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Summary
Homeostatic regulation of neutrophil production is
thought to match neutrophil elimination to maintain
approximately constant numbers in the blood. Here,
we show that IL-17, a cytokine that regulates granulopoiesis through G-CSF, is made by ␥␦ T cells and unconventional ␣␤ T cells. These neutrophil-regulatory
T cells (Tn) are expanded in mice that lack leukocyte
adhesion molecules, which have neutrophilia and defective neutrophil trafficking. Normal neutrophils migrate to tissues, where they become apoptotic and
are phagocytosed by macrophages and dendritic
cells. This curbs phagocyte secretion of IL-23, a
cytokine controlling IL-17 production by Tn cells.
Adoptive transfer of wild-type, but not adhesion molecule-deficient, neutrophils into mice deficient in ␤2 integrins transiently decreases neutrophilia and reduces levels of serum IL-17. Antibody blockade of the
p40 subunit of IL-23 reduces neutrophil numbers in
wild-type mice. These findings identify a major homeostatic mechanism for the regulation of neutrophil
production in vivo.
Introduction
Peripheral blood neutrophil numbers are tightly regulated in both mice and humans. Homeostatic regulatory
mechanisms have been proposed (Demetri and Griffin,
1991) and debated (Horwitz et al., 2001) but never demonstrated. Enormous numbers of neutrophils (1011
polymorphonuclear neutrophils (PMN)/day in humans),
which circulate for a few hours and undergo apoptosis,
are produced every day. Older neutrophils in the blood
start expressing CXCR4 and home back to the bone
marrow (Martin et al., 2003); however, this process is
unlikely to occur in neutrophils that have left the bloodstream and have migrated into tissues.
Phagocytosis of apoptotic cells triggers powerful
anti-inflammatory signals (Savill and Fadok, 2000; Stuart et al., 2002). To investigate whether the phagocytosis of apoptotic neutrophils produces signals that regulate neutrophil production, we take advantage of mice
deficient in leukocyte or endothelial adhesion mole*Correspondence: klausley@virginia.edu
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cules such as integrins or selectins. Most of these mice
exhibit altered neutrophil trafficking and mild to severe
neutrophilia (Frenette et al., 1996; Mayadas et al., 1993;
Forlow et al., 2002; Scharffetter-Kochanek et al., 1998;
Robinson et al., 1999; Ellies et al., 1998; Bullard et al.,
1996; Forlow and Ley, 2001), which may compensate
for reduced efficiency of adhesion and transmigration
(Miyamoto et al., 2003; Jung et al., 1998). It is possible
that these mice keep making more neutrophils until
enough of them can enter critical target tissues.
The first plausible explanation for neutrophilia in
these mice was the passive accumulation hypothesis.
Neutrophil accumulation could be due to prolonged
half-life or an inability to leave the vasculature (Coxon
et al., 1996; Johnson et al., 1995; Weinmann et al.,
2003). However, bone marrow chimeras produced in lethally irradiated wild-type (WT) mice reconstituted with
mixed bone marrow from CD18−/− and WT mice show
normal neutrophil numbers (Forlow et al., 2001; Horwitz
et al., 2001), which excludes the possibility that CD18−/−
neutrophils passively accumulate in the blood.
Alternatively, neutrophil homeostasis may be achieved
in response to subclinical infection that results in
chronic inflammation in adhesion molecule-deficient
mice, which in turn causes neutrophilia. However,
CD18−/− mice given a course of antibiotics did not show
a significant reduction in blood neutrophil counts
(Weinmann et al., 2003). In addition, the internal organs
of CD18−/− and other mice have been screened without
evidence of systemic infection (Forlow et al., 2001;
Weinmann et al., 2003; Forlow et al., 2002). The absence of pathological bacteria does not exclude the
possibility that products of normal commensal flora
provide an important stimulus for normal neutrophil homeostasis. Here, we propose that an inhibitory feedback loop normally regulates granulopoiesis, and that
this negative feedback loop is disturbed in adhesion
molecule-deficient mice.
IL-17 is a proinflammatory cytokine expressed and
secreted by T lymphocytes (Fossiez et al., 1996; Spriggs,
1997; Infante-Duarte et al., 2000; Yao et al., 1995b; Happel et al., 2003) that can induce G-CSF-dependent neutrophilia when expressed in mice (Schwarzenberger et
al., 1998, 2000). It acts upstream of G-CSF to regulate
granulopoiesis in adhesion molecule-deficient mice
(Forlow et al., 2001). A newly discovered cytokine, IL23, has been shown to stimulate IL-17 production in T
lymphocytes (Aggarwal et al., 2003; Happel et al.,
2003). IL-23 is a heterodimer containing two subunits,
p19, which is unique to IL-23, and p40, which is shared
with IL-12 (Oppmann et al., 2000). Interestingly, p19
transgenic mice display neutrophilia (Wiekowski et al.,
2001). IL-23 is made by both dendritic cells (DCs) and
macrophages (Mfs) (Oppmann et al., 2000). We reasoned that apoptotic cell phagocytosis might downregulate IL-23 secretion.
Our working hypothesis was that neutrophils normally
traffic to peripheral tissues, where they are phagocytosed by Mfs and DCs after transmigration and apoptosis, which may downregulate IL-23 production by
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DCs and Mfs. Reduced IL-23 would then curb IL-17
and G-CSF production and eventually granulopoiesis.
If this process were interrupted by an inability of neutrophils to transmigrate due to adhesion molecule deficiency, tissue Mfs and/or DCs would continue to express IL-23. This could drive IL-17 expression and
increase granulopoiesis until enough neutrophils reach
the peripheral tissues and close the feedback loop.
Here, we present evidence that engulfment of apoptotic
neutrophils regulates cytokine production by phagocytes to achieve neutrophil homeostasis.
Results
Identification of IL-17-Producing Cells
To identify the source of IL-17 in vivo, we first analyzed
various organs from WT and adhesion molecule-deficient mice for their relative expression of IL-17 mRNA
by real-time quantitative RT-PCR normalized to 18s
RNA. IL-17 mRNA expression was found to be highest
in WT mesenteric lymph node (MLN), followed by lung,
terminal ileum (TI), jejunum, and spleen (Figure 1A).
When stimulated MLN cells from WT mice were stained
for intracellular IL-17, two populations of IL-17-producing cells were found, one expressing αβ-T cell receptor
(TCR), and the other expressing γδ-TCR (Figure 1B).
Blood neutrophil numbers are severely elevated in
CD18−/− mice (Scharffetter-Kochanek et al., 1998) and
in mice lacking both endothelial selectins, E- and
P-selectin (E/P−/−) (Bullard et al., 1996; Frenette et al.,
1996). In both CD18−/− and E/P−/− double knockout
mice, IL-17 mRNA is elevated in the spleen, lung, MLN,
TI, and jejunum compared to WT mice (Figure 1C). Conversely, neutrophil numbers in the peripheral blood are
reduced to 728 ± 56 PMN/l (n = 8) in IL-17 receptordeficient (IL-17R−/−) mice compared to 1,145 ± 165
PMN/l (n = 8) in WT mice (p < 0.05).
To investigate whether elevated IL-17 production is
a general phenomenon in adhesion molecule-deficient
mice, we surveyed mice with mild neutrophilia lacking
only one of the leukocyte integrins, αLβ2 (LFA-1−/−)
(Ding et al., 1999), or core2-glucosaminyltransferase
(Core2−/−) (Ellies et al., 1998), an enzyme required for
the biosynthesis of many selectin ligands. Lastly, we
chose mice lacking all three selectins (E/P/L−/−), which
have an intermediate phenotype (Robinson et al., 1999;
Collins et al., 2001). Figure 2 shows representative dot
plots of gated lymphocytes from the spleens of CD18−/−,
E/P−/−, E/P/L−/−, LFA-1−/−, Core2−/−, and WT mice
stained for γδ-TCR and αβ-TCR, which are expressed
on T lymphocytes. Three distinct populations are defined as γδ T lymphocytes (R1), αβ T lymphocytes that
are mostly CD4 negative and express intermediate
amounts of αβ-TCR (αβint-TCR, R2), and αβ T lymphocytes that express high levels of αβ-TCR (αβhigh-TCR,
R3). In WT mice with mild neutrophilia, the distinction
between the R2 and R3 populations is less clear (Figure 2).
The R1 (second column of Figure 2, and data not
shown) population of γδ T cells that express IL-17 are
CD3high, CD4−, and CD8−. The R2 (third column Figure
2, and data not shown) population consists of CD3int
CD8− αβint-TCR lymphocytes that produce IL-17. They

Figure 1. Real-Time Quantitative RT-PCR Reveals Localization of
IL-17 Expression
(A) Spleen, lung, mesenteric lymph node, terminal ileum, and jejunum of WT mice were assayed for IL-17 mRNA expression by realtime quantitative RT-PCR. All values are normalized to 18s RNA.
Results are shown as arbitrary units (WT spleen = 1).
(B) WT mesenteric lymph node cells were analyzed by flow cytometry after intracellular staining for IL-17 and surface staining for
αβ- and γδ-TCR. Lymphocytes gated by forward versus side scatter
were analyzed. The numbers in the upper quadrants indicate the
percentage of all gated cells.
(C) IL-17 expression in tissues from E/P−/− (open bars) and CD18−/−
(black bars) compared to WT mice (gray bars). Note the logarithmic scale.

have an oligoclonal TCR distribution with about 60%
Vβ8-TCR (data not shown), which is consistent with an
NK T cell phenotype (Emoto and Kaufmann, 2003; MacDonald, 2002; Watanabe et al., 1995; Moodycliffe et al.,
1999). However, they do not produce significant
amounts of IFN-γ or IL-4 upon stimulation (data not
shown) and do not express NK1.1 (data not shown). In
mice with mild neutrophilia, like Core2−/− and LFA-1−/−,
most CD3int αβint T cells that produce IL-17 express
CD4 (Figure 2), but this is not the case in mice with
severe neutrophilia, like CD18−/− or E/P−/−, in which
most IL-17-producing αβint T cells are CD4− (Figure 2).
E/P/L−/− mice display intermediate neutrophilia and intermediate levels of CD4+ expression on IL-17-producing αβint T cells (Figure 2). The R3 population (far right
column Figure 2) that produces IL-17 includes conventional αβ T cells that are mostly CD3highCD4+CD8−.
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Figure 2. Expanded Subsets of γδ T Lymphocytes and NK T-like Lymphocytes Produce IL-17 in Adhesion Molecule-Deficient Mice
Splenocytes from CD18−/−, E/P−/−, E/P/L−/−, LFA-1−/−, Core2−/−, and WT mice were analyzed by flow cytometry after intracellular staining for
IL-17 and surface antigens. Three populations of T lymphocytes are gated R1, R2, and R3 (far left column) and then analyzed for CD4 and
IL-17 expression (right three columns). Numbers in the corners of each panel represent the cell number as a percentage of all cells in the
respective gate.

We find that all IL-17-producing cells are CD45RBlow,
CD44high, and CD62Llow (L-selectin) (data not shown),
which is characteristic of effector memory cells (Watanabe et al., 1995; Sprent, 1997; Sprent and Surh, 2001;
Oehen and Brduscha-Riem, 1998).
Table 1 shows a summary of all IL-17-producing cells

in splenocytes of the six genotypes tested. For simplicity, αβhigh and αβint CD4− cells are not shown separately.
Even in normal C57BL/6 WT mice, some γδ T cells produce IL-17. The number of these cells increases steadily with increased neutrophilia. In mice with mild neutrophilia (Core2−/− and LFA-1−/−) CD4+ αβ T cells constitute
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Table 1. Subset Distribution of IL-17-Producing Tn Cells
IL-17-Producing Cells as a Percentage of Total Lymphocytes
All

γδ T Cells

+

Genotype
−/−

CD18
E/P−/−
E/P/L−/−
LFA-1−/−
Core2−/−
Wild-type

αβ T Cells
−

CD4
22 ± 2
4±2
4±2
0.7 ± 0.6
0.5 ± 0.4
0.2 ± 0.0

5±2
0.7 ± .2
1 ± .9
0.2 ± 0.1
0.1 ± 0.1
0.2 ± 0.0

1.8
0.4
1.2
0.4
0.3
0.1

±
±
±
±
±
±

Percent of All IL-17-Producing Cells
γδ T Cells

CD4
0.04
0.1
0.6
0.4
0.3
0.0

15 ± 3
3±1
1 ± 0.7
0.1 ± 0.1
0.1 ± 0.1
0.01 ± 0.00

24
15
22
47
31
63

±
±
±
±
±
±

11
3
10
22
23
3

αβ T Cells
CD4+

CD4−

8±1
10 ± 2
34 ± 7
39 ± 15
59 ± 22
33 ± 2

68 ± 11
75 ± 4
43 ± 5
13 ± 6
10 ± 5
3.9 ± 0.2

Percent ± SEM of spleen lymphocytes determined by forward and side-scatter properties from at least three separate experiments. The CD4−
subset of Tn cells includes αβhigh and αβint T lymphocytes.

more than 70% of the αβ T cells that produce IL-17.
In CD18−/− mice, the most important IL-17-producing T
cells are CD4− CD3int αβ-TCRint T cells.
Phagocytosis of Apoptotic Neutrophils Decreases
IL-23 Secretion in Bone Marrow-Derived Dendritic
Cells and Macrophages
One of the cytokines regulating IL-17 production is IL23. IL-23 is predominantly made by DCs and Mfs (Oppmann et al., 2000) and induces IL-17 secretion in cultured T cells in vitro (Aggarwal et al., 2003; Happel et
al., 2003). We investigated whether IL-23 would stimulate IL-17 production in the subset of γδ and αβ T cells
that produce IL-17. We took advantage of splenocytes

from CD18−/− mice, which spontaneously have large
numbers of IL-17-producing cells. Unfractionated
CD18−/− splenocytes (2 × 106 cells/ml) were incubated
with either rIL-23 or rIL-12 for 24 hr, and IL-17 concentration in the supernatant was measured by ELISA. rIL23, but not rIL-12, stimulated IL-17 production in a
dose-dependent manner (Figure 3A).
To investigate the physiology of IL-17 regulation, unfractionated CD18−/− splenocytes were cocultured with
LPS-stimulated bone marrow-derived dendritic cell
(BMDC)-conditioned media for 24 hr with or without an
antibody against the common subunit to IL-12 and IL23 (p40) or an antibody specific to IL-12 (p70) (Figure
3B). In agreement with a previously published report

Figure 3. IL-23 Production in DCs and Mfs
Is Regulated by Phagocytosis of Apoptotic
Neutrophils
CD18−/− splenocytes were used as a bioassay to detect IL-23 in cell culture-conditioned media.
(A) CD18−/− splenocytes were incubated with
either rIL-23 or rIL-12 for 24 hr at 37°C, and
supernatants were assayed for IL-17 by
ELISA.
(B) BMDCs were stimulated for 24 hr with
100 ng/ml LPS. Cell-free conditioned media
were added to CD18−/− splenocytes (2 × 106/
ml final concentration). Conditioned media
of BMDCs alone contain no detectable IL17. WT BMDC-conditioned media cultured
with CD18−/− splenocytes stimulate IL-17.
This effect is inhibitable by preincubation of
BMDC-conditioned media with mAb to the
p40 subunit (anti-p40) common to both IL23 and IL-12. Preincubation with an IL-12specific mAb (anti-p70) has no effect (n = 4);
*p < 0.05. Error bars show mean ± SEM.
(C) WT BM was aged in complete media for
8 hr, resulting in 20% GR-1+ apoptotic neutrophils as defined by annexin V staining.
Aged BM cells were added to WT or CD18−/−
BMDCs in a 1:1 ratio and were allowed to
interact overnight. They were then stimulated with 100 ng/ml LPS for 24 hr, and supernatant was assayed to determine IL-23
secretion as detected by its ability to stimusplenocytes. Results are representative of at least three separate experiments; *p < 0.05. Error bars show

late IL-17 secretion in CD18−/−
mean ± SEM.
(D) Aged apoptotic BM cells were added in a 3:1 to 2:1 ratio to peritoneal macrophages and allowed to interact for 2 hr. Nonphagocytosed
cells were washed off. 100 ng/ml LPS was added, and the cells were incubated for 24 hr. Cell-free conditioned media were assayed for IL23-induced IL-17 secretion. Results are representative of two separate experiments; *p < 0.05. Error bars show mean ± SEM.
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Figure 4. Adoptive Transfer of WT BM Neutrophils to CD18−/− Mice Reduces Elevated
IL-23 Expression and Serum IL-17
(A) The mesenteric lymph nodes of WT and
CD18−/− mice were assayed for p40, p19,
and p35 mRNA expression by real-time
quantitative RT-PCR. All values are normalized to 18s RNA. Results are shown as arbitrary units (WT expression = 1) (n = 3; *p <
0.05). Error bars show mean ± SEM.
(B) Aseptically isolated and purified BMPMN cells from WT mice or CD18−/− (107/ml)
were injected via tail vein (500 l, 5 × 106
cells total) into CD18−/− mice. p40 and p19
expression in the mesenteric lymph node of
recipient CD18−/− mice was assayed by realtime quantitative RT-PCR 24 hr after adoptive transfer (n = 3, *p < 0.05). Error bars
show mean ± SEM.
(C) Serum IL-17 (pg/ml) was measured by
ELISA 24 hr after adoptive transfer (n = 3,
*p < 0.05). Error bars show mean ± SEM.
(D) Peripheral blood neutrophil counts of
CD18−/− mice receiving WT unfractionated
BM cells (gray bars) or control CD18−/− unfractionated BM cells (black bars) (n = 4,
*p < 0.05). Error bars show mean ± SEM.
(E) WT mice injected with anti-p40 antibody
showed reduced blood neutrophil counts 48
hr after mAb injection.

(Aggarwal et al., 2003; Happel et al., 2003), only antibody to the p40 subunit inhibited IL-17 production.
These findings indicate that a p40-containing factor,
most likely IL-23, is a major regulator of IL-17 production. In addition, p40 homodimers could also have
biological effects and contribute to our observations.
IL-12 secretion is known to be downregulated when
BMDCs phagocytose apoptotic cells (Stuart et al.,
2002). To test the effect of phagocytosis of apoptotic
neutrophils on IL-23 secretion, we measured IL-23 activity in conditioned media by its ability to induce IL-17
secretion of CD18−/− splenocytes. This bioassay showed
a linear relation with the amount of IL-23 added (R2 =
0.99). Very little IL-17 is produced from either unstimulated or LPS-stimulated CD18−/− splenocytes in
control media, (30 ± 13 and 235 ± 32 pg/ml IL-17,
respectively, versus over 3000 pg/ml in response to
LPS-stimulated BMDC-conditioned media). Coculture
of WT or CD18−/− BMDCs and Mfs with apoptotic neutrophils decreased IL-23 secretion by about 50% (Figures 3C and 3D). The use of CD18−/− BMDCs demonstrates that phagocytes do not require β2 integrins for
efficient phagocytosis of apoptotic cells, consistent
with previous reports with human macrophages (Ren et
al., 2001). There is no published evidence that efficient
phagocytosis requires the presence of β2 integrins on
apoptotic cells. To control for a secreted factor from
apoptotic cells that would downregulate IL-23 secretion from BMDCs, we sorted fluorescently labeled WT
or CD18−/− BMDCs into two populations that had
phagocytosed fluorescently labeled apoptotic cells or
not (data not shown). Only BMDCs that had ingested
apoptotic cells showed marked reduction in IL-23 production by 62% and 56%, for WT and CD18−/−
BMDCs, respectively.

Adoptive Transfer of Bone Marrow Neutrophils
Transiently Normalizes Neutrophilia
Since IL-17 expression as determined by real-time RTPCR is elevated in the MLN of CD18−/− mice compared
to WT mice (Figure 1C), we predicted that IL-23 expression would be elevated as well. Real-time RT-PCR
shows that both p40 and p19 (IL-23), but not p35 (IL12), are significantly elevated in CD18−/− mice (n = 3;
Figure 4A). Based on previous work with chimeric bone
marrow reconstitution experiments of lethally irradiated
mice (Forlow et al., 2001; Horwitz et al., 2001), we hypothesized that normal transmigration of WT neutrophils into peripheral tissues of adhesion molecule-deficient mice may restore neutrophil homeostasis. To test
whether WT neutrophils would become phagocytosed,
reduce IL-23, and consequently reduce IL-17, G-CSF,
and neutrophil production, 5 × 106 WT or CD18−/− Percoll gradient-purified bone marrow neutrophils (BMPMN > 95% neutrophils, GR-1high) were injected via the
tail vein into CD18−/− mice. WT, but not CD18−/− adoptively transferred BM-PMN, significantly decreased p40
expression in the MLN of CD18−/− recipient mice to WT
levels of expression at 24 hr (n = 3; Figure 4B). p19
expression was marginally decreased. Serum IL-17
concentration was reduced by 52% ± 6% in CD18−/−
mice that had been adoptively transferred with WT, but
not CD18−/−, BM-PMN. WT mice have undetectable serum IL-17 (<10 pg/ml). This finding suggests that WT
neutrophils can transiently correct the neutrophilia seen
in CD18−/− mice, presumably because they can reach
the critical target organs, become phagocytosed, and
suppress IL-23 and IL-17 levels. Consistent with reduced IL-17 levels, neutrophil counts in the blood of
CD18−/− mice receiving WT cells were reduced at 24
hr (Figure 4D). This finding was confirmed by adoptive
transfer of WT BM-PMN into mice that lack both α(1,3)-
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Figure 5. Adoptively Transferred WT, but Not
CD18−/− BM Neutrophils, Reach Tissue DC
and/or Mf to Be Phagocytosed
(A) Aseptically isolated BM cells from WT
and CD18−/− mice were labeled with PKH26
and CFSE, respectively. A 1:1 ratio of cells
(500 l, 107 total cells) was injected via tail
vein into a CD45.1+ host. After 8 hr, singlecell suspensions of lung, bone marrow, and
spleen were analyzed by flow cytometry. A
CD45.1 host was used to evaluate phagocytosis of donor cells. The CD45.2−, CD45.1+
host cells will only be positive for PKH26 or
CFSE after phagocytosis of fluorescently labeled donor cells. PKH26-labeled WT BM
cells (left panel) or CFSE-labeled CD18−/−
BM cells (right panel) were gated and analyzed for CD45.1 expression. Data are representative of two different experiments.
(B) Aseptically isolated BM-PMN cells from
WT or CD18−/− mice (5 × 106/500 l) were
labeled with CFSE and injected via tail vein
into CD45.1+ recipient mice. After 4 hr, the
MLN were harvested and treated with a collagenase-containing enzyme cocktail and
evaluated by flow cytometry. Cells were first
gated for CD45.1+ host cells, then for DC by
CD11c and MHC II expression. Phagocytosis
can be determined by green fluorescence
(CFSE-labeled BM-PMN).

fucosyltransferases (FucT)-IV and FucT-VII (Homeister
et al., 2001), enzymes necessary for the generation of
leukocyte ligands for E- and P-selectins. 24 hr after
adoptive transfer, circulating neutrophil numbers were
reduced by 40% to 18.8 ± 1.7 (103 PMN/l). Infusing
FucT IV/VII−/− BM-PMN had no such effect (30.8 ± 2.0
103 PMN/l, n = 3, p < 0.007).
Immunoneutralization of IL-23
To test the validity of our proposed mechanism in WT
mice, we neutralized IL-23 with an antibody to p40 i.p.
Anti-IL-12 p40 mAb (C17.8) neutralizes p40-containing
factors, including IL-12, IL-23, and p40 homodimers,
but anti-IL-12p70 (C18.2) neutralizes only IL-12. Blood
neutrophil counts were determined before and 48 hr
after injection. Mice treated with anti-p40 antibody
(C17.8) showed a significant decrease of blood neutrophil numbers from 2.31 ± 0.13 to 1.51 ± 0.05 (103 PMN/
l) (Figure 4E; n = 5, p < 0.04, paired t test), while those
treated with anti-p70 antibody (C18.2) did not (average
2.5 ± 0.28 and 2.08 ± 0.12 103 PMN/l, respectively).
In Vivo Trafficking of Neutrophils
In order to directly demonstrate phagocytosis of neutrophils in vivo, we injected via tail vein fluorescently

labeled CD18−/− (CFSE) and WT (PKH26) unfractionated
BM cells (both CD45.2+) into the same CD45.1+ mouse.
PKH26 and CD45.1 double-positive events represent
WT neutrophils ingested by recipient phagocytes, whereas
CFSE-CD45.1 double-positive events represent CD18−/−
neutrophils ingested by recipient phagocytes. WT cells
were much more likely to be closely associated with
CD45.1+ phagocytes than CD18−/− neutrophils. This effect was significant in all organs tested. Association
(phagocytosis) was reduced from 30.6% to 2.5% in the
lung, 12.6% to 3.4% in the bone marrow, and 19.1% to
5.1% in the spleen when β2 integrins were absent. Intact trafficking of CD18−/− neutrophils to the lung, bone
marrow, and spleen indicates that CD18−/− neutrophils
can enter these organs.
Since unfractionated bone marrow cells contain only
35%–60% mature neutrophils, we repeated similar experiments with isolated purified BM-PMN (>95% pure).
When CFSE-labeled WT BM-PMN were injected into
CD45.1+ WT mice, 6.5% of all CD11chigh MHC II+ DCs
were closely associated with or had phagocytosed
CFSE-labeled neutrophils at 4 hr after injection. By contrast, only 1.9% of MLN DCs were closely associated
with or had phagocytosed CD18−/− BM-PMNs 4 hr after
adoptive transfer (Figure 5B).
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Discussion
We used in vitro and complementary in vivo studies to
reveal the mechanisms involved in neutrophil homeostasis. Our data suggest that phagocytosis of apoptotic
neutrophils is more than just waste disposal. It also
actively regulates neutrophil production by suppressing
IL-23 secretion from phagocytes, which in turn reduces
IL-17 and G-CSF. Elevated expression and secretion of
IL-23 and IL-17 in CD18−/− mice is corrected by infusion
of WT neutrophils. Two distinct populations of IL-17producing cells, a γδ T cell subset and an NK T cell-like
subset, in addition to the previously identified conventional CD4+ T cells are consistently found in five independent lines of adhesion molecule knockout mice with
impaired neutrophil recruitment. Previous studies have
shown that IL-17 production drives G-CSF (Forlow et
al., 2001; Schwarzenberger et al., 1998; Schwarzenberger et al., 2000) and that G-CSF is directly responsible for the differentiation and proliferation of neutrophil
precursors in the bone marrow (Lieschke et al., 1994;
Demetri and Griffin, 1991; Richards et al., 2003). The
present data close the missing links and complete the
neutrophil homeostatic feedback loop (Figure 6).

Figure 6. Model of IL-23/IL-17-Dependent Granulopoiesis
Normal neutrophils are able to adequately transmigrate into tissues. Apoptotic neutrophils are phagocytosed by Mf and DC,
which reduces IL-23 production and resulting IL-17 production in
γδ Tn, NK T-like Tn, and CD4 T cells. Neutrophils produced in adhesion molecule-deficient mice are unable to efficiently transmigrate
into critical peripheral tissue sites. Therefore, Mfs and DCs that
produce IL-23 do not phagocytose enough neutrophils that have
become apoptotic. Increased IL-23 subsequently stimulates IL-17,
G-CSF, and granulopoiesis until enough neutrophils are made to
reach all critical target tissues. IL-17 increases G-CSF, which can
be blocked by an adenovirus encoding for soluble IL-17 receptor
(Forlow et al., 2001). G-CSF can be blocked by anti-G-CSF (Forlow
et al., 2001), which directly regulates circulating neutrophils.
“Other” indicates that other modifying factors likely exist at these
levels. The line with the bar indicates inhibition.

IL-17-Producing Cells
IL-17 has been shown to produce neutrophilia when
overexpressed in mice (Schwarzenberger et al., 1998)
and is elevated in many inflammatory conditions (Miossec, 2003). The traditional view is that IL-17 is produced
by activated CD4+ T cells (Spriggs, 1997; Yao et al.,
1995b; Infante-Duarte et al., 2000; Fossiez et al., 1996).
We confirm that conventional CD3highCD4+αβ-TCRhigh
T cells with an activated phenotype produce IL-17 in
splenocytes of mice with defects in neutrophil trafficking. However, a separate population of IL-17-producing
CD4− αβ T cells in the splenocytes of the six strains of
mice examined shows intermediate αβ-TCR and CD3
expression, in addition to oligoclonal expression of Vβ8
(60%) similar to that found in NK T cells, although they
do not express NK1.1, or produce IFN-γ or IL-4 upon
stimulation. These cells are NK T-like unconventional
αβ cells. IL-17-producing NK T-like cells can be characterized as αβ-TCRint Vβ8+ CD3int CD4− CD8− CD45RBlo
CD44high CD62Llow. In WT mice, an even larger number
of IL-17-producing cells are γδ T cells that can be characterized as γδ-TCR+ CD3hi CD4− CD8− CD45RBlo
CD44high CD62Llow. Together, these two newly identified
cell populations comprise the majority of all IL-17-producing cells in the spleens of five strains of adhesion
molecule knockout mice and normal C57BL/6 WT mice.
We propose to call these cells “neutrophil regulatory T
cells,” or “Tn” cells. Perhaps it would be reasonable
and convenient to distinguish between γδ Tn and NK
T-like Tn cells.
Anti-Inflammatory Effects of Phagocytosis
of Apoptotic Neutrophils
During the resolution phase of inflammation, apoptosis
is considered the “safe” and anti-inflammatory pathway
of cell elimination (Savill and Fadok, 2000). Indeed,
phagocytosis of apoptotic neutrophils has previously
been shown to reduce secretion of IL-12 from dendritic
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cells (Stuart et al., 2002). IL-23 was discovered only recently (Oppmann et al., 2000) and recognized to drive
IL-17 production in mice. Here, we show that IL-23 and
the resulting IL-17 production is elevated in CD18−/−
mice, and both are reduced when WT apoptotic neutrophils are phagocytosed. The signaling pathways leading to reduced production of inflammatory cytokines
have been explored by others (Ravichandran, 2003).
The physiologic relevance of the observation of a regulatory role of phagocytosis of apoptotic neutrophils is
underscored by our ability to suppress IL-23 (p40) expression, serum IL-17 levels, and neutrophilia by adoptively transferring WT neutrophils into CD18−/− mice.
Other Inputs
The homeostatic mechanism proposed in Figure 6 illustrates only the main regulatory pathway. We have
shown that inhibitory interventions at critical checkpoints interfere with neutrophilia produced by the absence of adhesion molecules that are relevant to neutrophil trafficking. Although adoptive transfer of WT
neutrophils to CD18−/− mice reduced p40 levels to normal, neutrophilia and serum IL-17 were only partially
reduced. It is possible that IL-23 protein is still present
24 hr after adoptive transfer when p40 mRNA levels are
normal. In addition, other modifying inputs are likely to
exist at each stage of the regulatory feedback loop,
which is really embedded in a large meshwork of positive and negative feedback circuits.
There are at least six isoforms of IL-17 and two receptors that have been shown to be physiologically relevant, IL-17R and IL-17RH1 (Moseley et al., 2003; Yao
et al., 1995a). Both ligands of IL-17R, IL-17A (as measured here) and IL-17F, can induce granulopoiesis.
Other members of the IL-17 family that have been
shown to induce neutrophilia are IL-17B and IL-17C,
which can bind IL-17RH1 (Hurst et al., 2002; Li et al.,
2000). Mice deficient in IL-17A or its receptor are reported to have normal blood neutrophil levels (Nakae
et al., 2002; Ye et al., 2001; Spriggs, 1997). However, we
measured a significant 40% decrease of blood neutrophil numbers in IL-17R−/− mice as compared to WT
mice.
Both G-CSF−/− or G-CSFR−/− mice exhibit severe
neutropenia. These mice have mature neutrophils in the
blood but only at 20% of the levels of WT mice
(Lieschke et al., 1994; Liu et al., 1996). Additional deletion of IL-6 (G-CSFR × IL-6-deficient) results in a more
severe phenotype (Liu et al., 1997), although IL-6-deficient mice have normal basal granulopoiesis. Thus, IL-6
is partially compensating for the G-CSF receptor deletion.
Although acute immunoneutralization of IL-23 reduces
blood neutrophil counts in WT mice, IL-23 (p19−/−) mice
have normal numbers of CD16+ cells, which include
neutrophils, in the blood (Ghilardi et al., 2004). Similarly,
p40−/− mice that lack both IL-23 and IL-12 have normal
blood neutrophil counts (data not shown and Magram
et al., 1996). These findings suggest that IL-23, which
is relatively upstream in the regulatory mechanism, can
be compensated for by other regulatory inputs. By contrast, mice lacking IL-17R have overt neutropenia, and
mice lacking G-CSF or G-CSFR have very severe neutropenia, suggesting that the regulating mechanisms

downstream of IL-23 are critical for normal neutrophil
homeostasis.
Neutrophil Turnstile
In the context of the newly discovered feedback loop,
the image of a turnstile counting the neutrophils as they
come through is useful. Such a turnstile was first proposed to exist by Griffin’s work (Demetri and Griffin,
1991), but was neither located nor defined at the cellular or molecular level. It is clear that the turnstile is not
located at the exit point from the bone marrow, because neutrophil release from the bone marrow is not
defective in adhesion molecule-deficient mice (Horwitz
et al., 2001). It is also hard to conceive of a turnstile
in the flowing blood. Our data suggest that the most
important turnstile is located in the gastrointestinal
tract, because, in WT mice, most IL-17 is expressed in
the MLN. The small bowel is a place where the immune
and inflammatory systems are confronted with antigens
from endogenous bacterial flora, which may provide
stimuli for the dendritic cells and macrophages to elaborate IL-23. Consistent with this concept, germ-free
rats have neutrophil levels that are one-tenth of those
of normal conventional rats (Ohkubo et al., 1999), suggesting that bacteria or bacterial products are necessary for normal circulating levels of neutrophils. Two recent publications support our hypothesis that normal
flora in the gut is indeed necessary for proper neutrophil homeostasis. First, Becker et al. (2003) demonstrated that p40 (IL-23) expression in dendritic cells of
the terminal ileum was dependent on bacterial stimulation in WT mice. Second, Macpherson and Uhr (2004)
showed that dendritic cells from the Peyer’s patch constitutively phagocytose commensal bacteria and traffic
to the MLN. We speculate that neutrophil phagocytosis
may occur in the Peyer’s patch, lamina propria, and
submucosal layers of the intestine, from where dendritic cells migrate to the MLN. It is possible that regulatory processes occur at other interfaces between epithelial tissues and the environment, such as the skin
and lung. In fact, we found IL-17-expressing T cells in
the mediastinal and peribronchial lymph node, suggesting that the homeostatic mechanism is not restricted to the intestinal system (data not shown).
Conclusions
We have tested our hypothesis most rigorously in
CD18−/− mice, but we have also investigated WT and
five other strains of adhesion molecule knockout mice
and found results consistent with our model. Interestingly, serum IL-17 correlates nicely with the level of
neutrophilia in each strain (Forlow et al., 2001), underscoring the wide applicability of this mechanism. However, we cannot exclude that in some knockout mice
other regulatory pathways may exist. As predicted by
our observation of negative regulation of IL-23 and subsequent IL-17 production by uptake of apoptotic neutrophils, we find very few IL-17-producing T cells in normal WT mice under specific pathogen-free conditions.
We believe this reflects the normal suppressive effect
of continuous uptake of apoptotic neutrophils by tissue
dendritic cells and macrophages. A few IL-17-express-
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ing cells are found in the MLN of WT mice, and they
show characteristics of γδ T and NK T-like cells.
Our data establish a physiologic feedback circuit that
regulates neutrophil homeostasis in mice and identifies
the IL-23 – IL-17 – G-CSF axis as the major regulatory
pathway. Phagocytosis of apoptotic cells by dendritic
cells and macrophages represents the critical inhibitory
step, which is central for a negative feedback loop. The
discovery of neutrophil-regulating γδ and NK T-like cells
suggests new ways to manipulate the inflammatory
system and neutrophil production with possible relevance to the treatment of inflammatory diseases and
the mitigation of chemotherapy-induced neutropenia.

Coxon, A., Rieu, P., Barkalow, F.J., Askari, S., Sharpe, A.H., von
Andrian, U.H., Arnaout, M.A., and Mayadas, T.N. (1996). A novel
role for the beta 2 integrin CD11b/CD18 in neutrophil apoptosis: a
homeostatic mechanism in inflammation. Immunity 5, 653–666.
Demetri, G.D., and Griffin, J.D. (1991). Granulocyte colony-stimulating factor and its receptor. Blood 78, 2791–2808.
Ding, Z.M., Babensee, J.E., Simon, S.I., Lu, H., Perrard, J.L., Bullard, D.C., Dai, X.Y., Bromley, S.K., Dustin, M.L., Entman, M.L., et
al. (1999). Relative contribution of LFA-1 and Mac-1 to neutrophil
adhesion and migration. J. Immunol. 163, 5029–5038.
Ellies, L.G., Tsuboi, S., Petryniak, B., Lowe, J.B., Fukuda, M., and
Marth, J.D. (1998). Core 2 oligosaccharide biosynthesis distinguishes between selectin ligands essential for leukocyte homing and
inflammation. Immunity 9, 881–890.
Emoto, M., and Kaufmann, S.H. (2003). Liver NKT cells: an account
of heterogeneity. Trends Immunol. 24, 364–369.

Supplemental Data
Supplemental Data including detailed Experimental Procedures are
available with this article online at http://www.immunity.com/cgi/
content/full/22/3/285/DC1/.

Acknowledgments
We thank Dr. Kodi Ravichandaran, University of Virginia, for valuable discussion. We are grateful for Dr. Austin L. Gurney’s (Genentech, San Francisco, CA) gift of recombinant IL-23. We also thank
Dr. Arthur L. Beaudet (Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, TX), Dr. Christie M. Ballantyne (Department of Medicine, Baylor College of Medicine,
Houston, TX), Dr. Daniel C. Bullard (Department of Comparative
Medicine, University of Alabama-Birmingham, Birmingham, AL), Dr.
Jamey D. Marth (Howard Hughes Medical Institute, Division of Cellular and Molecular Medicine, University of California, San Diego,
La Jolla, CA), Dr. Robert G. Collins (Department of Molecular and
Human Genetics, Baylor College of Medicine, Houston, TX), and Dr.
Jacques J. Peschon (Amgen, Inc., Seattle, Washington) for providing breeding pairs of CD18−/−, LFA-1−/−, E/P−/−, Core2−/−, E/P/L−/−,
and IL-17R−/− mice, respectively. We also thank Drs. Theresa Pizarro and Jesus Rivera-Nieves (University of Virginia) for their kind
gift of anti-p70 and anti-p40 antibodies. Finally, we appreciate
Michele Kirkpatrick for her organization and animal husbandry. This
work was supported by grants from the National Institutes of
Health HL-54136 (K.L.) and T32 GM 08715-01A1 (M.A.S.) to Gordon
Laurie and K.L.
Received: August 4, 2004
Revised: November 30, 2004
Accepted: January 12, 2005
Published: March 22, 2005
References
Aggarwal, S., Ghilardi, N., Xie, M.H., de Sauvage, F.J., and Gurney,
A.L. (2003). Interleukin-23 promotes a distinct CD4 T cell activation
state characterized by the production of interleukin-17. J. Biol.
Chem. 278, 1910–1914.
Becker, C., Wirtz, S., Blessing, M., Pirhonen, J., Strand, D., Bechthold, O., Frick, J., Galle, P.R., Autenrieth, I., and Neurath, M.F.
(2003). Constitutive p40 promoter activation and IL-23 production
in the terminal ileum mediated by dendritic cells. J. Clin. Invest.
112, 693–706.
Bullard, D.C., Kunkel, E.J., Kubo, H., Hicks, M.J., Lorenzo, I., Doyle,
N.A., Doerschuk, C.M., Ley, K., and Beaudet, A.L. (1996). Infectious
susceptibility and severe deficiency of leukocyte rolling and recruitment in E-selectin and P-selectin double mutant mice. J. Exp. Med.
183, 2329–2336.
Collins, R.G., Jung, U., Ramirez, M., Bullard, D.C., Hicks, M.J.,
Smith, C.W., Ley, K., and Beaudet, A.L. (2001). Dermal and pulmonary inflammatory disease in E-selectin and P-selectin double-null
mice is reduced in triple-selectin-null mice. Blood 98, 727–735.

Forlow, S.B., and Ley, K. (2001). Selectin-independent leukocyte
rolling and adhesion in mice deficient in E-, P-, and L-selectin and
ICAM-1. Am. J. Physiol. Heart Circ. Physiol. 280, H634–H641.
Forlow, S.B., Schurr, J.R., Kolls, J.K., Bagby, G.J., Schwarzenberger, P.O., and Ley, K. (2001). Increased granulopoiesis through
interleukin-17 and granulocyte colony-stimulating factor in leukocyte adhesion molecule-deficient mice. Blood 98, 3309–3314.
Forlow, S.B., Foley, P.L., and Ley, K. (2002). Severely reduced neutrophil adhesion and impaired host defense against fecal and commensal bacteria in CD18−/− P-selectin−/− double null mice. FASEB
J. 16, 1488–1496.
Fossiez, F., Djossou, O., Chomarat, P., Flores-Romo, L., Ait-Yahia,
S., Maat, C., Pin, J.J., Garrone, P., Garcia, E., Saeland, S., et al.
(1996). T cell interleukin-17 induces stromal cells to produce proinflammatory and hematopoietic cytokines. J. Exp. Med. 183, 2593–
2603.
Frenette, P.S., Mayadas, T.N., Rayburn, H., Hynes, R.O., and
Wagner, D.D. (1996). Susceptibility to infection and altered hematopoiesis in mice deficient in both P- and E-selectins. Cell 84, 563–
574.
Ghilardi, N., Kljavin, N., Chen, Q., Lucas, S., Gurney, A.L., and de
Sauvage, F.J. (2004). Compromised humoral and delayed-type hypersensitivity responses in IL-23-deficient mice. J. Immunol. 172,
2827–2833.
Happel, K.I., Zheng, M., Young, E., Quinton, L.J., Lockhart, E., Ramsay, A.J., Shellito, J.E., Schurr, J.R., Bagby, G.J., Nelson, S., and
Kolls, J.K. (2003). Cutting edge: roles of Toll-like receptor 4 and IL23 in IL-17 expression in response to Klebsiella pneumoniae infection. J. Immunol. 170, 4432–4436.
Homeister, J.W., Thall, A.D., Petryniak, B., Maly, P., Rogers, C.E.,
Smith, P.L., Kelly, R.J., Gersten, K.M., Askari, S.W., Cheng, G., et al.
(2001). The alpha(1,3)fucosyltransferases FucT-IV and FucT-VII exert collaborative control over selectin-dependent leukocyte recruitment and lymphocyte homing. Immunity 15, 115–126.
Horwitz, B.H., Mizgerd, J.P., Scott, M.L., and Doerschuk, C.M.
(2001). Mechanisms of granulocytosis in the absence of CD18.
Blood 97, 1578–1583.
Hurst, S.D., Muchamuel, T., Gorman, D.M., Gilbert, J.M., Clifford, T.,
Kwan, S., Menon, S., Seymour, B., Jackson, C., Kung, T.T., et al.
(2002). New IL-17 family members promote Th1 or Th2 responses
in the lung: in vivo function of the novel cytokine IL-25. J. Immunol.
169, 443–453.
Infante-Duarte, C., Horton, H.F., Byrne, M.C., and Kamradt, T.
(2000). Microbial lipopeptides induce the production of IL-17 in Th
cells. J. Immunol. 165, 6107–6115.
Johnson, R.C., Mayadas, T.N., Frenette, P.S., Mebius, R.E., Subramaniam, M., Lacasce, A., Hynes, R.O., and Wagner, D.D. (1995).
Blood cell dynamics in P-selectin-deficient mice. Blood 86, 1106–
1114.
Jung, U., Norman, K.E., Scharffetter-Kochanek, K., Beaudet, A.L.,
and Ley, K. (1998). Transit time of leukocytes rolling through venules controls cytokine-induced inflammatory cell recruitment in
vivo. J. Clin. Invest. 102, 1526–1533.

Immunity
294

Li, H., Chen, J., Huang, A., Stinson, J., Heldens, S., Foster, J.,
Dowd, P., Gurney, A.L., and Wood, W.I. (2000). Cloning and characterization of IL-17B and IL-17C, two new members of the IL-17
cytokine family. Proc. Natl. Acad. Sci. USA 97, 773–778.
Lieschke, G.J., Grail, D., Hodgson, G., Metcalf, D., Stanley, E.,
Cheers, C., Fowler, K.J., Basu, S., Zhan, Y.F., and Dunn, A.R. (1994).
Mice lacking granulocyte colony-stimulating factor have chronic
neutropenia, granulocyte and macrophage progenitor cell deficiency, and impaired neutrophil mobilization. Blood 84, 1737–1746.
Liu, F., Wu, H.Y., Wesselschmidt, R., Kornaga, T., and Link, D.C.
(1996). Impaired production and increased apoptosis of neutrophils
in granulocyte colony-stimulating factor receptor-deficient mice.
Immunity 5, 491–501.
Liu, F., Poursine-Laurent, J., Wu, H.Y., and Link, D.C. (1997). Interleukin-6 and the granulocyte colony-stimulating factor receptor
are major independent regulators of granulopoiesis in vivo but are
not required for lineage commitment or terminal differentiation.
Blood 90, 2583–2590.
MacDonald, H.R. (2002). Development and selection of NKT cells.
Curr. Opin. Immunol. 14, 250–254.
Macpherson, A.J., and Uhr, T. (2004). Induction of protective IgA by
intestinal dendritic cells carrying commensal bacteria. Science 303,
1662–1665.
Magram, J., Connaughton, S.E., Warrier, R.R., Carvajal, D.M., Wu,
C.Y., Ferrante, J., Stewart, C., Sarmiento, U., Faherty, D.A., and
Gately, M.K. (1996). IL-12-deficient mice are defective in IFN-γ production and type 1 cytokine responses. Immunity 4, 471–481.
Martin, C., Burdon, P.C., Bridger, G., Gutierrez-Ramos, J.C., Williams, T.J., and Rankin, S.M. (2003). Chemokines acting via CXCR2
and CXCR4 control the release of neutrophils from the bone marrow and their return following senescence. Immunity 19, 583–593.
Mayadas, T.N., Johnson, R.C., Rayburn, H., Hynes, R.O., and
Wagner, D.D. (1993). Leukocyte rolling and extravasation are severely compromised in P selectin-deficient mice. Cell 74, 541–554.
Miossec, P. (2003). Interleukin-17 in rheumatoid arthritis: if T cells
were to contribute to inflammation and destruction through synergy. Arthritis Rheum. 48, 594–601.
Miyamoto, M., Emoto, M., Emoto, Y., Brinkmann, V., Yoshizawa, I.,
Seiler, P., Aichele, P., Kita, E., and Kaufmann, S.H. (2003). Neutrophilia in LFA-1-deficient mice confers resistance to listeriosis: possible contribution of granulocyte-colony-stimulating factor and IL17. J. Immunol. 170, 5228–5234.
Moodycliffe, A.M., Maiti, S., and Ullrich, S.E. (1999). Splenic NK1.1negative, TCR αβ intermediate CD4+ T cells exist in naive NK1.1
allelic positive and negative mice, with the capacity to rapidly
secrete large amounts of IL-4 and IFN- γ upon primary TCR stimulation. J. Immunol. 162, 5156–5163.
Moseley, T.A., Haudenschild, D.R., Rose, L., and Reddi, A.H. (2003).
Interleukin-17 family and IL-17 receptors. Cytokine Growth Factor
Rev. 14, 155–174.
Nakae, S., Komiyama, Y., Nambu, A., Sudo, K., Iwase, M., Homma,
I., Sekikawa, K., Asano, M., and Iwakura, Y. (2002). Antigen-specific
T cell sensitization is impaired in IL-17-deficient mice, causing suppression of allergic cellular and humoral responses. Immunity 17,
375–387.
Oehen, S., and Brduscha-Riem, K. (1998). Differentiation of naive
CTL to effector and memory CTL: correlation of effector function
with phenotype and cell division. J. Immunol. 161, 5338–5346.
Ohkubo, T., Tsuda, M., Suzuki, S., El Borai, N., and Yamamura, M.
(1999). Peripheral blood neutrophils of germ-free rats modified by
in vivo granulocyte-colony-stimulating factor and exposure to natural environment. Scand. J. Immunol. 49, 73–77.
Oppmann, B., Lesley, R., Blom, B., Timans, J.C., Xu, Y., Hunte, B.,
Vega, F., Yu, N., Wang, J., Singh, K., et al. (2000). Novel p19 protein
engages IL-12p40 to form a cytokine, IL-23, with biological activities similar as well as distinct from IL-12. Immunity 13, 715–725.
Ravichandran, K.S. (2003). Recruitment signals from apoptotic
cells: invitation to a quiet meal. Cell 113, 817–820.
Ren, Y., Stuart, L., Lindberg, F.P., Rosenkranz, A.R., Chen, Y., Maya-

das, T.N., and Savill, J. (2001). Nonphlogistic clearance of late
apoptotic neutrophils by macrophages: efficient phagocytosis independent of beta 2 integrins. J. Immunol. 166, 4743–4750.
Richards, M.K., Liu, F., Iwasaki, H., Akashi, K., and Link, D.C. (2003).
Granulocyte colony-stimulating factor plays a pivotal role in the development of progenitors in the common myeloid pathway. Blood
102, 3562–3568.
Robinson, S.D., Frenette, P.S., Rayburn, H., Cummiskey, M., Ullman-Cullere, M., Wagner, D.D., and Hynes, R.O. (1999). Multiple,
targeted deficiencies in selectins reveal a predominant role for Pselectin in leukocyte recruitment. Proc. Natl. Acad. Sci. USA 96,
11452–11457.
Savill, J., and Fadok, V. (2000). Corpse clearance defines the meaning of cell death. Nature 407, 784–788.
Scharffetter-Kochanek, K., Lu, H., Norman, K., van Nood, N., Munoz, F., Grabbe, S., McArthur, M., Lorenzo, I., Kaplan, S., Ley, K., et
al. (1998). Spontaneous skin ulceration and defective T cell function
in CD18 null mice. J. Exp. Med. 188, 119–131.
Schwarzenberger, P., La Russa, V., Miller, A., Ye, P., Huang, W.,
Zieske, A., Nelson, S., Bagby, G.J., Stoltz, D., et al. (1998). IL-17
stimulates granulopoiesis in mice: use of an alternate, novel gene
therapy-derived method for in vivo evaluation of cytokines. J. Immunol. 161, 6383–6389.
Schwarzenberger, P., Huang, W., Ye, P., Oliver, P., Manuel, M.,
Zhang, Z., Bagby, G., Nelson, S., and Kolls, J.K. (2000). Requirement of endogenous stem cell factor and granulocyte-colony-stimulating factor for IL-17-mediated granulopoiesis. J. Immunol. 164,
4783–4789.
Sprent, J. (1997). Immunological memory. Curr. Opin. Immunol. 9,
371–379.
Sprent, J., and Surh, C.D. (2001). Generation and maintenance of
memory T cells. Curr. Opin. Immunol. 13, 248–254.
Spriggs, M.K. (1997). Interleukin-17 and its receptor. J. Clin. Immunol. 17, 366–369.
Stuart, L.M., Lucas, M., Simpson, C., Lamb, J., Savill, J., and LacyHulbert, A. (2002). Inhibitory effects of apoptotic cell ingestion upon
endotoxin-driven myeloid dendritic cell maturation. J. Immunol.
168, 1627–1635.
Watanabe, H., Miyaji, C., Kawachi, Y., Iiai, T., Ohtsuka, K., Iwanage,
T., Iwanaga, H., and Abo, T. (1995). Relationships between intermediate TCR cells and NK1.1+ T cells in various immune organs.
NK1.1+ T cells are present within a population of intermediate TCR
cells. J. Immunol. 155, 2972–2983.
Weinmann, P., Scharffetter-Kochanek, K., Forlow, S.B., Peters, T.,
and Walzog, B. (2003). A role for apoptosis in the control of neutrophil homeostasis in the circulation: insights from CD18-deficient
mice. Blood 101, 739–746.
Wiekowski, M.T., Leach, M.W., Evans, E.W., Sullivan, L., Chen, S.C.,
Vassileva, G., Bazan, J.F., Gorman, D.M., Kastelein, R.A., Narula, S.,
and Lira, S.A. (2001). Ubiquitous transgenic expression of the IL-23
subunit p19 induces multiorgan inflammation, runting, infertility,
and premature death. J. Immunol. 166, 7563–7570.
Yao, Z., Fanslow, W.C., Seldin, M.F., Rousseau, A.M., Painter, S.L.,
Comeau, M.R., Cohen, J.I., and Spriggs, M.K. (1995a). Herpesvirus
Saimiri encodes a new cytokine, IL-17, which binds to a novel cytokine receptor. Immunity 3, 811–821.
Yao, Z., Painter, S.L., Fanslow, W.C., Ulrich, D., Macduff, B.M.,
Spriggs, M.K., and Armitage, R.J. (1995b). Human IL-17: a novel
cytokine derived from T cells. J. Immunol. 155, 5483–5486.
Ye, P., Rodriguez, F.H., Kanaly, S., Stocking, K.L., Schurr, J.,
Schwarzenberger, P., Oliver, P., Huang, W., Zhang, P., Zhang, J., et
al. (2001). Requirement of interleukin 17 receptor signaling for lung
CXC chemokine and granulocyte colony-stimulating factor expression, neutrophil recruitment, and host defense. J. Exp. Med. 194,
519–527.

