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Hypoxic response and inflammation both involve the action of the hypoxia-inducible transcription factors HIF-1«
and HIF-2a. Previous studies have revealed that both HIF-« proteins are in a number of aspects similarly regulated
post-translationally. However, the functional interrelationship of these two isoforms remains largely unclear.
The polarization of macrophages controls functionally divergent processes; one of these is nitric oxide (NO)
production, which in turn is controlled in part by HIF factors. We show here that the HIF-« isoforms can be
differentially activated: HIF-1« is induced by Th1 cytokines in M1 macrophage polarization, whereas HIF-2« is
induced by Th2 cytokines during an M2 response. This differential response was most evident in polarized
macrophages through HIF-« isoform-specific regulation of the inducible NO synthase gene by HIF-1e, and the
arginasel gene by HIF-2a. In silico modeling predicted that regulation of overall NO availability is due to
differential regulation of HIF-1a versus HIF-2q, acting to, respectively, either increase or suppress NO synthesis.
An in vivo model of endotoxin challenge confirmed this; thus, these studies reveal that the two homologous
transcription factors, HIF-1a and HIF-2«, can have physiologically antagonistic functions, but that their antiphase
regulation allows them to coordinately regulate NO production in a cytokine-induced and transcription-dependent

fashion.
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Functional characterization of myeloid response has
allowed macrophage activation to be classified as re-
sponsive to Lipopolysaccharide (LPS) or Thl cytokines
such as IFNv, or Th2 cytokines, including IL-4 and IL-13
(Bonecini-Almeida et al. 1998; Gordon 2003; Mantovani
et al. 2004; Mosser and Edwards 2008). Macrophages
polarized with Th1 cytokines are called M1 macrophages,
and are considered to be classically activated. M1 mac-
rophage polarization is important for the clearance of
phagocytosed or intracellular pathogens; this is mediated
by production of proinflammatory cytokines, reactive ox-
ygen species, and nitric oxide (NO) (Nathan et al. 1983;
Bermudez and Young 1988; Summersgill et al. 1992;
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Benoit et al. 2008). Macrophages activated by Th2 cyto-
kines are considered M2-polarized, or alternatively acti-
vated, and are important in humoral immunity and re-
pair processes (Stein et al. 1992; Mantovani et al. 2002;
Martinez et al. 2009).

Macrophages are often present in hypoxic tissues, and
hypoxia strongly affects macrophage functions (Murdoch
et al. 2005; Nizet and Johnson 2009). Much of the overall
transcriptional response to hypoxia is mediated by a group
of transcription factors known as hypoxia-inducible fac-
tors (HIF) (Wang and Semenza 1993; Weidemann and
Johnson 2008). One of these, HIF-1q, is expressed ubig-
uitously, and is tightly linked to inflammatory response
and microbicidal activities of myeloid cells (Cramer
et al. 2003; Peyssonnaux et al. 2005). Another oxygen-
responsive component of the HIF family, HIF-2«, is
expressed in a more limited fashion, although it is also
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found in myeloid cells (Tian et al. 1997; Talks et al. 2000;
Jurgensen et al. 2004). Among the transcriptional targets
of HIF-1q, the inducible NO synthase gene (iNOS) is reg-
ulated by both hypoxia and a number of other factors
(MacNaul and Hutchinson 1993; Melillo et al. 1995;
Peyssonnaux et al. 2005). It is also expressed primarily
in macrophages that are MIl-polarized (Gordon 2003).
iNOS produces NO by metabolizing its substrate, the
amino acid L-arginine (Bronte and Zanovello 2005). Macro-
phages also have another arginine-metabolizing enzyme,
arginasel, which generates ornithine and urea (Durante
et al. 2007). Arginasel is highly expressed in M2 macro-
phages, and competes with iNOS for their common sub-
strate, L-arginine (Bansal and Ochoa 2003). Arginasel
activity can thus regulate NO production via the limita-
tion of arginine availability in the extracellular environ-
ment (Bronte et al. 2003; El Kasmi et al. 2008). Arginasel
gene expression is also induced by hypoxia (Louis et al.
1998); this raises the question of how these two differing
metabolic fates of arginine, NO synthesis and arginasel
activity, are regulated under hypoxia, and how the two
transcription factors, HIF-1a and HIF-2«, participate in
that regulation.

In this study, we found that HIF-1a and HIF-2a mRNA
is expressed differentially in M1- and M2-polarized mac-
rophages, due to differential induction of the two iso-
forms by Th1 and Th2 cytokines. Through computational
analysis of transcription rates, mRNA, and protein half-
lives, we determined that these dynamic changes of
mRNA levels could strongly influence overall protein
levels in the absence of classical effects on post-trans-
lational stability. We then found that HIF-1a and HIF-2«
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act in this way to cooperatively maintain NO homeosta-
sis, and that they act through a functional antagonism to
accomplish this by differential action on their two target
genes: iNOS and arginasel.

Results

HIF-2aa mRNA expression correlates with M2
activation

Primary macrophages from mice are generally from one of
two sources: They are bone marrow-derived by culture of
bone marrow in M-CSF-containing medium (termed bone
marrow-derived macrophages [BMDMs]), or they are elic-
ited from the peritoneum of mice by thioglycollate in-
jection (termed thioglycollate-elicited peritoneal macro-
phages [TEPMs]). A number of studies have indicated that
TEPMs are at least partially activated (Michl et al. 1979;
Norton and Munck 1980; Hopper 1986); this includes
a recent demonstration that PPARYy, an essential regulator
of alternative macrophage activation, is expressed in
TEPMs but not in BMDMs (Odegaard et al. 2007).
Examination of gene expression in these two types of
cells showed that M1- and M2-related gene expression
does differ between BMDMs and TEPMs. BMDMs have
higher induction of the M1 gene encoding iNOS, whereas
TEPMs have higher levels of the M2 genes encoding
arginasel and resistin-like molecule a/found in inflam-
matory zone (Fizz1) (Fig. 1A). This finding is not univer-
sally applicable to M2 genes, as other M2 genes, such as
mannose receptor (MR) and chitinase-like lectin yml
(YM1), are not differentially expressed. Interestingly and
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Th1 and Th2 cytokines oppositely regulate HIF-1a and HIF-2a mRNA expression. (A) TEPM has significantly higher HIF-2«,

arginasel, and Fizzl mRNA, but lower iNOS mRNA expression compared with BMDM (n = 6). (B) BMDMs were treated with LPS
(1 pg/mL), IFNwy (20 ng/mL), or IL-4 (20 ng/mL). LPS and IFNvy induced HIF-1a but strongly decreased HIF-2a mRNA levels at 6 and 12 h.
IL-4 induced HIF-2a mRNA at 24 or 48 h. (n = 5). (C) BMDMs were treated with actinomycin D (5 wM) together with LPS (1 wg/mL),
IFNvy (20 ng/mL), or IL-4 (20 ng/mL). HIF-1a and HIF-2a« mRNA abundance after actinomycin D were shown as relative to time 0.
Control HIF-1a mRNA was destabilized quickly, whereas HIF-2a mRNA was stable. LPS accelerated the destabilization of both HIF-1a
and HIF-2a significantly (n = 3). (D) HIF-1a and HIF-2a immature mRNA synthesis was measured by using pre-mRNA-specific primers.
LPS and TFNvy induced HIF-la mRNA synthesis at 6 and 8 h, whereas both decreased HIF-2a synthesis. IL-4 increased HIF-2a mRNA
synthesis at 24 h or 48 h (n = 5). All data represent means + SEM. (*) P < 0.05; (**) P < 0.01 versus control.
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unexpectedly, we found that mRNA expression of the
HIF-2q, but not the HIF-1q, gene is increased significantly
in TEPMs; i.e., partially M2-polarized macrophages
(Fig. 1A).

HIF-1a and HIF-2a mRNA expression are differentially
regulated by Thl and Th2 cytokines

To analyze HIF isoform function in polarization, we
asked whether HIF-a mRNAs respond differently to
differing cytokines, particularly to Thl and Th2 cyto-
kines. In these experiments, we used BMDMs as repre-
sentatives of a preactivated state. As can be seen in Figure
1B, IFNvy and LPS increase HIF-la mRNA expression
in BMDMs over 12 h, but significantly repress HIF-2a
mRNA expression relative to controls. However, the
Th2 cytokine IL-4 acts in almost the opposite fashion; it
has no effect on expression of HIF-1a« mRNA, but acts to
increase HIF-2a mRNA expression. Other Th2 cytokines,
such as IL-13, also increased HIF-2a mRNA abundance
(data not shown), suggesting Th2 cytokines cause a grad-
ual increase of HIF-2a mRNA, whereas Thl cytokines
suppress HIF-2a mRNA expression. Interestingly, the
kinetics of HIF-2a mRNA induction by Th2 cytokines
differ from that of HIF-la mRNA induction by LPS or
IFNv, and the IL-4 induction of HIF-2a mRNA gives rise
to a prolonged effect on HIF-2a expression.

Transcriptional regulation of HIF-a by Th1 and Th2
cytokines

To determine how HIF-a mRNA behavior is regulated by
cytokines, we first defined mRNA stability in BMDMs;
this was done by measuring levels of mRNA over time
following treatment with actinomycin D (Fig. 1C). These
data demonstrate that HIF-la« mRNA is quite labile, with
a decline in abundance of approximately four to five
orders of magnitude over 12 h, with a half-life of ~200
min. On the other hand, HIF-2a mRNA is very stable, and
we were unable to determine a conclusive half-life for it
in this assay; HIF-2a half-life is affected only by treatment
with LPS. LPS’ effects on mRNA stability are also
significantly greater in destabilizing HIF-1a mRNA rela-
tive to HIF-2a mRNA.

We next measured pre-mRNA by quantitative PCR,
using primers that bind at exon 12 and intron 13 in HIF-
la, and at intron 11 and exon 12 in HIF-2«. Amplification
of purified nuclear RNA from these sites can be used to
determine the rate of HIF-a mRNA synthesis by detect-
ing preprocessed RNA. LPS and IFNwy enhanced the
synthesis of HIF-la mRNA at 6-12 h, whereas they
strongly reduced HIF-2a mRNA synthesis (Fig. 1D).

However, IL-4 significantly induced HIF-2a mRNA
synthesis, albeit again with a delayed time course relative
to the transcriptional effects seen on HIF-la mRNA
stimulated by Thl cytokines. Collectively, these results
demonstrate that HIF-1a mRNA has a high turnover rate,
and is controlled primarily by modulating its transcrip-
tion. In contrast, HIF-2a mRNA is stable, with a lower
turnover rate, and its accumulated presence in the cell is
affected by both its stability and transcriptional rate.

HIF antagonism in NO regulation

HIF-1a and HIF-2a protein levels are differentially
regulated by Th1 and Th2 cytokines

There is great complexity to the role of inflammation in
HIF-1la induction, with evidence for transcriptional,
translational, and post-translational effects (Sandau et al.
2001; Zhou et al. 2003; Frede et al. 2007; Rius et al. 2008).
To determine how Thl and Th2 cytokines ultimately
affect HIF-a protein levels, we first examined HIF-1a and
HIF-2a protein abundance during hypoxia. We treated
primary macrophages with cytokines for 48 h, and then
subjected them to hypoxia for 4 h. Hypoxia alone induced
a small amount of HIF-2a protein in BMDMs; however,
IL-4 strongly increased HIF-2a abundance (Fig. 2A).

TEPMs, which are partially M2-polarized, have much
higher HIF-2a expression compared with BMDMs (Fig.
2.A,B); this is consistent with their HIF-2a mRNA levels
(Fig. 1B). HIF-2a protein expression can be detected even
in normoxia in TEPMs. LPS and the Thl cytokine IFNy
induced HIF-1la protein but strongly decreased HIF-2a
protein in both BMDMs and TEPMs. These protein levels
are also consistent with the response of HIF-1a or HIF-2a
mRNA to LPS or IFNy (Fig. 1B).

We then sought to determine whether LPS, IFNy, or
IL-4 affect HIF-a protein stability (Fig. 2C). We treated
TEPMs with dipyridyl, an inhibitor of proline hydroxy-
lase activity, for 2 h to induce HIF-1a and HIF-2a protein
expression, and then administered cycloheximide to in-
hibit translation. HIF-la and HIF-2a protein half-lives
were 41.5 min and 27.3 min, respectively (Fig. 2C). In the
presence of LPS, IFNw, or IL-4, HIF-1a and HIF-2« protein
degradation rates are almost identical to those of non-
cytokine-treated controls, indicating that neither LPS,
IFNv, nor IL-4 act to affect HIF-a protein stability (Fig.
2C).

Computational simulation of HIF-1a and HIF-2«
expression in macrophages

Based on the parameters described above, a mathematical
model of HIF-1a and HIF-2a mRNA kinetics under M1 or
M2 polarization stimuli was constructed (Fig. 3A). The
model was then employed to calculate and predict the
net effects of the cytokines on overall levels of HIF-1a or
HIF-2a protein (Fig. 3B).

The in silico model predicts that dynamic changes of
HIF-1a and HIF-2a mRNA synthesis and degradation in-
duced by Thl or Th2 cytokines will strongly affect HIF«
protein abundance. To model this experimentally, we ana-
lyzed von Hippel-Lindau (VHL)-null TEPMs; these cells
lack an essential protein required for post-translational
degradation of the HIF-a proteins.

HIF-1a and HIF-2«a proteins are present in normoxia in
VHL-deficient macrophages (Fig. 3C). However, in keep-
ing with the computed model for effects of transcriptional
controls on HIF-« levels, LPS and IFNYy increased HIF-1a
but almost completely suppressed HIF-2a protein accu-
mulation. On the other hand, IL-4 increased HIF-2«a
levels. These results demonstrate that polarizing cytokines
affect HIF-1a or HIF-2a protein abundance not by regulat-
ing degradation, but through inducing mRNA synthesis.
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Figure 2. HIF-1a and HIF-2a protein synthesis were inversely
influenced by LPS/Thl and Th2 cytokines. (A) LPS or IFNy
increased HIF-la protein expression both in normoxic and
hypoxic conditions in BMDM. HIF-2a protein has low-level
expression except in the presence of IL-4. (B) TEPM has high
HIF-2a protein expression. LPS and IFNy decreased HIF-2a
protein abundance. (C) TEPM from wild-type mice were col-
lected and treated with dipyridyl for 2 h to induce HIF-1a and
HIF-2a protein expression. Cells were cultured with cyclohex-
imide (100 wM) together with LPS (1 pg/mL), IFNy (20 ng/mL),
or IL-4 (20 ng/mL), and collected for Western blotting. LPS or
IFNv, and IL-4 did not affect HIF-1a or HIF-2a protein stability.
n = 3. (*) P <0.05 versus control.

iNOS expression is controlled by HIF-1a; in contrast,
arginasel expression is regulated mainly by HIF-2a

The data above indicate that HIF-2a is exclusively in-
duced by Th2 cytokines. To study this surprising find-
ing further, we collected TEPMs from HIF-2a!1o¥/flox,
Tie2cre*/~ mice (HIF-2a KO) and used cre recombinase-
negative littermates to isolate control TEPMs. Initial
analyses demonstrated that loss of HIF-2a did not affect
a number of M2 genes, including Fizz1 and Ym-1 (Sup-
plemental Fig. 1). We also found that loss of HIF-2a did
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not affect hypoxic induction of classical HIF-1a target
genes in these cells, including glucose transporter 1
(Glut1) and lactate dehydrogenase-A (LDH-A) (Supple-
mental Fig. 2). However, arginasel expression was re-
duced significantly in both mRNA and protein levels in
HIF-2a KO macrophages (Fig. 4A). Basal arginasel expres-
sion as well as hypoxic induction is attenuated in HIF-2«
KO macrophages, suggesting that HIF-2«a is an essential
component of arginasel induction even in normoxia.
Both iNOS and arginasel are partners in regulating over-
all NO levels; both are known to be induced by hypoxia,
so we hypothesized that the two HIF-a isoforms might
act to differentially induce these genes in macrophages.
To do this, we generated HIF-1a%/f1°% Tieocre*’~ mice
(HIF-1a KO) and HIF-1aM19¥/ox gIp-paflox/Mox, Tieocret/~
double-knockout mice (HIF-1/2a DKO) in addition to
HIF-2a KO, then collected primary macrophages (TEPMs)
and compared hypoxic iNOS and arginasel induction.
iNOS gene induction is reduced significantly in HIF-1a
KO, but not in HIF-2a KO macrophages, suggesting
hypoxic iNOS gene induction is dependent primarily on
HIF-1a (Fig. 4B). In contrast, hypoxic arginasel induction
is reduced to some extent in HIF-la KO and to a greater
extent in HIF-2a KO macrophages, and is completely
abrogated in HIF-1/2a DKO (Fig. 4B). These results
demonstrated iNOS and arginasel gene are regulated
differently by the two HIF-a isoforms. This notion
prompted us to collate dose response profiles of IFNy
stimulation versus HIF-a isoform, iNOS, or arginasel
mRNA expression under hypoxia. The induction of iNOS
mRNA expression increased in a manner directly re-
flective of increasing doses of IFNvy; however, arginasel
gene expression was suppressed (Fig. 4C). Intriguingly,
HIF-1a mRNA expression increased with IFNy, whereas
HIF-2a mRNA expression decreased; this dose-dependent
response to IFNv is directly reflective of the respective
changes in iNOS and arginasel (Fig. 4D).

NO homeostasis and HIF-a dynamic response

The data presented to this point support the hypothetical
model for NO control shown in Figure 5A, which argues
that cytokine induction of NO acts differentially through
Th1 and Th2 cytokines, and uses the two HIF-«a isoforms
to accomplish this; in short, elevated Thl cytokines act
to induce HIF-1a, and this in turn increases iNOS levels,
which drive NO synthesis. Increases in Th2 cytokine
levels conversely increase HIF-2a levels, which drive
arginasel expression, which metabolizes L-arginine and
suppresses NO synthesis.

To test this hypothesis, we extended our mathematical
model to allow us to predict the net effects of these
differential levels of HIF-a function across Thl and Th2
stimulus gradients on NO synthesis (Fig. 5B). Figure 5B is
a graphic representation of the equations described in
Table 1; the algorithm encompasses our observed rates of
HIF-o« mRNA and protein expression and degradation and
iNOS and arginasel synthesis, and the readout of arginine
metabolism expressed as NO synthesis. The bar graph
in Figure 5B represents a quantitative prediction of NO
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production to differing doses of IFNvy, which is calculated
based on the parameters shown in Table 1. As shown, it
predicts that loss of HIF-1a at all doses should lower NO
production, but surprisingly, that loss of HIF-2a should
cause increased levels of NO, most strikingly at lower
doses of Thl cytokines. As can be seen in Figure 5C, a
heat map predicts that iNOS synthesis is essentially a
product of HIF-1a transcription, whereas arginasel has
mixed HIF-la and HIF-2«a inputs; the net result, how-
ever, as seen in the heat map in the last panel in Figure
5C, is predicted to result in the highest NO levels when
HIF-1a mRNA levels are high and HIF-2a mRNA levels
are suppressed.

Given a model, we were now able to ascertain whether
the predictions it made reflect findings in vivo, and, in
particular, to test the surprising supposition that loss
of HIF-2a would increase NO levels. To test this, we
examined NO production from macrophages cultured in
normal or L-arginine-reduced RPMI medium by assaying
for NO metabolite levels. As can be seen in Figure 5D,
when L-arginine is abundant (1140 mM), NO production
is abrogated in HIF-la-null macrophages. In contrast,
significant elevation of NO production is observed in
HIF-2a-null cells, suggesting validity of our model. It is

HIF antagonism in NO regulation

Figure 3. Computational simulation of HIF-la and
HIF-2a expression demonstrated that HIF-a protein
abundances are influenced by changes in their mRNA
levels. (A) Network diagram of HIF-la and HIF-2«
regulation by LPS, IFNwy, or IL-4, used to construct
a mathematical model. (B) Computational simulation
of Thl or Th2 cytokine acting inversely on HIF-1a and
HIF-2a mRNA levels, which are unaffected by hypoxia.
Transcription rates were altered to the degree measured
experimentally in response to Thl and Th2 cytokines,
and the resulting mRNA and protein levels were calcu-
lated. Simulations reveal that HIF-1a and HIF-2a protein
levels are regulated by the cytokine-mediated control of
mRNA synthesis and stability, even in normoxic condi-
tions; this regulatory effect is enhanced in hypoxic
conditions. (C) TEPM from VHL™%/1ysMere*’~ mice
expressed HIF-1a and HIF-2a protein in normoxia. LPS
and IFNy increased HIF-1a, but decreased HIF-2a pro-
tein. IL-4 increased HIF-2a protein in VHL-deficient
macrophages.

noteworthy that the elevation of NO production in HIF-
2a-null macrophages is more prominent when cells are
cultured in more physiological levels of L-arginine (228
mM; normal L-arginine levels in plasma are predicted to
be 80-200 mM, although are much lower in wounds or
infections) (Albina et al. 1990; Suh et al. 1997; Wu and
Morris 1998; Kamada et al. 2001).

A critical question was whether these results and this
model have relevance to in vivo HIF-a function and NO
metabolism. To ascertain this, we analyzed plasma NO
induced by LPS by using myeloid-specific HIF-1a knock-
out (HIF-1a°%1°%, [ysMcre*/~) and HIF-2a knockout
(HIF-2a1%/f1°%, [ysMcre*/~) mice. We measured plasma
nitrite + nitrate levels 6 h or 24 h after LPS injection. We
found that plasma NO was reduced at 6 h in myeloid-
specific HIF-1a knockout mice; in contrast, it increased
at 24 h in myeloid-specific HIF-2a knockout mice com-
pared with controls (Fig. 5E). Collectively, these data
validate the hypothesis that the HIF-a isoforms regulate
NO metabolism in inflammatory cells through a func-
tional antagonism, where HIF-2a suppresses NO pro-
duction through the induction of arginasel, and HIF-1a
induces NO production by induction of iNOS, both
acting in response to different polarizing cytokines.
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Figure 4. iNOS expression is controlled by HIF-1q; in contrast,
arginasel expression is regulated mainly by HIF-2a. TEPMs
were collected from HIF-1a/°%/1°%; Tieocre*/- (HIF-1a KO), HIF-
2a10%/M19%. Tigocre*! (HIF-20 KO), or HIF-1a/1°%/f10% HIF.pgflox/flox,
Tie2cre*/” (HIF-1/2a DKO) mice, or wild-type mice as a control.
(A) Wild-type (Wt) and HIF-2KO (KO) TEPMs were treated with
IL-4 (20 ng/mL) or hypoxia (1%) (H) for 14 h. IL-4 induced
arginasel expression in HIF-2a KO TEPMs normally. However,
hypoxic induction of arginasel mRNA and protein were reduced
significantly in HIF-2a KO TEPMs. (B) TEPMs were exposed to
hypoxia (1%) (H) for 14 h and collected for gene expression
analysis. Hypoxic induction of iNOS was abrogated in HIF-1a
KO, but not in HIF-2a KO TEPMs. Hypoxic induction of
arginasel was suppressed in HIF-la KO TEPMs, but was more
strongly suppressed in HIF-2a KO TEPMs. Both iNOS and
arginasel induction with hypoxia were completely inhibited
in HIF-1/2a0 DKO TEPMs (n=4). (*) P<0.05; (**) P < 0.01 versus
wild type. (C) Wild-type TEPMs were treated with different
doses of IFNvy (0.02-20 ng/mL) for 12 h, then incubated in
hypoxia (1%) for 16 h. iNOS expression was increased, while
arginasel expression was reduced with increasing doses of IFNy.
(D) HIF-1a expression was also induced, while HIF-2a dimin-
ished after increasing doses of IFNy. Arginasel but not iNOS
expression was affected in the HIF-2a KO macrophage. The
decrement of arginasel expression is abrogated in HIF-2a KO
TEPMs.
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Discussion

The differential functions of the HIF-a isoforms have
been difficult to determine. Although loss of either iso-
form has clear-cut effects on development and function in
a range of physiological processes, there is nonetheless
a wide overlap in putative HIF targets and binding to
hypoxic response elements. In addition, an understanding
of differential functions of the two isoforms is limited by
their susceptibility to similar mechanisms for post-trans-
lational degradation through the VHL-mediated ubiquitin—
proteasome pathway (Maxwell et al. 1999; Krieg et al.
2000; Weidemann and Johnson 2008).

One of the more puzzling questions in this regard is how
HIF-a protein abundance is adjusted in response to non-
hypoxic stimuli. With regard to inflammation, a number of
reports have demonstrated that NF-kB signaling can in-
fluence HIF-1a« mRNA levels (Frede et al. 2006; Rius et al.
2008; van Uden et al. 2008). In the work presented here, we
analyzed HIF-1a and HIF-2a mRNA expression in primary
macrophages, and established a simulation model of
HIF-1a and HIF-2a behavior to ascertain whether, given
specific input effects on transcription, regulation at the
mRNA level could influence differential protein levels of
the two isoforms in the presence of post-translational
controls that acted similarly on the two molecules. Our
algorithm indicates that Thl and Th2 cytokines could
affect HIF-1a and HIF-2« protein levels by regulating their
transcript levels. This was confirmed by an analysis of
protein levels in cells with and without VHL, a key
component of post-translational regulation of the HIF-«
factors (Maxwell et al. 1999; Weidemann and Johnson
2008). These data argue, in turn, that transcriptionally
differentiated induction of the HIF-a gene could be an im-
portant means for regulating HIF-«a expression in a number
of other tissues and systems, and could possibly be an
explanation for differential roles of the factors in physio-
logical induction and response to nonhypoxic stress.

It is also clear that HIF-2a is expressed exclusively in
M2-polarized macrophages, and that this is in contrast to
abundant HIF-1a expression in M1 macrophages. This is
the first demonstration as well of a cytokine that specif-
ically induces HIF-2a as opposed to HIF-1a. Given that
a number of HIF-2a-specific targets or functions have
been identified (e.g., erythropoietin, Oct4, c-Myc, and
p53) (Covello et al. 2006; Gordan et al. 2007; Rankin et al.
2007; Bertout et al. 2009), but that the mechanisms to
explain HIF-2a specificity of these genes is still unclear, it
will be useful to investigate the possible transcriptional
control of HIF-2«a in cells in which these target genes are
induced in a HIF-2a-specific manner.

Interestingly, HIF-1a and HIF-2a mRNA showed quite
distinctive kinetic profiles; HIF-la. mRNA has a rela-
tively short half-life, while HIF-2a RNA has a remarkably
longer half-life. HIF-l« mRNA increased rapidly in re-
sponse to IFNy, whereas HIF-2a mRNA responded slowly
to IL-4. These data suggest that HIF-la has a role in
transient, acute phase reactions, whereas HIF-2.« is work-
ing in long-term responses. This is consistent with data
described previously for the HIF-a proteins and their
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Figure 5. HIF-la and HIF-2a acts antagonistically in
terms of NO production by inducing iNOS and argi-
nasel expression. (A) Hypothesized model of NO pro-
duction under low or high concentration of IFNy. Under
low IFN«y condition, HIF-2a is present and induces
arginasel expression, resulting in the suppression of
NO production. Under high IFNy condition, HIF-2«a is
diminished and iNOS uses L-arginine for the production
of NO. (B) Network diagram for a mathematical model
of L-arginine metabolism through iNOS and arginasel
(values for the rate constants k1-k26 are listed in Table
1). HIF-1a and HIF-2a act antagonistically in terms of
NO production in macrophages. (C) Heat maps of
computational simulation results of iNOS, arginasel,
and NO levels in response to altered rates of HIF-1a and
HIF-2a transcription under IFNvy stimulation revealed
that both L-arginine concentration and the balance of
HIF-1a/HIF-2a could affect NO secretion from macro-
phages. Arrows indicate the responses to different doses
of IFN«y. (D) Nitrite productions from TEPMs were
measured in supernatant of cultured macrophages using
Griess reaction systems. TEPMs were incubated in
hypoxia (1%) for 12 h, and were treated with IFNvy
under normoxia for 36 h. HIF-2a KO TEPMs produced
higher NO than wild type in low-middle concentration
of IFNy under an excess amount of L-arginine (1140 mM).
Nitrite production was decreased in HIF-1la KO TEPMs.
Production of nitrite was strikingly increased in HIF-2a
KO TEPMs under physiological concentration of L-argi-
nine (228 mM) (n = 6). (E) Measurement of plasma nitrite
and nitrate levels 6 h or 24 h after LPS 1 mg/kg i.p. of HIF-
119X, Lo o M~ (HIF-1a KO) or HIF-2a/19%/19%; Lysprt/=
(HIF-2a KO) mice. NO level was decreased in 6 h after
LPS in HIF-1a KO; however, NO level was increased at
24 h in HIF-2a KO mice (n = 8).

kinetic profiles (Holmquist-Mengelbier et al. 2006; Kong
et al. 2007); interestingly, in terms of targets, iNOS
mRNA also has a short half-life, and arginasel mRNA
has a long half-life (Supplemental Fig. 3). These data
would argue for a coevolution of acute and chronic
responses via the HIF-a proteins that would suit homeo-
static regulation; in the case of NO, the acute phase acts

to synthesize the effector, and the chronic phase acts to
resolve induction and restore preinduction levels.

In addition to IL-4, we saw that the Th2 cytokine IL-13
also induces HIF-2a mRNA (data not shown). IL-4 and
IL-13 both bind to the common receptor IL-4Ra, which
signals through the JAK/STAT6 pathway (Chatila 2004).
It should be noted that the murine HIF-2a promoter
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sequence has a putative STAT6-binding site at —448
nucleotides upstream of its transcription start site (data
not shown). Interestingly, and in contrast, [IFNy and LPS
are known to suppress IL-4/STAT6 signaling by inducing
the expression of SOCS (suppressor of cytokine signaling)
proteins (Dickensheets et al. 1999; Losman et al. 1999).
This could represent one mechanism for IFNy-mediated
suppression of HIF-2a mRNA synthesis.

NO is a powerful bactericidal agent; however, it can
potentially cause tissue damage and accelerate inflam-
mation. The homeostatic regulation of NO during in-
flammation is a primary concern in the activation of the
innate immune system. Here, we showed that the HIF-a
isoforms have a previously unanticipated cooperative
role in temporally regulating the enzymes responsible
for both induction and suppression of NO synthesis. That
the two HIF-«a isoforms act under the control of differing
polarizing cytokines argues that these responses are, in
turn, controlled by Thl and Th2 signaling, and that this
signaling, unexpectedly using the HIF transcription fac-
tors, is key to regulating NO homeostasis.

Materials and methods

Transgenic mice

All procedures involving animals were approved by the University
of California at San Diego Animal Care Committee, which serves
to ensure that all federal guidelines concerning animal experi-
mentation are met. Generation of mice carrying the loxP-flanked
conditional alleles of HIF-1a, HIF-2a, and VHL was described
previously (Ryan et al. 1998; Haase et al. 2001; Gruber et al. 2007).
Hematopoietic/endothelial or myeloid cell-specific inactivation
was achieved by cross-breeding those mice to Tie2-Cre, or LysM-
Cre transgenic mice (Clausen et al. 1999; Kisanuki et al. 2001) in
C57BL/6 background. Cre-negative homozygous littermates for
the conditional alleles were used as controls. Animals were
between 8 and 12 wk at the time of the experiments.

Harvest of BMDM and TEPM

To isolate BMDMs, the marrow of femurs and tibias of wild-type
mice were collected. Cells were plated in DMEM supplemented
with 10% heat-inactivated FBS and 30% conditioned medium
(a 7-d supernatant of M-CSF expressing L-929 cells). Mature
adherent BM cells were harvested by incubation with mixture A
(1:1 mixture of 10 mM EDTA in PBS and RPMI 1640 medium
containing 20% FBS) for 15 min and gentle scraping after 7 d in
culture. TEPMs were isolated from the peritoneal cavity 4 d after
injection of thioglycollate. LPS (L3012), actinomycin D, and
cycloheximide were obtained from Sigma. IFNvy and IL-4 were
obtained from eBioscience.

RNA analysis by reverse transcription and real-time
quantitative PCR

Total RNA was isolated from cultured cells using RNeasy method
(Qiagen, Inc.) as described previously (Takeda et al. 2007). First
strand synthesis was performed with 0.5 or 1 pg of total RNA by the
SuperScript System (Invitrogen) according to the manufacturer’s
protocol. Fot real-time PCR analysis, cDNA was amplified in SYBR
Green or TagMan Universal Master Mix (Applied Biosystems) with
an ABI Prism 7700 sequence detection system (Applied Biosys-

HIF antagonism in NO regulation

tems). Expression levels were related to 18 sec using the ACt
method. Primer sequences are in the Supplemental Material.

Western blot analysis

Cells were collected in buffer A (10 mM HEPES at pH 7.9, 10 mM
KCl, 0.1 mM EGTA, 0.1 mM EDTA, 1 mM DTT, 1 mM PMSE all
chemicals from Sigma) and complete PI tablets (Roche) and
incubated for 10 min on ice. After incubation with 0.6% NP-40
for 30 sec and vortex for 30 sec, the lysates were spun down at
12,000g for 30 sec, and the supernatant was collected as
cytoplasmic fraction. The pellet was resuspend in buffer C (20
mM HEPES at pH 7.9, 420 mM NaCl, 1.5 mL MgCl,, 0.2 mM
EDTA, 25% glycerol, ] mM DTT, 1 mM PMSF, complete PI), and
incubated for 30 min on ice. After centrifugation at 14,000g for
15 min, the supernatant was collected as nuclear extract. Ten
micrograms of nuclear protein were separated on 4%-8% Tris-
acetate gels (Invitrogen) followed by immunoblotting. Primary
antibodies for HIF-1la (B1049-49, Novus Biologicals), HIF-2a
(AF2997, R&D), and B-actin (AC-15, Sigma) were probed with
secondary antibodies from Amersham. Chemiluminescence was
visualized with ECL Plus (GE Healthcare).

Griess assay

The measurement of NO in the supernatant of cultured macro-
phages was carried out using Griess Reagent System (Promega),
and was performed according to the manufacturer’s protocol.
Before the experiments, cells were plated onto 96-well plates at
a plating density of 2 X 10° per well. To measure plasma NO
levels, we converted nitrate into nitrite via nitrate reductase
prior to the reaction with Griess reagent, since nitrite is rapidly
oxidized by oxyhemoglobin to nitrate. Following the reduction,
samples were deproteinizated using a 10-kDa cutoff filter (Milli-
pore). Measurement of nitrate + nitrite was performed using NO
colorimetric assay kit (BioVision).

Computational simulations

A mass action, ODE-based model was constructed based on
measurements made in this study as well as in previous studies
(Table 1; Hoffmann et al. 2002; Bansal and Ochoa 2003; Werner et al.
2005). Simulations were done in Matlab version 2008b (Mathworks)
with the built-in odel5s silver at default settings. Simulations
involving cytokine- or LPS-induced changes to HIF-1a and HIF-2a
transcription rates were done based on measured experimental re-
sults of the LPS and cytokine effect on HIF-1a and HIF-2a mRNA
levels.

Statistical analyses

All statistic analyses were performed using Prism (GraphPad
Software). If not otherwise noted, a two-sided unpaired Student’s
t-test was used for the analysis of differences in mean values
between groups.
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