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Cytokine-induced neutrophil mobilization from the bone marrow to circulation is a critical event in acute inflammation, but
how it is accurately controlled remains poorly understood. In this study, we report that CXCR2 ligands are responsible for rapid
neutrophil mobilization during early-stage acute inflammation. Nevertheless, although serum CXCR2 ligand concentrations
increased during inflammation, neutrophil mobilization slowed after an initial acute fast phase, suggesting a suppression of
neutrophil response to CXCR2 ligands after the acute phase. We demonstrate that granulocyte colony-stimulating factor
(G-CSF), usually considered a prototypical neutrophil-mobilizing cytokine, was expressed later in the acute inflammatory
response and unexpectedly impeded CXCR2-induced neutrophil mobilization by negatively regulating CXCR2-mediated intra-
cellular signaling. Blocking G-CSF in vivo paradoxically elevated peripheral blood neutrophil counts in mice injected intraper-
itoneally with Escherichia coli and sequestered large numbers of neutrophils in the lungs, leading to sterile pulmonary
inflammation. In a lipopolysaccharide-induced acute lung injury model, the homeostatic imbalance caused by G-CSF blockade
enhanced neutrophil accumulation, edema, and inflammation in the lungs and ultimately led to significant lung damage. Thus,
physiologically produced G-CSF not only acts as a neutrophil mobilizer at the relatively late stage of acute inflammation, but
also prevents exaggerated neutrophil mobilization and the associated inflammation-induced tissue damage during early-phase
infection and inflammation.

INTRODUCTION

Neutrophils are major players in innate immunity. They are
recruited from circulation to infected tissues in response to
infection, where they phagocytose and clear invading bacte-
rial and fungal pathogens. However, excessive accumulation
or hyperactivation of neutrophils can also be detrimen-
tal to the host. Hence, neutrophil homeostasis, recruitment,
and function need exquisite regulation (Christopher and
Link, 2007; von Vietinghoft and Ley, 2008; Strydom and

*B. Bajrami and H. Zhu contributed equally to this paper.
Correspondence to Hongbo R. Luo: Hongbo.Luo@childrens.harvard.edu

F. Loison's present address is Dept. of Microbiology, Faculty of Science, Mahidol Uni-
versity, Bangkok 10400, Thailand.

Abbreviations used: BAL, bronchoalveolar lavage; BALF, BAL fluid; eGFP, enhanced
GFP; G-CSF, granulocyte CSF; IVM, intravital microscopy; KC, keratinocyte chemo-
attractant; MACS, magnetic-activated cell sorting; MP-IVM, multiphoton IVM; PB,
peripheral blood; PMN, polymorphonuclear neutrophil.

The Rockefeller University Press ~ $30.00
J. Exp. Med. 2016 Vol. 213 No. 10 1999-2018
www.jem.org/cgi/doi/10.1084/jem.20160393 CrossMark

Rankin, 2013; Bardoel et al., 2014; Nauseef and Borregaard,
2014; Kruger et al., 2015).

Leukocytes, including neutrophils, arise from self-re-
newing hematopoietic stem cells that produce differentiated
lineage-committed progenitors. Granulocyte/macrophage
progenitors produce neutrophils via a series of developmental
stages: first as myoblast, promyelocytes, myelocytes, metamy-
elocytes (at which point cell division ceases), and band neu-
trophils and then mature segmented neutrophils (Kondo et
al., 2003). Neutrophils remain in the BM for 5-6 d after the
last granulocyte precursor division, and consequently, the BM
is the main site of neutrophil reserves. During acute infection
and inflammation, large numbers of neutrophils are recruited
to affected tissues, and mature neutrophils are mobilized from
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the BM to peripheral blood (PB) to compensate for their
peripheral loss. This transient neutrophilia ensures that neu-
trophils are rapidly delivered to sites of infection.

The regulation of neutrophil and progenitor cell mo-
bilization during acute inflammation has been extensively
studied (Furze and Rankin, 2008; Sadik et al., 2011; Day
and Link, 2012). Granulocyte CSF (G-CSF) is a prototypical
neutrophil-mobilizing cytokine under both basal and stress
conditions (Petit et al., 2002; Semerad et al., 2002; Brox-
meyer, 2008; Knudsen et al., 2011; Dale, 2012; Bendall and
Bradstock, 2014). After a single G-CSF injection, PB neu-
trophil numbers increase significantly, peak at 6 h, and return
to near-baseline levels by 24 h (Lévesque et al., 2003; Sem-
erad et al., 2005; Kim et al., 2006; De La Luz Sierra et al.,
2007). G-CSF is also a hematopoietic cytokine and has mul-
tiple functions in normal, steady-state hematopoiesis includ-
ing the regulation of neutrophil progenitor proliferation and
differentiation and the functional activation of neutrophils
(Gregory et al., 2007). Several other neutrophil-mobilizing
agents are thought to contribute to stress-induced mobili-
zation, the most notable being C5a, leukotriene B4 (LTB4),
and CXCR2 ligands (e.g., IL-8 in humans and keratinocyte
chemoattractant [KC] and macrophage inflammatory protein
2 [MIP-2] in mice; Martin et al., 2003; Burdon et al., 2005;
Eash et al., 2010). CXCR2 ligand—induced neutrophil mobi-
lization is much quicker than G-CSF—-induced mobilization,
with 10-fold neutrophilia occurring 30 min after injection
(Fibbe et al., 1999).The rapidity of CXCR2-induced mobi-
lization (minutes to hours) compared with G-CSF (hours to
days) suggests that there are distinct mobilization mechanisms.
Similar effects have also been seen in G-CSF- and CXCR2
ligand—induced mobilization of hematopoietic stem/progen-
itor cells (Pelus and Fukuda, 2006).

Here, we report that rapid neutrophil mobilization at
the early stages of acute inflammation is mainly mediated by
CXCR2 ligands. Although serum CXCR2 ligand concen-
trations increased during inflammation, neutrophil mobiliza-
tion slowed after an initial acute fast phase. This suggests that
neutrophil responses to CXCR?2 ligands are suppressed after
the acute phase: we demonstrate that this is caused by the
inhibition of CXCR2-mediated cellular signaling by G-CSE
which was expressed later in the acute inflammatory response.
Although G-CSF is a well known neutrophil-mobilizing
agent, inhibition of G-CSF activity in vivo unexpectedly
elevated PB neutrophil counts in Escherichia coli-infected
mice and, furthermore, sequestered neutrophils in the lungs
to produce sterile pulmonary inflammation. Similarly, in an
LPS-induced acute lung injury model, G-CSF blockade led
to enhanced neutrophil accumulation in the lungs, edema,
and severe lung inflammation. Thus, G-CSF not only acts as a
neutrophil mobilizer, but also negatively regulates neutrophil
mobilization by CXCR2 ligands: this is a previously unrec-
ognized neutrophil mobilization control mechanism during
infection and inflammation. Furthermore, we demonstrate
that the homeostatic imbalance caused by G-CSF suppression
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elicits neutrophil sequestration in the lungs and ultimately
leads to significant lung damage.

RESULTS

The instant PB neutrophilia induced by E. coli is

mediated by CXCR2 ligands

To investigate the mechanism by which neutrophils are
rapidly mobilized by chemokines and cytokines, we used a
mouse peritonitis model of acute inflammation. Neutrophil
numbers in the PB were elevated shortly after i.p. E. coli
administration, with maximum blood levels reached at 90
min (Fig. 1 A). The majority of the increase occurred in the
first 30 min after induction of peritoneal infection, suggest-
ing that the regulatory cytokines must have similar dynamics
(Fig. 1 B). Cytokine-specific ELISAs showed that levels of
the CXCR2 ligands MIP-2 (Fig. 1 C) and KC (Fig. 1 D)
rapidly increased in blood serum, peaking at 30 min after E.
coli injection. CXCR2 ligands appeared to be essential for
neutrophil mobilization at this early phase of acute infection,
as simultaneous injection of CXCR2-blocking antibodies
suppressed E. coli-induced neutrophilia (Fig. 1 E). Treatment
with CXCR2 ligand alone was also sufficient to induce PB
neutrophilia. The effect of MIP-2 on neutrophil mobiliza-
tion was monitored by 1.v. injection of MIP-2. 15 min after
a single MIP-2 injection, there was a significant increase in
circulating neutrophil numbers that was completely inhibited
by CXCR2 antibodies (Fig. 1 F). Collectively, early neutro-
phil mobilization from the BM to the PB in response to acute
infection appears to be caused, at least in part, by elevation of’
CXCR2 ligands in the blood.

G-CSF suppresses early-phase PB

neutrophilia induced by E. coli

G-CSF is involved in the differentiation of myeloid progeni-
tor cells into neutrophils and is also routinely used to mobilize
neutrophils from the BM in neutropenic patients. We exam-
ined the effect of G-CSF on E. coli-induced neutrophilia
at different time points. Surprisingly, G-CSF did not further
increase neutrophil numbers in the PB of E. coli—challenged
mice; on the contrary, G-CSF dramatically suppressed infec-
tion-induced neutrophilia, particularly during early-phase
(first 60 min) infection (Fig. 2 A). PB neutrophilia can also
be affected by the rate of neutrophil recruitment to the site
of inflammation. To assess the effect of G-CSF on neutrophil
recruitment to tissues, neutrophils in peritoneal lavage fluid
were counted after G-CSF and E. coli administration. G-CSF
did not affect neutrophil recruitment to the inflamed peri-
toneal cavity, indicating that the G-CSF-induced reduction
in PB neutrophilia was not caused by changes in neutrophil
recruitment (Fig. 2 B).

G-CSF inhibits MIP-2-induced neutrophil

mobilization from the BM

G-CSF mobilizes neutrophils by reducing CXCR4 expres-
sion on neutrophils and decreasing BM CXCL-12 expression

Negative regulation of CXCR2 signaling by G-CSF | Bajrami et al.
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Figure 1. Rapid neutrophil mobilization in early-stage acute inflammation is mainly mediated by CXCR2 ligands. (A) Neutrophil counts in PB after
E. coliadministration in the peritonitis model. Changes of PB neutrophil count over time were analyzed by one-way ANOVA-repeated measures. The control
group was time 0. (B) The speed of neutrophil count changes at each indicated time period was quantified. The control group was —30 to 0 min. (C) The
concentrations of CXCR2 ligand MIP-2 in blood serum. (D) The concentrations of CXCR2 ligand KC in blood serum. The control group was time 0 for each
group. Differences over time between groups were analyzed using multivariate ANOVA with measures repeated over time. E.coli treatment significantly (P <
0.01) increased serum MIP-2 and KC levels. (A-D) Dunnett's multiple comparison test versus the control group was used. (E) CXCR2 blockade suppresses
rapid neutrophil mobilization during early-stage acute inflammation. CXCR2 antibodies or IgG (as control) was i.v. administered to each mouse. (F) CXCR2
ligand MIP-2 induces rapid neutrophil mobilization. MIP-2 (1 ug in 100 ul PBS) andfor CXCR2 antibodies (2 g in 100 ul PBS) were iv. administered.
(E and F) Student's t test versus control (mice treated with IgG) was used. All data are means + SD of three experiments (n = 6 mice). *, P < 0.01. Ab, antibody.

(Semerad et al., 2002, 2005).To further understand the mech- and continued to elevate thereafter (Fig. 3 A), in agreement
anism by which G-CSF regulates blood neutrophilia during with previous observations that circulating neutrophils de-
acute infection, we monitored the direct effect of G-CSF and crease after a single G-CSF dose and then recover to normal
MIP-2 alone and in combination on neutrophil mobiliza- levels (Gordon et al., 2007; DeJesus et al., 2011). Neutrophils
tion from the BM (Fig. 3 A). As early as 15 min after MIP-2 appearing in the PB after MIP-2 stimulation originate from
injection, PB neutrophil numbers were drastically elevated the BM; therefore, we counted BM neutrophils 60 min after
compared with vehicle control (PBS), reaching a maximum  MIP-2 or G-CSF injection. MIP-2—treated mice had reduced
at 30 min and returning to basal levels ~2 h after injection. =~ BM neutrophil counts compared with G-CSF—treated mice
Conversely, G-CSF significantly reduced circulating neutro- (Fig. 3 B), consistent with the less significant neutrophilia ob-
phil numbers and induced neutropenia 15 min after injection. served in G-CSF—treated mice during early-stage infection.
This neutropenia was transient, as circulating neutrophilnum- ~ MIP-2 injection also increased circulating blood eosinophils

bers increased after 15 min to reach normal levels by ~30 min (Fig. 3 C) but not monocytes or other cell types (Fig. 3 D).
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Figure 2. G-CSF inhibits rapid neutrophil mobilization from the BM
during early-stage acute inflammation. (A) G-CSF inhibits E. coli-in-
duced rapid neutrophil mobilization. G-CSF (2 ug in 200 ul PBS) and E. coli
(2 million in 1 ml PBS) were simultaneously injected i.p. into C57BL/6 mice.
* P < 0.01 by Student's t test versus control (mice not treated with G-CSF
at each time points). (B) G-CSF treatment does not affect neutrophil re-
cruitment to the inflamed peritoneal cavity. Neutrophil counts in the peri-
toneal lavage were measured at 30 and 60 min after E. coli administration.
n =10 mice for each group. All data are means + SD of three experiments.

To address whether G-CSF and MIP-2 synergistically
mobilize neutrophils from the BM reservoir, mice were simul-
taneously injected with MIP-2 and G-CSEThis resulted in sig-
nificantly lower circulating neutrophil numbers compared with
mice injected with MIP-2 alone (Fig. 3 A). At 15 min after
administration of this cocktail, circulating neutrophil num-
bers were even lower than in vehicle-treated controls. Thus,
G-CSF appears to play a negative role in infection-induced
neutrophilia by inhibiting CXCR2 ligand—mediated neutro-
phil mobilization from the BM. MIP-2—induced eosinophilia
was also inhibited by G-CSF (Fig. 3 C).The goal of this study
is to demonstrate that G-CSF can inhibit MIP-2—elicited
neutrophil mobilization from the BM. Thus, we used a 1 pg/
mouse dose of MIP-2 that could induce the maximal release
of neutrophils from the BM with the least variation. This dose
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is similar to the optimal dose used by several other laboratories
(McColl and Clark-Lewis, 1999; Liu et al., 2007; Wengner et
al., 2008). It is higher than the endogenous MIP-2 levels elic-
ited by E.coli infection. This may be because of the low bioac-
tivity of recombinant MIP-2 protein.

The inhibitory effect of G-CSF on MIP-2—induced
neutrophil mobilization seems to be specific. We explored
whether other neutrophil-mobilizing agents had the same ef-
fect on MIP-2—induced neutrophil mobilization. AMD3100
is a small molecule antagonist of CXCR4 that is known to
induce rapid neutrophilia (Broxmeyer et al.,2005). In contrast
to G-CSE coadministration of MIP-2 and AMD3100 fur-
ther increased circulating neutrophil numbers compared with
MIP-2 or AMD3100 alone (Fig. 3 E).

G-CSF decreases neutrophil mobility in the BM

during

MIP-2-induced neutrophil mobilization

To directly visualize neutrophil mobilization from the BM,
multiphoton intravital microscopy (IVM [MP-IVM]) was
used to monitor individual neutrophils in cranial BM. Mice
expressing enhanced GFP (eGFP) under the control of the
lysozyme M promoter (LysM-eGFP) were used to visualize
eGFP-expressing neutrophil kinetics in the BM. This tech-
nique enables simultaneous visualization of the blood vessels
and neutrophil behavior in the BM under homeostatic con-
ditions and during mobilization in response to an injected
mobilizing agent. eGFP was only expressed in myeloid cells
in LysM-eGFP mice, the vast majority being mature neutro-
phils, with eGFP expressed at much lower levels in other my-
eloid lineages such as macrophages and a subset of dendritic
cells (Faust et al., 2000; Chtanova et al., 2008; Peters et al.,
2008). In addition, neither MIP-2 nor G-CSF had a signif-
icant effect on monocyte mobilization (Fig. 3 D); thus, the
majority of migrating GFP" cells detected here were neutro-
phils. Consistently, immunostaining of the BM slides showed
that all GFP" cells were positive for Ly6G, a specific marker
for neutrophils (Fig. 4 A).

Treating mice with a single dose of recombinant
mouse MIP-2 significantly increased neutrophil mobili-
zation and migration toward blood vessels within 15 min
(Fig. 4, B-D and Videos 1 and 2). Neutrophil displacement,
velocity, directionality, and upward directionality toward
blood vessels increased rapidly after MIP-2 injection (Fig. 4,
E-H). On average, ~50% of neutrophils entered blood ves-
sels after MIP-2 injection in MIP-2—treated mice during
the 60-min interval, with most entering the circulation
15-25 min after injection (Fig. 4, I-]; and Videos 1 and 2).
In this experiment, we tracked each single cell using MP-
IVM until it entered the vessels or until the end of the video
(Fig. 4, C and D). The imaging depth of MP-IVM was
100 pm. We started the recording at a z depth of ~50 um
and recorded 50—60 pum in the z direction at 5 pm/section.
Some cells would migrate in and out of the focal plane
during the recording, but these cells could still be visu-

Negative regulation of CXCR2 signaling by G-CSF | Bajrami et al.

920z Areniged 60 uo 1senb Aq 4pd-£6£0910Z Wel/gL0vS.L/6661/01/ L Z/Pd-ajone/wal/Bio sseidny//:dpy wouy papeojumoq



—&— MIP2 + G-CSF B

3510

° 9 < G-CSF _
~= 8 4 -=k=- MIP2 :&_
to }\ —%— PBS = @b
QT LSS s =
O s / £ 150
zEs g
S5 4 3 100
K z
Z8 2 Z 50
] @

5 0 T T T y ° 0

o 0 30 60 90 120

= Time after injection (min)

C Eosinophil D 10 a1 Monocytes

—&— MIP-2/G-CSF
oo il MIP-2
—&— G-CSF

i --m--PBS

PB monocyte count
(fold increase compared to time 0)

PB eosinophil count
(fold increase compared to time 0)

O =~ NWhHMOO®”N OO
O =~ N w bh 00O N 0 ©
2 PR T S S T S S

PBS MIP2 G-CSF AMD3100

E

—&— MIP-2/G-CSF —e— MIP-2, AMD3100

Time after Injection (Min)

Time after Injection (Min)

v il MIP-2 S 15 - —m— AMD3100
—A—G-CSF 2 45 --&--MIP-2
- % -PBS - —%—PBS
o 11 4
O T
09 9
z8
g 7
=0 B
s,
28 2]
D-.E 1
T T d S 4
60 90 120 e

Time after injection (min)

Figure 3. G-CSF specifically inhibits MIP-2-induced neutrophil mobilization from the BM. (A) MIP-2-induced neutrophil mobilization from the
BM in the presence or absence of G-CSF. C57BL/6 mice were i.v. injected with the indicated cytokines. (B) Total numbers of neutrophils remaining in the
BM 60 min after each treatment. AMD3100 is a small molecule antagonist of CXCR4. (C) MIP-2 induces eosinophil mobilization. (D) MIP-2 does not have a
significant effect on monocyte mobilization from the BM. (E) CXCR4 antagonist AMD3100 further enhances MIP-2-induced neutrophil mobilization. Mice
were i.v. injected with 1 pg MIP-2, 2.5 pg G-CSF, or 0.05 mg AMD3100 as indicated. All data shown are means + SD of three experiments (n = 10 mice for
each group). *, P < 0.01 by Student's ¢ test versus control (mice treated with PBS at each time point).

alized under the microscope. We confirmed that the cells
that were not seen by the end of the video were indeed
those that entered circulation. These cells were not present
even when we looked at each single optical sections (image
stacks) of the three-dimensional projections, indicating that
these cells most likely entered the circulation.

A very different effect was observed in mice treated
with G-CSE Although neutrophil displacement and veloc-
ity increased in G-CSF—treated mice (Fig. 4, E and F; and
Video 3), there was no specific directionality (Fig. 4, G and
H), and the cells did not enter circulation until 55—60 min
after G-CSF injection (Fig. 4 I). Even then, only ~20% of
eGFP" neutrophils entered the circulation (Fig. 4 J). Earlier
experiments (Fig. 3 A) showed that G-CSF inhibited MIP-2—
induced mobilization in mice simultaneously injected with
G-CSF and MIP-2, and a similar phenomenon was observed
by IVM (Video 4). When mice were simultaneously injected
with G-CSF and MIP-2, the neutrophils failed to reach veloc-
ities comparable with those in mice treated with MIP-2 alone
(Fig. 4, E and F). As in G-CSF—treated mice, neutrophils in
mice treated with G-CSF and MIP-2 lost directionality and
entered the blood circulation much later than those in mice
treated with MIP-2 alone (Fig. 4, G-J). Thus, the MP-IVM
approach further demonstrates that G-CSF inhibited MIP-2—
induced mobilization of neutrophils from the BM.

JEM Vol. 213, No. 10

G-CSF inhibits MIP-2-elicited neutrophil chemotaxis

In vivo experiments showed that MIP-2 failed to efficiently
mobilize neutrophils when the mice were simultaneously
treated with G-CSE suggesting that G-CSF may negatively
regulate MIP-2. MIP-2 is a neutrophil chemoattractant
that plays a critical role in neutrophil recruitment in re-
sponse to infection and inflammation. Therefore, we inves-
tigated whether G-CSF impaired neutrophil chemotaxis in
an MIP-2 gradient using the EZ-TAXIScan apparatus, in
which a stable chemoattractant gradient is formed in a 260-
pm—wide channel, enabling direct visualization of neutrophil
chemotactic migration. Mouse BM neutrophils were exposed
to an MIP-2 gradient generated in the presence or absence
of G-CSE and cell movement was recorded by time-lapse
microscopy and analyzed. Neutrophils migrated robustly in
an MIP-2 gradient (Fig. 5, A-E; and Video 5). However, the
presence of G-CSF in the chemotactic gradient severely re-
duced MIP-2—-induced chemotaxis, with neutrophils show-
ing defective directionality and lower migration speed (Fig. 5,
A-E; and Video 6). It is noteworthy that G-CSF was not in
itself'a chemoattractant and did not affect neutrophil mobility
when applied alone (Fig. 5, A-E; and Video 7). In addition,
the effect of G-CSF was unique to CXCR2-mediated neu-
trophil chemotaxis. G-CSF did not affect chemotaxis elic-
ited by other chemoattractants such as LTB4, C5a, or fMLP
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Figure 4. MIP-2-induced neutrophil mobilization from the BM is hindered in the presence of G-CSF. (A) GFP* cells in LysM-eGFP mice are positive
for Ly6G, a specific marker for neutrophils. Data shown are representative of four experiments with similar results. (B-J) Transgenic mice expressing eGFP
under the control of the LysM promoter were i.v. injected with 1 ug MIP-2 orfand 2 pg G-CSF. The mobilization of GFP* cells was monitored in vivo by
MP-IVM (also see Videos 1, 2, 3, and 4). (B) Microscopy images at the indicated time points. Representative images from four independent experiments are
shown. Arrows indicate neutrophils (time Q) that left upon the treatment. (C) Microscopy images illustrating the migratory patterns of neutrophils (GFP*
cells) in the parenchyma and sinusoids of calvarium BM in the first 25 (for MIP-2 alone) or 70 (for G-CSF and G-CSF + MIP-2) min after administration of the
indicated cytokines. The tracks of several motile cells are shown. Tracks are sometimes partial because of the depth of the projected image. Bars: (A) 100 um;
(B and C) 50 um. (D) Tracks of GFP* neutrophils in the BM parenchyma, illustrating the different migrating patterns toward the blood vessels (y axis). GFP*
neutrophils were tracked after stimulant administration until they entered the vessels or until the end of the video (25 min for MIP-2 and 70 min for G-CSF
and G-CSF + MIP-2). Tracks were obtained from IVM images and are illustrated as starting from a common starting point. (E) Displacement of parenchymal
and sinusoidal GFP* neutrophils in the first 25 (for MIP-2 alone) or 70 (for G-CSF and G-CSF + MIP-2) min after administration of the indicated cytokines.
Total cell displacement was measured from the position at which each cell started at the beginning of the observation period to its location at the end of the
recording. (F) Velocity of parenchymal and sinusoidal GFP* neutrophils. (G) Directionality of neutrophils. (H) Upward directionality. (I) The mean time taken
by GFP* neutrophils to migrate from the parenchyma into the blood vessels after the indicated treatments. (J) Percentage of migrating GFP* neutrophils
that entered the circulation in the first 60 (for MIP-2 alone) or 70 (for G-CSF and G-CSF + MIP-2) min after administration of the indicated cytokines. Data
shown are means + SD of three experiments (n = 4-6 mice). *, P < 0.01 versus mice treated with MIP-2 alone.

(Fig. 5 F andVideos 8 and 9). Similar results were observed in trophilia by down-regulating CXCR2 ligand levels (Fig. 6 A).
both mouse and human neutrophils (Fig. 5 G). Collectively, Consistent with this, in an in vitro assay, G-CSF directly in-

these results demonstrate that G-CSF can specifically nega- hibited MIP-2—elicited neutrophil chemotaxis. These results

tively modulate MIP-2—mediated neutrophil chemotaxis. suggest that G-CSF regulates neutrophil function by modu-
lating MIP-2—-induced intracellular signaling.

G-CSF negatively regulates MIP-2-induced signaling Neutrophils use various signaling cascades during che-

G-CSF treatment suppressed PB neutrophilia induced by E. motaxis including PI3K/Akt and MAPK signaling. Neutro-
coli but did not alter KC and MIP-2 levels, eliminating the  phil stimulation with MIP-2 induced robust phosphorylation
possibility that G-CSF suppressed infection-associated neu-  of Erk1/2 and Akt. Interestingly, G-CSF dramatically reduced
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MIP-2—elicited Erk1/2 phosphorylation but not Akt phos-
phorylation (Fig. 6, B and C). G-CSF signaling is mediated by
phosphorylation and activation of STAT3 by the nonreceptor
tyrosine kinase Janus kinase 2 (JAK2). G-CSF treatment rap-
idly increased STAT3 phosphorylation in neutrophils. To ex-
plore whether G-CSF-induced STAT3 activation is essential
for suppression of MIP-2—e¢licited signaling, we investigated
the effect of a JAK2 inhibitor, INCB018424, which com-
pletely inhibited STAT3 phosphorylation (Fig. 6, D and E).
Blocking STAT3 phosphorylation with INCB018424 inhib-
ited the reduction in Erk1/2 phosphorylation in neutrophils
stimulated with MIP-2 and G-CSF (Fig. 6 F) and also re-
versed G-CSF-induced neutrophil chemotaxis defects in the
MIP-2 gradient (Fig. 6, G-K; and Videos 6 and 10). Collec-
tively, these results indicate that G-CSF-induced STAT3 sig-
naling negatively regulates MIP-2—elicited Erk1/2 signaling,
which in turn regulates neutrophil chemotaxis.

Endogenously produced G-CSF negatively requlates rapid

neutrophil mobilization at the early stage of acute infection
G-CSF i1s a hematopoietic cytokine generated by monocytes,
macrophages, fibroblasts, and endothelial cells that is elevated
by sepsis/severe bacterial infection in multiple clinical stud-
ies (Anderlini et al., 1996; Liu et al., 1996; Basu et al., 2002;
Cottler-Fox et al., 2003; Gregory et al.,2007; Greenbaum and
Link, 2011). However, based on our ELISA results and previ-
ously published work (Metcalf et al., 1996), G-CSF increases
later than KC or MIP-2 after E. coli-induced peritonitis. The
levels of the CXCR2 ligands KC and MIP-2, but not G-CSE
rapidly increased in serum, peaking at 30 min after i.p. injec-
tion of E. coli (Fig. 1, B and C). In contrast, serum G-CSF
levels began to increase 60 min after E. coli injection, peaking
at 2 h (Fig. 7 A).To specifically investigate the function of en-
dogenously produced G-CSF in E. coli-induced peritonitis,
mice were treated with a monoclonal anti-mouse G-CSF an-
tibody for 1 h before E. coli infection (Fig. 7 B). Circulating
neutrophil counts were significantly elevated in mice treated
with a G-CSF-blocking antibody. G-CSF antibody failed to
augment neutrophil counts in mice treated with PBS alone,
indicating that its effect was dependent on E. coli-elicited
inflammation (Fig. 7 C). Neutrophil counts were also mea-
sured in the BM: mice treated with G-CSF-blocking anti-
bodies contained significantly less BM neutrophils both 2 and
6 h after E. coli injection, confirming that the elevated PB
counts were a result of augmented neutrophil mobilization
from the BM (Fig. 7 D). Finally, more neutrophils were also
observed in the peritoneum of G-CSF antibody—treated mice
both 2 and 6 h after E. coli administration (Fig. 7 E), which
may be the result of the peripheral neutrophilia observed in
these mice. These results suggest that endogenously produced

G-CSF during acute infection not only negatively regulates
rapid neutrophil mobilization during early-stage infection,
but also controls neutrophil recruitment to the site of inflam-
mation by modulating PB neutrophils.

Of note, treatment with G-CSF-blocking antibodies
did not alter E. coli-induced elevation of MIP-2 and KC
levels in the serum, confirming that G-CSF regulates neutro-
phil mobilization by modulating CXCR2-elicited signaling
rather than altering CXCR2 ligand levels (Fig. 7 F).

Endogenous G-CSF prevents systemic

neutrophil extravasation

Activation of PB neutrophils by chemokines and/or cyto-
kines is a prerequisite for neutrophil recruitment to infected
tissues. However, uncontrolled neutrophil activation and/or
elevated PB neutrophil counts may lead to systemic neu-
trophil extravasation and unwanted inflammation. Because
endogenously produced G-CSF negatively regulates MIP-2—
elicited signaling and rapid neutrophil mobilization during
early-stage acute infection, this may be an important mecha-
nism to prevent systemic neutrophil extravasation during in-
fection.To test this hypothesis, we suppressed G-CSF function
using G-CSF-blocking antibodies and examined neutrophil
accumulation in the lungs after injecting 1.p. E. coli (Fig. 8 A).

Neutrophil accumulation in the lungs was assessed 6 h
after bacterial injection using bronchoalveolar lavage (BAL;
Fig. 8, B-D) and histological morphometric analysis of lung
sections (Fig. 8, E-G). i.p. E. coli injection does not usually
recruit neutrophils to the lungs, and as expected, very few
neutrophils were detected in the lungs of unchallenged mice
and mice challenged with i.p. injection of E. coli or i.v. in-
jection of IgG. However, when G-CSF-blocking antibodies
were administered with E. coli, BAL neutrophils reached
nearly 20% (Fig. 8 C) and levels of 3.5 X 10° (Fig. 8 D)
6 h after bacterial injection. A similar accumulation was ob-
served in the lung tissue (Fig. 8 F) and in emigrated neutro-
phils in alveolar air spaces (Fig. 8 G) in histological sections
quantified by morphometry.

Inflammation is associated with the release of cyto-
kines and chemokines at the site of infection, which sub-
sequently induce the accumulation and activation of
neutrophils, monocytes/macrophages, and lymphocytes.
Lung cytokine and chemokine levels increased in mice chal-
lenged by i.p. injection of E. coli and 1.v. injection of G-CSF~-
blocking antibodies (Fig. 8 H). The proinflammatory cyto-
kines/chemokines IL-1a, IL-1p, IL-6, MIG/CXCL9 (mo-
nokine induced by ¥y interferon), and MCP-1 (monocyte
chemoattractant protein 1) were increased in the BAL fluid
(BALF) of anti—-G-CSF antibody—treated mice.IL-1f was most
elevated, showing approximately sevenfold-higher expression

tion. (C-E) Tracks of migrating neutrophils were analyzed to determine directionality, upward directionality, and migration speed. (F) G-CSF does not affect
chemotaxis elicited by LTB4, C5a, and fMLP in mouse neutrophils (also see Videos 8 and 9). (G) G-CSF specifically suppresses MIP-2-mediated chemotaxis of
human neutrophils. Data are represented as means + SD of three experiments (n = 20 cells). *, P < 0.01 versus neutrophils not treated with G-CSF.
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in G-CSF antibody—treated mice. The elevation of cytokine
levels induced by G-CSF blockage was likely a result of the
enhanced neutrophil recruitment because depletion of neu-
trophils with anti-Grl antibody abolished this G-CSF anti-
body—elicited effect (Fig. 8, I and J). However, the cytokine
levels in the lungs remained high even in neutrophil-depleted
mice, indicating that neutrophils were not the direct source of
cytokine production. Collectively, these results indicate that
G-CSF blockade in mice challenged with i.p. E. coli leads to
neutrophil accumulation and inflammation in the lungs.

Blocking G-CSF aggravates LPS-induced lung injury
Exaggerated neutrophil accumulation can lead to tissue dam-
age. Endogenously produced G-CSF negatively regulates
CXCR2-mediated rapid neutrophil mobilization and activa-
tion during infection. Thus, blocking G-CSF may enhance
neutrophil recruitment at the site of infection by increasing
PB neutrophils and augmenting their activation. We tested
this hypothesis in an LPS-induced acute lung inflammation
model (Fig. 9 A). Neutrophil accumulation and edema for-
mation in inflamed lungs was assessed 6 h after intratracheal
LPS instillation by BAL and morphometric analysis of lung
sections. As expected, very few neutrophils were observed in
untreated mice. Instillation of LPS induced significant neu-
trophil accumulation in the lungs. Treatment with G-CSF-
blocking antibodies further elevated neutrophil accumulation
(Fig. 9, B-D). Approximately twice as many neutrophils
were present in the alveolar air spaces of mice treated with
G-CSF antibodies (Fig. 9 C). The number of neutrophils in
the BALF of G-CSF antibody—treated mice was also higher
after LPS instillation compared with IgG antibody—treated
control mice (Fig. 9 D).

Increased numbers of neutrophils in the lungs can lead
to tissue damage and edema (Doerschuk, 2000). Edema was
formed in mouse lungs after LPS treatment. Consistent with
elevated neutrophil recruitment, greater edema formation
was noted in the lungs of mice treated with G-CSF antibod-
ies (Fig. 9 E). Lung damage is often accompanied by vascular
leakage, and increased BAL protein levels are used as an in-
dicator of vascular leakage and a surrogate of inflammatory
lung injury. We consistently detected augmented pulmonary
protein accumulation in the lungs of G-CSF antibody—treated
mice (Fig. 9 F), again confirming that G-CSF-blocking anti-
body treatment exaggerates LPS-induced lung inflammation.

Increasing the dose of instilled LPS from 0.5 to 2 mg/kg fur-
ther induced neutrophil recruitment, edema formation, and
vascular leakage in both G-CSF antibody—treated and iso-
type control-treated mice (Fig. 9, C-E).The effect of G-CSF
antibodies was observed under all experimental conditions
used in the current study.

Collectively, these results indicate that endogenously
produced G-CSF plays a critical role in negatively regulat-
ing neutrophil recruitment in acute lung inflammation, thus
preventing exaggerated neutrophil accumulation and inflam-
mation-induced lung damage. Disrupting G-CSF signaling
enhances neutrophil accumulation in the lungs, edema for-
mation, and severe lung inflammation in LPS-treated mice.

DISCUSSION
Neutrophil homeostasis is maintained, in part, by their regu-
lated release from the BM.The chemokine CXCL12 (stromal
cell-derived factor 1), by interacting with its major receptor
CXCRA4, plays a critical role in controlling neutrophil mobi-
lization and homeostasis under both basal and stress granulo-
poiesis conditions (Martin et al., 2003; Suratt et al., 2004; Eash
et al., 2009, 2010; Petty et al., 2009). In addition to CXCRA4,
CXCL2/CXCR2 signaling is considered to be a second
chemokine axis required for neutrophil mobilization (Eash et
al., 2010). CXCR2 ligands stimulate neutrophil mobilization
in a VAL4-dependent manner (Burdon et al., 2005). Based
on a proposed tug-of-war model, CXCL2/CXCR2 signals
and CXCL12/CXCR4 signals act antagonistically to regulate
neutrophil retention in and release from the BM (Eash et al.,
2010). In the current study, we show that CXCR2 ligands
MIP-2 and KC were quickly expressed during acute inflam-
mation and were responsible for initial rapid neutrophil mobi-
lization. The concentrations of CXCR?2 ligands continued to
increase during inflammation; however, the speed of neutro-
phil mobilization slowed after the initial acute fast phase. We
demonstrate that this slowing of neutrophil release is caused
by suppression of CXCR2-mediated signaling by G-CSE
G-CSF is a prototypical neutrophil-mobilizing cy-
tokine. G-CSF-induced down-regulation of CXCR4 ex-
pression 1s one mechanism for mobilization of myeloid cells
(Nagase et al., 2002; Kim et al., 2006). Humans and mice
treated with AMD3100, a selective CXCR4 antagonist, or
CXCR4-blocking antibodies undergo rapid PB neutrophilia
(Broxmeyer, 2008; Eash et al., 2009). The CXCR4 antago-

MIP-2, G-CSF, or G-CSF + MIP-2 for the indicated times. Phosphorylated STAT3 (P-STAT3), ERK1/2 (P-ERK1/2), and AKT (P-AKT) levels were analyzed by West-
ern blotting. Data shown are representative of four independent experiments. (C) Relative amounts of phosphorylated Akt, Erk, and STAT3 were quantified
with ImageJ software (National Institutes of Health; Subramanian et al., 2007). All samples were normalized to total actin. Basal level refers to phosphory-
lated protein levels at time 0 min. Data are representative of four independent experiments. Student's t test was used. (D) The inhibitory effort of G-CSF- on
MIP-2-elicited signaling was rescued by 0.5 ug/ml JAK inhibitor INCB018424. (E) JAK inhibitor INCB0O18424 blocks G-CSF-elicited STAT3 phosphorylation.
(F) Treatment with INCB018424 reverses G-CSF-induced reduction of Erk phosphorylation in cells stimulated with MIP-2. Data are representative of four
independent experiments. (G-K) The inhibitory effect of G-CSF on MIP-2-elicited neutrophil chemotaxis could be rescued by JAK inhibitor INCBO18424.
(G) Chemotaxis of mouse neutrophils in response to MIP-2 (also see Videos 6 and 10). (H) Tracks of migrating neutrophils. (I-K) Neutrophil chemotaxis was
analyzed for migration speed (1), directionality (J), and upward directionality (K) as described in Fig. 5 (C-E). Data are representative of three experiments
(n =20 cells). All data are represented as means + SD. *, P < 0.01 versus neutrophils treated with G-CSF but not INCB018424.
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versus mice treated with IgG.

nist plerixafor can also correct leukopenia in patients with
warts, hypogammaglobulinemia, infections, and WHIM
(warts, hypogammaglobulinemia, immunodeficiency, and
myelokathexis) syndrome (Dale et al., 2011; McDermott et
al., 2011, 2014). It is noteworthy that a recent study indicated
that plerixafor-mediated CXCR4 inhibition does not mobi-
lize neutrophils from the BM. Instead, it elicits neutrophilia
by promoting neutrophil release from the marginated pool
present in the lung and preventing neutrophil circulation
back to the BM (Devi et al., 2013). This demargination is
likely to be caused by increased neutrophil blood velocities
and decreased endothelium—neutrophil interactions (Doer-
schuk et al., 1988). A recent study also suggested that auto-
phagy plays a role in G-CSF—elicited stem cell mobilization
(Leveque-El Mouttie et al., 2015).

Here, we found that G-CSF was expressed after MIP-2
and KCs were expressed during acute infection. MIP-2—
induced neutrophil mobilization from the BM was hindered by
G-CSE which negatively regulated MIP-2-induced signaling
and inhibited MIP-2—elicited neutrophil chemotaxis. Impor-
tantly, the effect of G-CSF was unique to CXCR2-mediated
chemotaxis. G-CSF did not affect chemotaxis elicited by other
chemoattractants such as LTB4, C5a, or fMLP. Thus, G-CSF
mainly regulates neutrophil trafficking at the early stage of in-
fection. It would not suppress neutrophil chemotactic migra-
tion toward pathogens, a process mainly mediated by fMLP and

JEM Vol. 213, No. 10

Cb5a. It is well documented that neutrophil chemotaxis can be
driven by diverse chemotactic signaling pathways depending on
the chemoattractant gradient being exposed to the cells (Fox-
man et al., 1997; Heit et al., 2002, 2008). The molecular basis
underlying the specificity of G-CSF toward CXCR?2 ligands is
still largely unknown and needs to be further investigated.

Strikingly, despite its well known neutrophil-mobilizing
function, endogenously produced G-CSF negatively regu-
lated rapid neutrophil mobilization during early-stage acute
infection. Blocking G-CSF in vivo unexpectedly elevated PB
neutrophil counts in mice injected 1.p. with E.coli and re-
sulted in sequestration of large numbers of neutrophils in the
lungs and sterile pulmonary inflammation. Finally, we found
that endogenously produced G-CSF also played a critical role
by negatively regulating neutrophil recruitment in an LPS-in-
duced acute lung inflammation model, thus preventing exag-
gerated neutrophil accumulation and inflammation-induced
lung damage. Blocking G-CSF led to enhanced neutrophil
accumulation in the lungs, edema formation, and more se-
vere lung inflammation in LPS-treated mice. This represents
a previously undefined mechanism by which G-CSF controls
neutrophil mobilization and homeostasis during infection and
inflammation. Because both G-CSF and CXCR2 ligands are
capable of mobilizing hematopoietic stem/progenitor cells,
the mechanism identified here may also play a role in regulat-
ing hematopoietic grafts and hematopoiesis.
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Figure 8. Blocking G-CSF activity induces neutrophil sequestration in the lungs, leading to sterile pulmonary inflammation in mice i.p. in-
jected with E. coli. (A) Schematic representation of the experimental procedures. (B) Cells in BALF were stained with a modified Wright-Giemsa stain (40x
immersion oil). (C) The percentage of neutrophils in BALF. (D) Neutrophil counts in BALF. (E) Staining of lung sections shows emigrated neutrophils in the
lungs (20x dry lens). (F) The number of cells in the lung capillaries was quantified as the number of cells in total capillaries (but not alveolar air spaces)/10
alveolar air space area using Imagel. (G) Emigrated neutrophils in alveolar spaces were quantified as volume fraction of the alveolar air space using standard
point-counting morphometric techniques. (H) Cytokine/chemokine levels in BALF were measured using specific ELISA kits. (I and J) G-CSF blockage-induced
elevation of cytokine levels in the lungs is mediated by neutrophils. (1) Schematic representation of the experimental procedures. Neutrophils were depleted
by a Gr-1 antibody in both PB (~85% depletion) and the BM (~65% depletion; Kwak et al.,, 2015). (J) Cytokine/chemokine levels in BALF. Data shown are
means + SD of three experiments (n = 5 mice). *, P < 0.01 versus control (mice treated with IgG).

Interactions between G-CSF and CXCR2 ligand have
been previously investigated. It is proposed that G-CSF-—
induced neutrophil mobilization is mediated by CXCR2

ligands (Eash et al., 2010; Kohler et al., 2011). CXCR2 li-
gand expression in megakaryocytes and endothelial cells is
up-regulated after G-CSF treatment. In CXCR2-deficient
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Figure 9. Blocking G-CSF activity aggravates LPS-induced acute lung inflammation. (A) Schematic representation of the experimental procedures.
(B) Staining of lung sections shows emigrated neutrophils and polymerized fibrin in the pulmonary parenchyma. (C) The number of neutrophils emigrating
to alveolar air spaces was quantified as volume fraction of the alveolar air space using standard point-counting morphometric techniques. (D) Neutrophil
counts in BALF were calculated using the Wright-Giemsa staining method. (E) Pulmonary edema formation. (F) BALF total protein. The standard curve was
constructed using BSA. Data shown are means + SD of four experiments (n = 6 mice). *, P < 0.01 versus control (mice treated with IgG).

mice, G-CSF fails to induce neutrophil mobilization (Eash
et al.,, 2010; Kohler et al., 2011). In contrast, expression of
G-CSF can also be regulated by CXCR2. CXCR2 acti-
vation on neutrophils by the CXCR2 ligand CXCL5 de-
rived from gut-resident cells negatively regulates IL-17A and
G-CSF expression. In the absence of this CXCR2-dependent
negative feedback, commensal bacteria can promote IL-17A
and G-CSF expression (Mei et al., 2012). Previous studies
indicate that G-CSF and CXCR2 ligands synergistically
regulate hematopoietic cell mobilization. A single dose of
the CXCR2 ligand MIP-2 synergistically enhances hema-
topoietic stem and progenitor cell mobilization when used
in combination with G-CSE and this effect is dependent on
neutrophil-derived MMP-9 (Pelus et al., 2004). However, a
later study showed that hematopoietic progenitor cell mo-
bilization by G-CSF was normal in MMP9-deficient mice,
suggesting protease-independent pathways may also contrib-
ute to hematopoietic progenitor cell mobilization (Heissig et
al., 2002; Levesque et al., 2004). Using an in situ perfusion
system of mouse femoral BM, Wengner et al. (2008) reported
that the CXCR2-selective chemokine KC and G-CSF mo-
bilized significantly more neutrophils when applied together,
indicating that these factors act cooperatively to regulate
neutrophil mobilization. However, the result was not con-
firmed in animal models. Paradoxically, here, we observed
suppression of MIP-2—induced neutrophil mobilization by
G-CSF at early time points (Fig. 3) and clear enhancement
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of infection-induced neutrophil mobilization in mice treated
with G-CSF-blocking antibody (Fig. 7). We reason that the
synergistic effect of G-CSF and CXCR2 ligands only occurs
after the acute early phase.

G-CSF 1s a well known hematopoietic cytokine and
a major regulator of neutrophil homeostasis (Anderlini et
al., 1996; Liu et al., 1996; Basu et al., 2002; Cottler-Fox et
al., 2003; Gregory et al., 2007; Greenbaum and Link, 2011).
G-CSF 15 used clinically to restore neutrophil numbers in
neutropenia-related pneumonia patients by stimulating the
BM to produce more neutrophils. G-CSF also plays a crit-
ical role in homeostatic regulation of neutrophil production
by efferocytosis (clearance of apoptotic neutrophils; Bratton
and Henson, 2011; Poon et al., 2014). Neutrophil produc-
tion needs to match neutrophil elimination to maintain ap-
proximately constant circulating numbers. Efferocytosis of
apoptotic neutrophils in tissues by macrophages and dendritic
cells leads to reduced phagocyte secretion of IL-23, a cyto-
kine controlling IL-17 production by Y-8 T cells and uncon-
ventional o-p T cells. IL-17, in turn, regulates granulopoiesis
through G-CSF (Stark et al., 2005; Smith et al., 2007). The
current dogma proposes that G-CSF is an important proin-
flammatory cytokine (Eyles et al., 2008; Cornish et al., 2009;
Vlahos et al., 2010). Our result that G-CSF negatively regu-
lates neutrophil mobilization is somewhat surprising. A sim-
ilar effect was also observed in an E. coli pneumonia model
in which G-CSF treatment paradoxically decreased circu-
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lating neutrophil counts, resulting in reduced host defense,
impaired bacterial killing, and thus aggravated pulmonary
injury (Karzai et al., 1999). We demonstrated that G-CSF
does not synergize with CXCR2 chemokines to induce
neutrophil mobilization during early-phase infection. Instead,
it inhibits CXCR2-mediated rapid neutrophil mobilization.
In multiple clinical studies, G-CSF is elevated upon sepsis/
severe bacterial infection. However, it is produced relatively
late compared with KC and MIP-2 in mice.This ensures that
the initial CXCR2-mediated neutrophil mobilization can
occur at maximal levels without G-CSF-induced inhibition.
Rapid release of neutrophils into the circulation then leads
to maximal neutrophil recruitment to the site of infection
and, in doing so, maximizes the bactericidal capability of the
host. At later stages of infection, G-CSF is produced to sup-
press CXCR2-mediated rapid neutrophil mobilization and
to initiate more controlled regulation characterized by accel-
erated granulopoiesis and G-CSF-mediated slow neutrophil
mobilization from the BM.

Although G-CSF has been routinely used to treat neu-
tropenia, transient neutropenia often occurs shortly after
G-CSF administration. A recent study suggests that this tran-
sient neutropenia is mainly caused by neutrophil accumu-
lation in pulmonary vasculature (DeJesus et al., 2011) and
might be mediated by leukocyte integrin activation after
G-CSF administration (Donahue et al., 2011). Our results
indicate that G-CSF-induced inhibition of CXCR2 signal-
ing may be an alternative mechanism leading to G-CSF—elic-
ited transient neutropenia.

Absolute neutrophil counts in the PB reflect the body’s
neutrophil supply under normal steady-state conditions.
However, when neutrophils are produced under stress con-
ditions such as drug treatment, infection, chemotherapy, or
hematopoietic transplantation, neutrophil tissue repopulation
and functional capacity becomes a more reliable proxy for
neutrophil supply and restoration of innate immune protec-
tion (Cheretakis et al., 2006; Devi et al., 2013). CXCR2-me-
diated cell signaling is important for not only neutrophil
mobilization from the BM, but also for various neutrophil
functions such as polarization, reactive oxygen species pro-
duction, chemotaxis, and survival. It controls neutrophil traf-
ficking, accumulation, and function in host defense. Thus,
G-CSF negatively regulating CXCR2 signaling indicates a
novel mechanism by which neutrophil recruitment and func-
tion are regulated by G-CSF in innate immunity.

In summary, our results provide evidence that, although
commonly used to increase granulocyte production in the BM
and to promote their mobilization, G-CSF has a negative ef-
fect on CXCR2-mediated neutrophil mobilization from the
BM at a very early phase of acute inflammation. By negatively
regulating CXCR2-elicited signaling, G-CSF also suppresses
neutrophil activation and function. This study reveals a novel
cellular mechanism for regulating neutrophil homeostasis and
function during acute infection and inflammation. Neutrophils
are involved in numerous pathological conditions, many of
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which result from homeostatic imbalance. Our findings may
lead to new therapeutic strategies for the treatment of a variety
of hematological, infectious, and inflammatory diseases.

MATERIALS AND METHODS

Mice

C57BL/6] mice were purchased from Charles River or The
Jackson Laboratory. Mice expressing eGFP (eGFP loxP/loxP)
and myeloid-specific Cre (LysM-Cre) mice were purchased
from The Jackson Laboratory. eGFP gene expression was
achieved by breeding eGFP mice with myeloid-specific Cre
mice. All mice were housed in pathogen-free conditions at
the Children's Hospital Animal Facility. 8—12-wk-old mice
were used in all experiments. All procedures involving mice
were monitored and approved by the Children’s Hospital An-
imal Care and Use Committee.

Mouse peritonitis model

10° CFU E. coli (strain 19138; American Type Culture Col-
lection) in 1 ml PBS was 1.p. injected in C57BL/6] mice. At
the indicated time after E. coli administration, the mice were
euthanized by CO, inhalation. PB was collected by retroor-
bital bleeding at each time point. Neutrophil counts in the
PB and BM after E. coli administration were measured using
a hematology system (HemaVet 850; Erba Diagnostics, Inc.).
Cells in the peritoneum were recovered by flushing the peri-
toneum cavity with 5 ml of ice-cold PBS containing 5 mM
EDTA and collecting the peritoneal lavage. The process was
repeated three times. To check the neutrophil content in the
lungs after peritonitis, mice were euthanized by CO, at the
indicated time after E. coli administration. The chest cavity
was opened, and a catheter was tied to the trachea. The BAL
(1 ml PBS/15 mM EDTA, 10X) was collected from each
mouse in each group.The BALF was centrifuged at 450 g for
10 min, and the total and differential cell counts were deter-
mined from the pelleted cell fraction. The total cell counts
were determined using a hemocytometer, and the differen-
tial cell counts were conducted by microscopic analysis of
Wright—Giemsa-stained cytospin or with a flow cytometer
(FACSCanto II) and FACSDiva software (BD). The absolute
number of neutrophils was then determined based on the cy-
tospin or FACS analysis. For microscopic analysis, neutrophils
were recognized by their lobular or segmented nuclei. The
percentage of polymorphonuclear neutrophils (PMNs) in the
whole population (%PMN) was determined accordingly. The
total number of neutrophils (#PMN) recruited was calculated
as follows: #PMN = cell density X volume X %PMN. For
flow cytometry analysis (Fig. S1), cells were passed through a
strainer and stained with Gr1-APC (BioLegend) and CD11b-
FITC (BioLegend) antibodies. Unstained cells were used as a
negative control to establish the flow cytometer voltage setting,
and single-color positive controls were used for adjustment
of the compensation. Samples were run on a flow cytome-
ter (FACSCanto II; BD) and analyzed using Flow]o software
(Tree Star). Neutrophils were defined as Gr1"CD11b" cells.
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MP-IVM

Mice were anesthetized with 100 mg/kg ketamine
hydrochloride and 10 mg/kg xylazine 1.p. The frontoparietal
skull bone was exposed and prepared for IVM following
previously established protocols (Mazo et al., 1998). Two-
photon microscopy on the calvarium BM was performed using
a fluorescence microscope (BX50WI; Olympus) equipped
with a 20X, 0.95 numerical aperture objective (Olympus) and
a multiphoton microscopy system (Radiance 2000MP; Bio-
Rad Laboratories) controlled by Lasersharp software (Bio-
Rad Laboratories). For two-photon excitation and second
harmonic generation, a MaiTai Ti:Sapphire laser was tuned
to a range of wavelengths from 800 to 875 nm. Mice were
cannulated before imaging. Blood vessels were labeled with
tetramethylrhodamine-dextran (2,000,000 MW,; Invitrogen;
Thermo Fisher Scientific). Neutrophils were detected by
eGFP fluorescence, and bone was visualized by its second
harmonic generation signal. Images were recorded every
30—40 s for 70 min after injection of MIP-2, G-CSEF indicated
antibodies, or PBS. The generated image stack sequences were
transformed into volume-rendered four-dimensional videos
using Volocity software (PerkinElmer), which was also used
for tracking cell motility in three dimensions. Directionality
(0 to 1) was calculated as the straight-line migration distance
from the origin divided by the total migration length. Upward
directionality (=1 to 1) was calculated as the straight-line
distance migrated in the direction toward the blood vessel
divided by total migration length.

Immunofluorescent staining

LyzM-eGFP mice were perfused postmortem with 10 ml
paraformaldehyde-lysine-periodate fixative through the
vena cava to achieve rapid in situ fixation and optimal pres-
ervation of the BM tissue. Femoral bones were isolated,
fixed in paraformaldehyde-lysine-periodate for 4-8 h, re-
hydrated in 30% sucrose/PBS for 48 h, and snap frozen
in optimal cutting temperature compound (TissueTek).
Cryosections of nondecalcified whole longitudinal femo-
ral bones were obtained using a cryostat (CM3050S; Leica
Biosystems) and the Cryojane tape transfer system (Leica
Biosystems). After blocking with normal serum, the slides
were incubated with primary antibody (rabbit anti-Ly6G
from Abcam) for 30 min at room temperature. Next, the
slides were washed three times with PBS followed by in-
cubation with Texas red—conjugated goat anti—rabbit IgG
secondary antibody (Thermo Fisher Scientific). DAPI
(Invitrogen) staining was used for nuclear detection, and
sections were mounted with Vectashield mounting me-
dium for immunofluorescence (Vector Laboratories). High-
resolution images of whole longitudinal immunostained
femoral sections were obtained with an iCys Research Im-
aging cytometer (Compucyte Corporation) equipped with
four laser lines (405, 488, 561, and 633 nm) and four pho-
tomultiplier tube detectors with bandpass emission filters at
450740, 521/15, 575750, and 650LP.
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Cytokine/chemokine stimulation

1 pg MIP-2 in 100 pl PBS, 2 pg of human recombinant
G-CSF (Neupogen; Amgen) in 100 pl of PBS, or a cock-
tail of both (1 pg MIP-2 and 2 pg G-CSF in 100 pl of
PBS) were i.v. injected into mice. Control animals were
i.v. injected with an equivalent volume of endotoxin-free
PBS. Circulating neutrophil numbers were determined by
collecting 50 pl PB by retroorbital puncture at the indi-
cated time points. Blood content analysis was performed
using the hematology system (HemaVet 850). The same
amount of MIP-2 or G-CSF was i.v. injected into animals
for intravital imaging.

Neutrophil isolation

Mouse BM-derived neutrophils were isolated using nega-
tive depletion of other cell populations using a neutrophil
isolation kit (MidiMACYS) following a protocol provided by
the manufacturer (Miltenyi Biotec). The isolation procedure
was conducted at 4°C unless specified. In brief, BM cells
were filtered through a 70-pm cell strainer and suspended in
250 pl PBS containing 0.5% endotoxin-free BSA and 2 mM
EDTA (magnetic-activated cell-sorting [MACS] buffer). Cells
were incubated with anti-mouse Ter119,B220,CD5,CD117,
CD49b,F4/80,CD4,and CD11c antibodies for 5 min, washed
once with 1.5 ml of cold MACS buffer, and then incubated
with goat anti—rat IgG microbeads for 5-10 min, washed
with 1.5 ml MACS buffer, and suspended in 250 ul MACS
buffer. Cells were subsequently loaded onto a MACS buf-
fer—equilibrated LD column (Miltenyi Biotec) and washed
twice with 1 ml MACS buffer. The flow through was har-
vested, washed twice with 10 ml of ice-cold RPMI medium
containing 10% FBS/1% penicillin/streptomycin and allowed
to warm up to room temperature in 10 ml RPMI medium
until used. Human neutrophils were isolated from discarded
white blood cell filters (WBF2 filter; Pall Corporation) as
previously described (Zhu et al., 2006). In brief, erythrocytes
were sedimented by adding an equal volume of dextran/saline
solution (3% dextran T-500 in 0.9% NaCl) at room tempera-
ture for 25 min. The erythrocyte-depleted supernatants were
then layered on lymphocyte separation medium (1.077 g/ml
Ficoll-Hypaque solution;Voigt Global Distribution LLC) and
centrifuged at 400 g at room temperature for 20 min. Con-
taminated erythrocytes in the neutrophil pellets were lysed
after a brief (<30 s) treatment with 0.2% NaCl. Neutrophils
were then resuspended in RPMI 1640 medium containing
10% heat-inactivated FBS at a density of 4 X 10° cells/ml and
maintained at 37°C. The purity of neutrophils was >97% as
determined by Wright—Giemsa staining. All blood was drawn
from healthy blood donors. All protocols have been approved
by the Children’s Hospital Institutional Review Board and
are subjected to annual review.

Measurement of cell signaling in mouse neutrophils

Mouse BM neutrophils were isolated by negative selection
as described in the previous paragraph. Isolated BM neutro-
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phils were resuspended in HBSS/0.1% BSA and treated with
0.1 pg/ml MIP-2, 0.1 pg/ml G-CSE 0.5 pg/ml MIP-2 +
G-CSE or 0.5 pg/ml MIP-2 + G-CSF + INCB01842 for
the times indicated. Cell lysates were analyzed for phosphor-
ylated STAT3, ERK1/2, and AKT using specific antibodies
(Cell Signaling Technology) by Western blotting. Actin was
used as a loading control.

LPS-induced acute lung inflammation

Mice were anesthetized with 100 mg/kg ketamine hy-
drochloride 1.p. and 10 mg/kg xylazine 1.p. After anesthe-
sia, mouse tracheas were surgically exposed (Li et al., 2009,
2011), and a total volume of 50 pl LPS (from E. coli 055:B5;
Sigma-Aldrich) per mouse was instilled intratracheally via an
angiocatheter that was inserted through the trachea and into
the left bronchus. To indicate correct deposition, 1% colloidal
carbon was included in the instillate. Upon completion of the
experiment, mice were euthanized by CO,.

Effect of G-CSF on neutrophil count in peritonitis model
Mice were 1.v. injected with either monoclonal anti-mouse
G-CSF antibody (100 pg in 100 pl PBS; R&D Systems) or
human recombinant G-CSF (2 pg in 100 pl PBS; Neupogen;
Amgen) 1 h before the peritoneal E. coli infection. Control
antibody (rat anti-mouse IgG; antibody) or PBS was used
in control experiments. Peritoneum lavage and BALF con-
tent were then analyzed.

EZ-TAXIScan chemotaxis assay

The EZ-TAXIScan chamber (Effector Cell Institute) was as-
sembled with a 260-um—wide X 4-pm—thick silicon chip on
a 2-mm untreated glass base as described by the manufacturer
and filled with RPMI medium/0.1% BSA. 1 ul of freshly pu-
rified WT mouse neutrophils (3 X 10°/ml) were added to the
lower reservoir of each of the six channels and allowed to line
up by removing 18 pl of bufter from the upper reservoir. RPMI
medium/0.1%BSA was then added to fill both reservoirs to
the brim. 1 ul MIP-2 (500 ng/ml), G-CSF (500 ng/ml), {IMLP
(1 uM for mouse neutrophils and 100 nM for human neutro-
phils), IL-8 (100 nM), LTB4 (100 nM), or C5a (100 nM) was
then added to the upper reservoir,and neutrophil migration (at
37°C) in each of the channels was captured sequentially every
30s for 20 min using a 10X lens. To determine the involvement
of G-CSF signaling in chemotaxis, neutrophils were exposed
to 1 pg/ml G-CSF or 0.5 pg/ml JAK inhibitor INCB018424.

Analysis of cell tracks and morphology

(x,y) coordinates of migrating neutrophils (i.e., neutrophils
that cross >65 pum from the starting line) were tracked from
sequential images using Dynamic Image Analysis System soft-
ware (Solltech). Cell tracks were then realigned such that all
the cells started from the same starting point (0,0) and were
plotted using Matlab (MathWorks). Chemoattractant con-
centration increases in the positive y direction. Directionality
(0 to 1) 1s defined as straight-line migration distance from the
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origin divided by the total migration length. Upward direc-
tionality (—1 to 1) is defined as straight-line distance migrated
in the upward direction divided by total migration length and
migration speed. Migration speed (um/min) was calculated
as the mean of cell speeds (migration distance between the
current frame and the previous frame divided by the time
between sequential frames; 0.5 min) at each captured frame.

Neutrophil recruitment in the inflamed lungs

Mice were anesthetized and instilled with 50 ul LPS (from
E. coli 055:B5; Sigma-Aldrich). At the indicated time points,
mice were euthanized by CO,.The chest cavity was opened,
and a catheter was tied to the trachea. BAL was performed
(1 ml PBS/15 mM EDTA 10X) in each group.The BALF was
centrifuged at 450 g for 10 min, and the total and differential
cell counts were determined from the pelleted cell fraction.
The total number of cells in the lungs was counted by a hemo-
cytometer. Differential cell counts were conducted on cyto-
spin preparations stained with a modified Wright—Giemsa stain
(Volu-Sol, Inc.). Neutrophils were recognized by their lobular
or segmented nuclei. The percentage of pulmonary PMNs in
the whole population (%PMN) was determined accordingly.
Total number of pulmonary PMNs (#PMN) recruited was cal-
culated as follows: #PMN = cell density X volume X %PMN.

BALF cytokine and chemokine levels and total protein levels
BALF samples were obtained from mice at the indicated time
points. BAL was done with 1 ml of cold PBS/15 mM EDTA,
flushed back and forth three times. The levels of MIP-2 and
KC in the BALF were measured with ELISA kits following a
protocol provided by the manufacturer (R&D Systems).Addi-
tionally a mouse 32-plex cytokine/chemokine panel was per-
formed by Eve Technologies to evaluate the levels of cytokines
and chemokines present in the lungs after intratracheal instil-
lation of LPS or i.p. infection with E. coli and treatment with
G-CSF antibody. Protein concentration was measured in the
BALF using a protein assay reagent (Bio-Rad Laboratories).
The standard curve was constructed using BSA (Su et al.,2008).

Neutrophil depletion with Gr-1 antibody

Neutrophil depletion was achieved by i.p. injection of 200
pe/kg anti-Grl mAb RB6-8C5. The antibody was admin-
istered 1.p. to obtain a sustained depletion over the first 48 h
of the experiment. Differential white blood cell count using
Wright—Giemsa staining was performed to confirm that the
neutrophil depletion was successful. Neutrophils were de-
pleted by the Gr-1 antibody in both PB (~85% depletion)
and the BM (~65% depletion; Kwak et al., 2015).

Histopathology

Lungs were collected after indicated treatment and fixed by
intratracheal instillation of Bouin’s solution at 23-cm H,O
pressure. Tissues were embedded in paraffin, and 6-pum—thick
sections were stained with hematoxylin and eosin and ex-
amined by light microscopy. The number of neutrophils in
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alveolar air spaces was quantified by morphometric analyses
of histological lung sections as previously described (Mizgerd
et al., 2000). Image] software (National Institutes of Health)
was used to manually trace the neutrophil-containing regions
of the tissue section and to determine the area of edema.The
pixel area of each region was calculated. The neutrophil num-
ber was calculated as the total number of neutrophils out-
side the blood vessels in a given randomly chosen region.
The edema formation was calculated as the percentage of
pixel area of all the edema-containing regions relative to the
pixel area of the whole image. The relative volumes of the
parenchymal regions occupied by emigrated neutrophils and
the level edema formation were calculated by investigators
blinded to the identities of the mice.

Statistics

Results are presented as means with error bars indicating
SD. Differences between groups were tested with Stu-
dent’s t test unless noted otherwise. P-values <0.05 were
considered statistically significant. Neutrophil counts in
PB after E. coli administration were analyzed by one-way
ANOVA-repeated measures followed by Dunnett's multi-
ple comparison test. Differences over time between groups
were analyzed using multivariate ANOVA with measures
repeated over time. Experimental group and time were
the independent variables. All statistical tests and graph-
ics were made using Prism (GraphPad Software) or SPSS
Statistics software (IBM).

Online supplemental material

Fig. S1 shows flow cytometry analysis of peritoneal cells after
1.p. injections of E. coli. Video 1 shows intravital imaging
of neutrophil mobilization from the BM to circulation in
an untreated mouse. Video 2 shows intravital imaging of
MIP-2—induced neutrophil mobilization from the BM to
circulation. Video 3 shows intravital imaging of G-CSF—
induced neutrophil mobilization from the BM to circulation.
Video 4 shows intravital imaging of MIP-2—induced
neutrophil mobilization from the BM to circulation in a
G-CSF-treated mouse.Video 5 shows chemotaxis of mouse
neutrophils (untreated) in response to an MIP-2 gradient.
Video 6 shows chemotaxis of G-CSF-treated mouse
neutrophils in response to an MIP-2 gradient.Video 7 shows
chemotaxis of mouse neutrophils in response to a G-CSF
gradient. Video 8 shows chemotaxis of mouse neutrophils
(untreated) in response to an fMLP gradient. Video 9
shows chemotaxis of G-CSF—treated mouse neutrophils in
response to an fMLP gradient. Video 10 shows chemotaxis
of mouse neutrophils treated with G-CSF and JAK inhibitor
INCBO018424 in response to an MIP-2 gradient. Online
supplemental material is available at http://www.jem.org/
cgi/content/full/jem.20160393/DC1.
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