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Abstract

Neutrophils play a central role in the innate immune response and a critical role in bacterial 

killing. Most studies of neutrophil function have been conducted under conditions of ambient 

oxygen, but inflamed sites where neutrophils operate may be extremely hypoxic. Previous studies 

indicate that neutrophils sense and respond to hypoxia via the ubiquitous prolyl hydroxylase/

hypoxia-inducible factor pathway and that this can signal for enhanced survival. In the current 

study, human neutrophils were shown to upregulate hypoxia-inducible factor (HIF)-1α–dependent 

gene expression under hypoxic incubation conditions (3 kPa), with a consequent substantial delay 

in the onset of apoptosis. Despite this, polarization and chemotactic responsiveness to IL-8 and 

fMLP were entirely unaffected by hypoxia. Similarly, hypoxia did not diminish the ability of 

neutrophils to phagocytose serum-opsonized heat-killed streptococci. Of the secretory functions 

examined, IL-8 generation was preserved and elastase release was enhanced by hypoxia. Hypoxia 

did, however, cause a major reduction in respiratory burst activity induced both by the soluble 

agonist fMLP and by ingestion of opsonized zymosan, without affecting expression of the 

NADPH oxidase subunits. Critically, this reduction in respiratory burst activity under hypoxia was 

associated with a significant defect in the killing of Staphylococcus aureus. In contrast, killing of 

Escherichia coli, which is predominantly oxidase independent, was fully preserved under hypoxia. 

In conclusion, these studies suggest that although the NADPH oxidase-dependent bacterial killing 

mechanism may be compromised by hypoxia, neutrophils overall appear extremely well adapted 

to operate successfully under severely hypoxic conditions.
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Introduction

Cells of the innate immune system, such as neutrophils and macrophages, are required to 

infiltrate and operate efficiently within highly adverse environments, yet still kill invading 

pathogens and prevent the systemic spread of infection. Neutrophils accumulate rapidly at 

such infective foci, which are characterized by low oxygen tensions (1,2). This has led 

investigators to examine oxygen sensing and hypoxic regulation in these inflammatory cells. 

Such studies are informed by the observation that neutrophils depend principally on 

glycolysis rather than oxidative metabolism for ATP generation (and consequently have rich 

glycogen stores) but also need to consume oxygen to maintain the NADPH oxidase-driven 

respiratory burst, which generates reactive oxygen species (ROS) required for killing certain 

bacteria (3–5). Thus lack of molecular oxygen at sites of infection may influence profoundly 

the interaction between the invading pathogen and the host phagocytic cell tasked with 

eliminating or confining infection.

Oxygen sensing is now recognized as a universal property of all mammalian cells and is 

essential for physiological adaptation. It is signaled via a well-characterized pathway 

involving a family of oxygen-dependent hydroxylase enzymes, which regulate the cellular 

levels and transcriptional activity of hypoxia-inducible factor (HIF). This latter molecule is a 

heterodimeric protein composed of a constitutively expressed β subunit and a hydroxylase-

targeted HIF-1, -2 or -3α subunit. HIF plays a fundamental role in directing the cell’s 

response to hypoxia, in part through modulation of multiple HIF effector genes containing 

hypoxia response elements. Neutrophils express a number of the HIF-regulating 

hydroxylases, including the prolyl hydroxylase domain-containing enzymes PHD1–3 and 

factor-inhibiting HIF (6,7). This pathway is clearly activated at physiologically relevant 

levels of hypoxia and results in profound inhibition of neutrophil apoptosis under hypoxia or 

anoxia (6,8). Studies using myeloid targeted HIF-1α knockout mice also reveal a central role 

for HIF-1α in maintaining neutrophil ATP levels, and as a consequence, preserving myeloid 

cell recruitment and bacterial killing (9–11). Recent studies have revealed the capacity for 

additional nonhypoxic regulation of HIF-1α, for example, by IKKβ (12), and for agents such 

as LPS to upregulate HIF-1α levels in inflammatory cells (13). The interdependence of 

innate immunity and the response to hypoxia is further underscored by the finding that 

pathogen ingestion likewise leads to HIF-1α accumulation in the phagocyte (10), conferring 

enhanced bactericidal activity. However, studies involving the manipulation of cellular 

HIF-1α levels do not fully recapitulate the potential for lack of molecular oxygen to 

influence phagocyte function directly, particularly with regard to the ability to mount an 

oxidative burst.

Despite such data and parallel clinical and animal studies showing compromised bacterial 

killing and wound healing under hypoxia (14,15), very few studies have examined the 

effects of acute hypoxia on neutrophil function in vitro. In this paper, we show that hypoxia 

impairs the capacity of human peripheral blood neutrophils to generate ROS and kill 

Staphylococcus aureus but that hypoxic challenge does not compromise their motility, 

migration, receptor regulation, or degranulation responses. Indeed, fMLP-stimulated elastase 

release was enhanced under hypoxia, which may promote tissue infiltration and potentiate 

histotoxic tissue injury. These data confirm the remarkable adaptation of neutrophils to 
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hypoxic environments but importantly also reveal a selective impairment of oxidase-

dependent bacterial killing under hypoxia.

Materials and Methods

Isolation and culture of peripheral blood neutrophils from healthy human volunteers

Neutrophils were purified by dextran sedimentation and discontinuous plasma-Percoll 

gradients as detailed previously (16). Purified cells were resuspended at 1–45 × 106 cells/ml 

in HBSS (Sigma-Aldrich, Ayrshire, U.K.), PBS (Sigma-Aldrich), or IMDM (Life 

Technologies, Invitrogen, Paisley, U.K.). Neutrophils were routinely >98% pure, and care 

was taken to avoid inadvertent priming of the neutrophils during purification. Hypoxia was 

established by resuspending cells in media that had been pre-equilibrated using an InvivO2 

400 hypoxic work station with separate feeds of compressed air, N2, CO2, and 10% H/90% 

N2 (Ruskinn, Bridgend, U.K.); the CO2/N2 proportions were adjusted depending on the 

media buffering system. Normoxic incubations used IMDM equilibrated in a humidified 5% 

CO2/air incubator (Forma Series II 3111, Forma Scientific, Marietta, OH) or PBS and HBSS 

equilibrated under ambient atmospheric conditions at 37°C. The PO2, PCO2, and pH of the 

media were measured at the beginning and end of each experiment (ABL5 Blood Gas 

Analyzer; Radiometer, Copenhagen, Denmark) to confirm the delivery of a consistent 

hypoxic (or normoxic) environment and to ensure that appropriate pH levels were 

maintained. These studies were approved by the Cambridge Research Ethics Committee (06/

Q0108/281).

Assessment of neutrophil apoptosis

To assess the effects of hypoxia on apoptosis, purified neutrophils were resuspended at 5 × 

106 cells/ml in IMDM supplemented with 10% autologous serum and 50 U/ml streptomycin 

and penicillin and cultured in Falcon Flexiwell 96-well plate inserts as described (17). 

Neutrophils were harvested at 20 h, cytocentrifuged, fixed in methanol, stained with May-

Grünwald-Giemsa (Merck, Nottingham, U.K.), and morphology was examined by oil-

immersion light microscopy. Apoptotic neutrophils were defined as those with darkly 

stained pyknotic nuclei. Apoptosis was also assessed by flow cytometry using 1) FITC-

labeled recombinant human annexin V (Annexin VFITC)/propidium iodide staining (18) and 

2) the fluorescent cationic dye 5,5′,6,6′-tetrachloro-1,1′,3,3′-

tetraethylbenzamidazolocarbocyanin iodide (JC-1) (19).

TaqMan real-time PCR and Western blotting

Total RNA was isolated using TRI reagent (Sigma-Aldrich) followed by RNA purification 

with DNase digest, using the RNeasy microcolumn kit (Qiagen, Crawley, U.K.). cDNA was 

generated from 1 μg total RNA, using a High Capacity cDNA Kit (Applied Biosystems, 

Foster City, CA), and quantitative PCR (qPCR) (iCycler; Bio-Rad, Milpitas, CA) was 

performed using SYBR Green Master Mix (Sigma-Aldrich) with the appropriate primers 

purchased from Qiagen. Relative gene expression was determined by correcting the cycle 

threshold for the target gene against four housekeeping genes (β2-microglobulin, β-actin, 

YWHAZ, UBC) using genNORM (http://medgen.ugent.be/~jvdesomp/genorm); each of 

these had been determined to be stable in human neutrophils under the test conditions 
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employed (data not shown). The ΔCT for the target gene of interest in control, normoxic, 

and hypoxic-stimulated neutrophils was corrected against the value obtained in freshly 

isolated neutrophils to give ΔΔCT values. Relative gene expression (fold change) is 

expressed as 2−ΔΔCT.

Neutrophil shape change and chemotaxis

For determination of shape change, neutrophils (5 × 106/ml in HBSS) were incubated under 

normoxic or hypoxic conditions in BD Falcon flexible 96-well plates (BD Biosciences, 

Durham, NC) and treated with IL-8 (1 ng/ml–1 μg/ml; R&D Systems, Minneapolis, MN), 

fMLP (0.1–10 nM; Sigma-Aldrich), or buffer for 5 min while being maintained in the same 

oxygen environment. The cell suspension (150 μl) was aspirated and added to 250 μl 8.5% 

v/v CellFix (BD Biosciences, Erembodegem, Belgium), 16.5% distilled H2O, and 75% v/v 

PBS (optimized CellFix), and analyzed by flow cytometry (FACSCalibur; BD Biosciences, 

Paisley, U.K.). Data were analyzed to generate both mean forward scatter values and 

percentage shape change for the gated neutrophils. In addition, aliquots of the fixed cells 

were examined by microscopy using a hemocytometer and cells scored as shape changed if 

they contained >1 cell surface bleb or irregularity (20). A minimum of 100 cells were 

counted in triplicate for each experimental point.

Neutrophil chemotaxis was measured using Neuro Probe ChemoTx microplates (Neuro 

Probe, Receptor Technologies, Adderbury, U.K.), as described (21). In brief, microplate 

wells were filled in triplicate with 30 μl media alone (IMDM plus 10% autologous serum) or 

varying concentrations of IL-8. The framed nitrocellulose membrane (5-μm pores, 

4000/cm2) was applied and the solutions allowed to equilibrate at the appropriate oxygen 

tension for 1 h. Neutrophils (5 × 106/ml in IMDM containing 10% autologous serum) were 

cultured concurrently in normoxia or hypoxia, and 50 μl cell suspension was then added to 

the upper aspect of the membrane. After a further incubation for 1.5 h, the membrane was 

removed and the lower wells aspirated and washed twice with 30 μl 0.05% trypsin/0.53 mM 

EDTA in PBS; the latter step was incorporated to ensure full cell recovery. The number of 

cells migrating to the lower wells was quantified using a hemocytometer.

Determination of neutrophil CD11b, CD16, CD62L, IL-8R, and IL-8RB expression

Neutrophils (5 × 106/ml in HBSS) were incubated under normoxic or hypoxic conditions for 

1 or 4 h prior to stimulation with fMLP (100 nM), GM-CSF (10 ng/ml), TNF-α (10 ng/ml), 

or buffer for 30 min. The reactions (100 μl) were stopped by the addition of 250 μl ice cold 

optimized BD CellFix and placed on ice. Aliquots were incubated with anti-human CD11b 

FITC conjugates (10 μg/ml, Clone Bear1; Beckman Coulter, High Wycombe, U.K.) and 

anti-human CD16 R-phycoerythrin conjugates (10 μg/ml, Clone DJ130c; DAKO, Ely, 

U.K.), or anti-human IL-8RA or IL-8RB FITC conjugated Abs (R&D Systems Clone 42705, 

50 μg/ml, and Clone 48311, 50 μg/ml, respectively), in the dark for 30 min on ice. Samples 

were then diluted with 2 ml ice cold PBS and analyzed immediately using a BD FACSort 

flow cytometer (BD Biosciences, Oxford, U.K.) and FSC Press software (FSC Press, 

Cambridge, U.K.) (18). Isotype-matched controls and single-stained samples were used to 

set baselines and compensation.
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Phagocytosis assays

Streptococcus pneumoniae type 14 organisms were cultured to log phase in Todd-Hewitt 

broth containing 0.5% yeast extract (Oxoid, Basingstoke, U.K.), heat inactivated at 60°C for 

1 h, and labeled with FITC, as detailed previously (22). Neutrophils were allowed to 

equilibrate at the appropriate oxygen tension and temperature (37°C or 4°C) for 1 or 3 h 

prior to the addition of the bacteria (52 streptococci per neutrophil, pre-opsonized in 50% 

[v/v] pooled heat-inactivated human serum [Sigma-Aldrich] for 30 min at 37°C). The 

neutrophils were then washed three times in ice cold PBS, fixed in optimized CellFix, and 

analyzed by flow cytometry. The percentage of FITC+ neutrophils and the geometric mean 

fluorescence of the FITC+ cells were used as measures of phagocytosis, with uptake at 4°C 

used to control for bacterial adhesion. For electron microscopy, neutrophils were incubated 

with streptococci exactly as above and processed as previously described (6).

Determination of neutrophil elastase and IL-8 secretion

To quantify spontaneous and stimulated elastase release, neutrophils (1 × 106/ml in 90 μl) 

were incubated in pre-equilibrated HBSS in normoxia or hypoxia for 1 or 4 h. Cytochalasin 

B (5 μg/ml; Sigma-Aldrich) or buffer was added to the cells for 5 min, followed by fMLP 

(100 nM) or buffer for 10 min. After centrifugation (10,000 g; 10 s), the supernatants were 

collected and stored at −80°C, and elastase was measured using a commercial human 

elastase ELISA kit (Hycult Biotechnology, Uden, The Netherlands) according to the 

manufacturer’s instructions.

To assess the effects of hypoxia on IL-8 secretion, neutrophils (5 × 106 cells/ml) were 

incubated under normoxia or hypoxia in IMDM for 30 min prior to the addition of buffer, 

GM-CSF (10 ng/ml), and/or TNF-α (10 ng/ml) for a further 2, 4, 6, or 20 h. IL-8 was 

assayed in cell-free supernatants, using an in-house ELISA as detailed (23). To examine the 

effects of hypoxia on the release of a wider range of inflammatory cytokines and 

chemokines, neutrophils (11.6 × 106/ml) were incubated under hypoxia or normoxia for 30 

min, prior to stimulation with LPS (LPS, 100 ng/ml) plus LPS binding protein 100 ng/ml for 

a further 3.5 h. The reaction was terminated by the addition of normoxic or hypoxic HBSS 

(800 μl) and harvest of the supernatants. The supernatants were analyzed using commercial 

Ab arrays (RayBio Human Chemokine Ab Array 1 and The RayBio Human Inflammation 

Ab Array 3; Raybiotech, Norcross, GA) according to the manufacturer’s instructions.

Assessment of NADPH oxidase activity

Extracellular superoxide anion generation was determined by resuspending purified 

neutrophils in hypoxic or normoxic HBSS at 11.1 × 106/ml and incubating for 1 or 3 h in the 

appropriate oxygen atmosphere prior to the addition of 100 nM fMLP or 200 nM PMA for 

30 min. GM-CSF (10 ng/ml) was added 1 h prior to fMLP to ensure optimal priming of the 

response. The superoxide dismutase-inhibitable reduction of cytochrome c (Sigma-Aldrich) 

was quantified as detailed previously (24).

For assessment of hypoxia/reoxgygenation, neutrophils were incubated as above under 

normoxia or hypoxia in the presence or absence of GM-CSF 10 ng/ml. After 1 h, either 1) 

the fMLP-stimulated superoxide dismutase-inhibitable reduction of cytochrome C was 
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quantified, or 2) unprimed cells were further incubated under normoxic or hypoxic 

conditions or were transferred from hypoxia to normoxia (reoxygenated cells) prior to 

treatment with GM-CSF 10 ng/ml for 2 h and assessment of the fMLP-stimulated oxidative 

burst by reduction of cytochrome c, as above.

For measuring intracellular ROS generation, neutrophils were resuspended at 1 × 107/ml in 

normoxic or hypoxic HBSS and incubated for a further 1 or 3 h under these conditions prior 

to the addition of 3 μM diphenyleneiodonium (DPI) (Sigma-Aldrich) or buffer for 5 min, 

followed by 0.2 μM 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, 

acetyl ester (CM-H2DCFDA) (Molecular Probes, Invitrogen, Paisley, U.K.) for 10 min. 

Aliquots of these cell suspensions (225 μl) were added to 25-μl aliquots PBS containing 22.5 

× 106 particles of opsonized (50% [v/v] pooled heat-inactivated human serum, 30 min, 

37°C) zymosan (10 zymosan particles/neutrophil). Incubations were terminated after 60 min 

by the addition of 250-μl volumes ice cold optimized CellFix. Cell suspensions were diluted 

in ice cold PBS and analyzed by flow cytometry (FACSCalibur; BD Biosciences).

To determine the effects of hypoxia on pyocyanin-mediated ROS generation, neutrophils 

were incubated (5 × 106/ml in RPMI 1640) under normoxic or hypoxic conditions in the 

presence or absence of 50 μM pyocyanin [prepared by the photolysis of phenazine 

methosulfate; Sigma, Poole, U.K.; as described (25)] for 30 min prior to the assessment of 

the oxidative burst exactly as before (25).

Western blotting for NADPH oxidase components

Neutrophils were incubated at 1 × 107/ml in normoxic or hypoxic HBSS for 4 h, and 2 × 107 

cells per condition lysed in 1 ml ice cold buffer (0.1% Triton X-100, 150 mM NaCl, 5 mM 

EDTA, 5 mM EGTA, 3 mM β-glycerophosphate, 30 mM NaF, 0.2% cholate, with leupeptin, 

aprotinin, and antipain, each at 2.5 μg/ml). After further incubation on ice for 30 min, the 

cells were sonicated and spun (5 min; 15,000 g), and 50 μg of each sample was analyzed by 

SDS/PAGE, as described (26).

Neutrophil killing of S. aureus and Escherichia coli

S. aureus (subspecies aureus rosenbach; Wood 46, ATTC-LGC Standard, Teddington, 

U.K.) organisms were subcultured overnight, grown to logarithmic phase, and opsonized by 

incubation at 37°C in 50% pooled human serum (Sigma-Aldrich). The bacteria were washed 

twice and resuspended in 0.9% NaCl at a density of 80 × 106 S. aureus per milliliter prior to 

addition to the cells. Neutrophils were incubated in HBSS at 30 × 106/ml under hypoxia or 

normoxia for 1 h before addition of 3 μM DPI or buffer. After 5 min, neutrophils were 

incubated with S. aureus for 1 h at a preoptimized ratio of 1 bacterium per 6 neutrophils. 

The reaction was terminated by adding 50 μl cell suspension to 2.5 ml distilled H2O (pH 11) 

for 5 min to achieve neutrophil lysis. Samples were diluted serially in Luria-Bertani broth 

(Sigma-Aldrich), and 100-μl aliquots were spread on 10-cm agar plates and left for 

overnight incubation at 37°C. To determine the effects of reoxygenation, neutrophils were 

incubated under normoxia or hypoxia, as above, for 1 h prior to transferring the hypoxic 

cells to normoxic conditions for 30 min and assessment of killing, as above. Data were 

expressed as S. aureus CFUs per plate.
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To assess the effects of hypoxia on bacterial-induced neutrophil necrosis, pre-equilibrated (1 

h) normoxic or hypoxic neutrophils (5 × 106/ ml in 50 μl RPMI 1640 with 10% heat-

inactivated serum) were incubated with S. aureus (multiplicity of infection, 0.5) for 3 h at 

37°C, and the absolute number of intact neutrophils was quantified using CountBright 

absolute counting beads (Molecular Probes, Invitrogen) according to the manufacturer’s 

instructions.

Escherichia coli (E2348169; gift from Dr. Keith Davidson, Babraham Institute, Cambridge, 

U.K.) organisms were subcultured overnight, grown to logarithmic phase, and opsonized by 

incubation at 37°C in 50% (v/v) pooled heat-inactivated human serum (Sigma-Aldrich). The 

bacteria were washed twice and resuspended in 0.9% NaCl at a density of 180 × 106 E. 

coli/ml before addition to the cells. Neutrophils (45 × 106/ml in HBSS) were incubated 

under hypoxia or normoxia for 1 h prior to the addition of 3 μM DPI or buffer for 5 min and 

then treated with E. coli for 1 h at a previously optimized ratio of 1 bacterium per neutrophil. 

Neutrophils were then lysed and E. coli CFU quantified, as detailed above. Data are 

expressed as E. coli CFU per plate.

Statistical analysis

Data are reported as mean ± SEM from (n) independent experiments and analyzed using 

two-way ANOVA with a Bonferroni post-test using Prism 5.0 software (GraphPad, San 

Diego, CA). For comparison of two sample means, paired Student t tests were used. A p 

value < 0.05 was considered significant.

Results

Hypoxia delays apoptosis and upregulates HIF-1α–dependent gene expression in human 
neutrophils

The PO2, PCO2, and pH of the media were measured at the beginning and end of each 

experiment (ABL5 Blood Gas Analyzer, Radiometer) and confirmed the delivery of a 

consistent normoxic or hypoxic environment with equivalent pH in the various media 

employed (Fig. 1A, Table I). In agreement with our previous observations (6,8), the degree 

of physiological hypoxia used in this study resulted in a significant delay in constitutive 

neutrophil apoptosis assessed after 20 h, using cell morphology, or Annexin VFITC/

propidium iodide or JC-1 staining quantified by flow cytometry (Fig. 1B).

To confirm that these incubation conditions were sufficient to activate the PHD/factor-

inhibiting HIF hydroxylase/HIF-1α pathway, we examined the abundance of BNIP3 and IκB 

mRNA, two genes that are recognized to be regulated by hypoxia and HIF-1 in neutrophils 

(6), together with BclA1 and Bcl-XL, which are upregulated in response to hypoxic activation 

of the NF-κB pathway (27). Fig. 1C shows the substantial and time-dependent increase in 

BNIP3 mRNA abundance observed in purified neutrophils under hypoxia. Under identical 

conditions, hypoxia also caused a significant increase in IκB, BclA1, and Bcl-XL mRNA 

levels without affecting the chosen housekeeping genes (data not shown).
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Neutrophil shape change and chemotaxis under hypoxia

Exposure of circulating neutrophils to systemic or locally generated chemotactic agents 

represents one of the earliest responses of these cells to an inflammatory event. To 

determine whether neutrophil polarization induced by nongradient chemokine challenge, or 

directional migration to a chemotactic gradient, was influenced by hypoxia, we examined 

neutrophil shape change and chemotaxis in response to IL-8. Both of these assays have been 

validated extensively in neutrophils by our and other groups (20,21,28). As shown in Fig. 

2A–C, preincubation of neutrophils under hypoxia (3 kPa) for 1 h modified neither the 

magnitude nor the potency of these responses, which were both assayed under continued 

normoxic or hypoxic exposure. Fig. 2D demonstrates equal expression of IL-8RA and 

IL-8RB under normoxic and hypoxic conditions, as well as equal receptor shedding in 

response to GM-CSF and TNF-α stimulation. Responses to the bacterial tripeptide fMLP 

and to LPS were likewise unaffected by hypoxia (data not shown). These data indicate that 

the capacity of neutrophils to sense, polarize, and migrate toward a chemotactic stimulus is 

not affected by hypoxia.

Preserved neutrophil phagocytosis under hypoxia

The sialoglycoprotein CD11b plays a key role in neutrophil adhesion to endothelial surfaces 

and in the cell’s recognition and binding of streptococci (29,30). CD11b surface expression 

and avidity are also upregulated following neutrophil priming or activation (24), a response 

that involves significant cytoskeletal rearrangement (29). In view of this, we examined 

initially the ability of fMLP to upregulate the cell surface expression of CD11b and found 

this response to be entirely preserved under hypoxic conditions at early time points and even 

enhanced, compared with normoxic cells after 4 h of incubation (Fig. 3A). Basal and fMLP-

stimulated CD11b surface expression varied somewhat between donors, but at 4 h there was 

a clear increase in CD11b detection in unstimulated hypoxic cells relative to their normoxic 

controls (Fig. 3A). At these later time points, normoxic neutrophils progressively lost their 

ability to upregulate CD11b in response to fMLP, but this response was preserved when the 

cells were maintained in a hypoxic environment (Fig. 3A) and was also seen when LPS was 

used as a stimulus (data not shown). CD16 (FcγRIII) expression declined in a time-

dependent manner but over 4 h was not influenced by oxygen tension (Fig. 3B).

As shown in Fig. 3C–E, incubation of neutrophils with heat-inactivated FITC-labeled 

opsonized streptococci at a preoptimized density of 52 organisms per cell for 60 min 

resulted in phagocytic uptake by ~50% of cells. Prior incubation of neutrophils in hypoxia (3 

kPa) for 1 or 3 h had no significant effect on either the number of cells ingesting 

streptococci or the number of ingested organisms per cell (Fig. 3E, 3F), again with stable 

hypoxia maintained for the duration of the experiment. These data indicate that neutrophil 

recognition and phagocytosis of microorganisms, such as S. pneumoniae, are remarkably 

well preserved under hypoxia.

Effects of hypoxia on neutrophil secretion

Neutrophils have the capacity to elaborate proinflammatory cytokines and to degranulate, 

leading to the release of histotoxic proteases; this latter process may be important in 

facilitating the migration of neutrophils through endothelial cells but under pathological 
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conditions is thought to contribute to tissue injury (31). Neutrophil secretion was assessed in 

three ways, namely, 1) cell surface expression of adhesion molecules contained within 

secretory granules (e.g., CD11b, see Fig. 3A); 2) release of IL-8 and other inflammatory 

mediators (Fig. 4A, 4B); and 3) secretion of elastase, a serine protease derived 

predominantly from azurophil granules (Fig. 4C). In line with previous studies (23), optimal 

IL-8 release was observed at 4 h following dual stimulation with GM-CSF and TNF-α, with 

an ~23-fold increase in IL-8 secretion over baseline at this time (Fig. 4A). As described 

above and illustrated in Fig. 3A, CD11b expression was completely preserved in the face of 

hypoxia at early time points and even upregulated after more prolonged (4 h) hypoxic 

incubation. As shown in Fig. 4A, basal and agonist-stimulated IL-8 release was unaffected 

by hypoxia across a wide time frame, from 2 to 20 h. In view of the known cross-talk 

between the HIF1-α and NF-κβ pathways, we also examined the effects of hypoxia and of 

LPS on neutrophil release of a range of inflammatory cytokines and chemokines; as shown 

in Fig. 4C, LPS induced the release of IL-8, TNF-α, IL-6, IL-10, and MIP-1β, but this was 

not modified by hypoxia, and the detection of a range of other inflammatory mediators was 

not significantly affected by either hypoxia or LPS (see Supplemental Fig. 1). Hypoxia did 

not modulate the spontaneous release of elastase from unstimulated neutrophils. However, 

elastase release from cytochalasin-B–primed fMLP-stimulated cells was increased 

dramatically by hypoxia at 4 h (Fig. 4D), without loss of cell viability.

Hypoxia reduces extracellular superoxide anion release and particle-induced intracellular 
ROS generation

At the outset of these studies, we predicted that hypoxia would reduce the capacity of 

neutrophils to undergo a maximal respiratory burst response owing to the limited availability 

of molecular oxygen. As shown in Fig. 5, this was indeed what we observed in respect to 

both fMLP-stimulated extracellular superoxide anion generation (Fig. 5A) and opsonized 

zymosan (OZ)-induced intracellular total ROS generation (Fig. 5C). Of note, the fMLP 

response was examined in both GM-CSF–primed and unprimed cells, and both NADPH 

oxidase assays were run in cells incubated for 1 and 4 h in normoxia or hypoxia. 

Importantly, the extent of OZ phagocytosis was identical in normoxia and hypoxia (Fig. 5B), 

and identical results were obtained using 2′,7′-dichlorofluorescein as a reporter (data not 

shown). As shown in Fig. 5C, the ROS signal generated by OZ ingestion was only partially 

inhibited by the oxidase inhibitor DPI; possible explanations for this subtotal inhibition 

include artifactual oxidation of the fluorogenic probe by DPI or its metabolites (32) or the 

previously reported effects of DPI on the pentose phosphate pathway (33).

Because these findings would also be compatible with a major effect of hypoxia on the 

expression of individual NADPH oxidase components, this was examined by qPCR and 

Western blotting. The only effects observed by qPCR were minor reductions in p47phox and 

p40phox mRNA levels under hypoxia (Supplemental Fig. 2), which did not attain statistical 

significance. In addition, no differences were observed at a protein level (Fig. 5D, 5E). 

These data indicate that the profound inhibition of respiratory burst activity in the neutrophil 

under hypoxia does not reflect differences in oxidase component expression.
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Hypoxia inhibits the ability of neutrophils to kill S. aureus but not E. coli

The effects of hypoxia on neutrophil-mediated bacterial killing were examined using two 

different bacterial pathogens, namely, E. coli and S. aureus. As demonstrated in Fig. 6A, 

neutrophils were highly efficient at killing E. coli under both normoxic and hypoxic 

conditions. Consistent with this was our observation, supported by previous studies (34, 35), 

that E. coli killing was unaffected by the oxidase inhibitor DPI. This finding suggests that 

neutrophil-mediated killing of E. coli is independent of NADPH oxidase.

In contrast, neutrophil-mediated killing of S. aureus was markedly impaired under hypoxic 

conditions, perhaps reflecting the oxidase-dependent (DPI-sensitive) nature of this effect 

(Fig. 6B). Cytospin analysis confirmed that hypoxia did not compromise the ability of 

neutrophils to phagocytose staphylococci (Fig. 6B, inset and data not shown). It is also 

apparent from the data in Fig. 6B that S. aureus bacteria themselves form fewer colonies 

after hypoxic than normoxic incubation, even in the absence of neutrophils. Remarkably, 

when S. aureus organisms were incubated with neutrophils under hypoxia, an intracellular 

survival benefit was observed, which, as expected from Fig. 5, was not further increased by 

DPI. Examination of cytospin preparations confirmed that both E. coli and S. aureus were 

internalized during the course of the assay, and that this process was not affected by hypoxia 

(Fig. 6A, 6B and data not shown).

Because prolonged exposure of neutrophils to staphylococci and other bacteria may lead to 

pathogen-induced cell death, we sought to determine the effects of hypoxia on this process. 

S. aureus organisms were shown able to induce neutrophil death to a similar extent under 

normoxia and hypoxia after 3 h (Fig. 6C), with no neutrophil death seen at 1 h (data not 

shown). These data sets concur with the above oxidase findings and indicate that hypoxia 

impairs the ability of neutrophils to kill bacteria by oxidase-dependent pathways. By 

contrast, the ability of S. aureus to kill human neutrophils appears equally effective in 

normoxic and hypoxic conditions.

The effect of hypoxia on neutrophil oxidative burst and staphylococcal killing reflects lack 
of molecular oxygen

Because hypoxic impairment of the neutrophil oxidative burst and oxidase-dependent 

bacterial killing was not associated with altered expression of NADPH oxidase components, 

we investigated whether the lack of molecular oxygen as a substrate for the oxidase was 

responsible. Initially, we studied the effect of hypoxia on the intracellular ROS generation 

induced by pyocyanin, a phenazine virulence factor produced by Pseudomonas aeruginosa. 

Pyocyanin oxidizes intracellular pools of NADPH, NADH, and reduced glutathione by 

accepting electrons, which are then available for donation to molecular oxygen to generate 

O2
− and H2O2 in a NADPH-independent fashion (36, 37). As can be seen from Fig. 7A, and 

consistent with our previous data (25), aerobic incubation of neutrophils in the presence of 

pyocyanin led to an increase in the detection of intracellular ROS; this increase was 

abolished when the incubation was performed under hypoxic conditions (Fig. 7A), 

confirming that hypoxia can inhibit ROS generation in a manner that is independent of the 

NADPH oxidase. Furthermore, when hypoxic neutrophils were reoxygenated by restoring 

them to the ambient oxygen tension, extracellular O2
− generation was fully restored to the 
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level of cells kept continuously normoxic (Fig. 7B). Similarly, the ability to kill S. aureus 

was also fully restored by reoxygenation (Fig. 7C).

Discussion

Many inflamed tissues offer a hostile microenvironment in which neutrophils and 

macrophages are required to operate. These sites are characteristically hypoxic and nutrient 

deprived, with high levels of reactive oxygen and nitrogen radicals. In this setting, it is now 

recognized that the PHD/HIF-1α pathway plays a key role in triggering adaptive cellular 

responses that support the function of immune cells within such environments. Hence 

HIF-1α accumulation, which can be triggered by pathogen-derived signals in addition to 

hypoxia, supports several innate immune functions in dendritic cells and macrophages and 

promotes the bactericidal function of phagocytes. The HIF-1α and NF-κB pathways also act 

cooperatively to regulate the transcription of several enzymes involved in anaerobic 

metabolism. Of interest, in conditions such as diabetes, in which tissue ischemia and 

infection are major clinical problems, the HIF-1α pathway has been found to be defective 

owing to impaired HIF-1α binding to the coactivator p300 (38). This latter event reflects 

covalent modification of p300 by the dicarbonyl metabolite methylglyoxal.

The capacity of neutrophils and other phagocytic cells to sense hypoxia via activation of the 

PHD/HIF-1α pathway, and for this to delay constitutive apoptosis, is firmly established. 

Recently, even acute global hypoxia equivalent to that of altitudes of 4300 m has been 

shown to be a sufficient trigger to increase HIF-1α accumulation and HIF-1α DNA in 

circulating leukocytes (39). However, few studies have detailed the effects of hypoxia on 

other aspects of neutrophil function. Our findings extend the current literature by 1) 

demonstrating preservation of chemotaxis, receptor regulation, and phagocytosis under 

severe hypoxia, and 2) demonstrating a global reduction in respiratory burst capacity under 

hypoxia, which impairs the capacity of neutrophils to kill bacteria such as S. aureus.

Results arising from the few previous studies that have addressed the effects of hypoxia on 

neutrophil function have been confusing and in some cases contradictory; this may reflect 

important methodological differences, including the degree of hypoxia achieved in the 

media bathing the cells, the use of hypoxia-mimetics or genetic manipulation of hypoxic 

signaling pathways rather than true hypoxia, the effects of hypoxia on PCO2/pH as well as 

PO2, and cellular reoxygenation during the experimental protocol. We analyzed the PO2 and 

pH of the media in each experiment to ensure consistent hypoxia sufficient to activate 

HIF-1α responses (Fig. 1) (6) and equal pH in normoxic and hypoxic incubations (Fig. 1). 

We were also assiduous in ensuring that all reactions were stopped (by lysis, freezing, or 

fixation) prior to removing cells from the hypoxic chamber. Hypoxia/reoxygenation and its 

clinical correlate, sleep apnea, have been shown to prime neutrophils for enhanced 

superoxide anion release (40), potentially contributing to the oxidative stress and endothelial 

dysfunction found in this common disorder (41); our data clearly demonstrate that cellular 

reoxygenation is essential for this augmentation of ROS production. The lack of effect of 

hypoxia on basal or agonist-stimulated shape change or spontaneous or fMLP-stimulated 

extracellular superoxide anion release demonstrates that our cells have not been 

McGovern et al. Page 11

J Immunol. Author manuscript; available in PMC 2015 March 26.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



inadvertently reoxygenated, and that continuous hypoxia per se does not induce neutrophil 

priming.

We also found that hypoxia did not compromise neutrophil chemotaxis or the phagocytosis 

of opsonized bacteria. Previous work has suggested that hypoxia may actually upregulate 

these processes in macrophages via HIF-1α stabilization (42), but deletion of HIF-1α also 

caused a far more profound depletion of ATP in these cells than in neutrophils (9), 

suggesting that energy stores in mononuclear cells are more intimately linked to the levels of 

this transcription factor than is the case in neutrophils. Exposure of neutrophils to hypoxia 

for a period of 4 h (but not shorter incubation periods) increased the expression of CD11b on 

the surface of unstimulated cells, and prevented the time-dependent impairment of fMLP-

stimulated upregulation of this molecule seen with normoxic incubation. These results are 

consistent with the previously reported finding that the CD11b gene sequence incorporates a 

hypoxia-response element (43). Again after 4 h of hypoxia, we observed a dramatic (~4-

fold) enhancement of elastase secretion from primed fMLP-stimulated cells. Elastase is an 

important component in the neutrophil microbicidal arsenal available to counter Gram-

negative (but not Gram-positive) bacterial sepsis (44) and fungal infection (45), but may 

also contribute to endothelial (46) and epithelial (47) cell injury and the pathogenesis of 

inflammatory diseases, including lung injury (45); thus, whether enhanced elastase release in 

the hypoxic environment is harmful or beneficial may be highly context dependent. In the 

setting of hypoxia, inhibition of neutrophil elastase has been shown to attenuate intestinal 

injury in a rabbit model of alveolar hypoxia (48) and to reduce alveolar-capillary damage in 

a rabbit model of ischemia-reperfusion injury (49), suggesting that hypoxia-driven elastase 

release could contribute to tissue injury. Reeves et al. (50) have demonstrated that ROS are 

required to fully enable protease function within the phagosome; therefore, the protective 

bactericidal function of elastase may be compromised even in the setting of enhanced (and 

potentially harmful) extracellular elastase release.

Our findings of impaired bacterial killing of S. aureus under hypoxia are consistent with 

much earlier observations that wound healing and bacterial clearance from the skin are 

impaired under hypoxia (15, 51–53). It is also entirely consistent with the dramatic reduction 

of both extracellular and, more importantly, intracellular ROS generation displayed by 

neutrophils when subjected to hypoxia. The lack of effect of hypoxia on the components of 

the NADPH oxidase suggests that this reduction is mediated by lack of available substrate, 

i.e., molecular oxygen. This explanation is supported both by the fact that pyocyanin-

induced ROS generation (which is independent of the NADPH oxidase) is also abolished by 

hypoxia (Fig. 7A) and more directly by the fact that hypoxic reduction of both ROS 

generation and staphylococcal killing is completely restored by re-exposure of the hypoxic 

neutrophil to ambient oxygen. Furthermore, the ability of hypoxic (or DPI-treated) 

neutrophils to kill E. coli as efficiently as normoxic neutrophils suggests that nonoxidant-

dependent killing mechanisms are fully preserved.

Although hypoxia led to a temporary reduction of bacterial growth in Luria-Bertani broth 

(Fig. 6A, 6B and data not shown), the presence of neutrophils caused a seemingly 

paradoxical enhancement in staphylococcal survival in the hypoxic environment. This 

observation implies that the interior of a hypoxic neutrophil is a more favorable environment 
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for bacterial survival than is hypoxic growth medium alone, a remarkable finding given the 

known importance of these cells in staphylococcal clearance. Even normoxic neutrophils 

failed to kill approximately half of the S. aureus organisms presented to them (Fig. 6B), 

despite the low multiplicity of infection (1 bacterium per 6 neutrophils) used; at higher 

pathogen/neutrophil ratios, staphylococci induced neutrophil lysis, independent of the 

ambient oxygen tension (Fig. 6C). These findings are in keeping with previous 

demonstrations that S. aureus can adapt to evade the innate immune response. Thus, in a 

murine model of i.p. staphylococcal infection (54), neutrophils isolated from the site of 

infection contained viable intracellular staphylococci, and these infected neutrophils could 

transfer the pathogen to infect a naive animal. Furthermore, partial, but not complete, 

ablation of neutrophil migration into the site of infection enhanced host defense in the 

setting of S. aureus infection, whereas a complete lack of neutrophils converted a nonlethal 

to a lethal infection. Thus, abscess formation may establish the hypoxic milieu that favors 

staphylococcal survival rather than bacterial elimination.

S. aureus is capable of adapting to various hostile host environments, and inhabits or infects 

skin, mucous membranes, blood, and deeper tissues. This flexibility is conferred by several 

gene regulatory systems that control the expression of S. aureus virulence genes. S. aureus 

displays adaptive responses following phagocytosis by neutrophils, leading to global 

changes in gene expression; 26.8–38.8% of S. aureus genes, including those encoding 

catalase and superoxide dismutase, were differentially regulated within 30 min after 

ingestion, depending on the precise strain analyzed (55). Although anoxia has also been 

shown to regulate the transcription of staphylococcal virulence factors (55), this did not 

occur within a time frame relevant to our assays.

Thus, it seems that although the outcome of the interaction between the neutrophil and the 

pathogen S. aureus depends on a number of factors, including the neutrophil/pathogen ratio, 

our data suggest that the ambient oxygen tension also has a profound influence on this 

interaction and that because most inflamed sites are highly hypoxic, this may be an 

important factor determining the outcome of clinical staphylococcal infections. Neutrophil 

functions other than the generation of the respiratory burst are not impaired by hypoxia; on 

the contrary, release of elastase may be significantly enhanced, with the potential for 

increased “bystander” tissue injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Validation of hypoxic incubation. A, PO2 and pH of HBSS maintained under normoxia or 

hypoxia were analyzed using an ABL 500 blood gas analyzer [mean ± SEM of (n) = 20 

independent experiments]. *p < 0.05 for hypoxia versus normoxia. B, The degree of hypoxia 

attained is sufficient to delay apoptosis. Neutrophils were incubated for 20 h in IMDM 

containing 10% autologous serum under normoxic or hypoxic conditions, and apoptosis was 

assessed by Annexin VFITC staining, JC-1 fluorescence, or cell morphology, as indicated. 

Data represent mean ± SEM of (n) = 3 independent experiments, each performed in 
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triplicate. *p < 0.05 for hypoxia versus normoxia. C, Hypoxic incubation leads to induction 

of HIF-dependent transcription. BNIP3 mRNA was quantified by qPCR in neutrophils 

incubated under either normoxia or hypoxia for 1–4 h. Gene expression relative to the level 

at 30 min of hypoxic incubation (fold change) is expressed as 2−ΔΔCT (see Materials and 

Methods for details) and represent mean ± SD of (n) = 3 independent experiments, each 

performed in triplicate. *p < 0.05 for hypoxia versus normoxia.

McGovern et al. Page 19

J Immunol. Author manuscript; available in PMC 2015 March 26.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



FIGURE 2. 
Effects of hypoxia on neutrophil shape change and chemotaxis in response to IL-8. A and B, 

IL-8–induced neutrophil shape change is not affected by hypoxia. Neutrophils were 

incubated under normoxia or hypoxia for 1 h prior to the addition of the indicated 

concentration of IL-8 for 5 min prior to fixation. Representative histogram (A) illustrating 

neutrophil shape change induced by IL-8 10−7 g/ml for 5 min and assessed by flow 

cytometry. Concentration response (B) of neutrophil shape change induced by IL-8 (0–10−5 

g/ml) under conditions of normoxia or hypoxia assessed by flow cytometry. Results 

represent mean ± SEM of n = 3 independent experiments performed in triplicate. C, IL-8–

induced neutrophil chemotaxis is maintained under hypoxia. Neutrophils (5 × 106/ml in 

IMDM containing 10% autologous serum) were preincubated for 1 h in a normoxic or 
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hypoxic environment, and migration through a nitrocellulose membrane (5-μm pores, 

4000/cm2) in response to the indicated concentrations of IL-8 was assessed after 1.5 h by 

manual counting. Results represent mean ± SEM of n = 3 independent experiments 

performed in triplicate. D, Expression of IL-8 receptors is unaffected by hypoxia. IL-8RA 

and IL-8RB surface expression determined by flow cytometry. Neutrophils were 

preincubated for 1 h under normoxia or hypoxia, and stimulated (or not) with TNF-α 10 

ng/ml plus GM-CSF 10 ng/ml for 30 min prior to fixing and staining with FITC-tagged 

monoclonal Abs, as described in Materials and Methods. Results represent mean ± SEM of 

n = 3 independent experiments performed in triplicate.
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FIGURE 3. 
Effect of hypoxia on neutrophil phagocytic function. A and B, Hypoxia preserves neutrophil 

surface expression of CD11b, but not CD16. Neutrophils were incubated under normoxic or 

hypoxic conditions for 1–4 h prior to stimulation with fMLP (100 nM) or buffer. Fixed cells 

were stained with FITC-labeled anti-CD11b (A) or anti-CD16 (B), as described, and 

analyzed by flow cytometry. Data represent mean ± SEM of n = 4 independent experiments 

performed in triplicate. *p < 0.05. Owing to donor variability in baseline expression, results 

were normalized to normoxic controls. C–F, Hypoxia does not compromise the ability of 
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neutrophils to phagocytose opsonized streptococci. Neutrophils were preincubated under 

normoxia or hypoxia for 1 or 3 h prior to the addition of opsonized FITC-labeled S. 

pneumoniae for 1 h; cells kept at 4°C were used to control for nonspecific adhesion. 

Representative histograms (C) illustrating phagocytosis of FITC-labeled S. pneumoniae by 

normoxic and hypoxic neutrophils (1 h) assessed by flow cytometry. Electron microscope 

image (D) of a neutrophil (osmium tetroxide stained, original magnification ×18,000) 

containing ingested bacteria; arrows point to S. pneumoniae within phagosomes. 

Phagocytosis of FITC-labeled S. pneumonia did not differ when neutrophils were 

maintained under normoxia or hypoxia for 1 or 3 h, assessed by % of FITC-positive 

neutrophils (E) or mean fluorescence intensity (F). Data represent mean ± SEM of three 

independent experiments performed in triplicate.
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FIGURE 4. 
Effects of hypoxia on neutrophil secretory function. A, Hypoxia does not affect neutrophil 

IL-8 release. Neutrophils were incubated under normoxia or hypoxia prior to the addition of 

buffer, GM-CSF (10 ng/ml), and/or TNF-α (10 ng/ml) for a further 2, 4, 6, or 20 h. IL-8 was 

assayed in cell-free supernatants by ELISA. Data represent mean ± SEM of three 

independent experiments performed in duplicate. B and C, LPS, but not hypoxia, 

upregulates neutrophil inflammatory mediator release. Neutrophils were incubated under 

hypoxia or normoxia for 30 min, prior to the addition of LBP/LPS for a further 3.5 h under 
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continued normoxia or hypoxia. The supernatants were analyzed using commercial Ab 

arrays (RayBio). B, Representative chemokine membranes following development; dots 

representing IL-8 are ringed. C illustrates signal intensity quantified by Scion Image and 

normalized using positive controls according to the manufacturer’s instructions (mean ± SD 

from n = 3 experiments performed in duplicate). Data shown represent the 5 (of 78) 

mediators that increased in response to LPS, with the remaining data presented in 

Supplemental Fig. 1. D, Neutrophils were incubated for 1 or 4 h under normoxia or hypoxia 

prior to priming (cytochalasin B or buffer, 5 min) and stimulation (fMLP or buffer, 10 min). 

Supernatants were assayed using a commercial human elastase ELISA. Data represent mean 

± SEM of n = 8 experiments performed in duplicate. *p < 0.05.
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FIGURE 5. 
Effects of hypoxia on neutrophil respiratory burst. A, Hypoxic neutrophils have a reduced 

ability to generate extracellular superoxide. Neutrophils were primed either directly or after 

a 3-h incubation period under hypoxia or normoxia with GM-CSF (10 ng/ml) or buffer for 1 

h. Neutrophils were then stimulated (or not) with fMLP (100 nM) or PMA (200 nM) for 30 

min. Extracellular superoxide generation was assessed by the superoxide dismutase-

inhibitable reduction of cytochrome c. Data represent mean ± SEM of three independent 

experiments performed in triplicate. *p < 0.05. B and C, Hypoxic neutrophils ingest 
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zymosan but have a reduced capacity to generate intracellular ROS. Representative images 

(B) from May-Grünwald-Giemsa–stained cytospin preparations of normoxic or hypoxic 

neutrophils (original magnification ×400, oil immersion) incubated with zymosan particles 

for 1 h, demonstrating uptake into phagosomes. Neutrophils were incubated under hypoxia 

or normoxia for 1 or 3 h prior to addition of CM-H2DCFDA for 10 min. IgG-opsonized 

zymosan was added for 1 h in the presence or absence of DPI (0.2 μM) to inhibit NADPH 

oxidase. Data represent mean fluorescence intensity; mean ± SEM of at least three 

independent experiments, each performed in triplicate (C). D and E, Hypoxia does not 

reduce the expression of NADPH oxidase components. Normoxic or hypoxic (4 h) 

neutrophils were lysed and analyzed by Western blotting for expression of p40phox or 

p47phox. Single representative image (D) of n = 3. Densitometry (Scion Image) values for 

bands normalized to β-actin (E). Data represent mean ± SEM from three independent 

experiments.
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FIGURE 6. 
Effect of hypoxia on neutrophil bactericidal capacity. A, Hypoxic neutrophils maintain the 

ability to kill opsonized E. coli. Bacteria opsonized with heat-inactivated serum were added 

to pre-equilibrated (1 h) normoxic or hypoxic neutrophils in the presence or absence of 3 μM 

DPI for 1 h. Surviving bacteria were enumerated by quantitative culture, as described in 

Materials and Methods. Data represent the mean ± SEM of four independent experiments, 

each performed in triplicate; *p < 0.05 for incubations with versus without neutrophils. 

Insets represent May-Grunwald-Giemsa–stained cytospin images (original magnification 

McGovern et al. Page 28

J Immunol. Author manuscript; available in PMC 2015 March 26.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



×400, oil immersion) with arrows pointing to internalized bacteria. B, Hypoxia impairs the 

ability of neutrophils to kill opsonized S. aureus. Serum opsonized bacteria were added to 

pre-equilibrated (1 h) normoxic or hypoxic neutrophils in the presence or absence of 3 μM 

DPI for 1 h. Surviving bacteria were enumerated by quantitative culture, as described in 

Materials and Methods. Data represent the mean ± SEM of six independent experiments 

performed in triplicate; *p < 0.05. Insets represent cytospin images with arrows pointing to 

internalized bacteria. C, Hypoxia does not affect the ability of S. aureus to cause neutrophil 

death. Bacteria were added to pre-equilibrated (1 h) normoxic or hypoxic neutrophils in 

RPMI 1640, 10% heat-inactivated serum for 3 h with a multiplicity of infection of 0.5 (i.e., 2 

neutrophils per bacterium). Intact neutrophils were quantified using CountBright absolute 

counting beads. Data represent mean ± SEM of n = 3 experiments, each performed in 

duplicate.
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FIGURE 7. 
Effect of reoxygenation on neutrophil oxidative burst and oxidase-dependent killing. A, 

Pyocyanin-induced ROS generation is inhibited by hypoxia. Neutrophils (5 × 106/ml in 

RPMI 1640) were incubated under normoxia or hypoxia in the presence of pyocyanin (50 

μM) or vehicle plus 3% CM-H2DCFDA for 30 min prior to assessment for ROS generation. 

Data represent mean fluorescence intensity; mean ± SEM of at least three independent 

experiments, each performed in triplicate. *p < 0.05. B, Reoxygenation restores the 

neutrophil oxidative burst. Neutrophils were primed (or not) with GM-CSF under normoxia 

or hypoxia. After 1 h, normoxic and hypoxic primed neutrophils were stimulated with fMLP 

(100 nM) for 30 min, and extracellular superoxide generation was assessed by the 

superoxide dismutase-inhibitable reduction of cytochrome c (1 h). Also at 1 h, aliquots of 

unprimed cells were moved from hypoxia to normoxia (or not moved), and unprimed 

hypoxic, normoxic, and reoxygenated cells were then primed with GM-CSF 10 ng/ml. After 

a further 2 h, the fMLP-stimulated generation of superoxide was determined for normoxic, 

hypoxic, and reoxygenated cells, as above (3 h). Data represent mean ± SEM of n = 3 

experiments, each performed in triplicate. NS = p > 0.05; *p < 0.05. C, Reoxygenation 

restores the ability of neutrophils to kill S. aureus. Neutrophils were incubated under 

normoxia or hypoxia for 1 h, prior to the transfer (or not) of hypoxic cells to ambient oxygen 

tension. After 30 min further incubation, the ability of continuously hypoxic, continuously 

normoxic, or reoxygenated neutrophils to kill S. aureus was determined exactly as 

described. Data represent mean ± SEM of n = 3 experiments, each performed in duplicate. 

NS = p > 0.05.
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Table 1

Analysis of media pH, pO2, and pCO2

Normoxia Hypoxia

PBS

pH 7.2 ± 0.1 7.16 ± 0.2

pCO2 0.37 ± 0.1 0.32 ± 0.1

pO2 25.98 ± 4.5 3.07 ± 0.6

RPMI

pH 7.45 ± 0.1 7.37 ± 0.0

pCO2 3.25 ± 0.5 3.93 ± 0.3

pO2 21.56 ± 1.98 2.65 ± 0.5

HBSS

pH 7.42 ± 0.1 7.41 ± 0.0

pCO2 0.87 ± 0.0 0.92 ± 0.0

pO2 23.70 ± 0.3 3.04 ± 0.0

IMDM

pH 7.44 ± 0.0 7.39 ± 0.0

pCO2 3.87 ± 0.1 4.62 ± 0.1

pO2 20.27 ± 1.9 3.48 ± 0.1

Media type indicated was incubated under normoxia or hypoxia for 1–4 h in a 10-cm petri dish. A sample of each individual medium was taken 
using a 1-ml syringe with an airtight cap, and assessed immediately using an ABL 500 blood gas analyzer.

Data represent the mean 6 SEM, where n≥20.
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