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Rationale: The failure of neutrophils to migrate to an infection focus
during severe sepsis is an important determinant of the inability
of a host to deal with an infectious insult. Our laboratory has shown
that inducible nitric oxide synthase (iNOS) induction and NO pro-
duction contribute to the failure of neutrophils to migrate in the
context of sepsis.

Objectives and Methods: We investigated whether CXCR2 expression
contributed to the failure of neutrophils to migrate during severe
sepsis and the role of NO in modulating CXCR2 expression on
neutrophils in mice subjected to nonsevere (NS) or severe (S) cecal
ligation and puncture (CLP).

Results: Neutrophil migration to the infection focus was deficient
in S-CLP mice, a phenomenon prevented by pharmacologic (amino-
guanidine, L-canavanine) or genetic (iNOS gene deletion) inhibition
of iINOS. The expression of CXCR2 on neutrophils from S-CLP mice
was significantly reduced when compared with neutrophils from
NS-CLP or sham-operated mice. CXCR2 expression was reestab-
lished by pharmacologic and genetic inhibition of iNOS. Immunoflu-
orescence and confocal analysis revealed that iNOS blockade re-
duced neutrophil CXCR2 internalization. Adhesion and emigration
of neutrophils in macrophage inflammatory protein-2-stimulated
mesentery microcirculation were reduced in S-CLP mice, compared
with NS-CLP mice, and reestablished by pretreatment with amino-
guanidine or L-canavanine. The NO donor S-nitroso-N-acetyl-p,L-
penicillamine inhibited CXCL8-induced human neutrophil chemo-
taxis and CXCR2 expression on human and murine neutrophils.
Conclusion: These results highlight evidences that the failure of
neutrophils to migrate to an infection focus during severe sepsis is
associated with excessive NO production and NO-dependent regu-
lation of the expression of CXCR2 on the neutrophil surface.
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The migration of neutrophils to an infection focus constitutes
the first line of defense against infection (1-3). The migrated

(Received in original form January 24, 2006; accepted in final form November 30, 2006)
* These investigators contributed equally to this study.

Supported by grants from the Fundagédo de Amparo a Pesquisa do Estado de Sdo
Paulo (FAPESP), Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES), Conselho Nacional de Pesquisa e Desenvolvimento Tecnolégico (CNPq),
and Programa de Nucleos de Exceléncia (PRONEX).

Correspondence and requests for reprints should be addressed to Fernando Q.
Cunha, Ph.D., Department of Pharmacology, Faculty of Medicine of Ribeirao
Preto, University of Sdo Paulo, Av. Bandeirantes 3900, Monte Alegre, 14049-900
Ribeirdo Preto, SP, Brazil. E-mail: fdgcunha@fmrp.usp.br

This article has an online supplement, which is accessible from this issue’s table
of contents at www.atsjournals.org

Am ] Respir Crit Care Med Vol 175. pp 490-497, 2007

Originally Published in Press as DOI: 10.1164/rccm.200601-1030C on November 30, 2006
Internet address: www.atsjournals.org

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Nitric oxide (NO) participates in the pathogenesis of sepsis
and the chemokine receptor CXCR2 has been shown to
be down-regulated on neutrophils during severe sepsis.

What This Study Adds to the Field

Failure of migration of neutrophils to an infection focus
during severe sepsis is associated with excessive NO produc-
tion and NO-dependent down-regulation of CXCR2 ex-
pression on the neutrophil surface.

neutrophils may control bacterial growth and, consequently, pre-
vent bacterial dissemination and death. Failure of neutrophils
to migrate to an infection focus is a key event responsible for
the inability of a host to restrict the growth and dissemination
of a pathogen (4, 5). Systemic released nitric oxide (NO) appears
to be a major mediator of the impairment of neutrophil migration
in sepsis after cecal ligation and puncture (CLP), Staphylococcus
aureus injection and endotoxemia model (6-11). Consistently,
in patients with sepsis or severe trauma, the observed inhibition
of neutrophil chemotaxis was accompanied by increased serum
concentrations of chemokines and NO metabolites (12, 13).
Thus, although NO production may be relevant for the ability
of a host to deal with an infectious insult (14, 15), overproduction
of NO in the circulation prevents neutrophil migration and might
be detrimental to the outcome of sepsis.

Neutrophil recruitment to sites of infection is heavily depen-
dent on chemokines, mainly CXC chemokines containing the
tripeptide Glu-Leu-Arg (CXC-ELR™" chemokines) (16). Human
peripheral blood neutrophils express two major subtypes of che-
mokines receptors, CXCR1 and CXCR2 (17, 18), whereas mu-
rine neutrophils express the CXCR2 receptor (19). Whereas
degranulation and calcium flux in response to CXCLS8 are medi-
ated by both receptors, respiratory burst and chemotaxis are
mediated mainly by CXCR1 (20) and CXCR?2 (21), respectively.
The importance of CXC-ELR* chemokines and their receptors
for host defense against infection has been demonstrated in
various models. Mice deficient in lungkine (CXCL15) had a
decrease in neutrophil migration to the infection focus and an
increase in mortality rate after Legionella pneumophila challenge
(22). The pneumonia induced by Aspergillus fumigatus after
CXCR2 blockade is indistinguishable from that obtained after
neutrophil depletion and much more severe than in the presence
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of neutrophils (23). In addition, CXCR2 is an essential chemo-
kine receptor for the innate response against infection due to
inoculation with Pseudomonas aeruginosa (24) and Nocardia
asteroides (25).

An important feature of seven—transmembrane domain G
protein—coupled receptors (GPCRs), including chemokine re-
ceptors, is the rapid internalization of the receptor from the cell
surface into endosomal compartments on agonist stimulation
(26). Both CXCR1 and CXCR?2 are down-regulated on stimula-
tion with CXCLS8. After removal of the chemokine, CXCRI1 is
rapidly and completely reexpressed on the cell surface, whereas
CXCR2 reexpression is slow and only partial (21, 27). In patients
with severe sepsis or trauma, there was a reduction in the expres-
sion of CXCR2 on neutrophils, but not of CXCR1 (28-31).
However, it is not known whether CXCR2 down-regulation
plays a relevant role in the failure of neutrophils to migrate to
an infectious focus and whether NO plays a role in CXCR2
down-regulation. In the present study, we demonstrated that
CXCR?2 plays a critical role in the migration of neutrophils
elicited by CLP in mice. Moreover, we provide the first evidence
to suggest that NO down-regulates CXCR?2 expression on neu-
trophils and prevents CXCR2-dependent neutrophil recruitment
to a site of infection during severe sepsis.

METHODS

Experimental details are provided in the online supplement.

Animals

C57BL/6 (8- to 12-week-old) male mice obtained from the animal facil-
ity of our institution (University of Sdo Paulo, Sao Paulo, Brazil) and
C57BL/6 inducible nitric oxide synthase-deficient (iNOS™) mice pur-
chased from Jackson Laboratory (Bar Harbor, ME) were housed under
standard conditions and received water and food ad libitum. All experi-
ments were conducted according to the guidelines laid down by the
ethics committee of the School of Medicine of Ribeirdao Preto, Univer-
sity of Sao Paulo.

Sepsis Model

The sepsis model used was CLP, as described (32). We have standard-
ized the number of punctures in CLP required to display nonsevere
(NS-CLP) and severe (S-CLP) effects in control mice. Briefly, mice
were anesthetized and the cecum was exposed, ligated, and punctured
twice with a 24-gauge needle (NS-CLP) or 14 times with a 21-gauge
needle (S-CLP). Next, the cecum was repositioned in the abdomen,
and the peritoneal wall was closed. Sham-operated animals underwent
identical laparotomy but without cecal puncture. The survival rate was
determined daily for 5 days after surgery.

Pharmacologic Treatments

Mice were treated subcutaneously with saline (vehicle) or with selective
iNOS inhibitors, that is, aminoguanidine (30 mg/kg; Sigma, St. Louis,
MO) or L-canavanine (50 mg/kg; Sigma), 30 min before surgery. In
another set of experiments, mice were pretreated with repertaxin (RTX,
30 mg/kg, intravenous), a noncompetitive allosteric blocker of CXCR1
and CXCR2 (33), 30 min before surgery. RTX was a kind gift from R.
Bertini (Dompé SpA, L’Aquila, Italy).

Neutrophil Migration to Peritoneal Cavity

Neutrophil migration was assessed 6 hours after CLP, as reported (8).
The results are expressed as the number of neutrophils per cavity.
Blood Bacterial Counts

Bacterial counts were performed on blood samples collected 6 hours
after CLP, as described (6).

Neutrophil Isolation

Mouse blood neutrophils were isolated by immunomagnetic negative
selection, as previously described (34). Human blood neutrophils from
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healthy volunteers were isolated by Percoll density gradient centrifuga-
tion, as described (35).

Flow Cytometry Analysis

Mouse blood neutrophils were stained with phycoerythrin-conjugated
anti-CXCR2 antibody (Santa Cruz Biotechnology, Santa Cruz, CA)
or appropriate isotype controls. Human blood neutrophils were stained
with rabbit anti-CXCR1 or anti-CXCR2 (Santa Cruz Biotechnology),
and binding of these monoclonal antibodies was detected with fluores-
cein isothiocyanate—conjugated anti-rabbit IgG and compared with rele-
vant isotype controls (Dako, Ely, UK). The cells were washed, fixed,
and analyzed with a flow cytometer (BD FACSort; BD Biosciences,
Mountain View, CA).

Immunofluorescence Assay for CXCR2 Analysis

Purified mouse neutrophils were affixed to glass slides and incubated
with primary rabbit anti-CXCR2 IgG antibody or isotype controls
(Santa Cruz Biotechnology). Next, secondary antibody (goat anti-rabbit
IgG conjugated with green fluorescent Alexa-Fluor 488; Invitrogen
Molecular Probes, Eugene, OR) was added. Images of marked cells
were captured with an epifluorescence microscope (BX-50; Olympus,
Tokyo, Japan).

Intravital Microscopy of Mesenteric Microcirculation

Leukocyte adhesion and migration were examined by the intravital
microscopy technique, as described (7). To induce the leukocyte—
endothelium interaction, macrophage inflammatory protein (MIP)-2
(20 ng/ml) was applied directly to the mesenteric tissue, and cells in
the recorded image were counted with a television camera incorporated
onto a microscope (Carl Zeiss, Oberkochen, Germany).

Chemotaxis Assays

Purified human neutrophils (10° cells/ml in RPMI) were incubated at
37°C for 2 hours either in the absence (control) or in the presence of
S-nitroso-N-acetyl-p,L-penicillamine (SNAP, 300 pM), citrulline
(30 M), or CXCLS (30 ng/ml), before chemotaxis to CXCL8 (10 ng/ml)
in Boyden chamber assays, as previously described (13). To test the
effect of NO on the inhibitory activity of CXCLS, neutrophils were
incubated with aminoguanidine (50 pM) at 37°C for 30 min before
addition of the cytokine.

Calcium Imaging Analysis

Purified mouse neutrophils were incubated with Fluo-3-AM (Invitrogen
Molecular Probes) and calcium mobilization in response to MIP-2
(20 ng/ml) was assayed by confocal microscopy (TCS SPS5; Leica Micro-
systems USA, Bannockburn, IL).

Statistical Analysis

Data are reported as means = SEM of values obtained from two different
experiments. The means between different treatments were compared
by analysis of variance. If significance was determined, individual compar-
isons were subsequently tested by Bonferroni ¢ test for unpaired values.
Bacterial counts were analyzed by Mann-Whitney U test. The survival
rate was expressed as the percentage of live animals, and the Fisher exact
test was used to determine differences in survival curves. p < 0.05 was
considered significant. Data were analyzed with GraphPad Prism version
3.00 for Windows (GraphPad Software, San Diego, CA).

RESULTS

Blockade of CXCR2 Inhibits Neutrophil Migration and
Enhances Mortality in Septic Peritonitis

Initial experiments were performed to determine the role of
CXCR2 signaling in the outcome of sepsis. CXCR2 was inhibited
with repertaxin (RTX, 30 mg/kg, intravenous, 30 min before
CLP), a noncompetitive allosteric blocker of CXCR1 and
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Figure 1. Blockade of CXCR2 inhibits neutrophil migration and en-
hances mortality in septic peritonitis. Shown are survival rates (A), neu-
trophil migration into the peritoneal cavity (B), and bacterial counts in
blood (C) of animals pretreated with saline (vehicle) or repertaxin (RTX,
30 mg/kg, intravenous, 30 min before cecal ligation and puncture
[CLP]) and subjected to sham surgery or nonsevere (NS)-CLP or of mice
subjected to severe (S)-CLP that receive only vehicle. The survival rate
of RTX-pretreated animals was significantly different from that of animals
that received only vehicle after NS-CLP, with p < 0.05, Fisher exact
test (n = 12-15). The results of neutrophil migration are expressed as
means and SEM of the number of neutrophils in the peritoneal cavity
(n =10), *p < 0.05 compared with NS-CLP group (analysis of variance,
followed by the Bonferroni test). Results of bacterial counts are expressed
as the log of colony-forming units (CFU) per milliliter of blood (n = 5),
*p < 0.05 compared with NS-CLP group (Mann-Whitney U test). No
bacteria were detected in the sham and sham plus RTX groups.

CXCR?2 (33). As shown in Figure 1A, the treatment of septic
mice with repertaxin drastically decreased the survival of mice
after nonsevere CLP (NS-CLP). Twenty-four hours after NS-
CLP, 100% of control mice were alive compared with 70% of
repertaxin-treated mice (n = 10). The detrimental effects of
inhibiting CXCR2 were most apparent on Day 4 after NS-CLP.
At this time point, the survival rate among control mice was
60% , whereas 100% mortality was observed in mice that received
repertaxin. All sham-operated mice (sham and sham plus RTX)
survived for 5 days after surgery, whereas 100% of animals
subjected to S-CLP died on Day 2 after surgery (n = 10).
Because neutrophil migration requires signaling via CXCR2,
we next investigated whether blockade of CXCR?2 affected neu-
trophil recruitment to the infectious focus and, consequently,

the control of infection, as assessed by bacteremia. In agreement
with our previous data (8, 9), the results in Figures 1B and
1C show that animals subjected to NS-CLP presented marked
neutrophil migration into the peritoneal cavity and low bacterial
counts in blood 6 hours after surgery. However, mice subjected
to S-CLP displayed impaired neutrophil migration compared
with NS-CLP mice and failed to control the infection, as seen
by the increased number of bacteria in blood (Figure 1C). Treat-
ment of NS-CLP mice with repertaxin significantly (p < 0.001)
reduced neutrophil migration compared with control NS-CLP
mice and induced a marked increase in bacteremia (Figures 1B
and 1C). No bacteria were detected in the sham and sham plus
RTX groups (data not shown). Taken together, these results
demonstrate a critical role for CXCR?2 signaling in the migration
of neutrophils to the primary site of infection and, consequently,
for survival during sepsis.

Blockade of iNOS Prevents Down-regulation of CXCR2 in
Circulating Neutrophils and Impairment of Neutrophil
Migration during Severe Sepsis

We have previously demonstrated that the impairment of neu-
trophil migration to an infectious focus in animals subjected to
severe sepsis is prevented by blockade of iNOS (8, 9). To deter-
mine whether the loss of CXCR2 might be associated with the
enhanced production of NO observed during sepsis, neutrophil
migration in the peritoneal cavity and CXCR2 cell surface ex-
pression levels in circulating neutrophils were assessed 6 and
2 hours, respectively, after induction of septic peritonitis in con-
trol and iNOS inhibitor-treated mice. Consistent with our previ-
ous data (8, 9), Figure 2A shows that inhibition of iNOS by
pretreatment of mice subjected to S-CLP with aminoguanidine
or L-canavanine prevented the impairment of neutrophil migra-
tion into the peritoneal cavity 6 hours after CLP. Similarly,
neutrophil migration was restored in iNOS™ mice subjected to
S-CLP (Figure 2A). Interestingly, inhibition of iNOS with
aminoguanidine failed to prevent the impairment of neutrophil
migration when given after repertaxin treatment (Figure 2A),
reinforcing the dominant role of CXCR?2 receptor in neutrophil
migration.

Flow cytometric analysis showed that 2 hours after surgery
CXCR?2 expression in circulating neutrophils from S-CLP mice
was significantly reduced by 63 and 75% when compared with
NS-CLP and sham-operated mice, respectively (Figure 2B).
Interestingly, in experiments in which iNOS was blockaded with
aminoguanidine or L-canavanine, and in experiments with
iNOS™ mice, the observed down-regulation of CXCR?2 in the
S-CLP group was attenuated (Figure 2B). The expression of
CXCR?2 on neutrophils of mice subjected to S-CLP and in which
iNOS was inhibited pharmacologically or genetically was not
significantly different from that observed on neutrophils from
the NS-CLP group (Figure 2B).

The reduction of cell surface CXCR?2 levels correlates with
the endocytosis or internalization of CXCR2 receptors (36).
Using fluorescence microscopy, we determined the cell distribu-
tion of CXCR?2 in circulating neutrophils 2 hours after sepsis
induction. As shown in Figure 3, sham-operated mice (Figure
3A) had superficial and homogeneous membrane expression of
CXCR2 when compared with animals subjected to CLP. Neutro-
phils obtained from NS-CLP mice showed an increase in cyto-
plasmic fluorescence, with the formation of internal clusters of
CXCR?2 (Figure 3B). However, mice subjected to S-CLP (Figure
3C) had an accentuated loss of neutrophil membrane CXCR2
and a marked increase in the formation of dense fluorescent dot
complexes in the cytoplasm. Confocal scanning images revealed
that the reduction of neutrophil CXCR2 expression in S-CLP
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Figure 2. Blockade of inducible nitric oxide synthase (iNOS) prevents
neutrophil migration to the peritoneal cavity and attenuates neutrophil
CXCR2 down-regulation in severe sepsis. (A) Neutrophil migration into
the peritoneal cavity of animals pretreated with saline (vehicle), amino-
guanidine (AG), L-canavanine (CAN), repertaxin (RTX), or AG plus RTX
and subjected to CLP, and of iNOS”~ mice subjected to CLP. Results
are represented as means and SEM of the number of neutrophils in the
peritoneal cavity (n = 8). (B) Purified neutrophils from mice pretreated
with saline (vehicle), AG, or CAN, or from iNOS”~ mice, and subjected
to CLP (2 h after surgery) were labeled with fluorescein isothiocyanate—
conjugated Gr-1 and phycoerythrin-conjugated CXCR2 antibodies and
CXCR2 expression was determined by flow cytometry. Data represent
means and SEM of three different experiments. In both (A) and (B): *p <
0.001 compared with sham-operated animals, p < 0.01 compared
with S-CLP mice pretreated with saline (analysis of variance, followed
by the Bonferroni test).

mice was due to protein internalization (data not shown). Con-
versely, neutrophils obtained from iNOS” mice subjected to
S-CLP (Figure 3D) had CXCR?2 distribution similar to that ob-
served in the neutrophils of mice subjected to NS-CLP. Taken
together, these data show that impairment of neutrophil migra-
tion to the infectious focus in severe sepsis is associated with
reduction of CXCR?2 protein expression on the membrane of
circulating neutrophils. The blockade of iNOS prevented
internalization.

Reestablishment of CXCR2 Responsiveness by Blockade of
iNOS in Severe Sepsis

Invitro studies have demonstrated that CXCR2 down-regulation
may induce a reduction in neutrophil response to chemokines
that bind to CXCR?2 (37). A series of in vitro and in vivo experi-
ments were conducted in an attempt to investigate the integrity
of CXCR?2 function during sepsis. First, we examined in the
mesenteric postcapillary venules the leukocyte—endothelium in-
teraction (adhesion and migration) in response to stimulation
with MIP-2, a CXC-ELR* chemokine that binds CXCR2. Figure
4 shows that application of MIP-2 over the mesentery of sham-
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operated or mice subjected to NS-CLP increased neutrophil
adhesion and migration in a similar manner. However, there
was a decrease in neutrophil adhesion and migration in S-CLP
mice given MIP-2 (Figure 4). Pretreatment with aminoguanidine
or L-canavanine restored leukocyte adhesion and mesenterium
transmigration in response to MIP-2 in S-CLP animals. Similar
results were observed in iNOS™ mice subjected to S-CLP (data
not shown). The reduction of CXCR?2 expression and of neutro-
phil adhesion and migration observed in S-CLP mice was not a
consequence of a decrease in the number of circulating neutro-
phils, as the number of neutrophils were not different in the
groups 2 hours after surgery (data not shown).

Changes in intracellular calcium (Ca?") concentration are
classically associated with chemokine activation of cells and pro-
vide a mechanism by which receptor engagement and response
specificity may be examined (38). Neutrophils from mice sub-
jected to S-CLP treated or not treated with iNOS inhibitors
were collected 2 hours after surgery and stimulated in vitro with
MIP-2 (20 ng/ml). Ca’>" mobilization in neutrophils from S-CLP
mice treated with aminoguanidine or L-canavanine had an increased
response to MIP-2 compared with control S-CLP mice (7.5 +
0.5 and 10.1 = 0.3 vs. 2.8 = 0.5 relative fluorescence; n = 5,
p < 0.05 by analysis of variance and Bonferroni ¢ test), suggesting
arecovery of CXCR2 mediating the intracellular calcium mobili-
zation response.

Nitric Oxide Down-modulates CXCR2, But Not CXCR1,
Expression in Human Neutrophils

To assess whether the preceding observations applied to human
neutrophils, the chemotaxis of blood neutrophils in response to
CXCLS (10 ng/ml) was studied after pretreatment of cells with
an NO donor (SNAP, 300 pM), citrulline (30 uM), CXCLS8
(30 ng/ml), or SNAP plus CXCLS8. As shown in Figure 5, SNAP
pretreatment resulted in a marked inhibition of CXCLS8-induced
chemotaxis. Pretreatment with citrulline had no effect on chemo-
taxis at the concentration and time studied. Consistent with its
ability to desensitize neutrophils (39), pretreatment with CXCLS8
induced a marked inhibitory effect on the chemotactic response
to CXCLS. The latter effect was not enhanced when coincubated
with SNAP. Incubation with aminoguanidine before the first
addition of CXCL8 was used to determine whether the inhibitory
effect of CXCL8 on CXCLS8-induced chemotaxis was NO depen-
dent. The blockade of iNOS partially prevented the inhibitory
effect of CXCLS8 (Figure 5).

To confirm the critical role of nitric oxide in chemokine recep-
tor down-regulation, we examined the effect of NO donor expo-
sure on the expression of CXCR1 and CXCR2 on human neutro-
phils and of CXCR2 on murine neutrophils. Flow cytometric
analysis showed that pretreatment with the NO donor (SNAP)
failed to affect the expression of CXCR1 (Figures 6A and 6D),
but significantly decreased the expression of CXCR2 on human
neutrophils (Figures 6B and 6E). SNAP also significantly de-
creased CXCR2 expression on murine neutrophils (Figure 6C).
In contrast, pretreatment with citrulline had no effect on CXCR1
and CXCR?2 expression on murine or human neutrophils (Figure
6). Together, these data provide direct evidence that NO down-
regulates CXCR2, but not CXCR1, expression on neutrophils.
Finally, we show that CXCR2, but not CXCRI1, expression is
regulated by an agonist-dependent mechanism. Human neutro-
phils pretreated with CXCL8 (human CXCR1 and CXCR?2 li-
gand) or murine neutrophils pretreated with KC or MIP-2 (mu-
rine CXCR?2 ligands), displayed a significant decrease in cell
surface CXCR2 expression (Figures 6B and 6C).
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DISCUSSION

Neutrophil recruitment to the site of infection is an essential
step for the control of invading pathogens (1-3). CXC-ELR*
chemokines display a central role in mediating the signaling
cascade that targets neutrophils to sites of infection by binding
to receptors on the surface of these cells (40). Thus, down-
regulation of chemokine receptors and/or chemokine unrespon-
siveness may be critical to the impairment of neutrophil recruit-
ment during infection. In this respect, there is evidence to suggest
that human and murine chemokine receptors are down-regulated
in neutrophils during severe sepsis. It has been previously dem-
onstrated that the expression of CXCR2, but not CXCR1, is
down-regulated on the membrane of neutrophils obtained from
septic patients (28, 31). Furthermore, we have demonstrated that
neutrophils obtained from patients with severe sepsis display
a marked reduction of CXCLS8-induced chemotaxis (41). The
mechanisms underlying the loss of chemokine receptors from
the neutrophil surface have not been explored. In the present
study, we sought to investigate the involvement of CXCR2 in
neutrophil migration during sepsis. Our results showed that there
was clear down-regulation of this receptor that correlated with
the failure of neutrophils to migrate to the site of infection. We
then evaluated the role of NO in mediating the down-regulation
of CXCR?2 expression on neutrophils and in CXCR2-dependent
neutrophil recruitment to a site of infection during severe sepsis.

Initial experiments investigated the effect of CXCR2 on the
outcome of sepsis in mice. We showed that inhibition of CXCR2
chemokine receptor by repertaxin, a noncompetitive allosteric
blocker of murine CXCR2 (33), resulted in marked reduction
of neutrophil migration to the infectious focus during nonsevere
sepsis. Failure of neutrophils to migrate was associated with
failure of the host to deal with the infectious insult and, conse-

B NS-CLP

Figure 3. Down-regulation of
neutrophil CXCR2 in severe
sepsis was attenuated by iINOS
blockade.  Wild-type  mice
(C57BL/6) subjected to sham
surgery, NS-CLP, or S-CLP and
iNOS™~ mice subjected to S-CLP
were killed 2 hours after surgery
and purified neutrophils were
labeled with anti-CXCR2 anti-
body conjugated with second-
ary anti-lgG antibody labeled
with Alexa-Fluor 488. (Original
magnification: x1,000.)

quently, with mortality rates similarly to those observed in mice
subjected to severe sepsis. Accordingly, one study has shown
that CXCR2 down-regulation may predispose to pneumonia
after trauma or other inflammatory conditions that lead to the
systemic inflammatory response syndrome (29). Altogether,
these data provide evidence suggesting that CXCR?2 signaling is
critical to regulate the migration of neutrophils and host defense
during bacterial infection.

Previous studies from our laboratory have shown that marked
impairment of neutrophil migration to the infectious focus is
observed in severe sepsis, resulting in the inability of the host
to restrict the local infection. These studies have shown that
the loss of local control of infection results in dissemination of
bacteria and high mortality rates in animal models (6, 8, 9, 11).
More importantly, we have previously shown that neutrophils
obtained from septic patients had reduced chemotaxis to CXCLS8
and that the loss of response correlated well with the severity
of disease (13). In animals, NO seems to be an important media-
tor of the impairment of neutrophil migration in sepsis, as the
failure to migrate is prevented by pharmacologic or genetic
blockade of iNOS (7-9). Taking into account this evidence, and
the findings that CXCR2 is down-regulated in severe sepsis (28,
31), we postulated that CXCR2 down-regulation might be re-
sponsible for the impairment of neutrophil migration observed
in severe sepsis and that iNOS-derived NO mediates the receptor
down-regulation. We observed both impairment of the migration
of neutrophils to the infection focus and down-regulation of the
expression of CXCR2 on circulating neutrophils in S-CLP mice.
Data obtained by flow cytometry, immunofluorescence, and
scanning confocal microscopy clearly indicated that neutrophils
from S-CLP mice showed a decrease in membrane CXCR2 local-
ization and increased internalization of CXCR2, when compared
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Figure 4. iINOS blockade prevents neutrophil desensitization to macro-
phage inflammatory protein (MIP)-2 in severe sepsis. Adhesion (A) and
migration (B) of leukocytes in MIP-2—stimulated mesenteric venules of
sham-operated mice or mice subjected to NS-CLP or S-CLP pretreated
with saline (vehicle), aminoguanidine (AG), or r-canavanine (CAN).
Similar results were observed in the vehicle-treated sham group and
sham groups treated with iNOS inhibitors (CAN and AG). Measurements
were evaluated for 10 minutes, 2 hours after surgery. The leukocyte—
endothelium interaction was stimulated by local administration of MIP-2
(20 ng/ml) into the mesenterium (n = 8). *p < 0.01 compared with
NS-CLP group; p < 0.01 compared with S-CLP mice pretreated with
saline (analysis of variance, followed by Bonferroni test).

with NS-CLP mice. Both pharmacologic and genetic inhibition
of iNOS attenuated CXCR?2 internalization, and prevented the
impairment of neutrophil migration in S-CLP mice. The latter
results support our hypothesis that NO derived from iNOS medi-
ates the down-regulation of the chemokine receptor during se-
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Figure 5. Nitric oxide inhibits human neutrophil chemotaxis. Human
purified blood neutrophils were preincubated with medium (Control),
NO donor (S-nitroso-N-acetyl-p,L-penicillamine [SNAP], 300 wM), citrul-
line (30 uM), CXCL8 (30 ng/ml), CXCL8 plus SNAP, or iNOS inhibitor
(AG, 50 puM) plus CXCL8 for 2 hours at 37°C before chemotaxis to
CXCL8 (10 ng/ml) in Boyden chamber assays. Experiments were per-
formed three times, each in triplicate. Results are expressed as means
and SEM. *p < 0.01 compared with control in CXCL8.
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vere sepsis. To gain further insight concerning the significance
of iNOS blockade in CXCR?2 internalization dynamics, we exam-
ined the leukocyte—endothelium interaction (adhesion and emi-
gration) in response to MIP-2 (CXCR?2 ligand) stimulation in
mesenteric postcapillary venules of S-CLP mice. It was observed
that MIP-2 induced lower adhesion and transmigration in
S-CLP mice, compared with those induced in NS-CLP mice. In
contrast, blockade of iNOS reestablished the leukocyte—
endothelium interactions. Inhibition of NO production by treat-
ment of S-CLP mice with an iNOS inhibitor failed to reestablish
neutrophil migration when the iNOS inhibitor was given in asso-
ciation with a CXCR?2 blocker. The latter results reinforce the
concept that iNOS-derived NO accounts for the down-regulation
of CXCR2. Moreover, the results suggest that CXCR2 down-
regulation is a key event for the impairment of the migration
of neutrophils during severe sepsis.

There is evidence that severe infection is associated with a
systemic mobilization of neutrophils from the bone marrow and
that these newly released neutrophils preferentially sequester in
lung and are slow to migrate into infected tissues (42). In this
context, there is evidence that heterogeneity in the maturation of
circulating neutrophils accounts for the variability in cytoskeletal
rearrangement and migration in chemokine-induced signaling
(43). In the present study, the circulating neutrophil counts are
similar in both vehicle- and iNOS inhibitor-treated groups
2 hours after S-CLP, suggesting that, under our experimental
conditions, the reduction of neutrophil migration is not a conse-
quence of alteration in neutrophil bone marrow mobilization.

It is well demonstrated that desensitization of chemokine
receptors is induced by continuous contact with the respective
ligands (44). The ligand-receptor complex is internalized into
vesicles through dynamin-mediated formation of clathrin-coated
pits and thereafter the receptors are rapidly transported to early
and recycling endosomal compartments (21). Taking these find-
ings into account, we confirmed that NO mediates CXCR?2 de-
sensitization in vitro. It was observed that preincubation of hu-
man neutrophils with CXCLS8 resulted in reduction of the
chemotactic response to CXCLS8 and that the process was inhib-
ited by iNOS blockade. Moreover, neutrophils preincubated
with NO donors displayed a marked reduction in chemotactic
response to CXCLS8. As mentioned previously, in humans
CXC-ELR™* chemokines act through two receptors, designated
CXCRI1 and CXCR?2 (17, 18), whereas in mice they act through
CXCR2 (19). There was a significant reduction of CXCR2, but
not CXCRI, expression on human neutrophils and of CXCR2 on
murine neutrophils after NO donor incubation. Moreover, human
neutrophils pretreated with CXCLS (a ligand for human CXCR1
and CXCR?2) or murine neutrophils pretreated with KC or MIP-2
(ligands for the murine CXCR?2) displayed a significant decrease
in cell surface CXCR?2 expression. Taken together, these obser-
vations provide direct evidence that NO down-regulates CXCR2
expression, which in turn leads to a reduction of the chemotactic
response to the CXCR2-active ligand.

In agreement with our data, several studies in the literature
indicate that NO donors or induction of iNOS promotes down-
regulation of various GPCRs, including B-adrenoreceptors in
myocytes (45-47), angiotensin II receptors in vascular smooth
muscle cells (48), and muscarinic receptors in Chinese hamster
ovary cell lines (49). The mechanisms by which NO induces
CXCR?2 down-regulation were not investigated here. One inter-
esting possibility is that NO may react with superoxide-forming
peroxynitrite, which may account for nitration of essential cyste-
ine and/or tyrosine residues of GPCRs (50, 51). Clearly, further
experiments are necessary to dissect the mechanism underlying
NO-mediated CXCR2 down-regulation during severe sepsis.
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Figure 6. Nitric oxide directly down-modulates CXCR2 expression on murine and human neutrophils. Purified blood neutrophils were preincubated
with RPMI (Control), NO donor (SNAP, 300 wM), citrulline (30 uM), CXCL8 (30 ng/ml), KC (30 ng/ml), or MIP-2 (30 ng/ml) for 2 hours at 37°C,
and human CXCR1 (A), human CXCR2 (B), and murine CXCR2 (C) expression was measured by flow cytometry as described in MetHops. (D and
E) lllustrative histogram for human CXCR1 and CXCR2, respectively. Data are presented as means and SEM of percent specific change from control
(neutrophils stimulated with medium) after subtraction of nonspecific binding of isotype-matched controls. Experiments were performed three

times, each in triplicate. *p < 0.05 compared with control.

In conclusion, the failure of neutrophils to migrate to an 3.
infection focus during severe sepsis in mice is associated with
excessive NO production and NO-dependent regulation of the 4

expression of CXCR2 on the neutrophil surface. These effects

of NO production on CXCR?2 expression may explain the ability

of excess NO to prevent the migration of neutrophils to the 5.
focus of infection during severe sepsis.
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