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Abstract 

Background

Neutrophils are essential in the early innate immune response to 
pathogens. Harnessing their antimicrobial powers, without driving 
excessive and damaging inflammatory responses, represents an 
attractive therapeutic possibility. The neutrophil population is 
increasingly recognised to be more diverse and malleable than was 
previously appreciated. Hypoxic signalling pathways are known to 
regulate important neutrophil behaviours and, as such, are potential 
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therapeutic targets for regulating neutrophil antimicrobial and 
inflammatory responses.

Methods

We used a combination of in vivo and ex vivo models, utilising 
neutrophil and myeloid specific PHD1 or PHD3 deficient mouse lines 
to investigate the roles of oxygen sensing prolyl hydroxylase enzymes 
in the regulation of neutrophilic inflammation and immunity. Mass 
spectrometry and Seahorse metabolic flux assays were used to 
analyse the role of metabolic shifts in driving the downstream 
phenotypes.

Results

We found that PHD1 deficiency drives alterations in neutrophil 
metabolism and recruitment, in an oxygen dependent fashion. 
Despite this, PHD1 deficiency did not significantly alter ex vivo 
neutrophil phenotypes or in vivo outcomes in mouse models of 
inflammation. Conversely, PHD3 deficiency was found to enhance 
neutrophil antibacterial properties without excessive inflammatory 
responses. This was not linked to changes in the abundance of core 
metabolites but was associated with increased oxygen consumption 
and increased mitochondrial reactive oxygen species (mROS) 
production.

Conclusions

PHD3 deficiency drives a favourable neutrophil phenotype in infection 
and, as such, is an important potential therapeutic target.
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Introduction
In the era of multi-drug resistant organisms, limited develop-
ment of novel antimicrobials and health threats from emerg-
ing pathogens, harnessing our own antimicrobial machinery to 
better fight infections is an attractive therapeutic option. Neu-
trophils are essential first responders in the immune system 
with an arsenal of antimicrobial factors. However, without tight 
regulation of the neutrophil response, inappropriate or exces-
sive inflammation can lead to significant pathology. Neutrophilic  
inflammation is implicated in a number of acute and chronic 
inflammatory disorders, exemplified by acute respiratory dis-
tress syndrome (ARDS)1 and chronic obstructive pulmonary 
disease (COPD)2 in the lung. A more comprehensive under-
standing of the factors which drive these harmful neutrophil 
phenotypes, as well as neutrophil antimicrobial capacity, is 
an essential step in the development of novel therapies for  
both inflammation and infection.

An important feature of the neutrophil population is their 
resilience in the face of hostile inflammatory environments. 
They are highly adapted to not only survive, but to thrive 
in oxygen and nutrient deplete inflammatory environments. 
Indeed, hypoxia results in prolonged neutrophil survival3 and  
enhanced inflammatory responses4.

Cellular adaptations to hypoxia are driven predominantly by 
the transcription factor hypoxia inducible factor (HIF). HIF 
activity is regulated by the oxygen sensing prolyl hydroxy-
lase (PHD) enzymes, PHD1, PHD2 and PHD3. In the absence 
of oxygen, HIFα subunits accumulate, translocate to the 
nucleus, and form a functional heterodimer with the constitu-
tively expressed HIFβ subunit, leading to transcription of a wide  
range of genes essential in cellular adaptations to hypoxia5. 
In the presence of oxygen, the PHDs hydroxylate the α subu-
nit of HIF, targeting it for ubiquitin mediated degradation, 
thus preventing downstream transcriptional activity. PHDs and 
HIFα subunits demonstrate significant isoform and context  
specific activity, affording additional complexity in cellular 
responses to hypoxia6,7.

The development of chemical modulators of hypoxic response 
pathways is a major research focus in this field. A number 
of pan-hydroxylase inhibitors are either approved for clini-
cal use or currently in clinical trials for treatment of renal 
anaemia (due to the role of HIF in erythropoietin production) 
and for inflammatory disorders8,9. However, the development  
of truly isoform specific reagents has not yet been achieved. 
The non-equivalent roles of different HIFα and PHD  
isoforms is therefore of pathophysiological importance; the 
outcome of pan-hydroxylase inhibition will depend on the  
inflammatory context including the dominant isoform and cell  
type involved.

We have previously shown that PHD2 is the dominant regu-
lator of HIFα in neutrophils under normoxic conditions10. 
Loss of PHD2 resulted in unchecked HIF activity, enhanced  
glycolysis and uncontrolled inflammation. Importantly, 
despite this increased inflammatory capacity, PHD2 deficient  

neutrophils did not acquire improved bactericidal capacity. In 
contrast, PHD3 is upregulated in hypoxic neutrophils (con-
sistent with other cell types6) and specifically regulates neu-
trophil hypoxic survival. Whole animal PHD3 deficiency leads 
to improved inflammation resolution in hypoxic acute lung 
injury due to increased neutrophil apoptosis11. The effect of this  
pro-resolution phenotype on neutrophil antimicrobial responses 
has not previously been studied and is an important consideration  
when considering therapeutic targeting of PHD3.

PHD1 has not previously been studied in neutrophils. Knockout 
of PHD1 has been found to be beneficial in animal models 
of ischaemic or hypoxic challenge: PHD1 deficiency was  
protective in models of skeletal muscle ischaemia12, liver ischae-
mic/reperfusion injury13 and ischaemic stroke14. In each case, 
the protection was conferred by metabolic alterations, but the  
specific metabolic adaptations varied with tissue type.

We sought to further delineate the isoform-specific roles of 
both PHD3 and PHD1 in neutrophils. Hypoxia drives a hyper-
inflammatory neutrophil phenotype15,16. Given the evidence 
from other tissue types that PHD1 deficiency may be protective 
in hypoxic/ischaemic injuries we investigated whether PHD1 
deficiency in the neutrophil population altered inflammation  
outcomes in hypoxia. We show that, in contrast to other tis-
sues, neutrophil specific PHD1 deficiency is not protective in 
hypoxic sterile inflammation. Alterations in recruitment dynam-
ics and metabolic flux are seen but are not associated with  
any identifiable functional differences in this model.

We then investigated the consequences of neutrophil PHD3 defi-
ciency. We expanded our previous findings to include infec-
tion models to better understand the global consequences of 
PHD3 loss. We show that myeloid specific PHD3 deficiency 
confers enhanced bactericidal capacity in neutrophils with 
improved in vivo outcomes in infection models. Importantly, this  
is not associated with detrimental hyperinflammatory responses 
in sterile inflammation. We investigated the potential mecha-
nisms underlying this phenotype and identified an increase 
in mROS production (with associated increased oxygen  
consumption in response to bacteria) as a potential driver of  
enhanced bactericidal capacity.

Methods
Generation of mouse lines
Whole animal PHD1 deficient mice and PHD1 floxed mice 
have been described previously and display no signifi-
cant health problems12. PHD1fl/fl animals were crossed with  
MRP8-Cre-ires/GFP animals purchased from the Jackson  
lab to generate neutrophil specific17 PHD1 deficient mice  
(PHD1fl/flMRP8Cre+/-) and wildtype litter mates (PHD1fl/flM-
RP8Cre-/-). The mice were backcrossed for at least eight  
generations and maintained on a C57BL/6 background. This  
line bred normally with no underlying health issues.

Our previous work has utilised whole animal PHD3 defi-
cient mice. We sought to clarify the specific role of neutrophil  
populations by using myeloid specific and neutrophil  
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specific PHD3 deficient mice. PHD3 floxed mice are previously 
described18. Myeloid specific deletion was achieved through 
a lysozyme M-driven (LysM) Cre recombinase19 to generate 
myeloid specific PHD3 deficient mice (PHD3fl/flLysMCre+/-) and 
wildtype littermates (PHD3fl/flLysMCre-/-). Neutrophil specific 
PHD3 knockout mice were also used for some ex-vivo experi-
ments and were generated through crossing PHD3fl/fl animals with  
MRP8-Cre-ires/GFP animals, as above to give neutrophil spe-
cific PHD3 deficient mice (PHD3fl/flMRP8Cre+/-) and wildtype 
litter mates (PHD3fl/flMRP8Cre-/-). In both these PHD3  
deficient lines, the mice were backcrossed for at least eight gen-
erations and maintained on a C57BL/6 background and the  
mice bred normally with no underlying health issues.

Mice were housed in IVC cages under 12 h light/darkness 
cycles and controlled temperature (20–23°C) in accordance 
with UK Home Office guidance. All mice used for experi-
ments were healthy with quarterly and annual testing carried 
out in accordance with FELASA 2014 Guidelines, using a  
mixture of environmental, random colony samples and sentinel  
testing by serology and PCR. Mice had free access to food 
(Special diets service rat and mouse number 1 maintenance 
food RMI (P) 801151) and water. For all experiments, both 
male and female mice were used at age 8–12 weeks. All animal 
experiments were conducted in accordance with the Home 
Office Animals (Scientific Procedures) Act of 1986 with  
local ethics approval.

In vivo mouse models
LPS lung injury. Mice were treated with lipopolysaccharide 
(LPS) from Pseudomonas aeruginosa 10 (1mg/mL, Sigma 
Aldrich) for 10 minutes using oxygen driven nebulisation to  
generate an acute lung injury. Following LPS treatment, animals 
were housed in standard conditions or were exposed to hypoxia 
(10% inspired O2) in an InVivo Hypoxic Cabinet System  
(Coy Labs, USA). This sealed system allows animals to be 
housed in 10% oxygen at room temperature with excess CO

2
  

scavenged using Sofnolime soda lime chips (Molecular  
Products, UK) with colour indicator.

Mice were culled using an overdose of intraperitoneal (IP) 
pentobarbital (250mg/kg) at 24 or 48 hours post-LPS. BAL 
samples were collected post-mortem through cannulation of 
the trachea and lavage with 5 aliquots of 0.8mL ice cold 0.9%  
NaCl.

Staphylococcus aureus skin abscess model. Mice were shaved 
on the right flank and left to recover for 24 hours in stand-
ard housing conditions prior to the experiment. On the day 
of injection, mice were administered 5×107 CFU of SH1000  
Staphylococcus aureus in 50μL PBS subcutaneously into 
the right flank. Mice were scored on sickness based on gross  
external appearance, including assessment of fur ruffling,  
activity, peri-optic exudate and dehydration.

Mice were culled on day 7 (or at day 2 or 4 for the CFU counts 
and MPO measurement) via an overdose of pentobarbital  
administered intraperitoneally, and the abscess (overlying scab 

and pustule) excised with a scalpel and weighed. Abscesses 
were then dissected into three equal pieces, and the pieces 
weighed and snap frozen and stored for bacterial counts and  
MPO assay.

In vivo model of fulminant Streptococcal pneumonia. Mice 
were instilled intra-tracheally with a high dose (107 CFU) of 
Streptococcus pneumoniae (type 2, D39) under anaesthesia 
as previously described20. Following recovery, mice were 
housed in standard conditions and were culled at 14 hours by  
overdose of intraperitoneal anaesthetic. Blood samples were  
collected from the IVC and BAL was recovered by cannula-
tion of the trachea and lavage with 5 aliquots of 0.8mL sterile  
saline as above.

Assessing bacterial load/CFU counts
For the Staphylococcus aureus skin abscess model, abscess tissue 
was placed in a sterile dish and cut into small pieces with a 
sterile scalpel blade. Contents were placed into a sterile bijou 
and forceps and scalpel blade rinsed with 1mL PBS into the 
petri dish. The plate was then washed with a further 1mL PBS 
and the liquid transferred to bijou. The mixture was vortexed 
for 1 minute and left on ice for 1 hour to allow the scab to  
dissolve, before vortexing again for 1 minute. 1:10 serial  
dilutions were made of the homogenate and three 10μL aliquots 
of each dilution plated onto Columbia Blood Agar plates 
(VWR). Plates were incubated at 37°C overnight before count-
ing resultant colonies to determine CFUs per lesion and per  
gram of lesion.

For the Streptococcus pneumoniae model, ten-fold serial  
dilutions were performed on whole blood and BAL aliquots. 
Three 10μL drops from each of 6 dilutions were then plated 
onto blood agar plates and cultured overnight in 37°C to  
calculate viable bacterial counts.

Assessment of MPO activity in Staphylococcus aureus 
skin abscess model
The abscess was transferred to a sterile screw-cap tube with 
six homogenisation beads and 0.5mL cold hexadecyltri-
methylammonium bromide (HTAB) buffer and the abscess 
homogenised in a bullet blender for 5 minutes. The homoge-
nate was sonicated for 10 minutes in 30 second bursts then  
freeze-thawed on dry-ice once to ensure cell lysis. The solu-
tion was centrifuged at 4°C and the supernatant transferred to a 
new sterile tube. 100μL of supernatant was added to 1.9mL of 
O-dianisidine solution (0.167mg/mL O-dianisidine hydrochlo-
ride (Sigma-Aldrich Company Ltd., UK) and the change in  
absorbance at 450nm from 30 seconds to 90 seconds after 
addition of supernatant was read on a spectrophotometer 
(Jenway 6310, Barloworld Scientific, UK) to give relative  
MPO activity.

Additional analysis of BAL parameters
BAL cell counts were performed using a haemocytometer and 
differential counts were assessed by morphology on cytospin 
preparations. BAL albumin (Abcam Ab108792), IgM (Abcam  
Ab133047) and elastase concentration (Ab252356) were  
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measured using commercially available ELISA kits. Elastase 
activity in the PHD1 BAL experiments was measured using 
the EnzCheck Elastase assay (Invitrogen E12056). MPO activ-
ity was analysed using the EnzCheck MPO assay (E33856). 
BAL inflammatory cytokines were measured using a BD Cyto-
metric Bead Array multiplexed bead-based immunoassay (BD 
Biosciences): BAL supernatant was collected from BAL fol-
lowing Streptococcus pneumoniae infection and analysed for 
cytokine concentrations by flow cytometry as per manufacturer  
instructions.

Bacterial killing assay
Murine neutrophils were isolated from BAL 24 hours following 
LPS induced lung injury as described above. 1×106 neutrophils 
were resuspended in 200μL glucose free media and plated 
in a 48-multiwell TC plate. Live SH1000 Staphylococcus 
aureus was opsonised by incubation in 500μL dialysed FBS at 
37°C with shaking for 30 minutes. Opsonised SH1000 (mul-
tiplicity of infection (MOI) 1:10) was mixed with the neu-
trophils for a 60-minute co-incubation period. After killing of  
extracellular bacteria through the addition of gentamy-
cin (2μg/mL) and vancomycin (7μg/mL) for 30 minutes,  
neutrophils were harvested (T0) or cultured for a further one 
hour (T1) prior to cell lysis and measurement of internalised  
bacteria. CFUs were counted and % bacterial killing after  
1 hour was calculated.

Phagocytosis (PHD3 deficient neutrophils)
CFSE labelling of Streptococus pneumoniae. Aliquots of 
D39 Streptococcus pneumoniae bacteria were centrifuged at 
4000G for 5 minutes and then resuspended in 2mL of 10μM 
Carboxyfluorescein succinimidyl ester (CFSE). The cells were 
incubated at room temperature for 1 hour in the dark while  
gently rocking to mix.

After 1 hour, the culture was centrifuged, and the pellet washed 
three times in PBS and culture adjusted to OD600. Bacte-
ria were heated at 65°C for 10 minutes to heat-kill and stored 
at 4°C for up to 1 month before use. Heat-killed CFSE labelled 
bacteria were vortexed to separate clumps. 50μL FBS were 
added to bacterial suspensions, vortexed and incubated at  
37°C for 1 hour to opsonize, then washed twice with 1mL 
ice-cold PBS. Concentration of bacterial particles was deter-
mined through counting in a haemocytometer and concentration  
of bacteria adjusted to 1×109.

In vitro phagocytosis assay. Neutrophils were isolated from 
murine BAL and resuspended in RPMI +10% FBS at a con-
centration of 2×106/ml. For phagocytosis of Streptococ-
cus pneumoniae, 2μL of 1×109 CFU/mL bacterial suspension 
(described above) was then added to cells for an MOI of 10:1. 
For analysis of staphylococcal phagocytosis, FITC labelled  
Staphylococcus aureus particles were purchased from Invitro-
gen (S2851) and added at an MOI of 1:1 cells were incubated 
for a further 30 minutes at 37°C before being aspirated and 
transferred into 1.5mL Eppendorf tubes, washed in ice-cold  
PBS once, and then resuspended in ice-cold PBS. Cells were 
analysed via flow cytometry on the Attune NxT cytometer  
(Thermo Fisher Scientific).

Seahorse extracellular flux assays
BAL neutrophils were recovered from PHD3fl/flMRP8Cre-/- and 
PHD3fl/flMRP8Cre+/- mice 24 hours after LPS induced ALI (as 
described above). BAL neutrophils were plated in a Seahorse 
experiment plate which was prepared and equilibrated the day 
before: A Seahorse XFe24 cartridge was hydrated using 1mL 
Sodium bicarbonate (0.1M) and stored overnight at 37°C in 
an incubator without CO

2
. On the day of the experiment, all 

the wells of an XFe24 assay plate were coated with Cell-Tak  
(Corning 354240). Neutrophils were left incubating at 37°C 
for one hour in Seahorse media without glucose and with 
2mM L-glutamine (DMEM without phenol red). Heat-
killed Staphylococcus aureus (SH1000) was opsonised using 
dialysed FBS and used to infect neutrophils (MOI 1:25)  
during the assay. The experiment plate was taken out from the 
incubator 30 minutes prior to the assay and joined with the  
cartridge plate containing all the compounds and run with the  
Seahorse XFe24.

Neutrophil RNA extraction and TaqMan analysis of gene 
expression
A minimum of 1×106 neutrophils were used to generate RNA 
samples. The mirVana miRNA isolation kit (Invitrogen) was 
used to isolate mRNA from highly pure neutrophil samples. 
The samples then underwent a DNase step using the Invit-
rogen TURBO DNA free kit. The quantity and purity of the 
RNA was assessed using a Nanodrop 100 spectrophotometer. 
cDNA was made using AMV reverse transcriptase and random  
primers (Promega) with the following settings: 23°C for 5 min-
utes, 42°C for 2 hours, 99°C for 2 minutes. Gene expression 
was analysed using predesigned qPCR primer/probe assays and 
Prime Time Gene Expression Mastermix (IDT, Leuven). For 
all assays, samples were run in triplicate and the gene of inter-
est expressed relative to expression of a housekeeping gene  
(β-actin). Assays were run on a 7900HT Fast real-time PCR  
system (Applied Biosystems) with the following thermal  
cycling: 50°C for 2 minutes, 95°C for 10 minutes, 40 cycles 
of 95°C for 15 seconds and 60°C for 1 minutes. Data was  
analysed using SDS 2.0 software (Thermo Scientific).

Details of primer/probes:

Egln1 (PHD2): Thermo Fisher Scientific Mm00459770_m1 (exon 
3–4)

Egln2 (PHD1): Thermo Fisher Scientific Mm00519067_m1 (exon 
2–3)

Egln3 (PHD3): Thermo Fisher Scientific Mm00472200_m1 (exon 
1–2)

Actb: Integrated DNA technologies Mm.PT.39a.22214843.g (exon 
5–6)

HPLC-MS analysis of metabolites
Highly pure BAL neutrophils were analysed for metabolite 
abundance. Following purification on a discontinuous per-
coll gradient, cells were washed in ice cold 0.9% NaCl prior to  
being pelleted (300G for 5 minutes). The pellet was lysed by  
resuspension in 80% Methanol which had been stored over-
night at -80°C and kept on dry ice during resuspension. Prior 
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to analysis, the lysed sample was centrifuged at 20,000G for  
10 minutes at 4°C and the supernatant removed into a fresh  
Eppendorf tube. The pellet was retained, and protein content  
measured by Pierce BCA assay (Thermo Scientific). Super-
natant samples were analysed at the VIB Centre for Cancer 
Biology in Leuven using a Dionex UltiMate 3000 LC System  
(Thermo Scientific) coupled to a Q Exactive Orbitrap mass 
spectrometer (Thermo Scientific) operated in negative mode.  
Data collection was performed using Xcalibur software  
(Thermo Scientific). All data values were subsequently corrected  
for protein content based on the BCA assay of the retained  
cell pellets.

Ex-vivo functional assays of PHD1 deficient neutrophils
Chemotaxis. Whole BAL was counted and resuspended at 
2×106cells/mL. The assay measured movement of cells across 
a filter towards a chemoattractant (KC, also called CXCL1, 
for murine neutrophils) using the ChemoTx plate system 
(Neuro Probe). A negative control was run with each assay. 
The chemoattractant or control was pipetted into the bottom 
well of the plate, the filter was then placed on top and the cell  
suspension pipetted onto the filter. The plate was incu-
bated at 37°C for 1 hour with a lid on. Residual cell suspen-
sion was removed from the top of the filter using a cotton bud 
and the plate centrifuged (without the lid) for 10 minutes at 
300G. The filter was removed and the cellular concentration  
(i.e. the number of cells which have migrated across the fil-
ter) was measured in each well using a haemocytometer count 
of the resuspended well contents. This number was adjusted  
for the volume in each well to give an absolute cell count.

Phagocytosis. Phagocytosis was assessed by uptake of  
fluorescently labelled, heat killed E. Coli (Invitrogen). BAL 
neutrophils were resuspended at 1×106 cells/mL and incubated 
at 37°C for 1 hour in RPMI with 10% FCS with the bacteria 
(MOI 1:1). All samples were washed 3 times with ice cold PBS 
prior to being resuspended in FACS buffer and analysed by flow  
cytometry.

Respiratory burst assay (PHD1 deficient neutrophils). Ex 
vivo BAL neutrophils from whole animal PHD1 deficient 
mice were used for this assay. Total reactive oxygen species 
(ROS) was measured using a chloromethyl derivative of 2’,7’-
Dichlorodihydrofluorescein diacetate (CM-H2DCFDA, Inv-
itrogen). CM-H2DCFDA was resuspended at 50μg/5μL in  
DMSO. This was then diluted 1:100 with PBS to make up the 
stock solution. 3μl of this stock solution was added to 100μl 
of BAL neutrophils at 1×106/mL and cells were incubated at 
37°C for 45 minutes. To measure respiratory burst capacity, 
the formylated peptide f-met-leu-phe (fMLF, Sigma Aldrich), 
was added after 45 minutes for a further 45 minutes at a final  
concentration of 10μM. The samples were analysed by flow  
cytometry.

Additional functional assays in GFP positive PHD3 
deficient neutrophils
A number of assays were adapted due to the green fluores-
cence of the MRP8Cre positive cells in the neutrophil specific  
knockout mouse lines.

CellROX assay for total ROS. Total ROS in the PHD3 cells 
was measured using CellROX red rather than the previously 
described DCF assay. Briefly, BAL neutrophils were isolated  
24 hours post-nebulised LPS as previously described. They 
were resuspended at 1×106/mL in glucose free RPMI (consistent  
with the hypoglycaemic lung microenvironment). CellROX Deep 
Red Reagent (Invitrogen) was added at a final concentration 
of 5mM for 30 minutes at 37°C prior to washing and running 
samples on a 6 laser LSR Fortessa flow cytometer (Becton  
Dickinson).

MitoSOX assay for mROS production. Cells were isolated and 
plated as above. MitoSOX red reagent (Invitrogen) was added 
to samples at a final concentration of 2.5μM for 30 minutes 
at 37°C prior to washing and running samples on a 6 laser  
LSR Fortessa flow cytometer (Becton Dickinson).

SyTox Red assay for NET formation. Cells were isolated 
as above. Cells (at a density of 1×106/mL) were fixed in 4% 
PFA for 15 mins at room temperature and then washed in PBS. 
SyTox Red reagent (Invitrogen) was then added at a final  
concentration of 0.1mM for 30 minutes at room temperature.  
Samples were washed again prior to running on the flow  
cytometer.

All flow cytometry data was analysed using FlowJo V10 and  
statistical analysis carried out on GraphPad Prism V9.4.

Results
Conservation of core neutrophil phenotype and 
functions in PHD1 deficiency
Neutrophil specific PHD1 knockout mice (PHD1fl/flMRP8Cre+/-)  
were compared with their wildtype litter mates (PHD1fl/flM-
RP8Cre-/-) in an LPS induced acute lung injury (ALI) model. 
Given the role of PHD1 in other models of hypoxia and  
ischaemia, and the detrimental effect of hypoxia in the model, 
we used animals housed in both normoxic (21% inspired  
oxygen (FiO

2
)) and hypoxic (10% FiO

2
) conditions to replicate  

the marked systemic hypoxia associated with ALI in patients.

PHD1 deficient bone marrow neutrophils did not show any 
compensatory upregulation in PHD2 or PHD3 transcripts  
(Figure 1A&B). Nor was PHD1 expression increased in 
hypoxic conditions (Figure 1C). Following nebulised LPS, 
animals housed in normoxia displayed mild hypothermia 
at 4 and 8 hours which fully recovered by 24 hours with no  
difference noted between genotypes (Figure 1D). As we have 
shown previously, concurrent hypoxia was associated with  
significant hypothermia in this model16 but neutrophil spe-
cific PHD1 deficiency did not confer any protection against 
this (Figure 1D). In normoxia, PHD1fl/flMRP8Cre+/- animals  
displayed equivalent bronchoalveolar lavage (BAL) total cell,  
neutrophil and macrophage numbers (Figure 1E,F&G),  
24 hours following LPS. In hypoxic animals, PHD1 deficiency 
was associated with a significant increase in total cell counts at 
24 hours (Figure 1H) which was due to significantly higher neu-
trophil recruitment (Figure 1I&J). This difference had resolved 
by 48 hours where there is no difference between genotypes, 
irrespective of oxygenation (Figure 1K). Thus, in hypoxia, 
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Figure 1. Loss of PHD1 results in oxygen dependent alterations in neutrophil recruitment. Bone marrow neutrophils were 
isolated from naïve PHD1fl/flMRP8Cre-/- and PHD1fl/flMRP8Cre+/- mice by percoll gradient followed by fluorescence activated cell sorting 
to ensure sufficient purity. Taqman analysis of PHD2 (egln1) (A) and PHD3 (egln3) (B) gene expression was carried out (N=3 PHD1fl/

flMRP8Cre-/-, 4 PHD1fl/flMRP8Cre+/-). (C) Highly pure BAL neutrophils were isolated from normoxic and hypoxic C57BL/6 wildtype mice 24 
hours after LPS induced ALI and taqman analysis of PHD1 (egln2) gene expression was carried out (N=3). (A)–(C) expressed as gene of 
interest relative to b-actin, analysed by unpaired t-test. (D) Core body temperatures of PHD1fl/flMRP8Cre-/- and PHD1fl/flMRP8Cre+/- mice 
housed in normoxia or hypoxia for 24 hours following LPS induced ALI. N=6, 2-way ANOVA with multiple comparisons (corrected for 
multiple comparisons by Tukey test). Total BAL cell counts 24 hours after LPS induced ALI of mice housed in normoxia (E) or hypoxia 
(H), N=6-7. BAL neutrophils counts in (F) normoxia and (I) hypoxia, N=8-9. BAL macrophage counts in (G) normoxia (N=9) and (J) hypoxia 
(N=6). (E)–(J) analysed by Mann-Whitney test (unpaired). (K) BAL neutrophil counts were measured 48 hours following LPS induced 
ALI in PHD1fl/flMRP8Cre-/- and PHD1fl/flMRP8Cre+/- mice housed in normoxia or hypoxia, N=9, ordinary one-way ANOVA with multiple 
comparisons (corrected for multiple comparisons by Tukey test). (L) Resolution of neutrophil infiltration was then calculated from fold 
change of 48 hour neutrophil counts from the corresponding mean 24 hour neutrophil count (hypoxia only), N=9. BAL supernatant  
collected 24 hours following LPS induced lung injury was analysed by ELISA for albumin (M)&(O) and elastase (N)&(P) concentrations 
(N=6-9). (L)–(P) analysed by Mann-Whitney test (unpaired). Albumin concentration was measured by ELISA in BAL supernatant 
collected 48 hours post LPS induced lung injury in hypoxia (Q), N=8-9, analysed by ordinary one-way ANOVA with multiple  
comparisons (corrected for multiple comparisons by Tukey test). All data expressed as mean±SD.
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PHD1 deficiency was associated with increased but more rap-
idly resolving neutrophil recruitment (Figure 1L). Despite this  
increase in neutrophil recruitment at 24 hours, there was no  
difference between genotypes in lung damage as measured 
by BAL albumin leak (Figure 1M&O (normoxia and hypoxia 
respectively)). Neutrophil degranulation was also equivalent 
with no difference between PHD1fl/flMRP8Cre-/- and PHD1fl/

flMRP8Cre+/- in BAL neutrophil elastase in either normoxic or 
hypoxic conditions (Figure 1N&P). The more rapid resolution  
of neutrophil numbers observed in hypoxic PHD1fl/flMRP8Cre+/- 
mice did not alter lung damage at 48 hours with no difference  
in albumin leak (Figure 1Q).

We then investigated whether PHD1 deficiency altered neutrophil 
metabolic profiles. Inflammatory BAL neutrophils were isolated  
from mice housed in either normoxia or hypoxia 24 hours  
after LPS induced ALI. In keeping with data from other cell 
types, PHD1 deficiency did lead to changes in metabolite 
abundance. Glycolytic metabolites were equivalent between  
genotypes in both normoxia and hypoxia (Figure 2A&D). In  
normoxia, PHD1fl/flMRP8Cre+/- BAL neutrophils had reduced  
oxidative pentose phosphate pathway (OxPPP) metabolites 
but preserved TCA cycle metabolites (Figure 2B&C) whereas 
in hypoxic neutrophils, OxPPP metabolites were unchanged  
between genotypes but PHD1fl/flMRP8Cre+/- neutrophils showed 
significantly higher TCA cycle metabolites (Figure 2E&F).  
Despite these changes, energy status was equivalent between 
genotypes in both oxygen tensions (Figure 2G&H), thus  
increased TCA cycle activity did not lead to an improved  
energetic profile in hypoxic PHD1fl/flMRP8Cre+/- neutrophils. 
This is consistent with our previous finding that oxidative  
phosphorylation contributes minimally to the neutrophil’s 
ATP stores21. Additionally, despite reduced OxPPP flux in  
normoxic PHD1fl/flMRP8Cre+/- neutrophils when compared 
with PHD1fl/flMRP8Cre-/-, a corresponding decrease in ROS  
production was not observed (Figure 2I). Further analysis  
of ex vivo PHD1fl/flMRP8Cre+/- neutrophils did not identify 
any significant functional differences when compared with  
PHD1fl/flMRP8Cre-/- with normal chemotaxis and phagocytosis 
(Figure 2J&K).

Thus, despite the important role which PHD1 plays in respond-
ing to hypoxic/ischaemic injuries in other tissue types, it 
does not appear to have a role in the regulation of harmful 
hypoxic neutrophil responses. Alterations in metabolic pro-
files do not translate to functional differences. Although the 
added physiological stress of hypoxia does appear to alter  
neutrophil recruitment dynamics in PHD1 deficient mice 
with increased neutrophil recruitment at 24 hours, this is 
not sufficient to confer any identifiable changes to in vivo  
inflammatory outcomes.

PHD3 deficiency results in reduced neutrophil 
recruitment in sterile inflammation
In contrast to PHD1 and PHD2 expression and consistent with 
previous findings6, PHD3 was significantly upregulated in the 
BAL neutrophils of hypoxic WT mice following LPS induced 
lung injury (Figure 3A&B). We have previously shown that 

in sterile lung inflammation whole animal PHD3 deletion 
may be associated with enhanced inflammation resolution in 
hypoxia11. We have now extended these findings in a LysM-
Cre driven, myeloid specific PHD3 deficient mouse to under-
stand whether PHD3 deficiency alone, without the additional  
physiological stress of hypoxia, altered inflammation outcomes. 
In the context of LPS induced ALI in normoxic conditions, 
PHD3fl/flLysMCre+/- mice showed signs of a suppressed neu-
trophil response, with fewer total cells recruited to the airways 
at 24 hours post-LPS (Figure 3C), due to reduced neutrophil 
numbers (Figure 3D&E). This is in contrast to neutrophil PHD2 
deficiency in which we have previously reported an exaggerated 
and persistent neutrophil response following LPS challenge10  
and with neutrophil PHD1 loss, as detailed above. Lung dam-
age, evidenced by albumin leak into the BAL supernatant, was 
equivalent between genotypes (Figure 3F), as was degranu-
lation with equivalent BAL supernatant neutrophil elastase  
(Figure 3G) and MPO (Figure 3H).

PHD3 deficiency results in improved infection outcomes
We then investigated how myeloid specific PHD3 defi-
ciency might impact acute responses to infection. We used an  
established model of Staphylococcus aureus skin abscess15 in  
myeloid specific PHD3fl/flLysMCre+/-and their wildtype littermates 
(PHD3fl/flLysMCre-/-) and measured sickness scores, weight, body 
temperature and abscess size on days 1–7 to monitor the health 
of the animals and progression of infection. Neither genotype  
showed evidence of systemic illness at any point during the 
experiment (sickness scores consistently zero in both groups, 
data not shown), even with the development of large abscesses 
extending to an area greater than 1cm2 (typical abscess appear-
ance shown in Figure 4A). There was no difference in base-
line body weight between genotypes. Both genotypes lost a  
small but significant amount of weight in the first 1–2 
days (Figure 4B) but returned to baseline weight by day 2  
(PHD3fl/flLysMCre+/-) and day 3 (PHD3fl/flLysMCre-/-). Core tem-
peratures were equivalent between genotypes over the course 
of the 7 days of infection (Figure 4C). However, in PHD3fl/

flLysMCre+/- mice, abscess development was significantly 
reduced compared to PHD3fl/flLysMCre-/- controls (Figure 4D).  
Bacterial burden was assessed by carrying out CFU counts on 
excised and homogenised abscesses. We found that abscess 
size was proportionate to bacterial burden in both geno-
types (Figure 4E) with PHD3fl/flLysMCre+/- mice consistently 
showing lower total CFU counts. The difference was signifi-
cant at day 2 (Figure 4F) and, although the trend persisted,  
variation between animals in the PHD3fl/flLysMCre-/- group 
prevented the differences from reaching statistical signifi-
cance at days 4 and 7 (Figures 4G&H). Measurement of 
MPO activity within the abscess did not show a significant  
difference between genotypes (Figure 4I), suggesting that the 
improved bacterial control is not due to enhanced neutrophil 
degranulation.

We next expanded our findings to include a Streptococcus 
pneumoniae model. Again, PHD3fl/flLysMCre+/-mice demon-
strated reduced local bacterial burden with significantly lower 
CFU counts in the BAL in comparison to PHD3fl/flLysMCre-/- 
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Figure 2. PHD1 deficiency alters metabolic profiles in an oxygen dependent fashion. HPLC-MS analysis of neutrophil 
metabolic profiles were carried out on ex-vivo BAL neutrophils harvested 24 hours following LPS induced lung injury in normoxia 
(A)–(C) and hypoxia (D)–(F). (A)–(F) N=4-5, data expressed as fold change from mean PHD1fl/flMRP8Cre-/- and analysed by 2-way 
ANOVA. Energy status (G) and (H) expressed as the ratio of ATP:ADP, analysed by Mann-Whitney test (unpaired). Ex-vivo BAL 
neutrophils (24 hours post LPS induced ALI) from PHD1fl/flMRP8Cre-/- and PHD1fl/flMRP8Cre+/- mice were analysed for ROS production 
by flow cytometry following addition of DCF (J), chemotaxis (K) and phagocytosis (L). (J)–(L)N=6-8, analysed by 2-way ANOVA.  
All data expressed as mean±SD.

controls, 14 hours following IT inoculation (Figure 5A) and 
a non-significant positive association with lower blood CFU 
counts (Figure 5B). This enhanced bacterial control was not 
associated with increased total cell (Figure 5C) or neutrophil  

(Figure 5D) recruitment to the airways. Nor was it associ-
ated with increased lung damage (as measured by airway 
IgM leak (Figure 5E)) or increased concentrations of inflam-
matory mediators in the airways (Figure 5F–M), suggesting 
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Figure 3. Myeloid specific PHD3 deficiency results in reduced neutrophil recruitment. Highly pure BAL neutrophils were isolated 
from mice housed in normoxia or hypoxia 24 hours following LPS induced lung injury and taqman analysis of (A) PHD3 (egln3) and (B) PHD2 
(egln1) gene expression was carried out. Data expressed as expression relative to β-actin. N=3, unpaired t-test. BAL cells were isolated from 
PHD3fl/flLysMCre-/- and PHD3fl/flLysMCre+/- mice housed in normoxia 24 hours following nebulised LPS and total cells counts (C), neutrophil 
counts (D) and macrophage counts (E) were analysed. N=8-9. BAL supernatant was subsequently analysed by ELISA for albumin (F) and 
elastase (G), N=7-8. MPO activity was analysed by an EnzCheck assay (H), N=12. (C)–(H) analysed by Mann-Whitney test (unpaired). All data 
expressed as mean±SD.

that enhanced bacterial control is not achieved at the expense  
of increased tissue damage.

PHD3 loss in the neutrophil compartment, therefore, confers 
a potentially highly advantageous phenotype with enhanced  
bacterial control without excessive tissue damage or persistent  
sterile inflammation.

Improved bacterial killing is associated with increased 
oxygen consumption and mROS production in PHD3 
deficient neutrophils
To delineate the mechanisms by which PHD3 deficient neu-
trophils promote antimicrobial control, we cultured ex-vivo BAL 

cells from the neutrophil specific PHD3fl/flMRP8Cre+/- mouse 
lines with Staphylococcus aureus. We used glucose deplete media 
to represent the hypoglycaemic airway16,22,23. We confirmed a 
significant increase in bacterial killing by PHD3fl/flMRP8Cre+/-  
neutrophils (Figure 6A). In vitro we observe this enhanced bac-
terial killing to be independent of phagocytosis (Figure 6B&C)  
and NETosis (Figure 6D). However, we did observe an increase 
in local oxygen consumption rate (OCR), measured by  
Seahorse, in response to bacteria (Figure 6E–G). This uplift  
in OCR was observed in the context of conserved ECAR (a  
surrogate for glycolysis, Figure 6H–J), and equivalent abundance 
of TCA cycle, glycolysis and OxPPP metabolic intermediaries,  
as measured by HPLC-MS (Figure 6K–M). We therefore  
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Figure 4. Improved staphylococcal infection outcomes in PHD3 deficiency. PHD3fl/flLysMCre-/- and PHD3fl/flLysMCre+/- Mice 
were inoculated with Staphylococcus aureus subcutaneously into the right flank and abscesses developed over the course of 7 
days, with noticeable abscesses by day 2 (typical appearances shown in (A)). Weight (B), rectal temperature (C) and abscess size 
(D) were measured daily. (B)–(D) N=6, analysed by 2-way ANOVA with multiple comparisons (corrected for multiple comparisons 
by Tukey test). CFU/g and abscess area are significantly correlated (measured by Pearson’s rank coefficient (E), N = 14. Mice were 
culled at day 2 (F), 4 (G) and 7 (H), abscesses homogenised and viable bacteria counted. N=3 for PHD3fl/flLysMCre-/- day 2 due to 
exclusion of an outlier (see Figshare data upload for details), N=4 for days 2 and 4 and N=6 on day 7. MPO activity was measured in  
homogenised abscess tissue (I), N=4. (F)–(I) analysed by unpaired t-test. (B)–(D) and (F)–(I) expressed as mean±SD.

considered whether this increase in oxygen consumption rates 
reflected increased ROS production. Total ROS production was 
equivalent between genotypes (Figure 6N) but mROS produc-
tion was significantly higher in PHD3 deficient neutrophils  
in comparison to wild type cells (Figure 6O).

Mitochondrial ROS (mROS) are produced by complexes 
I and III of the electron transport chain and are an impor-
tant effector of antimicrobial responses24. They have been 
shown to be induced by infection and to contribute to cytokine  
production in response to infection in macrophages25,26. Thus,  

Page 12 of 29

Wellcome Open Research 2023, 8:569 Last updated: 05 AUG 2024



Figure 5. PHD3 deficiency results in reduced bacterial load in pneumococcal infection. PHD3fl/flLysMCre+/- and wildtype 
littermates (PHD3fl/flLysMCre-/-) were inoculated with Streptococcus pneumoniae intratracheally and culled after 14 hours. Bacteria 
were grown from BAL (A) and blood (B) samples, and BAL cell counts (C) and neutrophil differentials (D) calculated. BAL supernatant 
was analysed by ELISA for IgM concentration (E). N=10-12, all analysed by Mann-Whitney test (unpaired). (F)–(M) BAL supernatant 
from PHD3fl/flLysMCre+/- and PHD3fl/flLysMCre-/- mice subject to IT Streptococcal pneumoniae infection was isolated after 14 hours and 
analysed by cytokine bead array for abundance of chemokines and cytokines. N=13-14, analysed by Mann-Whitney test (unpaired).  
(A) and (B) downward error bars not shown due to logarithmic scale. All data expressed as mean±SD.
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Figure 6. PHD3 deficient neutrophils demonstrate increased oxygen consumption and mROS production. Ex-vivo BAL 
neutrophils were isolated from PHD3fl/flMRP8Cre+/- and PHD3fl/flMRP8Cre-/- (A, D, E–J, N&O) or PHD3fl/flLysMCre-/- and PHD3fl/flLysMCre+/- 

mice (B, C, K–M) 24 hours following LPS induced ALI. (A) Bacterial killing was measured using ex-vivo BAL neutrophils (24 hours post-LPS 
induced ALI) cultured with opsonised Staphylococcus aureus bacteria. Cells were either lysed following washing (T0) or after a further 
one-hour incubation (T1) and % killing calculated. N=3 over 3 separate experiments, paired t-test (with each experiment designated by 
a different symbol). Phagocytosis of fluorescently labelled Streptococcus (B) and Staphylococcus (C) was measured by flow cytometry. 
N=3, analysed by unpaired t-test. (D) NETosis was measured using SytoxRed reagent and analysed by flow cytometry (N=5), analysed 
by Mann-Whitney test (unpaired). Metabolic flux was measured using Seahorse technology. OCR (E–G) and ECAR (H–J) were analysed 
before and after the addition of heat killed Staphylococcus aureus. N=7 per condition, F–G & I–J analysed by Mann-Whitney test 
(unpaired). (K)–(M) HPLC-MS analysis of neutrophil metabolic profiles were carried out on ex-vivo BAL neutrophils harvested 24 hours 
following LPS induced lung injury. N=5, data expressed as fold change from mean PHD3fl/flLysMCre-/- and analysed by 2-way ANOVA.  
(N) ROS production was measured by incubation of ex-vivo BAL cells with CellRox red and measured by flow cytometry, data 
expressed as geometric mean fluorescence. N=4. (O) mROS production was measured by incubating ex-vivo BAL neutrophils with 
mitoSOX reagent and analysed by flow cytometry, data expressed as geometric mean fluorescence, N=5. (N)&(O) analysed by  
Mann-Whitney test (unpaired). All data expressed as mean±SD.
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an increase in mROS production represents a potential 
mechanism whereby PHD3 deficient neutrophils achieve 
enhanced bacterial killing associated with increased oxygen  
consumption upon exposure to bacteria.

Discussion
Cellular adaptations to hypoxia are critical in maintaining  
homeostasis and responding to pathogenic environments. Com-
plexity within this system is conferred through the presence  
of multiple isoforms of the key HIF and PHD proteins which in 
turn respond differently in different cell types and environments7. 
We investigated the role of PHD1 and PHD3 in neutrophil 
responses, having previously demonstrated the critical role  
which PHD2 plays in neutrophilic inflammation10.

In other cell types PHD1 has been shown to be important in 
responding to hypoxic and ischaemic insults12,13. In a hypoxic 
acute lung injury model, neutrophil specific PHD1 defi-
ciency was associated with increased neutrophil recruitment 
at 24 hours but more rapid resolution, restoring equivalent 
neutrophil numbers by 48 hours post-challenge. Alterations 
in neutrophil metabolic profiles did not lead to changes in  
inflammatory outcomes, irrespective of oxygenation. Thus, 
unlike skeletal myocytes and hepatocytes, neutrophil spe-
cific PHD1 deficiency does not confer protection against the 
hyperinflammatory phenotype associated with hypoxia in 
acute lung injury. Further work is required to interrogate the 
mechanisms which underly the metabolic shifts observed in  
PHD1 deficient neutrophils and whether there are any down-
stream functional consequences. In light of the findings  
described in PHD3 deficient neutrophils, it will also be of inter-
est to investigate whether neutrophil PHD1 deficiency alters  
outcomes in infection models.

The protective phenotype in PHD1 deficient muscle fibres and 
hepatocytes relates to reduced oxygen consumption and con-
sequent reduced oxidative stress. Unlike these highly aerobic 
cells, neutrophils utilise glycolysis to generate ATP at base-
line as well as in hypoxic environments21. Additionally, the  
generation of ROS, via the NADPH oxidase associated with 
the phagolysosome, is critical to the neutrophil’s antimicrobial  
response27. Neutrophils are likely to have different mechanisms  
of protection against oxidative stress, with compartmentali-
sation of ROS and effective redox buffering. These funda-
mental differences in metabolic phenotype may explain why  
neutrophil PHD1 deficiency does not confer the same pro-
tection against a hypoxic insult as is observed in other cell  
types.

PHD3 deficiency, on the other hand, did have a significant 
impact on neutrophilic inflammation. Myeloid specific PHD3 
deficiency led to a potentially highly advantageous phenotype 
with improved outcomes in infection without any evidence 
of excessive sterile inflammation. This was not related to 
increases in degranulation, phagocytosis or total ROS produc-
tion. Using Seahorse technology, we identified enhanced oxygen  
consumption in PHD3 deficient neutrophils upon challenge 
with bacteria which we have demonstrated is associated with 
increased mROS production in inflammatory BAL neutrophils. 

We therefore suggest that loss of PHD3 confers a beneficial  
neutrophil phenotype with enhanced mROS production resulting 
in improved bacterial control, without any identifiable hyper-
inflammatory phenotype in the context of sterile inflamma-
tion. In light of this important phenotype, future work should 
include investigation of the interface between mitochondrial  
metabolism, hypoxic signalling pathways and host antimi-
crobial capacity. These data suggest that PHD3 represents a  
potential therapeutic target. In the era of multi-drug resistant  
infections, strategies which target host responses to regulate 
pathogen control are of huge importance. Fine tuning the 
immune response via the closely linked hypoxic response  
system is one potential route to this. In the absence of  
isoform specific pharmacological PHD inhibitors, the impact  
of pan hydroxylase inhibition will be dependent on the domi-
nant cell types involved and context of any inflammatory or 
infective response. An important future challenge therefore  
is the need to achieve isoform specific targeting.

Limitations
Our Study identifies an important neutrophil phenotype but 
does carry some limitations. At present our findings demon-
strate an association between bactericidal capacity and enhanced 
mROS production. Further work will be required to establish 
the causative role of mROS in the in vivo and ex vivo  
phenotypes we have described here. We do not see significant 
changes in neutrophil recruitment in the pneumonia model in  
PHD3fl/flLysMCre+/- mice but have not been able to exclude 
this in the skin abscess model. In future work, intravital imag-
ing may provide a route to measure neutrophil numbers and 
dynamics in this setting. Additionally, although the loss of  
PHD1 does not appear to alter neutrophil behaviour, it will 
be important to confirm this in infection models in addition 
to the LPS induced ALI model described here and to investi-
gate other potential consequences of the metabolic shifts which 
are observed. We also acknowledge that we do not have par-
allel unfloxed but Cre+/- controls for the mice described here. 
This would have required us to breed and maintain additional 
mouse lines. We have previously utilised both LysM10,28 and  
MRP821,29 driven Cre and do not identify a Cre specific  
phenotype. We therefore determined that using these addi-
tional controls was not justified when working within the 3Rs 
framework30. Finally, we have used both neutrophil specific  
and myeloid specific mouse lines in the PHD3 studies. Whilst 
the MRP8 model is ideal to identify the specific impact 
of neutrophil PHD3 loss, the use of the myeloid specific  
LysMCre line is also of value. When considering the effect of  
pharmacological inhibition of PHD proteins, the overall effect  
on inflammation outcomes will be determined by the sum effect  
on all infiltrating cells, including monocyte/macrophage 
cells. The in vivo findings of enhanced bacterial control in the  
LysMCre mouse line are consistent with the ex-vivo increased 
bactericidal capacity (caried out on MRP8Cre, neutrophil spe-
cific knock out cells) therefore demonstrating that targeting  
PHD3 in vivo may have a net beneficial effect. In order to  
strengthen these findings further, we have included both lung 
and skin infection models to ensure the phenotype is broadly  
relevant.
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Data availability
Underlying data
Figshare: Differential roles for the oxygen sensing enzymes 
PHD1 and PHD3 in the regulation of neutrophil metabolism and  
function, https://doi.org/10.6084/m9.figshare.24106686.v331.

This project contains the following underlying data:
– PHD1 Normoxia mass spec raw data

– PHD1 Hypoxia mass spec raw data

– PHD1 Normoxia mass spec corrected for BCA data

– PHD1 Hypoxia mass spec corrected for BCA data

– PHD3 mass spec raw data

– PHD3 mass spec corrected for BCA data

– Fig1A–Fig6O Data underlying corresponding figures

Reporting guidelines
Figshare: ARRIVE checklist for ‘Differential roles for the  
oxygen sensing enzymes PHD1 and PHD3 in the regulation  

of neutrophil metabolism and function’,https://doi.org/10.6084/
m9.figshare.24106686.v331.

Data are available under the terms of the Creative Commons  
Attribution 4.0 International license (CC-BY 4.0).
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In the manuscript “Differential roles for the oxygen sensing enzymes PHD1 and PHD3 in the 
regulation of neutrophil metabolism and function, Watts and colleagues investigated the 
consequences of neutrophils oxygen sensing prolyl hydroxylase (PHD) enzymes, PHD1 and PHD3 
deficiency in normoxia and hypoxia. While the authors addressed a clinically relevant issue and the 
data, character count, and number of figures make this manuscript a good candidate to be 
published, there are some limitations to their study and the findings need a more elaborated and 
clear mechanism of action. This topic is important because of the therapeutical use it can provide. 
Authors used a combination of in vivo and ex vivo models, utilizing neutrophil and myeloid specific 
PHD1 or PHD3 deficient mouse lines to investigate the roles of oxygen sensing prolyl hydroxylase 
enzymes in the regulation of neutrophilic inflammation and immunity and conclude that PHD1 
deficiency drives alterations in neutrophil metabolism and recruitment, in an oxygen dependent 
fashion. On the other hand, PHD3 deficiency was found to enhance neutrophil antibacterial 
properties without excessive inflammatory responses. 
 
Mayor concerns: 
 
1) Methods section is not clear and incomplete. Each method should have a reference or a brief 
detailed description to allow replication. It is confusing were did neutrophils came from in some 
experiments. Please explain how blood and bone marrow neutrophils did were obtained. More 
information about the kits used is also needed. 
 
2) The papes has some interesting results that are not explained. 
 
3) Discussion section should be improved including a more elaborated description and analysis of 
the findings. 
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section, In vivo mouse models …”Pseudomonas aeruginosa 10”. What does the 10 stands for? 
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In this article, Watss and colleagues investigate the role of neutrophil PHD1 and 3 in murine 
models of inflammation. The study is interesting, however, some findings are rather preliminary 
due to low N. Additionally, the authors tend to over-interpret their data, drawing somewhat strong 
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conclusions from a rather minor phenotype.  
 
- For the in vitro assays, neutrophils were isolated. However, it is nowhere specified how they were 
isolated and how purity was validated.  
 
- NET formation assays are also not specified. What agonist was used to induce NET formation and 
for how long? 
 
- Since these are new mice that have been generated, I am surprised no more baseline 
characterisation was performed. I.e. on neutrophils isolated in the absence of an inflammatory 
trigger.  
 
- How was sample size determined for the experiments? It seems to vary a lot based on Figure and 
doesn't seem to make much sense. Was there a power analysis? For example Fig; 1C seems to be 
trending or close to significance, yet there are only 3 samples per group and no P-value is provide. 
While some other assays show significance with smaller differences, however, bigger sample size. 
This becomes somewhat concerning if the authors try to draw mechanistic conclusions from these 
results.  
 
- Another way to interpret Figure 1H-I, is that there are less neutrophils being recruited under 
hypoxia, and that this reduction is abrogated in the KO mice.  
 
- What about neutrophil resolution in normoxia in both groups? 
 
- What do the authors hypothesise is the reason for similar NE but different neutrophil numbers in 
mice. If there are more neutrophils but they don't get activated as well, wouldn't the netto impact 
be no difference.  
 
- Figure 3: reduced neutrophil numbers are rather minor, as half of the WT mice are in the same 
range of KO animals. Similar for Figure 4, the differences are rather minor, the conclusions need 
to be toned down a little bit. The biggest difference seems to be with CFU at day 2, however this 
difference disappears over time.  
 
- Figure 5 fits with the rest of the manuscript as there are some small differences. The title 
reduced bacterial load seems a little over-reaching since the difference is only in BAL and only 
really 4/10 WT mice have more bacteria than the KO mice.  
 
- Figure 6A could be an explanation for a lot of the previous data, however only an N of 3 is done. 
This would need to be increased. It is also unclear if a paired t-test is the best statistical test for 
this type of assay.
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In this study by Watts et al., the researchers have expanded upon their previous work wherein 
they investigated the expressions and roles of three isoforms of prolyl hydroxylase domain (PHD) 
enzymes - namely, PHD1, PHD2, and PHD3 - within neutrophils. Previously, their focus centered on 
PHD2, revealing its constitutive expression in neutrophils with a potential for upregulation during 
sterile inflammation. The deletion of PHD2 specifically within the myeloid population was found to 
potentially exacerbate inflammatory response to bacterial infection by augmenting glycolytic flux, 
thereby enhancing neutrophil functional capacity. However, myeloid-specific PHD2 deficiency did 
not amplify antibacterial properties. In this current study, the authors further examined the 
significance of the other two isoforms of PHD enzymes in neutrophils, elucidating their distinct 
functions. Although PHD1 deficiency in neutrophils was found to alter oxygen-dependent 
metabolic profiles and the recruitment of neutrophils, it did not affect neutrophil functional 
capacity either ex vivo or in vivo.  On the other hand, the depletion of PHD3 in myeloid cells 
resulted in enhanced bactericidal capacity, potentially through increased oxygen consumption and 
mitochondrial reactive oxygen species generation. 
 
While the study reveals intriguing findings, it is imperative to address specific comments and 
concerns to bolster the robustness of the results and improve clarity. The primary concern lies in 
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the lack of a clear rationale and coherence between the studies, making it challenging to 
comprehend the authors' transitions from one experiment to another. For instance:

The rationale behind the switch in Cre lines from MRP8-Cre for PHD1 deletion to LysM-Cre 
for PHD3 deletion remains unclear, leading to difficulties in comparing the outcomes of 
gene deficiency, particularly considering the discrepancy in patterns of expression of these 
two promoter-driven deletions. While the MRP8-Cre is by far the most neutrophil-specific 
Cre line, the LysM-Cre targets several myeloid cell types, posing challenges in isolating the 
effects solely on neutrophils. Although the authors acknowledged in the Limitations that 
both neutrophil-specific and myeloid-specific mouse lines in the PHD3 were used, only 
myeloid-specific deletion data were presented in this study. Moreover, the mice used in this 
study were newly generated and involved the crossing of different lines together (e.g., 
crossing PHD1fl/fl animals with MRP8-Cre-ires/GFP mice). The evidence showing the 
successful deletion of the interested gene only in anticipated specific cell types such as 
neutrophils, but not other related immune cells is required. In particular, it is crucial to 
ascertain whether the expression of PHD3 gene was absent only in neutrophils or if it was 
also affected in other myeloid cells such as alveolar macrophages in PHD3fl/flLysMCre+/- 
mice. And how would the authors explain all the results if the expression of the PHD3 gene 
was altered in other cell types as well? Figure 3A shows the upregulation of PHD3 
expression in BAL neutrophils after LPS-induced lung injury in hypoxia conditions, but were 
there upregulation in other non-neutrophil myeloid cells as well? Additionally, assessing HIF 
level/activity or its downstream of PHD/HIF axis in the immune cells isolated from these 
transgenic animals could provide insight into the association of the results with the oxygen 
sensing pathway, thereby strengthening the findings.

○

It is unclear why the authors mainly utilized the LPS+normoxia/hypoxia model (but no 
infection model at all) in studying the role of PHD1, whereas the LPS+normoxia model 
(without hypoxia condition) was only briefly used prior to shifting focus to primarily 
investigate infection models for PHD3 study.

○

Several inconsistencies in experimental designs across different studies are noticed without 
providing adequate reasons. For example, although metabolic profiles were obtained in 
both studies, the Seahorse experiments were exclusively conducted in PHD3 studies, while 
energy status measurement (ATP/ADP level) was only conducted in the PHD1 study. 
Moreover, certain assays such as MPO or NETosis were not performed in the PHD1 ex vivo 
study, whereas chemotaxis was not observed in the PHD3 ex vivo study. Additionally, while 
neutrophil degranulation (e.g., MPO and elastase concentration) was evaluated mainly in in 
vivo studies, it was not assessed in ex vivo studies at all. The BAL albumin was used to assess 
vascular leakage in the lung for sterile inflammation in Fig. 3, but the BAL IgM was obtained 
to evaluate vascular leakage in the lung for bacterial infection in Fig. 5.

○

Throughout the manuscripts, the authors neglected to include control groups in most 
experiments to assess whether the deficiency of the gene impacted baseline parameters. For 
example, it remains unclear whether PHD1fl/flMRP8Cre+/- mice exhibited neutrophil numbers at 
the baseline comparable to PHD1fl/flMRP8Cre-/- control animals in Fig. 1, or whether the absence 
of PHD1 in neutrophils altered the oxygen consumption rate or any metabolic state of neutrophils 
at the baseline (without LPS treatment) in Fig. 2? 
 
Figure 1 is somewhat ambiguous. The sole difference observed between PHD1fl/flMRP8Cre+/- vs 
PHD1fl/flMRP8Cre-/- was a slight increase in neutrophils recruitment in PHD1fl/flMRP8Cre+/- mice 
after LPS-induced lung injury in hypoxia. However, this conclusion was drawn without knowledge 
of the basal lung neutrophil levels of these two strains. The title of Fig. 1L, specified as the 
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“resolution” of neutrophils numbers, was confusing as it was uncertain if the value indeed 
reflected the resolution (PHD1fl/flMRP8Cre+/- mice appear to have better resolution, yet the value 
displayed was lower). The issue could be raised from the finding that the levels of BAL neutrophils 
in PHD1fl/flMRP8Cre-/- mice remained unchanged between 24 hours and 48 hours (Fig. 1I and 1K), 
with no identified basal level of lung neutrophil number. This could be attributed to the possibility 
that the neutrophils were not recruited to the lungs after all the challenges in these PHD1fl/fl

MRP8Cre-/- mice, thus obviating the need for resolution. 
 
Additionally, concerning Fig. 1, it is unclear why the authors opted to segregate the graphs 
displaying the results of normoxia (Fig. 1E-1G, Fig. 1M-1N) vs hypoxia (Fig. 1H-1J, Fig. 1O-1P) at 24 
hours while merging both normoxia and hypoxia conditions for the 48-hours studies (Fig. 1K and 
Fig. 1Q). The concerns were raised considering the different statistical analysis used for 24 hours 
(Mann-Whitney test) vs 48 hours (ordinary one-way ANOVA). 
 
 Although the authors illustrated that the expression of PHD3, but not PHD1 and PHD2, was 
significantly upregulated in neutrophils isolated from animals maintained in hypoxia (Figure 1C, 
3A), none of the experiments in this manuscript explore the role of PHD3 in hypoxic conditions. 
Despite investigating the effects of PHD1 deficiency in neutrophils under both normoxic and 
hypoxic conditions, it is unexpected that all subsequent experiments regarding PHD3 functions 
were conducted using PHD3fl/flLysMCre+/- mice solely in normoxia. 
 
Regarding the pneumococcal infection model depicted in Fig.5, clarification is needed regarding 
why the authors examined colony-forming units (CFU) only 14 hours after infection, a time point 
that may be too early to observe differences in terms of neutrophil function/recruitment (again, 
no baseline level of neutrophil number is provided, thus it is difficult to assess recruitment). At this 
early stage, it is worth considering whether the difference in CFU could potentially be attributed to 
the depletion of PHD3 in the other resident myeloid cells such as alveolar macrophages? 
 
A number of aspects of the Methods section and experimental design require careful attention. 
Detailed protocols for several parts are notably absent.

Most in vitro studies in the manuscript relied on either isolated bone marrow neutrophils or 
isolated BAL neutrophils. However, the Methods section lacks comprehensive information 
on how to isolate and purify these cells. While it was mentioned that “Bone marrow 
neutrophils were isolated by percoll gradient followed by fluorescence activated cell sorting 
to ensure sufficient purity.” in the legend of Fig. 1, specific details such as how to perform 
percoll gradient, whether BAL samples underwent percoll gradient enrichment, or the FACS 
sorting process, including the markers used to label neutrophils, were not provided in the 
Methods section. The authors should also mention if the purity of the neutrophils post-
purification was confirmed.

○

In the “LPS lung injury” section: details regarding the conditions/treatments used as control, 
such as nebulizing the animals with PBS, or the method of inducing normoxia compared to 
hypoxia, are lacking. Also, in the statement: “Mice were treated with lipopolysaccharide 
(LPS) from Pseudomonas aeruginosa 10”, not sure what “10” means?

○

The Methods in “Phagocytosis” section lack details of how flow cytometry was employed to 
assess phagocytosis and obtain %phagocytosis (in Fig. 2K, 6B, 6C). The term "ice control" 
shown in the X-axis of Fig. 2K requires explanation. Including representative flow cytometry 
analysis figures of phagocytosis could enhance clarity. Moreover, while the method section 
specifies the use of “fluorescently labelled, heat-killed E. Coli (Invitrogen)” for the study 

○
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which I believe shown in Fig. 2K, it did not mention the Staphylococcus and Streptococcus 
strains used in the phagocytosis assay in Fig. 6B and 6C. These should be mentioned in the 
Methods section as well.
For NETosis assay, more details are needed on how Sytox Red could be used to assess NET 
formation and NETosis by flow cytometry. It is unclear what percentage of NETosis means. 
What was the control of this NETosis study? Were isolated neutrophils challenged with any 
bacteria/insults to stimulate the release of NETs before fixing the cells with PFA?

○

Regarding the respiratory burst assay, the authors used 10 uM fMLP to induce a respiratory 
burst. However, considering the authors’ previous work [Fig. 2, Sadiku P, et. al. 2017 (Ref 1)], 
10uM of fMLP did not activate respiratory burst signal in BAL neutrophils isolated from WT 
animals. An explanation for this discrepancy between the two studies is warranted. Also, the 
abbreviation "fMLF" in the Methods section should be changed to "fMLP" for consistency 
with the abbreviation used in Fig. 2.

○

The specification of negative control and positive control for the chemotaxis assay shown in 
Fig. 2J, along with clarification on how to obtain %positive control, is necessary.

○

The authors should provide details on how they analyzed qPCR results to determine relative 
gene expression. Were they reported as 2^-(ddCT) or just normalized to Actb expression? If 
analyzed using the 2^-(ddCT) method, it is unclear what sample was used as a reference for 
normalization, as none of the values in Fig. 1A were close to 1. Conversely, if the results 
were relative to Actb expression, it is difficult to believe that PHD3 expression was 
upregulated to a level 20-fold higher than Actb expression. Confirmation of these findings 
and the methodology used for analysis is necessary.

○

Further elaboration on Seahorse experiments (Fig. 6E-6J) should be included in the Methods 
section. This includes information on when compounds (glucose, oligo, 2DG) were added to 
the cells, and at what concentrations, as well as the time point after bacterial infection 
shown in Fig. 6F and 6I (before or after adding other compounds). Also, did these 
compound treatments facilitate the explanation of any findings of the story?

○

Please verify why the authors used 2-way ANOVA for metabolic profile analysis depicted in 
Fig. 2A-2F.

○

Considering the findings on metabolic activity, it would be beneficial to provide an explanation or 
discussion on why metabolites in the OxPPP flux were reduced in PHD1fl/flMRP8Cre+/- mice 
specifically under normoxic conditions (Fig. 2B), while metabolites in TCA cycles were increased in 
these mice only under hypoxia condition (Fig. 2F). 
 
Furthermore, in Fig. 6G, there appears to be a trend toward a higher oxygen consumption rate 
(OCR) in PHD3fl/flMRP8Cre+/- mice even at baseline before bacterial infection. It would be valuable 
for the authors to address this observation. Additionally, although there was an increase in OCR in 
these PHD3-depleted neutrophils, no changes were observed in any metabolite intermediates, 
including those in the OxPPP pathway (Fig. 6M). It would be helpful if the authors could provide an 
explanation for this discrepancy. 
 
Minor concerns:

Please ensure to define all the abbreviations the first time mentioned in the manuscript e.g., 
IVC, BAL, IT, CFU, MPO, 2DG, all metabolites (e.g., F6P, F16BP, GAO, PEP, etc.)

○

Although the interested gene was intact in these animals, I suggest avoiding to use of the 
term “wildtype” for all the floxed control animals.

○

Methods in “Assessing bacterial load/CFU counts” section: Suggest changing “bijou” to 
“Bijou container”

○
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Methods in “Assessment of MPO activity in Staphylococcus aureus skin abscess model” 
section: Please make sure to italicize Staphylococcus aureus

○

Methods in “CFSE labelling of Streptococus pneumoniae” section: should be “Streptococcus”○

Please make sure to write the correct format for all mRNA/protein nomenclature with 
consistency throughout the manuscript. For example, RNA level (mouse) should be written 
italicized as “Egln1”

○

Figure 1A: please make sure the title is labeled as “PHD2” (looks like PI-D2 in the pdf file), 
and also label the Y-axis with the gene name in Fig. 1C to be consistent with Fig. 1A, 1B

○

Please change the Y-axis label in Fig.2A, 2D to be similar to Fig. 2B-2C or Fig. 2E-2F○

Figure 2I-2K needs labels for what black vs gray dots represent. Also, it should be DCF (“I”), 
chemotaxis (“J”), and phagocytosis (“K”) in the figure legend

○

The authors stated that “ex-vivo BAL cells from the neutrophil specific PHD3fl/flMRP8Cre+/- 
mouse lines with Staphylococcus aureus. We used glucose-depleted media to represent the 
hypoglycaemic airway”. This is confusing since the authors used Staphylococcus aureus for 
the skin infection model, not the airway infection model.

○

Figure 4A requires better-quality images○

Figure 4E needs labels for what black vs white dots represent. What was the time-point after 
infection of this finding? And what did the p-value mean here?

○

Fig. 4F-4H: why did the authors normalize the CFU per abscess instead of per gram as 
shown in Fig. 4E? And it is surprising to see that CFU was increased over time from day 2 to 
day 7. Does this normally occur in this staphylococcal skin infection model?

○

Fig. 5E: what is “SN” in the title of the figure?○

Fig. 6A: more N should be added to confirm the findings.○

Fig. 6E, 6H: please ensure species names were written in the correct format (S. aureus)○
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The manuscript from Watts et al. reports the differential roles of the oxygen-sensing enzymes 
PHD1 and PHD3 in regulating neutrophil metabolism and function using a combination of in vivo 
and ex vivo models. On the one hand, the authors report that PHD1 deficiency drives alterations in 
neutrophil metabolism and recruitment in an oxygen-dependent fashion. Despite this, PHD1 
deficiency did not significantly alter ex vivo neutrophil phenotypes or in vivo outcomes in mouse 
models of inflammation. On the other hand, PHD3 deficiency was found to enhance neutrophil 
antibacterial properties without excessive inflammatory responses. This effect was not linked to 
changes in the abundance of core metabolites but was associated with increased oxygen 
consumption and increased mitochondrial reactive oxygen species production. The authors 
conclude that PHD3 deficiency drives a favourable neutrophil phenotype in infection and, as such, 
is an important potential therapeutic target. 
 
The work is clearly and accurately presented and cites the current literature. Concerns were raised 
regarding the study design, the methodological details, the statistical analyses, and the 
conclusions drawn, as detailed below, and they should be addressed to make the article 
scientifically sound. 
 
One of the biggest criticisms is using the two Cre-Lox strategies (LysM- and MRP8-driven Cre-Lox 
recombination) in the study. Although the authors recognize this as a limitation and justify the use 
of these two expression models with the fact that they previously utilized both and did not identify 
a Cre-specific phenotype and therefore determined that using these additional controls was not 
justified when working within the 3Rs framework, it makes it complex, or almost virtually 
impossible, to compare the results obtained for PHD1 and PHD3 if the mouse strains, the Cre 
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expression and promoter/enhancer elements of each technology are different. In Fig. 6, mice with 
both Cre-Lox strategies were used for different experiments and a global conclusion was drawn. 
In fact, the authors would need to do a set of identical experiments, such as bacterial killing (Fig. 
6A) and mROS (Fig. 6O), where significant differences were observed between the PHD3fl/fl-
MRP8Cre-/- and PHD3fl/fl-MRP8Cre+/- mice, with both the MRP8 Cre- and LysM Cre-mediated 
recombinations to prove that the results are the same regardless of the Cre-Lox technology used. 
In its current format, it is hard to state that the conclusions drawn adequately are supported by 
the results since the PHD1 and PHD3 experiments were not performed with the same myeloid cell-
specific targeted mutants. 
 
Some methodological details are lacking. The authors state that highly pure neutrophil 
preparations were used for gene expression and HPLC-MS analysis of metabolites (Seahorse 
extracellular flux assays also require highly purified preparations, as it is impossible to distinguish 
the metabolic parameters of different cell populations). The methodology used to obtain these 
highly pure neutrophil preparations from BALs is not detailed other than using a discontinuous 
Percoll gradient (mentioned in the HPLC-MS analysis of metabolites section). The same can be said 
with bone marrow neutrophils used for gene expression (such as Fig. 1A-B), where fluorescence-
activated cell sorting was used to ensure sufficient purity. What markers were used, and what 
purity level qualifies as “sufficient”?  The authors must provide the method and techniques to 
quantify this high purity and the percentage of purity obtained with their preparations. In 
addition, the authors should provide details regarding the filter used for the chemotaxis assays 
(i.e., the size of the pores) as well as how were ATP and ADP levels determined (Fig. 2G-H; data 
may have been generated by HPLC-MS, but it is not clear and should be detailed in the Mat & Met) 
or the genotypes of the mice used for Fig. 3A-B. 
 
Most of the statistical analyses seem adequate. However, the 2-way ANOVA performed in Fig. 2A-F 
and Fig. 6K-M does not provide detailed information on differences among the various study 
groups. To fully understand group differences in an ANOVA, the authors should conduct post hoc 
tests (called multiple comparison analysis) of the differences between particular pairs of 
experimental and control groups. Moreover, the conclusion of a “non-significant positive 
association” (page 10) for the result presented in Fig. 5B is inadequate. If no statistical difference is 
found between the groups then the authors should not conclude that there is a positive 
association.   
 
The sole use of beta-actin as a reference gene is questionable, as one assumes that the expression 
of this gene is constitutively high and that a given treatment will have little effect on the 
expression level. The MIQE guidelines (Bustin SA. et al., 2009 [Ref 1]) report that “Normalization 
against a single reference gene is not acceptable unless the investigators present clear evidence 
for the reviewers that confirms its invariant expression under the experimental conditions 
described. The optimal number and choice of reference genes must be experimentally 
determined, and the method reported”. Indeed, it is often difficult to identify even a single gene 
that meets this criterion (Glare EM. et al., 2002 [ref 2]; Schmittgen TD et. al., 2000 [Ref 3]; Thellin O. 
et al., 1999 [Ref 4]). The authors should consider the more accurate strategy for normalization that 
was proposed by Vandesompele and collaborators (Vandesompele J. et al., 2002 [Ref 5]), and 
detailed in the MIQE guidelines, to carefully select a set of genes that display minimal variation 
across the treatment, determine the geometric mean of these genes, and normalize the gene(s) of 
interest to the geometric mean. 
 

 
Page 27 of 29

Wellcome Open Research 2023, 8:569 Last updated: 05 AUG 2024



The strategy used for the sequential injections of drugs in the Seahorse assays should be better 
explained. What is the rationale for injecting the bacteria, then glucose, oligomycin and 2DG? Why 
not also report the OCR and ECAR following the injection of glucose? What can be concluded 
following the injection of oligomycin? Also, the OCR after the bacteria injection is indeed increased 
in PHD3fl/fl-MRP8Cre+/- vs PHD3fl/fl-MRP8Cre+/- mice (Fig. 6F). However, the OCR before the 
bacteria injection is also increased in PHD3fl/fl-MRP8Cre+/- vs PHD3fl/fl-MRP8Cre+/- mice (Fig. 6E). 
To account for this basal difference between the two groups, the authors need to baseline the 
data before the injection of the bacteria and then report the increase after the injection. 
 
The authors report that the OCR is increased after bacteria injection in PHD3fl/fl-MRP8Cre+/- vs 
PHD3fl/fl-MRP8Cre+/- mice (Fig. 6F). After confirming that this uplift in OCR was observed in the 
context of conserved ECAR (Fig. 6H-J) and equivalent abundance of TCA cycle, glycolysis and OxPPP 
metabolic intermediaries (Fig. 6K-M; done with the LysM-Cre mice), the authors considered 
whether this increase in OCR reflected increased ROS production. However, total ROS (Fig. 6N) and 
mROS production (Fig. 6O), the latter one being increased in PHD3fl/fl-MRP8Cre+/- vs PHD3fl/fl-
MRP8Cre+/-, mice were examined in unstimulated cells. How can the authors explain that a similar 
increase was not observed in baseline OCR (Fig. 6G) in their Seahorse assays? In their discussion, 
the authors state: “Using Seahorse technology, we identified enhanced oxygen consumption in 
PHD3 deficient neutrophils upon challenge with bacteria which we have demonstrated is 
associated with increased mROS production in inflammatory BAL neutrophils.” This is actually an 
overstatement, as this association was never demonstrated. For this, the whole set of experiments 
should have been performed with a single genotype (MRP8-Cre mice) and the total and mROS 
production examined following the activation of cells in the presence of bacteria, as done in the 
Seahorse assays. 
 
The authors are most likely aware of the multiple differences between mouse and human 
neutrophils, and this limitation should be addressed in the discussion, especially when it is 
concluded that PDH3 represents a potential therapeutic target. Experiments are most likely 
required with human cells to prove that PDH3 represents, indeed, a potential therapeutic target. 
  
Corrections are needed regarding the figures and the text: 
1) The manuscript should include only high-resolution figures. For example, the quality of Fig. 1N, 
1O and 1P are currently inadequate, as the axis labels are fuzzy. 
2) The figures should clearly mention the experimental group. For example, Fig. 1E and 1H have 
the same title and axis labels. It is therefore critical to read the figure legend to understand that 
Fig. 1E refers to normoxia while Fig. 1H refers to hypoxia. The same can be said for Fig. 1F-1I, Fig. 
1G-1J, Fig. 1M-1O and Fig. 1N-1P. The authors should combine these results in a single graph, such 
as in Fig. 1C, 1D or 1Q, or clearly state the experimental group in the figure title. 
3) PMN is used in the axis title of some figures but has not been defined in the text or the figure 
legend. 
4) The Greek letter Mu should be used instead of the letter “u” for micro. 
5) b-actin should be replaced by beta-actin (using the Greek letter) in the legend of Fig. 1. 
6) FMLP should be replaced by fMLF in Fig. 2I, as this is the abbreviation used in the text. 
7) In the legend of Fig. 5, the text “BAL supernatant from PHD3fl/flLysMCre+/- and 
PHD3fl/flLysMCre-/- mice subject to IT…” should be corrected to “BAL supernatant from 
PHD3fl/flLysMCre+/- and PHD3fl/flLysMCre-/- mice subjected to IT…”. 
8) IT should be defined in the text. 
9) In Fig. 6E-G, the axis label states OCR (mpH/min). In Seahorse assays, OCR is actually provided 
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as nmoles/min. The axis label needs to be corrected. 
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