m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Downloaded from http://cshperspectives.cshlp.org/ on September 12, 2024 - Published by Cold Spring Harbor Laboratory Press

Signaling in Innate Immunity
and Inflammation

Kim Newton and Vishva M. Dixit

Department of Physiological Chemistry, Genentech, Inc., South San Francisco, California 94080

Correspondence: dixit@gene.com

SUMMARY

Inflammation is triggered when innate immune cells detect infection or tissue injury. Surveil-
lance mechanisms involve pattern recognition receptors (PRRs) on the cell surface and in the
cytoplasm. Most PRRs respond to pathogen-associated molecular patterns (PAMPs) or host-
derived damage-associated molecular patterns (DAMPs) by triggering activation of NF-«B,
AP1, CREB, c/EBP, and IRF transcription factors. Induction of genes encoding enzymes, che-
mokines, cytokines, adhesion molecules, and regulators of the extracellular matrix promotes
the recruitment and activation of leukocytes, which are critical for eliminating foreign particles
and host debris. A subset of PRRs activates the protease caspase-1, which causes maturation of
the cytokines IL1B and IL18. Cell adhesion molecules and chemokines facilitate leukocyte ex-
travasation from the circulation to the affected site, the chemokines stimulating G-protein-
coupled receptors (GPCRs). Binding initiates signals that regulate leukocyte motility and
effector functions. Other triggers of inflammation include allergens, which form antibody
complexes that stimulate Fc receptors on mast cells. Although the role of inflammation is to
resolve infection and injury, increasing evidence indicates that chronic inflammation is a
risk factor for cancer.
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1 INTRODUCTION

The role of the inflammatory response is to combat in-
fection and tissue injury. Innate immune cells residing in
tissues, such as macrophages, fibroblasts, mast cells, and
dendritic cells, as well as circulating leukocytes, including
monocytes and neutrophils, recognize pathogen invasion
or cell damage with intracellular or surface-expressed pat-
tern recognition receptors (PRRs). These receptors detect,
either directly or indirectly, pathogen-associated molecular
patterns (PAMPs), such as microbial nucleic acids, lipopro-
teins, and carbohydrates, or damage-associated molecular
patterns (DAMPs) released from injured cells. Activated
PRRs then oligomerize and assemble large multi-subunit
complexes that initiate signaling cascades that trigger the
release of factors that promote recruitment of leukocytes
to the region.

Vascular alterations play an important role in the in-
flammatory response (Fig. 1). Histamine, prostaglandins,
and nitric oxide act on vascular smooth muscle to cause va-
sodilation, which increases blood flow and brings in circu-
lating leukocytes, whereas inflammatory mediators includ-
ing histamine and leukotrienes act on endothelial cells to
increase vascular permeability and allow plasma proteins
and leukocytes to exit the circulation. Cytokines such as
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tumor necrosis factor (TNF) and interleukin 1 (IL1) pro-
mote leukocyte extravasation by increasing the levels of
leukocyte adhesion molecules on endothelial cells. Acti-
vated innate immune cells at the site of infection or injury,
including dendritic cells, macrophages, and neutrophils, re-
move foreign particles and host debris by phagocytosis, plus
they also secrete cytokines that shape the slower, lympho-
cyte-mediated adaptive immune response.

Below we examine how PRRs signal recognition of in-
fection and injury. We then describe how the ensuing in-
flammatory response is amplified by the cytokines TNF
and IL1P3. Next, we discuss the mechanisms that get leuko-
cytes to where they are needed. Finally, we consider inflam-
matory signaling pathways triggered during allergic or hy-
persensitivity reactions and the possibility that chronic
inflammation promotes tumor development.

2 DAMPs AND PAMPs TRIGGER THE INNATE
IMMUNE RESPONSE

DAMPs are endogenous molecules normally found in cells
that get released during necrosis and contribute to sterile
inflammation. They include ATP, the cytokine ILla, uric
acid, the calcium-binding, cytoplasmic proteins S100A8 and
S100A9, and the DNA-binding, nuclear protein HMGBI.
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Figure 1. Cells and mediators of the inflammatory response. Molecules derived from plasma proteins and cells in
response to tissue damage or pathogens mediate inflammation by stimulating vascular changes, plus leukocyte mi-
gration and activation. Granulocytes include neutrophils, basophils, and eosinophils.
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Amyloid B fibrils associated with Alzheimer’s disease have
also been shown to be pro-inflammatory. PAMPs, in con-
trast, are pathogen-derived, often essential for microbe
survival, and, like DAMPs, structurally diverse. PAMPs
include bacterial and viral nucleic acids, fungal -glucan
and a-mannan cell wall components, the bacterial protein
flagellin, components of the peptidoglycan bacterial cell
wall, and lipopolysaccharide (LPS) from Gram-negative
bacteria.

3 TOLL-LIKE RECEPTORS (TLRs)

Members of the TLR family are major PRRs in cells. They
are type I transmembrane proteins containing leucine-rich
repeats (LRRs) that recognize bacterial and viral PAMPs in
the extracellular environment (TLR1, TLR2, TLR4, TLR5,
TLR6, and TLR11) or endolysosomes (TLR3, TLR7, TLRS,
TLRY, and TLR10). The ligands identified for the different
TLRs are listed in Table 1. Signal transduction by TLRs re-
lies on a cytoplasmic Toll /interleukin (IL) 1 receptor (TIR)
domain that serves as the docking site for TIR-containing
cytoplasmic adaptor proteins (Fig. 2). TIR domains in
the receptor for the pro-inflammatory cytokine IL1 func-
tion in a similar fashion.

3.1 MyD88-Dependent TAK1 and IKK
Activation by TLRs

With the exception of TLR3, all known TLRs engage the
adaptor MyD88 either directly (TLR5, TLR7, TLR8, TLRY,
TLR10, and TLR11, heterodimeric TLR1-TLR2 and TLR2-
TLR6, and the IL1Rs) or in combination with the adap-
tor TIRAP/Mal (TLR1-TLR2, TLR2-TLR6, and TLR4).
MyD88 contains a death domain (DD) in addition to a
TIR domain, and this mediates interactions with the DD

Table 1. Agonists of mouse and human Toll-like receptors

TLR Ligand

1/2 Triacyl lipopeptides

2/6 Diacyl lipopeptides

3 dsRNA

4 Lipopolysaccharide

5 Flagellin

7 ssSRNA

8 ssRNA in humans; unclear in mice

9 CpG DNA, malarial hemozoin

10° Unknown

11° Uropathogenic bacteria, Toxoplasma gondii
profilin-like protein

12° Unknown

13° Unknown

“Expressed only in humans.
PExpressed only in mice.
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of the serine/threonine kinase IRAK4 (Lin et al. 2010). Clus-
tering of IRAK4 within the receptor complex probably re-
sults in its autophosphorylation. The kinase activity of
IRAK4 is required for its DD to bind the DD of the related
kinases IRAK1 and IRAK2. MyD88 and the IRAKSs nucleate
a larger complex, which in the case of TLR4 includes E3
ubiquitin ligases (TRAF6, cIAP1, and cIAP2) and the E2
ubiquitin-conjugating enzyme Ubcl3 (Tseng et al. 2010).
TRAF6 and Ubc13 catalyze the formation of polyubiquitin
chains in which the carboxyl terminus of one ubiquitin
forms an isopeptide bond with the g-amino group of K63
of an adjacent ubiquitin. TRAF6 can build polyubiquitin
chains on lysines within itself and IRAK1, and it also pro-
motes K63-linked polyubiquitylation of cIAPs (Skaug
et al. 2009; Tseng et al. 2010). These K63-linked chains are
thought to recruit the adaptor proteins TAB2 and TAB3,
which exist in a complex with the kinase TAKI. The regula-
tory subunit of the IkB kinase (IKK) complex, known as
IKKy or NEMO, also binds K63-linked polyubiquitin and
is recruited to the TLR4 signaling complex (Laplantine
et al. 2009; Tseng et al. 2010).

Analyses of knockout mice indicate that both IKK and
TAK1 are important for activation of NF-kB transcription
factors, whereas only TAK1 is required for activation of the
mitogen-activated protein kinases (MAPKs) p38a and
JNK (Sato et al. 2005; Shim et al. 2005; Israel 2010). How
TAK1 and IKK are activated, however, requires further
clarification. Unanchored K63-linked polyubiquitin chains
synthesized by TRAF6 and Ubc13 were proposed to acti-
vate TAK1 by inducing its autophosphorylation (Xia et
al. 2009). Although TAK1 can phosphorylate the activa-
tion loops in the kinases IKK and MKK®6 in vitro, the lat-
ter a MAPK kinase upstream of p38a (Skaug et al. 2009), it
is not clear whether TAK1 phosphorylates IKKP in cells.
A recent study suggested that TLR4-induced TAK1 auto-
phosphorylation and activation, but not IKK activation,
require translocation of the MyD88—TRAF6—Ubcl3—
cIAP-TAK1-IKKY signaling complex from TLR4 into
the cytosol (Tseng et al. 2010). This translocation depends
on TRAF6 and the cIAPs. Studies of gene-targeted mice ex-
pressing a kinase-dead version of TAK1 would clarify
whether TAK1 requires its kinase activity to activate IKK.

IKK activation, like TAK1 activation, has been linked to
polyubiquitin binding, but the chain linkages and the key
E2/E3 ubiquitin enzyme combinations appear to differ.
Both unanchored polyubiquitin formed by TRAF6 with
the E2 UbcHS5c¢ (Xia et al. 2009) and linear polyubiquitin
conjugated to IKK+y (Rahighi et al. 2009; Tokunaga et al.
2009) have been shown to induce IKK activation. The linear
ubiquitin chain assembly complex (LUBAC) joins ubiqui-
tins in a head-to-tail fashion with the carboxy-termi-
nal glycine residue of one ubiquitin linked to the amino
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Figure 2. Signaling by TLR4. (A) Domain structure of human TLR4. (B) Binding of LPS to TLR4 and the coreceptor
MD2 triggers interactions between the cytoplasmic TIR domain of TLR4 and TIR-containing adaptor proteins
(Mal, MyD88, and TRAM). MyD88 binds IRAK4, which requires its kinase activity to bind the kinases IRAK1
and IRAK2 sequentially. The MyD88—IRAK complex also engages the ubiquitin ligase TRAF6 to make polyubiqui-
tin chains that activate the IKK complex for NF-kB- and ERK-dependent gene transcription. Ubiquitin ligases
cIAP1 and cIAP2 recruited to the TLR4 signaling complex regulate translocation of a subset of signaling components
to the cytoplasm, where TAK1 activation initiates a MAPK cascade that stimulates gene expression. TLR4 activated at
the plasma membrane is endocytosed but can signal within the endosomal compartment via the adaptors TRAM
and TRIE The kinase and ubiquitin ligase combination of RIP1 and Pelil interacts with TRIF to signal NF-kB acti-
vation, whereas TBK1 and TRAF3 stimulate IRF3-dependent transcription. (C) Functional outputs of some of the
genes upregulated by TLR4 signaling.
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terminus of another ubiquitin. E2 enzymes that support
LUBAC activity in vitro include UbcH5c and UbcH7 (Ger-
lach et al. 2011; Tkeda et al. 2011; Tokunaga et al. 2011).
Binding of the carboxy-terminal UBAN domain in IKKy
to linear ubiquitin chains may produce conformational
changes necessary for IKK activation. The importance of
IKKy binding to polyubiquitin is supported by the identi-
fication of mutations in the UBAN domain that impair
NE-kB activation and cause immunodeficiency in humans
(Table 2) (Doffinger et al. 2001). These studies may explain
why NF-kB activation is largely normal in the absence of
Ubc13 while MAPK activation is compromised (Yamamo-
to et al. 2006).

The MAPKs JNK and p38a, like TAK1, are activated
downstream from TLR2 and TLR4 in a cIAP-dependent
manner. The TAK1-containing signaling complex translo-
cates into the cytosol and recruits the kinase MKK4 to
phosphorylate and activate JNK (Tseng et al. 2010). It prob-
ably also recruits MKK3 and MKK6 to activate p38a be-
cause both kinases associate with TRAF6 in response to
LPS (Wan et al. 2009). p38a is required for activation of
the transcription factors CREB and ¢/EBP, and it con-
tributes to the induction of several genes, including those
encoding chemokines (Cxcll, Cxcl2), cytokines (ILIO,
IL12b, IL1a, and IL1b), and regulators of extracellular ma-
trix remodeling (Mmp13) and cell adhesion (Veaml)
(Kang et al. 2008; Kim et al. 2008). JNK regulates the activity
of the AP1 transcription factor and stimulates expression of
pro-inflammatory mediators such as TNF (Das et al. 2009).

Activation of the IKK complex is required for NF-«kB-
dependent transcription as well as transcriptional re-
sponses downstream from the MAPK ERK. IKKf@ sub-
strates include p105, the precursor of the p50 NF-kB1
transcription factor, as well as the IkB proteins that seques-
ter NF-kB transcription factors in the cytosol. Phosphory-
lation by IKKP targets these substrates for K48-linked
polyubiquitylation by the E3 ubiquitin ligase SCFP ™"
and subsequent proteasomal degradation (Kanarek et al.
2010). Degradation of p105, which exists in a complex

Table 2. Genes regulating inflammation that are mutated in
human disease

Gene Protein  Disease

CIASI NLRP3  Familial cold autoinflammatory syndrome;
Muckle—Wells syndrome; Neonatal-onset
multisystem inflammatory disease

IKBKG IKKy Anbhidrotic ectodermal dysplasia with
immunodeficiency

NOD2 NOD2  Crohn’s inflammatory bowel disease; Blau
syndrome characterized by arthritis and
uveitis

TNFAIP3  A20 B-cell lymphomas
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with the kinase Tpl2, activates a Tpl2—MEK1—ERK kinase
cascade that leads to the induction of genes such as Prgs2
by the CREB/ATF family of transcription factors (Banerjee
and Gerondakis 2007). The cyclooxygenase 2 (COX2)
enzyme encoded by Prgs2 is involved in the synthesis of
prostaglandins, which are important mediators of pain,
inflammation, and fever. IkB degradation allows dimeric
NF-kB transcription factors composed largely of RelA
(p65) and NF-«kB1 (p50) subunits to accumulate in the nu-
cleus and drive expression of a large number of pro-inflam-
matory genes (Table 3 lists a subset of these genes).

NF-kB also induces genes that limit the duration and
magnitude of the inflammatory response, such as Tnfaip3
and Nfkbia (the latter encodes IkBa and thus forms a
negative-feedback loop). These genes prevent the inflam-
matory response from causing more tissue damage than
the initial injury. For example, mice lacking the A20 de-
ubiquitylating enzyme encoded by Tnfaip3 die from un-
checked inflammation. A20 is thought to switch off TLR
signaling by countering ubiquitylation by TRAF6 or cIAPs
(Newton et al. 2008; Skaug et al. 2009; Shembade et al.
2010). Somatic mutation of TNFAIP3 occurs frequently
in some human B-cell lymphomas, which suggests that
A20 may function as a tumor suppressor, and polymor-
phisms within the TNFAIP3 locus have been associated
with autoimmune disorders, including systemic lupus er-
ythematosus, rheumatoid arthritis, Crohn’s inflamma-
tory bowel disease, and psoriasis (Table 2) (Vereecke et al,
2011). The tumor suppressor gene CYLD, which is mutated
in familial cylindromatosis, also encodes a deubiquitylat-
ing enzyme that limits NF-kB signaling. CYLD cleaves
both linear and K63-linked polyubiquitin efficiently in vi-
tro (Komander et al. 2009), but mice lacking CYLD do not
develop the multi-organ inflammation seen in A20-defi-
cient mice, perhaps because CYLD normally is phosphory-
lated and inactivated by IKK (Reiley et al. 2005). Another
NF-kB target gene that suppresses TLR signaling is
Cd200, which encodes the membrane glycoprotein ligand
for CD200R1 (Mukhopadhyay et al. 2010). TAM (Tyro3,
Axl, and Mer) receptor tyrosine kinases are further exam-
ples of receptor systems that negatively regulate TLR signal-
ing (Rothlin et al. 2007).

3.2 MyD88-Dependent Type | Interferon (IFN)
Induction by TLRs 7 and 9

The MyD88—IRAK4—-IRAK1-TRAF6 signaling complex
required for pro-inflammatory cytokine production by
TLR7 and TLR9Y also stimulates synthesis of interferon o
(IFNa) and IENP in plasmacytoid dendritic cells (pDCs).
The induction of type  IFNs and Ifn-related genes is critical
to the anti-viral response and also requires TRAF3, IKKa,
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Table 3. Genes induced by the canonical IKKB/NF-«B
signaling pathway

Gene® Protein Function

Ager RAGE PRR belonging to the immunoglobulin
superfamily that recognizes multiple
ligands including HMGB1

Birc3 cIAP2 Ubiquitin ligase that regulates NF-kB
activation

Casp4 Caspase-11 Aspartate-specific cysteine protease
implicated in inflammation

Ccl2 MCP1 Chemokine for monocyte recruitment

Ccl3 MIPla Chemokine for leukocyte recruitment

Ccl5 RANTES Chemokine for monocyte and T-cell
recruitment

Cd200 CD200 Binds CD200R1 and inhibits
macrophage activation

Cfb Complement  Serine protease in the alternative

factor B complement activation pathway

Cflar c-FLIP Inhibitor of death receptor-induced
apoptosis

Csf2 GM-CSF Growth factor that promotes
differentiation and activation
of DCs, macrophages, and
neutrophils

Cxcll KC Chemokine for neutrophil recruitment

Cxcl2 MIP2 Chemokine for neutrophil recruitment

F3 Tissue factor ~ Coagulation factor

Icaml ICAM1 Cell adhesion molecule that interacts
with B2 integrins

Ifnbl IFN@ Suppressor of virus replication

1o IL1B Cytokine that amplifies the
inflammatory response

Il6 IL6 Pleiotropic cytokine that stimulates
fever, production of hepatocyte
acute phase proteins, and
lymphocyte differentiation

I112b IL12 p40 Component of heterodimeric IL12
and IL23, which modulate NK
cell and lymphocyte effector
functions

Mmp9 MMP9 Metalloproteinase that degrades
extracellular matrix

Nfkbia IkBa Inhibitor of NF-kB signaling

Nfkbib IkBB NEF-kB transcriptional coactivator

Nos2 iNOS Enzyme that makes anti-microbial
nitric oxide

Sele E-selectin Cell adhesion molecule

Selp P-selectin Cell adhesion molecule

Sod2 MnSOD Enzyme that converts superoxide to
hydrogen peroxide

Tnf TNF Cytokine that amplifies the
inflammatory response

Tnfaip3  A20 Inhibitor of NF-kB signaling by TLRs
and TNF-R1

Veam1 VCAM1 Cell adhesion molecule that

interacts with B1 integrin
VLA-4

“Mouse gene nomenclature used.

and the transcription factor IRF7. Phosphorylation of IRF7
by IKKa promotes its dimerization and translocation into
the nucleus, where it upregulates expression of type I Ifn
genes. Differences have been noted in myeloid DCs'; IRF1
is more important than IRF7, and there does not seem to
be a requirement for TRAF3 and IRAK1 (Hoshino et al.
2010; Takeuchi and Akira 2010).

3.3 TRIF-Dependent Signaling by TLRs 3 and 4

TLR4 is endocytosed following ligand binding and, like
TLR3 stimulated with dsRNA, transduces signals from
within the endosomal compartment. Both receptors re-
cruit the TIR-containing cytoplasmic adaptor TRIF (also
known as TICAM1), which in the case of endocytosed
TLR4 occurs via the bridging adaptor TRAM (also known
as TICAM2). TRIF can activate NF-«kB using its RIP homo-
typic interaction motif (RHIM) to recruit the RHIM-con-
taining kinase RIP1 (Cusson-Hermance et al. 2005), which
is, in turn, bound and ubiquitylated by the E3 ubiquitin li-
gase Pelil (Chang et al. 2009). K63-linked polyubiquityla-
tion of RIP1 by Pelil has not been shown, but could be a
mechanism for the recruitment of IKKy and TAK1. Inter-
action of the DD in RIP1 with the DD in the cytoplasmic
adaptor TRADD is important for TRIF-dependent NF-«kB
and MAPK activation in some cell types (Chen et al. 2008;
Ermolaeva et al. 2008; Pobezinskaya et al. 2008). The TRIF-
containing complex also induces type I IFN, and this is de-
pendent on TRAF3 plus the kinase TBK1, the latter phos-
phorylating and activating the transcription factor IRF3
(Takeuchi and Akira 2010). TRAF3 can modify itself with
K63-linked polyubiquitin, and this may be important for
its interaction with TBK1 and subsequent IRF3 activation.

4 RIG-I-LIKE RECEPTORS (RLRs)

The RLR family of PRRs, which comprises RIG-I, MDAS5,
and LGP2, signals the production of pro-inflammatory cy-
tokines and type I IFN in response to viral and bacterial
nucleic acids in the cytoplasm (Fig. 3). These cytosolic pro-
teins have a central DExD/H-box helicase domain and
a carboxy-terminal regulatory domain (CTD), the latter
binding RNA. RIG-T and MDAS5 also have two amino-termi-
nal caspase activation and recruitment domains (CARDs),
which function as protein—protein interaction motifs.
RIG-I recognizes double-stranded RNAs (dsRNAs) that
have a 5 triphosphate and are either viral in origin or

'"DCs are very heterogeneous. pDCs acquire DC morphology and secrete large
amounts of IFN during virus infections. They can be distinguished from oth-
er DC subsets by their cell surface markers. The myeloid DCs referenced were
derived in vitro from bone marrow cells with granulocyte/macrophage
colony-stimulating factor (GM-CSF).
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Figure 3. Signaling by RIG-I. (A) RIG-I binding to dsRNA that has a 5’ triphosphate and polyubiquitin, the latter
generated by the ubiquitin ligase TRIM25 and E2 ubiquitin-conjugating enzymes Ubc5 and Ubc13, promotes RIG-I
binding to mitochondrial MAVS. Subsequently, a larger complex containing the adaptor proteins CARD9 and
BCLI10 is assembled for MAPK and NF-kB activation. TRAF3, the kinases TBK1 and IKKe, and ER-resident protein
STING are required for activation of transcription factors IRF3 and IRF7. (B) Functional outputs of some of the

genes upregulated by MAVS signaling.

generated by RNA polymerase III from microbial DNA
templates (Lu et al. 2010; Wang et al. 2010b). MDAS5 and
LGP2 also bind RNA, but MDA5 and RIG-I have non-
redundant functions in sensing certain viruses. LGP2 ap-
pears, in most contexts, to act as a positive regulator of sig-
naling by MDAS5 and RIG-I (Venkataraman et al. 2007;
Satoh et al. 2010).

Binding of RIG-I to RNA causes a conformational
change (Jiang et al. 2011) that enables its CARDs to bind
K63-linked polyubiquitin generated by the E3 ubiquitin
ligase TRIM25. In an ill-defined manner, this interaction

Cite this article as Cold Spring Harb Perspect Biol 2012;4:a006049

causes RIG-I to engage the mitochondrial CARD-contain-
ing protein MAVS (also called IPS-1, VISA, and Cardif)
(Zeng et al. 2010). Subsequently, MAVS forms large aggre-
gates (Hou et al. 2011) that stimulate MAPK activation
and transcription induced by IRF3, IRF7, and NF-kB.
Many of the components found downstream from TRIF
in TLR signaling also are engaged by MAVS. For example,
TRAFS3 plus the kinases TBK1 and IKKe mediate IRF3/7
activation and induction of type I Ifn genes (Takeuchi and
Akira 2010). RIG-I, but not MDAS5, also requires the
transmembrane protein STING to induce IFN (Ishikawa
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and Barber 2008). STING is located in the endoplasmic
reticulum (ER), but its precise role in IFN induction by
dsRNA requires further study. Experiments with fibro-
blasts from gene-targeted mice also implicate TRAF®6,
IKKvy, and the DD-containing proteins TRADD, RIPI,
and FADD in IFN induction (Balachandran et al. 2004;
Zhao et al. 2007; Michallet et al. 2008; Yoshida et al.
2008). Note that loss of TRADD, RIP1, or FADD produces
a defect less severe than does MAVS or TBK1 deficiency.
The extent of IRF3 phosphorylation and dimerization
has not been determined in cells lacking TRADD, RIP1,
or FADD; it remains possible that these proteins, like
TRAF6, contribute to type I Ifn gene expression by activat-
ing NF-kB (Wang et al. 2010a). In DCs, MAVS engages the
CARD-containing adaptors CARD9 and BCL10 to activate
NF-kB (Poeck et al. 2010). BCL10 engages TRAF6 in lym-
phocytes to activate NF-kB (Sun et al. 2004b), and a similar
pathway may operate downstream from MAVS. A role for
FADD, TRADD, and RIP1 in MAVS signaling by DCs has
not been examined.

5 NOD-LIKE RECEPTORS (NLRs)

Members of the Nod-like receptor (NLR) family of cytosolic
PRRs are best known for their ability to signal NF-kB acti-
vation (NOD1 and NOD2) or secretion of the pro-inflam-
matory cytokines IL1(3 and IL18 (NLRP1/NALP1, NLRP3/
NALP3/cryopyrin, and NLRC4/Ipaf) (Fig. 4). These pro-
teins typically contain a CARD or pyrin domain at the ami-
no terminus, a central nucleotide-binding oligomerization
NACHT domain, and carboxy-terminal LRRs. NOD2 and
NLRP3 have received considerable attention because their
mutation is linked to inflammatory disease. NOD2 muta-
tions are associated with Crohn’s inflammatory bowel disease
and Blau syndrome, whereas mutations in the CIASI gene
encoding NLRP3 are associated with familial cold autoin-
flammatory syndrome, Muckle—Wells syndrome, and neo-
natal-onset multisystem inflammatory disease (Table 2).
NOD1 and NOD2 are sensors of different bacterial
peptidoglycan components, but they both interact with
the CARD-containing kinase RIP2 to activate MAPK and
NF-kB signaling (Park et al. 2007). cIAPs are proposed to
bind and ubiquitylate RIP2, and K63-linked polyubiquity-
lation of RIP2 recruits TAK1 for IKK and MAPK activation
(Yang et al. 2007; Hitotsumatsu et al. 2008; Bertrand et al.
2009). NOD1 and NOD?2 also have been shown to stimulate
autophagy” independently of RIP2 (Travassos et al. 2010).

2Autophagy is the process by which cytoplasmic components, including or-
ganelles and invading bacteria, are sequestered inside double-membrane
vesicles and then delivered to the lysosome for degradation.

Distinct PAMPS and DAMPs trigger NLRP1, NLRP3,
and NLRC4 to nucleate signaling complexes termed “in-
flammasomes” (Table 4). The CARD- and PYRIN-do-
main-containing adaptor ASC is a critical inflammasome
component, binding the CARD in the zymogen form of
the aspartate-specific cysteine protease caspase-1 (Maria-
thasan et al. 2004). The proximity of caspase-1 zymogens
within the inflammasome complex is believed to facilitate
their autocatalytic activation. Caspase-1 substrates include
pro-IL18 and pro-IL1p, the latter being upregulated tran-
scriptionally by MyD88-dependent TLR signaling. Inflam-
masome activation also results in an extremely rapid form
of cell death termed “pyroptosis.” The suicide of infected
macrophages by pyroptosis is important for bacterial clear-
ance (Miao et al. 2010), but the critical substrates of cas-
pase-1 in this process still have to be determined.

Intriguingly, immunofluorescence microscopy of en-
dogenous inflammasome components in mouse macro-
phages infected with Salmonella typhimurium suggests
that inflammasome assembly occurs at a single focus with-
in a cell (Broz et al. 2010). One question that continues to
vex the field is how NLRP1, NLRP3, and NLRC4 sense
PAMPS and DAMPs, because direct binding has not been
shown. The diversity of entities that trigger NLRP3-de-
pendent caspase-1 activation suggests that NLRP3 might
respond to a particular stress-activated signaling pathway.
Both potassium efflux and the generation of reactive oxy-
gen species (ROS) have been proposed as critical events up-
stream of NLRP3 activation, but the precise nature of NLR
activation remains obscure.

ASC-dependent caspase-1 activation is also triggered in
response to cytoplasmic DNA that appears during an infec-
tion or after tissue injury. The responsible PRR is not an
NLR but the IFN-induced protein AIM2, which has a
HIN200 domain for DNA binding and a pyrin domain
to engage ASC. Cytoplasmic DNA also triggers type I
IEN production, but this requires neither AIM2 nor
TLRs. STING is a critical signaling component in this path-
way, but whether any one DNA receptor is essential for its
activation is unclear (Hornung and Latz 2010).

6 THE PRO-INFLAMMATORY CYTOKINE TUMOR
NECROSIS FACTOR (TNF)

Induction of the cytokines IL1(3 and TNF by PRRs serves to
amplify the inflammatory response because they too pro-
mote NF-kB and MAPK activation. Binding of IL1B to
ILIR triggers MyD88-dependent signaling (Muzio et al.
1997), whereas TNF mediates most of its pro-inflamma-
tory effects by binding to TNF receptor I (TNF-RI) (Pes-
chon et al. 1998).
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Figure 4. Signaling by NLRs. (A) NLRP1, NLRP3, and NLRC4 respond to diverse PAMPS and DAMPs by engaging
the caspase-1 adaptor protein ASC, whereas AIM2 binds ASC in response to cytoplasmic dsDNA. Activation of
caspase-1 within each inflammasome complex results in processing of pro-IL1f and pro-IL18 and secretion of their
biologically active forms. Caspase-1 activation also triggers a rapid form of cell death termed pyroptosis. NOD1 and
NOD? sense different components of bacterial peptidoglycan and stimulate either the autophagy machinery or gene
transcription via NF-kB and MAPK activation. The latter outcome requires interaction of NOD1 or NOD2 with the
kinase RIP2, which may be ubiquitylated by cIAPs in order to recruit TAB2/3 and IKKry for TAK1 and IKK activa-
tion. (B) Functional outputs of some of the genes upregulated by NOD1 or NOD?2 signaling.

6.1 NF-kB and MAPK Activation by TNF

TNF-RI (also called TNFRSF1A) is a type I transmembrane
protein that has cysteine-rich extracellular domains (CRDs)
for TNF binding. Its cytoplasmic tail contains a DD that
recruits the DD-containing adaptor TRADD and kinase
RIP1 (Fig. 5). TRADD facilitates binding of RIP1 to TNF-
R1 and recruits TRAF2, which is an adaptor for the ubig-
uitin ligases cIAP1 and cIAP2 (Chen et al. 2008; Ermolaeva
et al. 2008; Pobezinskaya et al. 2008). Analyses of cells
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lacking cIAPs, RIP1, or TRAF2 indicate that all three con-
tribute to NF-kB and MAPK activation, but the details of
how they do so continue to be unraveled. Ubiquitylation
of RIP1 by the cIAPs and E2 UbcHS5 is believed to be im-
portant for recruitment of NEMO and TAK1, and subse-
quently for IKK activation (Varfolomeev et al. 2008; Xu
et al. 2009), although TRAF2 ubiquitin ligase activity has
been invoked recently as well (Alvarez et al. 2010). In addi-
tion, in some cell types, ubiquitylation of TRAF2 or cIAPs
rather than RIP1 may support IKK activation (Li et al. 2009;
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Leukocyte recruitment Ccl2, Ccl5, Ccl20, Cxcl1, Cxcl2, Cxcl3, Cxcl5, Cxcl10, Cx3cl1
Leukocyte activation Csf1, Csf2
Surface receptors Fas, 1118r1, Jag1
Inflammatory cytokines II1b, 116, 1115, Lif, Tnf
Intracellular signaling (negative) Bcl3, Nfkbia, Socs3, Tnfaip3, Traf1
Intracellular signaling (positive) Ifid7
Transcription factors Fos, Jun, JunB
Remodeling of extracellular matrix Mmp3, Mmp9, Mmp14
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Synthesis of inflammatory mediators Ptgs2

Figure 5. Signaling by TNF-R1. (A) Binding of TNF to TNF-R1 causes the cytoplasmic death domain (DD) in
TNE-RI to bind the DD-containing proteins TRADD and RIP1. TRADD also binds TRAF2, which serves as an
adaptor for the ubiquitin ligases cIAP1 and cIAP2. Ubiquitylation of RIP1, and potentially other components of
the complex, recruits IKKy and TAK1 for NF-«kB and MAPK activation. Recruitment of LUBAC for linear ubiqui-
tylation of IKKy may stabilize the signaling complex. Translocation of TRADD, TRAF2, and RIP1 to the cytoplasm
nucleates a second complex that contains the adaptor protein FADD and caspase-8. If c-FLIP levels are low, activa-
tion of caspase-8 and its substrates caspase-3 and caspase-7 causes apoptotic cell death. Inhibition of protein syn-
thesis and caspases, as might occur in a virus-infected cell, promotes necroptotic cell death that is dependent on the
kinase activities of RIP1 and RIP3. (B) Functional outputs of some of the genes upregulated by TNF signaling.
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Table 4. Stimuli detected by inflammasome sensors that activate
caspase-1

Sensor Known stimuli

AIM2
NLRP1
NLRP3

Cytoplasmic DNA

Bacillus anthracis lethal toxin

ATP

Ionophore nigericin

Marine toxin maitotoxin

Crystals such as monosodium urate, calcium
pyrophosphate dihydrate, silica, and asbestos

Fungi such as Candida albicans

Bacteria such as Staphylococcus aureus, Neisseria
gonorrhoeae, Salmonella typhimurium, and
Listeria monocytogenes

Viruses such as sendai, adenovirus, and influenza

Bacterial flagellin

Certain bacterial type III secretion systems

NLRC4

Wong et al. 2010). Recruitment of LUBAC components
sharpin, HOIL-1, and HOIP to the TNF-RI complex is
linked to cIAP ubiquitin ligase activity, and linear ubiquity-
lation of RIP1 and NEMO may stabilize the TNF-RI signal-
ing complex (Haas et al. 2009; Gerlach et al. 2011; Ikeda
etal. 2011; Tokunaga et al. 2011). Underscoring the impor-
tance of sharpin in TNF signaling, mutation of Sharpin in
mice causes chronic proliferative dermatitis that is rescued
by TNF deficiency (Gerlach et al. 2011).

IKK@ activation by TNF triggers not only NF-kB tran-
scription but also the Tpl2—MEK1-ERK kinase cascade
activated by TLRs (see above). In fibroblasts, but not mac-
rophages or B cells, Tpl2 activation by TNF has been linked
to activation of the MKK4—]JNK pathway as well. In addi-
tion, activation of the kinase MSK1 by ERK may enhance
NF-kB transcriptional activity through phosphorylation
of RelA (Banerjee and Gerondakis 2007). Genetic studies
indicate that TNF-induced JNK activation is mediated
largely by upstream kinases TAK1 and MKK?7, whereas
p38 activation requires TAK1 and MKK3/MKK6 (Brancho
et al. 2003; Sato et al. 2005; Shim et al. 2005).

6.2 Apoptosis and Necroptosis Induction by TNF

The TNE-RI-associated signaling complex formed in re-
sponse to TNF is transient as TRADD, RIP1, and TRAF2
shift to the cytoplasm to form what is referred to as complex
IT (Micheau and Tschopp 2003). Here, the DD in TRADD
binds the DD in the adaptor FADD, whereas the death
effector domain (DED) in FADD interacts with the DEDs
in the prodomain of caspase-8 or its catalytically inactive
homolog c-FLIP. If c-FLIP levels are low, then stable, ac-
tive dimers of caspase-8 are formed. Caspase-8 substrates
include caspase-3 and caspase-7, which are activated by
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proteolytic processing and cleave vital cellular proteins to
cause apoptotic cell death (Green 2012). Because expression
of c-FLIP is driven by NF-kB (Micheau et al. 2001)
and many viruses have evolved strategies to inhibit NF-«kB
activation (Shisler and Jin 2004; Taylor et al. 2009), apopto-
sisin the absence of c-FLIP constitutes a host defense mech-
anism against infection. Certain viruses encode their own
FLIPs, but the infected host cell may yet prevail in its attempt
to die because TNF activates a form of cell death called nec-
roptosis when protein synthesis and caspases are inhibited.
This death is dependent on the kinase activity of RIP1 and
the related kinase RIP3 (Cho et al. 2009; He et al. 2009;
Zhang et al. 2009). These kinases interact through their
RHIMs, but it is not clear what triggers their kinase ac-
tivity or what substrates are phosphorylated in order to
kill the cell.

7 SELECTINS AND INTEGRINS

One important output of LPS, TNE and IL1f signaling in
endothelial cells is increased surface expression of trans-
membrane proteins involved in cell adhesion, such as P-
selectin, E-selectin, ICAM1, and VCAM1. All four are in-
duced by NF-kB in mice, whereas upregulation of human
P-selectin relies on fusion of secretory granules with the
plasma membrane. Glycoproteins including CD44, P-
selectin glycoprotein ligand 1 (PSGL1), and E-selectin li-
gand (ESL1) on leukocytes interact with the selectins to me-
diate leukocyte rolling along vessel walls. Engagement of
either PSGL1 or CD44 triggers a signaling pathway that
causes leukocyte 32 integrins LFA1 and MACI expressed
on the cell surface to adopt a more extended conformation
that increases their affinity for endothelial ICAMI. Inter-
actions between the B2 integrins and ICAMI then slow
leukocyte rolling further. B2 integrin activation via this
“inside-out” signaling (Devreotes and Horwitz 2012) re-
quires the membrane-associated Src family kinases Fgr,
Hck, and Lyn. These tyrosine kinases probably phosphory-
late cytoplasmic immunoreceptor tyrosine-based activa-
tion motifs (ITAMs) in the transmembrane adaptors
DAPI12 and FcRy to create docking sites for the tandem
SH2 domains in the tyrosine kinase Syk (Cantrell 2012),
but note that they can also phosphorylate integrin (3 sub-
units. Studies with neutrophils from gene-targeted mice
indicate that sequential activation of Syk and the kinase
Btk is essential for slow rolling on E-selectin and ICAM1
(Zarbock et al. 2008; Yago et al. 2010).

Further B2 integrin activation needed for leukocyte
arrest before migration across the endothelial cell barrier
is mediated by chemokines and chemoattractants immobi-
lized on the endothelial cell surface. These factors engage
G-protein-coupled receptors (GPCRs) on the leukocyte
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surface (see below). Note that integrin engagement also
elicits “outside-in” signaling in leukocytes, and, similarly
to Fcreceptor signaling (see below), this activates leukocyte
effector functions (Lowell 2011). Clustering of ICAM1 on
endothelial cells also triggers signals that facilitate leukocyte
migration across the endothelium into the surrounding tis-
sue. Phosphorylation of VE-cadherin appears to loosen ad-
herens junctions, whereas activation of myosin light chain
kinase (MLCK) mediates endothelial cell contraction (Mul-
ler 2011).

8 G-PROTEIN-COUPLED RECEPTORS (GPCRs)

Lipid-based inflammatory mediators such as prostaglan-
dins, leukotrienes, and platelet-activating factor; vasoactive
amines such as histamine and serotonin; complement frag-
ments C3b, C3a, and C5a; chemokines; proteases; and bac-
terial or mitochondrial formylated peptides all activate
signaling by GPCRs linked to heterotrimeric G-proteins
composed of o, 3, and y subunits. Following ligand bind-
ing, or cleavage in the case of protease-activated receptors
(PARs), Ga and GRvy interact with ion channels or enzymes
such as adenylyl cyclase, phospholipase C (PLC), and phos-
phoinositide 3-kinase (PI3K). In addition, active GPCRs

are phosphorylated by GPCR kinases (GRKs) to stimulate
binding of arrestins, adaptors that stimulate GPCR endocy-
tosis as well as MAPK activation. To highlight some of the
pathways engaged by GPCRs during inflammation, below
we focus on signaling by the chemoattractants C5a and
the prototypical formylated peptide formyl-Met-Leu-Phe
(fMLP) (Fig. 6).

8.1 Cba Receptor (C5aR) and Formyl Peptide
Receptors (FPRs)

Complement protein C5a is produced by complement
plasma proteases activated by IgM- and IgG-containing
antibody complexes (the classical pathway), pathogens
coated with host mannose-binding lectin or C-reactive
protein (the lectin pathway), or pathogens in isolation
(the alternative pathway). C5a can also be generated by
non-complement proteases such as thrombin and kallik-
rein, which are components of the clotting system activated
in response to endothelial cell injury. C5a and formyl
peptides, the latter of bacterial or mitochondrial origin,
stimulate leukocyte chemotaxis, degranulation, superoxide
production for microbe killing, and, as mentioned above,
activation of integrins for cell adhesion. Similarly to TNE

v Ligand (e.g., C5a, fMLP)

T GPCR
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Figure 6. Signaling by GPCRs activated by chemoattractants C5a and fMLP. C5a or fMLP binding to their respective
GPCRs triggers dissociation of G;-GTP from Gg,, the latter interacting with PLCB, the p101 regulatory subunit of
PI3KY, and PAKI. Activated PLCB generates the second messengers IP; and DAG to elevate intracellular calcium
and activate PKC, respectively. These outcomes regulate JNK activation, vesicle exocytosis, and superoxide produc-
tion by the NADPH oxidase. PIP; generated by PI3K<y, whose activation also involves the GTPase Ras, stimulates
GEFs (DOCK2 and Prex1) that activate Rac GTPases. PAK1 interacts with the GEF PIX« for activation of another
Rho family GTPase called Cdc42. Racl, Rac2, and Cdc42 together regulate chemotaxis by coordinating alterations to
the actin cytoskeleton via mDial and the ARP2/3 complex. Rac2 is also an essential component of the NADPH ox-
idase. The signaling components regulating gene transcription are less defined.
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C5a stimulates endothelial cells to increase expression of
cytokines, chemokines, and cell adhesion molecules such
as E-selectin, ICAM1, and VCAM1 (Albrecht et al. 2004).

C5a and fMLP activate predominantly pertussis tox-
in-sensitive G; proteins. The Gy dimer that is released
activates several enzymes, including PLCB (Camps et al.
1992). Hydrolysis of phosphatidylinositol 4,5-bisphos-
phate in the plasma membrane by PLC yields the second
messengers inositol 1,4,5-trisphosphate (IP3) and diacyl-
glycerol (DAG) (Bootman 2012). Binding of IP; to its re-
ceptor causes depletion of calcium stores within the ER
and relocation of the calcium-binding type I transmem-
brane protein STIM1 from the ER to structures near the
plasma membrane (Brechard et al. 2009). STIM1 then acti-
vates the plasma membrane calcium-release-activated cal-
cium channel (CRAC) to cause an influx of calcium into
the cell. Elevated intracellular calcium together with pro-
tein kinase C (PKC) activation by DAG is important for
vesicle exocytosis, superoxide production by the NADPH
oxidase, and JNK activation (Li et al. 2000). Calcium stim-
ulates lysosome exocytosis by activating the synaptotagmin
regulator of vesicle fusion SYT7 (Colvin et al. 2010).

GTP-bound Ras, activated by a mechanism that is un-
clear, and GBvy dimers activate PI3Ky by binding to its
p101 regulatory subunit and p110vy catalytic subunit, re-
spectively. Phosphatidylinositol 3,4,5-trisphosphate (PIP3)
produced by PI3Kvy activates Rac guanine-nucleotide ex-
change factors (GEFs), such as Prex] and DOCK2 (Welch
et al. 2002; Kunisaki et al. 2006), and contributes to super-
oxide production and chemokinesis® (Suire et al. 2006; Fer-
guson et al. 2007; Nishio et al. 2007). The GTPase RhoG also
has a role in superoxide production but is dispensable for
neutrophil migration (Condliffe et al. 2006). The GTPase
Rac2 appears to be essential for the assembly of filamentous
actin (F-actin) and the NADPH oxidase, whereas Racl
localizes F-actin to theleading edge of the cell facing the che-
moattractant (Sun et al. 2004a). This asymmetrical poly-
merization of F-actin drives membrane protusions in the
direction of migration. Active Rac is thought to exert its ef-
fect on the actin cytoskeleton by interacting with the adap-
tor Cyfip1 (also called Sral), which, in combination with
several proteins, stimulates the ARP2/3 actin nucleation
complex (Devreotes and Horwitz 2012).

The GEF PIXa also is required for F-actin assembly at
the leading edge in C5a-stimulated neutrophils. It is re-
cruited to GPy via the kinase PAK1 and appears to function
by interacting with the GTPase Cdc42 and the GTPase-ac-
tivating (GAP) protein GIT2 (Li et al. 2003; Mazaki et al.

3Chemokinesis refers to random cell migration, whereas chemotaxis is di-
rected cell migration along a chemical gradient.
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2006). Activated Cdc42 interacts with the adaptor WASP
to engage the ARP2 /3 actin nucleation complex. WASP ap-
pears to work in concert with the actin-nucleating protein
mDial, because neutrophils lacking both WASP and mDial
show a profound defect in chemotaxis (Shi et al. 2009).

9 Fc RECEPTORS

Repeated exposure to a polyvalent foreign substance can
elicit an inflammatory response called a hypersensitivity
reaction if the host makes antibodies against the substance.
Immune complexes containing the antigen and IgG or IgM
antibodies activate complement proteases, culminating in
the generation of C3a and C5a, which signal leukocyte re-
cruitment and activation (see above); the opsonin C3b,
which coats and promotes phagocytosis of bacteria; and
the membrane attack complex for bacterial cell lysis (C5b-
9). In addition, complexes containing IgG or IgE antibod-
ies engage Fc receptors on leukocytes. Members of the
Fc receptor family are type I transmembrane proteins
(with the exception of human GPI-anchored FcyRIIIB)
that produce activating (human FcyRI, FcyRIIA, FeyRIIC,
FcyRIIIA, FeyRIIB, and FceRI) or inhibitory (human
FcyRIIB) signals. Mast cells expressing the high-affinity
receptor for IgE, FceRI, play a central role in allergic reac-
tions. FceRI engagement causes intracellular granules to
fuse with the plasma membrane such that preformed
inflammatory mediators including histamine, serotonin,
and proteases are released into the extracellular environ-
ment. Activated mast cells also secrete pro-inflammatory
prostaglandins, leukotrienes, and cytokines, but these are
synthesized de novo.

9.1 FceRI

FceRI is an af<y, heterotetramer. Its a-chain contains
extracellular Ig-like domains for binding the heavy-chain
constant region of IgE, whereas the (3-chain and a y-chain
homodimer transduce signals via cytoplasmic ITAMs
(Fig. 7) (Cantrell 2012). IgE-induced clustering of FceRI
promotes activation of Src family kinases Lyn and Fyn.
Lyn substrates include both positive and negative regulators
of mast cell activation, which fine-tune the magnitude and
duration of the response. Lyn stimulates activation by
phosphorylating the FcRy ITAM, which recruits the SH2
domains in Syk. Subsequent Syk-dependent phosphoryla-
tion of the transmembrane adaptors LAT1 and LAT2 re-
cruits additional SH2-containing signaling components,
such as PLCy and the adaptors Grb2 and Gads. SH3 do-
mains in Grb2 and Gads bind proline-rich regions in addi-
tional proteins such as the adaptors SLP76 and Gab2. SLP76
interacts with the Rho/Rac GEF VAV1, which contributes to
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Figure 7. Signaling by FceRI. (A) Binding of the Fc region of antigen-bound IgE to FceRI activates the Src family
kinases Lyn and Fyn. Tyrosine phosphorylation of the FcRy ITAM recruits the tyrosine kinase Syk, which is required
for phosphorylation of LAT transmembrane adaptor proteins. Phosphorylated LAT1 binds PLCy and the adaptors
Gads and Grb2. Gads recruits the adaptor SLP76, which regulates activation of PLCvy and the GEF Vavl. Grb2 binds
Gab2, which is phosphorylated by Fyn and binds the p85 regulatory subunit of PI3K8. PIP; generated by PI3K3 re-
tains signaling components such as Gab2, PLCy, and Btk at the plasma membrane. IP; generated by PLCy depletes ER
calcium stores, which causes a STIM1-dependent influx of calcium that promotes mast cell degranulation. Elevated
intracellular calcium also activates the phosphatase calcineurin, stimulates NFAT-dependent gene expression, and trig-
gers the translocation of cPLA2 and 5-lipoxygenase (5-LO) to the nuclear envelope, cytoplasmic lipid bodies, or ER.
cPLA2 releases arachidonic acid from membrane phospholipids. COX enzymes and downstream synthases metabolize
arachidonic acid into prostaglandins and thromboxane, whereas leukotriene (LT) synthesis from arachidonic acid in-
volves five-lipoxygenase-activating protein (FLAP), 5-LO, and downstream LTC, synthase or I'TA, hydrolase. DAG
generated by PLCy activates PKC, which is important for IKK activation via MAIT1, BCl10, and TRAF6, as well
as subsequent NF-kB-dependent gene transcription. IKK( has also been implicated in mast cell degranulation inde-
pendent of NF-kB activation. (B) Functional outputs of some of the genes upregulated by FceRI signaling.
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PLCyand JNK activation. Fyn-dependent phosphorylation
of Gab2 recruits the SH2-containing p85 regulatory subunit
of PI3K®. PIP; produced by PI3K®8 retains proteins contain-
ing plextrin homology (PH) domains at the plasma mem-
brane, such as PLCy, Gab2, Akt, and Btk. The kinase Btk
phosphorylates and enhances the activity of PLCy (Alva-
rez-Errico et al. 2009).

PLC-+y signaling triggers STIM 1-dependent calcium in-
flux (Bootman 2012), which is essential for normal mast
cell degranulation, leukotriene synthesis, and activation
of NFAT transcription factors via the calcium-dependent
phosphatase calcineurin (Baba et al. 2008; Vig et al. 2008).
NFAT promotes expression of the cytokines TNF and
IL13. Ficosanoids including leukotrienes and prostaglan-
dins are derived from arachidonic acid, which is liberated
from phospholipids by cytosolic phospholipase A, in re-
sponse to elevated intracellular calcium and MAPK activa-
tion (Fujishima et al. 1999).

PKC activation by DAG is required for degranulation
and activation of NF-kB, the latter contributing to the in-
duction of TNF and IL6. BCL10, MALT1 (also called para-
caspase), and TRAF6 regulate NF-kB activation but are
dispensable for degranulation (Klemm et al. 2006; Chen
et al. 2007; Yang et al. 2008), whereas IKKp is required
for both functions (Suzuki and Verma 2008). The mecha-
nism by which IKK is activated for degranulation remains
unclear, but, once activated, IKK(3 appears to promote exo-
cytosis by phosphorylating the SNARE receptor SNAP23.

9.2 Fcy Receptors

Activating Fcy receptors, in common with FceRI, contain
cytoplasmic ITAMs and stimulate Src family kinases plus
Syk. The downstream signaling events that promote phago-
cytosis, degranulation, cytokine production, and super-
oxide production are less well defined but probably involve
many of the components engaged by FceRI. Superoxide
production by the NADPH oxidase that assembles on
phagosomal membranes requires Vav-mediated activation
of Rac GTPases, the putative Rac adaptor CAPRI, and
PLCy. Depending on the cell type and context, CAPRI,
VAV, and Rac also contribute to remodeling of the actin cy-
toskeleton for phagocytosis, along with PI3K and its adap-
tor Gab2 (Gu et al. 2003; Zhang et al. 2005; Hall et al. 2006;
Utomo et al. 2006; Jakus et al. 2009). FcyRIIB is unique
amongst Fc receptors in that it suppresses ITAM signal-
ing through an immunoreceptor tyrosine-based inhibitory
motif (ITIM). Lyn-dependent ITIM phosphorylation re-
cruits the SH2-containing inositol 5'-phosphatase (SHIP),
which hydrolyzes PIP; and thereby limits recruitment of
PH-domain-containing proteins such as PLC-vy, Btk, and
VAV (Lowell 2011).

Cite this article as Cold Spring Harb Perspect Biol 2012;4:a006049

Innate Immunity and Inflammation

10 INFLAMMATION AS A RISK FACTOR

FOR CANCER

Bacteria and viruses that establish persistent infections
are linked to certain cancers. For example, Helicobacter py-
lori bacteria increase the risk of gastric cancer and MALT
lymphoma, whereas Hepatitis B and Hepatitis C viruses
increase the risk of hepatocellular carcinoma. Similarly,
pancreatitis is a risk factor for pancreatic ductal adenocar-
cinoma, and this has been modeled successfully in mice
expressing oncogenic K-Ras in adult pancreatic acinar cells
(Guerra et al. 2011). Studies with gene-targeted mice have
confirmed that inflammatory signaling pathways promote
tumor development. For example, deletion of FcRy sup-
presses squamous cell carcinoma driven by keratinocyte-
specific expression of the human papilloma virus oncogene
HPV16 (Andreu et al. 2010). Similarly, IL6 deficiency in
hematopoietic cells suppresses colon tumors that develop
in response to procarcinogen azoxymethane plus colitis-in-
ducing dextran sulfate sodium (DSS) (Grivennikov et al.
2009). IL6 enhances proliferation and survival of intestinal
epithelial cells through activation of the transcription fac-
tor STAT3.

In another mouse model, the ability of tobacco smoke
to promote lung tumors driven by oncogenic K-Ras is re-
duced by IKK deletion in myeloid cells (Takahashi et al.
2010). Finally, IL6 or TNF-R1 deficiency protects obese
mice from hepatocellular carcinomas that form in response
to the pro-carcinogen diethylnitrosamine by limiting lipid
accumulation and inflammatory infiltrates in the liver
(Park et al. 2010). Note, however, that in all of these tumor
models, inflammation alone is insufficient for tumor de-
velopment, which implies that carcinogen-induced muta-
tions are needed.

11 CONCLUDING REMARKS

Many of the major players in inflammatory signaling have
been identified, but the importance and complexity of
posttranslational modifications such as ubiquitylation in
these pathways continue to be unraveled. Binding of TLRs,
TNF and IL1 receptors, GPCRs, integrins, selectins, and
Fc receptors to their ligands triggers the formation of
multi-subunit signaling complexes, but it remains to be
seen how diverse inflammatory stimuli can activate intra-
cellular PRRs such as NLRP3 and NLRC4. An attractive hy-
pothesis is that posttranslational modifications to NLR
family members are key to their activation. Once activated,
both surface and intracellular PRRs stimulate transcription
of inflammatory genes; TLRs, RLRs, and some NLRs (e.g.,
NOD1 and NOD2) engage common downstream signaling
pathways to stimulate transcription factors such as NF-«B,

15


http://cshperspectives.cshlp.org/

19}

>
&0
o
L
o
c
»
4]
>
=
3]
9]
=
vy
&
°
[
s
<)
o
2
]
T
o0
c
=
=3
wy
=l
o
O

S

PERSP!

Booc?”

Downloaded from http://cshperspectives.cshlp.org/ on September 12, 2024 - Published by Cold Spring Harbor Laboratory Press

K. Newton and V.M. Dixit

AP1, CREB, and c¢/EBPR, whereas caspase-1-activating
PRRs (e.g., AIM2, NLRP3, and NLRC4) stimulate similar
pathways indirectly via the secretion of IL1f and ILI18.
Going forward, it will be important to understand how in-
nate immune cells exposed to multiple inflammatory me-
diators and stimuli in vivo integrate signals from diverse
receptors, because this will offer insight into what critical
components might be targeted for therapeutic benefit in
inflammatory disorders.
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