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We investigated the in vitro stimulatory effect of ganglioside (G

m3: Gpi1ar Gpibs Grips OF G ggp)-cONtaining liposomes on human

immune cells. The effect of ganglioside-containing liposomes on the concentration of cytoplasmic free calcium ions ([Ca 2+])

in human immunocytes was examined using the confocal laser fluorescence microscopic method. The G
2+], of human T lymphocytes compared with the G

taining liposomes significantly increased [Ca

ing ones. The response of CD8 * and CD4* cells was significantly higher than that of CD20

p1a- @nd G4,-cON-
m3™ Gpap- @and G oqp-contain-
+ cells. Our results show that the

increase in [Ca 2*]; may be caused by not the number of sialic acids contained in the gangliosides but the conformation of
the sialic acid moiety to protrude exteriorly from the liposomal membrane surface, and that a sort of receptor recognizing

the sialic acid moiety exists on

of the cells. The present results are almost the same as those obtained for the

human T lymphocytes (both CD8 + and CD4+ cells), which may be involved in the activation

rat T lymphocyte system previously reported.

This clearly confirms that a sort of ganglioside surely stimulates T lymphocytes directly, which is not species-specific but

conserved in humans and rats among animal species.
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Introduction

The cytoplasmic free calcium ions play a very important
role in the initiation of T cell activation as an intracellular
signal transducer [1,2]. We have already reported that
liposomes containing a ganglioside (Grpy, or Ggy) in-
creased the concentration of cytoplasmic free calcium ions
([Ca2*])) in rat T lymphocytes but that ones containing Gy
or Gp; did not [3].

Gangliosides are a class of sialic acid-containing glyco-
sphingolipids, which are located ubiquitously in the outer
leaflet of the plasma membrane of mammalian cells. Gan-
gliosides act as membrane transducers of both positive and
negative signals that regulate cell proliferation and induce
differentiation [4,5]. Also, gangliosides are considered to be
differentiation markers for T helper lymphocyte subpopu-
lations [6]. In peripheral human T lymphocytes, previous
studies demonstrated activated expression of receptors for
interleukin-2 (IL-2) and production of IL-2 [7], as well as
potentiation of lymphocyte proliferation induced by mono-
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clonal antibodies directed against the disialogangioside,
Gis [8].

Exogenous gangliosides, as well as cell surface gan-
gliosides, regulate cell proliferation and induce differentia-
tion. An increase in [Ca?*]; is observed after direct
insertion of exogenous Gy, into a human Jurkat cell vari-
ant deficient in Gy, expression, which results in IL-2 pro-
duction without cross-linking of CD3/TCR molecules [9].

On the other hand, gangliosides shed from tumor cells
have been implicated as suppressors of the host immune
response [10]. These suppressive effects of gangliosides are
thought to be caused through depression of the B cell
function [11] and/or T cell inhibition [12-19].

We paid attention to the position of the sialic acid moiety
in both Gpy, and Ggyy,, which increase [Ca?*]; in rat T
lymphocytes as a form of liposomes. The difference in ani-
mal species is very important, especially considering the
clinical use of ganglioside-containing liposomes as a T cell
stimulator in the immunotherapy of human malignancy.
Nevertheless, this point has never been investigated at all.
In the present study, we investigate the increase in [Ca2*;
in human lymphocytes, especially human T lymphocytes,
using the confocal fluorescence microscopic method with
ganglioside-containing liposomes.



60

Materials and methods
Materials

Dipalmitoylphosphatidylcholine (DPPC; Sigma Chemical
Co., St. Louis, MO), egg yolk phosphatidylcholine (egg PC;
NOF Corp., Tokyo, Japan), cholesterol (Wako Pure
Chemicals Co., Tokyo, Japan), 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine-N-(7-nitro-2-1, 3-benzoxadiazol-
4-yl) (DPE-NBD; Avanti Polar Lipids, Inc., Alabaster,
AL), phytohemagglutinin P (PHA; DIFCO Laboratories,
Detroit, MI), and the gangliosides (G, Gpia Gpins Grip
and Ggy) (Sigma Chemical Co., St. Louis, MO) were com-
mercially available and used without further purification.

Antibodies were also commercially available: anti-
CD16b and anti-CD11b from PharMingen (San Diego,
CA); and anti-CD20 (B-Lyml), anti-CD14 (Tiik4), anti-
CD3, anti-CD4, and anti-CD8 from Dako A/S (Glostrup,
Denmark).
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Ganglioside-containing liposomes

A ganglioside was reconstituted into liposomal membranes
by means of the following procedures [3,20,21]. DPPC,
which bears a chemically stable saturated fatty acid, was
used as the matrix lipid for the observation of [CaZ*]; with
the confocal laser fluorescence microscopic method. Egg
PC, which is a naturally occurring lipid, was used for the cell
culture. To prepare stable liposomes, a mixture of DPPC
(74 mol%), cholesterol (14 mol%), and a ganglioside (Fig-
ure 1) (12 mol%) or a mixture of egg PC (62 mol%),
cholesterol (26 mol%), and a ganglioside (12 mol%) was
dissolved in chloroform / methanol (1:1, v/v) [3,22]. To pre-
pare fluorescent probe-labelled liposomes, DPE-NBD (1
mol %) was added at this stage. On complete removal of the
solvent using a rotary evaporator at 30°C, a thin film was
formed at the bottom of the flask. After in vacuo overnight,
this thin film was swollen in 3.0 ml of calcium and magne-
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Figure 1. Gangliosides employed in this work (Gal: galactose, Glc: glucose, GalNAc: N-acetylgalactosamine, Cer: ceramide, NeuAc: N-acetylneu-

raminic acid).
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sium ion free phosphate-buffered saline (PBS) using a Vor-
tex mixer. The resulting suspension was then extruded us-
ing an Extruder (Lipix Biomembrane Inc., Vancouver,
Canada) under nitrogen pressure through two stacked
polycarbonate membrane filters (Nuclepore; Coaster Sci-
entific Corp., Cambridge, MA) as follows; five times
through 1.0 um, five times through 0.6 pm, five times
through 0.4 pm, ten times through 0.2 um, and ten times
through 0.1 um [3,23,24]. This procedure was performed at
50°C for DPPC and at room temperature for egg PC. The
mean diameter of the uni- or oligolamellar vesicles thus
obtained was found to be approximately 100 nm on DLS
measurement.

The final concentration of the liposomal suspension was
adjusted to the lipid concentration of 3.7 X 10~4 M, which
was determined with a U-3400 Spectrophotometer (Hita-
chi Ltd., Tokyo, Japan) using a Phospholipid C-Test® kit
(Wako Chemicals Co., Osaka, Japan) [3,25].

Preparation of lymphocytes

The human peripheral blood utilized in this study was ob-
tained from healthy volunteers. Peripheral blood mono-
nuclear cells (PBMC) were separated by Ficoll-Paque
(Pharmacia LKB, Uppsala, Sweden) density gradient cen-
trifugation at 400 X g for 20 minutes at room temperature.
They were then washed twice with and resuspended in
RPMI 1640 (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan)
containing 10% fetal calf serum (FCS) (Bioproducts, Walk-
erville, MD).

Cell selection

Non-specific antigens on PBMC were blocked for 20 min-
utes at 4°C with a 20% volume of human AB type serum
(inactivated at 56°C for 30 minutes), Venoglobin I® (5
mg/ml; Green Cross Corp., Osaka, Japan), and RPMI
1640/10% FCS. The elimination of unnecessary cells from
PBMC was performed using Dynabeads M-450 goat anti-
mouse IgG (Dynal A.S., Oslo, Norway). PBMC were incu-
bated at 4°C for 30 minutes with anti-CD16b, anti-CD11b,
anti-CD14, and the following antibodies: anti-CD20 for the
collection of T lymphocytes; anti-CD20 and anti-CD8 for
the collection of CD4+ lymphocytes; anti-CD20 and anti-
CD#4 for the collection of CD8* lymphocytes; and anti-
CD3, anti-CD4, and anti-CD8 for the collection of B
lymphocytes. After washing three times, the cells were in-
cubated at 4°C for 20 minutes with Dynabeads M-450 goat
anti-mouse IgG in an apparatus that allows both gentle
tilting and rotating. The cells that formed rosettes with
immunomagnetic beads were removed with a Dynal mag-
netic particle concentrator (Dynal A.S., Oslo, Norway). The
negatively selected cells were collected, washed, and resus-
pended in RPMI 1640/10% FCS. The final concentration of
the cell suspension was adjusted to 1 X 107 cells/ml for
[CaZ+]; check systems and 1 X 10° cells/ml for cell prolifera-
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tion systems. The collected cells were identified with a fluo-
rescence-activated cell sorter (FACS; Becton Dickinson &
Co, Mountain View, CA).

Confocal laser fluorescence microscopic method

The observation of [Ca2*]; using a confocal fluorescence
microscope with an argon-ion laser was performed by the
following procedure [3,26,27]. Glass observation chambers
(ZOG-3; Elekon Science Co., Ltd., Chiba, Japan) were
coated with poly-L-lysine hydrobromide (Sigma Chemical
Co., St. Louis, MO). Four hundred ml of a human nega-
tively-selected cell suspension (1 X 107 cells/ml) was in-
cubated at 37°C for 15 minutes in this chamber with 2.0 pl
of dimethyl sulfoxide containing 1.0 mM 1-(2-amino-5-
(2,7-dichloro-6-hydroxy-3-oxy-9-xanthenyl)phenoxy)-2-(2-
amino-5-methylphenoxy)ethane-N,N,N' ,N'-tetraacetic

acid, pentaacetoxymethyl ester (Fluo-3-AM; Dojindo, Ku-
mamoto, Japan). The floating cells were removed by wash-
ing several times with RPMI 1640/ 10 % FCS. Just after the
addition of 20 pl of a liposome suspension (lipid concentra-
tion, 3.7 X 10* M), fluorescent images of the fluo-3-loaded
cells were taken with a confocal laser fluorescense micro-
scope (MRC-600; Bio-Rad Digilab, Cambridge, MA) and
an inverted epifluorescence microscope (Nikon TMD-
EFQ; Nikon Co., Tokyo, Japan). The fluo-3-loaded cells
were excited at 488 nm using the argon-ion laser and then
the fluorescence emission was observed above 515 nm. The
number of fluorescent cells was determined at 200 seconds
after the addition of the liposome solution (Fig. 2). The %
response was calculated as follows:

(number of fluorescent cells)

%100
(total number of cells in the same observation field)

% response =

The adhesion of the fluorescent probe-labelled liposomes
to the T lymphocyte surface was investigated by the follow-
ing procedure. After incubation for 15 minutes in the cham-
ber and removal of the floating cells with the medium, 200 pl
of the fluorescent probe-labeled liposomal suspension was
added. After 200 seconds, the DPE-NBD-labelled lipo-
somes were excited at 488 nm using the argon-ion laser, and
then the fluorescence emission was observed above 515 nm.

Cell proliferation assay (WST-1 assay)

For the quantitative colorimetric assaying of cell prolifera-
tion, we used the sulfonated tetrazolium salt, 4-[3-(4-iodo-
phenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,  3-benzene
disulfonate (WST-1) [28,29]. WST-1 (16.3 mg) and 0.2 mM
1-methoxy-5-methyl-phenazinium  methylsulfate (Cell
Counting kit; Dojindo Lab., Kumamoto, Japan) (5.0 ml)
were dissolved in 20 mM HEPES buffer (pH 7.4). One
hundred pl of a human negatively-selected cell suspension
(1 X 106 cells/ml) was incubated at 37°C under 5% CO? for
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Figure 2. Confocal images of cells stimulated by Gp,,-containing liposomes. In the red circles, the % response was 83.3% (five fluorescent cells
among a total six cells) (Pre: before the addition of liposomes, Post: 200 seconds after the addition of liposomes).

68 hours in 10 pl of PBS with or without ganglioside-con-
taining liposomes on a 96-well plate. After incubation in 10
ul of the WST-1 solution for an additional 4 hours (total 3
days incubation), the number of cells were determined us-
ing a microplate reader at the test wavelength of 415 nm,
with a reference wavelength of 630 nm.

Statistic analysis

Values are expressed as means = standard deviation. Sta-
tistical significance was evaluated by means of analysis of
variance and Scheffe’s multiple comparison test using the
SPSS system for Windows. A p-value of less than 0.05 was
considered significant.
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Results

Changes of [Ca2*]; in PBMC after the addition of
ganglioside-containing liposomes

The differences in the changes of [Ca2*]; in human PBMC
after the addition of various ganglioside-containing lipo-
somes were observed (Table 1). The change produced on
the addition of Gpy,-containing liposomes was significantly
higher than that on the addition of conventional liposomes
without a ganglioside (NON), Gy;- or Gpp-containing
liposomes. The change produced on the addition of Gy,-
and Gqy,-containing liposomes was higher, but not signifi-
cantly so, than that on the addition of NON, Gy;- or G-
containing liposomes.

Changes of [Ca2*]; in various types of cells after the
addition of G,-containing liposomes

The changes of [CaZ*]; after the addition of Gy,-contain-
ing liposomes with various types of cells were observed.
The % responses were as follows: 3.65 + 1.96% for CD20",
45.7 = 15.3% for CD4*, and 71.2 * 10.3% for CD8" (Fig-
ure 3). The response of CD8* cells was significantly higher
than that of CD4* or CD20* cells, while the response of
CD4+* cells was significantly higher than that of CD20*
cells.

Changes of [Ca2*]; in human T lymphocytes after
the addition of ganglioside-containing liposomes

The % response in the changes in [Ca2*]; of negatively-se-
lected human T lymphocytes after the addition of various
ganglioside-containing liposomes was observed (Table 1).
The response after the addition of Gp,,- or Gp,-contain-
ing liposomes was significantly higher than that after the
addition of NON, Gyp3-, Gpyp- or Ggyp-containing lipo-
somes. This was confirmed by an adhesion test involving
fluorescent probe-labelled liposomes on confocal laser

Table 1. Response of [Ca?*]; elevation.

Liposomes vs. PBMC (%) vs. pan T cells (%)
NON 0.99 =0.20 2.00 =0.79
GM3 0.27 =0.47 1.44 =1.08
GDla 9.70 = 4.19* 37.7*18.9
GD1b 0.45=0.42 1.10=1.21
GT1b 6.71 = 2.15 35.6 * 5.53
GQ1b 452 *3.73 421 *1.79

The responses in the change of [Ca?*], in human PBMC and human T
lymphocytes after the addition of various ganglioside-containing
liposomes are shown (*, **: P < 0.05, Scheffe's F test, *: vs. NON, GM3,
and GD1b, **: vs. NON, GM3, GD1b, and GQ1b, PBMC: peripheral
blood mononuclear cells, NON: conventional liposomes without a gan-
glioside, GM3, GD1a, GD1b, GT1lb, GQ1bh: G G G G
G,,,-containing liposomes).

M3 “pilar “Dib ' “PTib

Q1b
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Figure 3. [Ca2+]i in various cells with G, -containing liposomes. The
vertical axis shows the % response. The horizontal axis shows the cell
types (*, **: P < 0.05, Scheffe's F test, *: vs. CD20, **: vs. CD20 and
CD4; CD20: CD20" cells; CD4: CD4™ cells; and CD8: CD8™ cells).

fluorescence microscope observation. Although Gp,- or
Grp-containing liposomes definitely adhered to T lympho-
cytes, NON, Gy;-, Gpyp- or Ggpp,-containing liposomes
hardly adhered to them (Figure 4).

Cell proliferation with ganglioside-containing
liposomes

The cell proliferation of T lymphocytes was investigated
using the WST-1 assay method to explain the relation be-
tween the elevation of [Ca%~]; after the addition of gan-
glioside-containing liposomes and cell proliferation. With
negatively-selected T lymphocytes, the absorbance after in-
cubation with various ganglioside-containing liposomes
was as follows: 0.1012+0.0296 for PBS, 0.0963+0.019 for
EPC (liposomes composed of egg PC and cholesterol with
no ganglioside), 0.1017 = 0.0165 for Gy, 0.1063 = 0.0173
for Gpy,, 0.1100 *= 0.012 for Gy, and 0.4651 = 0.0368 for
PHA (Figure 5). With all the ganglioside-containing
liposome systems, no significant proliferation of T lympho-
cytes was observed under the conditions employed.

Discussion

Gangliosides play roles in both the stimulation and inhibi-
tion of cell proliferation [4,5]. We have already reported
that Gry,,- or Gqy,-containing liposomes increase [Ca?*]; in
rat T lymphocytes, while Gy;- or Gps-containing ones did
not [3]. In this study Gp,,- and Gy,-containing liposomes
increased [Ca2*]; also in human T lymphocytes, while G-,
Gp1p- or Gop-containing ones did not. This clearly reveals
that the direct stimulation of T lymphocytes by a sort of
ganglioside is not species-specific. We thought the reason
why Gg,-containing liposomes did not increase [Ca?*]; in
the present study but did so in the previous rat study was
the high purity of the Gy, used in the present study com-
pared with that in the previous study, which was suspected
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Figure 4. Confocal images of T lymphocytes with DPE-NBD-labelled liposomes. Left panel, T lymphocytes treated with G,3-containing liposomes;
right panel, T lymphocytes treated with G, 4-containing liposomes (DPE-NBD, 1, 2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-

benzoxadiazol-4-yl)).

to be contaminated by Gy, The properties of gangliosides
reconstituted in liposomes were similar to those of intact
cell membranes [30], and differed from those of free gan-
gliosides shed from the tumor cell surface.

The elevation of [Ca2*]; did not occur after the addition
of conventional liposomes without any gangliosides. Cell
proliferation was also not induced on incubation with con-
ventional liposomes without gangliosides. These facts show
that conventional liposomes themselves have no stimula-
tory effect on T lymphocytes.

Confocal images of DPE-NBD-labelled liposomes re-
vealed that the liposomes containing G, or Gy, adhered
to T lymphocytes but those containing Gz, Gpyp, or Goyy,
did not. This suggests that the receptor for gangliosides or
the sialic acid moiety on the T lymphocyte membrane can
recognize and bind to Gp,, and Gpy, among the ganglio-
sides studied.

The large difference in the change of [CaZ*]; between
Gp,-containing and Gp,-containing liposomes suggests
that this stimulatory effect is not related to the number of
sialic acid groups of the gangliosides, but that the confor-

mation of the sialic acid moiety on the membrane surface
might be important. In other words, considering the confor-
mation of gangliosides reconstituted into the liposomal
membrane, the sialic acid moieties of Gp;, and Gy, pro-
trude exteriorly from the membrane surface of the
liposomes, but that of Gy; or G}, lays on the membrane
surface of the liposomes. Moreover, the large difference in
the change of [CaZ*]; in T lymphocytes between Gry,-con-
taining and Ggy,-containing liposomes suggests that this
stimulatory effect is related to the number of the sialic acid
moiety to protrude exteriorly from the membrane surface
of the liposomes. The significant difference in the change of
[Ca2*], may be caused by the configuration of the sialic acid
moiety on the liposomal membrane surface that is recog-
nized by a specific receptor on T lymphocytes.

The difference in the response between B lymphocytes
(CD20* cells) and T lymphocytes (CD4* cells and CD8*
cells) may depend on whether the specific receptor(s) for
gangliosides exists or not on B or T lymphocytes. A sort of
receptor for the sialic acid moiety should exist on human T
lymphocytes to stimulate them. While there is no clear
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Figure 5. Cell proliferation with ganglioside-containing liposomes. With
all the ganglioside-containing liposome systems, no significant prolifera-
tion was observed. The vertical axis shows the absorbance (415 nm —
630 nm). The horizontal axis shows the sort of ganglioside reconstituted
into the liposomes (PBS: only PBS was added; EPC: conventional
liposomes without a ganglioside; GM3, GD1a, GT1b: Gys-, Gpig-
G1p-containing liposomes; and PHA: phytohemagglutinin P).

explanation for the difference between CD4+ cells (helper
T lymphocytes) and CD8™ cells (cytotoxic T lymphocytes)
in the changes of [Ca2*]..

The cytoplasmic free calcium ions play a very important
role in the initiation of T cell activation as an intracellular
signal transducer [1,2]. But the reason for the discrepancy
between the change of [Ca2*]; and cell proliferation after
the addition of Gp,- or Gpy,-containing liposomes was not
clarified in this study. This will need more careful investiga-
tion.

Further studies on lymphocyte proliferation in vivo with
ganglioside-containing liposomes and the anti-tumor ef-
fects of these lymphocytes are ongoing in our laboratory.
On the basis of the conformation of the sialic acid moiety
of the gangliosides (Gp;, and Gry,), the preparation of
artificial sialolipids as human T lymphocyte stimulators is
also in progress in our laboratory (unpublished data). We
are pursuing the possibility of the clinical use of sialolipid-
containing liposomes as a T lymphocyte (especially cyto-
toxic T lymphocyte-) stimulator in the immunotherapy of
human malignancy.
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