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The Journal of Immunology

Interacting Neuroendocrine and Innate and Acquired Immune
Pathways Regulate Neutrophil Mobilization from Bone
Marrow following Hemorrhagic Shock®

Yujian Liu,* Youzhong Yuan,* Yuehua Li,* Jian Zhang,” Guozhi Xiao,” Yoram Vodovotz,*
Timothy R. Billiar,* Mark A. Wilson,** and Jie Fan***

Polymorphonuclear neutrophils (PMN) are critical innate immune effector cells that either protect the host or exacerbate organ
dysfunction by migrating to injured or inflamed tissues. Resuscitated hemorrhagic shock following major trauma promotes the
development of organ inflammation by priming PMN migration and activation in response to a second, often trivial, stimulus (a
so-called ““two hit” phenomenon). PMN mobilization from bone marrow supports a sustained, hemorrhagic shock/resuscitation
(HS/R)-primed migration of PMN. We addressed the role and mechanism of HS/R in regulating PMN egress from bone marrow.
We demonstrate that HS/R through the alarmin HMGB1 induces IL-23 secretion from macrophages in an autocrine and TLR4
signaling-dependent manner. In turn IL-23, through an IL-17 G-CSF-mediated mechanism, induces PMN egress from bone
marrow. We also show that 3-adrenergic receptor activation by catecholamine of macrophages mediates the HS/R-induced release
of HMGBI1. These data indicate that HS/R, a global ischemia/reperfusion stimulus, regulates PMN mobilization through a series
of interacting pathways that include neuroendocrine and innate and acquired immune systems. Blocking this novel signaling axis

may present a novel therapeutic target for posttrauma inflammation. The Journal of Immunology, 2009, 182: 572-580.

emorrhagic shock/resuscitation (HS/R)* promotes the
H development of multiorgan dysfunction by priming the

innate immune system for an exaggerated inflammatory
response, which contributes to high mortality in trauma patients. In
posthemorrhagic shock organ injury, polymorphonuclear neutro-
phils (PMN) sequestration is a hallmark and plays a central role in
the development of the organ injury. We have shown that HS/R
primes for PMN accumulation in the lung, resulting in an influx of
PMN that exceeds the total number of PMN in circulation, in re-
sponse to a second insult, e.g., a small dose of intratracheal LPS
administration (1). Circulating PMN numbers are under tight ho-
meostatic regulation. The HS/R-enhanced PMN tissue/organ se-
questration suggests a yet unknown HS/R-regulated mechanism of
PMN mobilization, by which a sustained local PMN infiltration
can be maintained.

The IL-17 G-CSF signaling axis has been identified as an im-
portant signaling for the dynamic regulation of PMN production
and release from the bone marrow in response to environmental
stresses (2, 3). IL-17 is a proinflammatory cytokine expressed and
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secreted by specific activated y6™ T cells subsets, CD4"CD8~
aB™e" T cells (also termed Th17 cells), and CD4 CD8™ af' T
cells (4-8). Additionally, IL-17 can induce G-CSF-dependent
neutrophilia when expressed in mice (9-12). G-CSF is a member
of a family of hematopoietic growth factors that selectively stim-
ulates the proliferation of neutrophilic precursor cells, augments
their activation and release from bone marrow stores, and prolongs
their in vivo survival (13). Studies have shown that levels of G-
CSF expression in a rat model of hemorrhagic shock correlated
with severity of shock, PMN infiltration, and lung injury (14).

IL-23 is an important upstream regulator of IL-17 production (8,
15), and is required for neutrophil homeostasis in normal and neu-
trophilic mice (16). IL-23 is produced by activated myeloid APCs,
such as macrophages and dendritic cells (17), in response to bac-
teria and their products (18).

TLR4 recognizes both pathogen-associated molecular patterns
and damage-associated molecular patterns, and hence, is involved
in the immune response during both infection and injury (19-22).
Recently, the role of TLR4 in following nominally sterile injury
has been revealed in studies showing that the lack of functional
TLR4 or impairment of TLR4 signaling results in reduced tissue
damage and an attenuated inflammatory response in hemorrhagic
shock (21, 23-25) and organ ischemia/reperfusion (I/R) (26-29).

HMGBI1, high-mobility group box 1, is a nuclear protein that
functions to stabilize nucleosome formation, acts as a transcription
factor that regulates the expression of several genes, and is now
recognized to be a damage-associated molecular pattern (30-32).
HMGBI1 can be secreted by innate immune cells in response to
microbial products or other inflammatory stimuli (33, 34), and re-
leased by injured cells (35-37). There is also evidence that
HMGBI1 can be released in a regulated manner by parenchyma
cells in response to cytokines (38) or redox stress/hypoxia (39).
HMGBI can act as an early mediator of inflammation contributing
to the development of acute lung injury after hemorrhage (22, 40),
and hepatic injury after liver I/R (26). HMGB1 signals via TLR4
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in hemorrhagic shock-primed acute lung injury (22), and hepatic
I/R (39), and others have provided evidence for direct interaction
of HMGBI1 with the TLR4 receptor complex in vitro (31, 32, 41).

In the present study, we addressed the role of HS/R in regulating
PMN egress from bone marrow, and the mechanism that underlies
the regulation. We demonstrate that HS/R through HMGBI in-
duces IL-23 secretion from macrophages in a manner that depends
on TLR4 signaling. In turn, IL-23 induces PMN egress from bone
marrow through a mechanism that includes IL-17 and G-CSF. We
also show that B-adrenergic receptor activation by catecholamines
in macrophages mediates the HS/R-induced release of HMGBI1.
These data raise the possibility of unifying the main mechanisms
associated with HS/R (inflammatory, neuroendocrine, and dam-
age-associated molecular patterns).

Materials and Methods

Materials

Recombinant HMGB1 was purchased from R&D Systems. Stimulating
activity of the recombinant HMGB1 was confirmed in mouse macrophages
by assay of TNF release, with an EDs, of 3—12 wg/ml. Polyclonal neu-
tralizing Ab against HMGBI1 prepared as previously described (34) was
provided by Dr. K. J. Tracey (Feinstein Institute for Medical Research,
Manhasset, NY). Polyclonal anti-HMGB1 Ab for Western blotting, and
kinase assay kits for IL-1R-associated kinase (IRAK)4 were purchased
from Cell Signaling Technology. Polyclonal rabbit anti-IRAK4 Ab and
MyD88 homodimerization inhibitory peptide set were purchased from Im-
genex. Nonimmune rabbit IgG (item I5006) and all other chemicals were
obtained from Sigma-Aldrich, except where noted.

Hemorrhagic shock and resuscitation

Male C3H/Hel mice, which are not responsive to LPS because of a point
mutation of #/r4 affecting the Toll/IL-1R domain (42, 43) and control wild-
type (WT) C3H/HeOuJ mice were purchased from The Jackson Labora-
tory. All experimental protocols involving animals were approved by In-
stitutional Animal Care and Use Committee of Veterans Affairs Pittsburgh
Healthcare System. Mice were 12—14 wk of age at the time of experiments.

Time after HS/R

Animals were anesthetized with 50 mg/kg ketamine and 5 mg/kg xylazine
via i.p. administration. Femoral arteries were cannulated for monitoring of
mean arterial pressure, blood withdrawal, and resuscitation. Hemorrhagic
shock was initiated by blood withdrawal and reduction of the mean arterial
pressure to 40 mm Hg within 20 min. Blood was collected into a 1-ml
syringe and heparinized to prevent clotting. To exclude the effect of hep-
arin on immune processes, equal amounts of heparin (10 U) were injected
into sham animals through the cannulated femoral artery during the sham
operation. After a hypotensive period of 1 h, animals were resuscitated by
transfusion of the shed blood and Ringer’s lactate solution in a volume
equal to that of shed blood, over a period of 60 min. The catheters were
then removed, the femoral artery was ligated, and the incisions were
closed. Sham animals underwent the same surgical procedures without
hemorrhage and resuscitation. In some experiments, one of the neutralizing
Abs against HMGB1 (600 pg/mouse), IL-23 (100 wg/mouse; BioLegend),
IL-17 (100 pg/mouse; BioLegend), G-CSF (100 mg/mouse; Abcam) or
nonimmune control IgG was injected i.p. into the mice 10 min before
hemorrhage, respectively. At various time points after resuscitation, cells
were harvested from bone marrow and peripheral blood for flow cytometry,
and serum was collected for ELISA or Western blot.

Alveolar macrophage (AM) isolation

In this study, AM were used to elucidate the role of macrophage-derived
IL-23 in mediating HS/R-induced PMN mobilization based on the follow-
ing considerations: 1) AM possess the basic characteristics of macrophages
and respond to in vitro stimulation (1, 21); 2) collection of AM from bron-
choalveolar lavage (BAL) does not need induction of cell emigration, thus
eliminates possible artifacts of macrophage activation; and 3) the amount
of AM harvested from HS/R and sham-operated animals is comparable,
which provides ideal controls. BAL was performed as previously described
(1). Normally the BAL fluid contains ~91% of AM, and ~9% of other
cells including PMN, lymphocytes, and erythrocytes. The immunomag-
netic separation system as described was used to isolate AM from BAL
fluid. Magnetic nanoparticle-conjugated Abs (anti-mouse Gr-1, anti-CD4,
anti-CDS, and anti-CD45R/B220 Abs; BD Pharmingen) were chosen to
label and remove PMN and lymphocytes. The resulting sample contained
~1 X 10° cells, which consisted of >98% macrophages, and cell viability
was >95%.
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FIGURE 2. TLR4 is required for HS/R-induced CD11b*Gr-1" cells
mobilization from bone marrow. WT (C3H/HeOulJ) and TLR4 mutant
(C3H/HelJ) mice were subjected to HS/R or sham operation. Cells in fem-
oral bone marrow were recovered 4 h after HS/R or sham operation,
CDI11b*Gr-1" cells were detected by flow cytometry. Results show mean
and SE of the changes in bone marrow CD11b*Gr-1" cells from three
mice. *, p < 0.01 compared with sham group.

Flow cytometry

The procedures of flow cytometry analysis were performed as described
elsewhere (44). Briefly, 100 ul peripheral blood or 1 X 10° bone marrow
nucleated cells were stained with anti-CD11b-PE Ab (eBioscience) and
anti-Gr-1-FITC Ab (eBioscience). The red cells in the blood were lysed by
FACS Lysing Solution (BD Biosciences). The stained cells were applied
for data acquisition on Coulter EPICS XL Cytometer (Beckman Coulter)
and reanalyzed with software WinMDI (version 2.9).

IRAK4 kinase assay

Equal amounts of whole AM lysates were incubated with polyclonal rabbit
anti-IRAK-4 Ab for 2 h at 4°C on a rotor, after which 50 ul of 50% protein
G plus agarose was added to each sample and incubated for an additional
2 h at 4°C. The samples were precipitated in a microcentrifuge, and the
beads were washed twice with lysis buffer and twice with kinase buffer
following the kit instruction. The beads were incubated at 25°C for 30 min
in a final volume of 37.5 ul of kinase buffer in the presence of biotinylated
ezrin/radixin/moesin peptide as a substrate (1.5 uM/sample) and 200 uM
ATP, both of which were provided in the HTScan IRAK4 kinase assay kit
(Cell Signaling Technology). After adding 50 ul/sample stop buffer (50
mM EDTA (pH 8)), 25 ul of each reaction and 75 ul of distilled H,O were
transferred to 96-well streptavidin-coated plate (PerkinElmer Life Sci-
ences) and incubated at room temperature for 60 min. IRAK4 activity was
then measured following the manufacturer’s instructions for the kit using
primary anti-phospho-ezrin/radixin/moesin Ab (Cell Signaling Technol-
ogy) and secondary Europium labeled anti-rabbit Ab (PerkinElmer Life
Sciences) with DELFIA enhancement solution (PerkinElmer Life Sci-
ences). Fluorescence emission at 615 nm was detected with SpectraMax
M2 Multidetection reader (Molecular Devices).

ELISA

1L-23, IL-17, and G-CSF levels in cell culture medium and serum were
evaluated by ELISA kits (R&D Systems) according to the manufacturer’s
instructions.

Reverse transcription and PCR

Total RNA from AM and blood T cells was isolated using the TRI-
REAGENT (Molecular Research Center, Cincinnati, OH) following the
manufacturer’s instructions. Total RNA was then reverse-transcribed using
a SuperScript Preamplification kit (Invitrogen). Primers for /L-23 P19 am-
plification were position 790 forward 5'-AACCCATTAGGACTTGTGC-
3’, position 1084 reverse 5'-CTGAGCCACCCAGGAAAG-3', amplifying
313 bp. Primers for /L-17 amplification were position 310 forward 5'-
CCTCTGTGATCTGGGAAGC-3', position 699 reverse 5'-CACGAAG
CAGTTTGGGAC-3’, amplifying 309 bp. Primers for mouse GAPDH
were purchased from R&D Systems. The product of reverse transcription
was amplified following the kit instructions. PCR products were separated
using 1.2% agarose gel and identified by ethidium bromide staining. Ex-
pression of mRNA was quantitated using Scion Image software and nor-
malized by the GAPDH signal.
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FIGURE 3. Pretreatment with neutralizing Ab to HMGBI1 prevents HS/
R-induced CD11b"Gr-1" cells mobilization from bone marrow and TLR4
signaling activation. WT mice received anti-HMGB1 Ab (600 wg per
mouse) or nonimmune control IgG by i.p. injection 10 min before HS/R
or sham operation. A, Femoral bones from the mice were harvested at 4 h
after HS/R or sham operation, and bone marrow cells were then collected
for detection of CD11b*Gr-1" cells by flow cytometry. Representative
density plots of bone marrow CD11b*Gr-1" cells are shown. Results show
mean and SE of the changes in bone marrow CD11b*Gr-1" cells from n =
three mice. *, p < 0.01 compared with other groups. B, Blood PMN were
isolated from the mice at 2 h after HS/R or sham operation for detection of
IRAK4 activity. Results show mean and SE of the changes in IRAK4
activity from n = 3 mice. *, p < 0.01 compared with other groups.

Statistics

The data are presented as mean = SEM of the number of determinations
indicated in each experiment. Data were analyzed by one-way ANOVA;
post hoc testing was performed using the Bonferroni modification of the ¢
test. When individual studies are demonstrated, these are representative of
at least three independent studies.

Results
PMN mobilization following HS/R

We quantified CD11b*Gr-1* PMN in bone marrow and blood by
flow cytometry. The CD11b"Gr-1" cells that were collected by
cell sorting and stained with Wright-Giemsa staining displayed a
typical PMN morphology (data not shown). HS/R induced a 42%
decrease in the CD11b*Gr-1" cell level in bone marrow by 4 h
after HS/R, as compared with sham-cannulated animals. These
cells remained at a low level for 10 h in HS/R animals (Fig. 14).
However, no changes in CD11b"Gr-1" cell level in bone marrow
were observed in sham-operated animals up to 10 h (data not
shown). In the peripheral blood, the CD11b*Gr-1" cells were in-
creased at as early as 2 h after HS/R, and remained 1.3-1.9 times
higher than those in the sham animals up to at least 10 h. Notably,
a group of CD11b"Gr-1" cells that expressed less Gr-1, possibly
a group of immature myeloid cell population, started to appear in
the peripheral blood at 4 h after resuscitation (Fig. 1B).
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FIGURE 4. Recombinant HMGBI1 induces IL-23 release through
TLR4- or MyD88-dependent pathway. A, TLR4 mutation or MyD88 sup-
pression diminishes HMGB 1-induced 1L-23 release in AM. AM (5 X 10°
cells/ml) isolated from WT and TLR4 mutant (C3H/HelJ) mice were incu-
bated with recombinant HMGBI1 (0.5 pg/ml) for 0—6 h. In some experi-
ments, WT' AM were preincubated with MyD88 inhibitory peptide (100
uM) for 2 h, and then treated with HMGB1 (0.5 wg/ml) for 0—6 h. IL-23
concentrations in the medium were then determined using ELISA. Results
show mean and SE of the IL-23 levels from three independent experiments.
#, p < 0.01 compared with the value at time r = 0. B, HMGB1 induces
IRAK4 activation in the AM. The AM were treated as described in A, and
IRAK4 activity was detected as described in Materials and Methods. Data
represent mean * SE for n = 3 mice. *, p < 0.01 compared with the value
at time r = 0.

TLR4 and HMGBI are required for HS/R-induced PMN
mobilization

We have shown previously that TLR4 signaling plays an important
role in mediating HS/R-induced activation of innate immunity (21,
25, 45). To address the role of TLR4 in HS/R-induced PMN mo-
bilization, TLR4 mutant C3H/HeJ mice were subjected to HS/R.
Four hours after resuscitation, bone marrow CD11b*Gr-1" cells
were quantified. As shown in Fig. 2, HS/R failed to decrease the
bone marrow CD11b*Gr-17 cells in TLR4 mutant mice as com-
pared with TLR4 WT mice, indicating an essential role for TLR4
in HS/R-induced PMN egress from bone marrow.

TLR4 recognizes a variety of endogenous ligands including
HMGBI1 (30, 46). We observed in our previous studies that HS/R
caused an increase of HMGBI in the serum, lung, and liver at 2 h
after HS/R (22). To determine whether endogenous HMGB1 con-
tributes to HS/R-induced PMN mobilization, neutralizing Ab to
HMGBI1 was administered to mice 10 min before HS/R. Treatment
with anti-HMGB1 Ab prevented the HS/R-induced reduction of
the CD11b"/Gr-1" cells in bone marrow as compared with non-
specific IgG-treated animals (Fig. 34), suggesting that HMGB1
contributes to the regulation of PMN mobilization. To further de-
termine whether the administration of anti-HMGB1 Ab actually
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FIGURE 5. Neutralizing Ab against HMGBI1 prevents HS/R-induced
increase in IL-23 and IL-17 serum level as well as mRNA expression. A,
WT and TLR4 mutant mice received anti-HMGB1 Ab (600 ug per mouse)
or nonimmune control IgG by i.p. injection 10 min before HS/R or sham
operation. Serums were then isolated from the mice 2 h after HS/R or sham
operation for detection of 1L-23 and IL-17 using ELISA. Results show
mean and SE of the changes from n = 3 mice. *, p < 0.01 compared with
all other groups. B, WT mice were injected with anti-HMGB1 Ab (600 ug
per mouse) or nonimmune control IgG by i.p. 10 min before HS/R. AM and
T cells were isolated using an immunomagnetic separation system from
BAL fluid and blood, respectively, at 0—6 h after HS/R. IL-23 P19 and
IL-17 mRNA were then analyzed by RT-PCR. Data are representative of
three independent studies.

attenuates TLR4 activation, IRAK4 activity, as a marker of TLR4
signaling in the PMN isolated from mouse blood, was analyzed.
As shown in Fig. 3B, 2 h after HS/R, IRAK4 activity was signif-
icantly suppressed in the PMN from anti-HMGB1 Ab-treated an-
imals as compared with that from the nonimmune IgG-treated
group, indicating that the anti-HMGB1 Ab decreased the avail-
ability of HMGBI1 for TLR4 activation. Thus, both HMGB1 and
TLR4 are required for HS/R-induced PMN mobilization.

HMGBI-TLR4 signaling induces IL-23 and IL-17 secretion

IL-23 derived from myeloid APCs is an important regulator of the
IL-17-G-CSF axis. Accordingly, we sought to determine whether
HMGBI acts through TLR4 to induce IL-23 release from AM. AM
were isolated from the BAL fluid of WT and TLR4 mutant mice,
the cells were treated with HMGB1 for 0—6 h, and the levels of
IL-23 in the medium were measured. HMGB1 induced IL-23 re-
lease in WT AM as early as 1 h, and reached a peak at 2 h, as
shown in Fig. 4A. However, HMGBI failed to induce a significant
release of IL-23 in TLR4 mutant AM.

Previous studies have shown that TLR4 can signal through both
MyD88-dependent and MyD88-independent pathways (47). To
determine whether 1L-23 release induced by HMGB1/TLR4 is a
MyD88-dependent event, we made use of the MyD88 inhibitor
homodimerization inhibitory peptide (48). AM recovered from
TLR4 WT mice were preincubated with MyD88 inhibitory peptide
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FIGURE 6. HS/R induces G-CSF release through HMGB1, TLR4, IL-
23, and IL-17 signaling. WT mice received neutralizing Ab against
HMGBI1 (600 pg per mouse), IL-23 (100 ug per mouse), or IL-17 (100 wg
per mouse) or nonimmune control IgG by i.p. injection 10 min before HS/R
or sham operation. The sera from the mice were isolated at 4 h after HS/R
or sham operation, and G-CSF levels were then detected using ELISA. To
address the role of TLR4 in mediating HS/R-induced G-CSF release, TLR4
mutant mice were subjected to HS/R, and the serums were collected 4 h
after resuscitation, and G-CSF concentration was detected as well. Data
represent mean * SE for n = 3 mice. *, p < 0.01 compared with control.

(100 uM) for 2 h and subsequently treated with HMGB1 for 0—6
h. MyD88 inhibitor eliminated the effect of HMGB1 on IL-23
release from the AM (Fig. 4A), indicating that HMGB1/TLR4 in-
duces IL-23 release through a MyD88-dependent pathway.

We further examined the activation of IRAK4 in the HMGB1-
treated WT AM. HMGBI1 induced an 8.3-fold increase in IRAK4
activity by 1 h as compared with baseline (r = 0), and kept the
IRAK4 activity at a 3.6-fold increase from the basal level at 6 h
(Fig. 4B). HMGB1-induced IRAK4 activation was significantly
suppressed in both TLR4 mutant AM and WT AM treated with
MyD8S inhibitor (Fig. 4B). These results suggest an important role
for TLR4-MyD88-IRAK4 signaling in mediating HMGBI1-in-
duced IL-23 secretion.

To further confirm the role of HMGB1 in inducing IL-23 release
and subsequent IL-17 secretion, we treated the mice in vivo with
an anti-HMGB1 neutralizing Ab before HS/R, and IL-23 and
IL-17 serum levels were then assessed 2 h after resuscitation. HS/R
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induced a 4.4-fold increase in serum IL-23, whereas the neutral-
izing Ab to HMGBI1 prevented the HS/R-induced increase in se-
rum IL-23 (Fig. 5A). Likewise, the HS/R-induced increase in se-
rum IL-23 was significantly attenuated in TLR4-mutant mice (Fig.
5A). Consistent with the changes in serum IL-23, HS/R induced a
7.3-fold increase in serum IL-17, as shown in Fig. 5A. However,
the HS/R-induced elevation of serum IL-17 was also greatly at-
tenuated in both TLR4 mutant mice and TLR4 WT mice pretreated
with neutralizing Ab to HMGB1 (Fig. 5A).

To address whether the HS/R-induced secretion of IL-23 and
IL-17 are results of de novo synthesis in response to HMGBI,
IL-23 P19 mRNA in AM and IL-17 mRNA in blood T cells were
detected using RT-PCR at 0—6 h after HS/R. As shown in Fig. 5B,
increased IL-23 P19 mRNA expression in the AM was detected
starting from 0.5 h after HS/R, and elevation of IL-17 mRNA in
the T cells was observed starting from 1 h after HS/R. Adminis-
tration of neutralizing Ab against HMGB1 exhibited a suppressive
effect on both IL-23 and IL-17 mRNA expression. Taken together,
the results indicate an important role for HMGB1-TLR4 signaling
in HS/R-regulated IL-23 and IL-17 release.

Signals from the HMGBI-IL-23-1L-17pathway trigger
G-CSF-induced PMN mobilization

We next sought to determine whether G-CSF, as a downstream
component of IL-17 signaling, mediates PMN egress from bone
marrow induced by HMGBI1-TLR4-IL-23-IL-17 signaling. We
first determined whether HS/R could cause G-CSF release in a
TLR4-dependent manor. Fig. 6 shows that HS/R induced an 11-
fold increase in serum G-CSF at 4 h after HS/R as compared with
the non-HS/R group; however, TLR4 mutation was associated
with an 80% decrease in the HS/R-induced G-CSF release. Like-
wise, anti-HMGB1 Ab also markedly decreased G-CSF level by
79%. We then evaluated the effect of neutralizing Abs to IL-23 and
IL-17 on HS/R-induced G-CSF release. Both anti-IL-23 and anti-
IL-17 Abs significantly decreased the HS/R-induced increase in
G-CSF serum levels (Fig. 6).

Next we assessed the role of G-CSF in inducing PMN mobili-
zation from bone marrow using a neutralizing anti-G-CSF Ab. As
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FIGURE 8. pB-adrenergic receptor activation is responsible for HS/R-
induced HMGBI1 release. A, B-adrenergic receptor antagonist prevents HS/
R-induced increase in serum levels of HMGBI, 1L-23, and IL-17. B-ad-
renergic receptor antagonist, propranolol (Prop) i.p. (2 mg/kg by weight) or
epinephrine (Ep) i.p. (2 mg/kg by weight) was given to WT mice 10 min
before HS/R or sham operation, respectively, and serums were collected
2 h after HS/R or sham operation for HMGBI, IL-23, and IL-17 detection
by Western blotting. Data are representative of three independent studies.
B, Epinephrine activation of f-adrenergic receptor induces HMGB1 and
IL-23 release from AM. AM collected from WT and C3H/HeJ mice BAL
fluid were stimulated with epinephrine (Ep) (2 ug/ml) or epinephrine plus
propranolol (Ep/Prop) both in 2 pg/ml for 2 h, HMGBI and IL-23 in the
supernatant were analyzed using Western blotting, and IL-23 P19 mRNA
in the AM was detected by RT-PCR. The blots shown are representative of
three independent experiments with similar results.

shown in Fig. 7, neutralization of G-CSF prevented the HS/R-
induced decrease in bone marrow CD11b*Gr-1" cells and con-
comitant increase in blood CD11b" Gr-1" cells, as compared with
mice treated with nonspecific IgG as a control. Furthermore, we
injected the WT mice with neutralizing anti-G-CSF, IL-23 or
IL-17 Ab before HS/R. Either single or combined use of the Abs
exhibited a significant suppressive effect on HS/R-induced PMN
egress from bone marrow as assessed by attenuation of the HS/R-
induced decrease of CD11b"Gr-1" cells in bone marrow and con-
comitant increase of CD11b"Gr-1" cells in blood (Fig. 7).

Adrenergic stimulation induces HMGBI1 release

To determine whether adrenergic activation following HS/R is re-
sponsible for HMGBI1 release, we evaluated the effect of the non-
selective (3-adrenergic receptor antagonist, B-propranolol, on HS/
R-induced increase in serum HMGB1. At 2 h after HS/R, HMGBI1,
IL-23 and IL-17 were markedly increased in serum compared with
those in sham animals. However, B-propranolol significantly de-
creased the HS/R-induced increase in the serum levels of HMGBI1,
IL-23 and IL-17 (Fig. 84). We further observed that the injection
of epinephrine in sham-operated animals can directly increase se-
rum HMGBI, IL-23, and IL-17 (Fig. 8A). These data suggests an
important role for adrenergic stimulation in regulating HMGBI1.
To further confirm a direct role for adrenergic stimulation in
inducing HMGBI1 and IL-23 release from macrophages, AM col-
lected from the BAL fluid of WT and TLR4 mutant mice were
stimulated with epinephrine for 2 h, and HMGB1 and IL-23 in the
supernatant as well as IL-23 P19 mRNA expression in the AM
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FIGURE 9. p-adrenergic receptor antagonist prevents HS/R-induced
CD11b*Gr-1" cells mobilization from bone marrow. B-adrenergic recep-
tor antagonist, propranolol (Prop) i.p. (2 mg/kg by weight) was given to
WT mice 10 min before HS/R or sham operation, and femoral bones from
the mice were harvested at 4 h after HS/R or sham operation, bone
marrow cells were then collected for detection of CD11b"Gr-17 cells by
flow cytometry. Representative density plots of bone marrow
CD11b*Gr-1" cells are shown. Results show mean and SE of the changes
in bone marrow CD11b*Gr-1" cells from three mice. *, p < 0.01 as
compared with other groups.

were detected. As shown in Fig. 8B, epinephrine caused a marked
release of HMGB1 from both the WT and TLR4 mutant AM,
whereas 3-propranolol blocked the epinephrine-induced release of
HMGBI1. Epinephrine also induced IL-23 release and P19 mRNA
expression from WT AM but not from TLR4 mutant AM, and this
induction was suppressed by [(-adrenergic receptor antagonist,
B-propranolol (Fig. 8B). Taken together, the results indicate a role
for B-adrenergic receptor activation in stimulating HMGB1 release
from macrophages, and subsequently leading to TLR4-dependent
induction of IL-23 in an autocrine form.

To further determine whether 3-adrenergic receptor activation is
responsible for HS/R-induced PMN mobilization, B-propranolol
was administered to mice 10 min before HS/R, and bone marrow
CD11b*Gr-17 cells were quantified 4 h after resuscitation. Treat-
ment with B-propranolol prevented the HS/R-induced reduction of
the CD11b"Gr-1" cells in bone marrow (Fig. 9). This result in-
dicates an important role for B-adrenergic receptor activation in
HS/R-induced PMN egress from bone marrow.

Discussion

Tissue or organ PMN sequestration plays an important role in the
development of multiorgan dysfunction following HS/R. Contin-
uous mobilization of PMN from bone marrow contributes to sus-
tained PMN sequestration and the maintenance of normal hema-
topoiesis. In this study we sought to determine how the global I/R
injury initiated by resuscitated HS/R regulates PMN mobilization
from bone marrow. We show that HS/R, through HMGB1, induces
IL-23 expression in a process that requires TLR4 signaling. In
turn, IL-23 induces PMN egress from bone marrow through a
mechanism that involves IL-17 and G-CSF. In addition, HS/R-
induced adrenergic activation is an important determinant for ini-
tiating HMGBI1 secretion from macrophages.

HMGBI1 is becoming recognized as the prototypic alarmin (49).
Its cytokine-like properties were revealed in experiments showing
that HMGBI is released by activated macrophages and that the
protein acts as a late mediator of lethality in animal modes of
sepsis (33, 34, 50). Increasing evidence now indicates that
HMGBI also acts as an early inflammatory mediator in ischemia
(26-29), hemorrhagic shock (22, 24), and noninfectious hepatitis
(51). Recently, chemoattractant roles for HMGB1 in inducing mi-
gration of immature dendritic cell (49), smooth muscle cells (52),
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and mesoangioblasts (53, 54) have been reported. HMGB1 acts
through the RAGE (Receptor for Advanced Glycation End Prod-
ucts) to induce the migration of these cells directly. However, no
role had been ascribed to HMGBI in the regulation of PMN
mobilization.

In the present study, we show that HMGB1 plays an important
role in inducing PMN egress from bone marrow in a setting of
HS/R through a mechanism, in which TLR4 signaling and the
IL-23-IL-17-G-CSF axis are essential components. We found that
HS/R leads to an increased HMGBI level in serum, lungs, and
liver within 2 h after HS/R in mice (22), consistent with previous
studies that demonstrated elevated HMGB1 in human HS/R (23),
mouse I/R injury (26, 39), and in acute lung injury (55). Further-
more, we found that HMGBI1 directly induces IL-23 expression in
AM in a TLR4-dependent manner, and that a neutralizing Ab to
HMGBI1 blocks HS/R-induced release of IL-23 and IL-17 in vivo.
Finally, neutralizing Abs to HMGBI, IL-23, or IL-17 prevented
HS/R-induced PMN egress from bone marrow.

HMGBI1 is increased in serum and various tissues following
HS/R or I/R injury (22, 25, 26, 39, 56). However, it was not clear
from these studies whether HMGB1 was secreted actively or re-
leased passively from damaged cells following HS/R. In this study,
we demonstrated that macrophage 3-adrenergic receptor activation
by catecholamines serves as an important mechanism for HS/R-
induced HMGB1 secretion. Evidence for this mechanism comes
from our finding that epinephrine, like HS/R, increases serum
HMGBI, IL-23 and IL-17 in vivo. Furthermore, a B-adrenergic
receptor antagonist prevented HS/R-induced increase in serum
HMGBI, IL-23, and IL-17. In vitro, we found that direct treatment
of AM with epinephrine caused HMGB1 and IL-23 release from
the AM, as well as IL-23 P19 mRNA expression in the AM, and
this effect was suppressed by a B-adrenergic receptor antagonist.
Epinephrine induced both HMGB1 and IL-23 release in WT AM,
whereas epinephrine induced only HMGBI release but no IL-23
secretion and expression in TLR4 mutant AM. These in vitro stud-
ies suggest that macrophages through possessing both -adrener-
gic receptor and TLR4 are capable of responding to HMGB1 in an
autocrine or juxtacrine fashion. However, other sources of
HMGBI1 may also exist. For example, hypoxia hepatocytes have
been shown to release HMGB1 in a TLR4- and reactive oxygen
species-dependent manner (39).

A recent report has shown that norepinephrine signaling via the
sympathetic nervous system regulates hematopoietic stem cell
egress from bone marrow through a mechanism that involves G-
CSF-induced suppression of bone-lining osteoblasts and down-
regulation of the chemokine SDF-1 (also called CXCL12) (57).
We have previously shown that G-CSF is increased in HS/R and
that G-CSF administration in the airway leads to PMN accumula-
tion in the lung (14, 58). Clearly, HS/R causes a broad range of
physiological changes in multiple systems to initiate complex, self-
regulatory mechanisms (59). The HS/R-induced egress of PMN
from bone marrow is therefore likely also affected by the activation
and interaction of multiple systems. Indeed, other mechanisms
may also contribute to the regulation of neutrophilic homeostasis
in HS/R. For example, we observed in this study that the increase
of blood PMN appeared sooner than the decrease of bone marrow
PMN after HS/R (Fig. 1), suggesting that PMN driven from ter-
minal microcirculation, possibly as a result of adrenergic activa-
tion and microvascular contraction, also contribute to the increase
in circulating PMN in the early stage of HS/R.

RAGE had been originally identified as a receptor for HMGB1
in neurites and malignant cells (60—62). Recent studies have sug-
gested that both TLR4 and TLR2 are also important in mediating
HMGB 1-induced inflammatory responses (26, 31, 32). Our in vivo
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study demonstrates that TLR4 mutation greatly attenuates the HS/
R-induced release of IL-23 and IL-17 and PMN egress from bone
marrow. Our in vitro data further support the hypothesis that TLR4
signaling components, including MyD88 and IRAK4, are required
for HMGB1-induced IL-23 secretion from AM. Thus, we impli-
cate HMGB1-TLR4 on macrophages in a positive feedback, proin-
flammatory loop. In support of this hypothesis, we found that the
absence of functional TLR4 signaling greatly abolished the effect
of HS/R on PMN mobilization as well as the effect of HMGB1 on
inducing IL-23 secretion. However, TLR4 mutation appeared to be
insufficient to completely eliminate the effect of HS/R on IL-23,
IL-17 and G-CSF secretion in vivo, and therefore we cannot rule
out the possibility that HMGB1 may also act through other recep-
tors, e.g., TLR2 and RAGE, to regulate IL-23, IL-17, and G-CSF
expression. Likewise, we observed that anti-IL-23 Ab and anti-
IL-17 Ab did not exhibit a complete reversal effect on the HS/R-
induced G-CSF secretion (Fig. 6), although both the Abs demon-
strated significant suppressive effect on PMN mobilization (Fig. 7),
suggesting that the IL-23-1L-17 pathway is an important, but pos-
sibly not exclusive, signaling pathway in mediating HMGB1-
TLR4-induced G-CSF secretion.

G-CSF has been identified as an important mediator of the pro-
liferation, release from bone marrow, and activation in circulation
of PMN following trauma, resuscitated shock, and sepsis in both
experimental animal models and humans (58, 63-65). Earlier
work demonstrated a critical role of IL-17 in the up-regulation of
G-CSF, leading to the chemoattraction of PMN in settings of in-
fectious diseases (4, 66, 67). This IL-17-G-CSF pathway appears
to be operant also in the noninfectious setting of HS/R as shown in
the current study. Recent studies have provided evidences in sup-
port of an important role for IL-23 in regulating IL-17 production
from IL-17-producing cells, and driving local immune responses to
pathogen infection (8, 68, 69). Indeed, without the acute IL-23-
IL-17 response, mice rapidly succumb to lethal infection (8, 70).
However, neither the regulation of the IL-23-IL-17 pathway in
HS/R, nor the relationship of these cytokines to TLR4 and
HMGBI in this setting has been examined previously. This novel
pathway appears to be at least partially responsible for the local
sequestration of HS/R-primed PMN affecting inflammation and
organ injury. Blocking the signaling axis may present a similarly
novel therapeutic target.
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