Combined neuronavigation and MEP monitoring during resection

were induced, the test was repeated with the same current
level intensity or at a current level 1 mA lower.

During the removal of tumors within 3 cm of the pyra-
midal tracts using intraoperative neuronavigation, subcor-
tical electrical sumulations were carried out repetitively.
Bipolar stimulation of five trains with monophasic square
waves and a duration of 0.2 msec were applied with a fre-
quency of 1 Hz. For language and sensory testing, a 50-
Hz electrical current was delivered.® Language functions
were assessed during spontaneous speech, naming, reading
a paragraph, and were also based on reading comprehen-
sion.”™ Sensory function of both positive and negative symp-
toms was evaluated by the examiner.

We confirmed the points of stimulation by visualization
on the neuronavigation system. In all patients, the mini-
mum distances between the points of stimulation and the
fiber tracking of the pyramidal tracts were measured with
3D MR imaging during intraoperative neuronavigation.

Surgical Procedures

All of the patients underwent tumor removal with the
combined use of tractography-integrated functional neu-
ronavigation and direct fiber stimulation. After the ad-
ministration of local anesthetic agent, motor function of the
four extremities in 28 patients was continuously monitored
using the muscle maneuver test’ during removal of tumors
near the pyramidal tracts. In these patients, language func-
tion was evaluated with the same testing procedures as
those used for electrical stimulation, depending on the lo-
cation of the twmor. Single-digit multiplication was per-
formed by three patients in whom part of the tumor extend-
ed to the left parietal lobe. Resection of the lesions was
ceased when a subcortical stimulation elicited an MEP res-
ponse or language dysfunction. All elicited responses were
recorded on video and later confirmed.

Results
Motor function was preserved postoperatively in all pa-

tients. In five patients with preoperative mild motor weak-
ness in the upper or lower extremities, motor ability im-
proved to full strength on the 2nd postoperative day (Table
2). Three resections were terminated due to the appearance
of a disturbance in reading and naming ability caused by
electrical sumulation.

Among 21 patients in whom MEPs were elicited, the dis-
tance between the estimated pyramidal tracts and the site of
the positive MEPs was 1 cm or less in 18 patients (Fig. 1).
Mild preoperative motor weakness in the upper extremi-
ties improved intraoperatively in two of four patients over-
all. Mild and transient motor weakness of the contralateral
hand occurred when the first MEP was observed in the oth-
er two patients.

The distance between the estimated pyramidal tracts and
the site of stimulation was 1 to 2 cm in 15 patients, and
MEP recordings were negative in 12 of these patients. Two
of these 15 patients suffered postoperative supplementary
motor area syndrome,' which lasted for 2 weeks. In the re-
maining five patients, MEPs were never elicited by stimuli
more than 2 cm from the estimated pyramidal tracts.

Discussion

This study showed the clinical impact of integrated func-
tional nmeuronavigation and subcortical electrical stimula-
tion for preserving motor function while attaining adequate
tumor resection, Various methods, including positron emis-
sion tomography, functional MR imaging, magnetoenceph-
alography, and electrical stimulation, have been shown to
be effective for functional mapping and monitoring to pre-
serve motor function at the cortical level. For better surgical
outcomes, DT fiber tractography and/or subcortical electri-
cal stimulation have been used to evaluate both the anatom-
ical and functional condition of the pyramidal tracts. Sev-
eral limitations to these approaches, however, have not
been resolved.

Errors in track trajectories estimated by fiber tracking are

TABLE 2
Relationships among distance, MEP response, and motor function in 40 patients with brain tumors*
MEP Re- Preop Motor Intraop Change Postop Motor
Distance No. of cordings (no. Weakness (no. in Motor Function (no. Function Results (no.
(em)t Patients of patients) of patients)} of patients)§ of patients )il
-1 20 positive (18) present (3)
vpper, Grade 4/5 improved to Grade 4+/5 improved to Grade 5/5
upper, Grade 4/5 improved to Grade 4+/5 improved to Gride 5/5
lower, Grade 4/5 no change improved to Grade 5/5
none (15) no change (8), worsened (2)  no deficits (15)
negative (2) none (2) no change (2) no deficits (2)
1-2 15 positive (3) none (3) no change (3) no deficits (3)
negative (12)  present (1)
upper, Grade 4/5 no change improved to Grade 5/5
none (11) no change (6) SMA syndrome (2), no deficits (9)
2-3 5 positive (0) NA NA NA
negative (5) present (1)
upper, Grade 4/5 no change improved to Grade 5/5
none (4) no change (2) no deficits (4)
* NA = not available; SMA = suppl Y moltor area.

1 Distance between the :lr.cu-icsll;' stimulated white matter and the pyramidal tracts on intraoperative neuronavigation,

1 Motor function graded according to the Dejong scale.

§ Intraoperative change in motor function is the change in clinical symptoms during awake surgery (in 28 patients) caused by tumor

resection, not by electrical stimulation,
Il Postop ve motor function was ¢
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FiG. 1. Subcortical MEPs elicited intraoperatively in a 36-year-old woman with a nght frontal diffuse astrocytoma. Her
neurological examination was normal preoperatively.  A: Intraoperative T,-weighted MR images showing a hypenintense

area (yellow an

a in upper left panel) close to the pyramidal tract identified by fiber tracking (green). During the removal

of the umor, subcortical stimulation elicited MEPs at the bottom of the umor (intersection of yellow lines) 8 mm from the
edge of the estmated pyramidal tract. No further removal was performed 1o avoid causing neurological deficits.  B: Post-
operative MR images demonstrating that the pyramidal tracts dentified by fiber tracking (red) are preserved. C: A typ-
ical waveform of MEP response elicited from the left biceps muscle by subcortical sumulation during tumor removal.

known 1o be caused by low signal-to-noise ratios, the selec-
tion of the seed ROIs, the setting of thresholds for fraction-
al anisotropy, the algorithm used in the procedure, or the
effects of crossing fibers.**!* Intraoperative brain shift dur-
ing surgery should also be considered. In addition to the
technical factors mentioned, other factors such as preoper-
ative motor weakness and tumor-related edema can also af-
fect the results of fiber tracking and MEP responses.’ Ad-
ditionally, MEP responses are affected by the condition of
electrical stimulation;" the type of electrodes;” and errors
in electrical sumulation due to current spread, electrical
conductivity, and resistance.’

1272% These possible errors in

596

the results of MEP recordings may cause postoperative mo-
tor deficits following resection of subcortical lesions near
the pyramidal tract.**

Taking these limitations into consideration, complemen-
tary use of fiber tracking and subcortical MEPs in the pres-
ent study offers clinical anatomical-functional information
that aids in the preservation of pyramidal tracts. Combined
use of these two methods in the present study has shown
better surgical outcome in the preservation of motor func-
tion than outcomes repeated following MEP monitoning
alone™'* or fiber tracking alone.'** From the neurooncolog-
ical point of view, subcortical electrical mapping has sig-
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nificantly improved the survival rate of patients undergo-
ing low-grade glioma resections* We believe that com-
bmcd functional neuronavigation and subcortical electrical
stimulation during removal of nonmalignant gliomas will
contribute to further improvement of the survival rate and
maintenance of a high quality of life.

Because intraoperative MR imaging frequently cannot
be performed during tumor resection, evaluation of the dis-
tance between the site of resection and the pyramidal tracts
on intraoperative neuronavigation would be important for
determining the optimal time to apply subcortical stimula-
tion. During the removal of tumors located approximately
1 ¢m from the pyramidal tracts in the course of neuronavi-
gation, repetitive subcortical electrical stimulation should
be applied. The presence of subcortical MEPs during resec-
tion of a tumor is an important warning sign of the occur-
rence of permanent motor weakness, and therefore further
resection after obtaining the first MEP response should be
avoided.'* Alternatively, lesions could be removed with-
out injury to the pyramidal tracts if the estimated fibers
were more than 2 cm away on intraoperative neuronaviga-
tion. To clarify the critical distance between the subcortex
to be electrically stimulated and the estimated pyramidal
tracts, further studies with DT image processing during the
course of surgery with the use of intraoperative MR imag-
ing are needed.* In addition to its use in subcortical map-
ping of the pyramidal tracts, MEP monitoring using cor-
tical or transcranial electrical stimulation should also be
considered as a way 1o preserve motor function, 72

Conclusions

In 40 patients with brain tumors located near the pyra-
midal tracts, MEPs were elicited from the subcortex in 18
of 20 patients when the distance between the stimulated
subcortex and the estimated pyramidal tracts on tractogra-
phy-integrated intraoperative neuronavigation was within
1 cm. In the other 20 patients, with distances greater than
1 cm between the stimulated subcortex and the estimat-
ed pyramidal tracts, MEPs were elicited in only three pa-
tients, During removal of tumors located within 1 cm from
the pyramidal tracts on functional neuronavigation, subcor-
tical electrical stimulation should be applied to preserve
motor function.
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Abstract

1. The distribution of an anti-cancer agent carboplatin to brains was investigated in combination with
hyperbaric oxygenation trearment in rats.

2. After intravenous administration of carboplatin (30mgkg™") to male Wistar rats, eliminstion
curves of plasms drug concentrations plotted against a time of 45min were not different with or
without hyperbaric oxygenation (at 0,20-0.25 MPa for last 20 min) (reatments,

3. Carboplatin concentrations of livers, lungs and kidneys in each group were similar ar the endpoint
of hyperbaric oxygenation treatment.

4, Under these atmosphere conditions (at 0.10 MPa), carboplatin concentration was at
an undetectable level in rat brains (<0.1pgg™' tissue, n=6). On the contrary, carboplatin was
detected in all brains tested at the levels of 0.5+ 0.3 pgg ™" tssue (mean and standard deviation (SD),
n=6), 0.8+ 0.5pgg " tissue, and 0.4+ 0.2pgg ™" tissuc in combination with hyperbaric oxygenation
at 0.20, 0.22, and 0.25 MPs, respectively, at the endpoint of hyperbaric oxygenation treatment.

5. The results suggest that carboplatin could be uptaken into rat brains at the detectable levels by the
aid of hyperbaric oxygenation, consistently with the reported findings of enhanced transendothelial
permeability and improved clinical efficacy of carboplatin combined hyperbaric oxygenation therapy.

Keywords: Hyperbaric oxygenanon, carboplatin, brain

Introduction

Carboplatin (cis-diammine-1,1-cyclobutanedicarboxylatoplatinum(Il)) is a second-genera-
tion platinum antineoplastic agent with clinical efficacy including modest activity against
brain tumours (Allen et al. 1987). Recently we obtained a high efficacy of carboplatn
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combined with hyperbaric oxygenation therapy on brain tumours at St. Marianna University
School of Medicine Hospital (Tanaka et al. 2004, 2005; Yamazaki et al., 2006; Suzuki et al.,
2008). Hyperbaric oxygenation therapy has been generally used to treat decompression
sickness, a variety of infections, and ischaemic damages (Chougule et al. 1999). Mechanisms
for improved clinical efficacy of a variety of medicines with the hyperbaric oxygenation
therapy are not generally known, in spite of their importance in clinical practice. Recently,
we indicated that hyperbaric oxygenation increased transendothelial permeability of
carboplatin as well as doxorubicin, a known P-glycoprotein substrate, in an #n vitro model
with aid of hyperbaric oxygenation (Yamazaki et al. 2008). Under the hyperbaric
oxygenation conditions (at 0.2 MPa for the first 10min), the transendothelial transport of
doxorubicin and carboplatin were increased by 1.3-1.8-fold by hyperbaric oxygenation, like
the suppressive effects of verapamil on P-glycoprotein function (Yamazaki et al. 2008). To
investigate these novel findings in detail, a confirmation of carboplatin distribution to the
brain in an animal model in vivo with hyperbaric oxygenation would be needed.

In the present study we investigated the distribution of carboplatin to brains in
combination with hyperbaric oxygenation treatment in rats, We report herein the increased
distribution of carboplatin to rat brains with the aid of hyperbaric oxygenation. Improved
clinical efficacy would be expected as one of the consequences of enhanced distribution of
anti-cancer agents to brains with hyperbaric oxygenation.

Materials and methods

Chemical

Carboplatin (CAS number 41575-94-4, molecular weight =371.25, >99% of purity) was
obtained from Bristol-Myers (Tokyo, Japan).

Distribution experiments

The present study was approved by the local committee on the care and use of laboratory
animals. A total of 24 male Wistar rats (7 weeks old; Japan SLC, Hamamartsu, Japan) were
divided into four experimental groups of six. After cannulation of the inferior vena cava with
diethylether anaesthetic, rats were intravenously treated with carboplatin (30 mgkg™") under
atmospheric conditions (at 0.10 MPa). In the cases of HBO trcatment, cach rat was
introduced to a hyperbaric oxygen chamber (Barotec Hanyuda, Tokyo, Japan) at 0.20, 0.22
or 0.25 MPa for 20 min (an increase or decrease of atmosphere for 5 min) from 15 min (from
the first zero point) after intravenous injection. This time schedule in the present study was
set up in one-third scale in actual human cancer therapy by carboplatin combined with
hyperbaric oxygenation therapy at St. Marianna University School of Medicine Hospital
(Yamazaki et al. 2006).

Pharmacokinetic analysis of carboplatin

Approximately 1g-of liver, lung, kidney or brain obtained from rats was suspended in
10mM Tris-HCl buffer (pH 7.5) containing 10mM EDTA and 100mM KCI and
homogenized with a Teflon-pestle homogenizer. An ultra-filtrate (350-500 pl) was prepared
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from 1ml of plasma samples or tissue homogenates by centrifugation in a Centrifree
micropartition unit (Amicon, Beverly, MA, USA) at 2000 ¢ and 15°C for 20-60 min. The
ultra-filtrate samples containing carboplatin were analysed with an analytical NH, column
using acetonitrile/methanol/5mM sodium perchlorate buffer (pH 2.4) (75:15:10, v/v) at
230nm by the high-performance liquid chromatography system described previously
(Yamazaki et al. 2006). The method yielded similar intra-day and inter-day precision and
accuracy of <6% with linearly from 0.1 to 80pgml™ and a recovery rate >98% in the
presence of rat plasma or brain homogenates as the reported system (Yamazaki et al. 2006).
All statistical analyses were carried out with the InStat program (GraphPad Software,
San Diego, CA, USA).

Results and discussion

Figure 1 shows the representative elimination profiles following a 30mgkg ' dose of
carboplatin given by intravenous administration. Carboplatin concentrations in the plasma
were decreased under the pressure of the atmosphere (0.1 MPa; Figure 1A). With
hyperbaric oxygenation treatment adopted at 0.20-0.25MPa for 20min; carboplatin
concentrations under the three oxygenation conditions were decreased in an apparently
similar manner as the atmospheric condition. After the hyperbaric oxygenation treatment,
mean carboplatin levels in the plasma (especially at 0.20 MPa) were apparently increased but
were not significantly different from the atmosphere group at the endpoint of hyperbaric
oxygenation treatment (9-13 pgmi™'; Figure 1B).

At the endpoint of hyperbaric oxygenation, the tissue distribution of carboplatin in rats
was determined (Figure 2). As shown in Figure 2A, carboplatin concentrations in kidneys
(30-50pugg™" tissue) were apparently higher than those in livers or lungs (4-19 pgg™'
tissue). With regard to the cffects of hyperbaric oxygenation on the distribution of
carboplatin, concentrations of carboplatin in livers, lungs or kidneys were not significantly
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Figure 1. Carboplatin concentrations in plasma as a function of time (A) and at 45min after
intravenous treatment with rats (B). A period of hyperbaric oxygenation treatment was indicated in
panel (A) as a hatched bar (increase or decrease of the atmosphere took 5min). Representative curves
were taken from each profile under the atmosphere (at 0.1 MPa) and hyperbaric oxygenation (at 0.20,
0.22, and 0.25 MPa for last 20 min). Data arec mean and standard deviation (SD) from six rats in

panel (B).
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Figure 2. Comparison of carboplarin concentrations in livers, lungs, and kidneys (A) and brains (B)
in rats treated with carboplatin (30mgkg™") and hyperbaric oxygenation (at 0.20-0.25 MPa
for last 20min). Carboplatin concentrations were determined at 45min after the intravenous

treatment.

different among the control atmosphere group (0.1 MPa) and three conditions of hyperbaric
oxygenation. On the contrary, carboplatin was detected in all the brains tested in the present
study at the levels of 0.540.3 pgg™' tissue (mean and SD, n=6), 0.8-+0.5g g ! tssue,
and 0.44-0.2ugg™" tissue in combination with hyperbaric oxygenation at 0.20, 0.22, and
0.25 MPa, respectively (Figure 2B).

It has been reviewed that a single exposure to hyperbaric or hyperoxic conditions would
not seem to affect single-dose pharmacokinetics of drugs eliminated by the kidney
(gentamycin) or by the liver with a capacity-limited clearance (pentobarbital, theophylline,
caffeine) or with a perfusion-limited clearance (pethidine, lidocaine) (Rump et al. 1999). On
the contrary, it could be possible that oxygen-induced cerebral vasoconstriction would result
in some modification of drug pharmacokinetics, presumably because of a variety of
biochemical changes in the brain such as inactivation of intracellular systems or changes of
blood flow rates (Al-Waili and Butler 2007). In the present study, the uptake of carboplatin
in rat brain combined with hyperbaric oxygenation was seen (Figure 2B). Mechanisms of
carboplatin uptake to the brain had not yet been known. Recently, we have reported that
carboplatin had similar endothelial permeability (Yamazaki ct al. 2008) compared with
doxorubicin or verapamil, which are typical P-glycoprotein substrates (Culot et al. 2008).
Increased permeability of P-glycoprotein-dependent carboplatin by hyperbaric oxygenation
(like by verapamil) may rapidly reach pharmacologically significant concentrations in the
central nervous system. Changes in blood flow derived from oxygen-induced cerebral
vasoconstriction could not be ruled out. Although many more factors would also influence
clinical efficacy of carboplatin with hyperbaric oxygenation therapy, a possibility of modified
biological uptake of carboplatin to the brain by the aid of hyperbaric oxygenation might be
relevant to the efficacy with hyperbaric oxygenation therapy for malignant gliomas.

In order to obtain better the distribution of carboplatin to brains, it might be possible
to expand the residence time in the hyperbaric oxygenation chamber because the
three conditions of oxygenation pressure at 0.20-0.25MPa gave similar results to
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carboplatin pharmacokinetics. However, the present fixed hyperbaric experimental
condition came from a simulation at one-third scale to the actual human cancer therapy
in our hospital (Yamazaki et al, 2006). Because of rapid elimination of carboplatin in rat
plasma (Figure 1), the present analyses were carried out during the combination periods of
atmospheric conditions and hyperbaric oxygenaton conditions. It might be interesting to
calculate pharmacokinetic parameters such as the area under the curve or volume of
distribution for carboplatin with more time points. However, the basic conditions were
changed in the course of the study with regard to the pressure. It might not allow one to
calculate the whole profiles in simple pharmacokinetic analysis. Therefore, we investigated
the effects of hyperbaric oxygenation treatments on carboplatin concentrations in plasma
and tissues at the endpoint of hyperbaric oxygenation treatment. The further efforts would
be necessary to evaluate the hyperbaric oxygen conditions for carboplatin and other
medicines to clinical trails in humans.

In conclusion, taken together with the present results and these findings, the increased
distribution of carboplatin to rat brain in combination with hyperbaric oxygenation would be
consistent with enhanced transendothelial permeability of carboplatin and may support
improved clinical efficacy of carboplatin combined with hyperbaric oxygenation therapy.
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Abstract

1. The objective was to investigate the transport of an anticancer agent carboplatin across the blood-
brain barrier in combination with hyperbaric oxygenation treatment. An in vitro well-validated model
of bovine brain capillary endothelial cells was used.

2. A rwransendothelial transport of doxorubicin, a known P-glycoprotein substrate, was enhanced
1.5-fold by verapamil for 2-h incubation at 37°C. A transendothelial permeability coefficient of
carboplatin (1.29 x 107 cmmin™") was also increased 1.8-fold by verapamil.

3. Under the hyperbaric oxygenation conditions (at (0.2 MPa for the first 10 min), the transendothelial
transport for 2h of doxorubicin and carboplatin were increased 1.3- to 1.8-fold by hyperbaric
oxvgenation, like the suppressive effects of verapamil on P-gp function, without increase of the
transport of lucifer yellow, a non P-glycoprotein substrare.

4, Combination of hyperbaric oxygenation treatment and verapamil could not further increase the
permeability coefficients of these drugs that were already enhanced by either treatment, implying the
P-glycoprotein-mediated carboplatn efflux transport similarly as doxorubicin.

5. Together with our reported high efficacy of carboplatin combined with hyperbaric oxygenartion
therapy on brain tumours, the present results suggest that carboplatin could be transported by
P-glycoprotein, but that this efflux mechanism would be reduced by the hyperbaric oxygenation with
the consequences of clinical efficacy.
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Inwroduction

Toxicity to the central nervous system is a key issue in early safety assessment of compounds
(Crofton et al. 2004). The P-glycoprotein (P-gp) pump, a member of the ATP-binding
cassette superfamily of drug transporters (Sarkadi et al. 1992), is responsible for limiting
entry of drugs into the central nervous system. On the contrary, resistance of tumour cells
1o a variety of drugs is a serious problem in cancer chemotherapy (Gottesman and Pastan
1993). Carboplatin (cis-diammine-1,1-cyclobutanedicarboxylatoplatinum(l1l)) is a second-
generation platinum antineoplastic agent with clinical efficacy including modest activity
against brain tumours (Allen et al. 1987). Recently, we obtained high efficacy of carboplatin
combined with hyperbaric oxygenation (HBO) therapy on brain tumours at St. Marianna
University School of Medicine Hospital (Tanaka et al. 2004, 2005; Yamazaki et al. 2000),
in a similar manner using reported cellular systems (Kalns et al. 1998). HBO therapy has
been generally used to treat a decompression sickness, variety of infections and ischaemic
damages (Chougule et al. 1999). However, the detailed mechanism of improved clinical
efficacy of medicines including carboplatin with the HBO therapy is unknown. To explain
these novel findings, investigations for mechanisms of carboplatin transports across the
blood-brain barrier and their modulation with HBO would be needed.

In the present study we investigated the carboplatin transfer across an i vitro model of the
blood-brain barrier (Cecchelli et al. 1999; Culot et al. 2008), which could mimic in vivo
condition. P-glycoprotein is clearly shown 1o be expressed in this blood-brain barrier model
(Cecchelli er al. 1999; Culort et al. 2008). We reported herein the P-gp-mediated efflux
transports of carboplatin and doxorubicin could be suppressed by HBO in the blood-brain
barrier model. Clinical efficacy would be expected in consequence of enhanced
transendothelial permeability of anti-cancer agents with hyperbaric oxygenation.

Materials and methods
Chemicals

Carboplatin (molecular weight = 371.25) was obrained from Bristol-Myers (Tokyo, Japan).
Doxorubicin, verapamil, rhodamine 123, and lucifer yellow CH were purchased from
Sigma-Aldrich (St Louis, MO, USA). All other chemicals were of the highest quality
commercially available.

In vitro blood—brain barrier model and insect microsomes expressing P-gp

The in virro blood-brain barrier model (Cecchelli et al. 1999; Culot et al. 2008) (CT Bovial-
screen pack) was obtained from Nosan (Yokohama, Japan). The general procedures 1o
prepare in wirro blood-brain barrier model with this kit were described previously (Cecchelli
et al. 1999; Culot et al. 2008). Briefly, rat glial cells were cultured on a six-well plate in
Dulbecco’s modified eagle medium supplemented with 10% (v/v) foetal calf serum
(Hyclone Laboratories, Logan, UT, USA), 2mM glutamine, and 50 pg ml™" of gentamicin
for 3 weeks. Bovine endothelial cells were separately cultured on two 60-mm diameter
gelatin-coated Pétri dishes. Polycarbonate filters (Millicell-PC, 3 um pore size, 30 mm;
Millipore Corporation, Carrigtwahill, Cork, Ireland) were coated on the upper side with
rat tail collagen prepared by a modification of the method (Dehouck et al. 1990). Confluent
endothelial cells were trypsinized and plated on the upper side of the filter at a concentration
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of 4 x 10° cellsml™". Inserts were placed on glial cell cultures and co-cultured in Dulbecco’s
modified eagle medium supplemented with 10% (v/v) calf serum, 10% (v/v) horse serum,
2mM glutamine, 50 pug ml~" of gentamicin and 1 ngml™" of basic fibroblast growth fact.
The endothelial cells formed a confluent monolayer and presented the blood-brain barrier
characteristics after 12 days (Cecchelli et al. 1999; Culort et al. 2008).

Insect microsomes expressing human P-gp for vanadate-sensitive ATPase assay were
obrained from GenoMembrane (Yokohama, Japan). Inorganic phosphate generared by ATP
hydrolysis linked with ABC transporters (Sarkadi et al. 1992) was determined by colorimetry
according to the manufacturer’s protocol.

Transendothelial rransport experiments

Before the transport experiments, Ringer-Hepes buffer solution (pH 7.4) was added to
empty wells of six-well plates (2.5 ml per well; Millipore, Billerica, MA, USA). Filter inserts,
with or without confluent monolayers of bovine brain capillary endothelial cells, were
subsequently placed in six-well plates. The test compound and/or verapamil (25 pM) and
the integrity marker of the blood-brain barrier (20 pM of lucifer yellow) in water or dimethyl
sulfoxide (DMSQ) were added to the cell monolayer (1.5ml). In the cases of HBO
treatment, the plates were introduced to a hyperbaric oxygen chamber for small animals
(Model P-51008S, Barotec Hanyuda, Tokyo, Japan) connected with a gas cylinder containing
50% O, and 50% N, at 0.2 MPa for 10 min (increase or decrease of atmosphere for 5 min)
in a room held at constant temperarure (37°C). Then the plates were placed on an orbital
shaker at 37°C for transport experiments under the normal conditions.

Aliquots (200 ul) from the donor solution were taken at the beginning and at the end of
120-min incubation. Ultra-filtrate samples containing carboplatin obtained from i wvitro
blood-brain barrier models were analysed by the high-performance liquid chromatography
system described previously (Yamazaki et al. 2006). Doxorubicin in the media
were determined by high-performance liquid chromatography (Zhao and Dash 1999),
The amounts of fluorescent tracer (lucifer yellow) in samples (200 pl) were derermined
fluorimetrically at the excitation wavelength of 420nm and the emission wavelength of
535nm with a microplare reader (TriStar LB 941, Berthold, Bad Wildbad, Germany).

Data analysis and calculation

The linearity of permeability was confirmed in controls and experiments in exactly the same
conditions for 2 h. The cleared volume was calculated by dividing the amount of compound
in the receiver compartment by the drug concentration in the donor compartment as
described previously (Cecchelli et al. 1999; Culot er al. 2008). The slope of the clearance
curve with inserts alone (free) and inserts with cells (tssue) is equal to PSy and PS,,
respectively, where PS is the permeability-surface area product. The units of PS and S are
in plmin~' and cm?, respectively. The PS value for the endothelial monolayer (PS.) was
computed as follows (Cecchelli et al. 1999; Culot et al. 2008):

1/PS. = 1/PS, — 1/PS;.

. g . - _|
To generate the endothelial permeability coefficient, . (cm min™ ), the PS, value was
. . w 3 P — - -
divided by the surface area of the insert (4.2cm” for Millicell-PC). To assess possible
adsorption to plastics or non-specific binding to cells, the mass balance (%) was calculated
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from the amount of compound recovered in both compartments at the end of the
experiment divided by the total amount added in the donor compartment at Omin
(Cecchelli et al. 1999; Culot et al. 2008).

All statistical analyses were carried out with the InStat program (GraphPad Software,
San Diego, CA, USA).

Results and discussion

Since P-gp is of key importance for the functional blood-brain barrier model, its activity was
assessed in the present in virro model by measuring the uptake of rhodamine 123 (20 pM,
a selective substrate of P-gp), before anti-cancer drug transport experiments. The
permeability coefficient values of rhodamine 123 were determined to be 1.04+0.15 and
1.79 +£0.45 (10"’ cmmin~', mean and SD, n = 3), respectively, in the absence and presence
of a typical P-gp inhibitor, verapamil. Under the present condition, the similar monolayer
integrity was confirmed by the permeability coefficient values (<1.0 x 10 *cmmin™") of
the co-incubated lucifer yellow in the absence and presence of verapamil.

After the confirmation of suitability for transendothelial transport experiments,
concentrations of anticancer drugs in the donor and acceptor compartments in the model
were determined in cell-free and endothelial cell systems. As shown in Table I, in the
cell-free system approximately one-third of the added substrate concentrations were
detected in the receiver compartments after 2-h incubation. The transport of doxorubicin,
a known substrate of P-gp, was apparently increased by verapamil in the endothelial cells
under the atmosphere of HBO conditions. Similar results were seen in the carboplatin
transport in this model at substrate concentrations of 2.5 and 50pM as in the case of
doxorubicin.

From these drug concentrations, a permeability coefficient of each substance was
calculated (Table I). Under all conditions, no changes of the monolayer integrity were
checked using co-incubated marker lucifer yellow. The transendothelial permeability
coefficient of doxorubicin determined at a substrate concentration of 10 pM was calculated
10 be 0.65 x 107> emmin~" under the control conditions. This transendothelial permeability
coefficient value of doxorubicin was increased by addition of verapamil to the cells (1.5-fold)
or under the HBO condition (1.3-fold). The transendothelial permeability coefficient
of carboplatin determined at 50 uM were 1.29 x 10 cmmin~" under the atmosphere.
The transendothelial permeability coefficient of carboplatin was significantly increased
by verapamil (1.8-fold) or under HBO treatment (1.8-fold). Combinations of addition of
verapamil and HBO treatment could not further significantly enhance the transendothelial
permeability coefficients of doxorubicin and carboplatin, implying the saturations of the
modifiers on the P-gp function. These results suggested that carboplatin efflux could be
mediated by P-gp in the similar manner of doxorubicin and that the function of P-gp in the
blood-brain barrier might be reduced by the HBO conditions.

To investigate further the effects of HBO on the relationship berween P-gp and
carboplatin, ATPase activities of recombinant P-gp were also determined. However,
as shown in Table I, the activities obrained from vanadate-sensitive ATPase assays seemed
to indicate little interaction berween P-gp and carboplatin and undetectable effects of
carboplatin on the verapamil-mediated ATPase activity of P-gp. The modulation of the P-gp
function by HBO could not be determined in the present ATP assay systems, presumably
because of one of false-negative cases (Sarkadi et al. 1992).
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Table II. Effects of carboplatin on vanadate-sensitive ATPase activities in recombi-
nant P-glycoprotein (P-gp).

Vanadarc-sensitive ATPase activities
1 1 :
(P, nmolmin "mg  protein)

Carboplatin (WM) Without verapamil With verapamil, 50 uM
0 1211 42+2
10 641 43+1

100 Bx1 4442

180 10+1 45+3

Insect microsomes expressing human P-gp (20 pg) were incubated for 30 min a1 37°C
in the absence or presence of verapamil and carboplatin. Data are the means and
standard deviation (SD) of triplicate determinations.

It has been reviewed that a single exposure to hyperbaric or hyperoxic conditions would
not seem to affect single-dose pharmacokinetics of drugs eliminated by the kidney and liver
(Rump et al. 1999). On the contrary, it could be possible that oxygen-induced cerebral
vasoconstriction would result in some modification of drug pharmacokinetics, presumably
because of a variety of biochemical changes in the brain such as inactivation of intracellular
systems or changes of blood flow rates (Al-Waili and Butler 2007). Although mechanisms of
carboplatin transports across the blood-brain barrier had not previously been known, in our
preliminary clinical study a possibility of prolonged biological residence time of carboplatin
might be relevant to the efficacy with HBO therapy for malignant gliomas. We also
preliminarily found that carboplatin could be uptaken into rat brains at the detectable levels
by the aid of hyperbaric oxygenation. In the present study, carboplatin was classified as
low endothelial permeability (around 1 x 107> cmmin~' of P,) among the typical reported
substances (Cecchelli et al. 1999; Culot et al. 2008). A major contribution of P-gp on the
limited transendothelial permeability of carboplatin was also suggested as in the case of
doxorubicin. However, other efflux pump(s) than P-gp restrictive to carboplatin transport
could not be ruled out because of insignificant but apparent synergic action (175% and
226%) of hyperbaric oxygenation and a known board inhibitory effect of verapamil
(Table I). In conclusions, taken together with the present results and these findings, P-gp
mediated transendothelial ransport of carboplatin might be reduced by the HBO trearment.
The detailed mechanism of the modulation of P-gp function by oxygen would need to be
clarified. Increased permeability of P-gp-dependent medicines by HBO may rapidly reach
pharmacologically or toxicologically significant concentrations in the central nervous system.
Assessment of suppression of P-gp-dependent efflux drug transports across the blood-brain
barrier by oxygenation is of interest in pharmacological barrier research.
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Vaccines targeting tumour angiogenesis were recently shown to inhibit tumour growth in
animal models. However, there is still a lack of information about the clinical utility of
anti-angiogenic vaccination. Therefore, here, we aimed to test the clinical effects of a
vaccine using glutaraldehyde-fixed human umbilical vein endothelial cells (HUVECs),
Six patients with recurrent malignant brain tumours and three patients with metastatic
colorectal cancer received intradermal injections of 5x 107 HUVECs/dose (in total 230
vaccinations). ELISA and flow cytometry revealed immunoglobulin response against
HUVECS' membrane antigens. ELISPOT and chromium-release cytotoxicity assay revealed
a specific cellular immune response agmnsx HUVECs, which were lysed in an effec-
tors:targets ratio-dependent Gadolinium-contrasted MRI showed partial or com-
plete tumour responses in three malignant brain tumour patients, Except for a DTH-like
skin reaction at the injection site, no adverse effect of vaccination could be observed. Our
results suggest that the endothelial vaccine can overcome peripheral tolerance of self-
angiogenic antigens in clinical settings, and therefore should be useful for adjuvant
immunotherapy of cancer.

© 2007 Elsevier Ltd. All rights reserved.

1 Introduction

associated antigens over-expressed on tumour endothelium
are specific molecular addresses targeted by anti-angiogenic

Angiogenesis, the growth of new blood vessels, is essential for
tumour growth and metastasis.' > Whereas angiogenesis oc-
curs minimally in normal adult tissues, it is intensive in
developing tumours, enabling them to grow over the diameter
of a few mm, the so called ‘angiogenic limit'. Angiogenesis-

therapy.*'° Therapeutic damage of tumour endothelium acti-
vates the coagulation cascade, and consequently results in
the obstruction of tumour vasculature, with hypoxia and
shrinkage of tumours due to necrosis, whereas it does not af-
fect blood supply in normal adult tissues.'* As a result, cancer

* Corresponding author: Address: Department of Transfusion Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-

0033, Japan. Tel.: +81 3 3815 5411x35165; fax: +81 3 3816 2516.
E-mail address: okaji-tky@umin.ac.jp (Y. Okaji).

0959-8049/% - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.ejca,2007.10.018
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patients coexist with small tumours that can neither grow
nor metastasise, under the condition called ‘tumour dor-
mancy'” or ‘cancer without disease'."*

Vaccines targeting tumour angiogenesis were recently
shown by us and others to inhibit tumour growth in animal
models.'*'* However, there is still a lack of information about
the clinical utility of anti-angiogenic vaccination. Therefore,
here, we aimed to test the clinical effects of a vaccine using
glutaraldehyde-fixed human umbilical vein endothelial cells

(HUVECS).

2. Patients and methods

2.1.  Eligibility criteria

Patients with a recurrent malignant brain tumour or a meta-
static colorectal cancer, previously treated in our hospital,
were eligible. Eligibility criteria were as follows: A progressive
disease resistant to conventional therapy, as assessed by con-
trasted computer tomography (CT) or magnetic resonance
imaging (MRI), and classified according to the Response Eval-
uation Criteria in Solid Tumours'®; at least a 1 month period
after finishing prior therapy; WHO performance status 0-3
(malignant brain tumours) or 0-2 (colorectal cancer); haemo-
globin 28 g/dL; bilirubin £2.0 mg/dL; serum glutamic oxaloa-
cetic transaminase <100 IU/L; serum glutamate pyruvate
transaminase <100 IU/L; creatinine €2 mg/dL; blood urea
nitrogen <30 mg/dL; creatinine clearance >90 ml/min; ejec-
tion fraction by echocardiography 270% and prothrombin
time >70%. In addition, patients with a psychiatric disorder,
extensive cachexia, multiple cancer types, active infection,
auteimmune disease or myocardial ischaemia were excluded.
The Institutional Review Board of the University of Tokyo ap-
proved this protocol. All patients provided written informed
consent before enrolment on protocol, in accordance with
the Declaration of Helsinki.

2.2, Study design

This single arm phase 1 study was carried out between Au-
gust 2003 and August 2007 to assess the clinical utility of a
vaccine using human umbilical vein endothelial cells (HU-
VECs). The enrolled patients were given intradermal injec-
tdons of 5x10° HUVECs/dose, first month weekly, and
then every 2 weeks. Immune response was evaluated by
examining patients’ peripheral blood mononuclear cells
(PBMC) and sera, which were isolated monthly and frozen
until being tested in immunological assays later at the
same time. Tumour response was assessed monthly by con-
trasted computer tomography (CT) or magnetic resonance
imaging (MRI) according to the Response Evaluation Criteria
in Solid Tumours."® Adverse effects were evaluated by mon-
itoring the patients according to the Common Toxicity
Criteria.'”

2.3.  Vaccine preparation and quality control

HUVECs were isolated from healthy donors as described,'
and cultured on 0.1% gelatin (w/v)-coated dishes in EC-SFM
(Life Technologies, Grand Island, NY), according te the manu-

o

facturer's recommendations. Specific properties of angiogenic
endothelium were confirmed by ing the expression of
CD31, CD51, CD105, CD146, and binding of UEA (Ulex europa-
eus) lectin by flow cytometry (FACSCalibur, BD Biosciences,
San Chose, CA; antibody concentration was 5 yg/ml). Negative
presence of endotoxin in the cell cultures was confirmed by
Toxicolour test (Seikagaku Co., Tokyo, Japan). HUVECs of up
to ten passages were harvested, and fixed with 0.025% glutar-
aldehyde (v/v) as described ,'* and stored at -80 °C in single
dose aliquots, containing 5 x 107 cells/ml physiological saline
for injection.

2.4.  Enzyme-linked immunosorbent assay (ELISA)
96-well immunoplates (NUNC, Roskilde, Denmark) were
coated with 10 pg/ml HUVECs' membrane proteins overnight
at 4 °C, and blocked with 1% BSA (w/v), for 2 h at 37 °C. Pa-
tients' sera, diluted 2, were used in duplicates as the primary
antibody, and horseradish peroxidase conjugate of ant-IgG
(Zymed, San Francisco, CA), diluted 2000x, as the secondary
antibody. Colour-development by ABTS (ICN, Aurora, OH)
was followed by determining optical density (0.D.) at 405
nm. For negative control, wells coated with K-562 (ATCC,
Manassas, VA) were used. IgG reactivity was expressed as
the ratio to the values measured in the pre-vaccination sam-
ples that were considered 100%.

2.5.  Isolation of patients’ B cells and flow cytometry
Patients' PBMC were cultured first in the supernatant of B95-
8 (cotton-top tamarine lymphocyte cell line secreting
Epstein-Barr virus, obtained from Japanese Collection of Re-
search Bioresources, and cultured in RPMI - 10%FCS) supple-
mented with 5 pg/ml CpG-B-DNA (HyCult Biotechnology,
Uden, The Netherlands), 10 ng/ml 1L-6 (Strathmann Biotec,
Zurich, Switzerland) and 2 pg/ml membrane proteins of HU-
VECs for 1 week, and then in RPMI-1640 supplemented with
10% FCS (v/v), 10 ng/ml IL-6, and 1% antibiotic/antimycotic
(v/v; at final concentration of 100 U/ml penicillin G, 100
pg/ml streptomycin sulphate and 250 ng/ml amphotericin
B; Life Technologies) for 3 weeks. Specific phenotype of
selectively immortalised B cells was confirmed by analysing
their expression of CD19 (B cell marker) and CD138 (plas-
matic cells marker) by flow cytomeuy (FACSCalibur, BD
Biosciences).

The supernatants of B cell media were added in the
amounts of 200 ul to 2 x 10° HUVECs for 30 min at 4 °C. The
cells were washed two times, incubated with FITC-labelled
antibodies against human IgM or IgG (Zymed), diluted 40x,
for another 30 min at 4 °C. Finally, the cells were washed
two times, and their fluorescence measured in the flow
cytometer (FACSCalibur, BD Biosciences).

2.6.  IFN-y enzyme-linked immunospot (ELISPOT) assay

Human IFN-y ELISPOT kit (BD Biosciences) was used for the
detection of patients' PBMC secreting IFN-y in the presence
or absence of HUVEC membrane proteins, according to the
manufacturer's recommendations. The numbers and areas
of colour-developed IFN-y immunospots were determined by

@
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KS ELISPOT system (Carl Zeiss Microimaging, Goettingen, Ger-
many). The results were expressed as % IFN-y spots, calcu-
lated as the ratio to the values measured in the pre-
vaccination samples that were considered 100%.

2.7.  Intracellular cytokine flow cytometry (CFC) assay
Re-stimulated patients' PEMC were carefully removed from
the immunoplates at the end of ELISPOT assays, cultured
for another 6 h in a medium supplemented with 10 pg/ml
Brefeldin A (Sigma, Saint Louis, MO), fixed with 3% parafor-
maldehyde (v/v), permeabilised with 0.5% Tween-20 (v/v),
and stained with 5 ug/ml FITC-/PE-labelled monoclonal anti-
bodies against IFN-y and CD3 (BD Biosciences). % CD3(+)IFN-
¥(+) cells were determined by flow cytometry (FACSCalibur,
BD Biosciences), and expressed as the ratio to the values
obtained in the pre-vaccination samples that were consid-
ered 100%.

2.8.  Cytotoxicity T lymphocyte (CTL) assay

Patients' PBMC were used as effectors against HUVECs or
K562 at effectors:targets ratios 100:1, 30:1 and 5:1, in a *'Cr-re-
lease cytotoxicity assay as described,'* with some modifica-
tions as follows. Medium used for re-activation culture was
RPMI-1640 - 10% FCS (v/v) - 100 U/ml recombinant human
IL-2 (Sigma) - 1% antibiotic/antimycotic (v/v). % specific lysis
was calculated using the formula (experimental release -
spontaneous release) / (maximum release - spontaneous
release) x 100. The results were expressed as the ratio to the
values of the pre-vaccination samples that were considered
100%.

3. Results

3.1.  Patient characteristics

Nine patients with a progressive malignancy, ie. six patients
with a recurrent malignant brain tumour and three patients
with a metastatic colorectal cancer (median age: 53 years,
range: 43-68 years), were enrolled in this study.

3.2.  Properties of vaccine endothelium

Human umbilical vein endothelial cells (HUVECs) were iso-
lated from fresh umbilical cords, cultured with angiogenic
stimulators, fixed, and used as vaccines (Fig. 1a). The cells ex-
pressed CD31, CD51, CD10S and CD146, as well as bound UEA
lectin, suggesting they were angiogenic endothelium (Fig. 1b).
3.3.  Safety of vaccination

The patients received intradermal injections of 5x 107 HU-
VECs/dose in the vaccination protocol (Fig. ic), in a total
amount of 230 vaccinations (Table 1; median number of vac-
cinations: 26 doses, range: 8-50 doses; median vaccination
period: 12 months, range: 3-24 months). Except for a DTH-like
skin reaction at the injection site, no adverse effect could be
observed (data not shown).

3.4.  Specific antibody response

Specific antibodies against HUVECs' membrane antigens were
detected in the sera of eight patients (Fig. 2a), and could also
be detected in the culture media of patients’ B cells (Fig. 2b—d).

Umbilical Endothelial Endothelial - Cancer
cord cells vaccing patient
a
Irypsin treatment culture, harvesting, dermal Iuati
of umbilical vein fixation, suspension application of effects
D3l _Cpws UEA lectin
1l
|
b 2|
I
Uy
\
Fluorescence intensity
c Vaccination l -L vL -L l -l: l- Jr -l- ~l«
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0 1 ; 3 4 l

Fig. 1 - Study design. (a) Study protocol. Human umbilical vein endothelial cells (HUVECs) were isolated, cultured, harvested,
fixed, and periodically injected in cancer patients. Vaccination effects, i.e. immune and tumour responses were evaluated
monthly. (b) Confirmation of specific properties of HUVECs by flow cytometry. The cells expressed CD31, CD51, CD105 and
CD146, as well as bound UEA lectin, suggesting they were angiogenic endothelium. () Vaccination protocol. The patients
received vaccinations first month weekly, and then every 2 weeks.
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Table 1 - Patients’ characteristics and clinical response

¢ Agelsex Diagnosis Prior therapy Period Doses Ab Cell Response
1 47/ PEMrec sur, cht, xrt 24* so* + + PR
2 47/F CEMrec sur, cht, xrt 24* so* + + FR
3 48/F AODrec sur, cht, xrt 21* a“* + nd CR
4 &6/F CRCmet none 11 24 + + PFD
5 S4/M GEMrec sur, cht, xrt B 18 + + PD
3 S7/F CRCmet cht 7 16 . . PD
7 68/M CRCmet sur, cht, xrt 4 10 + + FD
8 46/M GBMrec sur, cht, xrt 4 10 + nd FD
9 43/F AODrec sur, cht, xrt 3 8 - - PD

Abbreviations: M, male; I, female; PBMrec, recurrent pinealoblastoma; GBMrec, recurrent glioblastoma multiforme; AODrec, r!cwmntnnnplnsuc

ligodendrogli CRCmet, A
petlnd in months; Doses, ber of vacci

| cancer; sur, surgical therapy; cht, chemothempy; xrt, radiation therapy; Period, vacci

Cell, cellul

doses; Ab, ibody

nd, not determined; Response; clinical

F ¥

tumour response; PR, partial : CR, pl I PD
@ Still in progress.
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These antibodies reacted neither with non-endothelial con-
trol cells K-562 by ELISA and flow cytometry, nor with human
leucocyte antigens of platelets pooled from multiple donors
by mixed passive haemagglutination as described '* (data
not shown).

3.5.  Specific cellular response

Increased secretion of IFN-y as a response to the stimulation
with HUVECs' membrane antigens was detected in six
patients (Fig. 3a—c). Patients’ cellular effectors specifically
lysed HUVECs (Fig. 3d), but not K-562 (data not shown),

3.6.  Clinical tumour response
Two partial and one complete tumour responses were ob-

served on gadolinium contrasted MR scans after 9 months
of vaccination in three patients with recurrent malignant
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brain tumours (Fig. 4). In detail, in the patient #1 with pine-
aloblastoma, a recurrent disease accompanied by dissemina-
tion in the cerebrospinal fluid space that resulted in multiple
new tumour lesions outside the post-operative radiation
field (including one lesion being localised near the brain
stem) was first detected 2 years after completed prior ther-
apy. In the patient #2 with glioblastoma multiforme, and pa-
tdent #3 with anaplastic oligodendroglioma, recurrences
were first detected 9 and 20 months after completed prior
therapy, respectively. Recurrent disease was treated first by
chemotherapy with temozolomide, but without any effect,
and therefore the patients were enrolled in the present
study. After 9 months of subsequent endothelial vaccination,
partial tumour responses lasting over 12 months were
observed in the patients #1 and #2, and a complete tumour
response lasting over 9 months was observed in the patient
#3 (the protocol was still in progress at the time of manu-
script preparation).
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Flg 2 - Specific anﬂbndy response. (a) Reactivity of patients’ serum IgG with HUVECs' membrane antigens by enzyme-linked
Tbent assay. R tive relative reactivities (Post/Pre) determined during best responses are shown.

(b) Patients' peripheral blood B cells. Representative growing colonies of patient #1 B cells, selectively immortalised and

cultured, are shown. (c) CD19 and CD138 expression on patient #1 B cells measured by flow cytometry. (d) Reactivity of IgM

and IgG secreted by patient #1 B cells with HUVECs measured by flow cytometry.




