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New fronts emerge in the influenza cytokine storm
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Abstract Influenza virus is a significant pathogen in humans
and animals with the ability to cause extensive morbidity and
mortality. Exuberant immune responses induced following in-
fection have been described as a Bcytokine storm,^ associated
with excessive levels of proinflammatory cytokines and wide-
spread tissue damage. Recent studies have painted a more
complex picture of cytokine networks and their contributions
to clinical outcomes. While many cytokines clearly inflict
immunopathology, others have non-pathological delimited
roles in sending alarm signals, facilitating viral clearance,
and promoting tissue repair, such as the IL-33—amphiregulin
axis, which plays a key role in resolving some types of lung
damage. Recent literature suggests that type 2 cytokines, tra-
ditionally thought of as not involved in anti-influenza immu-
nity, may play an important regulatory role. Here, we discuss
the diverse roles played by cytokines after influenza infection
and highlight new, serene features of the cytokine storm, while
highlighting the specific functions of relevant cytokines that
perform unique immune functions and may have applications
for influenza therapy.

Introduction

Influenza virus causes acute respiratory infection and signifi-
cant rates of hospitalization and mortality [1]. After infection,
influenza virus is internalized into upper and lower respiratory
epithelial cells via endocytosis. Viral RNAs can be recognized
by the infected cell as pathogen-associated molecular patterns
(PAMPs) by numerous pathogen recognition receptors
(PRRs), which in turn can promote downstream cellular and
humoral responses, including the Bcytokine storm^ [2].

The term Bcytokine storm^ to describe an immune re-
sponse to influenza infection was first used in late 2003 in
reference to influenza-associated encephalopathy [3, 4].
Thus far, the influenza-induced cytokine storm has been
linked to uncontrolled proinflammatory responses, which in-
duce significant immunopathology and severe disease out-
comes [5–8]. As we better understand the varied roles of in-
dividual cytokines, the concept of the cytokine storm has be-
come more complicated. Beyond the direct effects of these
cytokines on different cell types, their cross-regulatory func-
tions within the cytokine network can have important effects
on the outcome of an infection.

One useful framework for considering the role of cytokines
is to divide them by those that are directly induced by virus
infection (primary cytokines) and those that are induced
downstream by other cytokines or features of the immune
response (secondary cytokines). Influenza virus infection in
epithelial cells, endothelial cells, and alveolar macrophages
leads to the primary wave of cytokine production, especially
type I interferons (IFNs), which upregulate the expression of
numerous interferon-stimulated genes (ISGs) [9]. Though
originally not a primary focus of influenza virus biology, en-
dothelial cells expressing the sphingosine-1-phosphate (S1P1)
receptor have been demonstrated to be key orchestrators of the
cytokine storm [10]. Following the type I IFN release, higher
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expression of ISGs initiates downstream anti-viral responses
and subsequent inflammatory cytokine production by innate
immune cells, like dendritic cells (DCs), macrophages, neu-
trophils, and monocytes. In the adaptive phase of the immune
response, different subsets of T cells and group 2 innate lym-
phoid cells (ILC2s) are activated and regulated to secrete the
secondary cytokines that promote viral clearance, tissue ho-
meostasis, and lung repair.

Here, we summarize some representative anti-influenza cy-
tokines and introduce several new members into the storm,
including IL-33 and amphiregulin, whose functions are rela-
tively recently appreciated in influenza virus infection. In this
review, we focus on the secretion, regulation, and functions of
the cytokines in influenza immune responses to provide po-
tential therapeutic targets for clinical treatments.

Cytokines directly induced by viral infection
(primary cytokines)

As soon as viral RNA is sensed by the innate immune system,
it initiates a rapid anti-viral signaling cascade, leading to the
production of various cytokines by the infected epithelial cell
and professional innate immune cells. The number of identi-
fied cytokines produced by infected cells is greater than 15,
without considering chemokines. Here, we focus our discus-
sion on several representative cytokines that play key roles,
including type I and III interferons, IL-1β, IL-18, TNF-α, IL-
6, and the Balarmin^ IL-33 (Fig. 1).

Type I and III interferons

The interferons (IFNs) are a family of well-studied cytokines
that play a critical role in innate immunity by inducing the
activation of an Bantiviral state^ in infected and neighboring
cells. There are three types of interferons (types I, II, and III),
defined by their receptor specificity. Type I interferons
(IFN-α/β) were discovered first and named for their ability
to interfere with viral replication [11]. Type I interferons can
be produced by diverse cell types; however, macrophages,
pneumocytes, dendritic cells (DCs), and inflammatory mono-
cytes are the main immune cell producers in acute influenza
infection [12, 13]. IFN-α/β can bind to the type I IFN hetero-
dimeric transmembrane receptor complex, IFN-α receptor
(IFNAR), which is composed of subunits IFNAR1 and
IFNAR2, and initiate a signaling cascade through the Janus
kinase—signal transducer and activator of transcription (JAK-
STAT) pathway, leading to the transcription of ISGs [14]. The
type III interferon family consists of IFN-λ1 (IL-29), IFN-λ2
(IL-28A), IFN-λ3 (IL-28B), and IFN-λ4, which can be
expressed by different cell types and have similar functions
as type I interferons through the JAK-STAT pathway [15].
The receptor for IFN-λs, composed of IFNLR1 (also known

as IL-28RA) and the shared IL-10R2 chain, is primarily
expressed on epithelial cells. As a result, type III interferons
have important, but restricted, anti-viral activities. The type II
IFN category contains a single member, IFN-γ, that has func-
tions distinct from type I and type III IFNs and will be
discussed in the section of Bsecondary cytokines.^

The key function of type I IFN signaling is to induce ISG-
encoded proteins, which have potent antiviral activities to in-
hibit viral replication directly within the infected epithelial cell
[13, 16]. The importance of type I IFNs can be assessed by
studying infections in mice deficient in the IFN-α receptor
(Ifnar−/− mice) [17]. Consistent with the functions of type I
IFNs, the expression levels of numerous ISGs induced by
H3N2 influenza virus infection were dramatically dampened
in Ifnar−/− mouse lungs when compared to wild-type lungs
[18]. Immortalized murine lung epithelial type I cells (LET1s)
from Ifnar−/−mice also showed reduced expression of antiviral
genes and increased permissiveness for viral protein production
after in vitro H1N1 infection compared to wild-type epithelial
cells, which suggests that the capability to produce type I IFNs
in epithelial cells is critical for local restriction of influenza
virus replication [19]. Beyond their effects on epithelial cells,
type I IFNs can enhance the lytic activity of memory CD8 T
cells by boosting granzyme B production and facilitating viral
clearance [20]. Mice that lack IFN-β alone also exhibit de-
creased survival and delayed viral clearance [21]. In contrast,
Ifnar−/− and Stat1−/− mice have distinct inflammatory re-
sponses to influenza infection, with Stat1−/− showing unim-
paired viral clearance by cytotoxic T lymphocytes but de-
creased IL-15 production and a bias towards type 2-biased
immune responses [22]. This is likely due to the fact that mul-
tiple cytokines can signal through Stat1, especially type II and
III IFNs, which may distinguish the downstream immune re-
sponses between infected Ifnar−/− and Stat1−/− mice.

Despite of the signaling and functional similarities between
type I and III IFNs, also called the IFN-λs, the receptor com-
plex for the IFN-λs (IFNLR) is heterodimeric, including one
shared subunit of IL-10R2, and one specific subunit of
IFNLR1 (IL-28RA), which is preferentially expressed on ep-
ithelial cells [23]. Type III IFNs can be highly induced by
influenza virus infection, even in Ifnar−/− animals, and pro-
duced by both epithelial cells and myeloid-lineage cells, such
as DCs [24]. IFN-λs have been found to be critical in
protecting mice against influenza infections. Mice deficient
in type III IFN signaling (Il28rα−/−) exhibited enhanced sus-
ceptibility and delayed viral clearance during H1N1 influenza
virus infection, and the outcomes were even more significant
in Ifnar−/− and Il28rα−/− double knockout mice, which sug-
gests the independent contribution of both type I and III IFNs
to protection [25, 26]. Therefore, as the first line of defense,
type I and III IFNs coordinately protect hosts against influenza
infections by promoting viral clearance and antiviral immune
responses.
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Fig. 1 Spatial and temporal segregation of cytokine production after
influenza infection. After internalization into epithelial cells, influenza
virus can be detected by innate immune sensors and trigger downstream
immune responses, including tremendous cytokine production,
sometimes called the Bcytokine storm.^ Cytokines directly induced in a
virally infected cell versus those downstream from other cytokine
signaling can be segregated as primary cytokines and secondary
cytokines, respectively. In the primary cytokine wave, virus-infected

lung epithelial, endothelial, and other immune cells produce type I and
III IFNs, IL-1β, IL-18, TNF-α, IL-6, IL-33, and other cytokines, mainly
to limit viral replication and spreading and to initiate downstream
immune responses (bottom panel). Following their recruitment and
activation by primary cytokines, CD8 T cells, NK cells, ILC2s, Tregs,
and Th2 cells can secrete the secondary cytokines IFN-γ, IL-10,
amphiregulin, and IL-5 to eliminate virus and virally infected cells,
dampen inflammation, and restore lung function (top panel)
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Interleukin-1β (IL-1β) and IL-18

In addition to the Toll-like receptors 3, 7, 8, and RIG-I,
which all recognize some form of viral RNA, influenza
virus can also be detected by the NLRP3 inflammasome
[27, 28], which is assembled by NLRP3, the adaptor
ASC, and pro-caspase 1. The upstream activator of
NLRP3 appears to be the sensor DAI (DNA-dependent
activator of IFN regulatory factors) or Zbp1 (Z-DNA
binding protein 1), which recognizes viral RNA or the
viral RNP complex [29, 30]. The activation of NLRP3
leads to the cleavage of pro-IL-1β and pro-IL-18 into
their active forms for secretion, IL-1β and IL-18, by
DCs and macrophages. Previous studies using IL-1R-
deficient mice indicated that IL-1R signaling is critical
for promoting survival, priming influenza-specific cyto-
toxic CD8 T cell responses, and generating IgA re-
sponses [31–33]. Interestingly, the administration of an
NLRP3 inhibitor (blocking IL-1β and IL-18 maturation)
during influenza infection suggested that IL-1β can pro-
mote recovery when present early in infection but is
associated with a damaging inflammatory response lead-
ing to severe pathogenesis and mortality when present
at late stages of infection [34]. Thus, the early induction
of IL-1β by virus is protective to infected hosts by
promoting CD8 T cell activity and antibody responses,
but has negative consequences if sustained throughout
the response.

The maturation of IL-18 is also modulated by NLRP3
inflammasome activation. The functions of IL-18 are sim-
ilar to IL-1β in post-influenza responses with IL-18 im-
proving the outcome of influenza infection through en-
hancing cytokine production by virus-specific CD8 T cells
and augmenting cytotoxicity of natural killer cells [35].
Il18−/− mice show reduced cytokine production by CD8
T cells and impaired ability for viral clearance [36]. This
topic remains controversial, however, as another study
shows that deficiency in IL-18 can enhance viral clear-
ance in mice [37]. Furthermore, receptor interacting pro-
tein kinase 2 (RIPK2)-mediated mitophagy provides pro-
tection against virally triggered immunopathology by neg-
atively regulating the activation of NLRP3 and the pro-
duction of IL-18 suggesting that overproduction of IL-18
can have deleterious consequences [38]. In human studies
in vitro, IL-18 synergizes with type I IFNs to induce
IFN-γ production in T cells, which can promote viral
clearance through numerous mechanisms [39]. In addition
to these pro-inflammatory roles, IL-18R signaling can al-
so negatively regulate IFN-α expression by pDCs in the
presence of influenza virus, which may form a potential
negative regulatory loop for type I IFN production [40].
Thus, IL-18 appears to play a complex role in the devel-
opment of the cytokine storm, with functions that both

promote viral clearance and immune pathology, and neg-
atively regulate other inflammatory cascades.

Tumor necrosis factor alpha (TNF-α)

TNF-α can be produced by different cell types after influ-
enza infection, including TNF/iNOS-producing DCs
(tipDCs) [41], lung epithelial cells [42], and helper T cells
and cytotoxic T lymphocytes [43]. TNF-α is considered to
be the prototypical proinflammatory cytokine at the Bcenter
of the influenza cytokine storm,^ escalating the severity of
disease in humans with highly pathogenic and pathological
influenza infections [44–46]. Supporting this claim, TNF
receptor 1 (TNFR1)-deficient mice exhibit significantly re-
duced morbidity but no difference in viral replication dur-
ing highly pathogenic H5N1 influenza infection [47]. In
addition, mice lacking both TNF-R1/TNF-R2 and IL-1 re-
ceptor exhibited decreased morbidity and delayed mortali-
ty with reduced airway inflammation but similar viral
clearance after lethal H5N1 challenge [48]. These data in-
dicate that TNF-α may contribute to the symptoms of se-
vere disease after infection, but a more limited role in re-
ducing viral replication, representing the quintessential
features of the Bcytokine storm.^ Anti-TNF treatment can
reduce the severity of weight loss and illness after A/X31
H3N2 virus challenge, indicating that it may be a promis-
ing therapeutic target [49].

IL-6

IL-6 has been primarily considered a proinflammatory cyto-
kine and a marker for inflammation in inflammatory arthritis
and inflammatory bowel diseases [50–53]. Clinical studies
also implicate IL-6 as correlated with the disease severity in
influenza-infected patients [54–56]. However, like IL-18, the
role of IL-6 in severe influenza infection is still somewhat
ambiguous. By using IL-6 or IL-6 receptor deficient mice
(Il6−/− or Il6r−/−), it has been demonstrated that IL-6 is essen-
tial for protecting the host from H1N1-associated mortality by
preventing virus-induced neutrophil cell death. The insuffi-
ciency of neutrophils in Il6−/− mice appears to impair viral
clearance and is associated with severe lung damage [57].
Consistent with this, another study indicated that IL-6 is re-
quired to control the extent of influenza-induced lung inflam-
mation and enhance viral clearance and survival [58].
Furthermore, IL-6 is crucial in secondary infections to recall
virus-specific memory CD4 T cells, but not CD8 T cells, by
limiting the activity of virus-specific regulatory T cells
(Tregs), which in turn favors virus clearance and host survival
[59]. Therefore, despite the association of IL-6 with poor clin-
ical outcomes, animal studies indicate that it may be promot-
ing important protective responses that improve disease
resolution.
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IL-33

As a member of the IL-1 family, IL-33 plays critical roles in
innate and adaptive immunity, promoting tissue repair and
maintaining tissue homeostasis [60–65]. IL-33 was discov-
ered by its binding to IL-1RL1 (ST2 receptor), which belongs
to the IL-1 receptor family and is structurally similar to the
receptors for IL-1 and IL-18. IL-33 drives type 2 immune
responses via MyD88-NF-κB signaling [66]. IL-33 is a
chromatin-associated nuclear cytokine, which associates with
chromatin via protein-protein interactions in vivo [67]. Due to
the lack of a signal sequence, the release of IL-33 occurs
primarily through cell death via infectious insults or allergen
exposure as an Balarmin^ by numerous cell types, including
epithelial cells, endothelial cells, macrophages, and fibroblasts
[68, 69]. Influenza virus infection has the ability to induce IL-
33 production by lung epithelial cells in vivo and in vitro [70].
In addition, IL-33 can promote lung tissue repair and homeo-
stasis by inducing ILC2s and Tregs to produce amphiregulin
(AREG) after infection (discussed in detail below) [71, 72].
Although the necessity of IL-33 in promoting type 2 responses
following influenza has been well-established, the induction
and regulation of IL-33 in lung infections still remain to be
investigated.

Cytokines induced by immune responses (secondary
cytokines)

The Bprimary cytokine storm^ derived from the direct infec-
tion of epithelial, endothelial and innate immune cells resident
in the lung helps restrain the virus from spreading and repli-
cating, recruits and activates effector cells that can perform
more extensive elimination of the virus and virally-infected
cells, and engage various cell types that can contribute to the
restoration of the lung tissue. These cells secrete a second
wave of cytokines, which continue the process of viral clear-
ance, dampen inflammation, and attempt to restore lung func-
tion. In this section, we summarize the functions of IFN-γ, IL-
10, amphiregulin, and IL-5 (Fig. 1).

Type II interferon (IFN-γ)

IFN-γ, the only type II IFN, is produced throughout influenza
infection. IFN-γ binds to the type II IFN receptors (IFNGR1
and IFNGR2) to signal through the classic JAK-STAT path-
way and induce the formation of STAT1-STAT1 homodimers
to promote ISGs [73]. IFN-γ is a potent antiviral cytokine
with numerous functions, including promoting the activation
of DCs, enhancing the cytotoxicity by other immune cells, and
inducing antibodies by B cells [74]. IFN-γ is mainly produced
by T cells and natural killer (NK) cells after influenza infec-
tion. IL-18, produced in the Bprimary cytokine storm,^ drives

the differentiation of highly activated antigen-specific CD8
and NK cells producing IFN-γ contributing to viral control
and other immune regulatory activities [35, 36]. The impor-
tance of IFN-γ during influenza infection appears to depend in
part on the specifics of the infection model, with some reports
finding no difference in viral clearance and disease survival in
IFN-γ deficient mice [75, 76], while in other systems IFN-γ-
deficiency is associated with loss of protection [77–79].

As innate immune cells, NK cells produce IFN-γ at an
early stage of infection (days 3–5 after infection) to control
viral replication. Endogenous IL-12 contributes to the early
NK cell IFN-γ production, but not to IFN-γ from T cells at
day 7. Additionally, exogenous IFN-γ treatment at the early
stage of A/PR8 H1N1 infection can protect mice through NK
cell activation and proliferation [80]. Thus, IFN-γ, produced
rapidly after infection by NK cells, is protective for virus-
infected hosts.

Neutralization of IFN-γ by using monoclonal antibodies in
influenza-infected mice indicates that IFN-γ is important for
generating virus-induced humoral responses (immunoglobu-
lin (Ig) G2a/c and IgG3) and affects local cellular responses
[77].

Later in the response, T cells become the major source of
IFN-γ. T cells are activated in the local draining lymph node
by migratory CD103+ and CD11b+ DCs [81, 82] carrying
viral antigens [83]. Once activated, T cells differentiate into
antigen-specific effector T cells. The influenza-specific effec-
tor CD8 T cells can function by various antigen-dependent
routes to limit infection, such as producing cytokines (includ-
ing IFN-γ and TNF-α) and mediating infected-cell killing
(perforin/granzyme-mediated cytolysis, FasL/Fas-mediated
apoptosis, and TRAIL/TRAIL-DR-mediated apoptosis) [84].

Some of the activities of IFN-γ have been associated with
inflammation and lung injury [85, 86] but, for the most part,
the activities of IFN-γ are protective. One study that trans-
ferred in vitro differentiated Tc1 (CD8 T cells primarily
producing IFN-γ) effector CD8 T cells from wild-type ani-
mals into naïve wild-type recipients followed by infection
with H1N1 virus one day after cell transfer demonstrates that
production of IFN-γ by Tc1 cells protects recipients against
influenza infection [87]. Furthermore, IFN-γ produced by
memory CD4 T cells during secondary influenza challenge
is required to mediate the protection of immuno-deficient
hosts [88–90].

IFN-γ is critical for the migration of antigen-specific CTLs
to the lungs and helps maintain CTL homeostasis in the spleen
after infection [75]. After infection with an H3N2 virus, wild-
type mice have significantly higher numbers of epitope-
specific CD8 Tcells in the bronchoalveolar lavage (BAL) than
in Ifng−/− mice, while knockout mice have more antigen-
specific CD8 T cells in the spleen, which suggests the
importance of IFN-γ for CD8 T cell trafficking to the site of
infection. In addition, the results of a transfer of H1N1-
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primed CD8 T cells to wild-type, Ifng−/− or Ifngr1−/− mice
followed by H3N2 challenge show that extrinsic IFN-γ
produced by host cells is required for CD8 T cell
recruitment and homeostasis.

In sum, IFN-γ secreted by T cells and NK cells has multi-
ple functions following influenza infection, including promot-
ing viral clearance, boosting cellular and humoral immune
responses, and improving host disease outcomes.

IL-10

IL-10 is the proto-typical anti-inflammatory cytokine that neg-
atively regulates innate and adaptive immunity during bacte-
rial and viral infections [91–93]. In influenza infection, IL-10
is highly abundant, especially during the adaptive immune
response [94]. Effector CD4 and CD8 T cells expressing high
levels of the transcription factors T-bet and IFN-γ are the main
producers of IL-10. Neutralization of CD4 and CD8 T cells
significantly decreases the IL-10 and IFN-γ levels in H1N1-
infected lungs [95]. Consistent with its immunosuppressive
functions, animals deficient in IL-10 (Il10−/−) or given an
antibody to block IL-10 receptor signaling produce higher
levels of numerous proinflammatory cytokines, such as IL-
17A, IL-17F, IFN-γ, and TNF-α [94–96]. However, the role
of IL-10 in influenza infection is extremely complex.
Blocking IL-10 receptor with an antibody at days 3, 4, and 6
after sublethal A/PR8 H1N1 infection of BALB/c mice leads
to lethal pulmonary inflammation and cell infiltration, no dif-
ference in viral clearance, and increased expression of proin-
flammatory cytokines [95]. Interestingly, other studies dem-
onstrated that IL-10 has minimal effects on a low dose of A/
PR8 H1N1 influenza infection, but Il10−/− mice are more
resistant to influenza than wild-type mice challenged with a
lethal dose of virus; in one set of studies, Il10−/− animals
displayed similar viral clearance yet had better lung function
[94, 96]. Previous results suggested that IL-10 had a detrimen-
tal role in suppressing the protective CD4 T cell-dependent
influenza-specific Th17- [94] and antibody-mediated re-
sponses [96]. In addition, early-phase administration (days
0–3 post-infection) of IL-10 can attenuate the level of viral
neuraminidase-activated TGF-β and promote type I responses
resulting in severe pulmonary inflammation and death, while
late-phase modulation (days 4–7 post-infection) can aid in
recovery and outcome of the infection [97]. In human influ-
enza infection, increased levels of IL-10 are correlated with
severe lung inflammation and fatality [98, 99]. However, high
levels of IL-10 may indicate the host’s attempt to regulate the
inflammatory damage caused by other members of the cyto-
kine storm. In this view, IL-10 itself may not be causative of
poor outcome, but an indicator that inflammation is unre-
strained. Taken together, IL-10 appears to play a time-
dependent regulatory role and may serve as an indicator of a
detrimental response. Additionally, its effects seem highly

sensitive to the precise conditions of the model (virus strain,
dose).

Amphiregulin (AREG)

Recent studies identified an important role for amphiregulin
after influenza infection. AREG belongs to the epidermal
growth factor (EGF) family and binds EGFR to promote
EGFR dimerization and trigger diverse intracellular signals
[100, 101]. AREG is constitutively expressed in numerous
cell types to promote cell proliferation and tissue homeostasis,
[100, 102], and plays a key role in lung repair after influenza
virus infection [71, 72]. During infection, AREG is primarily
produced by ILC2s [71], Tregs, and T helper cells (Th2 cells)
[72] at the stage when adaptive immunity dominates. These
cell types, which also express the IL-33R (ST2), can be regu-
lated by IL-33 production in the Bprimary cytokine storm^ and
express AREG to improve lung tissue homeostasis. Specific
blockade of AREG worsens tissue repair and disease out-
comes. Granulocyte macrophage colony-stimulating factor
(GM-CSF)-induced AREG production reduces susceptibility
of post-influenza staphylococcal pneumonia co-infection
[103]. Additionally, progesterone (P4) can protect female
mice against influenza infection by upregulating AREG pro-
duction in respiratory epithelial cells to improve wound
healing [104]. Based on the current studies on AREG in the
context of influenza infection, AREG contributes to lung re-
covery and restores lung function and may have great poten-
tial as a therapeutic.

IL-5

As a classic type 2 cytokine, IL-5 is mainly produced by Th2
cells and ILC2s in allergies and helminth infections to pro-
mote eosinophil maturation and infiltration [105, 106]. IL-5-
induced eosinophilia has been correlated with the severity of
asthma, and some clinical trials of anti-IL-5 therapy for asth-
ma have shown a reduction in disease outcomes [107].
However, during adult influenza infection, a type 2 anti-
inflammatory immune response is mounted in parallel to the
conventionally measured type 1 response; the magnitude of
this type 2 response also appears to be somewhat lower than
the type 1 profile. In addition, it remains unclear how hosts
with biased type 2 immunity, such as infants or asthma pa-
tients, respond to influenza infection. Thus, studies of type 2
immunity during the influenza response may facilitate the
thorough understanding of certain infection scenarios. It has
been suggested that IL-33-producing NKT cells regulate
ILC2s to produce IL-5, leading to eosinophil recruitment in
influenza infection [108]. Subsequently, IL-5, together with
IL-13, is correlated with influenza-induced airway hyper-
responsiveness (AHR) development via the IL-33 dependent
innate pathway, instead of viral clearance [109]. Furthermore,
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adoptive transfer of virus-specific Th2 CD4+ Tcell clones fails
to promote recovery from influenza infection, but causes de-
layed viral clearance and pulmonary eosinophilia [110, 111].
As for the functions of IL-5-induced eosinophils, one study
has shown that mice with high eosinophilia display robust
viral clearance and preserved airway epithelial integrity after
acute allergic asthma [112]. Therefore, for the most part, IL-5
has not correlated with strong protection and viral clearance
but rather with the alteration of the lung cellular environment,
particularly with respect to eosinophils.

The potential functions of eosinophils are only recently
receiving significant focus in the context of influenza infec-
tion. One study demonstrated that H1N1 virus infection can
induce eosinophil degranulation leading to the activation and
proliferation of CD8 T cells in vitro. In this work, adoptive
transfer of eosinophils from infected animals could protect the
recipients against influenza challenge by enhancing antigen-
specific cellular responses [113]. The combination of these
immune regulatory and enhancing functions with the known
effects of eosinophils on lung function requires further studies
to determine the relative contributions of each activity and the
regulatory role of IL-5 in these processes.

Conclusions and future perspectives

As we develop a comprehensive understanding of the multi-
faceted roles of innate and adaptive immune effectors during
influenza infection, the traditional cytokine storm should be
expanded to encompass the diversity of cytokines promoting
pathogenic and protective immunity, including inducing local
inflammation, eliminating infected cells, modulating cellular
and molecular immune responses, and promoting tissue repair
and homeostasis. Beyond the well-established functions of
traditional antiviral cytokines like the IFNs, recent studies
have implicated new cytokine subsets as being relevant to
influenza infection. Most of the literature has focused on the
strong type 1 immune response induced during infection, but
type 2 cytokines have now been demonstrated to play impor-
tant roles following infection, including IL-33, IL-5, and
AREG. However, their functions remain, in many cases, am-
biguous or controversial, with significant work needed to de-
fine their place in the immune network.

Immunomodulatory drugs, which blunt the inflammatory
cytokine storm during influenza infection, have been sug-
gested as clinical therapeutics, including S1P1 receptor ago-
nists, COX inhibitors, anti-TNF therapy, peroxisome
proliferator-activated receptors (PPARs) agonists, and antiox-
idants [5–7]. S1P1 signaling lowers the level of early inflam-
matory cytokines and chemokines and suppresses the infiltra-
tion of leukocytes during post-influenza responses, and
treating infected mice with S1P1 receptor agonists protected
animals better than treating with oseltamivir [10, 114]. To

date, several S1P1 receptor agonists are being tested in clinical
trials for multiple sclerosis and ulcerative colitis, which may
provide insight into the potential of these drugs for acute re-
spiratory infections [115]. The effects of these drugs on the
Bserene^ components of the cytokine storm also need to be
assessed.

Much of the work referenced in this review, and most in-
fluenza immunology research, still utilizes healthy adult mice,
whereas disease manifests disproportionately in immuno-
compromised patients, the obese, and in pregnant women,
infants, and the elderly [116]. Defining the potentially unique
cytokine networks in these populations is an important goal if
these insights are to be translated therapeutically.
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