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Abstract

The mammalian immune system responds to eukaryotic glycan antigens during infections, cancer, 

and autoimmune disorders, but the immunological bases for such responses are unclear. Conjugate 

vaccines containing bacterial polysaccharides linked to carrier proteins (neoglycoconjugates) have 

proven successful, but these often contain repeating epitopes and the reducing end of the glycan is 

less important, unlike typical glycan determinants in eukaryotes, which are shorter in length and 

may include the reducing end. Here we have compared the effects of two linkage methods, one 

that opens the ring at the reducing end of the glycan, and one that leaves the reducing end closed, 

on the glycan specificity of the vaccine response in rabbits and mice. We immunized rabbits and 

mice with bovine serum albumin (BSA) conjugates of synthetic open- and closed-ring forms (OR 

versus CR) of a simple tetrasaccharide lacto-N-neo-tetraose (LNnT, 

Galβ1-4GlcNAcβ1-3Galβ1-4Glc), and tested reactivity to the immunogens and several related 

glycans in both OR and CR versions on glycan microarrays. We found that in rabbits the immune 

response to the CR conjugate was directed toward the glycan, whereas the OR conjugate elicited 

antibodies to the reducing end of the glycan and linker region but not specifically to the glycan 

itself. Unexpectedly, mice did not generate a glycan-specific response to the CR conjugate. Our 

findings indicate that the reducing end of the sugar is crucial for generation of a glycan-specific 

response to some eukaryotic vaccine epitopes, and that there are species-specific differences in the 

ability to make a glycan-specific response to some glycoconjugates. These findings warrant 

further investigation with regard to rational design of glycoconjugate vaccines.
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Introduction

Glycoconjugate vaccines are one of the most important innovations in preventative 

medicine. Vaccines against Haemophilus influenza, pneumococcus, and meningococcus 

dramatically decrease suffering caused by these organisms (reviewed in Trotter et al, 

2008) 1. Licensed glycoconjugate vaccines are limited to those preventing bacterial 

infections. Pathogens such as fungi and parasites, and tumors, also induce immune responses 

to non-host-like or altered glycans, but no vaccines targeting eukaryotic glycans have yet 

been licensed. This gap in the field is likely due to multiple factors, including fundamental 

structural differences between relatively large microbial polysaccharides with repeating 

motifs versus smaller eukaryotic glycans without repeating motifs, and lack of knowledge 

about how to design immunogens that induce the desired glycan-specific response.

Conjugation of polysaccharide (PS) to a protein carrier greatly enhances the magnitude and 

longevity of the anti-glycan response, through interactions between cognate protein-specific 

T-cells and glycan-specific B-cells 2–4. Bacterial PS is often isolated from bacterial culture, 

hydrolyzed into oligosaccharides of heterogeneous length, and then chemically activated or 

derivatized with a linker molecule before conjugation to a protein carrier 5,6. Some common 

methods of PS activation and conjugation, such as periodate oxidation followed by reductive 

amination, have the disadvantage of destroying carbohydrate epitopes and/or creating neo-

epitopes when the sugar rings are broken and then linked to other species 6,7. Linkage 

method can affect the immune response even with similar levels of glycan:protein loading 8. 

However, the repeating motifs within bacterial PS provide many modes of antigen 

presentation that may confer inherent immune-stimulatory properties. Thus, in spite of the 

crude methods used to conjugate bacterial PS to carrier proteins and the heterogeneity of the 

final product, conjugate vaccines have been successful at generating protective titers of 

antibody and long-term memory.

The antigenic glycans of eukaryotes, such as those targeted during parasite infection and 

tumor antigens, present unique challenges to glycoconjugate vaccine development. These 

epitopes are often non-repeating, may occur at the reducing (core) or non-reducing end 

(distal) of the glycan, and some parasite glycans have features in common with mammalian 

glycans (reviewed in Prasanphanich et al. 2013, van Die & Cummings 2009, van Diepen et 

al. 2012) 9–11. Interestingly, the linker used to generate the neoglycoconjugate can suppress 

antigenicity of the glycan epitope by creating an immunodominant neo-epitope 7,12–14. 

Recently, it was shown that glycopeptides from processed conjugate vaccines bind MHC, 

and glycopeptide-specific T-cells could be a major contributor to the vaccine response 15. 

Glycan-protein linkages could thus be B-cell as well as T-cell epitopes, which further 

underscores their importance in the immune response.

Several studies in the last decade have explored the structural principles of glycan-protein 

linkage that can optimize immune responses to both bacterial and eukaryotic glycans. For 

example, a protective vaccine against C. albicans was generated by linking β-mannan 

disaccharides to a protein via click chemistry, and it was found that stereo-diversification of 

the linker region with a mixture of anomers at the chiral carbons enhanced immunity to the 

proximal disaccharide portion 16,17. A synthetic vaccine containing the Tn-antigen 
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glycopeptide along with a T-cell epitope covalently linked to a Toll-like Receptor ligand, 

where no artificial linkages other than peptide bonds are created, exhibited very promising 

results in mice 18. Many vaccine development efforts stand to benefit from these novel 

approaches to generating glycoconjugates to target immunity to eukaryotic glycan antigens.

In this regard, we have explored many types of conjugation chemistry in order to immobilize 

sugar epitopes on microarrays and/or attach them to protein carriers. One such method uses 

reductive amination to tag the glycan with either of the two fluorescent heterobifunctional 

linkers, 2-amino-N-(2-aminoethyl)-benzamide (AEAB) or p-nitrophenyl anthranilate 

(PNPA) 19,20. This process is facile, high-yielding, and results in homogeneous orientation 

of the glycan-protein epitopes. However, this method, like many others, requires reduction 

of the glycan, which can create a neo-epitope 12,13. We compared the binding properties of 

glycans, which were coupled to AEAB either through reductive amination (“open-ring”, 

OR) or acryloylation (“closed-ring”, CR) 20, and examined glycan recognition using glycan 

microarrays. For most glycan binding proteins (those targeting an epitope at the non-

reducing end) binding was unaffected by the conjugation method, but antibody recognition 

of some epitopes was destroyed by reductive amination. For example, sialyl-Lewis X and 

type-2 H-antigens, were recognized by lectins, but not by monoclonal antibodies when the 

glycans were in the OR-derivatized form 20. Similarly, studies on the specificity of the rabbit 

response to human milk glycan-protein conjugates made using a different OR-linkage 

chemistry have shown that antisera heavily target the reducing-end/linker region, and may 

also possess specificity for the non-reducing end of the sugar, depending on which sugar is 

used 12,13,21. These studies suggest that chemical methods requiring ring opening of the 

reducing-end sugar of glycoconjugates can produce major alterations in glycan antigenicity, 

and may be unacceptable for making conjugate vaccines with relatively small eukaryotic 

glycan epitopes. However, to our knowledge, there are no studies that directly compare the 

effects of OR versus CR neoglycoconjugates on the immune response.

We tested the effect of OR- versus CR-linked LNnT (lacto-N-neo-tetraose, 

Galβ1-4GlcNAcβ1-3Galβ1-4Glc) BSA conjugates on the glycan-specificity of the immune 

response in immunized rabbits and mice. LNnT was chosen because it is a simple 

tetrasaccharide, and in the course of our studies we found that neither rabbit nor mouse sera 

have detectable natural antibodies to this glycan. We found that CR-, but not OR-linkage, 

enabled rabbits to make a glycan-specific response to LNnT. Mice, by contrast, made a 

barely-detectable glycan-specific response to LNnT-CR-BSA. These findings have 

important implications for the rational design of glycoconjugate vaccines using eukaryotic 

glycan antigens in the future.

Results

Synthesis and characterization of LNnT-BSA glycoconjugate vaccines

To generate closed-ring and open-ring sugar-protein conjugates, a milk glycan, lacto-N-

neotetraose (LNnT, Galβ1-4GlcNAcβ1-3Galβ1-4Glc) was derivatized with p-nitrophenyl 

anthranilate (PNPA) via two different methods. Reductive amination alone results in the 

open-ring derivative, LNnT-OR-PNPA. An open-ring derivatized lactose (Lac, Galβ1-4Glc) 

was prepared as an additional control. For the preparation of LNnT-CR-PNPA by closed-
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ring derivatization, LNnT is treated with ammonium bicarbonate to form a glycosylamide, 

acryloylated with acryloyl chloride, activated with ozone and conjugated with PNPA by 

reductive amination, sequentially (Figure 1) 20. The derivatized LNnT and Lac were then 

conjugated with bovine serum albumin (BSA), resulting in Lac-OR-BSA, LNnT-BSA and 

LNnT-CR-BSA (Figure 1). MALDI-TOF studies showed that the conjugates had average 

sugar:protein ratios of 13:1 (Lac-OR-PNPA), 7:1 (LNnT-OR-PNPA), and 5:1 (LNnT-CR-

PNPA).

Closed-ring linkage induces greater glycan specificity than open-ring linkage in rabbits

Each pair of rabbits was immunized subcutaneously with one of the three glycoconjugates, 

Lac-OR-BSA, LNnT-OR-BSA or LNnT-CR-BSA, in CFA once and IFA three more times. 

To assess the magnitude and specificity of the immune response, we analyzed the antisera 

using ELISA plates coated with the immunogens, as well as a custom glycan/glycoprotein 

microarrays (Figure 2). The glycan microarray contained 16 different derivatized 

compounds, each printed in hexareplicate spots on NHS slides. Open-ring Lac and LNnT, 

and closed-ring LNnT, as well as several other sugars, including LNT (lacto-neo-tetraose), 

which is identical to LNnT except for the β3 linkage at the non-reducing end, were printed 

to demonstrate glycan specificity. Note that AEAB, a linker related to PNPA but with an 

additional active amino group, was used for efficient printing on NHS-activated glass slides. 

The ring portion of the molecule attached to the sugar is shared between the two linkers, and 

when used for protein conjugation, the resulting conjugate is identical. The glycoconjugate 

immunogens and control glycoproteins were printed on the array as well as the AEAB linker 

alone.

Both immunized rabbits produced a robust IgG response by week 5 and in most cases 

increasing through week 8 (Figure 3). The rabbits immunized with Lac-OR-BSA (Figure 

3a–b) primarily targeted a combination of the open-ring derivatized lactose and linker-

protein, as evidenced by the binding to Lac-OR-AEAB and Lac-OR-BSA and cross-

reactivity to LNnT-OR-BSA, which contains the same open-ring Lac-linker-protein 

structure internally. We observed low reactivity with the closed-ring neoglycoconjugate or 

BSA alone. Rabbits immunized with the LNnT-OR-BSA neoglycoconjugate also most 

highly recognized Lac-OR-BSA and LNnT-OR-BSA, with some reactivity to the LNnT-

OR-AEAB and a low response to LNnT-CR-BSA (Figure 3c–d). These data suggest that 

some combination of the non-reducing end sugar-linker-protein appears to be the primary 

epitope. The two rabbits also displayed varying levels of antibody to the open-ring LNT 

sugar indicating that a portion of the anti-glycan response was not specific for the reducing-

end.

By contrast, rabbits immunized with the closed-ring conjugate (Figure 3e–f) specifically 

recognized LNnT-CR-AEAB as highly or higher than the LNnT-CR-BSA immunogen. 

They had no reactivity with BSA alone and very little cross-reactivity with the glycan-OR-

AEAB structures or the glycan-OR-BSA neoglycoconjugates. The LNnT-CR-BSA response 

was therefore more specific to the immunogen, and more focused on the tetrasaccharide. 

There was also some degree of binding with LNT-CR-AEAB in each rabbit, suggesting that 

a small portion of the response to the closed-ring neoglycoconjugate was to an epitope 
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internal to the sugar glycosylamide, or was impartial to the Gal-GlcNAc linkage at the non-

reducing end of the sugar. However, LNnT-CR-AEAB was clearly the preferred epitope.

One rabbit from each group was also analyzed on the glycan microarray (version 4.2) from 

the Consortium for Functional Glycomics (CFG), which contains hundreds of synthetic 

glycans that are printed using a different closed-ring linkage that is unrelated to PNPA 

(Figure 4 and Table 1). Because the CFG linkers are distinct from those used in the 

immunization, reactivity with glycans on the CFG array would therefore be a better 

indication of glycan specificity. For clarity, a selection of relevant structures, i.e. those with 

LNnT- and Lac-related structures, are shown in Figure 4a. Pictorial representations of the 

structures included are shown in Figure 4b. The top 10 binders of each immunized rabbit 

screened are listed in Table 1, and the full dataset can be found online at http://

www.functionalglycomics.org/glycomics/publicdata/primaryscreen.jsp.

The Lac-OR-BSA immunized rabbit displayed many antibody specificities in the week 8 

serum, however only a few of the high binders contained Galβ1-4Glc motifs (#41, 42, 86, 

330, 331, 243, 404), and most of the structures bound in the week 8 serum were also bound 

at lower levels in the pre-bleed serum (#400, 330, 331, 304) (Figure 4a, top panel and Table 

1). The LNnT-OR-BSA immunized rabbit displayed a response that was similar in 

specificity to Lac-OR-BSA but lower in titer (Figure 4a, middle panel and Table 1). The 

pre-bleed serum was much lower in this animal, but again most of the binders in the week 8 

serum were unrelated to LNnT. Two of the structures on the array containing an internal 

LNnT determinant as part of a larger structure, #330 (Galα1-4Galβ1-4 

GlcNAcβ1-3Galβ1-4Glcβ-) and #331 (GalNAcβ1-3Galα1-4Galβ1-4 

GlcNAcβ1-3Galβ1-4Glcβ-) were found at low levels in one or two of the pre-bleed sera and 

were boosted in all three immunization groups, thus these antibodies were probably not a 

result of the specific immunogens. Antibodies to a few unrelated structures (#400, #304, 

502) were also boosted in all three groups; these could be natural antibodies that are boosted 

non-specifically by the immunization, and some of these specificities (#304; 330 – blood 

group P1 antigen) and antibodies to related antigens (#400, 331) have been previously 

reported in serum from healthy human donors 22.

The LNnT-CR-BSA immunized rabbit was the only sample tested which targeted LNnT 

(#162) and, with slightly lower magnitude, the isomer LNT (#145) and a fucosylated LNT 

(#64-65) (Figure 4a, bottom panel). These specificities were undetectable in pre-bleed 

serum. This antiserum also targeted three structures (#261, 436, 135) containing internal 

Galβ1-4Glcβ-moieties just distal to the linker, which were not targeted by the other 

immunized rabbits. However, the CFG contains many other structures having features in 

common with LNnT, including GlcNAcα1-4Galβ1-4GlcNAcβ1-3Galβ1-4Glcβ- (#338), 

GlcNAcβ1-3Galβ1-4Glcβ- (#181) and many Galβ1-4GlcNAc-terminating (ex. #167) and/or 

Galβ1-4Glc-linked structures, which were negative in the LNnT-CR-BSA antiserum. 

Interestingly, a version of LNnT attached to a similar but shorter linker (#161) was bound 

about seventy-fold lower than #162. This could be a result of steric hindrance when the 

glycan is anchored closer to the slide.
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Because glycans on the CFG array are printed in a closed-ring configuration using a linker 

unrelated to PNPA, these data demonstrate that a portion of the response to LNnT-CR-BSA 

is specific for LNnT and does not require the linker for binding. The antibodies also require 

the full tetrasaccharide for binding, but interestingly are permissive to some variations in the 

non-reducing end (Galβ1-4GlcNAc or Galβ1-3GlcNAc; α1-2 fucosylation) but not others 

(GlcNAcα1-4).

ELISA studies of the LNnT-CR-BSA-immunized (Figure 5a) and LNnT-OR-BSA-

immunized (Figure 5b) rabbit serum against the various conjugates, where BSA reactivity 

has been blocked out, supported similar conclusions as the microarray studies. ANOVA 

with multiple comparisons showed that the week 8 LNnT-CR-BSA immunized rabbit serum 

was significantly elevated compared to pre-bleed, and was only significantly reactive with 

LNnT-CR-BSA among the three neoglycoconjugates coated on ELISA plates. Pooled serum 

from the LNnT-OR-BSA rabbits (Figure 6b) was likewise non-cross-reactive with the 

LNnT-CR-BSA conjugate.

We additionally analyzed rabbit immune serum on an open-ring shotgun microarray of 

human milk glycans derivatized with AEAB 23. This array contains several structures that 

were defined in our previous publication using the metadata-assisted glycan sequencing 

(MAGS) approach, as well as many yet undefined human milk glycans. As predicted by the 

above experiments, only the LNnT-OR-BSA-immunized rabbit serum showed significant 

binding on this array (Supplemental Figure 1a–c). Almost all of the structures bound 

contained terminal or internal LNnT determinants, whereas the unbound structures primarily 

contained LNT (Supplemental Table 1). Some modifications of LNnT, including Lewis X 

determinants, appear to inhibit strong binding of the rabbit antisera, whereas several 

branched and linear substituents of LNnT, and a few branched type 2 poly-LN were 

tolerated (Supplemental Table 1). The rabbit antisera were also reactive with many of the 

undefined structures on the human milk glycan array, indicating the likely presence of LNnT 

determinants in these glycan fractions (Supplemental Figure 2). This data reinforces the idea 

that LNnT-OR-BSA and LNnT-CR-BSA immunizations produced non-cross reactive 

responses.

Mice immunized with closed-ring LNnT-BSA generate a muted glycan-specific response

As mice are commonly used in vaccine candidate testing, but have in the past been 

problematic subjects where generation of anti-glycan antibodies is concerned, we next asked 

whether mice showed a similar pattern of specificity when immunized with LNnT-BSA. We 

performed a small pilot study where three mice were immunized in the same fashion as the 

rabbits. Pooled mouse serum showed a muted IgG response to the sugar-linker compared to 

the high response made to neoglycoconjugates when immunized with LNnT-CR-BSA 

(Figure 6a), in contrast to rabbits (Figure 6b). A large portion of the IgG appears to be 

against BSA, with additional responses to the open-ring sugar and/or linker components of 

Lac-OR-BSA and LNnT-BSA. The IgM response in mice (Figure 6c) was similarly directed 

to Lac-OR-BSA and included non-specific anti-protein antibodies. While less focused than 

the IgG response, the rabbit IgM response (Figure 6d) also favored LNnT-CR-AEAB and 

LNnT-CR-BSA, with some IgM binding to the other neoglycoconjugates and glycoproteins 
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as well. Thus, mice showed weak responses to the glycan determinants compared to the 

robust response seen in rabbits.

Discussion

The human immune system responds to eukaryotic glycan antigens during infections, 

cancer, and autoimmune disorders. However, there is little precedent on how to design 

vaccines targeting eukaryotic glycan epitopes, which are often non-repeating, may occur at 

the non-reducing (distal) or reducing end (core) of the glycan. Epitopes near the reducing 

end of a glycan, for example, might be disrupted by conventional glycoconjugate linkage 

methods such as reductive amination, which is commonly used for direct generation of 

glycan-protein conjugates with simple sugars. The purpose of our study was to use a 

common small glycan, lacto-N-neotetraose (LNnT), to compare the effect of two different 

linkage methods, one which opens the ring at the non-reducing end of the glycan (OR) and 

one which creates a longer linker, leaving the ring closed (CR), on the specificity of the 

vaccine response. We found that these two linkage methods elicited distinct immune 

responses, indicating that the reducing end of the sugar and linkage type is crucial for some 

glycan epitopes.

Rabbits immunized with OR forms of Lac- and LNnT- as well as CR forms of LNnT-BSA 

neoglycoconjugates displayed robust IgG responses that were different for each immunogen, 

as shown by glycan microarray studies. The OR-neoglycoconjugates induced a response that 

was specific for epitopes combining the reducing end sugar ring, the linker, and a portion of 

the protein carrier. This was demonstrated by their preferences for both of the OR-

neoglycoconjugates over either of the Lac-OR-AEAB or LNnT-OR-AEAB, and near-

complete lack of binding to LNnT-CR sugar derivatives on both glycan arrays. Our result is 

consistent with a previous study in which rabbits were immunized with LNT linked open-

ring to BSA via a different linker. In that case the immune serum was strongly inhibited by 

the LNT in its open-ring form, both with and without the linker, but free-reducing LNT was 

a 1000-fold less potent inhibitor 13.

The LNnT-CR-BSA immunization, by contrast, resulted in a response that preferred the 

closed-ring tetrasaccharide and was not cross-reactive with the OR-sugars or conjugates on 

the BSA-PNPA array. Low-level binding to LNT on the BSA-PNPA suggests that a portion 

of the response targets the reducing end of the sugar and linker, or was impartial to the non-

reducing end linkage. The LNnT-CR-BSA serum also bound LNnT and LNT on the CFG 

microarray, where a different closed-ring linker was used, indicating that the response was 

glycan-specific. Agalacto-LNnT was not bound, indicating that the tetrasaccharide backbone 

was necessary for antibody binding. Some modifications of the backbone, such as the LNT 

and fucosylated LNT isomers, were tolerated, but not all modifications of LNnT were 

bound. The tolerance of LNnT isomers/modifications could be a result of the polyclonal 

response, and it remains to be seen whether monoclonal antibodies with narrower specificity 

would be present if isolated from the animals. Taken together, the data indicate that LNnT-

CR-BSA was the only neoglycoconjugate that induced a glycan-specific response to the full 

tetrasaccharide, which was the desired epitope.
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LNnT is a human milk glycan, which contains the terminal disaccharide N-

acetyllactosamine (LN), a common feature of mammalian glycans. Normal human serum 

and intravenous immunoglobulin (IVIG) derived from it have previously been shown to 

contain antibodies that recognize many self-like determinants, including LNnT and 

LNT 22,24,25. Interestingly, and by contrast, we did not detect such antibodies to LNnT in 

naïve rabbit serum, although it did contain antibodies to several of the CFG glycan 

determinants, and recognition against them was boosted after our immunization. This non-

specific induction of anti-glycan antibodies could be a result of immune activation by the 

CFA/IFA adjuvant. Adjuvants can induce cytokine secretion and increased antigen 

presentation by antigen presenting cells, among other effects (reviewed in Reed, Orr & Fox 

2013) 26, but the mechanism of boosting pre-existing serum antibodies is not known.

Furthermore, our ELISA, CFG, and human milk array studies indicated that the responses 

elicited by the OR- and CR- conjugates were not cross-reactive with each other. Thus, the 

reducing end of the sugar and linker has a profound effect on conjugate antigenicity for two 

very similar molecules to produce non-overlapping responses. Previous studies on rabbits 

immunized with OR- conjugates of sialylated human milk oligosaccharide and albumin 

showed that antisera often targets the reducing-end and linker region, and sometimes also 

possessed specificity for the non-reducing end of the sugar, depending on which sugar is 

used 12,13. For example, inhibition of binding of polyclonal anti-sialyllactose sera to its 

immunogen required a lactose sialylated in the same (either α2-3 or α2-6) linkage. 

However, immune serum to sialylated LNnT was effectively inhibited by derivatized 

lactose, which lacks the non-reducing end sialyl-LN 12. It was also shown by CR-linkage of 

oligosaccharide epitopes to a viral scaffold for immunization in chickens that the specificity 

of polyclonal responses was comparable to that of monoclonal antibodies 27. Thus, the CR- 

linkage of the glycan to protein carrier itself may be less antigenic, allowing the response to 

target the glycan epitope. However, some closed-ring conjugation strategies can also create 

an antigenic “neo-epitope” which suppresses the response to the glycan 7. Alternatively, in 

light of the recently-discovered ability of B-cells to present glycopeptide species from 

glycoconjugates to T-cells 15, perhaps OR- glycopeptides are less likely to be presented by 

MHC and result in a less robust T-dependent response, which would diminish affinity 

maturation of anti-glycan antibodies.

An interesting and potentially useful aspect of the study was the relatively high degree of 

specificity of LNnT-OR-BSA immunized rabbit sera for OR-LNnT determinants on the 

human milk array. This sera could be a helpful reagent for MAGS of shotgun array glycans 

in the future, such as the yet undefined human milk glycans in Yu et al. (2014) 23, as there 

are no other antibodies specific for LNnT determinants at present.

In contrast to rabbits, three mice of two different strains did not make a glycan-specific 

response to the closed-ring conjugate. A large portion of the IgG appears to be against BSA, 

with the remainder preferring the Lac-OR-BSA conjugate, suggesting that the primary 

epitopes are the aromatic amine-amide-BSA linkage and against the BSA molecule itself. It 

is possible that the preference for Lac-OR-BSA over LNnT-BSA is due to its somewhat 

higher sugar:protein ratio in our preparations, or that the antibodies bind preferentially to a 

terminal lactose. The mice generated an IgM in response to LNnT-CR-BSA, which 
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preferred Lac-OR-BSA and was not sugar-specific, in contrast to rabbits where both IgG 

and IgM demonstrated specificity for the closed-ring linked tetrasaccharide. Thus, the 

inability of mice to respond to the sugar is not due to an inability to class-switch, but could 

be due to an absence of this specificity in the immune repertoire, a difference in presentation 

of the glycoconjugate, or other yet undiscovered immune factors. This result remains to be 

confirmed in a more highly-powered experiment and should be investigated in different 

mouse strains. Some investigators have had success at inducing glycan-specific antibodies in 

mice immunized with BSA conjugates where bacterial PS were used or smaller epitopes 

were linked in closed-ring fashion 28–31, however mice have also failed to generate glycan-

specific responses in several instances, as discussed below.

Interspecies (goat vs. mouse, rabbit vs. mouse) as well as mouse inter-strain differences in 

the ability to mount a glycan-specific antibody response to both native glycoproteins and 

synthetic glycoconjugates have been previously noted in the literature 17,32–37. One 

explanation for the observed differences between rabbits and mice could be a differentially 

tolerized immune repertoire due to differences between murine and rabbit milk 

oligosaccharide composition. The oligosaccharide content of mammalian milk varies 

drastically among species, with human milk oligosaccharides such as LNnT occurring at 

100–1000-fold lower levels in cow’s milk, for example (reviewed in Bode 2012) 38. 

Alternatively, there could be gaps in the murine immune repertoire for other reasons, or 

mechanistic deficits in the ability to respond to oligosaccharide conjugates. Though we used 

both outbred Swiss Webster and inbred C57BL/6 mice in our studies, a deficit in the ability 

to present certain types of glycopeptides could conceivably result from decreased variation 

at the MHC locus, as is seen in inbred mice, which are more commonly used for 

glycoconjugate immunization studies. Understanding these strain- and species-specific 

differences, and how they are similar or different from the human immune response, should 

be a priority as the choice of animals for testing can determine the success or failure of 

vaccine candidates.

In summary, we have demonstrated that the type of linkage between a glycan epitope and its 

carrier protein can profoundly impact the specificity of the immune response to LNnT in 

rabbits and that mice only weakly respond to the CR conjugate of LNnT. Particular attention 

should be paid when the glycan epitope is small and opening of the non-reducing end ring 

could result in destruction or alteration of the desired epitope. Closed-ring linkage was 

preferable for preservation of the antigenicity of the LNnT tetrasaccharide, and further 

research studies should address whether this is more generally applicable to eukaryotic 

glycans in the context of other glycoconjugate vaccines. Additionally, novel strategies of 

glycoconjugate vaccine synthesis, such as recombinant production, should be pursued in 

order to present glycan antigens more naturally and avoid the problem of antigenic linkers 

altogether.

Experimental Procedures

Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used without further 

purification unless otherwise specified. All HRP-conjugated antibodies were purchased from 
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KPL (Gaithersburg, Maryland). All Alexa-conjugated antibodies were purchased from 

Invitrogen/Molecular Probes (Eugene, OR).

Preparation of conjugate vaccines

Derivatization of open-ring (reductively aminated) LNnT (lacto-N-neo-tetraose, 

Galβ1-4GlcNAcβ1-3Galβ1-4Glc)-PNPA (p-nitrophenyl anthranilate) conjugate was 

performed as previously described 19. Derivatization of closed-ring (acryloylated) LNnT-

PNPA conjugate was performed similarly to our previously published work, with some 

modifications 20. Briefly, free-reducing LNnT was dissolved in water. An excess of 

ammonium bicarbonate (Acros Organics, NJ) was added and after heating at 55°C for 1.5 

hours, the reaction was cooled and diluted with water. The resulting mixture was purified in 

batches, on a series of two pre-conditioned 1g carbograph SPE columns (Waters, Milford, 

MA) and eluted with 50% acetonitrile (Fisher Scientific, Fair Lawn, NJ)/10mM ammonium 

bicarbonate. After removal of organic solvent, the glycosylamine derivative of LNnT was 

snap-frozen and lyophilized. On ice, 600mg of sodium bicarbonate, followed by 2mL of ice 

cold saturated sodium bicarbonate, followed immediately by 200μl of acryloyl chloride were 

added to each batch. Reactions were vortexed for 10 minutes with venting, 5mL of water 

was added, and the resulting glycosylamide was purified on carbograph columns as 

described previously, using 50% acetonitrile/0.1% TFA to elute. The samples were dried 

and molecular weights determined using a Bruker Daltonics Ultraflex II MALDI-TOF/TOF 

in RP mode, which were consistent with the expected product. Samples were reduced with 

sodium borohydride, followed by acetic acid at 4°C to reduce any residual reducing glycan 

to prevent formation of contaminating open-ring products, and again desalted on carbograph 

columns. The stabilized glycosylamide was dried and dissolved in 2mL methanol and cooled 

to −78°C. Ozone from an ozone generator was bubbled through the mixture until reactions 

remained blue and they were allowed to remain uncovered in the fume hood to return to 

room temperature. Methyl sulfide (300μl) was then added to each batch and incubated 

overnight at 4°C. The activated glycosylamide was dried completely under nitrogen gas and 

immediately derivatized with PNPA.

To make the open-ring (LNnT-OR-PNPA and Lac-OR-PNPA) and closed-ring PNPA 

(LNnT-CR-PNPA) derivatives, respectively, free-reducing LNnT, free-reducing lactose, and 

the activated glycosylamide LNnT were each mixed with 0.35M freshly prepared PNPA 

(Matrix Scientific, Columbia, SC) and 1M sodium cyanoborohydride at a ratio of 10:1 

PNPA:glycan, in a solution of 7:3 (v/v) DMSO:acetic acid. The mixtures were heated at 

65°C for 2hr and quenched by addition of 10 volumes of acetonitrile. After 2 hr at −20°C, 

the glycan derivatives precipitated from the acetonitrile solution and were collected after 

centrifugation at 4,000rpm. To remove excess PNPA, the supernatant was discarded and the 

pellets were washed with cold acetonitrile and then re-dissolved in water and centrifuged to 

remove particulate material from the soluble products. The LNnT-OR-PNPA and LNnT-

CR-PNPA were stored at −80°C until conjugation with protein. Aliquots were spotted 1:1 

with DHB (2,5-dihydroxybenzoic acid) matrix for MALDI-TOF analysis in RP mode. 

Theoretical molecular weights of the PNPA conjugates are 949 and 1004g/mol, but observed 

molecular weights are at 958 and 1013g/mol, respectively.
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Lac-OR-PNPA, LNnT-OR-PNPA, and LNnT-CR-PNPA were quantified via reverse phase 

HPLC on a Vydac C18 analytical column (Grace, Columbia, MD) to calculate molar 

amounts of the glycans, and these were added to a 3:2:5 (v/v/v) mixture of water:saturated 

sodium bicarbonate:BSA 20mg/mL (Fisher Scientific, Fair Lawn, NJ) at a glycan:protein 

molar ratio estimated to be about 20:1. These were rotated at 37°C for 3 days with 0.05% 

sodium azide and then dialyzed against water for over 24 hrs. The resulting Lac-OR-BSA, 

LNnT-OR-BSA and LNnT-CR-BSA neoglycoconjugates were spotted in sinapinic acid 

matrix (20mg/mL in 50% acetonitrile, 0.1%TFA) for MALDI-TOF analysis in order to 

estimate the resulting conjugation ratio. Purity was assessed by SDS-PAGE. The 

glycoconjugates were dried and stored at −20°C until use.

Immunizations

Glycoconjugates were dissolved at 10mg/mL in sterile phosphate-buffered saline (PBS). 

This mixture was diluted 1:5 in PBS and then emulsified at a 1:1 ratio with complete 

Freund’s adjuvant (CFA) for a final antigen concentration of 1mg/mL. The initial 

immunization of rabbits and mice consisted of 200μg injected subcutaneously per animal, 

spread out over the neck and hind flank for mice. Boosters of 100μg per animal in 

incomplete Freund’s adjuvant (IFA) were administered at 2, 4, and 6 weeks. Animals were 

bled via facial vein puncture one day before immunization (pre-bleed), and at weeks 5, 7, 

and 8. Two rabbits and three mice (one Swiss-Webster, two C57BL/6, all adult females) 

were used for these pilot studies. Mouse immunizations were performed under an approved 

IACUC protocol at Emory University. Rabbit immunizations were performed by ProSci 

Incorporated (Poway, CA).

Preparation and analysis of glycan microarrays

Microarrays were prepared, assayed, and analyzed as described in Heimburg-Molinaro et al.
39 with the following modifications. Lac-OR-AEAB, LNnT-OR-AEAB and LNnT-CR-

AEAB were prepared as described [22] and the glycoprotein conjugates described above 

were printed in hexareplicate spots on NHS-activated glass slides (Schott, Tempe, AZ) using 

a Piezo Printer (Piezorray, PerkinElmer). Derivatized glycans were printed with 2 drops 

(666pL) of 100μM solutions and glycoproteins were printed with 2 drops of 0.5mg/mL 

solutions, in phosphate buffer, pH 8.0. Binding assays were performed as previously 

described 39. Arrays were quality-controlled via binding assays with biotinylated lectins 

(Vector Labs, Burlingame, CA) at 1μg/mL and cy5-streptavidin (Invitrogen/Zymed, 

Carlsbad, CA) at 0.5μg/mL. For serum binding assays, serum was diluted from 1:50 to 1:500 

in binding buffer (TSM with BSA and 0.05% Tween-20) and applied to microarrays and 

incubated for 1 hr at RT. Wells containing individual microarrays were washed 3 times with 

200μl TSM wash buffer, and 3 times with 200μl TSM buffer with 5 minutes of shaking for 

each wash. The same washing procedure was used after secondary incubations. The 

secondary antibodies, goat anti-mouse IgG-Alexa 568, anti-mouse IgM-Alexa 488, and anti-

rabbit IgG-Alexa 488 were used at 5μg/mL. Slides were scanned on a PerkinElmer 

Proscanner XL4000 and ScanArray Express software was used to align spots, remove 

background, and quantify fluorescence. Microsoft excel was used to average the 6 replicate 

spots for each glycan ID #, and determine SEM, SD, and %CV.
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CFG binding assays were conducted as described 39 with the following modifications: 

incubating slides with rabbit sera at 1:100 for the primary incubation and goat anti-rabbit 

IgG-Alexa 488 at 5μg/mL for the secondary incubation.

Human milk glycan arrays were prepared as described 23 and binding assays were 

performed as described above with detection by anti-rabbit IgG-Alexa 488.

ELISA

Glycoproteins were diluted to 1μg/mL in 0.05M carbonate/bicarbonate (Fisher, Fair Lawn, 

NJ) buffer pH 9.6 and 50μl were coated in each well of a clear, flat-bottom, non-tissue 

culture treated 96-well plate (Greiner Bio-One, Monroe, NC) overnight at 4°C. Excess 

coating solution was removed and the plate was blotted and washed three times with PBS-T 

(1X PBS with 0.05% Tween-20 (Fisher, Fair Lawn, NJ)) using a squirt bottle. All remaining 

incubations were 1 hour at room temperature on a slowly shaking orbital shaker, and all 

washes were with PBS-T. To each well, 200μl of blocker was added. Because of background 

issues in mouse serum ELISAs, assays were replicated with two different blockers: 3% BSA 

in PBS-T (with 1% BSA in serum and antibody dilutions) and non-animal protein NAP 

blocker (G-Biosciences, St. Louis, MO) 1:2 in PBS-T (with NAP 1:4 in serum and antibody 

dilutions). The blocker was discarded and plates were washed three times. The serum was 

diluted appropriately and 50μl was added to each well. After incubation the serum was 

discarded and the plate was washed five times. The secondary antibody, goat anti-rabbit IgG 

or anti-mouse IgG linked to HRP, was diluted 1:1000 and 50μl were added to each well. 

After incubation the unbound antibody was discarded and the plate was washed five times. 

The plate was then covered while O-phenylenediamine dihydrochloride was dissolved to 

0.5mg/mL in stable peroxide buffer (Thermo Scientific, Rockford, IL). When the substrate 

was fully dissolved, 50μl were added to each well. Plates were incubated standing in the 

dark for 20 minutes. The reaction was quenched with 25μl per well of 3N sulfuric acid. 

Bubbles were popped and the absorbance of the plate was read at 490nm in a Victor plate 

reader (Perkin Elmer).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

OR open-ring

CR closed-ring

BSA bovine serum albumin

LNnT lacto-N-neo-tetraose (LNnT, Galβ1-4GlcNAcβ1-3Galβ1-4Glc)
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Lac Lactose (Galβ1-4Glc)

LNT lacto-neo-tetraose (Galβ1-3GlcNAcβ1-3Galβ1-4Glc)

PS polysaccharide

AEAB 2-amino-N-(2-aminoethyl)-benzamide

PNPA p-nitrophenyl anthranilate

CFA complete Freund’s adjuvant

IFA incomplete Freund’s adjuvant

NHS N-Hydroxysuccinimide

CFG Consortium for Functional Glycomics

LN N-acetyllactosamine (Galβ1-4GlcNAc)

ELISA enzyme-linked immune assay

ANOVA analysis of variance

MAGS metadata-assisted glycan sequencing
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Figure 1. Synthesis of open-ring and closed-ring LNnT-BSA conjugates
Reaction scheme for synthesis of PNPA-derivatized sugars from free-reducing glycans via 

the open-ring and closed-ring methods (top), diagram of the open-ring LNnT-PNPA 

derivative used in this study, with monosaccharide code schematic drawn below (middle), 

and reaction scheme for synthesis of BSA glycoconjugates with the PNPA-derivatized, 

highlighting the similarities and differences between the open-ring and closed-ring 

conjugate structures in the linker region (bottom).
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Figure 2. BSA-PNPA Array
List of glycan and glycoprotein structures printed on the BSA-PNPA array, used to screen 

immune rabbit and mouse sera in Figures 3 and 6.
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Figure 3. Open- or closed-ring linkage impacts specificity of the rabbit response to LNnT-BSA 
conjugates
Serum from two rabbits was diluted at 1:100 and screened on the BSA-PNPA glycan 

microarray. Serum was detected with anti-rabbit IgG-Alexa 488. Bars correspond to mean of 

hexareplicate spots +/− standard deviation. RFU, relative fluorescence units; Pre, pre-bleed; 

Wk 5 – Wk 8, Week 5 – week 8 bleeds. Pink, AEAB-derivatized glycans; purple, BSA 

neoglycoconjugates; blue, glycoprotein controls. X-axis labels correspond to the structures 

depicted in Figure 2. Note that signals reach the detection maximum near 60,000 RFU. 

Rabbit #1: a) Lac-BSA; b) LNnT-OR-BSA; c) LNnT-CR-BSA; Rabbit #2: d) Lac-BSA; e) 

LNnT-OR-BSA; f) LNnT-CR-BSA.
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Figure 4. Immunized rabbits make a glycan-specific response to closed-ring LNnT-BSA
a) Week 8 serum from one rabbit in each immunization group was diluted at 1:100 and 

screened on the CFG microarray. Selected binders and non-binders are shown here, sorted 

from high binding to low binding in the LNnT-CR-BSA serum, from left to right on the x-

axis. Structures of the selected glycans are listed in b). The glycan ID#s on the X-axis 

correspond to CFG Chart ID#s. Serum was detected with anti-rabbit IgG-Alexa 488. RFU, 

relative fluorescence units. The top binding glycan IDs are listed in Table 1; a full listing of 

glycans on version 4.2 of the CFG can be found at http://www.functionalglycomics.org/

static/consortium/resources/resourcecoreh8.shtml
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Figure 5. Open- and closed-ring LNnT-BSA rabbit antisera are non-cross reactive with each 
other
Open- and closed-ring LNnT-BSA rabbit antisera are non-cross reactive with each other. 

ELISA plates were coated with conjugates shown in the legend and interrogated with LNnT-

CR-BSA antisera from each rabbit at decreasing concentrations (a). Plates were coated with 

the conjugates show in the legend and interrogated with LNnT-OR-BSA antisera pooled 

from two rabbits (b). 2-way ANOVA was performed for the 1:100-1:2500 dilutions, with 

Dunnett’s multiple comparison between the CR wk8 vs. CR pre-bleed, CR wk8 vs. LNnT-

OR-BSA and CR wk8 vs. Lac-OR-BSA. ** = P< 0.005, which was significant for the serum 

vs. coating factor and for the three individual group comparisons shown with brackets. Part 

a) values are averaged from two rabbits which were each performed in duplicate and it was 

representative of two experiments. Part b) values are average of duplicates for sera pooled 

from 2 rabbits. One experiment was performed.
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Figure 6. Mice lack glycan-specificity in the response to LNnT-CR-BSA, in contrast to rabbits
Pooled serum from three mice (a,c) and two rabbits (b,d) was diluted at 1:100 and screened 

on the BSA-PNPA glycan microarray for IgG (a,b) and IgM (c,d). Serum was detected with 

goat anti-mouse IgG-Alexa 568, anti-mouse IgM-Alexa 488, and anti-rabbit-Alexa488 at 

5μg/mL. Bars correspond to mean of hexareplicate spots +/− standard deviation. RFU, 

relative fluorescence units; Pre, pre-bleed; Wk 1 – Wk 8, Week 1 – week 8 bleeds. Pink, 

AEAB-derivatized glycans; purple, BSA neoglycoconjugates; blue, glycoprotein controls. 

X-axis labels correspond to the structures depicted in Figure 2. Note that signals reach the 

detection maximum near 60,000 RFU.
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