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Abstract

Metastasis is a multi-step process that ultimately depends on the ability of disseminating cancer
cells to establish favorable communications with their microenvironment. The tumor
microenvironment consists of multiple and continuously changing cellular and molecular
components. One of the factors regulating the tumor microenvironment is TNF-a, a pleiotropic
cytokine that plays key roles in apoptosis, angiogenesis, inflammation and immunity. TNF-a can
have both pro- and anti-tumoral effects and these are transmitted via two major receptors, the 55
kDa TNFR1 and the 75 kDa TNFR2 that have distinct, as well as overlapping functions. TNFR1 is
ubiquitously expressed while the expression of TNFR2 is more restricted, mainly to immune cells.
While TNFR1 can transmit pro-apoptotic or pro-survival signals through a complex network of
downstream mediators, the role of TNFR2 is less well understood. One of its main functions is to
act as a survival factor and moderate the pro-apoptotic effects of TNFR1, particularly in immune
cells. In this review, we summarize the evidence for the involvement of the TNF system in the
progression of the metastatic process from its contribution to the early steps of tumor cell invasion
to its role in the colonization of distant sites, particularly the liver. We show how the TNF
receptors each contribute to these processes by regulating and shaping the tumor
microenvironment. Current evidence and concepts on the potential use of TNF targeting agents for
cancer prevention and therapy are discussed.
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1. The process of cancer metastasis - an overview

Cancer-related deaths occur mainly due to metastatic disease; understanding the molecular
and cellular mechanisms underlying the process of metastasis is therefore essential to
improving the survival of cancer patients. Metastasis occurs when cancer cells detach from
the primary site of growth, enter the circulation and migrate to a secondary organ site where
they extravasate and proliferate to give rise to secondary tumors. The ultimate site of
metastases is determined by a combination of mechanical/circulatory factors [1, 2] and
growth promoting interactions within the target organ microenvironment [3, 4].

The tumor microenvironment can promote metastasis in several ways. At the primary site,
the microenvironment can facilitate intravasation. Inflammatory immune cells such as
monocytes can induce epithelial-to-mesenchymal transition and the acquisition of a
migratory phenotype in cancer cells through the production of cytokines such as tumor
necrosis factor (TNF)-a and transforming growth factor (TGF)-p [5, 6]. Cells in the
microenvironment can support intravasation through production of proteolytic enzymes such
as metalloproteinases (MMPs) and serine proteinases such as urokinase plasminogen
activator (uPA) to degrade basement membranes [7, 8]. Tumor cell extravasation can also be
enhanced by host cells. Cytokines secreted by innate immune cells such as TNF-a and
interleukin (IL)-6 can provide survival cues for cancer cells in the circulation [9] and also
induce the expression of vascular endothelial cell adhesion molecules (CAM) that facilitate
extravasation [10, 11]. Chemokines such as CXCL12 produced by endothelial cells and
macrophages can mediate migration and extravasation of tumor cells that express the
chemokine receptor CXCR4, thereby promoting metastasis.

1.1. The process of liver metastasis

The liver is the largest organ in vertebrates with a unique architecture suited for its diverse
functions such as protein biosynthesis and detoxification of blood. Because it is the site of
constant flux of antigens and bacterial products from the intestine, it is rich in inflammatory
cells and mediators [12, 13]. The liver has two sources of blood supply, 80% is
deoxygenated blood arriving via the portal vein and 20% is oxygen-rich blood arriving via
the hepatic artery. The portal vein branches into perilobular portal veins, interlobular veins
and terminal portal venules that drain into the hepatic sinusoids, as does the hepatic artery
[14]. The liver sinusoids provide an extensive endothelial cell surface area for interaction
with leukocytes and soluble waste macromolecules. The liver is composed of several unique
cellular subpopulations.

The liver parenchyma consists mainly of hepatocytes, while the non-parenchymal
compartment includes the hepatic stellate cells (HSC), liver sinusoidal endothelial cells
(LSEC), and immune cells such as resident macrophages - the Kupffer cells (KC), dendritic
cells and liver associated lymphocytes [14]. LSECs line the walls of hepatic sinusoids and
separate the sinusoidal blood from the hepatocytes. The LSECs are morphologically [15, 16]
and functionally [17, 18] distinct from endothelial cells in other organ sites. They can be
activated to express CAM [19, 20] and secrete cytokines [21, 22] that can affect the course
of inflammation and metastasis. The KCs are highly phagocytic and a major source of
cytokines and chemokines in the liver [23, 24]. The liver-associated lymphocytes include T
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cells, natural killer (NK) cells and B cells that can also contribute to the local immune
response to metastatic tumor cells [25].

The liver is the most common site of distant metastases from different primary tumors,
followed by bone and lung [13, 26]. Despite progress in surgical techniques and targeted
therapy, liver metastases remain a major cause of cancer-related death, and achieving a better
understanding of the underpinning biology is therefore critical to achieving better clinical
outcomes for cancer patients.

The process of liver metastasis has been divided into four major phases [27, 28]. 1. The
microvascular phase, that entails arrest of circulating tumor cells in the sinusoidal vessels —
an event that may result in their extravasation or death [28-30]. Inflammatory factors, nitric
oxide (NO) and reactive oxygen species (ROS) released by LSEC [31] and/or sinusoidal KC
[10] can either promote transendothelial migration and tumor cell survival or trigger tumor
cell death at this stage; 2. The extravascular and pre-angiogenic phase, during which
tumor cells extravasate into the space of Disse, and stromal cells are recruited into avascular
micrometastases. During this phase, HSCs are recruited into the pre-metastatic niche and
then they differentiate into myofibroblasts to promote tumor proliferation and invasion [32];
3. The angiogenic phase, when micrometastases are vascularized through several possible
interactions with the microenvironment. This phase starts when micrometastases have an
average diameter greater than 300 um and grow beyond the limits of the liver lobule. At this
stage, pro-angiogenic factors such as vascular endothelial growth factor (VEGF),
angiopoietins, TNF-a and IL-18 secreted by tumor-activated myofibroblasts can promote
angiogenesis, while, liver-derived anti-angiogenic factors such as endostatin can inhibit the
process [27, 33]; 4. The growth phaseis the last stage in the process when tumor cells
proliferate to establish ‘clinical’ metastases. At each of these stages, continued tumor cell
growth depends on permissive interactions between metastatic tumor cells and the liver
microenvironment.

2. Inflammation plays a role in cancer progression and metastasis

The host inflammatory response, orchestrated by inflammatory cells such as macrophages,
neutrophils and mast cells through the release of an array of chemokines and cytokines can
play opposing roles in tumor initiation, progression and metastasis. Studies in animal models
have shown that NK1.1* T cells can provide host protection against the growth of
methylcholanthrene-induced fibrosarcomas through the production of the cytokine interferon
(IFN)-y. Similarly, in mouse models of prostate and breast cancer, INF-y and perforin,
when administered together, provided protection in three different tumor models controlled
by innate immunity that was equivalent to protection provided by NK1.1* T cells. In these
models, direct cytotoxicity mediated by cytotoxic lymphocytes producing perforin could
independently contribute antitumor effector functions that together with INF-y controlled
the initiation, growth, and spread of the tumors [34, 35]. While these examples identify host
innate immunity as host protective, many studies have also highlighted the tumor-promoting
effects of inflammation and the innate immune response. Epidemiological studies have
linked chronic inflammation to increased risk for several cancers such as colon cancer and
hepatocellular carcinoma [36, 37]. Cells transformed through oncogenes such as RET/PTC
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and RAS had upregulated expression of multiple pro-inflammatory cytokines such as IL-1
and IL-8 suggesting that the ability to activate an inflammatory reaction may promote the
oncogenic process [38, 39]. Moreover, targeted deletions in genes encoding specific
inflammatory mediators were shown to protect mice from the development of primary
cancers. This was shown in nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-xB)-deficient mice that had a dramatic decrease in the incidence of inflammation-
induced hepatocellular carcinoma [40] and in TNF-a-deficient mice that were resistant to
the development of 7,12-dimetylbenz-anthracene (DMBA) and 12-O-tetradecanoyl-
phorbol-13-acetate-induced skin cancer [41]. Targeting of inflammatory cells and mediators
in the tumor microenvironment was also shown to reduce tumor growth [37, 42, 43].
Treatment of mice bearing orthotopically implanted pancreatic ductal adenocarcinoma cells
with TNF-a enhanced tumor growth and metastasis, while inhibition of TNF-a in these
mice using an anti-TNF antibody (infliximab) or the TNF-Trap Etanercept had strong
antitumoral effects [36]. In a recent striking example, patients treated with antibody to
colony-stimulating factor 1 (CSF-1), the major survival factor for tumor-associated
macrophages, had reduced numbers of CSF-1R*CD163* macrophages in their tumor tissues
and this translated into clinically objective responses in diffuse-type giant cell tumor patients
[44]. Together, these studies show that depending on the tumor type, the stage of tumor
development and modalities tested, the inflammatory response may have very different
effects on tumor development and progression. These opposing effects may be attributable,
at least in part, to the pleotropic nature of one of the main drivers of inflammation, namely
TNF-a.. In this review, we focus on the complex role that TNF-a and its cell surface
receptors play in tumor progression and, in particular, in the process of metastasis.

2.1. The TNF axis in inflammation and cancer

Initially identified as an endotoxin-induced cytokine that can trigger rapid hemorrhagic
necrosis in mouse and human experimental tumors (hence its name) [45, 46], TNF-a has
since been recognized as a major orchestrator of inflammation in non-malignant and
malignant diseases [45, 47, 48]. While the major sources of this pro-inflammatory cytokine
are host innate immune cells such as macrophages and neutrophils, it can also be produced
by T and B lymphocytes and NK cells, and under specific conditions, by non-immune cells
such as endothelial cells, mast cells, smooth and cardiac muscle cells, fibroblasts and
osteoclasts [49]. Although initially thought to mediate mainly anti-tumor effects, it has
become clear in recent years that TNF-a. can also promote tumor progression [45, 50, 51].

2.1.1. TNF signaling—TNF-a is part of the TNF super family (TNFSF) that consists of
19 structurally related ligands that can bind to one or more of 29 members of the TNRSF
[52, 53]. These receptors are characterized by the presence of 1-6 cysteine-rich domains in
their extracellular region that are responsible for the binding of their respective ligands [52].
Together, these receptors regulate inflammation, immunity and cell survival [53].

TNF receptors have been classified into 2 main groups based on the presence, within their
intracellular region, of a “‘death domain’ that is responsible for the ability of these receptors
to cause cell death. Receptors that do not have a death domain in their intracellular region
have a so-called (‘“TRAF interaction motif’) “TIM domain’ that links them to downstream
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TNF receptor adaptor factor (TRAF) proteins ([54] reviewed in [55] and see diagrammatic
representation in Figure 1).

Receptors of the TNFR superfamily depend on the binding of adaptor proteins to activate
intracellular signaling pathways, as depicted in Figure 1. Two types of adaptor proteins have
been identified, those that contain a death domain including TRADD (TNF receptor
associated protein with death domain) or FADD (Fas associated protein with death domain)
that mediate cell death signaling [56] and a group of adaptor proteins that do not have a
death domain. These include TRAF proteins that interact with the receptors either directly
through the receptor’s TIM or indirectly through intermediate adaptors [54]. Depending on
the adaptor complexes recruited to the receptors in response to ligand binding, different
signaling pathways may be activated that lead to transcriptional activation through NF-xB or
MAPK/AP-1 (Mitogen activated protein kinase/Activating protein 1) and cell survival or
alternatively, to apoptosis. This diversity of signaling outcomes accounts for the diversity of
biological effects exerted by TNF ligands that can vary from beneficial and host protective
effects in inflammation, immunity and organogenesis, on one hand, and cellular death, on
the other [55].

TNF-a is the most extensively studied of the TNF ligands. It is produced as a functional 26-
kDa homotrimeric transmembrane protein that is proteolitically cleaved by the disintegrin
and metalloprotease-17 (ADAM-17) (also known as TACE) to release a functional 17-kDa
soluble form into the circulation [45, 49]. Both soluble and membrane-bound TNF can
coexist as mono, di, or trimeric proteins. In the plasma, TNF-a appears as free or is bound to
the circulating forms of one of its two cell surface receptors, namely TNF receptor 1
(TNFR1, TNFRSF1A, CD120a, p55) and TNF receptor 2 (TNFR2, TNFRSF1B, CD120b,
p75). These receptors are products of two separate genes and their cellular distribution and
functions are distinct. While TNFR1 can be detected in almost all cell types, TNFR2
expression is more restricted and has been documented mainly on immune cells such as
subsets of T cells, as well as on myocytes, thymocytes, neuronal cells, endothelial cells and
mesenchymal stem cells [57, 58]. While cell surface TNFR1 can bind to both the soluble
and membrane-bound forms of TNF-a, cell surface TNFR2 binds primarily to the
membrane bound form, thus, its role has been difficult to study in the laboratory and its
importance, therefore, underestimated.

TNFR1 is a 434 amino acid transmembrane receptor consisting of extracellular,
transmembrane and intracellular domains. The extracellular region consists of four cysteine-
rich domains that are involved in ligand binding. The N-terminal cysteine-rich domain
favors the preassembly of the receptor into trimeric complexes and functions to prevent
spontaneous receptor autoactivation [59, 60], while the death domain (DD) characteristic of
TNFR1 is in its C-terminal end. TNFR1 signaling can induce the synthesis of multiple
inflammatory mediators and growth factors through NF-xB activation, or it can result in the
induction of cell death through its DD via TRADD and FADD [57]. TRADD recruitment
serves as a platform to assemble alternative signaling complexes that can include adaptor
proteins such as TRAF2, cellular inhibitor of apoptosis (ClAP)-1, clAP2 and receptor
interacting kinase (RIP)1. This leads to activation of the nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor (Ixp) kinase (IKK) complex, release of the
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inhibitor IxBa and nuclear translocation of NF-xB and c-Jun N-terminal kinase (JNK)
activation. Alternatively, the recruitment of FADD and caspase 8 results in TNF-a-induced
apoptosis. NF-xB and JNK regulate the expression of a range of molecules such as
transcription factors [61, 62], cytokine and chemokines such as IL-1, IFN-y, IL-2, IL-6 and
IL-8 [63-65] and cell adhesion molecules (CAM) [62, 66] that are collectively responsible
for the pleiotropic effects of TNF-a.

TNFR2 is a 439 amino acid type 1l transmembrane protein consisting of an extracellular
domain with four complementarity determining regions (CDRs), a transmembrane region
and an intracellular domain. Unlike TNFR1, TNFR2 lacks a death domain and relies on
TRAF2 for signaling. TRAF2 binds to a highly conserved sequence within the intracellular
domain which also includes an amino acid sequence involved in TRAF2 degradation [55].
This ability to engage and/or degrade TRAF2 affects the crosstalk between TNFR2 and
TNFR1 and can result in either the inhibition or the promotion of TNFR1 activities in
immune or endothelial cells that express both receptors [67—70]. Thus, the ability of TNFR2
to induce TRAF2 degradation may result in the inhibition of TRAF2/clAP1/clAP2 complex
formation and survival signaling and enhanced TNFR1-mediated cell death. The crosstalk
between these receptors can therefore determine the ultimate effect of TNF-a on cell fate
and whether the outcome will be cell survival, proliferation or death [55]. TNFR2 signaling
can also potentiate a RIP-dependent form of cell death termed programmed necrosis induced
via TNFR1, as was shown in T cells [68], or it can inhibit TNFR1-induced expression of
CAM such as E-selectin and ICAM-1, as was shown in endothelial cells [70]. TNFR2 can
also crosstalk with other receptor systems to regulate functions such as cell proliferation, as
was shown for tumor-infiltrating T-cells stimulated by IL-2 [71] and is known to be highly
expressed on an immuno-suppressive subset of tumor-infiltrating T regulatory cells (Tregs)
[72] (see more details below). The role of TNFR2 in other immune and non-immune cell
functions is not yet fully understood.

2.2. The TNF axis can play a dual role in tumor progression and metastasis

The critical role of TNF as a master regulator of inflammation and the immune response has
been well established and the reader is referred to several excellent reviews on the subject
[43, 73-78]. Here we will focus on the central role that TNF plays in orchestrating the
response of the microenvironment during tumor initiation and progression with emphasis on
the role of the TNF axis in metastasis. Recent evidence has made it clear that TNF signaling
can play opposing roles in tumorigenesis and metastasis and may either promote or inhibit
tumor progression, depending on the context, tumor type and the stage of tumor
development. This dual role has resulted in a re-thinking of therapeutic strategies that target
the TNF system, as discussed in greater detail below.

2.2.1. TNF-a can inhibit tumor progression—In line with the original description of
TNF as an inducer of tumor cell death, several preclinical studies documented TNF-induced
anti-tumorigenic effects. For example, hTNF-a was shown to cause degeneration of both
syngeneic and xenografted tumors when administered to mice together with IFN-y [78, 79].
In a system of loco-regional drug delivery by isolated limb perfusion (ILP) for soft tissue
sarcoma, hTNF-a caused hemorrhagic necrosis of the tumors [77, 80] and in a rat
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osteosarcoma model, TNF-a caused necrosis when administered together with the
chemotherapeutic drug melphalan [77]. Further studies revealed that hTNF-a can synergize
with chemotherapeutic drugs by increasing the local drug concentration in the tumor tissue
[76, 80]. These and other studies suggested that the anti-tumor effect of TNF-a may be due
not only to direct cytotoxic activity towards tumor cells but also to the changes it can induce
in the tumor microenvironment. Indeed, several studies have shown that hnTNF-a triggered
an infiltration of inflammatory cells such as macrophages, eosinophils, polymorphs and
lymphocytes into the tumor site causing immune-mediated tumor rejection [79]. In TNF~/~
mice, impaired cytotoxic activity of NK and IL-2-activated killer T cells was reported [75]
and in a model of T antigen (Tag)-induced multistage carcinogenesis of pancreatic islets,
CD4* T cells were shown to home selectively into the tumor microenvironment around the
islets and induce antiangiogenic chemokines that prevented tumor angiogenesis, tumor cell
proliferation, and multistage carcinogenesis in a TNFR1 and INFy dependent manner. In the
absence of TNFR1 signaling, these T cells promoted angiogenesis and multistage
carcinogenesis, implicating TNFR1 in anti-tumorigenic effects of T cells in this model [74].
Consistent with this conclusion, Watanabe et a/. showed that administration of hnTNF-a
caused hemorrhaging of the capillary vessels in mouse fibrosarcoma tumors, thereby
increasing leakage of chemotherapeutic drugs into the tumor tissues [81]. Taken together,
these studies identified TNF-a as a tumor-inhibitory factor mediating its effects via several
mechanisms including the destruction of the tumor vasculature and the induction of anti-
tumor immune responses.

In clinical trials, TNF-a has not been a very successful anti-cancer agent, mainly because of
its severe dose-limiting toxicity when administered systemically [82-85]. However, the
addition of TNF-a to chemotherapy in the treatment of non-resectable soft tissue sarcomas
of the extremities using isolated limb perfusion has had beneficial anti-tumor effects and
these were attributed to enhancement of tumor-selective drug uptake and increased
destruction of the tumor vasculature [86]. In the clinical setting, TNF-a may therefore have
its utility in regional therapy [87], particularly when combined with chemotherapy.

2.2.2. TNF-a can also promote tumor growth—Clinical and experimental evidence
implicate TNF-a in cancer initiation and progression. Strong evidence has come from TNF-
a null mice. For example, when these mice were treated with the carcinogenic combination
of okadaic acid and 12-O-tetradecanoylphorbol 13-acetate (TPA), a drastic reduction in the
development of skin tumors relative to wild type mice was observed [41, 88], suggesting that
TNF-a was important for chemical carcinogenesis in this model. TNFR1-or TNFR2-
deficient mice subjected to chemical carcinogenesis also developed less skin tumors [89]. In
a mouse model of inflammation-induced colon carcinogenesis, whereby administration of
azoxymethane (AOM) followed by repeated dextran sulfate sodium (DSS) ingestion causes
severe colonic inflammation and the mice subsequently develop multiple tumors, TNF-a
was identified as a major driver of leukocyte recruitment and subsequent tumor initiation. In
this model, TNFR1-deficient mice had a reduced incidence of colonic tumors as compared
to wild type (WT) control mice, and the administration of a TNF-a antagonist to WT mice
markedly reduced the number of colonic tumors [47]. TNF-a. can promote tumor growth via
several mechanisms. It can act directly on the tumor cells to enhance their growth, as was
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shown in a mouse model of gastric cancer [90]. In Mdr2-knockout mice that spontaneously
develop cholestatic hepatitis followed by hepatocellular carcinoma (a model of
inflammation-associated cancer), the inflammatory process triggers NF-xB activation in the
hepatocytes through TNF-a upregulation in adjacent endothelial and inflammatory cells,
increasing hepatocyte survival and proliferation and setting the stage for the onset of tumor
formation. NF-xB activation was also identified as a key driver in a mouse model of colitis-
associated cancer [40, 91]. Autocrine TNF-a-mediated proliferation has been documented in
a wide range of cancers including leukemia [92, 93], colon, lung and pancreatic carcinoma
[94, 95], glioblastoma and neuroblastoma [95-99].

TNF-a can also promote tumor expansion by upregulating MMP production in tumor cells
or in the tumor microenvironment [100, 101] and (as discussed in greater detail below) plays
a key role in the recruitment of tumor promoting immunosuppressive cells such as myeloid
derived suppressor cells (MDSCs) and Tregs into the tumor microenvironment [102].

2.2.3. TNF-a plays a role in cancer metastasis—TNF-a has also been implicated in
the process of metastasis. Increased blood levels of TNF-a have been documented in cancer
patients and were found to correlate with increased incidence of metastatic diseases [103].
Increased metastasis can be mediated through different mechanisms. As mentioned above,
TNF-a can enhance tumor invasiveness by acting directly on the tumor cells but it can also
alter the tumor microenvironment to promote metastasis. In one example, the administration
of TNF-a to mice prior to injection of B16-BL6 melanoma cells, significantly enhanced
experimental pulmonary metastasis [11]. This was due to the induction of integrin a4p1
(VLA-4) - a vascular adhesion molecule (VCAM)-1 ligand on the surface of B16-BL6 cells
and also induction of VCAM-1 expression on lung vascular endothelial cells, consequently
enhancing tumor cell adhesion, extravasation and metastasis [104]. In several studies,
animals pretreated with TNF-a were found to have increased liver metastasis. This was
initially attributed to the ability of TNF-a to induce the expression of vascular endothelial
CAM s such as intracellular adhesion molecule (ICAM)-1, E-selectin and VCAM-1 on
LSECs, thereby enhancing tumor cell arrest and trans-endothelial migration [10, 105].
However, the role of TNF-a in the process of hepatic colonization is likely to be more
complex and multilayered as multiple cells within the hepatic microenvironment express the
TNF receptors [13].

2.3. The distinct roles of the TNF receptors in cancer progression

While both TNF receptors are known to play a role in tumor progression, the function of
TNFR1 has been more extensively studied and is better understood. TNFR1 expression on
tumor cells can promote carcinogenesis. This, for example, was shown in a mammary tumor
model where TNF-a could directly induce tumor cell proliferation /n vitroand /n vivoand
this was mediated through activation of the p42/p44 MAPK, JNK, PI3-K/Akt pathways via
TNFR1 [106]. On the other hand, TNFR1 can also induce cell death. For example, TNF-a
could sensitize myeloma cells to CD95L-induced but not to TRAIL-induced cell death via
TNFR1-induced IKKp-mediated upregulation of CD95 [107]. In myeloma cells co-
expressing TNFR1 and TNFR2, cell death was augmented. The fate of TNFR1 expressing
tumor cells reflects therefore the pleotropic effects of TNF-a and is highly context
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dependent [107]. As discussed above, TNFR1 plays a major role in regulating the tumor
microenvironment and thereby tumor growth. TNFR1-null mice could not reject
orthotopically implanted pancreatic Panc02 tumor cells and exhibited enhanced tumor
progression [108] while in WT or TNFR2-deficient mice these tumors were spontaneously
rejected within two weeks. Further investigation showed that loss of TNFR1 led to increased
tumor infiltration by CD4*Foxp3*Treg cells and a concomitant decrease in the number of
infiltrating CD8* T cells. However, the underlying mechanism and the TNFR1-expressing
cells responsible for the observed changes were not identified. In another study, Muller-
Hermelink et a/. found that the loss of TNFR1 expression on tumor-infiltrating CD4* T cells
altered their ability to suppress tumor growth because it blocked the production of
angiogenesis inhibitors such as CXCL9 and CXCL10 [74]. This identified TNFR1 signaling
as important for the tumor inhibitory activity of CD4*T cells.

The role of TNFR2 in cancer progression has only recently come to light. Rivas et al. have
shown that in addition to TNFR1, TNFR2 also participated in promoting TNF-a-induced
breast cancer growth [106] and Al-Lamki et a/. reported that a TNF-a mutein that
specifically binds TNFR2 increased TNFR2 expression and activated NF-xB and VEGFR?2
signaling in renal cell carcinoma, increasing tumor cell proliferation [109]. In addition,
TNFR2 can also modulate tumor growth through its effect on tumor infiltrating immune
cells and appears to play mainly a tumor-promoting role by inducing an immunosuppressive
microenvironment. Sasi ef al. have shown that in TNFR2 knockout mice, tumor-induced
angiogenesis and the incorporation of bone marrow-derived endothelial progenitor cells into
a functional capillary network were decreased, resulting in decreased Lewis lung carcinoma
and B16 melanoma cell growth. In the same study, the silencing of TNFR2 in the tumor cells
by short-hairpin RNA increased TNF-a-induced apoptosis, implicating TNFR2 in direct and
indirect effects on tumor growth [110]. More recently, the role that TNFR2 plays in
regulating the tumor immune infiltrate has been revealed. A study by Chen et a/. showed that
TNFR2 expression defines a maximally suppressive subset of mouse CD4*CD25"FoxP3*
Treg cells. In a Lewis lung carcinoma model, these cells were shown to accumulate in the
tumors and exert an immunosuppressive effect that contributed to immune evasion by tumor
cells [72]. Another cell type contributing to the immunosuppressive microenvironment that
allows tumors to expand are the MDSCs. TNFR2 was identified as a survival factor for these
cells, mediating NF-xB-induced cellular FLICE-like inhibitory protein (c-FLIP) expression
and thereby inhibiting caspase-8 and apoptosis [102]. TNFR2 is therefore emerging as a
driver of the immunosuppressive microenvironment of expanding tumors, protecting them
from immune attack by cytotoxic T-cells.

2.3.1. The role of the TNF receptors in metastasis—While the function of TNF and
its receptors in tumor initiation and expansion at the primary site has received much
attention, fewer studies have addressed the role of these receptors in the process of
metastasis, although the evidence suggests that a similar dichotomy in TNF function exists
at the metastatic sites. For example, Charles et al. showed that TNFR1-null bone marrow
(BM) chimera mice had decreased ovarian carcinoma peritoneal metastasis in comparison to
either WT or TNFR2~ BM chimera mice and this could be attributed to a significant
reduction in the production of IL-17 by CD4* T cells and reduced recruitment of GR-1*
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F4/80~ cells into the ascitic fluid [111], suggesting that TNFR1 promotes peritoneal
metastasis. Liver metastasis was also reportedly reduced in TNFR1-null mice and this was
attributed to reduced expression of VCAM-1 on sinusoidal endothelial cells. On the other
hand, we have shown that in lung and colon carcinoma cells, TNF-signaling can enhance
tumor cell survival and liver metastasis by upregulating IL-6 production through crosstalk
with the IGF-I receptor [112, 113].

Chopra et al. analyzed the role of TNF in lung metastasis of melanoma B16F10 cells. They
found that treatment of tumor-bearing mice with rhTNF-a resulted in a significant increase
in tumor burden and metastatic foci and this correlated with an increase in pulmonary
infiltration by CD4*Foxp3* T cells. Using chimera mice reconstituted with WT or
TNFR27/~ BM [114], they found that loss of TNFR2 expression in immune cells resulted in
reduced numbers of Treg lymphocytes in the lungs and decreased metastatic burden.
Selective depletion of the Treg cells resulted in decreased metastasis, even in the presence of
TNF-a treatment, suggesting that Treg-mediated immune suppression is essential to the
expansion of lung metastases.

3. TNF regulates the role of different hepatic cell types in liver metastasis

3.1. Vascular sinusoidal endothelial cells

Sinusoidal endothelial cells are likely the first hepatic resident cells to be encountered by
metastatic tumor cells in the liver and a barrier to tumor cell extravasation (please see a
schematic representation of tumor-hepatic cell interactions in Figure 2). Specific adhesion to
the sinusoidal endothelium via cell adhesion receptors induced by inflammatory factors such
as TNF-a is essential for leukocyte recruitment to site of inflammation and injury and was
also identified as a limiting step in the ability of tumor cells to colonize the liver [13, 27, 31,
115]. Tumor cells can induce CAM expression on the endothelium either directly through
cytokine production or by triggering TNF production by inflammatory cells such as the
resident KCs and circulating neutrophils. Cancer cells that express counter receptors for
these CAM can utilize them to bind to the endothelium and migrate into the space of Disse.
These interactions were documented in experimental liver metastasis models of melanoma,
colon and lung cancer [10, 31, 116]. Inhibition of endothelial VCAM-1 and E-selectin with
specific monoclonal antibodies or antisense oligonucleotides inhibited liver metastasis of
melanoma, colorectal and lung carcinoma cells [31, 117, 118]. Liver sinusoidal endothelial
cells express both TNFR1 and TNFR2 ([119] and Ham et a/., manuscript submitted) and
both have been implicated in the induction of endothelial CAM [120, 121]. However, their
contributions to CAM expression, tumor cell adhesion and trans-endothelial migration in the
liver remains to be fully elucidated.

Activated LSEC can also produce cytokines and chemokines that can play a role in the
recruitment of immune cells and thereby contribute to the progression of metastasis. Among
the inflammatory cytokines produced by LSEC are IL-1, IL-10, IL-18, TNF-a and TGF-p
that are known to play a role in immune cell recruitment and activation. In addition, they can
also produce chemokines such as CCL2, CCL3, CCL4, CCL5, CXCL1 and CXCL2 [119]
that contribute to recruitment of immune cells. CXCL12 and CXCL9 production by LSEC
was shown to mediate transendothelial migration of CD4™T cells [122].
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3.2. Hepatic stellate cells

HSCs are located in the subendothelial space also known as the space of Disse between the
basolateral surface of hepatocytes and the abluminal aspect of sinusoidal endothelial cells
[123]. HSCs are a key player in pathological conditions of the liver such as wound repair
and fibrosis and are also involved in cancer progression. Under pathophysiological
conditions, the stellate cells are activated and acquire a myofibroblast-like phenotype, a
process associated with increased expression of myofibroblast markers such as alpha-smooth
muscle actin (a.-SMA), tissue inhibitors of metalloproteinases (TIMPs) and type I collagen
[123, 124]. Characteristic of activated HSCs is an excessive deposition of an altered
extracellular matrix (ECM) or ‘scar’ matrix [125] rich in type I collagen, glycoproteins,
proteoglycans and hyaluronan [126]. Stellate cells have emerged as central modulators of
hepatic inflammation and immunity. Through the release of chemokines such as monocyte
chemotactic peptide (MCP)-1, CCL21 and RANTES, HSCs can mediate the dual function of
increasing fibrogenesis, as well as interacting with inflammatory cells to modify the immune
response during injury [127, 128]. In an orthotopic mouse model of hepatocellular
carcinoma (HCC), HSCs were shown to promote tumor growth by significantly increasing
the suppressive immune cell populations of CD4*Foxp3™ Treg cells and CD11b*Gr-1*
MDSC in the tumor micro-environment [129]. Cancer and tumor-associated stromal cells
can secrete paracrine factors such as TGF-, a key regulatory molecule for ECM production
[130], platelet-derived growth factor (PDGF) - the most potent proliferative cytokine for
activated HSCs, fibroblast growth factor (FGF) and type 1 insulin like growth factor (IGF-1)
that together activate HSC and enhance cancer progression [126, 131]. TGF- is produced
by several cell types in the liver including HSCs, KCs, hepatocytes, LSECs and platelets, but
autocrine production by HSCs appears to play the major role in the upregulation of collagen
synthesis [132]. Signal transduction by the type | TGF-p receptor is mediated via Smad2/3
activation and complex formation with Smad4, a transcription factor that translocates to the
nucleus to regulate transcription of downstream target genes [133]. Several studies have
shown that suppression of TGF-B/Smad signaling reduces collagen synthesis by HSCs and
liver fibrosis [134, 135]. PDGF and PDGFR expression are also upregulated in HSCs during
liver injury, resulting in activation of Ras/sMEK/MAPK signaling [136, 137] and increased
HSC proliferation [138-140]. In addition, HSCs can be stimulated by TNF-a. to produce
IL-6, thereby amplifying the acute phase response of the liver [123, 125].

HSCs play a critical role during the angiogenic (vascular) phase of liver metastasis by
secreting the angiogenic factors VEGF and angiopoietin-1 or -2 that induce a pro-angiogenic
microenvironment, leading to recruitment of endothelial cells that form the new
microvascular network of expanding metastases [141]. TNF-a is among the numerous
growth factors and cytokines implicated in HSC activation [123] but the role of the TNF axis
in HSC activation in general and in the context of metastasis, in particular has not been well
studied and some of the data available appear to be contradictory. For example, Houglum et
al. [142] analyzed the effects of chronically elevated TNF-a serum levels on hepatic
collagen metabolism /n vivo using nude mice inoculated with TNF-a producing Chinese
hamster ovary (CHO) cells. They found that type 1 collagen gene expression and synthesis
were inhibited in the livers of these mice. Also, collagen-a1(l) gene expression was reduced
in cultured stellate cells treated with TNF-a,, independently of the confounding variables of
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stellate cell activation or proliferation. On the other hand, HSC from TNF1/TNFR2-null
mice (TNFR DKO) had reduced pro-collagen-a1(l) expression, decreased proliferation and
impaired PDGF-induced pro-mitogenic signaling [143]. Moreover, the authors of the latter
study showed that TNFR1, but not TNFR2 had an important role in mediating HSC
proliferation and the production of MMP-9 and TIMP-1, although TNF-a did not directly
participate in the trans-differentiation of HSC into myofibroblasts. In another study,
however, TNF-a was found to increase collagen accumulation and myofibroblast
proliferation in chronic inflammation of the gastrointestinal tract, and this was reportedly
mediated via TNFR2 [144]. Studies of fibrosis in other organs such as the lungs [145] and
kidneys [146] also documented reduced ECM production and decreased fibrosis in TNFR-
deficient mice. Thus, while TNF-a has been implicated in HSC activation and altered gene
transcription, its precise role and the receptor(s) mediating its effects remain to be fully
elucidated.

3.3. Kupffer cells

The resident macrophages of the liver, the KCs play an active role in liver metastasis. These
cells line the hepatic sinusoids and represent 80-90% of total tissue macrophages [147]. Due
to their location, KCs are the first line of defense against foreign particles absorbed from the
gastrointestinal tract and the main source of cytokines and chemokines in response to liver
injury or infection. They therefore play a central role in orchestrating the inflammatory
microenvironment of the liver. The KCs were initially thought to mediate mainly anti-tumor
effects and inhibit liver metastasis. Activation of KCs by Corynebacterium parvum and
zymosan was shown to decrease liver metastasis [148] and a decrease in tumor cell adhesion
to KCs correlated with increased liver metastasis [149], suggesting that KC activation was
inversely correlated with metastasis formation. In an /n vitro study, Gardner et al. have
shown that liver macrophages co-cultured with tumor cells were activated and could
phagocytose the tumor cells [150], suggesting that KCs can inhibit metastases formation by
directly killing the tumor cells. However, there is evidence that KCs can also promote
metastasis. Khatib et a/. reported that the intrasplenic/portal injection of metastatic murine
lung carcinoma H-59 and human colorectal carcinoma CX-1 cells into mice increased TNF-
a and IL-1a production by KCs, triggering an inflammatory cascade that resulted in
upregulated expression of sinusoidal endothelial CAM and increased trans-endothelial
migration of the tumor cells [10]. Other studies have similarly documented an upregulation
of CAM such as VCAM-1 on liver sinusoidal endothelial cells during the early stages of
liver metastasis but identified other cytokines such as 1L-18 as the drivers in this process [10,
31, 116, 151].

3.4. The neutrophils

Neutrophils play a critical role in orchestrating the innate and adaptive immune responses in
various pathological conditions, including cancer [152, 153]. They are released from the BM
as mature, fully differentiated Ly6G™* granulocytes, although, neutrophil precursors can be
released during inflammation. In response to an inflammatory trigger, neutrophils home to
the site of inflammation where they attach to the vascular endothelium and transmigrate,
utilizing endothelial CAM induced by cytokines such as TNF-a [154-156]. Neutrophil
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mobilization towards these sites can be coordinated by the chemokines CXCL1, CXCXL2
and CXCLS5 that bind to their cell surface receptor CXCR2 [157-160].

Neutrophils can play opposing roles in cancer progression in general, and the process of
liver metastasis, in particular. Several clinical studies linked increased levels of tumor
associated neutrophils (TANSs) and the neutrophil chemoattractant I1L-8 with poor outcome
[161-163], suggesting that neutrophils may have a tumor-promoting effect. Indeed,
neutrophils can play an important role in metastasis by promoting tumor invasiveness
through cytokine production and the release of matrix degrading enzymes such as MMP-9
and elastase [164]. Neutrophils can also promote metastasis by physically interacting with,
and anchoring the circulating tumor cells to the endothelium. This was demonstrated in both
lung and liver metastasis models. For example, melanoma cells could attract neutrophils to
the lung vascular endothelium through the release of IL-8 [159] and this in turn, induced the
expression of integrin CD11b/CD18 on the neutrophils promoting their interaction with
melanoma cells via the counter-receptor ICAM-1 and facilitating their trans-endothelial
migration [165].

Spicer et al. using an experimental model of liver metastasis reported that neutrophil
depletion by an anti-Gr-1 mAb decreased liver metastasis following the intrasplenic
injection of lung carcinoma cells [166]. They showed that this was due to increased cell
surface expression of CD11b on the neutrophils allowing tumor cell-neutrophil adhesion
through a CD11b/ICAM-1 interaction thereby increasing tumor cell arrest on sinusoidal
endothelial cells. The same group also reported that neutrophils could increase hepatic
metastasis by producing extracellular traps (NETSs) that entrap circulating lung carcinoma
cells in the hepatic sinusoids [167]. Neutrophils can also participate in forming pre-
metastatic niches in the liver. Yamamoto ef a/. using an orthotopic colon carcinoma model
found that CXCL1 levels were significantly increased in tumor bearing mice as compared to
controls and this correlated with increased neutrophil numbers in the liver prior to
metastases formation [168]. Inhibition of the CXCL1 receptor CXCR2 by a neutralizing
antibody abrogated liver metastasis, suggesting that neutrophil recruitment to the liver was
essential for metastasis.

Tumor inhibitory functions of neutrophils have also been reported [169-171]. Fridlender et
al. have recently shown that a TGFp receptor kinase inhibitor (SM16) that blocked TGFp
signaling triggered an influx of CD11b*Ly6G* TANS into flank and lung tumors. These
neutrophils were hypersegmented, more cytotoxic to tumor cells and expressed higher levels
of pro-inflammatory cytokines such as TNF-a.. Depletion of these neutrophils reduced CD8*
T cell recruitment and the tumor-inhibitory effect of TGFp signaling blockade. The authors
proposed that TGFP within the tumor microenvironment induced polarization of neutrophils
from a tumor inhibitory (N1) to a tumor promoting (N2) phenotype. The contribution of this
neutrophil polarization mechanism to liver metastasis remains to be elucidated.

In addition to its role in neutrophil migration, TNF-a. can also regulate neutrophil survival.
At high concentrations (e.g. 10 ng/ml), TNF-a was shown to induce neutrophil apoptosis,
while at lower concentrations (0.1-1 ng/ml) it decreased apoptosis [172]. Apoptosis
induction in neutrophils was shown to be mediated via TNFR1-activated p38 MAPK and
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PI13K signaling that resulted in the generation of reactive oxygen species and caspase-3
activation [173]. The specific role of TNF-a. in neutrophil survival in the context of liver
metastasis remains to be investigated.

3.5. Hepatocytes

3.6. T cells

Hepatocytes are the main cellular constituent of the liver parenchyma and represent up to
80% of the liver mass. While the role of the TNF axis in liver carcinogenesis and the
initiation and progression of hepatocellular carcinoma has received much attention in recent
years, the role of hepatocytes in general and their response to TNF-a in particular, in the
context of liver metastasis is less clear. During the pre-neoplastic phase of liver
carcinogenesis, TNF signaling can induce the proliferation of hepatocyte stem cells through
TNFR1 and the loss of this receptor was shown to reduce tumor incidence [51]. TNF-a
acted as a powerful mitogen for rat hepatocytes [174] and inhibition of this factor in adjacent
endothelial and inflammatory cells resulted in apoptosis of transformed hepatocytes and
failure to progress to hepatocellular carcinoma [40]. Moreover, it was shown that NF-xB
activation in the liver was associated with an increased risk for hepatocarcinogenesis and
was partially involved in angiogenesis, tissue invasion and metastasis [175, 176]. In an
apparent contrast to the positive role that NF-xB signaling plays in heptocarcinogenesis,
deletion of the upstream kinase NEMO/IKKry in liver parenchymal cells was found to cause
steatohepatitis and hepatocellular carcinoma. This was attributed to compensatory
hepatocyte proliferation, inflammation, and activation of liver progenitor cells, resulting in
carcinogenesis. Taken together, the results identify NF-xB activation and signaling in
hepatocytes as a survival mechanism, suggesting that when impaired, TNF-a can induce cell
death in these cells, leading to compensatory proliferation by other hepatocytes with
increased risk of DNA mutations and tumorigenesis. In addition, NF-xB activation in non-
parenchymal cells such as KCs adjacent to the hepatocytes also contributes to tumorigenesis
by providing the emerging tumor cells with essential growth factors [177].

Less is known about the role of hepatocyte activation in the process of metastasis. During
metastasis, hepatocytes located at the periphery of the disseminating tumor cells were shown
to undergo epithelial-to-mesenchymal transition (EMT) in response to TGF-f released by
tumor or non-parenchymal liver cells [13]. This could contribute to the activation of HSC
and promote liver metastasis in a TNF-a-dependent manner [178].

Tumor cells can express tumor-associated antigens (TAA) that can be recognized by T cells
via their T cell receptors (TCR). The two main T cells subsets, the CD4* and CD8* T cells,
found in the tumor microenvironment play distinct and sometimes opposing roles in
response to tumor growth [179]. CD8* cytotoxic T cells can recognize antigen presented in
the context of MHC class | and deliver cytotoxic hits to the target cell through the release of
perforin [180-182], other secreted granzymes [183] and Fas/Fas ligand interactions [184,
185]. CD8* T cells can also suppress tumor growth through the release of the pro-apoptotic
cytokines IFN-y [186] and TNF-a [187, 188]. T cells can also mediate tumoricidal effects
through expression of other members of the TNF family such as TNF-receptor apoptosis-
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inducing ligand (TRAIL) that can interact with corresponding tumor cell receptors leading
to cytotoxic effects [189].

The role of CD4* T cells in tumor progression is more complex as these cells can play a
dual role in malignancy, depending on their phenotype. CD4*T helper (TH)1 cells can be
tumor-inhibitory through IFN-y production and the secretion of chemokines that mediate
cytotoxic CD8* T cell expansion [180] and accumulation in the tumor site [190]. In addition,
THA1 cells can recruit tumoricidal M1 macrophages to the tumor site enhancing anti-tumor
cytotoxicity [191]. On the other hand, the role of TH2, TH17 and Treg cells in malignancy is
less clear, and they can participate in both anti- and pro-tumor immunity.

Treg cells are characterized as CD4*CD25*FOXP3* T cells [192] and are known to play an
important role in downregulating autoimmune reactions. Treg cells can be thymus-derived
natural Tregs (nTregs) or naive CD4" T cell-induced Treg (iTregs). The tumor
microenvironment, with its abundance of 1L-10 [193, 194] and TGF-p [195] promotes the
expansion of Treg cells. Increased Treg numbers in cancer was first noted by Woo et al. who
in 2001 documented an increased presence of these cells in ovarian and non-small-cell lung
cancer (NSLC) patients and showed that they secreted increased levels of TGF-f that could,
in turn, affect CD8* T cell function 7 vitro [196]. Since this initial report, high Treg levels
have been documented in the blood and tumor sites of pancreatic, colorectal, gastric, breast,
lung, ovarian and liver cancer patients and this was associated with poor prognosis [197-
200]. Counter-intuitively, some studies have reported that the presence of Treg cells in
certain cancers such as colon [201] and ovarian [202] carcinoma was associated with good
clinical outcome. It is thus important to consider the ratio of Treg cells to effector T cells as
an indicator of prognosis [203, 204].

Treg cells can downregulate tumor immuno-surveillance through several mechanisms
namely, (i) through secretion of immunosuppressive cytokines such as IL-10 and TGF- that
inhibit effector T cell expansion and function [205, 206] and (ii) by initiating CD8" T cell
killing through the release of the cytolytic factors granzyme B [207], TRAIL [208] and
galectin-1 ([209] and reviewed in [204]). Additionally, Treg lymphocytes express cytotoxic
T lymphocyte associated protein (CTLA)-4, a cell surface protein that can contribute to a
cell-to-cell-dependent suppressive mechanism by binding CD80 and CD86 molecules on
antigen presenting cells (APC). This results in upregulation of indoleamine 2,3-dioxygenase
(IDO) that catabolizes and depletes tryptophan necessary for effector T cell function [210].

CDS8™ T cells were shown to play a role in the early stages of metastasis. For instance, in
human colorectal cancer (CRC) patients, primary tumors with evidence of early metastatic
invasion had lower levels of CD8*T cells and mRNA for type 1 helper effector T cell
products such as INF-y, granulysin, and granzyme B in comparison to tumors with no
evidence of metastatic invasion [211], suggesting that these T cells may inhibit tumor
invasion and metastasis. In contrast, CD4* T cells have been shown to promote tumor
invasion and subsequent metastasis. In CD4* T cell-deficient mice, a significant loss of
mammary tumor metastasis to the lung was seen, which was restored upon adoptive transfer
of CD4* T cells [212], indicating that CD4* T cells could promote lung metastasis. This was
attributed to I1L-4 production by these cells that in turn, induced epidermal growth factor
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(EGF) production by tumor associated macrophages (TAM) causing increased tumor
invasion. In another study, breast cancer infiltrating CD4*CD25"FOXP3* Treg cells were
found to be essential for pulmonary metastasis. Adoptive transfer of CD4*CD25" T cells in
T-cell deficient Rag1 ™/~ mice effectively restored metastasis of mammary tumor cells to the
lung [213]. This suggested that CD4* T cells could promote cancer cell dissemination at the
primary tumor site.

The role of T cells in secondary organ sites of metastasis has not been as extensively studied
and is less well understood [214]. Vadrevu et al. using a breast cancer model showed that
administering the complement anaphylatoxin C5a receptor could increase metastasis by
suppressing effector CD8* T cell function in the lungs [215]. This was mediated through the
recruitment of immature myeloid cells in which TGF-p and IL-10 production was
upregulated, resulting in Treg production and CD8* T cell dysfunction. These results
showed that inhibition of CD8* T cells promoted lung metastasis. There is presently a
paucity of information regarding the role of T cell subsets in liver metastasis. Recent studies
suggest that MDSCs in the liver can accelerate liver metastases by blocking the proliferation
and cytotoxicity of effector T cells, while promoting the development of Tregs [216].
However, additional studies are needed to better understand the overall contribution of T
cells to liver metastasis.

The role of the TNF axis in T-Cell mediated immune modulation of metastasis has not been
extensively studied. Scheurich ef al., showed that resting T lymphocytes do not express TNF
receptors but their expression is induced upon T cell activation. Via these receptors, TNF-a
is able to exert multiple stimulatory activities such as enhancement of IL-2 receptor and
HLA-DR antigen expression. TNF-a can also synergize with I1L-2 to stimulate T cell
proliferation and IFN-y production [217]. Interestingly, in a study of pancreatic islet cell
multistage carcinogenesis, TNFR1 and IFN-y signaling were required for tumor-specific
CD4* T cells to produce anti-angiogenic chemokines, prevent tumor angiogenesis, tumor
cell proliferation and multistage carcinogenesis. In the absence of TNFR1 or IFN-y
signaling, the T cells promoted rather than inhibited angiogenesis and multistage
carcinogenesis [74].

In addition to the pro-inflammatory effects of TNF-a,, there is increasing evidence of its
immunosuppressive effects. TNF-a can act in concert with I1L-2 to activate and expand
mouse Treg cells via TNFR2. In fact, TNFR2 is expressed on 30-40% of Tregs of the
peripheral activated/memory subset and TNFR2* Treg represent the most highly suppressive
Treg subset. The proportion of these cells was significantly increased in the tumor infiltrate
of tumor-bearing mice [218]. In a Lewis lung carcinoma model, TNFR2 expression
identified a maximally suppressive Treg subpopulation [218, 219]. In a colitis model, TNF-a
signaling via TNFR2 was shown to be required for natural, but not for inducible Treg-
mediated suppression [220]. In a TNF-induced experimental lung metastasis model using
B16F10 melanoma cells, Chopra et al., showed that TNF treatment resulted in an increase in
pulmonary Treg infiltration in a TNFR2-dependent manner and this correlated with
increased tumor burden and metastatic foci. Loss of either TNF or TNFR2 in immune cells
resulted in lower numbers of Treg cells within the lungs and decreased B16F10 metastasis,
and a selective depletion of Treg cells attenuated metastasis even in conjunction with TNF
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treatment [114]. Similarly, in an experimental liver metastasis model, our laboratory found a
marked reduction in the number of liver metastases in TNFR2~/~ mice as compared to wild
type or TNFR1~/~ mice. Analysis of immune cell recruitment to the liver revealed a
significant reduction in the number of Treg cells in the immune-infiltrate surrounding the
sites of micrometastases in these mice in comparison to wild type mice, confirming that the
accumulation of Treg cells in sites of hepatic metastases was also TNFR2-dependent (Ham
et al., submitted).

3.7. Myeloid-derived suppressor cells

MDSCs represent a heterogeneous population of myeloid cells generally identified based on
the expression of the cell surface markers CD11b* and GR-1* (in mice). This population can
be further subdivided into monocytic (Mo-MDSC, CD11b*Ly6C™") and granulocytic (G-
MDSC, CD11b*Ly6G™") subsets [221]. In humans, MDSCs express either one or both of the
common myeloid markers CD33 and CD11b, but do not express HLA-DR [222]. Further
studies have defined Mo-MDSC to include CD14*/dull [223, 224] and G-MDSC to include
CD15" [225, 226] cells. Immature myeloid cells are continuously generated in BM of
healthy individuals and, normally, differentiate into mature granulocytes or monocytes able
to mediate host innate immune responses [153, 227, 228]. In the tumor microenvironment,
however, these cells fail to mature and can exert a tumor-promoting effect [102, 153].
Clinical studies confirmed the clinical relevance of these cells in malignant disease showing
an increase in circulating monocytic MDSCs in melanoma patients and tumor-infiltrating
granulocytic MDSCs in pancreatic cancer patients [221, 229, 230]. Similar findings were
reported in mouse tumor models [231].

MDSCs can promote tumor growth through several mechanisms. They can exert immuno-
modulatory functions and inhibit T cell proliferation. In a murine model of lung cancer,
depletion of MDSCs by specific antibodies increased the number and activity of cancer-
reactive NK and T effector cells, thereby decreasing tumor volume [231]. In small cell lung
cancer patients, targeting of MDSC by all-trans-retinoic acid improved the immune response
generated by a cancer vaccine, increasing the proportion of IFN-y-positive CD8" and CD4*
T cells [232]. Other studies showed that granulocytic MDSCs can suppress the activity of
CDS8™* T cells through production of ROS which can induce post-translational modifications
in T-cell receptors and cause antigen-specific T-cell unresponsiveness [233]. Mo-MDSCs
can suppress T-cell activation by producing arginase that depletes L-arginine, an essential
amino acid for T cell proliferation [221]. MDSCs can also promote tumor growth by
increasing the numbers of Treg cells, as was shown in B-cell lymphoma [234] and colon
carcinoma [235] models. This is mediated through binding of the immune stimulatory
receptor CD40 expressed on MDSCs to CD40L expressed on Treg cells to induce Treg
expansion [236]. Thus, MDSCs can promote tumor growth by interfering with lymphocyte
trafficking and viability, by depletion of nutrients required for T lymphocyte survival,
through release of ROS causing nitration of T cell receptors, and through the activation of
Tregs.

Clinical and experimental evidence suggest that MDSCs play a role in metastasis. In a
clinical study, an increase in circulating MDSCs was found to correlate with cancer stage
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and metastatic tumor burden in patients with different solid tumors, including breast cancer
[237]. Depletion of MDSCs in an animal model of metastatic breast cancer resulted in
decreased spontaneous metastasis [238].

Only a few studies have investigated the mechanism(s) of metastasis promotion by MDSCs.
Oh et al. showed that MDSC infiltrating a primary tumor can increase tumor cell
invasiveness and increase metastasis [239]. In their study, breast cancer cell-derived factors
were shown to induce IL-6 production in MDSCs and this conferred an invasive potential on
the breast cancer cells through activation of STAT3 and increased production of proteinases
of the ADAM family. Hence, MDSCs may contribute to metastasis by increasing tumor
invasion. Liver MDSCs are phenotypically and functionally distinct from MDSCs found in
lymphoid organs or the tumor sites [216]. In comparison to their splenic counterparts, they
express higher Ly6C and lower Ly6G levels, indicating a monocytic lineage, express lower
MHC-I and MHC-II but higher CD31, F4/80 and CD129 levels and produce higher levels of
an array of pro-inflammatory cytokines and chemokines [216, 240]. Several lines of
evidence suggest that hepatic MDSCs play an important role in liver metastasis. Zhao et al.
showed increased levels of CD11b*GR1™id cells in the blood and liver following
intrasplenic inoculation of colon and Lewis lung carcinoma cells, and depletion of CD11b*
cells by diphtheria toxin (DTR) administration in CD11b-DTR mice resulted in a marked
reduction in liver metastasis [241]. Connolly et al/. documented an expansion of highly
immunosuppressive liver MDSCs in mice with intra-abdominal colon and pancreatic
carcinomas [216]. Moreover, when co-cultured with T cells, these MDSCs had a highly
suppressive effect on T cell proliferation and induced Treg expansion. Work by Ilkovitch and
Lopez has shown that liver MDSCs may modulate anti-tumor immunity through interaction
with KCs and the upregulation of PD-L1, a negative T-cell co-stimulatory receptor on the
latter cells [240]. Further characterization of hepatic MDSCs and their tumor-promoting
activities could lead to the development of novel and specific targeting strategies.

Several studies implicated TNF-a in the regulation of MDSC function. It was shown to
prevent the differentiation of immature MDSCs and augment their suppressive activity
[242]. Administration of a TNF-a agonist reduced the suppressive activity of MDSCs and
allowed their maturation into dendritic cells and macrophages. This suppressive function
appears to be mediated via TNFR2 that was recently identified as a survival factor for
MDSCs. Zhao et al. using TNFR-deficient mice found that impaired peripheral
accumulation of MDSCs was due to loss of TNFR2 expression on MDSCs [102]. TNFR2
signaling activated NF-xB-mediated expression of c-FLIP, an inhibitor of caspase-8, thereby
promoting their survival in the tumor microenvironment. In addition, TNFR2 appears to
regulate the suppressive functions of MDSCs.

Polz et al. reported that TNFR2-deficient CD11b*Ly6C* MDSCs had decreased NO and
IL-6 production and were less suppressive of T cell proliferation than their WT counterparts
[243]. Hu et al. showed that transmembrane TNF (tmTNF)-a induced splenic MDSCs with
enhanced suppressive activities by upregulating arginase-1 and NO synthase expression and
this was mediated through activation of TNFR2 and resulted in inhibition of CD3* T-cell
proliferation [244]. Together, these findings identify the TNFR2 as a central player in the
regulation of MDSC survival and functions.
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4. Targeting the TNF axis for cancer therapy

On the basis of the experimental data described above, and the success of TNF antagonists
in inhibiting experimental metastases in mice [36, 40, 47], a number of clinical trials of
TNF-a antagonists alone, and in combination with other therapies are currently underway in
cancer patients and some preliminary results are available. For example, the soluble TNF
receptor Etanercept was tested in a Phase Il clinical trial of 30 advanced ovarian cancer
patients. A significant rise in immunoreactive TNF was seen in all patients and of the 18
patients who completed the trial, six achieved prolonged disease stabilization [245].
Adalimumab (ADA) is a fully humanized anti-TNF neutralizing IgG that was first assessed
in clinical trials in 2002 [246] and there is a case report of a breast cancer patient with
advanced disease and metastases to bone and lymph nodes in whom the cancer has remained
stable for 3 years after initiation of ADA treatment [247]. Infliximab, another human TNF-
specific neutralizing antibody showed efficacy in a phase 1l study of advanced renal cell
cancer refractory to prior treatments with regression of hepatic metastases seen in 3 patients
after 6 weeks of treatment [248]. In an excellent review, speculating on the mechanisms of
action of anti-TNF treatment for cancer patients, Balkwill proposes that these could include
inhibition of cytokine and chemokine production, recruitment of inflammatory cells and
inhibition of angiogenesis and ECM degradation. Binding of TNF antagonists to
transmembrane TNF could also induce cytotoxic pathways in immunosuppressive cells such
as Treg, thereby inhibiting tumor promotion [45].

Overall, TNF-a antagonists were well-tolerated and the limited evidence available to date
suggests that they may be of utility in the treatment of advanced disease. Much, however,
remains to be learnt about the mechanism of action of this class of inhibitors in order to
optimize their clinical use as single agents or in combination with other drugs.

5. Summary

TNF-a is a pleiotropic cytokine with diverse and opposing activities in inflammation and
malignancy. TNF signaling is conveyed through 2 cell surface receptors, TNFR1 and
TNFR2. There is currently a paucity of information on the role of these receptors in
metastasis in general and liver metastasis, in particular. However, evidence from multiple
tumor models identifies both receptors as central drivers of the response of the
microenvironment to emerging and expanding tumors. While TNFR1 may convey both
tumor inhibitory and tumor promoting signals through direct pro-apoptotic or pro-survival
effects on tumor and immune cells, TNFR2 appears to play mainly a tumor promoting effect
by regulating the survival and function of several types of immunosuppressive cells such as
Treg lymphocytes and MDSCs. Increasing appreciation of the importance of the
microenvironment in general and the immune microenvironment, in particular, to tumor
progression has recently led to major advances in development of therapeutic strategies
based on potentiation of anti-tumor immune mechanisms. Targeting of the TNF axis,
TNFR2-mediated immunosuppression in particular, may offer an additional approach in the
effort to alter the course of malignant disease through modulation of the immune system.
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ABBREVIATIONS
ADA Adalimubab
ADAM Disintegrin and metalloproteinase
AOM Azoxymethane
APC Antigen presenting cell
BM Bone marrow
CAM Cell adhesion molecules
CDR Complementarity determining regions

c-FLIP Cellular FLICE-like inhibitory protein
CHO Chinese hamster ovary

clAP-1 Cellular inhibitor of apoptosis

CRC Colorectal cancer

CSF-1 Colony-stimulating factor 1

CTLA Cytotoxic T lymphocyte associated protein
DD Death domain

DMBA 7,12-dimetylbenz-anthracene

DSS Dextran sulfate sodium

DTR Diphtheria toxin

ECM Extracellular matrix

EGF Epidermal growth factor

EMT Epithelial-to-mesenchymal transition
FADD Fas associated protein with death domain
FGF Fibroblast growth factor

G-MDSC  Granulocytic myeloid derived suppressor cell

HCC Hepatocellular carcinoma
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HSC Hepatic stellate cell

ICAM Intracellular adhesion molecule
IDO Indoleamine 2,3-dioxygenase
IFN-y Interferon -y

IGF-1 Type 1 insulin like growth factor

IKK Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor
(1kB) kinase

IL Interleukin

ILP Isolated limb perfusion

iTreg induced Treg

JNK c-Jun N-terminal kinase

KC Kupffer cell

KO Knockout

LSEC Liver sinusoidal endothelial cell

M APK/AP-1Mitogen activated protein kinase/Activating protein 1
MCP Monocyte chemotactic peptide

MDSC Myeloid derived suppressor cells

MMP Metalloproteinase

Mo-MDSC Monocytic myeloid derived suppressor cell

NF-xB Nuclear factor kappa-light-chain enhancer of activated B cells
NK Natural killer

NO Nitric oxide

NSLC Non-small-cell lung cancer

nTreg natural Treg

PDGF Platelet-derived growth factor

RIP Receptor interacting kinase

ROS Reactive oxygen species

Treg T regulatory cell

TAA Tumor-associated antigen
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Tag T antigen

TAM Tumor-associated macrohpage
TAN Tumor-associated neutrophil
TCR T cell receptor

TGF-B Transforming growth factor

TH T helper
TIM TRAF interaction motif
TIMP Tissue inhibitor of metalloproteinase

tm TNF transmembrane TNF
TNFR DO TNF1/TNFR2-null mice
TNFR1 TNF receptor 1

TNFR2 TNF receptor 2

TNF-a Tumor necrosis factor a
TNSF TNF super family
TPA 12-O-tetradecanoylphorbol 13-acetate

TRADD TNF receptor associated protein with death domain
TRAF TNF receptor adaptor factor

TRAIL TNF-receptor apoptosis-inducing ligand

uPA urokinase plasminogen activator
VCAM Vascular adhesion molecule
VEGF Vascular endothelial growth factor
VLA-4 Integrin a4p1

WT Wild type

a-SMA alpha-smooth muscle actin
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Figure 1. TNFR signaling pathways
Following TNF stimulation, TNFR1 sequentially recruits TNFR-associated death domain

(TRADD), FAS-associated death domain (FADD) and caspase-8 leading to Caspase-3
activation and apoptosis. Both receptors can also recruit TNFR-associated factor 2 (TRAF2),
MAP/ERK kinase kinase 1 (MEKK1) and MAPK kinase 7 (MKK?7) leading to activation of
the JNK pathway and the transcription factor AP-1. Recruitment of receptor-interacting
protein (RIP) via TRAF2 leads to activation of p38 MAPK via MKK3. RIP recruitment can
also lead to NF-xB activation via the inhibitor of NF-xB kinase (IKK) complex. These three
pathways ultimately lead to inflammation and survival. (Adapted from Aggarwal, B. B.
2003, Nat. Rev. Immunol., 3, 745-756, with permission from Macmillan Publishers Ltd.).
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Figure 2. Theimmune microenvironment of metastases
Shown is a schematic representation of the complex immune microenvironment of

metastatic tumor cells in secondary sites such as the liver. The type of immune cells
recruited and the cytokines produced determine tumor cell fate. The tumor cells must
successfully extravasate from the blood vessels into the liver/secondary organ via interaction
with vascular cell adhesion molecules or via interaction with neutrophils. At this stage tumor
cells can be subject to direct cytotoxic effects mediated by cytokines such as IFN-y, TNF-a,
and perforin. Regulatory cells such as Tregs and MDSCs can block T cell-mediated
cytotoxicity, allowing tumor cell growth. Growth factors such as IGF-1, PDGF and EGF and
cytokines such as IL-6 within the liver microenvironment can increase tumor invasiveness
and proliferation and promote tumor expansion.
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