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Down-Regulation of Proinflammatory Capacity During
Apoptosis in Human Polymorphonuclear Leukocytes

Scott D. Kobayashi,1 Jovanka M. Voyich,1 Kevin R. Braughton, and Frank R. DeLeo2

Polymorphonuclear leukocytes (PMNs) are essential to innate immunity in humans and contribute significantly to inflammation.
Although progress has been made, the molecular basis for termination of inflammation in humans is incompletely characterized.
We used human oligonucleotide microarrays to identify genes encoding inflammatory mediators that were differentially regulated
during the induction of apoptosis. One hundred thirty-three of 212 differentially expressed genes encoding proinflammatory
factors, signal transduction mediators, adhesion molecules, and other proteins that facilitate the inflammatory response were
down-regulated during the induction of apoptosis following PMN phagocytosis. Among these, 42 genes encoded proteins critical
to the inflammatory response, including receptors for IL-8�, IL-10�, IL-13�1, IL-15�, IL-17, IL-18, C1q, low-density lipoprotein,
IgG Fc (CD32), and formyl peptide, Toll-like receptor 6, platelet/endothelial cell adhesion molecule-1 (CD31), P-selectin (CD62),
IL-1�, IL-16, and granulocyte chemoattractant protein-2 were down-regulated. Many of these genes were similarly down-regu-
lated during Fas-mediated or camptothecin-induced apoptosis. We used flow cytometry to confirm that IL-8R� (CXCR2) and
IL-1� were significantly down-regulated during PMN apoptosis. We also discovered that 23 genes encoding phosphoinositide and
calcium-mediated signal transduction components, which comprise complex pathways essential to the inflammatory response of
host cells, were differentially regulated during PMN apoptosis. Importantly, our data demonstrate that PMNs down-regulate
proinflammatory capacity at the level of gene expression during induction of apoptosis. These findings provide new insight into
the molecular events that resolve inflammation following PMN activation in humans. The Journal of Immunology, 2003, 170:
3357–3368.

H uman polymorphonuclear leukocytes (PMNs)3 are the
first line of defense against invading microorganisms
and eliminate pathogens by a process known as phago-

cytosis. During phagocytosis, PMNs produce reactive oxygen spe-
cies (ROS) and release cytotoxic granule components into phago-
cytic vacuoles to kill ingested microbes (1). PMNs accumulate
rapidly at sites of infection; therefore, the regulation of PMN turn-
over following phagocytosis is important for preventing damage to
healthy tissues that would otherwise occur in the event of necrotic
cell lysis. Removal of PMNs containing ingested microbes by pro-
grammed cell death (apoptosis) likely prevents such damage and is
presumably critical for the resolution of inflammation due to PMN
activation (2, 3). In support of this hypothesis, recent evidence
indicates that phagocytosis initiates a molecular cascade of events
that accelerate apoptosis in human PMNs (4). However, there is
little direct evidence to indicate that resolution of inflammation

following PMN activation is due to down-regulation of proinflam-
matory capacity as a result of apoptosis.

During the course of microbial infections, signal transduction
events that facilitate host cell responses are relayed through PMN
surface receptors, including those specific for complement recep-
tors (CRs) and Ab (FcRs) (5), IL-8–10 (6–8), IL-13 (9), IL-15
(10, 11), and IL-18 (12), and multiple receptors for bacteria and
microbial products, such as the Toll-like receptors (13). Expres-
sion of these receptors is essential for PMN functions such as
chemotaxis, phagocytosis, ROS production, and release of cyto-
kines, chemokines, and growth factors that potentiate innate im-
mune and inflammatory responses. Importantly, recent studies
from multiple laboratories indicate that mature PMNs synthesize
de novo many cytokines, chemokines, and growth factors, includ-
ing IL-1�, IL-6, IL-8, growth-regulated gene products (GROs) �
and �, TNF-�, TGF-�, oncostatin M (OSM), macrophage inflam-
matory protein-1�, and vascular endothelial growth factor (VEGF)
(14–16). Although significant progress has been made toward un-
derstanding the role of specific receptors and inflammatory medi-
ators during the innate immune response, very little is known about
their regulation during PMN apoptosis.

Phosphoinositide metabolism and calcium signal transduction
mediate key PMN functions including chemotaxis, phagocytosis,
ROS production, degranulation, and cell fate (17–24). For exam-
ple, phosphoinositide 3-kinase (PI3K)-Akt/PKB signal transduc-
tion represses programmed cell death by activating and inhibiting
transcription factors that mediate cellular survival (25–28) and in-
duce apoptosis (29), respectively. Moreover, the inositol triphos-
phate (IP3) receptor and IP3-mediated calcium spikes control mi-
tochondrial permeability transition pore involvement in
programmed cell death (30, 31). Thus, PI3K and calcium signal
transduction appear critical for modulating PMN function during
the course of the inflammatory response and for termination of
inflammation.
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We recently proposed that programmed cell death in human
PMNs is regulated by an apoptosis differentiation program, a final
stage of transcriptional maturity that facilitates resolution of in-
flammation (32). Thus, multiple cellular processes in human
PMNs are gene-regulated during apoptosis. In the present study,
we used human oligonucleotide microarrays to demonstrate that
the proinflammatory capacity of human PMNs is down-regulated
at the level of gene expression during apoptosis. We propose that
repression of PMN proinflammatory capacity is crucial for reso-
lution of inflammation due to neutrophil activation in humans.

Materials and Methods
Materials

Sterile water and 0.9% sodium chloride (both Irrigation, U.S. Pharmaco-
peia) were purchased from Baxter Healthcare, Deerfield, IL. Dextran T-500
and Ficoll-Paque PLUS were obtained from Amersham Pharmacia Biotech
(Piscataway, NJ). PE-conjugated Abs specific for IL-8R�, CD31, CD54,
CD59, CD89, and IL-1� and corresponding isotype control Abs were pur-
chased from BD Biosciences (Los Angeles, CA). Rabbit Ab specific for
human serum albumin and human IgM was purchased from ICN Biomedi-
cals (Costa Mesa, CA). Anti-Fas Ab (IgM clone CH-11) was purchased
from Upstate Biotechnology (Lake Placid, NY). RPMI 1640 medium was
from Invitrogen (Rockville, MD). Latex beads (LB; 2.0 �M) were pur-
chased from Polysciences (Warrington, PA). Unless specified, all other
reagents were from Sigma-Aldrich (St. Louis, MO).

Isolation of human PMNs

Human PMNs were isolated from venous blood of healthy individuals as
described previously (4) in accordance with a protocol approved by the
Institutional Review Board for Human Subjects, National Institute of Al-
lergy and Infectious Diseases. Briefly, PMNs were purified using dextran
sedimentation followed by Hypaque-Ficoll gradient centrifugation (33).
Cell preparations contained �99% PMNs and all reagents used contained
�25.0 pg/ml endotoxin. Eosinophils accounted for 5.2 � 2.8% of the
PMNs from the three individuals used in the oligonucleotide array exper-
iments, and comprised 5.8 � 3.0% of the human PMNs from a random
sampling of preparations (n � 13 donors). We have previously reported
that contaminating lymphocytes and monocytes account for 0.71 � 0.26%
and 0.11 � 0.07% (n � 30 PMN preparations) of the cells in our PMN
preparations (4).

PMN phagocytosis and gene expression analysis

Preparation of complement (C3bi)- and Ab (IgG)-coated LB and phago-
cytosis experiments were performed as described by Kobayashi et al. (4).
Briefly, PMNs (107) were combined on ice with or without IgG and/or
C3bi-coated LB (8 � 107) in wells of a 12-well tissue culture plate (pre-
coated with 20% normal human serum) and centrifuged at 350 � g for 8
min at 4°C to synchronize phagocytosis. Following centrifugation, plates
were incubated at 37°C in a CO2 incubator for up to 24 h. Alternatively,
PMNs (107) were combined with 10 �M camptothecin (CPT) or 500 ng/ml
anti-Fas Ab (CH-11) and incubated at 37°C in a CO2 incubator. At the
indicated times, tissue culture medium was aspirated from the plate (or
cells were centrifuged in microfuge tubes before aspiration of the media)
and PMNs were lysed directly with RLT buffer (Qiagen, Valencia, CA).
Purification of PMN RNA and subsequent preparation of labeled cRNA
target (12 �g) was performed as described (4). Labeling of samples, hy-
bridization of cRNA with Hu95Av2 oligonucleotide arrays (Affymetrix,
Santa Clara, CA), and scanning were performed according to standard
Affymetrix protocols (http://www.affymetrix.com/pdf/expression_manual.
pdf) as described previously (4). Experiments were performed with three
separate donors at each time point using a separate oligonucleotide array
for each donor.

Gene expression data were analyzed as reported previously with Gene-
Spring expression analysis software version 4.04 (Silicon Genetics, Red-
wood City, CA) (4). Briefly, genes were defined as differentially expressed
if the average expression level changed at least 2-fold in one of the treat-
ments compared with that from time-matched unstimulated cells over three
experiments, and were called “Present” in at least two experiments by
GeneChip Suite (Affymetrix). Receptor-specific changes were determined
as described previously (4). Graphs generated with GeneSpring expression
analysis software version 4.04 (Silicon Genetics) were annotated in Corel-
Draw, version 10 (Corel Corporation, Ottawa, Ontario, Canada).

Relative levels of differentially expressed genes were assigned based on
average difference intensity (ADI) values determined by GeneChip Suite.

(A) � genes called absent; (VL) very low expression � ADI �50; (L) low
expression � ADI 50–200; (M) moderate expression � ADI 200–500; (H)
high expression � ADI 500-1500; (VH) very high expression � ADI
�1500. ADI is an approximation of transcript abundance and not caused
by oligonucleotide primer hybridization bias.

TaqMan real-time RT-PCR analysis

Phagocytosis experiments and RNA preparation for TaqMan analysis were
done with conditions identical with those used for the microarray analysis.
TaqMan analysis of samples from three blood donors was performed in
triplicate with an ABI 7700 thermocycler (Applied Biosystems, Foster
City, CA) as described (4).

Flow cytometric analysis of receptor surface expression, IL-1�
production, and cell viability

PMN apoptosis following phagocytosis was measured with flow cytometry
using a modified TUNEL assay (Apo-BRDU Apoptosis Detection kit; BD
Biosciences) or with annexin V-FITC (Annexin V-FITC Apoptosis Detec-
tion kit II; BD Biosciences) as described by the manufacturer. For Fas- or
CPT-induced PMN apoptosis experiments, PMNs (2 � 106) were com-
bined with 10 �M CPT or 500 ng/ml anti-Fas Ab (CH-11) and incubated
at 37°C in a CO2 incubator for the desired times. PMN viability was de-
termined by propidium iodide staining with flow cytometry, and was un-
affected by incubation at 37°C for at least 9 h after phagocytosis (32). PMN
viability at the start of the assay after the centrifugation step (0 min) was
96.4 � 1.3%, and was reduced only slightly to 90.0 � 2.6% in unstimu-
lated PMNs after incubation for 24 h at 37°C (eight separate determina-
tions). However, PMN lysis occurred more rapidly after 24 h in culture
(data not shown).

To measure surface expression of IL-8R�, CD31, CD54, and annexin
V-FITC, phagocytosis assays were performed as described above, but with
the following modifications. PMNs (106) were mixed on ice with IgG
and/or C3bi-coated LB (8 � 106) in 96-well microtiter plates precoated
with 20% normal human serum and centrifuged at 350 � g for 8 min at 4°C
to synchronize phagocytosis. Following centrifugation, plates were incu-
bated at 37°C in a CO2 incubator for up to 9 h as indicated. Alternatively,
PMNs were treated with 500 ng/ml anti-Fas Ab (CH-11) as described
above. Cells were stained with the indicated Abs and with annexin V-FITC
as recommended by the manufacturer (BD Biosciences). Staining for in-
tracellular IL-1� was performed 6, 9, and 16 h following phagocytosis in
the presence of GolgiPlug (brefeldin A) as suggested by the manufacturer
(BD Biosciences). The percentage of unstimulated PMNs staining positive
for intracellular IL-1� was routinely 6–13% (individual variability) at 9 h,
and this percentage increased significantly over time to 21–28% after 16 h
due to accumulating cytokine in the endoplasmic reticulum (ER) after
treatment with brefeldin A. Increasing the time of brefeldin A treatment
increased the level of detectable IL-1�. Thus, it is likely that all PMNs
constitutively produce IL-1�, albeit not to detectable levels. Despite indi-
vidual variability in IL-1� staining, there was always less intracellular
IL-1� in FcR/CR-stimulated PMNs compared with unstimulated PMNs.
All samples were analyzed using a FACSCalibur flow cytometer (BD Bio-
sciences) and a single gate was used to eliminate debris.

Statistics

One-way ANOVA with Dunnett’s correction for multiple comparisons,
Kruskal-Wallis ANOVA on ranks, and Student’s t test were performed in
Sigma Stat for Windows, version 2.03 (SPSS, Chicago, IL) where
indicated.

Results
Phagocytosis-, Fas-, and CPT-induced PMN apoptosis

Unstimulated human PMNs undergo spontaneous or constitutive
apoptosis, which presumably facilitates normal cell turnover in
vivo (Ref. 2; Fig. 1). PMN apoptosis is accelerated significantly
following receptor-mediated phagocytosis (phagocytosis) (4, 32),
Fas ligation (34), and treatment with the topoisomerase inhibitor
CPT (Ref. 35; Fig. 1, upper panel). The initial stages of phago-
cytosis-induced apoptosis occurred 3–6 h after PMN activation
(Fig. 1). Therefore, analysis of gene regulation within this time
period is critical for understanding molecular processes related to
cell fate in PMNs, and ultimately, resolution of inflammation due
to PMN activation.
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Regulation of inflammatory response mediators during the initial
stages of PMN apoptosis

We screened �12,500 human genes for changes in expression 3–6
h following phagocytosis, and compared expression of the up- and
down-regulated genes in cells treated with anti-Fas Ab or CPT
(Figs. 2 and 3, and Table I4). A total of 212 differentially regulated
genes encoded proteins that mediate inflammatory response-re-
lated processes, signal transduction, adhesion, or cytoskeletal/
structural function. A total of 133 genes (62.7%) were down-reg-
ulated and 79 genes (37.2%) were up-regulated.

Sixty genes encoding receptors and proinflammatory surface
molecules were differentially regulated during the induction of
PMN apoptosis following receptor-phagocytosis (Fig. 2). Forty-
seven of these phagocytosis-regulated genes were induced or re-
pressed after Fas ligation and/or treatment with CPT (Fig. 2).
Genes encoding the IL-9R, CCR1, CCRL2, HM74, CD48, CD54,
CD89, CD200, and other key immune function modulatory pro-
teins were up-regulated after phagocytosis compared with un-
stimulated cells (Fig. 2A). The IP3 receptor 1 (ITPR1) gene
(ITPR1) was also up-regulated and a potential role for the regula-
tion of this gene during apoptosis is described below. The gene
encoding CD59, a protein that protects host cells from the mem-
brane attack complex of serum complement, was up-regulated
(Fig. 2). This finding is consistent with a previous report describ-
ing up-regulated surface expression of CD59 just before sponta-
neous PMN apoptosis (36). Although PMNs are not widely con-
sidered as typical APCs, several genes encoding proteins involved
in Ag presentation, HLA-F, HLA-DQA1, HLA-DQB1, and CD83
were up-regulated during the initial stages of PMN apoptosis (Fig.
2). Of note, the gene encoding HLA-DQA1 was up-regulated by
all apoptosis stimuli (Fig. 2A). Expression of these proteins on the
surface of PMNs has not been associated with apoptosis, but they

might facilitate PMN clearance and/or potentiate the acquired im-
mune response. Several key proinflammatory mediators were also
up-regulated during the induction of phagocytosis-induced PMN
apoptosis (Fig. 2). Genes encoding 10 cytokines and growth fac-
tors including GRO�, GRO�, VEGF, OSM, and IL-6 were up-
regulated, as were those encoding acute-phase reactant proteins,
pentraxin 3 and orosomucoid 1 (Fig. 2). Several of these genes
were correspondingly up-regulated during Fas- and/or CPT-in-
duced PMN apoptosis (Fig. 2A). We reported previously that genes
encoding several of these cytokines were induced between 30 and
90 min after phagocytosis, and that the gene encoding TNF-� was
up-regulated between 3 and 6 h after phagocytosis (4).

During the induction of phagocytosis-induced apoptosis, 32
genes encoding key surface molecules including receptors for IL-
8�, IL-10�, IL-13�1, IL-15�, IL-17, IL-18, C1q, and formyl pep-
tide, Toll-like receptor 6, P-selectin (CD62), carcinoembryonic
Ag-related cell adhesion molecule-4, platelet/endothelial cell ad-
hesion molecule-1 (CD31), syndecan 1, Fc�RIIB (CD32), two Ig-
like receptors (LILRB2 and LILRA1), and three purinergic recep-
tors were down-regulated (Fig. 2). Consistent with the idea that
there is general down-regulation of proinflammatory capacity dur-
ing programmed cell death, 24 of these genes were down-regulated
during Fas- and/or CPT-induced apoptosis (Fig. 2A). Down-regu-
lation of these key PMN effector molecules, especially the IL-8R�,
would alter host-pathogen interactions normally mediated by
PMNs (37). Genes encoding IL-1� and IL-16, key proinflamma-
tory cytokines, and granulocyte chemoattractant protein 2 were
significantly down-regulated (Fig. 2). Moreover, genes encoding
sialic acid binding lectin 7 (SIGLEC7), peptidoglycan recognition
protein (PGLYRP), cytotoxic granule-associated RNA binding
protein (TIAL1), and calgranulin C, all involved directly in host
defense, were down-regulated (Fig. 2). Taken together, these data
suggest that key components of PMN proinflammatory and bac-
tericidal capacities are regulated at the level of gene expression
during the early stages of apoptosis.

TaqMan confirmation of microarray data

We selected several up- and down-regulated genes (n � 7) repre-
sentative of the microarray data set for confirmation by TaqMan
real-time PCR (Fig. 2B). There was almost absolute correlation
(r � 0.99) of gene expression levels between the two methods at
either 3 or 6 h following phagocytosis, including those for CD59
and CD54 (Fig. 2B). Microarray data for the other genes confirmed
by TaqMan in Fig. 2B are presented below. These results are con-
sistent with the strong positive correlation we reported between
TaqMan and microarray data previously (4, 32). Importantly, these
results confirm that regulation of key signal transduction mediators
occurs at the level of gene expression during the initial stages of
phagocytosis-induced apoptosis.

Comparison of gene expression during phagocytosis-, Fas-, and
CPT-induced PMN apoptosis

To gain insight into common components of PMN apoptosis, we
compared expression of selected apoptosis-related genes shown
previously to be up- or down-regulated after phagocytosis (4) with
gene expression in cells after Fas ligation or CPT treatment (Fig.
3A). Genes encoding glycoprotein NMB, BTG3, early growth re-
sponse 2, TR3 orphan receptor, TNF-�, and optineurin (FIP2)
were up-regulated by all of the apoptosis-inducing stimuli (Fig.
3A). Furthermore, 13 genes encoding apoptosis-related proteins
such as apoptosis inhibitor 5, DRAKs 1 and 2, and DEFCAP were
down-regulated in all treatments (Fig. 3A) These findings provide
compelling evidence that regulation of these genes is important for
PMN apoptosis per se (rather than specific to phagocytosis).4 The online version of this article contains supplemental material.

FIGURE 1. Phagocytosis-, Fas-, and CPT-induced PMN apoptosis. Ap-
optosis was measured with an annexin V-FITC assay (upper panel) or a
TUNEL assay (lower panel) in unstimulated human PMNs (E), following
FcR/CR phagocytosis (red circle), after incubation with anti-Fas Ab (green
circle), or CPT (F, inset) as indicated. Results for annexin V-FITC are the
mean � SD of two to eight experiments. �, p � 0.001 vs CTL for each
stimulus; ��, p � 0.03 vs CTL for each stimulus (ANOVA). Results for
TUNEL are from a representative experiment performed with each the
three individuals used in the oligonucleotide array experiments.
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In contrast, 24 genes encoding mediators of programmed cell
death were differentially regulated during Fas- and/or CPT-in-
duced apoptosis, but not following phagocytosis (Fig. 3B).
Genes encoding UBL1 and IER3, inhibitors of Fas- and TNFR-
mediated apoptosis, were down-regulated after Fas-ligation,
consistent with concomitant induction of apoptosis (Fig. 3B). In
contrast, the gene encoding TRAILR4 decoy receptor (apopto-

sis inhibitor) was up-regulated, and genes encoding CD95
(Fas), TRAILR2, BID, and BNIP3L (each promotes apoptosis)
were down-regulated (Fig. 3B). Although these findings seem at
variance with induction of apoptosis (see Fig. 1), several of
these genes function in the initial stages of apoptosis (e.g., Fas
and TRAILR2) rather than being required for downstream ef-
fector processes.

FIGURE 2. Differential regulation of genes encoding receptors, cytokines, chemokines, and growth factors, and proteins that mediate host defense during
the induction of PMN apoptosis. A, Differential gene expression was measured with Affymetrix human oligonucleotide microarrays during the induction
of PMN apoptosis 3–6 h after receptor-mediated phagocytosis (Phago.), or following treatment with anti-Fas Ab (�Fas) or CPT as described in Materials
and Methods. Changes in gene expression are represented as relative increase (�) or decrease (�) compared with unstimulated PMNs as follows: (�)/(�),
2- to 5-fold change; (��)/(��), 5- to 8-fold change; (���)/(���), 8- or greater fold change; gray symbols, 1.5- to 2.0-fold change. �, 3 h after
activation; ��, 6 h after activation; unmarked genes, 3 and 6 h after activation. Black lettering, genes regulated similarly in all three types of phagocytosis
(FcR, CR, and FcR/CR); red lettering, FcR and/or FcR/CR (FcR-specific); blue lettering, CR and/or FcR/CR (CR-specific); green lettering, FcR/CR only;
NC, no change. Results for each gene are based on expression changes in PMNs from three separate individuals (and three separate Affymetrix Hu95Av2
GeneChips) as described in Materials and Methods. A detailed and complete listing of changes in PMN gene expression is provided as Table I.4 B, TaqMan
verification of microarray results. Genes (n � 7) identified as differentially transcribed by Affymetrix microarrays (o) were selected from the overall dataset
for confirmation by TaqMan real-time PCR (f) following FcR/CR-mediated phagocytosis. Inset, The correlation (r � 0.99) between real-time PCR and
microarray analyses. Data represent the mean � SD of fold changes in gene expression from the three donors used in the microarray experiments.
Microarray data are presented as the mean fold change of the three individuals.
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Down-regulation of proinflammatory mediators during PMN
apoptosis

Although there were nearly equivalent numbers of up- and down-
regulated receptors, surface molecules, and proinflammatory me-
diators during the onset of PMN apoptosis (Fig. 2), we hypothe-
sized that expression of up-regulated proinflammatory molecules
would diminish as apoptosis progressed. To test that hypothesis,
we extended the time-course for analysis of up-regulated genes to
24 h after PMN stimulation (Fig. 4). In 20 of 28 up-regulated genes
examined, expression decreased after 3 or 6 h of phagocytosis;
albeit, expression was still generally greater than that in unstimu-
lated PMNs (Fig. 4). For example, increased expression of genes
encoding CCR1 and CD48 peaked at 3 and 6 h, respectively, fol-
lowing phagocytosis and then decreased over the next 21 h (Fig.
4). Diminishing expression levels for up-regulated cytokines, che-
mokines, and growth factors was even more striking at this time
period, as 9 of 11 up-regulated cytokines and growth factors de-
creased markedly (Fig. 4). Decreasing expression of CCR1, CD48,
CD59, CD71, TNF-�, and GRO� was especially striking after 3 or
6 h (Fig. 4). By 24 h, expression of all but Galectin 3, CD22, and
Integrin,�7 had returned to levels of expression comparable if not
identical with that in unstimulated PMNs (Fig. 4). We note that
expression of genes encoding proinflammatory molecules in un-
stimulated PMNs routinely decreased after 6 h in culture, concom-
itant with induction of spontaneous apoptosis in those cells (com-
pare Figs. 1 and 4). These results suggest that PMNs terminate
production of immune response mediators during apoptosis. Im-
portantly, the implication of this discovery is that a significant
portion of PMN proinflammatory capacity is down-regulated at the
level of gene expression during the initial stages of apoptosis.

Surface expression of inflammatory mediators during PMN
apoptosis

To determine whether differential expression of proinflammatory
genes resulted in concomitant regulation of protein levels, we mea-
sured surface expression of IL-8R� (CXCR2; Ref. 6), CD31, and
CD54 during phagocytosis- and Fas-induced PMN apoptosis (Fig.
5). Freshly isolated human PMNs expressed all three proteins (Fig.
5, 0 h). Compared with unstimulated cells, expression of IL-8R�,
a receptor critical to the inflammatory response, was significantly
reduced at 1.5, 3, and 6 h following phagocytosis, and 3 and 6 h
after Fas ligation ( p � 0.006 vs unstimulated PMNs for each stim-
ulus; Fig. 5A). Importantly, decreased surface expression of IL-
8R� correlated with increased staining for annexin V following
phagocytosis and Fas ligation, confirming that the receptor is
down-regulated during PMN apoptosis (Fig. 5B). Surface expres-
sion of CD31 was also significantly reduced 1.5 h following
phagocytosis ( p � 0.006 vs unstimulated PMNs; Fig. 5A). How-
ever, CD31 was surface-expressed on neither stimulated nor un-
stimulated cells by 3 or 6 h (Fig. 5A). Although plasma membrane-
associated CD54 decreased slightly over time, surface expression
was increased significantly compared with unstimulated cells at
6 h ( p � 0.004 vs unstimulated PMNs; Fig. 5, A and B). We note
that an overall decrease in expression of genes encoding CD31 and
CD54 in unstimulated PMNs after 6 h correlated with the initial
stages of spontaneous apoptosis (compare Figs. 1 and 5). Com-
pared with unstimulated cells, surface expression of CD59 and
CD89 was also up-regulated during the early stages of activation-
induced apoptosis (�13.7% and �7.7% for CD59, and �34.0%
and �27.3% for CD89 compared with unstimulated cells at 3 and
6 h, respectively, n � 3; p � 0.01 for surface expression of CD89
in stimulated vs unstimulated PMNs at 6 h), consistent with gene
expression (Fig. 2A). Taken together, there was general correlation

FIGURE 3. Differential regulation of genes encoding apoptosis-related
proteins during phagocytosis-mediated and Fas- and CPT-induced PMN
apoptosis. A, Expression of selected apoptosis-related genes identified as
up- or down-regulated 3–6 h following phagocytosis was examined after
treatment with anti-Fas Ab (�Fas) and CPT. Differential gene expression
was measured as defined in the legend for Fig. 1. Some of the gene ex-
pression changes measured following PMN phagocytosis were published
previously (see Refs. 4 and 32) and are used for reference. B, Comparison
of selected Fas- and CPT-induced gene changes not regulated following
phagocytosis.
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of gene transcription and expression of receptors at the cell surface
(compare panels in Fig. 5).

Down-regulation of proinflammatory capacity

IL-1� is a critical mediator of inflammatory processes, especially
those mediated by PMNs, and its down-regulation during the in-
duction of apoptosis would likely be important in the resolution of
inflammation. To determine whether down-regulation of the gene
encoding IL-1� resulted in a concomitant decrease in protein lev-
els, we measured intracellular IL-1� at 6 and 9 h following phago-
cytosis in human PMNs (Fig. 6A). There was a significant decrease
in PMN-associated IL-1� at both 6 and 9 h after phagocytosis
(during PMN apoptosis) compared with unstimulated cells (re-
duced by 44.8 � 9.3% and 45.8 � 24.5%, respectively; �, p �
0.03 and 0.009 vs unstimulated PMNs, respectively; Fig. 6B).
Down-regulation of the gene encoding IL-1� correlated with de-
creased expression of IL-1� protein at those times, indicating that

IL-1� is down-regulated at the level of gene expression (compare
A and C in Fig. 6).

Expression of pro- and anti-inflammatory mediators in PMNs
not differentially regulated

Although a focus of these studies was to identify differentially
expressed inflammatory mediators during apoptosis, we hypothe-
sized that many genes encoding pro- and anti-inflammatory mol-
ecules are expressed in human PMNs, but not differentially regu-
lated. Therefore, we examined expression of 114 genes that encode
a significant number of the known inflammatory mediators, but
were not up- or down-regulated following phagocytosis by our
criteria (Fig. 7). Of these genes, there were a limited number (38)
identified as present in human PMNs, and most encoded receptors
rather than cytokines (Fig. 7). Importantly, the gene encoding
IL-1R antagonist (IL1RN) was very highly expressed, consistent

FIGURE 4. Expression of genes encoding proin-
flammatory molecules decreases after induction of ap-
optosis. Measurement of the expression of genes en-
coding inflammatory mediators and host defense
identified as up-regulated between 3 and 6 h after
phagocytosis (Fig. 1) in unstimulated PMNs (blue dot-
ted line, Unstim.) or in PMNs after FcR/CR-mediated
phagocytosis (red solid line, FcR/CR) was extended to
24 h. Specific categories of genes are indicated at the
right. The gray shaded area in each graph represents
3–6 h after phagocytosis, a time period reflecting induc-
tion of apoptosis and the time at which genes were iden-
tified as differentially expressed in Fig. 1. �, p � 0.05 vs
gene expression in unstimulated PMNs at either 3 or 6 h.
Results are illustrated as the mean � SD of relative gene
expression from three separate individuals.
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with down-regulation of IL-1� and proinflammatory capacity dur-
ing this period of time (Fig. 7). We also note that genes encoding
receptors which mediate apoptosis, such as TRAILR2 and
CD120a, although not differentially regulated following phagocy-
tosis, were highly expressed in human PMNs (Fig. 7).

Regulation of signal transduction mediators and
structural/cytoskeletal proteins

Inasmuch as signal transduction is coupled to regulation of PMN
function following receptor ligation, we identified 80 signal trans-
duction-related genes differentially expressed between 3 and 6 h
after phagocytosis (Fig. 8). Sixty-three of these genes were down-
regulated and 17 were up-regulated (Fig. 8). Thirty of 34 genes
encoding kinases and associated proteins were down-regulated, in-

cluding key signal transduction regulators such as class I PI3K,
p110 subunits �, �, and �, and calcium/calmodulin-dependent ki-
nases II� and � (Fig. 8). Moreover, genes encoding 12 phospha-
tases and 14 of 24 G-protein-related molecules were down-regu-
lated during induction of phagocytosis-induced apoptosis (Fig. 8).
Genes encoding phospholipases D2 and C�2, critical regulators of
receptor-mediated signal transduction, were down-regulated (Fig.
8). We also identified 27 differentially regulated genes that encode
structural proteins or those comprising and/or involved in modi-
fying the actin cytoskeleton (Fig. 8). For example, genes encoding
�2-actin, myosin 5A, and isoforms 1 and 4 of tropomyosin were
down-regulated during the induction of PMN apoptosis (Fig. 8).

There were only a limited number of up-regulated genes encod-
ing signal transduction mediators at this time (Fig. 8). Of note,

FIGURE 5. Down-regulation of surface-expressed PMN proinflammatory molecules. A, Surface expression of IL-8R�, CD54, and CD31 was measured
on unstimulated PMNs (blue square), after FcR/CR-mediated phagocytosis (red square), and during Fas-induced apoptosis (green square) as indicated. �,
p � 0.006 vs unstimulated PMNs (ANOVA). B, Coexpression of IL-8R�, CD54, CD31, and annexin V-FITC was determined in unstimulated PMNs (blue
dot plots), after FcR/CR-mediated phagocytosis (red dot plots), and during Fas-induced apoptosis (green dot plots). Numbers indicate the percentage of cells
within each quadrant. Results are from a representative experiment performed five to eight separate times. C, Measurement of the expression of genes
encoding IL8R�, CD54, and CD31 in unstimulated PMNs (Unstim., blue dotted line) or in PMNs after FcR/CR-mediated phagocytosis (red solid line,
FcR/CR) was extended to 24 h.
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PIK3C2B, the gene encoding a class II PI3K, was significantly
up-regulated (Fig. 8). To determine whether expression of
PIK3C2B diminished at later times during apoptosis, we extended
the time-course of phagocytosis out to 24 h and then measured
gene expression (Fig. 8B). There was a sharp decrease in the ex-
pression of PIK3C2B between 6 and 12 h after phagocytosis, con-
sistent with results for genes encoding up-regulated proinflamma-
tory regulators during this same period of time (compare Figs. 4
and 8B). Taken together, these data indicate that PMNs down-
regulate capacity for signal transduction at the level of gene ex-
pression during apoptosis.

Gene-regulated phosphoinositide and calcium-mediated signal
transduction

Twenty-three of the signal transduction-related genes identified as
differentially regulated during the initial stages of PMN apoptosis
(21 down-regulated and 2 up-regulated) comprised complex path-
ways for phosphoinositide- and calcium-mediated signal transduc-
tion (Fig. 8). The observation that genes encoding all three known
class I PI3Ks (PIK3CA, PIK3CD, and PIK3CG), Akt1 (AKT1)
and Akt2 (AKT2), and anti-apoptotic transcription factors CREB1
(CREB1) and Forkhead box O1A (FOXO1A) were down-regu-
lated is consistent with the parallel finding that PMNs are under-
going the initial stages of apoptosis (Ref. 4, Fig. 8, and Table I4).
We previously described down-regulation of AKT1 and FOXO1A
during phagocytosis-induced PMN apoptosis (4). Although
CREB1 encodes a transcription factor, it was included in this study
because of its critical importance as a downstream effector for
PI3K activation. PI3Ks are also critical for the conversion of phos-
phatidylinositol 4,5-biphosphate (PIP2) to phosphatidylinositol
3,4,5-triphosphate (PIP3), and repression of these genes is a po-
tential mechanism to regulate IP3 synthesis, and thus, calcium sig-
nal transduction (Fig. 8). Consistent with those findings, genes
encoding proteins directly involved in calcium-mediated signal
transduction, such as protein kinase C� and calcium/calmodulin-
dependent protein kinases II� and II�, were down-regulated during
phagocytosis-, Fas-, and CPT-induced apoptosis (Fig. 8).

Of the differentially expressed genes comprising PI3K/calcium
signal transduction, only genes encoding the ITPR1 and PI3K,C2�
(PIK3C2B) were up-regulated (Figs. 2A and 8A). This finding is
intriguing because class II PI3Ks phosphorylate phosphatidylino-
sitol and phosphatidylinositol 4-phosphate rather than PIP2, and
their role in leukocyte signal transduction remains unclear (38).
Up-regulation of ITPR1 is at variance with the observation that
other critical regulators of calcium signal transduction are down-
regulated (Fig. 8). However, ITPR1 has been implicated in T lym-
phocyte programmed cell death (39), and it is probable that it has
a similar role in PMN apoptosis.

Discussion
Several lines of evidence indicate that proinflammatory capacity of
human PMNs is regulated at the level of gene expression during
apoptosis. First, genes encoding 133 key proinflammatory media-
tors or signal transduction molecules were down-regulated during
the initial stages of phagocytosis-induced apoptosis. These genes
encode a significant number of proteins known to moderate essen-
tial PMN innate immune and inflammatory responses. The obser-
vation that proinflammatory genes are repressed is not likely
caused by general down-regulation of transcription 3–6 h after
phagocytosis, because 98 genes encoding metabolism and vesicle
trafficking are up-regulated during that time (32). Previous studies
of Whyte and coworkers (40) demonstrated diminished chemo-
taxis, degranulation, ROS production, and phagocytosis during
spontaneous apoptosis. Our observation that genes encoding proin-
flammatory mediators and accompanying signal transduction reg-
ulators are down-regulated during induction of phagocytosis-in-
duced PMN apoptosis is consistent with those findings.
Importantly, our results demonstrate that repression of genes en-
coding innate immune effectors accompanies reduced PMN func-
tion during apoptosis. Second, expression of genes encoding the
majority of up-regulated proinflammatory molecules decreased
rapidly after the 3- to 6-h “window” of the induction of PMN
apoptosis. This finding is especially significant in the context of the
expression of genes encoding 9 of 11 up-regulated proinflamma-
tory cytokines, chemokines, and growth factors, including TNF-�,

FIGURE 6. Down-regulation of IL-1� during the induction of phago-
cytosis-induced apoptosis. A, IL-1� was measured in unstimulated (blue
dots) or FcR/CR-stimulated (red dots) human PMNs with flow cytometry
as described in Materials and Methods. Percentage of staining from a rep-
resentative experiment is indicated within the quadrant. Staining with an
IgG1 isotype control Ab is shown in the top half of the panel (dotted line,
Isotype). B, Quantitation of IL-1� produced in unstimulated (blue square)
and stimulated (red square) PMNs. The graph represents percentage of
PMNs staining positive for intracellular IL-1� after FcR/CR-mediated
phagocytosis compared with unstimulated cells. Intracellular IL-1� was
detected in 1.78 � 0.38% and 8.1 � 3.0% of unstimulated PMNs at 6 and
9 h, respectively, compared with 0.95 � 0.05% and 3.9 � 1.3% at those
same times in PMNs following FcR/CR-mediated phagocytosis. �, p �
0.03 and 0.009 vs unstimulated PMNs, respectively; Student’s t test. Data
represent the mean � SD from three to seven separate individuals. C,
Measurement of the expression of the gene encoding IL-1� in unstimulated
PMNs (blue dotted line, Unstim.) or in PMNs after FcR/CR-mediated
phagocytosis (red solid line, FcR/CR) was extended to 24 h. �, p � 0.05 vs
gene expression in unstimulated PMNs at 3 and 6 h.
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VEGF, OSM, IL-6, and GROs � and � (Fig. 4). These results
indicate that proinflammatory signals up-regulated because of
phagocytosis/PMN activation are subsequently repressed at the on-
set of apoptosis.

Repression of genes encoding CD31 and IL-8R� correlated with
down-regulation of the surface expression of these proteins.
Down-regulation of CD31, a molecule required for transendothe-
lial migration of PMNs (41), has been shown to accompany spon-
taneous PMN apoptosis, although no link was provided between
gene and protein expression (42). Although it could be argued that
decreased surface expression of IL-8R� and CD31 in stimulated
cells is caused by internalization mediated by endocytosis (43), we
found no significant difference in the surface expression of IL-8R�

(between unstimulated and stimulated PMNs) until there was con-
comitant change in gene expression (Fig. 5). Of note, little evi-
dence has been provided for the modulation of IL-8R� during
PMN apoptosis. The gradual decrease in IL-8R� on the PMN sur-
face in our studies (over several hours) contrasts with very rapid
(within 10 min) down-regulation observed during endocytotic IL-
8R� internalization (43). Loyd and coworkers (44) previously
demonstrated a link between IL-8R� gene transcription and ex-
pression of protein on the PMN surface, which occurred on the
order of hours rather than minutes, just as we found in our studies.
Moreover, down-regulation of IL-8R� surface expression occurred
at a point in time in which PMN secretion of IL-8 and other
CXCR2 ligands was likely diminished compared with earlier time

FIGURE 7. Expression levels for pro- and anti-inflammatory mediators not differentially regulated. Gene expression was measured with Affymetrix
human oligonucleotide microarrays 3–6 h after receptor-mediated phagocytosis as described in Materials and Methods. Expression levels for genes called
“Present” (boldface type) by GeneChip Suite (Affymetrix) were determined based upon ADI values as described in Materials and Methods. Genes called
“Absent” by GeneChip Suite are listed as absent. In some cases, several probe sets were used to determine the expression level for a single gene.
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points (Fig. 2). Because IL-8 is a potent chemokine that modulates
key leukocyte responses such as chemotaxis (45), we propose that
down-regulation of IL-8R� during apoptosis is critical for the res-
olution of inflammation following PMN activation. Of note, the

gene encoding �2 arrestin (ARRB2), a protein that modulates
IL-8R internalization, was down-regulated (Fig. 7).

Phagocytosis-induced PMN apoptosis was accompanied by sig-
nificant decrease in the gene encoding IL-1� and importantly, the

FIGURE 8. Differential regulation of genes encoding signal transduction mediators and structural/cytoskeletal proteins. A, Differential gene expression
was measured with Affymetrix human oligonucleotide microarrays during the induction of PMN apoptosis 3–6 h after receptor-mediated phagocytosis
(Phago.), or following treatment with anti-Fas Ab (�Fas) or CPT. Symbols and colors are defined in the legend for Fig. 1. B, Measurement of the expression
of the gene encoding the class II PI3K2� in unstimulated PMNs (blue dotted line, Unstim.) or in PMNs after FcR/CR-mediated phagocytosis (red solid
line, FcR/CR) was extended to 24 h. �, p � 0.05 vs gene expression in unstimulated PMNs at either 3 or 6 h.
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corresponding level of IL-1� protein was diminished significantly.
Although a seemingly small population of PMNs expressed de-
tectable IL-1� in our assays (Fig. 6A), we found that the percent-
age of PMNs with detectable IL-1� increased significantly over
time because of accumulating cytokine in the ER after treatment
with brefeldin A. As a result, when the time of brefeldin A treat-
ment was extended, the level of detectable IL-1� increased (from
1.78 � 0.38% IL-1�-positive PMNs at 6 h, to 8.1 � 3.0% and
24.2 � 4.9% at 9 and 16 h, respectively). Most significantly, there
was always less intracellular IL-1� in stimulated PMNs compared
with unstimulated cells (Fig. 6). Production of IL-1� by PMNs has
not been characterized, but the cytokine has a critical role in the
innate immune and inflammatory responses in humans (46). Pro-
IL-1�, the fully active IL-1� precursor, is released upon cell death
(47), and would occur during necrotic PMN lysis. Because IL-1�
is an important inflammation-inducing cytokine, its down-regula-
tion by human PMNs during apoptosis has important implications
for termination of the inflammatory response. In support of these
findings, the gene encoding IL-1R accessory protein, a molecule
critical for IL-1 signal transduction (48), was down-regulated
(Fig. 2).

Multiple PMN functions are regulated by phosphoinositide me-
tabolism and calcium-mediated signal transduction (reviewed in
Refs. 20–24). Ligation of cell surface receptors, including IL-8R�,
activates PI3Ks, which in turn moderate a balance between PIP2
and PIP3, important second messengers for downstream signal
transduction events and subsequent cell activation. PIP3 concen-
trations increase dramatically upon PMN stimulation because of
the conversion of PIP2 to PIP3 by class I PI3Ks (49). By compar-
ison, PIP2 is present at high constitutive levels in human PMNs
(49) and is hydrolyzed to IP3 and diacylglycerol by phospholipase
C. It is PIP2-derived IP3 that binds to the ITPR1 and elicits efflux
of calcium from the ER into cytosol, thus facilitating subsequent
calcium-regulated cellular processes. Of note, PI3K signal trans-
duction has been directly linked to ROS generation in PMNs (17–
19). Therefore, regulating PI3K and calcium-mediated signal
transduction is important in maintaining a balance between pro-
and anti-inflammatory signals in the cell. The observation that at
least 21 genes encoding PI3K and calcium signal transduction
pathways were down-regulated suggests that the ability of the cell
to respond to proinflammatory stimuli, such as IL-8, was limited.
Thus, proinflammatory mediators and the signal transduction path-
ways linking them to cellular responses are down-regulated at the
level of gene expression during PMN apoptosis. Importantly, these
studies define precisely the regulation of specific components of
complex signal transduction pathways essential for PMN function.

In conclusion, we discovered that proinflammatory capacity is
1) down-regulated during the induction of PMN apoptosis, and 2)
regulated at the level of gene expression. We recently proposed
that an apoptosis differentiation program regulates, in part, cell-
fate, energy metabolism, and responses to oxidative stress, and
represents a final stage of transcriptionally regulated PMN matu-
ration (32). Based on the findings reported herein, the apoptosis
differentiation program down-regulates proinflammatory capacity
as well. We propose that these processes are critical for the reso-
lution of inflammation and bacterial infections in humans.
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