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Neutrophils exert potent antimicrobial activities in their role as first-line cellular defenders against infection. The
synergistic and collective actions of oxidants and granule proteins, including serine proteases, support the microbial killing
in phagosomes, where most neutrophil-mediated antimicrobial action occurs. In addition to phagocytosis, specific stimuli
prompt neutrophils to extrude a matrix of DNA, histones, and granule proteins to produce neutrophil extracellular traps
(NETs), which can trap microbes. Mice lacking the serine proteases necessary for NET production are more susceptible
to infection, an observation suggesting that functional NETs are required for host protection. In this issue of the JCI,
Sørensen and colleagues characterize neutrophils from a patient with Papillon-Lefèvre syndrome. The patient has an
inactivating mutation in the gene encoding dipeptidyl peptidase I, resulting in neutrophils lacking elastase, a serine
protease required for NET production. Despite the inability to form NETS, neutrophils from this patient killed pathogens in
vitro, and the patient did not exhibit evidence of an increased propensity toward bacterial infections. Together, these
results suggest that proteases in human neutrophils are dispensable for protection against bacterial infection and that the
ability to generate NETs in vitro does not compromise host defense.
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He who studies medicine without books 
sails an uncharted sea, but he who 
studies medicine without patients does 
not go to sea at all.

—William Osler, MD

The desire to quell patients’ suffering drives 
the quest to elucidate the mechanisms that 
underlie disease pathogenesis. Patients not 
only provide incentive for biomedical pur-
suits, but also redirect our notions about a 
particular disease when we drift off course. 
In this issue, Sørensen et al. describe the 
genetic abnormality in a young female with 
Papillon-Lefèvre syndrome (PLS) (1), a rare 
autosomal disorder also known as keratosis 
palmoplantaris with periodontopathia (2). 
The patient was found to have a mutation in 
CTSC, which encodes dipeptidyl peptidase I  
(DPPI), a lysosomal cysteine proteinase 
that converts inactive precursors of granule 

serine proteases into active enzymes (3). 
DPPI levels are especially high in human 
neutrophils, alveolar macrophages, and 
their progenitors (3). Moreover, as demon-
strated by Sørensen et al., DPPI-deficient 
neutrophils lack elastase, cathepsin G, 
proteinase 3 (PR3), and neutrophil serine 
protease 4 (NSP4), four serine proteases 
normally housed within azurophil gran-
ules. Consequently, it would be predicted 
that the absence of these DPPI-dependent 
serine proteases would undermine one or 
more critical neutrophil activities.

The antimicrobial activity 
within neutrophils
As phagocytic cells, neutrophils confine 
ingested microbes within membrane-
bound phagosomes, where two coinci-
dent responses create high concentrations 
of antimicrobial toxins active against a 

wide variety of microbes. In response to 
neutrophil activation, granules fuse with 
nascent phagosomes, directly delivering 
potent antimicrobial agents to ingested 
microbes confined within phagosomes, 
with less than 2% of the total neutrophil 
granule content discharged extracellu-
larly in response to physiologic stimuli 
(4). Azurophil granules house the heme 
protein myeloperoxidase (MPO), proteins 
with direct antimicrobial action, such as 
defensins and bactericidal permeability–
increasing protein, and serine proteases 
(5). Concurrent with degranulation, the 
phagocyte NADPH oxidase assembles at 
phagosomal and plasma membranes and 
generates superoxide anion, which rapidly 
dismutates to form H2O2. Intraphagosom-
al MPO rapidly consumes H2O2 to oxidize 
chloride anion to yield the potent microbi-
cide HOCl (6). Thus, the delivery of pro-
teins by degranulation and the generation 
of oxidants by the NADPH oxidase poten-
tiate multiple synergistic interactions that 
attack ingested microorganisms, compro-
mise their integrity, and promote their 
eventual degradation (7).

Serine proteases and 
neutrophil antimicrobial action
Multiple studies have linked neutrophil 
elastase and cathepsin G to neutrophil-
mediated antimicrobial activity. For 
example, MPO-mediated in vitro kill-
ing of Staphylococcus aureus or E. coli and 
microbicidal activity of purified neutrophil 
cationic proteins are augmented by the 
addition of neutrophil elastase (8). Both 
of these bactericidal processes depend on 
charge-mediated alterations of the sur-
face of susceptible organisms (9), but not 
on elastolytic activity (8). Although these 
studies were performed with isolated 
enzymes in conditions very unlike the 
protein-rich environment of the phago-
some, where competing reactions with 
microbe- as well as host-derived pro-
teins occur (6), mice lacking cathepsin G,  
neutrophil elastase, or both exhibited 
enhanced susceptibility to S. aureus and 
Gram-negative enteric pathogens (9–11). 
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Neutrophils exert potent antimicrobial activities in their role as first-line 
cellular defenders against infection. The synergistic and collective actions 
of oxidants and granule proteins, including serine proteases, support 
the microbial killing in phagosomes, where most neutrophil-mediated 
antimicrobial action occurs. In addition to phagocytosis, specific stimuli 
prompt neutrophils to extrude a matrix of DNA, histones, and granule 
proteins to produce neutrophil extracellular traps (NETs), which can trap 
microbes. Mice lacking the serine proteases necessary for NET production 
are more susceptible to infection, an observation suggesting that functional 
NETs are required for host protection. In this issue of the JCI, Sørensen and 
colleagues characterize neutrophils from a patient with Papillon-Lefèvre 
syndrome. The patient has an inactivating mutation in the gene encoding 
dipeptidyl peptidase I, resulting in neutrophils lacking elastase, a serine 
protease required for NET production. Despite the inability to form NETS, 
neutrophils from this patient killed pathogens in vitro, and the patient did 
not exhibit evidence of an increased propensity toward bacterial infections. 
Together, these results suggest that proteases in human neutrophils are 
dispensable for protection against bacterial infection and that the ability to 
generate NETs in vitro does not compromise host defense.
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human neutrophils to form NETs in vitro 
has no detectable effect on neutrophil-
mediated killing of organisms. Thus, as 
judged by assessment of antimicrobial 
activity of isolated neutrophil, suicidal 
NETosis does not contribute to neutrophil-
mediated host defense against bacteria.

Neutrophil and periodontal 
disease: linked by dysregulated 
inflammation?
Severe periodontitis afflicts patients with 
PLS, frequently culminating in loss of teeth, 
as experienced by the patient described 
by Sørensen and colleagues. The clini-
cal association of periodontal disease and 
deficiencies in the number or function of 
neutrophils has long been recognized, but 
the underlying mechanisms remain incom-
pletely elucidated. Although the link would 
seem obvious, given the predominant role 
of neutrophils in defense against bacteria 
and the presence of a robust proinflamma-
tory microflora in the periodontal space 
(22), extensive data suggest that defective 
neutrophil-mediated antimicrobial action 
alone fails to explain the observed asso-
ciation (23). Periodontitis and premature 
tooth loss do not occur more frequently 
than normal in patients with chronic gran-
ulomatous disease (CGD), despite neu-
trophils from CGD patients exhibiting a 
profound defect in killing and the serious 
infectious complications seen in affected 
patients (24). Early onset periodontitis fre-
quently complicates congenital neutrope-
nias, including severe congenital neutrope-
nia (SCN), which is commonly associated 
with mutations in the gene encoding neu-
trophil elastase (25). Periodontitis in SCN 
correlates with excess IL-1β locally as well 
as with the oral microflora skewing toward 
more pathogenic organisms (26). It is con-
ceivable that the absence of granule serine 
proteases and LL-37 from the neutrophils 
of PLS patients not only limits the array 
of antimicrobial effectors, but also under-
mines the proteolytic degradation of pro-
inflammatory chemokines and cytokines 
necessary for tissue homeostasis, result-
ing in excess neutrophil recruitment and 
unchecked local inflammation (27). In such 
a scheme, the immunoregulatory activi-
ties of neutrophils, not their contribution 
to antimicrobial action per se, promote the 
excess inflammation and local tissue dam-
age manifested in severe periodontitis.

which is referred to as “suicidal NETosis” 
(14). For example, vital NETosis requires 
the presence of activated platelets, occurs 
within minutes (as opposed to hours for 
suicidal NETosis), and involves budding 
of DNA-containing vesicles from neu-
trophils, without perforating the plasma 
membrane or compromising cell integ-
rity (14). Although both suicidal and vital 
NETosis result in structures containing 
DNA and granule proteins, the extent to 
which the underlying mechanisms and 
functional consequences of the two pro-
cesses mirror each other remains unset-
tled. Pending further explication of the 
relationship between the two phenom-
ena, it seems prudent to distinguish in 
experimental systems between the two 
types of NETosis under study, as suggest-
ed recently (14).

NETS produced by either type of 
NETosis can trap microorganisms, and 
early studies suggested that NETs might 
contribute to defense against infection, 
although supporting evidence was indirect 
(18). Viable organisms can be recovered 
from in vitro NETs (19, 20), suggesting 
that suicidal NETs can immobilize bacte-
ria, thereby limiting dissemination, but do 
not mediate direct antimicrobial action. 
NET formation in vitro requires NADPH 
oxidase–derived oxidants, active MPO, 
and neutrophil elastase to drive chroma-
tin decondensation (21); therefore, it was 
posited that the failure of neutrophils from 
neutrophil elastase–knockout mice to gen-
erate NETs in vitro underlies the increased 
susceptibility of these animals to fatal  
K. pneumoniae infection (21). However, 
the results from Sørensen and colleagues 
undermine this interpretation. First, the 
PLS patient–derived neutrophils lack all 
four granule serine proteinases, including 
neutrophil elastase, and do not form NETs, 
yet these cells kill K. pneumoniae. The dis-
parate killing of K. pneumoniae by elastase-
deficient neutrophils isolated from mice 
compared with elastase-deficent neutro-
phils from humans reflects the constitutive 
absence of defensins from murine neu-
trophils, one of many species-dependent 
differences in neutrophil antimicrobial 
defenses. The absence of both neutrophil 
elastase and defensins from murine neu-
trophil renders them unable to kill other-
wise susceptible organisms. Second, the 
inability of neutrophil elastase–deficient 

However, MPO-dependent chemistry 
within phagosomes derails a simple inter-
pretation of results from murine models. 
The absence of either MPO or neutrophil 
elastase renders mice more susceptible to 
fatal infection after intraperitoneal inocu-
lation with Klebsiella pneumoniae (11). 
However, MPO oxidatively inactivates 
neutrophil elastase, and human neutro-
phils that are MPO deficient release more 
enzymatically active neutrophil elastase 
than do normal neutrophils, suggesting 
that loss of a single component from the 
neutrophil phagosome modulates the 
overall antimicrobial activity in situ in 
complicated and indirect ways.

The absence of detectable serine pro-
teases from granules of neutrophils iso-
lated from the PLS patient described by 
Sørensen et al. provides a setting to assess 
the extent to which neutrophil elastase 
and cathepsin G contribute to the antimi-
crobial action of neutrophils. Neutrophils 
isolated from this patient lack elastase, 
cathepsin G, PR3, and NSP4, but kill rep-
resentative microbes with the same kinet-
ics as do those isolated from a control 
volunteer. Furthermore, neutrophils from 
the PLS patients fail to generate LL-37, an 
antibacterial peptide produced by PR3-
mediated cleavage of hCAP-18, but this 
deficiency has no deleterious effect on 
pathogen killing.

Neutrophil extracellular traps 
and antimicrobial action
In addition to the killing that occurs within 
the neutrophil phagosome, an extracel-
lular antimicrobial response has been 
described whereby stimulation of purified 
neutrophils in vitro promotes the extrusion 
of nucleic acids coated with histones and 
granule proteins that together form com-
plex structures called neutrophil extra-
cellular traps (NETs) and culminate in 
the death of the NET-producing cell (12). 
Since the early reports from the Zychlin-
sky lab characterizing the contents and 
functional characteristics of NETs as a 
novel form of cell death, investigators have 
explored their production in response to a 
variety of physiological stimuli in vitro and 
in vivo using animal models (13).

As reviewed recently (14), an in vivo 
process called “vital NETosis” (15–17) 
exhibits features that differ from those of 
the originally described NETosis process, 



The Journal of Clinical Investigation      C o m m e n t a r y

4 2 3 9jci.org      Volume 124      Number 10      October 2014

2005;174(3):1557–1565.
	 12.	Brinkmann V, et al. Neutrophil extracellular traps 

kill bacteria. Science. 2004;303(5663):1532–1535.
	 13.	Brinkmann V, Zychlinsky A. Neutrophil extracel-

lular traps: is immunity the second function of 
chromatin? J Cell Biol. 2012;198(5):773–783.

	 14.	Yipp BG, Kubes P. NETosis: how vital is it? Blood. 
2013;122(16):2784–2794.

	 15.	Pilsczek FH, et al. A novel mechanism of rapid 
nuclear neutrophil extracellular trap formation 
in response to Staphylococcus aureus. J Immunol. 
2010;185(12):7413–7425.

	 16.	Clark SR, et al. Platelet TLR4 activates neutro-
phil extracellular traps to ensnare bacteria in 
septic blood. Nat Med. 2007;13(4):463–469.

	 17.	Yipp BG, et al. Infection-induced NETosis is a 
dynamic process involving neutrophil multitask-
ing in vivo. Nat Med. 2012;18(9):1386–1393.

	 18.	Amulic B, Cazalet C, Hayes GL, Metzler KD, 
Zychlinsky A. Neutrophil function: from 
mechanisms to disease. Annu Rev Immunol. 
2012;30:459–489.

	 19.	Parker H, Albrett AM, Kettle AJ, Winterbourn 
CC. Myeloperoxidase associated with neutrophil 
extracellular traps is active and mediates bacte-
rial killing in the presence of hydrogen peroxide. 
J LeukBiol. 2012;91(3):369–376.

	20.	Menegazzi R, Decleva E, Dri P. Killing by neutro-
phil extracellular traps: fact or folklore? Blood. 
2012;119(5):1214–1216.

	 21.	Papayannopoulos V, Metzler KD, Hakkim A, Zych-
linsky A. Neutrophil elastase and myeloperoxi-
dase regulate the formation of neutrophil extracel-
lular traps. J Cell Biol. 2010;191(3):677–691.

	22.	Hajishengallis G. The inflammophilic character 
of the periodontitis-associated microbiota [pub-
lished online ahead of print June 26, 2014]. Mol 
Oral Microbiol. doi:10.1111/omi.12065.

	 23.	Hajishengallis E, Hajishengallis G. Neutrophil 
homeostasis and periodontal health in children 
and adults. J Dent Res. 2014;93(3):231–237.

	24.	Holland SM. Chronic granulomatous disease. 
Hematol Oncol Clin North Am. 2013;27(1):89–99.

	 25.	Xia J, et al. Prevalence of mutations in ELANE, 
GFI1, HAX1, SBDS, WAS and G6PC3 in patients 
with severe congenital neutropenia. Br J Haematol. 
2009;147(4):535–542.

	26.	Ye Y, et al. Mutations in the ELANE gene are 
associated with development of periodontitis in 
patients with severe congenital neutropenia.  
J Clin Immunol. 2011;31(6):936–945.

	 27.	Ryu OH, et al. Proteolysis of macrophage inflam-
matory protein-1alpha isoforms LD78beta and 
LD78alpha by neutrophil-derived serine prote-
ases. J Biol Chem. 2005;280(17):17415–17421.

	28.	Noack B, et al. Functional Cathepsin C muta-
tions cause different Papillon-Lefevre syndrome 
phenotypes. J Clin Periodontol. 2008; 
35(4):311–316.

supported by a Merit Review award and 
use of facilities at the Veterans Adminis-
tration Medical Center.

Address correspondence to: William M. 
Nauseef, Inflammation Program and 
Department of Medicine, Roy J. and Lucille 
A. Carver College of Medicine, Univer-
sity of Iowa, D160 MTF, 2501 Crosspark 
Road, Coralville, Iowa 52241, USA. Phone: 
319.335.4278; E-mail: william-nauseef@
uiowa.edu.

	 1.	Sørensen OE, et al. Papillon-Lefèvre syndrome 
patient reveals species-dependent require-
ments for neutrophil defenses. J Clin Invest. 
2014;124(10):4539–4548.

	 2.	Toomes C, et al. Loss-of-function mutations 
in the cathepsin C gene result in periodontal 
disease and palmoplantar keratosis. Nat Genet. 
1999;23(4):421–424.

	 3.	Rao NV, Rao GV, Hoidal JR. Human dipeptidyl-
peptidase I. Gene characterization, localization, 
and expression. J Biol Chem. 1997; 
272(15):10260–10265.

	 4.	Owen CA. Leukocyte cell surface proteinases: 
regulation of expression, functions, and mecha-
nisms of surface localization. Int J Biochem Cell 
Biol. 2008;40(6–7):1246–1272.

	 5.	Rorvig S, Ostergaard O, Heegaard NH, Bor-
regaard N. Proteome profiling of human neu-
trophil granule subsets, secretory vesicles, and 
cell membrane: correlation with transcriptome 
profiling of neutrophil precursors. J Leukoc Biol. 
2013;94(4):711–721.

	 6.	Nauseef WM. Myeloperoxidase in human 
neutrophil host defence. Cell Microbiol. 
2014;16(8):1146–1155.

	 7.	Nauseef WM. How human neutrophils kill and 
degrade microbes: an integrated view. Immunol 
Rev. 2007;219:88–102.

	 8.	Odeberg H, Olsson I. Microbicidal mechanisms 
of human granulocytes: synergistic effects of 
granulocyte elastase and myeloperoxidase 
or chymotrypsin-like cationic protein. Infect 
Immun. 1976;14(6):1276–1283.

	 9.	Belaaouaj A. Neutrophil elastase-mediated kill-
ing of bacteria: lessons from targeted mutagen-
esis. Microbes Infection. 2002;4(12):1259–1264.

	 10.	Reeves EP, et al. Killing activity of neutrophils is 
mediated through activation of proteases by K + 
flux. Nature. 2002;416(6878):291–297.

	 11.	Hirche TO, Gaut JP, Heinecke JW, Belaaouaj A. 
Myeloperoxidase plays critical roles in killing 
Klebsiella pneumoniae and inactivating neutro-
phil elastase: effects on host defense. J Immunol. 

Lessons learned, unknowns 
confirmed
The study by Sørensen et al. refines our 
map of how human neutrophils contrib-
ute to normal host defense. First, human 
neutrophils lacking serine proteases are 
not defective in killing ingested bacte-
ria, and the PLS patient in this study did 
not have either frequent or severe infec-
tions complicating her clinical picture. 
Although these data refute the notion 
that antimicrobial actions of neutrophils 
require activation of granule proteases 
(10), as many as 25% of PLS patients 
experience frequent infection (28) and 
granule proteases very likely contribute 
to overall effective antimicrobial action in 
normal neutrophils.

Second, the paucity of infectious 
complications in the patient presented by 
Sørensen et al. suggests that an inability to 
support in vitro NETosis does not compro-
mise host defense in an individual with nor-
mal neutrophil-mediated intraphagosomal 
killing. Because the relationship between 
the mechanisms and consequences of in 
vitro suicidal NETosis versus vital NETosis 
has not been elucidated, speculation about 
the ability of PLS neutrophils to support 
vital NETosis lacks sound rationale.

Third, the mechanistic links between 
severe periodontal disease and neutrophil 
dysfunction remain undefined, although 
the patient described by Sørensen et al. 
suggests that serine protease activity in 
neutrophils may be essential for proper 
neutrophil-dependent immunomodulation 
and maintenance of inflammatory homeo-
stasis with the specialized microflora in the 
gingival crevices. Together, the findings of 
Sørensen and colleagues provide a revised 
map to guide future exploration of the way 
in which human neutrophils contribute to 
host defense against infection.
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