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nflammation has been considered for a long

time as being of limited duration and
beneficial to any immune response. However, it
is now widely accepted that smoldering chronic
inflammation is a significant force driving
chronic disease, including cancer, where it
responds to tissue injury to promote repair
through cell remodeling, proliferation and
angiogenesis. Thus, chronic inflammation
considerably contributes to most stages of
tumorigenesis, including tumor initiation,
promotion, malignant differentiation, invasion
and metastasis'. About 18% of all cancers have a
chronic infectious etiology?3. This close
correlation between infection, chronic local
inflammation and tumorigenesis is well
established for several cancers: bladder cancer is
associated with Schistosoma and Gram-negative
uropathogen infections; cervical cancer with
Papillomavirus infection and cervicitis; ovarian
cancer with Pelvic inflammatory disease;
pancreatic cancer with pancreatitis; gastric
cancer and MALT lymphoma with Helicobacter
pylori infection and gastritis; esophageal cancer
with Oesophagitis and Barrett’s metaplasia;
colorectal cancer with inflammatory bowel
disease and and Bacteroides infections;
hapatocellular cancer with Hepatitis virus B and
C infections and hepatitis; bronchial cancer with
silicosis, asbestosis, and bronchitis;
mesothelioma with asbestosis; Karposi’s
sarcoma with Human herpes virus type 8
infection; Burkitt’s lymphoma and Hodgkin’s
disease with Mononucleosis and Epstein-Barr
virus infection; skin cancer with Papillomavirus
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infection and warts; breast cancer with
inflammation; and gall bladder cancer with
Cholecystitis and bacterial infection*. While
acute inflammatory responses can be beneficial
for cancer treatment, chronic inflammation
frequently caused by tumorigenic pathogens
and autoimmunity, significantly increases one’s
cancer risk. In addition, solid tumors promote a
pro-inflammatory microenvironment. Cancer
cells recruit leukocytes, which produce tumor
promoting chemokines and cytokines.
Furthermore, solid tumors ultimately outgrow
all available blood supply resulting in oxygen
deprivation and necrosis, which is pro-
inflammatory through release of inflammatory
mediators, including IL-1, which perpetuate the
inflammatory response.

Tumor-associated macrophages.

There is continuous interplay between immune
cells and cancer cells. Macrophages are
abundantly present in the tumor
microenvironment, and are referred to as
tumor-associated macrophages (TAMs), which
are alternative activated M2 macrophages and
therefore promote cancer growth, survival,
metastasis and impair immunosurveillance by
the adaptive immune system®°. Many tumor
cells produce chemokines, including M-CSF,
VEGEF or CCL2, to attract circulating blood
monocytes to infiltrate tumor tissues and to
differentiate into macrophages. While
macrophages recognize and are able to
eliminate cancer cells, they can be exploited to
locally produce pro-angiogenic factors, growth
factors or matrix metalloproteases to aid tumor
cell proliferation, invasion and metastasis. TAMs
promote proliferation through release of
growth factors, such as EGF, M-CSE, PDGEF,
FGF or TGF. They promote angiogenesis to
increase the local blood supply for tumors
through the release of pro-angiogenic factors,
including VEGF and chemokines, including
CCL2, CCL5, CXCL1, CXCLS8, CXCL13 and
CXCLI12. TAMs release matrix metalloproteases
(MMPs), including MMP-2, MMP-7, MMP-9
and MMP-12, which also aid in
neovascularization. Thus, highly vascularized
tumors usually contain large numbers of
TAMs’#8. Finally, TAMs promote metastasis
through production of cytokines, such as
TNFa, IL-1B and the release of MMPs to aid
in the dissemination of cancer cells, which
occurs most frequently close to TAMs and thus
high TAM infiltration and presence in tumor
tissue correlates frequently with a bad patient

prognosis™1.

Interleukin-1B.

There is ample evidence for a tumor promoting
role of local low level chronic inflammation and
the infiltration of macrophages into the tumor
microenvironment. One of the early on
produced and highly potent pro-inflammatory
cytokine is interleukin (IL)-1f, which is
primarily produced by monocytes and
macrophages. IL-1 was the first cytokine
discovered. It mediates diverse biological
functions and had been known by various
identifiers, including endogenous pyrogen,
pyrexin, catabolin, lymphocyte activating factor,
leukocytic endogenous mediator, mononuclear
cell factor, osteoclast activating factor or
hemopoietin'!. Subsequently it was shown that
these responses were actually mediated by two
related cytokines IL-1a and IL-1B, which have
very related function and signal through the
same receptor complex!2. Two IL-1 receptors
exist, IL-1RI and the decoy IL-1RII, which
lacks most of the cytosolic signaling domain.
IL-1 signaling is further regulated through
soluble receptors and the requirement of the
IL-1R accessory protein (IL-1RAc) for
conversion into the high affinity, signaling
competent receptor complex. The naturally
occurring IL-1R antagonist (IL-1Ra) competes
with IL-1 for receptor binding, but does not
initiate signal transduction!®. However, while
IL-1a remains primarily intracellular, IL-1 is
released from cells by an unconventional
mechanism into the circulation. IL-1B is a
potent pro-inflammatory cytokine and essential
for the inflammatory host response to infection
and tissue damage, it is now also firmly linked
to the development of chronic inflammatory
and immune diseases, including cancer.

Regulation of IL-1B production is unique
among cytokines and only shared with the
related I1.-1 family cytokine IL-18!3. Most
inflammatory cytokines, including IL-1, I1L-6,
IL-8 or TNF«, are regulated through inducible
transcription. Accordingly, IL-1p is absent
under normal conditions, but inflammation and
stress cause rapid up regulation of its
transcription, but also translation is uncoupled
from transcription and regulated
independently’*. However, in contrast to most
inflammatory cytokines, transcription and
translation of IL-1B produces only an inactive
precursor (pro-IL-1B), and the generation of
the biologically active, mature IL-1B requires
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additional proteolytical processing to remove its
pro-domain'®. Mature IL-1 is then released by
an atypical, leader peptide-independent
mechanism, which is still controversial'®.
Maturation of IL-1 is accomplished by the
cysteine-aspartic protease caspase-1, which
cleaves the precursor following Asp!'® to
liberate the 17 kDa mature cytokine!”!3. Also
caspase-1 is initially produced as a zymogen,
pro-caspase-1, and requires activation, which
occurs in an inducible protein complex, termed
inflammasome!®. Caspase-1 together with
caspases-4 and -5 (and their mouse paralogue
caspase-11), and caspase-12 form the
inflammatory caspase subfamily, which are
initiator caspases and contain a caspase
recruitment domain (CARD). The CARD is
essential for the clustering of pro-caspases
required for their autocatalytic transactivation
by the induced proximity mechanism, and this
close proximity occurs in the inflammasomes®.

Inflammasome.

The inflammasome represents a host defense
system, which is part of the innate immune
system based on the recognition of infection
and tissue damage by germ-line encoded
cytosolic pattern recognition receptors (PRRs).
The PRRs that activate inflammasomes belong
to the Nod-like receptors (NLRs) and AIM2-
like receptors (ALRs), though also the cytosolic
RNA-sensor RIG-TI activates inflammasomes?®’.
NLRs display a tripartite domain architecture,
consisting of a C-terminal leucine rich region
(LRR), a central nucleotide binding NACHT
domain, and an N-terminal effector domain
crucial for downstream signaling, which in the
majority of NLRs is a CARD (NLRCs) or a
PYRIN domain (PYD) (NLRPs). Both are
protein-protein interaction domains and
required for assembly of inflammasomes. The
LRR is the putative ligand recognition domain
and responsible for NLR activation, and
accordingly, in vivo deletion of the LRR of
NLRP3 renders the protein unresponsive*'. The
NACHT contains a NTPase domain as
demonstrated for NLRP1, NLRP3 and
NLRP1222%, Although 22 human NLR and 33
mouse Nlr genes exist, the function of most
NLRs has yet to be elucidated and only a few
NLRs have been linked to inflammasome
activation. Little is known about the nature of
most NLR ligands. NLRP1 is involved in the
recognition of the peptidoglycan component
muramyl-dipeptide (MDP) and the lethal toxin
(LeTx) of B. anthraces in a complex with

NACHT
QOPYD
8: PYD
< CARD

Figure 1: Formation of the inflammasome by NLRs.
Activated NLRs vecruit the adaptor ASC by PYD-mediated
interaction, which then brings pro-caspase-1 into the complex by
CARD-mediated interaction.

Nod2%. NLRP2 assembles an inflammasome in
vitro, but its ligand and in vivo relevance is still
elusive. NLRP3, perhaps the best studied
NLRPD, senses a large number of agonists by
multiple mechanisms that include potassium
efflux, lysosomal damage and generation of
reactive oxygen species, suggesting an indirect
mechanism for agonist sensing?®. NLRC4 is
activated by intracellular bacteria via
recognition of cytosolic flagellin?”. In addition,
NLRC4 recognizes the rod structure of
bacterial type III secretion systems from several
pathogens?®?°. Increasing evidence supports
that NLRs also heterodimerize. NLRP1/Nod2
complexes mediate MDP and LeTx
recognition?. Similarly, flagellin is recognized
by NLRC4 in concert with NLRB13°. As one
can expect, there is increasing evidence that
multiple NLRs synergistically recognize
microbial infections, likely via distinct pathogen
associated molecular patterns (PAMPs). For
example, Listeria monocytogenes infection is
recognized by NLRP3, NLRC4, and AIM23L.
The ALR AIM2 is the PRR that directly
recognizes cytosolic DNA to mediate the host
response through activation of
inflammasomes®?33. AIM2 belongs to the HIN-
200 family of interferon-response genes and
consists of an N-terminal PYD and a HIN-200
domain, and AIM2 recognizes cytosolic
dsDNA, including synthetic DNA, viruses and
bacterial DNA and genomic DNA. Infection of
AIM2 deficient macrophages with the bacterial
pathogens Francisella tularvensis and L.
monocytogenes, or the DNA viruses vaccinia
virus, HSV-1 and CMV results in impaired
caspase-1 activation, IL-1f release and

46 The Journal of the Robert H. Lurie Comprehensive Cancer Center of Novthwestern University, Vol. XIV



ROS, K* efflux,

flagellin, T3SS

, RNA MDP, LeTx ?  lysosomal damage ; ,7
' DNA , ,
o by o
_ , = E & 8 12
T o~ o o~ 14 - | -
O HI= & = = z zk ¥=
® < 2 _ g v
b 4
~— . other NLRs?
__v-_ == m———
ASC-Caspase-1 D= W . ?
—a
S
IL-1B8

Figure 2: Activation of PRRs involved in inflammasome-mediated caspase-1 activation and IL-1B maturation and release.

pathogen clearance3?3. The PYD in NLRs and
AIM2 is the protein interaction domain
required for recruitment of the adaptor protein
ASC, which in turn recruits pro-caspase-1 to
form the caspase-1-activating inflammasome
(Figure 1,2)3%3%,

Besides responding to PAMPs, inflammasomes
also respond to tissue damage and sterile
inflammation through released danger
associated molecular patterns (DAMPs).
NLRP3 is activated by exogenous ATP, uric
acid crystals, Amyloid beta, Cholesterol crystals
and hyaluronan, while AIM2 is activated by
cytosolic DNA released by cell damage3®.
Accordingly, activation of inflammasomes have
been linked to numerous inflammatory diseases,
which are commonly characterized by excessive
production of IL-1B, including periodic fever
syndromes, gouty arthritis, systemic onset
juvenile idiopathic arthritis, Still’s disease,
System lupus erythematosus, multiple sclerosis,
asthma, Chron’s disease, atherosclerosis,
Alzheimer’s disease or type 2 diabetes®.

While macrophages require inflammasomes and
thus caspase-1 for IL-1 release, several other
cell types can release IL-1B, which often is pro-
IL-1B, such as IL-1 released from short lived
dying or damaged cells. For example,
neutrophils and mast cells release serine
proteases that are frequently present in
inflammatory fluids. These proteases, including
proteinase-3, elastase, chymase, matrix
metalloproteinases and others can also mature
pro-IL-1B3%.

Interleukin-1B and cancer.
Since IL-1B is a pleiotropic pro-inflammatory

mediator and most cancers have an
inflammatory component, IL-1B has been
linked to tumorigenesis®. Although, IL-1f is
primarily produced by TAMs, some cancer cells
also acquired this capability, and thus its cancer
promoting effects have been attributed to
autocrine and paracrine-mediated up regulation
of pro-angiogenic factors to promote
neovascularization, such as VEGF, I1L-8, TNF«,
CXCL2, HGF and TGFB and metastasis,
including MMPs, adhesion molecules and
growth factors (Figure 3)!. Several studies
clearly demonstrated a correlation between high
expression of IL-1P in cancer and a poor
prognosis for patients, including head and neck
cancer, colon cancer, lung cancer, melanoma,
breast cancer, leukemia and myeloma'#40-42, JT.-
1B gene polymorphisms causing increased
expression of IL-1B have been linked to an
increased risk of gastric cancer following H.
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Figure 3: IL-1B-mediated effects that promote tumorigenesis.
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pylori infection®3. Similar results were obtained
in numerous studies for different ethnic
populations, but not for all populations
analyzed. Further correlation was detected to
cervical cancer, gallbladder cancer, breast cancer
and esophageal cancer. Metastatic pancreatic
cancer cell lines exhibit higher expression of the
IL-RI than non-metastatic lines**. Ectopic
expression of IL-1P in lung cancer cells did not
show any changes in proliferation in vitro, but
causes a significant increase in tumor growth in
vivo and tumors showed significant increase in
vascularization, supporting a paracrine
mechanism*2. Parietal cell-specific expression of
IL-1B in transgenic mice caused spontaneous
gastric inflammation and adenocarcinomas®.
Support for the metastatic function of IL-1p is
emphasized by a study showing that
administering IL-1p before the i.v. injection of
melanoma cells augmented lung metastasis*®.
Compelling evidence came finally from
Voronov and colleagues, who demonstrated in
xenograft tumor models that IL-1 is essential
for tumor neovascularization, thus growth, and
invasiveness using IL-1f deficient mice, thus
IL-1PB deficient mice showed no metastasis and
survived, while wild type mice succumbed to
lung metastasis, and co-cultured IL-1f deficient
TAMs with melanoma cells released reduced
levels of VEGF and TNFa*. Similar results
were also obtained in models of metastatic
breast and prostate cancer?’.

As discussed above, IL-1 signaling is regulated
by the naturally occurring inhibitory protein
IL-1Ra. Since in healthy individuals IL-1Ra is
present in excess compared to IL-1B, the
concept is that in inflammatory disease the local
and circulating levels of IL-1Ra are insufficient
to block IL-1P signaling. Thus, in cancer low
levels of TL.-1Ra might fail to prevent the
angiogenic and metastatic properties of IL-1.
This scenario is observed in several forms of
hematopoietic tumors, including lymphomas,
multiple myeloma and leukemia, which show
constitutively elevated levels of IL-1f and
reduced levels of IL-1Ra, which however is not
a unified model for all cancers,and elevated
levels of IL.-1Ra exist in tumors that are
associated with more severe forms!*#84%,
However, since IL-1Ra is expressed as a
consequence of IL-1 signaling, it might
merely indicate excessive production of IL-1B%.
Based on the convincing studies that IL-1f
promotes angiogenesis and metastasis, several

studies investigated application of the
recombinant IL-1Ra in tumor mouse models
and demonstrated the efficacy of IL-1Ra for
cancer therapy. First, similar to IL-1B gene
polymorphisms, also polymorphisms in the IL-
IR N gene, which encodes IL-1Ra, are linked
to an increased risk for gastric, colorectal,
cervical, gallbladder, esophageal, lung and
prostate cancer*?. IL.-1Ra-deficient mice
develop tumors following exposure to the
chemical carcinogen 3-MCA, while only some
IL-1B deficient mice developed tumors, which
are smaller and lacked neutrophil and
macrophage infiltration®°. Fibrosarcoma cell
lines derived from the 3-MCA primary tumors
from IL-1Ra deficient mice were most
aggressive and metastatic in an experimental
metastasis model, while cell lines from 1L-1B
deficient mice showed the lowest number of
lung metastases®. Along these lines, expression
of IL-1Ra in skin carcinoma cells significantly
reduced tumor growth in xenograft mouse
models®'. Melanoma xenograft growth and
metastasis in nude mice was strongly reduced,
when cells were transduced with IL-1Ra®2.
Those and similar studies strongly support a
role of IL-1Ra in preventing tumorigenesis.

Melanoma xenograft growth is inhibited in
vivo, when IL-1Ra is administered at the same
time as melanoma cells and also improved
efficacy of chemotherapy®®. Administering IL-
1Ra in mouse melanoma models reduced lung
and liver metastases, which has been attributed
to the impaired expression of adhesion
molecules®®. Yet another study demonstrated
that administering I1L-1Ra shows efficacy as
either preventative or as a treatment regimen,
which reduced the liver metastasis burden by
80% caused by intrasplenic injection of
melanoma cells®®. Voronov and colleagues
treated wild type mice with IL-1Ra, which
resulted in significantly reduced tumor
vascularization in a melanoma mouse mode
A xenograft mouse study evaluating the primary
tumor growth also demonstrated a beneficial
effect from IL-1Ra treatment of melanoma,
colon adenocarcinoma and lung
adenocarcinoma cell lines that produce IL-18,
but not that of a melanoma and squamous cell
carcinoma cell line lacking IL-1f expression®’.
As discussed above, the stomach-specific
expression of IL-1B caused spontaneous gastric
cancer, which could be prevented by a 6-week
treatment regimen using IL-1Ra*®.

1#7.
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Several mouse studies also explored novel
continuous delivery methods for IL-1Ra to
treat fibrosarcoma with microencapsulated
genetically engineered cells that secrete IL-1Ra,
or melanoma xenograft growth with continuous
release of IL-1Ra from biodegradable
microspheres, providing evidence for the
successful long-term application of TL-Ra®5?.
Anakinra is a recombinant, non-glycosylated
form of the IL-1Ra, which is a well established
and tolerated approach to interfere with
excessive circulating IL-1B in several
autoinflammatory and autoimmune diseases,
such as Rheumatoid Arthritis,
Cryopyrinopathies, Familial Mediterranean
fever, and others®. Due to some disadvantages,
such as a short half life of 4 hours that require
daily injections and injection site irritations,
novel anti-IL-1B therapeutics have been
recently developed, including humanized
monoclonal anti-IL-1f antibody
(Canakinumab), which only requires bi-
monthly administration and which is approved
for Cryopyrinopathies. Rilanocept (IL-1 Trap)
is a fusion protein between the extracellular
domains of the IL-1RAc and IL-1RI with the
Fc portion of human IgG1, which allows high
affinity interaction with, and sequestration of,
IL-1B, and is also approved for the treatment of
Cryopyrinopathies. Of note is that anakinra has
been used for the long-term treatment of
arthritis patients without adverse side effects,
emphasizing the excellent safety profile of this
drug®.

Anti-IL-1B clinical trials.

Based on such promising results from mouse
models, 2 clinical trials have been initiated to
test the application of IL-1Ra in cancer
patients. A phase I study from the National
Cancer Institute (NCI) investigates anakinra for
treating patients with metastatic cancer
expressing the IL-1B gene (NCT00072111),
which is still ongoing. A phase II study from
the Mayo Clinic investigates patients with
smoldering or indolent multiple myeloma
(NCT00635154 ). Multiple myeloma, a B-cell
malignancy has benign preconditions, including
smoldering multiple myeloma (SMM) and
indolent multiple myeloma (IMM). SMM
patients have a median progression to active
myeloma of 26 months and IMM patients of
only 8-10 months. 47 SMM /IMM patients
were enrolled and received anakinra (100
mg/d) for 6 months and non-responders and
patients with stable disease received then in

addition a low dose dexamethasone (20
mg/wk), which induces myeloma cell death in
vitro when combined with IL-1p inhibition®!.
Initial results from this study indicate that anti-
IL-1B therapy can significantly increase
progression free survival (PES) of high risk
patients. The median PFS was 37.5 months and
disease stability was achieved in 8 patients for 4
years while receiving therapy, which is still
ongoing®. This first clinical trial provides a
compelling argument for application of anti-IL-
1B therapies in cancer patients to achieve the
conversion into a manageable chronic disease,
and thus warrants further studies in metastatic
disease and highly vascularized tumors.

Our research focus.

Our laboratory studies the molecular
mechanisms that control the maturation step of
pro-IL-1f in macrophages and we are focusing
on 2 aspects: 1) we investigate the signals that
activate several novel NLRs and test their
contribution to inflammasome activation. 2) we
identified a family of inflammasome inhibitors,
which we termed PYRIN domain-only proteins
(POPs)%2. POPs regulate the recruitment of the
adaptor ASC to NLRs/ALRs in vitro and we
are currently testing their function in vivo using
novel macrophage-specific mouse models as
well as targeting the inflammasome using
recombinant POPs.
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