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INTRODUCTION

During inflammatory brain diseases, elevated number of immune
cells infiltrate the central nervous system (CNS) across the brain
vasculature which is a serious danger to the functioning brain. Besides
leukocytes implicated in neuroinflammation, cancer cells can also
migrate across the cerebral vessels to form brain metastases. The most
frequent origins of brain metastases are primary tumors of lung, breast
and skin (melanoma). Of all primary tumors, melanoma shows the
highest predilection to spread to the brain. Brain metastases of melanoma
carry a poor prognosis with a median survival of approximately four
months.

The brain microvasculature forming the blood-brain barrier (BBB)
allows the passage of nutrients and metabolites required by the CNS with
passive diffusion or active transport and also prevents the entry of cells,
potentially harmful molecules or ions which interfere with neuronal
communications. Therefore, by controlling the movement of solutes and
cells between the blood stream and the brain parenchyma, the BBB has a
crucial role in maintaining the homeostasis of the CNS.

Endothelial cells, lining the cerebral microvasculature, form the
anatomic basis of the BBB. Special characteristics of these cells establish
the barrier function of the cerebral vasculature. Tight junctions (TJs)
between endothelial cells form a physical barrier restricting the
paracellular way of transport and transmigration. Beyond endothelial
cells, the BBB consists of astrocyte end-feet, pericytes and the basal
lamina and has an intimate relationship with neurons and microglia.
These perivascular cells and structures contribute to the maintenance and
modulation of the barrier characteristics of endothelial cells.

Since the CNS lacks a classical lymphatic system, leukocytes and
metastatic tumor cells have to pass the blood vessels to reach the brain
parenchyma. Cancer cell migration across the brain endothelium is a less
studied process than leukocyte diapedesis. Presumably, the diapedesis of
leukocytes and extravasation of metastatic tumor cells share similar
mechanisms, but there are significant differences as well.

The pathology of neuroinflammatory diseases and brain
metastases involves several cellular and molecular mechanisms. For
effective therapies, several steps of these multifactorial diseases should
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be targeted, including the diapedesis of leukocytes or cancer cells. New
molecular biological findings and chemical compounds discovered
during the last few decades might provide new perspectives for
interfering with these steps. Among these, cannabinoid receptor 2 (CB2)
agonists and lignans might be promising compounds to target immune
and metastatic cell migration into the brain.

The cannabinoid system is known mainly for its psychoactive
effects; however, it has been previously shown that its activation may
induce anti-inflammatory and neuroprotective processes as well.
Cannabinoids exert their effects mainly through two receptor types:
cannabinoid receptor 1 (CB1) and CB2 which mediate distinct effects.
The psychoactive effect is triggered by CB1, whereas the anti-
inflammatory effects are mainly induced by the activation of CB2.
Selective CB2 agonists, such as JWH133 and 01966, provide new
perspectives to study the role of specific activation of CB2 in several
physiological and pathological processes, without activating the CB1
that may induce psychoactive side-effects. These selective agonists are
also clinical candidates for the treatment of several diseases associated
with inflammation.

Lignans are polyphenolic substances constituting one of the major
classes of phytoestrogens. These chemical compounds are widely
distributed throughout the plant kingdom and have structural similarity
to the endogenous hormone 17fB-estradiol. There is an evergrowing
interest in neuroinflammatory disease or cancer treatment with natural
compounds, such as phytoestrogens including lignans. Several lignans
have been shown to possess anti-inflammatory effects in different
pathological conditions, including neuroinflammatory  diseases.
Experimental evidence has demonstrated the inhibitory effect of some
lignans on cancer growth and metastasis formation using animal models.

AIMS

Entry of leukocytes or cancer cells across the brain endothelium
into the CNS is a key event during neuroinflammation or formation of
brain metastases. In our studies we addressed the effect of CB2 agonists
and lignans from Heliopsis helianthoides var. scabra on BBB function

2



and cell migration across the brain endothelium. Our investigations had
the following specific aims:

1. To investigate CB and CB-like receptor expression in the brain
endothelium and melanoma cells.

2. To examine the effect of CB2 agonists on leukocyte-endothelial cell
adhesion using in vivo and in vitro models.

3. To observe the effect of CB2 agonists on the barrier properties of the
brain endothelium in vivo and in vitro.

4. To determine the role of CB2 activation in the adhesion of melanoma
cells to the cerebral endothelium and transmigration of these cells
through the BBB.

5. To evaluate the effect of lignans from Heliopsis helianthoides var.
scabra on melanoma brain metastasis formation and on the barrier
function of brain endothelial cells in vitro.

MATERIALS AND METHODS

Cell culture and treatments

The following cell cultures were used for our in vitro experiments:
human microvascular cerebral endothelial cell line (hCMEC/D3;
abbreviated as D3), A2058 human melanoma cell line, human primary
brain microvascular endothelial cells (BMVECSs), primary human
monocytes, primary rat brain endothelial cells (RBECs).

JWH133 from Tocris and 01966 acquired from Organic were
used as CB2 agonists. Lignans from H. helianthoides var. scabra was
acquired from our collaborators, Zsanett Hajdu et al. (Department of
Pharmacognosy, University of Szeged, Szeged, Hungary).

RT-PCR

Total RNA was isolated using TRIzol reagent (Life Technologies).
RNA was transcribed into cDNA using the SuperScript Il reverse
transcription kit (Life Technologies). The amplification was performed
on a BioRad iQ5 instrument using Maxima SYBR Green Mix
(Fermentas). PCR products were electrophoresed on 1.5% agarose gels
stained with ethidium bromide.



Immunofluorescence studies and phalloidin staining

CB2 and ZO-1 protein expression was evaluated by
immunofluorescence on monolayers of BMVECs. Primary antibodies
and dilutions used included polyclonal antibodies to ZO-1 (1:25;
Invitrogen) and CB2 (1:100; Thermo Scientific) applied ont he samples
for 24 h. Alexa-488 conjugated goat anti-rabbit and Alexa-594
conjugated goat anti-mouse (Invitrogen) secondary antibodies were used
at 1:400 for 1 h.

Monolayers of D3 cells and RBECs were treated with different
lignans and studied with immunofluorescent staining. Fixed cells were
incubated with primary rabbit antibody against ZO-1 (Invitrogen)
overnight. The stainings were visualized with Cy3-conjugated goat anti-
rabbit antibody (Jackson ImmunoResearch Laboratories).

Following treatment for 2 h with Hel-6 or Hel-11 (5 uM), A2058
melanoma cells were stained with Alexa488-phalloidin.

Adhesion of monocytes to BMVECs

Confluent monolayers of BMVECs were exposed to the indicated
experimental treatments. All treatments were removed from endothelial
cells before adding monocytes (labelled with 5 uM of the fluorescent
tracer calcein AM (Invitrogen)) at 2.5 x 10° cells per well in a 24-well
plate. Monocytes and endothelial cells were incubated together for 15
min and then rinsed three times with PBS to eliminate nonadherent
monocytes. Finally, fluorescence of adherent monocytes was measured.

Adhesion of melanoma cells to D3 cells

Confluent monolayers of D3 endothelial cells and melanoma cells
were pretreated with the mentioned drugs for 4 h. 10° melanoma
cells/well (in a 24-well plate) were loaded onto the endothelial
monolayer in serum-free medium and left for 90 min. After washing,
cells were fixed. Melanoma cells attached to endothelial cells were
counted.

Transmigration assay

Confluent layers of RBECs grown on 8 pum pore size filter inserts
were pretreated with the CB2 agonist, then melanoma cells receiving the
same pretreatments were plated onto the endothelial monolayer. 5 h later
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cells were fixed and cells from the upper compartment were wiped off
with a cotton swab. Transmigrated melanoma cells were counted.

Wound healing assay

Monolayers of D3 endothelial cells or A2058 melanoma cells
were wounded by scratching with a pipette tip. Cells were monitored
over 24 h and phase contrast images were taken. The wound healing
effect was quantified by averaging the number of migrating cells counted
in 5 wounded areas.

Intravital microscopy

Intravital microscopy for in vivo leukocyte adhesion and vascular
permeability was performed on adult male mice that underwent
craniotomy and cranial window implantation. At the start of the
procedures, the animals were placed under anesthesia [mixture of
ketamine (100 mg/ml, i.p.) and xylazine (20 mg/ml, i.p.) at a dose of 1
ml/kg]. Observation of surface cerebral vessels through the cranial
window was performed with a Stereo Discovery V20 epifluorescence
microscope (Carl Zeiss Microimaging). For deep-tissue imaging, we
used a Leica TCS SP5 Il MP multiphoton microscope. For evaluation of
adhesion, leukocytes were stained in vivo with an intravenous bolus
injection of 50 pul of a 0.01% solution of thodamine 6G (Sigma-Aldrich).
Identification of the brain vasculature and evaluation of vessel
permeability was performed using intravenously injected 40 kDa FITC-
conjugated dextran. Adherent leukocytes were scored as the number of
cells per square millimeter of the vascular surface area, calculated from
the diameter and standardized length (100 pum) of the vessel segment
under observation. For multiphoton imaging, randomly selected cortical
postcapillary venules (20-30 pm in diameter and down to 600 um below
the cortical surface) were selected for imaging.

Western blot experiments

Low-passage BMVECs were used for the Western blots. BMVEC
cellular fractions were collected using the ProteoExtract kit (EMD
Chemicals) Protein extracts were resolved by SDS-PAGE on 4-20%
precast gradient gels (Thermo Scientific). Proteins were transferred to
nitrocellulose membranes and incubated overnight with polyclonal
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antibodies against CB2 (1:1000; Cayman Chemicals), occludin (1:500;
Invitrogen), claudin-5 (1:300; Invitrogen), and sodium potassium
ATPase (1:1000; Abcam). Secondary antibodies conjugated to HRP
(Thermo Scientific) were then added for 1 h and detected using
Supersignal  West Pico chemiluminescence substrate (Thermo
Scientific).

Measurement of transendothelial electrical resistance

To determine the integrity of BMVEC monolayers,
transendothelial electrical resistance (TEER) measurements were
performed using the 1600R electric cell-substrate impedance sensing
(ECIS) system (Applied Biophysics). The readings were acquired
continuously at 30 min intervals for 24 or 36 h.

To measure the TEER of RBEC monolayers, the CellZscope
instrument (nanoAnalytics) was used. After TEER had reached plateau,
endothelial cells were treated with Hel-6 (5 uM) or Hel-11 (5 uM) and
TEER was followed for 2 h.

Measurement of BBB permeability ex vivo

Changes in BBB permeability were assessed using the fluorescent
tracer sodium fluorescein (SF). Briefly, animals were injected
intravenously with 50 ul of 2% SF in PBS. The tracer was allowed to
circulate for 30 min. The mice were transcardially perfused with PBS
and the brains quickly isolated. Brain tissue was weighed and
homogenized in a 10 x volume of 50% trichloroacetic acid. The
homogenate was centrifuged and SF fluorescence was measured.

RESULTS

Expression of cannabinoid receptors and cannabinoid-like receptors
in brain endothelial cells and melanoma cells

As the first step, expression of CB2 of brain endothelial cell was
evaluated by immunofluorescence using confluent cultures of BMVECs.
We performed double immunostaining for CB2 and ZO-1, a highly
expressed TJ protein in barrier-forming BMVECs. Moderate



immunostaining for the CB2 was observed with strong intercellular
expression of ZO-1.

Given the important role the BBB plays during inflammation, we
sought to characterize whether the expression level of CB2 changes in
the brain endothelium under inflammatory insult. CB2 protein in
membrane fractions was evaluated by Western blot from BMVECs
exposed to various pro-inflammatory stimuli (IL1B, TNFa or LPS).

As a next step, we determined the expression pattern of
cannabinoid and cannabinoid-like receptors in CECs and melanoma cell
lines, applied for our following experiments, by using RT-PCR. Our
results demonstrate that D3 human brain endothelial cells and A2058
human melanoma cells express the CB2A transcriptional variant of the
CB2, but not the CB2B. RBECs were found to express variants 1 and 2
of CB2. In addition, D3 cells express CB1, GPR18 and GPR55, whereas
the presence of GPR119 was not detectable in this cell line. Furthermore,
we detected the presence of CB1, GPR18, GPR55 and GPR119 in
A2058 melanoma cells.

Effect of CB2 activation on leukocyte-brain endothelial cell
interactions and BBB dysfunction under inflammatory conditions

CB2 activation decreases leukocyte adhesion in pial vessels

We used intravital microscopy via cranial window to allow the
direct observation of cerebral vascular changes and leukocyte—
endothelial cell interactions in real time. LPS was injected to induce
systemic inflammation and cytokine production. In a subset of animals,
selective CB2 agonist (JWH133) was injected simultaneously with LPS.
At 4 h and 24 h after LPS injection, leukocyte adhesion was markedly
increased. Administration of JWH133 in combination with LPS
attenuated leukocyte adhesion by 56% 4 h after and by 65% 24 h after
injection. We also sought to test the same in vivo parameters with a
novel resorcinol derivative CB2 agonist (01966) in a similar fashion.
01966 also markedly reduced adhesion of leukocytes to cerebral vessels
at 4 and 24 h (by 50 and 60%, respectively).



CB2 activation decreases leukocyte adhesion on deep cortical
ascending postcapillary venules

Because conventional wide-field fluorescence microscopy is
limited with respect to the depth to which an object can be imaged,
analysis of leukocyte adhesion in brain parenchymal vessels was
visualized with multiphoton microscopy. Leukocytes and the vasculature
were concomitantly imaged with rhodamine 6G and high-molecular-
weight FITC-dextran, respectively. As expected, the LPS insult induced
significant immune—endothelial interaction. Introduction of JWH133 or
01966 with LPS reduced the number of adherent cells, thus confirming
the previous results obtained in surface vessels.

Endothelial CB2 activation decreases the number of monocytes
adhering to the brain endothelium

We performed experiments in primary human BMVECs to
determine whether the observations in vivo could be confirmed in human
brain endothelial cells and also to distinguish the effects of the CB2
agonist on endothelial cells from that on leukocytes. BMVEC
monolayers were stimulated with TNFa (20 ng/ml) for 4 h with
increasing concentrations of JWH133 or 01966. Primary human
monocytes were placed on the BMVECs to initiate adhesion only after
all treatments were removed and the medium was changed. Unlike in the
in vivo experiments, the change in medium before the monocyte
introduction allows for the evaluation of the effects of the CB2 agonist
on BMVECs only. The results from the adhesion assays indicate that
human brain endothelial cells respond to CB2 agonists in preventing
immune cell adhesion. In addition, the effects with either CB2 agonist
are dose dependent for the reduction in adhesion.

CB2 agonists prevent BBB dysfunction in vivo and in vitro

LPS exposure induces an acute opening of the BBB, which is
potentiated by the presence of inflammatory mediators and activated
immune cells. In order to test the effect of CB2 activation on
inflammation-induced BBB opening, animals were treated with LPS and
some of them were co-treated with 01966. The leakage of FITC-labelled
dextran was visualized by intravital microscopy. There was no leakage
of FITC-dextran from the cerebral vessels at baseline. In contrast, 4 h
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after LPS injection, a more fuzzy vessel staining was observed due to the
considerable vascular permeability. However, in the presence of 01966
the vessel staining was more clear and SF content of brains was
significantly lower than of those derived from animals treated with LPS
only, indicating that CB2 activation attenuated the LPS-enhanced
permeability of the brain vessels.

As a more precise quantitative comparison of permeability,
animals were injected with the small molecular tracer SF (376 Da), and
the brain tissue content of SF was measured. Tracer content in the whole
brain was elevated by threefold in the LPS condition compared to naive
animals. Animals administered with either 01966 or JWH133 showed
reduced LPS enhanced permeability by 50% when compared to the LPS
animals. Taken together, the results indicate that CB2 agonists provide a
barrier protective effect.

In vitro, BBB leakiness and integrity was assessed via
measurement of TEER. Treatment of BMVEC monolayers with LPS
induced a rapid drop in resistance (80% of control) over time, which was
significantly attenuated by 01966.These data indicate that CB2
stimulation can provide BBB protection under inflammatory conditions,
supporting our in vivo observations.

Our next set of experiments was designed to understand whether
CB2 activation could increase barrier structural integrity under
physiological conditions. Application of the highly selective CB2
agonists (01966 or JWH133) resulted in dose- and time-dependent
augmentation of tightness of BMVEC monolayers (increase in TEER
with 11-15%).

Although various signaling mechanisms can influence BBB
tightness, the culminating effect is on TJ proteins located between brain
endothelial cells assuring tightness of the BBB. Therefore, TJ protein
amount in BMVEC membrane fractions was evaluated after treatment
with CB2 agonists. Four h stimulation of CB2 with 01966 or JWH133
caused a 2.2- to 2.7-fold increase in the amount of occludin and claudin-
5 present in the membranous fraction of BMVEC lysates.



Effect of CB2 activation on melanoma-brain endothelial cell
interactions

Since activation of CB2 inhibited adhesion of leukocytes to the
brain endothelium, we aimed at testing whether CB2 activation can also
inhibit tumor-endothelial interactions.

CB2 activation decreases the number of melanoma cells
adhering to the brain endothelium

In order to understand the role of CB2 in tumor metastasis
formation, we tested whether activation of CB2 with its agonist JWH133
can affect the attachment of melanoma cells to brain endothelial cells.
Treatment of human brain endothelial cells (D3) or human melanoma
cells (A2058) with JWH133 during the adhesion assay did not alter
adhesion of melanoma cells to the endothelium. However, a 4 h long
pretreatment of both endothelial cells and melanoma cells with JWH133
and treatment with the same compound during the adhesion assay
significantly reduced the number of adhered melanoma cells compared
to the untreated control. These results suggest that activation of CB2 on
both endothelial cells and melanoma cells contribute to the adhesion
reducing effect of JWH133.

CB2 agonist attenuates transmigration of melanoma cells
through brain endothelial cell layers

Next experiments were conducted to understand whether CB2
activation can interfere with the transendothelial migration of melanoma
cells as well. Transendothelial migration of A2058 cells was tested on
primary RBECs. Pretreatment of brain endothelial cells with JWH133
reduced the migration rate of melanoma cells. A more potent reduction
in the number of transmigrated melanoma cells was observed when both
cell types were pretreated with the CB2 agonist, which was also applied
during the transmigration assay.

Potential antimetastatic effect of lignans from Heliopsis helianthoides
var. scabra in the brain

Besides CB2 agonists, lignans might also elicit anti-metastatic
effects. Therefore, we tested the effects of lignans isolated from
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Heliopsis helianthoides var. scabra in our in vitro brain metastasis
model.

Compound structure elucidation of lignans from Heliopsis
helianthoides var. scabra

All of the lignans were identified from the chloroform-soluble
fraction of the methanol extract of the fresh root of Heliopsis
helianthoides var. scabra. Their identification and structural
investigation were performed by Zsanett Hajdu et al. (Department of
Pharmacognosy, University of Szeged, Szeged, Hungary). Six lignans
from the fresh roots of H. helianthoides var. scabra were identified: two
new arylbenzofuran-type neolignans, 1"-dehydroegonol 3"-methyl ether
(Hel-2) and egonol 3"-methyl ether (Hel-3), and four known lignan
derivatives, namely helioxanthin (Hel-6), (7E)-7,8-
dehydroheliobuphthalmin (Hel-11), heliobuphthalmin (Hel-12) and 7-
acetoxyhinokinin (Hel-19).

Hel-6 and Hel-11 induce morphological changes in melanoma
cells and inhibit their migration

Phase contrast microscopy images revealed that two of the six
lignans, Hel-6 and Hel-11 changed the morphology of the melanoma
cells. To visualize the morphological and cytoskeletal changes, cells
treated with Hel-6 or Hel-11 (each 5 uM) were stained with Alexa-488-
conjugated phalloidin. Exposure to Hel-6 resulted in many cells with
elongated morphology with actin-rich protrusions, filopodia and actin
stress fibers. In contrast, the presence of Hel-11 changed the morphology
of melanoma cells leading to a more expanded shape without large
filopodia.

A wound healing assay was used to investigate the effects of Hel-6
and Hel-11 on the directional migration of melanoma cells. Both lignans
reduced the rate of migration of A2058 cells. Migration is a key property
in the process of cancer cell metastasis, so identifying new inhibitory
compounds might be useful to find anti-metastatic agents.
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Hel-6 reduces the adhesion of melanoma cells to brain
endothelial cells

As the next step, the ability of the isolated compounds to inhibit
the attachment of melanoma cells to brain endothelial cells was
investigated. For this, D3 human brain endothelial cells and A2058
human melanoma cells were pretreated with the different lignans for 3 h
and then treated with the same lignan during the adhesion assay. Hel-6 (2
uM) decreased the number of melanoma cells adhering to the endothelial
layer, while the other compounds had no effect.

In order to determine the cell-type-specific impact of Hel-6, either
melanoma or endothelial cells were pretreated with the compound and
adhesion experiments were performed in the absence of the lignan.
Preincubation of the melanoma cells with 5 uM Hel-6 did not have any
effect on the adhesion. However, when the brain endothelial cells were
pretreated with 2 uM Hel-6, the extent of adhesion of the melanoma cells
to the brain endothelium decreased significantly but to a lesser extent
than that observed when Hel-6 was present during the adhesion
experiment. In the latter case, pretreatment of A2058 was not able to
reduce the adhesion further. These findings indicate a specific role of the
endothelial changes induced by Hel-6 in reducing the adhesion, and that
these changes are reversible.

Hel-6 and Hel-11 improve the barrier function of CECs

The BBB integrity was evaluated via measurement of the TEER,
which is a widely used marker of the tightness of the intercellular
junctions. 2 h after the treatment of a monolayer of primary RBECs with
5 uM Hel-6, the TEER was significantly elevated by about 15-20%
relative to the control. A minor elevation of the TEER was likewise
observed in the presence of Hel-11 (5 uM) as well.

Continuous lines of TJs between brain endothelial cells are
essential for the integrity of the BBB. Therefore, expression and
localization of ZO-1 was investigated, which is an important protein
component of TJs. Immunofluorescence studies revealed a stronger ZO-
1 staining at the cell-cell contacts between adjacent endothelial cells (D3
and RBEC cultures) in the presence of Hel-6, and a similar effect was
seen when the cells were treated with Hel-11.
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Hel-6 and Hel-11 mitigate migration of endothelial cells

An important step in the growth of metastases is the
vascularization of the tumor. In this angiogenic process, migration of
endothelial cells is a key element. As the next step, therefore, effects of
Hel-6 and Hel-11 on the migration of brain endothelial cells were
assessed by using the wound healing assay. Both Hel-6 and Hel-11 led to
a significant reduction in endothelial cell migration.

SUMMARY

Trafficking of damage-causing immune cells or metastasis
forming cancer cells across the BBB are pivotal steps in the formation of
severe and often incurable neuroinflammatory disorders or brain
metastases, respectively. Therefore, new treatment strategies inhibiting
and preventing the entry of these cells into the brain are needed to
improve the clinical outcomes, such as cure rate and also the quality of
life of the patients suffering from these diseases.

In our studies we addressed the effects of CB2 agonists and
lignans from Heliopsis helianthoides var. scabra on BBB integrity and
cell movements across the brain endothelium. First, the expression of
CB2 was detected in brain endothelial cells and in melanoma cells. To
note, CB2 expression had been show on several types of leukocytes
before. We found enhanced CB2 expression in human brain endothelial
cells exposed to various pro-inflammatory stimuli. We also identified the
presence of other cannabinoid and cannabinoid-like receptors, such as
CB1, GPR18 and GPR55 receptors, but not GPR119 in the D3 human
brain endothelial cell line, while A2058 melanoma cells expressed CB1,
GPR18, GPR55 and GPR119.

To evaluate the effects of CB2 activation on the elevated
leukocyte—endothelial cell adhesion, we tested CB2 agonists, in an LPS-
induced encephalitis model in both surface and ascending cortical
vessels. Administration of CB2 agonists could significantly reduce the
leukocyte adhesion in our model. Inhibitory effect of CB2 activation on
leukocyte adhesion to the endothelial layer was also observed in vitro.

Similar to leukocytes, activation of CB2 reduced the adhesion of
melanoma cells to the layer of brain endothelial cells. CB2 agonism
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decreased the transendothelial migration rate of melanoma cells as well.
Our results showed a BBB protective effect of CB2 activation which was
due to the upregulated expression of tight junction proteins.

Similar to CB2 activation, two compounds from the six tested
lignans, namely  helioxanthin  (Hel-6) and  dibenzylbutane
dehydroheliobuphthalmin (Hel-11) enhanced the barrier function and
increased the expression of the TJ protein ZO-1 at the junctions of the
brain endothelial cells. These two lignans inhibited the migration of both
melanoma and brain endothelial cells, and helioxanthin also reduced the
adhesion of melanoma cells to the brain endothelium.

Our findings suggest that CB2 agonists and the lignans Hel-6 and
Hel-11 are potential therapeutic candidates for preventing and curing
diseases associated with immune cell or cancer cell trafficking across the
BBB.

LIST OF PUBLICATIONS

Full papers directly related to the subject of the thesis

1. Wilhelm I, Fazakas C, Molnar K, Végh AG, Hasko J, Krizbai IA.
Foe or friend? Janus-faces of the neurovascular unit in the formation of
brain metastases. J Cereb Blood Flow Metab. 2017 Jan
1:271678X17732025 (IF2016: 5.081)

2. Hajdu Z*, Hasko J* Krizbai IA, Wilhelm 1, Jedlinszki N, Fazakas
C, Molnar J, Forgo P, Hohmann J, Csupor D. Evaluation of lignans from
Heliopsis helianthoides var. scabra for their potential antimetastatic
effects in the brain. J Nat Prod. 2014 Dec 26;77(12):2641-50 (*=co-first
authors) (IF2014: 3.798)

3. Hask6 J, Fazakas C, Molnar J, Nyual-Téth A, Herman H,
Hermenean A, Wilhelm |, Persidsky Y, Krizbai IA. CB2 receptor
activation inhibits melanoma cell transmigration through the blood-brain
barrier. Int J Mol Sci. 2014 May 8;15(5):8063-74 (IF2014: 2.862)

4. Ramirez SH, Haské J, Skuba A, Fan S, Dykstra H, McCormick R,
Reichenbach N, Krizbai I, Mahadevan A, Zhang M, Tuma R, Son Y],
Persidsky Y. Activation of cannabinoid receptor 2 attenuates leukocyte-
endothelial cell interactions and blood-brain barrier dysfunction under

14



inflammatory conditions. J Neurosci. 2012 Mar 21;32(12):4004-16
(IF2012: 6.908)

Full papers not included in the thesis

1. Nyal-Toth A, Kozma M, Nagyészi P, Nagy K, Fazakas C, Hasko
J, Molnar K, Farkas AE, Végh AG, Varé G, Galajda P, Wilhelm I,
Krizbai IA. Expression of pattern recognition receptors and activation of
the non-canonical inflammasome pathway in brain pericytes. Brain
Behav Immun. 2017 Aug;64:220-231 (IF2016: 5.964)

2. Krizbai IA, Nyul-Toth A, Bauer HC, Farkas AE, Traweger A,
Haské J, Bauer H, Wilhelm 1. Pharmaceutical targeting of the brain.
Curr Pharm Des. 2016;22(35):5442-5462 (1F2016: 2.611)

3. Nyal-Téth A, Suciu M, Molnar J, Fazakas C, Haské J, Herman H,
Farkas AE, Kaszaki J, Hermenean A, Wilhelm I, Krizbai IA. Differences
in the molecular structure of the blood-brain barrier in the cerebral cortex
and white matter: an in silico, in vitro, and ex vivo study. Am J Physiol
Heart Circ Physiol. 2016 Jun 1;310(11):H1702-14 (IF2016: 3.324)

4. Molnar J, Fazakas C, Haské J, Sipos O, Nagy K, Nyul-Téth A,
Farkas AE, Végh AG, Varé G, Galajda P, Krizbai IA, Wilhelm I.
Transmigration characteristics of breast cancer and melanoma cells
through the brain endothelium: Role of Rac and PI3K. Cell Adh Migr.
2016 May 3;10(3):269-81 (IF2016: 3.306)

5. Nagy6szi P, Nyul-Toth A, Fazakas C, Wilhelm I, Kozma M,
Molnar J, Haské J, Krizbai IA. Regulation of NOD-like receptors and
inflammasome activation in Cerebral endothelial cells. J Neurochem.
2015 Nov;135(3):551-64 (IF2015: 3.842)

6. Wilhelm I, Fazakas C, Molnar J, Haské J, Végh AG, Cervenak L,
Nagy6szi P, Nyul-Téth A, Farkas AE, Bauer H, Guillemin GJ, Bauer
HC, Varo G, Krizbai IA. Role of Rho/ROCK signaling in the interaction
of melanoma cells with the blood-brain barrier. Pigment Cell Melanoma
Res. 2014 Jan;27(1):113-23 (IF2014: 4.619)

7. Wilhelm I, Molnar J, Fazakas C, Haské J, Krizbai IA. Role of the
blood-brain barrier in the formation of brain metastases. Int J Mol Sci.
2013 Jan 11;14(1):1383-411 (1F2013: 2.339)

8. Fazakas C, Wilhelm I, Nagyoszi P, Farkas AE, Hasko J, Molnar J,
Bauer H, Bauer HC, Ayaydin F, Dung NT, Siklés L, Krizbai IA.

15



Transmigration of melanoma cells through the blood-brain barrier: role
of endothelial tight junctions and melanoma-released serine proteases.
PLoS One. 2011;6(6):€20758 (IF2011: 4.092)

9. Nagyoszi P, Wilhelm |, Farkas AE, Fazakas C, Dung NT, Hasko
J, Krizbai IA. Expression and regulation of toll-like receptors in cerebral
endothelial cells. Neurochem Int. 2010 Nov;57(5):556-64 (1F2010:
3.601)

16



ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to my supervisor Dr.
Istvan Krizbai for scientific guidance, support and motivation throughout
my Ph.D. studies. | am especially grateful to my colleague Dr. Imola
Wilhelm for the helpful theoretical and practical suggestions, discussions
and criticism.

I am grateful to Dr. Yuri Persidsky Professor and Chair and Dr.
Servio Ramirez Associate Professor of Department of Pathology and
Laboratory Medicine, Temple University, Philadelphia, PA, USA, for
providing the opportunity to learn and conduct research in their
laboratory for one year.

| am thankful to Dr. Arpad Parducz, the previous and Dr. Laszlo
Siklés, the present head of the Molecular Neurobiology Unit and to all
my colleagues in the unit. | would like to thank Dr. Pal Ormos and Dr.
Laszl6 Zimanyi, former and present directors of the Institute of
Biophysics, and all members of the Institute for the pleasant working
atmosphere.

My appreciation also extends to my previous and present laboratory
colleagues, Dr. Attila Farkas, Dr. Péter Nagydszi, Dr. Csilla Fazakas, Dr.
Judit Molnar, Adam Nyul-Téth, Kinga Molnar, Mihaly Kozma, Adam
Mészaros, Andrew Skuba, Dr. Shongshan Fan, Holly Dykstra, Ryan
McCormick, Nancy Reichenbach, Jonathan Cenna, Dr. Slava Rom, Dr.
Ming Zhang, Yu Zhou, for excellent teamwork and sharing excitement
of research and discovery.

I am grateful to all collaborators for enthusiastic participation in the
preparation of experiments and manuscripts, especially to Dr. Zsanett
Hajdu, Dr. Dezs6é Csupor, Dr. Judit Hohmann.

I am thankful to my family and my friends, for their support.

Finally, 1 want to thank to Hungarian-American Enterprise
Scholarship Fund, GINOP-2.3.2-15-2016-0020, GINOP-2.3.2-15-2016-
0034, GINOP-2.3.2-15-2016-0030 grants and “Apaczai Csere Janos
Grant for PhD. Students” (TAMOP 4.2.4.A/2-11-1-2012-0001) for
financial support.

17



