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Effective host defense against microbial invasion requires an
innate immune system whose response is both rapid and inde-
pendent of prior exposure (25). The neutrophil is a central
cellular effector of the innate immune system whose impor-
tance to host defense is manifest in the increased frequency
and severity of infections in patients who have defects in neu-
trophil quantity or quality.

The mechanisms by which neutrophils exert their antimicro-
bial activity have been under investigation since the seminal
work of Eli Metchnikoff, who demonstrated the phagocytic
activity of these cells at the beginning of the 20th century.
Activated neutrophils increase oxygen consumption during in-
flammatory responses in what has been termed the “respira-
tory burst,” reflecting assembly of a multicomponent neutro-
phil oxidase which transfers electrons to molecular oxygen,
forming toxic radicals (6). Defects in the phagocyte oxidase
proteins underlie chronic granulomatous disease (CGD),
which is characterized by increased frequency of infections
with certain bacterial and fungal pathogens (38). Nitric oxide is
another small, readily diffusible antimicrobial mediator gener-
ated by activated neutrophils (54).

Over the past two decades, there has been increasing recog-
nition of oxygen-independent killing mechanisms relating to
the following observations: (i) neutrophils from CGD patients
are capable of killing a variety of microorganisms (52), (ii)
normal neutrophils deprived of oxygen in vitro are also able to
efficiently kill certain bacterial pathogens (52), (iii) crude acid
extracts of neutrophils possess direct microbicidal activity
which is oxygen independent (24), and (iv) cationic proteins
and peptides isolated from such extracts are able to directly kill
microorganisms in vitro (29). Encouraged by these observa-
tions, investigators have made use of protein chromatography
and molecular cloning in order to isolate, sequence, and define
a growing number of neutrophil granule-derived antimicrobial
proteins and peptides (15, 22, 23).

Neutrophil protein and peptide antibiotics are deployed by
degranulation either extracellularly into inflammatory fluids or
intracellularly into the phagolysosome, thereby exposing mi-
croorganisms to high concentrations of these agents. The an-
timicrobial proteins and peptides share in common a net pos-
itive charge which contributes to electrostatic interactions with
negatively charged microbial surface components. However,
despite similar charges, these agents vary markedly in size and
structure as well as the mechanisms and selectivities of their
cytotoxic actions. Here the focus is on a remarkably selective

anti-infective component of human neutrophils known as the
bactericidal/permeability-increasing protein (BPI).

MOLECULAR ASPECTS

Originally isolated by Elsbach, Weiss, and colleagues two
decades ago (50), BPI is a 55-kDa protein found in the primary
(azurophilic) granules of human neutrophils and has also been
detected on the neutrophil cell surface. More recently, BPI has
also been detected at lower levels in the specific granules of
eosinophils (4). BPI selectively exerts multiple anti-infective
activities against gram-negative bacteria: (i) cytotoxicity via
sequential damage to bacterial outer and inner lipid mem-
branes (36), (ii) neutralization of gram-negative bacterial lipo-
polysaccharide (LPS) (endotoxin) (37), and (iii) opsonization
of bacteria to enhance phagocytosis by neutrophils (27).

Structural characterization of the BPI molecule has pro-
vided insight into its function. Cloning and sequencing of the
BPI cDNA has revealed a primary structure whose N-terminal
half contains a high proportion of basic and hydrophilic resi-
dues and whose C-terminal half contains acidic and hydro-
philic residues (18). Consistent with this primary structure, the
recently defined crystal structure of BPI reveals a symmetric
bipartite structure characterized by N- and C-terminal regions,
each of which contains lipid-binding apolar pockets (3) (Fig.
1). Whereas the cationic N-terminal region of BPI possesses
both antibacterial and endotoxin-neutralizing properties, the
ability of BPI to opsonize gram-negative bacteria appears to
require its C-terminal end (27).

Antibacterial action. With few exceptions (28), BPI’s cyto-
toxic activity is selectively manifest toward gram-negative bac-
teria, including some encapsulated, serum-resistant clinical iso-
lates such as Escherichia coli K1/r. BPI does not manifest
cytotoxicity against gram-positive bacteria, fungi, or mamma-
lian cells. The selectivity of BPI’s action toward gram-negative
bacteria has been attributed to its high affinity (in the nano-
molar range) for the lipid A moiety of LPS or endotoxin (16).
LPSs, which are the major components of the outer leaflet of
the gram-negative bacterial outer membrane, are stabilized by
a regular array of divalent ions that serve to cross-link the
negatively charged LPS molecules. Binding of BPI to gram-
negative bacteria competitively displaces these outer mem-
brane calcium and magnesium ions (34). Studies with LPS
model membranes also suggest that BPI displaces divalent
cations, thereby perturbing the regular arrangement of LPS
molecules, causing membrane rupture, an increase in the
membrane current, and a change in transmembrane potential
(Fig. 2) (55).

Binding of BPI to gram-negative bacteria is followed by
time-dependent progression of BPI-mediated membrane dam-
age (Fig. 2). Early effects of BPI on gram-negative bacteria
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include permeabilization of the bacterial membrane to small
hydrophobic molecules (e.g., b-lactam antibiotics), rendering
bacterial phospholipids susceptible to hydrolysis by both exog-
enous (host) and endogenous (bacterial) phospholipases, and
bacterial growth inhibition. Late effects of BPI are manifest as
irreversible growth inhibition (killing) and coincide with the
effects on the bacterial inner membrane, where critical com-
ponents of the bacterium’s biochemical machinery reside (36).

Gram-negative bacteria have variable sensitivities to BPI’s
bactericidal activity, with species such as Klebsiella pneumoniae
demonstrating significant resistance (32a, 51). Gram-negative
bacteria respond to BPI’s action by up-regulating LPS repair
(53). Studies of isogenic strains of Proteus mirabilis differing
only in LPS chain length reveal that expression of long-chain
LPS confers relative BPI resistance, presumably reflecting
stearic hindrance of BPI access to the lipid A moiety of the
LPS molecules (5). It has been argued that acquired resistance
to BPI action would be unlikely, given the essential role played
by the lipid A target to the viability of gram-negative bacteria.
However, several considerations prompt concern about the
possibility of resistance to BPI: (i) resistance of gram-negative
bacteria to polymyxin B, an antibiotic that also binds to lipid A,
is mediated by changes in LPS core structure (20); (ii) several
investigators have demonstrated that a variety of gram-nega-
tive pathogens alter their LPS composition and structure as a

means of resistance to other neutrophil-derived cationic pep-
tides (19, 21); and (iii) there have been no published reports of
the possible effect of serial passage of bacteria in media con-
taining relatively low concentrations of BPI.

It has been argued that intracellular killing of certain gram-
negative bacteria by whole neutrophils is an oxygen-indepen-
dent process which is largely BPI dependent because neutro-
phil-mediated killing of E. coli (i) is manifest in neutrophils
from patients with CGD, (ii) occurs in normal neutrophils
deprived of oxygen, (iii) follows similar kinetics as killing by
pure BPI, (iv) is, similarly to pure BPI, enhanced by phospho-
lipid hydrolysis as well as by the complement system, and (v) is
largely inhibited in neutrophil extracts by the addition of neu-
tralizing anti-BPI serum (10). However, the complexity of the
neutrophil’s bactericidal armamentarium (i.e., the presence of
multiple other antimicrobial proteins and peptides [14, 22, 29])
makes it difficult to ascribe activity to a single agent. In fact,
there are multiple examples of synergistic interactions when
isolated agents are tested in combination in vitro (2, 32).

Although the activity of neutrophil extracts against E. coli is
BPI dependent, the bactericidal capacities of neutrophil ex-
tracts and inflammatory fluids exceed those predicted by their
BPI contents, suggesting a contribution by additional antibac-
terial agents. Whereas early effects of BPI on gram-negative
bacteria are synergistically enhanced by members of the cathe-

FIG. 1. Crystal structure of BPI. The BPI molecule has a boomerang shape composed of two structurally similar domains. The N-terminal half of the protein is rich
in basic residues and possesses the antibacterial and antiendotoxic activities of the molecule, whereas the hydrophobic (anionic) C-terminal half is required for opsonic
activity. Apolar lipid-binding pockets are present in each half of the molecule and are believed to be important for interactions with LPS acyl chains.
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licidin and defensin antimicrobial peptide families (11), killing
of E. coli by both purified BPI and whole neutrophils is en-
hanced by the complement membrane attack complex (35)
(Fig. 2). BPI also enhances the action of bacterial and host
phospholipases on E. coli, resulting in enhanced hydrolysis of
bacterial phospholipids and acceleration of progression to kill-
ing.

Endotoxin neutralizing activity. High-affinity (approximate-
ly in the nanomolar range) binding of BPI to the lipid A moiety
common to all gram-negative bacterial LPSs suggests that it is
a classic “pattern recognition” molecule of the innate immune
system (25). BPI’s ability to potently inhibit endotoxin is op-
posite that of its structural homologue, the LPS-binding pro-
tein (LBP), which is a liver-produced acute-phase reactant that
greatly amplifies LPS-mediated inflammatory signaling (13,
44) (Fig. 3). BPI and LBP genes colocalize with phospholipid
transfer protein to human chromosome 20 and have similar
exon-intron structures, suggesting that they are, together with

cholesterol ester transfer protein, divergent members of a fam-
ily of lipid-binding proteins.

In an effort to study the mechanisms of LBP- and BPI-
mediated endotoxin modulation, investigators have used
chemically extracted LPSs which form aggregates (micelles).
Whereas LBP acts to disperse such LPS aggregates, delivering
LPS to the cellular CD-14/Toll-like receptor complex (Fig. 3),
BPI apparently increases the sizes of LPS aggregates and pre-
vents LBP from recruiting LPS monomers for delivery to
CD-14 (45). Of note, BPI has a greater affinity for LPS than
does LBP (57). Since LPS bound by BPI is incapable of being
recognized by LBP and of being bound by the macrophage LPS
receptor complex (Fig. 3), all the myriad proinflammatory ef-
fects of endotoxin are inhibited by BPI, including LPS-medi-
ated cytokine release, endothelial damage, coagulation, and
nitric oxide release. Although multiple cationic proteins and
peptides have demonstrated antiendotoxic activity when tested
in artificial media in vitro (43), BPI is notable for its ability to

FIG. 2. Action of BPI on the gram-negative bacterial membrane. The gram-negative bacterial outer and inner membranes are depicted. Positively charged residues
in the N terminus of BPI are thought to bind to negatively charged LPS phosphate groups, displacing the divalent cations that normally stabilize the outer membrane.
Hydrophobic interactions of BPI’s apolar lipid-binding pockets with LPS acyl chains are also believed to contribute to this disruption. The early effects of BPI on
bacteria, including growth inhibition and activation of bacterial phospholipid (PL) hydrolysis, are enhanced in the presence of antimicrobial peptides of the cathelicidin
and defensin families. Killing of bacteria is believed to require penetration of BPI to the inner membrane, a time-dependent process which is accelerated by the
complement membrane attack complex (MAC) as well as by bacterial phospholipid hydrolysis.
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neutralize endotoxin in biologic fluids even in the presence of
LBP (31). Thus, BPI may contribute to down-regulation of the
proinflammatory effects of gram-negative bacteria and endo-
toxin. Although gram-negative bacteria vary in their suscepti-
bilities to BPI’s bactericidal action, BPI readily neutralizes
endotoxin from all gram-negative bacterial strains tested
whether presented as isolated LPS or whole bacteria (51). In
endotoxin neutralization assay systems, BPI is also markedly
more effective than anti-LPS antibodies such as HA-1A and E5
(1).

Opsonic activity. BPI has recently been shown to possess
opsonic activity toward gram-negative bacteria which requires
both the N- and C-terminal domains of the protein (27). Bac-
teria exposed to physiologically relevant concentrations of BPI
(10 to 100 nM) are readily ingested by human neutrophils.
Such opsonic activity is accompanied by mobilization of my-
eloperoxidase-mediated oxidative metabolism, suggesting pos-
sible collaboration between BPI and oxygen-dependent mech-
anisms of neutrophils. Whether BPI-coated bacteria are more
readily ingested secondary to BPI-mediated alterations in the

bacterial membrane or via a specific BPI receptor mechanism
is as yet unclear.

ACTIVITY IN BIOLOGIC FLUIDS

BPI is bactericidal and neutralizes endotoxin at nanomolar
concentrations not only in artificial laboratory media but also
in blood, plasma, and serum. In vivo, neutrophils activated by
a variety of inflammatory stimuli (including LPS, tumor necro-
sis factor alpha, and clotting) release BPI by degranulation into
inflammatory fluids. Addition of a neutralizing anti-BPI serum
blocks the bactericidal activity of rabbit inflammatory (ascitic)
fluid against encapsulated gram-negative bacteria, suggesting
that such activity is BPI dependent (49). Although LBP con-
centrations normally exceed those of BPI in normal plasma,
the BPI/LBP ratio is greatly elevated at inflammatory sites with
a robust influx of neutrophils (e.g., abscesses) (42). Consistent
with these findings, plasma BPI levels are elevated in critically
ill children and adults, especially those with sepsis (58). BPI is
also released at the colonic mucosa of patients with inflamma-

FIG. 3. Mechanisms of antibacterial and antiendotoxic activities of neutrophils against gram-negative bacteria (GNB). The presence of gram-negative bacteria in
normally sterile body compartments is signaled by bacterial surface LPS (endotoxin). LPS is specifically bound by the plasma LBP, a plasma constituent which is secreted
by the liver. The LBP-LPS complex is recognized by the macrophage CD-14 receptor, which, via an adaptor protein such as MD-2, activates a Toll-like receptor protein
(TLR) that transduces a signal leading to secretion of proinflammatory mediators including tumor necrosis factor (TNF) and interleukin 1 (IL-1). Neutrophils migrate
to sites of infection, where they deploy their granule-associated antimicrobial arsenal both intracellularly within the phagolysosome and extracellularly by degranulation.
Antimicrobial proteins and peptides from both compartments participate in bacterial growth inhibition. The role of BPI is highlighted in that it binds to LPS with a
high affinity, thereby preventing formation of the LBP-LPS complex and markedly decreasing the proinflammatory effects of endotoxin.
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tory bowel disease (39) which is associated with anti-BPI an-
tibodies in perinuclear antineutrophil cytoplasmic antibody-
positive ulcerative colitis (48). Anti-BPI antibodies have also
been detected in patients with cystic fibrosis (60). The rele-
vance of such antibodies to the pathophysiology of these dis-
eases is unclear.

CLINICAL APPLICATION

The action of BPI against gram-negative bacteria and their
endotoxins which has been documented in vitro has recently
been tested in animal models and with humans. A recombinant
21-kDa N-terminal BPI fragment (rBPI21) (26) expresses both
the antibacterial and antiendotoxic activities of the holoprotein
and has been demonstrated to have beneficial effects, either
alone or in synergistic combination with conventional antibi-
otics, in animal models of sepsis, pneumonia, endotoxemia,
and burns. Intravenous administration of rBPI21 reduces the
mortality rate in multiple animal models (mice, rats, and ba-
boons) of gram-negative bacterial infection. Although rBPI21
consistently neutralizes endotoxin, its bactericidal activity has
been variable. In animal models, gram-negative bacterial
strains vary in their susceptibilities to rBPI21. For example, BPI
reduced the rate of mortality among mice injected with the
rough strain E. coli J5 but was unable to reduce the rate of
mortality when strains with long-chain LPSs such as E. coli
O111:B4 and O7:K1 were injected (12).

There is also evidence that BPI may be a useful adjunct to
conventional antibiotics. In a rabbit model of E. coli O7:K1
bacteremia, treatment with the conventional antibiotic cefa-
mandole is associated with a rapid release of endotoxin,
marked cytokine release, and significant mortality (33). Addi-
tion of rBPI21 together with cefamandole in this rabbit model
markedly decreases the level of cytokine release and reduces
the rate of mortality. rBPI21 also ameliorates hypercoagulabil-
ity after hemorrhagic shock in a rat model, presumably by
neutralizing translocated gut endotoxin, thereby inhibiting
LPS-mediated induction of plasminogen-activator inhibitor-1
and tissue factor (59).

Of note, endotoxemia has also been documented in critically
ill patients without detectable gram-negative bacterial infec-
tion, raising the possibility that translocation of endotoxin
across an intestinal wall that has been damaged in the setting
of shock contributes to the pathophysiology of multiple shock
states (41).

Phase I studies. Studies performed to assess the safety of
administering recombinant N-terminal congeners of BPI to
humans indicate that the protein is well tolerated and nonim-
munogenic (56). rBPI21 given intravenously to subjects who
have received endotoxin is able to markedly inhibit LPS-in-
duced cytokine release (46), coagulant responses (47), and
pathophysiologic changes such as alteration of cardiac index
(9).

Phase II studies. Phase II studies of rBPI21 as treatment for
infections and endotoxemia include studies of rBPI21 as treat-
ment for intra-abdominal infections (endotoxin formation by
invading bacteria), hemorrhagic trauma (endotoxin transloca-
tion secondary to decreased intestinal barrier integrity), and
liver resection (decreased endotoxin clearance). Open-label
administration of rBPI21 to 26 children admitted to pediatric
intensive care units with fulminant meningococcemia was as-
sociated with a reduced rate of mortality relative to that pre-
dicted by clinical prognostic scores, interleukin 6 levels, and
the rate for historical controls (17). In addition, trauma pa-
tients with infectious complications associated with blood loss

experienced a reduced incidence of pneumonia and adult res-
piratory distress syndrome following treatment with rBPI21 (8).

Phase III studies. Two phase III double-blind placebo-con-
trolled trials of rBPI21 for the treatment of hemorrhagic
trauma and fulminant meningococcemia have now been con-
cluded.

The hemorrhagic trauma trial was discontinued due to in-
sufficient activity (without any safety concerns). Analysis and
speculation as to the reason(s) for the insufficient effect in that
study must await publication of the study data, including the
levels of endotoxin and cytokines in the plasma of this patient
population.

Results of a prospective, double-blinded, placebo-controlled
phase III trial of rBPI21 involving 393 children ages 2 weeks to
18 years of age presenting with severe meningococcal sepsis
have recently been published (28a). The study was underpow-
ered to detect significant differences in mortality (7.4% in the
BPI group and 9.9% in the placebo group; P 5 0.48). However,
treatment with rBPI21 was associated with a lesser number of
multiple severe amputations (3.2 versus 7.4%; P 5 0.067) and
better functional outcome at day 60 (77.3 versus 66.3%; P 5
0.019). Since the patient populations were well balanced in this
study, the data suggest that rBPI21 is beneficial in reducing the
complications of meningococcal sepsis.

Future directions. In addition to possible studies in a variety
of infectious disease settings, other clinical indications for
which BPI may be considered are those in which gram-negative
bacteremia and/or endotoxemia occur in the setting of relative
BPI deficiency. Such deficiency can be due to neutropenia,
whether due to overwhelming sepsis or chemotherapy, includ-
ing myeloablative therapy prior to bone marrow transplanta-
tion, wherein endotoxemia has recently been implicated as a
key precipitant of graft-versus-host disease (7). For example,
an LBP-BPI hybrid has shown efficacy in reducing the rate of
mortality in an animal model of neutropenic Pseudomonas
sepsis (40). Of note, a recent study has indicated that neutro-
phils derived from newborn cord blood have significantly less
BPI than those derived from adults, correlating with the di-
minished activity of newborn neutrophils against the encapsu-
lated clinical pathogen E. coli K1/r (30). These observations
raise the possibility that supplementing BPI levels with rBPI21
may be beneficial for newborns with gram-negative bacteremia
and/or endotoxemia (32a) or other patient populations exhib-
iting BPI deficiencies.

CONCLUSIONS

Increasing appreciation of the role played by endotoxemia in
the pathophysiology of bacterial infections suggests that opti-
mal treatment will require targeting not only bacterial viability
but endotoxic activity as well. The neutrophil-derived protein
antibiotic BPI is a unique innate defense molecule which binds
to LPSs (endotoxins) of the gram-negative bacterial mem-
brane, leading to neutralization of bacterial endotoxic activity,
opsonization, and bacterial growth arrest. A recombinant N-
terminal BPI fragment, rBPI21, has antiendotoxic and antibac-
terial activities that can be demonstrated in biologic fluids and
animal models. Human clinical trials have indicated that
rBPI21 is safe, without significant immunogenicity or toxicity.
Although a biologics license application has not yet been sub-
mitted for rBPI21, evidence of clinical benefit has been noted
for multiple indications, and other studies are being planned.
Judicious enhancement of this arm of innate immunity may
eventually prove to be of clinical benefit to selected patients.
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