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Human polymorphonuclear leukocytes (PMNs or neutrophils) are
essential to the innate immune response against bacterial patho-
gens. Recent evidence suggests that PMN apoptosis facilitates
resolution of inflammation during bacterial infection. Although
progress has been made toward understanding apoptosis in neu-
trophils, very little is known about transcriptional regulation of
this process during bacterial infection. To gain insight into the
molecular processes that facilitate resolution of infection, we
measured global changes in PMN gene expression during phago-
cytosis of a diverse group of bacterial pathogens. Genes encoding
key effectors of apoptosis were up-regulated, and receptors critical
to innate immune function were down-regulated during apoptosis
induced by phagocytosis of Burkholderia cepacia, Borrelia hermsii,
Listeria monocytogenes, Staphylococcus aureus, and Streptococcus
pyogenes. Importantly, we identified genes that comprise a com-
mon apoptosis differentiation program in human PMNs after
phagocytosis of pathogenic bacteria. Unexpectedly, phagocytosis
of Str. pyogenes induced changes in neutrophil gene expression
not observed with other pathogens tested, including down-regu-
lation of 21 genes involved in responses to IFN. Compared with
other bacteria, PMN apoptosis was significantly accelerated by Str.
pyogenes and was followed by necrosis. Thus, we hypothesize that
there are two fundamental outcomes for the interaction of bac-
terial pathogens with neutrophils: (i) phagocytosis of bacteria
induces an apoptosis differentiation program in human PMNs that
contributes to resolution of bacterial infection, or (ii) phagocytosis
of microorganisms such as Str. pyogenes alters the apoptosis
differentiation program in neutrophils, resulting in pathogen sur-
vival and disease.

Human bacterial pathogens are exposed to a rapid and
profound innate immune response characterized by recruit-

ment of polymorphonuclear leukocytes (PMNs or neutrophils)
to sites of infection (1). After phagocytosis by human PMNs,
microorganisms are destroyed by reactive oxygen species (ROS)
and microbicidal products contained within granules (2). Inas-
much as deficiency in many antimicrobial neutrophil compo-
nents leads to increased host susceptibility to infection (3), an
enhanced understanding of molecular signaling pathways in-
duced in PMNs during phagocytosis of bacterial pathogens is
crucial for improving treatment and outcome of infectious
disease.

The human innate immune system initiates acute inflamma-
tion at the onset of infection. Although the inflammatory
response is highly beneficial to the host, subsequent termination
of infection-induced inflammation is critical for limiting tissue
damage (4). To this end, neutrophil apoptosis likely facilitates
resolution of inflammation caused by PMN activation. Thus, it
follows that some human pathogens might modulate PMN
apoptosis to cause disease, an idea supported by the finding that
Anaplasma phagocytophilum delays neutrophil apoptosis to sur-
vive (5). Although the molecular basis for this phenomenon is
unknown, recent studies have shown that bacteria are capable of
globally modulating innate host inflammatory responses at the
level of gene transcription in peripheral blood mononuclear

leukocytes (6) and macrophages (7). Whereas macrophages are
important in mediating chronic inflammation, neutrophils are
essential in initiation and execution of the acute inflammatory
response and subsequent resolution of bacterial infection. Con-
sistent with this role, PMNs are the predominant immune cell in
the acute stage of most bacterial infections. The global tran-
scription-regulated processes that occur after phagocytosis of
bacterial pathogens have not been elucidated, and relatively little
is known about transcription networks that contribute to reso-
lution of infection. To address this deficiency in knowledge, we
studied global gene expression in human neutrophils after
phagocytosis of a widely diverse group of pathogenic bacteria.

Materials and Methods
Detailed protocols are published as Supporting Methods, which
is published on the PNAS web site, www.pnas.org.

Isolation of Human PMNs. Human PMNs were isolated from
venous blood (8) of healthy donors in accordance with a protocol
approved by the Institutional Review Board for Human Subjects,
National Institute of Allergy and Infectious Diseases.

Bacterial Strains and Culture Conditions. All bacterial strains used
in this study were originally clinical isolates and cause a wide
range of diseases in humans, including tick-borne relapsing fever
(Borrelia hermsii, spirochete), pneumonia, cellulitis, and toxic
shock syndrome (Staphylococcus aureus and Streptococcus pyo-
genes, Gram� cocci), pharyngitis and necrotizing fasciitis (Str.
pyogenes), meningitis (Listeria monocytogenes, Gram� bacillus,
and intracellular pathogen), and pneumonia in patients with
cystic fibrosis or chronic granulomatous disease (Burkholderia
cepacia, Gram� bacillus). Strains were grown to early exponen-
tial phase for all experiments as follows: Bor. hermsii strain DAH,
BSK-H complete medium, supplemented with 6.0% normal
rabbit serum; Sta. aureus strain COL, tryptic soy broth; serotype
M1 Str. pyogenes strain MGAS5005, Todd-Hewitt broth supple-
mented with yeast extract; L. monocytogenes strain ATCC 7644,
brain heart infusion medium; and Bkl. cepacia strain 4A, Luria–
Bertani broth.

Phagocytosis Experiments and RNA Preparation�Gene Expression
Analysis. Phagocytosis and killing of bacteria by human PMNs
and production of ROS were determined by using previously
reported methods (9, 10). For gene expression experiments,
phagocytosis assays were performed with 107 human PMNs and
108 bacteria (10:1 bacteria-to-PMN ratio) in wells of a 12-well
tissue culture plate. At the indicated time points, cells were lysed
directly with RLT buffer (Qiagen, Valencia, CA). Purified RNA
was used to prepare labeled cRNA target (20 �g) for analysis on
GeneChip Hu95A arrays (Affymetrix, Santa Clara, CA) accord-

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: PMN, polymorphonuclear leukocyte; ROS, reactive oxygen species; TNF,
tumor necrosis factor.

*To whom correspondence should be addressed. E-mail: fdeleo@niaid.nih.gov.

10948–10953 � PNAS � September 16, 2003 � vol. 100 � no. 19 www.pnas.org�cgi�doi�10.1073�pnas.1833375100



ing to standard GeneChip protocols (www.affymetrix.com�
support�downloads�manuals�expression�s2�manual.pdf). Ex-
periments were performed with PMNs from three separate
individuals. Detailed information regarding data analysis is
published in Supporting Methods. TaqMan analysis of gene
expression was performed with conditions used for the microar-
ray analysis by using an ABI 7700 thermocycler (Applied Bio-
systems) as described (11). TaqMan RNA samples were pre-
pared identical to those for microarray analysis with the single
exception of treatment with the RNase-free DNase set (Qiagen).

CXCR1 and CXCR2 Surface Expression. After phagocytosis of bac-
teria, PMN surface expression of IL-8 receptors was measured
with flow cytometry by using antibodies specific for CXCR1
(5A12) and CXCR2 (6C6) (BD Biosciences, San Diego). All
samples were analyzed by using a FACSCalibur flow cytometer
(BD Biosciences).

PMN Apoptosis and Cell Lysis. DNA fragmentation in PMNs after
phagocytosis was determined with an Apo-BRDU Apoptosis
Detection Kit (BD Biosciences). Apoptosis and cell lysis were
determined by morphological analysis using conventional light
microscopy (12).

Results and Discussion
Phagocytosis and Killing of Bacterial Pathogens by Human PMNs. The
ability of PMNs to kill a diverse array of bacterial pathogens is
essential for human innate host defense. Therefore, we investi-
gated phagocytosis of Bor. hermsii, L. monocytogenes, Bkl. ce-
pacia, Sta. aureus, and Str. pyogenes by human neutrophils (Fig.
1). Phagocytosis of each pathogen occurred rapidly (within 10
min) and was virtually complete by 60 min, with one exception
(Fig. 1 A). Compared with the other human pathogens, Str.
pyogenes was significantly more resistant to phagocytosis at later

Fig. 1. Interaction of bacterial pathogens with human PMNs. (A) Phagocytosis of L. monocytogenes, Bkl. cepacia, Sta. aureus, and Str. pyogenes by human
neutrophils. *, P � 0.001 vs. all bacteria; **, P � 0.04 vs. all bacteria except heat-killed (�) Str. pyogenes. Results are the mean � SD of three to five experiments.
(B) Phagocytosis of Bor. hermsii. (Top) Number of PMNs with bound (black square) and�or ingested (green circle) Bor. hermsii. AI, association index; PI, phagocytic
index. Micrographs (Right) illustrate ingestion and degradation of Bor. hermsii over time despite the appearance of extracellular staining (Extracellular, red).
All Bor. hermsii, ingested, bound and extracellular (green). (Magnifications: �400, Left; ��800, Right.) (C) PMN ROS production. The rate of ROS production
for each pathogen is the mean of three separate experiments. �FL, change in fluorescence. (D) Killing of pathogens by human PMNs. At each time, PMNs were
lysed and bacteria were plated on growth agar. Colonies were enumerated the next day, and percent bacteria killed was calculated as described in Supporting
Methods. Results are the mean � SD of three separate experiments. Bor. hermsii does not reliably form colony-forming units, and, thus, it was not possible to
accurately assess PMN killing.
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times (P � 0.001 vs. other pathogens) (Fig. 1 A). This finding is
consistent with the ability of Str. pyogenes to actively produce
factors that modulate PMN function (9). Although we found that
only 42.9 � 8.5% of Bor. hermsii were completely ingested by 90
min in our assay (Fig. 1B), PMN binding (93.0 � 7.0%) was
similar to the other bacterial pathogens except Str. pyogenes
(compare Fig. 1 A and B Top). Moreover, there was no difference
in phagocytosis of live and dead Bor. hermsii (Fig. 1B Middle).
Thus, although most Bor. hermsii were bound and at least
partially ingested by PMNs, the unusual size (up to 20 �M in
length) and shape of Bor. hermsii likely precluded complete
phagosomal enclosure, resulting in low scoring of partially
ingested organisms (Fig. 1B Right). Consistent with this idea,
ROS production was greatest in PMNs stimulated with Bor.
hermsii (Fig. 1C). In general, bactericidal activity correlated with
phagocytosis and the magnitude of ROS produced by neutro-
phils (Fig. 1 C and D). Most notably, phagocytosis and ROS
production were weakest in neutrophils stimulated with Str.
pyogenes, a phenomenon that correlated well with increased
pathogen survival.

Bacterial Pathogens Induce Global Changes in PMN Gene Expression.
Neutrophil function is driven by complex signaling pathways that
involve generating and receiving diverse signals from a multi-
plicity of sources, including other host cells and bacterial patho-
gens. To gain insight into the molecular processes that are
modulated by phagocytosis of bacterial pathogens in human
neutrophils, we used oligonucleotide microarrays to analyze
global changes in the PMN transcriptome after ingestion of Bor.
hermsii, L. monocytogenes, Bkl. cepacia, Sta. aureus, and Str.
pyogenes. We discovered a common pathogen-induced transcrip-
tion profile that encompassed 305 up-regulated and 297 down-
regulated genes over a period of 6 h after phagocytosis (Fig. 2,
and Table 1, which is published as supporting information on the
PNAS web site). Relatively few genes (81, �12%) were differ-
entially expressed within 90 min after phagocytosis (Table 1).
For example, only EGR1 and EGR2 were significantly up-
regulated at 20 min (Table 1). In contrast, 256 (43%) and 545
genes (91%) were differentially regulated 180 and 360 min,
respectively, after phagocytosis of pathogens (Fig. 2 and Table
1). The finding that PMN gene regulation increases with time
after phagocytosis of bacteria (3–6 h) is consistent with studies
detailing receptor-mediated phagocytosis (10). A previous study
reported only 27 common genes differentially expressed in
neutrophils 2 h after exposure to Escherichia coli and Yersinia
pestis (13), although the method used to measure gene expres-
sion was likely less sensitive.

Transcriptional Regulation of Inflammatory Response Mediators.
Phagocytosis of bacterial pathogens induces a molecular cascade
of events in neutrophils that potentiate innate immune and
inflammatory responses (2). At least 13 genes encoding proteins
involved in activation and recruitment of immune effector cells
were strongly induced by phagocytosis of pathogens, including
CXCL2 [macrophage inf lammatory protein 2 (MIP-2�)],
CXCL3 (MIP-2�), CCL20 (MIP-3�), vascular endothelial
growth factor, and oncostatin M (Fig. 2 and Table 1). On the
other hand, 82 genes encoding key surface molecules such as
CXCR1, CXCR2, IL9R, TLR1, TLR6, CD31 (PEACAM1),
IL13RA1, CD62L (L-selectin), and CEACAM4 were down-
regulated. Down-regulation of CXCR1, CXCR2, CD31, and

Fig. 2. A common pathogen-induced transcription profile in human PMNs.
Shown are genes differentially expressed during PMN phagocytosis. Scale bar
at left indicates fold change. Results are the mean fold-induction or repression of

genes from three separate microarray experiments using three blood donors
with phagocytosis assays done on separate days. *, P � 0.05 vs. unstimulated
PMNs. LB, IgG and C3bi-coated latex beads (for reference); BH, Bor. hermsii;
LM, L. monocytogenes; BC, Bkl. cepacia; SA, Sta. aureus; SP, Str. pyogenes.
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CD62L in PMNs after activation would diminish significantly
their capacity for further chemotaxis and recruitment. The idea
that IL-8 receptors are down-regulated after phagocytosis of
pathogens is tested below. Taken together, these findings suggest
that phagocytosis of bacteria down-regulates key inflammatory
mediators several hours after stimulation, a time at which
receptor-mediated phagocytosis has been shown to initiate PMN
apoptosis. This observation is consistent with the discovery that
there is down-regulation of proinflammatory capacity during
programmed cell death in PMNs (14).

Genes Encoding Apoptosis Regulators Are Differentially Expressed
After Phagocytosis of Bacterial Pathogens. A total of 105 apoptosis
and cell fate-related genes were differentially transcribed after
phagocytosis of bacterial pathogens, including genes encoding
key mediators of tumor necrosis factor (TNF)-signaling such as
TNF-�, GG2–1, TRAF1, TNFSF10 (TRAIL), TNFRSF10C
(TRAILR3), and TSSC3 (Fig. 2). BAX and BCL2A1, two
members of the BCL-2 family that play important roles in
apoptosis in many types of eukaryotic cells, were up-regulated.
The finding that BAX was up-regulated is consistent with our
discovery that BAX is induced by ROS in human PMNs (S.D.K.,
J.M.V., K.R.B., A.R.W., W. M. Nauseef, H. L. Malech, and
F.R.D., unpublished observations). Of note, genes encoding
several members of the TLR2-signal transduction pathway,
including TLR2, IRAK1, RIPK2, MAP4K4, CFLAR, IL1B,
IL1RN, CASP1, NFKB1, and NFKB2 were up-regulated (Fig. 2).
Activation of TLR2 by bacterial lipoprotein has been shown to
induce programmed cell death in a variety of cell types including
macrophages (15) and is independent of Fas and TNF (16).
Importantly, our findings suggest that phagocytosis of bacterial
pathogens modulates an apoptosis differentiation program in
human PMNs that facilitates neutrophil programmed cell death.

Str. pyogenes Alters the PMN Apoptosis Differentiation Program
Induced by Other Pathogens. There were few pathogen-specific
changes in neutrophil gene expression after phagocytosis of Bor.
hermsii, L. monocytogenes, Bkl. cepacia, and Sta. aureus. By
comparison, phagocytosis of Str. pyogenes resulted in up- or
down-regulation of 393 genes (168 up-regulated and 225 down-
regulated) whose expression differed significantly from that in
PMNs stimulated with other bacteria (Fig. 3 and Table 2, which
is published as supporting information on the PNAS web site).
Of these genes, 197 (50%) were up- or down-regulated by 90 min,
a much higher percentage than in the common program (12%)
at the same time (compare Figs. 2 and 3). Notably, phagocytic
interaction of Str. pyogenes with PMNs altered the expression of
71 apoptosis�cell fate-related genes, including up-regulation of
activator protein-1 (AP-1) complex-related genes FOS, FOSL1,
FOSB, JUNB, and TNFRSF5 (CD40) (Fig. 3A). The AP-1
complex is an important regulator of cell death (17). The gene
encoding NFKBIA was up-regulated and those encoding RELA
and RELB were down-regulated (Fig. 3A). These findings support
the idea that NF-�B signal transduction is down-regulated early
after phagocytic interaction with Str. pyogenes, a phenomenon that
would favor decreased host cell survival. These results indicate that
phagocytosis of Str. pyogenes alters the normal apoptosis differen-
tiation program elicited by all bacterial pathogens (Fig. 2).

Interferons have profound regulatory effects on the human
immune system. Provocatively, phagocytosis of Str. pyogenes
modulated expression of at least 26 genes involved in responses
to IFN (18) (Fig. 3B). IFN-responsive genes IFIT1, IFIT4,
IFITM2, IFI16, IRF1, MX1, and ADAR, and transcription factors
that play key roles in IFN signaling and cell fate, including
STAT1, STAT3, STAT5B, STAT6, JAK1, RELA, and RELB, were
down-regulated (Fig. 3B and Table 2). These findings suggest
that the JAK-STAT cell survival pathway is repressed (Fig. 3B).
Consistent with that interpretation, we found that a JAK-STAT-

regulated inhibitor of PMN apoptosis, BIRC3 (19), is down-
regulated after phagocytosis of Str. pyogenes (Fig. 3B). It is
crucial to note that the vast majority of Str. pyogenes-specific
changes in neutrophil gene expression are mediated by live
rather than heat-killed bacteria (Fig. 3). Taken together, these
data strongly favor the idea that specific survival pathways are
repressed in PMNs after phagocytosis of Str. pyogenes. Impor-
tantly, these results suggest that Str. pyogenes actively alters
inflammation signaling networks and apoptosis in human PMNs
at the level of gene transcription.

Confirmation of Microarray Data by TaqMan Real-Time RT-PCR and
Flow Cytometry. We used TaqMan RT-PCR to verify changes in
gene expression identified by microarray analysis (Fig. 4A). We
selected 10 genes that encode key regulators of inflammation
and apoptosis in neutrophils for confirmation. Eight of these
genes are part of the common apoptosis differentiation program
and two are changed only after phagocytosis of Str. pyogenes.

Fig. 3. Str. pyogenes alters the PMN apoptosis differentiation program. (A)
Str. pyogenes-specific modulation of apoptosis�cell fate-related genes in
human PMNs. Symbols and scale bar are as described in the legend for Fig. 2.
�SP, heat-killed Str. pyogenes. *, P � 0.05 vs. unstimulated PMNs. (B) IFN-
induced genes differentially expressed in PMNs after phagocytosis of Str.
pyogenes.
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There was strong positive correlation (�90%) between oligo-
nucleotide microarray data and TaqMan results (Fig. 4A),
consistent with previous reports (10, 14).

We next used flow cytometry to determine whether changes
in surface expression of CXCR1 and CXCR2 reflected changes
in gene expression (Fig. 4B). Phagocytosis of all bacteria resulted
in decreased surface expression of CXCR1 and CXCR2, which
was accompanied by down-regulation of the corresponding
genes at 3 and 6 h (compare Figs. 2 and 4). Inasmuch as previous
studies indicate that phagocytosis per se reduces surface expression
of both receptors (20), it is likely that down-regulation of CXCR1
and CXCR2 early after phagocytosis of pathogens (within 90 min)
is not regulated at the level of gene expression, an idea supported

by our findings (see gene expression at 90 min). However, signifi-
cantly reduced expression of genes encoding CXCR1 and CXCR2
at much later times after phagocytosis (e.g., at 3 and 6 h) likely
contributes to the continued absence of expression of these recep-
tors on the surface of human PMNs (Fig. 4B).

PMN Apoptosis Is Modulated by Bacterial Pathogens. Inasmuch as
the common gene expression program suggests that phagocytosis
of microorganisms induces programmed cell death in human
neutrophils (Fig. 2), we measured PMN apoptosis after phago-

Fig. 5. Bacterial pathogens induce PMN apoptosis. (A) PMN apoptosis was
assessed with a modified terminal deoxynucleotidyltransferase-mediated
dUTP nick end labeling assay after phagocytosis of pathogens. Red asterisk,
P � 0.004 vs. unstimulated PMNs and cells stimulated with all other pathogens.
Gray and blue asterisks, P � 0.03 vs. unstimulated PMNs. Results are the
mean � SD of three to five separate experiments. (B) PMN apoptosis was
assessed by nuclear morphology (Morph.) after phagocytosis of pathogens. *,
P � 0.001 vs. unstimulated PMNs and cells stimulated with all other pathogens;

**, P � 0.003 vs. unstimulated PMNs and cells stimulated with Bor. hermsii, and
heat-killed (�) Str. pyogenes. ***, P � 0.01 vs. unstimulated PMNs; ****, P �
0.04 vs. unstimulated PMNs. (C) Str. pyogenes induces PMN necrosis. PMN lysis
was measured by microscopy at the indicated times after phagocytosis. *, P �
0.001 vs. unstimulated PMNs and heat-killed Str. pyogenes. Results are the
mean � SD of three to six separate experiments. Abbreviations are as in the
Fig. 2 legend.

Fig. 4. Confirmation of microarray results. (A) Genes (n � 10) identified as
differentially transcribed by microarrays were analyzed by TaqMan real-time
PCR. TNFRSF6 and TNFRSF10B are representative of genes modulated only by
phagocytosis of Str. pyogenes. There was a strong positive correlation (r �
0.90) between TaqMan and microarray results, consistent with previous com-
parisons (10, 14). Each bar represents the average change in PMN gene
expression from three individuals assayed in triplicate. Abbreviations are as in
the Fig. 2 legend. (B) Flow cytometric analysis of IL-8 receptors. After phago-
cytosis of the indicated bacteria, expression of CXCR1 (Left) and CXCR2 (Right)
was measured by flow cytometry. Results are the net mean fluorescence � SD
of two phagocytosis experiments.

10952 � www.pnas.org�cgi�doi�10.1073�pnas.1833375100 Kobayashi et al.



cytosis of each bacterial pathogen (Fig. 5). Consistent with the
microarray data, phagocytosis of all pathogens accelerated PMN
apoptosis (Fig. 5). Unexpectedly, Str. pyogenes induced rapid
apoptosis in neutrophils, which was significantly greater in
magnitude than that elicited by the other pathogens (P � 0.004).
In fact, Str. pyogenes-induced PMN apoptosis at 90 min was
similar to or exceeded levels induced by the other bacteria at 6 h
(Fig. 5 A and B). The finding that heat-killed Str. pyogenes had
little or no capacity for inducing PMN apoptosis is consistent
with the idea that live Str. pyogenes produces factors that alter
apoptosis in human PMNs (Fig. 5). Phagocytosis or ROS
production per se were not independent predictors of pathogen-
induced apoptosis, because ingestion and subsequent production
of ROS were lowest in PMNs activated by Str. pyogenes (Fig. 1).
Although phagocytosis and ROS have been reported to induce
apoptosis in PMNs (10, 21), it is possible that minimal levels of
ROS are necessary, but not sufficient for initiation of apoptosis
(22). Live Str. pyogenes induced significant PMN necrosis not
observed with phagocytosis of heat-killed organisms (Fig. 5C).
Further, PMN necrosis correlated well with the accelerated
apoptosis induced by interaction with Str. pyogenes (in Fig. 5
compare A and B with C). These observations coupled with the
microarray data provide strong support to the idea that repres-
sion of genes controlling PMN fate is a key factor in Str. pyogenes
pathogenesis.

Conclusions
Several lines of evidence indicate that bacterial pathogens induce
an apoptosis differentiation program in PMNs that is essential
for resolution of infection. First, phagocytosis of bacteria, pro-
duction of ROS, and killing of microorganisms were followed by

global changes in PMN gene expression common to a broad
range of bacterial pathogens. Production of ROS accompanying
neutrophil phagocytosis evokes changes in neutrophil gene
transcription that, in part, facilitate apoptosis and likely mediate
resolution of inflammation (S.D.K., J.M.V., K.R.B., A.R.W.,
W. M. Nauseef, H. L. Malech, and F.R.D., unpublished obser-
vations). Second, genes encoding proapoptosis factors were
up-regulated and genes encoding antiapoptosis proteins were
down-regulated after phagocytosis of all pathogens by human
PMNs. Consistent with this observation, phagocytosis of bacteria
induced PMN apoptosis, which was accompanied by down-
regulation of proinflammatory molecules and genes encoding
proinflammatory molecules.

Another important discovery in our study was that Str. pyo-
genes alters the apoptosis program in human neutrophils to
survive, a process that has broad implications for infections
caused by this pathogen. Of the pathogens used in this study, Str.
pyogenes arguably causes the greatest number of human infec-
tions in ‘‘nonimmunocompromised’’ individuals, a phenomenon
reflected by our in vitro data (see Fig. 1D). Microarray analysis
was key to establishing a global model of host cell–pathogen
interaction that provides fundamental insight into the resolution
of infection in humans. Insight into bacterial evasion strategies
revealed by our genomic studies of neutrophil function is likely
applicable to other types of pathogenic microorganisms. Impor-
tantly, the pathogen-induced PMN apoptosis differentiation
program revealed by our studies identified potential targets for
therapeutic augmentation of host innate immunity during bac-
terial infections.

We thank S. Holland for Bkl. cepacia strain 4A and M. Schrumpf for
assistance with growth of Bor. hermsii.
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