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Abstract

Generation of a CD8" response to extracellular antigen requires processing of the antigen by
antigen presenting cells (APC) and cross-presentation to CD8* T cell receptors via MHC class |
molecules. Cross-presentation is facilitated by efficient antigen uptake followed by immune-
complex-mediated maturation of the APCs. We hypothesize that improved antigen uptake of a
glycopeptide sequence containing a CD8" T cell epitope could be achieved by delivering it on a
liposome surface decorated with an immune complex-targeting ligand, an L-Rhamnose (Rha)
epitope. We synthesized a 20 amino acid glycopeptide TSAPDT(GalNAC)RPAPGSTAPPAHGV
from the variable number tandem repeat region of the tumor marker MUC1 containing an N-
terminal azido moiety and a tumor-associated a-/A-acetyl galactosamine (GalNAc) at the
immunogenic DTR motif. The MUC1 antigen was attached to PamsCys, a Toll-like receptor-2
ligand via copper (1)-catalyzed azido-alkyne cycloaddtion (CuAAc) chemistry. The Rha-decorated
liposomal Pam3Cys-MUC1-Tn 4 vaccine was evaluated in groups of C57BL/6 mice. Some groups
were previously immunized to generate anti-Rha antibodies. Anti-Rha antibody expressing mice
that received the Rha liposomal vaccine showed higher cellular immunogenicity compared to the
control group while maintaining a strong humoral response.
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Introduction

Detection of tumors or viral infections is always challenging to the immune system because
the virus or the disregulated oncogene hides inside the autologous cells, making the humoral
immune mechanism inactive against them. This problem is solved by the major
histocompatibility complex class | (MHC 1) antigen processing mechanism.! Generally,
MHC I molecules display autologous peptides which are ignored by the immune system, but
during viral infection or in the course of neoplast formation, the respective peptide displayed
on MHC 1 is recognized by the receptors of CD8* T cells and they are stimulated to produce
an immune response.!: 2 So, in order to make an antitumor vaccine more effective, the
antigen has to be optimally presented to CD8* T cells by MHC | molecules.® Unfortunately,
such antigens are often too poorly presented by the MHC | molecules to induce strong CD8*
T cell responses. To overcome this problem, liposomes have been successfully used as
carriers of a range of viral, bacterial and tumor antigens, and their efficient delivery to the
antigen presenting cells (APCs) by this method is also well known.*2

Mucins have become attractive targets for potential development of antitumor
immunotherapies because in various adenocarcinomas and in premalignant lesions leading
to these cancers, human mucin 1 (MUCL1) reaches the cell surface aberrantly glycosylated.
Cancer derived-MUC1 molecules contain a GalNAcal-Ser/Thr modification (Tn antigen),
and other truncated O-glycans due to a lack of core 1,3-galactosyltransferase.19 The changed
glycosylation exposes immunogenic peptide epitopes to the immune system. These peptide
and glycopeptide antigens can be processed and presented to the immune system to induce
MUC1-specific cytotoxic T lymphocytes (CTLs).1! Some examples of cancers that contain
the MUC1 modification are breast, lung, ovary, colon, rectum and pancreatic
adenocarcinomas.12-15 Further, CTLs specific for epitopes on MUC1 have been found in
patients with breast,6 ovarian,1” and pancreatic!® cancers and MUC1-specific antibodies are
associated with a survival benefit.19-21 As a result, a 2009 report from the National Cancer
Institute (NCI) ranked MUC1 second out of 75 tumor-associated antigens on the basis of
their therapeutic function, immunogenicity, specificity, oncogenicity, expression levels and
% positive cells, stem cell expression, number of patients with antigen positive cancers,
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number of epitopes and cellular location of expression.22 Based on these reports, numerous
laboratories have explored innovative approaches to increasing the immunogenicity of
MUCL1 to develop an immunotherapeutic that could kill cancer cells or even be used in the
context of immunoprevention.23-3% Goydos et al. demonstrated that a synthetic MUC1-
based vaccine could safely be used in humans38 and a phase I clinical study was reported
with a 100 amino acid long MUC1-based vaccine against advanced pancreas and bile duct
cancer.37. 38 |n addition, MUC1 peptide pulsed DCs have been used safely as a vaccine in
humans with advanced metastatic breast and ovarian cancer.3°

Dendritic cells (DCs), which are some of the most important APCs, have the ability to take
up exogenously encountered antigens by phagocytosis or by receptor-mediated endocytosis
process, and present the antigens via MHC | molecules to CD8* T cells in a process called
antigen cross-presentation.3: 40 The Fc receptors (FcRs) on the surface of the DCs play a
major role in antigen uptake and processing. For example, Fcy receptors (FcyRs) binding to
immune complexes facilitate immune-complex-mediated maturation of the DCs, resulting in
presentation of antigens to CD4* helper T cells on MHC I, presentation of antigens to
CD8™ cytotoxic T cells on MHC | followed by CD8* T cell activation, and presentation of
antigens to regulatory T cells.*? Herein, we attempt to develop a MUC1-based tumor
immunotherapeutic with an effector CD8* T cell epitope as well as B cell and CD4* T cell
epitopes. We incorporated these elements on a liposome surface that would trigger FcR-
mediated uptake as well as produce anti-MUCL1 antibodies. The latter antibodies can also
bind tumor cells and kill them through antibody dependent cell-mediated cytotoxicity
(ADCC), again, mediated through FcyRs on myeloid cells.*2

It is widely recognized that abundant and specific natural antibodies for a number of foreign
antigens are widely distributed in the human population. One of these is the
Galal-3Galp1-4GIcNAC-R (a-Gal) epitope.#3 44 Galili and co-workers have shown that in
vivo interaction of a-Gal epitopes (in model vaccines against HIV gp120 and flu virus) with
naturally occurring anti-a-Gal antibodies in 1,3-galactosyltransferase knockout mice leads to
anti-a-Gal antibody-dependent antigen uptake, mediated through FcyRs, that resulted in a
greater than 100-fold increase in immunogenicity.4 46 Studies by Bovin, Gildersleeve and
others on human serum identified additional naturally-occurring anti-carbohydrate
antibodies.4”-4° From those studies, we became interested in antibodies specific for the
xenoantigen Rha. Anti-Rha antibodies were among the most abundant in humans and can
also be generated in readily available non-transgenic mice.% 5051 |n fact, Rha is now one of
the most effective natural antibody eliciting molecules known>2 and Rha has been
conjugated to lipids to recruit anti-Rha antibodies to tumor cells.>3: 54

Previously, we have shown that the anti-Rha antibodies generated in mice can recognize a
Rha moiety carried by a MUCL antigen, and on a MUC1-based liposomal vaccine leading to
better MHC class 1 presentation to CD4* T cells.% 50 In these studies, we asked whether
bringing the anti-Rha antibodies into action via an anti-Rha—FcyR mediated mechanism®*?
would increase the cross-presentation of MUC1 epitopes on MHC | by DCs. In addition to
IgM antibodies, natural anti-Rha antibodies are mostly 1gG3 in the mouse® or mostly 1gG2
in humans.52 An advantage is that these IgG isotypes generally bind poorly to inhibitory Fc

Bioconjug Chem. Author manuscript; available in PMC 2016 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Karmakar et al.

Page 4

receptors, thus enhancing the immune response.>® To explore this hypothesis we delivered
the antigen incorporated on a liposome surface.

In these studies we show that a glycosylated MUC1-derived glycopeptide anchored in a
liposome decorated with Rha epitopes elicits both an improved humoral and cellular
immune response in mice previously vaccinated with a Rha antigen (Figure 1). Antigen
uptake and presentation was evaluated in groups of C57BL/6 mice by evaluating anti-MUC1
antibody production, CD8" T cell proliferation, interferon gamma (INFy) production, and
cytotoxic T cell-mediated apoptosis of cancer cells. We believe these studies are relevant to
the development of many other types of vaccines for humans based on the high natural
abundance of anti-Rha in the human population.

Results and Discussion

Antigen Design

We sought an antigenic sequence that would contain a CD8* T cell epitope which could be
presented on MHC | and would be a sequence that still contained B cell and CD4* helper T
cell epitopes. Ninkovic et al. have previously proposed that the monoglycosylated 21-mer
GP3: AHGVTSAPDT(GalNAC)RPAPGSTAPPA represents an ideal peptide for
development as an anti-tumor vaccine candidate in humans.5® These claims are based on
experiments showing that the GP3 is processed by immunoproteasomes or by cathepsin-L to
produce a 10-mer glycopeptide SAPDT(GalNAC)RPAPG as a major product.
SAPDT(GalNAC)RPAPG was consequently shown to strongly bind to empty MHC class |
HLA-A*0201 molecules. The latter is the most frequent MHC class | allele found in
Caucasians. The same study showed that the SAPDTRPAPG peptide and the respective
threonine-modified glycopeptide stimulated human cytotoxic T-cells in vitro. Earlier studies
defined the preferred processing sites for GP3: AHGVTSAPDT(GalNAC)RPAPGSTAPPA
(preferred cleavage sites of immunoproteasomes are underlined), showed the sequence to be
efficiently processed, and determined that substrates glycosylated at the DTR motif were the
best source of glycopeptides that would potentially bind to MHC 1.57 We then considered the
implications of stimulation of cytotoxic T-cells in C57BL/6 mice which contain the MHC
class | H-2KPDP alleles. Apostolopoulos et al. have shown that the MUC1 8-mer
SAPDT(GalNAC)RPA binds more strongly to the MHC class | mouse allele H-2KP
compared with the corresponding unglycosylated peptide. Further, SAPDT(GalNAC)RPA
binds to H-2KP with high affinity and generates T cells both in vitro and in vivo, which
recognize both SAPDTRPA and SAPDT(GalNAC)RPA peptides.>8 Findings made by Finn
and coworkers suggest that MUC1 variable number tandem repeats (VNTRS) containing
TACASs were more potent at breaking self-tolerance in MUC1 transgenic mice than the
unglycosylated VNTR, since they are more ‘foreign’-like epitopes in comparison to the
unglycosylated MUC1.59: 60 Similar findings were made by Boons, who was able to
demonstrate that a MUC1-based antigen having GalNAc, again at the DTR site, is more
effective in MHC | stimulation of CD8" T cell activation in MUC1-transgenic mice
compared to the non-glycosylated MUC1 sequence.81 Based on these considerations we
selected a 20-mer GalNAc modified glycopeptide related to GP3,
TSAPDT(GalNAC)RPAPGSTAPPAHGYV (Figure 2), a sequence we hypothesized would
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contained an MHC-1 epitope for both humans and potentially the C57BL/6 mice used in this
study. However, we were uncertain at the onset of the antigen design phase as to whether or
not this specific glycopeptide would be processed to produce either CD8*
SAPDT(GalNAC)RPA or CD4* helper T cell epitopes in C57BL/6 mice.

Small self-like glycopeptides are not highly immunogenic.62 One approach to enhance
immunogenicity has been to conjugate the peptides to synthetic bacterial lipoproteins.63-66
Pam3CysSS is a synthetically prepared domain of the N-terminal region of Braun’s
lipoprotein.®7 It has been shown to be able to stimulate virus-specific CTL responses against
influenza virus-infected cells when conjugated with influenza nucleoprotein peptides 147-
158 from influenza nucleoprotein® and to elicit protective antibodies against foot-and-
mouth disease when coupled to the antigenic determinant of VP1.83 We used the Pam3Cys
triazole-linker moiety because we demonstrated in Sarkar et. al that it was sufficient to serve
both as an anchor to the liposome and to act as an adjuvant (Figure 2).968 The epitope is
expected to interact with Toll Like Receptor-2 (TLR-2) similar to PamzCysSK .59

Synthesis of an Azido-Functionalized MUC1-Tn Sequence

An azido functionality was appended to the N-terminus of the peptide as a chemical handle
for CuUAAC conjugation with a propargylated Pam3Cys. We synthesized the 20 amino acid
sequence, N3-linker-TSAPDT(GalNAC)RPAPGSTAPPAHGYV (2) for our model vaccine,
Scheme 1. The protected azide-containing peptide was prepared by the Fmoc-strategy on an
Omega 396 synthesizer (Advanced ChemTech, Louisville, KY) using solid phase chemistry.
The coupling of the amino acids, the acetyl protected Tn-Thr and the azide functionality was
achieved by HOBt and DIC in the presence of NMP starting with a preloaded Fmoc-Ala-
Wang resin. Fmoc deprotections were accomplished by treatment with 25% piperidine in
dimethylformamide. A modified Reagent K cocktail consisting of 88% TFA, 3% thioanisole,
5% ethanedithiol, 2% water and 2% phenol was used for simultaneous resin cleavage and
deprotection of the glycopeptide. The acetyl protections on the A-acetyl galactal survived
the cleavage conditions. At the end of cleavage, the cocktail mixture was filtered through a
Quick-Snap and collected in 20 mL ice-cold butane ether. The peptide was allowed to
precipitate for an hour at —20 °C, centrifuged, and washed twice with ice-cold methyl-#butyl
ether. The precipitate was dissolved in 25% acetonitrile and lyophilized to complete dry
powder affording peptide 2. Quality of peptides was analyzed by analytical reverse phase
HPLC and MALDI-TOF. The acetyl deprotection was achieved by treating the azidopeptide
1 with 6 mM sodium methoxide in methanol. The deprotected peptide 2 was purified by size
exclusion chromatography using Bio-Gel (P-2, 45-90 pm) and water as solvent followed by
lyophilization.

Synthesis of PamsCys-MUC1-Tn 4

Propargylated Pam3sCys 3 was prepared as previously reported (Scheme S2, supporting
information).® However, the copper (I)-catalyzed azido-alkyne cycloaddtion (CuUAAC)
between the azidopeptide 2 with alkyne 3 was more challenging than previously reported.
Previously, CuSOy in H,O:THF:MeOH was used as catalyst and solvent, respectively.: 70
However, these conditions worked poorly with azido peptide 2. Moreover, the conditions
also promoted methyl ester formation in the MUC1 peptide,® observed by mass
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spectrometry. We explored various cycloaddition conditions (Table S1, supporting
information) and found Cul, TBTA, Na-ascorbate and DIEA in H,O:THF:DMF (1:1:2) to be
far more effective with substrate 2, (Scheme 1), to afford Pam3Cys-MUC1-Tn 4

Synthesis of CD8* T cell epitope 5

To overcome possible inefficient in vitro processing of the whole 20 amino acid Pam3Cys-
MUCZ1-Tn 4 by the tumor in a CTL assay, we prepared the putative 8 amino acid residue
CD8+ T cell epitope SAPDTnRPA (5) using solid phase peptide synthesis on Wang resin
and purified through Bio-Gel P-2 (45-90 um) with water as eluent followed by
lyophilization (Scheme S1, supporting information). When added to EL-4 cells, this peptide
should bind to MHC | and stimulate the same cytolytic T cells that are induced when the 20
residue peptide is taken up, processed, and cross-presented on MHC | by antigen presenting
cells.

Synthesis of Rha-TEG-Cholesterol

Rha-TEG-Cholesterol was prepared as previously described and used in formulation of the
liposomes (Sarkar et al., 2013).

Synthesis of a Rha-Ficoll Conjugate

To evaluate the effect of Rha in enhancing antigen uptake, we needed to generate anti-Rha
antibodies in mice, since naive mice do not have anti-Rhamnose antibodies (Sarkar et al.,
2010). We achieved this by vaccinating mice using a Rha-Ficoll conjugate with equivolume
Alum emulsion. We choose Ficoll as the carrier for Rha because it is well known for
producing a T-independent antibody response. The Rha-Ficoll was prepared as previously
described (Sarkar et al., 2013).

Liposome Formulation

We prepared two different batches of liposomes for the four groups of mice. For the
preparation of the normal liposomes 1,2-dipalmitoyl-sr-glycero-3-phosphocholine (DPPC)
(80%) and cholesterol (20%) were used (Batch 2). For the Rha-displaying liposomes, 10%
Rha-TEG-Cholesterol was mixed with 10% cholesterol, keeping the other components the
same (Batch 1). The liposomes were formulated by the extrusion method in a total lipid
concentration of 30 mM. The concentration of Pam3Cys-MUC1-Tn 4 was 10 nanomolar in
both kinds of liposomes.

Immunological Results

Preliminary Study

To check the antigenicity of our vaccine, we first started with two C57BL/6 mice (H-2KPDP)
and primed with Pam3Cys-MUCL1-Tn incorporated on the Batch 2 liposomes. The mice were
boosted twice with the vaccine at 14 day intervals. On the seventh day after the second
boost, the mice and control non-immunized mice were bled and the sera were pooled to
check the anti-MUCL antibody titer. An ELISA was performed to demonstrate that the mice
were producing anti-MUCL antibody (Figure S1, supporting information). The mice were
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then sacrificed on the same day and the CD8* T cells were isolated. A T-cell proliferation
assay was performed to ensure that the vaccine could stimulate the generation of CD8* T
cells. Isolated spleen CD8* T cells were cultured with different concentrations of the
liposomal Pam3Cys-MUC1-Tn 4 in the presence of C57BL/6 DCs. A considerable amount
of T-cell proliferation (Figure S2, supporting information) demonstrated the presence of at
least one CD8* T-cell epitope in the vaccine.

Evaluation of Effect of Rha-TEG-Cholesterol-formulated Liposomal Vaccines

Four groups of six female C57BL/6 mice were used for this study (Table 1).

Anti-Rha Antibody Generation in Mice

To test our hypothesis, we again generated anti-Rha antibodies in groups of mice. Mice of
Groups B and D were injected subcutaneously (day 0) with 100 uL equivolume emulsion of
Rha-Ficoll and Alum (100 pg of Rha-Ficoll per mouse). The mice were boosted with the
same composition at 14 day intervals up to the fourth boost. On the seventh day after the
fourth boost, blood was pooled from the mice and sera were isolated. An ELISA was
performed to determine the anti-Rha antibody titer. The Rha-Ficoll immunized mice showed
about 25-fold higher titer than non-immunized mice against microtiter plates coated with
Rha-BSA (Figure S3, supporting information). Control wells were coated with BSA.

Tumor Antigen Vaccination

Once mice were producing anti-Rha, the second step was to vaccinate all the groups of mice
with the corresponding liposome formulations containing the Pam3Cys-MUC1-Tn 4 tumor
antigen (Table 1). The one goal of our study was to evaluate the production of antibodies
against the antigen and the stimulation of CD4* helper T-cells. The other major goal was to
evaluate whether or not CD8* T cells were being activated, resulting in cytokine production
and anti-tumor cytotoxicity. Here we have evaluated the effect of the Rha ligand on antigen
uptake and presentation using CD8* T cell proliferation, cytotoxicity and interferon gamma
(IFNYy) production.

Anti-MUC1 Antibody Production

The anti-MUC1 antibody titer of all four groups of mice was evaluated by ELISA. The study
was performed on pooled sera isolated from two mice of each group after the 3™ boost of
the vaccine. The ELISA shows a considerable amount of anti-MUCL1 antibody production by
each group of mice, with over 10-fold higher titer in Goup D mice (Figure 3). This
demonstrated that CD4™ T cell help was stimulated more effectively by the targeting through
Rha.

CD8* T Cell Proliferation Study

A CD8* T cell proliferation study was performed to evaluate whether enhanced uptake of
the Rha-TEG-Cholesterol-formulated liposomal vaccine resulted in more effective CD8* T
cell priming in vivo. We used the eight amino acid CD8* T cell epitope 5 (Scheme S1,
supporting information), which could be generated in vivo from the 20 amino acid MUC1-
Tn peptide, to restimulate primed CD8* T cells in vitro. To determine the concentration of
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CD8™ T cell epitope 5 required to activate CD8" T cells, we first performed a T cell
proliferation assay with the CD8* T cells from Group D in the presence of DCs pulsed with
peptide concentrations of 2.5, 5, 10, and 20 pug/mL. The assay indicates a continuous
increase in proliferation with the increase of peptide concentration (Figure 4). In the
proliferation assay with all four groups, peptide 5 was used at 25 ug/mL concentration. The
comparative study indicates that Group D is the only group that shows enhanced peptide
specific proliferation relative to the other groups (Figure 5).

Interferon Gamma (IFN+y) Production

Following antigen stimulation, most CD8" T cells release interferon gamma (IFNy). The
production of IFNy is higher for primed CD8* T cells. We performed an IFNy-ELISA assay
to evaluate if enhanced uptake of the Rha-TEG-Cholesterol-formulated liposomal vaccine
resulted in more primed CD8" T cells. Isolated CD8* T cells from each group of mice were
cultured with DCs pulsed with CD8* T cell epitope 5. After 24 hours incubation at 37°C, the
supernatant was collected for ELISA analysis.. The assay indicated 4.6- to 10-fold higher
CD8™ T cell epitope 5 specific IFNy production for Group D, compared to the other three
groups (Figure 6).

JAM Assay for CTLs

One approach to generating a more effective antitumor immunotherapeutic vaccine may be
to stimulate CD8* T cells to specifically induce apoptosis of tumor cells. We assayed for
cytotoxic CD8* T cells from Group B and D mice, both of which contained anti-Rha
antibodies. Radiolabeled EL4 tumor cells were pulsed with CD8* T cell epitope 5, followed
by incubation with the CD8" T cells using EL4 to CD8* T cell ratios of 1:100 and 1:50.
Both groups showed Killing of the EL4 cells by apoptosis induction; however, Group D
showed about twice the cytotoxicity (Figure 7).

Conclusion

A new, fully synthetic, glycopeptide-based tumor antigen has been synthesized, Pam3Cys-
MUCZ1-Tn 4. The antigen was successfully formulated into liposomes along with a Rha-
TEG-Cholesterol designed to bind anti-Rha antibodies which are found abundantly in
human serum and can be generated in mice. In these studies anti-Rha antibodies were
generated in C57BL/6 mice by Rha-Ficoll immunization to mimic human natural anti-Rha
antibodies. The liposomal Pam3Cys-MUC1-Tn vaccine formulated with Rha-TEG-
Cholesterol resulted in improved antibody and CD8* T cell response against the Pam3Cys-
MUCZ1-Tn antigen in anti-Rha expressing mice compared to mice lacking anti-Rha
antibodies. This result suggests that the Rha epitope in the vaccine can form immune
complexes with the anti-Rha antibodies in vivo followed by efficient antigen uptake in DCs,
leading to cross-presentation on MHC class | molecules. It is important to note that our
CD8™ assays only measured T cells recognizing the CD8" epitope contained in the added 8
residue peptide. Other T cells to additional cross-presented epitopes may have been
generated. The use of anti-Rha antibodies in immune-complex mediated maturation of
antigen presenting cells to induce a CD8* T cell response is a novel discovery. The Rha
targeting allowed use of an antigen that was otherwise only weakly cross-presented and
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enhanced its ability to elicit CD8* T cells while still generating a humoral response. The
vaccine model contains separate Rha and antigen epitopes that gives the vaccine platform a
wide range of applicability.

Experimental Procedures

General Methods

Most fine chemicals including copper salts, cholesterol, L-Rhamnose, DIEA, DMF and
other dry solvents were purchased from Acros Organics. Boron trifluoride-etherate was
obtained from Aldrich and all the other solvents were purchased from Fischer Scientific.
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and Ficoll 400 were acquired from
Avanti Polar Lipids Inc. (Alabaster, AL). Silica gel (230-400 mesh) for flash column
chromatography was purchased from Sorbent Technologies; and thin-layer chromatography
(TLC) precoated plates were obtained from EMD. TLC plates (silica gel 60, f254) were
visualized under UV light or by charring (5% H2SO4-MeOH) or by staining with
ninhydrin. Flash column chromatography was performed on silica gel (230-400 mesh) using
solvents as received. Tris [(1-benzyl-1H-1,2,3-triazol-4-yl)methyl] amine (TBTA) was
obtained from Anaspec (San Jose, CA). Preloaded Fmoc-L-Ala-Wang resin, and all other
Fmoc-L-amino acids were procured from Anaspec (San Jose, CA) or from Chem-Impex Inc.
Imject Alum was purchased from Thermo Scientific. Goat anti-mouse 1gG/IgM antibodies
were obtained from Sigma. Dynabead kit for CD8* T cell isolation was purchased from
Invitrogen (a division of Thermo Fisher Scientific). All other secondary antibodies were
obtained from Jackson Immunoresearch Laboratories (West Grove, PA). Female C57BL/6
mice (6-8 weeks old) were obtained from the Jackson Laboratory. All mice were maintained
in the AAALAC-accredited animal facility at the University of Toledo Health Science
Campus under a specific pathogen-free environment. All mouse experiments were
performed according to NIH guidelines with approval of the UT Institutional Animal Care
and Use Committee.

Synthesis of Glycopeptide Azide 1

Glycopeptide azide 1 was synthesized on an Omega 396 synthesizer (Advanced ChemTech,
Louisville, KY) by Fmoc strategy using solid-phase chemistry. The peptide synthesis was
performed on the 100 umol scale by coupling amino acid esters of HOBt using DIC as the
coupling agent. A 6-fold excess of A*-Fmoc amino acid esters of HOBt in A-
methylpyrrolidinone (NMP) were used in the synthesis. A 1:1 ratio of amino acid to DIC
was used in all the coupling reactions. Deprotection of the A®-Fmoc group was
accomplished by treatment with 25% piperidine in dimethylformamide twice: first for 5 min
and then a second time for 25 min. The final coupling employed 6-azido-hexanoic acid was
treated the same as the other Fmoc amino acids in the peptide synthesizer. Approximately
0.5 g of Fmoc-Thr(Acz-alpha-GalNAc)-OH was used in the synthesis. After coupling all the
required amino acids, the peptide was cleaved from the solid support and globally
deprotected (except the acetyl protections on the carbohydrate moiety) by gentle magnetic
stirring in a 10 mL round bottomed flask in the presence of 4 mL of a modified reagent K
cocktail (88% TFA, 3% thioanisole, 5% ethanedithiol, 2% water, and 2% phenol) for 2.5 h
under N, atmosphere. On completion, the cocktail mixture was filtered through a Quick-
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Snap column and the filtrate was collected in 20 mL ice-cold butane ether. The peptide was
precipitated for an hour at —20°C, centrifuged, and washed twice with ice cold methyl-#
butyl ether. The precipitate was dissolved in 25% acetonitrile and lyophilized to obtain the
glycopeptide 1 as a white powder. The identity of the peptide was confirmed by MALDI-
TOF (matrix assisted laser desorption ionization time-of-flight) mass spectrometer, model
4800 from Applied Biosystems. MALDI-TOF: [M+H] m/z calcd for C1ggH156N 29037,
2355.12; found, 2355.217 (Figure S4A, supporting information). The peptide was purified
using a Vydac reverse-phase preparative column (C18) using a gradient of 5% to 90%
acetonitrile (Figure S4B, supporting information).

Synthesis of Glycopeptide Azide 2

Glycopeptide 1 (5 mg, 2.24 pmol) was taken in 2 mL dry methanol and 12 pL of freshly
prepared 1 M sodium methoxide was added to the solution. The reaction was monitored by
MALDI-TOF analysis. On completion, the reaction was neutralized with solid carbon
dioxide. The solution was concentrated and purified by Bio-Gel (P-2, fine 45-90 ym, 12 g)
size exclusion chromatography (column bed length: 30 cm, diameter: 2.5 cm) using
deionized water as eluent. Lyophilization of the elutant afforded 2 as a white powder (4.7
mg, 100%). MALDI-TOF: [M+H] m/z calcd for Cg4H150N29034, 2229.0895; found,
2229.336 (Figure S5, supporting information).

Synthesis of Pam3Cys-MUC1-Th 4

Cul (134 pg, 0.54 pmol) and TBTA (0.857 mg, 1.62 umol) were dissolved in H,O-THF (1:1,
0.40 mL). Na-ascorbate (0.80 mg, 4.04 umol) was added to the solution followed by stirring
for 5 minutes. Compound 3 (1.27 mg, 1.35 umol) in THF (0.40 mL) was added to the
reaction mixture and stirred for 15 minutes followed by the addition of a solution of
compound 2 (1 mg, 0.45 umol) in H,O-DMF (1:3, 0.4 mL). The reaction mixture was stirred
at 20 °C under N, atmosphere for 16 h. The reaction mixture was concentrated, dissolved in
CHCls3, washed with 7.5% aqueous citric acid solution, dried over sodium sulfate and the
solvent was evaporated to afford compound 4 as a light yellow solid (1.9 mg, 100%).
MALDI-TOF: [M+H] m/z calcd for C151H56N31040S, 3175.86; found 3175.809 (Figure
S6, supporting information).

Synthesis of CD8* T-Cell Epitope 5

The CD8* T-Cell epitope 5 was synthesized manually by assembling the amino acids on
Fmoc-Ala-preloaded Wang resin by Fmoc strategy using solid-phase chemistry. The
reactions were performed in a 20 mL syringe reactor cartridge with agitation provided by a
stream of N». The peptide synthesis was performed by coupling HOBt esters of Fmoc-
protected amino acids in situ using PyBOP as the coupling agent in presence of
diisopropylethyl amine (DIPEA). Deprotection of the A~a-Fmoc group was achieved by
treatment with 25% piperidine in dimethylformamide thrice: first for 5 min then a second
and third time for 10 mins each. After the synthesis, the resin cleavage as well as global
deprotection (except the acetyl protections on the carbohydrate moiety) was accomplished
by treatment with TFA-H,O-TIPS (95:2.5:2.5), for 4 h under N, atmosphere. The mixture
was filtered, washed with the cleavage cocktail (1-2 mL), followed by CH,Cl,. The filtrate
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was concentrated to dryness under vacuum. The dry peptide (5 mg, 2.24 umol) was
dissolved in 2 mL of dry methanol, and 12 uL of freshly prepared 1 M sodium methoxide
was added and the reaction mixture was stirred at ambient temperature under N, atmosphere
for 4 h. The reaction was neutralized with solid carbon dioxide, concentrated and purified by
Bio-Gel (P-2, fine 45-90um, 12 g) size exclusion chromatography (column bed length: 30
cm, diameter: 2.5 cm) using deionized water as solvent. Lyophilization of the eluants
afforded 5 as a white powder (4.7 mg, 100%). MALDI-MS: [M+H] m/z calcd for
CoaH150N29034, 1017.48; found, 1017.940 (Scheme S1, supporting information).

Liposome Formulation

Different lipid stock solutions were prepared in chloroform in separate glass vials and
aliquots of the stock solutions were mixed in proportions to obtain a solution with a total
lipid concentration of 30 mM in a total volume of 2 mL (Batch 1: DPPC 80%, cholesterol
10%, Rha-TEG-Cholesterol 10%, and Pam3Cys-MUC1-Tn 0.69uM; Batch 2: DPPC 80%,
cholesterol 20%, Pam3Cys-MUC1-Tn 0.69 pM). A constant stream of nitrogen was used to
evaporate the chloroform and the resulting lipid films were dried under vacuum for 12 h. 2
mL of HEPES buffer (pH = 7.4) was then added to hydrate the dry lipid films and the
suspensions were incubated at 43 °C for 40 min. The suspensions were subjected to 10
freeze—thaw cycles (dry ice/acetone and water at 40 °C). Final liposomes were prepared by
extrusion (21 times) using a LipoFast Basic fitted with a 100 nm polycarbonate membrane to
control the liposome size.

Preliminary Study

Immunization

Two female C57BL/6 mice (6—8 weeks old, The Jackson Laboratory) were primed (day 0)
and boosted three times (days 14, 28 and 42) with 100 pL intraperitoneal injections of
Pam3Cys-MUC1-Tn conjugate 10 (10 nm per injection) incorporated on liposome (Batch 2)
in PBS.

Anti-MUC1 Antibody ELISA

96-well plates (Immulon 4 HBX) were coated with MUC1-Tn conjugate 2 (15 ug/mL) in
0.01 M phosphate buffered saline (PBS) and incubated over night at 4 °C. The plates were
washed 5 times with PBS containing 0.1% Tween-20. Blocking was achieved by incubating
the plates for 1 h at room temperature with BSA in PBS (1 mg/mL). The plates were then
washed 5 times and incubated for 1 h with serum dilutions of BSA/PBS. Unbound antibody
in the serum was removed by washing and the plates were incubated for 1 h at room
temperature with Horseradish Peroxidase (HRP) goat antimouse 1gG + IgM (Sigma) diluted
5000 times in PBS/BSA. The plates were washed and TMB (3,3/,5,5’-tetramethylbenzidine)
one component HRP microwell substrate (Bio FX, Owings Mills, MD) was added and
allowed to react for 10-20 min. Absorbance was recorded at 620 nm and was plotted against
log10[1/serum dilution].
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CD8* T-Cell Proliferation Assay

On day 49, selected mice were sacrificed and the spleens were removed and placed in 5 mL
of freshly prepared spleen cell culture medium (DMEM with 10% fetal calf serum) as
described previously.? Single cell suspensions were prepared using modified sterile glass
homogenizers. The cells were washed three times with culture medium and from the cell
suspension; the CD8* T cells were isolated using a Dynabead FlowComp™ Mouse CD8 kit
(Invitrogen). The cell concentration was brought to 5x106 cells/mL. 100uL aliquots of the
spleen cell suspensions were added to 96-well plates (5x10° cells per well). The DC
suspension cultured from the bone marrow of a non-immunized C57BL/6 mouse was pulsed
with the antigen by incubating with the Pam3Cys-MUC1-Tn liposomes at antigen
concentrations from 0.02 to 2 pg/mL at 37°C for 4 h. 100 uL aliquots of the pulsed DCs
were added to the wells containing the CD8* T cells (5x10% DCs per well). The plates were
incubated at 37 °C for 4 days. On day 4, the cells were pulsed with radioactive [3H]-
thymidine (40 pCi/mL, 25 pL per well) and incubated overnight at 37°C in presence of 5%
CO». The cells were harvested on glass-fiber filters and incorporation was determined by
measurements on a Top Count scintillation counter (Packard, Downers Grove, IL).

Evaluation of Effect of Rha-TEG-Cholesterol-formulated Liposomal

Vaccines

Immunization

Twenty-four female C57BL/6 mice were used in this study. They were divided into four
groups as A, B, C and D, each group containing six mice. Groups B and D were injected
subcutaneously (day 0) with 100 uL equivolume emulsion of Rhamnose-Ficoll (Rha-Ficoll)
and Imject Alum (100 ug of Rha-Ficoll per mouse). The mice were boosted with the same
composition on day 14, 28, 56 and 70. The mice were bled on day 77 and the sera were
pooled to check for the presence of anti-Rha antibodies.

ELISA for Anti-Rha Antibody Titer

Vaccination

96-well plates (Immulon 4 HBX) were coated with Rha-BSA conjugate (2 pg/mL) in PBS
and incubated overnight at 4 °C. The ELISA was continued as described above.

Vaccination was started on day 82 after Rha-Ficoll immunization. Two different batches of
liposomes were prepared, Batch 1 and Batch 2. Group A and C were primed and boosted
twice in 14 days intervals with 100 pL of Batch 2 liposomes per mouse (100 pL
subcutaneous injection, 10 nm Pam3Cys-MUC1-Tn per mouse). Groups B and D were
primed and boosted thrice in 14 days intervals with 100 uL of Batch 1 liposomes/mouse
(100 pL subcutaneous injection, 10 nm Pam3Cys-MUC1-Tn per mouse). After such
preparation, the mice were kept in rest and two mice from each group were boosted with
Rha-Ficoll (Groups B and D only, composition and amount as mentioned earlier) followed
by liposomal vaccines (all groups, 12 days after the last Rha-Ficoll boost, composition and
amount are same as stated above) prior to different assays.
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Anti-MUC1 Antibody Titers ELISA

Mice from each group were bled after the third boost. The sera from individual mice in a
group were pooled. The ELISAs were performed as described above.

CD8* T Cell Proliferation Assay with All Groups of Mice

Two mice from each group were sacrificed on the seventh day after the fourth boost of
vaccine and cells were isolated from spleen and lymph nodes as described earlier. From the
cell suspension, the CD8* T cells were isolated using a Dynabead FlowComp™ Mouse CD8
kit (Invitrogen). The CD8" T cell concentration was brought to 4x10° cells/mL and 100 pL
aliquots were added to a 96 well plate (2x10% cells/well). 100 uL of the DC suspension
(2x103 cells/mL, 1x104 cells/well) cultured from the bone marrow of a non-immunized
C57BL/6 mouse was added to the wells containing CD8* T cells, and also to the empty
wells as control. Thus the DC to CD8* T cell ratio was 1:10 and total volume was 200 L
per well. Combinations of CD8" T cells with DCs were pulsed with CD8* T cell epitope 5
with effective concentration of 25 pg/mL and incubated for 6 days at 37 °C. On day 5, the
cells were pulsed with radioactive[2H]thymidine (40 uCi/mL, 25 pL per well) and at the end
of day 6, the cells were harvested on glass-fiber filters and incorporation was determined by
measurements on a Top Count scintillation counter (Packard, Downers Grove, IL). A
preliminary assay to determine the optimal peptide concentration used cells from one group
D mouse and a range of peptide concentrations from 2.5 to 20 pg/mL.

Interferon Gamma (IFNy) ELISA

CD8* T cells (5%x10° cells/mL) isolated from two mice from each group were distributed on
a 6-well plate (500 L per well). The DC suspension (5x10% cells/mL, 2.5x10* cells/well)
cultured from the bone marrow of a non-immunized C57BL/6 mouse was added to the wells
containing CD8* T cells. Thus the DC to CD8* T cell ratio was 1:10 and total volume was 1
mL per well. The combination of CD8" T-cells with DCs were pulsed with CD8* T cell
epitope 5 with effective concentration of 25 pL/mL and incubated for 24 hours at 37 °C.
After 24 hour, the supernatant was collected and IFNvy production was measured by using
Murine IFNy Mini ELISA Development Kit (Peprotech).

JAM Assay for Apoptosis

Two mice from each group were sacrificed on the seventh day after the fourth boost of
vaccine and cells were isolated from spleen and lymph nodes as described earlier.”! The
CD8™ T cells were isolated as before. C57BL/6 EL4 lymphoma cells (ATCC TIB 39) were
freshly grown in DMEM medium and the concentration of the cell suspension was brought
to 1x10° cells/mL. The cell suspension was pulsed with [3H]-thymidine (40 uCi/mL) for 3
hours. The cell suspension was then divided into two equal halves after washing and one
half of the EL4 cells were pulsed with CD8* T cell epitope 5 and incubated 12 hours at

37 °C in the presence of 5% CO,. Both preparations were then washed thrice and the EL4
cell concentrations were again brought to 1x10° cells/mL. 100 pL aliquots of the EL4 cell
suspensions were then added to 96-well plates (1x104 cells per well). Each group of CD8* T
cell suspensions was prepared with concentrations of 1x107 and 0.5x107 cells/mL. 100 pL
aliquots from each concentration were added to different wells containing EL4 cells with or
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without peptide pulsing. 100 pL of 2 pM staurosporin was added to some of the wells
instead of CD8* T cells as a positive control. The negative controls were EL4 cells alone and
EL4 cells pulsed with CD8* T cell epitope 5, without any CD8* T cells. The plate was
incubated for 6 hours at 37 °C in the presence of 5%. CO,. The cells were then harvested on
glass-fiber filters and incorporation was determined by measurements on a Top Count
scintillation counter (Packard, Downers Grove, IL). Percent specific killing was calculated
with-respect-to negative control EL4 cells pulsed with CD8* T cell epitope 5 (without CD8*
T cells).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Mechanism of Anti-Rha-mediated enhancement of cellular and humoral immune response.
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Figure2.

Design of the antigen: Structure of the TLR-2 agonist, linker, and MUC1 glycopeptide
sequence. Known human and mouse CD8* T cell epitopes (boxes).
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Figure 3.
Anti-MUC1 antibody titer for all groups of mice.

Bioconjug Chem. Author manuscript; available in PMC 2016 April 20.

Page 21



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Karmakar et al. Page 22

2000- - CD8" Tcels
© + Dendritic cells
p=
© 15001
=
>
i ==
K 1000-

T
o
= 5004
o
(6]
c L) L) Ll I 1
0 5 10 15 20 25
Peptide Conc (micro gm/mL)
Figure 4.

CD8* T cell proliferation of Group D at different peptide concentrations.
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Figure®6.
CD8™ T cell specific IFNy production of all four groups at 25 ug/mL peptide.

Bioconjug Chem. Author manuscript; available in PMC 2016 April 20.

Page 24




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Karmakar et al.

Page 25
15-
E3 Group D

9 EA Group B
g’ 10+
§
e
(_J 54
()
Qo
77

L EEEE | e

Target EL4 cell to CD8" T cells

Figure7.
Apoptosis of EL4 cells induced by CD8* T cells from Groups B and D. The ratio of EL4

cells to CD8* T cells is 1:100 or 1:50.
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Scheme 1.

Synthesis of Pam3Cys-MUC1-Tn.
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Table 1
Vaccination plan for the groups of mice.
Group A Group B Group C Group D
Immunization - Rha-Ficoll - Rha-Ficoll
Vaccination Liposomal Pam;Cys-MUC1-Tn | Liposomal Pam3Cys-MUC1-Tn with Rha-TEG-Cholesterol
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