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Blood-brain barrier (BBB) disruption and transendothelial trafficking
of immune cells into the central nervous system (CNS) are pathophys-
iological hallmarks of neuroinflammatory disorders like multiple scle-
rosis (MS). Recent evidence suggests that the kallikrein-kinin and
coagulation system might participate in this process. Here, we iden-
tify plasma kallikrein (KK) as a specific direct modulator of BBB in-
tegrity. Levels of plasma prekallikrein (PK), the precursor of KK, were
markedly enhanced in active CNS lesions of MS patients. Deficiency
or pharmacologic blockade of PK renders mice less susceptible to
experimental autoimmune encephalomyelitis (a model of MS) and
is accompanied by a remarkable reduction of BBB disruption and
CNS inflammation. In vitro analysis revealed that KK modulates en-
dothelial cell function in a protease-activated receptor-2-dependent
manner, leading to an up-regulation of the cellular adhesion mole-
cules Intercellular Adhesion Molecule 1 and Vascular Cell Adhesion
Molecule 1, thereby amplifying leukocyte trafficking. Our study dem-
onstrates that PK is an important direct regulator of BBB integrity as
a result of its protease function. Therefore, KK inhibition can de-
crease BBB damage and cell invasion during neuroinflammation
and may offer a strategy for the treatment of MS.

plasma kallikrein | coagulation | multiple sclerosis |
neuroinflammation | EAE

Autoimmune disorders of the central nervous system (CNS),
such as multiple sclerosis (MS), are mediated by different
immune components (1, 2). It is assumed that autoreactive
T cells formed in the periphery migrate across the disrupted blood—
brain barrier (BBB) and induce inflammatory lesions within the brain
parenchyma, leading to demyelination and axonal damage. This cell
trafficking is a tightly regulated process that not only depends on the
activation status of leukocytes, but also is governed by the BBB via
the expression of cellular adhesion molecules, tight junction proteins,
and different chemokines (3-5). The key components of the BBB are
highly specialized brain endothelial cells that express low levels of
adhesion molecules and form close intracellular tight junctions to
limit trans- and paracellular trafficking of cells and molecules (4).
However, structural integrity of the BBB can become compromised
under inflammatory conditions through the up-regulation of adhe-
sion molecules and the rearrangement of tight junction proteins, such
that transendothelial trafficking increases (5, 6).

Recent evidence suggests that other factors not traditionally
considered to be components of the immune system might also be
involved in the MS pathophysiology. Some constituents of the
coagulation and the kallikrein-kinin system (KKS) are thought to
contribute to MS and its animal model, experimental autoimmune
encephalomyelitis (EAE) (7-12). Plasma prekallikrein (PK) is the
precursor of plasma kallikrein (KK) and, together with factor XII
(FXII) and high-molecular-weight kininogen (HK), is an impor-
tant part of the KKS (13). Activation of PK by activated FXII
(FXIIa) leads to cleavage of HK, releasing the proinflammatory
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peptide bradykinin (BK). At the same time, KK can activate FXII in
a positive feedback loop, thereby leading to both activation of the
intrinsic coagulation cascade and the proinflammatory KKS (14,
15). Additionally, KK may interact with cell-surface-associated re-
ceptors, such as the protease-activated receptors 1 (PAR1) and 2
(PAR?2) (16).

As KK has this dual mode of action (inflammation and co-
agulation), and has recently been identified as an important
regulator during ischemic neurodegeneration (17), we investigated
its role in neuroinflammation and the potential underlying mecha-
nisms of action. Moreover, we analyzed the therapeutic potential of
KK inhibition in EAE models and were able to demonstrate that
KK regulates immune cell trafficking to the CNS by modulating
BBB function.

Results

PK Deficiency Provides Protection from CNS Autoimmunity. To de-
termine if KK is relevant during neuroinflammation in vivo, we first
analyzed the plasma, lymph nodes (LNs), spleen, cerebrospinal
fluid (CSF), and CNS of naive and myelin oligodendrocyte
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glycoprotein 35-55 (MOGs;s_ss)-immunized WT mice. While PK
levels were almost unchanged in the plasma, LNs, and spleen upon
EAE induction, PK was significantly increased in the inflamed CNS
of immunized mice (Fig. 1 A and B). Additionally, we found a
significant increase of KK, the enzymatic active form of PK, in the
plasma and CSF, indicating a potential contribution to EAE pa-
thology (Fig. 1C). To evaluate the functional role of KK, we sub-
jected Klkb1~~ mice (lacking PK) and their respective WT controls
to EAE by immunization with MOGg3s_ss. Clinical scores were
evaluated daily over a 35-d period. PK deficiency was associated
with a milder disease course, while disease onset was unaltered
(Fig. 1D). In line with this finding, inflammatory infiltrates and
demyelination were reduced in MOGs;s_ss—immunized Kikb1™~
mice compared with WT controls on the maximum of disease
(dmax) (Fig. 1E). To test if the protective effect can be attributed to
PK deficiency, Klkb1~~ animals were reconstituted with human PK
revealing restored susceptibility to EAE (Fig. 1F).
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Fig. 1. PK-deficient (KIkb1~") mice are protected from EAE. (A) PK levels in
the plasma, LNs, spleen, and CNS of naive and MOGss ss—-immunized WT
animals. Immunoblots were independently replicated from five different an-
imals using p-actin as a loading control (nonparametric Mann-Whitney U
test). (B) Histological analysis of spinal cord sections of MOGss_ss—immunized
WT animals at disease maximum. Sections were stained for PK (red) and nu-
cleus (DAPI, blue). (Scale bar, 50 pm.) (C) KK levels in the plasma and CSF of
naive and MOGss_ss-immunized WT animals. Immunoblots were independently
replicated from four different animals using p-actin as a loading control (non-
parametric Mann-Whitney U test). (D) Active EAE was induced in WT and
Klkb1~"~ mice by immunization with MOG3s_ss. Clinical scores (mean + SEM) over
time are shown (two-way ANOVA). (E) Histological analysis of spinal cord sec-
tions from WT and Klkb71~~ animals at disease maximum. Sections were stained
with fluoromyelin (green) and nucleus (DAPI, blue) to evaluate inflammatory foci
and demyelination. (Scale bar, 200 um.) Data are presented as mean + SEM (n =
3 slices of five to six mice per group, nonparametric Mann-Whitney U test). (F)
Clinical scores (mean + SEM) over time of WT, Klkb1™~, and Klkb71~~animals
reconstituted with PK (Klkb1™~ + PK) (two-way ANOVA). *P < 0.05, **P < 0.01,
***P < 0.001. ns, not significant.
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PK Deficiency Leads to Decreased Immune Cell Trafficking in the
Course of Neuroinflammation. We evaluated the immune cell dis-
tribution in different compartments of KlkbI~~ and WT animals.
The distribution of different immune cell subsets from KlkbI ™/~
and WT mice was similar under MOGs;s_ss—immunized conditions
(day 10 after immunization) in the blood, spleen, and LNs (S
Appendix, Fig. S1 A-C). Furthermore, PK deficiency had no in-
fluence on proliferation or cytokine production (S Appendix, Fig.
S1D). However, the number of immune cells infiltrating the CNS
was significantly reduced in KlkbI~~ compared with WT mice at
dimax as determined using flow cytometry analyses (Fig. 24 and SI
Appendix, Fig. S2), while the BBB permeability to vascular tracer
molecules did not differ between KlkbI~~ and WT animals (Fig.
2B). In line with this finding, histological studies revealed reduced
numbers of CD3" T cells as well as CD11b™ macrophages/
microglia in KIkbI~'~ mice compared with WT controls, while the
distribution of immune cells when analyzing different CNS regions
was undistinguishable (Fig. 2C and SI Appendix, Fig. S3).

These results were corroborated under in vitro conditions. To
exclude any effect in addition to PK deficiency in KlkbI ™'~ mice,
we analyzed transendothelial resistance (TER) and capacitance
of the cell layer (CcL) in murine brain microvascular endothelial
cells (MBMECs) of these mice in comparison with WT controls
in parallel. While TER significantly decreased under inflammatory
conditions, no additional effect could be achieved by PK deficiency
(SI Appendix, Fig. S44). In a next step, we examined a potentially
direct influence of PK on MBMECs of WT animals. Interestingly,
MBMECs were able to activate PK to KK under steady-state and
inflammatory conditions in vitro (Fig. 34), leading to a cleavage of
the chromogenic KK substrate S2302. However, known activating
proteins like prolylcarboxypeptidase and heat shock protein 90 were
not detectable in endothelial cells and/or endothelial supernatants (18).

Furthermore, although TER (Fig. 3B) and chemokine secre-
tion of MBMECs were unaltered in the presence of PK (S7
Appendix, Fig. S4B) under steady-state and inflammatory con-
ditions, trafficking of leukocytes was significantly enhanced in
the presence of PK (Fig. 3C), indicating a detrimental direct
contribution of PK or its enzymatic active form KK on endo-
thelial cells. This finding was accompanied by a significant up-
regulation of the adhesion molecules Intercellular Adhesion
Molecule 1 (Icam-1) and Vascular Cell Adhesion Molecule 1
(Veam-1) in the presence of PK (Fig. 3D), while tight junction
molecules were unchanged (SI Appendix, Fig. S4C). These re-
sults were confirmed in vivo by immunohistochemistry showing
enhanced expression of the ICAM-I and VCAM-I in WT com-
pared with KlkbI~'~ mice (Fig. 3E).

PK Enhances EAE only in Part by Release of BK. KK can cleave FXII
to its active form, thereby initiating both the proinflammatory
KKS, resulting in BK release, and the intrinsic coagulation cas-
cade, leading to an activation of factor X (FX) and prothrombin,
and thereby finally causing fibrin formation (13). There is evi-
dence that the inhibition of active FX (FXa) and thrombin is
protective in EAE (11, 19). To exclude that improved EAE
outcome is due to different amounts of thrombin and FXa in the
plasma and CNS in Klkb1 ™'~ mice compared with WT controls,
we determined the concentration of both. Plasma and CNS
concentrations of FXa and thrombin in Klkb1~'~ animals were
indistinguishable from those of WT animals (SI Appendix, Fig.
S54). Of note, the amount of thrombin was significantly in-
creased in the inflamed CNS at the peak of disease (SI Appendix,
Fig. S54), which is in line with earlier publications (20).

We have recently shown that FXII leads to enhanced in-
flammation during neuroinflammation (12). We therefore ana-
lyzed the amount of FXII deposits in the CNS of KlkbI™~ and
WT animals at dp,.x. Interestingly, the amount of the zymogen
did not differ between the groups (SI Appendix, Fig. SSB). As KK
mediates the release of BK from HK, we evaluated the BK
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Fig. 2. PK deficiency leads to reduced migration to the CNS. (A) Number of
brain-infiltrating leukocytes from MOG;s_ss—immunized WT or Klkb1™~
mice was evaluated by flow cytometry at dmax. (B) Quantification of fluo-
rescein—dextran (3 kDa; Left) and Texas red-dextran (70 kDa; Right) into the
CNS 1 h after i.v. application in immunized mice at dpyax. (C) Histological
analysis of infiltrated CD3* T cells and macrophages and microglia (CD11b*)
at dy.x. Representative images of spinal cord sections and corresponding
quantifications are shown for WT and Klkb1~"~ mice. (Scale bars, 100 pm.) In
A-C, data are given as means + SEM of two independent experiments, each
performed in triplicate (six mice per group). Nonparametric Mann-Whitney
U test or Kruskal-Wallis test with Dunn post hoc analysis in case of multiple
comparisons were used. *P < 0.05, **P < 0.01. ns, not significant.

plasma level of naive and MOGs;s_ss—immunized animals. As
expected, plasma BK levels were almost absent when PK was
missing (Fig. 44). In line with this finding, BK levels in the CSF
(Fig. 44) and the amount of BK deposits in CNS lesions (Fig.
4B) were significantly decreased in KlkbI™~ compared with WT an-
imals at d,.x. As BK can be further cleaved to des—Argg-bradykinin,
acting primarily via BK receptor 1 (B1R), the receptor known to be
relevant in EAE (7, 8), additional studies were performed. In-
triguingly, the amount of des-Arg’-BK deposits was undistinguishable
between the groups (Fig. 4B).

However, as BK and des-Arg’-BK are rapidly metabolized and
have a very short half-life, we also determined the amount of
cleaved HK (cHK) in plasma and CSF. The amount of cHK was
significantly reduced in KlkbI ™~ mice compared with WT controls
(Fig. 4C), indicating a potential role of BK release in this context.
When testing if BIR activation is relevant in vivo, we found that
BI1R activation with the agonist R838 led only to a partial recon-
stitution of the EAE phenotype (Fig. 4D). Overall, these findings
indicate that activation of the KKS inducing the cleavage of HK
and the release of BK is not sufficient to completely explain the
detrimental effects of PK in autoimmune neuroinflammation.

Other pathways known to be triggered by KK are the cleavage
of C3 and C5. Modulation of C3a or C5a has been shown to be
relevant in EAE (21). However, C5a serum levels did not differ
between WT and Klkb1~'~ animals, thereby excluding a major
pathophysiologic role of this system (SI Appendix, Fig. S5C).

KK Modulates BBB Function via PAR2. KK can directly act on cells by
binding to PAR1, PAR2, and B2R (16, 22). As MBMECs were
able to activate PK to KK in vitro (Fig. 34), we evaluated F2r
(PAR1), F2ril (PAR2), and B2r expression in MBMECs from WT
animals by Real-Time Reverse Transcription—Polymerase Chain
Reaction (rRT-PCR) to identify these receptors as potential tar-
gets of KK. Interestingly, while B2r expression was unaltered
under inflammatory conditions, and F2r expression was down-
regulated, F2rl] expression was up-regulated (SI Appendix, Fig.
S5D). The expression profile was also seen on the protein level on
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MBMEC:s (SI Appendix, Fig. SS5E). To address if PK can directly
modulate immune cell trafficking, we used different in vitro ap-
proaches. Again, enhanced immune cell trafficking was observed
when incubating MBMECs of B2+~ or F2r~'~ animals with PK
compared with control (SI Appendix, Fig. S5 F and G). In contrast,
no significant difference in migration could be found when using
MBMECs of F2rlI~~ animals in the presence of PK or vehicle,
indicating that PAR2 on endothelial cells is the main receptor
mediating the detrimental effects of KK (Fig. 4E). To prove that
PAR?2 is also relevant in vivo, we treated Klkb1™'~ with a known
PAR?2-activating peptide. Interestingly, this treatment led to re-
stored susceptibility to EAE, arguing for a direct effect of KK on
endothelial cells via PAR2 (Fig. 4F).

Pharmacologic Inhibition of KK Protects from EAE in a Clinically
Relevant Setting. Since PK deficiency prevented EAE, we in-
vestigated whether the effect of PK deficiency could be mimicked by
using a blocking antibody (17). Indeed, treatment with the KK an-
tibody when applied after neurological symptom onset significantly
attenuated the signs of EAE in WT mice (Fig. 54) and ameliorated
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Fig.3. The presence of PK leads to enhanced migration by up-regulation of
adhesion molecules in MBMEC. (A) KK activity of WT s in the presence or
absence of PK. KK activity was quantified as change in absorption at 405 nm
measured at 2-min intervals. Data are shown from one of three experiments,
which produced comparable results. (B) TER of WT MBMECs in the presence
or absence of PK over time. (Inset) CcL that was measured in parallel. (C)
Migration of immune cells across an MBMEC monolayer in the presence or
absence of PK under naive and inflammatory conditions. (D) rRT-PCR analyses
for the adhesion molecules Icam-1 and Vcam-1 expression in MBMECs in the
presence or absence of PK under naive or inflammatory conditions. (E) His-
tological analysis of ICAM-I and VCAM-I in spinal cord sections for WT and
Klkb1™~ mice. (Scale bars, 20 um.) In B-E, data are given as mean + SEM of
two or three independent experiments, each performed in triplicate. Non-
parametric Mann-Whitney U test or Kruskal-Wallis test with Dunn post hoc
analysis in case of multiple comparisons were used. *P < 0.05; **P < 0.01;
***Pp < 0.001; ns, not significant.
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Fig. 4. Plasma KK controls migration via PAR2. (A) BK release in plasma and
CSF of naive and MOGss_ss—immunized WT and Klkb7™'~ animals at dpmay Of
EAE. Data are mean + SEM of 4 vs. 4 animals from one of three independent
experiments, each performed in duplicate. (B) Immunohistochemical analysis
of spinal cord white matter infiltrates for BK and des-Arg9-BK (red, re-
spectively) from EAE mice at d,ax. Representative images and corresponding
quantifications are shown for WT and K/kb1~~ mice. Slices were additionally
stained to label nuclei (DAPI, blue). (Scale bars, 50 pm.) Data are presented as
mean + SEM (n = 3 slices of four to six mice per group, nonparametric Mann-
Whitney U test). (C) cHK level in plasma of naive and MOG3s_ss—immunized
WT and Klkb1~~ animals. Immunoblots were independently replicated from
four different animals using p-actin as a loading control. (D) Active EAE was
induced in WT and K/kb7~'~ mice by immunization with MOG3s_s5 and were
treated with the BK 1 receptor activator R838. Clinical scores (mean + SEM)
over time of two independent EAE experiments are shown (two-way
ANOVA). (E) Migration of immune cells across a MBMEC monolayer of
F2rl1~~ animals in the presence or absence of PK under naive and in-
flammatory conditions. (F) Clinical EAE scores (mean + SEM) of WT and
Klkb1~'~ mice treated with vehicle or a PAR2-activating peptide are shown
(two-way ANOVA). In A and D, data are given as mean + SEM. Kruskal-
Wallis test with Dunn post hoc analysis was used. *P < 0.05; **P < 0.01;
**%P < 0.001; ns, not significant.

cellular inflammation and demyelination (day 35 after immuniza-
tion; Fig. 5B), while the distribution of different immune cell subsets
in spleen and LNs was similar under MOGg3s_ss—immunized con-
ditions (day 35 after immunization; Fig. 5C). These findings suggest
that KK inhibition is also effective in clinically relevant settings.

PK Is Up-Regulated in Active CNS Lesions of MS Patients. To assess
whether PK is also relevant in humans, we analyzed plasma from
individuals with different forms of MS [clinically isolated syndrome
(CIS), relapsing-remitting MS (RRMS), primary progressive MS
(PPMS), and secondary progressive MS (SPMS)] (SI Appendix,
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Table S1). PK plasma levels were unchanged in patients suffering
from all different forms of MS compared with healthy donors
(HDs) (Fig. 64). However, enhanced PK depositions were ob-
served in the CNS of individuals with MS, but not in controls (Fig.
6B and SI Appendix, Fig. S64). As murine data suggest a regulatory
function of PK on endothelial cells, we performed transmigration
assays using human brain microvascular endothelial cells (HBMECs).
Again, endothelial cells were able to activate PK to KK (Fig. 6C). In
line with the murine data, PK incubation did not alter endothelial cell
production of chemokines (SI Appendix, Fig. S6B). However, the
expression of Icam-I was significantly enhanced, while tight junction
proteins were unchanged (Fig. 6D). Interestingly, PK led to an ex-
tensive enhancement of leukocyte trafficking across HBMEC layers
(Fig. 6F), indicating a significant role of KK, not only in mice, but
also in humans.

Discussion

Brain capillary endothelial cells are the major structural constitu-
ents of the BBB and are critically involved in regulating directional
cell flux into the CNS and vice versa. Here we show that PK is a
critical regulator of inflammatory cell invasion during autoimmune
CNS diseases. Genetic depletion or pharmacological inhibition of
PK or KK, respectively, protects mice from EAE by preserving the
structural integrity of the BBB and by reducing transendothelial
leukocyte trafficking. Reduced expression of cellular adhesion
molecules was identified as an underlying mechanism. Importantly,
these findings could be reproduced by pharmacological inhibition
of KK in WT mice even after EAE onset. Furthermore, we de-
tected a strong expression of PK in EAE lesions at dp,., as well as
in active human MS lesions, but not in healthy CNS tissue.
Cellular adhesion molecules like ICAM-I and VCAM-I play a
decisive role in the dynamic regulation of transendothelial cell
migration (23, 24) and are up-regulated at the BBB during EAE
and MS (4). Accordingly, a specific blockade of these molecules,
e.g., by monoclonal antibodies, is a promising strategy to treat in-
flammatory CNS diseases (24-26). We could demonstrate that PK
deficiency or KK inhibition down-regulates the gene expressions of
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Fig. 5. Plasma KK blockade protects from neuroinflammation. (A) Clinical
scores (mean + SEM) of myelin oligodendrocyte glycoprotein 35-55-immu-
nized WT mice treated with KK-inhibiting antibody or vehicle starting at the
first day of neurologic symptoms (two-way ANOVA). (B) Histological analysis
of spinal cord sections from WT animals treated with PK-inhibiting antibody
or vehicle. Sections were stained with fluoromyelin (green) and DAPI (blue)
to evaluate inflammatory foci and demyelination. (Scale bar, 200 um.) (n =3
slices of three to six mice per group, nonparametric Mann-Whitney U test.)
(C) Cells were isolated from spleen and LNs of WT treated with vehicle or KK-
inhibiting antibody day 35 postinduction of EAE, stained with the indicated
markers and analyzed by flow cytometry. In B and C, data are given as
mean + SEM of two independent experiment. *P < 0.05; ns, not significant.
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Fig. 6. Evidence for the involvement of plasma KK in human autoimmune
CNS inflammation. (A) PK serum levels in individuals with CIS and MS com-
pared with HDs. (B) Histological analysis of CNS tissue from individuals with
MS or from control. Data are given as mean + SEM. Nonparametric Mann—
Whitney U test was used. (C) KK activity of HBMECs in the presence or ab-
sence of PK. KK activity was quantified as change in absorption at 405 nm
measured at 2-min intervals. Data are shown from one of three experiments,
which produced comparable results (two-way ANOVA). (D) rRT-PCR analyses
for the adhesion molecules Icam-1, Vcam-1, occluding, and claudin-5 ex-
pression in HBMECs in the presence or absence of PK under naive or in-
flammatory conditions. (E) Migration of immune cells of seven different
donors across a HBMEC monolayer in the presence or absence of PK under
naive and inflammatory conditions. (Wilcoxon matched-pairs signed rank
test). In D, data are given as mean + SEM of two independent experiments,
each performed in triplicate. Nonparametric Mann-Whitney U test were
used. *P < 0.05, **P < 0.01; ns, not significant.

ICAM-I and VCAM-I in human and mouse cerebral endothelial
cells. It is well established that targeted interruption of kinin receptor-
mediated pathways predominantly exerts antiinflammatory ef-
fects. PK is central to triggering the proinflammatory KKS,
leading to the formation of BK. BK’s physiological and patho-
physiological effects are mediated by two distinct BK receptors
(27). Human studies revealed that BIR is expressed on circu-
lating lymphocytes and infiltrating T cells during active episodes
of MS. Moreover, B1R can be found on endothelial cells within
MS plaques (28-30). In the EAE model, contradictory reports
exist with regard to the relevance of BI1R and B2R (7, 8).

Apart from triggering the KKS, there is increasing evidence
that some coagulation factors may be involved in autoimmune
disorders such as MS, inflammatory bowel disorder, or derma-
titis (31-33). Depositions of fibrinogen and the degradation
products thereof were found in the CNS or skin of patients with
MS or dermatitis (31-33). In the brain, those depositions fos-
tered microglia activation and subsequent plaque formation (10,
33). Moreover, a close correlation between the cerebral or spinal
fibrin load and the number of relapses was reported in EAE
mice, and anticoagulant administration or fibrinogen depletion
reversed the pathology (11, 34). Furthermore, inhibition of other
coagulation factors like thrombin or FXa led to an amelioration
of neuroinflammation in animal models (11, 19).

However, while the disruption of the BBB in PK-deficient
mice was attenuated, we found that, for this effect, the coagu-
lation system was not required. Moreover, B1R activation was
not sufficient to reconstitute the EAE phenotype. These unexpected
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observations led us to hypothesize that KK might directly affect the
BBB via PAR1 or PAR2. Each member of the PAR family of G-
protein—coupled receptors contains an internal ligand within the N
terminus that is exposed upon proteolysis by enzymatic cleavage by
specific serine proteases (16). Depending on their location, these
receptors regulate diverse processes like inflammation, cell migration,
and hemostasis (16). Indeed, isolated MBMECs expressed both
PAR1 and PAR2, with PAR2 being up-regulated under in-
flammatory conditions. Most notably, KK influenced migration only
in the presence of PAR2 on MBMECs. From a translational per-
spective, KK blockade had a beneficial effect on disease severity and
progression. Sharing the advantage with FXII of not leading to
bleeding complications, PK blockade could be a promising strategy
for MS therapy (17).

Overall, our study identifies KK as a key regulator of brain
endothelial cells during neuroinflammation. Targeted inhibition
of KK might become a promising approach to influence the BBB
and thereby impact the disease progression in MS. Further
studies in relevant preclinical disease models are needed.

Methods
Detailed methods are provided in S/ Appendix, Supplementary Methods.

Mice. BK receptor B2-deficient (B2r”"), PARI1-deficient (F2r”"), PAR2-
deficient (F2rl1~""), and PK-deficient (KIkb7~") mice have been described
previously (7, 17, 35). All transgenic mice were backcrossed into a C57BL/6
background for at least 10 generations. C57BL/6 mice (Charles River) aged 8-
12 wk served as controls (WT). All experiments were approved by the local
authorities (LANUV) and were conducted in accordance with the German
laws and regulations for animal care.

Induction of EAE. Active EAE was induced and evaluated as previously outlined
(12). For reconstitution experiments, a subgroup of WT and Klkb1™~ mice
were injected daily i.v. with purified human PK (4 mg/kg; Enzyme Research
Laboratories) (17). Pharmacological modulation of B1R was performed using
the selective B1R agonist R838 (1 mg/kg; Tocris) (8, 36, 37) administered daily
intraperitoneally (7). For activation of PAR2, a subgroup of Klkb1~"~ animals
was treated with a PAR2-activating peptide (SLIGRL-NH,, 1.5 mg/kg; Bachem)
or control peptide (LSIGRL-NH,; Bachem) (38). KK-blocking antibody (Biozol)
or control 1gG (vehicle; Biozol) was administered by daily i.v. injections starting
1 d after the appearance of the first clinical signs (17).

Histology and Immunohistochemistry. At the d,,., spinal cords and brains
were removed, embedded, and cut into 10-um sections. For human CNS
tissue, human autopsy and biopsy material from MS and control patients
was obtained from The UK Multiple Sclerosis Tissue Bank (Division of Neuro-
science and Mental Health). Cryofixed tissues from MS and control patients
were cut into 10-um sections. Immunohistochemistry was performed as pre-
viously described (12). All patients gave informed consent in accordance with
the Declaration of Helsinki and a protocol approved by the Ethic Committee of
the University of Munster.

BBB Permeability in Vivo. For analysis of BBB permeability, 100 pL of 25 mg-m|~"
Texas red-dextran or fluorescein—-dextran in PBS were injected i.v. into the tail
vein of immunized WT and Klkb71™~ mice as previously described (39). After
1 h, brain and spinal cord were removed and homogenized in 1% Triton-X100
in PBS and centrifuged for 30 min at 16,000 x g. The supernatants were used
for quantification with the TECAN Infinite M200PRO at 595/615 nm (for Texas
red-dextran) or 494/521 nm (for fluorescein—dextran).

Leukocyte Isolation and Stimulation. LNs and/or spleen cells from Kikb1~~, WT
mice, and animals treated with the PK antibody or vehicle were isolated from
naive or immunized animals 10 or 35 d after the induction of EAE or at the peak
of disease (12). In brief, cells were cultured for 2 d and stimulated with CD3/
CD28 beads (cell-to-bead ratio of 2:1; Dynal Biotech) or 10 pg/mL MOGss_ss.

Flow Cytometry. For the detection of cell-surface markers by flow-activated
cell-sorting analysis, single-cell suspensions from murine LNs, spleen, and
spinal cord cells of WT and Kikb71~'~ mice under basal conditions, at dio or
dmax Of EAE, as well as fractioned cell populations and human peripheral
blood mononuclear cells, were stained for 30 min at 4 °C with appropriate
combinations of indicated fluorescence-labeled monoclonal antibodies in
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PBS containing 0.1% NaNs and 0.1% BSA. Corresponding isotype controls
were used for all stainings.

rRT-PCR and Western Blot. RNA isolation and rRT-PCR were performed as
previously described using different TagMan gene expression assays (Applied
Biosystems) (12). Data were calculated using Act, AAct, and relative
quantification (2724¢T),

Western blot analyses was performed as previously described (17, 40).
Quantification was performed with the ImageJ software (National Institutes
of Health).

Determination of BK, Activated Coagulation Factor, and Complement Levels in
Mice. Samples of plasma, CSF, and CNS lysate were taken from mice under
basal conditions or at d,,.x of EAE. The CSF was collected as previously de-
scribed (12). BK and activated coagulation factors (FXa, thrombin) were
assessed using ELISA kits (Bradykinin ELISA Kit; Phoenix Pharmaceuticals; FXa
ELISA Kit; MyBioSource; Thrombin ELISA Kit; Abcam) according to the
manufacturer’s instructions. Complement (C5a) detection was performed as
previously described (12).

Endothelial Cells, TER, Chemokine Measurement, Migration Assay, and
Activation of PK. Isolation of MBMEGCs was conducted as previously described
(7). HBMECs were purchased from PELOBiotech and cultured in precoated
(speed coating PELOBiotech) T-75 flasks with endothelial cell medium (ScienCell
Research Laboratories). HBMECs (1.0 x 10°, passage 5-9) were seeded into pre-
coated (speed coating; PELOBiotech) 3.0-um-pore polyester transwell inserts
(Corning). At day 2-3 after seeding, HBMECs were inflamed (each 100 umL™’
IFNy and TNFa; Peprotech, overnight) or left under steady-state conditions and
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simultaneously treated with human PK (900 nM; Haemochrom Diagnostica) or
vehicle (sodium acetate). MBMECs or HBMECs were incubated with 450 nM
human PK (Enzyme Research Laboratories) in the presence of 0.6 mM of the
chromogenic substrate for plasma KK, $2302 (Chromogenix). Upon addition of
the reagents, cells were placed in the TECAN Infinite M200PRO, and absorption
at 405 nm was measured at 2-min intervals.

Patients. Fresh blood samples were obtained from 79 MS patients referred to
the Clinic of Neurology of the Institute of Translational Neurology at the
University of Munster. MS diagnosis was made according to the revised
criteria of Polman et al. (41). In parallel, 26 sex- and age-matched HDs were
included in the study. PK levels of samples were determined by ELISA
(MyBioSource) according to the manufacturer’s instructions.

Statistical Methods. To analyze the EAE data, we performed an analysis of
variance (ANOVA). Unpaired data were evaluated by a nonparametric Mann-
Whitney U test or Kruskal-Wallis test with Dunn’s post hoc analysis in case of
multiple comparisons. For human migration experiments, the Wilcoxon
matched-pairs signed rank test was used. In vitro and in vivo data are
expressed as mean + SEM from at least three independent experiments,
unless otherwise indicated. Statistical analyses were performed using the
Prism software version 5.0 (GraphPad).
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