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ABSTRACT OF THE DISSERTATION

Role of Myeloid Hypoxia-Inducible Factor-1alpha

in the Tumor Microenvironment

by

Andrew L. Doedens

Doctor of Philosophy in Biology

University of California, San Diego, 2008

Professor Randall S. Johnson, Chair

Solid tumors are frequently infiltrated by large numbers of non-cancerous

hematopoietic cells, including macrophages.  The pro-tumor or anti-tumor role of

macrophages in the tumor microenvironment is unclear.  Tumors are also characterized

by regions of low oxygen tension.  Mammalian cells respond transcriptionally to low

oxygen tension via the Hypoxia-Inducible Factor-1alpha, which upregulates genes
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involved in glycolysis, angiogenesis, and cell survival.  Previous work has shown that

myeloid cells deficient for HIF-1alpha are impaired in their inflammatory responses.  To

genetically test the role of the myeloid hypoxic response mediated by HIF-1alpha in the

tumor microenvironment, we used the loxP/tissue specifc cre recombianse to generate

murine myeloid specific deletion of HIF-1alpha in rodents with an established transgenic

model of breast cancer, MMTV-PyMT.  Lack of HIF-1alpha in the tumor

microenvironment resulted in tumors with less mass, but with increased cell death.

Enzyme activities of iNOS and ArgI were reduced in whole tumor lysates.  In vitro

experiments demonstrated HIF-1 alpha, not HIF-2alpha, control of L-arginine degrading

enzymes iNOS and arginase I.   Further characterization of the relationship between

macrophages and tumor cells using co-culture strategies revealed that tumor cells induce

ArgI in a HIF-1alpha and hypoxia dependent fashion at the protein level.  iNOS was

detected at the RNA level after co-culture with MECs, but was scarcely detectable at the

protein level.  ArgI and iNOS have been implicated in T cell immunosuppression.  PyMT

tumor bearing mice displayed evidence of T cell activation, yet T cells isolated from

myeloid HIF WT tumors were less responsive than those from myeloid HIF KO tumors

after stimulation with CD3/28 ex vivo.  We propose myeloid HIF-1alpha contributes to

local tumor immunosuppression of T cell function.  This suggests inhibition of HIF-1

may have beneficial effects not only by blocking tumor growth and survival under

hypoxia, but also by relieving myeloid cell mediated immunosuppression in the tumor

microenvironment.
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Chapter 1

Introduction to the Mammalian Hypoxic Response
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Introduction

The Hypoxia Inducible Factor (HIF) is a heterodimeric transcription factor of the

basic helix-loop-helix Per-Arnt-Sim (bHLH-PAS) superfamily that regulates over 100

genes involved in glycolysis, metabolism, cell cycle, apoptosis, and angiogenesis

(Semenza, 2001).  Formation of a heterodimer composed of a HIF  subunit (HIF-1 ,

HIF-2 , or HIF-3 ) and HIF  subunit (typically ARNT1) is required before

translocation from the cytoplasm to the nucleus and subsequent binding to Hypoxic

Response Elements (HREs) and transcriptional transactivation (Beck et al., 1991; Pugh et

al., 1991; Semenza et al., 1994; Semenza and Wang, 1992; Wang et al., 1995).  Although

both  and  subunits are constitutively expressed, under normoxic conditions one or

more prolyl hydrozylase domain containing enzymes (PHDs) modify the  subunit,

which allows it to then be bound and polyubiquitinated by the E3 ubiquitin ligase

complex VHL, which is made up of pVHL, Cullin2, Elongin B, Elongin C, and Rbx1

(Kaelin, 2002).  Polyubiquitinated  subunits are quickly degraded by the cellular

proteasome apparatus, thus blocking HIF transcription under normoxia in most cell types.

During cellular exposure to hypoxia, low oxygen tensions limit the activity of the PHD

enzymes, leaving  subunits unhydroxylated and unrecognizable by the VHL complex.

Accumulation of  subunits in the cytoplasm allows for the aforementioned

heterodimeric nuclear translocation and transactivation (Bruick and McKnight, 2001;

Epstein et al., 2001; Ivan et al., 2001; Jaakkola et al., 2001).  A further level of regulation

of the HIF transcriptional machinery is exerted by the Factor Inhibiting HIF (FIH).  FIH

hydroxylates HIF  subunits under normoxia and mild hypoxia, but not in more
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pronounced hypoxia.  Hydroxylation by FIH inhibits the binding of transcriptional

coactivator p300/CBP at the HRE, which limits HIF transactivation potential (Hewitson

et al., 2002; Mahon et al., 2001).  In this way, the HIF system can modulate transcription

from HRE containing genes sensitively over a wide range of oxygen tensions, from mild

hypoxia to severe hypoxia.

Transgenic mice (Table 1.1) have been used to unequivocally determine the

requirement of a gene for development, as well as to test the role of a gene in all the

complexity of an in vivo system - both in normal physiology as well as tumor biology.

This review aims to sum up the current state of knowledge of the requirement of HIF and

related genes for development, their role in physiology as determined in vivo by

transgenic models, and to discuss selected publications demonstrating the role of HIF

family proteins in in vivo tumor biology.

Hypoxia Response Pathway Genes and Development

Knockout strategies have been employed in the mouse to determine the role of

many of the proteins involved in orchestrating the hypoxic response.  Homologous

recombination strategies which remove an essential part of the gene or the entire gene

(i.e. straight knockout or global knockout) have revealed that many of these proteins are

essential for development and thus viability.

HIF  Subunits

HIF-1  is the most widely expressed  subunit and is expressed in nearly all

tissues (Wiener et al., 1996).  Genetic ablation of HIF-1  in the mouse results in

embryonic lethality at mid-gestation.  Embryos exhibited a lack of vascularization,

reduction in number of somites, neural fold defects, decreased size, and increased tissue
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hypoxia (Iyer et al., 1998; Ryan et al., 1998).  Further characterization of HIF-1

knockout mice using whole embryo culture revealed defects in ventricle development,

pharyngeal arch growth, and cephalic vascularization.  Hyperoxia extended survival, but

did not result in full rescue (Compernolle et al., 2003).

HIF-2  displays a somewhat more restricted expression pattern, appearing in

endothelium, kidney, liver, lung and brain (Tian et al., 1997).  HIF-2  has been germline

deleted by several independent groups.  Unlike HIF-1 , HIF-2  seems to be sensitive to

the presence of modifier alleles in the distinct mouse backgrounds used to generate the

knockouts.  As a result, different phenotypes have been reported by the independent

groups.  Given that manipulating of the strain background of HIF-2  null mice can even

lead to viable mice [(Scortegagna et al., 2003a) see Hematopoiesis later in this review],

perhaps it is not surprising that different strain backgrounds can result in unique

developmental failures in HIF-2  null mice.

  The first group to report on deletion of HIF-2  observed embryonic lethality at

mid-gestation due to bradycardia as a result of a defect in catecholamine synthesis.

Viable mice could be generated by administering pregnant females a catecholamine

precursor, DOPS (Tian et al., 1998).  HIF-2  targeting by an independent group (Peng et

al., 2000), resulted in embryonic lethality between E9.5 and 13.5.  However, significant

changes in heart rate or catecholamine levels between genotypes were not observed.

Although vasculogenesis took place, postvasculogenesis changes required for the

formation of the adult vasculature did not take place in the null.  The authors also

discussed important differences in the mouse background of the mice generated in their
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lab versus the null mice generated by Tian et al, 1998, and suggest that strain differences

are behind what would appear to be divergent results.

A third group has reported on the role of HIF-2  and the control it exerts over

VEGF in lung development (Compernolle et al., 2002).  Although half of HIF-2  null

mice died in in utero after E13.5, surviving mice died within 2-3 days after birth of

respiratory distress syndrome caused by failure of pneumocytes to produce surfactant.

Mice could be rescued by stimulation of VEGFR2 by antibody or VEGF itself, which

restored the surfactant production.

HIF /ARNT Subunits

Another approach to studying HIF function is to genetically manipulate the

obligate partners of the  subunits, the ARNT proteins.  HIF-1 /ARNT1 null embryos do

not survive past 10.5 days of gestation, with embryos smaller than wild type exhibiting

defective angiogenesis in the yolk sac and branchial arches (Maltepe et al., 1997).

Another team of investigators reported similar embryonic lethality, along with neural

tube closure defects, placental hemorrhage, stunted forebrain growth, and visceral arch

anomalies.  This team faulted embryonic lethality on the failure to vascularize the

placenta and the form the labyrinthine spongiotrophoblast, and found no defects in yolk

sac circulation (Kozak et al., 1997).

Although ARNT1 is the most widely expressed and prototypical binding partner

of HIF  subunits (Wiener et al., 1996), ARNT2, which is expressed in the brain, liver,

and kidney can also form functional heterodimers with the  subunits and thus may be

important to hypoxic response in these organs and in CNS in general (Maltepe et al.,

2000).  Genetic ablation in the mouse results in perinatal lethality with impaired
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hypothalamic development.  The authors noted the similarity between this phenotype and

the knockout of Sim1 (Single Minded 1), a bHLH-PAS protein involved in neuronal

development that binds with ARNT proteins to form active transcriptional complexes

(Keith et al., 2001).  This finding highlights the importance of considering all bHLH-PAS

family members that rely on ARNT dimerization when interpreting experimental results

using ARNT family knockouts.  Depending on cell type, these partners potentially

include hypoxia response HIF  subunits, the xenobiotic sensitive Aryl Hydrocarbon

Receptor (AhR), proteins involved in the circadian rhythm such as CLOCK and NPAS2,

and the above-mentioned Sim1.

Other ARNT proteins (ARNT3 or 4) could potentially bind HIF  subunits, but

have not been reported to be important regulators of the hypoxic response in vivo.

ARNT3/MOP3/bMAL1/ARNTL1 is thought not to participate in the hypoxic response

(Cowden and Simon, 2002), despite the fact that it can bind HIF  subunits in yeast two

hybrid assays (Hogenesch et al., 1998).  Rather, both ARNT3 and

ARNT4/bMAL2/ARNTL2 are thought to be critical to circadian rhythm regulation in

neuronal tissues as binding partners of CLOCK and NPAS2 (Bunger et al., 2000).

pVHL

The negative regulator of the HIF  subunits, pVHL, which as a member of the

von Hipppel-Lindau protein complex recognizes hydroxylated HIF  subunits, is also

essential for embryonic viability.  Ablation of the pVHL component of the complex by

homologous recombination results in embryonic lethality between day 10.5 and 12.5 as a

result of placental dysgenesis and hemorrhage (Gnarra et al., 1997).  The authors also

noted that there were no abnormalities in embryonic development detected until
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approximately day 9.5, and that heterozygous null mice were phenotypically normal.

Deletion of pVHL in endothelial cells using pVHL floxed mice crossed to Tie2-cre

recombinase also results in embryonic lethality similar to the global pVHL knockout.

Histological staining revealed a defect in fibronectin deposition, suggesting the

importance of this molecule in successful vasculogenesis in the developing embryo (Ohh

et al., 1998; Tang et al., 2006)

PHDs

The Prolyl Hydroxylase Domain (PHD) containing enzymes play a key role in

HIF regulation by modification of  subunits when oxygen is available, leading to

recognition by VHL, polyubiquitination, and proteasomal degradation.  Interfering with

PHD activity is often used to chemically induce HIF activity in vitro.  There are three

PHD enzymes, PHD1, 2, and 3; however, the relative importance and redundancy of the

enzymes in the context of HIF regulation is an important question.  Genetic ablation of

each of these enzymes has been carried out in mice (Takeda et al., 2006).  The team

found that PHD1-/- and PHD3-/- null mice were viable and appeared healthy.   PHD2-/-

embryos died in utero between E12.5 and 14.5.  Defects in heart and placental

development were observed.  Placental defects included a reduction in labyrinthine

branching morphogenesis, population of the labyrinth with spongiotrophoblasts, and

aberrant localization of trophoblast giant cells.  Although the placental defects were

related to HIF  subunit levels, PHD2-/- mice did not show an increase of HIF  subunits

in the heart.  As the authors point out, the PHD enzymes likely have other roles in vivo

apart from HIF  regulation, and these roles may be responsible for the observed defects

in the heart.
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VEGF

The vascular endothelial growth factor A, VEGF-A (here referred to as VEGF), is

an important target of HIF in development and cancer.  In development, VEGF is

essential, as even a heterozygous null is embryonic lethal at E11-12 (Carmeliet et al.,

1996; Ferrara et al., 1996).  Further studies using conditional knockouts and an

engineered VEGF receptor protein that binds free VEGF in young mice showed VEGF to

be important in viability, growth, and development of organs, especially the liver.  VEGF

continued to be important until about 4 weeks or age, when the animals lost their

dependence on VEGF (Gerber et al., 1999).

HIF in Physiology

HIF-1  Heterozygotes

Although VEGF heterozygous knockouts are embryonic lethal, heterozygous

HIF-1  and HIF-2  null mice are viable and appear normal.  One approach to studying

HIF function involves comparing heterozygous global knockout mice with WT controls.

Several groups have used this approach to study the effects of intermittent and long-term

hypoxia on whole animal physiology (Brusselmans et al., 2003; Peng et al., 2006;

Semenza, 2006; Yu et al., 1999), as well as to study cerebral hypoxia in a model of stroke

[see Brain later in this review].  Along with pulmonary vascular remodeling, rodents

exposed to chronic hypoxia are known to develop pulmonary hypertension, and right

ventricular hypertrophy, the combination of which can lead to death.  Heterozygosity of

HIF-1  delayed pulmonary hypertension in mice exposed to chronic hypoxia (Yu et al.,

1999).  However, heterozygosity of HIF-2  eliminated pulmonary hypertension and

ventricular hypertrophy (Brusselmans et al., 2003).  The authors found increases in
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endothelin-1 and plasma catecholamine levels in WT vs. HIF-2  heterozygotes, which

suggest they may be key players in HIF dependent hypoxia induced pulmonary

remodeling.

Conditional Knockouts using the loxP/cre recombinase system

Although regulated HIF function is clearly required for embryonic development,

the advent of conditional knockouts has allowed the study of function of hypoxia

response genes in adult mice.  As a first step towards a conditional knockout approach,

typically investigators “flox” essential exons and/or the promoters of target genes by

inserting loxP recombination sites in flanking introns or non-coding regions.  Mice with

“floxed” genes, that is, genes with essential sequences flanked by loxP sites, are normal

and display no phenotypes as compared to wild type controls.  When floxed mice are

genetically crossed with transgenic mice carrying one copy of the cre recombinase driven

by a tissue specific promoter, the enzyme can act upon the flox sites and excise the target

sequence, thus generating a knockout of the target gene, but only after the tissue specific

cre recombinase has been expressed (Orban et al., 1992; Sauer, 1998).  Using this

approach, many HIF family members and related proteins have been studied in viable

adult mice to determine their role in mammalian physiology.

Liver

pVHL ablation via liver specific Albumin-cre recombinase results in

hepatocellular steatosis along with vascular tumors and local angiogenesis (Haase et al.,

2001). Glycogen granules were also noted in VHL null livers, and the mechanism

appears to be HIF dependent upregulation of liver glucose uptake coupled with impaired

ability to metabolize the increased sugar (Park et al., 2007).   Another study conducted
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with HIF-1  and 2  transgenes that could not be recognized by VHL has recapitulated

the major findings from the Albumin-cre study, as well as noting increased hepatocyte

prolferation.  These findings underscore the role of HIF-1  and HIF-2  as the

responsible genes for the phenotypes observed in previous liver pVHL knockout studies

(Kim et al., 2006).  This study also found that, in the liver, although HIF-1  and 2

shared many targets, the target genes upregulated by the two  factors were not identical,

whereas in the skin expression of a HIF-2  subunit that cannot be recognized by VHL

essentially phenocopied VHL loss.

Myeloid Lineage

Deletion of HIF-1  in myeloid cells led to an unexpected suppression of

macrophage and neutrophil function, including reduced ATP levels, cytokine production,

inflammatory response, and ability to kill phagocytosed bacteria (Cramer et al., 2003).

Myeloid cell development and cell count was unaffected by loss of HIF-1 .  In addition,

deletion of VHL in myeloid cells had the opposite effect, potentiating the inflammatory

capacity of myeloid cells.  The relevance of these in vitro effects were confirmed using in

vivo mouse models of acute inflammation and arthritis.  Further studies of the role of

HIF-1  in bacterial killing detailed the lack of key bactericidal products in HIF null cells,

including granule proteases, antimicrobial peptides, and nitric oxide produced by HIF

target iNOS.  In vivo studies demonstrated the null mice were unable to prevent the

spread of a bacterial infection (Peyssonnaux et al., 2005).

Lymphocytes

Using a T cell specific cre recombinase, Lck-cre, VHL loss in thymocytes

resulted in an atrophic, hemorrhagic thymus.  Increased caspase-8 dependent apoptosis
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was noted in vivo and in vitro, and double knockout studies showed the effect to be HIF-

1  dependent and Bcl-2 and Bcl-xL independent (Biju et al., 2004).  Further

characterization of this mutant pinned the T cell activation defect on the overexpression

of the HIF regulated calcium transporter SERCA2, which decreased cytoplasmic Ca
2+

concentrations after T cell receptor ligation, thus blunting TCR signaling (Neumann et

al., 2005).

Hematopoiesis

As previously mentioned, HIF-2  null mice have been reported to be

embryonic/perinatal lethal, however crossing the null heterozygous alleles on the two

inbred mouse backgrounds of 129 x C57 results in about 20% survival (Scortegagna et

al., 2003b).  Characterization of this surviving portion revealed cardiac hypertrophy,

hepatomegaly, increased superoxide levels, and a deficiency in hematopoiesis.  These

mice could be partially resuced by administration of a superoxide dismutase mimetic,

MnTBAP (Scortegagna et al., 2005; Scortegagna et al., 2003b).  Deletion of HIF-2

approximately one week after birth using a tamoxifen inducible cre system results in

anemic mice, while deletion of HIF-1  does not affect hematocrit levels (Gruber et al.,

2007).

Skeletal Muscle

During exercise, skeletal muscle experiences dramatic changes in oxygen tension

(Richardson et al., 1995).  Conditional deletion of HIF-1  in skeletal muscle resulted in

mice that had increased exercise endurance, but at the cost of increased muscle damage

after repeated exercise bouts.  The increased endurance was a result of increased
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mitochondrial activity and decreased lactate production in HIF-1  null animals, both of

which point towards increased fatty acid oxidation in the knockout (Mason et al., 2004).

Mammary Gland

The microenvironment of the mammary gland undergoes rapid and drastic change

during pregnancy and lactation.  Proliferation of the epithelium and later secretion of

milk could place excessive demands on the vascular bed that was established during

relative quiescence of the resting virgin mammary gland.  Pregnancy and lactation studies

of HIF-1  conditional knockouts in the mammary epithelium of mice demonstrated

failure of differentiation and lipid secretion, which resulted in abnormal milk

composition.  The vascular density between wild type and null mammary glands was

unchanged.  Apart from demonstrating the requirement of HIF-1  function in lactation,

these results taken together with results from other experiments (Ryan et al., 2000)

highlight the complexity of HIF function above and beyond partial control of VEGF and

angiogenesis (Seagroves et al., 2003).

Colon

Investigators studying hapten induced colitis noted hypoxia and stabilization of

HIF-1  in the colonic epithelium.  To test the role of HIF in colitis, they then used an

intestinal epithelial specific cre to delete either HIF-1  or pVHL from this tissue.  After

induction of colitis in these models, the investigators observed a protective function of

increased HIF levels, from decreased mortality to diminished weight loss.

Mechanistically, decreased barrier function as result of downregulation of a variety of

genes including CD73 was noted in HIF-1  null animals, whereas increased barrier

function was observed in the pVHL nulls (Karhausen et al., 2004).



13

Chondrocytes

Chondrocytes, found in growth plates of developing bones, exist in an avascular

zone of low oxygen tension, and thus could be expected to rely on hypoxia dependent

pathways.  Conditional deletion of HIF-1  in this tissue released a hypoxia induced cell

cycle arrest, and as a result cells in the hypoxic central region of the growth plate

proceeded into untenable cell division, which led to apoptosis.  Also noted was a HIF-1

independent upregulation of VEGF resulting in angiogenesis in the hypoxic region of the

plate (Schipani et al., 2001).

Skin

Constitutive activation of HIF-1  in the epidermis resulted in drastic increases in

dermal capillary density and VEGF expression (Elson et al., 2001).  Despite these

increases the authors noted no inflammation, edema, or vascular leakage – an unexpected

result given the role of VEGF in increasing vascular permeability.  Indeed, in an earlier

study with VEGF-A 120 kD isoform coupled to a K6 promoter, some progeny died

exhibiting increased vascularization and edema which disrupted the skin architecture

(Larcher et al., 1998).  The loss of HIF-1  in the epidermis results in normal mice when

left unchallenged (Unpublished, Boutin and Johnson).  Loss of pVHL, similar to the HIF-

1  constitutively active model, leads to robust expansion both in vessel size and vascular

density, however in this transgenic system, the effect is coupled with increased vascular

permeability (Submitted, Boutin & Johnson 2007).  Epidermal pVHL null mice or stable

HIF-2  expressing mice also exhibit runting, partial alopecia, and erythema (Kim et al.,

2006).

Motor Neurons and Brain
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Genetic ablation of the HRE sequences from the VEGF promoter resulted in

motor neuron degeneration in mice similar to human ALS (Oosthuyse et al., 2001).

Noteworthy in the transgenic mice was the lack of effect on baseline VEGF production

from muscle, heart, and fibroblasts, but a 40% reduction from neurons.  Mice born with

homozygous deletion of the HRE in the VEGF promoter suffered 60% mortality

perinataly.  The surviving fraction was normal until about 5 months of age, when they

developed motor neuron dysfunction as demonstrated by decreased grooming, ability to

turn over, and behavior when picked up by the tail.  Histological characterization of the

muscle revealed atrophy, which appeared to be the result of denervation.  The

investigators proposed that decreased neural perfusion in the transgenics, or perhaps a

neuroprotective effect of VEGF-165 binding to KDR as likely mechanisms behind the

phenotype.

In order to study HIF-1  function in whole body hypoxia and stroke, a brain

specific knockout of HIF-1  was generated by crossing HIF floxed mice to the

calcium/calmodulin-dependent kinase cre or by using mice heterozygous for the global

knockout of HIF-1 .  Neuronal hypoxia was induced by placing mice in a 7% oxygen

atmosphere for one hour, and stroke was modeled by occluding one carotid artery for 75

minutes.  Subsequent analysis of tissue sections from the brain for apoptosis and necrosis

revealed that heterozygous null or neuron specific HIF-1  null mice were protected from

hypoxia induced cell death in both neuronal hypoxia and stroke models.  The

investigators fault HIF-1  dependent upregulation of proapoptotic genes, and conclude

that the loss of HIF-1  is neuroprotective in both hypoxic and ischemic episodes (Helton

et al., 2005).
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HIF Function in Tumor Biology

This portion of the review will focus on murine VHL and HIF  and  transgenics

in tumor biology.  Given the abundance of reviews available dealing with VEGF function

in vivo, reports relating to VEGF will be included only in the context of HIF and pVHL

models.

First Insights - Xenografts

The ability of HIF to upregulate glycolysis and potentially confer a survival

advantage in areas of poor oxygenation coupled with its targeting of angiogenic factors

such as VEGF would suggest a protumorigenic role in cancer.  Indeed, subcutaneous

injection of HIF-1  null embryonic stem cells resulted in tumors with decreased tumor

mass, microvessel density, and expression of VEGF (Ryan et al., 1998).  An independent

group who also generated HIF-1  null ES cells also found changes in vascular density,

with EC cords being more dense in HIF null and medium size vessels and vessel beds

less dense.  This group reported increased tumor mass as a result of decreased apoptosis

in HIF-1  null cells (Carmeliet et al., 1998).  Further characterization of the role of HIF-

1  in tumor growth by injection of mouse embryonic fibroblasts showed a decrease in

tumor mass in the null.  Interestingly, despite HIF dependent changes in VEGF

expression, there were no observed changes in vascular density in these h-ras transformed

cell lines (Ryan et al., 2000).  Recent siRNA experiments have recapitulated the basic

findings already determined genetically related to HIF and VEGF being a pro-tumor

factors in most scenarios of carcinogenesis (Detwiller et al., 2005; Jensen et al., 2006; Li

et al., 2005; Zhang et al., 2004), although other studies highlight the need to understand

how the opposing HIF mediated effects of increased glycolytic energy production and
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angiogenesis vs. induction of pro-apoptotic genes and cell cycle inhibitors will balance

out in various tumor settings (Acker et al., 2005).

Astrocytoma

Experiments with HIF-1  null cells in an astrocytoma model determined that the

site of injection was critical in determining how the WT and HIF-1  null cells behaved.

In the poorly vascularized subcutaneous environment, HIF-1  null cells were at a

disadvantage; however, the same null cells implanted into the well vascularized brain had

a growth advantage (Blouw et al., 2003).  Characterization of the vessel density showed

the expected decreased vessel density in null subcutaneous tumors.  Unexpectedly, the

null tumors grown in the brain had increased vascular density.  Furthermore, the null cells

were more invasive than WT controls.  Parallel experiments conducted with VEGF null

cells exhibited slower growth in both subcutaneous and brain microenvironments.  These

results demonstrate how the tumor microenvironment has a powerful role in determining

the net effect of HIF-1  on tumor growth, angiogenesis, and invasiveness.

Mammary Carcinogenesis

The viral oncogene polyoma middle T antigen controlled by the murine mammary

tumor virus promoter (MMTV-PyMT) is a well characterized and widely used transgenic

mouse model of breast cancer and metastasis (Lin et al., 2003).  Female mice carrying

one copy of the transgene develop mammary gland hyperplasia, carcinoma, and finally

pulmonary metastases over the course of approximately six months.  Mice carrying this

transgene were crossed into HIF WT or mammary epithelium conditional null.  HIF-1

mammary null mice displayed increased latency to the first palpable tumor along with

decreased vascular density.  Pulmonary metastases were halved in a HIF-1  dependent
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manner.  In vitro experiments revealed null cells had impaired random migration and

directed chemotaxis versus WT controls when cultured in hypoxia (Liao et al., 2007).

pVHL and von-Hippel Lindau Disease

Silencing or mutating the VHL tumor suppressor predisposes humans to a specific

set of cancers including sporadic clear cell renal carcinoma, hemangioblastoma, and

pheochromocytoma (Kaelin, 2007).  In order to both establish the fidelity of the pVHL

null as a mouse model of human von Hippel-Lindau disease and to determine if pVHL

deficiency alone can result in symptoms resembling von Hippel-Lindau disease, an

important question to ask was whether murine VHL heterozygotes are susceptible to

equivalents of the same types of cancer as human VHL disease carriers.

Indeed, mice with only one functional copy of pVHL are prone to developing

vascular tumors as they age.  The incidence of cavernous hemangiomas was ~50% at 3-

12 months of age, increasing to 90% as the mice aged from 12-17 months.  In contrast to

the high prevalence of vascular tumors, precancerous kidney lesions were rare – only one

of thirty heterozygote mice had a renal cyst (Haase et al., 2001).  Given the shorter life of

mice as compared to humans, perhaps deletion of both pVHL alleles was necessary to

observe a higher percentage of renal cysts in the mouse model.  Further experiments

performed in this area using PEPCK-cre recombinase to knockout pVHL in the kidney

and partially in the liver demonstrated, apart from increased EPO production and

polycythemia, a higher incidence of macroscopic and microscopic renal cysts that

required ARNT but did not require HIF-1  (Rankin et al., 2006).

Another approach to gain insight into pVHL function is the use of xenografts.

Deletion of pVHL in fibroblasts and injection subcutaneously into mice yielded
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fibrosarcomas with increased vasculature, but with a slower growth rate.  Increased levels

of the HIF targets cyclin dependent kinase inhibitors p21 and p27 were faulted for the

decreased growth (Mack et al., 2005).

Summary

In the 15 years that have elapsed since discovery of the first HRE in the EPO 3’

enhancer (Beck et al., 1991; Pugh et al., 1991; Semenza and Wang, 1992), research

focusing on the hypoxia response pathway has made significant progress in development,

physiology, and cancer biology.  In general, genes of the hypoxic response pathway are

essential for development, as demonstrated by the requirement for HIF-1 , HIF-2 ,

ARNT1, ARNT2, pVHL, and VEGF for embryonic viability (Ferrara et al., 1996; Gnarra

et al., 1997; Iyer et al., 1998; Keith et al., 2001; Kozak et al., 1997; Ryan et al., 1998;

Tian et al., 1998).  Hypoxia plays a role in physiology and pathology in adult mammals,

from the chondrocytes in the growth plates of developing bone to neurons in stroke and

cerebral ischemia to myeloid cells in areas of inflammation (Cramer and Johnson, 2003;

Cramer et al., 2003; Helton et al., 2005; Schipani et al., 2001).  Indeed, in all of these

microenvironments HIF has been found to play a role in physiology and pathogenesis,

confirming the relevance of the hypoxic response beyond development.  Most reports

indicate a protumor role for HIF in the rapidly growing neoplasm, with its requirement

for neovascularization and survival under low oxygen tensions (Jensen et al., 2006; Ryan

et al., 1998; Ryan et al., 2000; Zhang et al., 2004).  That said, many important questions

still remain in the relatively new area of investigation of the mammalian hypoxic

response in vivo.
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Table 1.1: Selected milestones and transgenic mice in 15 years of HIF research

1992
HRE identified and HIF-1a First

Described
(Semenza and Wang, 1992)

1995
HIF-1a Purified and

Characterized

(Wang et al., 1995; Wang and

Semenza, 1995)

1996 VEGF-A Knockout
(Carmeliet et al., 1996; Ferrara et

al., 1996)

1997 ARNT1 Knockout
(Kozak et al., 1997; Maltepe et

al., 1997)

1997 pVHL Knockout (Gnarra et al., 1997)

1997 HIF-2a Published
(Ema et al., 1997; Flamme et al.,

1997; Tian et al., 1997)

1998 HIF-3a Published (Gu et al., 1998)

1998 HIF-1a Knockout
(Iyer et al., 1998; Ryan et al.,

1998)

1998 HIF-2a Knockout (Tian et al., 1998)

2001 ARNT2 Knockout (Keith et al., 2001)

2001 HIF-1a ODD Mutant in Skin (Elson et al., 2001)

2001 FIH Published (Mahon et al., 2001)

2001
HIF Regulation by Prolyl

Hydroxylases Published

(Bruick and McKnight, 2001;

Epstein et al., 2001; Ivan et al.,

2001; Jaakkola et al., 2001)

2006 ODD-Luciferase Mouse (Safran et al., 2006)

2006
HIF-1a and HIF-2a Proline Æ

Alanine Mutants
(Kim et al., 2006)

2006
PHD1, 2, and 3 Knockouts

Described
(Takeda et al., 2006)
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Chapter 2

Myeloid HIF-1alpha in the Tumor Microenvironment
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Introduction

A clinically significant hallmark of solid tumors is their resistance to

immunotherapy.  With the exception of melanoma, strategies employing T cells specific

to tumor antigens have shown poor efficacy in the clinic despite in vitro success (Leen et

al., 2007).  Recent research has explored how the tumor microenvironment is

immunosuppressive to infiltrating T cells (Talmadge, 2007).

The tumor microenvironment exhibits several characteristics not found in normal

tissues.  Tumors are frequently marked by regions of hypoxia as rapidly dividing tumor

cells outstrip the capacity of the established vasculature to deliver oxygen and nutrients

and remove waste products (Vaupel et al., 2007; Vaupel and Mayer, 2007).  Another

aspect of tumor biology is the nearly omnipresent infiltration of hematopoietic cells,

including macrophages.  It is in precisely this hypoxic, macrophage infiltrated tumor

microenvironment that T cells must function if tumor immunotherapy is to work.

The Hypoxia-Inducible Factor-1 alpha (HIF-1alpha) is a constitutively expressed

transcription factor found in nearly all mammalian cell types.  Normal oxygen tensions

result in rapid and specific proline hydroxylation, allowing for recognition by the VHL

tumor suppressor complex, which then polyubiquitinates HIF-1alpha targeting it for

degradation (Maxwell et al., 1993; Semenza and Wang, 1992; Wang and Semenza,

1993).  Lower oxygen levels allow HIF-1alpha to escape hydroxylation, after which it

heterodimerizes with HIF-1beta and translocates to the nucleus where it upregulates

transcription of genes whose regulatory sequences contain a hypoxic response element

(HRE).  Initial characterization of the role of HIF-1alpha in myeloid cells demonstrated it
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was essential for the capacity to mount a full immune response (Cramer et al., 2003;

Peyssonnaux et al., 2005).

There has been much debate about the role of infiltrating macrophages in the

tumor microenvironment.  Recent research has highlighted the role of macrophages as

being pro-tumor rather than anti-tumor as first suspected (Lin and Pollard, 2004).

Although macrophages are known to interact with cancer cells, the effect of tumor

infiltrating macrophages on T cells in the hypoxic tumor microenvironment is poorly

understood.

Myeloid cells are capable of antigen presentation and co-stimulation, and through

a variety of mechanisms myeloid cells have the capacity to either promote T cell

activation or suppression.  Myeloid regulation of T cells is complex, with myeloid cell

ligand to T cell co-stimulation receptor interactions, secretion of stimulatory or inhibitory

cytokines, production of other diffusible factors, or modification of the amino acid pool

in the extracellular environment.  Several independent labs have documented the role of

myeloid cell L-arginine metabolism in T cell suppression.  The effect can be generalized

as arginine metabolism because depletion of arginine by arginase I (ArgI) or production

of the arginine catabolite nitric oxide by the inducible nitric oxide synthase (iNOS) are

both reported mechanisms of T cell suppression.  Myeloid cells are capable of a striking

upregulation of iNOS and ArgI enzymes dependent on specific signaling events.  This

upregulation is further potentiated by low oxygen tensions found in cancer and other

pathological processes, suggesting a role for the HIF dependent hypoxic regulation of

iNOS and ArgI in myeloid cell mediated T cell suppression.
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We used in vitro and in vivo methods to demonstrate the T cell suppressive role of

the myeloid cell hypoxic response mediated by HIF-1alpha. Previous work suggests HIF-

1 inhibition could have beneficial effects in restricting tumor growth (Ryan et al., 2000).

The results of this work in combination with previous results suggest HIF-1 inhibition

would both limit tumor growth and potentially enhance anti-tumor adaptive immune

capacity.  Understanding HIF dependent mechanisms of tumor immunosuppression of T

cells may suggest therapeutic strategies which could be coupled with already well

developed methods of generating cytotoxic T cells in vitro to improve the efficacy of

tumor immunotherapeutic approaches.

Materials and Methods

Cell culture and hypoxic incubation

Resident peritoneal macrophages were obtained through peritoneal lavage with 10

mls of cold PBS without Ca2+/Mg2+.  Resulting cells were pelleted and resuspended in

RPMI 1640/10% FBS/1% PenStrep and plated on 15 cm Petri dishes overnight.  Media

was then aspirated and plates were washed with DPBS two times before addition of cold

PBS + 15 mM EDTA.  After incubation for 10-15 minutes, adherent cells were removed

by pipetteing, which removed the majority of the cells followed by light scraping to

maximize yield.  Bone Marrow Derived Macrophages (BMDM) were obtained by

incubating the lavage of murine femur and tibia from rodents of the indicated genotype

with RPMI 1640/20% FBS/30% L929 Cell Supernatant/1% PenStrep/1% Amphotericin

B in two 15 cm Petri dishes.  After 6 days in culture, media was aspirated and the dish

washed 1X in PBS before harvesting in the same manner as resident peritoneal

macrophages detailed above.  Cells were then plated in RPMI media as above overnight
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before experimental manipulation.  Hypoxic incubation was performed in a water

jacketed humidified multi-gas tissue culture incubator equipped with nitrogen and carbon

dioxide which flushes out oxygen until reaching a final concentration of 1% oxygen/5%

carbon dioxide.  Parallel normoxic incubation as carried out in standard humidified 5%

carbon dioxide TC incubators.  Co-culture experiments were carried out in 0.4um pore

Transwell Plates (Corning Life Sciences, Lowell, MA) in either the 6-well or 24 well

formats following the manufacturers instructions.

T cell macrophage co-culture proliferation assay

Resident peritoneal macrophages were isolated from HIF-1alpha WT or HIF

DF/LysM-cre+ littermates as described above.  Splenocytes were isolated from a separate

WT C57bl/6J mouse by removal of the spleen followed by gentle squeezing between

frosted glass slides and ACK hypotonic red blood cell lysis.  The resulting single cell

suspension lacking platelets and red blood cells was counted and labeled with CFSE to

later quantify T cell proliferation.  1x10
5
 CFSE labeled splenocytes were plated in 24

well CD3/28 coated plates to induce T cell proliferation either with or without 1 x10
4

macrophages, which were added 3 hours after T cell activation (modified from (Atochina

et al., 2001).  Cells were then incubated in normoxia or hypoxia (1% oxygen) for 60h

with or without the iNOS specific inhibitor 1400W at 100μM.  Analysis of cells was

performed on a FACScalibur flow cytometer after labeling with fluorescent CD8

antibodies and propidium iodide to exclude dead cells.  Because cell division results in a

decrease in CFSE staining, proliferation was measured with FloJo Analysis software by

setting a marker to an arbitrary division and determining the % of cells that make it to

this division.
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Animal model of mammary carcinogenesis in backcrossed C57bl/6J mice

Backcrossed mice carrying the polyoma middle T oncogene (PyMT) under the

control of the Murine Mammary Tumor Virus long terminal repeat (MMTV) (Guy et al.,

1992), here referred to simply as PyMT, were originally obtained from the lab of Dr.

Leslie Ellies (UCSD Medical Center, La Jolla, CA).  Individual transgenic alleles for

LysM-cre (Clausen et al., 1999) and HIF-1alpha flox (Ryan et al., 2000) were

backcrossed to C57bl/6J to > 99% using Jackson labs speed backcrossing SNP

genotyping service.  After one further cross to C57bl/6J, mice were crossed to obtain

female HIF-1alpha DF/PyMT+/-/LysM-cre+/- (experimental) and female littermate

controls HIF-1alpha DF/PyMT+/-/LysM-cre-/-.  Mice were palpated weekly to determine

time to first tumor and tumor volume.  Endpoint was empirically determined to be 20

weeks, at which point mice were sacrificed and endpoints were measured.

Enzyme assays

Tumors were rapidly dissected out of endpoint animals and flash frozen in liquid

N2.  A mortar and pestle was used to obtain a powder, and then ~100mg was added to

Homogenization buffer from the NOS assay Kit (Cayman Chemical, Ann Arbor, MI).

After Polytron homogenization of the sample on ice and pelleting of insoluble material,

iNOS activity was determined by measuring the ability of the lysate to hydrolyze 
14

C

labeled L-arginine (GE Healthcare Life Sciences, Piscataway, NJ) into L-citrulline in the

absence of calcium.  Arginase activity from the same samples was determined by

measuring generation of urea from an excess of L-arginine as done by others ((Corraliza

et al., 1994).  Both iNOS and arginase activities were then normalized to total protein in

the lysate as measured by the BCA assay (Thermo Fisher Scientific/Pierce, Rockford,
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IL).

Western blotting

Media was aspirated from TC wells and 1ml of PBS was added to wells before

removal with a cell scraper.  After brief centrifugation, cell pellets were resuspended in

RIPA buffer with protease inhibitors.  Quantitation of protein was performed using the

BCA assay.  Twenty micrograms of whole cell extract was analyzed following the

manufacturers protocol using the Nupage SDS-PAGE Western blotting system and gel

appropriate to resolve the protein of interest (Invitrogen).

Flow cytometry, immunohistochemistry, antibodies, recombinant cytokines, and real-time

PCR reagents

Single cell suspensions of tumors were generated by chopping with a razor blade

followed by incubation at 300 RPM at 37 degrees for 60 minutes in 5 mls 0.22um filtered

RPMI 1640 media (no serum)/0.05-0.1% Collagenase A (Roche Diagnostics,

Indianapolis, IN)/DNase I.  Resulting suspensions were pelleted, rinsed in PBS, and

filtered through a 40 m cell strainer.  Hypotonic lysis with ACK buffer was performed

before pelleting and resuspending in media.  RPMI 1640/10% FBS/25mM HEPES/1%

Pen/Strep was used for experiments except where T cells were added, where Beta-

mercaptoethanol (Invitrogen) was added.

Cells were typically prepared for cytometry by staining 1 x 10
6
 cells with the

appropriate 1/200 fluorochrome conjugated aB in staining buffer (PBS no Ca
2+/

Mg
2+

/0.2% BSA) on ice for 30 minutes, rinsing in staining buffer, then resuspending in

staining buffer with or without propidium iodide and acquiring on a FACSCalibur flow

cytometer.  All fluorescent antibodies, recombinant mouse IFNg, and Interleukin-4 were
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from eBioscience (San Diego, CA) with the exception of F4/80 (AbD Serotec, Raleigh,

NC).

For histology, tumors were either frozen in OCT (Sakura Finetek USA, Torrance,

CA), fixed in Zinc buffer (BD Biosciences, CA), or fixed in 10% buffered formalin

before being cut into 4-10 um sections.  ABC Elite HRP or AP kits from Vector Labs

(Burlingame, CA) were used for IHC following the manufactures instructions.  Biotin

anti-CD31 and Biotin anti-PCNA were from BD Pharmingen (La Jolla, CA).  Rabbit

anti-arginase I was from Santa Cruz (Santa Cruz, CA).  Rabbit anti-iNOS was from

Calbiochem/EMD Biosciences (San Diego, CA).  Colorimetric TUNEL staining was

performed using the Promega DEADend kit (Madison, WI).

Gene expression was carried out following the manufactures instructions on

approximately 200 ng of total RNA isolated using the Qiagen (Valencia, CA) RNeasy kit

with on column DNase treatment and subsequent reverse transcription by the Invitrogen

Superscript III first strand kit using random hexamer priming.  Real time PCR was

performed using an ABI 7700 with either SYBR green or TaqMan fluorescent detection.

Fold expression was determined using the CT method of target sequence normalized

to levels of 18S rRNA.  Target and reference real time reactions were run in duplicate

and the average used to calculate CT.  Error bars indicate the SEM of multiple

samples, not duplicate reactions.

Results

HIF-1alpha, not HIF-2alpha, controls macrophage ArgI and iNOS

Macrophages are exquisitely sensitive to extracellular signals, including cytokines

and oxygen tension (Cramer et al., 2003).  The Th1 cytokine IFNg is known to induce
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iNOS but not ArgI, whereas the Th2 cytokine IL-4 is has the opposite effect of inducing

ArgI but not iNOS (Modolell et al., 1995).  Both of these transcripts have been reported

to be upregulated under hypoxia (Louis et al., 1998; Melillo et al., 1995).  In order to

determine the relevance of HIF-1alpha to ArgI and iNOS gene regulation after

stimulation by established agonists IFNg or IL-4, in vitro culture of wild type or HIF-

1alpha murine BMDM with recombinant cytokines typically produced by Th1 or Th2

cells was performed under ambient oxygen tension or 1% oxygen for 24 hours (Figure

2.1).

As expected, after IFNg stimulation macrophages dramatically upregulated the

transcript for iNOS.  Hypoxic incubation further potentiated the transcription of iNOS in

WT cells by approximately seven fold over the normoxic control.  No appreciable

induction of iNOS was detected in IL-4 treated BMDM.  IL-4 stimulation resulted in

induction of the ArgI gene, and hypoxia further increased this expression by

approximately nine fold brining total induction over unstimulated controls to nearly 4

log.

HIF-1alpha contributes to iNOS and ArgI gene regulation in both normoxia and

hypoxia relative to the knockout.  There remains some hypoxic induction of ArgI and

iNOS transcripts under hypoxia in the HIF-1 knockout.  We decided to test whether this

induction was mediated by HIF-2alpha by performing an identical experiment with WT,

HIF-1alpha KO, or HIF-1alpha/HIF-2alpha double knockout BMDM.  To our surprise,

there was no change in hypoxic fold induction of iNOS or ArgI between HIF-1alpha KO

and HIF-1alpha/2alpha double knockouts, suggesting another mechanism is responsible

for the observed partial HIF-1 independent upregulation of these transcripts under
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hypoxia.  This is in spite of detection of the HIF-2alpha transcript in the same

macrophages (data not shown).

Western blotting of iNOS and ArgI from bone marrow derived macrophage whole

cell extracts was performed to verify the HIF-1alpha mediated effects were also reflected

at the protein level   Strong expression of iNOS and ArgI were detected in WT IFNg or

IL4 conditions under hypoxia, respectively.  Ablation of HIF-1alpha resulted in a marked

decrease of hypoxic iNOS and Arg I protein levels under identical stimulation conditions

to the WT.

Macrophages inhibit T cell proliferation in a hypoxia/HIF-1alpha/iNOS dependent

fashion

T cell activation and resulting proliferation are essential steps in the adaptive

immune response to increase the clonal frequency of an antigen specific T cells as well as

to differentiate them into an effector or memory cell.  Within hours of activation, T cells

upregulate IFNg and secrete it into the extracellular microenvironment.  Given the potent

upregulation of iNOS in macrophages after IFNg treatment, we wanted to test how T

cells would proliferate if activated in close proximity to macrophages either with or

without HIF-1alpha (Figure 2.2).

The proliferative capacity of T cells was markedly blunted by co-culture with WT

macrophages under hypoxia.  Visualization of the number of cell divisions via CFSE

labeling and subsequent flow cytometry allowed for quantitation of this effect.  T cells

are able to proliferate under hypoxia (1% oxygen) after CD3/28 stimulation.  However,

when macrophages were added to 1/10 of the total cell number, cell cycle progression

was blocked in a genotype dependent fashion. Remarkably, macrophages null for HIF-



30

1alpha showed no such effect, with cell divisions nearly identical to no macrophage

added controls.  Addition of the specific inhibitor of iNOS 1400W to the WT

macrophage cultures restored T cell proliferation to normal levels.  Control experiments

demonstrated no nonspecific stimulatory or inhibitory effects of 1400W on T cell

proliferation.

Myeloid HIF-1alpha in the tumor microenvironment affects tumor mass, TUNEL

positivity, ArgI and iNOS activity, but does not affect microvascularity

In order to assess the role of myeloid HIF-1alpha in the tumor microenvironment,

we crossed in the myeloid specific deletion of HIF-1alpha (HIF DF/LysM-cre) with the

established model mammary carcinogenesis, MMTV-polyoma middle T (Guy et al.,

1992; Lin et al., 2003) Because these tumors have a fixed oncogenic stimulus via the

transgene yet require further mutations in order to progress to later tumor stages over

several months, we felt this model was ideal to test what role macrophage HIF-1alpha

would have over an extended time period in the tumor microenvironment, better

reflecting human malignancies than xenograft systems which typically take only a few

weeks.  Furthermore, like many human cancers, the PyMT model exhibits heavy

macrophage infiltration after initial tumor formation.

Previous work has shown that macrophages are required for the initial formation

of the ductal tree in the murine mammary gland.  To ensure similar development of the

control and myeloid HIF-1 KO mammary glands, we performed whole mount staining of

the epithelial ductal tree.  No deficiencies in ductal tree formation were detected between

the genotypes, with both displaying branching structures extending through the entire fat

pad.  Although myeloid cells are required for the initial growth of the ductal tree, there is
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scant macrophage infiltration at the earliest stages of carcinogenesis in the PyMT model

(data not shown).  Therefore, it was not surprising to note no difference in latency, or

time to first palpable tumor, between WT or myeloid HIF-1alpha KO mice, given the

transgenic oncogene and the lack of myeloid cells to interact with the nascent tumor

(Figure 2.3).  Ten weeks after detection of the first tumor growth, endpoint tumor mass

was taken at 20 weeks of age by dissecting out all 10 glands and taking their mass.  Total

tumor mass was significantly lower in the HIF-1alpha knockout mice.  Histological

analysis by Hematoxylin and Eosin revealed striking differences between the tumors,

with myeloid KO tumors having a more nodular and cell dense appearance.  Analysis of

proliferating cells by proliferating cell nuclear antigen (PCNA) demonstrated that it was

the solid, nodular masses present in the WT that had the highest amount of proliferating

cells.

To our surprise, despite increased proliferation in the myeloid HIF-1alpha WT,

TUNEL analysis of the tumors showed an increase in cell death in the myeloid HIF-

1alpha KO.  This effect occurred in pre-cancerous Ad/MIN and early carcinoma stages.

Late carcinoma stages displayed a high level of apoptosis in both WT and KO, likely a

result of central necrotic regions typical advanced solid tumors.

A prominent role for the HIF oxygen sensitive transcriptional pathway in

development and pathology is angiogenesis.  HIF-1 exerts partial control of VEGF

transcription, and as such one plausible way that myeloid HIF-1alpha null tumors could

be affected is via decreased VEGF expression from macrophages, which could affect

tumor vascularization.  Despite this regulation, whole tumor VEGF levels were nearly

identical as determined by gene expression.  Furthermore, CD31 staining of tumor
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sections to determine stage dependent vascular density revealed only slight changes in

density based on genotype.  Myeloid HIF-1alpha KO tumors even displayed a slight

increase in CD31 positive cells, which is opposite to what one would expect if

macrophage HIF-1alpha were contributing to the tumor vasculature.

As shown previously here, two macrophage HIF-1 dependent enzymes relevant to

the tumor microenviroment include ArgI and iNOS.  To determine if the tumor

demonstrated similar regulation of these enzymes as in vitro experiments, we isolated

tumor lysates from myeloid HIF-1alpha WT and KO mice.  Analysis of tumor lysates

taken from WT and KO tumors displayed differential activity of HIF-1alpha regulated

enzymes ArgI and iNOS, with both being higher in the WT tumors (Figure 2.4).

Whereas nearly all WT tumors had high ArgI activities, iNOS was high in some samples

and lower in others in the WT group.  iNOS was uniformly low in the KO group.

Restated, iNOS activity levels in WT displayed increased variance relative to KO despite

similar infiltration of T cells and macrophages between WT and myeloid KO tumors.

Macrophage HIF-1alpha dependent induction of ArgI after co-culture with PyMT MECs

under hypoxia

Although T cells are thought to be the major source of IFNg or IL4 depending on

Th1 vs. Th2 polarization, we wanted to know if cancer cells alone combined with

hypoxia might induce the iNOS or ArgI genes in macrophages in close proximity.  There

are reports of induction of ArgI in macrophages based on soluble mediators from cancer

cells (Rodriguez et al., 2005), but not under hypoxic conditions.  In order to model the

tumor microenvironment in vitro, we plated bone marrow derived macrophages on the

bottom of a Transwell dish and polyoma middle T mammary epithelial cells on the upper
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well.  In this culture design, both cells share the same media via a porous membrane on

which the PyMT cells were plated.  The pores had a diameter of only 0.4 um, which

would allow diffusion of soluble factors but not of cells.  Incubation of WT or HIF-

1alpha null macrophages in normoxia or hypoxia with or without PyMT MEC cells for

24 hours and subsequent western blotting revealed that ArgI is markedly induced by co-

culture with macrophages, but only under hypoxia and in macrophages WT for HIF-

1alpha.

Macrophage HIF-1alpha makes tumor infiltrating T cells less responsive

HIF-1alpha controlled enzymes ArgI and iNOS are thought to make T cells

unresponsive or anergic (Bronte et al., 2003; Kropf et al., 2007; Matlack et al., 2006;

Munder et al., 2006).  One measurement of cytotoxic T cell responsiveness is the ability

to produce interferon-gamma (IFNg) after stimulation.  We decided to test tumor T cell

responsiveness from myeloid HIF-1alpha WT and KO tumors as by measuring the % of

the cells that make IFNg after a strong pan T cell stimulation with anti-CD3/28 antibody

stimulation of tumor single cell suspensions in vitro.  There was a marked reduction in

the % of T cells that made IFNg from myeloid HIF-1 WT PyMT tumors as compared to

the myeloid HIF-1alpha null.

Discussion

Tumor immunosuppression of infiltrating T cell anti-tumor activity is a major

roadblock to tumor immunotherapy strategies.  There have been numerous reported

mechanisms of immunusuppression, including local enzymatic activity of iNOS and ArgI

(Bronte and Zanovello, 2005; Mazzoni et al., 2002; Munder et al., 2006).  Here we show

that HIF-1alpha, and not HIF-2alpha, has significant control of both of these
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immunosuppressive enzymes and that these enzymes have important effects on T cell

proliferative capacity and responsiveness to stimulation.

Macrophage iNOS and ArgI are both inducible enzymes that consume L-arginine.

iNOS catabolizes L-arginine into nitric oxide and L-citrulline, while ArgI produces L-

ornithine and Urea.  iNOS and ArgI have been previously reported to be hypoxia

inducible genes (Louis et al., 1998), yet genetic evidence implicating the HIF pathway

and the relative contribution of HIF-1 vs. HIF-2 alpha in macrophages has not previously

been reported.  The lack of HIF-2alpha contribution to ArgI and iNOS hypoxic induction

was not expected, as HIF-2alpha has been detected in macrophages (Talks et al., 2000).

Indeed, experiments in our lab confirmed HIF-2alpha transcript in murine macrophages,

yet regulation of classical target genes was not detected (data not shown).  Whereas HIF-

1alpha is a functional oxygen responsive transcription factor in nearly all mammalian cell

types known, HIF-2alpha forms an active transcription factor in only a subset of cells

including the kidney and not, for example, in fibroblasts (Park et al., 2003).  We suspect

this may be the case in macrophages as well.

The potent anti-proliferative effect on T cells by myeloid HIF-1alpha in the co-

culture assay was iNOS and hypoxia dependent.  Several previous reports have reported

that iNOS can inhibit T cell proliferation (Albina et al., 1991; Atochina et al., 2001;

Gallina et al., 2006; Mazzoni et al., 2002), yet none report on whether HIF-1 control of

iNOS is sufficient to suppress T cell proliferation. iNOS dependence was clearly

established by rescuing the cell cycle suppression with 1400W, a specific iNOS inhibitor.

Other experiments with the ArgI inhibitor norNOHA and macrophages from mice

deficient in iNOS also showed that, in this assay, the anti-proliferative effect was iNOS
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dependent and ArgI independent (data not shown).

The PyMT model of mammary tumorigenesis is a well-characterized, murine

transgenic model of human breast cancer (Guy et al., 1992; Lin et al., 2003).  Female

mice carrying one copy of the transgene are normal compared to littermate controls until

6-8 weeks, when female sex hormones induce the PyMT transgene in the mammary

epithelium of the ten murine mammary glands.  Despite the activation of the oncogene,

there is still an orderly progression of carcinogenesis from hyperplasia, Adenoma/MIN,

early carcinoma, and finally late carcinoma.  This malignant progression, which depends

on mouse inbred strain background, takes months from the first detected hyperplasia in

the glands at around 10 weeks of age to the endpoint at 20 weeks of age in the C57bl/6J

inbred strain.  Although macrophages infiltrate nearly all neoplasms, macrophage

infiltration is invariably a salient feature of the PyMT model.  We used the PyMT

transgenic model with a myeloid specific knockout of HIF-1alpha to determine in vivo

the role of the myeloid hypoxic response in the tumor microenvironment.  Both WT and

myeloid HIF-1alpha null animals showed a similar time to first tumor or latency, which is

expected since macrophage infiltration is sparse before tumorigenesis.  However, at

endpoint 10 weeks later, there were marked changes observed in tumor mass and gross

histology.  The decrease in tumor mass in HIF-1alpha myeloid KO animals at endpoint

was accompanied by decreased proliferation and increased apoptosis.

HIF-1 exerts partial control over the hypoxic induction of the angiogenic protein

VEGF.  It was important to determine if myeloid VEGF under HIF-1 control was

controlling tumor microvascularity and resulting in the observed phenotype.  To our

surprise, we found no change in tumor VEGF or in microvascular density, implying that
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partial control of VEGF by HIF-1alpha does not have a role in the observed phenotype.

Upon determining enzymatic activities of iNOS and ArgI were higher in myeloid

HIF WT tumors, we initially wondered if cytotoxicity from NO might increase genotoxic

stress in the myeloid WT and play a part in the observed phenotype.  However, we were

unable to detect any increase in nitrated tyrosine residues or the nitrated DNA base 8-

nitroguanosine between the genotypes.  This led us to look at other ways in which iNOS

and ArgI could affect the tumor microenvironment.

Many independent groups have reported the immunosuppressive effects on T cells

of both iNOS and ArgI from myeloid cells.  We wondered if myeloid HIF-1alpha control

of iNOS and ArgI in the hypoxic tumor microenvironment might be modulating the

ability of cytotoxic T cells to restrain tumor growth and progression.  IHC analysis of

tumors detected infiltrating T cells in similar numbers in WT and KO tumors.  Further

analysis of T cells in tumor bearing PyMT mice versus non tumor bearing controls

revealed increased CD62L low T cells along with increased CD25CD44 souble positive

cells (Figure 2.8 and 2.9).  This immunophenotype is consistent with increased activation

of the adaptive immune system in PyMT tumor bearing mice versus controls.  Overall,

the PyMT results are consistent with lack of immunosuppression of cytotoxic T cells,

which were found in both WT and myeloid KO tumors in similar numbers.

Co-culture of PyMT mammary epithelial cells resulted in a robust induction of

ArgI protein in macrophages under hypoxia.  In this assay, we did not detect iNOS

induction at the protein level, although it could be detected at the RNA level only when

MECs were present (data not shown).  Apart from bacterial and viral components, IFNg

from T cells is one of the most potent inducers of iNOS in murine macrophages.  This
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can be seen in Figure 2.1, with a 4 log induction of the iNOS transcript after IFNg

treatment.  Tumor cell lines often produce chemokines and cytokines, but IFNg is not

usually among them.  IFNg is largely produced by T cells when activated or engaged in a

cytotoxic response.  There were no T cells present in the PyMT-MEC co-culture model.

Therefore, the results are consistent with a model having ArgI induced by soluble factors

produced by the tumor cells, whereas iNOS is likely induced by other factors in the

tumor, likely T cells producing IFNg.  Other data in this report detail increased number of

T cells that make IFNg after stimulation in the KO.  How can this model and the results

coexist?   One possible scenario consistent with the data and T cell biology requires

multiple steps where an initial T cell cytotoxic response and release of IFNg results in

neighboring macrophage secretion of iNOS, suppressing T cell proliferation and inducing

T cell suppression, reducing the chance that cell will respond by producing IFNg after

subsequent antigen exposure.  In contrast, in the KO, reduced iNOS activity means

cytotoxic T cells can continue to attack tumor cells, reflected by the PyMT histology and

increased % of T cells that make IFNg in response to stimulation.  ArgI is thought to

reduce T cell responsiveness through depletion of local arginine levels, which leads to

decreased abundance of the T cell receptor zeta chain CD3  (Rodriguez et al., 2004;

Rodriguez et al., 2002; Rodriguez et al., 2003).  We checked for intracellular CD3

expression in T cells isolated from mice WT or KO for HIF-1alpha in myeloid cells, but a

significant correlation between genotype and CD3  expression was not found.  There was

significant variation in zeta chain expression, however.  The specificity of the CD3

staining was an issue, in that cells expected to be negative for staining still displayed

significant background fluorescence (data not shown).
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Recent characterization of the immunosuppressive enzyme indoleamine 2,3

dioxygenase (IDO) may be relevant to the mechanism of ArgI suppression of T cell

activity (Munn et al., 2005).  The authors found that suppressive regulatory T cells

upregulate their suppressive activity when they have the amino acid sensor GCN2

activated by IDO depletion of tryptophan in the media.  GCN2, however, presumably

senses deprivation of amino acids other than tryptophan.  Therefore, it is tempting to

speculate that, in addition to CD3  downregulation, ArgI/iNOS activity may deplete

arginine levels and activate GCN2 activation in Treg cells in the same way that IDO

depletion of tryptophan does.

This work has not established the individual relative contribution of the enzymes

iNOS and ArgI to T cell suppression.  However, recent reports suggest that it may require

reduced activity of both enzymes to result in increased T cell activity.  The murine KO of

the cationic amino acid transporter-2 (CAT2), essential for myeloid cell production of

significant amounts of nitric oxide or ArgI activity (Kakuda et al., 1999; Nicholson et al.,

2001), develops spontaneous lung inflammation at 3 weeks of age (Rothenberg et al.,

2006).    Although spontaneous inflammation has not been detected in myeloid HIF-

1alpha cells, increased T cell responsiveness in tumors is consistent with the idea that

coordinate reduced ArgI and iNOS activity would partially relieve T cell suppression.

iNOS knockout mice are viable and appear normal.  Some groups have reported global

iNOS deficiency may result in increased T cell activity, although the cell type producing

the iNOS was not fully established (Vig et al., 2004).  Genetic deletion of ArgI and II

results in lethality at less than two weeks after birth.  ArgI, while regulated in the

macrophage, is essential in the liver in the urea cycle to remove ammonia from the blood
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stream.  ArgI/II double null mice die of hyperammonemia, and display increased

circulating L-arginine along with L-ornithine deficiency (Ohtani et al., 2007).  Other

authors have drawn attention to the fact that L-arginine metabolism in general results in T

cell suppression, again suggesting that a reduction in the activity of both enzymes may be

necessary for relief of T cell suppression (Bronte et al., 2003; Bronte and Zanovello,

2005).

We wondered if myeloid ArgI activity might be directly contributing to cancer

cell proliferative capacity through production of L-ornithine or polyamines, which could

then be used by the cancer cells to sustain proliferation.  The products of ArgI include L-

ornithine and urea.  L-ornithine can be consumed by ornithine decarboxylase (ODC), a

rate-limiting enzyme in the synthesis of polyamines including spermine, spermidine, and

putrescine .  Many authors have drawn attention to the essential nature of polyamines to

cell proliferation, and the observation that simple overexpression of ODC can transform

cells (Auvinen et al., 1992; Manni et al., 1995; Manni et al., 1997).  Because one of the

products of ArgI, L-ornithine, feeds into the ODC pathway, there has been speculation

about the role of ArgI in polyamine production. We tested this via a co-culture model

with resident peritoneal macrophages and MEC cells followed by quantitation of cancer

cell cycle by propidium iodide staining and flow cytometry.  By using myeloid HIF-

1alpha WT and KO cells with or without the ArgI inhibitor norNOHA, we saw no HIF-1

or ArgI dependent effect on cancer cell cycle regulation (data not shown).

Apart from effects detailed here, HIF-1alpha has recently been shown to aid in

cell survival and function via suppression of oxidative phosphorylation (Papandreou et

al., 2006).  Partially blocking oxygen consumption by oxphos raises levels of oxygen in
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the cell for other processes while HIF glycolytic upregulation manages ATP production.

Maintenance of intracellular oxygen levels has relevance for both the ability myeloid

knockout macrophage iNOS to produce nitric oxide as well as for other enzymes that

require oxygen.  Another myeloid cell enzyme implicated in T cell immunosuppression is

indoleamine 2,3 dioxygenase (IDO) (Lob and Konigsrainer, 2007).  This enzyme is under

investigation for its ability to suppress T cell function through tryptophan catabolism.

Given the requirement for oxygen in IDO catalyzed reactions, it may be the case that HIF

null myeloid cells would be deficient in IDO mediated suppression under hypoxic

conditions, where KO cells would not be able to spare oxygen for IDO use as efficiently

as WT cells.

Because of the limited number of animals available as a result of the complexity

of the genetic crosses used to generate the PyMT myeloid HIF null animals, we chose an

endpoint strategy to characterize the model.  It may be the case that other genotype

dependent effects could be observed at earlier stages of tumorigenesis.  Indeed, given the

massive macrophage infiltration of PyMT tumors, it is likely that HIF-1 has a variety of

affects on the tumor that we did not examine.  Nevertheless, HIF-1alpha control of iNOS

and ArgI and their role in T cell responsiveness is important to report given the

implications to immunotherapy.

Taken together, these results have important implications for the use of HIF-

1alpha inhibitors in anticancer strategies.  HIF-1alpha upregulates pro-tumor pathways

including glycolytic enzymes and angiogenic factors, while at the same time upregulating

cell cycle inhibitors including p21 and the presumably proapoptotic protein bNIP3.

Initial excitement over the prospect of targeting HIF-1alpha in cancer was always
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tempered with the concern over the potential release from cell cycle inhibition and

proapoptotic state that could be the result of HIF-1alpha inhibition in cancer cells.

Despite these concerns, the net effect of HIF-1 inhibition appears to be beneficial in

animal models.  Given the role of myeloid HIF-1 in T cell immunosuppression detailed

here, the potential for combining HIF-1 inhibition and immunotherapy presents itself as a

therapeutic strategy to target both the tumor and the immunosuppressive

microenvironment created by it.
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Figure 2.1: (a-d) HIF-1alpha, and not HIF-2alpha, controls murine macrophage iNOS

and ArgI in response to IFNg or IL-4 in vitro.  (e) This effect is also reflected at the

protein level.
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Figure 2.2: Addition of resident peritoneal macrophages to CD3/28 activated splenocytes

1:10 blocks T cell proliferation as measured by CFSE in a hypoxia/HIF-1alpha/iNOS

dependent fashion.  (a) Splenocytes + WT macs in black vs. splenocytes - macs in blue.

(b) Splenocytes + KO macs in black vs. plenocytes - macs in blue.  (c) Splenocytes +

thioglycollate elicted WT macs in black vs. splenocytes + inos-/- thioglycollate macs in

blue.  (d) bar graph representation of suppression of CD8+ cell cycle progression.
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Figure 2.3: Myeloid specific HIF-1alpha knockout bred to PyMT model of breast cancer.
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Figure 2.4: Quantitation of macrophage and T cell infiltration and HIF-1 target

enzymatic activity in PyMT WT and myeloid HIF-1alpha KO.  (a) F4/80 macrophage

staining (brown) in hematoxylin counterstained PyMT tumor.  (b) CD8+ T cell infiltrate

(blue).  (c,d)  F4/80+ and CD4/8 infiltration by flow cytometry.  (e-f) iNOS and arginase

I enzyme activity from PyMT tumor
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Figure 2.5: PyMT T cell responsiveness and arginase I induction in macrophages by

diffusible mediator from PyMT cells. (a) T cells isolated from PyMT tumors lacking

myeloid HIF-1alpha are more responsive to CD3/28 stimulation. (b) Method of co-

culture of macrophages and PyMT MEC cell line. (c) Western blot for argI shows strong

induction depends on MEC PyMT cells, macrophage HIF-1alpha, and hypoxia.
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Figure 2.6: Injection of Lewis Lung Carcinoma cells into myeloid HIF-1alpha WT and

KO mice.  (a,b) Similar tumor mass and T cell infiltration.  (c,d) HIF-1alpha dependent

argI and iNOS activity.  (e) Increased % of IFNg producting T cells from KO.
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Figure 2.7: Model of macrophage HIF-1alpha dependent suppression of T cell

activation.
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Figure 2.8: Perturbation of splenic composition in PyMT tumor bearing mice vs.

littermate non-tumor bearing controls.
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Figure 2.9: Activation and other immunophenotypic markers from splenic T cells of

PyMT tumor bearing mice vs. littermate controls.
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Figure 2.10: Deletion of HIF-1alpha in CD11b+/GR1med and CD11b+/GR1bright, but

not in CD11b+/GR1- cells using the LysM-cre recombinase.
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