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Matrix Metalloproteinase-8 Augments Bacterial Clearance
in a Juvenile Sepsis Model
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Genetic ablation or pharmacoloyic inhibition of matrix metalloproteinase-8 (MMPS8) improves survival in an adult murine sepsis
model. Because developmental age influences the host inflasnmatory response, we hypothesized that developmental age influ-
ences the role of MMP8 in sepsis. First, we compared sepsis survival between wild-type (WT, C57BL/6) and MMP8 null juvenile-aged
mice (12-14 d) after intraperitoneal injection of a standardized cecal slurry. Second, peritoneal lavages collected 6 h and 18 h affer
cecal slurry injection were analyzed for bacterial burden, leukocyte subsets and inflasnmatory cytokines. Third, juvenile WT mice
were prefreated with an MMPS8 inhibitor prior to cecal slurry injection; analysis of their bacterial burden was compared with
vehicle-injected animals. Fourth, the phagocytic capacity of WT and MMP8 null peritoneal macrophayges was compared. Finally,
peritoneal neutrophil extracellular fraps (NETs) were compared using immunofluorescent imaying and quantitative image analysis. We
found that juvenile MMP8 null mice had greater mortality and higher bacterial burden than WT mice. Leukocyte counts and cytokine
concentrations in the peritoneal fluid were increased in the MMP8 null mice relative to the wild-type mice. Peritoneal macrophages
froon MMP8 null mice had reduced phaygocytic capacity compared to WT macrophayes. There was no quantitative difference in NET
formation, but fewer bacteria were adherent to NETs from MMP8 null animails. In conclusion, in contrast to septic adult mice, yenetic
ablation of MMPS8 increased mortality following bacterial peritonitis in juvenile mice. This increase in mortality was associated with re-
duced bacterial clearance and reduced NET efficiency. We conclude that developmental age influences the role of MMP8 in sepsis.
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INTRODUCTION

The incidence of sepsis in the United
States continues to rise despite antibiotics
and vaccines (1). Sepsis is associated with
high morbidity and mortality among
adult and pediatric populations, and
among the latter, the highest burden is
seen in younger children and infants (2,3).

Therefore, there is a need to better define
the critical signaling pathways in sepsis
and identify novel therapeutic targets that
are age- and context-appropriate.

MMPS is one of the highest expressed
genes in children with sepsis and
contributes to multiple gene networks
involved in innate immunity and
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inflammation (4-8). Increased MMP8
mRNA and protein expression is associ-
ated with increased risk of poor outcome
among children with septic shock, but
cause and effect are not established (8,9).
In addition, MMPS8 gene variants are asso-
ciated with differential cytokine responses
among normal volunteers challenged with
endotoxin (10) and with preterm prema-
ture rupture of membranes (11), which is
often the result of intrauterine infection.
Based on these data, we have been
interested in exploring MMPS8 as a
candidate novel therapeutic target in
sepsis. MMP8 was originally identified
as a neutrophil product (neutrophil col-
lagenase) but has since been found in
numerous cell types, including activated
macrophages, smooth muscle cells
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and endothelial cells (12). Its role in
chemotaxis, neutrophil cell migration,
chemokine modulation and cleavage of
nonmatrix proteins added to our initial
interest in MMPS as a therapeutic target
for sepsis (12-14).

Our initial investigations of the mech-
anistic role of MMPS in sepsis utilized
cecal ligation and puncture (CLP) in an
adult murine model and showed that
genetic ablation or pharmacologic inhi-
bition of MMPS8 improves survival fol-
lowing CLP (8). To further delineate the
role of MMPS in sepsis, we utilized alter-
native sepsis models in adult mice and
found that intestine-derived MMPS is a
critical component of septic peritonitis
secondary to intestinal compromise (15).

While these data support further
exploration of MMPS as a therapeutic
target, we cannot assume that the data
are germane to children, because devel-
opmental age strongly influences the
host response to sepsis (5,8). In contrast
to adult mice, adaptive immunity con-
tributes minimally to murine neonatal
sepsis survival following cecal slurry
injection (16). Recently, genome-wide ex-
pression patterns were compared among
neonates, infants, toddlers and school-
age children with septic shock and found
to differ significantly by age group, with
the greatest differences seen among neo-
nates (5). Therefore, the role of MMPS8 in
sepsis may vary depending on the devel-
opmental age of the host, as well as the
sepsis model used.

Here we seek to further define the
mechanism by which MMP8 influences
outcomes in sepsis by employing a ju-
venile sepsis model that uses intraperi-
toneal injections of a standardized cecal
slurry in 2-wk-old mice. We test the hy-
pothesis that the role of MMP8 in sepsis
is dependent on developmental age.

MATERIALS AND METHODS

Murine Models

All aspects of this study complied
with the Guide for the Care and Use
of Laboratory Animals by the National
Academies of Sciences, Engineering,

and Medicine Institute for Laboratory
Animal Research and Division on Earth
and Life Studies (17) and met the ap-
proval of our Institutional Animal Care
and Use Committee. MMP8 null mice
on a C57BL/6 background were pro-
vided by Dr. Steven Shapiro, University
of Pittsburgh. Wild-type C57BL/6 mice
were obtained from Charles Rivers Lab-
oratories. All mice were fed standard
rodent chow and maintained on 12-h
light-dark cycles.

Cecal Slurry

We adapted the cecal slurry method
from Wynn et al. and prepared a fresh
slurry for each experiment using three
wild-type C57BL/6 female donors ages
6-9 wks (18). Following euthanasia
with CO,, a midline laparotomy was
made and the cecum excised from each
donor. The distal portion of the appen-
dix was removed and cecal contents
were collected in a 50 mL sterile conical
tube. Five percent dextrose in water
(D5W) was added to bring the stool
concentration to 80 mg/mL. The solu-
tion was then vortexed and sonicated
to create a homogeneous solution.

The solution was then passed through
a sterile 100-pm filter to capture any
remaining large particles and ensure
that it would pass through a 27-gauge
needle.

Sepsis was induced in mixed-sex ju-
venile mice (12-14 d) via intraperitoneal
injection of the cecal slurry at a dose of
0.5 mg/g via a 27-gauge needle. Control
mice were injected with an equivalent
volume of D5W. Following the cecal
slurry injection, animals were monitored
for survival (up to 7 d) or were eutha-
nized at 6 h and 18 h for procurement of
biological specimens.

All experimental protocols, except
one, were conducted in the absence of
antibiotics. The one exception was an ex-
perimental protocol in which MMPS8 null
mice were treated with intraperitoneal
metronidazole (12.5 mg/kg) and ceftriax-
one (25 mg/kg), beginning 6 h after cecal
slurry injection, and then every 12 h, for
a total of 6 doses.
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Flow Cytometry

Single-cell suspensions were pre-
pared from peritoneal lavage samples
collected 6 h or 18 h after intraperito-
neal slurry injections. Cell counts were
determined using a Coulter AcT 10 cell
counter (Beckman Coulter). Cells were
suspended in fluorescence-activated
cell sorting (FACS) buffer (phosphate
buffered saline [PBS] with 1% bovine
albumin and 0.1% azide) and nonspecific
binding to cells was prevented by add-
ing 5% rat serum (Invitrogen) and 1 pL/
sample of Fc Block (BD Pharmingen).
Cells were then stained with 1 puL of
stain per sample of rat anti-mouse PerCP
Cy5.5 Ly6G (BD Bioscience, clone 1A8),
FITC Ly6C (BD Bioscience, clone AL-21),
PE F4/80 (Biolegend, clone T45-2342),
and APC CD11b (BD Bioscience, clone
M1/70). Nonviable cells and lympho-
cytes were excluded. Myeloid cell pop-
ulations were identified using standard
forward and side scatter parameters. All
analyses were performed using Attune
software (Life Technologies).

Cytokines

Peritoneal lavage samples were col-
lected at 6 h and 18 h after cecal slurry
injections, in an unblinded manner.
Samples were collected by removing
the skin overlying the peritoneal cavity
while keeping the peritoneum intact.
With a 27-gauge needle, 500 pL sterile
PBS was injected into the cavity in the
left upper quadrant. Animals were ma-
nipulated to distribute the PBS through-
out the entire peritoneum. Then 150 uL
peritoneal fluid was aspirated from the
left lower quadrant of the peritoneum
and stored at —80°C until the time of
analysis. Lavage samples were analyzed
for interleukin (IL)-18, IL-6, IL-10, macro-
phage inflammatory protein-lo. (MIP-1a,
CCL3), lipopolysaccharide-induced CXC
chemokine (LIX), tumor necrosis factor o
(TNFa) and keratinocyte-derived chemo-
kine (CXCL1) using a Luminex multiplex
system (Millipore). Results were stan-
dardized to total protein content (calcu-
lated via Pierce BCA Protein Assay Kit,
Thermo Scientific) within each sample.



Bacterial Clearance

Animals were euthanized at 18 h and
peritoneal lavage samples were collected
as detailed above. Serial dilutions of each
lavage were prepared using sterile PBS.
Diluted specimens were plated onto 5%
sheep blood agar plates (Becton Dickinson)
for the growth and enumeration of aerobic
colonies, and Brucella blood agar plates
(Becton Dickinson) for the growth and enu-
meration of anaerobic bacterial colonies.
Plates were incubated at 37°C in aerobic or
anaerobic conditions. Plated dilutions with
30-300 colonies were used for counts.

Pharmacologic MMP8 Inhibitor
and Bacterial Clearance

The MMPS inhibitor ((3R)-N-hydroxy-
2-(4-methoxyphenyl)sulfonyl-3,4-dihy-
dro-1H-isoquinoline-3-carboxamide;
Santa Cruz Biotech) was dissolved in
1% DMSO in PBS to a final concentration of
0.03 mg/mL. Animals received a
0.3 mg/kg dose of inhibitor via intraper-
itoneal injection with a 27-gauge needle
every 12 h beginning 24 h prior to slurry
injection. Control animals were dosed
with an equivalent volume of 1% dimethyl
sulfoxide (DMSO) in PBS. Peritoneal la-
vage and bacterial clearance were done in
an identical fashion to bacterial clearance,
as detailed above.

Phagocytosis Activity of Murine
Peritoneal Macrophages

Healthy 12-to-14-d-old MMP8 null and
wild-type mice were euthanized with
carbon dioxide and exsanguination via
cardiac puncture. The peritoneum was ex-
posed and 500 pL sterile PBS was injected
into the peritoneal space and distributed
throughout the cavity. Then 150 uL was
withdrawn and cells were centrifuged
for 10 min at 153g. The cell pellet was
resuspended in Dulbecco’s modified
Eagle medium (DMEM,; Gibco) to a
final concentration of 10° cells/mL. For
positive control wells, RAW 264.7 macro-
phages (ATCC) were cultured in media
(RPMI supplemented with 10% fetal
bovine serum, 100 U/mL penicillin and
0.1 mg/mL of streptomycin; Invitrogen)
to a final concentration of 10° cells/mL.

Negative-control wells were prepared
by adding 150 uL DMEM to 8 wells
on the microplate. For positive-control
wells, 10° RAW macrophages were
added to 16 wells on the microplate. The
remaining wells were completed with
10° MMP8 null or wild-type primary
murine peritoneal macrophages. DMEM
media was used to bring the final vol-
ume of the positive-control and experi-
mental wells to 150 uL. The microplate
was covered and incubated for 2 h at
37°C. DMEM solution was removed
with vacuum aspiration and 100 pL of
1 mg/mL Texas Red-tagged E. coli (Life
Technologies) suspension was added to
all wells. After 2 h, the suspension was
aspirated. Using 480 nm excitation and
520 nm emission with a Synergy HT
plate reader, a net reading was calculated
for each individual experiment by sub-
tracting the negative-control values from
positive-control and experimental values.
Since the experiment was performed
multiple times, a correction factor was
calculated based on the ratio between
average positive-control values from
each experiment.

In a variation of these experiments,
peritoneal macrophages obtained from
wild-type mice were pretreated ex vivo
with the MMPS inhibitor (0.1 mg/mL) or
vehicle (1% DMSO in cell culture media),
for 1 h before exposure to tagged E. coli.

Quantification of NET Formation and
Bacterial Enfrapment

Animals (9 per group) were eutha-
nized at 6 h for peritoneal lavage. Peri-
toneal lavage samples were immediately
pipetted onto glass slides and allowed to
dry overnight. Slides were blocked for
2 h at room temperature in PBS con-
taining 2% BSA and stained for 1 h with
Sytox Green (Life Biosciences) at 1:10,000
dilution. Slides were washed 3 times
with PBS and mounted with ProLong
Gold anti-fade reagent without DAPI
(Life Technologies). For co-staining stud-
ies, anti-neutrophil elastase antibody
(1:200 dilution, Santa Cruz) and an-
ti-histone H4 antibody (1:1000 dilution,
AbCam) were used with appropriate
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fluorophore-conjugated secondary
antibodies (1:10,000 dilution; Jackson
ImmunoResearch). Slides were imaged
using a Nikon 90i upright wide-field
microscope (3 images per animal).

Net formation was quantified using
the Imaris software package (v7.7.1,
Bitplane AG, Mathworks). To do so, the
total DNA of a field at 10 x magnification
was defined as signal above negative
control in the green channel. Nuclear
DNA was defined as a green signal in the
nucleus and was manually masked. Frac-
tion of DNA outside of the nucleus was
used as a measure of NET formation.

To quantify bacterial entrapment by
NETs, Texas Red-tagged E. coli (Life
Technologies) were suspended in the cecal
slurry at a concentration of 1 ug/mL. The
slurry was briefly vortexed and injected
intraperitoneally through a 27-gauge
needle at a 0.5 mg/kg dose. Samples
were collected 6 h post-injection. Perito-
neal fluid slides were stained with Sytox
Green and imaged. For analysis, the
bacteria were defined as red signal over
negative control and DNA was defined
as green signal over negative control.

A distance transformation was applied,
with bacteria within 1 um of the DNA
signal being defined as associated with
the NET and greater than 1 pm as not
associated. To normalize for differences
in sample dilution, the fractional cover-
age of DNA (total DNA area/total image
area) was used to create a “predicted”
bacteria count that estimated the number
of bacteria that would be expected to be
associated with the NET by chance. An
observed-to-predicted ratio was then cal-
culated for each image for comparison of
NET efficiency.

Statistical Analysis

Statistical analysis was performed
using SigmaStat for Windows version
3.10 (SysStat Software). Data are repre-
sented as mean + SEM or as median with
interquartile range of n observations,
where n represents the number of sub-
jects in each group. When comparing
2 groups at the same time point, a Student
t test was performed. For multiple group
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comparisons at a single time point, one-
way analysis of variance (ANOVA) with
Student-Newman-Keuls correction was
used. For multiple group analysis at
different time points, a 2-way ANOVA
with Student-Newman-Keuls correction
was performed. If data did not follow

a normal distribution, a Mann-Whitney
rank sum test or ANOVA on ranks test
was performed. For survival analysis,

a log rank survival analysis was used.
P values less than 0.05 were considered
significant.

RESULTS

Genetic Ablation of MMP8 in Juvenile
Mice Increases Mortality Following
Sepsis from Polymicrobial Peritonitis
Figure 1 shows that juvenile MMPS§
null mice had greater sepsis mortality
compared with the wild-type mice after
intraperitoneal cecal slurry injection. This
phenotype is in direct contrast to that
of adult MMP8 null and wild-type mice
(8 to 10 wks of age), which have simi-
lar mortality after intraperitoneal cecal
slurry injection (15). The increased sus-
ceptibility of MMPS8 null juvenile mice
to peritoneal sepsis suggests that MMP8
plays an important role in the juvenile
innate immune response.

Local Cytokine Response in Juvenile
Wild-Type and MMP8 Null Mice with
Peritoneal Sepsis

Peritoneal lavage samples at 6 h and
18 h post-slurry were analyzed for the
cytokines IL-1£, IL-6, IL-10, MIP-1a
(CCL3), LIX), TNFa) and CXCL1. At6 h
after cecal slurry injection, the median
concentrations of all cytokines except
LIX were significantly higher in the
peritoneal lavage samples from MMPS§
null juvenile mice, compared with those
of WT juvenile mice (Table 1). These
differences continued at 18 h after cecal
slurry injection (Table 1). When the cy-
tokine concentrations were normalized
to the respective peritoneal fluid protein
concentrations, no differences were
observed between cytokine concentra-
tions from MMPS8 null and wild-type
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Figure 1. Survival of juvenile MMP8 null and wild-type mice followinyg intraperitoneal cecal
slurry injections. Wild-type (solid line, n = 26) and MMP8 null (dashed line, n = 30) juvenile
mice (12-14 d) received infraperitoneal injections of cecal slurry at 0.5 my/g and were
monitored for survival. MMP8 null mice demonstrated decreased survival after cecal slurry
injection (experiment performed 4 times). *p < 0.001 by loy rank survival analysis.

Table 1. Cytokine concentrations in peritoneal fluid 6 h and 18 h after cecal slurry
injection, without correction for total intfraperitoneal fluid protein concentration.

6h

Cytokine Wild-Type py/mL (IQR), n =18 MMP8 null pg/mL (IQR), n =21 Pvalue

IL1B 148 (91-186) 242 (210-302) <0.001
IL6 14,874 (7273-16,782) 16,6692 (15,939-17,834) 0.038
IL10 955 (340-2030) 2,218 (1,417-3,188) 0.006
CCL3 572 (300-1.461) 1,441 (802-2,402) 0.038
LIX 911 (659-1,187) 1,001 (667-1,681) 0.291
TNFa 45 (26-70) 76 (62-92) 0.014
CXCL1 4,872 (1,321-15,078) 14,715 (6,206-16,474) 0.015
18 h
n=20 n=20

IL1B 137 (74-249) 288 (227-410) 0.020
IL6 2,256 (429-7.948) 20,285 (6,256-20,300) 0.032
IL10 1,031 (333-2,718) 1,967 (1,145-3,208) 0.306
CCL3 541 (324-1,230) 1,763 (1,102-3,203) 0.028
LIX 364 (114-517) 470 (396-687) 0.251
TNFa 73 (24-113) 112 (89-193) 0.067
CXCL1 1,064 (425-2,934) 8,910 (3,706-21,701) 0.012
juvenile mice at any time point (data not respectively (p = 0.019). These data
shown), except for CXCL1 measured at suggest that the local cytokine response

18 h: 5,049 pg/mL (IQR: 1,706 to 14,092) of juvenile MMPS null mice is more ro-
versus 1,283 ng/mL (IQR: 704 to 1,936), bust than that of juvenile WT mice after
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intraperitoneal cecal slurry injection.
However, the results obtained after cor-
rection for total protein indicate that the
cytokine data might be confounded by a
general increase in total protein concen-
tration within the peritoneal cavity.

Bacterial Clearance Is Impaired in
Juvenile MMP8 Null Mice

At 18 h after cecal slurry injection,
both aerobic (Figure 2A) and anaero-
bic (Figure 2B) bacterial colony counts
were greater in MMPS8 null juvenile
mice compared with wild-type mice.
This suggests that increased mortality
in the juvenile MMP8 null mice after
cecal slurry injection is due to a reduced
ability to clear bacteria. To further ex-
plore this possibility, we treated juvenile
wild-type and MMP8 null mice with
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antibiotics beginning at 6 h after cecal
slurry injection, and then every 12 h for
a total of 3 d. We observed no deaths in
juvenile wild-type or MMP8 null mice
challenged with cecal slurry and subse-
quently treated with antibiotics. Thus,
the increased mortality seen in juvenile
MMP8 null mice is eliminated with anti-
biotic treatment, further supporting the
concept that increased mortality is due to
a reduced ability to clear bacteria.

To determine if the reduced ability of
MMP8 null mice to clear bacteria is due
to a quantitative difference in phagocytic
cells, we measured the number of neu-
trophils and macrophages in the peri-
toneal fluid. At baseline, there were no
differences in the number of neutrophils
and macrophages between MMP8 null
and wild-type mice (data not shown).
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Figure 2. Aerobic and anaerobic bacterial colony counts and neutrophil counts from
peritoneal lavage samples affer cecal slurry injection. (A) MMP8 null animals (n = 13)
had a higher aerobic bacterial burden 18 h after cecal slurry injection, compared with
that found in the peritoneal lavage of wild-type animals (n = 10, experiment performed
2 times). *p < 0.05 by 2-tailed ttest. (B) Similarly, anaerobic bacterial burden was greater
in peritoneal lavage of MMP8 null animals (n = 19) 18 h after cecal slurry injection com-
pared with that of wild-type animals (n = 20, experiment performed 3 times). *p < 0.05 by
2-tailed ttest. (C, D) Neutrophil counts in the corresponding peritoneal lavage samples
tended to be higher in MMP8 null mice at 6 h (C) and 18 h (D), but were not stafistically

different. All data reported as mean = SEM.
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At 6 h (Figure 2C) and 18 h (Figure 2D)
after cecal slurry injection, there was a
trend toward a greater number of neutro-
phils in the peritoneal fluid from MMPS§
null mice, but this did not reach statis-
tical significance. Similar observations
were made for peritoneal macrophages
and total white blood cell counts at both
the 6 h and 18 h time points (data not
shown). These data suggest that the in-
creased bacterial counts seen in the peri-
toneal fluid of MMP null mice are not

a reflection of decreased recruitment of
phagocytic cells to the peritoneal cavity.

Pharmacologic Inhibition of MMP8
Activity Reduces Bacterial Clearance
in Wild-Type Juvenile Mice with
Peritoneal Sepsis

Chronic genetic ablation of MMPS8 may
cause unidentified developmental impair-
ments or genetic compensation, render-
ing juvenile mice less capable of clearing
bacteria from the peritoneal space, unre-
lated to MMPS per se. To test this possi-
bility, we treated wild-type juvenile mice
with a pharmacologic inhibitor of MMP8
and challenged them with cecal slurry
injection. Figure 3 shows that pharma-
cologic inhibition of MMPS in wild-type

Log of aerobic bacterial colonies
»

Vehicle MMP8 inhibitor

Figure 3. Aerobic bacterial colony counts
from juvenile wild-type mice pretreated
with a pharmacologic MMPS inhibitor ver-
sus vehicle. Juvenile wild-type mice treated
with MIMP8 inhibitor (n = 10) prior to cecal
slurry injection had a higher intraperitoneal
bacterial burden compared with mice
treated with vehicle only and subjected
to cecal slurry injection (n = 8, experiment
performed twice). *p < 0.05 by 2-tailed
test. All data reported as mean + SEM.
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juvenile mice subjected to cecal slurry
replicated the increased bacterial burden
phenotype of MMP8 null mice at 18 h.
This further supports a role for MMPS in
juvenile mouse innate immunity.

MMP8 Null Primary Peritoneal
Macrophages Have Impaired
Phagocytic Activity

To explore the mechanism of impaired
bacterial clearance in MMPS8 null juvenile
mice, we compared the ex vivo phagocytic
function of MMPS8 null and wild-type
peritoneal macrophages using fluores-
cently labeled E. coli. These experiments
involved peritoneal macrophages from
mice not previously challenged with
intraperitoneal cecal slurry injections.
Figure 4A shows greater intracellular
fluorescence in the wild-type peritoneal
macrophages compared with the MMP8
null peritoneal macrophages. This indi-
cates that MMPS8 null peritoneal macro-
phages have reduced phagocytic ability
relative to their wild-type counterparts.

To corroborate these findings, we
treated wild-type peritoneal macro-
phages with either an MMPS inhibitor
(0.1 mg/mL) or the DMSO vehicle
(1%), and exposed them to fluorescently
labeled E. coli. Figure 4B shows de-
creased intracellular fluorescence in the
wild-type macrophages treated with the
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MMPS inhibitor compared with those
treated with the DMSO vehicle. Thus,
the reduced bacterial clearance in MMP§
null juvenile mice is due, in part, to im-
paired phagocytosis.

MMP8 Enhances Bacterial Adherence
to NETs but Not NET Formation

To further define the mechanisms of
impaired bacterial clearance seen in the
juvenile MMP8 null mice, we harvested
peritoneal fluid and quantified NET
formation by image analysis. To ensure
that our assay was measuring DNA from
neutrophils, we tested for colocalization
of DNA signal with histone and neu-
trophil elastase (Figure 5A). While NET
formation was increased by cecal slurry
relative to baseline, there were no differ-
ences in the degree of NET formation be-
tween wild-type and MMPS null animals
challenged with cecal slurry (Figure 5B).

To test for differences in NET function,
we quantified bacterial adherence to
NETs using fluorophore-labeled E. coli
suspended in the cecal slurry. Figures 6A
and 6C show representative images of
fluorophore-labeled bacteria adhering to
NETs of wild-type and MMPS8 null mice,
respectively. Figures 6B and 6D show rep-
resentative quantitative image analyses
of bacteria (spheres) and DNA surface
(green). Bacteria that are within 1pum of
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Figure 4. Phayocytic activity of peritoneal macrophages from juvenile MMP8 null mice
versus wild-type mice. (A) Pooled primary peritoneal macrophages of MMPS8 null ju-
venile mice took up fewer fluorescent-labeled E. coli compared with wild-type pooled
peritoneal macrophayges. (B) Pooled primary macrophayes from wild-type mice treated
ex vivo with an MMP8 inhibitor took up fewer fluorescent-labeled E. coli compared with
wild-type macrophayes treated with the DMSO vehicle. Data are plotted as fold chanyge
relative to wild-type macrophages exposed to fluorescent bacteria in cell culture media.
*p < 0.05 by 2-tailed sum rank test; 3 separate experiments.
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the DNA surface are considered affiliated
with the DNA surface (magenta), whereas
bacteria farther than 1um from the DNA
surface are not considered affiliated with

the DNA surface (aqua). For the wild-type
NETs (Figure 6B) the majority of bacte-
ria were affiliated with the DNA surface. In
contrast, for the MMP8 null NETs (Figure 6D),
a smaller proportion of bacteria were affili-
ated with the DNA surface. Figure 6E shows
that, on average, NETs formed by MMP8
null mice were half as efficient at capturing
bacteria when compared with wild-type
NETs. These data demonstrate that ab-
sence of MMPS decreases NET efficiency
and suggests an additional potential
mechanism accounting for the observed
decreased bacterial clearance in MMP8
null juvenile mice.

DISCUSSION

Genetic ablation of MMP8 decreased
survival in juvenile mice with polymi-
crobial sepsis induced by intraperitoneal
injection of cecal slurry. In contrast,
our previous studies showed that adult
MMP8 null mice had either no change
in sepsis survival compared with wild-
type (cecal slurry), or a sepsis survival
advantage (cecal ligation and puncture)
(15). Collectively, these data support the
concept that developmental age strongly
influences the host response to sepsis
(5,18-20). The differing phenotypes be-
tween adult and juvenile mice following
cecal slurry injections also underscores
the need to consider developmental
age—specific therapies.

The mechanism leading to increased
mortality in the juvenile MMP8 null
mice seems to involve reduced bacterial
clearance due to reduced phagocytosis
and reduced NET efficiency. Previous
research identified a role for MMP8 in
chemotaxis of neutrophils and macro-
phages, the primary phagocytic cells of
the innate immune system (12,14,21).
Since early life host defense is predomi-
nantly supported by the innate immune
system, we compared qualitative and
functional endpoints of neutrophil and
macrophage function between juvenile
MMP8 null and wild-type mice (16).
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Figure 5. Net formation after cecal slurry. (A) Representative imayge from wild-type animals treated with cecal slurry. Histone H4 (blue)
co-localized with DNA (green), with neutrophil elastase (red) present both in deyenerating neutrophils and along DNA NETs. (B) Six hours
after cecal slurry, both wild-type and MMP null mice had an increased percentage of DNA signal outside the nucleus; however, there
was no difference between wild-type (n = 10) and MMP8 null animals (n = 10). *p < 0.05 versus respective sham injected animals. All
data reported as mean + SEM. White bars represent sham-injected mice and black bars represent slurry-injected mice.
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Figure 6. E. coli adherence to NETs of MMP8 null and wild-type animals. (A) Qualitatively, WT animals demonstrated frequent adherence
of fluorescent-labeled bacteria to NETs. (B) By quantitative image analysis, the majority of bacteria (spheres) in WT nets were within Tum
of the DNA surface (green). Bacteria co-localized with DNA are labeled magenta and non-co-localized bacteria as aqua. (C) MMP8
null animals demonstrate less frequent localization of bacteria with NETS. (D) Non-co-localization of bacteria was more frequent in MMP8
null samples. (E) The bacteria in MMPS8 null animals (n = 10) were about 50% less likely to be associated with DNA compared with the
bacteria in WT animals (n = 10). *p < 0.05 by 2-tailed sum rank test. All data reported as mean + SEM.
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When comparing the peritoneal fluid of
MMPS8 null and wild-type mice, there
was a trend toward a greater number
of neutrophils, macrophages and total
white blood cells in the peritoneal fluid
of MMP8 null mice. Thus, recruitment of
phagocytic cells per se does not appear to
be impaired in the absence of MMP8.

Absolute cytokine concentrations were
greater in the peritoneal fluid of MMP8
null mice, but this difference was elim-
inated after correction for total protein
content in the peritoneal space. While
the results are consistent with a more
robust cytokine response in MMPS8 null
animals, an alternative interpretation is
that they reflect greater disruption of the
peritoneal membrane and greater vascu-
lar leak among juvenile MMP8 null mice
challenged with cecal slurry injections.
In either case, the local inflammatory
response of MMPS juvenile mice seems
to be more pronounced compared with
wild-type juvenile mice. This might
reflect an ongoing bacterial burden.
The finding that CXCL1 remained in-
creased after correction for protein con-
centration in MMP8 null mice supports
this assertion.

The relationship between MMPS§
and bacterial clearance appears to be
related to cellular function rather than
cellular recruitment or the cytokine mi-
lieu. Both phagocytic function and NET
function were impaired in the MMP38
null juvenile mice. In addition, ex vivo
inhibition of MMP8 activity decreased
the phagocytic capability of wild-type
peritoneal macrophages. There was no
difference in quantitative NET forma-
tion between MMPS$ null and wild-
type mice, but MMP8 null NETs were
less efficient at capturing bacteria. To-
gether, these phagocytic impairments
may lead to an increased bacterial bur-
den and increased mortality in MMPS8
null juvenile mice after cecal slurry.
The ability of antibiotics to rescue
MMP8 null mice further supports this
assertion. Thus, MMPS8 seems to play
a functional role in the innate immune
response of juvenile mice subjected to
cecal slurry.

The unique phenotype of MMP8 null
juvenile mice supports previous findings
that developmental age influences the
host response to sepsis (5). The neonatal
mouse relies primarily on the innate
immune system, which makes it more
vulnerable to any genetic defects in
phagocytic activity (22). Older animals
with a competent adaptive immune
system may be better equipped to com-
pensate for any impairment of the innate
system and therefore exhibit a different
phenotype in response to genetic ablation
or pharmacologic inhibition of MMP8
(15). Identifying age-specific alterations
in the host response is a critical step in
designing developmental age-appropriate
therapies for sepsis. Many attempts at
reducing the incidence, morbidity and
mortality associated with neonatal sepsis
have failed due to an underappreciation
of how the immature host response
differs from that of adults (23,24). Identi-
fication of critical components of the neo-
natal and juvenile immune systems will
allow us to more specifically augment
the age-appropriate host component as
therapy for sepsis (25).

The major limitation of our study is
that we have yet to delineate the exact
mechanism by which MMPS§ enhances
phagocytosis and NET function. One
study of adult human NETs identified
MMP8 along the length of the NET;
however, we were unable to consistently
co-localize MMPS along the juvenile mu-
rine NETs (26). This difference may be
due to differences in antibody sensitivity
or in murine and human NET composi-
tion and structure. Alternatively, it may
reflect the influence of developmental
age on MMPS8 and its role in NET
formation. Furthermore, a genome-wide
study of children with septic shock
demonstrated that there are multiple
developmental age groups within the
juvenile population that need to be
studied separately (5).

Another limitation involves our in-
ability to determine if non-neutrophil
sources of MMP8 contributed to our
observations in this juvenile model of
murine sepsis. In our previous study,
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we identified the intestine as a critical
source of MMP8 in an adult model of
murine sepsis (15). Due to size limita-
tions, we were unable to conduct analo-
gous experiments in our juvenile model.

CONCLUSION

In summary, we found that in a ju-
venile model of polymicrobial sepsis,
MMPS8 contributes to clearance of bacteria
from the intraperitoneal cavity, and con-
sequently, absence of MMPS8 negatively
influences survival. MMP8 appears to
contribute to bacterial clearance through
defects in both phagocytosis and NET
function. The exact mechanisms by which
MMPS8 contributes to these processes
require further exploration. These find-
ings appear to be unique to the juvenile
host septic response, because adult mice
have a survival advantage when MMP8
is either genetically ablated or inhibited
pharmacologically; adult mice benefit
from MMP8 inhibition, whereas this
same strategy is harmful in juvenile mice.
This illustrates the need to consider devel-
opmental influences and differences when
contemplating novel sepsis therapies.
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