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HIF-1a expression regulates the bactericidal
capacity of phagocytes
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Hypoxia is a characteristic feature of the tissue microenvironment during bacterial infection. Here we report
on our use of conditional gene targeting to examine the contribution of hypoxia-inducible factor 1, o subunit
(HIF-10) to myeloid cell innate immune function. HIF-10 was induced by bacterial infection, even under nor-
moxia, and regulated the production of key immune effector molecules, including granule proteases, antimi-
crobial peptides, nitric oxide, and TNF-o. Mice lacking HIF-10. in their myeloid cell lineage showed decreased
bactericidal activity and failed to restrict systemic spread of infection from an initial tissue focus. Conversely,
activation of the HIF-1o pathway through deletion of von Hippel-Lindau tumor-suppressor protein or phar-
macologic inducers supported myeloid cell production of defense factors and improved bactericidal capacity.
HIF-10. control of myeloid cell activity in infected tissues could represent a novel therapeutic target for enhanc-

ing host defense.

Introduction

The eradication of invading microorganisms depends initially on
innate immune mechanisms that preexist in all individuals and
act within minutes of infection. Phagocytic cell types, including
macrophages and neutrophils, play a key role in innate immunity
because they can recognize, ingest, and destroy many pathogens
without the aid of an adaptive immune response. The effective-
ness of myeloid cells in innate defense reflects their capacity to
function in low-oxygen environments. Whereas in healthy tissues
oxygen tension is generally 20-70 mm Hg (i.e., 2.5-9% oxygen),
much lower levels (< 1% oxygen) have been described in wounds
and necrotic tissue foci (1-3).

The adaptive response of mammalian cells to the stress of oxy-
gen depletion is coordinated by the action of hypoxia-inducible
transcription factor 1 (HIF-1). HIF-1 is a heterodimer whose
expression is regulated by oxygen at the protein level. The pro-
tein stability of the o subunit (HIF-1a) is regulated by a family of
prolyl hydroxylases. This process is directed by the interaction of
HIF-1o with the von Hippel-Lindau tumor-suppressor protein
(VHL). Under hypoxia, prolyl hydroxylase activity is inhibited, and
HIF-1a accumulates and translocates into the nucleus, where it
binds to HIF-1p, constitutively expressed. The heterodimer HIF-1
binds to the hypoxic response elements (HREs) of target gene reg-
ulatory sequences, resulting in the transcription of genes impli-
cated in the control of metabolism and angiogenesis as well as
apoptosis and cellular stress (4). Some of these direct target genes
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include glucose transporters, glycolytic enzymes, erythropoietin,
and the angiogenic factor VEGF. Two additional HIF subunits
have subsequently been cloned and named HIF-2 (5-7) and HIF-3
(8), but their regulation is less well understood.

Confirmation that HIF-1la was expressed in activated
macrophages (9, 10) led us to explore the function of this tran-
scription factor in the myeloid cell lineage. Employing condition-
al gene targeting, we recently showed that HIF-1a control of the
metabolic shift to glycolysis plays an important role in myeloid
cell-mediated inflammatory responses (11). These studies also
provided preliminary in vitro evidence that deletion of HIF-1a.
could impair myeloid cell bactericidal activity. The effectiveness
of neutrophils and macrophages in innate antibacterial defense
reflects a diverse array of highly specialized cellular functions
including phagocytic uptake of the bacterium, production of reac-
tive oxygen species, activation of iNOS, and release of antimicro-
bial peptides (e.g., cathelicidins, defensins) and granule proteases
(e.g., elastase, cathepsin). Here we perform a detailed analysis of
the underlying mechanisms by which HIF-1a transcriptional
control pathways contribute to the antibacterial function of
myeloid cells, and for the first time, to our knowledge, determine
the requirement of HIF-1a expression for myeloid cell-mediated
innate immune defense in vivo. Our results indicate a pivotal role
for HIF-1a in myeloid cell biology under both hypoxia and nor-
moxia and suggest that this transcription factor may represent a
unique therapeutic target for boosting immune defense function
in tissues compromised by bacterial infection.

Results
Bacteria induce HIF-1a. expression. Invasive pyogenic bacterial skin
and soft tissue infections generate localized tissue ischemia,
thrombosis, and necrosis and represent a formidable test of the
adaptiveness of neutrophils and macrophages in hypoxic microen-
vironments. In this regard, a strain of the Gram-positive pathogen
group A Streptococcus (GAS), isolated from a patient with necro-
tizing fasciitis (flesh-eating disease), was chosen as the primary
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Figure 1

Bacteria increase HIF-1a protein expression and stimulate HIF-1a
transcriptional activity. (A and B) Macrophages were incubated under
hypoxia (0.1%) or with GAS, MRSA, S. typhimurium (ST), or P. aeru-
ginosa (PA) at an MOI equal to 5-10 under normoxic conditions for
4 hours. Expression of HIF-10 was normalized to $-actin levels and
quantified with ImageQuantTL software (Amersham Biosciences). (C)
HRE-luciferase BM-derived macrophages were incubated either with
GAS or heat-inactivated GAS at an MOI equal to 5-10 under hypoxia
(1%) or with the addition of mimosine (800 uM), desferrioxamine mesyl-
ate (150 uM), or CoCl, (150 uM) for 18 hours. Statistical analyses were
performed using unpaired Student’s t test. **P < 0.01; ***P < 0.001.

model organism for most in vitro and in vivo challenges. We found
that expression of HIF-1a was increased 4-fold in WT mouse
macrophages following exposure to GAS under normoxic condi-
tions (Figure 1A). Indeed, GAS represented a more potent stimu-
lus for HIF-1o induction than hypoxia itself. The phenomenon of
bacterial induction of HIF-1a under normoxia was also observed
with additional Gram-positive (methicillin-resistant Staphylococcus
aureus, hereafter S. aureus) and Gram-negative (Pseudomonas aerugi-
nosa, hereafter P. aeruginosa, and Salmonella typhimurium) bacterial
species of medical importance (Figure 1A).

We next evaluated whether the induction of HIF-1a protein by
GAS corresponded to an increase in HIF-1a transcriptional gene
activation. We measured HIF-lo-dependant transcription in
macrophages derived from HRE-luciferase transgenic mice, which
contain a luciferase reporter gene driven by 6 consecutive specific
HRE sequences. As shown in Figure 1B, a 3-fold increase in lucifer-
ase reporter activity was reached after incubating the macrophages
for 18 hours in 1% oxygen or in the presence of known pharmaco-
logical inducers of HIF-1a, including desferrioxamine mesylate,
cobalt chloride (CoCly), and L-mimosine (L-Mim). Incubation of
the reported macrophages with live or heat-killed GAS bacteria at
normoxia stimulated luciferase activity to levels comparable to or
greater than those of hypoxia (Figure 1B).

HIF-10. regulates bactericidal capacity of myeloid cells. To assess the
functional consequences of HIF-1a activation, we used an anti-
biotic protection assay to calculate intracellular killing of GAS by
WT macrophages compared with killing by those derived from
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the bone marrow of HIFla-lysMcre mice (11). Here, targeted
deletion of the HIF-1a gene has been created via crosses into a
background of cre expression driven by the lysozyme M promoter
(lysMcre), allowing specific deletion of the transcription factor
in the myeloid lineage (11). As shown in Figure 24, intracellular
killing of GAS by WT macrophages was increased under hypoxia,
providing initial indication that HIF-1a may be involved in the
bactericidal process. This result was especially notable because the
facultative GAS bacteria lack oxidative phosphorylation and grow
more rapidly under anaerobiasis (12). We found that, compared
to WT cells, macrophages from HIF-1o-null mice showed a 2-fold
decrease in GAS intracellular killing under normoxia and a 3-fold
decrease in GAS intracellular killing under hypoxia (Figure 2A).
Time-course studies showed that the killing defect observed in
HIF-1a-null macrophages increased over time, such that 15-fold
more viable bacteria were present within HIF-1ow deleted cells by
the last time point of 120 minutes (Figure 2B). Macrophage killing
of the Gram-negative bacterium P. aeruginosa was likewise impaired
upon deletion of HIF-1a (Figure 2B).

As a complementary analysis of the linkage of myeloid cell
bactericidal functions with HIF-1a transcriptional control, we
explored the effects of increased HIF-1a. activity on bacterial kill-
ing by using macrophages derived from vHL-null mice. vHL is a
key regulator of HIF-1a turnover; these mice have constitutively
high levels of HIF-1 activity in the deleted cell population (11). We
found that vHL-null macrophages showed increased intracellular
killing of GAS and P. aeruginosa compared with WT cells across
multiple time points (Figure 2C). Similar differences were
observed in macrophage bactericidal assays that omitted antibi-
otics and instead employed vigorous washing to quantify total
surviving cell-associated GAS or P. aeruginosa (not shown). Macro-
phage populations isolated from WT, HIF-1o-null, and vHL-null
mice both included more than 99.5% differentiated macrophages
by flow cytometric analysis, and Trypan blue straining showed
similar levels of macrophage viability (98-99%) throughout the
GAS-killing assays (not shown). These controls suggest that there
exists an intrinsic defect in the bactericidal activity of HIF-1a-
null cells that cannot be attributed to differences in the purity or
viability of the explanted cell populations.

Finally, we treated WT macrophages with a number of known
pharmacologic inducers of HIF-1a that each act directly or indi-
rectly to inhibit prolyl hydroxylase targeting of HIF-1a. for ubig-
uitination. These included the iron chelator desferrioxamine,
CoCly, L-Mim, and 3-hydroxy-1,2-dimethyl-4(1H)-pyridone (OH-
pyridone) (13). The addition of each of these agents increased
intracellular killing of GAS by WT macrophages (Figure 2D).
Assays were performed using a concentration of each agonist and
exposure time that did not affect bacterial viability (not shown).

Myeloid cell HIF-1a. production is important for control of GAS
infection in vivo. We chose an animal infection model of GAS-
induced necrotizing soft tissue infection for directly testing
myeloid cell bactericidal function in vivo. We introduced the
GAS inoculum subcutaneously into a shaved area on the flank
of WT and HIF-1a/- male littermates and followed progression
of the infection over 96 hours. We found that mice with a tis-
sue-specific deletion of HIF-1a in macrophage and neutrophils
developed significantly larger necrotic skin lesions and experi-
enced greater weight loss than WT mice (Figure 3, A and B). Rep-
resentative gross appearance of the necrotic lesions in WT and
HIF-1a myeloid-null mice is shown in Figure 3C. We next asked
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HIF-1a regulates bactericidal activity of myeloid cells. (A) Intracellular killing of GAS by WT, HIF-1a—null, or vHL-null macrophages. BM-derived
macrophages were inoculated with GAS at an MOI equal to 2.5 and cultured under normoxic (white bars) or hypoxic (0.1%; black bars) condi-
tions for 1 hour after antibiotic treatment. Statistical analyses were performed using unpaired Student’s t test. *P < 0.05; **P < 0.01. (B) Loss of
HIF-1o in macrophages decreases intracellular killing of GAS and of P. aeruginosa. WT (black bars) or HIF-1o—null (white bars) BM-derived
macrophages were incubated with bacteria for 1 hour before antibiotics were added. Intracellular killing was analyzed by determination of viable
CFUs in macrophage lysates at the specified time points after bacterial uptake. Experiments were performed in triplicate. SEM is displayed.
Experiment shown is representative of 3 repeated studies. (C) Loss of vHL in BM-derived macrophages increases intracellular killing of GAS and
of P. aeruginosa. Experiments were performed in triplicate and are representative of 3 repeated studies. SEM is displayed. (D) Pharmacologic
agonists of HIF-1a increase myeloid cell bactericidal activity. Preincubation (5 hours) with desferrioxamine mesylate (DFO), CoCl,, OH-pyridone,
or Mim increased the intracellular killing capacity of WT macrophages against GAS. ***P < 0.001.

whether myeloid cell production of HIF-1a was important in
limiting the ability of GAS to replicate within the necrotic skin
tissues and to disseminate from the initial focus of infection
into the bloodstream and systemic organs. Mice were sacri-
ficed at 96 hours after inoculation and quantitative bacterial
cultures performed on the skin ulcer (or site of inoculation if
no ulcer developed), blood, and spleen (Figure 3D). Approxi-
mately 1,660-fold greater quantities of GAS were present in the
skin biopsies of HIF-1o-null mice compared with those of WT
mice. Similarly, 27-fold (blood) or 85-fold (spleen) more bacteria
were isolated in systemic cultures from HIF-1a-null mice com-
pared with WT mice. Our findings indicate that the presence of
HIF-1a transcriptional control in neutrophils and macrophages
is important in limiting the extent of necrotic tissue damage and
preventing systemic spread of bacterial infection.

HIF-1o. is not critical for neutrophil endothelial transcytosis or oxida-
tive burst function. We next began a series of experiments to probe
the potential cellular and molecular mechanisms through which
HIF-1a may support myeloid cell functional killing capacity in
vitro and in vivo. Although histopathologic examination of the
biopsies from the necrotic ulcers generated by GAS revealed clear
tissue ischemia by HypoxyProbe (Figure 4A), the observed immune
defect of HIF-1a-null animals did not appear to reflect impaired
1808
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phagocyte recruitment, since similar numbers of neutrophils were
observed on immunostaining of the skin tissue of WT compared
with that of HIF-1a.-null mice at 6, 12, and 24 hours after infec-
tion (Figure 4B). The latter finding differed qualitatively from
our previous study, in which decreased neutrophil infiltration
was seen in skin tissue of HIF-1a after chemical irritation with
the phorbol ester tetradecanoyl phorbol acetate (11), and from the
prediction that might be derived from HIF-1a control of B2 inte-
grin expression (14). We speculate that the stimulus to neutrophil
migration elicited by bacterial infection is perhaps stronger and
more complex (i.e., involving more pathways) than that of chemi-
cal irritation such that the any contribution of HIF-1o may be
muted in comparison to its effects on bacterial killing. To explore
further whether the migratory capacity of WT and HIF-1o-null
neutrophils toward a bacterial stimulus was indeed unaffected,
we measured the rate of transcytosis across murine endothelial
cell monolayers following stimulation by GAS or the bacteria-
derived chemotactic peptide N-formyl-methionyl-leucyl-phenyl-
alanine (fMLP). In these assays, we also found no significant dif-
ference in transendothelial migration between the activated WT,
HIF-1a-null, and vHL-null murine neutrophils (Figure 4C).

The production of reactive oxygen metabolites generated by
lysosomal NADPH oxidases in a process known as the respiratory
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HIF-1a deletion renders mice more susceptible to GAS infection. (A) Area of necrotic ulcer and (B) loss of weight in individual WT (squares) and
HIF-1a myeloid—null mice (triangles) 4 days after infection with GAS. (C) Representative appearance of GAS-induced necrotic skin ulcers in WT
and HIF-1a myeloid—null mice. A total of 11 mice in each group were tested in 3 paired experiments. (D) Bacterial counts in the blood, spleen,
and skin of WT and HIF-1a myeloid—null mice infected with GAS. The fold difference in quantitive GAS culture between WT and HIF-1a—null
animals is annotated. Statistical analyses were performed using unpaired Student’s t test. *P < 0.05; **P < 0.01.

burst is a major mechanism of bacterial killing. However, circulat-
ing neutrophils derived from HIF-1a~-deficient or vHL-deficient
mice were similar to WT neutrophils in oxidative burst activity
(Figure 4D). Thus, the defect in innate immunity to GAS infection
observed in HIF-1o. myeloid-null mice could not be attributed to
impairment in oxidative burst function.

Production of granule proteases and antimicrobial peptides is regulated
by HIF-1o.. Granule proteases are increasingly recognized as an
important component of myeloid cell antimicrobial activity.
Neutrophil elastase (NE) and cathepsin G are abundant serine
proteases concentrated in the granules that are primarily des-
tined to fuse to phagosomes and form phagolysosomes. Gene
targeting of elastase in mice has directly supported a role of NE
in host innate immune defense (15), and accumulating evidence
suggests a similar role for cathepsin G (16-18). Patients with
Chediak-Higashi syndrome lack NE and suffer recurrent bac-
terial infections. To determine whether HIF-1a has an impact
on neutrophil production of granule proteases, we measured
NE and cathepsin G activity in WT, HIF-1a-null, and vHL-null
blood neutrophils. Protease activity was measured using a syn-
thetic peptide substrate containing recognition sites for each
molecule to allow either fluorometric (NE) (Figure 5A) or spec-
trophotometric (cathepsin G) detection (19) (Figure 5B). HIF-1a-
null neutrophils showed decreased enzymatic activity of each
granule protease compared with WT neutrophils while vHL-
null neutrophils exhibited increased protease activity. Mixing
experiments with WT and HIF-1o-null macrophages excluded
the possibility that HIF-1a-null neutrophils produce a greater
amount of an (unknown) inhibitor rather than less of the gran-
ule proteases (Figure 5, A and B).
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The production of proteases by neutrophils may exert direct
antimicrobial effects or, alternatively, may serve to activate cat-
ionic antimicrobial peptides from their inactive precursor forms
(20, 21). An important component of innate immune defense in
mammals is the cathelicidin family of antimicrobial peptides (22).
These gene-encoded “natural antibiotics” exhibit broad-spectrum
antimicrobial activity and are produced by several mammalian
species on epithelial surfaces and within the granules of phago-
cytic cells. Proteolytic cleavage of an inactive precursor form to
release the mature C terminal antimicrobial peptide is accom-
plished by proteases, such as elastase, upon degranulation of
activated neutrophils (23). Mice have a single cathelicidin, cathe-
licidin-related antimicrobial peptide (CRAMP), which closely
resembles the single human cathelicidin (LL-37). Importantly, we
demonstrated in earlier experiments using the murine model of
necrotizing skin infection that endogenous production of CRAMP
was essential for mammalian innate immunity to GAS (24). We
performed experiments to identify whether production or acti-
vation of CRAMP was under HIF-1a control. Lysates from WT,
HIF-1a-null, and vHL-null peritoneal neutrophils were analyzed
by SDS-PAGE and immunoblotted with a rabbit anti-mouse
CRAMP antibody against the CRAMP mature peptide. HIF-1a
deletion led to a dramatic reduction of the active mature form of
cathelicidin compared with WT neutrophils while CRAMP was
expressed at higher levels in vHL-deficient neutrophils (Figure 5C).
Regulation of cathelicidin expression occurred at least in part at
the mRNA level, as CRAMP transcript levels are reduced by 80% in
HIF-lo-null macrophages, and conversely increased with loss of
vHL (Figure 5D). As would be expected, CRAMP mRNA was also
increased by exposure of the neutrophils to hypoxia (Figure SD).
Volume 115 1809
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Thus, the production and activation of cathelicidin antimicrobial
peptides represents an additional myeloid cell killing mechanism
that is affected by alterations in the HIF-1a pathway.

HIF-1auis a principal regulator of NO production in response to bacterial
infection. NO is known to exert antimicrobial properties against a
variety of bacterial species (25). Nitric oxide is enzymatically pro-
duced by NOS through the oxidation of arginine, and mice defi-
cient in iNOS are more susceptible to bacterial infection (26, 27). It
has been well documented that HIF-1a.is a transcriptional activa-
tor of INOS expression (28-30), but no studies have examined this
linkage in the context of bacterial infection. Here we found that
exposure of macrophages to GAS increased iNOS mRNA produc-
tion approximately 250-fold (Figure 6A). Deletion of HIF-1a result-
ed in an approximately 70% reduction in iNOS gene transcription,
while deletion of vHL led to a marked increase in iNOS mRNA
levels (Figure 6A). Measurement of nitrite in cell culture superna-
tants confirmed that the observed differences in iNOS induction
translated directly to differences
in NO production (Figure 6B).
Addition of the NOS inhibitor

WT

N
>

tion during normoxia (31-36). As seen in Figure 6E, we found that
inhibition of iNOS by AG blocked the ability of GAS exposure to
generate increased levels of HIF-1a in WT macrophages. Thus,
HIF-1a induces the production of NO, which not only acts as a
key element in bacterial killing, but also serves as a regulatory mol-
ecule that further stabilizes HIF-1a. This places HIF-1o at the cen-
ter of an amplification loop during the innate immune response of
myeloid cells to bacterial infection.

HIF1-o. regulates myeloid cell TNF-o. production through a NO-depen-
dent process. We next examined the expression pattern of TNF-a, a
cytokine involved in the augmentation of inflammatory respons-
es to bacterial infection. Indeed, development of GAS-necrotiz-
ing fasciitis has been reported as a complication of anti-TNF-a
therapy (37). As shown in Figure 7A, GAS strongly induced TNF-a.
mRNA production in WT macrophages. This transcriptional
response was severely diminished in HIF-1lo-null macrophages
and upregulated in vHL-null macrophages. Whereas basal levels of

HIF~

1-amino-2-hydroxyguanidine,
p-toluenesulfate (AG) signifi-
cantly inhibited the production
of NO in response to GAS (Fig-
ure 6B). WT macrophages treat-
ed with L-Mim, a pharmologi-
cal inducer of HIF-1a showed
greatly increased expression of
iNOS mRNA, but this increased
expression was very low in
HIF-1o-null cells (Figure 6C),
confirming a dependency of
the observed effect on the pres-
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further suppress the poor bac-
tericidal activity of HIF-1o-null
macrophages. We found similar
results using the iNOS-specific
inhibitor 1400W (not shown). It
has recently been demonstrated
that NO, as well as certain reac-
tive oxygen species, cytokines,
and growth factors, can partici-
pate in stability regulation of
HIF-1a and HIF-1 transactiva-
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HIF-1a is not critical for neutrophil endothelial transcytosis or oxidative burst function. (A) Hypoxia is
present in lesions generated by GAS infection. Immunostaining for hypoxic markers in WT mouse skin
upon GAS infection. Magnification, x100 (top); x200 (bottom). The control corresponds to the omission of
primary antibody. (B) Similar numbers of neutrophils in WT and HIF-1a—null mouse skin tissue observed
by immunostaining at 6, 12, and 24 hours after infection. Magnification, x100. (C) Migratory capacity of
activated neutrophils across endothelium is not affected by the deletion of HIF-1a. Count of neutrophils
transcytosing pulmonary endothelial monolayer toward GAS or fMLP stimulus is shown. (D) HIF-1o activ-
ity does not affect oxidative burst capacity. Flow cytometry of leukocytes derived from WT (squares),
HIF-1a—null (triangles) and vHL-null (inverted triangles) mice. Oxidative burst capacity as measured by
fluorescence before (0 seconds) and after the addition of a reagent designed to stimulate leukocyte phago-
cytic and oxidative activity as described in Methods. Data are representative of the results obtained for 4
individuals per genotype.
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TNF-a protein expression were similar in WT, HIF-1a, and vHL-
null macrophages, loss of HIF-1a also strongly depressed the rapid
secretion of TNF-a. protein in response to GAS (Figure 7B). As NO
is markedly induced under GAS stimulation, TNF-a induction
by GAS may rely on HIF-1o-dependent NO production. ELISA
for secreted TNF-a demonstrated reduced amounts of TNF-a
protein in conditioned supernatants of WT, HIF-1a, and vHL-
deficient macrophages in the presence of the iNOS inhibitor AG
(Figure 7B). This finding indicates that NO production, actingin a
HIF-1o. controlled manner, contributes significantly to the macro-
phage TNF-a response to bacterial infection.

Discussion

Our studies use conditional gene targeting in the myeloid cell lin-
eage to demonstrate that HIF-1a transcriptional regulation plays
an important role in innate immunity to bacterial infection. Acti-
vation of HIF-1a under hypoxia enhances bactericidal activity,
and HIF-1o pathways are responsive to bacterial stimulation even
under normoxia. While certain myeloid cell functions, including
endothelial transmigration and respiratory burst activation, appear
to be independent of HIF-1a. control, the transcription factor is
involved directly or indirectly in the regulation of specific immune
functions including NO, granule proteases (cathepsin G, NE),
and cathelicidin antimicrobial peptides. The marked reduction of
granule protease and cathelicidin expression in HIF-1a-deficient
neutrophils correlates with diminished bactericidal activity in vitro
and failure to control infection in vivo, lending support to recent
studies uncovering a key role for these neutrophil effectors in mam-
malian innate immunity (15, 24).

Successful control of infection in the peripheral tissues requires
that host myeloid phagocytic cells function effectively in hypoxic
environments. The challenge to immune defense is made more
critical when the microbial toxins or local edema damage host
cells and the vascular supply of oxygen to the tissues becomes fur-
ther compromised. The placement of essential microbial killing
functions of myeloid cells under regulation of HIF-1a therefore
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represents an elegant controlled-response system (Figure 8). Bac-
tericidal mechanisms can be maintained in an “off” state while the
myeloid cells circulate in the oxygen-rich bloodstream and then
be activated in response to the declining oxygen gradient encoun-
tered upon diapedesis and entry of the phagocytes into the infect-
ed tissues. Additional, more potent stimulation of the HIF-1a
transcriptional pathway is then provided by direct encounter with
the bacteria (Figure 1A). A regulatory mechanism by which HIF-1a
targets genes involved in microbial killing ensures that the corre-
sponding inflammatory mediators are expressed preferentially in
tissue foci of infection but not in healthy tissues where inflamma-
tory damage might otherwise harm host cells.

Our experiments also reveal that NO production is a myeloid
cell-killing mechanism principally regulated by HIF-1o during
bacterial infection. Further, we suggest that NO is likely to play
a key role in the amplification of the inflammatory response
through stimulation of TNF-a release. Although the effects of
inflammatory cytokines on regulating NO production have been
extensively studied (38-40), the reverse relationship pertaining to
the effect of NO on cytokines remains controversial (41-44). A
recent study demonstrated that suppression of NO could inhibit
LPS-induced TNF-a and IL-1 release and pinpointed such modu-
lation to the pretranslational level (45). We find here that macro-
phage production of TNF-a. is dependent on NO levels controlled
in turn by HIF-1a transcriptional regulation of iNOS.

Recent data has established that HIF-1a is subjected to stabil-
ity regulation by soluble intracellular messengers, such as NO and
TNF-a (33, 34). With such processes at play, one can speculate that
HIF1-ais situated at the center of an amplification loop mechanism
for innate immune activation: stimulation of HIF-1a by oxygen
depletion and bacterial exposure induces the production of NO and
TNF-a, which function not only to generate inflammation and con-
trol bacterial proliferation but also as regulatory molecules to further
stabilize HIF-1a. in myeloid cells recruited to the infectious focus.

The relative contributions of HIF-1 and HIF-2 to the regulation
of gene expression in hypoxic macrophages is still under debate.
Volume 115 1811
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Detectable levels of HIF-2a, but not HIF-1a, have been found in
a human promonocytic cell line following hypoxic induction in
vitro and in tumor-associated macrophages (46, 47). In contrast,
immunoreactive HIF-1o has been detected in human macrophages
in the hypoxic synovia of arthritic human joints (10), and human
macrophages accumulate higher levels of HIF-1 than of HIF-2 when
exposed to tumot-specific levels of hypoxia in vitro (9). Our present
results also clearly support a specific and independent action of
HIF-1a. Taken together, these findings suggest that HIF-1 may be
the major hypoxia-inducible transcription factor in macrophages.
In summary, our results demonstrate that HIF-1o not only helps
myeloid cells shift to glycolytic metabolism (11) but also functions
in coordinating a proper innate immune response for bacterial kill-
ing in hypoxic microenvironments. The in vivo studies confirm that
the HIF-1o pathway can play a critical role in controlling prolifera-
tion of a bacterial pathogen in compromised tissues. Recent com-
mentaries have suggested that downregulation of HIF-1a could
have a therapeutic effect in disease states characterized by chronic
inflammation (48, 49). We now have shown that medically impor-
tant bacterial species such as GAS, methicillin-resistant S. aureus
(MRSA), P. aeruginosa, and Salmonella species can trigger HIF-1a
expression. Thus, the present studies suggest that rational design
of pharmaceutical HIF-1a agonists (or vHL antagonists) to boost
myeloid cell microbicidal activity may likewise represent a novel
approach for adjunctive therapy of complicated infections due to
antibiotic-resistant pathogens or compromised host immunity.

A 1000+ iNOS

750

Figure 6

HIF-1a and vHL regulate NO production. (A)
Total RNA from WT, HIF-1o7-, and vHL-
bone marrow—derived macrophages infect-
ed with GAS isolated 3 hours after antibiotic
treatment. INOS mRNA was quantified by
RT-PCR. WT, nonstimulated macrophages
were arbitrarily set to 1 unit following nor-
malization to ribosomal RNA levels. (B) NO
production under GAS stimulation + 1.5
mM AG (1-amino-2-hydroxyguanidine, p-
toluenesulfate; Calbiochem). BM-derived

500

Fold induction

250+

Methods

All procedures involving animals were reviewed by the University of Cali-
fornia San Diego Animal Care Committee, which serves to ensure that all
federal guidelines concerning animal experimentation are met.

Harvest of neutrophils, macrophages, and blood leukocytes. Neutrophils were
either isolated from the peritoneal cavity 3 hours after injection of thio-
glycollate as previously described (11, 50) or derived from bone marrow
as described (51). To isolate BM-derived macrophages, the marrow of
femurs and tibias of WT, HIF-1o. myeloid-null, or vHL myeloid-null
mice were collected. Cells were plated in DMEM supplemented with 10%
heat-inactivated FBS and 30% conditioned medium (a 7-day superna-
tant of fibroblasts from cell line L-929 stably transfected with an M-CSF
expression vector). Mature adherent BM cells were harvested by gentle
scraping after 7 days in culture. To isolate blood leukocytes, 200-500
ul of whole blood was collected by retroorbital bleed into cold EDTA-
coated capillary tubes (Terumo Medical Corp.). Cells were centrifuged,
erythrocytes were lysed using ACK RBS lysis buffer (0.15 M NH,CI, 10.0
mM KHCOj3, 0.1 mM EDTA), and unlysed cells were washed once with
1 ml PBS 1% BSA.

Bacterial strains and media. GAS strain 5448 is an M1 serotype isolate from
a patient with necrotizing fasciitis and toxic shock syndrome (52). Addi-
tional bacterial strains were obtained from the ATCC Bacteriology collec-
tion, specifically methicillin-resistant S. aureus (ATCC 33591, designation
328), S. typhimurium (ATCC 1311), and P. aeruginosa (ATCC 27853, desig-
nation Boston 41501). GAS was propagated in Todd-Hewitt broth (THB)
(Difco; BD Diagnostics) and other strains in Luria-Bertani broth.
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macrophages were cultured for 20 hours,
conditioned supernatant collected, and NO
protein levels measured by the Griess assay.
(C) Mim enhances iNOS expression of WT
macrophages stimulated by GAS. Total
RNA from WT and HIF-1a—null BM-derived
macrophages infected with GAS + Mim iso-
lated 3 hours after antibiotic treatment. INOS
mRNA was quantified by RT-PCR. WT, non-
infected macrophages were arbitrarily set to
1 unit following normalization to ribosomal
RNA levels. Statistical analyses performed
by unpaired Student’s t test. **P < 0.01;
***P < 0.001. (D) Inhibition of iINOS by AG
blunts observed differences between HIF-
1a—null and WT microbicidal activity. (E)
Inhibition of INOS prevents GAS-induced !
HIF-1o expression. Expression of HIF-1a is
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Bacterial killing assays. GAS were grown to logarithmic phase in THB to
ODeoo = 1 x 108 cfu/ml. Bacteria were added to macrophages at an MOI
of 2.5 bacteria/cell and intracellular killing assessed using an antibiotic
protection assay (11, 53) or, alternatively, total cell-associated bacteria
measured by vigorous washing with PBS x 3 to remove nonadherent bac-
teria. At the end of the assay, total cell lysate was plated on THB agar for
enumeration of CFU. Comparable studies were performed with P. aerugi-
nosa at an MOI of 25. To assess macrophage viability, the monolayers were
washed with PBS and incubated with 0.04% Trypan blue for 10 minutes at
37°C. As specified in the Figure 2 legend and in Results, macrophages were
preincubated with L-Mim (800 uM), OH-pyridone (150 uM), desferriox-
amine mesylate (100 uM), or CoCl, (100 uM) for 5 hours prior to the kill-
ing assay; each drug level was known to be sufficient for HIF-1a induction
(13). Absence of bacterial inhibition was tested by incubating the drugs at
the above concentrations with GAS (~10%) at 37°C for 1-24 hours.

Mouse model of GAS infection. An established model of GAS subcutaneous
infection was adapted for our studies (24, 54). Briefly, 100 ul of a midloga-
rithmic growth phase (~107 cfu) of GAS was mixed with an equal volume
of sterile Cytodex beads (Sigma-Aldrich) and injected subcutaneously into
a shaved area on the flank of 5- to 8-week-old male littermates. Mice were
weighed daily and monitored for development of necrotic skin lesions.
After 96 hours, skin lesions, spleen, and blood (via retroorbital bleeding)

Figure 8 Normoxia

Model for the role of HIF-1a in myeloid cell
innate immune function. Bactericidal mecha-
nisms can be maintained in an “off” state
while myeloid cells circulate in the oxygen-
rich bloodstream. Transendothelial migration
toward an infectious focus occurs in a HIF-1a
independent fashion, but upon diapedesis,
specific bactericidal mechanisms are acti-
vated through HIF-1o induction in response to
the declining oxygen gradient. Further potent
stimulation of the HIF-1a transcriptional path-
way is provided after direct encounter with the
infecting bacterial pathogen. HIF-1a regulates
the generation of critical molecular effectors of
immune defense, including granule proteases,
antimicrobial peptides, and TNF-a. HIF-1a also

HIF-1

Bactericidal
stimulates the production of NO, which not only activity: Off
acts as an antimicrobial agent and inflamma- '
tory mediator but further amplifies myeloid cell pO.

research article

Figure 7

HIF-1a and vHL regulate TNF-a production. (A) Total RNA from WT,
HIF-107-, and vHL-- bone marrow—derived macrophages infected
with GAS were isolated 3 hours after antibiotic treatment. TNF-a
mRNA was quantified by RT-PCR. WT, nonstimulated macrophages
were arbitrarily set to 1 unit following normalization to ribosomal RNA
levels. (B) Inhibition of INOS decreases TNF-o. production. BM-derived
macrophages were cultured for 1 hour after antibiotic treatment. Con-
ditioned supernatant was harvested and TNF-a protein analyzed by
ELISA (eBiosciences). Statistical analyses were performed using
unpaired Student’s t test. ***P < 0.001.

were collected and homogenized in 1:1 mg/ml PBS. Serial dilutions of the
mixture were plated on THB agar plates for enumeration of CFUs.

Immunobistochemistry. Lesions were processed, embedded into paraffin,
and routine sections (5 um) cut. Immunohistochemistry was performed
with an antibody specific for neutrophils (purified anti-mouse neutrophils
mADb; Accurate Chemical & Scientific Corp.) as described (55). To assess
development of hypoxic regions within the lesions, mice were injected
intraperitoneally with 60 mg/kg (weight/volume in PBS) pimonidazole
(Hydroxyprobe-1, Natural Pharmacia International Inc.) 2 hours prior to
sacrifice. Immunohistochemistry was performed with Hydroyprobe-1 mouse
monoclonal antibody as reported (56).

Reverse transcription and real-time quantitative PCR. First-strand synthe-
sis was obtained from 1 pg of total RNA isolated with Trizol reagent
(Molecular Research Center Inc.) by the SuperScript system (Invitrogen
Corp.), employing random primers. For real-time PCR (RT-PCR) analyses,
cDNAs were diluted to a final concentration of 10 ng/ul and amplified
in a TagMan Universal Master Mix, SYBR Green (Applied Biosystems).
cDNA (50 ng) was used as a template to determine the relative amount
of mRNA by RT-PCR in triplicate (ABI PRISM 7700 Sequence Detection
System; Applied Biosystems), using specific primers with the follow-
ing sequences: iNOS forward 5'-ACCCTAAGAGTCACAAAATGGC-3';
iNOS reverse S'-TTGATCCTCACATACTGTGGACG-3'; TNF-a. forward
5'-CCATTCCTGAGTTCTGCAAAGG-3'; TNF-a reverse 5'-AGGTAG-
GAAGGCCTGAGATCTTATC-3'; TNF-a probe 5'-6[FAM|AGTGGT
CAGGTTGCCTCTGTCTCAGAATGA[BHQ]-3'; CRAMP forward S'-
CTTCAACCAGCAGTCCCTAGACA-3"; CRAMP reverse 5'-TCCAGGTC-
CAGGAGACGGTA-3'; elastase forward 5'-TGGCACCATTCTCCCGAG-
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HIF-1

Hypoxia
HIF-1

T NO/TNF-t CRAMP

Elastase
cathepsin G
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bactericidal activity via HIF-1a stabilization.
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3'; elastase reverse 5'-CATAGTCCACAACCAGCAGGC-3'; B-actin forward
5'-AGGCCCAGAGCAAGAGAGG-3'; and B-actin reverse 5'-TACATGGCT-
GGGGTGTTGAA-3'

Nitrite determination. The concentration of nitrite (NO;"), the stable oxi-
dized derivative of NO, was determined in 100-ul aliquots of cell culture
supernatants transferred to 96-well plates. Essentially, 100 ul of Griess
reagent (1% sulfanilamide, 0.1% naphthylene diamine dihydrochloride,
2% HsPO4) was added per well, and the absorbances were measured at
540 nm in a microplate reader. Sodium nitrite diluted in culture medium
was used as standard.

Elastase and cathepsin G assays. For elastase measurement, 100 ul of 0.2M
Tris-HCL (pH 8.5) containing 1M NaCl was mixed with 50 ug of blood
leukocytes lysed in HTAB buffer containing 0.1M Tris-Cl, pH 7.6, 0.15 M
NaCl, and 0.5% hexadecyltrimethylammonium bromide. Next, 100 ul of
MeOSuc-Ala-Ala-Pro-ValNmec dissolved in DMSO at 20 mM was added to
the buffered enzyme to start the reaction. The hydrolysis of the substrate
was monitoring spectrofluorometrically using excitation at 370 nm and
emission at 460 nm. For cathepsin G quantitation, 20 ul of Suc-Ala-Ala-
Pro-Phe-NphNO; dissolved at 20 mM in DMSO was diluted to 180 ul with
0.1 M HEPES bulffer, pH 7.5. The reaction was started by the introduction
of 10 ug of blood neutrophils lysed in HTAB buffer, and the increase in
A410 was monitored.

Western blot studies. Peritoneal neutrophils or bone marrow-derived
macrophages inoculated with GAS were harvested and washed with PBS,
and proteins were extracted with HTAB or RIPA buffers. Protein concentra-
tion was calculated using the Bio-Rad assay (Bio-Rad Laboratories). Fifty mil-
ligrams of protein or nuclear extracts were loaded on a 10% Tris-tricine gel
in an MES buffer (Invitrogen Corp.) or 3-8% Tris-tricine gel in a Tris-acetate
buffer (Invitrogen Corp.) for CRAMP and HIF-1a Western blot respectively.
Proteins were transferred to a nitrocellulose membrane; the membrane was
blocked in 5% nonfat milk in 0.2% Tween TBS and then incubated in primary
Ab diluted in 5% nonfat milk. The primary Abs used were rabbit anti-mouse
CRAMP against the CRAMP mature peptide and rabbit anti-mouse HIF-1a
(Cayman Chemical Co.). The secondary Ab was peroxidase-conjugated goat
anti-rabbit (DAKO Corp.). Immunoreactive proteins were detected using the
ECL chemiluminescent system (Amersham Biosciences).

Reporter assay. Macrophages were derived from the marrow of femurs
and tibiae of transgenic HRE-luciferase mice as described above. The lucif-
erase reporter gene in these mice is driven by 6 specific HRE sequences.
Cells were incubated with GAS or heat-inactivated GAS for 18 hours. As a
positive control, macrophages were incubated under hypoxia (1%) or with
the addition of L-Mim (800 uM), desferrioxamine mesylate (150 uM), or
CoCl; (150 uM) during the same period of time. Cells were then washed
out with PBS, and luciferase assay was performed by using the Bright-Glo

Luciferase Assay kit (Promega Corp.). Luciferase activities were measured
using a luminometer.

Oxidative burst assay. Isolated total blood leukocytes were resuspended
at 4°C in approximately 200 ul endotoxin- and pyrogen-free PBS, lack-
ing Ca?* and Mg?* but containing 5 mM glucose. Immediately before the
oxidative burst assay, 200 ul of PBS at 37°C containing 1.5 mM Mg?* and
1.0 mM Ca?* were added to the cell suspension. Oxidative burst activity
was measured by using the Fc OxyBURST Green assay reagent (Invitrogen
Corp.) according to the manufacturer’s instructions.

Endothelial cell transmigration assay. Thioglycolate-stimulated neutrophils
were added to the upper chamber of a Transwell membrane (Corning
HTS) coated with a primary murine pulmonary endothelial monolayer.
The chemokine fMLP (8 ng/ul) or GAS (MOI = 10:1) was added to the
lower well. The number of neutrophils migrating to the lower chamber was
counted after 1 hour of incubation at 37°C.

Reagents. AG and 1400W were purchased from EMD Biosciences.
L-Mim, OH-pyridone, desferrioxamine mesylate, and CoCl, were purchased
from Sigma-Aldrich.
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