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ABSTRACT

Leptospirosis is a widespread zoonotic and neglected infectious disease of human and veterinary
concern that is caused by pathogenic Leptospira species. After entrance in the host, pathogenic
leptospires evade the host natural defense mechanisms in order to propagate and disseminate to
multiple organs. Myeloperoxidase is an enzyme stored in neutrophils azurophilic granules, and is
released upon neutrophil activation to produce mainly hypochlorous acid, a strong oxidant and potent
antimicrobial agent. In the present investigation, we studied the modulation of myeloperoxidase activity
by L. interrogans serovar Copenhageni. We show that leptospires and their culture supernatants are able
to inhibit both peroxidase and chlorination activities of myeloperoxidase, without interfering with
neutrophil degranulation. By leptospiral outer membrane protein extraction and fractionation, we
identified the proteins LipL21 and LipL45 as myeloperoxidase inhibitors, constituting new Leptospira
virulence factors. Accordingly, we propose a function for the protein LipL21, one of the most expressed
leptospiral outer membrane proteins. Our results show a novel innate immune evasion mechanism by
which leptospires interfere with the host response in order to cope with the host oxidative stress and
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efficiently achieve dissemination and colonization.

1. Introduction

Leptospirosis is one of the most prevalent zoonotic dis-
eases worldwide, caused by the pathogenic spirochete
Leptospira. The disease is frequently acquired through
contact with contaminated water or soil, causing infec-
tion on humans mainly via skin or mucosa [1,2]. After
entering the host, leptospires rapidly disseminate
through the blood stream. This is followed by the bacte-
rial clearance from blood and their migration into hosts’
tissues, being the kidneys and liver the preferential sites
for colonization. The infection may vary from non-
symptomatic to different clinical conditions ranging
from a mild flu-like symptomatology to a severe form
known as Weil’s disease. Severe leptospirosis is charac-
terized by jaundice, hypotension, acute lung injury,
bleeding complications and multi-organ failure, reaching
up to 70% mortality rates [1,3-5].

The molecular mechanisms of leptospiral patho-
genesis are poorly understood. After entrance in the
host, pathogenic leptospires evade the host natural
defense mechanisms, in order to propagate and

disseminate to multiple organs, finally reaching
immunologically privileged sites, such as the proximal
renal tubules [1]. Understanding host-pathogen inter-
actions is an important approach to identify new vir-
ulence factors.

Polymorphonuclear neutrophils (PMNs) have a critical
role in innate immunity, constituting one of the body’s
first line of defence against bacterial pathogens [6]. Once
activated by a chemotactic signal, PMNs adhere to the
endothelium, where they start to infiltrate into the infected
tissue and secrete antimicrobial and pro-inflammatory
mediators or finally phagocytize invading bacteria [7-10].

Myeloperoxidase (MPO) is a heme-containing and
glycosylated enzyme that mainly catalyses the produc-
tion of hypochlorous acid (HOCI) in the presence of
hydrogen peroxide (H,0,) and chloride anions [11-13].
MPO is packaged in the neutrophils azurophilic granules
and is released into phagosomes during phagocytosis of
exogenous structures or secreted extracellularly under
stress conditions [14,15]. Hypochlorous acid (HOCI),
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the enzymes major product, is a strong oxidant that
reacts with proteins, lipids and DNA, being a potent
antimicrobial agent, providing a front-line defence
against pathogens [15,16]. MPO activity has also consid-
erable tissue damaging potential when released extracel-
lularly during excessive inflammation [17].

As PMNss constitute the largest population of circulat-
ing phagocytes, they are expected to play an important
role in leptospiral clearance. It was reported that PMNs
are able to kill both non-pathogenic and pathogenic
strains of Leptospira by oxygen dependent and indepen-
dent mechanisms, although opsonization by specific
antibodies is needed for phagocytosis of these microor-
ganisms [18-20]. Although non-pathogenic Leptospira
strains were found to be more susceptible to killing by
hydrogen peroxide (H,0,) and by released contents of
PMNs primary granules in vitro, the same effect is
observed towards pathogenic L. interrogans. The mecha-
nisms of bacterial killing by H,0, and neutrophil pri-
mary granules degranulation occurs via mechanisms
independent of MPO, therefore not a consequence of
halogenation reactions [18].

In this work, we evaluated the modulation of MPO
activity by L. interrogans serovar Copenhageni. We
show that leptospires and their secreted products
inhibit both chlorination and peroxidase MPO activi-
ties. We also identified the protein LipL21 as a potent
MPO inhibitor, constituting a new leptospiral viru-
lence factor. Our results show a new mechanism by
which leptospires interfere with the host immune
response in order to efficiently disseminate and colo-
nize the host.

2. Material and methods
2.1. Bacteria and culture conditions

L. interrogans serovar Copenhageni L1-130 was kindly
provided by Dr. Mathieu Picardeau (Institute Pasteur,
France). Leptospires were cultured at 28°C in Elinghau-
sen-McCullough-Johnson-Harris (EMJH) medium (BD,
Difco) supplemented with 10% Leptospira enrichment
EMJH medium (BD, Difco), 0.3 g/L peptone (BD, Difco)
and 0.2 g/L meat extract (Sigma-Aldrich).
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2.2. Leptospiral membrane proteins isolation

L. interrogans membrane proteins were isolated by the
detergent Triton X-114 (TX-114) method previously
described for Treponema pallidum, with modifications
[21]. Briefly, leptospires were suspended at a concentra-
tion of 2.5 x 10°/mL in TX-114 extraction solution
(1% TX-114, 10 mM Tris [pH 7.5], 150 mM NaCl,
2 mM EGTA) at 4°C. The suspension was placed on a
rotating platform for 4 h at 4°C, then centrifuged at
17,000 x g at 4°C for 30 min. The resulting supernatant
was mixed with CaCl, to a final concentration of 10 mM
and additional TX-114 up to 2% concentration. The
samples were incubated at 37°C for 30 min in a water
bath and then centrifuged at 25°C and 2,000 x g for
10 min to separate the phases. The upper aqueous was
discarded and the lower TX-114 phase washed with 20%
of its volume in 10 mM Tris (pH 7.5) to remove any
aqueous material remaining at the detergent-aqueous
phase interface. The TX-114 fraction was precipitated
with 10 volumes of acetone for 16 h at —20°C, centri-
fuged at 12,600 x g at 4°C for 30 min, and the pellet was
air dried prior to solubilisation in phosphate-buffered
saline (PBS) pH 7.4 containing urea.

2.3. Protein fractionation by anion exchange
chromatography

The solubilized TX-114 fraction diluted in PBS, applied onto
a PD 10 column (GE Healthcare) and eluted with 20 mM
Tris-HCl pH 8.0. The sample was loaded onto a HiTrap Q
HP column (GE Healthcare) and eluted stepwise in frac-
tions using increasing NaCl concentrations. The eluates
were concentrated, desalted and dialyzed to PBS using Ami-
con Ultra-15 Centrifugal Filter Units (Merck Millipore).
Fractions were analysed by SDS-PAGE.

2.4. Cloning, expression and purification
of the recombinant proteins

The genes encoding for the leptospiral proteins LipL21,
LipL45 and Lsa63 were amplified from L. interrogans sero-
var Copenhageni genome using the primers pairs listed at
Table 1. The primers were designed in a way to remove the

Table 1. Gene locus and sequence of the oligonucleotides employed for amplification of the target genes from L. interrogans serovar

Copenhageni genomic DNA.

Recombinant protein Acession number Gene locus Forward primer Reverse primer

LipL21 AAS68648.1 LIC10011 CTCGAGGCTTGTTCCAGTACTGAC GAATTCTAA AAAACCCCGCATAAA
LipL45 AAS70238.1 LIC11643 CACCATGTGTAAGAAACCTACCGAAAGTTCC GAATTTAGC GTTTGGAAGTCA
Lsa63 AAS68941.1 LIC10314 CACCATGCAGGAAAGTTCTAAACTCGGAGAA AGGTTTAA AATCAGTTTTAGATC

*http://www.ncbi.nlm.nih.gov/
Phttp://aeg.Ibi.ic.unicamp.br/world/lic/; LIC: Leptospira interrogans Copenhageni.
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predicted signal peptides as predicted by the server SMART
(http://smart.embl-heidelberg.de/). The amplified inserts
encoding for Lipl45 and Lsa63 were cloned into the
pET101 vector (Invitrogen), while LipL21 into pAE [22].
The positive clones were transformed into BL21-SI Star
(DE) bacteria, and induced for 1 h (LipL21), 4 h (Lsa63) or
overnight (LipL45) at 37°C by the addition of 0.5 mM
IPTG. The bacteria were pelleted, lysed by sonication
(50 mM Tris-HCI pH 7.5, 200 mM NaCl, 5% glycerol,
0.05% Triton X-100) and centrifuged (12.000 x g, 15 min,
4°C) for the separation of soluble proteins from inclusion
bodies. The recombinant proteins were purified from the
soluble fractions. Purification was performed by affinity
chromatography using HisTrap HP (GE Healthcare) col-
umn in Akta prime equipment (GE Healthcare) with gradi-
ent imidazole elution. Fractions containing the eluted
recombinant proteins were pooled and dialyzed against
PBS.

2.5. Circular dichroism (CD) spectroscopy

The proteins were dialysed against 10 mM sodium phos-
phate buffer and the CD spectroscopy of the far-UV spec-
trum was obtained in a Jasco J-810 spectropolarimeter
(Japan Spectroscopic). The resulting spectra are presented
as the averages of ten scans recorded from 190 to 260 nm.
The residual molar ellipticity is expressed in degree cm2
dmol—1. Spectral data were analysed with the software
CAPITO for estimation of the secondary structure content.

2.6. Peptide mass fingerprinting (PMF)

The purified recombinant protein LipL45 was separated
by 12% SDS-PAGE, and the 45 and 31 kDa bands were
excised from the gel. The in gel digestion of the proteins
and preparation for PMF was performed as previously
described [23]. The samples were analyzed by MALDI-
TOF mass spectrometry (MS) using 2.5 dihydroxyben-
zoic acid as the matrix on an MALDI-TOF Autoflex
Speed Instrument (Bruker). The MS was performed on
the reflectron and positive ion mode.

2.7. Neutrophils isolation

Human neutrophils were purified from citrated blood
using Polymorphprep™  gradient (AXIS-SHIELD),
according to the manufacturer’s instructions. Informed
consent was obtained from all blood donors.

2.8. Stimulation of neutrophils

Isolated neutrophils (8 x 10> cells/well in 100 uL PBS)
were incubated for 3 h at 37°C in 5% CO, atmosphere

with 200 uL of stimuli: leptospires (1 x 10, 5 x 107,
2.5 x 107 or 1 x 107 bacteria/mL), bacterial mid-log
phase culture supernatants (approximately 1 x 10° cells/
mL) (at 100% or diluted to 50% or 20% with fresh EMJH
culture medium), 25 nM Phorbol 12-myristate 13-ace-
tate (PMA) (Sigma-Aldrich), PBS or EMJH. Notably,
PMA is a very known stimulator of PMNs by protein
kinase C activation [24]. After incubation, the plates
were centrifuged (1000 x g, 5 min) and the supernatants
were stored for elastase and MPO activity assays.

Alternatively, to the generation of neutrophils exu-
dates for posterior inhibition assays, neutrophils were
stimulated with 25 nM PMA for 5 h and the superna-
tants were stored at —20°C until use.

2.9. Neutrophil-released elastase activity assay

Elastase activity was determined using the EnzChek Elas-
tase Assay Kit (Invitrogen), according to instructions of the
manufacturer. A volume of 25 L of the supernatants origi-
nated from neutrophils stimulation was employed. Purified
elastase (0.2 U/mL) was used as positive control of the
assay. Fluorescence was measured at different time points.

2.10. Neutrophil-released myeloperoxidase activity
assay

MPO chlorination and peroxidase activities were deter-
mined using the Enzchek MPO Activity Assay Kit (Invi-
trogen), according to instructions of the manufacturer.
For detection of chlorination, the kit provides nonfluo-
rescent 3-(p-aminophenyl) fluorescein (APF), which is
selectively cleaved by hypochlorite (-OCI) to yield fluo-
rescein. Peroxidase activity is detected using nonfluores-
cent Amplex® UltraRed reagent, which is oxidized by the
H,0, to form a fluorescent product. Fluorescence rela-
tive to substrate degradation were determined by excita-
tion at 485 nm and emission at 535 nm. Supernatants
from neutrophils stimulated with leptospires or bacterial
culture supernatants (50 ©L) were employed.
Alternatively, exudates of neutrophils stimulated with
25 nM PMA were incubated (20 min at 37°C) with L. inter-
rogans (1 x 10% 5 x 107, 2.5 x 107 or 1 x 10" bacteria/
mlL), bacterial culture supernatants (at 100%, 50% or 20%
dilution), PBS or EMJH. After removal of bacteria by cen-
trifugation, chlorination MPO activity was determined.

2.11. Effect of iron, membrane protein fractions
and recombinant proteins on purified MPO
activity

To test the effect of iron complementation on MPO
inhibition by leptospires, 50 ng/mL purified MPO


http://smart.embl-heidelberg.de/

(50 wL) (R&D Systems) were incubated with
increased concentrations of FeCl; as a source of Fe**
(0, 5, 10, 20, 40 and 100 M) in the presence or
absence of 50 uL 1 x 10® leptospires /mL for 20 min
at 37°C. Leptospires were removed by centrifugation,
and 50 pL of the supernatants were used for chlori-
nation activity assay by Enzchek MPO Activity Assay
Kit (Invitrogen).

To test the inhibitory effect of Leptospira membrane
protein fractions after TX-114 fractionation, 50 ng/mL
purified MPO (50 uL) were incubated with 10 uL of
each protein fraction for 20 min at 37°C, and 50 uL of
the supernatants were used for chlorination activity assay.

When recombinant proteins were employed, 50 ng/
mL purified recombinant human MPO was incubated
for 20 min at 37°C with the leptospiral recombinant pro-
teins LipL21, LipL45 and Lsa63 at final concentrations of
50, 250, 500 or 1000 ng/mL. MPO incubated with puri-
fied E. coli K12 lipopolysaccharide (LPS) (Invivogen),
MPO without additions or PBS alone were used as con-
trols. Fifty microliters of the mixtures were used for chlo-
rination activity assay.

2.12. MPO western blot

MPO (0.5 pug/pL in 10 pL) was incubated with 100 uL
of L. interrogans suspensions (1 x 10*/mL). At specified
time points (5, 15, 30 and 60 min), 20 uL aliquots were
removed and stored at —20°C for posterior analysis.
Samples were separated by 10% SDS-PAGE, transferred
to membranes and blocked for 2 h at room temperature
with PBS + 0,05% Tween 20 (PBS-T) containing 2%
BSA. Membranes were then incubated overnight at 4°C
with antibodies against human MPO (Santa Cruz Bio-
technology) at 1:200 dilution. After a washing step,
membranes were incubated with secondary antibodies.
Reactivity was detected by chemiluminescence.

2.13. Statistics

Statistical differences between groups were analyzed using
GraphPad Prism 6.07 using one-way ANOVA followed
by Dunnett's multiple comparison test. Differences
between groups were considered significant if P < 0.05.

3. Results

3.1. L.interrogans bacteria and their secreted
products inhibit MPO activity

To first analyse the effect of leptospires in MPO degranu-
lation and activity, the exudates of PMNs treated with dif-
ferent concentrations of L. interrogans bacteria or their
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culture supernatants were recorded using a chlorination
activity assay, as this method is more specific for MPO
than those based on peroxidase substrates. We observed
that the exudates of PMNs incubated with bacteria or bac-
terial culture supernatants rendered less MPO activity
than PMNs incubated only with PBS (Fig. 1A and B).
This effect was dose-dependent, suggesting that the bacte-
ria can produce/secrete a factor which can inhibit MPO
chlorination activity. Cells stimulated with PMA, a very
well-known strong activator of neutrophils by protein
kinase C activation [24], served as a positive control. As
expected, PMA control elicited higher MPO activity, as it
triggers neutrophils degranulation and no possible inhibi-
tor was added. To determine if the inhibitory effect is
directed specifically to the MPO chlorination activity or
whether it interferes with its peroxidation cycle, the per-
oxidase activity of the PMNs exudates was also analysed.
As seen in Figs. 1C and D, leptospires and their secreted
products inhibited the peroxidase activity of PMNs-
secreted MPO in a dose-dependent manner.

Apart from MPO, also elastase is stored in neutrophils
azurophilic granules. Therefore, the two proteins are sup-
posed to be concomitantly released upon degranulation [10].
Corroborating the idea that the leptospires are efficient in
stimulating PMNs and that the observed lower MPO activity
is due to enzymatic inhibition and not due to reduced PMNs
degranulation, we measured the elastase activity in the same
cells exudates used for the MPO activity assays. We show
that elastase activity increases in a time and dose-dependent
manner when incubated with leptospires or their secreted
products (Fig. 2). When PMNs were incubated with PBS, a
reduced elastase activity was measured. We therefore con-
clude that leptospires are able to activate PMNs and trigger
the release of the contents stored in the azurophilic granules.

In another set of experiments, isolated human PMNs
were first stimulated to degranulate upon incubation
with PMA. The PMA-treated neutrophils exudates were
then incubated with different concentrations of L. inter-
rogans or leptospiral culture supernatants. Once again,
we found that MPO chlorination activity is strongly
reduced by the addition of L. interrogans or their
secreted products (Fig. 3), further supporting or data
that leptospires interfere with MPO activity rather than
with  MPO degranulation. Collectively, our results
strongly imply that L. interrogans presents mechanisms
to potently inhibit neutrophil-derived MPO chlorination
and peroxidase activities.

3.2. Leptospiral MPO inhibition is not related to iron
sequestration

The bacterial siderophore enterobactin was described to
act as MPO inhibitor by efficiently sequestration of the
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Figure 1. MPO activity in the supernatants of neutrophils stimulated with L. interrogans cells or their secreted products. Human purified
PMNs were stimulated for 3 h at 37°C with different concentrations of L. interrogans serovar Copenhageni cells (A and C) or their culture
supernatants (B and D). PMNs stimulated with PMA, PBS (when leptospires were assayed) or EMJH (when supernatants were assayed)
alone were used as controls. The co-incubation supernatants were assayed for MPO chlorination (A and B) or peroxidase activity (C and
D), expressed as fluorescence measurement of the substrate degradation (485 nm excitation and 535 nm emission). Fluorescence is indi-
cated in arbitrary units. The bars represent the means + standard deviation of three independent experiments performed in triplicates.
Statistics is provided by comparison with the PBS control group: *P < 0.05, *P < 0.01, ***P < 0.001 and ****P < 0.0001.

iron from the heme group bared by MPO [25]. We there-
fore decided to analyse if Leptospira-mediated MPO
inhibition could arise from similar mechanisms of iron
chelation, even though leptospires are believed to lack
siderophores [26,27]. Purified MPO was incubated with
increasing concentrations of FeCls as a source of Fe’* in
the presence or absence of L. interrogans. The supple-
mentation of the reaction with excess of Fe’* did not pre-
vent MPO inhibition by leptospires (Fig. 4), implying
that the inhibitory effect might be due to a mechanism
unrelated to iron sequestration.

3.3. The leptospiral protein LipL21 strongly inhibits
MPO

In the next series of experiments, we sought to identify
the leptospiral proteins able to act as inhibitors of human
MPO. We decided to focus only on the surface-exposed
components. The separation of the supernatants to iden-
tify the active agent(s) was not performed because the
Leptospira secretome is poorly characterized and there

are no well-established protocols. We purified the L.
interrogans serovar Copenhageni L1-130 membrane pro-
teins by TX-114 solubilisation, employing a method
modified from Cunningham et al [21]. The extracted lep-
tospiral membrane proteins were then fractionated by
anion exchange chromatography, being eluted by
increasing NaCl concentrations. After buffer exchange to
PBS, each fraction was tested as the ability to inhibit the
chlorination activity of purified recombinant human
MPO. The fractions eluted with 300, 350, 400 and
450 mM NaCl were able to decrease MPO activity
(Fig. 5A). The positive fractions were analysed by SDS-
PAGE and the predicted inhibitor candidates were iden-
tified by MS/MS mass spectrometry to be the proteins
LipL21 and LipL45 (Fig. 5B and Fig. 5C). Other uniden-
tified leptospiral proteins on the positive fractions could
also act as MPO inhibitors.

The genes coding for LipL21 and LipL45 were cloned
into pAE or pET101 vectors, respectively. All recombi-
nant proteins were produced in E. coli in their soluble
form. Expression was induced by addition of IPTG and
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Figure 2. Elastase activity in the supernatants of neutrophils stimu-
lated with L. interrogans cells or their secreted products. Human
purified PMNs were stimulated for 3 h at 37°C with different con-
centrations of L. interrogans serovar Copenhageni cells or their cul-
ture supernatants. PMNs stimulated with PMA, PBS (when
leptospires were assayed) or EMJH (when supernatants were
assayed) alone were used as controls. The co-incubation superna-
tants were assayed for elastase activity expressed as fluorescence
measurement of the substrate degradation (485 nm excitation and
535 nm emission) at different time points. Fluorescence is indicated
in arbitrary units. The bars represent the means 4 standard devia-
tion of three independent experiments performed in triplicates.
Statistics is provided by comparison with the PBS control group at
each time point: #P < 0.05 and *P < 0.0001.
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purification performed by metal chelating chromatogra-
phy (Fig. 6A). It was previously reported [28] that degra-
dation of LipL45 leads to the generation of a 31 kDa
fragment (Fig. 6A, lane 3). The gene for LipL45 was
cloned into pET101 vector, which adds a C-terminal his-
tag to the protein. As the 31 kDa band is recognized in
Western blot analysis by an anti-his tag antibody, the
fragment has to be originated from the C-terminal por-
tion of LipL45 (Fig. 6B). Moreover LipL45 processing
was analysed by the comparison of the PMF spectra of
the full LipL45 protein and the 31 kDa fragment. The
existence of coincident peaks shown in fig. 6C reaffirms
that the 31 kDa fragment is derived from the full LipL45.
Additional analysis of these peaks by MS/MS fragmenta-
tion also corroborated that the 31 kDa fragment is a
LipL45 degradation product (not shown). The leptospiral
protein Lsa63 was included as a negative control. The
structural integrity of the three purified recombinant
proteins was assessed by CD spectroscopy. Spectra data
analysis revealed that the proteins are structured
(Fig. 6D), with calculated alpha helix and beta sheet con-
tents similar to the predicted by the amino acid sequen-
ces. The features of the leptospires recombinant proteins
are summarised in the Table 2. The three proteins
were experimentally demonstrated to localize at the lep-
tospiral outer membrane [28-31] while their predicted
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Figure 3. L. interrogans cells and their secreted products inhibit the activity of neutrophil-secreted MPO. Human purified PMNs were
stimulated for 5 h at 37°C with 25 nM PMA. PMNs exudates were then incubated for 20 min at 37°C with L. interrogans cells in different
concentrations (A and B) or their culture supernatants (C and D) in different dilutions. The mixtures were assayed as MPO chlorination
activity, expressed as fluorescence measurement of the substrate degradation (485 nm excitation and 535 nm emission). A and C: kinet-
ics of MPO activity measured at different time points. B and D: MPO activity measured at the end-point time (40 min). Fluorescence is
indicated in arbitrary units. The bars represent the means + standard deviation of three independent experiments performed in tripli-
cates. Statistics is provided by comparison with the PMA with no additions control group: *P < 0.001 and **P < 0.0001.
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15000+

Fluorescence

Figure 4. Evaluation of MPO integrity and effect of iron supple-
mentation on L. interrogans MPQO inhibition. (A) Purified human
MPO was incubated in the presence or absence of L. interrogans
cells for different times (5, 15, 30 and 60). The supernatants were
then subjected to SDS-PAGE and transferred to membranes. The
integrity of MPO was evaluated by western blot analysis using
specific antibodies. (B) Purified human MPO was incubated with
increasing concentrations of FeCl; as a source of Fe3* (0, 5, 10,
20, 40 and 100 zM) in the presence or absence of 50 uL 1 x 108
leptospires /mL for 20 min at 37°C. The MPO chlorination activity
was measured in the supernatants, expressed as fluorescence
measurement of the substrate degradation (485 nm excitation
and 535 nm emission). Fluorescence is indicated in arbitrary
units. The bars represent the means + standard deviation of
three independent experiments performed in triplicates.

localization may vary. Both LipL21, LipL45 and Lsa63
have homologs in the non-pathogenic and saprophytic
Leptospira biflexa serovar Patoc, although their sequence
identity is low (47, 55 and 39%, respectively).

When increasing concentrations of the purified
recombinant proteins LipL21, LipL45 and Lsa63 were
incubated with a fixed amount of MPO (50 ng/mL), a
strong inhibitory effect of the MPO chlorination activity
was observed even at low LipL21 concentration (50 ng/
mL) (Fig. 7A and Fig. 7E), while LipL45 had a significant
inhibitory effect only at a higher concentration (500 ng/
mL) (Fig. 7B and 7E). The controls, Lsa63 and purified
LPS, had no effect on MPO activity (Fig. 7C, 7D and
Fig. 7E). Corroborating our results, when heat-dena-
tured, LipL21 inhibitory activity is significantly reduced,
suggesting that the proper protein conformation is
needed for the MPO inhibition (Fig. 7F). Our results
show that both LipL21 and LipL45 are able to inhibit
MPO, being LipL21 the most potent protein in this task.
Bioinformatics analysis of LipL21 and LipL45 did not
reveal any conserved domain or predicted function that
could explain the mechanisms by which they act as
MPO inhibitors (Table 2).
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Figure 5. Inhibition of MPO activity by L. interrogans membrane
proteins fractions. L. interrogans serovar Copenhageni membrane
proteins were extracted by TX-114 and then fractionated by
anion exchange chromatography with elution in different NaCl
concentrations (50-1000 mM). The membrane proteins fractions
were dialysed against PBS and incubated for 20 min at 37°C with
purified recombinant human MPO. (A) The mixtures were
assayed as MPO chlorination activity, expressed as fluorescence
measurement of the substrate degradation (485 nm excitation
and 535 nm emission). Fluorescence is indicated in arbitrary
units. The bars represent the means =+ standard deviation of
three independent experiments performed in duplicates. Statis-
tics is provided by comparison with 100% MPO activity:
*P < 0.05 and **P < 0.01. (B) The fractions were separated by
8% and 15% SDS-PAGE, and the protein bands predicted to func-
tion and MPO inhibitors by comparative and exclusion analysis,
were identified by mass spectrometry (C).

4. Discussion

The induction of a host innate immune response by
invading pathogens generates a defensive oxidative burst.
Accounting for the destructive capacity of neutrophils,
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Figure 6. SDS-PAGE analysis of the purified recombinant proteins. The leptospiral proteins LipL21, LipL45 and Lsa63 were expressed in
E. coli BL21 (DE3) and purified by Ni** chelating affinity chromatography. The purified proteins were dialysed against PBS and analysed
by 12% SDS-PAGE stained with coomassie blue. The molecular mass protein markers are indicated on the left.

H,0, and a variety of more potent secondary oxidants
are produced [14,32,33]. Most of the H,O, generated by
neutrophils is consumed by MPO. Apart from the classi-
cal heme peroxidase activity, MPO is unique in its chlori-
nation activity, readily oxidizing chloride ions to (HOCI)
[11]. HOCI is the most bactericidal oxidant produced by
neutrophils, readily reacting with thiols, thioethers and
amines [34].

Leptospires must have evolved mechanisms to effectively
escape from or neutralize the host oxidative burst defense
mechanism. During the host oxidative burst, reactive oxygen

species (ROS) are generated from free radicals of molecular
oxygen. The generated oxygen radicals can then be used to
produce other ROS, including H,O,, hydroxyl radicals, and
HOC], all of which mediating bacterial killing. When per-
forming genomic analyses, leptospires were found to lack
superoxide dismutase [35], what would increase the lepto-
spires” susceptibility to the oxidative burst generated during
the infection [36]. However, this vulnerability may be over-
come by other mechanisms to cope with oxidative stress,
such as expression of metalloporphyrins, peroxidase and cat-
alase [37]. The catalase KatE of L. interrogans has been

Table 2. Features of the leptospiral recombinant proteins analysed as MPO inhibitors.

Protein
Protein  Cellular localization Cellular localization Experimental Conservationin L. Conserved Other known References
(Cello) (Psortb) cellular localization biflexa domains functions

LipL21 Periplasmic (2.7) Periplasmic (9.8) Outer membrane 98% coverage 47% — — Cullen et al., 2003
Extracellular (1.5) identity

LipL45 Periplasmic (1.8) Cytoplasmic (8.9) Outer membrane 100% coverage LysM and — Matsunaga et al.,
Cytoplasmic (1.8) 55% identity FecR 2002 Cullen et al.,

2005

Lsa63 Outer membrane Inner membrane (4.9) Outer membrane  99% coverage 39% p83/100 Extracellular Vieira et al., 2010

(2.2) Extracellular Periplasmic (2.5) identity matrix adhesin

(0.9)

Extracellular (2.5)

*http://cello.life.nctu.edu.tw/
Phttp://www.psort.org/psortb/

“http://blast.ncbi.nim.nih.gov/Blast.cgi
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Figure 7. Inhibition of MPO activity by L. interrogans purified recombinant proteins. Fifty ng/mL purified recombinant human MPO were
incubated for 20 min at 37°C with the leptospiral recombinant proteins LipL21, LipL45 and Lsa63 at final concentrations of 50, 250, 500
or 1000 ng/mL. MPO incubated with purified bacterial LPS, MPO without additions or PBS alone were used as controls. The mixtures
were then assayed as MPO chlorination activity, expressed as fluorescence measurement of the substrate degradation (485 nm excita-
tion and 535 nm emission). A-D: kinetics of MPO activity measured at different time points. E: MPO activity measured at the end-point
time (40 min). F: LipL21 and Lsa63 were heat-denatured before MPO inhibition assays. LipL21 inhibition at 1000 ng/mL was considered
100%. Fluorescence is indicated in arbitrary units. The bars represent the means + standard deviation of three independent experi-
ments performed in triplicates. Statistics is provided by comparison with the MPO positive control: P < 0.0001, **P < 0.001 and

#P < 0.05.

shown to be important for H,O, detoxification and bacterial
survival [38].

In this study, we describe a novel mechanism by
which L. interrogans evades the innate immune response
of the host and copes with the oxidative stress. We con-
sistently demonstrated that leptospires can inhibit the
host potent neutrophil-derived antibacterial enzyme
MPO in a dose-dependent fashion. Such inhibition of
MPO has effect on both peroxidase and chlorination
activities of the enzyme. A study by Murgia and col-
leagues (2002) previously described that MPO lacks
microbicidal activity towards leptospires. However, no
mechanism was proposed showing how the bacteria can
counteract MPO-induced production of ROS. We now
demonstrate that this is due to inhibition of MPO’s enzy-
matic activity. Our results further show that the two lep-
tospiral proteins, LipL21 and LipL45, respectively, are
responsible for this ability. While LipL21 is a potent

MPO inhibitor, with an activity even at very low concen-
trations, LipL45 functions at higher concentrations and
has only a moderate effect. Hence our study supports the
notion of leptospiral outer membrane protein LipL21 as
the most prominent factor protecting the bacteria against
oxidative stress through blocking the production of the
potent oxidizing agent HOCL

Bioinformatics analysis of LipL21 and LipL45 did not
reveal any conserved domain, homologs or predicted
function that could explain the mechanisms by which
they act as MPO inhibitors. Experiments trying to under-
stand the mechanisms of MPO inhibition are currently
under development. LipL21 and LipL45 were reported to
be localized at the leptospiral surface, thus potentially
mediating host-pathogen direct interactions [28,29].
LipL21 is one of the most abundant outer membrane
proteins of Leptospira, exhibiting more than 8,000 copies
per cell [39]. LipL45 is also expressed in high levels by



leptospires (approximately 3,000 copies per cell) [39].
LipL45 was shown to be initially expressed as a 45 kD
lipoprotein which is further processed to become a
31 kD peripheral membrane protein by removal of the
carboxyterminal portion [28]. This processing was also
observed in our assays for recombinant protein produc-
tion. Both LipL21 and LipL45 were found to be expressed
by leptospires during infection [28,29,40] hence suggest-
ing the participation and importance of these proteins
for L. interrogans pathogenesis and virulence.

To our knowledge, the only bacterial proteins able to
inhibit MPO reported to date are siderophores. The side-
rophore enterobactin was described to act as MPO inhib-
itor by efficient sequestration of the iron from the heme
group bared by MPO [25]. As leptospires have been
reported to lack siderophores [26,27] our data present a
novel mechanism by which these bacteria interact with
MPO activity, independent of iron chelation. As one of
the most abundant outer membrane proteins of L. inter-
rogans, LipL21 action on the protection against the host
oxidative burst by inhibition of MPO activity might be a
crucial step for leptospiral virulence and infectious
process.

Although a common and non-specific finding in acute
bacterial infections, PMN count is usually increased dur-
ing the leptospiremic phase of leptospirosis and is corre-
lated to disease severity [41,42]. The production of ROS
is elevated in leptospirosis patients and correlates to tis-
sue injury levels, although the contribution of PMNs was
not evaluated [43]. Also, the study by Scharrig et al [44].
has shown that neutrophil extracellular traps (NETs) are
critical for the prevention of early bacteria dissemination
in a murine model of the disease. Therefore, the partici-
pation of neutrophils in the initial phase of leptospirosis
seems to be an important defense mechanism, mainly
driven by secretion of antimicrobial compounds, ROS
production and NET's formation, rather than phagocyto-
sis. Indeed, a recent study reported that macrophages
but not neutrophils are the main phagocytes killing L.
interrogans in vitro, which are the major infiltrating cells
in infected tissues [45]. The evasion from neutrophilic
innate armory seems to be essential for the progression
of leptospirosis, and the present manuscript presents a
novel mechanism by which leptospires can achieve this
by inhibiting MPO.

In conclusion, we have demonstrated that the lipo-
protein LipL21, expressed at L. interrogans outer
membrane, by inhibiting the MPO-catalysed reaction
with H,0,, define a novel defence mechanism of lep-
tospires against the host innate immune system. Inhi-
bition of MPO might be an important aspect of the
leptospiral immune escape strategy and survival. Our
results represent an important contribution to the
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understanding of leptospiral pathogenesis and host-
pathogen interactions.
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