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a b s t r a c t

Immunization with whole cells has been used extensively to generate monoclonal antibodies, produce
protective immune responses, and discover new disease antigens. While glycans are abundant on cell
surfaces, anti-glycan immune responses have not been well-characterized. We used glycan microarrays
to profile 49 tumor-binding monoclonal antibodies generated by immunizing mice with whole cancer
cells. A substantial proportion (41%) of the tumor binding antibodies bound carbohydrate antigens.
The antibodies primarily recognize a group of 5 glycan antigens: Sialyl Lewis A (SLeA), Lewis A (LeA),
Lewis X (LeX), blood group A (BG-A), and blood group H on a type 2 chain (BG-H2). The results have
important implications for monoclonal antibody production and cancer vaccine development.

Published by Elsevier Ltd.
Immunization with whole cells is a strategy that has been used
frequently for generating monoclonal antibodies, producing pro-
tective immune responses, and discovering novel disease anti-
gens.1–6 For example, vaccines composed of irradiated tumor
cells have been evaluated in a variety of clinical trials for the treat-
ment of cancer.7–9 Immunization with whole cells has a number of
advantages for these applications, such as (1) prior identification of
a specific target antigen is not necessary, (2) the antigens are pre-
sented to the immune system in a natural context, (3) one can ob-
tain antibodies to a variety of antigens in parallel, and (4) one can
discover previously unknown antigens of interest. To develop inno-
vative tumor-targeted diagnostic and therapeutic agents and max-
imize the information obtained from this approach, identification
of the target antigens is critical. Unfortunately, cells display a com-
plex variety of antigens to the immune system, making it difficult
to determine which antigens are recognized by the induced anti-
bodies. This problem has been especially true for antibodies that
bind carbohydrate antigens, due to the challenges associated with
identifying and characterizing carbohydrate-protein interactions.
Therefore, new strategies to rapidly identify relevant antigens,
especially glycan antigens, are needed.

Our hypothesis was that a large percentage of antibodies pro-
duced upon immunization with whole tumor cells would target
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glycan antigens based on the following facts: (1) glycans are an
abundant class of antigens on cells, with numerous carbohydrates
displayed in the form of glycoproteins and glycolipids; (2) glycans
are often the most exposed determinants on cell surfaces; and (3)
the repertoire of glycans produced in cells changes significantly
with the onset and progression of cancer.10 Presently, a number
of carbohydrates with altered expression on malignant cells have
been identified, such as the STn antigen, Globo H, and the Tn
antigen. These tumor-associated carbohydrate antigens are being
targeted as diagnostic markers and cancer vaccine antigens.11–13

While glycans are potentially an important class of antigens for
whole cell vaccination, several factors suggested that anti-glycan
antibodies may only be a minor subset of the overall immune re-
sponse. Glycans on tumor cells are typically over-expressed self
antigens or structures that are very similar to self antigens. There-
fore, the immune system has evolved tolerance to these antigens.
In contrast, glycans found on pathogens, such as bacterial polysac-
charides, can be highly immunogenic. As evidence of poor immu-
nogenicity, induction of immune responses to tumor-associated
carbohydrates is known to be frustratingly difficult.14 Neverthe-
less, previous studies have shown that immunization with whole
tumor cells can, at least in some cases, produce anti-glycan
antibodies (for some examples15–23); however, the spectrum of
anti-glycan antibodies that are produced has not been well
characterized. In addition, the proportion of antibodies targeting
carbohydrates relative to other antigen families is not known.

To address these questions, we combined a functional screening
assay with glycan array technology. The strategy involved
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immunizing mice with a colon cancer cell line, generating a large
panel of monoclonal antibodies, screening for antibodies with the
ability to bind colon cancer cells, and profiling antibody binding
to a large, diverse collection of carbohydrates in parallel using gly-
can arrays.24–27 It is important to note that this approach focuses
on the subset of antibodies with tumor binding ability, rather than
providing a general evaluation of the overall response. This strat-
egy was selected to specifically assess the importance of glycan
antigens as targets for monoclonal antibody development and can-
cer vaccine efficacy.

To obtain a library of hybridomas, BALB/c mice were immu-
nized with whole colon cancer NSY cells. These cells have previ-
ously been used to successfully obtain monoclonal antibodies
that stain human tumors and inhibit tumor cell migration and
invasion.20 Briefly, TitermaxTM Gold adjuvant (25 lL; Sigma Chem-
ical Co.) and human colon carcinoma NSY cells (1 � 106) were in-
jected intraperitonealy into 6-week-old female BALB/c mice once
a week for 4 weeks.28 Three days before euthanasia, mice were
boosted with the same doses of adjuvant and tumor cells as used
before. Spleen cells from a mouse with a serum titer >4,000� were
used for fusion. The hybridoma library was established by fusion of
both spleen cells from the immunized BALB/c mice and myeloma
cells (P3/x63.Ag8) at 5:1 ratio with polyethylene glycol (PEG)-
1500 (Sigma Chemical Co.) following standard procedures.29 The
PEG fused cells were seeded into 96 well flat-bottom plates and al-
lowed to grow for 10 to 15 days. The supernatants from the hybrid-
omas were collected for screening.

Next, hybridomas were screened for secretion of antibodies that
bind to tumor cells. To select antibodies that target cell surface
antigens, an immunofluorescence staining assay was applied to
cultured cells without fixation and permeation. Note that living
cells with intact cell membranes prevent IgG (150KD) from enter-
ing into the cells passively. Briefly, we seeded 5000 cells/well in 96
well plates and allowed them to continuously culture in an incuba-
tor at 37 �C for 48 h. After decanting the culture medium, 50 lL of
supernatant from each well of the hybridoma culture plate was
added and incubated for 40 min at 37 �C. The plates were washed
three times with PBS and 50 lL of 1000� diluted Alexa flour 488-
conjugated goat anti-mouse IgG antibody (Molecular Probes) was
added to the plates, which were incubated for another 40 min at
room temperature. The plates were washed with PBS and observed
under a fluorescence microscope.
Figure 1. Representative immunofluorescence staining images demonstrating tumor cell
human colon cancer NSY cells were stained with supernatants of the hybridomas.
Indeed, antibodies in hybridoma supernatants intensively
stained the surface membranes of cultured NSY cancer cells as
demonstrated in Figure 1. By using this immunofluorescence stain-
ing approach, more than 300 hybridoma clones that secrete anti-
bodies reacting to human colon carcinoma NSY cells were
obtained. We randomly chose 49 antibody-containing hybridoma
supernatants for glycan array analysis.

Potential glycan binding was evaluated using a glycan micro-
array, a microscope slide containing many different carbohydrates
immobilized on the surface in a spatially defined arrangement.24–

27 Prior to printing, glycans were covalently attached to a protein
carrier (typically albumin) to form a neoglycoprotein. The array
format and assay have been described previously,30 along with
analysis of reproducibility31 and validation with numerous anti-
bodies and lectins.32–37 The particular version of the array used
for this study contained 191 array components encompassing a di-
verse collection of N-linked glycans, O-linked glycans, glycopep-
tides, and glycolipids. The majority of the components were
human glycans, but some non-human glycans (8%) and glycopro-
teins (15%) were also present. A full list of array components and
their abbreviations can be found in the Supplementary data. Posi-
tive signals were defined as components producing a signal 3 times
higher than the background.38

Of the 49 antibodies tested, 20 bound well to at least 1 glycan
on the array. As seen in Figure 2, the array images show clear, dis-
tinct, and specific fluorescent signals for one to several glycans for
each of these antibodies. In addition, the signals were at least 100-
fold higher than the background. Of the remaining 29 antibodies, 2
showed relatively weak binding to a broad range of array compo-
nents.39 Since the signals were low and binding was also observed
to recombinant human serum albumin, this binding was consid-
ered non-specific and these antibodies were not classified as ‘gly-
can binders’. The other 27 antibodies showed no binding at all on
our array.

Interestingly, the group of glycan binding antibodies reacted
with a relatively small set of glycans (see Fig. 3). In particular, all
20 of these antibodies specifically recognized one or more Lewis
antigens or blood group antigens (see Fig. 4). Interestingly, no
binding to other well-known tumor-associated carbohydrate anti-
gens, such as Tn, TF, type 1 precursor, LNT, Gb3 a GM3, was ob-
served for any of the antibodies. For the discussion below, the 20
glycan-binding antibodies were organized into 3 families: Lewis
membrane staining with L14C6, L7C4, and L9E10A monoclonal antibodies. Cultured



Figure 2. Representative array images illustrating specific glycan recognition. Antibodies were incubated on the array and binding was detected with Cy3-labeled goat anti-
mouse Ig. Each array component was printed in duplicate, resulting in pairs of spots. Control spots, Cy3-labeled BSA, are marked with a �. (A) Antibody L14C6, which
preferentially binds LeA and LeX; (B) antibody L7C4, which preferentially binds BG-A, BG-A1, and glycoproteins displaying blood group A; (C) antibody L9G10A, which binds
BG-H2 and maltose.
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antigen binders, blood group A/A1 binders, and blood group H2
binders.

The majority of the glycan-binding antibodies (12/20) bound 3
closely related Lewis antigens: LeA, LeX, and SLeA. Of these, 8/12
Figure 3. Heat map of binding profiles for the 20 glycan-binding antibodies. Data for each
correspond to the raw fluorescence units for a given glycan; white boxes indicate no sig
the array components is shown (for a full list and complete data, see the Supplementary d
the glycoproteins listed at the bottom. LeX/LeA/SLeA binders and the corresponding gly
shown in pink font; and BG-H2 binders and the corresponding glycans are shown in gre
recognized LeA and dimeric Lewis X (LeX dimeric). Interestingly,
the antibodies that bound dimeric LeX displayed only weak (>20-
fold lower) binding to monomeric LeX. Several antibodies (3/12)
bound strongly to LeA and had modest cross-reactivity to SLeA
antibody is shown in columns. Data for each glycan is shown in rows. Colored boxes
nificant signal above the background (signal 63� the background). Only a subset of
ata). Antibodies have been grouped by family. Glycans are listed alphabetically with
cans are shown in blue font; BG-A/A1 binders and the corresponding glycans are
en font.



Figure 4. Structures of selected Lewis and blood group antigens.
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(�7- to 10-fold lower intensity than LeA). One antibody (L14G1)
bound all three antigens.

Expression of Lewis antigens is known to be altered on malig-
nant cells and antibodies to Lewis antigens have been isolated pre-
viously after immunization with whole cells.15,16,23 SLeA, also
known as the CA19-9 antigen, is a well known tumor-associated
carbohydrate antigen.11,23,40,41 Monomeric and dimeric forms of
LeX are expressed during embryonic development and have in-
creased expression in a number of cancers.11,15,42 Dimeric LeX, in
particular, has markedly increased expression in colon cancer.42

Antibodies to these glycans likely represent an anti-tumor re-
sponse. LeA is expressed in a variety of normal tissues, but its
expression is often altered in malignant cells.43,44

The second largest family of antibodies included 6 antibodies
that primarily recognized the blood group A antigen (see Fig. 3).
These antibodies each bound to both the blood group A trisaccha-
ride (BG-A) and the type 1 blood group A tetrasaccharide (BG-A1).
The 6 BG-A/A1 antibodies also recognized several glycoproteins,
including bovine submaxillary mucin and glycophorin, which are
known to display blood group A. Antibodies L11F11, L11G11, and
L15F1cross-reacted with a disaccharide substructure of blood
group A (Adi; GalNAca1-3Gal-R), BG-B, and the Forssman disac-
charide (Forssman Di; GalNAca1-3GalNAc-R).

The BG-A glycan is best known as one of the antigens that de-
fines a person’s blood type and contributes to compatibility for
blood transfusions and organ transplants.44 BG-A can be present
on red blood cells, epithelial cells, and secreted proteins, such as
mucins. Red blood cells typically display the BG-A trisaccharide
epitope on type 2 and type 4 chains, while epithelial cells and se-
creted mucins display BG-A on type 1 and type 3 chains. Altered
expression of blood group antigens is often associated with malig-
nancy, but BG-A and BG-A1 are not considered tumor-associated
carbohydrate antigens due to their ubiquitous expression in other
tissues.43,44 Mice are capable of biosynthesizing blood group A gly-
cans, but expression is very weak and restricted to a subset of tis-
sues, such as the colon. In addition, blood group A epitopes may be
displayed on different glycan chains in humans and mice, which
could allow the mouse immune system to recognize certain forms
as non-self. Therefore, this family of antibodies most likely repre-
sents a blood group incompatibility between mice and humans.

The next family of antibodies included 2 clones that bound best
to BG-H2. Interestingly, these antibodies both cross-reacted with
maltose (Glca1-4Glc); however, no reactivity with blood group
H1 (BG-H1; blood group H on a type 1 chain) was observed. The
blood group H antigen (BG-H) is a biosynthetic precursor to the
blood group A and blood group B antigens.44 Like blood group A,
BG-H is displayed on type 2 and type 4 chains on red blood cells
and type 1 and type 3 chains on epithelial cells and secreted pro-
teins. BG-H expression is also altered on malignant cells, and BG-
H2 can be over expressed on tumor tissue; however, BG-H2 is
not generally considered a tumor-associated antigen.43,44

These studies provide an extensive analysis of the antigens tar-
geted by tumor cell binding antibodies present after immunization
with whole cancer cells. While these antibodies are likely to be
part of the induced immune response triggered by vaccination, tu-
mor cell binding does not, in and of itself, prove that the antibodies
are part of an anti-tumor response. It is possible that some or all of
these antibodies are part of the natural repertoire of antibodies
present in mice. Several lines of evidence suggest that this is not
the case. First, the vast majority of antibodies in mammals do
not bind carbohydrates. Therefore, one would produce very few
carbohydrate-binding monoclonal antibodies from the natural B
cell population. Second, in other work, we have profiled the natural
repertoire of carbohydrate-binding antibodies present in mice.45

We found that they have no measureable antibodies to BG-A1,
BG-H2, maltose, and SLeA. Therefore, the 12 antibodies that bind
at least one of these glycans appear to be novel antibodies present
after immunization, although we cannot rule out the possibility
that they were present at a level below our detection limit. Mice
occasionally have measurable antibody levels to the LeX and LeA
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antigens, but levels are very low. Therefore, one would not expect
to obtain a high number of LeX or LeA binding monoclonal anti-
bodies from the natural repertoire of B cells. Taken together, these
factors indicate that the antibodies we evaluated are most likely
induced as part of the response to whole cell immunization.

Our results highlight several key points. First, anti-glycan re-
sponses can be an important component of the immune response
to whole cells. Nearly half of the antibodies with tumor-binding
activity recognized glycan antigens (41%; 20/49). Interestingly,
the antibodies primarily targeted a narrow group of 5 glycan anti-
gens: Sialyl Lewis A (SLeA), Lewis A (LeA), Lewis X (LeX), blood
group A (BG-A), and blood group H on a type 2 chain (BG-H2). Sec-
ond, differences in blood group expression on the cells used for
immunization and the host or patient can be a major focus of the
anti-glycan immune response. This is an especially important con-
sideration during pre-clinical development of cancer vaccines,
where foreign or blood group incompatible glycans may dominant
the response when immunizing an animal with a human cell vac-
cine. However, it is not yet clear if this would be beneficial or det-
rimental for a whole cell cancer vaccine. For example, it is possible
that blood group incompatibility could help break tolerance and
permit a more vigorous immune response in the same way the
expression of the alpha-Gal antigen enhances immune responses
when artificially expressed on human tumor cell lines.46,47 Alterna-
tively, it might focus the immune response on a subset of antigens
that will not lead to a productive anti-tumor response. Although
additional studies will be required to determine if these results
are general for other types of cells, other routes of injection, and
other organisms, our study highlights the potential of glycan array
technology for high-throughput antigen identification.
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