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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.
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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 HINI 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 HIN1 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 HIN1
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-« 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-« 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 Ly6C™ versus Ly6C™ monocytes
in the lung, translating into increased production of the neutrophil chemoattractant,
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KC (CXCLS3), 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 1I interferon, made up of IFN-7, is produced throughout influenza virus
infection. Early levels of IFN-y (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-y is produced primarily by antiviral CD4 and CD8 T cells
in the lung and secondary lymphoid tissues. Administration of IFN-y 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-y is supported by
the use of proteinase-activated receptor 2 (PAR?2) agonist in vivo, which increased
IFN-y 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-y 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-y (McKinstry et al.
2012; Teijaro et al. 2010, 201 1a). Moreover, IFN-y-deficient, virus-specific T cells
were more pathological than their IFN-y-sufficient counterparts (Wiley et al. 2001).
Antibody neutralization of IFN-y 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-y-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-y 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, A-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,
A-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 A-interferon prior
to influenza virus infection protected type 1 Interferon receptor knockout mice
from infection. However, deletion of IL-28Ra, the receptor that recognizes
A-interferon, rendered mice only slightly more susceptible to influenza virus
infection (Mordstein et al. 2008). Thus, it appears that Interferon-1 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-1f and pro-
IL-18 to active proteins. In turn, secreted IL-1f can signal through the IL-1R to
induce inflammatory gene production through MyDS88 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-
IR™'~ mice following infection with HSN1 influenza virus (Perrone et al. 2010).
In fact, elevated levels of IL-1f drive proinflammatory responses in patients with
acute respiratory distress syndrome (Pugin et al. 1996). Elevated levels of TNF-o
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-o 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 (HIN1/
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 HSN 1
and HIN1/2009 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 HIN1/1918/1919 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 HS5N1 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 HSN1 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 HSN1 as
compared to HINI or H3N2 infection (Cheung et al. 2002). Influenza virus
infected monocytes also express MIP-1o (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
CCR?2 and CCR5-deficient animals with mouse adapted PR8 HINT1 influenza virus
yielded opposing results. CCRS 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 HSN1 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 CCRS5 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-p)

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-f) has
been extensively studied (Li et al. 2006). The activity of TGF-f 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-f 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-f (Carlson et al. 2010). Thus, one might anticipate that TGF-f activation
may be essential for host protection during lethal H5SN1 infection. In support of
that hypothesis, it was determined that exogenous administration of active TGF-f8
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-f produced higher mortality rates in mice infected with non-
lethal doses of influenza virus, suggesting that active TGF-f can serve as a
protective factor (Carlson et al. 2010). Despite these interesting results, the degree
and mechanisms by which TGF-f 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 HSN1 and 1918 HINI1 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 HINI1 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 naive 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-o 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-y (PPAR-y) 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 HIN1 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 HSN1 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 SI1P (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 SIPRI-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 SIP 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, S1PIR selective agonists (CYMS5442,
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 SIP1R-eGFP knock-in mouse has
been created, allowing for fluorescent and biochemical detection of functional
SIP1R 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 SIP1R-selective agonists are in phase 2/3 clinical trials
for MS and Colitis. Thus, potential of SIP receptor signaling modulation to
modulate immune pathology during influenza virus infection wielded great
promise.

Studies using the promiscuous SIP 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 HIN1 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 HIN1 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 HIN1 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 SIP1 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
S1PR is expressed on endothelial cells and lymphocytes within lung tissue, an
S1PR-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 S1P R located on endothelial cells (Teijaro
et al. 2011b). Furthermore, suppression of early innate immune responses through
S1P;R signaling results in reduced mortality during infection with human patho-
genic strains (HIN1 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 S1P;R 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



16 J.R. Teijaro

showing that S1P;R agonist treatment suppresses global cytokine amplification.
Importantly, S1P;R 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, SIP;R 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.

S 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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