INFECTION AND IMMUNITY, Nov. 2000, p. 6108-6114
0019-9567/00/$04.00+0

Vol. 68, No. 11

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Chemokine C10 Promotes Disease Resolution and Survival in
an Experimental Model of Bacterial Sepsis

M. L. STEINHAUSER,' C. M. HOGABOAM,' A. MATSUKAWA,' N. W. LUKACS,' R. M. STRIETER,?
AND S. L. KUNKEL'*

Department of Pathology," and Division of Pulmonary and Critical Care, Department of Internal Medicine,”
University of Michigan Medical School, Ann Arbor, Michigan

Received 23 February 2000/Returned for modification 30 May 2000/Accepted 4 August 2000

Previous studies have suggested that the C-C chemokine C10 is involved in the chronic stages of host defense
reactions. The present study addressed the role of C10 in a murine model of septic peritonitis, induced by cecal
ligation and puncture (CLP). Unlike other C-C chemokines, C10 levels in the peritoneal wash were increased
approximately 30-fold above baseline levels at 48 h after CLP surgery. Inmunoneutralization of peritoneal C10
levels with polyclonal anti-C10 antiserum during CLP-induced peritonitis negatively impacted mouse survival
over 4 days. In contrast, when 500 ng of recombinant murine C10 was administered immediately after CLP
surgery, the 4-day survival rate increased from 20% to over 60%. The C10 therapy appeared to facilitate a rapid
and significant enhancement of the levels of tumor necrosis factor alpha (TNF-a) and monocyte chemoattrac-
tant protein-1 (MCP-1) and a later increase in interleukin-13 (IL-13) levels in the peritoneal cavity. In vitro
studies showed that the combination of IL-13 and C10 markedly augmented TNF-a synthesis by peritoneal
macrophages and that C10 synthesis was induced in these cells following their exposure to IL-13. At 24 h after
CLP surgery, only 25% of C10-treated mice were bacteremic versus 85% of the control group that exhibited
dissemination of bacteria into the circulation. The lack of bacteremia in C10-treated mice appeared to be
related, in part, to in vitro evidence that C10 significantly enhanced the bacterial phagocytic activity of
peritoneal macrophages. In addition, in vivo evidence suggested that C10 therapy significantly reduced the
amount of material that leaked from the damaged gut. Taken together, the results of this study demonstrate
that the C10 chemokine rapidly promotes disease resolution in the CLP model through its direct effects on the

cellular events critically involved in host defense during septic peritonitis.

Sepsis and sepsis-like hyperinflammatory states are initiated
after a host is exposed to microbes or microbial products such
as lipopolysaccharide (LPS), a gram-negative bacterial cell wall
component. The systemic inflammatory response, which fol-
lows, is mediated by a number of complex, interacting molec-
ular networks, which include a large array of mediators such as
lipid metabolites, reactive nitrogen and oxygen metabolites,
lipids, nucleotides, and cytokines. Cytokines in particular ap-
pear to function as central soluble initiators and propagators of
the septic inflammatory response. The systemic production of
the early-response, proinflammatory cytokines, tumor necrosis
factor alpha (TNF-a) and interleukin-1g (IL-1B) results in
a number of inflammatory events, including widespread in-
flammatory-cell recruitment and activation. TNF-a and
IL-1B instigate inflammation primarily by initiating cascades
of downstream mediators, such as pro- and anti-inflamma-
tory cytokines and chemokines (4). TNF-a and IL-18 presum-
ably play a central role as proximal mediators of a wide range
of vital downstream processes, which explains the failure of
clinical therapies targeting these cytokines (1, 2, §, 11, 12).

Chemokines are distal mediators of the septic inflammatory
response and thus may offer novel avenues for therapy during
sepsis. With the exception of a number of circumstantial ob-
servations showing that several chemokines are produced at
higher levels in patients with sepsis (6), little is known about
the specific functions of chemokines during this inflammatory
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disorder. However, several general characteristics of chemo-
kines cast these molecules as potentially important participants
in the septic response. By definition, chemokines display che-
motactic activities for various immune/inflammatory popula-
tions. Furthermore, many of the chemokines also appear to
activate the cell population(s) for which they are chemotactic.
In this capacity, chemokines are intrinsically proinflammatory.
On the other hand, chemokines have more recently been at-
tributed a variety of regulatory roles in such diverse processes
as fibrinogenesis, angiogenesis, and immune/inflammatory re-
sponses (21). We hypothesized that those chemokines that
display unique immunostimulatory properties may be espe-
cially relevant during bacterial sepsis.

C10 chemokine displays amino acid sequence homology to a
number of CCR1-binding chemokines, all of which are struc-
turally large chemokines due to a genomic structure which
contains an unique second exon (3, 13, 20, 27). Furthermore,
the portion of the C10 molecule encoded by this extra exon is
necessary for its biological activity (3). Interestingly, unlike
many other chemokines, C10 is IL-4 inducible but not LPS
inducible in macrophages and IL-4 stimulation of these cells
results in de novo C10 synthesis (19). Upon appropriate cyto-
kine stimulation, C10 production by various cell populations
appears to peak between 24 and 48 h after cytokine stimulation
(14, 19). In addition, C10 recruits a diverse array of cell pop-
ulations including lymphocytes, macrophages, and eosinophils
(14, 19). Thus, the present study explored the possibility that
C10 may modulate the host defense response, thereby promot-
ing disease resolution and survival in a clinically relevant ex-
perimental model of bacterial sepsis.
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MATERIALS AND METHODS

CLP model. Specific-pathogen-free female CD-1 mice, 6 to 12 weeks old
(Charles River Breeding Labs), were caged in groups of five within the Specific-
Pathogen-Free Unit of Laboratory Animal Medicine at the University of Mich-
igan until the day of each experiment. The cecal ligation and puncture (CLP)
model of acute sepsis was used as previously described (24). Briefly, mice were
anesthetized by an intraperitoneal (i.p.) injection of 3.0 to 3.5 mg of ketamine
HCI (Ketaset; Fort Dodge Laboratories) followed by inhaled methoxyflurane
(Metafane; Pitman-Moore Inc.) as required for full anesthesia. A 1- to 2-cm
longitudinal incision was made to the lower left quadrant of the abdomen. The
cecum was exposed, and the distal one-third was ligated with 3-0 silk suture. The
ligated cecum was punctured through and through with a 21-gauge needle.
Finally, the cecum was replaced in the peritoneal cavity and the incision was
closed with surgical staples. In sham controls, the cecum was exposed but not
ligated or punctured and then was returned to the abdominal cavity. All mice
were injected with 1 ml of sterile saline subcutaneously as a fluid resuscitation
measure immediately following surgery.

Experimental protocols. Changes in endogenous C10, monocyte chemoattrac-
tant protein-1 (MCP-1), macrophage inflammatory protein-la. (MIP-1a), and
MIP-2 levels in the peritoneum after CLP were initially examined. At 15 min and
6, 24, and 48 h after CLP surgery, groups of five mice were killed and peritoneal
fluid was obtained from each mouse by lavaging the peritoneal cavity with 2 ml
of sterile saline. Cell-free peritoneal samples were stored at —20°C prior to
enzyme-linked immunosorbent assay (ELISA) analysis.

The first survival experiment addressed the contribution of endogenous C10 to
mouse survival after CLP surgery. Accordingly, groups of 12 mice received either
0.5 ml of anti-C10 antiserum or normal rabbit preimmune serum approximately
2 h prior to the CLP surgery. As described previously (10), anti-C10 polyclonal
antiserum was generated in New Zealand White rabbits by multiple-site immu-
nization with adjuvant and recombinant murine C10 (R & D Systems, Minne-
apolis, Minn.). Anti-C10 polyclonal antibody was titrated, and its specificity was
verified by direct ELISA. The endotoxin content in recombinant C10, preim-
mune rabbit serum, and anti-C10 antiserum was consistently below the limit of
detection (<0.05 EU/ml) (PYROGENT [BioWhittaker, Walkersville, Md.] was
used to detect endotoxin). Significant depletion of peritoneal levels of C10 was
still apparent on day 4 after anti-C10 antiserum administration and CLP surgery.
The second survival experiment assessed the effect of recombinant murine C10
on mouse survival after CLP surgery. Groups of 12 mice received an i.p. injection
of 0.1 ml of normal saline alone or containing 500 ng of C10 chemokine (R&D
Systems). Mouse survival was monitored for up to 4 days after CLP surgery in
both experiments. Both survival studies were performed on three separate oc-
casions with similar group sizes, and the data were pooled.

The effects of recombinant C10 on cytokine and chemokine levels in the
peritoneum after CLP surgery were examined in additional experiments. At 15
min and 6, 24 and 48 h after the i.p. injections, groups of five mice in both
treatment groups were anesthetized with Metafane and whole blood was drained
from the retro-orbital sinus of each mouse. Peritoneal fluid was then obtained
from each mouse by lavaging the peritoneal cavity with 2 ml of sterile saline.
Serum was derived from the blood samples by centrifugation, and fresh serum
was used to assess the presence of bacteria (see below). Cell-free peritoneal
samples were stored at —20°C prior to ELISA analysis.

Other groups of 10 mice were used to address the effect of recombinant C10
therapy on the leakage of material from the gut after CLP surgery. Mice received
5 mg of fluorescein isothiocyanate (FITC)-labeled dextran (mean molecular
mass, 40,000 kDa) per os at 24 and 48 h prior to CLP surgery. At 24 h after the
induction of sepsis by CLP surgery, the mice were sacrificed and peritoneal
lavages were performed with a total volume of 1 ml of sterile saline. Neat and
1:10 dilutions of the lavage fluid (100 wl) were added to a Costar flat-bottom,
96-well microtiter plate (Corning Inc., Corning, N.Y.). The plates were read at
485 nm in a fluorescent plate reader. Standards were 1/2-log-unit dilutions of
FITC-dextran from 1 ng/ml to 1 pg/ml.

Determination of bacteremia. Serum samples were aseptically collected 24 h
after CLP surgery. A 10-pl volume of each sample was plated on soy base blood
agar plates (Difco). The plates were then incubated at 37°C for 24 h. Colony
formation was taken as an indication of bacteremia.

Murine cytokine ELISA. Cell-free peritoneal lavage samples were subjected to
cytokine ELISA. Murine C10, MCP-1, MIP-1a, MIP-2, TNF-a, IL-13, and IL-10
were quantified using a modified double-ligand assay as previously described
(10). Briefly, flat-bottom 96-well microtiter plates (Nunc Immuno-Plate I 96-F)
were coated at 50 wl/well with rabbit antibody against the various cytokines (1
pg/ml in 0.6 M NaCl-0.26 M H;BO,4-0.08 M NaOH [pH 9.6]) for 16 h at 4°C and
then washed with phosphate-buffered saline (PBS) (pH 7.5)-0.05% Tween 20
(wash buffer). Nonspecific binding sites were blocked with 2% bovine serum
albumin BSA in PBS and incubated for 90 min at 37°C. The plates were rinsed
four times with wash buffer. Diluted (neat and 1:10) cell-free supernatants (50
wl) in duplicate were added, and the plates were incubated for 1 h at 37°C and
washed four times. Then biotinylated rabbit antibodies against the specific cyto-
kines (3.5 wg/ml in PBS [pH 7.5]-0.05% Tween 20-2% fetal calf serum) were
added at 50 pl/well. After being incubated at 37°C for 30 min, the plates were
washed four times. Streptavidin-peroxidase conjugate (Bio-Rad Laboratories,
Richmond, Calif.) was added, after which, the plates were again incubated at
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37°C for 30 min. The plates were washed four times prior to the addition of
chromogen substrate (Bio-Rad Laboratories) and incubated at room tempera-
ture to the desired extinction, and the reaction was terminated with 50 pl of 3 M
H,SO, solution per well. The plates were read at 490 nm in an ELISA reader.
Standards were 1/2-log-unit dilutions of recombinant murine cytokines from 1
pg/ml to 100 ng/ml. ELISA specificity was confirmed for each cytokine and
chemokine measured.

Peritoneal macrophage isolation and phagocytosis assay. Mice not subjected
to CLP surgery were used for the isolation of peritoneal macrophages. The
peritoneal cavity was exposed, and approximately 10 ml of sterile saline solution
containing 0.05 M EDTA was injected into the peritoneal cavity. The EDTA-
saline solution was withdrawn using a 21-gauge needle. This procedure was
repeated approximately three times per mouse. Upon removal from the perito-
neal cavity, the cell-containing EDTA saline solution was immediately placed on
ice. The cells were pelleted by centrifugation at 1,500 rpm, after which the red
blood cells were lysed using an ammonium chloride red blood cell lysis buffer.
The cells were washed twice in RPMI, after which they were resuspended in
RPMI 1640 containing 10% fetal bovine serum. The generation of C10 by
peritoneal macrophages was evaluated in cultures of 10° cells exposed for 24 h to
either supplemented RPMI alone or RPMI containing LPS, IL-1, or IL-13. The
generation of TNF-a by peritoneal macrophages was determined in cultures of
10° cells exposed for 6 h to IL-1B alone or IL-1f plus C10. Unless otherwise
stated, LPS was used at 1 pg/ml and all cytokines were used at 100 ng/ml.
Macrophage phagocytic potential was evaluated, using a modification of a pre-
viously described method (23). Peritoneal macrophages were incubated for 1 h at
37°C in Hanks’ balanced salt solution in eight-well Labteks plates (Nunc Inc.,
Naperville, 111.). Escherichia coli cells (10°) were added to each well, and the
plates were incubated on a shaker at 37°C for 1 h. The supernatants were
removed, and the cells were washed in Hanks’ balanced salt solution. The gasket
was removed, and the slides were allowed to air dry, after which a Diff-Quik
(Baxter, McGraw Park, IIl.) staining procedure was performed. Two hundred
cells per well were counted to determine the mean number of intracellular E. coli
cells per well.

Statistical analysis. Analysis of variance (ANOVA) followed by Dunnett’s test
was used in all experiments in which multiple experimental groups were com-
pared to a single control group. A two-tailed Student ¢ test was utilized to assess
significance for experiments comparing a single experimental group to a single
control. Survival curves were analyzed by the log rank test. All calculations were
performed using Prism 2.0 (Graphpad Software, Inc., San Diego, Calif.) or
Primer of Biostatistics 3.01 (McGraw-Hill). Significance was assigned for P < 0.05.

RESULTS

CLP surgery augments and sustains C10 levels above other
C-C chemokines in the peritoneal cavity. Previous studies have
documented that chemokine levels are markedly increased
during the course of septic peritonitis after CLP surgery (15,
26). In the present study, we first examined whether changes in
peritoneal levels of C10 mirrored those of other C-C chemo-
kines such as MCP-1, MIP-1a, and MIP-2 after CLP. To this
end, peritoneal levels of all four chemokines were measured by
ELISA. Compared to baseline peritoneal levels, C10 levels in
the peritoneal cavity were markedly elevated at all times after
CLP surgery (Fig. 1). At 48 h after CLP surgery, peritoneal
fluids contained 30-fold-higher levels of C10 than that mea-
sured in the peritoneum prior to surgery. In contrast, MCP-1,
MIP-1«, and MIP-2 were detected at lower concentrations in
peritoneal fluid before and at all times after CLP. Further-
more, peak levels of MCP-1 and MIP-1la were measured at
24 h after CLP and the levels of both chemokines were near
baseline levels at 48 h after CLP surgery. The dramatic and
sustained increase of C10 levels after CLP surgery clearly sug-
gested that C10 played a prominent role during septic perito-
nitis.

Anti-C10 antiserum augments whereas exogenous C10 pro-
tein prevents CLP-induced mortality. Several studies showing
a correlation between chemokine production and sepsis-asso-
ciated mortality have demonstrated that chemokines function
as deleterious (MIP-2 [26]) and beneficial (MCP-1 [15]) in-
flammatory mediators during sepsis. We attempted to deter-
mine whether increased C10 levels in the peritoneal cavity
contributed to sepsis-induced mortality by neutralizing C10 in
the context of CLP surgery. Normal rabbit preimmune serum
or anti-C10 antiserum was administered i.p. 2 h prior to CLP
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FIG. 1. CLP surgery enhances C10, MCP-1, MIP-1«, and MIP-2 levels in the
peritoneum. CLP surgeries were performed, and peritoneal lavage samples were
collected at 6, 24, and 48 h after surgery. Peritoneal washes were also conducted
on mice that did not undergo CLP surgery (i.e., 7 = 0 values). Chemokine
concentrations were measured by specific ELISA. Five mice per time point were
used. The error bars indicate the SEM.

surgery. The administration of normal rabbit preimmune se-
rum to mice prior to CLP surgery was protective since more
than 60% of these mice were alive on day 4 after CLP surgery
(Fig. 2A), consistent with previous observations in this CLP
model (15). The protective effect of normal rabbit serum in the
CLP model appears to be a consequence of the macrophage
activating factors present within this biological fluid (A. Mat-
sukawa, unpublished data). In addition, we have never de-
tected any cytokine or chemokine in rabbit serum that cross-
reacts with murine C10 chemokine. In contrast, when mice
received the same volume of rabbit serum containing poly-
clonal anti-C10 antibodies, only 35% of these mice were alive
on day 4 after CLP (Fig. 2A). These data suggested that en-
dogenous C10 was required for mouse survival during CLP-
induced sepsis.

Given that the immunoneutralization of C10 during CLP-
induced sepsis was clearly detrimental, we subsequently ex-
plored the possibility that the exogenous administration of C10
after CLP would confer a survival advantage. A pilot study
revealed that a minimum of 500 ng of recombinant C10 was
required for a significant survival effect following CLP surgery.
In addition, doses of 1 and 2 pg of C10 did not markedly
enhance mouse survival above that observed with the lower
C10 dose. Thus, in all subsequent experiments, a dose of 500
ng of C10 was used. A bolus i.p. injection of recombinant C10
protein (500 ng in 100 wl of normal saline) or normal saline
alone was administered immediately after CLP surgery. While
Cl10-treated mice displayed a substantial improvement in sur-
vival by 24 h after CLP surgery (93 versus 71%), C10 treatment
resulted in an impressive 300% improvement in survival at 4
days after CLP surgery (62 versus 20%) (Fig. 2B). These data
clearly suggested that the exogenous administration of C10
protein after CLP surgery can substantially abrogate mortality
associated with septic peritonitis.

Recombinant C10 therapy significantly enhances MCP-1,
TNF-«, and IL-13 levels in the peritoneum after CLP surgery.
Emerging evidence suggests that C10 may modulate the pro-
duction of chemokines such MCP-1 and cytokines such as
IL-13 (14). Furthermore, TNF-a (9) and MCP-1 (15) have
major immune-enhancing and protective effects in CLP mod-
els. Recent studies in this laboratory have shown that endog-
enous IL-13 is required for mouse survival following CLP sur-
gery, because of the immunomodulatory effects of this cytokine
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FIG. 2. Effects of anti-C10 antiserum (A) and C10 therapy (B) on the sur-
vival of mice after CLP surgery. Immunoneutralization of endogenous C10
increased whereas exogenous C10 reduced mortality associated with CLP. Mice
underwent CLP surgery. Experimental mice received 500 ng of C10 immediately
after surgery. Time zero corresponds to the time of CLP surgery. Survival was
assessed every 24 h for 4 days. Survival curves were analyzed using the log rank
test. Both survival studies were performed on three separate occasions with
similar group sizes (n = 12 mice per group), and the data were pooled. *, P < 0.005.

(16). These previous findings provided the impetus to examine
the effect of C10 therapy on the peritoneal chemokine and
cytokine profile associated with CLP-induced sepsis. In C10-
treated mice, peritoneal levels of TNF-a and MCP-1 were
significantly elevated at 15 min after CLP surgery compared
with those in CLP controls at this time (Fig. 3). Peritoneal
levels of TNF-a and MCP-1 were similar in control and C10-
treated mice at 6 h after CLP surgery (data not shown). Figure
4 depicts the temporal changes in IL-13 levels in peritoneal
washes from control and C10-treated mice before and 6 and
24 h after CLP surgery and shows that peritoneal IL-13 levels
were significantly elevated in C10-treated mice compared with
control mice at 24 h after CLP surgery. Thus, the exogenous
addition of C10 after CLP surgery rapidly increased levels of
two major proinflammatory mediators that promote the clear-
ance of bacteria from the septic peritoneum. In addition, this
therapy promoted the production of IL-13 in the septic peri-
toneal cavity, suggesting that immunomodulatory processes
were activated by C10 during sepsis.
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FIG. 3. CI10 therapy significantly augments peritoneal TNF-a and MCP-1
levels. Mice underwent CLP surgery and received either 500 ng of C10 protein
or normal saline alone via i.p. injection immediately after surgery. Peritoneal
cytokine concentrations were determined by analyzing peritoneal lavage fluids by
cytokine-specific ELISA at 15 min after the CLP surgery. A two-tailed ¢ test was
used to assess significance. Three separate experiments were performed (n = 12
mice per group), and the data were pooled. *, P < 0.01.

The combination of IL-1 and C10 induces TNF-a produc-
tion by peritoneal macrophages. To determine whether C10
induced TNF-a production after CLP surgery, we costimulated
peritoneal macrophages in vitro with septic inflammatory me-
diators and C10. Neither IL-18 nor C10 alone induced the
release of TNF-a by peritoneal macrophages incubated in vitro
for 6 h. However, in the presence of IL-1B, C10 induced
TNF-a production in a dose-dependent manner, which was

- CLP
-«- CLP+C10 l

0 6 1I2 118 214
Hours Post CLP Surgery

FIG. 4. C10 therapy significantly augments peritoneal IL-13 levels. Mice un-
derwent CLP surgery and received 500 ng of C10 protein or normal saline alone
via i.p. injection immediately after surgery. Peritoneal cytokine concentrations
were determined by analyzing peritoneal lavage fluids by cytokine-specific
ELISA at 15 min and 6 and 24 h after CLP surgery. Peritoneal washes were also
conducted on mice that did not undergo CLP surgery (i.e., T = 0 values). A
two-tailed ¢ test was used to assess significance. Three separate experiments were
performed (n = five mice per time point), and the data were pooled. *, P < 0.01.
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FIG. 5. (A) C10 induces peritoneal macrophage TNF-a production after
costimulation with IL-1. Freshly isolated peritoneal macrophages were stimu-
lated with IL-1 (50 ng/ml) with or without C10 (50 and 500 ng/ml) and cultured
in 10% RPMI for 6 h. A TNF-a-specific ELISA was used to measure TNF-a
concentrations. Significance was assessed using ANOVA followed by Dunnett’s
test. *, P < 0.05. (B) Peritoneal macrophages produce increased C10 levels upon
stimulation with IL-1 or IL-13. Freshly isolated peritoneal macrophages were
stimulated with various cytokines (100 ng/ml) or LPS (1 wg/ml) and cultured in
10% RPMI for 24 or 48 h. A Cl0-specific ELISA was used to measure C10
concentrations. Significance was assessed using ANOVA followed by Dunnett’s
test. *, P < 0.05.

evident after 6 h of culture (Fig. 5A). These data suggested
that peritoneal macrophages, in the septic inflammatory set-
ting, probably respond to C10 therapy by producing TNF-a.

IL-13 is a potent inducer of C10 production by peritoneal
macrophages. C10 is a unique C-C chemokine in that it is
induced by IL-4 but not by LPS (19). However, IL-4 is not
normally associated with innate immune responses elicited by
septic peritonitis, and we did not detect it at any time after the
CLP-mediated induction of sepsis in the present study. There-
fore, we examined whether other cytokines associated with
CLP, namely, IL-1B (18) and IL-13 (16), affected the synthesis
of C10 by peritoneal macrophages. Additional impetus for this
study came from the present in vivo studies showing that IL.-13
was constitutively present and induced in the peritoneal cavity
after CLP surgery. Compared with cultures exposed to me-
dium alone, LPS, TNF-q, or IL-1B, the most potent inducer of
C10 production by peritoneal macrophages cultured in vitro
was IL-13, as demonstrated by the presence of more than 3 ng
of C10 per ml after 24 h (Fig. 5B).

C10 protein therapy attenuates bacterial infiltration of the
systemic circulation during CLP-induced sepsis: effects on
macrophage phagocytosis and gut leakage. It is well estab-
lished in bacterial sepsis that the development of bacteremia is
often a prequel to death (7). Thus, we examined the incidence
of bacteremia after CLP surgery and in the context of C10
protein therapy. Mice underwent CLP surgery, and experimen-
tal animals received a 500-ng i.p. injection of C10 immediately
after surgery. Bacteremia was assessed 24 h after CLP surgery
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FIG. 6. C10 stimulation augments the phagocytic capacity of peritoneal mac-
rophages. Peritoneal macrophages were pretreated with C10 (500 ng/ml) for 1 h
prior to the addition of E. coli (10° cells). After a 1-h exposure to the bacterial
challenge, the experiment was terminated and the cells were stained. Intracel-
lular bacteria were counted in a sample population of 200 cells per well. Graphed
values represent the mean number of E. coli per cell. Statistics were analyzed
using a two-tailed ¢ test. Three separate experiments were performed, and the
data were pooled. *, P < 0.05.

Control

by incubating serum samples from experimental and control
animals on a nonselective growth medium. C10 protein ther-
apy convincingly attenuated bacterial infiltration of the sys-
temic circulation, as manifested by a significant (P = 0.05)
reduction in the percentage of bacteremic mice from 85% in
the control group (n = 13) to 25% in the C10-treated group
(n = 12).

The peritoneal macrophage represents an important line of
defense once an invading pathogen has infiltrated the perito-
neal cavity. To examine the functional impact of C10 on this
resident phagocytic cell line, peritoneal macrophages were
stimulated in vitro with C10 for 1 h, after which their phago-
cytic potential was evaluated by direct challenge with viable E.
coli cells. C10 was clearly able to augment peritoneal macro-
phage function, as evidenced by an approximate twofold in-
crease in the mean number of E. coli cells per peritoneal
macrophage after C10 stimulation (Fig. 6).

The septic inflammatory response often compromises the
integrity of the bowel wall (22), and the importance of bowel
barrier function to mouse survival after CLP surgery was re-
cently highlighted in work published from this laboratory (24).
The histologic examination of various portions of the bowel
walls of CLP mice treated with C10 revealed a general im-
provement in the integrity of the intestinal epithelium (data
not shown) and provided the impetus to further examine in-
testinal containment function after C10 therapy. Bowel barrier
function was evaluated by measuring the ability of the septic
bowel to contain FITC-labeled dextran. Briefly, mice were
given 5 mg of FITC-labeled dextran (40,000 kDa) orally 24 and
48 h prior to CLP surgery. Experimental animals received a
bolus i.p. injection of 500 ng of C10 protein immediately after
CLP surgery. At 24 h after surgery, all the mice were sacrificed
and peritoneal lavages were performed. Mice treated with C10
after CLP surgery displayed a 50% reduction in the leakage of
FITC-dextran across the intestinal wall (Fig. 7), suggesting that
C10 therapy attenuated the loss of bowel integrity associated
with septic peritonitis.

DISCUSSION

Clinically, the diagnosis of sepsis must satisfy two general
requirements (5). The patient must present with symptoms of
systemic hyperinflammation, also known as the systemic in-
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FIG. 7. C10 therapy improves intestinal wall barrier function during CLP-
induced sepsis. Mice were lavage-fed 2 mg of FITC-labeled dextran (40,000 kDa)
24 and 48 h prior to CLP surgery. Experimental mice were given 500 ng of C10
protein immediately after surgery. At 24 h after CLP surgery, the mice were
sacrificed and peritoneal lavages were performed. The concentration of dextran
that had leaked from the intestinal tract into the peritoneal cavity was deter-
mined by measuring the fluorescent intensity of the peritoneal lavage fluid. The
dashed line at 0.356 ng/ml denotes the baseline dextran leakage as determined
from a mouse that received FITC-labeled dextran but did not suffer from CLP-
induced sepsis. A two-tailed ¢ test was used to compare the two groups (n = 10).
#, P < 0.05.

flammatory response syndrome. Additionally, the diagnosis of
sepsis requires documented evidence of infection. These diag-
nostic criteria highlight the challenge that the immune system
faces during a septic episode. The host must rein in the hyper-
inflammatory response while simultaneously containing the
bacterial infection. Similarly, the design of novel therapeutics
must reflect the paradoxical features of sepsis syndrome. Thus,
these defining features of clinical sepsis guided our further
exploration of the therapeutic mechanism and clinical rele-
vance of C10 therapy in sepsis.

Although the production of various chemokines from both
the C-C and CxC superfamilies has been correlated with the
pathologic changes associated with septic peritonitis (25, 26),
the C-C chemokine C10 has not previously been examined in
the context of an acute inflammatory response like sepsis.
Unlike many other chemokines, C10 is IL-1B, IL-4, and IL-13
but not LPS inducible (19). Thus, we were interested in deter-
mining whether an acute inflammatory response to bacterial
pathogens would result in upregulated C10 production. Inter-
estingly, mice that had undergone CLP surgery clearly pro-
duced more C10 than other C-C chemokines at each time
point examined (6, 24, and 48 h after CLP surgery). In addi-
tion, although other C-C chemokines were at or near baseline
levels at 48 h after CLP surgery, the C10 levels remained
30-fold higher than the baseline levels. These findings are
consistent with those of Wu et al. (28), who recently showed
that C10 accumulation was sustained for 10 days after the
intraperitoneal introduction of thioglycolate. In this sterile
peritonitis model, the pattern of expression of C10 was unique
since MIP-1a expression occurred early and was transient (28).
Thus, there is a growing consensus that C10 is involved in the
later stages of the inflammatory process, although its precise
role is still under investigation.

The observed pattern of C10 production following CLP sur-
gery suggested two divergent possibilities. (i) Because CLP-
induced C10 production at 48 h after CLP surgery greatly
exceeded production at earlier time points, septic mice might
have suffered from an acute deficiency in C10. (ii) Because C10
production during CLP-induced sepsis correlated with sepsis-
induced death, C10 might have functioned as a deleterious
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mediator of sepsis. The former possibility was addressed by the
immunoneutralization of C10 during CLP-induced sepsis,
which resulted in a substantial increase in sepsis-related mor-
tality. In contrast, the administration of recombinant C10 pro-
tein to mice immediately after CLP surgery yielded an im-
pressive therapeutic effect, improving survival from 20 to
60%. Thus, these data suggest that C10 production during
CLP-induced sepsis constitutes a necessary host response.
Subsequent experimentation was aimed at determining the
therapeutic mechanism and potential clinical significance of
C10 therapy for sepsis.

We analyzed the temporal production of a number of in-
flammatory mediators by mice that had undergone CLP sur-
gery and treatment with C10 protein, in order to evaluate the
effect of C10 therapy on the septic inflammatory state. The
administration of C10 significantly increased peritoneal TNF-a
and MCP-1 levels at 15 min after CLP surgery. TNF-a has
been previously shown to exert a major protective effect during
CLP-induced septic peritonitis (9), whereas MCP-1 stimulates
local immunity by augmenting macrophage microbicidal and
phagocytic function and by facilitating neutrophil and macro-
phage recruitment (17). To further dissect the ability of C10 to
stimulate TNF-a synthesis, peritoneal macrophages were stim-
ulated with C10 concomitant with other proinflammatory cy-
tokines commonly produced during a septic response. In the
presence of IL-1B, C10 induced TNF-a production by perito-
neal macrophages in a dose-dependent manner. While C10
therapy appeared to rapidly enhance the peritoneal production
of proinflammatory mediators such as TNF-a and MCP-1, by
24 h after CLP surgery the predominant cytokine in peritoneal
washes from C10-treated mice was IL-13. Although IL-13 is an
established Th2-type anti-inflammatory cytokine, our labora-
tory has also demonstrated a beneficial role for IL-13 in the
setting of CLP-induced sepsis (16), and results of the present
study suggested that it was a potent stimulus of C10 production
by isolated peritoneal macrophages. Taken together, these
findings suggested that C10 rapidly induced immune events in
the peritoneal cavity that involved the production of cytokines
relevant to a beneficial outcome after CLP surgery.

We further examined the therapeutic potential of C10 by
assessing whether the controlled enhancement of local inflam-
mation positively affected clinically relevant parameters of bac-
terial containment. Bacteria play a central yet paradoxical role
in the pathogenesis of sepsis, since bacterial components ini-
tiate the overwhelming inflammatory response that character-
izes sepsis. Yet, an impotent host inflammatory response can
result in uncontrolled bacterial growth, leading to bacterial
infiltration of the systemic circulation. Clearly, the develop-
ment of bacteremia is a common prequel to death in many
septic cases (7). The administration of recombinant C10 che-
mokine to mice significantly reduced the incidence of bactere-
mia at 24 h after CLP surgery. This impressive maintenance of
circulatory sterility after C10 therapy probably resulted from
some enhancement in bacterial containment within the peri-
toneum. This hypothesis was supported by in vitro experiments
showing that the stimulation of peritoneal macrophages with
C10 enhanced their phagocytic capacity. During clinical and
experimental sepsis, the bowel wall represents an important
barrier to the overwhelming infiltration of intestinal microbes
into the peritoneal cavity and subsequently into the systemic
circulation (24). However, once pathogenic agents have sub-
verted the intestinal barrier function, the resident peritoneal
macrophage represents the first and perhaps most important
line of defense. Likewise, the administration of C10 to animals
that had undergone CLP surgery significantly attenuated the
leakage of FITC-labeled dextran from the bowel into the in-
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testine. While the effect of C10 on the host defense response
requires further investigation, these data suggest that C10 en-
hances bacterial containment in septic mice by enabling the
peritoneal macrophage to better control the bacteria that do
subvert the intestinal barrier and by attenuating the leakage of
intestinal microbes into the peritoneal cavity.

In conclusion, C10 displayed a therapeutically potent yet
focused enhancement of inflammatory parameters, which
enabled septic mice to contain microbial invaders of the
peritoneum while preventing the exacerbation of systemic
inflammation. Due to the ever-increasing incidence of antibi-
otic-resistant bacteria, it is becoming increasingly important to
develop methods of safely enhancing the host immune function
during a bacterial or septic insult. The unique resolution-pro-
moting properties of the chemokine C10 during murine bac-
terial sepsis validate an additional examination of the thera-
peutic potential of human C10 homologues for the treatment
of human sepsis.
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