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Primary effusion lymphoma (PEL) is a subtype of aggressive and chemotherapy-resistant non-Hodgkin
lymphoma that occurs predominantly in patients with advanced AIDS. In this study, we examined the
antitumor activity of methyl-b-cyclodextrin (M-b-CyD) in vitro and in vivo. M-b-CyD quickly induced
caspase-dependent apoptosis in PEL cells via cholesterol depletion from the plasma membrane. In a
PEL xenograft mouse model, M-b-CyD significantly inhibited the growth and invasion of PEL cells without
apparent adverse effects. These results strongly suggest that M-b-CyD has the potential to be an effective
antitumor agent against PEL.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Primary effusion lymphoma (PEL) is an infrequent and distinct
entity of aggressive non-Hodgkin B-cell lymphoma that shows ser-
ous lymphomatous effusion in body cavities (pleura, peritoneum.
and pericardium) and is universally associated with Kaposi
sarcoma-associated herpes virus/human herpes virus-8 (KSHV/
HHV-8) infection [1]. The lack of optimal therapy and the aggres-
sive nature of PEL results in a short median survival of less than
6 months [2]. Therefore, there is an urgent need for the develop-
ment of novel therapeutics with different antitumor mechanisms
[3]. NF-jB, JAK/STAT, and phosphatidylinositol 30-kinase (PI3K)/
AKT pathways are constitutively activated and play critical roles
in the survival and growth of PEL cells, and these pathways are
the one of the ideal molecular targets of PEL [4–6].

The plasma membrane contains dynamic microdomains
enriched in cholesterol, sphingolipids, and gangliosides termed
lipid rafts [7]. Lipid rafts are integral to cellular processes by
serving as organizing centers for the assembly of signaling mole-
cules, influencing membrane fluidity and membrane trafficking,
regulating neurotransmission, and receptor trafficking [8,9]. The
depletion of membrane cholesterol disrupts the integrity of lipid
rafts and concurrently enhances the permeability of ions and small
non-electrolytes. Methyl-b-cyclodextrin (M-b-CyD), a highly water
soluble cyclic heptasaccharide consisting of a b-[1–4] glucopyra-
nose unit, has been reported as the most effective agent for the
depletion of cholesterol from cells among the various choles-
terol-depleting agents [10–12]. Recently, M-b-CyD by itself has
been shown to have antitumor effects both in vivo and in vitro
[13,14]. In this study, we examined the anti-tumor effects of
M-b-CyD against PEL cells in vitro and in vivo and evaluated the
potential of M-b-CyD as an antitumor agent.

2. Materials and methods

2.1. Cell lines and reagents

BCBL-1 (obtained from the NIH AIDS Reagent Program, MD) [15],
BC-1 (purchased from the ATCC, Rockville, MD) [16], BC-3 (pur-
chased from the ATCC) [17], TY-1 (a kind gift of Dr. Harutaka Katano,
Institute of Infectious Diseases, Tokyo, Japan) [18], and GTO cells
[19] were maintained in RPMI 1640 supplemented with 10% heat-
inactivated fetal bovine serum (FBS), penicillin (100 U/ml), and
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Fig. 1. Cytotoxic activity of M-b-CyD in PEL cells. Five PEL cell lines (BCBL-1, BC-1,
BC-3, TY-1, and GTO) were incubated with various doses of M-b-CyD for 24 h, and
the MTT assay was performed. One representative result from 3 independent
experiments is shown.
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streptomycin (100 lg/ml) in a humidified incubator at 37 �C and 5%
CO2. Methyl-b-cyclodextrin (M-b-CyD) was purchased from Sigma
(St. Louis, MO).

2.2. Tetrazolium dye methylthiotetrazole (MTT) assay

The antiproliferative activities of M-b-CyD against PEL cell lines
were measured by the methylthiotetrazole (MTT) method (Sigma).
Briefly, 2 � 104 cells were incubated in triplicate in a 96-well
microculture plate in the presence of different concentrations of
M-b-CyD (0–10 mM) in a final volume of 0.1 ml for 24 h at 37 �C.
Subsequently, MTT (0.5 mg/ml final concentration) was added to
each well. After 3 h of additional incubation, 100 ll of a 0.04 N
HCl was added to dissolve the crystals. Absorption values at
570 nm were determined with an automatic enzyme-linked
immunosorbent assay (ELISA) plate reader (Multiskan; Thermo
ElectronVantaa, Finland). Values were normalized to untreated
(control) samples.

2.3. Cell viability assay

Cell viability was examined by the propidium iodide (PI) exclu-
sion method as described previously [20]. Briefly, BCBL-1 cells
(2 � 105 cells/ml) were cultured in the presence or absence of
M-b-CyD for 1–6 h in 6-well culture plates. After being incubated,
cells were stained with PI (final concentration; 2 lg/ml) and cell
viability was analyzed by LSR II flow cytometry (BD Bioscience,
San Jose, CA). Data were analyzed with FlowJo software (Tree Star,
San Carlos, CA).

2.4. Determination of cholesterol in the culture medium

BCBL-1 and GTO cells (1 � 106 cells/35 mm dish) were incu-
bated with 10 mM M-b-CyD in RPMI-1640 culture medium
(Phenol Red-free) at 37 �C for 1 h. After centrifugation
(10,000 rpm, 5 min) of the culture medium, the supernatant was
recovered. Total cholesterol in the culture medium was
determined using Cholesterol-test Wako� (Wako Pure Chemical
Industries, Osaka, Japan).

2.5. Western blot analysis

BCBL-1 cells with or without the treatment were collected and
washed in cold PBS before the addition of NP40 buffer (50 mM
Tris–HCl, pH 7.4, 150 mM NaCl, 1 % NP-40, 1 mM NaF, 1 mM
Na3VO4, and protease inhibitor cocktail). After being incubated
on ice for 1 h, the samples were centrifuged at 15,000 rpm for
15 min and the supernatant was collected as a whole cell lysate.
Proteins (20 lg protein) were separated by SDS–PAGE and blotted
onto a PVDF membrane (GE Healthcare, Buckinghamshire, UK). The
primary antibodies used were as follows: anti-caspase9 (4502),
anti-cleaved caspase8 (9661), anti-caspase3 (9496), anti-Akt
(4691), anti-phospho (Thr308)-Akt (2965) (Cell Signaling Technol-
ogy, Danvers, MA), and anti-actin (C-2) (Santa Cruz Biotechnology,
Santa Cruz, CA). Detection was performed using Chemi-Lumi One
Super reagents (Nacalai Tesque, Kyoto, Japan). Western blots were
quantified using the ImageQuant LAS 4000 system (GE Healthcare).
Relative density was evaluated and normalized with actin.

2.6. Xenograft mouse model

NOD/Rag-2/Jak3-double deficient (NRJ) mice [21] were housed
and monitored in our animal research facility according to institu-
tional guidelines. All experimental procedures and protocols were
approved by the Institutional Animal Care and Use Committee at
Kumamoto University. Eight- to ten-week-old female NRJ mice
were intraperitoneally inoculated with 7 � 106 BCBL-1 cells sus-
pended in 200 ll PBS. The mice were then treated with intraperi-
toneal injections of PBS or M-b-CyD (500 mg/kg per day). Tumor
burdens were evaluated by measuring body weights and ascites.
2.7. Immunohistochemistry

To investigate the expression of the KSHV/HHV-8 ORF73 (LANA)
protein, tissue samples were fixed with 10% neutral-buffered for-
malin, embedded in paraffin and cut into 4-lm sections. The sec-
tions were deparaffinized by sequential immersions in xylene
and ethanol, and rehydrated in distilled water. They were then
irradiated for 15 min in a microwave oven for antigen retrieval.
Endogenous peroxidase activity was blocked by immersing the
sections in methanol/0.6% H2O2 for 30 min at room temperature.
Rat MAb to KSHV/HHV-8 ORF73 (Advanced Biotechnologies,
Columbia, MD), diluted 1:1000 in PBS/5% bovine serum albumin
(BSA), was then applied, and the sections were incubated overnight
at 4 �C. After washing in PBS twice, polyclonal rabbit anti-Rat
Ig-HRP (DAKO, Copenhagen, Denmark) were applied according to
the manufacturer’s instructions. The signal was visualized using
the Histofine SAB-PO(M) kit (Nichirei Bioscience, Tokyo, Japan).
2.8. Blood count and serum LDH

Red blood cell counts and hemoglobin concentrations were
measured using the Sysmex F-520 hematology analyzer (Sysmex
Corp., Kobe, Japan). Serum LDH was measured using the Cytotoxic-
ity Detection Kit PLUS (LDH) (Roche, Penzberg, Germany) accord-
ing to manufacturer’s instructions.
2.9. Statistical analysis

All assays were performed in triplicate and expressed as mean
values ± SD. The significance of differences observed between
experimental groups was determined using the Student’s t-test. P
values less than 0.05 were considered significant.
3. Results

3.1. Inhibitory effects of M-b-CyD on the growth of PEL cell lines

First, we examined the effects of M-b-CyD on the growth of five
PEL cell lines (BCBL-1, BC-1, BC-3, TY-1, and GTO). PEL cell lines
were cultured with various doses of M-b-CyD for 24 h, and MTT
assays were performed. As shown in Fig. 1, M-b-CyD inhibited
the growth of all PEL cell lines in a dose-dependent manner. The
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half maximal inhibitory concentration (IC50) was 3.33–4.23 mM in
each cell line.
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3.2. Induction of apoptosis in PEL cells by M-b-CyD

Next, we stained PEL cells with propidium iodide (PI) to deter-
mine cell death. As shown in Fig. 2A and B, the number of PI-posi-
tive cells increased in time- and dose-dependent manners. So, we
confirmed the induction of apoptosis by Western blotting. Cleaved
caspases were detected as early as 3 h after the stimulation with
M-b-CyD (Fig. 2C), indicating that M-b-CyD induced apoptosis in
PEL cell lines.
C D 

Fig. 3. M-b-CyD eluted cholesterol from the plasma membrane and induced
apoptosis via the suppression of Akt. (A) Efflux of cholesterol from lipid rafts to the
culture medium after the treatment of BCBL-1 and GTO cells with M-b-CyD
(10 mM). (B) Effect of cholesterol on the cytotoxic activity of M-b-CyD (10 mM) in
BCBL-1 cells. (C) Effect of cholesterol on the activation of caspase 3. (D) Suppression
of phosphorylated Akt (p-Akt) with the M-b-CyD treatment. BCBL-1 cells were
incubated with 10 mM of M-b-CyD for 0–6 h, and total and phosphorylated Akt
were detected using Western blot analysis. One representative result from 3
independent experiments is shown.
3.3. Effect of cholesterol extraction of M-b-CyD

Since we previously reported that M-b-CyD induced apoptosis
through cholesterol depletion in tumor cells, we investigated the
effects of M-b-CyD on the release of cholesterol from PEL cells to
the culture medium. As shown in Fig. 3A, cholesterol released in
the culture medium after the incubation with 10 mM M-b-CyD
for 1 h was determined for both the BCBL-1 and GTO cell lines.
Next, to confirm the involvement of cholesterol depletion in apop-
tosis induced by M-b-CyD, we examined the induction of cell death
and cleaved caspase 3 in BCBL-1 cells in the cholesterol-loaded
medium containing M-b-CyD. As shown in Fig. 3B, cell death was
induced with M-b-CyD in a dose-dependent manner, and the cyto-
toxic activity of M-b-CyD in BCBL-1 cells was significantly lower in
the saturated cholesterol-loading culture. The induction of cleaved
caspase 3 was also significantly suppressed in the saturated cho-
lesterol-loading culture medium (Fig. 3C). Taken together, these
results suggested that M-b-CyD induced apoptosis in PEL cells
through the extraction of cholesterol from the plasma membrane.

Since 2, 6-di-O-mechyl-b-cyclodextrin (DM-b-CyD), another
type of frequently used cyclodextrin, was previously shown to
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Fig. 2. Induction of apoptosis by M-b-CyD in PEL cells. (A) BCBL-1 cells were
incubated with various doses of M-b-CyD for 6 h, PI was added to detect dead cells
and analyzed with flow cytometry. (B) BCBL-1 cells were incubated with 10 mM of
M-b-CyD for 0–6 h, PI was added to detect dead cells and analyzed with flow
cytometry. (C) BCBL-1 cells were incubated with 10 mM of M-b-CyD for 0–6 h, and
cleaved caspase 8, 9, 3 were detected with Western blot analysis. One represen-
tative result from 3 independent experiments is shown.
inhibit the phosphorylation of Akt through the extraction of cho-
lesterol from the plasma membrane [22], we analyzed the expres-
sion of Akt and phosphorylated Akt by M-b-CyD. Although the
phosphorylation of Akt was markedly suppressed by the addition
of M-b-CyD, the total amount of Akt was not changed.

3.4. In vivo effects of M-b-CyD on severe immunodeficient mice
inoculated with BCBL-1 cells

Since the above results suggested the efficacy of M-b-CyD for
the treatment of PEL patients, we next examined the in vivo effects
of M-b-CyD in a xenografted mouse model. NOD/Rag-2/Jak3-defi-
cient (NRJ) mice were inoculated intraperitoneally with 7 � 106

BCBL-1 cells, which is a clinically relevant PEL model [23]. A dose
of 500 mg/kg of M-b-CyD was administrated via an intraperitoneal
injection on day 3 after the BCBL-1 cell inoculation and everyday
thereafter for 21 days by the schedule described previously [23].
M-b-CyD-treated mice appeared to be healthy, whereas non-trea-
ted mice had a distended abdominal region (Fig. 4A). The body
weights of non-treated mice were significantly higher than those
of M-b-CyD treated mice (32.2 ± 2.0 g versus 28.3 ± 1.4 g, n = 7,
p < 0.01) probably due to the retention of ascites. As shown in
Fig. 4B, M-b-CyD-treated mice had a significantly lower volume
of ascites (0.13 ± 0.19 ml) than that of non-treated mice
(2.34 ± 0.49 ml) (p < 0.01). In addition, lung invasion by PEL cells
was evaluated by LANA staining, and revealed that the number
of LANA-positive cells in M-b-CyD-treated mice was significantly
lower than that in untreated mice (17.6 ± 7.6 cells versus
159.0 ± 20.5 cells per field magnification, �100, n = 5, p < 0.001,
Fig. 4D). These results indicated that M-b-CyD significantly inhib-
ited the growth of PEL cells in vivo.

Since a systemic injection of M-b-CyD is known to induce
hemolysis, we examined the RBC count, Hb, and LDH of
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Fig. 4. Treatment of NRJ mice with M-b-CyD inhibited the growth of PEL in vivo. (A)
A photograph of untreated and M-b-CyD mice 3 weeks after being inoculated
intraperitoneally with BCBL-1 cells. (B) The body weights of mice inoculated with
BCBL-1 cells, untreated mice, and M-b-CyD-treated mice. Shown as the mean ± SD
of 7 mice (p < 0.01). (C) The volume of ascites in mice inoculated with BCBL-1 cells,
untreated mice, and M-b-CyD-treated mice. Shown as the mean ± SD of 7 mice
(p < 0.001). (D) Metastasis of PEL cells into the lungs of BCBL-1-inoculated NRJ mice.
Immunohistochemical staining using was performed anti-LANA to detect BCBL-1.
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M-b-CyD-treated mice. As shown in Table 1, the M-b-CyD treat-
ment at this dose did not induce hemolysis, indicating that a local
injection of M-b-CyD into the peritoneal cavity had no severe
adverse effects in vivo.

4. Discussion

In the present study, we revealed that M-b-CyD potentially
caused apoptosis in PEL cells by depleting cholesterol from lipid
rafts in the plasma membrane, and M-b-CyD markedly inhibited
tumor growth after a peritoneal injection into PEL-bearing mice.

Phosphatidylinositol 30-kinase (PI3K) activates Akt through the
recruitment of Akt and 3-phospho-inositide-dependent protein
kinase-1 (PDK1) to lipid rafts [4,24]. Activated Akt prevents apopto-
sis by generating anti-apoptotic signals through the phosphorylation
Table 1
Hematological findings of M-b-CyD treated mice.

Formulation RBC (�104/mm3)

Control mice 763.7 ± 60.8
PEL-inoculated untreated mice 707.6 ± 123.7
PEL-inoculated M-b-CyD-treated mice 726.1 ± 132.2

Each value represents the mean ± SD of 6–7 mice.
a LDH: lactate dehydrogenase.
of Bad, GSK3, and caspase-9 as well as the activation of transcription
factors such as Forkhead and NF-jB [25]. In the case of PEL, the K1
protein of KSHV/HHV-8 has been shown to activate PI3K [26] while
the G protein-coupled receptor (vGPCR) of KSHV/HHV-8 trans-
formed cells by targeting Akt [27]. Motoyama et al. previously
showed that 2,6-di-O-mechyl-b-cyclodextrin (DM-b-CyD) signifi-
cantly suppressed the phosphorylation of Akt and accelerated the
degradation of Akt through the extraction of cholesterol from lipid
rafts [22]. In the present study, we also showed that cholesterol
was extracted from lipid rafts and the phosphorylation of Akt was
completely suppressed with M-b-CyD (Fig. 3D) in PEL cells. Thus,
M-b-CyD could suppress the activation of the PI3K/Akt pathway
and induce apoptosis, indicating that M-b-CyD is a potential reagent
for the treatment of PEL.

M-b-CyD exhibited in vivo antitumor effects after a peritoneal
injection to PEL-bearing mice without apparent adverse effects
(Fig. 4 and Table1). Although M-b-CyD has been shown to have
strong antitumor effects following a direct intratumoral injection
[13], we have previously shown that the intravenous administra-
tion of M-b-CyD did not have any antitumor effects, probably
due to the lack of target specificity against tumor cells and rapid
renal clearance from the body [14]. In addition, the intravenous
administration of M-b-CyD was shown to significantly change
blood chemistry values, especially LDH and BUN, suggesting the
induction of hemolysis by M-b-CyD. Thus, the clinical application
of M-b-CyD for systemic chemotherapy requires M-b-CyD to be
modified so that it only targets tumor cells. Using this strategy,
Onodera et al. recently succeeded in targeting folate receptor-
expressing tumors by folate-appended M-b-CyD without systemic
adverse effects [28,29]. On the other hand, since PEL usually shows
serous lymphomatous effusion in body cavities (pleura, perito-
neum, and pericardium), a local injection of M-b-CyD was effective
in PEL-bearing mice. Hemolysis, one of the main adverse effects of
M-b-CyD, did not occur in spite of the daily administration of a
high dose of M-b-CyD (Table 1), which can explain why M-b-CyD
remained in the peritoneal cavity and gradually moved into the
veins. Taken together, M-b-CyD is a promising candidate against
this aggressive and chemotherapy-resistant lymphoma.

Cyclodextrins (CyDs) including M-b-CyD have been used as the
base of pharmaceutical reagents because they can improve the sol-
ubility, bioavailability, delivery, and stability of drugs. Several
groups have shown that M-b-CyD and its modified forms enhanced
the cytotoxic effect of various chemotherapeutic drugs [28,30–32].
In this study, we showed that M-b-CyD alone was effective for the
treatment of PEL, indicating the potential synergistic effects of che-
motherapeutic drugs with M-b-CyD. In addition, the modification
of M-b-CyD may potentiate the targeting of cancer cells and reduce
systemic adverse effects [28]. Thus, M-b-CyD in combination with
chemotherapeutic drugs provides a unique therapeutic window for
improvements in the treatment of this aggressive and drug-resis-
tant lymphoma.

In conclusion, we demonstrated here that M-b-CyD had potent
anti-PEL activity in vivo without apparent adverse effects including
hemolysis. Since M-b-CyD has unique functional properties, it is a
promising candidate for novel chemotherapy against PEL.
Hemoglobin (g/dl) LDH (U/L)a

12.1 ± 3.0 197.8 ± 20.7
11.9 ± 3.3 205.7 ± 15.3
11.8 ± 2.3 198.5 ± 18.9
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