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Papillon-Lefevre syndrome (PLS) results from mutations that inactivate cysteine protease cathepsin C (CTSC), which
processes a variety of serine proteases considered essential for antimicrobial defense. Despite serine protease—deficient
immune cell populations, PLS patients do not exhibit marked immunodeficiency. Here, we characterized a 24-year-old
woman who had suffered from severe juvenile periodontal disease, but was otherwise healthy, and identified a
homozygous missense mutation in CTSC indicative of PLS. Proteome analysis of patient neutrophil granules revealed
that several proteins that normally localize to azurophil granules, including the major serine proteases, elastase,
cathepsin G, and proteinase 3, were absent. Accordingly, neutrophils from this patient were incapable of producing
neutrophil extracellular traps (NETSs) in response to ROS and were unable to process endogenous cathelicidin hCAP-18
into the antibacterial peptide LL-37 in response to ionomycin. In immature myeloid cells from patient bone marrow,
biosynthesis of CTSC and neutrophil serine proteases appeared normal along with initial processing and sorting to
cellular storage. In contrast, these proteins were completely absent in mature neutrophils, indicating that CTSC mutation
promotes protease degradation in more mature hematopoietic subsets, but does not affect protease production in
progenitor cells. Together, these data indicate CTSC protects serine proteases from degradation in mature immune cells
and suggest that neutrophil serine proteases are dispensable for human immunoprotection.
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dispensable for human immunoprotection.

Introduction

Papillon-Lefévre Syndrome (PLS) is a rare autosomal recessive
disease caused by mutations in the gene encoding lysosomal
cysteine protease cathepsin C (CTSC) (1-3), also known as
dipeptidyl peptidase I (DPPI) (4). CTSC is expressed mainly in
hematopoietic tissues. It is essential for posttranslational trim-
ming of serine proteases stored in myeloid cells, in particular of
the neutrophil granule-associated serine proteases: neutrophil
elastase (NE), cathepsin G (CTSG), proteinase 3 (PR3) (5), and
the recently described neutrophil serine protease 4 (NSP4) (6),
but CTSCis also required for activation of granzymes A and B of
cytotoxic lymphocytes (5, 7) and for activation of mast cell chy-
mases (8). CTSC removes 2 N-terminal amino acids that block
the active site of the proteases (5, 9). N-terminal trimming by
CTSC is thus necessary for activation of these proteases, which
are normally stored as active enzymes in granules. In neutro-
phils, the serine proteases localize to primary granules, also
known as azurophil granules (9, 10).
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Papillon-Lefévre syndrome (PLS) results from mutations that inactivate cysteine protease cathepsin C (CTSC), which
processes a variety of serine proteases considered essential for antimicrobial defense. Despite serine protease-deficient
immune cell populations, PLS patients do not exhibit marked immunodeficiency. Here, we characterized a 24-year-old
woman who had suffered from severe juvenile periodontal disease, but was otherwise healthy, and identified a homozygous
missense mutation in CTSC indicative of PLS. Proteome analysis of patient neutrophil granules revealed that several
proteins that normally localize to azurophil granules, including the major serine proteases, elastase, cathepsin G, and
proteinase 3, were absent. Accordingly, neutrophils from this patient were incapable of producing neutrophil extracellular
traps (NETs) in response to ROS and were unable to process endogenous cathelicidin hCAP-18 into the antibacterial peptide
LL-37 in response to ionomycin. In immature myeloid cells from patient bone marrow, biosynthesis of CTSC and neutrophil
serine proteases appeared normal along with initial processing and sorting to cellular storage. In contrast, these proteins
were completely absent in mature neutrophils, indicating that CTSC mutation promotes protease degradation in more
mature hematopoietic subsets, but does not affect protease production in progenitor cells. Together, these data indicate
CTSC protects serine proteases from degradation in mature immune cells and suggest that neutrophil serine proteases are

Despite lack of functional serine proteases in neutrophils and
cytotoxic T lymphocytes of patients with PLS, the associated immu-
nodeficiency is remarkably mild (11, 12). This is also the case in the
Ctsc-KO mouse (13), where lack of CTSC may even provide a sur-
vival advantage in experimental sepsis (14). The dominating clinical
phenotype of PLS is a severe periodontal disease that results in loss
of both primary and permanent teeth at an early age, and in most
cases also in a skin condition known as keratosis palmoplantaris (15).

NE is a major serine protease of human neutrophils and is
believed to play a key role in immunity both by virtue of its diges-
tive capacity and due to direct antibacterial effects not related to
its enzymatic activity (16). Mice with single deletion of Elane and
Ctsg and with deletion of both serine proteases are susceptible to
infections caused by Gram-negative bacteria, in particular Kleb-
siella pneumoniae (17). Neutrophils of mice differ substantially
from human neutrophils, not least by lack of the antibacterial
a-defensins. The mouse may thus be more dependent on NE and
CTSG for antimicrobial activity, since these antibacterial prote-
ases are not backed up by defensins, which in human neutrophils
constitute 50% of the total protein of azurophil granules (18). It
has, however, been noted that not only do neutrophils from PLS
patients lack serine protease activity, as expected from the defec-
tive activating N-terminal trimming; the proteins themselves are
also absent (12). While this has not been systematically investi-
gated in patients, it seems to be at least partially recapitulated in
the Ctsc-KO mouse (19).

jci.org  Volume124  Number10  October 2014

4539



4540

RESEARCH ARTICLE

A Control

B Control PLS
o B, By S,Std a B, B, v S
CTSC
24> »
Lyso

> O W e

NE
24 » )&

Lyso

The Journal of Clinical Investigation

E Control
a [31 Bz Y S1
CTSG

20> P =~ =
Y eem—— aa—

Std o B, B, v S,

PLS
Stda B, B, v S,

a B B, v S,

Figure 1. Deficiency of cathepsin C and serine proteases in PLS neutrophils. (A) Coommassie-stained 4%-12% SDS-PAGE-separated proteins from iso-
lated azurophil granules (a), specific granules (B,), gelatinase granules (8,), and light membranes (y) from PLS neutrophils and neutrophils from a normal
control. Molecular weight (MW) standards are indicated with black arrows: from top, 225; 102; 76; 52; 38; 31; 24; 17; 12 kDa. Selected proteins are indicated
by white arrows. SP, serine proteases; Lys, lysozyme; Def, defensins; LF, lactoferrin; Gela, gelatinase. (B-F) Western blotting for proteases of the isolated
fractions «, B,, B,, and y and of the postnuclear supernatant (S)), which is the material loaded onto the density gradient. (B) CTSC and lysozyme (Lyso); (C)
NE and lysozyme; (D) defensin (control and patient samples were run on 2 separate gels that had a slightly curved run); (E) CTSG and lysozyme; (F) PR3
and lysozyme. Blotting was done first for serine proteases. The blots were then stripped and reprobed with antibody against lysozyme as a loading control.

We investigated a patient with severe juvenile periodontitis
and found a homozygous missense mutation in the CTSC gene.
Since the mutation was located in the propiece of CTSC and not
previously described in PLS patients, we performed structural and
functional analysis of the patient’s neutrophils to establish wheth-
er this novel mutation had functional consequences and could
classify the patient as having PLS. Thus, neutrophils were isolated
from peripheral blood and subjected to subcellular fractionation.
Isolated granule subsets were subjected to proteome analysis to
obtain an evaluation of the consequences of the genetic aberra-
tion. Bone marrow was aspirated to allow studies of synthesis of
CTSC and the major serine proteases by radioactive pulse-chase.

The case is as follows: A 24-year-old female of European eth-
nicity was referred to one of the authors (N. Borregaard) from
the Dental Science Center, University of Copenhagen, for diag-
nostic evaluation. She had lost her primary teeth at the age of 3
years and all her permanent teeth except 7 molars due to severe
juvenile periodontal disease. Atopic dermatitis was diagnosed
at 5 months of age, and allergy to grass pollen was documented.
Several episodes of skin abscesses, mainly localized to the but-
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tocks and many of which required surgical draining, had occurred
between age 10 months and 2 years, but none had appeared since
then. The patient had frequent styes that responded well to topi-
cal chloramphenicol. Bilateral tonsillectomy was performed at
age 15 years due to repeated tonsillitis. Her physical and intellec-
tual development had been normal, and no major illnesses had
been recorded. The patient was without medication except for
hormonal contraception.

On physical examination, the patient appeared normal except
for dental prostheses. The patient was screened for immune defi-
ciency by analyzing levels of immunoglobulins and subclasses of
IgG, levels of mannan-binding lectin, complement, and comple-
ment activation through classical, lectin, and the alternative path-
way, all of which were normal, as were T and B cell distribution and
T cell proliferation in response to pokeweed mitogen. The number
and differential counts of circulating white cells were normal, as
were red cell number and morphology and platelet number. A
screening for hemorrhagic diathesis was normal. Flow cytometry
revealed normal amounts of B, integrins on leukocytes. Compara-
tive genomic hybridization was performed, but did not detect any
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Figure 2. Functional studies on PLS neutrophils. (A) Flow cytometry of nonstimulated and fMLF-stimulated (10 M) neutrophils from PLS and a normal
control demonstrating equal disappearance of CD62L and upregulation of CD11b in response to stimulation. Respiratory burst was quantified as DHR-
positive cells by flow cytometry of isolated neutrophils stimulated by fMLF (10-¢ M). (B) NETosis. Neutrophils were stimulated with PMA or glucose oxidase
(GO) to undergo NETosis and stained with DAPI and antibodies against MPO. NETosis was quantified as an increase in MPO-positive areas normally caused
by formation of NETs with bound MPO. While some PLS neutrophils had increased MPO-positive areas after stimulation with glucose oxidase, these cells
did not form NETs. The increased MPO-positive areas in these cells were caused by the presence of MPO in decondensated nuclei, as seen in the panels
with x100 magnification. Error bars for the PLS neutrophils demonstrate SD between the 2 experiments performed. One representative experiment out

of 3 is shown for quantification of NETosis from the normal controls, and here error bars indicate SD between the 20 images used for quantification. (C)
Processing of hCAP-18 by ionomycin-stimulated neutrophils as described in Methods. Cells and medium from ionomycin-stimulated (lo) or unstimulated
neutrophils (Us) were blotted with a rabbit antibody against hCAP-18 (34). These functional studies (except the respiratory burst experiment, which was
performed only once) were performed on 2 independent occasions 3 months apart with similar results.

abnormalities. These analyses were obtained as part of the labo-
ratory service of the hospital by standard methods. The data are
not shown but are kept in the patient’s record. DNA was extracted
from peripheral blood and subjected to full exome sequencing
using Illumina sequencing and Nimblegen SeqCap EZ Human
Exome Library v 3.0. This revealed a homozygous missense muta-
tion in the CTSC gene ¢.503A>G (exon 4). The mutation results in
exchange of tyrosine 168 with cysteine.

CTSC has a unique structure in which the N-terminal 119
amino acids, which are part of the propiece (amino acids 1-206)
and termed the “exclusion domain,” form a noncovalent associa-
tion with the catalytically active mature protein after cleavage of
the propiece. The mutated residue is located in the part of the
propiece termed the “activation peptide” (amino acids 120-206),
which is normally excised (20-22). Thus, this mutation is not pre-
dicted to induce stop of transcription or of translation. In fact, a
mutation in this part of the propiece might go unnoticed. In order
to evaluate the functional consequences, the studies reported
below were carried out.

Results

Subcellular fractionation was performed on isolated neutrophils
from the PLS patient and a normal control. The distribution of
marker proteins used for pooling of fractions containing azurophil
granules (o band), specific granules (B, band), gelatinase granules
(B, band), and light membranes including plasma membranes and
secretory vesicles (y band) is given in Supplemental Figure 1 (sup-
plemental material available online with this article; doi:10.1172/
JCI76009DS1). The protein profiles of these isolated fractions (a,
B, B, and y) are given in Figure 1. It is readily observed that the
major band around 28 to 31 kD in azurophil granules seen in the
control sample is lacking in the patient neutrophils. Since there is
a minor contamination of azurophil granules in the f, band, which
otherwise contains the bulk of specific granules, there is a similar
lack of the much less intense bands in the lane containing the mate-
rial from the B, band. Notably, a normal amount of protein around
4 to 5 kD corresponding to the localization of defensins (23) is
present in the patient neutrophils and confirmed to react with anti-
defensin antibodies. Western blotting, however, showed absence
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of CTSG, NE, PR3, and CTSC both in lysates of neutrophils (S,) and
in subcellular fractions (Figure 1, B-F). Lysozyme, a constituent of
all neutrophil granule subsets (24), was present and used as a load-
ing control. The absence of serine proteases observed on the Coo-
massie-stained gel and by Western blots corresponds with the pro-
teome data mentioned below and thus allows us to conclude that
the serine proteases as well as CTSC are absent from the patient
neutrophils (Figure 1). The band at 62 kD present in azurophil gran-
ules from control and largely absent from the patient was identi-
fied as eosinophil peroxidase by proteome analysis (Supplemental
Table 1) and by Western blotting (not shown).

To test the functional consequences, neutrophils were stimu-
lated with formyl-methionyl-leucyl-phenylalanine (fMLF) to see
whether PLS neutrophils responded normally to stimulation.
Patient neutrophils upregulated CD11b in response to fMLF as well
as control neutrophils, indicating that stimulus-response coupling
was normal in patient neutrophils. Shedding of CD62L by patient
neutrophils, which is executed by the membrane-bound protein-
ase TNF-o-converting enzyme (TACE), also known as ADAM17
(25), was also normal (Figure 2A). The ability to mount a respira-
tory burst was evaluated by flow cytometry (Figure 2A) and showed
activities in PLS neutrophils similar to those of control neutrophils.

Neutrophil extracellular traps (NETs) (26) have recently come
to be regarded as important in the defense against dissemination
of invading microorganisms (27, 28). NET formation depends on
the presence of NE, myeloperoxidase (MPO), and the ability to
mount a respiratory burst (26, 29). We suspected PLS neutrophils
to be incapable of forming NETs due to lack of elastase. This was
confirmed (Figure 2B).

We have previously demonstrated that the ability of neutro-
phils to cleave proantibacterial human cathelicidin antimicro-
bial protein at 18 kD (hCAP-18) and generate free antibacterial
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Figure 3. Bactericidal activity of neutrophils and defensins. (A and B)
Neutrophils isolated from blood as described above were incubated with
S. aureus or K. pneumoniae at a MOI (bacteria: neutrophils) of 1:1 and 1:10,
respectively, and incubated for 10 minutes, after which neutrophils were
pelleted by centrifugation and resuspended in HBSS. Samples were taken
immediately (time 0) and after 10 and 30 minutes. Neutrophils were lysed
in water pH 11 to liberate intracellular bacteria. These were enumerated
by CFU after overnight incubation. All experiments were run in triplicate.
Results are expressed as CFU relative to time 0. (C and D) Defensins
isolated from human neutrophil azurophil granules were incubated with
S. aureus or K. pneumoniae for 1 hour at 37°C. The number of surviving
bacteria was enumerated as CFU after overnight incubation. Results are
expressed as CFU relative to control without defensin.

C-terminal peptides, also known as LL-37, is due to proteolysis
mediated by PR3 (30). Thus, we suspected that this cleavage
would be deficient in patient neutrophils. This was tested by
subjecting patient and control neutrophils to stimulation with
ionomycin, a known and potent activator of degranulation of
neutrophil granules (30). Figure 2C shows a major reduction in
generation of LL-37 from hCAP-18 in patient neutrophils. The
fact that major amounts of hCAP-18 are released to the superna-
tant of ionomycin-stimulated cells testifies that PLS neutrophils
are capable of degranulating in response to stimulation.

The ability of PLS neutrophils to kill Staphylococcus aureus and
K. pneumoniae was tested in vitro. We found no defects in killing
of either microorganism by PLS neutrophils (Figure 3). We tested
the ability of isolated neutrophil a-defensins to kill S. aureus and
K. pneumoniae. Defensins killed K. pneumoniae efficiently, but did
not kill S. aureus to any major extent. As mice are devoid of neutro-
phil a-defensins, this may explain the susceptibility to infections
by K. pneumonia of mice lacking serine proteases (17).

Proteome profiling of isolated subcellular fractions demon-
strated that patient neutrophils lack or have significantly reduced
amounts of NE, CTSG, PR3, and azurocidin (ref. 31, also known
as CAP37, ref. 32; and HBP, ref. 33). Azurocidin is an inactive
member of the neutrophil serine proteases, with strong chemo-
tactic activity toward monocytes (34). A ranking was made of
proteins based on the largest difference in signal intensities rela-
tive to the reference protein between PLS and control (Supple-
mental Table 1). NSP4 was not detected in patient or control neu-
trophils. Sequences of PR3 and azurocidin were detected in the
PLS sample at a much reduced level (10% and 20% of control,
respectively), but this may be due to degradation products still
contained in azurophil granules, as intact PR3 was not detected
by Western blotting (Figure 1).

We next investigated the reason for the complete lack of serine
proteases and CTSC from patient neutrophils. Our hypothesis was
that in the absence of cleavage of the N-terminal 2 amino acids by
CTSC, the serine proteases would escape sorting to granules and
instead be secreted constitutively to the medium. This hypoth-
esis was founded on previous publications demonstrating that
unprocessed serine proteases are routed to medium during pulse-
chase examination of synthesis of serine proteases in myeloid cell
lines (10, 35-37). To test this hypothesis, myeloid cells were iso-
lated from the patient’s bone marrow and separated on Lympho-
prep. This procedure separates segmented, band cells, and most
metamyelocytes that sediment to the pellet from more immature
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Figure 4. Biosynthesis of serine proteases in immature neutrophils from bone marrow. Bone marrow cells depleted of nonneutrophil lineage cells were
separated into immature cells (less mature than band cells) and mature cells by density centrifugation on Lymphoprep. (A) Giemsa staining of cytospin

of immature cells and mature cells from PLS and a normal control (Ctl). (B) Biosynthesis of CTSC, NE, CTSG, and PR3 in immature cells from bone marrow.
Medium after 4 and 18 hours of chase (M4, 18). Cells after 4 and 18 hours of chase (C4, 18). 6.5 x 107 cells from PLS patient and 3.0 x 107 cells from control
were used. (C) Western blotting of the immunoprecipitates from immature cells shown in B. (D) Western blotting of mature cells from bone marrow (pellet
from Lymphoprep separation). These were treated, as were the immature cells for biosynthesis, and were chased for 4 and 18 hours, but were not subject
to immunoprecipitation, and cell lysates were run directly for SDS-PAGE and Western blotting. The blots were stripped and reprobed with anti-lysozyme
antibody as a loading control. This demonstrated equal loading, but is not shown.

myeloid cells, in particular, blasts, promyelocytes, and myelocytes
that do not enter the density medium and can be harvested from
the interphase (38). Cytospins of the preparations demonstrated
the characteristic morphology of the cells (Figure 4A). It was noted
that the interphase from the Lymphoprep separation of PLS bone
marrow cells was somewhat contaminated by band cells, indi-
cating that the PLS neutrophils and their precursors are slightly
lighter than corresponding cells from healthy controls. This cor-

responds to the slight skewing of the profile of azurophil granules
toward lighter fractions seen in Supplemental Figure 1. This most
likely is due to the absence of serine proteases from the granules.

Synthesis of azurophil granule serine proteases is known to
take place at the promyelocyte stage (39-41). We confirm here
that mRNA of these proteases is present in normal amounts in
the immature cells isolated from the interphase, as determined by
real-time PCR (Supplemental Figure 2).
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Pulse-chase biosynthesis performed on the immature myeloid
cells demonstrated that the serine proteases investigated were
retained in cells after 4 and 18 hours of chase and were similarly
processed to lower molecular weight forms than the initial 31 kD~
sized proforms in PLS and control cells. If degradation of the pro-
teases takes place in promyelocytes in which the proteases are syn-
thesized or immediately after storage in granules, we would expect
degradation products to be detected in these cells, which include
promyelocytes and myelocytes (Figure 4A). Since the biosynthesis
of CTSC showed several bands, the identity of CTSC was revealed
by Western blotting of the immunoprecipitate used for fluorogra-
phy (Figure 4C). Even chase for 18 hours did not reveal any major
degradation in patient cells compared with control cells. This does
not, however, rule out that degradation occurs in the more mature
myelocytes, which are a few days more mature than promyelo-
cytes (42). We therefore performed Western blotting of the bone
marrow cells from the pellet after Lymphoprep separation. These
were segmented and band cells (ref. 38 and Figure 4A). It is readily
observed that serine proteases are completely absent from these
mature bone marrow cells from the PLS patient (Figure 4D).

Discussion

The data demonstrate that a mutation in CTSC that results in
exchange of tyrosine to cysteine at aa 168 of CTSC leads to a com-
plete deficiency of CTSC in neutrophils and a complete deficiency
of neutrophil serine proteases.

The fact that this patient, like most other PLS patients (15, 43),
was remarkably free of major infections and largely only had clini-
cal problems due to periodontitis, is a strong argument against the
notion that azurophil granule serine proteases constitute a major
antibacterial defense and that NADPH oxidase activity only works
to unleash their antibacterial activity (44, 45). In fact, while peri-
odontal disease is the key clinical feature of patients with PLS, it
is not part of the clinical spectrum of chronic granulomatous dis-
ease (CGD), which is caused by NADPH oxidase deficiency (46).
It therefore seems safe to abandon the hypothesis that the respira-
tory burst activity of neutrophils serves to activate the antibacterial
activity of azurophil granule serine proteases (44, 45) and to accept
that the NADPH oxidase is an important microbicidal armory by
virtue of its capacity to generate ROS.

It is not known why lack of neutrophil serine proteases results
in severe periodontal disease. NETs were identified during the
last 10 years as structures of potential importance for constrain-
ing bacteria by exposing them to a web of unfolded chromatin
decorated with antibacterial proteins including histones and NE
(26, 47). While NET formation may be elicited by different signal
transduction pathways, NE and generation of a respiratory burst
both seem to be required for neutrophils to make NETs (29, 48).
Based on this, failure to generate NETs is an insufficient explana-
tion for the severe periodontal disease, as CGD patients who, like
this patient, also fail to generate NETSs, do not suffer from peri-
odontal disease, as discussed above. Also, the mild immunodefi-
ciency of PLS patients indicates that NET formation is not a major
antimicrobial defense mechanism.

Patients with severe congenital neutropenia often suffer major
periodontal disease, even after normalization of their periph-
eral neutrophil count by granulocyte colony-stimulating factor
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(G-CSF). This has been ascribed to an unexplained deficiency of
the neutrophil protein hCAP-18 (49-51), the antibacterial activ-
ity of which is unleashed when the bactericidal C-terminal pep-
tide LL-37 is liberated from the propiece by proteolysis (52). We
have shown that PR3 is responsible for this cleavage in neutrophils
(30). In this respect, the documented lack of PR3 and the deficient
processing of hCAP-18 in ionomycin-stimulated neutrophils may
provide a clue to the particular propensity of periodontal dis-
ease in PLS patients (53). By the same token, the normal level of
fully processed defensins in the azurophil granules of the patient
neutrophils argues that prodefensins are not processed by any of
the serine proteases during neutrophil development (54). More
importantly, the fact that PLS neutrophils were capable of killing
K. peumoniae to the same extent as normal neutrophils argues that
defensins are important in protection against this pathogen, as
mice that lack elastase and cathepsin G also lack neutrophil defen-
sins and their neutrophils are deficient in killing of K. pneumoniae
(17). In line with this, PLS patients have not been reported to be
particularly susceptible to infections caused by K. pneumoniae.
Why does CTSC deficiency result in total lack of serine prote-
ases of neutrophil granules? Our initial hypothesis was that lack
of N-terminal processing would lead to constitutive secretion of
newly formed protease protein. This hypothesis is clearly refuted
by the study of biosynthesis of CTSC and neutrophil serine pro-
teases. All are produced at the expected size. A fraction is routed
unprocessed to the medium, as has been observed previously by
the Lund group studying biosynthesis and processing of neutro-
phil serine proteases (10, 55). The fraction of newly synthesized
protein routed to the medium was not larger in the PLS patient
cells than in corresponding control cells. A remarkably similar
trimming of newly synthesized protein was observed in PLS cells
compared with control cells, even when the chase was extended to
18 hours, indicating that newly synthesized protein is not degrad-
ed immediately. In sharp contrast, CTSC and the serine proteases
of azurophil granules were completely absent in mature PLS bone
marrow cells, indicating that the inactive enzymes are degraded
prior to this stage. Thus, while production and sorting of serine
proteases occurs seemingly normally in PLS promyelocytes, deg-
radation is halted until a more mature stage is reached, but clearly
before the cells are released into circulation. This observation
opens opportunities for novel hypotheses to be tested regarding
processing and degradation of incorrectly processed proteins. It
is possible that binding to the intracellular proteoglycan serglycin
protects the proteases from degradation. Serglycin is present only
in the early stages of myeloid cell development and disappears
after maturation to neutrophils (56). This may leave the incor-
rectly processed proteases unprotected and allow degradation to
occur at this stage of neutrophil development, but other mecha-
nisms are possible and investigations to test these are planned.

Methods

Peripheral blood. 200 ml of peripheral blood was withdrawn and anti-
coagulated with acid citrate dextrose (ACD) (0.8% citric acid mono-
hydrate, 2.2% Tri-Na citrate dihydrate, 2.7% glucose monohydrate).
Dextran 500 (Sigma-Aldrich) was added to induce sedimentation of
red cells. The leukocyte-rich supernatant was layered on Lymphoprep
(Axix-Schield PoC AS) and centrifuged. The pellet was resuspended,



The Journal of Clinical Investigation

and contaminating red cells lysed by hypotonic shock as described
before (57). A sample of the isolated neutrophils was saved for func-
tional studies and the rest were treated with diisopropyl fluorophos-
phate (DFP) (Calbiochem) and cavitated by nitrogen cavitation as
described (57). The postnuclear supernatant was subjected to frac-
tionation on a 3-layer Percoll density gradient. This gradient efficiently
separates the organelles into fractions enriched in azurophil granules
(o band, identified by MPO); specific granules (31 band, identified by
neutrophil gelatinase-associated lipocalin [NGAL]); gelatinase gran-
ules (B2 band, identified by gelatinase B [MMP9]), and fractions high
in secretory vesicles (identified by albumin) and plasma membranes
(identified by HLA) (58). Fractions of 1 ml each were collected by aspi-
ration from the bottom, and fractions with peak MPO (fractions 1-8),
peak NGAL (fractions 9-15) and peak gelatinase (fractions 16-20),
peak albumin, and peak HLA (fractions 21-28), respectively, were
pooled. Percoll was removed by ultracentrifugation and the biological
material collected and resuspended in 200 pl PBS; all procedures were
as described previously (57).

Bone marrow. First, 15 ml bone marrow was aspirated from the
posterior superior iliac crest under local anesthesia and collected in
5-ml sterile ACD. Then, 20 ml 0f 2% Dextran 500 in saline was add-
ed to induce sedimentation of red cells. The leukocyte-rich super-
natant was aspirated and cells were pelleted by centrifugation and
resuspended in 120 ml PBS. This suspension was divided in 4 equal-
ly sized aliquots that were each underlaid with 15 ml Lymphoprep
and centrifuged. Contaminating erythrocytes in the pellet were
lysed by hypotonic shock, and the leukocytes resuspended in 1 ml
MACS buffer (Miltenyi Biotec). 20 pl anti CD49d was added per
10° cells, and the cells were incubated for 15 minutes, washed, and
resuspended in 80 ul MACS buffer per 107 cells. Immunomagnetic
anti-IgG beads were added, and CD49d-positive cells removed by
magnetic absorption. Cells from the interphase were incubated
under similar conditions, but with anti-CD2, anti-CD3, anti-CD5,
anti-CD19, anti-CD56, anti-CD61, and anti-glycophorin A antibod-
ies to remove nonmyeloid cells, as previously described (38). Sam-
ples of both preparations were saved for immunocytochemistry,
Western blotting, and isolation of RNA. The remaining cells were
resuspended at 2.0 x 107 cells/ml in methionine/cysteine free medi-
um (DMEM,; Gibco, Life Technologies) with 10% dialyzed fetal calf
serum and incubated for 30 minutes at 37°C. The cells were then pel-
leted and resuspended at 3.0 x 107 cells/ml in identical medium to
which *S methionine/cysteine (EasyTag, PerkinElmer) was added
to a final concentration of 200 pCi/ml. The cells were then incubat-
ed for 60 minutes at 37°C, washed twice in RPMI, and resuspended
at 2 x 107 cells/ml in RPMI-1640 (Gibco-BRL, Life Technologies),
containing 10% dialyzed fetal calf serum, penicillin, and streptomy-
cin and divided into 2 equal aliquots that were incubated for 4 and
18 hours, respectively. Cells were then pelleted by centrifugation
and resuspended at 107 cells/ml in RIPA buffer (150 mM NaCl, 1%
[v/v] Triton X-100, 0.1% [w/v] SDS, 1% [w/v] sodium deoxycholate,
30 mM HEPES, pH 7.3). Protease inhibitor (complete mini; Roche), 1
tablet/10 ml RIPA buffer and 1 mM phenylmethylsulphonyl fluoride
(Sigma-Aldrich) were added (39). The samples were incubated onice
for 2hours and cleared by centrifugation at 20,000 g for 30 minutes.
The supernatant was aspirated and subjected to immunoprecipita-
tion. Also, the medium from the chase was subjected to immune
precipitation after an equal volume of 2x RIPA buffer with protein-
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ase inhibitors had been added. SDS-sample buffer was added and
the samples run on 12% polyacrylamide (CTSC, CTSG, NGAL, NE)
or 14% gels (PR3 and lysozyme). The gels were stained with Coo-
massie, destained, incubated with Amplifier (GE Healthcare), dried,
and developed on Fuji BAS2500 PhosphoImager.

Protein analysis. The resuspended samples from subcellular frac-
tionation of peripheral blood neutrophils were diluted in SDS sample
buffer with reduction as follows: NE and Def were diluted 10-fold,
CTSG and PR3 were diluted 5-fold, and CTSC was diluted 3-fold; the
mixture was then boiled. For Western blotting, 15 pl from each sample
was applied in each lane and subjected to electrophoresis on a 1.5-mm-
thick gradient gel, 4% to 12% polyacrylamide (Life Technologics,
Novex). The blots were developed and digitalized by ChemiDoc (Bio-
Rad). For proteome analysis, 20 pl of a 3-fold diluted sample was
applied in each lane and subjected to electrophoresis on a 1.5-mm-
thick gradient gel, 4% to 12% polyacrylaminde. Each lane was cut
horizontally in 10 equally long sections that were each subjected to
proteome analysis essentially as described before (59).

Antibodies used for Western blotting and immunoprecipitation. Rab-
bit anti-lysozyme (DAKO A0099); rabbit anti-elastase (DAKO rabbit
1373, contract immunization); rabbit anti-cathepsin G (DAKO 588);
rabbit anti-defensin (DAKO rabbit 5588, contract immunization); rab-
bit anti-prodefensin (DAKO rabbit # 8125, contract immunization)
(60); goat anti-human CTSC (R&D AF1071); rabbit anti-proteinase 3
(Abcam 103632); rabbit preimmune IgG (DAKO X0903); rabbit anti-
MPO (DAKO A0398); and mouse anti-NGAL clone 211.1 (in-house; ref.
61) were used. Horseradish peroxidase-coupled antibodies were as fol-
lows: goat anti-rabbit (DAKO P0448); rabbit anti-goat (DAKO P0449);
and rabbit anti-mouse IgG (DAKO P0260). Fluorochrome-labeled
antibodies were as follows: mouse IgG isotype control (BD 555749);
mouse anti-CD62L (BD 555544); and mouse anti-CD11b (BD 555388).

FACS analysis on stimulated neutrophils. Neutrophils were stimu-
lated with 10 M fMLF as described previously (62). Unstimulated
cells and equal amounts of stimulated cells were incubated for 30 min-
utes at 4°C, with isotype control diluted to 1:5, monoclonal anti-CD62L
diluted to 1:5, or monoclonal anti-CD11b diluted to 1:100, washed once
in PBS with 3% FCS, and centrifuged at 200 g for 6 minutes. The cells
were resuspended in 400 pl PBS with 3% FCS and analyzed on FACS-
Calibur (BD) for cell-surface expression of CD62L and CD11b.

The ability to mount a respiratory burst was evaluated by dihy-
drorhodamine 123 (DHR) assay (63). Briefly, 2 x 10° neutrophils were
suspended in 50 ul KRP+G (Krebs ringer phosphate, pH 7.4, with 5 mM
glucose) and added to either DHR (5000 ng/ml) alone or DHR togeth-
er with 10 M fMLF. The DHR sample was kept at 4°C, whereas the
DHR+FMLF sample was incubated at 37°C for 15 minutes. Stimulation
was stopped by addition of 132 pl ice-cold KRP-G followed by centrifuga-
tion at 200 gfor 6 minutes. The samples were resuspended in 200 pl PBS
with 3% FCS and rhodamine production analyzed by flow cytometry.

Processing of hCAP-18. Isolated neutrophils from control and PLS
patients were each resuspended in 2 vials at 3 x 107 cells in 1 ml KRP+G
and incubated at 37°C for 5 minutes. Ionomycin was added to a final
concentration of 1 uM to one vial while the other served as control,
and both were incubated for an additional 15 minutes. Cells were then
pelleted by centrifugation, the supernatant was aspirated, and the cell
pellet resuspended to the original volume in ice-cold KRP+G. Samples
were taken for SDS-PAGE (14% polyacrylamide) and Western blotting
with a rabbit antibody against hCAP-18 (64).
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NETs. Coverslips were washed once with PBS, followed by incuba-
tion in 12-well plates with 0.01% poly-L-lysine in sterile PBS overnight
at 37°C. The coated coverslips were washed once in PBS, and 400 pl
of 5 x 10° PMNs/ml was added to each well. PMNs were allowed to
adhere for 15 minutes at room temperature, followed by 15 minutes at
37°C in 5% CO,. Unstimulated neutrophils in RPMI with 0.2% (w/v)
albumin were used as control. NETs were induced by either 20 nM
PMA or 100 mU/ml glucose oxidase for 150 minutes at 37°C. After
stimulation of neutrophils, the medium was removed and the cover-
slips were washed once in PBS. Cells were fixed with 4% paraformal-
dehyde for 20 minutes at 37°C and 5% CO,, followed by washing 3
times for 5 minutes each time with PBS. Cells were permeabilized by
addition of 0.5% Triton X-100 in PBS for 1 minute. Cells were washed
3 x 1 minutes in PBST (PBS + 0.05% Tween-20), followed by incu-
bation in blocking buffer (5% goat serum in PBST) for 30 minutes at
37°C. Cells were incubated in primary antibody against human MPO
at a dilution of 1:500 (diluted in blocking buffer) for 1 hour at 37°C
and washed 3 x 5 minutes in PBS. Alexa Fluor 594 F(ab')2 fragment of
goat anti-rabbit (Molecular Probes) diluted to 1:1000 in blocking buf-
fer was added for 1 hour at 37°C, followed by washing in PBS for 3 x5
minutes. Coverslips were mounted using PROLONG Gold Anti-Fade
reagent with DAPI (Life Technologies). Slides were allowed to dry in
the dark at room temperature overnight before examination of PMNs
and NETs using fluorescence microscopy. Images were acquired
using a Nikon Eclipse TE200 equipped with a Hamamatsu C4742-95
CCD camera using Plan Apochromat x20 and x100 objectives. NIS-
elements 3.1 (Nikon) software was used for image acquisition and pro-
cessing. Quantification of NETosis was performed as described (65)
with minor modifications. Twenty random x20 images with a mini-
mum of 175 cells in total were used for quantification for each condi-
tion. The DAPI channel was used to identify nuclei. MPO staining was
used to quantitate the MPO positive area in unstimulated cells with
normal polymorphonuclear morphology. An increase in the MPO-
positive area of 33% was used as a cutoff for NET formation. Image
analysis was performed with the public domain software (Fiji).

Bacterial cultures for neutrophil bactericidal activity. In vitro bacteri-
cidal assays were performed using the 2 wild-type strains: K. pneumoniae
strain KP4 and S. aureus strain NCTC 8325. A single colony from each
of the 2 strains was incubated overnight in LB-medium (State Serum
Institute) at 37°C in a shaking incubator at 150 rpm. After 18 hours of
incubation, the bacteria were washed 2 times in PBS and resuspended
in HBSS (Gibco; Life Technologies). Cultures were diluted in HBSS
until they reached the desired OD (S. aureus, OD 500 0.60; K. pneu-
moniae, OD 500 0.45) corresponding to 1 x 108 CFU and were further
diluted until desired concentrations were obtained (S. aureus, 1 x 107
CFU/ml; K. pneumoniae, 1 x 10¢ CFU/ml). The bacteria were pelleted
by centrifugation and resuspended in HBSS containing 10% ABpos
human serum and tumbled for 20 minutes at 37°C for opsonization.

PMN bactericidal assay. PMNs from the PLS patient and a healthy
controlwereisolated asdescribed above and suspended at1x 107 cells/ml
in HBSS containing 10% AB serum. 1500 pl cells were immediately
mixed with bacteria at a final ratio of bacteria to neutrophils of 1:1 for
S. aureus and 1:10 for K. pnemoniae and incubated for 10 minutes at
37°C while tumbling. The cells were pelleted by centrifugation at 500 g,
resuspended in HBSS with 10% serum at 37°C, and further incubated
while tumbling. 100 ul samples were taken at the times indicated (0
minutes, 10 minutes, and 30 minutes). A 20-fold excess of ice-cold H,O,
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freshly adjusted to pH 11.0, was added to the samples to lyse neutrophils
and liberate bacteria. 80 pl DNAse mix containing 250 mM Tris-HCI,
pH 7.4, 25 mM CaCl,, 12.5 mM MgClz, and 2000 U/ml DNAse (Roche)
was added, and the samples were incubated for 10 minutes at 37°C to
degrade nuclear material. Finally, the samples were diluted in H,0O,
pH 11, and plated on blue agar (K. pneumoniae) or 5% blood agar (S. aure-
us), 4 plates per sample, and incubated overnight at 37°C.

Bacterial cultures for defensin bactericidal activity. Newly plated
bacteria were cultured overnight in LB medium. 200 pl of the over-
night culture was subcultured in 10 ml of fresh LB-medium for 3 hours.
Bacteria were washed once in Tris-glucose (10 mM Tris, 5 mM glu-
cose, pH 7.5). OD620 were adjusted to 0.2 in Tris-glucose. Bacteria
were diluted 1:100, and 2.5 pl was used for CFU assay.

Defensins. Defensins were isolated from azurophil granules of
human neutrophils essentially as described (66), with the modifi-
cation that defensins were eluted from Mono-S by 20 mM NaOH
and that 2 rounds of purification by ion exchange chromatography
on Mono-S were used instead of one. Defensins were diluted to a
100 pg/ml solution in Tris-glucose buffer and used as follows: con-
trol (2.5 pl bacteria plus 47.5 pl Tris-glucose); 15 pg/ml defensins
(2.5 pl bacteria plus 7.5 ul defensins + 40 pl Tris-glucose); 5 pug/ml
defensins (2.5 pl bacteria plus 2.5 ul defensins plus 45 pl Tris-glu-
cose); 2 ug/mldefensins (2.5 pl bacteria plus 1 ul defensins plus 46.5 ul
Tris-glucose). Samples were incubated for 1 hour at 37°C and plated
out in dilutions of 2-, 20-, and 100-fold.

Real-time PCR. RNA was extracted by TRIzol Reagent (Invitrogen)
for RNA isolation. Real-time PCRwas performed in triplicate using 5 pl
¢DNA as described (62): MPO (FAM) (HS00165162_m1), LCN2 (FAM)
(HS00194353 m1) ELANE (FAM)( Hs00236952_m1), PTRN3 (FAM)
(Hs01597752_m1), CTSG (FAM)(Hs00175195_m1), and CTSC (FAM)
(Hs00175188 _m1). ACTB (HEX)(4326315E) was used as an internal
control for normalization. All probes were provided by Applied Biosys-
tems. Reaction conditions included incubation at 95°C for 10 minutes
followed by 40 cycles at 95°C for 30 seconds, 55°C for 1 minute, and
72°C for 1 minute. The amount of fluorescent FAM or HEX was mea-
sured at the end of each cycle. Results were expressed as fluorescence
relative to number of PCR cycles.

Statistics. Statistical calculations were performed with GraphPad
5.0 (GraphPad Software Inc.). Tests were 2-tailed, and the significance
level was set at P < 0.05. Bacterial killing assays were set up in triplicate
and assessed using a nonparametric test, the Mann-Whitney test.

Study approval. Written informed consent was obtained from the
patient to carry out the studies reported and to report the results. The
study was approved by the ethics committee of the Capital Region of
Denmark (H-1-2011-165).
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