PubMed | H H M| AUTHOR MANUSCRIPT

Central HOWARD HUGHES MEDICAL INSTITUTE Accepted for publication in a peer-reviewed journal

Published as:. Curr Top Microbiol Immurnol. 2010 ; 345: 105-120.

Hypoxia-inducible factors as essential regulators of
inflammation

Hongxia Z. Imtiyaz1-2 and M. Celeste Simon:2:3*

1Abramson Family Cancer Research Institute, University of Pennsylvania, Philadelphia, PA
19104, USA.

?Howard Hughes Medical Institute, University of Pennsylvania, Philadelphia, PA 19104, USA.

duosnue Joyiny IINHH

3Department of Cell and Developmental Biology, University of Pennsylvania, Philadelphia, PA
19104, USA.

Abstract

Myeloid cells provide important functions in low oxygen (O,) environments created by
pathophysiological conditions, including sites of infection, inflammation, tissue injury and solid
tumors. Hypoxia-inducible factors (HIFs) are principle regulators of hypoxic adaptation,
regulating gene expression involved in glycolysis, erythropoiesis, angiogenesis, proliferation and
stem cell function under low O». Interestingly, increasing evidence accumulated over recent years
suggests an additional important regulatory role for HIFsin inflammation. In macrophages, HIFs
not only regulate glycolytic energy generation, but also optimize innate immunity, control pro-
inflammatory gene expression, mediate bacterial killing and influence cell migration. In
neutrophils, HIF-1a promotes survival under O,-deprived conditions and mediates blood vessel
extravasation by modulating f2 integrin expression. Additionally, HIFs contribute to
inflammatory functions in various other components of innate immunity, such as dendritic cells,
mast cells and epithelial cells. This review will dissect the role of each HIF isoform in myeloid
cell function and discuss their impact on acute and chronic inflammatory disorders. Currently,
intensive studies are being conducted to illustrate the connection between inflammation and
tumorigenesis. Detailed investigation revealing interaction between microenvironmental factors
such as hypoxia and immune cellsis needed. We will aso discuss how hypoxia and HIFs control
properties of tumor-associated macrophages and their relationship to tumor formation and
progression.
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Introduction

Tissue O, concentrations are typically maintained by homeostatic mechanisms operating at
the cellular, organ, and systemic levels. /n vivo, O, tension varies from 2.5% to 9% in most
healthy tissues. However, inflamed or diseased tissues can be deprived of O, due to vascular
damage, intensive metabolic activity of bacteria and other pathogens, and large numbers of
infiltrating cells, leading to O, levels of less than 1% (Leek and Harris, 2002; Lewis et al.,
1999). Asthe front line of abody’s defense, myeloid cells are required to function in this
hypoxic microenvironment to combat infection, mediate inflammation, promote adaptive
immunity and perform tissue repair functions (Lewis et al., 1999). These cellsare uniquein
that they are well-adapted to hypoxia both metabolically and functionally. For example,
neutrophils naturally operate under a proglycolytic program, and low O, endows neutrophils

T
T
=
>
<
—t
=3
=
<
)
=
c
@
Q
i

“Corresponding author: M. Celeste Simon, Ph.D., Howard Hughes Medical Institute, Abramson Family Cancer Research Institute,
University of Pennsylvania School of Medicine, 456 BRB 11/111, 421 Curie Boulevard, Philadel phia, PA 19104-6160, Phone: (215)
746-5532; Fax: (215) 746-5511, celeste2@mail.med.upenn.edu.




1dudsnueiy Joyiny [INHH

1dudsnuey Joyiny [INHH

L
L
=
>
=
=
e
<
)
S
c
*
Q
5

Imtiyaz and Simon

Page 2

with a survival advantage over normoxic conditions (Hannah et al., 1995; Walmsley et al.,
2005a; Walmsley et al., 2005b). Macrophages specifically infiltrate hypoxic tissues, switch
their metabolic program to glycolysis, resist apoptotic stimuli, and respond to O, deprivation
by altering gene expression to maximize their biological properties (Cramer et a., 2003;
Murdoch et a., 2004).

Cells adapt to hypoxia by shifting their energy generation pathway from aerobic oxidative
phosphorylation to anaerobic glycolysis, and recovering blood supply via stimulation of
erythrocyte production and the generation of new blood vessels (Semenza, 2009). In
addition to these established cellular responses, another aspect of hypoxiain connection with
inflammation has been increasingly appreciated over recent years. A low O,
microenvironment appears to actually amplify myeloid cell-mediated inflammatory
responses, contributing to a highly inflamed state. During O, deprivation, many cellular
responses are primarily regulated by hypoxia-inducible factors (HIFs). In pathol ogical
settings which involve inflammation or innate defense processes, HIFs are required to
control programs associated with a broad range of myeloid cell functions (Cramer et al.,
2003; Jantsch et al., 2008; Peyssonnauix et al., 2007; Peyssonnaux et al, 2005; Walmsley et
al., 2005b). HIFs are therefore essential regulators of inflammation and innate immunity, as
will be detailed below. The relationship between inflammation and cancer, and how hypoxia
and HIFs contribute to these processes will also be discussed. Adaptation of tumor-
associated macrophages (TAMS) to hypoxic tumor microenvironments and their influences
on tumor phenotypes will be highlighted.

Regulation of HIF transcriptional pathways

Oxygen-dependent HIF activity

In mammalian cells, hypoxic adaptation is primarily regulated by master transcriptional
factors, called HIFs, whose activity is based on the post-transational modification and
stability of their a subunits (HIF-1a and HIF-2a.). In O, replete cells, prolyl hydroxylases
(PHD-1, -2 and -3) modify the a subunit at two conserved prolines, resulting in
polyubiquitylation via a specific von Hippel-Lindau (pVHL)-E3 ligase complex and
subsequent degradation by proteasomes (Ivan et a., 2001; Jaakkolaet al., 2001; Masson et
al., 2001; Yu et a., 2001). Meanwhile, asparaginyl hydroxylation of HIF-a by factor
inhibiting HIF (FIH) prevents its interaction with the co-activator p300/CBP, resulting in
transcriptional inactivation under normoxia (Lando et al., 2002; Mahon et al., 2001; Sang et
al., 2002). At sites of reduced O, tension, PHD and FIH hydroxylase activities are reduced.
Stabilized a subunits then trans ocate to the nucleus, form dimers with constitutive HIF-18
(also known as the aryl hydrocarbon receptor nuclear translocator [ARNT]) and bind to co-
activators, permitting transcriptional activation of many hypoxia-response element (HRE)-
bearing genes encoding metabolic, angiogenic and metastatic factors (Covello and Simon,
2004).

Inflammatory stimuli-induced HIF activity

Besides O,-dependent activation pathways, HIFs are also induced by inflammatory
cytokines, growth factors and bacterial products at hormoxic conditions, although the
underlying molecular pathways are not fully revealed. Pro-inflammatory cytokines TNF-a
and IL-1p have been shown to increase accumulation and transcriptional activity of HIF-1a.
TNF-a-induced HIF-1a stimulation requires NF-xB at the level of HIF-1a protein
stabilization without affecting its mMRNA level (Jung et al., 2003a; Zhou et al., 2003).
Similarly, IL-1p acts on HIF-1a protein stability by triggering NF-xB activity and inhibiting
VHL-mediated protein degradation (Jung et al., 2003b). Moreover, TGF-B1 enhances
HIF-1a protein stability by inhibiting PHD2 expression, via Smads (McMahon et al., 2006).
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The fact that HIF can be activated in response to inflammatory cytokines indicates HIF may
play an important role in inflammation.

In addition to cytokines, bacteria and bacterial products such as LPS also stimulate HIF-1a
activity under normal O, levels. Several pathways have been reported to be involved in this
process, including NF-xB (Fang et al., 2009; Frede et a., 2006; Nishi et al., 2008; Rius et
al., 2008), ROS (Nishi et al., 2008), PHDs (Peyssonnaux et al., 2007) and p42/p44 mitogen-
activated protein kinases (MAPKS) (Frede et a., 2006). The implication of NF-xB in this
process has been controversial. Frede et al. reported that LPS induces HIF-1a mRNA
expression in human monocytes through NF-xB binding to the promoter of the H/F-I1a gene
(Fredeet a., 2006). Using IKK-B mutant macrophages, it was also shown that NF-xB is
responsible for HIF-1a transcription and protein stability, and that /KK-p deficiency results
in decreased expression of HIF targets such as glucose transporter-1 (Glut-1). In contrast,
other studies demonstrated HIF-1a induction by LPS is not dependent on NF-xB activity
(Fang et a., 2009; Nishi et a., 2008), but rather ROS generation (Nishi et al., 2008).
Additionally, it has been shown that LPS increases HIF-1a protein accumulation through
decreasing PHD2 and PHD3 levels in macrophages in a Toll-like receptor-4 (TLR4)-
dependent manner (Peyssonnaux et al., 2007). Future studies elucidating the crosstalk
between HIFs and NF-xB are required given the importance of these two transcriptional
factors in regulating hypoxic response and inflammation, respectively.

Role of HIFs in myeloid cell functions

HIF regulates macrophage activity

Macrophages display avariety of functions depending upon the type of stimulus presented
in the local environment (Gordon, 2003; Mosser and Edwards, 2008). Interestingly, these
cells accumulate in large numbers within O,-deprived areas in various diseases such as
bacterial infections, atherosclerosis, rheumatoid arthritis, wounds and solid tumors,
suggesting that hypoxic responses regul ate macrophage biological activities (Murdoch et al.,
2005). Exposure to hypoxia markedly changes macrophage gene expression profiles,
resulting in the up-regulation of surface receptors (e.g. CXCR4 and Glut-1) and pro-
angiogenic factors (Fang et al., 2009). Two a subunits, HIF-1a and HIF-2a., have been
demonstrated to promote the expression of most O»-regulated genes (Covello and Simon,
2004). Whereas HIF-1a appears to be expressed ubiquitously, HIF-2a is expressed in a
more tissue-restricted manner (Covello and Simon, 2004). In macrophages, both HIF-1a
and HIF-2a. expression are induced in response to hypoxia /n vitro (Burke et al ., 2002;
Griffiths et a., 2000). Moreover, HIF-1a appears to be required for macrophage maturation
(Fang et a., 2009; Oda et al., 2006). Interestingly, HIF-2a protein is readily detected /n vivo
in bone marrow macrophages and has been shown to be highly expressed in TAMsfound in
various human cancers (Talks et al., 2000). To elucidate the relative contribution of each
HIF-a in the regulation of hypoxia-induced macrophage gene expression, siRNA-mediated
knockdown of individul HIF-a subunits were performed in human monocyte-derived
macrophages (Fang et al., 2009). Whereas HIF-1a and HIF-2a regulate expression of
multiple common genes such as CXCR4, Glut-1, adrenomedulin (ADM) and STAT-4,
expression of certain genes such as adenosine A2a (ADORA2A) and ICAM1 was only
modulated by HIF-2a.. Furthermore, over-expression of HIF-2a, but not HIF-1a, in
normoxic human macrophages leads to enhanced transcription of pro-angiogenic genes
including VEGF, /L-8, platelet-derived growth factor B (PDGFB) and angiopoietin-like 4
(ANGPTL4) (White et al., 2004). Collectively, these studies suggest HIF isoforms may play
overlapping, but also distinct, roles in macrophage adaptation to low O,.

To investigate macrophage biological properties, myeloid-specific ablation of the HIF-1a
subunit in mice was created by crossing the floxed Hif-1a allele with alysozyme M creline
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(Cramer et d., 2003). This study demonstrated a dominant role for HIF-1a in regulating
glycolysisin macrophages (Cramer et al., 2003) as HIF-1a deficiency resultsin a
dramatically reduced ATP pool. Thisis consistent with other studies demonstrating that
HIF-1a exclusively controls glycolysis (Hu et al., 2003). The metabolic defect in HIF-1a
deletion in macrophages results in impairment of energy-demanding processes such as
aggregation, migration and invasion (Cramer et al., 2003).

In addition to its key role in regulating metabolism and energy generation, fundamental
work by Cramer et al. showed that HIF-1a mediates macrophage inflammatory responses.
Compared to control mice, myeloid HIF-1a-null mice displayed reduced acute skin
inflammation triggered by 12-O-tetradecanoylphorbol-13-acetate (TPA), as evidenced by
decreased edema and leukocyte infiltration (Cramer et a., 2003). When induced to develop
arthritis, these mice also showed compromised synovial infiltration, pannus formation and
cartilage destruction, suggesting ameliorated chronic inflammatory responses mediated by
HIF-1a-deficient macrophages.
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Many of the pro-inflammatory cytokine/chemokine genes are activated by hypoxic
treatment in human primary macrophages. Compromised expression of I1L-1p, CXCL8 and
VEGF was observed in cells exhibiting reduced expression of either HIF-1a or HIF-2a,
indicating both HIFs are important for macrophage cytokine expression (Fang et al., 2009).
Given these cytokines/chemokines are also known to be NF-«xB targets, the role of NF-xB in
inducing their expression under low O, concentration has been evaluated. However,
inactivation of NF-xB, either chemically or genetically, did not influence hypoxia-induced
cytokine expression (Fang et al., 2009). This result suggests that HIFs, but not NF-kB, are
important transcriptional effectors regulating the hypoxic gene expression of macrophages.

Innate immunity was also assessed in myeloid HIF-1a null mice by Peyssonnauix et al.
(Peyssonnaux et al., 2005). The authors demonstrated that 1oss of myeloid HIF-1a resulted
in decreased bacteria killing of group A Streptococcusand P, aeruginosaby macrophages /n
vitroand in vivo (Peyssonnaux et a., 2005), revealing the importance of myeloid HIF-1a in
this process. Furthermore, exposure to these pathogens and L PS under normoxia induces
HIF-1a activity in macrophages in a TLR-4 dependent fashion (Peyssonnaux et a., 2007).
Finally, HIF-1a directly binds to the promoter of the Toll-like receptor 4 (7L R4) locus and
up-regulates 7L R4 expression during O, deprivation (Kim et a., 2009). Thus, the
interdependent relationship between HIF-1a and TLR4 activation may result in a positive
feedback loop, amplifying HIF responses under hypoxia and infection. Collectively, these
findings suggest hypoxic stress at sites of inflammation both enhances sensitivity to
infection by strengthening TLR4 signaling and promotes the defense capacity of
macrophages by increasing HIF-1a levels (Figure 1).
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Given the importance of HIF-2a in macrophages implicated by gene expression studies
(Fang et a., 2009; Griffiths et al., 2000; Talks et al., 2000; White et a., 2004), genetic
experiments utilizing mouse models have now been performed to investigate the role of
HIF-2a in various aspects of macrophage functions (Imtiyaz et. al., manuscript submitted).
A clear division of |abor exists between the two HIF-a isoforms in these cells where HIF-2a
is clearly important for inflammatory cytokine expression, macrophage migration, and
responses to inflammatory stimuli.

HIF function in other myeloid cells
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Neutrophils are important phagocytes which clear invading pathogens and mediate acute
inflammation (Bredetean et al., 2007). Asthey rely on glycolysisto generate ATP, these
cells seem to be well-suited to function in the hypoxic microenvironment naturally present
in inflammatory lesions (Walmsley et a., 2005a). Studies of HIF-1a-deficient neutrophils
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revealed that neutrophils require HIF-1a to perform glycolysis (Cramer et al., 2003). Using
murine bone marrow-derived neutrophils and human peripheral blood neutrophils,
Walmsley et al. demonstrated that cells deficient in HIF-1a failed to resist apoptosis under
hypoxic conditions (Walmsley et a., 2005b). Moreover, this HIF-mediated survival effect is
also dependent on the activity of NF-xB, and is eliminated with treatment of NF-xB
inhibitors (gliotoxin and parthenolide). Migration of neutrophils from circulation to sites of
infection or tissue damage involves a process of selectin-mediated rolling and p2 integrin-
mediated adhesion to endothelium (Carlos and Harlan, 1994). It has been demonstrated that
HIF-1a regulates B2 integrin (CD18 specifically) expression in these cells and thereby
promotes neutrophil extravasation (Kong et al., 2004). HIF-2a isunlikely to play arolein
neutrophil function asit is not expressed in this lineage (Walmsley et al., 2005b) (Imtiyaz et
al., manuscript submitted).

Progress has been made in deciphering the role of HIF-1a in two other types of myeloid
cells. As professional antigen presentation cells, dendritic cells (DCs) play akey rolein
linking innate and adaptive immunity. Recent work by Jantsch and collegues has revealed
that hypoxia and HIF-1a modulate dendritic cell maturation, activation and antigen-
presenting functions (Jantsch et al., 2008). Although hypoxia alone did not activate DCs,
hypoxia combined with LPS led to marked increases in expression of co-stimulatory
molecules, pro-inflammatory cytokine synthesis and induction of lymphocyte proliferation
compared with LPS alone. This DC activation was accompanied by HIF-1a protein
accumulation and enhanced glycolytic activity. Moreover, knockdown of HIF-1a
significantly reduced glucose uptake, inhibited maturation and led to an impaired capacity to
stimulate allogeneic T cells (Jantsch et al., 2008). Mast cells are granulocytes implicated in
allergy, and evidence regarding their roles in both innate and adaptive immunity is now
emerging. Activation of HIF-1a in mast cells stimulates expression of VEGF, CXCLS8, IL-6
and TNF (Jeong et al., 2003; Lee et a., 2008). It will be interesting to determine the
expression and possible function of HIF-2a in both DCs and mast cells in future
experiments.

Hypoxia, HIFs and inflammatory diseases

Sepsis

Sepsisis an aberr ant host inflammatory response provoked by overwhelming infection or
lipopolysaccharide (LPS). It leads to the potentially lethal systemic inflammatory response
syndrome (SIRS) characterized by acute inflammation, hemodynamic compromise, multi-
organ failure and even shock (Jean-Baptiste, 2007; Parrillo, 1993). Currently, sepsisis still
the leading cause of mortality in intensive care units. The systemic effects of LPS are largely
mediated by macrophages which produce awide array of inflammatory cytokines (Jean-
Baptiste, 2007; Ulloa and Tracey, 2005). Pro-inflammatory cytokines IL-1B, IL-12, TNF-a.,
and INF-y have all been implicated in the toxic effects of endotoxemia, as neutralization of
individual cytokines by specific antibodies protects mice from LPS-induced lethality
(Dinarello, 1991; Doherty et a., 1992; Heinzel, 1990; Kumar et al., 1996; Tracey et al.,
1987; Zisman et a., 1997). In contrast, the anti-inflammatory cytokine IL-10 has been
proven to be beneficial (Howard et al., 1993; Nicoletti et a., 1997; Standiford et al., 1995).
Studies of LPS-induced responses in myeloid HIF-targeted mice revealed that HIF-1a is
important for the sepsis phenotype. HIF-1a deletion in myeloid cells led to reduced pro-
inflammatory cytokines such as TNF-a,, IL-1 and IL-12 (Peyssonnaux et a., 2007). In
addition, HIF-1a contributes to the lethal effects of LPS as mice survived much longer when
myeloid HIF-1a is absent. Moreover, HIF-1a deletion blocked LPS-induced hypotension
and hypothermia caused by sepsis (Peyssonnaux et a., 2007). Whether HIF-2a ablation in
macrophages results in a similar septic phenotype requires future study.

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2011 July 27.
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Atherosclerosis

Atherosclerosisis a chronic inflammatory response in the walls of arteries, in large part due
to the accumul ation of macrophages (known as foam cells) that take up oxidized low-density
lipoproteins (Portugal et al., 2009). The build-up of “fatty streaks’ by these fat-containing
macrophages forms atherosclerotic plagues, leading to arterial stenosis and impaired
perfusion (Zemplenyi et a., 1989). Using the hypoxia marker 7-(4'-(2-nitroimidazol-1-yl)-
butyl)-theophylline, a previous study has shown zones of hypoxia are present in the plagues,
probably due to impaired O, diffusion into these lesions (Bjornheden et al., 1999). At least
two macrophage-derived products have been implicated in the plague development. The first
oneisvery low-density lipoprotein receptor (VLDLR) which has been shown to be
expressed by macrophages in atherosclerotic lesions (Nakazato et al., 1996). /n vitro,
VLDLR levels are increased by hypoxiain macrophages (Nakazato et a., 2001), although
whether thisis dependent on HIF expression is currently unclear. The second factor is
CXCL-8 (i.e. IL-8), a potent chemoattractant for T lymphocytes and smooth muscle cells.
Significant elevation in CXCL-8 production has been found in foam cellsisolated from
human atherosclerotic plaques compared with macrophagesin culture (Liu et a., 1997). Of
note, foam cells found in hypoxic zones displayed enhanced CXCL-8 levelsin both rabbit
and human atherosclerotic sites compared to the normal arterial wall (Rydberg et al., 2003).
Moreover, hypoxiainduces CXCL-8 expression in primary human macrophages, mediated
by both HIF-1a and HIF-2p (Fang et al., 2009). Interestingly, expression of CXCR2, the
receptor for CXCL-8, in macrophages significantly contributes to the progression of
advanced atherosclerosisin mice (Boisvert et a., 2000), underscoring the importance of the
CXCL8-CXCR2 signaling axisin this disease. It will be interesting to determine the genetic
requirements for either HIF-1a or HIF-2a. expression in macrophages using appropriate
animal models of atherosclerosis.
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Rheumatoid arthritis

Rheumatoid arthritis (RA) is another type of chronic inflammatory disorder that primarily
attacks the joints, producing a synovitis that often progresses to destruction of bone and
cartilage (Muz et al., 2009). Although the cause of rheumatoid arthritisis unkown, hypoxia
has been suggested to contribute to its pathology (Muz et a., 2009; Sivakumar et al., 2008).
Using microel ectrodes and the hypoxia marker pimonidazole (PIMO) staining, reduced O,
tension has been detected in the synovium of RA patients and animals (Peters et a., 2004;
Sivakumar et al., 2008). The presence of hypoxiain RA jointsis probably attributable to
continuous synovia expansion which outstrips the blood-borne O, supply. In RA synovia
membrane cultures which contain macrophages, lymphocytes and fibroblasts, hypoxia
appears to be a potent stimulus for VEGFinduction, a classical hypoxia-responsive gene.
Moreover, macrophages in RA joints express factors such as VEGF, IL-1, TNF-a, CXCL-8,
CXCL-12, Cox-2 and MMP-1 (Muz et a., 2009), some of which are known hypoxia-
regulated factors. The precise mechanism for how hypoxia regulates these moleculesin RA
jointsisunclear and requires further investigation. Interestingly, severa of these factors (e.g.
VEGF, IL-1, TNF-a and CXCL-8) are known to promote angiogenesis, a characteristic of
RA progression (Szekanecz et al., 1998). However, there appears to be a paradox in that
abundant synovial vasculature is nonethel ess associated with regions of synovia hypoxia.
This may suggest that over-activation of the angiogenesis cascade by hypoxiaresultsin
formation of chaotic vessels with decreased blood flow, similar to that seen in many solid
tumors.
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As described above, in amouse model of induced arthritis, it has been shown that myeloid
HIF-1a activity isimportant for disease development (Cramer et a., 2003). To understand
precisely how HIF-1a isinvolved in RA pathogenesis, it would be useful to isolate synovial
macrophages to analyze HIF-dependent gene expression. It remains to be determined

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2011 July 27.
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whether HIF-2a. expression in myeloid cells (mainly macrophages) is aso required in RA
pathogenesis.

HIF activities in tumor-associated macrophages

Connecting inflammation and cancer

Since Rudolf Virchow's observation in 1863 that leukocytes infiltrate malignant tissues,
suggesting cancers arise at sites of chronic inflammation, a relationship between
inflammation and cancer has emerged. Epidemiological studies clearly demonstrate that
~15% of human cancer deaths are associated with chronic viral or bacterial infections. For
example, human papillomaviruses, hepatitis B virus (HBV) and hepatitis C virus (HCV),
and the bacterium Helicobacter pylori cause cervical cancer, hepatocellular carcinoma and
gastric cancer, respectively (Mantovani et al., 2008). This effect is attributed to
inflammatory cells and cytokines thought to establish an inflammatory microenvironment in
tumors (Balkwill and Mantovani, 2001). I nterestingly, within tumors, macrophages
represent amajor component of infiltrating leukocytes (also including dendritic cells,
neutrophils, mast cellsand T cells) (Kelly et al., 1988; Leek et a., 1994), as well as the non-
tumor stromal cell compartment.

1dudsnueiy Joyiny [INHH

Clinically, increased tumor-associated macrophage (TAM) density correlates with poor
patient prognosis (Pollard, 2004; Bingle et al., 2002). Such correlative data are particularly
convincing for breast (Leek et al., 1996), prostate (Lissbrant et al., 2000), cervical (Fujimoto
et al., 2000) and ovarian cancers (Pollard, 2004). Using mouse models of macrophage
colony stimulating factor (M-CSF) mutations, Lin et al. demonstrated that macrophage-
deficient animals showed marked decreases in the rate of tumor metastasis, although
primary tumor growth rate was normal (Lin et al., 2001). The authors concluded that TAM
abundance potentiates tumor progression. Furthermore, using hepatocyte-specific NF-xB
inactivation models, several groups have indicated that pro-inflammatory cytokines
produced by Kupffer cells (namely IL-6, TNF-a and IL-1p) promote compensatory
proliferation of hepatocytes, resulting in a significant increase in hepatocarcinogenesis
(Luedde et a., 2007; Maeda et a., 2005; Naugler et al., 2007). Therefore, rather than
[imiting tumors, inflammation can actually promote tumor initiation, growth and metastasis.
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Hypoxia and TAMs

Solid tumors contain large areas of hypoxia, exhibiting O, tensions between 0.1-1%. The
presence of increased hypoxic domains correlates with poor prognosis (Vaupel et a., 2001),
due to the relative resistance of hypoxic cellsto conventional cancer therapies (Hockel and
Vaupel, 2001). Also, low O, promotes rapid angiogenesis and exerts pressure for the
selection of mutant tumor cells with survival or growth advantages (Brown and Giaccia,
1998). Interestingly, hypoxiaand TAMs co-localize in tumor avascular or perinecrotic
regions, indicating that TAMs specifically accumulate in O,-deprived regions within
tumors. To accomplish this, tumor cells produce chemokines CCL2 and CCL5, and the
cytokine M-CSF which serve to recruit monocytes from the local vasculature to tumors.
Upon tumor infiltration, monocytes differentiate into TAMs and migrate along the
chemoattractant gradient generated by hypoxia (Murdoch et al., 2004). Increased expression
of macrophage chemoattractants such as VEGF, endothelins, IL-8 and endothelial monocyte
activating polypeptide Il (EMAP I1) occursin hypoxic tumor cells. Thereafter, due to down-
regulation of adhesion markers and chemoattractant receptors, abrogation of chemotactic
signal transduction, and the migration inhibitory actions of MIF, TAMs decrease their
motility and are subsequently immobilized in these Oo-deprived areas (Murdoch et a., 2004;
Grimshaw and Balkwill, 2001).
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Studies of breast cancer have revealed a positive correlation between numbers of TAMsin
hypoxic sites and levels of angiogenesis, lymph node involvement and poor prognosis
(Grimshaw and Balkwill, 2001). This suggests that O, depletion promotes TAM responses
leading to the devel opment of pro-tumor phenotypes. Under hypoxia, TAMs up-regulate
hypoxia-inducible transcription factors, and activate expression programs that appear to be
pro-angiogenenic, pro-tumor growth, pro-metastatic and immunosuppressive (Lewis and
Pollard, 2006; Pollard, 2004; Sicaet al., 2006).

HIF-2a activity in TAMs

Although both HIF-1a and HIF-2a could be stabilized in hypoxic TAMs, work from Talks
and collegues showed that HIF-2a, in particular, is strongly expressed in these cells across a
wide range of human tumors (Taks et al., 2000). To elucidate the impact of high TAM
HIF-2a expression on tumor phenotypes and prognosis, clinical studies have been
performed on human breast cancer by Leek et a (Leek et al., 2002). This investigation
revealed a positive correlation between the numbers of HIF-2a-expressing TAMs and poor
prognosis. Moreover, high TAM HIF-2a levels are associated with increased tumor grade
and tumor vascularity, suggesting HIF-2a. expression in TAMSs promotes tumor progression
by improving angiogenesis (Leek et a., 2002). In another recent study, Kawanakaet al.
investigated the significance of TAM HIF-2a expression in predicting survival and relapse
on uterine cervical cancer patients undergoing radiotherapy (Kawanaka et al., 2008). Their
results showed that increased numbers of HIF-2a-expressing TAMSs are associated with
poor disease-free survival and higher rate of local recurrence (Kawanaka et al., 2008). Given
the clinical implications, studies determining the role of HIF-2a in TAMs using
inflammation-associated tumor models and conditional knockout mouse linesis under
investigation (Imtiyaz et al., manuscript submitted). It would be interesting to see how TAM
HIF-2a affects tumor initiation, promotion and progression. Finally, determining whether
HIF-1a isinvolved in TAM activities and tumorigenesis is certainly warranted.

Conclusions

Inflammation is a complex innate immune response elicited at sites experiencing infection,
toxin exposure and injury. While proper inflammation helps to destroy infectious agents and
restores tissue integrity, improper responses are harmful, leading to tissue destruction,
vascular damage, and even organ failure in the case of sepsis. The connection between
hypoxia and inflammation has become evident over the last decade, centering on the activity
of HIFs. As ancient low-O, adaptation regulators expressed in all metazoan species, HIFs
also confer responses to immune stresses. Thisis manifested by their ability to regulate
cytokine expression, myeloid cell migration and effector functions. HIFs also act to further
amplify these responses under hypoxia. Dysregulation of HIFs has been shown to result in
various diseases, as revealed above. HIFs therefore represent both drug candidates and
targets dependent on disease types. In an immunodeficient scenario, boosting HIF activity is
expected to improve inflammation and effector functions to defeat infection. This could be
achieved by inhibiting the activities of PHDs and pVHL protein which negatively regulate
HIFs. Given that many inflammatory disorders cause either prolonged or exaggerated
inflammatory responses, targeting HIF activity or its downstream genes would be an
attractive strategy for therapeutical intervention. Moreover, inhibition of VEGF leading to
vessel normalization, and thus tissue re-oxygenation, may also be helpful to treat chronic
inflammation.
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Figure 1. Possible mechanismsfor maximal inflammatory responses elicited by L PSduring
hypoxia

In macrophages, LPS induces HIF protein synthesis and stabilization in a TLR4/MyD88-
dependent fashion. The signaling pathways for L PS-induced HIF stabilization possibly
involve ROS, inhibition of PHDs, MAPK, NF-xB and/or unknown factors (X). Upon HIF
protein accumulation, it translocates to the nucleus and stimulates expression of classical
HIF target genes, inflammatory cytokines/chemokines, and TLR4. TLR4 further enhances
HIF expression and transcriptional activity, resulting in a positive feedback |oop. Together
with the LPS-TLR4 pathway, hypoxiaitself stabilizes HIF protein viainhibiting PHDs,
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serving to amplify HIF-mediated inflammatory responses during infection and O,
deprivation.
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