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Abstract

The chemokine CXCL1 and its receptor CXCR2 play a crucial
role in host immune response by recruiting and activating
neutrophils for microbial killing at the tissue site. Dysregula-
tion in this process has been implicated in collateral tissue
damage causing disease. CXCL1 reversibly exists as mono-
mers and dimers, and it has been proposed that distinct
monomer and dimer activities and the monomer-dimer
equilibrium regulate the neutrophil function. However, the
molecular mechanisms linking the CXCL1/CXCR2 axis and
the neutrophil ‘beneficial’ and ‘destructive’ phenotypes are
not known. In this study, we characterized neutrophil traf-
ficking and its consequence in the mouse lung by the CXCL1
wild type (WT), which exists as monomers and dimers, and
by a nondissociating dimer. Whereas the WT, compared to
the dimer, was more active at low doses, both the WT and
the dimer elicited a large neutrophil efflux at high doses. Im-
portantly, robust neutrophil recruitment elicited by the WT
or dimer was not detrimental to lung tissue integrity and,

further, could not be correlated to surface CXCR2 levels. We
conclude that the CXCLT monomer-dimer distribution and
receptor interactions are highly coupled and regulate neu-
trophil trafficking and that injury in the context of disease is
a consequence of inappropriate CXCR2 activation at the tar-
get tissue and not due to mechanical forces exerted by neu-

trophils during recruitment. ©2015 S. Karger AG, Basel

Introduction

Chemokines, a superfamily of small proinflammatory
proteins, play a fundamental role in directing circulating
neutrophils to the site of infection and activating them for
microbial killing at the tissue site. It is now well estab-
lished that impaired or excessive neutrophil recruitment
or activation results in incomplete resolution or severe
collateral tissue damage [1-3]. Several lines of evidence
from clinical and animal model studies have shown that
the chemokine CXCL1 (MGSA/GROa or keratinocyte-
derived chemokine in the mouse) plays a beneficial role
by trafficking and activating neutrophils in response to
infections, but is also implicated in exacerbating injury in

© 2015 S. Karger AG, Basel
1662-811X/15/0076-0647$39.50/0

KARGER 125

E-Mail karger@karger.com
www.karger.com/jin

Dr. Krishna Rajarathnam

Department of Biochemistry and Molecular Biology

5.142 Medical Branch Building, The University of Texas Medical Branch
301 University Boulevard, Galveston, TX 77555-1055 (USA)

E-Mail krrajara@utmb.edu



various tissues including the lung [4-6]. CXCLI1 pro-
duced by resident macrophages and/or epithelial cells
rapidly travels to the bloodstream, where it orchestrates
neutrophil trafficking from vasculature into the tissue [7,
8]. CXCL1 mediates neutrophil recruitment by binding
and activating CXCR2, a member of the G protein-cou-
pled receptor class [9]. CXCR2 inhibitor and knockout
mice studies have unambiguously shown that a dysregu-
lation in CXCL1/CXCR?2 function is correlated with se-
verity of disease [10-13].

Presently, knowledge of the molecular mechanisms
that switch the CXCLI1-mediated neutrophil function
from a ‘beneficial’ to a ‘destructive’ phenotype is lacking.
Chemokines reversibly exist as monomers and dimers,
and it has been proposed that distinct functional proper-
ties of the monomers and dimers and of the monomer-
dimer equilibrium allow the fine-tuning and regulation
of neutrophil recruitment from circulation and its activa-
tion for microbial killing at the target site [14, 15]. This is
particularly relevant for inflammatory chemokines, such
as CXCL1, whose production is transiently upregulated,
and so its local concentration can increase by orders of
magnitude. We recently made a novel observation that
the CXCL1 dimer is as potent as the monomer for various
CXCR?2 activities [16]. This observation is striking, as the
monomer has been shown to be the high-affinity receptor
agonist for most other chemokines [16-20]. CXCR2 acti-
vation leads to a series of downstream G protein- and
B-arrestin-mediated signaling events that orchestrate ad-
hesion and transmigration across the endothelium, crawl-
ing across the extracellular matrix, and finally adhesion
and transmigration across the epithelium into the lumen
[7, 8, 21]. Chemokine binding also results in p-arrestin-
mediated CXCR?2 internalization, but occurs at concen-
trations higher than G protein-/p-arrestin-coupled sig-
naling events [22-25]. Therefore, these various receptor-
mediated events are directly dependent on the
monomer-dimer ratio and local CXCL1 concentration,
and a dysregulation in any of these processes could switch
the neutrophil phenotype.

In this study, we tested this hypothesis by character-
izing neutrophil levels and the consequence of neutrophil
recruitment at various doses of CXCL1 wild type (WT),
which exists as monomers and dimers, and of a trapped
dimer in the mouse lung. Our data show that the mechan-
ical forces exerted by neutrophils recruited by either the
WT or the dimer did not cause tissue damage and, fur-
ther, could not be correlated to CXCR2 surface levels. We
conclude that the CXCL1 monomer-dimer equilibrium
and receptor interactions are highly coupled and regulate
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neutrophil trafficking and that the destructive phenotype
manifested in the context of disease is a consequence of
inappropriate CXCR?2 activation at the target tissue and
not due to mechanical forces exerted by neutrophils dur-
ing recruitment.

Materials and Methods

Animals

Female, 7-8-week-old BALB/c mice (Harlan, Houston, Tex.,
USA) were maintained in specific pathogen-free conditions in the
animal research facility of the University of Texas Medical Branch
(UTMB), in accordance with the institutional guidelines for ani-
mal care of the National Institutes of Health (NIH) and UTMB.
Cages, bedding, food, and water were sterilized before use. All an-
imal work was approved by the institutional animal care and use
committee.

Design and Synthesis of Human CXCLI Variants

The human recombinant CXCL1 WT and trapped N27C dimer
were produced as described previously [16]. Briefly, CXCL1 vari-
ants were cloned in a pET32 Xa vector and expressed as thiore-
doxin fusion proteins with a His-tag in the Escherichia coli BL21
(DE3) strain. Transformed E.coli BL21 (DE3) cells were grown to
an A600 of 0.8 and induced with 1 mM isopropyl (-D-
thiogalactopyranoside for 8 h at 37°C. The cells were grown at
25°C in the shaker for another 12-16 h before harvesting. The
proteins were purified using standard Ni-NTA affinity chroma-
tography and reverse-phase high-pressure liquid chromatogra-
phy. The CXCL1 R8K mutant was generated by PCR amplification
using the Quikchange site-directed mutagenesis kit (Stratagene)
and were expressed and purified using the same protocol as de-
scribed above. The purity and molecular weight of the proteins
were confirmed using matrix-assisted laser desorption/ionization
mass spectrometry (MALDI-MS) and SDS-PAGE.

Recruitment of Neutrophils in Mouse Bronchoalveolar Lumen

The bronchoalveolar lavage was done according to previously
published protocols [14]. The mice were intranasally instilled with
different doses (0.1, 1, and 10 pg) of CXCLI variants in 50 pl of
Dulbecco’s phosphate-buffered saline (Cellgro, Va., USA) under
light anesthesia. After 6 or 24 h of postinstillation of CXCL1 vari-
ants, the mice were euthanized by an intraperitoneal injection of a
ketamine and xylazine mixture. The bronchoalveolar lavage fluid
(BALF) was harvested, spun down, and supernatants were collect-
ed. The cell pellet was resuspended in Dulbecco’s phosphate-buft-
ered saline, and 100 pl of cell suspension were used for the prepa-
ration of cytospin slides (Shandon, Thermo Electron Corpora-
tion). The slides were fixed and stained with Wright-Giemsa stain
for a differential leukocyte count. The leukocyte numbers were
measured using a hemocytometer with Turk’s diluting fluid (Ricca
Chemicals, Tex., USA).

Isolation of Peripheral Blood Leukocytes

Immediately after euthanasia, blood was drawn from the femo-
ral artery and transferred to Eppendorf tubes containing heparin.
The samples were centrifuged at 530 relative centrifugal force for
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3 min at 10°C, and cell pellets were then lysed using ACK lysing
buffer at room temperature. The cells were then washed 2-3 times
with PBS, resuspended, and counted using a hemocytometer.

Isolation of Lung Digest Cells

The lungs of mice treated with CXCL1 variants were harvested
after the removal of the BALF. The lungs were cut into small piec-
es and incubated with 5ml of Hanks’ balanced saline solution buf-
fer containing 0.5 mg/ml of collagenase A (Sigma) and 0.15 kU of
type IV bovine pancreatic DNAase (Sigma) for 1 h at 37°C with
intermittent shaking. After digestion, the cells were passed 3-4
times through a 20-gauge needle and filtered through a 40-pm cell
strainer to obtain a single-cell suspension. Contaminating red
blood cells were lysed using ACK lysing buffer, and the lung cells
were then washed with PBS and counted using a hemocytometer.

FACS Analysis

The BALF, lung, or peripheral blood leukocytes cell (1 x 10°)
were first incubated with Fc Block (BD Biosciences) for 20 min.
For the detection of CXCR2 on neutrophils, the cells were washed
with PBS containing EDTA and 1% FBS, stained with Gr-1 FITC
(clone: RB6-8C5), CD11bPerCPCy5.5 (clone: M1/70) (both from
BD Biosciences), and CXCR2-PE (clone: 242216) (R&D systems)
and incubated in the dark for 30 min at 4°C. The corresponding
isotype antibodies were used as controls. The cells were then
washed twice and fixed using 2% paraformaldehyde. The cells were
acquired with BD FACS Canto (BD Biosciences) and analyzed us-
ing the Flow]Jo software.

CXCR2 Endocytosis

CXCR?2 endocytosis was measured using differentiated HL60
cells as described previously [26]. Briefly, HL60 cells were induced
to differentiate into the neutrophilic lineage [16], and the differen-
tiated cells were incubated with serum-free media for 1 h at 37°C
and then resuspended in Hanks’ balanced saline solution at 1 X
107/ml. The cells (1 x 10°) were then incubated with CXCL1 WT
or dimer at different concentrations and time points at 37°C,
washed with ice-cold FACS buffer and then incubated with PE-
conjugated CXCR2 antibody (clone: 48311; R&D systems) for the
detection of the cell surface CXCR2 levels by flow cytometry.

Immunohistochemistry of Lung Sections

The lungs were collected at necropsy and placed in 10% buff-
ered formalin for processing and subsequent microscopy. After
paraftin embedding, 4-pum sections were stained by the hematoxy-
lin and eosin (H&E) method for microscopic examination. Un-
stained sections were deparaffinized using xylene baths and pre-
pared for immunohistochemical staining with anti-Ly6G (BD Bio-
sciences) as primary antibody (1:2,000) or MPO antibody (1:100)
using the peroxidase method and DAB as the chromogen. The im-
munohistochemical sections were examined, and images of 5 ran-
dom high-power fields (HPFs) were captured from each slide and
processed using the Image Pro Plus software (Media Cybernetics)
to obtain absolute counts of neutrophils per HPF.

Transmission Electron Microscopy of Lung Sections

The tissues were collected from control PBS-, WT-, and dimer-
treated mice. Briefly, lung tissue was minced into ~1 mm? pieces
and placed in 2% glutaraldehyde in 80 mM cacodylate buffer, pH
7.4. Following primary fixation, the tissue was washed and post-

CXCLI1-Mediated Neutrophil Trafficking
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tixed with 1% osmium tetroxide followed by dehydration and em-
bedding in Spurr epoxy resin. Semi-thin sections were cut and
stained with 1% toluidine blue. The examination of the semi-thin
sections showed absence of alveolar neutrophils in the control an-
imals and focal areas with alveolar neutrophils in both the WT-
and the dimer-treated mice. From each mouse, 1 representative
block was selected for further transmission electron microscopy
(TEM) analysis. Thin sections were stained with uranyl acetate and
lead citrate. To assess the tissue morphology, low magnification
micrographs (magnification x2,000-3,600) were acquired for vir-
tually all tissues present in the open grid spaces.

Statistics

Analysis of variance (ANOVA) was used to determine the sta-
tistical significance of differences between the variants by using
Tukey’s post hoc analysis. The statistical tests were performed us-
ing the Graph Pad Prism 5 software.

Results

CXCLI-Mediated Neutrophil Recruitment in the Lung

Different doses (0.1, 1, and 10 ug) of CXCL1 WT or
trapped dimer were intranasally administered in mice,
and the BALF was collected after 6 h. Mice treated with
PBS served as the control. Both CXCLI variants were ac-
tive compared to the control, but the neutrophil levels
were markedly different and varied with the dose (fig. 1).
CXCL1 WT showed increased recruitment with increas-
ing dose, and significantly higher neutrophil levels were
observed at the 1- and 10-ug dose compared to the 0.1-ug
dose. The dimer was only marginally active at lower dos-
es but as active as the WT at the 10-pg dose. In order to
rule out any spurious bacterial contamination such as
LPS as a source of the recruitment, a CXCL1 variant con-
taining a mutation in the ELR motif (R8K) was prepared
using the same protocol as the WT. This mutant was in-
active at the 10-ug dose. We also determined endogenous
chemokine and cytokine concentrations and observed no
differences compared to the control (data not shown), in-
dicating that all of the recruitment can be directly attrib-
uted to the exogenously administered CXCLI variants.

CXCL1 variants administered intranasally migrate to
the vasculature and direct neutrophil migration from the
blood into the lung tissue. Neutrophil trafficking involves
3 distinct steps: traversing the endothelial layer from the
vasculature, crawling across the interstitium that consists
of matrix proteins and proteoglycans, and finally crossing
the epithelial layer to enter the bronchoalveolar lumen.
At the 10-ug dose, the neutrophil levels recruited via the
WT and the dimer were similar both in the lumen (as
measured by the BALF) and lung tissue (fig. 2a and b).
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Fig. 1. Neutrophil recruitment profiles of CXCL1 WT and trapped
dimer. The BALB/c mice were intranasally administered with 0.1,
1, or 10 pg of CXCL1 variants, and PBS was used as a control. After
6 h, the BALF cells were harvested, and a leukocyte differential

The neutrophil levels were significantly higher in the lung
tissue compared to the lumen for both variants. The blood
neutrophil levels for both variants were similar compared
to the control (fig. 2¢), indicating that homeostatic mech-
anisms most likely replenish the migrated neutrophils
with those from the bone marrow in the time frame of the
experiment. We also measured the neutrophil levels after
the administration at 24 h and found similar neutrophil
numbers for the WT and the dimer but significantly low-
er levels when compared to 6 h (fig. 2d).

Neutrophil Localization and Tissue Integrity

In order to characterize the tissue integrity and iden-
tify the mode and sites where neutrophils migrated into
the tissue, we characterized lung cross sections from mice
treated with the 10-ug dose of the CXCL1 WT and the
dimer using H&E staining, immunohistochemistry with
different antibodies, TEM, and BALF protein levels.

Immunohistochemistry. The paraffin-embedded lung
sections were immunostained with neutrophil-specific
Ly6G or myeloperoxidase (MPO) antibodies. Both sec-
tions showed similar characteristics (fig. 3 and 4), so we
will confine our discussion to Ly6G staining and refer to
the MPO staining whenever necessary. At the 6-h time
point, neutrophil counts in the WT- and dimer-treated
sections were ~100-fold higher compared to the PBS con-
trol. Neutrophil localization was prominent in smaller
airways and alveoli and less frequent around large airways
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count was performed. The results are expressed as means + stan-
dard error from 3 independent experiments using 4 animals/
group. The levels of neutrophils are compared between all 3 doses
for each variant. ** p < 0.01, *** p < 0.001.

and blood vessels. Numerous neutrophils were observed
in the airspaces in close proximity to the alveolar epithe-
lial cells and underlying capillaries, and possibly in the
interstitium (fig. 3b and c). Neutrophils were rarely ob-
served around the major peribronchiolar or perivascular
areas, which suggests that the exogenously administered
chemokine travels to the alveoli from where it migrates to
the underlying capillaries and orchestrates neutrophil
migration to the bronchoalveolar lumen. Both the WT-
and the dimer-treated lungs showed multifocal and dif-
fuse neutrophilic infiltrates in the lung parenchyma.
Compared to the 6-h time point, fewer but similar
amounts of neutrophils were observed for the 24-h time
point for the WT and the dimer (fig. 3d and e). Most im-
portantly, there was also no evidence of tissue damage at
the 24-h time point. Further, quantitative analysis at both
the 6-h and the 24-h time point showed higher neutrophil
counts per HPF in the WT- and dimer-treated groups,
compared to the sections treated with the PBS control
(fig. 3f and g). The recruitment profiles were similar to
those observed from differential cell counts as shown in
figure 2. The areas of neutrophil infiltration were not as-
sociated with desquamation of the epithelium, and there
was no evidence that the integrity of the alveolar wall was
compromised. Similar observations were made from the
MPO-stained slides (fig. 4). In fact, these sections looked
no different from the PBS control mice. We also exam-
ined H&E staining of the lung cross sections and observed
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Fig. 2. Neutrophil levels in various compartments. The BALBc mice
were intranasally administered with 10 pg of CXCL1 WT or dimer.
The BALEF, lung, and blood were harvested after 6 h. The recruited
neutrophil levels in various compartments are shown. a BALE

no evidence of tissue damage in the chemokine-treated
mice compared to the control (data not shown). High
neutrophil levels at 6 h, much lower levels at 24 h, and lack
of damage at both time points suggest that the 6-h time
point corresponds to the active recruitment phase and the
24-h time point to the resolution phase.

Transmission Electron Microscopy. As immunohisto-
chemistry and H&E staining provide low-resolution im-
ages, we also characterized the TEM of the lung cross sec-
tions to gain better definition at the individual cell and
subcellular levels. We characterized the lung cross sec-
tions from mice challenged with WT, trapped dimer, and
PBS control (n = 3) for the 6-h time point with the 10-ug
dose. In PBS-treated mice, parenchymal morphology ap-
peared normal with open alveolar spaces without exuda-
tive material (fig. 5a). The septal walls had no interstitial
edema, and an occasional neutrophil was seen in the vas-
cular lumen. No discontinuities in the alveolar epitheli-
um or vascular endothelium were noted. In the WT-chal-
lenged animals, neutrophils were present in the alveolar

CXCLI1-Mediated Neutrophil Trafficking
in the Lung

b Lung tissue. ¢ Blood. d The neutrophil recruitment of WT ver-
sus dimer was compared at the 6-h and 24-h time points. Each data
set represents an average of 3 independent experiments using 4 ani-
mals/group, and the results are expressed as means + standard error.

space, vascular lumen, and in the septal interstitium
(fig. 5b). No interstitial edema was noted. In many alveo-
lar spaces, a protein exudate was present with occasional
dense osmophilic debris consistent with the secretion of
type II cell granule content. No disruption in the alveolar
epithelium was noted, although focally, type I cells showed
some swelling and loss of cytoplasmic density. The swell-
ing of the type I cells was not associated with the presence
of neutrophils in the alveolar or interstitial spaces. The
capillary endothelial cells showed normal morphology
and, in some cases, cytoplasmic swelling with loss of cy-
toplasmic density. No disruption in the endothelial bar-
rier was noted. The ultrastructure of the dimer-chal-
lenged mice was no different from that of the WT-chal-
lenged mice (data not shown). Consistent among the
samples was the presence of neutrophils in the alveolar
space, interstitium, and vascular lumen. Many alveoli
showed a protein exudate, although no disruption in the
integrity of the alveolar epithelium or capillary endothe-
lium was noted. As with the WT-challenged animals, no
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Fig. 3. Ly6G staining of lung sections
from CXCL1-treated mice. The lung sec-
tions were stained for neutrophils using
anti-Ly6G (BD Biosciences) as the pri-
mary antibody. Representative lung sec-
tions from mice treated with PBS control
(a), WT (b), and dimer (c) at the 6-h time

points, and with WT (d) and dimer (e) at
the 24-h time points are shown. The neu-
trophil counts captured from 5 random
HPFs of lung sections from each slide at
the 6-h and 24-h time points are shown
in f and g, respectively. The data are ex-
pressed as the means + standard error of
the results obtained from 2 independent
experiments with 4 animals/group. The
differences between the variants were
compared using ANOVA followed by
Tukey’s post hoc analysis. * p < 0.05,
¥ p < 0.01.
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increase in interstitial edema was noted. The TEM analy-
ses collectively indicate that any tissue damage is minimal
and that neutrophil trafficking does not disrupt the integ-
rity of the endothelium or epithelium.

BALF Protein Levels. Increased protein levels in the lu-
men are generally interpreted as a result of damaged epi-
thelium [27]. Therefore, we measured protein levels in
the BALF at 6 h and observed no differences for the dimer
and a ~2-fold increase for the WT compared to the con-
trol (fig. 6a). We characterized the BAL proteins by SDS-
PAGE, and observed a prominent band corresponding to
albumin in all cases, including from the PBS control (data
not shown). We also measured the protein levels for both
the WT and the dimer at 24 h and observed no significant
difference between the variants and compared to the con-
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trol (fig. 6b). The differences in protein levels between
WT and dimer at the 6-h time point must be a conse-
quence of the property of the WT to exist as monomers
and dimers, considering that the immunohistochemical
and TEM data showed no evidence of damage or any sig-
nificant difference between WT and dimer.

CXCR2 Surface Levels in Recruited Neutrophils

In order to understand the relationship between neu-
trophil recruitment and CXCR2 function, we character-
ized the CXCR2 levels in the BALF, lung, and blood neu-
trophils for the 10-ug data by gating for the Gr-1*/CD11b*
cells in the FSC/SSC subset using FACS analysis (fig. 7).
The CXCR2 levels on WT-recruited neutrophils were
consistently lower in both BAL and lung though both WT
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Fig. 4. MPO staining of lung sections from CXCL1-treated mice. The lung sections were stained for neutrophils
using anti-MPO (Abcam) as the primary antibody. Representative lung sections from mice treated with PBS con-
trol (a), WT (b), and dimer (c) at the 6-h time points are shown.

Fig. 5. TEM of lung sections from CXCL1-treated mice. a TEM
micrograph of the PBS control showing alveolar spaces without
protein exudate or neutrophils. The interstitium of the septum
lacks edematous spaces and congestion and has an intact alveolar
epithelium and capillary endothelium with red blood cells (R).
b TEM micrograph from the WT-treated mouse showing alveolar

and dimer recruited similar neutrophil numbers (fig. 2).
Further, we also observed higher surface CXCR2 levels at
the 1-ug dose compared to the 10-pg dose in the WT-re-
cruited BALF neutrophils (fig. 7g), suggesting that there
is no correlation between neutrophil recruitment and
CXCR2 levels. Interestingly, the CXCR2 levels were also
lower in systemic blood for WT-treated mice indicating
that the WT’s property of existing as monomers and di-
mers plays arole in determining the surface CXCR2 levels
that is not possible by dimer alone.

CXCR2 endocytosis occurs at concentrations higher
than that required for signaling events, though both re-
ceptor activity and endocytosis are directly proportional
to the free chemokine concentration [23]. Therefore high
levels of free soluble CXCL1 and prolonged exposure will

CXCLI1-Mediated Neutrophil Trafficking
in the Lung

spaces with a protein exudate (arrows) and neutrophils (P). The
septum is uncongested with red blood cells (R) and edematous
spaces. The alveolar epithelial type I cells show limited focal swell-
ing and loss of cytoplasmic density (arrow heads) with the vascular
endothelium intact. Scale bar ~3 pm.

deplete the surface CXCR2 levels. We measured the en-
docytosis rates using CXCR2-expressing HL60 cells and
observed that both WT and dimer triggered CXCR2 in-
ternalization with similar efficiency (fig. 8). Both WT and
dimer showed weak internalization activity at 10 and
50 nM (fig. 8a and b) and robust internalization at 100 nM
(fig. 8c). At later time points, the receptor levels start to
recover at similar rates for WT and dimer (~60% at 6 h).
Our previous studies have shown that the dimer is a po-
tent agonist for CXCR2 activities such as Ca®* release and
ERK phosphorylation [16]. Therefore, differences in in
vivo CXCR2 levels must be a reflection of differences in
local CXCL1 concentration, which is most likely due to
differences in their glycosaminoglycan (GAG) interac-
tions at different locations along the migration path. In-
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Fig.6.BALF protein levels from CXCL1-treated mice. Protein levels
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deed, our in vitro studies have shown that the dimer binds
GAG with higher affinity than does the monomer (un-
published results). These observations further indicate
that the WT’s property of existing as monomers and di-
mers at higher doses does not influence neutrophil num-
bers and most likely plays a role in defining the phenotype
for microbial killing in the tissue.

Discussion

In this study, we have characterized the relationship
between CXCL1 levels and monomer-dimer equilibrium,
CXCR2 levels and their activation, neutrophil levels and
trafficking, and tissue damage. During active recruit-
ment, the CXCLI levels can vary spatially and temporally
by many orders of magnitude and can thus exist as a
monomer, a dimer, or both. CXCLI also binds to GAGs,
and thus the local chemokine concentrations and dimer-
monomer ratio will thus also be influenced by the GAG-
binding affinities. In addition, CXCL1 can be washed
away in the circulation or endocytosed on receptor acti-
vation. Therefore, continuous changes in the CXCL1
concentration will result in continuous changes in the
monomer-dimer ratio influencing the neutrophil func-
tion in health and disease.

Infection or injury triggers a cascade of events includ-
ing the release of multiple chemokines and other chemo-
tactic factors (such as fMLP and LTB4), which complicate
establishing the causal relationships of how a given che-
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assay kit (Thermo Fisher Scientific) as described previously [14].
The data are expressed as the means + standard error of the results
obtained from 2 independent experiments with 4 animals/group.

mokine mediates recruitment and activation in the tissue.
In principle, each factor could play a prominent role in
recruitment, activation, or both. Studies from animal
models and cell-based studies have shown that resident
macrophages secrete chemokines in the lumen and that
epithelial cells release chemokines to both the apical and
the basolateral sides of the cell [5, 6, 28, 29]. Therefore,
our strategy of introducing CXCL1 in the alveolar cavity
mimics the in vivo chemokine release and provides a spa-
tiotemporal description of its function without the com-
plexities of the multitude of events that occur during an
actual infection.

Both WT and dimer elicit robust neutrophil recruit-
ment at high doses, but WT alone is highly active at low-
er doses. This provides definitive evidence that the ability
of the WT to exist as monomers and dimers is essential
for neutrophil trafficking under conditions of low protein
concentration. Whereas neutrophils are virtually absent
and are dominated by macrophages in the alveolar lumen
under basal conditions, neutrophils dominate in chemo-
kine-treated mice (~90% of all BALF cells), and their lev-
els were comparable to those seen in infection models [30,
31]. Nevertheless, our data showed no evidence of tissue
damage indicating that the mechanics of recruitment are
highly coordinated and that neutrophils are not activated
to release proteases or reactive oxygen species. We did
observe ~2-fold higher protein levels in WT-recruited
neutrophils, but our previous studies with CXCL8, and
other studies using leukotriene B4, have also shown a
similar increase in BALF protein levels with no evidence
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Fig. 7. Surface CXCR2 levels on recruited neutrophils. Leukocytes
isolated from BALF, lung, and peripheral blood at the 6-h time
point were stained with Gr-1, CD11b, and CXCR2 antibodies, and
a FACS analysis was done by gating the neutrophils (Gr*/CD11b")
in the FSC/SSC subset followed by the detection of the CXCR2
levels. The representative histograms are shown for the BALF (a),
lung (c), and blood cells (e). The corresponding bar graphs of the
MFI are shown in b, d, and f, respectively. The CXCR2 levels are
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compared between the 1-pug and 10-ug doses for the CXCL1 WT-
recruited neutrophils in the BALF (g) and blood (i), and the cor-
responding bar graphs of the MFI are shown in h and j, respec-
tively. The values are expressed as means + standard error, and the
differences between the variants were compared using ANOVA
followed by Tukey’s post hoc analysis. The data shown are repre-
sentative of 3 independent experiments with 4 animals/group.
MFI = median fluorescence intensity. ** p < 0.01, *** p < 0.001.
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Fig. 8. Endocytosis of CXCR2. HL60 cells stably transfected with
CXCR?2 were treated with different doses of WT and dimer, and
the internalization at different times was measured by flow cytom-
etry. The data for the WT (a) and dimer (b) at different doses and

of tissue damage [14, 32]. The BALF from acute respira-
tory distress syndrome patients shows much higher pro-
tein levels (>12 times), suggesting that the increased pro-
tein levels in our studies occur with the transient opening
of epithelial and endothelial junctions during neutrophil
egress [27]. These observations indicate that the gap junc-
tions are highly plastic and that the molecular machinery
in the epithelial and endothelial cells and the extracellular
matrix are capable of trafficking large numbers of chemo-
kine-mediated neutrophils in a highly orchestrated man-
ner.

During active recruitment, CXCR2 on neutrophils are
continuously exposed to CXCL1 both in the vasculature
and the tissue. Cell-based studies have shown that recep-
tor activation is also accompanied by receptor endocyto-
sis and that the internalized receptor is trafficked to the
lysosome [23, 33]. The CXCR2 levels in WT-recruited
neutrophils were consistently lower, but nevertheless
showed no correlation to neutrophil levels. Reduced
CXCR?2 levels have been observed in BALF neutrophils
from patients suffering from various pulmonary diseases
and also in peripheral, BALF, and lung tissue neutrophils
in CXCL1- and LPS-treated mice [34-38]. Whether the
lower receptor levels in these neutrophils are due to en-
docytosis during the process of recruitment or due to
CXCR?2 activation in the tissue is not known. It is also
unknown whether lower receptor levels are the cause or
effect of the disease process. Our data do indicate that
neutrophil and CXCR2 levels are not correlated, provid-
ing some insight into the causative and correlative rela-
tionships among CXCL1, CXCR2, neutrophil levels, and
tissue damage.
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the internalization for both the WT and the dimer at 100 nM (c)
are shown. The data were collected in quadruplicate and are pre-
sented as the means + standard error of the results, and they are
representative of 3 independent experiments.

The CXCL1 recruitment profile was distinctly differ-
ent compared to the related chemokine CXCL8. CXCL1
WT compared to CXCL8 was significantly more active at
the 1-pg dose but showed similar recruitment at the 10-pg
dose. For both CXCL1 and CXCLS, the trapped dimer
showed impaired neutrophil recruitment at low doses,
but CXCL8 was more active at the higher dose [14].
Whereas CXCL1 and CXCL8 dimers undergo endocyto-
sis like their WT monomers, their receptor activities dif-
fer. The CXCL8 dimer is differentially active showing
similar or lower activity, but the CXCL1 dimer is highly
active [16, 17, 39]. Therefore, differences in recruitment
between CXCL8 and CXCL1 and between monomers and
dimers are unlikely due to differences in receptor endo-
cytosis and most likely due to differences in receptor ac-
tivity and/or GAG interactions.

In summary, our study provides compelling evidence
that the molecular mechanisms underlying CXCL1- and
CXCR2-mediated in vivo neutrophil recruitment are
highly orchestrated, that the rapid migration of large lev-
els of neutrophils across various barriers does not cause
tissue damage, and that the CXCL1 monomer-dimer
equilibrium and distinct activities of monomers and di-
mers most likely play differential spatiotemporal roles
during recruitment and microbial killing.
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