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Abstract A procedure was developed to analyze glyco-
sphingolipids (GSLs) in tumor-infiltrating macrophages
(TIMs). The procedure entailed dissociating tumors into
single cell suspensions with a concurrent metabolic labeling
of GSLs using [*4C]galactose. TIMs were then separated
from tumor cells and other host cells by magnetic activated
cell sorting and CD11b (Mac-1) microbeads. Gangliosides
and neutral glycosphingolipids were analyzed in the TIM-
enriched and TIM-depleted fractions in two different
murine brain tumors (EPEN and CT-2A). The TIM ganglio-
sides consisted of over 30 structures as assessed by two-
dimensional high performance thin-layer chromatography.
GSLs enriched in TIMs, relative to the tumors, included
Gg4cCer (asialo GM1), GM1b, and GD1l«. TIM GSLs were
similar in EPEN and CT-2A despite their differences in
growth and morphology. TIM GSLs were similar whether
TIMs were isolated from tumors grown intracranially or
subcutaneously. TIM GSLs were also similar to activated
peritoneal macrophage GSLs, although differences in the
ceramide structure were observed. Knowledge of TIM
GSLs will be important in determining the function of these
molecules in macrophage-tumor interactions. In addition,
these methods will be helpful in determining the cellular or-
igin of human brain tumor GSLs and in identifying tumor-
associated GSLs for immunotherapy.—Ecsedy, J. A., H. C.
Yohe, A. J. Bergeron, and T. N. Seyfried. Tumor-infiltrating
macrophages influence the glycosphingolipid composition
of murine brain tumors. J. Lipid Res. 1998. 39: 2218-2227.

Supplementary key words ganglioside « glycolipid « GM1b « GD1a «
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Brain tumors elicit a response from their host that re-
sults in infiltration of macrophages and other host cells
into the tumor (1-3). Tumor-associated or tumor-infiltrat-
ing macrophages (TIMs) can contribute significantly to
the total cell population of some brain tumors (1). We
previously suggested that TIMs also contribute to the glyco-
sphingolipid (GSL) composition and to the GSL biosyn-
thetic gene expression of mouse brain tumors (4-7). This
hypothesis was based on the observation that the GSL
composition and gene expression of mouse brain tumors
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grown in culture (in the absence of tumor-infiltrating host
cells) were less complex than when grown in vivo (in the
presence of tumor-infiltrating host cells).

GSLs are membrane-bound glycoconjugates consisting
of a lipophilic ceramide attached to a hydrophilic oli-
gosaccharide chain. The presence of sialic acid on gangli-
osides distinguishes them from neutral glycosphingolipids
(NGSLs). Mouse peritoneal macrophage gangliosides
contain two types of sialic acid, N-acetylneuraminic acid
(NeuAc) and N-glycolylneuraminic acid (NeuGc) (8, 9).
The content and distribution of gangliosides is greater
and more complex, respectively, in chemically activated
mouse peritoneal macrophages than in resting peritoneal
macrophages (8, 9). Resting mouse peritoneal macro-
phages comprise mostly NeuGc-containing gangliosides (85—
90%), whereas activated macrophages contain an even
ratio of NeuGc and NeuAc-containing gangliosides (9). Rest-
ing mouse peritoneal macrophages contain predominantly
GM3-NeuGc, GMla-NeuGc, and GDla-NeuGc, whereas
activated mouse peritoneal macrophage gangliosides com-
prise NeuAc and NeuGc-containing GM1a, GM1b, GM2,
GD1a, and GD1a (9-11). The NGSLs of resting and acti-
vated mouse peritoneal macrophages comprise GlcCer,
LacCer, and Gg4Cer (asialo GM1) as major species (8).

Although immune cell GSLs have been studied exten-
sively, their function in immune mechanisms remains un-
clear. GSLs may modulate interactions between opposing
cells and between cells and the extracellular matrix (12).
Such interactions would influence immune cell migration
and tissue localization, a function which was attributed to
immune cell GSLs (13, 14). GSLs interact with mem-
brane-bound receptors and enzymes in immune cells,
therefore they are also implicated as modulators of recep-

Abbreviations: TIM, tumor-infiltrating macrophage; GSL, glyco-
sphingolipid; NGSL, neutral glycosphingolipid; NeuAc, N-acetyl-
neuraminic acid; NeuGc, N-glycolylneuraminic acid; MACS, magnetic
activated cell sorting; CD11b~, CD11b-depleted cell fraction; CD11b™,
CD11b-enriched cell fraction; MFI F4/80, mean fluorescent intensity
of F4/80; HPTLC, high-performance thin-layer chromatography.
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tor mechanisms and signal transduction (15, 16). Activa-
tion of immune cells is accompanied by an increase and
alteration in GSL expression. It was suggested that
changes in immune cell GSL expression correlated with
changes in immune cell function (8, 17). This idea was
supported by the observation that endotoxin hyporespon-
sive peritoneal macrophages, which do not undergo nor-
mal activation when exposed to stimulating agents, dif-
fered in ganglioside content from normal activated
peritoneal macrophages (18, 19).

Marked alterations in GSL composition accompany the
transformation of normal brain cells into neoplastic tu-
mor cells. These alterations have resulted in a search for
tumor-specific or tumor-associated GSLs to be used as tar-
gets for tumor diagnosis and therapy (20-22). An analysis
of GSLs in tumor-infiltrating host cells, including TIMs,
may improve the efficacy of GSL-directed tumor diagnosis
and therapy by elucidating the cellular origin of putative
tumor-associated GSLs.

In this report, we demonstrate a method for separating
TIMs from brain tumors using magnetic activated cell
sorting (MACS) and CD11b microbeads for the analysis of
GSL composition. In addition, we show that TIMs contrib-
ute to the complex GSL composition of brain tumors
grown in vivo. Preliminary reports of these findings have
appeared (23, 24).

MATERIALS AND METHODS

Mice and experimental brain tumors

The C57BL/6J (B6) mice were obtained from The Jackson
Laboratory (Bar Harbor, ME) and housed in the Boston College
Animal Care Facility using animal husbandry conditions de-
scribed previously (25). The mice were approximately 2 months
of age when used as tumor recipients or for the isolation of peri-
toneal macrophages. The CT-2A and EPEN experimental mouse
brain tumors were maintained by serial transplantations subcuta-
neously in the flank or in the brain, as described previously (26).
Although the exact cell of origin is unknown, both tumors were
classified as malignant, poorly differentiated, anaplastic astrocy-
tomas (4). All animal procedures were in strict accordance with
the NIH Guide for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care Committee.

Preparation of mouse peritoneal macrophages

Peritoneal cells were collected from B6 mice as described pre-
viously (9). Briefly, peritoneal cells were removed from B6 mice 5
days after intraperitoneal inoculation with 1 ml of 10% thiogly-
collate (Becton Dickenson). Peritoneal cells were then washed in
a hypotonic buffer (0.15m NH,CI, 0.01 m KHCO3, and 0.1 mm di-
sodium EDTA) to remove contaminating erythrocytes.

Preparation of radiolabeled cells and separation
of CD11bt cells

A single-step procedure was used to dissociate tumors and ra-
diolabel GSLs. Intact tumors (approximately 0.5 cm®) or perito-
neal cells (approximately 4 X 107) were incubated in 1 ml of
RPMI 1640 (Gibco BRL) with 500 g of type Il collagenase (Wor-
thington Biochemical), 0.5 g deoxyribonuclease type | (Sigma),
and 3.0 uCi of [**C]galactose (52 mCi/mmol, radiolabel on car-
bon 1, NEN) at 37°C for 4 h on a stir plate. The cells were washed
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in PBS/BSA (phosphate-buffered saline, 1% bovine serum albu-
min, 5 mm EDTA, pH 7.2). The cells were then incubated with
CD11b microbeads (20 wl/107 cells, Miltenyi Biotec Inc.) and
PBS/BSA (80 wl/107) at 4°C for 25 min. CD11b microbeads com-
prise an anti-CD11b monoclonal antibody conjugated to a metal-
lic particle. CD11b (also called Mac-1) is highly expressed on the
surface of monocytes and macrophages. Unbound microbeads
were removed by washing cells with 45 ml of PBS/BSA. The cells
were resuspended in PBS/BSA and passed two times over a
MACS LS* positive selection column on a MACS separation sys-
tem (Miltenyi Biotec Inc). CD11b~ cells were removed from the
columns by washing with 4-5 column volumes of PBS/BSA. The
columns were then removed from the MACS separation system
and CD11b* cells were eluted by washing with 2-3 column vol-
umes of PBS/BSA.

Analysis of Fc receptor-bearing cells

The erythrocyte/antibody rosette assay was used to estimate
the relative proportion of Fc receptor-bearing cells in the dissoci-
ated tumor, the CD11b-depleted cell fraction (CD11b~ cells),
and in the CD11b-enriched cell fraction (CD11b* cells). This
assay measures the presence of cell surface 1gG Fc receptors
that are heavily expressed on macrophages (27). Briefly, 1 X 106
cells from each cell fraction were mixed at room temperature with
1 X 107 sheep erythrocytes that were previously incubated
with an anti-sheep erythrocyte antibody (received as a gift from
Dr. Robert Evans, The Jackson Laboratory, Bar Harbor, ME). Cells
bearing Fc receptors bind the antibody-coated erythrocytes and
form rosette-shaped clusters. The rosettes were counted using
a hemocytometer.

Flow cytometry

Cells (5 x 10°) from each cell fraction were suspended in PBS
containing 2% mouse serum (DAKO) and 0.2% BSA. The cell
suspensions were then incubated with phycoerythrin (PE)-conju-
gated F4/80 (received as a gift from Dr. Paul Guyre, Dartmouth
Medical School, Lebanon, NH) (5 wl/10¢ cells) at 4°C for 1 h.
F4/80 is a mouse macrophage-specific cell surface antigen. Cells
were washed three times using PBS with 0.2% BSA and were
fixed in 1% paraformaldehyde in PBS. Flow cytometry was per-
formed using a Becton Dickenson FACScan.

Extraction of total lipids

Extraction of total lipids was performed as previously described
(26, 28). Lipids were extracted from samples by adding 5 ml of
chloroform-methanol 1:1 (v/v) with 0.5 ml of dH,O and stirring
for 12 h at ambient temperature. Samples were vortexed and then
centrifuged for 10 min at 750 g. The supernatant was transferred
to another tube and the pellets were washed in 2 ml of chloro-
form-methanol 1:1 (v/v) and centrifuged for 10 min at 750 g.
The resulting supernatant was added to the previous supernatant.

Folch partitioning

Polar and nonpolar lipids from the total lipid extract were sep-
arated by Folch partitioning (29). Chloroform (3.5 ml) and
water (2.1 ml) were added to the total lipid extracts which were
vortexed and centrifuged for 10 min at 750 g. Folch partitioning
results in a biphasic system, an upper phase containing polar lip-
ids and a lower phase containing nonpolar lipids. The upper
phase was removed and the lower phase was washed with 4.5 ml
of chloroform-methanol-water 3:48:47 (v/v/v) by vortexing and
centrifuged for 15 min at 750 g. The resulting upper phase was
added to the previous upper phase. The lower phase was trans-
ferred to another tube and was blown to dryness under a stream
of nitrogen.
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Ganglioside purification

Gangliosides were purified by modification of previously de-
scribed methods (26, 28, 30). The combined upper phase from
the Folch partition was converted to a chloroform-methanol-
water ratio of 30:60:8 (v/v/v) by adding 48 ml of chloroform-—
methanol 1:2 (v/v). The sample was applied to a diethylamino-
ethyl (DEAE)-Sephadex A-25 (acetate form) (Pharmacia Biotech)
column (1.2 ml bed volume) equilibrated in chloroform-metha-
nol-water 30:60:8 (v/v/v). Non-acidic molecules were eluted
from the column with 20 ml of chloroform-methanol-water
30:60:8 (v/v/v). Acidic lipids (gangliosides) were then eluted
from the column with 25 ml of chloroform-methanol-0.8 m am-
monium acetate (NH,C,H;0,) 30:60:8 (v/v/V). The solvent was
evaporated under vacuum and the gangliosides were base treated
in 1 ml of 0.5 N NaOH at 37°C for 1.5 h. Gangliosides were ap-
plied to a C18 reverse phase Bond Elute column (Varian) to re-
move salts and base. The C18 column was initially equilibrated
with 5 ml of each of the following: chloroform-methanol 1:1 (v/v),
methanol, and 0.1 m NaCl. After applying the gangliosides, the C-
18 column was washed with 10 ml of water to remove salts. The
gangliosides were eluted from the column with 2 ml of methanol
and 4 ml of chloroform. The ganglioside sample was blown to
dryness under a stream of nitrogen and resuspended in 0.45 ml
of chloroform-methanol-water 30:60:8 (v/v/v). Gangliosides
were further purified by applying to a hydroxypropylated dext-
ran (Sephadex LH-20, Pharmacia Biotech) column (9 ml bed
volume) equilibrated in chloroform-methanol-water 30:60:8 (v/
v/v). Gangliosides were eluted with the same solvent. The first 3-
ml fraction represented the void volume and was discarded. The
second 3-ml fraction contained the purified gangliosides. The
ganglioside sample was blown to dryness under a stream of nitro-
gen and was resuspended in 1 ml of chloroform-methanol 1:1
(v/v). The procedures used for ganglioside purification result in
approximately 90% recovery.

Neutral glycosphingolipid purification

NGSLs were purified by modification of previously described
methods (31). Non-polar lipids from the lower phase of the
Folch partition were resuspended in 15 ml of chloroform-metha-
nol-water 30:60:8 (v/v/v) and were applied to a DEAE-Sephadex
A-25 column prepared as described above. Neutral (non-acidic)
lipids were eluted from the column with 20 ml of chloroform-
methanol-water 30:60:8 (v/v/v). After evaporating under vac-
uum, the neutral lipids were base treated in 1 ml of 0.1 N NaOH
in methanol at 37°C for 1.5 h. The sample was blown to dryness
under a stream of nitrogen and resuspended in 0.45 ml of chlo-
roform-methanol-water 30:60:8 (v/v/v). Base was removed by
placing the samples over a Sephadex LH-20 column as described
above. The neutral lipids were solubilized in 1 ml of chloroform
and were applied to an latrobeads silicic acid (Wako Pure Chem-
icals) column (1.2 ml bed volume). The column was previously
equilibrated with 10 ml of each of the following: chloroform-
methanol-water 30:60:8 (v/v/V), chloroform-methanol 1:1 (v/v),
chloroform-methanol 2:1 (v/v), and chloroform. Free fatty ac-
ids, cholesterol, and triglycerides were washed from the column
with 30 ml of chloroform and 10 ml of chloroform-methanol
98:2 (v/v). The NGSLs were eluted with 10 ml of each of the fol-
lowing: chloroform-methanol 4:1 (v/v), chloroform-methanol
1:1 (v/v), and chloroform-methanol 1:3 (v/v). The pooled elu-
ate was evaporated and resuspended in 1 ml of chloroform-
methanol 1:1 (v/v). The procedures used for NGSL purification
result in approximately 90% recovery.

Glycosphingolipid quantitation
The amount of radioactive incorporation into GSLs was esti-
mated by placing a 50-ul aliquot into 6 ml of Ecoscint A (Na-
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tional Diagnostitcs) scintillation solution and counting disintegra-
tions per minute (dpm) on a 1219 Rackbeta Counter (LKB Wallac).

High performance thin-layer chromatography (HPTLC)

Gangliosides were analyzed by two-dimensional HPTLC on Sil-
ica Gel 60 plates (E. Merck) as previously described (9). Briefly,
gangliosides were spotted 15 mm in and up from the lower left
corner of a 10 X 10 cm HPTLC plate. The plate was chromato-
graphed for 45 min in chloroform-methanol-0.25% aqueous
KCI 50:45:10 (v/v/v) and dried with forced air for 15 min and
further dried over P,Og for 90 min in a vacuum desiccator. The
plate was rotated 90 degrees counter-clockwise and chromato-
graphed in the second dimension in chloroform-methanol-2.5 N
aqueous NH,OH containing 0.25% KCI 50:45:10 (v/v/v) for 30
min and dried as described above. Ganglioside standards (received
as gifts from Dr. Robert Yu or obtained from Matreya Inc.) were run
on the plate margins in each dimension but are not shown.

NGSLs were analyzed by one-dimensional HPTLC. Briefly,
NGSLs were spotted on Silica Gel 60 plates and chomatographed
in chloroform-methanol-water 65:35:8 (v/v/v) with 0.02%
CaCl, for 50 min (31). NGSLs were also spotted on plates pre-
treated for 30 s with 2.5% Na,B,O; in methanol to separate
GlcCer from GalCer (32). The plate was then chromatographed
in chloroform-methanol-25% NH,OH:water 65:35:4:4 (v/v/v/v)
until the solvent reached the top of the plate. NGSL standards
were received as gifts from Dr. Robert Yu or obtained from
Matreya Inc.

Radiolabeled gangliosides and NGSLs were visualized with a
Phosphorimager (Molecular Dynamics). Non-radiolabeled GSLs
were visualized by spraying plates with resorcinol reagent (gangli-
osides) or orcinol reagent (NGSLs) and heating at 100°C for 30
min (26, 31).

Thin-layer chromatography immunostaining

Immunostaining for GM1b, GDla, and Gg4Cer was per-
formed as previously described (33). Aliquots of gangliosides
equivalent to 5 X 105 cells and 3 X 106 cells were used for GM1b
and GDla immunostaining, respectively. NA-6 (mouse anti-
GM1b) and KA-17 (mouse anti-GD1la) monoclonal antibodies
were obtained from Dr. Yoshio Hirabayashi, Fontier Research
Program, Riken, Japan and diluted 1/500. Peroxidase-conjugated
goat anti-mouse IgM secondary antibodies (Jackson Immuno-
Research) were used to visualize gangliosides. An aliquot of
NGSLs equivalent to 3 X 108 cells was used for Gg4Cer immuno-
staining. Gg4Cer antiserum was obtained from Dr. Robert Yu,
Medical College of Virginia, Richmond, VA and diluted 1/40. Per-
oxidase-conjugated anti-rabbit IgG secondary antibodies (Sigma
Immunochemicals) were used to visualize Gg4Cer.

Determination of GM1b, GD1«, and Gg4Cer distribution

The percent distributions of GM1b and GDla in each cell
fraction were determined using the Phosphorimager display of
the two-dimensional HPTLC plates and Imagequant software
(Molecular Dynamics). The absolute pixel values for GML1b,
GD1a, or the total gangliosides were determined using volume
integration. Appropriate background values were subtracted
from the absolute pixel values to determine the net pixel values.
The percent distributions were determined by comparing the net
pixel values of GM1b or GD1« to the net pixel value of the total
gangliosides. The percent distribution of Gg4Cer was deter
mined from the one-dimensional HPTLC plates. The net pixel
values for Gg4Cer and the total NGSLs were determined by ob-
taining pixel values above background using area integration.
The percent distributions were determined by comparing the net
pixel value of Gg4Cer to the net pixel value of the total NGSLs.
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RESULTS

The amount of Fc receptor-bearing cells and the mean
fluorescent intensity of F4/80 (MFI F4/80) were used to
estimate the efficiency of separating TIMs from brain tu-
mors using MACS with CD11b microbeads. The values for
the CD11b™ cells and the CD11b~ cells were normalized
to the value for the enzymatically dissociated tumor (total
dissociated tumor), which was arbitrarily set to 100% (Fig.
1). TIMs were enriched approximately 400-600% in the
CD11b" cells, and were depleted by approximately 50%
in the CD11b~ cells, as compared to the total EPEN tu-
mor. Our previous findings showed that most thioglycol-
late-elicited peritoneal cells (mostly macrophages) elute
in the CD11b* cell fraction, whereas cultured EPEN and
CT-2A tumor cells elute in the CD11b~ fraction (23).
Taken together, these data indicate that the CD11b* cells
comprise mostly TIMs and the CD11b~ cells comprise
mostly tumor cells and CD11b~ host cells.

The rate of ganglioside biosynthesis was similar in the
CD11b~ and CD11b" cell fractions of the EPEN tumor
over the 4-h labeling period (Table 1). In contrast, the
rate of ganglioside biosynthesis was significantly lower in
the CD11b™ cells than in the CD11b~ cells of the CT-2A
tumor. The rate of NGSL biosynthesis was significantly
lower in the CD11b™" cells than in the CD11b~ cells of
both tumors (Table 1). These findings indicate that GSL
biosynthesis, in general, was lower in TIMs than in the
neoplastic tumor cells.

A schematic identifying gangliosides chromatographed
by two-dimensional HPTLC is shown in Fig. 2. These iden-
tifications were obtained from previous analyses of mouse
macrophage gangliosides (9, 11, 18, 19). The ganglioside
distribution of the dissociated EPEN tumor (Total) de-

8001 o4 of Total Dissociated Tumor
700+ |
600+ ‘
500 l
400

300
200
100 ’_J—I

0

Total CcD11b”

— |

cD11pt

Fig. 1. Relative proportion of Fc receptor-bearing cells (shaded
bars) and mean fluorescent intensity of F4/80 (MFI F4/80) (open
bars) in the total dissociated tumor (Total); the CD11b-depleted
cell fraction (CD11b™); and in the CD11b-enriched cell fraction
(CD11b"). The proportion of Fc receptor-bearing cells and the
MFI F4/80 in each cell fraction was normalized to that in the total
dissociated tumor which was arbitrarily given the value of 100%.
Data were obtained from tumors grown subcutaneously in the flank
of B6 mice. Data are mean values from two independent experi-
ments and the range of the two values is shown (bars).
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TABLE 1. Rate of GSL biosynthesis in the CD11b~ and CD11b*
cells isolated from the EPEN and CT-2A tumors

Cells Ganglioside NGSL
Tumor Fraction? Biosynthesis Biosynthesis
% of total tumor
Total 100 100
EPEN CD11b~ 97 + 14 100 £ 8
CD11b™* 92 + 21 67 = 2P
Total 100 100
CT-2A CD11b~ 133+ 6 119+ 7
CD11b™* 79 = 110 67 * 6

Rates of 14C incorporation (dpm) into gangliosides or NGSLs/105
cells/4 h were normalized to that in the total dissociated tumor which
was arbitrarily given the value of 100%. Data were obtained from three
independent tumors grown subcutaneously in the flank of B6 mice and
are expressed as means = SEM.

aTotal, total dissociated tumor; CD11b~, CD11b-depleted cell frac-
tion; CD11b"*, CD11b-enriched cell fraction.

b Indicates that the rate of biosynthesis in the CD11b™ fraction is
significantly lower than that in the CD11b~ fraction (P < 0.01, un-
paired two-tailed Student’s t test).

tected by radiolabeling with [“C]galactose (Fig. 3A) was
similar to the distribution in the intact EPEN tumor de-
tected by resorcinol spray (not shown). These findings in-
dicate that the ganglioside pattern of the dissociated tumor
after 4 h of radiolabeling was similar to the ganglioside pat-
tern of the solid tumor at the time of resection.

GM3-NeuAc and GM3-NeuGc were the major ganglio-
sides synthesized in the EPEN tumor (Fig. 3A). In addi-
tion to these gangliosides, numerous minor ganglioside
species were also synthesized. Many of the gangliosides
migrated as multiple spots due to heterogeneity in the
structure of sialic acids (NeuAc and NeuGc) and cera-
mide (C16 to C24 fatty acids) (9, 19). The GM3 ganglio-
sides were enriched in the CD11b~ cells and were de-
pleted in the CD11b* cells (compare Figs. 3B and 3C).
GM3 was the only ganglioside synthesized in the EPEN
cultured cells (4). Together, these results show that the
EPEN CD11b~ cells comprise mostly neoplastic tumor
cells.

The ganglioside distribution of the CD11b™* cells was
extremely complex and consisted of more than 30 distinct
structures including GMla, GM1b, GD1la, and GDla.
GM1b and GD1a are indicated on the HPTLC with arrows
and arrow heads, respectively (Fig. 3C). The structures of
GM1b and GD1a were corroborated from their positive
TLC immunostaining using anti-GM1b and anti-GD1« an-
tibodies, respectively (Fig. 4). Relative to their distribution
in the total dissociated tumor, GM1b and GDla-were sig-
nificantly enriched in the CD11b™" cell fraction and were
depleted in the CD11b~ cell fraction (Fig. 5). Similar re-
sults were obtained for the CT-2A tumor. These findings
indicate that most of the GM1b and GD1a gangliosides in
the EPEN and CT-2A tumors are localized in the TIMs.

Brain tumors are often grown subcutaneously in the
flanks of syngeneic mice to avoid contamination from
normal CNS tissue that becomes entrapped in intracere-
bral tumors (26). We found that the overall distribution of
gangliosides was similar in EPEN CD11b* cells whether
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Fig. 2. A schematic used for the localization of gangli-
osides chromatographed by two-dimensional HPTLC.
The schematic represents gangliosides chromato-
graphed in chloroform-methanol-0.25% aqueous KCI
50:45:10 (v/v/v) (first dimension) and chloroform-
methanol-2.5 N agueous NH,OH containing 0.25%
KCI 50:45:10 (v/v/v) (second dimension). The un-
shaded ellipses indicate NeuAc-containing gangliosides
and the darkly filled ellipses indicate NeuGc-containing
gangliosides. The shaded ellipses seen in the GDla and
GD1a series consist of mixed isomers of both sialic acid
structures. The broken ellipses indicate the third fatty
acid variant of the ceramide in the CD11b ™ thioglycol-
late-elicited peritoneal cells. The letter “M” at the top
and left side of the schematic indicates the relative mo-
bility of brain GM1a standard.

isolated from tumors grown in the flank or in the brain
(compare Figs. 3C and 3D). Similar results were obtained
for the CT-2A tumor (data not shown). These findings in-
dicate that different tumor growth environments do not
markedly affect the ganglioside composition of TIMs.

Although macrophage number and morphology vary
greatly among different types of brain tumors, it is not
known to what extent differences in brain tumor type
might also influence the ganglioside composition of TIMs.
The EPEN tumor is firm, slow growing, and largely avascu-
lar, whereas the CT-2A tumor is soft, rapidly growing, and
heavily vascularized. The EPEN tumor expresses GM3-
NeuAc as the major ganglioside, whereas the CT-2A tumor
expresses NeuAc-containing GM3, GM2, GM1a, and GD1la
as major gangliosides (4, 5, 26). Despite these differences
in growth rate, vascularization, and ganglioside composi-
tion, the ganglioside distributions in the CD11b™ cells sepa-
rated from the EPEN and CT-2A tumors were remarkably
similar (compare Figs. 3C and 3E). These findings indi-
cate that differences in brain tumor type do not markedly
influence the ganglioside composition of TIMs.

Most TIMs are derived from peripheral blood mono-
cytes, but no prior studies have compared the GSL compo-
sition of TIMs with that of activated peripheral macroph-
ages. We found that the ganglioside distribution of CD11b*
cells from the EPEN and CT-2A tumors was similar to that
of peritoneal macrophages elicited with thioglycollate
(compare Figs. 3C-E with 3F). Both macrophage popula-
tions contained predominantly GM1 and GD1 type ganglio-
sides. However, some differences were observed in the gan-
glioside distribution. Most of the gangliosides from the
CD11b* thioglycollate-elicited peritoneal cells migrated as
triplets, whereas most of the gangliosides in the CD11b*
cells in both EPEN and CT-2A tumors migrated as doublets.
For example, GM3-NeuAc from the peritoneal macro-
phages appears as three spots in a sideways V formation,
whereas GM3-NeuAc from the tumor macrophages appears
as two spots. These differences likely reflect differences in
the fatty acid composition of the ceramide (19).
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The major radiolabeled NGSLs in all cell fractions
included glucosylceramide (GlcCer), lactosylceramide
(LacCer), trinexosylceramide (Gg3Cer), and tetrahexosyl-
ceramide (Gg4Cer or asialo GM1) (Fig. 6). As observed
for the gangliosides, most of the tumor NGSLs migrated
as doublets. The two upper bands, migrating at the plate
top in all cell fractions, were positively identified as
GlcCer using sodium borate-impregnated HPTLC (data
not shown). No GalCer was detected in any of the sam-
ples. The level of Gg4Cer was noticeably depleted in the
CD11b~ cells and markedly enriched in the CD11b™* cells
in both EPEN and CT-2A (Figs. 5 and 6). The structure of
Gg4Cer was corroborated by its positive TLC immuno-
staining using Gg4Cer antiserum (Fig. 4C). No significant
differences were seen in the NGSL distributions of the
CD11b" cells separated from either the EPEN or CT-2A
tumors that were grown subcutaneously in the flank or in
the brain (data not shown). Gg4Cer was also a major
NGSL in the activated peritoneal macrophages (Fig. 6).
These findings indicate that most of the Gg4Cer in the
EPEN and CT-2A tumors is localized in the TIMs.

DISCUSSION

Although macrophages are a major tumor-infiltrating
cell of the mouse immune system (27, 34), there have
been no prior studies on the GSL composition of TIMs.
This has been due largely to the difficulty in separating
TIMs from the neoplastic tumor cells and in obtaining
enough material for biochemical analysis. We have devel-
oped a new method to overcome this problem that entails
a one-step dissociation of brain tumors into single cell sus-
pensions with a concurrent metabolic labeling of GSLs us-
ing [*C]galactose. TIMs are then separated from neoplas-
tic tumor cells and other host cells using magnetic activated
cell sorting and CD11b microbeads.

Our results showed that TIMs possess an extremely com-
plex ganglioside distribution with more than 30 distinct
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Fig. 3. Two-dimensional high performance thin-layer chromatograms of radiolabeled gangliosides isolated from mouse brain tumors and
from macrophage-enriched cell fractions. The tumors were grown either subcutaneously in the flank (Flank) or in the brain (Brain). The
peritoneal cells (Peri) were activated with thioglycollate. A: total dissociated EPEN; B: EPEN CD11b-depleted cell fraction; C: EPEN CD11b-
enriched cell fraction; D: EPEN CD11b-enriched cell fraction; E: CT-2A CD11b-enriched cell fraction; F: thioglycollate-elicited peritoneal
CD11b-enriched cell fraction. Approximately 3000 dpm of 4C-labeled gangliosides were spotted for each plate. The plates were chromato-
graphed in chloroform-methanol-0.25% aqueous KCI 50:45:10 (v/v/v) (first dimension), chloroform-methanol-2.5 N aqueous NH,OH
containing 0.25% KCI 50:45:10 (v/v/Vv) (second dimension) and visualized with a Phosphorimager. The arrows in plate C indicate the loca-
tion of GM1b gangliosides and the arrowheads indicate the location of GD1« gangliosides. The letter “M” at the top and left side of the im-
ages indicates the relative mobility of brain GM1a standard.
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Fig. 4. Thin-layer chromatography immunostaining
of the different cell fractions of the EPEN and CT-2A tu-

- mors using anti-GM1b antibody (A), anti-GD1a-antibody

GM1b GMia Tot 11b~ 11b" Tot 116~  11b*

L—CT—Z;‘!\ —I

EPEN

¥ Tot 11b~

CT-2A

GD1a Tot 11b~ 11b
l EPEN |

GD1e

GgaCer  Sid Tot 11b” 1p* Tot 1b~

(B), or anti-Gg4Cer antibody (C). Total, total dissociated
tumor; 11b~, CD11b-depleted cell fraction; and 11b*,
CD11b-enriched fraction. A: Aliquots of ganglioside
equivalent to 5 X 10° cells were spotted for each lane.
GM1b and GM1a were used as positive and negative con-
trols, respectively. The plates (Nagel Sil G) were devel-
oped by one ascending run with chloroform-metha-
nol-water 55:45:10 (v/v/v) containing 0.02% CaCl,. B:
Aliquots of ganglioside equivalent to 3 X 108 cells were
spotted for each lane. GD1a and GD1a were used as
11b* positive and negative controls, respectively. The plates
were developed as in A. C: Aliquots of NGSL equivalent

to 3 X 108 cells were spotted for each cell fraction.

Gg4Cer and NGSL standards (Std, GalCer, LacCer,

Gb3Cer, and Gb4Cer) were used as positive and nega-

tive controls, respectively. The plates were developed by

one ascending run with chloroform-methanol-water

65:35:8 (v/v/v) containing 0.02% CaCl,. GSLs were ob-

11b* tained from tumors grown subcutaneously in the flank

| of B6 mice.

I EPEN | CT-2A

structures including GMl1a, GM1b, GD1la, and GDla.
Much of the complexity arose from heterogeneity in sialic
acid and ceramide structure. TIM NGSLs consisted mostly
of GlcCer, LacCer, Gg3Cer, and Gg4Cer. Some GSLs that
were enriched in TIMs (GM1b, GD1«, and Gg4Cer) were
present as minor bands in the tumors and were depleted
in the neoplastic CD11b~ cell fractions, indicating that
TIMs contribute to the GSL composition of brain tumors.
GM1b, GD1«, and Gg4Cer are also present on other pop-
ulations of murine immune cells (35). In addition, the en-
richment of Gg4Cer (asialo-GM1) in TIMs is consistent
with previous evidence that asialo-GM1 is a major GSL of
activated mouse macrophages (6, 8).

In addition to TIMs, other host cells infiltrate brain tu-
mors, including lymphocytes, NK cells, polymorphonu-
clear granulocytes, and endothelial cells (3, 36-38). These
cells contribute less to the GSL composition of EPEN and
CT-2A than the TIMs as most of the minor gangliosides in
these tumors were enriched in the TIM cell fraction. We also
recently suggested that functional T- and B-lymphocytes,
which are absent in SCID mice, do not make major contri-
butions to the ganglioside composition of EPEN and CT-2A
(39). Large amounts of lymphocytes are present in some
brain tumors though (36), and therefore may also con-
tribute to the GSL complexity of tumors.

We have attributed the presence of NeuGc-containing
gangliosides in mouse brain tumors grown in vivo to
tumor-infiltrating host cells (5-7). This was based on find-
ings that NeuGc-containing gangliosides as well as the ex-
pression of genes necessary for NeuGc synthesis were ex-
pressed in solid tumors grown in vivo, but disappeared
when brain tumor cells were grown in culture in the ab-
sence of host cells (5-7). In addition to host cells, it was
proposed that neoplastic tumor cells could acquire
NeuGc-containing gangliosides directly from the serum
and could incorporate NeuGc into their gangliosides in a
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cell type specific manner (39, 40). Therefore, the NeuGc
sialic acid present in mouse brain tumor gangliosides is
derived from both host infiltrating cells and from mouse
serum.

We showed that the overall GSL distribution was similar
in TIMs and thioglycollate-elicited peritoneal macro-
phages. The minor differences observed resulted largely
from heterogeneity in ceramide fatty acid composition
(19). These findings are also consistent with previous ob-
servations that the mode of macrophage activation can in-
fluence macrophage ganglioside composition (9).

Properties intrinsic to brain tumors influence the de-
gree of TIM infiltration and TIM morphology (41, 42). In
this study we found that the GSL composition of TIMs was
remarkably similar in the EPEN and CT-2A tumors that
differ significantly in growth, morphology, and ganglio-
side composition. Furthermore, we found that the local
environment (brain versus flank) had little effect on the
GSL composition of TIMs. The uniformity of TIM GSLs in
different environments and in different tumors suggests
that the TIM GSLs perform a common function in tumors,
e.g., modulating cell-cell or cell-matrix interactions. The
TIM-associated gangliosides GM1b and GDla—were previ-
ously shown to function in endothelial cell adhesion (43).
It is possible that these gangliosides modulate the infiltra-
tion of macrophages into tumors. This is consistent with
previous findings which suggested a role for GSLs in im-
mune cell migration and tissue localization (13, 14).

Gg4Cer is a major GSL in macrophages, lymphocytes,
and NK cells (8, 13, 17, 44). Cell surface Gg4Cer was
shown to increase in macrophages and T lymphocytes
during activation (8, 17). Our results showing the enrich-
ment of Gg4Cer in TIMs are consistent with these find-
ings. Although increased Gg4Cer is a conserved feature of
activated immune cells, the function of this molecule re-
mains unclear. Many reports have appeared describing
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Fig. 5. The percent of the total ganglioside distribution for GM1b
and GD1a, and the percent of the total NGSL distribution for
Gg4cCer in the different cell fractions of the EPEN tumor (shaded
bars) and the CT-2A tumor (open bars). Total, total dissociated tu-
mor; CD11b~, CD11b-depleted cell fraction; and CD11b*, CD11b-
enriched cell fraction. The percent distribution was determined as
described in Materials and Methods. GSLs were obtained from tu-
mors grown subcutaneously in the flank of B6 mice. Data are mean
values from two independent experiments and the range of the two
values is shown (bars).

immune cell GSLs, but the function of these molecules in
tumor immunobiology is unknown. We have provided the
first description of GSLs in TIMs. These results can be
used for assessing the function of these molecules in mac-
rophage-tumor interactions.

In general, the rate of GSL biosynthesis was less in TIMs
than in the neoplastic cells in both the EPEN and CT-2A
tumors. Because TIMs are mostly non-dividing cells while
the neoplastic cells divide rapidly, the differences in GSL
biosynthesis likely reflect differences in cell proliferation.
Similarly, the higher relative rate of GSL biosynthesis in
the CT-2A neoplastic cells (CD11b~ fraction) than in the
EPEN neoplastic cells likely reflects the faster growth rate
of the CT-2A tumor over the EPEN tumor. However, the
higher GSL biosynthesis rate in neoplastic cells over TIMs
is not associated with a higher content of GSLs. This no-
tion comes from previous findings that ganglioside con-
tent is significantly higher in activated macrophages than
in the EPEN or CT-2A tumor cells (4, 9, 45). This discrep-
ancy between rate of biosynthesis and absolute amount of
gangliosides in the TIM and neoplastic cell fractions may

Ecsedy et al.
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Fig. 6. High performance thin-layer chromatogram of radiola-
beled NGSLs isolated from mouse brain tumors and from mac-
rophage-enriched cell fractions. The tumors were grown subcuta-
neously in the flank of B6 mice. The peritoneal cells (Peri) were
activated with thioglycollate. Std1, GalCer, LacCer, Gb3Cer, and
Gb4cCer; Std2, GlcCer, Gg3Cer, and Gg4Cer; Total, total dissociated
tumor; 11b~, CD11b-depleted cell fraction; 11b*, CD11b-enriched
cell fraction. Approximately 2000 dpm of 14C-labeled NGSLs were
spotted for the radiolabeled lanes. The plates were developed by
one ascending run with chloroform-methanol-water 65:35:8 (v/v/Vv)
containing 0.02% CaCl,. After visualizing radiolabeled lanes with a
Phosphorimager, the plates were sprayed with the orcinol reagent
and heated to 100°C to visualize the standards.

reflect differences in ganglioside turnover which is likely
lower in TIMs than in neoplastic tumor cells. Hence, rela-
tively few TIMs may contribute significantly to the GSL
composition of brain tumors.

GSLs may be useful targets for tumor therapy because
they are present on the cell surface, are structurally di-
verse, and vary significantly in composition between nor-
mal brain and brain tumors. The potential of antigen-
directed immunotherapy has not been fully realized due
to several problems. Most monoclonal approaches have
been ineffective due to the antigenic heterogeneity of tu-
mors, the inability to stimulate the patients own effector
mechanisms, insufficient cytotoxicity, and the rapid elimi-
nation of antibodies from the circulation (46-49). Cross-
reactivity with normal host cells is another significant
problem with monoclonal immunotherapy. Our method
for the analysis of GSLs in TIMs could be used for other
infiltrating host cells and therefore should be useful for
accurately defining the cellular origin of putative tumor-
associated GSLs.

Our findings provide the first direct evidence that mac-
rophages contribute to the GSL complexity of mouse
brain tumors. Furthermore, the GSL composition of TIMs
was similar to that of activated peritoneal macrophages. As
macrophages can comprise up to 78% of the cell popula-
tion in some human brain tumors (1), it is probable that
TIMs also influence the GSL composition of human brain
tumors. In addition to brain tumors, TIMs likely influence
the GSL composition of other forms of cancer. The associ-
ation of tumorigenesis with alterations in GSLs has led to
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the search for tumor-specific or tumor-associated GSLs for
use in tumor diagnosis and therapy. Our results indicate
that many tumor-associated GSLs can be enriched in tu-
mor infiltrating host cells. Hence, the use of GSLs for tumor
diagnosis and therapy may be improved with knowledge
of their cellular location. B
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