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Influenza viruses cause annual epidemics and occasional pandemics that have claimed the
lives of millions. Both innate and acquired immunity are essential for protection against influ-
enzavirus. A viral infection is initially sensed by the host innate system, triggering a rapid anti-
viral response that involves the release of proinflammatory cytokines, and eventually leads to
the activation of the adaptive immune response. The innate immune response is initiated when
cellular pathogen recognition receptors (PRRs) recognize pathogen-associated molecular pat-
terns (PAMPS). The innate immune response by antigen presenting cells (APCs), including den-
dritic cells (DCs) and macrophages, is initiated quickly to protect from overwhelming infectious
organisms, but with time, also can activate the adaptive immune response to the invading patho-
gens. The adaptive immune response is essential for purging a diverse repertoire of invading
pathogens, and CD4* and CD8* T cells are required for successful eradication of pathogens.
Initial studies have indicated that the interaction of Notch and Notch ligands plays a critical role
during development, and further, the Notch system is an important bridge between APCs and
T-cell communication circuits. However, the role of Notch system during influenza virus infec-
tion is still unknown. Here we review our recent study which shows that Notch signaling through
macrophage-dependent Delta-like 1 (DII1) is critical in providing an anti-viral response during
influenza virus infection by linking innate and acquired immunity.
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A short overview of Notch system non-covalently associated with a single-pass transmem-
Notch is a heterodimeric cell-surface receptor that is in- brane domain® 2. The notch signaling pathway regulates
volved in a broad range of differentiation processes". It is many aspects of embryonic development, as well as dif-

composed of an extracellular ligand-binding domain that is ferentiation processes and tissue homeostasis in multiple
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adult organ systems". There are two distinct families of
Notch ligands in mammals, known as the Delta-like ligands
(consisting of DLL1, DLL3, and DLL4) and the Jagged
ligands (Jagged1 and Jagged?2); both DLL and Jagged pro-
teins trigger the canonical Notch signalling pathway?. In
the canonical signalling pathway, binding of a ligand to
Notch results in the cleavage of the receptor at a site in the
transmembrane portion. This cleavage is mediated by a
y-secretase complex, and inhibitors of this complex are
frequently used to experimentally inhibit Notch activation.
Upon binding by either DIl or Jagged ligands, Notch un-
dergoes proteolytic cleavage catalyzed by Adam proteases
and the y-secretase complex, leading to the translocation
of the notch intracellular domain (N-ICD) into the nucleus.
N-ICD interacts with the transcriptional repressor, recom-
bination-signal-binding protein for immunoglobulin-«dJ re-
gion (RBP-J). The N-ICD interaction with RBP-J displaces
transcriptional co-repressors from RBP-J and also recruits
Mastermind (MAML) protein. The new transcriptional com-
plex of N-ICD-RBP-J-MAML converts RBP-J from a repres-
sor to a transcriptional activator® 4. Although unique func-
tions for each ligand have been described, the underlying
mechanisms for these differences are still unclear. Regu-
lation of Notch signaling is associated with several human
disorders, including cancer®. Recently, it has become evi-
dent that Notch signaling plays important roles within the
hematopoietic and immune systems. In the mature immune
system, the Notch pathway has been described as a sig-
naling mechanism involved in regulating cell lineage
choices for T cells? ).

Notch pathway in the linkage of APC and
T cell

Pathogens such as bacteria, helminths, fungi, and also
viruses are recognized by antigen-presenting cells (APCs),
which then activate CD4* T helper (Th) cells”. These cells
drive adaptive immunity and induce specific responses
against these microbes®. It has well studied that the differ-
ent types of APC and their availability to display particular
cytokine production profiles, pathogen recognition recep-
tors (PRRs), and costimulatory molecules are key deter-
minants for Th differentiation®. In addition, studies have
demonstrated that Notch proteins are also important in the
induction of Th responses?®. Th1 cells produce IFN-y and
are involved in the fight against intracellular pathogens'?,
whereas Th2 cells secrete interleukin-4 (IL-4), IL-5, and
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IL-13 and provide immunity to helminthes'. For example,
in the presence of functional Myeloid differentiation factor
88 (MyD88), a adaptor molecule of Toll-like receptor (TLR),
pathogen-associated molecular pattern (PAMP) binding to
TLR upregulates DII1 or DIl4 on APCs, which causes the
differentiation of naive Th cells to a Th1 phenotype. On the
other hand, the differentiation of naive Th cells to a Th2
phenotype occurred in the absence of functional MyD88
when Jagged was constitutively expressed on APCs? 2,
Moreover, recent finding described IL-17-producing T cells,
named Th17'®. Some extracellular bacteria and fungi are
cleared by the presence of Th17 cells that recruit neutro-
phils to the site of infection'”. We have demonstrated that
DIl4 induction on DCs can specifically promote the gen-
eration of Th17 cells in the pathogenesis of mycobacteria-
elicited granulomatous immune response'. Notch signal-
ing is also associated with the differentiation of naive CD8*
T cells to cytotoxic T lymphocytes (CTLs), a process that
is in part mediated by the up-regulation of the transcrip-
tional regulator eomesodermin (Eomes), which regulates
the expression of perforin and granzyme B, important in-
ducers of genes involved in the acquisition of CTL function
and in the responsiveness to cytokines that regulate the
survival of long-lived memory T cells'®. Recent data dem-
onstrated that signaling mediated by DIlI1 was required for
full cytotoxic activity of CTLs' ®. However, how DII- and
Jagged-expressing APCs differ in their ability to induce
Notch signaling is unclear and will need to be answered in
the future.

Notch ligand Delta-like 1 (DIl1) up-regu-
lation in influenza virus challenged mac-
rophages

Many studies have shown that notch ligand regulation
on APCs is a key event for T cell differentiation. Using BM-
derived DCs and macrophages, we assessed the gene
expression profile of Notch ligands on APCs following
influenza virus stimulation. Of the five Notch ligands, DIl
is the only Notch ligand specifically up-regulated on mac-
rophages following influenza stimulation, but it is not ex-
pressed on DCs'®. Also in murine influenza virus infec-
tious model, the peak expression of DIl1 on lung macroph-
ages in mice coincides with the period of peak inflamma-
tion after HIN1 infection. Among the cytokines induced
during the innate immune response, activation of type-I
IFNs is the most powerful defense mechanism against in-
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Fig.1 Schematic representation of the role of Notch ligand

(DII1) on influenza virus HIN1 infection model
Macrophages play an important role in regulating IFN-vy production
from both CD4* and CD8* T cells through RIG-I-induced type-I IFN-
dependent pathway (including JAK-STAT pathway) that upregulates
the Notch ligand DII1. Our /n vivo influenza HIN1 infectious model
demonstrates higher mortality and impaired viral clearance in anti-
DII1Ab treated or GSI treated mice with decreased IFN-y production
when compared with control treated mice.

fluenza viral replication and spread®. Moreover, macroph-
ages, but not DCs, showed enhanced Notch ligand DIl1
expression in response to influenza virus and to type-1 IFN
cytokines, which suggested that DII1 induction is depen-
dent on type-l IFNs. We also confirmed this by showing
that IFN«R"-derived macrophages completely failed to
induce DII1. Influenza virus amplifies the type-1 IFN re-
sponse via a positive-feedback loop that activates JAK-1
and Tyk-2 kinases, which leads to the phosphorylation and
dimerization of STAT1 and STAT2 protein2"22. Our stud-
ies also showed impaired DIl1 induction on macrophages
from STAT1” mice and macrophages treated with a JAK-1
inhibitor. PRRs that recognize influenza virus RNA, have
been shown to be a key initiator of type-l IFN response in
infected cells. These PRRs rely on the RIG-I-like signaling
pathway, composed of RIG-I and MDAS5. RIG-I-knocked
down macrophages, not MDA-5-knocked down macroph-
ages, expressed decreased Notch ligand DIlI1 with sig-
nificantly decreased type-I IFN cytokine production follow-
ing influenza virus stimulation. Thus, Our results show that
influenza virus-induced type-I IFNs are exclusively RIG-I
dependent and that their production is essential for the in-
duction of DII1 through the IFNaR and the JAK-1/STAT1/2
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signaling pathway'? (Fig.1).

Role of DLL1-expressed macrophage
against influenza virus infection

Macrophages are important components of innate host
defense and can play a critical role in limiting the severity
of influenza virus infection. We showed that specific neu-
tralization of DII1 during influenza virus challenge induced
higher mortality, impaired viral clearance, and decreased
levels of IFN-vy. In addition, treatment of Notch signaling
by using vy -secretase inhibitor (GSl), a Notch signaling
inhibitor, during influenza infection led to higher mortality,
higher virus load, and an impaired production of IFN-vy in
lungs (Fig.1). Our findings indicated that induction of DII1
on macrophages in response to influenza virus specifically
regulated IFN-y production from CD4* and CD8* T cells
both in vivo and in vitro'® (Fig.1). DIl is required for opti-
mal IFN-y production in response to Ag as previously
described®. Several studies support our results showing
that IFN-y plays an important role in recovery from influ-
enza viral infection by helping to clear the virus?® 24. Thus,
macrophages are indispensable for the protection against
influenza virus by their enhancement of DII1 expression
levels and up-regulating IFN-y level from T cells through
Notch signaling pathway.

Closing remarks

Our studies have revealed a critical role of Notch signal-
ing in infectious model using influenza virus. In this model
DII1 influences the development of anti-viral immunity, and
may provide mechanistic approaches for modifying and
controlling the immune response against influenza virus
infection. New type of influenza vaccine to induce DIl1 on
macrophages might be one of candidate. For example, in-
tranasal pre-treatment of poly(l:C), a double-stranded RNA
(dsRNA) ligand which could induce type-I IFN and increase
DIl expression on macrophages'®, provided high level of
protection against lethal challenge with influenza virus®.
However, Notch system seems more complicated system,
because Notch signaling pathways contribute to immune
systems including a role in multiple lineage decisions of
developing lymphoid and myeloid cells. A better under-
standing of the regulation of the notch system might con-
tribute a novel therapeutic approach for influenza virus in-
fection.
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