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HIF-1� Is Essential for Myeloid
Cell-Mediated Inflammation

profound impairment of myeloid cell aggregation, mo-
tility, invasiveness, and bacterial killing. This role for
HIF-1� demonstrates its direct regulation of survival
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Granulocytes and monocytes/macrophages of the functional activity of myeloid cells; inhibitors of mito-
myeloid lineage are the chief cellular agents of innate chondrial respiration, on the other hand, typically have
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creases in glycolysis and angiogenesis in tumor cells
as well as normal tissues (Semenza, 2001b). The HIF-1
heterodimer consists of two helix-loop-helix proteins;
these are termed HIF-1�, which is the oxygen-respon-
sive component, and HIF-1�. The latter, also known
as the aryl hydrocarbon receptor nuclear translocator
(ARNT), is constitutively expressed. In contrast, HIF-1�
is typically only detected under low oxygen concentra-
tions and is rapidly degraded by the ubiquitin-protea-
some pathway under ambient conditions (Semenza,
2001a).

A central component of the complex regulating HIF-
1� turnover is the product of the tumor suppressor gene
vhl, encoding the von Hippel-Lindau protein (Maxwell
et al., 1999). Mutations of the vhl gene are found in
patients suffering from the von Hippel-Lindau disease,
as well as in many spontaneous renal cell carcinomas.
Patients with the familial disease are prone to develop-
ment of malignant tumors at a young age. These tumors
show high levels of HIF-1� expression and have pro-
nounced vascular beds with enhanced permeability;
these are particularly indicative of high levels of expres-
sion of one HIF-1 target, the angiogenic/vascular perme-
ability factor VEGF (Maxwell et al., 1999).

HIF-1� and VEGF are expressed in activated macro-
phages (Burke et al., 2002; Hollander et al., 2001; Talks
et al., 2000). However, there has been no previous dem-
onstration of what their roles are during inflammation.
Presented here is an extensive study of the role of the
hypoxic response during inflammation, employing con-
ditional gene targeting in the myeloid cell lineage. In this
study, we have deleted HIF-1�, its target gene VEGF,
and its upstream regulator, the von Hippel-Lindau factor
(VHL) in separate mouse strains expressing cre recombi-

Figure 1. Efficiency of CRE Recombinase-Mediated Deletion in My-
nase in granulocytes and monocytes/macrophages. As eloid Cells
will be described, these deletions clearly show the es- Genomic DNA was isolated from peritoneal macrophages (A) and
sentiality of this pathway for inflammatory activation neutrophils (B) from HIF-1�-, VEGF-, and VHL-LysM-CRE mice and
and, in particular, demonstrate the critical role of HIF- subjected to real-time PCR with primers spanning the targeted re-

gion as well as primers for an undeleted control gene for normaliza-1� in infiltration at the very earliest stages of inflamma-
tion. Efficiency of deletion was calculated by quantitative PCR. (C)tory cell recruitment. We present evidence that HIF-1�
Differential leukocyte counts were performed on samples harvestedcontrols inflammatory response through its regulation
by retinal bleeding.

of the metabolic switch to glycolysis, a switch that is
intrinsic to myeloid cell survival and function. This find-
ing ties HIF-1�-controlled transcriptional regulation to 60% deletion, respectively. We also determined the ex-
almost a century of investigations of glycolytic metabo- tent of deletion in elicited neutrophils (Figure 1B); these
lism, hypoxia, and inflammatory responses in neutro- also show extensive deletion, all averaging an approxi-
phils and macrophages and demonstrates its potential mate 75% deletion rate, as determined in a 95% pure
as a target for modulation of inflammation. neutrophil population. The mice harboring the described

mutations have normal viability postnatally and do not
display any obvious phenotypes when housed underResults
standard sterile barrier conditions. In addition, none of
these deletions results in large changes in the numbersDeletion of HIF-1�, VEGF, and VHL

in Macrophages and Neutrophils of circulating monocytes or neutrophils, with overall lev-
els similar in wild-type littermates and HIF-1�, VEGF,We created targeted deletions of the HIF-1� transcrip-

tion factor via crosses into a background of cre expres- and VHL conditionally null animals (Figure 1C).
sion driven by the lysozyme M promoter (lysMcre)
(Clausen et al., 1999), which allows specific deletion of Hypoxia-Induced Gene Expression

in Macrophages Requires HIF-1�the factor in the myeloid lineage. This deletion results
in an extensive loss of the HIF-1� gene in isolated perito- In a first attempt to characterize the loss of HIF-1�,

VEGF, and VHL in myeloid cells, we studied the expres-neal macrophages, with real time PCR of genomic mac-
rophage DNA demonstrating excision in 91% of isolated sion patterns of three known HIF-1� target genes in

peritoneal macrophages under normoxic and hypoxiccells (Figure 1A). As can be seen in Figure 1, there is a
substantial but somewhat lower level of deletion in the conditions. Most strikingly, the functional inactivation

of HIF-1� significantly reduced normoxic as well as hyp-VEGF and VHL conditional allele crosses, at 82% and
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Figure 2. Functional Inactivation of Hypoxic
Response-Related Genes Significantly Im-
pairs Gene Expression Patterns of Macro-
phages

(A) Peritoneal macrophages were cultured
under normoxic (open bars) or hypoxic
(closed bars) conditions for 8 hr, and total
RNA was isolated and VEGF mRNA expres-
sion determined by real-time PCR. Values
were normalized to RT-PCR results for ribo-
somal RNA. Normoxic WT levels were arbi-
trarily set as one. VEGF RNA was not analyzed
in VEGF mutants due to the expression of a
nontranslatable transcript in these cells. (B)
Peritoneal macrophages were cultured under
normoxic (open bars) or hypoxic (closed bars)
conditions for 24 hr, and conditioned super-
natant was harvested and VEGF protein ana-
lyzed by ELISA. Values were normalized to
cell number. (C) Hypoxic induction of gene
expression of the glycolytic enzyme phos-
phoglyceratekinase (PGK) and (D) glucose
transporter 1 (Glut-1) was characterized by
means of real-time PCR. Normoxic WT levels
were arbitrarily set as one and normalization
performed as outlined under (A). (E) Macro-
phages were stimulated with LPS and cul-
tured under normoxic or hypoxic conditions
for 8 hr, and conditioned supernatant was
assayed for TNF-� protein by ELISA and val-
ues normalized to cell number. Statistical
analysis was performed using the unpaired
Student’s t test, *p � 0.05, **p � 0.01.

oxic expression of all the analyzed hypoxia-responsive other cell types during hypoxia-induced transcription
and that loss of VHL has the effect of inducing normoxicgenes (Figure 2). As expected, hypoxic induction of

VEGF mRNA levels is reduced by approximately 75% expression of these same genes, presumably via in-
creased accumulation of active HIF-1 complexes. How-in HIF-1� null macrophages, whereas the loss of VHL

results in high normoxic expression levels; these in- ever, they also indicate that normoxic expression of
these genes is reduced in macrophages, indicating ancrease approximately 2-fold under hypoxic conditions

(Figure 2A). VEGF mRNA expression was not analyzed unsuspected role for the transcription factor in normoxic
gene regulation.in VEGF mutant cells due to the continuing presence of

mutant, albeit nontranslatable, transcript in VEGF condi- In order to establish whether other critical pathways
of inflammatory response are affected during normoxia,tionally null cells. An ELISA for secreted VEGF demon-

strated highly reduced amounts of VEGF protein in con- we examined the response of macrophages to LPS
treatment in vitro. As can be seen in Figure 2E, lossditioned supernatant of lysMcre/VEGF macrophages

(Figure 2B). In addition, this assay confirmed the data of HIF-1� does alter the acute secretion of TNF-� in
response to LPS treatment, reducing it approximatelyobtained by RT-PCR and showed that loss of HIF-1� led

to almost complete loss of VEGF expression in isolated 25%; more strikingly, it completely eliminates the hyp-
oxia-induced augmentation of the TNF-� response (Fig-macrophages, regardless of oxygen levels (Figure 2B).

These unexpected findings suggest that HIF-1� is an ure 2E) (Hempel et al., 1996; VanOtteren et al., 1995).
obligate regulator of VEGF expression in macrophages
even under normoxic conditions. HIF-1� Regulates Glycolysis and Energy

Metabolism in Myeloid CellsThe glycolytic enzyme phosphoglycerate kinase
(PGK) and the glucose transporter GLUT-1 both have The sufficient activation of myeloid cells during the

course of inflammation is dependent on a number oftypically HIF-1�-dependent hypoxic induction of mRNA
expression (Figures 2C and 2D). The loss of VHL results energy-requiring pathways (Buttgereit et al., 2000;

Krauss et al., 2001). Macrophages and neutrophils typi-in a loss of hypoxic induction and a high basal rate of
expression, as expected for this mutant (Figures 2C and cally produce most of their ATP through glycolysis (Ka-

waguchi et al., 2001; Lewis et al., 1999); this is likely tied2D). These results, taken together, demonstrate that the
role of HIF-1� in myeloid cells is similar to its role in to their need to function in microenvironments low in
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Figure 3. Glycolysis and Energy Generation
in Myeloid Cells Are Severely Affected by the
Loss of HIF-1�

(A) Lactate concentrations in macrophage su-
pernatant were quantified under either con-
trol conditions (open bars) or after the addi-
tion of LPS (closed bars). Values were
normalized to total protein content.
(B) Peritoneal macrophages were isolated
from WT, HIF-1�-, VEGF-, and VHL-LysM-
CRE mice and cultured under ambient condi-
tions for 24 hr. Cell lysates were harvested
and intracellular ATP concentrations mea-
sured by means of a luciferase-based chemi-
luminescent assay. Values were normalized
to total protein content.
(C) Peritoneal neutrophils were harvested and
assayed for ATP synthesis. 2-deoxyglucose
(500 mg/kg b.w.) was injected i.p. 60 min prior
to harvest to block glycolysis in peritoneal
exudate cells.
(D) Engulfment of viable bacteria was charac-
terized by inoculating macrophages with
GFP-expressing GBS for 2 hr. Deconvolution
fluorescence microscopy was used for docu-
mentation.
(E) Bone marrow derived macrophages were
inoculated with Group B streptococci (GBS)
at a MOI of 2.5 and intracellular killing ana-
lyzed by determination of viable colony form-
ing units in the macrophage lysates after
washing and antibiotic treatment to remove
nonengulfed bacteria.
Statistical analysis was performed using the
unpaired Student’s t test, **p � 0.01.

oxygen and glucose. It has been shown through a large ATP occurs in normoxic culture conditions, indicating
that HIF-1� impacts ATP levels even in highly oxygen-number of studies that inhibition of glycolysis can di-

rectly inhibit ATP production and subsequently myeloid ated tissue culture media. Decreases in neutrophil ATP
were on the order of 40%; this is functionally significantcell properties as diverse as adhesion, extravasation,

motility, and invasion (Simchowitz et al., 1979; Weisdorf and similar to the level of reduction in ATP caused by
the glycolytic inhibitor 2-deoxyglucose, at a dose knownet al., 1982a; Weisdorf et al., 1982b). HIF-1� is a key

regulator of glycolysis (Ryan et al., 1998; Seagroves et to cause decreased neutrophilic activity (Figure 3C)
(Boxer et al., 1977). The reduction in cellular ATP in theseal., 2001), and this led us to conduct a number of experi-

ments to determine the role of HIF-1� in glucose metab- cells clearly indicates that HIF-1� activity is required for
the maintenance of intracellular energy homeostasis inolism and energy generation of myeloid cells.

One marker of enhanced glycolytic function and in- myeloid cells. Since a large number of studies link ATP
levels in myeloid cells to capacity for inflammation (Kalb-flammatory activation of macrophages is a large in-

crease in lactate levels (Haji-Michael et al., 1999). As hen et al., 1967; Kellett, 1966; Kittlick, 1986; Manns,
1967; Weisdorf et al., 1982b), we postulated that theshown in Figure 3A, lactate release is significantly lower

in HIF-1� null macrophages, relative to wild-type cells, large decrease in ATP levels caused by decreased gly-
colysis in myeloid cells could inhibit or eliminate inflam-and fails to be induced by LPS stimulation. In contrast,

lactate production is significantly increased in VHL null matory responses in lysMcre/HIF-1� animals.
cells, indicating that the loss of VHL results in increased
glycolytic activity of macrophages under both basal and Intracellular Killing of Bacterial Pathogens Is

Inhibited by Loss of HIF-1�LPS-stimulated conditions. As expected, levels of lac-
tate production are not changed in VEGF null myeloid Response to pathogenic organisms is a well-studied

aspect of myeloid cell function; although it has beencells (data not shown).
We then assayed ATP levels in isolated macrophages shown that opsonin-dependent engulfment is not ATP

dependent (Michl et al., 1976), we wished to determine(Figure 3B) and neutrophils (Figure 3C). They were found
to be dramatically reduced in HIF-1� null macrophages, if loss of HIF-1� affected this process or altered the rate

of subsequent intracellular destruction of pathogens.to approximately 15%–20% of normal levels. This very
high reduction in overall ATP levels in macrophages is We performed assays to determine the rate of uptake

of Group B Streptococcus (GBS) by normal and HIF-much greater than that seen in other HIF-1� null cell
types (Seagroves et al., 2001). Further, this reduction in 1�-deficient macrophages. The rate of phagocytic up-
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take of GFP-tagged GBS was not affected by HIF-1� HIF-1� and VEGF Have Nonoverlapping Effects
on Inflammatory Responsesdeletion, as determined by deconvolution microscopy
We next analyzed the effects of the conditional loss of(Figure 3D) and FACS analysis (data not shown) of
HIF-1�, VEGF, and VHL during inflammatory responsewashed cultures of peritoneal macrophages following
in vivo. We applied the phorbol ester TPA cutaneouslyincubation with GFP-labeled bacteria. In contrast, quan-
to one side of the ears of control and mutant mousetification of bacterial colony forming units following
strains; this is a well-established and widely used modelmacrophage lysis revealed approximately 7-fold more
of acute skin inflammation, which induces rapid edemaviable bacteria present within the HIF-1�-deficient mac-
and massive infiltration (Nakadate et al., 1985; Raick,rophages than in wild-type cells (Figure 3E). Intracellular
1973). As can be seen in Figure 5A, in wild-type earskilling of pathogens is critically dependent on energeti-
there is clear evidence of infiltration and edema on thecally intensive processes, such as peroxide generation
painted (upper) portion of the ear (ears are shown(Babior, 2000), which occur independently of respiration,
stained with anti-CD45 antibody [leukocyte common an-but require ATP (Sbarra and Karnovsky, 1959). This find-
tigen]). In contrast, the lysM-cre/HIF-1� mouse ear dis-ing indicates a marked defect in the ability of HIF-1�
plays little evidence of infiltration or edema (Figure 5B).macrophages to kill bacteria through those respiration-
The central importance of HIF-1� in regulating inflamma-independent processes.
tory cell VEGF expression (as outlined in Figure 2) raised
the question whether reduced VEGF levels might ac-
count for the observed phenotype of lysMcre/HIF-1�Loss of HIF-1� Significantly Impairs Myeloid Cell
animals. However, application of TPA on ears of lysM-Aggregation, Invasion, and Motility
cre/VEGF mice lead to a quite different phenotype: ex-One of the clearest ties in the literature between glycoly-
tensive leukocyte infiltration, although with greatlysis, ATP generation, and inflammatory response has
reduced levels of edema (Figure 5C).been established for the energy-requiring processes of

This demonstrates that loss of HIF-1� and VEGF inaggregation, motility, and tissue infiltration of granulo-
the myeloid lineages do not result in overlapping pheno-cytes and macrophages (Weisdorf et al., 1982a, 1982b).
types and also shows that loss of HIF-1� results in aTo determine how the loss of HIF-1� and glycolytic re-
blockage of inflammatory response functionally up-sponse affected these processes, we conducted a num-
stream of VEGF expression. It has been hypothesizedber of in vitro studies using wild-type and HIF-1� null
that VEGF controls or facilitates inflammatory cell ex-peritoneal macrophages. The first series of experiments
travasation due to its role as an inducer of increaseddetermined the role of HIF-1� in homotypic adhesion
vessel permeability. However, our results show that(HA). HA is a process whereby tissue recruitment of
VEGF secreted by myeloid cells acts primarily to induceleukocytes is amplified by adhesion of monocytes and
edema and is not a critical factor in infiltration in thisneutrophils to each other. HA has also been widely used
model.as an in vitro assay to mirror leukocyte-endothelial cell

As further proof that the HIF-1 pathway is critical tointeractions (Manjunath et al., 1993). As can be seen in
inflammatory progression, animals carrying the lysMcreFigure 4A, wild-type macrophages respond to plating
allele in a VHL floxed background, which should haveon growth factor-reduced matrigel by rapid and pro-
elevated levels of HIF-1� expression, show evidence ofnounced homotypic adhesion; however, HIF-1� null
greatly increased inflammation (Figure 5D). This hyperin-macrophages show no evidence of homotypic adhe-
flammatory response is especially intriguing given thesion, although they maintain viability in culture even
data presented in Figure 3A, showing an exaggeratedduring extended incubation (Figure 4B). This result indi-
lactate production and thus higher levels of glycolyticcates that the loss of metabolic response in these cells
activity in VHL mutant animals. This implies that exag-completely inhibits self-aggregation; further, these re-
gerated metabolic function may act to stimulate the

sults replicate those obtained with chemical inhibition
inflammatory response.

of myeloid cell glycolysis (Weisdorf et al., 1982b).
In order to quantify levels of edema, ears from 16 mice

Next, we sought to analyze the ability of HIF-1� null were painted with TPA, defined regions weighed, and
macrophages to move and invade through extracellular results calculated in comparison to weights of acetone-
matrix in vitro; both of these are energy-requiring pro- treated control ears. As can be seen in Figure 5E, loss
cesses and have also been clearly linked to glycolytic of either HIF-1� or VEGF resulted in an almost complete
function and myeloid cell ATP levels (Weisdorf et al., inhibition of edema formation, as measured by in-
1982b). HIF-1� null cells were severely deficient in their creased tissue weight. However, VHL deletion in the
capacity to invade matrigel toward a chemotactic agent, myeloid lineage resulted in greatly increased levels of
in this case 5% serum (Figures 4C and 4D). Quantifica- edema relative to that seen in wild-type treated tissue
tion of invading cells by staining and subsequent dye (Figure 5E). In order to quantify the degree of infiltration,
extraction demonstrated that there was an approxi- treated ear tissue was characterized for levels of myelo-
mately 60% reduction in the penetration of HIF-1� null peroxidase (MPO), a marker of infiltration (Bradley et al.,
macrophages through the artificial extracellular matrix 1982). This assay confirmed the findings obtained by
(Figure 4E). Loss of HIF-1� also reduced directed motil- immunolocalization of CD45 (Figures 5A–5D) and
ity in the absence of matrigel by 50% at normoxia and showed that loss of HIF-1� results in decreased inflam-
by 75% under hypoxic conditions (Figure 4F), indicating matory cell infiltration (Figure 5F) but that loss of VEGF
that this energy-dependent process is also greatly inhib- does not. It also demonstrates that loss of VHL in my-
ited by the loss of HIF-1�-regulated metabolic re- eloid cells actually promotes infiltration at sites of inflam-

mation. These findings clearly separate the roles of HIF-sponses.
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Figure 4. HIF-1� Is an Essential Prerequisite
for Aggregation, Motility, and Invasion of
Macrophages

Macrophages were isolated from the perito-
neum and plated at a concentration of 106/
ml on growth factor-reduced matrigel. Cells
were allowed to aggregate for 24 hr: (A) WT,
(B) HIF-1� null macrophages. Invasive capac-
ity of peritoneal macrophages was studied
using modified Boyden chambers. Cell cul-
ture inserts were coated with matrigel, (C)
WT, or (D) HIF-1� null cells added to the upper
wells. Macrophages were allowed to invade
toward 5% FCS in the lower wells for 24 hr,
stained with 0.1% Alcian blue, and photo-
graphed. Bound stain was extracted with
acetic acid and quantified spectophotometri-
cally (E) WT levels were set arbitrarily as 100.
(F) Migration of macrophages was analyzed
in modified Boyden chambers without added
matrigel. Cells were allowed to migrate for 24
hr and further processed as outlined above.
Statistical analysis was performed using the
unpaired Student’s t test, **p � 0.01.

1� and VEGF in myeloid cell function and demonstrate model of skin inflammation and irritation. This model
promotes disruption of barrier function via daily epicuta-that the loss of VEGF does not affect myeloid cell infiltra-
neous painting with a 5% SDS solution in PBS (Thepention during inflammation.
et al., 2000). This treatment leads to an inflammatory
response in less than 3 days in wild-type mice, markedLoss of HIF-1� Does Not Alter Cytokine
by leukocyte invasion, vasodilation, epidermal hyper-Expression in Resident Myeloid Cells
proliferation, and edema. As can be seen in Figure 6,Histological examination demonstrated that the num-
loss of HIF-1� in the myeloid lineage results in an almostbers of resident myeloid cells were not different in HIF-
complete ablation of the inflammatory response in the1� null tissues examined (data not shown). To determine
skin. Grossly, this is seen as an absence of visible irrita-whether cell signaling and cytokine response was defi-
tion of the skin posttreatment, whereas the wild-typecient in mutant resident cells, we performed an acute
mouse demonstrates superficial cutaneous inflamma-treatment with TPA, followed by isolation of tissue RNA
tion and keratosis (Figures 6A and 6B). The correspond-at 4 hr posttreatment and thus prior to infiltration. In
ing histological phenotypes are depicted in Figures 6CFigure 5G, RNase protection assay of cytokine profiles
and 6D: extensive edema, epidermal hyperproliferation,

show that the acute resident cell responses to TPA are
and inflammatory cell infiltration are evident in wild-type

normal in both HIF-1� null and VHL null tissues. This skin; all of these are absent in HIF-1� null mutants. In
data indicates that resident cell numbers as well as order to determine the level of inflammatory infiltration,
responses to inflammatory stimuli are intact in these we assayed tissue sections with an antibody against
mutants. CD45 (Figures 6E and 6F); this demonstrated that there

is little or no accumulation of leukocytes at the dermal-
Cutaneous Inflammation Demonstrates epidermal border following SDS treatment in HIF-1� mu-
Requirement of HIF-1� for Infiltration tant animals.
Due to the dramatic effect of the loss of HIF-1� on
the TPA-induced cutaneous inflammatory response, we Passively Induced Arthritis Requires HIF-1�
focused on the lysMcre/HIF-1� model in two further in Expression in Myeloid Cells
vivo assays of inflammation. In the first of these, we To determine whether the defect seen in this nonspecific

inflammatory response was also found in a more specificemployed a relatively nonspecific, macrophage-driven



HIF-1 and Inflammation
651

Figure 5. Phorbol Ester-Induced Ear Inflammation Is Differentially Regulated by Members of the Hypoxic Response Pathway in Myeloid Cells

Ears of (A) WT, (B) HIF-1�-, (C) VEGF-, and (D) VHL-LysM-CRE mice were painted once with 2.5 �g TPA in acetone carrier solution. 24 hr
later, ears were harvested and fixed in 4% PFA. The leukocyte common antigen (CD45) was immunolocalized on paraffin sections and detected
with DAB. (E) Ears were treated with TPA as outlined above, and 24 hr later a defined area of 6mm was punched out. Weight was determined
as a measurement of edema formation. (F) Tissue was homogenized and myeloperoxidase activity assayed by spectophotometrically monitored
conversion of o-dianisidine. (G and H). Total RNA was isolated from ear samples and subjected to RPA analysis using murine chemokine (G)
and cytokine (H) probe sets. Statistical analysis was performed using the unpaired Student’s t-test, **p � 0.01.

and noncutaneous model of inflammation, we injected joints and the gross edema that is seen in wild-type
mice. Histological examination of involved joints, seenanimals with a passive inducer of joint inflammation.

This involves use of isolated serum from a strain-specific in Figure 7C and 7D, reveals that loss of the factor re-
duces the synovialis infiltration, pannus formation, andrheumatoid arthritis model (Matsumoto et al., 1999); se-

rum is injected at day 1 and day 3 of treatment, and subsequent cartilage destruction that are typical of this
model. Figure 7E shows the significance of blind scoringthen joint inflammation is monitored over a period of 3

weeks. As can be seen in Figures 7A and 7B, loss of of the joints for involvement. This assay shows that
activation of HIF-1� in the myeloid lineage is also anmyeloid cell HIF-1� eliminates swelling of the ankle
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Figure 6. Loss of HIF-1� in Myeloid Cells Impairs Chronic Cutaneous Inflammation

The back skin of mice was freed of hair and 5% SDS solution applied epicutaneously once daily for a total of 10 days. Macroscopic appearance
of skin after (A) 5 and (B) 10 days of treatment. (C and D) Histological analysis of skin after 5 days of SDS application, H&E, magnification
100�. (E and F) Immunolocalization of CD45 in mouse skin after 5 days of 5% SDS treatment. Magnification 200�.

important aspect of this model of inflammation and that microenvironmental responses are especially important
for myeloid cell biology.it acts within the joint during the progression of this

The finding that leukocytes may be adapted to hyp-destructive inflammatory response.
oxia and exhibit high degrees of lactate accumulation,
even under aerobic conditions, was first made by Lev-

Discussion ene and Meyer in 1912 (1912b). One of the most impor-
tant next steps in determining the role of energetics in

Neutrophils and monocytes/macrophages are the key inflammation was the demonstration that neutrophils
cellular components of the innate immune system, the produce their energy by glycolysis, under both aerobic
body’s first line of defense against invading microorgan- and anaerobic conditions (Sbarra and Karnovsky, 1959).
isms (Medzhitov and Janeway, 2000). In order to main- This established that, unlike almost all other cells and
tain tissue integrity, it is of pivotal importance that these tissues, myeloid cells do not typically shift to mitochon-
cells are able to exert their highly specialized functions drial respiration even in highly oxygenated environ-
in hostile areas like wounds or abscesses, where oxygen ments. In fact, neutrophils have few mitochondria, and
and nutrient levels are often extremely low. It is therefore remain reliant on glycolysis for ATP production under

virtually all conditions, utilizing stored glycogen for gly-reasonable to assume that cellular pathways controlling
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Figure 7. Passively Induced Arthritis Is Dependent on Functional HIF-1� in Myeloid Cells

Animals were injected twice with heterologous serum from KbxN-TCR transgenic mice and monitored over a period of 3 weeks. Macroscopic
appearance of hindpaws from (A)WT and (B) HIF-1� null mice 21 days after the initiation of serum injection. Limbs were fixed in 4% PFA and
paraffin embedded. Histological analysis of (C) WT and (D) HIF-1� null ankle joints 23 days after arthritis induction. H&E, magnification 100�.
(E) Throughout the course of the experiment, mice were blind scored every second day for clinical signs of arthritis as outlined in Experimental
Procedures. Statistical analysis was performed using the unpaired Student’s t test, **p � 0.01.

cogenolysis when limited for glucose (Reiss and Roos, phils, whereas inhibitors of mitochondrial respiration
have little or no effect on these processes (Kay et al.,1978, 1979). In human neutrophils, approximately 85%

of glucose uptake is ultimately incorporated into lactate, 1980; O’Flaherty et al., 1977). These studies clearly delin-
eate the functional role of glycolytic ATP production ineven under resting aerobic conditions (Borregaard and

Herlin, 1982). Neutrophils have evolved to utilize differ- myeloid cell types, since they show how inhibition of
glycolysis and dimunition of ATP in these cells doesent glucose sources for different cellular functions, with

motility, chemotaxis, and aggregation being fueled by not result in a loss of viability but does prevent normal
responses to chemotactic agents and inflammatoryextracellular glucose uptake (Weisdorf et al., 1982b).

This reliance on the glycolytic pathway is thus a hallmark stimuli.
We show here that the transcription factor HIF-1� isof the unique and extravascular mode of existence of

these cells. essential for myeloid cell function in vitro and inflamma-
tory responses in vivo. Most strikingly, the loss of inflam-Classical studies with glycolytic inhibitors have also

shown that modulating glycolysis inhibits chemotaxis, matory capacity is correlated with defects in metabolic
activation and occurs without a change in the normalaggregation, and invasion by macrophages and neutro-
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phages were isolated by injecting 10 ml sterile PBS (Ca2� and Mg2�development and differentiation of the myeloid lineage.
free) into the peritoneal cavity followed by gently massaging theThus, HIF-1� is functioning as a basal regulator of energy
abdomen. Abdominal skin was cut and the resulting peritoneal fluidmetabolism in these cells; given the role of HIF-1 in
collected. Cells were centrifuged at 400 � g for 10 min in the cold,

regulating glycolytic enzyme expression, our data also washed once with PBS, dissolved in sterile water for 15 s to lyse
demonstrates a central role of glycolytic energy produc- any contaminating erythrocytes, and finally, the cell pellet was taken
tion for myeloid cell function and, ultimately, inflam- up in RPMI (10% fetal calf serum, 1% penicillin-streptomycin, and

1% glutamine). Cells were plated and allowed to adhere for 2 to 4mation.
hr. Nonadherent cells were washed off with PBS, and new cultureInterestingly, phenotypes resulting from the loss of
medium was added. Thioglycollate-elicited macrophages were har-HIF-1� and its target VEGF are not overlapping, indicat-
vested in an identical manner 3 days after the peritoneal injection

ing that the loss of inflammatory capacity in HIF-1� null of 2.5 ml 3% thioglycollate broth (Difco). PMN were isolated from the
cells is clearly separable from the function of VEGF. peritoneal cavity 3 hr after instillation of thioglycollate as previously
Although the role of granulocyte and macrophage- described (Clausen et al., 1999). Isolated cells displayed a viability

of �98% as demonstrated by trypan blue exclusion.derived VEGF in inflammation needs to be more thor-
oughly explored, it is clear from the work described

Determination of Deletion Frequency by Quantitative PCRhere that the loss of HIF-1� does not alter inflammatory
Thioglycollate-elicited macrophages were used for isolation of ge-progression solely because of alterations in VEGF ex-
nomic DNA. 24 hr after harvesting, cells were scraped into 1 ml ofpression. In fact, the chief difference between the phe-
PBS, centrifuged at 400 � g for 5 min, and the resulting pellet was

notypes of HIF-1� and VEGF deletion in the myeloid digested in 10 mM Tris-Hcl (pH 7.5), 100 mM NaCl, 10 mM EDTA,
lineage is in the differential degree of infiltration and and 0.5% SDS with 0.4 mg/ml proteinase K (Roche) overnight at
invasion. Infiltration accounts for the majority of cells 65�C. DNA was extracted with phenol:chloroform:isoamylaclohol

(25:24:1 [pH 8.2]) and precipitated with three volumes of ethanolentering inflamed tissue, and the loss of VEGF does not
and one/two volumes of 6 M ammonium acetate. The resulting pelletalter this process or in any discernable way inhibit it in
was resuspended in 10 mM Tris, 1 mM EDTA (pH 8.0). Primer Expressour acute model of cutaneous inflammation. The loss
software (Applied Biosystems) was used to design forward, reverse,of VEGF most clearly affects tissue edema; this is likely
and fluorescein dye-tagged oligonucleotides (Operon) for use in

due to the well-characterized function of VEGF as a real-time PCR. The following primers and probes were used: HIF-
permeability factor during inflammation (Dvorak, 2000). 1� forward 5	-CTATGGAGGCCAGAAGAGGGTAT-3	, HIF-1� reverse

Epidermal overexpression of HIF-1� results in in- 5	-CCCACATCAGGTGGCTCATAA-3	, HIF-1� probe 5	-(6FAM)AGA
TCCCTTGAAGCTAG(BHQ�6FAM)-3	. The degree of excision wascreased expression of VEGF and increased angiogen-
calculated by comparison of HIF-1� intact DNA relative to an unex-esis in a transgenic model (Elson et al., 2001). We have
cised gene.approached the overexpression of HIF-1� in an alterna-

tive fashion here and show that loss of vhl in myeloid
Real-Time PCRcells results in a hyperinflammatory response in one
For real-time PCR analyses, cDNAs were diluted to a final concentra-

model of acute inflammation and is also coupled to tion of 10 ng/�l. For PCR reactions, TaqMan-Universal Mastermix
increased lactate production and tissue edema. Al- (Applied Biosytems) was used. 50 ng cDNA was used as template
though the targets of VHL-mediated ubiquitination and to determine the relative amount of mRNA by real-time PCR (ABI

Prism 7700 sequence detection system), using specific primers anddegradation include HIF-1�, they also include a number
probes with the following sequences: VEGF reverse 5	-ATCCGCATof other substrates (Kondo and Kaelin, 2001), and further
GATCTGCATGG-3	, VEGF forward 5	-AGTCCCATGAAGTGATCAanalysis will be needed to determine the factor(s) con-
AGTTCA-3	, VEGF probe (6FAM)TGCCCACGTCAGAGAGCAACATtributing to the hyperinflammatory phenotype in these
CAC(BHQ�6FAM)-3	, PGK reverse 5	-CAGGACCATTCCAAACAA

mutants. TCTG-3	, PGK forward 5	-CTGTGGTACTGAGAGCAGCAAGA-3	,
In summary, we have found that HIF-1� critically regu- PGK probe 5	-(6FAM)TAGCTCGACCCACAGCCTCGGCATAT(BHQ-

lates pathways essential for the maintenance of energy �6FAM)-3	, Glut-1 reverse 5	-ACGAGGAGCACCGTGAAGAT-3	,
Glut-1 forward 5	-GGGCATGTGCTTCCAGTATGT-3	, Glut-1 probehomeostasis in myeloid cell types. Functional inactiva-
(6FAM)CAACTGTGCGGCCCCTACGTCTTC(BHQ�6FAM).tion of HIF-1� causes greatly inhibited motility, invasive-

ness, and homotypic adhesion in isolated peritoneal
In Vivo Model of Chronic Cutaneous Irritationmacrophages. Furthermore, various in vivo assays of
Mice were anaesthetized with 1.5% avertin, the backs were shavedacute and chronic inflammation demonstrate a profound
with surgical clippers, and the remaining hair was removed by topi-

reliance on HIF-1� function for infiltration, edema forma- cal application of Nair for 3 min. After this procedure, mice were
tion, and tissue destruction caused by granulocytes and allowed to rest for 3 days. Then, 5% SDS/PBS (v/v) was administered
macrophages. Deletion of the HIF-1� regulator VHL epicutaneously once per day for the indicated amount of total days,

maximally 10.causes a concomitant hyperinflammatory response; but
loss of the HIF-1� target VEGF eliminates tissue edema

Bacterial Uptake and Killing Assaysand, thereby, shows that the phenotype resulting from
For flourescence visualization, Group B Streptococcus (GBS) wasthe loss of HIF-1� is not solely due to decreased VEGF
transformed with the GFP-expressing plasmid pSB027 (gift of S.expression. These data demonstrate the importance of
Beres). Bacteria were grown to logarithmic phase in Todd-Hewitt

HIF-1� for myeloid cell function and the orchestration broth media (O.D. 600 
 0.4 or �10e8 cfu/ml), pelleted and washed
of inflammation and, further, show the opportunities for in PBS, then resuspended and diluted in RPMI � 0.1% BSA to
intercession in metabolic and angiogenic pathways reg- the desired concentration. Bacteria were added to monolayers of

normal and HIF-1� null macrophages at an inoculum of 2.5 bacteriaulated by this transcription factor.
per cell, the culture plates were centrifuged (500 � g for 10 min) to
place bacteria on the monolayer surface, then incubated for 2 hr atExperimental Procedures
37�C. To assess uptake of GFP-tagged GBS, the monolayers were
next washed three times with PBS and incubated with 0.04% TrypanHarvesting of Cells
blue � 10 min at 37�C to quench fluorescence of surface-associatedMice were killed by cervical dislocation, and the abdominal skin

was treated twice with 70% ethanol. Resident peritoneal macro- bacteria and verify macrophage viability. Standard FACS analysis
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for GFP and deconvolution microscopy was used to quantify uptake. RNase Protection Assay (RPA)
Mouse ears treated with TPA or acetone as the carrier control wereIntracellular killing of bacteria was assessed using an antibiotic

protection assay wherein monolayers were washed as above, extra- ground to a fine powder in liquid nitrogen and subsequently homog-
enized in TRIzol reagent for 30 s at full speed. Total RNA was isolatedcellular and surface-associated organisms killed by treatment with

penicillin and gentamicin, and intracellular GBS colony-forming units and hybridized with mouse cytokine (mCK-2b) and chemokine
(mCK-5b) RNA probes using a Riboquant Multiprobe RPA Systemenumerated following liberation and lysis of macrophage mono-

layers using trypsin-EDTA and 0.025% Triton X-100 (Nizet et al., (Pharmingen, San Diego, CA), following the manufacturer’s instruc-
tions.1997).
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