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Abstract

Tumor associated carbohydrate antigens (TACAS) are being actively studied as targets for anti-
tumor vaccine development. One serious challenge was the low immunogenecity of these
antigens. Herein, we report the results on using the tobacco mosaic virus (TMV) capsid as a
promising carrier of a weakly immunogenic TACA, the monomeric Tn antigen. The copper(l)
catalyzed azide-alkyne cycloaddition reaction was highly efficient in covalently linking Tn onto
the TMV capsid without resorting to a large excess of the Tn antigen. The location of Tn
attachment turned out to be important. Tn introduced at the N terminus of TMV was
immunosilent, while that attached to tyrosine 139 elicited strong immune responses. Both Tn
specific IgG and IgM antibodies were generated as determined by enzyme linked immunosorbent
assay and a glycan microarray screening study. The production of high titers of IgG antibodies
suggested that the TMV platform contained the requisite epitopes for helper T cells and was able
to induce antibody isotype switching. The antibodies exhibited strong reactivities towards Tn
antigen displayed in its native environment, i.e., cancer cell surface, thus highlighting the potential
of TMV as a promising TACA carrier.

Introduction

Anti-cancer vaccines and immunotherapy are attractive approaches for cancer therapy.
Recent FDA approval of Provenge has lent credence to the idea that an effective immune
response induced against tumor associated antigens can benefit cancer treatment. Tumor
cells are often characterized with aberrant glycosylation resulting in high levels of tumor
associated carbohydrate antigens (TACAS) expressed on cell surfaces (1-3). For example,
while the Tn antigen (GalNAc-a-O-Ser/Thr) (4, 5) is rarely found in normal tissues, it is
expressed on the surface of a variety of cancer cells including breast (6), colon (7) and
prostate cancer (8). The Springer group reported that more than 90% primary invasive ductal
breast cancer tissues expressed Tn and the high level of Tn correlated significantly with
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shortened disease-free interval and increased tumor metastasis in patients (9). Histochemical
studies by Kawaguchi and coworkers showed that the atypical mucin 1 bearing the Tn
antigen was involved in aggressive growth and lymphatic metastasis of primary breast
cancers (10). These observations strongly suggest the key role of Tn antigen in cancer
development. Thus, Tn antigens, and TACAs in general, present excellent targets for the
development of carbohydrate based anti-cancer vaccines (11, 12).

One serious challenge in the development of carbohydrate based anti-cancer vaccines is that
TACA:s are only weakly immunogenic because they are T-cell independent B cell antigens.
Upon binding with TACAs through B cell receptors, B cells can secret antibodies against
TACAs. However, these antibodies are the low affinity IgM type, which typically only last
for a short period of time. To elicit a long lasting immuno-memory, high affinity 1gG
antibodies need to be generated, which requires the co-activation of helper T (Th) cells to
potentiate the maturation of B cells and to induce antibody isotype switching from IgM to
1gG (13). Thus, an immunogenic carrier containing the requisite epitopes for Th cells is
required for an effective TACA based vaccine construct.

Due to the importance of the Tn antigen, many innovative studies have been performed to
link Tn antigens with Th epitopes for anti-cancer vaccine studies. Livingston and coworkers
conjugated Tn with a highly immunogenic carrier protein, keyhole limpet hemocyanine
(KLH) (14). However, the Tn-KLH conjugate failed to elicit a humoral immune response
presumably due to the weak immunogenicity of Tn. To overcome this obstacle, a Tn cluster
composed of three consecutive Tn antigens was synthesized and subsequently linked to
KLH (14, 15). With the increasing size of Tn antigen clusters, strong antibody responses
were obtained.

Instead of employing a whole protein such as KLH to introduce Th epitopes, Lo-man and
coworkers used a single Th epitope derived from a poliovirus (PV) (16). They designed a
fully synthetic multiple antigen glycopeptide (MAG) construct connecting the PV peptide
and Tn antigen. Consistent with the results from the Livingston group, Tn trimer cluster
conjugated to MAG-PV gave higher immune responses (16—18). The Andreana group
demonstrated that zwitterionic polysaccharide could also provide the necessary Th help to
boost the immune response to covalently linked Tn antigen (19). Other novel constructs
include the self-adjuvanting multi-component assemblies from the Dumy (20, 21) and
Boons groups (22), the Calix[4]arene platform (23), dendrimers (24) as well as co-
conjugation of a xenoantigen such as rhamnose to boost the antibody response to Tn (25).

Besides the requirement of Th epitopes, the manner TACAs are displayed in the vaccine
construct can be crucial. B cells are known to be sensitive to the display pattern of B cell
antigens (26, 27). While antigens displayed randomly often weakly activate B cells, the
same antigens presented in a highly organized manner can elicit potent antibody responses
(28). This is attributed to the effective crosslinking of B cell receptors by the highly
patterned antigens, thus inducing B cell maturation and isotype switching. The widely used
carrier such as KLH is amorphous, which renders it impossible to control the display pattern
of antigen. In addition, the inherent glycans on native KLH (29) may compete with the
desired TACA antigen for anti-carbohydrate immune responses (30).

Plant viruses or virus like particles (VLPs) are becoming attractive platforms for displaying
B cell epitopes (31, 32). VLPs often contain multiple copies of Th epitopes, which can
facilitate the potent activation of Th cells. Furthermore, due to the simplicity of their
genome, viruses use repetitive protein units to construct their capsids, which lead to highly
organized structures on the surface. This can provide a highly ordered platform to display
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antigens, which in turn can potentially break B cell tolerance and generate strong immune
responses (28, 33-37).

Given the aforementioned potential of VVLPs, we become interested in examining a VLP, the
tobacco mosaic virus (TMV), as the carrier for Tn antigen to elicit anti-Tn immune
responses. The capsid of TMV is composed of 2130 copies of identical coat proteins, which
self assemble into a 300 nm long rod (38). Non-infectious to humans, TMV has been
utilized to present peptide antigens through genetic engineering (39). Fitchen and coworkers
reported that a B-epitope peptide from murine zona pellucid inserted into TMV could break
the immuno-tolerance and induce antigen specific antibodies (40, 41). Exogenous peptide
antigens have been introduced to the N-terminus of the TMV coat protein (42, 43), which
self-assembled into stable virion and led to a high anti-peptide immune response. These
results suggest TMV contains the requisite Th epitopes for Th activation. TMV particles are
stable in various harsh conditions, such as temperatures up to 60 °C, a wide range of pH
values (2-10) and organic solvents (ethanol, methanol and dimethyl sulfoxide), thus
allowing chemical derivatizations without affecting the integrity of the particles (44).
Furthermore, kilogram quantities of TMV virion can be produced from infected leaves,
which suggest the strong potential of TMV for large scale clinical studies or production.

Herein we report our results on engineering of TMV as a carrier for the monomeric Tn
antigen and evaluation of the immunological effects of various TMV-Tn constructs. Our
results demonstrated that the immuno-tolerance of Tn can be broken when delivered by the
TMV carrier and the location of TMV maodification is crucial for high immune responses.

Experimental Procedures

1. General experimental procedures and methods

All chemicals were purchased from VWR and used as received. Dialysis tubing of 300,000
molecular weight cutoff (MWCO) was purchased from Spectrum Laboratories. TEM
analyses were carried out by depositing 20 pL aliquots of each sample at a concentration of
0.1 mg/mL onto 100-mesh carbon-coated copper grids for 2 min. The grids were then
stained with 20 pL of 2% uranyl acetate and viewed with a Hitachi H-8000 TEM electron
microscope. For MALDI-TOF MS analysis, each sample was prepared by mixing the viral
sample (0.1 mg/mL, 1pL) with 9 pL of matrix solution (saturated sinapic acid in 70%
acetonitrile, 0.1% trifluoroacetic acid). Using a Zip Tip, 1 pL of the mixture was spotted on
a MALDI plate, air-dried and analyzed by MALDI-TOF mass spectrometry (Bruker
Daltonics Ultraflex ITOF/TOF).

2. General procedures for mouse immunization

Pathogen-free C57BL/6 female mice age 6-10 weeks were obtained from Charles River and
maintained in the University Laboratory Animal Resources facility of Michigan State
University. All animal care procedures and experimental protocols have been approved by
the Institutional Animal Care and Use Committee of Michigan State University. Groups of
five C57BL/6 mice were injected subcutaneously under the scruff on day 0 with various
TMV constructs as emulsions in complete Freund’s adjuvant (0.1 mL, Fisher) or TiterMax
Gold adjuvant (Sigma-Aldrich) for the TMV-Tyr-Tn studies. Boosters were given
subcutaneously under the scruff on days 14 and 28 with the constructs as emulsions in
incomplete Freund’s adjuvant (0.1 mL) or TiterMax Gold adjuvant. Blood (~ 0.2 mL/
mouse) was collected from both groups of mice on days 0, 7 and 35. Sera from each group
of mice were isolated and pooled. Human lymphoma Jurkat cells (kindly provided by Profs.
Barbara Kaplan and Norbert Kaminski, Michigan State University) were cultured in RPMI
1640 supplemented with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, minimal
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essential medium nonessential amino acid, 100 units/mL each of penicillin G and
streptomycin (all from Invitrogen).

3. General procedures for ELISA and competitive ELISA

A 96-well microtiter plate was first coated with a solution of Neutravidin in PBS buffer (8
pg/mL) and then incubated overnight at 4 °C. The plate was then washed four times with
PBS/0.5% Tween-20 (PBST), followed by the addition of 1% (w/v) BSA in PBS to each
well and incubation at room temperature for one hour. The plate was washed again with
PBST and a solution of biotinylated Tn 2 (5 pg/mL) in 0.1% BSA in PBS was added. The
plate was incubated for one hour at 37 °C. The plate was then washed and mouse sera were
added in a 1:3 serial dilution in 0.1% BSA/PBS. The plate was incubated for two hours at 37
°C and washed. A 1:2000 diluted horseradish peroxidase (HRP)-conjugated goat anti-mouse
1gG+IgM, IgG or IgM antibody (Jackson ImmunoResearch Laboratory 1gG+IgM catalog
#115-035-068, IgM #115-035-075, 1gG #115-035-071) in 0.1% BSA/PBS was added to
each well respectively. The plate was incubated for one hour at 37 °C, washed and a solution
of 3,3”,5,5’ -tetramethylbenzidine (TMB) was added. Color was allowed to develop for 20
minutes and then a solution of 0.5 M H,SO4 was added to quench the reaction. The optical
density was then measured at 450 nm. Each experiment was repeated at least four times and
the average of the quadruplicate was used to calculate the titer. Errors of each measurement
were typically within 10%. Antibody titers were defined as the maximum folds of dilution
resulting in 0.1 OD unit higher than the average absorbance after greater than one hundred
thousand folds of dilution.

For competitive ELISA, the same procedure was adapted with the only exception that 0.1 M
GalNAc was added to the serum prior to addition of the mouse sera to the ELISA plate.

Results and Discussion

As the Tn antigen cannot be directly inserted into the TMV capsid, a reactive functional
group needs to be available on TMV for bioconjugation. Although there are no lysine or
cysteine residues exposed on the exterior surface of native TMV (39), X-ray structure of
TMV revealed that the N-terminus, the C-terminus, and a loop between amino acid residues
55 and 60 of TMV were surface exposed (45). Through mutagenesis, surface accessible
cysteine or lysine residues have been introduced to the N-terminus of TMV coat protein to
produce stable virions, which could be subsequently functionalized (39, 44, 46-48). In our
study, a cysteine mutant of TMV (TMV1cys) (46, 48), which contains a cysteine residue
inserted between Ser 2 and Tyr 3 of the TMV coat protein, was used for the conjugation
with the Tn antigen. The bromoacetamide Tn derivative 1 (Tn 1) (34) was conjugated to
TMV1cys through a SN2 displacement reaction with the Cys 3 residue (Scheme 1a). Due to
the low reactivity of bromoacetamide towards thiols, an excess of Tn 1 (200 eq. per subunit)
was utilized. The resulting TMV1cys-Tn1 was analyzed by transmission electron
microscopy (TEM), which verified that the capsid remained intact (Figure 1a). MALDI-TOF
MS analysis of TMV1cys-Tnl showed a 1:4 ion intensity ratio of the peaks corresponding to
the monomeric units of TMV1cys-Tnl and TMV1cys (Figure 1b). Assuming similar
ionization efficiencies of the Tn functionalized and unmodified monomers of coat proteins,
we concluded that 20% of the capsid subunits were derivatized with Tn 1. This suggested
approximately 450 Tn antigens were coupled onto TMV1cys out of the 2130 possible Cys 3
sites.

With TMV1cys-Tnl in hand, immunological evaluations were carried out in C57BL/6 mice.
Each mouse received a subcutaneous injection of TMV1cys-Tn1 (equivalent to 4 g of Tn)
together with the complete Freund’s adjuvant. On days 14 and 28 after the initial injection,
the same amounts of TMV1cys-Tn1 in the presence of incomplete Freund’s adjuvant were
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given to the mice to boost the immune responses. Mice in the control group underwent the
identical procedure except that native TMV was used to replace TMV1cys-Tnl. On day 35,
blood was collected from each mouse and anti-Tn antibody titers from the sera were
analyzed by Enzyme-Linked Immunosorbent Assay (ELISA) against biotinated Tn 2
immobilized on the ELISA plate. Negligible amounts of 1gG or IgM antibodies were found
in all sera at a 1600-fold serum dilution (denoted as 1/1600 dilution). As only about 20% of
the TMV subunits in TMV1cys-Tn1 were functionalized with Tn, it was possible that the
lack of immune responses resulted from the low Tn density on TMV1cys. Since the
reactivity of bromoacetamide towards thiol was low, it was difficult to improve the Tn
loading level by increasing the amount of Tn 1 for bioconjugation. This led us to examine
alternative bioconjugation chemistry.

In the past decade, the copper(l) catalyzed azide-alkyne cycloaddition reaction (CUAAC)
has become a powerful technique for biomacromolecule functionalization (49, 50). The
biocompatible reaction conditions, simple purification procedures, wide functional group
tolerance, and high conjugation yield render the CUAAC reaction a good tool for vaccine
construction.

In order to take advantage of the CUAAC reaction, an alkyne group was introduced to
TMV1cys by coupling with a maleimide containing bifunctional linker 3 (Scheme 1b). Only
5 eq. of maleimide alkyne 3 was needed to generate TMV 1cys-alkyne in near-quantitative
yield as verified by MALDI-TOF MS (Figure 1c). The azido bearing Tn 4 was prepared in
71% yield by amidation of glycosyl amino acid 5 (34) with azido carboxylic acid 6 (Scheme
1c). Unlike the maleimide and bromoacetamide Tn derivatives that were side reaction prone
(34), Tn-N3 4 was very stable and was much easier to be purified. The Tn-N3 4 was
conjugated to TMV1cys-alkyne under the standard CUAAC reaction condition in the
presence of CuSQO,4 and sodium ascorbate (NaAsC), with the structural integrity of the
resulting TMV1cys-Tn4 proven by TEM (Figure 1b). The high reaction efficiencies were
confirmed by MALDI-TOF MS (Figure 1c) with about 1530 Tn antigens displayed on one
TMV capsid based on intensity analysis of the corresponding MS peaks. It should be noted
that only 16 eq. of Tn-N3 4 per subunit protein was needed to achieve the observed 70%
conjugation efficiency. This result highlights the power of CUAAC reaction for the site-
directed functionalization of TMV.

The immunological properties of TMV1cys-Tn4 were evaluated in mice at two doses (1 j.g
and 4 g Tn per mouse) with the Freund’s adjuvant. To our disappointment, sera from both
groups showed negligible amounts of IgG or IgM antibodies at 1/1600 dilution. Although
peptide antigens inserted at the N-terminus of TMV could elicit strong immune responses
(43), our results suggested that even with high loading of Tn, little immune responses were
generated against Tn linked close to the N- terminus of TMV. This is unlikely due to the
disruption of Th cell epitope since Cys 3 was inserted close to the N-terminus (between Ser
2 and Tyr 3). Although the exact reason for the low immune response is not clear, one
possible explanation is that Tn displayed at the N terminus of TMV was not recognized by B
cell receptors. This consideration led us to explore other locations for Tn conjugation.

Recently, Francis and others described that Tyr 139 of TMV could be modified to install
various functionalities by diazonium coupling (51, 52), and this chemistry was examined for
our vaccine construction. Tyr 139 was functionalized by treatment of TMV with the
diazonium alkyne 7 to give TMV-Tyr-alkyne (Scheme 2a). Close to complete modification
was achieved as evident from MALDI-TOF MS analysis, with the m/z ratio of the capsid
shifting completely from 17,535 to 17,664 (Figure 2). TMV-Tyr-alkyne was then coupled to
Tn-N3 4 via the CUAAC reaction. Even with just 5 eq. of Tn-N3 4, more than 2000 copies of
Tn antigens were successfully coupled to TMV surface as demonstrated by MALDI-TOF
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analysis of TMV-Tyr-Tn (Figure 2). TMV-Tyr-Tn was further characterized by TEM and
UV-vis spectroscopy confirming the integrity of the virion (Figure S1).

The immunological responses against the TMV-Tyr-Tn construct were evaluated in C57BL/
6 mice, by administering TMV-Tyr-Tn (20 .g Tn per mouse) subcutaneously with the
Freund’s adjuvant (CFA) followed by booster injections on days 14 and 28. Mice in the
control group underwent the identical procedure using native TMV. Excitingly, significant
amounts of anti-Tn antibodies were induced by TMV-Tyr-Tn on day 35 as compared to the
control group (Figure 3a). Adjuvants can play important roles in directing immune
responses. To test the effect of adjuvants, another common adjuvant TiterMax Gold was
evaluated. The total antibody (1gG + IgM) titer in the Freund’s adjuvant group (titer 2,550)
was five times higher than that from the TiterMax Gold group (titer 520), suggesting that the
Freund’s adjuvant was superior.

The triazole ring was believed to be immunogenic due to its aromatic and rigid structure.
The unwanted anti-triazole linker response may suppress the immuno-responses against the
desired epitopes. Since our ELISA was performed against Tn 2 lacking the triazole, the
observed antibody titers were not against the triazole linker. Our results demonstrate that in
the presence of the triazole, antibody responses could still be generated against the weak
carbohydrate antigen Tn.

In order to confirm the carbohydrate recognition specificity of the antibodies, a competitive
ELISA procedure was developed by adding free GalNAc to the serum prior to serum
incubation with the ELISA plate. As GalNAc is part of the Tn antigen, the free GalNAc
should bind with Tn specific antibodies, thus reducing the amount of antibodies available to
bind with the plate. Indeed, addition of 0.1 M GalNAc for competitive ELISA significantly
reduced anti-Tn antibody titers (Figure 3b). The inhibitory effect was more pronounced for
the Freund’s adjuvant group than the TiterMax Gold group.

For an effective vaccine, the generation of 1gG is important. Subtyping the antibodies from
the Freund’s adjuvant group demonstrated that both 1gG and IgM antibodies were produced
with higher IgM titers than IgG (Figure 3c). The generation of 1gG antibodies indicated that
the TMV platform could stimulate activation of Th cells and isotype switching of antibodies.
The strong humoral responses induced by TMV-Tyr-Tn as compared to the ineffective
TMV1cys-Tn construct highlighted the importance of the position where the antigen was
introduced (53). Tyr 139 allowed better access of the reagent to functionalize the viral
capsid, which may also be more accessible for recognition by B cells.

A close examination of TMV structure revealed that Tyr 139 is located in a shallow groove
on the external surface of TMV (Figure 4) (52). It is possible that the Tn antigen could be
partially buried in the groove. A longer linker between Tn and TMV could potentially
extend the Tn antigen out of the groove and enhance B cell recognition. To test this, Tn
antigen derivative 8 with an oligoethylene oxide (OEG) linker was conjugated to TMV-Tyr-
alkyne through the CuAAC reaction (Scheme 2b). MALDI-TOF confirmed that close to
complete alkyne functionalization and CuUAAC reaction were achieved (Figure 2).

The immune responses to TMV-OEG-Tn were evaluated following the previously
established prime and boost protocol with the Freund’s adjuvant. To investigate the effect of
vaccine dose on immune response, three groups of five mice received vaccine constructs
corresponding to 1 g, 4 ng, and 20 g Tn antigen respectively. As shown in Figure 5, all
three groups generated significant antibodies compared to the control group immunized with
TMV only. The 4 jug group led to the highest antibody titers, and high 1gG titers were
produced in the 4 g and 20 g groups (Figure 5b,c). The antibody responses to the 20 g

Bioconjug Chem. Author manuscript; available in PMC 2013 August 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yinetal.

Page 7

group were comparable to those elicited by the TMV-Tyr-Tn construct, indicating the length
of the linker between Tn and TMV did not have a significant role.

To further analyze the specificity of the induced antibodies, the sera from the 4 g and 20
Lg groups were screened at a dilution of 1:100 against a carbohydrate microarray, which is a
powerful high throughput method to rapidly establish carbohydrate binding specificities
(54-56). The microarray used in this study contained 329 array components, including a
variety of O-linked glycopeptides, A-linked glycopeptides, glycolipids, and glycoproteins.
After the array was incubated with sera and the unbound antibodies were washed off the
slide, serum antibody binding to individual array components was detected using
fluorescently labeled secondary antibodies (54).

The 4 g and 20 g groups both produced significant IgM and 1gG responses relative to the
pre-vaccination sera (see Figure 6. For the full list of glyco-conjugate structures on the
microarray, see Table S1 in supporting information). The induced IgM and 1gG bound to a
variety of Tn peptides, along with some reactivity with a subset of other GaINAc-terminal
glycans. Neither IgM nor IgG reacted with non-glycosylated peptides or TF-containing
peptides, which possess an internal GalNAc (for example, see compound Ac-S-TF(Ser)-S-
G), demonstrating that a non-reducing terminal GalNAc is critical for recognition. In
general, induced IgG antibodies had better specificity than IgM antibodies. For example, the
induced IgM antibodies reacted with the triazole linker and the GA2 disaccharide (GA2di,
see Table S1 for structure), while the 1gG antibodies did not show any appreciable binding
to either of these array components.

While the overall patterns from the 4 and 20 g groups were similar, the vaccine dose
affected the antibody responses with the 20 g group generally having higher levels of
induced antibodies to various Tn antigen containing array components (Figure 6). The
antibodies from the 20 g group showed better reactivities towards Tn peptides with a
GalNAc linked to a threonine. Of note, the 20 g group also showed less cross-reactivity to
glycans that are not part of a Tn peptide. While this was true for both IgM and 1gG
responses, the effect was more pronounced for IgMs. This is possibly because with higher
antigen dose, the immune response generated was more focused towards the desired antigen.

As both ELISA and microarray studies measure antibody binding against synthetic Tn
antigens, it would be important to test antibody recognition of Tn antigens present in the
native environment, i.e., cancer cell surface. It is known that Tn antigen is expressed on
human leukemia Jurkat cells (57, 58). Upon incubation of Jurkat cells with the post-immune
sera, a significant increase in binding to Jurkat cells was found (Figure 7), suggesting the
antibodies were able to recognize Tn antigens displayed in its native configurations on
tumor cell surface. Although the serum from the 4 g group gave high titers of antibodies
against Tn as determined by ELISA, the 20 g group showed stronger reactivity with cancer
cells presumably due to the higher affinities and/or broader reactivities towards Tn
containing peptides by antibodies from the 20 g group.

In conclusion, we have demonstrated that TMV is a promising platform to deliver TACAs.
The location where antigen was immobilized had great influence on the ease of viral capsid
functionalization as well as outcome of the immune responses. Even though Tn is a very
weakly immunogenic tumor associated carbohydrate antigen, when placed at strategic sites,
strong humoral immune responses could be induced. High titers of 1gG antibodies were
elicited by the TMV-Tyr-Tn and TMV-OEG-Tn constructs, which recognized human tumor
cells. Further studies are in progress to optimize this new platform for the development of
TACA based anti-cancer vaccine.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CFA Freund’s adjuvant
CuAAC the copper(l) catalyzed azide-alkyne cycloaddition reaction
ELISA enzyme-linked immunosorbent assay
KLH keyhole limpet hemocyanine
MAG multiple antigen glycopeptide
MALDI-TOF matrix assisted laser desorption ionization — time of flight
MWCO molecular weight cutoff
NaAsC sodium ascorbate
PV poliovirus
TACAs tumor associated carbohydrate antigens
Th helper T cells
TMV tobacco mosaic virus
TMV1cys a cysteine mutant of TMV
VLPs virus like particles
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Figure 1.

TEM images of a) TMV1cys-Tnl and b) TMV1cys-Tn4 confirming that TMV was still
intact after Tn conjugation. ¢) MALDI-TOF MS spectra of the monomer units of TMV1cys,
TMV1cys-Tnl, TMV1cys-alkyne, and TMV1cys-Tn4. The ion intensity ratio of the peaks
corresponding to Tn functionalized monomer of TMV1cys-Tnl (m/z = 18,142) and the
underivatized monomer (m/z = 17,638) was 1: 4, suggesting approximately 450 of the
possible 2330 Cys 3 sites were derivatized. Analogously, it was determined that on average
1530 Tn antigens were attached on each TMV1cys-Tn4 capsid.
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Figure2.

MALDI-TOF MS spectra of the monomer units of TMV, TMV-Tyr-alkyne, TMV-Tyr-Tn,
and TMV-OEG-Tn. The near complete MS shifts following each derivatization step
suggested the high conversion in TMV functionalization.
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Figure 3.

a) ELISA titers of anti-Tn IgG + IgM antibodies for control group TMV, and TMV-Tyr-Tn
(20 g Tn) with either CFA or TiterMax Gold adjuvant; b) ELISA titers of anti-Tn IgG +
IgM antibodies generated by TMV-Tyr-Tn with either CFA or TiterMax Gold in the absence
and presence of 0.1 M GalNAc; ¢) ELISA titers of anti-Tn 1gG and IgM antibodies.
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Figure4.
Cross section of a TMV capsid. The red colored residue is Tyr 139, residing in a shallow

groove. The genomic RNA is marked in blue.
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Anti-Tn ELISA titers of a) 19gG + IgM for TMV control group and TMV-OEG-Tn groups
corresponding to 1 pg, 4 pg, and 20 g Tn respectively; b) 1gG and c) IgM of TMV-OEG-
Tn groups corresponding to 1 g, 4 g, and 20 g Tn respectively.
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Figure6.

Microarray profiles comparing pre- and post-immune sera from mice immunized with
TMV-OEG-Tn. Colored boxes correspond to the average fluorescence signal from duplicate
experiments. IgM data is shown in magenta, and IgG data is shown in green. Glycans are
attached to albumin prior to printing on the array surface. The numbers after the glycan
abbreviation correspond to the average number of glycans per molecule of albumin [for
example, Ac-A-Tn(Thr)-S-G-05 is a neoglycoprotein with an average of 5 Tn peptides per
molecule of albumin]. Selected array results are shown and full results can be found in
supporting information.
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Figure?7.
Fluorescence activated cell sorting analysis of 1gG antibodies present in post-immune sera
binding with Jurkat cells.
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Scheme 1.
Synthesis of a) TMV1cys-Tnl, b) TMV1cys-alkyne, and ¢) TMV1cys-Tn4.
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Synthesis of a) TMV-Tyr-Tn, and b) TMV-OEG-Tn.
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