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Blood neutrophils (PMN) are usually unresponsive to
CC chemokines such as monacyte chemotactic pro-
tein-1 and macrophage inflammatory protein-la. In
rodents, the lung buildup of PMN as determined by
myeloperoxidase (MPO) activity after airway instilla-
tion of bacterial lipopolysaccharide (LPS) was inde-
pendent of MCP-1 and MIP-1a. In striking contrast,
during sepsis following cecal ligation and puncture
(CLP), blood PMN demonstrated mRNA for CC chemo-
kine receptors. Furthermore, PMN from CLP, but not
from sham rodents, bound MCP-1 and MIP-1« and
responded chemotactically in vitro to both MCP-1 and
MIP-1a. In CCR2™/~ mice or WT mice treated in vivo
with antibodies to either MCP-1 or MIP-1a, MPO ac-
tivity was greatly attenuated in CLP animals. In CLP
mice, increased serum IL-6 levels were found to be
dependent on CCR2, MCP-1, and MIP-1a. When PMN
from CLP rodents were incubated in vitro with either
MCP-1 or MIP-1«, release of IL-6 was also shown.
These findings suggest that sepsis fundamentally al-
ters the trafficking of PMN into the lung in a manner
that now engages functional responses to CC chemo-
kines. (Am J Patbol 2004, 165:2187-2196)

Blood neutrophils (PMN) trafficking during inflammation
is a complex process which involves endothelial and
PMN adhesion molecules’ and involvement of several
types of chemotactic factors which may include lipids,?
complement activation products,®* and especially CXC
chemokines.®® Initially, PMNs interact with endothelial
selectins (E, P), resulting in PMN rolling along the endo-
thelial surface. This rolling process appears to allow PMN
to become activated (“primed”) by chemokines and other
mediators secreted by the endothelium, resulting in their

firm adhesion to endothelial adhesion molecule (ICAM-1)
via the B,-integrins” and possibly «4®~"" and B,-integrins
in conditions of sepsis.® In general, CXC chemokines,
particularly macrophage inflammatory protein (MIP)-2
and KC, appear to be involved in mediating PMN influx
into tissues, while CC chemokines interact predominately
with macrophages and monocytes.'® Recent findings
suggest that under certain inflammatory conditions or in
response to specific inflammatory stimuli, PMN may also
directly interact with CC chemokines.' "

To date, 28 CC chemokines have been identified, '® the
cellular responses to them being mediated through bind-
ing to cognate receptors. Ten different CC family chemo-
kine receptors (CCRs) have been identified.'® Promiscu-
ity is known to exist among CC chemokines, involving the
binding of a specific chemokine to more than one recep-
tor. For instance, MIP-1« is known to bind both CC che-
mokine receptors 1 (CCR1) and 5 (CCR5). However,
monocyte chemoattractant protein (MCP)-1 has been
shown to bind solely to the CC chemokine receptor 2
(CCR2). In addition to binding MCP-1, CCR2 also serves
as a receptor for four other MCP’s (MCP-1, MCP-3, -4,
and -5) and is known to be expressed on monocytes and
activated T cells. CCR1 and CCR5 are known to express
on human peripheral blood lymphocytes as well as
monocytes.

MIP-1a has been shown to regulate lung PMN migra-
tion after systemic exposure to lipopolysaccharide (LPS),
MIP-1a being thought to mediate its effect indirectly by
modulating the activity of macrophages or endothelial
cells such as their release of TNFa or expression of
ICAM-1, respectively.?® Recent in vitro studies show
CCR1 can be induced on blood PMN after stimulation
with specific cytokines, ' '® suggesting the ability of PMN
to respond directly to MIP-1a, which is a major ligand for
CCR1. In a recent novel study, blood PMN were shown to
respond to exogenous MCP-1 in a mouse model of
chronic adjuvant-induced arthritis and to bind antibody to
CCR2 suggesting the presence of CCR2 receptors on

Supported by National Institutes of Health Grant GM-029507.
Accepted for publication August 17, 2004.

Address reprint requests to Peter A. Ward, M.D., Department of Pathol-
ogy, University of Michigan Medical School, 1301 Catherine Road, Ann
Arbor, Ml 48109-0602. E-mail: pward@umich.edu.

2187



2188  Speyer et al
AJP December 2004, Vol. 165, No. 6

these PMN."® MCP-1 is known to be present in the lungs
of patients during several lung inflammatory disorders,
including sepsis and acute respiratory distress syndrome
(ARDS),2"2? its presence correlating significantly with
lung injury and mortality.?"

Based on the above findings, we evaluated the ability
of MCP-1 and MIP-1« to participate in PMN accumulation
in lung after cecal ligation and puncture (CLP) or intra-
tracheal administration of LPS. The results of the current
study show that MCP-1 and MIP-1a mediate PMN accu-
mulation in lungs of CLP mice, but not after airway instil-
lation of LPS. In CLP mice, blood PMN were found to
express mRNA for several CC chemokine receptors
(CCR1, CCR2, and CCR5), to bind MCP-1 and MIP-1e,
and to respond chemotactically in vitro to these chemo-
kine receptors. In addition, serum IL-6 levels in CLP mice
were found to be dependent on both MCP-1 and MIP-1a.
This study suggests that neutrophil trafficking during sep-
sis is aberrant and that MCP-1 and MIP-1a play an im-
portant role in lung accumulation of PMN during sepsis.

Materials and Methods

Reagents

Myeloperoxidase (MPO) assay reagents were purchased
from Sigma Aldrich (St. Louis, MO). A monoclonal anti-
body to mouse PMN specific antigen 7/4 was obtained
from Caltag Laboratories (Burlingame, CA). Mouse JE
(MCP-1) and MIP-1a biotin conjugates, recombinant
mouse MIP-1a, antibodies to mouse MIP-1a and IL-6
together with flow cytometry reagents were purchased
from R&D Systems, Inc. (Minneapolis, MN). Rat recom-
binant MCP-1 and MIP-1a, mouse recombinant MCP-1,
as well as antibodies to mouse MCP-1 were purchased
from BD Biosciences (San Diego, CA).

CLP-Induced Sepsis Model

All mice were on a C57BL/6 background. CCR2™/~ male
mice were generated as previously described and back-
crossed >10 generations.®® Age-matched wild-type
(WT) male pathogen-free mice (20 to 25 g) were pur-
chased from Jackson Laboratories (Bar Harbor, ME) and
male Long Evans pathogen-free rats (250 to 300 g) were
purchased from Charles River (Wilmington, MA). All ani-
mal experiments were performed in compliance with the
relevant laws and guidelines as set forth by the University
of Michigan’s Committee on Use and Care of Animals.
CLP was performed as previously described for rats®*
and modified for mice. Anesthesia was induced in rats by
intraperitoneal administration of 100 mg/kg ketamine HCI
and 43 pg/kg xylazine HCI (150 mg/kg and 65 ug/kg,
respectively, for mice). Using sterile conditions, the rat
cecum was exposed through a 3 cm (1.5 cm for mice)
incision and the cecum ligated below the ileocecal valve
with a 4—0 silk suture without causing bowel obstruction
and then punctured through and through with a 21-gauge
needle. The cecum was repositioned and the abdominal
incision was closed in layers with 4—0 surgical sutures

(Ethicon Inc., Somerville, NJ) and metallic clips. In some
experiments, MCP-1 or MIP-1a was blocked by intrave-
nous administration of antibodies to either MCP-1 or
MIP-1a (20 g in 200 wl), together or alone, at the time of
CLP. Control mice received 20 ng isotype-matched IgG.

LPS-Induced Lung Injury Model

Lung injury was induced by intratracheal administration
of LPS as previously described.”” C57BL/6 male mice
(20to 25 g) from Jackson Laboratories were anesthetized
by intraperitoneal injection of 150 mg/kg ketamine HCI
and 65 ug/kg xylazine hydrochloride. LPS from E. coli
(serotype 0111.B4; Sigma Aldrich) was instilled intratra-
cheally (25 ng in 50 ul sterile saline) during inspiration.
Before LPS treatment, mice were treated intravenously
(via the penile vein) with antibodies to either MCP-1 or
MIP-1a (20 pg in 200 wl phosphate-buffered saline
(PBS)). Control mice received 20 ug isotype-matched
IgG. Six hours after LPS instillation, mice were eutha-
nized.

Determination of Lung MPQO Activity

At the time points indicated, mouse lungs were perfused
through the right ventricle with 3 ml of sterile PBS, snap-
frozen in liquid nitrogen and stored at —70°C. To mea-
sure MPO activity, whole lungs were homogenized and
sonicated in 50 mmol/L potassium phosphate buffer con-
taining 0.5% hexadecyltrimethylammonium bromide
(HTAB) and 5 mmol/L ethylene diaminetetraacetic acid
(EDTA). After centrifugation at 12,000 X g for 10 minutes
at 4°C, the supernatant fluids containing MPO were incu-
bated in a 50 mmol/L potassium phosphate buffer con-
taining the substrate, H,O, (1.5 mol/L) and o-dianisidine
dihydrochloride (167 pg/ml; Sigma Aldrich). The enzy-
matic activity was determined spectrophotometrically by
measuring the change in absorbance at 460 nm over 3
minutes using a 96-well plate reader (Molecular Devices,
Sunnyvale, CA). Values represent the change in OD/min
per gram tissue weight.

Isolation of Peritoneal and Whole Blood PMN

Mouse peritoneal PMNs were isolated 6 hours after CLP
or after peritoneal injection with 0.5 ml of 1.5% thiogly-
collate medium by lavaging the peritoneum three times
with 4 ml of PBS. The cells were collected by centrifuga-
tion at 300 X g for 8 minutes at room temperature and the
red blood cells eliminated by hypotonic lysis in water. The
remaining PMNs were washed twice with PBS and resus-
pended in either PBS/0.1% bovine serum albumin (BSA)
for chemotaxis and in vitro stimulation assays or Trizol for
mRNA analysis. Peritoneal cell populations were found, in
all experiments, to contain at least 95% PMNs as dem-
onstrated by cytospin and differential stain analysis.
PMNs were isolated from rat blood as previously de-
scribed.?® Briefly, blood was drawn from the inferior vena
cava into syringes containing the anticoagulant ACD
(Baxter Health Care, Deerfield, IL), mixed 1:1 with PBS



Novel Chemokine Responsiveness of Neutrophils during Sepsis 2189

and layered over Ficoll-Paque (Amersham Biosciences,
Piscataway, NJ) in 50-ml centrifuge tubes. The tubes
were centrifuged at 400 X g for 30 minutes at room
temperature and the bottom pellet containing the PMNs
and red blood cells was resuspended in 1% dextran
(Amersham Biosciences) for 45 minutes to allow sedi-
mentation of the PMN. Contaminating red blood cells
were eliminated by hypotonic lysis in water and the re-
maining PMNs were either resuspended in PBS/0.1%
BSA for chemotaxis and in vitro stimulation assays or in
Trizol for mMRNA analysis.

Assessment of Chemokine Binding to PMN by
Flow Cytometry

Single channel flow cytometry was used to analyze bind-
ing of MCP-1 or MIP-1a to mouse peritoneal PMNSs.
Briefly, isolated PMNs were incubated for 60 minutes on
ice with biotin-labeled mrMCP-1 or mrMIP-1« followed by
30 minutes incubation with fluorescein-conjugated avi-
din. Negative controls were incubated with a biotin-la-
beled soybean trypsin inhibitor. Cells were washed, fixed
in 2% formaldehyde and analyzed by flow cytometry. To
test for specificity of chemokine binding to cells, in some
experiments, cells were pretreated with an anti-mrMCP-1
or anti-mrMIP-1a blocking antibody (R&D Systems, Inc.)
for 15 minutes before addition of the biotin-labeled
mrMCP-1.

Dual channel flow cytometry analysis was used to si-
multaneously analyze binding of MCP-1 or MIP-1a to
blood PMN expressing the PMN specific antigen 7/4
(Caltag Laboratories). Whole blood was isolated from the
inferior vena cava of mice into syringes containing the
anticoagulant ACD (Baxter Health Care). Aliquots (100
wl) of whole blood were incubated with either biotin-
labeled mrMCP-1, mrMIP-1«, or a soybean trypsin inhib-
itor (negative control) for 60 minutes followed by a 45-
minute incubation with either phycoerythrin (PE)-
conjugated anti-7/4 mAb or isotype-matched control IgG
and fluorescein-conjugated avidin. All steps were per-
formed on ice. Cells were washed, depleted of red blood
cells by hypotonic lysis using FACS lysing solution (BD
BioSciences), fixed in 2% formaldehyde and analyzed by
flow cytometry.

All samples were analyzed on an EpicsXL flow cytom-
eter (Coulter Corp., Miami, FL). MCP-1 and MIP-1a bind-
ing to peritoneal PMNs was detected by single channel
flow cytometry. Cells were gated on forward and side
scatter characteristics followed by analysis of MCP-1 in
the fluorescein isothiocyanate (FITC) channel. For dual
channel flow cytometry of MCP-1 or MIP-1a binding to
7/4* blood PMNs, cells were gated on forward and side
scatter characteristics followed by analysis in both the
FITC (MCP-1 or MIP-1a) and PE (antigen 7/4) channels.

Chemotaxis of PMN to MCP-1 and MIP-1«

Chemotactic activity of isolated rat PMNs to MCP-1 or
MIP-1a was monitored using a 96-well AB96 chemotaxis
chamber according to the manufacturer’s instructions
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(Neuro Probe, Inc., Gaithersburg, MD). Briefly, PMNs
were fluorescein-labeled with 2',7'-bis-(2-carboxyethyl)-
5-(and-6)-carboxyfluorescein, acetoxymethyl ester (Mo-
lecular Probes, Eugene, OR) for 30 minutes at 37°C and
loaded into the top of the polycarbonate filter (3 um) at a
concentration of 3.75 X 10° cells/well in Hanks’ balanced
salt solution (HBSS) containing 0.1% BSA. The bottom
wells of the chamber were loaded with 30 ul of either
HBSS containing 0.1% BSA (negative control), formyl-
methionyl-leucyl-phenylalanine (FMLP) (10~¢ M; positive
control) or various concentrations of rat recombinant
MCP-1 or MIP-1a diluted in HBSS/BSA. The chamber was
incubated for 30 minutes at 37°C and 5% CO, (humidi-
fied), the filter was removed, and the non-migrated cells
washed off by gentle scraping with a small squeegee
followed by brief rinsing with PBS. PMN migration through
the filter was detected by measuring the fluorescence of
the filter using a SpectraMax fluorescent plate reader
(Molecular Devices).

RT-PCR Analysis of CC Chemokine Receptor
Expression

Total RNA was extracted from isolated PMNs using Trizol
reagent (Life Technologies, Grand Island, NY) according
to the manufacturer’s instructions and any contaminating
DNA was degraded by a 30-minute incubation with RQ1
RNase-free DNase (Promega, Madison, WI). Reverse
transcription was performed with 1 ug RNA using Super-
Script Il Rnase H-Reverse Transcriptase (Invitrogen Life
Technologies, Carlsbad, CA) according to the manufac-
turer’s instructions. PCR was performed using the follow-
ing sense and anti-sense oligonucleotide primers for
CCR1, CCR2, CCR5, and the housekeeping gene
GAPDH (control; rat and mouse):

Mouse CCRI1 sense 5'-GAC TCC ACT CCA TGC CAA AAG ACT-3'

antisense 5'-GCT AGG GCC CAG GTG ATA ATA CT-3'

CCR2  sense 5-AAC TTG GCC ATC TCT GAC CTG-3'
antisense 5'-AGC CCT GTG CCT CTT CTT CTC-3'

CCRS sense 5'-CTG GCC ATC TCT GAC CTG CTC T-3
antisense 5'-CCC TGT GCC TCT TCT TCT CAT TC-3

Rat CCR1 sense 5'-GAG GGC CCG AAC TGT CAC TTT TG-3'

antisense 5'-ATT TTG CCA GCG GTA TAG CCA CAT-3'

CCR2  sense 5-ATC CTG CCC CCA CTC TAC TCC-3'
antisense 5-CAC AGC CCT ATG CCT CTT TTT CT-3'

CCRS sense 5'-TTC CTG CTC ACA CTC CCA TTC TG-3'
antisense 5'-CAG TAG ACT CCA CGA CAT AC-3'

GAPDH sense 5-GCC TCG TCT CAT AGA CAA GAT G-3'
(ctrl) antisense 5'-CAG TAG ACT CCA CGA CAT AC-3'

Thermal cycling was performed under the following
conditions: denaturation for 5 minutes at 94°C, followed
by 40 cycles at 94°C for 1 minute, 60°C for 1 minute, and
72°C for 1 minute, with a final extension period at 72°C for
8 minutes. Product sizes were 425, 477, and 483 bp for
mouse CCR1, CCR2, and CCR5, respectively. For rat,
product sizes were 554, 597, and 465 bp for CCR1,
CCR2, and CCR5, respectively. GAPDH product size
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was 400 bp. The products were analyzed by agarose gel
(1.2%) electrophoresis in the presence of ethidium bro-
mide and photographed digitally using the BioRad imag-
ing system (Hercules, CA). Control RT-PCR experiments
were also performed with the samples in the absence of
reverse transcriptase to confirm the lack of contaminating
genomic DNA. PCR was also performed using different
cycle numbers to confirm DNA detection within the linear
part of the amplification curve for all sets of primers.

In Vitro Stimulation of Peritoneal PMN

Mouse peritoneal PMN from 6-hour CLP animals were
seeded at a density of 4 X 10° cells/ml and plated into
12-well plates at 0.5 ml/well in RPMI medium (Gibco-BRL)
containing 10% fetal bovine serum (FBS). The cells were
stimulated for 4 hours with MCP-1 (5 ng/ml), MIP-1«a (5
ng/ml), and LPS (20 ng/ml), in various combinations or
alone. After a 4-hour stimulation, the supernatants were
removed, centrifuged at 300 X g for 10 minutes to re-
move remaining cells, and stored at —80°C for cytokine
analysis.

Quantification of Chemokine and Cytokine
Production by ELISA

Cytokine levels in serum or cell supernatants and MCP-1
or MIP-1a levels in whole lung homogenates were mea-
sured by ELISA. To measure chemokine levels in lung,
whole lungs were homogenized in RIPA buffer containing
1X Complete EDTA-free protease inhibitor cocktail
(Roche Diagnostics, Mannheim, Germany). Samples
were extracted on ice for 30 minutes and centrifuged at
10,000 X g for 10 minutes at 4°C to clarify lysate. Immu-
lon ELISA plates were coated overnight with capture
antibodies to MCP-1, MIP-1«, or IL-6 at concentrations
recommended by the manufacturers (see Reagents sec-
tion). The plates were washed and blocked for at least 1
hour with PBS containing 3% bovine serum albumin.
Various dilutions of samples with appropriate standards
were added to the wells and incubated for 2 hours,
followed by washing and incubation in appropriate bio-
tinylated secondary antibody for 1 hour. Wells were
washed and streptavidin-peroxidase was added for 30
minutes followed by washing and incubation in OPD sub-
strate (Sigma Aldrich) for 10 minutes. The reaction was
stopped by addition of 0.5 mol/L sulfuric acid. Absor-
bance was measured at 490 nm using a Molecular De-
vices plate reader. The detection limit for all chemokines
ranged between 15 and 30 pg/ml.

Statistical Analysis

All numerical results are expressed as mean *+ SEM. For
these assays, statistical analysis was performed by one-
way repeated-measures analysis of variance followed by
a multiple comparison procedure with the Student-New-
man Keuls method. A value of =0.05 was considered
significant.
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Figure 1. MPO activity and chemokine content in lungs of CLP mice. A: Time
course of lung PMN accumulation (MPO content) after CLP. B: Measure-
ments of MCP-1 and MIP-1a in whole lung extracts 6 hours after CLP. Results
are mean = SEM of two experiments with at least five mice per group, where
*is P < 0.05 compared to sham-operated (time 0) control mice.

Results

MPO and Chemokine Content in Lungs of
CLP Mice

The time course for MPO buildup in lungs after CLP was
determined in mice. Six hours after CLP, MPO content in
lungs was increased nearly sixfold when compared to
values in sham-operated mice, with slowly decreasing
levels at later time points (Figure 1A). MPO activity was
increased 4- to 5-fold at 12 and 24 hours when compared
to MPO in lungs of sham-operated control mice (time 0).

Increases in PMN accumulation at the 6-hour time
point corresponded with an increase in lung MCP-1 and
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Figure 2.A: Antibody to MCP-1 and MIP-la, alone or in combination,
reduces lung buildup of MPO after CLP, but not after direct LPS-induced lung
injury as determined by MPO activity in whole lung (B). C: MPO activity is
also reduced in septic mouse lungs from CCR2™/~ mice compared to
CCR2** mice. Results are mean + SEM of two experiments with at least four
mice per group, where * is 7 < 0.05 compared to uninjured and # is P < 0.05
compared to CLP + isotype group or CCR2*/* CLP group.

MIP-1a content as determined by ELISA (Figure 1B). Low
levels of MCP-1 and MIP-1«a were detectable in lung ho-
mogenates from control mice. However, 6 hours after CLP,
both chemokines were significantly increased in content.

Role of MCP-1 and MIP-1« in MPO Buildup in
Lungs of CLP Lungs

To assess roles for MCP-1 and MIP-1« in mediating MPO
activity in CLP mice, we targeted blockade of either
MCP-1 or MIP-1a, or both, using blocking antibodies to
MCP-1 and MIP-1a (20 ng each), alone and in combina-
tion, or with an isotype-matched IgG at the onset of CLP.
Blocking antibodies were infused intravenously and ef-
fects on lung MPO content were determined. As ex-
pected, 6 hours after CLP, MPO levels were significantly
(P < 0.05) increased compared to lungs from sham-
operated mice (Figure 2A). Treatment of CLP mice with
anti-MCP-1 or anti-MIP-1« significantly reduced MPO ac-
tivity by 55 and 36%, respectively, compared to IgG-
treated CLP mice treated with isotype-matched I1gG. The
combination of both antibodies did not significantly re-
duce MPO content when compared to the use of either
antibody alone.

To assess if decreased buildup of lung MPO in CLP
mice was due to a change in blood PMN content in mice
treated with antibody to MCP-1, blood PMN (assessed by
flow cytometric analysis of 7/4™ cells) were evaluated in
CLP mice given IgG or anti-MCP-1. Total neutrophil
counts were found to be similar in the two groups (1476 =
47 cells/ul for CLP mice treated with isotype-matched
IgG and 2005 + 222 cells/ul for anti-MCP-1-treated CLP
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mice), indicating that the antibodies did not induce neu-
tropenia.

To determine whether MPO buildup in lungs of non-
CLP mice is CC chemokine-dependent, airway instillation
of LPS was done in the absence or presence of antibod-
ies to either MCP-1 or MIP-1a, or both, and lung MPO
activity measured. Six hours after airway instillation of
LPS, MPO activity in mice given isotype IgG intravenously
was significantly increased compared to sham-treated
mice (Figure 2B). In the presence of antibodies to either
MCP-1 or MIP-1«, or both, there was no significant re-
duction in MPO activity when compared to mice treated
with isotype-matched IgG. Thus, after CLP but not after
LPS-induced lung injury, lung buildup of MPO is depen-
dent on MCP-1 and MIP-1a.

The ability of anti-MCP-1 to reduce MPO activity after
CLP suggests a role for CCR2 in the buildup of MPO in
lung. To assess this possibility, CCR2~/~ mice underwent
CLP and lung MPO activity was measured and compared
to that in CCR2™/" mouse lungs. In sham-operated mice,
MPO levels were low and not significantly different in
CCR2/~ and CCR2*/* mice (Figure 2C). Six hours after
CLP, there was a significant decrease (27%) in MPO
activity in CCR2™/~ mice when compared to values in
CCR2** mice. Thus, it appears after CLP that CCR2 is
involved in the accumulation of MPO in lung.

Expression of CC Chemokine Receptor mRNA
after CLP and Responsiveness of PMN to
MCP-1 and MIP-1«

The results described above indicate that, after CLP,
MPO buildup in lung is both MCP-1- and MIP-1a-depen-
dent, suggesting that PMN acquire CCRs, which would
allow them to respond to MCP-1 and MIP-1a. To assess
this possibility, we analyzed mRNA in rat blood PMN from
sham-operated or CLP rats, since adequate numbers of
mouse blood PMN could not be obtained for such stud-
ies. Using RT-PCR analysis, blood PMN from sham rats
demonstrated bands for CCR1, 2, and 5 (Figure 3A). Six
hours after CLP, more intense bands for each of the three
CCRs were found, especially for CCR2. In the presence
of increased CCR expression in CLP rats, blood PMN
responded chemotactically in vitro to both MIP-1a (a
common ligand for both CCR1 and CCR5) and the ligand
of CCR2, MCP-1 (Figure 3B). At a concentration of 0.5
ng/ml, MCP-1 induced peak migration of PMN isolated
from rat blood 6 hours after CLP-induced sepsis, while
PMN from sham-operated rats failed to respond chemo-
tactically. For MIP-1«, a concentration of 5 ng/ml induced
migration of septic rat blood PMN while no responses
were found in blood PMN from sham-treated rats. The
lack of reliable antibodies to these CCRs precluded di-
rect protein measurements on PMN.

Binding of MCP-1 and MIP-1« to Blood PMN
from CLP Mice

To assess binding of MCP-1 and MIP-1a to blood PMN
from CLP mice, we analyzed peripheral blood PMN from
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Figure 3. Expression of CC chemokine receptor mRNA and in vitro chemo-
tactic responsiveness to CC chemokines. A: RT-PCR analysis of CCR1, CCR2,
and CCRS5 expression in PMN 6 hours after CLP as compared to PMN from
sham animals. Samples were run in the absence (—) and presence (+) of
reverse transcriptase to confirm lack of DNA contamination. Blots are rep-
resentative of two separate experiments where 7 = 4 rats per group. B:
Chemotaxis of blood PMN to MCP-1 and MIP-1a obtained from rats 6 hours
after CLP or from sham animals. Results are the mean = SEM of two
experiments performed in triplicate with 7 = 4 rats per group.

CLP (at 6, 12, and 24 hours) and compared the results
using sham-operated (at time 0) mice for the ability of
PMN to bind MCP-1. Using a dual-labeling procedure to
identify PMN, a limited percentage (33%) of blood PMN
from sham-operated mice (control) showed binding of
MCP-1 (Figure 4A), which is consistent with the PCR data
in Figure 3. However, after CLP, there was a dramatic
increase in the number of PMN binding MCP-1. The
percentage of PMN binding MCP-1 rose at 6, 12, and 24
hours after CLP to values of 91%, 84%, and 76%, respec-
tively (Figure 4A). Similarly, blood PMN were evaluated
for binding of MIP-1a. Blood PMN from sham mice bound
MIP-1a (39%), whereas this value rose to 80% in blood
PMN obtained 6 hours after CLP (Figure 4B). Interest-
ingly, in a separate experiment, there was no increase in
binding of MCP-1 or MIP-1a to blood PMN obtained from
sham mice (13 + 4 and 14 + 5%, respectively) when
compared to blood PMN obtained from mice after intra-
peritoneal injection of 1.5% thioglycollate (15 + 4 and 17
+ 2%, respectively), indicating that a localized peritonitis
does not induce systemic changes in PMN CCRs.

The lack of increased binding of MCP-1 to CCR2™/~
blood PMN from CLP mice was also demonstrated (Fig-
ure 5A). Blood PMN from sham-operated CCR2*/* and
CCR2/~ mice showed limited binding of MCP-1 (30%
and 40%, respectively). Six hours after CLP, this value
rose to 78% in CCR2*/* blood PMN, but no significant
increase in MCP-1 binding was observed for CCR2™/~
blood PMN after CLP (when compared to sham PMN
(43% and 40%, respectively), confirming specificity of
MCP-1 for CCR2 on these PMN. Binding of MIP-1« to
these PMN was also evaluated (Figure 5B). Blood PMN
from sham CCR2"/* and CCR2 /" mice bound MIP-1«
(45 and 51%, respectively), whereas these values rose
dramatically in both CCR2*/* and CCR2~/~ blood PMN
obtained 6 hours after CLP (81 and 78%, respectively).
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Figure 4. Binding of MCP-1 and MIP-1« to peripheral blood PMN of mice. A:
In sham-operated mice, 33% of PMN (7/4+) showed evidence of MCP-1
binding whereas 6 to 24 hours after CLP there were dramatic increases in the
percentage of PMN binding MCP-1. B: Increased binding of MIP-1a to blood
PMN was also found 6 hours after CLP. Profiles are representative of two
experiments with 7z = 5 mice per group.

These data are consistent with the fact that MIP-1« binds
to receptors different from CCR2.

Expression of CC Chemokine Receptor mRNASs
and Binding of MCP-1 and MIP-1« to Peritoneal
Exudate PMN

To determine whether exudate PMN express CC chemo-
kine receptors and bind CC chemokines, we isolated
mouse PMN from the peritoneum 6 hours after CLP or
thioglycollate injection and analyzed cell content of
CCR1, CCR2, and CCR5 expression by RT-PCR. As
shown in Figure 6, mouse peritoneal PMN from both CLP-
and thioglycollate-injected mice demonstrated strong
MRNA band patterns for CCR1, 2, and 5 (Figure 6A).
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Figure 5. A and B: Binding of labeled MCP-1 and MIP-1« to blood PMN from
CCR2** and CCR2™/~ mice 6 hours after CLP. MIP-1a binding to PMN from
CCR2*/* and CCR2™/~ mice was similar for sham-operated mice with
increases 6 hours after CLP. Profiles are representative of three experiments
with 7 = 4 mice per group.

Furthermore, the binding of MCP-1 and MIP-1« to these
PMN was very high (mean fluorescent units: 316.8 and
397.8, respectively, for CLP PMN, and 103.0 and 108.2,
respectively, for thioglycollate-elicited PMN) (Figure 6B).
Little or no binding for irrelevant biotinylated peptide
(SBTI) of similar molecular weight was demonstrated
(mean fluorescent units: 13.9 and 22.3 for CLP PMN, and
4.4 and 5.7 for thioglycollate-elicited PMN). These data
suggest that peritoneal exudate PMN acquire mRNA for
CCR1, 2, and 5 and demonstrate binding of MCP-1 and
MIP-1a.
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A. RT-PCR (on Peritoneal PMN)
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Figure 6. Expression of CCR 1, 2, 5 and binding of CC chemokines to
peritoneal PMN from CLP-operated or thioglycollate-treated mice. A: RT-PCR
analysis of CCR1, CCR2, and CCR5 expression in PMN after 6 hours CLP or
thioglycollate treatment. Samples were run in the absence (—) and presence
(+) of reverse transcriptase to confirm lack of DNA contamination. Blots are
from two separate experiments each where 7 = 4 mice per experiment. B:
Binding of PMN to labeled MCP-1 and MIP-1e after 6 hours CLP or thiogly-
collate treatment. FITC-SBTI was used as a control peptide for binding
studies. Histograms are representative of two experiments performed in
duplicate with 7 = 4 mice per experiment.

Regulation of IL-6 by MCP-1 and MIP-1«
after CLP

IL-6 is known to play a role in the response to sepsis.
Recent studies indicate IL-6 production by blood PMN
after in vitro exposure to C5a and LPS.?® The role of
MCP-1 and MIP-1a in regulating IL-6 production by
mouse PMN during sepsis was evaluated. After 6 hours
CLP, peritoneal PMN were isolated and stimulated with 5
ng/ml MCP-1 or MIP-1«, or the combination. IL-6 produc-
tion was measured by ELISA with LPS stimulated PMN
representing a positive control. IL-6 production was low
in non-stimulated PMN (Figure 7A). However, after incu-
bation with MCP-1 or MIP-1«, the release of IL-6 was
increased. Exposure of PMN to the combination of MCP-1
and MIP-1« did not induce further increases in levels of
released IL-6.

The ability of MCP-1 and MIP-1« to affect blood PMN
IL-6 levels after CLP was examined in CLP mice that had
been treated with antibodies to either MCP-1 or MIP-1¢,
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A. Production of IL-6 by septic PMN
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Figure 7. Role of MCP-1 and MIP-1a on serum IL-6 levels during CLP. A:
Peritoneal PMN were isolated from CLP mice 6 hours after CLP and stimu-
lated for 4 hours with either 20 ng/ml LPS (positive control) or 5 ng/ml
MCP-1 and MIP-1«, each alone or together, and IL-6 release into supernatant
was measured. Values represent mean * SEM of two experiments performed
in triplicate, with #» = 4 mice per experiment, where * and # is P < 0.05
compared to no treatment, and 8 is P < 0.05 compared to MCP-1-treated. B:
Serum IL-6 levels in CLP mice treated with antibodies to MCP-1 and MIP-1a,
each alone or together. Six hours after CLP, serum was collected, and IL-6
measured by ELISA. Values represent mean * SEM of two experiments with
n = 4 mice per treatment group, where * and # is P < 0.05 compared to
sham-operated and 8 is P < 0.05 compared to anti-MCP-1-treated. C: IL-6 was
measured in serum from CCR2*/* and CCR2™/~ mice 6 hours after CLP.
Values represent the mean = SEM of two experiments with 7 = 4 mice per
group where * is P < 0.05 compared to sham-operated and # is P < 0.05
compared to CCR2"/* CLP group.

or the combination. After 6 hours CLP, IL-6 serum levels
in CLP mice with isotype matched IgG were significantly
elevated when compared to levels in sham-operated
mice (Figure 7B). Treatment with anti-MCP-1 or anti-
MIP-1«a significantly reduced IL-6 levels in the CLP mice
by 70 and 93%, respectively, when compared to 1gG-
treated CLP mice. No further reduction in IL-6 levels after
CLP was observed in the presence of both antibodies
when compared to anti-MCP-1 or anti-MIP-1a treatment
alone. Serum levels of IL-6 were also measured in
CCR2™/~ mice 6 hours after CLP and compared to that of
CCR2*/* mice (Figure 7C). In sham-operated mice, IL-6
levels were undetectable in both CCR2™/* and CCR2/~
mice. However, 6 hours after CLP, IL-6 levels were sig-
nificantly decreased in CCR2 ™/~ (54%) when compared
to CCR2*/* CLP levels. Thus, it appears that, under
conditions of sepsis, MCP-1 and MIP-1a enhance serum
levels of IL-6 in CLP mice. Furthermore, in the absence of
CCR2, the serum levels of IL-6 are diminished.

Discussion

In this study, we show expression of the CC chemokine
receptors (CCR1, CCR2, and CCR5) on PMN from septic
mice. To date, only macrophages, T-cells, lymphocytes,
and mast cells have been shown to naturally possess
these receptors in vivo. PMN are not thought to express
these receptors. However, previous studies have shown
that GM-CSF or IFN+y can induce expression of CCR1 or
CCR3 in PMN."™'6 To date, no single agonist has been
shown to induce CCR2 expression on PMN. We have
been unable to induce CCR2 expression on human PMN
stimulated with LPS, TNFe, or INFy (data not shown).
Binding of MCP-1 or MIP-1a to peripheral blood PMN
from mice after intraperitoneal injection of thioglycollate
failed to occur, although peritoneal PMN did express
increased binding of these CC chemokines. Thus, it is
possible that CC chemokine receptor (CCR1, CCR2, and
CCRb5) expression on peripheral blood PMN may be lim-
ited to the CLP condition.

While CC chemokine effects are currently thought to
occur through their ability to facilitate monocyte influx and
to activate macrophages to release inflammatory media-
tors, induction of CC chemokine receptors on PMN sug-
gest another pathway by which the CC chemokines are
able to enhance the PMN inflammatory response in sep-
sis. Expression of CC chemokine receptors on blood
PMN from septic mice occurred along with increased
lung CC chemokine levels and elevated MPO content.
Furthermore, septic CCR2 ™/~ mice or septic mice treated
with antibodies to either MCP-1 or MIP-1a displayed re-
duced lung buildup of MPO compared to sham-treated
mice, suggesting that they may play a role in mediating
PMN recruitment. These results are in agreement with
previous studies involving septic models where blockade
of MIP-1a or MCP-1 was shown to reduce neutrophil
recruitment. Anti-MIP-1a reduced lung PMN build-up af-
ter systemic exposure to LPS.?° More recently, blockade
of MCP-1 was shown to reduce peritoneal PMN recruit-
ment after acute septic peritonitis.?” In these studies,
MCP-1 and MIP-1a have been postulated to mediate their
effects on PMN accumulation indirectly by modulating
the activity of macrophages or endothelial cells, via re-
lease of early inflammatory mediators (leukotriene B,,
TNFa) or expression of ICAM-1, respectively, which
would favor PMN recruitment. In the present study, treat-
ment of septic mice with antibodies to MCP-1 or MIP-1«
also reduced serum IL-6 levels. IL-6 is an early inflam-
matory mediator known to induce ICAM-1 expression on
endothelial cells.®® Our recent studies have indicated
that in the setting of sepsis, IL-6 induces up-regulation of
Cb5aR in various organs in vivo and corresponds with
decreased survival.?® Also, in vitro exposure of endothe-
lial cells to IL-6 causes increases in mRNA for C5aR as
well as ChaR protein.®° These data suggest that, in sep-
sis, MCP-1 and MIP-1a may have adverse effects by
inducing up-regulation of IL-6.

Recent studies with neutrophil-depleted mice have
suggested that PMN may be major contributors to serum
IL-6 levels during sepsis.?® Treatment of septic peritoneal
PMN in the present study with MCP-1 or MIP-1a induced
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IL-6 production. Therefore, in addition to its chemotactic
role in mediating PMN migration, MCP-1 and MIP-1a may
also regulate PMN migration indirectly by stimulating their
release of IL-6. Interestingly, in the previous study,?®
treatment of septic mice with antibodies to Cba also
reduced serum IL-6 levels which leads one to speculate
a possible connection between C5a/C5aR activation/in-
ternalization and induction of CC chemokine receptor
expression on septic PMN. In fact, C5a by itself was
unable to induce IL-6 production from isolated rat
blood neutrophils, suggesting a possible dependence
of C5a on MCP-1 or MIP-1a signaling through their
respective receptors to induce IL-6 production. Stud-
ies addressing this possible scenario are currently on-
going in our lab.

Consistent with the expression of CC chemokine re-
ceptors on PMN, the ability of blood PMN to respond to
CC chemokines may be unique to the septic condition. In
LPS-induced acute lung injury, blockade of MIP-1a or
MCP-1 does not affect the buildup of MPO in lung (Figure
2). This is consistent with previous studies in which
MCP-1 or CCR2 could not be shown to influence PMN
buildup in lung after lung deposition of LPS or IgG im-
mune complex injury.' " However, a contrasting report
has suggested that MIP-1« is capable of mediating PMN
migration in a rat model of acute lung LPS injury which
may indicate a species-specific difference in PMN re-
sponsiveness to CC chemokines.®’

The data in the current report suggest that CLP-in-
duced sepsis orchestrates a series of changes on blood
PMN, resulting in their ability to bind MCP-1 and MIP-1q,
implying induction of CCR1, CCR2, and CCRS5. Such
changes have also been found on peritoneal PMN in-
duced by thioglycollate but not on blood PMN from the
same animals. These results are consistent with previous
studies showing the ability of thioglycollate-elicited PMN
to respond in a chemotactic manner to MIP-1a.3% The
presence of these CC chemokine receptors on peritoneal
PMN, but not on naive blood PMN, implies that CC che-
mokine receptor expression on peritoneal PMN can oc-
cur and may amplify innate immune responses. CCR2,
but not CCR5, functions as a pro-inflammatory mediator
responsible for promoting fibrosis in a bleomycin-in-
duced pulmonary fibrosis model.®*® MCP-1/CCR2 has
also been shown to play a role in mediating tumor angio-
genesis both in vitro and in vivo independent of monocyte
recruitment.®*2% Recent progress in the area of apopto-
sis also suggests that CCR2/MCP-1 interaction delays
neuronal and astrocytic apoptosis.®®3” Delayed apopto-
sis of PMN has been described in patients with severe
sepsis.®*® Evidence from animal studies supports this
finding.3® However, the pathophysiological mechanisms
responsible for extending the life span of the neutrophil
during sepsis is poorly described. GM-CSF, which is
present in high levels in serum from septic patients, has
been shown to delay in vitro apoptosis of PMN.*° Previous
studies have also demonstrated CCR1 up-regulation on
PMN in response to GM-CSF."® Therefore, MIP-1a bind-
ing and subsequent activation of these CC chemokine
receptors on PMN in response to GM-CSF may be a
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mechanism by which GM-CSF inhibits apoptosis during
sepsis.

In summary, the acquisition of MCP-1 and MIP-1«
binding to blood PMN during sepsis leads to engage-
ment of a CC pathway for PMN recruitment. This path-
way, which does not normally appear to be operative,
allows increased PMN (defined by MPO content) accu-
mulation in lung. In addition, peritoneal PMN have been
shown to express these receptors, implying that CC che-
mokine receptor activation on PMN may amplify PMN
responses in tissues. Further studies aimed at defining
the individual roles of these PMN-specific CC chemokine
receptors in mediating lung accumulation and activation
of PMN may provide novel insight into the mechanism(s)
involved in the pathogenesis of sepsis.
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