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Abstract

Small peptides and oligosaccharides are important antigens for the development of vaccines and
the production of monoclonal antibodies. Because of their small size, peptides and
oligosaccharides are non-immunogenic on their own and typically must be conjugated to a larger
carrier protein to elicit an immune response. Selection of a suitable carrier protein, conjugation
method, and hapten density is critical for generating an optimal immune response. In this study,
we use a glycan array to evaluate the effects of hapten density on the spectrum of antibodies
elicited to a tumor-associated carbohydrate antigen. We demonstrate that high hapten density
produces a broader range of antibodies while low hapten density induces a narrower range of
antibodies.
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Introduction

Antibodies, soluble proteins produced by B cells, are a key element of the immune response
to pathogens and vaccines. Antibodies function /7 vivo by binding their target antigen,
which results in aggregation of the antigen, tagging of the antigen for elimination by effector
cells of the immune system, and/or potentially blocking key steps in infection. The ability of
antibodies to bind a target antigen with high affinity and selectivity has also made them
indispensable research tools. As a result, strategies to induce an optimal antibody response
are critical for vaccine development and reagent antibody production.

Many important and useful target antigens, such as peptides and oligosaccharides, are too
small to elicit an immune response on their own. To overcome this problem, small
molecules are typically conjugated to a large carrier protein prior to vaccination. Many
features of immunogen design, such as the choice of carrier protein and the hapten density,
can affect the magnitude of the ensuing immune response.[2-8] The breadth and selectivities
of the induced antibody repertoire can also be crucial factors for vaccine efficacy and
monoclonal antibody development; however, much less is known about the effects of
immunogen design on the selectivity and spectrum of the induced antibodies, primarily due
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to the difficulties in measuring binding to a broad range of potential antigens. Selectivity has
often been evaluated by measuring binding to cell lines and/or tissue samples, but the
complex nature of these materials makes it difficult to draw specific conclusions regarding
selectivity at a molecular level. Binding to structurally-defined antigens has also been used
to measure selectivity. These studies are limited by the availability of pure antigens and the
throughput of the assay used for evaluation. For certain classes of antigens that are difficult
to obtain, such as carbohydrates, these studies have typically been limited to a very small
number of antigens.

Antigen arrays contain many different antigens or fragments of antigens immobilized on a
solid support in a spatially-defined arrangement.[”] These arrays provide a high-throughput
approach to evaluate binding to many potential antigens in a single experiment. The array
format is especially useful for studying recognition of carbohydrate antigens, since only tiny
amounts of scarce materials are required for the array. Carbohydrate antigen arrays, or
glycan arrays, have been used extensively to evaluate binding of antibodies, lectins, cells,
and viruses to glycans.[8-11]

One especially important carbohydrate antigen is the tumor-associated Tn antigen. This
antigen is composed of a GalNAc residue alpha linked to either a serine or threonine of a
polypeptide. It is reported to be expressed in 70-90% of carcinomas of the breast, colon,
prostate, and lung, making it an appealing target for therapeutic and diagnostic
development.[12 131 |n particular, the Tn antigen has been studied extensively as a cancer
vaccine antigen, and Tn-based vaccines have progressed into clinical trials for the treatment
of breast and prostate cancer.[14-16] Nevertheless, clinical responses to Tn vaccines are not
optimal, and a number of studies have been directed at improving immunogenicity.[17-25]
While the focus of these efforts has been on increasing the magnitude of the antibody
response (especially 1gG), selectivity is also a key factor. The Tn antigen can be present in
many forms and contexts such as GalNAc attachment to either serine [Tn(Ser)] or threonine
[Tn(Thr)], single versus clustered units (2 or more Tn residues linked consecutively on a
peptide chain), high versus low density of those units, and within a variety of peptide
sequences [see Ac-S-Tn(Thr)-S-G, Ac-S-Tn(Ser)-S-G, and Tn3 in Figure 1]. Previous
studies have shown that some antibodies can distinguish between different forms of the Tn
antigen and/or can require a particular peptide sequence for binding.[24 26-30] Other
antibodies, however, can recognize multiple forms of the Tn antigen.[31-33] Broader
selectivity may facilitate recognition of a larger percentage of tumors but may also lead to
cross-reactivity with normal tissues and/or binding to related normal carbohydrates.
Therefore, the selectivity and breadth of the antibody repertoire is relevant to vaccine
research and antibody development.

In this study, we used a glycan array to evaluate the effects of hapten density on the immune
response to the tumor-associated Tn antigen. We demonstrate that the hapten density has a
significant effect on the induced antibody repertoire.

Results and Discussion

Preparation of Tn-conjugates and induction of antibodies

To evaluate the effects of hapten density, we prepared Tn-HSA conjugates with either high
or low hapten density. Since neighboring amino acid residues can be important for
recognition by Tn binding antibodies and lectins,[24. 26-30] 3 hapten containing a Tn(Thr) in
the context of a short peptide was used. The selected peptide sequence, Ser-Tn(Thr)-Ser, is
found in a number of mucin tandem repeat sequences, including those of Muc3b, Muc6, and
Muc16, and within a region of glycophorin A that is bound by antibody

MLS128.[26. 27, 34-36] Tn glycopeptide 1[32lwas coupled to HSA via activation of the C-
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terminal carboxylic acid with 1-ethyl-3-(3-dimethylaminopropyl)-1-carbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS) followed by reaction with amine
groups on HSA (see Scheme 1).[25: 37 At a molar ratio of 7:1 glycopeptide to HSA, we
obtained an average of 4 haptens per HSA as judged by MALDI-MS. To get the high
density conjugate, 100 equivalents of glycopeptide was used, resulting in an average of 23
haptens per HSA as judged by MALDI-MS. High and low density bovine serum albumin
(BSA) conjugates were also prepared.

Rabbits were vaccinated subcutaneously with either the low or high density HSA-conjugate
mixed with complete Freund’s adjuvant (CFA) followed by boosts in incomplete Freund’s
adjuvant (IFA) on days 21 and 42. Serum was collected prior to the first vaccination and on
day 51.

We began by evaluating the magnitude of the antibody response to the hapten. Antibody
titers were measured using standard ELISA with Ac-S-Tn(Thr)-S-G-BSA-coated plates.
Vaccination produces antibodies to the hapten and the carrier protein. The use of a BSA-
conjugate, rather than an HSA-conjugate, allows one to measure antibody responses specific
to the hapten. The rabbits produced high titers of 1gG antibodies along with modest IgM
titers. Interestingly, hapten density did not have a significant effect on the magnitude of the
response (Table 1). All rabbits had similar titers to the hapten.

We have previously found that monoclonal antibodies and certain subpopulations of
naturally-occurring serum antibodies can distinguish different densities of the same
antigen.[321 One of our primary questions was whether vaccination with conjugates of
different density would induce antibodies specific for high or low density presentations of
the hapten. As can be seen from Table 1, variations in hapten density on the immunogen did
not lead to density preferences in the induced antibodies. For example, the rabbits
vaccinated with low density Tn had equal titers to both low and high density Ac-S-Tn(Thr)-
S-G-BSA (compare 4/BSA vs 24/BSA, Table 1).

Glycan array profiling of immune responses

We used carbohydrate microarray technology to evaluate the spectrum of antibodies induced
by the low and high density conjugates. Carbohydrate microarrays, or glycan arrays, contain
many different carbohydrate structures immobilized on a solid support in a spatially-
controlled arrangement.[38-43] The miniaturized format allows for high-throughput analysis
of binding while using only tiny amounts of each carbohydrate. Our group has developed a
carbohydrate array composed of neoglycoproteins and natural glycoproteins.[28. 31. 44-47]
For this study, an array with 170 components was used. It contained a variety of Tn peptides
including serine and threonine variants, peptides with various amino acids on either side of
the Tn antigen residue, and both single and clustered forms of Tn (see Figure 1). Besides
variations in carbohydrate structure, the array contained conjugates of varying density as an
added element of diversity. A full list of array components can be found in the supporting
information (Table S1).

Serum was profiled on the array at a dilution of 1:2000 following the previously published
procedure.[28] Overall, the induced antibodies displayed good selectivity for Tn-containing
structures; however, some reactivity was observed for the corresponding TF peptide, Ac-S-
TF(Ser)-S-G, and the related non-glycosylated peptide, Ac-S-S-S-G, in all rabbits. Binding
was also observed to the parent peptide, Ac-S-T-S-G (lgG titers were as follows:
rabbit1=256,000; rabbit2=12,800; rabbit3=128,000; rabbit4=32,000). Recognition of the TF
peptide was dependent on the presence of the amino acid backbone, since binding was not
observed to the TF disaccharide alone (see GA1 and GALdi; Figure 2). No binding was
observed to other GalNAc terminal structures including blood group A
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[GaINAcal-3(Fucal-2)Gal], the A disaccharide (GalNAca1-3Gal), or the Forssman
disaccharide (GalNAca1-3Gal).

Interestingly, variations in hapten density affected the spectrum of induced antibodies.
Rabbits vaccinated with high density Tn (rabbit 3 and 4) produced antibodies that reacted
with a broader variety of Tn containing peptides. Serum antibodies recognized both serine
and threonine variants of the Tn antigen, all peptide sequence variants, and both single and
clustered forms of the Tn antigen (see Figure 2). In addition, recognition of the
monosaccharide, GalNAc-a, was also observed. Antibodies from rabbits vaccinated with
low density Tn (rabbit 1 and 2) recognized fewer Tn variants and did not react with
clustered Tn or GalNAc-a.. The difference in binding to the clustered Tn antigen is
especially important since this form of the antigen is reported to be highly tumor
specific.[26: 271 Based on our results, the high density conjugate induced a broader spectrum
of antibody reactivity than the low density conjugate. Full microarray profiling results are
available in the supporting information (Table S2).

To gain more detailed information about the repertoire of antibodies induced by the low and
high density conjugates, we carried out a series of inhibition studies on the array. The
objective was to determine if the HSA conjugates induced a single population of
polyspecific antibodies or multiple subpopulations of antibodies that bind a single glycan or
a small subset of antigens. Briefly, various carbohydrate BSA-conjugates were pre-
incubated with the serum at a dilution of 1:2000 and then profiled on the array as before.
Both Ac-S-Tn(Thr)-S-G-4/BSA and Ac-S-Tn(Thr)-S-G-24/BSA were found to completely
inhibit all signals on the array. In contrast, soluble Tn3-27/BSA and Ac-S-S-S-G-BSA each
inhibited binding to the equivalent antigen on the array but displayed minimal or no
inhibition of the other antigens (see Figure 3). The inhibition data indicates that vaccination
induced multiple subpopulations of antibodies with distinct specificities. For example, the
subset of antibodies that bound the clustered Tn antigen had little or no reactivity with AcS-
S-S-G, while the subpopulation of antibodies that bound Ac-S-S-S-G had little or no
reactivity with clustered Tn.

Analysis of whole cell binding

To determine if the observed differences in specificity measured on the array correlate with
recognition of the Tn antigen on cell surfaces, we evaluated binding to Jurkat cells using
flow cytometry. Binding of serum antibodies was evaluated prior to vaccination and on day
51 for each rabbit. Rabbits 1, 2, and 3 had only modest increases in binding to Jurkat cells
relative to pre-vaccination sera. In contrast, rabbit 4 had a substantial increase in whole cell
binding. Since serum from rabbit 4 recognized the most glycans on the array but did not
have a bigger antibody response to the hapten, the results suggest that a broader antibody
response improves whole cell binding; however, additional studies will be needed to confirm
this conclusion.

Conclusion

In this study, we demonstrate that hapten density can significantly affect the spectrum of
antibodies induced by a conjugate. At low density, a narrower distribution is produced
whereas at high density a broader spectrum of antibodies is produced. Therefore, modulation
of hapten density provides a simple strategy to control the selectivity and breadth of the
induced antibody repertoire. This can be useful for a variety of objectives, such as
monoclonal antibody production and vaccine development, but the optimal hapten density
will depend on the particular goals. Although this study focused on a single tumor-
associated carbohydrate antigen, alterations of hapten density may also prove useful with
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other antigens. Finally, the study illustrates the utility of carbohydrate antigen arrays for
providing a more comprehensive evaluation of immune responses.

Experimental Section

Chemicals and Reagents

Unless indicated, all chemicals and organic solvents were purchased from Sigma-Aldrich
(St. Louis, MO) and used without further purification. Goat anti-rabbit 1gG and IgM-alkaline
phosphatase conjugates and TRITC-labeled goat anti-rabbit 1gG were obtained from
Southern Biotech (Birmingham, Al).

Synthesis of high and low density Tn immunogen

Glycopeptides were synthesized via solid phase peptide synthesis. Fmoc-protected Tn was
obtained from Sussex Research (Ottawa, Canada). Conjugation of Tn acid 1 with HSA was
carried out using NHS/EDC activation of the carboxylic acid. Briefly, acetyl-Ser-Tn(Thr)-
Ser-Gly-aminohexanoic acid (Ac-S-Tn(Thr)-S-G, 150 mM in H,0), NHS (300mM in
DMF), and EDC (300 mM in 50/50 H,O/ DMF) were combined in a 2:1:1 ratio and allowed
to react for 1 h at r.t. to pre-form the NHS ester /n situ. The NHS ester was then added to a
solution of BSA (4 mg/mL in in 10 mM sodium borate, 90 mM NacCl, pH 8.0) pre-cooled to
4 °C. The reaction was allowed to stand at 4 °C for 5 min, warmed to r.t., and then allowed
to stand for 2 h. Conjugates were dialyzed (SpectraPor7, MWCO 10,000, Spectrum
Laboratories, Inc. Rancho Dominguez, CA) against 5 mM aqueous NaCl and then analyzed
by MALDI-MS to determine the average number of haptens per HSA. HSA conjugates were
sterile filtered through a 0.2um filter. BSA conjugates were prepared using the same
procedure.

Serum antibody production

The rabbits were vaccinated at ProSci Inc. (Poway, CA). After initial pre-immune serum
collection, New Zealand white rabbits were immunized subcutaneously with a 1:1 mixture
of either low or high density HSA conjugate (200 p.g; Img/mL in PBS) and complete
Freund’s adjuvant (CFA). The rabbits were boosted on days 21 and 42 with a 1:1 mixture of
antigen (100 p.g) and Incomplete Freund’s adjuvant (IFA). Serum was collected on day 51.

Enzyme-Linked ImmunoSorbent Assay (ELISA)

384-well microtiter plates (Nunc, Roskilde, Denmark) were coated with 25 pL of Ac-S-
Tn(Thr)-S-G-4/BSA (10 pg/mL) or Ac-S-Tn(Thr)-S-G-24/BSA (10 pg/mL) at 4 °C
overnight followed by 100 pL of 3% BSA/PBS blocking buffer for 2 h at r.t. Serial dilutions
of rabbit serum (35 pL diluted in 1% BSA/PBS) were incubated for 2 h at r.t. followed by 1
h incubation with 40 L of goat anti-rabbit 1gG (1:1000) or IgM (1:1000) alkaline
phosphatase conjugate. Next, 50 L of 4-methylumbelliferyl phosphate substrate solution
[10mM in Tris (10mM Tris-HCI, 90mM NacCl, pH 9.0)] was added to each well and signals
were monitored over 30 min using a FLx800 microplate fluorescence reader (Bio-Tek
instruments Inc., Winooski, VT). The titer was defined as the largest dilution that produced
a signal 3 times higher than the background after 30 min and was based on triplicate
experiments.

Carbohydrate microarray assay

The carbohydrate microarrays were prepared as previously described with only minor
modifications.[32 48] Briefly, samples (125 wg/mL) were printed in duplicate on
SuperEpoxy 2 Protein glass slides (TeleChem International, Inc., Sunnyvale, CA) using a
Biorobotics MicroGrid Il microarrayer (Genomic Solutions, Ann Arbor, MI) fitted with
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Stealth pins (Telechem International; #SMP3 which produce ~100 wm spots). 16 complete
arrays were printed on each slide. The list of 170 different glycoprotein or glycoconjugate
samples can be found in the supporting information (Table S1). Slides were kept at —20°C
till use.

Serum antibody binding was evaluated using minor modifications of the previously reported
protocol.[28] Slides were fitted with a 16-well chamber (Grace Bio-Labs, Inc., Bend, OR) to
produce 16 subarrays. After blocking with 3%BSA/PBS (200 L, per subarray well) at 4 °C
overnight. Rabbit serum at a dilution of 1:2000 (diluted in 1%BSA/1%HSA/PBS 0.05%
tween 20 buffer) were pre-incubated 1 h to remove non-specific antibodies generated by
HSA before adding to the array wells for 2 h incubation at r.t. After washing with PBS
0.05% tween 20 buffer, bound antibody was detected with 100 p.L of TRITC-conjugated
goat anti-rabbit 1gG (diluted 1:1000 in 1% BSA/PBS) for 2 h. Slides were washed with PBS
0.05% tween 20 buffer, dried by centrifugation at 900 x g in a 50 mL conical tube, and then
scanned using a GenePix Scanner 4000B (Molecular Devices Corporation, Union City, CA)
at pmt 480 for emission wavelength 532 nm. Genepix Pro 6.0 software was used for data
processing. Background corrected median fluorescence intensities for each component were
obtained. The average of the two spots for each array component was used as the final value.
The data was logarithmic transformed (log2) and a heatmap (Figure 2) was generated using
JeolorGrid[#9] based on duplicate experiments. Data inflection point was 10 and data
increment was 0.25.

For the inbihition assay, rabbit serum (diluted at 1:2000) was incubated with 20 pg/mL Ac-
S-Tn(Thr)-S-G-4/BSA, Ac-S-Tn(Thr)-S-G-24/BSA, clustered Tn (Tn3)-27/BSA or Ac-S-S-
S-G-BSA at r.t. for 1 h prior to adding into the well followed by the routine array assay
procedure as before. Percentage of inhibition was determined by the average of duplicate
experiments. Tabulated data can be found in the supporting information (Table S3).

Whole cell binding assay

Jurkat cells were obtained from ATCC (Rockville, MD) and cultured under standard
conditions. To test serum binding, cells were counted using a hemacytometer. Cells were
collected by centrifugation at 1100 rpm for 6 min, washed with complete media, and
resuspended in SFM containing 0.1% BSA. 1 — 6 x 10° cells were aliquoted into individual
eppendorf tubes. Serum samples were diluted 1/20 into the cell suspension, mixed, and
incubated 30-60 min at 4 °C with rotation. Cells were collected at 4000 rpm for 2 minutes
and washed twice with cold PBS. Donkey anti-rabbit AlexaFluor-488 was added to the
suspended cells, incubated for 20 minutes at 4 °C with rotation. Cells were washed twice
with cold PBS, once with PBS/EDTA, and resuspended in PBS/BSA. Cells were analyzed
for fluorescence by Flow Cytometry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Structures of selected glycopeptides
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Figure 2. Microarray profiles of induced 1gG antibodies

Colored boxes represent median fluorescence intensities after background correction and
log2 transformation, with dark blue representing the highest intensity signals and white
representing no signal. Rabbits 1 and 2 were vaccinated with low density Tn conjugate;
Rabbits 3 and 4 were vaccinated with high density Tn conjugate. Selected array components
are shown; full results and descriptions can be found in supporting information. The haptens
used for vaccination are listed in purple.
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Figure 3. Inhibition of antibody binding
Sera (1:2000) for rabbits 1-4 were pre-incubated with BSA conjugates (20 g/mL; listed at
the top of each graph) and then profiled on the array. Bars represent the percentage of
inhibition. Antigens on the array are listed on the x-axis. “*” indicates no inhibition was
possible.
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Figure 4. Serum binding to Jurkat cells

Rabbit sera before and after vaccination was evaluated for binding to Jurkat cells in a
fluorescence-based assay using anti-rabbit Alexafluor-488 secondary antibodies. Bars
represent the mean fluorescence per event (+ SD). Binding of rabbit sera (rabbits 1-4),
autofluorescence (cells only), and non-specific binding of the secondary antibody (2°) were
measured. PolyTn, an affinity purified polyclonal antibody to Tn, was used as a positive
control.
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Scheme 1.
Preparation of the Tn-HSA conjugates.
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Antibody 1gG and IgM ELISA titers to high and low density Ac-S-Tn(Thr)-S-G-BSA conjugates

Table 1

1gG Titers IgM Titers

4/BSA  24/BSA  4/BSA  24/BSA

Rabbit 1/4/ 781,250 781,250 1,250 1,250

Rabbit 2/a] 312500 312,500 1,250 1,250

Rabbit 3/2/ 781,250 312,500 1250 1,250

Rabbit 4/27 781,250 781,250 3125 1250
al

Rabbits 1 and 2 were vaccinated with low density Tn conjugates; Rabbits 3 and 4 were vaccinated with high density Tn conjugates
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