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Abstract: Background: Breast cancer stem cells (CSCs), particularly those enriched in triple-
negative breast cancer (TNBC), are key contributors to tumor recurrence, metastasis, and
resistance to therapy. CSCs often undergo epithelial-to-mesenchymal transformation (EMT),
enhancing their invasiveness. Inmune-based strategies that selectively target CSC/EMT
antigens offer a promising therapeutic approach. Methods: Twelve candidate CSC/EMT-
associated proteins were identified through a systematic literature review. Human serum
samples were assessed for antigen-specific IgG using ELISA. Th1/Th2 cytokine profiles, in
response to predicted MHC II epitopes, were measured by ELISPOT in PBMCs. Epitope
immunogenicity and tumor inhibition were evaluated in murine models, using either
TNBC or luminal B syngeneic breast cancer cell lines. Results: Six of the candidate proteins
(SOX2, YB1, FOXQ1, MDM2, CDH3, CD105) elicited antigen-specific IgG in human serum.
Th1-selective epitopes, defined by high Th1/Th2 ratios, were identified for five of these
proteins. Immunization of mice with peptide pools derived from CD105, CDH3, MDM2,
SOX2, and YB1 induced significant antigen-specific IFN-y responses. Tumor growth was
significantly inhibited in the vaccinated mice across both the TNBC and luminal B breast
cancer models, with mean tumor volume reductions ranging from 61% to 70%. Conclusions:
CSC/EMT-associated antigens are immunogenic in humans and can be targeted using
Th1-selective epitope-based vaccines. Immunization with these epitopes effectively inhibits
tumor growth in multiple murine models of breast cancer. These findings support further
clinical evaluation of CSC/EMT-targeted vaccines, especially for high-risk or advanced-
stage breast cancer patients.

Keywords: T-helper 1; vaccine; epitopes; cancer stem cells; epithelial-to-mesenchymal
transformation

1. Introduction

Standard therapies for breast cancer are not effective at eliminating all cancer cells in
tumors, particularly breast cancer stem cells (CSCs). CSCs are thought to be significant
drivers of tumor growth due to their extensive self-renewal, leading to drug resistance,
recurrence, and metastasis [1,2]. During metastasis, breast CSCs can infiltrate the surround-
ing tissue or enter the circulation by epithelial-to-mesenchymal transformation (EMT), a
process by which epithelial cell polarity and intercellular adhesion properties are lost, and
the cells gain migratory and invasive properties [3].

Several studies have established that the CSC cell population is enriched in triple-
negative breast cancer (TNBC) tissues and cell lines, using both the unique stem cell marker
ALDHI1 [4] and the tumor cell phenotypic marker of CD44" /CD24™ [5,6]. Additionally,
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people with a genetic predisposition to develop cancer, such as those with BRCA1 and
BRCA2 mutations, are more likely to have “stem cell”-like tumors [7]. If a vaccine could be
developed to eliminate CSC, it could be used to prevent breast cancer recurrence or even
prevent breast cancer.

The presence of type I tumor-infiltrating lymphocytes has been associated with an
improved prognosis in breast cancer, particularly in TNBC and HER2* disease [8]. Our
group and others have discovered that within the natural sequence of non-mutated tumor-
associated antigens are MHCII-restricted epitopes that selectively generate either an IFN-y
or an IL-10 immune response [9-11]. Vaccination with a pool of only IFN-y- or IL-10-
selective epitopes or with a pool of both types of epitopes targeting IGFBP-2 in a mouse
model of breast cancer or PSMA in a mouse model of prostate cancer revealed that it is
essential for the IL-10 selective epitopes to be edited out of a polyepitope vaccine. Tumor
growth was only inhibited in the mice receiving the Th1 (IFN-y secreting)-selective vaccine
in both models. Furthermore, if the IFN-y- or IL-10-selective epitopes were mixed in a
vaccine in either model, tumor growth was no different than in the mice receiving the
sham vaccine due to the immune suppressive effects of IL-10 secretion [10,11]. These
data underscore the necessity to edit out epitopes that would self-regulate or dampen the
IFN-y response.

Our goal was to develop a vaccine targeting breast cancer stem cells. By identifying
CSC/EMT proteins associated with different cellular pathways, defining those proteins
as antigenic, identifying Th1l-selective epitopes from each protein, and assessing in vivo
immunogenicity and clinical efficacy, we defined epitopes from five antigens to include in
a multi-epitope, multi-antigen vaccine.

2. Materials and Methods
2.1. Candidate Antigen Identification

We performed a systematic literature review in Pubmed Central using the following
key words in various combinations: breast cancer, stem cell, EMT, embryogenesis, protein
expression, biomarker, multivariate, prognosis, outcome, relapse, survival, and metastasis
to identify proteins associated with cancer stem cells. Ultimately, 90 potential protein
targets were identified. The proteins were evaluated further with an additional literature
search, using the protein name plus the keywords “breast cancer” and “prognosis” or
“prognostic”. A total of 1158 articles were evaluated for relevance and 321 relevant journal
articles were identified and reviewed in detail. Proteins were prioritized for further study
based on the following characteristics: (1) upregulated or overexpressed in breast cancer,
(2) associated with EMT, (3) associated with breast cancer stem cells, and (4) shown to be an
independent poor-prognostic indicator in univariate and/or multivariate analysis for some
solid tumor. Twelve candidate proteins were selected for evaluation: CD105, CDC25B,
CDH3, FOXQ1, ID1, MDM2, PRL3, SATB1, SIX1, SNAIL, SOX2, and YB1 (Figure 1).

2.2. Human Subjects

The studies were approved by the University of Washington Human Subjects Division
(protocol code STUDY00001570 and date of approval, 13 December 2024). All samples were
collected after informed consent. Plasma samples were obtained from 100 female volunteer
blood donors at the Puget Sound Blood Center in Seattle, WA (median age: 51 years; age
range: 33-73) and from 153 female breast cancer patients, including 82 Estrogen Receptor
(ER)+, 50 HER2-, and 21 ER-HER2- cases. These patients, who had consented to participate
in the Fred Hutchinson Cancer Center/University of the Washington Breast Specimen
Repository and Registry (IR file #5306), included 121 with stage I/1I and 32 with stage
III/IV disease (median age: 52 years; age range: 33-89). Peripheral blood mononuclear
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cells (PBMCs) were collected and cryopreserved from 20 female control volunteers (median
age: 49; age range: 18-79) and 21 female breast cancer patients (median age: 44; age
range: 19-79) [12].
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Figure 1. Flow chart for antigen identification.

2.3. Analysis of Antibody Immunity

IgG antibodies specific to the candidate target proteins were measured using an
indirect ELISA, as previously described, with modifications [13]. Odd columns (1-9) of
microtiter plates were coated with carbonate buffer alone and even columns (2-10) with
carbonate buffer containing 0.1 pg/mL human recombinant protein. Plates were washed
and blocked with PBS/5% BSA for one hour at room temperature. Patient sera (diluted
1:200 in PBS/1% BSA) was added and incubated for one hour at room temperature. Plates
were washed, incubated with anti-human IgG-HRP conjugate, and developed with TMB
reagent. Optical density (OD) values were background-corrected by subtracting the OD of
the buffer-coated wells from that of the protein-coated wells, and the data were reported as
ug/mL of antigen-specific IgG. The incidence was calculated from every non-zero number.

2.4. Analysis of Th1-Selective Epitope-Specific T-Cell Responses

Multiple publicly-available web-based algorithms were used to predict epitopes from
each candidate target protein that would bind human MHC II with high affinity across
several HLA-DR alleles (Table S1) [14]. The peptides were synthesized and determined to
be >90% pure by HPLC (CPC Scientific, Milpitas, CA). An antigen-specific IFN-gamma (y;
Mabtech Cat# 3420-3-1000, RRID:AB_907282 and Cat# 3420-6-1000, RRID:AB_907272) or IL-
10 (Mabtech Cat# 3430-3-1000, RRID:AB_907306 and Cat# 3430-6-1000, RRID:AB_2125387)
response was evaluated for each epitope in human PBMC via ELISPOT. Murine spleno-
cytes were assessed by ELISPOT for antigen-specific IFN-y (Mabtech Cat# 3321-3-1000,
RRID:AB_907278 and Cat# 3321-6-1000, RRID:AB_907270) [11]. Statistically significant
differences (p < 0.05) between the mean spot count in the experimental wells and the mean
spot count in the no antigen control wells defined a positive response. The results are pre-
sented as the ratio of the product of percent incidence and mean magnitude. Th1-selective
epitopes were defined by ratios > 4 with fewer than 10% of the donors generating an IL-10
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response, while Th2-selective epitopes had ratios < 1. Epitopes with intermediate values
were classified as eliciting a mixed Th1/Th2 response [10].

Peptide specific T-cells were generated via short term T-cell culture and then docu-
mented to respond to corresponding protein by ELISPOT using our previously published
methods [15]. Restriction and specificity of the antigen-specific T-cells to Class II were
validated by blocking either the MHC I or MHC II molecules with 1 pg/mL of Ultra-
LEAF purified anti-human HLA-A,B,C (BioLegend Cat# 311441, RRID:AB_2800814) or
Ultra-LEAF purified anti-human HLA-DR (BioLegend Cat# 307665, RRID:AB_2800796)
and stimulating with appropriate antigen assaying for the presence or absence of antigen-
specific cytokine release by the generated T-cell lines.

2.5. Animal Models and Syngeneic Tumor Cell Lines

Animal care and use were in accordance with University of Washington IACUC
guidelines (Protocol # 2878-01 and date of approval 3/27/25). Female, FVB/N, FVB/N-
TgN (MMTVneu)-202Mul mice (TgMMTV-neu) (Jackson Laboratory) or FVB-Tg (C3-1-
TAg)cJeg/Jeg (C3(1)-Tag) mice (provided by Dr. Jeff Green, NCI) were used in this study.
All mice were 6-8 weeks old at the study’s start. A power analysis established that five
mice per group would provide 80% power to detect a significant pairwise difference in
tumor volume at the two-sided alpha level of 0.05. Neither the investigators nor animal
technicians were blinded to the treatment groups. Before initiating the experiment, the mice
were randomly assigned to different treatment groups, and procedures were performed in
random order. The studies were terminated when the mean tumor volume in the vaccinated
and control groups were significantly different for at least two measurements.

The mouse mammary tumor cell lines, MMC, derived from TgMMTV-neu sponta-
neous mammary tumors [16], and M6, derived from C3(1)-Tag spontaneous mammary
tumors [17], were authenticated before in vivo implant. MMC was confirmed to express
rat neu, and M6 was verified to express the SV40 antigen and low levels of the estrogen
receptor (Figure S1).

2.6. Vaccination and Assessment of Tumor Growth

Mice were immunized subcutaneously using a 26 !/, G needle. Each mouse was
injected with a pool of peptides (50 ug each) derived from either CD105 (p569/p603/p626),
CDH3 (p93/p137), MDM2 (p57 /p80/p97/p104), SOX2 (p193/p217), or YB1 (p138) in com-
plete Freund’s adjuvant/incomplete Freund’s adjuvant (Sigma-Aldrich, St. Louis, MO),
and adjuvant alone was used as a control group. Four immunizations were given two
weeks apart [10]. Two weeks after the last vaccine, splenocytes were collected for immuno-
genicity studies, or the syngeneic mouse cell line appropriate to that model (0.5 x 10° cells)
was implanted into the flank of the animal ) [11]. Tumors were measured as previously
described [14]. All tumor growth is presented as mean tumor volume (mm?3 + SEM).

2.7. Statistical Analysis

Model assumptions were checked using the Shapiro-Wilk normality test and by vi-
sual inspection of the residual and fitted value plots. The unpaired, two-tailed Student’s
t-test and one-way ANOVA with Tukey’s post-hoc test were used to evaluate differences
when normality was confirmed. When the normality of the data was not confirmed, the
non-parametric Kruskal-Wallis and Mann-Whitney tests were used. Differences in tumor
volume were determined by two-way ANOVA with a Dunnett post-test for multiple com-
parisons. A p value of <0.05 was considered significant (GraphPad Software, Prism v.10).
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3. Results

3.1. Antibodies Specific to CSC/EMT Candidate Target Proteins Can Be Detected in the Sera of
Both Volunteer Donors and Breast Cancer Patients

To determine whether the candidate target proteins were human immunogens, we
assayed human sera from both breast cancer and volunteer donors for humoral immune
responses. Because there was no statistical difference in either the incidence of response or
IgG levels between the breast cancer and volunteer donors, we did not separate them, and
we present the pooled values (Figure 2). We were able to detect measurable quantities of
antigen-specific IgG to six of the 12 candidate target proteins. We observed antigen-specific
IgG in 95% of donors to SOX2 (mean, 0.92 + 0.06 pg/mL; Figure 2A), 70% of donors to YB1
(mean, 0.78 & 0.12 ug/mL, Figure 2B), 75% of donors to FOXQ1 (mean, 0.243 & 0.02 pg/mL,
Figure 2C), 38% of donors to MDM2 (mean, 0.189 % 0.03 pg/mL, Figure 2D), 53% of donors
to CDH3 (mean, 0.15 £ 0.02 pg/mL, Figure 2E), and 28% of donors to CD105 (mean,
0.15 £ 0.02 ng/mL, Figure 2F). Only those proteins shown to be human antigens were
prioritized for further evaluation (Figure 1).

A B C

67 - 100 64 - 100 27 r 100
g | ¢ 2 | g |
Ed . -75 E . - 75 Ea 75
24 R z 9 | g
g (0 F508 o | ese 508 £14 3 F50 §
& 2 8 8,0 8 & 8
o - 25 @ | - 25 5 - 25
o) @ X
7] > 8

0 0 0 0 0 0

D E F

64 - 100 39 - 100 39 - 100
2 75 £ 75 e ° 75
049 ° s a2, 5 024 ¢ 5
o ° Q. K= Q. o ° 0.
N s 50
& 2 we 8 &1 % 8 311 % 8
g K - 25 bl KON - 25 ] i‘ - 25
a ..0. a : ° 5 o
= u-l':’o (S} | o 'ﬁ

0 0 0 0 0 0

Figure 2. Antibodies specific to cancer stem cell/EMT antigens can be detected in the sera of both
volunteer donors and breast cancer patients. Antigen-specific IgG (ug/mL; left y-axis) are presented
as box and whisker plots with Tukey outliers and percent incidence (right y-axis) for (A) SOX2,
(B) YB1, (C) FOXQ1, (D) MDM2, (E) CDH3, and (F) CD105. n = 253.

3.2. Thl1-Selective Epitopes Can Be Identified from CSC/EMT Antigens and Are Class 11 Restricted

T-cells that secreted IFN-y or IL-10 in response to specific epitope stimulation of
human PBMC were identified [10,11]. We have previously demonstrated the most clinically
effective epitopes to include in a vaccine elicited high levels of IFN-y secretion in the
greatest number of people, with little to no IL-10 secretion [10,11]. These epitopes, which
would be defined by high Th ratios, were termed as Thl-selective. The distribution of
responses was antigen-dependent. One hundred percent (6/6) of the epitopes evaluated
for YB1 were Th1-selective (Th ratio range, 5.8-1980; Figure 3A). Seven of the eight epitopes
assessed for MDM2 were Thl-selective (Th ratio range, 35-313) and one peptide (p30)
generated a mixed response (Figure 3B). Seven of 10 epitopes located in either the C- or
N-terminus of CD105 were determined to be Thl-selective, whereas the remining three
epitopes in the middle of the protein generated a predominant Th2 response (p302 and
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p316) or no response (p258; Figure 3C). For the epitopes derived from CDH3, 73% (8/11)
predominantly secreted IFN-y, whereas two epitopes generated mixed responses, and
one generated no response (Figure 3D). Three of the five evaluated epitopes from SOX2
selectively secreted IFN-y, and the remaining two epitopes secreted both IFN-y and IL-10
equally (Figure 3E). Only 33% (2/6) of the epitopes assessed for FOXQ1 were Thl-selective,
whereas 67% (4/6) generated mixed responses, Th2-selective responses, or no response
(Figure 3F). Because FOXQ1 contained so few Thl-selective epitopes and the signaling
pathways in which this protein is associated, such as Wnt/3-catenin [18] and the MEK-
ERK?2 regulatory axis [19], are also associated with SOX2 [20] and YB1 [21], we chose not to
consider this antigen further due to its functional redundancy with others (Figure 1).
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Figure 3. Thl-selective epitopes can be identified from CSC/EMT antigens. Th ratio (x-axis) calculated
from PBMC stimulated with epitopes (y-axis) derived from (A) YB1, (B) MDM2, (C) CD105, (D) CDH3,
(E) SOX2, and (F) FOXQL1. Blue bars denote Thl-selective epitopes, gray bars denote a mixed Th1
and Th2 response, and orange bars denote a Th2-selective response. n = 10 volunteer donors and
10 breast cancer donors.

We confirmed that the in situ-predicted MHCII-restricted epitope was a sequence that
was naturally processed and presented in the native protein. The ability of peptide-specific
T-cells to respond to protein was validated for a representative epitope in each antigen. The
epitope-specific T-cells secreted significantly more IFN-y to the recombinant protein from
which that epitope was derived for all antigens tested, suggesting that all sequences were
indeed native epitopes (Figure S2). Furthermore, the IFN-y response was MHClI-restricted.
The epitope- and/or protein-specific responses for CD105-p569 (Figure S2A), CDH3-p137
(Figure S2B), MDM2-p80 (Figure S2C), SOX2-p217 (Figure S2D), and YB1-p138 (Figure S2E)
were significantly inhibited in the presence of an MHCII-blocking antibody (p < 0.05 for all).
No inhibition of the response was observed in the presence of an MHCI-blocking antibody,
except for the MDM2-p80-specific response to MDM?2 protein (Figure S2C; p < 0.0001). All
antigens were considered further for in vivo testing (Figure 1). The epitopes are highly
homologous between mouse and man (Table 52).

3.3. CSC/EMT Th1-Selective Epitope-Based Vaccines Are Immunogenic and Inhibit Tumor Growth
in Murine Breast Cancer Models

FVB/N mice were vaccinated with a peptide pool of each single antigen (Figure 4A),
and IFN-y ELISPOT analysis revealed that the mice developed immune responses to all anti-
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gens. There was a significant IFN-y response in the mice immunized with the peptide pool
of CD105 (mean, 35 + 11 corrected spots per well (¢cSPW)/10° cells; p = 0.007), CDH3 (mean,
464 + 104 ¢SPW /10° cells; p = 0.005), MDM2 (mean, 220 4 54 cSPW /10° cells; p = 0.004),
SOX2 (mean 639 + 39 cSPW /10° cells; p < 0.0001), and YB1 (mean 236 =+ 75 cSPW/10° cells;
p = 0.019) as compared with the control (Figure 4B).

2wks 2wiks 2wks 2wks 2wks 2wks 2wks 2wks
VAV AAVACAVALA 4 | A A L0 K0 SN
N > b ) N Vv > b & Tumor
<@ <@ @ @ © @ <@ <@ <@ &
o) & & & & IS o S o & measurement
N4 N4 @& N < & & & & <(\o'\\ every 2-3 days
<
*k k% *k  kkkk ok
800 i 1 1 500
13
s Q “ 400+
§ 600+ E
< [} o
s g 300
o 400+ _g
= = 200
= - g .
% 200 § 100
[$]
0_ 0 T T T T 1
CD105 CDH3 MDM2 SOX2 YB1 0 5 10 15 20 25
Antigens Days since implant
500
500
% 400
£ A
E £ 400+
2 300- 3
= g 300
S 200- 2
g - > 200
S 100+ 2 .
= § 100
0 T T 1 T 1 o
0 5 10 15 20 25 0 T ? T
Days since implant 0 10 20 30
Days since implant
500 500
400 % 400+
E £
g 300 g 300
=) 2
2 2004 S 2004
5 100-] /A/H 5 100 M/././'
0 * T T 0 * T T
0 10 20 30 0 10 20 30
Days since implant Days since implant

Figure 4. CSC/EMT Thl-selective epitope-based vaccines are immunogenic and inhibit tumor growth
in murine breast cancer models. (A) Experimental design schematic for immunogenicity studies.
(B) IFN-y corrected spots per well (¢cSPW) per 100 splenocytes after immunization with the peptide
vaccine (blue bars) or control (gray bars), presented as box and whisker plots with a horizontal
line at the median and whiskers at minimum and maximum, showing all points. (C) Experimental
design schematic for tumor challenge studies. Mean tumor volume (mm?3 + SEM) for the mice
immunized with the control (gray lines) or peptide (blue lines) vaccines derived from (D) MDM2,
(E) YB1, (F) CD105, (G) CDH3, and (H) SOX2. The control curves are the same for panels (D,E) and
the same for panels (G ,H). * p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001.



Vaccines 2025, 13, 525

8of11

Mice immunized with Thl-selective epitopes from each single antigen (Figure 4C)
demonstrated reduced breast cancer growth. For the vaccination targeting MDM2 and YBI,
we used the luminal breast cancer TgMMTV-neu mouse model, and for the vaccination
targeting CD105, CDH3, and SOX2, we used the TNBC C3(1)-Tag mouse model. Antigen
expression was documented in the tumor cell lines by Western blot prior to cell implant.
After vaccination, the tumor volume was significantly reduced by a mean of 70 £ 15% for
the MDM2 peptides (p = 0.0002; Figure 4D), by a mean of 67 &= 15% for the YB1 peptides
(p = 0.0007; Figure 4E), by a mean of 69 & 4% for the CD105 peptides (p < 0.0001; Figure 4F),
by a mean of 63 £ 20% for the CDH3 peptides (p < 0.0001; Figure 4G), and by a mean of
61 =+ 6% for the SOX2 peptides (p < 0.0001; Figure 4H).

4. Discussion

Immunologically eliminating CSC/EMT could prevent the development of cancer,
improve the efficacy of standard chemotherapies, and inhibit metastatic spread [1]. The data
we present here demonstrate that CSC/EMT-associated proteins are human immunogens,
Thl-selective epitopes can be derived from these proteins, and vaccination with these
epitopes can inhibit the growth of mammary cancer in vivo.

We determined that six of the CSC/EMT proteins that we identified as overexpressed
and poor prognostic indicators in breast cancer were human antigens. SOX2, YB1, and
FOXQL1 are all transcription factors associated with signaling pathways that are constitu-
tively activated in breast cancer, particularly TNBC, including Wnt/B-catenin, Hedgehog,
and Notch, which regulate the maintenance and survival of CSCs [21-24]. The impor-
tance of the Wnt/B-catenin, Hedgehog, and Notch signaling pathways driving cancer
have been appreciated recently. Several clinical trials have begun to assess the activity of
small-molecule agents that antagonize these pathways [25-27]. MDM2, an E3 ubiquitin
ligase, is also an intracellular antigen and can target the tumor suppressor protein p53
and other substrates for degradation via the proteasome [28]. Finally, two transmembrane
proteins were identified as antigens: CDH3, an instrumental protein in modulating tumor
cell metastasis [29] and CD105, which is expressed on the endothelial cells of tumoral blood
vessels and stroma and is associated with angiogenesis [30].

Thil-selective epitopes were identified for all six candidate antigens. However, only
five of the antigens contained consecutive Thl-selective epitopes with minimal untested
sequences in between the epitopes, allowing for the formulation of extended multi-epitope
vaccines. Longer MHCI epitopes have been shown to be more immunogenic [31]. When an
epitope length was extended from eight amino acids to 30 amino acids, there was a greater
than two-fold increase in cytotoxicity, presumably due to the fact that shorter peptides could
directly bind to the MHC of non-professional APCs, which lack the necessary costimulatory
signals required for complete T cell activation, and the fact that longer peptides have to
processed and presented by professional APC in a pro-inflammatory environment like
the lymph node [31]. The MHCII epitopes described in this study are promiscuous, high-
affinity binding epitopes that are predicted to bind across multiple HLA-DR alleles, and
the peptide length does not have to be as strict as for MHCI epitopes. However, being able
to formulate a multi-epitope MHCII vaccine would allow for even more flexibility of allelic
differences, highlighting the more universal utility of this vaccine.

Immunization with an IFN-y-selective vaccine targeting CSC/EMT antigens could
have significant clinical therapeutic impacts across all breast cancer subtypes. Similar to our
in vivo study in the C3-Tag basal breast cancer model, other studies have targeted single
CSC/EMT antigens in the basal-like breast cancer model TUBO and/ or the triple-negative
breast cancer model 4T1 in BALB/c mice. Targeting the CSC/EMT antigen Cripto-1 (Cr-1)
in the 4T1 model or the xCT protein, also known as SLC7A11, in the 4T1 or TUBO models
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with a plasmid-based vaccine inhibited tumor growth by about 30—40% and significantly
reduced metastatic spread to the lungs [32,33]. We also show that a vaccine targeting
CSC/EMT proteins can be used to inhibit tumor growth in a luminal B breast cancer
model. Luminal B breast cancer has been shown to have lower levels of CSC than other
breast cancer subtypes [34], suggesting that this vaccine has broader uses than in just
CSC/EMT-high tumors. Furthermore, a vaccine targeting CSC/EMT could be used as a
viable therapy to prevent breast cancer in genetic high-risk individuals, such as those with
BRCA1/2 mutations. Loss of BRCA function leads to genomic instability and potentiates
the oncogenic conversion of tissue stem cells to cancer stem cells [35].

5. Conclusions

The identification and validation of Thl-selective epitopes targeting CSC/EMT in
animal models has laid the groundwork for translation to humans. The vaccine caused no
toxicity in the immunized mice, including no autoimmune toxicity, allowing the develop-
ment of a Phase I clinical trial in patients with advanced-stage triple-negative and hormone
receptor-positive breast cancer (NCT02157051).
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www.mdpi.com/article/10.3390/vaccines13050525/s1: Figure S1: Cell line authentication; Figure S2:
Representative Thl-selective epitopes are MHCII-restricted; Table S1: Epitopes used in the screening
ELISPOT; Table S2: Percent of mouse homology for the epitopes used in the in vivo studies.

Author Contributions: Conceptualization, M.L.D.; methodology, D.L.C., D.H., M.S. and M.M.O.; formal
analysis, D.L.C., M.S.,, Y.D. and L.C,; investigation, D.H., M.S,, M.M.O., Y.D. and L.C.; writing—original
draft, D.L.C.; writing—review and editing, D.L.C. and M.L.D.; supervision, D.H.; project administra-
tion, L.C.; funding acquisition, M.L.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Department of Defense Breast Cancer Program Transformative
Vision Award (BC100403), the Helen B Slonaker Professorship for Cancer Research (MLD), and the
American Cancer Society Professor (MLD).

Institutional Review Board Statement: The studies using human samples was conducted according
to the guidelines of the Declaration of Helsinki and approved by the University of Washington
Human Subjects Division (protocol code STUDY00001570 and date of approval, 13 December 2024).
The animal studies were approved by the University of Washington IACUC (Protocol # 2878-01 and
date of approval 27 March 2025).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data are available upon reasonable request.

Conflicts of Interest: D.L.C. holds patents and receives royalties from the University of Washington.
M.L.D. is a stockholder in EpiThany and receives grant support from Bavarian Nordic, Aston Sci,
Veanna, and Precigen. The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.

1. Lee, K.L; Kuo, Y.C,; Ho, Y.S.; Huang, Y.H. Triple-Negative Breast Cancer: Current Understanding and Future Therapeutic
Breakthrough Targeting Cancer Stemness. Cancers 2019, 11, 1334. [CrossRef]

2. Peitzsch, C,; Tyutyunnykova, A.; Pantel, K.; Dubrovska, A. Cancer stem cells: The root of tumor recurrence and metastases. In
Seminars in Cancer Biology; Academic Press: Cambridge, MA, USA, 2017; Volume 44, pp. 10-24. [CrossRef]

3. Hashemi, M.; Arani, H.Z.; Orouei, S.; Fallah, S.; Ghorbani, A.; Khaledabadi, M.; Kakavand, A.; Tavakolpournegari, A.; Saebfar,
H.; Heidari, H.; et al. EMT mechanism in breast cancer metastasis and drug resistance: Revisiting molecular interactions and
biological functions. Biomed. Pharmacother. 2022, 155, 113774. [CrossRef]


https://www.mdpi.com/article/10.3390/vaccines13050525/s1
https://www.mdpi.com/article/10.3390/vaccines13050525/s1
https://doi.org/10.3390/cancers11091334
https://doi.org/10.1016/j.semcancer.2017.02.011
https://doi.org/10.1016/j.biopha.2022.113774

Vaccines 2025, 13, 525 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Ma, F; Li, H.; Wang, H.; Shi, X.; Fan, Y.; Ding, X,; Lin, C.; Zhan, Q.; Qian, H.; Xu, B. Enriched CD44(+)/CD24(—) population
drives the aggressive phenotypes presented in triple-negative breast cancer (TNBC). Cancer Lett. 2014, 353, 153-159. [CrossRef]
Li, H,; Ma, E; Wang, H.; Lin, C.; Fan, Y.; Zhang, X.; Qian, H.; Xu, B. Stem cell marker aldehyde dehydrogenase 1 (ALDH1)-
expressing cells are enriched in triple-negative breast cancer. Int. ]. Biol. Markers 2013, 28, e357-e364. [CrossRef]

Honeth, G.; Bendahl, P.O.; Ringner, M.; Saal, L.H.; Gruvberger-Saal, S.K.; Lovgren, K.; Grabau, D.; Ferno, M.; Borg, A.; Hegardt, C.
The CD44+/CD24— phenotype is enriched in basal-like breast tumors. Breast Cancer Res. 2008, 10, R53. [CrossRef]

Heerma van Voss, M.R.; van der Groep, P; Bart, ].; van der Wall, E.; van Diest, P.J. Expression of the stem cell marker ALDHI in
BRCAT1 related breast cancer. Cell Oncol. 2011, 34, 3-10. [CrossRef] [PubMed]

Stanton, S.E.; Disis, M.L. Clinical significance of tumor-infiltrating lymphocytes in breast cancer. J. Immunother. Cancer 2016, 4, 59.
[CrossRef] [PubMed]

Ebert, L.M.; MacRaild, S.E.; Zanker, D.; Davis, L.D.; Cebon, J.; Chen, W. A cancer vaccine induces expansion of NY-ESO-1-specific
regulatory T cells in patients with advanced melanoma. PLoS ONE 2012, 7, e48424. [CrossRef] [PubMed]

Cecil, D.L.; Curtis, B.; Gad, E.; Gormley, M.; Timms, A.E.; Corulli, L.; Bos, R.; Damle, R.N.; Sepulveda, M.A.; Disis, M.L.
Anti-tumor activity of a T-helper 1 multiantigen vaccine in a murine model of prostate cancer. Sci. Rep. 2022, 12, 13618. [CrossRef]
Cecil, D.L.; Holt, G.E.; Park, K.H.; Gad, E.; Rastetter, L.; Childs, J.; Higgins, D.; Disis, M.L. Elimination of IL-10-inducing T-helper
epitopes from an IGFBP-2 vaccine ensures potent antitumor activity. Cancer Res. 2014, 74, 2710-2718. [CrossRef]

Disis, M.L.; dela Rosa, C.; Goodell, V.; Kuan, L.Y.; Chang, J.C.; Kuus-Reichel, K.; Clay, T.M.; Kim Lyerly, H.; Bhatia, S.; Ghanekar,
S.A.; et al. Maximizing the retention of antigen specific lymphocyte function after cryopreservation. J. Immunol. Methods
2006, 308, 13-18. [CrossRef] [PubMed]

Goodell, V.; McNeel, D.; Disis, M.L. His-tag ELISA for the detection of humoral tumor-specific immunity. BMC Immunol.
2008, 9, 23. [CrossRef] [PubMed]

Park, K.H.; Gad, E.; Goodell, V.; Dang, Y.; Wild, T.; Higgins, D.; Fintak, P; Childs, ].; Dela Rosa, C.; Disis, M.L. Insulin-like growth
factor-binding protein-2 is a target for the immunomodulation of breast cancer. Cancer Res. 2008, 68, 8400-8409. [CrossRef]
Cecil, D.L,; Park, K.H.; Gad, E.; Childs, ].S.; Higgins, D.M.; Plymate, S.R.; Disis, M.L. T-helper I immunity, specific for the breast
cancer antigen insulin-like growth factor-I receptor (IGF-IR), is associated with increased adiposity. Breast Cancer Res. Treat.
2013, 139, 657-665. [CrossRef] [PubMed]

Knutson, K.L.; Lu, H.; Stone, B.; Reiman, ].M.; Behrens, M.D.; Prosperi, C.M.; Gad, E.A.; Smorlesi, A.; Disis, M.L. Inmunoediting
of cancers may lead to epithelial to mesenchymal transition. J. Immunol. 2006, 177, 1526-1533. [CrossRef]

Holzer, R.G.; MacDougall, C.; Cortright, G.; Atwood, K.; Green, J.E.; Jorcyk, C.L. Development and characterization of a
progressive series of mammary adenocarcinoma cell lines derived from the C3(1)/SV40 Large T-antigen transgenic mouse model.
Breast Cancer Res. Treat. 2003, 77, 65-76. [CrossRef]

Pizzolato, G.; Moparthi, L.; Soderholm, S.; Cantu, C.; Koch, S. The oncogenic transcription factor FOXQ1 is a differential regulator
of Wnt target genes. J. Cell Sci. 2022, 135, jes260082. [CrossRef]

Lin, Y,; Lin, F; Zhang, Z.; Peng, L.; Yang, W.; Yang, M.; Luo, B.; Wu, T,; Li, D.; Li, X,; et al. The FGFR1 Signaling Pathway
Upregulates the Oncogenic Transcription Factor FOXQ1 to Promote Breast Cancer Cell Growth. Int. J. Biol. Sci. 2023, 19, 744-759.
[CrossRef]

Zhu, Y,; Huang, S.; Chen, S.; Chen, J.; Wang, Z.; Wang, Y.; Zheng, H. SOX2 promotes chemoresistance, cancer stem cells properties,
and epithelial-mesenchymal transition by beta-catenin and Beclinl/autophagy signaling in colorectal cancer. Cell Death Dis.
2021, 12, 449. [CrossRef]

Yin, Q.; Zheng, M.; Luo, Q.; Jiang, D.; Zhang, H.; Chen, C. YB-1 as an Oncoprotein: Functions, Regulation, Post-Translational
Modifications, and Targeted Therapy. Cells 2022, 11, 1217. [CrossRef]

Dey, A.; Kundu, M,; Das, S.; Jena, B.C.; Mandal, M. Understanding the function and regulation of Sox2 for its therapeutic potential
in breast cancer. Biochim. Biophys. Acta Rev. Cancer 2022, 1877, 188692. [CrossRef] [PubMed]

Qiao, Y,; Jiang, X.; Lee, S.T.; Karuturi, RK.; Hooi, 5.C.; Yu, Q. FOXQ1 regulates epithelial-mesenchymal transition in human
cancers. Cancer Res. 2011, 71, 3076-3086. [CrossRef]

Fournier, M.; Javary, J.; Roh, V.; Fournier, N.; Radtke, F. Reciprocal inhibition of NOTCH and SOX2 shapes tumor cell plasticity
and therapeutic escape in triple-negative breast cancer. EMBO Mol. Med. 2024, 16, 3184-3217. [CrossRef] [PubMed]

Yang, L.; Shi, P; Zhao, G.; Xu, J.; Peng, W.; Zhang, J.; Zhang, G.; Wang, X.; Dong, Z.; Chen, F; et al. Targeting cancer stem cell
pathways for cancer therapy. Signal Transduct. Target. Ther. 2020, 5, 8. [CrossRef]

Dey, P; Rathod, M.; De, A. Targeting stem cells in the realm of drug-resistant breast cancer. Breast Cancer 2019, 11, 115-135.
[CrossRef] [PubMed]

Camara-Sanchez, P.; Diaz-Riascos, Z.V.; Garcia-Aranda, N.; Gener, P; Seras-Franzoso, J.; Giani-Alonso, M.; Royo, M.; Vazquez, E.;
Schwartz, S., Jr.; Abasolo, I. Selectively Targeting Breast Cancer Stem Cells by 8-Quinolinol and Niclosamide. Int. J. Mol. Sci.
2022, 23, 11760. [CrossRef]


https://doi.org/10.1016/j.canlet.2014.06.022
https://doi.org/10.5301/JBM.5000048
https://doi.org/10.1186/bcr2108
https://doi.org/10.1007/s13402-010-0007-3
https://www.ncbi.nlm.nih.gov/pubmed/21336637
https://doi.org/10.1186/s40425-016-0165-6
https://www.ncbi.nlm.nih.gov/pubmed/27777769
https://doi.org/10.1371/journal.pone.0048424
https://www.ncbi.nlm.nih.gov/pubmed/23110239
https://doi.org/10.1038/s41598-022-17950-1
https://doi.org/10.1158/0008-5472.CAN-13-3286
https://doi.org/10.1016/j.jim.2005.09.011
https://www.ncbi.nlm.nih.gov/pubmed/16337957
https://doi.org/10.1186/1471-2172-9-23
https://www.ncbi.nlm.nih.gov/pubmed/18510754
https://doi.org/10.1158/0008-5472.CAN-07-5891
https://doi.org/10.1007/s10549-013-2577-z
https://www.ncbi.nlm.nih.gov/pubmed/23749321
https://doi.org/10.4049/jimmunol.177.3.1526
https://doi.org/10.1023/A:1021175931177
https://doi.org/10.1242/jcs.260082
https://doi.org/10.7150/ijbs.74574
https://doi.org/10.1038/s41419-021-03733-5
https://doi.org/10.3390/cells11071217
https://doi.org/10.1016/j.bbcan.2022.188692
https://www.ncbi.nlm.nih.gov/pubmed/35122882
https://doi.org/10.1158/0008-5472.CAN-10-2787
https://doi.org/10.1038/s44321-024-00161-8
https://www.ncbi.nlm.nih.gov/pubmed/39478150
https://doi.org/10.1038/s41392-020-0110-5
https://doi.org/10.2147/BCTT.S189224
https://www.ncbi.nlm.nih.gov/pubmed/30881110
https://doi.org/10.3390/ijms231911760

Vaccines 2025, 13, 525 11 of 11

28.

29.

30.

31.

32.

33.

34.

35.

Portman, N.; Chen, J.; Lim, E. MDM?2 as a Rational Target for Intervention in CDK4/6 Inhibitor Resistant, Hormone Receptor
Positive Breast Cancer. Front. Oncol. 2021, 11, 777867. [CrossRef]

Ribeiro, A.S.; Paredes, J. P-Cadherin Linking Breast Cancer Stem Cells and Invasion: A Promising Marker to Identify an
"Intermediate /Metastable" EMT State. Front. Oncol. 2014, 4, 371. [CrossRef]

Giorello, M.B.; Martinez, L.M.; Borzone, ER.; Padin, M.D.R.; Mora, M.E; Sevic, I.; Alaniz, L.; Calcagno, M.L.; Garcia-Rivello, H.;
Wernicke, A.; et al. CD105 expression in cancer-associated fibroblasts: A biomarker for bone metastasis in early invasive ductal
breast cancer patients. Front. Cell Dev. Biol. 2023, 11, 1250869. [CrossRef]

Bijker, M.S.; van den Eeden, S.J.; Franken, K.L.; Melief, C.].; van der Burg, S.H.; Offringa, R. Superior induction of anti-tumor CTL
immunity by extended peptide vaccines involves prolonged, DC-focused antigen presentation. Eur. J. Immunol. 2008, 38, 1033-1042.
[CrossRef]

Witt, K,; Ligtenberg, M.A_; Conti, L.; Lanzardo, S.; Ruiu, R.; Wallmann, T.; Tufvesson-Stiller, H.; Chambers, B.J.; Rolny, C.; Lladser,
A.; et al. Cripto-1 Plasmid DNA Vaccination Targets Metastasis and Cancer Stem Cells in Murine Mammary Carcinoma. Cancer
Immunol. Res. 2018, 6, 1417-1425. [CrossRef] [PubMed]

Lanzardo, S.; Conti, L.; Rooke, R.; Ruiu, R.; Accart, N.; Bolli, E.; Arigoni, M.; Macagno, M.; Barrera, G.; Pizzimenti, S.; et al.
Immunotargeting of Antigen XCT Attenuates Stem-like Cell Behavior and Metastatic Progression in Breast Cancer. Cancer Res.
2016, 76, 62-72. [CrossRef] [PubMed]

Brooks, M.D.; Burness, M.L.; Wicha, M.S. Therapeutic Implications of Cellular Heterogeneity and Plasticity in Breast Cancer. Cell
Stem Cell 2015, 17, 260-271. [CrossRef] [PubMed]

Gorodetska, I.; Kozeretska, I.; Dubrovska, A. BRCA Genes: The Role in Genome Stability, Cancer Stemness and Therapy
Resistance. . Cancer 2019, 10, 2109-2127. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fonc.2021.777867
https://doi.org/10.3389/fonc.2014.00371
https://doi.org/10.3389/fcell.2023.1250869
https://doi.org/10.1002/eji.200737995
https://doi.org/10.1158/2326-6066.CIR-17-0572
https://www.ncbi.nlm.nih.gov/pubmed/30143536
https://doi.org/10.1158/0008-5472.CAN-15-1208
https://www.ncbi.nlm.nih.gov/pubmed/26567138
https://doi.org/10.1016/j.stem.2015.08.014
https://www.ncbi.nlm.nih.gov/pubmed/26340526
https://doi.org/10.7150/jca.30410

	Introduction 
	Materials and Methods 
	Candidate Antigen Identification 
	Human Subjects 
	Analysis of Antibody Immunity 
	Analysis of Th1-Selective Epitope-Specific T-Cell Responses 
	Animal Models and Syngeneic Tumor Cell Lines 
	Vaccination and Assessment of Tumor Growth 
	Statistical Analysis 

	Results 
	Antibodies Specific to CSC/EMT Candidate Target Proteins Can Be Detected in the Sera of Both Volunteer Donors and Breast Cancer Patients 
	Th1-Selective Epitopes Can Be Identified from CSC/EMT Antigens and Are Class II Restricted 
	CSC/EMT Th1-Selective Epitope-Based Vaccines Are Immunogenic and Inhibit Tumor Growth in Murine Breast Cancer Models 

	Discussion 
	Conclusions 
	References

