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Introduction
Sepsis is a complex clinical syndrome that results from an acti-
vated systemic host inflammatory response to infection (1, 2). 
It affects almost 800,000 North Americans each year, resulting 
in more than 200,000 deaths annually (3). Sepsis is the lead-
ing cause of morbidity for patients admitted to a contempo-
rary intensive care unit (ICU) through the development of a 
syndrome of disseminated organ injury known as the multiple 
organ dysfunction syndrome (4). Although sepsis can develop 
in neutropenic patients (5), it is much more commonly associ-
ated with an exaggerated innate immune response that includes 
neutrophilia, endothelial activation, microvascular thrombosis, 
and evidence of intravascular neutrophil activation (6, 7). Acti-
vated neutrophils have been implicated in the increased micro-
vascular permeability of systemic inflammation (8) and in the 
pathogenesis of inflammatory injury to the lung (9), liver (10), 
gastrointestinal tract (11), and kidney (12).

As nonspecific cellular effectors of the innate response to infec-
tion and tissue injury, neutrophils occupy a key role in normal 
immune homeostasis. Their deficiency predisposes one to infec-
tion (5); however, their excess can also produce inflammatory tis-
sue damage (13, 14). Neutrophil numbers and activity are tightly 
regulated by a constitutive apoptotic program that limits the 
lifespan of the resting neutrophil to 5–6 hours in vivo and 24–36 

hours in vitro (15). Neutrophil apoptosis is exquisitely sensitive 
to modulation by stimuli from the inflammatory microenviron-
ment, including microbial factors such as LPS, formylated bac-
terial peptides, and host-derived inflammatory cytokines such 
as TNF and G-CSF (16). Even more profound suppression of 
apoptosis is apparent in neutrophils isolated from the systemic 
circulation (17, 18) or lungs (19) of critically ill septic patients, 
suggesting that the prolonged survival of activated neutrophils 
contributes to the inflammatory injury of sepsis.

The inhibition of neutrophil apoptosis by LPS or inflammatory 
cytokines is an active process that requires new gene expression 
and protein synthesis and is dependent on the release of IL-1 from 
the neutrophil (20). We analyzed the differential pattern of gene 
expression in neutrophils stimulated by IL-1β using suppressive 
subtractive hybridization (21). Among the transcripts upregulated 
by IL-1β was that for pre–B cell colony-enhancing factor (PBEF). 
The PBEF gene, located on the long arm of chromosome 7 between 
7q22.1 and 7q31.33, encodes a 52-kDa cytokine-like molecule, 
originally isolated as a secreted factor that synergizes with IL-7 and 
stem cell factor to promote the growth of B cell precursors (22). A 
highly conserved protein, PBEF has been identified in fish (23), 
invertebrate sponges (24), and bacteria (25) and has been postu-
lated to play a role in innate immunity (24). The biologic activity of 
PBEF is poorly understood. It is secreted by activated lymphocytes 
(22), and recombinant PBEF stimulates the expression of IL-6 and 
IL-8 in amniotic cells (26). Its bacterial homolog is a nicotinamide 
phosphoribosyl transferase (25); however, an activity recently dem-
onstrated for murine PBEF (27), and its predominantly nuclear 
location and increased cytoplasmic expression in proliferating cells 
suggest a role in cell cycle regulation (28).

We show here that PBEF is also synthesized and released 
by neutrophils in response to inflammatory stimuli and that 
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it plays a requisite role in the inhibition of apoptosis that 
results from diverse inflammatory stimuli. In addition, PBEF 
is expressed at high levels in neutrophils harvested from septic 
critically ill patients and contributes to prolonged neutrophil 
survival in clinical sepsis.

Results
IL-1 modulates neutrophil gene expression. We have previously shown 
that the antiapoptotic activity of a microbial product, LPS, and 

a host-derived cytokine, GM-CSF, on the neutrophil were medi-
ated through the synthesis and caspase-1–dependent processing of  
IL-1β (20). We used suppressive subtractive hybridization (SSH) to 
detect transcripts that were either upregulated or downregulated 
in the neutrophil by IL-1β. Following incubation with recombi-
nant IL-1β (50 pg/ml), neutrophils from a single healthy donor 
showed de novo expression of transcripts for three known genes 
and inhibition of the transcription of a further eight genes (Table 
1). In addition, expressed sequence tags (ESTs) for eight unknown 
genes were found to be upregulated, while 13 unknown genes were 
found to be downregulated by IL-1β. Among the transcripts found 
to be induced by IL-1β was that for PBEF (22).

PBEF is induced in neutrophils and monocytes in response to inflam-
matory stimuli. Constitutive neutrophil apoptosis can be inhib-
ited by multiple inflammatory mediators of microbial or host 
origin, including LPS, IL-1β, TNF-α, GM-CSF, and IL-8 (16, 29). 
Neutrophils from healthy volunteers expressed PBEF mRNA tran-
scripts in response to LPS (1 μg/ml), IL-1β (100 pg/ml), or TNF-α 
(40 ng/ml) (Figure 1A). Conversely, PBEF mRNA expression was 
reduced following treatment of polymorphonuclear neutrophils 
(PMNs) with an agonistic anti-CD95 Ab or following phagocytosis 
of heat-killed Candida albicans, two stimuli that accelerate neutro-
phil apoptosis (30) (data not shown). Evaluation by real-time PCR 
of the time course of gene expression showed early upregulation 
of transcripts for IL-1β and its processing enzyme, caspase-1, and 
later expression of PBEF, reaching maximal levels at 10 hours 
after LPS stimulation (Figure 1B). Protein expression as evaluated 
by Western blot analysis mirrored the temporal changes in mRNA 
expression (Figure 1C). PBEF transcripts could also be detected in 
peripheral blood monocytes following LPS stimulation, but not 
in lymphocytes (Figure 1D), as well as in promyelocytic HL-60 
cells that were induced to undergo neutrophilic differentiation by 
incubation with all-trans retinoic acid (Figure 1E).

Table 1
Genes and ESTs identified by SSH as differentially regulated in 
neutrophils by IL-1β

 Upregulated Downregulated
Complete sequences: Complete sequences:
Bruton’s tyrosine kinase (btk) β-2 microglobulin
HSP-90 CLN2
PBEF Cytochrome oxidase subunit 2
 Dystrophin
 Myeloid cell nuclear  
  differentiation antigen
 Ras GTPase-activating protein
 Translin
 Wnt13
+ 12 ESTs + 13 ESTs 

Human PMNs from a single volunteer (20 × 106 cells) were cultured for 
5 hours with or without 50 pg/ml recombinant human IL-1β. Isolated 
mRNA was reversed transcribed to generate tester cDNA from the 
IL-1β–treated cells and driver cDNA from the control cells. Differen-
tially expressed transcripts were amplified by SSH and sequenced as 
described in Methods. HSP, heat shock protein.

Figure 1
PBEF is expressed in neutrophils and monocytes exposed to inflammatory stimuli. (A) Neutrophils expressed mRNA transcripts for PBEF in 
response to LPS, TNF-α, and IL-1β, stimuli that inhibit neutrophil apoptosis. (B) LPS (1 μg/ml) induced transcripts for caspase-1 (open circles), 
reaching maximal concentrations by 1 hour, IL-1β (filled circles) peaking at 3 hours, and PBEF (filled triangles) reaching maximal levels at 10 
hours. The mRNA expression was quantified by real-time PCR; data are expressed as fold increase over basal levels of expression for each 
mRNA species; n = 4. (C) Western blot analysis showed low-level expression of PBEF in control cells, while LPS (1 μg/ml) increased PBEF 
protein, with maximum expression evident 10 hours after exposure. Blots were reprobed with β-actin to confirm equal loading; data are represen-
tative of three separate experiments. (D) PBEF mRNA transcripts were also expressed in peripheral blood monocytes, but not lymphocytes, in 
response to LPS, TNF, and IL-1. Blots are representative of three separate experiments; corresponding mRNA for GAPDH is shown to evaluate 
sample loading. (E) HL-60 cells induced to granulocytic differentiation by 1 μM all-trans retinoic acid showed increased message for PBEF, and 
transcript levels evaluated by real-time PCR were further increased by exposure of differentiated HL-60 cells to LPS (1 μg/ml) added to cultures 
with all-trans retinoic acid at day 0. Data are normalized to levels of PBEF transcripts in undifferentiated HL-60 cells; *P < 0.05 versus all-trans 
retinoic acid alone; n = 4. ATRA, all-trans retinoic acid.
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Inhibition of neutrophil apoptosis by inflammatory stimuli is PBEF 
dependent. Translation of PBEF mRNA was blocked using a phos-
phorothioate-modified antisense oligonucleotide (31). Following 
21 hours of in vitro culture with LPS (1 μg/ml), IL-1β (100 pg/ml), 
GM-CSF (20 ng/ml), IL-8 (250 ng/ml), or TNF-α (40 ng/ml), rates 
of neutrophil apoptosis were significantly reduced; the inhibi-
tory influence of each could be completely abrogated by block-
ing the translation of PBEF with an antisense oligonucleotide; 
PBEF sense and nonsense controls were without activity (Figure 
2A). The antisense oligonucleotide, but not its sense control, sig-
nificantly reduced PBEF protein expression in response to LPS 
exposure (Figure 2B). Apoptosis was also detected as the exteri-
orization of membrane phosphatidylserine using FITC-labeled 
annexin V. As shown in Figure 2C, the PBEF antisense oligonu-
cleotide also prevented the LPS-induced inhibition of annexin V 
binding to exteriorized phosphatidylserine.

Recombinant PBEF protein inhibits apoptosis of unstimulated neutrophils. 
Several lines of investigation suggested that the antiapoptotic 
activity of PBEF depends on its secretion from the neutrophil. 
While conditioned medium from LPS-stimulated neutrophils 
alone or previously incubated with a sense oligonucleotide con-
trol inhibited the constitutive apoptosis of control neutrophils, 
conditioned medium from antisense-treated LPS-stimulated cells 
had no effect (Figure 3A), indicating that LPS induces a secret-
ed, PBEF-dependent suppressive activity in neutrophils. When a 
PBEF/c-myc construct was transfected into CHO cells, the result-
ing protein could be demonstrated by immunoprecipitation 
from both CHO cell lysates and the supernatant of cultured 
CHO cells (Figure 3B); successful transfection was confirmed by 
immunofluorescence microscopy using a FITC-labeled anti–c-myc 
Ab (data not shown). Supernatants from CHO cell PBEF trans-

fectants inhibited the apoptosis of resting neutrophils; superna-
tants from cells transfected with plasmid containing c-myc alone 
were without effect (Figure 3C). Similarly, a PBEF/glutathione 
S-transferase (PBEF/GST) fusion protein expressed in Escherichia 
coli induced dose-dependent inhibition of the apoptosis of control 
neutrophils (Figure 3D). GST protein alone was without effect 
(data not shown). Because the fusion protein was raised in E. coli, 
the potential confounding effects of contaminating endotoxin 
were evaluated. Using the chromogenic limulus amebocyte lysate 
assay, endotoxin levels were elevated to 6.0 endotoxin units (EU) 
(approximately 600 pg/ml) in crude fractions; Triton-X114 treat-
ment as described in Methods reduced endotoxin contamina-
tion to 0.05 EU (approximately 5 pg/ml). Moreover, addition of 
polymyxin B to crude preparations of PBEF/GST at a dose of 10 
μg/ml — a dose that preliminary studies showed could completely 
block the antiapoptotic activity of 1 μg/ml LPS — failed to block 
the antiapoptotic activity of PBEF (Figure 3D). Finally, the anti-
apoptotic effects of the PBEF/GST fusion protein could be blocked 
by the addition of polyclonal anti-PBEF Ab to the culture medium, 
although the Ab failed to inhibit the antiapoptotic effects of LPS 
(Figure 3E). Taken together, the results of these studies indicate 
that PBEF is a secreted protein and that its antiapoptotic activity 
arises, at least in part, from its role as a secreted cytokine.

Because PBEF has been described as having activity both as a 
secreted cytokine (22, 26) and as an intracellular phosphoribosyl 
transferase (27), and because it has been proposed that delayed 
neutrophil apoptosis in inflammation is a consequence of secreted 
mediators from contaminating monocytes (32), we sought to bet-
ter characterize the mechanism of PBEF action on neutrophils. 
The antiapoptotic effects of PBEF/GST fusion protein added to 
cultures of naive neutrophils could be blocked by anti-PBEF Ab; 
however, the Ab did not inhibit the antiapoptotic effect of LPS 
(Figure 4A). On the other hand, preincubation of conditioned 
medium from LPS-stimulated PMN cultures with anti-PBEF 
significantly attenuated its suppressive activity (Figure 4B), sug-
gesting that the affinity of the polyclonal Ab is low. Finally, while 
recombinant PBEF/GST fusion protein inhibited the apoptosis 
of control neutrophils, it was not inhibitory when expression of 
endogenous PBEF was blocked by antisense pretreatment (Figure 
4C). Taken together, these data suggest that while secreted PBEF 
is necessary for the inhibition of neutrophil apoptosis, suppressive 
activity requires the presence of endogenous PBEF.

Figure 2
Prevention of PBEF translation with an antisense oligonucleotide 
blocks inhibition of apoptosis in response to inflammatory stimuli. (A) 
Neutrophil apoptosis, assessed as the nuclear uptake of propidium 
iodide, was significantly inhibited by coincubation with LPS (1 μg/ml), 
IL-1β (100 pg/ml), GM-CSF (20 ng/ml), IL-8 (250 ng/ml), or TNF-α (40 
ng/ml). *P < 0.05 compared with control rates. Prevention of PBEF 
translation using an antisense oligonucleotide prevented this inhibi-
tory effect; the corresponding sense or scrambled nonsense controls 
were without effect. Data are mean ± SD of six separate studies. (B) 
Antisense treatment of resting or LPS-stimulated (1 μg/ml) neutrophils 
inhibited the translation of PBEF as detected by Western blot analysis. 
Blot is representative of three separate studies. (C) Both LPS (1 μg/ml) 
and recombinant PBEF (50 ng/ml) inhibited phosphatidylserine exteri-
orization detected by the binding of FITC-labeled annexin V, an effect 
that was specifically blocked when neutrophils were pretreated with 
PBEF antisense; n = 4, *P < 0.05. rPBEF, recombinant PBEF.
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PBEF inhibits apoptosis by reducing the enzymatic activities of caspase-8 
and caspase-3. Apoptosis is effected through an intracellular cas-
cade of cysteine proteases known as caspases (33, 34). Apoptosis 
can be initiated by signals delivered at the cell membrane through 
receptors of the Fas family, leading to cleavage and activation of 
caspase-8 (35) or by stimuli that increase mitochondrial perme-
ability, resulting in translocation of cytochrome c to the cytosol 
and activation of caspase-9 (36). Both pathways result in catalytic 
cleavage and activation of caspase-3, the final effector caspase 
whose targets include the DNA nuclease responsible for the char-
acteristic nuclear degradation of apoptosis (37).

LPS pretreatment resulted in reduced activation of caspase-3, 
reflected in reduced levels of the active cleaved product by Western 
blot analysis (Figure 5A) and reduced in vitro enzymatic activity 
(Figure 5B). Pretreatment of neutrophils with the antisense oli-
gonucleotide abrogated this effect, whereas the sense control was 
without biologic activity. Recombinant PBEF/GST, but not GST 
alone, also blocked the cleavage of caspase-3 (Figure 5C). LPS fur-
ther reduced the activity of caspase-8, an effect that was similarly 
reversed by the antisense, but not the sense, oligonucleotide (Fig-
ure 5D), and PBEF/GST, but not GST alone, inhibited the cleavage 

of caspase-8 (Figure 5E), suggesting that the target of PBEF activ-
ity may be early membrane-linked events associated with caspase-
8 activation. The antisense had no effect on the activity of the 
mitochondrial-dependent caspase, caspase-9 (data not shown).

PBEF is expressed in neutrophils from patients with sepsis and contrib-
utes to inhibition of apoptosis. We evaluated the expression of PBEF in 
neutrophils harvested from 16 critically ill septic patients in the 
ICU. Patients were acutely ill, as reflected in a mean APACHE II 
score (38) of 21.1 ± 2.4 and showed evidence of the multiple organ 
dysfunction (MOD) syndrome, with a mean MOD score (39) of 
6.6 ± 1.0; mortality at 28 days was 25% (four patients).

Neutrophils from septic critically ill patients showed marked 
expression of PBEF message (Figure 6A). As quantified by real-
time PCR, PBEF expression was significantly greater in neutrophils 
from septic patients than in resting neutrophils or LPS-stimulated 
neutrophils from healthy volunteers (Figure 6B). Supernatants 
from in vitro cultures of septic patient neutrophils contained 
immunoreactive PBEF, and antisense treatment of these cells result-
ed in reduced PBEF release (Figure 6C). Moreover, incubation of 
patient neutrophils with a PBEF antisense oligonucleotide resulted 
in a greater than twofold increase in rates of apoptosis; the sense 

Figure 3
PBEF exerts its antiapoptotic activity as a secreted factor. (A) Naive neutrophils were incubated for 21 hours with conditioned medium from 
resting or LPS-stimulated neutrophils, with or without prior transfection with PBEF antisense oligonucleotide or the sense control. Conditioned 
medium from resting neutrophils did not alter apoptotic rates in comparison with untreated controls (white bar). Conditioned medium from 
neutrophils incubated with LPS inhibited the apoptosis of naive neutrophils (*P < 0.05 versus control cell supernatants). Pretreatment with 
an antisense PBEF oligonucleotide, but not with the sense control, blocked this inhibitory activity (#P < 0.05 versus sense control). Data are 
means ± SD of n = 6 experiments. (B) Culture supernatants or whole cell lysates from CHO cells transfected with a pCDNA3.1 vector carrying 
a PBEF/c-myc construct were immunoprecipitated with anti–c-myc. PBEF could be detected by Western blot analysis with anti-PBEF Ab in both 
lysates and supernatants from transfected cells, but not in those from nontransfected cells or cells transfected with plasmid containing c-myc 
alone. (C) Supernatants from transfected CHO cells suppressed the apoptosis of resting neutrophils as measured by propidium iodide uptake, 
whereas supernatants from vector-treated controls were without effect; *P < 0.05 versus control or empty vector, n = 4. (D) A recombinant 
PBEF/GST fusion protein added to cultures of control neutrophils induced dose-dependent inhibition of apoptosis; polymyxin B (10 μg/ml) was 
added to cultures to neutralize any contaminating LPS. Recombinant GST alone was without effect (data not shown). Apoptosis was measured 
by propidium iodide uptake at 21 hours; results are means ± SD of n = 3 studies.
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and nonsense controls were without activity (Figure 6D). Finally, 
antisense treatment also blocked the suppressive activity of super-
natants from septic patient neutrophils (Figure 6E), and addition of 
anti-PBEF to the supernatant of PMN cultures from a single septic 
patient almost completely eliminated the inhibitory activity of the 
supernatant on control neutrophils (data not shown). Taken togeth-
er, these data implicate secreted PBEF in the inhibition of apoptosis 
that occurs in patients with sepsis.

Discussion
PBEF was originally isolated from a cDNA library derived from 
activated peripheral blood lymphocytes as a factor that syner-
gizes with IL-7 to promote the differentiation of B cell precur-
sors (22). The gene for PBEF comprises 11 exons and ten introns, 
with binding sites for NF-1, AP-1, AP-2, CREB, NF–IL-6, and 
NF6B in the 5ʹ-flanking region (40). The amino acid sequence 
for PBEF is highly conserved in both eukaryotic and prokaryotic 
organisms. PBEF homologs have been identified in the carp (23), 
in invertebrate mollusks (24), and in bacteria (25), as well as in 
vertebrates, including humans and the mouse. In humans, PBEF 
has been shown to be upregulated in distended fetal membranes 
(41), in denervated muscle (42), and in colorectal cancers (43). The 
advent of microarray techniques that permit the simultaneous 
analysis of changes in the expression of hundreds or thousands 
of genes has generated a number of reports showing that PBEF is 
upregulated in neutrophils and monocytes following exposure to 
inflammatory stimuli (44–46). It is significantly upregulated dur-
ing chorioamnionitis, where it has been localized to both the fetal 
and maternal membranes and to invading neutrophils (40). Its 
expression is induced in mammals by LPS and proinflammatory 
cytokines such as TNF-α, IL-1β, and IL-6 (40), but also by the non-
specific immunostimulators, sodium alginate and scleroglucan 
in the carp (23), and by xenogeneic sponge molecules in the mol-
lusk (24), suggesting that it plays a highly conserved role in innate 
immunity. Its presence in invertebrates further suggests biologic 
function beyond its previously documented role in the promotion 
of B cell proliferation.

PBEF lacks homology with any other known mammalian pro-
tein, and the mechanism of its biologic activity is unknown. 

The bacterial homolog of the PBEF gene encodes a phosphori-
bosyl transferase that permits bacterial survival in the absence 
of exogenous nicotinamide adenine dinucleotide (NAD) (25). 
Rongvaux and colleagues reported that murine PBEF functions as 
a nicotinamide phosphoribosyl transferase involved in NAD bio-
synthesis (27). Moreover Kitani and coworkers concluded, based 
on the subcellular localization of rat PBEF in the nucleus of con-
fluent cells but the cytoplasm of proliferating cells, that PBEF is 
an intracellular protein associated with the cell cycle (28). On the 
other hand, studies by Samal (22), as well as the data presented 
here, indicate that even though the protein lacks a signal peptide, 
it functions as a secreted factor. Specifically, we show that bio-
logically active PBEF is present in supernatants of LPS-stimulated 
neutrophils and neutrophils from patients with sepsis (Figures 
3A, 6C), as well as in the supernatant of CHO cells transfected 
with a c-myc–tagged PBEF construct (Figure 3B); that recombi-
nant PBEF induces dose-dependent inhibition of the apoptosis 
of resting neutrophils (Figure 3D); and that the inhibitory activ-
ity of conditioned medium from LPS-stimulated neutrophils 
can be blocked by coincubation with anti-PBEF Ab (Figure 4B). 
This putative dual activity of PBEF as a cell cycle regulatory 
protein and a secreted inflammatory cytokine is reminiscent of 
that recently described for another late-expressed inflammatory 
mediator, high-mobility group box 1 (47–49). Whether PBEF 
exerts its antiapoptotic effects through engagement of a receptor 
is unknown. Alternatively, our observation that PBEF inhibits the 
activity of the apical caspase, caspase-8, suggests the possibility 
that PBEF acts directly at the cell membrane, either through a 
membrane-associated inhibitor of apoptosis such as FLICE-like 
inhibitory protein (FLIP) (50) or by interactions with regulatory 
phosphatases in the plasma membrane (51, 52).

If the principal activity of PBEF derives from its role as a secret-
ed factor, it is possible that the monocyte, rather than the neu-
trophil, is the primary cell involved in PBEF biosynthesis. It has 
been reported that delayed neutrophil apoptosis following expo-
sure to inflammatory stimuli is a consequence of the activity of 
contaminating monocytes (32).

Innate immunity in higher vertebrates is mediated through the 
coordinated action of phagocytic cells and their soluble products. 

Figure 4 
Both extracellular and endogenous PBEF contribute to the inhibition of neutrophil apoptosis. (A) Polyclonal anti-PBEF Ab (1:500) added to the 
culture medium neutralized the antiapoptotic effects of recombinant PBEF/GST, but in contrast to the effects of inhibition of PBEF translation with 
antisense, oligonucleotide did not block the antiapoptotic effects of LPS; n = 4, *P < 0.05 versus controls. (B) Anti-PBEF Ab (1:500), however, sig-
nificantly blocked the inhibitory activity of conditioned medium (CM) from LPS-treated neutrophils. Mean ± SD, n = 3, *P < 0.05 versus controls, 
**P < 0.05 versus conditioned medium alone (no anti-PBEF Ab added). (C) While antisense pretreatment prevented the inhibitory effects of LPS 
exposure, addition of inhibitory concentrations of rPBEF/GST was unable to restore the inhibitory effect, suggesting that inhibition of apoptosis 
requires both extracellular and intracellular or endogenous PBEF; n = 3.
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The regulation of innate immunity is complex, but its persistence 
or termination results, at least in part, from the prolonged sur-
vival, on the one hand, or the apoptosis, on the other, of its cel-
lular effectors (53, 54). Quiescent neutrophils are constitutively 
apoptotic cells. During an inflammatory response, however, the 
survival of the neutrophil can be prolonged by a variety of media-
tors of microbial or host origin or accelerated by the phagocytosis 
of whole organisms (30, 55, 56). Prolonged neutrophil survival 
during inflammation results from active inhibition of apopto-
sis, a process that requires new gene expression and the synthesis 
of survival factors, including IL-1β (20) and poorly character-
ized intracellular inhibitors of apoptosis. Our findings suggest 
that PBEF is a common effector of the inhibition of neutrophil 
apoptosis that follows exposure to divergent inflammatory stim-
uli. PBEF expression is induced at a much later time point than 
expression of IL-1 (Figures 1, B and C), and prevention of its trans-
lation using an antisense oligonucleotide completely blocks the 
antiapoptotic activity of a bacterial product, LPS, and a variety of 
host-derived inflammatory cytokines, including IL-1β, GM-CSF, 
IL-8, and TNF-α (Figure 2A).

A central role for PBEF in the expression of inflammation is 
suggested by its high degree of conservation during evolution. We 
show here that PBEF is upregulated in cells of the innate immune 
system, including neutrophils and macrophages, by a variety of 
proinflammatory stimuli of both host and microbial origin and 
that this cytokine plays a requisite role in inhibiting the apopto-
sis of neutrophils exposed to these inflammatory stimuli, as well 

as in neutrophils harvested from the circulation of critically ill 
patients with systemic inflammation or sepsis. Multiple lines of 
investigation implicate activated neutrophils in the pathogen-
esis of acute organ injury in sepsis (9) and in a variety of chronic 
disorders including inflammatory bowel disease, arthritis, and 
Alzheimer disease (13, 57). Yet strategies that block neutrophil 
activation have proven to be of limited efficacy, in part because 
they inhibit neutrophil-mediated defenses against an acute infec-
tious challenge (14). In contrast, targeting the biologic processes 
that mediate the resolution of inflammation represents a rational 
and attractive therapeutic strategy based on hastening the resolu-
tion of inflammation rather than inhibiting its initial expression. 
Moreover, the disappointing results of interventions that target 
early mediators of the septic response, such as TNF and IL-1 (58), 
have led to an interest in identifying mediators of the later stages 
of the systemic inflammatory response (47, 59), and based on the 
time course of its appearance, PBEF appears to be one of these.

In health, approximately 1010 neutrophils are released from bone 
marrow stores each day (60); an equal number die an apoptotic 
death, thus the numbers of circulating cells remain constant. The 
biologic demands of inflammation require the ability to increase cell 
numbers rapidly in response to an acute threat, but also to remove 
those activated cells once the threat has passed. Thus the regula-
tion of neutrophil survival must be tightly controlled. Neutrophils 
are constitutively apoptotic, but they also have the ability to subvert 
their programmed cell death in response to stimuli from the micro-
environment of inflammation. Our observations add to an under-

Figure 5 
PBEF inhibits the cleavage and catalytic activity of caspase-3 and blocks the activity of caspase-8. (A) Caspase-3 is cleaved to yield active 
18- to 20-kDa fragments in constitutively apoptotic neutrophils; LPS inhibits the activational cleavage of this effector caspase, as evaluated by 
Western blot analysis following 6 hours of in vitro culture. PBEF antisense prevented the inhibitory effects of LPS, while the sense control did not. 
Blot shown is representative of three separate studies. (B) Caspase-3 activity, measured colorimetrically in arbitrary units as the cleavage of the 
tetrapeptide Ac-DEVD-pNA was also reduced in neutrophils following exposure to LPS; PBEF antisense, but not the sense control, prevented 
this reduction in caspase-3 activity. Results are means ± SD of six separate studies; *P < 0.05 versus control levels or activity levels in neutrophils 
treated with PBEF antisense. (C) Cleavage of pro–caspase-3 to active caspase-3 (20 kDa) was reduced in neutrophils incubated with LPS  
(1 μg/ml) or rPBEF (50 ng/ml); Western blot is representative of 3 separate experiments. (D) Caspase-8 activity, measured colorimetrically in 
arbitrary units as the cleavage of the caspase-8 tetrapeptide target Ac-IETD-pNA was reduced by exposure to LPS and restored by pretreatment 
of neutrophils with PBEF antisense. Results are means ± SD of six separate studies; *P < 0.05, control or sense-treated cells versus antisense-
treated neutrophils or neutrophils cultured in the absence of LPS. (E) Cleavage of pro–caspase-8 (53 kDa) to its active form (18 kDa) was also 
inhibited by exposure of neutrophils to LPS or rPBEF; Western blot is representative of 3 separate experiments.
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standing of the mechanisms of this prolonged survival by identify-
ing PBEF as a novel mediator in a common pathway resulting in 
prolonged neutrophil survival through the inhibition of apoptosis.

Methods
Patient population. We studied critically ill patients meeting criteria 
for sepsis syndrome (4) and having a sepsis score (61) of 3 or high-
er. The study protocol was approved by the Human Ethics Review 
Board of the University Health Network, and written informed 
consent was obtained from each subject or a surrogate. Healthy 
laboratory volunteers served as the source of normal neutrophils.

Materials and reagents. DMEM, penicillin/streptomycin solution, 
L-glutamine, PBS, and FCS were purchased from Invitrogen (Burl-
ington, Ontario, Canada). LPS from E. coli 0111:B4 was purchased 
from Sigma-Aldrich Canada Ltd. (Mississauga, Ontario, Canada). 
Recombinant human IL-8 was purchased from Calbiochem-Nova-
biochem Corp. (San Diego California, USA), while TNF-α, IL-1β, 
and GM-CSF were from BioSource International (Camarillo Cali-
fornia, USA). A rabbit polyclonal Ab raised against a PBEF/bovine 
growth hormone fusion protein was a kind gift of Baru Samal 
(Amgen Inc., Thousand Oaks California, USA); mAb to β-actin 
was from Sigma-Aldrich Canada Ltd. Anti-CD95 (Fas) mAb was 
purchased from Immunotech (Miami, Florida, USA). Monoclonal 
murine Ab to caspase-8 was from Oncogene (San Diego California 
USA), and rabbit polyclonal Ab to caspase-3 was from StressGen 
Biotechnologies Corp. (Vancouver, British Columbia, Canada). 
Other chemicals, unless otherwise noted, were purchased from 
Sigma-Aldrich Canada Ltd.

Cell isolation and culture. Up to 20 ml blood was collected in 
heparinized tubes. Circulating neutrophils (PMNs) and PBMCs 
were isolated by dextran sedimentation and centrifugation through 
a discontinuous Ficoll gradient (20). PMNs were resuspended in 
polypropylene tubes at a concentration of 106 cells/ml in supple-
mented DMEM (Invitrogen); PBMCs were resuspended in supple-
mented RPMI-1640 and separated by differential adherence follow-
ing overnight culture into monocytes and lymphocytes. The purity 
of neutrophil, lymphocyte, and monocyte populations as assessed 
by size and granularity was consistently greater than 95%.

HL-60 cells. HL-60 cells (American Type Culture Collection, 
Rockville, Maryland, USA) were maintained in suspension in RPMI 
supplemented with 10% FCS and used at passage 20–25. Neutro-
philic differentiation was induced with 1 μM all-trans retinoic acid 
(62). Cell numbers were counted using a hemocytometer, and cell 
viability was assessed by trypan blue dye exclusion.

Quantification of apoptosis by flow cytometry. PMN apoptosis was 
quantified by flow cytometry as the percentage of cells with hypo-
diploid DNA reflected as nuclear uptake of propidium iodide by 
permeabilized cells (20, 63) and as exteriorization of membrane 
phosphatidylserine, detected by the binding of annexin V (64). 
Triton X-100–permeabilized cells were incubated with propidium 
iodide (50 μg/ml) prior to analysis with a Coulter Epics XL-MCL 
cytofluorometer (Coulter Electronics Ltd., Hialeah, Florida, USA). 
A minimum of 5,000 events were collected and analyzed. Annexin 
V binding was detected using a commercially available kit (TACS-
annexin V-FITC, TA4638; R&D Systems Inc., Minneapolis, Min-
nesota, USA), according to the manufacturer’s instructions.

Figure 6
PBEF is expressed and is biologically active in neutrophils harvested from critically ill septic patients. (A) PBEF mRNA in neutrophils from eight 
critically ill septic patients was expressed at higher levels than in control (Con) or LPS-stimulated neutrophils. Blots were reprobed with GAPDH 
to confirm comparability of loading. (B) Expression of PBEF mRNA transcripts in septic and LPS-treated neutrophils was evaluated by real-time 
PCR, normalizing expression to that for GAPDH. Expression was induced by LPS (*P < 0.05 versus unstimulated cells) and even more in septic 
neutrophils (**P < 0.05 versus both LPS-stimulated cells and unstimulated cells). (C) Immunoreactive PBEF was detectable by Western blot 
in supernatants from LPS-treated and septic neutrophils following 21 hours of in vitro culture in serum-free medium; antisense pretreatment 
blocked the secretion of PBEF. DMEM denotes medium only; studies were repeated three times, and a representative blot is shown. S, sense; 
A/S, antisense. (D) Neutrophils from 16 septic critically ill patients were incubated for 5 hours with PBEF antisense or the sense or nonsense 
controls, and apoptosis was evaluated 21 hours later. Antisense treated cells, but not controls, showed increased rates of apoptosis (*P = 0.002 
versus no oligonucleotide [no oligo]; ANOVA). (E) Supernatants from control PMN had minimal effects on the apoptosis of resting PMN (black 
bar). In contrast, supernatants from septic PMN or septic PMN incubated with PBEF sense oligonucleotides, significantly inhibited the apoptosis 
of control PMN (*P < 0.05), whereas supernatants from antisense-treated septic PMNs induced significantly less inhibition (†P < 0.05 versus 
sense or no oligonucleotide; P = NS versus controls, n = 5).
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Caspase activity assay. Assay of caspase activity was performed 
using a caspase assay kit (BioSource International). Cell lysates 
were incubated with 25 μl of a specific substrate for caspase-3 (Ac-
DEVD-pNA), caspase-8 (Ac-IETD-pNA), or caspase-9 (Ac-LEHD-
pNA) in a 96-well plate. Following overnight incubation, plates 
were read using a colorimetric plate reader (Titertek Instruments 
Inc., Huntsville, Alabama, USA) at 409 nm.

Real-time PCR. RNA was extracted from neutrophils and HL-60 
cells using TRIzol reagent (Invitrogen). A total of 1 μg RNA was 
reverse transcribed to first-strand DNA using the SuperScript II 
system (Invitrogen) employing primers for PBEF designed and 
evaluated using Primer Express software (Perkin-Elmer Applied 
Biosystems, Foster City, California, USA) as follows: forward 
5ʹ-ATGTTCTCTTCACGGTCGAAAAC-3ʹ and reverse 5ʹ-GGC-
CACTTTGATTGGATACCA-3ʹ. Real-time PCR was performed 
as described (65, 66) using SYBR Green PCR Master Mix (Perkin-
Elmer Applied Biosystems, Warrington, United Kingdom) and 
amplifying cDNA with an ABI PRISM 7700 Sequence Detection 
System (Perkin-Elmer Applied Biosystems) under universal ther-
mal cycling conditions. Experimental results were normalized to 
the threshold cycle (CT) of GAPDH, and CT values were converted 
to relative transcript copy numbers by comparison with the appro-
priate standard curves.

Northern blot analysis. RNA was extracted using TRIzol reagent 
(Invitrogen), and 5 μg/ml of denatured RNA was electropho-
resed through a 1.3% formaldehyde-agarose gel, and transferred 
to nylon membrane (New England Nuclear Labs; Life Science 
Products Inc., Boston, Massachusetts, USA). A probe for PBEF 
was synthesized from a 500-bp cDNA fragment digested using 
HindII from a pCDNA3.1/PBEF recombinant plasmid using 
the random primer method (T7 Quick Primer kit; Amersham 
Biosciences Corp., Piscataway, New Jersey, USA). Hybridization 
was performed at 42°C for 18 hours, and the final stringency 
wash in 0.1 × SSC, 0.1% SDS, was performed at 65°C for 6 min-
utes. Autoradiography was carried out at –70°C using Kodak Sci-
entific Imaging Film (Eastman Kodak Co., Rochester, New York, 
USA). Membranes were stripped and hybridized to a human 
GAPDH cDNA probe as an internal standard.

Western blot analysis. PMNs (2 × 106) were lysed in lysis buffer (10 
mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 
10 mM NaF, 1 mM PMSF, 1 mM Na3VO4, 10 μg/ml leupeptin, 
10 μg/ml aprotinin). Samples were run on a 10% SDS-PAGE gel 
and transferred to nitrocellulose (Amersham Pharmacia Biotech). 
Filters were probed with anti-PBEF polyclonal Ab (a gift of Amgen 
Inc.) at 1:500 dilution or with other Ab as indicated and detected 
with a HRP-conjugated second Ab at a dilution of 1:4,000 using 
the ECL Western blotting detection system (Amersham Pharmacia 
Biotech). Blots were stripped and reprobed with a mAb to β-actin 
at 1:4,000 dilution to confirm equal loading of the gels.

SSH. cDNA for SSH (21) was synthesized using a SMART PCR 
cDNA Synthesis Kit (CLONTECH Laboratories Inc., Palo Alto, 
California, USA), according to the manufacturer’s instructions. 
Briefly, 1 μg total RNA from 20 × 106 neutrophils, either quiescent 
or incubated for 5 hours with 50 pg/ml IL-1β, was used to gener-
ate a tester cDNA from the IL-1β–treated cells and a driver cDNA 
from the control cells. PCR was performed on the GeneAmp 2400 
(Perkin-Elmer, Norwalk, Connecticut, USA) for 18 cycles. SSH was 
performed using the PCR-Select cDNA subtraction kit (CLON-
TECH Laboratories Inc.). Differentially expressed transcripts were 
selectively amplified by suppression PCR as described in the user 

manual, and amplified cDNA’s were ligated into a 3.9-Kb pT-Adv 
vector (CLONTECH Laboratories Inc.) for transformation and 
blue-white selection. Forty plasmid colonies were analyzed by 
restriction enzyme mapping and sequencing.

Sequencing analysis. The nucleotide sequence of isolated cDNA 
clones was determined using the dRhodamine Dye Terminator Cycle 
Sequencing Ready Reaction Kit (Perkin-Elmer Applied Biosystems), 
running samples in an ABI Prism 377 (Perkin-Elmer Applied Bio-
systems). The resulting sequences were compared with sequences in 
the GenBank database using the BLAST homology search program 
from the National Center for Biotechnical Information (http://
www.ncbi.nlm.nih.gov).

PBEF antisense oligonucleotides. An antisense oligonucleotide 
designed to target the translation initiation site of PBEF was 
constructed at the Hospital for Sick Children (Toronto, Ontario, 
Canada) and modified with phosphorothioated backbones to 
activate RNAse H and modified 5ʹ and 3ʹ terminal bases to resist 
nuclease attack; the sequence for the antisense was 5ʹ-TTCT-
GCCGCAGGATTCATCTCGGG-3ʹ. Phosphorothioated control 
oligonucleotides included a sense oligonucleotide based on the 
translation initiation site of PBEF (5ʹ-CCCGAGATGAATCCTGC-
GGCCCAGAA-3ʹ) and a nonsense oligonucleotide incorporating 
the same nucleic acids as the antisense probe, but in a scrambled 
sequence (5ʹ-GTCATGCCAAGTCGTTCGTGCGGT-3ʹ). Specific-
ity of each probe was confirmed by BLAST analysis. PMNs (106) 
were incubated for 5 hours in 1 ml DMEM with 10 μM sense, anti-
sense, or nonsense oligonucleotide prior to study.

Construction of PBEF plasmids. Total RNA from control PMNs was 
extracted using TRIzol reagent and 1 μg RNA transcribed to first-
strand cDNA using the SuperScript II system (Invitrogen). The 
cDNA was amplified with the upstream primer, 5ʹ-GCGAATTC-
GCCACCATGAATCCTGCGGCAGAAGC-3ʹ, containing an EcoRI 
restriction site and a Kozak sequence for eukaryotic transfection, 
and 5ʹ-GCGAATTCCCCACCCAACACAAGCAAAG-3ʹ, contain-
ing an EcoR1 restriction site for prokaryotic transfection. The 
downstream primer for both was 5ʹ-GCCTCGAGATGATGTGCT-
GCTTCCAGTTC-3ʹ, containing an XhoI restriction site. Full-
length PBEF fragments, including the signal sequence and frag-
ments encoding the mature PBEF peptide sequence, were cloned 
into pCDNA3.1/myc-his vector or the GST-Gene Fusion system 
pGEX-4T-3 vector. The recombinant plasmids were transfected 
into DH5α-competent cells (Invitrogen) and colonies identified 
by restriction enzyme digestion and sequencing.

Transfection and immunoprecipitation. PBEF/pCDNA3.1-myc recom-
binant plasmids (2.5 μg) were transfected into 2 × 105 CHO cells 
with 10 μl Fugene 6 (Roche Diagnostic Systems, Summerville, New 
Jersey, USA). Cultures were maintained for 1 day, then washed and 
recultured for an additional 24 hours. Conditioned medium was 
collected and concentrated 30-fold with a centrifugal filter device 
(Millipore Corp., Bedford, Massachusetts, USA); transfectants were 
lysed with lysis buffer (100 mM NaCl, 50 mM HEPES, 20 mM NaF, 
1 mM EDTA, and 1% Triton X-100). Anti–c-myc Ab (16 μl; Santa 
Cruz Biotechnology Inc., Santa Cruz, California, USA) was added 
to the supernatants from cell lysates or conditioned medium and 
incubated for 1 hour at 4°C. Protein G beads (40 μl) were added 
for an additional 1 hour, spun and washed three times in PBS, and 
boiled with loading buffer for 5 minutes prior to SDS-PAGE.

Purification and identification of PBEF/GST fusion protein. E. coli 
transfected with the GST-PBEF/pGEX-4T-3 plasmid were cultured 
in Luria-Bertani medium with 2% glucose and 100 μg/ml ampi-
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cillin at 37°C to an A600 (absorption at 600 nm) of 0.8–1.0, then 
induced with 0.1 mM isopropyl-β D-thiogalactopyranoside for 1 
hour at 25°C. Pelleted cells were resuspended in cold STE buffer 
(10 mM Tris, pH 8.0, 1 mM EDTA, 150 mM NaCl) with lysozyme 
(100 μg/ml). After 30 minutes of incubation at 4°C, lysates were 
mixed with glutathione Sepharose 4B beads (Amersham Pharma-
cia Biotech) and incubated for 30 minutes at room temperature. 
Eluted proteins were dialyzed for 48 hours against PBS, and con-
taminating endotoxin was removed by phase separation with Tri-
ton X-114. Residual Triton X-114 was removed using S/D solvent 
detergent removal resin (Sigma-Aldrich) as described (67). The 
resulting preparation was probed with anti-GST Ab (StressGen 
Biotechnologies Corp.) and anti-PBEF Ab to confirm the identity 
of the product.

Chromogenic limulus amebocyte lysate assay for endotoxin. Purified 
PBEF-GST fusion protein was tested for endotoxin contamina-
tion using the chromogenic modification of the limulus amebo-
cyte lysate assay (BioWhittaker Inc., Walkersville, Maryland, USA), 
according to the manufacturer’s instructions.

Statistical analysis. Unless otherwise noted, data are expressed as 
means ± SEM. Continuous data were analyzed by ANOVA with 

post hoc Student-Neuman-Keuls test; categorical data were evalu-
ated using chi square (χ2) or Fisher exact tests as appropriate. Sig-
nificance was assumed for P values less than 0.05.
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