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Hypoxia-inducible factor 1o (HIF-10) and HIF-2a. display unique and sometimes opposing activities in regu-
lating cellular energy homeostasis, cell fate decisions, and oncogenesis. Macrophages exposed to hypoxia accu-
mulate both HIF-1a and HIF-2a, and overexpression of HIF-20 in tumor-associated macrophages (TAMs) is
specifically correlated with high-grade human tumors and poor prognosis. However, the precise role of HIF-2a.
during macrophage-mediated inflammatory responses remains unclear. To fully characterize cellular hypoxic
adaptations, distinct functions of HIF-1a versus HIF-20. must be elucidated. We demonstrate here that mice
lacking HIF-20 in myeloid cells (Hif2a"* mice) are resistant to lipopolysaccharide-induced endotoxemia and
display a marked inability to mount inflammatory responses to cutaneous and peritoneal irritants. Further-
more, HIF-20 directly regulated proinflammatory cytokine/chemokine expression in macrophages activated
in vitro. Hif2a"/* mice displayed reduced TAM infiltration in independent murine hepatocellular and colitis-
associated colon carcinoma models, and this was associated with reduced tumor cell proliferation and progres-
sion. Notably, HIF-20. modulated macrophage migration by regulating the expression of the cytokine receptor
M-CSFR and the chemokine receptor CXCR4, without altering intracellular ATP levels. Collectively, our data
identify HIF-20 as an important regulator of innate immunity, suggesting it may be a useful therapeutic target

for treating inflammatory disorders and cancer.

Introduction

Macrophages are versatile hematopoietic cells that mediate a wide
array of immune functions, e.g., initiating inflammatory respons-
es, executing phagocytosis and bacterial killing, and facilitating
adaptive immunity (1-3). The plasticity of macrophages can be
represented by two extremes in their activation profile, M1 (or
“classical”) and M2 (or “alternative”) activation (4). The M1 pro-
file is induced by IFN-y and microbial products and primarily
exhibits microbicidal activity and a proinflammatory phenotype
(4, 5), while M2 macrophages (induced by IL-4 or IL-13) are char-
acterized by antiinflammatory properties (4, 5). In recent years,
increasing attention has focused on tumor-associated macro-
phages (TAMs), a unique macrophage population that expresses
certain M1 products (e.g., CXCL8, TNF-a, and IL-6) and M2 com-
pounds (e.g., MMPs, IL-10, CCL17, and CCL22). These factors
promote angiogenesis (6-9), facilitate tumor cell invasion, and/or
provide an immunosuppressive tumor microenvironment (7, 10).
The role of TAMs in tumor progression has been controversial.
Early reports correlated macrophage infiltration with tumor sup-
pression (11, 12). However, other studies suggested that elevated
TAM numbers correlate with poor clinical outcome in many types
of human cancers (7, 9, 10). TAM activity is therefore likely to be
complex and may be influenced by microenvironmental factors.
Interestingly, TAMs migrate toward and accumulate in hypoxic
tumor domains (13). When exposed to hypoxia in vitro, macro-
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phages alter their expression of several mitogenic and proangio-
genic cytokines, implying that tumor hypoxia has a profound
influence on TAM functions (13-15).

Similarly, sites of inflammation are often associated with isch-
emia (16). Low oxygen (O;) tension arises in inflamed tissues due
to vascular damage and edema, as well as intense metabolic activity
of bacteria and numerous infiltrating cells. Macrophages accumu-
late in large numbers within O,-deprived areas in inflammatory
lesions, including infections, myocardial infarcts, atherosclerosis,
rheumatoid arthritis, wounds, and solid tumors (8, 16-20), sug-
gesting that hypoxic responses may regulate macrophage function
during disease progression. Mammalian cells adapt to changes in
O, availability primarily through HIFs whose activity is regulated
by their o subunits (HIF-1oe and HIF-2a) (21-23). Whereas HIF-1a.
appears to be expressed ubiquitously, HIF-2a is expressed in a more
tissue-restricted manner (24-26). Despite their extensive sequence
homology, the two a subunits have nonoverlapping and sometimes
even opposing roles. For example, HIF-1a has been documented
to exclusively regulate glycolysis (27). In contrast, HIF-2a (but not
HIF-1a) directly activates the expression of Oct4, a critical tran-
scription factor regulating stem cell maintenance (28), as well as the
red blood cell cytokine erythropoietin (29). Furthermore, HIF-1a
inhibits cell proliferation by counteracting c-Myc, while HIF-2a
promotes cell division by enhancing c-Myc activity (30-33). Finally,
recent studies have shown that HIF-1a. promotes, whereas HIF-2a.
suppresses, the pS3 pathway and tumor cell radiosensitivity (34, 35).
Therefore, the role of HIF-1aw and HIF-2a in a variety of patho-
physiological contexts is complex and incompletely described.
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Myeloid-specific ablation of HIF-2a using LysM-Cre. (A) Breeding scheme used to obtain myeloid-specific HIF-2o—deficient (Hif2a*/2, i.e.,
Hif2a2t/1t, L ysM-Cre) and control (Hif2a%'+, i.e., Hif2a2t+, LysM-Cre) mice. 2L, 2loxP allele; 1L, 1loxP or deleted allele. Frequency of each geno-
type is shown. (B) Southern blot showing deletion of the 2loxP allele in macrophages (M). Tail tissue (T) was used as a control. (C) Western
blots confirming the absence of HIF-2a protein under hypoxia in Hif-2a4* BMDMs. (D) HIF target expression validating loss of HIF-2a. function
in HIF-2o—deficient BMDMSs. Data represent fold induction of mMRNA expression compared with the control BMDMs. Representative data from
4 independent experiments are shown (**P < 0.01). (E) Cytokine/chemokine expression in normoxic and hypoxic BMDMs was evaluated by
QRT-PCR. Representative data from at least 3 independent experiments are shown (*P < 0.05, **P < 0.01). A/+, control genotype, Hif2a+; A/A,
mutant genotype, Hif2a**; N, normoxia (21% O); H, hypoxia (0.5% O); n.s., nonspecific band.

Both HIF-1a and HIF-2a accumulate in hypoxic primary
human macrophages and mouse bone marrow-derived macro-
phages (BMDMs) in vitro (36, 37). HIF-2a protein is also readily
detected in vivo in BMDMs and TAMs of various human cancers
(38). Myeloid-specific deletion of murine Hifla has revealed an
important role for HIF-1o in mediating macrophage-dependent
inflammatory and antibacterial activities (39-41). To evaluate
HIF-20 during inflammation, we bred mice carrying our previ-
ously described Hif2a (Epasl, referred to as Hif2a hereafter) con-
ditional allele (29) to a lysozyme M-Cre (LysM-Cre) strain (42)
to obtain myeloid lineage-specific deletion of Hif2a. Using LPS-
induced endotoxemia and other in vivo models of acute inflam-
mation, we showed that HIF-20 expression in macrophages is
also required for normal inflammatory responses. Furthermore,
we identified a critical role for HIF-2a in regulating proinflam-
matory cytokine expression in response to M1 stimuli (LPS plus
IFN-y) at low O,, implicating a mechanism whereby hypoxia
contributes to the maintenance of a highly inflammatory state.
Finally, we tested the function of HIF-20a in TAMs in the tumor
microenvironment using independent autochthonous inflam-
mation-associated murine hepatocellular and colitis-associated
carcinoma models. Our data indicate that HIF-2a is essential
for TAM migration into these lesions, which in turn promotes
tumor progression.
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Results
Generation of myeloid-specific HIF-20—null mice. To characterize HIF-20
function in macrophages, we crossed the floxed Hif2a allele (29) to
LysM-Cre animals (42) (Figure 1A). Progeny carrying the mutant
genotype (Hif2a?/'L, LysM-Cre) were designated Hif2a"A, whereas
progeny carrying the control genotype (Hif2a?"/*, LysM-Cre) were des-
ignated Hif2a"". Littermate controls were used for all experiments
conducted. Southern blot analysis of DNA obtained from BMDMs
showed approximately 90% Hif2a excision in the genome of mutant
macrophages (Figure 1B), consistent with previous reports for this
LysM-Cre allele (42). Western blot analysis confirmed HIF-2a protein
loss in mutant BMDMs. As shown in Figure 1C, HIF-20. protein was
stabilized in control (Hif24%*) but not mutant (Hif24**) BMDMs at
reduced O, levels (0.5%), whereas HIF-1a. protein was stabilized by
hypoxic treatment in both controls and mutants.

To validate HIF-20. deficiency in unstimulated Hif-2a** BMDMs,
we evaluated hypoxic responses of established HIF target genes by
real-time quantitative RT-PCR (QRT-PCR). As expected, expression
of adrenomedullin (Adm), an HIF-2a preferential target gene (27,
43, 44), was elevated approximately 260-fold in Hif2a** cells upon
O, deprivation. In contrast, Adm mRNA levels decreased by 67%
in hypoxic Hif2a* cells relative to control BMDMs (Figure 1D).
Induction of Vegf,acommon target gene of both HIF-1o.and HIF-2a,
was also reduced, by 53%, in Hif2a** BMDMs compared with con-
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HIF-2a is critical for cytokine production and cardiac function in LPS-induced endotoxemia. (A) Control (A/+) and mutant (A/A) mice were chal-
lenged with LPS (15 mg/kg body weight) via i.p. injection; serum was obtained 4 hours following the challenge; and cytokine levels were determined
using ELISA. Representative data from 5 mice per group are shown (*P < 0.05, **P < 0.01). (B) Hif2a** animals maintained body temperature
better than controls 4 hours following LPS treatment (Hif2a**, n = 3; Hif2a*A, n = 6) (*P < 0.05). (C) Echocardiography showed better LV function
in mutant mice 4 hours following LPS treatment (Hif2a*+, n = 3; Hif2a*, n = 6) (*P < 0.05). (D) Mutant mice were pretreated with either anti—IL-10
antibody or isotype control IgG, and their LV function was examined 4 hours following LPS induction of endotoxemia (n = 3) (*P < 0.05). (E) A
Kaplan-Meier curve representing survival of animals challenged with LPS (Hif2a**, n = 7; Hif2a*, n = 6; log-rank statistic = 12.50, P = 0.0004).

trols. Conversely, Pgkl, an HIF-1a-specific target gene (27), was
induced to similar levels in both genotypes when cultured at 0.5%
O, (Figure 1D). These results confirmed the loss of HIF-2a. tran-
scriptional activity in Hif2a** BMDMs. As hypoxia stimulates the
expression of the proinflammatory cytokine macrophage migra-
tion inhibitory factor (MIF) (45) and the chemokine CXCL2 (also
known as macrophage inflammatory protein-2 [MIP-2]) in macro-
phages (46, 47), we investigated the expression of other M1-associ-
ated proinflammatory cytokine/chemokine mRNAs in response
to hypoxia (Figure 1E). Cxcl2 expression was induced (~2-fold) by
hypoxia (0.5% O), consistent with previous reports. Il1b expres-
sion was also enhanced (2- to 4-fold) by hypoxia (0.5% O). Of note,
both Il1b and Cxcl2 upregulation were dependent on HIF-2a.. How-
ever, 1112, 116, Tnfa, and 1110 mRNA levels were similar in control
and mutant macrophages.

As LysM-Cre initiates gene deletion within early hematopoi-
etic progenitor cells, we investigated whether HIF-2a deficiency
influences macrophage differentiation. We analyzed bone marrow
myeloid progenitor populations, including common myeloid pro-
genitors (CMPs), bipotential granulocyte/macrophage progeni-
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tors (GMPs), and megakaryocyte/erythrocyte progenitors (MEPs),
using established surface markers (48). No significant differ-
ence between mutant and control mice was observed for CMPs
(1.21% + 0.51% in Hif2a** vs. 1.08% + 0.22% in Hif2a®"), GMPs
(0.97% + 0.33% in Hif2a*2 vs. 0.70% + 0.24% in Hif2a*"), or MEPs
(0.67% + 0.11% in Hif2a*2 vs. 0.57% = 0.15% in Hif2a*"*) (n = 4)
(Supplemental Figure 1A; supplemental material available online
with this article; doi:10.1172/JCI39506DS1), suggesting that
myeloid progenitors are not affected by the loss of HIF-2a. Sub-
sequent macrophage maturation was not significantly perturbed,
as evidenced by normal numbers of CD11b*F4/80* monocytes
and CD11b*F4/80*MHC class II* macrophages (data not shown).
In addition, we analyzed survival and proliferation of isolated
BMDMs and found that HIF-2a deficiency did not lead to defects
in these processes (Supplemental Figure 1, B and C).

Since LysM-Cre is also active in neutrophils, we evaluated the
effect of Hif2a deletion on this lineage. However, whereas bone
marrow-derived neutrophils clearly express HIF-1a, we were
unable to detect HIF-20. mRNA (Supplemental Figure 2A) or pro-
tein (Supplemental Figure 2B), consistent with previous reports
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NO production and activation marker expression are not affected by loss of HIF-2a.. (A) BMDMs were stimulated with various concentrations of
LPS plus IFN-y for 24 hours; NO production was evaluated by measuring nitrate concentration in the culture supernatant using the Griess assay;
n=7.(B)iNOS expression following stimulation with various concentrations of LPS plus IFN-y under 3% O, was assayed by Western blotting. No
difference was found between the control and HIF-2a—deficient macrophages. (C) Upregulation of cell surface activation markers (MHC class Il
and CD86) in response to LPS plus IFN-y was not affected by lack of HIF-2c. in macrophages under either normoxia or hypoxia.

(49, 50). Likewise, HIF-20. was not expressed in MPRO cells, a
mouse neutrophil cell line, regardless of oxygen levels (Supple-
mental Figure 2, C and D). To investigate whether inflammatory
agents induce HIF-2a expression, we stimulated MPRO cells with
the phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA)
under normoxia and hypoxia. As shown in Supplemental Figure 2,
C and D, no HIF-2a mRNA or protein was detected upon TPA
treatment. In contrast, cell surface expression of CD11b increased,
confirming the activation status of these cells (Supplemental Fig-
ure 2E). It was consequently not surprising that neutrophil dif-
ferentiation was unaffected by HIF-2a deficiency, and comparable
neutrophil numbers were observed in Hif24*A and Hif2a®* bone
marrow, spleen, and peripheral blood (Supplemental Figure 2F).

It has been reported that LysM-Cre has partial activity (16%-31%)
in DCs (42). To measure Hif2a deletion in DCs, we performed PCR
on genomic DNA obrtained from bone marrow-derived DCs. Consis-
tent with previous reports, the floxed allele (2loxP) was only partially
recombined by LysM-Cre (Supplemental Figure 3A). Although DCs
from Hif24** mice exhibited slightly less Hif2a mRNA than DCs from
control animals, this subtle difference was not reflected at the level of
protein (Supplemental Figure 3, B and C). Also, equivalent HIF-2o
protein accumulation was detected between Hif2a"* and Hif2a4»* DCs
upon LPS-induced maturation, further confirming largely insuffi-
cient LysM-Cre activity in this lineage. Therefore, the primary myeloid
cells that experience Hif2a deletion and show functional relevance in
Hif2a™* mice are cells of the monocyte/macrophage lineage.

HIF-2q. expression in macrophages is critical for inflammatory responses
during LPS-induced endotoxemia. To evaluate the role of myeloid HIF-2c.
in inflammatory responses, we injected Hif24%* and Hif2a** mice
2702
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i.p. with 15 mg/kg LPS to produce endotoxemia. This model causes
systemic inflammation by producing high levels of circulating pro-
inflammatory cytokines, similar to animal models of sepsis. IL-1f3,
IL-12, TNF-a, and IFN-y have all been implicated in the toxic effects
of endotoxemia, and neutralization of these cytokines by specific
antibodies protects mice from LPS-induced lethality (51-58). We
therefore tested whether HIF-2a deficiency in macrophages affects
LPS-induced cytokine responses. As shown in Figure 2A, serum levels
of IL-1f, IL-12, TNF-a, IL-6, and IFN-y were dramatically increased
in endotoxemic Hif24%* mice 4 hours after injection. In contrast, the
induction of IL-1f, IL-12, and TNF-o. was significantly reduced (by
approximately 80%) in Hif24%* mice compared with controls. IFN-y
levels were also reduced in Hif24** mice (by approximately 40%) rela-
tive to Hif24%* animals. In contrast, levels of IL-6 were comparable
between control and mutant serum samples (Figure 2A). Interest-
ingly, we found that the antiinflammatory cytokine IL-10 was mod-
erately elevated by LPS (on average, 1.5-fold) in mutant animals
compared with controls (Figure 2A). As LPS is also known to induce
hypothermia in mice (59), we measured mouse core temperature
using a rectal temperature probe. Control mice showed decreased
core temperature upon LPS treatment (Figure 2B). However these
decreases were modestly but reproducibly attenuated in Hif2a*/* ani-
mals (35.4 +0.34°Cin Hif2a"/* mice,n = 3 vs. 34.1 £ 0.17°C in Hif2a"*
mice, n = 6; P=0.043) (Figure 2B). Based on circulating cytokine and
hypothermia measurements, we concluded that Hif2a*/* animals are
more resistant to LPS-induced endotoxemia.

Systemic inflammation caused by LPS could trigger multiorgan
failure, including cardiovascular collapse (60). Proinflammatory
cytokines, particularly TNF-a and IL-1f, are important mediators of
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the toxic effects of LPS on cardiac function (58, 61), and macrophages
are thought to be responsible for LPS-induced myocardial impair-
ment (62). Given that myeloid HIF-2a deficiency caused defective
IL-1f and TNF-a. expression upon LPS treatment, we tested whether
this correlates with improved myocardial function. Two parameters
indicating LV contractility, LV fractional shortening (FS) and veloc-
ity of LV circumferential fiber shortening (V) (63, 64), were assessed
by echocardiography. As shown in Figure 2C, LV FS was decreased
in control mice by more than 70% upon LPS treatment. However,
Hif2a"* mice had a relatively moderate change (46.9% + 4.93% in
Hif2a™* n = 3 vs. 72.3% + 4.13% in Hif2a*, n = 6; P = 0.013), sug-
gesting better LV function. Similarly, the LV V¢ reduction was less
dramatic in Hif2a** mice compared with controls (35.1% + 7.65% in
Hif2aM*, n = 3 vs. 66.0% + 5.65% in Hif2a®*, n = 6; P = 0.034), confirm-
ing the cardiac phenotype. Therefore, myeloid HIF-2a deficiency
protects mice, at least in part, from LPS-induced cardiac impairment.
Although local leukocyte infiltration can affect cardiac performance,
we observed no difference in leukocyte numbers between control and
mutant hearts (data not shown). The protective effect observed in
Hif2a™* mice is more likely to be due to decreased serum levels of
proinflammatory cytokines, which have been strongly implicated in
the pathogenesis of murine endotoxemia (57, 58).
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During LPS-induced endotoxemia, the antiinflammatory
cytokine IL-10 is released into peripheral blood and protects mice
from endotoxic shock (65-67), in part by antagonizing proinflam-
matory cytokines such as TNF-a and IFN-y (68). To define a func-
tional role for elevated IL-10 levels in endotoxemic mutant mice, we
administrated neutralizing anti-IL-10 antibody or isotype control
IgG 2 hours before LPS challenge and examined cardiac perfor-
mance in these mice. As shown in Figure 2D, Hif24** mice receiving
anti-IL-10 displayed significantly decreased LV FS and Vs compared
with IgG-treated animals. However, the reversal of this phenotype
by IL-10 neutralization was not complete when compared with
IgG-treated control mice. These data suggest that elevated IL-10
confers some, but not all, protection of cardiac function in Hif2a*/A
endotoxemic mice (Figure 2C). Thus, coordinated suppression of
proinflammatory cytokines and promotion of antiinflammatory
factors are both important for the cardiac phenotype observed in
Hif2a™* mice. Taken together, our results revealed a complex role
for macrophage HIF-2a in modulating both proinflammatory and
antiinflammatory axes during LPS-induced endotoxemia, which
consequently affects the severity of myocardial depression.

To determine whether the shift in cytokine balance and improve-
ment in cardiac performance in mutant animals translated to a
Volume 120 Number 8
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HIF-2a directly regulates cytokine gene expression. (A) HIF-2a—regulated cytokine expression does not involve NF-kB. BMDMs were treated with
M1 (5 ng/ml LPS plus 1 ng/ml IFN-y) and/or hypoxia (0.5% O), and DNA binding activity of p65 and RelB to a NF-kB consensus binding site was
assessed using TransAM NF«B Family Transcription Factor Assay Kit (Active Motif). Though hypoxia appears to enhance M1-induced p65 binding
activity, no significant difference was observed between the control and Hif2a-deficient groups (n = 3) (*P < 0.05). (B) U937 cells were differenti-
ated with TPA and activated with M1 (100 ng/ml LPS plus 12 ng/ml IFN-y) and/or hypoxia (0.5% Oy). HIF-2a stabilization under these treatment
conditions was examined by Western blotting. Lanes were run on the same gel but were noncontiguous (white lines). (C) /L6 expression in U937
cells under various treatment conditions was determined by QRT-PCR. (***P < 0.001) (D) ChIP was performed on U937 cells to assess binding of
HIF-2a. protein to potential HRE motifs located at —2.2 kb, —1.7 kb, and —1.6 kb upstream of transcriptional starting site in promoter regions of the
IL6 gene. The VEGF gene was used as a positive control. Lanes were run on the same gel but were noncontiguous (white lines).

survival benefit, we recorded mortality of the animals following
LPS treatment. As shown in Figure 2E, Hif2a** mice exhibited a
significantly enhanced survival (P = 0.0004) over the course of the
experiment. This result further confirmed the finding that mac-
rophage HIF-2a exacerbates pathological outcomes of the LPS-
induced endotoxemia, likely through the regulation of inflamma-
tory cytokine production.

M1-induced NO production and activation molecule expression are unal-
teved in Hif2a® macrophages. To define mechanism(s) underlying
the influences of HIF-20. on endotoxemia-associated inflamma-
tory responses and myocardial impairment, we activated BMDMs
using LPS and IFN-y and analyzed M1-associated responses in
vitro. M1 stimulation of LPS- and IFN-y-activated macrophages
led to the production of reactive nitrogen and oxygen species,
resulting in major microbicidal activity and tissue injury. Interest-
ingly, no significant difference in NO levels was observed between
control and Hif24** BMDMs in response to M1 stimulation under
either normoxia or hypoxia (Figure 3A). Similarly, iNOS expression
following M1 treatment was similar in activated hypoxic Hif2a%4
and Hif2a®* macrophages (Figure 3B).

Activated macrophages also serve as professional antigen-pre-
senting cells by upregulating MHC class II and costimulatory
surface molecules. As expected, LPS and IFN-y treatment induced
2704
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MHC class II and CD86 expression, although levels were compa-
rable under normoxia and hypoxia, and HIF-2a deficiency had no
effect under any condition (Figure 3C). Therefore, HIF-2a is dis-
pensable for NO production and MHC class II or costimulatory
molecule expression in macrophages.

HIF-20.regulates M1-stimulated proinflammatory cytokine expression. As
HIF-2a regulated the expression of proinflammatory cytokines in
resting BMDM s responding to low O, (Figure 1), we investigated the
effects of M1 stimulation on IL-1f, IL-12, IL-6, TNF-a, and CXCL2
expression in LPS-and IFN-y-activated macrophages invitro (Figure 4).
When combined with M1 stimulation, hypoxic treatment dramati-
cally enhanced the expression of transcripts encoding IL-1f3 (93,700-
fold), IL-12 (2,270-fold), CXCL2 (537-fold), and IL-6 (207,000-fold)
in control activated macrophages. This response was clearly HIF-2o
dependent, as hypoxic induction was significantly reduced in Hif2a*A
macrophages (by 68% for 111b, 81% for 1112, 77% for Cxcl2, and 56%
for 116) (Figure 4A). The reduction in II6 expression in LPS- and
IFN-y-stimulated Hif2a* macrophages was unexpected, as resting
BMDMs (Figure 1) and endotoxemic mice (Figure 2A) showed no
HIF-20-dependent differences in IL-6 expression. It appears that
although IL-6 expression is decreased in activated mutant macro-
phages in vitro, other cell types (e.g., vascular endothelial cells) con-
tribute to IL-6 production in endotoxemic mice, as previously report-
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ed (69). Interestingly, several cytokines were expressed at reduced
levels in Hif2a*» BMDMs treated with LPS and IFN-y even at 21% O,
(Figure 4A), suggesting that baseline normoxic HIF-20. levels may
be functionally relevant. M1 induction of another proinflammatory
cytokine, Tnfa, was only marginally enhanced by hypoxia and was
less dependent on HIF-2a, suggesting that HIF-2a proinflammatory
responses are selective. In contrast, the antiinflammatory cytokine
1110 was not induced during M1 activation (Figure 4A), although M1
activation combined with hypoxia produced a slight but statistically
insignificant increase in I/10 levels.

To extend these results, we performed ELISAs to measure
cytokine release from activated macrophages in vitro. Consistent
with the mRNA data above, M1-induced IL-6, IL-12, and IL-1f
secretion was reduced in Hif2a** macrophages to approximately
40%-60% of that in controls (Figure 4B). Collectively, the data indi-
cate that hypoxia amplified macrophage production of proinflam-
matory cytokines in a HIF-2a-dependent manner. In summary,
our results are consistent with a model in which IL-1f and IL-12
in serum of endotoxemic mice are produced primarily by activated
macrophages, whereas other cytokines such as IL-6 may also be
contributed by other cell types.

HIF-2a. directly regulates cytokine gene expression. LPS is a TLR4
ligand and activates MyD88- and Trif-dependent pathways in mac-
rophages, resulting in activation of transcription factors NF-kB,
activator protein 1 (AP-1), and interferon regulatory factor 3 (IRF3)
(70). As NF-xB is a known regulator of IL-1f, IL-6, and CXCL2 (71),
we hypothesized that hypoxia may amplify M1-induced cytokine
expression by promoting NF-kB activity. We therefore tested NF-kB
DNA-binding activity in Hif2a"* and Hif2a** BMDMs activated by
M1 stimuli and/or hypoxia for 18 hours. As shown in Figure 5A,
hypoxia treatment alone did not activate p65, a member of the clas-
sical NF-xB pathway. M1 stimuli induced p65 DNA binding ability
in control macrophages, which increased moderately under hypox-
ia (1.3-fold, n = 3, P = 0.0384); however, both responses were HIF-2a.
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Figure 6

HIF-2a is required for TPA- and TG-induced
inflammation. (A—G) TPA-induced acute ear
inflammation is impaired in myeloid HIF-2a—
deficient mice. (A-D) Ear skin was painted with
either acetone (control) or TPA; ear tissue was
harvested 24 hours later and stained with H&E.
Scale bars: 20 um. (E and F) Ear tissue was
stained with Gr-1 antibody to confirm that the
majority of infiltrating cells are PMNSs. Scale bars:
20 um. (G) Infiltrating cells (based on H&E stain-
ing) and Gr-1+ cells were counted under high-
power (x40) fields (n = 3, *P < 0.05). (H) Myeloid
HIF-2a—deficient mice displayed reduced total
number of TG-elicited peritoneal exudate macro-
phages (PEMs) (n = 5, ***P < 0.001). Arrow-
heads in C, D, E, and F indicate neutrophils.

*k
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TG

independent (Figure SA). Interestingly, M1-stimulated RelB and
P52 (components of the alternative NF-kB pathway) activity were
inhibited by hypoxia, but once again this effect was not attribut-
able to HIF-2a (Figure SA and data not shown). Therefore, there
is no apparent crosstalk between HIF-2a and NF-kB in regulating
macrophage proinflammatory cytokine expression.

As shown in Figure 4A, M1 stimuli activated HIF-2a targets such
as Adm and Vegfin macrophages, and combined M1 and hypoxic
treatment synergistically increased expression of both genes. A
similar activation pattern was observed for Il1b, Il12a, Cxcl2, and
1I6 (see above), implying that proinflammatory cytokine genes
may be directly regulated by HIF-2a. Using ChIPs, we assessed
HIF-2a binding to promoter region of the IL6 locus. U937, a
human pro-myelomonocytic leukemia cell line, was employed for
these experiments, as large numbers of cells are required to facili-
tate immunoprecipitation assays. Upon differentiation using
the phorbol ester TPA, U937 cells were treated with M1 stimuli
and/or hypoxia. HIF-2a. protein accumulated in these cells upon
either M1 or hypoxia treatment; moreover, combined M1 and
hypoxia treatment further stabilized HIF-2a (Figure 5B). Simi-
larly, expression of IL6 mRNA could be induced by M1 or hypox-
ia, although to a much lesser extent for the latter (Figure 5C).
Combined treatment resulted in enhanced 1l6 expression. We
then screened the promoter region of IL6 (up to -4.0 kb 5'-FS)
and identified 3 putative hypoxia responsive elements (HREs)
(72) located at -1.6-, -1.7-, and -2.2-kb positions. As shown by
ChIP assay, the sequence located at 1.7 kb specifically bound
HIF-2a protein when induced by M1 stimuli, hypoxia, or both
(Figure SD). A similar HIF-2a binding pattern was observed for
the established HRE present in the VEGF promoter. Moreover, we
detected a relatively weak interaction between HIF-20. and a sec-
ond sequence located at the -2.2-kb position (data not shown).
We concluded that HIF-2a physically associates with the IL6 gene
and transcriptionally regulates its expression in macrophages.
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Compromised response of Hif2a™* mice in additional acute inflamma-
tion models. Two additional experiments were performed to further
characterize the importance of HIF-2a in mediating acute inflam-
matory responses in vivo. First we induced acute cutaneous inflam-
mation (73, 74) by painting ear skin with the TPA. After 24 hours,
ears were harvested and analyzed for edema and leukocyte infiltra-
tion. Edema was similar in the two genotypes, as revealed by equiva-
lent increases in ear weight after TPA treatment (43.59% + 10.46% in
Hif2aMA vs. 37.71% + 11.52% in Hif2a»*, n = 5). However, the number
of leukocytes infiltrating TPA-treated ears was significantly reduced
in Hif2a4* mice compared with their lictermate controls (75.9 + 14.8
in Hif2a* mice vs. 137.8 + 11.6 in Hif2a®* mice, n = 3, P = 0.03)
(Figure 6, A-D and G). These cells were confirmed to be neutrophils
based on Gr-1 staining (Figure 6, E-G), suggesting that neutrophil
recruitment toward inflammation sites is affected. This is probably
due to reduced production of neutrophil chemotactic factors by the
local resident macrophages lacking HIF-20. expression, as HIF-2a.
is not expressed detectably in neutrophils (see above).

In the second experiment, we injected mice i.p. with thioglycollate
(TG) to induce peritoneal inflammation. TG recruits large numbers
of macrophages from the circulation to the peritoneal cavity (75, 76).
Five days following TG treatment, peritoneal exudates cells were col-
lected and grown in M-CSF-containing medium for 3 days, and the
number of inflammatory macrophages was determined. As shown in
Figure 6H, Hif24** mice recruited approximately 45% fewer macro-
phages compared with Hif2a"* mice (n = 5, P=0.0005). These results
confirm that HIF-2a. deficiency impairs the ability of macrophages
to respond and migrate to sites of inflammation in vivo.
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Figure 7

Decreased TAM infiltration in murine HCC when macrophage HIF-2a. is
absent. (A and B) Representative H&E images of liver tissue contain-
ing tumor areas. Scale bars: 200 um. (C—F) HCC samples were stained
with the pan-macrophage marker CD68, and positively stained brown
cells were identified as infiltrating TAMs. Two representative images
per genotype are shown. Scale bars: 50 um. (G) TAM recruitment in
control and myeloid Hif2a-deficient mice was determined under high-
power (x20) fields and normalized to the units of tumor area (n = 15,
**P =0.0017). (H) Mitotic figures of tumor cells were counted per 10
high-power (x40) fields, and mitotic indices were determined (*P < 0.05).
Asterisks in A and B indicate tumor area. Arrowheads in C, D, E, and
F indicate CD68* TAMs.

Myeloid HIF-20. is required for autochthonous liver tumor progression.
Given that HIF-2a. is highly expressed in TAMs in a variety of
human cancers and increased TAM HIF-2a levels are correlated
with poor patient prognosis (38, 77, 78), we wished to determine
the role of HIF-2a in TAM migration and function using genetic
means. We therefore induced two independent autochthonous
tumor types in mice lacking myeloid HIF-2a.. The first tumor
model employed diethylnitrosamine (DEN) to induce hepato-
cellular carcinoma (HCC), which is known to be modulated by
myeloid cells and inflammatory cytokines (79-81). Hif24** and
Hif2a™* mice were injected with DEN at 2 weeks of age as described
previously (79). Livers from male mice were then harvested after
9 months, by which time tumors typically developed. Liver histol-
ogy is shown in Figure 7, A and B. Immunohistochemistry was
performed to detect CD68-expressing TAMs. The number of
TAMs recruited to tumors was markedly reduced in mutant mice
compared with controls (1.43 x 10-5 + 3.6 x 10-°/unit tumor area
in Hif2a*'A mice compared with 2.78 x 10~ + 4.7 x 10-%/unit tumor
area in control mice, n = 15, P = 0.0017) (Figure 7, C-G). Reduced
TAM numbers were observed in all regions of the tumor, including
those with dense leukocyte infiltration (Figure 7, E and F). This
result suggests that macrophage recruitment into autochthonous
HCCs is dependent on HIF-2a expression.

Reduced TAM migration/invasion did not affect HCC number,
size, or tumor vessel density in mutant livers (Supplemental Table
1). However, decreased TAM numbers correlated with delayed
tumor progression, as Hif-2a* mice exhibited reduced incidence
of high-grade (i.e., grade 3) tumors compared with control mice
(18% in Hif2a®* mice [n = 22] vs. 30% in controls [# = 27]). Also,
tumor cell mitotic indices were significantly compromised in
mutant HCCs compared with controls (1.9 + 0.45 in Hif2a2 livers
[n=22]vs. 4.4 £ 1.05 in controls [#n = 27], P = 0.045) (Figure 7H),
although surprisingly, this effect did not manifest as differences in
overall tcumor growth. This may be due to the inherent variability
of the model, or off-setting effects on tumor cell survival. In any
event, the HCC study further supports a role for HIF-2a in regu-
lating TAM infiltration, consequently influencing tumor pheno-
types including proliferation and progression.

Myeloid HIF-2q. is also required for the development of murine colitis-
associated cancer. Given the somewhat subtle effects observed in the
HCC model, we tested the role of HIF-2a-deficient TAMs in an
independent inflammatory murine colitis-associated cancer (CAC)
model. In humans, inflammatory bowel diseases, such as ulcer-
ative colitis, are prominent risk factors for developing colorectal
cancer (82, 83). Moreover, inflammatory components, particularly
macrophages, play a crucial role in promoting progression of CAC
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Figure 8

Loss of TAM HIF-2a leads to reduced tumor burden and progression in murine CAC. (A and B) Control (A/+) and mutant (A/A) mice were induced
to form CAC for 14 weeks, and gross pictures of tumors in the colon and rectum are shown. Arrowheads indicate macroscopic lesions. Scale
bars: 3.125 mm. (C and D) Colon sections were stained with H&E; neoplastic lesions are outlined with yellow dashes. Scale bars: 3.125 mm. (E)
Top panel shows total number of CAC tumors in both control and mutant cohorts. Bottom panel shows total tumor size (represented as sum of
diameters of all tumors). Bars indicate median value of each group. (F) CD68 immunostaining of CAC colons. Left: Distribution of CD68+ macro-
phages (brown) in normal colon tissue adjacent to tumors. Middle: CD68+ TAM infiltration to the surrounding lamina propria (LP) of hyperplasia.
Right: TAM recruitment to LP at stalk area of hyperplasia. Scale bars: 20 um. (G) CD68 immunostaining of CAC adenomas. Left: Limited TAM
infiltration to the center of large lesions. Middle: TAM recruitment to small lesions. Right: TAMs presented in LP at stalk area. Scale bars: 20 um.
(H) Quantification of CD68* cells. (I) Quantification of tumor stages of CAC. Percentages of hyperplasia and adenoma within control (A/+) and
mutant (A/A) groups are shown. (J) Histopathological analysis of mitosis of adenoma tumor cells. Arrowheads in F and G indicate CD68* TAMSs.
T, tumor area; S, stalk. *P < 0.05, ***P < 0.001.
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Figure 9

Reduced migration and invasion, but normal ATP production in HIF-2a—deficient macrophages. (A) BMDMs were exposed to normoxia or hypoxia
for 16 hours, and their in vitro migration capacity toward the chemoattractant M-CSF was determined by employing a barrier PET membrane (8 um;
BD Biosciences). Representative images are shown. Scale bars: 20 um. (B) Quantification of migrated macrophages. Representative data
are shown from n = 4 mice (*P < 0.05). (C) Invasion was tested as described above for migration, except that the barrier PET membrane was
coated with Matrigel basement membrane matrix (BD Biosciences). Representative images are shown. Scale bars: 20 um. (D) Quantification of
macrophages that invaded through the Matrigel. Representative data from n = 3 mice are shown (*P < 0.05, **P < 0.01). (E) BMDMs were
exposed to normoxia or hypoxia for 20 hours, and cellular ATP levels were determined using the ApoGlow Assay kit. Representative data from
at least 3 independent experiments are shown. (F) Expression of M-CSFR under normoxia and hypoxia was determined by Western blotting.
Representative data from 3 independent experiments are shown. Lanes were run on the same gel but were noncontiguous (white lines). (G)
Cxcr4 and Fn1 expression in normoxic and hypoxic BMDMs was evaluated by QRT-PCR. Representative data from at least 3 independent

experiments are shown (*P < 0.05, **P < 0.01). N, normoxia (21% Oy); H, hypoxia (0.5% O).

(84-86). To induce CAC, a single intraperitoneal injection of the
procarcinogen azoxymethane (AOM) was administered to mice,
followed by 3 cycles of dextran sulfate sodium (DSS) treatment,
which results in chronic ulcerative colitis (87). Fourteen weeks
later, mice were sacrificed for tumor analysis. At this stage, colon
lesions appeared to be either hyperplasia or adenoma and mostly
developed in the distal colon and rectum (Figure 8, A-D). Macro-
scopic tumors were counted across the whole colon and rectum,
and tumor size was measured. As shown in Figure 8E, mutant
mice displayed trends of fewer lesions and reduced tumor burden,
as represented by the sum of tumor sizes (Hif2a"", n = 9; Hif2a"%,
n = 11). These differences did not reach statistical significance.
Nevertheless, as the statistical tests are underpowered (17% for
lesion numbers and 10% for tumor burden), these likely represent
type II (or B) errors. Studies on larger cohorts of mice might vali-
date our interpretation of these results.

We next evaluated TAM infiltration by CD68 immunostaining.
Hyperplasia development was accompanied by intensive recruitment
of macrophages to the surrounding lamina propria (Figure 8F),
as previously reported (88, 89). In adenomas, TAM infiltration into
the center of large lesions was limited compared with the margins
adjacent to lamina propria, whereas small lesions showed recruit-
ment of CD68" macrophages in both the center and the margin
(Figure 8G). Of note, large number of macrophages accumulated in
the lamina propria located at the stalk of both hyperplastic tissues
and adenomas (Figure 8, F and G). Interestingly, CD68" cell numbers
2708
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were dramatically reduced (by approximately 70%, 7 = 5, P < 0.001)
in Hif2a"® mice compared with control Hif24%* animals, regardless
of tumor area and stage (Figure 8H). These results support findings
from the HCC experiment indicating that macrophage HIF-20. is
critical for TAM recruitment to the tumor microenvironment.

In addition, mutant mice displayed a trend toward a reduced
percentage of high-grade tumors (e.g., adenoma) and an increased
percentage of lower-grade tumors (e.g., hyperplasia) (Figure 8I).
These differences did not achieve statistical significance, and larger
numbers of animals are required for further analysis. Interestingly,
as noted in the HCC model, tumor cells of mutant mice displayed
significantly reduced mitosis, although Hif2a deletion was restrict-
ed to macrophages (Figure 8]). This effect may be due to decreased
expression of pro-growth factors such as TNF-a and IL-6 in mutant
tumors (90, 91) resulting from reduced TAM numbers and/or Hif2a
deficiency in these cells. It is striking that deleting Hif2a in macro-
phages leads to decreased numbers of TAMs, reduced mitotic indi-
ces, and compromised progression in two unrelated inflammation-
associated autochthonous tumor models. We therefore conclude
that HIF-2o is required for efficient TAM infiltration into tumors,
which in turn reinforces disease progression.

Hif2a** macrophages exhibit reduced migration, invasion, and
chemotactic receptor expression in vitro. To determine whether the
migration defects observed in the acute inflammation and tumor
models represent myeloid cell-intrinsic properties, we isolated
BMDMs and examined HIF-2a effects on macrophage migra-
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tion in vitro. Briefly, BMDMs were exposed to normoxia or
hypoxia for 16 hours, and their migration and invasion toward
the chemoattractant M-CSF was measured by using Boyden cham-
bers (92, 93). Interestingly, HIF-2a. deficiency compromised both
migratory and invasive properties of macrophages to approximate-
ly 50% of that of Hif2a®* BMDMs (Figure 9, A-D). As migration is
a highly ATP-dependent process (39), we compared intracellular
ATP levels, which were similar in mutant and control macro-
phages under both normoxic and hypoxic conditions (Figure 9E).
We next measured M-CSFR levels in macrophages. Western blot-
ting showed reduced M-CSFR protein levels in Hif24*A BMDMs
compared with controls (Figure 9F). These results suggest that
expression of the chemotactic receptor M-CSFR, rather than the
ATP depletion observed in Hifla* deficient macrophages (39),
underlies the mechanism for defective migration and invasion in
Hif2a** macrophages, at least in part.

CXCR4, the receptor for the chemokine CXCL12 (also known as
SDEF-1), also plays an important role in facilitating macrophage
migration in vivo (94, 95). Importantly, Cxcr4 expression was sig-
nificantly decreased (by 65%, n = 4, P = 0.0358) in Hif2a** mac-
rophages compared with controls, even under normoxic condi-
tions (Figure 9G), indicating that basal HIF-2a levels contribute
to Cxcr4 expression. We also observed a 4-fold hypoxic induction
of Cxcr4 expression in control BMDMs, which was profoundly
reduced (by 80%, n = 4, P = 0.00433) in Hif24*/» BMDMs, sug-
gesting that CXCR4 is regulated by HIF-2a.. As in vivo monocyte
and neutrophil transmigration from the circulation to tissues
involves adhesion to endothelial cells, we assessed expression
of adhesion molecules such as integrins 1, 2, 3, aM, a4, and
a5, as well as intercellular adhesion molecule-1 and -2 (ICAM-1
and -2), CD31 (PECAM-1), and F4/80 using flow cytometry and
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Figure 10

Modelillustrating the roles of HIF-1a. and HIF-2a.in macrophages. HIF-1a
exclusively regulates ATP generation and contributes to cytokine
production, as well as macrophage function in acute inflammation,
migration/invasion, and bacterial killing. HIF-2a also regulates acute
inflammation and migration/invasion, but not ATP production in macro-
phages. Additionally, HIF-2a controls tumor inflammation and appears
to play a bigger role in cytokine production than HIF-1a. Further inves-
tigation is needed to determine whether HIF-2a. is required for macro-
phage bactericidal activity.

RNA analysis. We detected no differences in integrin or adhesion
molecule expression levels between Hif24** and control macro-
phages (data not shown); however, possible differences in affin-
ity or avidity would not be detected in these assays. To evaluate
these possibilities, we tested control and mutant macrophages
in a variety of adhesion assays, but no differences were observed
between Hif2a®* and Hif2a™* cells (data not shown). Macrophages
also secrete fibronectin-1 (FN1), which mediates a wide variety of
cellular interactions with the ECM and plays important roles in
cell migration. FN1 promotes cell migration by directly binding
to cell surface integrin receptors and other biologically important
molecules such as heparin and fibrin (96). We determined that
Fnl levels were reduced in mutant macrophages under both nor-
moxia (65% reduction compared with controls, n = 4, P = 0.0022;
Figure 9G) and hypoxia (66% reduction compared with controls,
n=4,P=0.0091), consistent with observed migration defects in
Hif2a*A BMDMs under these conditions. These data indicate that
HIF-20 controls macrophage migration, in part by regulating the
expression of cytokine receptor M-CSFR and chemokine receptor
CXCR4 and the extracellular protein FN1.

Discussion
A complex picture exists regarding the precise roles of the two
HIF-a isoforms in regulating target gene expression and mediat-
ing disease progression. Whereas HIF-1a promotes the growth
of breast and colon cancers (97, 98), HIF-2a. is the predominant
hypoxic effector in the progression of clear cell renal cell carcino-
mas (ccRCC) and non-small cell lung cancers (NSCLCs) (99-102).
These data, as well as distinct phenotypes of Hifla”~ and Hif2a”/~
mice, indicate that the two HIF-o subunits provide nonredundant
functions, and their relative roles are likely to differ depending on
cell type. Both HIF-1o and HIF-20 are stabilized in hypoxic mac-
rophages in vitro (36, 37). Talks et al. showed that HIF-2a protein
accumulates at high levels in TAMs detected in various human
cancers (38). Furthermore, HIF-2a overexpression in normoxic
human macrophages leads to enhanced transcription of proan-
giogenic genes, such as VEGF, IL8, platelet-derived growth factor §
(PDGFB), and angiopoietin-like 4 (ANGPTL4). Of note, HIF-1a had
no effect in these analyses, suggesting that HIF-2a. plays an impor-
tant and distinct role in macrophage adaptation to low O, (103).
Previous studies revealed an important role for myeloid HIF-1a. in
mediating macrophage-dependent inflammatory and antibacte-
rial activities (39-41). It was therefore critical to genetically define
the function of HIF-2a in macrophage-mediated responses such
as in acute inflammation and the tumor microenvironment.
Using a murine model of endotoxemia, we demonstrated that
HIF-2a ablation in macrophages profoundly disrupts the bal-
ance between proinflammatory and antiinflammatory responses,
resulting in an immunosuppressive milieu in LPS-treated Hif2a*/A
Volume 120 2709
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mice. Furthermore, abnormal cytokine production correlates
with fewer systemic toxic effects, as evidenced by improved car-
diac function and survival in LPS-treated Hif24** mice. Together
with reduced neutrophil infiltration during the acute skin inflam-
mation and compromised peritoneal macrophage recruitment in
Hif2a* mice, the results indicate that macrophage HIF-2a plays
an important role in regulating inflammatory responses during
acute inflammatory conditions, a function shared with HIF-1a
(39). However, unlike HIF-1a. (40), the regulation of inflammation
by HIF-20. does not involve NO production. Furthermore, HIF-2a.
does not regulate the expression of costimulatory molecules. Inter-
estingly, our evidence suggests that HIF-2a. plays a distinct role in
regulating proinflammatory cytokine expression, in part by direct
binding to the promoters of cytokine genes, as demonstrated for
IL6 (Figure 5). Our results suggest that HIF-2a. serves as a critical
transcriptional regulator in macrophages under circumstances of
O, deprivation, amplifying cytokine expression and other inflam-
matory responses such as leukocyte infiltration. These findings
emphasize the underappreciated impact of hypoxic responses
on innate immunity. Therefore, the HIF-2a pathway could be
exploited as a novel target for designing interventional strategies
for treating inflammatory diseases.

Previous clinical studies showed that high TAM HIF-2o. lev-
els correlate with increased tumor grade and tumor vascularity
(38, 77), and increased numbers of HIF-20-expressing TAMs are
associated with poor prognosis and local recurrence (78). To char-
acterize the role of HIF-2a in TAMs, we induced HCC and CAC in
mice lacking myeloid HIF-2a. expression. In both models, we found
that HIF-2o-deficient TAMs migrate into tumors less efficiently.
As macrophages are a major component of cellular infiltrates
and are known to promote inflammation-associated cancers, we
anticipated that decreased TAM numbers would negatively affect
tumorigenesis. Indeed, we observed compromised disease progres-
sion in mutant mice, although these effects were more striking in
the CAC model than in the HCC model. Our study suggests that
HIF-20 expression in hypoxic TAMs can indirectly impact tumor
development and progression in these models. It would be inter-
esting to compare the activity of HIF-1a in these models using
mice carrying a Hifla conditional allele in future work.

As stated above, HIF-2o regulates macrophage migration based
on in vivo models of inflammation and cancer. This was con-
firmed to be a cell-intrinsic property, as Hif24** macrophages
exhibited reduced migration and invasion in vitro. Interestingly,
our results indicate that reduced migration derives, at least in
part, from decreased expression of the cytokine receptor M-CSFR,
chemokine receptor CXCR4, and the extracellular molecule FN1
in Hif2a** macrophages.

Overall, loss of macrophage HIF-1a results in reduced migra-
tion/invasion, acute inflammation, and bacterial killing, although
the degree to which this is a secondary consequence of reduced
macrophage ATP levels is not clear (39, 40). Here we report that
HIF-20-deficient macrophages display compromised inflamma-
tory and migratory/invasive activity but that intracellular ATP lev-
els are maintained (Figure 9). These data are consistent with previ-
ous studies demonstrating an exclusive role for HIF-1a (and not
HIF-20) in promoting glycolysis in hypoxic cells (27). Interesting-
ly, HIF-20. is essential for proinflammatory cytokine expression, as
the cytokine defect manifested in myeloid HIF-20-deficient endo-
toxemic mice is considerably more pronounced than that observed
in septic HIF-1a-deficient mice (Figure 2 and ref. 41). Collectively,
2710
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the division of labor between the two HIF-a subunits appears to be
elaborately maintained by their regulation of overlapping, but also
distinct, functions in macrophages (Figure 10).

It was reported recently that macrophage HIF-1a and HIF-2a.
activity can be differentially regulated by cytokine stimuli (104).
Th1 cytokines (such as IFN-y) induce HIF-1a expression, whereas
Th2 cytokines (such as IL-4) promote HIF-2a expression. To eval-
uate the role of HIF-2a in M2 polarization, we treated BMDM:s
with the Th2 cytokine IL-4 and examined a variety of macrophage
responses. Induction of arginase activity, which regulates NO syn-
thesis and promotes tissue repair, is a hallmark of the M2 phe-
notype. Although IL-4 or hypoxia treatment alone triggered dra-
matic increases in arginase activity, this did not require HIF-2a
(Supplemental Figure 4A). Similarly, HIF-2o. was not required for
cell surface mannose receptor expression, another hallmark of M2
activation (Supplemental Figure 4B). Interestingly, FN1 expres-
sion downstream of M2 activation was dependent on HIF-2a
under both normoxic and hypoxic conditions (Supplemental Fig-
ure 4C). These results demonstrated that HIF-2ae mediates some,
but not all, M2 responses.

It is interesting to note that genetic modifiers of the myeloid-
specific Hif2a** phenotypes reported here appeared to be segre-
gating in our mice, which were maintained on a mixed 129/Sv
x C57BL/6 genetic background. For example, consistent hypoxic
phenotypes (shown in Figure 1D) were observed in approximately
70% of Hif2a** mice, whereas macrophages from the remaining
30% of mutant mice did not reveal clear abnormalities. Howev-
er, we observed that when HIF-20-deficient macrophages from
a specific mouse displayed hypoxic phenotypes in a given assay,
they also displayed hypoxic phenotypes in all other analyses. Fur-
thermore, the magnitude of these responses was highly reproduc-
ible between mice. Data from mice exhibiting consistent hypoxic
phenotypes (70% of all mutants analyzed) are therefore presented,
unless stated otherwise. This finding is consistent with multiple
previous reports noting the effects of modifier loci segregating in
mixed 129/Sv x C57BL/6 genetic backgrounds that alter the pen-
etrance of HIF-2a mutant phenotypes. For example, Compernolle
et al. showed that 50% of homozygous Hif2a-deficient embryos in
a mixed 129/Sv x C57BL/6 genetic background died of bradycar-
dia as shown by Tian et al. (105), whereas the remainder died peri-
natally from defects in lung maturation (106). In another report,
independently generated Hif2a/~ embryos died between E9.5 and
E13.5; approximately 50% of the Hif2a”/~ embryos displayed yolk
sac and embryonic vascular remodeling defects, whereas the oth-
ers appeared to succumb to bradycardia (107). Collectively, these
results suggest that HIF-2a. is particularly susceptible to genetic
modifier effects. We are currently backcrossing both the Hif2a
conditional and LysM-Cre alleles into a pure C57BL/6 back-
ground to investigate this possibility.

Two additional observations suggest that the effects of HIF-2a
on macrophage function may be more pronounced than those
reported in our experiments, in which heterozygous (Hif2a*")
BMDMs were used as controls. First, we found that IL-6 produc-
tion in M1-stimulated wild-type (Hif24"*) BMDMs was greater than
that in heterozygous (Hif24**) BMDMs (Supplemental Figure 5).
Second, we observed that some phenotypes, such as M1 cytokine
responses (Figure 4A) and migration and invasion (Figure 9, A-D),
were evident in Hif24*A BMDM:s even under normoxic conditions,
suggesting that low basal levels of HIF-2a. (Figure 1C) contribute
to their biological properties. Together, these data further support
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our conclusion that HIF-2a tightly regulates macrophage func-
tions and is an important immune regulator in these cells.
Myeloid cells appear to adapt in interesting ways to low O,
conditions encountered at sites of inflammation, and the rela-
tive importance of individual HIFs in these responses is receiving
increased attention. Our study extends the results of Cramer and
colleagues (39) by demonstrating that hypoxia promotes multiple
macrophage functions through independent activities of HIF-1a.
and HIF-20. Hypoxia also contributes to a highly inflammatory
state of macrophages, as evidenced by elevated levels of cytokines
(Figure 4A). Further investigation is required to elucidate the dif-
ferential activities of HIF-1a and HIF-2a in other myeloid lin-
eages. For example, HIF-1a has been shown to mediate hypoxic
inhibition of neutrophil apoptosis (108), but HIF-2a. is unlikely to
play a role in neutrophils, since it is not expressed in this lineage.
In addition, a recent report has revealed that hypoxia and HIF-1a
modulate DC maturation, activation, and inflammatory respons-
es (109), although a role for HIF-2a in these cells has not yet been
demonstrated. Elucidating the modulation of macrophages and
other innate immune cells by hypoxia and the HIFs may ultimate-
ly provide new molecular targets through which inflammatory
responses can be manipulated in pathological conditions.

Methods

Mice. The Hif2a conditional allele (29) on a mixed 129/Sv x C57BL/6 back-
ground was crossed with the LysM-Cre allele (42) to achieve myeloid-specific
Hif2a conditional knockout mice. Genotyping using Southern blotting and
PCR techniques was performed according to Gruber et al. (29). All proce-
dures involving mice were performed in accordance with NIH guidelines and
were approved by the University of Pennsylvania IACUC.

Stimulation of BMDMs and in vitro assays. Preparation of mouse BMDMs was
performed as previously described (39, 40). For hypoxia induction experi-
ments, the mouse BMDMs were treated under either normoxia (21% O,) or
hypoxia (0.5% O;) for most experiments, or 3% O, for NO experiments, for
the times indicated. For M1 stimulation, BMDMs were first primed with
0.1 ng/ml IFN-y for 4 hours at normoxia and then treated with various
concentrations of LPS plus IFN-y as indicated. NO levels were determined
using the Griess assay (Promega). ELISA was performed per the man-
ufacturer’s instructions. ELISA kits for IL-12 p70, TNF-a, IL-6, IFN-y,
and IL-10 were purchased from eBioscience; the ELISA kit for IL-1f was
obtained from R&D Systems. Surface expression of MHC class I, CD80,
and CD86 molecules was evaluated by flow cytometry. mRNA and pro-
tein analysis was performed according to Gruber et al. (29). NF-xB DNA
binding assays were performed according to protocols described in the
TransAM NFkB family kit (Active Motif). For M2 stimulation, BMDMs
were treated with recombinant IL-4 at the concentrations indicated. Argi-
nase activity was measured according to an established method (110).
Mannose receptor expression was determined by flow cytometry. FN1
expression was evaluated by QRT-PCR.

Neutrophils and DCs. Bone marrow-derived neutrophils were isolated as
previously described (111). MPRO cells were induced to differentiate with
addition of all-trans retinoic acid (10 uM). After 3 days, cells were preincu-
bated under normoxia or hypoxia (0.5% O) for 4 hours and treated with
TPA (100 ng/ml) for 15 minutes. DCs were prepared from bone marrow
as described previously (112). Bone marrow progenitors were differen-
tiated for 8 days in the presence of GM-CSF (20 ng/ml) and harvested,
and DCs were enriched by using the EasySep CD11c-PE positive selection
kit (StemCell Technologies). DCs were activated with LPS (10 ng/ml) for
24 hours under normoxia and hypoxia (0.5% O,). Expression of HIF
isoforms was evaluated by QRT-PCR and Western blotting.
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In vivo inflammation experiments. LPS-induced endotoxemia was achieved
essentially as described previously (41). Female mice were used for the sur-
vival study. Serum cytokine levels were measured by ELISAs 4 hours follow-
ing LPS (15 mg/kg) treatment. Echocardiography was recorded 6 hours fol-
lowing LPS (10 mg/kg) injection. For IL-10 blocking experiments, control
and mutant mice were injected i.p. with 150 ug rat anti-mouse IL-10 Abs
(clone 2A5, Thermo Scientific) or isotype control rat IgG1 (BD Biosciences
— Pharmingen) 2 hours prior to LPS (10 mg/kg) induction of endotoxemia.
TPA-induced ear inflammation was accomplished according to ref. 39. Skin
tissues were harvested at 24 hours following TPA treatment, and sections
were prepared for H&E staining and Gr-1 immunohistochemistry. Perito-
neal inflammation was induced by TG. Mice were injected i.p. with 1 ml of
3% TG, and at 5 days peritoneal exudate cells were collected by sterile lavage.
The cells were washed and seeded onto petri dishes with DMEM containing
30% L929-conditioned medium (see the above recipe used for cultivating
BMDMs). The cells were allowed to attach for 2 hours, and medium was
changed to remove nonadherent cells. The resulting peritoneal exudate
macrophages were grown at 37°C for 3 days before being enumerated.

Echocardiography. Transthoracic echocardiography was performed on light-
ly anesthetized (1%-2% isoflurane) mice with a high-resolution Vevo 770
micro-ultrasound system (VisualSonics). The ECG signal was obtained from
the electrode pads on the mouse platform. LV wall thickness and LV internal
dimensions at end-diastole and end-systole (LVIDd, LVIDs) were measured
using M-mode echocardiography. LV ejection time (ET) was measured by
Doppler echocardiography. LV fractional shortening [FS = (LVIDd - LVIDs)/
LVIDd x 100%] and velocity of circumferential fiber shortening (Vis= FS/ET)
were calculated (63). The same measurements were performed before and
6 hours after LPS treatment. Mouse core temperatures were monitored with
a rectal temperature probe coupled to a digital thermometer.

ChIPs. U937 cells were differentiated with TPA (100 U/ml) for 3 days
to achieve maturation. These cells were then activated by M1 stimuli
(100 ng/ml LPS plus 12 ng/ml IFN-y), hypoxia (0.5% O), or a combination
of both. For HIF-2a stabilization and IL-6 expression experiments, U937
activation lasted for 24 hours. ChIP assays were performed using a Chroma-
tin Immunoprecipitation Assay kit (Millipore) according to the protocol
described by the manufacturer. Briefly, 1 x 107 cells were activated for 5 hours
under various conditions and fixed with 1% formaldehyde (7.5 minutes
for normoxic and 5 minutes for hypoxic samples). Cell nuclei were iso-
lated, and DNA from 1.2 mg nuclear extract was sheared to 500-1,500 bp
by sonication. The resulting fragmented chromatin was precleared with
normal goat IgG (Santa Cruz Biotechnology Inc.) and protein A/agarose
beads for 1 hour and divided into two ChIP reactions, i.e., HIF-2a-specific
and IgG control ChIPs. DNA was enriched by immunoprecipitation using
10 ug of either the goat anti-mouse HIF-2a. (R&D Systems) or goat IgG
control antibodies complexed to Protein A/agarose beads. The formalde-
hyde crosslinks from the immunoprecipitated DNA were de-associated
with heat (65°C overnight). Protein and RNA were removed by proteinase
K and RNase A treatments. Nonenriched DNA samples were treated in a
similar manner to serve as input controls. The resulting ChIP and input
DNAs were subject to PCR reactions using AccuPrime GC-rich DNA poly-
merase (Invitrogen) and primers specific for several promoter regions of’
IL6 potentially bearing HRE motifs. Primers used for the -1.6-kb sequence
were 5'-GCCTGTAAACCCAGCACTTT-3' (forward), 5'-AGCAATTCTCTT-
GCCTCAGC-3' (reverse); for the -1.7-kb sequence, 5'-CAGTGGTTCAC-
GCCTGTAAA-3' (forward), 5'-CCCAGGTTCAAGCAATTCTC-3' (reverse);
for the -2.2-kb sequence, 5'-GACTCATCCATCTCCAACCC-3’ (forward),
S'-ACTGCCCATGACTGCTTTCT-3' (reverse).

Migration and invasion. Migration assays were performed using 24-well
chambers with inserts (8-um pores) (catalog 353097, BD). Medium with
M-CSF (in the form of L929 conditioned medium) lacking serum was
Volume 120 2711

Number8  August 2010



research article

placed in the lower chamber, and BMDM s (1 x 10%) suspended in medium
without M-CSF but with serum were added in the top chamber. The plates
were incubated under 21% or 0.5% O, for 22 hours. After migration, non-
migratory cells were removed from the top of the insert membrane using
cotton swabs. The underside of each membrane was fixed and stained with
the Diff Quick Stain Kit (IMEB Inc.), and the number of cells that migrated
completely through the 8-um pore was determined in 4 random high-power
fields (x40 objective) for each membrane. Invasion was examined in a simi-
lar way with the addition of Matrigel coating on the insert membrane (cat-
alog 354483, BD) (92, 93). ATP levels were determined using an ApoGlow
Assay kit (Cambrex) per the manufacturer’s instructions. M-CSFR expres-
sion was evaluated by Western blotting using a polyclonal anti-M-CSFR
antibody (Cell Signaling Technology).

Tumor induction and study. To induce HCC, we injected 15-day-old mice
and littermates (Hif2a** and Hif2a"") i.p. with 5 mg/kg DEN. Male mice
were used for tumor studies. After 9 months, livers were perfused intra-
cardially with PBS and 4% PFA, harvested, and fixed. Livers were sepa-
rated into individual lobes and paraffin embedded. Sections (5 wm) con-
taining all liver lobes were H&E stained, and total tumor numbers were
determined. HCC was graded based on multiple histological standards
(grade 1: no nodules and no necrosis; grade 2: small to medium multifocal
nodules and no necrosis; grade 3: large nodules that often coalesce and
contain regions of necrosis). Mitotic indices were determined by counting
mitotic figures per 10 high-power (x40) fields in the nodule in a liver that
contained the highest number of mitotic figures. Vascular invasion was
evaluated by determining numbers of nodules or tumor cell aggregates
that invade through blood vessels in a given liver. Tumor-occupied areas
were determined by MetaMorph software (Molecular Devices) based on 3
fields (x20 objective) representing the highest tumor burden. Sections were
stained for 0-SMA, and vessel density was determined by counting a-SMA*
vessels per unit tumor area. TAM density was evaluated by counting CD68*
cells per unit of tumor area.

To trigger CAC formation, we treated 8- to 14-week-old female mice
with 12.5 mg/kg of the procarcinogen AOM via i.p. injection, followed
by 3 cycles of alternating administration of DSS in drinking water (cycle
1: 2.0%, 5 days; cycle 2: 2.0%, 4 days; cycle 3: 2%, 4 days) and regular
water (16 days). The end point was set to 14 weeks, when mice were sac-
rificed. Colons were flushed with PBS and cut longitudinally to expose
tumors. At this stage, colon lesions appeared to be either hyperplasia
or adenoma and mostly developed in the distal colon and rectum. Mac-
roscopic tumors were counted across the whole colon and rectum. The
diameter of each tumor was measured using a digital caliper (Fisher
Scientific). The murine CAC grading system was established based on
ref. 113. Briefly, hyperplasia was defined as lesions showing increased
cytoplasmic basophilia and elongated glandular architecture with no
compression to neighboring glands; atypical hyperplasia was defined as
hyperplastic lesions showing features of cellular atypia such as loss of’
polarity of epithelial cells and/or crypt atypia such as dilated or shrunk
lumen, lumen with multiple surrounding epithelial layers, or reduced
goblet cells within lumens; adenoma was defined as lesions that are
compressive to neighboring glands and display features of disorga-
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nized glandular architecture and increased mirtotic figures, and may be
polypoid and contain crypt abscesses; atypical adenoma was defined
as adenomas showing increased mitotic figures or signs of muscularis
mucosae penetration; adenocarcinoma was definite when invasion of
basement membrane or submucosa was present. Tumor cell mitosis was
determined by counting mitotic figures per high-power (x40) fields in
the lesion that contained the highest number of mitotic figures. TAM
density was determined by counting CD68" cells on a x20 field for 3
fields using MetaMorph software.

Immunobistochemistry. Immunohistochemistry was performed on sections
from paraffin-embedded samples according to the manufacturer’s guide-
lines (Vector Laboratories). Primary antibodies used included rat anti-
mouse Ly-6G/Gr-1 (eBioscience) at 1:100 dilution, mouse anti-a-SMA
monoclonal antibody (Sigma-Aldrich) at 1:400 dilution, and mouse anti-
CD68 monoclonal antibody (Abcam) at 1:100 dilution. Vector Laborato-
ries biotinylated anti-rat IgG was used as the secondary antibody at a 1:200
dilution with the rat primary antibodies. A Vector Laboratories M.O.M. Kit
was used to aid in the detection of mouse antigen using mouse primary
antibodies. Sections were incubated with DAB substrate (Vector Laborato-
ries) and counterstained with hematoxylin.

Statistics. Data are represented as mean + SEM, except those of Tagman
gene expression assays, which are represented as mean + SD. Unpaired
2-tailed Student’s ¢ test was preformed for most of the studies to evaluate
the differences between the control and HIF-20.-deficient groups. For CAC
tumor number and tumor size studies, the 2-sample ¢ test for independent
samples with equal variances was used. For CAC tumor stage and mitosis
evaluation, Wilcoxon rank-sum test was performed due to non-normal
data distribution. The Kolmogorov-Smirnov test was used for all normal-
ity tests. P < 0.05 was considered statistically significant.
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