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1  |  INTRODUC TION

Bacteria entering a neutrophil phagosome immediately encounter 
a hostile environment. Upon first contact, the neutrophil plasma 
membrane wraps over the surface of a microbe until it is completely 
enclosed (Figure  1). Internalization allows a neutrophil to employ 
aggressive anti-microbial strategies while limiting collateral damage 
to neighboring host cells. Cytoplasmic granules quickly fuse with 
the phagosomal membrane, and anti-microbial peptides and diges-
tive enzymes are emptied onto the bacterium (Figure 1). Assembly 
of NADPH oxidase complexes enables the transfer of electrons to 
phagosomal oxygen to produce reactive oxidants directly adjacent 
to the bacterium. Localization to a phagosome helps to protect the 

host, but it also enables the neutrophil to regulate and optimize 
the environment for its microbicidal weaponry. Indeed, neutrophils 
kill bacteria much better when their prey is inside a fully enclosed 
phagosome.1

Staying out of the phagosome would be the most prudent ap-
proach for bacteria. Indeed, some have evolved strategies that pre-
vent recognition or impede neutrophil phagocytosis. In this review, 
we focus on the experience of bacteria that find themselves inside 
the phagosomes of human neutrophils. Remarkably, some do survive 
and it is these bacteria, sheltered from other immune mechanisms, 
that may pose the greatest threat to the host. We discuss the var-
ious protective mechanisms employed by phagosomal bacteria, the 
impact of viable bacteria on phagosomal biochemistry, and how the 
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Summary
The neutrophil phagosome is one of the most hostile environments that bacteria must 
face and overcome if they are to succeed as pathogens. Targeting bacterial defense 
mechanisms should lead to new therapies that assist neutrophils to kill pathogens, but 
this has not yet come to fruition. One of the limiting factors in this effort has been 
our incomplete knowledge of the complex biochemistry that occurs within the rapidly 
changing environment of the phagosome. The same compartmentalization that pro-
tects host tissue also limits our ability to measure events within the phagosome. In 
this review, we highlight the limitations in our knowledge, and how the contribution of 
bacteria to the phagosomal environment is often ignored. There appears to be signifi-
cant heterogeneity among phagosomes, and it is important to determine whether sur-
vivors have more efficient defenses or whether they are ingested into less threatening 
environments than other bacteria. As part of these efforts, we discuss how monitor-
ing or recovering bacteria from phagosomes can provide insight into the conditions 
they have faced. We also encourage the use of unbiased screening approaches to 
identify bacterial genes that are essential for survival inside neutrophil phagosomes.
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This article introduces a series of reviews covering Neutrophils and Friends appearing in Volume 314 of Immunological Reviews.  
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2  |    HAMPTON and DICKERHOF

bacteria themselves are ideally positioned to act as reporters of the 
dynamic phagosomal environment.

2  |  INSIDE THE PHAGOSOME

2.1  |  Degranulation

The early phagosome is a very small space that contains only the 
bacterium and the small amount of extracellular fluid that entered 
the bacterium at the time of ingestion. The emptying of cytoplas-
mic granules, termed degranulation, along with the transport of 
ions across the phagosomal membrane, regulates the environment. 
Neutrophil granules were originally categorized into two types, az-
urophilic and specific.2,3 This grew to four with the identification 
of gelatinase granules and secretory vesicles, and since then other 
subtypes have been identified that are either enriched or devoid of 
different factors (eg, defensin-rich or -poor).4 As such, there seems 
to be a continuum of granule types rather than distinct homogenous 
populations. Indeed, the contents of individual granules are those 
proteins synthesized at the time of granule formation, with expres-
sion profiles varying during the differentiation of myeloid progeni-
tors into mature neutrophils.5,6

Azurophilic granules pose the greatest threat for phagosomal 
bacteria. These granules contain 850 different proteins,7 including 
proteases such as elastase, cathepsins, azurocidin, and proteinase-3; 
cationic defensins/human neutrophil peptides and the bactericidal/
permeability-increasing protein that can compromise bacterial 
membrane integrity; cathelicidins, lactoferrin, and the haem enzyme 
myeloperoxidase. While other neutrophil granules are mobilized 
and released during the migration of neutrophils to a site of infec-
tion, azurophilic granules are the last to be released.8 Rab GTPases 
help co-ordinate the delivery of granules to membranes through the 

cytoskeletal network of activated neutrophils. A small number of 
azurophilic granules containing Rab27a fuse with the plasma mem-
brane and release their contents extracellularly upon stimulation 
with phagocytic stimuli,9 but the majority of azurophilic granules are 
delivered to the phagosome.

Processing of azurophilic enzymes occurs prior to packaging into 
granules, meaning they are ready to function immediately upon re-
lease into the phagosome. While in granules, the proteases are re-
strained from destroying fellow constituents, which is mediated in 
part by the binding of granule constituents to negatively-charged 
proteoglycans. Fusion of the granule and phagosomal membranes 
leads to the dilution of granule constituents and exposure to phago-
somal cations, with the detachment of granule proteins visualized by 
the ability of dyes to access the proteoglycans.10

The small volume of the phagosome results in high protein con-
centrations. Images from electron micrographs, which are consis-
tent with the observed tight contact between the neutrophil plasma 
membrane and ingested bacteria, result in volume estimates of 0.2–
1.2  fL.11,12 The size of the phagosome increases with time due to 
osmotic influx of water, but shortly after degranulation the protein 
concentration is estimated to range from 200 to 500 mg/mL.11,12 
This makes attempts to recapitulate the phagosomal environment in 
a test tube extremely difficult.

2.2  |  Oxidative burst

The phagocytosis of microbes by neutrophils is associated with the 
activation of a powerful oxidative burst. Increased cytosolic calcium 
and phosphorylation trigger protein translocation and lipid binding 
that drive assembly of a multi-protein complex termed the NADPH 
oxidase at the phagosomal membrane. Two components of the 
complex, gp91phox (NOX2) and p22phox, transfer electrons from 

F I G U R E  1  Inside the neutrophil phagosome. A phagosome is formed when the neutrophil plasma membrane wraps around a microbe 
until it is completely enclosed. Cytoplasmic granules quickly fuse with the phagosomal membrane, and anti-microbial peptides (human 
neutrophil peptides, HNP) and proteins (myeloperoxidase, MPO), digestive enzymes (neutrophil serine proteases, NSP), and the iron-binding 
protein lactoferrin (La) are emptied into the phagosome. Assembly of NADPH oxidase complexes enables the transfer of electrons to 
phagosomal oxygen to produce superoxide (O2·−) that is used by myeloperoxidase to oxidize chloride to hypochlorous acid (HOCl). Created 
with BioRe​nder.com
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    |  3HAMPTON and DICKERHOF

cytoplasmic NADPH to phagosomal oxygen (Figure 1). Other cells 
express NADPH oxidases that can be constitutively active or assem-
bled upon stimulation, but the neutrophil stands out as having the 
greatest capacity to consume oxygen. Phagocytic neutrophils con-
sume up to 5 nmoles of oxygen/min/1 × 106 cells and can quickly de-
plete oxygen in a solution where gas exchange with air is restricted.

The transfer of electrons one at a time to oxygen results in the pro-
duction of superoxide. Identification and quantification of superoxide 
production was achieved by stimulating neutrophils with artificial 
stimuli that trigger extracellular release and monitoring the superox-
ide dismutase-inhibitable reduction of cytochrome c.13 Cytochemical 
studies with nitroblue tetrazolium (NBT), which is reduced by superox-
ide to an insoluble formazan, indicate the same process occurs inside 
the phagosome, but quantification is not possible. However, based on 
the rate the oxygen consumption by phagocytic neutrophils, there is 
an estimated flux of 2 mM/s superoxide in the phagosome.12

Molecular modelling has also been used to predict the fate of 
superoxide in the phagosome. Approximately 90% is converted 
into the potent microbicidal oxidant hypochlorous acid (HOCl),12 
through activity of the azurophilic granule protein myeloperoxidase 
(Figure 1). Myeloperoxidase dismutates superoxide to hydrogen per-
oxide and then uses this to oxidize chloride to HOCl. The various 
redox intermediates of myeloperoxidase, its ability to oxidize a broad 
range of compounds, and high phagosomal concentrations make it 
difficult to estimate the actual amount of HOCl produced in pha-
gosomes and its fate. Various methods have been used to confirm 
HOCl production in phagosomes containing bacteria (Section 2.4).

Generation rates of millimolar per second would suggest that 
more than enough oxidant is produced to kill phagosomal bacteria. 
This is misleading, however, because the small phagosomal volume 
is the main determinant of the high concentration, and it is the num-
ber of moles of oxidant per bacterium rather than concentration 
that is important for killing. Also, most of the HOCl generated in the 
phagosome was modelled, and confirmed experimentally, to react 
with neutrophil proteins.12,14 It is also possible that the superoxide 
in concert with myeloperoxidase gives rise to oxidants within the 
phagosome other than HOCl.15

As might be expected for a system that can generate large 
amounts of damaging species, the activation and duration of the oxi-
dative burst are tightly regulated. The duration of the burst, which is 
difficult to monitor in individual phagosomes using bulk measures of 
oxygen consumption, differs between stimuli and can be regulated by 
several different factors. Oxidative damage to NADPH oxidase com-
ponents is a logical feedback inhibition mechanism, and inhibition of 
myeloperoxidase extends the oxidative burst.16 Rapid replenishment 
of NADPH is critical, with calculations suggesting basal supplies 
would be exhausted within seconds.17 The pentose phosphate path-
way (PPP), boosted by the inhibition of glycolysis and recycling of its 
products back to glucose 6-phosphate, is necessary to achieve this 
goal.18 Inhibition of this pathway is almost as effective as direct in-
hibition of the NADPH oxidase in lowering superoxide production.18 
The transfer of electrons across the phagosomal membrane, com-
bined with the generation of protons during NADPH oxidation in the 

cytoplasm and the consumption of protons in the phagosome during 
superoxide dismutation, leads to a significant charge imbalance. 
Voltage-gated proton channels are necessary to rectify this imbal-
ance,17,19 though a significant amount of proton leakage back into 
the cytosol has been reported.20 Myeloperoxidase-mediated lipid 
peroxidation may contribute to phagosomal membrane damage.21 
Phosphatidylinositol 3-phosphate plays an important role in NADPH 
oxidase assembly and has been shown to disappear from the pha-
gosomal membrane with time, resulting in disassembly of the com-
plex.22 Phagosomal chloride is another potential limiting factor for 
the generation of HOCl. The chloride that enters with the bacterium 
will be rapidly depleted by myeloperoxidase, and the neutrophil re-
lies on the cystic fibrosis transmembrane regulator (CFTR) and CLC-3 
channels for replenishment.23,24 Neutrophil activation is associated 
with rapid efflux of chloride, and impaired phagosomal HOCl pro-
duction and killing has been reported with neutrophils from patients 
with cystic fibrosis, which carry a deleterious CFTR mutation.24,25 It 
is not clear whether the rate of chloride import into phagosomes is 
effective enough to ensure maximal HOCl generation.

2.3  |  Impact of bacteria on the phagosomal 
environment

Much of the information on conditions within the phagosome has 
been obtained using experimental models in which neutrophils are 
fed latex beads or zymosan yeast cell wall preparations. Large inert 
particles are valuable for microscopy-based applications, includ-
ing the use of fluorescent dyes, and in delivering proteins to the 
phagosome. It is important to consider, however, the influence of 
metabolically active bacteria on phagosomal biochemistry. The im-
pact will vary between species, but many bacteria are constantly 
secreting metabolites to signal and compete with neighboring mi-
crobes. Some of these factors are produced to specifically impede 
neutrophil function, which we cover in Section 3, but even general 
metabolic activity may have some impact. Aerobic bacteria consume 
significant amounts of oxygen, and the use of heat-killed bacteria 
prevents interference when measuring the oxidative burst of phago-
cytic neutrophils. It is possible that phagosomal bacteria can lower 
superoxide production in the phagosome through competing for 
oxygen. Phagosomal oxygen will be replenished from the external 
environment, but it has to cross both the plasma and phagosomal 
membranes, and the oxygen tension at a site of inflammation is al-
ready likely to be low.

Phagosomal bacteria present targets for oxidants that are not 
present in inert particles. Bacteria release proteins and metabolites, 
including low molecular weight thiols,26 which will directly scavenge 
phagosomal oxidants. Also, metabolic waste products such as lactate 
will influence phagosomal pH, which is important for regulating en-
zyme activity and the fate of phagosomal oxidants. There has been 
considerable interest in measuring the pH in early phagosomes and 
monitoring change with time. An initial slight alkalization to 7.8–8.0 
is reported within two minutes of phagosome formation, dependent 
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4  |    HAMPTON and DICKERHOF

on NADPH oxidase activity, followed by slow acidification to around 
pH 6 over the next two hours.11,27,28,29 However, these studies are 
usually undertaken with beads or heat-killed bacteria.

Metabolically active bacteria generate proton gradients across 
their inner plasma membrane, which is used for energy generation 
and for the export of proteins and toxins. The impact of bacterial 
protons on phagosomal pH and the rate of superoxide dismutation 
has been largely ignored. We speculate that live and dead bacteria 
will have quite different influences on the phagosomal environment 
and in so doing could transmit information to neutrophils that they 
have successfully completed their task. Furthermore, dissipation of 
proton gradients causes ATP synthases to run in reverse, consuming 
ATP to maintain the gradient. Proton ionophores such as carbonyl 
cyanide 3-chlorophenylhydrazone sensitize bacteria to antibiotics 
by limiting efflux.30 The consumption of protons during superoxide 
dismutation may play a similar role in the phagosome.

2.4  |  Bacteria as reporters of the phagosomal 
environment

In addition to making a significant contribution to the phagosomal 
environment, monitoring or recovering bacteria from a phagosome 
can provide valuable information, including whether the bacte-
ria have been exposed to lethal doses of oxidants. One of the first 
pieces of evidence that phagosomal bacteria experience extensive 
oxidative damage came from a study evaluating the cessation of bac-
terial DNA synthesis.31 A close relationship between DNA synthase 
inhibition and loss of bacterial viability had previously been ob-
served in Escherichia coli treated with the purified myeloperoxidase/
chloride/H2O2 system, with the mechanism proposed to be HOCl-
mediated modification of membrane constituents that prevent the 
chromosomal origin of replication from binding.32 When extended 
to co-culture of bacteria with neutrophils, a concomitant decrease in 
viability and DNA synthesis was also observed in bacteria phagocy-
tosed by neutrophils, and this effect required active NADPH oxidase 
and myeloperoxidase.31 This provided strong evidence that E. coli 
are lethally damaged by myeloperoxidase-derived oxidants in the 
neutrophil phagosome.

Direct evidence for HOCl-mediated damage came with the ob-
servation of chlorotyrosine formation on the proteins of ingested 
E. coli, P. aeruginosa, and S. aureus.14,24,33 Chlorotyrosine is a stable 
product that is specific to HOCl. Interestingly, the vast majority 
of chlorotyrosines were detected on neutrophil proteins, consis-
tent with myeloperoxidase being active in an environment packed 
with other granule proteins.14 Tyrosine chlorination was lower in 
neutrophils from cystic fibrosis patients with defects in the CFTR 
that imports chloride into the phagosome, confirming that ade-
quate chloride supply is important for optimal HOCl production.24 
However, the level of chlorotyrosine in bacterial protein isolated 
from neutrophil phagosomes was lower than what was observed 
when bacteria were exposed to bactericidal levels of HOCl.14 This 
suggests that insufficient HOCl is generated in the phagosome to 

be solely responsible for bacterial killing. This conclusion has to be 
tempered by the fact that chlorination is a relatively slow reaction of 
HOCl and only accounts for a small quantum of the HOCl produced 
in the phagosome.34

More accurate quantification of oxidative damage in the neutro-
phil phagosome became possible when advances in liquid chroma-
tography with mass spectrometry enabled quantitative assessment 
of the oxidation of sulfur moieties, which is the predominant re-
action of HOCl. Up to half of the methionine residues in proteins 
of E. coli and S. aureus recovered from neutrophils were found to 
be oxidized, and this effect was dependent on myeloperoxidase.35 
Oxidation of inner membrane proteins was shown to correlate with 
the bactericidal activity of the myeloperoxidase/ chloride/H2O2 sys-
tem against E. coli.35 Similarly, two-thirds of bacterial protein cyste-
ines were found to be significantly oxidized in phagocytosed E. coli.36 
Quantitative redox proteomics showed the majority of the oxidized 
proteins were involved in metabolism and stress responses.36

Low molecular weight (LMW) thiols are major targets of neu-
trophil oxidants and quantifying their oxidation during neutrophil 
phagocytosis using mass spectrometry-based approaches allowed 
us to gauge the extent of oxidant exposure of phagosomal bacte-
ria. We monitored the oxidation of the bacterial LMW thiols bacil-
lithiol, mycothiol, and glutathione during phagocytosis of S. aureus, 
Mycobacterium smegmatis, and P. aeruginosa, respectively,25,37,38 with 
the latter requiring the use of a heavy isotope to separate it from 
neutrophil glutathione. A comparison between the LMW thiol oxi-
dation pattern following neutrophil phagocytosis versus exposure 
to bactericidal doses of HOCl demonstrated that in the case of P. 
aeruginosa enough HOCl reacts with the bacteria in the phagosome 
to be solely responsible for microbial death.25 By contrast, killing of 
phagocytosed S. aureus was only partially accounted for by HOCl-
mediated damage,37 consistent with the results obtained using chlo-
rotyrosine as a marker.14 This study compared the effects between 
a bolus of HOCl and steady-state generation, which better mimics 
the phagosome, but the conclusion was not altered. While the loss 
of bacterial viability and reduced mycothiol were closely associated 
in HOCl-treated M. smegmatis, oxidation of mycothiol was not de-
tected when these bacteria were recovered from neutrophils.38 This 
result indicated that the doses of HOCl generated in the phagosome 
are insufficient to inflict lethal damage to mycobacteria, which was 
corroborated by the observation that killing of M. smegmatis pro-
ceeds much slower than for other bacteria and is unaffected by the 
inhibition of myeloperoxidase.38 Overall, the investigations on oxi-
dation of bacterial LMW thiols demonstrate that depending on the 
type of bacteria ingested by neutrophils, oxidant production may be 
adequate or may be insufficient to be responsible for the eradication 
of bacteria.

2.5  |  Phagosome heterogeneity

The main issue with the bulk measures described previously is 
that they reflect a population average and do not take phagosomal 
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    |  5HAMPTON and DICKERHOF

heterogeneity into account. Heterogeneity is an important issue be-
cause the survival of a small number of bacteria will cause major 
problems for the host. Bacterial responses to stress can vary de-
pending on their growth phase, and within a population some will 
be more resilient than others. In the context of this review, it is also 
important to recognize that there may be significant differences be-
tween individual phagosomes and that some pathogens may end up 
in less destructive environments. Differences between neutrophils 
will contribute to this phagosomal heterogeneity, as will differences 
in individual phagosomes within a neutrophil.

Neutrophils are released from the bone marrow into circulation 
where they have a lifespan of approximately a day before being 
cleared by apoptosis. At any time some circulating neutrophils will 
have recently entered circulation and others will be at the end of 
their lifespan. Increased mobilization of immature neutrophils oc-
curs during infection, increasing the range of phenotypes. Also, 
molecular profiling has revealed evidence of specific subgroups of 
neutrophils, independent of maturation or the presence of infec-
tion.39 Neutrophils are primed during their mobilization to and at 
arrival at a site of infection, primarily driven by pathogen-derived 
metabolites and host-derived cytokines. Priming pauses the apop-
totic program and enhances the functional capacity of neutrophils, 
including phagocytosis, degranulation and the oxidative burst. 
Ideally for the host, neutrophils unable to launch a full assault on 
pathogens would not attempt phagocytosis as they would provide 
a safe haven for the pathogen, protecting them from more capable 
neutrophils. Microscopy of samples from in vitro experiments or 
clinical specimens often reveal a subset of gluttonous neutrophils, 
while other neighboring neutrophils remain empty. It would be of 
interest to examine the bactericidal capacity of those neutrophils.

There also appears to be heterogeneity between phagosomes 
that form within individual neutrophils. Variable distribution of 
NADPH oxidase components on the phagosomal membrane, 
which correlated with variable superoxide production as visual-
ized by NBT reduction, was reported in a phagocytic granulocyte 
cell line.40 Live cell imaging with an HOCl-sensitive chemical probe 
revealed differences in the lag period before oxidant generation 
could be detected, with some phagosomes showing no evidence of 
HOCl production during the 20 min period of imaging.41 These did 
not appear to be phagosomes that formed after the neutrophil had 
already eaten several particles, so could not be ascribed to the de-
pletion of neutrophil granules. Both studies used artificial phago-
cytic stimuli, which indicates the results are not explained by 
bacterial factors disrupting neutrophil pathways. Heterogeneity 
was also reported in the myeloperoxidase-dependent bleaching 
of green fluorescent protein being expressed by S. aureus,42 and 
there was a correlation between the number of bacteria main-
taining their fluorescence and bacterial survival. Similarly, GFP-
expressing E. coli were bleached within neutrophil phagosomes, 
but some bacteria were protected.43 Neither of these studies had 
sufficient visual resolution to determine whether bacteria that 
ended up in the same phagosome had different fates.

3  |  BAC TERIAL E VA SION STR ATEGIES 
INSIDE THE PHAGOSOME

3.1  |  Inhibition of neutrophil function

Considering the challenges of survival in the neutrophil phago-
some, it is not unexpected that bacteria have a variety of means 
to avoid being internalized into this toxic milieu. These include 
interfering with neutrophil recruitment, evading recognition, and 
preventing phagocytosis.44 Once internalized, microbes employ 
numerous strategies to dampen the anti-microbial potency of the 
phagosome to increase their chance of survival. Remarkably, some 
bacteria such as Yersinia pestis, the causative agent of pneumonic 
plague, can survive and even thrive within the phagosome and are 
transferred to macrophages when the apoptotic neutrophils are 
cleared from a site of infection.45 Others, such as various species 
of mycobacteria, are killed very slowly by human neutrophils,46 
and for some bacteria such as S. aureus, neutrophils can quickly 
kill a significant proportion of the population, but a small number 
of survivors persist.37,47,48 S. aureus contained within phagosomes 
ultimately contribute to the destruction of the neutrophil.48,49 
To this end, survivors can be trafficked within neutrophils to tis-
sues, contributing to persistent infection.50,51 M. tuberculosis not 
only actively replicate within neutrophils but also promote ne-
crosis52,53 and then continue to grow following internalization by 
macrophages, thus sustaining the infection.52

To avoid destruction by cationic anti-microbial peptides, bac-
teria remodel their surface charge, proteolytically degrade the 
peptides or use efflux pumps.54-58 Protease inhibitors protect 
against degradation by neutrophil serine proteases.59 To thwart 
the production of bactericidal oxidants in the phagosome, many 
pathogens, including Y. pestis, Neisseria gonorrhoeae, Helicobacter 
pylori, Anaplasma phagocytophilum, Francisella tularensis, and P. 
aeruginosa interfere with NADPH oxidase activation and/or as-
sembly.60-67 Y. pestis secretes effector proteins (Yersinia outer 
proteins, Yop) into the neutrophil cytoplasm that prevent not 
only NADPH oxidase activation but also granule release.62,64,68 
Furthermore, Yop effectors suppress the synthesis and secretion 
of the inflammatory mediator CXCL8.69 H. pylori and F. tularensis 
divert assembly to the plasma membrane,70 while P. aeruginosa can 
inject toxins into cells that block PI3 kinase activation.67 More is 
known about the interaction of the intracellular pathogens M. tu-
berculosis and Salmonella typhimurium with macrophages, but they 
express proteins that also disrupt neutrophil NADPH oxidase as-
sembly and activity.71,72

Another survival mechanism of S. aureus is to thwart the pro-
duction of bactericidal HOCl by producing an inhibitor of myeloper-
oxidase (staphylococcal peroxidase inhibitor, SPIN), which prevents 
H2O2 from accessing the enzyme's active site.73 A knockout strain 
that lacked this inhibitor showed slightly decreased survival in neu-
trophils, but the effect was not statistically significant possibly due 
to a large excess of myeloperoxidase over SPIN in the phagosome.73
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6  |    HAMPTON and DICKERHOF

It is important to note that bacterial strategies that have evolved 
to damage neutrophils are unlikely to provide protection for the 
bacteria that first encounter a neutrophil. The neutrophil responses 
ensure killing begins within seconds of first contact. However, any 
damage inflicted during this time may help to protect bacteria that 
are subsequently ingested by the same neutrophil.

3.2  |  Detoxification of oxidants and repair of 
oxidative damage

Bacterial oxidant-degrading enzymes such as superoxide dismutases 
(SOD), catalases, and peroxidases have the potential to dampen the 
oxidative insult in the neutrophil phagosome. These enzymes are 
present in all aerobic cells to protect against reactive oxidants gen-
erated during normal metabolism. It is not clear, however, whether 
these antioxidant systems can cope with the large oxidative burst 
experienced in the phagosome. Indeed, while deletion of these en-
zymes is shown to sensitize bacteria to individual oxidants,74-77 there 
is only limited evidence to suggest that these enzymes contribute 
to bacterial survival in the neutrophil phagosome, with the level of 
protection they afford varying depending on the type of bacteria.

Upregulation of SOD and catalase in E. coli prior to phagocyto-
sis failed to protect against neutrophil killing.78 Similarly, deletion 
of these two enzymes in N. gonorrhoeae did not make the bacteria 
more susceptible to neutrophil killing.79 By contrast, S. aureus strains 
producing low levels of catalase (KatA) were killed more rapidly by 
neutrophils compared with high-expressing strains.80 Flavoprotein 
disulfide reductases in E. coli (RclA) and S. aureus (MerA), although 
implicated in bacterial HOCl resistance,81,82 have not shown to be 
protective against neutrophil killing (Konigstorfer, 2021107; Springer 
et al, unpublished). Recently, these enzymes, along with the S. pneu-
moniae homologue Har, were shown to use NAD(P)H to directly 
reduce hypothiocyanous acid (HOSCN)83,84 (Shearer et al, under re-
vision), which is produced when myeloperoxidase and other haem 
peroxidases use H2O2 to oxidizes thiocyanate.85 Thiocyanate can 
reach low mM concentrations in respiratory epithelial fluids and like 
chloride be transported into the neutrophil phagosome by the cystic 
fibrosis transmembrane regulator (CFTR).86,87 Being the preferred 
substrate for myeloperoxidase and able to scavenge HOCl to form 
HOSCN,86,88 thiocyanate might contribute to killing by neutrophils. 
The ability of bacterial HOSCN reductases to promote bacterial sur-
vival inside the neutrophil phagosome in the presence of physiologi-
cal concentrations of thiocyanate needs to be examined.

Bacteria also produce small antioxidant molecules to defend 
against oxidant exposure. S. aureus produces a carotenoid pigment, 
which was shown to contribute to surviving the oxidative arm of 
neutrophil killing.89 High levels of LMW thiols can be protective by 
forming disulfides in the presence of oxidants, which are recycled 
by NAD(P)H-dependent reductases. In addition to forming disul-
fides with each other, LMW thiols can form disulfides with pro-
tein cysteines in a process called S-thiolation90,91 (Figure  2). This 
shields protein cysteines from irreversible oxidative damage. While 

glutathione is used by most Gram-negative bacteria, many Gram-
positive bacteria lack glutathione and instead synthesize other LMW 
thiols such as bacillithiol (BSH), mycothiol (MSH), or ergothioneine.92 
Trypanosomatids employ trypanothione, a bis-glutathionyl con-
jugate of spermidine.93 S-glutathionylated, S-mycothiolated, and 
S-bacillithiolated proteins are reduced by glutaredoxins, mycore-
doxins, and bacilliredoxins, respectively.94,95 Although bacterial 
strains lacking their major LMW thiol are more sensitive to reagent 
HOCl,37,90,96,97 MSH and BSH were shown to provide no or only lim-
ited protection in neutrophil killing assays with M. smegmatis and S. 
aureus, respectively.37,38 Deletion of the bacillithiol disulfide reduc-
tase in a different S. aureus strain did, however, decrease bacterial 
survival by about half compared with the wildtype, supporting a role 
for the bacillithiol redox system in coping with oxidative stress in the 
neutrophil phagosome.98

Apart from attempting to modulate exposure to phagosomal 
oxidants, bacteria may also facilitate their survival by efficiently 
repairing oxidative damage. Manganese acquisition by S. aureus, in 
addition to playing a role in superoxide detoxification, is crucial for 
DNA repair carried out by a manganese-dependent ribonucleotide 
reductase following exposure to phagosomal oxidants.99 Bacteria 
employ methionine sulfoxide reductases to cope with the exten-
sive oxidation of protein methionine residues that occurs during 
neutrophil phagocytosis. Inhibition was shown to sensitize S. aureus 
to neutrophil killing.100 Protein disulfides can be reduced in many 
bacteria by thioredoxin (Trx), which itself is recycled by the NADPH-
dependent thioredoxin reductase (TrxR).101 The role of the bacte-
rial Trx system in neutrophil survival has not been widely studied, 
possibly due to the complications associated with knocking out this 
important antioxidant system. In S. aureus, for example, Trx is essen-
tial for bacterial growth,102 and in E. coli, other antioxidant systems 
are activated in the absence of Trx.103 Ideally, expression of these 
defenses should be inhibited to levels that do not affect normal 
growth, before testing them in a phagosomal model.

3.3  |  Upregulation of defenses

Bacteria sense and respond to phagosomal stress by upregulating an 
array of antioxidant response genes to assist their survival (Figure 2). 
Rather than examine the contribution of individual antioxidant en-
zymes through knockout studies, particularly where compensatory 
mechanisms can come into effect, there may be greater impact in in-
hibiting transcription factors that co-ordinate the response of bacte-
ria to stress. In Gram-negative E. coli and Granulibacter bethesdensis, 
for example, among the most strongly upregulated genes following 
ingestion by normal, but not NADPH oxidase-deficient neutrophils, 
are oxidative stress response genes under the control of the tran-
scription factor OxyR.104,105 Upon oxidation to an intramolecular 
disulfide,106 OxyR binds to the promotors and enables the transcrip-
tion of target genes including katG, trxB, grxA, ahpF, ahpC, encoding 
catalase, TrxR, glutaredoxin, and the alkyl hydroperoxide reductase 
system, respectively.105,106
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    |  7HAMPTON and DICKERHOF

Deletion of OxyR dramatically decreases E. coli survival in nor-
mal neutrophils to a greater extent than in NADPH oxidase-deficient 
neutrophils, demonstrating the role of the OxyR-regulated enzymes 
in protection against the neutrophil oxidative burst.105 In addition to 
OxyR, the reactive chlorine-responsive transcription factor RclR is 
activated in E. coli during neutrophil phagocytosis,107 resulting in ex-
pression of the flavoprotein disulfide reductase RclA, as well as RclB 
and RclC.82 Although oxidant-sensing by RclR is important for E. coli 
and P. aeruginosa survival of HOCl stress,82,108 it does not contribute 
to the survival of E. coli in neutrophils.107 This is possibly due to the 
rapid bactericidal action of non-oxidative neutrophil killing mecha-
nisms against E. coli. Other regulatory factors in E. coli that respond 
to HOCl are HypT and NemR,109,110 regulating methionine and cys-
teine biosynthesis and HOCl resistance genes, respectively, as well 
as the recently discovered HypSR.111 The role of these regulatory 
systems in evading neutrophil killing warrants investigation.

S. aureus upregulates the expression of antioxidant genes trxB, 
katA, ahpF, and ahpC during neutrophil phagocytosis112 (Figure 2). 
These genes are controlled by the resistance regulon repressor PerR, 
which plays an analogous role to OxyR in Gram-positive firmicutes, 
but senses hydrogen peroxide via metal-catalyzed histidine oxidation 

rather than via a thiol–disulfide switch.113,114 Staphylococcal envi-
ronmental sensing and response is also achieved by two-component 
gene regulatory systems (TCSs).115 The VraSR TCS, for example, 
contributes to the upregulation of methionine sulfoxide reductase 
during neutrophil phagocytosis,100 and the SaeR/S TCS controls the 
expression of the myeloperoxidase inhibitor SPIN73,116 (Figure  2). 
While deleting the gene encoding for SPIN had a modest effect on 
surviving neutrophil killing,73 the SaeR/S gene regulatory system was 
shown to be critical.112 This finding highlights the synergy and/or re-
dundancy of multiple defense mechanisms controlled by the same 
regulatory system to ensure microbial survival. Hemolysins and reg-
ulators of peptidoglycan hydrolase activity, also under the control 
of SaeR/S,117 were strongly induced in S. aureus following ingestion 
by neutrophils.112 Upregulation of these virulence factors may aid 
in escaping the neutrophil, as demonstrated for α-hemolysin,118 and 
simultaneously give rise to a more cytotoxic and antibiotic-resistant 
phenotype.119,120

One of the most upregulated genes in S. aureus following inges-
tion by neutrophils is that of the pyridine nucleotide-disulfide reduc-
tase MerA,112 which is controlled by the hypochlorous acid sensing 
repressor HypR through a thiol/disulfide switch mechanism.81 MerA 

F I G U R E  2  Bacterial responses in the neutrophil phagosome. Upon digestion into a neutrophil phagosome, bacteria are exposed to a 
flux of oxidants derived from the NADPH oxidase (NOX2), including hypochlorous acid (HOCl). Low molecular weight thiols (LWMTs) such 
as GSH, BSH, and MSH (X-SH) form mixed disulfides with protein thiols, protecting them from irreversible oxidation. Protein thiols are 
regenerated by thioltransferases such as glutaredoxin (Xrx) using LMWTs as a cofactor, generating oxidized LMWTs (X-SS-X). Oxidized 
LMWTs are reduced by NADPH-dependent reductases such as glutathione reductase. A variety of antioxidant defense mechanisms are 
upregulated. OxyR and PerR are H2O2-sensitive gene regulators that control the expression of peroxiredoxin (Prx; ahpCF), thioredoxin (Trx; 
trxC/A), and catalase (Cat; katG/A). RclR and HypR are HOCl-sensitive gene regulators that control the expression of flavoprotein disulfide 
reductases RclA and MerA in E. coli and S. aureus, respectively. Two-component systems (TCS) also control the expression of methionine 
sulfoxide reductases (MsR) and in S. aureus the myeloperoxidase inhibitor SPIN. Created with BioRe​nder.com
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8  |    HAMPTON and DICKERHOF

plays a role in the bacterial response to HOCl and electrophilic 
stress81,121 and was recently shown to protect S. aureus from 
HOSCN, which is a predominant oxidant produced from lactoperox-
idase and myeloperoxidase in epithelial fluids lining the respiratory 
tract (Shearer et al, in revision). While merA deletion did not sensi-
tize S. aureus to neutrophil killing (Springer et al, unpublished), MerA 
upregulation may ensure that phagosomal survivors continue to es-
cape killing by the innate immune system once they have escaped 
the neutrophil.

3.4  |  Metabolic adaptation

In addition to upregulating oxidative stress resistance genes, mi-
crobes in the neutrophil phagosome must undergo metabolic re-
programming in order to cope with nutrient privation and to keep 
up with the demand for NADPH consumed by antioxidant systems. 
Numerous metabolic pathways were shown to be downregulated 
in E. coli and G. bethesdensis ingested by neutrophils, including the 
tricarboxylic acid cycle, translational machinery, amino acid, and 
nitrogen metabolism.104,105 The expression of genes involved in 
these pathways was similarly altered in normal and NADPH oxidase-
deficient neutrophils, indicating that they respond to a non-oxidative 
trigger in the phagosome environment. Lactoferrin-mediated iron 
depletion is compensated by upregulating genes involved in iron 
acquisition.105

When cells are under oxidative stress, NADPH is generally 
known to be replenished by channelling the glycolytic flux into the 
oxidative PPP, generating CO2 in the process. This is achieved both 
by oxidative inhibition of the glycolytic enzyme glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) and through suspension of 
allosteric inhibition of the first PPP enzyme glucose 6-phosphate 
dehydrogenase by NADPH122 (Figure  3). Whether this is hap-
pening in bacteria during neutrophil phagocytosis remains to be 
established; however, glyceraldehyde 3-phosphate dehydroge-
nase was not found to be among the significantly oxidized thiol 
proteins in phagocytosed E. coli, despite being >90% oxidized 
under HOCl stress.36,123 Furthermore, enzymes of the PPP were 
found to be downregulated in intraphagosomal G. bethesdensis.104 
Interestingly, the same study reported that enzymes involved in 
one and three-carbon metabolism such as pyruvate dehydroge-
nase were upregulated.104 Under aerobic growth, pyruvate de-
hydrogenase converts pyruvate to acetyl-CoA, which enters the 
tricarboxylic acid cycle. Under anaerobic glucose fermentation, 
the enzyme's role is to generate endogenous CO2 required for cell 
growth.124 Although this generates slightly fewer reducing equiv-
alents than the oxidative PPP, it is a more energy- and carbon-
efficient CO2-producing route with fewer toxic by-products.124 
CO2 is known to be growth-limiting, especially in nutrient-poor 
media and metabolically inactive bacteria,124 that is, under con-
ditions that are likely to apply in the neutrophil phagosome. It is 
therefore conceivable that upregulating pyruvate dehydrogenase 
aids the bacteria in meeting their metabolic demand for CO2. 

Metabolomic studies are warranted to further delineate the ex-
tent and nature of bacterial metabolic adaption in the neutrophil 
phagosome.

4  |  FUTURE WORK

Our ability to understand bacterial survival inside the neutrophil re-
quires increased knowledge of phagosomal biochemistry. Chemical 
probes that can cross membranes and accumulate in the small sealed 
space are used as oxidant and pH reporters in the phagosome, but 
the harsh oxidative environment and rapid changes make visualiza-
tion difficult. High concentrations of proteins and metabolites that 
prevail in the phagosome are extremely difficult to replicate in a 
test tube. There is also clear evidence for heterogeneity between 

F I G U R E  3  Possible metabolic routes within phagocytosed 
bacteria. Oxidation of glyceraldehyde 3-phosphate dehydrogenase 
GAPDH and removal of feedback inhibition of glucose 6-phosphate 
dehydrogenase (G6PDH) by a low NADPH/NAD+ ratio leads 
to shunting of glucose and products of the pentose phosphate 
pathway (PPP) back into this pathway, maximizing NADPH and CO2 
production. The pyruvate dehydrogenase complex (PDHC) either 
converts pyruvate to acetyl-CoA for the tricarboxylic acid (TCA) 
cycle under aerobic growth or generates endogenous CO2 required 
for cell growth under anaerobic glucose fermentation. The latter 
produced slightly fewer reducing equivalents than the oxidative 
PPP, it is a more energy- and carbon-efficient CO2-producing route 
with fewer toxic by-products. Created with BioRe​nder.com
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phagosomes. Bacteria themselves can be used as phagosomal 
probes, indeed their use is encouraged over inert particles, but what 
is currently missing is the monitoring of individual bacteria. Single-
cell transcriptomics and proteomic methods that measure oxidative 
modifications in individual bacteria would provide valuable informa-
tion on the variation in insults faced by ingested bacteria. It would 
also be informative to combine this with microscopy-based methods 
for monitoring bacterial viability. Colony counts are the traditional 
method for measuring survival but only provide information at a 
population level. Experimental systems that report on conditions 
within individual phagosomes and the response of bacteria enclosed 
therein would enable us to determine whether survivors were for-
tunate enough to have arrived in a less threatening phagosome, or 
whether they have superior defenses.

Bacteria are able to rapidly upregulate their defenses following 
exposure to environmental stressors. Their major hurdle is they only 
have seconds to respond when entering a phagosome, and upregu-
lation at that point would seem fruitless. It is possible that bacteria 
receive signals of impending attack before phagocytosis. Leakage of 
phagosomal oxidants and even extracellular oxidant generation by 
neutrophils may provide sufficient warning to those bacteria yet to 
be phagocytosed. It is also likely that stochastic variation in gene ex-
pression means that some bacteria in a population are already better 
positioned to survive in the phagosome. It is important to recognize 
that only a few survivors are necessary to cause significant problems 
for the host.

It is important to consider the conditions under which neutrophil 
and bacteria co-culture experiments are performed. First, it is im-
portant to recognize that there are significant differences between 
human and murine neutrophils.125 Also, in vitro studies typically use 
atmospheric oxygen levels with excess glucose and a neutral buff-
ered pH, and other myeloperoxidase substrates such as thiocyanate 
and ascorbate are absent. All of these factors can vary in vivo, and 
it would be valuable to know their impacts on bacterial survival. 
Neutrophils isolated from peripheral blood do not receive the same 
priming as neutrophils arriving at a site of infection. Also, to over-
come the limitations of working with short-lived neutrophils, cell 
lines with neutrophil-like properties, such as HL-60, PLB-985, and 
NB4, have been used in a laboratory setting. These have the advan-
tage of enabling conventional molecular biology approaches to ma-
nipulate the expression of genes and therefore test their functional 
significance, and also enable the use of genetically encoded pH and 
oxidant reporters. The disadvantage is that they are leukemia cells 
with significant genetic disruptions. Ongoing improvements in the 
culture of human hematopoietic stem cells will enable genetic mod-
ification prior to differentiation into neutrophils for use in experi-
mental settings.

The emergence of anti-microbial resistance is limiting the tools 
we have available to directly kill pathogens. Strategies that work in 
combination with innate defense mechanisms seem to be a logical 
approach, but appear to have attracted limited research to date. It is 
therefore important that new strategies are developed to target pha-
gosomal survivors. While specific genes have been shown to protect 

bacteria from an oxidative bolus in vitro, single deletions of bacterial 
defense genes have only led to minor increases in susceptibility to 
neutrophil killing. As with other organisms, bacteria can compensate 
by upregulating other pathways, and it is likely that multiple hits 
are required for sensitization. Deletion of gene regulators has been 
more successful. Unbiased screening tools are now available that 
do not limit investigators to studying known genes of interest. We 
recommend the use of bacterial mutant libraries to identify genes 
that are important for enabling survival in the phagosome. These 
may identify targets for the development of new classes of antibiot-
ics that assist the neutrophil to eliminate pathogens. Drug libraries 
should also be exploited to search for compounds that promote the 
killing of phagosomal bacteria, with the screening performed during 
and after the co-culture of bacteria with human neutrophils.
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