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Abstract To devise successful imaging and therapeutic
strategies, the identification of B-cell surface markers is one
of the challenges in diabetes research that has to be re-
solved. We previously showed that IC2, a rat monoclonal
IgM antibody, can be used for ex vivo determination of
B-cell mass by imaging. Further progress toward the devel-
opment of an antibody-based imaging agent was hampered
by the lack of knowledge regarding the nature and composi-
tion of the IC2 antigen. Here, we show a series of systematic
experiments involving classical lipid extraction and chroma-
tography techniques combined with immunochemistry,
which led to the identification of sphingomyelin as the tar-
get antigen assembled in the form of patches on the B-cell
surface. Our findings were verified by modulating SM by
enzymatic cleavage, downregulation, upregulation, and per-
turbation of membrane SM and observation of correspond-
ing changes in IC2 binding. Cholesterol participates in
stabilization of these patches, as its removal results in loss
of IC2 binding.ll We believe that these findings have impli-
cations for identifying future ligands for the proposed
antigen for imaging purposes as well as for potential ther-
apy, as sphingomyelin has been shown to play a role in the
apoptotic cascade in pancreatic 3 cells.—Kavishwar, A., Z.
Medarova, and A. Moore. Unique sphingomyelin patches
are targets of a beta-cell-specific antibody. J. Lipid Res. 2011.
52:1660-1671.
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Increased blood glucose levels mostly accompanied by a
decrease in functional B-cell mass are a key characteristic
of human diabetes. While type 1 diabetes results from au-
toimmune destruction of insulin-producing 3 cells, type 2
diabetes is characterized by insulin resistance and relative
insulin deficiency. In both cases, pancreatic 3-cell mass is
affected by the disease. Patients suffering from these con-
ditions would benefit from clinical interventions aimed at
restoring functional B-cell mass and methods to monitor
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this restoration noninvasively (1). Recent years have seen
exponential progress in applying various imaging modali-
ties (MRI, positron emission tomography, optical) for nonin-
vasive detection and monitoring of pancreatic 3-cell mass
(2-6). A crucial prerequisite for clinical application of these
techniques is the availability of a contrast agent with high
affinity and high specificity toward B-cell surface markers.

Antibodies or their fragments, owing to their high speci-
ficity, biocompatibility and ability to carry payload to the
target site, could serve as an ideal molecule for imaging
applications. A number of different antibodies have been
suggested for noninvasive determination of B-cell mass
(7-9). However, most of them suffer from lack of specific-
ity for islet 3 cells. Part of this problem emanates from the
fact that 3 cells share the same lineage as other cells in the
pancreas, making it difficult to elucidate unique targets on
the B-cell surface. In addition, there is a challenging re-
quirement for imaging agents to be retained by 3 cells at
least 1,000-fold more strongly than by exocrine cells (10).
No antibodies/antibody fragments have yet been described
that fulfill all the requirements, necessitating a further
search for (-cell biomarkers. The single-chain antibody
SCA Bb5 has shown promise in the past (11). However, its
target and its utility for B-cell imaging are unknown.

In a previous study, we showed that the % Jabeled
B-cell-specific IC2 antibody accumulates in the pancreas of
streptozotocin-induced mice in direct proportion to 3-cell
mass (2). However, further progress toward the develop-
ment of an antibody-based in vivo imaging probe was im-
peded due to lack of information about the nature and
identity of the B-cell surface antigen. IC2 is a rat monoclo-
nal antibody of the IgM isotype, obtained by fusing lym-
phocytes from diabetes-prone BB rats with a rat myeloma
partner and selected by screening hybridoma supernatants
against Rin5F insulinoma cells (12). In this study, we present
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experiments that lead to the identification of sphingomy-
elin (SM)-rich patches as a target of this antibody. These
patches are only present on the surface of § cells, making
them suitable for ligand binding. We believe that our find-
ings have implications for identifying future ligands for
the proposed antigen for in vivo imaging purposes as well
as for potential therapy, as SM-derived ceramide has been
shown to have a role in the regulation of insulin synthesis
(13, 14) and contributes to B-cell apoptosis (15-18).

MATERIALS AND METHODS

Cell culture

Rat insulinoma RinM5F (CRL-11605) and Ins-1E (19) cells
were grown in RPMI medium supplemented with 10% FBS. Rat
gliosarcoma cell line 9L was cultured in Minimum Essential Me-
dium supplemented with 10% FBS. Media were changed every
second day to keep the cultures in exponential phase of growth.

Purification of IC2 antibody

IC2-producing hybridoma cells (12) were grown in RPMI sup-
plemented with 10% FBS. The supernatant from the culture was
diluted 1:1 with 100 mM PBS containing 0.05% sodium azide,
passed through a 0.22 micron syringe filter, and then circulated
overnight through a 5 ml protein-L column (Pierce) as suggested
by the manufacturer. The next day, the column was extensively
washed with freshly prepared 100 mM PBS without sodium azide,
cluted with IgG elution buffer (Pierce), and immediately neutral-
ized with 0.1 N NaOH. The antibody was concentrated using an
Amicon filter (50,000 cutoff) and washed in 10 mM PBS. Protein
concentration was determined using a BCA assay kit (Pierce),
and the antibody was stored frozen in aliquots at —20°C. Purity
and antibody class were confirmed by gel electrophoresis and
Western blotting with peroxidase-conjugated goat anti-Rat IgM
antibody (Sigma).

Animals

Mice (C57BL/6, 6-10 weeks old) were purchased from Charles
River Laboratories and maintained in a germ-free environment
at the Massachusetts General Hospital. All animal-related proce-
dures were reviewed and approved by the Institutional Animal
Care and Use Committee at MGH. Organs (pancreas, brain, kid-
ney, liver, and spleen) were harvested following standard proce-
dures, snap frozen in liquid nitrogen, and stored at —80°C until
use. All tissues were cutinto 7-8 pm sections using a Leica CM3050
S cryostat and collected on pretreated slides (Fisher Scientific).

Flow cytometry

Exponentially growing cells were dislodged with a mild trypsin
treatment and collected by centrifugation at 4°C. The cell pellet
was washed with chilled PBS and then incubated with 1 pg/ml of
IC2 on ice for 1 h followed by incubation with anti-rat IgM-FITC
(1:1000) containing TO-PRO-3 (1 pM) and incubated on ice for
another h. The cells were then pelleted, washed three times with
chilled PBS, fixed with 4% formaldehyde, and analyzed by flow
cytometry. Unstained cells and cells stained with irrelevant rat
IgM (isotype control) served as controls.

Immunofluorescence microscopy

RinMb5f cells were grown on poly-L-lysine-coated coverslips
(BioCoat, BD Biosciences), fixed with 4% formaldehyde, and
then blocked with 1% BSA. Staining was performed by first in-
cubating coverslips with 1 pg/ml of IC2 antibody for 2 h at RT

and then with Alexa Fluor 594-labeled goat anti-rat IgM (1:500
dilution, Invitrogen) followed by incubation with Alexa Fluor
488-labeled B-subunit of cholera toxin (Invitrogen) for 2 h.
Cells were washed, mounted with DAPI-containing mounting
medium (Invitrogen), and observed using a confocal micro-
scope (Zeiss LSM 5 Pascal) with a 100x oil emersion objective
in place. Sections of human pancreas were kindly provided by
Dr. Christian Schuetz (Massachusetts General Hospital). Human
and mouse pancreatic tissue sections were stained as above except
that a cocktail of 1C2, guinea pig anti-insulin (Abcam), rabbit
anti-glucagon (Abcam), or rabbit anti-somatostatin (Invitro-
gen) antibodies were used. After incubation and washing, an-
other cocktail of respective secondary antibodies (Alexa Fluor
594 anti-Rat IgM, FITC-anti-guinea pig, and Alexa Fluor 680
anti-rabbit) was added. Tissue sections were mounted in DAPI-
containing mounting medium and observed under a fluores-
cence microscope. Forlysenin staining, the cells were incubated
with 1:1000 dilution of lysenin (250 pg/ml stock, Peptide In-
ternational) in PBS for 1 h and then washed. Incubations for
rabbit anti-lysenin antibody (Peptide International) and Alexa
Fluor 488 anti-rabbit antibody (Invitrogen) were similar to that
described for IC2. Grayscale images were recorded with SPOT
RT3 CCD camera and SPOT advanced software and then
pseudocolored for colocalization studies. In all of the immuno-
fluorescence experiments, a 1:500 dilution of an irrelevant puri-
fied rat myeloma IgM (Invitrogen) was used as an isotype control.

Immunodetection of IC2 antigen on dot blots, lipid
arrays, and TLC plates

To determine the presence of IC2 antigen on polyvinylidene
fluoride (PVDF) membrane, commercially available lipid arrays
(PIP Strips and SphingoStrips, Invitrogen), homemade lipid array
with 5 pg lipid/spot, or TLC plates were first blocked with 5%
milk in Tris buffer with 0.05% Tween 20 (TBST) for 1 h and
then incubated with 1 pg/ml of IC2 antibody for 2 h. The blot
or TLC plate were washed with TBST to remove unbound anti-
body and then incubated with HRP-conjugated goat anti-rat
IgM (1:5000 dilution, Sigma) for 1 h at RT and developed with
SuperSignal West Pico Chemiluminescent Substrate (Pierce).
The chemiluminescent signal was recorded using an IVIS Spec-
trum imaging station (Caliper). The actual images were dis-
played by the instrument as heatmaps. A signal of two logs above
the background was considered a positive signal. For control,
duplicate blots or TLC plates were incubated in a 1:500 dilution
of an irrelevant Rat IgM (Invitrogen) instead of IC2 and pro-
cessed similarly.

Antigen extraction and purification by TLC

RinM5f cells grown to 90% confluence were washed with
chilled Dulbecco’s PBS and permeabilized by adding 1% Triton
X100. The insoluble fraction was scraped from the plate and
collected by centrifugation. Lipid extraction was carried out fol-
lowing the Folch procedure (20) with some modifications.
Briefly, the insoluble fraction was incubated in a chloroform-
methanol mixture (2:1), vortexed, and incubated on a recipro-
cal mixerfor 1 h. The supernatantwas collected by centrifugation
at 10,000 gfor 10 min. The pellet was extracted two more times,
and all of the supernatants were pooled. The monophasic pooled
extract was then partitioned into two phases by the addition of
0.2 vol of water, and the two phases (upper aqueous and lower or-
ganic) were collected in separate tubes and concentrated using a
Speed-Vac (Savant). Dot blot was performed on PVDF mem-
brane as described above. Three successive rounds of TLC were
performed in different solvent systems to purify the antigen. First,
the dried lower organic phase obtained following the Folch proce-
dure as described above was dissolved in chloroform-methanol
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mixture (1:1) and spotted on aluminum-backed G-60 silica plates
(Fluka). The TLC was developed in chloroform-methanol-0.2%
aqueous CaCly in 60:40:9 ratio (v/v) (21) and stained in iodine
vapors. The position of spots was marked with a pencil, and the
presence of IC2 antigen was detected by immunoblotting. The
chemiluminescent signal was recorded on an IVIS Spectrum im-
aging station as described above. For further purification, pre-
parative TLC was performed in the same solvent system, and the
spots were detected by incubating the plates in iodine vapor. The
spots corresponding to IC2 antigen were marked, and silica gel
from these spots was scrapped with a spatula. The silica gel was
added to an empty column, and the antigen was eluted with a
chloroform-methanol mixture (1:1) and concentrated on a
Speed-Vac. A second round of TLC purification was performed
by spotting a small portion of this concentrate on a TLC
plate and developing it in a second solvent system (methyl
acetate-propanol-chloroform-methanol-0.25% aqueous KCl in
25:25:25:10:7 v/v ratios) optimized for phospholipids (22).
The spot profile was developed in iodine vapors, and the plate
was then subjected to immunoblotting against IC2 antibody as
described above. Then preparative TLC was performed with
the remaining extract in the second solvent system, the antigen
was eluted from the silica gel as above and concentrated. The
third round of TLC was performed in a solvent system containing
chloroform/methanol/7 M ammonium hydroxide mixture at
65:25:5 ratio (23). In this third round of TLC, commercially avail-
able purified phosphatidylcholine (PC) and SM standards were
run in parallel, and the TLC plate was stained with molybdenum
blue stain (Sigma) to detect phospholipids as described by the
manufacturer (see antigen purification scheme in Fig. 1).

ELISA

For competition ELISA, the plate was coated with antigen ex-
tracted from RinMbf cells and blocked with BSA. Lipid vesicles
were prepared by sonicating 1 ml of 1% defatted BSA solution in

tubes coated with 2.5 mg of SM or PC in a bath sonicator for
5 min. The lipid vesicles were serially diluted, added to the wells
containing 400 ng/ml of IC2, and incubated at room tempera-
ture for 2 h. Peroxidase-conjugated anti-rat IgM (1:5000) was
added to the wells and incubated for another h. The color was
developed with Sigmafast OPD and read on a plate reader.

Cell treatment with lipase

Cultures of RinM5f grown to 80% confluence on poly-L-Lysine
coated coverslips were fixed with 4% formaldehyde and exten-
sively washed. Enzymes were dissolved in 1% defatted BSA (sphin-
gomyelinase 0.1 U/ml, phospholipase C1.0U/mland phospholipase
A2 0.16 U/ml), added to the coverslips and incubated for 4 h at
room temperature. After washing, cells were stained with IC2 as
described above and observed under a fluorescence microscope.
Coverslips not treated with any enzyme but stained with 1C2
served as positive controls, while cells treated with enzymes and
stained with isotype control served as negative control. The images
were then analyzed using Image J software. Fluorescence values
were averaged and represented as percent of positive control.
Error bars represent standard deviations.

Fumonisin Bl treatment and serum starvation

RinM5f were seeded at a density of 20,000 cells/ml in culture
plates on glass coverslips and cultured for 48 h. Next, fresh medium
containing Fumonisin B1 (25 pM/1) was added, and cells were al-
lowed to grow for another 24 h. Coverslips were then removed, fixed
with 4% formaldehyde, and coimmunostained with IC2 and lysenin.
For lipid analysis, cells were scraped, and total lipids were isolated
following the Floch procedure and resolved on TLC plate using the
solvent system described by Yu and Ariga (21). After staining with
iodine, images were recorded and the TLC plate was subjected to
immunoblotting with IC2 as described earlier. For serum starvation
experiments, media were replaced with serum-free RPMI 1640. All
other steps were similar to Fumonisin Bl treatment.

RinM5F
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Antigen purification scheme. Triton X100 insoluble fraction of RinMb5f cells was extracted in methanol-chloroform mixture and
then further fractionated and purified following classical chromatography steps. Enrichment of antigen at every step was followed by im-
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Dexamethasone and concanavalin A treatment

RinM5f cells were seeded in a 12-well culture plate and allowed
to grow for 48 h. The media were replaced with fresh medium
containing 0.1 pM/1 of dexamethasone (Sigma) and allowed to
incubate for 6 h. Next, coverslips were washed with PBS and fixed
with formaldehyde. The cells were then coimmunostained with
IC2 and lysenin and subjected to fluorescence microscopy as de-
scribed earlier. For concanavalin A (Con A) treatment, cells were
seeded on the coverslips in the media containing 0.2 pg/ml Con
A and cultured for 48 h. Then coverslips were washed, fixed,
and stained as described for dexamethasone. Coverslips not re-
ceiving dexamethasone or Con A served as control in respective
experiments.

Methyl-B-cyclodextrin treatment

Exponentially growing RinM5f cells were collected with mild
trypsin treatment and washed with PBS. Cells were then sus-
pended in 10 mM methyl-B-cyclodextrin (MBCD, Sigma) in PBS
or 0.1 U/ml of sphingomyelinase (SMase), which served as nega-
tive control and incubated at 37°C. After 20 min, cells were pel-
leted and the treatments were repeated. After 20 min, cells were
washed with ice-cold PBS and stained in suspension with IC2 as
described earlier or with lysenin by first incubating them in 2.5
pg/ml solution of lysenin for 20 min, followed by successive incu-
bations in 1:1000 dilutions of anti-lysenin antiserum and FITC-
conjugated anti-rabbit antibody for 1 h each on ice. Following
the staining, cells were fixed with 4% formaldehyde and analyzed
by flow cytometry. Untreated similarly stained cells served as con-
trol. For isotype control, an irrelevant purified rat myeloma IgM
(Invitrogen) was used. Part of MBCD-treated cells were also
stained with filipin III (1 pg/ml) for 5 min and observed under
the fluorescence microscope. Untreated cells served as positive
control.

RESULTS

Specificity of IC2 antibody

To test the ability of IC2 antibody to stain pancreatic is-
lets, we incubated sections of human pancreas with 1C2,
anti-insulin, antisomatostatin, or antiglucagon antibody.
We found that IC2 was binding specifically to the islets
with no staining of the surrounding nonendocrine pan-
creatic tissue. This staining had good colocalization
with insulin, suggesting IC2 binding to the 3 cells (Fig. 2).
There was also occasional colocalization of IC2 with soma-
tostatin and glucagon, which, however, was not significant.
To further test the specificity of IC2, we incubated sections
of mouse brain, kidney, liver, and spleen with this anti-
body. No staining was observed within any of these organs,
confirming that the antibody was specific for 3 cells (Fig. 2).
To confirm the results of tissue staining, normal human
islets were dissociated into single-cell suspension and coim-
munostained with IC2, insulin, and somatostatin or gluca-
gon (Fig. 3). IC2 was found to bind exclusively to 8 cells
(Fig. 3).

Cell surface localization of 1C2

For simplicity, most of our experiments were performed
in B-cell-like cell lines. Therefore, we tested RinMbf insuli-
noma cells for binding with IC2. Fluorescence microscopy
showed punctate staining on RinMbf cells characteristic

for this antibody and similar to that shown in our prior
work (Fig. 4A and Ref. 2). Fluorescence-activated cell sorting
(FACS) analysis of Ins-1E cells dislodged with a mild trypsin
treatment showed that almost 96% of the cells were stained
with IC2 (Fig. 4B). To confirm the presence of IC2 anti-
gen on the surface of the cells, RinMbf cells were stained
with IC2 and with FITC-labeled cholera toxin subunit
B (CTB) that specifically localizes to the cell membrane.
Confocal microscopy revealed the presence of IC2-specific
fluorescence at the periphery of the cells, confirming that
the antigen was located on the surface of the cells (Fig. 4C).

Extraction, purification, and identification of the
IC2 antigen

On the basis of susceptibility to proteases, Brogren et al.
pointed toward the proteinaceous nature of the IC2 anti-
gen (12). Therefore, to solubilize the antigen, we started
with methods conventionally used for protein isolation. The
antigen resisted extraction with RIPA buffer and other com-
monly used nonionic and zwitterionic detergents (saponin,
Triton X100, NP-40, Tween 20, Tween 40, IGEPAL,
CHAPS and OBG; see supplementary data) and precipi-
tated at the bottom of the tube. This pellet stained well
with IC2 antibody (supplementary Fig. I). The antigen in
the pellet was further dissolved in SDS buffer, but gel elec-
trophoresis (SDS-PAGE with or without 3-ME) followed by
immunoblotting could not identify any band specific for
the IC2 antigen. Next we performed immunoprecipitation
with a thiol-cleavable cross-linker to covalently cross-link
IC2 bound to its antigen on the surface of live cells.
Although this experiment pulled down the IC2 antibody, no
band specific for the antigen was detected. This was a sur-
prising result, considering earlier reports identifying the
antigen as a protein (12). Therefore, we next revisited the
protease digestion experiments described by Brogren
etal. (12). Ins-1E cells were treated with trypsin or pronase
(see supplementary data) for various periods. Contrary to
the reported data, the antigen was found to resist trypsin
(supplementary Fig. II) and pronase (data not shown) di-
gestion. Next, attempts were made to solubilize the anti-
gen in organic solvents. The insoluble pellet formed after
detergent treatment was extracted in a 1:1 mixture of chlo-
roform/methanol and dotted onto a PVDF membrane.
Immunoblotting with IC2 antibody confirmed solubility of
the antigen in organic solvents (Fig. 5A). An irrelevant cell
line (9L gliosarcoma) showed negative staining after un-
dergoing a similar procedure (Fig. bA). No signal was ob-
tained with irrelevant rat monoclonal IgM antibodies used
as isotype control. Solubility of the antigen in methanol
was also confirmed by treatment of fixed RinMb5f cells with
this solvent. Cells that were not washed with methanol re-
tained the antigen (supplementary Fig. III). Successful
treatment with methanol was confirmed by the loss of bind-
ing of methanol-treated cells with CTB, which normally
stains ganglioside M1, a methanol-soluble glycolipid present
in cell membranes. Similarly, we did not observe IC2 stain-
ing on paraffin-fixed pancreatic sections treated with alco-
hol, which presumably removed the antigen (data not shown;
see supplementary data for standard staining procedure).
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Fig. 2.

Immunostaining with IC2. Cryosections of human pancreas were stained with 1C2 along with insulin and somatostatin or glucagon

and observed under a fluorescence microscope. Similarly, cryosections of mouse brain, kidney, liver, and spleen were stained with IC2 alone

and observed under a fluorescence microscope. Bar = 100 pm.

Next, we applied a systematic approach that involved parti-
tion chromatography and TLC to identify the IC2 antigen
(see Fig. 1 for antigen purification scheme). First, the Tri-
ton X100-resistant fraction was extracted with a monopha-
sic chloroform-methanol mixture as outlined above,
followed by a partitioning into a biphasic system as de-
scribed by Folch et al. (20). This procedure resulted in two
phases, which were separated, dried, and dissolved in a
chloroform-methanol mixture. The dot blot of both phases
with IC2 antibody revealed the presence of a signal only in
the lower organic phase. No signal was detected in the up-
per aqueous phase or with the isotype control antibody
(Fig. 5B), suggesting that the antigen might be a lipid spe-
cies. Next, the lower organic phase was resolved into sev-
eral components on TLC plates using a solvent system
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described by Yu and Ariga (21). Iodine vapors revealed the
presence of several spots, which were probed with IC2 anti-
body (Fig. 5C). A single IC2-positive spot on the lower part
of the TLC plate revealed the presence of the antigen
(Fig. 5C). To establish whether the spot on the iodine-
stained TLC plate contained more than one component,
we further purified the antigen. First the silica gel from
the positive spot was collected, then the antigen was eluted
with methanol and concentrated. The concentrate was
spotted onto TLC plates and developed in a solvent system
described by Vitiello and Zanetta (22) to separate sphingo-
myelin from phosphatidylcholine. Only two clear spots
were visible with iodine vapors. Probing with IC2 antibody
produced a strong signal with the lower spot on the TLC
plate (supplementary Fig. IV). A duplicate TLC plate probed
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with irrelevant antibody served as control and did not pro-
duce any signal (data not shown). The comparison of R;
values of IC2-positive spots with published data for the sol-
vent systems used in the first and second rounds of TLC
separations strongly indicated that the antigen could be a
phospholipid. Therefore, we subjected the antigen puri-
fied after the second round of TLC to a third round
of TLC using a solvent system that separates sphin-
gomyelin from other phospholipids, particularly phos-
phatidylcholine (23). The TLC plate was stained with
molybdenum blue for detection of phospholipids.
In this solvent system, the IC2 antigen ran as a single
spot parallel to the purified sphingomyelin standard
and produced the same R; value as the published data
for that standard (24, 25) (Fig. 5D). Blue staining of the
spot confirmed the presence of phosphate residue.

A

40 80 120 160 200

Sphingomyelin patches are target of beta-cell antibody

Fig. 3. IC2 binds with islet § cells. Human islets
were dissociated with trypsin and stained with 1C2
along with insulin and glucagon or somatostatin.
Bar =50 pm.

Taken together, these experiments established the iden-
tity of the IC2 antigen as sphingomyelin.

Lipid array

Sphingomyelin is a phospholipid that shares structural ho-
mology with many other lipid molecules. To investigate 1C2
cross reactivity toward them, dot blots were performed with
homemade and commercially available lipid arrays (Fig. 6).
We found that IC2 bound specifically with sphingomyelin
and phosphatidylcholines that had both of their acyl chains
fully saturated (1,2-disteroylphosphocholine, 1,2-dipalma-
toylphosphocholine, and 1,2-diarachidoylphosphocholine).
Phosphatidylcholines that had a double bond on their acyl
chains (1,2-dieicosenoylphosphocholine, lecithin, and phos-
phatidylcholine) failed to bind with IC2. Any modification of
the choline subgroup (as in phosphatidylethanolamine) or

Fig. 4. Cell surface localization of IC2. A: Charac-
teristic punctate staining of RinM5f insulinoma cells
shows strong binding with 1C2 antibody (IC2, green;
DAPI nuclear stain, blue). B: FACS analysis of Ins-1E
cells shows specific binding with IC2 antibody
(shaded region). No nonspecific uptake was observed
with isotype control antibody (green line); unstained
cells, red line. C: Confocal microscopy with RinM5f
cells confirmed cell surface localization of the anti-
gen. Staining for IC2 (red) colocalized with the stain-
ing for membrane marker cholera toxin B subunit
(green). Note punctate staining on the membrane
(insert). Bar = 10 pm.
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Fig. 5. Purification of IC2 antigen. A: Dot blot of chloroform/
methanol (1:1) extract of Triton X100-insoluble fraction of RinMbf
and 9L cells probed with IC2 antibody. B: The chloroform/metha-
nol extract from RinMbf cells was partitioned into aqueous and
organic phase. Dot blot with IC2 antibody demonstrated positive
signal in organic phase. C: Lipids present in organic phase were
resolved on TLC plate and stained with iodine vapors. After docu-
menting the image, the TLC plate was immunostained with I1C2
antibody. D: Purified IC2 antigen (b) was run along with PC (a)
and a mixture of SM and PC (c) and stained with molybdenum blue.

its complete removal (as in ceramide) resulted in a loss of IC2
binding, suggesting a requirement for a choline head group
for IC2 recognition. Enzymatic removal of the choline head
group from sphingomyelin also resulted in loss of binding,
confirming its requirement for antibody recognition (see
below). In addition, we did not observe any binding with sul-
fatides, which is in contrast with a previously reported study
(26). Also, no signal was observed with duplicate blots that
were probed with irrelevant purified rat IgM. Since blotting
against sphingomyelin and phosphatidylcholine on solid
supports such as PVDF membrane or TLC plates represents
a nonphysiological environment, we prepared lipid vesicles
(liposomes) containing SM and PC, which to some extent
mimicked cell membranes. These vesicles were tested in a
competitive ELISA in which lipids extracted from RinMbf
cells were coated onto the plate. Increasing concentrations of
liposomes were added together with IC2 antibody to the
plate. Competition was observed only in the case of sphingo-
myelin liposomes but not in the case of phosphatidylcholine,
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Fig. 6. Immunoblotting on lipid array. Two commercially avail-
able (PIPStrip and SphingoStrip) and one homemade lipid arrays
(bottom) were immunoblotted against IC2 antibody.

which did not compete for binding with the antibody (sup-
plementary Fig. V), confirming the findings noted with dot
blots. As expected, no binding was observed with irrelevant
IgM used as isotype control.

Enzymatic treatment of the cells

The results obtained from the experiments described
above indicated that IC2 mightinteract with SM and tightly
packed saturated acyl chain of PC. However, to understand
which of these two is present in the patches on the cell
membrane and participate in binding to IC2, we treated
cells with specific lipases to observe a specific loss of anti-
body binding. Phospholipase C and sphingomyelinase are
enzymes that remove the phosphocholine head group
from phospholipids, but their substrate specificities are
different. Phospholipase C removes the phosphocholine
head group from all phospholipids, whereas sphingomy-
elinase is specific for sphingomyelin, resulting in forma-
tion of ceramide. Another enzyme, phospholipase A2,
selectively removes fatty acid from the second carbon of
glycerol in phosphatidylcholine. If IC2 is specific for sphin-
gomyelin, then its binding would be affected by both
sphingomyelinase and phospholipase C, but if it has speci-
ficity for phosphatidylcholine, then the binding would be
affected by phospholipase C and phospholipase A2 but
not by sphingomyelinase. We found that the binding was



sensitive to digestion with sphingomyelinase and phospho-
lipase C, but it was not affected by digestion with phospho-
lipase A2 (Fig. 7). Interestingly, in these experiments,
short treatments with SMase did not completely abrogate
IC2 binding. In later experiments, the digestion was re-
peated after washing the cells once with PBS. This resulted
in complete loss of IC2 binding as demonstrated by flow
cytometry (described below). Similarly, we did not observe
any binding with lyso-SM, lyso-PC, or ceramide on lipid
arrays (Fig. 6). No signal was observed with isotype control
antibody with enzyme-treated or untreated cells. This ex-
periment proves that the antibody binds to sphingomyelin
on the surface of the cells and that phosphatidylcholine
most likely is not involved in binding.

Colocalization of IC2 with lysenin

Lysenin is a sphingomyelin-specific, pore-forming pro-
tein that has been extensively used to study SM. As SM was
found to be a ligand for IC2, in our next experiments we
studied lysenin and IC2 colocalization using confocal
microscopy. We found that lysenin colocalized with 1C2
staining. However, the pattern of this colocalization differed
for the two molecules. Whereas IC2 staining was restricted
to patches, staining for lysenin was more homogeneous
throughout the cell (Fig. 8). Importantly, patches high-
lighted by IC2 were also highlighted by lysenin.

Downregulation of SM results in loss of IC2 and
lysenin binding

Fumonisin B1 is a fungal toxin that blocks ceramide syn-
thase, preventing formation of ceramide, a precursor of
SM (27). To test whether toxin-induced downregulation
of SM would have an effect on IC2 binding, RinM5F cells
were grown for 24 h in the presence of 25 pM of Fumoni-
sin B1. Total lipids extracted from the cells, resolved on
TLC, and stained with IC2 showed a complete loss of SM
binding (Fig. 9, top). Interestingly, both IC2 and lysenin
lost their binding with Fumonisin Bl-treated RinM5F cells
due to downregulation of SM (Fig. 9, bottom). Similarly,
serum starvation also decreased the concentration of
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Fig. 7. Lipase treatment affects IC2 binding. RinM5f cells were
treated with lipases and then stained with IC2. There was a signifi-
cant decrease in IC2 binding after the treatment with sphingomy-
elinase and phospholipase C.

Lysenin

Fig. 8. Coimmunolocalization of IC2 and lysenin. RinM5f cells
were stained with IC2 and lysenin and observed under a confocal
microscope. Bar = 10 pm.

sphingomyelin due to activation of magnesium-dependent
sphingomyelinase (28). RinMbf cells, serum starved for 24
to 48 h, exhibited near complete loss of IC2 and lysenin
binding, further proving that IC2 binds to sphingomyelin
(supplementary Fig. VI).

Upregulation of SM causes an increase in IC2 binding

It has been reported that dexamethasone treatment
causes an increase in SM production and membrane SM
concentration (29). We exposed RinMbf cells to 25 pM of

Todine IC2
._' Luminescence
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P 160*10
i ' R
. P :
Y 140
. Radiance
2ng Ctrl 25pM (pfsecfcm3jsr)
SM Fumonisin
Lysenin Nucleus

Control

Fig. 9. Fumonisin Bl treatment. Top: Cells were treated with Fu-
monisin Bl, total lipids were extracted, resolved on TLC plate,
stained with iodine vapors, and then subjected to immunoblotting
against IC2 antibody. Untreated cells (Ctrl) and purified SM served
as controls. Bottom: Cells treated with Fumonisin Bl were coim-
munostained with IC2 and lysenin and observed under a fluores-
cence microscope. Bar = 50 pm.

Fumonisin
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dexamethasone and observed an increase in IC2 and lys-
enin binding (Fig. 10). Quantitative microscopy revealed
an almost 78% increase in fluorescence for both IC2 and
lysenin, confirming that IC2 indeed binds to SM patches.
In another experiment, we exposed RinMbf cells to 0.2
pg/ml concanavalin A, a mitogen known to perturb SM
concentrations (30). Similar to dexamethasone treatment,
concanavalin A increased fluorescence signal for both IC2
and lysenin, confirming IC2 specificity to SM (Fig. 10).

MBCD treatment

Next, we investigated whether there are components other
than sphingomyelin that participate in binding with IC2 on
the cell membrane. One such molecule is cholesterol, which,
owing to its hydrophobicity, cooperates with sphingomyelin
in forming liquid-ordered platforms. To study if this interac-
tion is important for IC2 binding, we extracted cholesterol
with MBCD. Cholesterol removal was confirmed with filipin
III staining (Fig. 11A) and resulted in complete loss of 1C2
binding. In contrast, lysenin staining was not lost (Fig. 11B).
These results confirmed the need of cholesterol association
with SM for IC2 recognition.

DISCUSSION

B-cell mass is tightly linked to the pathogenesis of dia-
betes. Therefore, the ability to evaluate this property of
the pancreas quantitatively and temporally is one of the
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central goals of diabetes research. Considering the thera-
peutic implications of the ability to measure -cell mass
in intact subjects, it becomes important to devise strate-
gies toward overcoming the issues associated with B-cell
imaging (31). Identification of B-cell surface antigens is
one of the challenges hampering progress in this area.
To this end, we attempted to identify the antigen for
the IC2 monoclonal antibody, which showed promise in
our previous imaging studies. We have shown that this
antibody accumulates in the pancreas proportionally to
B-cell mass in the streptozotocin-induced mouse model
of diabetes (2), further highlighting the importance of
this antibody.

Even though this antibody has been known for well over
two decades, its antigen has eluded identification. Also, no
information is available as to whether the target of this anti-
body is also present in humans. This information is essential
not only for developing this particular antibody as a tar-
geted imaging or therapeutic carrier but also for elucidating
antigenic structures on 3-cell surfaces that are largely un-
known at this point.

In this study, we demonstrated for the first time that
IC2 antibody specifically stains 3 cells isolated from hu-
man islets. Importantly, other islet cells, the surround-
ing nonendocrine pancreatic tissue, and other major
organs produced no staining, suggesting the possibility
of using this antibody for B-cell mass determination in
humans.
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Fig. 10. Upregulation of sphingomyelin. RinM5f cells were treated with dexamethasone or concanavalin
Aand then stained with IC2 or lysenin. Both treatment regimens resulted in increased signal from the cells.
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Fig. 11. MBCD treatment. A: RinMbf cells were
treated with MBCD to remove membrane choles-
terol and then stained with the cholesterol-specific
fluorescent antibiotic Filipin III. Untreated cells
served as a positive control. Bar = 50 pm. B: MBCD-

IC2 Lysenin treated cells were stained with IC2 or lysenin and
100% 100% analyzed by flow cytometry. Positive control, green;
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After confirming the cell surface localization of the an-
tigen, we performed a series of experiments establishing
its nature. Contrary to previously published data re-
garding the proteinaceous nature of the antigen, all of
our experiments directed toward extracting a protein
antigen produced negative results. After systematic puri-
fication steps, we confirmed that the purified IC2 antigen
was sphingomyelin.

Sphingomyelin is an important phospholipid localized
to the outer leaflet of the plasma membrane (32, 33). It
shares structural homology with many different lipid mol-
ecules, especially PC. Therefore, it was not surprising that
we observed IC2 cross reactivity with the saturated acyl
chain of PC on lipid arrays. However, no binding with
more common unsaturated acyl chains of PC was observed.
This difference in reactivity toward saturated and unsatu-
rated acyl chains of PC can be ascribed to the way the lipid
molecules are packed. It is known that a double bond in-
troduces a bend in hydrocarbon chains that prevents close
packing of unsaturated PC molecules. Sphingomyelins, on
the other hand, have an acceptor and donor of hydrogen
bond between the head group and sphingosine base, al-
lowing their close packing irrespective of their acyl chain
composition (34, 35).

Hirota et al. described a similar mouse monoclonal IgM
antibody that binds with PC with saturated acyl chains but
fails to bind if even one of the chains has a double bond
(30). This is particularly important because IC2 belongs to
the IgM isotype, which is known for its low affinity, nor-
mally compensated by multiplicity of binding that requires
appropriately spaced epitopes. Tight packaging of satu-
rated PC seems to provide these conditions, allowing for
IC2 binding that we observed on lipid arrays. Although un-
known at this point, it is possible that PC with a saturated

Sphingomyelin patches are target of beta-cell antibody

acyl chain is present on the surface of islet B cells and
could contribute to IC2 binding. However, one of our ma-
jor findings of this study was that only one IC2-reactive
spot was observed on the TLC plate after lipid extraction
from the cells. This spot was further identified as sphingo-
myelin. Cell digestion with specific lipases confirmed this
observation (Fig. 7). Final confirmations of our findings
were obtained in the experiments modulating (by down-
or upregulation) SM concentrations with corresponding
changes in 1C2 binding.

This is the first report on sphingomyelin being present
on B cells in the form of patches that are antigenic in Bio-
breeding (BB) rats. IC2, an antibody isolated from a recently
diabetic BB rat, binds to these patches and produces a
punctate staining pattern on the surface of islet cells and
in pancreatic tissue sections. We found that sphingomy-
elin is not evenly distributed on the outer leaflet of the
plasma membrane and is partly associated with cholesterol
in patches. The possibility that these patches are an arti-
fact was ruled out, because before staining with IC2, the
cells were fixed in formaldehyde, which cross links cellular
proteins, greatly reducing the mobility of molecules and
preventing patch formation as a result of antibody interac-
tions. Another evidence for patchy distribution of sphingo-
myelin was reported by Tyteca et al., who showed clustering
of sphingomyelin analogs in micrometric patches on Chi-
nese hamster ovary (CHO) cells (36), confirming that sphin-
gomyelin was heterogeneously distributed on the cell
surface. Additional confirmation was provided by Hirota
et al. showing punctate staining on activated macrophages
using the sphingomyelin-specific mouse monoclonal anti-
body VJ41 (30). Although many references showed an as-
sociation of SM with proteins and other lipid molecules,
including cholesterol and PC, none of them showed the
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utility of two different probes to stain two different stock-
piles of SM at the same time. We showed that, whereas
lysenin nonspecifically stained all SM, IC2 antibody spe-
cifically stained SM patches stabilized by cholesterol. Se-
lective removal of cholesterol with MBCD resulted in
redistribution of lipids and loss of IC2 binding without loss
of sphingomyelin itself. These experiments indicated that
the mere presence of sphingomyelin was not enough for
IC2 binding. Similarly, cholesterol alone did not produce
any binding with IC2 (Fig. 5). These results point toward
tight cooperation between SM and cholesterol for IC2
binding. It is also possible that underlying cytoskeleton
and membrane proteins have a role in stabilization of
these unique patches (37). Cholesterol removal with
MBCD is known to induce restructuring of cortical cyto-
skeleton (37), which most likely caused a loss in IC2 bind-
ing. There are indications that lipids associated with
cortical cytoskeleton resist detergent extraction (38). We
believe that resistance of IC2-reactive patches to extrac-
tion with Triton X100 (supplementary Fig. I) indicates the
involvement of cortical skeleton in formation and/or sta-
bilization of these patches.

In conclusion, our findings have important implications
for diabetes research, including the discovery of novel af-
finity ligands for this newly identified antigen with the pur-
pose of targeting pancreatic $ cells for imaging and/or

therapy.Hl
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