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Abstract

One of the challenging issues in vaccine development is peptide and adjuvant delivery into
target cells. In this study, we developed a vaccine and therapeutic delivery system to
increase cytotoxic T lymphocyte (CTL) response against a breast cancer model overexpres-
sing HER2/neu.

Gp2, a HER2/neu-derived peptide, was conjugated to Maleimide-mPEG000-DSPE
micelles and post inserted into liposomes composed of DMPC, DMPG phospholipids, and
fusogenic lipid dioleoylphosphatidylethanolamine (DOPE) containing monophosphoryl lipid
A (MPL) adjuvant (DMPC-DMPG-DOPE-MPL-Gp2). BALB/c mice were immunized with dif-
ferent formulations and the immune response was evaluated in vitro and in vivo. ELISpot
and intracellular cytokine analysis by flow cytometry showed that the mice vaccinated with
Lip-DOPE-MPL-GP2 incited the highest number of IFN-y+ in CD8+ cells and CTL response.
The immunization led to lower tumor sizes and longer survival time compared to the other
groups of mice immunized and treated with the Lip-DOPE-MPL-GP2 formulation in both
prophylactic and therapeutic experiments. These results showed that co-formulation of
DOPE and MPL conjugated with GP2 peptide not only induces high antitumor immunity but
also enhances therapeutic efficacy in TUBO mice model. Lip-DOPE-MPL-GP2 formulation
could be a promising vaccine and a therapeutic delivery system against HER2 positive can-
cers and merits further investigation.
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Introduction

Human epidermal growth factor-like receptor (HER2/neu) is an oncogene that belongs to the
transmembrane receptor family with 100 folds higher expression in tumor cells than normal
tissues [1]. HER2/neu as an immunogenic protein elicits both humoral and cellular immune
responses. This oncogene is an important biomarker and the goal of therapy for almost 30% of
all breast cancers[2].

Immunotherapy is a treatment that uses certain parts of a person’s immune system to attack
cancer cells specifically[3]. Many Tumor-Associated Antigens (TAAs) can be recognized by
the immune system [4]. Cancer vaccines belong to a class of substances known as biological
response modifiers that work by stimulating or restoring the immune system’s ability to fight
infections and disease. There are two broad types of cancer vaccines: prophylactic vaccines,
which are intended to prevent cancer from developing in healthy people, and the second
group, therapeutic vaccines, are intended to treat existing cancers by strengthening the body’s
natural immune response [5].

Peptides used in vaccines are antigenic epitopes derived from TAAs, which can stimulate
immune regulators including antibodies, helper T cells, and cytotoxic T lymphocytes [6].
Advantages of peptide vaccines are stability, simple component, and low microbial infection
[7].

GP2 is an immunogenic peptide that is recognized by the endogenous immune system [8].
GP2 with nine amino acids (654-662: [ISAVVGIL) is a MHC class I peptide which is derived
from HER2 protein’s transmembrane domain. GP2 is an efficient peptide for producing a
multi-epitope vaccine [9, 10]. The results indicated that GP2 peptide can induce a CTL
response similar to E75 and it is equally or more immunogenic [11]. Phase I clinical trial dem-
onstrated that GP2 peptide is safe and capable of stimulating a her2-specific immune response
[12]. Because GP2 peptide has a strong potential immunogenicity, it is an appropriate candi-
date for peptide vaccine trials [11].

In an immunization formulation, adjuvant components are used to obtain higher stimula-
tion and elongation time of the special immune system against antigens [13]. Toll like receptor
(TLR) agonists are novel immunostimulatory adjuvants that can be used for human vaccines
[14]. Monophosphoryl lipid A (MPL), a TLR4 agonist, is a chemically detoxified derivative of
the parent lipopolysaccharide (LPS) from Salmonella minnesota R595 strain. MPL can provoke
dendritic cells to secrete inflammatory cytokines such as INF-y, IL-12, and IL-6 and also acti-
vate the T cell immune response [15-17]. MLP has been used as a potent adjuvant for design-
ing vaccines against some important human diseases such as malaria, HIV-1, meningococcal
type B disease, breast cancer, prostate cancer, and colon cancer [18]. Therefore, co-delivery of
antigen and adjuvant is essential for impelling an adequate immune response [19].

Liposomes have been extensively studied as carriers for delivering antigens and adjuvants
to antigen-presenting cells (APCs). Efficient delivery of TAAs to the major histocompatibility
complex class I presentation pathway in APCs will substantially contribute to establishing
more effective cancer immunotherapy. The first use of a peptide to raise the immune response
to loaded liposomes was reported by Allison [20].

In the current study, to increase carrier delivery efficiency we used the helper-fusogenic lip-
ids such as DOPE. DOPE transfers from a bilayer structure to hexagonal phase as an endosome
acidifies and delivers the antigens to the cytosol of APCs [21, 22].

There are two ways for liposome antigen incorporation: covalent linking and encapsulation.
Reportedly, linking of antigen to liposome has higher efficiency in cell mediated immunity
response compared to antigen encapsulation [23]. In our previous study, P5 peptide
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conjugated toMaleimide-PEG,09o-DSPE with MPL adjuvant induced strong CTL response
that reduced tumor growth with prolonged survival time in the TUBO tumor mice model
[24].

In this study, we aimed at developing a liposomal vaccine composed of DMPC- DMPG-
Chol- DOPE containing MPL with Gp2 peptide conjugated to the surface of liposomes to
increase the CTL response and cellular immunity in the BALB/c mice model of TUBO xeno-
graft cancer.

Materials and methods
Animals

Four to six week-old female BALB/c mice were purchased from the Pasteur Institute (Tehran-
Iran). All procedures involving animal and the proposal were approved by the Institutional
Ethical Committee and Research Advisory Committee of Mashhad University of Medical Sci-
ences in accordance with the Animal Welfare Guideline (Education Office, dated Feb.28.2014;
proposal code 98623). Animals were kept in cages and provided with food and water ad libi-
tum. All mice received humane care in compliance with the institutional guideline.

Cell lines

TUBO, a cloned cell line that overexpressed the rHER2/neu protein, was kindly provided by
Dr. Pier-Luigi Lollini (Department of Clinical and Biological Sciences, University of Turin,
Orbassano, Italy) and was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) and sup-
plemented with 20% fetal bovine serum (FBS). CT26, a murine colon carcinoma cell line was
purchased from Pasture Institute (Tehran-Iran) and cultured in RPMI-1640 medium supple-
mented with 10% FBS. CT26 cells (rHER2/neu negative) were used as negative control.

Peptide and chemicals

GP2 (Ac-CGGGIISAVVGIL)with 99.95% purity and molecular weight of 1.2 KD was synthe-
sized by China Peptides Co. Ltd (Shanghai, China). DMPC (Dimyristoylphosphatidylcoline),
DMPG (Dimyristoylphosphoglycerol), DOPE (dioleoylphosphatidylethanolamine) and Dis-
tearoylphsphoethanolamin-N- [Maleimide (polyethylene glycol)-2000] (Maleimide-PEG p¢0-
DSPE) were purchased from Avanti Polar lipid (Alabaster, USA) and cholesterol and Mono-
phosphoryl lipid A (MPL) were purchased from Sigma Aldrich (Steinheim, Germany). Cyto-
fix/Cytoperm ™ Plus, PMA/ionomycin cocktail, anti-CD8a-PE-cy5, anti- CD4-PE-cy5, anti-
INF-y-FITC, and anti-IL-4 PE antibodies were purchased from BD Biosciences (SanDiego,
USA).

Conjugation of GP2 peptide to PEG»p00-DSPE

GP2 peptide (dissolved in dimethyl sulfoxide, DMSO) and maleimide-PEG,0o-DSPE (dis-
solved in chloroform), weremixed atmolar ratios of 1.2:1 in a sterile glass tube at 37°C for 48h.
The mixture was dried using a rotary evaporator and freeze-dryer, which was followed by
hydration with sterile water and bath-sonication for 5 min at 25°C.

Thin layer chromatography (TLC) and SDS-PAGE were used to confirm the binding
between the thiol group of peptide cysteine residue and the pyrrole group of maleimide. A
TLC plate (silica gel 60 F25A, Merck, USA) was applied in a TLC chamber containing mobile
phase composed of chloroform, methanol, and water at 90:18:2 (v/v) ratios, then the TLC
chamber was saturated with iodine vapor to stain the TLC plate.
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The SDS-PAGE consisted of running gel (16% (w/v) acrylamide / 6M urea), stacking gel
(4% (w/v) acrylamide), and spacer gel (10% (w/v) acrylamide);the gel thickness was 0.7 mm.
The anode buffer was 0.1 M Tris, pH 8.9 and cathode buffer was 0.1 M Tris, 0.1 M Tricine,
0.1% SDS, pH 8.25. Electrophoresis was carried out with an initial voltage of 30 V, which was
increased to 300 V at the end of the run then stained with silver nitrate for visualization[25].

In addition, HPLC method was used to verify linking of peptide to maleimide by determin-
ing the fraction of free peptide. KNAUER smart line HPLC (Berlin, Germany) was equipped
with a Nucleosil C18, 5um, 150 x 4.6mm, and 100 A° column (KNAUER) and a UV detector
(KNAUER $2600) set at 220 nm. The flow rate was set to 1 ml/min and the mobile phases
employed were A (water + 0.1% TFA) and B (acetonitrile+0.1%TFA). The gradient elution
program started with 100% A and was increased to 20% B in 2 min and 80% A in 2 min.

Preparation of nanoliposomes

Liposomes (Lip-DOPE) composed of DMPC:DMPG:Chol:DOPE at molar ratios 30:4:6:10 and
0.25 mg/ml MPL with lipid concentration of 40 mM were prepared by dissolving the lipids in
chloroform. Rotary evaporation at 30°C (Heidolph, Germany) and freeze drying (VD-800f,
Taitech, Japan) were used to form the thin lipid film. HEPES buffer, 5% dextrose (10 mM, pH
7.2) were used for thin film hydration followed by vortexing for 10 min until the thin film was
dissolved with HEPS-dextrose 5%(HEPS-dext 5%) completely. The vesicles were extruded
through 800 nm, 400 nm, and 100nm polycarbonate membranes using an extruder (Avestin,
Canada). To prepare Lip-MPL-GP2, GP2-PEGpo-DSPE micelles were post inserted into the
liposomes containing MPL at 45°C with 250 RPM (Innova 4080 Incubator shaker) shaking for
4h.

Characterization of nanoliposomes

GP2 peptide content in liposomal formulations was determined using an HPLC method. The
amount of lipids was determined by the Bartlett phosphate assay method[26]. In order to dis-
rupt liposomes, 1.5% (v/v) C,E;, detergent was added to the formulations then the MPL con-
tent was assayed by the LAL chromogenic endpoint assay (QCL-1000,Lonza,Walkersville, MD)
[27]. Vesicle size, zeta potential, and polydispersity index of liposomes were determined by
dynamic light scattering (Malvern Instruments, Malvern, UK).

Immunization of BALB/c mice

BALB/c mice were divided into eight groups (eight mice per group). Each liposomal formula-
tion (5 pmol per mice containing 10 ug of GP2 peptide) was injected subcutaneously (SC)
three times in two-week intervals. The free GP2 peptide 10 pug per mice and HEPS-dextrose
5% were used as control. Two weeks after the last booster, three mice per group were anesthe-
tized with injection of 0.1 ml of the ketamine-xylazine solution per 10 g of body weight intra-
peritoneally (ketamine (100 mg/kg) and xylazine (10 mg/kg))[28]. 20-25 min elapsed before
euthanasia for each mouse; they were scarified by cervical dislocation, then splenocytes were
aseptically removed and the cellular immune responses were evaluated. None of the animals
died before meeting criteria for euthanasia.

Enzyme-linked immunospot (ELISpot) assay

The ELISpot assay was used for the evaluation of INF-y and IL-4 expression in the splenocytes
in response to the peptide. Mouse ELISpot kit from U-cyten (Utrecht, Netherlands) was used
according to the manufacturer’s instruction. Briefly, ELISpot 96-well plates were coated with
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anti-IL4 and anti-INF-y antibodies. After overnight incubation at 4°C, splenocytes isolated
from sacrificed mice were cultured in triplicate wells in pre-coated plates with medium con-
taining GP2 peptide (10 pg/ml) and incubated for 24 h at 37°C. After spots appeared, counting
was performed with Kodak 1D image analysis software (version 3.5, Eastman Kodak, Roches-
ter, New York).

In vitro CTL assay

Two weeks after the final vaccination, splenocytes were isolated from mice (three mice per
group). Re-stimulation was performed with the GP2 peptide (10 pg/ml) and recombinant IL-2
(20 U/ml) for five days. Then TUBO cells (target cells) were incubated with 12.5 um calcein
AM (Calcein-AM, Invitrogen, USA) at 37°C for one hour in the dark[29]. Tritonx-100 2% and
culture medium were added to the maximum and minimum release wells, respectively. Fluo-
rescence intensity was measured at excitation of 485 nm and emission of 538 nm using a fluo-
rescent plate reader (FLX 800, BioTek Instruments Inc. USA). The percentage of specific lysis
was calculated by the following formula: (release by CTLs-minimum release by targets)/ (maxi-
mum release by targets-minimum release by targets). To show the specificity of cytotoxic activ-
ity, non-expressing rHER2/neuCT26 cells were used as negative control.

Intracellular cytokine assay

To measure intracellular cytokines,10° cells/ml of splenocytes and 10° cells/ml of lymph nodes
in a medium containing Golgiplug™ 1ul/ml (BD Biosciences, California, USA) were stimulated
with 2 pl/ml PMA/ionomycin cocktail at 37°C for 4h. Then, 10° splenocytes were washed with
2% FCS in PBS and stained with 1pl anti-CD8a-PE-cy5 and 1ul CD4-PE-cy5 antibodies (BD
Biosciences) in separate tubes at 4°C for 30 min. For intracellular staining, cells were washed
with staining buffer and fixed with cytofix/cytoperm™ solution then incubated for 20 min.
After washing the fixed cells with the Perm/Wash™ solution, the cells were incubated with 1pl
anti-INF-y-FITC antibody. CD4 cells were separately stained with1pl anti-IL4-PE antibody at
4°C for 30 min. Finally, cells were washed with the Perm/Wash™ solution and suspended in
staining buffer. Stained cells were analyzed using FACS Calibur™ (BD Biosciences, San Jose,
USA).

RNA extraction and real-time quantitative reverse transcription PCR

Real-time Reverse Transcription-PCR (RT-PCR) assay was employed to evaluate mRNA
expression of INF-y and IL-4 cytokines in splenocytes isolated from spleen immunized mice.
Total RNA was extracted from homogenized spleen tissue using High Pure RNA Tissue Kit
(Roche, Germany) as instructed by the manufacturer. The extracted RNA was quantified using
a Nano Drop spectrophotometer (ND-1000) and samples were stored at -80°C until use.

The total RNA (100 ng) was used in real time RT-PCR using one-step SYBR Green real
time RT-PCR kit according to manufacturer’s instructions (Invitrogen, California, USA). The
Applied Biosystems StepOne Real-time PCR System (Life Technologies Corporation, Carls-
bad, CA) was used for one-step real time RT-PCR amplification and SYBR Green fluorescence
detection. Briefly, the RT step performed at 50°C for five min followed by real time PCR reac-
tion, involved an initial denaturation step at 95°C for two min and 40 cycles of 95°C for 15 sec
and 60°C for one min.

Three pairs of primers were separately used: two pairs to amplify the INF-y (F: GCTCTGAG
ACAATGAACGCT and R: AAAGAGATAATCTGGCTICTGC), IL-4 genes (F: TCGGCATTTTGA
ACGAGGTC and R: GAAAAGCCCGAAAGAGTCTC and the other pair for the endogenous con-
trol gene B-actin (F: TGACCGGCTTGTATGCTATC and R: CAGTGTGAGCCAGGATATAG)[25,
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30]. A negative control was included in each run to access specificity of primers and possible
contamination. The possibility of nonspecific amplification or primer-dimmer formation was
checked using melt curve analysis.

The comparative Cr (threshold cycle) method was used to evaluate fold changes of mRNA
levels in the immunized group relative to the control group. The fluorescence Cr was calculated
using Step One system software. The mRNA levels were normalized to the endogenous refer-
ence gene B-actin (ACr) and then relative to a control group (AACT), subsequently fold change
was expressed as “log2 [2°**“"]”, The average was calculated from three runs per sample.

In vivo prophylactic studies

Fourteen days after the last vaccination, 5x10 > TUBO cells in 50 pl PBS buffer were injected
SC in the right flank of immunized mice (five mice per group). Mice were monitored every
day. Three orthogonal diameters (a,b,c) were measured with a digital caliper. The tumor vol-
ume was calculated according to the formulation [(height x width x length) x 0.5]. The equa-
tion of the line obtained by exponential regression of the tumor growth curve was used for
TTE (time to reach the end point) and the difference between the median TTE of the treatment
group (T) and the median TTE of the control group (C) was used to calculate %TGD (the per-
cent of tumor growth delay)(%TGD = [(T-C)/C] x 100])for each mouse [31, 32]. For ethical
considerations, mice were sacrificed if the following conditions were observed: the tumor vol-
ume was greater than 1000 mm®, the body weight loss was over 15% of initial weight, or the
mice became sick and unable to feed.

In vivo therapeutic studies

5x10° TUBO cells in 50ul PBS buffer were injected in the right flank of 4-6 week old female
BALB/c mice. Two weeks after tumor inoculation, different liposomal formulations (100pl/
mice) were injected SC three times at 2-week intervals. The free GP2 peptide (10ug per mouse)
and HEPES dextrose 5% were used as control groups. Mice were monitored every day and the
tumor volume was calculated as mentioned above.

Statistical analysis

Descriptive statistics, One- way ANOVA, Tukey’s test, independent t-test, and log-rank test
for survival analysis were used to assess the significance of the difference among various for-
mulations (Graph Pad Prism Software, version 6, San Diego, CA). The P-value <0.05 (p<0.05)
was considered to be statistically significant.

Results
Conjugation between peptide and maleimide-PEGq00-DSPE

Formation of the GP2-PEG,,0-DSPE through binding between the activated maleimide and
thiol group of the GP2 peptide was confirmed by TLC and SDS-PAGE. TLC on silica gel 60
F25A indicated the formation of GP2-PEG,0o-DSPE by the disappearance of The PEG-DSPE
spot from the conjugated GP2 peptide (Fig 1A).

The efficiency of the GP2 peptide conjugation was determined by a band shift with respect
to increasing molecular weight, as compared toGP2 peptide in denaturing SDS-PAGE. The
SDS-PAGE analysis of Lip- GP2 was performed by post insertion method revealed that GP2
peptide was conjugatedto the liposome (Fig 1B).

To further confirm the peptide conjugation, we performed HPLC analysis; free peptide
(GP2) was also analyzed as a reference (elution time: ~11). The total peak area, for the
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Fig 1. (A) Thin layer chromatography to show the conjugation of GP2 peptide to Maleimide-PEG-DSPE (1: GP2 peptide, 2:PEG2000-DSPE, 3:
GP2-PEG2000-DSPE). (B)SDS-PAGE analysis (1: liposome, 2: GP2, 3: GP2-PEG2q00-DSPE, 4: Lip-GP2, 5: Ladder).(C) Chromatographic analysis of GP2
peptide and the conjugated peptide-PEG-DSPE, included subset graphs are the HPLC monitoring of free peptide as a reference denoted by (-) and the
conjugated peptide was determined post reaction with Maleimide-PEGp00-DSP denoted by (.. .).

https://doi.org/10.1371/journal.pone.0185099.9001

GP2-PEG;099-DSPE was about twofold higher than that of the reference GP2 peptide (elution
time: ~ 9) (Fig 1C).

Liposome characterization

Physical characteristics of each formulation including average vesicle size, polydispersity index
(PdI) and zeta potential were determined and reported in Table 1. All formulations were nega-
tively charged and the size of liposomes ranged from 120 to160 nm which is desirable for a
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Table 1. Characteristics of liposomal formulations (n = 3; Mean £SD).

Formulation Z-average(nm) Z potential(mv) PdI?

Lip*-GP2 143 + 31 -48+9 0.17+0.07
Lip-DOPE 135+3 -39 %1 0.12+0.02
Lip-DOPE- GP2 130+ 3 -37+7 0.07 £0.04
Lip-MPL-GP2 162+ 10 -30+ 1 0.19+0.03
Lip-DOPE-MPL 122 +1 -42 £1 0.07 £0.01
Lip-DOPE-MPL-GP2 130+ 1 -38+ 1 0.05+0.01

& Polydispersity index
®DMPC-DMPG-Chol

https://doi.org/10.1371/journal.pone.0185099.t001

vaccine delivery system. PdI for all formulations was less than 0.2 which indicates a homoge-
neous population of liposomes [33]. The physicochemical characteristics of liposomes have a
significant role in the immune response. The particle size may influence the draining as
smaller-sized liposomes have been shown to be cleared faster from the site of injection than
larger-sized liposomes [34, 35]. In addition to the size, other factors such as lipid composition
impact on the immunity response[35]. The doses of lipid, MPL adjuvant and peptide have a
clear impact on the T cell response and efficacy of formulations [16]. According to the lipid
dose (4 pm), MPL and peptide doses per mouse were precisely determined as 24 pg and 10 pug,
respectively for each formulation.

Induction of CTL response by Lip-DOPE-MPL-GP2 formulation

To determine immune response induced in the immunized mice, INF-y and IL-4 cytokines
production in CD4" and CD8" cells isolated from splenocytes and lymph nodes were mea-
sured using flow cytometry. Splenocytes were harvested from immunized mice 14 days
after the last immunization. Results demonstrated that the mice immunized with Lip-
DOPE-MPL-GP2 produced higher amounts of INF-y in CD8 population and also indicated
greater CTL population compared to the HEPS-dextrose 5% group (p<0.001) and Lip-
DOPE-MPL(p<0.05), and had greater CTL population compared with Lip-DOPE and Lip-
GP2 groups (p<0.01).

This indicates that vaccination with the combination of GP2, MPL, and DOPE induced a
significant CTL immune response (Fig 2A).

Based on the MFI of the cells, the CD4 lymphocytes did not produce INF-y (Fig 2A) and
IL-4 (Fig 2B).

The tests on harvested lymph nodes showed that the mice immunized with Lip-
DOPE-MPL-GP2 induced higher INF-y in CD8+ cells compared to the HEPS-dextrose 5%
group (p<0.01). However, production of INF-y and IL-4 in CD4 cells was not elicited signifi-
cantly in all groups (Fig 2C).

High level of INF-y in Lip-DOPE-MPL-GP2 formulation

To determine the induction of antitumor T cell response, we harvested the splenocytes, 14
days after the last booster. The splenocytes were then stimulated with the GP2 peptide. ELISpot
assay showed that splenocytes isolated from the mice immunized with Lip-POPE-MPL-GP2
released higher amounts of INF-y in comparison to other groups (p<0.001). GP2 and Lip-
DOPE-MPL vaccination groups could promote the induction of INF-y against tumor
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compared to other groups (p<0.05) (Fig 3A). As shown in (Fig 3B) none of the formulations
induced the sizable IL-4 response in mice.

Antigen-specific cytotoxicity of Lip-DOPE-MPL-GP2 and GP2

Cytotoxicity assays provide an in vitro evaluation of the lytic activity of T cells against tumors
or transformed cells [36].

Lip-DOPE-MPL-GP2 and GP2 liposomal formulations were significantly effective at gener-
ating CTL response and reacted with the TUBO cell line expressing rHER2/neu in comparison
with the HEPS-dextrose 5%group (p<0.001, p<0.01). This response was antigen specific
because the CTL response was not observed against CT26 tumor cells that are rHER2/neu-
expressing negative (Fig 4).

Expression of IFN-y and IL-4

As mentioned in the above lines, the Lip-DOPE-MPL-GP2 formulation showed the highest
levels of CTL response in the immunized mice compared to the other formulations. This was
supported by real time RT-PCR analysis indicating that Lip-DOPE-MPL-GP2 formulation
modulated mRNA expression of both IFN-y and IL-4 cytokines in favor of CTL immune
response effectively. The results demonstrated that IFN-y was increased by 1.85 +0.4 (95% CI:
0.35, 3.33 p<0.001) in splenocytes of mice immunized with Lip-DOPE-MPL-GP2 compared
to the HEPS-dextrose 5% group 14 days after the last immunization, whereas IL-4 expression
was found to be significantly decreased by 4.26819+1.5 (95% CI: -5.2, -3.2, p<0.001)(Fig 5).

Prophylactic assays

Tumor growth curve analysis indicated that Lip-DOPE-MPL-GP2 (p<0.0001) and Lip-
DOPE-GP2 (p<0.001) groups were the most effective formulations in terms of reducing the
growth rate of the tumor (Fig 6A). The prophylactic effect of the liposomal formulations in the
mouse model is summarized in Table 2, including median survival time (MST), time to reach
end point (TTE), and tumor growth delay (% TGD) for each mouse group.

Survival analysis (up to 70 days) revealed that Lip-DOPE-MPL-GP2 and Lip-DOPE-GP2
groups had a higher protective effect compared to all other formulations. These data suggest
that prophylactic effect of Lip-DOPE-MPL-GP2 and Lip-DOPE-GP2 groups were %TGD of
92.22% and 80.88%, respectively. This plays a critical role in long-term survival (Fig 6B).

Therapeutic assays

Following the considerable T cell responses in immunized mice, anti-tumor activity in TUBO
tumor model was evaluated. Among different formulations, Lip-DOPE-MPL-GP2 was supe-
rior in inhibition of tumor growth rate compared to the HEPS-dextrose 5% group (p<0.0001)
(Fig 7A). The therapeutic efficacy of liposomal formulations in the mouse model is summa-
rized in Table 3 including median survival time (MST), time to reach end point (TTE), and
tumor growth delay (%TGD) for each mouse group.

The survival analysis results represented in a Kaplan-Meier plot were used to analyze signif-
icant differences in therapeutic efficacy between different treatment groups. Survival data
showed that mice treated with Lip-DOPE-MPL-GP2 liposomal formulation had the longest
MST in comparison to all other formulations. Lip-DOPE-MPL-GP2 with 143.83%TGD,
showed the highest anti-tumor efficacy and revealed extended survival time relative to the
other formulations (Fig 7B).
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Fig 2. Splenocyte cell phenotype and level of cytokine expression (A and B) and lymph nodes (C) of
BALB /¢ mice immunized with different liposomal formulations. 14 days after the last immunization,
splenocytes were isolated and stimulated in vitro with PMA/I for 4h and stained with a surface CD8 and CD4
marker and intracellular IFN-y and IL-4 cytokine prior to FACS analysis. (A)Geometric mean fluorescence
intensity (MFI) level for INF-y in gated CD8 and CD4 in the spleen. (B)MFI level for IL-4 in gated CD4
lymphocyte populations in the spleen. (C) MFI level for INF-y in gated CD8, CD4, and IL-4 in gated CD4 in
lymph nodes. Data represent meant SEM (= 3).*p<0.05, **p<0.01, and ***p<0.001; denote significant
difference from all other formulations and the HEPS-dextrose 5%.

https://doi.org/10.1371/journal.pone.0185099.9002

Discussion

The aim of this study was to generate a cancer vaccine based on immunogenic GP2 peptide
with the effective adjuvant using a suitable delivery system. We prepared different liposomal
formulations with GP2 peptide to induce enhanced CTL immune response in a TUBO tumor
model of mice.

GP2 peptide as a TAA has broad applicability as a cancer immunogen with low toxicity[9].
In a phase II clinical trial using granulocyte-macrophage colony-stimulating factor (GM-CSF)
as a vaccine adjuvant, it has been reported that GP2 decreased the risk of recurrence in women
with HER2/neu breast cancer[37]. In another study, Brossart and Dess reported that injection
of GP2 and GP2-pulsed dendritic cells against metastatic breast cancer and advanced ovarian
cancer patients induced CTL immune response[11, 38]. It has also been shown that the GP2
based vaccines are effective in stimulating peptide-specific immunity, especially in CD8+ T
cell stimulation with anti-tumor activity in human leukocyte antigen (HLA)-A2 + breast can-
cer patients[37]. The GP2 peptide had immunogenicity in HER2/neu positive breast cancer
and could be used in a multi epitope vaccine formulation [39]. Recent studies revealed that
patientsvaccinatedwithGP2+GM-CSF showed a 37% reduction in cancer recurrence com-
pared to unvaccinated patients while those who received GM-CSF alone showed57% reduction
in risk of cancer recurrence [40]. However, Mittendorf reported that local and systemic toxic-
ity is due to the GM-CSF use, in most patients usually experienced as gradel headache, fatigue,
erythema, pruritus, bone pain, myalgia, and flu-like symptoms [12]. Of course, GM-CSF can
induce antitumor immune response but it promotes cancer cell proliferation and migration in
different solid tumors such as skin carcinoma, gliomas, lung cancer, and cancer cell line[41-
43]. It has been shown that pretreatment of three tumor cell lines of breast cancer with trastu-
zumab followed by incubation with GP2 peptide induced CTL immune response[44]. The
immunogenic potency of the GP2 peptide for applying in HER2-positive breast cancer therapy
in combination with other peptides or with the monoclonal antibody trastuzumab has been
investigated [39]. The GP2+GM-CSF primary vaccine series (PVS) consisted of six inocula-
tions and boosters given every 21-28 days [12], which involves a time and cost consuming
procedure.

Liposomes as carriers of vaccines and drugs are safe [45]. Liposome vaccine delivery pro-
vides more efficacy and safer vaccine formulation in the development of a vaccine for human
use[46].Liposomes have a major advantage as an antigen delivery system since they have a
long circulation time and tendency to be taken up more efficiently by APCs to induce CTL
response [47, 48]. The challenge of inducing strong CTL response could be potentially over-
come by using the liposomal adjuvant/ delivery systems. Liposomes can reclaim peptide anti-
gen delivery and elevate cellular uptake with dendritic cells[18, 49]. The current study
demonstrates for the first time, the significant benefit of GP2 peptide conjugation toliposomes
with MPL to induce CDg+ T cell response. The use of MPL in liposomes with aHER2/neu pep-
tide has been reported before [24]. This study aimed at stimulation of CTL response by
GP2HER2/neu peptide and liposomes, hoping that this may be a major substantial approach,
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Fig 3. Induction of rHER2/neu peptide-specific intracellular cytokine response in splenocytes as
determined by the ELISpot assay. Mice were immunized with three booster doses of 10 pg/mice using
different liposomal formulations. Two weeks after the last injection, splenocytes from three mice from each
group were harvested and re-stimulated withGP2 peptide (A). Immune responses were evaluated with IFN-y
ELISpot assay kit and (B) IL-4 ELISpot assay kit. The data indicate the mean +SEM(n = 3).*p<0.05, and
*%%p<0.001; denote significant difference from all other formulations and the HEPS-dextrose 5%.

https://doi.org/10.1371/journal.pone.0185099.g003
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Fig 4. In vitro antigen-specific CTL response in different formulations for splenocytes isolated from
vaccinated mice. CTL response was assessed by Calcein AM-loadedrHER2/neu-expressing TUBO cells and rHER2/
neu negative CT26 cells, Data are shown as mean + SEM (n = 3). **p<0.01, and ***p<0.001; denote significant
difference from the HEPS-dextrose 5%.
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Fig 5. qRT-RCR. Analysis of IFN-y and IL-4 levels in splenocytes isolated from BALB/c mice vaccinated with
Lip-DOPE-MPL-GP2, two weeks after the final vaccination. All values represent means + SD (n = 3).

https://doi.org/10.1371/journal.pone.0185099.g005
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https://doi.org/10.1371/journal.pone.0185099.9006
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Table 2. Prophylactic efficacy data of different liposomal vaccine formulations in TUBO tumor model of mice (n = 5).

Formulation
HEPS-dextrose 5%
GP2 peptide
Lip-GP2

Lip-DOPE
Lip-DOPE-GP2
Lip-MPL-GP2
Lip-DOPE-MPL
Lip-DOPE-MPL-GP2

&Median survival time.
Time to reach end point.
“Tumor growth delay.

MST 2 (day) TTE °(day * SD) TGD °%
43 39+7.3 -
64 61+6.7 58
57 58+5.8 48
57 48+3.3 23
74 70.+£12.2 81
57 45+13.2 15
36 40 +16.0 4
74 75727 93

"*'Denotes significant difference from all other formulations.

https://doi.org/10.1371/journal.pone.0185099.t002

considering the cost of manufacturing recombinants and side effects of treatment with
GM-CSF.

Various animal studies have shown that liposomal formulations have higher antitumor effi-
cacies compared to non-liposomal vaccine systems [50-52]. Liposomal vaccines with basic
fibroblast growth factor(bFGF) and MPL adjuvant induced Th1 and tumor-specific antibody
response immunity in a mouse model[19]. In addition, liposomes as immune adjuvants could
provoke cellular and humoral immunity against the antigen [53, 54]. E7 is a peptide antigen
which is derived from E7 oncoprotein of human papillomavirus (HPV) type 16. The DOTAP
(the cationic lipid) /E7 formulation induced both preventative and therapeutic antitumor
effects against HPV positive TC-1 tumor in a mouse model[55]. Also, the conjugation of the
MUCI1 peptide (tumor-associated antigen in lung cancer) to the surface of a liposome with a
composition of DPP-DPPG-Chol (3:1:0.25, molar ratio) containing MPL A (1% w/w of the
total lipids) elicited strong CTL response[56]. Both Tc-ErbB2/Th-HA peptide antigens, conju-
gated to the surface of liposomes via aPam3CSSanchor, can induce potent antigen-specific
immune responses in the majority of tumor-bearing mice and delay tumor growth in BALB/c
mice model [57]. A recent study suggested that the covalently linked conalbumin antigen to
DMPC-DPPE-Chol liposom stimulates more secretion of IL-2 and 1FNy compared to the
encapsulated antigen. So covalently linked antigen might be particularly useful, its induction
of cell-mediated immunity is of prime importance[23].

In this study, we used GP2 peptide conjugated to the DOPE-based pH-sensitive liposomes in
the presence of MPL as an adjuvant for the anti-cancer vaccine. MPL induces the development
of Thl response and can be connected and activated to the Toll-like receptor4 (TLR4), which
plays an important role in the induction of immune response[58]. MPL as a cancer vaccine
adjuvant has been tested in several clinical trials [58]. Reportedly, MPL is safe and immunogenic
in human clinical trials [58, 59]and can efficiently deliver the peptide into the APCs to increase
the elicitation of antigen-specific immune response([51, 60]. Zollinger reported that N. meningit-
ides liposomal vaccine was safe in healthy adults and induced bactericidal antibodies[61].

DOPE as a fusogenic lipid can increase the efficiency of liposomal vaccine delivery [22, 62].
The liposome containing DOPE is stable at physiological pH but destabilizes upon acidification
(pH<6.5) following cellular internalization through the phase transition DOPE from lamellar
to hexagonal.[63]. It has been shown that DOPE-based pH-sensitive liposomes improve the
cytoplasmic delivery of biological membrane-impermeable therapeutic agents [64, 65].0ur

PLOS ONE | https://doi.org/10.1371/journal.pone.0185099 October 18, 2017 15/22


https://doi.org/10.1371/journal.pone.0185099.t002
https://doi.org/10.1371/journal.pone.0185099

o @
@ : PLOS | ONE Conjugated nanoliposome with the Her2/neu derived peptide GP2 as an effective vaccine

A
14004
*kkk *k%k
P’)A
E - e o -
5 |
m — '
E '
3 -------'
>
o
£
-
o

0 1 1 1 1 I L] 1 1 I 1 1 1 I 1 1 I 1

0 510152025303540455055606570758
Days post tumor inoculation

-o- HEPS-dextrose 5% - - Gp2 = Lip-GP2 -¥ Lip-DOPE

-+~ Lip-DOPE-GP2 -O- Lip-MPL-GP2 -0 Lip-DOPE-MPL -k Lip-DOPE-MPL-GP2

1054 ETTTS
90-
754
60-
45-
30-
15-

Survival Probability (%)

Olllll_ A

0 71421 28354249566370778491 98
Days post tumor inoculation

e HEPS-dextrose 5% - - Gp2 -+ Lip-GP2 -+ Lip-DOPE
< Lip-DOPE-GP2 (O Lip-MPL-GP2 [] Lip-DOPE-MPL - Lip-DOPE-MPL-GP2

Fig 7. Therapeutic effects of liposomal formulations in BALB/c mice against a TUBO tumor model. Two weeks after inoculation of 5
x10° TUBO cells to five mice in each group, different liposomal formulations were administrated three times with two-week intervals. After the
first injection, the mice were challenged and tumor size was calculated based on three dimensions. (A) Tumor growth was measured two times
every week. (B) The survival of mice was followed for 91 days. The data indicate the mean SEM(n =5). ***p<0.001 and ****p<0.0001;
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https://doi.org/10.1371/journal.pone.0185099.9007
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Table 3. Therapeutic efficacy data for liposomal formulations in TUBO tumor mice model (n = 5).

Formulation MST? (day) TTE P(day+SD) TGD ° %
HEPS-dextrose 5% 30 33+4.1
GP2 peptide 31 35+7.7 6
Lip-GP2 57 52+11.7 55
Lip-DOPE 43 48 +21.7 43
Lip-DOPE-GP2 31 35+11.5 5
Lip-MPL-GP2 43 45+12.9 34
Lip-DOPE-MPL 31 37+13.8 13
Lip-DOPE-MPL-GP2 79 80+ 127 144

a Median survival time.

b Time to reach the end point.

¢ Tumor growth delay.

"**'Denotes significant difference from all other formulations.

https://doi.org/10.1371/journal.pone.0185099.t003

results indicated that free GP2 did not have a significant therapeutic effect in mice and exhibited
a low prophylactic effect in terms of tumor growth inhibition. Due to rapid distribution of pro-
teins or synthetic peptides to other organs from the site of injection, antigen specific CTL would
fail in a short time[47, 66]. Despite the suitable size of Lip-GP2 (142.5 nm) for antigen presenta-
tion to lymph nodes [33], this formulation could not stimulate a sufficient CTL response. Addi-
tion of MPL and DOPE to the liposome (Lip-DOPE-MPL), increased stimulation of CD8" cells,
and production of IFNy in mice splenocyte was enhanced. However, the Lip-DOPE-MPL lipo-
some could not inhibit tumor growth. Due to the absence of GP2 antigen in Lip-DOPE-MPL,
this formulation would not induce considerable CTL response and long term protective immu-
nity against her2/neu tumor in mice [67]. Although the Lip-DOPE formulation could not
induce enough immune response, inclusion of the GP2 (Lip-DOPE-GP2) was able to deliver
GP2 to MHCI and activate CDS8 cells to produce CTLs. Survival tests indicated that vaccination
with Lip-DOPE-GP2 had a significant protective effect (p<0.001) compared to other groups. It
should be noted that Lip-DOPE-GP2 did not show effectiveness in the therapeutic assay and
also Lip-MPL-GP2 was unable to induce any immune response. These observations indicate the
crucial role of MPL and DOPE in the formulation. Inclusion of DOPE could destabilize the
liposome-Gp2 binding in lysosomes, facilitating the release of GP2 from the liposome to the
MHC I molecule and therefore enhancing an antigen-specific CTL response[68]. Vaccination
with Lip-DOPE-MPL-GP2 resulted in significant CTL response in mice and provided the high-
est level of the significant protective effect (p<0.0001). It also exhibited a potent therapeutic
effect (p<0.0001) compared to HEPS-dextrose 5% group. The CTL response was found to be
associated with higher and lower amounts of IFN-y and IL-4, respectively, in both protein and
mRNA expression studies. The mice vaccinated with Lip-DOPE-MPL-GP2 showed a delay in
tumor growth and had a longer survival time in prophylactic and therapeutic assays.

All in all, our findings showed that the presence of co-stimulator molecules such as MPL
and DOPE with antigenic properties of GP2 enhanced the ability of APCs to induce the IFN-y
producing CD8" cells and increased the level of IFN-y as a major anti-tumor and Th1 type
immunity cytokine.

Conclusion

We demonstrated that the GP2 peptide conjugation on the surface of a liposome composed of
DMPC- DMPG- Chol-DPOE and MPL adjuvant increased splenocytes INF-y production,
which can be applied prophylactically as well as therapeutically to reduce tumor growth in
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HER2/neu-overexpressing TUBO breast cancer model. This formulation can be a potential
candidate for developing a liposomal vaccine as a protective and inhibitor of tumor in HER2/
neu breast cancer and merits further investigation.

Acknowledgments

We are thankful for the financial support from Mashhad University of Medical Sciences (grant
number: 930078) and Tehran University of Medical Sciences(grant number: 92-03-87-23034).
We would also like to thank Azam Abbasi and Zahra Saberi for their excellent technical assis-
tance. This study was a part of A. Razazan's Ph.D. thesis.

Author Contributions
Conceptualization: Javad Behravan, Mahmoud Reza Jaafari.

Data curation: Atefeh Razazan, Mahdi Hatamipour, Amir Abbas Momtazi-Borojeni, Mah-
moud Reza Jaafari.

Formal analysis: Atefeh Razazan, Zahra Gholizadeh, Mahmoud Reza Jaafari.

Funding acquisition: Javad Behravan, Mohamad Hosein Ghahremani, Mahmoud Reza
Jaafari.

Investigation: Atefeh Razazan, Javad Behravan, Atefeh Arab, Nastaran Barati, Leila Arabi,
Zahra Gholizadeh, Amin Reza Nikpoor, Mohamad Hosein Ghahremani, Mahmoud Reza
Jaafari.

Methodology: Mahmoud Reza Jaafari.
Project administration: Javad Behravan, Mahmoud Reza Jaafari.
Resources: Javad Behravan, Mohamad Hosein Ghahremani, Mahmoud Reza Jaafari.

Software: Atefeh Razazan, Atefeh Arab, Mahdi Hatamipour, Amin Reza Nikpoor, Amir
Abbas Momtazi-Borojeni, Fatemeh Mosaffa, Mahmoud Reza Jaafari.

Supervision: Javad Behravan, Zahra Gholizadeh, Amin Reza Nikpoor, Mahmoud Reza Jaafari.
Validation: Mahmoud Reza Jaafari.

Visualization: Atefeh Razazan, Javad Behravan, Mahmoud Reza Jaafari.

Writing - original draft: Atefeh Razazan.

Writing - review & editing: Atefeh Razazan, Javad Behravan, Atefeh Arab, Nastaran Barati,
Leila Arabi, Zahra Gholizadeh, Mahdi Hatamipour, Amin Reza Nikpoor, Amir Abbas
Momtazi-Borojeni, Fatemeh Mosaffa, Mohamad Hosein Ghahremani, Mahmoud Reza
Jaafari.

References
1. YardenY. Biology of HER2 and its importance in breast cancer. Oncology. 2001; 61(Suppl. 2):1-13.

2. Mitri Z, Constantine T, O’'Regan R. The HER2 receptor in breast cancer: pathophysiology, clinical use,
and new advances in therapy. Chemotherapy research and practice. 2012; 2012.

3. Rosenberg SA, Yang JC, Restifo NP. Cancer immunotherapy: moving beyond current vaccines. Nature
medicine. 2004; 10(9):909-15. https://doi.org/10.1038/nm1100 PMID: 15340416

4. Dermime S, Armstrong A, Hawkins RE, Stern PL. Cancer vaccines and immunotherapy. British medical
bulletin. 2002; 62(1):149-62.

5. Lollini P-L, Cavallo F, Nanni P, Forni G. Vaccines for tumour prevention. Nature Reviews Cancer. 2006;
6(3):204-16. https://doi.org/10.1038/nrc1815 PMID: 16498443

PLOS ONE | https://doi.org/10.1371/journal.pone.0185099 October 18, 2017 18/22


https://doi.org/10.1038/nm1100
http://www.ncbi.nlm.nih.gov/pubmed/15340416
https://doi.org/10.1038/nrc1815
http://www.ncbi.nlm.nih.gov/pubmed/16498443
https://doi.org/10.1371/journal.pone.0185099

@° PLOS | ONE

Conjugated nanoliposome with the Her2/neu derived peptide GP2 as an effective vaccine

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.
21.

22,

23.

24,

25.

26.

Correa |, Plunkett T. Update on HER-2 as a target for cancer therapy: HER2/neu peptides as tumour
vaccines for T cell recognition. Breast Cancer Research. 2001; 3(6):1.

Berzofsky JA, Oh S, Terabe M. Peptide vaccines against cancer. Tumor Immunology and Cancer Vac-
cines: Springer; 2005. p. 115-36.

Baxevanis CN, Sotiriadou NN, Gritzapis AD, Sotiropoulou PA, Perez SA, Cacoullos NT, et al. Immuno-
genic HER-2/neu peptides as tumor vaccines. Cancer Immunology, Immunotherapy. 2006; 55(1):85—
95. https://doi.org/10.1007/s00262-005-0692-3 PMID: 15948002

Mittendorf EA, Storrer CE, Foley RJ, Harris K, Jama Y, Shriver CD, et al. Evaluation of the HER2/neu-
derived peptide GP2 for use in a peptide-based breast cancer vaccine trial. Cancer. 2006; 106
(11):2309-17. https://doi.org/10.1002/cncr.21849 PMID: 16596621

Tanaka Y, Amos KD, Joo HG, Eberlein TJ, Goedegebuure PS. Modification of the HER2/NEU-derived
tumor antigen GP2 improves induction of GP2-reactive cytotoxic T lymphocytes. International journal of
cancer. 2001; 94(4):540—4. PMID: 11745441

Brossart P, Wirths S, Stuhler G, Reichardt VL, Kanz L, Brugger W. Induction of cytotoxic T-lymphocyte
responses in vivo after vaccinations with peptide-pulsed dendritic cells. Blood. 2000; 96(9):3102-8.
PMID: 11049990

Carmichael MG, Benavides LC, Holmes JP, Gates JD, Mittendorf EA, Ponniah S, et al. Results of the
first phase 1 clinical trial of the HER-2/neu peptide (GP2) vaccine in disease-free breast cancer patients.
Cancer. 2010; 116(2):292-301. https://doi.org/10.1002/cncr.24756 PMID: 19924797

Duthie MS, Windish HP, Fox CB, Reed SG. Use of defined TLR ligands as adjuvants within human vac-
cines. Immunological reviews. 2011; 239(1):178-96. https://doi.org/10.1111/j.1600-065X.2010.00978.x
PMID: 21198672

Lahiri A, Das P, Chakravortty D. Engagement of TLR signaling as adjuvant: towards smarter vaccine
and beyond. Vaccine. 2008; 26(52):6777-83. https://doi.org/10.1016/j.vaccine.2008.09.045 PMID:
18835576

Gustafson G, Rhodes M. Bacterial cell wall products as adjuvants: early interferon gamma as a marker
for adjuvants that enhance protective immunity. Research in immunology. 1992; 143(5):483-8. PMID:
1439127

Matyas GR, Mayorov AV, Rice KC, Jacobson AE, Cheng K, lyer MR, et al. Liposomes containing mono-
phosphoryl lipid A: a potent adjuvant system for inducing antibodies to heroin hapten analogs. Vaccine.
2013; 31(26):2804—10. https://doi.org/10.1016/j.vaccine.2013.04.027 PMID: 23624097

Ulrich JT, Myers KR. Monophosphoryl lipid A as an adjuvant. Vaccine Design: Springer; 1995. p. 495—
524.

Alving CR, Rao M, Steers NJ, Matyas GR, Mayorov AV. Liposomes containing lipid A: an effective,
safe, generic adjuvant system for synthetic vaccines. Expert review of vaccines. 2012; 11(6):733—44.
https://doi.org/10.1586/erv.12.35 PMID: 22873129

Kamath AT, Mastelic B, Christensen D, Rochat A-F, Agger EM, Pinschewer DD, et al. Synchronization
of dendritic cell activation and antigen exposure is required for the induction of Th1/Th17 responses.
The Journal of Immunology. 2012; 188(10):4828-37. https://doi.org/10.4049/jimmunol. 1103183 PMID:
22504654

Allison A, Gregoriadis G. Liposomes as immunological adjuvants. 1974. PMID: 4424229

Connor J, Yatvin MB, Huang L. pH-sensitive liposomes: acid-induced liposome fusion. Proceedings of
the National Academy of Sciences. 1984; 81(6):1715-8.

Litzinger DC, Huang L. Phosphatodylethanolamine liposomes: drug delivery, gene transfer and immu-
nodiagnostic applications. Biochimica et Biophysica Acta (BBA)-Reviews on Biomembranes. 1992;
1113(2):201-27.

Shahum E, Thérien H-M. Liposomal adjuvanticity: effect of encapsulation and surface-linkage on anti-
body production and proliferative response. International journal of immunopharmacology. 1995; 17
(1):9-20. PMID: 7782155

Shariat S, Badiee A, Jalali SA, Mansourian M, Yazdani M, Mortazavi SA, et al. P5 HER2/neu-derived
peptide conjugated to liposomes containing MPL adjuvant as an effective prophylactic vaccine formula-
tion for breast cancer. Cancer letters. 2014; 355(1):54—60. https://doi.org/10.1016/j.canlet.2014.09.016
PMID: 25224570

Kopf M, Brombacher F, Kéhler G, Kienzle G, Widmann K-H, Lefrang K, et al. IL-4-deficient Balb/c mice
resist infection with Leishmania major. Journal of Experimental Medicine. 1996; 184(3):1127-36. PMID:
9064329

Bartlett GR. Phosphorus assay in column chromatography. Journal of Biological Chemistry. 1959;
234:466-8. PMID: 13641241

PLOS ONE | https://doi.org/10.1371/journal.pone.0185099 October 18, 2017 19/22


https://doi.org/10.1007/s00262-005-0692-3
http://www.ncbi.nlm.nih.gov/pubmed/15948002
https://doi.org/10.1002/cncr.21849
http://www.ncbi.nlm.nih.gov/pubmed/16596621
http://www.ncbi.nlm.nih.gov/pubmed/11745441
http://www.ncbi.nlm.nih.gov/pubmed/11049990
https://doi.org/10.1002/cncr.24756
http://www.ncbi.nlm.nih.gov/pubmed/19924797
https://doi.org/10.1111/j.1600-065X.2010.00978.x
http://www.ncbi.nlm.nih.gov/pubmed/21198672
https://doi.org/10.1016/j.vaccine.2008.09.045
http://www.ncbi.nlm.nih.gov/pubmed/18835576
http://www.ncbi.nlm.nih.gov/pubmed/1439127
https://doi.org/10.1016/j.vaccine.2013.04.027
http://www.ncbi.nlm.nih.gov/pubmed/23624097
https://doi.org/10.1586/erv.12.35
http://www.ncbi.nlm.nih.gov/pubmed/22873129
https://doi.org/10.4049/jimmunol.1103183
http://www.ncbi.nlm.nih.gov/pubmed/22504654
http://www.ncbi.nlm.nih.gov/pubmed/4424229
http://www.ncbi.nlm.nih.gov/pubmed/7782155
https://doi.org/10.1016/j.canlet.2014.09.016
http://www.ncbi.nlm.nih.gov/pubmed/25224570
http://www.ncbi.nlm.nih.gov/pubmed/9064329
http://www.ncbi.nlm.nih.gov/pubmed/13641241
https://doi.org/10.1371/journal.pone.0185099

@° PLOS | ONE

Conjugated nanoliposome with the Her2/neu derived peptide GP2 as an effective vaccine

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Harmon P, Cabral-Lilly D, Reed RA, Maurio FP, Franklin JC, Janoff A. The release and detection of
endotoxin from liposomes. Analytical biochemistry. 1997; 250(2):139—46. https://doi.org/10.1006/abio.
1997.2216 PMID: 9245430

Xu Q, Ming Z, Dart AM, Du XJ. Optimizing dosage of ketamine and xylazine in murine echocardiogra-
phy. Clinical and Experimental Pharmacology and Physiology. 2007; 34(5-6):499-507. https://doi.org/
10.1111/j.1440-1681.2007.04601.x PMID: 17439422

Lichtenfels R, Biddison WE, Schulz H, Vogt AB, Martin R. CARE-LASS (calcein-release-assay), an
improved fluorescence-based test system to measure cytotoxic T lymphocyte activity. Journal of immu-
nological methods. 1994; 172(2):227-39. PMID: 7518485

Spergel JM, Mizoguchi E, Brewer JP, Martin TR, Bhan AK, Geha RS. Epicutaneous sensitization with
protein antigen induces localized allergic dermatitis and hyperresponsiveness to methacholine after sin-
gle exposure to aerosolized antigen in mice. Journal of Clinical Investigation. 1998; 101(8):1614.
https://doi.org/10.1172/JCI11647 PMID: 9541491

Huang Z, Jaafari MR, Szoka FC. Disterolphospholipids: nonexchangeable lipids and their application to
liposomal drug delivery. Angewandte Chemie International Edition. 2009; 48(23):4146-9. https://doi.
org/10.1002/anie.200900111 PMID: 19425026

Siegel DP, Epand RM. The mechanism of lamellar-to-inverted hexagonal phase transitions in phospha-
tidylethanolamine: implications for membrane fusion mechanisms. Biophysical journal. 1997; 73
(6):3089. https://doi.org/10.1016/S0006-3495(97)78336-X PMID: 9414222

Bachmann MF, Jennings GT. Vaccine delivery: a matter of size, geometry, kinetics and molecular pat-
terns. Nature Reviews Immunology. 2010; 10(11):787-96. https://doi.org/10.1038/nri2868 PMID:
20948547

Carstens MG, Camps MG, Henriksen-Lacey M, Franken K, Ottenhoff TH, Perrie Y, et al. Effect of vesi-
cle size on tissue localization and immunogenicity of liposomal DNA vaccines. Vaccine. 2011; 29
(29):4761-70.

Oussoren C, Zuidema J, Crommelin D, Storm G. Lymphatic uptake and biodistribution of liposomes
after subcutaneous injection.: Il. Influence of liposomal size, lipid composition and lipid dose. Biochimica
et Biophysica Acta (BBA)-Biomembranes. 1997; 1328(2):261-72.

Brunner K, Mauel J, Cerottini J-C, Chapuis B. Quantitative assay of the lytic action of immune lymphoid
cells of 51Cr-labelled allogeneic target cells in vitro; inhibition by isoantibody and by drugs. Immunology.
1968; 14(2):181. PMID: 4966657

Sue R. New peptide vaccine for HER2-expressing breast tumors. Journal of the National Cancer Insti-
tute. 2015; 107(2):djv022. https://doi.org/10.1093/jnci/djv022 PMID: 25677037

Dees EC, McKinnon KP, Kuhns JJ, Chwastiak KA, Sparks S, Myers M, et al. Dendritic cells can be rap-
idly expanded ex vivo and safely administered in patients with metastatic breast cancer. Cancer Immu-
nology, Immunotherapy. 2004; 53(9):777-85. https://doi.org/10.1007/s00262-004-0520-1 PMID:
15185007

Clive KS, Tyler JA, Clifton GT, Holmes JP, Ponniah S, Peoples GE, et al. The GP2 peptide: A HER2/
neu-based breast cancer vaccine. Journal of surgical oncology. 2012; 105(5):452—8. https://doi.org/10.
1002/js0.21723 PMID: 22441896

Schneble EJ, Perez SA, Murray JL, Berry JS, Trappey AF, Vreeland TJ, et al., editors. Primary analysis
of the prospective, randomized, phase Il trial of GP2+ GM-CSF vaccine versus GM-CSF alone adminis-
tered in the adjuvant setting to high-risk breast cancer patients. ASCO Annual Meeting Proceedings;
2014.

Gutschalk CM, Herold-Mende CC, Fusenig NE, Mueller MM. Granulocyte colony-stimulating factor and
granulocyte-macrophage colony-stimulating factor promote malignant growth of cells from head and
neck squamous cell carcinomas in vivo. Cancer research. 2006; 66(16):8026—36. https://doi.org/10.
1158/0008-5472.CAN-06-0158 PMID: 16912178

Gutschalk CM, Yanamandra AK, Linde N, Meides A, Depner S, Mueller MM. GM-CSF enhances tumor
invasion by elevated MMP-2,-9, and-26 expression. Cancer medicine. 2013; 2(2):117-29. https://doi.
org/10.1002/cam4.20 PMID: 23634280

Rigo A, Gottardi M, Zamd A, Mauri P, Bonifacio M, Krampera M, et al. Macrophages may promote can-
cer growth via a GM-CSF/HB-EGF paracrine loop that is enhanced by CXCL12. Molecular cancer.
2010; 9(1):273.

Mittendorf EA, Storrer CE, Shriver CD, Ponniah S, Peoples GE. Investigating the combination of trastu-
zumab and HER2/neu peptide vaccines for the treatment of breast cancer. Annals of surgical oncology.
2006; 13(8):1085-98. https://doi.org/10.1245/AS0.2006.03.069 PMID: 16865596

Alving CR. Liposomes as safe carriers of drugs and vaccines. Liposome Dermatics: Springer; 1992. p.
226-32.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185099 October 18, 2017 20/22


https://doi.org/10.1006/abio.1997.2216
https://doi.org/10.1006/abio.1997.2216
http://www.ncbi.nlm.nih.gov/pubmed/9245430
https://doi.org/10.1111/j.1440-1681.2007.04601.x
https://doi.org/10.1111/j.1440-1681.2007.04601.x
http://www.ncbi.nlm.nih.gov/pubmed/17439422
http://www.ncbi.nlm.nih.gov/pubmed/7518485
https://doi.org/10.1172/JCI1647
http://www.ncbi.nlm.nih.gov/pubmed/9541491
https://doi.org/10.1002/anie.200900111
https://doi.org/10.1002/anie.200900111
http://www.ncbi.nlm.nih.gov/pubmed/19425026
https://doi.org/10.1016/S0006-3495(97)78336-X
http://www.ncbi.nlm.nih.gov/pubmed/9414222
https://doi.org/10.1038/nri2868
http://www.ncbi.nlm.nih.gov/pubmed/20948547
http://www.ncbi.nlm.nih.gov/pubmed/4966657
https://doi.org/10.1093/jnci/djv022
http://www.ncbi.nlm.nih.gov/pubmed/25677037
https://doi.org/10.1007/s00262-004-0520-1
http://www.ncbi.nlm.nih.gov/pubmed/15185007
https://doi.org/10.1002/jso.21723
https://doi.org/10.1002/jso.21723
http://www.ncbi.nlm.nih.gov/pubmed/22441896
https://doi.org/10.1158/0008-5472.CAN-06-0158
https://doi.org/10.1158/0008-5472.CAN-06-0158
http://www.ncbi.nlm.nih.gov/pubmed/16912178
https://doi.org/10.1002/cam4.20
https://doi.org/10.1002/cam4.20
http://www.ncbi.nlm.nih.gov/pubmed/23634280
https://doi.org/10.1245/ASO.2006.03.069
http://www.ncbi.nlm.nih.gov/pubmed/16865596
https://doi.org/10.1371/journal.pone.0185099

@° PLOS | ONE

Conjugated nanoliposome with the Her2/neu derived peptide GP2 as an effective vaccine

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Chen WC, Huang L. Non-Viral Vector as Vaccine Carrier. Advances in genetics. 2005; 54:315-37.
https://doi.org/10.1016/S0065-2660(05)54013-6 PMID: 16096017

Chikh GG, Kong S, Bally MB, Meunier J-C, Schutze-Redelmeier M-PM. Efficient delivery of Antennape-
dia homeodomain fused to CTL epitope with liposomes into dendritic cells results in the activation of
CD8+ T cells. The Journal of Imimunology. 2001; 167(11):6462—70. PMID: 11714813

Ludewig B, Barchiesi F, Pericin M, Zinkernagel RM, Hengartner H, Schwendener RA. In vivo antigen
loading and activation of dendritic cells via a liposomal peptide vaccine mediates protective antiviral and
anti-tumour immunity. Vaccine. 2000; 19(1):23-32. PMID: 10924783

Krishnamachari Y, Geary SM, Lemke CD, Salem AK. Nanoparticle delivery systems in cancer vaccines.
Pharmaceutical research. 2011; 28(2):215-36. https://doi.org/10.1007/s11095-010-0241-4 PMID:
20721603

Nakamura T, Yamazaki D, Yamauchi J, Harashima H. The nanoparticulation by octaarginine-modified
liposome improves a-galactosylceramide-mediated antitumor therapy via systemic administration.
Journal of Controlled Release. 2013; 171(2):216—24. https://doi.org/10.1016/j.jconrel.2013.07.004
PMID: 23860186

Saupe A, McBurney W, Rades T, Hook S. Immunostimulatory colloidal delivery systems for cancer vac-
cines. Expert opinion on drug delivery. 2006; 3(3):345-54. https://doi.org/10.1517/17425247.3.3.345
PMID: 16640495

Zhong Z, Wei X, Qi B, Xiao W, Yang L, Wei Y, et al. A novel liposomal vaccine improves humoral immu-
nity and prevents tumor pulmonary metastasis in mice. International journal of pharmaceutics. 2010;
399(1):156-62.

Galdiero F, Carratelli CR, Nuzzo |, Bentivoglio C, De Martino L, Folgore A, et al. Enhanced cellular
response in mice treated with a Brucella antigen-liposome mixture. FEMS Immunology & Medical
Microbiology. 1995; 10(3—4):235—43.

Jeong J-M, Chung Y-C, Hwang J-H. Enhanced adjuvantic property of polymerized liposome as com-
pared to a phospholipid liposome. Journal of biotechnology. 2002; 94(3):255-63. PMID: 11861084

Chen W, Huang L. Induction of cytotoxic T-lymphocytes and antitumor activity by a liposomal lipopep-
tide vaccine. Molecular pharmaceutics. 2008; 5(3):464—71. https://doi.org/10.1021/mp700126¢ PMID:
18266319

Guan HH, Budzynski W, Koganty RR, Krantz MJ, Reddish MA, Rogers JA, et al. Liposomal formula-
tions of synthetic MUC1 peptides: effects of encapsulation versus surface display of peptides on
immune responses. Bioconjugate chemistry. 1998; 9(4):451-8. https://doi.org/10.1021/bc970183n
PMID: 9667946

Roth A, Rohrbach F, Weth R, Frisch B, Schuber F, Wels W. Induction of effective and antigen-specific
antitumour immunity by a liposomal ErbB2/HER2 peptide-based vaccination construct. British journal of
cancer. 2005; 92(8):1421-9. https://doi.org/10.1038/sj.bjc.6602526 PMID: 15812545

Cluff CW. Monophosphoryl lipid A (MPL) as an adjuvant for anti-cancer vaccines: clinical results. Lipid
A in Cancer Therapy: Springer; 2009. p. 111-23.

Neidhart J, Allen KO, Barlow DL, Carpenter M, Shaw DR, Triozzi PL, et al. Immunization of colorectal
cancer patients with recombinant baculovirus-derived KSA (Ep-CAM) formulated with monophosphoryl
lipid A in liposomal emulsion, with and without granulocyte-macrophage colony-stimulating factor. Vac-
cine. 2004; 22(5):773-80.

Moser C, Metcalfe IC, Viret J-F. Virosomal adjuvanted antigen delivery systems. Expert review of vac-
cines. 2003; 2(2):189-96. https://doi.org/10.1586/14760584.2.2.189 PMID: 12899570

Zollinger WD, Babcock JG, Moran EE, Brandt BL, Matyas GR, Wassef NM, et al. Phase | study of a
Neisseria meningitidis liposomal vaccine containing purified outer membrane proteins and detoxified
lipooligosaccharide. Vaccine. 2012; 30(4):712-21. https://doi.org/10.1016/j.vaccine.2011.11.084
PMID: 22138211

Stollery JG, Vail WJ. Interactions of divalent cations or basic proteins with phosphatidylethanolamine
vesicles. Biochimica et Biophysica Acta (BBA)-Biomembranes. 1977; 471(3):372-90.

Torchilin VP, Zhou F, Huang L. pH-sensitive liposomes. Journal of Liposome Research. 1993; 3
(2):201-55.

Lee RJ, Wang S, Turk MJ, Low PS. The effects of pH and intraliposomal buffer strength on the rate of
liposome content release and intracellular drug delivery. Bioscience reports. 1998; 18(2):69—78. PMID:
9743475

Subbarao NK, Parente RA, Szoka FC Jr, Nadasdi L, Pongracz K. The pH-dependent bilayer destabili-
zation by an amphipathic peptide. Biochemistry. 1987; 26(11):2964—72. PMID: 2886149

Chikh G, Schutze-Redelmeir M-P. Liposomal delivery of CTL epitopes to dendritic cells. Bioscience
reports. 2002; 22(2):339-53. PMID: 12428909

PLOS ONE | https://doi.org/10.1371/journal.pone.0185099 October 18, 2017 21/22


https://doi.org/10.1016/S0065-2660(05)54013-6
http://www.ncbi.nlm.nih.gov/pubmed/16096017
http://www.ncbi.nlm.nih.gov/pubmed/11714813
http://www.ncbi.nlm.nih.gov/pubmed/10924783
https://doi.org/10.1007/s11095-010-0241-4
http://www.ncbi.nlm.nih.gov/pubmed/20721603
https://doi.org/10.1016/j.jconrel.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/23860186
https://doi.org/10.1517/17425247.3.3.345
http://www.ncbi.nlm.nih.gov/pubmed/16640495
http://www.ncbi.nlm.nih.gov/pubmed/11861084
https://doi.org/10.1021/mp700126c
http://www.ncbi.nlm.nih.gov/pubmed/18266319
https://doi.org/10.1021/bc970183n
http://www.ncbi.nlm.nih.gov/pubmed/9667946
https://doi.org/10.1038/sj.bjc.6602526
http://www.ncbi.nlm.nih.gov/pubmed/15812545
https://doi.org/10.1586/14760584.2.2.189
http://www.ncbi.nlm.nih.gov/pubmed/12899570
https://doi.org/10.1016/j.vaccine.2011.11.084
http://www.ncbi.nlm.nih.gov/pubmed/22138211
http://www.ncbi.nlm.nih.gov/pubmed/9743475
http://www.ncbi.nlm.nih.gov/pubmed/2886149
http://www.ncbi.nlm.nih.gov/pubmed/12428909
https://doi.org/10.1371/journal.pone.0185099

o @
@ : PLOS | ONE Conjugated nanoliposome with the Her2/neu derived peptide GP2 as an effective vaccine

67. Peoples GE, Goedegebuure PS, Smith R, Linehan DC, Yoshino |, Eberlein TJ. Breast and ovarian can-
cer-specific cytotoxic T lymphocytes recognize the same HER2/neu-derived peptide. Proceedings of
the National Academy of Sciences. 1995; 92(2):432—6.

68. ZhouF, Rouse BT, Huang L. Animproved method of loading pH-sensitive liposomes with soluble pro-
teins for class | restricted antigen presentation. Journal of immunological methods. 1991; 145(1—
2):143-52. PMID: 1765645

PLOS ONE | https://doi.org/10.1371/journal.pone.0185099 October 18, 2017 22/22


http://www.ncbi.nlm.nih.gov/pubmed/1765645
https://doi.org/10.1371/journal.pone.0185099

