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Abstract
Protease-mediated degradation of proteins is critical in a plethora of physiological pro-

cesses. Neutrophils secrete serine proteases including cathepsin G (CatG), neutrophile

elastase (NE), and proteinase 3 (PR3) together with lactoferrin (LF) as a first cellular

immune response against pathogens. Here, we demonstrate that LF increases the catalytic

activity of CatG at physiological concentration, with its highest enhancing capacity under

acidic (pH 5.0) conditions, and broadens the substrate selectivity of CatG. On a functional

level, the enzymatic activity of CatG was increased in the presence of LF in granulocyte-

derived supernatant. Furthermore, LF enhanced CatG-induced activation of platelets as

determined by cell surface expression of CD62P. Consequently, LF-mediated enhance-

ment of CatG activity might promote innate immunity during acute inflammation.

Introduction
Polymorphonuclear neutrophils harbour serine proteases including cathepsin G (CatG), neu-
trophile elastase (NE), and proteinase 3 (PR3) which are responsible for defense functions and
for several physiological processes [1]. Nevertheless, neutrophils can also function in cathepsin
G-deficient mice [2], most probably due to redundant activities of other serine proteases and
biologically important proteins constituting the innate immune system.

In neutrophils, CatG, NE, and PR3 are stored in primary (azurophil) granules. After degran-
ulation, these proteases are released at the site of inflammation to induce an innate and adap-
tive immune response [3, 4]. The biological activity of CatG is broad and encompasses
enhancement of anti-infectious functions in a proteolytic-dependent and -independent man-
ner [5–7], clearance of internalized pathogens [8], apoptosis [9], and proteolytic modification
of chemokines and cytokines [10, 11]. Interestingly, CatG lowers low-density lipoprotein blood
level and reduces atherosclerosis [12]. The effects of CatG are not restricted to the innate
immunity since a crucial role of CatG was also demonstrated for the antigen presentation
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pathway and the stimulation of antigen-specific immune response [13–15]. Several naturally
occurring compounds and proteins restrain CatG activity, for instance, glycosaminoglycans
[16], and α1-antitrypsin [17]. However, when regulation of CatG activity fails, CatG is involved
in pathophysiological processes. Excessive CatG function may lead to an impairment of
defense processes to pathogens [18], autoimmunity [15, 19], or tumor progression [20].

The iron-binding LF of the transferrin family is stored in a separate compartment, the sec-
ondary granules of neutrophils, and is also secreted during inflammation [1, 21]. Apart from
important functions associated with transport of iron, LF is a crucial mediator which supports
an immune response by linking innate and adaptive immunity and maintaining immune
homeostasis [22–24]. During inflammation the amount of granulocyte-derived lactoferrin (LF)
can increase up to 200 μg/ml [25] and even higher in pulmonary secretion 100–1000 μg/ml [26]
modulating the immune processes [21]. Additionally, LF possesses serine protease activity to
prevent bacterial invasion [27]. Furthermore, LF interferes with glioblastoma cell growth [28],
plays a protective role in oxidative stress induced damage, and displays regulatory activity by
enhancing expression of cyclooxygenase 1 and inhibition of inducible cyclooxygenase 2 [29].

The acidic milieu during acute inflammation in the extracellular space is not optimal for the
enzymatic activity of CatG and the functional interplay between CatG and LF under such cir-
cumstances has not been investigated. Thus, we sought to evaluate whether LF affects the cata-
lytic activity of CatG. We found that LF potently increases the activity of CatG at pH 7.4 and to
an even higher extent at pH 5 as well as in granulocyte-derived supernatant. Furthermore, LF
might induce a conformational change of CatG resulting in an advanced substrate selectivity at
P1 position as determined by different activity-based probes. Lastly, combination of LF and
CatG significantly elevated the expression of the activation marker CD62P on platelets. Based
on these findings, we propose that LF and CatG act synergistically during secretion by granulo-
cytes augmenting the process associated with defense and tissue repair.

Materials and Methods

Reagents and chemicals
Diphenyl(1-((S)-1-((4-oxo-4-((5-(5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imida-
zol-4-yl)pentanamido)pentyl)amino)butanoyl)-L-valyl)pyrrolidine-2-carboxamido)-2-pheny-
lethyl) phosphonate (Bt-LC-Suc-Val-Pro-PheP(OPh)2; Marcin Sienczyk 116, MARS116) [30],
bis(4-methoxyphenyl) (1-((S)-1-((5-((3aS,4S,6aR)-3a,6a-dimethyl-2-oxohexahydro-1H-thieno
[3,4-d]imidazol-4-yl)pentanoyl)-L-valyl)pyrrolidine-2-carboxamido)-3-methylbutyl)phospho-
nate (Bt-Val-Pro-LeuP(OPhOMe)2, MARS123, Renata Grzywa, Faculty of Chemistry, Wroclaw
University of Technology, Wroclaw, Poland), diphenyl(1-((S)-1-((5-((3aS,4S,6aR)-3a,6a-
dimethyl-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanoyl)-L-valyl)pyrrolidine-
2-carboxamido)-2-methylpropyl)phosphonate (Bt-Val-Pro-ValP(Ph)2, MARS125) [31],
human recombinant lactoferrin (LF) from chinese hamster ovary (CHO) expression system
(Marian Kruzel, Dept. of Integrative Biology and Pharmacology, University of Texas, Houston,
USA) [32], human recombinant LF from rice (MyBioSource, San Diego, CA, USA), heparin
(Sigma-Aldrich, Taufkirchen, Germany), neutrophil-derived human cathepsin G (CatG; Bio-
Centrum Ltd., Krakow, Poland), dimethyl sulfoxide (DMSO, Serva, Heidelberg, Germany),
CatG inhibitor I (CatGinh.; Merck Millipore, Darmstadt, Germany), neutrolphil elastase (NE)
and proteinase 3 (PR3; Elastin Products Company, Inc., Owensville, MO, USA), PBS+0.05%
Tween20 (PBS+T; Life Technologies, Darmstadt, Germany and Serva, Heidelberg, Germany),
streptavidin-horseradish peroxidase (Vectastain; Burlingame, CA, USA), enhanced chemilu-
minescence (ECL) detection kit (GE Healthcare, München, Germany), polyvinylidene fluoride
(PVDF; GE Healthcare, Freiburg, Germany), recombinant human CatL (R&D Systems,
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Wiesbaden, Germany), or 5 μg/ml recombinant human CatS (Enzo Life Sciences GmbH, Lör-
rach, Germany), 4-(((S)-3-methyl-1-((S)-2-(((S)-1-((4-nitrophenyl)amino)-1-oxo-3-phenyl-
propan-2-yl)carbamoyl)pyrrolidin-1-yl)-1-oxobutan-2-yl)amino)-4-oxobutanoic acid (Suc-
VPF-pNA) [33], phorbol 12-myristate 13-acetate (PMA).

Active-site label
The active-site label was performed as described in [30]. In brief, human LF (250 μg/ml,
3.28 μM) or heparin (250 μg/ml) were incubated with 800 ng/ml (28.07 nM) CatG in 0.1M cit-
rate pH 5.0 or PBS pH 7.4 in the presence of the activity-based probe MARS116 (2 μM) with or
without CatG inhibitor (preincubated for 15 min) for 1 h at room temperature (RT). Addition-
ally, MARS123 or MARS125 (2 μM) were incubated with 800 ng/ml CatG, NE, or PR3 at pH
7.4. Samples were resolved by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and protein contents were transferred to a PVDF membrane. The PVDF mem-
brane was washed three times with PBS+T for 5 min at RT, incubated with Vectastain for 1h at
RT, and followed by five additional wash steps. Protease activity was revealed using an ECL-
detection kit and visualized using Hyperfilm ECL (GE Healthcare, München, Germany).

In vitro processing of LF
50 μg/ml LF was incubated with 50 μg/ml CatG, 5 μg/ml recombinant CatL, or 5 μg/ml recom-
binant CatS for 6 h at 37°C in reaction buffer (0.1 M citrate, pH 5 for CatL or PBS, pH 7.4 for
CatG or CatS). The digestion pattern was resolved by SDS-PAGE, stained with Coomassie blue
(Life Technologies GmbH, Darmstadt, Germany) for 1 h, and destained with dest. water.

Determination of CatG activity via colorimetric substrate
Kinetic measurement of CatG activity was accomplished by using the colorimetric substrate
Suc-VPF-pNA. CatG (800 ng/ml), CatG with CatGinh. (10 μM), CatG with LF (250 μg/ml),
CatG with CatGinh. and LF, or LF were preincubated for 15 min in PBS pH 7.4 at RT and fol-
lowed by adding Suc-VPF-pNA (200 μM) [33]. The enzyme assay was performed in duplicates
at 37°C, and absorption was determined at 405 nm (absorbance microplate reader, Bio-Rad,
Model 550, Hercules, USA).

Generating granulocyte-derived supernatant
Human blood was separated by gradient centrifugation in Gradisol G with a density of
1.115 g/ml (Aqua Medica, Poznan, Poland). Blood was over-layered to Gradisol and centri-
fuged at 400 x g for 30 min at RT. The granulocyte-rich layer was harvested by a hypotonic
shock to remove erythrocyte contamination (H2O for 30 s followed by addition of 9 volumes
of 10x Hanks’ solution). Cells were washed twice with Hanks’ solution and resuspended at
density of 2 x 107 cells/ml. The granulocytes were subsequently incubated for 60 min with 2
mg/ml of Zymosan (Sigma-Aldrich, Taufkirchen, Germany) at 37°C, centrifuged twice
(20,000 x g, 30 min, 4°C), the supernatant was passed through a 0.22 μm filter, and frozen at
-80° until use [34]. For PMA stimulation, cells were resuspended in Hanks’ solution at con-
centration of 5 x 106/ml and incubated for 1h with 100 ng/ml PMA at 37°C in the absence of
CO2 atmosphere. Afterwards the cell suspension was centrifuged twice (20,000 x g, 15 min,
4°C). The supernatant was taken, filtered through a 0.22 μm filter, and frozen at -80°C [35].
Zymosan was prepared according to the manufactures protocol (Sigma-Aldrich, Tauf-
kirchen, Germany). In brief, 1% Zymosan suspension was boiled for 1h and centrifuged
(20,000 x g, 30 min, 4°C). The Zymosan particles were opsonized by incubation for 30 min at
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37°C (5 mg of Zymosan/ml of human serum) followed by two wash steps (20,000 x g, 30 min,
4°C) with Hanks’ solution. Granulocyte-derived supernatant was incubated with or without
250 μg/ml LF (MyBioSource, San Diego, CA, USA) and active CatG was determined by using
MARS116 as described above. For Western blot analysis, the same PVDF membrane was incu-
bated with anti-human LF antibody (0.1 μg/ml; eBioscience, San Diego, CA, USA), washed with
PBS+T for three times (each 5–10 min), and secondary antibody (anti-mouse-HRP, Santa Cruz
Biotechnology, Dallas, TX, USA) was added for 1 h at RT. After three wash steps, levels of LF
were visualized by ECL and x-ray film. Use of human cells from buffy coats for in vitro studies
was in accordance with IRB regulations. The blood donors provided their written consent to the
DRK-Blutspendezentrale that their blood could be used for scientific studies. The Ethikkommis-
sion of the Universität Ulm, application No. # 327/14, approved this study.

Platelet activation assay
Cells from buffy coats were washed with PBS pH 7.4 for three times (centrifugation, 317 x g, 5
min, RT) and seeded on a 96-well plate (1.7x107 cells/ml per well in 100 μl PBS). CatG (8, 4, 2,
or 1 μg/ml) with or without LF 250 μg/ml (human recombinant LF from rice), LF and CatG
with CatG inhibitor (10 μM in 10% DMSO), LF and CatG with DMSO (10%), or LF was added
and incubated for 30 min at RT. Afterwards, cells were washed twice in PBS containing 1%
FBS (402 x g, 5 min, 4°C) and stained with CD42b-PE and CD62P-APC, (Biolegend, San
Diego, CA, USA) diluted in PBS containing 1% FBS and kept on ice for 30 min. Cells were
washed twice (390 x g, 5 min, 4°C) and measured by flow cytometer (FACSCalibur; BD Biosci-
ences, Franklin Lakes, NJ, USA). 7-AAD (Biolegend, San Diego, CA, USA) was added before
analysis and FSC as well as SSC were set to log scale [36]. 100.000 cells were collected and the
resulting data were analyzed by using FlowJo software (Tree Star Inc., Ashland, OR, USA).

Statistical analysis
The density of the active-site label was assessed by using ImageJ 1.49 (NIH, Bethesda, MD,
USA) and data were depicted as mean ± standard error of the mean (S.E.M.). Statistical analysis
was performed using the unpaired, two-tailed Student’s t-test (Prism 4, GraphPad Software, La
Jolla, CA, USA).

Results

Lactoferrin (LF) increases CatG activity
LF has been reported to inhibit CatG [37]. Thus, in a first set of experiments, we tested whether
LF diminishes CatG activity. To this end, CatG was incubated with different concentrations of
LF and CatG activity was determined by using the activity-based probe MARS116. MARS116
forms a covalent bond to the active center of CatG and can be resolved by SDS-PAGE and visu-
alized via streptavidin-HRP blot. Strikingly, LF enhances CatG activity at a minimum concen-
tration of 2.5 μg/ml LF and up to 250 μg/ml LF (Fig 1A) which resembles physiological
concentrations [25]. In a control experiment, LF augments CatG activity and was reduced to
background levels by using the CatG inhibitor (Fig 1B). Moreover, LF alone was not visualized
where CatG normally migrates on the gel (28.5 kDa) ruling out the possibility that LF might be
detected by MARS116. LF-mediated enhancement of CatG activity was verified by applying
the colorimetric substrate Suc-VPF-pNA. We found that the digestion of Suc-VPF-pNA was
higher when LF was added to CatG in comparison to the sample which only contained CatG
(Fig 1C). The CatG inhibitor served as a control and inhibited the turnover of the respective
substrate. Thus, LF is a potent enhancer of CatG activity.
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CatG and NE do not proteolytically degrade LF molecules in vitro
Previously, LF degradation was attributed to CatB, CatL, and CatS [38]. We examined LF pro-
cessing to test whether LF is also a substrate for CatG. A panel of different human cathepsins
were incubated with LF and the processing products were visualized by SDS-PAGE and Coo-
massie staining as demonstrated in Fig 2. As expected, CatL and CatS processed LF. However,
CatG did not digest LF indicating that the measurement of higher CatG activity in Fig 1A was
not due to any degradation artifacts which otherwise would be visualized by MARS116 and
migrate around 28 kDa. Furthermore, this suggests that the CatG enhancing activity of LF is
mediated by full length LF protein and not by a CatG-generated degradation product.

LF stabilizes CatG
Local acidosis predominates at the site of inflammation. Thus, we sought to investigate whether
LF-mediated enhancement of CatG activity is pH dependent. To this end, we incubated CatG

Fig 1. Determine of cathepsin G (CatG) activity in the presence of lactoferrin (LF). A) 800 ng/ml of purified human CatG were incubated with indicated
amounts of LF together with the activity-based probe MARS116 for 1 h at RT. MARS116 binds covalently to the active site of CatG. The CatG-MARS116
complex was resolved by SDS-PAGE, transferred to PVDFmembrane, and visualized by streptavidin-HRP (left panel). The density of the respective bands
were quantified by ImageJ and summarized in the bar diagram (right panel), n = 5. B) 800 ng/ml (28.07 nM) of CatG, CatG with 250 μg/ml (3.28 μM) LF, CatG
preincubated with CatG inhibitor (10μM), CatG preincubated with CatG inhibitor and then added LF, or LF were incubated with MARS116 for 1 h at RT. LF
3.28 μM:CatG 28.07 nM ratio = 116.85. Two independent experiments. C) CatG activity was analyzed by using the colorimetric substrate Suc-VPF-pNA. 800 ng/
ml CatG, CatG with CatG inhibitor (10 μM), LF (250 μg/ml, 3.27 μM), CatG with CatG inhibitor and LF, or LF were preincubated for 15min at RT. Afterwards, the
Suc-VPF-pNA was added and the measurements were performed in duplicates. One representative diagram is shown (two independent experiments, n = 2).

doi:10.1371/journal.pone.0151509.g001
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under pH 5 or pH 7.4 conditions and analyzed CatG activity at different time points. LF exhib-
ited a striking increase in CatG activity at pH 5 compared to pH 7.4. The effect was indepen-
dent from the incubation time (Fig 3A and 3B). This suggests that LF maintains the catalytic
activity of CatG at pH 5 since CatG has its highest activity under neutral conditions. In a CatG
rescue experiment, CatG was preincubated for 30 min or 60 min and then LF was added to
CatG for a further incubation time of 60 min or 180 min, respectively. Indeed, LF rescued
CatG activity compared to the control CatG (Fig 3C) providing more evidence for the model
that LF stabilizes CatG.

CatG changes substrate specificity under the influence of LF
Next, we sought to determine whether LF might direct the active site of CatG towards a more
open conformation thereby losing its substrate specificity. To elucidate this in more detail, dif-
ferent activity-based probes were incubated with CatG. MARS123, which harbors the amino
acid leucine (Leu) at P1 position, and MARS125, with a valine (Val) moiety at P1 position (Fig
4A), were not able to covalently bind to the active center of CatG (Fig 4B). However, by adding
LF to the assay CatG activity was visualized with both MARS123 and MARS125. Furthermore,
NE and PR3 were treated with MARS116, MARS123, or MARS125 and proteases were visual-
ized according to their catalytic mechanism. LF boosted also NE-activity, but PR3-activity did
not change in the presence of LF. LF increases the activity of the two major proteases secreted

Fig 2. Degradation of LF. Recombinant human LF (50 μg/ml) was incubated with CatG (50 μg/ml) or CatS (5 μg/ml) at pH 7.4 and CatL (5 μg/ml) at pH 5.0
for 6 h at 37°C. The degradation products were visualized by SDS-PAGE and Coomassie staining. A representative result of three independent experiments
is shown.

doi:10.1371/journal.pone.0151509.g002
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Fig 3. Analysis of pH dependent enhancement of CatG activity.CatG (800 ng/ml) or both LF (250 μg/ml, 3.27 μM) and CatG were incubated with
MARS116 for the indicated time points under A) pH 5 or B) pH 7.4 conditions at 37°C. Samples were resolved by SDS-PAGE, transferred to PVDF
membrane, and visualized by streptavidin-HRP. C) CatG and MARS116 were independently preincubated for 0, 30, or 60 min. After 60 min, in one set of
samples LF was added and further incubated. The band intensity was analyzed by ImageJ and summarized (right panel). Three independent experiments
were performed.

doi:10.1371/journal.pone.0151509.g003
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by neutrophils, CatG and NE. Taken together, CatG loses its substrate specificity in the pres-
ence of LF.

Heparin does not aggravate CatG activity
CatG, like LF, is a basic protein, due to its positively charged amino acids. CatG has a high elec-
trostatic affinity to heparin, since heparin is a proteoglycan and harbors an anionic charged
moiety [39, 40]. Further experiments were performed to elucidate the involvement of heparin
in regulating CatG activity. Hence, CatG was treated with either LF or heparin for the indicated
time points, and we found that also heparin provoked a significantly increased binding of CatG
to MARS116 (Fig 5). This gives rise to the speculation that a negatively charged proteoglycan
like heparin does increase CatG activity.

LF increases the CatG activity in granulocyte supernatant
Both, primary and secondary granules which harbor CatG or LF, respectively, are secreted by
neutrophils at the site of inflammation [4]. To test whether LF and CatG are secreted and CatG

Fig 4. Use of different activity-based probes to visualize CatG activity. A) The structure of MARS116, MARS123, and MARS125. B) 800 ng/ml of CatG,
NE, or PR3 with or without 250 μg/ml (3.27 μM) LF were quantified by using MARS116, MARS123, or MARS125. One representative out of three
independent experiments is shown (left panel). The CatG band intensity was quantified and summarized in the bar diagram (right panel).

doi:10.1371/journal.pone.0151509.g004
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activity is thereby increased in granulocyte-derived supernatant, granulocytes were isolated
from human blood and stimulated with either PMA or Zymosan to trigger degranulation.
CatG activity was determined by using MARS116 and the LF content was analyzed by LF-spe-
cific immunoblot. Fig 6A demonstrates that CatG activity is indeed higher in Zymosan-stimu-
lated granulocyte-supernatant, in which LF and CatG activity were detected compared to
control- or PMA stimulated granulocytes. In a further experiment, we added LF to granulo-
cyte-derived supernatant and found that CatG activity was detected in control samples when
LF was spiked to the respective supernatant. In the supernatant of PMA-treated granulocytes
CatG activity was enhanced by LF but not in supernatant from Zymosan-treated granulocytes
(S1 Fig). Consequently, activation of granulocytes by Zymosan to simulate inflammation
revealed that CatG activity was higher when LF was present.

Fig 5. Detection of CatG activity under the control of LF or heparin. 800 ng/ml CatG was incubated with or without LF or heparin (250 μg/ml) and
MARS116 for 0 h or 2 h. CatG activity was detected via SDS-PAGE and streptavidin-HRP blot (upper panel). One representative out of two independent
experiments is shown. The intensity of the respective bands were determined by ImageJ (lower panel).

doi:10.1371/journal.pone.0151509.g005
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To explore the CatG-mediated activation of platelets, human blood was treated with differ-
ent concentrations of CatG [41] in the presence or absence of LF and the activation of platelets
was determined by CD62P which is an activation marker of platelets. The cells were gated
according to a previous publication [36] (S2 Fig). CatG increased the activation of platelets in a
concentration-dependent manner and activation was further enhanced by adding LF to the

Fig 6. Functional assay to determine physiological relevance of LF-mediated enhancement of CatG activity. A) Granulocytes were treated with PMA,
Zymosan, or kept in medium (control). The granulocyte-derived supernatant was incubated with MARS116 and CatG activity was detected after SDS-PAGE
and streptavidin-HRP blot. LF was visualized by LF-specific immunoblot (left panel). The CatG band intensity was quantified by ImageJ and summarized
(right panel). One representative out of two independent experiments is shown. B) Human blood from buffy coats were incubated with CatG (8, 4, 2, or 1 μg/
ml), with or without LF (250 μg/ml, 3.27 μM), CatG with CatG inhibitor (10 μM) and LF, or CatG and LF with DMSO for 30 min at RT. Platelet activation was
determined by the increase of cell surface levels of CD62P analyzed by flow cytometry (n = 5 different donors; for CatG+LF+CatGinh. and CatG+LF+DMSO,
n = 3).

doi:10.1371/journal.pone.0151509.g006
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assay compared to only LF which had no effect (Fig 6B). The abundant CatG activity was
diminished by the use of the CatG inhibitor which decreases platelet activation to background
levels and thereby indicates that the effect is due to CatG activity. In conclusion, LF supports a
CatG-mediated immune response of granulocytes.

Discussion
LF and CatG are crucial mediators of the immune response during acute inflammation. Even
though it was previously published that LF inhibits CatG activity and might limit hypersensitivity
reaction (allergy) as well as protease-induced inflammation [37]; however, one would assume that
LF and CatG should act additively or even synergistically over the course of an immune response.
Indeed, LF does not degrade CatG and vice versa, which might not account for an inhibitory
capacity by the proteolytic action of LF or CatG. In addition to our enzymatic assay data, we mea-
sured CatG activity with a panel of activity-based probes and clearly showed LF-mediated
enhancement of CatG activity. Furthermore, co-treatment of CatG with LF facilitates CatG bind-
ing to MARS125, which harbors a valine at P1 position and is generally not a substrate for CatG.
This mechanismmight be critical in maintaining intracellular (phagolysosome) as well as extra-
cellular degradation of pathogen-derived proteins due to the toleration of escape mutations.

In activated neutrophils, granules are mobilized and fuse with phagosomes where both
CatG and LF meet [42] or these granules traffic to the plasma membrane where their content is
secreted to the site of inflammation [8]. Bacteria, on the other hand, create an acidic microenvi-
ronment by anaerobic metabolism [43] which might decrease the performance of CatG, since
its pH optimum is neutral. However, the presence of LF increases the catalytic activity of CatG,
reduces substrate selectivity, and might compensate for a low pH at the site of inflammation.
Moreover, we found that LF further enhanced CatG-induced activation of platelets in a proteo-
lytic-dependent manner which might be crucial in wound healing and immunity. LF is a criti-
cal mediator to promote the proteolytic performance of CatG during an immune response

Supporting Information
S1 Fig. Detection of CatG activity in LF spiked granulocyte-derived supernatant. The indi-
cated granulocyte-derived supernatant (control, PMA, or zymosan) was incubated with or
without LF (250 μg/ml) and MARS116. CatG activity was determined by SDS-PAGE and strep-
tavidin-HRP blot. On the same PVDF membrane, LF was detected by using LF-specific anti-
body. Sup = supernatant.
(PPT)

S2 Fig. Gating strategy of platelet activation assay. Cells were incubated with CatG or the
combination of CatG and LF. The platelet cell population was determined by CD42b (upper,
left panel), and the activation status of platelets was analyzed by CD62P (lower panel).
(PPT)

Acknowledgments
We thank Marian Kruzel for CHO-derived recombinant LF and Renata Grzywa for MARS123.

Author Contributions
Conceived and designed the experiments: TB. Performed the experiments: SE RS AL MS DP
CHMDH. Analyzed the data: MEH CRW. Contributed reagents/materials/analysis tools: MZ
MSMEH CRWMDH. Wrote the paper: TB MZ.

Lactoferrin-Mediated Enhancement of CatG Activity

PLOS ONE | DOI:10.1371/journal.pone.0151509 March 17, 2016 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151509.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151509.s002


References
1. Korkmaz B, Moreau T, Gauthier F. Neutrophil elastase, proteinase 3 and cathepsin G: physicochemical

properties, activity and physiopathological functions. Biochimie 2008; 90(2):227–242. PMID: 18021746

2. MacIvor DM, Shapiro SD, Pham CT, Belaaouaj A, Abraham SN, Ley TJ. Normal neutrophil function in
cathepsin G-deficient mice. Blood 1999; 94(12):4282–4293. PMID: 10590073

3. Korkmaz B, Horwitz MS, Jenne DE, Gauthier F. Neutrophil elastase, proteinase 3, and cathepsin G as
therapeutic targets in human diseases. Pharmacological reviews 2010; 62(4):726–759. doi: 10.1124/
pr.110.002733 PMID: 21079042

4. Gallin JI. Neutrophil specific granules: a fuse that ignites the inflammatory response. Clinical research
1984; 32(3):320–328. PMID: 6488698

5. Lopez-Boado YS, Espinola M, Bahr S, Belaaouaj A. Neutrophil serine proteinases cleave bacterial fla-
gellin, abrogating its host response-inducing activity. J Immunol 2004; 172(1):509–515. PMID:
14688361

6. Shafer WM, Hubalek F, Huang M, Pohl J. Bactericidal activity of a synthetic peptide (CG 117–136) of
human lysosomal cathepsin G is dependent on arginine content. Infection and immunity 1996; 64
(11):4842–4845. PMID: 8890249

7. Odeberg H, Olsson I. Antibacterial activity of cationic proteins from human granulocytes. The Journal of
clinical investigation 1975; 56(5):1118–1124. PMID: 241758

8. Borregaard N, Cowland JB. Granules of the human neutrophilic polymorphonuclear leukocyte. Blood
1997; 89(10):3503–3521. PMID: 9160655

9. Zhou Q, Salvesen GS. Activation of pro-caspase-7 by serine proteases includes a non-canonical speci-
ficity. The Biochemical journal 1997; 324 (Pt 2):361–364. PMID: 9182691

10. El Ouriaghli F, Fujiwara H, Melenhorst JJ, Sconocchia G, Hensel N, Barrett AJ. Neutrophil elastase
enzymatically antagonizes the in vitro action of G-CSF: implications for the regulation of granulopoiesis.
Blood 2003; 101(5):1752–1758. PMID: 12393522

11. Scuderi P, Nez PA, Duerr ML, Wong BJ, Valdez CM. Cathepsin-G and leukocyte elastase inactivate
human tumor necrosis factor and lymphotoxin. Cellular immunology 1991; 135(2):299–313. PMID:
2036673

12. Wang J, Sjoberg S, Tang TT, Oorni K, WuW, Liu C, et al. Cathepsin G activity lowers plasma LDL and
reduces atherosclerosis. Biochimica et biophysica acta 2014; 1842(11):2174–2183. doi: 10.1016/j.
bbadis.2014.07.026 PMID: 25092171

13. Burster T, Beck A, Tolosa E, Marin-Esteban V, Rotzschke O, Falk K, et al. Cathepsin G, and not the
asparagine-specific endoprotease, controls the processing of myelin basic protein in lysosomes from
human B lymphocytes. J Immunol 2004; 172(9):5495–5503. PMID: 15100291

14. Reich M, Lesner A, Legowska A, Sienczyk M, Oleksyszyn J, Boehm BO, et al. Application of specific
cell permeable cathepsin G inhibitors resulted in reduced antigen processing in primary dendritic cells.
Molecular immunology 2009; 46(15):2994–2999. doi: 10.1016/j.molimm.2009.06.017 PMID: 19615749

15. Zou F, Schafer N, Palesch D, Brucken R, Beck A, Sienczyk M, et al. Regulation of cathepsin G reduces
the activation of proinsulin-reactive T cells from type 1 diabetes patients. PloS one 2011; 6(8):e22815.
doi: 10.1371/journal.pone.0022815 PMID: 21850236

16. Ledoux D, Merciris D, Barritault D, Caruelle JP. Heparin-like dextran derivatives as well as glycosami-
noglycans inhibit the enzymatic activity of human cathepsin G. FEBS letters 2003; 537(1–3):23–29.
PMID: 12606025

17. Stockley RA. Proteolytic enzymes, their inhibitors and lung diseases. Clin Sci (Lond) 1983; 64(2):119–
126.

18. Sedor J, Hogue L, Akers K, Boslaugh S, Schreiber J, Ferkol T. Cathepsin-G interferes with clearance of
Pseudomonas aeruginosa frommouse lungs. Pediatric research 2007; 61(1):26–31. PMID: 17211136

19. Miyata J, Tani K, Sato K, Otsuka S, Urata T, Lkhagvaa B, et al. Cathepsin G: the significance in rheu-
matoid arthritis as a monocyte chemoattractant. Rheumatology international 2007; 27(4):375–382.
PMID: 16977463

20. Wilson TJ, Nannuru KC, Singh RK. Cathepsin G-mediated activation of pro-matrix metalloproteinase 9
at the tumor-bone interface promotes transforming growth factor-beta signaling and bone destruction.
Mol Cancer Res 2009; 7(8):1224–1233. doi: 10.1158/1541-7786.MCR-09-0028 PMID: 19671689

21. Kruzel ML, Actor JK, Boldogh I, Zimecki M. Lactoferrin in health and disease. Postepy higieny i medy-
cyny doswiadczalnej (Online) 2007; 61:261–267.

22. Siqueiros-Cendon T, Arevalo-Gallegos S, Iglesias-Figueroa BF, Garcia-Montoya IA, Salazar-Martinez
J, Rascon-Cruz Q. Immunomodulatory effects of lactoferrin. Acta pharmacologica Sinica 2014; 35
(5):557–566. doi: 10.1038/aps.2013.200 PMID: 24786230

Lactoferrin-Mediated Enhancement of CatG Activity

PLOS ONE | DOI:10.1371/journal.pone.0151509 March 17, 2016 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/18021746
http://www.ncbi.nlm.nih.gov/pubmed/10590073
http://dx.doi.org/10.1124/pr.110.002733
http://dx.doi.org/10.1124/pr.110.002733
http://www.ncbi.nlm.nih.gov/pubmed/21079042
http://www.ncbi.nlm.nih.gov/pubmed/6488698
http://www.ncbi.nlm.nih.gov/pubmed/14688361
http://www.ncbi.nlm.nih.gov/pubmed/8890249
http://www.ncbi.nlm.nih.gov/pubmed/241758
http://www.ncbi.nlm.nih.gov/pubmed/9160655
http://www.ncbi.nlm.nih.gov/pubmed/9182691
http://www.ncbi.nlm.nih.gov/pubmed/12393522
http://www.ncbi.nlm.nih.gov/pubmed/2036673
http://dx.doi.org/10.1016/j.bbadis.2014.07.026
http://dx.doi.org/10.1016/j.bbadis.2014.07.026
http://www.ncbi.nlm.nih.gov/pubmed/25092171
http://www.ncbi.nlm.nih.gov/pubmed/15100291
http://dx.doi.org/10.1016/j.molimm.2009.06.017
http://www.ncbi.nlm.nih.gov/pubmed/19615749
http://dx.doi.org/10.1371/journal.pone.0022815
http://www.ncbi.nlm.nih.gov/pubmed/21850236
http://www.ncbi.nlm.nih.gov/pubmed/12606025
http://www.ncbi.nlm.nih.gov/pubmed/17211136
http://www.ncbi.nlm.nih.gov/pubmed/16977463
http://dx.doi.org/10.1158/1541-7786.MCR-09-0028
http://www.ncbi.nlm.nih.gov/pubmed/19671689
http://dx.doi.org/10.1038/aps.2013.200
http://www.ncbi.nlm.nih.gov/pubmed/24786230


23. Arciniega-Martinez IM, Campos-Rodriguez R, Drago-Serrano ME, Sanchez-Torres LE, Cruz-Hernan-
dez TR, Resendiz-Albor AA. Modulatory Effects of Oral Bovine Lactoferrin on the IgA Response at
Inductor and Effector Sites of Distal Small Intestine from BALB/c Mice. Archivum immunologiae et ther-
apiae experimentalis 2015.

24. Zimecki M, Artym J, Kocieba M, Kruzel M. Effects of lactoferrin on elicitation of the antigen-specific cel-
lular and humoral cutaneous response in mice. Postepy higieny i medycyny doswiadczalnej (Online)
2012; 66:16–22.

25. Guillen C, McInnes IB, Kruger H, Brock JH. Iron, lactoferrin and iron regulatory protein activity in the
synovium; relative importance of iron loading and the inflammatory response. Annals of the rheumatic
diseases 1998; 57(5):309–314. PMID: 9741316

26. Ganz T. Antimicrobial polypeptides in host defense of the respiratory tract. The Journal of clinical inves-
tigation 2002; 109(6):693–697. PMID: 11901174

27. Hendrixson DR, Qiu J, Shewry SC, Fink DL, Petty S, Baker EN, et al. Human milk lactoferrin is a serine
protease that cleaves Haemophilus surface proteins at arginine-rich sites. Molecular microbiology
2003; 47(3):607–617. PMID: 12535064

28. Arcella A, Oliva MA, Staffieri S, Aalberti S, Grillea G, Madonna M, et al. In vitro and in vivo effect of
human lactoferrin on glioblastoma growth. Journal of neurosurgery 2015:1–10.

29. Kruzel ML, Actor JK, Zimecki M, Wise J, Ploszaj P, Mirza S, et al. Novel recombinant human lactoferrin:
differential activation of oxidative stress related gene expression. Journal of biotechnology 2013; 168
(4):666–675. doi: 10.1016/j.jbiotec.2013.09.011 PMID: 24070904

30. Zou F, Schmon M, Sienczyk M, Grzywa R, Palesch D, Boehm BO, et al. Application of a novel highly
sensitive activity-based probe for detection of cathepsin G. Analytical biochemistry 2012; 421(2):667–
672. doi: 10.1016/j.ab.2011.11.016 PMID: 22178917

31. Grzywa R, Burchacka E, Lecka M, Winiarski L, Walczak M, Lupicka-Slowik A, et al. Synthesis of novel
phosphonic-type activity-based probes for neutrophil serine proteases and their application in spleen
lysates of different organisms. Chembiochem 2014; 15(17):2605–2612. doi: 10.1002/cbic.201402360
PMID: 25236966

32. Kruzel ML, Actor JK, Zimecki M, Wise J, Ploszaj P, Mirza S, et al. Novel recombinant human lactoferrin:
Differential activation of oxidative stress related gene expression. Journal of biotechnology 2013.

33. Palesch D, Sienczyk M, Oleksyszyn J, Reich M, Wieczerzak E, Boehm BO, et al. Was the serine prote-
ase cathepsin G discovered by S. G. Hedin in 1903 in bovine spleen? Acta biochimica Polonica 2011;
58(1):39–44. PMID: 21383996

34. Brozna JP, Senior RM, Kreutzer DL, Ward PA. Chemotactic factor inactivators of human granulocytes.
The Journal of clinical investigation 1977; 60(6):1280–1288. PMID: 334799

35. Heck LW, BlackburnWD, Irwin MH, Abrahamson DR. Degradation of basement membrane laminin by
human neutrophil elastase and cathepsin G. The American journal of pathology 1990; 136(6):1267–
1274. PMID: 2356859

36. van Velzen JF, Laros-van Gorkom BA, Pop GA, van HeerdeWL. Multicolor flow cytometry for evalua-
tion of platelet surface antigens and activation markers. Thrombosis research; 130(1):92–98. doi: 10.
1016/j.thromres.2012.02.041 PMID: 22424855

37. He S, McEuen AR, Blewett SA, Li P, Buckley MG, Leufkens P, et al. The inhibition of mast cell activa-
tion by neutrophil lactoferrin: uptake by mast cells and interaction with tryptase, chymase and cathepsin
G. Biochemical pharmacology 2003; 65(6):1007–1015. PMID: 12623133

38. Rogan MP, Taggart CC, Greene CM, Murphy PG, O'Neill SJ, McElvaney NG. Loss of microbicidal
activity and increased formation of biofilm due to decreased lactoferrin activity in patients with cystic
fibrosis. The Journal of infectious diseases 2004; 190(7):1245–1253. PMID: 15346334

39. Ermolieff J, Boudier C, Laine A, Meyer B, Bieth JG. Heparin protects cathepsin G against inhibition by
protein proteinase inhibitors. The Journal of biological chemistry 1994; 269(47):29502–29508. PMID:
7961933

40. Kolset SO, Prydz K, Pejler G. Intracellular proteoglycans. The Biochemical journal 2004; 379(Pt
2):217–227. PMID: 14759226

41. Selak MA, Chignard M, Smith JB. Cathepsin G is a strong platelet agonist released by neutrophils. The
Biochemical journal 1988; 251(1):293–299. PMID: 3390156

42. Burlak C, Whitney AR, Mead DJ, Hackstadt T, Deleo FR. Maturation of human neutrophil phagosomes
includes incorporation of molecular chaperones and endoplasmic reticulum quality control machinery.
Mol Cell Proteomics 2006; 5(4):620–634. PMID: 16415295

43. Menkin V. The role of hydrogen ion concentration and the cytology of an exudate. In Biochemical Mech-
anisms in Inflammation. Springfield, IL: Charles C Thomas 1956; 2nd Ed.:66–103.

Lactoferrin-Mediated Enhancement of CatG Activity

PLOS ONE | DOI:10.1371/journal.pone.0151509 March 17, 2016 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/9741316
http://www.ncbi.nlm.nih.gov/pubmed/11901174
http://www.ncbi.nlm.nih.gov/pubmed/12535064
http://dx.doi.org/10.1016/j.jbiotec.2013.09.011
http://www.ncbi.nlm.nih.gov/pubmed/24070904
http://dx.doi.org/10.1016/j.ab.2011.11.016
http://www.ncbi.nlm.nih.gov/pubmed/22178917
http://dx.doi.org/10.1002/cbic.201402360
http://www.ncbi.nlm.nih.gov/pubmed/25236966
http://www.ncbi.nlm.nih.gov/pubmed/21383996
http://www.ncbi.nlm.nih.gov/pubmed/334799
http://www.ncbi.nlm.nih.gov/pubmed/2356859
http://dx.doi.org/10.1016/j.thromres.2012.02.041
http://dx.doi.org/10.1016/j.thromres.2012.02.041
http://www.ncbi.nlm.nih.gov/pubmed/22424855
http://www.ncbi.nlm.nih.gov/pubmed/12623133
http://www.ncbi.nlm.nih.gov/pubmed/15346334
http://www.ncbi.nlm.nih.gov/pubmed/7961933
http://www.ncbi.nlm.nih.gov/pubmed/14759226
http://www.ncbi.nlm.nih.gov/pubmed/3390156
http://www.ncbi.nlm.nih.gov/pubmed/16415295

