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Human neutrophil proteins 1, 2 and 3 (HNP1–3) were
originally identified as endogenous antibiotics that can
kill microbial pathogens immediately after the onset of
the host innate immune response. Recent studies
revealed that these peptides perform additional, pre-
viously unexpected functions, notably the neutralization
of certain secreted bacterial toxins. In this Opinion
article, a brief overview of the well-established functions
of HNP1–3 is given and novel biological activities of
HNP1–3 are described, with emphasis on neutralization
of secreted bacterial toxins. We propose that toxin
neutralization represents a novel biological function of
HNP1–3 in host defense.

Human neutrophil proteins
Defensins are a family of small cationic vertebrate peptides
with a dominant b-sheet structure and three intramole-
cular disulfide bridges [1]. They are divided into three
subfamilies, a-, b- and u-defensins, based on their cysteine
pairing and structure [1]. In humans, six a-defensins have
been identified. Four of them, human neutrophil proteins
(HNP)1–4, are mainly produced by granulocytes [2] and
certain leukocytes [3]. HNP1–3 share identical amino acid
sequences except for the first N-terminal residue [4]. The
other two a-defensins, HD-5 and HD-6, are produced by
Paneth cells in the small intestine [2]. Intriguingly, mouse
neutrophils lack homologs of HNP1–3 [5].

Originally, HNP1–3 were identified as natural peptide
antibiotics that display microbicidal activities against var-
ious bacteria, fungi and viruses [6] but recently, additional
functions were ascribed to HNP1–3. They function as
‘danger’ signals at concentrations far below those required
for their antimicrobial action [7] and they are involved in
wound healing by promoting cell proliferation [8]. Most
recently, a novel biological function of HNP1–3 was eluci-
dated, namely the neutralization of toxins secreted by
bacterial pathogens (Figure 1). These toxins include lethal
factor from Bacillus anthracis, Corynebacterium diphther-
iae diphtheria toxin andPseudomonas aeruginosa exotoxin
A [9,10]. Moreover, the fibrinolytic activities of staphylo-
kinase, the major virulence factor from Staphylococcus
aureus, are blocked by HNP1–3 [11,12]. Here, we propose
that the neutralization of secreted bacterial toxins is a
novel biological activity of HNP1–3.
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Defensin as an antimicrobial peptide
Neutrophils are the first cells that are recruited to sites of
infection. At these inflammatory sites, neutrophils serve
as professional phagocytes, which rapidly engulf and
kill microorganisms by oxygen-dependent and oxygen-
independent mechanisms [13]. Neutrophil antimicrobial
peptides such as defensins and cathelicidins are considered
to be a central part of oxygen-independent bactericidal
effector mechanisms.

Without doubt, HNP1–3 express antimicrobial
activities in distinct niches such as the phagosomes of
human neutrophils, where bacteria are exposed to high
(mg ml�1) concentrations of HNPs [1,14]. Yet, their direct
microbicidal activities in extracellular locations remain
unclear. Frequently, antimicrobial activities of defensins
were studied in vitro under artificial laboratory conditions
comprising low ionic strength and in the absence of serum
components. HNP1–3, however, display poor microbicidal
activities in the presence of serum or physiological salt
concentration [1,2,15,16]. This weak antimicrobial activity
under physiologically relevant conditions is observed with
many other cationic peptides including the cathelicidin
LL-37 [17]. This perplexity has prompted scientists to
search for novel functions of cationic peptides under more
physiological conditions.

Defensin as an endogenous danger signal
It was suggested that HNP1–3 display their antimicrobial
activities by permeabilizing the lipid bilayer similar to
other lytic peptides [18]. Interestingly, the overall
dimensions, positive charge, b-sheet structure and disulfide
bonds of HNP3 as elucidated by X-ray crystallography are
reminiscent of various snake, scorpion and spider toxins,
which function by binding to specific receptors rather than
bypermeabilizing the cellmembrane [19]. Over the past few
years, an accumulation of evidence suggests that HNP1–3
bind to distinct receptors [7,20] and promote local innate
inflammatory and systemic adaptive immune responses by
serving as chemoattractants and activators of immune cells.
HNP1–3 are chemotactic for T cells and dendritic cells by
signaling through G(ia) protein-coupled receptors [7].
Moreover, HNP1–3 enhance secretion of antigen-specific
antibodies and distinct cytokines by immune cells [21,22].
Accordingly, Oppenheim and Yang [23] suggested
redesignating these peptides ‘alarmins’ because they are
rapidly released in response to danger signals to alert the
immune system.
ed. doi:10.1016/j.tim.2006.08.001
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Figure 1. Divergent functions of HNP1–3 in antibacterial defense. HNP1–3 were initially identified as antimicrobial peptides. When polymorphonuclear cells (PMN) ingest

bacteria, they end up in phagosomes and, subsequently, granules that contain abundant HNP1–3 are fused with the vacuole [1]. In this setting, bacteria are exposed to a

high concentration of HNP1–3 and as a result, bacterial cell membranes are permeabilized. In extracellular regions, HNP1–3 display a range of other activities. HNP1–3 are

chemotactic for dendritic cells (DC) and T cells [7] and can induce pulmonary epithelial cell proliferation [8] and neutralize secreted bacterial toxins [9,10].

Figure 2. Mode of action of bacterial toxins and their inhibition by HNP1–3.

Anthrax lethal factor (LF) is the major toxin of Bacillus anthracis. Once LF is

delivered to the cytosol, this Zn2+-dependent metalloprotease cleaves certain

MKKs, leading to death of the host cells [24]. Diphtheria toxin (DT) and

Pseudomonas exotoxin A (ETA) are mono-ADP-ribosyltransferases. They transfer

ADP-ribose to host elongation factor (EF) to inhibit protein synthesis in host cells

[37]. Staphylokinase (SAK) from Staphylococcus aureus is a secreted protein that

forms a complex with plasminogen, leading to conformational changes and

changes in plasmin(ogen) specificity [38].
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Defensin as a global bacterial toxin inhibitor
Numerous bacterial pathogens secrete effectors into the
host environment to avoid destruction by the immune
system. Although many bacterial effectors are named tox-
ins on the basis of their in vitro cell-killing activities, in
biochemical terms, most of them are actually enzymes. A
novel function of HNP1–3, namely the neutralization of
secreted bacterial enzymes, was recently reported [9,10].
Under physiological conditions, HNP1–3 inhibit the cyto-
cidal activity of anthrax lethal factor (LF) [9] and of certain
bacterial ADP-ribosyltransferases (ART), in particular,
diphtheria toxin (DT) and Pseudomonas exotoxin A
(ETA) [10] (Figure 2).

LF is a metalloprotease that cleaves the N terminus of
certain mitogen-activated protein kinase (MAPK) kinases
(MKKs) and is essential for anthrax pathogenesis [24]. It
was demonstrated that HNP1–3 function as potent non-
competitive inhibitors of LF by binding to a region that is
remote from the active center of LF. HNP1 inhibits clea-
vage of MKK and restores impaired MAPK signaling in
anthrax lethal toxin (LeTx)-treated macrophages [9].
Moreover, it rescues murine macrophages from B. anthra-
cis-induced cytotoxicity and protects mice against the fatal
consequences of LeTx. The unique structure of HNP1,
which is determined by intramolecular disulfide bridges,
was identified as a crucial requirement for this inhibitory
activity because reduced linear HNP1 lost its anti-LF
activity [9].

Mono ADP-ribosylation is a covalent chemical modifica-
tion process in which an ADP-ribosyltransferase transfers
the ADP-ribose moiety of NAD+ to a target protein with
nicotinamide release [25]. This reaction is not only a
component of host cell intracellular signaling but is also
a widely used mechanism of bacterial pathogenesis [26].
Because mammalian ART-1 can modify HNP1 [27], it is
www.sciencedirect.com
tempting to examine whether bacterial ARTs have any
effect on HNP1–3. Unexpectedly, instead of serving as a
substrate of bacterial ARTs, HNP1–3 operated as an inhi-
bitor of the DT group of bacterial ARTs [10]. DT and ETA
catalyze the ADP-ribosylation of host elongation factor 2
(EF2), which results in inhibition of protein synthesis and,
finally, cell death [28]. In the presence of HNP1, ADP-
ribosylation of EF2 was efficiently prevented; thus, HNPs
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protect cells from DT- or ETA-mediated death [10]. In
contrast to the mode of inhibition against anthrax LF, in
the case of DT and ETA, HNP1 behaved as a competitive
inhibitor against EF2 and an uncompetitive inhibitor
against NAD+. Mammalian ART-1 has been shown to
transfer ADP-ribose to HNP1 [27]. As a corollary, HNP1
would be anticipated to recognize and bind to the EF2
docking site within both DT and ETA. Therefore, it is not
surprising thatHNP1 is a competitive inhibitor against the
EF2 substrate for the toxins.

In keeping with these findings, a recent report revealed
that HNP1–3 neutralize fibrinolytic activities exerted by
staphylokinase (SAK) from Staphylococcus aureus [11,12].
Although SAK itself is not an enzyme, in combination with
host plasmin(ogen), it functions as an enzyme [29]. HNP1–
3 seem to achieve inhibition by binding to the region of the
SAK molecule located around the Lys74 position, which is
important for its interaction with plasminogen. It remains
to be clarified whether unique HNP1–3 binding pockets
exist in such functionally distinct bacterial toxins as LF,
DT, ETA and SAK.

HNP1–3 are the most abundant azurophilic granule
peptides and constitute 30–50% of the granule proteins
[30]. The concentration of HNP1–3 in plasma under nor-
mal physiological conditions is �40 ng ml�1 but can rise to
0.9–170 mg ml�1 during severe infections [31]. Because
recruited human neutrophils release abundant HNP1–3
locally at sites of infection, local concentrations of HNP1–3
at sites of inflammation are expected to be even higher [32].
It would be interesting to determine whether HNP1–3
efficiently neutralize secreted bacterial toxins in the in
vivo setting.

Defensin and host enzymes
The findings that HNP1–3 inhibit bacterial enzymes raise
the question as to whether they can also inhibit host
enzymes. It is known that mammalian protein kinase C
(PKC) is inhibited by HNP1–3 [33]. However, the physio-
logical meaning of this inhibition has so far remained
mysterious. It is known that defensins inhibit a variety
of viruses [34]. Recently, it was shown that HNP1–3 inhibit
HIV-1 replication by interference with PKC signaling in
CD4+ T cells [35]. The involvement of PKC signaling in
HNP1-mediated HIV-1 inhibition was cell-specific because
the anti-HIV activity of a known PKC inhibitor (Go6976)
mimicked HNP1 in primary CD4+ T cells and transformed
T cells but not in HeLa cells [35]. Although numerous
questions remain to be solved regarding the inhibition of
host enzymes by HNP1–3, the example described suggests
a supportive role in host defense.

Concluding remarks and future perspectives
HNP1–3 are abundant and widely distributed peptides
involved in host defense. Although they were initially
identified as natural antibiotics with direct microbicidal
activities, emerging evidence suggests additional biologi-
cal functions. We suggest that HNP1–3 inhibit distinct
secreted bacterial enzymes with potent toxic activity.
Based on their structure, defensins can be divided into
three subfamilies: a-, b- and u-defensins. It will be of
interest to investigate whether a-defensins of other
www.sciencedirect.com
animals or other defensin families also function as enzyme
inhibitors, although the amino acid sequences of defensins
differ markedly from one family to the other and between
humans and other species. The first evidence for the neu-
tralizing activities of u-defensins was recently presented
[36].

Elucidation of the multifunctional activities of HNP1–3
in infectious diseases has implications for a deeper under-
standing of pathogenesis and the development of novel
intervention strategies. HNP1–3 kill a variety of microbial
pathogens, they attract and activate leukocytes and they
neutralize bacterial toxins. Because HNP1–3 are naturally
occurring endogenous peptides that express multiple com-
plementary host defense mechanisms, they provide a pro-
mising basis for the rational design of a novel class of anti-
infectives. After the original discovery of their microbicidal
activities, defensins were baptized with a rather versatile
name for a unifunctional effector molecule. In recognizing
the diverse biological activities of defensins, it is obvious
that they are truly multifunctional effector molecules and,
thus, have lived up to the name given to them.
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