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ORIGINAL ARTICLE
The acute-phase protein PTX3 is an essential mediator of glial scar
formation and resolution of brain edema after ischemic injury

Beatriz Rodriguez-Grande', Matimba Swana', Loan Nguyen', Pavlos Englezou', Samaneh Maysami', Stuart M Allan’,
Nancy J Rothwell’, Cecilia Garlanda®, Adam Denes'** and Emmanuel Pinteaux'*

Acute-phase proteins (APPs) are key effectors of the immune response and are routinely used as biomarkers in cerebrovascular
diseases, but their role during brain inflammation remains largely unknown. Elevated circulating levels of the acute-phase protein
pentraxin-3 (PTX3) are associated with worse outcome in stroke patients. Here we show that PTX3 is expressed in neurons and glia
in response to cerebral ischemia, and that the proinflammatory cytokine interleukin-1 (IL-1) is a key driver of PTX3 expression in the
brain after experimental stroke. Gene deletion of PTX3 had no significant effects on acute ischemic brain injury. In contrast, the
absence of PTX3 strongly compromised blood-brain barrier integrity and resolution of brain edema during recovery after ischemic
injury. Compromised resolution of brain edema in PTX3-deficient mice was associated with impaired glial scar formation and
alterations in scar-associated extracellular matrix production. Our results suggest that PTX3 expression induced by proinflammatory
signals after ischemic brain injury is a critical effector of edema resolution and glial scar formation. This highlights the potential role
for inflammatory molecules in brain recovery after injury and identifies APPs, in particular PTX3, as important targets in ischemic
stroke and possibly other brain inflammatory disorders.
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INTRODUCTION

Inflammation is critically implicated in the pathogenesis of
ischemic and hemorrhagic stroke, and is generally associated
with poor clinical outcome.”™ A new mediator of inflammation is
the acute-phase protein pentraxin-3 (PTX3), which has an emerging
role in cardiovascular and cerebrovascular disorders. PTX3 has an
important role in innate immunity,® vascular inflammation,® and
extracellular matrix functionality’™ in the periphery. Importantly,
elevated PTX3 plasma levels are recognized as an independent
predictor of mortality at 3 months after acute myocardial infarc-
tion,'® and is associated with the incidence of heart disease’'™'*
and hypoxic respiratory failure.'® Furthermore, PTX3 has been
recently identified as a novel and independent prognostic marker
in ischemic stroke.'® Despite the strong clinical association
between plasma PTX3 levels and vascular disease, no studies
have addressed whether PTX3 is expressed in the brain after
stroke and whether PTX3 contributes to stroke pathology.
Inflammation in the brain after stroke is critically regulated by
the cytokine interleukin-1 (IL-1); IL-1 expression increases early
after ischemic injury contributing to neurotoxicity,'® and early
inhibition of IL-1 actions by the naturally occurring IL-1 receptor
antagonist (IL-1Ra) markedly reduces brain damage induced by
experimental ischemia.'” We and others have shown that PTX3
expression can be induced by treatment with IL-1'®"? but whether
this occurs during cerebral ischemia is unknown. While
detrimental actions mediated by IL-1 in the early phase of the

central inflammatory response are well characterized, the role of
IL-1 during the later stages of inflammation in recovery and brain
repair is completely unknown. Recent research suggests, however,
that inflammation could have some beneficial effects when repair
mechanisms are initiated,”® although mechanisms by which
inflammation mediates repair are not well understood.

We demonstrate here that IL-1 induces PTX3 expression in the
brain after cerebral ischemia and that in addition to its well
recognized role in the periphery, PTX3 has unique actions in the
brain mediating the formation of the glial scar and resolution of
brain edema. Thus, we identify a link between proinflammatory
factors and brain repair after cerebral ischemia and show that
PTX3 is a key mediator of this process.

MATERIALS AND METHODS
Animals

C57BL/6 wild-type (WT) mice were supplied by Harlan Olac (UK), IL-10/f
double knockout (KO) and IL-1 KO mice were provided by Prof Yoichiro
Iwakura (University of Tokyo, Japan), and PTX3 KO mice were provided by
Dr Cecilia Garlanda (Humanitas Clinical and Research Center, Rozzano,
Italy). All mice were on C57BL/6 background and were bred in-house. Age
(12 to 20-week-old) and weight-matched male littermates were used for all
experiments. Pentraxin-3 KO mice were bred as heterozygous and litter
genotyping was performed as described previously.?’ (A sample of
genotyping is included in Supplementary Figure 1). Levels of plasma
PTX3 measured in a representative group of WT and PTX3 KO mice
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confirmed that PTX3 was not expressed in PTX3 KO mice (see
Supplementary Figure 2).

Animals were maintained at 21+ 1°C, 55 % 10% humidity, in a 12 hour
light-dark cycle with free access to food and water. All animal procedures
were performed under the Home office (UK) project license number (40/
3076), and were carried out in accordance with STAIR and ARRIVE
guidelines, the European Council directives (86/609/EEC), and the Animal
Scientific Procedures Act (UK) 1986.

Cerebral Ischemia Induced by Transient Middle Cerebral Artery
Occlusion

Transient middle cerebral artery occlusion (MCAo) was performed using
the intraluminal filament method as described previously.? To investigate
PTX3 expression in the brain and periphery after MCAo, the occlusion time
was 45 minutes, as this length of occlusion in our hands ensures the
development of a severe striatal and cortical infarct. To study the role of
PTX3 in brain injury and repair over time (48 hours and 6 days post MCAo),
30-minute occlusion was used, as this duration of MCAo increases long-
term animal survival and is suitable to study either neuroprotection or
increased brain injury in this animal model. Monitoring of cerebral blood
flow within the middle cerebral artery territory was performed during the
entire surgical procedure by using a laser Doppler (Moor Instruments,
Devon, UK). Doppler signal showed no significant difference between WT
and PTX3 KO mice before MCAo, after occlusion (77 £7% and 76 + 5%
drop in WT and PTX3 KO mice, respectively) and during reperfusion. Mice
that did not show at least a 70% drop or a Doppler signal that did not
recover fully within 5minutes after reperfusion were excluded from the
study (n=1). We also confirmed that absence of PTX3 is not associated
with altered vascular density after 48-hour reperfusion (assessed by
PECAM-1 and ICAM-1 quantification; see Supplementary Figure 3). After
surgery, mice were subjected to reperfusion and allowed to recover for
24 hours, 48hours, or 6 days. Mice were injected subcutaneously with
0.5mL of sterile saline daily for rehydration and continuously monitored
for neurologic symptoms. To assess cell proliferation, mice euthanized at
48 hours and 6 days reperfusion were intraperitoneally injected twice daily
with bromodeoxyuridine (BrdU) (50 mg/kg, Sigma-Aldrich, Dorset, UK),
dissolved in sterile phosphate-buffered saline.

IL-15 Administration

Mice were randomized and were injected intraperitoneally with 4 ug/kg of
recombinant human IL-1f (National Institute for Biologic Standards and
Control, NIBSC, Potters Bar, UK) dissolved in sterile phosphate-buffered
saline containing 0.1% low-endotoxin bovine serum albumin. Four hours or
24 hours after injection, animals were transcardially perfused with 0.9%
saline to remove blood contamination.

Tissue Processing

For immunohistochemistry, mice were perfused transcardially with 0.9%
saline followed by 4% paraformaldehyde. Brains were removed, postfixed
overnight in 20% sucrose/paraformaldehyde, and sectioned on a sledge
microtome (Bright, Cambridgeshire, UK). Typically, 20 parallel series of
20 um (for mice undergoing 24-hour or 48-hour reperfusion) or 25 um (for
mice undergoing 6 days reperfusion) coronal brain sections were cut and
stored in antifreeze solution at — 20°C. Cardiac blood was collected from
the right ventricle before perfusion. Plasma was separated from blood
cells by centrifugation at 1,700g 4°C for 10 minute. For enzyme-linked
immunosorbent assay measurements, organs were collected and tissues
were homogenized as previously described.?® Protein concentrations were
measured with bicinchoninic acid assay (Pierce, Thermo-Fisher Scientific,
Hemel Hempstead, UK).

Enzyme-linked immunosorbent assay

Pentraxin-3 levels were measured by enzyme-linked immunosorbent assay
(R&D Systems, Abingdon, UK). Absorbance was read at 450nm and
corrected at 570 nm with a plate reader (Synergy HT, BioTek, UK). The limit
of detection for PTX3 was 1.35ng/mL in plasma samples and 110 pg/mL in
other samples.

Measurement of Infarct Size, Brain Edema and Blood-Brain Barrier
Breakdown

Infarct size was measured using Nissl staining as described previously®*
and IgG infiltration in the brain was used to assess blood-brain barrier
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(BBB) breakdown as reported earlier.?® Eight defined coronal levels accord-
ing to Bregma were measured, and integrated to obtain the infarct and
BBB damage volume. Edema was calculated as the percentage of ipsilateral
hemisphere volume increased compared with the contralateral hemi-
sphere. Infarct and BBB damage volumes were corrected for edema to
avoid possible masking effects of edema as described previously.?®

Immunofluorescence

Free floating brain sections were incubated in 2% normal donkey serum
(Jackson laboratories, Bar Harbor, ME, USA) in primary diluent (0.3% Triton
X-100 in phosphate-buffered saline) for 1 hour. Suitable combinations of
primary antibodies were added and left overnight. The primary antibodies
used were rat anti-PECAM-1 (1:250, BD Biosciences, Oxford, UK), goat anti-
ICAM-1 (1:250, R&D Systems), goat anti-MAP-2 (1:500, Santa Cruz Biotechnol-
ogy, Dallas, TX, USA), rat anti-CD45 (1:250, Serotec, Kidlington, UK), rat anti-
myelin basic protein (1:1000, Abcam, Cambridge, UK), goat anti-IL-1/ (1:100,
R&D Systems), chicken anti-PGP9.5 (1:500, Santa Cruz Biotechnology), chicken
anti-glial fibrillary acidic protein (GFAP) (1:1000, Abcam), goat anti-laminin-x 4
(1:100, Santa Cruz Biotechnology), rabbit anti-PTX3 (1:500, Abcam). A second
PTX3 antibody (rabbit anti-PTX3, 1:500, kindly donated by Prof A Mantovani
was used to ensure specificity of PTX3 staining. Staining was abolished by
5-minute preincubation with 45ng/mL recombinant PTX3 (R&D Systems).
Secondary antibodies were conjugated with Alexa 488 or 594 fluorochromes
(Invitrogen, Paisley, UK) to visualize the antigens. Sections were mounted
onto gelatin-coated slides and coverslipped with Prolong Gold antifade with
or without 4,6-diamidino-2-phenylindole (Invitrogen). Images were acquired
using Olympus BX51 upright microscope and captured using a Coolsnap ES
camera (Photometrics, Tucson, AZ, USA) through MetaVue Software
(Molecular Devices, Sunnyvale, CA, USA). A similar protocol was used for
immunocytochemical staining on cell cultures.

Image Analysis

All measurements were conducted in a masked manner in randomly
selected images within corresponding regions of the ipsi- and contralateral
hemispheres. Total hemispheric counts were calculated from overlapping
images covering all regions of interest within the hemisphere. Glial scar
integrity was estimated on GFAP-immunostained brain sections by
measuring the perimeters of the damaged area and of the surrounding
glial scar. The percentage of infarct area surrounded by GFAP-positive scar
was calculated. Image) software (National Institutes of Health, USA) was
used for image analysis and quantification.

Cell Cultures

Primary neuronal cell cultures were prepared from the brains of mice
embryos at 14 to 16 days of gestation as described previously.?® Cultures
were used for experiments at day in vitro 12. Primary mixed glial cultures
were prepared from the brains of 1 to 3-day-old mice as described
previously?” and grown until confluency (day in vitro 14 to day in vitro 20).

Cell Treatments for Pentraxin-3 Expression Experiments

To study PTX3 expression, neuronal, and glial cultures were treated with
vehicle (0.1% low-endotoxins bovine serum albumin diluted in 0.9% NaCl),
recombinant rat IL-1a or IL-1/ (National Institute for Biological Standards
and Control, NIBSC, UK) (0.03-301U/mL diluted in vehicle) in the presence
or absence of IL-1Ra (NIBSC) (10 ug/mL for glia and 1 pug/mL for neurons)
for 24 hours. Cultures were also treated with IL-1o or IL-1/ (0.3 or 31U/mL)
heated at 95°C for 30 minutes, N-methyl-D-aspartate (100 umol/L and
500 umol/L, Tocris Bioscience), CoCl, (500 umol/L), 2-deoxyglucose (2DG,
15mmol/L), and H,0; (50 umol/L or 500 umol/L) for 24 hour.

Glial Proliferation Assays

To study the effect of PTX3 on glial proliferation in vitro, cells were
trypsinized, centrifuged, resuspended and counted, and 10,000 cells were
seeded per well (in 96-well plates). Cells were kept in serum-free media for
2 hours before being treated for 48 hours with one single dose of PTX3
(0.3 ng/mL, R&D Systems), FGF2 (100 ng/mL, Invitrogen), or cytosine arabino-
side (10 umol/L, Sigma-Aldrich). Cell proliferation was assessed using a
commercial BrdU cell proliferation kit (Calbiochem/Merck, Nottingham, UK).
Briefly, cells were incubated with BrdU for 48 hours before 1-hour incubation
with anti-BrdU antibody. Horseradish peroxidase-conjugated secondary
antibody was added, and a colorimetric assay was performed. Percentage
of proliferation was calculated in comparison with the control well.
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Statistical Analysis

Animals were randomized for in vivo experiments and all quantitative
measurements were performed in a masked manner. Data were analyzed
with GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA).
Comparisons between two groups were made using Student’s t-tests. For
multiple groups comparisons, one-way analysis of variance followed by
Bonferroni’s (to evaluate differences between all groups) or Dunnett's (to
compare other groups with a control/vehicle group) post hoc tests were
used. For multiple groups and serial dilutions (NSC proliferation assays)
analysis, two-way analysis of variance was used.

RESULTS
Cerebral Ischemia Induces Pentraxin-3 Expression in the Brain

Pentraxin-3 protein levels increased significantly by 26-fold
(P<0.01) in the ipsilateral hemisphere compared with the
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ipsilateral hemisphere of sham-operated animals, and were higher
by fourfold (P<0.05) in the ipsilateral hemisphere compared with
the contralateral side, 24 hours after cerebral ischemia (Figure 1A).
Pentraxin-3 expression strongly declined in the ipsilateral hemi-
sphere (by fivefold, P<0.05) but remained higher than the
contralateral side, 48hour after cerebral ischemia (Figure 1A).
Immunofluorescent staining revealed expression of PTX3 in the
ipsilateral, but not in the contralateral hemisphere (Figure 1B).
Pentraxin-3 immunostaining was particularly intense in white
matter bundles of the striatum, in fine nerve fibers surrounded by
myelin basic protein-positive structures (Figure 1C). We detected
PTX3 expression in MAP-2-positive neurons in the ipsilateral cortex
(Figure 1D) and in GFAP-positive astrocytes within the ipsilateral
corpus callosum (Figure 1E). We did not find any recruited CD45-
positive leukocytes and macrophages/microglia containing PTX3
24 hours (Figures 1F and 1G, respectively), 48 hours or 6 days

contra.

PTX3 KO

neutralization

Cerebral ischemia drives pentraxin-3 (PTX3) expression in the brain. (A) Cerebral ischemia results in PTX3 production in the ipsilateral

(ipsi.) hemisphere 24 hours after experimental stroke compared with the contralateral (contra.) hemisphere and sham surgery as measured by
enzyme-linked immunosorbent assay. (B) Immunohistochemistry reveals PTX3 staining in the ischemic (I, ipsi.) but not on the contralateral (C,
contra.) striatum. cc, corpus callosum. Yellow rectangles in the insert show the place of the fluorescent micrographs. (C) Pentraxin-3 and
myelin basic protein (MBP) staining in white matter tracts of the ipsilateral striatum (i). High magnification shows the proximity of myelin and
PTX3 profiles (ii). (D, E) MAP-2-positive neurons (D) and glial fibrillary acidic protein (GFAP)-positive astrocytes (E) (in the ipsilateral cortex and
cc, respectively) show PTX3 staining. (F, G) CD45-positive neutrophils recruited to the ischemic striatum (F) and macrophages (G) do not show
PTX3 staining 24 hours after middle cerebral artery occlusion. (H) Striatal PTX3 staining along with 4’,6-diamidino-2-phenylindole (DAPI) in
wild-type (WT) (i) and PTX3 knockout (KO) (ii) animals. Pentraxin-3 staining is abolished by PTX3 antibody neutralization (preincubation with
recombinant PTX3 peptide, iii). Scale bars, 100 mm (B), 40 um (C i) 10 um (C ii), 20 um (D, E), 50 um (F), 50 um (G), 100 um (H). *P<0.05,
**P<0.01, one-way analysis of variance followed by Bonferroni’s post hoc test (n=3 to 6). Error bars show s.e.m.
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(Supplementary Figure 4) after MCAo. In WT mice, immunoneu-
tralization of PTX3 antibodies with recombinant PTX3 protein fully
eliminated immunostaining (Figure 1H, i and iii). However, some
PTX3 KO mice still showed a pale staining (Figure 1H, ii). Residual
PTX3 immunostaining detected in PTX3 KO mice might be
because of a low level of cross-reactivity with other pentraxins
known to be expressed in the brain.?

Central, but not Peripheral Expression of Pentraxin-3 is Dependent
on Interleukin-1 after Cerebral Ischemia

To investigate whether endogenous IL-1 drives PTX3 expression
after cerebral ischemia, we measured PTX3 levels in the brain of
WT or IL-10/f KO mice after MCAo. Interleukin-To/f KO mice
showed no increase in brain PTX3 levels after MCAo compared
with WT mice (Figure 2A, i), suggesting that IL-1 is essential for
central PTX3 production. In WT mice, IL-1 immunostaining was
observed in close proximity to PTX3-positive bundles (Figure 2A,
ii). In marked contrast with the brain, plasma PTX3 levels were
increased in both WT and IL-10/f KO mice (Figure 2B, i), and
similar levels of PTX3 were found in liver, spleen, and circulating
blood cells in both genotypes (Figure 2B, ii). These data indicate
that central, but not systemic, expression of PTX3 is dependent on
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IL-1 after acute brain injury. The fact that IL-1a/ KO mice have
high plasma-derived but not brain-derived PTX3 after MCAo
suggests that peripheral PTX3 does not substantially contribute to
central PTX3 levels even after stroke.

Peripheral IL-1 injection nearly doubled plasma PTX3 levels
(Figure 2G, i), with no effect on PTX3 expression in the cortex or
striatum (Figure 2, ii). These results suggest that peripheral PTX3
does not cross the BBB in the absence of brain injury.

Interleukin-1, but not Injury-Driven Stimuli, Induces Pentraxin-3
Expression in Brain Cells

To confirm the role of IL-1 as key driver of PTX3 expression in the
brain, we treated neuronal (Figure 3A, i and ii) and mixed glial
(Figure 3A, iii and iv) cultures with IL-1o or IL-1f, and we measured
PTX3 release. Low basal levels of PTX3 protein were detected in
untreated or vehicle-treated cultures. In contrast, both IL-1
isoforms induced a marked increase in PTX3 synthesis and
release, which was abrogated by heat inactivation of IL-1, or in
the presence of the naturally occurring IL-1Ra, while IL-1Ra alone
had no effect on PTX3 expression (Figure 3A). These findings were
also confirmed by immunocytochemistry. Neurons (Figure 3B, i)
and astrocytes (Figure 3C, i) showed a marked increase in PTX3
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Central, but not peripheral pentraxin-3 (PTX3) expression is interleukin-1 (IL-1)-dependent after cerebral ischemia. (A) Enzyme-linked

immunosorbent assay (ELISA) analyses of brain from wild type (WT) and IL-1a/f knockout (KO) mice 24 hours after middle cerebral artery
occlusion (MCAo) indicates that brain PTX3 protein levels are elevated in the ipsilateral hemisphere of WT, but not of IL-10/ KO mice (i). IL-1p-
positive (green) cells are found in close vicinity of PTX3-positive structures (red) within the ipsilateral striatum (ii). (B) Plasma PTX3 increases
24 hours after MCAo in both WT and IL-1o/f8 KO mice (i), and PTX3 levels in liver, spleen, and blood cells do not vary between genotypes (ii), as
measured by ELISA. (C). Peripheral IL-1 injection (i.p.) results in an upregulation of PTX3 in plasma (i), but not in cerebral cortex or striatum (ji).
Scale bar, 25 um. *P<0.05, **P<0.01, one-way analysis of variance followed by Bonferroni’s post hoc test (A, B), n=3; (C),in=3,iin=2to 3).

Error bars show s.e.m.
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Figure 3. Interleukin-1 (IL-1) but not ischemic, excitotoxic, or oxidative stimuli induces PTX3 release in vitro. (A) Primary neuronal (i and ii) and
mixed glial (iii and iv) cultures were treated with IL-1 or IL-14 (0.031U/mL to 301U/mL), heat treated (HT) IL-1a/IL-15 (0.3 or 31U/mL,
respectively), IL-1Ra (10 ug/mL) plus IL-10/IL-1f (0.3 or 31U/mL, respectively) or IL-1Ra alone for 24 hours, and PTX3 release was measured in
the culture supernatants by enzyme-linked immunosorbent assay (ELISA). Both IL-1¢ (i and iii) and IL-1p (ii and iv) significantly induced release
of PTX3 from neurons and mixed glial cells, which was completely inhibited by heat treatment of IL-1 or co-incubation with IL-1Ra. (B)
Pentraxin-3 is expressed by cultured neurons (PGP9.5-possitive) treated with IL-1 (i). Pentraxin-3 staining is abolished by PTX3 antibody
neutralization (preincubation with recombinant PTX3 peptide, ii). (C) Astrocytes (glial fibrillary acidic protein (GFAP)-positive) treated with IL-1
(i) express PTX3, whereas vehicle-treated astrocytes do not express PTX3 (ii). Pentraxin-3 staining is abolished by PTX3 antibody neutralization
(iii). (D) Pentraxin-3 ELISA of supernatants of neuronal cultures treated with IL-1/ (3 IlU/mL), N-methyl-p-aspartate (NMDA) (100 or 500 umol/L),
CoCl, (500 umol/L) with or without 2-deoxyglucose (2DG) (1500 umol/L) or H,0O, (50 umol/L) for 24 hours. Only IL-1/ induced PTX3 production
in vitro. ¥*P<0.05, **P<0.01, ***P<0.001 IL-1 treated versus vehicle. *P<0.05, ** P<0.001 IL-1 +IL-1Ra versus IL-1 alone, using one-way
analysis of variance and Bonferroni’s (A) n=3 to 5) or Dunnett’s (D) n=3) post hoc tests. Error bars show s.e.m. DAPI, 4',6-diamidino-2-

phenylindole.
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staining after treatment with IL-1 compared with basal conditions
(Figure 3C, ii). Interleukin-1-induced PTX3 immunostaining was
absent when the PTX3 antibody was immunoneutralized with
recombinant PTX3 (Figures 3B and 3C, ii and iii).

We next investigated whether PTX3 expression is induced
primarily by inflammatory (IL-1 dependent) mechanisms, or can be
induced by other (injury dependent) stimuli present in vivo after
cerebral ischemia such as excitotoxicity, hypoxia, glucose deple-
tion, or oxidative stress.?° Pentraxin-3 (PTX3) production was not
induced by treatment of neuronal cultures with excitotoxic
(N-methyl-p-aspartate), hypoxic (activation of HIF-1 by CoCl,)*°
stimuli, after glucose depletion with 2-deoxyglucose (2DG) or after
oxidative stress (H,0,) (Figure 3D), suggesting that the main
inducer of PTX3 in ischemic injury is IL-1.

Pentraxin-3 Deficiency Affects Delayed but not Acute Brain
Damage after Middle Cerebral Artery Occlusion

To explore whether PTX3 influences neuronal death, brain
damage was assessed in WT and PTX3 KO mice early (48 hours)
and late (6 days) after acute ischemic brain injury. No significant
differences were found in infarct volume, BBB damage (Figure 4A),
or brain edema (Figure 4B) between WT and PTX3 KO mice
48 hours after MCAo, although a trend for reduced edema (2 £ 2%
in PTX3 KO versus 5% 3% in WT; mean +s.e.m.) in PTX3 KO mice
was observed (Figure 4B). The absence of a significant effect may
be due to the high variation. In contrast, 6 days after MCAo, BBB
damage was significantly higher (Figure 5A) and resolution of
edema did not occur (Figure 5B) in PTX3 KO mice. Infarct volume
was not significantly different between WT and PTX3 KO mice
6 days after MCAo. To understand the reason for differences in
resolution of brain edema between WT and PTX3 KO mice after
cerebral ischemia, we measured expression of the tight junction
proteins occludin and zonula occludens-1, the matrix metallopro-
teinase-9 and the water channel aquaporin-4. Zonula occludens-1
expression was higher in PTX3 KO compared with WT mice, but
we did not find differences in the expression of other markers
assessed (Supplementary Figure 5).

Pentraxin-3 Deficiency Compromises Glial Scar Formation after
Cerebral Ischemia

We then investigated the role of PTX3 in glial responses that are
involved in brain repair after injury. Astrocytic scar formation
(GFAP-positive cells surrounding the infarct) was markedly
impaired in mice lacking PTX3 (Figure 5C): only 52% of the
perimeter of the infarct was covered by astrocytic scar in PTX3 KO
mice versus almost complete coverage (87%) in WT mice
(Figure 5C, v). Although scar formation was profoundly affected,
the overall number of astrocytes was similar between both
genotypes in the ipsilateral hemisphere (Figure 5C, vi). Astrocytic
proliferation was quantified to explore whether it could account
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for deficient scar formation, but no significant difference was
observed (data not shown). As PTX3 is involved in the stabilization
of the extracellular matrix in peripheral tissues, we assessed the
levels of laminin o-4 in the astrocytic scar and in the gaps of the
scar. Both genotypes had a similar amount of laminin o-4 within
the scar; however, over 50% of laminin «-4 staining was lost in the
gaps (seen in PTX3 KO mice) compared with the scar of WT mice
(Figure 5D), indicating that the absence of PTX3 compromises glial
responses and extracellular matrix deposition after brain injury.
Microglial proliferation, which is also important for glial scar
formation, was profoundly reduced in PTX3 KO compared with WT
mice both in the scar surrounding the infarct and in the core of
the infarct in the striatum (Figure 5E). We have shown earlier that
proliferation of microglia in the striatum after MCAo is not affected
significantly by the size of infarct or the amount of neuronal injury,
unlike in the cerebral cortex;*' therefore, our data indicate that
PTX3 is involved in glial proliferative responses in response to
brain injury. To study if PTX3 could directly affect glial prolife-
ration, BrdU incorporation was quantified in WT mixed glial
cultures treated with PTX3. Low concentration of PTX3 (0.3 ng/mL)
was effective at inducing glial proliferation although a higher
concentration of PTX3 (30 ng/ml) was not effective (Figure 5F). As
expected, FGF2 (used as a positive control) strongly induced
proliferation, whereas cytosine arabinoside (used as a negative
control) inhibited it (Figure 5F).

DISCUSSION

The present study is the first to show that the acute-phase protein
PTX3, lately associated with severity of vascular diseases,'® "> is
expressed in the brain after acute ischemic brain injury. Our data
demonstrate that IL-1, which has acute detrimental effects in brain
injury,'® induces PTX3 after cerebral ischemia, and that PTX3
contributes to brain recovery by promoting repair mechanisms
such as glial scar formation, resolution of edema.

Here we show that not only circulating (as shown by Ryu et al ')
but also local PTX3 expression takes place in the brain in
response to ischemic damage. Pentraxin-3 is reportedly expressed
by macrophages, but we found no PTX3-positive leukocytes or
microglia/macrophages in the brain. We cannot exclude the
possibility that PTX3 is released very quickly by macrophages, and
could also contribute to elevated PTX3 levels in the brain after
cerebral ischemia. As PTX3 levels correlate positively with worse
outcome in stroke patients,”® further investigation is needed to
reveal how brain-derived PTX3 contributes to circulating PTX3
levels in experimental models. We demonstrate that IL-1 produced
locally after cerebral ischemia®? is the key driver of brain PTX3
expression after MCAo. It has been shown that IL-1 injection into
the brain can induce PTX3 expression,’® but we show that the
increase in endogenous IL-1 after MCAo induces PTX3 expression

A Brain damage
i 304 COWT ii WT PTX3 KO Edema
W PTX3 KO 10
20 ] o 8 —"—
(')E z 6 I
E = ]
10 1 4 _l_
o & 5 2
2= F| A : R -——
Infarct volume BBB damage — WT PTX3 KO

(Nissl) (lgG)

Figure 4.

Lack of pentraxin-3 (PTX3) does not affect brain damage acutely after middle cerebral artery occlusion (MCAo). (A) Forty-eight hours

after MCAo, no significant difference is observed in infarct size or blood-brain barrier (BBB) damage between wild-type (WT) and PTX3
knockout (KO) mice (i), as measured by Nissl (cresyl violet) staining and immunoglobulin G (IgG) infiltration (ii). (B) No significant difference is
observed in edema between WT and PTX3 KO mice, 48 hours after MCAo. Scale bar, 3 mm. Students t-test (A, B) n=6 to 7). Error bars show
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Figure 5. Pentraxin-3 (PTX3) knockout (KO) mice show increased blood-brain barrier (BBB) damage and edema, and impaired glial responses
compared with wild type (WT) mice, 6 days after middle cerebral artery occlusion (MCAo). (A) Blood-brain barrier breakdown, but not overall
infarct size is significantly increased in PTX3 KO mice compared with WT mice, as measured on Nissl (cresyl violet) and immunoglobulin G
(IgG) infiltration. (B) Edema is not resolved in PTX3 KO mice whereas it is reversed in WT mice. (C) Lack of PTX3 disrupts astrocytic scar
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staining compared with that of WT mice where astrocytic scar formation was not impaired around the infarct. (E) Immunohistochemical
staining reveals a profound decrease in proliferating (bromodeoxyuridine (BrdU)-positive) microglia (Iba1-positive) in the striatum and around
the glial scar of PTX3 KO mice compared with WT mice. (F) Addition of low (0.3 ng/mL) but not high (30 ng/mL) concentration of PTX3 to WT
mixed glial cultures induces significant proliferation within 48 hours. LMa-4, laminin «-4, AraC, cytosine arabinoside. Scale bar, 3 mm (A), 1 mm
(C), 50um (D), 100 um (E) Students t-test (A-C, E), n=5 to 6) or one-way analysis of variance followed by Bonferroni’s (D), n=3 to 4) or
Dunnett’s post hoc tests (F), n=9) were used. *P<0.05, ¥**P<0.01, ***P<0.001. Error bars show s.e.m.
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in the brain after MCAo. Also in vitro, IL-1 (but not other ischemia-
associated stimuli) greatly enhances PTX3 expression. Pentraxin-3
levels are thus likely to be increased in many CNS inflammatory
disorders, since most of them present high levels of IL-1.32

Although IL-1 also enhances circulating PTX3 levels, peripheral
PTX3 expression can occur in an IL-1-independent manner (as
observed in IL-1a/f KO mice), highlighting a different regulation of
PTX3 expression in the CNS. Pentraxin-3 can be induced by other
proinflammatory cytokines such as TNF-o'®, which could account
for the increase in peripheral PTX3 after MCAo. Furthermore,
circulating IL-1 did not drive central PTX3 expression in our model,
demonstrating the specific role for centrally expressed IL-1 in
brain PTX3 production. Other cytokines may contribute to brain
PTX3 production although to a lower extent than IL-1, as even
IL-10/f KO mice show an increase in PTX3 levels after MCAo
compared with sham.

Interestingly, PTX3 deletion did not affect brain damage early
after the ischemic event (48 hours after MCAo0), but we found that
PTX3 is a critical mediator of brain responses 6 days after ischemic
brain injury. In particular, lack of PTX3 impaired glial scar
formation and low levels of PTX3 promoted glial proliferation.
The glial scar is fundamental to limit the spread of the damage
and may also help the recovery of vascular functions.®*** Indeed,
we found that PTX3 KO mice had higher level of BBB damage and
delayed resolution of brain edema. Surprisingly, PTX3 KO mice had
higher expression of zonula occludens-1, which could suggest
more endothelial tight junctions and hence a less-damaged BBB.
However, our data indicate increased BBB permeability and
edema, implying that tight junctions in PTX3 KO mice were less
functionally intact than in WT animals at 6 days reperfusion.
Therefore, it is possible that zonula occludens-1 upregulation is a
compensatory response in PTX3 KO mice to counterbalance the
increased BBB damage. Extracellular matrix instability in the areas
of the scar that were depleted of astrocytes was suggested by the
decrease in levels of laminin «-4, which is essential for stability of
the basal lamina and for the formation of new blood vessels.”
Furthermore, we also found impaired microglial proliferation in
PTX3 KO mice. There is increasing evidence that microglial activa-
tion and proliferation can promote repair.3'*® Further research is
needed to reveal the molecular mechanisms whereby PTX3 exerts
its actions on glial responses and extracellular matrix deposition.
We observed a nonsignificant trend for smaller infarct size
(41% £ 28%) in WT mice compared with PTX3 KO mice at 6 days
reperfusion, but the robust reduction of glial proliferation (which
was also confirmed in vitro), reduced scar formation, and increased
edema in PTX3 KO mice cannot be explained by variable differ-
ences in infarct size. We demonstrated earlier that microglial
proliferation after cerebral ischemia in the striatum is largely
independent from infarct size” In addition, PTX3 KO mice
showed no significant difference in the infarct volume from WT
mice at 48-hour reperfusion, arguing against the contribution of
the primary ischemic injury to later inflammatory actions in these
experiments.

In summary, our results demonstrate for the first time that IL-1
induces PTX3 expression in the brain after cerebral ischemia, and
that PTX3 modulates glial responses and resolution of edema.
Understanding the effects of IL-1 at different stages after brain
injury could allow selective blockade of the detrimental acute
effects of IL-1 actions while allowing its potential role in repair
during the recovery phase. The exact mechanisms by which IL-1-
induced PTX3 contributes to brain recovery need further
investigation, but the current results highlight PTX3 as a new
possible target for CNS inflammatory disorders.
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