










substantial epithelial cell detachment and death (figure 2A, B).
Coincubation with the endogenous protease inhibitor α-1 anti-
trypsin protected A549 cells from injury (figure 2A, C), suggest-
ing that neutrophil-derived proteases are responsible for this
effect. These experiments were recapitulated using iHBECs, and
again hypoxia augmented the injurious potential of the neutro-
phil supernatants (figure 2D, E), with α-1 antitrypsin conferring
protection (figure 2E, inset). Both normoxic and hypoxic super-
natants compromised CBF and ciliary coordination when applied
to cultured primary NHBE cells (see figure 3A, B and
supplementary videos S1 and S2), suggesting that this function is
exquisitely sensitive to even minimal exposure to neutrophil
granule products, or that an alternative (non-degranulation-
dependent) agent in the supernatant is responsible. Hypoxic
supernatants induced subtle features of cell damage assessed by
electron microscopy at early time points, with a trend to
enhanced lactate dehydrogenase (LDH) release at later times (see
supplementary figure S3).

Hypoxic upregulation of neutrophil degranulation is not
HIF-dependent and does not depend on cytoskeletal
remodelling
The transcription factor HIF-1α mediates most signalling events
initiated by hypoxia; prolongation of neutrophil lifespan under
conditions of hypoxia is mediated by the stabilisation of HIF-1α
and its interaction with the NF-κβ pathway.21 However, two
main lines of evidence suggest that HIF-1α is not the principal
regulator of the hypoxic upregulation of neutrophil

degranulation (figure 4). First, incubation of neutrophils with
the hypoxia mimetics dimethyloxalyl glycine (DMOG) and des-
ferrioxamine, which stabilise HIF, did not recapitulate the
effects of hypoxia on the release of NE (figure 4A, B) or other
granule products (not shown). Second, hypoxic incubation did
not increase the neutrophil content of the relevant granule pro-
teins, either at the message (figure 4C) or protein level (figure
4D); indeed, hypoxia accelerated the time-dependent loss of
MMP-9 protein, perhaps in keeping with the basal secretion
that occurs even in the absence of agonist stimulation on
hypoxic incubation (figure 1D). The enhanced transcription of
the known HIF target BNIP-2 (BCL2/adenovirus E1B 19
kd-interacting protein-2, figure 4C) confirms the engagement of
the HIF pathway under these experimental conditions.
Furthermore, incubation with cycloheximide had no effect on
the degranulation response observed under either normoxic or
hypoxic conditions (figure 4E). In addition, brief reoxygenation
of hypoxic cells (which restores the impaired oxidative and
killing capacity)22 did not affect NE release, suggesting that this
effect is not a consequence of altered ROS-dependent signalling
(figure 4F).

Since the actin cytoskeleton has been implicated in degranula-
tion responses, we explored the role of actin polymerisation
under hypoxia. Hypoxic incubation promotes focal neutrophil
actin polymerisation, leading to the formation of ‘actin caps’
(figure 5A). Cytochalasin B inhibits actin polymerisation and
primes neutrophils for NE release more potently than does
GM-CSF (figure 5B), but jasplakinolide (which promotes actin

Figure 5 Hypoxic upregulation of neutrophil degranulation does not depend on cytoskeletal remodelling. (A) Neutrophils were incubated under
normoxia or hypoxia for 4 h to activation with formylated peptide (fMLP) (100 nM, 5 min). Cells were stained for F-actin (green), neutrophil elastase
(red) and nuclei (blue). Representative images are from n=3 experiments, each performed in triplicate. (B) Neutrophils were incubated under
normoxia or hypoxia for 4 h prior to priming with cytochalasin B (Cyt B: 5 μg/mL, 5 min) and activation with fMLP (100 nM, 10 min); degranulation
was measured by the release of active elastase. Results represent mean±SEM (n=10, each performed in triplicate). (C and D) Induction of actin
polymerisation induces the formation of actin ‘rings’, but does not affect neutrophil degranulation. (C) Neutrophils incubated with jasplakinolide
(1 μM, 5 min) prior to activation with fMLP (100 nM, 10 min). Cells were stained for F-actin (green) and nuclei (blue). (D) Neutrophils were
incubated under normoxia or hypoxia for 4 h prior to priming with GM-CSF (GM) (10 ng/mL, 30 min), treatment with jasplakinolide (1 μM, 5 min)
prior to activation with fMLP (100 nM, 10 min). Degranulation was measured by the release of active elastase. Results represent mean±SEM (n=4,
each performed in triplicate). *p<0.05, ***p<0.005, ****p<0.001.
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polymerisation and induces the formation of subcortical actin
‘rings’, figure 5C) did not diminish the hypoxic upregulation of
NE release (figure 5D). Thus, although hypoxia can modulate
actin polymerisation,32 this mechanism does not underpin the
enhanced degranulation we observed.

PI3K and PLC signalling pathways contribute to the
regulation of neutrophil degranulation
Since the hypoxic augmentation of neutrophil degranulation
was independent of HIF, the so-called ‘master-regulator’ of
hypoxic signalling, we explored the roles of the PI3K and PLC/
Ca2+ signalling pathways, which are also known to contribute
to the degranulation response. Inhibition of the PLC pathway
(figure 6A) and also chelation of extracellular calcium with
EGTA (figure 6B) abolished NE release induced by agonist
stimulation under normoxia, and reduced but did not abolish
degranulation under conditions of hypoxia; thus ‘the hypoxic
uplift’ of this response was still apparent (figure 6B). A non-
significant trend to increased elastase release was seen on treat-
ment with thapsigargin (figure 6C) to augment intracellular
calcium release, again with preservation of the hypoxic effect.

Hypoxia prolonged neutrophil survival, an effect that was
somewhat diminished by pretreatment with LY294002 (figure
7A), suggesting that hypoxia might entrain the PI3K signalling
pathway. Application of a pan-PI3K inhibitor prior to fMLP
stimulation abolished normoxic but not hypoxic degranulation
responses (figure 7B); however, when the inhibitor was added
from the outset of the hypoxic incubation, the hypoxic uplift
was completely abrogated and NE release was effectively

abolished (figure 7C). In keeping with a possible role for PI3K
in mediating the hypoxic upregulation of neutrophil degranula-
tion, AKT phosphorylation in response to GM-CSF was ele-
vated with hypoxic incubation, and occurred in an accelerated
fashion (figure 7D, E). In contrast, AKT phosphorylation fol-
lowing fMLP treatment was not modulated by hypoxia (see
online supplementary figure S4), suggesting that neutrophil
hyper-responsiveness is entrained in response to earlier signal-
ling events. Notably, the hypoxic enhancement of basal and
peak GM–CSF-stimulated AKT phosphorylation was completely
reversed by inhibition of PI3Kγ (figure 7E).

DISCUSSION
Neutrophils are generated within a hypoxic bone marrow niche,
are exposed to intermittent hypoxia in the circulation and are
recruited to the sites of infection and inflammation, which are
almost invariably hypoxic. Despite this, most knowledge of neu-
trophil signalling and function derives from studies conducted
under atmospheric oxygen tensions, not reflecting the in vivo
physiological or pathological setting. We demonstrate that
hypoxic culture (at levels relevant to human disease in vivo)
augments neutrophil degranulation, conferring an enhanced
injurious potential that may be relevant to neutrophilic airway
inflammation in diseases such as COPD and CF, and to inflam-
matory responses in the wider setting.

We show by ELISA that hypoxia increases the liberation of
the cognate proteins from specific (lactoferrin) and gelatinase
(MMP-9) granule populations, consistent with our previous
report of enhanced release of NE from azuophilic granules.22

Figure 6 Phospholipase C (PLC) and calcium signalling regulate neutrophil degranulation but do not mediate the hypoxic uplift. Inhibition of the
PLC pathway (A) or calcium signalling (B) abolished neutrophil elastase release induced by agonist stimulation under normoxia, and reduced but did
not abolish degranulation under conditions of hypoxia. Increasing intracellular calcium (C) induced an increase in degranulation, but similarly did no
abolish the hypoxic uplift induced by hypoxia. Neutrophils were incubated under normoxia or hypoxia for 4 h prior to priming with GM-CSF (GM))
(10 ng/mL, 30 min). Neutrophils were preincubated with a PLC inhibitor (U-73122, 2 μM) for 10 min prior to activation with formylated peptide
(fMLP) (100 nM, 10 min). EGTA (2 mM) was added at the start of the normoxic/hypoxic incubation, and thapsigargin (100 nM) was added
immediately prior to neutrophil activation with fMLP. Cells were spun down and degranulation measured by the release of active elastase. Results
represent mean±SEM (n=4–5, each performed in triplicate). *p<0.05, **p<0.01, ****p<0.001.

1036 Hoenderdos K, et al. Thorax 2016;71:1030–1038. doi:10.1136/thoraxjnl-2015-207604

Respiratory infection
 on June 14, 2021 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thoraxjnl-2015-207604 on 31 A

ugust 2016. D
ow

nloaded from
 

http://dx.doi.org/10.1136/thoraxjnl-2015-207604
http://thorax.bmj.com/


Importantly we demonstrate herein that NE, MPO and MMP-9
are released by hypoxia in a bioactive form, suggesting that con-
comitant release of neutrophil antiproteases such as α-1 anti-
trypsin33 is insufficient to neutralise the liberated protease
activity. However, exogenous α-1 antitrypsin protected airway
epithelial cells from damage induced by hypoxic neutrophil
supernatants, confirming the key role of granule serine pro-
teases in mediating this cellular injury. While endogenous anti-
proteases may be present in inflamed sites, such local defences
fail to protect target cells in the immediate vicinity of a
degranulating neutrophil, in part due to the phenomenon of
quantum proteolysis (protease molecules vastly outnumber the
inhibitor molecules in the immediate pericellular zones)34 and
in part due to the fact that liberated proteases can bind to the
neutrophil cell surface, rendering them resistant to protease
inhibitors by steric hindrance.35 Our experimental findings
suggest that hypoxia will augment these processes to promote
adjacent tissue injury.

Histotoxic proteases such as NE, MPO and MMP-9 are
present in COPD sputum and bronchoalveolar lavage fluid, and
the levels correlate with the indices of disease severity.24

Likewise, in the context of evidence for airway hypoxia in CF,
both NE and MMP-9 are linked to the pathogenesis and progres-
sion of this condition.23 We therefore propose that tissue
hypoxia engenders a detrimental neutrophil phenotype, with
enhanced injurious potential but diminished bactericidal cap-
acity;22 furthermore, hypoxic prolongation of neutrophil lifespan
will increase tissue exposure to these damaging effector cells.
This process may also contribute to the pathogenesis of a range
of other tissue-destructive conditions where hypoxia is relevant,
for example, granulomatous inflammation,36 pleural sepsis and
abscess formation. These scenarios underscore the need to study
neutrophils under conditions of hypoxia and to determine the
mechanism(s) that lead to this aberrant functional phenotype.

HIFs are the key regulators implementing hypoxic cellular
responses, but although we identified putative hypoxia response
elements (HREs) in the promoter sites of MMP-9 and NE, there
was no increase in their mRNA transcript or protein levels in
hypoxic neutrophils. Together with the failure of hypoxia
mimetics to recapitulate, and of cycloheximide to suppress
hypoxia-augmented degranulation, these data suggest a
HIF-independent mechanism. Since calcium flux in neuronal
cells has been reported to be increased by hypoxia,37 we investi-
gated the impact of modulating intracellular calcium levels on
degranulation under normoxic and hypoxic incubation.
Thapsigargin increased NE release, compatible with the pre-
sumption that neutrophil degranulation is a calcium-dependent
function. Although EGTA reduced degranulation, a substantial
release of NE was still detected under hypoxic conditions. This
is consistent with a recent report that STIM1-deficient murine
neutrophils show loss of store-operated calcium entry but only a
minor defect in fMLP-induced degranulation (although lactofer-
rin alone was assayed in this study).38 The release of calcium
from intracellular stores will be preserved in the presence of
EGTA, and it is possible that this is sufficient to initiate some
degranulation responses.

PI3Kγ is a key mediator of neutrophil degranulation, and has
been reported to be upregulated by hypoxia,39 as has activation of
the effector kinase AKT.40 We found that treatment with the
pan-PI3K inhibitor LY294002 abolished the hypoxic uplift of neu-
trophil degranulation, an effect that could be fully recapitulated by
the isoform-selective PI3Kγ inhibitor AS605240 but not by
IC87114 (a compound with relative selectivity for PI3Kδ). In
keeping with a role for the PI3K pathway, hypoxia upregulated the
phosphorylation of AKT in response to GM-CSF; however there
was no effect on the subsequent response to fMLP, suggesting that
the early increase in PI3K-dependent signalling entrains other (as yet
unknown) cellular responses or pathways. Surprisingly, given that

Figure 7 Phosphoinositide 3-kinase (PI3K) signalling contributes to the hypoxic uplift of neutrophil degranulation. (A) Hypoxia induces neutrophil
survival at 20 h, which is prevented by incubation with the pan-PI3K inhibitor LY294002 (10 μM). Results represent mean±SEM (n=4, each
performed in triplicate). (B and C) Inhibition of the PI3K pathway inhibits degranulation and abrogates the hypoxic response. Neutrophils were
incubated under normoxia or hypoxia for 4 h prior to priming with GM-CSF (GM) (10 ng/mL, 30 min). Cells were treated with a pan-PI3K inhibitor
(LY294002, 10 μM), a PI3Kγ-selective inhibitor (AS605240, 3 μM), a PI3Kδ-selective inhibitor (IC87114, 3 μM), either for 10 min prior to activation
with formylated peptide (fMLP) (B) or from the outset of the normoxic/hypoxic incubation (C). Degranulation was measured by the release of active
elastase. Results represent mean±SEM (n=5). (D and E) Hypoxia increases AKT serine-473 phosphorylation after 15 min of GM-CSF stimulation in a
PI3Kγ-dependent fashion. Neutrophils were incubated under normoxia or hypoxia for 4 h prior to priming with GM-CSF (10 ng/mL, 15 min).
Isoform-selective PI3K inhibitors AS605240 (3 μM, PI3Kγ) and IC87114 (3 μM, PI3Kδ) were added at the start of the incubation. p-AKT was
quantified by western blotting. Results represent mean±SEM (n=4–11). *p<0.05, **p<0.01.
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PI3Kγ is generally coupled to ligation of G-protein, rather than tyro-
sine kinase-linked receptors, inhibition of PI3Kγ abolished the AKT
phosphorylation in GM-CSF-treated neutrophils. How hypoxia
might modulate PI3Kγ activity independent of HIF is currently
unknown and is a focus of ongoing investigation in our laboratory.

In summary, levels of hypoxia encountered by inflammatory
cells in pathophysiological situations increase neutrophil
degranulation, deploying harmful proteins and proteases to the
extracellular milieu and increasing the capacity for tissue injury.
The mechanism by which hypoxia engenders this hyperactivated
state does not relate to the established HIF-dependent signalling
pathways, but may involve PI3Kγ.
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