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The pentraxin superfamily is a group of evolutionar-
ily conserved proteins that play important roles in
the immune system. The long pentraxin PTX3 protein
was originally described as able to be induced by
pro-inflammatory stimuli in a variety of cell types. In
this study, we evaluated the phenotype of Ptx3 ™/~
mice subjected to ischemia followed by reperfusion of
the superior mesenteric artery. In reperfused wild-
type mice, there was significant local and remote
injury as demonstrated by increases in vascular per-
meability, neutrophil influx, nuclear factor-kB activa-
tion, and production of CXCL1 and tumor necrosis
factor-a. PTX3 levels were elevated in both serum and
intestine after reperfusion. In Ptx3 ™/~ mice, local
and remote tissue injury was inhibited, and there
were decreased nuclear factor-«B translocation and
cytokine production. Intestinal architecture was pre-
served, and there were decreased neutrophil influx
and significant prevention of lethality in Ptx3~/~
mice as well. PTX3 given intravenously before reper-
fusion reversed the protection observed in Ptx3~/~
mice in a dose-dependent manner, and PTX3 admin-
istration significantly worsened tissue injury and le-
thality in wild-type mice. In conclusion, our studies
demonstrate a major role for PTX3 in determining

acute reperfusion-associated inflammation, tissue in-
jury, and lethality and suggest the soluble form of this
molecule is active in this system. Therapeutic block-
ade of PTX3 action may be useful in the control of the
injuries associated with severe ischemia and reperfu-
sion syndromes. (Am J Pathol 2009, 174:1309-1318; DOI:
10.2353/ajpath.2009.080240)

The long pentraxin 3 (PTX3) is a member of the pentraxin
superfamily, a group of highly conserved proteins char-
acterized by multimeric, usually pentameric structures
that stack to form decamers. PTX3 was originally identi-
fied as a tumor necrosis factor (TNF)-a-stimulated gene
in fibroblasts™ and as a pentraxin family gene from endo-
thelial cells stimulated with interleukin (IL)-1.2 PTX3 is
released by a range of cell types, including myeloid
dendritic cells, endothelial cells, epithelial cells, mononu-
clear phagocytes, smooth muscle cells, adipocytes, fi-
broblasts, synovial cells, and chondrocytes, in response
to diverse inflammatory signals, including cytokines, lipo-
polysaccharide, lipoarabinomannans, and other TLR
agonists.>* The exact molecular pathways underlying
the actions of PTX3 in vivo are not entirely known but
several mechanisms have been suggested to explain the
actions of the protein, including: i) direct binding to
pathogens, thus, functioning as a soluble pattern recog-
nition receptor®; ii) binding and limiting the function of
C1q@®; and iii) binding to apoptotic cells and modifying
their uptake by phagocytic cells.” A putative PTX3 recep-
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tor has also been suggested® but has not yet been
reported.

A few studies have now demonstrated that the con-
centration of PTX3 is elevated in serum of patients under-
going an ischemic event; the level of PTX3 in serum was
increased in patients with unstable angina,® it was an
early indicator of myocardial infarction,® and it predicted
3-month mortality after an acute myocardial event.'® In
experimental animals, there is rapid expression of PTX3
after reperfusion of the ischemic superior mesenteric ar-
tery." More importantly, overexpression of PTX3, as ob-
served in transgenic mice harboring extra copies of
PTX3, was accompanied by an enhancement of lethality
and tissue injury after intestinal ischemia and reperfusion
(I/R)."" Increased injury and lethality were associated
with an exacerbated inflammatory response and produc-
tion of pro-inflammatory cytokines, including TNF-a. Im-
portantly, administration of a soluble TNFR1 prevented
the exacerbated lethality suggesting that overexpression
of PTX3 induced exacerbated reperfusion-induced tissue
injury and lethality by modulating the production of TNF-a..™”
The present study was designed to investigate whether
endogenous production of PTX3 would have a disease-
modifying effect on reperfusion injury, as described pre-
viously in animals overexpressing the protein. We also
investigated whether the soluble form of PTX3 was rele-
vant in mediating tissue inflammation and injury in this
system. To this end, we evaluated tissue inflammation
and injury, systemic production of cytokines, and lethality
in wild-type and PTX3-deficient (Ptx3~/~) mice subjected
to I/R of the superior mesenteric artery. We then tested
whether exogenous administration of PTX3 could alter the
tissue injury in Ptx3~/~ mice and in wild-type mice.

Materials and Methods
Mice

Generation and characterization of Pix3 '~ mice were
described earlier.’® Briefly, gene targeting by homolo-
gous recombination was performed to generate mice
carrying a null mutation obtained by the deletion of exons
1 and 2 of the Pix3 gene, thereby preventing any Pix3
mMRNA and PTX3 protein from being synthesized. For all
experiments, female Ptx3~/~ mice of 6 to 8 weeks of age
on a 129/Sv-C57BL/6 mixed background and wild-type
controls of the same age and background were used.
Mice were maintained in individually ventilated cages
housed in a clean, temperature-controlled room, and re-
ceived sterile food and acidic water ad libitum. The ex-
perimental protocols were approved by the Animal Care
and Use Committee of Universidade Federal de Minas
Gerais.

Ischemia and Reperfusion

Details of the procedure are described elsewhere.
Mice were anesthetized with urethane (1400 mg/kg, i.p.)
and laparotomy was performed. The superior mesenteric
artery was isolated and ischemia was induced by totally

occluding the superior mesenteric artery for 60 minutes.
For measuring percentage of surviving mice, reperfusion
was re-established and the number of surviving animals
recorded for the indicated time periods. For the other
parameters, reperfusion was allowed to occur for 30 min-
utes (IBOR30) and mice were then sacrificed. This time of
reperfusion (30 minutes) was chosen based on the pres-
ence of significant tissue injury without unduly high mor-
tality rates. Sham-operated animals were used as con-
trols. In a few experiments, recombinant human PTX3
(hPTX3, 1 to 25 mg/kg) or vehicle [phosphate-buffered
saline (PBS) with similar amount of bovine serum albumin
(BSA)] was given to wild-type or Ptx3~/~ mice intrave-
nously 10 minutes before reperfusion. Recombinant hu-
man PTX3 was purified as described'® and contained
less than 0.125 endotoxin units per ml as determined by
the amebocyte lysate assay.

Evaluation of Changes in Vascular Permeability

The extravasation of Evans blue dye into the tissue was
used as an index of increased vascular permeability, as
previously described.' Briefly, Evans blue dye (20 mg/
kg) was administered intravenously (1 ml/kg) via a tail
vein 5 minutes before reperfusion of the ischemic artery.
A segment of the duodenum (~5 cm) or flushed left lung
was obtained 30 minutes after reperfusion and allowed to
dry at 37°C for 24 hours in a Petri dish. The dry weight of
the tissue was recorded and Evans blue extracted using
formamide. The amount of Evans blue in the tissue was
obtained by comparing the extracted absorbance with
that of a standard Evans blue curve read at 620 nmin an
enzyme-linked immunosorbent assay plate reader. Re-
sults are presented as ug of Evans blue per 100 mg of
tissue.

Myeloperoxidase Concentrations

The extent of neutrophil accumulation in the intestine and
right lung tissue was measured by assaying myeloperox-
idase activity, as previously described.'" Briefly, a por-
tion of duodenum and the flushed right lungs of animals
that had undergone I/R injury were removed and snap-
frozen in liquid nitrogen. On thawing and processing, the
tissue was assayed for myeloperoxidase activity by mea-
suring the change in optical density at 450 nm using
tetramethylbenzidine. Results were expressed as the
neutrophil index that denotes activity of myeloperoxidase
related with casein-elicited murine peritoneal neutrophils
processed in the same way.

Measurement of Hemoglobin Concentrations

The determination of hemoglobin concentrations in tissue
was used as an index of tissue hemorrhage. After wash-
ing the intestines to remove excess blood, a sample of
~100 mg of duodenum was removed and homogenized
in Drabkin’s color reagent according to the instructions of
the manufacturer (Analisa, Belo Horizonte, Brazil). The
suspension was centrifuged for 15 minutes at 3000 X g



and filtered using 0.2-um filters. The resulting solution
was read using an enzyme-linked immunosorbent assay
plate reader at 520 nm and compared against a standard
curve of hemoglobin.

Measurement of Cytokines in Intestine and
Lungs

The concentration of TNF-a, CXCL1 (also known as ke-
ratinocyte-derived chemokine, KC), and PTX3 in samples
was measured in serum and tissue of animals using
commercially available antibodies and according to the
procedures supplied by the manufacturer (R&D Systems,
Minneapolis, MN). One hundred mg of duodenum or lung
of sham-operated and reperfused animals were homog-
enized in 1 ml of PBS (0.4 mol/L NaCl and 10 mmol/L
NaPQO,) containing anti-proteases (0.1 mmol/L phenylm-
ethyl sulfonyl fluoride, 0.1 mmol/L benzethonium chloride,
10 mmol/L ethylenediaminetetraacetic acid, and 20 Kl
aprotinin A) and 0.05% Tween 20. The samples were then
centrifuged for 10 minutes at 3000 X g and the superna-
tant immediately used for enzyme-linked immunosorbent
assay assays at a 1:3 dilution in PBS.

Histopathology

Mice were sacrificed after 30 minutes of mesenteric isch-
emia followed by 60 minutes of reperfusion. Samples of
small intestine were removed, promptly rinsed in cold
saline solution, and opened along the antimesenteric
border and immediately prefixed in 10% buffered forma-
lin phosphate (pH 7.4). The material was then rolled into
a spiral with the mucosa facing inward, so as to form a
Swiss roll similar to that described by Arantes and
Nogueira.'® The rolls were routinely processed for paraf-
fin embedding, sectioned transversely (5 m), and stained
with hematoxylin and eosin.

Morphometric Analysis

The mucosal villous height for each coded slide was
measured using digitalized images obtained with a xX20
objective from a light microscope (Olympus, Tokyo, Ja-
pan) adapted with a digital camera (Media Cybernetics,
Silver Spring, MD). The morphometric analysis of the
sections was performed on 20 well-oriented villi, ar-
ranged like fingers and perpendicular to the muscularis
mucosae, by a computerized image analyzer (Image
Pro-Express, Media Cybernetics) and reported in um.
The overall architecture of the wall of the small intestine
mucosa and aspects of mucosal damage were also eval-
uated and documented. Sections were evaluated by a
single pathologist (F.C.) and the following parameters
graded 0 (normal) to 3 (severe): hyperemia, edema, hem-
orrhage, and neutrophil infiltrate. The scores of each
parameter were added to obtain an inflammatory index.
Results were expressed as the median of the inflamma-
tory score. The quantification of neutrophil influx in tissue
was determined separately using an integration reticule
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(no. 4740680000000-Netzmikrometer 12.5X; Carl Zeiss,
Thornwood, NY). All cells were enumerated in 10 repre-
sentative and consecutive microscopic high-power fields
(X1000) and, at this magnification, each field (integra-
tion reticule) had an area of 0.015625 mm?. Descriptive
analyses were expressed as mean = SD of neutrophils
per mm?.

Western Blot Analysis

Nuclear extracts were obtained from homogenized intes-
tine, as described previously.'® Briefly, protein was quan-
tified using the Bradford assay reagent from Bio-Rad
(Hercules, CA). Nuclear extracts (20 ng) were separated
by electrophoresis on a denaturing 10% polyacrylam-
ide-sodium dodecyl sulfate gel and transferred onto
nitrocellulose membranes, as previously described.'”
Membranes were blocked overnight at 4°C with PBS
containing 5% (w/v) nonfat dry milk and 0.1% Tween-20,
washed three times with PBS containing 0.1% Tween-20,
and then incubated with specific anti-p65/RelA (1:1000;
Santa Cruz Biotechnology, Santa Cruz, CA) rabbit poly-
clonal antibodies, in phosphate-buffered saline contain-
ing 5% (w/v) BSA and 0.1% Tween-20. After washing,
membranes were incubated with horseradish peroxi-
dase-conjugated secondary antibody (1:3000, Santa
Cruz Biotechnology). Immunoreactive bands were visu-
alized by using an enhanced chemiluminescence detec-
tion system, as described by the manufacturer (GE
Healthcare, Piscataway, NJ). Nuclear levels of nuclear
factor (NF)-«B p65 were quantified by using densitomet-
ric analysis software (Lablmage, Leipzig, Germany).
Changes in protein levels with respect to control values
(wild-type sham) were estimated and the results were
expressed as arbitrary units.

Statistical Analysis

Results are shown as the mean = SEM. Percent inhibition
was calculated by subtracting the background levels of
Evans blue extravasation or myeloperoxidase (obtained
in sham-operated animals) from control and treated ani-
mals. Differences were evaluated by using analysis of
variance followed by Student-Newman-Keuls posthoc
analysis. Results with a P < 0.05 were considered signif-
icant. For survival curves, differences between groups
were compared using log rank test and considered sig-
nificant when P < 0.05. For the histopathological analy-
sis, results are presented as median and differences
between groups were compared using Kruskal-Wallis.

Results

Enhanced Levels of PTX3 in Wild-Type Mice
Subjected to Intestinal I/R
Previous studies from our laboratory have shown that

Ptx3 message was enhanced in the intestine after reper-
fusion of the superior mesenteric artery.'' In agreement
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Figure 1. Enhanced levels of PTX3 in wild-type mice subjected to intestinal
I/R. Wild-type mice were sham-operated (Sh) or subjected to 60 minutes of
ischemia of the superior mesenteric artery followed by 30 minutes of reper-
fusion (I/R), when levels of PTX3 were quantified in serum (A) and intestine
(B). As shown here, a significant increase of PTX3 protein was detectable
after I/R injury when compared with Sh mice in both serum and intestine.
*P < 0.05 when compared with sham-operated mice.

with the latter finding, the concentration of PTX3, as de-
termined by enzyme-linked immunosorbent assay, in-
creased significantly in serum and in the intestine of mice
subjected to intestinal I/R injury (Figure 1, A and B).
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Prevention of Reperfusion-Associated Tissue
Injury in Ptx3~'~ Mice

Initial experiments evaluated histopathological changes in
the intestine after I/R of the superior mesenteric artery. In
wild-type and Ptx3~/~ sham-operated mice, the micro-
scopic appearance of the intestinal mucosa was unal-
tered (Figure 2, A and B). Sixty minutes of ischemia
followed by 30 minutes of reperfusion produced marked
injury in intestines of wild-type mice (Figure 2, C and D).
Macroscopically, wild-type animals showed significant
intestinal distension, mural edema, and hemorrhage. Mi-
croscopically, there were denuded villi with exposed di-
lated capillaries, severe architectural distortion, lamina
propria disintegration, ulceration, hemorrhagic foci, and
marked influx of polymorphonuclear leukocytes (Figure
2D). There was a significant shortening of villi in reper-
fused wild-type mice, as assessed by morphometric
analysis (Figure 2G). Ptx3~/~ mice had no major macro-
scopic changes, and minor microscopic changes, in-
cluding focal denuded villi with dilated capillaries (Figure
2, E and F). Moreover, morphometric analysis showed
prevention of villus shortening in Ptx3~/~ mice (Figure 2G).
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Figure 2. Prevention of intestinal injury after I/R injury in Ptx3~/~ mice. In wild-type (WT) (A) and Ptx3 '~ (B) sham-operated mice the microscopic appearance
of the intestinal mucosa was unaltered. C and D: Sixty minutes of ischemia of the superior mesenteric artery followed by 30 minutes of reperfusion produced
marked injury in intestines of wild-type mice. Macroscopically wild-type animals showed significant intestinal distension and mural edema. Microscopically,
denuded villi with exposed dilated capillaries, severe architectural distortion, lamina propria disintegration, ulceration, and hemorrhage foci were observed. E and
F: Pix3~/~ animals did not present macroscopic changes and only minor microscopic changes such as focal denuded villi with dilated capillaries. G: Morphometric
analysis of the intestine showed significant villus shortening in wild-type mice subjected to I/R. Ptx3~/~ mice had no villus shortening. Results in G are shown as the
mean =+ SD of six animals in each group. *P < 0.05 when compared with sham-operated or Ptx3™/~ mice. Original magnifications: X40 (A, C, E); X100 (B, D, F).
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Figure 3. Histological assessment of inflammatory score and of neutrophil
influx in the intestine after I/R injury in Ptx3™'" and wild-type mice. Wild-
type (WT) or Pix3~/~ mice were sham-operated (Sh) or subjected to 60
minutes of ischemia of the superior mesenteric artery followed by 30 minutes
of reperfusion (I/R), then sections were graded for inflammatory score (A) or
neutrophil influx (B), as described in the Materials and Methods. Neutrophil
influx is shown as number of neutrophils per mm?. Results are the mean + SD
of five mice in each group. *P < 0.01 when compared with sham-operated
mice; “P < 0.01 when compared with mice subjected to I/R.

Prevention of Reperfusion-Associated Tissue
Inflammation and Cytokine Production in
Ptx3~"~ Mice and Reversal by Administration
of PTX3

The inflammatory score of the reperfused gut, as as-
sessed by evaluating the degree of hyperemia, edema,
hemorrhage, and neutrophil infiltrate, was greatly en-
hanced in wild-type mice subjected to I/R injury (Figure
3A). In wild-type animals, there was a major influx of
neutrophils, as quantified by morphometry (Figure 3B) or
by determining tissue levels of myeloperoxidase (see
below). Tissue inflammation was greatly reduced in Ptx3~/~
mice, as determined by the inflammatory score (Figure 3A)
and number of infiltrating neutrophils (Figure 3B).

There was significant plasma extravasation, as as-
sessed by the extravasation of Evans blue dye, in the
intestine and lungs of wild-type mice submitted to intes-
tinal I/R (Figure 4, A and B). There was also an increase
in the intestinal levels of hemoglobin, a marker of hemor-
rhage in the intestines (Figure 4C). In Ptx3~/~ mice, there
were markedly lower levels of plasma extravasation in the
intestine and lung and less intestinal hemorrhage (Figure
4). Intravenous injection of hPTX3 (1 to 25 mg/kg, 10
minutes before reperfusion) in Ptx3~/~ mice restored, in a
dose-dependent manner, the plasma extravasation and
hemorrhage to levels similar to those observed in wild-
type mice (Figure 4).

A very similar picture was observed when neutrophil
influx, as assessed by tissue myeloperoxidase content,
was evaluated in the intestine and lungs of reperfused
mice. Indeed, there was total inhibition of neutrophil influx
into the intestine and lungs of Ptx3~/~ mice after intestinal
I/R (Figure 5, A and B). Again, administration of exoge-
nous hPTX3 restored neutrophil influx in Pix3~/~ mice to
levels similar to those observed in wild-type mice. Several
studies have demonstrated that CXCR2-acting chemo-
kines, such as CXCL1, are produced and play a major
role in driving neutrophil influx after I/R injury.'®2° In our
experiments, there was significant production of CXCL1
in the intestine and lungs after reperfusion of the ischemic
superior mesenteric artery in wild-type but not in Ptx3~/~
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Figure 4. Changes in vascular permeability and hemorrhage in the intestine
and lungs after I/R injury in Pix3~/~ and wild-type mice. Wild-type (WT) or
Pix3~/~ mice were sham-operated (Sh) or subjected to 60 minutes of isch-
emia of the superior mesenteric artery followed by 30 minutes of reperfusion
(I/R), when changes in vascular permeability in the intestine (A) or lungs (B)
and hemorrhage in the intestine (C) were evaluated. Recombinant human
PTX3 (PTX3, 1 to 25 mg/kg) or vehicle (PBS) was given intravenously to
wild-type or Pix3~/~ mice 10 minutes before reperfusion. Changes in vas-
cular permeability are expressed as pg of Evans blue per 100 mg of tissue and
hemorrhage as pg of hemoglobin per 100 mg of tissue. Results are the
mean = SEM of five mice in each group. *P < 0.01 when compared with
sham; P < 0.01 when comparing wild-type and Pix3~/~ mice subjected to
IR; “P < 0.01 when comparing mice given PTX3 with their respective IR
control.

mice (Figure 5, C and D). Injection of hPTX3 in Ptx3~/~
mice restored the intestinal and pulmonary production of
CXCL1 after I/R (Figure 5, C and D).
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Figure 5. Changes in neutrophil influx and
CXCL1 production in the intestine and lungs
after I/R injury in Ptx37/~ and wild-type mice.
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The cytokine TNF-a plays a major role in mediating I/R
injury in several organs, including in the intestine.”"2" As
seen in Figure 6, A and B, there was a significant pro-
duction of TNF-a in the lungs and intestine of reperfused
wild-type mice. In Ptx3~/~ animals, TNF-a production
was virtually absent but was restored by injection of
recombinant hPTX3 in a dose-dependent manner (Figure
6). Overall, the protection afforded by the Ptx3~/~ phe-
notype was fully reversed by hPTX3 given at the dose of
5 mg/kg.

Our previous results demonstrated that tissue inflam-
mation and injury were enhanced in transgenic mice
overexpressing PTX3."" Consistent with the latter find-
ings, administration of hPTX3 to wild-type mice induced
an enhancement of reperfusion-associated plasma ex-
travasation (Figure 3A), hemorrhage (Figure 4C), neutro-
phil influx (Figure 5A), and production of CXCL1 (Figure
5C) and TNF-a (Figure 6B) in the intestine. Nevertheless,
administration of hPTX3 failed to enhance injury induced
by reperfusion in the lungs of wild-type mice (Figures 3,
5, and 6).

Decreased Reperfusion-Associated NF-«B
Activation in Ptx3~"~ Mice

The activation of the transcriptor factor NF-«B plays a
major role in driving tissue leukocyte influx and produc-
tion of mediators of inflammation after I/R injury.’® In a
separate series of experiments, we evaluated whether
the absence of PTX3 would influence activation of this
transcription factor. As seen in Figure 7, there was
marked NF-«B activation, as seen by the translocation of

Ptx3"

p65/Rel A to nuclear extracts, in intestinal tissue of wild-
type mice subjected to I/R. In contrast, NF-«kB activation
was significantly suppressed in Ptx3~/~ mice (Figure 7, A
and B).

Prevention of Reperfusion-Associated Lethality
in Ptx3~'~ Mice and Reversal by Administration
of PTX3

Next, we investigated whether the observed prevention of
local (intestine) and remote (lung) tissue injury would be
accompanied by prevention of lethality in Ptx3~/~ mice.
As seen in Figure 8, reperfusion of ischemic mice was
accompanied by significant lethality, which was first
noted 30 minutes after reperfusion. Although there was
100% death of wild-type animals at 90 minutes after
reperfusion, only 20% of Pix3~/~ mice had died by 180
minutes (Figure 8, P < 0.01). Administration of hPTX3 (5
mg/kg) to Ptx3~/~ mice induced lethality rates that were
similar to those of wild-type mice subjected to intestinal
I/R. Finally, more rapid deaths were observed in a signif-
icant proportion of wild-type mice given intravenous
hPTX3 10 minutes before reperfusion of the ischemic
superior mesenteric artery (Figure 8, P < 0.05).

Discussion

Intestinal I/R injury is a condition of high morbidity and
mortality and may be secondary to several diseases,
including abdominal aortic aneurysm, small bowel trans-
plantation, strangulated hernia, and neonatal necrotizing
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Figure 6. Changes in TNF-a production in the intestine and lungs after I/R
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sham-operated (Sh) or subjected to 60 minutes of ischemia of the superior
mesenteric artery followed by 30 minutes of reperfusion (I/R), when pro-
duction of TNF-a was evaluated in the intestine (A) or lungs (B). Recombi-
nant human PTX3 (PTX3, 1 to 25 mg/kg) or vehicle (PBS) was given
intravenously to wild-type or Pix3~/~ mice 10 minutes before reperfusion.
TNF-«a levels are shown as pg of the cytokine per 100 mg of tissue. Results
are the mean * SEM of five mice in each group. ND = not detected. *P <
0.01 when compared with sham; P < 0.01 when comparing wild-type and
Prx3~~ mice subjected to IR; “P < 0.01 when comparing mice given PTX3
with their respective IR control.

enterocolitis.?2 We have previously shown that there is a
rapid production of PTX3 in tissues after intestinal I/R
injury’" and this was confirmed here by showing elevated
levels of PTX3 protein in the intestine and serum of reper-
fused animals. Elevated levels of PTX3 were also found in
serum and correlated with 3-month survival after acute
myocardial infarction in humans.® ' In the present study,
we report for the first time that absence of PTX3, as
observed in Ptx3~/~ mice, is accompanied by greatly
diminished tissue inflammation and injury and decreased
lethality after reperfusion of the ischemic superior mes-
enteric artery in mice. The latter data suggest that, al-
though PTX3 is only detected in the low nmol/L range
levels in tissues and serum, it is indeed relevant for tissue
injury. Importantly, we demonstrate that exogenous PTX3
restored inflammatory responsiveness, tissue injury, and
lethality in Ptx3~/~ mice and enhanced injury in wild-type
mice to levels observed in PTX3-transgenic mice.'" In
Pitx3~/~ mice, the activation of the transcription factor
NF-«kB was decreased and so were the levels of the
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Figure 7. NF-kB activation in the intestine after I/R injury in Pix3~/~ and
wild-type mice. Mice were sham operated (Sh) or subjected to ischemia (60
minutes) and reperfusion (30 minutes) injury of the superior mesenteric
artery (I/R). Samples were collected and processed for extraction of nuclear
proteins for Western blot analysis, as described in the Materials and Methods.
A: Nuclear extracts (20 pug) were fractioned on 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, transferred onto nitrocellulose mem-
brane, and then probed with anti-p65 antibody. Results shown are represen-
tative of at least three experiments with each tissue. B: Densitometric analysis
by using LabImage software. Results are expressed as the means = SEM
of three mice in each group. *P < 0.05 when compared with wild-type
(WT) sham; and “P < 0.05 when comparing wild-type and Prx3™/~ mice
subjected to IR.

cytokine TNF-a and the chemokine CXCL1. These results
clearly show that endogenous PTX3 is fundamental for
the cascade of events leading to tissue inflammation and
injury after I/R. Moreover, results using exogenous PTX3
suggest that the soluble form of the protein is relevant for
the effects observed.

PTX3 is produced rapidly and released by a variety of
tissue resident cell types, including macrophages, epi-
thelial cells, and fibroblasts, on exposure to primary in-
flammatory signals, such as TNF-a and IL-18, and
microbial moieties, such as lipopolysaccharide.’23-2°
Physical injury has also been shown to induce the release
of PTX3, as seen in a model of mechanical ventilation
lung injury model. In the latter study, PTX3 release was
associated with the severity of injury.® Not only is PTX3
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Figure 8. Survival after I/R injury in Prx3™/~ and wild-type mice. Wild-type
(WT) or Pix3~/~ mice were subjected to 60 minutes of ischemia of the
superior mesenteric artery followed by reperfusion and the time of death
recorded. Recombinant human PTX3 (PTX3, 5 mg/kg) or vehicle (PBS) was
given intravenously to wild-type or Pix3™/~ mice 10 minutes before reper-
fusion. There were significantly (P < 0.01, log rank test) fewer deaths in
Ptx3~/~ mice subjected to I/R and treatment with PTX3 resulted in significant
(P < 0.05, log rank test) loss of protection. Numbers are shown.
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released during inflammation, but PTX3 may also favor
the release of mediators of the inflammatory process. For
example, we have previously shown that mice overex-
pressing PTX3 had enhanced TNF-a production and
TNF-a-dependent reperfusion injury and death in mice.'’
Furthermore, enhanced production of inflammatory me-
diators, including TNF-a, was observed after Klebsiella
pneumoniae pulmonary infection of mice overexpressing
PTX3.%” In the latter system, enhanced production of
TNF-a and other mediators caused greater lethality when
large inocula were used. In contrast, in experiments con-
ducted using lower inocula of K. pneumonia®’ and in a
model of cecal and ligation and puncture,®® there was
enhanced inflammation in PTX3 transgenic mice and this
was associated with optimal anti-bacterial defense and
lower lethality rates. In the present study, absence of
PTX3 was associated with lower production of both
TNF-a and CXCL1. As shown in previous studies by us
and by other groups, TNF-a and CXCL1 are essential for
neutrophil recruitment, injury, and lethality to occur after
intestinal I/R."92"29 Hence, the ability of PTX3 to control
production of these proteins and consequent neutro-
phil migration appears to underlie the lack of reperfu-
sion-associated injury and lethality observed in PTX3-
deficient mice.

The transcription factor NF-«B is induced in response
to oxidative stress and a wide range of stimuli, including
pro-inflammatory cytokines, such as TNF-a.%°=32 On the
other hand, NF-kB can induce pro-inflammatory gene
expression, including cytokines, adhesion molecules,
and chemokines.®*3* The contribution of these transcrip-
tion factors to the inflammatory response has been dem-
onstrated in several models of acute severe inflammation.
Our previous work demonstrated that there is an early
activation of NF-kB after reperfusion of the ischemic su-
perior mesenteric artery and that blockade of the activa-
tion of NF-«B with a specific inhibitor of thioredoxin was
accompanied by prevention of tissue injury and lethality
induced by reperfusion.'® Thus, it is possible that part of
the mechanism by which PTX3 modulates cytokine pro-
duction and, consequently, reperfusion injury is second-
ary to the ability of the molecule to control NF-xB
activation.

In the context of infections and sepsis, PTX3 may act
as a soluble pathogen recognition receptor (PRR) that
binds to the pathogen and to a putative PTX3 receptor on
host cells, including macrophages.®*3°3¢ This role of
PTX3 to act as soluble PRR is essential in models of
fungal infection.®*” In contrast, acute intestinal I/R does
not depend on TLR/Myd-88 function and may also occur
in the absence of microbiota.®® Indeed, germ-free mice
treated with anti-IL-10%8 or 5-lipoxygenase inhibitor3® had
reperfusion injury and lethality that was similar to that
observed in conventional mice. Hence, it appears that
PTX3 is not functioning as a soluble PRR to recognize gut
pathogens in this model of intestinal I/R. PTX3 can also
directly bind C1q through its pentraxin domain.'® How-
ever, the relevance of the interaction between PTX3 and
C1q is far from clear because PTX3 can both inhibit and
activate the classic complement pathway by binding
C1q, depending on the way that it is presented to C1q.4°

At least the antifungal function of PTX3 may be indepen-
dent of C1q.® In our hands, use of a complement inhibitor
based on a recombinant fragment of soluble CR1 pre-
vented I/R injury, but not lethality.*' Hence, inhibition of
complement function in the context of reperfusion injury
would appear not to explain all of the protective effects
observed in Ptx3~/~ mice. Additional mechanisms would
have to be operative. One possibility is that PTX3 binds to
an endogenous molecule(s) expressed during I/R and
thereafter controls the production of cytokines and che-
mokines and subsequent neutrophil influx. The nature of
such molecule(s) and the receptor to which PTX3 binds
after ligand interaction are questions currently being
evaluated in our laboratories.

Recently we showed that PTX3 was expressed in the
heart of mice after acute coronary ischemia with or with-
out reperfusion.*? In that system, absence of PTX3, as
observed in Pix3~/~ mice, had no effect on infarction size
after permanent coronary ligation. On the other hand,
infarction size, neutrophil influx, IL-6 production, and no-
reflow phenomenon were greatly increased in Ptx3~/~
mice submitted to myocardial I/R, a phenotype rescued
by treatment with human recombinant PTX3.4 The latter
results demonstrate that PTX3 plays a cardioprotective
role in reperfused acute myocardial infarction in mice and
clearly contrast with the present findings, which show
inhibition of intestinal reperfusion injury in absence of
PTX3. There are several possible reasons to explain the
apparent discrepancy between our findings and those
obtained in the heart system. In the murine model of
reperfused acute myocardial infarction, inflammation is
tightly restricted to the heart and PTX3 expression was
not found in other tissues after coronary ligation and
reperfusion.”® Moreover, inflammatory parameters are
evaluated at much later stages (from 1 day until 13 days
after coronary ligation). In the model of intestinal I/R in-
jury, inflammatory injury is also systemic and accompa-
nied by 100% lethality within 2 hours of reperfusion.
Hence, it is possible that in acute myocardial infarction,
the ability of PTX3 to diminish complement activation and
C3 deposition*? may account for its cardioprotective ef-
fect. In the intestine, PTX3 is necessary for NF-kB activa-
tion, TNF-a production, and for the massive TNF-a-driven
inflammatory response that follows reperfusion. It is, thus,
clear that PTX3 has different roles in mediating reperfu-
sion injury in the heart (protective, localized response)
versus the intestine (deleterious, systemic response) and
that the intensity of the inflammatory response may par-
tially explain the relevance of PTX3 in reperfusion injury. A
somewhat similar situation is observed in a model of
pneumonia caused by Klebsiella pneumonia in which
PTX3 is protective when a low inoculum is given but
deleterious when a high inoculum is given.?” Increased
PTX3 expression correlated to lung injury in response to
lipopolysaccharide and high-volume ventilation.?® Thus,
it is clear PTX3 may play a detrimental role under certain
pathological conditions, especially when inflammation is
already severe.

PTX3 is crucial for the production of TNF-a and other
mediators in response to pathogens in which occasion it
may serve as a pattern recognition receptor.>2” In the



present study, we show that PTX3 also plays a funda-
mental role in mediating tissue inflammation under sterile
conditions (ie, after acute intestinal I/R). Moreover, exog-
enous PTX3 rescues the phenotype of Ptx3~/~ mice. The
latter results suggest that PTX3 may function as a soluble
molecule that appears to be sensing tissue injury to in-
duce the production of mediators of the inflammatory
process, including CXCL1 and TNF-a. The control of the
production of mediators of inflammation in part via the
control of NF-«kB activation appears to underlie the reg-
ulatory role of PTX3 in this system. Finally, it is possible
that inhibition of the function of PTX3 may be beneficial
therapeutically in the context of intestinal reperfusion in-
jury or similar systemic inflammatory syndromes.
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