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Abstract

Mucin-1 (MUC1) is one of the top ranked tumor associated antigens. In order to generate effective
anti-MUC1 immune responses as potential anticancer vaccines, MUCL1 peptides and glycopeptides
have been covalently conjugated to bacteriophage Q. Immunization of mice with these constructs
led to highly potent antibody responses with IgG titers over one million, which are among the
highest anti-MUCL1 IgG titers reported to date. Furthermore, the high IgG antibody levels persisted
for more than six months. The constructs also elicited MUC1 specific cytotoxic T cells, which can
selectively kill MUCL1 positive tumor cells. The unique abilities of Q8MUCL1 conjugates to
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powerfully induce both antibody and cytotoxic T cell immunity targeting tumor cells bode well for
future translation of the constructs as anticancer vaccines.
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INTRODUCTION

Mucin-1 (MUCL1), a glycoprotein overexpressed on the surface of a wide range of tumor
cells, is an exciting antigenic target for antitumor vaccines.2:2 On normal cells, MUC1 is
extensively glycosylated in its extracellular tandem repeat region with large and elongated
O-linked glycans, which shield the protein backbone from the immune system. In
comparison, tumor associated MUCL1 is under-glycosylated with fewer and highly truncated
O-glycans such as A-acetyl galactosamine (GalNAc) linked to a serine or threonine residue
(Tn antigen).3 The glycosylation patterns structurally distinguish tumor associated MUC1
from that on normal cells.# In addition, the expression levels of MUC1 on tumor cells can be
100 times higher than those on normal cells and the high MUCL1 overexpressions are
associated with increased tumor metastasis and shortened patient survival.1:®

There has been significant interest in harnessing MUCL specific immune responses to
combat cancer.16:7 Antibodies and cytotoxic T cells (CTLs) against MUC1 have been
observed in some cancer patients, although their levels are typically too low to eradicate the
growing tumors.® To elicit strong MUC1 specific immunity, immunization with MUC1
alone is not sufficient. Conjugate vaccine candidates have been produced by linking
synthetic MUC1 peptides with various carriers, including immunogenic proteins,8-2
nanoparticles,10-11 polymers,12 immunostimulating glycans,314 liposomes,1® synthetic
platforms such as peptides, self-assembling systems, and calixrenes.16-18 Studies showed
that most of these constructs can induce anti-MUC1 antibodies with typical titers of several
thousands in mice. Clinical studies suggest that the levels of MUCL1 antibodies can be
positively correlated with better prognosis of patients.> Thus, there is a continual need to
develop vaccine constructs to induce higher titers of anti-MUC1 antibodies.

Besides antibodies, CTLs are another arm of adaptive immunity, complementing antitumor
antibodies. The tandem repeat region of MUC1 contains multiple CTL epitopes.}® MUC1
specific CTLs can recognize epitopes presented by major histocompatibility class-1 (MHC-I)
on cell surface and directly kill MUC1 expressing tumor cells.2? Constructs capable of
activating both MUC1 specific antibodies and cytotoxic T cells are attractive for cancer
immunotherapy.

Virus-like particles (VLPs) are a class of biological nanoparticles formed through self-
assembly of multiple monomer units.2> With their highly ordered structures, VVLPs such as
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bacteriophage Q2 have great potentials as antigen carriers.22-24 As glycopeptides are
important tumor antigens, we have become interested in evaluating whether Qg is capable of
enhancing anticancer responses against glycopeptides such as MUC1. Herein, we report that
by conjugating MUC1 to Qp, superior titers (over 2,000,000) of MUC1 specific 1gG
antibodies were elicited in mice, which were among the highest murine IgG titers reported to
date. The antibodies lasted more than six months and killed tumor cells through complement
mediated cytotoxicity. In addition, MUC1 specific CTLs were also generated following
vaccination with cytotoxic activities against tumor associated human MUC1 bearing cells /n
vitroand in vivo. This is the first time that Q8 has been shown to potently boost immune
responses against glycopeptide antigens.

RESULTS AND DISCUSSION
Synthesis of Q8MUC1 Conjugates

MUCL1 has a large extracellular A-terminal domain, consisting of a variable number of
tandem repeats of 20 amino acid residues with the sequence of
PDTRPAPGSTAPPAHGVTSA.125 The five serine and threonine residues within each
tandem repeat can be potentially glycosylated. For our vaccine studies, we designed MUC1
(glyco)peptides 1-4, which contain 20-22 amino acid residues as the backbone covering one
full length of the tandem repeat region. Peptides 1 and 3 represent two possible sequences of
the repeat region designated MUC1-STA and MUC1-DTR (STA and DTR are the three
amino acid sequence containing a threonine closest to the C-terminus). To establish possible
influence of glycosylation on immune responses, GalNAc was installed on the threonine
residue closest to the C-terminus producing MUCL1 glycopeptides 2 and 4 designated
MUC1-STA-Tn and MUC1-DTR-Tn. We focused on GalNAc modified MUCL as they are
widely expressed in cancer® and can potentially function as CTL epitopes.2’

The synthesis of the MUC1 (glyco)peptides was performed through solid-phase peptide
synthesis (SPPS) using Fmoc chemistry (Scheme 1). The coupling of Fmoc-protected amino
acids to peptide chains was carried out with (2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU)/hydroxybenzotriazole (HOBt). For
glycopeptide synthesis, Fmoc protected GalNAc-threonine 5 (Fmoc-GalNAc-Thr)10 was
used as a building block, which was introduced into the peptide chain mediated by 1-[bis-
(dimethylamino)methylene]-1A+-1,2,3-triazolo[4,5- b]-pyridinium 3-oxid
hexafluorophosphate (HATU)/1-hydroxy-7-azabenzotriazole (HOAL). After assembly of
(glyco)peptides, the A-terminal Fmoc group was removed and an azide terminated linker
azido-PEG3-NHS 628 was incorporated at the A-terminus. The resulting (glyco)peptides
were cleaved from the resins by trifluoroacetic acid (TFA)/triisopropyl silane (TIPS)/H-0,
and the O-acetates on the saccharide moiety were removed by 5% hydrazine in H,O. C18
reverse-phase HPLC purification produced the desired MUCL1 (glyco)-peptides 1-4 in 30—
40% vyields.

The ligation of MUC1 onto QS-VLP was performed with the copper-catalyzed azide—alkyne
cycloaddition (CuUAAC) reaction optimized for bioconjugations.2® Azide modified MUC1
peptides 1-4 were coupled with alkyne functionalized QB 724 promoted by a Cu catalyst
with tris (3-hydroxypropyltriazolylmethyl)amine (THPTA) ligand 8 (Scheme 2). The
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average numbers of (glyco)peptides introduced onto QS were 257, 140, 248, and 171 (with
an estimated distribution of +15%) for conjugates 10-13, respectively (SI Figures S1-S4).
The unreacted alkyne groups on Qg capsids were capped using a large excess of 3-azido 1-
propanol 9 by a second CUAAC reaction. By reducing the reagent concentration and reaction
time during conjugation of MUCL1 glycopeptide 2 with QB-alkyne 7, Q5-MUCL1 14 was also
synthesized bearing on average 30 copies of MUC1 glycopeptide 2 per capsid for analysis of
antigen density effects.

QpB-MUC1 Conjugates Can Generate Robust Titers of anti-MUC1 IgG Antibodies and High
Density of MUCL1 is Critical for High Levels of IgG

With QB-MUCL conjugates in hand, their abilities to induce immune responses were
investigated. Groups of C57BL6 mice were immunized with the conjugates three times
biweekly (i.e., injections on days 0, 14, and 28) at equal total MUC1 concentrations per
injection. Serum samples were taken 1 week after the final boost (day 35) and antibody titers
and subtypes were determined by enzyme linked immunosorbent assay (ELISA) against the
specific MUCL1 glycopeptide structure used for immunization.

The first parameter we investigated is the effect of local antigen density on antibody
responses by comparing QB-MUC1 constructs 11 and 14 (Figure 1). The anti-MUC1
antibody responses elicited by Q4-MUCL1 11 were predominantly 1gGs. The mean total 19G
titers produced were 1,013,300, which was 500 times higher than titers from control mice
immunized with QB only. Interestingly, despite receiving the same total amounts of MUC1,
mice immunized with the Q3-MUCL1 14 gave average 1gG antibody titers only 20% of those
receiving QB-MUC1 11 with higher local density of MUCL. Furthermore, the intragroup
variations of 1gG titers by 11 were smaller than those induced by 14.

Subtyping of IgG titers indicated that all major subtypes of 1gGs including 19G1, 1gG2b, and
IgG2c were elicited (Figure 1a). Construct 11 also produced a large amount of 1gG3
antibody, a subtype of 1gG antibodies in mice that is traditionally induced by carbohydrate
antigens.30

We next examined the kinetics of MUCL1 antibody generation as well as antibody
persistence. 1gG antibody responses to construct 11 approached the peak value 21 days after
the first immunization. The super high IgG titers maintained for more than 6 months
highlighting the power of QS as a carrier for glycopeptide for inducing long lasting immune
responses (Figure 1b).

In order to establish the generality of QB as a MUCL carrier, other Q3-MUC1 constructs
were tested following the same immunization protocol as for 11. As shown in Figure 1c, all
these QB-MUC1 vaccines elicited consistent and high anti-MUCL1 IgG titers comparable to
that of QB8-MUCL1 11 with the average IgG titers from mice immunized with Q3-MUC1 13
exceeding 2,000,000. As a negative control, groups of C57BL6 mice were immunized with
MUC1 glycopeptide admixed Q without the covalent conjugation. As shown in SI Figure
S6, the anti-MUCL1 IgG antibody titers induced were below 400, thus suggesting covalent
conjugation of MUCL glycopeptide with Qg s critical for production of high antibody titers.
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Microarray Analysis of the Antibodies Induced by QB-MUC1 Conjugates 10-13

To better understand the binding specificity, the post-immune sera from Q8-MUC1 10-13
vaccination were screened against a (glyco)peptide microarray with various MUC1
glycopeptides in addition to mucin-5 glycopeptides, mucins from porcine stomach and
bovine submaxillary glands, as well as several other glycoproteins (SI Figure S7).# On the
microarray, there are 72 MUCL1 glycopeptides each with one MUCL1 tandem repeat
PAHGVT*SAPDT*RPAPGST*A (* denotes the potential glycosylation sites). The glycan
structures are diverse, which include Tn, Thomsen-Friedenreich (T) antigen, as well as a
number of core 1, core 2, and core 3 oligosaccharides (SI Figure S7). The microarray slides
were incubated with individual mouse serum and unbound antibodies were removed by
thorough washing. A fluorescently labeled secondary antibody was then added to the
microarray to quantify the relative amounts of serum antibody bound to individual array
components.

As shown in SI Figure S7, the antibodies induced by Q8-MUCL1 conjugates 10-13 exhibited
broad and strong recognition to almost all MUC1 glycopeptides carrying Tn, T, corel,
core2, core3, or mix glycans. This suggests a broad repertoire of anti-MUC1 IgG antibodies
were elicited through vaccination, which bodes well for anticancer vaccine development as
glycosylations of MUCL proteins on tumor cell surface are generally heterogeneous. The
antibodies were specific to MUCL as there was little binding to mucin-5 glycopeptides or to
any other proteins.

Close examination of microarray binding profiles revealed interesting binding trend. MUC1
glycopeptides 15-17 PAHGVTSAPDT*RPAPGSTA differed only in the glycan structure
attached to the threonine in the middle of the peptide chain (* represents the location of
glycosylation: Tn for 15, T for 16, and a core 2 hexasaccharide C2T2Hex for 17; for glycan
structures, see Sl Figure S7). Despite the larger size of T antigen and the core 2
hexasaccharide compared to Tn, all three glycopeptides were recognized well (Figure 2a).
Immunogen QB-MUC1 13 contained Tn in the DTR region of its MUCL1 and the antibodies
induced by QB-MUC1 13 exhibited much stronger binding to the glycopeptides 15-17
compared to QB-MUCL 12 lacking any glycans. The same phenomena were observed of
antibodies induced by 11 (glycosylation in the STA region) vs 10 against glycopeptides 18-
20 PAHGVTSAPDTRPAPGST*A (* represents the location of glycosylation: Tn for 18, T
for 19, and a core 2 hexasaccharide for 20; Figure 2b).

IgG Antibodies Induced by QB8MUC1 Conjugates Are Capable of Binding MUC1
Expressing Tumor Cells and Selectively Killing Tumor Cells through Complement Mediated
Cytotoxicity
For an effective vaccine, it is critical that antibodies generated can recognize the antigen
expressed in its native environment, i.e., on tumor cells. To establish this, we performed flow
cytometry studies using MUC1 transfected mouse lymphoma cell RMA-MUC1. RMA-
MUCI1 cells express human MUCL on the cell surface as confirmed by cellular binding with
a commercially available anti-MUC1 mAb HPMV at 1:5 dilution (Figure 3a).
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To test the recognition of RMA-MUCL1 cells by the post-immune sera, RMA-MUCL cells
were incubated with the sera. After washing off unbound antibodies, cells were treated with
a fluorescently labeled anti-1gG secondary antibody. The sera from pre-immunized mice
gave little binding to RMA-MUCL1 cells (Figure 3a). In contrast, the post-immune sera
exhibited good recognition of RMA-MUCL cells even at 1:100 dilution (Figure 3a).
Consistent with the ELISA results on the impact of MUCL1 density on Qg, stronger binding
was observed from mouse sera following immunization with vaccine construct 11 vs 14 (low
MUC1 density) (Figure 3a). The binding of antibodies induced by 11 to tumor cells was
MUCL1 dependent, as the post-immune sera did not exhibit significant recognition of RMA
cells lacking the MUC1 transgene demonstrating the specificities of the antibodies (Figure
3b vs c).

To test the generality of tumor cell recognition, besides RMA-MUCL1 cells, binding to
mouse melanoma B16-MUCL cells as well as breast cancer MCF-7 cells were measured
with the post-immune sera. Mice immunized with any of the three Q8-MUC1 constructs 10,
11, and 13 produced antibodies capable of strong recognition of all MUC1 expressing tumor
cells tested (Figure 4). Antibodies induced by construct 12 with nonglycosylated peptide 3
showed weaker binding to MUCL1 expressing tumor cells, suggesting that Tn glycosylation
of MUCL1 glycopeptide in PDT*R domain contributes to the generation of antibodies for
stronger tumor cell binding.

With the strong recognition of MUC1 expressing tumor cells, the abilities of the post-
immune sera to kill the tumor cells were measured. Incubation of MUC1 expressing tumor
cells with the post-immune sera and rabbit complement led to significantly higher
percentages of tumor cell death compared to cells treated with control sera (Figure 5 and Sl
Figure S5). Post-immune sera could Kill tumor cells efficiently and in a MUC1-dependent
manner.

Immunization with Q8MUC1 Can Induce MUC1 Specific CTLs in Vitro and in Vivo

MUCT1 is known to contain several CTL epitopes within its tandem repeat regions.2’31 As
one Qg capsid can deliver hundreds of copies of MUC1, we tested whether Q5MUC1
constructs can elicit MUC1 specific CTL responses in immunized mice.

MUCL1 specific cytolytic activities were first measured using an /n vitro CTL assay. The
spleens and lymph nodes were harvested from mice immunized with constructs 12 and 13 as
well as from control mice immunized with Qg only. Splenocytes and lymph node cells were
isolated and incubated with RMA-MUC1 and RMA cells, respectively, and the viabilities of
the tumor cells were measured. As shown in Figure 6a, cells from mice receiving Qg only
did not lead to significant death of either RMA or RMA-MUCIL cells indicating Qg by itself
was not effective in generating antitumor CTL responses. In comparison, lymph node cells
from QB-MUC1 immunized mice led to significantly higher lysis of RMA-MUCL1 cells than
RMA cells, suggesting that MUC1 dependent CTL activities were generated by Q5-MUC1
(Figure 6a). Similar phenomena have been observed with spleen cells from the immunized
mice.
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An in vivo cytotoxicity assay for CTLs was carried out. Splenocytes from naive mice were
harvested and labeled with two different concentrations of carboxyfluorescein succinimidyl
ester (CFSE).32 The CFSEN9N cells were pulsed with a mixture of MUC1 (glyco)peptides 3
or 4, mixed with the same number of nonpulsed CFSE!W cells and intravenously injected
into mice immunized with QB-MUC1 constructs 12 and 13. As shown in Figure 6b,
CFSENigh cells were lysed much more than the CFSE!W cells that were not incubated with
MUC1, suggesting QB-MUC1 vaccinations led to activation and expansion of CTLs specific
against MUC1.

Tumor associated carbohydrate antigens are appealing targets for the development of
anticancer vaccines.33 Virus-like particles such as Qg have become a powerful class of
carriers for vaccine development during the past 20 years.22:23 The QB VLP consist of 180
copies of a monomeric capsid protein assembled in an icosahedral manner with a diameter
of 28 nm.34 As a result, antigens can be displayed on the external surfaces of Qg in a highly
organized manner, which can cross-link B cell receptors effectively resulting in potent B cell
activation for antibody secretion. Q8 has been shown to be able to boost antibody responses
against antigens such as carbohydrates,35-37 antigenic determinant from glycolipids,38
proteins,3? and small molecular haptens such as nicotine.*0 This is the first time that tumor
associated glycopeptides have been conjugated with Q3 for anticancer vaccine development.
Super high titers (over 1 million) of anti-MUCL IgG as well as all subtypes of IgG
antibodies have been generated, which are much higher than titers (typically several
thousands) elicited by other carriers.8-18

The density of antigen in an immunogen is an important factor for B cell potentiation.*!
Dintzis and co-workers have shown that haptens with spacing between 5 and 10 nm
exhibited the strongest activation of B cells.#2 Significant deviation from this range reduces
antibody production. Similar phenomena were reported by Kiessling*3 and Plough#* groups
as well as our own studies using polymers.*® The external surface of each Q8 monomer unit
has three lysines (K2, K13, and K16), which together with the free amine at the N-terminus
gives four potential sites for conjugation.34 The alkyne functionalized Q/ bears 540 copies
of alkyne out of the maximum 720 potential sites.24 Based on analysis of the crystal
structure of Qg, functionalization of neighboring lysines by MUC1 would place the antigens
within the optimal distances for B cell activation.3* Comparison of Q8-MUC1 14 (30 copies
of MUCL per capsid) vs QB-MUC1 11 (high valency 140 copies of MUCL1 per capsid)
showed that while both constructs elicited significant amounts of anti-MUCL1 1gG
antibodies, superior responses were obtained from construct 11 with higher valency and
local density of MUC1 antigen. This is presumably because the distances between MUC1
glycopeptides in construct 14 are too large for effective cross-linking of B cell receptors.
The ability to present antigens in high local density is a significant advantage of VLPs such
as QP as B cell antigen carrier.

CUuAAC reaction is a popular reaction for conjugating carbohydrate antigens to carriers for
vaccine studies,3>4647 put it is possible for the resulting triazole linker to be immunogenic.
In our studies of Tn based vaccine design, constructs of Tn and QS conjugated with a
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triazole linker elicited antitriazole antibodies.3® The desired anti-Tn 1gG responses were
significantly suppressed presumably due to sequestration of vaccine constructs by
antitriazole antibodies, preventing an effective boost of anti-Tn responses. The use of larger
glycan antigens attached via triazoles have shown low antitriazole immune response
compared to antiglycan responses in other studies.3>37 In the current study, CUAAC reaction
was utilized to attach MUCL1 glycopeptides onto Qg for synthetic ease as the CUAAC is
orthogonal to the side chain functional groups present in MUC1. Compared to the small
hapten of Tn, the much larger MUC1 may reduce the accessibility of the triazole by
antitriazole antibodies. Anti-MUC1 immunities were generated by these Q3-MUC1
constructs, which recognized and killed MUC1 expressing tumor cells by both complement
mediated cytotoxicity and CTLs. It is possible that replacing the triazole with a flexible
amide linker to attach MUCL1 to Q/ can enhance the anti-MUC1 antibody titers as well as
tumor cell binding as observed in Tn studies.38 This will be investigated in the future.

MUCL is expressed as a glycoprotein on tumor cells with five potential glycosylation sites
within one 20-amino-acid residue tandem repeat.1:25 As glycosylation of tumor associated
MUCL1 is heterogeneous, there are many possible MUC1 sequences for immunogen design.
Within the MUC1 backbone, it is known that the most frequent minimal epitopic sequence
recognized by IgG and IgM antibodies is RPAPGS, followed by PPAHGVT and PDTRP.48
Glycosylation has been shown to significantly enhance the immunogenicity of MUC1
antigen.#® One MUC1 tandem repeat region contains five potential glycosylation sites and
tumor associated glycans include Tn, Tf, STn, and STf. On tumor associated MUC1, glycan
structures as well as site occupancy can significantly vary. To generate antibodies targeting
MUC1 expressing tumor cells, a variety of MUC1 epitopes have been investigated, which
contain glycans on all five glycosylation sites as well as larger glycans such as STn and ST.”
For the current study in wild-type mice, the Tn bearing glycopeptide antigens elicited super
high 1gG antibody titers, which recognized a wide range of MUCL structures including those
with much larger glycans than Tn. This is possibly due to the powerful immune activation by
Qp. Glycopeptide synthesis is challenging especially if multiple highly complex glycan
chains need to be introduced into the immunogen. The relatively simple MUCL1 structure
adapted in our studies is attractive for future translation.

Antibody and CTL are two arms of adaptive immunity. While many of the MUC1 vaccine
studies have focused on humoral responses, comprehensive CTL responses encompassing
both antibody production and CTL activation are desirable.1® Besides activating B cells to
produce anti-MUC1 IgG antibodies, QB-MUCL1 constructs also activated MUCL1 specific
CTLs both /n vitroand in vivo. This is most likely due to the uptake of Q8-MUC1 by
antigen presenting cells such as dendritic cells. Intracellular protease digestion of Q3-MUC1
can release MUCL, which can be cross-presented by MHC class | on the surface of these
antigen presenting cells for activation of matched CTLs. Although CTLs do not require
multivalent display of CTL epitopes on carrier surface as do B cells, the high density of
epitopes on QB enables one Qg particle to deliver over one hundred copies of CTL peptides
into a cell, which can effectively increase intracellular concentration of the (glyco)peptide
antigen in antigen presenting cells for CTL activation. It is known to be difficult for antigen
presenting cells to process and present MUC1 glycopeptides bearing glycans larger than Tn
on MHCs due to the steric hindrance posted by the glycan moiety.3! Thus, it is advantageous
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to use MUC1-Tn as antigen as it can be processed for CTL generation, while at the same
time helping to generate antibodies capable of recognizing native glycoproteins on tumor
cells.

In conclusion, the QB3-MUC1 vaccines not only elicited potent and long-lasting anti-MUC1
1gG responses, but also induced robust MUC1-specific cytotoxic T cell responses. Given the
prevalence and importance of MUCL in tumor progression or metastasis, Qg represents a
promising carrier for developing anti-MUC1 vaccine against cancer.

MATERIALS AND METHODS

General Experimental Procedures and Methods for Synthesis

All chemicals were reagent grade and were used as received from the manufacturer, unless
otherwise noted. Centrifugal filter units of 10,000 and 100,000 molecular weight cutoff
(MWCO) were purchased from EMD Millipore. For protein liquid chromatography, GE
AKTA Explorer (Amersham Pharmacia) on a Superose-6 column was used. Microfluidic
capillary gel electrophoresis was performed with Bioanalyzer 2100 Protein 80 microfluidics
chip (Agilent Technologies). For MALDI-TOF MS analysis, each viral sample (10 /L, 1 mg
mL~1) was denatured and cleaned using Cleanup C18 Pipette Tips (Agilent Technologies).
The mixture (0.6 L) and matrix solution (0.6 /i, saturated sinapic acid in 50% acetonitrile,
0.1% trifluoroacetic acid) was spotted on a MALDI plate, air-dried, and analyzed by
MALDI-TOF mass spectrometry (AB SCIEX Voyager DE Pro MALDI-TOF). Protein
concentration was measured using the Coomassie Plus Protein Reagent (Bradford Assay,
Pierce) with bovine serum albumin (BSA) as the standard.

RMA cells, RMA-MUC1 cells, and MCF-7 cells were kindly provided by Prof. Olivera J.
Finn (University of Pittsburgh). B16-MUCL cells were kindly provided by Prof. Sandra J.
Gendler (Mayo Clinic). RMA cells, RMA-MUC1 cells, and B16-MUC1 cells were cultured
in DMEM supplemented with 10% FBS, Penicillin (100 U mL1)/Streptomycin (100 g mL
~1), 2 mM L-glutamine, 1 mM sodium pyruvate, and 0.3 mg mL~1 G418. MCF-7 cells were
cultured in Eagle’s minimum essential medium with L-glutamine (2 mM), nonessential
amino acids and sodium pyruvate, bovine insulin (10 zg mL™1), FBS (10%), and Penicillin
(100 U mL~1)/Streptomycin (100 zg mL™1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) Titers of anti-MUC1 total 1gG and 1gG subtypes from mice immunized with Q-MUC1
constructS 11 and 14, as well as QB only as the control. The average IgG titers induced by

11 were much higher than those by construct 14 containing low MUC1 density or QS only.
(b) High anti-MUC1 1gG antibody titers induced by 11 lasted more than 200 days. (c) Anti-
MUC1 IgG titers from mice immunized with Q8-MUCL1 constructs 10-13, respectively. All
ELISA measurements were performed against the plated specific MUC1 glycopeptide used

for immunization.
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Figure2.
MUC1 glycopeptide microarray screening showed that 1gG antibodies generated could

recognize MUCL glycopeptides bearing a wide range of glycan structures suggesting that a
broad repertoire of antibodies was produced. Immunization with glycosylated MUC1
antigen (13 and 11) led to stronger binding to glycopeptides compared to the
nonglycosylated counterparts (12 and 10).
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Figure 3.
Flow cytometry analysis of the specific recognition of tumor cells by anti-MUC1 IgG

antibodies. (a) Mean fluorescence intensities of binding of RMA-MUCL cells by pre-
immune sera and sera from mice immunized with vaccine constructs 11 and 14 respectively
(1:100 dilution); MUC1 expression on RMA-MUC1 was confirmed by anti-MUC1 mAb
HPMV (1:5 dilution). Immunization with 11 induced antibodies capable of binding RMA-
MUC1 much stronger than those from 14 immunized mice. (b) Binding of RMA-MUC1
cells by sera from mice immunized with 10 (blue curve), 11 (orange curve), 12 (green
curve), and 13 (red curve) at 1:50 dilution. The gray filled trace was from pre-immune
serum. All post-immune sera showed strong binding to RMA-MUCL1 cells. (c) Little binding
to RMA cells lacking MUC1 was observed with anti-MUC1 sera at 1:50 dilution.
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Figure 4.
Flow cytometry analysis showed that immunization with Q-MUCL1 conjugates 10-13

induced IgG antibodies capable of binding with a panel of MUCL1 expressing tumor cells
stronger than sera from mice immunized with Q8 only. Mean fluorescence intensities of
binding to (a) RMA-MUCIL cells; (b) B16-MUCL cells; and (c) MCF-7 cells. Binding was
tested with 1:20 dilutions of the post-immune sera. * p < 0.05, ** p< 0.01, *** p< 0.001.
The pvalues were determined through a two-tailed #test using GraphPad Prism.
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Figure5.
Complement dependent cytotoxicity to B16-MUCL1 cells induced by sera from mice

immunized with Qg control, Q3MUC1 10-13, respectively (**p < 0.01; ***p < 0.001).
The pvalues were determined through a two-tailed #test using GraphPad Prism.
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Figure6.
MUC1-specific CTL activities have been elicited through immunization with Q8 -MUC1

constructs. The CTL activities were analyzed (a) /n vitroand (b) /n vivo. Lymphocytes were
harvested from lymph nodes and spleen of mice immunized with Q3 (control) or conjugates
12, 13, and analyzed for their cytotoxic activities against RMA and RMA-MUCL cells by
flow cytometry. (b) CFSE labeled syngeneic splenocytes pulsed with MUC1 (CFSEN9") or
not (CFSE!*W) were injected intravenously into mice immunized with Q3 (control) or Q&
MUC1 construct 12 or 13. After 24 h, mice were sacrificed and lymph nodes were
harvested. Analysis by flow cytometry showed significantly higher lysis of MUC1 pulsed
target cells. Control groups for both panels were mice immunized with QS only.

ACS Chem Biol. Author manuscript; available in PMC 2019 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Yin et al.

B
O A) Fmoc-cleavage: )
cl 20% piperidine/DMF

Amino acid-coupling:
5 eq. Fmoc-AA

ON O.
3 s

4.9 eq. HBTU, HOBT

10 eq. DIPEAIDMF SPPS
(or 2 eq. Fmoc-GalNAc-Thr 5

1.9 eq. HATU, HOAT

4 eq. DIPEA/DMF)
loading: 0.91 mmol/g

AcO _OAc

A) Fmoc-cleavage AcO fo) o O
20% piperidine/DMF . C e A0 oy o

B) Compound 6 (glyCOzp-e4pt|des ANl M o \)J\O—N

C) Resin-cleavage: l le)
95:2.5:2.5 TFA:TIPS:H,0 FmocHN” “COOH azido-PEG;-NHS 6

D) 5% hydrazine in H,O 30-40 % Fmoc-GalNAc-Thr 5

O Y © Ao

OH NH  N3-AHGVTSAPDTRPAPGST*APP

NH
A o MUC1-STA1: R=H; HO O
< P ou S N MUC1-STA-Tn 2: R = jjo o2
NN P H\_& AcHN
7//\” N T 94 e
o )TNt
o i J oo
O/\/N3
H2N NH
o
I(HJL J\(N¢k _)k O\KKUL _)LOH
H =
</ /\OR
muct-oTR3: R=H, "QH
H N3-APGSTAPPAHGVTSAPDT'RPAP 1< ‘oo T 70T Ho&o
AcHN

Jb)b)\f Tmﬂ\( VNJDJT 0Oy o

Scheme 1.
Solid-Phase Synthesis of MUC1 (Glyco)peptides
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Synthesis of QB-MUC1 Conjugates
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