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The blood-brain barrier (BBB), a critical guardian of communication
between the periphery and the brain, is frequently compromised in
neurological diseases such as multiple sclerosis (MS), resulting in the
inappropriate passage of molecules and leukocytes into the brain.
Here we show that the glucocorticoid anti-inflammatory messenger
annexin A1 (ANXA1) is expressed in brain microvascular endothelial
cells, where it regulates BBB integrity. In particular, ANXA1~~ mice
exhibit significantly increased BBB permeability as a result of disrup-
ted interendothelial cell tight junctions, essentially related to changes
in the actin cytoskeleton, which stabilizes tight and adherens junc-
tions. This situation is reminiscent of early MS pathology, a relation-
ship confirmed by our detection of a selective loss of ANXA1 in the
plasma and cerebrovascular endothelium of patients with MS. Impor-
tantly, this loss is swiftly restored by i.v. administration of human
recombinant ANXA1. Analysis in vitro confirms that treatment of
cerebrovascular endothelial cells with recombinant ANXA1 restores
cell polarity, cytoskeleton integrity, and paracellular permeability
through inhibition of the small G protein RhoA. We thus propose
ANXA1 as a critical physiological regulator of BBB integrity and sug-
gest it may have utility in the treatment of MS, correcting BBB func-
tion and hence ameliorating disease.

he presence of narrow and dense tight junctions between ad-

jacent endothelial cells is peculiar to the cerebral vasculature,
and their integrity is essential for the maintenance of correct
blood-brain barrier (BBB) function as the primary regulator of
cross-talk between the brain and the rest of the body (1). Increasing
evidence indicates that the integrity of this structural and func-
tional barrier is compromised in neurological conditions such as
multiple sclerosis (MS), Alzheimer’s, and Parkinson diseases,
leading to the failure of the normal mechanisms controlling pas-
sage of substances into the brain (2) and to the sensitization and/or
worsening of pathologic conditions. Pharmacological intervention
to prevent or correct BBB alteration in such diseases is a difficult
task, but potential therapeutic leads can be gained from the study
of endogenous mediators regulating barrier integrity.

Annexin A1l (ANXAL1) is an important anti-inflammatory pro-
tein, principally known as a regulator of peripheral leukocyte mi-
gration and a promoter of macrophage phagocytosis (3). ANXA1
is expressed in several cell types within the brain, including epen-
dyma and microglia, but in particular in the endothelium of the
brain microvasculature (4), although its role in these cells remains
obscure. We have previously shown glucocorticoids to up-regulate
expression of ANXALI in the cerebral endothelium (5), and, given
that glucocorticoids enhance BBB tightness (6), we hypothesized
that ANXA1 may play a role in the regulation of BBB perme-
ability. Through combined in vitro and in vivo approaches, we have
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identified a dual role for ANXA1 in organizing the interendothelial
cell tight and adherens junctions: (i) endogenously through its
interactions with the actin cytoskeleton, and (ii ) exogenously in
an autocrine/paracrine via formyl peptide receptor 2 (FPR2),
leading to the down-regulation of RhoA GTPase activity. To-
gether, these two actions of ANXA1 regulate paracellular per-
meability in the BBB, and provide a major contribution to BBB
integrity and function. Moreover, we describe a selective down-
regulation of ANXAI expression in the plasma and cerebral
microvascular endothelia of patients with MS, strongly suggesting
an explanation for the BBB dysfunction that is a typical early sign
of this disease. All these findings pinpoint ANXALI as a critical
component of the BBB endothelium contributing to barrier in-
tegrity. Its autoparacrine role and the loss in patients with MS
highlight the potential utility of the protein or its peptidomi-
metics as a therapeutic target for pathologic processes charac-
terized by compromised BBB function, such as MS.

Results

AnxA1~'~ Mice Show Constitutively Elevated BBB Permeability. As
ANXAL expression is modulated by steroids in the brain micro-
vascular endothelium (5), we examined the effect of its deletion in
AnxA1~~ mice in vivo through assessment of endothelial per-
meability by using a range of different approaches, namely MRI,
transendothelial transport of Evans blue-labeled albumin, and
extravasation of serum IgG.

Comparison of MRI signals from adult male WT and AnxA1~~
mice following i.v. administration of dimeglumine gadopentetate
tracer (0.5 mM, 100 pL) revealed considerable leakage of contrast
medium into the brain parenchyma in AnxA1~/~ animals, whereas
no changes before and after contrast agent administration were
observed in WT littermate controls (Fig. 14). Similarly, following
i.v. injection of Evans blue dye, spectrophotometric analysis of
brain dye content revealed significantly greater leakage in KO
animals than their WT counterparts (Fig. 1B). The enhanced BBB
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permeability was confirmed immunohistochemically: AnxAl
mice exhibited IgG extravasation in the brain parenchymal whereas
no IgG deposits were observed in WT littermates (Fig. 1C).

Expression and Distribution of Tight and Adherens Junction Proteins
Are Disrupted in AnxA1~'~ Mice. As barrier integrity is almost ex-
clusively mediated by the tight and adherens junctions, we tested
the hypothesis that the absence of ANXAI1 could disrupt/perturb
them. We investigated the distribution of the key tight junction
molecule occludin and the adherens junction component vascular
endothelial (VE)-cadherin by confocal microscopy. Both proteins
revealed significant organizational disruption in AnxA17~ mice
(Fig. 1D), although similar disruptions were not seen in the tight
junction molecules claudin-5 or zona occludens-1 (Fig. S14 and B),
nor were alterations seen in the expression of the p-glycoprotein
transporter MDR-1a (Fig. S1C) or other cellular and macromo-
lecular components of the BBB, such as astrocytic end-feet, peri-
cytes, or the basal lamina (Fig. S1D). Notably, histological analysis
of kidney cortex, an unrelated tissue rich in tight junctions, revealed
no evident occludin disorganization in AnxA1~~ mice compared
with WT animals (Fig. S1E), supporting the endothelium-specific
nature of these differences. Further analysis by Western blot revealed
a significant reduction in occludin and VE-cadherin content in the
insoluble, membrane-associated fraction of cortical homogenates in
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Fig. 1. BBB permeability is constitutively raised in
AnxA1~~ mice. (A) T1-weighted dynamic contrast
MRI series of coronal cranial sections taken at vari-
ous distances from bregma of WT and AnxA17/~
mice. Brighter areas show increased dimeglumine
gadopentetate leakage. Typical profile with n =5
mice per genotype. (B) In vivo assessment of BBB
paracellular permeability via Evans blue dye ex-
travasation. Evans blue (100 pL 2% solution) was
injected i.v. into WT or ANnxA1~~ mice (n = 6) and
allowed to circulate for 1 h. Brain dye content was
then assessed spectrophotometrically and normal-
ized to plasma levels. Data are means + SEM (*P <
0.05 vs. WT). (C) Extravasation of IgG into brain
parenchyma in WT and AnxA1~~ mice. Tissue nuclei
are stained with DAPI (blue), laminin (green) stain-
ing delineates the basement membrane of capil-
laries, and arrows indicate points of mouse I1gG (red)
distant from the blood vessels. (Scale bar: 10 pm.)
(D) Immunofluorescent analysis of claudin-5, ZO-1,
occludin, and VE-cadherin in cortical sections (20 pm)
from WT and AnxA1~~ mice reveal disordered locali-
zation of occludin and VE-cadherin, but not claudin-5
or ZO-1; typical images from n = 6 mice per geno-
type. (Scale bar: 10 um.) (E and F) Typical Western
blot analysis of soluble and insoluble occludin (E)
and VE-cadherin (F) content in cortical extracts from
WT and AnxA1~~ mice, alongside p-actin loading
controls. Histograms indicate densitometric anal-
ysis of blots, expressed as mean + SEM (n = 3 in-
dependent experiments, each with n = 4 male
samples/genotype; *P < 0.05 vs. WT). (G and H)
Confocal microscopic analysis of occludin (G) and
VE-cadherin (H) expression in isolated cortical capil-
laries from WT and AnxA 1™~ mice in vitro. Nuclei are
labeled with DAPI, endothelial cells were identified
by immunofluorescent detection of CD31 (green), and
occludin and VE-cadherin are immunofluorescently
labeled in red (typical images from n = 3 indepen-
dent preparations; 511-nm optical sections. (Scale
bar: 10 pm.)
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AnxA17~ mice (Fig. 1 E and F). These data were confirmed by
analysis of cerebral microvascular capillaries in vitro, in which dis-
rupted organization and expression of occludin and VE-cadherin
were apparent in vessels from AnxA1~~ mice compared with those
from WT counterparts (Fig. 1 G and H). Importantly, as ANXAL is
amember of a large family of mammalian annexins (7) we examined
possible compensatory changes in the closely related annexins A2
and AS in isolated mouse brain vessels. No changes were apparent in
expression of annexin A5, but there appeared to be an up-regulation
in annexin A2 expression (Fig. S2), suggesting that, although com-
pensation may have occurred, this is not sufficient to restore the loss
of BBB function seen upon deletion of ANXAL.

ANXA1 Regulates Paracellular Permeability in an in Vitro Model of
BBB. To examine the mechanisms underlying the increased BBB
permeability and disrupted interendothelial junctions seen in
AnxA1~'~ mice, we used the human immortalized brain endo-
thelial cell line hCMEC/D3 (8), a powerful tool widely used to
investigate BBB physiology (9). We created stable clonal lines of
these cells bearing full-length ANXA1 (FL) or an antisense se-
quence to ANXAI (AS) (10) (Fig. S3 and Table 1), and char-
acterized their barrier characteristics in tissue culture. By using
a well-established method to examine the paracellular perme-
ability of a monolayer of cells (11), we showed that AS clones had

PNAS | January 15,2013 | vol. 110 | no.3 | 833

PHYSIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209362110/-/DCSupplemental/pnas.201209362SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209362110/-/DCSupplemental/pnas.201209362SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209362110/-/DCSupplemental/pnas.201209362SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209362110/-/DCSupplemental/pnas.201209362SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209362110/-/DCSupplemental/pnas.201209362SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209362110/-/DCSupplemental/pnas.201209362SI.pdf?targetid=nameddest=SF3

L T

z

1\

BN AS PN AN D

Table 1. hCMEC/D3 clones release different amounts of ANXA1
into the cell culture medium

ANXA1/Released concentration,

Clone ng/mL
Mock transfected E3 4.563 + 0.095
Antisense 4 3.33 £ 0.186*
Full length 11 5.820 + 0.427*

Values presented as mean + SEM.
*P < 0.05 vs. mock-transfected cells.

significantly greater transendothelial permeability than untrans-
fected hCMEC/D3 cells, stable clones transfected with an empty
pRc/CMYV plasmid, or FL clones (Fig. 24), primarily because of
changes in paracellular rather than transcellular permeability. (No
significant endocytosis of the fluorescent dextran used was detected,
as shown in Fig. S4.) This finding was supported by studies showing
the same AS cells to have significantly reduced transendothelial
electrical resistance (Fig. 2B) compared with the other cell lines,
and, moreover, FL cells exhibited paracellular permeability even
lower than that of the untransfected hCMEC/D3 cells (Fig. 24).
The contribution of ANXA1 toward endothelial tightness was
confirmed by experiments in which administration of a neutral-
izing monoclonal antibody raised against ANXA1, but not an
irrelevant IgG control, significantly enhanced paracellular per-
meability (Fig. 2C) in untransfected hCMEC/D3 cells.

ANXA1 Paracellular Permeability Is Mediated by an Interaction with
Actin Cytoskeleton. Paracellular permeability across the cerebral
microvascular wall is controlled by the presence of tight and adhe-

AS4 AS100B FL5 FL11

rens junction complexes between endothelial cells (1), structures we
have shown to be markedly disrupted in the AnxA1~'~ mice.
Therefore, we first examined by EM the distribution of ANXA1
within hCMEC/D3 cells grown as a polarized monolayer. This
analysis revealed that the protein is localized in the proximity of
the cell membrane, and, most notably, is highly concentrated at
points of close cell-cell contact (Fig. 2D). As such points of close
contact between endothelial cells are the primary locations of
tight and adherens junctions, we examined the expression of tight
and adherens junction proteins in our FL and AS hCMEC/D3
clonal lines, finding a significant down-regulation in expression of
occludin and VE-cadherin in AS cells (Fig. S2), and, more im-
portantly, a clear loss in the normal peripheral organization of
occludin and VE-cadherin in AS cells (Fig. 2E).

The stability of tight and adherens junctions within the in-
tercellular connections is determined to a large extent by the actin
cytoskeleton, and in particular by interactions between the actin
cytoskeleton and the cell membrane (12). Hence, we examined the
distribution of fibrillar actin within WT, FL, and AS hCMEC/D3
cells. Whereas WT and FL cells showed strong cortical actin staining,
accompanied by the presence of clear stress fibers running parallel to
the longitudinal axis of the cell, AS cells exhibited a distorted actin
cytoskeleton, with a striking reduction in stress fibers, a marked al-
teration in cell shape and an apparent loss in polarity (Fig. 34).

Given the profound changes seen in the actin cytoskeleton and
loss of polarity of AS hCMEC/D3 clones, we investigated an
association between ANXA1 and the actin cytoskeleton. Initial
coimmunoprecipitation experiments identified a clear biochemical
interaction between ANXA1 and f-actin (Fig. 3B); this evidence
was supported through examination of points of ANXAI-
p-actin binding in WT hCMEC/D3 cells by using confocal mi-
croscopy and a proximity ligation assay (Duolink; Olink Bioscience;

Fig. 2. ANXA1 expression modulates in vitro par-
acellular permeability. (A and B) Paracellular per-
meability coefficients (A) and transendothelial

resistance (TEER; B) measured in WT hCMEC/D3
human brain microvascular endothelial cells or sta-
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ANXA1 (FL5, FL11); data are representative of at
least three independent experiments, performed in
triplicate, expressed as mean + SEM (*P < 0.05 vs.
WT clones). (C) Paracellular permeability of WT
hCMEC/D3 monolayers following exposure to a
neutralizing anti-ANXA1 antibody at 20 pg/mL for
3 h, compared with exposure to anirrelevant mouse
1gG isotype control (30 pg/mL); data are represen-
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tative of at least three independent experiments,
performed in triplicate, expressed as mean + SEM
(*P < 0.05). (D) EM analysis of Imnmunogold labeling
for ANXA1 in WT hCMEC/D3 cells grown as a polar-
ized monolayer on a transwell polycarbonate filter
reveals a striking localization of the protein at
points of cell-cell contact. Upper: Transverse image
through the cell monolayer. Lower: Vertical images
of cell contacts. (Scale bar: 200 nm.) (E) Confocal
microscopic analysis of VE-cadherin and occludin in
polarized monolayers of WT, FL11, and AS4 hCMEC/
D3 clones reveals marked disturbances in both
proteins in AS clones (typical example from n = 3
independent preparations). (Scale bar: 10 pm.)
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Fig. 3. ANXA1 regulates tightness through an interaction with the actin
cytoskeleton. (A) Rhodamine-phalloidin staining of F-actin in WT, FL11, and
AS4 hCMECD3 clones reveals a disorganized cytoskeletal structure in AS4
cells. (Scale bar: 10 pm.) (B) Coimmunoprecipitation analysis of ANXA1 and
B-actin interaction: Upper: Total cell extracts (250 pg) were immunoprecipi-
tated with 5 pg of a monoclonal anti-g-actin antibody, and Western blot was
performed with anti-ANXA1 antibody. Lower: Cellular extracts were immu-
noprecipitated with 5 ug of an anti-ANXA1 antibody, and Western blot was
performed with an anti-g-actin antibody. (C) Confocal microscopic analysis of
ANXA1 and p-actin colocalization determined by use of the proximity liga-
tion assay (PLA; red), and F-actin identified by rhodamine-phalloidin staining
(green) in WT hCMEQUD3 cells. Images are from a 400-nm optical section.
(Scale bar: 5 pm.) (D) Confocal microscopic analysis of the actin cytoskeleton
in isolated brain capillaries from WT and AnxA1~~ mice, identified by
staining nuclei with DAPI (blue) and F-actin with rhodamine-phalloidin (red;
typical images from n = 3 independent preparations). (Scale bar: 10 pm.)
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Fig. 3C). This technique, which identifies spatial points in which
ANXALI and p-actin are found within 40 nm of each other (13),
revealed clear colocalization of ANXA1 and cytosolic G-actin
(Fig. 3C). However, dense points of ANXAI1-f-actin colocaliza-
tion were also apparent alongside cortical F-actin fibrils, as de-
fined by rhodamine-phalloidin binding, again indicating a role for
ANXAL in the formation/stabilization of the actin cytoskeleton
and cell polarity. To confirm that these changes in hCMEC/D3
cells are representative of the situation in vivo, we examined
the F-actin cytoskeleton of primary cerebral capillaries from
WT and AnxA1~'~ mice, showing WT vessels to possess dense
bundles of longitudinally aligned actin fibers, in marked contrast
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to AnxA1~/~ vessels, in which only sparse actin fibers were evi-
dent (Fig. 3D).

In Vivo and in Vitro Rescue Effects of Recombinant ANXA1. We have
previously reported an autocrine/paracrine activity of ANXA1 in
the control of pituitary adrenocorticotropin release (14) and in
the blockade of monocyte migration across the inflamed periph-
eral endothelium (15). Consequently, we investigated whether
a similar action of ANXAI1 could be identified in the restoration
of BBB function in vivo and in vitro. i.v. administration of 0.67 pg/
kg body weight (16) human recombinant ANXA1 (hrANXA1) to
AnxA1~~ mice 24 h before the administration of Evans blue dye
significantly reduced the degree of tracer extravasation into the
brain, effectively rescuing the AnxA1~~ phenotype of enhanced
BBB leakage (Fig. 44). This phenomenon could be mimicked by
the treatment of AnxA1™~ mouse brain microvascular endothe-
lial primary cultures or AS hCMEC/D3 clones with hrANXAT1 at
20 pg/mL, in which the protein was able to significantly reduce
paracellular permeability toward that of control cells (Fig. 4 B
and C) and to restore more normal actin organization (Fig. 4D),
closely correlating with our in vivo data.

To further investigate the mechanism whereby recombinant
ANXAL1 could rescue the permeability deficit seen in AnxAl1~~
mice or in AS clones, we analyzed the role of FPR2, which we have
previously shown to mediate the actions of ANXAI in different
cellular contexts (14, 17, 18). By using flow cytometry, we confirmed
the presence of FPR2 on the surface of hCMEC/D3 cells (Fig. 4E).
Infection of hCMEC/D3 cells with lentiviral shRNA targeting FPR2
significant down-regulated surface FPR2 expression (Fig. 4F),
leading to a basal increase in paracellular permeability, suggestive of
an autocrine/paracrine action of endogenous ANXAI; and a com-
plete abrogation of the response to exogenous ANXA1 (Fig. 4F).
These findings were further confirmed by administration of WRW,,
aspecific antagonist for FPR2 (19), which completely prevented the
decrease in paracellular permeability induced by ANXAL treat-
ment (Fig. 4G), confirming that exogenous ANXA1 acts through
FPR2. Furthermore, treatment of hCMEC/D3 cells with 20 pg/mL
hrANXAL induced a significant up-regulation in the proportion of
occludin, VE-cadherin (Fig. 4H), ZO-1, and claudin-5 (Fig. S5)
associated with the plasma membrane, supporting our hypothesis
that ANXAL affects tight junction expression and organization.

Following the identification of endogenous ANXA1 as a stabi-
lizer for fibrillar actin and consequently cell polarity, we assessed
the distribution of F-actin fibers or fibrils in WT and AS hCMEC/
D3 cells following treatment with hrANXAI1. Notably, AS cells
exhibited a clear lack of transcellular F-actin fibrils along with a loss
of lateral cellular polarity. However, treatment of the cells for 24 h
with 20 pg/mL hrANXAI restored a normal cellular polarity and
induced the appearance of clear transcellular F-actin fibrils (Fig.
5A). These microscopic data were confirmed by biochemical
analysis of the F/G actin ratio in the hCMEC/D3 cells treated
with 20 pg/mL hrANXA1 or not treated, with an increase in actin
polymerization being apparent within 3 h of treatment (Fig. 5B).

As we have identified ANXA1 to enhance paracellular perme-
ability through intracellular and extracellular actions, we sought to
identify the mechanism whereby the two pathways could be rec-
onciled. Treatment of WT hCMEC/D3 cells for 3 h or 24 h with
20 pg/mL hrANXALI1 induced a marked increase in intracellular
ANXAL (Fig. 64), a result supported by previous studies iden-
tifying a similar effect of bioactive ANXA1 N-terminal peptide
fragments upon total intracellular ANXAT1 (20).

However, this self-up-regulating action of ANXAL is not suffi-
cient to explain the rescue effect upon BBB integrity seen following
treatment of ANXA1-null mice with hrANXAL1. To explain this
phenomenon, we investigated the signaling pathways activated fol-
lowing binding of ANXAI1 to FPR2. As heterotrimeric G proteins
have been implicated in the control and regulation of the actin cy-
toskeleton and the maintenance of tight junction formation (21),
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and we have already shown ANXAI to regulate RhoA activity in
endocrine cells (14), we measured RhoA-GTPase activity in the WT
hCMEC/D3 cells and in ANXAL1 antisense clones. Whereas levels of
active RhoA were low in WT cells, activity was markedly increased in
antisense clones (Fig. 6B). Importantly, this activity was significantly
reduced by treatment with hrANXA1, indicating that the absence of
endogenous ANXAI permits excessive activity of RhoA, a factor
known to signal for enhanced paracellular permeability via increased
actin cytoskeleton instability (21). Thus, treatment of ANXA1 an-
tisense hCMEC/D3 clones with hrANXA1 limits RhoA activity and
stabilizes the actin cytoskeleton, enhancing the formation of tight
junctions and ensuring appropriate BBB integrity.

Expression of ANXA1 Is Selectively Lost from Cerebral Capillaries in
Patients with MS, but Not with Other Neurodegenerative Conditions.
As progressive breakdown of the BBB has been documented in
many major neurological disorders, including MS, Parkinson
disease, and Alzheimer’s disease (22), we examined the poten-
tial role of ANXALI in these conditions (Table S1). Through
immunofluorescent colocalization with the endothelial marker
protein CD31, we first confirmed the presence of ANXALI in the
cerebral microvasculature of neurological disease-free postmor-
tem human samples (Fig. 74, representative of all patients exam-
ined). However, although examination of samples from patients
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Fig. 4. Exogenous ANXA1 restores BBB integrity in vivo and in
vitro. (A) AnxA1~~ mice (n = 6) were pretreated i.v. with 0.67
ng/kg body weight hrANXAT1 in saline solution, and, after 3 h
or 24 h, were further injected with 100 pL of 2% Evans blue in
saline solution. Dye was allowed to circulate for 1 h before
brain dye content was assessed spectrophotometrically and
normalized to plasma levels (data are mean + SEM; *P < 0.05
vs. saline solution control). (B) Administration of 20 pg/mL
hrANXA1 at 3 h before analysis of paracellular permeability
significantly reduced permeability in primary brain endothelial
cells isolated from AnxA1-null mice and littermate controls;
data are representative of at least three independent experi-
ments, performed in triplicate, expressed as mean + SEM (*P <
0.05, *P < 0.05 vs. untreated WT). (C) Confocal microscopic
analysis of monolayers of primary mouse brain capillary en-
dothelial cells from WT and AnxA1~'~ mice, grown under po-
larizing conditions on Transwell filters, showing rhodamine-
phalloidin staining of F-actin in basal conditions and following
treatment for 3 h with 20 pg/mL hrANXAT1 (typical images from
n = 3 independent preparations). (Scale bar: 10 um.) (D) Ad-
ministration of 20 pg/mL hrANXA1 3 h before analysis signifi-
cantly reduced paracellular permeability in WT hCMEC/D3 cells,
and significantly restored permeability in AS clones toward
WT; data are representative of at least three independent
experiments, performed in triplicate, expressed as mean + SEM
(*P < 0.05). (E) Expression of FPR2 in untransfected hCMEC/D3
cells. Representative example of flow cytometric analysis of
FPR2 expression in untransfected hCMEC/D3 cells; at least
10,000 events were analyzed; histograms represent one of six
independent experiments. (F) Infection of hCMEC/D3 cells with
shRNA targeting FPR2 (independent clones A-C), but not
a scramble sequence, significantly enhances basal permeability
and abolishes the decrease in permeability seen upon treat-
ment with hrANXA1 (20 pg/mL, 3 h); data are representative of
at least three independent experiments, performed in tripli-
cate, expressed as mean + SEM (*P < 0.05, *P < 0.05 vs. un-
treated WT cells). (G) Administration of the FPR2 antagonist
WRW, at 5 pM 10 min before treatment with 20 pg/mL ANXA1
blocked the effect of ANXA1 on paracellular permeability;
data are representative of at least three independent experi-
ments, performed in triplicate, expressed as mean + SEM (*P <
0.05). (H) Administration of 20 pg/mL hrANXA1 to WT hCMEC/
D3 cells induces an up-regulation of membrane-associated (i.e.,
insoluble) occludin and VE-cadherin expression as measured by
Western blot. Data are representative of at least three in-
dependent experiments.

O Untreated
B hrANXA1

with Parkinson disease revealed that expression of ANXA1 was
maintained within the cerebral capillaries, ANXA1 was not de-
tectable in those patients (Table S2) who had died with MS (Fig.
7B, representative of all patients examined). The loss of ANXA1
was moreover highly cell-specific, being limited to capillary endo-
thelial cells of the BBB brain parenchyma, as leukocytes and other
sites of brain ANXA1 expression, such as the ependyma, choroid
plexus, and meningeal vessels, remained highly immunoreactive
(Fig. 7C). Intriguingly, this was paralleled by a significant reduction
in circulating ANXAL1 in the plasma of patients with MS but not in
age- and sex-matched healthy donors (Fig. 7D and Table S2). To
examine the consequences of these two disease-related phenomena,
we studied the effect of plasma from patients with MS upon BBB
permeability by using the in vitro hCMEC/D3 model. Exposure to
plasma from patients with MS induced a significant increase in
transendothelial paracellular permeability, a finding closely cor-
relating with a plasma-induced reduction in endothelial ANXA1
expression (Fig. 7E), and an effect moreover not seen in cells ex-
posed to plasma from healthy donors. Furthermore, addition of
hrANXALI to plasma from patients with MS limited the increase in
paracellular permeability seen upon exposure of hCMEC/D3 cells
to the plasma (Fig. 7F). These data, together with the studies of the
molecular and cellular actions of ANXA1 in the maintenance of
BBB integrity, strongly indicate a significant role for ANXAL1 in
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shown to restore the abnormal cytoskeletal morphology seen in AS4 clones.
(Scale bar: 10 pm.) Histograms represent intensity profiles of p-actin staining
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(insoluble) B-actin in hCMEC/D3 cells treated with 20 pg/mL hrANXA1 for 3 h
or 24 h, or with 10 uM of the actin-depolymerizing agent latrunculin (Sigma-
Aldrich) for 1 h. Histograms represent analysis of three different experi-
ments, performed in triplicate; data are mean + SEM (*P < 0.05 vs. un-
treated, P < 0.05 vs. 3 h and 24 h treated samples and untreated).

BBB function, and highlight potential new avenues for therapeutic
application in MS.

Discussion

The indispensible role of tight junctions in maintaining the in-
tegrity of the BBB, and their disruption in neurological diseases
such as MS, suggest that therapies targeted to components of the
tight junction complex or its regulatory factors hold significant
promise for the treatment and prevention of disease. Our in vivo
data show that BBB permeability is significantly greater in
AnxA1~/~ mice than in WT controls, a permeability defect that
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could be reversed by 24 h of treatment with hrANXA1. Com-
plementary evidence obtained from the human brain microvas-
cular endothelial cell line hCMEC/D3 showed ANXA1 expression
to correlate with expression of tight junction proteins and, most
importantly, with the stability of the actin cytoskeleton, regulating
cellular polarity and consequent tight and adherens junction for-
mation. Together, this work places ANXALI at the center of the
systems regulating BBB permeability, and highlights its role in the
physiology of the cerebral microvasculature.

We have identified a number of pathways through which ANXA1
can regulate the cytoskeleton, principally through its interactions
with p-actin. Among these is the direct binding of ANXA1 and
B-actin, which, intriguingly, appears mainly, but not exclusively, to
involve cytosolic rather than fibrillar actin. Given that ANXA1
appears to bind predominantly to soluble G-actin, it is tempting to
speculate on a potential role for the protein in the stabilization of
actin oligomers before addition to the growing cytoskeleton (23), an
idea supported by the accumulation of points of ANXA1 and
B-actin colocalization alongside F-actin fibers, and previous work
showing ANXALI to limit the inhibitory actions of profilin upon
actin fiber elongation (24, 25). Additionally, we have identified an
autocrine/paracrine action of ANXALI signaling via FPR2 to in-
hibit the activity of the small GTPase RhoA. As RhoA is known to
initiate a signaling pathway resulting in the destabilization of the
actin cytoskeleton, ultimately enhancing paracellular permeability
(21), such an effect of exogenous ANXA1 will significantly help in
maintaining BBB integrity. We propose that these two pathways
act in concert to maintain tight junction formation, and, through
this, preserve efficient BBB function (Fig. 8).

This second effect of ANXA1 may be particularly important
from a pharmacological point of view, as it highlights the impor-
tance of the G protein-coupled receptor FPR2 in the maintenance
of BBB structure and function, and suggests it may well be ame-
nable to future therapeutic targeting in conditions associated with
an impaired BBB, such as MS. This point is further reinforced by
our experiments (i) with the AnxA1-null mouse, in which, even in
the absence of intracellular AnxAl, we could induce a significant
phenotypic rescue through treatment with hrANXAT1; and (i) in
vitro, in which knock-down of FPR2 expression prevented the re-
storative effects of ANXAI, again highlighting the central role of
FPR2 and its potential for therapeutic exploitation.

Our finding of a selective loss of ANXALI expression in the cerebral
capillary endothelium of patients with MS is particularly important,
as it may go a long way in understanding the cause of the deficits in
BBB permeability seen in this disease (26). In particular, disrupted
occludin expression and distribution have been reported within the
microvascular endothelium of patients with MS (27), clearly paral-
leling our findings in AnxA1~~ mice and AS hCMEC/D3 clones. It is
important to note that endothelial ANXA1 down-regulation occurs
in normal-appearing white matter, a finding that may inform the
extensive discussion whether deficits in BBB permeability precede
leukocyte extravasation or are a consequence of immune cell accu-
mulation (28). In particular, our finding that ANXA1 down-regula-
tion occurs at sites distant from active lesions strongly suggests
a preexisting weakening of BBB integrity before leukocyte extrava-
sation and the development of active demyelination.

Previous reports have suggested beneficial (29) and detri-
mental (30) roles for ANXAL in the widely used animal model of
MS, experimental autoimmune encephalitis, a confusion height-
ened by evidence suggesting the expression of ANXA1 in disease
plaques in MS (31). Several reasons may underlie the lack of
clarity over the role of ANXALI identified by these studies, and the
discrepancy with some of our findings from human disease, not
least of which is the use of an animal model itself (32); however, it
is important to note that we have studied the role of ANXALI in
a defined cell/tissue type and the contribution the protein makes
to the maintenance of BBB integrity, rather than examining the
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tivity of the RhoA small GTPase in hCMEC/D3 cells. (A) Treatment of WT
hCMEC/D3 cells with 20 pg/mL hrANXA1 for 3 h or 24 h induces an up-reg-
ulation in endogenous ANXA1 expression; data are representative of at least
three different experiments, performed in triplicate, and are mean + SEM
(*P < 0.05 vs. untreated cells). (B) hCMEC/D3 cells transfected with an anti-
sense sequence to ANXA1 exhibit constitutively increased activity of the
small GTPase RhoA, an effect that can be reversed by treatment with 20 pg/
mL hrANXAT1 for 3 h. Thrombin (Thr; used at 1 IU/mL in serum-free medium
for 8 min) was used as a positive control. Data are representative of at least
three independent experiments.

multiple complex interacting systems that may be involved in
a whole animal model of disease.

ANXAL1 is well known as a mediator of glucocorticoid action in
many body systems (33). In particular, we have previously shown
glucocorticoids to limit leukocyte extravasation through the in-
duction of ANXAI release, whereupon ANXAL1 binds to the oyf;
integrin VLA, blocking leukocyte adhesion to the endothelium
(15). Although studies have focused on leukocyte-derived ANXA1
binding to asp; integrin, the endothelium may also serve as a source
of circulating ANXAI, constitutively limiting leukocyte adhesion.
As cerebral microvascular endothelial ANXAT1 is down-regulated
in MS, this may permit excessive leukocyte adhesion, and impair
the ability of the BBB to prevent immune cell extravasation, a point
reinforced by the use of natalizumab as a therapeutic strategy for
this disease (34), given that the target of this monoclonal antibody
therapy is the same a4f; integrin targeted by ANXAL. Moreover,
glucocorticoids are themselves used as therapeutic agents in the
treatment of MS (6), and the up-regulation of ANXA1 we have
previously shown to occur following their administration (5) may
underlie at least part of their therapeutic effect, restoring BBB
function and correcting regulation of the brain parenchymal mi-
croenvironment. Importantly, our data further suggest a potential
pharmacological role for ANXALI itself in the treatment of BBB
failure, as in vivo and in vitro studies revealed the ability of exog-
enous protein to restore BBB integrity, acting through FPR2 and
modulating actin polymerization (Fig. 8), as we have previously
reported (14).

A question remains why ANXAT1 appears to be selectively down-
regulated in the BBB endothelium in MS, but not in conditions such
as Parkinson or Alzheimer’s diseases, which are also associated with
a degree of BBB breakdown (35, 36). At present, the reasons for
this difference are unclear, but may reflect a brain-intrinsic source
of degeneration and inflammation in Parkinson and Alzheimer’s
disease, as opposed to the inappropriate activation of the periph-
eral immune system seen in the autoimmune disease MS. This idea
is indirectly supported by independent previous reports indicating
that serum from patients with MS can decrease transendothelial
resistance in vitro (37), and that such serum can induce a down-
regulation in ANXA1 among other proteins (38). Our data
confirm and extend these two studies, not only providing a clear
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rationale for a correlation between ANXA1 expression and
changes in BBB permeability in MS, but also revealing a potential
therapeutic strategy aimed at reversing the defect in BBB func-
tion seen in MS.

Together, our findings may have important consequences
for our understanding of the BBB response to inflammation, as
exposure to proinflammatory cytokines, e.g., TNF-a and IFN-y,
has been shown to disrupt the BBB endothelium via RhoA (39)
and PLA,-dependent pathways (40). As we and others have
shown ANXAL to inhibit sSPLA; and cPLA, activity (10, 41), and
our present and previous work suggests ANXAI interacts with
RhoA (18), it is plausible to suggest that ANXAIL may well be
able to limit inflammation-associated BBB breakdown. If con-
firmed, this would represent a novel neuroprotective mechanism
of action of ANXA1 and could thus have high potential utility in
the treatment of BBB disruption.

Much exciting progress has been, and is being made, in un-
derstanding the molecular basis of BBB structure and function, and,
although some details remain obscure, the tight junction appears to
be at the convergence of multiple cellular signaling pathways reg-
ulating paracellular permeability. Our finding of a central role for
the endogenous protein ANXAL1 in these processes, and, more
importantly, the potential for exogenous administration of this
protein to rescue defects in BBB function, highlight the importance
of studying endogenous mediators to provide new indicators for
therapeutic approaches, with promise for the treatment of severe
CNS diseases such as MS.

Methods

Human Tissue. Human postmortem samples were taken from the prefrontal
cortex of cases of neuropathologically confirmed MS and Parkinson disease
cases and from nonneurologic controls; brains were retrieved from the UK
Multiple Sclerosis Society and UK Parkinson Disease Society tissue banks at
Imperial College London. Brains were selected according to the following
criteria: (i) availability of full clinical history, (i) no evidence of cancer
postmortem, and (i) negligible atherosclerosis of cerebral vasculature.
Demographic data for the samples used are described in Table S1. Tissue was
fixed in 10% (vol/vol) buffered formalin and embedded in paraffin. From
each paraffin block, 8-um sections were cut and used for immunohisto-
chemistry as described later. Human plasma samples from patients with MS
and healthy donors were used to measure ANXA1 content by ELISA as
reported previously (18).

Animal Experiments. Four-month-old male C57BL/6 WT or ANXA1~"~ mice (42)
were bred in house, with all ANXA1~~ mice being genotyped by PCR before
use. BBB permeability was assessed in vivo by administration of Evans blue
dye as described previously (43). In some experiments, hrANXA1 was ad-
ministered i.v. at 0.67 pg/kg body weight as previously described (16) before
Evans blue dye injection.

MRI. MRI of anesthetized WT and AnxA1-null mice was performed by using
a 9.4-T Varian Direct Drive system and quadrature volume head RF coil. The
MRI protocol consisted of dynamic contrast acquisitions with a multislice T1-
weighted gradient echo with a fixed 30° flip angle (repetition time, 132 ms;
echo time, 2.77 ms; field of view, 20 x 20 mm; matrix size, 128 x 96, 24 con-
tiguous transverse slices of 0.6 mm covering the whole brain). A total of
50 volumes were acquired, with 100 pL of 0.5 mM dimeglumine gadopentetate
(Magnevist; Schering) administered directly after the 14th volume at a rate
of 3.3 pL/s. TOPPCAT software* was used to create quantitative maps of frac-
tional blood volume.

hCMEC/D3 Cells. The immortalized human brain microvascular endothelial cell
line, hCMEC/D3, was cultured in tissue culture flasks coated for 2 h at 37 °Ciin
rat tail collagen type I solution as recommended by the manufacturer (BD
Diagnostics) and in EBM-2 medium (Lonza) supplemented with VEGF (unless
otherwise stated), IGF1, EGF, basic FGF, hydrocortisone, ascorbic acid,

*Barboriak DP, et al. International Society for Magnetic Resonance in Medicine Workshop
on MR in Drug Development: From Discovery to Clinical Therapeutic Trials, April 2-3,
2004, McLean, VA.
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gentamycin, and 2.5% (vol/vol) FBS as provided and recommended by the
manufacturer, giving microvascular endothelial cell medium-2. Cultures
were maintained at 37 °Cin 5% CO,, replaced with fresh medium every 3 d,
and split when they reached 70% confluence.

Stable hCMEC/D3 cell lines were produced by transfection with an empty
pR/CMV plasmid or constructs bearing the full length or an antisense se-
quence for human ANXA1 (10) using HiFect according to manufacturer
instructions (Lonza). Cells were screened for analysis of ANXA1 expression by
flow cytometry and for expression of the neomycin resistance cassette by RT-
PCR according to standard protocols (44).

Primary Cerebral Capillary Isolation and Culture. Capillaries were extracted
from the cortex of 4-mo-old WT or AnxA1-null mice according to published
protocols (43). Isolated vessels were put in culture for further analysis (e.g.,
paracellular permeability) or fixed in 2% (wt/vol) PFA for 15 min, washed
twice in 0.05 M PBS solution, and immunostained as described earlier for cell
line-based analyses.

Permeability Studies. \CMEC/D3 cells were grown on Transwell polycarbonate
filters (pore size, 0.4 um; Sigma-Aldrich) first coated with calf skin collagen
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*P < 0.05 vs. control).

type | (Sigma-Aldrich) and bovine plasma fibronectin (Sigma-Aldrich). Para-
cellular permeability of 70-kDa FITC-dextran was assessed after stimulation
as previously described (11); transendothelial resistance across the mono-
layer was determined by using an Endohmeter (World Precision Instru-
ments). Resistance from coated cell-free inserts was always subtracted from
the resistance obtained in the presence of endothelial cells.

Immunohistochemistry. Immunohistochemical analysis of human and murine
tissuesand hCMEC/D3 cells was performed according to standard procedures by
using primary antibodies directed against ANXA1 (1:1,000; Invitrogen), CD31
(1:300; DAKO), occludin (1:300; Invitrogen), claudin-5 (1:300; Invitrogen), -actin
(1:500; Abcam), VE-cadherin (1:250; eBioscience), zonula occludens-1 (ZO-1;
1:100; Invitrogen), PDGF receptor (1:1,000; Invitrogen), GFAP (1:500; DAKO),
a-laminin (1:500; Invitrogen), and perlecan (1:500; Invitrogen). Secondary
antibodies were horseradish peroxidase-conjugated goat anti-rabbit I9G
(1:500; Vector Laboratories) or Alexa Fluor 488- or 594-conjugated goat anti-
rabbit or anti-mouse IgG (1:500; Invitrogen). Samples were counterstained
with DAPI, and certain hCMEC/D3 samples were stained with rhodamine-
conjugated phalloidin (5 pg/mL; Invitrogen). Proximity ligation assays (Duo-
link; Olink Bioscience) between ANXA1 and f-actin were performed on
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hCMEC/D3 cells according to the manufacturer’s instructions. Briefly, follow-
ing blocking with proprietary blocking agent, samples were incubated over-
night at 4 °C with a polyclonal rabbit anti-ANXA1 antibody (1:1,000;
Invitrogen) and a monoclonal mouse anti—B-actin antibody (1:500; Abcam). All
other steps were performed according to the manufacturer’s instructions by
using the reagents and media included in the proximity ligation assay kit.
Following a final wash step, samples were counterstained with AF488-con-
jugated phalloidin (5 pg/mL; Invitrogen), and were visualized by using con-
focal microscopy as described in the following section.

Microscopy. Bright-field photomicrographs were captured at 22 °C by using
a Nikon Eclipse E800 microscope fitted with a 60x oil immersion objective lens
(NA, 1.4 mm; working distance, 0.21 mm), a CoolSNAP-Pro s camera (Roper
Scientific), and Image ProPlus 4.5.1 software (Perkin-Elmer). Fluorescent
images were captured at 22 °C by using a TCS SP5 confocal laser scanning
microscope (Leica Microsystems) fitted with 405-nm, 488-nm, 594-nm, and
633-nm lasers, and attached to a Leica DMI6000CS inverted microscope fitted
with a 63x oil immersion objective lens (NA, 1.4 mm; working distance, 0.17 mm).
Images were captured with Leica LAS AF 2.6.1 software and analyzed by using
Image) software (National Institutes of Health). EM analysis of ANXA1 expres-
sion in hCMECU/D3 cells grown as a monolayer on Transwell filters was performed
essentially as described previously (14). In brief, monolayers were fixed in 0.05%
glutaraldehyde, 3% (wt/vol) formaldehyde in 0.1 M PBS solution, pH 7.4, before
cryoprotection and embedding in LRGold acrylic resin (London Resin). Ultrathin
(50-80 nm) transverse and longitudinal sections were stained for ANXA1 by
Immunogold labeling by using a well-characterized sheep polyclonal anti-
ANXA1 antiserum, and examined morphologically. Sections were examined
with a model1010 transmission electron microscope (JEOL).

Flow Cytometry. h\CMEC/D3 cells were immunophenotyped by flow cytometry
following immunofluorescent staining as described earlier. Total vs. surface
protein content was defined by the inclusion or omission of 0.025% saponin
at all stages of the staining procedure. Cells were analyzed by using a FACScan
Il analyzer (Becton Dickinson) equipped with a 15-mW argon ion laser and
CellQuest software (BD Biosciences); in all experiments, a minimum of 10,000
events were analyzed per profile.

Western Blot and Coimmunoprecipitation. For tight and adherens junctions
analysis (ZO-1, occludin, claudin-5, VE-cadherin), cortical tissue samples from
WT and ANXA1-null mice were separated by following a published protocol
(45), which first involves rapid homogenization in lysis buffer A (2 mM EDTA,
10 mM EGTA, 0.4% NaF, 20 mM Tris-HCl, protease inhibitors, pH 7.4) to
obtain the soluble protein fraction, and then disruption of the pellet by
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sonication with buffer A supplemented with 1% Triton X-100 and 0.2% SDS to
obtain the insoluble membrane-associated protein fraction. Total samples
(MDR-1, ANXA2, and ANXAb5) were extracted by homogenization of tissue in
RIPA buffer (1 mM EDTA, 150 mM NacCl, 50 mM Tris-HCl, 1% Triton X-100,
0.1% SDS, 1% sodium deoxycholate, protease inhibitors, pH 7.4). Soluble and
insoluble p-actin fractions were extracted as reported previously (46). Blots
were incubated overnight at 4 °C in antibodies raised against occludin (1:200;
Invitrogen), claudin-5 (1:1,000; Santa Cruz), VE-cadherin (1:200; Santa Cruz),
MDR1a (1:500; Santa Cruz), and B-actin (1:5,000; Abcam) chosen as a loading
control, washed in TBS-Tween, and incubated for 1 h at room temperature
with HRP-conjugated sheep anti-rabbit or sheep anti-mouse antisera (1:15,000;
Serotec). Immunoreactive bands were detected by chemiluminescence using
ECL reagents and brief exposure to Hyperfilm (all GE Healthcare). Blots were
then scanned and analyzed with ImageJ software.

For coimmunoprecipitation experiments, total hCMEC/D3 extracts were
prepared in RIPA buffer, and 250 pg of total protein extract was first pre-
cleared with mouse control serum (Sigma-Aldrich), incubated with anti-
ANXA1 (5 pg per sample) or anti-p-actin (5 pg per sample) antibodies
overnight at 4 °C and then with protein G-agarose—conjugated beads. The
final pellet was resuspended in 10 mM Tris HCl, pH 7.4, supplemented with
1 mM PMSF and analyzed by Western blot.

RhoA Pulldown Assays. hCMEC/D3 cells were grown on 6-cm Petri dishes until
confluence and then incubated overnight in complete microvascular endo-
thelial cell medium-2 without VEGF before exposure to recombinant hANXA1.
Cells were then lysed, and RhoA activity was measured with recombinant GST-
Rhotekin bound to glutathione beads (gift from Beata Wojciak-Stothard,
Imperial College London, London, United Kingdom) as previously reported
(39), whereas the activity of Rac1 was measured with GST-p21-activated ki-
nase binding domain (Cell Biolabs). Affinity-precipitated RhoA proteins were
resolved by SDS/PAGE and detected by Western blotting.

shRNA FPR2 and Virus Production. MISSION shRNA bacterial glycerol stocks were
purchased from Sigma-Aldrich. The MISSION shRNA clones used are sequence-
verified shRNAs for FPR2, cloned in the pLKO.1 lentiviral vector (pLKO.1-puro)
and provided as frozen bacterial glycerol stocks [Luria broth, carbenicillin at 100
pg/mL, and 10% (vol/vol) glycerol] for propagation and downstream purifica-
tion of the shRNA clones. Specifically, the FPR2 targeting shRNAs sequences
used were as follows: TRCN0000356999-FPR2 A, TRCNO000357000-FPR2 B,
and TRCN0000378222-FPR2 C. High-titer lentiviral preparations in HEK293T
cells and lentiviral infections were carried out as described previously (47).
Briefly, HEK293T packaging cells were transfected by calcium phosphate with
pLKO.1 and packaging vectors. Supernatants were harvested at 36 to 60 h;
virions were concentrated by ultracentrifugation and stored at —-80 °C.
hCMEC/D3 endothelial cells were seeded in six-well plate at 70% conflu-
ence. The following day, virus was added directly to the medium of the cell
culture in the presence of Polybrene (5 pg/mL). The plate was spun for 1 h at
1,300 x g, and cells were incubated at 37 °C for 48 h. Infected cells were
allowed to expand and were prepared for paracellular permeability anal-
yses. The transduction efficiency and FPR2 knockdown were verified by
FACS analysis.

Statistical Analysis. All quantified data were tested for normality and ana-
lyzed by one- or two-way ANOVA as appropriate, with post hoc comparisons
using the Tukey honestly significant difference procedure. In all cases, a P
value <0.05 was taken as indicating statistical significance.

Ethical Approval. All animal experiments were performed in accordance
with the UK Animals (Scientific Procedures) Act, 1986, following approval
by the UK Home Office. Human tissue samples were provided by the UK
Multiple Sclerosis Tissue Bank and the UK Parkinson’s Disease Society
Tissue Bank at Imperial College London. Patients’ blood samples were
provided by A. Malaspina (East London and the City Research Ethics
Committee: 09/H0703/27). Informed consent was obtained from all those
individuals recruited to the study. Blood samples and clinical information
were collected following consent. The study followed established stan-
dard operating procedures, was approved by the East London & The City
Local Research Ethics Committee, and the experiments conformed to the
principles set out in the World Medical Association Declaration of Helsinki.
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