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ABSTRACT
Successful immune defense requires integration of
multiple effector systems to match the diverse viru-
lence properties that members of the microbial world
might express as they initiate and promote infection.
Human neutrophils—the first cellular responders to in-
vading microbes—exert most of their antimicrobial ac-
tivity in phagosomes, specialized membrane-bound in-
tracellular compartments formed by ingestion of micro-
organisms. The toxins generated de novo by the
phagocyte NADPH oxidase and delivered by fusion of
neutrophil granules with nascent phagosomes create
conditions that kill and degrade ingested microbes. Anti-
microbial activity reflects multiple and complex syner-
gies among the phagosomal contents, and optimal ac-
tion relies on oxidants generated in the presence of
MPO. The absence of life-threatening infectious compli-
cations in individuals with MPO deficiency is frequently
offered as evidence that the MPO oxidant system is an-
cillary rather than essential for neutrophil-mediated an-
timicrobial activity. However, that argument fails to
consider observations from humans and KO mice that
demonstrate that microbial killing by MPO-deficient
cells is less efficient than that of normal neutrophils. We
present evidence in support of MPO as a major arm of
oxidative killing by neutrophils and propose that the es-
sential contribution of MPO to normal innate host de-
fense is manifest only when exposure to pathogens
overwhelms the capacity of other host defense mecha-
nisms. J. Leukoc. Biol. 93: 185–198; 2013.

Introduction
The immune response required to control microbial invasion
involves orchestration of many cell types and antimicrobial
agents. Redundant and overlapping activities provide a robust-
ness to host defense that copes effectively with most counter-

measures mustered by diverse potential pathogens. Neutro-
phils—the most abundant white blood cells in circulation—are
the primary defenders of the innate immune system. These
phagocytic cells ingest bacteria into phagosomes where most
microbes are killed and digested (Fig. 1). Neutrophils contain
a rich supply of the green heme enzyme MPO, which in com-
bination with H2O2 and chloride, constitutes a potent antimi-
crobial system [2]. In spite of its powerful antimicrobial action
in vitro, it is frequently argued that MPO is not important for
microbial killing by neutrophils and at best, serves a redun-
dant function, easily substituted by other killing mechanisms.
These conclusions are based on observations that most individ-
uals with MPO deficiency have few infectious problems. It has
also been proposed [3], although subsequently challenged [4,
5], that MPO serves only to eliminate oxidants generated as an
inadvertent byproduct of antimicrobial responses of neutro-
phils. In this review, we counter that view with compelling evi-
dence that neutrophils use MPO as a major defender against
myriad bacteria. Biochemical data demonstrate that MPO gener-
ates by far the most lethal antimicrobial toxins that neutrophils
can harness and that the enzyme is active inside phagosomes
where it produces oxidants that react with ingested bacteria.
Many species of bacteria are killed slowly by neutrophils that lack
MPO, and MPO KO mice succumb to large bacterial inocula-
tions that normal mice handle with ease. Although humans
deficient in MPO generally enjoy good health, they can incur
serious and unusual infections, particularly if other elements
of immunity are compromised, as occurs in diabetes. We pres-
ent evidence in support of MPO as a major arm of oxidative
killing by neutrophils. We also propose that at low levels of
exposure to pathogens, MPO is not essential to prevent infec-
tions, as other antimicrobial agents easily foil invasion. The
vital role of MPO in innate host defense will manifest only
when exposure to pathogens overwhelms the capacity of other
host defense mechanisms.

1. Correspondence: Iowa Inflammation Program and Dept. of Medicine, Roy
J. and Lucille A. Carver College of Medicine, University of Iowa, D160
MTF, 2501 Crosspark Rd., Coralville, IA 52231, USA. E-mail:
william-nauseef@uiowa.edu

Abbreviations: 2-TX�2-thioxanthine, CF�cystic fibrosis, CFTR�cystic fibro-
sis transmembrane conductance regulator, CGD�chronic granulomatous
disease, H2O2�hydrogen peroxide, HOBr�hypobromous acid,
HOCl�hypochlorous acid, HOSCN�hypothiocyanous acid, KO�knockout,
NO2�nitrogen dioxide, OCl��hypochlorite ion

Review

0741-5400/13/0093-185 © Society for Leukocyte Biology Volume 93, February 2013 Journal of Leukocyte Biology 185

mailto:william-nauseef@uiowa.edu


A BRIEF HISTORY

MPO has sparked the curiosity of scientists for nearly 150
years. Initially, the distinctive green tinge that it gives pus and
phlegm captured the attention of Edwin Klebs, of Klebsiella
pneumoniae fame. He found that an extract from the guaiacum
plant turned blue when mixed with pus and concluded that
the leukocytes in pus must contain an oxidase. Georges Li-
nossier [6], however, added H2O2 to the mix and elicited more
intense color development. The Frenchman realized that the en-
zyme was in fact a peroxidase, using H2O2 to oxidize the poly-
phenol guaiaconic acid to an intensely colored, highly conju-
gated quinone. Cytochemical studies dating back to the early
1900s suggested the presence of a peroxidase in the cytoplasmic
granules of some neutrophils. This peroxidase is now known to
be present in human, simian, and canine neutrophils, among
others, at very high levels [7]. Kjell Agner [8, 9] first isolated
the peroxidase from canine pus in the early 1940s and named
the enzyme verdoperoxidase because of its intense green
color. However, Theorell and Akeson [10] changed the name
to “myeloperoxidase” to reflect its myeloid origin and to dis-
tinguish it from the green-brown lactoperoxidase purified
from milk. In 1960, James Hirsch and Zanvil Cohn [11] de-
scribed in detail a degranulation process in phagocytes in
which the membranes of cytoplasmic granules fuse with the
phagocytic compartment (phagosome). The common mem-
brane ruptured, and the contents of the granules were dis-
charged into the phagosome. Cohn and Hirsch [12] then iso-
lated granules from rabbit granulocytes and showed that they
contain several hydrolases as well as an antimicrobial protein
that Hirsch called phagocytin [13]. The concept that granule
components are released into the phagosome to kill ingested
organisms was thus born. Subsequent studies indicated that
one of the granule enzymes discharged into the phagosome by
human neutrophils was MPO [14], that the neutrophil was
capable of halogenating ingested bacteria in the presence of
radiolabeled iodide [15], and that an isolated MPO/halide
system is potently microbicidal [2, 16].

ENZYMOLOGY OF MPO

When neutrophils encounter opsonized microbes, they ingest
them into phagosomes, undergo a burst of oxygen consump-
tion, and release proteins from granules into the phagosomal
space. MPO accounts for �5% of total neutrophil protein and
is a major granule constituent. The enzyme responsible for the
oxygen consumption is a NADPH oxidase complex. It assem-
bles primarily in the phagosomal membrane and channels
electrons from NADPH in the cytoplasm across the membrane
to oxygen, generating superoxide anions within the phago-
some. As this electron transfer creates a charge imbalance that
would otherwise depolarize the membrane, NADPH oxidase
activity is accompanied by activation of a voltage-gated proton
channel [17–19]. Superoxide undergoes dismutation, a reac-
tion that maintains the intraphagosomal pH near neutrality
[20], and yields H2O2

2O2
�· � 2H� → O2 � H2O2

MPO oxidizes chloride and other halides (bromide, iodide,
and the pseudohalide thiocyanate) to generate their respective
hypohalous acids [21–23]. Kinetic studies have shown that
chloride and thiocyanate are the most favored [24, 25]. The
reaction involves two-electron oxidation of the halide by Com-
pound I (see Fig. 2) with a net reaction of

H2O2 � Cl� → HOCl � OH�

HOCl has strong microbicidal properties, and the prevailing
view is that chloride is the physiological halide for the MPO-
mediated antimicrobial system [26]. (HOCl has a pKa of 7.5 at
30°C, so it exists as a mixture of HOCl and OCl� form at neu-
tral pH. It is here designated as HOCl.) At an extracellular
chloride concentration of 122 mM, an intraphagosomal chlo-
ride concentration of 73 mM has been measured [27]. This
value was obtained with MPO inhibited and does not take into
account whether chloride is depleted during the formation of
HOCl. If the chloride concentration is maintained, it should
allow efficient phagosomal HOCl formation [28].

Peroxidases, including MPO, can catalyze halogenation reac-
tions, whereby a halogen can be incorporated into a biological
substrate such as tyrosine. MPO is unique among the animal
peroxidases in supporting chlorination of substrates at physio-
logic pH, a property that serves as a biochemical fingerprint
for the presence of enzymatically active MPO in tissue. The
presence of chlorinated proteins in atheromatous plaques has
been offered as evidence that MPO contributes to the initia-
tion or promotion of a variety of cardiovascular diseases (re-
viewed in refs. [29, 30]). Very recently, vascular peroxidase 1,
the human homologue of the insect protein peroxidasin, has
been identified in cardiac and vascular tissue [31, 32] and has
been demonstrated to have the capacity to chlorinate target
proteins, albeit much less efficiently than does MPO. Peroxida-
sin has also been shown to catalyze cross-links between cysteine
and lysine residues in type IV collagen to form sulfilimine
bonds. The reaction requires the intermediacy of hypohalous
acids, which suggests that it does indeed produce these oxi-
dants in vivo [33]. Whether HOCl is responsible for cross-links
remains equivocal.

Figure 1. Phagocytosis of bacteria by a neutrophil. A thin section elec-
tron micrograph of a single neutrophil with three Escherichia coli (A),
visible within two phagocytic vacuoles (B). Reprinted from ref. [1].
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Thiocyanate is readily oxidized by MPO and H2O2 [24, 25].
The product HOSCN is a much weaker oxidant than is HOCl
and less microbicidal [34] but can penetrate cell membranes
and oxidize intracellular sulfhydryl groups [35]. However, it is
difficult to envisage that sufficient thiocyanate could be main-
tained in the phagosome to support substantial HOSCN pro-
duction. Iodide is the most effective halide substrate on a mo-
lar basis, but its concentration in biological fluids is too low
(�0.1 �M) to be a significant substrate. Bromide, at physiolog-
ical concentrations, is a less-effective substrate than is chloride
[36], but neutrophils do produce HOBr at physiological con-
centrations of chloride and bromide [37]. Also, the decreased
levels of 3-bromotyrosine, as well as 3-chlorotyrosine, seen in
the peritoneal fluid of MPO-deficient compared with WT mice
in a sepsis model imply that some MPO-dependent HOBr for-
mation occurs in vivo [38].

MPO also catalyzes the oxidation of a large number of clas-
sic peroxidase substrates, including tyrosine [21, 39]. The
mechanism involves an initial reaction of H2O2 with ferric
MPO to form Compound I, which is then reduced in a one-
electron step to Compound II. A further one-electron reduc-
tion of Compound II recycles the ferric enzyme, and in both
steps, substrate-free radicals are generated. Although these re-
actions occur in vivo, no studies have shown that the radical
products of MPO contribute to neutrophil antimicrobial activ-
ity. Nitrite, for example, is oxidized by MPO/H2O2 to a nitrat-
ing species (NO2) that exhibits antimicrobial activity in vitro
[40–44]. However, it was not possible to detect nitration reac-
tions in the neutrophil phagosome, even when the cells were
suspended in high nitrite-containing medium, implying that
nitrite oxidation by MPO may not contribute significantly to
neutrophil microbicidal activity [26, 45, 46].

In addition to chloride, superoxide likely reacts with MPO
in the phagosome [22, 47]. Concentrations of MPO and super-
oxide are high [28], and two MPO-catalyzed reactions are
likely. Sequential reactions of superoxide with the ferric and
Compound III forms of MPO should be responsible for most
of the superoxide dismutation, and oxidation of superoxide to
oxygen by Compound I should be relevant when the chloride
concentration is low. In addition, superoxide should maintain
the dominant activities of the enzyme by recycling any Com-
pound II that is formed through the one-electron reduction of
Compound I (Fig. 2). On this basis, the most favorable reac-
tions catalyzed by MPO in the phagosome should be dismuta-
tion of superoxide and conversion of the H2O2 produced to
HOCl.

MPO, HOCL PRODUCTION, AND
NEUTROPHIL MICROBICIDAL ACTIVITY

Rapid and sustained antimicrobial action in neutrophils de-
pends on synergistic cooperation among the many toxic agents
generated in and delivered to the phagosome [26, 48].
NADPH oxidase activity is required for neutrophils to provide
broad-spectrum microbicidal activity. With a Michaelis constant
for oxygen of 10 �M [49], the phagocyte NADPH oxidase op-
erates in normal tissues and should be limited by hypoxia only
when tissue perfusion or viability is severely compromised.

Neutrophils from patients with CGD, which lack a functional
NADPH oxidase, kill many microbial species poorly, and pa-
tients with the condition suffer from life-threatening infections
[50, 51]. Several lines of evidence support H2O2 as the prod-
uct of the NADPH oxidase required for microbicidal activity.
Enzymes such as catalase, which consume H2O2, protect cer-
tain organisms from the toxic effect of neutrophils in vitro,
staphylococcal strains rich in catalase are more virulent in vivo
[52], and the introduction of H2O2 into the cell reverses the
microbicidal defect in CGD neutrophils [53–56]. Glucose oxi-
dase, which forms H2O2 and not superoxide, can be used for
this purpose, indicating that H2O2 is effective even when the
cells remain deficient in superoxide. Furthermore, strains of
streptococci, pneumococci, and lactobacilli that generate
H2O2 in large amounts are killed efficiently by CGD neutro-
phils and rarely cause infections in patients with CGD [57–59].
Presumably, these organisms provide neutrophils lacking an
endogenous H2O2-generating system with the H2O2 required
for their own destruction.

However, the bulk of evidence suggests that under the con-
ditions within the phagosome, H2O2 alone is not a particularly
effective microbicidal agent (vide infra) and is much more
likely to act via MPO. It is well established that reagent HOCl
or HOCl generated by a MPO/H2O2/chloride system is ex-
tremely effective at killing a wide range of microorganisms.
The questions to be answered in the context of events within
neutrophil phagosomes relate to how efficiently HOCl is pro-
duced and how extensively it contributes to neutrophil-medi-
ated killing. Neutrophils responding to a soluble stimulus,
such as PMA, convert a high proportion of the oxygen con-
sumed in the respiratory burst (reported values of 28–72%) to
HOCl [60–62]. In the phagosome, with an estimated concen-
tration in the millimolar range [28, 63], MPO should react
with almost all of the H2O2 generated. There is no doubt that
HOCl is produced in the phagosomes of human neutrophils.
Jiang et al. [64], using phagocytosable particles with fluores-
cein covalently bound to their surface, detected the conversion
of fluorescein to its chlorinated derivative (see Fig. 3). They

Figure 2. Reactions catalyzed by MPO inside the neutrophil phago-
some. The catalytic activities of MPO that will occur in the phagosome
include production of HOCl (blue) and dismutation of superoxide
(red). Superoxide should also recycle Compound II formed by reduc-
tion of Compound I (orange) and maintain the dominant activities of
MPO [28].
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concluded that the “demonstration that HOCl is produced
within phagosomes in sufficient concentrations to kill bacteria
on a time scale associated with death constitutes strong evi-
dence in support of a primary role for HOCl in the microbici-
dal action of neutrophils”. Recent studies using fluorescent
probes with good specificity for HOCl have also detected
HOCl inside phagocytosing neutrophils [65–70] and show
promise for obtaining more quantitative information.

The earliest evidence that the product of the MPO-H2O2-
halide system attacks the microbe within the phagosome was
the MPO-dependent iodination of phagosomal constituents,
seen by light and electron microscopic autoradiographic tech-
niques [15]. Measurements of chlorinated tyrosine residues
[46, 62, 71] or methionine sulfoxide [72] in proteins have
shown more directly that HOCl formed in the phagosome re-
acts with engulfed bacteria (Fig. 3). Studies of patients with CF
are of interest in this regard [71], as the primary defect in CF
is a loss of chloride transport as a result of mutations in the
CFTR, which acts as a chloride channel. CFTR is present in
the phagolysosomes but not the plasma membrane of neutro-
phils [71]. Neutrophils from patients with CF have a defect in
their ability to chlorinate intraphagosomal bacterial proteins
[46, 62, 71], leading to the suggestion that chloride must be
transported into the phagosome so as not to limit HOCl pro-
duction.

Neutrophil and bacterial proteins are targets for the HOCl
(or reactive iodine) generated during phagocytosis. Indeed,

the bulk of chlorination [62] and iodination [74] is detected
on neutrophil rather than microbial components. This distri-
bution of halogenated targets is not surprising in view of the
very high concentration of released granule proteins that
would be targets in the phagosomal environment. The major
proportion of neutrophil protein chlorination occurs within
the phagosome [75], and granule enzymes are inactivated by
oxidants present in the phagosome [76]. Despite the extensive
targeting of phagosomal contents for HOCl, several studies
have demonstrated that the amount of HOCl detected is in
sufficient excess to be microbicidal to the ingested bacterium
[68, 72].

One potential consequence of reacting with neutrophil-de-
rived phagosomal constituents is that HOCl could be con-
sumed before reaching the bacterium. With some bacteria,
this could be counteracted by binding of MPO to their surface
[77–79], although calculations predict that there would be
enough sites to bind only a small proportion of phagosomal
MPO [28]. Another possible consequence is that secondary
products from reactions of HOCl with neutrophil proteins
could themselves contribute to microbicidal activity. There is a
kinetic hierarchy for the reaction of HOCl with protein [28,
80]. Although halogenation of tyrosine residues is a useful
marker, it is a slow reaction that accounts for only a miniscule
fraction of the HOCl consumed [81]. Cysteine and methio-
nine residues are most reactive and likely to scavenge most of
the HOCl at low concentrations, after which amino groups
react, resulting in the production of chloramines [80]. Al-
though chloramine formation in phagosomes has not been
shown directly, detection of 3-chlorotyrosine in proteins within
phagosomes provides good evidence that chloramines are
formed, as the most likely mechanism involves chlorine trans-
fer from juxtaposed chloramine residues [82, 83]. Chlora-
mines are weaker oxidants than is HOCl but retain bacteri-
cidal capabilities longer [84, 85]. Furthermore, protein chlora-
mines can decompose to form toxic aldehydes and low
molecular-weight chloramines [86–91]. Chloramines and alde-
hydes are more stable and diffusible than is HOCl and there-
fore, could contribute to MPO-dependent microbicidal activity.
Taken together, it is likely that reactions of HOCl with host
proteins in phagosomes do not eclipse antimicrobial action
but provide a variety of active species that can extend micro-
bial killing in time and space.

The same hierarchy of targets for HOCl also applies to reac-
tions with bacteria [26]. Tyrosine chlorination will be a minor
reaction, and there is no evidence that it per se is toxic. The
kinetically more favored reactions with sulfhydryl groups, iron-
sulfur centers, and methionines would be expected to precede
chlorination and be more important contributors to microbial
death. Evidence in support of direct involvement of methio-
nine oxidation is the attenuation of the microbicidal effect of
HOCl by bacterial methionine sulfoxide reductases [72].

Products derived from MPO affect aspects of the inflamma-
tory response beyond oxidation and killing of microbes in the
phagosome. Extracellular MPO can modify inflammatory me-
diators. For example, MPO-derived HOCl may regulate proteo-
lytic events at sites of acute inflammation by activating pro-
teases such as matrix metalloproteinase-7 [92] and inactivating

Figure 3. Reactions of HOCl that have been used to demonstrate that
MPO is active inside neutrophil phagosomes. Reactions with tyrosine and
methionine are shown for residues on proteins (�P) [45, 62, 72, 73].
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protease inhibitors, including TIMP [93] and �-1 antiprotease
[94]. As a consequence of these reactions, MPO can create an
enhanced proteolytic environment that contributes to liquefac-
tion, necrosis, and abscess formation. Severe neutrophil-medi-
ated lung inflammation has been observed in MPO-deficient
mice exposed to zymosan [95], suggesting that in that setting,
MPO attenuates lung damage. Furthermore, it was demon-
strated recently that MPO KO mice are defective in the oxida-
tion and clearance of single-walled carbon nanotubes from the
lungs of these animals, whereas the inflammatory response is
more robust than in WT mice [96]. These results provide
strong support for two roles of MPO in the inflammatory re-
sponse, i.e., oxidative degradation of foreign particles and the
eventual attenuation of inflammation. MPO may also play a
role in the action of neutrophil extracellular traps, the extra-
cellular networks of DNA, histones, and granular proteins, in-
cluding MPO, which extrude from neutrophils after agonist
activation of the cells, trapping extracellular bacteria [97–99].

MPO-DEFICIENT NEUTROPHILS

Biomedical researchers have enjoyed notable success by care-
fully observing the results of so-called “experiments of nature”,
whereby a spontaneous genetic mutation results in a clinical
phenotype whose explication provides novel insights into nor-
mal biology. For example, investigations in the late 1960s that
linked the infectious complications in boys with CGD [100]
with the absence of agonist-dependent oxygen consumption by
their neutrophils provided the seminal clue to discovery of the
phagocyte NADPH oxidase and its contribution to optimal mi-
crobicidal activity [101–104].

In 1969, Lehrer and Cline [105] described a diabetic patient
with systemic candidiasis and a complete absence of MPO. Un-
til the mid-1970s, the clinical descriptions of patients with
MPO deficiency were consistent with the notion that MPO was
essential for normal host defense against infection; only 15
patients (in 12 families) had been reported [105–112], many
of whom suffered visceral or disseminated infections with Can-
dida, a clinical observation that correlated well with in vitro
data (vide infra). Most of the affected patients also had diabe-
tes mellitus, hinting that carbohydrate intolerance or its meta-
bolic consequences may contribute to the compromised host
defense observed. However, the introduction of automated
flow cytometry to clinical hematology laboratories radically
changed recognition of the prevalence of MPO deficiency
[113–115]. In contrast to inherited MPO deficiency being a
rare occurrence, cytochemistry screening revealed a prevalence
of one in 2000–4000 healthy individuals in North America
and Europe [116–118], and one in 57,000 in Japan [119]. Fur-
thermore, these data triggered a dramatic revision in the ap-
preciation of the consequences of MPO deficiency. Rather
than suffering severe or fatal fungal infections, the vast major-
ity of individuals identified as MPO-deficient through screen-
ing large populations is apparently healthy. Case reports have
linked MPO deficiency with a variety of clinical disorders, in-
cluding dermatologic syndromes with or without associated
defects in neutrophil chemotaxis [111, 120–122] and dissemi-
nated candidiasis in the setting of preeclampsia [123] or pre-

maturity [124], although the causal link with MPO deficiency
is lacking. MPO deficiency has also been associated with clini-
cal settings unrelated to host defense against infection, with
reports of increased susceptibility to malignant diseases [125–
133] and decreased susceptibility to neutrophil-mediated vas-
cular dysfunction [118].

In vitro studies of neutrophils from MPO-deficient subjects
complement in vivo observations. The requirement for MPO
in the in vitro killing of a variety of organisms by human neu-
trophils is illustrated in Fig. 4. Data were selected from studies
in which MPO-deficient cells were used or the enzyme was in-
hibited with specific or nonspecific heme poisons. The initial
study, showing a marked impairment in the killing of S. aureus
by MPO-deficient neutrophils, has been observed repeatedly
for several other microorganisms (Fig. 4A) [131]. MPO-defi-
cient neutrophils exhibit a profound defect in candidacidal
activity (Fig. 4B). For example, MPO-deficient leukocytes in
one study killed 0.1% of ingested C. albicans in 3 h under con-
ditions in which 30% were killed by normal neutrophils [105].
Others observed that the extent of killing at 45 min was only
20% of normal [135]. MPO-deficient neutrophils also kill
many bacterial species much more slowly than do normal neu-
trophils. For example, with the use of Serratia marcescens and S.
aureus as test organisms, incubation of bacteria with MPO-defi-
cient neutrophils for 3–4 h was required to induce the same
degree of killing as that produced by normal cells in 30–45
min [138]. Other more recent studies have also observed a
60–70% decrease in staphylococcal killing [135, 139] (Fig.
4C). When the the staphylocidal activity of normal, MPO-defi-
cient, and CGD neutrophils was compared (Fig. 4A) [134],
MPO-deficient cells exhibited a lag period, following which the
organisms were killed, whereas the killing defect in CGD cells
remained constant throughout the incubation. It can be con-
cluded from all of these studies that MPO-mediated microbici-
dal activity predominates during the early postphagocytic pe-
riod in normal neutrophils. Microbicidal systems independent
of MPO kill more slowly but are ultimately effective in MPO-
deficient cells. Furthermore, MPO-independent processes in
some situations become more effective over time, as observed
in Fig. 4A [134].

Evidence from nonhuman animals and in vitro studies pro-
vides additional insights into how MPO contributes to normal
neutrophil biology (Fig. 5). Aratani et al. [140] first reported
MPO KO mice and examined their host defenses and neutro-
phil function [140, 142–149]. MPO-deficient mice have in-
creased susceptibility to intratracheal C. albicans infection,
whereas the clearance of i.p. S. aureus is normal [140]. They
also are considerably more susceptible than are WT mice to
i.p. K. pneumoniae infection [141], to the development of pul-
monary infection following the intranasal instillation of certain
fungi or bacteria [143, 145], and to intra-abdominal infection
by endogenous organisms in the cecal ligation and puncture
model [38]. The complex inter-relationships between reactive
nitrogen species and ROS becomes manifest in MPO KO mice.
The augmented expression of NOS and NO production in
MPO-deficient mice results in less sepsis-induced lung injury
and death [148], and MPO-deficient mice have diminished
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Figure 4. Impaired bacterial killing by MPO-deficient human neutro-
phils. (A) Staphylocidal activity of leukocytes from normal individuals
and those with MPO deficiency (MPO-def) or CGD [134]. (B) Bacte-
rial killing, measured as the loss of viable organisms at 30 min, by nor-
mal (open bars), CGD (light gray bars), and MPO-deficient (dark gray
bars) neutrophils using an optimized method for disruption of bacte-
ria [135]. S. aureus, Staphylococcus aureus; C. albicans, Candida albicans.
(C) Rate constants for killing of S. aureus by neutrophils from an indi-
vidual with MPO deficiency or those from normal donors in the ab-
sence or presence of diphenyleneiodonium (DPI), an inhibitor of the
NADPH oxidase, or azide and 2-TX, which inhibit MPO [136, 137].
Data have been replotted from the original references.

Figure 5. Susceptibility of MPO-deficient mice to infections.(A) Pul-
monary infection with C. albicans in WT (Œ) and homozygous mutant
mice (�). Mice were injected intratracheally with 4.3 � 106 CFU C.
albicans. At the indicated times after the challenge, whole lungs were
homogenized, and aliquots of the homogenates were plated. Five mice
or more were used in each group. Results represent mean � sd log10
CFU/organ [140]. (B) Mortality was monitored in WT (Œ) and litter-
mate MPO-deficient mice (�) after inducing sepsis by ligating and
puncturing the blind-ended cecum to release intestinal microflora into
the abdominal cavity [38]. (C) Mortality rates in MPO-deficient and
WT mice in response to i.p. challenge with K. pneumoniae [141]. Data
have been replotted from the original references.
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endotoxin-induced acute lung injury [95, 149]. In a study
comparing the susceptibility to fungal infection with WT,
MPO-deficient, and CGD mice, it was concluded that when the
fungal load is low, ROS formed by the NADPH oxidase of neu-
trophils are adequate to control infection in the absence of
MPO but that at high fungal load, products of the respiratory
burst and MPO are needed [144, 146, 150].

It should be emphasized that mice are not humans and that
murine models do not always mirror the human situation [39,
151–155]. Mouse neutrophils lack defensins [156], and their
MPO level is 10–20% that of human cells [7]. Furthermore,
the iNOS system with its associated microbicidal activity ap-
pears to be more highly developed in rodent than in human
phagocytes and is thus more likely to compensate for the ab-
sence of MPO in mice than in humans. Nevertheless, the find-
ings with MPO-deficient mice demonstrate a vital role for
MPO in overcoming high exposure to fungi and to some bac-
terial species.

EFFECTS OF PEROXIDASE INHIBITORS
ON NEUTROPHIL MICROBICIDAL
ACTIVITY

The importance of MPO in killing by isolated neutrophils is
also evident from studies with azide and other peroxidase in-
hibitors (Fig. 4C). Numerous studies have shown that bacteri-
cidal activity of normal neutrophils is strongly inhibited by
azide [139, 157–160]. The more specific MPO inhibitors—4-
aminobenzoic acid hydrazide and 2-TX—have also been
shown to decrease the overall killing rate by 60–70% com-
pared with an 80% decrease when the NADPH oxidase is in-
hibited [136, 137]. Thus, the 1974 conclusion of Koch [159]—
that “the azide-sensitive antimicrobial system seems to be by
far the most important of many possible systems for the initial
inactivation of a number of microorganisms”—still holds true
today.

But, do MPO-deficient leukocytes accurately reflect the con-
tribution of MPO to the microbicidal activity of normal cells?
Phrased differently, are MPO-deficient neutrophils and normal
neutrophils the same in all aspects except the presence of
MPO in the latter? Early work by Klebanoff [157] suggests that
the answer may be “no”. As well as showing that the three test
microorganisms were killed less well by MPO-deficient neutro-
phils or by normal cells in the presence of azide, this study
showed that azide has no effect on the activity of MPO-defi-
cient neutrophils. Furthermore, killing by MPO-deficient neu-
trophils was more efficient than that of azide-treated normal
cells. These results suggest that MPO-deficient cells have in-
creased activity of azide-insensitive, MPO-independent antimi-
crobial systems and therefore, that conclusions based on the
observed microbicidal activity of MPO-deficient cells may un-
derestimate the contribution of MPO to the killing by normal
cells. Possible explanations for the enhanced activity include
an adaptation of deficient cells to the long-term absence of
MPO or an enhanced capacity to induce other antimicrobial
systems such as those involving iNOS [148]. In light of MPO-
mediated modification of host-derived phagosomal contents, it
is also likely that potential antimicrobial agents that are nor-

mally inactivated by HOCl and its derivatives retain activity in
MPO-deficient neutrophils and thus, contribute to bactericidal
action. However, the interpretation of studies of azide-treated
normal neutrophils is not straightforward. In some studies, the
rate of killing by normal neutrophils treated with azide or
4-aminobenzoic acid hydrazide was the same as that of MPO-
deficient cells [136, 139]. Furthermore, MPO would likely gen-
erate azidyl radicals from azide [161, 162], which could selec-
tively inactivate antimicrobial proteins in normal but not in
MPO-deficient neutrophils. Additional studies using more spe-
cific MPO inhibitors, such as the 2-TX [137], are needed to
explain the interesting antimicrobial activities of azide-treated
normal neutrophils.

MPO-INDEPENDENT ANTIMICROBIAL
SYSTEMS

The evidence discussed above makes a convincing case that
MPO provides neutrophils with their most effective mecha-
nism for killing most organisms. However, it is also clear that
neutrophils have other antimicrobial activities that need to be
considered as alternatives to MPO-dependent killing.

ROS operating in the absence of MPO
The microbicidal activity of MPO-deficient as well as normal
neutrophils is inhibited by anaerobiosis [133] or inhibition of
NADPH oxidase activity [139], indicating that neutrophils can
kill oxidatively in the absence of MPO, albeit much less effec-
tively. The major NADPH oxidase products superoxide and
H2O2, acting directly or indirectly, must be responsible for this
activity. These species are likely to reach higher-than-normal
levels in the phagosomes of MPO-deficient neutrophils, as they
would not be consumed by MPO [28] and as NADPH oxidase
activity extends for longer in deficient cells [111, 134, 163,
164]. The precise mechanism whereby they kill is incompletely
characterized. We consider the various options below.

Superoxide
Superoxide is generally considered to be a sluggish radical
that does not have the necessary reactivity to be directly toxic
to microbes. In addition, killing of bacteria exposed to extra-
cellular superoxide-generating systems has not been observed.
However, superoxide generated intracellularly can be microbi-
cidal [165–169]. Enzymes containing Fe-S clusters are prime
targets, and the results are inactivation of the enzymes and
release of iron that can generate toxic Fenton reaction prod-
ucts, as discussed below. Although superoxide does not readily
pass through membranes, it is proposed from kinetic model-
ing studies that the phagosomal superoxide concentration is
extremely high, reaching �25 �M in normal cells and increas-
ing to �100 �M in the absence of MPO [28]. The activity of
superoxide at these concentrations has not been tested in any
experimental studies, and the possibility that such concentra-
tions could attack sensitive sites and have microbicidal activity
warrants evaluation.
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H2O2

H2O2 has microbicidal properties but generally exerts direct
toxicity only at millimolar concentrations, whereas the H2O2

concentration in the phagosome of normal neutrophils is esti-
mated to be in the low micromolar range [28]. Although the
concentration of H2O2 will be greater in the absence of MPO,
diffusion through the phagosome membrane would likely limit
it to �30 �M, and thus, H2O2 would not be expected to exert
a direct microbicidal effect [28]. However, H2O2 is consider-
ably more toxic when it is generated continuously rather than
being added as a bolus that can be degraded rapidly, and ex-
tended exposure to steady-state concentrations in the micro-
molar range can kill E. coli [170]. Mutants that lack H2O2 scav-
enging enzymes are even more susceptible. As with superox-
ide, iron sulfur clusters are sensitive bacterial targets for H2O2,
which can also undergo further reaction with the released iron
via the Fenton reaction to generate hydroxyl radicals and re-
lated reactive species that cause further damage [26, 165]

Fe2� � H2O2 → Fe3� � OH� � ·OH

For example, hydroxyl radicals generated next to the bacte-
rial chromosome may mediate the toxicity to DNA [165]. Fer-
ric ions generated in this process are recycled by reductants
supplied through cellular metabolism, allowing Fe to play a
catalytic role. Thus, studies with reagent H2O2 demonstrate
that low, steady-state concentrations can kill under some cir-
cumstances and suggest that H2O2 could contribute to antimi-
crobial action in the phagosome.

Hydroxyl radical and other secondary oxidants
Although hydroxyl radicals produced inside bacteria may con-
tribute to killing by H2O2, it is unlikely that hydroxyl radical
production by neutrophils themselves plays a significant role
in their microbicidal activity. There is little evidence that Fen-
ton-like reactions occur in the phagosome, and although hy-
droxyl radicals can be produced from HOCl and superoxide,
this is likely to be a minor reaction [28], and it would not be
relevant to MPO deficiency

HOCl � O2
·� → Cl� � O2 � ·OH

Furthermore, even if hydroxyl radicals were formed in the
phagosomal space, they would be too reactive to diffuse far
enough to reach critical microbial targets [171]. Singlet oxy-
gen is another potential microbicide that could theoretically
be generated from H2O2 and OCl� [172], but the low H2O2

concentration and neutral pH do not favor its formation in
the phagosome. Reports that neutrophils produce ozone must
be reassessed because of the nonspecificity of the detectors
used [173]. Therefore, none of these secondary oxidants
should be relevant in MPO deficiency.

Reactive nitrogen intermediates
NO is formed in relatively large amounts in rat neutrophils
[174–177], where it contributes to microbicidal activity. NO-
mediated toxicity may be, in part, a result of the nitrosation of
microbial or tissue components [178, 179], but in neutrophils,
its diffusion-controlled reaction with superoxide is likely to
occur, and much of its toxicity may be via peroxynitrite [180]

NO � O2
·� → ONOO�

Peroxynitrite is itself a good oxidant and readily decomposes
or reacts with bicarbonate ions to give the more reactive radi-
cal species, NO2, ·OH, and carbonate radicals [181]. These
reactive nitrogen intermediates have microbicidal properties,
in part, through the oxidation of nonprotein and protein sulf-
hydryl groups [182–185]. NO is consumed by neutrophils
[186–188], largely by reaction with superoxide, and peroxyni-
trite formation by murine neutrophils has been detected [174,
189]. Thus peroxynitrite may contribute to the MPO-indepen-
dent antimicrobial activity of murine phagocytes. The MPO
system in neutrophils may also inhibit NO production through
the formation of chlorinated l-arginine, which inhibits all
forms of NOS [190].

NO production by human, as opposed to rodent, neutro-
phils has been controversial [191, 192]. In some studies, NOS
[193] and NO production [194] were undetectable, whereas
others reported constitutive NOS II expression [195] and NO
generation [196–198]. Based on current evidence, it appears
that NO production by isolated human neutrophils is very low,
but it can be enhanced by exposure to cytokines, chemotactic
factors, and various other inflammatory mediators [199–204].
It is also higher in neutrophils isolated from patients with a
range of infectious or inflammatory conditions [191, 205–211].
These findings indicate that human neutrophils are more lim-
ited than are mouse cells in their capacity to produce NO but
imply that it could be formed when the cells are attracted to a
site of infection. NO synthesis is not activated by the phago-
cyte respiratory burst, so it does not necessarily follow that NO
and superoxide are generated simultaneously [26]. However,
even with constitutive expression, any NO that diffuses into
the phagosome should make peroxynitrite and especially in
MPO deficiency, could contribute to antimicrobial activity.
Further study with appropriately primed MPO-deficient cells is
needed to test this hypothesis.

Granule proteins
Assessment of the contribution of granule proteins to the mi-
crobicidal activity of phagocytes requires recognition of what
constitutes success in the neutrophil phagosome. For an im-
mune response to infection to successfully restore the host to
a healthy baseline state, invading agents must be killed and
microbial remnants degraded and eliminated. Considered in
this context, granule proteins may directly mediate killing of
ingested microbes, act synergistically with other granule pro-
teins or oxidants to support killing, degrade microbial proteins
or lipids postmortem, or serve multiple roles.

Fusing with nascent phagosomes during phagocytosis, the
granules of human neutrophils include a variety of proteins
(reviewed in refs. [212, 213]) implicated in the microbicidal
activity of phagocytes (reviewed in ref. [214]). Many colocalize
with MPO in azurophilic granules and include at least 10 pro-
teins: lysozyme, bactericidal permeability-increasing protein,
the �-defensins (human neutrophil defensins 1–4), and the
four serine proteases with cidal activity (serprocidins: azuroci-
din, proteinase-3, cathepsin G, and elastase). In addition,
other granules contain cathelicidins, lactoferrin, neutrophil
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gelatinase-associated lipocalin, gelatinase, and Group II PLA2
[215]. A cationic protein with chymotrypsin-like esterase activ-
ity has been detected in neutrophil granules [216]; however,
the microbicidal activity of this protein is not dependent on its
proteinase activity, as microbicidal activity is unaffected by heat
treatment and the subsequent loss of esterase activity [216,
217] but rather, is dependent on its cationic properties [216–
220]. The dissociation of antibacterial action from enzymatic
activity is true for many of the seprocidins, including elastase.

The antimicrobial activity of cationic proteins alone is less
than that of the MPO system. For example, we compared the
staphylocidal activity of a human neutrophil granule cationic
protein preparation provided by Inge Olssen with that of the
MPO system. Whereas the cationic proteins at a concentration
of 50 �g/ml had a small but significant staphylocidal effect
after 2 h of incubation, the MPO system, with MPO at 2 �g/
ml, was strongly bactericidal at the earliest time-point exam-
ined (7.5 min). These findings do not necessarily reflect the
relative roles of these systems under other experimental condi-
tions, with other peptide or protein preparations, against
other microorganisms, or in the intact cell where oxygen may
be limiting and the cationic protein concentration high. How-
ever, they do emphasize the relatively greater microbicidal po-
tential of the MPO system against some organisms.

Proteinases
Considerable evidence implicates serine proteinases released
from extravasated neutrophils in the damage associated with
their tissue infiltration. Do these enzymes also contribute to
the intraphagosomal antibacterial activities of neutrophils?
Studies of this question began with Aaron Janoff and J. Blon-
din [221] in the mid-1970s, when they reported that neutro-
phil elastase at 20 �g/ml lysed the cell walls of autoclaved S .
aureus and Micrococcus roseus under conditions in which un-
heated organisms were unaffected. Further studies with E. coli
led to the conclusion that “PMN elastase participates in E. coli
digestion once the microbes have been ingested and killed by
the leukocytes. Our data do not shed light on the possibility of
a direct bactericidal role for this leukocyte enzyme” [222,
223]. Consistent with these observations, Odeberg and Olsson
[224] reported that neutrophil elastase at 20 �g/ml was not
itself microbicidal to S. aureus or E. coli but did inflict sub-
lethal changes that rendered the organisms more susceptible
to the toxic effect of the MPO-H2O2-chloride system and to
the chymotrypsin-like cationic protein. More recently, neutro-
phil elastase was shown to be lethal to K. pneumoniae in associa-
tion with major morphological changes in the organisms [141,
225]. Furthermore, neutrophil elastase has been reported to
degrade the outer membrane protein A of E. coli [226] and to
cleave the flagellin of Pseudomonas aeruginosa [227]. When in-
terpreting in vitro studies with isolated microbicidal systems, it
is important to recognize that these systems operate in the
phagosome in the presence of each other and that evolution
may have selected for synergies and interactions that we have
yet to recognize. Collectively, these data suggest that although
proteinases alone are only selectively bactericidal, they act syn-
ergistically with the MPO system to promote microbial killing
and degradation.

Studies of mice with a genetic absence of elastase and/or
cathepsin G have stimulated a re-examination of the role of
the serine proteinases elastase and cathepsin G in the microbi-
cidal activity of neutrophils. Mutant mice show increased sus-
ceptibility to challenge by some pathogens but normal resis-
tance to others [225]. As there is not much overlap in the vul-
nerability of the individual mutants, the unifying theme of the
studies is that just as with MPO deficiency, elimination of a
single neutrophil-defense component leaves the host mostly
intact but with a susceptibility to a select subset of potential
pathogens. When interpreting mouse models of pyogenic in-
fection, be they WT or MPO-, cathepsin-, or elastase-deficient,
it is important to keep in mind that human and murine neu-
trophils differ in many significant ways [154, 155, 228–230].

Taken together, these studies describe a variety of processes
capable of killing microorganisms in the absence of MPO. The
contribution that each makes is incompletely defined and var-
ies by organism species and growth state (e.g., Gram-positive
vs. Gram-negative bacteria) [225]. Nonetheless, all act more
slowly than does the MPO system and as illustrated in the KO
mice, can be overwhelmed by challenge with a high microbial
load.

CONCLUDING REMARKS

When Klebanoff and colleagues discovered the potent microbi-
cidal properties of the MPO, H2O2, plus halide systems, and
established that all components were present and active in hu-
man neutrophil phagosomes [16, 134, 157], it was concluded
that MPO must be a major contributor to host resistance to infec-
tion. This view was buttressed by the very high abundance of the
enzyme in human neutrophils. MPO abundance and neutrophil
kinetic data imply that an uninfected adult must synthesize hun-
dreds of milligrams of enzyme each day, a significant metabolic
investment. Finally, reports of individuals found to be genetically
MPO-deficient upon evaluation for causes of rare spontaneous,
systemic Candida infections seemed to cement the links be-
tween MPO deficiency and impaired innate immunity.

The view of the importance of MPO to innate immunity was
tempered, however, by discovery of adults with inherited, com-
plete MPO deficiency but unremarkable infectious disease his-
tories. Alternative physiologic roles for MPO, independent of
the generation of microbicidal HOCl, were then proposed,
although none have, to date, been proven.

MPO systems generating HOCl are quite active in human
neutrophils, and despite myriad alternative consumptive path-
ways, lethal amounts of HOCl reach microbes in the phago-
some. It has also been observed that neutrophils deficient in
MPO kill many species of pathogenic microbes more slowly
than do normal neutrophils and that mice deficient in MPO
succumb more readily to certain pathogens than do normal
animals. Based on the evidence accumulated over the last one-
half century, the process by which neutrophils generate super-
oxide and then use MPO to convert it to HOCl and bacteri-
cidal chloramines is depicted in Fig. 6.

A persisting question then is why there is such a heavy com-
mitment to daily MPO production for what appears to be a
modest increment in host immune defense. Perhaps effective

Klebanoff et al. In defense of myeloperoxidase

www.jleukbio.org Volume 93, February 2013 Journal of Leukocyte Biology 193



sanitation, ready access to antibiotics, and other hygienic fea-
tures of modern society have created a sophisticated environ-
ment free of the high microbial burdens that the MPO system
preferentially targets. Such conditions differ significantly from
living conditions in our recent evolutionary past or even pres-
ent conditions in less-developed areas of the modern world
and thus, render MPO-dependent defenses less important.

Resolution of such questions, together with a more detailed
understanding of the modifications of microbial metabolism
and structure that contribute most to MPO-mediated lethality,
remains as an area for further study. Similarly, the complex
inter-relationships between oxidants and nonoxidative media-
tors of microbial killing in the phagosome and how they mod-
ify, help, and hinder each other remain as fruitful topics for
further inquiry.
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