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ABSTRACT  The influenza viruses are some of the most important human pathogens, causing substantial
seasonal and pandemic morbidity and mortality. In humans, infection of the lower respiratory tract of can
result in flooding of the alveolar compartment, development of acute respiratory distress syndrome and
death from respiratory failure. Influenza-mediated damage of the airway, alveolar epithelium and alveolar
endothelium results from a combination of: 1) intrinsic viral pathogenicity, attributable to its tropism for
host airway and alveolar epithelial cells; and 2) a robust host innate immune response, which, while
contributing to viral clearance, can worsen the severity of lung injury. In this review, we summarise the
molecular events at the virus-host interface during influenza virus infection, highlighting some of the
important cellular responses. We discuss immune-mediated viral clearance, the mechanisms promoting or
perpetuating lung injury, lung regeneration after influenza-induced injury, and recent advances in
influenza prevention and therapy.
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Introduction

Seasonal influenza A virus (IAV) infection is the most common cause of pneumonia-related death in the
developed world and mortality attributable to IAV infection can be much higher during pandemics. For
example, during the 2009 pandemic, infection with IAV rose to the ninth leading cause of death in the USA
[1, 2]. TAV primarily targets airway and alveolar epithelial cells as they express the sialic acid residues that
function as receptors for the virus, resulting in epithelial damage and the exudation of fluid and protein into
the airways and alveolar space, threatening gas exchange [3-7]. Clinically, severe IAV infection can present
with bilateral pulmonary infiltrates and hypoxaemia, which define acute respiratory distress syndrome
(ARDS), and death from hypoxaemic respiratory failure is a major contributor to mortality [8-14]. The
overall incidence of ARDS attributable to seasonal IAV infection has been estimated at 2.7 cases per 100
000 person-years and can account for 4% of all hospitalisations for respiratory failure during the influenza
season [15]. We find it conceptually useful to consider the course of IAV infection in three stages, with the
understanding that many of these processes occur simultaneously through the course of the injury. The first is
viral infection of the airway and alveolar epithelium and its replication in these cells, during which strategies
that limit viral entry or replication can prevent or attenuate the severity of the infection [3, 16, 17]. The
second is the innate followed by the adaptive immune response to the virus, which is important for viral
clearance but can also induce significant damage to the alveolar epithelium and endothelium [18, 19]. The
third is the development of long-term immunity to the infecting viral strain accompanied by the resolution of
infiltrates and regeneration of damaged lung tissue, during which there is an increased susceptibility to
secondary bacterial infection (fig. 1) [20-22]. Influenza B viruses are morphologically similar to IAV;
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FIGURE 1 Replication of influenza A viruses in the lung epithelium. Binding of haemagglutinin (HA), expressed on the surface of the influenza virion, with sialic
acid residues linked to cell surface glycans induces binding and fusion of the virion with the plasma membrane of the target cell. The HA in human viruses
interacts with sialic acid residues linked to surface glycans via an o-2,6 linkage, which is found in the upper and lower human airway epithelium and in alveolar
type II cells. In contrast, the HA in avian viruses interacts with sialic acid residues in an a-2,3 linkage. The virus then enters the cell via endocytosis or
micropinocytosis and is trafficked to the lysosome where acidification activates the proton selective matrix protein-2 viral channel (M2), inducing membrane fusion
and dissociation of the viral ribonucleoprotein (RNP) core, which is then transported to the nucleus where viral RNA replication occurs. Progeny viral RNP cores
are generated in the cytosol and, with the viral surface proteins, HA and neuraminidase (NA), and other viral proteins, are concentrated in and near lipid rafts at
the plasma membrane. Budding of these plasma membrane regions forms complete viral progeny, which is linked to the plasma membrane by HA/sialic acid
interactions. Cleavage of sialic acid residues by neuraminidase releases the viral progeny so they are then free to infect other cells, which can be prevented by NA
inhibitors. An alveolar epithelial cell is shown as an example but the life cycle is similar in the airway epithelium.
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however, perhaps because humans and seals are the only hosts for the influenza B virus, the genetic diversity
of these viruses is limited to two circulating strains and infections are more common in children [23, 24]. A
recent review of the literature suggested that the clinical presentation and complications of influenza B
infections in children were similar to IAV; however, the authors noted that the literature was insufficient to
exclude important differences [24]. For the remainder of this review, we limit our discussion to IAV except
when explicitly noted.

Infection of the lung epithelium and viral replication

The influenza viruses are negative sense RNA viruses; therefore, successful viral replication requires the
creation of sense messenger RNA from the viral genome by viral RNA polymerase [17]. The viral genome
comprises eight RNA segments encoding a total of 11 proteins (table 1) [17]. A mature virion contains eight
of these proteins surrounded by a protein envelope which includes the two viral antigenic determinants,
hemagglutinin (HA) and neuraminadase (NA) [6, 28, 32, 51-55]. The HA protein binds to sialic acid
residues expressed on the airway or alveolar epithelium, triggering endocytosis of the virion [56].
Acidification of the endosome results in fusion of the viral HA with the endosomal membrane and activation
of the M2 ion channel, allowing protons to enter the viral core to dissociate the ribonucleoprotein complex,
which is then imported into the nucleus where viral replication occurs [57]. Virus assembly, budding and
scission is co-ordinated at lipid rafts on the cellular plasma membrane [17]. After scission, the HA in the
newly formed virion is bound to sialic acid receptors on the cell surface. These links are cleaved by NA,
releasing the viral progeny, which then infects other cells or leaves the individual via aerosolised respiratory
droplet secretions [17]. Amantadine and rimantadine target the M2 channel of the virus, but almost
universal resistance to these agents now precludes their use [58]. Currently available agents to treat IAV
infection, including oseltamivir and zanamivir, inhibit viral NA [58]. Therefore, they are most effective at
limiting viral replication in the early stages of infection and in immunocompromised patients, and are less
effective once an antiviral innate immune response is established [59, 60].

Seasonal TAV viruses cause infections in the winter months (December to April in the northern
hemisphere and June to September in the southern hemisphere), when lower levels of humidity are
suggested to facilitate transmission of the virus [61-63]. Annually, IAV strains with different antigenicity
due to mutations in the HA and NA genes (antigenic drift) circulate in the northern hemisphere. Novel,
re-assorted IAV strains are thought to emerge from persistent viral reservoirs in regions where viral
incidence is less seasonal and interactions between humans and other species harbouring different IAV
strains (primarily poultry and pigs) are more common. In this context, the segmented viral genome
provides a continuous source of genetic diversity; when a single cell is infected by two viral strains,
genomic segments are easily interchanged to create different strains (antigenic shift) [55, 62, 63]. The
introduction of new IAV subtypes distinct from previously circulating strains into the human population
results in a succession of pandemic waves. Pandemics differ from seasonal IAV in exhibiting a higher
transmissibility and a higher rate of mortality, particularly among younger patients who lack immunity to
similar historically circulating strains [8-10, 14, 64-69]. For example, the 1918 HIN1 influenza pandemic
originated from an avian IAV and caused an estimated 40 million deaths worldwide [55, 62, 64]. Similar
recombination events led to the emergence of the 1957 H2N2 and 1968 H3N2 influenza pandemics [70],
and multiple re-assortments between avian, swine and human viruses resulted in the 2009 HIN1
pandemic influenza strain [66, 70]. Since 1997, recurring infections of humans with avain viruses
(subtypes H5N1, H7N7, HIN2, H7N2 and H7N9) and high mortality have raised concerns about highly
pathogenic avian viruses crossing the species barrier and gaining pandemic potential [69, 71].

Careful clinical and pathological studies of patients infected with the 2009 HINI virus revealed important
insights [14]. While viral replication typically peaked at the time of maximal symptoms and declined
thereafter, prolonged detection of virus persisted for days in some patients with mild disease. In patients with
respiratory failure, the virus was detected in the upper and lower respiratory tract of some patients weeks after
the infection. Autopsy studies revealed that severe infection with influenza damages the airway and alveolar
epithelium resulting in diffuse alveolar damage complicated by bacterial pneumonia, most commonly with
Streptococcus pneumoniae and Staphylococcus aureus, in a significant minority (26-38%) of patients [14].

Molecular and cellular interactions at the virus-host interface

The IAV targets epithelial cells of the upper and lower respiratory tract through the binding of HA to
either 2,3- or 2,6-linked sialic acids [4, 52, 72, 73]. Seasonal, as well as pandemic, strains show specificity
for 2,6-linked sialic acids that are prominently expressed in the human trachea, whereas the avian viruses
preferentially bind to the 2,3-linked sialic acids that are expressed in alveolar type II cells [4, 5, 74]. The
sialic acid specificity of different viruses has been suggested to explain why some viruses appear to be
more lethal than others [5, 73, 75].
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TABLE 1 Influenza A virus (IAV): a segmented antisense RNA virus encoding 11 proteins

Viral proteins Location Function Comments Novel antiviral therapies
tested in clinical studies
Hemagglutinin Viral envelope Attachment to sialic acid residues on airway and Alternate binding to a-2,3 or -2,6 linked sialic acid contributes DAS181 [cleavage of sialic

Neuraminadase

Matrix protein-2

Matrix protein-1
Polymerase proteins: PB1,

PB2 and PA

Nucleocapsid protein

Nonstructural protein-1

Nonstructural protein-2

PB1-F2*

alveolar epithelium, membrane fusion and viral entry

Viral envelope Enzymatic cleavage of terminal sialic acid residues
from newly formed virions and release of progeny

Viral envelope Proton selective ion channel required for viral entry,
assembly and budding

Viral matrix Structural links between the membrane and
ribonucleoprotein core

Ribonucleoprotein core RNA polymerase complex proteins
Ribonucleoprotein core Packaging of the viral genome
Expressed during replication, not Immune evasion

part of the mature virion

Expressed during replication, not Export of viral ribonucleoproteins
part of the mature virion from the nucleus during viral replication
Expressed during replication Induction of host cell apoptosis

to pathogenicity
In the human airway, proteolytic cleavage and disease severity
is connected to host proteases TMPRSS2 and HAT [25-27]
The addition of N-linked glycosylations mask haemagglutinin
as an antigenic epitope [28-31] but trigger recognition by
C-type lectins [32-34]

After haemagglutinin, neuraminadase is the major antigenic
epitope

Currently approved therapies for IAV infection (osteltamivir,

zanamivir, laninamivir and peramivir) target neuraminadase

Matrix protein-2 has been suggested to promote apoptosis by
inhibition of autophagy [35] and induces degradation of ENaC
and CFTR [36, 37] and, therefore, impacts alveolar fluid
clearance

The polymerase subunits have been connected to viral
pathogenicity and interact with >300 cellular proteins [38]
Mutations can alter replication efficiency; e.g. a single amino
acid substitution (E627K) induces higher pathogenicity in the
1918, 1957 and 1968 pandemic IAV strains [39, 40] and is
found in circulating H5N1 and H7N9 variants

Critical for viral evasion of the host immune response
It binds a complex of viral RNA, RIG-1 and TRIM25 to inhibit
downstream antiviral signalling [41, 42]

It also induces the downregulation of the IFN-o receptor [43]
and upregulates inhibitors of JAK/STAT signalling (SOCS1 and
SOCS3) [43, 44]

During infection, non-structural protein-1 also blocks
pro-apoptotic signalling by protein kinase R [45, 46] and
prevents the activation of NF-kB [47]

PB1-F2 increases mitochondrial membrane permeability
through interactions with mitochondrial membrane proteins
ANT3 and VDAC, to enhance BAK/BAX-mediated cytochrome C
release [48-50]

acids), flufirvitide (peptide inhibitor
binding to haemagglutinin)

AVI-7100 (interference with M
segment gene expression)

Favipiravir (nucleoside inhibitor
targeting PB1)

The mature virion comprises eight structural proteins; the other three are expressed during viral replication. Haemagglutinin and neuraminidase, required for virus binding and release,
respectively, are present in the viral envelope. Together, haemagglutinin and neuraminidase determine the antigenic properties of the virus and are used to define different viral strains,
e.g. the HIN1 strain responsible for the 2009 pandemic and the H7N9 strain responsible for a recent outbreak of avian influenza in Asia. Some of the viral proteins represent putative
novel targets for antiviral therapy. TMPRSS2: transmembrane protease, serine 2; HAT: human airway trypsin-like protease; ENaC: epithelial sodium channels; CFTR: cystic fibrosis
transmembrane conductance regulator; RIG-1: retinoic acid inducible gene-1; IFN: interferon; JAK: janus kinase; STAT: signal transducer and activator of transcription; NF-xB: nuclear
factor-xB; VDAC: voltage-dependent anion channels. *: not expressed by all viruses.
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The presence of viral RNA in the cytosol activates three major intracellular immune pathways that initiate
the innate immune response to the virus: retinoic acid inducible gene-1 (RIG-1) proteins, Toll-like
receptors (TLRs; primarily TLR3 and TLR7), and inflammasome (fig. 2a) [76]. Binding of viral RNA to
helicase domains on RIG-1 trigger its interaction with mitochondria associated antiviral signalling protein
(MAVS), which induce the generation of type I and III interferons (IFN-o/f and -A) and activate the
pro-inflammatory transcription factor nuclear factor (NF)-kB [77]. In addition, viral RNA acts via MAVS
in the epithelium and via nucleotide-binding oligomerisation domain-containing protein-like receptor-3 in
myeloid cells to activate the inflammasome, leading to the release of IL-1B and IL-18 [76, 78, 79]. IFNs act
through receptors widely expressed in myeloid and epithelial cells in the infected lung to increase the
transcription and release of hundreds of IFN-regulated genes, while activation of inflammasome and
NF-xB induce the release of pro-inflammatory cytokines and chemokines [76]. All of these responses
promote viral clearance; however, they may also contribute to tissue injury [80-82].

After the infected epithelial cells, tissue-resident alveolar macrophages are the first responders to viral
infection in the lung (fig. 2b). They can promote viral clearance through the phagocytosis of
collectin-opsonised viral particles or infected apoptotic cells (efferocytosis) and release of a plethora of
inflammatory cytokines and chemokines to initiate and drive the immune response [83-86]. In pigs,
depletion of resident alveolar macrophages prior to IAV infection resulted in a higher viral load, decreased
type I IFN production and increased morbidity and mortality [87, 88]. As a primary source of type I IFN,
resident alveolar macrophages may also stimulate memory CD8" T-cells in a T-cell receptor-independent
way [89]. Notably, virus-induced killing [90] or site-specific suppression of resident alveolar macrophages
may promote disease severity. There is evidence that the antiviral capabilities of tissue resident
macrophages can be enhanced; for example, by deletion of CD200R, macrophage receptor with
collagenous structure (MARCO) or the ubiquitin-editing protein tumour necrosis factor (TNF)-o-induced
protein 3 prior to IAV infection, which results in faster viral clearance and a better outcome [91-93].

The release of pro-inflammatory cytokines induces the recruitment of circulating monocytic precursors into
the lung and their differentiation into monocyte-derived alveolar macrophages and dendritic cells (DCs),
including TNF/inducible nitric oxide synthase (iNOS)-producing DCs. Monocyte-derived alveolar
macrophages differ from tissue resident alveolar macrophages in that the former release higher levels of
pro-inflammatory cytokines typically associated with classical activation or “M1” polarisation, including
TNF-o and iNOS, which promote IAV-related alveolar injury [94-98]. Preventing the recruitment of these
macrophages into the lung, for example by deleting CCR2 or its ligand, reduces the severity of IAV infection
without affecting viral clearance [99-102]. As a result, therapies that target these macrophages may be of
interest. For example, priming of murine lungs with colonising S. aureus affects the polarisation of
monocyte-derived alveolar macrophages and attenuates IAV infection, suggesting a previously undescribed
mechanism by which the airway microbiota may protect against influenza-mediated lethal inflammation [103].

Activation of the intrinsic apoptotic pathway by viral proteins during infection, and the extrinsic apoptotic
pathway by inflammatory cytokines, results in apoptosis and sometimes necrosis of the airway and alveolar
epithelium, which are well-described features of IAV-induced ARDS (fig. 2c) [104-106]. For example, in
response to IAV, the pro-apoptotic cytokine TNF-related apoptosis-inducing ligand (TRAIL) is strongly
expressed on monocyte-derived alveolar macrophages in mice and in bronchoalveolar lavage macrophages
from patients with pandemic HINI influenza-induced ARDS [107]. TRAIL can directly induce alveolar
epithelial cell apoptosis by interacting with death receptor 5, which is highly expressed in the lung
epithelium at baseline and is upregulated by type I IFNs during viral infection [107, 108]. Strategies that
prevent TRAIL-induced apoptosis attenuate the severity of IAV pneumonia in mice without compromising
viral load [107, 108], whereas those that promote it worsen injury [109].

DCs are another key component of the innate immune response to IAV infection in the lung [110].
Different subsets of DCs reside in the lung and airways and respond to IAV infection. The CD103™ subset
of DCs (major histocompatibility complex class II" CD11c" CD103%) plays a particularly important role.
These cells reside in the pulmonary epithelium from where they extend processes into the airway lumen;
here, they encounter viral particles or the remnants of virus-infected cells. In the presence of inflammatory
cytokines released from the lung epithelium and inflammatory cells, e.g. those produced by inflammasome
(IL-1B and IL-18) or granulocyte-macrophage colony-stimulating factor (GM-CSF) [110-113], they are
induced to migrate to the draining lymph nodes. In the lymph nodes, CD103™ DCs serve as potent
antigen-presenting cells for the activation of naive CD8" and CD4" T-cells and for the presentation of
viral antigens to rare virus-specific memory T-cells required for adaptive immunity [114, 115].

The expansion of naive CD8" and CD4" and virus-specific memory T-cells are key to the adaptive
immune responses to IAV infection. Antigen-specific CD8" T-cells induce the lysis of IAV-infected cells
via the release of cytotoxic granules upon antigen engagement, and can work with monocyte-derived
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FIGURE 2 Influenza infection results in the sequential activation of beneficial and detrimental host-immune pathways in the lung. a) The earliest responses are seen in the
infected airway or alveolar epithelial cell (AEC). From left to right, the presence of intracellular viral RNA activates Toll-like receptors (TLRs), primarily TLR7 and TLR3, to
induce pathways that culminate in activation of interferon regulatory factor (IRF)3 or IRF7, which increase the transcription of the type I interferon (IFN)-o/f. Activation of
this pathway can also induce the transcription of pro-inflammatory cytokines and chemokines by activating nuclear-factor (NF)-kB. 5’ triphosphorylated double stranded RNA
(5'-PPP dsRNA) released into the cytosol during influenza infection induces a conformational change in retinoic acid-inducible gene-I (RIG-I), which interacts with
mitochondrial antiviral signalling protein (MAVS) allowing it to activate nucleotide-binding oligomerisation domain-containing protein (NOD)2. This also induces the
transcription of type I IFNs via IRF3 and pro-inflammatory cytokines via NF-kB. The inflammasome proteins ASC (adapter protein apoptosis-associated speck-like protein
containing a CARD), pro-interleukin (IL)-1B and pro-IL-18 are induced by NF-kB. In the presence of viral RNA, ASC interacts with NLR family, pyrin domain-containing
(NLRP)3 and MAVS to induce activation of the NLRP3 inflammasome, which cleaves and activates caspase-1 to generate IL-1B and IL-18, thereby amplifying the inflammatory
cascade. b) Infection of the airway or alveolar type II cells results in the release of damage-associated molecular pattern molecules (DAMPs) and pathogen-associated molecular
pattern molecules (PAMPs), which are sensed by resident dendritic cells (DCs). DCs migrate to regional lymph nodes to activate cytotoxic (CD8") and helper (CD4") T-cells,
as well as rare memory T-cells capable of inducing a specific antiviral response (not shown). At the same time, DAMPs, PAMPs, endocytosed viruses and perhaps influenza
infection itself induce the release of type I IFNs and inflammatory cytokines from tissue-resident alveolar macrophages (TR-M®) and DCs (not shown). These cytokines/
chemokines induce the recruitment of neutrophils and the recruitment and differentiation of peripheral blood monocytes into monocyte-derived alveolar macrophages
(MD-M®). Both neutrophils and MD-M® amplify the inflammatory response. Damage to the underlying endothelium causes the loss of negative regulators of inflammatory
cell recruitment and inflammation, including signalling through the sphingosine-1 phosphate receptor (S1PR) and the release of angiotensin via angiotensin converting enzyme
(ACE), thereby amplifying the inflammatory response. c¢) The resulting release of type I IFNs and inflammatory cytokines and the action of cytotoxic T-cells is critical for viral
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alveolar macrophages to induce cell death via the extrinsic apoptotic pathway by releasing TNF-o or
TRAIL [116, 117]. Activated T-cells also secrete an array of other pro-inflammatory cytokines (e.g. TNF-a,
CCL3 and CCL5), but the role of these cytokines in viral clearance and/or the induction of lung injury is
not clear [118]. Interestingly, a substantial body of evidence suggests that the cytolytic activity and
cytokine function of effector T-cells are modified by factors present in the inflammatory milieu of the
IAV-infected lung [119-122]. The complexity of these interactions is highlighted by the discovery that
hHigh mobility group protein Bl (HMGBI1), a damage-associated molecular pattern (DAMP) molecule
released from the infected epithelium, promotes the DC-dependent activation of IAV antigen-specific
CD8" T-effector cells via an interaction with RAGE (receptor for advanced glycation endproducts) [123].

Emerging evidence highlights the importance of the endothelium in organising the immune response to
IAV infection. For example, the upregulation of sphingosine-1 phosphate receptor on endothelial cells is
required to orchestrate the ingress and egress of inflammatory cells to the injured lung during infection
[18, 124]. Moreover, the pulmonary endothelium is one of the major sites of angiotensin-converting
enzyme (ACE) production. ACE2, a close homologue of ACE, functions as a negative regulator of the
angiotensin system and protects against IAV-induced ARDS [125, 126]. Components of the coagulation
and fibrinolysis cascades have also been associated with promotion of IAV-induced lung injury [127, 128].
An emerging concept in the field is that host-derived molecular patterns or DAMPs, such as HMGB1 or
oxidised phospholipids, drive lung injury via activation of the TLR4 pathway during IAV infection [80,
129]. Finally, the presence of high titres of low-avidity, non-protective antibodies and deposition of
immune-complexes together with complement activation in the lung endothelium was associated with the
severity of lung injury in patients infected with the 2009 pandemic HIN1 IAV [130].

Viral clearance versus immune-mediated lung injury

In patients who succumb to IAV infection, post mortem examination of the lung almost always reveals
diffuse alveolar disease, but viral RNA is present in only a subset of patients [14]. These results and
findings from published studies of IAV infection in animals suggest that mortality in IAV infection might
result from an overly exuberant immune response or impaired viral clearance [76, 131]. An examination of
the role of neutrophils in IAV infection provides an illustrative example. Using an elegant systems biology
approach, investigators found that excessive activation of inflammatory signalling networks distinguished
lethal from sublethal infections in mice, and the transcriptional signature that predicted lethality was
largely attributable to neutrophils [131]. Several studies have found that strategies that interrupt CXCL2 or
CXCL10 driven feed-forward circuits involving neutrophils reduced lung injury during IAV infection
[131-134]. Despite this, the complete depletion of neutrophils prior to IAV infection is associated with
failure of viral clearance and worsened lung injury after IAV infection, suggesting that neutrophils play a
part in the multicellular co-ordinated response to the virus in the lung [135]. Consistent with these
findings, neutropaenia was found to be an independent risk factor for influenza-associated death in a
cohort of haematopoietic stem cell transplant recipients [136].

Resolution of lung injury and alveolar regeneration

The induction of neutralising antibodies to the surface of NA and HA is associated with the clearance of
infectious viruses and is necessary for the prevention of re-infection with the same IAV strain [137].
However, even in the absence of cross-reactive neutralising antibodies, CD8" T-cells specific to conserved
influenza epitopes are probably sufficient to mediate cross protection against severe influenza in humans
[138]. Viral clearance is associated with the resolution of acute inflammation (fig. 2¢c). This process is
mediated through a variety of mechanisms, and increasing evidence suggests that different populations of
T-cells are centrally involved. CD8" T-cells produce anti-inflammatory IL-10 during IAV infection to
attenuate and resolve inflammation [139]. Activated macrophages express the co-stimulatory molecule
CD86, which promotes the expansion of FOXP3" regulatory T-cells (Treg) to suppress neutrophil-driven
cytokine release [140]. Highlighting the importance of these cells, the adoptive transfer of Tregs into

FIGURE 2 (continued.)

clearance; however, an overly exuberant inflammatory response can disrupt the alveolar-capillary barrier resulting in alveolar flooding, intra-alveolar fibrin accumulation and
the generation of oxidised phospholipids (OxPLs), which can further worsen inflammation as shown in the left-hand panel. In contrast, successful control of viral replication
allows the development of specific antiviral humoral and cell-mediated immunity (not shown). Successful control of both viral replication and the resulting immune response
allows for alveolar repair (right-hand panel). The denuded alveolar epithelium is reconstituted through the proliferation of regional progenitor cells driven by signals from the
tissue microenvironment. Innate lymphoid cells (ILC) release the anti-inflammatory cytokine IL-22 and the growth factor/mitogen amphiregulin. Alveolar macrophages
become “M2” polarised and express scavenging and anti-inflammatory surface proteins, including macrophage factor with collagenase structure (MARCO) and CD200R, and
release growth factors and anti-inflammatory cytokines including hepatocyte growth factor (HGF), transforming growth factor (TGF)-B and IL-10. These anti-inflammatory
reparative signals temporarily impair local innate immune responses, increasing the susceptibility to Gram-positive bacterial superinfection. ssRNA: single-stranded RNA;
dsRNA: double-stranded RNA; TNF: tumour necrosis factor; RBC: red blood cells; TRAIL: TNF-related apoptosis-inducing ligand; Treg: regulatory T-cell.
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immunodeficient mice controlled the otherwise lethal inflammation mediated by innate immune cells
during IAV infection [141]. The type I IFNs can inhibit the activation of T-helper 17 responses and reduce
the recruitment of neutrophils to the lung. IFN-y released from activated T-cells inhibits the expression of
the scavenger receptor MARCO on alveolar macrophages [142]. While all of these processes limit the
immune response, they come at the expense of an enhanced susceptibility to secondary bacterial infection,
particularly with Gram-positive organisms. Indeed, retrospective examination of autopsy specimens from
the 1918 and 2009 pandemics suggests that a substantial fraction of patients died from bacterial infections
after successful clearance of the virus [14, 143].

Influenza virus infection results in large areas of denuded basement membranes in the upper and lower
airways, loss of the delicate microarchitecture of the lung and formation of micro- and macroatelectasis.
Therefore, a robust regeneration response is required to restore gas exchange and protect from secondary
microbial infection, which must include the termination of inflammation, matrix deposition, progenitor
cell proliferation and re-establishment of the alveolar-capillary barrier. A number of studies have recently
highlighted the importance of innate lymphoid cells in the maintenance and regeneration of mucosal
surfaces. Lymphoid tissue inducer cells, which are involved in development of lymphoid tissues, and
innate lymphoid cells secrete IL-22, a tissue-protective cytokine that induces the expression of genes that
are important for lung regeneration after IAV infection [144-147]. In addition, IL-22 stimulates
pulmonary epithelial cells to increase antibacterial genes, such as lipocalin 2, which may be important for
protection from secondary bacterial pneumonia [145, 148] and increases the expression of genes encoding
anti-apoptotic proteins including B-cell lymphoma (Bcl)2 and Bcl-2I1 [149]. Innate lymphoid cells are also
required for the release of IL-33, which induces the secretion of amphiregulin, a member of the epidermal
growth factor (EGF) family that is essential for maintenance of epithelial integrity and proper airway
remodelling [150]. Of note, the administration of recombinant amphiregulin to mice co-infected with IAV
and bacteria significantly improved lung epithelial regeneration and survival [151]. Finally, Treg were
found to directly drive epithelial progenitor cell proliferation following endotoxin-induced lung injury to
promote lung repair; however, it is not known whether they play a similar role after IAV infection [152].
These discoveries are important as they may suggest therapies that can facilitate tissue regeneration in
patients with severe IAV-induced lung injury after viral clearance is achieved.

M2-polarised macrophages have been associated with tissue repair of the acutely inflamed lung [153];
however, experimental evidence of a similar role in respiratory viral disease is limited. Monocyte-derived
alveolar macrophages were found to secrete hepatocyte growth factor (HGF), a potent lung epithelial cell
mitogen, which induced proliferation of type II alveolar epithelial cells in a mouse IAV infection model
[154, 155]. Tissue resident alveolar macrophages promote the regeneration of type II alveolar epithelial
cells after endotoxin-induced lung injury via a pathway that requires TNF-oo and GM-CSF, another
proliferative and anti-apoptotic factor for the lung epithelium [156, 157]. There is evidence this same
pathway is active during the resolution of IAV infection [113].

The mechanisms by which the extensively damaged airway and alveolar epithelium are repaired following
TAV infection are not completely understood. Replacement of damaged or denuded areas of epithelium is
accomplished by the proliferation of one or more airway and alveolar progenitor cells; partially differentiated
cells within the airways or epithelial space capable of self-renewal and differentiation in response to
environmental cues provided by the surrounding mesenchyme [20]. These include populations of airway
basal cells expressing p63 and keratin 5, subsets of club cells in the distal airways including itgb4"CD24'¥
cells, and putative populations of bronchoalveolar stem cells at the bronchoalveolar duct junction. Within the
alveoli, itgh4™ cells, “bipotent” type I and type 1I alveolar epithelial cell progenitors and alveolar type II cells
have been attributed stem/progenitor cell functions during repair [158, 159]. While all of these populations
have been reported to expand in different models of lung injury, the emergence of p63-positive and keratin
5-positive epithelial pods in the alveolar space has only been observed after severe IAV-induced lung injury
[160, 161]. Whether this is accompanied by expansion of other progenitor pools or whether direct or
immune-mediated damage to the more distal progenitor populations in response to viral infection
necessitates the expansion of the airway stem cell pool is not known. Soluble growth factors involved in these
responses comprise, among others, fibroblast growth factors, EGFs, HGFs, and transforming growth factor-p
[158], some of which are induced in IAV infection [150, 154, 162, 163]. Our own data reveal that a itgb4+
progenitor cell population is crucial for bronchial and alveolar repair after IAV-induced lung injury in mice, a
process involving cross-talk with resident mesenchymal niche cells, extracellular matrix laminins and FGF10
(S. Herold and G.R.S. Budinger; unpublished observation).

Therapy
For patients who present with <4 days of fever, myalgia, headache, fatigue, dry cough, sore throat and
rhinorrhoea during the influenza season, and in patients who require hospitalisation for respiratory symptoms
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during the influenza season, the use of rapid diagnostic tests may help to guide therapy [14, 164]. The most
common is the rapid influenza diagnostic test, an immunoassay that identifies the presence of influenza A or
B viral nucleoprotein antigens in respiratory specimens. Rapid influenza diagnostic tests yield results in
~15min but have limited sensitivity and specificity. Rapid reverse-transcription PCR tests for IAV or
influenza B virus RNA are conducted on nasopharyngeal swabs or other respiratory samples, distinguish
between different influenza strains and are highly specific (>90%), but relatively insensitive (40-70%) [14].
Viral cultures can be considered in patients in whom diagnostic uncertainty requires additional testing or
when novel strains of influenza are suspected. Treatment with NA inhibitors is recommended as early as
possible after symptom onset for patients: with confirmed or suspected IAV who present within 48 h of
symptom onset; in high-risk or hospitalised patients, including children aged <2 years and adults >65 years;
patients with chronic illness, immunosuppression, pregnancy; and nursing home residents [14, 58]. Treatment
of severe TAV with ARDS includes the use of higher dose, intravenous NA inhibitors and aggressive
supportive care. Several groups have reported favourable clinical outcomes using extracorporeal membrane
oxygenation to support patients with severe hypoxaemic respiratory failure secondary to IAV [165].

At-risk populations

Seasonal TAV infection causes disproportionate mortality in the elderly. For example, compared with 18-
49 year olds, the incidence of respiratory failure induced by IAV infection is lower in children but 20 times
higher in patients aged 65-74 years [15]. In contrast, pandemic IAV often causes disproportionate mortality
in younger individuals [8, 9, 14, 65, 69]. This is thought to result from partial immunity conferred by
exposure to historically circulating strains in older individuals. During the pandemic caused by the 2009
HINI virus, severe prolonged exacerbations of asthma or chronic obstructive pulmonary disease were
reported in 14-15% of patients and, in one study, 29% of children and 27% of adults hospitalised with IAV
had a prior diagnosis of asthma [9, 14]. Post hoc analysis of data collected during the 2009 HINI influenza
pandemic also suggested that obesity was an independent risk factor for the development of respiratory
failure and mortality [10, 166, 167]. Pregnancy is another risk factor for poor outcomes, with the highest
risk in the third trimester. In the pandemics of 1918, 1957 and 2009, pregnancy was associated with a risk
of respiratory failure and death approximately five times higher than the population as a whole, and
pregnancy is also a risk factor for poor outcomes after seasonal IAV infection [168]. It is not known
whether this is as a result of changes to the immune system or cardiovascular and pulmonary changes
during pregnancy that increase the likelihood of acute lung injury. Patients with immunosuppression were
reported to exhibit prolonged viral shedding and were at increased risk for poor clinical outcomes during
the 2009 HIN1 influenza pandemic [14]. Patients hospitalised due to HIN1 viral infection during this
pandemic showed enrichment for a minor IFITM3 (interferon-inducible transmembrane protein 3) allele
due to a single-nucleotide polymorphism that alters IFITM3 protein function, highlighting that genetic
susceptibility may account for severe IAV-associated disease [169].

Novel therapeutic strategies

M2 channel inhibitors (rimantadine and amantadine) are no longer recommended for the treatment of
influenza due to the widespread emergence of resistance (>99% of strains) and their lack of efficacy against
influenza B. This leaves NA inhibitors (zanamivir, oseltamivir, laninamivir and peramivir) as the only
currently recommended therapies for IAV infection [57, 170, 171]. Unfortunately, reports of viral
resistance to oseltamivir have rapidly increased during recent years [172, 173]. While some investigators
have questioned the clinical benefit of oseltamivir for uncomplicated IAV and influenza B virus infection
[174, 175], most studies suggest improved clinical outcomes in severely ill patients, even when therapy is
administered relatively late in the infection [59, 60], and higher dose parenteral therapy is recommended
for the treatment of patients with severe IAV or influenza B virus infection [176].

The viral replication machinery is an attractive target for the development of influenza-specific antivirals.
Screening of large compound libraries identified several small molecules that target components of the
viral polymerase complex [177]. Favipiravir (T-705; www.clinicaltrials.gov identifier NCT01068912), a
nucleoside inhibitor that efficiently blocks the RNA synthesis activity of PBI, is probably the most
advanced compound to date and is currently in phase III trials [178, 179]. Another small molecule,
DASI8], is a sialidase-fusion protein which, when administered by inhalation, cleaves sialic acids on the
lung epithelium rendering them inaccessible to infection by virus. DAS181 was effective in reducing viral
loads in a murine model and in a phase II clinical trial [180, 181]. Clinical trials of AVI-7100, a
phosphorodiamidate morpholino oligomer that is designed to interfere with expression of the M1 and M2
genes (www.clinicaltrials.gov identifier NCT01747148), and flufirvitide, a peptide inhibitor binding to HA
and inhibiting fusion (www.clinicaltrials.gov identifier NCT01990846), are currently underway (table 1).

A number of agents with potential immunomodulating effects, including immunoglobulins, N-acetylcysteine,
macrolides, peroxisome proliferator-activated receptors agonists, celecoxib and mesalazine, have been
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suggested for clinical use [182], but only a few of them reached clinical trials. Statins were shown to
modulate host immunity by their immunomodulatory and anti-inflammatory functions and were first
suggested as a potential therapeutic strategy to reduce IAV-induced inflammation in 2005 [183]. However,
rosuvastatin treatment did not improve outcomes after IAV infection in a murine model and a recent
multicentre trial of statins for the treatment of patients with ARDS secondary to sepsis produced negative
results [184, 185].

Influenza virus replication critically depends on cellular NF-xB activity [186] and NF-kB is a crucial
pro-inflammatory signalling module, suggesting that strategies to inhibit the NF-xB pathway may be
suitable for intervention. Intratracheal application of the NF-xB inhibitor acetylsalicylic acid into lethally
infected mice significantly improved survival, both because of its antiviral and additional
anti-inflammatory effects [187]. On the basis of these data, an acetylsalicylic acid-derived NF-kB inhibiting
compound is now being used in a phase II clinical trial for severe influenza (www.clinicaltrialsregister.eu/
ctr-search/trial/2012-004072-19/DE). In a related approach, small molecule inhibitors of the cellular Raf/
MEK/ERK cascade, which is known to efficiently support viral replication and mediate pro-inflammatory
events, confer strong antiviral effects in IAV-infected mice, and are being evaluated in phase I to phase III
clinical trials for other indications [186, 188]. Finally, GM-CSF, an important mediator of the antiviral
host defence and a factor promoting repair of the alveolar epithelium [113, 156], has been administered
via inhalation to patients with moderate-to-severe pneumonia-associated ARDS (including patients with
TAV infection), yielding results supportive of a future clinical trial [189].

Vaccination

Vaccination with IAV/influenza B virus vaccines is key to limiting the public health impact of influenza.
The influenza vaccine is updated yearly by investigators at the World Health Organization who work with
their collaborative partners in the USA and Europe to identify variants of prevalent viruses in the human
population considered most likely to cause infections in the following season [190]. Most vaccines are
inactivated influenza vaccines, which contain three (trivalent) or four (quadrivalent) antigens of two IAV
and one or both influenza B viral strains and are administered intramuscularly; a live attenuated trivalent
vaccine is approved for children and is administered intranasally [191]. Widespread adoption of the
quadrivalent vaccine is likely in the future. While specific recommendations vary by country, most
agencies recommend influenza vaccination for a large majority (>>85%) of the population, particularly for
women who are or are planning on becoming pregnant. For example, the Centers for Disease Control and
Prevention in the USA recommends vaccinations for all individuals aged >6 months. In infants aged
<6 months, for whom vaccination is not approved, protection is conferred by vaccination of their mothers
[191, 192]. The morbidity associated with influenza is probably further reduced by the administration of
pneumococcal vaccine to all children aged <5 years, older individuals (>65 years of age) and younger
individuals with immunocompromising conditions [191].

Research challenges

The success of current vaccination programmes and the array of novel therapies on the horizon highlight
both the success of previous research and the need for more research into the pathophysiology of
influenza infection, however, significant challenges remain. Research investigating the genetic basis of
influenza virulence has generated vigorous public debate in which the scientific community has argued
that the public health benefits of widespread dissemination of information for progress in diagnostics,
vaccines and therapies outweigh perceived concerns for bioterrorism [193]. Because humans (and for
some strains of pigs and birds) are the only natural hosts for IAV, the use of mouse models for research
represents another important challenge. While they cannot fully recapitulate the human disease, murine
models have allowed investigators to use genetic strategies to elucidate pathways critical for the response to
IAV in vivo, many of which have been described previously [76]. Improvements to these models, for
example by using mice with fully humanised immune systems, may assist with the translation of findings
to the clinic [194]. Finally, the time between research discoveries in the laboratory and the development of
therapies remains fixed at 15-20 years [195]. To combat a rapidly evolving pathogen like IAV, we need to
find faster mechanisms to bring recently discovered strategies, including many of those described in this
review, to the care of patients.

Conclusions

It is increasingly evident that the outcome of IAV-associated lung injury is determined by both viral and host
factors, suggesting an optimal range of activity for the immune response to viral infection. An enhanced
understanding of the pathobiology of IAV infection suggests that novel therapies targeting the host in
combination with conventional antiviral therapies may be beneficial. Such therapeutic strategies could
interfere with host signalling pathways necessary for viral replication, inhibit exaggerated inflammation, or
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promote tissue regeneration in an effort to dampen organ dysfunction and injury [196]. Strategies that limit
immune responses, for example, by inhibiting the activation of TLR4 by oxidised phospholipids [80, 197],
targeting the SIP receptor or the angiotensin/ACE system [124, 126, 197, 198] or even attenuating the
production of type I IFNs [107], have been shown to reduce the severity of IAV-induced mortality in murine
models. Similarly, strategies that promote immune resolution or tissue regeneration, e.g. inhibitors of T-cell
co-stimulators, resolvins, lipoxins, inhibitors of the CD200 receptor and immunomodulatory antibiotics or
glitazones [93, 99, 199-201] may accelerate regeneration in patients with severe disease. Further research is
needed to identify cells and pathways that can be specifically targeted over the course of the infection and to
develop clinically useful biomarkers that can identify the subset of patients in whom these targeted therapies
will be most effective.
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