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Abstract

Human mucin-1 (MUCL) is a highly attractive antigen for the development of anticancer vaccines.
However, in human clinical trials of multiple MUC1 based vaccines, despite the generation of anti-
MUCI antibodies, the antibodies often failed to exhibit much binding to tumor presumably due to
the challenges in inducing protective immune responses in the immunotolerant environment. To
design effective MUCL based vaccines functioning in immunotolerant hosts, vaccine constructs
were first synthesized by covalently linking the powerful bacteriophage QB carrier with MUC1
glycopeptides containing 20-22 amino acid residues covering one full length of the tandem repeat
region of MUCL. However, 1gG antibodies elicited by these first generation constructs in tolerant
human MUC1 transgenic (Tg) mice did not bind tumor cells strongly. To overcome this, a peptide
array has been synthesized. By profiling binding selectivities of antibodies, the long MUC1
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glycopeptide was found to contain immunodominant but nonprotective epitopes. Critical insights
were obtained into the identity of the key protective epitope. Redesign of the vaccine focusing on
the protective epitope led to a new QB-MUCL construct, which was capable of inducing higher
levels of anti-MUC1 IgG antibodies in MUC1.Tg mice to react strongly with and kill a wide range
of tumor cells compared to the construct containing the gold standard protein carrier, i.e., keyhole
limpet hemocyanin. Vaccination with this new Q8-MUC1 conjugate led to significant protection
of MUCL1.Tg mice in both metastatic and solid tumor models. The antibodies exhibited remarkable
selectivities toward human breast cancer tissues, suggesting its high translational potential.
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INTRODUCTION

Vaccination is an appealing strategy to combat cancer, as vaccines can potentially provide
long-term protection to the host with few side effects.12 A highly attractive anticancer
vaccine target is mucin-1 (MUCL), which is a glycoprotein on cancer cell surface. The
extracellular domain of MUCL1 contains a variable number of 20 amino acid tandem repeats
with the sequence of HGVSTAPDTRPAPGSTAPPA.3 The serine (S) and threonine (T)
residues in the tandem repeat can be glycosylated. MUCL is expressed on a variety of tumor
cells at significantly higher levels (>100-fold) than those on normal cells, rendering it one of
the top ranked tumor antigens by the National Cancer Institute.*

Studies have been carried out on MUC1 based anticancer vaccines. While patients who can
generate higher levels of MUC1 antibodies are associated with better prognosis in clinical
trials,®6 no successful MUC1 vaccines are available yet, presumably because anti-MUC1
immunity induced for the full patient population is not sufficient. There is a continual need
to develop vaccine constructs to induce higher levels of anti-MUCL1 antibodies capable of
killing tumor cells.

With the complex structure of MUCL, there are large variations in the structures of MUC1
peptides and glycopeptides utilized as vaccine epitopes.’ In terms of peptide backbone
sequence alone, epitopes range from a nine amino acid backbone, to 60-mers and to long
polypeptides with seven tandem repeat units totaling 140 amino acid residues.” The
structures of antigens can profoundly impact immune responses. Some epitopes can be
immunogenic yet nonprotective, which can dominate and divert the desired immune
responses,10-12 especially in immunotolerant hosts. For vaccine design, it is important to
determine the protective epitopes of MUC1 to guide the development of successful vaccines.
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In this work, we report new methodologies based on synthetic peptide arrays to decipher the
key MUCL1 epitopes required for tumor protection. We have discovered that a short glyco-
nonapeptide of SAPDT*RPAP (* denotes glycosylation) is the critical protective epitope of
MUCL. Utilizing MUCL epitopes longer than this nonapeptide actually led to inferior
antibody responses presumably due to antigen competition. The key MUCL glyco-
nonapeptide has been conjugated with bacteriophage carrier. This new QS-MUCL construct
is found to induce high levels of anti-MUCL IgG antibodies in human MUCL1 transgenic
mice that mimic human conditions and are immunotolerant toward MUCL. The antibodies
elicited exhibited high tumor binding and killing activities, good selectivities in glycopeptide
recognition determined by a glycopeptide microarray, and excellent recognition of human
breast cancer over normal breast tissues. Furthermore, a head to head comparison was
performed against the MUC1 conjugate with the gold standard protein carrier, keyhole
limpet hemocyanine (KLH). The new QB-MUC1 conjugate produced antibodies with
significantly stronger binding with tumor cells and bestowed superior protection of MUC1
transgenic mice from tumor development, highlighting its high translation potential.

First Generation Q8-MUC1 Constructs Surprisingly Failed To Elicit IgG Antibodies in
Immunotolerant MUC1 Transgenic Mice for Strong Tumor Cells Binding, Despite Producing
High IgG Titers against the Immunizing MUC1 Structures 1-4.

Our first generation approach in MUC1 vaccine design was to target MUC1 (glyco)peptide
epitopes 1-4 (Scheme 1), which bear 20-22 amino acid residues as the backbone to cover
one full length of the tandem repeat region. Glycopeptides 2 and 4 contain an N-acetyl
galactosamine (GalNAc) moiety linked to the threonine (i.e., the Tn antigen) close to the C-
termini. MUCL1 (glyco)peptides 1-4 were synthesized and conjugated to bacteriophage QS
as the carrier through an A-terminal azide group by the copper-catalyzed azide-alkyne
cycloaddition (CuAAC) reaction (QB-MUC1 conjugates 5-8, Scheme 1). When administered
in immunocompetent wild type (WT) C57BL/6 mice by one prime with Complete Freund’s
Adjuvant (CFA) and two booster injections with Incomplete Freund’s Adjuvant (IFA), these
constructs elicited super strong anti-MUC1 1gG responses, with average titers exceeding
1,000,000 evaluated by enzyme-linked immunosorbent assay (ELISA) against MUC1
(glyco)peptides 1-4.13 Furthermore, the antibodies produced could recognize multiple
MUC1 expressing tumor cells when analyzed by fluorescence activated cell sorting (FACS)
assays.13 With these promising results in hand, we moved onto studying these constructs in
human MUC1 transgenic (MUCL1.Tg) mice.

MUC1.Tg mice are closer models to humans for MUC1 based vaccine evaluation compared
to WT mice. This is because human MUCL is a foreign antigen in WT mice due to the low
(34%) sequence homology of mouse mucins and human MUC1.14 As a result, human
MUCL1 expressing tumors cannot grow in WT mice as they are rejected by the immune
system. To mimic the tolerant condition toward MUC1 in humans, we bred human MUC1
transgenic mice (MUCL1.Tg) that endogenously express human MUCL1 in a developmentally
regulated and tissue-specific fashion.1> MUC1 expression levels and patterns as well as
MUCL1 tolerance by immune cells in MUC1.Tg mice are similar to those in humans.
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Consistent with their MUCL tolerance, MUCL1.Tg mice cannot reject MUC1-expressing
tumor cells.15:16

With MUC1.Tg mice ready, immunization studies of Q8-MUC1 5-8 were performed
following the same protocol as in WT mouse studies (one prime with CFA and two booster
injections with IFA, 2 weeks apart). On day 35 after the initial injection, sera were collected
from mice and analyzed. ELISA showed that high levels of anti-MUC1 IgG were generated
when assayed against the corresponding MUC1 (glyco)-peptides 1-4, with very similar IgG
titer numbers as those from WT mice (Figure 1a). FACS analysis was then carried out to test
the binding of a panel of MUC1 expressing tumor cells including Ag104-MUC1
fibrosarcoma, B16-MUC1 melanoma, and MCF-7 breast cancer cells, with 1gG antibodies in
postimmune sera from QA-MUCL1 5-8 immunized Tg mice. Surprisingly, in spite of the high
IgG titers, these sera exhibited much weaker recognition of MUCL1 expressing tumor cells
(Figure 1b) with the levels of binding less than 3% of those from WT mice, suggesting Q-
MUC1 5-8 would not be effective in providing protections against tumor development. The
low reactivities against tumor cells induced in MUC1.Tg mice are similar to results from
clinical studies of MUC1 based vaccines in human patients.17-19

Synthetic Peptide Array Profiling of Induced Antibodies from WT and Tg Mice Provided
Critical Insights into Potential Protective Epitope Structure.

Glycopeptide microarray has been actively explored to probe the specificity in recognition
by anti-MUC1 antibodies.2 To gain insights on the weak recognition of tumor cells by
antibodies from Tg mice immunized with the first generation Q3-MUC1 vaccines, we
decided to profile the epitopes of the antibodies. A library of 20 MUCL1 peptides were
synthesized, each of which contained 8 amino acid residues with sequences overlapping by 7
amino acids covering the full length of one MUC1 tandem repeat. These peptides were then
conjugated with bovine serum albumin (BSA) as a multivalent platform to afford 20 BSA-
MUC1 conjugates 9-28 (Table S1). ELISA wells coated with individual BSA-MUC1
conjugate were then incubated with postimmune sera from Q4-MUC1 5 immunized
MUCL1.Tg mice. The relative level of recognition of each MUCL epitope was quantified
through ELISA (right panel Figure S9b). Strong bindings to two main regions around
HGVTSAPD and APGSTAPP were observed, which suggest that HGVTSAPD and
APGSTAPP are the epitopes dominating antibody responses in Tg mice. The lack of strong
tumor cell binding by postimmune sera could be because levels of antibodies against
HGVTSAPD or APGSTAPP were not high enough. Alternatively, epitopes other than
HGVTSAPD and APGSTAPP may be critical for tumor cell binding.

To gain further insights, epitope profiles of postimmune sera from WT mice were obtained
(Figure S9b, left panel) and compared with those from MUC1.Tg mice. The levels of
antibody binding to HGVTSAPD and APGSTAPP regions were comparable in WT vs Tg
mice. Interestingly, WT mouse sera exhibited much stronger binding to the SAPDTRPAP
region. This suggests SAPDTRPAP may be the key epitope required for strong tumor cell
recognition with antibodies to HGVTSAPD and APGSTAPP regions not contributing
significantly in Tg mice.
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Glycosylation can augment the immunogenicity of MUC1 antigen.® It is of particular
interest to perform epitope profiling of the sera from QB-MUCL1 8, which has Tn
glycosylation at SAPDT*RPA region. As shown in Figure 2, significant binding to the
SAPDTRPA region was observed in WT vs Tg mice. Interestingly, antibody bindings to
HGVTSAPD by the sera from both WT and Tg mice were much reduced. These results
confirm that the SAPDTRPA region is likely the protective epitope for tumor cell
recognition and that glycosylation does not affect much the protective epitope.

Antibodies Were Elicited against the Free C-Termini of MUC1 Peptides by QB-MUCL1 5.

During epitope scanning of postimmune sera from immunized mice, free C-termini of
MUC1 peptides were found to be important for antibody recognition. As shown in Figure
S1, sera from mice immunized with conjugate Q3-MUC1 5 exhibited strong recognition to
APGSTAPP. However, when the C-terminus of this peptide was capped as a methyl ester,
binding was much reduced (Figure S1). Similar phenomena were observed for other regions
of MUCY1, indicating the free C-termini of MUC1 peptides were major epitopes. As the
tandem repeat regions of MUC1 do not contain free C-terminus in nature, antibody
responses against the free C-terminus of the immunizing antigen should not contribute much
to binding ofMUCI expressing tumor cells.

Synthesis and Evaluation of Second Generation of Q8MUC1 Conjugates 35-37 with MUC1
Linked from the C-Terminus.

To remove the interference of free C-terminus of MUC1, our second generation vaccines
have the MUC1 (glyco)peptide conjugated to Qg through its C-terminus. The C-terminal
coupling of MUC1 glycopeptides to a vaccine carrier has been studied before.2! As
antibodies against the SAPDTRPAP region were thought to be important for tumor cell
binding, MUC1 peptide sequence 29 was designed with SAPDTRPAP moved closer to the
N-terminus (Scheme 2), which would be more accessible to B cell binding. A GalNAc
moiety was introduced onto the threonine residue in the SAPDTRPAP region leading to
glycopeptide 30 to explore the effect of glycosylation. Furthermore, glycopeptide 31 was
also designed, which had the same structure as 30 except for its free N-terminus (Scheme 2).

The synthesis of the MUC1 (glyco)peptides 29-31 was performed through solid-phase
peptide synthesis (SPPS) using Fmoc chemistry (Scheme 3). To facilitate bioconjugation,
azido lysine was introduced close to the C-terminus with the N*-Fmoc-N¢-azide-L-lysine
(Fmoc-Lys(N3)-OH building block 32). For glycopeptide synthesis, Fmoc-protected
GalNAc-threonine 33 (Fmoc-GalNAc-Thr) was used to introduce the Tn antigen.22 After
assembly of (glyco)peptides, the N-terminal Fmoc group was removed and was either
capped with acetic anhydride (29-30) or left free (for glycopeptide 31). The resulting
(glyco)peptides were cleaved from the resins by trifluoroacetic acid (TFA)/triisopropyl
silane (TIPS)/H,0. C18 reverse phase HPLC purification produced the desired MUC1
(glyco)peptides 29-31 in 30-40% yields (Figure S2).

The ligation of MUCI 29-31 onto Q3-VLP was performed with the CUAAC reaction.?
Azide-modified MUC1 29-31 were coupled with the alkyne-functionalized Q24 promoted
by Cu2* catalyst and ligand 34 (Scheme 4). The numbers of (glyco)peptides introduced onto
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each @B capsid were determined by mass spectrometry analysis of peak intensities of the
modified Q8 conjugates vs those of the unmodified subunits, 13 which were 270 on average
for these conjugates (Figures S3-S5). The unreacted alkyne groups on Q/ capsids were
capped using an excess of 3-azido 1-propanol 38 by a second CUAAC reaction.

With QA-MUCL conjugates 35-37 in hand, immunization of MUC1.Tg mice was
performed. As ELISA titers did not reflect well tumor cells binding with the first generation
vaccine, the analysis of postimmune sera primarily focused on flow cytometry. Compared to
the first generation vaccines 5-8, both Q8-MUCL1 36 and 37 elicited antibodies with
significantly higher binding to tumor cells (Figure 3a,b). Similar bindings to tumor cells by
sera from 36 and 37 immunization (Figure 3a,b) were observed, suggesting the amino group
of N-terminus ofMUC1 (glyco)peptides can be either free or protected as acetamide without
affecting much the production of anti-MUC1 antibodies. Thus, connecting MUC1 peptide
through the C-terminus could significantly enhance tumor cells binding by the induced
antibodies.

With enhanced tumor binding, the binding epitopes of mice immunized with the second
generation vaccine were mapped using BSA-MUC1 9-28. As shown in Figure 4, significant
binding to SAPDTRPA region was observed. Interestingly, while antibody binding to
HGVTSAPD was much reduced, there were still significant levels of antibodies recognizing
the APGSTAPP region, suggesting APGSTAPP is immunodominant, which may compete
with SAPDTRPA for B cell recognition and activation.

Synthesis of Third Generation QB8-MUC1 Conjugates 42-43 and KLH-MUC1 Conjugate 44.

To further focus the antibody responses on the desired region, for the third generation
immunogen design, MUC1 peptide was shortened to remove both HGVTSAPD and
APGSTAPP regions. In addition, in our prior studies of other carbohydrate based vaccines,2°
we discovered that the triazole moiety in the linker formed through the CuUAAC reaction was
detrimental to antibody generation against the desired carbohydrate antigen. Thus, a flexible
alkyl amide linker was selected to link MUC1 (glyco)peptides to Qg carrier.

MUC1 peptide 38 and glycopeptide 39 were synthesized using SPPS starting from the p-
nitrophenyl carbonate functionalized Wang resins, which were loaded with Fmoc-1,4-
diaminobutane 40 first followed by peptide/glycopeptide elongation (Scheme 5a). After
capping the N-terminus, deprotection, and cleavage from the resin, the (glyco)peptides were
incubated with adipate bis(4-nitrophenyl) ester 41,26 producing MUC1 (glyco)peptides 38
and 39 (Figure S2).MUC1 (glyco)peptides 38 and 39 were then ligated with QB through
amide bonds to give Q4-MUCL1 42 and 43 (Scheme 5b, Figures S6-S8).

Keyhole limpet hemocyanin (KLH) has been the most popular protein carrier for
carbohydrate based anticancer vaccine design, with multiple KLH conjugates of TACAS
including Tn, GM2, GD2, Globo-H, and MUC1 evaluated in clinical trials.18:27-31 KLLH-
MUCT1 conjugates are known to produce anti-MUC1 antibodies in human patients,1819.32.33
To benchmark the performance of our construct, MUC1 39 was conjugated with KLH to
give KLH-MUC1 44 (Scheme 5c¢), which contained an average of 2346 copies of MUC1-Tn
per KLH.
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Antibodies Induced by Q8-MUCL1 43 in MUC1.Tg Mice Showed the Strongest Binding to
MUC1-Expressing Tumor Cells Compared to Q8MUC1 37 and KLH-MUC1 44.

MUC1.Tg mice were immunized with Q3-MUCL1 42 and 43 and KLH-MUC1 44 using
CFA/IFA. When analyzed against MUC1 expressing B16-MUC1 cells and MCF-7 cells
through flow cytometry, Q-MUCL 43 induced IgG antibodies in MUC1.Tg mice capable of
binding much stronger with tumor cells than all other Q3-MUCL constructs including 37
(Figure 5a,b). This indicates removal of nonessential MUCL1 epitopes from the immunogen
significantly improved the quality of antibody responses. Furthermore, postimmune
antibodies did not exhibit much recognition of a normal cell line MCF-10A (Figure 5c),
suggesting good tumor selectivities by the antibodies. Compared to the conjugate 42, Q5
MUC1 43 immunization induced antibodies in MUC1.Tg mice with much stronger tumor
cell binding (Figures 5a,b), suggesting enhancement of the immunogenicity of MUC1
antigen via glycosylation. In addition, compared to KLH-MUC1 44, Q3-MUC1 43
immunization induced ~3 times the 1gG antibody titers (123,800 for Q3-MUC1 43 vs
45,000 for KLH-MUCL1 44) and 2 times higher tumor cell binding than those from KLH-
MUC1 44 immunized MUC1.Tg mice (Figures 5a,b, S10, and S11). These results indicate
that Qg is better than KLH for anti-MUC1 antibody induction under the current setting and
that QB-MUCL1 43 is an excellent vaccine candidate for further evaluation.

Glycopeptide Microarray Results Confirmed MUC1-Tn Selectivity in Antibody Recognition.

To probe the glycan binding profile of induced antibodies, preimmune and postimmune sera
from MUCL1.Tg mice immunized with Q-MUC1 43, KLH-MUC1 44, or Qp were screened
against a MUC1 glycopeptide microarray.34 This glycopeptide array contained 72 MUC1
glycopeptides with the backbone sequence of one tandem repeat
PAHGVTSAPDTRPAPGSTA. Glycans including Tn, T, and cores 1-4 were attached to
various locations of the glycopeptides. In addition, mucin-5 (MUC5) glycopeptides!3 and
glycoproteins including fetuin, transferin, mucins from porcine stomach, and bovine
submaxillary glands have been immobilized on the array (Figures S13 and S14). The slides
were incubated with individual mouse serum. Following removal of unbound antibodies by
thorough washing, a fluorescently labeled antimouse 1gG secondary antibody was added to
semiquantify the amounts of serum IgG antibodies bound to individual array components.

As can be seen from Figure S14, consistent with higher anti-MUCL titers from ELISA, QS
MUCL1 conjugate gave rise to much stronger array bindings on average compared to KLH-
MUCL. The apparent dissociation constants of antisera induced by Q5-MUC1 were 1 order
of magnitude lower than those by KLH-MUCL (Figure S14c). No cross-reactivities were
observed to MUCS5 glycopeptides or other glycoproteins highlighting MUC1 specificity of
antibody responses.

Close examination of microarray data reveals interesting structural dependence of binding.
Glycopeptides bearing Tn in its PDTR region were bound much stronger than those lacking
glycosylation in this region. For example, glycopeptides 45-47 all contain the same protein
backbone and one Tn, but the locations of Tn are different. Glycopeptide 46, which has Tn
in its PDTR region, gave the strongest binding to postimmune sera than 45 and 47 (Figure
6a). Glycopeptides 48, 50, and 51 contain multiple Tns in the backbone including a Tn in its
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PDTR region. They were all recognized well by postimmune sera. Peptide 45 differed from
48 only in the Tn at the second threonine in the peptide backbone in the PDTR region. Yet,
sera binding to 48 was more than five time as strong as those to 45. These results
collectively suggest that the presence of Tn in the PDTR region is critical for antibody
recognition and that induced antibodies have excellent site selectivities toward the PDT*R
region contained in the immunizing antigen MUC1 39.

Comparison of PAHGVTSAPDT*RPAPGSTA with varying glycan structures showed that,
while the Tn bearing glycopeptide 46 was bound the strongest, glycopeptides with other
glycans ranging from disaccharide T to core 4 pentasaccharide could be recognized as well,
indicating a wide repertoire of anti-MUCL1 antibodies were induced presumably through
binding with the Tn core (Figure 6b). As glycosylation of tumor associated MUCL can be
heterogeneous,3°-37 the abilities of Q3MUC1 43-induced antibodies to recognize multiple
glycopeptides bode well for tumor recognition.

Antibodies Induced by QB-MUC1 43 Exhibited Good Tumoricidal Activities via Both
Complement Mediated Cytotoxicity (CDC) and Antibody-Dependent Cell-Mediated
Cytotoxicity (ADCC) Mechanisms.

With the strong tumor recognition by sera from QB-MUC1 43 immunized mice, their
abilities to Kill the tumor cells were measured in vitro. Upon incubation of B16-MUC1 cells
(Figure 7a) and MCF-7 cells (Figure 7b) with postimmune sera and rabbit complement,
significantly higher percentages of tumor cells were killed by QA-MUCL1 43 immunized sera
as compared to cells treated with other sera. Tn glycosylation of MUCL1 significantly
enhanced the CDC potency of the postimmune sera (43 vs 42).

ADCC is another important mode of tumor cell killing bestowed by antibodies. An ADCC
assay was set up using either natural killer (NK) cells or lymphokine-activated killer (LAK)
cells as the effectors cells against MUC1 expressing B16-MUCL1 target cells via a chromium
release assay.38 As shown in Figure 8, under a variety of target vs effector cell ratios,
stronger cytotoxicities were observed from sera of Q3-MUC1 43 immunized mice in
contrast to control sera from Q8 immunized mice.

Vaccination of Q8-MUC1 43 Exhibited Significant Tumor Protection in a Metastasis Model.

With high levels of 1gG elicited by Q#-MUC1 43 and strong tumor binding, we tested tumor
protection in a metastasis model as tumor metastasis is a major hurdle to patient survival.
MUCI.Tg mice were immunized with Q4-MUCL 43 or Qg (the control) with the FDA
approved monophosphoryl lipid A (MPLA) as the adjuvant due to its minimal adverse
effects on immunized hosts. B16-MUC1 melanoma cells were injected via tail vein, and the
numbers of tumor foci in lungs were determined 21 days after tumor inoculation. Excitingly,
Q-MUCL1 43 brought a notable reduction in tumor load (p = 0.0006) vs @p control (Figure
9). The efficacy of KLH-MUCL1 44 was also evaluated in this model. Immunization with
KLH-MUC1 44 exhibited some tumor protection but was significantly less effective than
QB-MUCL1 43 in reducing tumor load (p = 0.037) (Figure 9), confirming that QA is superior
as a carrier compared to KLH.
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Vaccination of QB8-MUC1 43 Provided Significant Tumor Protection in a Solid Tumor Model.

With the successful protection of MUC1.Tg mice from metastatic tumors with Q5-MUC1
43, a solid tumor model was also tested. Solid tumor is known to be difficult to treat, as there
can be significant immunosuppression within the tumor microenvironment. Programmed
cell death 1 (PD-1) and its ligand (PD-L1) are important inhibitory checkpoint molecules,3°
and PD-1 plays a major role in suppressing anti-TACA antibody responses.%0 As it is known
that anti-PD-1 mAbs can neutralize the functions of PD-1 and aid in the efficacy of vaccines,
41 we combined anti-PD-1 mAb with immunization for protection against solid tumor.
MUC1.Tg mice were immunized with Q3-MUCL1 43 or Qg (the control) and MPLA
adjuvant. B16-MUC1 melanoma cells were then grafted subcutaneously, which were
followed by further immunization and anti-PD-1 mAb administrations. Excitingly, the group
receiving QB-MUC1 43 immunization had much reduced tumor growth compared to the
control group (Figure 10).

High Selectivity in Binding to Human Breast Cancer vs Normal Tissues by Q8-MUC1 43
Induced Sera in MUC1.Tg Mice.

To test the translational potential of Q8-MUC1 43 to human patients, we obtained breast
cancer tissue microarrays containing cancer tissues immobilized together with normal
adjacent breast tissues from the same patient on the array. Sera from Q5-MUCL1 43
immunized MUC1.Tg mice were used to stain the tissue microarrays, which bound strongly
with breast cancer tissues (Figure 11a). In stark contrast, little normal breast tissues were
stained under the same condition (Figure 11b). This highlights the remarkable selectivity of
the antibodies induced in recognition of MUC1 expressing human cancer tissues.

DISCUSSION

MUCT1 is a highly attractive target for anticancer immunotherapy development.*’ Many
preclinical evaluations of MUCL1 based vaccine constructs have been performed in WT mice.
42-50 However, with the low homology between human MUC1 and mouse mucins, WT mice
do not capitulate well the tolerant environment in humans toward MUC1. MUC1.Tg mice
endogenously express human MUCT as a selfprotein on normal nontransformed epithelia.1®
As a result, MUCL1 is centrally tolerated, as the immune cells capable of binding strongly to
the natively exposed MUC1 epitopes are largely eliminated due to negative selection.?! The
MUC1 immune tolerance in MUCL.Tg mice leads to great difficulties in eliciting effective
antibody responses against the protective MUC1 epitopes.52-54 With our first generation
vaccine construct Q-MUCL1 5-8, we observed significantly weaker binding of MUC1
expressing tumor cells by postimmune sera from Tg mice compared to those from WT mice
despite similar levels of total antibodies elicited against the immunizing MUC1 structures 1-
4. Similar phenomena of low tumor cell binding were observed in clinical studies of MUC1
based vaccines in human patients.1”-19 Thus, the protective epitopes from MUC1 need to be
better understood to produce IgG antibodies in immunotolerant environment capable of
recognizing tumor cells strongly.

MUC1 contains 20-120 copies of the 20 amino acid tandem repeat region
HGVSTAPDTRPAPGSTAPPA. With its large size, many possible MUC1 sequences have
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been evaluated for vaccine design.”~2 However, on cancer cell surface, not all epitopes of
MUCL1 are exposed for antibody recognition. If such nonprotective epitopes are included in
the immunogen, they may compete with the protective ones for antibody production, which
reduces the efficacy of tumor recognition. In humans, the most frequent epitopic sequences
of naturally occurring anti-MUC1 antibodies were RPAPGS, followed by PPAHGVT and
PDTRP.%® Epitopes for vaccine-induced anti-MUC1 antibodies include STAPPAHG, PAPG-
STAP, HGVTSA, and APDTRPA.17:18 |n MUC1.Tg mice, epitope scanning of sera from
mice immunized with Q3-MUCL1 5 (Figure S9) showed main epitopes in HGVTSA and
GSTAPPA regions, while serum binding to MUC1 expressing tumor cells was weak. From
these results alone, we cannot distinguish whether the low tumor cell binding was due to
insufficient antibody generation against HGVTSA/GSTAPPA or if the binding epitopes
reside in other regions of MUC1.

The synthetic MUC1 peptide array coupled with the availability of sera from WT and Tg
mice immunized with the same MUC1 antigen provided unique opportunities for discovery
of protective epitopes with our Qg carrier. Comparison of WT and Tg mouse sera showed
similar affinities to HGVTSA and GSTAPPA regions, and the largest distinctions in peptide
binding profile were to the SAPDTR-PAP area. These indicate SAPDTRPAP may be the
critical protective epitope of MUCL for the current vaccine design. While HGVTSA and
GSTAPPA are immunodominant, they may not be well exposed on cancer cells, possibly
explaining why sera from Tg mice immunized with first generation Q3-MUC1 constructs
did not exhibit strong binding to cancer cells.

The presence of nonessential epitopes in an immunogen can compete with desired epitopes.
This is especially the case in immunotolerant environment, as there are low frequencies of
the endogenous naive B cells specific to the protective antigens due to negative selection.>!
Other B cells may outcompete the low frequency B cells for the limited number of helper T
cells for cytokine signals, critical for B cell activation and 1gG production.>® In addition,
antibodies binding to the nonessential epitopes may sterically block the adjacent protective
epitope from being recognized by B cells.?® Thus, to help the immune system focus on the
desired protective epitopes, it is desirable to remove the nonessential epitopes from the
immunogen. These considerations led to the design of shortened MUC1 peptide
SAPDT*RPAP as the antigen. Indeed, the new QA4-MUC1 immunogen 43 produced 1gG
antibodies with significant enhancements in binding of MUC1 expressing cancer cells,
validating our design.

MUCT1 is typically glycosylated.3>-37 In WT mice, both MUC1 peptides and the
corresponding Tn bearing glycopep-tides were effective in inducing anti-MUC1 antibodies
for strong tumor cell binding.13 However, in Tg mice, significant differences were observed
between MUC1 peptides and glycopeptides. The glycopeptides elicited 1gG antibodies
capable of binding much stronger with MUC1 expressing tumor cells (Figures 3 and 5).
Furthermore, antibodies against the glycopeptide induced in Tg mice were more effective in
killing tumor cells via CDC. Glycosylation can significantly enhance the immunogenicity of
MUCL1 antigen. This is presumably because glycans can lead to conformational changes of
the glycopeptide, rendering it more “foreign” to the immune system.57:58
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For vaccine development, it is known that the administration of MUC1 alone cannot elicit
sufficient anti-MUC1 antibodies. A variety of carriers has been investigated to conjugate
with MUC1 for better potentiation of the humoral responses. These include immunogenic
proteins such as KLH18:19:32.33.59 and tetanus toxoid (11),#6:54 nanoparticles,*2:°0 polymers,
48 immunostimulating glycans,#9-60 liposomes,61:62 and synthetic carriers.43-4547 Among
these carriers, KLH has been the most popular for TACA-based anticancer vaccines with
KLH constructs tested in clinical trials.18-27-31 Compared to KLH, bacteriophage Q2 can
have several advantages. Q has a highly organized 3D structure5? in contrast to the
heterogeneous structure of KLH. Organized display of self-antigens 6465 such as TACAs
can help overcome tolerance and powerfully boost antibody responses. In addition, QS
contains epitopes for CD4+ helper T cells.56 Although the number of MUCL specific helper
T cells are likely to be significantly reduced in MUC1.Tg mice due to central tolerance, QS8
can provide the requisite stimulatory signals to B cells inducing isotype switching to
produce IgG antibodies. QS also encapsulates nucleic acid in its interior, which can function
as an endogenous adjuvant for immune-potentiation.8” Head-to-head comparison of Q-
MUC1 with KLH-MUC1 showed that Q3-MUC1 was able to elicit anti-MUCL1 1gG
antibodies with much stronger binding with MUCL1 expressing tumor cells (Figures 5).

CDC is an important mechanism of antibody cytotoxicities against cancers. Effective CDC
depends partly on the class/ subclass of antibodies and their complement-fixing abilities.
MUCL is a large protein, that can extend up to 5000 A from the cell surface. The long
distance for the activated complement component to travel from the antibody binding site to
tumor cell surface can pose a significant challenge for CDC. In clinical studies, Livingston
and co-workers reported no CDC toward MCF-7 breast cancer cells from patients
immunized with KLH-MUC1 construct.®® This result is recapitulated in our study, as sera
from MUCL1.Tg mice immunized with KLH-MUC1 failed to kill more MCF-7 cells in CDC
assays compared to control sera from KLH immunized mice (Figure 7b). The low CDC
activities may be overcome by higher levels of desired anti-MUC1 antibodies. Indeed, sera
from QB-MUC1 43 immunized Tg mice induced more potent killing of MCF-7 cells in CDC
assay compared to those from @p or KLH-MUC1 mice (Figure 7b). The CDC activities
were not limited to MCF-7 cells as significant CDC was observed against B16-MUC1 as
well. Stronger tumor cell binding, enhanced tumoricidal activities, and significantly better
tumor protection by Q4-MUC1 immunized mice suggest Qg is a superior carrier compared
to KLH.

A key requirement for a successful antitumor vaccine is that the induced antibodies have
high selectivities toward tumor cells while sparing normal cells. IgG antibodies elicited by
QBMUC1 43 had good binding selectivities to breast cancer tissues by immuno-
histostaining human breast cancer tissues over normal breast tissues on a tissue microarray
(Figure 11). It was consistent with the FACS analysis of antibodies induced by Qs5-MUC1
43, which reacted well with many tumor-associated MUC1-expressing cancer cells while
exhibiting little binding to normal cells (Figure 5¢). The excellent tumor selectivity may be
partly attributed to higher MUC1 density on tumor cells, and different glycan structures on
MUC1 from normal vs cancer cells, as MUC1 on normal cells, bear much longer
carbohydrate chains_potentially shielding peptide chains for immune recognition.35-37
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The current study focuses on the discovery of a protective epitope from MUC1, a
prototypical tumor-associated antigen. The peptide epitope array coupled with comparison
of postimmune sera from WT and Tg mice yielded critical insights on the sequence of the
protective epitope, which provided extremely valuable guidance toward the design of
effective immunogen for successful tumor protections. Similar to MUC1, there are other
tumor-associated antigens such as mucin-16 (CA125)% and HER2/neu,”® which are
immunoto-lerant in humans but not in wild type mice. Thus, the WT and Tg mouse epitope
profiling strategy developed here for MUCL1 can be potentially applied to a range of
anticancer vaccines.

A limitation of the current study is that, while MUC1.Tg mice utilized are transgenic for
human MUC1, they are not transgenic for human leukocyte antigens. High titers of IgG
antibodies were induced by QA-MUC1 43 in MUC1.Tg mice, suggesting that helper T cells
were activated by vaccination, resulting in antibody isotype switching to 19gGs. T cell
responses to Q4-MUCL 43 in humans may vary vs those in mice due to different epitope
preferences for major histocompatibility complexes. However, Qg constructs with peptide
antigens have been tested in human trials, which have induced robust activation of Q8
specific helper T cells and IgG antibodies.®8 Thus, while further studies are needed, it is
probable that Q3-MUC1 43 can translate well in humans.

In conclusion, due to the immunotolerance of MUCL in humans, it is challenging to develop
MUC1-based immunogen as an effective anticancer vaccine. With the large tandem repeat
sequences in MUC1, there are many possibilities in MUC1-based immunogen design. While
our first generation constructs bearing one full tandem repeat region generated potent 1gG
antibodies for tumor cells binding in wild type mice, antibodies induced by the same
construct in immunotolerant MUC1.Tg mice only bound weakly with tumor cells. To
overcome this challenge in vaccine design, a library of MUCL1 octapeptides were synthesized
covering all possible sequences of the tandem repeat regions. Sera from immunized WT and
MUCL1.Tg mice were screened based on these epitopes, which provided critical insights into
the protective epitope sequence.

Centering on the crucial protective epitope and removing immunodominant yet
nonprotective epitope led to the design of Q3-MUC1 43. This new construct was able to
elicit powerful IgG antibody responses, which caused tumor cell death by CDC and ADCC
in vitro. Furthermore, vaccination of MUC1.Tg mice brought significant tumor reductions in
both metastatic and solid tumor models. The postimmune sera exhibited superb selectivities
toward tumor over normal tissues, laying the ground for translating Q-MUC1 43 into
clinics as a promising anticancer candidate.

METHODS

Mouse Immunization.

MUC1.Tg mice were generated by breeding MUC1.Tg male mice containing a 10.6 kb
genomic Sac Il fragment of the human MUC1 gene with C57BL/6 wild type female mice
with approximately 50% yield of MUC1.Tg mice. MUCL1.Tg mice aged 6-10 weeks were
maintained in the University Laboratory Animal Resources facility of Michigan State
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University and 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. While the majority of mice utilized were female, comparison of
immunological responses showed that male and female MUC1.Tg mice did not give
significant differences in immunological results.

In all studies except for the cancer immunotherapy studies, MUC1.Tg mice were
subcutaneously injected under the scruff on day 0 with 0.1 mL of various Q5-MUC1
vaccines as emulsions in Complete Freund’s Adjuvant according to the manufacturer’s
instructions. Boosters were given subcutaneously under the scruff on days 14 and 28 mixed
with Incomplete Freund’s Adjuvant. For cancer immunotherapy studies, MPLA was used as
the adjuvant for immunization. The identity of the adjuvant does not affect the immune
responses much (Figure S12). All MUCL vaccine conjugates administered have the same
amounts of GalNAc (1.9 /g). Sera samples were collected on days 0 (before immunization),
7, and 35. The final bleeding was done by cardiac bleed.

Cancer Immunotherapy Studies.

For the lung metastasis model, pathogen-free MUC1.Tg female mice aged 6-10 weeks were
subcutaneously injected under the scruff on day 0 with 0.2 mL of Q5-MUC1 43, KLH-
MUC1 44, or QB in PBS mixed with MPLA (20 L, 1 mg mL~1 in DMSO). Boosters were
given subcutaneously under the scruff on days 14 and 28 mixed with MPLA. On day 35,
vaccinated mice were challenged by intravenous injection of 1 X 10° B16-MUC1 cells per
mouse, followed by fourth immunization of conjugates mixed with MPLA. On day 45, the
mice were given a 5th immunization of vaccines 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 of 70% EtOH, 30 mL of 37%
formaldehyde, and 5 mL of glacial acetic acid) and then placed in fresh Feket’s solution
overnight. White tumor nodules against a black lung background were then counted.

For the solid tumor model, pathogen-free MUCL1.Tg female mice aged 6-10 weeks were
immunized with QB or QB-MUCL1 43 on days —35, —21, and -7 plus MPLA as an adjuvant,
challenged with 5 X 105 B16-MUC1 cells on day 0 by subcutaneous inoculation, followed
by a 4th immunization and then given a 5th immunization on day 7, followed by anti-PD1
(100 g per mouse, clone: RMP1-14, BioXcell) treatment on days 8 and 11 via
intraperitoneal injection. On day 14, the mice were given a 6th immunization of QS or Q-
MUCY1, followed by anti-PD1 (100 g per mouse) treatment on days 15 and 18. Tumor
volume was determined by the formula: volume (mm3) = 1/2 (length X width X height).”?

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Comparison of postimmune sera from WT and MUC1.Tg mice immunized with Q5

MUC1 5 showed that the IgG antibody titers were similar when assayed against the
immunizing antigen MUC1 1. For clarity, only results from Q8-MUC1 5 are shown. Q-
MUC1 6-8 gave similar results. (b) Mean fluorescence intensities of B16-MUCL1 cells upon
incubation with postimmune sera from immunized mice. Despite similar 1gG titers, sera
from Tg mice bound B16-MUC1 cells significantly weaker than those from the
corresponding WT mice. Similar phenomena were observed with Ag104-MUC1 and MCF-7
cells. Each symbol represents one mouse (/7= 3-5 mice for each group).
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Comparison of epitope profiles of antisera from QA-MUCL 8 immunized MUCI.Tg mice
(right panel) and WT mice (left panel). Epitope profiles of 1gG antibodies were determined
through binding with BSA-MUC1 conjugates 9-28 in an ELISA assay. Control wells were
coated with BSA only. Significant differences between MUCIL.Tg and WT mice in epitope
binding were mainly observed in the SAPDTRPA region. The error bars represent standard
deviation (SD) of four replicates.
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Figure 3.
Flow cytometry analysis of anti-MUC1 IgG antibodies by various conjugates showed Q-

MUC1 36 and 37 elicited antibodies with significantly higher binding to tumor cells.
Binding to (a) Ag104-MUC1 cells; (b) B16-MUC1 cells was tested with 1:20 dilution of the
corresponding serum. Each symbol represents one mouse (/7= 3-5 mice for each group). *v
<0.05, **p<0.01. The pvalues were determined through a two-tailed unpaired Student’s t-
test using GraphPad Prism.
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Epitope mapping of sera from QB-MUCL1 37 immunized MUCI.Tg mice using BSA-MUC1

JAm Chem Soc. Author manuscript; available in PMC 2019 December 05.

conjugates 9-28. Major epitopes recognized by the sera are in the APDTRPAP and
APGSTAPP regions. The error bars represent standard deviation (SD) of four replicates.
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Figure 5.
Results of flow cytometry analysis of cell binding by postimmune sera elicited by various

conjugates. Mean fluorescence intensities of 1gG antibody binding to (a) B16-MUCL1
melanoma cells; (b) MCF-7 breast cancer cells; and (c) MCF-10A normal breast endothelial
cells. The binding was tested with 1:20 dilution of the sera. Each symbol represents one
mouse (/7= 3-5 mice for each group). *p < 0.05, **p < 0.01, ***p < 0.001. The pvalues
were determined through a two-tailed unpaired Student’s t-test using GraphPad Prism. ns:
not significant.
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Figure 6.

Representative results of MUC1 glycopeptide microarray screening of antisera from Q-
MUC1 43 immunized mice. (a) Comparison of fluorescence intensities of microarray
components containing MUCL1 glycopeptides bearing Tn antigen at various locations
showed that glycosylation at PDT*R region led to strongest recognition by postimmune
sera. Glycopeptide 45, PAHGVT*SAPDTRPAPGSTA; 46, PAHGVTSAPDT*RPAPGSTA,;
47, PAHGVTSAPDTRPAPGST*A; 48, PAHGVT*SAPDT*RPAPGSTA,; 50,
PAHGVTSAPDT*RPAPGST*A; 51, PAHGVT*SAPDT*RPAPGST*A. (b) Comparison of
fluorescence intensities of microarray components containing MUC1 glycopeptides bearing
various glycans at PAHGVTSAPDT*RPAPGSTA showed that, while Tn gave the strongest
recognition, other glycans can be recognized as well. Glycan structures: glycopeptide 46,
Tn; 105, C3T1 (for abbreviations and structures, see Figure S14); 112, C3T2; 119, C4T1,
126, C4T2; 53, T; 60, C1T1; 67, C1T2; 81, C2T1lhe; 74, C2T1te; 98, C2T2he; 88, C2T2te.
The error bars represent standard deviation (SD) of eight replicates.
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QBMUC1 43 exhibited significantly higher CDC toward tumor cells. CDC toward (a) B16-
MUCI1 cells or (b) MCF-7 cells was determined by MTS assay. 00 values are the
preimmune sera. Each symbol represents one mouse (/7= 3-5 mice for each group). *p <
0.05, **p < 0.01, ***p < 0.001. The pvalues were determined through a two-tailed
nonparametric t test using GraphPad Prism. ns: not significant.
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ADCC of B16-MUCL1 target cells is increased in the presence of Q5-MUCL 43 antisera.
B16-MUCT1 target cells (T) were radiolabeled with 100 uCi of ®1Cr and pulsed with 40 £ of
Qpor QB-MUCL1 43 antisera simultaneously for 2 h at 37 °C. Target cells were washed and
plated either with freshly isolated (a) NK or (b) LAK cells (effectors, E) at various E/T
ratios. After 16 h, the culture supernatant was harvested, and the specific lysis was analyzed
using a gamma counter. Significance was determined by two-way ANOVA with Tukey’s
posthoc test. ***p < 0.001.
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Figure 9.
Immunization of Q4-MUCL 43 significantly protected MUC1.Tg mice from formation of

metastatic-like lung tumors. MUC1.Tg mice were immunized respectively with QS, Q5
MUCL1 43, or KLH-MUC1 44 on days 0, 14, and 28 plus MPLA as adjuvant, challenged
with 1 X 105 B16-MUC1 cells on day 35 via tail vein injection, followed by a 4th
immunization, and then given a 5th immunization on day 45. Twenty-one days after tumor
inoculation, mice were sacrificed and the number of tumor foci in the lungs were counted.
QB-MUCL1 43 vaccination significantly reduced the number of tumor compared to control
animals receiving Qg or KLH-MUCL1 44 immunization. Each symbol represents one mouse
(n = 10 mice for each group). *p < 0.05, **p< 0.01, ***p < 0.001. The pvalues are
determined through two-way ANOVA with Bonferroni post-test using GraphPad Prism.
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Figure 10.
QBMUC1 43 immunization regressed solid tumor growth compared to the control group

receiving Q8. MUCL1.Tg mice were immunized subcutaneously with QR or QR-MUC1 43 on
days —35, —21, and —7 with MPLA, challenged with 5 X 10° B16-MUC1 cells
subcutaneously on day 0, followed by a 4th (day 0) and a 5th subcutaneous immunization
(day 7), and anti-PD1 injections on days 8 and 11 via intraperitoneal injections. On day 14,
the mice were given the sixth immunization with Qg or Q5-MUCL 43, followed by anti-PD1
treatments on days 15 and 18 (/7= 9 mice for each group). *p < 0.05. The pvalues are
determined through two-way ANOVA with Bonferroni post-test using GraphPad Prism.
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a) b)

Figure 11.
Sera from MUCL1.Tg mice immunized with Q5-MUCL 43 exhibited (a) strong binding to

human breast cancer tissues on a tissue microarray while having little reaction with (b)
normal breast tissues (1:1000 serum dilution). For other tissue slices, see Figure S15. The
brown color in panel (a) was due to antibody binding to tissues. The lack of brown staining
in panel (b) indicates little binding of antibodies to normal tissues. Scale bar is 50 tm.
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Design of MUC1 (Glyco)peptides 29-31
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Scheme 3.

Solid Phase Synthesis of MUCL1 (Glyco)peptides 29-31
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Scheme 4.
Synthesis of Q3-MUC1 Conjugates 35-37
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Scheme 5.
(a) Solid Phase Synthesis of MUC1 (Glyco)peptides 38 and 39; Synthesis of (b) Q3-MUC1

Conjugates 42 and 43 and (c) KLH-MUC1 Conjugate 44
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