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Neutrophils are no longer seen as leukocytes with a sole function of being the essential first responders in the removal of pathogens
at sites of infection. Being armed with numerous pro- and anti-inflammatory mediators, these phagocytes can also contribute to
the development of various autoimmune diseases and can positively or negatively regulate the generation of adaptive immune
responses. In this review, we will discuss how myeloperoxidase, the most abundant neutrophil granule protein, plays a key role in
the various functions of neutrophils in innate and adaptive immunity.

1. Neutrophils in Innate and Adaptive
Immunity: The Role of MPO

Neutrophils are capable of affecting many aspects of both
innate and adaptive immunity. They are well known to be
the first leukocyte to arrive at sites of infection. There,
they play a key role in the clearance of pathogens, both
by phagocytosis and by subsequent intracellular killing, as
well as the release of neutrophil extracellular traps (NETs)
into the extracellular space [1]. However, through the release
of various inflammatory mediators, neutrophils can also
contribute to tissue injury and organ damage in inflammatory
and autoimmune diseases. On the other hand, neutrophil
proteins are targets in autoimmune anti-neutrophil cytoplas-
mic antibody- (ANCA-) associated vasculitis (AAV) [2]. In
more recent years, evidence has been accumulating to show
that not only do neutrophils act at sites of inflammation, but
they also infiltrate secondary lymphoid organs where they
regulate the development of adaptive immunity [3]. MPO,
the major protein in neutrophil granules, has been shown
to be one of the key players in the neutrophil functions
described above. This paper will review the contribution of
MPO to neutrophil-mediated intracellular microbial killing,

formation of NETS, and tissue damage, as well as the devel-
opment of AAV. Particular attention will be given to the more
recently described and less well known function of neutrophil
MPO as a regulator of adaptive immunity.

2. Biosynthesis, Cellular Sources,
Storage, and Release of MPO

MPO, which was originally named verdoperoxidase due to its
intense green colour, is a highly cationic, heme-containing,
glycosylated enzyme [4] which is found mainly in primary
(azurophilic) granules of neutrophils, making up approxi-
mately 5% of the total dry cell weight [5]. Human neutrophils
contain about 5-10-fold higher levels of MPO than murine
neutrophils [6]. MPO is also found, to a lesser extent, in
monocytes where it constitutes about 1% of total cell protein
[7]. During monocyte-to-macrophage differentiation, MPO
expression is generally lost [8]. However, MPO can be
found in some macrophage subpopulations including resi-
dent tissue macrophages such as Kupffer cells [9], peritoneal
macrophages [10], and microglia [11], as well as in organ
infiltrating macrophages in various inflammatory diseases
including atherosclerosis [12], multiple sclerosis (MS) [13],
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FIGURE 1: Reactive intermediates formed by MPO. In the presence of hydrogen peroxide and chloride, bromide, thiocyanate, tyrosine, or
nitrite, MPO catalyses the formation of hypochlorous, hypobromous, and hypothiocyanous acids, tyrosyl radical, and reactive nitrogen
intermediates. H,O,, hydrogen peroxide; Cl~, chloride; Br~, bromide; SCN™, thiocyanate; HOCI, hypochlorous acid; HOBr, hypobromous

acid; HOSCN, hypothiocyanous acid.

and AAV [14]. Macrophages can also acquire neutrophil-
derived MPO by phagocytosis of apoptotic neutrophils or
uptake of extracellular MPO through the mannose receptor
[15].

Although it is possible for MPO transcription to be
reinitiated in macrophages under certain conditions [16],
MPO synthesis is otherwise restricted to myeloid cells in
the bone marrow [17, 18]. During granulocyte/monocyte
differentiation in the bone marrow, only promyelocytes and
promyelomonocytes actively transcribe the MPO gene [17].
The primary 80kDa MPO translation product undergoes
cleavage of the signal peptide and N-linked glycosylation
[17], resulting in a 90kDa apoproMPO which is heme-
free and thus enzymatically inactive [17]. During associ-
ation with endoplasmic reticulum chaperones, calreticulin
and calnexin, apoproMPO acquires heme and becomes the
enzymatically active precursor proMPO [19], which then
enters the Golgi. After exiting the Golgi, a series of proteolytic
steps follow during which the propeptide is removed and
the protein is cleaved into a heavy («) subunit (59 kDa) and
a light () subunit (13.5kDa) joined together by disulfide
bonds [8]. This heavy-light chain complex dimerizes to
generate mature, enzymatically active MPO containing a pair
of heavy-light protomers and two heme groups [8]. Human
and mouse MPO have molecular weights of 146 kDa and
135 kDa, respectively [8, 20].

Mature MPO is stored in azurophilic granules of fully
differentiated neutrophils. However, following priming and
activation by inflammatory mediators including TLR ligands
and cytokines such as GM-CSF and TNE as well as Ig/Fc
receptor-mediated signals [22-24], MPO can be released
via multiple mechanisms. Neutrophils can rapidly release
MPO by degranulation and by cell death pathways including
apoptosis and necrosis [8, 21, 25].' More recently, it has been
shown that MPO can be released from neutrophils via the
extrusion of NETs [26]. Interestingly, some proMPO is also
constitutively secreted by neutrophils via the Golgi [17],
but the function and physiological relevance of extracellular
proMPO are still to be elucidated.

3. Production of Reactive
Intermediates by MPO

In the presence of hydrogen peroxide (H,0,) and a low-
molecular-weight intermediate (halide: chloride, bromide, or

thiocyanate; tyrosine; or nitrite) MPO catalyses the forma-
tion of powerful reactive intermediates including hypochlor-
ous (HOCI), hypobromous (HOBr), and hypothiocyanous
(HOSCN) acids, tyrosyl radical, and reactive nitrogen inter-
mediates (Figure 1), all of which can have profound effects
on cellular function by modifying proteins, lipids, and/or
DNA [8]. The H,0, required for MPO function comes
mainly from the phagocyte NADPH oxidase during the
respiratory burst [8]. Given its abundance in physiological
fluids [27], chloride is believed to be the physiological halide
and, therefore, a preferred substrate for MPO and subsequent
HOCI production in most circumstances.

HOCI is a short-lived, but very potent chlorinating
oxidant [28]. It can oxidize/chlorinate a variety of targets
including proteins, lipids, and DNA and thus have significant
biological effects [28]. Formation of 3-chlorotyrosine (due
to HOCI chlorination of tyrosine on proteins) and, more
recently described, glutathione sulfonamide (GSA; a product
of HOCl-mediated oxidation of glutathione), serves as spe-
cific biomarkers of MPO/HOCI production in vivo [8, 28—
30]. Taurine, a free amino acid present at high concentrations
in neutrophils [31], also readily reacts with HOCI to form
taurine chloramine, a less reactive, but long-lived oxidant
which can contribute to cell damage [8]. More detailed
descriptions of the reactions catalysed by MPO and the
oxidants it produces are provided elsewhere [8, 32].

4. The MPO/HOCI System in
Intracellular and Extracellular Microbial
Killing by Neutrophils

Neutrophils are one of the most important front line defend-
ers involved in microbial ingestion and subsequent killing.
Several lines of evidence demonstrate that the MPO/HOCI
system plays an important role in optimal intracellular
killing of bacteria (e.g., Pseudomonas aeruginosa) and fungi
(e.g., Candida albicans) by neutrophils [8, 33, 34]. It should
be noted, though, that the clearance of several pathogens
including Staphylococcus aureus and Candida glabrata is
not affected by the absence of MPO [8, 34]. In addition,
the majority of MPO-deficient patients do not suffer from
chronic infections despite the demonstration of a neutrophil
microbicidal defect in vitro [8]. This suggests the exis-
tence of MPO-independent antimicrobial systems such as
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reactive nitrogen intermediates and proteases which have
been shown to contribute to microbicidal activity of neu-
trophils in the presence as well as in the absence of MPO

[32, 35]. In addition, the reduction of microbial killing due
to the absence of MPO in humans may be compensated by
an enhancement of protective (i.e., antimicrobial) adaptive

we suggest references to more comprehensive past reviews
[32].

However, MPO is not required for NET formation with
all stimuli. For example, in human neutrophils stimulated
with S. aureus or E. coli, inhibition of MPO had no effect
on NETs [43]. Reports in which human neutrophils were
stimulated with Pseudomonas aeruginosa have yielded con-
flicting results [43, 44], the explanation for which is still to
be provided. Furthermore, studies using cells from MPO-
deficient animals or inhibitors of MPO activity showed that
MPO is not involved in PMA/bacteria-induced NETosis by
murine neutrophils [44]. Mouse neutrophils do contain less
MPO than their human counterparts [6], which may provide
a partial explanation for the discrepancy between the human
and murine studies.

immunity, as discussed in more detail below. For in-depth
discussion about the

Through the release of various mediators including reactive
oxygen species (ROS), proinflammatory cytokines, and pro-
teases, neutrophils play an important role as effector cells in
many inflammatory and autoimmune diseases including car-
diovascular disease and atherosclerosis, rheumatoid arthritis
(RA), and inflammatory diseases of the lung and kidney
[1]. Through the formation of reactive oxidating/chlorinating
agents, MPO is one of the key neutrophil-derived mediators
contributing to organ inflammation and fibrosis in many
immune-mediated diseases. As this classical effector function
of MPO has been comprehensively described in many other
reviews [8, 45], it is not discussed here in detail. Active
MPO and/or its products such as HOCl-modified proteins, 3-
chlorotyrosine and GSA, are upregulated at sites of inflamma-
tion in cardiovascular disease and atherosclerotic lesions, RA
joints, and lungs of patients with cystic fibrosis and inflamma-
tory and fibrotic kidney disease [12, 29, 46-49]. This indicates
MPO-mediated damage by reactive oxidants, mainly HOCL
Reports showing that there is significant attenuation or
exacerbation of disease due to the absence of endogenous or
administration of exogenous MPO, respectively, in models of
these conditions [50-58], further support the hypothesis that
MPO is an important local mediator of inflammation and
subsequent organ damage.

MPO-containing NETs have also been implicated in
the pathogenesis of several inflammatory diseases including
systemic lupus erythematosus (SLE), atherosclerosis, and RA.
For example, glomerular NET deposition positively correlates
with anti-dsDNA autoantibody levels and the severity of
lupus nephritis [59]. Recently, NET-induced macrophage
activation and cytokine production have been reported to
contribute to the development of atherosclerotic lesions [60].
In addition, lipid oxidation/chlorination by the MPO/HOCI
system is suggested to contribute to the pathogenesis of
atherosclerosis and SLE [61, 62]. Enhanced formation of
NETs, providing a source of citrullinated autoantigens, is
also observed in joints of patients with RA [63]. MPO is
present on NETs in target organs in SLE, atherosclerosis,
and renal vasculitis [14, 59, 60] and it is therefore plausible,
although not yet experimentally confirmed, that NET-bound
MPO contributes to organ inflammation and injury in those
conditions given that NET-associated MPO is enzymatically
active and can produce tissue damaging HOCl in the presence
of H,0, [39].

In addition to neutrophil-derived inflammatory mediators
contributing to tissue damage in inflammatory conditions as
effector molecules, neutrophil proteins such as proteinase-3
and MPO play a key role in the development of autoimmune
AAV, acting as targets (i.e., autoantigens) against which the
pathogenic immune response has been generated. MPO is
a common autoantigen in AAV, a disease characterised by
inflammation of small blood vessels including glomerular
capillaries in the kidney and commonly associated with
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the presence of pathogenic neutrophil-activating MPO-
ANCA [64]. Renal biopsies from vasculitis patients show
a prominence of glomerular delayed-type hypersensitivity
effectors (T cells, macrophages, and fibrin) and neutrophils,
suggesting that cellular immunity, together with MPO-
ANCA, plays a significant part in the disease process [65].

Evidence from animal studies, which is supported by
human observations and in vitro experiments [65-72], sug-
gests that the pathogenesis of MPO-AAV involves 4 major
steps, as outlined below. First, MPO-specific autoimmunity
develops in secondary lymphoid organs, resulting in the
emergence of autoreactive effector CD4 T cells and MPO-
ANCA-producing B cells. Although it is not known how
autoimmunity to MPO is generated in humans, evidence
from animal studies shows that activation of myeloid DCs
by NETotic, but not apoptotic or necrotic, neutrophils can
result in the generation of MPO-specific autoimmunity and
development of renal vasculitis [73]. Of note, the induction
of autoimmunity by NET-activated DCs in the animal studies
was not restricted to MPO but also resulted in the generation
of anti-dsDNA antibodies [73] which are associated with
SLE. This is not surprising since NET release by neutrophils
would expose a variety of intracellular autoantigens for
presentation to DCs. Recently, the immunodominant MPO
T cell epitope (MPOp9_4p5) Was defined in mice [72], and,
interestingly, it showed significant overlap with the dominant
B cell epitope in AAV patients [74], indicating its relevance
to human disease. Importantly, MPO 9_4,5 Was shown to be
nephritogenic since immunisation of mice with MPO,49_455
resulted in the generation of pathogenic MPO-specific CD4
T cells and ANCA [72].

Second, neutrophil priming by cytokines (e.g., TNEF),
which may occur after infection-related stimuli, leads to
MPO exposure on the cell surface, allowing ANCA to bind
and fully activate the neutrophils. Third, ANCA-activated
neutrophils lodge in glomeruli [75], causing injury [76]
and depositing the autoantigen, MPO [69]. Finally, MPO-
specific effector CD4 T cells migrate to inflamed glomeruli
where they recognise MPO and direct accumulation of
macrophages and fibrin, causing, together with ANCA-
induced neutrophil responses, severe and proliferative renal
vasculitis (glomerulonephritis; GN) [69, 72]. The antigen
presenting cells exposing MPO peptides/ MHC-II for recog-
nition by effector CD4 T cells in glomeruli are yet to
be identified; however several potential candidates exist
including intrinsic glomerular cells such as endothelial cells
and podocytes, as well as kidney-infiltrating MPO-positive
macrophages and neutrophils. All these cell types can upregu-
late surface MHC-II and costimulatory molecules in response
to proinflammatory stimuli and have been shown to contain
MPO in biopsies from patients with AAV [14, 77-80].

In addition to acting as an autoantigen in AAV, MPO
may contribute to disease pathogenesis through its enzymatic
activity and production of oxidative/chlorinating radicals,
although this remains to be confirmed. Extracellular, includ-
ing NET-associated, MPO is pronounced in glomeruli of
AAV patients [14, 26]. Future studies are yet to demonstrate
the presence of specific biomarkers of MPO activity such
as 3-chlorotyrosine, HOCl-modified proteins, or GSA, to
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suggest MPO-mediated damage in AAV. Moreover, recent
advancements in the development of specific MPO inhibitors
for in vivo use [81-83] should make it more feasible to
investigate whether MPO contributes to renal injury in
models of AAV via its enzymatic activity.

7. Nonenzymatic Functions of
MPO in Inflammation

MPO actions are mediated predominantly via its enzymatic
activity and generation of reactive intermediates. However,
evidence exists demonstrating that it can also regulate the
function of immune and nonimmune cells via its nonenzy-
matic effects. For example, by binding to CD11b/CD18 (Mac-
1), MPO can induce neutrophil activation in an autocrine
fashion including MAPK and NF«B activation, ROS pro-
duction, surface integrin upregulation, and degranulation
[84], as well as decreased apoptosis leading to enhanced
inflammation in the lung [85]. In addition, human leukocytes
can adhere to MPO via binding to CD11b/CD18 [86] which
may also contribute to the proinflammatory effects of MPO
by further augmenting leukocyte accumulation at sites of
inflammation. Inactive MPO has also been shown to increase
macrophage activation such as cytokine production and
induction of respiratory burst in vitro [87]. These observa-
tions are likely to be relevant in vivo as well since injection
of inactivated MPO into the joints of rats exacerbated
symptoms of arthritis [52]. Here, the proinflammatory effects
of MPO were reversed by injection of mannan, thus most
likely blocking the interaction between extracellular MPO
and mannose receptor on macrophages [52]. Furthermore,
enzymatically inactive MPO can activate endothelial cells
to produce cytokines such as IL-6 and IL-8 [88]. The
exact mechanisms by which this occurs are unknown, but
MPO-mediated endothelial cell activation is likely to add to
the proinflammatory effects of MPO, since the leukocyte-
endothelial cell interaction is one of the critical processes in
inflammatory responses within tissues.

8. MPO Suppresses the Generation of
Adaptive Immunity

In addition to playing an important role at sites of inflam-
mation, neutrophils have been shown to contribute to the
development of adaptive immunity. A number of studies have
shown that neutrophils can attract and activate immature
DCs at sites of inflammation, as well as promote DC traf-
ficking to draining lymph nodes, thus augmenting adaptive
immune responses [89-92]. Neutrophils can also rapidly
migrate to lymph nodes after antigen injection, mainly via
the lymphatics, in a CD11b-, CXCR4-, and, in some cases,
CCR7-dependent manner, where they either enhance or
suppress the subsequent induction of T cell responses [3, 92—
94]. Neutrophil-mediated inhibition of adaptive immunity
in mice is supported by studies in humans showing that a
subset of human neutrophils can attenuate T cell responses
[95]. However, the mechanisms and mediators by which neu-
trophils inhibit the generation of adaptive immunity in lymph
nodes are not well known. Recent studies demonstrating that
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FIGURE 2: Neutrophil MPO suppresses DC function and adaptive immunity. Odobasic et al. [21] showed that rapidly infiltrating neutrophils
release MPO in draining lymph nodes (LN) after antigen/adjuvant injection. The deposited MPO suppresses various aspects of DC function
including costimulatory molecule (e.g., CD86) expression and cytokine (IL-12, IL-23) production and migration, resulting in decreased
generation of CD4 T cell responses including T cell activation (CD44 expression), proliferation, and differentiation into Thl (IFNy-producing)

and Th17 (IL-17A-releasing) effectors.

MPO plays a key role in neutrophil-mediated suppression
of adaptive immunity have provided important insights into
these important, but underexplored issues [21, 56, 57, 96].
Our group has shown that neutrophils rapidly and tran-
siently infiltrate draining lymph nodes after antigen injection
[21], as observed in other models [97]. Four hours after
OVA/LPS injection, neutrophils degranulated and deposited
MPO in lymph nodes, where it interacted with DCs [21],
suggesting that extracellular MPO may affect DC function
and subsequent induction of adaptive immunity. Further
experiments using MPO-deficient mice or a specific MPO
inhibitor, 4-aminobenzoic acid hydrazide (ABAH), showed
that MPO, via its enzymatic activity, suppresses various
aspects of DC function in vivo (Figure 2) including their
activation (costimulatory molecule and MHC-II expression,
cytokine production), antigen uptake/processing and migra-
tion to lymph nodes (by decreasing CCR7 expression), with-
out affecting their apoptosis [21]. MPO-mediated suppression
of DC function correlated with decreased generation of
adaptive CD4 T cell (particularly Thl) immunity [21]. The
suppressive effects of MPO on DCs were confirmed in vitro
by culturing bone marrow-derived DCs with LPS and either
supernatant from wild type (WT) or MPO—/- neutrophils
degranulated in the presence or absence of ABAH, or purified
enzymatically active native mouse MPO with or without
ABAH. Importantly, in vitro studies using monocyte-derived
DCs and supernatant from degranulated human neutrophils
(+ABAH) or purified human MPO showed that MPO has
similar inhibitory effects on DCs in humans [21]. Further
mechanistic experiments indicated that HOCl and, to a lesser
degree, HOBr are the main products involved in MPO-
mediated suppression of DC activation in vitro [21], consis-
tent with previous studies showing that taurine chloramine
(a product formed by the reaction of HOCI and the amino

acid taurine) can decrease DC maturation [98]. HOSCN
also had inhibitory effects on DCs, but to a much lesser
extent than HOCI and HOBr [21], consistent with HOSCN
being a much less reactive oxidant [99]. In contrast, MPO-
mediated consumption of nitric oxide, which itself can reduce
DC maturation [100], reversed the effects of HOCI on DC
activation in vitro. Interestingly, Mac-1, an inhibitory receptor
on DCs [101], was shown to be involved in the enzymatic
MPO-mediated suppression of DC IL-12 production [21].
Although the exact pathways involved in this process are
still to be identified, these observations may be explained,
in part, by previous reports showing that oxidants (thus
potentially MPO-derived products) can induce activating
conformational changes in Mac-1 [102], which would be
expected to inhibit DC function.

The inhibition of DC function and subsequent generation
of adaptive immunity by MPO are relevant to immune-
driven diseases since it can result in attenuation of certain
T cell-mediated inflammatory conditions. For example, in
a model of lupus nephritis, dependent on both autoreactive
T cells and humoral immunity [103, 104], we showed that
MPO-deficient mice develop more severe renal injury in
association with enhanced accumulation of cellular effectors,
CDA4 T cells, macrophages, and neutrophils [96]. This in turn
correlated with enhanced activation of DCs and increased T
cell autoimmunity in lymph nodes and spleen. Of note, aug-
mented renal injury was observed in MPO—-/— mice despite
reduced deposition of humoral mediators of injury (antibody
and complement) in glomeruli and decreased presence of
markers of oxidative damage, 8-hydroxydeoxyguanosine and
GSA [96]. Therefore, in experimental lupus nephritis, MPO-
mediated suppression of pathogenic T cell autoimmunity
overrides the local damaging effects of MPO in the kidney.
These results are concordant with observations in humans



showing an increased incidence of lupus nephritis in patients
with a polymorphism causing reduced MPO expression
[105]. Similarly, in antigen-induced arthritis (AIA), which
is very T cell-driven [106], MPO—/— mice developed more
severe joint inflammation and damage in association with
augmented CD4 T cell responses in the spleen [21]. Fur-
thermore, Brennan et al. demonstrated that MPO—/— mice
develop more severe disease in experimental autoimmune
encephalomyelitis (EAE), a model of MS, correlating with
higher antigen-specific lymphocyte proliferation in draining
lymph nodes [13]. Collectively, these studies are supported by
a report showing increased incidence of chronic inflamma-
tory conditions in MPO-deficient patients [107], indicating
their relevance to humans.

In another murine model of GN induced by a planted
foreign antigen (sheep globulin) against the glomerular base-
ment membrane (GBM), our group reported that MPO—/-
mice are protected from renal injury in the initial (heterol-
ogous) phase of the disease [56] which is mediated by neu-
trophils but is independent of T cells [108], showing that neu-
trophil-derived MPO contributes to kidney damage locally.
However, during the later (autologous) T cell/macrophage-
mediated phase of the disease [109, 110], renal injury was
similar between WT and MPO-/- mice, despite enhanced
adaptive immunity in the spleen and increased glomerular
accumulation of T cells and macrophages in MPO-deficient
animals [56]. Together, these experiments suggested that the
inhibitory effects of MPO on adaptive immunity in secondary
lymphoid organs can also be counterbalanced by the local
pathogenic effects of MPO in the target organ.

In other inflammatory conditions though, the injurious
local effects of MPO can dominate over its inhibitory effects
on immune responses in lymph nodes and spleen, leading
to exacerbation of disease, as shown in some models of RA.
For example, in collagen-induced arthritis (CIA), mediated
by autoreactive T cells and antibody, but also neutrophils
[111-113], we demonstrated that disease is attenuated due to
MPO deficiency despite enhanced T cell autoimmunity in
secondary lymphoid tissues, without an effect on autoan-
tibody levels [57]. This suggested that MPO has dominant
proinflammatory local effects in the joints which was con-
firmed in an acute neutrophil-mediated, T cell-independent
KB x N model [114] by showing that joint inflammation and
damage were significantly reduced in MPO—/— mice without
an effect on circulating cytokines [57].

Opverall, these studies indicate that the net impact of MPO
on disease development depends on the balance between
its local injurious effects in the target organ and inhibitory
effects on adaptive immunity in secondary lymphoid tissue
and that this balance varies in different autoimmune diseases.
Although it is not clearly understood which factors tip this
balance in either direction, the above studies do suggest that
under conditions where neutrophils play a very important
role as effectors of injury in the inflamed organs (e.g.,
CIA, KB x N arthritis, heterologous anti-GBM GN), the
local pathogenic effects of MPO predominate. In contrast,
in situations where T cell immunity is the main driver of
disease with lesser involvement of neutrophils as effectors
(e.g., AIA, lupus nephritis, autologous anti-GBM GN, and
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EAE), the immunosuppressive effects of MPO in secondary
lymphoid organs predominate, tipping the balance towards
MPO-mediated attenuation of disease.

9. MPO Deficiency in Humans

Hereditary MPO deficiency in humans is not rare, with
reported prevalence in the United States and Europe rangin:
from 1:1000 to 1:4000 (7, 115-118]. Patients lacking MPO
are more susceptible to fungal infections, particularly those
caused by Candida albicans [118-120]. This is in line with
murine studies [33] and(the MPO/HOCI system being crit-
ical for the direct killing of the fungus and C. albicans-
induced NET formation [38, 53, 118]. Although reports exist
demonstrating that MPO-deficient patients can have a higher
incidence of severe infections [107, 121], the majority of
patients lacking MPO have been shown not to be particularly
susceptible to chronic infections [8]. Similar to humans,
MPO knockout mice exhibit higher susceptibility to some,
but not all infections including those caused by Candida
glabrata, S. aureus, and S. pneumoniae [8, 34]. This may
be due to several factors: (i) MPO-deficiency increases the
expression and activity of inducible NO synthase resulting in
augmented levels of NO and reactive nitrogen intermediates
which have been shown to play a role in the killing of
microbes by neutrophils in the presence and in the absence of
MPO [32, 35], (ii) the lack of the MPO/HOCI system results
in increased activity of antimicrobial neutrophil granule pro-
teases such as elastase and cathepsin-G [122-124], (iii) neu-
trophils from MPO-deficient patients have increased phago-
cytosis and degranulation [125, 126], and (iv) the absence
of MPO augments the generation of adaptive immunity, as
shown by us and others [13, 21, 56, 96]. Therefore, decreased
microbial killing due to the absence of MPO/HOCI may
be compensated for by other systems involved in pathogen
clearance, including increased expression reactive nitrogen
intermediates, enhanced activity and release of proteases
from neutrophil granules, augmented phagocytic activity of
neutrophils, and increased adaptive immunity against the
invading microbes.

Although the clinical consequences of MPO deficiency
in humans have not been thoroughly investigated, [some
studies have found that patients with total or subtotal lack of
MPO have an increased incidence of chronic inflammatory
conditions [107, 121] which are known to be mediated by
the adaptive immune system. Similarly, patients with a
genetic polymorphism resulting in decreased expression of
MPO have a higher risk of developing autoimmune lupus
nephritis [105], and MS and diabetes patients have been
reported to have lower MPO activity in their blood leukocytes
[127, 128]. These observations may be, in part, explained by
studies showing increased development of adaptive immune
responses and T cell-driven inflammatory conditions in
MPO-deficient animals [13, 21, 56, 96], as discussed above.

10. Conclusion

Neutrophils use MPO to mediate many of their multifaceted
functions that they have in the immune system (summarised
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FIGURE 3: Summary of MPO involvement in neutrophil functions in innate and adaptive immunity.

On the other hand, the
release of MPO-containing NETs can result in the generation of autoimmunity against MPO and subsequent development of ANCA-
associated vasculitis. HOCI that is produced outside of activated neutrophils following MPO release can cause significant tissue damage.
In contrast, MPO that is released by neutrophils in lymph nodes can inhibit DC activation and thus generation of adaptive T cell responses,
thus attenuating organ injury. HOCI, hypochlorous acid; H,O,, hydrogen peroxide; Cl, chloride; NETs, neutrophil extracellular traps; DC,

dendritic cell; ANCA, anti-neutrophil cytoplasmic antibody.

On the other hand, stimulation of DCs by NET-
bound MPO can result in the generation of MPO-specific
autoimmunity and subsequent development of AAV. MPO
release and subsequent formation of HOCI in the extracel-
lular environment following neutrophil activation have been
shown to contribute to tissue inflammation and damage.
Importantly, MPO deposited by neutrophils in lymph nodes
can inhibit DC activation and subsequent generation of
adaptive T cell immunity thus leading to attenuation of
immune-mediated tissue injury. Future studies will not only
further our understanding about these already described
functions of MPO but are also likely to uncover novel roles
of this neutrophil enzyme in the regulation of cellular events
that take place during the course of innate and adaptive
immune responses.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] T. N. Mayadas, X. Cullere, and C. A. Lowell, “The multifaceted
functions of neutrophils,” Annual Review of Pathology: Mecha-
nisms of Disease, vol. 9, pp. 181-218, 2014.

[2] A. Schreiber and R. Kettritz, “The neutrophil in antineutro-
phil cytoplasmic autoantibody-associated vasculitis,” Journal of
Leukocyte Biology, vol. 94, no. 4, pp. 623-631, 2013.

[3] C.-W.Yang, B. S.1I. Strong, M. J. Miller, and E. R. Unanue, “Neu-
trophils influence the level of antigen presentation during the
immune response to protein antigens in adjuvants,” Journal of
Immunology, vol. 185, no. 5, pp. 2927-2934, 2010.

[4] K. Agner, “Verdoperoxidase. A ferment isolated from leuko-
cytes,” Acta Chemica Scandinavica, vol. 2, supplement 8, pp. 1-
62,1941,

[5] J. Schultz and K. Kaminker, “Myeloperoxidase of the leuco-
cyte of normal human blood. I. Content and localization,”
Archives of Biochemistry and Biophysics, vol. 96, no. 3, pp. 465-
467,1962.

[6] P. G. Rausch and T. G. Moore, “Granule enzymes of polymor-
phonuclear neutrophils: a phylogenetic comparison,” Blood, vol.
46, no. 6, pp. 913-919, 1975.

[7] A.Bos, R. Wever, and D. Roos, “Characterization and quantifi-
cation of the peroxidase in human monocytes,” Biochimica et
Biophysica Acta, vol. 525, no. 1, pp. 37-44, 1978.

[8] B.S.vander Veen, M. P. de Winther, and P. Heeringa, “Myelope-
roxidase: molecular mechanisms of action and their relevance
to human health and disease,” Antioxidants & Redox Signaling,
vol. 11, no. 11, pp- 2899-2937, 2009.

[9] K. E. Brown, E. M. Brunt, and ]. W. Heinecke, “Immunohisto-
chemical detection of myeloperoxidase and its oxidation prod-
ucts in Kupffer cells of human liver, American Journal of
Pathology, vol. 159, no. 6, pp. 2081-2088, 2001.

[10] M. R. Rodrigues, D. Rodriguez, M. Russo, and A. Campa,
“Macrophage activation includes high intracellular myeloper-
oxidase activity, Biochemical and Biophysical Research Commu-
nications, vol. 292, no. 4, pp. 869-873, 2002.

[11] R. M. Nagra, B. Becher, W. W. Tourtellotte et al., “Immunohisto-
chemical and genetic evidence of myeloperoxidase involvement
in multiple sclerosis,” Journal of Neuroimmunology, vol. 78, no.
1-2, pp. 97-107, 1997.


albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 


(12]

(16]

(17]

(20]

(21]

(22]

[25]

[26]

E. Malle, G. Waeg, R. Schreiber, E. F. Grone, W. Sattler, and
H.-J. Grone, “Immunohistochemical evidence for the mye-
loperoxidase/H,O,/halide system in human atherosclerotic
lesions: colocalization of myeloperoxidase and hypochlorite-
modified proteins,” European Journal of Biochemistry, vol. 267,
no. 14, pp. 4495-4503, 2000.

M.-L. Brennan, A. Gaur, A. Pahuja, A. J. Lusis, and W. E.
Reynolds, “Mice lacking myeloperoxidase are more susceptible
to experimental autoimmune encephalomyelitis,” Journal of
Neuroimmunology, vol. 112, no. 1-2, pp. 97-105, 2001.

K.M. O’Sullivan, C. Y. Lo, S. A. Summers et al., “Renal participa-
tion of myeloperoxidase in antineutrophil cytoplasmic antibody
(ANCA)-associated glomerulonephritis,” Kidney International,
vol. 88, no. 5, pp. 1030-1046, 2015.

V. L. Shepherd and J. R. Hoidal, “Clearance of neutrophil-
derived myeloperoxidase by the macrophage mannose recep-
tor;” American Journal of Respiratory Cell and Molecular Biology,
vol. 2, no. 4, pp. 335-340, 1990.

S. Sugiyama, Y. Okada, G. K. Sukhova, R. Virmani, J. W.
Heinecke, and P. Libby, “Macrophage myeloperoxidase regu-
lation by granulocyte macrophage colony-stimulating factor
in human atherosclerosis and implications in acute coronary
syndromes,” The American Journal of Pathology, vol. 158, no. 3,
pp. 879-891, 2001.

M. Hansson, I. Olsson, and W. M. Nauseef, “Biosynthesis,
processing, and sorting of human myeloperoxidase,” Archives of
Biochemistry and Biophysics, vol. 445, no. 2, pp. 214-224, 2006.

A. Tobler, C. W. Miller, K. R. Johnson, M. E. Selsted, G. Rovera,
and H. P. Koeffler, “Regulation of gene expression of myeloper-
oxidase during myeloid differentiation,” Journal of Cellular
Physiology, vol. 136, no. 2, pp. 215-225, 1988.

W. M. Nauseef, S. J. McCormick, and M. Goedken, “Coordi-
nated participation of calreticulin and calnexin in the biosyn-
thesis of myeloperoxidase,” The Journal of Biological Chemistry,
vol. 273, no. 12, pp. 7107-7111, 1998.

M. Shafran and S. Lyslova, “Purification and properties of
myeloperoxidase from mice leukocytes,” Voprosy Meditsinskoi
Khimii, vol. 21, pp. 629-633, 1975.

D. Odobasic, A. R. Kitching, Y. Yang et al., “Neutrophil myelo-
peroxidase regulates T-cell-driven tissue inflammation in mice
by inhibiting dendritic cell function,” Blood, vol. 121, no. 20, pp.
4195-4204, 2013.

Y. Dang, G. M. Lowe, S. W. Edwards, and D. W. Galvani, “The
effects of GM-CSF on myeloperoxidase release in normal and
myelodysplastic neutrophils,” Leukemia Research, vol. 17, no. 12,
pp. 1037-1044, 1993.

J. U. Holle, M. Windmoller, C. Lange, W. L. Gross, K. Herlyn,
and E. Csernok, “Toll-like receptor TLR2 and TLRY ligation
triggers neutrophil activation in granulomatosis with polyangi-
itis,” Rheumatology, vol. 52, no. 7, pp. 1183-1189, 2013.

W. W. Chatham, A. Turkiewicz, and W. D. Blackburn Jr., “Deter-
minants of neutrophil HOCI generation: ligand-dependent
responses and the role of surface adhesion,” Journal of Leukocyte
Biology, vol. 56, no. 5, pp. 654-660, 1994.

B. J. Bentwood and P. M. Henson, “The sequential release
of granule constituents from human neutrophils,” Journal of

Immunology, vol. 124, no. 2, pp. 855-862, 1980.
K. Kessenbrock, M. Krumbholz, U. Schonermarck et al., “Net-

ting neutrophils in autoimmune small-vessel vasculitis,” Nature
Medicine, vol. 15, no. 6, pp. 623-625, 20009.

(27]

(28]

[29]

(30]

(31]

(33]

[34]

[37]

(38]

Journal of Immunology Research

H. Fliss, “Oxidation of proteins in rat heart and lungs by poly-
morphonuclear leukocyte oxidants,” Molecular and Cellular
Biochemistry, vol. 84, no. 2, pp. 177-188, 1988.

C. C. Winterbourn, “Biological reactivity and biomarkers of the
neutrophil oxidant, hypochlorous acid,” Toxicology, vol. 181-182,
pp. 223-227, 2002.

D. T. Harwood, A. J. Kettle, S. Brennan, and C. C. Winterbourn,
“Simultaneous determination of reduced glutathione, glu-
tathione disulphide and glutathione sulphonamide in cells and
physiological fluids by isotope dilution liquid chromatography-
tandem mass spectrometry, Journal of Chromatography B:
Analytical Technologies in the Biomedical and Life Sciences, vol.
877, no. 28, pp. 3393-3399, 2009.

D. T. Harwood, A.J. Kettle, and C. C. Winterbourn, “Production
of glutathione sulfonamide and dehydroglutathione from GSH
by myeloperoxidase-derived oxidants and detection using a
novel LC-MS/MS method,” Biochemical Journal, vol. 399, no. 1,
pp. 161-168, 2006.

D. B. Learn, V. A. Fried, and E. L. Thomas, “Taurine and hypo-
taurine content of human leukocytes,” Journal of Leukocyte Bio-
logy, vol. 48, no. 2, pp. 174-182, 1990.

S.J. Klebanoff, A. J. Kettle, H. Rosen, C. C. Winterbourn, and W.
M. Nauseef, “Myeloperoxidase: a front-line defender against
phagocytosed microorganisms,” Journal of Leukocyte Biology,
vol. 93, no. 2, pp. 185-198, 2013.

Y. Aratani, H. Koyama, S.-I. Nyui, K. Suzuki, F Kura, and N.
Maeda, “Severe impairment in early host defense against Can-
dida albicans in mice deficient in myeloperoxidase,” Infection
and Immunity, vol. 67, no. 4, pp. 1828-1836, 1999.

Y. Aratani, F. Kura, H. Watanabe et al., “Differential host suscep-
tibility to pulmonary infections with bacteria and fungi in mice
deficient in myeloperoxidase,” Journal of Infectious Diseases, vol.
182, no. 4, pp. 1276-1279, 2000.

V. Brovkovych, X.-P. Gao, E. Ong et al., “Augmented inducible
nitric oxide synthase expression and increased NO production
reduce sepsis-induced lung injury and mortality in myelo-
peroxidase-null mice,” American Journal of Physiology—Lung
Cellular and Molecular Physiology, vol. 295, no. 1, pp. L96-L103,
2008.

S. Bruns, O. Kniemeyer, M. Hasenberg et al., “Production of
extracellular traps against aspergillus fumigatus in vitro and in
infected lung tissue is dependent on invading neutrophils and
influenced by hydrophobin roda,” PLoS Pathogens, vol. 6, no. 4,
Article ID €1000873, 2010.

V. Brinkmann, U. Reichard, C. Goosmann et al., “Neutrophil
extracellular traps kill bacteria,” Science, vol. 303, no. 5663, pp.
1532-1535, 2004.

K. D. Metzler, T. A. Fuchs, W. M. Nauseef et al., “Myeloper-
oxidase is required for neutrophil extracellular trap formation:
implications for innate immunity;” Blood, vol. 117, no. 3, pp. 953-
959, 2011.

H. Parker, A. M. Albrett, A. J. Kettle, and C. C. Winterbourn,
“Myeloperoxidase associated with neutrophil extracellular traps
is active and mediates bacterial killing in the presence of
hydrogen peroxide,” Journal of Leukocyte Biology, vol. 91, no. 3,
pp. 369-376, 2012.

V. Papayannopoulos, K. D. Metzler, A. Hakkim, and A. Zychlin-
sky, “Neutrophil elastase and myeloperoxidase regulate the for-
mation of neutrophil extracellular traps,” Journal of Cell Biology,
vol. 191, no. 3, pp. 677-691, 2010.



Journal of Immunology Research

[41] R. S. Keshari, A. Jyoti, M. Dubey et al., “Cytokines induced

neutrophil extracellular traps formation: implication for the
inflammatory disease condition,” PLoS ONE, vol. 7, no. 10,
Article ID e48I11, 2012.

K. D. Metzler, C. Goosmann, A. Lubojemska, A. Zychlinsky, and
V. Papayannopoulos, “A myeloperoxidase-containing complex
regulates neutrophil elastase release and actin dynamics during
NETosis,” Cell Reports, vol. 8, no. 3, pp. 883-896, 2014.

H. Parker, M. Dragunow, M. B. Hampton, A. J. Kettle, and
C. C. Winterbourn, “Requirements for NADPH oxidase and
myeloperoxidase in neutrophil extracellular trap formation
differ depending on the stimulus,” Journal of Leukocyte Biology,
vol. 92, no. 4, pp. 841-849, 2012.

K. Akong-Moore, O. A. Chow, M. von Kockritz-Blickwede, and
V. Nizet, “Influences of chloride and hypochlorite on neutrophil
extracellular trap formation,” PLoS ONE, vol. 7, no. 8, Article ID
€42984, 2012.

K. Friedrichs, S. Baldus, and A. Klinke, “Fibrosis in atrial fibril-
lation—role of reactive species and MPO,” Frontiers in Physiol-
ogy, vol. 3, article 214, 2012.

P. P. Bradley, R. D. Christensen, and G. Rothstein, “Cellular
and extracellular myeloperoxidase in pyogenic inflammation,”
Blood, vol. 60, no. 3, pp. 618-622, 1982.

A. J. Kettle, T. Chan, I. Osberg et al., “Myeloperoxidase and
protein oxidation in the airways of young children with cystic
fibrosis,” American Journal of Respiratory and Critical Care
Medicine, vol. 170, no. 12, pp. 1317-1323, 2004.

E. Malle, C. Woenckhaus, G. Waeg, H. Esterbauer, E. F. Grone,
and H.-J. Grone, “Immunological evidence for hypochlorite-
modified proteins in human kidney,” The American Journal of
Pathology, vol. 150, no. 2, pp. 603-615, 1997.

L. K. Stamp, I. Khalilova, J. M. Tarr et al., “Myeloperoxidase and
oxidative stress in rheumatoid arthritis,” Rheumatology, vol. 51,
no. 10, Article ID kesl193, pp. 1796-1803, 2012.

R. J. Johnson, W. G. Couser, E. Y. Chi, S. Adler, and S. J.
Klebanoff, “New mechanism for glomerular injury. Myelo-
peroxidase-hydrogen peroxide-halide system,” The Journal of
Clinical Investigation, vol. 79, no. 5, pp. 1379-1387, 1987.

R.J. Johnson, S. J. Klebanoff, R. E. Ochi et al., “Participation of
the myeloperoxidase-H,O,-halide system in immune complex
nephritis,” Kidney International, vol. 32, no. 3, pp. 342-349, 1987.
D. L. Lefkowitz, M. P. Gelderman, S. R. Fuhrmann et al., “Neu-
trophilic myeloperoxidase-macrophage interactions perpetuate
chronic inflammation associated with experimental arthritis,”
Clinical Immunology, vol. 91, no. 2, pp. 145-155, 1999.

A. Lehners, S. Lange, G. Niemann et al,, “Myeloperoxidase defi-
ciency ameliorates progression of chronic kidney disease in
mice,” American Journal of Physiology—Renal Physiology, vol.
307 no. 4, pp. F407-F417, 2014.

R. A. Matthijsen, D. Huugen, N. T. Hoebers et al., “Myeloperoxi-
dase is critically involved in the induction of organ damage after
renal ischemia reperfusion,” The American Journal of Pathology,
vol. 171, no. 6, pp. 1743-1752, 2007.

T. S. McMillen, J. W. Heinecke, and R. C. LeBoeuf, “Expres-
sion of human myeloperoxidase by macrophages promotes
atherosclerosis in mice;” Circulation, vol. 111, no. 21, pp. 2798-
2804, 2005.

D. Odobasic, A. R. Kitching, T. J. Semple, and S. R. Holdsworth,
“Endogenous myeloperoxidase promotes neutrophil-mediated
renal injury, but attenuates T cell immunity inducing crescentic
glomerulonephritis,” Journal of the American Society of Nephrol-
ogy, vol. 18, no. 3, pp. 760-770, 2007.

[57] D.Odobasic, Y. Yang, R. C. M. Muljadi et al., “Endogenous mye-

loperoxidase is a mediator of joint inflammation and damage in
experimental arthritis,” Arthritis and Rheumatology, vol. 66, no.
4, pp. 907-917, 2014.

V. Rudolph, R. P. Andrié, T. K. Rudolph et al., “Myeloperoxidase
acts as a profibrotic mediator of atrial fibrillation,” Nature
Medicine, vol. 16, no. 4, pp. 470-474, 2010.

E. Villanueva, S. Yalavarthi, C. C. Berthier et al, “Netting
neutrophils induce endothelial damage, infiltrate tissues, and
expose immunostimulatory molecules in systemic lupus ery-
thematosus,” Journal of Immunology, vol. 187, no. 1, pp. 538-552,
2011.

A. Warnatsch, M. Toannou, Q. Wang, and V. Papayannopou-
los, “Inflammation. Neutrophil extracellular traps license
macrophages for cytokine production in atherosclerosis,” Sci-
ence, vol. 349, no. 6245, pp. 316-320, 2015.

B. Shao, C. Tang, A. Sinha et al., “Humans with atherosclerosis
have impaired ABCALI cholesterol efflux and enhanced high-
density lipoprotein oxidation by myeloperoxidase,” Circulation
Research, vol. 114, no. 11, pp. 1733-1742, 2014.

C. K. Smith, A. Vivekanandan-Giri, C. Tang et al., “Neutro-
phil extracellular trap-derived enzymes oxidize high-density
lipoprotein: an additional proatherogenic mechanism in sys-
temic lupus erythematosus,” Arthritis and Rheumatology, vol.
66, n0. 9, pp. 2532-2544, 2014.

R. Khandpur, C. Carmona-Rivera, A. Vivekanandan-Giri et
al, “NETs are a source of citrullinated autoantigens and
stimulate inflammatory responses in rheumatoid arthritis,” Sci-
ence Translational Medicine, vol. 5, no. 178, Article ID 178ra40,
2013.

S. M. Flint, E. E McKinney, and K. G. C. Smith, “Emerging
concepts in the pathogenesis of antineutrophil cytoplasmic
antibody-associated vasculitis,” Current Opinion in Rheumatol-
0gy, vol. 27, no. 2, pp- 197-203, 2015.

M. A. Cunningham, X. R. Huang, J. P. Dowling, P. G. Tipping,
and S. R. Holdsworth, “Prominence of cell-mediated immu-
nity effectors in ‘pauci-immune’ glomerulonephritis,” Journal of
the American Society of Nephrology, vol. 10, no. 3, pp. 499-506,
1999.

A. M. Coughlan, S. J. Freeley, and M. G. Robson, “Animal
models of anti-neutrophil cytoplasmic antibody-associated vas-
culitis,” Clinical and Experimental Immunology, vol. 169, no. 3,
pp. 229-237, 2012.

P-Y. Gan, S. R. Holdsworth, A. R. Kitching, and J. D. Ooi,
“Myeloperoxidase (MPO)-specific CD4" T cells contribute to
MPO-anti-neutrophil cytoplasmic antibody (ANCA) associ-
ated glomerulonephritis,” Cellular Immunology, vol. 282, no. 1,
pp. 21-27, 2013.

R. Kettritz, “How anti-neutrophil cytoplasmic autoantibodies
activate neutrophils;,” Clinical and Experimental Immunology,
vol. 169, no. 3, pp. 220-228, 2012.

A.-]. Ruth, A. R. Kitching, R. Y. Q. Kwan et al., “Anti-neutrophil
cytoplasmic antibodies and effector CD4" cells play nonre-
dundant roles in anti-myeloperoxidase crescentic glomeru-
lonephritis,” Journal of the American Society of Nephrology, vol.
17, no. 7, pp. 1940-1949, 2006.

H. Xiao, P. Heeringa, P. Hu et al., “Antineutrophil cytoplasmic
autoantibodies specific for myeloperoxidase cause glomeru-
lonephritis and vasculitis in mice,” Journal of Clinical Investiga-
tion, vol. 110, no. 7, pp. 955-963, 2002.



10

(71]

N
)

[73

[74

[75]

(76

(77

(82

L. Harper, D. Radford, T. Plant, M. Drayson, D. Adu, and C. O.
S. Savage, “IgG from myeloperoxidase-antineutrophil cytoplas-
mic antibody-positive patients stimulates greater activation of
primed neutrophils than IgG from proteinase 3-antineutrophil
cytosplasmic antibody-positive patients,” Arthritis & Rheuma-
tism, vol. 44, no. 4, pp. 921-930, 2001.

J. D. Ooi, J. Chang, M. J. Hickey et al., “The immunodominant
myeloperoxidase T-cell epitope induces local cell-mediated
injury in antimyeloperoxidase glomerulonephritis,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 109, no. 39, pp. E2615-E2624, 2012.

S. Sangaletti, C. Tripodo, C. Chiodoni et al, “Neutrophil
extracellular traps mediate transfer of cytoplasmic neutrophil
antigens to myeloid dendritic cells toward ANCA induction and
associated autoimmunity;” Blood, vol. 120, no. 15, pp. 3007-3018,
2012.

A.J. Roth, J. D. Ooi, J. J. Hess et al., “Epitope specificity deter-
mines pathogenicity and detectability in anca-associated vas-
culitis,” Journal of Clinical Investigation, vol. 123, no. 4, pp. 1773-
1783, 2013.

M. P. Kuligowski, R. Y. Q. Kwan, C. Lo et al., “Antimyelo-
peroxidase antibodies rapidly induce a4-integrin-dependent
glomerular neutrophil adhesion,” Blood, vol. 113, no. 25, pp.
6485-6494, 2009.

H. Xiao, P. Heeringa, P. Hu et al., “Antineutrophil cytoplasmic
autoantibodies specific for myeloperoxidase cause glomeru-
lonephritis and vasculitis in mice,” Journal of Clinical Investiga-
tion, vol. 110, no. 7, pp. 955-963, 2002.

A. Goldwich, M. Burkard, M. Olke et al., “Podocytes are non-
hematopoietic professional antigen-presenting cells,” Journal of
the American Society of Nephrology, vol. 24, no. 6, pp. 906-916,
2013.

C. Iking-Konert, S. Vogt, M. Radsak, C. Wagner, G. M. Hinsch,
and K. Andrassy, “Polymorphonuclear neutrophils in Wegener’s
granulomatosis acquire characteristics of antigen presenting
cells;” Kidney International, vol. 60, no. 6, pp. 2247-2262, 2001.

P. A. Knolle, T. Germann, U. Treichel et al., “Endotoxin down-
regulates T cell activation by antigen-presenting liver sinusoidal
endothelial cells,” Journal of Immunology, vol. 162, no. 3, pp.
1401-1407, 1999.

D. V. Ostanin, E. Kurmaeva, K. Furr et al., “Acquisition of
antigen-presenting functions by neutrophils isolated from mice
with chronic colitis,” Journal of Immunology, vol. 188, no. 3, pp.
1491-1502, 2012.

A.-K. Tide, T. Sjogren, M. Svensson et al., “2-Thioxanthines are
mechanism-based inactivators of myeloperoxidase that block
oxidative stress during inflammation,” The Journal of Biological
Chemistry, vol. 286, no. 43, pp. 37578-37589, 2011.

W. Zheng, R. Warner, R. Ruggeri et al., “PF-1355, A mechanism-
based myeloperoxidase inhibitor, prevents immune complex
vasculitis and anti-glomerular basement membrane glomeru-
lonephritis,” Journal of Pharmacology and Experimental Thera-
peutics, vol. 353, no. 2, pp. 288-298, 2015.

C. Liu, R. Desikan, Z. Ying et al., “Effects of a novel pharmaco-
logic inhibitor of myeloperoxidase in a mouse atherosclerosis
model,” PLoS ONE, vol. 7, no. 12, Article ID e50767, 2012.

D. Lau, H. Mollnau, J. P. Eiserich et al, “Myeloperoxi-
dase mediates neutrophil activation by association with CD11b/
CD18 integrins,” Proceedings of the National Academy of Sci-
ences of the United States of America, vol. 102, no. 2, pp. 431-436,
2005.

(85]

(87]

[90]

[92]

[95

[96]

[97]

(98]

Journal of Immunology Research

D. El Kebir, L. Jozsef, W. Pan, and J. G. Filep, “Myeloperoxidase
delays neutrophil apoptosis through CD11b/CD18 integrins and
prolongs inflammation,” Circulation Research, vol. 103, no. 4, pp.
352-359, 2008.

M. W. Johansson, M. Patarroyo, E Oberg, A. Siegbahn, and K.
Nilsson, “Myeloperoxidase mediates cell adhesion via the alpha
M beta 2 integrin (Mac-1, CD11b/CD18),” Journal of Cell Science,
vol. 110, part 9, pp. 1133-1139, 1997.

K. Grattendick, R. Stuart, E. Roberts et al., “Alveolar macro-
phage activation by myeloperoxidase: a model for exacerbation
of lung inflammation,” American Journal of Respiratory Cell and
Molecular Biology, vol. 26, no. 6, pp. 716-722, 2002.

D. L. Lefkowitz, E. Roberts, K. Grattendick et al., “The endo-
thelium and cytokine secretion: the role of peroxidases as
immunoregulators,” Cellular Immunology, vol. 202, no. 1, pp.
23-30, 2000.

S. Bennouna, S. K. Bliss, T. J. Curiel, and E. Y. Denkers, “Cross-
talk in the innate immune system: neutrophils instruct recruit-
ment and activation of dendritic cells during microbial infec-
tion,” The Journal of Immunology, vol. 171, no. 11, pp. 6052-6058,
2003.

S. Bennouna and E. Y. Denkers, “Microbial antigen triggers
rapid mobilization of TNF-alpha to the surface of mouse
neutrophils transforming them into inducers of high-level den-
dritic cell TNF-alpha production,” The Journal of Immunology,
vol. 174, no. 8, pp. 4845-4851, 2005.

E C. Weber, T. Németh, J. Z. Csepregi et al., “Neutrophils are
required for both the sensitization and elicitation phase of
contact hypersensitivity;,” Journal of Experimental Medicine, vol.
212, no. 1, pp. 15-22, 2015.

H.R. Hampton, J. Bailey, M. Tomura, R. Brink, and T. Chtanova,
“Microbe-dependent lymphatic migration of neutrophils mod-
ulates lymphocyte proliferation in lymph nodes,” Nature Com-
munications, vol. 6, article 7139, 2015.

C. Beauvillain, P. Cunin, A. Doni et al., “CCR?7 is involved in the
migration of neutrophils to lymph nodes,” Blood, vol. 117, no. 4,
pp. 1196-1204, 2011.

C. V. Gorlino, R. P. Ranocchia, M. E Harman et al., “Neutrophils
exhibit differential requirements for homing molecules in their
lymphatic and blood trafficking into draining lymph nodes,” The
Journal of Immunology, vol. 193, no. 4, pp. 1966-1974, 2014.

J. Pillay, V. M. Kamp, E. Van Hoffen et al, “A subset of
neutrophils in human systemic inflammation inhibits T cell
responses through Mac-1,” Journal of Clinical Investigation, vol.
122, no. 1, pp. 327-336, 2012.

D. Odobasic, R. C. Muljadi, K. M. O’Sullivan et al., “Suppression
of autoimmunity and renal disease in pristane-induced lupus by
myeloperoxidase,” Arthritis & Rheumatology, vol. 67, no. 7, pp.
1868-1880, 2015.

V. Abadie, E. Badell, P. Douillard et al., “Neutrophils rapidly
migrate via lymphatics after Mycobacterium bovis BCG intra-
dermal vaccination and shuttle live bacilli to the draining lymph
nodes,” Blood, vol. 106, no. 5, pp. 18431850, 2005.

J. Marcinkiewicz, B. Nowak, A. Grabowska, M. Bobek, L.
Petrovska, and B. Chain, “Regulation of murine dendritic cell
functions in vitro by taurine chloramine, a major product of the
neutrophil myeloperoxidase-halide system,” Immunology, vol.
98, no. 3, pp. 371-378, 1999.

C. L. Hawkins, “The role of hypothiocyanous acid (HOSCN)
in biological systems,” Free Radical Research, vol. 43, no. 12, pp.
1147-1158, 20009.



Journal of Immunology Research

[100]

[101]

(102

(103]

[104]

[105]

[106]

[107]

(108]

[109]

[110]

(111]

[12]

[113]

(114]

[115]

H. Xiong, C. Zhu, E Li et al, “Inhibition of interleukin-12
p40 transcription and NF-«B activation by nitric oxide in
murine macrophages and dendritic cells,” Journal of Biological
Chemistry, vol. 279, no. 11, pp. 10776-10783, 2004.

E. M. Behrens, U. Sriram, D. K. Shivers et al.,, “Complement
receptor 3 ligation of dendritic cells suppresses their stimulatory
capacity;” The Journal of Immunology, vol. 178, no. 10, pp. 6268-
6279, 2007.

E. Blouin, L. Halbwachs-Mecarelli, and P. Rieu, “Redox regula-
tion of 32-integrin CD11b/CDI8 activation,” European Journal
of Immunology, vol. 29, no. 11, pp. 3419-3431, 1999.

T. K. Nowling and G. S. Gilkeson, “Mechanisms of tissue injury
in lupus nephritis,” Arthritis Research and Therapy, vol. 13, no.
6, article 250, 2011.

W. H. Reeves, P. Y. Lee, J. S. Weinstein, M. Satoh, and L. Lu,
“Induction of autoimmunity by pristane and other naturally
occurring hydrocarbons,” Trends in Immunology, vol. 30, no. 9,
pp. 455-464, 2009,

H. Bouali, P. Nietert, T. M. Nowling et al., “Association of the G-
463A myeloperoxidase gene polymorphism with renal disease
in African Americans with systemic lupus erythematosus,”
Journal of Rheumatology, vol. 34, no. 10, pp. 2028-2034, 2007.
D. Pohlers, K. Nissler, O. Frey et al., “Anti-CD4 monoclonal
antibody treatment in acute and early chronic antigen-induced
arthritis: influence on T helper cell activation,” Clinical and
Experimental Immunology, vol. 135, no. 3, pp. 409-415, 2004.
D. Kutter, P. Devaquet, G. Vanderstocken, J. M. Paulus, V.
Marchal, and A. Gothot, “Consequences of total and subtotal
myeloperoxidase deficiency: risk or benefit ?” Acta Haemato-
logica, vol. 104, no. 1, pp. 10-15, 2000.

M. P. Kuligowski, A. R. Kitching, and M. J. Hickey, “Leukocyte
recruitment to the inflamed glomerulus: a critical role for
platelet-derived P-selectin in the absence of rolling,” Journal of
Immunology, vol. 176, no. 11, pp. 6991-6999, 2006.

X. R. Huang, S. R. Holdsworth, and P. G. Tipping, “Evidence
for delayed-type hypersensitivity mechanisms in glomerular
crescent formation,” Kidney International, vol. 46, no. 1, pp. 69-
78,1994.

P. G. Tipping, X. R. Huang, M. Qi, G. Y. Van, and W. W. Tang,
“Crescentic glomerulonephritis in CD4- and CD8-deficient
mice: requirement for CD4 but not CD8 cells,” The American
Journal of Pathology, vol. 152, no. 6, pp. 1541-1548, 1998.

J. L. Eyles, M. J. Hickey, M. U. Norman et al., “A key role for
G-CSF-induced neutrophil production and trafficking during
inflammatory arthritis,” Blood, vol. 112, no. 13, pp. 5193-5201,
2008.

C. Mauri, C.-Q. Q. Chu, D. Woodrow, L. Mori, and M. Londei,
“Treatment of a newly established transgenic model of chronic
arthritis with nondepleting anti-CD4 monoclonal antibody,
The Journal of Immunology, vol. 159, no. 10, pp. 5032-5041, 1997.
L. Svensson, J. Jirholt, R. Holmdahl, and L. Jansson, “B cell-
deficient mice do not develop type II collagen-induced arthritis
(CIA); Clinical and Experimental Immunology, vol. 111, no. 3,
pp. 521-526, 1998.

B. T. Wipke and P. M. Allen, “Essential role of neutrophils in
the initiation and progression of a murine model of rheumatoid
arthritis,” The Journal of Immunology, vol. 167, no. 3, pp. 1601-
1608, 2001.

R. Cramer, M. R. Soranzo, and P. Dri, “Incidence of myeloper-
oxidase deficiency in an area of northern Italy: histochemical,
biochemical and functional studies,” British Journal of Haema-
tology, vol. 51, no. 1, pp. 81-87, 1982.

[116]

(117]

[118]

[119]

[120]

[121]

(122]

[123]

[124]

[125]

[126]

[127]

[128]

1

M. Kitahara, H. J. Eyre, Y. Simonian, C. L. Atkin, and S. J.
Hasstedt, “Hereditary myeloperoxidase deficiency;,” Blood, vol.
57, no. 5, pp. 888-893, 1981.

C. Larrocha, M. Fernandez de Castro, G. Fontan, A. Viloria,
J. L. Ferndndez-Chacén, and C. Jiménez, “Hereditary myeloper-
oxidase deficiency: study of 12 cases,” Scandinavian Journal of
Haematology, vol. 29, no. 5, pp. 389-397, 1982.

M. E Parry, R. K. Root, J. A. Metcalf, K. K. Delaney, L. S. Kaplow,
and W. J. Richar, “Myeloperoxidase deficiency: prevalence and
clinical significance,” Annals of Internal Medicine, vol. 95, no. 3,
pp. 293-301, 1981.

R. I. Lehrer and M. J. Cline, “Leukocyte myeloperoxidase defi-
ciency and disseminated candidiasis: the role of myeloperox-
idase in resistance to Candida infection,” Journal of Clinical
Investigation, vol. 48, no. 8, pp. 1478-1488, 1969.

C. Nguyen and H. P. Katner, “Myeloperoxidase deficiency
manifesting as pustular candidal dermatitis,” Clinical Infectious
Diseases, vol. 24, no. 2, pp. 258-260, 1997.

D. Kutter, “Prevalence of myeloperoxidase deficiency: popu-
lation studies using Bayer-Technicon automated hematology,’
Journal of Molecular Medicine, vol. 76, no. 10, pp. 669-675, 1998.

T. O. Hirche, J. P. Gaut, J. W. Heinecke, and A. Belaaouaj,
“Myeloperoxidase plays critical roles in killing Klebsiella pneu-
moniae and inactivating neutrophil elastase: effects on host
defense,” The Journal of Immunology, vol. 174, no. 3, pp. 1557~
1565, 2005.

B. Korkmaz, T. Moreau, and F. Gauthier, “Neutrophil elastase,
proteinase 3 and cathepsin G: physicochemical properties,
activity and physiopathological functions,” Biochimie, vol. 90,
no. 2, pp. 227-242, 2008.

B. Shao, A. Belaaouaj, C. L. M. J. Verlinde, X. Fu, and J. W. Hei-
necke, “Methionine sulfoxide and proteolytic cleavage con-
tribute to the inactivation of cathepsin G by hypochlorous acid:
an oxidative mechanism for regulation of serine proteinases by
myeloperoxidase,” Journal of Biological Chemistry, vol. 280, no.
32, pp. 29311-29321, 2005.

P. Dri, R. Cramer, R. Menegazzi, and P. Patriarca, “Increased
degranulation of human myeloperoxidase-deficient polymor-
phonuclear leucocytes,” British Journal of Haematology, vol. 59,
no. 1, pp. 115-125, 1985.

O. Stendahl, B. I. Coble, C. Dahlgren, J. Hed, and L. Molin,
“Myeloperoxidase modulates the phagocytic activity of poly-
morphonuclear neutrophil leukocytes. Studies with cells from
a myeloperoxidase-deficient patient,” The Journal of Clinical
Investigation, vol. 73, no. 2, pp. 366-373, 1984.

G. Ramsaransing, A. Teelken, V. M. Prokopenko, A. V. Arutjun-
yan, and J. De Keyser, “Low leucocyte myeloperoxidase activity
in patients with multiple sclerosis,” Journal of Neurology Neuro-
surgery and Psychiatry, vol. 74, no. 7, pp. 953-955, 2003.

K. Uchimura, A. Nagasaka, R. Hayashi et al., “Changes in super-
oxide dismutase activities and concentrations and myeloper-
oxidase activities in leukocytes from patients with diabetes
mellitus,” Journal of Diabetes and its Complications, vol. 13, no.
5-6, pp. 264-270, 1999.





