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The resolution of inflammation and cancer
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A B S T R A C T

Inflammation has long been thought to contribute to the development of cancer; however there is also

clear evidence that the immune system can recognize and eliminate cancer cells. Current research

suggests that cancer-associated inflammation has a dual role in tumor progression; inflammatory

mediators promote the malignant activity of cancer cells by acting as growth factors and also stimulate

angiogenesis, however, cancer-associated inflammation is also linked with immune-suppression that

allows cancer cells to evade detection by the immune system. In this review we will discuss the dual role

of inflammation in cancer and how endogenous anti-inflammatory mechanisms may equally be

important in carcinogenesis.
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1. Introduction

Inflammation is the primary response to infection or injury that
functions to clear the injurious material or agent and promote
tissue repair, it is characterized by the sequential release of a
battery of mediators including; bioactive amines, eicosanoids,
cytokines, chemokines and growth factors that regulate increased
vascular permeability and recruitment of blood borne leukocytes.
Increased vascular permeability also results in extravasation of
plasma proteins that further amplify the inflammatory reaction.
Inflammation is essentially a salutary response that normally
resolves with the restoration of normal tissue structure and
function, however when inflammation persists (chronic inflam-
mation) it can cause tissue damage and loss of function. Chronic
inflammation may occur due to the persistence of infection or
antigen, recurring tissue injury, or a failure of endogenous anti-
inflammatory mechanisms that drive the resolution of inflamma-
tion. Importantly, inflammation is a critical part of innate
immunity and has a role in priming the adaptive immune system
but chronic inflammation can be associated with immune-
suppression.

Persistent inflammation is linked with the incidence and
progression of cancer [1]; inflammation associated with chronic
infection or tissue injury is linked with carcinogenesis in the
affected tissue, pro-inflammatory cytokines are frequently
detected in tumor tissue, although at relatively low levels, and
tumors are invariably infiltrated by inflammatory cells, most
notably macrophages. Studies of human cancer have correlated
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cancer progression with the expression of inflammatory markers
and macrophage infiltration [1,2]; in addition various experi-
mental studies in mice have shown that blocking the expression of
inflammatory mediators or infiltration of inflammatory cells
inhibits growth of tumors [1]. But, the immune system also has
the capacity to recognize and eliminate malignant cells and act as a
barrier to cancer [3]. It is clear from studies in mice that immune
cells and certain cytokines inhibit cancer progression, but this
activity is suppressed in the tumor microenvironment. It is also
evident from clinical data that in certain contexts inflammation
can inhibit cancer growth; Coley and colleagues observed in the
early 20th century that cancers did not recur after post-operative
infection, and indeed patients could be ‘cured’ of cancer by the
activation of a systemic inflammatory response with killed
bacteria [4]. This was the birth of immunotherapy for cancer,
but to this date the only established treatment for cancer of this
nature is tuberculosis vaccine; BCG, for the treatment of superficial
bladder cancer [5]. Although the precise mechanism of action is not
clear, recent research suggests that the tumor microenvironment is
profoundly immunosuppressive and subversion of these anti-
inflammatory mechanisms can prevent tumor progression and
enhance the efficacy of anti-cancer therapy [6].

In this review we will discuss the ‘Jekyll and Hyde’ nature of
inflammation in cancer and the potential role for endogenous anti-
inflammatory mechanisms in carcinogenesis.

2. Cytokines

There is now convincing evidence that pro-inflammatory
cytokines, particularly tumor necrosis factor (TNF) a and inter-
leukin (IL)-6, have a role in carcinogenesis by promoting the
survival and proliferation of malignant cells. The regulation of
immune cells by cytokines in the tumor microenvironment is also
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critical for cancer progression [7]. The imbalance between TH1 and
TH2 cytokines in tumors in particular is thought to be important in
tumor progression. TH2 cytokines like IL-4, IL-10 or IL-13 are
elevated in many tumors, contributing to polarization of tumor-
associated macrophages (TAM) to a M2 phenotype that promotes
invasion, angiogenesis and metastasis [8]. But inflammatory TH1
cytokines are almost absent in this microenvironment, particularly
interferon (IFN) g and IL-12 that can promote anti-tumor
immunity. Below we will describe some of the pro- and anti-
inflammatory roles for cytokines in cancer using TNFa and IL-6 as
examples.

Much of the evidence for a role of inflammation in cancer is
inferred from studies on TNFa, recently reviewed [9]; TNFa
blockade has been successfully used for the treatment of chronic
inflammatory diseases and there is significant evidence that the
action of TNFa on malignant cells contributes to carcinogenesis,
suggesting that targeting TNFa could be beneficial in inflamma-
tion-associated cancer [10]. But TNFa has pleitropic roles in the
immune system; for example, in certain auto-immune disease
including type I diabetes and multiple sclerosis that are driven by
TH1 cytokines such as IFNg, TNFa inhibition can in fact exacerbate
disease [11–13]. A recent study also showed that anti-TNFa
therapy in a mouse model of arthritis is actually associated with
increased activation of TH1 and TH17 cells and the therapeutic
action of anti-TNFa in this model is due to the inhibition of
leukocyte recruitment to the inflammatory site rather than
inhibition of leukocyte activation [14]. TNFa has also been shown
to drive the resolution of T cell-mediated inflammation during
infection [15], these studies suggest that TNFa can suppress T cell
activation and at least TH1-driven inflammatory responses. TNFa
has two receptors that are differentially expressed: TNFR1 (p55)
and TNFR2 (p75). While both malignant and stromal cells in
tumors express TNFR1, TNFR2 is restricted to immune cells. In fact
TNFR2 is highly expressed on tumor infiltrating Treg cells that
block anti-tumor immune responses [16], however, it is not clear if
TNFa is required for the immunosuppressive activity Treg cells in
cancer. It was observed previously that TNFa can promote either
TH1 or TH2 responses depending on the context; for example, in
eosinophils it was necessary to combine TNFa with IFNg to trigger
TH1 cytokine secretion, but in the presence of IL-4, TNFa increased
production of TH2 cytokines [17]. This suggests that in a TH2
microenvironment, that often predominates in tumors, TNFa may
enhance TH2 cytokine production. These actions of TNFa could
equally be relevant for the role of this cytokine in cancer.

TNFa expression and signaling is regulated by the transcription
factor; nuclear factor (NF)-kB, which is thought to be a major
molecular link between inflammation and cancer [18]. In various
mouse models it has been shown that NF-kB activation is critical
for the tumor-promoting action of inflammation. But we, and
others, have also described an anti-inflammatory role for NF-kB in
the resolution of inflammation [19–21]. The targeted deletion of
IKKb, an important activator of NF-kB, in myeloid cells inhibits the
development of colitis associated colon cancer (CAC) and
diethylnitrosamine (DEN)-induced hepatocellular carcinoma
(HCC) in mice [22,23]. The role of NF-kB in the expression of
pro-inflammatory cytokines, such as TNFa and IL-6, in tumor-
associated macrophages (TAM) is thought to be the mechanism for
attenuated tumor growth in these models. Our recent studies in a
model of ovarian cancer also suggest that the activation of NF-kB
through IKKb maintains tumor-promoting function of TAM [24].
However, these experiments showed targeting IKKb in TAM
increased expression of IL-12, inducible nitric oxide synthase
(NOS2) and MHC II, which are the hallmarks of ‘classical’ or M1
macrophage activation, this was associated with the inhibition of
tumor growth. M1 macrophages are associated with increased
production of pro-inflammatory cytokines, such as IL-12 and IFNg,
and antigen presenting cell (APC)-activity [21], whereas ‘alter-
natively’ activated or M2 macrophages are important for the
resolution of inflammation and wound healing, through the
production of anti-inflammatory cytokines; such as IL-10 and
TGFb. In a parallel study we showed an important role for NF-kB in
the resolution of inflammation and inhibition of M1 macrophage
activation during infection through a similar mechanism, illus-
trating common pathways between the resolution of inflammation
and cancer-associated inflammation [21]. TH2 cytokines such as
IL-4 and IL-13 stimulate the development of M2 macrophages and
TH1 cytokines; IL-12 and IFNg, are associated with the M1
phenotype. TAM have a M2-like phenotype that is linked with
increased tumor-angiogenesis, metastasis and immune-suppres-
sion [25]. Interestingly, the IL-4 receptor (CD124) was absent on
IKKb deficient macrophages [21], suggesting that these cells have
lost the ability to respond to IL-4 and develop an anti-
inflammatory and pro-tumor M2 phenotype.

IL-6 is another important pro-inflammatory cytokine, but has
also been reported to have a role in the resolution of inflammation
[26,27]. IL-6 binds a membrane bound receptor; IL-6Ra (gp80) that
is linked to JAK-STAT signaling through interaction with the gp130
subunit, however binding to its soluble receptor (sIL6R) can trigger
an alternative mode of signaling, referred to as trans-signaling, that
is associated with the inhibition of inflammation [28,29]. IL-6
trans-signaling via STAT3, but not STAT1, limits the recruitment of
neutrophils in acute inflammation and is essential for the
termination of the innate immune response [26]. Anti-inflamma-
tory actions of IL-6 have also been related to chronic viral infection;
human herpesvirus (HHV)-8 produces an IL-6 ortholog (vIL-6) that
suppresses innate immunity [30]. IL-6 has also been reported to
interfere with the differentiation of dendritic cells (DC) from
CD14+ human monocytes, presumably through STAT3, suggesting
that the action of IL-6 could interfere with adaptive immune
responses [31]. IL-10-mediated STAT3 activation has also been
reported to inhibit DC activation and function [32]. Thus IL-6
appears to have important anti-inflammatory and immunosup-
pressive roles through the activation of STAT3.

STAT3-signaling is also a major oncogenic pathway in epithelial
cells and is thought to underpin the pro-malignant activity of IL-6
[33]. However, the role of STAT3 in the regulation of immune cells,
and its involvement in tumor-induced immune-suppression are
important for carcinogenesis [34]. It is well established that
signaling through STAT3 inhibits pro-inflammatory cytokine
production and leukocyte recruitment, but this could be attributed
to either IL-6 or IL-10 signaling. Blockade of STAT3 in tumors
increased pro-inflammatory mediator production and leukocyte
recruitment, but was associated with increased cytotoxicity and
tumor regression, suggesting that STAT3 activation blocks anti-
tumor immune responses [35]. In contrast, two recent studies have
illustrated the important role for STAT3 in the malignant
transformation of epithelial cells in CAC. Targeted deletion of
STAT3 in intestinal epithelial cells (IEC) reduced tumor incidence,
and similar results were obtained with IL-6 deficient mice, this was
associated with increased IEC apoptosis [36]. Another study
showed mice expressing a constitutively active gp130 molecule
had accelerated CAC development [37]. However, in both models
reduced tumor burden was associated with the increased
production of pro-inflammatory cytokines. The role of this increase
in inflammation in tumor regression was not assessed. These
studies show that IL-6 has important effects on both malignant
cells and immune cells in the tumor microenvironment that can
contribute to carcinogenesis, further studies are required to
evaluate the contribution of anti-inflammatory IL-6 signaling in
cancer.

It is clear from the studies described above that cytokine
signaling can have a dual role in cancer; cytokines can activate
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oncogenic pathways in malignant cells and promote survival,
proliferation and invasion. But, cytokines also regulate the
phenotype of immune cells, including T cells and macrophages,
that influences tumor progression by regulating the inflammatory
microenvironment.

3. Lipid mediators

Ecosanoids formed from arachidonic acid (AA) metabolism,
such as prostaglandins and leukotrienes, are major pro-inflam-
matory mediators that regulate both vascular changes and
leukocyte recruitment [38]. There is extensive epidemiological
and experimental evidence that cyclooxgenase (COX)-derived
prostaglandin (PG) E2 can drive malignancy, particularly in
colorectal cancer in which inflammation is a significant risk factor
[39,40]. Most studies have focused on the ability of PGE2 to
promote angiogenesis, malignant cell survival and invasion.
However, PGE2 has also long been known to have immunosup-
pressive actions and particularly to inhibit macrophage and T cell
activation [41] that may contribute to its’ role in cancer. It was
recently reported that PGE2 induces differentiation of myeloid-
derived suppressor cells (MDSC) from bone marrow stem cells in
experimental models of cancer [42]. MDSC are expanded in chronic
infections and cancer and have been shown to be potent
suppressors of anti-tumor immune responses. PGE2 has also been
shown to be chemotactic for MDSCs and therefore regulate
recruitment of these cells to tumors [42]. Recently it was also
shown that degradation of PGE2 within the tumor microenviron-
ment can redirect the profile of TAM from a pro-tumor M2
phenotype to the pro-inflammatory and anti-tumor M1 phenotype
[42]. Suggesting PGE2 inhibits the anti-tumor potential of TAM and
therefore contributes to tumor progression. PGE2 also inhibits
expression of MHC molecules on DC [43] and macrophages [44]
that may reduce priming of antigen-specific T cells in the tumor
microenvironment.

There are a number of anti-inflammatory lipid mediators that
have important roles in the resolution of inflammation [45], the
most significant being; PGD2, lipoxins and resolvins. PGD2 is
generated by the action of PGD2 synthase (PGD2S) and has been
reported to be particularly important in allergic inflammation
driven by TH2 cytokines such as IL-4 and IL-13 [46,47]. PGD2, and
its metabolite; PGJ2, also have direct anti-inflammatory actions
and inhibit TH1 immune responses [48,49]. In two different
models of experimental colon cancer, PGD2 seemed to have
opposite effects; in the ApcMin/+ genetic model, over-expression
of PGD2S reduced the presence of intestinal adenomas up to 80%,
and PGD2S�/�mice showed increased incidence of cancer [50].
However, in a model of rat CAC, treatment with a selective PGD2
receptor (DP1) antagonist significantly reduced aberrant crypt foci
development, beta-catenin expression, and mucosal thickness
[51]. There are 2 distinct receptors for PGD2; DP1 and DP2 [52], the
positive effects of PGD2 on TH2 cytokine production are thought to
be mediated through the DP2 receptor expressed on TH2 cells [47],
however the anti-inflammatory effects of PGD2 are thought to be
mediated by the DP1 receptor, mainly expressed on myeloid cells
[51,53]. This may explain the disparity between the above studies
since the later study focused on the role of DP1 receptor whereas
the experiments in APCMin/+ mice did not attribute the activity of
PGD2 to either receptor. The anti-inflammatory action of PGD2
may inhibit production of tumor-promoting cytokines and there-
fore inhibit carcinogenesis, however the role of PGD2 in TH2
cytokine production and inhibition of TH1 responses may equally
promote cancer, it would be interesting to see if these different
effects of PGD2 in cancer can be attributed to specific receptors.

Lipoxins are generated by the action of lipoxygenase (LOX) or
the concerted action of LOX and COX enzymes [54]. The more
recently described resolvins represent a series of mediators
generated from the metabolism of docosahexaenoic acid (DHA),
the most abundant omega 3 fatty acid in the diet [54]. There is now
extensive evidence these lipid metabolites are important endo-
genous anti-inflammatory mediators and inhibit chronic inflam-
mation [54]. But there is not yet any data indicating the potential
role of lipoxins and resolvins in cancer. Previous studies have
shown lipoxins are immunosuppressive in the context of infection,
and in fact pathogens use lipoxin production to evade host
immunity [55,56]. These studies would suggest a potential role for
these mediators in tumor-induced immune-suppression. But
equally, the anti-inflammatory properties of lipoxins and resolvins
may attenuate inflammation-associated cancer, in a similar
fashion as reported for PGD2.

4. Adenosine

Adenosine is also an important anti-inflammatory mediator
[57]. Adenosine is constitutively present in extracellular spaces at
low concentrations but is increased dramatically in tumors [58].
Adenosine interacts with at least four G protein-linked receptors;
the A2A receptor (A2AR) associates with Gs and A2BR interacts
with Gs and Gq to trigger adenylate cyclase (AC) and elevate cyclic
adenosine monophosphate (cAMP) [57]. A2AR has been shown to
inhibit activation of neutrophils, monocytes, platelets and T cells
[59–61]. In contrast, activation of A1 (A1R) or A3 (A3R) receptors,
through Gi/Go interactions, inhibits AC activity and decreases
cAMP levels [62], A1R exerts pro-inflammatory effects by
enhancing phagocytosis [63] and chemotaxis [64,65] during
inflammation. A1R is highly expressed early in the inflammatory
response, but is replaced by A2AR expression during the resolution
of inflammation [27]. The extracellular levels of adenosine and
receptor expression are critical factors in the regulation of
inflammation.

Hypoxia is considered a major factor in tumor progression [66],
it has been shown to increase VEGF through the activation of
hypoxia inducible factor (HIF)-1a, a transcription factor that
regulates the cell response to hypoxia, in a mechanism that
involves interaction with STAT3 [67]. The loss of the tumor
suppressor Von Hippel-Lindau (Vhl) leads to an increase in HIF-1
activation that is specifically linked with renal cancer [68,69].
Hypoxia has also been shown to inhibit T cell activation in tumors
by at least of two different mechanisms; HIF-1a can inhibit
antigen-induced TCR signaling, protecting tumors from cytotoxic T
cells (CTL) [70]. Hypoxia also increases the levels of adenosine in
the tumor microenvironment [58]. In tumors, the anti-inflamma-
tory receptor; A2AR, is highly expressed and is linked with
immune-suppression illustrating another parallel with the resolu-
tion of inflammation [58]. Adenosine mediates cAMP-elevation in
CTL through A2A receptors and blocks cytotoxic activity. As
described above, elevation of cAMP is an important anti-
inflammatory mechanism and inhibits the activation of macro-
phages and DC, A2AR expression on tumor-associated myeloid
cells is therefore likely to contribute to evasion of immune
responses. In fact, the anti-inflammatory and immunosuppressive
action of PGE2 and PGD2 can also be attributed to cAMP-elevation
through EP2 [41] and DP1 receptors [53], respectively. In contrast
to these potentially anti-inflammatory roles for hypoxia-induced
adenosine in tumors, HIF-1a has been reported to regulate the pro-
inflammatory activity of macrophages during inflammation.
Targeted deletion of HIF-1a in myeloid cells was shown to reduce
chronic inflammation in several models [71]. However, the specific
deletion of HIF-1a in T cells showed that HIF-1a activation can
inhibit auto-immune responses, therefore hypoxia-induced HIF-
1a could suppress anti-tumor immunity but promote other
inflammatory responses [72].



Fig. 1. Illustration of pro- and anti-tumor roles for inflammation in cancer. ‘Classical’

or M1 macrophage activation during inflammation is associated with increased

production of pro-inflammatory cytokines, such as IL-12 and IFNg, and antigen

presenting cell (APC)-activity. However, ‘alternatively’ activated or M2

macrophages are also criticial for the resolution of inflammation and wound

healing through the production of anti-inflammatory cytokines; such as IL-10 and

TGFb, and COX2-derived lipid mediators. Tumor-associated macrophages (TAM)

have a M2-like phenotype that is associated with increased angiogenesis,

metastasis and immune-suppression. Analogous to TH1/TH2 responses, M2

macrophages antagonize the M1 phenotype and vice versa.

J. Rodriguez-Vita, T. Lawrence / Cytokine & Growth Factor Reviews 21 (2010) 61–6564
5. Conclusions

There are multifaceted roles for inflammation in cancer that
include regulation of the immune response to tumors and effects
on the malignant activity of transformed cells but it is clear
inflammation can either promote or inhibit carcinogenesis. There
are stark parallels between the resolution of inflammation and the
inflammatory microenvironment in cancer (Fig. 1); endogenous
anti-inflammatory mechanisms the drive the resolution of
inflammation over-expressed in cancer include; anti-inflamma-
tory cytokines, lipid mediators and extracellular adenosine, their
contribution to carcinogenesis requires further investigation. This
may reflect the concept that tumors represent wounds that cannot
heal as suggested by Harold Dvorak. The persistent activation of
endogenous ant-inflammatory mechanisms, that may in fact be
driven by pro-inflammatory pathways, could maintain; immune-
suppression, angiogenesis and the synthesis of extracellular matrix
that are hall marks of the tumor progression. We are beginning to
understand the molecular mechanisms and mediators required for
the resolution of inflammation and how these may be manipulated
in the treatment of chronic inflammatory disease. Studies on the
role of these mechanisms in cancer may reveal new targets for
therapy that will complement the new generation of agents
targeting oncogenic signaling pathways in malignant cells.
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