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Triple negative breast cancer (TNBC), which constitutes
10%–20% of all breast cancers, is associated with aggressive
progression, a high rate of metastasis, and poor prognosis.
The treatment of patients with TNBC remains a great clinical
challenge. Preclinical reports support the combination
immunotherapy of cancer vaccines and immune checkpoint
blockades in non-immunogenic tumors. In this study, we
constructed nanoparticles (NPs) to deliver an mRNA vaccine
encoding tumor antigen MUC1 to dendritic cells (DCs) in
lymph nodes to activate and expand tumor-specific T cells. An
anti-CTLA-4 (cytotoxic T-lymphocyte-associated protein 4)
monoclonal antibody was combined with the mRNA vaccine
to enhance the anti-tumor benefits. In vivo studies demon-
strated that the NP-based mRNA vaccine, targeted to mannose
receptors on DCs, could successfully express tumor antigen in
the DCs of the lymph node; that the NP vaccine could induce
a strong, antigen-specific, in vivo cytotoxic T lymphocyte
response against TNBC 4T1 cells; and that combination
immunotherapy of the vaccine and anti-CTLA-4 monoclonal
antibody could significantly enhance anti-tumor immune
response compared to the vaccine or monoclonal antibody
alone. These data support both the NP as a carrier for delivery
of mRNA vaccine and a potential combination immunotherapy
of the NP-based mRNA vaccine and the CTLA-4 inhibitor
for TNBC.

INTRODUCTION
Breast cancer is the most common cancer among women around the
world, and 30%–40% of breast cancer cases will progress to metastatic
disease.1 Triple negative breast cancer (TNBC)—defined by the
absence of estrogen receptor (ER), progesterone receptor (PR), and
human epidermal growth factor receptor 2 (HER2) expression—is
associated with aggressive growth, a high rate of metastasis, and the
poorest prognosis of all breast cancer sub-types.2–4 Due to the lack
of therapeutic targets, TNBC is unresponsive to typical endocrine
therapies and HER2-targeted therapy.2 The treatment of patients
with TNBC remains a great clinical challenge. Cancer vaccines based
Molecular Therapy Vol. 26 No 1 Janu
on tumor-associated antigens represent an attractive therapeutic
strategy. They can induce a specific immune response toward the
tumor and establish long-term immune memory, reducing the likeli-
hood of toxic side effects and preventing tumor recurrence.5

Major histocompatibility complex (MHC)-I-restricted cytotoxic
T lymphocytes (CTLs) are important for eradicating the growth of
tumor cells and preventing the recurrence of cancer.6 T lymphocyte
activation requires distinct signals from an antigen-presenting cell.
Recognition of the antigen-MHC complex by the T cell antigen recep-
tor is insufficient for activation of naive T cells. Additional costimula-
tory signals are required, which are provided by the engagement of
CD28 on the T cell surface with B7 molecules (CD80 and CD86) on
the antigen-presenting cell.7 T cell activation also induces an inhibitory
pathway that could eventually attenuate and terminateT cell responses.
Expression of CTLA-4 (cytotoxic T-lymphocyte-associated protein 4),
which has very high homology to CD28, is induced after activation of
T cells. Just like CD28, CTLA-4 binds B7 molecules at the T cell-APC
interface to block costimulation and abrogate the activated T cell
response.7 Antibodies that restore T cell responses against tumors
represent a rapidly emerging anti-cancer strategy. The US Food and
Drug Administration (FDA) approved an antibody against CTLA-4,
ipilimumab, in 2011 for the treatment of melanoma.8 Ipilimumab
has been successfully combined with granulocyte-macrophage
colony-stimulating factor (GM-CSF) cell-based vaccines for pancreatic
cancer treatment, with the potential for clinical benefit.9

MUC1 is a heavily glycosylated type 1 transmembrane mucin,
which was ranked second of the 75 tumor-associated antigens by
the National Cancer Institute.10 A large number of carcinomas of
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Figure 1. Characterization of mRNA-Loaded LCP

(A) Dynamic light scattering (DLS) size of LCP. (B) Zeta potential of LCP. (C) TEM images of LCP cores. (D) Final NPs encapsulating mRNA-encoding MUC1. Three curves

in Figure 1B showed three measurements of the same sample.
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the breast, ovary, colon, rectum, pancreas, and prostate exhibit
striking overexpression of MUC1.11 In recent years, MUC1 has
been utilized in immunotherapeutic approaches for the develop-
ment of peptide-, carbohydrate-, DNA-, and dendritic cell (DC)-
based vaccines.12 RNA-based vaccines have only recently received
attention, but they may offer certain advantages over peptide, carbo-
hydrate, and DNA vaccines. As a vaccine modality, RNA has two
major advantages over DNA.13,14 First, RNA needs only to be deliv-
ered into the cytoplasm of the host cell to be translated into protein,
whereas DNA must enter the nucleus to be transcribed into mRNA,
which is then transported into the cytoplasm for translation.13 In
fact, mRNA can mediate higher levels of protein expression in vivo
when compared with DNA, and in a shorter time frame.14 Second,
using RNA obviates the potential integration of foreign DNA into
the host genome, which may induce mutations. Moreover, gene
expression via mRNA is relatively transient, and is therefore safer
to use when compared with DNA.14 An mRNA vaccine is also
more suitable than a peptide vaccine. Peptide antigens usually
contain only one epitope, whereas mRNA vaccines can express
several epitopes from the same sequence. Carbohydrate vaccines
induce antibodies against cancer,15 whereas mRNA vaccines trigger
T cell immune responses.16 Despite many advantages, it is difficult
to administer mRNA in vivo, mainly because of its instability under
physiological conditions and difficulty for delivering into the cyto-
plasm of DCs. Improvements in the stability, durability, and expres-
sion levels of mRNA-based vaccines have been achieved through
nanoparticle (NP) delivery.17
2 Molecular Therapy Vol. 26 No 1 January 2018
Lipid/calcium/phosphate (LCP) NPs were previously developed in
our laboratory as a new class of intracellular delivery systems for
impermeable drugs.6,18 The sub-cellular distribution indicated that
LCP could efficiently release their cargo into the cytoplasm,6,18 which
would be beneficial for the expression of delivered mRNA encoding
MUC1. The surface of LCP can be modified with mannose, a ligand
for mannose receptors that is expressed on DCs, which promotes
delivery of an exogenous antigen/mRNA to the cytosol of DCs to
induce an MHC-I-restricted CTL response.19 LCP, as a peptide
vaccine delivery system, has been successfully applied to the delivery
of tyrosinase-related protein 2 (Trp 2) peptide for melanoma treat-
ment.6 In this study, an LCP modified with mannose was employed
to deliver mRNA encoding MUC1 to DCs in the lymph nodes.
Therapeutic efficiency after vaccination with the mRNA-loaded NP
was evaluated in an orthotopic TNBC model. The anti-CTLA-4
monoclonal antibody was combined with the mRNA vaccine to
enhance the anti-tumor immune response by targeting regulatory
pathways in T cells.

RESULTS
Characterization of LCP NPs Containing mRNA EncodingMUC1

and HA Tag

MUC1 is a transmembrane glycoprotein normally expressed on the
apical surface of ductal epithelia.11 In order to differentiate between
exogenously and endogenously expressed MUC1 in tumor cells and
normal tissue, a hemagglutinin (HA) tag-encoding sequence was
designed at the 30 terminal of MUC1 mRNA. The Kozak consensus



Figure 2. Expression of HA-Tagged MUC1 Fusion

Protein in the 4T1 Cell Line and Lymph Nodes

(A) Expression of MUC1 fusion protein in cells detected by

western blot assay. (B) Expression of MUC1 fusion pro-

tein detected by western blot analysis in lymph nodes

from immunized mice, with LCP loaded with mRNA-en-

coding MUC1 fusion protein. UN, untreated; 1 and 2, two

mice immunized with mRNA-loaded LCP NPs.
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sequence plays a major role in the initiation of the translation
process. The untranslated region (UTR), including the Kozak
sequence (GCCACC), was designed at the 50 terminal of MUC1
mRNA. RNA-encoding MUC1 and the HA tag were synthesized by
the in vitro transcription system. To impart desirable mRNA
characteristics, such as increased stability against nucleases, increased
translation, or reduced innate immune stimulation, modified ribonu-
cleotides were used for synthesis of RNA.20,21

Our previous studies have shown that LCP can efficiently encapsulate
nucleic acids and peptides,6,18,22 which could be applied to the mRNA
vaccine in this study. The mRNA-loaded LCP was prepared in a
water-in-oil micro-emulsion. The high PEG density on the LCP
surface significantly increased the in vivo colloidal stability of the
NP and thus improved the pharmacokinetic and pharmacodynamics
profiles of the therapeutics.23 The surface of LCP was modified with
mannose to target the mannose receptor that is highly expressed on
DCs.24 The encapsulation efficiency of mRNA into LCP was about
50%. CaP cores and final LCP were about 15 nm and 25 nm in diam-
eter, respectively, as determined by transmission electron microscopy
(TEM) (Figures 1C and 1D), whereas the hydrodynamic size of LCP
was 58 nm in diameter, as determined by dynamic light scattering,
with a surface charge of 38 mV (Figures 1A and 1B).

Expression of MUC1 Fusion Protein with HA Tag in 4T1 Cell Line

and Lymph Node

In order to distinguish the exogenous from endogenous expression
of MUC1, we have synthesized an HA-tagged MUC1 gene. The re-
combinant plasmid and transcribed mRNA encoding MUC1 and
HA tag were respectively transfected into the 4T1 cell line. Expres-
sion of the MUC1 fusion protein was detected by western blot assay
with a peroxidase-labeled anti-HA antibody. The result showed that
the HA tag was expressed in 4T1 cells after transfection. Because the
HA tag was co-expressed with MUC1 and the HA tag was located
downstream of MUC1, western blot analysis indicated that exoge-
nous MUC1 was successfully expressed in 4T1 cells (Figure 2A).
Draining lymph nodes were harvested from mice immunized with
LCP loaded with mRNA encoding MUC1 fusion protein on day 7
after vaccination. Western blot analysis detected HA-tagged
MUC1, indicating that LCP could release mRNA in the lymph no-
des and mRNA was correctly translated into the target protein
(Figure 2B).
In Vivo CTL Assay

To assess the NP-based mRNA vaccine’s ability to activate CTLs, an
in vivo CTL assay was performed. In many approaches, mRNA
encoding for tumor-associated antigens is applied to induce specific
CTL responses.25,26 In the in vivo CTL and ELISPOT assays, MUC1
peptide was typically used for the evaluation of MUC1-specific
response. But the potential MHC class I binding epitopes derived
from MUC1 are mostly associated with H2b molecules,27,28 and the
binding epitopes to H2d MHC class I have hardly been reported in
previous studies. Therefore, MUC1 was analyzed for predicted bind-
ing epitopes to H2dMHC class I molecules using algorithms available
online.29,30 MUC1 peptide, including a highly scored MHC class I
epitope based on in silico analysis, and OVA peptide were synthesized
and then evaluated for an in vivo MUC1-specific CTL response and
interferon-g (IFN-g) production, but the MUC1 peptide could not
work in these assays (Figure S3). For this purpose, MUC1 mRNA
was transfected into cells for production of sufficient recombinant
MUC1 protein to pulse the splenocytes. The lysate of the transfected
cells provided a sufficient amount of antigens for splenocyte loading.
Splenocytes from naive mice were pulsed with 4T1 cell lysates trans-
fected with MUC1 mRNA and untreated CT26 (colorectal cancer)
cell lysates, and then the transfected cell lysate-pulsed cells and
CT26 cell lysate-pulsed cells were labeled with high and low
concentrations of carboxyfluorescein succinimidyl ester (CFSE),
respectively. The mice were intravenously injected with a mixture
containing equal amounts of CFSEhigh (transfected 4T1 cell lysate-
pulsed cells) and CFSElow (CT26 cell lysate-pulsed cells) 7 days after
immunization with empty LCP NP, naked mRNA, PBS, or mRNA-
loaded LCP NP. MUC1-specific lysis was analyzed using flow cytom-
etry 18 hr after injection. As seen in Figure 3, the mice immunized
with either PBS or empty LCP NP could not generate any detectable
MUC1-specific CTL response, mice receiving naked mRNA exhibited
a weak MUC1-specific CTL killing compared to the LCP-mRNA-
treated group, andmice treated with LCP-basedmRNA vaccine could
induce the strongest CTL response. The result demonstrated that the
killing efficiency of antigen-specific CD8+ cells was elicited by
immunization with target antigen MUC1.

Production of IFN-g by Lymphocytes from Vaccinated Mice

IFN-g production induced by the tumor antigen was measured with a
BD ELISPOT assay system. Spleens were sterilely harvested from each
treated mouse at 7 days post immunization and dissociated into
Molecular Therapy Vol. 26 No 1 January 2018 3

http://www.moleculartherapy.org


Figure 3. In Vivo CTL Response after Vaccination

(A) In vivo CTL response after different treatments. Splenocytes from naive mice were pulsed with 4T1 cell lysates transfected with MUC1 mRNA and CT26 cell lysates. The

transfected cell lysate-pulsed cells and CT26 cell lysate-pulsed cells were labeled with high and low concentrations of CFSE, respectively, and injected intravenously into the

4 groups of mice. After 18 hr, splenocytes were separated from the spleens of treated mice and subjected to flow cytometry analysis. (B) The specific lysis activity of CTL that

was calculated using the equation described in the Materials and Methods section. Data are shown as mean ± SD. *p < 0.05; n = 3.
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single-cell suspensions. Cells were stimulated with either 2 mg/mL cell
lysates transfected with MUC1 mRNA or CT26 cell lysates as a con-
trol. Production of IFN-gwas detected using a BD ELISPOT substrate
set. Positive responses were manually enumerated. As shown in Fig-
ure 4, splenic cells isolated frommice in the PBS group and the empty
LCP group generated low levels of IFN-g, and the highest IFN-g pro-
duction was observed in the LCP-mRNA-treated group. The group
immunized with naked mRNA stimulated modest IFN-g secretion.
The data indicated that only MUC1-specific induction produced
IFN-g. Again, neither the in silico generated MUC1 peptide nor the
lysate of naive 4T1 cells could induce the IFN-g production.

Combined Therapy with Anti-CTLA-4 Monoclonal Antibody and

Vaccine Improved Inhibition of Tumor Growth

MUC1 is a widely used target for antitumor immunotherapy.31 How-
ever, a NP-based RNA vaccine containingMUC1-encodingmRNA in
the central core and an asymmetric lipid outer membrane for TNBC
therapy is a novel approach. An in vivo CTL assay and an IFN-g pro-
duction assay demonstrated that a MUC1 vaccine could induce anti-
gen-specific antitumor immunity. However, T cell activation through
4 Molecular Therapy Vol. 26 No 1 January 2018
the T cell receptor and CD28 leads to increased expression of
CTLA-4, an inhibitory receptor for B7, and eventually the inhibitory
pathway attenuates and terminates T cell responses.32 In order to
enhance T cell function and improve the vaccine’s efficacy, the
NP-based mRNA vaccine was combined with anti-CTLA-4 mono-
clonal antibody for TNBC therapy. As is shown in Figure 5, both
the MUC1 vaccine group (p < 0.001) and anti-CTLA-4 antibody
group (p < 0.001) showed strong antitumor activity. The blockade
of CTLA with antibody further potentiates the efficacy of the
MUC1 vaccine, which showed a superior inhibitory effect when
compared with the vaccine group (p < 0.001) and the anti-CTLA-4
antibody alone group (p < 0.01). The result suggested that the
MUC1 vaccine could induce an antitumor immune response and
that therapeutic effects of the vaccine on TNBC were greatly
enhanced by additional treatment with anti-CTLA-4 monoclonal
antibody. It is noteworthy that the endogenous expression level of
MUC1 on 4T1 cells successfully induced an antigen-specific T cell
response, which resulted in tumor growth inhibition, even though
the lysate of naive 4T1 cells failed to pulse splenocytes for antigen
presentation in the in vivo CTL assay or induce the production of



Figure 4. Production of Mouse IFN-g Detected by ELISPOT Assay

(A) Representative images of the IFN-g ELISPOT assay. Spleens were harvested

from each treatedmouse for 7 days, and single-cell suspensions were stimulated for

18 hr with either cell lysates transfected with MUC1 mRNA or with CT26 cell lysates

as a control. Production of IFN-gwas detected using the BDELISPOT substrate set.

(B) Quantitation of the ELISPOT assay. Data are shown as mean ± SD. *p < 0.05;

**p < 0.01; ***p < 0.001; n = 3.
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IFN-g in vitro. The amount of MUC1 protein in the 4T1 cell lysates
was apparently not sufficient for antigen loading and induction of
IFN-g production.

Tumor-Infiltrating Lymphocytes Analyzed by Flow Cytometry

Assay

When an antitumor immune response is raised, a subset of CD8+

antitumor T cells infiltrates tumors.33 These tumor-infiltrating lym-
phocytes were analyzed by flow cytometry. As shown in Figure 6,
the vaccine group, monoclonal antibody group, and combination
group all induced a significant increase in tumor-infiltrating CD8+

T cells when compared to the PBS, naked mRNA, empty LCP, and
isotype control groups. The combination group induced significantly
more tumor-infiltrating CD8+ T cells than the vaccine and mono-
clonal antibody groups. The result showed that while treatment
with either MUC1 vaccine or anti-CTLA-4 monoclonal antibody
could increase the number of tumor-infiltrating CD8+ T cells, combi-
nation therapy was most effective at promoting the infiltration of
CD8+ T cells compared to single treatments.

Toxicity Studies

Mice were sacrificed at the end of treatment and organs and blood
were removed for analysis. Serummarkers for kidney and liver toxicity
were measured (alanine aminotransferase [ALT], aspartate amino-
transferase [AST], blood urea nitrogen [BUN], and creatinine). White
blood cells (WBCs), red blood cells (RBCs), platelets (PLTs), hemoglo-
bin (HGB), hematocrit (HCT), and mean cell volume (MCV) were
counted for the detection of myelosuppression. H&E staining of the
heart, liver, spleen, lung, and kidneys showed that there were no
noticeable morphological changes in any of the 6 groups (Figure 7).
Serum markers for kidney and liver toxicity remained in the normal
range after treatment (Table 1). The combination therapy with the
MUC1 vaccine and anti-CTLA-4 monoclonal antibody significantly
reduced the levels of WBCs inside the normal range compared to
the PBS group (Table 2). Because of treatment, anti-CTLA-4
monoclonal antibody, free mRNA, and empty LCP all reduced platelet
count below the normal range, and the combination group showed a
slight increase in hemoglobin above the normal range (Table 2).

DISCUSSION
The lack of targeted therapies and poor prognosis of patients with
TNBC have greatly promoted the need to discover molecular targets
and develop new therapeutic approaches.34 Immunotherapy slows
TNBC progression and represents an attractive approach to treating
TNBC.35 In this study, LCP was used as a carrier and adjuvant system
for the development of mRNA vaccine encoding tumor-associated
antigen MUC1. In addition, the vaccine was combined with anti-
CTLA-4 monoclonal antibody to enhance the immune response of
the vaccine against TNBC through improvement of T cell function.
In vivo studies demonstrated that the NP-based mRNA vaccine,
modified with a mannose targeting DC surface receptor, could drain
Figure 5. Tumor Growth Inhibition Experiment

Female BALB/c mice received 1 � 105 4T1 tumor cells in

the mammary fat pad on day 0. The LCP vaccine with

mRNA, empty LCP, naked mRNA, and PBS were sub-

cutaneously injected into the contralateral side of the

lower flank on days 6 and 13 (blue arrows), respectively.

Tumor-bearing mice were intraperitoneally injected with

anti-CTLA-4 antibody on days 3, 6, 9, and 12 (black

arrows). For combination therapy, mice received both

the mRNA vaccine and repeated injections of the anti-

CTLA-4 antibody. Tumor size was measured every 2

to 3 days for 25 days. Data are shown as mean ± SD.

*p < 0.05; **p < 0.01; ***p < 0.001; n = 6–10.
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Figure 6. Flow Cytometry Analysis of CD8+ T Cells in Tumors

At the endpoint of the tumor growth inhibition study (day 25), tumor tissues were harvested and digested for the flow cytometry assay. Data are shown as mean ± SD.

*p < 0.05; **p < 0.01; ns, no significant difference; n = 3.
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into the lymph node, and the encapsulated mRNA could be success-
fully expressed in DCs of the lymph node. In addition, in vivo studies
demonstrated the NP vaccine could induce a strong, antigen-specific
CTL response against 4T1 TNBC cells, and that combined treatment
with an anti-CTLA-4 monoclonal antibody could significantly
enhance the anti-tumor immune response compared to the vaccine
or monoclonal antibody alone.

The use of tumor-specific mRNA as a vaccine is a focus of current
research and shows several advantages, including feasibility, applica-
bility, safety, and efficacy, in generating immune responses.16,36,37 A
variety of NPs have been investigated for effective gene delivery in vivo,
including lipid-based and polymer-based NPs, in which the negatively
charged nucleic acid molecules are encapsulated within the hydrophil-
ic core or adsorbed on the cationic surface.38,39 LCP, which consists of
a calcium phosphate core and an asymmetrical lipid bilayer, was first
developed in our laboratory and has been applied to the delivery of
small interfering RNA (siRNA) and peptides.6,18,22 When MUC1
mRNA was packaged into LCP, RNA molecules were condensed
and encapsulated into the calcium phosphate core. An in vivo delivery
study indicated that LCPs could successfully deliver and releaseMUC1
mRNA into the cytoplasmof targeted cells in lymph nodes (Figure 2B).
In the present study, the NP-based mRNA vaccine was first developed
for TNBC treatment. It meant that LCP is also a powerful system for
more tumor-specific RNA delivery.
6 Molecular Therapy Vol. 26 No 1 January 2018
Many MUC1-based immunotherapies have been reported in clinical
studies.40 There are two MUC1-based therapeutic vaccines in clinical
development, and these vaccines are long non-glycosylated polypep-
tides derived from the variable number tandem repeats (VNTR)
sequence of MUC1.41,42 Most potential CTL epitopes on the MUC1
molecule lie outside of the VNTR;40 therefore, it is important to incor-
porate the entireMUC1molecule into therapeutic vaccines. Two such
vaccines utilize poxviruses as vectors for the MUC1 gene sequence,
but improved DC uptake and T cell recruitment are deemed neces-
sary.40 MUC1 is abnormally overexpressed on a variety of epithelial
tumors.43 It has also been shown to be expressed on the epithelial cells
of several healthy tissues, acting as a protective lubricant of bacterial
infections.44 Our western blot analysis showed that MUC1 was highly
expressed on a series of tumor cell lines: NIH/3T3 and the murine
immature DC line JAWSII (Figure S1). Overexpressed MUC1 is
hypo-glycosylated and not restricted to the cell surface.40

Tumor-infiltrating cytotoxic T cells can be inhibited by the CTLA-4
co-inhibitory signal.45 Antibody blockade of CTLA-4 has been shown
to enhance antitumor immune responses in both murine preclinical
models and clinical trials.46,47 Tumor inhibition was significantly
more effective when vaccination with MUC1 mRNA-loaded LCP
was combined with antibody blockade of CTLA-4 (Figure 5).
Enhanced T cell infiltration of tumors was observed following simul-
taneous blockade of the CTLA-4 pathway (Figure 6). CTLA-4



Figure 7. Toxicity Study of Organs of the Treated

Mice

Mice were sacrificed at the end of treatment and organs

were dissected. Morphologies of the heart, liver, spleen,

lung, and kidneys after H&E staining were compared to

evaluate organ-specific toxicity. Scale bar, 50 mm.
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functions by binding to phosphatase PP2A, leading to the inhibition
of Akt phosphorylation and ultimately the inhibition of T cell activa-
tion.48 The antibody targeting CTLA-4 appears to restore anti-tumor
immunity in the priming phase of the immune response.49 Blocking
CTLA-4 leads to Akt phosphorylation, which likely promotes effec-
tive T cell activation and ultimately an increased therapeutic effect
when combined with the vaccine.32 Various cancer vaccines
combined with inhibitory pathway blockade have been validated in
preclinical models, and enhanced T cell infiltration of various tumors
has been demonstrated following this combination therapy.50

Conclusions

The MUC1-based mRNA vaccine induces a potent CTL response
against TNBC. The combination of an mRNA vaccine with an anti-
CTLA-4 monoclonal antibody can greatly enhance T cell immune
response significantly better than treatment with either the mRNA
vaccine or the anti-CTLA-4 monoclonal antibody alone. LCP is a
powerful system for tumor-specific RNA delivery.

MATERIALS AND METHODS
Reagents

Dioleoylphosphatydic acid (DOPA) and 1,2-dioleoyl-3-trimethylam-
monium-propane chloride salt (DOTAP) were purchased fromAvanti
Polar Lipids. 1,2-Distearoryl-sn-glycero-3-phosphoethanolamine-N-
(methoxy[polyethyleneglycol-2000]) ammonium salt (DSPE-PEG)
M

and DSPE-PEG-NHS were purchased from
NOF. Cholesterol, cyclohexane, and IGEPAL-
CO-520 were purchased from Sigma-Aldrich.
Mannose-PEG-DSPE was synthesized using
DSPE-PEG-NHS and 4-amino phenyl-manno-
pyranoside (Sigma-Aldrich, St. Louis, MO) ac-
cording to the previously established protocol
in our laboratory. Nucleotides (ATP and guano-
sine triphosphate [GTP]) were purchased from
Affymetrix, and modified nucleotides (5-meth-
ylcytidine-50-triphosphate and pseudouridine-
50-triphosphate) were purchased from Trilink
Biotechnologies. 30-O-Me-m7G (50) ppp (50) G
RNA cap structure analog was purchased from
NEB. All other chemicals were purchased from
Sigma-Aldrich if not specifically mentioned.

Cell Line, Mice, and Antibodies

The TNBC 4T1 cell line, which is derived from a
spontaneous mammary carcinoma in a BALB/c
mouse, was obtained from ATCC and cultured
in a Roswell Park Memorial Institute (RPMI) 1640 medium, supple-
mented with 10% fetal bovine serum, 100 U/mL penicillin, and
100 mg/mL streptomycin (Invitrogen). 6- to 8-week old female
BALB/c mice were obtained from Charles River Laboratories.
Animals were raised in the Center for Experimental Animals (an
AAALAC-accredited experimental animal facility) at the University
of North Carolina (UNC) at Chapel Hill. All animal handling proced-
ures were approved by the Institutional Animal Care and Use
Committee at UNC at Chapel Hill. Anti-CTLA-4 (9D9) and mouse
immunoglobulin G2b (IgG2b) isotype control used in vivo were
obtained from Bio X Cell. Dosing per injection was 100 mg 9D9
and 100 mg mIgG2b. Primary antibodies used for western blot
analysis included glyceraldehyde 3-phosphate dehydrogenase and
anti-HA-peroxidase (Sigma-Aldrich). Fluorescein isothiocyanate
(FITC)-conjugated anti-mouse CD8a and FITC-conjugated k isotype
control were obtained from BD Biosciences. Rabbit anti-mouse
IgG-horseradish peroxidase, used for western blot analysis, was
purchased from Santa Cruz Biotechnology.

Expression of MUC1 Fusion Protein with HA Tag

Total RNA was extracted from the 4T1 cell line using an RNeasy kit
(QIAGEN). The cDNAwas reverse transcribed using the First-Strand
Synthesis System for PCR. The wholeMUC1 gene was amplified from
cDNA by PCR with specific oligonucleotide primers. The PCR prod-
ucts were cloned into the Hind III and EcoR V sites of the eukaryotic
olecular Therapy Vol. 26 No 1 January 2018 7
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Table 1. Serum Protein Values after Treatments

Samples
BUN
(mg/dL)

Creatinine
(mg/dL) AST (U/L) ALT (U/L)

PBS 15 ± 1 0.2 ± 0 144.3 ± 15 37.7 ± 1.5

Empty LCP 14.67 ± 0.58 0.10 ± 0 114.00 ± 7 26.67 ± 3.51

Free mRNA 16.33 ± 1.53 0.13 ± 0.06 170.33 ± 53.05 30.00 ± 4.36

LCP mRNA 15.3 ± 3.5 0.2 ± 0 149.7 ± 20.6 39 ± 3.5

Anti-CTLA-4 14.3 ± 2.3 0.2 ± 0 130 ± 22.6 37 ± 1

LCP-mRNA+

anti-CTLA-4
18.7 ± 5.5 0.2 ± 0 170.7 ± 47.1 42.7 ± 2.3

Normal range 8–33 0.1–0.9 54–298 17–77
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expression vector pcDNA3.1 (+) (Invitrogen). The open reading
frame of the MUC1 gene was flanked by the Kozak consensus
sequence in the 50 of the UTR. Recombinant plasmid pcDNA3.1-
MUC1 was used as a PCR template to amplify the whole MUC1
gene and HA tag-encoding sequence. The HA tag-encoding sequence
was designed in the reverse primer. Then, the PCR product was
cloned into plasmid pcDNA3.1 (+). Subsequently, the recombinant
plasmid was transfected into the 4T1 cell line with Lipofectamine
2000 reagent (Invitrogen).

In Vitro Transcription and Transfection of mRNA Encoding

MUC1 and HA Tag

The template for in vitro transcription was prepared by PCR ampli-
fication, followed by agarose gel electrophoresis purification. RNA
was synthesized in vitro by using a MEGAscript T7 Transcription
kit (Ambion). 1.6 mg amplicon was incubated in 40 mL total
volume at 37�C for 4 hr with 4 mL reaction buffer (10 � ),
4.8 mL 30-O-Me-m7G(50)ppp(50)G RNA Cap Structure Analog
(50 mM), 3 mL 5-methylcytidine-50-triphosphate (100 mM), 3 mL
pseudouridine-50-triphosphate (100 mM), 0.6 mL GTP (100 mM),
3 mL ATP (100 mM), and 4 mL T7 Enzyme Mix. The obtained
RNA was polyadenylated using a Poly(A) Tailing kit (Ambion)
and then purified with a MEGAclear Transcription Clean-Up kit
(Ambion). The purified mRNA encoding MUC1 and HA tag
fusion protein was transfected into the 4T1 cell line using a
TransIT-mRNA transfection kit (Mirus Bio) according to the
manufacturer’s instructions.

Preparation of LCP-Based mRNA Vaccine NP

The mRNA-loaded LCP was prepared in a water-in-oil microemul-
sion. Briefly, 600 mL 2.5 M CaCl2 and 50 mg mRNA were dispersed
in 20 mL cyclohexane/Igepal CO-520 (71:29, V:V) oil phase to
form the calcium phase. At the same time, 600 mL 12.5 mMNa2HPO4

(pH = 9.0) was dispersed in a separate 20-mL oil phase. After separate
stirring at room temperature for 5 min, the two oil phases were mixed
and stirred at room temperature for 20 min. Subsequently, 400 mL
20 mM DOPA was added. After the microemulsion was stirred for
another 15 min, 40 mL ethanol was added to precipitate the calcium
phosphate cores. The calcium phosphate cores with encapsulated
mRNA were collected using centrifugation at 10,000 � g for 20 min
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and washed with 40 mL ethanol. The pellets were dissolved in
chloroform. For final LCP preparation, the cores were mixed with
140 mL 20 mM DOTAP, 140 mL 20 mM cholesterol, 100 mL 20 mM
DSPE-PEG-2000, and 80 mL 5-mM DSPE-PEG-mannose. After
chloroform evaporation, the LCP was rehydrated in 250 mL of a 5%
glucose solution. Both the calcium phosphate cores and the final
LCP were observed using TEM (JEOL 100CX II TEM). Particle size
and zeta potential were measured in water with a Malvern Zetasizer
Nano ZS.
Expression of MUC1 Fusion Protein in Lymph Node after

Vaccination

Female BALB/c mice were immunized with mRNA-loaded LCP and
sacrificed 7 days later. Vaccine-draining lymph nodes were harvested
from immunized mice, and the lymph node in the same position was
harvested from the untreated mouse. Expression of MUC1 fusion
protein was detected using western blot analysis.
Western Blot Analysis

The transfected cells and lymph nodes of mice in the control group
and the immunized group were harvested, and the total proteins
were extracted using radioimmunoprecipitation assay lysis buffer
(Sigma-Aldrich). After the total protein concentrations were deter-
mined using a BCA protein assay system (Thermo Fisher Scientific),
the same amount of extracted proteins were separated by SDS-PAGE,
transferred onto polyvinylidene fluoride membranes (Millipore), and
respectively incubated with primary antibodies glyceraldehyde
3-phosphate dehydrogenase and anti-HA-peroxidase. Subsequently,
the membranes were incubated in horseradish-peroxidase-conju-
gated secondary antibodies. Bands were visualized using the Pierce
ECL Western Blotting Substrate according to the manufacturer’s
instructions (Thermo Fisher Scientific).
In Vivo CTL Assay

The CTL assay was performed following the previous protocol with
slight modifications.6,51 Briefly, female BALB/c mice were immunized
with empty LCP, naked mRNA, PBS, and mRNA-loaded LCP,
respectively. 7 days later, splenocytes were separated from the spleens
of naive BALB/c mice and immediately pulsed with either 2 mg/mL ly-
sates of 4T1 cells transfected withMUC1mRNA or CT26 cell (MUC1
negative; see Figure S1) lysates for 1.5 hr in a complete RPMI 1640
medium at 37�C. Both kinds of pulsed splenocytes were stained
with 2 mM PKH-26 (Sigma-Aldrich) according to the manufacturer’s
instructions. The transfected cell lysate-pulsed cells and CT26 cell
lysate-pulsed cells were then incubated for 15 min with 4 and
0.4 mMof CFSE, respectively. Equal numbers of CFSEhigh (transfected
cell lysate-pulsed cells) and CFSElow (CT26 cell lysate-pulsed cells)
were mixed together and injected intravenously into the four groups
of mice. After 18 hr, splenocytes were separated from the spleens
of treated mice and subjected to flow cytometry analysis. The
numbers of CFSEhigh and CFSElow were calculated, and the in vivo
MUC1-specific lysis percentage was enumerated according to the
following equation:51



Table 2. Whole Blood Analysis after Treatments

Samples WBC (103/mL) HCT (%) MCV (fL) RBC (106/mL) HGB (g/dL) PLT (103/mL)

PBS 33 ± 19.3 56.4 ± 4.7 58.2 ± 0.9 9.7 ± 0.8 16 ± 0.9 916.7 ± 231.4

Empty LCP 26.5 ± 19.8 41.5 ± 6.2 47.5 ± 1.5 8.72 ± 1.0 15 ± 1.7 571.7 ± 76.9

Free mRNA 32 ± 21.0 52.4 ± 11.1 53.1 ± 5.4 9.89 ± 2.0 16.3 ± 3.0 637.3 ± 54.4

LCP mRNA 19.8 ± 5.8 55.6 ± 3.6 55.1 ± 0.9 10 ± 0.6 16.1 ± 0.9 712.3 ± 118.5

Anti-CTLA-4 37.5 ± 5.3 56.7 ± 3.6 57 ± 0.9 9.9 ± 0.6 16.5 ± 0.9 672 ± 38

LCP-mRNA+

anti-CTLA-4
5.9 ± 0.8 57.1 ± 1.4 54.8 ± 1.3 10 ± 0.3 17.4 ± 0.6 883 ± 136.5

Normal range 2.6–10.1 32.8–48.0 42.3–55.9 6.5–10.1 10.1–16.1 780–1,540

www.moleculartherapy.org

Please cite this article in press as: Liu et al., Combination Immunotherapy of MUC1 mRNA Nano-vaccine and CTLA-4 Blockade Effectively Inhibits
Growth of Triple Negative Breast Cancer, Molecular Therapy (2017), https://doi.org/10.1016/j.ymthe.2017.10.020
%specific lysis=
CT26 cell lysates�x-transfected cell lysates

CT26 cell lysates�x
�100%;

where x =
transfected cell lysates

CT26 cell lysates
from naive mice:

Production of Mouse IFN-g Detected by ELISPOT Assay

Female BALB/c mice were immunized with empty LCP, naked
mRNA, PBS, and mRNA-loaded LCP, respectively. 7 days later,
spleens were sterilely harvested from each treated mouse and
separated into single-cell suspensions. IFN-g production was
measured with the BD ELISPOT assay system (BD PharMingen)
according to the manufacturer’s instructions. Briefly, cells were
seeded at 2� 106 per well in a capture antibody-coated 96-well plate.
The single-cell suspensions were then cocultured with either 2 mg/mL
4T1 cell lysates transfected with MUC1 mRNA or CT26 cell lysates at
37�C for 18 hr. Subsequently, cells were removed and the production
of IFN-g was measured by adding a detection antibody, followed by
an enzyme conjugate. Red dot signals were developed using the BD
ELISPOT substrate set and enumerated manually.

Tumor Growth Inhibition

Female BALB/c mice received 1 � 105 4T1 tumor cells in the mam-
mary fat pad on day 0. The LCP vaccine with mRNA, empty LCP,
naked mRNA, and PBS were subcutaneously injected into the contra-
lateral side of the lower flank on days 6 and 13, respectively. For
antibody therapy studies, tumor-bearing mice were intraperitoneally
injected with either anti-CTLA-4 antibody (9D9) or, as a control,
mIgG2b on days 3, 6, 9, and 12. For combination therapy, mice
received both the mRNA vaccine and repeated injections of anti-
CTLA-4 antibody. Tumor size was measured every 2 to 3 days using
digital calipers (Thermo Fisher Scientific), and tumor volume was
calculated as 0.5 � length � width2. After completion of the experi-
ment on day 25, all mice were euthanized.

Flow Cytometry Assay

Tumor-infiltrating lymphocytes were analyzed by flow cytometry.
In brief, tumor tissues were harvested and digested with collage-
nase A and DNase I at 37�C for 40 min. After lysis of red blood
cells, cells were dispersed in 1 mL PBS. Immune lymphocytes
(5 � 106 cells/mL) were stained with FITC-conjugated anti-mouse
CD8a. Analysis was performed using a FACS Caliber flow cytom-
eter and analyzed using Cell Quest software (BD Biosciences).

Toxicity Studies

The vaccinated mice, control mice, antibody-treated mice, and mice
co-treated with both the vaccine and antibody were all subjected to
toxicity studies. Blood and organs were dissected. Serum levels of
AST, ALT, BUN, and creatinine were measured as indicators of renal
and liver function. Organs, including the hearts, livers, spleens, lungs,
and kidneys, were stained with H&E to evaluate organ-specific
toxicity. Whole blood was measured for changes in WBC count,
HCT, MCV, RBC count, HGB, and PLT.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 5 Software.
A two-tailed t test and one-way ANOVA were performed when
comparing two groups and more than two groups, respectively.
Two-way ANOVA with multiple comparison was used to statistically
analyze the data of the tumor growth curve. Differences were consid-
ered statistically significant if p < 0.05. Data are shown as mean ± SD.
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