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b2 glycoprotein I participates in
phagocytosis of apoptotic neurons and
in vascular injury in experimental
brain stroke
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Marco Oggioni4, Francesco Tedesco1,
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Abstract

Beta-2 Glycoprotein I (b2-GPI) is the main target of anti-phospholipid antibodies (aPL) in the autoimmune anti-

phospholipid syndrome, characterized by increased risk of stroke. We here investigated the antibody independent

role of b2-GPI after ischemia/reperfusion, modeled in vivo by transient middle cerebral artery occlusion (tMCAo) in

male C57Bl/6J mice; in vitro by subjecting immortalized human brain microvascular endothelial cells (ihBMEC) to 16 h

hypoxia and 4 h re-oxygenation. ApoH (coding for b2-GPI) was upregulated selectively in the liver at 48 h after tMCAo.

At the same time b2-GPI circulating levels increased. b2-GPI was detectable in brain parenchyma and endothelium at all

time points after tMCAo. Parenchymal b2-GPI recognized apoptotic neurons (positive for annexin V, C3 and TUNEL)

cleared by CD68þ brain macrophages. Hypoxic ihBMEC showed increased release of IL-6, over-expression of throm-

bomodulin and IL-1a after re-oxygenation with b2-GPI alone. b2-GPI interacted with mannose-binding lectin in mouse

plasma and ihBMEC medium, potentially involved in formation of thrombi. We show for the first time that brain ischemia

triggers the hepatic production of b2-GPI. b2-GPI is present in the ischemic endothelium, enhancing vascular inflam-

mation, and extravasates binding stressed neurons before their clearance by phagocytosis. Thus b2-GPI may be a new

mediator of brain injury following ischemic stroke.
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Introduction

Inflammation after stroke is strictly connected to cel-

lular or molecular mediators of thrombosis, thus rising

secondary mechanisms of lesion expansion. These

events are referred to as thromboinflammation,1

whose mediators remain amply undisclosed.
We here started from the notion that stroke is the

most common severe neurologic complication in the

anti-phospholipid syndrome (APS), an autoimmune

disease characterized by high circulating levels of

auto-antibodies.2 APS patients experience the forma-

tion of thrombi and obstetric complications.3

Notably, the brain circulation is one of the
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compartment affected by arterial thrombosis in APS
patients, thus suggesting the presence of brain-
selective detrimental mechanisms in the syndrome. In
line with this, other neurological symptoms, like cogni-
tive abnormalties, chorea and epilepsy, are known in
APS patients, thus implying a direct effect of the auto-
antibodies on brain cells.4

The main molecular target of the auto-antibodies in
APS is b2 glycoprotein I (b2-GPI), a protein released
by liver and found in blood physiologically. b2-GPI
physiological role is still scarcely understood. b2-GPI
is a circulating protein, composed of five domains, pre-
sent physiologically in a range of 50-400 lg/mL.5,6 Age,
smoking, dyslipidemia and chronic infections cause
b2-GPI increase in plasma.7 It has been hypothesized
that openings of the blood-brain barrier (BBB) in
response to an endothelial damage facilitates the
brain entry of auto-antibodies and b2-GPI. In the
brain, b2-GPI may then target neurons, astrocytes
and endothelium.8 Even though b2-GPI has been
mainly studied as the target of auto-antibodies, a path-
ophysiological effect of b2-GPI itself has been pro-
posed,3,9 introducing and supporting the hypothesis
that b2-GPI bridges inflammation and coagulation in
different diseased conditions.9 This could be relevant in
the context of brain ischemia, a condition inducing
BBB leakage and thus possibly b2-GPI brain entry,
even in the absence of aPL.

Exploiting its ability to bind anionic surfaces,10 b2-
GPI changes conformation from a globular form into
an open one that completely exposes domain 1 (D1),
able to interact with other proteins5,6 including com-
plement components. b2-GPI indeed belongs to the
superfamily of complement regulatory proteins and
complement activation products were reported in
APS patients.11 Moreover complement components
were found to co-localize with b2-GPI and IgG on
the endothelium of an APS patient, an interaction
potentially involved in the pathogenesis of the throm-
botic event through complement activation.12 Recent
work reported that b2-GPI interacts with mannose-
binding lectin (MBL), a recognition molecule of the
lectin pathway of complement activation.13 This inter-
action may be particularly relevant in the context of
ischemic stroke, where MBL plays a key role in post-
stroke vascular damage, affecting endothelial cell struc-
ture,14 functionality and inflammatory profile.15,16

Thus b2-GPI interaction with the complement system
may underpin vascular damage after stroke.

We therefore decided to investigate the involvement
of b2-GPI in stroke pathophysiology and the potential
interactions with the complement system. We used a
clinically relevant murine model of stroke and ana-
lyzed, at different time points after the ischemic
onset, b2-GPI in plasma and brain (using an antibody

designed for open b2-GPI exposing D117). To dissect

specific vascular effects associated to b2-GPI, we used

an in vitro model of ischemia/reperfusion on human

brain microvascular cells exposed to human purified

b2-GPI.

Methods

Full methods are available as Supplementary

Information.

Focal cerebral ischemia

Project approved by the Italian Ministry of Health

(authorization number 224/2016-PR). Male 9–11week

old, 26–28 g, mice C57Bl/6J WT were used. The study

was conducted according to the IMPROVE guide-

lines.18 This report adheres to the ARRIVE guidelines

(check list as supplementary). Transient middle cere-

bral artery occlusion (tMCAo) was induced with the

filament model.19,20 Surgery-associated mortality rate

was 7%. Sham-operated mice received identical anes-

thesia and surgery without artery occlusion.

Quantification of infarct size

Lesion size was quantified on cresyl-violet stained sec-

tions after edema correction.21

Real time RT-PCR

Total RNA was extracted from the frozen liver or cul-

tured cells scraped from the plates after re-oxygenation,

using the miRNeasy kit (Qiagen) and reverse-

transcribed. Real-time RT-PCR was conducted using

Power SYBR Green (Applied Biosystems) and relative

gene expression determined with DDCt method. Primer

sequences are detailed in Supplementary Information.

Quantification of total b2-GPI in murine plasma

samples or human serum

b2-GPI was quantified in murine EDTA-plasma sam-

ples and in the human serum (Innovative Research),

used for in vitro experiments, as reported.22 We

coated plates with a rabbit polyclonal anti-b2-GPI

antibody (1:2000, Invitrogen). Murine EDTA-plasma

at final dilution 1:4050 or human serum at final dilu-

tion 1:1350 were incubated 1 h at room temperature

(RT) with a goat polyclonal anti-b2-GPI antibody

(1:500, OriGene). We used a rabbit anti-goat IgG AP

conjugate (1:1000, Invitrogen) to detect the signal. A

purified murine (kindly gifted by Flavio Allegri and

colleagues) or human b2-GPI were used for calibra-

tion/standard curve.
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Immunofluorescence

Antibodies and their concentrations are detailed in

Supplementary Information. Immunofluorescence was

acquired three-dimensionally with a 40x objective using

an IX81 microscope with a confocal scan unit FV500.

Images were managed and elaborated with Imaris v.6

(Bitplane) and arranged with GIMP. b2-GPI in vitro

signal was acquired using a widefield fluorescent micro-

scope over randomly selected fields of view with a 20�
objective. Signal was quantified by ImageJ.14 For

immunofluorescence on culture media, 0.5 mL of

medium were spotted on glasses for microscopy and

fixed for 15minutes with 4% paraformaldehyde prior

to labeling. Cells and conglomerates were visualized

using differential interference contrast (DIC) microsco-

py with Nomarsky method.

Structured illumination microscopy (SIM)

SIM on brain sections was done with a Nikon SIM

system with a 100x 1.49NA oil immersion objective,

managed by NIS elements software. Tissues were

imaged at laser excitation of 405 (for nuclei), 488 (for

b2-GPI), 561 (for MBL-C) and 640 nm (for IB4) with a

3D-SIM acquisition protocol. Fourteen-bit images

sized 1024�1024 pixels with a single pixel of 0.030 mm
were acquired in a gray level range of 0-4000 to exploit

the linear range of the camera (iXon ultra DU-897U,

Andor) and to avoid saturation. Raw and recon-

structed images were verified by the SIMcheck

ImageJ plugin.23

Gene basal expression and microarray analysis

Brain basal expression of ApoH in mus musculus was

obtained from the online RNA-seq database available

at: http://www.brainrnaseq.org/24. Published microar-

ray data were used to compare gene expression levels

(normalized log2 OD) in 3 h tMCAo and 24 h tMCAo

vs. untreated WT mice (dataset number: GSE32529,

published in 24,25) using GEO2R software (NCBI).

Tunel

Apoptotic cells were labeled by in situ cell death detec-

tion kit (Roche, Mannheim, Germany21). For brain

sections, TUNEL was acquired at 20x by an

Olympus BX-61 Virtual Stage microscope and

TUNEL cells identified over the ischemic ipsi-lateral

striatum with ImageJ.21,26 For culture media, 0.5 mL
of medium were spotted on glasses for microscopy

and fixed for 15minutes with 4% paraformaldehyde

prior to TUNEL reaction. Acquisition was done by

an Olympus FV500 confocal microscope. TUNEL

was visualized by excitation at 540 nm. Cells and

conglomerates were visualized with the same excitation

wavelength using differential interference contrast

(DIC) microscopy with Nomarsky method. TUNEL

negative control was done by omitting the enzyme

during the reaction. TUNEL positive control was

done by treating the samples with 1 mg/mL DNAse.

Lectin pathway activation assay

A functional lectin pathway activity assay was done

using EDTA-plasma diluted 2.5% in barbital-

buffered saline (BBS) incubated for 150 at 37� C on

10 mg/mL mannan-coated plates.27 C3 deposition was

revealed using a polyclonal anti-human-C3c antibody

(2.4 mg/mL, Dako) and an alkaline-phosphatase

labeled goat anti-rabbit IgG (1mg/mL, Sigma).

Absorption at optical density (OD) 405 nm measured

using Infinite M200 spectrofluorimeter (Tecan, CH).

Phagocytosis assessment

Co-localization was analyzed over 3-dimensional fields

measuring 180� 135� 7lm, obtained by stacking 31

confocal planes at a 800� 600 pixels, distanced by a

z-axis step of 0.23 lm. Three-dimensional fields were

positioned over the ischemic area using the motorized

stage under the control of xy Stage software

(Olympus). For each coronal section, 4 nonoverlapping

fields, over a 2� 2 matrix were aligned. Quantification

of double-positive voxels (co-localization) was per-

formed with Imaris (Bitplane) using the ImarisColoc

algorithm.28 Signal intensity over a volume with no

positive staining (background) was calculated for

each channel and used as the lower signal threshold.

Voxels that were over lower thresholds for both chan-

nels were co-localized. A colocalization channel (gray)

containing only co-localized voxels was generated and

visualized by surface rendering (IsoSurface; Imaris)

using the thresholds applied for colocalization analysis.

Co-localization is expressed as percentage of CD68/

CD11b double-positive voxels over total CD11b-

positive voxels.

Sandwich ELISA

EDTA-plasma was diluted 1.25%, culture media was

diluted 1.25, 2.5, 5 and 10% in BBS and incubated for

1 h 300 at 37� C on plates coated overnight with a mini-

body obtained from the B2 clone of the anti-b2-GPI

(MBB2, 0.06 mg/mL, see supplementary information).

Next plate was incubated 1 h 30’ RT with anti-MBL-A,

MBL-C or human MBL antibodies (1mg/mL, Hycult).

Absorption was read at OD 450 nm using the Infinite

M200 spectrofluorimeter (Tecan, CH).
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In vitro model of ischemia/reperfusion

Immortalized human-derived microvascular endotheli-

al cells (ihBMEC) were placed into a hypoxic chamber

(Ruskinn Invivo2 400) at 37 �C, and maintained in

deoxygenated culture medium at O2 0.5%, CO2 5%

and N2 94.5% for 16 h.14 Next, cells underwent 4 h

re-oxygenation exposed to 30% human serum

(Innovative Research), 10 mg/mL rhMBL (R&D sys-

tems), 100 mg/mL human purified b2-GPI, or both

rhMBL and b2-GPI diluted in culture medium.

b2-GPI preparation

Human b2-GPI was purified from a pool of 100 human

aPL negative healthy donors serum samples checking

aPL absence with ELISA.29,30 Cyanine5.5 fluolabelling

of b2-GPI (b2-GPIcy.55) was performed as previously

described.29 Endotoxin levels were evaluated performing

Lymulus Amebocyte Lysate test, PierceTM Chromogenic

Endotoxin Quant Kit (Thermoscientific) on the final

product of b2GPI purification.

IL-6 Medium dosage

Media from ihBMECs were collected after 4 h re-

oxygenation and analyzed using the QuantikineVR

ELISA Human IL-6 Immunoassay (R&D systems)

according to the manufacturer’s instructions.

Statistical analysis

Mice were randomly allocated to surgery and assigned

across cages and days. Wells for in vitro ischemia/reper-

fusion were randomly allocated to treatments. All anal-

ysis were done by blinded investigators. Group size was

defined based on a pilot experiment assessing ApoH

overxpression induced at 24 h after tMCAo, using the

formula: n¼ 2r2f (a, b)/D2 (SD in groups¼r, type 1

error a¼ 0.05, type II error b¼ 0.2, percentage differ-

ence between groups D¼ 200, i.e. a two-time increase in

ApoH expression than basal levels). The pilot experi-

ment resulted in a standard deviation (SD) between

groups of r¼ 23, therefore yielding n¼ 5. Groups

were compared by analysis of variance and post hoc

test, as indicated in each figure legend. The parametric

or non-parametric test was selected after a

Kolmogorov-Smirnov test for normality. The constan-

cy of variances was checked by Bartlett test and, if not

satisfied, a Welch correction was used. Statistical anal-

ysis was done with the standard software package

GraphPad Prism (GraphPad Software Inc., San

Diego, CA, USA, version 7.0); p values lower than

0.05 were considered significant.

Results

The experiments followed the plan in Figure 1(a). The
tMCAo induced by the filament model caused a clear
lesion – indicated by a pale area after Cresyl violet
staining - in the striatum and cortex ipsi-lateral to the
lesion starting from 90’ after the ischemic onset (ische-
mic volume was 10.16� 2.87 mm3� SD). The lesion
was fully developed at 24-48 h (57.17� 12.08 and
63.42� 3.21 mm3, respectively). At 7d the proper iden-
tification of the pale stained area is hampered by
immune cell infiltration, therefore lower values for
ischemic volume were quantified (37.90� 12.18 mm3,
Figure 1(b)).

Brain ischemia induced the up-regulation of ApoH –
the gene coding for b2-GPI – in the liver at 24 and 48 h
(2.17� 0.88 and 4.00� 2.53 fold-change than sham�
SD, respectively, Figure 1(c)). In line with the time of
maximal up-regulation of ApoH in the liver, circulating
levels of b2-GPI increased at 48 h after tMCAo
(190.8� 32.8 lg/mL, mean� SD) than sham (141.3�
6.6 lg/mL, Figure 1(d)). Notably, b2-GPI plasma levels
decreased at 90’ after tMCAo (121.5� 8.4 mg/mL) com-
pared to sham, possibly as a result of circulating pro-
tein consumption, i.e. binding to its target.

Confocal microscopy revealed b2-GPI brain pres-
ence in areas pertinent to the ischemic territory, includ-
ing the cortex, piriform cortex and striatum (Figure 1
(e)). We here presented confocal images relative to the
cortical ischemic territory. b2-GPI was present in the
brain in a D1-exposing conformation (recognized by
MBB2) starting from 90’ after tMCAo and up to 7d,
at variance with sham-operated mice (Figure 1(f)). b2-
GPI was located in brain parenchyma and on brain
vessels, as better depicted in the three-dimensional ren-
derings. None of the brain populations is able to
express the ApoH gene, according to single-cell RNA-
seq transcriptomic databases (Figure 1(g)). Moreover,
tMCAo did not induced ApoH upregulation in the
brain (Figure 1(h)) or in the blood cells (Figure 1(i)),
as shown by analysis of microarray databases, thus
suggesting that b2-GPI of liver origin infiltrated in
the brain through the damaged blood-brain barrier.

In the brain parenchyma, at all time points, b2-GPI
co-localized with NeuN, a neuronal marker (Figure 2
(a)), but not with glial fibrillary acidic protein (GFAP,
astrocytes, Figure 2(b)), nor with CD11b (microglia/
macrophages, Figure 2(c)). We observed that ramified
CD11bþ cells, likely to be microglia due to their mor-
phology, contacted b2-GPI (arrows in Figure 2(c)) sug-
gesting an interaction between microglia and brain
structures labeled by b2-GPI (endothelial cells and
neurons).

Since b2-GPI has been reported to bind to apoptotic
cells,10 we explored the temporal pattern of apoptosis

Grossi et al. 2041



Figure 1. Experimental plan and time course of the ischemic volume and b2-GPI after brain ischemia. (a) Experimental plan. (b) The
ischemic lesion was already seen at 90’ after tMCAo and, as expected, reached its maximum at 48 h. At subsequent times the
infiltration of glial cells into the lesioned area hampers proper lesion quantification through the identification of a pale cresyl violet
stained area, therefore lower values for ischemic volume are quantified. Bars at mean and dot plots � sd, n ¼ 4–6. Normal
distributions (Kolmogorov-Smirnoff test) with unequal variances (Bartlett test), Welch corrected t-test, **p < 0.01, ***p < 0.001 vs.
90’, ��p < 0.01 vs. 48 h. (c) Ischemia induced the expression of b2-GPI in the liver at 24 h and 48 h after the insult. Bars at mean and
dot plots � sd, n ¼ 4–6. Normal distributions (Kolmogorov-Smirnoff test) with unequal variances (Bartlett test), Welch corrected t-
test, *p < 0.05 vs. 90’. (d) The presence of circulating b2-GPI was measured in plasma from naı̈ve, tMCAo or sham-operated mice.

(continued)
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in our model by staining terminal apoptotic cells by
TUNEL.31 Sparse apoptotic cells appeared as early as
90’ after tMCAo (12.2� 8.3 cells/mm2� SD), reaching
their maximal density in the ischemic territory at 48 h
(719.6� 471.8 cells/mm2, Figure 3(a) and (b)). As pre-
viously reported by our group and others,16,32 the lectin

pathway of complement activation is a major inflam-
matory event following tMCAo, and produces down-
stream effects comprising opsonization of apoptotic
cells to drive their clearance.33 In line with TUNELþ
cell presence, using a functional mannan assay detect-
ing C3b deposition due to MBL,34 we observed

Figure 2. Co-localization of open b2-GPI (green) with neurons (NeuN, red), astrocytes (GFAP, red) or microglia/macrophages
(CD11b, red) in the cortical ischemic area. (a) b2-GPI co-localized with neurons at all times analyzed, as shown by the xy single plane
image with z-axis projections. (b) b2-GPI was faintly present on astrocytes, with no co-localization observed. C) b2-GPI did not co-
localize with microglia/macrophages. Notably, some CD11bþ cell ramifications took contact with b2-GPI positive structures (arrows
in z projections in c). Nuclei are in blue. Images are representative of at least three independent experiments. Scale bars¼ 20mm.

Figure 1. Continued

Circulating levels of b2-GPI increased significantly at 48 h after tMCAo. Bars at mean and dot plots � sd, n ¼ 4–6. Normal
distributions (Kolmogorov-Smirnoff test) with unequal variances (Bartlett test), Welch corrected t-test, *p < 0.05, **p < 0.01. (e) A
MBB2 antibody able to bind the open form of b2-GPI was used to label b2-GPI in the brain tissue. b2-GPI was seen in brain areas
pertinent to the ischemic territory at 48 h after tMCAo. (f) Sham-operated mice showed a very weak positivity for open b2-GPI
(green), while at all times after tMCAo open b2-GPI was present both in brain parenchyma and on the cerebral endothelium (IB4, red)
in regions within the ischemic territory. The three-dimensional renderings clearly show the presence of open b2-GPI on brain vessels.
Nuclei are in blue. Images are representative of at least three independent experiments. Scale bars ¼ 20mm. (g) Basal gene expression
(fragments per kilobase million, FKPM) of ApoH (coding for b2-GPI) in mus musculus brain cell populations. Endothelial cells
(expressing PECAM), microglia (expressing Itgam), neurons (expressing RbFox3) and astrocytes (expressing GFAP) do not express
ApoH. Data obtained from single cell RNA-seq databases as described in methods. (h, i) Expression changes (microarray analysis) in
brain ischemic cortex (h) and blood cells (i) for ApoH following tMCAo, showing no induction of its expression at 3 h or 24 h after the
ischemic onset. Bars at mean and dot plots � sd, n ¼ 4. Data expressed as Log2-fold change than untreated mice, two-way ANOVA
followed by Sidak’s post hoc test, not statistically significant. Data obtained from microarray databases as described in methods.
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maximal C3b deposition at 48 h after tMCAo (Figure 3
(c)). We therefore selected 48 h as a reference time point
and compared it with 90’ after tMCAo, when apoptosis
was in its early phases.

Co-localization studies between b2-GPI, NeuN and
TUNEL showed terminally apoptotic neurons, visible
at 48 h, positive for b2-GPI (Figure 3(d) and (e)).
Annexin V, an early marker of apoptosis, co-localized
with b2-GPI at 90’ after tMCAo (Figure 3(f) and (g)).
Three-dimensional renderings showed that all b2-GPI
positive cells expressed annexin V, while few annexin V
positive cells did not show b2-GPI positivity (Figure 3

(h) and (i)). This observation might imply that b2-GPI
recognizes cells already undertaking the apoptotic fate.
C3 brain deposition was observed at 48 h and co-
localized with b2-GPI (Figure 3(k) and (l)). In order
to explore whether b2-GPI represents an early marker
of dying cells undergoing clearance by phagocytosis, we
analyzed the phagocytic activity of brain myeloid cells
at 900 and 48 h. The co-localization of CD11b (mem-
brane myeloid cell marker) and CD68 (lysosomal
marker), indicative of membrane proximity of lyso-
somes and therefore of active particle internaliza-
tion,28,35 was higher at 48 h (Manders’ coefficient

Figure 3. Time course of apoptosis and activation of the complement system after the ischemic onset and co-localization of open
b2-GPI (green) with apoptotic neurons (NeuN/TUNEL), annexin V (red) or C3 (red) in the cortical ischemic area. (a) Terminal
apoptotic cells (TUNEL positive, red) are visible starting from 900 after ischemia until 7d. Scale bars ¼ 500mm or 20mm (inserts).
(b) Quantification of TUNEL Positive cells in the ischemic area. Bars at mean and dot plots � sd, n ¼ 4-6. Normal distributions
(Kolmogorov-Smirnoff test) with unequal variances (Bartlett test), Welch corrected t-test, **p < 0.01, *p < 0.05 vs. 900. (c) The lectin
pathway of complement activation, a major driver of opsonization of apoptotic cells, peaks at 48 h after the ischemic onset. Bars at
mean and dot plots � sd, n ¼ 3 (sham) - 6. One-way ANOVA followed by Tukey’s post hoc test, *p < 0.05 vs. sham and 4d, **p < 0.01
vs. 900 and ***p < 0.001 vs. 6 h and 7d. (d, e) 900 and 48 h after ischemia were chosen as reference time points showing presence of
b2-GPI (green) on neurons (NeuN, red) which were not apoptotic (900, d) or terminally apoptotic (48 h, TUNEL, white, e). (f–i) At
both 900 (f) and 48 h (g) after tMCAo b2-GPI co-localized with cells positive for annexin V (red), an early marker of apoptosis. Three-
dimensional renderings showed that all b2-GPI positive cells expressed annexin V (h, i). Few cells appeared annexin V positive and b2-
GPI negative (arrow, i). Scale bar ¼ 20mm. K) At 900 after tMCAo b2-GPI (green) was present within the ischemic territory, while C3
was not detectable. (l) At 48 h C3 (red) was present in the ischemic area and co-localized with b2-GPI. Images are representative of at
least three independent experiments. Scale bars ¼ 20mm.
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22.79� 3.62%� SD) than 90’ (13.53� 2.10%, Figure 4
(a) to (c)). At 48 h, neurons displaying b2-GPI were
enveloped by myeloid cells highly positive for CD68
(Figure 4(d) and (d0)), suggesting the involvement of
b2-GPI in neuronal clearance after ischemia.

The high glycosylation profile of b2-GPI suggests a
possible interaction with recognition molecules of the
complement system. In the ischemic stroke scenario
the interaction of b2-GPI with mannose-binding
lectin (MBL) could be critical. Indeed MBL is a rec-
ognition molecule of the complement system that
deposits on the ischemic endothelium causing post-
stroke vascular dysfunction.16 We thus evaluated b2-
GPI:MBL interaction in vivo by confocal microscopy.
At 48 h after tMCAo b2-GPI and MBL-C - the
murine isoform present at higher levels at this time
point34 – showed a weak co-localization although

present on the same vessel (Figure 5(a)). In order to
rule out that co-localized pixels depended on the res-
olution limit of confocal microscopy, we analyzed
brain sections by superresolved structured illumina-
tion microscopy (SIM, Figure 5(b)). SIM revealed
that most of b2-GPI and MBL-C signals did not co-
localize, and that signal overlapping was rare (arrow
in Figure 5(b)). Imaging data suggest therefore that
the two proteins mostly do not interact on the ische-
mic vessels in vivo. However, when b2-GPI:MBL
interaction was assessed ex vivo using plasma from
mice, a biphasic interaction between b2-GPI and
MBL-C was observed at 90’ and 4d after tMCAo
(respectively 1.80� 0.06 and 1.93� 0.48 fold-change
than sham, mean�SD, Figure 5(c)). At variance,
b2-GPI did not interact with the MBL-A murine iso-
form (Figure 5(c)).

Figure 4. Assessment of the phagocytic phenotype by immunofluorescence for CD11b (red) and CD68 (green) at 900 and 48 h after
tMCAo. (a–a00) At 900 CD11b positive cells showed low co-localization with CD68. b–b00) At 48 h, when the apoptotic process was
clearly seen in the ischemic brain, CD11b co-localized significantly with CD68. Nuclei are in blue. Scale bars¼ 20mm. (c) The double
positive pixels (up-right quadrant in a00 and b00) were higher at 48 h than 900, indicating an increased phagocytic phenotype of brain
myeloid cells at 48 h. Bars at mean and dot plots� sd, n¼ 6. Normal distributions (Kolmogorov-Smirnoff test), t-test, ***p< 0.001 vs.
900. (d, d0) Three-dimensional image and its rendering showing at 48 h a phagocytic cell (CD68, dark blue) engulfing a neuron (NeuN,
red) tagged by b2-GPI (green), suggesting the involvement of b2-GPI in neuronal clearance after tMCAo.
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Figure 5. Analysis of b2-GPI interaction with mannose-binding lectin (MBL). (a) Vessels pertinent to the ischemic territory at 48 h
(IB4, white; outline traced in the merge panel) showed presence of both b2-GPI (green) and MBL (MBL-C murine isoform, red).

(continued)
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We next used an in vitro model of ischemia/reperfu-
sion on ihBMEC. We performed hypoxia (0.5%
oxygen) for 16 h and re-oxygenated ihBMEC in pres-
ence of 30% human serum (Figure 5(d)), according to a
protocol reported to induce MBL deposition and cell
death.14 After re-oxygenation, b2-GPI deposition
increased on hypoxic than normoxic (control) cells
(0.044� 0.003 vs. 0.030� 0.005 mean gray value/cell
number, mean� SD, Figure 5(d)). In line with in vivo
observations b2-GPI and MBL did not co-localize,
even when present on the same ihBMEC (Figure 5(e)).

We exposed hypoxic or normoxic ihBMEC to 30%
human serum, human-purified b2-GPI, human recom-
binant MBL or both proteins (Figure 6(a)). We
assessed the content of b2-GPI in the human serum,
that resulted in a mean�SD concentration of 300�
86 mg/mL, thus 90 mg/mL when the serum was applied
at 30% dilution on ihBMEC. Endotoxins were checked
for each preparation by a LAL test, resulting <0.10
Endotoxin Unit (EU) per 1lg of proteins. We firstly
defined the working concentration of human-purified
b2-GPI by a dose-response study. Since we aimed at
identifying the pro-inflammatory response driven by
b2-GPI, we dosed the release of IL-6 in culture media
after re-oxygenation of ihBMEC with 5, 10, 50, 100 or
200 mg/mL of b2-GPI. As a positive control, ihBMEC
exposed to high IL-1b concentrations (50000 pg/mL)
showed strong release of IL-6 in both normoxic
(415.5� 110.2 pg/mL� SD) and hypoxic (717.0�
68.2) conditions. Hypoxic ihBMEC released signifi-
cantly higher amount of IL-6 starting from a concen-
tration of b2-GPI of 100 mg/mL (21.5� 4.66 pg/mL�
SD) compared to normoxic cells (5.3� 1.5, Figure 6
(b)). Considering that the baseline concentration of
mouse circulating b2-GPI was similar (see Figure 1
(d)) as well as that of 30% human serum, we thus
decided to expose ihBMEC to 100 mg/mL of human-
purified b2-GPI for next experiments.

Either normoxic or hypoxic ihBMEC re-oxygenated
in presence of both b2-GPI and MBL showed floating
insoluble bodies, removed after medium collection
(Figure 6(c)). At variance with this, when

re-oxygenation was done in presence of b2-GPI or
MBL alone, no floating insoluble bodies were observed
(Supplementary Figure 1). We pooled the collected
media and incubated them in a sandwich ELISA
using MBB2-coated plates and the anti-MBL antibody
as revealing reagent. Media obtained from hypoxic
ihBMEC exposed to both b2-GPI and MBL showed
b2-GPI:MBL interaction (Figure 6(d)). In order to
explore whether the insoluble bodies after re-
oxygenation with b2-GPI and MBL contained apopto-
tic cells, we plated the media on glasses for microscopy
and run TUNEL. In either normoxic or hypoxic con-
ditions few apoptotic cells were found in conglomerates
seen by differential interference contrast (DIC) micros-
copy (Figure 6(e), negative controls in Supplementary
Figure 2). The conglomerates showed also a positive
signal for b2-GPI, suggesting its ability to target apo-
ptotic cells (Figure 6(e0), negative controls in
Supplementary Figure 3).

ihBMEC re-oxygenated with b2-GPI and/or MBL
showed decreased cell viability compared to vehicle-
exposed cells, either after normoxia or hypoxia
(Supplementary Figure 4). MBL alone further
decreased ihBMEC viability in hypoxic vs. normoxic
cells (5435.7� 1072.7 vs. 11491.0� 3612.7 Alamar
Blue fluorescence�SD), in line with its direct toxic
effects on the ischemic endothelium.14 b2-GPI alone
did not further affect cell viability after hypoxia,
while it did so when present with MBL either after
normoxia (5454.9� 1978.5) or hypoxia (5565.9�
2146.4, Supplementary Figure 4). We next analyzed
IL-6 released in culture media. Basal levels of IL-6 in
serum were 5 pg/mL. As a positive control, ihBMEC
exposed to high IL-1b concentrations (50000 pg/mL)
showed strong release of IL-6 in both normoxic
(246.5� 10.6 pg/mL�SD) and hypoxic (604.0� 15.6)
conditions. IL-6 increased after hypoxia and re-
oxygenation with 30% human serum compared to nor-
moxic control (44.8� 4.2 vs. 18.5� 5.9, pg/mL� SD),
similarly after re-oxygenation with b2-GPI (46.8� 14.4
vs. 24.0� 7.1) and, at lower extent, with b2-GPI and
MBL (23.3� 7.9 vs. 8.5� 1.9, Figure 6(f)). Notably

Figure 5. Continued

The two proteins showed weak co-localization at confocal microcopy. Nuclei are in blue. Scale bar ¼ 10mm. (b) Superresolution by
structured illumination microscopy (SIM) showed that b2-GPI and MBL-C mostly did not co-localize, presenting very rare overlapping
of signals (arrow). Scale bars ¼ 2 mm. (c) Plasma interaction between b2-GPI and MBL murine isoforms (MBL-A and MBL-C) was
assessed by a sandwich ELISA, using plates coated with MBB2. While no interaction was observed with MBL-A at all time points, b2-
GPI interacted with MBL-C in a biphasic manner, peaking at 90’ and 4d after tMCAo. Points at mean � sd, n ¼ 4–6. Two way ANOVA
followed by Tukey’s post hoc test, *p < 0.05, **p < 0.01 vs. sham MBL-C; §§§ p < 0.001 vs. 24 h MBL-C, #p < 0.05 vs. 48 h MBL-C.
(d) Experimental plan for in vitro ischemia/reperfusion model on cultured immortalized human-derived microvascular endothelial cells
(ihBMEC). After 4 h of re-oxygenation in presence of 30% human serum, hypoxic cells had increased presence of b2-GPI. Bars at mean
and dot plots � sd, n ¼ 4–5. Normal distribution (Kolmogorov-Smirnoff test), t-test, *p < 0.05. (e) Confocal image showing ihBMEC
after re-oxygenation with 30% human serum. Although observed on the same cell, b2-GPI (green) and MBL (red) did not co-localized,
as clearly shown on the orthogonal projections. Nuclei are in blue. Scale bar ¼ 20mm.
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Figure 6. Effects of exposure of ihBMEC to serum, b2-GPI, MBL or both b2-GPI and MBL during 4 h re-oxygenation. (a)
Experimental plan for in vitro ischemia/reperfusion model on cultured ihBMEC. Human purified b2-GPI and recombinant human MBL
were used. (b) Human purified b2-GPI dose-response experiment. Starting from a dose of 100mg/mL, b2-GPI caused an increased
release of IL-6 by hypoxic compared to normoxic ihBMEC. Exposure to 50000 pg/mL of IL-1b was used as the experimental positive

(continued)
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fluolabeled b2-GPIcy5.5 did not induce the same effect
than bare b2-GPI.

We next analyzed gene expression of thrombomodu-
lin and IL-1a - markers associated with a vascular
inflammatory profile after brain ischemia16 - in re-
oxygenated ihBMEC. Re-oxygenation in presence of
30% human serum, b2-GPI or both b2-GPI and
MBL induced the over-expression of thrombomodulin
(respectively 2.82� 0.68, 3.14� 0.64 or 1.15� 0.27
fold-change than CTRL vehicle, mean� SD, Figure 6
(g)). Re-oxygenation in presence of 30% human serum
or b2-GPI induced the over-expression of IL-1a
(respectively 2.71� 0.36 or 1.91� 0.81, Figure 6(g)).
As b2-GPI alone induced a vascular inflammatory pro-
file, we analyzed the expression of genes controlling
protein red-ox state, a critical feature of b2-GPI immu-
nogenicity and physiological functions.36,37 Both thio-
redoxin-1 and thioredoxin-1 reductase were selectively
up-regulated in hypoxic ihBMEC exposed to b2-GPI
(28.93� 3.64 and 5.12� 1.34, fold-change than CTRL
vehicle, mean� SD, Figure 6(g)).

Discussion

The present study reports for the first time that: 1)
brain ischemia triggers the hepatic production of b2-
GPI; 2) b2-GPI deposits on the ischemic endothelium
and extravasates in the parenchyma as early as 90’ after
the ischemic onset; 3) b2-GPI tags stressed neurons and
participates, in association with the complement
system, to their clearing through phagocytosis; 4) b2-
GPI alone induces damage to the ischemic endotheli-
um. As such, we propose b2-GPI as a new mediator of
brain injury after ischemic stroke.

Most of what is known about b2-GPI regards its
role in APS, a clinical condition characterized by for-
mation of thrombi, where b2-GPI is a target of aPL.
APS patients experience different neurological compli-
cations, among which stroke represents the most fre-
quent event (5.3%) followed by transient ischemic

attack as the second-most frequent (4.7%) event, per

report.38 Moreover APS is the most common cause of

stroke in young adults - less than 45 years-old.39

Besides the targeting of the cerebral circulation, a

direct effect of b2-GPI on brain resident populations

has been suggested, but never demonstrated directly.
Our ischemia/reperfusion murine model induced the

overexpression of ApoH gene (coding for b2-GPI) in

the liver and increased b2-GPI circulating levels at 48 h

after ischemic onset. Whether ApoH overexpression

depended on specific transcription factors stimulated

by post-stroke inflammation needs to be explored.

We hypothesize that ApoH overexpression was a feed-

back response to the usage of the circulating protein

after ischemia - as suggested by the decrease of b2-GPI

circulating levels at 90’ after tMCAo compared to

sham - inducing its liver production. In line with circu-

lating protein usage, we detected b2-GPI on the ische-

mic endothelium as well as in the brain parenchyma,

starting from 90’ – a time point when the ischemic

vessel leakage is already in place40 - and lasting till 7d

after the ischemic onset. Brain cells do not express

ApoH, nor do blood cells, thus all brain parenchymal

b2-GPI had liver origin. At 90’ after tMCAo brain

parenchymal b2-GPI localized on early apoptotic neu-

rons exposing phosphatidylserine – recognized by

annexin V – bearing a negative charge. Literature

reports that anionic surfaces are among the possible

targets of b2-GPI, exploiting the positive charges locat-

ed on its domain 5 (D5). On binding to negatively

charged epitopes – such as phosphatidylserine - b2-
GPI exposes completely the D1 domain, which may

be normally hidden.6,41,42 We here show that b2-GPI

linked to apoptotic neurons’ exposed phosphatidylser-

ine, visualized by annexin V staining. This binding

induced the exposure of D1, visualized using the mini-

body specifically designed for b2-GPI D1. At 48 h after

tMCAo, terminal apoptotic neurons – positive for

TUNEL assay – were still recognized by open (D1

Figure 6. Continued
control. Bars at mean and dot plots � sd, n ¼ 4 wells. Multiple t-tests, *p < 0.05. (c) Brightfield images showing the presence of
insoluble bodies after re-oxygenation of normoxic or hypoxic ihBMEC with both b2-GPI and MBL. These insoluble bodies were not
seen in the well after medium collection for further analysis. (d) Culture media collected after re-oxygenation were analyzed with a
sandwich ELISA coating the plates with MBB2. Hypoxic ihBMEC exposed to both b2-GPI and MBL showed increased interaction
between the two proteins than normoxic cells (CTRL) or those exposed to 30% human serum or MBL alone. (e, e0) Culture media
after re-oxygenation with b2-GPI and MBL was spotted on glasses for microscopy. TUNEL showed few apoptotic cells (red) within
conglomerates (visualized by differential interference contrast, DIC) seen in either control or hypoxic cells (arrows, e).
Immunofluorescence using MBB2 showed the presence of b2-GPI (green) associated with the conglomerates in both conditions (e0).
Scale bars ¼ 10mm. (f) IL-6 was dosed on the collected media. IL-6 levels increased in hypoxic ihBMEC exposed to 30% human serum,
b2-GPI or b2-GPI þ MBL compared to CTRL. Bars at mean and dot plots � sd, n ¼ 3-4 wells. Multiple t-tests, **p < 0.01, ***p <
0.001. (g) Real time RT-PCR measuring inflammatory gene expression in ihBMEC after re-oxygenation. Thrombomodulin was over-
expressed in hypoxic ihBMEC after 30% human serum, b2-GPI or b2-GPI þ MBL. IL-1a was over-expressed in hypoxic ihBMEC after
30% human serum or b2-GPI. Thioredoxin-1 and thioredoxin-1 reductase were over-expressed selectively in hypoxic ihBMEC exposed to
b2-GPI. Bars at mean and dot plots � sd, n ¼ 3-4 wells. Multiple t-tests, *p < 0.05, **p < 0.01, ***p < 0.001.
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exposing) b2-GPI. At this time, open b2-GPI co-
localized also with complement C3 - an opsonin
required for cell clearance through phagocytosis - in
line with b2-GPI function as a complement regulator.43

The antibody used to localize C3 does not distinguish
the native from the cleaved form so that we cannot
conclude that b2-GPI co-localized with activated C3.
We previously showed that the presence of C3 in the
brain increases after tMCAo, but is not seen in mice
deficient for MASP-2, the main serine protease associ-
ated to lectin pathway activation.44 Moreover MASP-2
deficient mice are neuroprotected from brain ischemia,
lending support that C3 present in the brain is impli-
cated in neuronal damage. While the functional rela-
tionship between b2-GPI and C3 deposited on neurons
is not clear, the early detection of b2-GPI on stressed
neurons suggests that this protein may be considered
an early marker of damaged neurons before C3 depo-
sition and eventual clearance.

b2-GPI D1 can bind low density lipoprotein recep-
tors present on macrophage membrane, an event facil-
itating the engulfment of b2-GPI-phosphatidylserine
and b2-GPI-apoptotic cell complexes.10 At 48 h we
observed that b2-GPI positive neurons were recognized
and surrounded by tissue macrophages highly positive
for CD68, a lysosomal marker,45 committed to active
phagocytosis, thus suggesting a b2-GPI involvement in
neuronal clearing after brain ischemia.

Data in vivo showed that b2-GPI also targets brain
ischemic vessels, implying its potential role in stroke
secondary thromboinflammatory mechanisms. Blood-
borne cascades like coagulation, contact/kinin, and
complement system act on the ischemic vascular com-
partment46 and contribute to stroke pathogenesis, as
reported in experimental models16 and humans.47 We
previously reported in the same murine model of stroke
used here, that thromboinflammatory mechanisms
driving post-stroke vascular damage are coordinated
by mannose-binding lectin (MBL), a recognition mol-
ecule starting the lectin pathway of the complement
system.14,16 MBL recognizes highly glycosylated pro-
teins, making b2-GPI a putative target. In line with
this, MBL was recently reported to bind b2-GPI in
vitro, although independently of b2-GPI glycosyla-
tion.13 We here analyzed their interaction on the ische-
mic vessels by immunofluorescence. We focused on the
48 h time point, when the ischemic lesion is fully devel-
oped and b2-GPI as well as MBL-C - the MBL murine
isoform with similar carbohydrate specificity than the
human protein48,49 – are seen on ischemic vessels
(shown here and in20). b2-GPI and MBL-C showed a
very weak co-localization, even when found on the
same vessel. Superresolved microscopy by SIM identi-
fied few overlapping voxels between the two signals.
Thus a molecular interaction between b2-GPI and

MBL - which was previously shown on the femoral
artery of an APS patient13 - cannot be ruled out.
However our data suggest that the two proteins have
very rare interactions on the brain ischemic vessel lumi-
nal surface. At variance we detected a clear-cut fluid
phase b2-GPI interaction with MBL-C, but not with
MBL-A, in tMCAo mice plasma. b2-GPI and MBL-C
interacted biphasically, possibly due to plasma protein
availability resulting from a net balance between the
consumed (used for target binding) and synthetized
(produced by the liver) proteins. Their interaction
was indeed observed as early as 90’, when constitutive
protein levels may be still sufficient, and at 4d after
ischemia, following the peak of liver gene expression
for both molecules (at 48 h, reported here and in34)
Notably in the sandwich ELISA we trapped (caught)
b2-GPI on MBB2-coated plates and revealed the MBL
isoforms with appropriate antibodies. The finding that
MBL-C interacts with b2-GPI indicates that brain
ischemia offered activatory stimuli favoring their inter-
action, which was not observed in plasma from non-
ischemic mice. We also propose that MBL-C binding to
b2-GPI did not use its D1. This latter hypothesis has
been formulated based on the fact that the D1 was still
available to MBB2 binding in the sandwich ELISA,
and parallels recent findings showing that MBL binds
preferentially D2 and D4 of b2-GPI, in a glycosylation
independent manner.13

Comparing MBL murine isoforms, MBL-C is the
less efficient complement activator, moreover its
usage following ischemia is delayed than MBL-A.
Nevertheless MBL-C has a detrimental role in stroke
pathophysiology,34 lending support to its implication
in secondary thromboinflammatory mechanisms, that
likely involve its interaction with b2-GPI.

The apparent discrepancy between fluid-phase and
tissue b2-GPI:MBL interaction might depend on dif-
ferent reasons, namely 1) the analyzed time points: in
the first hours after tMCAo MBL has been reported to
act mainly in circulation, where it binds platelets induc-
ing their inflammatory profile.16 2) b2-GPI:MBL inter-
action occurs selectively in thrombi. If this is the case,
we could be unable to detect the small clots in brain
microvessels after tMCAo,50 because they were washed
during the perfusion fixation procedure to sacrifice the
mice. 3) That the sandwich ELISA caused the forma-
tion of b2-GPI:MBL complexes in the well.

To dissect the vascular effects of b2-GPI we used an
in vitro model of ischemia/reperfusion on cultured
microvascular cells of human origin (ihBMEC14). b2-
GPI and MBL deposition was seen on ischemic
ihBMEC, with no co-localization. A fluid phase b2-
GPI:MBL interaction was seen in culture medium
from ischemic ihBMEC after 4 h re-oxygenation in
presence of the two proteins. The in vitro model
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therefore mirrored what observed in vivo. Interestingly
the presence of both b2-GPI and MBL during re-
oxygenation was associated to the formation of insol-
uble bodies in the culture medium. This event was seen
either in normoxic or hypoxic ihBMEC and possibly
contributed to cell death in both conditions. Insoluble
bodies contained few apoptotic cells, thus offering a
target for b2-GPI that was indeed visualized on insol-
uble bodies by immunofluorescence.

We next analyzed the vascular response to ischemia/
reperfusion in presence of b2-GPI and/or MBL in
terms of IL-6 release. IL-6 has a pleiotropic role in
inflammation,51 including the induction of acute
phase protein such as MBL,52 and is a key proinflam-
matory mediator in stroke53 acting in a self-amplifying
network upon its release by brain resident cells.54

Moreover IL-6 has been proposed like a modulator
of aPL-mediated activation of endothelial cells.55

Nevertheless, b2-GPI in the absence of aPL was
shown to modulate serum levels of IL-6 when admin-
istered intravenously to healthy mice.56 We here report
that hypoxic ihBMEC re-oxygenated in presence of
human serum had increased IL-6 release in culture
medium. We also measured a clear IL-6 release in hyp-
oxic ihBMEC re-oxygenated in presence of b2-GPI
alone, suggesting that b2-GPI could induce an early
pro-inflammatory milieu on the endothelium after
stroke. Interestingly we observed lower IL-6 release in
the hypoxic medium when b2-GPI was co-incubated
with MBL, supporting the idea that MBL could bind
and thus retain in the fluid phase part of b2-GPI. The
lower IL-6 release by ihBMEC re-oxygenated with
both b2-GPI and MBL may also be due to the presence
of fewer cells in the well compared to other conditions.
In fact we observed decreased ihBMEC viability after
re-oxygenation with both b2-GPI and MBL in nor-
moxic and hypoxic cells.

Hypoxic ihBMEC re-oxygenated with human serum
also up-regulated thrombomodulin and IL-1a, two
markers whose up-regulation is associated with
stroke-induced vascular inflammation.57–59 Similarly
to what observed for IL-6 release, b2-GPI alone
induced thrombomodulin and IL-1a up-regulation in
hypoxic ihBMEC, lending further support to b2-GPI
ability to induce a vascular inflammatory profile.

We noticed that fluolabelled b2-GPIcy5.5 did not
induce the same pro-inflammatory effects than bare
b2-GPI. As a possible explanation, we hypothesized
that the Cy5.5 tag influenced the ability of b2-GPI to
switch its red-ox state and thus affected b2-GPI immu-
nogenicity and functions.36,37 The expression of thiore-
doxin-1 and thioredoxin-1 reductase in hypoxic
ihBMEC was up-regulated after re-oxygenation with
bare b2-GPI, suggesting that the red-ox state of the
protein may be a key feature in b2-GPI role after

stroke. We did not observe the same gene up-
regulations when b2-GPI was co-incubated with
MBL, lending further support to MBL’s ability
to bind and possibly retain in the fluid phase part of
b2-GPI.

In conclusion our data points at b2-GPI like a medi-
ator of injury in the ischemic brain. While the patho-
genic role of b2-GPI and its potential interaction with
MBL need to be clarified, its presence on stressed brain
structures (e.g. apoptotic neurons and ischemic vessels)
demonstrates b2-GPI’s ability to target the brain, thus
explaining why neurological complications are
common in APS patients. Moreover, having identified
for the first time a b2-GPI involvement in stroke even
in absence of auto-antibodies, our work provides new
insights into the protein pathophysiological role and
makes b2-GPI a new candidate therapeutic target
deserving further investigations.
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