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REVIEWS I

NF-kB, inflammation, immunity and
cancer: coming of age

Koji Taniguchi’=3 and Michael Karin’

The idea that inflammation and cancer may be linked is
not entirely new — in 1863, Rudolf Virchow proposed
that chronic irritation and inflammation cause cancer?.
In 1915, Virchow’s student, Katsusaburd Yamagiwa,
demonstrated experimentally that chronic inflam-
mation can result in cancer®. However, the importance of
inflammation in the onset of cancer and the mechanisms
through which it exerts its pro-tumorigenic effects were
not fully appreciated and understood until the 1990s,
when many studies, using molecular biology techniques
and genetically modified mice, revealed the impor-
tance of inflammatory cells, cytokines, chemokines
and growth factors in cancer-related inflammation'”.
Subsequently, in 2004, two seminal studies demon-
strated the critical role of nuclear factor-kB (NF-xB) in
inflammation-driven colitis-associated cancer (CAC)*
and hepatocellular carcinoma (HCC)®. These studies
were supported by a body of circumstantial evidence
showing that chronic inflammation due to persistent
infections, such as hepatitis B virus (HBV), hepatitis
C virus (HCV), human papillomavirus (HPV) and
Helicobacter pylori, autoimmunity or exposure to nox-
ious chemicals can increase cancer risk**-%. However,
not all chronic inflammation leads to cancer; the site
at which it occurs is also important. Whereas bowel or
liver inflammation greatly increases cancer risk, joint or
muscle inflammation rarely affects cancer development®.
Nonetheless, persistent infections and chronic inflamma-
tion are estimated to be associated with at least 15-20%
of cancer deaths worldwide?¢-®, and obesity-associated
inflammation may be responsible for another 15% of the
death toll of cancer’. Inflammation can also be provoked
after tumour initiation owing to the necrotic death of
cancer cells subject to an insufficient blood supply or
microbial invasion into the tumour bed caused by bar-
rier deterioration®. Such ‘tumour-elicited inflammation’
appears to be a key driver of malignant progression in

Abstract | Fourteen years have passed since nuclear factor-kB (NF-xB) was first shown to serve as a
molecular lynchpin that links persistent infections and chronic inflammation to increased cancer
risk. The young field of inflammation and cancer has now come of age, and inflammation has been
recognized by the broad cancer research community as a hallmark and cause of cancer. Here, we
discuss how the initial discovery of a role for NF-kB in linking inflammation and cancer led to an
improved understanding of tumour-elicited inflammation and its effects on anticancer immunity.

most solid malignancies®. Moreover, chemotherapy and
radiotherapy, both of which induce necrotic cell death,
can further enhance tumour-associated inflammation
and thereby cause therapy resistance or induction of
antitumour immunity®. Chronic inflammation can
also augment tumour development and progression by
triggering immunosuppression and compromising anti-
cancer immunity'. Thus, inflammation is a relevant
contributing factor in most solid and haematopoietic
malignancies.

Correspondingly, the molecular mechanisms that
connect inflammation to tumorigenesis have become a
major branch of cancer research'’. It has also become
apparent that the tumorigenic function of inflammation
is a grotesque manifestation of its essential role in tis-
sue regeneration and repair'?. In this Review, we focus
on recent insights into the pro-tumorigenic functions
of NF-xB and NF-xB-driven inflammation in cancer,
which are closely related to all known hallmarks of
cancer'.

NF-xB signalling and its regulation

Discovered in 1986 by David Baltimore’s group as a B
cell-specific transcription factor'!, the NF-kB family
consists of five different DNA-binding proteins that
form a variety of homodimers and heterodimers'>*. The
NEF-kB proteins are key regulators of innate and adaptive
immune responses that can accelerate cell proliferation,
inhibit apoptosis, promote cell migration and invasion,
and stimulate angiogenesis and metastasis'’ (FIC. 1).
Activation of NF-kB is rapidly and transiently induced
by viral and bacterial infections, necrotic cell products,
DNA damage, oxidative stress and pro-inflammatory
cytokines'. Notably, in many types of cancer, both in
malignant cells and in the tumour microenvironment,
NEF-«B is constitutively active'’, and only rarely is such
activation due to NF-«B-related genetic alterations's".
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Figure 1| Roles of NF-kB in cancer. Nuclear factor-«B
(NF-kB) directly and indirectly controls inflammation,
cancer cell proliferation and survival, epithelial-to-
mesenchymal transition (EMT), invasive behaviour,
angiogenesis and metastasis, as well as genetic and
epigenetic alterations, cancer stem cell formation, cellular
metabolism and therapy resistance. NF-kB activation also
induces immunosuppression via several mechanisms.

LPS, lipopolysaccharide; TNF, tumour necrosis factor.

The activation of NF-«kB depends on the degradation of
its specific inhibitors, the inhibitor of NF-«xB (IkB) pro-
teins, following their phosphorylation by the IkB kinase
(IKK) complex'. Most of the increased NF-kB activity
observed in solid malignancies is due to elevated pro-
duction of IKK-activating cytokines, including tumour
necrosis factor (TNF) and IL-1 (REFS 19,20).

Production of such cytokines by tissue macrophages
and other immune cells is frequently induced by
pathogen-associated or damage-associated molecular
patterns (PAMPs and DAMPs, respectively), which
act via a variety of pattern-recognition receptors, such
as Toll-like receptors (TLRs) and NOD-like receptors
(NLRs)?'. Some of the cytokines produced by activated
macrophages, such as IL-1, IL-6 and IL-23, often act on
other immune cells, for instance, T cells, resulting in ele-
vated production of pro-tumorigenic cytokines, such as
IL-17A*-%. In some cases, loss of the tumour suppres-
sor p53 (encoded by TP53) in epithelial cells, a common
and early event in many cancers, can also support NF-«kB
activation®.

There are two general types of NF-«B signalling
pathways: the classical (also known as canonical) and
the alternative (also known as noncanonical) pathways'”
(FIG. 2). The classical pathway is rapidly and transiently
activated by pro-inflammatory cytokines, PAMPs
and DAMPs that act via specific receptors and adap-
tor molecules'. Activation of the alternative pathway
is considerably slower, as it depends on de novo syn-
thesis of NF-kB-inducing kinase (NIK; also known as
MAP3K14)”. The alternative pathway is activated by a
small subset of cytokines that belong to the TNF fam-
ily, including lymphotoxin (LT), receptor activator of
NEF-kB ligand (RANKL; also known as TNFSF11), CD40
ligand (CD40L) and B cell activating factor of the TNF
family (BAFF; also known as TNFSF13B)*7°. Whereas

the classical pathway mainly targets p50-p65 (encoded
by RELA) dimers, the alternative pathway results in
activation of p52-RELB dimers'”?**. The IKK subu-
nits involved in both pathways also differ; IKKa-IKKp
heterodimers are needed for activation of the classical
pathway, whereas IKKa-IKKa homodimers participate
in the alternative pathway'>*****!. In many cases, target
gene activation by NF-kB dimers through binding to spe-
cific DNA-binding sites requires assistance from other
transcription factors, including signal transducer and
activator of transcription (STAT) and activator protein 1
(AP1) family members and interferon regulatory factors
(IRFs)** (BOX 1). Typical targets for classical NF-xB
signalling include genes encoding pro-inflammatory
cytokines (such as TNEF, IL-1 and IL-6), growth factors
(such as granulocyte-macrophage colony-stimulating
factor (GM-CSF)), chemokines (including IL-8 (in
humans), CXC-chemokine ligand 1 (CXCL1; also
known as KC in mice), CC-chemokine ligand 3 (CCL3;
also known as MIP1a), CXCL2 (also known as MIP2a),
CCL2 (also known as MCP1) and CCL5 (also known
as RANTES)), matrix metalloproteinases (MMPs; such as
MMP?9), pro-proliferative proteins (such as cyclin D1 and
MYC), anti-apoptotic proteins (such as BCL-X;, BCL-2
and FLIP (also known as CFLAR)), pro-inflammatory
enzymes (such as cyclooxygenase 2 (COX2; also known
as PTGS2) and inducible nitric oxide synthase (iNOS;
also known as NOS2)), angiogenic factors (such as
vascular endothelial growth factor (VEGF)), adhesion
molecules (such as vascular cell adhesion molecule 1
(VCAM1), intercellular adhesion molecule 1 (ICAM1)
and E-selectin) and inhibitors of NF-kB signalling (such
as IxkBa and A20 (also known as TNFAIP3))!%353¢,

The classical IKK complex comprising the IKKa
and IKKp catalytic subunits and the IKKy (also
known as NEMO) regulatory subunit serves as a hub
for many NF-kB activating inputs'>". Structural stud-
ies suggest that IKK activation depends on trans-
autophosphorylation of two adjacent IKK catalytic
subunit dimers¥, as originally suggested by Rothwarf
and Karin®. Induced proximity between the trans-
phosphorylating IKK dimers depends on modification
of their ubiquitin-binding IKKy subunits by K63-linked
polyubiquitin and M1-linked linear ubiquitin, the for-
mation of which is catalysed by a number of K63-specific
E3 ubiquitin ligases, such as TNF receptor-associated
factor 6 (TRAF6)*, and the linear ubiquitylation assem-
bly complex (LUBAC)®, respectively. NF-kB activity
is further modulated, positively and negatively, by
microRNAs (miRNAs) — such as miR-146, miR-155,
miR-181b, miR-21 and miR-301a — that target mRNAs
encoding NF-kB subunits, IkBa, IKK subunits and var-
ious upstream regulators*~*. Conversely, NF-kB can
directly and indirectly regulate miRNA expression***,
Exosomes can also activate NF-«B via TLR signalling,
resulting in the induction of pro-inflammatory cytokines
by human monocytic cells*. The classical NF-kB path-
way in cancer cells increases telomerase expression at
the transcriptional level, and in turn, telomerase binds
p65 to enhance NF-kB-dependent transcription of TNF,
IL-6 and other targets, thus establishing a feedforward
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Figure 2 | The two NF-kB signalling pathways. The classical (also known as canonical) nuclear factor-kB (NF-kB)
signalling pathway is activated by tumour necrosis factor (TNF), IL-1 and Toll-like receptor ligands, such as
lipopolysaccharide (LPS), or by T cell receptor and B cell receptor engagement. This pathway plays an important role in the
induction of genes involved in inflammation, cell proliferation and survival, epithelial-to-mesenchymal transition and
invasion, angiogenesis and metastasis. The alternative (also known as noncanonical) pathway of NF-kB signalling is
activated by lymphotoxin (LT), receptor activator of NF-kB ligand (RANKL), CD40 ligand (CD40L) and B cell activating
factor of the TNF family (BAFF) and plays an essential role in the induction of genes associated with the development and
maintenance of secondary lymphoid organs and related structures in the tumour microenvironment. LPS can also weakly
activate the alternative pathway, whereas LT, RANKL, CD40L and BAFF can also activate the classical pathway.

CCL, CC-chemokine ligand; COX2, cyclooxygenase 2; CXCL, CXC-chemokine ligand; GM-CSF, granulocyte-macrophage
colony-stimulating factor; IkB, inhibitor of NF-kB; IKK, kB kinase; NIK, NF-kB-inducing kinase; P, phosphate; VEGF, vascular

endothelial growth factor.

loop*. Sequestosome 1 (SQSTMI; also known as
ubiquitin-binding protein p62) is a scaffold protein that
is upregulated by NF-«B and can promote further NF-«xB
activation in tumour cells via its TRAF6-binding motif,
linking NF-kB to nuclear factor erythroid 2-related fac-
tor 2 (NRF2; also known as NFE2L2) activation and
tumour promotion*’. Curiously, NF-kB inhibition in
myeloid cells, due to cell-type-specific IKKp ablation
or treatment with highly specific IKKp inhibitors, can
actually enhance inflammation by reducing SQSTM1
expression, as SQSTM1 has a crucial regulatory
role in curtailing long-term NACHT, LRR and PYD
domains-containing protein 3 (NLRP3) inflammasome
activation*®*. These results show that rather than being
a simple innate activator of acute inflammation, NF-xB
is responsible for orchestrating and coordinating the
entire inflammatory response, initiating it when needed
and making sure that it does not run amok, leading to
irreparable damage.

NF-kB function in the tumour microenvironment

There are many cellular constituents of the tumour
microenvironment, including tumour-associated macro-
phages (TAMs), dendritic cells (DCs), myeloid-derived
suppressor cells (MDSCs), neutrophils, mast cells,

natural killer (NK) cells, natural killer T (NKT) cells
T cells, B cells, cancer-associated fibroblasts (CAFs)
and endothelial cells. NF-xB functions in all these cells
types and modulates inflammation, tumorigenesis and
metastasis®?0°1,

Mpyeloid cells and NF-xB. Macrophages or TAMs
are typically the most abundant immune cells in
the tumour microenvironment®. They often promote
tumour development by producing cytokines, chemo-
kines and growth factors, as well as proteases involved in
cytokine and growth factor activation and extracellular
matrix (ECM) remodelling®'. Increased TAM density in
tumours usually correlates with poor prognosis®. There
are two major subsets of polarized TAMs: classically
activated ‘M1-type’ macrophages induced by IFNy and
lipopolysaccharide (LPS) and alternatively activated
‘M2-type’ macrophages induced by IL-4, IL-10 and IL-13;
however, neither phenotype represents an irreversible
state®?**. M1 macrophages promote inflammation by
producing pro-inflammatory cytokines, chemokines
and enzymes, including TNE, IL-1, IL-6, IL-12, IL-23
and iNOS, whereas M2 macrophages can inhibit inflam-
mation by releasing anti-inflammatory mediators, such
as IL-10, transforming growth factor-p (TGFp) and
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Box 1| Crosstalk between NF-kB and other signalling pathways

Part of the complexity and the variance in nuclear factor-kB (NF-kB) function between different cell and tumour types is due
to its crosstalk with other transcription factors and signalling proteins, including signal transducer and activator of
transcription 3 (STAT3), activator protein 1 (AP1), p53, interferon regulatory factors (IRFs), nuclear factor erythroid 2-related
factor 2 (NRF2), glycogen synthase kinase 3f (GSK3), mechanistic target of rapamycin (mTOR), extracellular
signal-regulated kinase 1/2 (ERK1/2) JUN N-terminal kinase (JNK), p38 mitogen-activated protein kinase (MAPK),
phosphoinositide 3-kinase (PI3K)-AKT, WNT-f-catenin, Notch and Hedgehog?*?***. We discuss below how such crosstalk
modulates the ability of NF-kB to control tumour-promoting inflammation and antitumour immunity.

NF-kB and STAT3

NF-xB and STAT3 can interact either positively or negatively®. In many cell types, NF-xB and STAT3 cooperatively
regulate the expression of pro-proliferative proteins, such as cyclin D1 and MYC, and anti-apoptotic proteins, such as
BCL-X, and apoptosis regulator BCL-2, and interfere with p53 synthesis'**?. In glioma stem cells, constitutive activation of
NF-xB and STAT3 induces upregulation of Notch pathway components, resulting in Notch activation?®. NF-kB also
accelerates STAT3-mediated expression of genes encoding different inflammatory mediators in immune cells of the
tumour microenvironment and vice versa®?. However, NF-kB and STAT3 can also exhibit antagonistic interactions, such as
suppression of STAT3 activation by the inhibitor of NF-kB kinase-p (IKKB)-NF-«B pathway in several types of cells,
including hepatocytes''. NF-kB and STAT1, another member of the STAT family, can also cooperatively induce certain
genes, such as inducible nitric oxide synthase (iNOS)?.

NF-xB and p53

In most cases, NF-kB and tumour suppressor p53 antagonistically regulate each other’s activity through different
mechanisms*?1°6262 |KKf directly phosphorylates p53 and promotes its F-box/WD repeat-containing protein 1A
(BTRC)-mediated K48 polyubiquitylation and degradation??. In a mouse colitis-associated cancer (CAC) model, chronic
NF-kB activation in intestinal epithelial cells (IECs) was observed in response to a p53 loss-of-function mutant (p53R172H;
the mouse equivalent of the human mutant p53R175H), which was also seen in human colitis-associated colorectal
cancer?®. Another paper reported that, in a mouse model of colorectal cancer, NF-kB in IECs and stromal cells is activated
indirectly owing to loss of barrier function and enhanced microbial translocation in response to p53 loss in I[ECs?.

This study shows that, similar to NF-xkB?*, p53 is required for maintenance of barrier integrity, a function recently
demonstrated for the key suppressor of intestinal tumorigenesis, adenomatous polyposis coli (APC)*.

NF-kB and IRF

IRF transcription factors are important regulators of innate and adaptive immune responses?®. The crosstalk between
NF-kB and IRF family members takes place at the transcriptional level**?¢72%, However, it was also reported that IKK( can
phosphorylate IRF3 (REF. 269) and that IRF3-dependent tumour necrosis factor (TNF) expression is required for NF-kB
activation via an MYD88-independent pathway*°. Because IRF activation can promote anticancer immunity through the
induction of type | interferon?®?"%, this crosstalk may be an important modulator and promoter of antitumour immunity.

NF-kB and NRF2

NRF2 is a key transcriptional regulator of the oxidative stress response, and its crosstalk with NF-kB is critical for
integrating oxidative stress with the inflammatory response*?’22”3. Ablation of NRF2 enhances NF-kB activity and
cytokine production, whereas NF-kB can regulate NRF2 transcriptional activity positively or negatively?’2. NF-xB and
NRF2 cooperatively maintain liver homeostasis and prevent development of hepatic adenomas?’#, although under
different circumstances both NRF2 (REF. 275) and NF-kB** promote liver carcinogenesis.

NF-kB and JNK

NF-kB downregulates JNK activation via upregulation of growth arrest and DNA damage-inducible protein GADD450,
XIAP, A20 and inhibitors of reactive oxygen species accumulation?’. The negative crosstalk between NF-kB and JNK is
reported to play an important role in the development of diethylnitrosamine (DEN)-induced hepatocellular
carcinoma'??77,

NF-kB and WNT-B-catenin

The WNT—p-catenin pathway exhibits both pro-inflammatory and anti-inflammatory functions by either activating or
suppressing the NF-«B response?’®. Conversely, NF-kB either promotes or inhibits WNT-B-catenin signalling through
multiple mechanisms'®%’¢, Constitutive f-catenin activation in IECs induces TNF-mediated NF-kB activation in mice?”.
In turn, NF-xB enhances B-catenin activation, leading to de-differentiation of non-stem cells that acquire
tumour-initiating abilities, a phenomenon that was also observed in patients with ulcerative colitis?*?°.

NF-kB and Notch

Crosstalk between NF-kB and Notch has been reported in some cancers**'3%2%, Notch activation induces NF-kB activation
via several different mechanisms, and, correspondingly, Notch inhibition can result in decreased NF-kB activity?*!3°%,
Conversely, NF-kB activates Notch by inducing Notch ligands and receptors, such as protein Jagged 1 (JAG1) and Notch1
(REFS 130,135,280).

arginase 1 (ARG1)%. Although M1 macrophages are
thought to enhance antitumour immunity, this simplistic
hypothesis is inconsistent with the fact that the cytokines
produced by these cells are the most potent and ubi-
quitous tumour-promoting cytokines identified thus

far®. By contrast, M2 macrophages are proposed to be
pro-tumorigenic, but instead of tissue repair and angio-
genesis, their most potent tumour-promoting activity
could be IL-10-mediated and TGFp-mediated immuno-
suppression'’. NF-kB, especially the p50 subunit, has
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been proposed to participate in macrophage polariza-
tion'***%, and blocking NF-«B activation in TAMs can
convert them from a tumour-promoting M2 phenotype
to an M1-like cytotoxic phenotype, thereby enhancing
tumour shrinkage'>*.

DCs are also important regulators of antitumour
immunity and may exert either pro-tumorigenic or
antitumorigenic functions in a context-dependent
manner”. Signalling via the immune checkpoint mole-
cule programmed cell death protein 1 (PD1) inactivates
the classical NF-kB pathway in DCs and inhibits
their production of cytokines and expression of co-
stimulatory molecules®. Finally, MDSCs, which can
promote tumour growth by contributing to an immuno-
suppressive microenvironment, are activated through an
IL-1pB-induced NF-kB pathway®.

NF-xB regulates lymphocyte functions in cancer. NK
cells exert antitumorigenic activity, most notably against
leukaemias and lymphomas, by directly killing malig-
nant cells®. NF-kB activation in NK cells controls their
lytic functions by promoting the expression of cytotoxic
mediators, such as perforin® and granzyme B

T and B lymphocytes are also recruited to tumours
and can have either pro-tumorigenic or antitumorigenic
functions®®. Both the classical and the alternative NF-«kB
pathways play essential roles in T cell and B cell activation
downstream of T cell receptor (TCR) and B cell receptor
(BCR) engagement as well as in T cell and B cell develop-
ment*®. A recent paper reported that both the p65
and REL NF-kB subunits promote the development and
suppressor functions of CD4*CD25" regulatory T (T,,,)
cells®, the infiltration of which into the tumour bed is
often a poor prognostic marker, especially in breast, cer-
vical and renal cancers”. Canonical NF-kB signalling also
supports conventional effector T cell activation and func-
tion®*%, suggesting that interference with this pathway
compromises antitumour immunity. However, deletion
or inhibition of REL, but not p65, in peripherally induced
T, cells impairs their immunosuppressive activity and
potentiates the effectiveness of anti-PD1 immune check-
point inhibitors®, demonstrating that different NF-kB
subunits have overlapping but distinct functions'®®.
Canonical NF-kB activation in T cells increases the num-
ber of tumour-specific IFNy-producing CD8* T cells and
is required for tumour elimination. Similarly, NF-xB
activation in lung cancer cells induces T cell-mediated
immune surveillance and results in tumour rejection
owing to the expression of T cell-recruiting chemok-
ines, including CCL2 (REF. 71). Under certain conditions,
such as the induction of mitochondrial outer membrane
permeabilization, NF-kB activation in tumour cells can
also induce anticancer immune responses, including
T cell infiltration and macrophage activation.

The tumour microenvironment also harbours a dif-
ferent B cell subset for which exposure to CXCL13 leads
to NF-kB activation and subsequent production of LT,
a cytokine that activates an IKKa-Polycomb complex
protein BMI1 pathway that supports the expansion of
prostate cancer stem cells, especially after androgen
ablation”>7°. Another subset of B cells, also identified in

REVIEWS

treatment-refractory prostate cancer, is IgA* immuno-
suppressive plasmocytes, which express high amounts
of programmed cell death 1 ligand 1 (PDL1) and IL-10
and block the activation of cytotoxic T lymphocytes
(CTLs)™.

Cancer-associated fibroblasts and NF-xB. Fibroblasts
in the tumour microenvironment are activated by
tumour-induced alterations in tissue structure or in
response to TGFp and hypoxia”; once activated, these
fibroblasts are referred to as CAFs””’8. CAFs main-
tain a pro-inflammatory transcriptional signature,
expressing genes encoding TNF, IL-1p, IL-6, osteo-
pontin, VEGF, CXCL12 (also known as SDF1), CXCL1,
CXCL2 and many other chemokines, thereby enhanc-
ing tumorigenesis and metastasis via ECM deposition
and remodelling, cancer cell proliferation, angiogenesis
and inflammation, partly in an NF-kB-dependent man-
ner”””. IL-11 secreted from TGFp-stimulated CAFs ini-
tiates colorectal cancer metastasis by activating STAT3
in cancer cells*’, whereas CXCL13 production by pros-
tate cancer CAFs results in the recruitment and stimu-
lation of LT-producing B cells”*”. Despite its important
role in the production of inflammatory cytokines and
chemokines, IKKp activation in CAFs was reported to
inhibit hepatocyte growth factor (HGF; also known as
scatter factor) secretion and intestinal tumorigenesis
through the induction of negative regulators of TGFf
signalling, including SMAD7 and E3 ubiquitin-protein
ligase SMURF]1 (REF. 81). However, IKK( in CAFs was
also shown to promote CAC initiation through the pro-
duction of IL-6 and other pro-tumorigenic factors®.
Undoubtedly, the specific effect of IKKp inhibition on
components of the tumour microenvironment is highly
context dependent.

Cellular processes regulated by NF-xB
Cytokines and chemokines as mediators of NF-xB
action. TNF and IL-6 are two of the best-studied pro-
tumorigenic cytokines, the expression of which is ele-
vated in many different cancers®, often correlating with
poor prognosis®*. In addition to being an NF-«B tar-
get, TNF is a potent activator of both NF-«xB and AP1,
whereas IL-6 links NF-kB to STAT3 (REF. 83). All three
of these transcription factors are important activators of
cancer-related inflammation and other pathologies®*"*2.
TNF signalling entails activation of NF-«xB and
mitogen-activated protein kinases (MAPKs) and can
either promote cell death or increase cell survival in a
context-dependent manner® %%, TNF is mainly pro-
duced by activated macrophages and neutrophils and
can induce other pro-inflammatory cytokines, including
IL-1 and IL-6, and can accelerate tumorigenesis*. IL-1a
and IL-1p are important pro-inflammatory cytokines
that are produced by cancer cells and immune cells and
promote activation of the NF-kB and MAPK pathways
and tumorigenesis®**. IL-33, a member of the IL-1 fam-
ily, is mainly expressed in the nucleus of epithelial cells,
fibroblasts, endothelial cells and activated myeloid
cells, as well as in tumour cells, and plays an impor-
tant role in allergy, autoimmunity, inflammation and
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cancer®%. IL-33 is released from necrotic cells and func-
tions as an alarmin, resulting in the activation of NF-xB
and MAPKSs via its unique receptor protein ST2 (also
known as ILIRL1); this occurs mainly in immune cells,
including group 2 innate lymphoid cells (ILC2s), T,
cells and CD8* T cells”**. In addition, nuclear IL-33 is
reported to suppress NF-kB function through the inter-
action with p65%, although nuclear IL-33 upregulates
the expression of p65 in endothelial cells*. IL-12 and
IL-23 are two other NF-kB-induced cytokines that are
produced by antigen-presenting cells and are important
regulators of T cell responses®. IL-17A, which is mainly
produced by T helper 17 (T;17) cells, y8 T cells and
group 3 innate lymphoid cells (ILC3s), provides protec-
tion against extracellular bacteria and fungi and can fur-
ther increase expression of TNFE, IL-1B and IL-6 owing
to its ability to activate NF-kB and MAPK signalling,
resulting in tumour promotion*2>%.

IL-6, which is produced by macrophages and other
cell types, was the first NF-«kB target demonstrated
to link inflammation and tumorigenesis**>*. Small
amounts of IL-6 are also produced by malignant cells
and act in an autocrine manner to initiate cancer-
associated inflammation and stem cell expansion®**.
IL-6, as well as other IL-6 family cytokines including
IL-11, leukaemia inhibitory factor (LIF) and onco-
statin M (OSM), activates JAK-STAT3, RAS-MAPK
and phosphoinositide 3-kinase (PI3K)-AKT signal-
ling through their common receptor membrane glyco-
protein 130 (gp130; also known as IL6ST)*. IL-6 family
members also activate YAP and downstream Notch
signalling, via a SRC family kinase (SFK)-dependent
pathway, and this has been shown to be important in
intestinal regeneration and tumorigenesis'*'*!. IL-10
also activates JAK-STAT3 signalling and is mostly
expressed in immune cells, but unlike IL-6, IL-10 has
potent anti-inflammatory activity, mediated in part
via NF-kB inhibition'®. By contrast, IL-22, a relative of
IL-10, is a pro-inflammatory, regenerative and tissue-
protective cytokine that also activates JAK-STAT3
signalling'®. IL-22 is mostly produced by CD4* T cells
and ILC3s and acts mainly on epithelial cells®*. Another
potent anti-inflammatory cytokine is TGF(, which is
produced by cancer cells, myeloid cells, T cells and
fibroblasts®. Although TGFp is a potent inhibitor of
cell proliferation, its ability to regulate T, and T};17 cell
differentiation makes it a tumour promoter as well as a
strong inducer of invasion and metastasis'**. Both IL-10
and TGFp are potent immunosuppressive cytokines,
and part of their tumour-promoting ability depends on
the inhibition of CTL activity'.

Cytokines produced by immune cells and cancer
cells are some of the key effectors in inflammation-
enhanced tumorigenesis and metastasis®. Several
cytokine antagonists and inhibitors are already in clin-
ical use in inflammatory and autoimmune diseases***°.
Therefore, most of these drugs, as long as they are not
immunosuppressive, should also be tested for cancer
prevention and treatment. Indeed, several ongoing can-
cer treatment trials include tocilizumab (an anti-IL-6
receptor antibody) and ruxolitinib (a JAK inhibitor)**.

In addition to cytokines, NF-kB induces numerous
chemokines both in malignant cells and in constitu-
ents of the tumour microenvironment'*>'%, especially
CAFs7>7778, Chemokines are important not only for
recruiting immune cells into the tumour bed but also in
stimulating primary tumour growth, growth factor syn-
thesis, angiogenesis and metastasis, and so chemokines
are potential targets for cancer immunotherapy>*!%>1%,
However, as chemokines can have both positive and
negative roles during tumorigenesis and metastasis
and because quite a few of them have redundant
functions, the targeting of chemokines and their
receptors is not always straightforward'®. Currently,
a few chemokine-targeting drugs are in clinical tri-
als, including maraviroc (a CC-chemokine receptor 5
(CCR5) antagonist) and plerixafor (a CXC-chemokine
receptor 4 (CXCR4) antagonist)'””. The sources and
target cells of cytokines and chemokines have been
summarized®* (FIC. 3).

NF-xB and autophagy. Autophagy is a self-digesting
system that disposes of cellular debris to maintain cel-
lular homeostasis and well-being*”'*. Although auto-
phagy may be needed for cancer cell survival, it directly
and indirectly suppresses tumour initiation*”!°»°,
Autophagy inhibits tumour-enhancing inflammation by
downregulating NLRP3 inflammasome activation and
cell death, whereas autophagy potentiates antitumour
immunity by enhancing the processing and presen-
tation of tumour antigens*''. Therefore, drugs that
stimulate autophagy may be effective cancer-preventing
agents'”'"%. NF-«xB and autophagy intricately regulate
each other’s activity''"''2, For example, NF-xB induces
expression of beclin 1 (BECN1), SQSTM1 and other
autophagy-associated proteins to enhance autophagy,
whereas autophagy degrades IKK subunits and inhib-
its NF-kB signalling""'"'"*. Further studies are needed to
fully appreciate the intricate mechanisms through which
autophagy and inflammation interact and to be able to
use this information to improve cancer therapy.

NF-«B and cellular senescence. It was originally thought
that irreversible cellular senescence, which is triggered
by DNA damage or oncogene activation, forms a pro-
tective barrier to cancer initiation''*. However, senes-
cent cells can produce pro-inflammatory cytokines
and chemokines, such as IL-1, IL-6 and IL-8, that affect
neighbouring cells'"'*!"®>. A programme known as the
senescence-associated secretory phenotype (SASP)
maintains senescence and facilitates the elimination
of senescent cancer cells through activation of phago-
cytic cells'*!*>. However, most SASP cytokines are also
tumour promoters, suggesting that cellular senescence
is a double-edged sword that can either inhibit or stimu-
late tumorigenesis'*''%. NF-kB is activated in senes-
cent cells and functions as a key SASP regulator!!>!!"!15,
NEF-kB promotes cellular senescence together with p53
in cultured fibroblasts and increases cellular senescence
and chemosensitivity in murine lymphomas, suggest-
ing a tumour-suppressive function'®. NF-«B activation
also suppresses the generation of induced pluripotent
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Figure 3 | Mode of action of cytokines on cancer and immune cells. Cytokines such as
tumour necrosis factor (TNF), IL-1, IL-6, IL-17A and transforming growth factor-3 (TGFp)
target both cancer and immune cells and activate the IKK-NF-kB (IxB kinase— nuclear
factor-kB), JAK-STAT3 (signal transducer and activator of transcription 3) and MAPK—
AP1 (mitogen-activated protein kinase—activator protein 1) signalling pathways. IL-11
and IL-22 mostly target cancer cells, whereas IL-10 and IL-33 mainly act on immune cells.
CAFs, cancer-associated fibroblasts.

stem cells by inducing the reprogramming repressor
histone-lysine N-methyltransferase, H3 lysine-79-
specific (encoded by DOTIL) to promote cellular senes-
cence'”®. However, NF-«B also acts as a tumour promoter
by inducing SASP-related factors, such as IL-1 and IL-6
(REFS 114,115).

NEF-«B and tissue regeneration and repair. Inflammation,
especially acute inflammation, is critical for tissue regen-
eration and repair, acting through numerous signalling
pathways, including IKK-NF-kB, JAK-STAT3, MAPKs,
SFKs, YAP, WNT-{-catenin and Notch, all of which are
also closely associated with cancer'>'**'20, TL-6 family
members and IL-22 activate several of these pathways,
thereby enhancing intestinal and liver regeneration'>'®.
Overexpression of constitutively active YAP was found
insufficient to promote hepatocyte growth in the absence
of a second signal, provided by inflammation and IL-6
(REFS 121,122), underscoring the importance of inflam-
mation. TNF also promotes intestinal and liver regen-
eration by inhibiting intestinal epithelial cell (IEC) and
hepatocyte death through NF-kB activation and enhances
epithelial regeneration through Notch activation'.
Moreover, activation of NF-«B in myeloid cells stimu-
lates hepatocyte proliferation and liver regeneration via
TNE IL-6, LT and other cytokines'>'*. Correspondingly,
TNFR1-deficient or IL-6-deficient mice exhibit impaired
liver regeneration after partial hepatectomy'>*'*. Cancer
is referred to as a ‘wound that does not heal’ and often
utilizes signalling pathways and programmes that con-
trol tissue regeneration and repair'*. The basal activity
of these pathways in normal tissues is low; and knockout
mice deficient in their key components exhibit almost
no phenotype when kept unchallenged. Therefore,
regenerative signalling pathways that are dysregulated
in cancer represent attractive targets for therapeutic
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application, although it will be important not to combine
such approaches with injury-provoking chemotherapies
and radiotherapy.

NF-«B and cancer stem cells. Cancer stem cells (CSCs)
are malignant cells that possess self-renewal capacity
and the ability to differentiate into more differentiated
malignant cells'*'#. CSCs are thought to mediate can-
cer metastasis and therapy resistance'” . Inflammation
and numerous signalling pathways, including NF-«B and
STATS3, play important roles in CSC generation and main-
tenance'”'?. NF-kB is constitutively activated in many
types of CSC and stimulates their proliferation, survival,
maintenance and expansion'*. Both NF-«kB and STAT3
promote CSC development and maintenance through
the induction of SLUG (also known as SNAI2), TWIST1
and SNAIL (also known as SNAI1)'?7131-13 Tn breast can-
cer, NF-kxB expands the CSC population by activating
Notch signalling in a cell-non-autonomous manner'*. In
pancreatic CSCs, the classical NF-«xB pathway increases
the expression of transcription factor SOX9, which is
associated with enhanced stemness and invasiveness'®.

NF-«B and cellular metabolism. Reprogramming
energy metabolism is now recognized as a hallmark of
cancer!!. Inflammation and NF-«B also modulate can-
cer cell metabolism, stimulating the so-called Warburg
effect, and affect whole-body metabolism, including
obesity and type 2 diabetes'*’'**. Curiously, however,
IKKpB-mediated hepatic inflammation was recently
shown to have a beneficial effect on glucose homeo-
stasis'®’. The crosstalk between NF-«B and p53 is cru-
cial for the regulation of cancer cell metabolism?!*5!3!4!,
In p53 wild-type cells, NF-kB stimulates mitochondrial
respiration through the upregulation of SCO2 (synthesis
of cytochrome c oxidase 2) in mitochondria, whereas in
p53-deficient cells, NF-«B suppresses mitochondrial oxi-
dative phosphorylation and promotes glycolysis through
the induction of genes such as GLUT3 (also known as
SLC2A3), the products of which stimulate the Warburg
effect’$13*1! In turn, glycolysis activates NF-kB through
O-linked B-N-acetyl glucosamine modification of IKKf,
forming a positive feedback loop'*>'*3.

NF-xB in tumorigenesis and metastasis
Tumorigenesis is a multistage process that is gener-
ally divided into three steps: tumour initiation (that is,
acquisition of oncogenic mutations by tumour-initiating
cells); tumour promotion (involving the clonal expan-
sion of tumour-initiating cells); and tumour progression
(in which tumour cells acquire further oncogenic muta-
tions and malignant traits)'*. Evolution of the tumour
microenvironment may also occur in three phases: first,
niche construction; second, expansion; and third, matu-
ration, thereby corresponding to the three steps of the
tumorigenic process'*. Notably, NF-«B plays important
roles in each of these steps.

NF-xB and tumour initiation. Between three to five
genetic alterations are needed for tumour initiation®'*,
Because only a minority of all cancers are linked to
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germline mutations, most cancer-causing mutations
are acquired de novo®. Inflammation and NF-«B affect
tumour initiation by promoting the production of reac-
tive oxygen species and reactive nitrogen species, which
induce DNA damage and oncogenic mutations®. By stim-
ulating cell cycle entry in cells in which only one DNA
strand has been damaged, NF-«B activation ensures the
incorporation of mutations into both DNA strands and
their transmission to daughter cells'*”!*5. Mutations in
mismatch repair genes further enhance genomic insta-
bility and lead to inactivation of critical tumour sup-
pressor genes, such as those encoding TGFp receptor
type II (TGFR2), insulin-like growth factor 2 receptor
(IGF2R; also known as M6PR) or apoptosis regulator
BAX, which all contain microsatellite sequences®'*.
Chronic inflammation and NF-«B can also induce
chromosomal instability and aneuploidy as well as epi-
genetic changes, leading to tumour initiation, promo-
tion and progression®*>130150152 Another mechanism
through which NF-kB may stimulate tumour initiation
is through the induction of the mutator enzyme activa-
tion-induced cytidine deaminase (AID), which deam-
inates cytosine residues to cause cytosine-to-thymine
transitions'?. AID overexpression was suggested to
contribute to gastric cancer, HCC and lymphomas'**.
AID belongs to the apolipoprotein B mRNA-editing
enzyme, catalytic polypeptide-like (APOBEC) family of
DNA-modifying enzymes'**, which has been suggested
to contribute to human cancer-associated mutations'*®.
Expression of APOBEC3, the main mutagenic member
of this family, is induced by NF-kB'**'%". Inflammation
may also promote tumour initiation by conferring a
stem-cell-like phenotype upon tumour-initiating cells
and/or expanding stem cell pools, thereby increasing
targets for mutagenesis®. In addition, by preventing
p53-induced apoptosis, NF-kB activation increases
the number of DNA-damaged cells that accumulate
oncogenic mutations'*®.

NF-«B and tumour promotion. The major tumorigenic
effect of NF-kB is exerted at the tumour promotion
stage through enhancement of cancer cell prolifera-
tion and survival”’. By stimulating the production of
regeneration-enhancing inflammatory cytokines and
growth factors, NF-kB enhances the proliferation of
initiated tumour progenitor cells®. In addition, by
inhibiting apoptosis, NF-kB blocks the cell death that
is induced in response to the activation of oncogenes
such as GTPase HRAS™ and MYC'®. NF-kB is acti-
vated by mutant GTPase KRAS, which is associated with
enhanced proliferation and decreased apoptosis and
plays an important role in KRAS®'*P-induced tumori-
genesis'**'¢". NF-kB can also increase the expression of
various cell cycle proteins, especially cyclin D1 (REF. 147).

NF-«B and tumour spread. By chronically stimulating
cancer cell proliferation, inhibiting cell death and pro-
moting the accumulation of mutations, inflammation
and NF-«B can drive malignant progression'”'*2. NF-kB,
STATS3 and other inflammatory transcription factors can
directly stimulate the expression of genes, the products

of which contribute to the malignant phenotype and
trigger epithelial-to-mesenchymal transition (EMT),
invasive behaviour and neoangiogenesis®>'*>. For
example, NF-kB stimulates the transcription of SLUG,
TWIST1 and SNAIL"2'%, which initiate EMT and aug-
ment the malignant phenotype by enhancing cancer cell
stemness and migratory behaviour'®. Inflammation and
NF-«B can directly stimulate metastatic dissemination
through EMT, increase cancer cell extravasation into
the blood and lymphatics and prevent the death of cir-
culating tumour cells®'*. Inflammation also enhances
metastatic seeding by supporting the survival and pro-
liferation of metastasis-initiating cells and by preparing
a highly supportive metastatic niche'®.

In addition to upregulating SLUG, TWIST1 and
SNAIL, NF-xB activation can promote cell migration,
invasion and EMT through other mechanisms'*”'%,
including NF-kB-mediated induction of matrix-
degrading enzymes such as MMP9 (REF. 166). NF-kB also
stimulates the expression of hypoxia-inducible factor la
(HIF1a)'” and thereby enhances hypoxic conditioning
and early survival of metastasis-initiating cells'®. HIF1a
activation also contributes to EMT'®. Furthermore,
MMP family members induced by NF-kB contribute to
the release of bioactive TGFp, which strongly stimulates
EMT and other processes that contribute to metastatic
dissemination'*"3>17°,

Inflammation stimulates tumour angiogenesis®,
although it was also reported that NF-«B activation
in endothelial cells might result in the inhibition of
angiogenesis'’"'”2. First and foremost, activated macro-
phages produce VEGF family members and other
angiogenesis-stimulating factors'”®. Production of pro-
teases and nitric oxide due to NF-kB-dependent iNOS
induction in inflammatory cells also plays an important
role in the crosstalk between inflammation and angio-
genesis'”. Last but not least, inflammation stimulates the
expression of motility-inducing factors, such as HGF'7#,
and chemokines that can directly stimulate cancer cell
migration, such as CXCL12 (REF. 175).

NF-xB and gastrointestinal cancers

Gastric cancer and colorectal cancer are classical
inflammation-dependent cancers*® (BOX 2). Chronic
gastrointestinal inflammation, such as that which
occurs in gastritis and inflammatory bowel disease
(IBD), greatly increases the risk of cancer via a pro-
cess that involves the production of pro-tumorigenic
cytokines, such as TNF, IL-1, IL-6, IL-17A and IL-23,
and also involves NF-«xB and STAT3 activation®**. The
roles of NF-xB and STAT3 in inflammation-driven
colorectal cancer, known as CAC, were studied in mice
subjected to treatment with azoxymethane and dextran
sulfate sodium salt*'7%'”’. These studies were the first to
show the critical roles of NF-kB and STAT3 in linking
chronic inflammation and cancer*'7®'”7. Whereas the
pro-tumorigenic function of STAT3 is mainly exerted
in epithelial cells'’*'”7, NF-xB acts in both epithelial
cells, where it suppresses cell death, and myeloid cells,
where it controls the expression of tumour-promoting
cytokines* (FIG. 4).
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Box 2 | Inflammation and the gut microbiota

Microorganisms and microbial products are sensed by pattern-recognition receptors,
leading to nuclear factor-kB (NF-kB) activation and inflammation'*"’ in addition to
affecting tumorigenesis, metastasis, and the effectiveness and toxicity of cancer
therapy?'%. The gastrointestinal tract is the largest reservoir of commensal microbiota
in the human body?*’, and dysbiosis that results in over-representation of inflammation-
provoking colitogenic bacteria or in gut epithelial barrier loss accelerates colorectal
cancer development?'2832% Barrier disruption results in aberrant and promiscuous
interactions between immune cells and the microbiota that can trigger chronic
inflammation?*?*. The inflammatory effect of dysbiosis can be attenuated by antibiotic
treatment followed by the transplantation of normal, well-balanced microbiota*.
Ingestion of anti-inflammatory probiotics or prebiotics can also result in the
attenuation or resolution of dysbiosis-induced inflammation?®*.

An association between gastrointestinal cancer and altered gut microbiota has been
investigated in several epidemiological and clinical studies and experimental animal
models?!. Although a single gut bacterium that can initiate and accelerate colorectal
cancer development remains to be identified, several microorganisms, including
Fusobacterium nucleatum, enterotoxigenic Bacteroides fragilis and colibactin-producing
Escherichia coli, were suggested to be associated with increased colorectal cancer risk?®°.
By contrast, Helicobacter pylori, which resides in the stomach epithelium, was shown to
cause gastritis, mucosa-associated lymphoid tissue lymphoma and gastric cancer, even
when present at rather low concentrations®®. This is entirely different from the
nonphysiological situations caused by artificial monocolonization experiments®.
Although certain bacteria other than H. pylori have been proposed to promote
gastrointestinal tumorigenesis by inducing chronic inflammation, alteration of the
tumour microenvironment and the promotion of DNA damage?'2°°?°!, it has never been
shown that vaccination or the elimination of individual microorganisms can prevent
cancer. It is equally probable that the tumour-promoting effects of microbial dysbiosis are
due to the absence of protective species. Because of the ability of gut microbial products
to reach the liver via the portal circulation, obesity-induced alteration of the gut
microbiota may also enhance the development of HCC through upregulation of hepatic
inflammation!®. However, it is questionable whether individual bacteria or their specific
metabolites are any more pathogenic than the inflammation-provoking endotoxins
produced by most Gram-negative bacteria and bacterial nucleic acids, although, for
example, a short-chain fatty acid, butyrate, derived from commensal microbiota induces
the differentiation of CD4*CD25" regulatory T cells in mouse colon?*%.

More recently, it has become clear that inflam-
mation also plays a critical role in the development
and progression of sporadic colorectal cancer, which
is not preceded by colonic inflammation***. Most
cases of sporadic colorectal cancer are accompanied
by elevated expression of IL-1, IL-6, IL-17A and IL-23
(REFS 178,179). Moreover, elevated expression of these
tumorigenic cytokines in stage II patients predicts rapid
progression to metastatic disease'””. To understand
the origin, mechanism and effects of this so-called
tumour-elicited inflammation, we have used a mouse
model of sporadic colorectal tumorigenesis, known as
the CPC-APC (adenomatous polyposis coli) mouse, in
which colorectal tumours are initiated by random allelic
deletions of the Apc locus'™. APC loss, which results in
constitutive B-catenin activation, is the most common
initiating event in sporadic human colorectal cancer®'.
We found that in addition to B-catenin activation, Apc
loss in mice and APC loss in humans result in a rapid
downregulation of mucin 2 production and an absence
of tight junction proteins, resulting in intestinal epi-
thelial barrier deterioration and localized translocation
of microbial products that induce expression of IL-23
and other pro-inflammatory cytokines in adenoma-
associated macrophages and DCs*. IL-23 expands
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the population of IL-17A-producing cells, and IL-17A
directly stimulates the proliferation of APC-deficient
IECs by activating NF-kB and MAPKs without affect-
ing B-catenin signalling, resulting in the accelerated
formation and growth of colorectal adenomas®%,
thereby underscoring the tremendous importance of
tumour-elicited inflammation.

Further evidence for the importance of tumour-
elicited inflammation in colorectal cancer and other
epithelial malignancies comes from the well-established
cancer-preventing effect of long-term intake of non-
steroidal anti-inflammatory drugs (NSAIDs), such as
aspirin and indomethacin, which suppress the enzymatic
activity of COX2, a critical regulator of prostaglandin E2
(PGE,) synthesis'®2. Another effect of tumour-elicited
inflammation is provided by the NF-kB-dependent
induction of iNOS, which promotes genetic instability
and accelerates malignant progression through the accu-
mulation of mutations'*'#, Chronic NF-kB activation in
IECs also potentiates B-catenin activation and expression
of genes encoding intestinal stem-cell-related molecules,
such as achaete-scute homologue 2 (ASH2), olfactomedin
4 (OLM4), DLK1 and BMI1, resulting in enhanced cell
proliferation and spontaneous tumorigenesis'®>. APC loss
enhances RAC1 GTPase activity, which induces reactive
oxygen species production and NF-«B activation, result-
ing in expansion of the leucine-rich repeat-containing
G-protein-coupled receptor 5 (LGR5)* intestinal stem
cell signature and colorectal cancer growth'®.

NF-«B and liver cancer

Another malignancy highly dependent on inflammation
is HCC, the most common type of liver cancer'®. Most
HCCs develop as a consequence of chronic viral hepatitis
due to either HBV or HCV infection, but nonalcoholic
steatohepatitis (NASH) and alcoholic steatohepatitis
have been growing in their relative importance and will
soon be the leading aetiologies'".

Initially, inflammation-associated HCC was stud-
ied in multidrug resistance protein 2 (MDR2)-deficient
(Mdr27") mice, for which hepatocytes cannot secrete
phospholipids into bile, resulting in inflammatory
cholangitis, which progresses to HCC within
8-10 months**'¥. Although the mechanism of HCC
progression in Mdr2~”~ mice is poorly understood, inhi-
bition of NF-«B through liver-specific expression of an
IkBa-super-repressor variant enhances the death of pre-
malignant hepatocytes and blocks HCC development®.
NF-kB activation in hepatocytes seems to depend on TNF
produced by nonparenchymal liver cells, such as Kupffer
cells®. Indeed, inhibition of TNF signalling suppresses
the expression of NF-kB-dependent prosurvival genes,
resulting in enhanced hepatocyte apoptosis and reduced
tumour multiplicity®. Ablation of IL-6 in monocytes also
decreases spontaneous HCC development in Mdr2~~
mice'®, resembling what has been found in CAC®7.

However, NF-«B inactivation in a model of chemi-
cally induced HCC that is not accompanied by chronic
inflammation results in enhanced tumorigenesis'?.
Liver-specific ablation of IKK strongly potentiates HCC
induction by the carcinogen diethylnitrosamine (DEN),
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Figure 4 | Chronic inflammatory crosstalk between cancer cells and immune cells.
Nuclear factor-«B (NF-kB) in immune cells is initially activated by tumour necrosis factor
(TNF), IL-1 and various pathogen-associated or damage-associated molecular patterns,
leading to the production of pro-inflammatory cytokines, chemokines and growth factors
such as TNF, IL-1, IL-6 and vascular endothelial growth factor (VEGF). Pro-inflammatory
cytokines activate NF-kB and signal transducer and activator of transcription 3 (STAT3) in
cancer cells and in components of the tumour microenvironment, resulting in the
stimulation of cancer cell proliferation and survival, epithelial-to-mesenchymal transition
(EMT), invasion, angiogenesis and metastasis. Cancer cells can recruit more immune cells
into the tumour microenvironment by producing chemokines and thereby augment and
maintain the local inflammatory state, thus establishing a chronic feedforward loop that
enhances tumorigenesis and metastasis. CCL2, CC-chemokine ligand 2; COX2,
cyclooxygenase 2; LPS, lipopolysaccharide; MIPs, macrophage inflammatory proteins;
MMP9, matrix metalloproteinase 9; P, phosphate.

an effect that has been attributed to elevated compen-
satory proliferation, which is triggered by excessive killing
of NF-kB-deficient hepatocytes by DEN'%. Hepatocyte
death causes the release of IL-1a, which leads to activa-
tion of liver-resident myeloid cells and induction of TNF
and IL-6 (REF. 190), both of which stimulate hepatocyte
proliferation and HCC growth™'**. A more substantial
decrease in hepatic NF-kB activity due to liver-specific
deletion of IKKy results in spontaneous steatohepatitis
and HCC without exposure to DEN'. A follow-up study
revealed that IKKy inhibits hepatocyte cell death, steato-
hepatitis and HCC by suppressing receptor-interacting
serine/threonine-protein kinase 1 (RIPK1) activity via
NF-kxB-dependent and NF-kB-independent mecha-
nisms'®. By contrast, inhibition of NF-«B in myeloid cells
via cell-type-specific IKKp deletion decreases cytokine
expression, including TNF and IL-6, and inhibits DEN-
induced HCC'®. Whereas IL-6 from liver myeloid cells
and HCC progenitor cells accelerates HCC develop-
ment through STAT?3 activation®'”!, TNF produced by

myeloid cells stimulates TNFRI1 signalling in HCC pro-
genitor cells, leading to the activation of IKKB-NF-kB
and JUN N-terminal kinase (JNK), which in turn
contributes to HCC development'”%. NF-«B activation
in liver myeloid cells is inhibited by oestrogen, resulting in
decreased IL-6 production and attenuated hepatocellular
carcinogenesis'***, which partly accounts for the gender
difference in HCC incidence.

Notably, IKKp is not a real tumour suppressor, and
its ablation in hepatocytes enhances HCC development
only under conditions that result in elevated hepatocyte
injury". Under such conditions, even STAT3, which is an
important mediator of hepatocellular carcinogenesis'”,
can behave as a tumour suppressor®”. Moreover, forced
IKK{ activation in hepatocytes greatly enhances HCC
development®, an effect that has been attributed to the
formation of ectopic lymphoid structures (ELSs), which
consist of T cells, B cells and follicular dendritic cells*”.
ELSs develop at sites of inflammation and are often
observed in cancer. In colorectal cancer, the presence
of ELSs correlates with better prognosis, suggesting that
ELSs also mediate immune surveillance*?. However, in
HCC, ELS formation is pro-tumorigenic because these
structures provide a supportive immunopathological
microniche for HCC progenitor cells**'. ELS micro-
niches exhibit localized production of various cytokines
and chemokines, including LT, LIGHT (also known as
TNESF14), CCL17 and CCL20, the expression of which
is abolished after T cell depletion®. Liver-specific over-
expression of LTa and LT also induces hepatitis and
spontaneous HCC, both of which depend on IKKP
activation in hepatocytes®.

Obesity and insulin resistance increase the risk of
many types of cancer, especially endometrial, ovarian and
liver cancers?2%. The pro-tumorigenic effect of obesity
in the liver is due to inflammation and the elevated pro-
duction of cytokines, such as TNF and IL-6 (REF. 193).
Initially, genetic and dietary obesity were shown to greatly
enhance DEN-induced HCC formation'*, but the most
critical cellular sites of TNF and IL-6 production were not
genetically identified. A subsequent study suggested that
IL-6 is part of the SASP in hepatic stellate cells (HSCs),
which is also observed in human NASH-induced HCC'.
It was also proposed that obesity-promoted chemical
hepatic carcinogenesis depends on gut dysbiosis, which
promotes SASP activation in HSCs'¢. Correspondingly,
the treatment of mice with broad-spectrum antibiotics
can attenuate obesity-promoted HCC induction'.

Nonalcoholic fatty liver disease, which is tightly linked
to metabolic syndrome, is one of the most prevalent liver
diseases worldwide and spans a spectrum from bland
steatosis to NASH?”. To examine whether endoplasmic
reticulum (ER) stress can control the transition from
simple steatosis to NASH, we fed a high-fat diet (HFD)
to MUP-uPA transgenic mice, which express urokinase-
type plasminogen activator (uPA) from the hepatocyte-
specific major urinary protein (MUP) promoter and
therefore undergo liver-specific ER stress shortly after
birth'*>?%, The ER stress response, however, is transient
owing to silencing of the MUP-uPA transgene in newly
generated hepatocytes'*>*". However, upon HFD feeding,
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MUP-uPA mice, unlike nontransgenic C57BL/6 con-
trols, go on to develop classical signs of NASH, includ-
ing hepatocyte ballooning, liver damage, accumulation
of Mallory-Denk bodies, inflammatory infiltrates and a
‘chicken-wire’ pattern of liver fibrosis'*>*"”. Most impor-
tantly, HFD-fed MUP-uPA mice show robust progression
from NASH to HCC, which depends on TNF-activated
NF-«B and JNK signalling in hepatocytes'”>. Both NASH
and HCC development in these mice can be inhibited by
treatment with TNF signalling inhibitors, which may also
be useful for the treatment of human NASH"?. In HFD-
fed MUP-uPA mice, IgA* immunosuppressive plasmo-
cytes are induced by hepatic inflammation and suppress
anti-liver cancer immunity>®.

NF-kB and pancreatic cancer

Inflammation and NF-«B are also associated with pan-
creatic cancer, the major risk factors of which include
tobacco smoking, alcohol consumption, obesity, type 2
diabetes, and chronic and hereditary pancreatitis*'*'2.
Elevated expression of pro-inflammatory cytokines,
including TNF, IL-1a and IL-6, correlates with poor
prognosis in pancreatic ductal adenocarcinoma (PDAC),
the predominant form of pancreatic cancer?**'¢. PDAC
is usually initiated by KRAS-activating mutations, and the
expression of KRAS'?" in pancreatic epithelial cells trig-
gers PDAC in mice after a very long latency?"”. KRAS%'?P
induces IL-1a expression via AP1 activation, leading to
NE-kB activation in tumour cells?™*. In turn, this NF-«kB
activation initiates the expression of IL-1a and SQSTM1,
resulting in the establishment of IL-1a-SQSTMI1 feed-
forward loops to induce and maintain NF-«B activation
in PDAC cells?*. Once activated, NF-kB cooperates with
Notch to inhibit the expression of the anti-inflammatory
nuclear receptor peroxisome proliferator-activated recep-
tor-y (PPARy) and stimulate PDAC development?'®. In
the KRAS*?P-induced PDAC model, the progression of
pancreatic intraepithelial neoplasia (PanIN) into PDAC
and the development of PDAC depend on the activation
of the IL-6-STAT3 pathway?". Similar to HCC, HFD
feeding accelerates PanIN development, and this depends
on TNFR1 signalling®. IKKa deletion in pancreatic epi-
thelial cells induces the accumulation of SQSTM1 and
spontaneous pancreatitis in mice, which is attenuated
by SQSTM1 ablation®. Such spontaneous pancreatitis
accelerates PDAC development via NF-kB-independent
mechanisms®?.

NF-«B and prostate cancer

Another cancer type associated with inflammation and
NE-«B is prostate cancer®”. Prostate tumour-initiating
stem-like cells show increased NF-xB activity?*, and
the NF-«kB gene signature predicts disease-specific
and metastasis-free survival?®®. Although TNF exhib-
its both pro-tumorigenic and antitumorigenic roles in
prostate cancer”, IL-6 promotes prostate tumorigenesis
and metastasis and plays an important role in the tran-
sition from hormone-dependent to castration-resistant
prostate cancer (CRPC)?”. In a mouse model of CRPC,
IKKB-mediated NF-kB signalling was found to be
important for the production of LT?, which activates an
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IKKa-BMII cascade in prostate epithelial cells™. IKKa
blockade suppresses CRPC development, although IKK(
deletion in prostate cancer cells has no effect on disease
development or recurrence'”’’. Furthermore, IKKa,
but not IKKB, is necessary for metastatic progression
through an effect on BMI1 and maspin (also known as
serpin B5), both of which are NF-kB-independent'*7**%,
An NF-xB-independent anti-inflammatory function of
IKKa was also reported in the intestine*”.

NF-kB and lung cancer

Lung cancer is mainly initiated by environmental fac-
tors, such as tobacco smoking and asbestos exposure,
and is associated with chronic inflammation and NF-«kB
activation®%?'. Interstitial lung disease and chronic
obstructive pulmonary disease, both of which are closely
related to tobacco smoke, are linked to higher lung can-
cer risk*?. NF-kB is upregulated in lung cancer and
preneoplastic lesions*?, and its activation is correlated
with poor prognosis in patients with non-small-cell lung
cancer®. Tobacco smoke promotes KRAS'?P-induced
lung tumour development through the induction of lung
inflammation, which depends on NF-«B activation in
myeloid cells**. Activation of NF-«B (especially p65),
mainly induced by p53 loss** or oncogenic KRAS-
induced SQSTM1 expression**, plays an important role
in KRAS%?P-induced lung tumorigenesis'*'. In addition,
NE-kB activation is crucial in epidermal growth factor
receptor (EGFR)-mutant lung cancer®”’. NF-«B activa-
tion is rapidly induced in response to EGFR oncogene
inhibition in lung cancer and promotes resistance to
therapy via IL-6 induction®®.

Therapeutic implications

Conventional therapies for solid malignancies include
surgery, chemotherapy and radiation. Surgical resection
of primary cancer causes tissue injury, necrotic cell death
and subsequent inflammation, which might stimu-
late the growth and metastasis of residual malignant
cells®®**, and surgery-induced inflammation promotes
the stem-like feature acquisition of cancer cells through
STAT?3 activation*®. Both chemotherapy and radiation
induce DNA damage and genotoxic stress, which also
evoke a subsequent inflammatory response that results
in NF-kB and STAT3 activation and the upregulation
of cytokines and chemokines, which promote therapy
resistance and tumour recurrence®**"?*> and increase
CSCs through activation of an IL-6 inflammatory feed-
back loop?®. Nonetheless, inflammation can also induce
cross-presentation of tumour antigens and stimulate
antitumour immune responses****. In addition, chemo-
therapy induces NF-kB-dependent PDLI overexpression
and local immune suppression in ovarian cancer?®.
Moreover, pentoxifylline (a REL inhibitor)**¢ and REL
deficiency in T, cells can boost the effects of anti-PD1
immunotherapy®. Thus, NF-«B inhibition may augment
the response to most conventional cancer therapies and
immune checkpoint inhibitors, although inhibition of
the NF-«B pathway for long periods may cause severe
adverse effects, such as the impairment of immune
responses and antitumour immunity*%*¥.
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Long-term consumption of anti-inflammatory drugs,
such as aspirin or selective inhibitors of COX2, an NF-kB
target, results in a considerable reduction in the risk and
incidence of many cancers in addition to colorectal can-
cer?*®, In addition, NSAIDs can decrease mortality in
patients with advanced colorectal cancer and breast can-
cer through COX2-dependent and COX2-independent
mechanisms*?*. These results further underscore the
importance of inflammation as a main driving force in
tumorigenesis and malignant progression and suggest
that NF-«xB and STAT3 are attractive preventive and
therapeutic targets to control cancer-related inflam-
mation®*?. However, as mentioned above, the effects of
both NF-kB and STATS3 are cell type specific, and it is
hard to predict the net effect and outcome of systemic
intervention. In addition, each NF-kB subunit has over-
lapping but distinct functions'®®. For example, REL and
p65 play unique roles in T, cell development, identity
and function®. Furthermore, systemic treatment with
IKKp inhibitors was found to potentiate inflammation,
owing to enhanced activation of the IL-1-producing
NLRP3 inflammasome***¥. Therefore, cell-type-specific
and subunit-specific inhibition of NF-kB should be
taken into consideration. It may also be worth trying
to specifically inhibit the alternative NF-«xB pathway or
NE-kB-independent functions of IKK complex subunits
because both promote tumorigenesis in different man-
ners from the classical NF-kB pathway?****°. STAT3 inhi-
bition in immune cells and/or tumour cells may actually
activate antitumour immunity®"*?, although either
hyperactivation or inactivation of STAT3 causes human
immune disorders*?. Perhaps some of the downstream
mediators of NF-kB and STAT3 present better oppor-
tunities for preventive and therapeutic intervention, as
they are less pleiotropic.

Several TNE IL-1 and IL-6 antagonists and JAK inhib-
itors are clinically available and have been approved for

the treatment of inflammatory and autoimmune diseases,
such as IBD and rheumatoid arthritis?**>. So far, these
drugs do not seem to increase cancer risk in patients
with inflammatory and autoimmune diseases, although
it was suspected that such treatments may increase can-
cer incidence owing to inhibition of antitumour immu-
nity>*2%. After 15 years of basic research in preclinical
cancer models, it is time that such inhibitors be tested for
their effectiveness in inflammation-dependent cancers.
However, side effects of JAK inhibitors include infection,
mucositis, anaemia, thrombocytopaenia and liver dys-
function®?*. Among these effects, mucositis is one of the
principal dose-limiting factors in cancer chemotherapy
and radiotherapy?”; therefore, close attention should be
taken when drugs that block the activity of regenerative
cytokines and signalling molecules are combined with
chemotherapeutic agents or radiation. In a similar vein,
the inhibition of IL-6 signalling can lead to intestinal
perforation'®*, Hence, to minimize such adverse side
effects, novel strategies for targeting inflammatory signal-
ling pathways in cell-type-specific and context-specific
manners are needed.

Conclusions

Much progress has been made in understanding how
inflammation and transcription factors such as NF-xB
and STAT3 affect cancer. The general principles through
which inflammation and inflammatory signalling pro-
mote cancer and modulate its response to therapy have
been uncovered. Moreover, the detailed action of these
factors in specific cancer types, especially colon and liver
cancers, is now quite well understood. Although more
remains to be discovered, especially concerning how to
reproducibly convert tumour-promoting inflammation
into tumour-rejecting immunity, it is time that some of
the basic findings made in the past 15 years, reviewed
above, be put into practice.
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