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Abstract

Neutrophils are critical for the rapid eradication of bacterial pathogens, but they also contribute to
the development of multiple organ failure in sepsis. We hypothesized that increasing early
recruitment of neutrophils to the focus of infection will increase bacterial clearance and improve
survival. Sepsis was induced in mice, using cecal ligation and puncture (CLP); blood samples were
collected at 6 and 24 h; and survival was followed for 28 d. In separate experiments, peritoneal
bacteria and inflammatory cells were measured. Septic mice predicted to die based on IL-6 levels
(Die-P) had higher concentrations of CXCL1 and CXCL2 in the peritoneum and plasma compared
with those predicted to live (Live-P). At 6 h, Live-P and Die-P had equivalent numbers of
peritoneal neutrophils and bacteria. In Die-P mice the number of peritoneal bacteria increased
between 6 and 24 h post-CLP, whereas in Live-P it decreased. The i.p. injection of CXCL1 and
CXCL2 in naive mice resulted in local neutrophil recruitment. When given immediately after CLP,
CXC chemokines increased peritoneal neutrophil recruitment at 6 h after CLP. This early increase
in neutrophils induced by exogenous chemokines resulted in significantly fewer peritoneal bacteria
by 24 h [CFU (log) = 6.04 versus 4.99 for vehicle versus chemokine treatment; p < 0.05].
Chemokine treatment significantly improved survival at both 5 d (40 versus 72%) and 28 d (27
versus 52%; p < 0.02 vehicle versus chemokines). These data demonstrate that early, local
treatment with CXC chemokines enhances neutrophil recruitment and clearance of bacteria as well
as improves survival in the CLP model of sepsis.

Neutrophils are a key part of innate immunity, the first line of defense against invading
microorganisms (1, 2). Their arsenal of proteases and reactive oxygen species makes them
very efficient at killing bacteria, but these same defenses may also harm host tissues (3, 4).
During sepsis, neutrophil-induced damage has been associated with the development of
multiple organ failure (5). Consequently, attempts to reduce neutrophil number or activity to
prevent tissue injury could result in unchecked pathogen proliferation. In animal models of
sepsis, reducing the neutrophil recruitment to the focus of infection has improved survival in
some studies (6, 7), but in others it was detrimental (8). Studies have also tested the idea of
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globally increasing the number of neutrophils to augment the innate defenses against
bacteria. These investigations used G-CSF to release neutrophils from the bone marrow, but
results in both human and animals were contradictory regarding whether this improves
survival (9-11). It remains unclear how to manipulate neutrophils in sepsis to enhance
survival.

To perform their function, neutrophils must migrate from the circulation to the site of
infection in response to chemotactic factors, including complement peptide C5a, leukotriene
By, platelet-activating factor, formyl-methionyl-leucyl-phenylalanine, and CXC chemokines,
with CXCL8 (IL-8) being a very powerful chemotactic mediator (12-14). Mice do not have
CXCLS8, but two functional homologs have been described: CXCL1 (KC) and CXCL2
(macrophage-inflammatory protein-2) (15, 16). In septic patients, neutrophil chemotaxis is
impaired as their surface expression of the receptor through which chemokines mediate this
effect, CXCR?2, is reduced (17, 18). This reduction in chemotaxis has been demonstrated in
animal models of sepsis as well (19, 20). At the same time, the capacity for neutrophils to
adhere to endothelial cells in sepsis is increased owing to neutrophil overexpression of the -
integrin CD11b (17). Furthermore, neutrophil apoptosis is reduced in septic patients (21,
22). All these data suggest that in sepsis neutrophils are inadequately recruited to the site of
infection owing to reduced chemotaxis. However, they do have increased adherence to the
endothelium, live longer, and could become activated in the wrong location by circulating
pro-inflammatory mediators, which could lead to organ injury.

We hypothesized that increased local recruitment of neutrophils to the site of infection early
in the evolution of sepsis would result in increased clearance of bacteria, leading to
improved survival. The murine cecal ligation and puncture (CLP) model of peritonitis-
induced sepsis was used to establish first whether mice predicted to live or die recruit
neutrophils to the peritoneum and control bacteria differently. In the second part of the study,
we tested whether increased early recruitment of neutrophils to the site of infection would
decrease bacterial load and improve survival. This was accomplished with i.p. injections of
CXCL1 and CXCL2 chemokines immediately after CLP.

Materials and Methods

Animals

Female ICR mice (Harlan-Sprague Dawley, Indianapolis, IN) were used. Mice were
acclimated to our housing room for at least 24 h before surgeries in a temperature-controlled
room with a diurnal cycle of 12 h light and 12 h dark. They were provided food and water ad
libitum for the entire duration of the experiment. The experiments were approved by Boston
University Animal Care and Use Committee.

Sepsis model

CLP, which results in peritonitis, was performed as first described (23), with minor
modifications (24). Following ligation, the cecum was double punctured with a 16-gauge
needle to induce ~50% mortality. Some of the mice received either 200 pl saline or a
combination of 500 ng CXCL2 and 50 ng CXCL1 resuspended in saline to a total volume of
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200 pl by i.p. injection immediately following closure of the peritoneal cavity. Mice received
pain medication for the first 2 d post-CLP (buprenorphine 0.05 mg/kg every 12 h) and
antibiotic treatment for the first 5 d post-CLP (imipenem 25 mg/kg every 12 h). Survival was
followed in some groups of mice for 28 d, whereas other groups were sacrificed at discrete
time points. Mice sacrificed at 6 h received the first dose of drugs, and those at 24 h received
the first 3. The decision to sacrifice mice at 6 or 24 h was made before the experiment was
started.

Sampling was performed only once in all the mice, at either 6 or 24 h post-CLP, according to
presurgery planning. A 20-ul sample of blood was collected by facial vein puncture,
followed by aspiration using a pipette and an EDTA (169 mM tripotassium salt) rinsed tip.
The blood was diluted 1/10 in PBS with 1/50 EDTA and centrifuged for 5 min at 1000 x g at
4°C, and the plasma was collected for IL-6 and CXCL1 (KC) ELISA and multiplex
measurements. The cells were resuspended in Hemavet diluent and used to obtain an
automated complete blood count with differential on a Hemavet instrument (CDC
Technologies, Oxford, CT). In the mice that were sacrificed, following anesthesia blood was
also collected from the retro-orbital venous plexus, and after sacrifice the peritoneal cavity
was opened and lavaged. The first lavage was performed with a 1-ml aliquot of warm HBSS
(Mediatech, Herndon, VVA), followed by a second lavage with 25 ml -the same solution. Part
of the 1-ml lavage (100 pl) was used for bacteria cultures. Then the two lavage fluids were
centrifuged separately and the supernatant from the first wash was stored at —20°C for
subsequent measurement of cytokine concentration ([C]) by multiplex and ELISA for
CXCL1, as well as urea nitrogen concentration ([UN]). The supernatant from the second
wash was discarded and the two pellets were resuspended in HBSS and combined. A total
cell count was performed with a Beckman-Coulter particle counter model ZF (Coulter
Electronics, Hialeah, FL), and a differential count was obtained by counting 300 cells on
cytospin slides stained with Diff-Quick (Baxter, Detroit, MI). The total numbers of
neutrophils and macrophages in the peritoneal cavity were then calculated.

Peritoneal neutrophil recruitment to exogenous CXC chemokines

Mice were injected i.p. with saline (200 pl), low-dose chemokines (100 ng CXCL2 plus 10
ng CXCL1), or high-dose chemokines (500 ng CXCL2 plus 50 ng CXCL1). After 4 h blood
was collected via the facial vein, peritoneal lavage was performed as described earlier, and a
total and differential count of the cells recovered was done. The cell pellet was used for
myeloperoxidase (MPO) activity determination.

Bacterial cultures

For bacterial culturing, 100 pl fluid obtained at the first peritoneal lavage was diluted with
HBSS 1:10-1:10%, and 33 ul each dilution was cultured on 5% sheep blood agar plates
(Fisher Scientific, Pittsburgh, PA). Plates were incubated at 37°C in aerobic or anaerobic
conditions for 24 h, and then the number of CFUs was determined.
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The MPO assay was performed as previously described, with minor modifications (25). The
combined cell pellet was resuspended in hexadecyltrimethylammonium bromide buffer and
sonicated 3 times for 10 s each, with placement on ice between pulses. The supernatant was
diluted 1:5 in 10 mM citrate buffer, pH 5. On a 96-well plate, two wells for each sample
(background) received 75 pl this diluted supernatant and 150 pl stop solution (ice-cold 4N
H,S0,4). Another two wells received 75 pl the same diluted supernatant and 75 pl substrate
solution (0.3 mM 3,3",5,5"-tetramethylbenzidine, 120 mM resorcinol, and 0.007% H,0 in
double distilled H,0), and the plate was incubated in the dark for 2 min, followed by the
addition of 150 pl stop solution. The absorbance was read at 450 nm, and data were
expressed as AOD (the difference between the average absorbance of the two substrate wells
and the two background wells for the same sample). To test whether neutrophils recruited by
chemokine injection maintain the granular content necessary to kill bacteria, the MPO
activity was also expressed on a per cell basis. The AOD for peritoneal samples following
chemokine injection was corrected for the cells that were already present in the peritoneum
in the absence of treatment by subtracting the average AOD for the saline group. This value
was divided by the number of neutrophils recruited in the respective mouse minus the
average number of neutrophils present in the saline group.

ELISA and microarray immunoassay

An aliquot of the 1/10 diluted plasma collected at 6 and 24 h was used to determine the IL-6
concentration by ELISA, as previously described (26). CXCL1 concentration was also
determined by ELISA in plasma as well as the supernatant from the first peritoneal lavage.

Aliquots of 1/10 plasma and supernatant from the first peritoneal lavage were also used to
measure several cytokine concentrations (list provided in Table I, plus CXCL2) by
microarray immunoassay as previously described (27), with some modifications. The
primary (capture) Ab was spotted in quadruplicates for each of the cytokines on the bottom
of a 96-well plate. The plate was blocked with Odyssey Blocking Buffer (LI-COR
Biotechnology, Lincoln, NE) at room temperature with shaking for 1 h, then washed.
Samples and standards were diluted in a 50/50 Odyssey Blocking Buffer/1x PBS solution
and loaded on the plate to incubate for 2 h; then the plate was washed. A mixture of
detection Abs diluted in the same solution as the samples was then loaded and incubated for
2 h, followed by a plate wash. Streptavidin-IRDye 800CW was diluted in the same solution
and incubated with shaking in the dark for 30 min. Plates were washed, dried, and scanned
on the Odyssey Li-Cor machine (LI-COR) and analyzed with the SearchLight Array Analyst
software (Pierce Biotechnology, Woburn, MA).

Urea nitrogen measurement and determination of the peritoneal concentration of
cytokines prior to lavage

Measuring cytokine concentrations in the supernatant of the first peritoneal lavage
([Clperit-measured) does not reflect on the concentration that existed in the peritoneal fluid
prior to laparotomy ([ Clperit-actuat) beCause we do not know the original peritoneal volume
(V1). The original volume is probably small, and diluting it with the 1 ml HBSS used for the
initial lavage (V%) could substantially reduce the original concentrations. However,
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[ Clperit-actual can still be calculated by relying on the principle used in peritoneal dialysis;
i.e., the concentration of a small molecular weight solute such as urea nitrogen equilibrates
between the plasma and peritoneal compartments. This principle has been similarly used to
calculate the actual concentration of molecules recovered by bronchoalveolar lavage in
humans (28, 29). The concentration of urea nitrogen in plasma ([ UNpjasma) @nd in the
supernatant of the first peritoneal wash ([UN]perit) Was measured using a kit from Pointe
Scientific (Canton, MI). Because blood flow is stopped and the time required to perform the
lavage is short (seconds), the quantity of urea nitrogen was assumed to be the same in the
peritoneum before lavage ([UMplasma * V1) and after ([UNperit X (V4 + V2)). This can be
expressed as the following equation:

[UN] /[UN}perit:(Vl—}—Vg)/Vl.

plasma

For the same reasons, the quantity of a cytokine in the peritoneum was also assumed to
remain the same before ([Clperit-actual X V1) and after lavage ([ Clperit-measured % (V1 + V2)),
resulting in the following equation;

[C] Vi+Va) /Vi.

perit- actualz[c]perit— measurred < (

Using these two equations, we obtained a formula to calculate [Clperit-actual:

[C]perit— actual:[c]perit— measurred < [UN}plasma[UN]perit'

[Clperit-measured Was determined by multiplex or ELISA in the supernatant of the first lavage,
and [ Clperit-actual Was calculated for all the peritoneal cytokine concentrations that are
presented in this study.

Statistical analysis

Statistics were performed using Prism 4 (GraphPad, San Diego, CA). When three or more
groups were compared, one-way ANOVA followed by the Newman-Keuls posttest was used
if the groups had normal distribution; the Kruskal-Wallis test followed by Dunn’s posttest
was used when the distribution was not normal. If two groups were compared, an unpaired ¢
test or a Mann-Whitney Utest was used, depending on whether the data were distributed
normally. A pvalue <0.05 was considered statistically significant.

Our laboratory has previously reported on the utility of plasma IL-6 measurement as a
predictor of outcome in CLP sepsis (30—32). Using a single cutoff to differentiate the two
groups results in a trade-off between the sensitivity and specificity of the test. To reduce the
number of false negatives and false positives in the two groups, respectively, we have
employed for this study a system with two cutoffs: a low cutoff that gives close to 100%
sensitivity and clearly separates the group predicted to live past day 5 post-CLP (Live-P),
and a high cutoff that gives close to 100% specificity and clearly separates the group
predicted to die by day 5 post-CLP (Die-P). Values in between (indeterminate range) could
potentially represent false-negative or false-positive results, and those samples were
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eliminated from further analysis, a feasible choice for an experimental setup like the one in
this study.

To determine these cutoffs, two separate groups of 40 mice each were followed for survival
for 28 d after CLP. Blood was collected by facial vein bleeding 6 h post-CLP in one group
and 24 h post-CLP in another. The plasma level of IL-6 was measured by ELISA, and the
status of the mouse at day 5 post-CLP (dead or alive) was used to generate a receiver
operator characteristic analysis. These groups of mice were only used to determine the cutoff
values, and none were sacrificed to collect samples. At 6 h, plasma IL-6 levels <12.1 ng/ml
gave 95% sensitivity and levels >14.8 ng/ml indicated 90% specificity. With these values,
the actual 5-d mortality for the Live-P mice was 5.6% (1 of 18 died), 88.9% for Die-P mice
(16 of 18), and 75% for the small, indeterminate group (3 of 4). For the test at 24 h, plasma
IL-6 <1.5 ng/ml provided 100% sensitivity for Live-P and levels >12 ng/ml gave 100%
specificity. The actual 5-d mortality for Live-P was 0 of 25, 100% for Die-P (9 of 9), and
50% for indeterminate (2 of 4). With the values from these mortality studies, the 20 mice
sacrificed at 6 h were separated into 9 Live-P and 11 Die-P (with no animals having IL-6
levels between the 2 cutoffs). The 53 mice sacrificed at 24 h were separated into 29 Live-P
and 14 Die-P and 10 mice were eliminated because the IL-6 levels were in the indeterminate
range. The IL-6 values used here to predict survival are very similar to those in our previous
publication (31) in which an IL-6 cutoff of 13 ng/ml was used to predict, and both studies
show an improvement over the prediction capacity originally described by our group (30).
The experiments were conducted and samples collected and processed without prior
knowledge of whether the mice were in the Live-P, Die-P, or indeterminate group.

For a composite view of the local and systemic pro- and anti-inflammatory environment of
the septic mice, average pro- and anti-inflammatory z-scores were calculated. Values
recorded for each cytokine were z-score normalized for the group that they belonged to (four
groups were obtained for each cytokine by combining the data for Live-P and Die-P mice in
the plasma or peritoneal environment, at the 6- or 24-h time point; four other groups were
obtained by combining the data for the saline and chemokines mice in a similar manner).
The zscore for a cytokine measurement (.X) was calculated using the formula z= (X - p)/o,
where X'is the value for that mouse, | is the mean, and o is the SD of the group to which X
belongs. Each mouse had an average zscore calculated for all the pro- or anti-inflammatory
cytokines measured for that mouse. A positive average z-score indicates higher overall levels
of pro- or anti-inflammatory mediators when comparing Live-P with Die-P or saline with
chemokines.

CXC chemokine levels in the local and systemic environment

Studies from our laboratory and others have shown that peritoneal and systemic levels of
CXC chemokines are increased following CLP (7, 33, 34). This study examined whether the
chemokine levels or the concentration gradient between the local and systemic environment,
the driver of neutrophil recruitment (35), correlates with survival outcome for the septic
mice. As peritoneal lavage is a terminal procedure, outcome was based on our biomarker
prediction, specifically, the plasma levels of IL-6 (30-32). In separate experiments, mice
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were sacrificed and samples were collected at either 6 h (the earliest time point when a
prediction can be made) or 24 h after being subjected to CLP (a time point that precedes the
first death). A consistent pattern emerged, with higher chemokine levels in the mice
predicted to die. In the peritoneum and plasma, the levels of CXCL1 (Fig. 1A, 1B) and
CXCL2 (Fig 1D, 1E) were higher in the Die-P compared with Live-P mice at 6 h as well as
24 h post-CLP. For Live-P mice, there was a decline of these levels from 6 to 24 h. For the
Die-P mice they were higher in plasma at 24 compared with 6 h, whereas there was a slight
decreasing trend in the peritoneum.

Neutrophils are recruited to the site of infection in response to concentration gradients of
chemokines (35, 36). The peritoneum to plasma gradient of the two chemokines was
calculated for the mice in our study to see if there were differences between the Live-P and
Die-P groups. A higher gradient would favor recruitment to the peritoneal cavity. For
CXCL1 the gradients were found to be similar in Live-P and Die-P at 6 h. At 24 h, the
gradients favoring neutrophil recruitment were decreased in both Live-P and Die-P, but
significantly more so in Die-P, in which the plasma concentration was actually higher than
that in the peritoneum (Fig. 1C). Although the chemotactic gradient for CXCL2 was similar
at 6 h for the two groups, by 24 h, the gradient was maintained only in Live-P mice, with
Die-P having a 65% reduction (Fig. 1F).

Plasma and peritoneal levels of other cytokines

It was previously reported that post-CLP, mice that die within the first 5 d have higher
plasma levels for both pro- and anti-inflammatory cytokines when compared with those that
live past that time point (31). In this study, plasma and peritoneal levels of 17 pro- and anti-
inflammatory cytokines were measured, and differences between Live-P and Die-P mice
were assessed. Data for individual cytokines can be found in Table I (peritoneal
concentrations) and Supplemental Table I (plasma concentrations); a global picture of the
pro- and anti-inflammatory environment of these mice is presented in Fig. 2, in which a
composite score of all the cytokines measured was calculated (see Materials and Methods).
This composite score allows an integrated view of the data, rather than focusing on a single
mediator. Die-P mice had collectively higher plasma levels for both the pro- and anti-
inflammatory cytokines when compared with Live-P at both 6 and 24 h, and the difference
between the two was more pronounced at 24 h (Fig. 2A, 2B), confirming previous reports
(31). In the peritoneum, Die-P also had higher levels of pro- and anti-inflammatory
cytokines when compared with Live-P, and the difference became statistically significant at
24 h (Fig. 2C, 2D). This finding indicates a similarity between the local and systemic
environments in septic mice, with higher levels of both pro- and anti-inflammatory
mediators in Die-P mice compared with Live-P as early as 6 h post-CLP. The higher levels
of CXC chemokines in Die-P mice are a portion of the profile of increased levels of
inflammatory mediators that precedes death.

Peritoneal neutrophil recruitment and bacterial load

Neutrophils are recruited to a focus of infection to eradicate the pathogen. The relationship
between the CXC chemokines, the number of neutrophils recruited to the peritoneum, and
the number of peritoneal bacteria was examined. When mice were sacrificed at 6 or 24 h, the
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peritoneal cavity was lavaged and the numbers of inflammatory cells and bacteria were
quantified. The majority of the peritoneal cells were neutrophils (Fig. 3A) or macrophages
(Fig. 3C), with the other leukocyte populations accounting for <1% of the cells at these
stages in the evolution of sepsis. In naive mice the peritoneal cavity is sterile, with virtually
no neutrophils. Within 6 h of CLP, literally millions of neutrophils have been recruited to the
site of infection (Fig. 3A). The number of peritoneal neutrophils was similar in Live-P and
Die-P at 6 h, but by 24 h it was higher in the Die-P. This higher recruitment in Die-P at 24 h
was reflected in the significant drop in circulating numbers of neutrophils compared with all
the other groups (Fig. 3B). These data indicate that increased peritoneal neutrophil
recruitment was achieved by 24 h in Die-P mice even in the presence of reduced chemotactic
gradients by that time. Live-P and Die-P mice had similar numbers of macrophages at 6 h
post-CLP (Fig. 3C). By 24 h macrophage numbers were significantly (>3-fold) increased in
Die-P compared with Live-P at 24 h and both groups at 6 h.

To determine the impact of the recruited phagocytes on the number of peritoneal bacteria,
serial dilutions of peritoneal lavage fluid were cultured on blood agar plates under both
aerobe and anaerobe conditions (both cultures combined in Fig. 4). At 6 h post-CLP, Live-P
and Die-P mice had similar numbers of CFUs in the peritoneum. This finding indicates that
the initial infectious inoculum was equivalent in the mice predicted to live and those
predicted to die. Despite comparable initial bacterial numbers, by 24 h, the number of
peritoneal CFUs decreased in Live-P and increased in Die-P mice. There was a significant,
>2 orders of magnitude, difference between the two groups in the number of peritoneal
bacteria. Peritoneal bacterial counts were taken for the mice with indeterminate IL-6 levels
because the cultures were performed prior to determining the predicted survival status. In
confirmation of the intermediate status of this group, the mean CFU counts (5.76) were
greater than those in Live-P (4.53) but less than those in Die-P (6.54). These data indicate
that in the critical initial response between 6 and 24 h, peritoneal bacterial growth was
efficiently controlled by the phagocytes recruited in Live-P mice. Conversely, Die-P mice
were unable to stop the growth of bacteria even with increasing number of recruited
phagocytes.

Enhanced local neutrophil recruitment with exogenous, local chemokines

The results from the first part of the study showed that 6 h post-CLP, regardless of survival
outcome, the mice had similar numbers of recruited neutrophils (Fig. 3A) and peritoneal
bacteria (Fig. 4). However, the Die-P mice failed to control bacterial growth between 6 and
24 h, even though they actively recruited greater numbers of neutrophils. This raised the
possibility that earlier recruitment of neutrophils to the site of an infection could have a
potentially beneficial effect. The second part of the study examined whether augmenting
early peritoneal neutrophil recruitment would reduce bacterial load and improve survival in
the CLP model of sepsis. The i.p. injection of CXCL1 and CXCL2 was performed to
examine the feasibility of augmenting local recruitment of neutrophils. The combination of
CXCL1 and CXCL2 was used because both were expressed in the peritoneum during CLP-
induced sepsis. A small dose-response study was done to determine a concentration that
effectively recruits neutrophils without causing degranulation. Normal mice were injected
i.p. with either saline, low-dose, or high-dose CXC chemokines and sacrificed 4 h later. The
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i.p. injection of chemokines resulted in significant recruitment of neutrophils in the
peritoneum within 4 h in a dose-dependent manner (Fig. 5A, 5B), with no change in the
number of peritoneal macrophages (data not shown). Because the cells had undergone the
stress of recruitment, we examined whether they maintained the granular content necessary
to kill bacteria, by measuring MPO in the cell pellets recovered from lavage. Fig. 5C shows
that chemokine injection increased the total MPO activity of the cells recovered from the
peritoneum, with the higher dose resulting in a larger increase. When expressed on a per cell
basis, the MPO activity was similar for the two doses (Fig. 5D), indicating that the
neutrophils should remain fully equipped to kill bacteria. The number of circulating
neutrophils was the same regardless of treatment (data not shown), and the increased
peritoneal recruitment in mice receiving chemokines was probably compensated for by
release from bone marrow. The higher dose of chemokines was used for future studies
because it provides greater recruitment. Results in the literature also indicate a plateau of
neutrophil recruitment after a dose of 500 ng CXCL2 (34).

CXC chemokine levels after exogenous CXC chemokine administration in CLP mice

CXCL1 and CXCL2 had similar peritoneal and plasma levels 6 h post-CLP in mice
receiving chemokines immediately after intervention (chemokines group) when compared
with mice that received the saline vehicle (saline group) (Supplemental Fig. 1). By 24 h,
there was a slight decrease in the plasma and peritoneal levels of the CXC chemokines for
mice receiving the chemokine injection early. Exogenous chemokines did not alter the
concentration gradients.

Chemokine treatment influence on the plasma and peritoneal levels of other cytokines

By 24 h, mice that have received chemokines showed lower composite levels of pro- and
anti-inflammatory mediators in both plasma and the peritoneal cavity when compared with
mice that received saline (Supplemental Fig. 2). However, the early treatment with
chemokines did not result in changes in the local or systemic pro- or anti-inflammatory
environment that were statistically significant at either 6 or 24 h post-CLP. Levels registered
for individual cytokines can be found in Supplemental Tables Il and III.

Neutrophil recruitment and bacterial growth in mice receiving i.p. chemokines

To ascertain the biological effects of CXC chemokine treatment, the numbers of
inflammatory cells and bacteria were measured. Peritoneal neutrophil recruitment was
significantly increased in the chemokines compared with saline mice 6 h post-CLP (Fig.
6A). This observation confirms that the treatment results in rapid local recruitment of
neutrophils even during sepsis. By 24 h, the number of neutrophils increased significantly in
the saline group compared with the same group at 6 h. There was no additional increase at
24 h for the mice in the chemokines group beyond the numbers of neutrophils present by 6
h. The numbers of blood neutrophils were similar for saline and chemokines at 6 h, and both
groups had a reduction in circulating neutrophils by 24 h (Fig. 6B). The number of
macrophages present in the peritoneum was not affected by the treatment at the 6-h time
point, although a slight increase was present at 24 h in the saline group (Fig. 6C).
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With greater numbers of peritoneal neutrophils following exogenous chemokine treatment,
we evaluated the growth of peritoneal bacteria at 6 and 24 h. The number of CFUs at 6 h in
the peritoneum of the chemokine-treated mice was similar to that in the saline group (Fig.
7). By 24 h, mice that received exogenous chemokines, and had increased local neutrophil
recruitment, showed a clear advantage in the eradication of bacteria. Significantly lower
numbers (more than one log difference) are registered for the chemokines group compared
with saline at the same time point but also saline at 6 h.

Influence of early neutrophil recruitment boost on survival

Data in Figs. 6 and 7 show that early i.p. injection of chemokines after CLP results in a rapid
increase of neutrophil recruitment and subsequent lower bacterial counts in the peritoneal
compartment. However, clinical studies have suggested that more neutrophils in the setting
of sepsis could have deleterious outcomes (37). Experiments were performed to document if
local chemokine treatment translates into a survival benefit. For these studies mice were
subjected to CLP, and immediately following surgery they were injected i.p. with either
saline or chemokines and then followed for 28-d survival. Chemokine-treated mice had
significantly improved survival at 28 d (p = 0.02), with 52% of the mice still alive versus
27% for the saline group (Fig. 8). The largest improvement occurred in the first 5 d of
sepsis, with 72% of the chemokines mice alive at day 5 versus 40% for the saline group (o=
0.01). These data demonstrate that increasing the neutrophil recruitment at the locus of
infection early in the development of sepsis significantly improves survival.

Discussion

The most important finding of our study is that by increasing early neutrophil recruitment to
the peritoneum, the focus of infection in CLP sepsis, subsequent bacterial growth is better
controlled and survival to 28 d is significantly improved. Although intuitive, such an
approach is somewhat controversial in sepsis. There is no question that neutrophils represent
a powerful defense mechanism against invading microorganisms. Individuals that are
neutropenic or those whose neutrophils lack the respiratory burst (e.g., chronic
granulomatous disease) or the capacity to kill bacteria because of delayed degranulation
(Chédiak-Higashi syndrome) are all prone to bacterial infections (38, 39). However, the
capacity to destroy host tissue as well as bacteria has linked neutrophils to the development
of multiple organ failure in sepsis and has made them targets for inhibitory treatments.

Studies have been performed in which the recruitment of neutrophils was inhibited in sepsis
models. Neutralizing Abs to CXCL2 (7) or to the chemotactic CXCR2 receptor (6) have
improved survival in the CLP model of sepsis. The effect of these treatments was decreased
peritoneal neutrophil recruitment in the first study (although the authors did not confirm if
the total neutrophil count was decreased or merely the percentage of neutrophils) or just a
delay in recruitment for the first 4 h post-CLP in the second study. Peritoneal bacterial
growth was not altered in the second study. These studies contrast with our current work, in
which augmented neutrophil recruitment improved survival. However, there are important
differences in the studies. The administration of the Abs was systemic and the anti-CXCR2
was repeated every 48 h. This may have resulted in prolonged inhibition of neutrophil
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recruitment to organs away from the focus of infection, preventing organ failure and
explaining the survival benefit. A different approach to the same idea of blocking local
recruitment of neutrophils to the peritoneum in CLP sepsis has proved detrimental, however
(8). The authors have used an Ab against CD18 (a B2 integrin that is important for
neutrophil adhesion to the endothelium, a step that precedes frans-migration) to obtain the
reduction in recruitment. This treatment resulted in increased numbers of peritoneal bacteria
as well as increased neutrophil recruitment and injury in other organs like liver and lungs.
These findings are in agreement with our study, because early recruitment of additional
neutrophils improved survival.

Using chemokines to increase local neutrophil recruitment could have the potential side
effect of increasing circulating numbers of neutrophils and result in their accumulation in
other organs, with subsequent damage. Mice transgenic for human IL-8 that have elevated
plasma levels of IL-8 do have an elevated neutrophil count (40, 41). However, in our studies
with local, peritoneal administration, there were no higher counts of circulating neutrophils
in mice receiving chemokines compared with saline for either normal or septic mice
receiving the treatment. The improved survival and the paucity of changes in the systemic
levels of cytokines following the treatment are also proof that concerns about systemic
toxicity did not materialize. Even if the treatment increased the circulating pool of
neutrophils, that would not necessarily have translated into organ injury, as proven by trials
using G-CSF. Concerns of increased lung injury in nonneutropenic septic patients receiving
G-CSF have not been substantiated, but no survival benefit was found either (10, 42). Our
study proposes a more targeted approach to neutrophil manipulation in sepsis, with a local
increase in recruitment as opposed to global effects given by G-CSF.

In the mice that were predicted to die, there was an increased recruitment of neutrophils in
the peritoneum, despite a reduction of the local versus systemic concentration gradient for
the CXCL1 and CXCL2 chemokines. Even though reduced, this gradient is still present for
CXCL2, and it could be enough to drive the recruitment. Alternatively, a previous study has
shown that neutrophil recruitment could happen even in the face of an unfavorable
chemotactic gradient (41). The concentrations of CXCL1 and CXCL2 were increased in
mice predicted to die in both the peritoneal cavity and the plasma. This finding probably
reflects the struggle to recruit more neutrophils from a decreasing circulating pool as the
growth of bacteria continues in these animals. The timing of the treatment is probably
essential, as it has to be early enough to be able to establish an effective concentration
gradient and there must be sufficient numbers of circulating neutrophils to recruit.

In this study the i.p. administration of chemokines was used as a preventive treatment,
applied right after the surgery that renders the mice septic. In emergency units, however, it is
usually not known how much time has passed since the patient became septic, and it takes
additional time to detect the focus of infection. Probing the length of time for the therapeutic
window of opportunity for such a treatment will be explored in future studies. It is possible
that this interval is short, probably less than a day, as by then neutropenia develops, as well
as the reduction in chemotaxis (19, 20), making it difficult to recruit extra neutrophils to the
peritoneum from a smaller, more refractory pool of circulating cells. This treatment, though,
applied at the right time, could be very important for bacterial control in clinical sepsis,
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along with the use of antibiotics. We use broad-spectrum antibiotics in our CLP model, and
although that prevents bacteremia (43), it does not prevent bacterial growth inside the
peritoneum.

An interesting finding from this study was that early (6 h post-CLP) neutrophil recruitment
is similar in mice that are going to live and those that are going to die while their peritoneal
bacterial load is also equal. A recent review of the CLP model has called for an increased
standardization of the murine CLP model (44), and these results confirm that it can be
performed such that all mice have a similar initial insult. By 24 h post-CLP, however, mice
that are going to die have more neutrophils in the peritoneum compared with those that are
going to live, but they also have uncontrolled bacterial growth. This finding indicates that the
initial insult is the same, but the trajectory is vastly different. It is possible that the
neutrophils of the mice that die are less capable of killing bacteria, either because of reduced
phagocytosis, reduced activity of their granular content, or reduced oxidative burst.
Qualitative neutrophil diseases are very rare, but it could be possible that a small defect in
the host response is exacerbated in sepsis. Alternatively, a reduced capacity of humoral
elements to opsonize bacteria or increased bacterial virulence in some mice could also
hamper bacterial killing.

Sepsis mortality remains high at around 30% of cases, as very few treatments have been
proven to reduce it. The key question is why the mice die during the acute phase of sepsis,
and why early recruitment of neutrophils improves survival. The early deaths are probably
due to a combination of events, including excessive inflammation and endothelial cell
dysfunction, but not excessive cytokine production. Previously, we have shown that
nonspecific immunosuppression with glucocorticoids will improve survival in those mice
predicted to die, without reducing cytokine levels (32). Maintaining endothelial cell integrity
will reduce mortality after CLP-induced sepsis, without decreasing cytokine levels (45). We
have also reported that mice dying in the early stages of sepsis gained body weight
secondary to edema, which may have been due to disruption of endothelial cell function
(30). This early, excessive inflammation is driven by pathogens because antibiotic therapy
reduces mortality, again without altering cytokine levels (43). The consistent theme is that
improving survival, whether with antibiotics, immunosuppression targeted to those who die,
or enhancing endothelial cell function, does not decrease cytokine production. The present
study shows that the host’s own weapons, the neutrophils, can be targeted to contain bacteria
more efficiently at the focus of infection, also with minimal effect on cytokine levels.
Further studies are needed to establish this strategy as a viable treatment choice in human
sepsis.
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[C] cytokine concentration
CLP cecal ligation and puncture
Die-P predicted to die in the first 5 d post-CLP

Live-P predicted to survive past day 5 post-CLP

MPO myeloperoxidase

perit peritoneum

[UN] urea nitrogen concentration
Vv volume
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FIGURE 1.
Mice predicted to die in the acute phase of CLP sepsis had higher peritoneal and plasma

levels of CXCL1 and CXCL2 than did those predicted to survive. By 24 h post-CLP, mice
predicted to die had significantly lower peritoneal to plasma concentration gradients of
CXCL1 and CXCL2. CXCL1 was measured by ELISA, and CXCL2 was measured by
microarray immunoassay. The peritoneal concentration was calculated as described in the
Materials and Methods. The concentration gradient was expressed as the ratio between the
concentration of the chemokine in the peritoneum and the concentration in plasma. For A, C,
D, and F, at 6 h n=29 for Live-P and 11 for Die-P, and at 24 h n= 24 for Live-P and 13 for
Die-P. For Band £, at 6 h n=9 for Live-P and 11 for Die-P, and at 24 h n= 29 for Live-P
and 14 for Die-P. Results are shown as mean + SEM. p < 0.05 when compared with Live-P
at 6 h (g); Die-P at 6 h (); Live-P at 24 h (¢).
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FIGURE 2.

Die-P mice had higher levels of pro- and anti-inflammatory mediators both locally (in the
peritoneal cavity) and systemically (in plasma). Average z-scores for all the pro- and anti-
inflammatory mediators measured for each mouse were calculated as described in the
statistical analysis section of Materials and Methods. For Aand B, at 6 h n=9 for Live-P
and 11 for Die-P, and at 24 h n= 29 for Live-P and 14 for Die-P. For Cand D,at6 h n=9
for Live-P and 11 for Die-P, and at 24 h 7= 24 for Live-P and 13 for Die-P. Results are
shown as mean + SEM. p < 0.05 when compared with Live-P at 6 h (4); Die-P at 6 h ();
Live-P at 24 h (¢).
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Relation between survival prediction and peritoneal or circulatory numbers of neutrophils.
Total numbers of neutrophils (A) and macrophages (C) present in the peritoneum were
calculated based on total and differential cell counts. Circulating counts of neutrophils (5)
were obtained on a Hemavet instrument. For A, C, at 6 h 7= 9 for Live-P and 11 for Die-P,
and at 24 h n= 20 for Live-P and 10 for Die-P. For B, at 6 h 7= 9 for Live-P and 11 for Die-
P, and at 24 h n= 19 for Live-P and 9 for Die-P. Results are shown as mean £ SEM. p< 0.05
when compared with Live-P at 6 h (&); Die-P at 6 h (4); Live-P at 24 h ().
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FIGURE 4.
Peritoneal bacterial load in relation to survival prediction. At 6 h post-CLP equivalent

numbers of bacteria were present in both groups. The Live-P group controlled the infection
and had fewer bacteria at 24 h post-CLP. The counts obtained after incubating in aerobe and
anaerobe conditions were added in a single value that was log transformed. At 6 h n=9 for
Live-P and 11 for Die-P, and at 24 h n=12 for Live-P and 11 for Die-P. Results are shown
as mean + SEM. p < 0.05 when compared with Live-P at 24 h (¢).
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Peritoneal neutrophil recruitment 4 h after local injection of CXCL1 and CXCL2
chemokines. Mice were injected i.p. with saline (200 pl), low-dose chemokines (100 ng
CXCL2 + 10 ng CXCL1), or high-dose chemokines (500 ng CXCL2 + 50 ng CXCL1). A
shows representative peritoneal lavage cytospin slides from the saline and high-dose
chemokine-injected mice (Diff-Quick stain; original magnification x1000). For B, C, and D,
n= 4 for all the groups. Results are shown as mean = SEM. p < 0.05 when compared with

saline (&); 100 ng CXCL2 + 10 ng CXCL1 (b).
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FIGURE 6.
Peritoneal and circulating numbers of neutrophils after injection of chemokines immediately

following CLP. Mice were injected i.p. with saline (200 pl) or chemokines (500 ng CXCL2
+ 50 ng CXCL1). The i.p. injection of chemokines increased the early, 6 h, recruitment of
neutrophils into the peritoneum. For A, C, at 6 h 7= 10 for saline and 10 for chemokines,
and at 24 h n= 20 for saline and 19 for chemokines. For B, at 6 h n=9 for saline and 7 for
chemokines, and at 24 h n= 27 for saline and 26 for chemokines. Results are shown as mean
+ SEM. p < 0.05 when compared with saline at 6 h (4); chemokines at 6 h (4); saline at 24 h

(o).
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FIGURE 7.
Peritoneal bacterial counts after injection of chemokines immediately following CLP. Mice

were injected i.p. with saline (200 ul) or chemokines (500 ng CXCL2 + 50 ng CXCL1). The
counts obtained after incubating in aerobe and anaerobe conditions were added in a single
value that was log transformed. In mice injected i.p. with exogenous recombinant
chemokines, compared with the saline-injected mice, there was a significant reduction in the
growth of bacteria. At 6 h 7= 10 for saline and 10 for chemokines, and at 24 h n= 20 for
saline and 20 for chemokines. Results are shown as mean + SEM. p < 0.05 when compared
with saline at 6 h (4); saline at 24 h (¢).
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FIGURE 8.
Improved 28-d survival after injection of chemokines immediately following CLP. Mice

were injected i.p. with saline (200 ul) or chemokines (500 ng CXCL2 + 50 ng CXCL1). For
saline n= 30, and for chemokines 7= 29. The log rank test was performed to compare the
two survival curves.
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Table |

Cytokine concentrations in the peritoneum at 6 and 24 h post-CLP

Peritoneal Cavity (ng/ml)

6h 24h
Cytokines Live-P Die-P Live-P Die-P
Proinflammatory
IL-1B 2004 25+03b 17202 22102
IL-2 025006  028:004  ggg+01aC 0.45+0.09
IL-6 98.2+4233 2509%79.2 58+07%  47.2+1167
IL-12 08+0.1 1140410 0601 094010
IL-17 044+0088 072%011  0394+0037 037+0.039
IFN-y 14202 1.8+04 09+0.1 34+17b
CCL3(MIP-1a) 11.1%19 16219 92413  4384+1448C
CCL2(MCP-1)  gog+1642 1198+27.8  2p0+294 170+387
TNF-a 0152003  (og+003b¢ 0112001 (2440036
ICAM-1 6512 91%14 7007 88%09
Anti-inflammatory
IL-1ra 19.0+3.2 225+3.1 82+084C 13.6+1.60C
IL-4 16204 2.4+04¢ 06+0.12¢  08x0.14C
IL-10 7512 177+4320C  31+08  1gg+2ghc
TNF-srl 39+07 60+0gbc  33%03 5.6+ 050C
TNF-srll 27.0+48 335+ 4.4 16.0+163C 206+ 202

Page 24

Concentrations were calculated as described in Materials and Methods (at 6 h n=9 for Live-P and 11 for Die-P; at 24 h n= 24 for Live-P and 13

for Die-P). Results are shown as mean + SEM.
ap< 0.05 when compared with Die-P at 6 h.
bp< 0.05 when compared with Live-P at 24 h.

cp< 0.05 when compared with Live-P at 6 h.
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