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Abstract

Mucin-1 (MUC1) is a highly attractive antigenic target for anticancer vaccines. Naturally existing
MUC1 can contain multiple types of O-linked glycans, including the Thomsen—Friedenreich (Tf)
antigen and the Sialyl Thomsen-nouveau (STn) antigen. In order to target these antigens as
potential anticancer vaccines, MUC1 glycopeptides SAPDT*RPAP (T* is the glycosylation site)
bearing the Tf and the STn antigen, respectively, have been synthesized. The bacteriophage Q8
carrier is a powerful carrier for antigen delivery. The conjugates of MUC1-Tf and -STn
glycopeptides with QB were utilized to immunize immune-tolerant human MUCL1 transgenic
(MUC1.Tg) mice, which elicited superior levels of anti-MUCL1 IgG antibodies with titers reaching
over 2 million units. The 1gG antibodies recognized a wide range of MUCL1 glycopeptides bearing
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diverse glycans. Antibodies induced by QB-MUC1-Tf showed strongest binding, with MUC1-
expressing melanoma B16-MUCL1 cells, and effectively killed these cells /n vitro. Vaccination with
QBMUC1-TT first followed by tumor challenge in a lung metastasis model showed significant
reductions of the number of tumor foci in the lungs of immunized mice as compared to those in
control mice. This was the first time that a MUC1-Tf-based vaccine has shown in vivo efficacy in
a tumor model. As such, QB-MUCL1 glycopeptide conjugates have great potential as anticancer
vaccines.
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Mucin-1 (MUC1) is a cell surface glycoprotein overexpressed on a range of cancer cells
including breast, lung, pancreatic, colon, prostate, and ovarian cancers with a key role in
cancer development.1:2 MUC1 contains an extracellular domain, which comprises a variable
number (30-200) of 20 amino acid tandem repeats with the sequence of
SAPDTRPAPGSTAPPAHGVT.3# The serine and threonine residues in the tandem repeat
can be glycosylated. The O-linked glycans of tumor-associated MUC1 are truncated and less
branched, differentiating MUC1 from tumor versus normal cells.1:2® The level of MUC1 on
tumor cells can be 100 times higher than that on normal cells, rendering it an attractive target
for vaccines. Clinical studies have shown that patients with high levels of anti-MUCL1 IgG
antibodies are associated with better prognosis in a variety of cancers. For example, a
significantly higher 1 year survival rate (91% vs21%, p < 0.001) was observed in
nonresectable non-small cell lung cancer patients with high anti-MUCL1 IgG titers than those
with low antibody levels.5 The amounts of anti-MUC1 1gG but not IgM antibodies in
patients with invasive ductal pancreatic carcinoma correlated significantly with survival time
(p=0.0004).” Therefore, if high anti-MUC1 antibody titers can be generated through
vaccination, the vaccines can potentially protect the host from tumor development.

Earlier strategies for MUC1-based vaccines typically utilized MUCL1 peptide as the antigen.
89 As MUCT is an endogenous protein in humans, B cells reacting strongly to MUC1 are
commonly deleted during development. As a result, MUCL is well-tolerated by the body,
rendering it more challenging to elicit powerful anti-MUC1 antibody responses. One
strategy to enhance the levels of antibodies generated by MUCL1 in vaccine design is by
introducing glycosylation into MUC1, such as the Thomsen-nouveau antigen (Tn antigen,
aGalNAc-Ser/Thr).>10-12 mmunization with human MUC1 transgenic mice, which are
capable of mimicking MUC1 immunotolerance in humans, with MUC1-Tn glycopeptide has
been shown to produce higher levels anti-MUC1 antibodies or T cell responses compared to
the levels of the corresponding MUC1 peptide.1912 The immune responses induced by
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MUCZ1-Tn can kill MUC1-expressing tumor cells and protect the host from tumor-induced
death in MUC1.Tg mouse models.

Besides the Tn antigen, tumor-associated MUC1 can contain disaccharides such as STn
(aNeu5Ac-(2,6)-aGal-NAc-Ser/Thr) and Thomsen-Friedenreich (Tf) antigen (8Gal-(1,3)-
aGalNAc-Ser/Thr).413-15 Stydies have been carried out targeting these antigens using
innovative platforms including protein carriers such as tetanus toxoid and bovine serum
albumin,16-18 fully synthetic self-adjuvanting multi-component constructs,1%20 multivalent
antigen display,?! as well as fluorinated analogues of the carbohydrate.?2:23 Several such
constructs have been evaluated in MUC1.Tg mice,24 which produced anti-MUC1 IgG
antibodies with typical titers of several thousand enzyme-linked immunosorbent assay
(ELISA) units.16:18.19 However, to the best of our knowledge, the abilities of these MUC1
constructs to protect the immunized host from tumor development /n vivo have not been
reported.

Herein, we report the synthesis of MUC1 glycopeptides SAPDT*RPAP bearing Tf and STn
antigens, respectively. The glycopeptides were conjugated with bacteriophage Qg virus-like
particle, and the immunogenicities of these conjugates were evaluated in immunotolerant
MUCZ1.Tg mice. High levels of 1gG antibodies capable of binding strongly to tumor cells
were induced, with antibody titers reaching over 2 million ELISA units. For B16-MUC1
melanoma cells, antibodies produced by QB-MUC1-Tf bound strongest compared to those
elicited by the corresponding conjugates with unglycosylated MUC1 peptide or
glycopeptides with other glycoforms. Furthermore, immunization of MUC1.Tg mice with
QB-MUC1-Tf significantly protected mice from challenges by B16-MUCL cells in a tumor
metastasis model.

RESULTS AND DISCUSSION
Synthesis of QB8MUCL1 Conjugates Carrying STn or Tf Antigens.

The bacteriophage Qg virus-like particle is a powerful platform for glycoconjugate-based
anticancer vaccine development.25-28 A major factor for the superior abilities of QA to elicit
anticancer antibodies against cancer-associated carbohydrate antigens is its highly organized
three-dimensional structure for ordered antigen display, leading to effective cross-linking of
B cell receptors and powerful activation of antibody-producing B cells.2%:30 When
conjugated with QS, a MUCL peptide with the sequence SAPDTRPAP has been found to be
the critical protective epitope for anticancer immunity.12 Extending the peptide beyond the
protective epitope decreased the binding of IgG antibodies to MUC1-expressing tumor cells.
Glycosylated MUC1 vaccines can induce immune responses stronger than those of the
unglycosylated control.>3132 Consistent with literature reports, glycosylation of the
threonine residue within the SAPDTRPRP with A-acetyl galactosamine (/.e., the Tn antigen)
significantly enhanced the anticancer antibody responses compared to the corresponding
unglycosylated MUC1 peptide.12 The Q3MUC1-Tn construct provided better protection to
immunized animals against cancer development than the corresponding conjugate of MUC1-
Tn with Keyhole Limpet Hemocyanin (KLH), a gold standard carrier commonly utilized in
anticancer conjugate vaccines.
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In order to study MUC1 glycopeptide antigens bearing disaccharides, MUCL1 glycopeptides
1 and 2 bearing STn and Tf, respectively, were designed (Scheme 1). Enzymatic synthesis
can be an efficient strategy for glycopeptide assembly.33:34 We first explored enzymatic
extension of the glycan of MUC1-Tn glycopeptide 328 with an a -2, 6-sialyltransferase.
However, incubation of MUC1-Tn 3 with Photobacterium damselae a—2,6-sialyltransferase
(Pd2,6ST) and CMP-Neu5Ac as the sialic acid donor did not lead to any glycopeptide
product 1. Previously, another MUC1-Tn sequence APGS*TAPPA (* denotes GalNAc) was
reported to be successfully sialylated with Pd2,6ST,3* which was reproduced by us (data not
shown). Thus, the difficulty encountered in sialylating MUC1-Tn 3 was presumably because
MUCL1 peptide backbone SAPDTRPAP interfered with the glycosylation by Pd2,6ST.

Rather than screening other enzymes to synthesize MUC1-STn 1,3% we resorted to the
chemical strategy to access the target glycopeptide by solid-phase peptide synthesis (SPPS),
which required the Fmoc-protected STn antigen building block 5. The synthesis of 5 started
from sialylation of the galactosamine threonine ester 636:37 with sialyl donor 726 using the p-
TolSCI/AgOTf promoter system38 (Scheme 2a). The desired Fmoc-Neu5Ac-a—2,6-GalNAc-
a-Thr 8 was isolated in 30% yield in addition to 10% of its g-isomer 88. The
stereochemistry of the newly formed glycosyl linkage of 8 was assigned based on the 3-bond
coupling constant between C1 and H3,y of sialic acid (3Jci,H3aX = 6.4 Hz), as well as that
between H7 and H8 of the sialic acid unit (3J7 ng = 8.3 Hz).3%40 Recently, sialyl donors
modified with groups such as 4- O,5- N-oxazolidinone and 5-azide have been shown to give
high yields and stereoselectivities in sialylation reactions.*1-43 Although the sialylation yield
using donor 7 was modest, it was advantageous to use donor 7 as it took much fewer steps to
prepare, and no additional synthetic steps were needed to adjust the protecting groups on C5
of sialic acid back to acetamide following sialylation (saving at least five synthetic steps
overall). Acid treatment of 8 cleaved its fertbutyl ester to yield the Fmoc-protected STn
antigen building block 5 for solid-phase synthesis.

The free C-terminus of MUC1 can be immunodominant,12 prompting us to synthesize
MUC1 glycopeptide 1, which is conjugatable through a C-terminal aminoalkyl amide.12:44
MUC1 glycopeptide 1 was assembled through the SPPS approach starting from the p-
nitrophenyl carbonate functionalized Wang resins preloaded with mono-Fmoc-protected 1,4-
diaminobutane 9 followed by glycopeptide elongation (Scheme 2b). The coupling of Fmoc-
protected amino acids to peptide chains was carried out with (2-(1/+-benzotriazol-1- )
-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU)/hydroxybenzotriazole (HOBY).
For coupling of the glycosyl amino acid 5, 1 -[bis(dimethylamino)methylene]-14-1,2,3-
triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate (HATU)/1-hydroxy-7-
azabenzotriazole (HOAL) were utilized as the coupling agents. Following capping of the N-
terminus with an acetyl group, the glycopeptide was cleaved from the resins followed by
methyl ester and O-acetate cleavage using 1% 1 M NaOH (aq) in methanol/H,0 (1:1). The
resulting glycopeptide bearing a free amine at its C-terminus was incubated with adipate
bis(4-nitrophenyl) ester10.4> C18 reverse-phase HPLC purification produced the desired
MUC1-STn glycopeptide 1 in 20% overall yield from the resin.

We next synthesized MUC1 glycopeptide 2 bearing the Tf antigen. The Fmoc-protected Tf
antigen building block 11 was obtained through the glycosylation of disaccharide donor 1246
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and acceptor 13 promoted by p-TolSCI/AgOTTf (Scheme 3a). This reaction gave the desired
Fmoc-protected Tf antigen building block 14 in 52% yield, which was separated from its S-
anomer 143 (18%). After reduction of azide and acidolysis of the fert-butyl ester of 14, the
Fmoc-protected Tf antigen building block 11 was isolated. Following a similar SPPS
approach as in the synthesis of MUC1-STn 1, the desired MUC1-Tf 2 was produced in 20—
30% overall yield (Scheme 3b).

For Qf-based vaccines, it is critical that the antigen is covalently conjugated with the carrier,
as an admixture of MUC1 glycopeptide and QS was ineffective in generating anti-MUC1
antibodies compared to the covalent conjugate of Q8-MUC1.28 The ligations of MUC1
glycopeptides 1 and 2 with recombinant bacteriophage Q8 were carried out in K-Phos buffer
(0.1 M, pH 7) overnight at 37 °C to give Q-MUC1-STn 16 and Q3-MUCL1-Tf 17 (Scheme
4). Mass spectrometry analysis of the capsid showed that the numbers of glycopeptides per
Qp particle were 270 on average (Supporting Information Figure S1).12 The conjugates had
an average hydrodynamic radius of 17 nm with low polydispersity (Supporting Information
Figure S2).

QB-HVIUCL1 Conjugates Elicited High Titers of Anti-MUCL1 IgG Antibodies.

With QB-MUCL constructs in hand, their immunogenicities were evaluated in MUC1.Tg
mice. Compared to the commonly used wild-type mice, MUC1.Tg mice are a more suitable
model for evaluation of MUC1-based vaccines as human MUC1 has difference sequences
from mouse MUC1, and the MUC1.Tg mice can better mimic the MUC1 immunotolerance
encountered in humans compared to wild-type mice.2* MUC1.Tg mice were immunized
with QB-MUC1-STn 16 and QB5-MUC1-Tf 17 (8.6 nmol of MUC1) using MPLA
(monophosphosphoryl lipid A from Salmonella enterica serotype Minnesota Re 595, Re
mutant) as the adjuvant (day 0), which is a TLR-4 agonist approved by FDA for use in
human patients to enhance immune responses.4’ Two booster injections were administered
to mice on days 14 and 28. On day 35, the sera were collected.

To analyze the levels of induced anti-MUC1 antibodies, the MUC1 glycopeptides were
conjugated with bovine serum albumin (BSA) to generate BSA-MUCL conjugates 18 and 19
(Supporting Information Scheme S1 and Figure S3). ELISA was performed using BSA-
MUC1 conjugates to analyze the levels of anti-MUC1 antibodies in postimmune sera from
QpB-MUC1 16 and 17 immunized MUC1.Tg mice. Strong anti-MUCL1 1gG responses were
elicited by both constructs with mean IgG titers of 3,399,000 and 2,510,000, respectively
(Figure 1a), with the titer number reported as the highest fold of dilution giving the optical
density (OD) value of 0.1 over those of the preimmune control sera (OD ~ 0.2), and the
induced midpoint (ECsp) 19G titers were 336,358 from 16 and 253,953 from 17 when
determined from titration curves corresponding to the dilution that induces the half-maximal
absorbance values (Supporting Information Figure S4). Furthermore, the attachment of
MUC1 glycopeptides on Qg significantly reduced the titers of antibodies elicited against the
QP carrier itself presumably because MUC1 glycopeptides partially shielded the surface QS
in the QB-MUCI1 conjugate from immune recognition (Figure 1). The anti-MUC1 1gG levels
induced by the @B conjugates compare favorably with the titers (typically several thousand
ELISA units) of antibodies produced by other reported MUC1-Tf and MUC1-STn
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constructs in MUC1.Tg mice,16:18.19 which demonstrates the advantages of the QA
approach.

To better understand the profile of antibody responses, the titers of 1gG antibody subtype
were determined via ELISA. Among the 1gG subtypes, the titers of 1gG2b and 1gG2c
antibodies were highest, reaching 2,896,000 and 1,729,000, respectively, for Q3MUC1-STn
16 (Figure 1b) and 2,391,000 and 485,000 for Q-MUCL1-Tf 17 (Figure 1c), suggesting the
main type of immune responses induced was biased toward Thl. Significant amounts of
anti-MUCL1 IgM antibodies have also been induced (Figure 1).

Antibodies Elicited by Q8MUC1-STn 16 and QB8MUCL1-Tf 17 Bound Strongly with MUC1-
Expressing Cancer Cells.

We evaluated next the abilities of postimmune sera to recognize MUC1 expressed in the
native environment, that is, on the surface of MUC1-expressing tumor cells. B16-MUC1
mouse melanoma cells and MCF-7 human breast cancer cells were incubated with sera from
MUC1.Tg mice immunized with various Q8-MUCL1 conjugates, and 1gG antibody bindings
to cancer cells were tested using flow cytometry. As shown in Figure 2 and Supporting
Information Figure S5, significant enhancements in cellular binding to cancer cells were
observed with both sera compared to those from control mice immunized with Qp,
suggesting the successful generation of anticancer antibodies. Sera induced by QS-MUC1-
Tf 17 were found to bind B16-MUCL1 cells stronger than those by Q#-MUC1-STn 16, as
well as those elicited by QB-MUC1-Tn and QB-MUCL1 (Figure 2 and Supporting
Information Figure S5). The stronger binding of sera induced by QA-MUC1-Tf 17 is
possibly due to higher expression of Tf antigen on B16-MUCL cells. Antibodies from mice
immunized with both Q#MUC1-STn 16 and QB-MUCL1-Tf 17 also bound well with human
breast cancer cells MCF-7 (Supporting Information Figure S6a). Importantly, all
postimmune sera had low bindings with the normal breast cell MCF-10A similar to those
from the control mice (Supporting Information Figure S6b), suggesting high cancer
selectivity of anti-MUC1 antibodies generated.

It should be noted that relatively concentrated sera are needed for statistically significant
enhancement in B16MUCL binding in flow cytometry analysis (less than 500-fold dilution,
Supporting Information Figure S5¢) compared to the high ELISA titers (on the order of
hundreds of thousands to millions). There can be several potential reasons: (1) ELISA assay
uses secondary antibodies conjugated with the enzyme horseradish peroxidase (HRP) for
detection. HRP can catalytically turn over its substrate, greatly enhancing the detection
sensitivity. (2) It is known that anti-MUCL1 antibodies can be internalized upon binding with
MUC1-bearing tumor cells,*8 thus possibly reducing the amounts of cell surface antibodies
for fluorescence detection. (3) The tumor-binding antibodies may be a small subset of the
total pool of antibodies elicited. Although further studies are needed to gain a better
understanding, the abilities of the postimmune sera to recognize MUC1-bearing tumor cells
prompted function analysis of the postimmune sera.
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Antibodies Induced by QB-MUCL1-Tf 17 Killed MUC1-Expressing Tumor Cells in Vitro and
Immunization with Q8MUC1-Tf Significantly Protected Mice in a Metastasis Model in Vivo.

With the high levels of 1gG elicited by Q8-MUC1-Tf 17 and strong tumor binding by the
IgG antibodies elicited, their abilities to kill the tumor cells were measured /77 vitro. Upon
incubation of B16-MUCL cells (Figure 2b) with postimmune sera and rabbit complement,
significantly higher percentages of tumor cells were killed by QB-MUCL1 conjugate
immunized sera as compared to cells treated with sera from Qg immunized mice. Consistent
with the flow cytometry result (Figure 2a), Q5-MUCL-Tf 17 immunization produced the
highest Iytic activities toward B16-MUCL1 cancer cells.

As QB-MUCL-TT 17 elicited antibodies for stronger binding and killing of B16-MUC1 cells
than QB-MUC1-STn 16, the /in vivo tumor protection testing focused on QB8-MUC1-Tf 17.
We evaluated tumor protection in a metastasis model as tumor metastasis is a major hurdle
to patient survival. MUC1.Tg mice were immunized with Q3-MUC1-Tf 17, Qg, and
phosphate-buffered saline (PBS, the control groups) with MPLA adjuvant. B16-MUC1
melanoma cells were injected viatail vein, and the numbers of tumor foci in lungs were
determined 21 days after tumor inoculation. Excitingly, Q-MUCL1-Tf 17 brought a notable
reduction in tumor load versusthe PBS control (p =0.0080) and Qg control (p =0.0034)
(Figure 3 and Figure S7).

Glycopeptide Microarray Screening Revealed the Recognition of Multiple MUCL1
Glycoforms by Antibodies Induced by QB-MUC1 Conjugates.

With the promising anticancer activities observed, we profiled the epitope structures
recognized by antibodies generated to gain a deeper understanding of the epitope profile.
Postimmune sera from MUC1.Tg mice immunized with Q8-MUC1-Tf 17 were screened
against a MUC1 glycopeptide microarray.4® This glycopeptide array consisted of 72 MUC1
glycopeptides with the common backbone sequence of PAHGVTSAPDTRPAPGSTAP
within one tandem repeat region. The MUCL1 glycopeptides were glycosylated with Tn, Tf,
or cores 1-4 glycans at various locations of serines and threonines. Furthermore, other
glycoproteins including mucin-5B (MUC5B) glycopeptides, fetuin, transferrin, mucins from
porcine stomach, and bovine submaxillary glands were also included on the microarray. The
arrays were incubated with individual mouse serum, followed by removal of unbound
antibodies through thorough washing. A fluorescently labeled anti-mouse IgG secondary
antibody was subsequently added to the microarray to semiquantify the amounts of serum
IgG antibodies bound to individual array components.

As can be seen from Figure 4a, no cross-reactivities were observed to MUC5B
glycopeptides 69-71 or glycoproteins 110-115 (poly(LacNAc)-BSA, fetuin, transferrin,
ICAM-1, porcine stomach mucin, and bovine submaxillary mucin), highlighting that
antibodies generated were specific to MUCL1 glycopeptide rather than glycan only.
Interesting structural dependence of binding was observed on MUC1 glycopeptides.
Glycopeptides bearing Tf in its PDTR region were bound stronger than those lacking
glycosylation in this region. For example, glycopeptides 27-33 all contain the same protein
backbone and Tf glycan, with Tf located at various locations of the peptide. Glycopeptide
28, which has Tf in its PDTR region, gave the strongest binding to postimmune sera
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compared to that with 27 and 29 (Figure 4a). Glycopeptides 32 and 33 contain multiple Tfs
in the backbone including a Tf in its PDTR region. They were recognized well by
postimmune sera. These results indicate that the presence of Tf in the PDTR region is
important for antibody recognition, and antibodies induced are site-selective toward the
PDT*R region contained in the immunizing antigen Q4-MUCL-Tf 17. The site selectivity is
possibly due to differential glycopeptide conformations bestowed by the glycans at various
positions of the glycopeptides.!

Comparison of PAHGVTSAPDT*RPAPGSTA with varying glycan structures showed that
QBMUC1-Tf 17 induced antibodies bound to glycopeptides bearing Tf and other glycans
ranging from core 1 to core 4 pentasaccharide (Figure 4b), indicating a wide repertoire of
anti-MUCL antibodies generated presumably through binding with the Tf core. Interestingly,
compared to antibodies produced by QA-MUC1-Tn,12 those generated by Q3MUC1-Tf 17
recognized a wider range of glycoforms based on the microarray analysis. As tumor-
associated MUCT1 can have diverse glycosylations,14:50:51 the abilities of Q8MUC1-Tf 17
to induce antibodies recognizing multiple MUCL1 glycopeptides bode well for cancer
treatment.

In addition to sera from QB-MUCL1-Tf 17 immunized mice, those from mice receiving Q-
MUC1-STn 16 were analyzed on the glycopeptide microarray. Similarly, the sera exhibited
much stronger binding to MUCL1 glycopeptide bearing STn in its PDTR region
(glycopeptide 117) than those lacking STn in this region (glycopeptides 116, 118-121
Figure S9a). Little cross-reactivities were observed to MUC5B glycopeptides 69-71 or non-
MUCL1 glycoproteins 110-115. When sera binding to glycopeptides bearing the backbone
sequence of PAHGVT-SAPDT*RPAPGSTA and a glycan at the PDTR region were
measured, the postimmune sera recognized a wide range of glycopeptides (Figure S9b).

It should be pointed out that, although we focused on the induction of anti-MUCL1 IgG
antibodies in the current study, cytotoxic T cells can be another important mechanism for the
observed anticancer effects. Studies are ongoing to generate and analyze MUCL specific
cytotoxic T cells through immunization.

CONCLUSIONS

Whereas MUC1 peptides and MUC1-Tn glycopeptides have been evaluated as antigens for
tumor protection /n vivo, a MUC1 glycopeptide bearing disaccharides such as Tf antigen has
not been tested in tumor models. We have developed an effective synthesis of MUC1-Tf and
-STn glycopeptides and covalently conjugated them with a powerful carrier bacteriophage
Q. The resulting conjugates were used to immunize MUC1.Tg mice, which elicited
superior levels of anti-MUC1 IgG antibodies (igG titers over 2 million ELISA units),
highlighting that Q3 can be an effective carrier, boosting antibodies against multiple
glycoforms. The antibodies induced have a preference toward the specific MUC1 glycan
sequence utilized for immunization and, at the same time, could bind a range of MUC1
glycoforms while sparing any non-MUCL1 glycoproteins as demonstrated in glycopeptide
microarray studies. As MUC1 glycosylation on tumor cells is highly heterogeneous, the
ability to recognize multiple MUC1 glycoforms is advantageous. This is reflected in strong
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recognition of MUC1-bearing tumor cells, with antibodies produced by Q8-MUC1-Tf 17
capable of binding the strongest with B16-MUC1 melanoma cells. MUC1.Tg mice
preimmunized with Q3MUC1-Tf 17 first showed significant reductions in tumor load in the
lungs when subjected to a metastatic tumor model, suggesting the translational potential of
this construct as anticancer vaccines.

MATERIALS AND METHODS

Mouse Immunization.

MUC1.Tg mice were generated by breeding C57BL/6 wild-type female mice and MUC1.Tg
male mice with a 10.6 kb genomic Sac 1l fragment of the human MUC1 gene and
maintained in the University Laboratory Animal Resources facility of Michigan State
University. Pathogen-free MUC1.Tg female mice aged 6-10 weeks were used for studies.
All animal experiments were performed in accordance with the guidelines of the
Institutional Animal Care and Use Committee (IACUC) of Michigan State University.

In all studies, MUC1.Tg mice were subcutaneously injected under the scruff on day 0 with
0.2 mL of various Q8-MUC1 vaccines in PBS containing MPLA (20 s, 1 mg mL™1in
DMSO) for each mouse. Boosters were given subcutaneously at the same amounts of
vaccines with MPLA under the scruff on days 14 and 28. All Q8-MUCL conjugates
administered have the same amounts of MUCL1 (8.6 nmol). Sera samples were collected on
days 0 (before immunization) and 35. The final bleeding was done by cardiac bleed.

Cancer Immunotherapy Study.

For the lung metastasis model, MUC1.Tg female mice aged 6-10 weeks were
subcutaneously immunized under the scruff on day 0 with 0.2 mL of PBS, Qg, or QS-
MUC1-Tf 17 in PBS (all injections contained MPLA (20 /i, 1 mg mL1 in DMSO0)).
Boosters were given subcutaneously with the same amounts of vaccines mixed with MPLA
under the scruff on days 14 and 28. On day 35, vaccinated mice were challenged with 1 x
10° B16-MUCT1 cells per mouse by intravenous injection, followed by a fourth vaccination
of conjugates mixed with MPLA. On day 45, the mice were given the last vaccination of
conjugates mixed with MPLA. On day 56, pulmonary metastases were enumerated by
intratracheal injection of black ink (50% in PBS). Black ink injected lungs were washed in
Feket’s solution (300 mL 70% EtOH, 30 mL 37% formaldehyde, 5 mL glacial acetic acid)
and then placed in fresh Feket’s solution overnight. White tumor nodules against a black
lung background were then counted.
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Figure 1.
(a) Titers of anti-MUC1 and anti-Qg IgG antibodies from MUC1.Tg mice immunized with

QBMUC1 conjugates 16 and 17. For determination of anti-MUCL1 IgG titers, the ELISA
measurements were performed against the corresponding BSA-MUCL1 conjugates 18 and 19.
For testing levels of anti-Qg 19G, the ELISA was performed against Q. Each symbol
represents one mouse (/7 =5 mice for each group). The titer was determined by regression
analysis with log10 dilution plotted with optical density and reported as the highest fold of
dilution giving the optical absorbance value of 0.1 over those of the preimmune control sera
(OD =0.2). IgG subtypes of MUC1.Tg mice immunized (b) Q3MUC1-STn 16 and (c) Q5
MUC1-Tf 17 assayed against the corresponding BSA-MUCL conjugates 18 and 19,
respectively; ***p < 0.001. The pvalues were determined through a two-tailed unpaired
Student’s #test using GraphPad Prism.
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(a) Flow cytometry analysis of anti-MUC1 1gG antibodies showed QB8-MUC1-Tf 17 elicited
antibodies with significantly stronger binding to tumor cells compared with Q3MUC1-Tn
elicited antibodies. Binding to B16-MUC1 cells was tested with 1:20 dilution of the
corresponding sera, (b) Antibodies induced by QB8-MUC1 conjugates exhibited significantly
high CDC toward tumor cells. CDC toward B16-MUC1 cells was determined by a MTS
assay. Each symbol represents one mouse (/7 =5 mice for each group); *v < 0.05, **p<
0.01. The pvalues were determined through a two-tailed unpaired Student’s #test using

GraphPad Prism.
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Figure 3.
Vaccination of Q4-MUCL-Tf 17 significantly protected MUCL1.Tg mice from formation of

metastatic-like tumor foci in the lungs. MUC1.Tg mice were immunized with Q3-MUC1-Tf
17, Qp, or PBS, respectively, on days 0, 14, and 28 with MPLA as the adjuvant. On day 35,
the immunized mice were challenged with 1 x 10° B16-MUC1 cells viatail vein injection,
followed by a fourth immunization. On day 45, the mice were given the last immunization.
Twenty-one days after tumor inoculation, the mice were sacrificed and the number of tumor
foci in the lungs were counted. Each symbol represents one mouse (/7= 8-10 mice for each
group); **p < 0.01. The pvalues are determined through two-way ANOVA with Bonferroni
post-test using GraphPad Prism.
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Figure 4.

Representative results of MUCL1 glycopeptide microarray screening of antisera from Q-
MUC1-Tf 17 immunized mice, (a) Comparison of fluorescence intensities of microarray
components containing MUC1 glycopeptides bearing Tf antigen at various locations showed
that glycosylation at that PDT*R region led to the strongest recognition by postimmune sera.
Glycopeptide 27: PAHGVT*SAPDTRPAPGSTA; 28: PAHGVTSAPDT*RPAPGSTA; 29:
PAHGVTSAPDTRPAPGST*A; 30: PAHGVT*SAPDT*RPAPGSTA, 31:
PAHGVT*SAPDTRPAPGST*A 32: PAHGVTSAPDT*RPAPGST*A; 33:
PAHGVT*SAPDT*RPAPGST*A. Glycopeptides 69-71 are various MUC5B glycopeptides.
110-115 are poly(LacNAc)-BSA, fetuin, transferrin, ICAM-1, porcine stomach mucin, and
bovine submaxillary mucin, respectively, (b) Comparison of fluorescence intensities of
microarray components containing MUCL1 glycopeptides bearing various glycans at
PAHGVTSAPDT*RPAPGSTA showed that, although Tf gave the strongest recognition,
other glycans can be recognized, as well. Glycan structures: glycopeptide 28: Tf (for
abbreviations and structures, see Supporting Information Scheme S2 and Figure S8); 35:
C1Tf1; 42: C1Tf2; 56: C2Tflhe; 49: C2Tflte; 73: C2Tf2he; 63: C2Tf2te; 21: Tn; 80: C3Tf1
87: C3Tf2; 94: CATf1; 101: C4Tf2; 109: core 1 PDT; 108: core 3 PDT; 107: core 2 PDT.
The error bars represent standard deviation (SD) of eight replicates.
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Structures of MUC1 (Glyco)peptides 1-4
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(a) Synthesis of Fmoc-NeubAc-a—2,6-GalNAc-a-Thr 5 and (b) Solid-Phase Synthesis of
MUC1-STn Glycopeptide 1
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20% piperidine/DMF (or 2eq. 1
E) Acetic anhydride 1.9 eq. HATU, HOAT
F) Resin-cleavage: 4 eq. DIPEA/DMF)

95:2.5:2.5 TFA:TIPS:H,0
G) 5% hydrazine in H,0 SPPS
H) Linker 10 conjugation

(a) Synthesis of Fmoc-Gal-$-1,3-GalNAc-a-Thr 11 and (b) Solid-Phase Synthesis of

MUC1-Tf Glycopeptide 2
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MUC1-STn 1
or MUC1-Tf 2

0.1 M K-Phos buffer, pH 7.0
37 °C, overnight

bacteriophage Qf QB-MUC1-STn16 R =MUC1-STn 1
QB-MUC1-Tf17 R =MUC1-Tf 2

Scheme 4.
Synthesis of Q5-MUC1 Conjugates 16 and 17
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