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Abstract. Although peptide vaccines offer a novel venue
for cancer immunotherapy, clinical success has been rather
limited. Cell-penetrating peptides, due to their ability to
translocate through the cell membrane, could be conjugated
to the peptide vaccine to2 enhance therapeutic efficiency. The
S4 transduction domain of the shaker-potassium channel was
conjugated to mammaglobin-A (MamA) immunodominant
epitope (MamAZ2.1) to verify its anticancer immunogenicity.
S4-MamAZ2.1 peptide has demonstrated significantly higher
epitope loading and stable membrane expression of HLA-A2
antigen-presenting molecules on T2 cell lines. Further, these
S4-MamAZ2.1 treated T2 cells were able to activate naive
CD8* T cells to induce MamA-specific cytotoxicity against
breast cancer cells. Conjugation of the S4 domain has also
demonstrated a slight increase in immunogenicity of lesser
immunodominant MamA epitopes. The conjugation of the S4
domain to N-terminus of MamA?2.1 demonstrated significantly
higher immunogenicity over C-terminus conjugation. Taken
together, the results of the present study suggest that conjuga-
tion of the S4 cell-penetrating peptide domain to MamA?2.1
epitope enhances the peptide vaccine immunogenicity against
MamA-expressing breast cancers.

Introduction

Breast cancer is the second leading cause of cancer-related
mortality accounting for up to one-third of newly diagnosed
cancers in the women from USA (1). Despite the availability
of advanced surgical tools and chemo/radiation treatment, the
long-term therapeutic success of stage IV metastatic breast
cancer is low (2). This raises a need for immune-targeted
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therapies that can provide improved long-term response
along with reduced treatment resistance and side-effect
profile. Advances in the understanding of tumor immunology
enabled the development of anticancer vaccines as a viable
immunotherapeutic approach (3). Tumor-associated antigens
(TAAs), either expressed exclusively in the tumor tissue or
selectively overexpressed by the oncogenes, offer unique
molecular targets that can be utilized for vaccine develop-
ment (4). Mammaglobin-A (Mam-A), a 10-kDa human breast
cancer-associated antigen almost exclusively expressed in
40-80% of primary and metastatic breast cancers, is an
attractive vaccine target (5). There is conflicting literature
evidence on the correlation between MamA expression and
hormonal status (6). While some studies have suggested a
positive correlation between MamA expression and estrogen
receptor expression in breast tumors (7), other studies have
revealed an association between MamA expression and
ER- breast tumors (8). The previous phase I clinical trials
performed by the authors have revealed that the MamA-based
cDNA vaccine was safe and could elicit modest CD8* and
CD4"T lymphocyte immune responses in patients with breast
cancer (9). A previous study by Jaramillo ez al (10) investigated
seven human leukocyte antigen (HLA)-A2 restricted MamA
immunodominant epitopes and demonstrated that MamA?2.1
(83-92 amino acid sequence of MamA) induced highest
cytotoxic CD8*T lymphocyte (CTL) responses. Combination
of MamAZ2.1 peptide vaccine with immune adjuvants such as
methylselenol or CpG oligodeoxy-nucleotides (ODN2006 and
M306) has further enhanced peptide-mediated CTL responses,
thus offering potential peptide-based cancer immunotherapy
against breast cancer (11,12).

Peptide vaccine-based active immunotherapy offers a
novel tool to combat cancer. In this form of vaccination,
immunodominant epitope sequences from TAAs are utilized
to amplify host antitumor adaptive immune responses. As
cancer cells selectively upregulate the expression of certain
tumor-associated and mutant proteins that are otherwise not
expressed in normal cells, these unique amino acid sequences
could be utilized to develop peptide vaccines (13). Specificity,
which is the hallmark of human adaptive immune response,
represents the ability of adaptive immune cells (CD8 and CD4
T lymphocytes) to preferentially recognize TAAs on cancer
cells and destroy them. TAAs are generally presented by
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antigen presentation molecules expressed on all nucleated cells
to activate CD8*T lymphocytes from naive to cytotoxic pheno-
type by the HLA class I pathway (14). It has been revealed
that in the HLA class I pathway the antigen TAA is intracel-
lularly processed by proteasome to 8-10 amino acid-epitope
for further presentation to CD8*T lymphocytes (15).

The initial excitement in cancer vaccines is significantly
dampened by the minimal potency of this strategy to eluci-
date anticancer CTL responses. This is particularly true with
peptide vaccines which have demonstrated poor uptake into
the lymphatics and eventual delivery to lymph nodes (16).
Furthermore, peptides should be actively transported
(ATP-dependent) into the antigen-presenting cells (APCs)
for internalization and major histocompatibility complex
loading to be presented for priming of naive CD8*T lympho-
cytes to induce a cytotoxic anticancer effect (17). However,
this challenge also offers new venues of research to explore
complementary strategies to enhance the efficacy of peptide
vaccines. Novel design of peptide antigens to enhance their
delivery through the hydrophobic cell membrane of APCs
could enhance the HLA class I presentation of this peptide to
CDS8*T lymphocytes resulting in antitumor CTL responses (18).
Cell-penetrating peptides (CPPs) are a unique class of delivery
tools that aid with the translocation of the macromolecular
cargo bound to them (19). Previous studies have revealed
that the protein transduction domain of human immuno-
deficiency virus TAT protein (Tat47-60) and S4 domain of
Shaker-Potassium channel protein (S4) interact with the cell
membrane leading to translocation through the hydrophobic
core of the cell membrane in an ATP energy-independent
manner (20,21). The ability of CPPs to translocate the peptide
antigen target could, in principle, cause enhanced intracellular
delivery and eventual downstream CTL responses. In the
present study, the novel applicability of the S4 protein trans-
duction domain was reported as a potent CPP conjugate for
peptide vaccine delivery.

Materials and methods

Cell lines and reagents. The T2 cell line (HLA-A2*) and two
human breast cancer cell lines [MCF-7 (cat. no. HTB-22;
HLA-A2*/MamA-, ER*, PR* and HER2*/mild)] and AU565
(cat. no. CRL-2351; HLA-A2*/MamA*, ER-, PR- and HER2")
were obtained from the American Type Culture Collection.
Pooled primary human CD8"CD45RA* naive T lymphocytes
collected from healthy donors were obtained from StemCell
Technologies (cat. no. 70030). All cell cultures were performed
under aseptic conditions and as aforementioned (12). All cells
were confirmed to be free of mycoplasma contamination before
experiments. The expression of HLA-A2 and MamA was
confirmed by mRNA analysis. All synthetic peptides (Table I)
were obtained from Peptide2.0, Inc. and confirmed by the manu-
facturer to have >95% purity. Unless mentioned otherwise, all
other chemicals were obtained either from MilliporeSigma or
Thermo Fisher Scientific, Inc. The present study was approved
(approval no. HS2018-4093) by the Tennessee State University
(Nashvile, USA) institutional review board.

HLA-A2 membrane stabilization assay. The peptide binding to
HLA-A2 was assessed using transporter associated with antigen

processing (TAP) protein-deficient T2 cells (22). Towards this,
T2 cells (0.5x105/ml) were incubated for 24 h in 96-well cell
culture plates with 200 pl of complete RPMI-1640 cell culture
media (Thermo Fisher Scientific, Inc.) at 37°C along with human
p2-microglobulin (3 pg/ml) and various individual peptides
(50 pg/ml) mentioned below in the results section (Fig. 1). The
T2 cells were then washed and incubated for 30 min at 4°C
with FITC labeled BB7.2 anti-HLA-A2 monoclonal antibody
(10 pg/ml; BioLegend, Inc., cat. no. 343304) and fixed with
0.5% paraformaldehyde (cat. no. F8775; MilliporeSigma).
FITC-labeled mouse monoclonal IgG2b/k (clone: MG2b-57;
1:20; cat. no. 401206; BioLegend, Inc.) was used as an isotype
control and stained at 4°C. The cells were analyzed with a
FACS Calibur™/LSRII flow cytometer (Becton, Dickinson
and Company) and analyzed by FlowJo v10 software (FlowlJo,
LLC). Results were expressed as the median channel fluores-
cence shift corresponded to the difference between the median
fluorescence obtained with peptide-pulsed T2 cells and empty
(no peptide) T2 cells.

Immunogenic peptide stimulation and generation of
MamA-specific CD8*T lymphocytes. The human naive
CD8'T lymphocytes (0.5x10°) were cultured in 2-ml complete
RPMI-1640 media in 6-well plates in the presence of irradi-
ated (5,000 rads) peptide loaded T2 cells (1x10°, 20:1) in the
presence of f2m (3 pug/ml), CD3 (500 ng/ml), CD28 mAb
(500 ng/ml) and recombinant human IL-2 (20 U/ml) for
5 days per stimulation cycle and repeated for three stimula-
tion cycles. Following this, the activated CD8*T lymphocytes
were isolated by immunomagnetic separation (MACS® cell
separation; Miltenyi Biotec, Inc.) with >95% purity.

Cytotoxicity assay. The MamA-specific cytotoxicity of acti-
vated CD8*T lymphocytes [referred to as effector cells (E)] was
analyzed by calorimetric lactate dehydrogenase (LDH) release
assay (Abcam) following the manufacturer's protocol (23). The
breast cancer cells [1x10* cells, referred to as target cells (T)]
were co-cultured with activated CD8*T lymphocytes with an
E:T ratio of 20:1. The percentage specific lysis was calculated
as follows: [(experimental LDH release-spontaneous LDH
release)/(maximum LDH release-spontaneous LDH release)]
x100.

Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR). Expression profiles of genes in the
activated human CD8*T lymphocytes were analyzed using
the FAM-labeled Tagman gene expression RT-qPCR primers
(Thermo Fisher Scientific, Inc.) for interferon-y (IFNy,
Hs00989291_m1), granzyme B (Hs00188051_m1), and B-actin
(Hs01060665_g1) (12). The total RNA obtained by TRIzol®
extraction protocol was utilized to perform RT-qPCR (iTaq
one step kit; cat. no. 1725151; Bio-Rad Laboratories, Inc.) with
thermocycling conditions consisting of an initial denaturation
of 95°C for 15 min, followed by 40 cycles of 95°C for 30 sec,
followed by 61°C for 1 min; and analyzed by 2244 method in
a final reaction volume of 50 ul using Bio-Rad CFX connect
system (Bio-Rad Laboratories, Inc.) (24).

Statistical analysis. Data are expressed as the mean + SEM
from four independent studies. For multiple groups, significant
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Table I. List of cell-penetrating peptides and HLA-A2
restricted MamA epitopes.

Peptide Sequence

TAT YGRKKRRQRRRPPQ

AntP RQIKIWFQNRRJKWKK

S4 RVIRLVRVFRIFKLSR

R8 RRRRRRRRR

TP10 AGYLLGKINLKALAALAKKIL
MPG GLAFLGFLGAAGSTMGAWSQPKKKRKYV
A9 AAAAAAAAA (negative control)
MamAZ2.1 LIYDSSLCDL

MamA?2.2 KLLMVLMLA

MamA?2.3 LMVLMLAAL

MamA2 .4 FLNQTDETL

MamAZ2.5 TLSNVEVFM

MamAZ2.6 MQLIYDSSL

MamA?2.7 TINPQVSKT

S4, shaker-potassium channel protein; MamA?2.1, mammaglobin-A.

differences between the groups were assessed using Tukey
HSD pair-wise comparisons for two groups and one-way
ANOVA for multiple comparisons. For two groups, unpaired
t-test was used. P<0.05 was considered to indicate a statistically
significant difference. All data analysis was carried out using
GraphPad Prism 8 software (Dotmatics) or SPSS software
version 21 (IBM Corp.).

Results

Enhanced HLA-A2 membrane stabilization of S4 conjugated
MamA?2.1 peptide. The T2 cells, due to their deficiency of
TAP protein cannot load peptides from endogenous protea-
some processed external antigenic proteins onto HLA-A2
molecules (22). This restricts the stable translocation of
peptide-loaded HLLA-A2 to the extracellular surface of cell
membranes needed for eventual activation of naive CD8*T
lymphocytes to cytotoxic effector phenotype. However,
external peptides that can optimally bind to the 3-dimensional
peptide binding groove structure of HLA-A?2 will circumvent
the TAP-dependent pathway and induce stable membrane
expression of HLA-A2. Therefore, T2 cell lines are widely
utilized for peptide-HLA-A2 binding assay (25). To determine
the HLA-A2 binding capability of CPP-conjugated MamA2.1
peptide (Fig. 1), membrane stabilization studies were
performed utilizing T2 cells. In order to achieve this, each
conjugated peptide (10 pg/ml) was incubated with T2 cells
for 24 h, following which, HLA-A2 membrane expression
was analyzed by median fluorescence channel shift (MFCS).
As demonstrated in Fig. 1, MamAZ2.1 conjugated with AntP
(221435 AU, P<0.05) and S4 (326+43 AU, P<0.05) peptides
demonstrated significantly increased MFCS as compared with
unconjugated MamA?2.1 (157422 AU). Understandably, poly-
alanine (A9) conjugated MamA2.1 (MamA2.1-A9), negative
control, did not induce any surface expression of HLA-A2. All
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other conjugated peptides demonstrated a similar MCFS as
compared with unconjugated MamAZ2.1. These data strongly
suggested that S4-conjugated MamA?2.1 induced the highest
surface expression of HLA-A2 with a possibly enhanced
potential to induce cytotoxic activation of naive CD8*T
lymphocytes.

Cytotoxic efficiency of MamA2.1-5S4 peptide-restricted
CDS8'T lymphocytes. Next, it was determined if S4 conjugated
MamAZ2.1 peptide-pulsed T2 cells could activate naive CD8*T
lymphocytes. Towards this, naive CD8*T cells obtained from
HLA-A2* healthy donors were stimulated in vitro by various
peptide-pulsed T2 cells for four cycles followed by isolation
of activated CDS8*T cells by magnetic beads. These HLA-A2
restricted and activated CD8*T cells were co-cultured with
human breast cancer cells. Two breast cancer lines, UACC812
(HLA-A2*MamA*) and MCF7 (HLA-A2*MamA"), were
utilized in the present study. As demonstrated in Fig. 2A,
CDS8'T cells activated by MamA2.1-S4-pulsed T2 cells demon-
strated highest cytotoxicity (51.9+7.2%, P<0.05) followed by
MamAZ2.1-AntP mediated activation (36.2+6.3%, P<0.05),
compared with unconjugated MamA2.1 peptide (22.7+3.4%). As
expected, no cytotoxicity was observed against the MCF7 breast
cancer cell line which does not express MamA protein. Gene
expression analysis of inflammatory cytokines (Fig. 2B and C)
demonstrated enhanced expression of IFNy and granzyme B in
CDS'T cells activated by MamA?2.1-S4 pulsed T2 cells. These
data specifically indicate that S4 conjugation of MamA?2.1
peptide enhanced the potential vaccine efficiency of HLA class
I restricted anticancer activation of CD8*T cells.

S4 conjugation enhances the immunodominance of other
HLA-A2 restricted MamA epitopes. A previous study by
Jaramillo et al (10) , have identified seven candidate HLA-A2
restricted MamA epitopes (MamA?2.1-2.7) based on an
in silico binding algorithm. S4 conjugation to these seven
epitopes was tested if it would enhance the immunodomi-
nance as measured by membrane stabilization and CD8*T cell
activation. As demonstrated in Fig. 3A, along with MamA2.1
(as aforementioned), S4 conjugation to HLA-A?2 restricted
MamaA epitopes and further enhanced the membrane stabi-
lization of MamA2.4 (303+38 AU, P<0.05), as compared
with unconjugated MamA2.4 (169+24 AU). The other five
epitopes (namely, MamA2.2,2.3,2.5, 2.6 and 2.7), while they
demonstrated slightly increased membrane stabilization, did
not achieve statistical significance (Fig. S1). Similarly, stimu-
lation of CDS8*T cells by T2 cells pulsed with S4 conjugated
MamAZ2 4 (in addition to MamA?2.1) enhanced the cytotoxicity
against UACC812 breast cancer cells (Fig. 3B). Furthermore,
CDS8* T cells stimulated by S4 conjugation of MamAZ2.2 and
2.3 epitopes also demonstrated significant cytotoxicity. As
expected, none of the epitopes induced cytotoxicity of CD8*T
cells against MamA non-expressing MCF7 breast cancer cells
(Fig. 3C). In line with membrane stabilization and cytotoxicity
data, CD8'T cells stimulated by MamA?2.4-S4 and 2.1-S4
have demonstrated the highest expression of inflammatory
cytokines IFNy and granzyme B (Fig. 3D and E). Taken
together, these data clearly suggested that conjugation of
MamA immunodominant epitopes with S4-CPP, enhanced
the cellular internalization and presentation of the antigenic
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Figure 1. Membrane stabilization assay on T2 cells following treatment with various CPP-conjugated MamAZ2.1 epitope. (A-H) Various CPP conjugated
MamAZ2.1 epitopes were incubated with T2 cells for 24 h. The membrane expression of HLA-A2 was determined by the shift in mean channel fluorescence of
FITC labelled anti-HLA-A2 monoclonal antibodies (clone: BB7.2, demonstrated in unfilled bold black). The isotype control antibody (clone: MG2b-57) which
has no binding affinity to HLA-A2 molecules is demonstrated in a filled grey histogram. The HLA-A2 membrane expression on empty T2 cells untreated
with aforementioned epitopes is demonstrated in unfilled grey histogram. (I) Median fluorescence channel shift following treatment with various CPP conju-
gated MamAZ2.1 epitopes. 'P<0.05 compared with the median fluorescence channel shift of MamA?2.1 peptide. CPP, cell-penetrating peptides; MamA2.1,
mammaglobin-A; HLA, human leukocyte antigen.
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Figure 2. Activation of CD8*T lymphocytes following antigenic presentation of various cell-penetrating peptides -conjugated MamA2.1 epitope. (A) Cytotoxicity
of activated CD8*T lymphocytes against human breast cancer cell lines, UACC812 (HLA-A2*MamA*, demonstrated in grey) and MCF-7 (HLA-A2*MamA",
demonstrated in crossed lines). (B and C) Gene expression of (B) IFNy and (C) granzyme B in activated CD8*T lymphocytes. ‘P<0.05, as compared with the
unconjugated MamAZ2.1 epitope. MamA?2.1, mammaglobin-A; IFNy, interferon-y.

MamA immunodominant epitopes to CD8*T cells, causing
their inflammatory activation and anticancer efficiency.

Conjugation of S4 at the C-terminus of MamA2.1 enhanced
its immunodominance. Next, it was verified whether immuno-
dominance would be impacted by the preferential conjugation
of S4-CPP at the N-terminus versus the C-terminus of the
MamAZ2.1 epitope. As demonstrated in Fig. 4, conjugation of
S4-CPP at the C-terminus over the N-terminus exerted higher
immunodominance as demonstrated by increased membrane
stabilization (Fig. S2), UACC cytotoxicity and gene expres-
sion of inflammatory cytokines IFNy and granzyme B. These
data demonstrated that the C-terminus conjugation of S4-CPP
to MamAZ2.1 epitope enhanced the cellular internalization
leading to the loading of this peptide to HLA-A2 and translo-
cation to the cell membrane. This caused efficient presentation
of the antigenic determinant to activate naive CD8*T cells to
induce anticancer cytotoxicity.

Discussion

Compared with other vaccine and immunotherapeutic strat-
egies, peptide-based vaccination approaches offer major

advantages by their ability to selectively target cancer cells,
induce long-term memory CD8*T lymphocytes, minimal
side-effect profile, along with low manufacturing costs and
easy scalability (26). However, limited efficacy of peptide
vaccines in clinical trials could be attributed to poor antigen
presentation, low immunogenicity and immune suppressive
tumor microenvironment (27). Conjugation of antigenic epit-
opes with CPPs has been considered to enhance the efficiency
of peptide vaccination. Various clinical trials (NCT01396239)
have been designed to study the application of CPPs as efficient
peptide vaccine delivery agents (28). However, there has been
significant debate regarding the universal choice of a particular
CPP for its efficient translocation through the cell membrane
for the eventual antigenic presentation of cancer epitopes to
induce immune responses. In the current study, six different
CPPs were tested for their ability to enhance the immunoge-
nicity of the MamA epitopes. While various CPPs have been
tested by several research groups (29), the CPP capability of
S4 protein transduction domain has not been reported.

The immunogenicity of peptide vaccines is dependent
upon the ability of this epitope to be loaded on HLA class I
molecules for its eventual presentation to CD8*T lympho-
cytes (30). The present study revealed that conjugation of
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Figure 3. The N-terminus of S4 peptide is conjugated to various HLA-A?2 restricted MamA antigenic epitopes. (A) Median fluorescence channel shift mediated
by HLA-A2 expression on the cell surface T2 cells following treatment with S4 peptide conjugated HLA-A?2 restricted MamA epitopes. (B and C) Cytotoxicity
of these various peptide-activated CD8*T lymphocytes against human breast cancer cell lines, (B) UACC812 and (C) MCF-7. (D and E) Gene expression
of (D) IFNy and (E) granzyme B in these various peptide-activated CD8*T lymphocytes. "P<0.05, for conjugated MamA antigenic epitope as compared
with the respective unconjugated epitope; “P<0.05, for S4 conjugated MamA2.X (X=2-7) as compared with S4 conjugated MamA2.1 antigenic epitope. S4,
shaker-potassium channel protein; HLA, human leukocyte antigen; MamA?2.1, mammaglobin-A; IFNy, interferon-vy.
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Figure 4. Comparison of MamAZ2.1 epitope conjugation to N-terminus versus C-terminus of S4 peptide. (A) Median fluorescence channel shift by HLA-A2
expression on the cell surface T2 cells following treatment with MamA2.1-S4 vs S4-MamA2.1 peptides. (B and C) Cytotoxicity of these CD8*T lymphocytes
individually activated by MamA?2.1-S4 and S4-MamAZ2.1 against human breast cancer cell lines, (B) UACC812 and (C) MCF-7. (D and E) Gene expression
of (D) IFNy and (E) granzyme B in these activated CD8*T lymphocytes. 'P<0.05. MamA?2.1, mammaglobin-A; S4, shaker-potassium channel protein; HLA,
human leukocyte antigen; IFNYy, interferon-v.

MamA2.1 and MamA?2 .4 epitopes with S4 domain enhances  restricted MamA epitopes which in-turn enables the loading
the stable membrane expression of HLA class I molecule. The  of this epitope onto HLA-A2 molecules. However, it may be
S4-CPP with its ability to pass through the cell membrane, unlikely that CPPs might impact other steps in antigen presen-
could enhance the cellular internalization of the HLA-A2 tation, such as, proteasome-mediated proteolytic processing
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for loading of epitopes onto HLA class I molecules (31).
Enhanced fluorescence channel shift (Fig. 1) with CPP conju-
gated MamA2.1 and MamA2 .4 epitopes suggested that there
was an increased number of HLA-A2 molecules with stable
membrane expression. Traditionally, TAP-deficient T2 cells
were used to verify the activation of CD8*T lymphocytes
following appropriate recognition of antigenic determinants.
The TAP protein is involved in translocation of endogenously
processed antigenic determinants to endoplasmic reticulum
for their eventual loading on HLA class I molecules in Golgi
apparatus. The TAP-deficient T2 cells do not have stable
surface membrane expression of HLA class I molecules.
The exogenous antigenic determinant-pulsed T2 cells enable
interaction of epitope-loaded HLA class I molecules to T-cell
receptor (TCR) of naive CD8*T lymphocytes leading to their
antigen specific cytotoxic activation.

The ability of S4-conjugated MamA epitope-pulsed T2
cells to prime CD8 T lymphocytes to activate their cytotoxic
ability was identified (Fig. 2). Furthermore, conjugation of
the S4 domain to less immunogenic MamA epitopes also
revealed a marginal increase in HLA-A2 membrane expres-
sion and downstream T-cell activation (Fig. 3) suggesting
that CPPs generally increase the final cytosolic availability of
antigenic epitopes for loading onto HLA class I presentation.
While it may be reasonable to expect that CPP-conjugation
would directly increase the internalization and cytosolic
abundance of antigenic epitope, studies by Backlund er al (32),
revealed that enhanced immunogenicity of CPP-conjugation
to a melanoma-associated antigenic epitope, gpl00, requires
Baft3-dependent cross presentation by professional APCs
and not by direct CPP-mediated cytosolic internalization.
They also revealed that enhanced immunogenicity following
CPP-conjugation in their murine preclinical cancer model was
dependent upon its ability to bind with lymph-tracking lipo-
protein. Similarly, peptide loading capability of S4-conjugate
epitopes to dendritic cells should be tested in murine models
following the aforementioned MamA peptide vaccination.
Therefore, future in vivo studies using dendritic cells are
needed to validate the findings of the present study and to
gain improved understanding of the molecular mechanisms
impacting the vaccination efficiency of the S4-conjugated
MamA epitopes. While the present study is limited to
HLA-A2 subtype, future studies are needed to characterize
the efficiency is the other HLA Class I subtypes for broader
application among diverse HLA profiles.

In summary, the present study indicated that S4-domain
conjugation enhances the anticancer immunogenicity of
MamA epitope-based peptide vaccination. The present study
is limited to assessing the in vitro efficiency of TA A-specific
activation of CD8*T lymphocytes. However, in vivo molec-
ular mechanisms of antigen presentation are dependent upon
vaccine bioavailability, tracking of vaccine to lymph nodes,
cell type specific differences between various APCs and
ability of T-cell receptor on CD8* T lymphocyte's binding
ability to HLA molecules. Future studies are warranted
in preclinical animal models to develop a detailed under-
standing of the efficiency of the S4-domain conjugation to
immunodominant MamA epitopes. CPPs were considered
to act as adjuvants to further enhance vaccine capability
through binding with toll-like receptors (TLRs). The role of

TLRs in CPP-conjugated peptide vaccination should also be
analyzed. While the present study was designed to under-
stand the priming of CD8*T lymphocytes, future studies
geared towards understanding CD4*T lymphocyte adap-
tive immune responses will enable future applicability of
CPP-conjugation for efficient peptide vaccination in cancer
immunotherapy.
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