increase replication of
laboratory-adapted WSN strain (Jackson et al. 2008) and avian-H7N1 viruses
(Soubies et al. 2010), when introduced into the highly pathogenic A/VN/1203/04
(H5N1) did not affect virulence, at least in a murine model (Zielecki et al. 2010).

5 Achieving Multifunctionality: Regulation of NS1

5.1 Intracellular Distribution

A quick overview of the plethora of activities associated to NS1 highlights that
some of them must take place in the nucleus (CPSF30 binding), while others
should happen in the cytoplasm (RIG-I signaling and PKR inhibition, PI3K acti-
vation). Therefore, the subcellular location of the protein and its regulation must
play a role in determining which functions are executed at which time.
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NS1 was originally described as a nuclear protein (Lazarowitz et al. 1971) and
indeed can be predominantly found in the nucleus of infected cells, especially at
early times post-infection. Up to two different nuclear location signals (NLS) can
be found depending on the viral strain (Greenspan et al. 1988; Melen et al. 2007).
Every NS1 protein of influenza A and influenza B viruses has a monopartite NLS
signal in its N-terminus (amino acids 35–41), which overlaps with critical residues
for dsRNA binding such as R38 and K41. Nuclear translocation due to this NLS is
mediated by the karyopherin importin a (Melén et al. 2007). Additionally, those
237 residues-long NS1 proteins from H3N2 IAV, which gained an elongated tail
between 1950 and 1989, have a second, bipartite NLS around positions 219-232
(Melén et al. 2007). Interestingly, this second NLS also encompasses a nucleolar
location signal (NoLS), which remained functional after the loss of the seven
amino acid extension on H3N2 (Melén et al. 2007). The nucleo-cytoplasmic
location of NS1 can also be regulated by a nuclear export signal (NES) present on
the ED and identified in the Ud strain (Li et al. 1998).

5.2 Post-Translational Modifications

Post-translational modification is a common mechanism to regulate multi-func-
tional proteins. As such, several studies have been performed in order to address
which of these modifications can affect NS1, and to what effect. Up to this date,
NS1 has been found to be modified by phosphorylation and by coupling to the
ubiquitin-like proteins ISG15 and SUMO.

Early studies showed that the NS1 protein of the A/WSN (H1N1) strain was
phosphorylated soon after infection, probably in the nucleus (Privalsky and Pen-
hoet 1978, 1981). Structural analysis suggested different serine and threonine
residues available for modification (Bornholdt and Prasad 2006), and later those
residues were experimentally identified in the H3N2 Ud strain as T215 (Hale et al.
2009), S42 and S48 (Hsiang et al. 2012). There is no clear role for these phos-
phorylation events, however, and even their presence seems to be strain-specific,
as they could not be detected in the 2009 H1N1 pandemic virus (Hsiang et al.
2012). Threonine 215 is a distinctive feature of human-adapted strains, with avian-
adapted viruses displaying a proline in the same position, and can be phosphor-
ylated in vitro by CDK and ERK kinases (Hale et al. 2009). Recombinant Ud
viruses carrying a T215A mutation are attenuated (Hale et al. 2009), however, this
is probably due to other factors beyond phosphorylation, as other non-phospho-
rylable substitutions do not affect viral performance, including the avian-like
T215P (Hsiang et al. 2012). Serine 48 is not totally conserved (e.g. the 2009
pandemic H1N1 and many H3N2 viruses do not carry it) and its substitution has no
impact on viral replication (Hsiang et al. 2012). Only phosphorylation of serine 42,
mediated by cellular PKCa, has been shown to play a relevant role for the virus, as
its substitution on the Ud NS1 affects dsRNA binding and consequently replication
(Hsiang et al. 2012).
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Different studies have described covalent binding of NS1 to ISG15, a 15 kDa,
interferon-stimulated ubiquitin homologue with an array of anti-viral properties
(Zhao et al. 2013), and identified Herc5 as the E3 ligase involved in the process
(Tang et al. 2010; Zhao et al. 2011). Though several lysine residues can be
ISGylated after transfection of the NS1 protein (Tang et al. 2010), K41 seems to be
the main target during an actual infection in the Ud and WSN strains (Zhao et al.
2011). As stated earlier, amino acid K41 is involved in both dsRNA binding and
nuclear import, the latter through interaction with importin a. ISG15 modification
of K41 impairs interaction of NS1 with the karyopherin without affecting its
dsRNA-binding properties. Substitution of the K41 amino acid renders the same
protective effect on viral growth kinetics against interferon treatment as siRNA
knock-down of ISG15 (Zhao et al. 2011; Hsiang et al. 2012). Proposed mecha-
nisms for ISG15-based suppression of the NS1 function, based on in vitro data, are
prevention of PKR binding, abrogation of RBD dimerization and overall subpar
antagonism of the IFN system (Tang et al. 2010). As with most other NS1-
associated features, ISGylation has a strong strain-specific component: modifica-
tion of K41 could not be detected in the PR8 NS1 (Tang et al. 2010); also, this
anti-viral effect may have been counteracted by certain strains of H3N2 viruses
with naturally occurring K41R substitutions (Zhao et al. 2013). Additionally, as
described below, influenza B virus NS1 has evolved a unique pro-viral mechanism
to inhibit ISGylation by directly binding to ISG15.

Another ubiquitin-like protein that can be conjugated to NS1 is SUMO (small
ubiquitin-like modifier (Pal et al. 2010; Xu et al. 2011; Santos et al. 2013). SUMO
proteins can regulate function, stability, location, and interactivity of numerous
proteins, both cellular and from different pathogens, including viruses (Everett
et al. 2013). The NS1 protein can be modified by the three main isotypes of SUMO
(SUMO 1 and SUMO 2/3) (Santos et al. 2013). Again, SUMOylation of NS1 is
strain-dependent, and none could be detected in the 2009 pH1N1 strain (Xu et al.
2011). On the PR8 strain, SUMOylation was found to be affecting lysines at
positions 70 and 219. The role of SUMoylation on NS1 performance has not been
fully elucidated yet: in some strains could be affecting the stability of the protein
(Xu et al. 2011). While this is not the case of the PR8 NS1, proper levels of
SUMOylation are still required for optimal IFN antagonism by this strain’s protein
(Santos et al. 2013).

5.3 Structural Versatility

The quaternary structure of NS1 may provide an additional route for the
achievement of multifunctionality, on top of (and probably together with) sub-
cellular location and post-translational modification. The modular constitution of
NS1, with two independently dimerizable RBD and ED globular domains sepa-
rated by a linker, allows for a variety of different structures. The RBD-RBD dimer,
due to its strong nature, seems to be permanent, but the EDs may cycle between
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dimeric and monomeric states, and change their relative position respect to the
RBD dimer (Kerry et al. 2011; Aramini et al. 2011). Recent structural studies have
showed how residues close to the linker region and its overall length may dra-
matically affect the ED-to-RBD positioning (Carrillo et al. 2014), an interesting
observation given the five amino acid deletion in the linker of many highly
pathogenic H5N1 strains, whose relevance and contribution to virulence remains
unclear. As commented earlier, the ED may dimerize through a weak helix-helix
interface with the conserved tryptophan in position W187 being pivotal for the
interaction. It is unclear whether the ED-ED interactions happen within the same
NS1 dimer, between different dimers to promote the reported multimerization of
NS1 (Nemeroff et al. 1995; Wang et al. 2002; Bornholdt and Prasad 2008), or both.
In any case, the status of the ED probably has a great impact on the range of
interactors available for binding the NS1 protein: the surface involved in dimer-
ization is also involved in binding to CPS30 (Hale et al. 2008a, b), so both
interactions are mutually exclusive unless in the context of a multimer. Similarly,
allosteric considerations predict that a dimeric ED could not interact with a PI3K
complex sitting in its canonical membrane location (Hale et al. 2010b). Addi-
tionally, the dimerization of the effector domain also has a key functional role: it
contributes to strengthen dsRNA binding (Kerry et al. 2011; Aramini et al. 2011).
An elegant model has been proposed to explain this by the cooperative binding of
multiple NS1 monomers to the same dsRNA strand, spirally wrapping it through
W187-mediated ED interactions (Aramini et al. 2011). Disruption of the ED-ED
dimer by substitution of W187 results in attenuation of a recombinant PR8 virus
in vivo, as well as an altered pattern of temporal and spatial distribution of the
protein during infection (Ayllon et al. 2012c). The latter hints to different NS1
conformers playing distinct roles at specific times after infection: whether this
is due to the interplay of expression levels, availability and affinity to different
interactors, or there are more complex regulatory mechanisms underlying this
phenomenon remains unknown.

6 The NS1 Protein of Influenza B and C viruses

Most of the work on characterizing the NS1 protein functions has been done on
influenza A virus, and their counterpart on influenza B viruses is not as well
understood. Sequence wise, A/NS1 and B/NS1 share less than 20 % amino acid
identity. However, they seem to display a similar but not identical set of functional
properties. B/NS1 can complement the growth of influenza A delNS1 virus
(Donelan et al. 2004). B/NS1 is also an IFN antagonist that can bind dsRNA
(Talon et al. 2000b; Donelan et al. 2004; Wang and Krug 1996) and can inhibit
PKR (Dauber et al. 2004, 2006), although it lacks the post-transcriptional inhib-
itory properties of A/NS1 (Wang and Krug 1996) and does not activate PI3K
(Ehrhardt et al. 2007). The most distinctive feature of B/NS1 is its ability to
counteract the IFN-inducible ISG15 conjugation. As mentioned earlier, ISG15 is a
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small ubiquitine-like modifier with known anti-viral properties against a variety of
viruses, and it has been described that A/NS1 can be conjugated to and modified
by ISG15 (Tang et al. 2010; Zhao et al. 2011). The first report that ISG15 could
function as an ubiquitin-like anti-viral modifier came from the finding that B/NS1,
but not A/NS1, could bind ISG15 and sequester it away from its E1-activating
enzyme, identified as Ube1L (Yuan and Krug 2001), a mechanism that later was
found to be shared by vaccinia virus through its E3L protein (Guerra et al. 2008).
Interestingly, this feature is host-dependent: ISG15 and Ube1L knock-out mice are
still more susceptible to influenza B than wild type animals (Lai et al. 2009), and
that is because B/NS1 can only bind to human and nonhuman primate ISG15, but
not to murine or canine ISG15 (Sridharan et al. 2010; Versteeg et al. 2010). ISG15
comprises two ubiquitin-like domains spaced by a 5-amino acid linker region. This
short inter-domain ‘‘hinge’’ is the key for the species specificity of the B/NS1-
ISG15 interaction: only humans and other primates have the residues required for
the binding (a DxCDE motif). This was first shown by mutagenesis studies
(Sridharan et al. 2010) and confirmed by X-ray crystal analysis (Guan et al. 2011),
and might be in part responsible for the restriction of influenza B to a human
reservoir, as opposed to the wider spread in multiple host species of influenza A.

Very little is known about the NS1 protein of influenza C viruses. It has been
described that C/NS1 can upregulate the splicing of viral RNAs (Muraki et al.
2010) and that it can also antagonize IFN production by inhibiting RIG-I signaling,
probably by a dsRNA-independent mechanism (Pachler and Vlasak 2011).

7 Influenza Virus Control and NS1

7.1 Recombinant NS1-Modified Viruses as Vaccines

Given its aforementioned role as a virulence factor and IFN antagonist, lack of or
truncation in the NS1 gene causes influenza virus to be attenuated in vivo and elicit
a strong innate response, which in turn activates the antigen-presenting cells that
trigger and direct the adaptive brunch of immunity (Schmolke and García-Sastre
2010; Iwasaki and Medzhitov 2010; Mueller et al. 2010). This combination of
attenuation, limited replication ability, and intrinsic adjuvant properties is the main
rationale that originally led to the consideration of recombinant NS1-modified
viruses as potential live attenuated vaccines, designed against both influenza A and
influenza B (Richt and García-Sastre 2009). A number of studies using live
attenuated influenza virus strains with deletions on the C-terminus of NS1 have
shown protective effect on mice (Talon et al. 2000b; Hai et al. 2008; Pica et al.
2012), pigs (Solorzano et al. 2005; Richt et al. 2006; Vincent et al. 2007), horses
(Quinlivan et al. 2005), birds (Wang et al. 2008; Steel et al. 2009), ferrets (Zhou
et al. 2010), and macaques (Baskin et al. 2009). Phase I trials in healthy volunteers
aged 18–50 have also shown safety and immunogenicity of a virus lacking NS1
(Wacheck et al. 2010). Although attenuation of the recombinant viruses carrying
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modified NS1 is a potential caveat for the industrial production of vaccines, the
growth of these viruses in IFN-incompetent cell- and egg- based systems may be a
way to circumvent this issue (Talon et al. 2000b; Richt and García-Sastre 2009).

7.2 Antiviral Compounds Targeting NS1

NS1 has also been considered a promising target for small antiviral molecules that
could hinder one or more of its associated functions. Structural knowledge and an
extensive availability of sequences from different NS1 strains have allowed in silico
identification of potential binding sites for inhibitory compounds (Darapaneni et al.
2009; Krug and Aramini 2009), and a number of approaches have been used in order
to screen for them (Engel 2013; Beyleveld et al. 2013). In vitro the dsRNA-binding
capability of NS1, being the most conserved feature among different NS1, has been
the target of two different studies that have used fluorescently- (Cho et al. 2012) or
radiactively-labeled RNA species (Maroto et al. 2008) to monitor the inhibition of
binding upon screening with compound collections, with promising results. Addi-
tionally, high-throughput cell-based reporter screenings have been performed
focusing on NS1 inhibition of the IFNb promoter induction (Ortigoza et al. 2012) or
its repression of general gene expression (Mata et al. 2011). Although serendipi-
tously both studies identified two promising antiviral compounds, neither of them are
direct inhibitors of NS1 and their antiviral function is mediated through interference
with the viral polymerase function (Ortigoza et al. 2012) or through repression of
the proviral mTORC1 pathway (Mata et al. 2011). An alternative strategy used a
yeast-based phenotype complementation assay to identify several small molecules
that could revert NS1-mediated growth arrest in yeast (Basu et al. 2009). A leading
compound from this study was shown to mediate its antiviral activity by allowing
RNA-induced IFN to be produced during infection despite the presence of NS1, and
to require RNase L to be functional (Basu et al. 2009; Walkiewicz et al. 2011). This
compound was further optimized chemically to increase its potency (Walkiewicz
et al. 2011; Jablonski et al. 2012). However, whether its activity is directly mediated
by NS1 inhibition during viral infection or not remains to be elucidated.

Despite all the aforementioned efforts, finding an effective and clinically viable
inhibitor for NS1 remains a formidable challenge, given the degree of redundancy
on the NS1 functions, the high level of inter-strain variability on their outcome and
the relative easiness with which influenza virus generates escape mutants.

8 Concluding Remarks

The NS1 protein is an accessory factor of influenza virus. It is not required for the
production of infectious influenza virus particles and the whole NS1 gene can be
removed without turning the virus unviable, unlike any other viral gene with the
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exception of those that encode small peptides like PB1-F2. And yet, influenza
viruses dedicate around 5% of their coding resources on NS1 and its overall
function is well conserved not only among different strains, but even among the
three influenza virus genera/types. The reason behind this conservation resides on
the very specialized role of the NS1 as the main viral disruptor of the host cell
antiviral response.

NS1 blocks the innate immune response by targeting the IFN system at different
steps, thus rendering the infected cell unable to counteract the virus or to alert of
its presence to other cells susceptible to infection or involved in immunity.
Complementarily, NS1 helps taking over the cellular machinery shutting down the
cells’ own production while promoting viral-only gene expression, and increases
the infected cell survivability, so cellular resources are available longer.

One of the main challenges for influenza researchers is to understand how such
a small protein can do so many different things. NS1 has no known enzymatic
activities, so all its functions seem to be based on interactions and interference
with different complexes. Many of the interactions of NS1 have been structurally
characterized, but a single NS1 monomer cannot interact with all of its partners
simultaneously for simple allosteric reasons. Oligomerization and a relative
plasticity on the positioning of the domains of NS1 could provide with structurally
different pools of NS1, and allow this protein to be involved on different inter-
actions. The subcellular location of NS1 is also relevant as many of its partners are
strictly nuclear or cytoplasmic. It is unknown how the different conformational
and/or spatial states of NS1 are regulated during infection. A balance between NS1
expression levels and the availability of interactors may drive the protein to a
certain status and function. Moreover, post-translational regulatory mechanisms
(phosphorylation or conjugation to ubiquitin-like proteins), might also regulate
NS1 function.

The outstanding volume of knowledge built around NS1 during the last couple
of decades has brought light into this remarkable viral polypeptide, unveiling the
complexities of the interactions between virus and host. Further understanding of
these interactions will help designing new antiviral strategies and surveilling
potential threats emerging from animal reservoirs. Ultimately, the study of the
virus-cell interface through factors like NS1 may enlighten us about many critical
cellular processes whose relevance in health and disease does not need to be solely
restricted to viral infection.
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Role of NK Cells in Influenza Infection

Stacey Schultz-Cherry

Abstract Within days after infection, natural killer (NK) cells are recruited to the
lungs and play an essential role in the immune response against influenza infec-
tion. Through interactions with the virus itself, as well as viral-infected cells, NK
cells secrete a variety of cytokines and can contain viral replication by killing
infected cells early after influenza infection. However, the virus has means of
evading NK cell responses, including escaping NK cell recognition through
mutation of the viral hemagglutinin (HA) protein, regulating HA levels, and by
directly infecting and destroying NK cells. Although much of our understanding of
NK cell role in influenza infection has come from animal models, there is
increasing information from human infection. Studies conducted during the 2009
H1N1 pandemic provided much needed information on the importance of NK cells
during human infection and suggest that NK lymphopenia may correlate with
increased disease severity. However, more information on how different influenza
virus subtypes influence NK cell levels and activities, the role of the different
NK cell receptors in infection, and the impact of NK cells on human infection,
particularly in high risk populations is needed.
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NK Natural Killer
PBMC Peripheral blood mononuclear cell
PR8 A/Puerto Rico/8/34 virus
Th2 T helper type-2
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1 Introduction

Natural killer (NK) cells are large granular lymphocytes that are traditionally
viewed as the first line of defense against viral infections. Although widely dis-
tributed throughout the body, NK cells make up 10 % of the resident lymphocytes
in the lung where their survival may be promoted by cytokines and type 1 inter-
ferons (IFN) produced by bronchial epithelial cells (Culley 2009; Ge et al. 2004).
Within days of infection, or hours after initiation of inflammatory responses, NK
cells are recruited to the lung from the blood and become activated to secrete a
variety of cytokines, including IFN-c, through interactions with dendritic cells and
macrophages. NK cell signature genes are readily detectable at the early, innate
immune response phase and continue into the intermediate phase with a peak at
5 days post-infection (Pommerenke et al. 2012). NK cells not only contain viral
replication by killing infected cells early after influenza infection (Stein-Streilein
et al. 1983) prior to the development of adaptive immunity, but also play a critical
role in the development of the adaptive immune response (Altfeld et al. 2011;
Vivier et al. 2008). Our understanding of NK cells is increasing rapidly and their
functions go beyond simply being innate ‘‘killers.’’ They are potent and early
sources of cytokines including T helper type-2 (Th2)-associated cytokines and
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IL-10 (Culley 2009). Intriguingly, the existence of NK cell memory, i.e. long-term
alteration of NK cell responses according to previous experience, has been
recently described (Cooper et al. 2009; Sun et al. 2009).

2 NK Cell Receptors

There is no unifying receptor that identifies all NK cells across different species.
Although all are CD3 negative, murine NK cells can be identified by NK1.1 or
CD49b, depending on the mouse strain, and further subdivided into four subsets
with distinct maturation levels according to their surface expression of CD27 and
CD11b (Hayakawa et al. 2010), while human NK cells are typically defined as
CD3-CD56+, with further subdivision into CD56bright (lack CD16 and killer
immunoglobulin-like receptor (KIR)) and CD56dim (express CD16 and KIR) (Jost
and Altfeld 2013).

NK cells, unlike B and T cells, also do not appear to express unique receptors
for specific antigens. However, they do possess a cache of distinct stimulatory and
inhibitory receptors belonging to three major families of molecules involved in the
regulation of human and murine NK cell functions. These include the Ig-like
transmembrane natural cytotoxicity receptors (NCRs), the C-type lectin-like Ly49
(mice) and KIR receptors (humans), and the NKG2 receptors (Table 1). Engage-
ment of these specific receptors by corresponding ligands results in signal trans-
duction cascades regulating NK functions, including cytolysis by (1) exocytosis of
cytoplasmic granules containing perforin and granzyme, (2) Fas ligand-mediated
induction of apoptosis, and (3) antibody-dependent cellular cytotoxicity as well as
cytokine/chemokine production (Cooper et al. 2001; Jost and Altfeld 2013).

3 NK Cells During Influenza Infection

In both humans and mice, NK cells initially represent a substantial portion of the
resident lymphocyte population in healthy lungs, and within days, further cells are
recruited to the respiratory tract (van Helden et al. 2012; Wang et al. 2012).
Defects in NK cell activity or depletion results in delayed viral clearance and
increased morbidity and mortality (Dong et al. 2000; Liu et al. 2004; Nogusa et al.
2008; O’Brien et al. 2011; Stein-Streilein and Guffee 1986; Stein-Streilein et al.
1988). They have also been shown to be involved in osteopontin and Toxoplasma
gondii-mediated protection against severe influenza infection (O’Brien et al. 2011;
Sato et al. 2012). More recently, Kumar et al. demonstrated that conventional NK
cells produce IL-22 in response to influenza virus, which is important for tissue
regeneration (Kumar et al. 2013).

However, there have been examples of NK cells exacerbating morbidity and
pathology during influenza virus infection in mice. Studies from Zhou et al.
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suggest that the viral dose may influence NK cell activity. They found that
depletion of NK cells from mice infected with a high dose of A/Puerto Rico/8/34
(PR8) virus led to increased survival in contrast to depletion from mice infected
with 10-fold less virus who had decreased survival as compared to non-depleted
mice (Zhou et al. 2013). Further, adoptive transfer of NK cells from the high dose-
infected mice led to increased morbidity and mortality. Although no mechanism
was defined, they speculated that enhanced pathology could be a contributing
factor. In support of the Zhou studies, Abdul-Careem et al. demonstrated that
NK1.1+ cell-depleted mice infected with a high dose of the PR8 virus showed
increased resistance to influenza virus-induced pathology (Abdul-Careem et al.
2012). These studies raise the interesting possibility that NK cells may play dual
roles during influenza infection, conferring protection or inducing pathology,
depending on the viral dose. Further studies are needed to better understand these
findings, especially with influenza subtypes associated with differing levels of
pathogenicity for mammals.

Table 1 NK receptors

Receptor family Species Receptor Function

NCR Mouse NCR1
NKp46(?)

Activating

Human NKp46
NKp30
NKp44

C-type lectin Mouse Ly49A
Ly49C
Ly49D
Ly49H
Ly49I
Ly49P

Inhibitory
Inhibitory
Activating
Activating
Inhibitory
Inhibitory

KIR Human KIR2DL1
KIR2DL2/3
KIR2DL/4
KIR2DL5
KIR2DS1
KIR2DS2
KIR2DS3
KIR2DS4
KIR2DS5
KIR3DL1
KIR3DS2
KIR3DL2

Inhibitory
Inhibitory
Activating
Inhibitory
Activating
Activating
Activating
Activating
Activating
Inhibitory
Activating
Inhibitory

C-type lectin/NKG2 Human, mouse CD94/NKG2A
CD94/NKG2C
CD94/NKG2E

Inhibitory
Activating
Activating

NKG2D Activating
Mouse NKR-P1 Activating/inhibitory
Human NKR-P1A Inhibitory
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3.1 NK Cells in Mouse Models of Influenza Infection

Murine models and in vitro experiments have demonstrated that the murine
NKp46/NCR1 receptor (Walzer et al. 2007), equivalent to NKp46 in humans, can
interact with the hemagglutinin (HA) protein through the sialic acid moieties on
the receptor itself, leading to enhanced cytotoxicity against infected cells (Arnon
et al. 2004; Gazit et al. 2006; Glasner et al. 2012). It appears that the 3 branched
O-glycan sequences on the NKp46 glycosylation site are important for recognizing
H1 strains (Mendelson et al. 2010). However, given the variability amongst the
HA subtypes, the interaction with the NKp46 receptor can vary. For example,
NKp46 recognition of H5 viruses was insufficient to mediate direct killing of
infected cells in vitro (Achdout et al. 2010). Regardless, H1 and H5 viral infection
of NCR1 KO mice resulted in increased viral titers as compared to wild-type
control mice, highlighting the importance of NCR1/NKp46 in protection against
influenza infection (Achdout et al. 2010), although the interaction of HA with
NKp46 is likely more complicated than previously appreciated. Little is known
about the influence of other murine NK cell receptors on influenza infection.

3.2 NK Cells in Human Influenza Infection

Although the importance of NK cells in the control of influenza infection is well-
documented in mice, less is known about human infection. In vitro studies showed
that human NK cells require the interaction between an inhibitory KIR and its
ligand to become engaged. Specifically, KIR2DL3+ NK cells obtained from
HLA-C1-positive individuals exhibited strong anti-influenza activity. Information
from in vivo studies is more limited, although the 2009 H1N1 pandemic afforded a
unique opportunity to monitor human NK cell levels.

Jost et al. demonstrated that the absolute numbers of peripheral blood NK cells,
particularly CD56bright cells, decreased during acute seasonal or pandemic H1N1
infection as compared to healthy unvaccinated individuals (Jost et al. 2011).
CD56bright NK cells have an increased capacity to produce cytokines and prolif-
erate than other NK cell subsets (Bjorkstrom et al. 2010) suggesting that influenza
infection may impact the production of cytokines required to promote effective
anti-influenza immune responses rather than of other NK cytolytic functions. In a
small cohort study in Viet Nam, NK lymphopenia was significantly more common
in previously healthy adults that developed severe versus mild pandemic H1N1
influenza virus illness from days 4–11 post-onset and accompanied by decreased
CD4 counts (Fox et al. 2012). In support of these studies, additional work showed
that the percentage of NK cells among peripheral blood mononuclear cells
(PBMCs) was low in three pandemic H1N1 patients with underlying conditions
compared to four mild patients, while a subsequent study found a decreased
percentage of NK cells in children with moderate and severe infection (Heltzer
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et al. 2009). Given the many different NK cell subsets, it is possible that particular
subsets are more/less associated with disease severity. Indeed, recent work dem-
onstrated that patients with severe pandemic H1N1 infection had significant
increases in the percentage of NKp46+ NKp44+ NK cells and proportions of NK
cells expressing KIR2DL1 and KIR3DL1, with reductions in the percentages of
NKp46+ NKp44- cells compared to healthy controls (Juarez-Reyes et al. 2013).
Combined, these studies suggest that human influenza infection leads to reduced
NK cell levels and this may impact disease severity, although further longitudinal
cohort studies are needed to verify these findings and define the complex altera-
tions of NK cells that might contribute to influenza pathogenesis.

3.2.1 NK Cells in High Risk Populations

Arguably, the best evidence for the importance of NK cells in human influenza
virus infections comes from studies in high risk populations. Neonates, especially
small-for-gestational-age (SGA) neonates, have lower NK cells than adults. In
response to influenza virus stimulation, neonatal NK cells, especially SGA baby
cells, expressed lower antiviral cytokines than adult NK cells. These studies
suggest that depressed antiviral activity and lower frequency of NK cells in
neonates may play a role in the increased susceptibility to infections seen in this
group (Li et al. 2013). Genetic studies of a First Nations community that was
severely affected during the first wave of the 2009 H1N1 pandemic revealed that
KIR3DL1/S1 allotypes, 3DL1/S1 and 2DL1 ligand-negative pairs, and 2DL2/L3
ligand-positive pairs were enriched among ICU patients, relative to Caucasian
populations and ICU non-Aboriginal patients, suggesting possible association with
NK cell dysfunction in patients with overactive immune responses to H1N1/09,
leading to severe disease (La et al. 2011). Again, further studies are needed in
targeted populations to expand upon these preliminary findings.

4 Evasion of NK Cell Activity by Influenza Virus

Although it is evident that NK cells contribute to the immune control of influenza
infection, the virus is able to replicate and spread within the infected host, sug-
gesting that it can evade NK cell-mediated immune responses. An early means of
escape is through rapid viral replication overwhelming the limited numbers of
resident lung NK cells. NK cell infiltration does not typically occur until 5 days
post-infection (dpi) (Guo and Topham 2010; Toapanta and Ross 2009; Weiss et al.
2010) while viral replication peaks within 3 dpi (Doherty et al. 2006) allowing
sufficient time for the virus to spread in the host. The virus has also evolved
numerous mechanisms to specifically evade or escape NK recognition (Guo et al.
2011).
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4.1 Mutation of Viral HA

Interaction of NKp46 with the HA protein allows NK cells to recognize and kill
influenza virus-infected targets. Yet, HA mutates frequently and rapidly allowing
for a possible means to escape recognition by NK cells. For example, cells infected
with human H3N2 influenza viruses isolated between 1999 and 2003 are lysed less
effectively by NK cells than cells infected with viruses isolated between 1969 and
1996, due to the acquisition of two new glycosylation sites in the HA of the recent
viruses. Deletion of either of these potential glycosylation sites from the HA led to
increased NK lysis indicating that HA glycosylation may impact NK cell recog-
nition of influenza virus-infected cells (Owen et al. 2007). Further, O-linked
glycosylation sites on the NKp46 are also involved in the interaction of H1N1 HA
(Glasner et al. 2012; Mendelson et al. 2010) highlighting the complexity of the NK
cell receptor-HA interaction and the need to monitor these interactions with
diverse and rapidly evolving influenza strains, for example, the highly pathogenic
avian (HPAI) H5N1 or the H7N9 viruses.

4.2 Role for Viral Neuraminidase (NA)

As discussed, NKp44 and NKp46 recognize the HA expressed on viral infected
cells or when the virus adheres to cells in a sialic-acid dependent mechanism
leading to NK cell-mediated killing. Removing NRKp46 sialic acid residues,
specifically Thr 225, reduces HA binding (Arnon et al. 2004). Thus, it is not
surprising that removal of NK cell sialic acids by the viral NA is another means of
escaping NK cell antiviral responses. Elegant studies by Bar-On et al. demon-
strated that the viral NA can remove NKp46/NCR1 sialic acids leading to
decreased binding to HA and infected cells (Bar-On et al. 2013). Intriguingly,
oseltamivir carboxylate treatment of infected cells or mice increased NKp46
binding to recombinant HA and infected cells, and protected PR8 virus-infected
mice. Subsequent studies demonstrated that NA had a similar impact on NKp44
(Bar-On et al. 2014). These studies provide another mechanism by which influenza
virus can evade NK cell antiviral activity and provide intriguing insight into
potential immune modulatory activities of Tamiflu.

4.3 Modulating HA Levels

Sufficient quantities of HA protein must be expressed on the infected target cell
surface or on the surface of the free virions for effective interactions with NK cells.
In vitro studies demonstrated that the amount of HA affects the binding of the
NKp46 and NKp44 receptors to HA (Arnon et al. 2004; Ho et al. 2008). This could
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be important during replication in vivo where HA levels may be low early and late
in infection, leading to decreased NK cytotoxicity. However, high concentrations
of viral particles or HA can impair NK cell function (Ali et al. 1984; Mao et al.
2010). In vitro pre-incubating NK cells with 1–10 lg/ml HA concentrations
inhibited cell killing potentially by interfering with NKp46-mediated signaling.
One can envision where this biphasic effect could significantly impact NK cell
activities, where the levels of HA may be too low early in infection allowing for
‘‘escaped notice’’ by NK cells or overwhelming and potentially toxic to NK cells
in the case of subtypes that replicate to very high titers quickly, for example, the
HPAI H5N1 viruses.

4.4 Seek and Destroy

One of the most effective means to escape an antiviral immune response is to
infect and kill immune cells. Indeed, influenza viruses can inhibit NK cells
functions by infecting and destroying human (Mao et al. 2009) and murine (Guo
et al. 2011) NK cells. In vitro studies with two distinct H1N1 viruses, PR8 with
mouse cells and A/Hong Kong/54/98 with human cells, demonstrated that the virus
bound to NK cells via sialic acid receptors then underwent clathrin- and caveolin-
dependent endocytosis. Although virus replication was abortive, the cells under-
went apoptosis resulting in reduced NK cytotoxicity. In vivo, anti-M2 straining in
the lung co-localized with NKp46 and lysosome-associated membrane protein 1, a
marker for NK cell lytic granules (Alter et al. 2004) and infection of mice with a
GFP reporter virus confirmed that a significant proportion of NK cells were GFP
positive suggesting that influenza virus may be able to enter cells in vivo (Man-
icassamy et al. 2010). These studies provide compelling evidence that influenza
virus can disarm NK cells through direct infection.

5 Role of NK Cells in Non-mouse, Non-human Influenza
Infection

Influenza A viruses have a wide species-tropism where they pose continual public
health risks by ‘‘jumping’’ from animal or bird species into humans. Yet, little is
known about the role of NK cells in influenza infection in its natural hosts: birds
and swine. Intriguingly, similar to the work in mice and humans, it appears that
activation and levels of lung NK cells in infected birds may correlate with path-
ogenicity (Jansen et al. 2013). Chickens infected with low pathogenic avian
influenza viruses (LPAI), which exhibit mild clinical signs of infection, had a rapid
increase in CD56+ NK cells within 1 day post-infection that was complemented
with increased CD107 expression. In contrast, infection with a HPAI virus did not
lead to increased activation of lung NK cells, although there were similar levels of
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the virus, and birds died within 36–48 h post-infection. These results suggest that
NK cells may be important in disease severity in influenza infected birds, although
more work is needed in both avian and swine models.

6 Conclusions and Ways Forward

In contrast to the vast literature on adaptive immune responses against influenza
virus infection, we are only beginning to understand the role of innate cellular
immunity. Among the first cells recruited to the lung after infection, NK cells are
essential for the immune response against influenza infection. Upon recognition of
the infected cells or virions by interplay between the NK cell receptors and viral
HA, NK cells are poised to destroy infected cells and kick-start the adaptive
immune response. However, the virus can counterattack NK cytotoxicity through a
variety of mechanisms, highlighting the complexity of the NK cell-virus rela-
tionship. However, more information on how different influenza virus subtypes
influence NK cell levels and activities, the role for the different NK cell receptors
in infection, and the impact of NK cells on human infection, particularly in high-
risk populations is needed. Beyond the virus-mediated suppression of NK cell
function, we need to understand how factors like age, genetic expression, nutrition,
and even immune status/underlying infections impact NK cell functions. In sup-
port of this, recent studies in mice highlighted that caloric restriction alters NK cell
cytotoxicity during influenza infection potentially by reducing the pool of mature
NK cell subsets (Clinthorne et al. 2013; Gardner 2005; Ritz et al. 2008). Further,
aged mice have reduced mature NK cells in their periphery, defective IFN-c
production, and impaired degranulation in response to influenza infection. Thus,
defects in NK cell function could impair the ability of aged mice to induce an
effective antiviral response to influenza (Beli 2011). Finally, we need to define the
impact of influenza therapeutics including vaccines, vaccine adjuvants, and an-
tivirals on NK cell activities. Great progress has been made in our understanding
of NK cell biology during influenza infection but there is still much to be studied,
including the impact of NK cells on influenza infection in swine and birds.
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Host Detection and the Stealthy
Phenotype in Influenza Virus Infection

Pradyot Dash and Paul G. Thomas

Abstract The innate host response to influenza virus infection plays a critical role
in determining the subsequent course of infection and the clinical outcome of
disease. The host has a diverse array of detection and effector mechanisms that are
able to recognize and initiate effective antiviral responses. In opposition, the virus
utilizes a number of distinct mechanisms to evade host detection and effector
activity in order to remain ‘‘stealthy’’ throughout its replication cycle. In this
review, we describe these host and viral mechanisms, including the major pattern
recognition receptor families (the TLRs, NLRs, and RLRs) in the host and
the specific viral proteins such as NS1 that are key players in this interaction.
Additionally, we explore nonreductive mechanisms of viral immune evasion and
propose areas important for future inquiry.
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1 Introduction

Influenza virus is a pleomorphic enveloped virus of approximately 100 nm in
diameter, containing a single-stranded negative sense segmented genome. The genus
Influenzavirus belongs to the family Orthomyxoviridae and consists of three sero-
types: Influenza A, B, and C. Influenza A viruses show considerable sequence
variation in their surface glycoproteins, hemagglutinin (HA) and neuraminidase
(NA). Based on phylogenetic and serological analyses, Influenza A virus (IAV) is
known to contain 17 HA and 10 NA subtypes (Shaw and Palese 2007). Only H1, H2,
H3 and N1 and N2 subtypes have been known to cause sustained human-human
infection and transmission. Occasionally, animal viruses such as H5N1, H9N2, and
H7N9 infected humans as well and are capable of causing severe disease; additional,
subclinical infections likely occur with other strains but are not detected due to the
absence of symptoms (Wang et al. 2009; Uyeki et al. 2012; Imai et al. 2012; Herfst
et al. 2012; Gao et al. 2013; Song et al. 2014). The influenza B virus (IBV) is
structurally similar to IAV but only one subtype of HA has been found. IAV and IBV
each contain eight segments in their genomes, whereas Influenza C virus (ICV)
consists of only seven segments. Influenza C virus (ICV) has a surface glycoprotein
known as the hemagglutinin-esterase-fusion (HEF) protein that mediates both
binding and fusion and possesses an additional receptor destroying enzymatic
activity (analogous to the NA of IAV and IBV) that destroys the HEF-9-O-acetylated
sialic acid by enzymatic removal of the acetyl group. Thus, the ICV do not have a
separate protein with neuraminidase activity (Luo 2012).

The eight segments of influenza A virus encodes 13 proteins (Palese and Shaw
2007). Of these 8 segments, segment 1, 4, 5, 6 are monocistronic and encode for
PB2, HA, NP, and NA proteins, respectively. The other segments (2, 3, 7, and 8) in
addition to their primary transcripts and proteins, also generate additional proteins
by alternative splicing or frame shifts. Segment 2 that encodes the polymerase
subunit PB1 also expresses two other proteins in some strains by ribosomal frame
shift due to leaky ribosomal scanning: PB1-F2 and PB1-N40 (Chen et al. 2001;
Wise et al. 2009). PB1-F2 is 87 amino acids in length and has been described as a
virulence factor causing cell death. However, the contribution of PB1-F2 to vir-
ulence is still not clear since the protein is normally found to be expressed in avian
strains and eliminated by truncation when adapted to mammalian hosts (Zell et al.
2007). Notably, the swine strains of IAV lack expression of PB1-F2 (Chen et al.
2001; Zell et al. 2007; McAuley et al. 2010). In addition, the effect of PB1-F2 on
cell death was found to be cell (Chen et al. 2001; Yamada et al. 2004) and strain
specific (McAuley et al. 2010). For some strains, an additional virulence factor,
PB1-N40, was recently identified (Wise et al. 2009), although the function of this
protein is not well-known. In vitro, though not essential, it has been reported to
support virus replication (Wise et al. 2009). The third segment of IAV primarily
expresses the viral protein PA, and recently has been reported to express an
alternate product termed PA-X (Jagger et al. 2012). Additionally, the mRNA from
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segments 7 and 8 of IAV that encode for M1 and NS1, respectively, also give rise
to alternatively spliced mRNA that express M2 and NS2, also known as NEP
(Palese and Shaw 2007).

2 Influenza Virus Infection of Host Cell

The primary target cells for influenza virus infection are the respiratory epithelial
cells of the upper respiratory (e.g., nasal airways and trachea) and the lower
respiratory (small airways and lungs) tracts (Sanders et al. 2011). The prevailing
view is that infection by the virus is achieved by HA-binding to these cells via
sialic acid moieties on the cell surface, which triggers internalization of the virus
via endocytosis. Early studies on influenza virus entry using electron microscopy
and radioisotope-labeled viruses suggested that phagocytosis (perhaps indistin-
guishable from receptor-mediated endocytosis at that time) is a major route for
virus entry (Patterson et al. 1979; Matlin et al. 1981). The endocytic pathway
involves both clathrin-mediated and nonclathrin-, noncaveolin-mediated endocy-
tosis (Sieczkarski and Whittaker 2002; Rust et al. 2004). An alternative pathway,
macropinocytosis, has been described for entry of large filamentous and spherical
influenza virions (de Vries et al. 2011; Rossman et al. 2012). Though it is spec-
ulated that internalization of viruses through pinocytic vesicles will converge with
the endocytic pathway at some point, the exact route and kinetics of merging is not
known (de Vries et al. 2011). Apart from endocytosis and pinocytosis, reports have
described influenza virus infection of cells by attachment to the plasma membrane
followed by direct release of the viral contents into the cytoplasm (Hoyle and
Finter 1957; Morgan and Rose 1968; White et al. 1981). This pathway is similar
to a mechanism used by many other viruses, e.g., SFV (White et al. 1980), HIV
(27, 28), CMV (Compton et al. 1992), RSV (Srinivasakumar et al. 1991), and HSV
(Sarmiento et al. 1979). It was shown that, in mildly acidic pH conditions,
influenza virus can fuse to the plasma membrane of MDCK cells (Matlin et al.
1981). Another study observed direct fusion by electron microscopy in infected
chorioallantoic membrane (an ex vivo, polarized, epithelial structure), suggesting
that viral entry pathways may be dependent on the type and differentiation of the
target cells (Morgan and Rose 1968). Indeed, work with well-differentiated human
airway epithelial cell cultures found that broad-spectrum neuraminidase treatment
did not affect influenza virus entry, though it did alter the entry of hPIV3, another
sialic acid receptor-using virus (Kogure et al. 2006; Thompson et al. 2006). Fur-
ther, cells lacking sialylated N-glycans can be infected with influenza virus (Stray
et al. 2000; Thompson et al. 2006; Nicholls et al. 2007; Oshansky et al. 2011; de
Vries et al. 2012) suggesting an alternative, nonsialic acid receptor-dependent
route exists.

However, in most cell types and experimental systems that have been studied,
the influenza virus HA initiates host cell infection by binding to sialic acid
receptors. The HA subtypes of the well-adapted human IAV have been described
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to bind to a (2, 6)-sialic acid linkages preferentially. In contrast, the avian-adapted
HA subtypes preferentially bind to a (2, 3)-sialic acid linkages. In polarized cells,
influenza virus infection through the endocytic route results in internalization of
the virus into early endosomes in an actin-dependent manner (Sun and Whittaker
2007) followed by trafficking through the endocytic network in a multistep process
(Lakadamyali et al. 2003, 2006; Sieczkarski and Whittaker 2003). Release of viral
nucleic acids from the endosome following binding and endocytosis of the virus is
a key step in initiating productive infection and requires trafficking of virus con-
taining endosomes. During this trafficking to the late endosomal stage, the interior
pH of the endosome drops, which is sensed by the tetrameric viral M2 protein
causing the M2 ion channel to assume an open configuration (Pinto et al. 1992).
The H+ ions enter into the virion through this opening causing destabilization of
the M1 protein from the ribonucleic protein (RNP) complex of the virus. Lowering
of pH further induces conformational changes of the HA2 subunit resulting in
exposure of the hydrophobic fusion peptide motif of the HA. When the fusion
peptide comes in close apposition of the endosomal membrane, the peptide is
inserted into the membrane (White and Wilson 1987; Xu and Wilson 2011;
Fontana et al. 2012). Several HA molecules come together to form a cluster known
as the ‘‘fusogenic unit’’ and the individual HA unit undergoes further conforma-
tional changes resulting in fusion of the viral envelope and capsid with the
endosomal membrane and formation of the pore (Hamilton et al. 2012). The pH of
activation of HA varies among IAV strains, thus playing an important role in
determining the fitness of the virus in the infection process.

Following the pH-dependent fusion and formation of the pore between the
virion and endosomal membranes, the viral RNPs are released into the cytoplasm
(frequently described as uncoating). The RNPs are then transported to the nucleus
where transcription of the viral genome occurs using the viral RNA-dependent
RNA polymerase (RdRp), generating 50 cap structures with short nucleotides
derived from host cell mRNA. This is achieved by the binding of the PB2 subunit
of the viral RdRp to the 50 cap of host mRNAs and subsequent cleaving by the PA
subunit approximately 10–15 nt downstream of the cap structure. The elongation
of the mRNA from the viral genome is carried out by the PB1 subunit using the
50cap + nucleotides as primers, which also adds a polyadenylated [poly(A)] tail by
means of a stuttering mechanism on a sequence of uridine residues near the 50 end
of the negative-strand genome. The viral mRNAs are transported back to the
cytoplasm for translation. In the nucleus, the genome of the virus is also replicated
through an intermediate RNA template (cRNA) step by the RdRp. This interme-
diate lacks the poly (A) tail or any 50 modification. In the nucleus, newly syn-
thesized genomes are encapsidated with NP, RdRP subunits, PB2, PB1, and PA to
form RNPs and are transported to the cytoplasm by binding with M1 and NEP.
Other viral components such as HA, NA, and M2 are transported to the plasma
membrane via the Golgi network and assemble with RNPs to form mature virus
particles that are released from the cell via budding (Palese and Shaw 2007)
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3 Host Cell Response to Influenza Virus

Upon infection of respiratory epithelial cells with influenza virus, the host rapidly
initiates an innate immune response. The first responder to the virus infection is the
infected cell itself, which plays a major role in coordinating the ensuing innate
immune response. Viral induction of the innate immune response can be divided
into early (initiation and amplification) and late responses (local systemic response)
that cause the recruitment of innate cells to the site of infection. Sensors on the cell
surface, endosomes, and cytosol have been found to detect ligands such as incoming
virus particles or their unique molecular signatures. These sensors activate down-
stream signaling and induce two types of responses: an antiviral response and a
proinflammatory response. Subsequently, concurrent viral replication generates
more of these ligands (within the first few hours) which amplify these responses in
infected (in the first replication cycle of the virus) and neighboring cells (following
release of progeny virus). Production of a variety of cytokines and chemokines in
the initiation phase of the early response locally attracts other cellular mediators of
the innate response including neutrophils, macrophages, monocytes, and NK cells.
In this review, we discuss the early innate immune response to IAV and the viral
strategies and characteristics that evade this host cell response.

As mentioned above, the host cell possesses an array of innate immune sensors
to detect components of invading pathogens that are nonself. Alternatively, there
are also sensors that recognize host cell-derived components under certain path-
ologic conditions such as the cellular stress response often associated with
infection, metabolic disorders, and cancer. These sensors are collectively termed
as pattern recognition receptors (PRRs). The PRRs recognize unique molecular
signatures known as pathogen-associated molecular patterns (PAMPs), which are
nonself. The self-derived molecular patterns arising following pathogen infection
and/or cellular stress responses, such as reactive oxygen species (ROS), ATP,
changes in ion flux, and denatured cytosolic and nuclear contents, including DNA
from necrotic cells, are broadly termed danger-associated molecular patterns
(DAMPs). Thus, PRRs, by sensing DAMPs, can also play a role in tissue
homeostasis (Marshak-Rothstein 2006). To date, known PRRs have been classified
into five major groups: Toll-like receptors (TLRs), retinoic acid-inducible gene-I
(RIG-I) like receptors (RLRs), nucleotide oligomerization and binding domain
(NOD) like receptors (NLRs), C-type lectin receptors (CLRs) and the Pyrin-HIN
(PYHIN) domain containing family that includes AIM2. It has been shown that at
least three (TLRs, RLRs and NLRs) out of the above five PRR families play a role
in innate immunity to influenza virus infection (Lupfer and Kanneganti 2013). We
will discuss them in detail below.

There is considerable variation in the expression pattern of the PRRs in tissues
and at the cellular level. In general, the TLRs are both intracellular (compart-
mentalized and cytosolic) and on the cell surface, whereas the RLRs and NLRs are
exclusively cytosolic. Consequently, these PRRs demonstrate differential recog-
nition for various PAMPs and DAMPs.
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3.1 Toll-Like Receptors

Among the PRRs, the Toll receptor in Drosophila was first shown to be important
for protection against fungal infection (Lemaitre et al. 1996). Subsequently, the
mammalian homologue of the Toll receptors, the TLRs, were described for
humans and mice (Kawai and Akira 2011). Thus far, there have been 10 and 12
TLRs described for humans and mice, respectively. Based on sequence compar-
isons of several vertebrate genomes, the TLRs are classified into six major families
based on PAMP recognition (Roach et al. 2005). They are: TLR1 (TLR 1, TLR2,
TLR6 and TLR10 (only in human)), TLR3 (TLR3), TLR4 (TLR4), TLR5 (TLR5),
TLR7 (TLR7, TLR8 (human-only) and TLR9) and TLR11 (mouse only, including
TLR11, TLR12 and TLR13). Each family recognizes a general class of PAMPs
(Roach et al. 2005). The TLRs reported to play a role in antiviral immunity include
TLR3, TLR7, TLR8, and TLR9. TLR expression varies across different cell types.
There have been differing reports on the location of TLR3 on epithelial cells,
perhaps resulting from the differentiation status of the cells in cultures across
different experiments. Using primary cell cultures, it was shown that TLR3
expression is limited to the cell surface in human bronchial epithelial cell lines
(BEAS-2B) (Hewson et al. 2005) and fibroblasts (Matsumoto et al. 2002).
Expression was upregulated upon rhinovirus infection and active virus replication
(Hewson et al. 2005). In contrast, Guilott et al., showed intracellular expression of
TLR3 in uninfected BEAS-2B cells and the human lung carcinoma cell line A549
(Guillot et al. 2005). Expression of TLRs 1 to 6 has been reported in polarized
mouse uterine epithelial cells (Soboll et al. 2006). Similarly, cervical epithelial
cells of female mice express mRNA for TLR3, TLR9, and TLR7, but had only
a weak signal for TLR8 (Andersen et al. 2006). Macrophages, fibroblasts, and
some epithelial cell lines express TLR3 both on the cell surface and in the early
endosome (Cario and Podolsky 2000). Recently, using an immunofluorescence
technique on an in vitro polarized model of human alveolar epithelial cells (AEC)
and frozen human tracheal tissues, which are important cells for influenza virus
infection, Ioannidis et al. reported that TLR1 and TLR3 are expressed on both
apical and basolateral surfaces of the hAEC (Ioannidis et al. 2013). In contrast,
TLR2 and TLR6 were predominantly expressed basolaterally. TLR4, TLR5,
TLR7, TLR9, and TLR10 were expressed weakly on the apical side or the luminal
surface of the epithelial cells. It was also reported that TLR3, TLR7, and TLR9,
which have been reported to be expressed only on the endosomal compartment of
the DC (Muzio et al. 2000; Matsumoto et al. 2003; Funami et al. 2004), were
found to be present in both intracellular and apical surfaces mostly restricted to the
cilial border of human tracheal epithelium (Ioannidis et al. 2013). No TLR8
expression was found in respiratory epithelial cells in vivo and in vitro (Ioannidis
et al. 2013).

The TLRs are classified as type I trans-membrane proteins with extracellular
leucine-rich repeats that recognize cognate ligands, a trans-membrane domain,
and a cytoplasmic domain consisting of a conserved signaling Toll/interleukin-1
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receptor (TIR) domain. It has been reported that endosomal acidification is
required for the activation of TLRs such as TLR3 (Ioannidis et al. 2013) and TLR9
(Macfarlane and Manzel 1998). Stimulation of TLRs with PAMPs can lead to
downstream signaling in two main pathways: the MyD88 signaling pathway
(proinflammatory) and the TRIF signaling pathway (antiviral). All TLRs except
TLR3 activate NFjB and the IRF3/7 response in a MyD88-dependent manner for
signaling. TLR3 exclusively uses the TRIF-dependent pathway, whereas TLR4
uses both the TRIF and MyD88 pathways (Takeuchi and Akira 2007).

The prominent cytokines of the antiviral response are the type I and type III
interferons (IFN). In humans, the type I IFNs comprises IFN-a, IFN-b, IFN-x,
IFN-e, and IFN-j (Samuel 2001). There are 13 different subtypes of IFN-a and
only one IFN-b characterized in human (Díaz and Testa 1996). The type III IFNs
consist of IFN-k1, k2, and k3 (also known as IL29, IL28A and IL28B, respec-
tively) (Kotenko et al. 2003; Sheppard et al. 2003) and have been described to play
important roles in epithelial antiviral responses (Durbin et al. 2013).

Since IAV infects through the endocytic route, one might expect that TLR3,
TLR7, and TLR8 should be major sensors for IFN induction by viral infection.
Early studies showed that TLR7 plays a major role in sensing influenza viral RNA
(Diebold et al. 2004; Lund et al. 2004). pDC derived from mice deficient in TLR7
showed marked decreases in IFNa production in tissue culture supernatants after
infection (Diebold et al. 2004; Lund et al. 2004). Since uncoating of the viral RNA
from the endocytosed virion into the cytoplasm occurs in a carefully orchestrated
maturation process, the precise mechanisms by which the IAV RNA exposure to
TLR7 occurs in the endosome is currently not known. It was suggested that
proteosomal degradation of some virions in the endosomes may lead to exposure
of the viral RNA to TLR7 (Diebold et al. 2004). It also can be speculated that
following viral replication de novo generated viral RNA is released from dead or
dying cells or by phagocytosis of dead cells allowing the viral RNA to enter the
endocytic route, resulting in TLR7 mediated recognition and signaling. Alterna-
tively, differential entry such as pinocytosis or isolated endocytic vesicles con-
taining virions that failed to achieve the optimal pH of activation (see discussion
below) may lead to lysosomal degradation, thus exposing the viral RNA to TLR7.

The role for TLR3 in recognition of IAV was shown to be more proinflam-
matory than antiviral. It was found that after TLR3 stimulation the BEAS-B2 cells
produced more of the proinflammatory cytokines IL6 and IL8 and less IFN-b (Le
Goffic et al. 2007). Interestingly, TLR3-/- mice were shown to have a survival
advantage after infection with IAV, despite higher viral loads and lower viral
clearance (Le Goffic et al. 2006) indicating that perhaps these proinflammatory
cytokines are not essential for effective viral clearance. A similar phenomenon was
seen in TLR4 knockout mice, which had better survival than the TLR4 sufficient
animals after IAV infection (Imai et al. 2008; Nhu et al. 2010). Though a specific
ligand derived from IAV is not known for TLR4, it was shown that endogenous
oxidized phospholipids (Imai et al. 2008) and proteins such as S100A9 (Tsai et al.
2014) produced in response to the acute lung injury in IAV infection can act as
DAMPs and stimulate the TLR4-TRIF-NF-jB signaling pathway. The authors of
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these two reports went on to demonstrate that enhanced acute lung injury was
alleviated by the elimination of IL6 in H5N1 and IAV PR8 infected mice, though
contributions by cytokines other than IL6 cannot be ruled out.

A role for TLR10 has recently been described in influenza infection (Lee et al.
2014). The authors reported that H1N1 and H5N1 infection of primary human
macrophages and a human monocyte cell line induced type I and III IFNs and
proinflammatory cytokines IL8 and IL6 in a TLR10-dependent manner. H5N1
virus infection induced robust TLR10 expression, indicating that the severe
inflammation seen in influenza infection can be amplified by positive feedback
through TLR10. TLR10 induction required active replication of the virus; how-
ever, the viral component(s) that induced the TLR10-dependent inflammatory
response have not been identified. Although TLR10-knockdown reduced the
expression of IFNs and cytokines, it did not have any effect on viral replication
(Lee et al. 2014), suggesting that TLR10 signaling may play a role in shaping local
innate effectors such as monocytes and macrophages and influencing the adaptive
immune response, rather than modulating the antiviral response within the epi-
thelial cell. While these reports highlight a negative role in clinical outcomes for
TLR3 and TLR4 in mice and TLR10 in in vitro cultures, associated with
heightened inflammation, it is possible that at least one PRR is necessary for
effective control of the virus through initiation of an appropriate inflammatory
response leading to functional wound healing. These situations might represent a
special case of virulent viruses, as is the case for both pathogenic H5N1 and to a
lesser extent PR8, where stimulation of these TLRs results in an inappropriate
inflammatory response and pathogenesis.

Finally, the nonclassical PRR PAR2 (proteinase-activated receptor) is expres-
sed on epithelial cells of the respiratory and gastrointestinal tract and works
synergistically with TLR4 to suppress TLR3—mediated IRF3 activation and
induction of ISGs. Mice deficient in PAR2 or TLR4 were protected from influ-
enza–associated disease, potentially as a result of derepression of the TLR3-IRF3
signaling pathway (Nhu et al. 2010).

3.2 RIG-I-Like Receptors (RLRs)

The RIG-I-like receptors or the RLRs consist of three members identified in
humans and mice: the Retinoic acid-inducible gene-I (RIG-I, also known as
DDX58), melanoma differentiation-associated gene 5 (MDA5), and laboratory of
genetics and physiology 2 (LGP2, also known as DHX58). RIG-I and MDA5
consist of two N-terminal caspase recruitment domains (CARD), a central DExD/
H box helicase with RNA binding and ATPase functions, and a C-terminal domain
consisting of a regulatory domain (absent in MDA-5). In contrast, the LGP-2 does
not have the CARD domain but contains a DExD/H box helicase and a regulatory
domain similar to that of RIG-I, which is absent in MDA-5. The regulatory domain
keeps the molecule in a closed conformation, inhibiting downstream signaling

128 P. Dash and P.G. Thomas



prior to activation. Upon ligand interaction, RIG-I and LGP are thought to undergo
a conformational change leading to activation of antiviral signaling (Saito et al.
2007). The RLRs have been reported to be expressed in most tissue types and are
maintained typically at low levels (Loo and Gale 2011). However, following
infection or interferon exposure, the expression of the RLRs was shown to be
greatly increased (Kang et al. 2004; Yoneyama et al. 2004; Tatsuta et al. 2012).
Increased expression following ectopic overexpression (Yoneyama et al. 2005) or
infection in the absence of IFN signaling (Yount et al. 2007) suggests that this low
intrinsic basal expression pattern in part regulates unnecessary and potentially
detrimental RLR activation in the homeostatic condition.

RIG-I and MDA-5 are key sensors of infection mediated by RNA viruses. They
share structural and functional similarities but detect mostly nonoverlapping
groups of viruses. Over the last few years, RIG-I has been shown to play a role in
triggering innate immune responses to infection by negative-strand viruses such as
paramyxoviruses, orthomyxoviruses, rhabdoviruses such as vesicular stomatitis
virus, Ebola virus, and EBER RNA, carried by the Epstein-Barr virus (Kato et al.
2006; Cárdenas et al. 2006; Samanta et al. 2006; Yoneyama and Fujita 2007). In
contrast, MDA-5 has been implicated in sensing positive strand RNA viruses such
as picornaviruses (Kato et al. 2006; Gitlin et al. 2006). Certain flaviviruses induce
innate immune responses via RIG-I and MDA5 (Sumpter et al. 2005; Chang et al.
2006; Fredericksen and Gale 2006; Kato et al. 2006; Loo et al. 2008). The ligands
for both RIG-I and MDA-5 have been identified primarily through infection with a
variety of viruses or transfection with viral or synthetic RNA such as Poly (I)(C)
(Sumpter et al. 2005; Kato et al. 2006; Saito et al. 2007; Liu et al. 2007). Using
RIG-I-deficient animals, Kato et al. showed that RIG-I plays an important role in
initiating antiviral responses in fibroblasts and conventional DC but not plasma-
cytoid DC (Kato et al. 2005). Conversely, TLRs drive the initiation of antiviral
responses in pDC with no contribution from RIG-I (Kato et al. 2005). Initially it
was suggested that RIG-I and MDA5 were involved in sensing dsRNA generated
from viral infection (Kang et al. 2002; Yoneyama et al. 2004; Andrejeva et al. 2004;
Yoneyama et al. 2005; Rothenfusser et al. 2005). It was further shown that while
RIG-I may be involved in recognition of short dsRNAs of less than 1 kb, MDA-5 is
responsible for sensing long dsRNA ([1 kb) (Kato et al. 2008). Subsequently, it
was reported that the 50 triphosphate-linked ssRNA characteristic of viral RNA
products can be recognized by RIG-I (Hornung et al. 2006; Pichlmair et al. 2006).
Later, it was found that RIG-I responds to short dsRNAs with a triphosphorylated 50

terminus and poly-U/A-rich sequences, while MDA5 activation is more dependent
on complex dsRNA structures (Hornung et al. 2006; Kato et al. 2008; Saito and
Gale 2008; Schlee et al. 2009; Schmidt et al. 2009; Pichlmair et al. 2009; Binder
et al. 2011). A role for RIG-I in the detection of RNA products from DNA virus
infections has also been described. Cellular RNA polymerase III can convert
double-stranded DNA poly(dA-dT) to a short dsRNA species with a 50-triphosphate
that triggers the RIG-I pathway in human and mouse cells (Chiu et al. 2009).

In contrast, LGP2 which lacks signaling CARDs, binds to both dsRNA (Pippig
et al. 2009) and single-stranded RNA with 50-triphosphates via its C-terminal
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regulatory domain with greater affinity than RIG-I and MDA5 (Takahasi et al.
2009). There have been contrasting reports on the role of LGP2 in viral RNA
sensing and signaling by RLR. While it was suggested that LGP2 inhibits
RIG-I signaling and activity both in vitro (Yoneyama et al. 2005) and in vivo
(Rothenfusser et al. 2005), augmentation of MDA5 signaling by LGP2 was also
shown (Venkataraman et al. 2007; Satoh et al. 2010). LGP2 functions in cDC but
not in pDC (Satoh et al. 2010) and is dispensable for the recognition of synthesized
dsRNA and 50 triphosphate RNA (Saito et al. 2007).

While many of the above studies involved chemically synthesized or virus-
derived RNA, the exact molecular signature of the RNA (analogous to the specific
epitope in adaptive immunity) is poorly studied. Saito et al mapped these unique
signatures to two regions of the HCV genome: nucleotides 2406–3256 and
8872–9616, by measuring IFN-b promoter activity (Saito et al. 2008). Similarly, in
IAV, single stranded viral RNA with a 50 triphosphate derived from in vitro RNP
reconstitution assays were shown to be the ligand for RIG-I, with the strength of
IFNb induction similar for all IAV gene segments (Rehwinkel et al. 2010). Sur-
prisingly, in the absence of mRNA transcription, IFNb induction was enhanced,
suggesting the vRNA and cRNA (which do not have 50 triphosphate), but not the
mRNA, are potent inducers of IFN via RIG-I pathway (Rehwinkel et al. 2010)
indicating molecular signatures in the termini may be playing a role. Indeed,
recently a short region (27 nt) of 50 UTR and a longer region of 30 UTR of the IAV
NS gene segment was shown to induce RIG-I dependent IFN-b induction (Davis
et al. 2012). Further, a U/A rich region within the 30 UTR was shown to be a potent
inducer in a 50 triphosphate-independent manner (Davis et al. 2012).

Interestingly, it was shown that infection of mice with a virus (PR8) stock
containing high defective interfering (DI) particle content had increased protection
compared to the group infected with low DI content (Tapia et al. 2013). The DI
influenza particles are incomplete virus particles with shorter genome segments
but identical termini (Tapia et al. 2013). In the case of influenza, the DI genome is
mostly enriched for PB2, PB1, PA (Saira et al. 2013), and M gene (Noble and
Dimmock 1995). Tapia and colleagues showed Sendai virus DI particles generated
in cells during the course of a normal infection induced stronger antiviral
responses than the cells with full length virus genomes (Tapia et al. 2013). Though
a direct measurement of the antiviral cytokines produced between the high and low
DI particle-containing IAV infections was not shown in those studies, it is
tempting to assume that the 30 and 50 termini of the IAV DI may be a better
stimulant of RIG-I and thus cause greater IFN production. More recently, direct
recognition of IAV RNPs by RIG-I has been reported (Weber et al. 2013) sug-
gesting that our knowledge of the nature of the ligands that activate these sensors
is incomplete.
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3.3 Nod-Like Receptors (NLRs)

The NLR family consists of a large number (20) of intracellular sensors with a
conserved nucleotide oligomerization domain (NOD) (Lupfer and Kanneganti
2013). At the N-terminus, the NLRs contain a protein interacting caspase acti-
vation and recruitment (CARD) or pyrin domain (PYD) that drive recruitment and
binding to the protein caspase-1 directly, or through an intermediate interaction
with the adaptor protein, apoptosis-associated speck-like protein containing a
CARD (ASC) . At the C-terminus, NLRs contain a variable leucine-rich repeat
(LRR) involved in PAMP sensing (Strowig et al. 2012). The NLRs have been
shown to be expressed in a variety of cells and are also induced after influenza
infection (Ichinohe et al. 2009; Allen et al. 2009).

Of the known NLRs, stimulation of NLRP1, NLRP3, and NLRC4 with PAMPs
and DAMPs causes activation of the caspase-1 containing inflammasome (Thomas
et al. 2009; Malireddi et al. 2010; Masters et al. 2012). The activated caspase-1
cleaves inactive pro-IL1b and pro-IL18 to their active form (Black et al. 1989)
which then signals through target cell receptors to induce an array of proinflam-
matory cytokines, including, KC, MIP1a, IL6, TNFa, and IFN-c (Dinarello et al.
1998; Allen et al. 2009; Thomas et al. 2009). Alternatively, caspase-1 activation
can lead to a cell death known as pyroptosis (Bergsbaken et al. 2009). Other NLRs
such as NLRP12 (Zaki et al. 2011) and NLRP6 (Anand et al. 2012), have been
implicated in down-modulating canonical NF-jB signaling, thus acting as anti-
inflammatory stimuli.

The ligands that induce NLR signaling are thus far not well-defined. Initially, it
was suggested that dsRNA but not ssRNA could induce activation of the NLRP3
inflammasome in a TLR3-independent manner (Kanneganti et al. 2006; Rajan et al.
2010). Infection of NLRP3-deficient macrophages with the IAV PR8 strain did not
activate caspase-1, while wild type macrophages had robust activation (Kanneganti
et al. 2006). However, it is known that influenza virus does not generate dsRNA
during replication (Weber et al. 2006). Indeed, intraperitoneal injection of NLRP3-
deficient mice with influenza viral RNA derived from stock virus resulted in
reduced IL1b and Il18 production compared to wild type animals (Allen et al. 2009;
Thomas et al. 2009). Additionally, our own studies and related work observed
decreased survival to influenza virus infection in NLRP3-deficient mice (Allen
et al. 2009; Thomas et al. 2009). Another report using similar mice found defective
adaptive immune responses to IAV, but failed to see any difference in mortality
(Ichinohe et al. 2009). This work used a different infection dose than the other
studies, which may account for the difference in mortality. The absence of NLRP3
also caused reduced cellular infiltration to the lungs and an improper wound healing
response, but did not compromise type IFN induction (Thomas et al. 2009).

While direct recognition of the RNA ligands by NLRs is still under investi-
gation, other viral components have been reported to induce antiviral responses.
The IAV M2 protein ion channel activates the inflammasome in an NLRP3-
dependent manner (Ichinohe et al. 2010). Other chemical stimuli such as uric acid
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crystals (Martinon et al. 2006), silica, and asbestos, (Dostert et al. 2008; Hornung
et al. 2008), changes in intracellular ion flux (Franchi et al. 2007; Pétrilli et al.
2007), abnormal reactive oxygen species (ROS) (Dostert et al. 2008; Allen et al.
2009), and abnormal protein aggregates such as amyloid-b (Halle et al. 2008) have
been suggested to activate NLRs as second messengers. Endosomal destabilization
has also been implicated in the activation of NLRP3 inflammasome (Hornung and
Latz 2010; Tschopp 2011). The absence of a known ligand and the diverse nature
of the ligands that have found to stimulate NLRs have led to a two signal model for
inflammasome activation (Meylan et al. 2006; Ogura et al. 2006). In this model,
initial upstream signals such as TLR, RLR, or the cellular stress response (ATP/
ROS/endosomal destabilization) induces transcription and translation of proIL1b,
proIL18, and NLRP3 as a part of the proinflammatory program, which is followed
by a second signal triggering NLRP3 to activate caspase-1 and produce active
IL1b and IL18.

Apart from these indirect roles in inflammasome activation, recent reports have
suggested a direct interaction of the PRRs in the assembly of the inflammasome
that does not require NLRs. Poeck et al. showed that after infection with the
negative-strand virus VSV, RIG-I, rather than initiating its canonical sensing of
ssRNA and signaling through MAVS, instead interacts with CARD9–Bcl-10-ASC
causing inflammasome assembly and caspase-1 activation in an NLRP3-inde-
pendent manner (Poeck et al. 2010). Similar observations were also found by
Pothichet et al., who reported an overlapping TLR3/RIG-I/NLRP3 pathway in
inflammasome activation by IAV in normal human bronchial epithelial cells
(Pothlichet et al. 2013). The authors suggest that RIG-I occupies the most
upstream position in this pathway. When it senses viral ssRNA, it induces the
MAVS-IFN pathway. In addition, as shown by Poeck et al., they also found RIG-I
interactions with ASC and caspase-1. They went on to suggest that IFN-driven
upregulation of TLR3 and NLRP3 sets off a positive feedback loop of inflam-
masome activation (Pothlichet et al. 2013). This provided a direct example of a
two signal model of NLR activation as suggested before.

NLRC1 (NOD1) and NLRC2 (NOD2) have been known to signal through the
adapter protein RIPK2 (also known as RICK or RIP2) and induce NFjB and
MAPK signaling. A role for NOD2 as a viral PRR has been shown. Transfection of
viral genomes derived from RSV, IAV and PIV into A549 cells showed IRF3
activation in a NOD2-dependent manner (Sabbah et al. 2009). Another indirect
role for NOD2 in inhibition of viral replication has been described (Dugan et al.
2009). NOD2 increases the enzymatic activity of OAS2 which in turn enhances the
activity of RNAse L to degrade viral RNA (Malathi et al. 2007; Dugan et al. 2009).
Finally, Lupfer et al. showed that IAV infection results in RIPK2-induced mito-
phagy in infected cells. This process is not NFkB or MAPK dependent (Lupfer
et al. 2013).
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4 Evasion Strategy by Influenza Virus

Due to their clinical importance, significant work has been conducted to under-
stand how influenza viruses can evade effective antiviral responses. The NS1
protein has received most of the attention, along with contributions from some
other viral determinants. However, other ‘‘nonreductive’’ features of the viral life
cycle also appear to contribute to a stealthy phenotype but cannot be easily
ascribed to an isolate feature of the viral genome. We discuss both types of
strategies below.

4.1 Viral Determinant of Innate Immune Evasion

The eighth segment of influenza virus encodes the NS gene, consisting of two
separate products: NS1 and NEP (NS2). NS1 plays a major role in regulating the
host cell response (García-Sastre 2011). It has been implicated in the inhibition of
dsRNA sensors such as TLR3 by sequestering dsRNA intermediates (Talon et al.
2000). Though a known dsRNA ligand from IAV infection has not been detected
(Weber et al. 2006), it is possible that NS1 may be targeting downstream pathways
and RNA sensors, including RIG-I (Guo et al. 2007; Rehwinkel et al. 2010) to
inhibit antiviral responses. NS1 has been shown to interact directly with RIG-I
(Mibayashi et al. 2007) and indirectly via binding to ligand RNA (Pichlmair et al.
2006; Rehwinkel et al. 2010). However, NS1 inhibition of the ubiquitin ligase
tripartite-motif containing protein 25 (TRIM25) has been observed, preventing the
ubiquitination of RIG-I which limits its signal transduction activity (Gack et al.
2009). This suggests there are multiple, possibly overlapping, pathways for NS1 to
inhibit RIG-I activation. Further downstream, NS1 has also been found to inhibit
activation and nuclear translocation of the transcription factors IRF3 (Talon et al.
2000), NF-jB (Wang et al. 2000) and ATF-2/c-Jun (Ludwig et al. 2002). In vivo
infections of mice and pigs with IAV NS1 mutants have demonstrated reduced
pathogenesis (Garcia-Sastre et al. 1998; Talon et al. 2000; Donelan et al. 2003;
Falcon et al. 2005; Solórzano et al. 2005).

Limiting host cell protein synthesis as a viral evasion strategy has been
described for multiple viruses (157), reducing the antiviral response and chan-
neling the host cell protein synthesis machinery for replication of the virus. IAV
has been observed to utilize this strategy via the viral protein PA-X, which is
translated from the PA gene segment in an alternative reading frame (Desmet et al.
2013). Similarly, NS1 has been implicated in the alteration of host cell mRNA by
binding to cleavage and polyadenylation specificity factor (CPSF30) (Nemeroff
et al. 1998; Noah et al. 2003). Other polymerase proteins have been implicated in
suppression of host cell protein synthesis. The well-described ‘‘cap snatching
mechanism’’ involving PB2 and PA for viral mRNA transcription (Plotch et al.
1981; Dias et al. 2009) has been suggested to reduce the levels of capped host
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mRNAs, attenuating host cell gene expression including the antiviral response
(Nakhaei et al. 2009).

The phosphatidylinositol-3-kinases (PI3K) are a family of enzymes involved in
cellular functions such as cell growth, proliferation, differentiation, motility, sur-
vival, and intracellular trafficking (Datta et al. 1999). IAV NS1 has been shown to
induce PI3K activation by direct binding of the p85 subunit (Hale et al. 2006).
Later in the infection, NS1 induced activation of PI3K and its downstream effector
AKT/Protein kinase B prevents premature apoptosis and favors viral replication.

Recombinant IAV with a deletion of NS1 induces a stronger caspase-1 activity
and higher IL1-b and IL18 levels in primary human macrophages (Stasakova et al.
2005). This result indicates a role for NS1 in antagonizing the NLR pathway.
Although the precise mechanism of such antagonism is not known, it is possible
that NS1, by virtue of its ability to perturb PKR and RIG-I pathways, can eliminate
the priming signal for subsequent NLRP3 inflammasome activation.

Apart from NS1 and PA-X, the other protein that has been well studied for a
role in innate immune evasion is PB1-F2. PB1-F2 is a small protein of 87aa
encoded by an alternate reading frame within the PB1 gene and originally
described to be proapoptotic (Chen et al. 2001). Later, it was shown that PB1-F2
mediates cell death via interaction with the mitochondrial proteins ANT3 and
VDAC1 (Zamarin et al. 2005). Murine infection with IAV deficient in PB1-F2
showed reduced pathogenesis in mice (Zamarin et al. 2006). It was further shown
that the N66S amino acid residue may contribute to the increased virulence
associated with H5N1 and the 1918 pandemic H1N1 (Conenello and Palese 2007;
McAuley et al. 2007). However, the recent pandemic 2009 H1N1 strain lacked a
functional PB1-F2, yet showed increased virulence over prior seasonal strains.
Engineering PB1-F2 into the 2009 strain had a minimal effect on virulence in
animal models (Hai et al. 2010; Pena et al. 2012) indicating that virulence can
represent a strain-specific combination of multiple determinants of host and viral
factors. Additionally, PB1-F2 has been described to decrease mitochondrial
membrane potential by binding to MAVS and inhibiting induction of IFN (Varga
et al. 2012).

4.2 Nonreductive Determinants of Viral Fitness

Apart from specific viral proteins and domains that play a role in the evasion of the
innate immune response, other features of the virus such as its spherical or
elongated shape, its replication fitness, which represents a compound result of
many specific features, its secondary RNA structure may also play a role in the
ability of the virus to be stealthy and establish infection without detection by host
cell recognition machinery.
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Role of HA in Entry
The HA in different virus subtypes and strains can vary with regard to the

optimum pH of activation (Mittal et al. 2003). For example, the HA molecule of
H2 subtype undergoes a slow pH-dependent conformational change compared to
the H3-HA molecule (Puri et al. 1990; Leikina et al. 2002). Similarly, the stability
of the pH dependent conformational change has also been reported to be influ-
enced by the density of the surface HA molecules (Markovic et al. 2001; Leikina
et al. 2002). Experimental work with H5N1 viruses and mutants in the A/chicken/
Vietnam/C58/04 (H5N1) background found that the optimal pH of activation is a
key contributor to the observed increased pathogenesis. Using mutants that differ
only, or primarily, in their optimum pH of activation, Zarket et al. showed that a
higher pH of activation is highly pathogenic in avian species whereas a lower pH
of activation favors pathogenesis in mice (Zaraket et al. 2013b). In another study,
the same group showed that a mutant IAV (VN/1203-K58I) whose pH of acti-
vation is 5.5 compared to the wild type strain’s pH of 6.0 grew to similar titers as
the wild type virus in MDCK and NHBE cells, but not in A549 cells (which have a
lower endosomal pH than either of those cell types), resulting in reduced growth
(Zaraket et al. 2013a). Interestingly, they found that an increase in acid stability
resulted in increased virus growth in the upper respiratory tract. However, the
mutation was not sufficient to confer transmission in ferrets, indicating that
additional cell type specific features of endosomal pH activation may be playing a
role in this in vivo model. Thus, it is clear that the HA sequence determine the
stability of the HA with regard to pH, and by extension the genetic and envi-
ronmental stability of the virus and its replication potential (Reed et al. 2010).

Role of HA in Exit
The HA also plays a role in the exit of the virus from the cell by budding. HA

proteins in infected cells are synthesized as polypeptides (HA0) which lack
membrane fusion activity (Skehel and Wiley 2000). To acquire this functionality,
the HA0 must be cleaved by host cell proteases at the linker sequence between the
HA1 and HA2 subunits, which are then reorganized to the mature HA molecule
that is expressed on the surface of the virion (Garten and Klenk 1999). Thus, the
expression pattern of host cell proteases has been suggested to play a critical role
in the tissue restriction of IAV replication. Although the array of proteases that can
mediate cleavage of HA0 is only beginning to be detailed, the established role of
specific proteases in tissue tropism and pathogenesis provides an illustrative
example. It has been reported that the HA in low pathogenic avian influenza
viruses (LPAIV) can only be cleaved by certain trypsin like proteases expressed
exclusively in the respiratory tract (of terrestrial birds) or the gastrointestinal tract
(of water fowl and other terrestrial birds), resulting in the restriction of viral
replication in those tissue compartments (Bertram et al. 2010). In contrast, the
highly pathogenic avian influenza virus (HPAIV) contains a polybasic cleave site
in its HA that is readily cleaved by a ubiquitously expressing protease, furin, in
the trans-golgi network, resulting in systemic infection and severe disease
(Bosch et al. 1981; Webster and Rott 1987; Perdue et al. 1997). However, it appears
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that the cleavability of the HA is not the only determinant of pathogenesis as
HPAIV and known pandemic strains lacking furin multibasic cleavage sites have
caused severe disease in human populations (Bertram et al. 2010).

RNA Accessibility
One may hypothesize that influenza virus infections utilizing distinct methods

of entry (endocytosis, macropinocytosis, or penetration of RNP by plasma mem-
brane fusion) may result in very different host responses, considering the locali-
zation of innate immune receptor distribution. Especially in the physiological
setting with a low multiplicity of infection, such differential entry into the target
cells will result in a variation in the kinetics of accessibility of the viral RNA to the
host cytoplasmic sensors. It has been reported that IAV entering by endocytosis
localizes to early endosome within 10 min and to the late endosome by 40 min
after infection in HeLa cells (Sieczkarski and Whittaker 2003). However, the entry
kinetics appear to vary by cell type. Viral fusion with the endosome has been
detected as early as 10 min in MDCK and CHO cells (Yoshimura et al. 1982;
Yoshimura and Ohnishi 1984; Lakadamyali et al. 2003). It is interesting to note
that influenza infection of HeLa cells is found to be inefficient (Lohmeyer et al.
1979; Gujuluva et al. 1994). In contrast, we might speculate that virus internalized
by macropinocytosis may take an even longer time (compared to endocytosis in
HeLa cells) to reach the optimum low pH for virus uncoating. Another consid-
eration is that the endocytic vesicle, regardless of the method of internalization,
may fail to achieve fusion with the virus particle as a result of stochastic processes,
resulting in diversion of the virion into the lysosomal pathway and autophagic
destruction. It has been suggested that autophagy can present viral nucleic acid to
TLRs in endolysomes (Kawai and Akira 2009). Thus, viruses with increased HA
acid stability may enter endolysomes and the autophagy pathway, resulting in
induction of IFN via TLR7/RIG I pathway. On the other hand, viruses that fuse at
the plasma membrane and release RNPs may be more likely to encounter the RIG-
I pathway (Weber et al. 2013) and initiate the antiviral response more quickly. Of
note, differentiated human bronchial epithelial cells derived from asthmatic
patients mounted an enhanced activation of the inflammasome and innate immune
signaling after IAV infection (Bauer et al. 2012). It is reported that the pH of the
bronchial tree mucous in asthmatic patients is around 5.3 (Ryley and Brogan 1968)
as opposed to the normal range of 6.9–9.0 in the trachea (Karnad et al. 1990).
Although apical pH data from these cultures was not reported, it has been sug-
gested that cultures from cystic fibrosis patients also exhibit a more acidic pH than
those from healthy individuals (Coakley et al. 2003). In summary, under acidic pH
conditions, IAV can fuse directly to the plasma membrane (Matlin et al. 1981) and
release RNPs to the cytosol directly (Morgan and Rose 1968). Thus, we can
hypothesize that those viral genomes may be recognized faster than viruses
entering through the endocytic route, resulting in faster initiation of the innate
immune response. However, very little research has been done on the role of such
differential entry affecting the proinflammatory and antiviral responses, and further
investigation is warranted.
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Genomic Features
Another aspect of RNA accessibility in determining the stealthy phenotype of

influenza virus is the viral genome itself. Detection by both RIG-I and MDA-5 of
flaviviruses suggests that these viruses may have genomic features that trigger both
sensors (Loo et al. 2008). Similarly, within a given virus, distinct strains may have
more ‘‘innate immunogenic’’ features by virtue of different sequences. Limited
studies attempting to define the exact features of the RNA ligand stimulating
immune responses from HCV (Saito et al. 2008) and IAV (Davis et al. 2012)
indicated that certain regions of the genome may be more immunogenic than
others. While studies from Davis et al., suggested that the 30 and 50 UTR of the
IAV containing U/A tracts are potent innate immune inducers, little is known
about the rest of the viral genome. It can be assumed that certain subtypes and
strains may have more of these immunogenic features (potentially defined by
secondary structures and sequence composition) than others.

Another factor that may contribute to viral stealthiness is the presence of
defective interfering (DI) particle, which, until recently, has been shown to be a
phenomenon of in vitro viral propagation (Von Magnus 1954; Nayak 1980).
Recently, the presence of DI particles in human samples infected with pandemic
H1N1 has been described (Saira et al. 2013). Another group has also described the
presence of ‘‘semi infectious’’ particles in vitro as well as in vivo propagated virus
inoculums (Brooke et al. 2013). Using immunofluorescence staining for four
different viral proteins, the authors proposed that 90 % of infectious inocula failed
to establish productive infection by lacking expression of one or more viral pro-
teins (Brooke et al. 2013). This was independent of cell type in the presence of an
intact IFN system, though presence of partial RNA similar to DI particles in this
‘‘semi-infectious’’ population could not be ruled out (Brooke et al. 2013). We can
imagine that the presence or absence of DI particles or ‘‘semi-infectious’’ particles
in inocula may play an important role in determining in the outcome of infection
and the efficiency of transmission.

5 Conclusion and Future Direction

In sum, multiple compound features of viral entry, trafficking and replication can
combine to allow the virus to evade host recognition to greater or lesser extents.
Given the exponential growth of the virus with each round of replication, even a
slight advantage in early replication kinetics can result in a significant alteration
in viral titers and clinical and pathological outcomes (Askovich et al. 2013).
Dissecting these ‘‘whole virus’’ features presents a new challenge for influenza
research, which made great strides in the last decade using reverse genetics
technology. Systems biology and other high-throughput approaches will be nec-
essary to provide insights into these areas of influenza virus biology.
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Part II
Vaccines and Adaptive Immunity



Inactivated and Adjuvanted Influenza
Vaccines

Giuseppe Del Giudice and Rino Rappuoli

Abstract Inactivated influenza vaccines are produced every year to fight against
the seasonal epidemics of influenza. Despite the nonoptimal coverage, even in
subjects at risk like the elderly, pregnant women, etc., these vaccines significantly
reduce the burden of mortality and morbidity linked to the influenza infection.
Importantly, these vaccines have also contributed to reduce the impact of the last
pandemics. Nevertheless, the performance of these vaccines can be improved
mainly in those age groups, like children and the elderly, in which their efficacy is
suboptimal. The use of adjuvants has proven effective to this scope. Oil-in-water
adjuvants like MF59 and AS03 have been licensed and widely used, and shown
efficacious in preventing influenza infection in the last pandemic. MF59-adjuvanted
inactivated vaccine was more efficacious than non-adjuvanted vaccine in pre-
venting influenza infection in young children and in reducing hospitalization due to
the influenza infection in the elderly. Other adjuvants are now at different stages of
development and some are being tested in clinical trials. The perspective remains to
improve the way inactivated vaccines are prepared and to accelerate their avail-
ability, mainly in the case of influenza pandemics, and to enhance their efficacy/
effectiveness for a more successful impact at the public health level.
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1 Introduction

Despite the availability of vaccines licensed for all age groups and despite their
proven benefits, influenza remains a major problem for public health because of
both seasonal epidemics and pandemics, which can occur periodically. Every year
in the United States alone, more than 200,000 hospitalizations and up to 49,000
deaths are attributed to influenza infection (Thompson et al. 2003, 2004, 2010).
Most of the hospitalizations occur in children younger than 2 years, while the
highest mortality rates are observed in subjects older than 65. Subjects at any age
with various conditions such as pregnancy, chronic and metabolic diseases, HIV
infection, and immunosuppressive treatments, are at increased risk of influenza
hospitalization and death (Mertz et al. 2013). Several reasons can contribute to
this.

First, the perception of the danger of the influenza infection varies enormously
in the general population. The relatively milder-than-expected nature of the last
pandemic (swine-origin A/H1N1 2009) has not significantly and broadly enhanced
the awareness of this danger. For example, influenza vaccination is still mainly
perceived as a need for the elderly, underscoring the huge need for vaccinating
young children who represent the major reservoir of the infection in the com-
munity (Esposito et al. 2012), and of pregnant women (Karlsson et al. 2012).
Indeed, the WHO SAGE in 2012 issued the new recommendations for influenza
vaccination, putting pregnant women, health care professionals, and 6–59-month-
old children at the top (WHO 2012). This is on the basis of the yearly adaptation of
the composition of the vaccines as recommended by the WHO (WHO 2013).

Second, despite these recommendations that were already issued by some
national authorities, such as the US authorities (Committee on Infectious Diseases
2013), the coverage still remains suboptimal, even in the elderly groups for whom
the cost of vaccination is covered by health insurances in many countries (Centers
for Disease Control 2013).

Third, despite this care in adapting the influenza vaccines to the circulating
strains, mismatching is not uncommon. Influenza A viruses have a high propensity
to recombine, giving rise to a panoply of drifted strains, i.e., strains carrying
mutations in the amino acid sequence of the major surface proteins, which rep-
resent the major constituents of the inactivated vaccines, namely, the hemagglu-
tinin (HA) and the neuraminidase (NA). Although these mutations affect only a
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few amino acids as compared to stronger mutations that lead to new (shifted) virus
strains that cause pandemics, they are poorly recognized by functionally active,
hemagglutination-inhibiting (HI) antibodies directed against the original strains,
with a consequent reduction of the efficacy/effectiveness of the influenza vaccine
during the years of mismatch between the vaccine and circulating virus strains
(Carrat and Flahault 2007).

Lastly, currently available seasonal influenza vaccines exhibit a lower immu-
nogenicity and efficacy in those age groups with a greater need to be vaccinated
against influenza, i.e., young children and the elderly (Goodwin et al. 2006;
Osterholm et al. 2012; Jefferson et al. 2012).

For all these reasons, a very active work is in progress in order to improve the
efficacy/effectiveness of inactivated influenza vaccines, for example, by producing
strains better matched with the wild type viruses, by administering the vaccine
subcutaneously, by increasing the dose of the antigens in the vaccine, by changing
the composition of the vaccine from a trivalent to a quadrivalent vaccine, and by
formulating the vaccine with appropriate adjuvants.

2 The Inactivated Influenza Vaccines

The vast majority of the inactivated influenza vaccines registered for use in
humans are obtained by growing the influenza viruses in embryonated eggs, a
methodology developed by Macfarlane Burnet in 1937. The first vaccine was
licensed in the US in 1945: it was bivalent, containing the A/PR8 (H1N1) and the
B strains adapted to grow in eggs. This A/H1N1 strain was changed in 1958 with
the A/H2N2 virus strain, which during the pandemic had completely replaced the
A/H1N1, and then in 1968, with the appearance of the A/H3N2 pandemic virus
which wiped out the A/H2N2. The vaccine became trivalent only in 1978 with
the reappearance of the A/H1N1 from Russia, a strain which did not replace the
A/H3N2, but instead continued to circulate, and even to represent the strain more
frequently, was isolated seasonally. The first generation vaccines were based on
whole virions that had been chemically inactivated using formalin or b-propio-
lactone. Very few vaccines are still based on inactivated whole virions (Barrett
et al. 2011; van der Velden et al. 2014). In all the others, inactivated viruses
undergo treatment to further disrupt the viral particle (split vaccines), or are
submitted to further steps of purification to remove most of the adventitious and of
non-superficial antigens (subunit vaccines) (Fiore et al. 2009; Oxford et al. 2011;
Hannoun 2013).

New inactivated influenza vaccines have been developed by growing the
influenza viruses in continuous cell lines, for example, the MDCK cell line
(Dormitzer et al. 2012). This procedure has several advantages. Not all influenza
strains recommended for seasonal vaccines grow equally well in eggs, while the
vast majority of them can be cultured in cell lines. In addition, highly pathogenic
avian viruses are lethal for embryonated eggs, rendering difficult, if not impossible,
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their use to prepare pandemic vaccines, and rendering necessary the use of strains
obtained with reverse genetics (Engelhardt 2013). On the contrary, highly patho-
genic avian influenza virus strains grow efficiently in cell lines. Finally, and
importantly, when influenza isolates are passaged in eggs, they undergo amino acid
changes, which may affect their immunogenicity and finally their efficacy when
used as . Indeed, cell-derived vaccines have been shown to confer a higher level of
protection in ferrets than egg-derived vaccines (Katz and Webster 1989). Some
of these vaccines derived from MDCK cells (European Medicines Agency 2008;
Food and Drug Administration 2012), from Vero cells (European Medicines
Agency 2009), or from insect cells (Food and Drug Administration 2013), have now
been licensed in Europe and/or the USA, or in the rest of the world.

Most of the vaccines available today contain three virus strains: two A (H1N1
and H3N2) and one B, belonging to the Victoria or to the Yamagata lineages. The
frequent observation of co-circulation of the two B lineages and the frequent
mismatch between the vaccine component and the circulating strains have
prompted vaccine manufacturers to produce quadrivalent inactivated influenza
vaccines (QIV) containing two A and two B strains (Belshe 2010) that have now
been licensed in some countries.

The amount of antigen of an influenza-inactivated vaccine is calculated on the
content of HA. Each dose must contain not less than 15 lg of each of the three (or
four) HAs. This does not mean that other components are not present. The second
component is NA; various amounts of internal proteins, like M1 and NP, can also
be detected (Co et al. 2009). In any case, the amount of NA and of other viral
components is nor required by regulatory agencies for registering the vaccines.
This implies that not all inactivated vaccines are equal. Whole-virion, split and
subunit vaccines appear very different when analyzed with electron microscopy
(Renfrey and Watts 1994; Oxford et al. 2011) and, as said, their non-HA com-
position can vary from one vaccine to another, and even from one batch to another
in the same vaccine. For these reasons, most of the analysis of the immune
response to influenza vaccines is focused on HA, which is the only antigen onto
which all influenza vaccines are standardized and, importantly, the major target of
the protective antibody response (see below).

3 The Immune Response to Inactivated Influenza Vaccines

Seasonal inactivated influenza vaccines are given before or at the beginning of the
influenza season as a single dose (15 lg of each component) in adolescents, adults
and elder subjects, and as two half-doses (7.5 lg of each component) 3–4 weeks
apart in young children never vaccinated before. This regimen of vaccination is
dictated by the fact that the vast majority of subjects have been immunologically
primed to influenza via continuous clinically overt or subclinical contacts with the
virus and/or via yearly vaccinations. The situation is different in children younger
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than 2–3 years of age which require two doses of the vaccine to achieve a sub-
stantial priming. Indeed, in several studies carried out in pediatric populations it
has been shown that the percentage of children positive for anti-influenza viral
antibodies increases with age, this percentage being very low during the first year
of life and progressively increasing later on (Zaman et al. 2007). This is in line
with the observation that more than one dose is needed for effective priming
against avian influenza virus strains, even when the vaccine is administered
together with strong adjuvants, because individuals of all ages are immunologi-
cally naïve to them (see below).

Several lines of evidence based on human challenge studies and also on vac-
cines containing only recombinant HA, but not other antigens, support the notion
that the antibody response against HA, as detected by HI and by MN, represents
the major protective effector arm against influenza, since these antibodies are
known to prevent the infection (Montomoli et al. 2011). Indeed, levels of anti-
bodies [1:40 as detected by HI are considered to correlate with protection in
adults and in the elderly, and are currently accepted by regulatory agencies for
registering vaccines (Hobson et al. 1972; Coudeville et al. 2010). Results derived
from efficacy studies strongly suggest, however, that this threshold of 1:40 should
be significantly higher when applied to young children, who are mostly immu-
nologically naïve to influenza (Black et al. 2011).

Human challenge studies and studies in schoolchildren receiving a vaccine that
matched the NA but not the HA of circulating strains indicate that NA-inhibiting
antibodies may also contribute to protection (Beutner et al. 1979; Clements et al.
1986). During the pandemic of 1968, when H3N2 influenza replaced H2N2 strains,
the antigenic similarity of NA in the seasonal and new pandemic strains did not
prevent a pandemic; individuals with higher pre-existing titers of NA-inhibiting
antibodies had a lower frequency of H3N2 infection and less severe disease
(Monto and Kendal 1973). Thus, anti-NA immunity appears to play a sizeable role
in protection as compared to anti-HA immunity, leading to some consideration of
including anti-NA antibody assays in vaccine evaluations (Marcelin et al. 2012).
However, the poor physical stability of NA limits its utility in inactivated influenza
vaccines (Kendal et al 1980).

Cellular immunity after vaccination with inactivated influenza vaccines is much
less frequently investigated. Unlike the situation encountered after infection with
the virus when CD4+ or CD8+ T cells against internal non-structural proteins
appear to play an important role in protection (Wilkinson et al. 2012; Sridhar et al.
2013), a direct role of cell-mediated immunity in the protective response against the
infection is less expected after vaccination with vaccines containing soluble anti-
gens. For example, the frequency of granzyme B-positive T cells after vaccination
with a split vaccine has been suggested to correlate with protection against ILI in
the elderly better than the antibody response (McElhaney et al. 2006). These data
have to be taken with some caution since in vitro restimulation of cells was done
with the whole virus, which could have restimulated cell population primed by
previous encounters with the virus more than by the vaccine. Nevertheless,
achieving high and sustained titers of high affinity antibodies through immunization
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requires coordinated innate and adaptive responses, including CD4+ T-cell-medi-
ated help for B-cell activation and affinity maturation through somatic hypermu-
tation. Recent data have shown that T follicular helper (Tfh) CD4+ cells can be
detected in the bloodstream after vaccination with inactivated influenza vaccines,
although some controversy still exists on their exact phenotype concerning the
expression of CXCR5, in addition to ICOS-1 and IL-21. These cells exert a strong
helper function on the production of influenza-specific antibodies by B cells
(Bentebibel et al. 2013; Spensieri et al. 2013). Interestingly, their frequency cor-
related with the titers of neutralizing antibodies detected in the serum of vaccinated
subjects (Spensieri et al. 2013).

4 Towards Better Inactivated Influenza Vaccines

Existing data clearly show that influenza vaccination programs have saved mil-
lions of lives, especially in the elderly where these programs are more widely
applied (Poland and Morse 2010). However, when looking at the efficacy of
existing vaccines in preventing influenza infection, the figures can vary signifi-
cantly based on the age and on the endpoints considered in the various studies. As
said above, the efficacy of these vaccines is higher in immunologically fully
competent adults (e.g. 70–90 %), and much lower in young children, in the
elderly, and in adults with underlying conditions like immunosuppression, chronic
metabolic diseases, etc (e.g. around 50 % or even lower, especially at the extreme
of ages when, based on some recent meta analyses, the efficacy of existing inac-
tivated, non-adjuvanted vaccines can be very low, mainly in very young children)
(Osterholm et al. 2012; Jefferson et al. 2012). As anticipated, these figures can be
dramatically affected during the influenza seasons when the circulating virus
strains do not match with the strains contained in the vaccines (Carrat and Flahault
2007). For these reasons, several attempts are being made to develop new influ-
enza vaccine or to improve the existing vaccines through different technological
approaches.

One approach followed by all influenza vaccine manufacturers has been the
development of quadrivalent vaccines (QIV), containing 2 A and 2 B strains. Both
inactivated and live attenuated QIVs have been tested in all age groups and have
been licensed in some countries (Domachowske et al. 2013; Greenberg et al. 2013;
Kieninger et al. 2013; Langley et al. 2013; McKeage 2013; Pépin et al. 2013). In all
these studies, the presence of the second B strain did not interfere with the
immunogenicity of the other 3 components. While these vaccines are expected to
enhance the coverage, thanks to the inclusion of the second B strain, it is still
unclear whether their efficacy against infection would be improved as compared to
their trivalent counterparts, unless several more virus strains equally circulate in the
population. For example, in a multinational, phase 3, observer-blinded study, the
absolute efficacy of a split QIV was evaluated in about 5,000 3–8 year-old children,
half of whom received the QIV, and the other half a control (hepatitis A vaccine).
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The QIV showed an efficacy of 59.3 % against RT-PCR-confirmed influenza of any
severity and due to any influenza virus strain (Jain et al. 2013). Unfortunately, the
relative efficacy of the QIV versus the conventional TIV was not investigated,
although it is likely that it would not to be different since in this large study, only
strains belonging to the B/Victoria lineage circulated. This conclusion is also
supported by previous efficacy studies with the TIV from the same manufacturers
that had shown an efficacy of 66.9 % in healthy adults against culture-confirmed
influenza A and/or B (Beran et al. 2009). The results of this efficacy study underline
the fact that in front of various studies claiming about the need for developing QIV
(Belshe 2010; Dolin 2013), the potential net impact of QIV on influenza-associated
outcomes is expected to vary seasonally, depending on annual incidence of cases
caused by the two B lineages, vaccine coverage, etc (Reed et al. 2012). It is likely
that QIV may exert a stronger impact on public health when they will be developed
together with strong adjuvants like the oil-in-water adjuvants (see below). Data
published so far have shown that QIV adjuvanted with MF59 strongly enhanced the
immunogenicity of the subunit vaccine in healthy 3 to\36 month-old children as
compared to the unadjuvanted counterpart (Della Cioppa et al. 2011). Analogous
enhancement of the antibody response was reported in adults receiving the split
QIV adjuvanted with AS03B, containing a half dose of a-tocopherol as compared to
the conventional AS03A adjuvant (Beran et al. 2013) (see below for details on these
adjuvants).

Intradermal delivery of vaccines offers the advantage of favoring the migration
of antigens to lymph nodes with consequent stimulation of resident dendritic cells
(DC), and at the same time inducing the activation of resident Langerhans cells
(LC) as well as the activation and migration of dermal DCs, which synergistically
result in the activation of antigen-specific T cells in the lymph nodes. By deliv-
ering the antigen at an anatomical site rich in professional antigen-presenting cells,
the intradermal vaccination also has the potential of allowing to reduce the amount
of vaccine antigen to achieve protection. The interest for the intradermal route for
vaccination against influenza dates back to the 1940s and 1950s (Halperin et al.
1979). More recently, a substantial number of clinical studies have been carried
out to evaluate the intradermal route for administration of influenza vaccine to
individuals of all ages, including the elderly. Two studies in adults and in the
elderly showed that 20 or 40 % of a regular human dose of a subunit or a split
influenza vaccine induced immune responses comparable to, or higher than, those
induced by the conventional full-dose vaccine (Belshe et al. 2004; Kenney et al.
2004). In all these studies, however, the comparison with equally low doses of the
vaccine given intramuscularly was missing. When a study with such controls was
conducted, the better immune response of the intradermally administered influenza
vaccine disappeared, since all low doses (3, 6, or 9 lg) given either intradermally
or intramuscularly were almost as immunogenic as the standard dose of 15 lg
given intramuscularly (Belshe et al. 2007). Nevertheless, a split influenza vaccine
given intradermally in 0.1 ml volume containing 9 lg of HA of each virus strain,
has been licensed for use in adults of 18–64 years. All studies carried out with this
vaccine have consistently shown a non-inferiority of the antibody response
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(measured by HI) as compared to the intramuscular vaccine containing 15 lg of
each HA, and good tolerability, except for a significantly more frequent local
reaction such as erythema, induration, swelling, pruritus, and ecchymosis (Gorse
et al. 2013; Leroux-Roels et al. 2008; Moro et al. 2013).

Another approach to improve the protection conferred by influenza vaccines in
older adults has been to increase the amount of antigen contained in each vaccine
dose. More than 40 years ago using a whole-virion H2N2 vaccine, it was shown
that increasing the antigen dosage by 15 times in healthy adults increased the HI
antibody titers from 7- to 35-fold (Mostow et al. 1970). Similar enhancement of
the immunogenicity was observed later by various groups using both monovalent
and trivalent split influenza vaccines, with an effect more evident in the elderly
than in nonelderly (Sullivan et al. 2010; Chen et al. 2011; Tsang et al. 2013). This
has led to the registration in 2009 of a high dose influenza vaccine (60 mg of each
HA) for adults aged more than 65 years.

5 Adjuvanted Influenza Vaccines

Adjuvants represent the best known way to enhance the immune response to
vaccines. Most vaccines licensed worldwide contain adjuvants. Seasonal influenza
vaccines are among the few which do not contain adjuvants. This is because
individuals — mainly adults, are already immunologically experienced with
influenza antigens, thanks to previous annual vaccinations and/or previous contacts
(clinically overt or not) with the influenza virus. In such a context, the vaccination
acts through the expansion of an already existing pool of memory cells without any
need for further ‘‘help’’ from an adjuvant.

Aluminum salts are the most utilized vaccine adjuvants worldwide. However,
the use of these adjuvants with both seasonal and pandemic (avian) influenza
vaccines has mostly failed. Adsorption of the influenza virus HA onto aluminum
phosphate increased the immunogenicity of the vaccine in mice (Davenport 1968),
but it failed to enhance an antibody response over a nonadjuvanted vaccine in
healthy military recruits (Davenport et al. 1968). Despite this failure, during the
1960s and the 1970s, many inactivated influenza vaccines (whole-virion, split or
subunit) commercially available both in Europe and in the USA were still prepared
together with aluminum salts. They were not removed until the 1980s, based on the
overwhelming evidence that the adjuvant did not increase the immunogenicity of
the vaccine while it increased its reactogenicity.

The potential use of aluminum salts was reconsidered for the development of
vaccines against the avian influenza virus A/H5N1. Some controversial results
have been reported. Indeed, if some enhancement was observed, it was lower than
that provided by the oil-in-water adjuvants in dose sparing and in increasing the
responsiveness to the vaccine at all ages, including elderly individuals (Leroux-
Roels and Leroux-Roels 2009).
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The enhancement of the immunogenicity of influenza vaccines by mineral oil
adjuvants was already shown in the 1950s. These adjuvants allowed significant
dose sparing, enhancement of the antigen-specific antibody response, and persis-
tence of these antibodies for at least 2–9 years (Hennessy and Davenport 1961;
Salk et al. 1952; Salk 1953; Davis et al. 1961; Davenport et al. 1962). However,
mineral oils were non-metabolizable and non-excretable, causing serious adverse
events such as sterile abscesses in almost 3 % of the vaccinees, and raised con-
cerns about possible long-term effects. An almost 20-year follow up of these
subjects did not show any increased mortality attributable to the mineral oil
adjuvant, not even in those subjects who had had sterile abscesses (Beebe et al.
1972).

Nevertheless, the unacceptably high frequency of local side effects prevented for
several years the development of novel, potent oil-based adjuvants. We had to wait
until the mid-1990s to see the development of the first oil-in-water adjuvant,
referred to as MF59, which was finally licensed for use together with an inactivated
subunit influenza vaccine in[65-year-old subjects. The successful approach to the
development of a strong and safe adjuvant such as MF59 was to reduce the amount
of the oil in the emulsion from 50 to 4–5 % and to replace the non-metabolizable oil
with a fully metabolizable, such as squalene, which is a physiological component of
the human body, being the precursor of cholesterol and of corticosteroid hormones
(O’Hagan et al. 2013). The development of MF59-adjuvanted influenza vaccine
prompted other groups to develop other emulsion adjuvants based on squalene plus
other ingredients, for example the AS03, containing a-tocopherol as the major
component and licensed with the pandemic A/H1N1 vaccine and with the avian
A/H5N1 vaccine (Garçon et al. 2012), and the AF03, licensed with the pandemic
A/H1N1 vaccine (Klucker et al. 2012) (Table 1).

5.1 MF59-Adjuvanted Seasonal, Pandemic and Avian
Vaccines

After extensive studies in animals showing its safety and strong adjuvanticity
(O’Hagan et al. 2013), MF59 was first licensed in 1997 in Italy and later in more
than 20 countries worldwide, in association with the seasonal inactivated subunit
influenza virus vaccine for individuals aged 65 years or more. This was based on
the results of an extensive clinical development plan which included more than
20,000 subjects (mostly elderly individuals) and which showed that the MF59
adjuvanted vaccine was more immunogenic than conventional non-adjuvanted
influenza vaccines, and well tolerated, inducing a low incidence of local mild
reactions which did not increase following subsequent vaccinations. Noteworthy,
the enhancement of the antibody response to the vaccine remained unaltered upon
further immunizations, suggesting that the enhanced antibody response in previous
years did not affect the immunogenicity of the adjuvanted vaccine in the following

Inactivated and Adjuvanted Influenza Vaccines 159



T
ab

le
1

S
qu

al
en

e-
co

nt
ai

ni
ng

oi
l-

in
-w

at
er

em
ul

si
on

s
li

ce
ns

ed
or

in
ph

as
e

of
de

ve
lo

pm
en

t
w

it
h

in
ac

ti
va

te
d

in
fl

ue
nz

a
va

cc
in

es

A
dj

uv
an

t
(s

ou
rc

e)
E

m
ul

si
on

pr
ep

ar
ed

sq
ua

le
ne

(%
v/

v)

In
je

ct
ed

do
se

sq
ua

le
ne

%
v/

v
(m

g)

A
dd

it
io

na
l

co
m

po
ne

nt
s

T
w

ee
n

(%
m

g)
S

pa
n

B
uf

fe
r

S
iz

e
(n

m
)

Y
ea

r
L

ic
en

se
d

(v
ac

ci
ne

)

R
ef

er
en

ce

M
F

59
(N

ov
ar

ti
s)

4.
3

2.
15

(9
.7

5)
N

il
0.

5(
1.

17
)

0.
5

%
(m

g)
C

it
ra

te
pH

6.
5

16
0

(s
ea

so
na

l,
H

1N
1

pa
nd

em
ic

,
H

5N
1

av
ia

n)

O
’H

ag
an

et
al

.
20

13

A
S

03
A

(G
S

K
)

4.
5

2.
25

(1
0.

68
)

2.
50

%
a-

to
co

ph
er

ol
(m

g)
2.

0(
4.

85
)

N
il

P
B

S
pH

6.
8

16
0

(H
1N

1
pa

nd
em

ic
,

H
5N

1
av

ia
n)

G
ar

ço
n

et
al

.
20

12

A
S

03
B

(G
S

K
)

4.
5

2.
25

(1
0.

68
)

1.
25

%
a-

to
co

ph
er

ol
(m

g)
2.

0(
4.

85
)

N
il

P
B

S
pH

6.
8

16
0

C
li

ni
ca

l
st

ag
e

(P
ha

se
II

–I
II

se
as

on
al

)

R
üm

ke
et

al
.

20
13

;
B

er
an

et
al

.
20

13
;

M
cE

lh
an

ey
et

al
.

20
13

A
F

03
(S

an
ofi

-
P

as
te

ur
)

32
.5

5.
0(

25
)

P
ol

yo
xy

et
hy

le
ne

ce
to

st
ea

ry
l

et
he

r
(1

%
);

m
an

ni
to

l

N
on

e
S

or
bi

ta
n

m
on

oo
le

at
e

(0
.7

5
%

)

P
B

S
pH

7.
2

90
(H

1N
1

pa
nd

em
ic

in
fl

ue
nz

a)

K
lu

ck
er

et
al

.
20

12

S
ta

bl
e

em
ul

si
on

(I
D

R
I)

10
2(

9.
3)

L
ec

it
hi

n
(0

.4
%

);
pl

ur
on

ic
F

68
(0

.4
%

);
a-

to
co

ph
er

ol
(0

.0
3

%
);

gl
yc

er
ol

(2
%

)

N
il

N
il

A
m

m
on

iu
m

ph
os

ph
at

e
bu

ff
er

25
m

M
pH

5.
5

10
0–

13
0

C
li

ni
ca

l
st

ag
e

(P
ha

se
I

H
5N

1
av

ia
n)

T
re

an
or

et
al

.
20

13

160 G. Del Giudice and R. Rappuoli



years (Podda 2001). The adjuvant effect of MF59 was particularly strong in subsets
of elderly populations who had a higher risk of developing influenza and influenza-
triggered complications. This includes elderly subjects with low pre-immunization
antibody titers (1:40) (Baldo et al. 2006) and subjects with chronic underlying
diseases, such as cardiovascular, respiratory, and metabolic diseases (Banzhoff
et al. 2003). More recently, MF59-adjuvanted seasonal vaccine induced higher
seroprotection rates in adults [65-year-old as compared to non-adjuvanted vac-
cines and intradermal vaccines (Scheifele et al. 2013).

In addition to immunosenescence, antigenic mismatch between the vaccine
virus strains and the circulating virus strains can affect the influenza vaccine
efficacy and effectiveness (Carrat and Flahault 2007). Mismatch is caused by the
accumulation of point mutations at antigenic sites on the HA and NA proteins
(antigenic drift) occurring between the time that the World Health Organization
(WHO) makes its recommendation for vaccine composition and subsequent
exposure to the circulating strain. This leads to the appearance new antigenic
determinants. Although occurring in both type A and type B viruses, the antigenic
drift occurs more frequently in the influenza A (H3N2) viral subtype (Carrat and
Flahault 2007). In older subjects with a high (C80 %) post-vaccination seropro-
tection rate against the homologous vaccine strain, the rate of sero-protection
against the drifted circulating strains can drop to 4–75 %, based on the circulating
and on the vaccine strains, and on the age groups (Giuseppe Del Giudice et al.
2006; Ansaldi et al. 2008). In addition, antigenic mismatch can have a strong
impact on vaccine effectiveness, as demonstrated by a study for the period
1995–2005, when the vaccine effectiveness among older adults (C65 years of age)
dropped during the seasons with a drifted strain (1997–1998 and 2002–2003) to
values below 30 % (Legrand et al. 2006). Several clinical studies have shown that
the seasonal MF59-adjuvanted influenza vaccine induces statistically significant
stronger antibody responses against heterovariant influenza A virus strains and
against the two B lineages as compared to non-adjuvanted vaccines. These results
have been consistently reported in adults and in the elderly (Giuseppe Del Giudice
et al. 2006; Ansaldi et al. 2008, 2010; Camilloni et al. 2009; Baldo et al. 2010), as
well as in 6–36- and in 6–72-month-old children (Vesikari et al. 2009a, 2011).

The enhancement of the immunogenicity induced by MF59 (as compared to
conventional adjuvants such as aluminum salts [Bernstein et al. 2008]) has also
been shown with the vaccine against the avian H5N1 influenza virus in children,
adults and in[65-year-old individuals, and also in all these age groups against the
pandemic H1N1 virus (Giuseppe Del Giudice et al. 2013; O’Hagan et al. 2013). A
key finding of several clinical studies has been that the use of MF59 also induced a
wide breadth of cross-reactivity against all the H5N1 drifted virus strains tested
in adults, the elderly and children (Alberini et al. 2009; Banzhoff et al. 2009;
Vesikari et al. 2012a, b). The enhanced breadth of cross-clade antibody neutral-
ization provided by MF59 was further underlined in a prime-boost study in which
priming and boosting vaccines contained heterovariant virus strains. Indeed, the
MF59 adjuvant induced a priming with a vaccine based on a virus (e.g. H5N3,
non-pathogenic, of duck origin) that was very different from the virus strain
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(e.g. the pathogenic H5N1 clade 1, isolated in Vietnam in 2004) used for the
boosting 6–8 years later. One booster dose allowed very rapid increase in the
neutralizing antibody titers not only against the homologous clade 1 virus strain,
but also against all the drifted virus strains belonging to clade 1 and to various
clade 2 subclades (Stephenson et al. 2008; Galli et al. 2009a).

The availability of H5N1 vaccines adjuvanted (or not) with MF59 allowed
investigating how the adjuvant contributed to the priming of antigen-specific
CD4+ T-cell responses in healthy subjects. After a single immunization with the
MF59-adjuvanted H5N1 vaccine (clade 1), there was a significant increase of
the frequency of HA-specific central memory CD4+ T cells committed to produce
IL-2 (with or without TNF-a), but not IFN-c. The frequency of these cells did not
increase after the second dose of the vaccine 3 weeks later, and persisted at fre-
quencies higher than baseline for 6 months, when it increased after a booster dose
and was maintained at high levels later on (Galli et al. 2009b). It is interesting to
note that these CD4+ T cells induced by the MF59-adjuvanted vaccines were
mostly directed against epitopes which were conserved among the HAs of the
various H5N1 clades. Nevertheless, these cells also recognized sequences that
contained epitopes which varied in the HA of clade 2.1 and of H5N3 virus strains.
It is remarkable that a threefold increase in the frequency of H5-specific memory
CD4+ T cells after a single dose of MF59-adjuvanted vaccine was predictive of a
rise of neutralizing antibody titers above 1:80 after the booster dose 6 months after
the first dose, and also of their persistence over time after the booster dose (Galli
et al. 2009b).

As already mentioned above, the MF59-adjuvanted trivalent seasonal vaccine is
highly immunogenic in children, much more so than conventional non-adjuvanted
vaccines with antibodies persisting at protective levels for longer periods (Vesikari
et al. 2009a, b). More recently, these data were extended to show that higher
antibody response translated into a significantly higher efficacy in preventing
polymerase chain reaction (PCR)-detected influenza infection, as compared to
placebo and as compared to conventional non-adjuvanted split influenza vaccines
approved for use in the pediatric population, with a satisfactory safety profile
(Vesikari et al. 2011). This study also allowed defining a correlate of protection in
this young age group. The correlate turns out to be higher (1:110 for 50 % efficacy,
or 1:629 for 90 % efficacy) than that conventionally accepted for adults and the
elderly (1:40) (Black et al. 2011). This could be expected based on the consid-
eration that children are mostly immunologically naïve to influenza, and the only
protective mechanisms against infection are those triggered by vaccination with
the inactivated vaccine, i.e. the functionally active antibodies. In contrast, adults
and the elderly have had the opportunity during their life to mount effector
mechanisms triggered by infections (subclinical or clinically overt) involving
internal viral antigens that are not the main components of inactivated vaccines
and that are able to induce cell-mediated mechanisms of protection, different from
the mechanisms mediated by antibodies mostly directed against HA. This has
recently been shown in a challenge study in human volunteers (Wilkinson et al.
2012), and after infection with pandemic H1N1 (Sridhar et al. 2013). In these two
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studies, in healthy adults, the frequency of CD4+ or CD8+ T cells, respectively,
directed against internal viral proteins inversely correlated with the clinical out-
come of the influenza infection, although cell-mediated immunity was unable by
itself to prevent the infection.

The enhanced immunogenicity of the seasonal inactivated influenza vaccines
translated into evident clinical benefits also in the elderly. Vaccination using MF59-
adjuvanted vaccines was shown to significantly reduce the probability of being
hospitalized for pneumonia in the elderly over 64 years of age (Puig-Barberà et al.
2004). In subsequent case-control studies, it was shown that during peak virus
circulation, immunization with MF59-adjuvanted vaccines was associated with an
87 % relative risk reduction in hospitalization for acute coronary syndrome, 93 %
for cerebrovascular accidents and 69 % for pneumonia (Puig-Barberà et al. 2007).
Superior clinical protection against influenza-like illness has also been reported
(Iob et al. 2005). Most recently, a large, prospective, randomized, observational
study (*170,000 subjects) carried out over three consecutive influenza seasons has
shown that the use of the MF59-adjuvanted vaccine allows a reduction of 23 % of
hospitalization for influenza and pneumonia in subjects over 65 years of age
(Mannino et al. 2012). The stronger effectiveness of MF59-adjuvanted inactivated
vaccine as compared to non-adjuvanted vaccine in preventing laboratory confirmed
influenza in the elderly was reported in a recent study in the elderly in Canada (Van
Buynder et al. 2013).

The mechanism(s) of the basis of the increased breadth of antibody response
mediated by the MF59 adjuvant are still under investigation. The data obtained so
far clearly show that MF59 not only influences the quantity of anti-influenza
antigen antibodies, but it also, and more importantly, dramatically affects the
quality of these antibodies, shaping the B-cell epitopes recognized by specific,
neutralizing antibodies, which are now directed against functional epitopes located
in the HA1 region of HA and near the catalytic site of NA. This was demonstrated
in studies in which serum samples from subjects vaccinated with non-adjuvanted,
with aluminum hydroxide adjuvanted, or with MF59-adjuvanted H5N1 vaccines
were analyzed by whole-genome-fragment phage display libraries (GFPDL), fol-
lowed by surface plasmon resonance technologies (Khurana et al. 2010). While
sera from subjects vaccinated with non-adjuvanted or alum-adjuvanted vaccines
mostly recognized fragments of the HA2 region, the presence of MF59 in the
vaccine induced epitope spreading from HA2 to HA1 and allowed the appearance
of antibodies to NA. Moreover, a nearly 20-fold increase in the frequency of HA1/
HA2-specific phage clones was observed in sera after Aflunov administration,
when compared to responses after the unadjuvanted or alum-adjuvanted H5N1
vaccines. Additionally, MF59-adjuvanted vaccines induced a 2- to 3-fold increase
in the frequency of antibodies reactive with properly folded HA1 (28–319), a
fragment that absorbed most neutralizing activity in immune sera (Khurana et al.
2010), and that was known to be recognized by cross-reacting neutralizing
monoclonal antibodies, and by sera from immune subjects who had recovered
from a natural infection with the H5N1 virus (Khurana et al. 2009). The adjuvant-
dependent increased binding to conformational HA1 epitopes paralleled the
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broadening of cross-clade neutralization and predicted improved in vivo protec-
tion. Finally, antibodies against potentially protective epitopes in the C-terminal
region of NA, close to the sialic acid-binding enzymatic site, were also induced
primarily following vaccination with MF59-adjuvanted H5N1 vaccine, but not
with non-adjuvanted nor with alum-adjuvanted vaccines (Khurana et al. 2010).
More recent studies have shown that the spreading of the epitopes recognized by
MF59-adjuvanted vaccines, with an increased number of regions recognized in the
HA1 globular head as compared to the HA2 fragment, is a general phenomenon
and also applies to 2009 A/H1N1 pandemic immunization of toddlers, adolescents
and adults. In addition, MF59 significantly enhances the avidity of the induced
antibodies, especially in toddlers and adolescents, as compared to non-adjuvanted
vaccines (Khurana et al. 2011a, b).

In the past few years, several groups have shown that it is possible to isolate
monoclonal antibodies (mAbs) from infected or vaccinated subjects boadly reac-
tive against a large panel of influenza virus strains, and recognizing epitopes
residing in the stem region of the HA (Corti and Lanzavecchia 2013). These
observations and the intrinsic property of the stem region of being highly con-
served among the known HAs has prompted several groups to consider the
development of ‘‘universal’’ influenza vaccines using the stem region as the key
immunogen (Pica and Palese 2013). Recently, however, data have been reported
showing that antibody response exquisitely directed against the HA2 region can
enhance the severity of the influenza infection in pigs following challenge with an
heterovariant virus via an enhancement of the fusion of the virus to target cells
(Khurana et al. 2013). If these data are confirmed, one should be cautious about the
potential risks of ‘‘universal’’ influenza vaccines (Crowe 2013). A corollary of this
is that MF59-adjuvanted vaccine would offer a significant risk of disease
enhancement because of its propensity to direct the antibody response toward the
globular head of the HA and much less to the HA2 moiety of the HA.

The exact mechanism through which MF59 exerts its adjuvanticity is only
partially understood. From in vivo studies using genome wide microarray analysis
in mice, we now know that MF59 is more potent than CpG and aluminum salts in
inducing a wide range of genes linked with the immune response. In addition,
MF59 induces the upregulation of IL1b and of other genes involved in IL1b
processing, such as caspase 1, and of genes coding for Ccr2 and its ligands (Ccl2,
Ccl7 and Ccl8). Furthermore, MF59 promotes a rapid influx of CD11b+ cells into
the muscle compared to other adjuvants. MHC class II+ cells were also recruited in
the muscle at 4 days, suggesting that CD11b+ cells differentiate into functional
inflammatory DCs, expressing high levels of MHC class II (Mosca et al. 2008). In
summary, MF59, although not capable of activating directly DCs in vitro, can
trigger a local immunostimulatory environment characterized by the expression of
several cytokines, which may indirectly activate DCs through a TLR-independent
mechanism. In addition to recruitment and activation of cells at the site of injects,
MF59 also favors the uptake of the antigen by antigen-presenting cells and its
transport to the draining luymph nodes (Calabro et al. 2011). Interestingly, enough
recent data have clearly shown that no one of the components of MF59, not even
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the most abundant component, squalene, mediate the adjuvant effect of this
adjuvant. This activity requires the presence of the emulsion, which needs the
orchestrated presence of all constituents (Calabro et al. 2013). Very recent data
have shown that MF59, but not other adjuvants like incomplete Freund’s adjuvant,
aluminum hydroxide or calcium phosphate, induced the release of extracellular
ATP from the muscle, and this release represented the ‘‘danger signal’’ specifically
triggered by this adjuvant and able to enhance the antibody response to the co-
administered antigens (Vono et al. 2013).

Since 1997, both meta-analysis of controlled clinical trials in adults, adolescents,
and children (Pellegrini et al. 2009; Black et al. 2010), and postmarketing phar-
macovigilance surveillance (Schultze et al. 2008) have demonstrated that the
addition of MF59 does not change the incidence of autoimmune syndromes, chronic
diseases, death or neurological conditions, and so on. The safety profile of MF59-
adjuvanted influenza vaccine was recently confirmed in the large effectiveness study
carried out in Lombardy, Italy (Villa et al. 2013). Moreover, the excellent safety
profile has now been confirmed after the widespread use of MF59-adjuvanted vac-
cines against the 2009 A/H1N1 pandemic influenza (Banzhoff et al. 2011; Tsai et al.
2013), including pregnant women (Heikkinen et al. 2012; Rubinstein et al. 2013) and
subjects of various ages with various underlying pathological conditions (O’Hagan
et al. 2013).

5.2 AS03-Adjuvanted Influenza Vaccines

In addition to squalene, the AS03 adjuvant contains a-tocopherol which acts as an
immunostimulat (Garçon et al. 2012) (Table 1). Despite the fact that all these oil-
in-water adjuvants contain squalene, the behavior in vivo varies due to the pres-
ence of the other components. For example, unlike MF59, which only activates the
mouse transcriptome at the site of injection in the muscle (Caproni et al. 2012),
AS03 is able to strongly induce upregulation of genes encoding inflammatory
cytokines and chemokines at distant sites, such as in the draining lymph nodes, and
this effect is specifically mediated by a-tocopherol (Morel et al. 2011).

AS03 has been licensed together with pandemic A/H1N1 and with avian
A/H5N1 split inactivated monovalent vaccines. With both vaccines, AS03 allowed
a significant antigen dose sparing, showed a strong activation of antigen-specific
CD4+ T cells (Moris et al. 2011), and an acceptable safety profile, including in
pregnant women (Ludvigsson et al. 2013). In the very few clinical studies where
A/H1N1 monovalent vaccines adjuvanted with the AS03 or with the MF59
adjuvants , the AS03-adjuvanted vaccines induced higher titers of antibodies but
also higher reactogenicity, while the MF59-adjuvanted vaccines induced a lower
but acceptable antibody response, and exhibited a significantly better safety profile
(Meier et al. 2011; Rahier et al. 2011).

Clinical studies were carried out recently using seasonal trivalent influenza
vaccine together with various preparations of AS03 containing lower amounts of
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a-tocopherol with or without monophosphoryl lipid A (MPL), in an attempt to
improve the adjuvanticity of the AS03 adjuvant and to reduce, at the same time, its
reactogenicity. The AS03 preparation with the best balance between improved
immunogenicity and acceptable reactogenicity turned out to be the AS03B con-
taining half (5.93 mg) of the amount of a-tocopherol as compared to the amount
used for the pandemic A/H1N1 vaccine (AS03A) (Rümke et al. 2013). The
AS03B adjuvant was used to enhance the immunogenicity of a QIV in healthy
adults (Beran et al. 2013), and to carry out a randomized phase 3 efficacy trial with a
seasonal trivalent split vaccine in the elderly aged at least 65 years, which involved
43,802 subjects in 15 countries who received either the adjuvanted vaccine or the
same non-adjuvanted vaccine during two consecutive influenza seasons
(2008–2009 and 2009–2010) (McElhaney et al. 2013). The influenza attack rate
(590 cases confirmed as influenza A, B or both) was lightly lower in the groups
given the adjuvanted vaccine than in the group given non-adjuvanted vaccine, not
meeting the statistically significance for superiority criterion, however. A similar
non-significant result (p = 0.1205) was obtained when PCRs were carried out in
swabs taken as a result of fever. A relative efficacy of 22 % for the adjuvanted
vaccine was observed only against A/H3N2 influenza in the post-hoc analysis and
of 17 % against influenza A in the exploratory analysis (McElhaney et al. 2013).

The AS03-adjuvanted monovalent vaccine against the pandemic A/H1N1
influenza virus has been extensively used in many European countries and in
Canada. In March 2010, the first cases of narcolepsy with cataplexy were reported
by Sweden and Finland as being associated with the use of this vaccine. An
increased risk of narcolepsy with cataplexy after vaccination with the AS03-
adjuvanted pandemic A/H1N1 vaccine, mainly in subjects aged between 5 and
19 years of age, has been reported from Finland, Sweden, England, Ireland,
France, and Norway (Nohynek et al. 2012; Partinen et al. 2012; National Narco-
lepsy Study Steering Committee Ireland 2012; Heier et al 2012 Szakács et al.
2013; Miller et al. 2013; Dauvilliers et al. 2013). The mechanisms behind this
increased risk of narcolepsy remain unclear. For example, the incidence of nar-
colepsy in China has a pattern of seasonality, with peaks during the influenza
season, more evident during the 2009 A/H1N1 pandemic (Han et al. 2011). It
should be noted that adjuvanted pandemic vaccines were not used and this peak of
incidence of narcolepsy cannot be ascribed to it. Data from Finland do not support
the hypothesis that the increased risk of narcolepsy could be due to the concom-
itant use of the vaccine during the peak of the influenza pandemic (Melén et al.
2013). It has been recently hypothesized that in genetically susceptible subjects
(HLA-DQA1*01:02/DQB1*06:02 [DQ0602]) narcolepsy could have been caused
by a phenomenon of molecular mimicry, via the induction of CD4+ T cells
reacting with two epitopes of the neuropeptide hypocretin (HCRT56–68 and
HCRT87–99) that shared some homology with the amino acid sequence 275–287 of
the HA of the pandemic A/H1N1 virus strain (De la Herrán-Arita et al. 2013). The
lack of association between narcolepsy and the use of influenza vaccines con-
taining other oil-in-water adjuvants such as MF59 rules out the ingredients com-
mon to all the adjuvants (e.g. squalene) as a trigger of this severe complication
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(Tsai et al. 2013). Additional in-depth studies are required to unveil the cause-
effect relationship observed in several countries between the use of the AS03-
adjuvanted pandemic vaccine and the insurgence of narcolepsy.

5.3 AF03-Adjuvanted Influenza Vaccines

As compared to MF59 and AS03, AF03-adjuvanted influenza vaccines (Klucker
et al. 2012, Table 1) have been used much less. As in the case of MF59 and AS03,
AF03 also allowed significant dose sparing of the A/H5N1 avian influenza vaccine
to allow a significantly enhanced antibody response (Levie et al. 2008). In a trial
carried out in 6 month- to 7-year-old subjects, AF03-adjuvanted pandemic A/H1N1
vaccine induced very strong antibody responses reaching the conventional level of
seroprotection (HI titer[1:40) after a single dose in children older than 3 years of
age. However, two doses were required in children aged 6–35 months (Vesikari
et al. 2012b).

6 Other Adjuvants

If only inactivated influenza vaccines adjuvanted with oil-in-water emulsions have
been licensed so far, the 2009 pandemic, the thread of avian influenza infections,
mainly with A/H5N1 viruses but more recently with A/H7N9 viruses, and the
widely recognized low performance of inactivated vaccines at the extremes of age,
have prompted various groups to test their adjuvants with influenza vaccines.

The adjuvants under testing are at different stages of development, from pre-
clinical to phase I trials in humans belong to various families. They include, for
example, TLR agonists, such as TLR-3 (poly-I:C), TLR-4 (MPL and its deriva-
tives), TLR-5 (flagellin), and TLR-9 (CpG) agonists, Iscoms and Iscomatrix, virus-
like-particles (VLP), various sorts of liposomes, etc. (Table 2).

The synthetic MPL-like molecule glucopyranosyl-lipid A (GLA), formulated in a
stable oil-in-water emulsion (SE), is a TLR-4 agonist which has been widely tested in
several preclinical models and recently used to enhance the immunogenicity of a
recombinant A/H5N1 HA protein in almost 400 healthy adults. Two administrations
of 3.8–45 lg of a recombinant, baculovirus-derived HA were well tolerated
and induced levels of HI antibodies above 1:40 in 72–82% of subjects (Treanor et al.
2013). In other studies, GLA-SE was shown to activate myeloid dendritic cells to
produce high levels of TNF-a, IL-6 and IL-12 with an enhancement of the Th1-type
response and suppression of Il-10 production (Behzad et al. 2012).

The TLR-5 agonist flagellin from Salmonella typhimurium was fused with tan-
dem copies of the extracellular domain of the M2 protein (M2e) or with the globular
head of the HA. In both cases, the presence of flagellin significantly enhanced the
antibody response to these antigens (Taylor et al. 2012; Turley et al. 2011).
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Variable levels of immune enhancement have been reported in clinical trials
with TLR-9 agonists (Cooper et al. 2004), various forms of Iscoms (Rimmelzwaan
et al. 2000; Pedersen et al. 2012), various forms of liposomes (Ben-Yehuda et al.
2003; Wilschut 2009; Moser et al. 2011; Christensen et al. 2011), etc (Table 2).
Interesting results have been reported with recombinant virus-like particles (VLP)
produced in insect cells or in plant cells and including in their composition HA,
NA and M1. These constructs have been amply tested in animals where they
showed good efficacy against lethal challenge with infectious viruses. In humans,
these VLPs were well tolerated and induced good antibody responses against
pandemic A/H1N1 and avian A/H5N1 viruses at levels that are considered pro-
tective (Khurana et al. 2011b; López-Macías et al. 2011). VLPs can also offer the
opportunity to blend together HAs from various influenza virus strains to widen
the breadth of protective antibody response against multiple influenza viruses
(Pushko et al. 2011). VLPs containing antigens from the avian A/H7N9 influenza

Table 2 Some adjuvants currently tested for enhancing the immune response to inactivated
influenza vaccines and at different stages of development

Adjuvant Source Stage of
development

Reference

Virosomes Crucell/Johnson &
Johnson
Solvay/Abbott

Licensed Moser et al. 2011;
Wilschut 2009

CAF01: Cationic
liposomes

Statens Serum Institut Preclinical Christensen et al. 2011

CCS/C: Cationic
liposomes

NasVax Phase I Ben-Yehuda et al. 2003

TLR-9 agonist: CpG not
conjugated to antigens

Coley/Pfizer Phase I Cooper et al. 2004

TLR-9 agonist:
CpG conjugated
to antigens

Dynavax Phase I Livingston et al. 2006

TLR-9 agonist: IC31 Intercell/Valneva Phase I Riedl et al. 2008

TLR-5 agonist:
S. typhimurium flagellin

Vaxinnate Phase I Turley et al. 2011;
Taylor et al. 2012

TLR-4 agonist:
glucopyranosyl-lipid
A (GLA) with stable
oil-in-water
emulsion (SE)

IDRI Phase I Treanor et al. 2013

TLR-3 agonist: poly(I:C) Hemispherx
Biopharma

Phase I Hafner et al. 2013

Iscoms: Matrix-M Isconova Phase I Rimmelzwaan et al.
2000;
Pedersen et al. 2012

Alpha-
galactosylceramide

Various sources Preclinical Galli et al. 2007

168 G. Del Giudice and R. Rappuoli



virus have recently shown very good immunogenicity in clinical trials in healthy
adults (Fries et al. 2013).

In general, as compared to the oil-in-water adjuvants MF59 and AS03 licensed
for several years, the experience with these adjuvants is still limited. Larger dat-
abases are required in order to establish their unequivocal safety and their
immunogenicity, and possibly the efficacy/effectiveness in various age groups
before they can become a reality in the influenza vaccine landscape.

7 Conclusions and Perspectives

It is undeniable that inactivated influenza vaccines have an illustrious history
(Oxford et al. 2011) and have contributed during the past several decades to reduce
the mortality and the morbidity due to the seasonal epidemics of influenza, mainly in
older adults, and to attenuate the deleterious impact of the last influenza pandemics.
Nevertheless, their efficacy and effectiveness is far to be optimal. The use of
adjuvants, like the oil-in-water emulsions, have significantly improved their efficacy
in young children (Vesikari et al. 2011) and their effectiveness in the elderly
(Mannino et al. 2012; Van Buynder et al. 2013). These adjuvants have allowed
significant dose sparing, enhancement of the immunogenicity, strong priming, and
long lasting immunological memory with pandemic and avian influenza vaccines.
The advent of novel generation adjuvants can even improve the beneficial effects of
inactivated influenza vaccines. However, several areas still need a significant
improvement in the field of influenza vaccine development in order to achieve the
ultimate goal of wide coverage and public health impact in all age groups.

1. The majority of inactivated influenza vaccines are still produced in embryo-
nated eggs using reassorted virus strains that do not necessarily produce the
desired yield of viruses to allow efficient and timely vaccine production. This is
experienced every year for seasonal vaccines (even twice a year if the virus
strains recommended by WHO for the Southern Hemisphere are different from
those recommended for the Northern Hemisphere), but the situation can be
dramatic in case of a pandemic. The registration of influenza vaccines produced
by cell culture (European Medicines Agency 2008, 2009; Food and Drug
Administration 2012) or using recombinant HA (Food and Drug Administra-
tion 2013) can change the landscape and allow the preparation of vaccines
more closely reproducing the circulating strains.

2. Furthermore, the potency of the inactivated vaccines is still based on the
content of HA which is measured using the single radial immunodiffusion, a
methodology developed during the 1970s (Schild et al. 1975), that requires
strain-specific antisera, the preparation of which in sheep is time consuming
and can further delay the vaccine production. In addition, the measurement of
the content of other viral antigens, such as NA, M1, NP, etc, is not required,
and it is known that the content of these proteins can not only vary significantly
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from one vaccine to another (Co et al. 2009), but also in various batches of the
same vaccine. If it is well established that the protection against influenza
infection is primarily mediated by antibodies directed against the HA, the
relative contribution of the immune response against the other viral compo-
nents still remains unknown.

3. The antibody response induced by inactivated influenza vaccines is measured
with methodologies like HI that, despite the requirement for the registration of
vaccines, are far to give reproducible results in different laboratories. Other
methods, like MN, are not standardized yet (Montomoli et al. 2011). This
implies that results with different vaccines from different trials and with assays
carried out in different laboratories cannot be readily compared. As a corollary,
the HI antibody titer of 1:40, commonly considered as a correlate of protection
against influenza (Hobson et al. 1972), should be reconsidered (i) because of
the intrinsic variability of the assay used; (ii) because it determines the level of
50 % efficacy of the vaccine, which is not ideal in a public health perspective;
(iii) because it applies to immunologically primed subjects like young and old
adults, but not children, for whom much higher threshold of seroprotection
have been proposed (Black et al. 2011).

4. Inactivated influenza vaccines, as the majority of vaccines based on soluble
proteins, exquisitely induce antigen-specific antibody responses and CD4+ T cell
responses with various reported functional phenotypes (depending on the assays
used to measure them), and with a proven ability to help B cells to produce
antigen-specific antibodies (Spensieri et al. 2013). The ability of these vaccines to
induce cell-mediated immunity directly involved in the effector mechanisms of
protection is still a matter of debate. Adjuvants like oil-in-water MF59 are unable
to induce antigen-specific CD8+ T cells (Galli et al. 2009b). Other methods are
required in order to prime and expand influenza-specific T cells able to participate
in the protection against the infection or against the disease. Furthermore, anti-
gens other than the surface antigens like HA and NA are likely required in order to
achieve this goal. This is the reason why attempts are being made to use internal
proteins like NP and M1, delivered in an appropriate manner, to induce CD8+ T
cells to be functionally active against the virus (Powell et al. 2013).

5. Vaccines against the influenza pandemic must be produced quickly to become
available prior to the pandemic. During the last H1N1 pandemic, the produc-
tion of the vaccine started only in June because of the lack of reassortants and
specific reagents; the vaccine was available at the peak of the pandemic, and
mass vaccination had been implemented when transmission already declined
(Centers for Disease Control 2010). A prompter response to a pandemic has
become feasible due to in vitro synthesis of genomes (Gibson et al. 2010). As a
prerequisite, sequences of the viruses isolated must be provided to the vaccine
manufacturer as soon as they are available. A combination of enzymatic, cell-
free assembly techniques with enzymatic error correction allows for the rapid
and accurate synthesis of genes that are then used to transfect cell lines qual-
ified for vaccine manufacturing, from which viruses can be rescued for vaccine
preparation. This process takes as few as 5 days with the recovery of synthetic
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viruses antigenically identical to the wild-type viruses. This synthetic process
has been successfully used to generate influenza strains including H1N1, sea-
sonal and swine-origin H3N2, H5N1 and H7N9 (Dormitzer et al. 2013). The
process of vaccine development can be further accelerated if, instead of subunit
vaccines, vaccines are created based on self-amplifying viral mRNA, recently
shown to be highly immunogenic in animals (Hekele et al. 2013).
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Live Attenuated Influenza Vaccine

Hong Jin and Kanta Subbarao

Abstract Cold-adapted Ann Arbor based live attenuated influenza vaccine
(LAIV) has been available in the USA since 2003. The vaccine is efficacious
against influenza infection. Features of LAIV include: easy administration suitable
for mass immunization, cross-reactivity to drifted strains for broader coverage, and
establishment of herd immunity for control of influenza spread. Annual seasonal
LAIV now contains four strains against influenza A H1N1, H3N2, influenza
B-Victoria, and B-Yamagata lineages that are co-circulating in humans. LAIV
played a significant role in protecting the public from the 2009 H1N1 pandemic
and has been evaluated for pandemic preparedness. Pandemic vaccines including
influenza H2, H5, H6, H7, and H9 subtypes have been produced and evaluated in
preclinical and small-scale phase I clinical studies. This review summarizes the
current status and perspectives of seasonal and pandemic LAIV.
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wt Wild-type
RG Reverse genetics
PCKC Primary chicken kidney cells
NT Nasal turbinates
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NW Nasal wash
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1 Introduction

Influenza viruses cause significant morbidity and mortality, leading to more than
100,000 hospitalizations and 3,000–49,000 deaths annually (Thompson et al.
2003). Influenza viruses undergo constant genetic drift resulting in emergent
antigenic variants that can escape immunity to HA and NA antigens of previously
circulating strains. Therefore, influenza vaccines must be updated annually to
match the contemporary strains in order to provide optimal protection. Trivalent
LAIV (T/LAIV, H1N1, H3N2, one B strain) in a frozen formulation was approved
by the US FDA in 2003 for healthy persons 5–49 years of age and the next
generation of a liquid formulation was approved for 2–49 year olds in 2007. LAIV
is the first new influenza vaccine, as well as the first nasally administered vaccine
of any kind for human use, in the USA since the introduction of injectable trivalent
influenza vaccine (TIV) in the 1940s (Grabenstein et al. 2006). The formulation of
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the vaccine was recently changed from trivalent to quadrivalent to account for the
epidemiology of B strains in circulation. Two antigenically distinct lineages of
influenza B viruses have circulated globally since 1985 and vaccines against one
lineage do not offer cross-protection against the other lineage (Rota et al. 1990). In
order to provide broader coverage of influenza B viruses an additional B strain is
now included in the vaccine. T/LAIV was therefore discontinued in 2013 with the
approval and marketing of a quadrivalent LAIV (Q/LAIV, H1N1, H3N2, two B
strains).

The development of LAIV is the culmination of over 40 years of collaborative
research and development between University of Michigan and scientists from the
National Institutes of Health (NIH) and the biopharmaceutical industry (Wyeth,
Aviron, and MedImmune). Following the approval in the USA in 2003, T/LAIV
was approved in Israel, South Korea, United Arab Emirates, Mexico, and Macau
for individuals 2–49 years of age, in Canada for individuals 2–59 years of age and
in the European Union for individuals 2–17 years of age. In June 2014, the
Advisory Committee on Immunization Practices (ACIP) made a preferential rec-
ommendation of LAIV for healthy children ages 2 to 8 years old in the USA.

2 Development of Cold-Adapted Ann Arbor Donor Viruses

LAIV is developed based on two cold-adapted master donor viruses, A/Ann Arbor/
6/60 (H2N2) for influenza A vaccines (MDV-A) and B/Ann Arbor/1/66 for
influenza B vaccines (MDV-B). Each donor virus donates the cold adapted (ca),
temperature sensitive (ts), and attenuated (att) phenotype to the 6:2 reassortant
vaccine viruses that contain six internal protein gene segments of MDV and the
HA and NA surface proteins of the wild-type (wt) influenza virus. Both MDV-A
and MDV-B were developed by Dr. John Maassab at the University of Michigan in
the 1960s (Maassab 1967). Influenza A/Ann Arbor/6/60 was subjected to serial
in vitro passage at gradually reduced temperature in primary chicken kidney cells
(PCKC), 2 passages (2x) at 36–37 �C, 7x at 33 �C, 7x at 30 �C, 7x at 25 �C, 6x
plaquing at 25 �C and 3x amplification in embryonated chicken eggs. Influenza B/
Ann/Arbor/1/66 was passaged less extensively, two passages (2x) at 36–37 �C, 2x
at 33 �C, 5x at 27 �C, 6x at 25 �C, 7x plaquing at 25 �C, and 3x amplification in
eggs. During cold passage, the MDV-A and MDV-B acquired a number of genetic
changes in multiple gene segments, which confer the ca, ts, and att phenotypes that
can be imparted to 6:2 reassortant vaccine strains. The ca phenotype reflects
efficient viral replication at a lower temperature of 25 �C, while most wt influenza
viruses do not replicate well at this temperature. The ts phenotype reflects
restricted replication at a higher temperature at which most wt viruses can replicate
well. The shut-off temperature of MDV-A and MDV-B is different: 39 �C for
MDV-A and 37 �C for MDV-B. The att phenotype can be measured in the ferret
model, viral replication is detected in the nasal tissues but not in the lungs of
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ferrets intranasally infected with the vaccine virus. The ca/ts/att phenotypes pro-
vide safety features of the reassortant vaccine strains that can replicate in the
cooler nasal tissues but not at the higher core body temperature of the lungs.

3 Genetic Basis of ca/ts/att Phenotypes of the Vaccine
Donor Viruses

3.1 MDV-A

By comparing viral genomic sequences between the wt and ca A/Ann Arbor/6/60
strains and introduction of each of the mutations individually and combination, the
amino acids that confer the ts phenotype have been precisely mapped to three
residues (E391, G581, T661) in PB1, one residue (S265) in PB2 and one residue in
NP (G34) proteins (Table 1) (Jin et al. 2003). These five loci in the PB1, PB2, and
NP genes also confer the att phenotype (Jin et al. 2004). The ca phenotype of
MDV-A could not be experimentally mapped as the available wt A/Ann Arbor/6/
60 strain had been passaged extensively in tissue culture and also grows well at
25 �C. Since the ts and att phenotypes are specified by five residues in three gene
segments, the chance for the vaccine virus to revert to wt phenotype is extremely
low, explaining genetic stability of the vaccine strains.

Limited studies have been conducted to understand the molecular mechanism
of these loci in specifying viral phenotypes. By minigenome analysis, the five loci
have been shown to greatly reduce viral RNA-dependent polymerase activity of
AA ca at the nonpermissive temperature of 39 �C (Jin et al. 2004). During viral
infection in vitro, the vaccine virus can initiate single cycle replication, but
multicycle viral replication at 39 �C is significantly reduced. vRNA synthesis and
translocation of viral RNP from nucleus to cytoplasm are reduced. In addition,
incorporation of the M1 protein into virions is significantly reduced, resulting in
irregular viral morphology (Chan et al. 2008).

3.2 MDV-B

The ca/ts/att phenotypes of MDV-B have been mapped by reverse genetics (RG)
(Chen et al. 2008; Hoffmann et al. 2005). The ts loci are specified by three amino
acids in the PA and NP proteins: M431 in the PA, A114, and H410 in the NP
(Table 1). These three residues and Q159 and V183 residues in the M gene seg-
ment contribute to the att phenotype. Five residues in three segments confer the ca
phenotype: R630 in PB2, M431 in the PA, A114, H410, and T509 in the NP. A
total of seven loci distributed in four gene segments of MDV-B control the ca/ts/
att phenotypes, making the vaccine donor genetically stable. These loci not only
reduce viral polymerase function but also affect virus assembly and release at the
restricted temperature (Chan et al. 2008).
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4 LAIV by Reverse Genetics and Yearly LAIV Production
Process

LAIV is manufactured in specific pathogen free (SPF) embryonated chicken eggs.
Human influenza viruses normally do not replicate well in eggs and viral replication
in eggs often results in mutations in the HA receptor binding region. The quasi-
species of HA sequence variations from egg adaptation have different abundance
and biological impact. While certain changes improve viral growth in eggs without
affecting viral antigenicity and immunogenicity, other changes are not suitable for a
vaccine. It is therefore critical to evaluate multiple candidate vaccines in order to
select an appropriate HA variant for vaccine production. The application of reverse
genetics (RG) technology to the production of 6:2 reassortant vaccine viruses has
revolutionized the vaccine seed production process. Traditional classical reassort-
ment, which is a very time consuming and unpredictable method, has been replaced
by the use of RG for LAIV production since the 2008–2009 influenza season. The
6:2 reassortant vaccine virus contains six internal protein gene segments from
MDV-A or MDV-B and the surface HA and NA glycoprotein gene segments of a wt
virus (Fig. 1).

During vaccine seed production, each candidate vaccine variant is evaluated for
yield in eggs, antigenicity is assessed by reactivity with a reference antiserum from
ferrets immunized with wt virus, and immunogenicity is assessed by examining
serum antibody levels achieved in ferrets following intranasal administration of
vaccine virus variants. Table 2 summarizes the amino acid sequence changes that
have been frequently detected in the HA and their impact on viral biological
activities (for a recent review, please see Jin and Chen 2014). Most of the changes
do not affect viral antigenicity and immunogenicity, however, several changes

Table 1 Genetic loci of MDV-A and MDV-B

Segment MDV-A MDV-B

Amino acid Phenotype Amino acid Phenotype

PB2 S265 ts/att R630 ca

PB1 E391
G581
T661

ts/att – –

PA – – M431 ca/ts/att

NP G34 ts/att A114
H410
T509

ca/ts/att
ca/ts/att
ca

M – – N159
V183

att

NS – – – –

-: No role in the ca/ts/att phenotypes
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identified in the HA have been shown to reduce viral antigenicity or to render
vaccine virus less immunogenic (Chen et al. 2010a, b).

Once a LAIV seed is selected, the vaccine virus is purified by one round of
limited dilution in eggs to produce a Master Virus Seed (MVS) that is used for
bulk production of monovalent vaccine. Each vaccine lot is subjected to a lot
release test to ensure that no adventitious agents are present. The four vaccine
viruses, H1N1, H3N2, B-Yamagata, and B-Victoria, are formulated to contain
107.0±0.5 FFU (fluorescent focus units)/strain in 0.2-mL in a nasal sprayer. If a new
vaccine virus component is incorporated into the annual seasonal vaccine, the
vaccine is tested in a small-scale safety trial prior to final release of the vaccine for
widespread use.

PB1

NP

PB2 PA

M NS

HA NA

MDV internal gene 
plasmids

wt HA and NA gene 
plasmids

Transfect to 
Vero cells

6 genes from MDV 
for ca/ts/att

HA and NA from 
wt for immunity

6:2 vaccine virus

Fig. 1 Generation of
reassortant LAIV by RG. The
six plasmids of the internal
protein gene segments of
MDV and two plasmids
encoding wt HA and NA gene
segments are electroporated
into Vero cells. Virus
recovered from the
transfected cells is amplified
in embryonated chicken eggs

Table 2 Common egg adaptation sites in the HA of egg-grown influenza viruses

Influenza viruses HA amino acida Comments related to residues in bold

H1N1 119, 125, 127, 153–155, 186,
209, 222, 223

153–155 residues alter viral antigenicity

H3N2 138, 156, 183, 186, 189, 190,
193, 194, 195, 196, 219, 226

156 is a major antigenic site
194 affects viral replication in ferrets

B-Vic 197, 199 Glycosylation site

B-Yam 196, 198 Glycosylation site
a Amino acid numbering based on HA sequence of each subtype
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5 Preclinical Studies of LAIV

Extensive studies have been performed to evaluate vaccine viruses for their
attenuated replication, immunogenicity, and protection against wt influenza virus
challenge infection in the ferret model. Vaccine viruses have been shown to be
able to replicate in the nasal turbinates (NT) but not in the lungs of vaccinated
ferrets. Although vaccine strains in general elicit hemagglutination inhibition
(HAI) antibodies at levels lower than that induced by homologous wt virus
(MedImmune data), they provide significant protection against replication of
homologous challenge virus in the upper and lower respiratory tract (LRT) of
ferrets.

Ferret studies have been conducted to compare T/LAIV with Q/LAIV in pro-
tection against wt challenge infection to address vaccine interference (Bandell
et al. 2011). Q/LAIV is comparable to T/LAIV in vaccine-induced protective
immune responses against wt virus replication in the upper and LRT of vaccinated
ferrets (Fig. 2). The vaccine strains A/California/7/2009 (A/CA/09, H1N1), A/
Perth/16/2009 (A/Perth/09, H3N2), B/Brisbane/60/2008 (B/Bris/08, Victoria
lineage), and B/Wisconsin/1/2010 (B/Wis/10, B/Yamagata lineage) had compa-
rable immunogenicity given in either Q/LAIV or T/LAIV formulation, elicited
robust antibody responses to each vaccine component and fully protected ferrets
from wt virus challenge in the lungs after two doses of vaccine. Each vaccine strain
also offered significant protection from wt virus replication in the NT. These
studies indicate that LAIV strains in multivalent vaccine formulations do not
demonstrate evidence of viral or immune interference affecting efficacy of each
vaccine component.

6 Clinical Studies of LAIV

Clinical studies of Ann Arbor (AA) ca-based LAIV strains in the USA include
monovalent, bivalent including two type A strains, trivalent including H1N1, H3N2
and a B strain, and quadrivalent including two type A and two B strains (for review
see Murphy and Coelingh 2002). T/LAIV has been evaluated in more than 73
clinical research trials completed worldwide in[141,000 people ranging in age from
6 weeks to [90 years. Approximately 80 million doses have been distributed for
commercial use since the initial US licensure in 2003 up through March 2014 (LAIV
Scientific Product Monograph 2013–2014, MedImmune, Gaithersburg, MD).
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6.1 Safety

LAIV is generally well tolerated and safe (reviewed by Ambrose et al. 2011). The
vaccine viruses infect and replicate in cells lining the nasopharynx of the recipient
to induce immunity, but are not able to replicate in the LRT due to their ts and att
phenotypes. The most common solicited adverse reactions are runny nose or nasal
congestion (ages 2 to 49 years), fever [100 �F (ages 2–6 years), and sore throat
(18–49 years). The rate of headache and tiredness in LAIV recipients is higher
than in a placebo control group but is similar to TIV recipients (Baxter et al.
2012a, b; Toback et al. 2013). One study showed that LAIV was associated with
an increased rate of all-cause hospitalization among children aged 6–11 months
and an increased rate of medically attended wheezing in children aged
6–23 months (Belshe et al. 2007). For this reason, LAIV is not approved for
children younger than 24 months of age.

Fig. 2 Challenge virus titers in NT and lung of ferrets vaccinated with Q/LAIV or T/LAIV.
Ferrets were vaccinated with sucrose phosphate (SP) buffer, T/LAIV1 (A/CA/09, A/Perth/09, B/
Bris/08), T/LAIV2 (A/CA/09, A/Perth/09, B/Wis/10), or Q/LAIV (A/CA/09, A/Perth/09, B/Bris/
08 and B/Wis/10) in two doses one month apart. The ferrets were challenged with indicated
honologous wt viruses with the exception of the H3N2 A/Rhode Island/2010 strain as wt A/Perth/
09 did not replicate well in ferret lungs. Viral titers in the NT and lung tissues were determined by
50 % egg infectious dose (EID50) assay. The limit of detection of the assay was 1.5 log10EID50/g
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6.2 Transmission and Genetic Stability

Vaccine viruses can be cultured from nasal secretions in the first few days after
vaccination. The relationship of viral replication in a vaccine recipient to trans-
mission of vaccine viruses to other individuals has not been well established.
LAIV is poorly transmissible because most infection is not symptomatic and this
decreases the likelihood of viral spread via cough or sneezing. In addition, levels
of vaccine virus replication in nasal tissues are much lower than wt virus even in
seronegative children making its spread to contacts very inefficiently (Murphy and
Coelingh 2002). In studies performed to date, viruses shed from vaccine recipients
have been consistently phenotypically and genotypically stable, maintaining the
ca, ts, and att phenotypes (Cha et al. 2000; Vesikari et al. 2006). LAIV has been
shown to be poorly transmissible to spouses, roommates, and household members
under a variety of circumstances in small clinical trials (Murphy and Coelingh
2002). Eighty percent of trivalent LAIV recipients who were 6–36 month old
children in a day care setting, shed at least one vaccine strain, with a mean duration
of shedding of 7.6 days ranging from 1 to 21 days (Vesikari et al. 2006). Trans-
mission of vaccine viruses from vaccine recipients to placebo subjects was a rare
event. The ca and ts phenotypes were preserved in all recovered viruses tested
(n = 135 tested of 250 strains isolated at the local laboratory). The probability of a
young child acquiring vaccine virus after close contact with a single trivalent
LAIV vaccinee in a day care setting was 0.58 % (95 % CI: 0, 1.7) based on the
Reed Frost model (Longini et al. 1982). With documented transmission of type B
virus in one placebo subject and possible transmission of type A virus in four
placebo subjects, the maximum probability of acquiring a transmitted vaccine
virus was estimated to be 2.4 %.

6.3 Efficacy

The efficacy and effectiveness of an influenza vaccine can be evaluated by three
criteria: (1) comparison of culture-positive influenza infection rates, which are
most feasible in young children because they readily shed influenza virus (i.e.,
vaccine efficacy); (2) a 4-fold antibody increase from baseline levels, which is
subject to inherent bias from prior vaccine or natural disease exposure, and
therefore is a method of limited value; or (3) observations of clinical events or
‘‘medically attended acute respiratory illness’’ (MAARI) which is a less specific
endpoint than culture-confirmed influenza illness, and results in effectiveness point
estimates that are significantly lower than efficacy estimates. Adults shed virus in
low quantity and for a short duration and thus clinical trials in adults are more
commonly conducted using clinical endpoints (Belshe et al. 2004). LAIV efficacy
trials in the pediatric population consist of nine controlled studies comprising over
20,000 infants and toddlers, children, and adolescents, during seven influenza
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seasons (summarized in LAIV Scientific Product Monograph 2013–2014, Med-
Immune, Gaithersburg, MD). Four placebo-controlled studies were conducted to
include revaccination in a second season. Overall, LAIV has an efficacy of
62–93 % against antigenically matched strains and 49–93 % against all strains in
children 15–71 months of age. LAIV has demonstrated superiority compared to
TIV in 3 active-controlled studies in children. LAIV is about 44 % (range
34.7–52.7 %) better than TIV for matched strains and 31.9–54.9 % better than
TIV for all strains. In one of the largest field efficacy trials (MI-CP111), LAIV was
shown to be more efficacious than inactivated TIV in children 6–59 months of age
(Belshe et al. 2007). Because of the higher efficacy of LAIV in children, LAIV is
preferentially recommended in the UK, Germany, Israel, Canada, and Sweden for
children of various age groups (Ambrose et al. 2012), and recently for 2–8 year old
children in the USA.

LAIV efficacy in adults has been demonstrated in two efficacy trials (Nichol
et al. 1999b; Treanor et al. 2000). In the first trial, LAIV was shown to reduce
laboratory-documented influenza illness by 85 % compared to TIV in a challenge
study conducted in healthy adults 18–41 years of age who were presumed to be
susceptible to at least one strain included in the vaccine based on prevaccination
antibody titers (Treanor et al. 2000). In the second, larger trial, LAIV recipients
exhibited significant reduction in days of febrile illness, missed work, health care
provider visits, and antibiotic usage. The efficacy of LAIV and TIV can be affected
by a number of factors, such as the age and health of the vaccine recipients and the
extent of antigenic similarity between the vaccine strains and circulating strains. In
a study conducted by Monto et al. (Monto et al. 2009), LAIV was 50 % less
efficacious than TIV in reduction of laboratory-confirmed influenza during the
2008–2009 influenza season when an H3N2 virus was the predominant circulating
strain. Based on a subgroup analysis of subjects 50–64 years of age in the study by
Nichol et al. (1999a), LAIV was not approved for this age group in the USA. A
later study showed that LAIV offered statistically significant protection against
culture-confirmed influenza in adults C60 years of age (De Villiers et al. 2009).

6.4 Immunogenicity

The immunogenicity of 19 different LAIV strains was studied over a period of
25 years at various locations and in different populations (Murphy and Coelingh
2002), and annual commercial vaccines have been evaluated over the past
10 years. Protection against influenza generally correlates with serum IgG hem-
agglutination-inhibiting antibodies (HAI), especially in seronegative children.
After two doses of LAIV, children who were presumed to be susceptible to at least
one strain included in the vaccine based on prevaccination antibody titers,
mounted an adequate HAI response ([90 % seroconverted to type A/H3 and B
strains, and 60–90 % to type A/H1 strain) (Belshe et al. 1998, 2000; Zangwill
2003). Antibodies persisted for 5–8 months after vaccination with LAIV, and

190 H. Jin and K. Subbarao



protection generally persisted for at least 1 year (Zangwill 2003). In a study of
young children, protective efficacy lasted for the duration of the influenza season
and as late as 5.5–13 months after the second dose (Ambrose et al. 2008; Tam
et al. 2007). In adults, the serologic response has been less robust (\35 % for A/H3
and B and 60–90 % for A/H1), and the correlates of immunity may be related to
other immune responses (Gorse et al. 1995; Tomoda et al. 1995; Zangwill 2003).
LAIV may be more effective than IIV in inducing a nasal IgA response that is
important for viral clearance and recovery, whereas IIV vaccine more consistently
elicits serum HA antibodies in adults (Beyer et al. 2002; Cox et al. 2004; Renegar
et al. 2004). The role of cell-mediated immune responses in the protection of
young children against influenza was studied in a large randomized, double-blind,
placebo-controlled dose-ranging efficacy trial with 2,172 children of 6 to
\36 months old in Philippines and Thailand (Forrest et al. 2008). LAIV was
found to elicit substantial CMI responses as measured by interferon-gamma
ELISPOT assay that correlated with protection. Another study conducted in
children showed that LAIV induced cell-mediated responses including CD4(+),
CD8(+), and cd T cells that are relevant for broadly protective heterosubtypic
immunity (Hoft et al. 2011). In a study conducted in young adults, although TIV
induced higher levels of vaccine-specific plasmablasts and plasmablast-derived
polyclonal antibodies (PPAb) than LAIV, LAIV induced a greater vaccine-specific
IgA plasmablast response as well as a greater plasmablast response to the con-
served influenza nucleoprotein and better cross-reactivity to heterologous strains
than TIV (Sasaki et al. 2014).

7 Pandemic LAIV

There are 18 known HA and 11 known NA subtypes of influenza A viruses in
nature; 16 HA and 9 NA subtypes have been isolated from waterfowl and
shorebirds, and a variety of subtypes have been isolated from other animal species
including pigs, horses, and dogs. Animal influenza viruses are the source from
which novel HA and NA subtypes are introduced into the human population, by
reassortment with other animal or human influenza viruses or direct infection of
humans. In the last century, influenza pandemics occurred in 1918, 1957, and 1968
and the first pandemic of this century occurred in 2009. Each of these pandemics
was associated with significant morbidity and mortality. Since 1997, animal H5N1,
H6N1, H7N7, H7N3, H7N9, H9N2, and H10N8 viruses have caused human
infections but have not spread efficiently from person to person. The pandemics
and the sporadic emergence of animal viruses into humans underline the need for
the generation of pandemic influenza vaccines and their evaluation in humans. The
criteria for licensure of currently licensed inactivated influenza vaccines are pro-
tective antibodies directed primarily against the HA, the major protective antigen
of the virus that induces neutralizing antibody and/or demonstrated efficacy.
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LAIV have several attributes related to safety, immunogenicity, cross-protection
against antigenic drift strains, high yield, and needle-free administration that make
them attractive candidates for control of pandemic influenza. LAIV generally
induce broadly cross-reactive protection (Coelingh et al. 2014; Murphy and
Coelingh 2002), which may be a useful feature in the event of a pandemic if a
vaccine generated from the emerging pandemic strain is not immediately available.
Importantly, the infrastructure for manufacture and distribution of a LAIV exists.
Therefore, the United States NIH and MedImmune undertook a joint effort to
develop and evaluate LAIV bearing the HA and NA genes from animal influenza
viruses on the MDV-A backbone as pandemic LAIV (pLAIV) candidates. Our
approach includes: (1) generation of a pLAIV bearing an HA and appropriate NA
from an animal influenza virus on the attenuated MDV-A background; (2) evalu-
ation of the attenuation, immunogenicity, and protective efficacy of the candidate
vaccine in animal models; (3) preparation and qualification of a clinical lot of each
pandemic vaccine candidate; (4) evaluation of the safety, infectivity, and immu-
nogenicity of each candidate in humans; (5) storage of human sera obtained from
vaccinees to determine cross-reactivity with the newly emerged pandemic viruses;
and (6) storage of seed viruses for use in the manufacture of vaccine to prevent
disease caused by related pandemic viruses that do emerge such that vaccine
manufacture can be initiated with pretested vaccines without delay.

A theoretical concern associated with the use of a pLAIV bearing genes derived
from an animal influenza virus is the risk of reassortment of the vaccine virus with
a circulating influenza virus, resulting in a novel subtype of influenza that could
spread in the human population. Although such a reassortment event may not be of
great significance in the face of widespread disease caused by a pandemic influ-
enza strain, it would be an unfavorable outcome if the threatened pandemic did not
materialize. This risk would be carefully considered by public health authorities
before a decision is made to introduce a live attenuated vaccine in a threatened
pandemic. With the exception of one H9N2 ca virus, the pLAIV viruses were
generated by RG. The HAs of highly pathogenic avian influenza (HPAI) H5 and
H7 viruses were modified to remove the multibasic amino acid cleavage motif that
is a known virulence determinant for poultry.

7.1 Preclinical Studies

We have developed pLAIV candidates against 6 different subtypes (H1, H2, H5, H6,
H7, and H9) (Chen et al. 2003, 2009a, b, 2011b, 2014; Joseph et al. 2008; Min et al.
2010; Suguitan et al. 2006). The genetic loci responsible for the ts and att phenotypes
associated with the MDV-A were confirmed in each of the pLAIV viruses. The
replication of the pLAIV viruses was evaluated in the respiratory tract of ferrets
3 days following intranasal administration of 107 TCID50 of viruses. As discussed
previously, highly restricted replication in the LRT of ferrets defines the att phe-
notype of the pLAIV strains (Table 3). Some pLAIV viruses (H2, H5, and H7N3)
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replicated to high titer in the upper respiratory tract (URT) of ferrets, while others
such as the H6N1, H7N7, and H9N2 vaccine viruses were restricted in replication in
the URT. The pLAIV were also evaluated for replication in mice 2, 3, and 4 days
following intranasal administration of 106 TCID50 of virus (Table 3). The body
temperature of mice is 37 �C, which is below the shut-off temperature of the ca
viruses. Therefore, although the replication of the pLAIV viruses in mice is restricted
compared to the corresponding wt viruses, they are not as restricted in replication in
mice as they are in ferrets that have a core body temperature of *39 �C.

The immunogenicity of the pLAIV was evaluated in mice and ferrets by mea-
suring the serum antibody response by HAI and/or microneutralization (MN) assays
against homologous and heterologous viruses following intranasal administration
of one or two doses of pLAIV; neutralizing antibody (MN) titers are reported in
Tables 4 and 5. The pH1N1 LAIV that was used for vaccine production incorpo-
rated two mutations in the HA gene that improved the yield in eggs and immu-
nogenicity in ferrets (Chen et al. 2010a). The homologous antibody response to one
dose of vaccine in mice and ferrets ranged from poor (VN04 H5N1 and H7N7
vaccines) to robust (H6N1 and H9N2 vaccines) (Tables 4 and 5) but a correlation
between the magnitude of the antibody response and replication of the pLAIV
in mice or ferrets was not apparent (Tables 3, 4 and 5). Notably, in all cases, a
second dose of vaccine boosted serum antibody responses against homologous and
heterologous viruses.

Table 3 Replication of intranasally administered pLAIV in the respiratory tract of ferrets and
mice

Subtype/Vaccine virus Virus titer (log10TCID50/g) in the
respiratory tract of indicated species

Ferretsa Mice (peak titer)b

URT LRT URT LRT

pH1N1 CA/7/2009 (Chen et al. 2011b) 3.4 1.7 2.0 1.8

H2N2 Ann Arbor/6/60 (Chen et al. 2009a) 5.9 B1.5c 5.0 4.3

H2N3 swine/MO/2006 (Chen et al. 2014) 5.0 B1.5c 4.3 3.1

H5N1 VN/1203/2004 (Suguitan et al. 2006) 4.1 B1.5c 2.6 4.1

H5N1 HK/213/2003 4.5 B1.5c 2.5 5.1

H6N1 teal/HK/W312/97 (Chen et al. 2009b) 2.1* B1.5c nd nd

H7N3 BC/CN-6/2004 (Joseph et al. 2008) 4.7 B1.5c 4.4 2.4

H7N7 NL/219/2003 (Min et al. 2010) 2.8 B1.5c 3.3 3.3

H9N2 ck/HK/G9/1997 (Chen et al. 2003) 2.3 B1.5c 1.4** B1.5c

a Lightly anesthetized ferrets received intranasal administration of 107 TCID50 (or fluorescent
forming units) of virus and virus titers in the upper and lower respiratory tract were determined
3 days later
b Lightly anesthetized mice received intranasal administration of 106 TCID50 of virus and virus
titers in the upper and lower respiratory tract were determined at serial time points 2, 3, and
4 days later. The peak titer achieved is indicated
c Below the lower limit of detection
nd Not done, *pfu/g, **TCID50/ml
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Protective efficacy of pLAIVs was assessed by determining the ability of one or
two doses of intranasally administered vaccine to protect mice from lethal challenge
with wt virus or to prevent replication of wt challenge virus in the URT and LRT of
mice and ferrets (Tables 4 and 5). Even vaccines that were poorly immunogenic
(e.g., VN04 H5N1 and H7N7 vaccines) provided complete protection from lethal
challenge following one dose of vaccine (Min et al. 2010; Suguitan et al. 2006). Two
doses of the pLAIVs provided complete protection from replication of homologous
wt challenge viruses in the URT and LRT of mice and LRT of ferrets; challenge
virus titers in the URT of ferrets were reduced compared to mock-immunized ani-
mals but protection in the URT was not always complete (Tables 4 and 5). A single
dose of vaccine conferred partial to complete protection from challenge virus rep-
lication; higher serum antibody titers (MN [80 and HAI of 320) were associated
with complete protection. The VN04 H5N1 and H7N7 vaccines that failed to induce
a robust antibody response conferred only partial protection following a single dose
of vaccine, with a reduction in titer of challenge virus in the range of 40 to 1500-fold
compared to mock-immunized animals (Min et al. 2010; Suguitan et al. 2006).

Because it is not possible to predict which strain within a subtype will cause a
pandemic and influenza viruses continue to evolve in nature, we evaluated the
antibody response and protection from challenge with heterologous viruses. In
fact, the data confirmed our hypothesis that a pLAIV would elicit a cross-reactive
antibody response against other strains from the same subtype. Two doses of
pLAIV elicited cross-reactive antibodies and provided near complete protection
from replication of heterologous wt viruses in the URT and LRT of mice and LRT
of ferrets (Tables 4 and 5).

Another important caveat of preclinical evaluation of pLAIVs is that the studies
are generally carried out in influenza-naïve unprimed animals while humans with a
prior history of influenza infection or vaccination are immunologically primed.
This difference was striking in the H1N1 pandemic in 2009: although people
younger than 60 years of age were seronegative to the H1N1pdm virus, all but the
youngest children responded to a single dose of inactivated H1N1pdm vaccine
while unprimed animals required two doses of inactivated vaccine. We investigated
the ability of wt seasonal H1N1 virus, seasonal H1N1 LAIV and seasonal TIV to
prime mice for an antibody and cellular immune response to a single dose of
H1N1pdm LAIV (Chen et al. 2011a) and found that prior exposure to live seasonal
H1N1 virus, wt, or LAIV, primed mice but seasonal TIV did not. While two doses
of H1N1pdm LAIV induced a robust neutralizing serum antibody response, mice
that were primed with seasonal H1N1 infection or seasonal LAIV followed by one
dose of H1N1pdm LAIV were equally well protected from challenge, in the
absence of neutralizing serum antibody (Chen et al. 2011a). Cheng et al. compared
TIV and LAIV in ferrets and found that LAIV was superior to TIV in inducing
influenza-specific immunity in naïve ferrets (Cheng et al. 2013). Although both
types of vaccines induced comparable humoral immune responses in previously
primed ferrets, only LAIV provided partial protection from heterologous seasonal
H1N1 virus challenge (Cheng et al. 2013). The findings in LAIV-immunized naïve
ferrets may explain the efficacy of LAIV in young children.
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7.2 Clinical Studies

The pLAIVs described above have been evaluated in phase I clinical trials in small
cohorts of healthy adults younger than 50 years of age (Karron et al. 2009a, b;
Talaat et al. 2009, 2011, 2012). In order to minimize the risk of reassortment
between a pLAIV bearing novel HA and NA genes and circulating human influenza
viruses, the clinical trials are conducted in an inpatient unit during months when
seasonal influenza activity is not detected, typically between April and December.
Vaccine recipients are admitted to the inpatient unit a day prior to vaccine
administration in case they are incubating an intercurrent respiratory virus infection
and also to determine whether they can adjust to a 9–10 day stay in the inpatient
unit. The studies are conducted as open-label inpatient trials with all participants
receiving vaccine. Vaccine is administered intranasally as a nasal spray except for
the H9N2 ca vaccine that was administered as nose drops. Participants are exam-
ined daily while on the inpatient unit by a health care provider. After discharge from
the inpatient unit, vaccinees are asked to return to the outpatient clinic. At each
visit, staff obtain vital signs, review interim histories, and obtain blood and nasal
wash (NW) samples for antibody testing (Coelingh et al. 2014).

Vaccine safety is assessed through daily examinations and infectivity is
assessed by viral culture and by realtime reverse transcription-polymerase chain
reaction testing of NW specimens. Immunogenicity is assessed by measuring HAI
antibodies, neutralizing antibodies, and IgG or IgA antibodies to recombinant HA
in serum or NW. As reviewed by Coelingh et al. (2014), the pLAIVs were
restricted in replication and were variably and generally not immunogenic in terms
of antibody responses in humans. These findings were unexpected because it was
anticipated that adults receiving pLAIVs bearing novel HA and NA proteins would
respond to the vaccines like children receiving seasonal LAIV, shedding vaccine
virus for several days, and developing serum and/or NW antibody responses.
However, the H5N1 pLAIV appears to have established long term immune
memory because when H5N1 pLAIV vaccine recipients were re-called and given a
dose of unadjuvanted inactivated subunit vaccine, a rapid robust and high quality
antibody response was detected (Talaat et al. 2014). This observation is being
explored further in a series of ongoing clinical trials that will provide insights into
the durability of pLAIV-mediated immune memory by determining the optimal
interval between the LAIV and inactivated vaccine.

8 Mediators and Correlates of Protection

While serum HAI antibody is a correlate of protection for inactivated influenza
virus vaccines, it is not an absolute correlate of protection for LAIV. In addition to
serum antibody responses, seasonal LAIVs induce mucosal and cell-mediated
immunity (Hoft et al. 2011). Although protective efficacy and effectiveness of
seasonal LAIV have been repeatedly demonstrated in preclinical and clinical
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studies, an immune correlate of protection has not been identified. As reviewed by
Bandell et al. (2011), seasonal LAIV was efficacious even in the absence of a rise
in serum HAI antibody.

8.1 Studies in Animal Models

The role of humoral and cellular immune mediators and distribution of immune
effectors induced by eight different LAIVs at mucosal and systemic sites were
evaluated in mice (Lau et al. 2011). All LAIVs tested induced robust systemic
immune responses but variable pulmonary immunity. The magnitude of lung
immunity, including pulmonary IgA antibody and memory CD8+ T lymphocytes,
induced by the vaccines depended on the replication efficiency of the LAIVs and
the induction of cytokines/chemokines in the lungs. Both cellular and humoral
immunity contribute to the protection provided by LAIV; the relative contribution
of the two effector arms in viral clearance depends on the location and the rate of
replication of a particular vaccine virus. The relevance of these findings for the
human experience was not clear because LAIVs do not replicate in the LRT of
humans. Therefore, an upper respiratory tract immunization (URTI) model was
developed in mice to mimic the human situation. This permitted assessment of the
protective efficacy of an H5N1 LAIV against highly pathogenic H5N1 virus
challenge in the absence of significant pulmonary immunity (Lau et al. 2012). The
experiments demonstrated that cellular immunity in the lungs is essential for pro-
tection against lethal wild-type H5N1 challenge, whereas influenza-specific serum
ELISA antibodies and splenic influenza-specific CD8+ CTLs made little contri-
bution to this protection. Optimal protection against wild-type virus challenge
requires maturation of humoral responses, with the development of neutralizing
activity. Passive transfer of postvaccination serum to naïve mice demonstrated that
the magnitude of the humoral response and access of antibodies to the respiratory
tract are equally important determinants of protection (Lau et al. 2012).

In a recent study comparing LAIV and TIV in ferrets, while TIV only induced
immune responses in primed ferrets, LAIV induced influenza-specific antibody and T
cell responses in both naïve and primed ferrets (Cheng et al. 2013). In addition to
influenza-specific serum IgA and IgG antibodies, CD4+ and CD8+ T cells were
demonstrated in the circulation and in paratracheal lymph nodes and the latter corre-
lated with protection from challenge virus replication in the URT (Cheng et al. 2013).

8.2 Studies in Humans

Immunity to influenza A viruses in humans is conferred primarily by antibodies
directed at the HA and NA glycoproteins. Both serum IgG and mucosal IgA
antibodies can independently contribute to resistance to influenza virus in humans
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(Clements et al. 1986), with serum IgG antibodies providing protection primarily
to the LRT and IgA antibodies providing protection primarily to the URT
(reviewed in Murphy and Coelingh 2002). Inactivated influenza vaccines induce
higher titers of serum antibodies than LAIV in primed individuals, but LAIV are
more efficient in inducing mucosal IgA antibody responses (Clements et al. 1986).
Thus, serum HAI antibody is not an absolute correlate of protection for LAIV
(Ambrose et al. 2008; Edwards et al. 1994; Treanor et al. 1999). Instead, NW IgA
induced by LAIV or natural infection is associated with resistance to reinfection.
LAIV viruses are shed for a longer duration and to higher titers in immunologi-
cally naive, seronegative children than in seronegative adults who have previous
experience with homotypic influenza viruses (Murphy and Coelingh 2002).
Homotypic immunity induced by prior infection with a drift variant restricts
replication of LAIVs in seronegative adults or children to lower titer and for a
shorter duration (reviewed in Murphy and Coelingh 2002). In seropositive adults
and children, generally only the subset of vaccinees with low preexisting nasal
HA-specific IgA antibody titer become infected and they shed a very small
quantity of virus.

Although the contribution of CD8+ T cells to protection from influenza virus
infection in humans is less clear than in mice and ferrets, the induction of influ-
enza-specific CD4+, CD8+, and cd T cells by LAIVs has been demonstrated in
children (He et al. 2006; Hoft et al. 2011). In a large field study of seasonal LAIV
administered to children,[100 spot forming cells in an interferon-gamma (IFN-c)
ELIspot assay was associated with vaccine efficacy (Forrest et al. 2008). In a
prospective study in the UK during the 2009 pandemic, Sridhar et al. found that in
the absence of cross-reactive neutralizing antibodies, CD8+ T cells specific to
conserved viral epitopes correlated with cross-protection against symptomatic
influenza. Higher frequencies of preexisting T cells to conserved CD8 epitopes
were found in individuals who developed less severe illness, with total symptom
score having the strongest inverse correlation with the frequency of IFN-c+
interleukin-2- CD8+ T cells (Sridhar et al. 2013).

A robust Type I (IFNc) memory response was observed including production of
cytokines (GM-CSF, IL-1b, IFNa, IL-6) and chemokines (CCL5 and CXCL8 early
and CCL2 and CXCL10 late) involved in T cell activation and recruitment, when
peripheral blood mononuclear cells from LAIV recipients were cultured with
LAIV (Lanthier et al. 2011). Influenza and respiratory syncytial virus infections
have been shown to elicit different innate immune signatures by microarray and
transcriptomics studies (Herberg et al. 2013), suggesting that LAIVs may also be
associated with an innate immune signature. LAIV induced higher expression of
type I IFN and interferon stimulated genes (ISGs) than TIV in young children
where their genome-wide transcript profiles in whole blood were compared at
7 days following vaccination with LAIV or TIV (Zhu et al. 2010); some of these
changes may serve as biomarkers of early responses to LAIV.
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9 Future Directions

Live attenuated influenza vaccines are important public health tools for the pre-
vention of seasonal and pandemic influenza. The ability to rapidly produce a
vaccine for use in the event of a pandemic requires appropriate infrastructure and
capacity that are built on experience with seasonal influenza vaccine. For both
seasonal LAIV and pLAIV, the identification of a biomarker that is a reliable
immune correlate of protection is a high priority, because this will allow a vaccine
against a novel influenza virus to be licensed rapidly in the event of a pandemic
threat. The observation that pLAIVs induce long-term immune memory requires
further investigation and the feasibility of implementing this immunization strat-
egy needs to be assessed.
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Design of Alternative Live Attenuated
Influenza Virus Vaccines

Courtney Finch, Weizhong Li and Daniel R. Perez

Abstract Each year due to the ever-evolving nature of influenza, new influenza
vaccines must be produced to provide protection against the influenza viruses in
circulation. Currently, there are two mainstream strategies to generate seasonal
influenza vaccines: inactivated and live-attenuated. Inactivated vaccines are non-
replicating forms of whole influenza virus, while live-attenuated vaccines are
viruses modified to be replication impaired. Although it is widely believed that by
inducing both mucosal and humoral immune responses the live-attenuated vaccine
provides better protection than that of the inactivated vaccine, there are large
populations of individuals who cannot safely receive the LAIV vaccine. Thus,
safer LAIV vaccines are needed to provide adequate protection to these popula-
tions. Improvement is also needed in the area of vaccine production. Current
strategies relying on traditional tissue culture-based and egg-based methods are
slow and delay production time. This chapter describes experimental vaccine
generation and production strategies that address the deficiencies in current
methods for potential human and agricultural use.
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1 Introduction

Influenza virus is an eight-segmented, negative-sense, single-stranded RNA virus
in the family Orthomyxoviridae. It infects a wide host range including avian,
aquatic, and terrestrial species. There are three types of influenza viruses known to
infect humans: A, B, and C. Influenza A is capable of infecting the broadest host
range of the three influenza types, while influenza B is thought to be a primarily
human pathogen. Influenza C is also known to infect humans but infects primarily
infants and young children (Calvo et al. 2013, 2006). Each winter, vaccines, both
inactivated and live-attenuated, are produced for protection against influenza A
and B. The need for seasonal influenza vaccines is a product of the error prone
viral polymerase as well as the host’s immunological pressure. Since the viral
polymerase lacks the ability to correct mistakes made during replication, mutations
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accumulate causing a phenomenon known as antigenic drift—a gradual change in
antigenicity through the accumulation of mutations (Taubenberger and Kash
2010). The segmented nature of the influenza genome allows it to undergo more
drastic changes through another process as well: antigenic shift. This is the product
of influenza viruses co-infecting the same cell and swapping segments. This can
cause a more dramatic change in antigenicity than is caused by antigenic drift
(Taubenberger and Kash 2010).

Influenza epidemics and pandemics are the result of the introduction of a novel
influenza virus into a population. Influenza surveillance dictates which viruses to
include in each year’s vaccine. Currently, the seasonal vaccine includes two strains
of influenza A and one strain of influenza B; however, recently, a tetravalent vaccine
was approved which contains two strains of influenza A and two strains of influenza
B. The 2013–2014’s influenza season will see the first approved tetravalent vac-
cines; both live-attenuated and inactivated available for market consumption.
Although including a second strain of influenza B will no doubt improve the cov-
erage and protection conferred by the seasonal vaccine, problems remain, and there
is room for significant improvement, both in production time and protection. Cur-
rently in the US, the live-attenuated, cold adapted A/Ann Arbor/6/60 and B/Ann
Arbor/1/66 backbone vaccine is not licensed for the elderly, women who are
pregnant, those who are immunocompromised, or those with pre-existing condi-
tions, like asthma (Alexandrova et al. 1990; DeBorde et al. 1987, 1988; Maassab
1967; Maassab and Bryant 1999; Maassab et al. 1969; Monto and Maassab 1977).

As influenza A virus infects a wide variety of host species, it is, in addition to
being a significant human pathogen, a significant pathogen in many agricultural
species such as chicken and swine. Improved LAIV vaccines are needed for
agricultural animals as well, as influenza can have a devastating economic impact
on the agricultural industry and the food supply (Leibler et al. 2009). Although
there are many alternative vectors and other genetic approaches that have been
tested experimentally as platforms for influenza vaccines, this chapter will
exclusively focus on novel methods for the generation and production of live-
attenuated influenza virus vaccines. These strategies are aimed at accelerating
vaccine efficacy or production by manipulation of the influenza genome via
mutations, deletions, insertions, and rearrangement.

2 Production of LAIV Vaccines

2.1 Alternative Strategies to Generate Influenza Virus
Vaccines

The emergence of pandemic and epidemic influenza virus strains such as the
pandemic H1N1 virus in 2009 as well as various avian influenza viruses with the
ability to cause disease and death in humans has prompted the renewal of efforts to
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develop alternative or modified virus-generating systems as well as improve virus
rescue efficiency to enable a quicker response to outbreaks of novel viruses (Ka-
dota 2013; Schnitzler and Schnitzler 2009).

2.2 Adoption of Universal or Species-Specific Pol I Promoter
for Virus Vaccine Generation

The traditional DNA-based reverse genetics (RG) system allows for the production
of vaccine seed strains of influenza virus via the co-transfection of 8 (or 12 or 17)
plasmids into appropriate cells (Fodor et al. 1999; Hoffmann et al. 2000; Neumann
et al. 1999). The more common eight plasmid system (Fig. 1a, left and top right
panels) is based on a bidirectional transcription vector, which employs an RNA
polymerase II (pol II) promoter to synthesize positive-sense mRNA and an RNA
polymerase I (pol I) promoter to transcribe negative-sense viral RNA (vRNA)
from the same viral cDNA template (Hoffmann et al. 2000). The pol I promoter

Fig. 1 Variations in reverse genetics systems for influenza virus. Reverse genetics systems and
the cells lines required for use of the respective systems are shown. a depicts methods to expedite
the generation of vaccine seed strains. b shows a T7 RNA polymerase reverse genetics system,
which can generate virus from cells of multiple origins in the presence of a nuclear T7 RNA
polymerase expression plasmid. c–e show alternative reverse genetics systems which are specific
to a cell type/species [Based on (Chen et al. 2012; de Wit et al. 2007; Dormitzer et al. 2013;
Massin et al. 2005; Murakami et al. 2008; Wang and Duke 2007; Wood and Robertson 2004)]
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ensures the generation of vRNA with accurate 30 ends, whereas a terminator
sequence from pol I (tI) or a hepatitis delta virus ribozyme sequence ensures
accurate 50 ends (Fodor et al. 1999; Hoffmann et al. 2000). In contrast to pol II,
transcription driven by pol I exhibits stringent species specificity (Heix and
Grummt 1995). For example, RG plasmids harboring human pol I promoters work
well in primate-origin cells (e.g, 293T cells) but behave less efficiently in cell lines
of canine-origin (Madin-Darby Canine Kidney, MDCK) or porcine-origin (PK15)
or not at all in cell lines derived from avian species (Murakami et al. 2008; Wang
and Duke 2007). Thus, virus rescue by RG in different cell types may require a
distinct set of expression plasmids.

In the past decade, numerous strategies have been exploited to resolve this
problem. An RG vector containing a universal RNA polymerase promoter (T7 pol
I) has been shown to generate recombinant influenza virus from human-origin
(293T), avian-origin (QT6) and MDCK cells (Fig. 1b) (de Wit et al. 2007). Since
the T7 RNA polymerase does not exist in animal cells, it is necessary to introduce
an extra T7 polymerase expression plasmid with a nuclear localization sequence
into the same cells (Fig. 1b) (de Wit et al. 2007). Alternatively, species-specific
promoters may be used in order to transfect a single cell type (Fig. 1c–d). For
instance, transfection of chicken RNA pol I promoter-based plasmids has been
shown to result in virus rescue, although the virus titer is relatively low (Fig. 1c)
(Massin et al. 2005; Zhang et al. 2009). Likewise, an alternative 8 plasmid RG
system using canine RNA pol I promoter was developed for virus rescue in MDCK
cells (Murakami et al. 2008; Wang and Duke 2007), a vaccine approved cell line
(Fig. 1e) (Brands et al. 1999; Palache et al. 1999). Finally, efficient virus rescue
has been shown in African green monkey kidney epithelial (Vero) cells (Wood and
Robertson 2004), with the transfection of plasmids carrying Vero pol I promoters
(Fig. 1d) (Song et al. 2013).

2.3 Improving the Transfection Efficiency of the RG System
in Vaccine-Producing Cells

An important factor affecting vaccine manufacture using RG is transfection effi-
ciency. Although 293T cells are easily transfected with plasmid DNA, they are not
yet licensed for use in the vaccine industry. Alternatively, Vero cells are approved
for vaccine production (Kistner et al. 1998; Wood and Robertson 2004), but the
low-transfection efficacy poses a barrier to robust vaccine production (Kistner
et al. 1998, 1999). In order to overcome this, one possible solution is to reduce the
number of plasmids required for virus generation. To this end, Neumann et al.
placed eight-unidirectional pol I driven vRNA transcription cassettes into one
vector. Each cassette corresponded to one of the 8 segments of influenza virus
(Fig. 2a). Additionally, three pol II driven transcription cassettes carrying the viral
polymerase genes (PB2, PB1 and PA) were cloned into another vector (Neumann
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et al. 2005). High titer virus was obtained when these 2 plasmids together with an
NP-expression plasmid (3-plasmid system) were transfected into Vero cells
(Neumann et al. 2005).

In a separate study, a single plasmid containing all 8 influenza gene segments
was constructed, achieving high virus yield in chicken embryo fibroblast (CEF)
cells (Fig. 1c) (Zhang et al. 2009). A major challenge inherent to this technology is
determining how best to prevent intra-plasmid recombination while maintaining
the stability of the construct. In order to address this challenge, the authors used a
low-copy-number vector (approximately 15 copies per bacterial cell), minimized
the number of CMV promoters (4 CMV promoters were used to initiate the
synthesis of the viral RNP complex), and shortened the length of homologous

Fig. 2 Variations in reverse genetics systems for influenza virus. Reverse genetics systems
designed to increase transfection efficiency of influenza gene segments in Vero cells are shown.
a depicts a 3-plasmid strategy. b describes an adenovirus vector strategy. Each adenovirus is
shown carrying 1 segment of influenza virus. Based on (Neumann et al. 2005; Ozawa et al. 2007)
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sequences (Zhang et al. 2009). This novel one-plasmid system can produce the
vRNA polymerase complex (PB2, PB1, PA, and NP) and 8 vRNA segments upon
transfection of cells, generating recombinant virus.

Compared with DNA vectors, the gene transfer efficiency of viral vectors is
generally several orders of magnitude higher. An adenovirus vector-mediated RG
system was designed (Ozawa et al. 2007) using the bidirectional transcription
cassette for each vRNA segment of influenza virus inserted into a replication-
incompetent adenovirus vector (AdV) lacking E1 and E3 genes (Fig. 2b). Eight
recombinant AdVs were produced. After 3 days co-infection of these viruses in
Vero cells, the amount of influenza virus obtained from AdV-infected cells was
about 10,000 fold higher than those cells transfected with 12-plasmids (Ozawa
et al. 2007).

2.4 Strategies to Accelerate Vaccine Seed Stock Preparation

During influenza pandemics, a rate-limiting step in vaccine production is the
generation of vaccine seed strains. The traditional RG system takes time because it
relies on a cloning step to generate plasmids expressing hemagglutinin (HA) and
neuraminidase (NA) surface gene segments and a clone identification step done by
sequencing. To hasten this process, a partial and full PCR-based RG strategy was
designed (Chen et al. 2012). Using overlapping PCR, a pol I promoter sequence
and a tI termination signal were incorporated into the 50 and 30 ends of cDNA
copies of each individual gene of influenza A virus to produce a full set of
influenza PCR amplicons (Fig. 1a left and middle right panels). When two PCR
amplicons encoding the HA and NA gene segments were transfected into 293T/
MDCK cells together with six bidirectional RG plasmids, RG influenza viruses
were rescued with efficiencies similar to those of the eight plasmids system.
Alternatively, when the eight PCR amplicons were introduced into 293T/MDCK
cells together with four helper plasmids (expressing vRNA polymerase and NP
protein) or four PCR amplicons harboring the PB2, PB1, PA, and NP genes
flanked by CMV promoter and bovine growth hormone (bgh) polyadenylation
element, the virus was generated successfully. For the first time, this showed that
recovery of virus entirely from PCR products is feasible (Chen et al. 2012). This
system would eliminate the cloning steps, particularly of HA and NA gene seg-
ments, involved in generating a virus vaccine seed stock, which may be crucial in
the early stages of vaccine production during a pandemic.

Another option for vaccine generation during an influenza pandemic event is
the use of synthetic HA and NA genes generated either by site-directed muta-
genesis of DNA encoding closely related virus strains or by chemical synthesis
(Verity et al. 2011). This synthetic DNA strategy has one major disadvantage, in
that point mutations invariably appear, especially in the long segments like HA
(1.8 kb) and NA (1.6 kb). Thus, this strategy requires correction, delaying vaccine
production. Most recently, a new method was developed by Dormitzer et al. to
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eliminate this hindrance (Dormitzer et al. 2013) (Fig. 1a left and bottom panels).
Hundreds of overlapping oligonucleotides (about 60 bases in length per segment)
were synthesized, assembled together, and mismatched bases removed by a
commercially available error-correcting enzyme (ErrASE). Following ErrASE, a
PCR amplification procedure was employed to generate the full-length HA and
NA genes, which were subsequently ligated into a linearized plasmid such that a
CMV promoter and pol I terminator flanked one end of the influenza gene and a
pol I promoter and a pol II polyadenylation signal flanked the other end. After
another round of high-fidelity PCR amplification with primers corresponding to
the transcriptional control regions, HA and NA amplicons used for virus rescue
were obtained (Fig. 1a). The first seed virus was generated within one week
(Dormitzer et al. 2013), suggesting this technology could be a viable option for a
faster pandemic response.

3 Improving LAIV Vaccines: Attenuation Through
the Modification of Gene Segments

3.1 Modifying the NS Gene Segment

3.1.1 NS1 Truncation Mutants

Considerable effort has been placed in modifying the influenza NS gene, segment
8, as a means of creating a safer alternative to the current LAIV vaccine strategy.
The NS gene encodes two proteins: NS1 and NS2. NS1, or non-structural protein
1, acts as an IFN antagonist, aiding in viral evasion of the host innate immune
response (Fukuyama and Kawaoka 2011). NS2, also known as the nuclear export
protein (NEP), is involved in the export of viral mRNAs from the host nucleus
(Palese and Shaw 2007). Such crucial roles in the viral life cycle make segment 8 a
good target for attenuation.

Studies have shown that influenza A and B viruses possessing truncated NS1
proteins are immunogenic and attenuated in a range of animal models (Fig. 3a):
mouse, swine, ferret, chicken, and equine (Chambers et al. 2009; Pica et al. 2012;
Solórzano et al. 2005; Steel et al. 2009; Wressnigg et al. 2009). Several NS1
truncations have been described. Each truncation involves the insertion of stop
codons at the 30 end of the NS1 ORF causing premature termination of NS1
translation at the C-terminus. Several truncations have been tested for influenza A:
NS1 1–73, NS1 1–99, and NS1 1–126 (number range indicates amino acids
expressed). IFN expression upon infection of a host cell with one of these trun-
cated NS1 viruses has been shown to correlate with the length of the truncation
(Solorzano et al. 2005). Although all NS1 truncations were shown to attenuate the
viruses both in vitro and in the swine model, the NS1 1–73 virus has been shown to
be the most attenuated (Solorzano et al. 2005). Of the NS1 truncated viruses, NS1
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1–73 is the most deficient in blocking IFN because it contains the longest trun-
cation. However, the NS1 1–99 virus proved more potent from a vaccine efficacy
standpoint. Both NS1 1–99 and NS1 1–73 viruses caused significantly fewer lung
lesions in swine than did WT virus at the same dose (Solorzano et al. 2005).

The NS1 truncation attenuation strategy has been validated in seasonal viruses
as well as highly pathogenic (HP) H5N1 viruses, which have traditionally been a
challenge for vaccine developers. Studies have shown that the NS1 1–126 trun-
cation strategy is a potentially excellent LAIV vaccine candidate for high-risk
populations unable to receive traditional LAIV vaccines, such as the elderly, based

Fig. 3 Live attenuated approaches for influenza viruses—Gene knockout strategies. Four gene
knockout strategies are depicted. Cells lines required for growth of the corresponding viruses are
also shown as well as the animal models in which each strategy has been tested. a describes the
NS1 truncation strategy. The white D in NS denotes the location of the truncation. b summarizes
the NA knockout strategy. The foreign gene, GFP, cloned in placed of NA is shown in green.
c describes the PB2 knockout strategy. As in the NA strategy, the foreign gene, GFP, cloned in
place of PB2 is shown in green. d depicts both the M2 truncation and the M2 knockout strategy.
As in the NS truncation strategy, the white D in M denotes the location of the truncation or
deletion, in the case of the knockout. Based on (Chambers et al. 2009; Hatta et al. 2011; Pica et al.
2012; Shinya et al. 2004; Solórzano et al. 2005; Steel et al. 2009; Victor et al. 2012; Watanabe
et al. 2008, 2009; Wressnigg et al. 2009). Royalty free animal clip art obtained from https://
openclipart.org
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on studies performed in aged mice (Pica et al. 2012). While aged mice vaccinated
with 103 Pfu were protected against lethal challenge with 50 mouse lethal dose 50
(MLD50) and had detectable virus specific antibodies, neutralizing antibody titers
were not detected (Pica et al. 2012); however, when compared with mice that
received 50 ng of formalin-inactivated vaccine, the NS1 1–126 vaccine candidates
performed better, providing full protection where the inactivated vaccine did not.
Mice vaccinated with formalin inactivated vaccine succumbed to challenge (Pica
et al. 2012).

In the case of H5N1, the NS1 truncated (NS1 1–73, NS1 1–99 and NS1 1–126)
vaccines were further modified. The polybasic cleavage site was mutated to a
monobasic cleavage site, as the presence of this cleavage site is a major deter-
minant of virulence (Steel et al. 2009). Additionally, the virus was mutated in
codon 627 of segment 1 encoding PB2. The E627K (glutamic acid to lysine)
mutation in PB2 is known as a marker for mammalian adaptation (Palese and
Shaw 2007). Steel et al. found that the NS1 1–99 truncated virus with a monobasic
cleavage site and E at position 627 provided that best protection in mice against
lethal challenge of 1,000 MLD50 and caused no weight loss at a vaccination dose
of 106 EID50. Importantly, these same viruses grow to low titers in human lung
epithelial cells, A549, but high titers in embryonic chicken eggs (due to E at
position 627) (Steel et al. 2009). Efficacy of the H5 NS1 1–99 vaccine was also
assessed in chickens. Results showed that 100 % of vaccinated chickens chal-
lenged with 100 CLD50 of the parental virus survived.

Influenza B NS1 truncated viruses have also been generated. Similar results
have been seen in influenza B as in influenza A; even though, BNS1 RNA binding
to IFN is not required for IFN antagonism (Donelan et al. 2004). As in influenza A,
a series of truncations were made in the C-terminus of NS1: NS1 1–14, NS1 1–38,
NS1 1–57 and NS1 1–80 (Wressnigg et al. 2009). These viruses, like those of
influenza A, replicate in Vero cells, which do not produce interferons. While all of
these truncated viruses are attenuated, the degree of attenuation corresponds to the
length of the truncation (Wressnigg et al. 2009). NS1 1–80 is not sufficient to block
IFN and induces an IgG response which is greater than that produced by the WT
virus (Wressnigg et al. 2009). Mice were fully protected after just one immuni-
zation (at 5 9 105 tissue culture infectious dose 50, TCID50) of NS1 mutants
against 5 9 105 TCID50 homologous virus challenge. Viral titers of lung
homogenates revealed that none of the mice immunized with an NS1 mutant had
detectable virus titers in the lungs after lethal challenge (Wressnigg et al. 2009).

More recently, an NS1 truncation strategy has been tested in human trials. To
date, both safety/immunogenicity and heterosubtypic immunity trials have been
completed (Morokutti et al. 2014; Wacheck et al. 2010). Referred to as DNS1-
H1N1, this monovalent vaccine completely lacks the NS1 ORF and carries H1 and
N1 surface glycoproteins from A/New Caledonia/20/99 (H1N1). During the safety
and immunogenicity trial, 1 of 5 doses of the vaccine was administered intrana-
sally to healthy seronegative adults in spray form. Adverse effects were mild,
ranging from headaches to rhinitis. In the highest dose group, 10 of 12 adults
seroconverted to the vaccine. Additionally, neutralizing antibodies to heterologous
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variants were detected (Wacheck et al. 2010). Following a successful safety and
immunogenicity study, heterosubtypic immunity induced by this vaccine was
evaluated. Seronegative healthy adults were similarly immunized with DNS1-
H1N1, although at only one high dose. Of those vaccinated 8/12 developed a
serum IgG response to the vaccine. Importantly, nasal washes were found to
neutralize heterosubtypic H3N2 and H5N1 viruses, and this cross-neutralization
generated by the vaccine was determined to be a result of IgA, not IgG.

Manipulation of the NS gene has not been limited to NS1. NEP’s open reading
frame has also been modified. NEP interacts with M1 to export vRNAs from the
nucleus of the infected host cell into the cytoplasm where they are packaged into
new influenza virions (Palese and Shaw 2007). Akarsu et al. modified the NEP
coding sequence to introduce mutations into the M1 binding region, E67S, E74S,
and E75S. Two viruses were generated, E67S/E74S and E67S/E74S/E75S. The
introduction of these mutations caused the addition of 7 amino acids at the C-
terminus of the protein (Akarsu et al. 2011). Vaccine efficacy of the E67S/E74S
virus was tested. E67S/E74S immunized mice challenged with 10 MLD50 of the
WT (A/WSN/33 (H1N1)) virus saw no weight loss. While a decrease in poly-
merase activity was detected, peak viral titer of this virus was similar to WT
(Akarsu et al. 2011). This is particularly important when considering vaccine
development.

3.2 Gene Knockout Strategies

3.2.1 Neuraminidase-Deficient Viruses

Segment 6 of the influenza genome encodes for neuramindase (NA), an enzyme
responsible for cleavage of the sialic acids (Palese and Shaw 2007). Neuramini-
dase allows for release of progeny influenza virion from the host cell (Palese and
Shaw 2007). NA is also thought to be involved in reaching the target cell surface
by cleaving sialic acids in the mucopolysaccharides covering the surface of the
target cell (Cohen et al. 2013). Like segment 8, segment 6 is also a target of
manipulation.

Shinya et al. showed that a neuraminidase deficient virus is not only attenuated,
but also capable of stably carrying a foreign gene in place of the NA ORF, making
this strategy a potential vaccine vector (Shinya et al. 2003). The majority of the
NA ORF was replaced (*1,100 nucleotide deletion) with the green fluorescent
protein (GFP) ORF (Fig. 3b). Additionally, 185 nucleotides of NA at the 50 end of
the vRNA and 202 nucleotides (nt) of NA on the 30 end of the vRNA flanked GFP
(Shinya et al. 2004), each region corresponding to packaging signals. Rescue of
this virus was achieved through growth in modified MDCK cells (MaKs) that
express lower levels of sialic acids (Shinya et al. 2004). In MaKs cells, the NA
deficient virus grows to WT titers. Alternatively, NA-deficient viruses can be
grown in the presence of exogenous NA added to the cell culture medium. Shinya
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et al. then demonstrated that, upon vaccination of mice with at least 106 Pfu of the
NA-deficient virus, complete protection against 100 MLD50 of challenge virus was
achieved. Seroconversion and neutralizing antibodies were detected at vaccination
doses as low as 1.1 9 104 Pfu (Shinya et al. 2004). Additionally, GFP expression
was detectable up to five passages in MaKs cells, suggesting that this virus could
also be a vaccine vector (Shinya et al. 2004).

3.2.2 PB2-Deficient Viruses

Segment 1 of the influenza genome codes for PB2. The encoded protein interacts
with PB1 and PA proteins (encoded by segments 2 and 3, respectively) to form the
vRNA-dependent RNA polymerase complex (Palese and Shaw 2007). PB2 binds
50 cap of the host mRNA, initiating the cap snatching activity of the viral poly-
merase and allowing for synthesis of viral mRNA (Palese and Shaw 2007). This is
a crucial step in the viral life cycle, making PB2 a good target for attenuation.

Like the NA knockout strategy described previously, the PB2 nucleotide
sequence of A/WSN/33 (H1N1) (WSN) was deleted, except for the packaging
signals. The GFP ORF was cloned in place of the deleted region (Fig. 3c) (Victor
et al. 2012). The virus grew to WT levels in AX4/PB2 cells, which have enhanced
expression of alpha 2, 6 sialic acid receptors and stably express PB2 (Fig. 3c). A
safety profile of the vaccine in mice revealed no weight loss upon vaccination, and
tissue collected was virus free. The best protection with this vaccination strategy
against a lethal A/Puerto Rico/8/1934 (H1N1) (PR8) challenge of 5 MLD50 was
seen with 3 doses of the vaccine (at 106 Pfu). The best IgG and IgA responses were
also seen with 3 immunizations. Post-challenge, no virus was detected in the lungs
or nasal turbinates of any mouse that received 2 or 3 doses of the PB2KO vaccine.
Interestingly, GFP antibodies were detected in mouse sera suggesting that this
strategy may be a viable candidate for a virus vector.

3.3 Viruses Possessing M2 Deletions

Segment 7 of the influenza genome encodes for the M gene. Upon translation in
influenza A, it is spliced into M1 and M2. Similarly, segment 7 of influenza B
encodes for M gene; however, in the case of influenza B, BM1 and BM2 are
derived via a stop–start translation signal separating the ORF of the 2 proteins
(Palese and Shaw 2007). M1 is a matrix protein that functions as a structural
component of the influenza virion. M2 and BM2 are ion channels that aid in the
release of the vRNA into the cytoplasm by facilitating the acidification of the
virion (Palese and Shaw 2007). The M2 cytoplasmic tail is also known to be
involved in virus assembly and is a determinant of morphology (Palese and Shaw
2007). Viruses possessing deletions of the M2 cytoplasmic tail and complete M2
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knockouts have proven to be attenuated in mice in the context of H5N1, pH1N1,
and mouse-adapted PR8 (H1N1) viruses (Hatta et al. 2011; Watanabe et al. 2008,
2009).

A series of M2 cytoplasmic tail mutants were created as vaccine possessing
deletions of various lengths beginning at the C-terminus in the context of a H5N1
vaccine (Fig. 3d) (Watanabe et al. 2008). Another mutant was constructed which
contained a full M2 knockout (Watanabe et al. 2008). Each mutant was constructed
by the introduction of premature stop codons in the M2 ORF. Growth kinetics in
MDCK cells showed that viruses containing 5 (VN1203M2del5) and 11
(VN1203M2del11) amino acid (aa) deletions grew to similar titers as the WT virus.
Titrations of these M2 cytoplasmic tail mutants in mice detected the
VN1203M2del5 and VN1203M2del11 viruses in mouse tissues only on day 3 post-
infection including lung, nasal turbinates, brain (except for VN1203M2del11),
spleen and kidneys, while the longer amino acid deletions of the M2 cytoplasmic
tail were undetectable (Watanabe et al. 2008). Both the VN1203M2del5 and
VN1203M2del11 viruses were present at lower titers than WT in all tissues assayed.

After modifying the HA cleavage site from a polybasic cleavage site to a
monobasic site (DHA), the VN1204M2del11 virus was further assessed for pro-
tection against WT highly pathogenic A/Vietnam/1203/ 2004 (H5N1) challenge
(Watanabe et al. 2008). Mice vaccinated with 100 or 1,000 Pfu of DHA
VN1203M2del11 virus did not lose weight post-vaccination. Vaccinated mice also
showed high levels of IgG in the sera as well as IgG and IgA in lung washes. Little
IgA or IgG was found in nasal washes. In each medium, the mice vaccinated with
1,000 Pfu had the highest titers of each immunoglobulin. Viral replication of the
vaccine strain was seen in the lungs at both doses and in the nasal turbinate at
1,000 Pfu on day 3 post-vaccination. All vaccinated mice survived challenge of
100 MLD50 WT H5N1. None showed weight loss (Watanabe et al. 2008); fur-
thermore, no virus was detected in any immunized mouse tissue at either dose 3
days post-challenge (Watanabe et al. 2008).

Similar findings as those described above in the context of HP H5N1 influenza
virus were also found in studies done using the same strategy (11 amino acid
deletion in the M2 cytoplasmic tail) with pandemic H1N1 virus, A/California/04/
2009 (H1N1) (CA04) (Hatta et al. 2011). As was seen in H5N1, the CA04M2del11
virus grew to WT levels in MDCK cells. Inoculation of mice resulted in little
weight loss, although the virus replicated to WT levels in the lungs at 104 and 105

Pfu. Upon homologous challenge with 106 Pfu of WT CA04, none of the
CA04M2d3l11 immunized mice lost weight (Hatta et al. 2011). IgG levels in the
serum as well as IgG and IgA levels in the nasal wash were comparable to WT;
however, IgG and IgA levels in trachea-lung washes were lower than WT levels
(Hatta et al. 2011).

Another study analyzed the M2 knockout (M2KO) strategy as an attenuated
vaccine in mice in the context of a lethal challenge (100 MLD50) with the A/Puerto
Rico/8/1934 (H1N1) virus (Fig. 3d) (Watanabe et al. 2009). Comparable IgG and
IgA responses were seen in mice immunized with M2KO virus as those immu-
nized with WT virus. The primary difference between this knockout strategy and
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the cytoplasmic tail deletion strategy is growth. While the M2 cytoplasmic tail
mutations were grown in MDCK cells to near WT levels, the M2KO virus must be
grown in M2CK cells, MDCK cells that express M2 (Watanabe et al. 2009).

3.4 Modifications in the HA Cleavage Site

Segment 4 encodes HA. HA protein must be cleaved in order to generate a pro-
ductive influenza infection (Skehel and Wiley 2000). It is cleaved upon release of
the virus from the host cell (Palese and Shaw 2007). The cleavage reaction is the
product of an interaction between a host cell protease and the cleavage recognition
site of the HA protein. Monobasic cleavage sites are cleaved by trypsin-like
proteases present primarily in the upper respiratory tract of humans and many
other mammals and the intestinal tract of avian species (Skehel and Wiley 2000),
while polybasic cleavage sites are cleaved by furin-like proteases ubiquitously
present throughout many cell types. Cleavage by furin-like proteases allows the
virus to cause systemic infection in birds or to allow more efficient lower respi-
ratory tract infection in mammals (at least for some strains, like the Asian H5N1
strains) causing a more virulent infection (Palese and Shaw 2007). Thus, altering
the enzyme specificity of the cleavage may be a means of attenuating the virus.

Influenza A and influenza B viruses have been engineered to carry the porcine
pancreatic elastase cleavage site in the HA gene segment (Fig. 4a). The typical
trypsin-like HA cleavage site of A/WSN/33 (H1N1) was altered to recognize
elastase by mutating the HA gene segment at nucleotide positions 1,059 and 1,060
from AG to GT. These mutations resulted in an amino acid change of arginine to
valine at position 343. In vitro, with the addition of elastase, this virus grew to WT
levels in MDCK cells (Stech et al. 2005). The WSN elastase virus (WSN-E) was
completely restricted to growth in the presence of elastase, as it does not plaque
and cannot be cleaved in the presence of trypsin. The WSN-E virus also showed
restricted growth in the mouse model. Mice vaccinated with WSN-E did not
exhibit any signs of disease, showed no weight loss after inoculation with 106 Pfu
of virus, and had no detectable virus in the lung 1 day post-inoculation. In contrast,
WT WSN was detected in the lung at each time point assayed. A vaccine study
showed that mice inoculated with at least 105 Pfu of WSN-E were fully protected
from a WT WSN lethal challenge at 106 Pfu. Interestingly, all mice immunized
with WSN-E formalin inactivated vaccine succumbed to infection after challenge
(Stech et al. 2005). Post-challenge, no virus was detected in the lungs of mice
immunized with 106 Pfu of WSN-E. These mice had IgG and IgA responses
similar to mice immunized with 103 Pfu of WT WSN (Stech et al. 2005).

The HA cleavage site of influenza B/Lee/40 was similarly modified to recog-
nize elastase; however, in this instance, two viruses were generated after mutating
the HA: B/Lee/40-Val (arginine to valine at position 361) and B/Lee/40-Ala
(arginine to alanine at 361). In the presence of elastase, each vaccine candidate
was shown to grow to WT levels in MDCK cells, although B/Lee/40-Val grew to

218 C. Finch et al.



slightly lower titers. Given this finding, in vivo work was completed using B/Lee/
40-Ala, which did not cause weight loss in mice. Post-lethal challenge of WT B/
Lee/40 at 106 Pfu, no virus was detected in the lungs of mice immunized with at
least 104 Pfu of B/Lee/40-Ala on day 3 post-challenge. Mice immunized with
these doses maintained weight post-challenge and survived. In contrast, mice
immunized with B/Lee-40-Ala formalin inactivated vaccine had high viral titers
detectable in the lungs on day 3 post-challenge. Weight loss was recorded (Stech
et al. 2011). This cleavage modification strategy presents major advantages.
Elastase vaccines can be grown to WT levels in approved cell lines while pro-
viding adequate protection with just one dose; however, this strategy is prone to
reversion. Thus, as the authors suggest, combining this strategy with another, such
as the A/Ann Arbor and B/Ann Arbor cold-adapted mutations, may be necessary
(Alexandrova et al. 1990; DeBorde et al. 1987, 1988; Maassab 1967; Maassab
et al. 1969).

Fig. 4 Live attenuated approaches for influenza viruses—Attenuating mutations. Experimental
LAIV strategies based on the mutation of various segments, the cell lines in which the
corresponding viruses must be grown, and the animal models in which each strategy has been
tested are depicted. a describes the elastase HA cleavage site mutation strategy. The inverted
white D represents the mutation site. b describes the introduction of microRNAs to attenuate
influenza. The sites of microRNA introduction are depicted with a yellow squiggle line.
c illustrates the temperature sensitive + tag (att) strategy of attenuation. Point mutations are
depicted with yellow dots in the PB2 and PB1 segments. The HA tag is shown as a pink rectangle
in PB1. Based on (Babiuk et al. 2011; Cai et al. 2011; Hickman et al. 2008; Langlois et al. 2013;
Loving et al. 2013; 2012; Masic et al. 2009b, 2010; Pena et al. 2011; Perez et al. 2009; Solórzano
et al. 2010; Song et al. 2007; Stech et al. 2005, 2011)
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Further work has been done to evaluate the elastase cleavage site in the context
of its natural host to determine if such a strategy would be suitable as an agri-
cultural vaccine for swine (Masic et al. 2009a). Mutations were introduced at
position 345 (arginine to valine and, in a separate virus, arginine to alanine) in the
HA of A/swine/Saskatchewan/18789/2002 (H1N1). In vitro, these viruses are
strictly dependent on cleavage by elastase; whereas, in vivo, they are attenuated.
Swine inoculated with WT virus developed signs of disease; however, no signs of
disease were observed in swine inoculated with either of the elastase mutant
viruses. Additionally, while WT inoculated pigs shed virus, virus shedding was
undetectable in swine inoculated with the elastase mutant viruses. From this study,
Masic et al. concluded that these elastase mutant viruses would be good candidates
for LAIV swine vaccines. Thus, the protective properties of these vaccines were
assessed when administered both intratracheally and intranasally (Masic et al.
2009b, 2010). Two doses of intratracheally administered vaccine induced IgG and
IgA responses. The arginine to alanine (R345V) mutant virus was determined to be
more immunogenic and was further tested in a vaccine study. Two doses of this
virus administered intranasally resulted in complete protection against the
homologous virus and partial protection against a heterologous virus upon chal-
lenge with 8 9 105 Pfu of either homologous or heterologous challenge virus
(Masic et al. 2009b). Protection conferred by the R345V virus was subsequently
evaluated intranasally, as this is a more practical route for vaccine administration.
Two intranasal inoculations induced strong IgG and IgA responses as well as a
specific IFNc response. Full protection was achieved against homologous parental
challenge as well as a homologous challenge with an antigenic variant. Partial
protection was achieved with heterologous challenge (Masic et al. 2010). This
strain has been shown to protect against pH1N1 via both routes of administration
(Babiuk et al. 2011).

3.5 Adding Attenuating Features to the Influenza Genome

3.5.1 MicroRNAs

MicroRNAs (miRNAs) are RNAs generated by RNA polymerase II transcripts of a
host cell. Transcripts are cleaved by host endonucleases and used to regulate cell
protein expression (tenOever 2013). The miRNA transcripts bind to other host
messenger RNA (mRNA) transcripts with partial complementarity and are loaded
into the RNA-induced silencing complex (RISC). This process is similar to vRNA
silencing (viRNA) in which viRNAs are targeted by the host cell transcripts (with
complete complementarity), loaded into RISC, the formation of which is facili-
tated by DICER (an enzyme that cleaves double stranded RNA), and degraded;
however, it is not considered a host defense mechanism. Generally, regulation of
protein expression by miRNAs results in a two-fold reduction in protein expres-
sion (tenOever 2013). Since vertebrates have miRNAs and there is little reciprocal
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interaction between RNA viruses and host miRNAs, it is possible to engineer
vaccines by manipulating miRNAs (tenOever 2013).

Manipulation of miRNAs to attenuate influenza virus has been shown. Perez
et al. demonstrated attenuation of an influenza A virus carrying an miRNA,
miRNA 93, which is present in human and murine cells but absent in chicken,
hypothesizing that such a modification to the genome would result in attenuation
in murine cells but uninhibited replication in eggs (Perez et al. 2009). Segment 5,
encoding NP, was mutated in such a way that did not alter the physical properties
of the amino acid coding sequence but modified NP such that it contained miRNA
response elements, target sites for miRNA (Fig. 4b). Such modifications resulted
in the introduction of point mutations. H1N1 and H5N1 viruses generated in this
manner were attenuated in mice, reducing mortality by more than 2 logs. Perez
et al. proved that this attenuation was directly related to the introduction of miRNA
response elements in NP, showing that, when influenza virus carrying miRNA
response elements were administered to DICER knockout mice, the viruses grew
to WT levels (Perez et al. 2009).

More recently, it was shown that modification of the HA gene through the
addition of a series of miRNAs at the C-terminus could also be used to restrict
replication and transmission of influenza to species that do not recognize the
miRNA present in the virus (Fig. 4b). Studies were aimed at selecting a miRNA
that is abundant in human lung A549 cells but absent in ferret lungs and MDCK
cells. Langlois et al. hypothesized that such a strategy would not alter the growth
or transmission kinetics of the virus in ferrets or MDCK cells. miRNA 192 was
identified as a potential candidate. With the incorporation of miRNA 192, HA
protein expression was ablated in A549 cells. Additionally, growth of the virus
carrying miRNA 192 was uninhibited in MDCK cells, but in MDCK cells engi-
neered to express miRNA, growth was restricted. To demonstrate restriction of the
miRNA192 carrying virus in an animal model, mice were infected. These mice
saw little change in weight and survived infection, while WT inoculated mice
experienced severe weight loss and succumbed to infection (Langlois et al. 2013).
Similarly, ferrets were inoculated with a miRNA 192 expressing virus. As
expected, transmission was not hindered by the addition of miRNA 192. Virus
sequenced from these ferrets revealed the presence of miRNA 192 in the HA,
showing stability of this strategy in vivo (Langlois et al. 2013).

Although neither of these strategies was explicitly tested as a vaccine candidate,
each could potentially be incorporated into other LAIV strategies to enhance
attenuation without losing replication activity. These studies prove that it is pos-
sible to engineer a virus that grows to high titers in approved cell lines but is
restricted in the species for which the vaccine would be generated. Thus, miRNAs
could have implications for influenza vaccines for many species.
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3.5.2 Viruses Carrying HA Epitope Tags

Extensive research on another strategy involving the addition of a feature to the
influenza genome has been done. Previously, it was found that the temperature
sensitive mutations are not always enough to attenuate animal influenza viruses, in
particular avian and swine viruses (Song et al. 2007). With the simple addition of
the HA tag, the vaccine becomes significantly safer (Song et al. 2007) (Fig. 4c).
This strategy was complemented with the introduction of the cold-adapted
mutations found in PB2 and PB1 genes of cold-adapted A/Ann Arbor/6/60:
K391E, E581G, and S661T in PB1, and N265S in PB2 (DeBorde et al. 1987;
Maassab 1967; Maassab et al. 1969; Snyder et al. 1988). The safety and efficacy of
this vaccine strategy has been demonstrated in a variety of animal models
including: in ovo, mouse, swine, ferret, and chicken (Cai et al. 2011; Hickman
et al. 2008; Pena et al. 2011; Solórzano et al. 2010; Song et al. 2007). This strategy
has also been shown to be effective in a variety of different backbones against
many viruses including H5, H7, and pandemic H1N1 viruses. With each study, this
strategy has been shown to complement the attenuation seen with the cold adapted
mutations, making an attenuated virus safer and more effective while maintaining
a virus that replicates and grows to WT levels (in MDCK cells and in chicken
eggs) at low temperatures. Additionally, this strategy also serves as a Differenti-
ating Infected from Vaccinated Animals (DIVA) vaccine, as the HA tag is easily
detected and distinguished from WT virus by RT-PCR and western blot. As an
added benefit, the tagged virus is stable through at least 10 passages in eggs and
tissue culture cells (Cai et al. 2011; Hickman et al. 2008; Pena et al. 2011;
Solórzano et al. 2010; Song et al. 2007).

With each backbone that has been modified to carry these mutations and the HA
epitope tag (referred to from here on as an att backbone) and in every animal
model, significant protection against challenge viruses has been shown as well as
reduced viral shedding post-vaccination (depending on the dose, no viral shed-
ding), seroconversion, and strong IgA and IgG responses. Studies in swine are
particularly pertinent and encouraging when considering improvements to human
live-attenuated influenza vaccines and swine vaccines. Swine immunized with an
A/turkey/Ohio/313053/2004 (H3N2) modified backbone, ty/04 att, and pandemic
H1N1surface (A/New York/18/2009 (H1N1)) and challenged with 105 TCID50 of
WT pandemic H1N1 showed IgG responses comparable to swine immunized with
an inactivated adjuvanted A/California/2004 (pH1N1) virus (Pena et al. 2011). IgA
responses in these groups, however, were significantly different. Swine vaccinated
with the ty/04 att vaccine had significantly higher IgA antibodies than the group
vaccinated with the inactivated virus (Loving et al. 2012, 2013; Pena et al. 2011).

Efficacy of the att strategy has also been shown in ovo, the most convenient
time to vaccinate poultry, as the process can be automated. At 19 days old, hen
eggs were vaccinated with an att vaccine possessing an A/chicken/Delaware/
VIVA/2004 (H7N2) surface and an A/guinea fowl/Hong Kong/WF10/99 (H9N2)
att backbone at 106 EID50. Results showed a hatchability rate of about 91 % and a
protection efficiency of 70–80 % (depending on age at challenge) of chickens
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subsequently challenged with 500 chicken infectious dose 50 (CID50) of WT
H7N2 virus (Cai et al. 2011). Thus, this att strategy offers an effective means of
vaccinating poultry while reducing labor costs and ensuring uniform vaccination
of all eggs.

4 Improving Virus Vaccines: Rearrangement
of the Influenza Genome and Use of Viral Vectors

Several lines of evidence have demonstrated that influenza viruses carrying a
reorganized or rearranged genome might serve as candidate seed strains for vac-
cine development. All strategies are based upon our understanding of influenza
virus packaging signals. These signals are comprised of the 50 and 30 non-coding
regions as well as partial coding sequences on the 50 and 30 ends. Packaging signals
have been shown to be essential for efficient and specific incorporation of each
segment into virions (Dos Santos Afonso et al. 2005; Fujii et al. 2005; Liang et al.
2008; Marsh et al. 2007; Muramoto et al. 2006; Watanabe et al. 2003).

4.1 Influenza Viruses Containing an Alternate Number
of Gene Segments

Many vaccine strategies have taken advantage of the influenza A packaging sig-
nals. One study describes the development of a 9-segment experimental vaccine
strategy (Fig. 5a). The PB1 gene of PR8 (H1N1) virus was modified through the
replacement of its packaging signals with those of NA (Gao et al. 2010). Syn-
onymous mutations were introduced into the PB1 ORF to delete the original
packaging signals while maintaining the amino acid sequence. Thus, in the
absence of proper PB1 packaging signals, this chimeric PB1 gene must utilize the
NA packaging signals. Then, utilizing the PB1 packaging signals, a ninth gene
segment was introduced containing an HA ORF from another virus strain (A/HK/
1/68 (H3N2)) flanked by the PB1 packaging signals. A bivalent influenza virus
encoding both the H1 HA from PR8 (H1N1) virus and the H3 HA from A/HK/1/68
(H3N2) virus was successfully generated. Notably, this virus was significantly
attenuated and exhibited decreased growth in eggs compared to the WT virus.
Most importantly, mice inoculated with this virus survived lethal challenge with
100 MLD50 of recombinant PR8 virus and 33.3 MLD50 of X31 virus carrying A/
HK/1/68 (H3N2) HA and NA segments (Gao et al. 2010). Using a similar method,
the authors further showed that the ninth segment could also be incorporated into
the progeny virus particles by the manipulation of specific packaging signals from
PB2 or PA genes (Gao et al. 2010).
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To construct an H9N2 virus-based bivalent influenza vaccine expressing the
HA antigen from two different subtypes, another study employed a different
approach. First, M1 and M2 coding regions (A/Chicken/Jiangsu/11/2002 (H9N2))
were cloned separately into RG vector, pHW2000 (Fig. 5b). Subsequently, the
extracellular domain of M2 protein (1–24 aa) was substituted with the antigenic
sequences of HA1 (1–344 aa) from PR8 (Wu et al. 2010). The recombinant virus
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Fig. 5 Live attenuated approaches for influenza viruses—Other strategies. A variety of
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produced by the co-transfection of modified M1/M2 constructs and 7 other RG
plasmids (2 + 7) was shown to be genetically stable after 10 passages in chicken
embryos or MDCK cells. In vivo studies demonstrated that this virus is low
pathogenic in mice; furthermore, immunization of mice with this virus conferred
complete protection against 100 MLD50 H1N1 challenge and 40 MLD50 H9N2
challenge.

4.2 Generation Influenza Vaccines Containing Bicistronic
Expression Cassettes

Mounting an immune response sufficient to protect against influenza infection has
been problematic in the elderly and other high-risk groups. However, the immu-
nogenicity of live attenuated influenza vaccines can be improved through co-
administration of biologically active molecules such as cytokines and chemokines
(Babai et al. 1999, 2001), especially in the elderly (Mbawuike et al. 1990). This
was achieved through the construction of a bicistronic mRNA in an influenza virus
segment via multiple approaches, such as the insertion of a stop–start sequence
(Kittel et al. 2005; Wolschek et al. 2011), an internal ribosome entry site element
(IRES) (Garcia-Sastre et al. 1994a), an internal viral promoter (Machado et al.
2003), and protease cleavage sites (Kittel et al. 2004; Manicassamy et al. 2010;
Percy et al. 1994). In most studies, GFP or a reporter (such as luciferase) was used
to test the feasibility of the particular strategy.

The stop–start sequence implements an overlapping UAAUG sequence in
which the first 3 nt serve as the stop codon terminating translation of the upstream
gene while the last 3 nt reinitiate translation of the downstream gene (Fig. 5c).
Thus, one mRNA template can produce two separate proteins. Using this method,
Kittel et al. rescued a virus encoding truncated NS1 (1–125 aa) and full-length
human IL-2 (Kittel et al. 2005). This IL-2 expressing virus was genetically stable
in cell culture and the mouse respiratory tract. Additionally, it was safe in mice,
despite the high replication capacity, and evoked an enhanced T cell response
compared to the control virus (Kittel et al. 2005). This method is especially
desirable for the production of immunomodulatory molecules because the
expression level of the foreign gene from the stop–start sequence is relatively low.
To date, recombinant influenza viruses expressing IL-2, IL-24, and CCL-20 have
been successfully rescued (Wolschek et al. 2011). There is precedent for the
enhancement of immunity by the co-administration of immunomodulatory mole-
cules. A similar strategy using a DNA based bicistronic plasmid expressing an
influenza virus NA protein and IL-2, separated by an internal ribosome entry site
(IRES), has been show to enhance protection in mice against PR8 challenge
(Henke et al. 2006).

Another approach to introduce exogenous genes into influenza virus involves
the application of an IRES, as shown by a study performed by Garcia-Sastre et al.
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(Fig. 5d). An IRES from the 50 noncoding region of the human immunoglobulin
heavy-chain-binding protein (BiP) mRNA was employed to promote the transla-
tion of foreign polypeptides (GP2 or HGP2) which were fused with an NA segment
(Garcia-Sastre et al. 1994a). The major problem limiting the use of an IRES is the
highly structured nature of the IRES sequence and size constraints. To date, only
short polypeptides (91 and 125 aa) are reported to be expressed by the recombinant
influenza virus via this method (Garcia-Sastre et al. 1994a).

Based on the finding that the influenza RNA polymerase is capable of recog-
nizing and binding the internally located 30 viral promoter (Flick and Hobom
1999), Machado et al. explored the possibility of rescuing a viable influenza virus
harboring a dicistronic segment with a heterogenous gene under the control of an
internal promoter (Machado et al. 2003). To this end, the authors inserted 19 nt
derived from viral 30 promoter sequence as well as foreign genes (chloramphenicol
acetyltransferase (CAT) and VP0, from Mengo virus) between the stop codon and
50 promoter sequence of the WSN NA segment. The transfected viruses replicated
efficiently in MDCK cells and proved stable upon serial passage (Machado et al.
2003); nonetheless, they expressed low levels of foreign gene product (e.g., CAT
enzyme), indicating that transcription from the internal promoter is inefficient. In a
subsequent study, mice were immunized with these dicistronic viruses. Mice
mounted an immune response against both the foreign gene and influenza, sug-
gesting that this strategy may be a good LAIV candidate for a dual vaccine (Vieira
Machado et al. 2006).

The introduction of an autocatalytic cleavage site (e.g, 2A protease from
enterovirus) between a viral gene product and the desired foreign gene may be a
more preferable strategy for construction of a recombinant influenza virus. The 2A
strategy has two notable advantages. First, the autocatalytic cleavage site is usually
short enough to allow for the insertion of long foreign genes. Second, after self-
cleavage of 2A, only 18 additional amino acid residues remain at the C-terminus of
first protein and 1 additional residue remains at the N-terminus of the second
protein (Percy et al. 1994). These residues are not thought to dramatically affect
protein function. To date, a number of publications have described the cloning of
foreign genes into the influenza virus genome. GFP (Li et al. 2010) and CAT
(Percy et al. 1994) have been cloned into NA. Gluc has been successfully cloned
into PB2 (Heaton et al. 2013). The HIV Nef protein (Ferko et al. 2001) has been
cloned into NS. Other genes have also been incorporated into the NS segment,
such as the early secretory antigenic target protein (ESAT-6) from M. tuberculosis
(Sereinig et al. 2006) and the H5 antigen from A/Vietnam/1203/04 virus (Pena
et al. 2013). All strategies have generated replication competent viruses. In
addition to the 2A protease, an even smaller peptide sequence, DIDGGETDG, can
be recognized and cut by caspase, a cellular enzyme, and has been shown to
provide posttranslational separation of recombinant segments which allows the
expression of a foreign gene in its native form (just as 2A does) (Kittel et al. 2004).
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4.3 Development of Influenza Vaccines Lacking the Ability
to Reassort

In comparison to the inactivated vaccine, the intranasally delivered live-attenuated
vaccine efficiently elicits both enhanced mucosal immunity and a broader cellular
immune response even at low doses (as the above experiments have shown);
nevertheless, concern does exist regarding the risk associated with a possible
reassortment (or segment swapping) event between vaccine strain and circulating
wild-type virus. This concern is perhaps minor when it comes to humans but it is a
major issue that prevents the use of live-attenuated influenza vaccines in livestock
and poultry.

Several strategies have been developed to address this safety concern. The first
is based on the fact that influenza A and B viruses cannot exchange their genes
freely to form a novel progeny virus (Ghate and Air 1999; Kaverin et al. 1983;
Tanaka et al. 1984). To generate a reassortment-incompetent influenza vaccine,
three different chimeric HA genes were constructed in which the signal peptide
sequence, the transmembrane region, and cytoplasmic tail from the B/Yamagata/
16/88 virus HA segment were fused to the HA ectodomain from an H1-subtype
virus (PR8), an H3-subtype virus (A/Hong Kong/6 8(H3N2)), or an H5-subtype
virus (A/Vietnam/1203/04 (H5N1)) (Fig. 5e) (Hai et al. 2011). The chimeric HA
gene together with a truncated NS1 gene (1–110 aa) and six other intact genes
from B/Yamagata/16/88 virus gave rise to a recombinant influenza B virus
expressing influenza A HA protein. These chimeric viruses exhibited an attenuated
phenotype both in vitro (small plaque size and reduced virus titer in MDCK cells)
and in vivo (2 to 3 logs lower viral replication than wild- type influenza B virus in
lungs of mice). The chimeras also retained the ability to induce robust antibody
response and protected mice against lethal infection with H1 (challenge dose,
1 9 103 Pfu), H3 (challenge dose, 1 9 106 Pfu) or H5 viruses (challenge dose,
5 9 103 Pfu) (Hai et al. 2011). The major advantage of these influenza B virus-
based vaccines against influenza A viruses is that they are unable to donate their
HA to wild type influenza A viruses due to the restrictions imposed by the
packaging signals.

Another strategy designed to avoid reassortment between vaccines and virulent
strains is the application of ‘‘swapped’’ influenza A packaging signals. Packaging
signals are specific and unique to each segment, both in length and sequence, as
they include 50 and 30 noncoding regions as well as partial coding sequences at the
50 and 30 ends of each ORF (Goto et al. 2013; Hutchinson et al. 2010). In nature,
each packaging signal can be used only once to ensure eight vRNA segments are
accurately incorporated into the progeny virions. Thus, rewiring the influenza
vRNAs by swapping the packaging signals could be a feasible approach in pre-
venting reassortment of a specific vRNA segment. By cloning the 50 and 30

packaging sequences from NS gene onto the 50 and 30 ends of HA ORF and
eliminating the original packaging elements in HA ORF by synonymous muta-
tions, Gao et al. created a chimeric HA segment which must use the NS packaging
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signals (Gao and Palese 2009). Conversely, an NS gene flanked by the HA
packaging sequence was cloned using the same approach (Fig. 5f). As expected,
the recombinant virus encompassing the chimeric HA and NS segments was
unable to reassort freely with NS and HA segments from wild-type virus (Gao and
Palese 2009). Such a strategy could be expanded to other segments.

Another strategy has shown to be an effective bivalent vaccine against influenza
and Newcastle disease virus (NDV), a significant agricultural pathogen in chick-
ens. In two separate studies, Park et al. and Steel et al. modified the NA gene by
removing the ectodomain and replacing it with the hemagglutinin-neuraminidase
(HN) gene of NDV and H5 avian influenza virus (lacking the polybasic cleavage
site) (Park et al. 2006; Steel et al. 2008) (Fig. 5g). HN is the major antigenic
protein of NDV. Park et al. demonstrated that the chimeric virus expressed the
major antigenic protein of influenza, HA, and of NDV, HN. Additionally, the
chimeric virus grew to high titers in eggs. Steel et al. showed efficacy of this
vaccine in the mouse model and in ovo. Mice were immunized and boosted with
the chimeric virus and challenged with 62.5 MLD50 of mouse adapted A/WSN/33
(H1N1) with an H5 surface (lacking the polybasic cleavage site). Post-vaccination,
no signs of disease were observed in immunized mice. Post-challenge, all sham-
vaccinated mice challenged, succumbed to infection, whereas all vaccinated mice
survived with few signs of infection and little weight loss (Steel et al. 2008). The
chimeric vaccine was then tested in ovo. Eighteen-day old chicken embryos were
vaccinated. Then, at 3-weeks old, these chickens were challenged with either
highly virulent NDV AT 105.2 EID50 or highly pathogenic H5N1 virus at 106.1

EID50. Survivability was high for vaccinated chickens challenged with either virus,
80 % for those challenge with H5N1 and 90 % for those challenged with NDV.
All sham-vaccinated chickens challenged with either H5N1 or NDV died. Thus,
the chimeric virus provided strong protection after in ovo vaccination against
lethal challenge (Steel et al. 2008).

Genome rearrangement was used to prevent reassortment and promote atten-
uation using a bivalent vaccine against both H9 and H5 viruses on an H9N2
backbone (Pena et al. 2013). First, a 2A protease gene and an NS2 gene were
cloned at the end of segment 2 (PB1 gene), causing impaired polymerase activity
as well as reduced viral replication. Next, a 2A protease gene and an H5 gene were
cloned into truncated form of segment 8 (encoding 1–99 aa of NS1 protein) from
which the NS2 gene was removed (Fig. 5h). The resulting virus had two HA
proteins (H9 and H5) on its envelope. This double HA virus induced protection of
mice (after immunization and boost) against lethal H5N1 challenge (Pena et al.
2013). In ferrets, the H5-H9 vaccine (and subsequent boost) provided full pro-
tection against H5 challenge (20, 200, and 2,000 MLD50) and significantly reduced
viral shedding (Pena et al. 2013). Previous studies showed that NS1 and NS2 are
necessary for viral replication. Since these genes are in different segments, any
reassortment event will have to encompass both segments (instead of just segments
2 or 8), rendering reassortment less likely. This strategy has the added benefit of
being a viral vector. Here, the rearranged H9 virus serves as a vector for the H5
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HA surface protein. One can imagine the insertion of other foreign proteins from
influenza and other pathogens in this vector, or a similarly constructed vector, to
create a dual vaccine.

5 Conclusions and Commentary

As discussed throughout this chapter, there is great need to alternative strategies to
the licensed cold adapted, live-attenuated vaccine that provide better protection to
all at-risk groups (Alexandrova et al. 1990; DeBorde et al. 1987, 1988; Maassab
1967; Maassab and Bryant 1999; Maassab et al. 1969; Monto and Maassab 1977).
There is also great need for better agricultural vaccines and new methods to hasten
vaccine production time of a vaccine seed stock during a pandemic. A plethora of
candidate strategies exist for both human and agricultural vaccines as well as
alternative strategies to the generation of a vaccine seed stock. Many of these
strategies show strong efficacy. Indeed, there are many good experimental LAIV
candidates when considering both safety and efficacy. These strategies are
numerous but can be summarized into categories: mutations, deletions, insertions,
and rearrangement.

Some of these strategies are already being evaluated in clinical trials such as the
DNS1-H1N1 strategy. Impressively, this monovalent vaccine generated antibody
responses, which were cross-reactive with heterosubtypic H3N2, and H5N1 virus.
Other strategies, such as the elastase cleavage site strategy and the att (HA tag
strategy) show great promise for safe and effective agricultural vaccines. Each
strategy presents a unique approach to addressing some of the problems that exist
in currently licensed vaccines such as immunogenicity in the elderly and the
potential for reassortment. The right human strategy must be vetted in many
different animal models, be applicable to both influenza A and B, grow to high
titers in approved vaccine cell lines, provide safe and efficacious protection to
high-risk groups, and be easily grown in large quantities. The right agricultural
vaccines must be effective, safe, and most importantly, easy to administer.

Future work should focus on combining LAIV strategies. For example, the
microRNA and the att strategy could be combined. Combining these strategies
would likely enhance stability of the vaccine as well as add a DIVA element to the
vaccine without dramatically decreasing replication. Such a vaccine has
the potential of being applicable to agricultural animals and humans; furthermore,
the selected miRNA could be tailored to the appropriate host without fear of
recombination of the vaccine strain with a WT virus in a different host. Research
should also be aimed at working within the confines of FDA approved growth
medium or closely related growth medium. This will minimize the hurdles
involved in seeking FDA approval and will allow manufacturers to use existing
vaccine production infrastructure to produce new LAIV vaccines.

Research dollars must also continue to be invested in identifying potential
epitopes for incorporation into rearranged genome or bicistronic vaccines in order
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to more broadly stimulate the immune response to influenza and enhance cross-
protection provided by a given vaccine, particularly in the elderly. These epitopes
could be influenza derived or simply better stimulate the immune system as in the
delivery of immunomodulatory molecules discussed in this chapter.

Again, while there is more research to be done, the field is advancing in such a
way that it is only a matter of time before safer, more efficacious LAIV vaccines
become available for administration to the public. Likely many of the vaccine
strategies discussed in this chapter or some variation of the same themes will, in
time, come to market. Meanwhile, the research continues.
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Rapid Production of Synthetic Influenza
Vaccines

Philip R. Dormitzer

Abstract The strain composition of influenza vaccines must be changed regularly
to track influenza virus antigenic evolution. During outbreaks with pandemic
potential, strain changes are urgent. The systems for accomplishing vaccine strain
changes have required the shipment of viruses and other biological materials
around the globe, with delays in vaccine availability, and have used legacy
techniques of egg-based virus cultivation, resulting in vaccine mismatches. In
collaboration with Synthetic Genomics Vaccines Inc. and the US Biomedical
Advanced Research and Development Authority, Novartis has developed a syn-
thetic approach to influenza vaccine virus generation. Synthetic influenza vaccine
viruses and mammalian cell culture technology promise influenza vaccines that
match circulating influenza strains more closely and are delivered in greater
quantities, more rapidly than vaccines produced by conventional technologies.
These new technologies could yield an improved influenza vaccine response
system in which viral sequence data from many sources are posted on the Internet,
are downloaded by vaccine manufacturers, and are used to rescue multiple,
attenuated vaccine viruses directly on high yielding backbones. Elements of this
system were deployed in the response to the 2013 H7N9 influenza outbreak in
China. The result was the production, clinical testing, and stockpiling of an H7N9
vaccine before the second wave of the outbreak struck at the end of 2013. Future
directions in synthetic influenza vaccine technology include the automation of
influenza virus rescue from sequence data and the merger of synthetic and self-
amplifying mRNA vaccine technologies. The result could be a more robust and
effective influenza vaccine system.
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1 Introduction

The dictum that ‘‘good manufacturing is boring’’ does not apply to influenza
vaccines. For almost all other pharmaceuticals, every lot of product, every year, as
nearly as possible, is composed of exactly the same materials, manufactured by the
exactly same process, and tested by exactly the same assays. To approach this
ideal, pharmaceutical manufacturing should be repetitively, monotonously boring.
In a singular exception, influenza vaccine manufacturing is consistently exciting,
often uncomfortably so, for manufacturers, regulators, and public health officials.
For most influenza seasons and during pandemics or outbreaks with pandemic
potential, a global network of surveillance laboratories, reference laboratories, and
influenza vaccine manufacturers race against the clock to adjust the vaccine to
counter the virus’ constant antigenic variation (Stohr 2013). If every year’s
influenza vaccine perfectly matched previous years’ vaccines, influenza immuni-
zation would soon cease to offer protection, as occurred in 1947, when the first
influenza vaccine began to fail, only 4 years after it was first shown to be effective
in humans (Francis et al. 1947).

To start a new influenza vaccine manufacturing campaign, a key material, the
vaccine seed virus, often must be changed to match circulating strains. Because
each new vaccine seed virus may have unique growth and antigen productivity
characteristics, the conditions of virus infection often must be optimized. Because
the new virus and its proteins will have unique biochemical characteristics, the
processes for virus purification, antigen extraction, antigen purification, and vac-
cine formulation may need to be adjusted. Because the new virus will have unique
antigenic characteristics, the strain-specific antigen standards and antisera used to
measure antigenic similarity or difference and to assay vaccine antigen content
must be re-derived and calibrated. For pandemic strains and novel strains with
pandemic potential, the distribution in human populations of pre-existing levels of
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specific antibodies and T cells may be unknown, creating uncertainty regarding the
optimal antigen dose, number of injections, and need for an adjuvant. Therefore,
for pandemic or pre-pandemic vaccines, basic immunization parameters may need
to be re-established through clinical testing.

Because new influenza variants emerge and spread globally through human
populations so rapidly, the global system of laboratories, agencies, and manu-
facturers, using current techniques, does not always provide new, well-matched
influenza vaccines in time (CDC 2004a, b; WHO 2013a). Due in part to antigenic
changes that occur during egg adaptation, low strain isolation rates in eggs for
H3N2 strains, difficulty in selecting a B strain of the correct lineage, and the six
month or greater lag between strain selection and vaccine distribution, seasonal
influenza vaccines often include strains that do not accurately match those cir-
culating in humans at the time that the vaccines are distributed (Kishida et al.
2012; Schild et al. 1983; Skowronski et al. 2014; Tricco et al. 2013). During
pandemics, little if any vaccine has been available during the initial waves of virus
spread (Tizzoni et al. 2012). Recent efforts to improve vaccine responses to the
emergence of new influenza variants have included research into universal influ-
enza vaccines, increasing the number of strains in each vaccine, and increasing the
speed and accuracy of vaccine strain changes.

A universal flu vaccine would protect against a greater variety of influenza
strains over a longer period of time than today’s vaccines and would lessen or
eliminate the need to change the vaccine to track viral evolution. Adjuvants, such
as the oil-in-water emulsion MF59, do increase the breadth of vaccine-elicited
immunity but not sufficiently to obviate the need for seasonal vaccine strain
changes (Orsi et al. 2013). In recent years, a series of scientific discoveries has
invigorated universal flu vaccine development efforts. Yet, even a severe case of
naturally acquired influenza does not elicit long-lasting immunity that protects
against multiple influenza virus subtypes or even against substantially drifted
strains of the same subtype. Therefore, despite exciting science and the long-term
promise of universal influenza immunization, in the near future, it is unlikely that a
universal flu vaccine will be deployed and eliminate the need for the rapid pro-
duction of new, strain-specific influenza vaccines.

Including more strains in each vaccine could increase vaccine coverage of
antigenic variants. Influenza B viruses belong to two major lineages, Yamagata
and Victoria, which have limited antigenic cross-reactivity. Both lineages circulate
in human populations. A trivalent seasonal influenza vaccine contains only one B
strain. The current strain selection system picked the B lineage that would dom-
inate a new vaccine’s influenza season in only five of the 10 years from 2000 to
2011, a success rate no better than random (Ambrose and Levin 2012). In
response, quadrivalent vaccines, with two influenza A strains (of the H1N1 and
H3N2 subtypes) and two influenza B strains (of the Yamagata and Victoria lin-
eages), have been introduced (ACIP 2013). Quadrivalent vaccines can offer
increased coverage in those years in which a significant amount of disease is
caused by the B lineage not included in the trivalent vaccine. However, as the
number of strains and amount of antigen in each vaccine dose increases, the
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number of doses that can be produced decreases. The challenge of adding even one
new strain to existing influenza vaccines indicates that the degree of multivalency
that would be needed to yield universality through the inclusion of multiple strains
is not feasible with currently used vaccine technologies, even if one could predict
future antigenic variation well enough to know which strains to include. The near
impossibility of predicting new pandemic strains with accuracy means that a
highly multivalent vaccine could, at best, prime for limited cross-reactivity with
pandemic strains but not target them precisely enough to eliminate the need for
strain-specific pandemic vaccines.

The challenges facing universal flu vaccine approaches and the limitations to
strain prediction and multivalency result in a need to increase the speed and
accuracy of influenza vaccine strain changes. Increased accessibility of viral gene
sequencing promises a far more widely distributed and rapid ability to detect the
emergence and spread of new viral variants. Digital communication via the
Internet allows sequence information to be transmitted far more rapidly, reliably,
safely, and widely than biological materials (such as respiratory secretions, viru-
ses, and sera) can be shipped through the mail. Synthetic biology now enables
digitally transmitted sequences to be converted rapidly into the genes that encode
new influenza variants (Dormitzer et al. 2013). Molecular virology techniques
readily convert synthesized genes into vaccine viruses, tailored to safe and efficient
influenza vaccine manufacturing. Combined, the advances in nucleic acid
sequencing, digital communication, synthetic biology, and molecular virology
promise simplification of the influenza surveillance and strain selection system,
substantial acceleration of vaccine strain changes, and improved match between
vaccine antigens and circulating, disease-causing, wild-type influenza virus strains
(Table 1).

2 The Current System of Seasonal, Pandemic,
and Pre-Pandemic Influenza Surveillance
and Vaccine Virus Generation

For influenza vaccines with hemagglutinin (HA) or neuraminidase (NA) antigens
that are generated from sources other than synthetic genes [including whole inac-
tivated virus, split, recombinant or nonrecombinant subunit, recombinant virus-like-
particle (VLP), and live attenuated vaccines], a circulating wild-type influenza virus
from the respiratory secretions of a patient with influenza is an essential starting
material. Under the current system, for nonrecombinant influenza vaccines, the
wild-type virus must be isolated in eggs, passaged in eggs, and characterized anti-
genically and genetically to produce a ‘‘vaccine prototype virus’’ [also called a
‘‘candidate vaccine virus (CVV)’’]. For influenza type A strains, ‘‘high growth
reassortant (HGR) viruses’’ are usually produced as an intermediate step between the
wild-type virus and the prototype vaccine virus. To make a high growth reassortant,
the isolated and passaged wild-type virus descendant is mated in eggs with a donor
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Table 1 Opportunities to improve influenza surveillance and strain generation

Current state Opportunity Benefits

National Influenza Centers
(NICs) ship respiratory
samples and influenza virus
isolates to World Health
Organization Collaborating
Centers (WHO CCs) for
processing and analysis

NICs conduct direct
metagenomic sequencing
of respiratory samples and
immediately post
anonymized HA and NA
sequence data in publically
accessible databases

No delay due to shipment of
samples from NICs to
WHO CCs. No loss of
viability in shipment.
Lower biosafety risk in
transit. Greater access of
scientific community to
data

Influenza surveillance data
generation primarily by
NICs

Influenza surveillance data
generation a by-product of
routine metagenomic
clinical diagnosis of
respiratory infections with
continuous bioinformatics
analysis of sequence data
stream

Greatly expanded influenza
surveillance database. New
influenza variants detected
promptly

Viruses for use in vaccine
manufacturing re-isolated
from respiratory secretions
on eggs at WHO CCs, with
accompanying egg-
adaptive mutations

Viruses rescued on mammalian
cells from genes
synthesized based on
posted sequences of HA
and NA genes in
respiratory specimens

No egg-adaptive mutations.
More antigenic variants
rescued. Better antigenic
match of vaccines to wild-
type viruses. Potential for
improved vaccine efficacy.
No introduction of
adventitious agents from
human respiratory
secretions

Isolated viruses reassorted onto
attenuated, high growth
backbones

Viruses rescued directly from
synthesized HA and NA
genes on attenuated, high
growth backbones

Time savings by generation of
HGRs immediately after
sequences posted with no
intermediate steps.
Improved virus rescue
success rates. No need to
cultivate virulent wild-type
viruses

Low throughput vaccine
prototype and HGR
generation techniques used

Automated, highly parallel
production of prototype
vaccine viruses

With a greater selection of
prototype viruses, higher
yielding, better matched
vaccine viruses available
sooner

Strain selection conducted in
closed door meetings with
antigenic data released for
open scientific review after
selection made. Subsequent
critiques of strain selection

Antigenic data posted as
metadata in publically
accessible sequence
databases as soon as the
data are generated. Open
scientific review of data
before an open strain
selection meeting

Better strain selection,
informed by open scientific
review. Reduced second-
guessing of strain selection
after the fact

(continued)
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Table 1 (continued)

Current state Opportunity Benefits

Activities leading to vaccine
seed viruses dispersed
between WHO CCs,
reassortant laboratories,
and manufacturers, with
materials shipped between
laboratories

All activities to generate a seed
virus stock, starting with
downloading HA and NA
sequences, consolidated in
manufacturers’ laboratories

Time savings as steps in seed
virus generation
overlapped, with some
steps conducted at risk
while analyses of previous
step pending. No shipping
and fewer permitting
delays. No switching
between virus growth
platforms. Fewer
communication gaps. A
single quality standard

Separate consideration of
human biosafety and
poultry or swine biosafety
for permitting of shipment
or use of new zoonotic
influenza strains in the US

Greater integration of CDC
and USDA evaluation of
new influenza strains

Faster pandemic vaccine
response

Predictably attenuated vaccine
prototype viruses for high
pathogenicity avian strains
considered select agents
until after a months-long
evaluation and exclusion
process

Presumptive exclusion from
select agent status for
vaccine viruses for high
pathogenicity avian strains
when the HA polybasic
cleavage site is removed
and an attenuated vaccine
backbone is used

Months saved in the vaccine
response to a high
pathogenicity avian
influenza pandemic

Most influenza vaccines
produced in eggs

Most vaccine production in
cell culture

Together with cell culture-
based vaccine seed virus
production and
surveillance, would
eliminate vaccine
mismatch due to egg-
adaptive mutations.
Completely eliminate all
traces of egg allergens from
vaccines. Eliminate
adventitious agents and
bioburden originating from
chickens. More rapid start
of vaccine production
under containment in early
days of a pandemic. More
rapid scale up of antigen
production for pandemics.
Eliminate chance of
vaccine system failure in a
pandemic of a strain that is
highly virulent for both
humans and chickens

(continued)
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strain [such as A/Puerto Rico/8/34 (PR8) for inactivated vaccines or A/Ann Arbor/6/
60 or A/Leningrad/134/57 for live attenuated vaccines] to combine the isolate’s HA,
NA, and potentially other genome segments with a donor genetic backbone with
more favorable properties for vaccine production (Ghendon et al. 1984; Kilbourne
1969; Maassab et al. 1969). Even for influenza vaccines and vaccine candidates
produced recombinantly, a wild-type virus starting material is needed as the source
of the viral RNA used to produce cDNA encoding HA or NA. The cDNA is used to
rescue a recombinant influenza virus, baculovirus, or other vector or to produce an
influenza antigen-expressing cell line (Fries et al. 2013; Nicolson et al. 2005;
Treanor et al. 2011). In all of these variants of non synthetic generation of the genes
encoding HA or NA, various physical materials (respiratory secretions, infectious
viruses, viral RNA, or cloned virus genes) must be shipped from the site of collection
to one or more intermediate processing sites and on to vaccine manufacturers,
generally crossing multiple national borders, with potential for loss of biological
activity, and (for potential pandemic viruses) often with delays for permitting.

A large and complex network of laboratories and authorities carry out influenza
surveillance, strain selection, development of potency reagents, and the initial
steps in the generation of vaccine viruses (WHO Writing Group 2012). This
network, coordinated by the World Health Organization (WHO) makes up the
Global Influenza Surveillance and Response System (GISRS). The first set of
laboratories, the globally distributed National Influenza Centres (approximately
141 laboratories at the time of writing), obtain respiratory secretions from patients
to isolate wild-type influenza viruses by culture in chicken eggs or, more often, in
Madin-Darby canine kidney (MDCK) cells. This continuous cell line is highly
sensitive to infection by influenza virus but not by most other viruses (Roth et al.
2012). Influenza-positive specimens of interest are then shipped to one of the
second set of laboratories, the six WHO Collaborating Centres (CCs). The WHO

Table 1 (continued)

Current state Opportunity Benefits

Egg-based vaccine potency
reagents supplied by
Essential Regulatory
Laboratories (ERLs) before
mammalian cell-based
reagents

No preferential provision of
egg-based vaccine potency
reagents to manufacturers

Eliminate delay in release of
mammalian cell-produced
influenza vaccines relative
to egg-produced vaccines

Single radial immunodiffusion
(SRID) used to assay
potency for vaccine release,
requiring generation of new
sheep antiserum for each
strain change

Purely biophysical,
conformationally-sensitive
vaccine potency assay
available days after
sequence is posted

Eliminate delay in vaccine
release due to lack of
calibrated potency reagents

After vaccine prototype virus
generated, months of
additional work to make
the first vaccine batch

Fully synthetic SAM
�

influenza vaccine
First vaccine batch generated

approximately one week
after sequences posted
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CCs have the expertise and panels of reagents needed to characterize influenza
viruses antigenically and often carry out other phenotypic and genetic analyses of
new strains to produce vaccine prototype strains. Reassortment of the egg-isolated
viruses to make HGRs may take place in a WHO CC or in additional reassortment
laboratories, which include an academic laboratory (at New York Medical Col-
lege, which produces HGRs for inactivated vaccines) and industrial laboratories (at
CSL in Australia, which produces HGRs for inactivated vaccines, and at Med-
Immune, which produces live attenuated vaccine viruses). Shipment of viruses and
viral antigen preparations to another set of laboratories, the four Essential Regu-
latory Laboratories (ERLs), is required to generate the calibrated reagents used to
assay HA antigen content for the release of most nonreplicating influenza
vaccines.

Based on the analysis of epidemiologic, antigenic, and other phenotypic
information from the GISRS and other laboratories, the influenza experts on a
WHO Technical Advisory Group issue strain selection recommendations twice a
year (once for the northern hemisphere and once for the southern hemisphere),
designating ‘‘reference viruses’’ that the viruses used to make vaccine antigens
must match antigenically. These recommendations are then reviewed and gener-
ally endorsed by national regulatory authorities. The WHO can recommend
influenza virus strains for vaccine production, but only national regulatory agen-
cies have the authority to approve or reject influenza vaccines based on their strain
composition and other characteristics. For seasonal influenza vaccines, the regu-
latory mechanisms of control over vaccine content include initial licensure and
annual vaccine license updates. For pandemic vaccines, there are additional
mechanisms, such as ‘‘mock-up file’’ updates or emergency use authorization to
speed vaccine distribution for public health emergencies (FDA 2007; CPMP
2004). Based on the WHO recommendations and often in anticipation of likely
recommendations, vaccine prototype viruses and reference viruses are shipped
from GISRS laboratories to vaccine manufacturers. Other reagents shipped by the
GISRS network to manufacturers include the ferret antisera used to assess anti-
genic identity, the sheep antisera and calibrated antigen standards used to assess
vaccine HA content, and in some cases extracted viral RNA or cloned genes.

Using the vaccine prototype viruses received from the GISRS network, man-
ufacturers make carefully controlled ‘‘vaccine seed virus’’ stocks that meet regu-
latory requirements for inoculation into eggs or cell culture fermenters for vaccine
antigen production under ‘‘good manufacturing practice (GMP)’’ quality systems.
The generation of seed virus stocks involves adapting a prototype vaccine virus to
the manufacturer’s production platform by serial passage in eggs or mammalian
cells, as well as adventitious agent testing and additional characterization. An
additional cycle of shipping biological materials ensues as the vaccine seed viruses
and vaccine bulks are shipped from manufacturers to WHO CCs, ERLs, and
national regulatory authorities for testing for antigenic similarity to the reference
viruses, for HA content, and for other characteristics.

A primary strength of the GISRS is its long track record of achievement. It is
well-established, global in scope, and a repository of expertise in the practice of
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influenza vaccine generation. Influenza remains the most variable virus for which
we can produce effective vaccines, and this achievement is due, in large part, to the
functioning of the GISRS. The speed with which new influenza vaccines are
produced in response to epidemiologic events is unparalleled for any other mass-
distributed pharmaceutical product for human use, and it is extraordinary that such
a complex set of activities unfolds twice a year with the success rate that the
GISRS has demonstrated.

In response to the threat of a highly pathogenic H5N1 avian influenza pan-
demic, the GISRS has adopted influenza reverse genetics technology (Nicolson
et al. 2005). Influenza reverse genetics refers to the transfection of mammalian
cells with cloned and sometimes modified influenza genes to generate infectious
influenza viruses (Hoffmann et al. 2000). The technology is needed because wild
type, high pathogenicity H5N1 influenza viruses are too hazardous to use as
vaccine seed viruses for manufacturing and are inefficient at producing HA and
NA antigens, killing chicken embryos before HA accumulates to high levels
(Subbarao et al. 2003). Many of the WHO CCs have cloned the HA genes of the
high pathogenicity strains, used reverse genetics to eliminate each strain’s HA
polybasic cleavage site (a key pathogenicity determinant), rescued these attenuated
pre-pandemic vaccine viruses in Vero cells on PR8 backbones, and made them
available to manufacturers and researchers, but only after passage in chicken eggs
(Nicolson et al. 2005; WHO 2014a). The use of reverse genetics technology for
vaccine virus generation has not been generalized to GISRS operations for sea-
sonal vaccines.

The GISRS will now have to adapt to newly emerging, revolutionary methods
of prototype vaccine virus generation that go beyond the use of reverse genetics for
pandemic response. Reliance on legacy technologies may result in now avoidable
delays, shipping mishaps, and vaccine mismatches. In a practice for which there
are now alternatives, viruses previously isolated from respiratory secretions on
mammalian (MDCK) cells are generally re-isolated in eggs from shipped respi-
ratory secretions by the WHO CCs. For pragmatic reasons, the MDCK cell lines
and laboratory practices in NICs are standardized for initial virus isolation for
surveillance, not for generating virus preparations suitable for use as starting
materials to manufacture vaccines under GMP for injection into large populations
of humans. Therefore, re-isolation of viruses on eggs at the WHO CCs is always
necessary but not always successful, particularly for H3N2 strains. Recent circu-
lating H3N2 strains have had an isolation rate in eggs as much as 30-fold lower
than the rate in MDCK cells (Stevens et al. 2010). In some years, such as 2004, no
well-matched H3N2 strain could be isolated in eggs in time to produce a seasonal
vaccine, resulting in a substantial vaccine mismatch for that subtype, an occur-
rence associated with decreased vaccine effectiveness (Belongia et al. 2009;
Centers for Disease Control and Prevention 2004b; Widjaja et al. 2006).

One major concern with the current system is that, even when viruses do
successfully adapt to growth in eggs, adaptation consistently causes mutations in
the sialoside binding site of HA, as the virus adapts from recognizing the dominant
influenza virus receptors in human respiratory epithelium (a-2,6 sialosides) to
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recognizing the dominant receptors in the chicken egg allantoic cavity (a-2,3
sialosides) (Katz et al. 1990; Schild et al. 1983; Shinya et al. 2006). Because potent
neutralizing antibodies bind near the sialoside binding pocket on the HA head,
egg-adaptive genetic changes can alter the antigenicity of the virus, creating a
mismatch between vaccine antigens and the antigens of circulating viruses
(Kishida et al. 2012; Skowronski et al. 2014).

Egg-adaptive mutations in recent WHO-recommended, egg-isolated A/H3N2
and B Victoria lineage viruses used for vaccine production have heightened con-
cerns and emphasized the need for an improved system of vaccine prototype virus
development that does not include virus passage in eggs. For the H3N2 subtype, an
antigenic and serologic analysis by a WHO CC of the egg-adapted, A/Perth/16/
2009-like, A/Victoria/210/2009-based, X187 reassortant vaccine virus (used for the
2010–2011 and 2011–2012 northern hemisphere campaigns) showed significantly
reduced match to circulating influenza strains due to egg adaptive mutations
(Kishida et al. 2012). Similar conclusions are reached by antigenic and serologic
analyses comparing MDCK-isolated with egg-adapted A/Victoria/361/2011 H3N2
vaccine viruses (used for the 2012–2013 and 2013–2014 northern hemisphere
campaigns) and by inspection of antigenic cartographic maps comparing MDCK-
isolated with egg-adapted A/Texas/50/2012 H3N2 vaccine viruses (introduced in
2014) (Cox 2013, 2014; Skowronski et al. 2014). Analysis of the B/Brisbane/60/
2008 Victoria lineage (the type B lineage chosen for the 2010–2011 and 2011–2012
northern hemisphere trivalent vaccines and for a component of the 2012–2013 and
2013–2014 northern hemisphere quadrivalent vaccines) vaccine virus also shows a
mismatch to circulating strains due to egg adaptive mutations (Kishida et al. 2012).
Thus, for the 4 years prior to the writing of this paper, the only reliably matched
components of the trivalent or quadrivalent influenza vaccines have been the A/
California/7/2009-like A/H1N1 strains that were introduced after the 2009 pan-
demic and, in some years, the B Yamagata lineage component.

Because of incomplete presentation of the cultivation history of strains, it is
difficult to determine from publically available literature how commonly signifi-
cant vaccine mismatch due to egg-adaptation occurred before 2010. Only since
2013 has the antigenic distinction between MDCK cell-isolated and egg-isolated
versions of virus strains with the same name been highlighted consistently in
WHO and CDC strain selection reports (Cox 2013, 2014; WHO 2013a, 2014c).
For the 2013–2014 northern hemisphere season, the WHO advisory panel broke
with precedent by specifying that H3N2 vaccine prototype viruses should anti-
genically match a mammalian cell-adapted A/Victoria/361/2011 strain (WHO
2013a). However, no manufacturer, even those that could produce vaccine antigen
in mammalian cells, had the license modifications needed to use vaccine seed
viruses isolated on mammalian cells. Therefore, no manufacturer could act on the
improved recommendation. As this barrier to the use of vaccine seed viruses with
no egg passage history remained (because of the need for time-consuming regu-
latory adaptations), for the 2014–2015 northern hemisphere campaign the WHO
dropped the distinction between egg-adapted and mammalian cell-adapted H3N2
viruses in its recommendation (Cox 2014; WHO 2014c).
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For full implementation of completely egg-free production, timely supply of
mammalian cell-based potency testing reagents from the ERLs will be required in
the future. Such reagents are just now being introduced, but because calibrated
egg-based antigen standards and antisera are still made available for vaccine
release before mammalian cell-based standards, the release of potentially better-
matched mammalian-cell based vaccines is delayed relative to egg-based vaccines.

During the 2013–2014 northern hemisphere campaign, the impact of the H3N2
and B Victoria lineage mismatches was mitigated in the United States by the
predominance of H1N1 strains (Cox 2014). However during the 2010–2011,
2011–2012, and 2012–2013 seasons, H3N2 strains dominated in the US (Finelli
2013; Grohskopf 2011, 2012). During the 2012–2013 influenza season, for
example, particularly low vaccine effectiveness was documented. Against H3N2
strains, for vaccine recipients in the United States across age groups, vaccine
effectiveness was 47 % [95 % confidence interval (CI) 35–58 %], and in those
over 65, effectiveness was a mere 9 % (95 % CI -84–55 %) (Centers for Disease
Control and Prevention 2013). An analysis of vaccine effectiveness in Canada
revealed similar findings (Skowronski et al. 2014).

Introduction of synthetic vaccine prototype virus generation and exclusive use of
mammalian cells for vaccine seed stock production and vaccine antigen manu-
facture could reduce the level of vaccine antigenic mismatch to circulating strains.
It remains to be determined how large an improvement in influenza vaccine
effectiveness would result from the complete elimination of eggs from all aspects of
the influenza vaccine enterprise—isolation of viruses to provide sequence and
antigenic data, vaccine virus production, and vaccine antigen production.

3 The 2009 H1N1 Pandemic Response

The 2009 pandemic was caused by a H1N1 influenza variant that was antigenically
more distant from the H1N1 strains that were introduced in 1977, most likely
through a laboratory release, than from the 1918 pandemic strain (Wei et al. 2010;
Zimmer and Burke 2009). The GISRS system provided Novartis Vaccines and
other manufacturers with an initial high growth reassortant virus (X179A)
approximately six weeks after the outbreak was first recognized to have spread to
the United States from Mexico (Centers for Disease Control and Prevention 2009).
The vaccine prototype virus was produced by conventional reassortment in eggs of
a circulating H1N1 pandemic strain (Robertson et al. 2011). Vaccine seed prep-
arations made from this initial vaccine prototype virus produced about one-third of
typical H1N1 HA yields in manufacturing, and a vaccine did not become widely
available until after the second pandemic wave had peaked in October and
November of 2009 (Tizzoni et al. 2012). A high yielding vaccine virus (NIBRG-
121xp), generated by serial passage in eggs of a first generation H1N1 pandemic
reverse genetics-derived vaccine virus, was not available until 126 days after the
first US cases were identified (Robertson et al. 2011).
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Novartis Vaccines responded to the H1N1 outbreak by attempting to generate
its own vaccine virus by reverse genetics (Hoffmann et al. 2000). Although this
effort did not lead to the vaccine virus that was used to make any of Novartis’ three
licensed H1N1 pandemic vaccines, the results of the effort led to the plan to
develop a system to generate vaccine viruses from synthetic DNA, without
needing to receive physical virus isolates, extracted viral RNA, or cloned viral
cDNA. In April 2009, Novartis only practiced influenza reverse genetics on a very
limited scale, to generate basic research reagents for immunology experiments,
had not contemplated making its own vaccine viruses, and had not even cloned the
genes encoding the standard PR8 vaccine backbone into a suitable vector. An
initial attempt to rescue a H1N1 pandemic vaccine virus using HA and NA genes
synthesized by a commercial synthetic DNA provider did not yield a viable virus.
However, reverse genetics rescue using HA and NA genes that Novartis cloned
from H1N1 viral RNA provided by the US CDC and backbone genes rapidly
cloned from PR8 succeeded, resulting in the first H1N1 potential pandemic vac-
cine virus globally, on May 11, 2009, well before a vaccine virus was available
from GISRS (Dormitzer et al. 2013).

Novartis’ initial reverse genetics-derived virus could not be used to make
vaccines for human use because the virus had been rescued on 293T cells, which
were not approved for use in human vaccine production. Therefore, Novartis
adapted the reverse genetic rescue process to use its manufacturing MDCK
33016PF cell line and, with academic collaborators at the Phillips-Universität
Marburg biosafety level 4 (BSL4) laboratory, reproduced the rescue under highly
controlled circumstances (Strecker et al. 2012). The resulting vaccine virus was
available 2 days after a vaccine virus was first received at a Novartis manufac-
turing site from the GISRS. Novartis decided not to use the virus it had rescued for
vaccine manufacturing. The regulatory risks of using a vaccine virus generated by
a new process were too great, once a vaccine virus produced by the GISRS using
the standard processes became available. Had the H1N1 vaccine not been
approved for use due to lack of regulatory acceptance of a virus produced by a
novel process, there would have been no time to produce a new vaccine, with
potentially damaging public health and business consequences.

The speed with which a small group of scientists generated a vaccine virus,
refining techniques along the way, signaled that new technologies had the potential
to generate vaccine viruses much more rapidly than legacy technologies. There-
fore, Novartis partnered with the J. Craig Venter Institute (JCVI), Synthetic
Genomics Vaccines Inc. (SGVI), and the US Biomedical Advanced Research and
Development Authority (BARDA) to develop a synthetic approach to vaccine
virus generation.
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4 The Basic Technologies of Synthetic Influenza
Vaccine Virus Generation

At the start of the synthetic vaccine virus program, gene synthesis technologies
were well advanced. JCVI had synthesized a complete, modified Mycoplasma
mycoides genome and used that genetic ‘‘software’’ to ‘‘reboot’’ cellular ‘‘hard-
ware,’’ to generate a microbe with an entirely synthetic genome (Gibson et al.
2010a). In addition, a complete mouse mitochondrial genome had been synthe-
sized by a technique (Gibson assembly) in which three enzymes (T5 exonuclease,
Phusion polymerase, and Taq ligase) work together in a single tube, single tem-
perature reaction to stitch together 60 base oligonucleotides, which overlap
complementary oligonucleotides by 20 bases to form a gapped double-stranded
DNA template (Gibson et al. 2010b). The observation that the mycoplasma gen-
ome was assembled from 10 kb synthetic intermediates, each a bit smaller than a
13.5 kb influenza genome, indicated that the synthetic production of influenza
genomes for vaccine virus rescue was practical (Gibson et al. 2010a).

Given the success in generating a much larger, fully functional genome, it was
somewhat surprising that our initial attempts to generate vaccine viruses quickly
using synthetic technology failed. The cause was a high error rate in gene syn-
thesis. The errors originated in oligonucleotide synthesis by phosphoramidite
chemistry, which omits a residue approximately once every 500–750 bases due to
failure of chemical coupling (Gibson et al. 2010b). The resulting genes contain
frame shifts, rendering them unusable. Approximately 3 % of the HA (1.7 kb) and
NA (1.5 kb) genes had the intended nucleotide sequence (Dormitzer et al. 2013).
During the assembly of the entire 1,080 kb mycoplasma genome, stepwise con-
struction, in which candidate assembly intermediates were cloned, amplified,
purified, and sequenced, and those with the correct sequence were selected for the
next stage of assembly, followed by repeat cloning, amplification, purification,
sequencing, and assembly, overcame the inaccuracy of chemical oligonucleotide
synthesis (Gibson et al. 2010a). This process was too slow and labor intensive to
make multiple influenza viruses rapidly for vaccine strain changes.

The solution was to eliminate gaps between oligonucleotides, to assemble entire
coding sequences in a single step, and to introduce enzymatic error correction
(Dormitzer et al. 2013). In a double-stranded DNA molecule, a deletion on one
strand kinks the molecule. That deformation can be recognized enzymatically, and
the affected DNA cleaved (ErrASE, Novici Biotech). By chemically synthesizing
oligonucleotides corresponding to the entirety of each strand of a double-stranded
DNA molecule (with staggers between oligonucleotide boundaries on each strand
but no gaps between the oligonucleotides that constitute each strand), any deletion in
one strand is very unlikely to be matched with a corresponding deletion on the
complementary strand. The application of two rounds of enzymatic recognition and
cleavage of such kinked molecules followed by amplification results in over 90 % of
synthesized HA and NA genes having the intended sequence (Dormitzer et al. 2013).
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The remainder of the error correction is provided by biological selection. HA or NA
genes with frame shift mutations will rarely allow the rescue of viable viruses.

Because the error rate in viruses rescued from error-corrected genes is so low, it
is not necessary to clone and sequence synthetic genes before virus rescue. Rather,
oligonucleotide synthesis, gene assembly, enzymatic error correction, and virus
rescue are carried out in an unbroken, rapid process. After virus rescue, viral
genome sequencing is done in parallel with downstream virus processing activi-
ties, such as amplification and phenotypic characterization. Less than a day is
needed from downloading a nucleotide sequence of a new influenza virus to the
completion of HA and NA linear gene cassettes ready to transfect, complete with
dual promoter control sequences for genomic RNA and mRNA expression
(Dormitzer et al. 2013). Backbone genes are prepared in advance as aliquoted,
highly purified plasmid preparations, ready to use in various combinations with
newly synthesized HA and NA linear gene cassettes. Rapidly synthesized genes
could be used not only to rescue influenza vaccine viruses but also to make gene
constructs for alternative, recombinant influenza vaccine technologies, such as
subunit or virus-like particle vaccines expressed from recombinant baculovirus-
infected insect cells, and to make other reagents useful for pandemic or outbreak
responses, such as defective lentivirus-based pseudoviruses for neutralization
assays (Alberini et al. 2009; Dormitzer et al. 2012; Fries et al. 2013; Landry et al.
2010; Treanor et al. 2011).

The cell lines used to make vaccines are scrutinized intensively. Adventitious
agent and oncogenic potential, genetic and phenotypic stability, banking proce-
dures, culture conditions, media raw material origins, and documentation are all
carefully examined and controlled (FDA 2010). Adapting influenza virus reverse
genetic rescue to the same MDCK 33016PF cell line used for vaccine manufac-
turing allowed a single, well characterized and accepted cell line to be used from
vaccine virus generation to vaccine antigen production (Dormitzer et al. 2013). An
early report indicated that the DNA-dependent RNA polymerase I (pol I) used to
produce negative-strand, genomic RNAs in the ambisense influenza reverse
genetics rescue system required a species-specific promoter (Wang and Duke
2007). Therefore, we anticipated that canine pol I promoters would be needed for
reverse genetic rescue in MDCK cells. However, unlike the parental MDCK cell
line, the suspension and serum-free adapted MDCK 33016PF cell line (which was
confirmed to be of canine origin) supported virus rescue using the human pol I
promoter, likely due to mutation during adaptation of the cell line to growth in
serum-free suspension culture (Suphaphiphat et al. 2010). The use of a synthetic
genome and a highly controlled cell line for vaccine virus rescue and that same
mammalian cell line for vaccine production allows for a more tightly controlled
adventitious agent safety profile.

Two of the starting materials of conventional influenza virus vaccines are not
highly controlled or well characterized—the secretions aspirated or swabbed from
the upper respiratory tracts of acutely ill humans and the hundreds of millions of
fertilized eggs that pass through the cloacae of factory-farmed chickens and are
collected for each year’s vaccine manufacturing campaign. The manufacturing
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processes used for conventional influenza vaccine manufacturing have proven
sufficient, with rare exceptions, to suppress bioburden during processing until final
sterile filtration and to inactivate or otherwise eliminate adventitious agents
(Centers for Disease Control and Prevention 2004a). Nevertheless, not introducing
human respiratory secretions or chicken cloacal contents, with their flora of bac-
teria and adventitious viruses, into the manufacturing process in the first place is a
superior option, more in conformance with modern hygienic standards for phar-
maceutical manufacturing.

The MDCK cell substrate for each batch of cell culture-produced flu vaccine is
obtained from sterile, banked aliquots of a single, exhaustively tested preparation
of a continuous cell line (Onions et al. 2010). The origin of a synthetic vaccine
virus strain from electronically transmitted data completely eliminates the possi-
bility of introducing adventitious agents from the original human respiratory
samples into the vaccine manufacturing process. Data transmission over the
Internet interposed between the biological sample and the vaccine virus serves as
an infallible sterilizing ‘‘ultrafilter.’’ Of course, controls for bioburden and
adventitious agent introduction and elimination remain in place in synthetic vac-
cine seed virus generation, bulk antigen manufacturing, and vaccine formulation
and filling, but these now function as fail-safe mechanisms, not primary lines of
defense.

Synthetic and reverse genetic technologies allow greater control over the
vaccine virus generation process. Conventional reassortment is a stochastic pro-
cess, and a wide variety of genome segment constellations can result (Kilbourne
1969). Isolation, characterization, and selection of individual reassortants are
needed and often rate limiting. Synthetic virus rescue allows specification of the
starting genomes of the new viruses, with subsequent mutations accumulating
during adaptation. The greater efficiency of the synthetic approach allows a set of
backbones to be compared for each new HA and NA rather than reliance on a
single backbone reassortant partner. Novel backbones for type A viruses that
combine PR8 genome segments with genome segments from other nonhigh
pathogenicity influenza virus strains increase vaccine virus rescue efficiencies by
up to 1000-fold (as measured by infectious titer after transfection) and increase HA
yields in mammalian cells (typically 1.3–9.9 times the yield of conventional ref-
erence strains) and in eggs (by similar amounts), with variation by strain
(Dormitzer et al. 2013). Novel backbones for B strains allow reliable rescue of
these viruses without the need to synthesize the entire genome of a new isolate
(Dormitzer et al. 2013). By rescuing many potential synthetic vaccine viruses in
parallel, the highest yielding strains can be selected early, rather than after many
months delay for sequential testing and prolonged adaptation of serially produced
reassortants.

Precise specification of the genome of a new vaccine virus is limited by
available knowledge of wild-type virus sequences. During the early days of an
outbreak, the coding sequences of the HA and NA genome segments of the new
strain are often available. However, the sequence of the genome segment ends is
often missing in sequence databases or may be misleading, if derived from
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polymerase chain reaction (PCR) amplification primers rather than the actual
influenza genome. Single nucleotide changes in the 30 and 50 noncoding regions of
influenza virus genome segments can have a large impact on virus rescue effi-
ciency, virus growth, and HA yield (Dormitzer et al. 2013). Therefore, a key task
at the start of gene synthesis for vaccine virus rescue is deduction of one or more
sets of genome segment ends. This task requires surveying archived data for
accurate influenza genome segment sequences with similar coding regions to the
new strain, examining the ends of the archived sequences to obtain consensus end
sequences, and deciding which observed end variants should be used in the set of
HA and NA gene syntheses. Given the variation in coding sequence between
isolates during an outbreak (whether natural or as a result of sequencing errors),
ambiguity regarding end sequences, and the advantages of testing multiple
potential backbones, human judgment is required to determine an initial vaccine
virus rescue strategy.

Additional increases in HA yield can be achieved by making chimeric HA and
NA genes that encode the antigenically essential regions of a circulating strain and
terminal regions from a strain well-adapted to growth in an MDCK cell or egg
substrate (Gomila et al. 2013; Harvey et al. 2011). The ability to make informed
choices and rescue multiple potential vaccine viruses in parallel is essential for
rapid success in generating antigenically well-matched, high-yielding synthetic
vaccine seed viruses, optimized for vaccine antigen production.

5 Performance of Synthetic Technology in Vaccine
Virus Generation

Synthetic technology has demonstrated its ability to produce a wide variety of
high-yielding, attenuated, research grade influenza vaccine viruses rapidly and has
led the global response to the H7N9 influenza outbreak by producing a virus that
was used to make a vaccine candidate that elicited effective immune responses in a
phase I trial and was stockpiled by the US government before the second wave of
the outbreak (Bart et al. 2014). The Novartis-SGVI-JCVI synthetic influenza virus
team has produced synthetic, research grade viruses for more than 50 strains,
including those of the A/H1N1 (pre- and post-2009), A/H3N2, A/H3N2v (swine
origin), A/H2N2, A/H2N3, A/H5N1, A/H7N7, A/H7N9, A/H9N2, B/Yamagata,
and B/Victoria lineages (unpublished data) (Dormitzer et al. 2013). The BARDA-
sponsored project to develop the synthetic vaccine virus system has passed two
key milestone tests. The first, administered in 2011, assessed the nascent system’s
response to a simulated outbreak. The US CDC and BARDA provided the syn-
thesis team with the coding sequences, but not the terminal sequences, of the HA
and NA genome segments of an unknown strain. The team found that the HA
coding sequences most closely resembled those of a low pathogenicity avian
H7N3 strain (A/Canada goose/BC/3752/2007) and the NA coding sequences most
closely resembled those of a low pathogenicity avian H10N9 virus (A/king eider/
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Alaska/44397-858/2008). Based on available, related H7 and N9 complete genome
segment sequences, the team deduced potential terminal sequences for virus
synthesis. From the start of gene synthesis until verification of potential vaccine
virus recovery, 4 days and 4 h elapsed, including the time needed to ship the
synthetic HA and NA gene cassettes from a synthesis laboratory in California to a
virus rescue laboratory in Massachusetts (Dormitzer et al. 2013).

The second milestone test required the synthetic vaccine virus team to antici-
pate the southern hemisphere strain selection for 2013. By the time of the WHO
Technical Advisory Group’s strain selection announcement in September, 2012,
the team was to have synthesized a set of strains that included viruses that match
each of the WHO-selected reference strains by hemagglutination inhibition (HI)
testing and produce more HA in laboratory scale cultures than any vaccine pro-
totype virus made available by the GISRS. The synthetic system exceeded
expectations, yet also stumbled over the mismatches of the current egg-based
vaccine virus generation system.

The anticipation of the WHO strain selection was straightforward, as there were
no strain changes between the 2012–2013 northern hemisphere influenza season
and the 2013 southern hemisphere season (WHO 2012). The joint Novartis-JCVI-
SGVI team analyzed publically available sequence and antigenic data on the strains
that were circulating in humans using bioinformatics tools developed at JCVI and
also tracked information on strain selection made available by the WHO CCs.
By the time of the strain selection, the team had synthesized 6 A/H1N1 viruses, 14
A/H3N2 viruses, 2 B Victoria lineage viruses, and 5 B Yamagata lineage viruses on
multiple backbones and had characterized the strains for genetic identity, growth in
MDCK cells, and HA yield, with antigenic testing done for selected strains. All of
the synthetic strains had complete HA and NA sequence identity to the intended
sequences. The synthesized viruses included strains selected because they matched
circulating strains well or because they matched strains likely to be selected by the
WHO Technical Advisory group. For each component of WHO recommendation
for 2013 southern hemisphere trivalent vaccines, at least one synthetic virus that
was antigenically ‘‘like’’ the recommended reference virus had equivalent or
superior growth and HA yield relative to the reference strain and to the corre-
sponding seed virus being used by Novartis for vaccine production.

For the additional strain included in quadrivalent vaccines, a strain of the
B Victoria lineage, the team synthesized a virus, B/Brisbane/60/2008, that mat-
ched those circulating in humans antigenically and produced approximately triple
the HA yield of the reference strain from the GISRS. The B/Brisbane/60/2008 HA
and NA sequences used by the team for synthesis came from an MDCK-isolate.
However, as detailed above (Sect. 2) the WHO Technical Advisory Group
maintained its previous selection of a B/Victoria lineage reference virus, also
named B/Brisbane/60/2008, that had an egg-adaptive mutation that altered it
antigenically so that it no longer matched the B Victoria lineage viruses circulating
in humans (Kishida et al. 2012). The team had not appreciated that the MDCK-
isolated B/Brisbane/60/2010 sequence that it had used to generate the synthetic
virus was not the same as the egg-adapted B/Brisbane/60/2010 reference strain
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sequence. Therefore, HI testing showed that the synthetic, MDCK-adapted B/
Brisbane/60/2008 had more than a four fold HI difference from the egg-adapted
WHO B/Brisbane/60/2008 reference strain, and the assignment from BARDA to
synthesize a virus that anticipated the strain selection by the Technical Advisory
Group was, technically, not fulfilled. (Within 8 days of recognizing the antigenic
difference between the two B/Brisbane/60/2008 viruses, the team synthesized a
synthetic B/Brisbane/60/2008 with the egg-adaptive mutation and confirmed its
antigenic identity to the reference virus.) In a more fundamental sense, the syn-
thetic system exceeded expectations by surpassing the GISRS in matching the
strains that caused disease in humans that year because, unlike the GISRS, the
synthetic system was not reliant on legacy, egg-based technology.

As described in Sect. 2, data released from GISRS five months after the second
milestone test and independent analyses showed that egg-adapted strains of the
H3N2 reference virus selected by the WHO Technical Advisory Group (A/Victoria/
361/2011) also failed to match circulating strains due to egg-adaptive mutations
(Cox 2013; Skowronski et al. 2014). The synthetic vaccine virus team had syn-
thetized several alternative A/Victoria/361/2011 H3N2 strains based on sequences
from either egg-adapted or MDCK-adapted viruses. The synthetic H3N2 virus fully
characterized for the milestone test, although passaged exclusively in mammalian
cells, was generated based on the egg-adapted viral sequence, and it therefore
shared the mismatch of the H3N2 reference virus with circulating H3N2 strains and
met the criterion of matching the egg-adapted reference strain antigenically.

The experience demonstrates how the synthetic seed virus system could help
overcome one of the major issues inherent in the current system: the possibility
that egg-adaptive antigenic changes to a vaccine prototype virus make it suffi-
ciently different from its wild-type ancestor that vaccine effectiveness may be
reduced (Kishida et al. 2012; Skowronski et al. 2014). A condition for this
improvement is that the GISRS abandons the use of legacy, egg-based technology
to generate sequences, reference strains, and strain recommendations or that
national regulatory authorities overrule WHO Technical Working Group recom-
mendations for viruses that do not match circulating, wild-type strains. Adjust-
ments to vaccine licenses to allow production of vaccines using prototype viruses
that have never been passaged in eggs are necessary so that WHO recommenda-
tions for better matched virus strains can be followed by the production of better
matched vaccines by non-egg-based vaccine manufacturers.

The nascent synthetic vaccine prototype virus system has been tested by a real
world outbreak with pandemic potential (Bart et al. 2014). On March 31, 2013
(Easter Sunday), the China CDC announced an outbreak of H7N9 influenza in
humans in Shanghai (Gao et al. 2013). In a far-sighted action, Chinese public
health authorities immediately posted the HA and NA gene coding sequences in
the publically accessible Global Initiative on Sharing All Influenza Data (GISAID)
database. Although the synthetic vaccine virus system was still in the research
stage, the synthetic virus team responded by starting gene synthesis at SGVI in La
Jolla, California, on the morning of Monday, April 1. Gene synthesis was com-
pleted on Tuesday, April 2. Virus rescue using the synthesized genes started at
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Novartis in Cambridge, Massachusetts on Wednesday, April 3 and was completed
on Saturday, April 6 with sequence confirmation obtained on Monday, April 8. On
April 3, the synthetic genes were provided to the US CDC with no restrictions on
further distribution. The US CDC first received the wild-type virus from the China
CDC on April 11, allowing the start of vaccine virus generation using nonsynthetic
technology. As of February 13, 2014, there were eight attenuated vaccine viruses
available from WHO CCs, all produced by reverse genetics (WHO 2014d). Four
had been rescued using the synthetic HA and NA genes provided by the synthetic
vaccine virus team and four using cDNA. None of the available H7N9 vaccine
viruses had been produced by conventional, egg-based reassortment technology.

After further processing at the Philipps-Universität Marburg BSL4 laboratory
and the Novartis Marburg influenza seed virus laboratory, one of the synthetic
H7N9 vaccine viruses was used in the MDCK-based vaccine manufacturing
process to produce phase I clinical trial material. On November 14, 2013, Novartis
announced interim results of the phase I trial. The trial showed that, with two
15 lg doses, each adjuvanted with MF59, neutralization titers greater than 1:40
against the H7N9 strain were achieved in healthy adults (Bart et al. 2014). Vaccine
lots were stockpiled by the US government in December, 2013. Synthetic vaccine
viruses and MDCK-based vaccine technology allowed the production and stock-
piling of a clinically tested pre-pandemic H7N9 vaccine before the start of the
second wave of the outbreak at the end of 2013 (WHO 2014b).

6 Supporting Technologies for Optimal Implementation

Several supporting technologies would allow the benefits of synthetic vaccine
viruses to be fully realized. These technologies include those used to sequence
viral genomes in respiratory specimens, distribute the data, analyze the data, and
assay vaccine antigens. Currently, viral sequence data are rarely obtained directly
from respiratory samples at the NICs at the time of collection. Rather, sequences
are obtained from viruses that have been cultured from the respiratory secretions in
eggs or MDCK cells. In many cases, sequencing is only done after respiratory
secretion or viral samples have been shipped from a NIC to a remote WHO CC,
and there is a further delay before sequences, sometimes degraded by egg adaptive
mutations, are posted on publically accessible databases.

Advances in metagenomic detection of viruses could synergize with synthetic
seed virus generation by greatly accelerating and expanding the real-time sur-
veillance and sequence information available for vaccine virus synthesis. Second
generation sequencing techniques and bioinformatics processing enable sequenc-
ing and analysis of viral genomes in complex mixtures without the need for
sequence-specific primers. With metagenomic techniques, influenza gene
sequences can be obtained directly from nasal swabs (Yongfeng et al. 2011).
Metagenomic analysis is a potentially disruptive technology because it could
provide a universal, culture-free tool for microbiological diagnosis, detecting
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essentially any pathogen in almost any clinical specimen, and replacing existing
methods of microbiologic diagnosis. This promise and the rapid and continuing
advancement of the underlying technologies suggest that metagenomic pathogen
detection is likely to become increasingly capable, accessible, and widespread in
the coming years (Bibby 2013).

With implementation of metagenomics for routine clinical diagnosis, influenza
surveillance could expand far beyond the roughly 140 NICs. Rather, influenza
surveillance could become a byproduct of clinical care, distributed among many
thousands of clinics, which would generate viral sequence data for routine primary
diagnosis of respiratory illnesses and also post real-time, anonymized viral
sequence data to web-based databases. More sophisticated centers could provide
more specialized data, including deep sequencing results. Once today’s ubiquitous
availability of the infrastructure for electronic data sharing is matched by wide-
spread implementation of the emerging technologies for direct, rapid virus
sequencing in clinical specimens and synthetic vaccine prototype virus generation,
virus isolation and shipment of viruses and respiratory specimens to WHO CCs
would no longer be needed. By eliminating the mutations that result from viral
adaptation to growth in eggs, direct sequencing of viral genomes in respiratory
secretions would provide data that better represent disease-causing strains. Real
time uploading of sequences could be followed by immediate rescue at remote
locations of potential vaccine viruses with optimized backbones in mammalian
cells (Fig. 1). Vaccine prototype virus production and antigenic testing using
banked ferret sera against previous strains would take place simultaneously at the
sites of virus synthesis, followed by generation of ferret antisera against the new
strains for confirmatory, two-way antigenic testing. The result would be the
generation of potential high-yielding vaccine viruses within days of a new disease-
causing influenza variant first appearing in the human population.

The bioinformatics infrastructure to support this effort is partly in place.
GISAID provides rapid, searchable, broad-based access to posted influenza
sequence data in a standardized format (www.gisaid.org) (Bogner et al. 2006). To
the degree that sequences accompanied by relevant metadata about location, time,
sequencing technique, disease severity, drug sensitivity, and antigenic character-
ization are made rapidly and widely available, synthetic technology can provide
more rapid and accurate vaccine responses.

Analyzing the stream of influenza sequence data to select the strains to syn-
thesize is enabled by sophisticated bioinformatics. In the GISRS, sequence anal-
ysis of influenza viruses is a relatively recent addition to antigenic
characterization, which is carried out by generating post-infection ferret antisera
and using those sera to inhibit the agglutination of red blood cells by influenza
viruses (HI) (Committee on Standard Serological Procedures in Influenza Studies
1950). HI data are generated using poorly characterized, complex, and heteroge-
neous reagents (red blood cells, influenza virus preparations, and polyclonal
antisera) giving the assay high intrinsic variability (Ndifon et al. 2009). Although it
cannot overcome the inherent limitations of the HI assay, ‘‘antigenic cartography,’’
a mathematical technique that reduces the multidimensional space generated by a
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Fig. 1 a Comparison of current and envisioned influenza surveillance, vaccine virus generation,
and vaccine production system. b Vision for future system. NICs and clinical laboratories
sequence flu genes directly from respiratory secretions. Sequence data are posted on the web with
open access and are continuously monitored by algorithms that detect sequences suggestive of
new antigenic variants. Potential vaccine viruses with synthesized HA and NA genes are rescued
in mammalian cells qualified for vaccine manufacture and on high growth backbones and are
tested as potential vaccine prototype viruses. Seed viruses are shipped to additional manufac-
turing sites. When the technology matures, this shipment can be replaced by electronic transfer
and local synthesis
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network of cross-HI comparisons to two-dimensional, visually appealing
approximations of antigenic distance, can make such datasets more intuitively
comprehensible (Smith et al. 2004). Work is now underway to develop algorithms
that correlate sequence variation with antigenic distance, with the goal of assessing
the likelihood that any given new influenza sequence variant also represents a new
antigenic variant (Stockwell TS, personal communication) (Bedford et al. 2014).
Integrating antigenic and genetic variation data with additional information, such
as structural mapping of variant residues on the HA surface, the proportion of
newly reported sequences contributed by an emerging variant, the geographic
distribution of a new variant, the pattern of human transportation networks, and
established seasonal patterns of influenza virus spread could allow increasingly
accurate predictions of which new variant is likely to dominate an upcoming
influenza season (Lemey et al. 2014). Because influenza vaccine manufacture must
precede vaccine distribution by many months, the ability to predict future domi-
nant strains more accurately would improve the match and timely availability of
influenza vaccines.

In the current GISRS system, strain selections are made by a technical advisory
group in closed-door deliberations, based on antigenic data that are not generally
released for open scientific review until after the recommendation has already been
issued. Disseminating antigenic data before the meeting and opening the delib-
erations could improve outcomes by allowing open scientific review to inform
strain selection rather than merely to critique selections after the fact. Synthetic
technology increases the ability of manufacturers to generate vaccine viruses and
adapt manufacturing protocols to new strains in advance of WHO strain recom-
mendations, using any information that is gleaned to predict the advisory group’s
decision, so that a high-yielding vaccine virus is available as soon as the recom-
mendation is announced. If the flow of information to vaccine manufacturers and
the general scientific community can be hastened and increased though a diver-
sification of sequence information sources and with bioinformatics, public health
could benefit.

Once a vaccine is made, it must be tested and released before it is used for
clinical testing or mass immunization. Like conventional vaccine seed virus
generation, influenza vaccine potency testing requires the generation and distri-
bution of strain-specific reagents. For most licensed influenza vaccines, SRID is
the test that determines how much immunologically active (that is, capable of
eliciting functional antibodies in a vaccine recipient) HA is present in the vaccine.
In this modified Ouchterlony test, the new vaccine antigen (or a control antigen
preparation) is placed in a well cut into an agarose gel suffused with a sheep
antiserum generated against HA cleaved by bromelain from the surface of inac-
tivated influenza virions (Schild et al. 1975). As the antigen diffuses into the gel,
antigen-antibody complexes form an immunoprecipitin ring, and the diameter of
that ring is taken to be proportional to the amount of immunologically active HA.

The technique has numerous deficiencies. The properties of the sheep antiserum
depend on the quality of the bromelain-cleaved HA antigen used to immunize the
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sheep. The antigen standards (which are inactivated viruses that may perform
differently in the assay than the HA in the vaccine) are calibrated based on relative
intensity of bands on an SDS-PAGE gel, effectively negating the purported ability
of the assay to discriminate based on HA conformation. Most importantly for the
implementation of synthetic influenza vaccine virus technology, the process of
generating the sheep antiserum and calibrated antigen standards can take months.
Indeed, influenza vaccine bulks can sit in warehouses, with formulation and
release delayed until calibrated potency testing reagents arrive. For example,
during the H1N1 pandemic response and H7N9 outbreak response, reagents were
not available in time for clinical trials of the vaccines, and the trials were started at
risk based on vaccine formulation with surrogate assays (Bart et al. 2014; Clark
et al. 2009b).

As vaccine bulks are produced more rapidly using synthetic technology, the
delays in release could have greater impact. The problem is now widely recog-
nized by regulators and manufacturers alike, and a variety of new influenza vac-
cine potency assays are under development (Dormitzer et al. 2012). In a parallel to
synthetic vaccine seeds, some of these new potency assays deploy new technol-
ogies that could eliminate the need for any strain-specific reagent that cannot be
generated rapidly based on sequence data (Williams et al. 2008). Meanwhile, the
earlier availability of synthetic vaccine viruses, from which HA can be cleaved by
bromelain to immunize sheep, can speed the initiation of the process of generating
calibrated sets of antigen standards and antisera.

7 Quality, Regulatory, Safety, Security, Intellectual
Property, Economic, and Diplomatic Aspects
of Synthetic Vaccine Virus Generation

Simplifying vaccine virus generation would accelerate vaccine responses. Cur-
rently, vaccine virus generation activities are dispersed between institutions
(Fig. 1). Under ordinary circumstances, a WHO CC or reassortant laboratory will
only release a vaccine prototype virus to manufacturers after it has completed (or
nearly completed) thorough characterization. Therefore, the manufacturer cannot
start producing the seed virus stock and adjusting vaccine manufacturing processes
to the virus’ unique characteristics at risk while vaccine prototype virus charac-
terization is underway. If all steps of synthetic vaccine virus generation occurred
within a vaccine manufacturing facility on the substrate used for vaccine pro-
duction, virus generation, adaptation, characterization, and manufacturing adjust-
ment activities could overlap more extensively, with savings in time.

The scientific aspects of synthetic vaccine virus technology are sufficiently well
understood for routine use of the technology in influenza vaccine manufacturing.
The key areas of focus to advance the technology are nonscientific. For example,
implementation of robust quality systems is needed. To limit the amount of post-
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rescue processing and testing needed before use of synthetic viruses to produce a
vaccine for human injection, all animal-sourced materials are being eliminated
from the synthetic vaccine virus generation process. Systems of raw material and
supplier management, standards of practice, validated assays, and rigorous docu-
mentation are being put in place to make newly rescued viruses suitable for
immediate use in GMP influenza vaccine manufacturing. Despite these controls,
the complicated decision-making around the selection of HA and NA genes to
synthesize, the reconstruction of genome segment ends, and the adjustment of
processes and assays to account for the biological variation between influenza
virus strains will make vaccine virus synthesis, like many other aspects of influ-
enza vaccine manufacturing, inevitably nonroutine. Collaboration between epi-
demiologists, bioinformaticians, virologists, engineers, and quality experts will be
needed to carry out vaccine virus generation reliably in a manufacturing context.

A regulatory path for full implementation of synthetic vaccine virus seeds for
pre-pandemic, pandemic, and seasonal vaccine manufacture must be established.
The completion of the first clinical trial using a synthetic H7N9 vaccine seed virus
under an Investigational New Drug application with the US Food and Drug
Administration (FDA) has initiated the process (Bart et al. 2014). The mechanisms
already in place to update existing influenza vaccine licenses for strain changes
should facilitate the implementation of synthetic seed virus generation technology.

Biosafety and biosecurity issues involved in vaccine virus generation necessi-
tate compliance with a complex web of regulation. In addition to regulation from
national drug licensing authorities such as the FDA and European Medicines
Agency (EMA), synthetic vaccine virus generation requires compliance with
institutional biosafety rules, municipal public health regulations, recombinant
DNA regulations, select agent regulations, dual use guidance, US Department of
Agriculture (USDA) permitting, genetically modified organism regulations (in the
EU), and regulations for shipping infectious agents internationally.

In the response to the H7N9 outbreak, delays in permitting by the US
Department of Agriculture (USDA) forced much of the work to be done outside
the US. The wild-type virus, which had caused severe human disease in China, was
not pathogenic in birds (Abdelwhab et al. 2014). Nevertheless, its avian origin
necessitated USDA permitting before the Novartis Holly Springs, North Carolina
influenza cell culture manufacturing facility could receive the attenuated vaccine
virus from the Novartis Cambridge, Massachusetts research facility. The permit
could not be obtained in time for the outbreak response. Fortunately, it was pos-
sible to ship the vaccine virus from the Novartis Cambridge Research facility to
Phillips-Universität in Marburg, Germany (with a delay while the virus was held in
customs in Frankfurt), to transfer the virus from the University BSL4 laboratory to
the Novartis Marburg vaccine manufacturing facility after additional processing
and testing was completed, and finally to ship the manufactured vaccine back to
the United States for clinical testing and for supply to the US government’s pre-
pandemic vaccine stockpile. In addition to demonstrating the need for regulatory
changes to make the system more conducive to protecting human health from

260 P. R. Dormitzer



zoonotic disease, this example also highlights the anticipated advantages of con-
solidating all functions, from gene synthesis to vaccine release, at a single facility
and replacing the shipment of viruses with the emailing of gene sequences.

The 2009 H1N1 and 2013 H7N9 responses also highlight the important role of
biosafety considerations in determining the pace of pandemic and outbreak
responses. In 2009, mammalian cell culture technology allowed Novartis to be the
first western vaccine manufacturer to launch clinical trials of a pandemic vaccine
(Clark et al. 2009a). Clinical trial material was produced at biosafety level (BSL)
three in the Marburg influenza cell culture manufacturing facility using a con-
ventional vaccine virus [not considered a genetically modified organism (GMO)],
while egg-based manufacturing facilities sat idle, waiting for authorities to
downgrade the containment level for the H1N1 pandemic strain, which was not
highly pathogenic. The open nature of egg-based manufacturing processes pre-
cluded vaccine production under BSL3 for most influenza vaccine manufacturers.

In the 2013 response to the H7N9 outbreak, just as USDA permitting in the US
blocked early work on a vaccine at the Novartis Holly Springs influenza cell
culture manufacturing facility, GMO regulations in Germany blocked manufac-
turing using the highest yielding H7N9 vaccine viruses at the Marburg manu-
facturing facility. The synthetic viruses were considered GMOs. The highest
yielding virus, which had an alternative backbone, was judged a BSL3 agent by
German authorities. Under existing permits, only BSL2 GMOs could be handled in
the Novartis Marburg facility. As a result, a lower-yielding H7N9 vaccine virus
that had a PR8 backbone and was considered a BSL2 agent was used to produce
the vaccine. The downgrading of new potential pandemic viruses from BSL3 to
BSL2 generally requires pathogenicity testing in ferrets (WHO 2013b). The
availability of influenza seronegative ferrets of the recommended age is limited,
particularly in outbreak situations, when there is high demand for the animals.
Currently, pathogenicity testing requires a wild-type virus comparator that has
been dose titrated in the animals and time-consuming pathologic examination of
and virus isolation from harvested tissues. Thus, biosafety testing can cause
considerable delays unless one is able to carry out vaccine virus generation and
vaccine manufacturing in high containment facilities.

Biosecurity regulations in the US pose a risk to public health through their
potential to block effective and timely outbreak and pandemic responses. In contrast
to biosafety measures, which are intended to prevent unintended harm from
exposure to or release of pathogens, biosecurity measures are intended to prevent
the intentional misuse of highly pathogenic agents by individuals with malicious
intent. Fortunately, the H1N1 and H7N9 viruses were not classified as highly
pathogenic avian influenza (HPAI) strains. Had they been classified as HPAI, not
only the virulent wild-type viruses, but also the highly attenuated vaccine viruses
would initially have been classified as Select Agents, imposing extensive biose-
curity requirements on the facilities, processes, and personnel practices needed for
vaccine development and production (HHS and USDA 2012a, b, c).
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Extensive experience has shown that reliably attenuated vaccine viruses tar-
geting H5N1 HPAI can be made by removing the HA polybasic cleavage site and
placing the NA and modified HA genes on vaccine genetic backbones (Steinhauer
1999). As of February 2014, 23 H5N1 vaccine viruses attenuated in this way were
available for distribution from WHO CCs, and more such strains are being pre-
pared to track the ongoing diversification of the subtype (WHO 2014a). With
current regulations, vaccine viruses for HPAI can be excluded from select agent
status after they are demonstrated to be attenuated through a series of tests,
including pathogenicity testing in chickens (USDA 2004). However, for each new
HPAI variant, the first vaccine virus generated is designated a select agent until
attenuation for poultry is demonstrated experimentally and an administrative
exemption is granted by the USDA. These steps can take months and delay vac-
cine development against high pathogenicity avian influenza strains with human
pathogenic potential.

Any vaccine development or production using an attenuated vaccine virus for
an HPAI strain that is conducted before a select agent exemption is granted must
take place in a facility that meets biocontainment and biosecurity standards that are
intended to safeguard against far more pathogenic infectious agents than any
actually used in influenza vaccine production. The cost of implementing select
agent standards for pre-pandemic or pandemic vaccine production would make
production of seasonal vaccines in the same facility prohibitively expensive.
Production of seasonal vaccines in the facilities that make pre-pandemic or pan-
demic influenza vaccines is necessary to maintain the facilities’ readiness and
economic viability. Therefore, changes in biosecurity regulations to allow pre-
sumptive exclusion from select agent status of influenza vaccine viruses with
predictably attenuating modifications would increase pandemic preparedness.

To optimally protect human populations, biosecurity and rapid, effective vac-
cine responses are both necessary. The synthetic creation of viruses with patho-
genic potential does, indeed, raise biosecurity issues and must be practiced
responsibly within a framework of appropriate governance, compliance and
transparency (Garfinkel et al. 2007). Controversial experiments that increased
transmissibility between ferrets of H5N1 influenza viruses were not based on
synthetic techniques but nevertheless increased concerns around the potential for
harmful consequences from the generation of influenza viruses in the laboratory
(Berns et al. 2012; Herfst et al. 2012; Imai et al. 2012). Although synthetic vaccine
virus generation does not enable the creation of viruses that are fundamentally
different from viruses that could be created with nonsynthetic reverse genetic
technology, more virus variants can be created more quickly using gene synthesis.
The increased speed and diversity possible through the application of synthetic
techniques provide an advantage to those who seek to protect health by quickly
developing countermeasures against natural or man-made, newly emerged bio-
logical threats. Those with malicious intent need not rush, as a perpetrator can
choose the time of attack. It is, therefore, in the public interest that biosecurity
regulations be crafted carefully to avoid unintended consequences that degrade our
capability to respond rapidly to natural or human-made infectious diseases with
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countermeasures, such as vaccines, disproportionately to their degradation of the
capabilities of bioterrorists.

Intellectual property and economic considerations are superimposed upon the
quality, regulatory, biosafety, and biosecurity aspects of implementing synthetic
vaccine virus technology. The intellectual property landscape for influenza reverse
genetics is complex and raises economic barriers to the implementation of syn-
thetic technologies (Marsh and Tannock 2005). Much of the underlying research to
develop influenza reverse genetics was funded by the US government. Therefore,
provision of reverse genetics-based products, such as pre-pandemic or pandemic
vaccines, to the US government raises few intellectual property issues. However,
seasonal influenza vaccines are primarily sold to non-US government entities, and
intellectual property considerations and the commodity nature of the seasonal
vaccine market create disincentives to make the investments needed to apply
reverse-genetics technology, including synthetic technology, to the manufacture of
these products. To be implemented rapidly, reliably, and at sufficient scale in an
emergency, pandemic vaccine responses must be grounded in the processes and
infrastructure of seasonal vaccine production (Rappuoli and Dormitzer 2012).
Thus, intellectual property barriers to the implementation of new technologies for
seasonal vaccine production also jeopardize their implementation for pandemic
vaccine responses.

The use of synthetic vaccine viruses has raised a particularly complex set of
issues regarding the implementation of the Pandemic Influenza Preparedness (PIP)
Framework. Some nations have sought to control access to viruses isolated in their
territories, asserting the sovereignty over biological resources recognized in the
Convention on Biological Diversity (Fidler 2008). Influenza immunization is
practiced almost exclusively in wealthy nations, leaving poorer nations with little
direct benefit from openly sharing with the global community influenza viruses
isolated in their territories (Stohr 2014). On May 24, 2011, lengthy multilateral
talks to address the public health interests in open virus sharing and in distributing
the benefits of pandemic influenza immunization more broadly resulted in the
adoption of the PIP Framework by the World Health Assembly (WHO 2011).
Under the PIP Framework, pre-pandemic or pandemic viruses and other biological
materials are shared with vaccine manufacturers in exchange for manufacturers
providing pandemic vaccines and other benefits to developing countries. As a
probably unanticipated consequence, the PIP Framework has, in effect, changed
the free exchange of vaccine viruses for public health purposes to a highly reg-
ulated market for pandemic and pre-pandemic vaccine viruses.

In the World Health Assembly deliberations, agreement was not reached on
how the PIP Framework would apply to the sharing of influenza genetic sequence
data. Because synthetic technology eliminates the need to share influenza viruses
to make pandemic or other influenza vaccines, it challenges the assumptions that
underlie the PIP Framework. Synthetic vaccine virus technology raises the ques-
tion, for example, of whether PIP Framework requirements for benefit sharing
should be triggered by manufacturers’ use of gene sequences posted by the GISRS
in publically accessible databases. On the one hand, if pandemic vaccine benefits
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are not shared with nations whose laboratories post influenza sequence data, some
countries may refuse to share such data, impeding pandemic responses. On the
other hand, claims of ownership over unmodified gene sequences found in nature
are increasingly rejected by courts; establishing the origin of gene sequences freely
exchanged over the Internet is impractical; and attempts to regulate or monitor the
electronic flow of scientific communication could impose burdens that would
inhibit basic research and vaccine development activities that are in the public
interest (World Intellectual Property Organization 2007). The viability of the
GISRS could even be affected by the outcome of the deliberations. As routine
clinical diagnosis of respiratory infections shifts to more general sequence-based
diagnostics that do not require pathogen isolation, the generation of influenza
genetic sequence data is likely to shift from the GISRS to a more dispersed and
heterogeneous set of laboratories (Sect. 6). If application of the PIP Framework to
sequence data creates an incentive to delay the start of synthetic vaccine virus
generation until relevant influenza sequences are available from sources other than
the GISRS, the development of essential vaccines will be slowed. Creating dis-
incentives to using influenza sequences from the GISRS but not from other sources
could diminish the role of the GISRS and the level of support that it currently
enjoys. The humanitarian and practical arguments for broadening the distribution
of the benefits of immunization against pandemic and other influenza strains are
compelling. Synthetic vaccine technology may necessitate that future benefit
sharing regimens be based on the social responsibilities of nations and institutions
rather than on an exchange of viruses for vaccines and other benefits.

8 Emerging Synthetic Influenza Vaccine Technologies

Automation of vaccine virus synthesis and the development of fully synthetic
vaccines could further accelerate vaccine production. The chemical synthesis of
oligonucleotides is already automated. Assembly of synthetic genes from oligo-
nucleotides involves only a few basic operations—micro-pipetting, mixing, and
incubation. These steps are highly amenable to robotic automation. This potential
has inspired the concept of the digital-biological converter (DBC), a device that
combines electronic data manipulation, oligonucleotide synthesis, and enzymatic
gene assembly (Venter 2013). Digital-biological converters could greatly increase
throughput by synthesizing many genes in parallel. They could increase accuracy
by eliminating sources of human error. They could increase the accessibility of
synthetic technology through the distribution of integrated units that are pro-
grammed remotely and need only be stocked with raw materials so that they can be
operated by workers who, although well trained in biosafety procedures, need not
be highly specialized scientists.

The next step of synthetic vaccine virus generation, transfection of HA and NA
gene cassettes and backbone genes on plasmids, requires mammalian cell culture.
Robotic, high throughput devices have been developed that transfect mammalian
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cells, harvest viruses, and analyze expressed proteins (Chung et al. 2008; Elsliger
et al. 2010; Rines et al. 2006). Thus, the entire synthetic influenza vaccine virus
generation process, from oligonucleotide synthesis to virus recovery from trans-
fected cells, is amenable to automation. As new strains appear in the global stream
of sequence information and are analyzed by bioinformatics algorithms for like-
lihood of antigenic change and increasing epidemiologic importance, DBCs can
generate multiple coding sequence and genome segment terminal variants on
multiple alternative vaccine backbones. The goal is to have already generated
high-yielding vaccine viruses by the time that the importance of a new strain is
recognized. The most challenging aspects of automated vaccine virus generation
are likely to be the development of automated assays to select the most suitable
viruses and the integration of quality control measures and robust documentation
into the devices’ operation.

The current use of synthetic technology for influenza vaccines is to create
vaccine viruses, a key starting material for vaccine manufacturing but not vaccines
themselves. A new vaccine technology in development, the SAM

�
vaccine tech-

nology, promises fully synthetic vaccines (Geall et al. 2012). The platform com-
bines self-amplifying mRNA and a synthetic, liposomal, nonviral delivery system.
SAM RNA is produced from a cell-free enzymatic transcription reaction, and it
encodes the antigen of interest and an RNA-dependent RNA polymerase. The lipid
delivery system provides efficient delivery of the RNA cargo to muscle cells at the
site of injection and protection of the RNA from enzymatic degradation during
delivery. After delivery, the mRNA directs the expression of the polymerase,
which amplifies the RNA intra-cytoplasmically and launches expression of a
subgenomic message that directs high-level target antigen expression. The repli-
cating RNA appears to the innate immune system like a virus, triggering a robust
adaptive immune response (Deering et al. 2014). The lack of any genes that
encode a viral entry apparatus or capsid precludes efficient cell-to-cell-spread. The
result is a vaccine that has the potent immunogenicity of viral vectored vaccines,
without the risk of generating infectious virus during manufacturing, and also has
the plug-and-play facility of a DNA vaccine, without the risk of genome inte-
gration after injection. In experimental animals, SAM vaccines are much more
potent than DNA vaccines or nonamplifying RNA vaccines, eliciting serocon-
version against a respiratory syncytial virus F glycoprotein antigen with as little as
10 ng of RNA (Geall et al. 2012). If SAM vaccines prove successful in human
trials, they could be ideally suited to influenza immunization, facilitating rapid
strain change without the process adjustments required to accommodate the dif-
fering characteristics of each new virus and HA.

Novartis and SGVI deployed this technology in the H7N9 response (Hekele
et al. 2013). The synthetic HA and NA genes assembled two days after the H7N9
HA and NA gene coding sequences were posted on GISAID were used not only as
substrates for vaccine virus rescue (Sect. 5) but also as substrates for SAM vaccine
generation. A formulated SAM vaccine was generated eight days after the gene
sequences were posted. The vaccine was used to immunize mice, generating an
antiserum that confirmed expression of the H7 HA from MDCK cells infected with
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the synthetic vaccine virus. Although the synthetic vaccine virus and the synthetic
SAM vaccine were generated at a similar pace, the production of the conventional
vaccine required many more steps over the course of the next months, while the
experimental SAM vaccine was ready for injection into laboratory animals.

The production of a SAM vaccine from a synthetic gene cassette simply
requires additional enzymatic reactions and encapsulation in a lipid delivery
system. No mammalian cell culture is required, eliminating the biological mate-
rials and processes in vaccine manufacturing that are most complex and difficult to
control. Thus, the generation of SAM vaccine candidates could be fully automated
and conducted in a highly parallelized manner. SAM vaccine production also
promises to have a remarkably small physical footprint. Thus, if SAM technology
proves itself in the clinic, the concept of the DBC can be extended to a mobile
vaccine manufacturing unit, small enough to fit in a shipping container, remotely
programmable, and capable of very rapid vaccine responses.

9 Conclusions

Combining direct metagenomic sequencing of respiratory specimens, digital
sequence data transmission and analysis, chemical oligonucleotide synthesis,
enzymatic gene assembly and error correction, reverse genetics influenza virus
rescue, and purely biophysical vaccine potency release assays promises a radical
simplification, acceleration, and improved targeting of conventional influenza
vaccine manufacture (Table 1, Fig. 1). From the stream of influenza virus
sequences, transmitted globally and analyzed continuously, vaccine viruses on
high growth, attenuated backbones could be synthesized by DBCs. Rescued
viruses could simultaneously be analyzed for antigenic identity with panels of
ferret sera against pre-existing strains and evaluated for vaccine manufacturing
suitability. Antigenic mismatches due to egg adaptive mutations, risk of adventi-
tious agents from human respiratory secretions or chicken cloacal contents, and
delays in transfer of viruses between institutions could be eliminated. Rather, high
growth vaccine viruses could be available in advance of confirmation that a new
strain is posing a global public health threat. With the development of DBCs,
transfers of vaccine viruses between manufacturing sites could even be conducted
electronically, with re-rescue at each site. If SAM technology fulfills its promise,
pandemic vaccine batches could be produced from portable manufacturing devices
deployed globally, based on electronic information transmitted from a synthetic
virus reference laboratory. In combination, these technologies could greatly
improve our ability to respond effectively to the continuous variation of influenza
viruses and the consequent seasonal and pandemic disease threats. The new
technologies will not make influenza vaccine manufacturing properly boring, but
they could make it considerably more effective at protecting the human population.
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Influenza Neuraminidase as a Vaccine
Antigen

Maryna C. Eichelberger and Hongquan Wan

Abstract Neuraminidase (NA) is the second most abundant influenza surface
glycoprotein and contributes to virus replication in several ways, most notably by
removing sialic acids from the host and viral glycoproteins, releasing newly formed
virus particles from infected cells. Antibodies that block this enzyme activity
restrict virus replication in vitro. This chapter describes foundational epidemiologic
and human influenza challenge studies that provide evidence of an association
between NA inhibiting antibodies and resistance to disease. Mouse challenge
studies show that while NA immunity is infection-permissive, NA-specific anti-
bodies attenuate infection and prevent severe disease. NA immunity is most
effective against homologous viruses but there is substantial protection against
viruses with a heterologous NA (different lineage within a NA subtype). Mono-
clonal antibodies specific for conserved antigenic domains of subtype N1 protect
against seasonal and pandemic H1N1 as well as H5N1 virus challenge. Clinical
studies demonstrate that licensed seasonal vaccines contain immunogenic amounts
of NA, but the contribution of this immunity to vaccine efficacy is currently not
known. New types of influenza vaccines could be designed to elicit NA immunity.
Because NA induces heterologous immunity, it could be an important constituent of
universal influenza vaccines that aim to protect against unexpected emerging
viruses.
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HI Hemagglutination inhibition
NA Neuraminidase
NI Neuraminidase inhibition/inhibiting
TBA Thiobarbituric acid
VLP Virus-like particle

Contents

1 Introduction........................................................................................................................ 276
2 NA Structure and Function ............................................................................................... 277
3 Antigenic Domains of NA ................................................................................................ 278
4 Evidence of NA-Mediated Immunity ............................................................................... 282

4.1 Antigenic Drift.......................................................................................................... 282
4.2 Epidemiologic Evidence........................................................................................... 284
4.3 Clinical Challenge Studies ....................................................................................... 285
4.4 Mouse Challenge Studies ......................................................................................... 285

5 Immunogenicity of NA ..................................................................................................... 286
6 Mechanism of Action........................................................................................................ 288
7 NA Content of Vaccines ................................................................................................... 289

7.1 Human Experimental NA-Based Vaccine Studies .................................................. 289
7.2 Licensed Influenza Vaccines.................................................................................... 291
7.3 Development of New Vaccine Types ...................................................................... 292

8 Conclusions and Future Perspectives ............................................................................... 293
References................................................................................................................................ 294

1 Introduction

Past studies have demonstrated an impact of neuraminidase (NA)-specific anti-
bodies on resistance to influenza and urged consideration of NA as a vaccine
antigen. Studies conducted shortly after the 1968 pandemic in which the circu-
lating H2N2 virus was replaced by an H3N2 virus showed that NA inhibiting (NI)
antibodies were associated with resistance against disease (Monto and Kendal
1973; Murphy et al. 1972). While it was clear that these antibodies did not inhibit
virus attachment and entry, Kilbourne and Couch recognized the potential benefit
of non-neutralizing immunity that would be provided by a NA vaccine, explaining
that although infection would not be prevented, the antibodies elicited to NA
would attenuate virus replication, resulting in mild disease symptoms which would
in turn allow induction of a robust durable strain-specific immune response (Couch
et al. 1974; Kilbourne 1972).
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Monto and Kendal advised that induction of anti-NA antibodies by influenza
vaccines would maximize protection against clinical disease (Monto and Kendal
1973). They pointed out the genetic independence of HA and NA, noting that this
may provide the means to induce protection against emerging pandemic strains
that share the same NA subtype as the previously circulating virus. The breadth of
this protection was addressed in murine studies performed by Schulman and
Kilbourne—effective NA immunity was observed against viruses with the
homologous NA antigen, and in addition, there was significant protection against
influenza strains that had a heterologous NA antigen (Schulman et al. 1968).

Recent appreciation for the broad immunity offered by NA-specific antibodies
stems from the need to develop vaccines against avian influenza H5N1 viruses
(Gillim-Ross and Subbarao 2007). The demonstration that NA-specific antibodies
against seasonal H1N1 viruses provide some protection against lethal H5N1
challenge in mice (Sandbulte et al. 2007) provides evidence that induction of NA
immunity may be a good pandemic vaccine strategy. Although progress has been
made toward developing a vaccine with standardized amounts of NA, several
obstacles still need to be overcome. For example, a practical assay for routine
measurement of serologic responses to NA can be used to assess the immunoge-
nicity of NA in investigational vaccines, but the significance of these data cannot
be interpreted because the titer that correlates with protection against disease has
not been determined.

This chapter focuses on NA-specific immunity mediated by antibodies and will
only briefly mention the potential contribution of NA-specific T cells to immunity.
The following sections describe the role that NA plays in viral replication, the
antigenic structure of NA, early studies showing an association between NA
immunity and resistance against disease, and more recent studies showing pro-
tection against seasonal and pandemic viruses by NI antibodies. The NA content of
experimental and licensed vaccines is addressed and the progress that has been
made to support further development of NA-based vaccines is described
throughout the text.

2 NA Structure and Function

NA is present on virions and the infected cell surface as a homotetramer, with each
subunit containing an enzyme active site. The native tetramer is required for
enzyme activity and it is this native form of NA that induces enzyme-inhibiting
antibodies—NI antibodies are not elicited to denatured molecules. Since only the
NA tetramer exhibits enzyme activity, this functional property correlates with
immunogenicity (Brett and Johansson 2006; Sultana et al. 2011). Enzyme activity
itself, however, is not required for induction of an antibody response as robust NI
titers can be induced in the presence of antivirals that inhibit enzyme activity
(Sultana et al. 2011). It may be difficult to produce monomers or even dimers of
NA with native antigenic structure and enzyme activity because of the multiple
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inter-subunit interactions (Ca2+ (Brett and Johansson 2006; Chong et al. 1991;
Johansson and Brett 2003), a salt bridge (Colacino et al. 1997), disulfide bonds
(Saito et al. 1995) and carbohydrate groups (Wu et al. 2009)) that stabilize the
quaternary structure.

NA structure has been defined at a molecular level for many different sub-
types—N1 of 1918 H1N1 (Xu et al. 2008), 2009 H1N1 pandemic (Li et al. 2010),
and H5N1 (Russell et al. 2006) viruses, N2 (Varghese and Colman 1991), N4
(Russell et al. 2006), N5 (Wang et al. 2011), N6 (Russell et al. 2006), N8 (Russell
et al. 2006), N9 (Tulip et al. 1991), and N10 (Li et al. 2012; Zhu et al. 2012) as
well as influenza B (Burmeister et al. 1992). NAs of influenza A and B share the
same structural and enzyme active site elements—each monomer is composed of a
6-bladed propeller structure with each blade composed of four antiparallel beta
sheets stabilized by disulfide bonds and connected by flexible loops. The enzyme
active site is a cavity comprised of highly conserved amino acids, some of which
contact substrate while others hold these contact amino acids in a fairly rigid
structure. The structural domains of NA, including the enzyme active site and
antigenic epitopes, are reviewed and illustrated in Air (2012).

There is less NA than HA on the surface of influenza virus particles, however
the proportion is virus-specific. Most viruses have an HA:NA ratio of *5:1, but
this ratio is *2:1 in the 2009 H1N1pdm virus (Getie-Kebtie et al. 2013). NA
activity is essential for virus replication, playing a role at several different points of
the virus life cycle (Fig. 1). NA facilitates access to respiratory tract epithelial
cells by allowing release of virions from decoy receptors present on mucins
(Matrosovich et al. 2004). This receptor-destroying activity most likely does not
prevent HA binding and infection because the small amount of NA appears to be
segregated from HA on the virus surface (Calder et al. 2010). NA is essential for
release of nascent virus particles, with inadequate enzyme activity resulting in
reduced plaque size due to inefficient cell-to-cell spread (Kilbourne et al. 1968).
This activity also prevents aggregation of virions by removing sialic acids
(receptors) from its own glycoproteins (Palese et al. 1974). This may explain the
association between NA activity and transmissibility (Lakdawala et al. 2011; Yen
et al. 2011) since non-aggregated virions are more likely to be transmitted in small
aerosol droplets that are inhaled into the lower respiratory tract.

3 Antigenic Domains of NA

The NA antigens of influenza A and B viruses are genetically and serologically
distinct. NA subtypes of influenza A viruses can also be distinguished by sequence
or antigenic analysis. Within each NA subtype there are genetically different
heterologous lineages that are serologically distinct. For example, the NA of
seasonal H1N1, 2009 H1N1pdm, and H5N1 viruses differ in reactivity with ferret
antisera against each virus—however, there is a small but measurable degree of
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cross-reactivity (Chen et al. 2012). Analyses with polyclonal sera therefore suggest
that NA contains immunodominant strain-specific epitopes in addition to some
conserved epitopes to which broadly reactive antibodies can bind.

Antibodies that inhibit NA activity efficiently bind to conformational epitopes
on the ‘head’ of each monomer. Amino acids that are critical for binding of
monoclonal antibodies (mAbs) that inhibit enzyme activity have been identified by

Release of new virions
NA cleaves sialic acid from 

glycoproteins on cell  surface

Transmission
Non-aggregated virions in small 

aerosol droplets are inhaled 

Disaggregation
NA removes sialic acid from 

viral glycoproteins, preventing 
aggregation of virions

Initiation of 
infection

NA releases virus 
from mucins

Fig. 1 NA plays a role at different points of the influenza virus life cycle (1) initiation of
infection by releasing virions from decoy receptors on mucins; (2) release of newly formed
virions from infected cells by cleaving sialic acids from the cell surface; (3) disaggregation or
preventing aggregation of virus particles by removing sialic acids from viral glycoproteins;
(4) preventing formation of aggregates also increases the opportunity for aerosol transmission
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sequencing virus variants selected in the presence of mAbs (reviewed in Air 2012).
Although several rounds of selection may be required, even antibodies with
poor inhibition of enzyme activity can be used to select escape mutants (Gulati
et al. 2002; Nuss et al. 1993; Wan et al. 2013; Webster et al. 1984). An alternate
method to identify amino acids that are essential for antibody binding is to target
specific amino acids for mutation based on the alignment of NA sequences from
reactive and non-reactive viruses (Wan et al. 2013). These strategies have resulted
in a wealth of knowledge regarding antigenic domains of N1 (Wan et al. 2013), N2
(summarized in Air 2012), N8 (Saito et al. 1994) and N9 (Webster et al. 1987)
proteins (Table 1).

Although distinct antigenic domains can be identified on the NA head (Wan
et al. 2013; Webster et al. 1984), competitive binding studies and structural analysis
of NA-mAb complexes show that epitopes are either very close to one another or
overlapping. When A/Brisbane/59/2007 (BR/07) N1-specific mAbs were grouped
by reactivity, 6 different binding patterns were observed. One group of antibodies
was specific for the immunizing antigen, other groups were reactive with most
seasonal H1N1 viruses, or in addition to seasonal H1N1 also an H5N1 virus and/or
the 2009 H1N1pdm virus. With the exception of 2 avian viruses containing point
mutations within the antigenic domain, one group of antibodies could bind to all the
H1N1 and H5N1 viruses tested (Wan et al. 2013). Figure 2 shows amino acids of
BR/07 NA that are essential for binding of each group of mAbs.

Influenza viruses that emerge over the course of seasons have changes in HA and
NA at amino acids important for antibody binding (antigenic drift). The amino acid
mutations within epidemiologically important epitopes of NA correspond with
antigenic domains, but some antigenic domains are conserved—antibodies that bind
to these epitopes also react with distant heterologous viruses within the same sub-
type (Wan et al. 2013). These conserved epitopes are on the lateral face of the NA
‘head’ (Fig. 2, residues shown in green), suggesting that it may be more difficult for
antibodies to access these sites than antigenic domains on the top of the molecule.

The epitopes of 3 NA-specific mAbs have been elucidated by x-ray diffraction
of NA and Fab complexes (Malby et al. 1994; Tulip et al. 1992; Venkatramani
et al. 2006). The footprints of N9-specific mAbs NC41 and NC10 show that a large
overlapping surface area of NA is buried when these antibodies bind, but the
molecular interactions between antigen and antibody in each case is distinct. The
epitope of a N2-specific antibody shows an expansive discontinuous footprint with
a network of water molecules mediating H-bonds that stabilize the interaction.
Interestingly, the single amino acid at position 199 that is essential for antibody
binding forms a direct H-bond with CDR3 of the antibody heavy chain. The
structure of the antigen in complex with antibody is not significantly altered and in
all cases it appears that antibodies inhibit enzyme activity by steric hindrance,
reducing access of the large natural substrate to the active site.

Further studies of antibody-NA complexes to define the specificities and
binding avidities of antibodies that inhibit enzyme activity are warranted as the
information can be used to facilitate the design and evaluation of NA-containing
vaccines.
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Table 1 Amino acids essential for mAb binding to NA

Amino acida NA subtype and the antigen (virus) used as immunogenb

N1 N2 N8 N9

BR/07 RI/57 TOK/67 MEM/98 Dk/UK/63 Tern/AU/75

150 +c +

198 +

199 + +

220 + +

221 + +

246 (248) +

247 (249) +

248 (250) +

253 +

271 (273) +

284 +

307 (309) +

329 + +

334 +

337 (338) +

338 (339) +

340 (341) +

342 (343) + + + +

346 +

367 + +

368 + + +

369 +

370 + +

372 + +

398 (396) +

399 (397) +

400 + +

403 +

458 (456) +

This table is an update of NA residues previously reported (Air 2012).
a Amino acids residue numbers follows N2 numbering with N1 numbering shown in parentheses
b The amino acids critical for antibody binding were originally reported for BR/07 (Wan et al. 2013), RI/57
(Webster et al. 1984), TOK/67 (Lentz et al. 1984), MEM/98 (Gulati et al. 2002), Dk/UK/63 (Saito et al.
1994), and Tern/AU/75 (Air et al. 1990; Tulip et al. 1992).
c ‘‘+’’ identifies the position of the amino acid that is essential for monoclonal antibody binding using N2
numbering. The corresponding N1 numbering is shown in parentheses where relevant. Amino acids of N1
subtype that are conserved in both avian and human viruses are shown in bold.
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4 Evidence of NA-Mediated Immunity

4.1 Antigenic Drift

Changes in amino acid sequence within antigenic domains of NA suggest that
these sites have been subject to antibody pressure, providing indirect evidence that
NA antibodies play an important role in limiting virus replication. Although not all
amino acid changes result in loss of polyclonal antibody binding, studies with
mAbs suggest that these residues are indeed the targets of the humoral response
(Venkatramani et al. 2006; Wan et al. 2013). Interestingly, the loss of reactivity
with polyclonal antisera can result from a single amino acid change within an
immunodominant epitope. For example, the introduction of a single amino acid
change in the NA of A/Solomon Islands/3/2006 (SI/06) at position 329 resulted in
reduced enzyme inhibition by ferret and human anti-SI/06 sera (Fig. 3) (Sandbulte
et al. 2011).

The ability to predict amino acid changes that result in the loss of antibody
binding to antigens of emerging seasonal influenza viruses would allow early
selection of virus strains for vaccine manufacture. Recent studies show that very
few amino acids within a single epitope are responsible for antigenic drift of HA

456 

 339 

341 

248 

396 

397 

343 

 338 

  273 

249 

250 

309 

Fig. 2 Residues of NA (subtype N1) essential for binding mAbs specific for BR/07 shown on the
head region (top view) of a monomer (PDB code 3NSS, generated with Pymol software, Delano
Scientific), with the location of the enzyme active site circled in blue. Amino acids 248, 249, 250,
341 and 343 (shown in pink) are essential for binding a group of mAbs specific for NA of BR/07 and
closely-related seasonal H1N1 viruses; amino acids 273, 338 and 339 (shown in green) are essential
for binding a group of mAbs that are broadly reactive against seasonal H1N1, 1918 and 2009
pandemic H1N1 and H5N1 viruses. These amino acids are conserved in almost all strains within
these lineages; amino acids 396, 397 and 456 (shown in yellow) are conserved in seasonal H1N1 and
H5N1 viruses only; amino acid 309 is on the bottom of the NA head and hardly visible in this view
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NA source

Ferret antiserum against

TX/91 NC/99 SI/06 BR/07

TX/91 320 2560 1280 320

NC/99 160 1280 1280 160

SI/06 160 1280 1280 160

BR/07 <5 80 80 640

4

5
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7

8

9

10

11

NC/99 SI/06 Br/59/07 214E 222R 249G 287T 329K 344D 354G
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o

g
(2

) N
I t
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~16-fold

Mutants 

1

2

3
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5

NC/99 Br/07 214E 222R 249G 287T 329K 344D 354G
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g
(2

) 
IC

50 ~ 8-fold

Reactivity of ferret anti-SI/06

Reactivity of human anti-NC/99

Mutants 

(b)

(c)

(a)

Fig. 3 A single amino acid mutation in the NA of BR/07 results in reduced reactivity with ferret
and human antisera. a Antigenic analysis of NA from H1N1 seasonal viruses; b and c: Binding of
antiserum to the NA of BR/07 is restored when variants contain a single point mutation at residue
329. Reassortant mutant BR/07 viruses were generated by reverse genetics using plasmids that
contained changes introduced by site-directed mutagenesis. Only the change at residue 329
restored binding of (b) ferret anti-SI/06, and (c) human antiserum to NA of BR/07
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(Koel et al. 2013), suggesting that it may be possible to predict changes that are
epidemiologically important for this antigen. Interestingly, while NA amino acid
329 was identified as critical for binding of polyclonal antisera to the seasonal
virus SI/06 (H1N1) and this position is also recognized by N2 and N9-specific
mAbs (Table 1), amino acid 329 was not essential for binding of any of the 25
mAbs with reactivity to the NA of A/Brisbane/59/2007 (H1N1) (Wan et al. 2013).
This suggests that antigenic drift of seasonal SI/06-like H1N1 viruses resulted in a
change in the immunodominance of NA epitopes in H1N1 viruses isolated in 2007.
Since there are currently no criteria for predicting which NA epitopes are
immunodominant, antigenic drift is defined by NI analysis using ferret antisera.
There is evidence that antigenic drift of HA can occur in association with an
altered affinity of HA for receptors—when this occurs, a change in NA structure is
introduced to maintain optimal HA and NA balance (Hensley et al. 2011).
Although antigenic drift of HA and NA may be linked in these instances, it is
usually discordant (Kilbourne et al. 1990; Sandbulte et al. 2011), supporting the
idea that HA and NA-specific immunity contribute to protection against disease
independently (Couch et al. 2013) and that the antibody response to NA is the
primary driver of its antigenic change.

4.2 Epidemiologic Evidence

Influenza vaccine trials conducted at the Georgia State Prison in 1968–1969
(Mostow et al. 1969; Schoenbaum et al. 1969) were fortuitous, allowing correlates
of vaccine efficacy against the subsequent influenza A/Hong Kong H3N2 pandemic
outbreak to be examined (Dowdle et al. 1973). Evaluation of hemagglutination
inhibition (HI) and NI titers showed that while prevention of influenza disease was
significantly related to HI titers, NI titers against either the homologous A/Aichi/68
or heterologous A/Japan/62 (H2N2) strains correlated with reduced illness. The
attack rate (using fever as an index for infection) was 45 % in individuals who had
HI or NI antibody titers B10, but only 24 % when NI but not HI antibodies were
present. This attack rate was further reduced by the presence of HI antibodies, with
only 7 % of persons with HI and NI titers[160 having a fever (Dowdle et al. 1973).
Subsequent vaccine studies (Ogra et al. 1977) have shown a similar correlation
between anti-NA antibody titer and protection against disease.

A similar effect of NA-specific antibodies in protecting against the 1968 pan-
demic was demonstrated in a prospective study of respiratory disease in Tech-
umseh, Michigan (Monto and Kendal 1973). In this study, the number of adults
infected with the H3N2 virus during the 1968–1969 winter (as measured by either
clinical illness or increased HI titers against H3N2) was inversely proportional to
the serum anti-NA titer prior to the influenza outbreak. These results suggest that
the relatively mild H3N2 pandemic in 1968 was indeed the result of pre-existing
NA-specific antibodies.
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NI antibody titers against the 2009 H1N1 virus are evident in the sera of older
individuals following vaccination with seasonal inactivated trivalent vaccine
(Marcelin et al. 2010), possibly explaining the low incidence of H1N1 pandemic
disease in the elderly (Khandaker et al. 2011). Indeed the importance of NA
immunity against naturally occurring influenza was demonstrated by evaluating HI
and NI antibody titers in a study conducted during 2009–2011 (Couch et al. 2013);
serum HI and NI titers correlated with reduced infection and increased NI titers
were associated with reduced illness. Importantly, this study showed that HI and
NI antibody titers are independent predictors of immunity and therefore induction
of NA immunity is beneficial to public health.

4.3 Clinical Challenge Studies

The H3N2 pandemic of 1968 provided an opportunity to evaluate whether anti-
body responses against the NA of the previously circulating H2N2 virus were
associated with resistance to the newly emerging pandemic virus. Volunteers that
had no pre-existing H3-specific antibodies and a range of NI antibody titers were
challenged with the newly emerging H3N2 virus (Murphy et al. 1972). Even
though there was evidence of infection (virus recovered in nasal wash), the
severity of disease caused by the H3N2 challenge and the duration of virus
shedding depended on the level of NA antibodies in serum.

Another clinical challenge study was performed to compare immunologic
markers of protection in volunteers previously infected with wild-type virus and
those vaccinated with licensed split, inactivated trivalent (H1N1, H3N2 and B
components) or live, attenuated bivalent (H1N1 and H3N2) influenza vaccines
(Clements et al. 1986). Pre-existing serum NI titers correlated inversely with
clinical symptoms, peak virus titers, and duration of virus shedding in all study
groups, suggesting NA-specific antibodies correlate with efficacy of both vaccine
types. Interestingly, serum HI titers correlated with resistance to disease in
recipients of inactivated but not live, attenuated vaccine suggesting that other
mechanisms induced by live, attenuated vaccines contribute to immunity – in
addition to NI antibodies, this could include c-interferon (IFN)-secreting T cells
(Forrest et al. 2008) and mucosal HA-specific IgA (Clements et al. 1986).

4.4 Mouse Challenge Studies

Animal models have been used to directly demonstrate the impact of NA-specific
antibodies on virus replication and disease. Immunization of mice with NA
purified from an N2-containing reassortant virus X7(F1) resulted in a reduction of
lung virus titers and lung pathology when the mice were challenged with virus
containing the homologous NA (Schulman et al. 1968). To demonstrate that
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protection was mediated by antibodies, serum transfer studies were conducted. The
results showed that passive transfer of anti-NA antibodies to naïve mice reduced
the replication of challenge viruses containing either the homologous or heterol-
ogous NA (same subtype but different species origin).

More recent studies similarly demonstrate broad protection by NA-specific
immunity; these studies are important because they show the potential benefit of
NA-specific antibodies against pandemic viruses. Immunization with the NA of a
seasonal H1N1 virus provides substantial protection against heterologous 2009
H1N1pdm virus challenge (Marcelin et al. 2011). Broad protection against H5N1
infection is also observed in a large proportion of mice vaccinated with the NA of
seasonal H1N1 viruses—both DNA (Sandbulte et al. 2007) and VLP (Easterbrook
et al. 2012) vaccines induced such heterologous immunity. This broad NA-based
immunity is not intuitive from serologic analyses that show large differences in
antigenic structure of NA of seasonal H1N1, 2009 H1N1pdm, and H5N1 viruses.
However, a low level of reproducible cross-reactivity is present (Chen et al. 2012)
which points to the presence of conserved epitopes. Conserved amino acids that
are required for binding broadly-reactive mAbs were recently identified (Wan
et al. 2013) and are shown in Table 1.

Mice treated prophylactically with a mAb specific for a seasonal H1N1 virus
were protected against this strain only, while mice treated with mAbs that bind to a
conserved antigenic domain of N1 were protected against challenge with lethal
doses of seasonal H1N1 and 2009 H1N1 pdm viruses and have substantial resis-
tance against H5N1 infection (Fig. 4) (Wan et al. 2013). These data suggest that
antibodies against conserved epitopes are likely to be important contributors to the
heterologous protection induced by NA immunization.

A report of NA-specific heterosubtypic immunity (Quan et al. 2012) is sub-
stantiated by demonstration of protection by antibodies specific for a peptide that
is universally conserved with influenza A NAs (Doyle et al. 2013), however high
antibody concentrations are required for protection, making this an unlikely goal
of NA-based vaccines.

5 Immunogenicity of NA

A colorimetric assay developed to quantify free sialic acid was originally used to
measure functional NA-specific antibody titers in serum (Webster and Laver
1967). This method was based on the assays of Warren (1959) and Aminoff (1959)
that quantified free sialic acid using thiobarbituric acid (TBA) and additional
chemical reactions. While the assay is specific, it is cumbersome to perform and
not suitable for determining NA antibody titers in large numbers of samples.
Alternative assays that are more practical include a miniaturized TBA method
(Sandbulte et al. 2009) and an assay that quantifies enzyme activity by measuring
the amount of galactose that becomes available following release of sialic acid
(Lambre et al. 1990). This latter assay is performed in a 96-well plate format and
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uses peroxidase conjugated to peanut agglutinin, a lectin specific for galactose, to
quantify NA activity. It is relatively easy to test large numbers of serum samples in
this enzyme-linked lectin assay (ELLA), and is therefore the method of choice for
measuring NA-specific antibody responses in animal as well as human studies
(Cate et al. 2010; Couch et al. 2013; Fries et al. 2012, 2013; Sultana et al. 2011).
Alternatively, an ELISA can be used to quantify NA-specific antibody titers (Khan
et al. 1982), however the purified NA needed as antigen in the assay is often not
available.

NA must be in its native form to induce functional NI antibodies. Since enzyme
activity requires an intact tetramer, it can be used as a measure of this antigen’s
native form and immunogenicity. Enzyme activity per se is not required for
immunogenicity (Sultana et al. 2011) and therefore there is some concern that
enzyme activity is not necessarily the best way to measure NA potency. Besides,
enzyme activity is not strain-specific and so it is not possible to quantify the
activity of each NA subtype in seasonal trivalent and quadrivalent vaccines.
ELISA has been used to quantify NA and may be a suitable platform to measure
NA potency.

Immunization with the same amount of purified HA and NA results in similar
increases in antibody titers to each of these antigens, demonstrating that these
antigens have similar immunogenicity (Johansson et al. 1989). However, the
antibody responses to NA can be less than anticipated, particularly when whole
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Fig. 4 Mice treated prophylactically with NA-inhibiting antibodies are protected against
homologous and heterologous lethal virus challenge. DBA/2 mice treated with BR/07 strain-
specific mAb 3A2 (r) and broadly-reactive 1H5 (m) or 3H10 (j) 12 h before virus challenge in
addition to control mice treated with PBS (e) were challenged with 10 MLD50 of a seasonal
H1N1 BR/07, b 2009 H1N1pdm CA/09-X179A, c attenuated VN/04 (H5N1) virus or d 20LD50

of wild-type VN/04. Experimental details and a full set of results have been published (Wan et al.
2013)
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virus vaccines are used to boost the response (Kilbourne 1976; Kilbourne et al.
1987). This discrepancy in primary antibody responses to HA and NA reflects the
lower amounts of NA in each vaccine dose; the absence of robust secondary
responses to NA when whole virus vaccines are used reflects competition between
the antigens. HA is the ‘winner’ in this competition because anti-HA is more
prevalent and therefore whole virus is taken up by B cells, removing NA from the
environment and activating B cells that are already primed to secrete anti-HA
antibodies. This competition can be overcome by using an HA subtype for which
the human or animal model does not have pre-existing immunity as immunogen.
For example, when mice previously infected with H3N2 virus are immunized with
an H7N2 reassortant virus, a greater antibody response to NA is measured com-
pared to a H3N2 vaccine (Johansson et al. 1987). This competition is not evident
when viral antigens are dissociated (Johansson and Kilbourne 1993), suggesting
that split or subunit influenza vaccines and purified NA can be used to induce
effective NA-specific responses.

Antigenic sin is a concept that was termed to describe recall responses to HA,
with secondary exposure to a drift variant resulting in an increase in the quantity
and avidity of antibodies to the original immunogen (Fazekas de St and Webster
1966; Webster 1966). Antigenic sin is also evident in NA-specific antibody
responses. As described earlier in this Chapter, NA contains both strain-specific
and conserved antigenic domains. Sera of individuals recently infected with 2009
H1N1pdm virus have increased NI titers against the otherwise antigenically-
distinct NA of seasonal H1N1 virus. While this could provide some benefit in that
the increase in antibodies against conserved epitopes would result in immunity
against potential pandemic strains, it should be kept in mind that the most effective
NA immunity is afforded by a homologous vaccine.

6 Mechanism of Action

Reduced virus replication in the presence of NA-specific antibodies in vitro is
largely due to inhibition of enzyme activity. Inhibition of enzyme activity is
usually the result of steric hindrance, with antibody binding to the NA head
preventing large sialylated glycans from entering the enzyme active pocket.
Antibodies that bind very close to the enzyme active pocket can inhibit access of
small substrates to the enzyme active site (Webster et al. 1987), but since the
natural substrate is large, even antibodies that bind some distance from the enzyme
active pocket can inhibit cleavage of sialic acid. This inhibition of substrate
cleavage limits virus replication by preventing release of newly formed virus
particles from the host cell surface. Without removal of sialic acid from the viral
glycoproteins, spread of virus particles from cell to cell as well as transmission as
an aerosol is impeded due to virus aggregation. Inhibition of NA activity can also

288 M.C. Eichelberger and H. Wan



impact initiation of infection. While NA-specific antibodies do not inhibit virus
binding or infection of cells, in vitro studies show that NA activity facilitates the
initiation of infection of epithelial cells (Matrosovich et al. 2004; Ohuchi et al.
2006), probably by releasing virus particles from decoy receptors present on
mucins or possibly affecting virus entry in ways currently not understood. Anti-
bodies that inhibit NA activity may therefore reduce the number of cells infected.
This may explain why NI titers correlate with reduced infectivity in clinical studies
(Couch et al. 2013).

Although the most effective response to NA in vivo is likely to be one that
includes high avidity enzyme-inhibiting antibodies, other mechanisms may con-
tribute to immunity. For example, antibodies that bind without inhibiting NA
activity may bind to infected cells thereby providing a target for FcR-positive
natural killer cells or complement.

In addition to antibody-mediated mechanisms that contribute to NA immunity,
it is important to note that NA contains epitopes recognized by CD4+ and CD8+ T
cells (De Groot et al. 2009; Jameson et al. 1998; Moise et al. 2013). When
NA-specific CD4+ T cells are primed following immunization they not only
provide essential help to activation and maturation of B cells secreting antibodies
to NA, they can also provide help for antibody responses to other vaccine antigens,
including HA. In addition, both CD4+ and CD8+ T cells can contribute to
immunity through secretion of antiviral cytokines and/or perforins (Brown et al.
2012; McKinstry et al. 2012). Reducing virus load by clearance of infected cells in
this way could result in a mild course of disease.

Besides categorizing NA as an antigen, the enzyme activity of NA can mod-
ulate the magnitude and type of T cell response by promoting contact between
antigen presenting cells and antigen-specific T cells (Oh and Eichelberger 1999,
2000). Serum antibody responses to HA were increased in mice immunized with a
H1N1 vaccine supplemented with NA (Johansson et al. 1998), suggesting NA
provides adjuvant activity. However, further studies that compare the magnitude of
the influenza-specific antibody and T cell response to vaccines formulated with
active and inactive NA are needed to conclusively demonstrate that NA does
indeed contribute to immunity by influencing initiation of the response to vaccine
antigens.

7 NA Content of Vaccines

7.1 Human Experimental NA-Based Vaccine Studies

NA-based vaccines have been clinically tested and shown to be effective in small
studies. Early studies of vaccines designed to induce NA-specific antibodies were
whole inactivated virus preparations. To avoid recall responses to HA, inactivated
reassortant virus, X-32, that had a mismatched HA of an equine virus (H7) and the
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NA of a 1968 seasonal H3N2 virus was used as vaccine in a clinical study con-
ducted in incarcerated adults (Couch et al. 1974). All volunteers were negative for
antibodies to HA of either the circulating H3N2 virus or H7N2 vaccine. Serum NI
antibody titers measured 5 weeks post-vaccination were significantly increased
([4-fold) in almost all volunteers, including a small group of volunteers that had
pre-existing NI antibodies. All volunteers were subsequently challenged with a
wild-type H3N2 virus containing the homologous NA. Clinical symptoms and viral
titers in nasal wash samples were compared in the H7N2 and control influenza
B-vaccinated groups. While the frequency of infection was not statistically different
between the groups, clinical illness was observed in fewer H7N2-vaccinated
individuals and virus titers in the nasal wash were significantly less than in the
control group. The reduction in virus titer correlated with increased NI titers
measured in either serum or nasal wash.

A subsequent study compared the ability of reassortant viruses X-37 that has
both HA and NA of A/England/43/72 (H3N2), and X-38 that has a mismatched
HA (H7) and the homologous NA, to induce N2-specific antibodies (Kilbourne
1976). A significant increase in NI titer was observed in 69 % of individuals
vaccinated with the H7N2 virus, but only 25 % of those vaccinated with the H3N2
virus; in addition, the mean NI titer of the H7N2 vaccinees was twice that of the
H3N2-vaccinated group. These results are a demonstration of antigenic competi-
tion between HA and NA when there is pre-existing immunity against both
antigens and whole virus is used as immunogen. As in the previous study, during a
natural outbreak of H3N2 in this latter population, the H7N2 vaccine and placebo
recipients were infected at approximately the same rate, however vaccination
protected against illness, with absence of clinical signs correlating with anti-NA
antibody titers.

The safety and immunogenicity of a purified NA vaccine has also been tested in
the clinic (Kilbourne et al. 1995). No severe adverse events were reported. Mild
local reactions at the site of injection were reported with the highest dose of
purified NA (69.6 lg). These reactions were similar to those of the trivalent
inactivated vaccine comparator. Antibody responses to NA were dependent on
dose, with a 2.6 lg dose resulting in 2.5-fold increases in NI antibody titer in 40 %
of subjects while a 69.6 lg dose resulted in an 8.6-fold increase in 90 % of the
subjects.

These clinical studies support the use of split, inactivated virus or purified NA
to induce NI antibodies. Challenge studies performed several decades ago suggest
that very low NI titers protect against disease (Clements et al. 1986; Murphy et al.
1972). The traditional TBA assay was used in these instances for serology. While
antibody titers measured by ELLA are proportional to those measured by TBA,
they can be somewhat higher (Fritz et al. 2012) and therefore additional clinical
studies are needed to establish an NI titer that correlates with protection against
disease. Such a correlate would be helpful for interpretation of immunogenicity
data and for establishing the dose of NA needed to elicit effective NA immunity.
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7.2 Licensed Influenza Vaccines

Current influenza vaccines are standardized for HA content: the potency of
licensed seasonal vaccines is measured by single radical immunodiffusion assay
which quantifies the antigenic form of HA based on reactivity with HA-specific
sheep antiserum. Standardization of the NA content of split, inactivated vaccines is
difficult because the ratio of HA:NA is strain-specific (Gerentes et al. 1999) and
the stability of NA in split, inactivated vaccines has not been established. It is not
easy to quantify the antigenic form of NA corresponding to each component
(influenza A subtypes and influenza B lineages) in trivalent or quadrivalent vac-
cine formulations—even though enzyme activity correlates with the amount of
immunogenic tetramers, this assay is not strain specific. Even so, clinical immu-
nogenicity studies show that in most years the quantities of NA in these vaccines
are sufficient to increase NI antibody titers in young, healthy adults (Couch et al.
2012).

Antibody responses are substantially diminished in the elderly. A high-dose
split, inactivated vaccine (Fluzone, High Dose, 60 lg HA of each virus strain/dose)
is available for persons C65 years old and compared to the standard vaccine dose
(Fluzone, 15 lg HA) was shown to result in increased antibody responses to both
HA (Couch et al. 2007) and NA (Cate et al. 2010) in this age group. One approach
to reduce the amount of antigen per dose and yet retain immunogenicity is to
administer the vaccine intradermally. Such a vaccine (Fluzone Intradermal, Sanofi)
containing 9 lg HA/strain has been approved for use in persons 18–64 years old
with clinical data to show that HA-specific antibody responses are similar to those
of the standard vaccine administered intramuscularly (Gorse et al. 2013). NI anti-
body titers following intradermal vaccination have not been reported.

The potency of live, attenuated influenza vaccines is based on their infectivity.
Since infection results in expression of NA on the host cell surface, even if spread
of new virus particles is limited by pre-existing NA immunity, it is likely that a
live, attenuated vaccine will initiate and/or boost a NA-specific response. Indeed,
increased NA antibody titers have been demonstrated after live, attenuated influ-
enza vaccination although seroconversion rates are sometimes less than after
immunization with inactivated vaccine (Couch et al. 2012; Hassantoufighi et al.
2010). Nevertheless, increased NI antibody titers in children vaccinated with live,
attenuated influenza vaccine were associated with decreased clinical disease in
virus challenge studies (Clements et al. 1986). It should be kept in mind that NI
antibodies are not the only potential mediator of immunity induced by live,
attenuated vaccines—c-IFN-secreting T cells, (Forrest et al. 2008) and mucosal
HA-specific IgA (Clements et al. 1986) also correlate with reduced disease and it
is therefore likely that live, attenuated vaccine efficacy reflects the sum of a
number of different humoral and cell-mediated responses.
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7.3 Development of New Vaccine Types

The need to design influenza vaccines that are readily available at the onset of a
pandemic has resulted in development of new vaccine strategies. Some of these
next generation vaccines, particularly those that utilize recombinant proteins or
virus-like particles (VLPs), have the potential to incorporate consistent amounts of
NA. The immunogenicity of NA in many of these approaches has recently been
reviewed (Johansson and Cox 2011). Vaccines formulated with adjuvant could
increase antibody responses to both HA and NA. Indeed, examination of the
specificity and avidity of antibodies elicited in the presence of adjuvant shows
increased avidity and broadening of the antibody response to both HA and NA
(Khurana et al. 2010), making it feasible to induce effective NA immunity with
smaller amounts of antigen.

Both H5N1 and H7N9 viruses have pandemic potential. The immunogenicity of
NA in a non-adjuvanted Vero-cell produced whole virus inactivated H5N1 vaccine
was demonstrated in a clinical study (Fritz et al. 2012), but it is not known whether
the NI titers achieved are sufficient to protect against disease. A recent clinical
study demonstrated that the immunogenicity of a H7N9 VLP vaccine was
increased by the addition of ISCOMATRIX, resulting in increased seroconversion
rates and antibody titers to NA (Fries et al. 2013). Interestingly, a booster dose
increased both HI and NI antibody titers, suggesting that the antigenic competition
observed in responses to whole virus vaccines may not be an issue with a VLP
vaccine platform.

A clear benefit of NA immunity is its breadth of protection due to the presence
of conserved antigenic domains within each NA subtype. This makes NA an
attractive antigen to include as a component of a universal vaccine or even to
consider as a stand-alone pandemic vaccine containing equivalent doses of each
targeted NA subtype. In 1971 Kilbourne proposed that a vaccine containing a
mixture of NA subtypes would protect against emerging unexpected viruses. Since
it would not be possible to demonstrate effectiveness of such a vaccine prior to a
pandemic, it would be extremely helpful to identify the NI antibody titer that is
associated with protection against clinical disease and to define the vaccine dose
needed to induce the seroprotective titer.

For vaccines that are dependent on inducing responses to NA, the vaccine dose
will need to be measured by quantifying the amount of NA with native structure.
As discussed earlier, enzyme activity provides a useful tool to quantify the native
NA tetramer in vaccine intermediates or monovalent vaccines, but is not suitable
to measure NA content of polyvalent vaccines. We are currently evaluating ELISA
for its ability to quantify the native form of NA using mAbs that bind to con-
formation-dependent epitopes and that discriminate between NA types/subtypes.
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8 Conclusions and Future Perspectives

Effective influenza vaccines that are based on NA content undoubtedly require a
good understanding of the antigenic structure of NA, its stability, immunogenicity,
and dose needed for clinical effectiveness. While animal and clinical studies
consistently demonstrate the benefit of NA-specific antibodies, there is a need for
additional information and tools to support the development of either a stand-alone
NA vaccine or an inactivated split or recombinant protein vaccine that contains a
specified amount of NA. For example, it would be helpful to establish the NI
antibody titer associated with resistance against disease, to identify the NA dose
that induces this titer in humans, and to have an in vitro method to measure the
potency of NA in multivalent vaccines.

Since stand-alone NA vaccines and vaccines that contain standardized amounts of
both NA and HA differ in the kind of immunity generated, the type of vaccine
developed would depend on the targeted clinical end-point. For example, a vaccine
without HA (either recombinant NAs or reassortant viruses with mismatched HAs
from avian viruses) would result in an immune response that is infection-permissive,
allowing subsequent infection with the circulating seasonal or pandemic virus and
the induction of long-term protective immunity, whereas a vaccine that includes
both HA and NA components of the targeted infecting virus would induce antibodies
that neutralize HA-matched virus infectivity. In the latter case, infection may be
prevented and a full spectrum of antibody and T cell responses, including high
avidity strain-specific antibodies and broadly-reactive CD8+ T cells, may not be
activated.

Influenza vaccines that induce broadly reactive cell-mediated immunity or
antibodies to M2 have a similar impact as NA immunity in that infection is
permitted but replication is attenuated (Price et al. 2010). This heterosubtypic
immunity is critical for protection against a novel challenge strain (Bodewes et al.
2009a) and consequently infection-permissive immunity can be viewed as bene-
ficial (Bodewes et al. 2009b), with models predicting the long-term benefit of
immunity established as a result of infection (Carrat et al. 2006).

Since the world-wide population is primed against N1 and N2 antigens, the
severity of pandemic H5N1, H2N2, and H7N2 virus outbreaks may be limited by
pre-existing NA immunity. In the absence of NA-immunity, novel viruses such as
H7N9 that have HA and NA subtypes unique to the human population, may be a far
greater global threat. The most effective means to avert or limit such a pandemic
would be through vaccination. A vaccine that includes induction of N9-specific
immunity would be of great benefit, especially if the emerging virus has a HA that is
antigenically-distinct from the vaccine strain.

Both animal and human studies provide evidence of heterologous protection
associated with NA-specific antibodies. However, NA immunity is most effective
against viruses with an antigenically-matched NA and therefore it is desirable to
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select viruses for vaccine production that have both the HA and NA antigenically
matched to the circulating (or potential pandemic) influenza virus. This has gen-
erally been the case for viruses selected for seasonal vaccine production, although
there are instances when prior knowledge of NA antigenic structure may have
facilitated selection of a better matched strain (Sandbulte et al. 2011).

In 1972 Walter Dowdle wrote in response to the finding that NA-specific
antibodies are associated with resistance to disease (Murphy et al. 1972): ‘‘We can
no longer ignore a major antigenic constituent (NA) of the influenza virion. Sur-
veillance of influenza viruses must be concerned with antigenic changes in both
the HA and the NA. All vaccines, live or inactivated, must be formulated and
evaluated on the relevancy and potency of both antigens’’ (Dowdle 1972). More
than four decades later, it is hoped that the progress made toward routine mea-
surement of NI antibody titers, better understanding of NA antigenic structure and
drift, and the development of ways to measure NA immunogenicity will facilitate
consideration of NA content in next generation influenza vaccines.
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Advances in Universal Influenza Virus
Vaccine Design and Antibody Mediated
Therapies Based on Conserved Regions
of the Hemagglutinin

Florian Krammer, Peter Palese and John Steel

Abstract The threat of novel influenza viruses emerging into the human popu-
lation from animal reservoirs, as well as the short duration of protection conferred
by licensed vaccines against human seasonal strains has spurred research efforts to
improve upon current vaccines and develop novel therapeutics against influenza
viruses. In recent years these efforts have resulted in the identification of novel,
highly conserved epitopes for neutralizing antibodies on the influenza virus
hemagglutinin protein, which are present in both the stalk and globular head
domains of the molecule. The existence of such epitopes may allow for generation
of novel therapeutic antibodies, in addition to serving as attractive targets of novel
vaccine design. The aims of developing improved vaccines include eliciting
broader protection from drifted strains, inducing long-lived immunity against
seasonal strains, and allowing for the rational design of vaccines that can be
stockpiled for use as pre-pandemic vaccines. In addition, an increased focus on
influenza virus vaccine research has prompted an improved understanding of how
the immune system responds to influenza virus infection.
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1 Introduction

Influenza A viruses circulate annually among human populations and are a source
of significant morbidity and mortality. It is estimated that 10–20 % of the US
population is infected with influenza viruses Influenzaeach year, and as many as
49,000 associated deaths occur annually (Glezen and Couch 1978; Fox et al. 1982;
Thompson et al. 2004; CDC 2010). Correspondingly, a recent study indicated that
approximately 20 % of the UK population may be infected annually (Hayward
et al. 2014). In addition to the disease burden caused by seasonal human influenza
virus lineages, zoonotic infections, against which there is an absence of immunity
in the human population, occasionally result in the emergence of pandemic strains
(Neumann et al. 2009). The emergence of the (pandemic) H1N1 subtype influenza
virus from the swine reservoir in 2009 (Itoh et al. 2009) and human infections by
the avian H5N1 and H7N9 viruses further highlight the potential risk posed by
animal reservoirs of influenza A viruses.

Although a limited number of therapeutic drugs are available to combat influ-
enza (Muthuri et al. 2014), they are typically costly, and public health measures that
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rely on single drug therapy suffer from the potential emergence of drug resistant
strains of influenza viruses Influenza (Hayden and Hay 1992; Samson et al. 2013).
Thus, the development of multiple therapeutic drugs, especially those that target
distinct aspects of the viral lifecycle, are of critical importance.

The most cost-effective strategy to protect against influenza-related disease is
vaccination. Current vaccination approaches are effective (Tricco et al. 2013; McNeil
et al. 2014), particularly among healthy adult individuals and children (Osterholm
et al. 2012), but are hampered by the need to achieve a close match between circu-
lating strains and those included in the vaccine. Due to the rapid and unpredictable
antigenic drift of seasonal influenza viruses, such a match is often difficult to attain.
The possibility of a zoonotic influenza A virus entering the human population and
establishing a novel human lineage represents a further challenge to current vacci-
nation strategies. Since it is impossible to predict which subtype and which strain will
cause the next influenza pandemic, current strain-specific approaches will fall short in
a pandemic setting. Moreover, current influenza vaccines are recognized to be less
effective in high-risk groups, such as the elderly, the very young, and the immune-
compromised (Osterholm et al. 2012; Beyer et al. 2013).

Rational attempts to improve influenza vaccines would benefit from a better
understanding of the immunological correlates of protection from influenza disease,
and the mechanisms underlying such protection. The detailed mechanisms by which
the immune system responds to influenza viruses Influenza infection, or vaccination,
are remarkably poorly understood and most likely vary depending upon how viral
antigen is presented to immune cells (Bucasas et al. 2011; Li et al. 2013).

The best-established correlate of protection from disease following inactivated
influenza virus vaccination measures serum-mediated viral hemagglutination inhi-
bition (HAI) of red blood cells: an HAI titer of approximately 1/40 correlates well
with protection from disease in humans (Ellebedy and Webby 2009; Katz et al.
2011). Although the HAI assay detects classical neutralizing antibodies that block
receptor binding, several alternative immune mechanisms that interfere with
influenza virus replication have been described. These include antibodies that inhibit
viral fusion with the cellular membrane (Ekiert et al. 2009; Wang et al. 2010b; Tan
et al. 2012; Brandenburg et al. 2013), mucosal antibodies (Renegar and Small 1991;
Seibert et al. 2013), complement pathways (Terajima et al. 2011; Co et al. 2012;
Dilillo et al. 2014), and antibody dependent cellular cytotoxicity (Jegaskanda et al.
2013; Dilillo et al. 2014). The correlation between these alternative modes of in vitro
neutralization and protection from disease in vivo are not well studied. This raises
the possibility that vaccination strategies may be developed to exploit previously
unappreciated protection modalities. To this end, advances in the characterization of
novel conserved and protective epitopes present in the hemagglutinin protein have
provoked interest in the field. This chapter focuses on studies examining neutralizing
antibodies directed against conserved regions of the influenza viruses Influenza, and
approaches designed to utilize these epitopes in novel vaccination strategies. If
successful, such vaccines stand to increase protection from drifted strains, thereby
reducing the need for annual vaccination. Moreover, broadly protective vaccines
would prove highly valuable against pandemic strains.
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2 Neutralizing Antibodies Directed Against Conserved
Regions of the influenza viruses HA

The development of multiple broadly neutralizing monoclonal therapeutic vac-
cineantibodies (bnAbs) targeting the influenza hemagglutinin is desirable for two
reasons. Firstly, such drugs may be used as therapeutic agents, which could be
administered singly, or as cocktails of multiple antibodies and/or other therapeutic
drugs, potentially providing effective clinical protection from influenza. Secondly,
the use of drug cocktails may prevent, or limit the emergence of drug resistant
strains of virus into human populations. Two main classes of broadly neutralizing
antibodies against conserved regions of the HA have been described: those
directed against the conserved, membrane proximal stalk (or stem) domain of the
HA, and those directed against the membrane distal receptor binding site (RBS).

2.1 Stalk-Reactive Neutralizing Monoclonal Antibodies

The earliest reports of hemagglutinin stalk-reactive antibodies relied on a sensitive
radioimmunoprecipitation assay to identify antibodies present in rabbit immune
sera, which mapped to the hemagglutinin HA2 domain, (Polakova et al. 1978;
Russ et al. 1978a, b). In 1983, Graves and colleagues characterized immune sera
obtained from mice vaccinated with inactivated whole influenza virus which had
been acid- and DTT-treated to remove the globular head of the HA (Graves et al.
1983). While data from this study demonstrated that antigenic epitopes were
preserved in the hemagglutinin in the absence of the globular head domain, virus-
neutralizing activity was not observed, possibly due to the loss of conformation of
the immunizing antigen.

The first virus neutralizing stalk-reactive monoclonal antibody (mAb) was
isolated from a mouse using traditional hybridoma technology in 1993 by Okuno
et al. (1993). This antibody, C179, has fusion inhibiting activity and is able to bind
and neutralize a broad range of group 1 HA encoding viruses, including H1, H2,
H5, and H6 subtype strains (Okuno et al. 1994; Smirnov et al. 1999). Development
of powerful new technologies such as plasmablast sorting followed by single cell
PCR, phage display libraries for antibody screening, and divergent technologies to
recover antibody coding sequences from memory B-cells has aided in the isolation
of more of these relatively rare antibodies. The first examples of bnAbs isolated
using phage display screening and specific to the hemagglutinin of influenza virus
were reported in 2008 (Kashyap et al. 2008). These recombinant antibodies were
constructed from individual heavy and light chain sequences derived from B-cells
of individuals who had survived infection with H5N1 virus. They were identified
using a phage display screen that enriched for antibodies specific for influenza H5
subtype HA. One such bnAb (A06) exhibited in vitro neutralization of H5N1 and
seasonal H1N1 subtype influenza viruses Influenza at concentrations of antibody
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as low as 1–10 ug/ml (Kashyap et al. 2008). Clone A06 was also effective in vivo
against the H1N1 subtype 2009 pandemic influenza virus, conferring protection
from death in mice treated either prophylactically, or therapeutically up to 3 days
post infection (Kashyap et al. 2010).

Two further, well-characterized human mAbs also isolated using phage tech-
nology, CR6261 and F10, were described in 2008 and 2009, respectively (Throsby
et al. 2008; Sui et al. 2009). Both mAbs neutralize a broad range of group 1 HAs.
Structural characterizations revealed that the footprints of both antibodies localize
to the stalk domain and overlap that of the murine mAb C179 (Ekiert et al. 2009;
Sui et al. 2009; Dreyfus et al. 2013). The activity of a distinct broadly neutralizing
Ab, 12D1, targets a micro-conformational epitope on the long alpha helix of the
H3 stalk domain, demonstrating that stalk-reactive antibodies also exist for group
2 HAs (Wang et al. 2010b). Clone 12D1 was isolated from mice sequentially
vaccinated with divergent H3 HAs that share conserved epitopes, an approach
that was subsequently used to generate the pan-H1 stalk-reactive antibody 6F12
(Tan et al. 2012). A third, more membrane proximal epitope on the stalk domain
was defined by the pan-group 2 antibody CR8020 (Ekiert et al. 2011). To date,
stalk-reactive antibodies can be grouped into three categories: antibodies that
broadly neutralize within a specific subtype, including 12D1 and 6F12; antibodies
that broadly neutralize strains within group 1 (CR6261, F10 etc.) or group 2
(CR8020, CR8043 etc. Friesen et al. (2014)); and antibodies that are pan-HA
reactive. The last group is currently limited to three characterized members, FI6
and 39.29, which exhibit binding to cross-group HAs of type A influenza viruses
(Corti et al. 2011; Nakamura et al. 2013), and CR9114, which is reactive against
HAs of both influenza A and B viruses (Dreyfus et al. 2012). However, the number
of stalk-reactive antibodies described is growing rapidly. Several laboratories,
including that of Patrick Wilson’s at the University of Chicago, have isolated, but
not yet fully characterized, large numbers of antibodies belonging to each of the
aforementioned categories (Corti et al. 2010; Wrammert et al. 2011; Li et al. 2012;
Thomson et al. 2012; Nakamura et al. 2013; Whittle et al. 2014).

In contrast to canonical neutralizing HAI active antibodies that function by
blocking the interactions between the RBS and the host receptor, stalk-reactive
antibodies work through a plethora of mechanisms downstream of the initial binding
event. First and foremost, stalk-reactive antibodies prevent fusion of the viral and
endosomal membranes during acidification of the endosome (Ekiert et al. 2009;
Wang et al. 2010b; Tan et al. 2012; Brandenburg et al. 2013). Antibodies bind to the
HA outside of the cell and are then (likely) imported into the endosome together with
the virus. To allow progression of the viral lifecycle, the HA must undergo a con-
formational change that triggers membrane fusion, upon acidification of the endo-
some. Stalk-reactive antibodies prevent this conformational step by locking the HA
in the pre-fusion conformation. It has been shown that C179 interacts with about
70 % of the HA trimers of an influenza virion at neutralizing concentrations of as low
as 25 lg/ml (Okuno et al. 1994). In addition, stalk-reactive antibodies are also able to
inhibit viral egress and cleavage of HA by blocking access to the proteolytic cleavage
site between HA1 and HA2 (Ekiert et al. 2009, 2011; Krammer and Palese 2013;
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Friesen et al. 2014). Finally, stalk-targeting antibodies can limit viral spread through
complement dependent lysis and antibody-dependent cell mediated cytotoxicity
(Terajima et al. 2011; Dilillo et al. 2014). Typically, such antibodies interact with
antigen by binding to accessible hydrophobic pockets located within the HA stalk.
Notably, a large majority of the stalk binding antibodies employ a heavy chain-
directed interaction with HA in which hydrophobic residues present in an extended
heavy chain complementarity determining region (HCDR) (typically, but not
exclusively HCDR2 or 3) interact with hydrophobic residues present in the HA to fill
a hydrophobic pocket (Table 1). Correct positioning of the extended loop is sup-
ported by further mutations present in the same and other CDRs. The germline heavy
chain gene Vh1-69 appears to be frequently employed in the generation of antibodies
that interact with epitopes in the HA stem, possibly due to the presence of several
hydrophobic residues encoded in this gene. Since stalk-reactive antibodies have very
broad therapeutic activity, they are currently being considered and tested as anti-viral
therapeutics in humans. Furthermore, they serve as important tools for antibody-
guided universal vaccine approaches (see Sect. 4 below).

2.2 Receptor Binding Site-Reactive Neutralizing Monoclonal
Antibodies

The globular head region of HA is considered to be hypervariable at multiple sites
(Gerhard et al. 1981; Caton et al. 1982; Brown et al. 1990), resulting in the antigenic
drift that is responsible for the narrow strain specificity of currently licensed influ-
enza vaccines. However, due to functional constraints associated with HA binding to
the sialic acid receptor, there is a highly conserved region of the HA globular head
which encompasses the RBS (Wilson et al. 1981; Weis et al. 1988). Advances in
cloning and screening technologies have permitted the identification of increasing
numbers of neutralizing monoclonal therapeutic vaccine antibodies specific to HA
including a small number of broadly neutralizing antibodies that map to a previously
unappreciated epitope close to and overlapping with the RBS of the protein (Ekiert
et al. 2009; Yoshida et al. 2009; Krause et al. 2011; Ohshima et al. 2011; Whittle
et al. 2011; Lee et al. 2012; Xu et al. 2013) (Table 1). These newly isolated anti-
bodies may be of therapeutic interest, as they may confer significantly broader
protection from influenza viruses Influenza infection and disease than -specific
antibodies that interact with the conventional antigenic sites. These RBS-directed
antibodies may also be refractory to virus-mediated escape from protection. Of
further interest, such antibodies appear to possess several common features that may
be associated with their reactivity. Several RBS-specific antibodies bind antigen
predominantly through heavy chain directed interactions, and have unusually long,
somatically hypermutated CDRs. Additionally, multiple studies have indicated that
avidity may be an important mechanism that increases the neutralizing breadth of at
least some of these antibodies (Ekiert et al. 2012; Lee et al. 2012).
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The epitope(s) recognized by several RBS-targeting bnAbs include(s) a strictly
conserved hydrophobic tryptophan residue within the floor of the RBS groove, at
HA1 position 153. This amino acid residue appears critical in the binding of
several of the recently described bnAbs to the HA protein.

One recent study has demonstrated that three human mAbs conferring atypi-
cally broad, pan-H2 subtype neutralization activity (Xu et al. 2013) similarly
exploit aromatic residues in the CDRs of their respective heavy chains. These
antibodies utilize the presence of other supporting changes from germline
sequences in order to interact with the receptor binding pocket of the HA. The
interactions are characterized by the extension of the heavy chain into the RBS
pocket, resulting in an antibody–antigen interaction footprint of approximately
200 Å2 or more, out of a total antibody-antigen interaction of approximately
800 Å2. The hydrophobic residues on antibody and antigen interact by p-p
stacking to fill a hydrophobic cavity in the RBS. Intriguingly, this raises the
possibility that by focusing the interaction between HA and mAb on a few critical,
highly conserved residues thus limiting the contribution of supporting interactions
surrounding the RBS, such RBS-directed antibodies may limit the loss of binding
upon subsequent genetic drift in the hypervariable antigenic sites of the HA. The
downstream consequence of such binding would be greater broadly neutralizing
activity. Antibody CO5, which binds and neutralizes multiple strains belonging to
group one and two subtypes (Kashyap et al. 2008, 2010) has been shown to
interact with the influenza HA via p-p stacking of HA1 TRP 153 with a hydro-
phobic residue in a CDR of the antibody heavy chain (Ekiert et al. 2012; Xu et al.
2013). mAbs CO5, 2G1, 8M2, 8F8, S139/1, CH65, and likely F045-092 and F026-
427 (Ohshima et al. 2011; Whittle et al. 2011; Ekiert et al. 2012; Lee et al. 2012;
Xu et al. 2013), (Table 1), also possess residues in the HCDR domains which
interact with the RBS of hemagglutinin.

The germline gene Vh1-69, which encodes the variable heavy region of human
immunoglobulin genes, partially encodes three out of nine of these broadly neu-
tralizing mAbs. The repeated use of the Vh1-69 gene may be due to the unique
presence among variable heavy genes of two hydrophobic residues encoded in this
germline sequence (Ile 53 and Phe 54). These hydrophobic residues may give Vh1-
69 encoded mAbs a selective advantage in terms of initiating and subsequently
increasing the strength of interactions with the hydrophobic pocket of the HA RBS
through somatic hypermutation. However, it is important to keep in mind that
alternative germline genes, for example Vh3-33 and Vh3-23, can also encode RBS-
specific bnAbs. Such antibodies function, at least in some cases, through a
mechanism similar to that of 2G1, except that the antigen-interacting hydrophobic
residues present in their CDR domains are obtained through somatic hypermuta-
tion, as opposed to being encoded in the germline. The ability to generate bnAbs
from multiple germline alleles is an important consideration when developing
broadly protective vaccines, as a critical criterion for such strategies will be the
ability to elicit neutralizing responses from a genetically diverse population.
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2.3 Vestigial Esterase Domain-Reactive Neutralizing
Monoclonal Antibodies

A third non-conventional, conserved neutralizing epitope in the influenza viruses
Influenza H5 hemagglutinin and a cognate antibody were identified in 2013. The
neutralizing mAb (H5M9) was crystallized in association with the HA, and the
structure demonstrated that the antibody does not interfere with receptor binding.
Instead H5M9 recognizes an epitope that includes amino acids 273–278 in the
conserved vestigial esterase domain, as well as residues 53–62, 78–83a, and
117–119 of the HA molecule (Zhu et al. 2013). A second antibody (HA-7) gen-
erated against the H5 HA from A/Anhui/1/2005, that is specific for a putative
overlapping epitope including HA residue E83a, was independently reported (Du
et al. 2013). One possible explanation for the observed broadly neutralizing activity
of these mAbs is that they inhibit the conformational rearrangement of the HA.

3 Induction of Stalk-Reactive Antibodies by Natural
Infection and Standard Vaccination

Until recently, quantitative data about the frequency of stalk-reactive antibodies in
serum was unavailable. Qualitative studies analyzing plasmablast and memory
B-cells indicated that stalk-reactive antibodies could be found only occasionally in
humans exposed to seasonal influenza viruses by vaccination, or in one cited study,
infection (Throsby et al. 2008; Wrammert et al. 2008; Corti et al. 2010; Moody et al.
2011). However, a higher frequency of these antibodies was found after infection or
vaccination with pandemic H1N1 (Wrammert et al. 2011; Li et al. 2012; Thomson
et al. 2012). The first quantitative approach to measure stalk-reactive antibodies in
human sera was made by Sui and colleagues using a competition-based assay
involving the stalk-reactive antibody F10. These authors found a wide prevalence of
F10-like antibodies in human sera, yet such antibodies exist at low levels. It is
estimated that they account for approximately 0.001 % of total antibody (Sui et al.
2011). Using chimeric HAs that consisted of group 1 or group 2 stalks (H1 and H3
subtype respectively) and exotic head domains (Fig. 1) to which humans are naïve,
stalk-reactive antibodies in sera were detected directly (Hai et al. 2012). Assays for
detection of stalk-binding antibodies have been reported that use recombinant cHA
in ELISA or other immuno-based assays (Tan et al. 2012) or by using
cHA-expressing viruses that have irrelevant neuraminidases (usually N3) in neu-
tralization assays. Using cHAs as substrate, Pica and colleagues demonstrated that
individuals infected with pandemic H1N1 developed a strong response to the HA
stalk domain (Pica et al. 2012). These data are consistent with studies performed in
the Wilson and Schrader laboratories (Wrammert et al. 2011; Li et al. 2012; Thomson
et al. 2012), which found that stalk-reactive antibodies represented an estimated 7 %
of the total serum IgG of human individuals and also reported strong cross-reactivity

Advances in Universal Influenza Virus Vaccine Design 309



to H5 HA. Since earlier qualitative studies found no or very low levels of stalk-
reactive antibodies in individuals exposed to seasonal influenza viruses (Wrammert
et al. 2008; Corti et al. 2010; Moody et al. 2011) (by vaccination and/or infection) it
has been suggested that the unique combination of a conserved stalk to which people
were already primed and a new head domain to which people were naive (the head
domain of pH1N1 and sH1N1 share less than 70 % amino acid identity) specifically
boosted stalk-reactive antibodies (Pica et al. 2012). The same phenomenon was also
observed in the mouse model, where animals sequentially infected with two drifted
sH1N1 strains developed significantly lower levels of stalk-reactive antibodies than
animals sequentially infected with sH1N1 and pH1N1 strains (Krammer et al. 2012).
Moreover, individuals exposed to the A/New Jersey/76 H1N1 swine influenza virus
vaccine (in which the HA is only distantly related to seasonal H1N1 HA) showed
higher levels of stalk-reactive antibodies than unvaccinated individuals (Miller et al.
2013b). In a longitudinal study that examined immunity to influenza virus in a sub-
cohort of the Framingham heart study, researchers found that people exposed to
H2N2 virus had higher group I stalk titers than individuals who had no HI antibodies
against this virus subtype (Miller et al. 2013a). Since the stalk domain is relatively
conserved among all group 1 HAs (H1, H5, H6, H8, H9, H11, H12, H13, H16, H17,
and H18), it is likely that exposure to H2—which has a completely different head but
a conserved stalk—boosted stalk-reactive antibody titers. The same study also

Fig. 1 Schematic of a chimeric HA-based vaccination strategy. a Chimeric HAs are combina-
tions of heterosubtypic head domains with stalk domains of H1 (Group 1) or H3 (Group 2) HAs.
Here we show a chimeric H5/H3 HA which consists of the membrane distal head domain of H5
HA (red) and the membrane proximal stalk domain of H3 HA (green). A disulfide linkage between
cysteines 52 and 277 (indicated in yellow) serves to demarcate the stalk and head domains.
b Vaccination regimen based on chimeric HAs. Vaccination with chimeric H5/H3 HA induces a
primary response against the H5 head and an almost undetectable response against the
immunosubdominant H3 stalk domain. Upon sequential boosting with chimeric H7/H3 HA (H7
head (blue) on top of H3 stalk (green)) and chimeric H10/H3 HA (H10 head domain (golden) on
top of an H3 stalk domain (green)), only a primary response is mounted against the heterosubtypic
head domains but antibody titers against conserved epitopes in the H3 stalk domain are boosted.
All structures are based on PDB# 1RU7 and were visualized in Protein Workshop. Modified from
Krammer et al. (2014b)
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reported that group 1 stalk-reactive antibodies are in general present at higher titers in
humans than group 2 stalk-reactive antibodies (Miller et al. 2013a). This makes sense
considering group 1 HA viruses have circulated as drifted strains of multiple sub-
types in the human population during the last 100 years, with varying globular heads
but relatively conserved stalk domains. In contrast, a single subtype of group 2 HA
virus, H3N2, has circulated in humans over the same period of time (Fig. 2).
However, there is also evidence that group 2 stalk-reactive antibodies, mainly
induced by natural infection, are present at low levels in the population (Margine
et al. 2013a). In a recent study it was shown that individuals infected with H7N9
virus—which has a conserved group 2 stalk but a head domain that is quite divergent
from H3—had elevated levels of group 2 cross-reactivity likely based on stalk-
reactive antibodies (Guo et al. 2014). Similarly, group 1 stalk-reactive antibodies
could be isolated from humans infected with H5N1 influenza viruses Influenzaor
vaccinated with H5N1 hemagglutinin (Kashyap et al. 2008; Whittle et al. 2014).
Based on these data it has been hypothesized that baseline levels of stalk-reactive
antibodies are induced in the population primarily by natural infection, and that these
antibodies can then be boosted by exposure to divergent HAs that share a conserved
stalk domain with the priming virus. Such events have occurred in 1957, when people
primed by H1N1 were subsequently exposed to H2N2 and again in 2009 when people
primed by sH1N1 (and H2N2) were exposed to pH1N1 (Palese and Wang 2011). In
each case, the virus circulating before the introduction of the novel pandemic virus
disappeared, suggesting that elevated stalk-reactive antibody levels might play an
important role in the elimination of seasonal influenza viruses from the human
population (Palese and Wang 2011). The extinction of H2N2 in 1968 provides an
exceptional case as its disappearance was likely caused by the induction of cross-
reactive N2 NA antibodies by H3N2. Stalk-reactive antibodies are unlikely to be
responsible for elimination of the preceding virus lineage in this example, since H2
and H3 belong to different HA groups and antibodies cross-reactive against group 1
and group 2 are extremely rare.

4 Stalk-Based Universal Influenza Virus Constructs

4.1 Stalk-Based Vaccine Constructs Lacking
the Hemagglutinin Globular Head

As the globular head domain of the influenza HA possesses the immunodominant
epitopes of the protein, early attempts to induce antibodies specific for the stalk
domain focused on generating antigens in which the globular head domain was
absent. Graves and colleagues used a whole influenza virus which had been
chemically treated to remove the globular head of the HA as an immunogen in
mice. This strategy succeeded in eliciting serum antibodies directed towards the
stem domain (Graves et al. 1983). In 1993, Okuno et al. (1993) identified a mAb
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(C179) which was directed against the stalk region of the HA and conferred
protection from challenge with an H1 subtype influenza virus in mice (Okuno et al.
1994). Sagawa et al. (1996) transfected a headless construct of an H2 HA into cells
and when these same transfected cells were used to immunize mice partial pro-
tection following viral challenge with an H1N1 virus was observed. Similarly, a
headless HA construct based on the A/PR/8/34 HA generated stalk-specific sera
possessing pan-H1 subtype cross-reactivity in ELISA assays. Immunization with
such constructs protected mice from lethal challenge (Steel et al. 2010).

Fig. 2 Circulation of influenza virus strains in the human population since 1918. Influenza A and
B viruses have circulated in humans continuously throughout the twentieth and twenty-first
centuries. Multiple influenza A virus lineages have circulated during the same time period. H1N1
was introduced into the human population in 1918 and induced a baseline level of anti-group 1
stalk (Anti-G1 stalk) and anti-N1 NA antibody titers. Titers likely remained stable in the
population till 1957 when H2N2 crossed the species barrier into humans. H1 and H2 HAs belong
to group 1, with highly similar stalk domains but more divergent globular head domains. The
introduction of H2N2 might therefore have boosted antibodies against conserved epitopes in the
stalk domain which in turn contributed to the extinction of H1N1 in humans in 1957.
Furthermore, the introduction of H2N2 would have induced baseline titers of anti-N2 NA
antibodies in the population. H2N2 circulated from 1957 till 1968 when H3N2 was introduced.
H3 HA is a group 2 HA, divergent from group 1 H2 HA, but the NA is highly related to the N2 of
H2N2. The combination of novel HA with an NA for which humans were already primed might
have boosted anti-N2 NA titers, facilitating the elimination of H2N2 from the population. After
1968 N2 NA titers may have declined to 1957–1968 levels due to population turnover. Also,
introduction of H3N2 would have induced baseline antibody titers against the stalk of group 2 HA
(anti-G2 stalk). N1 titers probably started to decline after 1957 due to population turnover but
were brought back to baseline in 1977 when H1N1 was re-introduced. Similarly, anti-group 1 HA
stalk titers probably started to decline on a population level back to the 1918–1957 baseline until
2009 when they were boosted by the 2009 pH1N1 virus
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Interestingly, although ELISA titers to the homologous protein (PR8) were higher
in animals vaccinated with full length hemagglutinin than those who received
headless HA, the antibody titers to heterologous and heterosubtypic HA protein in
ELISA assay were lower in those mice vaccinated with full length hemagglutinin
(Steel et al. 2010).

A neutralizing epitope present in the alpha-helical portion of the influenza
hemagglutinin HA2 domain (amino acids 76–130 (HA2)) and recognized by the
neutralizing mAb 12D1 (Fig. 3) has been identified by Wang et al. (2010b). When
this epitope was used to immunize mice, animals were protected from lethal
challenge with either H3N2 or H5N1 subtype influenza viruses (Wang et al. 2010a).
Two distinct epitopes in the hemagglutinin stem domain have additionally been
identified through crystallographic studies that employed stem-directed mAbs in
complex with the hemagglutinin molecule (Fig. 3) (Corti and Lanzavecchia 2013;
Subbarao and Matsuoka 2013).

While it has been established that headless HA vaccination strategies can lead to
the generation of higher levels of cross-reactive serum antibodies than identical
vaccination regimens using full length HA antigen (Steel et al. 2010), headless
hemagglutinin based approaches suffer considerably from inaccurate protein folding
and poor antigen expression (Steel et al. 2010). In this regard, recent studies from Lu
et al. (2014) and Bommakanti et al. (2010, 2012) aimed to improve the expression of
the HA2 domain. Experiments by Lu et al demonstrated that a rationally engineered
headless HA molecule that retains the antigenically conserved sites on the HA stalk
can be expressed at very high concentration and be recognized by conformationally
dependent stem-specific antibodies. The HA antigen has amino acid changes
introduced into the construct, which alter intramolecular electrostatic interactions
and reorganize intramolecular disulfide bonds, leading to expression of a stabilized
protein (Lu et al. 2014). Bommakanti and colleagues similarly demonstrated sta-
bilization of the stem domains of both group 1 and group 2 HA molecules through

Fig. 3 The three main epitopes on the HA stalk domain. a shows the structure of H3 HA (green)
in combination with mAb CR8020 (Fab, purple). The footprint of CR8020 represents so far the
most membrane proximal epitope on the stalk and is shared with CR8043. b The structure of H3
HA (green) with mAb CR9114 (Fab, purple). CR9114 uses a footprint that overlaps with most
isolated stalk-reactive antibodies including CR6261, F10, FI6, and C179. c The epitope of mAb
12D1 (in red, here shown on an H3 HA) is so far the most membrane distal epitope on the stalk
domain. Structures are based on PDB# 3SDY (a, c) and 4FQY (b) and were visualized in Protein
Workshop
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the introduction of mutations that replaced solvent exposed hydrophobic patches
with polar residues. These regions were revealed by removal of the globular head.
Working in the mouse model, the authors went on to demonstrate that this stabilized
construct could protect animals from both lethal homologous and heterologous
challenge (Bommakanti et al. 2010, 2012). Advances leading to the stable expres-
sion of structurally accurate headless HA antigens stand to increase the protective
potential of vaccines based on headless HA approaches.

4.2 Chimeric Hemagglutinin-Based Vaccine Constructs

An alternative strategy to induce stalk-reactive antibodies is based on the obser-
vation that sequential exposure to influenza viruses with divergent head but con-
served stalk domains refocuses the immune response to the usually subdominant
stalk. Vaccination with chimeric HAs exploits this approach. Chimeric HAs
consist of H1 (group 1) or H3 (group 2) stalk domains combined with ‘exotic’ head
domains, usually of avian origin (Hai et al. 2012). A conserved disulfide bond
between cysteines 52 and 277 is used to demarcate the head and stalk domains.
The region between these amino acids represents the head domain while the rest of
the HA ectodomain is comprised of the stalk domain (N- and C-terminus of the
HA1 and the ectodomain of HA2). The use of a heterologous head domain sta-
bilizes structural epitopes in the stalk domain. Importantly, the stalk, in contrast to
many headless HA approaches, is correctly folded and fully functional. In fact,
influenza viruses Influenza expressing cHAs can be rescued and grown to titers
comparable to wild type in embryonated eggs and cell culture (Hai et al. 2012). It
was subsequently shown that sequential vaccination with different cHAs that have
the same stalk but divergent heads induces high titers of stalk-reactive antibodies
in mice and ferrets and broadly protects from lethal challenge with divergent group
1 and group 2 viruses including H5N1 and H7N9 viruses (Krammer and Palese
2013, 2014; Krammer et al. 2013, 2014a, b; Margine et al. 2013b). However, it is
important to note that to date no cross-group protection has been observed
(Krammer et al. 2013). Animals vaccinated with group 1 constructs failed to
mount titers against the group 2 stalk and were not protected from group 2 (H3N2)
virus challenge. This indicates that a successful cHA-based vaccine should min-
imally include three components: a group 1, a group 2 and an influenza B cHA
(Krammer and Palese 2014). Chimeric HA based vaccine approaches have been
successfully applied in the form of DNA vaccines, recombinant protein vaccines
and viral vectors as well as in combination with several experimental adjuvants
including oil-in water emulsions similar to the ones licensed for use in humans
(Goff et al. 2013; Krammer and Palese 2013, 2014; Krammer et al. 2013, 2014a, b;
Margine et al. 2013b). Vaccination with viruses expressing cHAs with exotic
heads and N1 or N2 NAs may also enhance the immune response to the relatively
conserved NAs. The resulting immune response, based on stalk-specific as well as
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NA-specific conserved epitopes may afford the cross protective responses neces-
sary for a universal influenza virus vaccine.

4.3 Other Approaches

In addition to headless and chimeric HA constructs, a number of other strategies
have been attempted to induce neutralizing antibodies to the HA stem. A vaccine
based on the completely conserved fusion peptide was able to provide protection
against homologous and heterosubtypic challenge (Janulíková et al. 2012). Fur-
thermore, rationally designed nanoparticles based on the Flock House virus capsid
have been used to elicit CR6261-like antibodies (Schneemann et al. 2012). A
bacterial ferritin nanoparticle displaying HA trimers on its surface was also able to
induce broadly reactive antibodies against both the head as well as the stalk
domain of H1 and protected ferrets from heterologous H1N1 challenge (Kanekiyo
et al. 2013). However, this approach was unable to elicit significant amounts of
heterosubtypic immunity (Kanekiyo et al. 2013). Finally regimens using DNA or
live virus priming followed by inactivated virus boosts are currently being
investigated as novel strategies to increase broadly neutralizing antibody responses
(Wei et al. 2010; Talaat et al. 2014).

5 Conclusions and Future Perspective

Recent developments in technologies that allow screening for and isolation of Abs
derived from humans and animals exposed to influenza viruses Influenza antigens
have expanded the extent of our knowledge on the repertoire of antibodies that are
generated in response to influenza viruses. Examples of relatively rare, or previ-
ously unrecognized, classes of broadly neutralizing antibody have been identified,
and common themes are emerging in relation to the mechanisms of neutralization
of these antibodies. Biochemical, virological, as well as crystallography-based
studies have allowed the detailed characterization of these novel antibodies, which
map to conserved epitopes on group I or group II HA proteins (stem or globular
head domains). These antibodies neutralize virus through distinct mechanisms,
such as inhibition of receptor binding or fusion of the viral and cellular mem-
branes. The availability of multiple classes of antibodies that neutralize virus
through different mechanisms, as well as antibodies that function through a single
mechanism but bind to the viral antigen using differing fine specificities, provide
opportunities to develop multi-drug cocktails for use in humans.

Furthermore, the recent surge of interest in bnAbs, especially those antibodies
that recognize the stalk domain of the hemagglutinin molecule, have stimulated
research into the development of alternative influenza virus vaccines and vaccine
regimens, in order to elicit greater cross protective responses to influenza virus.

Advances in Universal Influenza Virus Vaccine Design 315



Considerable progress has been made towards demonstrating the potential utility
of headless and chimeric hemagglutinin-based antigens, but further research is
needed to understand how best to direct the antibody response to conserved epi-
topes and how to optimally elicit potent antibodies specific to such conserved
epitopes. Efforts towards improved influenza vaccines designed to induce the
broadest and most potently protective responses would greatly benefit from a
better understanding of the immunological correlates of protection from disease.
Taken together, the data reviewed here highlight the exciting advances being made
to fulfill the vital and unmet need for improved influenza vaccines and vaccination
practices.
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Structural Characterization of Viral
Epitopes Recognized by Broadly
Cross-Reactive Antibodies

Peter S. Lee and Ian A. Wilson

Abstract Influenza hemagglutinin (HA) is the major surface glycoprotein on
influenza viruses and mediates viral attachment and subsequent fusion with host
cells. The HA is the major target of the immune response, but due to its high level
of variability, as evidenced by substantial antigenic diversity, it had been histor-
ically considered to elicit only a narrow, strain-specific antibody response. How-
ever, a recent explosion in the discovery of broadly neutralizing antibodies
(bnAbs) to influenza virus has identified two major supersites of vulnerability on
the HA through structural characterization of HA-antibody complexes. These
commonly targeted epitopes are involved with receptor binding as well as the
fusion machinery and, hence, are functionally conserved and less prone to muta-
tion. These bnAbs can neutralize viruses by blocking infection or the spread of
infection by preventing progeny release. Structural analyses of these bnAbs show
they exhibit striking similarities and trends in recognition of the HA and use
recurring recognition motifs, despite substantial differences in their germline
genes. This information can be utilized in design of novel therapeutics as well as in
immunogens for improved vaccines with greater breadth and efficacy.
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1 Introduction

Influenza viruses cause major respiratory disease each year, commonly known as
the flu, and are a significant health challenge and economic burden worldwide
(Molinari et al. 2007). Several countermeasures are available to combat the flu
such as inhibitors against the surface glycoprotein neuraminidase or the M2 proton
channel; however, the effectiveness of these antivirals has become severely
diminished as viruses evolve to become drug-resistant (Bright et al. 2006; de Jong
et al. 2005; Kiso et al. 2004). Vaccinations against the flu, which were first
administered in the 1940s, remains the best means of flu control and prevention.
However, unlike other infectious diseases with available vaccine regimens, such as
for smallpox, polio, and measles, there is currently no ‘‘magic bullet’’ to abolish
future flu infections due to the high diversity and ever-changing antigenicity of the
influenza viruses. Therefore, design and development of a universal or more long-
term flu vaccine would be highly desirable for the elicitation of antibody responses
that can accommodate the enormous diversity and continual changes in influenza
viruses and which target the highly conserved functional epitopes.

Fortunately, only a few subtypes of influenza viruses have caused human
pandemics and these are type A H1N1, H2N2, and H3N2. In fact, H1N1 and H3N2
have dominated the human type A viruses for nearly a century (1918–present) with
a brief interlude by H2N2 viruses (1957–1968). Human type B viruses have two
lineages but these viruses do not lead to the same mortality rates associated with
human A viruses. All of these viruses are under constant surveillance and are
closely monitored to follow influenza activity such as illnesses, severity, and to
determine what the dominant circulating virus will be in any given year (Salzberg
2008). Vaccines are, therefore, predictions of candidate strains that may circulate
in the upcoming season. Currently, two influenza A strains (H1N1 and H3N2) and
one or two influenza B strains (Victoria and/or Yamagata lineages) are included in
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the annual vaccine, as these viruses currently circulate in humans on an annual
basis. The vaccines are administered by injection of inactivated virus (the ‘‘flu
shot’’) or by an intranasal spray of live, attenuated virus. However, the effec-
tiveness of the vaccine is highly dependent on the match between the strains in its
formulation and the dominant circulating virus. This selection process is further
complicated by the high mutability rate of influenza viruses and, thus, the vaccine
formulations need to be updated accordingly almost every year.

In addition to seasonal flu, unpredictable outbreaks from other hemagglutinin
(HA) subtypes can sporadically infect humans and cause severe disease such as
H5N1, H7N7, H9N2, as well as the recent H7N9 and H10N8 viruses (Chen et al.
2014; Gao et al. 2013). These viruses have been associated with an devastatingly
high mortality rate, which can reach up to *60 %, compared to *0.01 % for
seasonal viruses (CDC 2010). Fortunately, none of these deadly viruses have been
able to spread by sustainable human-to-human transmission. Nonetheless, the
unpredictability and pandemic potential of these divergent viruses underscores the
need for broader-spectrum therapy and pandemic preparedness.

HA is the major surface glycoprotein on influenza viruses and is the primary
target for the humoral immune response to influenza virus. The HA currently has
been classified into 18 distinct subtypes (Tong et al. 2013), based on their reac-
tivity to polysera for type A viruses (designated H1–H18), and two lineages for
type B viruses (Victoria and Yamagata). Type A HAs can be further classified into
two phylogenetic groups; group 1: H1, H2, H5, H6, H8, H9, H11, H12, H13, H16,
H17, and H18; and group 2: H3, H4, H7, H10, H14, and H15.

The influenza HA glycoprotein is a class I viral fusion protein and mediates
viral entry into host cells. It is synthesized as a precursor polypeptide, termed
HA0, and assembles into pre-fusion homotrimers (Wilson et al. 1981). The HA0
trimers are subsequently matured by host proteases, which generate disulfide-
linked HA1 and HA2 subunits. In general terms, the HA can structurally be
considered to be composed of ‘‘head’’ and ‘‘stem’’ domains (Fig. 1). The globular
membrane-distal HA head is composed entirely of HA1 residues, which form the
receptor binding pocket (three per HA trimer) that mediate interactions between
the virus and host cell sialosides (Weis et al. 1988). Directly below the HA head,
the membrane-proximal HA stem contains the fusion machinery. The stem is
largely a-helical and is composed primarily of HA2 residues and some ascending
and descending HA1 residues. The mature HA (HA1/HA2) is similar in structure
to the HA0 precursor except at the cleavage site where the fusion peptide, located
at the N-terminus of the HA2 subunit, now inserts deeply into a hydrophobic
pocket around the trimer axis. In the HA0 form, the uncleaved fusion peptide
forms a loop that protrudes at the HA surface (Chen et al. 1998; Stevens et al.
2004). The pre-fusion mature HA conformation is pH-dependent and metastable,
and acidification triggers major conformational changes among the central HA2
helices that lead to the post-fusion state (Bullough et al. 1994; Skehel et al. 1982).
Despite the diversity of the HAs, they almost all share the conserved function of
host cell binding and membrane fusion, with the exception of the recently
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identified H17 and H18 HAs from bat influenza viruses (Sun et al. 2013; Tong
et al. 2013; Zhu et al. 2013b). Therefore, blocking receptor binding or inhibiting
the progression of HA maturation and membrane fusion are effective means of
preventing or ameliorating HA-mediated virus infection (Brandenburg et al. 2013).

There has been a recent explosion in the discovery of broadly neutralizing
antibodies (bnAbs) to human influenza viruses. These bnAbs target conserved sites
on the HA head and stem and block influenza infection or its progression at critical
HA junctures. These bnAbs have varying levels of cross-reactivity against
divergent strains within and across subtypes. Moreover, structural studies by x-ray
crystallography and electron microscopy (EM) studies have revealed supersites of
vulnerability on the HA that are recognized by bnAbs [see recent reviews (Corti
and Lanzavecchia 2013; Ekiert and Wilson 2012; Julien et al. 2012)]. Altogether,
analysis of the growing arsenal of these bnAb-HA structures have revealed
recurring modes of recognition that are now the main source of inspiration for
design of vaccines and antibody-based therapeutics in the form of small molecules,
peptides, and designed proteins against the HA.

Fig. 1 Structure of the influenza hemagglutinin (HA) and broadly neutralizing antibody (bnAb)
binding sites. A single protomer of the trimeric HA is colored with HA1 and HA2 residues in red
and blue, respectively. The membrane-distal HA ‘‘head’’ contains the receptor binding site (three
per HA) and is comprised of HA1 residues. The membrane-proximal HA ‘‘stem’’ contains the
fusion machinery and is primarily comprised of HA2 residues. All antibodies (C05, PDB 4FP8;
S139/1, PDB 4GMS; H5M9, PDB 4MHH; CR8020, PDB 3SDY; CR9114, PDB 4FQI) have been
modeled onto the A/Hong Kong/1/1968 (H3N2) HA (PDB 4FNK)
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2 HA Head-Reactive Antibodies

The HA head has long been considered to be able to elicit only a narrow, strain-
specific antibody response as it undergoes rapid mutation to change its surface
antigenicity by sequence variation and glycan incorporation to evade and escape
recognition from our immune system. Accordingly, classical antigenic sites on the
HA head have been mapped by tracking patterns of natural amino acid variation, as
well as laboratory escape mutants, and these sites have been long considered as hot
spots for antigenic drift (Caton et al. 1982; Wiley et al. 1981). These antigenic sites
are prone to higher sequence variability and, thus, the cross-reactivity of antibodies
to strains other than to the immunizing strain is severely restricted. For example,
antibody 2D1, which binds near the top of the HA, recognizes only HAs from the
pandemic 1918 and 2009 H1N1 viruses, which are highly antigenically similar at
the 2D1 epitope despite being separated by nearly a century (Xu et al. 2010).

However, the notion of strain specificity has been challenged by a recent surge
in the isolation and characterization of a number of broader-spectrum antibodies
against the HA head. Depending on the sequence conservation of the epitope, the
antibodies can have broader reactivity. The epitopes of some of these antibodies
are located at various locations on the globular HA head (Fig. 1) (Cho et al. 2014;
Dreyfus et al. 2012; Fleury et al. 1999, 2000; Zhu et al. 2013a; Iba et al. 2014). For
instance, antibody H5M9 contacts a nearly invariant epitope among H5 HAs at the
vestigial esterase domain that is distant from the receptor binding site and
somewhat closer to the fusion domain (Zhu et al. 2013a). In addition, antibody
CR8071 recognizes an epitope that is highly conserved among nearly all flu type B
strains also on the side of the HA head (Dreyfus et al. 2012). Antibodies HC45 and
BH151 also bind a similar region on H3 HAs, but their breadth has not been
determined (Fleury et al. 1999, 2000). Antibodies GC0757 and GC0857 also target
the side of the HA head, but bind a different epitope on the opposite face of the HA
(Cho et al. 2014). Yet, the vast majority of the broader-spectrum antibodies against
the HA head target the receptor binding site (Barbey-Martin et al. 2002; Ekiert
et al. 2012; Fleury et al. 1998; Hong et al. 2013; Lee et al. 2012; Schmidt et al.
2013; Tsibane et al. 2012; Whittle et al. 2011; Xu et al. 2013). Since the receptor
binding site is functionally conserved for receptor binding, it has restricted
sequence variation compared to the rest of the HA head (Martin et al. 1998), and
now appears to be a fascinating and amenable target of bnAbs.

2.1 Receptor Binding Site-Targeted Antibodies

The HA receptor binding site is a broad, shallow pocket located at the apex of the
globular HA head. The framework of the receptor binding pocket is formed by the
130 loop, 150 loop, 220 loop, and 190 helix, which are designated by their numbering
in the HA sequence (Fig. 2a). To date, 11 receptor binding site-targeted antibodies
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have been structurally characterized. All the receptor binding site-targeted anti-
bodies commonly insert a complementarity determining region (CDR) loop into the
binding pocket and thereby directly block HA from interacting with host cell
sialosides (Fig. 2b). However, due to the small footprint of the receptor binding site,
most antibodies can only insert a single CDR loop, typically using heavy chain CDR
loop 3 (HCDR3) and occasionally HCDR2. Since the receptor binding site is located
near the top of the HA, there is substantial conformational freedom of the antibody
approach angle to this site (Fig. 2c), which plays a role in their breadth of recognition.
The antibodies can be loosely classified as having either greatly expanded individual
subtype recognition or an increased level of heterosubtypic recognition, and
thus these different bnAbs have quite varying degrees of breadth and potency.
Nonetheless, the convergence of interactions at the receptor binding site substanti-
ates the concept that this epitope is a supersite of vulnerability akin to an extensive
glycan-dependent site found on the HIV-1 Env trimer (Kong et al. 2013).

2.1.1 Receptor Binding Site Recognition of a Single Subtype

Antibodies CH65 and CH67, which derive from the same B-cell clonal lineage,
have been characterized to bind and neutralize seasonal H1 strains that have
infected humans since 1986 (Schmidt et al. 2013; Whittle et al. 2011). However,

Fig. 2 Recognition of the HA receptor binding site. a The receptor binding site of HA is framed by
the 130 loop, 150 loop, 190 helix, and the 220 loop (labeled and highlighted in red), which binds
sialoglycans (PDB 2YP4). b Receptor binding site-targeted antibodies 5J8 (yellow PDB 4M5Z),
CH65 (blue PDB 3SM5), 2G1 (green PDB 4HG4), and C05 (purple PDB 4FP8) insert CDR loops
into the binding pocket to compete with the sialoglycan receptor. c Superimposition of the receptor
binding site-targeted antibodies reveal that they bind the HA using different angles of approach

328 P. S. Lee and I. A. Wilson



these antibodies have weak to no activity against the 2009 pandemic H1 strain. In
contrast, antibody 5J8, which was isolated from a human donor using hybridoma
technology, has reactivity against HAs from the 1918 and 2009 pandemic H1N1
viruses as well as other seasonal isolates (Hong et al. 2013; Krause et al. 2011).
Crystal structures of CH65, CH67, and 5J8 in complex with the HA reveal that they
all recognize an epitope in and around the receptor binding site and all insert their
HCDR3 loop into the binding pocket. The pandemic HA strains incorporate an
amino acid insertion at position 133a (between residues 133 and 134 in the 130
loop), which changes the local conformation of the loop and is a binding deter-
minant for these antibodies. CH65 and CH67 cannot accommodate the 133a
insertion (typically a lysine residue) and are sterically blocked from binding. In
contrast, 5J8 accommodates the insertion by using a different angle of approach on
the HA, compared with CH65 and CH67, and thus avoids the main-chain bulge due
to the 133a insertion. In addition, 5J8 makes favorable electrostatic interactions
with the side chain of the 133a residue. As such, these antibodies converge onto the
receptor binding site of human H1 isolates, yet use different sets of interactions and
angles of approach, and complement one another for coverage of human H1 isolates
that have circulated since H1N1 viruses reemerged in humans in 1977.

H2N2 viruses have circulated in humans starting from 1957 but persisted only
for 10 years. However, there has been recent concern that H2N2 viruses may
reemerge in humans as immunity has dropped in the population (Nabel et al.
2011). Antibodies 2G1, 8F8, and 8M2 were isolated from human donors by the
hybridoma technology and were found to recognize and neutralize human H2N2
viruses that spanned from 1957–1963 (Krause et al. 2012; Xu et al. 2013). Just as
for the anti-H1 receptor binding site-targeted antibodies, crystal structures of these
three antibodies in complex with the HA reveal that these antibodies all reach into
the binding pocket. Antibody 8F8 primarily inserts HCDR3, whereas 8M2 and
2G1 use the hydrophobic HCDR2 encoded by the VH1-69 germline gene. The
8M2 and 2G1 antibodies adopt different orientations (*180� rotation around VH/
VL) on the HA to center their HCDR2 in the receptor binding site while their
HCDR3s interact on the periphery on opposite ends of the receptor binding site.
These studies also isolated escape mutants in and around the receptor binding
site. Interestingly, these mutants come at a detrimental fitness cost to the virus such
that the receptor binding properties of the HA have diminished. This finding
substantiates the notion of limited mutability of the receptor binding site due to the
conservation of function.

2.1.2 Heterosubtypic Recognition of the Receptor Binding Site

While the anti-H1 or anti-H2 antibodies discussed above are limited to a single
subtype, antibodies C05 and S139/1 remarkably have achieved some level of
heterosubtypic reactivity and can bind multiple HA strains from both phylogenetic
groups, including the H1, H2, H3, and other divergent subtypes (Ekiert et al. 2012;
Lee et al. 2012). Antibody S139/1 was selected from H3N2 immunized mice, and
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was the first reported heterosubtypic antibody that mapped to the receptor binding
site, possessing reactivity against H1, H2, H3, H5, H9, and H13 subtypes (Yoshida
et al. 2009). The crystal structure of S139/1 in complex with the HA reveals that
the antibody reaches into the receptor binding site using HCDR2 (Lee et al. 2012).
Binding and neutralization studies confirmed that S139/1 does indeed have het-
erosubtypic activity, albeit with narrow specificity within each subtype. None-
theless, these results suggest that divergent isolates across subtypes and groups can
share a similar receptor binding site epitope.

Antibody C05 was isolated from phage libraries constructed from the immune
repertoires of individuals who had been infected with seasonal H1N1 influenza
viruses (Ekiert et al. 2012). C05 has potent neutralizing activity against H1, H2,
H3, and H9 viruses and has a broader breadth of recognition within these subtypes
as compared to S139/1. Unlike all other receptor binding site-targeted antibodies
described thus far, C05 binds the HA exclusively through the heavy chain. The
majority of the interactions are mediated through an exceptionally long HCDR3,
which is inserted into the receptor binding site. Since the antibody essentially uses
a single antibody loop, the C05 epitope on HA is very compact. As such, C05
makes minimal contacts with variable residues around the receptor binding site,
which affords the antibody its broad reactivity spectrum.

2.2 Enhanced Affinity Through Avidity

Due to the large footprints of antibodies compared with sialosides on the HA,
antibodies to the HA head inevitably contact variable residues outside of the
receptor binding pocket that limits their overall breadth of recognition. One way
that these receptor binding site-targeted antibodies appear to accommodate this
limitation is by enhanced affinity through avidity. Although monovalent Fab
(fragment antigen binding) bind with reasonable affinity to some strains, the
enhanced avidity of bivalent IgG (immunoglobulin G) increases the breadth of
recognition to additional strains and subtypes where Fab binding is relatively weak.
This feature has been seen for a number of the receptor binding site-targeted
antibodies such as S139/1, where the monovalent Fab binds weakly to non-H3
isolates but the bivalent IgG substantially increases its affinity, positively corre-
lating with neutralizing activity (Lee et al. 2012). Therefore, antibodies making
relatively low affinity Fab interactions with the receptor binding site can have
significant antiviral activity when enhanced by avidity, thereby extending the
breadth of neutralization to highly divergent influenza virus strains and subtypes. It
appears that avidity is a general feature for other receptor binding site-targeted
antibodies as observed for C05, 5J8, and CH65 (Ekiert et al. 2012; Hong et al.
2013). Thus, to gain broad recognition against the receptor binding site, it may be
favorable for the Fab portion of the antibody to have intermediate specificity for a
number of HA strains to account for the variability of the residues in and around the
receptor binding site, which can then be rescued by bivalent binding of the IgG.
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2.3 Receptor Mimicry by Antibodies

The HA recognizes the chemical features of the sialic acid receptor (e.g., the
acetamide, carboxylate, and glycerol groups) using highly conserved residues in
different regions of the binding pocket. In accordance, the receptor binding site-
targeted antibodies take advantage of these highly conserved HA residues and
have found ways of mimicking portions of the glycan receptor using amino acid
residues. Striking trends in recognition of the receptor binding site are now
becoming apparent as more structural details of these antibodies are uncovered.

The portion of the pocket that is occupied by the acetamide group of sialic acid
is almost absolutely conserved across all HAs and is formed by the hydrophobic
residues Trp153 and Leu194 (some strains use a similarly placed hydrophobic
Ile194). As such, nearly all receptor binding site-targeted antibodies commonly
insert a hydrophobic amino acid in this acetamide-binding pocket. There appears
to be some freedom in the nature of the hydrophobic amino acid that can be placed
here, as some antibodies use large aromatic side chains such as a phenylalanine
(the anti-H2 antibodies 2G1 and 8M2), tyrosine (anti-H2 antibody 8F8 and anti-H3
antibody HC19), or tryptophan (heterosubtypic antibody C05) (Fig. 3a) whereas
other antibodies insert smaller hydrophobic side chains such as valine or proline
(anti-H1 antibodies CH65 and CH67 or 5J8, respectively). These structures reveal
a compelling conserved strategy used by these antibodies to insert amino acids
with similar properties into a hydrophobic pocket in the HA receptor binding site.

In another region of the receptor binding site, sialic acid inserts its carboxylate
into a polar pocket that is adjacent to the pocket for the acetamide moiety. The
carboxylate forms specific hydrogen bonds with the main-chain backbone of the
130 loop as well as the side chain of a highly conserved Ser136 or Thr136.
Antibodies HC19, HC63, CH65, CH67, and 5J8 mimic this interaction by insertion
of an aspartic acid carboxylate into the pocket, which closely overlaps with and
utilizes the same hydrogen bonding interactions as the sialic acid receptor
(Fig. 3b) (Barbey-Martin et al. 2002; Fleury et al. 1998; Hong et al. 2013; Schmidt
et al. 2013; Whittle et al. 2011). However, only a few antibodies insert an aspartic
acid into this pocket; other antibodies use an isoleucine, such as S139/1 (Lee et al.
2012), or even the HCDR3 backbone, such as C05 (Ekiert et al. 2012), instead.

Although these receptor binding site-targeted antibodies mimic the acetamide
and carboxylate moieties of the receptor, they do not directly contact the region of
the binding pocket occupied by the glycerol moiety of sialic acid. As there is only
room typically for a single antibody loop to enter into the binding groove, the
extent of receptor mimicry therefore may have some spatial limitations. Only
antibodies 1F1, 8M2, and C05 approach the pocket for the glycerol moiety of sialic
acid (Ekiert et al. 2012; Tsibane et al. 2012; Xu et al. 2013), but do not have the
same binding mode and hydrogen bonding interactions to the conserved HA res-
idues as the glycerol moiety.

In summary, the recent identification and structural characterization of a variety
of neutralizing antibodies to influenza virus have surprisingly revealed that the
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receptor binding site can indeed be considered a viable target on the HA head for
bnAbs. The small footprint of the receptor binding site for a glycan makes it much
more difficult to target considering the larger footprint of an antibody. Notwith-
standing, it is remarkable that these antibodies have now been found to share
similar motifs for recognition of the receptor binding site despite deriving from
different mouse or human germline genes as well as possessing differing speci-
ficities for influenza strains and subtypes. The combination of the recurrent
binding motifs of these receptor binding site bnAbs is likely of value for design of
small molecule drugs and therapeutics.

3 HA Stem-Reactive Antibodies

Traditional antigenic sites were only mapped to the head and, therefore, it was a
popular belief that the membrane-proximal HA stem was not targeted by the
humoral immune response. Antibody C179, which was isolated from mice
immunized with an H2N2 virus, was the first reported discovery of a putative
stem-targeted in 1993 that had heterosubtypic neutralizing activity against group 1
H1, H2, H5, and H6 HAs (Okuno et al. 1993; Smirnov et al. 1999). Escape mutants
were isolated along the HA stem and away from the HA head and, unlike the HA
head-targeted antibodies, C179 did not block receptor binding but rather inhibited
the HA fusion activity (Okuno et al. 1993). However, the influenza field largely
overlooked this discovery and a structure of this antibody in complex with HA
remained elusive for two decades (Fig. 4a) (Dreyfus et al. 2013). It was also
unknown whether stem-targeted antibodies similar to C179 circulated in the
human immune repertoire and, thus, whether it had any relevance to eliciting
human antibodies with similar activity. Thus, while antibody discovery and

Fig. 3 Common trends in HA receptor binding site-targeted antibodies. a Antibodies HC19
(magenta PDB 2VIR), C05 (purple PDB 4FP8), 8F8 (blue PDB 4HF5), 8M2 (orange PDB
4HFU), and 2G1 (green PDB 4HG4) use hydrophobic residues to target the receptor binding site
that would be occupied by the acetamide moiety of sialic acid. b Antibodies HC19 (magenta PDB
2VIR), HC63 (dark green PDB 1KEN), CH65 (blue PDB 3SM5), and 5J8 (yellow PDB 4M5Z)
use an Asp residue to insert a carboxylate in the receptor binding site that would be occupied by
the carboxylate of sialic acid
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characterization against the HA head was ongoing, the importance of broadly
neutralizing or any neutralizing antibodies to the HA stem would be underap-
preciated and would not be investigated further for many years.

3.1 Group 1 HA Recognition

Nearly 15 years after the initial discovery of C179, several stem-targeted antibodies
were identified from human combinatorial antibody libraries (Ekiert et al. 2009;
Kashyap et al. 2008; Sui et al. 2009; Throsby et al. 2008). Like C179, these
antibodies bind antigenically diverse group 1 HAs. Interestingly, the heavy chains
of this large panel of antibodies had very high sequence similarity with one another
and are encoded by the VH1-69 germline gene. Furthermore, as they undergo very
limited somatic hypermutation, such an antibody response could potentially be
more readily elicited by vaccination. The structures of two of these antibodies,
CR6261 and F10, in complex with HA revealed that these human antibodies bound
a highly conserved epitope in the membrane-proximal stem that is shared among
group 1 HAs (10 of the 16 known HA subtypes at the time) (Ekiert et al. 2009; Sui
et al. 2009). Both antibodies approach at a similar, but not identical, angle to bind
the shared HA epitope and the interactions are mediated solely through the antibody
heavy chains. In particular, both antibodies insert the hydrophobic tip of their
HCDR2 loops, a hallmark of the VH1-69 germline sequence, into a hydrophobic
pocket in the HA stem. The epitope consists of a helical region of the stem com-
posed of HA2 and some HA1 residues and has exceptional sequence conservation
as it is comprised of key elements of the fusion machinery. However, the viruses
can still bind to host cells, since the HA receptor binding sites are not blocked, and
subsequently enter the cell via endosomal compartments. In particular, residues in

Fig. 4 Recognition of the HA stem. a Antibodies CR9114 (green PDB 4FQI), C179 (red PDB
4HLZ), and FI6v3 (cyan PDB 3ZTJ) bind distinct but slightly overlapping epitopes in the HA
stem compared with CR8020 (orange PDB 3SDY) and CR8043 (blue PDB 4NM8). These stem-
targeted antibodies inhibit the postfusion conformation (PDB 1QU1) that is triggered at low pH,
shown in (b). [Partially adapted from (Julien et al. 2012)]
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this stem epitope are involved in the rearrangements from the pre-fusion to post-
fusion conformation during the fusion process and, thus, these antibodies block the
low pH conformational changes and inhibit the fusion process by locking the HA in
its pre-fusion conformation (Fig. 4). In the endosomes, the viruses are effectively
trapped by CR6261 where they can be eventually degraded (Brandenburg et al.
2013). These features are unique to the stem-targeted antibodies, although HC63 is
the only example of a head-targeted antibody that can prevent both receptor binding
and the low pH conformational change by cross-linking the HA heads of neigh-
boring protomers together (Barbey-Martin et al. 2002).

Two decades after the initial discovery of the mouse monoclonal antibody
C179, its crystal structure confirmed that it indeed is a stem-targeted antibody
(Dreyfus et al. 2013). C179 binds a similar epitope as CR6261 and F10, but uses a
completely different approach angle. Both heavy and light chains mediate inter-
actions with the HA. Similarities can be drawn between C179 and the VH1-69
antibodies, as they both use hydrophobic residues (HCDR3 for C179, HCDR2 for
CR6261 and F10) to complement the hydrophobic groove of the HA and block the
low pH conformational changes. As such, these structures reveal recurring modes
of recognition against a broadly neutralizing and highly conserved epitope at the
HA stem.

3.2 Group 2 HA Recognition

The identification of the VH1-69 antibodies that target the HA stem of nearly all
group 1 viruses raised hope for the possibility of antibody-based therapy or
broader-spectrum influenza vaccine. Yet, these VH1-69 antibodies do not have
activity against group 2 HAs, including H3 viruses that currently circulate in
humans. In a major advance, two group 2 targeted bnAbs, called CR8020 and
CR8043, were isolated by Crucell from memory B cells of healthy donors and
have heterosubtypic neutralizing activity in vitro and protect mice from lethal
challenge from H3 and H7 viruses (Ekiert et al. 2011; Friesen et al. 2014). The two
antibodies were isolated from a single donor and both target a common epitope
lower down on the HA stem distinct from the group 1 antibodies (Fig. 4a).
Interestingly, CR8020 and CR8043 derive from different germline genes (VH1-18
and VH1-3, respectively) and use different sets of heavy and light chain interac-
tions and alternative angles of approach to target the HA. Moreover, the antibodies
have distinct escape mutation sensitivities indicating that there may be versatility
in targeting the CR8020 and CR8043 epitopes. Similar to the group 1 targeted
antibodies, CR8020 and CR8043 bind key elements of the HA fusion machinery
and prevent the conformational changes of the HA that occur low pH. The anti-
bodies also inhibit the maturation process of the HA by blocking the proteolytic
cleavage of the HA0 precursor to the mature HA1/HA2 (Ekiert et al. 2011; Friesen
et al. 2014). Thus, the identification and structural characterization of these bnAbs
have determined a second site of vulnerability on the HA stem.
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3.3 Pan-Influenza A and Type B Recognition

Structural characterization of the group 1 and the group 2 heterosubtypic stem-
targeted antibodies have defined neutralizing epitopes that can be exploited for
therapeutics as well as vaccine design. In a further remarkable breakthrough, bnAb
FI6v3 was identified and found to cross the group 1 and group 2 barrier (Corti et al.
2011). FI6v3 was isolated from single plasma cells of human donors with activity
against nearly all subtypes of influenza type A. It is encoded by the VH3-30
germline gene but surprisingly recognizes a similar epitope as the VH1-69 group 1
specific bnAbs but approaches at a completely different angle to the HA. The
FI6v3 binding mode more closely resembles C179 as it uses both heavy and light
chains mediate the interactions with the HA and inserts its HCDR3 loop into the
hydrophobic groove of the HA stem. The longer HCDR3 has a number of aromatic
residues that emulate the binding of the aromatic and nonpolar residues of the
hydrophobic HCDR2 of the VH1-69 antibodies. A unique feature of FI6v3 is that it
can contact the uncleaved fusion peptide in the neighboring HA protomer using its
light chain, suggesting that it may also prevent HA maturation (Corti et al. 2011).

However, to have the ultimate universal flu vaccine, an antibody response must
be elicited across flu type A as well as both lineages of type B. In another
unprecedented discovery, bnAb CR9114 was isolated by Crucell using combina-
torial display libraries from human B cells and was found to have activity against all
subtypes of influenza type A as well as both lineages of type B viruses (Dreyfus
et al. 2012). CR9114 is a VH1-69 encoded antibody and its binding mode highly
resembles that of CR6261 and F10, in that it targets a nearly identical epitope in the
HA stem solely through its heavy chains and approaches the HA using a similar
angle of approach as CR6261. Yet, CR9114 can also recognize group 2 HAs,
whereas the CR6261 and F10 VH1-69 antibodies cannot cross the HA group barrier
despite the high sequence conservation of this epitope across all HA subtypes. It has
been suggested that a glycan at Asn38 conserved among group 2 HAs sterically
interferes with binding by these antibodies (Ekiert et al. 2009; Sui et al. 2009).
CR9114 as well as FI6v3 appear to be able to push the glycan away to enable access
to the HA protein surface. It is extraordinary that these pan-influenza antibodies
recognize a similar epitope as the group 1 stem-targeted antibodies, yet acquire
even greater reactivity, coping with both glycan and some amino acid diversity in
and around the epitope. Further investigation of this epitope by other bnAbs may
provide additional insight into molecular details of weak spots on the HA.

4 Conclusions and Future Directions

Remarkably, the rapid discovery of bnAbs against the influenza virus did not truly
take off until 2008. Since then, an explosion in the discovery and characterization of
such bnAbs has advanced the field tremendously and given hope that a ‘‘universal’’
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flu vaccine may indeed be possible. Structural characterization of antibody-HA
complexes by x-ray crystallography and EM has now defined supersites of vul-
nerability in the HA stem and in the HA head, particularly in and around the
receptor binding site.

The recent identification and elucidation of receptor binding site-targeted
antibodies have now proven that the HA head can indeed elicit an antibody
response with a broader level of cross-reactivity than previously believed.
Although these antibodies can have varying levels of activity, the combination of
some of these antibodies can provide nearly complete coverage against particular
subtypes. For instance, CH65 and CH67 have activity against many seasonal H1
isolates whereas 5J8 can also bind pandemic H1 strains. By combining these three
antibodies, perhaps by linking two Fab arms together to create a bispecific anti-
body with one Fab arm as CH65 or CH67 and the other arm as 5J8 (Ridgway et al.
1996), it may be possible to generate an IgG with near pan-H1 reactivity.

Other putative receptor binding site-targeted antibodies have broad-spectrum
activity. For instance, F045-092 reportedly has pan-H3 reactivity (Ohshima et al.
2011) and structural characterization of the F045-092-HA complex reveals that the
antibody utilizes receptor mimicry and avidity to achieve its broad breadth of
recognition (PMID 24717798). CR8033 neutralizes both flu B lineages (Dreyfus
et al. 2012) and currently only. EM reconstructions of the CR8033-HA complex
are available. Higher resolution studies of CR8033 in complex with the HA, in
conjunction with the pan-H1 and pan-H3 receptor binding site-targeted antibodies,
will provide the structural framework for recognition of all subtypes and types of
influenza viruses that currently circulate in humans.

The discovery of stem-targeted antibodies with broadly neutralizing activity
against group 1 and/or 2 influenza A viruses (Corti et al. 2011; Dreyfus et al. 2013;
Ekiert et al. 2009, 2011; Friesen et al. 2014; Kashyap et al. 2008, 2010; Sui et al.
2009; Throsby et al. 2008; Wyrzucki et al. 2014) as well as B viruses (Dreyfus et al.
2012) has truly reinvigorated the influenza research community and raised hopes
for the development of antibody-based immunotherapy and long-lasting, universal
vaccines for influenza. Structures of these antibody-HA complexes have defined
two principal, highly conserved epitopes on the HA stem. Rather than blocking
receptor binding, these antibodies can prevent HA maturation as well as the low pH
conformational change necessary for fusion of viral and host cell membranes. Some
of these antibodies also prevent the release of nascent virions and thus prevent
spread of the virus (Brandenburg et al. 2013; Dreyfus et al. 2012). However, despite
the detailed efficacy of these bnAbs to neutralize viruses in vitro and in vivo, some
concerns have been raised on the accessibility of the membrane-proximal stem
epitopes of the densely clustered HA on the surface of viruses. Cryoelectron
tomography of viruses with bnAb C179 has now visually confirmed that the HA
stem epitope can indeed be accessed by stem-targeted bnAbs (Harris et al. 2013).

The structural characterization of antibody-HA complexes has provided
exclusive insight into strategies to harness and employ potent bnAb responses. For
instance, vaccination with synthetic peptides that mimic the long a-helix of the HA
stem has been reported to provide protection in mice from challenges with H3N2,
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H1N1, and H5N1 viruses (Wang et al. 2010). An alternative vaccine strategy
through the use of chimeric HAs, where different HA heads are linked to the same
HA stem, can bias the immune response towards the conserved stem after con-
secutive immunization with different chimeric HAs (Hai et al. 2012; Krammer
et al. 2013). Perhaps this method can also be applied to generate broader-spectrum
antibodies that are more selective to the conserved residues in the receptor binding
site, while avoiding the variable loops outside of the pocket. Self-assembling
nanoparticles have been engineered to display multiple HA spikes and have been
shown to elicit bnAb response against the receptor binding site as well as the stem
of the HA (Kanekiyo et al. 2013). To focus elicitation against the stem, headless
HA constructs have also been engineered that can bind stem-targeted antibodies
(Lu et al. 2014; Mallajosyula et al. 2014). By coupling these headless HAs or
similar rational immunogen designs onto self-assembling particles, it may be
possible to focus a VH1-69 germline encoded bnAb response solely against the
stem, as was similarly performed against the CD4 binding site of the HIV-1
envelope glycoprotein (Jardine et al. 2013).

The structural details of the bnAbs in complex with the HA have also served as
a foundation for the computational design of de novo proteins against the stem
(Fleishman et al. 2011; Whitehead et al. 2012). Individual residues of the stem-
targeted bnAb CR6261 that form favorable interactions along the hydrophobic groove
of the HA were grafted onto protein scaffolds. Crystal structures show that the designs
do indeed match the computational model even down to the level of side chain
rotamer conformations. Moreover, these designs have antiviral activity and similarly
block the low pH conformational change of the HA. In theory, this design method can
also extend to design small proteins that target the receptor binding site by combining
the recurring themes of recognition, such as receptor mimicry as well as avidity.

In summary, the discovery and structural characterization of receptor binding
site and stem-targeted antibodies has shifted the paradigm and outlook for vaccine
design against influenza virus. These structures provide a wealth of information
that furthers our understanding of how the HA can be targeted and has defined two
main supersites of vulnerability and one of two other possible sites (Fig. 1).
Recurrent motifs of recognition have been observed both in the receptor binding
site and stem epitopes that have directed innovative design of immunogens
capable of eliciting broad-spectrum antibodies. The road ahead is certainly bright
for a new frontier in the structured-based discovery of broad-spectrum vaccines,
immunogens, and therapeutics against influenza viruses.
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Skin Immunization with Influenza
Vaccines

Ioanna Skountzou and Richard W. Compans

Abstract Problems with existing influenza vaccines include the strain specificity
of the immune response, resulting in the need for frequent reformulation in
response to viral antigenic drift. Even in years when the same influenza strains are
prevalent, the duration of immunity is limited, and results in the need for annual
revaccination. The immunogenicity of the present split or subunit vaccines is also
lower than that observed with whole inactivated virus, and the vaccines are not
very effective in high risk groups such as the young or the elderly. Vaccine
coverage is incomplete, due in part to concerns about the use of hypodermic
needles for delivery. Alternative approaches for vaccination are being developed
which address many of these concerns. Here we review new approaches which
focus on skin immunization, including the development of needle-free delivery
systems which use stable dry formulations and induce stronger and longer-lasting
immune responses.
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1 Introduction

Over 200 years ago, Edward Jenner demonstrated that delivery of live cowpox
virus to human skin resulted in transient skin lesions, and gave rise to protective
immunity against subsequent exposure to smallpox virus (Riedel 2005). This
procedure was further developed over the subsequent centuries, and the term
vaccination was adapted, reflecting the use of the cowpox-related virus vaccinia
for smallpox immunization. A global vaccination campaign against smallpox
resulted in its eradication, which was declared by the WHO in 1980, and is
recognized as one of the greatest achievements in medicine (Riedel 2005). During
the course of this project, a variety of devices was developed and used for delivery
of the smallpox vaccine to the skin, and they have been described in detail in other
recent reviews (Weniger and Glenn 2013). In addition to smallpox vaccination,
skin immunization has been widely used for delivery of the Bacille Calmette-
Guerin (BCG) vaccine for tuberculosis (Hoft et al. 2008). Experimental studies of
intradermal vaccine delivery have also been carried out with a number of other
vaccines for infectious disease prevention, including clinical trials as well as
studies in experimental animals, and have been recently reviewed (Kim et al.
2011). The high current interest in this approach for vaccination reflects its
potential immunological as well as logistical advantages, as discussed in this
review for influenza immunization. In addition to improving immune responses,
acceptability of vaccination by the public is likely to be enhanced by avoiding the
use of hypodermic needles. A more complete overview of research on intradermal
immunization has been recently published as Volume 351 of this series (Teunissen
et al. 2012).

A number of early studies were carried out with inactivated influenza vaccines
using intradermal delivery with the goal of using reduced doses of vaccine (Bruyn
et al. 1949b; Glazier et al. 1956; Hilleman et al. 1958; Tauraso et al. 1969; Weller
et al. 1948) and in several studies it was observed that lower doses were sufficient
to elicit the same immune response when compared with subcutaneous injection.
The approach for intradermal delivery used in these studies was developed by
Mantoux (Mantoux 1909), who used a hypodermic needle inserted at an angle to
deliver antigen just beneath the dermis. However this approach is technically
difficult and requires trained personnel, and it has not been widely employed in
many recent vaccination programs.
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Fig. 1 Lung histopathological examination after lethal infection. Lung tissue sections from
naïve, subcutaneously immunized and microneedle immunized mice challenged with10xLD50 of
live virus six months after immunization were stained with hematoxylin and eosin stain. The
histopathology of the lung tissues collected upon challenge of immunized or unimmunized mice 6
months post immunization showed clear signs of profound pulmonary inflammation in the
unimmunized infected (a) or subcutaneously immunized animals (b). Peribronchial and intra-
alveolar inflammation was accompanied by significant pulmonary edema and cellular infiltration
mainly consisting of neutrophils. The group of microneedle immunized mice did not show any
signs of inflammation (c)

Fig. 2 Protective efficacy against H1N1 A/Brisbane/59/2007 lethal infection. Body weight
changes and survival rates were recorded after lethal challenge with 5xLD50 of live A/Brisbane/
59/2007 virus in microneedle (MN) and intramuscularly (IM) immunized and naïve mice at 3
months (a, b) and nine months (c, d) post-vaccination. N naïve mice. Data represent the mean ±

SEM
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Table 1 Examples of delivery systems for skin immunization with influenza vaccines in various
species

Delivery system Vaccine Reference

Human

Needle-free jet
injector

Trivalent split vaccine (Jackson et al. 2001)

Epidermal
powder
injection

Trivalent split vaccine (Dean and Chen 2004)

Hypodermic
needle
(Mantoux
method)

Trivalent split vaccine (Belshe et al. 2007;
Kunzi et al. 2009)

Hollow
microneedle
(30 gauge)
(BD Soluvia)

Trivalent split vaccine (Laurent et al. 2007),
(Icardi et al. 2012)

Epidermal
(topical)
application

Tetragrip
(Tetanus-influenza)

(Combadiere et al. 2010)

Mouse

Coated metal
microneedles

Monovalent subunit
vaccine

(Koutsonanos et al. 2012)

H1N1 VLPs (Quan et al. 2010a)

H5N1 VLPs (Song et al. 2010a)

Whole inactivated H3N2 (Koutsonanos et al. 2009)

Whole inactivated H1N1 (Zhu et al. 2009)

NanopatchTM Trivalent subunit vaccine (Fernando et al. 2010)

Dissolving
microneedles

Whole inactivated H1N1 (Sullivan et al. 2010)

Trivalent subunit vaccine (Kommareddy et al. 2012)

Permeability
enhancers

Whole inactivated H1N1 (Skountzou et al. 2006)

Blank
microneedles
and topical
application

Influenza subunit vaccine (Ding et al. 2009)

Electroporation Recombinant H5 HA (Garg et al. 2007)

Epidermal
powder
injection

Trivalent split vaccine (Chen et al. 2003)

Guinea Pig

Coated
microneedles

Trivalent subunit vaccine (Kommareddy et al. 2013)

Dry skin patch Trivalent split vaccine (Frolov et al. 2008)

Rat

Microneedles Trivalent split vaccine (Alarcon et al. 2007)

Chicken

Jet injector H5 DNA vaccine
Inactivated recombinant
vaccine

Non-Human Primate

Epidermal
powder
injection

Trivalent vaccine (Chen et al. 2003)
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In this review, we have focused on recent studies using alternative approaches
for skin delivery of influenza vaccines. These studies have employed a number of
different methods for vaccine delivery, examples of which are listed in Table 1.
We have included studies using whole inactivated virus, which was widely used
until the 1970s, as well as split or subunit vaccines which were subsequently
developed using detergent-disrupted virus. Influenza vaccine has been an antigen
of choice for many studies of intradermal vaccination, in part because the vaccine
is well characterized and widely used, and because animal models are available to
evaluate the resulting immune responses as well as the protective efficacy. The
results have revealed significant immunological advantages for this route of vac-
cine delivery. In addition, skin immunization could provide an approach to
overcome some of the limitations and problems with current influenza vaccines,
including the limited duration of immunity and the problems in conferring
effective protection to high risk groups, such as young children and adults over 65
years old (Osterholm et al. 2012).

2 Human Studies

The first studies that explored alternative vaccination routes with inactivated
influenza vaccine were carried out in human volunteers by Francis and Magill in
1937, in a series of experiments designed to induce neutralizing antibody pro-
duction against type A influenza virus grown in tissue culture. The authors showed
a significant rise in circulating strain-specific antibody, a booster effect in case of
pre-existing immunity and persistence of immune responses up to 5 months
(Francis and Magill 1937). Van Gelder et al. reported that intracutaneous delivery
of 1/10 of the normal dose of concentrated inactivated influenza type A and B
viruses resulted in a rapid and considerable rise in the serum anti-hemagglutinin
titers, which was greater than that observed with a subcutaneous dose, and pro-
posed that this vaccine delivery approach should be further studied to determine its
protective effect against influenza (Van Gelder et al. 1947). Importantly the
authors also observed lower incidence of generalized reactions to the vaccine in
the group which received intradermal inoculations. In the spring of the same year
an influenza epidemic occurred in Boston, which led Weller et al. to carry out
intradermal vaccination in a group of adult hospital personnel. The investigators
could not reproduce the dose-sparing effect of intradermal inoculation or the
increasing titers reported by Van Gelder, suggesting that these results may be due
to differences in vaccine concentration. They confirmed that the local reactions to
intradermal vaccination were mild and that systemic reactions were rare (Weller
et al. 1948). The need for a single vaccine dose, important for mass vaccinations,
was emphasized by Bruyn et al who did not find significant differences between
one or two doses of influenza A and B vaccines delivered intradermally in adults
or children. Their data did not show differences between responses to intradermal
vs. subcutaneous immunization (Bruyn et al. 1949a). Subsequent studies by
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Glazier et al on intradermal vaccination of children with inactivated influenza A
and B viruses demonstrated effectiveness and dose sparing compared to subcuta-
neous immunization. The authors also observed rises in titers with booster doses
either one week or 5-7 months after primary immunization (Glazier et al. 1956).

The emergence of the Asian flu pandemic (1957–1958) and the urgent need for
mass vaccination provided a reason for re-visiting the issue of dose sparing. Boger
and Liu reported that intradermal vaccination did not offer any advantages in terms
of dose sparing and suggested that subcutaneous immunization in humans should be
the recommended vaccination route (Boger and Liu 1957). In contrast Hilleman
et al demonstrated that intradermal delivery of 1/10 dose of egg grown A/Japan/
305/57 vaccine induced similar antibody responses in human volunteers as the full
dose given subcutaneously. The seasonal polyvalent vaccine did not induce cross-
reactive responses to A/Japan/305/57 virus, but cross-reactive antibody could be
observed with high vaccine doses against A/Swine/30 and A/Hawaii/305/56 sug-
gesting sharing of common antigens. Based on the seroconversion rates elicited
after intradermal vaccination, the authors suggested that this route offers consid-
erable advantage in conserving vaccine during periods of shortages as well as
reducing the cost for vaccination (Hilleman et al. 1958). The difference between the
1957 and 1958 studies may be related to age differences of vaccinees. Boger and
Liu recruited volunteers aged over 70 in order to determine effects of pre-existing
immunity that could offer cross-protection against the novel H3N2 influenza sub-
type, whereas Hilleman et al carried out their studies in healthy adults.

Ten years later the appearance of the Hong Kong pandemic (1968–1969)
resulted in a subsequent vaccine shortage, and caused re-evaluation of humoral
immune responses following subcutaneous and intradermal inoculation vaccina-
tion. Tauraso et al. used vaccine purified by zonal centrifugation for the first time,
and tested vaccine efficacy in healthy adult volunteers. Based on their findings of a
significant dose sparing (1/5 dose when compared to the subcutaneous dose) the
authors suggested that intradermal inoculation would be a reasonable alternative
for mass vaccinations. Additional interesting results from this study were the
finding of a 4-fold seroconversion after 2 vaccine doses, and an inverse relation-
ship between antibody response and pre-immunization titers; also, individuals 65
years or older developed antibody responses more rapidly than younger age-groups
based on a 4-fold or greater rise in antibody and the geometric mean ratio in sera at
intervals after vaccination (Tauraso et al. 1969).

With the emergence of a swine flu variant infecting humans in 1976, a national
vaccination campaign was initiated in the U.S. Brown et al. reported that among
the 18–24 year-old age group, persons who did not have pre-existing immunity
against the A/New Jersey/31/76 (HswINI), when vaccinated intradermally with
whole-virus vaccine at 1/5 dose than those immunized intramuscularly (40 HA
units/0.1-ml dose vs. 200 HA units/0.5-ml dose) exhibited lower HAI titers, and
repeated vaccinations did not offer an immunological advantage. In contrast,
vaccinees over the age of 24 without detectable homologous immunity had
comparable serologic responses to intradermal or intramuscular vaccination.
Persons infected with influenza virus prior to vaccination exhibited an immediate
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antibody response indicative of a secondary type of response. The antibody
responses after intradermal vaccination were lower for those vaccinees with pre-
existing immunity, and in a younger age group. In older age groups who were
vaccinated either intradermally or intramuscularly, only the ID group needed a
booster dose (Brown et al. 1977). As a result of mild side effects of intradermal
influenza vaccine delivery and the lack of systematic advantages of this route
compared to conventional intramuscular inoculation, such as dose sparing, the
intradermal route lost its appeal. In addition, other factors such as the inadequate
purification of whole inactivated influenza virus, uncertainties about the inacti-
vation process and the termination of the vaccination program due to a media
frenzy related to Guillain-Barré syndrome (GBS) among persons receiving swine
flu immunizations, attention shifted to newer and safer vaccine formulations such
as subunit and split inactivated influenza vaccines (Sencer and Millar 2006).
Currently, inactivated trivalent influenza vaccines (TIVs) include the unadjuvanted
whole virion, split virus, subunit, virosomes containing subunit antigens, or
adjuvanted subunit vaccines.

In 1960 Aaron Ismach designed jet injectors for mass vaccinations aiming to
controlled vaccine or drug delivery in the skin (Ismach 1960). Jet injectors are a
type of syringe using a high-pressure narrow jet of liquid instead of a hypodermic
needle to penetrate the epidermis. Studies in healthy young adults showed that the
device caused higher levels of pain and local reactions following vaccination,
while there was no dose sparing or improvement of humoral responses (Jackson
et al. 2001). A similar approach was attempted by Chen using the PowderJect
ND5.2 delivery system for powdered trivalent influenza vaccine delivery in the
epidermis, targeting Langerhans cells (Chen et al. 2004). A phase I clinical trial
comparing intramuscular and epidermal (EPI) immunization reported no differ-
ences in systemic reactogenicity or any severe site reactions, and equivalent or
superior immune responses were elicited in EPI-immunized groups as compared to
groups immunized intramuscularly (Dean and Chen 2004). Due to potential risks
of pathogen transmission during applications, the World Health Organization no
longer recommends jet injectors for vaccination (WHO 2005). As of today no
influenza vaccines are licensed in the United States for administration via jet-
injector (FDA 2011).

Several studies have been carried out using intradermal injection of trivalent
subunit vaccines with hypodermic needles (Belshe et al. 2004; Beran et al. 2009;
Auewarakul et al. 2007), and a stronger immune response or dose-sparing effect
was observed in some of the studies. Subsequently, a device was developed by
Becton Dickinson (SoluviaTM) for intradermal immunization using a prefilled
syringe and a 30 gauge, 1.5mm-long needle, which limits the depth of penetration
of the needle (Laurent et al. 2007). A number of clinical trials have been carried out
using this device to deliver trivalent detergent-split vaccine, and have been recently
reviewed (Icardi et al. 2012; Ansaldi et al. 2012). The device offers improved
reproducibility and ease of delivery compared with the Mantoux technique. BD
SoluviaTM has been licensed for use in Europe and the U.S for Sanofi Pasteur’s
Fluzone� for active immunization of adults aged between 18 and 64
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years. The reduced-antigen-content ID vaccine (9 lg hemagglutinin per strain) is
as immunogenic as standard-dose IM influenza vaccine; it is safe and well tolerated
by patients, which could result in an improvement in vaccine coverage by including
individuals who fear injection with standard hypodermic needles (Icardi et al.
2012).

NanoPass Technologies LTD developed a single-use device for painless
intradermal delivery (MicronJet) to deliver drugs and vaccines. Microneedles are
manufactured by using MEMS (Micro Electro Mechanical Systems) technology
and were made of pure silicon crystals in the shape of micro-pyramidal needles.
Prospective randomized trials in healthy adults who received a 6 lg or a 3 lg dose
of hemagglutinin per strain by intradermal injection of seasonal influenza vaccine
with the MicronJet device demonstrated humoral immune responses similar to
those elicited by the full-dose 15 lg intramuscular vaccination. The micronee-
dle injection device used in this study was found to be effective, safe, and reliable
(Van Damme et al. 2009). A follow up prospective randomized trial on elderly and
chronically ill adults delivering reduced dose ID TIV (3 or 9 lg of hemagglutinin
(HA) per strain) by MicronJet600TM demonstrated dose sparing and improved
seroconversion and seroprotection when compared to the full vaccine dose (15 lg)
delivered intramuscularly as measured by hemagglutination inhibition (HAI) and
neutralizing antibody titers (Hung et al. 2012). The data support further investi-
gation of this approach for intradermal immunization with vaccines of low
immunogenicity.

Most of the above studies in humans have been focused on the issue of dose
sparing, which has become relatively less important because of the availability of a
more reliable vaccine supply. Relatively little information has been obtained on
other potential advantages such as quality and duration of the immune response,
breadth of immunity, or induction of mucosal or cellular responses. Recently,
Combadiere et al. demonstrated the superiority of transcutaneous immunization
(TC) with inactivated influenza vaccine in the induction of CD8+ T cell responses
in randomized Phase I Clinical Trials (Combadiere et al. 2010).

All human vaccine studies described above have employed intradermal delivery
of influenza vaccines with needle-based devices but it is generally accepted that
there are many concerns related to unsafe practices and pathogen transmission
involving needles. In addition there is a large percentage of children and adults
who suffer from distress or fear of injections (Giudice and Campbell 2006),
resulting in reluctance to receive immunizations. Another major hurdle in
expanding vaccination coverage is the need to maintain vaccines at low temper-
atures. The need for cold chain to preserve vaccine potency mandates a 2-8 �C
temperature range for vaccine storage from the time that they are manufactured
until they are given to patients (Atkinson et al. 2002; Weir and Hatch 2004) .
Needle-phobia, discomfort and reactogenicity of particular vaccines (Moylett and
Hanson 2004) directed research to discovery of novel immunization approaches
such as lyophilized vaccines delivered in the form of patches (Glenn et al. 2003).
An alternative vaccine formulation independent of the cold chain is a promising
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approach for rapid distribution to remote areas of the world without the appropriate
infrastructure to establish effective mass vaccination strategies and lead to a
reduction in the costs of vaccine distribution.

3 Animal Studies

3.1 Mice

3.1.1 Potency of Immune Responses and Dose Sparing

Inactivated, Subunit and VLP Vaccines

Delivery of inactivated whole influenza virus with topical application on the skin
was demonstrated in the mouse model (Skountzou et al. 2006). Despite its large
size the virus could transverse the skin after mild pre-treatment and
induce influenza-specific hemagglutination inhibition and neutralizing antibody
titers in serum as well as salivary and fecal IgA. Lung viral titers were assessed as
an indicator of protection after intranasal challenge with mouse adapted homol-
ogous virus. Effective clearance of virus in vaccinated animals as compared to
unvaccinated infected controls within 8 days was attributed to robust humoral and
cellular immune responses. Despite the encouraging data it was evident that this
approach for transcutaneous immunization required higher vaccine doses and
multiple immunizations, suggesting the need for improved delivery of antigen for
dose sparing.

To overcome the limitations of non-invasive skin vaccination methods, while
avoiding the concerns about hypodermic needles, minimally invasive methods to
administer vaccine to the skin have been developed, primarily using very small
hollow or solid needles. Most research on minimally invasive skin vaccination has
involved the use of microneedles, which are long enough to cross the stratum
corneum barrier and to reliably remain within the skin for targeted delivery, but
short enough to avoid pain (Gill et al. 2008). There are four different types of
microneedles that have been studied for vaccine delivery: hollow, solid, coated,
and dissolving microneedles. Because this approach directly and actively deposits
vaccine in the skin, it can deliver vaccine doses faster and more reliably than non-
invasive vaccinations (Kim et al. 2012).

Metal microneedle arrays coated with low (3 lg) or higher (10 lg) doses of
inactivated A/Aichi/2/68 (H3N2) influenza virus elicited substantial influenza-
specific neutralizing antibodies in BALB/c mouse sera after a single immunization
(Koutsonanos et al. 2009). Interestingly, mice vaccinated cutaneously or intra-
muscularly with the low vaccine dose showed similar titers whereas humoral
responses to cutaneous immunization were significantly higher with increased
vaccine doses. All vaccinated groups were fully protected upon challenge with
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5xLD50 of mouse adapted Aichi virus. Virus clearance from the lungs was com-
plete by day 4 in mice that received the high vaccine dose. Microneedle vacci-
nation induced a broad spectrum of immune responses including CD4+ and CD8+
responses in the spleen and draining lymph nodes, a high frequency of antibody-
secreting cells in the lung and induction of virus-specific memory B-cells. The
similarity in results observed after IM and MN immunization demonstrated
that microneedle immunization was as effective as intramuscular vaccination
(Koutsonanos et al. 2009). Similarly, Zhu et al observed that mice immunized by a
single dose of H1N1 inactivated influenza virus (A/PR/8/34) coated on MNs were
effectively protected against lethal challenge by a very high dose (100xLD50) of
mouse-adapted influenza virus A/PR/8/34 (Zhu et al. 2009).

Skin immunization with microneedles fabricated using a biocompatible poly-
mer (PVP, polyvinylpyrollidone) encapsulating 6lg of inactivated whole influ-
enza virus vaccine (A/PR/8/34) with trehalose were inserted and dissolved in the
skin within minutes with at least 80 % antigen delivery. Challenge of mice with
5xLD50 of homologous virus showed a showed a 103-fold-decrease in lung viral
titers in intramuscularly immunized mice compared to unimmunized infected
mice, whereas microneedle-immunized mice showed a dramatic 106 -fold
decrease in lung viral titers. Levels of IFN-c, IL-12p70 and IL-21 in the lung
induced after polyclonal re-stimulation were higher in the intramuscular compared
to the microneedle group, suggesting stronger local Th1 response upon challenge.
In contrast, influenza virus MHC Class I and II restricted T cell responses were
increased in spleen of microneedle-immunized groups, indicative of increased
recall CD4+ and CD8+ T cell responses (Sullivan et al. 2010).

Even without causing cell death in the epidermis, skin immunization is superior
to intramuscular delivery in dose sparing. A very low dose of (A/PR/8/34 H1N1)
VLPs (0.3lg) delivered with metal microneedles induced significantly superior
protective immunity, which included binding and functional antibodies as well as
complete protection against a high dose lethal infection with the homologous virus,
whereas IM immunization provided only partial (40%) protection (Quan et al.
2010a). Furthermore a single immunization with metal microneedles coated with a
very low dose (0.2 lg) of A/Vietnam/1203/04 H5N1 virus (H5 VLPs) induced high
levels of antibodies and provided complete protection against 20xLD50 lethal
challenge without apparent disease symptoms. In contrast, intramuscular injection
with the same vaccine dose showed low levels of antibodies and provided only
60 % protection accompanied by severe body weight loss (Song et al. 2010a).

Influenza vaccines have a limited shelf-life even when stored at 4 �C. Quan et al
found that the integrity of A/PR/8/34 influenza virus, as measured by hemagglu-
tination activity, was significantly damaged during metal microneedle coating at
room temperature. The addition of trehalose to the vaccine formulation resulted in
retention of functional integrity and vaccine potency as shown in mouse studies.
Both intramuscular and microneedle skin immunization with un-stabilized vaccine
yielded weaker protective immune responses including viral antibodies, protective
efficacies, and recall immune responses to influenza virus, whereas a single
microneedle-based vaccination using stabilized influenza vaccine was superior to
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intramuscular immunization in controlling virus replication as well as in inducing
rapid recall immune responses post-challenge (Quan et al. 2009). Addition of tre-
halose to the coating formulation was found to protect the antigen and retention of
48–82 % antigen activity for all three major subtypes of seasonal influenza: H1N1,
H3N2 and B. Influenza vaccine coated in the presence of trehalose also exhibited
thermal stability, such that activity loss was independent of temperature over the
range of 4–37 �C for 24 h (Kim et al. 2010a). In the absence of trehalose hemag-
glutinin activity decreased below 10 % after 1 h and was not detected after 1 month
of drying, respectively. Addition of trehalose maintained HA activity above 60 %
after drying and above 20 % after 1 month storage at 25 �C. Loss of HA activity
generally correlated with increased virus particle aggregation. Administration of
microneedles coated with trehalose-stabilized influenza vaccine yielded high
serum IgG antibody titers even after 1 month storage, and all animals survived lethal
challenge infection with minimal weight loss (Kim et al. 2011). Choi et al. reported
that crystallization and phase separation of the dried coating matrix are important
factors affecting long-term stability of influenza vaccine-coated microneedles
(Choi et al. 2012). The partial viral activity loss observed in the trehalose-containing
formulation was hypothesized to result from osmotic pressure-induced vaccine
destabilization. Inclusion of a viscosity enhancer, carboxymethyl cellulose, over-
came this effect and full vaccine activity was retaned on washed or plasma-cleaned
titanium surfaces (Choi et al. 2013).

Similarly, addition of trehalose in vaccine coating formulations stabilized
influenza VLPs containing HA and M1 proteins from A/PR/8/34 virus, demon-
strating preservation of hemagglutinin antigen. A single dose of stabilized influ-
enza VLPs induced 100 % protection against challenge infection with a high lethal
dose (20xLD50) of homologous virus. In contrast, unstabilized influenza VLPs, as
well as intramuscularly injected vaccines, provided inferior immunity and only
partial protection (B40%). These results correlated with influenza specific neu-
tralizing antibody titers and antibody secreting cells detected in spleen and bone
marrow (Quan et al. 2010b). Optimizing the coating formulation required balancing
the factors affecting the coating dose and vaccine antigen stability. Vaccine stability,
as measured by an in vitro hemagglutination assay, was increased by formulation
with higher concentration of trehalose or other stabilizing carbohydrate compounds
and lower concentration of carboxymethylcellulose (CMC) or other viscosity-
enhancing compounds (Kim et al. 2010b).

Matsuo et al. developed dissolving microneedle arrays, called MicroHyala
(MH), as a transcutaneous immunization device, that co-polymerized sodium
hyaluronate with influenza antigens dissolved in aqueous solution. The length of
microneedles was either 300 lm (MH300) or 800 lm (MH800), and the arrays
contained over 200 microneedles/cm2. TCI vaccination efficacy was compared to
that of conventional immunization systems, such as subcutaneous immunization
(SC), intradermal immunization (ID), intramuscular immunization (IM), and
intranasal immunization (IN). Influenza-specific IgG or HAI titers elicited by TCI
delivery of unadjuvanted vaccine were similar to intramuscular or intradermal
immunization in the presence or absence of Alum as an adjuvant. These data were
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correlated with survival studies where all ID, IM and TCI groups survived lethal
challenge with homologous virus and showed no lung pathology (Matsuo et al.
2012).

The skin epidermis consists mainly of keratinocytes, melanocytes, and
Langerhans cells (LCs) (Skountzou and Kang 2009). Langerhans cells are present
in all layers of the epidermis and are in close proximity to the stratum corneum
(Banchereau and Steinman 1998). These are immature APCs produced from bone
marrow precursors that reach and populate the skin through the peripheral circu-
lation (Romani et al. 1985). Fernando et al took advantage of the densely packed
cell layer and designed a Nanopatch, which contains an array of densely packed
projections (21025/cm2) (110 micron in length), that were dry-coated with vaccine.
They observed that the Nanopatches could deliver a seasonal influenza vaccine
(Fluvax� 2008) in 2 min and that by physically targeting vaccine directly to these
antigen presenting cells they induced protective levels of functional antibody
responses in mice, comparable to the vaccine delivered intramuscularly with a
needle and syringe, but with less than 1/100th of the delivered antigen (Fernando
et al. 2010; Raphael et al. 2010). The impressive dose sparing effect observed with
the Nanopatch suggested that it resulted from cell death in proximity to sites of
antigen deposition in the skin, resulting in enhancement of immunogenicity
(Depelsenaire et al. 2014).

Vectored Vaccines

Few studies have been done using skin immunization with recombinant vectored
vaccines for influenza virus. However, a replication-defective adenovirus recom-
binant encoding the influenza A/PR/8/34 HA has been evaluated in human vol-
unteers (Van Kampen et al. 2005). The recombinant vaccine was administered
intranasally or applied to the abdominal skin after shaving, followed by gentle
brushing with a soft-bristle toothbrush for 30 strokes. After the topical application
of vaccine, the administration site was covered with a TegadermTM patch. The
adenovirus-vectored nasal and epicutaneous influenza vaccines were both well
tolerated by human volunteers. However the intranasally administered vaccine
induced stronger immune responses than those observed in the cohort which
received the epicutaneous vaccination.

Universal Influenza Vaccines

Current influenza vaccines induce immune responses which are highly strain-
specific, resulting in the need to change the composition in order to protect against
variant strains which emerge to escape from preexisting immunity. In addition,
current vaccines would provide little or no protection against emergence of a new
antigenic subtype, which could result in a global pandemic. It is therefore of high
interest to identify conserved antigens and use them to develop vaccines which are
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broadly cross-reactive with multiple subtypes of influenza A viruses. It is known
that the viral internal proteins, such as NP and M1, are more highly conserved.
They do not elicit neutralizing antibodies, but can contribute to protective
immunity by eliciting cross-reactive T-cell responses (Yewdell et al. 1985).
However, most efforts to develop universal vaccines have focused on conserved
epitopes on the external surface of the virion. The membrane-proximal HA stalk
domain is highly conserved, and is a promising target for universal vaccine design.
A growing body of evidence has emerged to support the idea that a stalk-based
vaccine is capable of eliciting neutralizing antibodies with broad-cross protective
efficacy (Wrammert et al. 2011). However it is not normally exposed to the
immune system because it is covered by the globular HA head domain.

A second conserved antigen on the viral surface is the short external domain of
the M2 protein, a trans-membrane protein which serves as an ion channel and also
functions in viral assembly. This protein is present at low levels in the virion, and
does not usually elicit an immune response by vaccination or infection. However it
has been possible to design modified forms of the M2 external domain (M2e),
some of which elicit protective immune responses when used as vaccines. A fusion
protein of the TLR5-agonist domains of the flagellin protein from Salmonella
typhimurium and multiple repeats of influenza M2e has been constructed, and
evaluated as a vaccine in a mouse model using alternative immunization routes
(Wang et al. 2014). It was found that skin immunization using metal microneedles
coated with the fusion protein elicited strong systemic as well as mucosal
immunity, and the protective efficacy induced by microneedle immunization was
found to be much better than that observed with IM immunization.

Recombinant Protein Vaccines

Since most currently available influenza vaccines consist of solubilized viral
protein antigens, recombinant subunit influenza vaccine was also tested for its
immunogenic properties when delivered to the skin by coated microneedles.
BALB/c vaccinated via metal microneedle delivery with a stabilized recombinant
trimeric soluble hemagglutinin (sHA) derived from A/Aichi/2/68 (H3) virus had
significantly higher immune responses than did mice vaccinated with unmodified
sHA and they were fully protected against a lethal challenge with influenza virus.
Analysis of post-challenge lung titers showed that MN-immunized mice had
completely cleared the virus from their lungs, in contrast to mice given the same
vaccine by a standard subcutaneous route (Weldon et al. 2011).

DNA Vaccines

Early studies of immunization using DNA plasmids to elicit immune responses to
the encoded proteins employed coating the plasmids onto gold particles, which were
administered by various routed including the delivery into skin by electroporation
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(Wolff et al. 1990) or by high velocity gene gun injection (Jackson et al. 2001). In
studies comparing different immunization routes using a DNA plasmid encoding the
influenza HA protein (Fynan et al. 1993a, b), it was observed that using a gene gun to
deliver DNA-coated gold beads to the epidermis of mice was a more effective route
than intramuscular injection. Gene gun delivery of DNA vaccines encoding proteins
of H1N1 or H3N2 influenza viruses induced protective immune responses in ferrets
against challenge infection with heterologous influenza drift strains (Bragstad et al.
2011). Influenza DNA vaccines have also been shown to induce protective immu-
nity in a phase 1 clinical trial (Jones et al. 2009).

Because of the high molecular weight and viscosity of seasonal or avian
influenza DNA vaccines, they can also be used for coating of microneedles in the
absence of other excipients such as carboxymethylcellulose or detergents (Kim
et al. 2013; Song et al. 2012). It was found that delivery of microneedle-coated
seasonal influenza HA-encoding DNA vaccines to the skin conferred dose sparing
effects and induced improved protection in mice against subsequent virus chal-
lenge, when compared to IM immunization with the same DNA plasmids (Song
et al. 2012).

3.1.2 Duration of Immunity

A concern about the present seasonal influenza vaccines is that they elicit a rel-
atively short duration of immunity, which wanes 6-8 months after immunization
(Albrecht et al. 2014). Therefore, it is of interest to determine whether an alter-
native vaccination route could confer improved duration of immunity.

Prime-boost skin vaccination with metal microneedles coated with H5 VLPs
containing the hemagglutinin (HA) of A/Vietnam/1203/04 demonstrated higher
levels of virus specific neutralizing antibodies as well as B and T cell responses up
to 8 months after vaccination compared to the same antigen delivered intramus-
cularly and conferred 100 % protection against lethal challenge with the wild-type
A/Vietnam/1203/04 virus 16 weeks after vaccination (Song et al. 2010b). In the
case of seasonal influenza (H1N1 A/PR/8/34) VLPs a single dose was sufficient to
confer long-term protective efficacy of influenza after skin vaccination using
microneedle patches coated with the vaccine. Microneedle vaccination of mice in
the skin induced 100 % protection against lethal challenge infection with influ-
enza A/PR/8/34 virus for at least 14 months, that correlated with humoral systemic
and mucosal influenza virus-specific immune responses that were maintained for
over a year (Quan et al. 2013).

In another study 5 lg of pandemic swine origin inactivated A/California/04/
2009 influenza virus delivered once to BALB/c mice either with metal micronee-
dles or subcutaneously elicited similar serum IgG and hemagglutination inhibition
titers and 100% protection against lethal viral challenge 6 weeks after vaccination.
However, six months after vaccination, the subcutaneous group exhibited a
60 % decrease in functional antibody titers and extensive lung inflammation after
challenge with 109LD50 of homologous virus, whereas the microneedle group

356 I. Skountzou and R.W. Compans



maintained high functional antibody titers and IFN-c levels, inhibition of viral
replication, and no signs of lung inflammation after challenge. Microneedle vac-
cination conferred complete protection against lethal challenge as well as
high numbers of bone marrow plasma cells and spleen antibody-secreting cells
(Koutsonanos et al. 2011).

A single 3 lg dose of the subunit A/Brisbane/59/2007 vaccine with metal
microneedles conferred complete protection against 5xLD50 of mouse-adapted virus
at 4, 12 and 36 weeks post-vaccination whereas intramuscular immunization con-
ferred completed protection only at 4 and 12 weeks post vaccination (Koutsonanos
et al. 2012). The decreased protection at the later time correlated with lower IgG2a
titers and a 38 % drop of HAI titers below to levels 40 in the intramuscularly
vaccinated group after 9 months, whereas all mice in the microneedle vaccinated
group retained HAI titers above protective levels (HAI[40). The maintenance of
these high levels of functional antibody titers throughout a period of nine months can
be attributed to the higher number of influenza-specific antibody secreting cells
(long-lived bone marrow plasma cells) detected in the microneedle immunized
group.

3.1.3 Breadth of Immunity

The continuous antigenic drift of influenza viruses mandates frequent changes of
the vaccine composition. The need for annual revaccination against influenza is a
burden on the healthcare system, leads to low vaccination coverage rates, and
makes timely vaccination difficult against pandemic strains such as during the 2009
H1N1 influenza pandemic. Using a DNA vaccine encoding A/PR/8/34 influenza
hemagglutinin that increases the viscosity of a coating formulation together with
inactivated virus vaccine of the same strain, Kim et al succeeded in generation of
robust immune responses and cross-protective immunity in mice (Kim et al. 2013).

Microneedles coated with a recombinant fusion protein comprised of
S. typhimurium Phase I flagellin (FliC) and the conserved extracellular domain of the
membrane-bound matrix protein 2 (M2e) from human influenza A viruses elicited
strong humoral as well as mucosal antibody responses, and conferred complete
protection against homo- and heterosubtypic lethal virus challenges (A/PR8, H1N1
and A/Philippines, H3N2) three months after vaccination (Wang et al. 2014). These
results provide encouraging evidence that skin immunization can be effective in
enhancing the breadth of immunity to influenza viruses.

3.1.4 Target Cells for Skin Immunization

As discussed above, the skin epidermis contains densely packed LCs and kerati-
nocytes, whereas dermis which lies beneath the epidermis is largely populated by
dermal dendritic cells (DDCs) that are distinct from the epidermal Langerhans
cells populations based on their surface markers. LCs express differential levels of
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CD11b, CD205 int/high and more specifically CD207 (Langerin) while DCs
express CD11b high, and CD205 low/int and are CD207 negative (Itano et al.
2003; Valladeau et al. 2000). Additionally, these two populations are characterized
by differences in chemokine receptor expression, especially during the maturation
and migration of LCs from tissues to draining lymph nodes (Locati et al. 2000;
Sozzani et al. 2000). The presence of two types of antigen presenting cells, LCs
and DDCs, classify the skin as an immunological organ (Romani et al. 2012).
Additionally, the expression of Toll-like receptors (TLRs) on LCs, DDCs, and
keratinocytes make it an ideal target for vaccine delivery (Abdelsadik and Trad
2011). These two types of APCs, in combination with other immunologically
active cells residing in the skin including LC-like DCs, monocytes, and macro-
phages (Dupasquier et al. 2004), recognize and take up the antigen upon delivery
in the skin, and migrate while undergoing maturation to the proximal lymph nodes
where they prime naïve T and B cells thus initiating and shaping the adaptive
immune responses. Both LCs and DDCs are involved in the process of T cell
activation. Studies have demonstrated that in the absence of a stimulus, epidermal
LCs and dermal DCs express low levels of major histocompatibility antigens
(Banchereau and Steinman 1998).

Epidermal powder immunization (EPI) of mice with an influenza vaccine
elicited consistently a higher hemagglutination inhibition (HAI) antibody titers than
intramuscular (IM) injection using the same dose of vaccine. Controlled vaccine
delivery to skin antigen-presenting cells increases the local innate immune
responses and facilitates antigen presentation to naïve T and B lymphocytes which
reside in the draining lymph nodes adjacent to site of delivery. The epider-
mal Langerhans cells (LCs) at the site of EPI were found to play an important role
in the immune responses because depletion of LCs from the immunization site prior
to EPI caused a significant reduction in the antibody response. Transfer of LCs
isolated from the EPI sites to naive mice induced a robust antigen-specific antibody
response (Chen et al. 2004). In ex vivo experiments using freshly excised human
skin, Pearton et al delivered H1 (A/PR/8/34) and H5 (A/VietNam/1203/04) VLPs
with solid metal microneedles to the skin epidermis and they demonstrated 80 %
deposition of the coating within 60s of insertion. They further showed a dramatic
reduction of CD207+ (Langerin+) cells in the epidermal sheaths within 48h of
vaccine delivery, which simulated activation and migration of Langerhans cells
(LCs) in the human skin environment (Pearton et al. 2010a, b). Gene expression
mapping, ontological analysis, and qPCR revealed up-regulation of genes respon-
sible for key immunomodulatory processes and host responses, including cell
recruitment, activation, migration, and T cell interaction following either ID or
microneedle injection of VLPs; the response from the microneedles being more
subtle (Pearton et al. 2013).

Detailed in vivo studies in the mouse model showed that metal microneedle
delivery of inactivated influenza virus (A/PR/8/34) significantly increased inter-
leukin 1b (IL-1b), macrophage inflammatory protein 1 alpha (MIP-1a), macro-
phage inflammatory protein 2 (MIP-2), tumor necrosis factor alpha (TNF-a), and
monocyte chemoattractant protein 1 (MCP-1) (del Pilar Martin et al. 2012).
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Although these cytokines were also induced upon insertion of blank microneedles,
their levels were further increased by immunization using microneedles coated
with influenza vaccine. Dendritic (CD11c+) cells that emigrated from the vacci-
nated skin showed high expression levels of the cell surface markers MHC II and
CD205 and, more than 50 % had increased expression of the co-stimulatory
markers CD40 and CD86 suggesting activation and maturation of skin-derived
dendritic cells (Sparber et al. 2010). This phenotype is required for T cell priming,
and such cells are likely to contribute to the strong immune response observed with
microneedle vaccination.

3.2 Guinea Pigs

Guinea pigs are an attractive model for skin immunization studies due to the similar
thickness of guinea pig and human skin. Transcutaneous immunization of guinea
pigs on the abdomen after skin pre-treatment with an abrasion device to disrupt the
stratum corneum with a patch containing a trivalent inactivated influenza vac-
cine in a wet fresh formulation or a dried, stabilized formulation showed that
the dry patch was as effective as a wet patch in inducing serum anti-influenza IgG
and HAI antibodies. The immunological potency of the vaccine product was not
affected by one-year storage at 4 or 25 �C (Frolov et al. 2008). Moreover the dry
patch could tolerate unexpected environmental stresses such as those that may be
encountered during shipping and distribution (low-to-high temperatures of -20/25
and -20/40 �C). Because of its effectiveness in vaccine delivery and its superior
thermostability characteristics, the dry TIV patch represented a major advance for
needle-free influenza vaccination.

Using 3M’s solid Microstructured Transdermal System (sMTS), Kommareddy
et al vaccinated guinea pigs with the 2008/2009 seasonal vaccine. The antibody
titers to influenza virus were comparable to those observed with trivalent vaccine
administered intramuscularly. The coated antigens were stable for at least 8 weeks
upon storage at 4 �C and room temperature, and also when subjected to freeze-
thaw conditions (Kommareddy et al. 2013).

3.3 Rats

Influenza vaccine dose sparing was demonstrated with a delivery system from BD
Technologies using hollow microneedles 1 mm long, affixed to a conventional
syringe (Alarcon et al. 2007). Rats were selected for the study because of their thicker
skin, which ensured reliable deposit of vaccine intradermally. Delivery of the whole
inactivated virus provided up to 100-fold dose sparing compared to intramuscular
injection. Intradermal delivery of the trivalent human vaccine also enabled at least
10-fold dose sparing for the H1N1 strain, and elicited levels of response across a dose
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range similar to those of intramuscular injection for the H3N2 and B strains. Fur-
thermore, at least fivefold dose sparing from intradermal delivery was shown in
animals immunized with multiple doses of DNA plasmid vaccine.

3.4 Chickens

The continuing outbreaks of highly pathogenic avian influenza (HPAI) H5N1 in
avian species increase the risk of reassortment and adaptation of the virus to
humans, limit the capacity of egg-based vaccine production, and have severe
economic repercussions. In chickens, protection was observed against heterolo-
gous strains of HPAI H5N1 after vaccination with a trivalent H5 serotype DNA
vaccine with doses as low as 5 lg DNA given twice or 3 times by a needle-free
(Agro-Jet�) device. The vaccination elicited comparable responses to intramus-
cular immunization with hypodermic needles (Rao et al. 2008). Comparable
immune responses were also observed between subcutaneous and Agro-Jet injector
delivery of a water-in-oil emulsion of inactivated, recombinant H5N3 virus sus-
pended in a proprietary adjuvant mixture (Poulvac Flufend I AI H5N3 RG)
(Ogunremi et al. 2013).

3.5 Non-human Primates

Rhesus macaques, which have an immune system and skin structure similar to
humans, were used to further evaluate the immunogenicity of the influenza vac-
cine following epidermal powder immunization (EPI) with an influenza vaccine.
Administration of unadjuvanted vaccine by EPI elicited HAI titers in the monkeys
which were comparable to intramuscular injection. EPI with an influenza vac-
cine and QS-21 adjuvant significantly improved serum hemagglutination inhibi-
tion (HAI) titers when compared with antigen alone administered by EPI or by
intramuscular (IM) injection using a needle and syringe (Chen et al. 2003).

4 Skin Immunization with Adjuvanted Vaccines

Both circulating and mucosal antibodies are considered important for protection
against infection by influenza virus in humans and animals. However, current
inactivated vaccines administered by intramuscular injection using a syringe and
needle elicit primarily circulating antibodies. As discussed above, a number of
recent studies have demonstrated that skin immunization with influenza vaccines,
using a variety of devices, results in immune responses which are superior to those
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observed using unadjuvanted vaccines administered by other immunization routes.
However there has been limited information on the effects of adjuvants using this
route of immunization.

Serum antibody responses to influenza vaccine following epidermal powder
immunization (EPI) of mice were enhanced by co-delivery of cholera toxin (CT), a
synthetic oligodeoxynucleotide containing immunostimulatory CpG motifs (CpG
DNA), or the combination of these two adjuvants. A single dose of influ-
enza vaccine containing CT or CT and CpG DNA conferred complete protection
against lethal challenges with A/PR/8/34, whereas a prime and boost immuniza-
tions were required for protection in the absence of an adjuvant (Chen et al.
2001b). Co-delivery of influenza vaccine with CpG-DNA as adjuvant elicited Th1
type response whereas EPI with alum adsorbed DT promoted a predominantly
IgG1 subclass antibody response, indicating that the use of appropriate adjuvants
can produce an augmented antibody response and desirable cellular immune
responses (Chen et al. 2001a). Depletion of LCs from the immunization site prior
to EPI caused a significant reduction in the antibody response. Chen et al reported
that skin immunization with EPI induced cytokine production by the target site
cells important for the augmented immune responses and that LTR72, a geneti-
cally detoxified heat-labile toxin from Escherichia coli with a strong adjuvant
effect in EPI, was found to bind to the keratinocytes of the epidermis, but not the
LCs, and caused the production of elevated TNF-alpha and IL-12 cytokines in
emigrating epidermal cells (Chen et al. 2004).

EPI of rhesus macaques with the 2000–2001 seasonal influenza vaccine and
QS-21 adjuvant elicited significantly higher serum hemagglutination inhibition
(HI) titers than antigen alone administered by EPI or by intramuscular
(IM) injection using a needle and syringe (Chen et al. 2003).

Application of an adjuvant to the skin has also been used to enhance the
response to an injected influenza vaccine in young and aged mice (Guebre-Xabier
et al. 2004) as well as in elderly human vaccinees (Frech et al. 2005). A trivalent
liposomal vaccine was administered to patients by IM injection, and a skin patch
containing the heat labile enterotoxin from E. coli was applied to stratum corneum-
disrupted skin near the site of immunization in a subgroup of the patients. The
adjuvant patch enhanced the seroconversion rate in the elderly patients to a level
similar to that observed in healthy adult vaccinees.

Transcutaneous immunization of mice with whole inactivated influenza virus
in the presence of cholera toxin (CT), a potent adjuvant for TCI, significantly
enhanced immune responses against influenza virus antigen. Pretreatment of
mouse skin with permeability enhancers/immunomodulators oleic acid (OA) and
retinoic acid (RA) elicited increased levels of influenza virus-specific binding and
neutralizing antibodies to levels equivalent to those induced by intranasal immu-
nization with inactivated influenza virus. Oleic acid and particularly retinoic acid
treatments differentially affected the pattern of cytokine production upon stimu-
lation with influenza viral antigen and provided enhanced long-lasting protection
(Martin Mdel et al. 2010; Skountzou et al. 2006).
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Transdermal immunization by use of the PassPort system that creates 80 mi-
cropores within a 1-cm2 area with a disposable filament attached to an applicator
containing 3 lg of baculovirus-expressed H5 rHA protein from the A/Hong Kong/
156/97 (H5N1; HK/156) virus either alone or with 25 lg of CpG oligodeoxynu-
cleotide (TLR9 ligand) demonstrated complete protection following challenge
with 10xLD50 or 50xLD50 H5N1 virus. In contrast 30 lg of R-848 (resiquimod
hydrochloride, a TLR7 ligand) did not enhance the protective immune responses
(Garg et al. 2007).

Some currently used adjuvants are lipid-based, and would be expected to inter-
fere with formulations used to produce coated or dissolving microneedles. The use
of toll-like receptor (TLR) ligands as adjuvants was investigated using microneedle
delivery of an influenza subunit vaccine in mice (Weldon et al. 2012). The subunit
vaccine alone was compared with vaccine coadministered with the TLR ligands,
imiquimod or poly(I:C), individually or in combination. The inclusion of poly(I:C)
did not enhance immune responses when compared to the non-adjuvanted vaccine.
However the imiquimod-adjuvanted vaccine elicited higher levels of virus-specific
antibodies and increased hemagglutination inhibition titers, as well as inducing a
robust IFN-g cellular response. These responses correlated with improved protec-
tion to challenge infection when compared to microneedle immunization with
influenza subunit vaccine alone, as well as reduced viral replication levels in the
lungs.

In another study, the plant-derived saponin Quil-A was used as an adjuvant with
influenza vaccine in mice. The anti-influenza IgG and HAI responses induced by
very low antigen doses, 6.5 ng of vaccine, were similar to responses induced by IM
injection using 900-fold higher doses of vaccine, demonstrating a potent dose-
sparing effect by delivery of the antigen and adjuvant to skin (Fernando et al.
2012).

5 Conclusions and Future Directions

Skin immunization has generated a high level of interest because of its immu-
nological advantages, including the induction of stronger and longer-lasting
immunity when compared with conventional intramuscular immunization. A
number of delivery systems are at various stages of development, and studies are
in progress in various animal models and to a lesser extent, in clinical trials. In
addition to its immunological advantages, skin vaccination also offers potential
logistical advantages. Dried vaccine formulations are used in many approaches,
and provide enhanced vaccine stability which can enable global vaccine distri-
bution without the need for maintaining a cold chain, with a resulting decrease in
cost. A particularly noteworthy feature is the avoidance of hypodermic needles,
thus enhancing the acceptability of vaccination by subjects who presently remain
unvaccinated because of fear of the pain associated with needle sticks. Devices are
also being developed which would be suitable for self-administration of vaccines,
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and a recent study (Norman et al. 2014) has provided evidence that this approach
could significantly enhance influenza vaccination coverage by improving patient
acceptability.

Whereas there have been many studies of new approaches in animal models,
only a limited number have been advanced to clinical studies. More rapid progress
in such studies is anticipated in future. Other aspects which remain largely
undeveloped include the use of adjuvants and identification of novel adjuvants
which are specifically designed to enhance responses to skin immunization. There
is also very limited information on the ability of skin immunization to elicit
mucosal immune responses, which are known to provide the most effective means
of preventing infection by influenza viruses.
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Mucosal Immunization and Adjuvants

Hideki Hasegawa, Elly van Reit and Hiroshi Kida

Abstract The goal of the influenza vaccine is to prevent influenza virus infection
and control the yearly seasonal epidemic and pandemic. However, the presently
available parenteral influenza vaccine induces only systemic humoral immunity,
which does not prevent influenza virus infection on the mucosal surface. Secretary
IgA antibodies play an important role in preventing natural infection. Moreover,
the IgA antibody response mediates cross-protection against variant viruses in
animal models. Thus, a mucosal influenza vaccine that induces mucosal immunity
would be a powerful tool to protect individuals from the influenza virus. Although
the function of the mucosal immune system, especially in the respiratory tract, is
not completely understood, there are several studies underway to develop mucosal
influenza vaccines. Here, we will review current knowledge concerning the
induction of IgA, the role of B-cell production of influenza virus specific IgA
antibodies in anti-influenza immunity, and the role of humoral memory responses
induced upon vaccination.
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1 Introduction

Influenza viruses belong to the Orthomyxoviridae family, which is categorized into
three genera, namely influenzavirus A, B, and C. Influenzavirus A comprise several
subtypes based on the unique combination of two surface proteins, hemagglutinin
(HA) and neuraminidase (NA). The seasonal influenza A virus infects millions of
individuals each year, with the highest risk of complications occurring in young,
elderly, and immunocompromised patients. For example, influenzavirus A can
lead to fatal encephalopathy in infants and pneumonia in the elderly.

In addition, the avian and/or swine influenzavirus A has caused a pandemic
every few decades by emerging each time as a genetically novel virus. The most
recent pandemic in 2009 was caused by the influenzavirus A (H1N1) pdm09 of
swine origin. Cases of highly pathogenic avian influenzavirus A H5N1 and H7N9
infection and fatal pneumonia have been also reported, with many individuals
developing acute respiratory distress syndrome (ARDS) (La Gruta et al. 2007).

Vaccination is the most effective method to control both seasonal and newly
evolved pandemic strains of the influenza virus. However, currently used parenteral
influenza vaccines are only effective against strains that are closely antigenic to the
vaccine strains. Thus, the yearly seasonal vaccine contains multiple influenza virus
strains, including influenza virus A strains H1N1 and H3N2, and influenza virus B
strain. However, there is an urgent need for improved cross-protection because
antigenic mismatches between seasonal vaccines and circulating virus strains. It is
also difficult to predict the newly evolved strains such as A/H5N1 and A/H7N9.
Ideally, a universal influenza vaccine that induces a strong and long-lasting memory
response and cross-protects against drifted variants, as well as against several
subtypes of the influenza virus, which induce hetero-subtypic immunity, should be
developed. While mucosal secretary IgA (S-IgA) antibodies show cross-protection
against variant influenza viruses in mouse models, rational design of IgA antibody-
inducing vaccines has so far been hampered by a lack of knowledge about local
and tissue-specific immune responses and IgA antibody function (Matzinger and
Kamala 2011). Consequently, the importance of IgA antibodies in immunity and the
mechanisms by which IgA antibody responses are induced and maintained are just
beginning to be established (Brandtzaeg 2007). In this review, we discuss the dif-
ferent mechanisms involved in the induction of S-IgA antibodies during influenza
virus infection and vaccination and provide insight into how this information could
be used to improve vaccine design.

2 The Use of Secretary IgA Antibodies for the Prevention
of Influenza Virus Infection

The respiratory mucosal surface is the first line of defense against influenza virus
infection. For example, pre-existing S-IgA antibodies on the surface of mucosal
epithelial cells can eliminate a pathogen before it infects respiratory epithelial
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cells, thereby providing immediate immunity (Renegar et al. 2004) in a process
defined as immune exclusion (Stokes et al. 1975). S-IgA antibodies can also
disarm viruses within infected secretory epithelial cells and redirect antigens to the
lumen after they have entered the lamina propria (Brandtzaeg 2007). All of these
responses are non-inflammatory in nature because, unlike IgG antibodies, IgA
antibodies do not fix complement and do not activate the inflammatory comple-
ment pathway (Yel 2010). Therefore, a strong S-IgA response is critical for
prevention of influenza virus infection especially in case of pathogenic strains
for their severe clinical outcomes. Although it is difficult to study the functions of
S-IgA and serum antibodies independently, mucosal vaccination and influenza
virus infection in knockout mice, which lack poly Ig receptor expression and fail to
secrete IgA antibodies from the mucosal surface, show that S-IgA antibodies
protect against both homologous and heterologous influenza virus strains (Asahi
et al. 2002, 2004). Moreover, transfer of S-IgA antibodies from respiratory tract
washings from immunized to naïve mice has been shown to protect against
challenge with a homologous or drifted strain (Tamura et al. 1991). Several studies
in mice also have shown induction of strong homosubtypic, as well as modest
heterosubtypic, cross-protective IgA antibodies.

Since the influenza vaccine is generally administered intramuscularly or sub-
cutaneously, S-IgA antibodies are generally not produced in large quantities;
however, intranasal and intradermal influenza vaccinations can produce an
effective IgA antibody response (Amorij et al. 2010). The most common route for
the influenza virus to enter the host is via the respiratory tract. Therefore, intra-
nasal immunization is the most widely explored route of mucosal vaccination
against influenza. FluMist� (MedImmune, LLC), a live attenuated influenza virus
vaccine, is the only nasal vaccine on the market. However, the rational design of
S-IgA vaccines has been hampered by a lack of knowledge on the mechanisms by
which IgA antibodies are induced (Brandtzaeg 2007).

3 The Characteristics of IgA Antibodies

After IgG, IgA is the second most abundant isotype in the serum; however,
approximately 70 % of all antibodies in mucosae are IgA (Macpherson et al. 2008).
In the human serum, IgA antibodies are present mostly as monomeric IgA1 (Yel
2010), while S-IgA antibodies are found as dimeric IgA2, although tri- and tetrameric
molecules also exist. These polymeric IgA antibodies consist of monomeric IgA
molecules connected by one or more J (Joining) chains. After binding to the secretory
component (SC), the ectodomain of the polymeric Ig receptor (pIgR), the polymeric
IgA is secreted as S-IgA antibodies. Since the cross-protective characteristics of
nasal IgA antibodies depend on the polymeric nature of IgA, understanding the
molecular structure, development, and function of these higher order polymeric IgA
antibodies may be important for the rational design of cross-protective vaccines
(Taylor and Dimmock 1985; Song et al. 1995; Renegar et al. 1998).
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IgA2 antibodies develop mostly at sites colonized by a wide range of micro-
biota, including urogenital and distal intestinal tracts. For example, intestinal
bacteria instruct dendritic cells (DC) to produce IgA antibodies (Massacand et al.
2008). IgA antibodies are also present in the respiratory tract, which is not pop-
ulated with many commensals; however, the predominant isotype is IgA1.

And IgA1- specific proteases can cleave bonds within human IgA1 molecules,
but these specific bonds are only present in IgA molecules in higher primates and
not in the mouse (Weiser et al. 2003).

4 IgA Antibody Production in Mucosal Tissues

The inductive site of the mucosal immune system can be divided in two different
sites, namely inductive and effector sites. The inductive site includes mucosa-
associated lymphatic tissue (MALT), and local and regional draining lymph nodes.
Antigens are directly taken from the mucosal surface with an important role of
microfold (M) cells and antigen-presenting cells (APC). Antigen-specific antibody
producing B-cells can be developed at two different inductive sites, namely extra-
follicular and germinal centres (GC), and their induction involves T-cell-dependent
or -independent mechanisms (Cerutti 2008). The GC is a specialized environment
that supports affinity maturation, which is mediated by activation-induced deami-
nase (AID) induced somatic hypermutation (Honjo et al. 2004). In addition, AID
participates in the production of the preferred antibody class by influencing class
switch recombination (CSR) of the heavy chain (Honjo et al. 2004; Zaheen and
Martin 2010). Most IgA memory B-cells (BMem) and long-lived IgA plasma cells
develop in the GC of peripheral lymphoid organs and that step requires T-cell help
via CD40L (CD154) and TGFb1. T-cell-independent B-cell class switching in the
GC might be mediated by interactions with (DC) and stromal cells, including fol-
licular DC (Puga et al. 2010).

At extrafollicular mucosal sites, antibodies can develop both with and without
the help of T-cells, with the latter process involving B-cell activating factor
(BAFF) and a proliferation-inducing ligand (APRIL) (Chen and Cerutti 2010;
Rothaeusler and Baumgarth 2010). Although hypermutation, which is necessary
for affinity maturation, is minimal at these sites (MacLennan et al. 2003), antigen-
specific antibody producing B-cells at this site can prevent reinfection (Lee et al.
2005) generate an IgG- and IgA-producing BMem subset (Berkowska et al. 2011).

IgA CSR mechanisms have been studied mostly in the gut where they are
influenced by specific environmental factors that are mainly created by commensal
bacteria and their products (Massacand et al. 2008). While the respiratory tract is
not populated with as many commensals as the intestinal tract, it would appear to
be protected from the influenza virus by commensals in the gut because CD4 and
CD8 T-cell number and the IgA antibody response were reduced in mice treated
with an antibiotic. Immunity against the influenza virus was restored by nasal
administration of lipopolysaccharides (LPS) but also by rectal administration of
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Toll-like receptor (TLR) agonists (e.g., LPS, CpG, polyI:C) (Ichinohe et al. 2011).
These findings indicate that signals from distal mucosal regions can support
immune priming in the mucosal effector in the respiratory tract. Additional studies
are needed to determine whether distal regions contribute to immunity in the
respiratory tract.

5 Innate Sensing and Mucosal Adjuvants

Influenza viruses activate pattern recognition receptors belonging to several dif-
ferent families, namely the TLR family, the RIG-I like receptor (RLR) family, the
Nod-like receptor (NLR) family (Pang and Iwasaki 2011), and the C-type lectin
family (Londrigan et al. 2011). To improve vaccine efficacy, members of the
pattern recognition receptor family, which are not activated by influenza virus
infection, can be employed. For example, flagellin, which activates TLR5, pro-
motes IgA production and heterosubtypic protection when incorporated into the
membrane of influenza virus-like particles (Wang et al. 2010). Similarly, PolyI:
PolyC12U, activating TLR3, has been shown to induce heterosubtypic protection
through IgA antibodies after administration of an intranasal vaccine (Ichinohe
et al. 2007). Moreover, the TLR3 ligand acts synergistically with the TLR-2 ligand
zymosan (Ainai et al. 2010).

Recently, several models have demonstrated the importance of TLR signaling in
CSR. Early studies have shown only two signals to induce CSR in naïve B-cells,
namely, the presentation of antigenic peptides on MHC class II molecules after
antigen binding to the B-cell receptor, and the activation of these B-cells via
cytokines and the interaction of CD40-CD40L with antigen-specific T-cells. Pres-
ently, TLR signaling is thought to involve an important third signal (Bekeredjian-
Ding and Jego 2009). A recent study has shown that MyD88 can induce a protective
immune response during primary, but not secondary, influenza virus infection. The
IgA level in MyD88-/-TRIF-/- mice is reduced in the saliva during secondary
infection; however, in serum and nasal wash, the level, which was induced in a
TLR-independent manner, is similar to those in wild type mice (Seo et al. 2010).
Furthermore, TLRs play a role in both T-cell-dependent and -independent IgA
responses in mucosal and systemic antibody levels (Bessa et al. 2009).

Some APCs such as plasmacytoid DCs (pDC), Tip-DCs (TNF and Inducible
nitric oxygen species (iNOS) Producing DC) and LAPCs have been reported to
with the IgA response. In addition, pDCs trigger the anti-influenza response by
inducing type 1 interferon, Th1, and cytotoxic responses and enhancing B-cell
expansion and differentiation into CD27 high plasmablasts upon TLR7 stimulation
(Douagi et al. 2009). pDCs are also necessary for optimal mucosal IgA and serum
IgG production after primary, but not secondary, booster influenza vaccination,
live attenuated virus vaccination, and inactivated whole virus or split virus vac-
cination. By contrast, pDCs are not needed to induce an immune response to a live
virus (Koyama et al. 2010).
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Upon infection of highly pathogenic influenza virus strains, Tip-DCs produce
large concentrations of both tumor necrosis factor (TNF) and nitric oxide (NO),
which results in tissue damage (Aldridge et al. 2009). However, controlled con-
centrations of NO induce TGF-bRII expression by B-cells, thereby enabling T-cell
dependent IgA class switching. MyD88 signaling downstream of TLR2, 4, and/or
9, which is critical for the induction of iNOS, facilitates T-cell-independent IgA
secretion in BAFF- and APRIL-dependent manners (Tezuka et al. 2007).

Late-activator APC (LAPC), a newly identified APC, may play an important
role in the immune response several days after influenza virus infection. While the
influenza virus activates DCs at approximately 3 days after infection and induces
Th1-type responses, the LAPC is activated at approximately 8 days after infection.
This results in the induction of a Th2-type response, production of IgA, IgG1 and
IgG2 antibodies, and downregulation of the anti-viral Th1-type response (Yoo
et al. 2010).

6 Mucosal Vaccine Design

Currently used seasonal influenza vaccines are produced based on the prediction of
strains that might cause an epidemic in the following season. These vaccines are
generally injected intramuscularly or subcutaneously, and are expected to reduce
the severity of the disease caused by specific strains that are homologous to the
vaccine strain. These vaccines neither induce cross-protection against the heter-
ologous strain nor prevent infection because they largely induce neutralizing IgG
antibodies in the serum. On the other hand, influenza vaccines currently under
design aim to induce broader cross-protection and are referred to as ‘universal
influenza vaccines’. The more diverse and broader cross-protective immune
response induced by natural infection than by current parenteral vaccinations
suggests the induction of several possible immunological effectors that add to
cross-protection. Furthermore, individuals of different genders, ages, and genetic
backgrounds respond differently to vaccines; thus, they may rely on different
immune mediators for their protection (Nayak et al. 2010; McKinstry et al. 2011).

While infection with the natural influenza virus is superior to vaccination in
inducing cross-protection against infection by mutated viruses within a particular
subtype of the A-type virus in humans (Hoskins et al. 1976, 1979; Couch and
Kasel 1983), an inactivated whole virus particle vaccine has been shown to be
more immunogenic than split vaccines. This is in agreement with the general view
that the effectiveness and safety of vaccines are usually inversely correlated.

Both inactivated whole virion vaccines and split seasonal vaccines can induce
protective immune responses against the homologous virus (Greenbaum et al.
2004). While heterosubtypic immunity is not observed after administration of an
ether-split vaccine, an inactivated whole virion vaccine can induce broad hetero-
subtypic immunity (Takada et al. 2003). The stronger immunogenicity of the
inactivated whole virion vaccine in mice is likely due to the stimulation of innate
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immunity by genomic single-stranded RNA via TLR7 (Diebold et al. 2004; Lund
et al. 2004). Since most viruses produce dsRNA during replication (Jacobs and
Langland 1996), synthetic dsRNA can likely act as a partial molecular mimic of
viral infection.

This has been confirmed in a previous study where intranasal administration of
an ether-split vaccine from PR8 (a H1N1 influenza virus strain) and poly(I:C), a
TLR3 agonist adjuvant, induced a strong anti-HA IgA and IgG response in nasal
washes and serum, respectively, while vaccination without poly(I:C) induced a
weak response. In addition, administration of either an A/Beijing (H1N1) or
A/Yamagata (H1N1) vaccine, which are antigenically different from A/PR8, in the
presence of poly(I:C) confered complete protection against A/PR8 virus challenge
in a mouse model of nasal infection, indicating that intranasal vaccination with
poly(I:C) adjuvant confers cross-protection against variant viruses (Ichinohe et al.
2005). Safety issue of the adjuvant is very important. One of dsRNA
poly(I:C12U)(Ampligen) which are clinically safe were recently shown to be a
potent inducer of innate immune responses (Caskey et al. 2011). This dsRNA,
poly(I:C12U)(Ampligen), was investigated as a dsRNA adjuvant for intranasal
avian influenza vaccines (Ichinohe et al. 2009).

The stronger immunogenicity produced by the live virus than by the whole
inactivated virus may be caused by a mechanism that does not involve stimulation
of TLR7 or 3. For example, other receptors, or a different biodistribution or kinetic
profile may be involved. For inactivated vaccine the former might be mimicked by
using a ligand for TLRs as an adjuvant, the latter two might possibly be mimicked
by the use of different carriers for the antigens that will influence kinetics as well
as biodistribution (Bachmann and Jennings 2010).

While investigators continue to understand infections caused by the influenza
virus, the ultimate goal is to produce a vaccine that can overcome natural infec-
tions. This might be achieved by carefully selecting highly conservative domains
within influenza membrane proteins and using them as vaccines in combination
with several adjuvants which could activate a broad spectrum of tissues and cells.

A recent clinical study reported that intranasal administration of a whole inac-
tivated influenza virus without adjuvant but with a prime-booster induced high
levels of nasal neutralizing antibodies that consisted primarily of polymeric IgA
(Ainai et al. 2013). It is not clear whether the absence of adjuvant was not important
for eliciting the antibody response in these subjects who would have had a cross-
protective memory resulting from a history of infections and/or vaccinations.

In conclusion, the induction of IgA antibodies after vaccination can enhance the
immune response by introducing a local immune response, which adds to cross-
protection, balances pro-inflammatory responses, and increases the diversity of
immunological memory. The fact that IgA antibodies alone cannot induce com-
plete protection after heterosubtypic infection may be an advantage because partial
protection by IgA antibodies can reduce the viral load and provide time for
immune system priming. In this way, innate, humoral, and cellular responses are
activated, resulting in the strongest renewal of immunological memory. This
ensures the best possible preparedness for the next influenza virus encountered.
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B Cell Responses to Influenza
Infection and Vaccination

Christopher Chiu, Ali H. Ellebedy, Jens Wrammert and Rafi Ahmed

Abstract Although vaccines against influenza are widely available, control of the
disease remains elusive. In part, this is due to the inability of current vaccines to
induce durable, broadly protective immune responses. Prevention of influenza
depends primarily on effective antibody responses that block virus entry. Following
infection, high-affinity IgA antibodies are generated in the respiratory tract that lead
to immune exclusion, while IgG prevents systemic spread. These are effective and
long-lasting but also exert immune pressure. Mutation of the antigenic determinants
of influenza therefore rapidly leads to emergence of novel variants that evade
previously generated protective responses. Not only do vaccines suffer from this
strain-specific limitation, but also they are suboptimal in their ability to induce
durable immunity. However, recent evidence has demonstrated the possibility of
inducing broadly cross-reactive antibody responses. Further understanding of the
ways in which high-titer, long-lived antibody responses directed against such cross-
reactive epitopes can be induced would lead to the development of novel vaccines
that may remove the requirement for recurrent vaccination.
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1 Introduction

Despite the widespread availability of influenza vaccines and their place in the
vaccination programs of most high-income nations, control of influenza infection
remains a major unresolved health issue. As well as the logistic difficulties asso-
ciated with vaccine delivery and uptake, the fundamental biology of influenza virus
raises hurdles that current vaccination strategies are unable to overcome. Further-
more, our understanding of the mechanisms underlying the generation of durable
immunity is still incomplete. Until it becomes possible to manufacture vaccines that
induce immune responses that match or even improve upon those following natural
infection, it is likely that influenza will continue as one of the foremost causes of
morbidity and mortality worldwide.

Protection from infection depends on the induction of effective immunological
memory. While cellular immunity may have the capacity to clear influenza virus
and reduce disease severity, B cells and antibodies are the major mechanism by
which prevention of re-infection occurs. However, the propensity for influenza to
escape via mutation under immune pressure means that this protection is short-lived
and strain-specific. Current vaccines not only suffer from this limitation but also
exhibit limited durability of protection even in the absence of strain variation.
Annual re-vaccination is therefore required. However, recent evidence suggests that
antibodies can be generated that have the capacity to recognize multiple influenza
strains. More detailed understanding of how high-affinity long-lasting antibodies
against influenza can be generated in the appropriate compartments and the ways in
which broadly cross-reactive antibodies can be encouraged may assist in the
development of the so-called universal influenza vaccine.
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2 Targets of Humoral Immunity in Influenza

Influenza belongs to the family Orthomyxoviridae and consists of an enveloped
capsid containing an eight-segment RNA genome (Fig. 1) (Fields et al. 2007). Two
major glycoproteins are expressed on the surface of influenza, hemagglutinin (HA),
and neuraminidase (NA). Both are targets of humoral immunity. HA binds to sialic
acid, facilitating viral attachment and entry following membrane fusion in the late
endosome (Skehel and Wiley 2000). NA cleaves sialic acid and allows virus par-
ticles to escape the host cell in which they have been generated (Mitnaul et al.
2000). HA-specific antibodies are therefore capable of preventing infection of cells
and are believed to be the primary method by which prevention of infection occurs.

The HA polypeptide, which complexes as a homotrimer, is composed of a
globular head (HA1 domain) and a stalk (largely comprised of the HA2 domain)
linked to the transmembrane region (Fig. 2). Most anti-HA antibodies are directed
against the head and exert immune pressure so that viruses with mutations in this
area capable of evading antibody recognition are selected. Over time, at least 18
influenza A HA subtypes have arisen, which are classified into two phylogenetic
groups: group 1 includes subtypes expressing H1, H2, and H5, while group 2
contains H3 and H7. Similarly, there are 9 NA subtypes in influenza A, again
falling in two groups. The NA head forms a homotetramer, and the stalk is joined to
a short cytoplasmic tail via the hydrophobic transmembrane region.

Since RNA polymerase causes rapid mutation within both HA and NA, anti-
genic drift can quickly give rise to new strains, thus causing epidemics (Yewdell
et al. 1979). In addition, the shuffling of the influenza genome allows wholesale
re-assortment of its segments so that antigenic shift may occur. New strains may

Fig. 1 Schematic of the influenza virion. Influenza is an enveloped RNA virus. Its major surface
proteins are hemagglutinin (shown in red) and neuraminidase (green) with the M2 protein (blue)
forming a transmembrane ion channel. The capsid is composed of the M1 protein (gray) and
contains a few copies of NS2 (brown) and the eight segments of negative-sense RNA complexed
as ribonucleoprotein with NP, PB1, PB2, and PA
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therefore arise expressing novel HA and NA variants to which existing antibodies
are unable to react on a population level, thus giving rise to influenza pandemics.
The humoral response to influenza in most individuals is therefore characterized by
a complex mixture of responses originating from encounters with previous as well
as contemporary influenza strains.

3 Humoral Correlates of Protection in Influenza

Antibodies alone have long been known to have the capacity to prevent influenza
infection. This may be seen after parenteral or intranasal administration of anti-
bodies in animal models (Henle et al. 1941; Gerhard et al. 1997) or in the neonatal
period following transfer of maternal IgG (Zinkernagel 2001; Zaman et al. 2008).
Recent studies during the influenza A(H1N1)2009 pandemic have also implicated
their protective role against fulminant disease (Guihot et al. 2014). They are
therefore the most frequently used correlate of protection and are the primary
mechanism by which most currently available vaccines aim to mediate protection.
Vaccine development has relied largely on antibody-mediated surrogate correlates
of protection to assist in the licensing of new products and a number of techniques
have been used to define responses of adequate magnitude in this regard.

Fig. 2 A structural view of the H1 hemagglutinin from A/PR8/34 (H1N1). a Depiction of
hemagglutinin as a trimer (with one monomer colored blue) and b the monomer. Each monomer is
composed of two subunits: HA1 (yellow) and HA2 (blue). Within the HA1 subunit, well-defined
neutralizing epitopes within the globular head region (Sa, Sb, Ca, and Cb) are shown in magenta
(Caton et al. 1982). The receptor-binding domain (RBD) is shown in green. The HA stalk domain
is formed by the N- and C-terminal domains of HA1 plus the ectodomain part of HA2
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At the simplest level, enzyme-linked immunosorbent assay (ELISA) may be
used to measure antibodies that possess virus-binding capacity (Grund et al. 2011).
However, ELISA cannot assess the functional efficacy of antibodies. Historically,
the most frequently used measure of serum antibody function has therefore been the
hemagglutination inhibition (HAI) assay (Black et al. 2011; Ohmit et al. 2011).
This relies on the sialic acid-binding capacity of influenza virions, which causes the
agglutination of erythrocytes. Antibodies that interfere with the receptor-binding
site of HA can therefore inhibit hemagglutination, and their titers may be used to
correlate with likelihood of protection. HAI assays are inexpensive, are easy to
carry out, and have been validated extensively in studies of seasonal influenza.
Seroconversion is conventionally defined as a >four-fold increase while seropro-
tection is expressed as an HAI titer >1:40. These definitions are used for influenza
vaccine licensing. However, the minimum seroprotection level only equates to
around 50 % reduction in infection risk on the basis of experimental challenge and
epidemiological studies in adults. Furthermore, prevention of hemagglutination
measures only one of a number of mechanisms by which antibody can act and fails
to assess Fc-mediated activity among others.

Microneutralization assays can examine neutralization of virus infectivity in cell
culture by plaque reduction or other methods and have been found both to be more
sensitive and more direct a measure of functional activity (Grund et al. 2011).
However, these are less well validated with regard to their use as measures of
vaccine efficacy. Standardization of these assay protocols has been problematic and
inter-laboratory reproducibility remains an issue (Stephenson et al. 2009).

4 The Generation of Antigen-Specific B Cells
and Antibodies in Influenza Infection

Studies in the late 1960s and 1970s defined the durability and subtype specificity of
the immunity generated by influenza infection (Couch and Kasel 1983). Classic
experiments involving experimental human challenge infections demonstrated
homotypic immunity that lasted many years and these were shown to correlate with
antibody levels. Studies primarily in mouse models have since sought to elucidate
the mechanisms underlying the protective immunity provided by B cells.

Influenza infection occurs principally in the respiratory tract due to tropism
conferred by the HA–sialic acid interaction (Thompson et al. 2006). Systemic
spread is unusual except in cases of severe infection, highly pathogenic strains, or
failure of immune control (Yen et al. 2009; Choi et al. 2012). In the respiratory
tract, “natural” IgM antibodies, which are polyspecific and produced by a small
subset of B cells, B-1 cells, may play a role in preventing influenza infection
independent of B cell receptor ligation (Choi and Baumgarth 2008). However,
priming of naïve B cells is believed to occur when they migrate through regional
lymphoid tissues where dendritic cells present influenza antigens transported there

B Cell Responses to Influenza Infection and Vaccination 385



from the respiratory tract (Pape et al. 2007; Batista andHarwood 2009). This occurs at
two main anatomical sites: draining mediastinal lymph nodes or mucosa-associated
lymphoid tissue (MALT) (van Riet et al. 2012). Here, recognition of antigen by the B
cell receptor induces a program of transcriptional changes that starts the differentia-
tion process and causes the B cell to move to the edge of the lymphoid follicle
(Garside et al. 1998).

If the B cell expresses the transcriptional repressor Blimp-1 at this point, it
immediately proceeds toward antibody-secreting cell (ASC) differentiation with a
short-lived phenotype (Shaffer et al. 2002). This leads to rapid generation of an
early local antibody response but does not allow for affinity maturation. Extra-
follicular responses such as these can be T cell independent via the involvement of
B cell-activating factor (BAFF) and a proliferation-inducing ligand (APRIL) pro-
duced by DCs (GeurtsvanKessel et al. 2009).

The classical T cell-dependent differentiation pathway, however, depends on the
B cell making contact with specialized CD4+ T follicular helper (Tfh) cells that
recognize cognate antigen presented by the B cell via MHC class II (Fig. 3). Tfh
cells express CD40L and cytokines including IL-4, IFN-γ, and TGF-β that induce
immunoglobulin class switching (McHeyzer-Williams et al. 2012). This irreversible
recombination event causes the immunoglobulin isotype to switch from IgM to IgG
or IgA. For the production of high-affinity ASCs and effective MBC differentiation,

Fig. 3 Generation of antibody-secreting and memory B cells in the germinal center. B cells are
activated following encounter with professional antigen-presenting cells displaying viral antigen.
Cognate interactions with T follicular helper cells promote the formation of germinal centers in
which somatic hypermutation, affinity maturation, and the generation of antigen-secreting cells and
memory B cells occur
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Bcl-6 is up-regulated, leading to further interaction with Tfh cells in the follicular
core and participation in the germinal center (GC) reaction (McHeyzer-Williams
et al. 2001). Within the GC, Tfh cells and B cells interact via ICOS/ICOSL, PD-1/
PD-L1, CD28/B7, and SLAM/SAP, leading to IL-21 secretion and promotion of B
cell survival, somatic hypermutation, and affinity maturation (King et al. 2008).
These result in the generation of high-affinity antibody-secreting plasma cells and
MBCs, the latter having a long-lived phenotype but no antibody-producing capacity.

Studies in humans have primarily focused on the B cell responses in peripheral
blood. Most adults will have been infected or vaccinated with influenza multiple
times, and secondary responses are therefore the most commonly examined. During
natural infection with influenza A(H1N1)pdm09, virus-specific plasmablasts are
readily detected at a frequency of approximately 1,000 IgG-secreting cells per
million PBMCs using B cell ELISpot assay at 7–10 days after symptom onset
(Wrammert et al. 2011; Lee et al. 2011). The kinetics of these responses have been
studied in more detail in the experimental human challenge model, where infection
with seasonal influenza H1N1 A/Brisbane/59/07 led to an expansion of ASCs
peaking at an average of 166 IgG+ ASCs per million PBMCs around 7 days post-
inoculation, correlating with viral shedding and symptoms (Huang et al. 2014).
Influenza-specific MBCs were significantly induced by 28 days post-inoculation
and were all found in the class-switched IgM-negative population.

Once the infection is cleared, the majority of ASCs undergo apoptosis, while a
small proportion go on to further differentiate into long-lived plasma cells (LLPCs)
(Chu and Berek 2013). These travel to long-term survival niches such as the bone
marrow where they persist and are responsible for ongoing production of antibody.
MBCs, which may be found circulating in blood and at peripheral sites, remain
poised to respond to re-encounter with antigen in order to rapidly proliferate and
differentiate, once again producing ASCs capable of boosting antibody levels.

5 The Generation of Mucosal IgA+ B Cell Responses

Since influenza primarily involves the respiratory mucosa, IgA+ B cells are a major
component of the response to infection. Secretory IgA is the principal isotype found
at the mucosal surface and is one of the major mechanisms by which immune
exclusion (i.e., early immunity capable of preventing infection itself) occurs. This
has been demonstrated in IgA knockout mice, which are poorly protected against
influenza infection (Asahi et al. 2002). Conversely, transfer of IgA via respiratory
secretions can confer protection in naïve mice (Asahi-Ozaki et al. 2004). Further-
more, there is evidence that some cross-protective immunity is provided by anti-
bodies of this isotype as passive intranasal transfer of anti-HA IgA confers some
protection against non-homologous strains (Tamura et al. 1991).

At the draining mediastinal lymph nodes, canonical T cell-dependent B cell
responses occur and the provision of Tfh signals via CD40L and TGF-β1 leads to
class switching to IgA. Here, B cell differentiation and proliferation can also occur
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in the absence of cognate T cell interactions and IgA+ B cell responses in particular
may be less reliant on cognate T cell help. In MHC class II- and CD40-deficient
animals, antibody responses to influenza can be generated in the absence of cognate
signaling, with IgA+ plasma cells formed even when IgM and IgG responses are
abrogated (Sangster et al. 2003). Again, extra-follicular B cell activation can occur
in the absence of any T cell help through DC-derived BAFF and APRIL.

These mechanisms can also take place in the respiratory tract itself, where IgA-
secreting B cells are preferentially generated in MALT. These secondary lymphoid
tissues include lymphoid aggregates in the oronasopharynx (Waldeyer’s ring) and
bronchus-associated lymphoid tissue (BALT) (Kunisawa et al. 2008). In addition,
tertiary lymphoid aggregates may also form during the course of infection. These
inducible structures (iBALT) contain follicles and T cell areas, with GC reactions
leading to the generation of ASCs and MBCs (Moyron-Quiroz et al. 2004, 2006).
These sites may represent preferential compartments in which IgA+ GC B cells are
formed, with the frequency of GC B cells peaking later here than in the draining
lymph nodes (Boyden et al. 2012). In addition, GCs at mucosal sites may be present
for much longer than in secondary lymphoid tissues, with their persistence poten-
tially driven by the presence of antigen beyond the acute period (Baumgarth et al.
2008).

Respiratory mucosa also represents a site for the persistence of LLPCs that
function to produce long-term mucosal antibody (Jones and Ada 1986). This may
take place at several anatomical locations, with antibody-producing plasma cells
found in murine nasal-associated lymphoid tissue for at least 18 months following
infection with influenza (Liang et al. 2001). In addition, selective depletion of
CD11c+ DCs leads to failure for iBALT to be maintained with an associated
reduction of IgA and IgA+ plasma cells, suggesting that prolonged local IgA
production may be dependent on iBALT persistence (GeurtsvanKessel et al. 2009).

In the gut, innate signals including TLR ligation have been shown to be
important in IgA+ B cell activation and the formation of lymphoid structures, with
enhancement and modulation affected by the microbiome (Pabst 2012). Similarly,
in the lung, it is increasingly understood that that innate signaling is important in the
generation of respiratory B cell responses. Although the respiratory microbiome is
more limited than that of the gut, it nevertheless contributes bacterial components
that enhance and modulate both innate and adaptive immune responses (Abt et al.
2012). Furthermore, following B cell receptor engagement, pattern recognition
receptors including TLR9 and TLR10 are up-regulated on human B cells, providing
additional signals that increase immunoglobulin production and are the likely basis
for adjuvant effects (Bernasconi et al. 2003).

Thus, the B cell response to influenza infection is generated at several ana-
tomical sites with multiple layers of redundancy, leading to high levels of respi-
ratory IgA that promotes immune exclusion. Furthermore, responses in regional
secondary lymphoid tissues generate systemic IgG that may prevent disseminated
infection. Durable immunity occurs via T cell-dependent mechanisms and is opti-
mized by the integration of inflammatory signals including those provided by
TLRs. This results in the generation of MBCs able to rapidly respond on secondary
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infection and LLPCs that survive in niches within the respiratory mucosa as well as
bone marrow, thus providing long-term protection. Of note, however, these
mechanisms have been primarily elucidated in animal models and studies of
respiratory mucosal responses in humans remain limited.

6 Replicating the B Cell Response to Natural Infection
by Vaccination

Despite this, protective humoral immune responses represent a benchmark for
vaccine-induced immunity and vaccinologists have therefore sought to replicate the
features of immune protection following natural infection. Two types of influenza
vaccine currently exist: inactivated influenza vaccine (IIV) and live attenuated
influenza vaccinelive attenuated influenza vaccine (LAIV). IIV relies primarily on
the generation of HA-specific neutralizing antibodies while LAIV also induces
mucosal immune responses and cellular immunity. Both types of vaccine induce
highly strain-specific protection, and seasonal vaccines are therefore formulated as
trivalent or quadrivalent, with current vaccines containing HAs from H1N1, H3N2,
and one or two influenza B strains. If vaccine strains are well matched with cir-
culating strains that season, vaccine efficacy is estimated to be 65–85 % while
mismatch leads to reduced efficacy of as little as 40–50 % (Tricco et al. 2013).
Furthermore, the durability of vaccine-induced protection is poor compared to
infection with an estimated half-life for HAI titers of less than a year (Wright et al.
2008). Therefore, currently available influenza vaccines are suboptimal, sharing the
same limitations with regard to subtype-specific immunity as natural infection with
shorter duration of protection. This, coupled with low vaccine uptake, has led to
poor coverage in most populations.

The acute response to IIV delivered intramuscularly is characterized by rapid
proliferation of ASCs that arise from naïve B cells and/or MBCs with similarities to
that seen following infection. Our work in healthy adults showed that this peaks
around 7 days post-vaccination and is short-lived, returning to pre-vaccination levels
within a week. By B cell ELISpot, the peak frequency of IgG-producing ASCs in
response to the monovalent pandemic A(H1N1)2009 influenza vaccine showed
substantial variability between individuals but was, on average, 520 per million
PBMCs (+/−SEM 253) (Li et al. 2012). These cells exhibit an activated proliferating
phenotype, with high expression of HLA-DR and Ki-67, and their frequencies
correlate with the increment in serum antibody as measured by HAI, indicating that
acutely generated ASCs are responsible for “seroconversion”. During infection,
IgA-producing ASCs are at least as frequent as IgG due to the mucosal site of
infection, but there is evidence that intramuscular vaccination is also able to partially
recall these responses (Sasaki et al. 2011; Fink 2012; Li et al. 2012). However,
following IIV, most ASCs secrete IgG with as little as 10 times fewer IgA+ ASCs
and little or no IgM production, implying that in adults, the response to vaccination is
dominated by secondary recall of IgG+ memory responses (Sasaki et al. 2011).
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LAIV consists of cold-adapted influenza strains that is unable to replicate at the
higher temperatures found in the lower respiratory tract. Immunity is therefore
focused on the nasal mucosa, and systemic responses are modest (Cao et al. 2014).
However, efficacy in children is better than IIV, suggesting the effective role of
local immune responses in protection from infection (Ambrose et al. 2011). In
contrast, the effectiveness of LAIV falls with increasing age and is therefore not
licensed for older adults, reflecting the effect of pre-existing mucosal immunity that
prevents the productive infection required for LAIV efficacy. Following LAIV, the
frequency of ASCs induced is significantly smaller than following IIV and this
correlates with lower vaccine-specific serum ELISA titers (Sasaki et al. 2014).
However, IgA+ ASCs make up a greater proportion of the plasmablast response
than IgG+ cells consistent with the route of administration. Differences are also
seen in the induction of innate signals that might contribute to the response, with
LAIV stimulating a later up-regulation of interferon-signaling genes than IIV (Cao
et al. 2014). Interestingly, both IgG- and IgA-producing MBCs are only consis-
tently detected in blood following TIV, suggesting that these cells when locally
stimulated might remain associated with the respiratory tract (Sasaki et al. 2007).

7 Unresolved Problems Remaining with Influenza
Vaccination

Despite the fact that B cell responses exhibit superficially similar characteristics to
those seen following infection, the durability of vaccine-induced responses is
comparatively poor. In addition, the protection conferred remains highly strain-
specific. Although the more recently developed LAIV has been shown to induce
both T cells and IgA-producing B cells with cross-reactive potential, epidemio-
logical evidence has not supported the idea that these vaccines confer clinically
significant cross-protection (Belshe et al. 1998; Hoft et al. 2011; Sasaki et al. 2014).
Furthermore, vaccine efficacy in frankly or relatively immunosuppressed popula-
tions, such as older adults, is especially poor. Since these are high-risk groups in
whom the burden of mortality is the greatest, these unresolved issues represent
important areas for further study and development.

8 Overcoming Immunosenescence to Improve Protection

Clinically important antigenic drift and shift do not occur at constant rates. For
example, since the emergence of the most recent pandemic influenza A strain in
2009, this has remained the predominant circulating strain of H1N1. An influenza
vaccine that could confer protection beyond a single influenza season would
therefore be valuable in increasing vaccine coverage. This is an even greater issue
in elderly adults whose immune responses in general are blunted and in whom the
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relative reduction in hospitalization conferred by influenza vaccination can be as
little as 27 % (Nichol et al. 2007). Improvements in vaccine immunogenicity are
therefore urgently required.

The proportion of older adults continues to increase worldwide as life spans
extend and birth rates fall. Between 1975 and 2000, there was almost a doubling of
individuals aged over 60 years and this increase is accelerating (http://www.un.org/
esa/population/publications/worldageing19502050/). With advancing age, the fre-
quency of ASCs decreases, with defects in GC formation, decreased capacity for
affinity maturation and decreased survival of long-lived B cell subsets (Haq and
McElhaney 2014). B cell responsiveness to vaccination is therefore impaired, with
fewer plasmablasts generated following IIV in the elderly leading to significantly
reduced increments in HAI titer compared with young adults (Sasaki et al. 2011).

A number of approaches are currently being explored in an attempt to enhance
immunogenicity. The simplest strategy has been an increased dose formulation of
IIV that has been shown to increase rates of seroconversion/seroprotection (Chen
et al. 2011). Also already in use are adjuvanted influenza vaccines, the first of which
licensed for use in older adults was the oil-in-water emulsion, MF59 (O’Hagan
et al. 2007). Antibody responses to MF59-adjuvanted influenza vaccine are
enhanced, allowing antigen dose-sparing and potentially increasing cross-reactive
responses. This probably acts through innate myeloid cells, increasing antigen
uptake and expression of chemoattractants including CCL2. More recently, alter-
native delivery methods have been explored including intradermal administration
that may enhance vaccine-induced responses (Koutsonanos et al. 2013). Despite
these approaches, the induction of long-lasting antibody and B cell responses by
influenza vaccination is still suboptimal but may be improved by additional
understanding of the biology of antibody generation.

9 Avenues to Overcoming Strain-Specific Immunity
to Influenza

In April 2009, a novel strain (influenza A/California/04/2009) emerged with a
genome re-assorted from genetic segments originating in swine, avian, and human
viruses (Novel Swine-Origin Influenza A (H1N1) Virus Investigation Team 2009).
This spread rapidly causing a pandemic and emphasizing that antigen shift is
capable of generating strains to which there is no herd immunity in spite of
widespread vaccination and experience of serial influenza HA and NA antigens.
Current vaccine manufacturing techniques cannot produce vaccines against newly
emergent pandemic strains quickly enough. Therefore, an ideal vaccine would be
able to induce broadly cross-protective immunity so that even highly divergent
viruses with pandemic potential would be recognized by preexisting immunity.
However, this remains an elusive goal.

It is commonly understood that cross-protective immune responses occur by
recognition of conserved antigenic regions, which are restrained by their structure
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and/or function from significant divergence. Thus, most or all strains of a pathogen
would possess these epitopes and an immune response directed against them would
protect broadly. This is widely seen in T cell responses, where antigen processing of
non-structural proteins such as nucleoprotein allows T cells to recognize conserved
epitopes, although the clinical efficacy of vaccines seeking to induce these has not
yet been proven (Powell et al. 2013).

Until recently, it was believed that antibodies capable of preventing influenza
infection were universally directed against the globular head regions of HA and
NA. These were thought to recognize highly glycosylated regions that had little
restriction in terms of mutation and rapidly underwent antigenic drift. These epi-
topes would be easily accessible on the surface of the virion so these antibodies
would be highly effective in neutralizing and opsonizing the virus but would be
useless following antigenic change. However, it has become increasingly clear that
relatively conserved regions in both the head and the stem of HA can represent
targets for the induction of cross-reactive antibodies.

10 Broadly Cross-Reactive Stem-Binding Antibodies

In the early 1990s, Okuno et al. (1993) first described broadly cross-reactive
antibodies in mice that recognized the relatively conserved HA stem. These were
described as being able to neutralize virus infection but had no HAI activity,
blocking virus entry rather than aggregating virus particles. However, their exis-
tence in humans remained unproven until the advent of high-throughput technol-
ogies. Such methods, including phage display and high-throughput screening of
immortalized MBCs, have demonstrated broadly cross-reactive stem-binding anti-
bodies in some individuals (Throsby et al. 2008; Ekiert et al. 2009; Sui et al. 2009;
Corti et al. 2010). One monoclonal antibody (mAb) has even been found that can
neutralize all known influenza A subtypes from both group 1 and group 2 (Corti
et al. 2011). Usage of the heavy chain variable region gene VH1-69 is commonly
over-represented and the structural mechanisms underlying this are being elucidated
(Avnir et al. 2014) (Fig. 2). However, all found that broadly cross-reactive stem-
binding antibodies existed at extremely low frequencies and did not exist in every
individual. Their clinical relevance, especially since heterosubtypic immunity is not
seen in the population, was therefore unclear.

Following natural infection with the pandemic A(H1N1)2009 virus, we were
surprised to see that not only were these antibodies easily detectable but that in
some patients they dominated the antibody response, making up over a third of
HA-specific mAbs (Wrammert et al. 2011). These appeared to be similar antibodies
to those described in other systems and demonstrated no HAI activity despite being
able to bind and neutralize virus. All shared the VH1-69 gene usage and were cross-
protective. Their preponderance following pandemic A(H1N1)2009 infection was
attributed to the presence of the entirely novel HA head to which few memory
responses were directed (Fig. 4). Instead, the relatively few MBCs that recognized
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the HA stem (which displayed reactivity against the conserved but subdominant
epitope) were preferentially stimulated and outgrew head-specific responses. In the
context of seasonal influenza, this minority population would have a low proba-
bility of being recruited into the response, thus explaining the rarity of stem-binding
antibodies in earlier analyses.

11 Cross-Reactive Antibody Responses to Vaccination and
the “Universal” Influenza Vaccine

These antibodies were also seen following pandemic A(H1N1)2009 vaccination,
albeit at lower frequencies (Li et al. 2012). Although broadly cross-reactive stem-
binding antibodies were only found in a minority of individuals after immunization,

Fig. 4 The antibody response following exposure to seasonal versus pandemic influenza virus
strains. All adults have influenza-specific memory B cells primarily recognizing epitopes from the
HA head from recent seasonal strains (shown in green). Since these change relatively little year to
year by antigenic drift, the same anti-head memory B cells are repeatedly boosted by infection or
vaccination and come to dominate the repertoire. Memory B cells that recognize highly conserved
epitopes in the head and stem (red) therefore remain in the minority. However, most of these
previously immunodominant epitopes in the HA head are replaced in a pandemic strain (blue),
leaving only the conserved epitopes in the stem and head. Cross-reactive memory B cells specific
for these epitopes are therefore rapidly recruited into the response and come to dominate it. Naïve
responses to the novel epitopes in the head are primed more slowly and therefore make a relatively
small contribution to the new response. This figure was adapted from Li et al. (2012)
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they were still found at a much higher frequency than when pre-pandemic memory
B cells had been screened. Furthermore, some cross-reactive antibody responses
could be seen in almost all vaccinees. On further analysis, the majority of these
monoclonal antibodies were capable of recognizing HAs from a diverse panel of
H1N1 influenza strains from the 1919 pandemic to the immediately preceding
seasonal A/Brisbane/59/2007 strain. These did not show the cross-group recogni-
tion of H3 HAs characteristic of stem-binding antibodies but recognized relatively
conserved areas of the globular head, allowing neutralization of more closely
related H1N1 strains only. Thus, the antibodies following vaccination (along with
more broadly cross-reactive stem-binding ones found after pandemic influenza
infection) conferred cross-reactive immunity to a range of related H1N1 strains.
This may explain the phenomenon whereby the preceding seasonal strain is elim-
inated from the population, following the emergence of a new pandemic virus (Pica
et al. 2012).

The evidence that monovalent pandemic A(H1N1)2009 vaccine could induce
broadly cross-reactive antibodies provided proof of principle that these responses
could be achieved. Several strategies are now being explored, coupled with
improvements in vaccine immunogenicity, in an attempt to develop a “universal”
influenza vaccine. In animal models, successive infection or vaccination with dif-
fering strains of influenza promotes the generation of cross-reactive antibodies
(Wang et al. 2010; Wei et al. 2010). This has been achieved by sequential DNA
vaccination of diverse H1 or H3 strains and recapitulates the events that occur when
a pandemic strain emerges, with repeated stimulation of MBCs against the HA stem
potentially allowing accumulation of these responses to a protective level. Alter-
natively, stem-specific responses may be encouraged by vaccinating against this
region alone using novel stem-only immunogens without the interference that the
HA head might cause (Steel et al. 2010).

12 Conclusion

The B cell response to influenza infection represents a complex multi-stage process
that requires the coordination of many signals in several anatomical locations. In
natural infection, this provides enduring immunity against the infecting strain.
However, the antigenic variability of influenza overcomes this and natural immu-
nity cannot confer heterotypic protection. While current vaccines seek to replicate
some features of the natural immune response, these remain suboptimal. However,
the recent discovery of the nature of broadly cross-reactive antibodies and the ways
in which they can be induced offers renewed possibility of a “universal” vaccine
that will do away with the need for annual re-vaccination.
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Memory CD4 T Cells in Influenza

Kyra D. Zens and Donna L. Farber

Abstract Influenza A virus is a significant cause of morbidity and mortality
worldwide, particularly among young children and the elderly. Current vaccines
induce neutralizing antibody responses directed toward highly variable viral sur-
face proteins, resulting in limited heterosubtypic protection to new viral serotypes.
By contrast, memory CD4 T cells recognize conserved viral proteins and are cross-
reactive to multiple influenza strains. In humans, virus-specific memory CD4 T
cells were found to be the protective correlate in human influenza challenge
studies, suggesting their key role in protective immunity. In mouse models,
memory CD4 T cells can mediate protective responses to secondary influenza
infection independent of B cells or CD8 T cells, and can influence innate immune
responses. Importantly, a newly defined, tissue-resident CD4 memory population
has been demonstrated to be retained in lung tissue and promote optimal protective
responses to an influenza infection. Here, we review the current state of results
regarding the generation of memory CD4 T cells following primary influenza
infection, mechanisms for their enhanced efficacy in protection from secondary
challenge including their phenotype, localization, and function in the context of
both mouse models and human infection. We also discuss the generation of
memory CD4 T cells in response to influenza vaccines and its future implications
for vaccinology.
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1 Introduction

Infection with Influenza A viruses results in moderate to severe acute respiratory
illness and is a significant cause of morbidity and mortality worldwide, particularly
in children under 5 and adults over 65 (Thompson et al. 2006). In addition, the
annual economic burden associated with influenza infection in the United States is
more than $85 billion dollars (Molinari et al. 2007). Although vaccines for
influenza are available, due to many factors including variations in influenza
strains and variable induction of protective immune responses in vaccine recipi-
ents, current vaccines are not completely protective against infections with sea-
sonal strains and are ineffective at protecting against emerging new or pandemic
strains (Osterholm et al. 2012). Therefore, identifying the immune mechanisms
underlying the host response to infection is a priority in the rational design of
future vaccines and therapeutics for influenza.

Current influenza vaccines promote protective immunity to infection through the
generation of neutralizing antibody responses to hemagglutinin (HA) and neur-
aminidase (NA) viral surface glycoproteins. Due to a combination of antigenic drift
and shift, HA and NA proteins exhibit profound variations in protein sequences and
antigenicity in different influenza strains. As a result, antibody responses typically
provide limited cross-protection against new viral serotypes, leading to the
requirement for new vaccine formulations annually. Immunity that is cross-pro-
tective between influenza strains expressing distinct HA and NA serotypes is
termed heterosubtypic immunity. Importantly, CD4 and CD8 memory T cells
generated following influenza infection have been demonstrated to mediate het-
erosubtypic immune responses to distinct viral strains via the targeting of conserved
viral proteins (Liang et al. 1994; Epstein et al. 1997; Woodland et al. 2001). Thus,
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the targeted generation of virus-specific memory T cell responses by vaccines could
represent a way to achieve durable, cross-protective immunity to influenza.

Both CD4 and CD8 T cells play important roles in the adaptive immune
response to influenza infection. However, in contrast to CD8 T cells, which are
limited to cytotoxic killing of virally-infected cells, CD4 T cells play much more
diverse roles in response to infection. Effector CD4 cells are capable of providing
help necessary for both CD8 T cells and B cells to achieve their full functional
potential, as well as mediating direct effector functions through cytolysis of
influenza-infected cells. Following influenza infection, virus-specific CD4 T cells
are maintained as long-lived memory populations with an enhanced capacity to
protect against secondary infection, due to their ability to respond more rapidly
and robustly upon antigen encounter. In addition, in contrast to naïve cells, which
remain in lymphoid tissues, memory cells localize at peripheral sites, poised to
respond to secondary challenges at the site of infection. In mouse models of
influenza infection, memory CD4 T cells have been shown to mediate protective
responses independently of B and CD8 T cells (Teijaro et al. 2010). Additionally,
CD4 memory T cell responses are the protective correlate in vivo in human
influenza challenge studies (Wilkinson et al. 2012). Furthermore, that memory
CD4 T cells can be cross reactive to multiple influenza strains (Lee et al. 2008;
Richards et al. 2010) makes them an attractive target for vaccine development
strategies. In this review we discuss the general properties of memory CD4 T cells,
including their generation, phenotype, localization and function in the context of
influenza infection in both mouse models and humans. We will also discuss how
tissue distribution influences T cell-mediated protection and how the generation of
tissue-targeted memory CD4 T cells is a potentially robust strategy for promoting
protection from influenza infections.

2 Primary CD4 T Cell Responses to Influenza Infection

The generation of memory CD4 T cells following exposure to influenza begins
with the activation of naïve CD4 T cells. Influenza infection is confined to the
lung, and primary replication takes place within the epithelial cells of the respi-
ratory tract expressing a (2,6) sialic acid linked membrane glycoproteins (Cou-
ceiro et al. 1993). During primary exposure, respiratory epithelial cells within the
lung become infected and release inflammatory cytokines and chemokines
including tumor necrosis factor-a (TNF-a), type-I interferons (IFN), interleukin-6
(IL-6), IFN-c-inducible protein-10 (IP-10), and monocyte chemoattractant protein-
1 (MCP-1, also known as CCL2), which in turn recruit innate immune effectors
and antigen presenting cells (APCs) to the site of infection (Sanders et al. 2010).
Within the infected lung, dendritic cells (DCs) take up viral particles and influ-
enza-derived antigens, which trigger DC activation, maturation, and migration
from the lung to the draining mediastinal lymph node (MLN) (Fig. 1a).
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Mature naïve T cells express lymphoid homing receptors, including CD62L
(also known as L-selectin) and CCR7, which direct their migration and entry into
secondary lymphoid tissues. Here, influenza-specific naïve CD4 T cells interact
with mature DCs bearing viral antigens and are activated (Fig. 1b). Newly acti-
vated T cells proliferate and begin to acquire effector functions, including the
ability to produce effector cytokines which direct other immune functions. It is
well established that the cytokine environment promotes the differentiation of
activated CD4 T cells into different types of effector T helper (Th) cells, with Th1,
Th2, Th17, T follicular helper (Tfh) and T regulatory (Treg) subsets being the most
well-characterized (O’Shea and Paul 2010). Influenza infection is generally
associated with Th1-type responses producing IFN-c along with TNF-a and IL-2,
as well as a robust antibody response (Gerhard et al. 1997), involving Tfh and Th2-
type CD4 effector cells.

Fig. 1 Overview of the primary CD4 T cell response and memory generation following an
influenza infection. a Following influenza infection, naïve DCs in the lung take up virus and
virally-derived particles, driving their maturation and migration to the lung-draining lymph node.
b Mature, activated DCs activate influenza-specific naïve CD4 T cells trafficking through the
lymph nodes. c CD4 effector cells traffic to the lung and can also reach the spleen via the
circulation. d Effectors in the lung secrete effector cytokines and directly lyse virally-infected
epithelial cells. e CD4 effectors also activate B cells and CD8 T cells in lymphoid tissues,
allowing them to assume effector functions. f Responding effectors are retained as long-lived
memory populations at diverse sites
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Concomitant with effector differentiation, activated T cells alter the expression
of homing molecules, allowing them to migrate from the lymph nodes to
peripheral tissues, such as the lung, during influenza infection (Fig. 1c). These
changes include downregulation of CD62L and CCR7 and upregulation of the
adhesion molecule CD44 and the integrin lymphocyte function-associated antigen-
1 (LFA-1, a dimer of CD11a and CD18). Peak levels of activated CD4 effector T
cells in the lung are reached 10–15 days post influenza infection (Fig. 1d). Here,
virus-specific CD4 cells secrete effector cytokines and a subset of these cells can
also direct cytolysis of virally infected cells. Effector CD4 T cells also play roles in
the activation and maturation of virus-specific B and CD8 T cells necessary for
clearance of primary influenza infection in the lung-draining lymph nodes and the
spleen (Fig. 1e).

3 Generation of Memory CD4 T Cells in Influenza
Infection

Following resolution of primary infection, a subset of these responding virus-
specific CD4 T cells are retained as long-lived memory T cells which can persist
for the life of the animal, conveying protective immunity upon secondary pathogen
encounter (Fig. 1f). Mechanisms underlying the transition from primary effectors
to memory T cells have been an area of intense study, although this process
remains incompletely understood (for reviews, see Kaech et al. 2002; Sallusto
et al. 2004; Kaech and Wherry 2007). In the context of influenza infection, roles
for antigen persistence and cytokine signaling in memory CD4 T cell generation
have been specifically investigated.

During primary influenza infection in mouse models, the virus is cleared
between 7 and 10 days post infection (Allan et al. 1990). However, viral antigens
have been found to persist up to 28 days post infection (Jelley-Gibbs et al. 2005;
Zammit et al. 2006). Importantly, the level of antigenic stimulation during
infection has been shown to influence the development of memory CD4 T cells.
Transfer of naïve CD4 T cells into hosts infected with influenza during acute
infection or weeks following viral clearance resulted in both transferred popula-
tions converting to memory CD4 T cells (Jelley-Gibbs et al. 2005). Interestingly,
transfer of naive CD4 T cells during early phases of infection resulted in robust
expansion and effector generation, with only a small fraction persisting as memory
T cells, while transfer of naive CD4 T cells during later phases of infection
resulted in modest expansion of intermediately activated effectors, which were
more efficiently maintained as memory cells (Jelley-Gibbs et al. 2005). Moreover,
the acquisition of effector functions per se, may not be necessary for the generation
of memory CD4 T cells, as populations of influenza-specific CD4 T cells primed
for short periods of time and lacking effector function were still able to develop
into memory cells (Moulton et al. 2006).
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Memory CD4 T cells may require cognate TCR signals for their maintenance,
as long-term functional maintenance of CD4 memory T cells requires MHC class
II expression (Kassiotis et al. 2002; De Riva et al. 2007) and additional TCR
stimulation (Seddon et al. 2003; Bushar et al. 2010). Together, these findings
provide evidence for a key role of TCR stimulation at different phases of memory
CD4 T cell development.

Another key factor required for memory CD4 T cell generation is the presence
of homeostatic and survival cytokines such as IL-7 and IL-15. Naïve CD4 and
CD8 T cells express IL-7R which is required for their survival and homeostatic
proliferation (Rathmell et al. 2001; Tan et al. 2001). After T cell activation, IL-7R
is downregulated; however, IL-7R is again expressed at high levels on memory
CD4 and CD8 cells (Kaech et al. 2003; Huster et al. 2004). In CD8 T cells, both
IL-7 and IL-15 signaling have been shown to contribute to memory formation.
Memory CD8 precursor populations can be identified by high expression of IL-7R
and low expression of the co-inhibitory receptor killer cell lectin-like receptor G1
(KLRG1) (Kaech et al. 2003; Joshi et al. 2007). As of yet, analogous memory CD4
T cell precursor markers have not yet been identified. However, IL-7 signaling
does appear to be necessary for the transition from effector to memory in CD4
cells in an influenza infection model, as memory CD4 cells fail to develop in IL-7-
deficient hosts (Li et al. 2003). Roles for IL-15 and continued IL-7 signaling in the
long-term survival and homeostatic proliferation CD4 memory T cells have also
been described (Kondrack et al. 2003; Li et al. 2003; Lenz et al. 2004; Purton et al.
2007). Together, these findings indicate roles for both TCR and cytokine signals in
memory CD4 T cell persistence.

4 Heterogeneity of Memory CD4 T Cells

4.1 Circulating Central and Effector Memory Subsets

Memory CD4 T cells are a heterogeneous population in terms of phenotype,
function and localization (Table 1). Like effector T cells, all memory CD4 T cells
retain high-level expression of CD44 and human cells generally continue to
express the CD45RO isoform. However, memory T cells are heterogeneous in
their expression of CD62L and CCR7 which lead to the delineation of two memory
subsets: CD62L+/CCR7+ lymphoid homing, central memory (Tcm); and CD62L-/
CCR7- effector memory (Tem) cells present in peripheral tissues (Sallusto et al.
1999; Masopust et al. 2001). The lymphoid versus peripheral tissue homing
properties of these subsets have been confirmed for mouse memory CD4 T cells
(Reinhardt et al. 2001) and specifically in the context of influenza infection
(Ahmadzadeh and Farber 2002; Bingaman et al. 2005). Following influenza
infection, virus-specific CD4 Tem are more predominant in peripheral tissues,
including the lungs and CD4 Tcm are more predominant in the lymph nodes. Both
populations are present in the spleen (Bingaman et al. 2005). Influenza-specific
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CD4 Tem and Tcm from the spleen are capable of producing IL-2 and effector
cytokines after stimulation, while the proliferative capacity of Tcm is slightly
greater than the Tem subset (Bingaman et al. 2005).

4.2 Tissue Resident Memory Subsets

In addition to Tem and Tcm subsets, a distinct population of non-circulating CD4
memory T cells has been identified to persist in the lung long-term after infection.
These lung-resident memory CD4 T cells are analogous to populations of non-
circulating memory CD8 T cells, designated tissue-resident memory T cells (Trm),
that have been found to persist long-term in peripheral tissues including the brain,
skin, gut and lung (Gebhardt et al. 2009; Liu et al. 2010; Masopust et al. 2010;
Wakim et al. 2012; Wu et al. 2013). Phenotypically, CD4 Trm can be distinguished
from circulating Tem and Tcm by upregulated CD69 and CD11a expression
(Teijaro et al. 2011; Turner et al. 2013). CD8 Trm also express CD69 as well as the
integrin CD103, the alpha chain of the aEb7 integrin (Mueller et al. 2013), which is
not significantly upregulated by CD4 Trm (Sathaliyawala et al. 2013).

In contrast to Tem and Tcm populations, which circulate throughout the
peripheral and secondary lymphoid tissues, respectively, recent studies have
highlighted the tissue-specific nature of the Trm subset. In mouse models of
influenza infection, a population of virus-specific CD4 Trm persists in the lungs for
long periods following infection (Teijaro et al. 2011). When lung CD4 Trm are
transferred to secondary recipients, they preferentially recirculate back to the
lungs, suggesting that this subset has an intrinsic mechanism for specific homing
and/or retention in the lung (Teijaro et al. 2011). Influenza-specific CD4 and CD8
Trm populations have also been identified in human lung tissue (Lee et al. 2011;
Piet et al. 2011; Sathaliyawala et al. 2013; Turner et al. 2013).

Table 1 Phenotype of naïve, effector, and memory CD4 T subsets

Property Naïve Effector Tcm Tem Trm

CD44 Low High Intermediate High High

CD62L High Low High Low Low

CCR7 High Low High Low Low

CD45 Isoform
(Humans
Only)

CD45RA CD45RO CD45RO CD45RO/
CD45RA
(Temra)

CD45RO

CD69 Low High Low Low High

CD103 – – – – –a

Migratory
properties

Lymphoid
tissues,
circulation

Peripheral
tissues

Lymphoid
tissues

Peripheral
tissues

Resident in
peripheral
tissue

a Present in CD8 Trm
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The tissue-specific localization of Trm T cells seems to be dependent on the site
of infection. In humans, influenza-specific CD8 T cells were only found within the
lung Trm subset while memory CD8 T cells specific for the systemic virus Cyto-
megalovirus (CMV) were distributed in both lung and spleen (de Bree et al. 2005;
Turner et al. 2013). In another study, lung-derived CD4 Trm, but not CD4 cells
derived from skin or blood, responded to stimulation with influenza virus, further
supporting the site-specific localization of this population (Purwar et al. 2011).

Studies have demonstrated the functional importance of lung-resident CD4 Trm
populations in mediating optimal protection from reinfection with respiratory
pathogens and, more specifically, from influenza infection (Hogan et al. 2001;
Teijaro et al. 2011). Functional studies of lung-derived CD4 Trm have demon-
strated that these cells rapidly acquire effector functions and respond vigorously to
a secondary stimulation with influenza virus (Purwar et al. 2011; Turner et al.
2013). Importantly, in an influenza infection model, lung-resident HA-specific
memory CD4 T cells mediated enhanced viral clearance and survival to lethal
influenza infection when transferred to secondary recipients, whereas spleen-
derived HA-specific memory CD4 T cells did not confer significant protection
(Teijaro et al. 2011).

5 Mechanisms for Tissue Trafficking and Retention

An important question with potential applications in vaccine design is how the
homing and retention of activated effector and memory T cell populations occur.
Currently, the mechanisms mediating lung trafficking and retention in activated
and memory T cells are incompletely understood. However, the process can be
delineated into three steps: imprinting, homing, and retention, as schematically
outlined in Fig. 2.

Imprinting Imprinting is a process by which DCs in the tissue-draining lymph
nodes induce the expression of chemokine receptors and integrins and drive tissue-
specific homing of activated T cells (Fig. 2a). Imprinting of skin and gut tissue-
homing CD4 T cells has been demonstrated in several studies (Mora et al. 2003,
2005; Dudda et al. 2004). Recently, T cell migration to the lung during influenza
infection was shown to be mediated by CCR4 expression, driven by lung DCs
(Mikhak et al. 2013). CCR4 binds the chemokine ligands MCP-1 and RANTES
(also known as CCL5), which are expressed by infected epithelial cells in the lung
during influenza infection (Matsukura et al. 1998; Julkunen et al. 2000), and MIP-
1a (also known as CCL3), which is also expressed in influenza infection and is
necessary for normal viral clearance (Cook et al. 1995; Sprenger et al. 1996).
Importantly, lung DC-imprinted T cells protected against influenza more effectively
than gut or skin DC-imprinted T cells. However, another study found that intranasal
immunization with Salmonella typhimurium-derived antigens resulted in the
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generation of gut-homing T cells, suggesting that imprinting in the draining lymph
node is not the only factor responsible for T cell tissue homing (Ruane et al. 2013).
Other factors, such as inflammation or the presence of various pathogen-associated
molecular patterns (PAMPs) during DC activation, may also influence this process.

Homing In the context of infection, tissue homing refers to the trafficking of
antigen-specific T cells to inflamed peripheral tissues. This process depends on
expression of chemokine receptors and integrins by T cells, which promote their
chemokine-directed migration and transmigration into inflamed tissues, respec-
tively. The expression of tissue-homing molecules likely depends on the site and
type of infection, and is driven, at least in part, by DC imprinting. During influenza
infection, several molecules have been implicated in the trafficking of activated T
cells to the lung (Fig. 2b). After initial infection, downregulation of CD62L and
CCR7 allows activated T cells to exit the lymph nodes and traffic to the peripherial

Imprinting by DC(a)
DC

Naïve
CD4+

Increased:
CD69, CCR4, CXCR3,

CCR5, LFA-1
Decreased: CD62L, CCR7

(b)

T

T

EFF

EFF

Mediastinal
Lymph Node(c)

Inflammation
TCR Signals

TGF-beta Signaling

Lung

TRM

Increased:
CD69, CD103 (CD8

Trm only) VLA-1
Maintained: LFA-1

Fig. 2 DC imprinting, tissue homing, and tissue retention in effector and memory CD4 T cells.
a Following influenza infection, naïve CD4 T cells are activated in the lung-draining lymph node
by lung-derived DCs which also imprint homing receptor expression, allowing T cells to traffic to
the lung. b Newly activated effectors reduce expression of CD62L and CCR7, allowing egress
from the lymph node. In addition, lung homing molecules including CCR4, CXCR3, CCR5 and
LFA-1 are upregulated, allowing cells to traffic to the lung by following a chemokine gradient.
Integrins, such as LFA-1, facilitate tissue entry. c Activated effectors remain in the lung via
expression of integrins, including LFA-1 and VLA-1. Factors such as inflammation and TCR
signaling may trigger an increased expression of CD69, though it is not clear. Expression of
CD103 by CD8 Trm is triggered by TGF-b signaling
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tissues. Both CD4 and CD8 T cells express the integrin LFA-1, which binds to the
intracellular adhesion molecule-1 (ICAM-1) present on endothelial cells and
allows their transmigration into inflamed tissues (Makgoba et al. 1988). Expres-
sion of LFA-1 has been shown to be important in the migration and retention of
effector CD8 T cells to the lung during influenza infection (Thatte et al. 2003) and
may also function similarly in CD4 T cells. The chemokine receptor CXCR3 has
been shown to be important in the migration of CD4 T cells to the lung in primary
influenza infection (Wareing et al. 2004; Kohlmeier et al. 2009). One of the
ligands for CXCR3, IP-10, is notably upregulated during influenza infection
(Sanders et al. 2010). The chemokine receptor, CCR5, which also binds RANTES
and MIP-1a, was shown to facilitate the accelerated recruitment of memory CD8 T
cells to the lung airways following secondary challenge (Kohlmeier et al. 2008).
Specific molecules that are responsible for homing of memory CD4 cells have not
been elucidated. However, lung-resident memory CD4 T cells preferentially home
back to the lung after adoptive transfer (Teijaro et al. 2011), suggesting that there
are likely specific factors that mediate this process.

Retention Following the resolution of infection, maintenance of a pathogen-
specific memory T cell population at the site of pathogen encounter may represent
an effective strategy for protection against secondary challenge (Fig. 2c). As with
homing, tissue retention of T cells seems to be regulated by the expression of
various chemokine receptors and integrins. Expression of LFA-1 and the a1b1
integrin very late antigen-1 (VLA-1, a dimer of CD49a and CD29), which binds
collagen, were shown to contribute to retention of memory CD8 T cells in the lung
following influenza infection (Thatte et al. 2003; Ray et al. 2004), although their
role in memory CD4 T cell retention is unclear. CD4 Trm were recently described
to express high levels of the LFA-1 subunit CD11a (Teijaro et al. 2011; Turner
et al. 2013), suggesting that integrins may also mediate memory CD4 T cell
retention in the lung.

Recently, the Trm-specific markers CD69 and CD103 were shown to contribute
to Trm maintenance in tissues. During T cell activation, CD69 suppresses the
expression of sphingosine 1-phosphate receptor type 1 (S1PR1), preventing lymph
node egress (Shiow et al. 2006). Interestingly, a recent study found that CD8 Trm
cells do not express S1PR1 and that forced expression of S1PR1 prevented the
establishment of Trm cells (Skon et al. 2013). As CD69 suppresses S1PR1, these
results suggest that increased CD69 expression on Trm cells may represent a non-
canonical role for this molecule in retention of activated T cells in peripheral
tissues. For CD103, a role in tissue homing has been previously demonstrated via
its ability to bind to E-cadherin on epithelial cells (Cepek et al. 1994). Expression
of CD103 by lung memory CD8 T cells was shown to be induced by TGF-b during
influenza infection (Yu et al. 2013). Importantly, CD103-deficient CD8 T cells are
inefficiently retained in the lungs following influenza infection, suggesting an
important role for CD103 in the establishment of lung-resident CD8 Trm popu-
lations (Lee et al. 2011). Although CD4 Trm do not express CD103 at high levels
(Sathaliyawala et al. 2013), expression of other integrins, such as LFA-1, may
function in the tissue retention of this subset.
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6 Memory CD4 T Cell Function in Influenza

While CD4-mediated B cell and CD8 T cell help has been demonstrated to be
important in generating optimal primary responses to influenza infection, in the
absence of both B and CD8 T cells, CD4 T cells alone are not sufficient, nor are
they required, for viral clearance (Graham and Braciale 1997; Mozdzanowska
et al. 2000; Gerhard 2001). In contrast, memory CD4 cells can direct viral
clearance in the absence of B cells or CD8 T cells (Teijaro et al. 2010; McKinstry
et al. 2012). However, protection was enhanced by the presence of naïve B cells or
CD8 T cells and maximized when both were present (McKinstry et al. 2012).

Like primary effector CD4 T cells, memory CD4 T cells have the potential to
play diverse roles in coordinating secondary responses including providing CD8
and B cell help as well as exerting independent effector functions. However, two
key factors in the superior protective capacity of memory versus naive CD4 T cells
are their localization and enhanced function. In contrast to naive cells, memory
CD4 T cells are comprised of subsets localized to both the lymphoid (Tcm) and
peripheral tissues (Tem and Trm). In the lymphoid tissues, memory CD4 cells are
able to enhance B cell responses, and may enhance CD8 T responses. Localization
to sites of pathogen encounter, combined with reduced requirements for activation,
allow memory CD4 T cells to rapidly respond to secondary infection. In addition,
memory cells are able to secrete an expanded array of cytokines, which supports
inflammatory responses and innate immune cell recruitment to the lung. Finally,
memory CD4 T cells possess cytolytic activity, allowing them to directly kill
virally infected cells in the lung. Memory CD4 T cell responses in secondary
influenza infection are described in the following sections and are summarized in
Table 2.

Table 2 Mechanisms of protection against influenza infection mediated by primary effector and
memory CD4 T cells

Factor Primary effector Memory effector

Response to antigen stimulation Delayed Immediate

Need for APC costimulation Required Not required

Location of activation Draining lymph nodes (MLN) Local (Lung)

Effector cytokine secretion (IFN-c, etc.) ++ +++

Innate immune cell help – +++

B cell helpa ++ +++

CD8 T cell helpa +++ Possibly

Cytolytic ability ++ ++
a Transferred CD4 memory are able to protect from influenza infection independent of these
factors, but the presence of B and/or CD8 T cells results in enhanced protection, while protection
mediated by naïve CD4 T cells requires either B cells or CD8 T cells
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6.1 Helper Functions in Lymphoid Tissues

The generation of neutralizing antibodies directed toward the viral surface gly-
coproteins HA and NA during an influenza infection is a major mechanism of
protection in both the primary and secondary responses to infection, as well the
mechanism by which current influenza vaccines provide protective immunity. It is
well established that CD4 T cell help is essential for the production of class-
switched antibodies by antigen-specific B cells and the generation of plasma cells
(Crotty 2011). The CD4 T cells that provide help to B cells are referred to as T
follicular helper (Tfh) cells. Although it has been established that Tfh cells are
important in primary antibody responses, it is less clear whether there is a distinct
set of memory Tfh cells and whether they play a role in the response to hetero-
subtypic influenza infection. Memory CD4 T cells can enable B cells to expand
and class-switch more rapidly than do naïve CD4 T cells (MacLeod et al. 2011). In
addition, a circulating population of memory CD4 T cells expressing CXCR5 in
human blood was shown to induce antibody production from naïve B cells (Morita
et al. 2011). It has also been demonstrated that the presence of such Tfh-like
populations in the blood after influenza vaccination in humans correlates with the
generation of virus-specific antibody responses (Bentebibel et al. 2013; Spensieri
et al. 2013). To address whether a specific memory Tfh population exists, a recent
study demonstrated that the adoptive transfer of CXCR5-positive antigen-specific
memory CD4 T cell populations promoted the enhanced formation of germinal
center B cells following infection with LCMV, providing evidence for the exis-
tence of a distinct Tfh-committed CD4 memory T cell population (Hale et al.
2013). Taken together, these findings suggest that memory CD4 cells play an
important role in providing signals for B cell responses, and that this may be
mediated by a specific Tfh-committed memory population poised to reacquire their
lineage-specific effector functions and promote strain-specific antibody production
upon heterosubtypic infection.

A role for CD4 T cell help in the generation of pathogen-specific CD8 memory
T cells that can respond upon secondary infection has been well established
(Shedlock and Shen 2003; Sun and Bevan 2003). The need for CD4 help in the
generation of CD8 memory has also been demonstrated during the primary
response to influenza infection (Belz et al. 2002); however, specific roles for
memory CD4 T cells in the generation, maintenance or reactivation of CD8
memory have not been established. Memory CD4 T cells are able to mediate
protection against lethal influenza infection in the absence of CD8 T cells, and
transfer of memory CD4 T cells does not promote recruitment of CD8 T cells into
the lung after infection (Teijaro et al. 2010, 2011). However, viral clearance is
enhanced in B cell-deficient mice receiving memory CD4 T cells when naïve CD8
T cells are present compared to CD8-depleting conditions (McKinstry et al. 2012).
Similarly, reconstitution of severe combined immunodeficiency (SCID) hosts,
which lack both B and T cells, with either naïve CD8 T cells, memory CD4 T cells
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or a combination of both, demonstrated that co-transfer provided greater protection
than either population alone (McKinstry et al. 2012), suggesting that memory CD4
T cells may play some role in helping naïve CD8 T cells.

6.2 Independent Effector Mechanisms in the Lung

6.2.1 Cytokine Production

Memory CD4 T cells, in contrast to naïve CD4 T cells, are known to rapidly
produce multiple inflammatory cytokines and chemokines in response to TCR
stimulation, resulting in the recruitment of macrophages, natural killer (NK) and
other innate effector cells. These cells, in turn, produce additional cytokines which
further support the inflammatory response. In response to secondary influenza
challenge, primed mice or mice receiving memory CD4 cells upregulate factors
including IFN-c, TNF-a, IL-6, IL-12, CXCL9 and CXCL10 compared to naive
animals (Strutt et al. 2010). This enhanced production of cytokines and chemokines
correlates with early viral control during secondary infection (Strutt et al. 2010).

The most well-characterized memory CD4 response in influenza infection is
production of the Th1-type cytokine IFN-c. In contrast to naïve CD4 T cells, which
slowly begin to upregulate IFN-c production driven by T-bet days after TCR
stimulation, the production of IFN-c by memory CD4 T cells occurs rapidly via an
NF-kB-mediated transcriptional program (Lai et al. 2011). In primary influenza
infection, IFN-c is not required for protection from infection and the development
of CTL or antibody responses were not reduced in IFN-c knockout mice compared
to wild-type (Graham et al. 1993). However, memory CD4 T cell-mediated pro-
tection to influenza challenge is dependent on IFN-c as neutralization of IFN-c
production abrogates protection (Bot et al. 1998; Teijaro et al. 2010; McKinstry
et al. 2012). In addition, in human influenza challenge studies, early responses to
virus infection were characterized by CD4-mediated production of IFN-c (Wil-
kinson et al. 2012). Taken together, these results demonstrate the importance of
memory CD4-mediated production of IFN-c in secondary responses to influenza.

Mechanisms for IFN-c-mediated protection during infection are not completely
understood. IFN-c has been shown to be involved in the activation and recruitment
of innate immune populations such as macrophages and NK cells. In one study,
administration of IFN-c at early stages of influenza infection stimulated NK cell
proliferation, function and number in the lungs and protected infected mice from
death in a NK cell-dependent manner (Weiss et al. 2010).

Interleukin-10 (IL-10) is an anti-inflammatory cytokine broadly produced by
both innate and adaptive immune cell types (Saraiva and O’Garra 2010). During
acute influenza infection, IL-10 is produced in the lungs by virus-specific CD4 and
CD8 effector T cells (Sun et al. 2009). Expression of IL-10 in this context seems to
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be important in limiting inflammation and lung pathology. Interestingly, mice
deficient for IL-10 display increased survival after challenge with lethal doses of
influenza compared to wild-type mice (McKinstry et al. 2009). Another study has
suggested that increased protection to influenza infection in IL-10-deficient mice is
the result of enhanced virus-specific antibody production (Sun et al. 2010).
Memory CD4 cells, although able to enhance viral clearance, do not protect from
lung pathology associated with infection (Teijaro et al. 2010). Interestingly,
studies have demonstrated that CD4 memory T cells produce less IL-10 than do
primary effectors (Dong et al. 2007; McKinstry et al. 2007). The decreased IL-10
response may contribute to enhanced viral clearance after secondary infection
while failing to limit pulmonary pathology.

A role for IL-17 in influenza infection is less clearly defined. It is typically
associated with allergic-type responses and the promotion of inflammation (Korn
et al. 2009). Overall, most sources agree that IL-17 likely contributes to immune
pathology and mice deficient in the IL-17 receptor display delayed weight loss and
reduced total protein and lactate dehydrogenase activity in bronchoalveolar lavage
(BAL) samples compared to wild-type mice suggesting reduced pathology (Crowe
et al. 2009). However, IL-17 has previously been shown to play roles in the
immune response to several different lung infections (Ye et al. 2001a; Umemura
et al. 2007; Murdock et al. 2013). The transfer of in vitro generated Th17-polarized
TCR-transgenic CD4 memory cells protected mice from lethal influenza infection
as effectively as Th1-polarized memory cells (McKinstry et al. 2012), suggesting
that Th17 responses may contribute to positive outcome in influenza infection.
Furthermore, IL-17-secreting, influenza-specific CD4 memory T cells have been
described in human lung tissue (Sathaliyawala et al. 2013). Although no mecha-
nism for this protection has been established, IL-17 promotes neutrophil recruit-
ment in the lung (Ye et al. 2001b), which could contribute to protection.

6.2.2 Perforin-Dependent Cytolytic Activity

The cytotoxic role of CD8 T cells in influenza infections is well established
(Topham et al. 1997), consistent with its role in many different infection systems.
There is increasing evidence that effector and memory CD4 T cells can also
mediate cytotoxic responses in influenza infection. A subset of influenza-specific
effector CD4 T cells with cytolytic activity was identified some time ago (Graham
et al. 1994) and later found to be mediated by a perforin-dependent mechanism
(Appay et al. 2002). In vitro primed and in vivo generated CD4 effectors were able
to kill influenza-specific peptide-coated targets in cytolytic assays and were
capable of protecting against lethal influenza infection (Brown et al. 2006, 2012).
Cytolytic memory CD4 T cells may also mediate protective immunity to influenza
infection as perforin-deficient memory CD4 T cells exhibited reduced protective
capacity during infection (McKinstry et al. 2012). The mechanism by which this
protection occurs has not yet been elucidated, however, recent studies have
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demonstrated that the development of CD4 T cells with cytotoxic potential was
dependent on type I interferon signaling and IL-2 mediated induction of the
transcription factors T-bet and Blimp-1 (Hua et al. 2013).

7 Implications for Vaccines

As discussed above, influenza-specific memory CD4 T cells are capable of
mediating protective immune responses to secondary viral challenge (Teijaro et al.
2010; Wilkinson et al. 2012). Furthermore, it is well established that memory CD4
T cells protective against secondary challenge are generated and retained in the
host long-term following primary infection (Teijaro et al. 2011; Turner et al.
2013), and are capable of mediating protective heterosubtypic responses to mul-
tiple viral strains (Teijaro et al. 2010). By contrast, current influenza vaccines
induce neutralizing antibody responses that are only protective to seasonal strains
and, therefore, do not provide lasting protection against subsequent infections.
Thus, targeting the generation of memory CD4 T cells, and in particular, influenza-
specific CD4 Trm in the lung, has the potential to provide durable, long-lasting
cross-strain protection against influenza virus.

There is evidence that vaccine type and route of administration affect memory
CD4 T cell generation in response to influenza vaccination. In studies comparing
inactivated trivalent influenza vaccine (TIV), given intramuscularly, and live
attenuated influenza vaccine (LAIV), administered intranasally, the percentage of
virus-specific CD4 and CD8 T cells secreting IFN-c increased significantly after
LAIV, but not TIV, immunization in children 5–9 years of age (He et al. 2006).
Protection against subsequent influenza infection was also found to be superior
following immunization with LAIV as compared to TIV (Belshe et al. 2007). A
later study comparing combinations of TIV and LAIV prime and booster vacci-
nations demonstrated that only vaccine combinations containing LAIV-induced
influenza-specific, IFN-c-producing CD4 memory (Hoft et al. 2011). Thus, LAIV
appears to induce stronger virus-specific CD4 responses and is better able to
generate CD4 memory than the current inactivated vaccine formulation. Signifi-
cantly, these findings suggest that both vaccine localization and the ability of virus
to replicate within the host may be important for the design of influenza vaccines
able to promote development of memory CD4 T cells.

Though current vaccines do not target the development of tissue-homing T
cells, strategies that promote this population are under investigation. In one study,
intranasal, but not parenteral, delivery of a cancer vaccine was able to inhibit
mucosal tumor growth (Sandoval et al. 2013). Importantly, only the intranasal
vaccine was able to elicit a CD8 T cell population expressing both CD49a, and
CD103, molecules important in lung homing and retention, respectively. These
results demonstrate a link between the route of vaccination, T cell tissue homing
and the development of protective immune responses (Sandoval et al. 2013). The
ability of a vaccine to establish a protective Trm population has also recently been
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demonstrated. In a herpes simplex virus type 2 model, parenteral vaccination with
viral antigens was coupled with topical chemokine application to recruit virus-
specific T cells to the genital mucosa. This ‘prime and pull’ strategy resulted in the
establishment of a virus-specific Trm population capable of providing protective
immunity (Shin and Iwasaki 2012). The development of vaccines capable of
eliciting a Trm population for influenza will likely be the key to the development
of lasting, heterosubtypic protection against infection.

8 Conclusion

In contrast to their naïve counterparts, memory CD4 T cells are capable of
mediating protective responses to influenza challenge independent of B cells or
CD8 T cells. One factor driving the heightened protective capacity of memory
CD4 T cells is their peripheral tissue localization, facilitating their rapid response
to reinfection in situ. Importantly, a newly defined, tissue-resident CD4 memory
population has been demonstrated to be optimally protective against influenza
challenge. Memory CD4 T cells also exhibit enhanced effector functions compared
to naïve CD4 T cells including the ability to better promote B cell responses, as
well as enhanced cytokine recruitment and activation of innate effector cells.
Furthermore, that memory CD4 T cells can mediate heterosubtypic immune
responses to multiple influenza strains makes them an attractive target in vaccine
development strategies. Recent studies have demonstrated that route of vaccine
administration and the use of live-attenuated, rather than inactivated virus sig-
nificantly impact the generation of memory CD4 T cells and protective capacity of
vaccines following administration. Significantly, these findings may be important
for the design of influenza vaccines able to elicit protective memory CD4 T cells.

Acknowledgments Donna L. Farber is supported by NIH grants AI106697, AI100119, and
AI083022.

References

Ahmadzadeh M, Farber DL (2002) Functional plasticity of an antigen-specific memory CD4
T cell population. Proc Natl Acad Sci U S A 99(18):11802–11807

Allan W, Tabi Z, Cleary A, Doherty PC (1990) Cellular events in the lymph node and lung of
mice with influenza. Consequences of depleting CD4+ T cells. J Immunol 144(10):3980–3986

Appay V, Zaunders JJ, Papagno L, Sutton J, Jaramillo A, Waters A, Easterbrook P, Grey P, Smith
D, McMichael AJ, Cooper DA, Rowland-Jones SL, Kelleher AD (2002) Characterization of
CD4(+) CTLs ex vivo. J Immunol 168(11):5954–5958

Belshe RB, Edwards KM, Vesikari T, Black SV, Walker RE, Hultquist M, Kemble G, Connor
EM (2007) Live attenuated versus inactivated influenza vaccine in infants and young children.
N Engl J Med 356(7):685–696. doi:10.1056/NEJMoa065368

414 K.D. Zens and D.L. Farber

http://dx.doi.org/10.1056/NEJMoa065368


Belz GT, Wodarz D, Diaz G, Nowak MA, Doherty PC (2002) Compromised influenza virus-
specific CD8(+)-T-cell memory in CD4(+)-T-cell-deficient mice. J Virol 76(23):12388–12393

Bentebibel SE, Lopez S, Obermoser G, Schmitt N, Mueller C, Harrod C, Flano E, Mejias A,
Albrecht RA, Blankenship D, Xu H, Pascual V, Banchereau J, Garcia-Sastre A, Palucka AK,
Ramilo O, Ueno H (2013) Induction of ICOS+CXCR3+CXCR5+TH cells correlates with
antibody responses to influenza vaccination. Sci Transl Med 5(176):176ra132. doi:10.1126/
scitranslmed.3005191

Bingaman AW, Patke DS, Mane VR, Ahmadzadeh M, Ndejembi M, Bartlett ST, Farber DL
(2005) Novel phenotypes and migratory properties distinguish memory CD4 T cell subsets in
lymphoid and lung tissue. Eur J Immunol 35:3173–3186

Bot A, Bot S, Bona CA (1998) Protective role of gamma interferon during the recall response to
influenza virus. J Virol 72(8):6637–6645

Brown DM, Dilzer AM, Meents DL, Swain SL (2006) CD4 T cell-mediated protection from
lethal influenza: perforin and antibody-mediated mechanisms give a one-two punch.
J Immunol 177(5):2888–2898

Brown DM, Lee S, Garcia-Hernandez Mde L, Swain SL (2012) Multifunctional CD4 cells
expressing gamma interferon and perforin mediate protection against lethal influenza virus
infection. J Virol 86(12):6792–6803. doi:10.1128/JVI.07172-11

Bushar ND, Corbo E, Schmidt M, Maltzman JS, Farber DL (2010) Ablation of SLP-76 signaling
after T cell priming generates memory CD4 T cells impaired in steady-state and cytokine-
driven homeostasis. Proc Natl Acad Sci U S A 107(2):827–831. doi:10.1073/pnas.
0908126107 0908126107 [pii]

Cepek KL, Shaw SK, Parker CM, Russell GJ, Morrow JS, Rimm DL, Brenner MB (1994)
Adhesion between epithelial cells and T lymphocytes mediated by E- cadherin and the alpha
E beta 7 integrin. Nature 372(6502):190–193

Cook DN, Beck MA, Coffman TM, Kirby SL, Sheridan JF, Pragnell IB, Smithies O (1995)
Requirement of MIP-1 alpha for an inflammatory response to viral infection. Science
269(5230):1583–1585

Couceiro JN, Paulson JC, Baum LG (1993) Influenza virus strains selectively recognize
sialyloligosaccharides on human respiratory epithelium; the role of the host cell in selection of
hemagglutinin receptor specificity. Virus Res 29(2):155–165

Crotty S (2011) Follicular helper CD4 T cells (TFH). Annu Rev Immunol 29:621–663. doi:10.
1146/annurev-immunol-031210-101400

Crowe CR, Chen K, Pociask DA, Alcorn JF, Krivich C, Enelow RI, Ross TM, Witztum JL, Kolls
JK (2009) Critical role of IL-17RA in immunopathology of influenza infection. J Immunol
183(8):5301–5310. doi:10.4049/jimmunol.0900995

de Bree GJ, van Leeuwen EM, Out TA, Jansen HM, Jonkers RE, van Lier RA (2005) Selective
accumulation of differentiated CD8+ T cells specific for respiratory viruses in the human lung.
J Exp Med 202(10):1433–1442

De Riva A, Bourgeois C, Kassiotis G, Stockinger B (2007) Noncognate interaction with MHC
class II molecules is essential for maintenance of T cell metabolism to establish optimal
memory CD4 T cell function. J Immunol 178(9):5488–5495

Dong J, Ivascu C, Chang HD, Wu P, Angeli R, Maggi L, Eckhardt F, Tykocinski L, Haefliger C,
Mowes B, Sieper J, Radbruch A, Annunziato F, Thiel A (2007) IL-10 is excluded from the
functional cytokine memory of human CD4+ memory T lymphocytes. J Immunol
179(4):2389–2396

Dudda JC, Simon JC, Martin S (2004) Dendritic cell immunization route determines CD8+ T cell
trafficking to inflamed skin: role for tissue microenvironment and dendritic cells in
establishment of T cell-homing subsets. J Immunol 172(2):857–863

Epstein SL, Lo CY, Misplon JA, Lawson CM, Hendrickson BA, Max EE, Subbarao K (1997)
Mechanisms of heterosubtypic immunity to lethal influenza A virus infection in fully
immunocompetent, T cell-depleted, beta2-microglobulin-deficient, and J chain-deficient mice.
J Immunol 158(3):1222–1230

Memory CD4 T Cells in Influenza 415

http://dx.doi.org/10.1126/scitranslmed.3005191
http://dx.doi.org/10.1126/scitranslmed.3005191
http://dx.doi.org/10.1128/JVI.07172-11
http://dx.doi.org/10.1073/pnas.0908126107
http://dx.doi.org/10.1073/pnas.0908126107
http://dx.doi.org/10.1146/annurev-immunol-031210-101400
http://dx.doi.org/10.1146/annurev-immunol-031210-101400
http://dx.doi.org/10.4049/jimmunol.0900995


Gebhardt T, Wakim LM, Eidsmo L, Reading PC, Heath WR, Carbone FR (2009) Memory T cells
in nonlymphoid tissue that provide enhanced local immunity during infection with herpes
simplex virus. Nat Immunol 10(5):524–530. doi:10.1038/ni.1718 ni.1718 [pii]

Gerhard W (2001) The role of the antibody response in influenza virus infection. Curr Top
Microbiol Immunol 260:171–190

Gerhard W, Mozdzanowska K, Furchner M, Washko G, Maiese K (1997) Role of the B-cell
response in recovery of mice from primary influenza virus infection. Immunol Rev
159:95–103

Graham MB, Braciale TJ (1997) Resistance to and recovery from lethal influenza virus infection
in B lymphocyte-deficient mice. J Exp Med 186(12):2063–2068

Graham MB, Braciale VL, Braciale TJ (1994) Influenza virus-specific CD4+ T helper type 2 T
lymphocytes do not promote recovery from experimental virus infection. J Exp Med
180(4):1273–1282

Graham MB, Dalton DK, Giltinan D, Braciale VL, Stewart TA, Braciale TJ (1993) Response to
influenza infection in mice with a targeted disruption in the interferon gamma gene. J Exp
Med 178(5):1725–1732

Hale JS, Youngblood B, Latner DR, Mohammed AU, Ye L, Akondy RS, Wu T, Iyer SS, Ahmed
R (2013) Distinct memory CD4+ T cells with commitment to T follicular helper- and T helper
1-cell lineages are generated after acute viral infection. Immunity 38(4):805–817. doi:10.
1016/j.immuni.2013.02.020

He XS, Holmes TH, Zhang C, Mahmood K, Kemble GW, Lewis DB, Dekker CL, Greenberg HB,
Arvin AM (2006) Cellular immune responses in children and adults receiving inactivated or
live attenuated influenza vaccines. J Virol 80(23):11756–11766

Hoft DF, Babusis E, Worku S, Spencer CT, Lottenbach K, Truscott SM, Abate G, Sakala IG,
Edwards KM, Creech CB, Gerber MA, Bernstein DI, Newman F, Graham I, Anderson EL,
Belshe RB (2011) Live and inactivated influenza vaccines induce similar humoral responses,
but only live vaccines induce diverse T-cell responses in young children. J Infect Dis
204(6):845–853. doi:10.1093/infdis/jir436

Hogan RJ, Zhong W, Usherwood EJ, Cookenham T, Roberts AD, Woodland DL (2001)
Protection from respiratory virus infections can be mediated by antigen-specific CD4(+) T
cells that persist in the lungs. J Exp Med 193(8):981–986

Hua L, Yao S, Pham D, Jiang L, Wright J, Sawant D, Dent AL, Braciale TJ, Kaplan MH, Sun J
(2013) Cytokine-dependent induction of CD4+ T cells with cytotoxic potential during
influenza virus infection. J Virol 87(21):11884–11893. doi:10.1128/JVI.01461-13

Huster KM, Busch V, Schiemann M, Linkemann K, Kerksiek KM, Wagner H, Busch DH (2004)
Selective expression of IL-7 receptor on memory T cells identifies early CD40L-dependent
generation of distinct CD8+ memory T cell subsets. Proc Natl Acad Sci U S A
101(15):5610–5615. doi:10.1073/pnas.0308054101

Jelley-Gibbs DM, Brown DM, Dibble JP, Haynes L, Eaton SM, Swain SL (2005) Unexpected
prolonged presentation of influenza antigens promotes CD4 T cell memory generation. J Exp
Med 202(5):697–706

Joshi NS, Cui W, Chandele A, Lee HK, Urso DR, Hagman J, Gapin L, Kaech SM (2007)
Inflammation directs memory precursor and short-lived effector CD8(+) T cell fates via the
graded expression of T-bet transcription factor. Immunity 27(2):281–295

Julkunen I, Melen K, Nyqvist M, Pirhonen J, Sareneva T, Matikainen S (2000) Inflammatory
responses in influenza A virus infection. Vaccine 19(Suppl 1):S32–S37

Kaech SM, Tan JT, Wherry EJ, Konieczny BT, Surh CD, Ahmed R (2003) Selective expression
of the interleukin 7 receptor identifies effector CD8 T cells that give rise to long-lived memory
cells. Nat Immunol 4(12):1191–1198

Kaech SM, Wherry EJ (2007) Heterogeneity and cell-fate decisions in effector and memory
CD8+ T cell differentiation during viral infection. Immunity 27(3):393–405

Kaech SM, Wherry EJ, Ahmed R (2002) Effector and memory T-cell differentiation: implications
for vaccine development. Nat Rev Immunol 2(4):251–262

416 K.D. Zens and D.L. Farber

http://dx.doi.org/10.1038/ni.1718
http://dx.doi.org/10.1016/j.immuni.2013.02.020
http://dx.doi.org/10.1016/j.immuni.2013.02.020
http://dx.doi.org/10.1093/infdis/jir436
http://dx.doi.org/10.1128/JVI.01461-13
http://dx.doi.org/10.1073/pnas.0308054101


Kassiotis G, Garcia S, Simpson E, Stockinger B (2002) Impairment of immunological memory in
the absence of MHC despite survival of memory T cells. Nat Immunol 3(3):244–250

Kohlmeier JE, Cookenham T, Miller SC, Roberts AD, Christensen JP, Thomsen AR, Woodland
DL (2009) CXCR3 directs antigen-specific effector CD4+ T cell migration to the lung during
parainfluenza virus infection. J Immunol 183(7):4378–4384. doi:10.4049/jimmunol.0902022
jimmunol.0902022 [pii]

Kohlmeier JE, Miller SC, Smith J, Lu B, Gerard C, Cookenham T, Roberts AD, Woodland DL
(2008) The chemokine receptor CCR5 plays a key role in the early memory CD8+ T cell
response to respiratory virus infections. Immunity 29(1):101–113

Kondrack RM, Harbertson J, Tan JT, McBreen ME, Surh CD, Bradley LM (2003) Interleukin 7
regulates the survival and generation of memory CD4 cells. J Exp Med 198(12):1797–1806

Korn T, Bettelli E, Oukka M, Kuchroo VK (2009) IL-17 and Th17 cells. Annu Rev Immunol 27:
485–517. doi:10.1146/annurev.immunol.021908.132710 10.1146/annurev.immunol.021908.
132710 [pii]

Lai W, Yu M, Huang MN, Okoye F, Keegan AD, Farber DL (2011) Transcriptional control of
rapid recall by memory CD4 T cells. J Immunol 187(1):133–140. doi:10.4049/jimmunol.
1002742 jimmunol.1002742 [pii]

Lee LY, Ha DL, Simmons C, de Jong MD, Chau NV, Schumacher R, Peng YC, McMichael AJ,
Farrar JJ, Smith GL, Townsend AR, Askonas BA, Rowland-Jones S, Dong T (2008) Memory
T cells established by seasonal human influenza A infection cross-react with avian influenza A
(H5N1) in healthy individuals. J Clin Invest 118(10):3478–3490

Lee YT, Suarez-Ramirez JE, Wu T, Redman JM, Bouchard K, Hadley GA, Cauley LS (2011)
Environmental and antigen receptor-derived signals support sustained surveillance of the
lungs by pathogen-specific cytotoxic T lymphocytes. J Virol 85(9):4085–4094. doi:10.1128/
JVI.02493-10

Lenz DC, Kurz SK, Lemmens E, Schoenberger SP, Sprent J, Oldstone MB, Homann D (2004) IL-
7 regulates basal homeostatic proliferation of antiviral CD4+ T cell memory. Proc Natl Acad
Sci U S A 101(25):9357–9362

Li J, Huston G, Swain SL (2003) IL-7 promotes the transition of CD4 effectors to persistent
memory cells. J Exp Med 198(12):1807–1815

Liang S, Mozdzanowska K, Palladino G, Gerhard W (1994) Heterosubtypic immunity to
influenza type A virus in mice. Effector mechanisms and their longevity. J Immunol
152(4):1653–1661

Liu L, Zhong Q, Tian T, Dubin K, Athale SK, Kupper TS (2010) Epidermal injury and infection
during poxvirus immunization is crucial for the generation of highly protective T cell-
mediated immunity. Nat Med 16(2):224–227. doi:10.1038/nm.2078 nm.2078 [pii]

MacLeod MK, David A, McKee AS, Crawford F, Kappler JW, Marrack P (2011) Memory CD4 T
cells that express CXCR5 provide accelerated help to B cells. J Immunol 186(5):2889–2896.
doi:10.4049/jimmunol.1002955

Makgoba MW, Sanders ME, Ginther Luce GE, Dustin ML, Springer TA, Clark EA, Mannoni P,
Shaw S (1988) ICAM-1 a ligand for LFA-1-dependent adhesion of B, T and myeloid cells.
Nature 331(6151):86–88. doi:10.1038/331086a0

Masopust D, Choo D, Vezys V, Wherry EJ, Duraiswamy J, Akondy R, Wang J, Casey KA,
Barber DL, Kawamura KS, Fraser KA, Webby RJ, Brinkmann V, Butcher EC, Newell KA,
Ahmed R (2010) Dynamic T cell migration program provides resident memory within
intestinal epithelium. J Exp Med 207(3):553–564. doi:10.1084/jem.20090858 jem.20090858
[pii]

Masopust D, Vezys V, Marzo AL, Lefrancois L (2001) Preferential localization of effector
memory cells in nonlymphoid tissue. Science 291(5512):2413–2417

Matsukura S, Kokubu F, Kubo H, Tomita T, Tokunaga H, Kadokura M, Yamamoto T, Kuroiwa
Y, Ohno T, Suzaki H, Adachi M (1998) Expression of RANTES by normal airway epithelial
cells after influenza virus A infection. Am J Respir Cell Mol Biol 18(2):255–264. doi:10.
1165/ajrcmb.18.2.2822

Memory CD4 T Cells in Influenza 417

http://dx.doi.org/10.4049/jimmunol.0902022
http://dx.doi.org/10.1146/annurev.immunol.021908.132710
http://dx.doi.org/10.1146/annurev.immunol.021908.132710
http://dx.doi.org/10.1146/annurev.immunol.021908.132710
http://dx.doi.org/10.4049/jimmunol.1002742
http://dx.doi.org/10.4049/jimmunol.1002742
http://dx.doi.org/10.1128/JVI.02493-10
http://dx.doi.org/10.1128/JVI.02493-10
http://dx.doi.org/10.1038/nm.2078
http://dx.doi.org/10.4049/jimmunol.1002955
http://dx.doi.org/10.1038/331086a0
http://dx.doi.org/10.1084/jem.20090858
http://dx.doi.org/10.1165/ajrcmb.18.2.2822
http://dx.doi.org/10.1165/ajrcmb.18.2.2822


McKinstry KK, Golech S, Lee WH, Huston G, Weng NP, Swain SL (2007) Rapid default
transition of CD4 T cell effectors to functional memory cells. J Exp Med 204(9):2199–2211

McKinstry KK, Strutt TM, Buck A, Curtis JD, Dibble JP, Huston G, Tighe M, Hamada H, Sell S,
Dutton RW, Swain SL (2009) IL-10 deficiency unleashes an influenza-specific Th17 response
and enhances survival against high-dose challenge. J Immunol 182(12):7353–7363. doi:10.
4049/jimmunol.0900657

McKinstry KK, Strutt TM, Kuang Y, Brown DM, Sell S, Dutton RW, Swain SL (2012) Memory
CD4+ T cells protect against influenza through multiple synergizing mechanisms. J Clin
Invest 122(8):2847–2856. doi:10.1172/JCI63689 63689 [pii]

Mikhak Z, Strassner JP, Luster AD (2013) Lung dendritic cells imprint T cell lung homing and
promote lung immunity through the chemokine receptor CCR4. J Exp Med
210(9):1855–1869. doi:10.1084/jem.20130091

Molinari NA, Ortega-Sanchez IR, Messonnier ML, Thompson WW, Wortley PM, Weintraub E,
Bridges CB (2007) The annual impact of seasonal influenza in the US: measuring disease
burden and costs. Vaccine 25(27):5086–5096. doi:10.1016/j.vaccine.2007.03.046

Mora JR, Bono MR, Manjunath N, Weninger W, Cavanagh LL, Rosemblatt M, Von Andrian UH
(2003) Selective imprinting of gut-homing T cells by Peyer’s patch dendritic cells. Nature
424(6944):88–93

Mora JR, Cheng G, Picarella D, Briskin M, Buchanan N, von Andrian UH (2005) Reciprocal and
dynamic control of CD8 T cell homing by dendritic cells from skin- and gut-associated
lymphoid tissues. J Exp Med 201(2):303–316

Morita R, Schmitt N, Bentebibel SE, Ranganathan R, Bourdery L, Zurawski G, Foucat E,
Dullaers M, Oh S, Sabzghabaei N, Lavecchio EM, Punaro M, Pascual V, Banchereau J, Ueno
H (2011) Human blood CXCR5(+)CD4(+) T cells are counterparts of T follicular cells and
contain specific subsets that differentially support antibody secretion. Immunity
34(1):108–121. doi:10.1016/j.immuni.2010.12.012 S1074-S7613(10)00491-7 [pii]

Moulton VR, Bushar ND, Leeser DB, Patke DS, Farber DL (2006) Divergent generation of
heterogeneous memory CD4 T cells. J Immunol 177(2):869–876. doi:177/2/869 [pii]

Mozdzanowska K, Maiese K, Gerhard W (2000) Th cell-deficient mice control influenza virus
infection more effectively than Th- and B cell-deficient mice: evidence for a Th-independent
contribution by B cells to virus clearance. J Immunol 164(5):2635–2643

Mueller SN, Gebhardt T, Carbone FR, Heath WR (2013) Memory T cell subsets, migration
patterns, and tissue residence. Annu Rev Immunol 31:137–161. doi:10.1146/
annurev-immunol-032712-095954

Murdock BJ, Huffnagle GB, Olszewski MA, Osterholzer JJ (2013) IL-17A enhances host defense
against cryptococcal lung infection through effects mediated by leukocyte recruitment,
activation, and IFN-gamma production. Infect Immun. doi:10.1128/IAI.01477-13

O’Shea JJ, Paul WE (2010) Mechanisms underlying lineage commitment and plasticity of helper
CD4+ T cells. Science 327(5969):1098–1102. doi:10.1126/science.1178334

Osterholm MT, Kelley NS, Sommer A, Belongia EA (2012) Efficacy and effectiveness of
influenza vaccines: a systematic review and meta-analysis. Lancet Infect Dis 12(1):36–44.
doi:10.1016/S1473-3099(11)70295-X

Piet B, de Bree GJ, Smids-Dierdorp BS, van der Loos CM, Remmerswaal EB, von der Thusen
JH, van Haarst JM, Eerenberg JP, Ten Brinke A, van der Bij W, Timens W, van Lier RA,
Jonkers RE (2011) CD8+ T cells with an intraepithelial phenotype upregulate cytotoxic
function upon influenza infection in human lung. J Clin Invest. doi:10.1172/JCI44675 44675
[pii]

Purton JF, Tan JT, Rubinstein MP, Kim DM, Sprent J, Surh CD (2007) Antiviral CD4+ memory
T cells are IL-15 dependent. J Exp Med 204(4):951–961. doi:10.1084/jem.20061805

Purwar R, Campbell J, Murphy G, Richards WG, Clark RA, Kupper TS (2011) Resident memory
T cells (T(RM)) are abundant in human lung: diversity, function, and antigen specificity.
PLoS One 6(1):e16245. doi:10.1371/journal.pone.0016245

Rathmell JC, Farkash EA, Gao W, Thompson CB (2001) IL-7 enhances the survival and
maintains the size of naive T cells. J Immunol 167(12):6869–6876

418 K.D. Zens and D.L. Farber

http://dx.doi.org/10.4049/jimmunol.0900657
http://dx.doi.org/10.4049/jimmunol.0900657
http://dx.doi.org/10.1172/JCI63689
http://dx.doi.org/10.1084/jem.20130091
http://dx.doi.org/10.1016/j.vaccine.2007.03.046
http://dx.doi.org/10.1016/j.immuni.2010.12.012
http://dx.doi.org/10.1146/annurev-immunol-032712-095954
http://dx.doi.org/10.1146/annurev-immunol-032712-095954
http://dx.doi.org/10.1128/IAI.01477-13
http://dx.doi.org/10.1126/science.1178334
http://dx.doi.org/10.1016/S1473-3099(11)70295-X
http://dx.doi.org/10.1172/JCI44675
http://dx.doi.org/10.1084/jem.20061805
http://dx.doi.org/10.1371/journal.pone.0016245


Ray SJ, Franki SN, Pierce RH, Dimitrova S, Koteliansky V, Sprague AG, Doherty PC, de
Fougerolles AR, Topham DJ (2004) The collagen binding alpha1beta1 integrin VLA-1
regulates CD8 T cell-mediated immune protection against heterologous influenza infection.
Immunity 20(2):167–179

Reinhardt RL, Khoruts A, Merica R, Zell T, Jenkins MK (2001) Visualizing the generation of
memory CD4 T cells in the whole body. Nature 410(6824):101–105

Richards KA, Topham D, Chaves FA, Sant AJ (2010) Cutting edge: CD4 T cells generated from
encounter with seasonal influenza viruses and vaccines have broad protein specificity and can
directly recognize naturally generated epitopes derived from the live pandemic H1N1 virus.
J Immunol 185(9):4998–5002. doi:10.4049/jimmunol.1001395

Ruane D, Brane L, Reis BS, Cheong C, Poles J, Do Y, Zhu H, Velinzon K, Choi JH, Studt N,
Mayer L, Lavelle EC, Steinman RM, Mucida D, Mehandru S (2013) Lung dendritic cells
induce migration of protective T cells to the gastrointestinal tract. J Exp Med 210
(9):1871–1888. doi:10.1084/jem.2012276210.1084/jem.20122762

Sallusto F, Geginat J, Lanzavecchia A (2004) Central memory and effector memory T cell
subsets: function, generation, and maintenance. Annu Rev Immunol 22:745–763

Sallusto F, Lenig D, Forster R, Lipp M, Lanzavecchia A (1999) Two subsets of memory
T lymphocytes with distinct homing potentials and effector functions [see comments]. Nature
401(6754):708–712

Sanders CJ, Doherty PC, Thomas PG (2010) Respiratory epithelial cells in innate immunity to
influenza virus infection. Cell Tissue Res. doi:10.1007/s00441-010-1043-z

Sandoval F, Terme M, Nizard M, Badoual C, Bureau MF, Freyburger L, Clement O, Marcheteau
E, Gey A, Fraisse G, Bouguin C, Merillon N, Dransart E, Tran T, Quintin-Colonna F, Autret
G, Thiebaud M, Suleman M, Riffault S, Wu TC, Launay O, Danel C, Taieb J, Richardson J,
Zitvogel L, Fridman WH, Johannes L, Tartour E (2013) Mucosal imprinting of vaccine-
induced CD8(+) T cells is crucial to inhibit the growth of mucosal tumors. Sci Transl Med
5(172):172ra120. doi:10.1126/scitranslmed.3004888

Saraiva M, O’Garra A (2010) The regulation of IL-10 production by immune cells. Nat Rev
Immunol 10(3):170–181. doi:10.1038/nri2711

Sathaliyawala T, Kubota M, Yudanin N, Turner D, Camp P, Thome JJ, Bickham KL, Lerner H,
Goldstein M, Sykes M, Kato T, Farber DL (2013) Distribution and compartmentalization of
human circulating and tissue-resident memory T cell subsets. Immunity 38(1):187–197.
doi:10.1016/j.immuni.2012.09.020 S1074-7613(12)00521-3 [pii]

Seddon B, Tomlinson P, Zamoyska R (2003) Interleukin 7 and T cell receptor signals regulate
homeostasis of CD4 memory cells. Nat Immunol 4(7):680–686

Shedlock DJ, Shen H (2003) Requirement for CD4 T cell help in generating functional CD8 T
cell memory. Science 300(5617):337–339

Shin H, Iwasaki A (2012) A vaccine strategy that protects against genital herpes by establishing
local memory T cells. Nature 491(7424):463–467. doi:10.1038/nature11522 nature11522 [pii]

Shiow LR, Rosen DB, Brdickova N, Xu Y, An J, Lanier LL, Cyster JG, Matloubian M (2006)
CD69 acts downstream of interferon-alpha/beta to inhibit S1P1 and lymphocyte egress from
lymphoid organs. Nature 440(7083):540–544. doi:10.1038/nature04606 nature04606 [pii]

Skon CN, Lee JY, Anderson KG, Masopust D, Hogquist KA, Jameson SC (2013) Transcriptional
downregulation of S1pr1 is required for the establishment of resident memory CD8(+) T cells.
Nat Immunol 14(12):1285–1293. doi:10.1038/ni.2745

Spensieri F, Borgogni E, Zedda L, Bardelli M, Buricchi F, Volpini G, Fragapane E, Tavarini S,
Finco O, Rappuoli R, Del Giudice G, Galli G, Castellino F (2013) Human circulating
influenza-CD4+ ICOS1+IL-21+ T cells expand after vaccination, exert helper function, and
predict antibody responses. Proc Natl Acad Sci U S A 110(35):14330–14335. doi:10.1073/
pnas.1311998110

Sprenger H, Meyer RG, Kaufmann A, Bussfeld D, Rischkowsky E, Gemsa D (1996) Selective
induction of monocyte and not neutrophil-attracting chemokines after influenza A virus
infection. J Exp Med 184(3):1191–1196

Memory CD4 T Cells in Influenza 419

http://dx.doi.org/10.4049/jimmunol.1001395
http://dx.doi.org/10.1084/jem.20122762
http://dx.doi.org/10.1007/s00441-010-1043-z
http://dx.doi.org/10.1126/scitranslmed.3004888
http://dx.doi.org/10.1038/nri2711
http://dx.doi.org/10.1016/j.immuni.2012.09.020
http://dx.doi.org/10.1038/nature11522
http://dx.doi.org/10.1038/nature04606
http://dx.doi.org/10.1038/ni.2745
http://dx.doi.org/10.1073/pnas.1311998110
http://dx.doi.org/10.1073/pnas.1311998110


Strutt TM, McKinstry KK, Dibble JP, Winchell C, Kuang Y, Curtis JD, Huston G, Dutton RW,
Swain SL (2010) Memory CD4+ T cells induce innate responses independently of pathogen.
Nat Med 16(5):558–564 (551 p following 564). doi:10.1038/nm.2142 nm.2142 [pii]

Sun J, Madan R, Karp CL, Braciale TJ (2009) Effector T cells control lung inflammation during
acute influenza virus infection by producing IL-10. Nat Med 15(3):277–284

Sun JC, Bevan MJ (2003) Defective CD8 T cell memory following acute infection without CD4
T cell help. Science 300(5617):339–342

Sun K, Torres L, Metzger DW (2010) A detrimental effect of interleukin-10 on protective
pulmonary humoral immunity during primary influenza A virus infection. J Virol
84(10):5007–5014. doi:10.1128/JVI.02408-09

Tan JT, Dudl E, LeRoy E, Murray R, Sprent J, Weinberg KI, Surh CD (2001) IL-7 is critical for
homeostatic proliferation and survival of naive T cells. Proc Natl Acad Sci U S A 98(15):
8732–8737

Teijaro JR, Turner D, Pham Q, Wherry EJ, Lefrancois L, Farber DL (2011) Cutting edge: tissue-
retentive lung memory CD4 T cells mediate optimal protection to respiratory virus infection.
J Immunol 187(11):5510–5514. doi:10.4049/jimmunol.1102243 jimmunol.1102243 [pii]

Teijaro JR, Verhoeven D, Page CA, Turner D, Farber DL (2010) Memory CD4 T cells direct
protective responses to influenza virus in the lungs through helper-independent mechanisms.
J Virol 84(18):9217-9226. doi:10.1128/JVI.01069-10 JVI.01069-10 [pii]

Thatte J, Dabak V, Williams MB, Braciale TJ, Ley K (2003) LFA-1 is required for retention of
effector CD8 T cells in mouse lungs. Blood 101(12):4916–4922

Thompson WW, Comanor L, Shay DK (2006) Epidemiology of seasonal influenza: use of
surveillance data and statistical models to estimate the burden of disease. J Infect Dis
194(Suppl 2):S82–S91. doi:10.1086/507558

Topham DJ, Tripp RA, Doherty PC (1997) CD8+ T cells clear influenza virus by perforin or Fas-
dependent processes. J Immunol 159(11):5197–5200

Turner DL, Bickham KL, Thome JJ, Kim CY, D’Ovidio F, Wherry EJ, Farber DL (2013) Lung
niches for the generation and maintenance of tissue-resident memory T cells. Mucosal
Immunol. doi:10.1038/mi.2013.67 mi201367 [pii]

Umemura M, Yahagi A, Hamada S, Begum MD, Watanabe H, Kawakami K, Suda T, Sudo K,
Nakae S, Iwakura Y, Matsuzaki G (2007) IL-17-mediated regulation of innate and acquired
immune response against pulmonary Mycobacterium bovis bacille Calmette-Guerin infection.
J Immunol 178(6):3786–3796

Wakim LM, Woodward-Davis A, Liu R, Hu Y, Villadangos J, Smyth G, Bevan MJ (2012) The
molecular signature of tissue resident memory CD8 T cells isolated from the brain. J Immunol
189(7):3462–3471. doi:10.4049/jimmunol.1201305 jimmunol.1201305 [pii]

Wareing MD, Lyon AB, Lu B, Gerard C, Sarawar SR (2004) Chemokine expression during the
development and resolution of a pulmonary leukocyte response to influenza A virus infection
in mice. J Leukoc Biol 76(4):886–895. doi:10.1189/jlb.1203644

Weiss ID, Wald O, Wald H, Beider K, Abraham M, Galun E, Nagler A, Peled A (2010) IFN-
gamma treatment at early stages of influenza virus infection protects mice from death in a NK
cell-dependent manner. J Interferon Cytokine Res 30(6):439–449. doi:10.1089/jir.2009.0084

Wilkinson TM, Li CK, Chui CS, Huang AK, Perkins M, Liebner JC, Lambkin-Williams R,
Gilbert A, Oxford J, Nicholas B, Staples KJ, Dong T, Douek DC, McMichael AJ, Xu XN
(2012) Preexisting influenza-specific CD4(+) T cells correlate with disease protection against
influenza challenge in humans. Nat Med 18(2):274–280. doi:10.1038/nm.2612 nm.2612 [pii]

Woodland DL, Hogan RJ, Zhong W (2001) Cellular immunity and memory to respiratory virus
infections. Immunol Res 24(1):53–67

Wu T, Hu Y, Lee YT, Bouchard KR, Benechet A, Khanna K, Cauley LS (2013) Lung-resident
memory CD8 T cells (TRM) are indispensable for optimal cross-protection against pulmonary
virus infection. J Leukoc Biol. doi:10.1189/jlb.0313180

Ye P, Garvey PB, Zhang P, Nelson S, Bagby G, Summer WR, Schwarzenberger P, Shellito JE,
Kolls JK (2001a) Interleukin-17 and lung host defense against Klebsiella pneumoniae
infection. Am J Respir Cell Mol Biol 25(3):335–340. doi:10.1165/ajrcmb.25.3.4424

420 K.D. Zens and D.L. Farber

http://dx.doi.org/10.1038/nm.2142
http://dx.doi.org/10.1128/JVI.02408-09
http://dx.doi.org/10.4049/jimmunol.1102243
http://dx.doi.org/10.1128/JVI.01069-10
http://dx.doi.org/10.1086/507558
http://dx.doi.org/10.1038/mi.2013.67
http://dx.doi.org/10.4049/jimmunol.1201305
http://dx.doi.org/10.1189/jlb.1203644
http://dx.doi.org/10.1089/jir.2009.0084
http://dx.doi.org/10.1038/nm.2612
http://dx.doi.org/10.1189/jlb.0313180
http://dx.doi.org/10.1165/ajrcmb.25.3.4424


Ye P, Rodriguez FH, Kanaly S, Stocking KL, Schurr J, Schwarzenberger P, Oliver P, Huang W,
Zhang P, Zhang J, Shellito JE, Bagby GJ, Nelson S, Charrier K, Peschon JJ, Kolls JK (2001b)
Requirement of interleukin 17 receptor signaling for lung CXC chemokine and granulocyte
colony-stimulating factor expression, neutrophil recruitment, and host defense. J Exp Med
194(4):519–527

Yu CI, Becker C, Wang Y, Marches F, Helft J, Leboeuf M, Anguiano E, Pourpe S, Goller K,
Pascual V, Banchereau J, Merad M, Palucka K (2013) Human CD1c+ dendritic cells drive the
differentiation of CD103+ CD8+ mucosal effector T cells via the cytokine TGF-beta.
Immunity 38(4):818–830. doi:10.1016/j.immuni.2013.03.004

Zammit DJ, Turner DL, Klonowski KD, Lefrancois L, Cauley LS (2006) Residual antigen
presentation after influenza virus infection affects CD8 T cell activation and migration.
Immunity 24(4):439–449

Memory CD4 T Cells in Influenza 421

http://dx.doi.org/10.1016/j.immuni.2013.03.004


The Effector T Cell Response to Influenza
Infection

Matthew M. Hufford, Taeg S. Kim, Jie Sun and Thomas J. Braciale

Abstract Influenza virus infection induces a potent initial innate immune
response, which serves to limit the extent of viral replication and virus spread.
However, efficient (and eventual) viral clearance within the respiratory tract
requires the subsequent activation, rapid proliferation, recruitment, and expression
of effector activities by the adaptive immune system, consisting of antibody pro-
ducing B cells and influenza-specific T lymphocytes with diverse functions. The
ensuing effector activities of these T lymphocytes ultimately determine (along with
antibodies) the capacity of the host to eliminate the viruses and the extent of tissue
damage. In this review, we describe this effector T cell response to influenza virus
infection. Based on information largely obtained in experimental settings (i.e.,
murine models), we will illustrate the factors regulating the induction of adaptive
immune T cell responses to influenza, the effector activities displayed by these
activated T cells, the mechanisms underlying the expression of these effector
mechanisms, and the control of the activation/differentiation of these T cells,
in situ, in the infected lungs.
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APC Antigen presenting cell
Bid BH3 interacting-domain death agonist
Blimp-1 B lymphocyte–induced maturation protein-1
cRDC Conventional RDC
CTL Cytotoxic T lymphocyte
DAMP Damage-associated molecular pattern
DC Dendritic cell
DLN Draining lymph node
FADD Fas-associated death domain (FADD)
FasL Fas ligand
IAV Influenza A virus
IFN Interferon
IL Interleukin
IRF IFN Regulatory factor
MIP-1a Macrophage inflammatory protein-1a
MARCO Macrophage receptor with collagenous structure
MAVS Mitochondrial antiviral signaling
MHC Major histocompatibility complex
Mo-RDC Monocyte-like RDC
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pDC Plasmacytoid DC
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RDC Respiratory DC
REC Respiratory epithelial cell
RIG-I Retnoic acid-inducible gene 1
RLR Rig-I-like receptor
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TH T helper
TipDC TNF+iNOS+ DC
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TNF Tumor necrosis factor
TRAIL TNF-related apoptosis-inducing ligand
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1 Introduction

In this section of the volume of Current Topics in Microbiology and Immunology
on Influenza Pathogenesis and Control, we focus on the contribution of a specific
subset of adaptive immune cells, that is activated T effector cells, to the control of
viral replication in the host response to influenza A virus (IAV) infection. These
activated T effector cells are classically categorized as CD8+ cytotoxic T lym-
phocytes (CTLs) and CD4+ T helper (TH) cells. However, there is evidence for
considerable heterogeneity of function among these T lymphocytes subsets, most
notably among the TH cells.

Both T cell subsets have been reported to have regulatory or suppressive activity
against other adaptive or innate immune cell types. The most prominent cell type
identified with such regulatory activity is the CD4+ T regulatory cell subset which
can be directed to either self-constituents and/or foreign molecules such as the IAV
gene products. Another important but only more recently appreciated distinct
subset of CD4+ T cells is the subset of T cells which regulate B cell activation
and germinal center formation in response to infection, the so-called T follicular
helper T cell subset.

In this review, we will exclude the CD4+ (and CD8+) T regulatory cells as well
as the T follicular helper T cell subset and restrict our focus to ‘‘conventional’’
CTLs and TH cells which exhibit the capacity to migrate from draining lymph
nodes (DLNs) to the site of IAV infection in the lungs. We will systematically
review the factors regulating the induction of the effector cells from naïve pre-
cursors (and the role of respiratory dendritic cells in this process), expression of
effector activities by these activated T cells, and the regulation of the activation
and differentiation state of these T effector cells in the IAV-infected lungs.
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2 Initiation of Adaptive Immunity

2.1 Dendritic Cell Networking in the Steady-State
and Inflamed Lung

Because of its continuous encounter with the environment as it carries out its
essential role in gas exchange, the respiratory tract is exposed to airborne foreign
particles, such as pollutants, allergens, dusts, and microorganisms. The lungs have
therefore evolved a variety of strategies to sense, respond to, and cope with these
potential ‘dangers,’ including the establishment of a well-developed network of
dendritic cells (DCs). DCs serve as the sentinels of the immune system at body
surfaces (e.g., the lungs, skin, and gut), linking the response of innate immune cells
and molecular sensors to the induction of adaptive immunity (Banchereau and
Steinman 1998). DCs were once thought to be a homogenous population that was
difficult to distinguish phenotypically from lung-resident alveolar macrophages.
However, recent advances in the development of genetic tools to provide definitive
information on DC biology now make it clear that DCs are a heterogenous cell
population consisting of distinct DC subsets with discrete functions and with
developmental pathways separate from the macrophage lineages (Helft et al.
2010). In the lung, DCs perform a range of tasks including recognition and
acquisition of antigens derived from pathogens and allergens, antigen transporta-
tion to the regional lymph nodes, and perhaps most importantly, induction of CD4+

or CD8+ T cell immunity (Braciale et al. 2012; Lambrecht and Hammad 2012).
In the unperturbed lung, the DC network is composed of several distinct

respiratory DC (RDC) subsets that differ in phenotype, anatomic localization, and
function (Table 1). Of these, CD103+ and CD11bhi RDC subsets exhibit several
features characteristics of DC found in extralymphoid mucosal sites and are dis-
tributed at distinct anatomical sites: primarily intraepithelial localization for
CD103+ RDC and submucosal/interstitial distribution for CD11bhi RDC (Sung
et al. 2006; del Rio et al. 2007; Edelson et al. 2010). In addition to these major
populations, monocyte-like RDC (Mo-RDC) are also readily detectable in the
uninflamed lung (Hao et al. 2008; Kim and Braciale 2009). In certain microenvi-
ronments within the lung parenchyma (i.e., alveolar septa), so-called conventional
RDC (cRDC) (e.g., CD103+ and CD11bhi RDC) and plasmacytoid DC (pDC) are
both detectable. The human counterparts of murine CD103+, CD11bhi RDC and
pDC have recently been identified in the human lung (Table 1) (Villadangos and
Shortman 2010; Neyt and Lambrecht 2013). Thus, several distinct DC subsets
strategically positioned at the interface between the lung and the surroundings sense
and sample the respiratory tract.

The aforementioned DC subsets are largely identifiable in inflammatory con-
ditions such as viral infections; however, inflammatory mononuclear cells
recruited to and infiltrating the inflamed tissues in response to infection (e.g.,
monocytes) add to the complexity of DC network in the infected lungs since many
of them express/upregulate prototypical DC markers such as CD11c, major
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histocompatiblity complex (MHC) II and costimulatory markers at various levels
(Lin et al. 2008). The potential precursor-product relationship between CD11bhi

DCs and Mo-RDC in steady-state as well as inflamed lung remains at present
speculative. A DC subset prominent in IAV-infected lung, but minimal in the
normal lung, is TNF+iNOS+ DC (TipDC) (Aldridge et al. 2009). These DC are
likely derived from the circulating Ly6C+CCR2+ monocyte subset that are rapidly
mobilized to the infected lung upon viral infection and contribute to both the viral
control and immunopathology.

2.2 Activation of DCs and Antiviral Innate Immunity
in the Lung

Prompt activation of innate antiviral immunity at the site of virus replication is a
crucial step toward ultimate control of pathogen replication and a successful host
defense against invading pathogens such as IAV. In particular, DC activation is
pivotal to initiate adaptive immunity and to ultimately clear infectious virions from
the infected lung (Braciale et al. 2012; Neyt and Lambrecht 2013). The recent
discovery of several DC subsets in the lung implies that these distinct RDC subsets
likely respond differently (i.e., display distinctive as well as overlapping functions)
to a given virus; however, most studies investigating respiratory virus infection
have not yet fully assimilated the impact of this DC heterogeneity into the cellular/
molecular processes underpinning the induction and expression of the host
response: an area meriting further detailed investigation.

Resting DCs in the lung can be stimulated by several mechanisms upon IAV
infection. Foremost, DCs are equipped with a various innate immune recognition
receptors that recognize conserved pathogen-associated molecular patterns
(PAMPs). Specific pattern recognition receptors (PRRs) for these PAMPs include
Toll-like receptors (TLRs), retinoic acid-inducible gene-1 (RIG-1)-like receptors
(RLRs), and NOD-like receptors (NLRs). Several forms of IAV nucleic acids can
be recognized by TLR3 (dsRNA) and TLR7/8 (ssRNA) (Yoo et al. 2013). Within
the DC compartments, gene array data compiled in the Immunological Genome
Project reveal that CD103+ RDCs predominately express TLR3, whereas CD11bhi

RDCs express TLR2/7. Although the contribution of PRR recognition of viral
PAMPs has been well-established in vitro, the relevance of PAMP/PRR interaction
to the development of innate and adaptive immunity in vivo after IAV infection is
less clear. Neither the absence of TLR3 (Le Goffic et al. 2006) or the RIG-I
signaling adaptor mitochondrial antiviral signaling (MAVS) (Koyama et al. 2007)
diminishes virus clearance and the adaptive immunity to IAV infection. Further-
more, Tlr7-/- or Tlr7-/-Mavs-/- mice are able to mount an effective CTL response
and efficiently clear IAV (Heer et al. 2007; Pang et al. 2013a). Paradoxically,
TLR7 and RIG-1 signals are required for efficient IAV replication in vivo (Pang
et al. 2013b). These studies suggest a considerable complexity among different
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PAMPs/PRRs (and the cell types in the lung expressing these PRRs) in their ability
to support the induction of antiviral immunity.

Although direct recognition of viral nucleic acids and proteins by PRRs is the
primary stimulatory pathway, DC activation through the recognition of nonmi-
crobial danger signals associated with cellular stress or damage as a result of
infection has also been increasingly recognized. Damage-associated molecular
patterns (DAMPs) are the host cell constituents released from damaged/dying cells
as well as intact cells located within sites of viral replication. Notable DAMPs
include nucleotides, heat shock proteins, nuclear proteins (e.g., HMGB1), mito-
chondrial DNA, cytokines, and reactive oxygen species (Said-Sadier and Ojcius
2012). Virus propagation within the respiratory tract results in the leak of or
stimulates the release of DAMPs from intracellular compartments as well as
extracellular sources (e.g., extracellular ATP, extracellular matrix components,
and uric acids) (Pang and Iwasaki 2011). These DAMPs (also known as ‘alarmins’
or ‘danger signals’) serve to alert the host immune system and along with viral
PAMPs, are believed to play a crucial role in activating innate immune sentinels
such as DC in the airway mucosa in part via an inflammasome-dependent
mechanism.

Inflammasomes are large intracellular multiprotein complexes consisting of
NLR family members, such as NLRP3 and IPAF. The DAMP-activated NLR
protein complex recruits the inflammasome-adaptor protein ASC, which in turn
engages caspase-1 leading to caspase-1 activation. Once activated, caspase-1 pro-
motes the maturation of the pro-inflammatory cytokines interleukin (IL)-1b and
IL-18 (Said-Sadier and Ojcius 2012). By virtue of their ability to detect and respond
to a large range of PAMPs and DAMPs, inflammasomes are an integral part of the
host defense to pathogens like IAV. Indeed, IAV-derived ssRNA can, in an NLPR3-
dependent manner, activate the inflammasome complex in a variety of cell types
including bone marrow-derived DCs or macrophages (Kanneganti et al. 2006). In
addition, the IAV-M2 viral protein, a proton-selective ion channel, can serve as an
ionophore to promote nucleotide transport into the cell cytosol and directly trigger
caspase-1 activation and secretion of IL-1b (Ichinohe et al. 2009). The importance
of inflammasome activation to anti-IAV immunity is evident in mice deficient in
inflammasome complex-associated molecules, such as NLPR3, IL-1R, caspase-1,
or ASC. These mice exhibit sustained, elevated lung viral titers, reduced infiltration
of neutrophils and monocytes into the infected lung, an impaired adaptive immune
response, and reduced cytokine/chemokine levels compared to infected inflamma-
some-sufficient mice (Ichinohe et al. 2009; Thomas et al. 2009; Allen et al. 2011).
Although reports differ in the extent to which inflammasome impairment affects the
host response to respiratory virus infection, the accumulating data overall strongly
suggest that activation of the NLRP3-dependent inflammasome and the ensuing
activation of the IL-1/IL-1R-mediated signaling defense are critical for the estab-
lishment of antiviral innate and adaptive immunity (Pang et al. 2013a). It is likely
that additional DAMPs will be identified which are involved in modulating lung DC
activation and antiviral immunity during IAV infection.
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2.3 Antigen Acquisition and Migration of Lung DCs

After activation in the lung, RDCs carry out two distinct roles in the host response
to IAV infection. On one hand, perhaps the most important and unique function of
RDC in the infected lung is the capture of antigen derived from IAV for delivery to
the DLN. Upon arrival here, the migrant RDCs present the processed viral peptides
to IAV-specific T cells to initiate adaptive immunity. On the other hand, the
activated DCs release various pro-inflammatory mediators in the infected lung
which serve to limit viral replication and spread but when released in excess,
enhance disease severity.

The acquisition of IAV antigen in the lung by cRDC prior to their egress from
the inflamed lung is most likely achieved by direct infection of RDC. Different DC
subsets in both mice and humans differ in susceptibility to IAV infection. In case
of IAV H1N1 PR/8 infection in mice, CD103+ RDCs, unlike CD11bhi RDCs,
are highly susceptible to infection with this strain in vivo (Hao et al. 2008;
Manicassamy et al. 2010; Hargadon et al. 2011). This differential susceptibility
among the RDC subsets to IAV infection is in part dependent on DC-intrinsic
sensitivity to type 1 interferons (IFN) (Moltedo et al. 2011). DC infection by
human IAV fails to release infectious virions likely due to lack of hemagglutinin
cleavage by furan enzymes. Furthermore, phagocytic engulfment of cell-free
virions or dying/dead infected cells harboring viral antigen (e.g., respiratory epi-
thelial cells and neutrophils) is another feasible mechanism. In addition, antigen
acquisition by a membrane nibbling process, known as ‘trogocytosis’ (Desch et al.
2011), can be employed by activated DCs, although this latter remains to be
formally demonstrated during IAV infection. Viral antigen transfer from migrant
antigen-bearing RDC to LN-resident DC (i.e., CD8a+ DC) for presentation to
naïve T cells (i.e., cross-presentation) has also been reported (Belz et al. 2004).
The relative contribution of these various mechanisms of antigen uptake and their
impact on antigen presentation efficiency and the subsequent antiviral immune
response is currently ill-defined.

Following an inflammatory stimulus like virus infection (see below), the viral
antigen-bearing activated RDC migrate to the DLN along a chemokine gradient
dependent on expression of the chemokine receptor CCR7 (Kim and Braciale
2009). Although the detailed molecular mechanisms underlying CCR7 upregula-
tion by RDC after IAV infection remains elusive, stimulation through receptors for
PAMPs and DAMPs likely play an integral role in promoting DC migration.
Stimulation by DAMPs and inflammasome activation can recruit immature DCs
and induce their functional maturation, leading them to take up antigens and home
to secondary lymphoid organs. After IAV infection of mice deficient in IL-1R
signaling, the migration of CD103+ RDC to the DLN is severely impaired, along
with a reduction in the total accumulation of inflammatory/immune cells into the
DLN and the subsequent impairment of the antiviral CTL and TH cell responses in
the infected lungs (see below). On the other hand, it is noteworthy that persistent
or unchecked release of DAMPs (i.e., S100A9) into the local milieu can lead to
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excessive stimulation of innate immune cells including DCs (Tsai et al. 2014),
which can trigger aberrant uncontrolled T cell proliferation (perhaps even self-
reactive T cells). Thus, net effects of DAMPs to host immunity are determined by
the microenvironment and DAMP concentration.

The complement system is an essential component of innate immunity and
bridges between the innate and adaptive immune systems. Similar to viral PAMPs
and cellular DAMPs, components of the complement pathway in the lung provide
additional immunological cues to DC activation and antiviral immunity to IAV
infection. Complements, however, affect DC migration rather than the DC’s T cell
stimulatory activity (Kandasamy et al. 2013). Mice deficient in complement fol-
lowing IAV infection resulted in diminished lung DC migration (notable in
CD103+ RDC compartment) and accumulation into the DLN, contributing to the
subsequent impaired anti-IAV T cell response in the infected lungs. Of interest,
CD103+ RDC possesses a unique capacity to both sense and produce complement,
thereby controlling both its own migration and the migration of CD11b+ RDCs
from the infected lung into the MLN.

2.4 Antigen Presentation and T Cell Activation in the DLNs

Efficient viral clearance from the site of infection and establishment of lifelong
protective immunity against intracellular pathogens such as viruses requires the
activation of CTLs and TH cells. Naive T cells undergo several distinct phases of
immune responses including clonal expansion, acquisition of effector function,
migration to the site of infection, and self-renewal (Williams and Bevan 2007).
Initial programming of T lymphocyte responses occurs sequentially in lymphoid
tissues draining sites of infection where IAV-specific naïve T cells are selected by
professional antigen presenting cells (APCs) to proliferate, yielding functionally
distinct activated T cell subsets with different functions and fates (Lawrence and
Braciale 2004; Yoon et al. 2010).

Among the DC populations present in the DLN of IAV infected mice (i.e.,
migrant CD103+, CD11bhi and Mo-DC, pDC, CD8a+/- LNDC), the lung-derived
migrant CD103+ and CD11bhi RDCs serve as the primary APCs for naïve IAV-
specific T cells albeit with different capacities (Kim and Braciale 2009). CD103+

migrant RDCs are the most potent APC for activating CTLs following IAV
infection among the DC subsets in the DLN. CD103+ RDCs (but not CD11bhi

RDCs) also have the capacity to capture noninfectious virus preparations delivered
into the RT, then process and present IAV antigens CTLs (i.e., cross-presentation)
(Kim and Braciale 2009; Helft et al. 2012). In keeping with its prominent role in
priming antiviral CTLs, selective depletion of langerin-expressing CD103+ RDCs
prior to IAV infection (GeurtsvanKessel et al. 2008) or mice constitutively lacking
CD103+ RDCs (Batf3-deficient mice) (Helft et al. 2012) results in a severely
diminished CTL response and impaired virus clearance from the lungs with sub-
sequent infection. While the mechanistic basis for the potency displayed by
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CD103+ RDC to prime CTL activation are under intense instigation, its superior
cross-presenting ability (Kim and Braciale 2009; Moltedo et al. 2011; Helft et al.
2012) along with enhanced loading of processed antigen onto MHC I molecules
(Ho et al. 2011) have been described. In support of this view, CD103+ DCs (and
CD8a+ DC) preferentially express the DC receptor DNGR-1 (CLEC9A), which is
implicated in cross-priming (Schreibelt et al. 2012; Zelenay et al. 2012).

Consistent with its dominant role in CTL priming, CD103+ RDC migration and
accumulation in the DLN is rigorous at an earlier phase (i.e., up to day 4 post-
infection in mice) (Kim and Braciale 2009). Following this initial wave of
migration and antigen presentation to CTLs by CD103+ RDC, IAV antigen is
continuously replenished and presented to T cells in the DLN by migrant CD11bhi

RDCs. This temporal transition of APC to CD11bhi RDC in a greater quantity at
later phases could serve as an amplification loop for generating CTLs until the
resolution of the acute infection (Ballesteros-Tato et al. 2012). In contrast to
migrant cRDC subsets, pDC has been reported to capture viral antigen in the lung,
but antigen positive pDCs in the DLN fail to induce CTL responses during sub-
lethal IAV infection (GeurtsvanKessel et al. 2008; Wolf et al. 2009). However,
pDCs appear to play a role in eliminating virus-specific CTLs in the infected lung
via Fas/Fas ligand (FasL) interaction and enhance mortality during lethal infection
(Langlois and Legge 2011). Likewise, antigen-bearing Mo-RDC are detected in
the DLN; however, they exhibit a minimal, if any, activity to stimulate CTL
proliferation (Kim and Braciale 2009).

In contrast to their differing ability to activate naïve IAV-specific CD8+ T cells,
migrant CD103+ and CD11bhi RDC subsets both robustly trigger naive CD4+ T
cell activation with an equal efficiency (Nakano et al. 2009). In addition, other DC
subsets such as Mo-RDC can drive CD4+ T cell differentiation into TH1 cells,
albeit with lower efficiency (Nakano et al. 2009). Thus, lung DC subsets accu-
mulated in the DLN display a differential hierarchy in APC function for the
activation of anti-IAV CTL and TH cells. The distribution of distinct activities
among DC subsets in the regulation of the host immune response and IAV path-
ogenesis is poorly characterized and is of great interest in discovering novel
therapeutics and vaccinations.

3 Lymphocyte Migration into the IAV-Infected Lung

T lymphocyte migration into the lung has relatively defined, albeit overlapping,
steps: selectin interactions between lymphocytes and the vascular endothelium
mediate rolling and tethering stages; firm lymphocyte adhesion onto the lung
vascular network is mediated by integrin interactions; and coordinated migration
into the respiratory tract is regulated by integrins and chemokine gradients.

IAV-specific lymphocyte migration into nonlymphoid tissues has both specific
and nonspecific components (Masopust and Schenkel 2013). The integrin CD11a,
which is only upregulated in activated T cells, is required for optimal lung vascular
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adhesion and retention within the respiratory tract allowing preferential recruit-
ment over naïve cells (Thatte et al. 2003). In addition, RDCs preferentially
upregulate the chemokine receptor CCR4 on effector T cells, allowing selected
recruitment to the IAV-infected lung, wherein the corresponding ligands CCL17
and CCL22 are produced (Mikhak et al. 2013). However, ICAM-1, the corre-
sponding ligand for CD11a is constitutively expressed in secondary tissues
allowing nonspecific recruitment of effector cells (Thatte et al. 2003), and during
influenza infection, a large number of IAV-specific CTLs are detected in nonin-
flamed tissues (Lawrence and Braciale 2004). This dichotomy of nonspecific and
specific recruitment of activated lymphocytes may allow heightened systemic
immunosurveillance on one hand while allowing preferentially, but not stringent,
enrichment at the site of infection on the other.

T cell migration into the airways, the principal site of IAV replication, may
occur either through T cells transversing the respiratory epithelium from the lung
interstitium or direct entry from the circulation. The ability of T cells to migrate
into the airways is selective, with CTL recruitment favored over TH cells due to an
unknown mechanism. CTL entry into the airways from the circulation is depen-
dent on IL-15 (Verbist et al. 2011), which is regulated by type I IFN (Mattei et al.
2001). IL-15 can increase CD11a expression (Allavena et al. 1997), and IL-15
itself is chemotactic (Verbist et al. 2011). It is currently unclear which signals are
required to promote migration from the lung interstitium into the airways or
whether this is a major avenue of migration into the airspace environment.

It is noteworthy that a significant fraction of T lymphocytes (as well as innate
immune cells (e.g., neutrophils, monocytes)) localized to the normal/unperturbed
lungs are not located within the pulmonary interstitium but rather remain ‘‘mar-
ginated’’ within the circulation of the pulmonary vasculature even following lung
profusion (Anderson et al. 2012). Therefore following infection, the frequency of
innate immune and antigen-specific adaptive immune cells within the ‘‘lungs’’ will
need to take into account cell numbers within the airspaces, interstitium, and
pulmonary vasculature.

4 Adaptive Immune-Mediated Antiviral Activity
in the Lung

The arrival of IAV-specific TH cells (more precisely CD4+ effector T cells) and
CD8+ CTLs into the respiratory tract coincides with a significant impact on overall
virus titer. Adaptive immune cells and their products (e.g., immune-modulating
cytokines and chemokines, neutralizing antibodies, etc.) act in concert, and in a
partly redundant fashion, in ultimately eliminating infectious virus. In the murine
model of IAV infection, efficient viral clearance is not solely dependent on TH

cells or CTLs (Eichelberger et al. 1991; Topham et al. 1996a; Topham and
Doherty 1998); however, the removal of both cell types (i.e., via acute depletion or
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genetic deficiency) renders mice incapable of clearing IAV from the respiratory
tract (Wells et al. 1981; Topham et al. 1997). Thus, the adaptive immune response
to primary IAV infections implements a multifaceted approach to virus elimination
not dependent on any one cell type.

The relative contribution of CTLs to optimal IAV clearance has been high-
lighted with the use of b2-M deficient mice (i.e., defective in MHC I display and
presentation), which have a severe reduction in the number of CTLs. These mice
are able to clear IAV in the absence of CTLs albeit with a delay in viral clearance
depending on viral strain (Eichelberger et al. 1991; Bender et al. 1992). More so,
infection of b2-M deficient mice with a highly virulent strain of influenza results in
reduced survival (Bender et al. 1992). These data indicate IAV-specific CTL
effector activity has a significant impact on viral clearance, with the requirement
for this effector cell type in experimental models, dependent on the virulence of the
influenza stain. While CTLs produce robust levels of cytokines and chemokines
upon antigen encounter, the primary contribution of CTLs to IAV clearance is
through the cytotoxic elimination of IAV-infected respiratory epithelial cells
(RECs) (Lukacher et al. 1984; Hou and Doherty 1995; Topham et al. 1997;
Hufford et al. 2011). Due to unhindered access to the respiratory epithelium and
their concentration in the airways, CTLs localized to the airspace are likely the
primary mediators of eliminating infected RECs; however, there is evidence MHC
I is localized basolateral on the respiratory epithelium (Walters et al. 1999), and it
may be that CTLs eliminate IAV-infected RECs as they transverse the basement
membrane into the airways.

IAV-specific TH cells are the dominant adaptive immune cell type localized in
the lung during the time of IAV clearance. TH cells express a wide array of soluble
mediators (e.g., IFNc, IL-2, IL-10) (Sun et al. 2009, 2011) and can be cytotoxic
(Graham et al. 1994; Brown et al. 2006; Hua et al. 2013). Although TH cytotoxic
mechanisms may contribute to the control of virus replication and elimination
(Brown et al. 2006; Hua et al. 2013), TH cell anti-IAV roles may be primarily
indirect through cytokine production and B cell help (Topham et al. 1996a, b;
Topham and Doherty 1998).

4.1 T Lymphocyte Cytotoxic Mechanisms

T lymphocytes employ cytotoxic mechanisms to eliminate cells infected with
intracellular pathogens such as IAV. The exquisite specificity of T cell-mediated
killing is dependent on the interaction between the T cell receptor (TCR) and
requisite antigen complexed with MHC on the infected cell. Unlike cytokine pro-
duction, TCR signaling strength required to elicit cytolysis is minimal (Valitutti
et al. 1996; Faroudi et al. 2003; Purbhoo et al. 2004), and killing is unilateral
allowing the T effector cell to survive following target cell engagement (Kupfer et al.
1986). This allows a given T lymphocyte to serially eliminate a number of virally
infected cells in a short manner of time. Despite this rapid killing, T cell-mediated
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cytotoxicity exhibits little nonspecific killing. The requirement of specific antigen to
elicit cytotoxicity and the polarized release of cytolytic material towards the target
cell with the formation of a tight ring of adhesion molecules around the point of
release are all thought to limit potential damage in uninfected neighboring cells
(Lukacher et al. 1984; Dustin and Long 2010).

T lymphocyte-mediated cytotoxicity is mediated by two distinct mechanisms:
(1) granule exocytosis which utilizes the pore-forming protein, perforin, to facil-
itate the entry of serine proteases and (2) the engagement of tumor necrosis factor
(TNF) family members with their respective ligands (Fig. 1). Both pathways
initiate apoptotic cascades within the target cell culminating in target cell death
(Russell and Ley 2002). In several murine viral infection models, granule exo-
cytosis alone is the principal means of immune-mediated cytotoxic clearance
(Kagi et al. 1994; Walsh et al. 1994; Mullbacher et al. 1999); however, perforin-
deficient mice have no defect in clearing IAV infection (Topham et al. 1997). Only
when RECs lacked the expression of Fas, a TNF family member involved in cell

MHC

TCR

Effector T Cell

Target Cell

(1)Granuale 
Excytosis

GranzymeB

Perforin

(2)TNF Family Members

De Novo Transcription/Translation and/or
Release of Pre-made Molecules 

Fas

TRAIL-DR

FasL

TRAIL

FADD

Pro-Caspase8Caspase8

Apoptosis

Bid

Caspase Cascade

TRAIL-DR

Bid

Caspase Cascade
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Fig. 1 Effector T cell-mediated cytotoxic pathways during influenza infection: (1) Granuale
excytosis is initiated following TCR stimulus resulting in the release of premade cytotoxic
granuales onto target cells. The subsequent release of the pore-forming protein perforin and
serine proteases (granzymes) activate caspase cascades resulting in target cell apoptosis. (2) TNF-
related proteins are upregulated upon TCR stimulus. Binding to their respective ligands on target
cells recruits ligand associated death domains which ultimately activate caspase cascades
resulting in target cell apoptosis
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death, and T cells were deficient in granule exocytosis (perforin deficiency) were
mice unable to efficiently clear IAV infection (Topham et al. 1997; Hufford et al.
2011). Therefore, T cells employ both granule exocytosis and TNF family member
pathways to eliminate IAV-infected cells. Importantly, these studies also highlight
that the elimination of virally infected RECs, the cell type propagating infectious
IAV, is a critical step in T cell-mediated influenza virus clearance.

4.1.1 Granule Exocytosis

Granule exocytosis involves the coordinate release of secretory lysosomes upon
TCR engagement with cognate antigen/MHC complexes on a target cell. These
cytotoxic granules contain a variety of serine proteases termed granzymes and the
pore-forming protein perforin. Upon granule tethering and fusion with the plasma
membrane, perforin complexes form on the target cell allowing the transfer of pro-
apoptotic granzmes into the target cell, which rapidly undergoes programmed cell
death. Despite the presence of perforin pores on the target cell, very little cell lysis
(and subsequent release of inflammatory DAMPs) has been observed (Lopez et al.
2012), potentially limiting the inflammation resulting from granule exocytosis.

A variety of granzymes have been identified in both human and mouse, and
their individual functions are ill-defined and controversial (Susanto et al. 2012).
Granzyme B, which is well studied, initiates target cell apoptosis by two distinct
mechanisms (Waterhouse et al. 2005; Kaiserman et al. 2006; Cullen et al. 2007).
In mice, granzyme B preferentially cleaves pro-caspases directly into their pro-
apoptotic active form. Human granzyme B mediated apoptosis is largely depen-
dent on cleavage of the BH3 interacting domain death agonist (Bid), thereby
initiating the mitochondrial apoptotic pathway and caspase activation. Other
granzymes can also initiate cell death but with distinct mechanisms. For example,
granzyme K-induced apoptosis is dependent on Bid cleavage but independent of
downstream caspase activation (Zhao et al. 2007; Guo et al. 2010).

Granzyme activity is not limited to triggering apoptotic cell death. Granzyme K
can disrupt influenza nucleocapsid protein importation into the nucleus thereby
inhibiting virus replication in vivo (Zhong et al. 2012). In addition, granzymes
have the potential to modify the extracellular matrix (Buzza et al. 2005) and
trigger target cell cytokine production (e.g., TNF, IL-1b) (Metkar et al. 2008;
Joeckel et al. 2011); however, it is unclear whether these latter functions are
pivotal during IAV clearance and subsequent tissue damage.

While individual granzymes have distinct functions, granzyme-mediated cell
death is dependent on perforin as evidenced by the inability of perforin-deficient
mice to exhibit granule exocytosis (Kagi et al. 1994). Perforin functions by binding
to the target cell membrane in a receptor-independent mechanism and forming
multimeric complexes (Blumenthal et al. 1984; Voskoboinik et al. 2005). The
subsequent pore in the target cell membrane permits the transfer of the constituents
of the cytotoxic granules. It is currently unclear whether granzymes passively
diffuse through large perforin pores on the target cell membrane surface or through
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a more active process within endocytic membranes (Lopez et al. 2012; Susanto
et al. 2012).Thus, the precise role of perforin in this process remains to be
elucidated.

During IAV infection, both TH cells and CTLs utilize granule excytosis. As
mentioned previously, the principal target for CTL-mediated cytolysis is the IAV-
infected RECs (Topham et al. 1997; Hufford et al. 2011), whose elimination is
essential for successful IAV clearance. The capacity for TH cells to engage in
granule exocytosis has only been recently appreciated. Few RECs express MHC II
(Gereke et al. 2009), and MHC II respiratory epithelium deficiency does not
influence IAV clearance in murine models (Topham et al. 1996b). However,
passive transfer of cytotoxic TH cells into IAV-infected wild type or B cell-
deficient mice can improve host morbidity (Brown et al. 2006; Hua et al. 2013). In
addition, the presence of IAV-specific TH cells correlated with improved disease
protection in patients with heterologous influenza infections (Wilkinson et al.
2012), indicating TH cell-mediated cytolysis may be of significant benefit during
subsequent infections.

4.1.2 TNF Family Members

Cytotoxicity can be elicited by a variety of TNF family members, the prototypical
example being FasL. Interaction of FasL with its cognate receptor, Fas, is vital in
regulating T cell homeostasis, and human deficiencies in Fas signaling result in
autoimmune lymphoproliferative syndrome (Roths et al. 1984; Legge and Braciale
2005; Stranges et al. 2007; Imai et al. 2012); however, these interactions can also
be critical in eradicating virally infected cells, notably during IAV infections
(Topham et al. 1997; Hufford et al. 2011).

TCR engagement with peptide complexed MHC upregulates FasL expression in
T lymphocytes. The nature of FasL trafficking to the outer membrane is debatable
with evidence indicating FasL deposition is dependent on vesicular traffic of
premade FasL molecules onto the outer membrane (Isaaz et al. 1995; Li et al.
1998; Lettau et al. 2006) or de novo transcription/translation following TCR
engagement (Lowin et al. 1996). Nonetheless, FasL-mediated cytotoxicity occurs
via the oligomerization of the target cell’s Fas molecules, which are expressed on
the cellular membranes of most cell types, by membrane-bound FasL (Rouvier
et al. 1993). FasL is sensitive to metalloproteinase cleavage on the cell surface
(Kayagaki et al. 1995), thereby limiting surface exposure and minimizing non-
specific cell killing. This soluble form of FasL is a chemoattractant and can induce
nonspecific cell death, albeit at much less efficiency as its membrane-bound
counterpart (Schneider et al. 1998; Ottonello et al. 1999).

Fas signaling on the target cell’s surface requires Fas trimerization, which may
or may not precede binding to FasL (Siegel et al. 2000; Dockrell 2003). Upon
FasL/Fas engagement, Fas-associated death domain (FADD) binds the death
domain of Fas and recruits pro-caspase-8. Caspase 8 proceeds to cleave pro-
apoptotic Bid, thereby initiating the mitochondrial apoptotic pathway, and in
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parallel, converts pro-caspase-3 to caspase 3 leading to a subsequent apoptotic
caspase cascade.

Additional TNF family molecules can initiate cytotoxicity, either as soluble
factors (i.e., TNF—as discussed later) or membrane-bound ligands (i.e., TNF-
related apoptosis-inducing ligand (TRAIL)). TRAIL-induced apoptosis is com-
monly associated with tumor clearance (Benedict and Ware 2012); however, there
is evidence of its importance in viral models (Lum et al. 2001; Kotelkin et al.
2003). TRAIL and its cognate ligand, TRAIL-death receptor (TRAIL-DR), are
similar to FasL/Fas in that TRAIL engagement with TRAIL-DR recruits a death
complex, thereby initiating an apoptosis cascade (Benedict and Ware 2012). Like
FasL, TRAIL also can be present in a soluble form. Nonspecific cell death may be
limited because high TRAIL-DR expression is limited to IAV-infected cells
compared to noninfected cells (Brincks et al. 2008; Herold et al. 2008), and
TRAIL expression in CTLs is partially regulated by TCR stimulus (Ishikawa et al.
2005; Brincks et al. 2008). In murine models, neutralization of TRAIL or the use
of TRAIL deficient mice leads to delayed IAV clearance and increased morbidity
(Ishikawa et al. 2005; Brincks et al. 2008); however, the significant role for TRAIL
in regulating CTL expansion and migration during influenza infection must also be
taken into account (Brincks et al. 2011)

4.2 T Cell Soluble Mediators

CTLs and in particular, TH cells produce a wide array of cytokines and chemo-
kines upon their infiltration into the IAV-infected lung (Fig. 2). The TCR-medi-
ated production of these soluble mediators is important in ultimately orchestrating
the elimination of infectious IAV while also minimizing the extant of the resulting
inflammation. While impossible to describe all the T cell-derived products, the
following subsections highlight pivotal cytokines/chemokines shaping IAV
disease.

4.2.1 IFNc

IFNc is the most prominent cytokine produced by both IAV-specific TH cells and
CTLs upon entry into the infected lung. While other cell types can produce IFNc,
the peak IFNc production coincides with the arrival of IAV-specific TH cells and
CTLs into the respiratory tract, and acute removal of both subsets with depleting
antibodies effectively eliminates detectable IFNc (Hufford et al. 2011).

IFNc can activate immune cells (e.g., macrophages), upregulate immune-
modulating molecules (e.g., MHC), and modulate antibody isotype switching.
Despite these processes, IFNc deficiency has no impact on IAV clearance (Graham
et al. 1993). It is likely that IFNc contributes to viral clearance but is not essential
due to overlapping antiviral mechanisms. This concept is illustrated in nitric oxide
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synthase knockout mice (unable to synthesize the inflammatory signaling molecule
nitric oxide), which require IFNc for the elimination of IAV (Karupiah et al.
1998). Additionally, absence of IFNc during murine influenza infections has been
demonstrated to affect leukocyte recruitment (Baumgarth and Kelso 1996; Turner
et al. 2007), isotype switched antibody levels (Baumgarth and Kelso 1996; Bot
et al. 1998), and immunopathology (Wiley et al. 2001).

There is sparse evidence to suggest that IFNc is a significant contributor to
immune-associated tissue damage during IAV infection. Rather, its absence can be
linked with reduced tissue damage, likely due to its impact in regulating leukocyte
recruitment to the lung (Wiley et al. 2001). However, IFNc may contribute to the
susceptibility to secondary bacterial infections during IAV infection. During IAV
infection, alveolar macrophages exhibit decreased expression of the scavenger
molecule MARCO (macrophage receptor with collagenous structure) and reduced
capacity to phagocytize bacteria (Sun and Metzger 2008). Subsequently, it was
demonstrated that acute IFNc neutralization restores MARCO expression and
bacterial ingestion in alveolar macrophages. Furthermore, IAV-infected mice
receiving IFNc neutralizing antibody demonstrated increased resistance to sec-
ondary bacterial infection (Sun and Metzger 2008).

Effector T Cell TCR Stimulus

IL-2
Cellular Proliferation

Cytotoxic Activity
IL-10 Production

MIP-1α
Leukocyte Recruitment

Viral Titer
Tissue Damage

TNF
Cell Death

Tissue Damage

IL-10
Immune Activation

Leukocyte Recruitment
Tissue Damage

IFN
Immune Activation

Leukocyte Recruitment
Bacterial Co-Infection

Fig. 2 The major types and functions of soluble mediators produced by effector T cells during
IAV infection. Upon entry into the lung and subsequent TCR stimulation, IAV-specific T cells
can produce an array of cytokines and chemokines. Major T cell derived soluble factors involved
in influenza disease are depicted along with a brief summary of function
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4.2.2 TNF

TNF is produced by both TH cells and CTLs, usually in conjunction with IFNc
production. Unlike other T cell-derived effector molecules (e.g., IFNc, granzymes)
TNF release is nonpolarized, rather than directionally towards the stimulating target
cells (Huse et al. 2006), potentially allowing potent nonspecific effects. In addition,
many cell types can produce TNF upon PAMP recognition (Parameswaran and
Patial 2010). It is likely that macrophages, rather than T cells, are the most sig-
nificant source of TNF during influenza infection.

TNF is a pleiotropic cytokine, whose function is dependent on the manner of
presentation, the target cell type engaged, and the local inflammatory environment
(Parameswaran and Patial 2010). Upon stimulation, TNF can be presented in both
soluble and membrane forms. In addition, there are two TNF receptors: (1) TNFR1,
which is expressed in all cell types, can bind both forms of TNF and contains a
death domain; and (2) TNFR2, which is predominantly expressed in immune cell
types, only binds membrane-bound TNF and does not contain a death domain (Grell
et al. 1995). TNF signaling can be also affected by the presence of metalloproteases,
which can cleave the extracellular domains of TNFR1 and TNFR2, thereby pro-
hibiting further TNF signaling (Van Zee et al. 1992).

Because of the overall complexity of TNF signaling, TNF may promote anti-
inflammatory (e.g., diminish cytokine production, inhibit phagocytosis, trigger
apoptosis) or pro-inflammatory (e.g., stimulate cytokine production, augment
cellular proliferation, trigger cellular necrosis) outcomes. A similar dichotomy in
function is present during IAV infection. TNF has been demonstrated to reduce
CCL2, a chemokine which promotes infiltration of inflammatory monocytes/
macrophages into the lung (Damjanovic et al. 2011). In contrast, TNF has been
demonstrated to be a significant contributor to immune-mediated tissue damage
during IAV infection without any discernable impact on viral clearance (Peper and
Van Campen 1995; Hussell et al. 2001; Belisle et al. 2010). It is currently unclear,
however, whether the loss of TNF signaling in murine studies, like IFNc, is
compensated by other antiviral mechanisms.

4.2.3 IL-10

Potential sources of IL-10 in the lung during IAV infection are CTLs, TH cells, and
regulatory T cells; however, IL-10 reporter mice (which effectively mark cells
undergoing IL-10 gene expression) indicate lung CTLs are the predominant source
(Sun et al. 2009). Despite the capacity to make IL-10, these CTLs infiltrating the
respiratory tract are not a strict regulatory subset because they readily produce
inflammatory cytokines (e.g., IFNc) and are cytotoxic (Sun et al. 2009). Thus,
IL-10 production is concomitant with T cell-mediated antiviral activity, likely to
limit rather than effectively prohibit subsequent inflammation.

IL-10 is a potent regulatory cytokine which, upon binding to its receptor, IL-10R,
on innate and adaptive immune cells, can downregulate MHC and co-stimulatory
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molecule expression, modulate inflammatory cytokine expression, and inhibit
cellular proliferation (Couper et al. 2008). During IAV infection, acute blockade of
IL-10R signaling during T cell-mediated virus clearance results in excessive pul-
monary inflammation and injury (Sun et al. 2009). In contract, mice with IL-10
deficiency have reduced viral titers, likely due to enhanced antibody production and
TH cell responses (McKinstry et al. 2009; Sun et al. 2010). Thus, the timing and
location of IL-10 production can hamper antiviral immunity (i.e., during adaptive
immune activation) or prohibit excessive pulmonary inflammation (i.e., during viral
clearance).

4.2.4 MIP-1a

Macrophage inflammatory protein (MIP)-1a (i.e., CCL3) is readily produced by
CTLs and TH cells upon activation (Obaru et al. 1986). Other potential sources
include B lymphoctyes, natural killer cells, and myeloid cells (e.g., macrophages,
neutrophils, etc.). MIP-1a is a chemokine which, upon binding to its receptors
CCR1, CCR3, or CCR5, exerts potent chemotactic and pro-inflammatory effects
(Menten et al. 2002). MIP-1a can enhance lymphocyte cytokine production and is a
potent recruiter of monocytes, lymphocytes, immature DCs, and activated neu-
trophils (Karpus et al. 1997; Menten et al. 2002). In IAV-infected MIP-1a deficient
mice, viral clearance was delayed, albeit eventually achieved (Cook et al. 1995).
Inefficient viral clearance was accompanied with deficient leukocyte recruitment in
the lung and reduced tissue damage. Thus, MIP-1a is likely a significant pro-
inflammatory soluble mediator necessary for efficient IAV clearance.

5 Regulation of Effector T cell Responses in the Lung

5.1 Local Differentiation of Effector T Cells in the Lung

As discussed previously, IAV-specific CTLs and TH cells are activated in the DLN.
The classical view in immunology is that T cell activation and differentiation into
effector T cells are programmed and completed in the DLN; however, recent murine
studies have found that upon migration to the IAV-infected lungs, both IAV-specific
CTLs and TH cells undergo extensive phenotypic changes during IAV infection,
suggesting that local lung environments can further shape the differentiation of
effector T cells (Fig. 3). CTLs activated in the DLN are capable of producing high
levels of IFNc upon antigenic stimulation. Interestingly, compared to CTLs residing
in the DLN or spleen, CTLs in the lung downregulate their capacity to produce IFNc
following antigenic stimulation (Fulton et al. 2008), suggesting that lung environ-
ment factors restricts the extent of IFNc production by CTLs to avoid potential
collateral damage caused by exuberant IFNc (Fulton and Varga 2010).
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Coinciding with their downregulation of effector cytokine IFNc, CTLs also
acquire the ability to produce IL-10 upon migrating into the lung (Sun et al. 2009,
2011). It was demonstrated that lung CTLs, but not LN effector CTLs, produce
significant amount of IL-10 following antigenic-stimulation in vitro (Sun et al.
2009, 2011). As discussed previously, IL-10 functions to inhibit exuberant pul-
monary inflammation during virus-induced diseases. Thus, these data suggested
that CTLs acquire potent regulatory functions (i.e., capacity to produce IL-10) in
the lung in response to the IAV-infected environment. The inflammatory cytokine
IL-27 plays a critical role in the local instruction of IL-10 production by CTLs
(Sun et al. 2011). Compared to DLN, IL-27 message is highly enriched in the
infected lungs and the cellular sources of IL-27 appear mainly to be local
inflammatory phagocytes including DCs, macrophages, and neutrophils, which are
recruited to the lung following IAV infection (Sun et al. 2011). Therefore, lung
inflammatory responses caused by virus infection are able to further instruct the
continuous differentiation of CTLs for the acquisition of regulatory features.
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Fig. 3 Lung APCs shape local CTL and CD4+ TH cell responses by providing essential
differentiation, survival, and proliferation signals. Within the DLN, professional APCs and local
inflammatory milieu control the early stages of antigen-specific T cell proliferation and
differentiation. During influenza infection, there is significant evidence demonstrating that upon
arrival into the infected lung after activation in the DLN, effector T cells undergo additional
rounds of differentiation and proliferation regulated by APCs present in the respiratory tract and
locally produced soluble mediators
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TH cells also upregulate IL-10 production upon migration into the lungs, sug-
gesting the same IL-27-dependent mechanisms relates to lung TH cells as well
(Sun et al. 2009). More strikingly, TH cells in the lungs also acquire the ability to
eliminate IAV-infected MHC II+ cells via granule exocytosis (Brown et al. 2006,
2012; Hua et al. 2013). TH cells in the DLN, however, express minimum granzyme
B and perforin (Brown et al. 2012; Hua et al. 2013), suggesting that the acquisition
of cytotoxic molecules in TH cells requires signals from the local lung environ-
ments during IAV infection. Type I IFN (expressed at higher levels in the IAV
infected lung compared to the DLN) and IL-2 are required for the expression of
cytotoxic molecules in lung TH cells (Hua et al. 2013). Thus, lung environmental
cues modulate the in situ differentiation of TH cells into cytotoxic TH cells through
type I IFNs.

5.2 Local Regulation of Proliferation and Survival
of Effector T Cells

Besides shaping the phenotype of TH cells and CTLs, local APCs and the lung
environment also provide essential survival and proliferation signals for lung TH

cells and CTLs. Early studies have identified that CTLs undergo extensive prolif-
eration in the lung following IAV infection (Lawrence and Braciale 2004; McGill
and Legge 2009). Interestingly, acute depletion of mononuclear phagocytes (mostly
DCs) in the lung following T cell priming abrogated CTL proliferation and
impaired antiviral T cell responses (McGill et al. 2008), suggesting that local DC
and T cell interaction provides signals for the continuous proliferation of effector T
cells in the lung during influenza infection. Interestingly, like the proliferation of T
cells during naïve T cell activation, the in situ proliferation of lung CTLs also
requires both signal 1 (MHC-peptide stimulation) and signal 2 (B7-CD28 and
CD70-CD27 co-stimulation) during IAV infection (Dolfi et al. 2011; van Gisbergen
et al. 2011). In addition to providing signals licensing the in situ proliferation
of effector T cells, RDCs also provide critical surviving signals for CTLs. Mech-
anistically, the trans-presentation of IL-15 by RDCs plays a critical role in sus-
taining the viability of lung antiviral CTLs (McGill et al. 2010). Interestingly, IL-15
trans-presentation to effector T cells is regulated by TSLP signaling in DCs
(Yadava et al. 2013). Taken together, these recent data have extended our con-
ventional lymphoid organ-centered view of T cell responses during infection and
established that local environmental cues can continuously shape tissue effector T
cells phenotype and constantly modulate their function.
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5.3 Molecular Mechanisms Regulating Effector T Cell
Responses in the Lung

5.3.1 Transcriptional Control of Effector TH Cell Responses
in the Lung

T cell activation and effector differentiation are subject to intensive transcriptional
control, and various transcription factors have been demonstrated to regulate the
transition from naïve T cells to effector T cells (O’Shea and Paul 2010; Zhang and
Bevan 2011). Emerging evidence also suggests various transcription factors reg-
ulate the extensive phenotypic changes effector T cells exhibit upon their migration
into the lung, as well.

B lymphocyte–induced maturation protein-1 (Blimp-1) is a transcription
repressor that plays an important role in regulating T and B cell function (Crotty
et al. 2010). The expression of Blimp-1 has previously been shown to promote
effector T cell migration to the lung and modulate memory T cell generation
during IAV infection (Kallies et al. 2009). Interestingly, Blimp-1 is highly
expressed in lung TH cells, compared to their counterparts in the DLN (Hua et al.
2013). Importantly, Blimp-1, whose expression can be orchestrated by IL-2 and
type I IFN, is required for the expression of granzyme B and perforin in lung TH

cells as well as their ability to kill target cells (Hua et al. 2013).
Besides Blimp-1, the T-box transcription factor, T-bet, also plays an important

role in the development of lung cytotoxic TH cells during IAV infection (Hua et al.
2013). Like Blimp-1, T-bet expression is upregulated in lung TH cells by local type
I IFN signaling (Hua et al. 2013). Mechanistically, T-bet and Blimp-1 cooperate to
regulate the differentiation of cytotoxic TH cells as T-bet directly binds to cytotoxic
molecules and Blimp-1 controls the accessibility of the cytotoxic molecule loci to
T-bet (Hua et al. 2013). Thus, local cytokine milieu controls the development of
cytotoxic TH cell development through the upregulation of the transcription factors
T-bet and Blimp-1 during IAV infection.

5.3.2 Transcriptional Control of CTL Responses in the Lung

Besides regulating local TH cell differentiation, Blimp-1 also modulates local CTL
responses in the lung during IAV infection. Similar to its function in TH cells,
Blimp-1 promotes cytotoxic molecule expression in lung CTLs (Shin et al. 2009;
Sun et al. 2011). Moreover, the production of IL-10 by lung CTLs is critically
dependent on Blimp-1 during IAV infection. The ablation of Blimp-1 expression
in CTLs specifically abrogate IL-10 but not IFNc production by CTLs following
antigen restimulation (Sun et al. 2011), suggesting that Blimp-1 is uniquely
required for the requisition of regulatory function of effector CTLs. Consistent
with this result, T cell specific Blimp-1 deficiency is associated with enhanced host
inflammation in the airway (Sun et al. 2011). Notably, IL-27, which is highly
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produced in the lung compared to the DLN, cooperates with IL-2 to induce
Blimp-1 expression in CTLs (Sun et al. 2011). Thus, Blimp-1 appears to be a
transcription factor that translates local environmental cues into the phenotypic
and functional traits of lung effector TH cell and CTLs during IAV infection.
Recently, interferon-regulatory factor (IRF) 4 was shown to play an essential role
in regulating both the quality and quantity of CTL responses during IAV infection
(Man et al. 2013; Yao et al. 2013). IRF4 acts as a transcriptional activator to
promote effector differentiation and as a transcriptional repressor to regulate cell
cycle progression and survival, thereby sustaining both the expansion and effector
differentiation of CTLs during IAV infection (Yao et al. 2013). Interestingly, the
conditional deletion of IRF4 expression in CD8+ T cells specifically impairs the
proliferation and survival of lung CTLs (Yao et al. 2013), suggesting that IRF4 is a
critical regulator of CTL responses in the lung in vivo. As discussed previously,
RDCs can sustain CTL proliferation and survival through the provision of antigen,
co-stimulatory molecules, and cytokines. Thus, it is tempting to speculate that
local DCs exert their function by promoting IRF4 expression in lung CTLs.

5.4 In Situ Control of Effector T Cell Activities by Different
Types of APCs

Effector T cells express high levels of mRNAs encoding various effector cytokines
and cytotoxic molecules and thus are able to promptly produce these cytokines and
cytotoxic molecules following antigenic or mitogenic stimulation. However, it is
important to note that effector T cells do not spontaneously secret cytokines or
release cytotoxic molecules in vivo without further stimulation due to additional
layers of translational control of cytokine expression, possibly to avoid potential
self-destruction. Classically, the activities of effector T cells (i.e., production of
cytokines and release of cytotoxic molecules) were often monitored through
in vitro cytokine staining and degranulation assays following maximally antigenic
or mitogenic stimulation. Such methods are efficient to measure the potential of
effector T cells to produce cytokines and release cytotoxic molecules but fail to
faithfully report the in vivo activities of effector T cells. In an in vivo setting,
effector T cells likely interact with multiple target cell types and the strength of
antigenic stimulation they receive from these cells could vary drastically. In
particular, as noted above, early in vitro analysis demonstrated an expressional
hierarchy in the regulation of T cell effector activities in which high-strength
antigenic signaling induces the production of cytokine and release of cytotoxic
molecules, while weak antigenic stimulation only induces the release of cytotoxic
molecules but not the production of cytokines (Valitutti et al. 1996).

During IAV infection, the infected lungs contain many cell types that poten-
tially bear IAV antigen (Kohlmeier and Woodland 2009; Braciale et al. 2012).
These cells include both infiltrating lung CD45+ APCs as well as CD45- RECs.

The Effector T Cell Response to Influenza Infection 445



Interestingly, it was recently demonstrated that the interaction of CTLs with RECs
and APCs resulted in differential effector activities by CTLs (Hufford et al. 2011).
Using techniques that measure the in vivo release of cytokines through the
injection of a reagent inhibiting T cell secretion, Hufford et al found that effector T
cells releasing IFNc primarily reside in the lung interstitium rather than the air-
ways (Hufford et al. 2011). Since the lung interstitium is enriched with APCs, the
authors further demonstrated that the interaction of the APCs with effector CTLs
triggers the release of both cytokines and cytotoxic molecules, while the inter-
action of RECs with CTLs primarily induce the release of cytotoxic molecules but
not effector cytokines by CTLs (Hufford et al. 2011). One crucial difference
between the APC and CD45- target is the expression of the co-stimulatory
ligands, B7-1 and B7-2. Lung APCs express high levels of B7 molecules (which
ligate CD28 in the effector CTLs) while RECs express minimal B7 expression
(Hufford et al. 2011). Indeed, blockade of the B7-CD28 interaction suppresses
IFNc production by effector CD8 T cells but not their cytotoxic activity or virus
clearance in vivo. Thus, the engagement of co-stimulatory receptors on effector
CD8+ T cells by APCs provide the additional signal strength necessary for the
production of pro-inflammatory cytokines by the T cells (Hufford et al. 2011). In
further analysis, the principal population stimulating in vivo release of effector
cytokines by CTLs were the lung CD11c+ inflammatory DCs or TipDCs (Aldridge
et al. 2009; Neyt and Lambrecht 2013). The acute depletion of CD11c+ cells in the
lung drastically abrogate in vivo effector T cell cytokine production (Hufford et al.
2011). Thus, lung DCs controls all the aspects of CTL responses in the lungs
including survival, proliferation, differentiation, and effector activities.

Surprisingly, another significant population of lung APCs was neutrophils.
Neutrophils were previously demonstrated to be required for the innate defense
against IAV infection. Despite their condensed nuclei and low levels of gene
transcription, neutrophils can be directly infected with IAV transcribe viral genes,
and thus contain significant influenza antigen. In vivo depletion of neutrophils
diminished CTL IFNc production (Hufford et al. 2012). These data demonstrated
that neutrophils are required for triggering the maximal effector activities of CTLs
in vivo.

The aforementioned results have revealed a potential new layer of effector T
cell regulation in vivo: effector T cell activities in the lung are differentially
regulated by the strength of interaction with their target cell types. This uncoupling
of the release of inflammatory cytokines and the release of cytolytic molecules by
effector T cells may be employed in the future to design novel therapeutics for
influenza infection (Sun and Braciale 2013). For example, the specific blockade of
certain co-stimulatory signals such as B7 may specifically dampen unwanted tissue
inflammation by inhibiting the release of pathogenic cytokines from effector T
cells but not perturb viral clearance since this blockade regimen specifically retain
the ability of effector T cells to clear virus through cytotoxic molecule-dependent
mechanisms.
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6 Conclusion and Future Avenues of Research

This report has reviewed the current state of knowledge concerning the effector T
cell response to IAV infection in the experimental setting. As the findings within
demonstrated, our knowledge of the factors regulating the induction of adaptive
immune T cell responses to IAV, the effector activities displayed by these acti-
vated T cells, the mechanisms underlying the expression of these effector mech-
anisms, and the control of the activation/differentiation state of these T cells in the
infected lungs has progressed dramatically in recent years. While of necessity
much of this information has come from studies in experimental nonhuman IAV
infections, this work has provided both insight and a focus for current and future
research in human IAV infection (Lee et al. 2011).

Although we now understand the broad outline of the events regulating the
response of CD8+ and CD4+ T cells to respiratory virus infections like IAV, there
remains both larger fundamental issues concerning the course of the host response
during and following virus clearance as well as specific questions related to the
role of specific cell types within the uninfected and infected respiratory tract as
inducers and regulators of T effector cell activity and as targets for immune
recognition. A major gap in our knowledge is the process of restoration of normal
pulmonary function following a severe the respiratory tract IAV infection and the
contribution (if any) from effector T cells remaining in the lungs following
infectious virus clearance. Likewise, the role of specific cell types such as the
alveolar macrophages and distinct subsets of RDC both as inducers of effector T
cell differentiation and as targets and regulators of T cell effector activity need to
be understood. Equally importantly is the need for a deeper understanding, in
particular in the human, of the impact of differential susceptibility of various cell
types in the respiratory tract to infection by different IAV strains (i.e., both sea-
sonal and pandemic) on disease severity and the outcome of infection. As we look
to the prospect of a ‘‘universal influenza vaccine,’’ we must also be cognizant of
the need to develop novel strategies to control excess inflammation in those
individuals unfortunate enough to develop severe life-threatening IAV infection.
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Part III
New Antiviral Discovery



Antiviral Effects of Inhibiting Host Gene
Expression

Ralph A. Tripp and S. Mark Tompkins

Abstract RNA interference (RNAi) has been used to probe the virus-host inter-
face to understand the requirements for host-gene expression needed for virus
replication. The availability of arrayed siRNA libraries has enabled a genome-
scale, high-throughput analysis of gene pathways usurped for virus replication.
Results from these and related screens have led to the discovery of new host
factors that regulate virus replication. While effective delivery continues to limit
development of RNAi-based drugs, RNAi-based genome discovery has led to
identification of druggable targets. These validated targets enable rational devel-
opment of novel antiviral drugs, including the rescue and repurposing of existing,
approved drugs. Existing drugs with known cytotoxicity and mechanisms of action
can potentially be re-targeted to regulate host genes and gene products needed by
influenza to replicate. Drug repositioning is more cost-effective, less time-con-
suming, and more effective for anti-influenza virus drug discovery than traditional
methods. In this chapter, a general overview of RNAi screening methods, host-
gene discovery, and drug repurposing is examined with emphasis on utilizing
RNAi to identify druggable genes that can be targeted for drug development or
repurposing.
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1 Introduction

The emergence of new strains of avian and swine influenza viruses combined with
the emergence of drug-resistant influenza virus strains emphasize the urgent need
for developing new antiviral drugs and repurposing or rescuing existing drugs as
antiviral agents. Currently, only two classes of antiviral drugs targeting influenza
virus are approved for use by the Food and Drug Administration (FDA). The two
classes of antiviral drugs are the M2 inhibitors amantadine and rimantadine, and
neuraminidase (NA) inhibitors zanamivir and oseltamivir (Fiore et al. 2011; Pre-
ziosi 2011). Peramivir, a third NA inhibitor was briefly approved for emergency use
as an intravenous antiviral during the 2009 H1N1 pandemic, but that emergency use
authorization was terminated in 2010 (http://www.fda.gov). The M2 inhibitors
are not recommended for general use due to widespread resistance in circulating
H1N1 and H3N2 influenza viruses, and potential resistance to NA inhibitors con-
tinues to be a concern (Fiore et al. 2011). A primary strategy for developing
influenza virus antivirals has been to screen existing drug libraries of small mol-
ecule inhibitors primarily developed as cancer therapeutics, and only recently have
rationally-designed drug strategies been employed (Krug and Aramini 2009; Pre-
ziosi 2011; Saladino et al. 2010). There are a spectrum of natural compounds being
explored as anti-influenza drugs, including NA inhibitors (Grienke et al. 2012) and
some of these more promising compounds have been tested in clinical trials (Chen
et al. 2007). Today, as the pendulum swings toward rationally designed antivirals,
critical to success is a better understanding of the virus-host interface and the
exploitation of the knowledge of the role of host genes required for virus replica-
tion, computational/in silico approaches in drug design, and the integration of
‘‘-omics’’ in driving anti-influenza drug development.
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2 Influenza A Virus and RNAi

2.1 Influenza Virus Lifecycle

Influenza A viruses are segmented, negative-sense RNA viruses that contain 8
gene segments encoding at least 10 proteins. Segments 1–6 encode basic poly-
merase 2 (PB2), PB1, acidic polymerase (PA), hemagglutinin (HA), nucleoprotein
(NP), and neuraminidase (NA), respectively. Segment 7 encodes the matrix capsid
protein (M1) and through alternate splicing, the M2 protein. Similarly, segment 8
encodes the non-structural protein (NS1) and nuclear export protein (NEP). Most
influenza viruses also encode two additional proteins in alternate open reading
frames within the PB1 gene; the PB1-F2 and PB1-N40 proteins (Shaw and Palese
2013). The virion is enveloped with the HA, NA and M2 proteins on the surface of
the virion, with the M1 protein providing capsid structure. The segmented genome
is encapsidated by NP, with each segment having an associated PA, PB1 and PB2
protein, comprising the ribonucleoprotein (RNP). The 8 RNPs make up the virion
core. NEP is found within the virion, however PB1-F2, PB1-N40 and NS1 are non-
structural proteins (Shaw and Palese 2013).

As obligate parasites, influenza viruses co-opt and modify cellular processes to
produce progeny and alter the host response to infection. Influenza viruses bind to
sialic acids on the surface of cellular glycoproteins via the hemagglutinin (HA)
protein (Fig. 1). The virion is internalized through several mechanisms, including
clatherin-dependent endocytosis and macropinocytosis (Shaw and Palese 2013).
As the endosome acidifies, the HA protein undergoes structural changes resulting
in fusion of the virion membrane with the endosomal membrane. Concurrently, the
M2 protein allows the influx of H+ protons from the endosome into the virus
particle dissociating the RNPs from the M1 protein, and allowing release of RNPs
into the cell cytoplasm. The viral RNPs are actively transported into the nucleus
via a nuclear localization sequence (NLS) on the NP interacting with cellular
importin-a. Once in the nucleus, viral mRNA synthesis is initiated by the poly-
merase complex (PA, PB1, and PB2), utilizing host 50-capped primers. Virus
mRNAs are translocated to the cytoplasm for translation. NP and NS1 proteins are
preferentially expressed early during infection reflecting the need for NP to
encapsidate newly synthesized genomic and complementary RNAs, (vRNA and
cRNA, respectively), and for NS1 to regulate several cellular processes, particu-
larly interferon antiviral responses. The membrane-associated proteins, HA, NA,
and M2 are translated, folded, and glycosylated in the ER and Golgi apparatus
before transport to the cell surface. The polymerase, NEP and M1 proteins localize
in the nucleus, potentially all directing the shift from mRNA expression to the
accumulation of vRNAs, i.e., RNPs. M1 and NEP proteins also accumulate in the
nucleus, with M1 associating with the vRNA and NP protein of the RNPs and
associating with NEP. The NEP interacts with Crm1, enabling export of the RNP-
M1 complex from the nucleus (Shaw and Palese 2013). While the maturation and
transport of the transmembrane proteins is fairly well-described, the movement of
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the M1 and RNP complexes is poorly understood. Both NP and M1 can interact
with cytoskeletal proteins, and Rab proteins have been shown to be required for
productive infection, but precise mechanisms are not known. Similarly, the
mechanism of RNP packaging into budding virions is unclear. While data support
a selection process to specifically package one of each segment (PB2, PB1, PA,
HA, NP, NA, M, and NS), the precise signals and interactions are not yet known
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(Shaw and Palese 2013). Virus budding is cooperatively mediated by the M1, M2,
HA and NA proteins, with the M2 protein having a specific role in membrane
scission. Finally, the NA protein, which has neuraminidase activity, cleaves the
sialic acids from the cell surface and virus glycoproteins, preventing HA binding
and aggregation of newly formed virus particles (Shaw and Palese 2013).

2.2 RNAi to Interrogate Gene Function

RNAi is a post-transcriptional gene-silencing mechanism conserved from plants to
humans that uses double-stranded RNA (dsRNA) to direct homology-dependent
suppression of gene activity. RNAi has been increasingly used to determine host-
gene requirements for influenza virus replication and to discover novel therapeutic
approaches to control influenza virus (Bakre et al. 2013; Meliopoulos et al. 2012a;
Perwitasari et al. 2013a; Watanabe et al. 2010). The pairing of RNAi with genomic
sequencing has allowed for the construction of genome-scale RNAi libraries to
silence all genes in the host genome, allowing for reduction-of-function studies
(Brass et al. 2009; Campeau and Gobeil 2011; Clark and Ding 2006; Hao et al.
2008; Karlas et al. 2010; Konig et al. 2010; Mohr et al. 2010; Perrimon and
Mathey-Prevot 2007; Perwitasari et al. 2013a; Shapira et al. 2009; Ward et al.
2012). These types of RNAi platforms allow for systematic functional analyses
that was previously impractical, and genome-wide cell-based RNAi high-
throughput sequencing (HTS) in mammalian cells has led to novel host-pathway
discoveries and the identification of novel and potential targets for the develop-
ment of prophylactic and therapeutic treatments for virus infection (Mohr et al.
2010; Perrimon and Mathey-Prevot 2007; Perwitasari et al. 2013a).

RNAi silencing of a host gene does not need to be complete as partial gene
silencing usually leads to a reduction-of-function in gene pathway that can be
assessed using biological endpoint assays that may include an mRNA and/or
protein levels, and/or virus titers. Although genome-wide RNAi screens have been
successfully used to identify and interrogate critical host genes, these screens have
also missed identifying genetic elements having more subtle roles in host path-
ways. This has occurred primarily because of artificial thresholds set by the
investigator to clarify positive hits from false-positives during the RNAi screen,
and because certain components of these pathways are expressed at all phases of
the host cell being interrogated, and because some genes are not be sufficiently
silenced. However, with proper endpoint assay optimization, and the proper
controls, these variations are less typically encountered in the RNAi screen.

RNAi screening is also being used to better understand the systems biology
surrounding the host cell responses to danger signals and those as they relate to
influenza virus infection (Betakova and Svancarova 2013; Haasnoot et al. 2003;
Hong-Geller and Micheva-Viteva 2010; Korth et al. 2013; Meliopoulos et al. 2012a;
Prussia et al. 2011; Stertz and Shaw 2011; Watanabe et al. 2010). This information is
being translated in vivo where applicable, and for influenza virus, has provided a
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rapid pathway for rescuing and repurposing antiviral drugs (Martinez-Gil et al.
2013; Meliopoulos et al. 2012a; Perwitasari et al. 2013b; Prussia et al. 2011; Prusty
et al. 2011; Su et al. 2013).

2.3 Genome-Wide Mammalian Cell-Based RNAi Screening

A genome-wide RNAi HTS assay is typically performed using small-interfering
RNAs (siRNAs) transfected into mammalian cells as an arrayed format based on
sub-libraries where individual siRNA pools target host gene families such as
kinases, proteases, phosphatases, etc; or where single genes are targeted by siRNAs.
Three different RNAi mediators have been used to mediate a reduction-of-function
in mammalian cell lines, (1) chemically synthesized siRNAs which are *21
nucleotide (nt) duplexes, (2) vector-expressed short hairpin RNAs (shRNAs), or (3)
diverse pools of short dsRNAs prepared by enzymatic digestion of a transcribed
long dsRNA by RNaseIII in vitro (Aigner 2006; Clark and Ding 2006; Mohr et al.
2010; Perwitasari et al. 2013a). The most common siRNA delivery system is lipid-
mediated transfection although electroporation is becoming common for shRNAs
and some dsRNAs (Foged 2012; Jeong et al. 2009; Lares et al. 2010; Shim and
Kwon 2010). Pooling of multiple siRNAs targeted against the same gene but at
different ‘seed sites’ in the screening approach has the advantage to lower off-target
effects and decrease the number of wells assayed during primary screening com-
pared to multiple individual siRNAs (Chen and Zhang 2012). Given that siRNA or
other RNAi mediators can be delivered at a reasonable transfection efficiency to
many different cells line of interest, an array of cell-based assays can be used
to evaluate endpoints of RNAi efficacy including cell viability, apoptosis, protein
expression, transcriptional reporter assays, cell motility, quantitative PCR, virus
replication, etc. (Kittler et al. 2007; Kobos et al. 2013; Matsumoto et al. 2007; Theis
and Buchholz 2011). In this regard, high content screening (HCS) and image
analysis is popular in RNAi screening as it allows a multiparameter approach to
visualize and quantitate or monitor multiple parameters in a single screen, a feature
that expands the power of RNAi to interrogate gene function (Antczak et al. 2009,
2014; Freeley et al. 2010; Galea and Simpson 2013; Haney 2007; Sundaramurthy
et al. 2014).

2.4 The Appropriate Cell Line for HTS

The choice of an appropriate mammalian cell line for viral RNAi screening depends
on the biological process being studied, the ability of the virus to infect and rep-
licate in the cell line, the endpoint assays to be used, and HTS requirements such
as robustness of signal readout(s). For influenza virus, using adherent, primary,
fully differentiated normal human bronchoepithelial cells would be preferential

464 R.A. Tripp and S. Mark Tompkins



(Ilyushina et al. 2008; Oshansky et al. 2009, 2011), however, these cell lines are
difficult to maintain, grow at the air-liquid interface, are costly, exhibit substantial
biological variation, and it remains challenging to efficiently transfect them with
siRNA. For these reasons, adherent, immortalized cell lines can provide an
advantage providing a homogeneous unlimited resource of cells for screening, and
if derived from the human respiratory epithelia, the added benefit of being closer to
physiological relevance. Thus, the adherent human type II respiratory epithelial cell
line, A549, and related cell line like HEp-2 have proven valuable for RNAi
influenza screening (Bakre et al. 2013; Karlas et al. 2010; Konig et al. 2010;
Matskevich et al. 2009; Matskevich and Moelling 2007; Meliopoulos et al. 2012a,
b; Perwitasari et al. 2013a; Tripp et al. 2013; Tripp and Tompkins 2009).

2.5 Choosing Appropriate Endpoint Assays for HTS

Numerous plate formats, i.e., 96-well or 384-well and related read-out systems are
compatible with HTS. The 96-well format allows for medium-to-large-scale HTS
while also providing a larger well format for examining biological process and
products, as well as a larger sample for analysis of multiple endpoints. In this
example, the endpoint assays are specific to identifying host genes critical for
influenza virus replication. Typically, the level of virus replication is assessed by
qPCR, measuring virus genome or mRNA; hemagglutinin assay (HA), measuring
virion release into the supernatant; infectivity assay, measuring infectious particles
released into the supernatant (e.g., 50 % tissue culture infectious dose (TCID50);
cell viability, measuring virus-induce cytopathic effects; or immune staining, for
virus protein-antigen (e.g., nucleoprotein (NP) staining) (Bakre et al. 2013;
Meliopoulos et al. 2012a; Prussia et al. 2011; Ward et al. 2012). NP staining is
often quantified by ELISA or images acquired with high-content microscopy
platforms that provide spatial and temporal information about the levels of
NP-staining as well as changes in cell morphology, and changes in the localization
of proteins (Emery et al. 2011; Mastyugin et al. 2005; Wang and Xie 2007). The
major caveat of this high-content analysis (HCA) is the large quantity of data that
accumulates that must be stored to be analyzed. A 384-well plate format for HTS
screening has the advantage of reducing costs associated with reagents and media,
and reducing time associated with plate manipulation, but increases the requirement
for automation, as well as limiting potential endpoints in the screen. Genome-wide
screens for influenza virus using the 384-well format and NP immune staining have
been effectively used (Brass et al. 2009; Karlas et al. 2010), as well as others
measuring luciferase activity using a recombinant influenza virus (Hao et al. 2008;
Konig et al. 2010). Of note, the two screens utilizing imaging for screening did not
utilize high-content analysis—they assessed infected versus uninfected cells. Only
one 384-well format genome-wide screen assessed more than one endpoint, and in
this regard, evaluated virus infection in A549 cells with NP immune staining and
quantifying virus released into supernatants on a separate luciferase reporter cell
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line (Karlas et al. 2010). Importantly, when designing endpoint assays, the assays
employed should be optimized to reduce or eliminate the signal-to-noise ratio and
enhance assay reproducibility. The more robust the HTS assay performs, the better
the statistical significance when assessing the assay, particularly by the Z-factor
method (Haney 2005; Mazur and Kozak 2012; Zhang 2007). The Z-factor is used to
measure the statistical separation of the positive from the negative controls and
thereby allow for adjusting the HTS parameters used to detect positive hits from the
background noise to achieve the maximum sensitivity of the assay.

2.6 Validation of HTS Findings

Following an RNAi screen, the data must be analyzed to identify positive from
false-positive hits based on the several features that include deconvoluting pooled
siRNA if used in the screen, normalizing data, establishing appropriate thresholds
for cutoffs, replicating tests, and validating with new siRNAs targeting a different
‘seed site’ on the target gene transcript (Meliopoulos et al. 2012a; Parker et al.
2006). Important factors to consider in RNAi screens are (1) perform at least one
replicate assay for each sub-library from the primary screen, (2) normalize data to
validated positive and negative controls present on every plate in the screen, and
(3) set cut-off values for achieving real and significant results. Perhaps validating
HTS screening could be improved by incorporating recent innovative ‘-omics’
approaches that can be integrative and multiplex a variety of approaches linked to
systems biology, e.g., microarray findings, protein-protein interactions, genomic
analyses, transcriptomic analyses, and deep-sequencing. Importantly, the valida-
tion should reconcile that the findings are applicable beyond the HTS analysis, i.e.,
repeat in different cell lines, for different virus strains, and in other assay formats
and endpoints. This helps to gain a system-wide understanding of gene networks
involved in various replication processes, such as those associated with influenza
virus replication, protein processing, and budding.

3 Optimizing RNAi Genome-Wide Screens to Facilitate
Drug Rescue and Repurposing

To optimize translational approaches when performing RNAi HTS, it is important
to use a cell line that best emulates the natural tropism of the virus being screened,
and, ideally for influenza virus, a human type II respiratory epithelial cell line like
A549 cells. With regard to conditions, the host cell line is typically transfected
with individual siRNA pools per target gene and the cells incubated for 48 h to
allow for optimal gene silencing. The silencing of genes is generally confirmed by
qPCR. Pending gene silencing, the cells are infected and at appropriate times, i.e.,
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24–48 hpi, the gene hits from the screen are determined. The gene hits are vali-
dated, as previously noted, by deconvoluting the siRNA pool to individual siR-
NAs, and/or by using different siRNAs targeting a different ‘seed site’ on the same
gene (Meliopoulos et al. 2012a). Once gene hits are validated, various bioinfor-
matics tools can be employed to determine where the druggable targets, i.e., the
genes validated to be required for influenza virus replication, are. Doing this
funnels the range of host genes to therapeutic targets and often identifies an
upstream key regulator in the host gene pathway co-opted by influenza viruses.

False-positives occur in RNAi screens. This is may be due to off-target effects,
the limitations of the efficiency of the screening endpoint assays, and/or the
thresholds set by the investigator identifying a positive hit from a negative hit or a
null result. False negatives may arise from partial gene knockdown, and/or gene
ploidy typically associated with transformed cell lines, e.g., 3N or 4N chromo-
somes. This caveat can affect HTS screens interpretation, particularly for drug
discovery and repurposing, where the dosage of drug produces an unintended or
insufficient phenotype. The endpoint assay may also miss potential gene targets by
design. For example, one genome-wide HTS screen for influenza gene targets
utilized a recombinant influenza virus encoding a luciferase gene in place of the
hemagglutinin gene. This enabled easy assay for early events in the virus infection
process, but excluded analysis of genes involved in the late stages of the virus
lifecycle (Konig et al. 2010; Stertz and Shaw 2011). Despite these caveats, RNAi
can be an effective drug target discovery tool, which combines the power of gene
silencing with the scale of HTS.

3.1 Identifying Antiviral Drugs Affecting Influenza Virus
Replication

There are several approaches for rescuing or repurposing available drugs (Law
et al. 2013), some that include prediction methods, to others involving RNAi
screening for identification of druggable targets (Perwitasari et al. 2013a).
Although initial RNAi screening for critical host genes can be cumbersome, it
provides a wealth of information regarding host genes and pathways that promote
or resist virus replication. Thus, RNAi screening is a desirable first step due to its
targeted approach and because it identifies and validates drug targets in a single
process, thereby improving confidence in proposed targets for drug discovery or
drug repurposing. Typically, database mining is used to find available small
molecules or drugs once potential host gene targets have been identified. This
approach can be coupled with an initiative launched by NIH/NCATS called
‘‘Discovering New Therapeutic Uses for Existing Molecules’’ which is aimed to
facilitate drug repurposing by providing research funds and limited access to
pharmaceutical companies’ drug compound libraries. There are several databases
containing available drugs and their gene targets that are available such as the
PROMISCUOUS database which contains [25,000 annotated, withdrawn, or
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experimental drugs, searchable by name, target, or pathway (Shin et al. 2013), and
related drug databases, including ChemSpider, having [28 million searchable
structures (Southan 2013), and DrugBank, containing [4,800 drugs, including
FDA-approved small molecule inhibitors (Perwitasari et al. 2013a; Rask-Andersen
et al. 2011; Shin et al. 2013; Southan 2013). Many of these databases provide
systematic collections of compounds, including drug-protein interactions and the
associations of proteins with genetic information, such as Swissprot. This allows
one to couple this information to pathway analysis databases, such as Ingenuity
Pathway Analysis (Thomas and Bonchev 2010), allowing for integrated genome-
wide drug assessment and identification strategies.

The question arises as to why legitimate drug targets known to be involved in a
particular phenotype might not be identified in an RNAi screen. In addition to the
previously described caveats of screen or endpoint design, there are potential
genomic explanations, as well. There is host gene redundancy within the genome
where RNAi may target only one gene, and copy-number variation and genomic
rearrangements in the human genome may also contribute to phenotypic variation
(Spielmann and Klopocki 2013). Gene duplication appears to be a common event
during evolution (Haraksingh and Snyder 2013), and duplicated genes can grad-
ually change in both sequence and sub-function where one paralog may remain
able to perform an activity in the absence of the other (Cooper et al. 2013). RNAi
gene-targeting has shown us that functional redundancy is common in many multi-
gene families of proteins (Fievet et al. 2013). Similarly, genetic redundancy may
explain false-negative results in genome-wide RNAi screens.

4 Host Factors and Drug Targets for Influenza Virus

Identifying druggable genes in the human genome is essential for the identification
of novel drug targets and for the rescue or repurposing of existing pharmaceutical
products. G protein-coupled receptors (GPCRs) are the most common gene
products targeted by the drug industry, (Heng et al. 2013; Rask-Andersen et al.
2011). GPCRs have key roles in cell physiology and homeostasis, in signaling
pathways, and many viruses co-opt these pathways for their replication, packaging,
and transport to the host cell surface (Cannon 2007; Katano and Sata 2000;
Nicholas 2005; Unutmaz et al. 1998). Ligand-gated ion channels, the second
largest receptor drug target class, are appealing gene targets (Akk and Steinbach
2011), given the role of the matrix protein-2 (M2) of influenza virus which forms a
proton channel in the viral envelope necessary for the release of the viral genome
into the host cell cytoplasm (Wang and Chou 2012). The other large classes of
drug targets are kinases, phosphatases, and ubiquitinases, which have been pre-
dominantly targeted by anticancer drugs (Britten 2013; Micel et al. 2013; Perrotti
and Neviani 2013). Several recent studies have shown that identifying critical
genes in these host pathways can provide a rapid and safe pathway for rescuing,
repurposing and retargeting FDA-approved drugs that are efficacious for influenza
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A viruses (Banerjee et al. 2013; Hong-Geller and Micheva-Viteva 2010; Karlas
et al. 2010; Konig et al. 2010; Martinez-Gil et al. 2013; Perwitasari et al. 2013a;
Ward et al. 2012). Specifically, our recent studies using RNAi screens to identify
influenza druggable targets (Table 1) have shown that genes validated as critical for
A/WSN/33 (H1N1) influenza virus replication in human A549 cells are ADAMTS7,
CPE, DPP3, MST1, and PRSS12, and pathway analysis showed these genes were in
global host cell pathways governing inflammation (NF–kB), calcium signaling, and
apoptosis (Meliopoulos et al. 2012b). Additionally, 17 human protein kinase genes
(NPR2, MAP3K1, DYRK3, EPHA6, TPK1, PDK2, EXOSC10, NEK8, PLK4,
SGK3, NEK3, PANK4, ITPKB, CDC2L5 (CDK13), CALM2, PKN3, and HK2)
were validated as essential for A/WSN/33 influenza virus replication, and 6 protein
kinase genes (CDK13, HK2, NEK8, PANK4, PLK4 and SGK3) were identified as
vital for both A/WSN/33 and A/New Caledonia/20/99 influenza virus replication
(Bakre et al. 2013). These protein kinase genes were found to affect multiple host
pathways and regulated by miRNAs induced during infection. Other studies using
different approaches, viruses, and endpoints have identified other host genes
important for influenza virus replication (Table 1) (Hao et al. 2008; Karlas et al.
2010; Konig et al. 2010; Martinez-Gil et al. 2013; Perwitasari et al. 2013a; Southan
2013; Su et al. 2013; Ward et al. 2012). Previous analysis of four early genome-wide
screens using human cells or Drosophila cells for the screen identified only three
genes in common: ARCN1, ATP6AP1 and COPG (Stertz and Shaw 2011). How-
ever, if one relaxes the threshold used to screen for hits based on statistical differ-
ences, this low number of overlapping genes is increased substantially to[20 genes
in common. While the low frequency of overlap across screens has raised questions
regarding the validity of genome-wide RNAi screens, there are a variety of potential
explanations for the differences in results. For example, differences in cell lines,
siRNA libraries, transfection reagents, and timing of the transfection, infection and
assay endpoints will affect gene knockdown, the effect of gene knockdown, or
possible non-specific effects. Similarly, the use of different viruses (even different
strains of a virus) could change results and differences in endpoint assays will
clearly limit or allow for identification of different cellular gene targets (Stertz and
Shaw 2011). Despite the variances across screens, many screens have successfully
identified druggable gene targets (Karlas et al. 2010; Konig et al. 2010; Perwitasari
et al. 2013a, b; Ward et al. 2012).

4.1 Host Genes Critical for Influenza Replication Are Not
Universal for All Strains

Notably, many host genes determined as critical for one strain or subtype of
influenza virus are not found to be critical for replication of related strains or
subtypes (Bakre et al. 2013; Karlas et al. 2010; Meliopoulos et al. 2012a). For
example, in one RNAi genome-wide HTS study, 287 human host cell genes
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influencing influenza A virus replication were identified, and by using an inde-
pendent assay it was confirmed that 119 hits inhibited A/WSN/33 (H1N1) and 121
hits inhibited pandemic H1N1 (A/Hamburg/04/2009), with 72 of those genes
overlapping for the two viruses. Remarkably, a subset of these common hits was
also determined to be essential for the H5N1 highly pathogenic avian influenza
virus replication (Karlas et al. 2010). Analysis of these validated host genes showed
that most genes were linked to host pathways that affected trafficking of influenza
virions to late endosomes early in infection. By knowing which host genes were
critical for influenza virus replication, small molecule inhibitors were identified to
target these host genes. For example, it was shown that a small molecule inhibitor of
CDC-like kinase 1 (CLK1) was able to reduce influenza virus replication by greater
than two orders of magnitude, an effect attributed to impaired splicing of the viral
M2 messenger RNA (Karlas et al. 2010). These findings, confirmed in primary
normal human bronchial epithelial cells (NHBE), highlight the potential of gen-
ome-wide RNAi HTS as a method for rapid and accurate dissection of virus–host
interactions, allowing for the identification of druggable host gene targets and
rescue or repurposing of a broad range of potential anti-influenza virus drugs. It is of
interest to note that for almost all RNI genome-wide screens performed to date,
most gene hits determined as critical for influenza virus replication appear to
function very early after infection; thus, it appears that targeting the early infection
processes linked to viral synthesis and nuclear export of viral RNA is perhaps the
best approach when looking toward antiviral drugs.

4.2 IFN Antiviral Host Pathways Responding to Influenza
Virus Infection

Interferon (IFN) expression is used by infected cells to control virus replication, as
well as alert innate and adaptive immune responses to viral infection by features
linked to IFN-stimulated genes (ISGs) (Ahmed et al. 2010; Antonelli and Turriziani
2012; Krug and Aramini 2009; Luo 2012; Pazienza et al. 2010). Accordingly, many
viruses encode non-structural and other viral proteins that antagonize the effects of
IFNs, as well as inhibit transcription and cellular gene expression, translation, and
preventing synthesis of antiviral genes. Viral IFN antagonists generally inhibit at
least one of three key host pathways, i.e., IRF3, JAK-STAT, and/or the PKR
pathways (Audsley and Moseley 2013; Laurent-Rolle et al. 2010; Munoz-Jordan
et al. 2005; Varga et al. 2011). The host genes in these pathways include ISGs
whose functions are inhibited or sequestered, as well as a range of other host
proteins whose function is to regulate IFN and ISG expression, e.g., suppressor of
cytokine signaling (SOCS) proteins (Bonjardim et al. 2009; Dalpke et al. 2008;
Krebs and Hilton 2000). Drugs that relieve the suppression of the antiviral cytokine
pathway are expected to promote antiviral responses to influenza virus infection
(Flowers et al. 2004; Pauli et al. 2008; Song and Shuai 1998; Wei et al. 2014).
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4.3 microRNA Screens

Classes of small non-coding RNA molecules which function in the transcriptional
and post-transcriptional regulation of gene expression, i.e., microRNAs (miRNAs),
are known to comprise more than 2,000 species in the human genome. They are
transcribed in the nucleus, forming primary miRNAs, *2 kb in length. The pri-
mary miRNAs are processed by Drosha and Pasha into 70–100 nt stem-loop
structures called pre-miRNAs. The pre-miRNAs are exported to the cytoplasm
where they are further processed by Dicer into mature double-stranded miRNAs
(Dong et al. 2013). miRNAs function similarly to siRNAs where one of the miRNA
strands associates with the RNA-induced silencing complex (RISC), and provides
specificity for RISC to bind to complimentary mRNA and mediate its degradation.
Importantly, the specificity of miRNAs is dictated primarily through a 6-8 nt region
of the miRNA called the ‘‘seed site.’’ This small region of complementarity enables
the miRNA to potentially target numerous mRNAs (Dong et al. 2013; Perwitasari
et al. 2013a). With this ability to broadly regulate gene function, miRNAs are likely
regulating almost all cellular processes including disease.

miRNA screening tools are commercially available, and similar to genome-
wide siRNA libraries, arrays of plates targeting all known miRNAs are available.
These miRNA libraries can be made to contain both miRNA mimics and/or
miRNA inhibitors allowing for one to probe the loss or gain of function by a given
miRNA. miRNA screening is an appealing approach to genome-wide gene
screening. However, because of the broad activity of miRNAs, identification of a
given phenotype requires perhaps a more robust validation process of the host gene
targets. Moreover, the phenotype may not be the result of regulation of translation
of a single gene product, but rather an effect linked to partial inhibition of multiple
genes (Dong et al. 2013; Perwitasari et al. 2013a).

miRNA screens have been concluded for influenza virus, both as full screens
and as focused screens, to better understand miRNA regulation of host genes
identified and validated in siRNA screens (Bakre et al. 2013; Meliopoulos et al.
2012b; Ward et al. 2012). miRNA mimics or inhibitors were shown to increase or
decrease influenza virus replication, however, the effect was not as profound as
what was seen by gene-silencing with an siRNA, a finding consistent with their
role in governing gene expression (Bakre et al. 2013; Meliopoulos et al. 2012b;
Ward et al. 2012).

While miRNA screening is not as advanced as siRNA screening in practice or
interpretation, it is gaining interest not only as a means for initial target identifi-
cation, but also as a validation tool to correlate with siRNA screen data to help
identify high-confidence hits (Perwitasari et al. 2013a). Moreover, miRNAs also
represent potential drug targets. For example, miRNA-122 (miR-122) has been
shown to be critical for hepatitis C infection. A modified oligonucleotide inhibitor
of miR-122 is now in clinical trials and shows efficacy in reducing HCV RNA
levels (Gupta et al. 2014; Janssen et al. 2013).
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5 Conclusions and Looking Forward

Genome-wide screening for host genes important in influenza virus replication has
dramatically changed the landscape of drug development and disease intervention.
Recent improvements in RNAi technologies have allowed for better targeting of
siRNAs, and in the development of miRNA mimics and inhibitors. Moreover,
the successes of targeted and sub-library screening (e.g., kinases, GPCRs, or the
druggable genome) support partial screening projects as opposed to full-genome
screens. In the case of infectious diseases, and viruses in particular, RNAi screening
to identify host genes, that when silenced reduces virus replication, has initiated a
renaissance in drug discovery. Precise identification of specific gene targets has
enabled the identification of high-quality targets and has provided a better under-
standing of the virus-host interface, where researchers are considering novel targets
previously not associated with the viral replication process.

The large-scale discovery of novel drug targets has also breathed new life into
existing FDA-approved and late clinical-stage drugs. The drug development
industry has many examples of highly successful drugs licensed for indications
other than their original purpose. Azidothymidine (AZT), originally developed as a
cancer therapeutic, was approved as the first anti-retroviral drug only 2 years after
the first demonstration of its activity against HIV (Perwitasari et al. 2013a).

RNAi screening and the interaction networks generated from these large
datasets have also opened up new opportunities for combination drugs. Targeting
host processes raises the risk for toxic side effects associated with a given drug. In
some cases, a reduction in gene expression or gene product function will have still
affect virus replication, albeit incompletely. RNAi screens enable identification of
multiple host pathways involved in the virus lifecycle. Partial inhibition of mul-
tiple host cell targets can result in additive or potentially synergistic inhibition of
virus replication with reduced toxicity. This may be accomplished through use of
drug combinations or therapeutic miRNAs. Moreover, host-targeting drugs can
also be used in combination with virus-specific antivirals (e.g., NA inhibitors)
(Perwitasari et al. 2013c). New programs such as the NIH’s NCATS ‘‘Discovering
New Therapeutic Uses for Existing Molecules’’ initiative will enable drug
repurposing based upon target discovery and validation through RNAi.
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