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Triple-negative breast cancer is a major health problem that lacks molecular targets for therapy.
Neoepitopes represent a viable option to induce antitumor immune responses, but they have limitations,
such as low immunogenicity and tolerance induction. Parvovirus B19 virus-like particles may be used to
deliver neoepitopes to prime cellular immunity. We designed and evaluated the therapeutic effect of VP2
B19-virus-like particles, with multi-neoepitopes, in a 4T1 breast cancer model. Balb/c mice received four
therapeutic immunizations with multi-neoepitopes-virus-like, wild type-virus-like, vehicle, or virus-like
plus CrylAc adjuvant particles, intraperitoneally and peritumorally. Tumor growth, lung
macro-metastasis, and specific immune responses were evaluated. Therapeutic administration of
multi-epitopes virus-like particles significantly delayed tumor growth and decreased the lung macro-
metastasis number, in comparison to treatment with wild type-virus-like particles, which surprisingly
also elicited antitumoral effects that were improved with the adjuvant. Only treatments with multi-
epitope virus-like particles induced specific proliferative responses of CD8 and CD4 T lymphocytes and
Granzyme-B production in lymphatic nodes local to the tumor. Treatment with recombinant multiple
neoepitopes-virus-like particles induced specific cellular responses, inhibited tumor growth and
macro-metastasis, thus B19-virus-like particles may function as an effective delivery system for neoepi-
topes for personalized immunotherapy.
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1. Introduction

The incidence of breast cancer continues to increase, being the
first cause of cancer death in women worldwide [1,2]. Particularly,
triple-negative breast cancer (TNBC) is recognized for its aggres-
siveness, high recurrence rate, and few available treatments due
to the lack of identified therapeutic molecular targets [3]. Because
of these reasons, the personalized therapy approach might be ben-
eficial for treating this type of cancer [4].

Abbreviations: VLP, virus-like particle; rMe-VLPs, recombinant multi-epitope
virus-like particles; TNBC, triple negative breast cancer; MDSC, Myeloid-Derived
Suppressor Cells.
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Personalized vaccines, using neoepitopes, have been shown to
induce specific cellular immune responses to tumor cells, provok-
ing tumor resection. Recently, the ability of this approach to
increase progression-free survival and decrease metastasis was
demonstrated in clinical trials [2,5]. In these and other reports,
inducing specific cytotoxic CD8 T lymphocytes has been claimed
as the main mechanism responsible of tumor elimination [6],
although they also observed that Th1 CD4 cells participated in
the establishment of an antitumor environment by releasing
cytokines.

While the use of synthetic peptides as antigens for inducing
immune responses to neoepitopes is used widely [7,8], it is not effi-
cient, as it requires a large amount of the antigen to be adminis-
tered and must be accompanied by adjuvants, which are
frequently associated with toxic effects [9,10]. Moreover, to avoid
antigen processing by non-professional antigen presenting cells,
which may result in lymphocyte anergy or regulatory T cells
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[11,12], these antigens need to be applied directly into the nearby
lymph nodes. So, to induce strong, long-lasting tumor specific
immune responses, it is important to develop improved antigen
delivery systems and effective, non-toxic adjuvants, which
decrease the amount of antigen administered and favor antigen
delivery to professional antigen presenting cells in local lymph
nodes, for adequate processing and presentation of the antigen.

Multimeric compounds of viral structural proteins named virus-
like particles (VLPs) are promising antigen delivery systems that
are able to induce strong humoral and cellular responses towards
coupled antigens [13,14]. VLPs are a subclass of viral nanoparticles
which are spontaneously assembled from viral proteins in capsids
that resemble virus morphology, they are biocompatible,
biodegradable and are no infectious, thus multiple VLPs have been
evaluated for their potential use in cancer immunotherapy [15-
18]. Therefore, it is important to evaluate VLPs with additional
desirable characteristics of purification, stability, and versatility.
In this sense, proteins which allow the formation of chimeric VLPs
are preferred because they may be able to carry several epitope-
containing sequences. It is also important that additions to the
chosen proteins do not affect their assembly properties and/or pro-
duction yields.

In previous studies, B19-VLPs were proposed as a promising
antigen delivery system due to their expression, purification, and
assembly characteristics. The wild type VP2 protein (WT-VP2) pro-
tein of B19 can be produced on a large scale in E. coli, and this pro-
tein can be purified in a denatured state and renatured.
Importantly, VLPs formed from the WT-VP2 protein can be assem-
bled in capsids of approximately 20 nm, in vitro, in a cell-free envi-
ronment [19]. Moreover, it has been reported that the WT-VP2
protein can be modified at its amino terminus to carry several
sequences without affecting its production yields or its assembly
properties [20]. Additionally, several parvovirus VLPs, with similar
characteristics, have been shown to induce cellular responses
through antigen cross-presentation by dendritic cells [21], indicat-
ing their potential use as antigen delivery systems.

In this work, we focused on the design of VLPs formed by the
VP2 protein of the human parvovirus, B19, as a tumor antigen
delivery system, and tested their therapeutic effects in a murine
model of TNBC, induced using the aggressive, low immunogenic,
and highly metastatic 4T1 tumor cell line. The neoepitopes (Tmtc2,
Gprc5a, Qars) were selected from experimental studies of next
generation sequencing of the 4T1 cell line [22,23], and we also
included an epitope of survivin because of the role this protein
plays in inhibiting apoptosis of tumor cells [24]. Although most
of the identified neoepitopes in 4T1 cell line are recognized by
CD4 T lymphocytes, we decided to choose neoepitopes recognized
by CD8 T lymphocytes due their primary role in the direct elimina-
tion of tumor cells. The selected epitopes were coupled to the
amino terminal region of the WT-VP2 protein of the parvovirus,
as has been described for other chimeric VP2 proteins [25-27].

The recombinant VP2 multi-epitope vaccine assembled in VLPs
(rMe-VLPs) was tested alone or with the adjuvant Cry1Ac protoxin,
which is a delta-endotoxin from Bacillus thuringiensis. Cry1Ac pro-
toxin was chosen because it has proven to be an effective systemic
and mucosal adjuvant, able to improve the protection against
diverse infection models, when it was used coadministered with
antigens. Importantly when it was tested in a brucellosis mouse
model CrylAc protoxin improved the cytotoxic responses [28],
which are the kind of immune responses desired to achieve tumor
immunity. Regarding the proposed adjuvant action mechanism of
this protein it appears to rely in its capacity to activate antigen-
presenting cells by upregulating the costimulatory molecules and
inducing proinflammatory cytokines production [29].

2. Materials and Methods
2.1. Animals and cell line

Female, BALB/c mice, 6-8 weeks of age were used for this study.
The mice were kept in micro-isolators, with sterile filter covers,
had ad libitum access to water and food, and were housed under
a dark/light period of 12:12 h in the FES Iztacala, UNAM. The ani-
mals were cared according to federal regulations (NOM-062-
Z00-1999, Ministry of Agriculture, Mexico). The immunization
protocol was approved by the institutional animal care and use
committee (IACUC).

4T1 mouse mammary carcinoma cells (ATCC, Manassas, Vir-
ginia, USA) were maintained for a limited time in vitro by passages
in RPMI-1640 medium (Gibco®, Grand Island, New York, USA), con-
taining penicillin (100 U/mL), streptomycin (100 pg/mL) and fungi-
cide (0.75 pg/mL) (Sigma Aldrich, St. Luis, Misuri, USA) and
supplemented with 10% FBS (Gibco®).

2.2. Design of B19 WT-VP2 chimeras

The expression vector of the WT-VP2 protein was previously
constructed [19]. The sequences of the neoepitopes for CD8
responses Tmtc2 (QGVTVLAVSAVYDIFVFHRLKMKQILP), GPRC5a
(FAICFSCLLAHALNLIKLVRGRKPLSW), and Qars (FPPDAINNF), which
were previously identified by next generation sequencing of the
4T1 [22,23] cell line, and survivin tumor-associated antigen
(GWEPDDNPI), were inserted in the amino terminal region of the
WT-VP2 protein and separated from one another by three linkers
with the sequence A(EAAAK);A. The DNA sequence was optimized
for expression in E. coli, the recombinant multi-epitope-VP2 gene
was chemically synthesized (Epoch Life Science Inc, Missouri, Tex-
as, USA) in the pBSK vector and was subcloned to the expression
vector pet22b (Novagen, Madison, Wisconsin, USA) between the
Ndel and EcoRlI sites. These constructs also encoded a tag of histidi-
nes at the carboxyl terminal end to facilitate purification. The final
plasmids were called PETWT-VP2 and PET-rMe-VP2 who’s codifi-
cation for wild type VP2 and recombinant multi-epitope VP2 pro-
teins respectively.

2.3. Expression and purification of B19V WT-VP2 and chimeras

Plasmids PETWT-VP2 and PET-rMe-VP2 were used to transform
E. coli BL21 (DE3) cells (Novagen, Madison, Wisconsin, USA). The
purification of WT-VP2, recombinant multi-epitope-VP2 (rMe-
WT-VP2) proteins and GFP-WT-VP2 was based of the protocol pre-
viously reported for the purification of WT-VP2 protein with minor
modifications [19,20]. Briefly, transformed bacteria were grown in
LB medium (100 pg/mL) and induced to Abs600 = 0.6 with 0.1 mM
of isopropyl B-D-thiogalactopyranoside (IPTG) for 16 h at 30 °C, in
an orbital shaker to 200 rpm. The cells were harvested by centrifu-
gation (5000g x 10 min) and the pellet was resuspended in lysis
buffer (0.3 M NaCl, 50 mM sodium phosphate, pH 7). Cells were
disrupted by ultrasonication and centrifuged at 5000g at 4 °C.
The WT-VP2 and rMe-VP2 proteins remained in the insoluble frac-
tion. To obtain the WT-VP2 proteins the pellets were washed with
buffer A (0.3 M NaCl, 50 mM sodium phosphate, 2% Triton X-100,
3 M urea, pH 7), followed by buffer A containing 5 mM DTT, and
finally, with lysis buffer. The remaining pellet was solubilized in
column buffer (6 M guanidine hydrochloride (GuHCL), 0.3 M NaCl
and 50 mM sodium phosphate, pH 6.3) and incubated for 24 h at
180 rpm and 37 °C. For the rMe-VP2 proteins, the pellets were sol-
ubilized in buffer A, and a change was made in the column buffer.
The proteins were purified by immobilized metal affinity
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chromatography (IMAC) under denaturing conditions, using a His-
Pur Ni-NTA resin (Thermo, Waltham, Massachusetts, USA). Triton
X-114 (0.1% v/v) was used in the wash buffer to eliminate
Lipopolysaccharide excess [30]. The purified proteins were concen-
trated by filtration with 50 kDa centrifugation filters (Millipore,
Burlington, Massachusetts, USA). Purity was assayed by SDS-
PAGE analysis. The protein concentration was determined using
the Bradford protein assay (Sigma Aldrich, st. Luis, Misuri, USA).

2.4. In vitro assembly of VLPs

VLPs were assembled by dialysis of 1.5 mL of purified WT-VP2
or rMe-VP2 protein (0.5 mg/mL) against 3 x 50 mL of PBS-
arginine (0.2 M L-arginine, 137 mM NacCl, 2.7 mM KCl, 10 mM
Na2HPO4, 1.8 mM KH2PO4, pH 7.4) at 4 °C for 36 h. After dialysis,
the samples were filtered using a 0.22 pum filter and stored at 4 °C
until use. The chimeric VLPs, composed of 100% rMe-VP2 protein
(called rMe-VLPs), were able to assemble without the addition of
WT-VP2. The correct assembly of WT-VLPs and rMe-VLPs was
measured by dynamic light scattering using a Zetasizer nV (Mal-
vern, Worcestershire, UK) equipped with a photodiode laser
(830 nm). For each sample, 50 measurements were taken at
20 °C. The BALB/c mice were randomly separated into experimen-
tal groups (n=5-8) and were immunized intraperitoneally and
peritumoral as follows:

2.5. Therapeutic immunization

The tumors were induced by subcutaneous injection, into the
sixth breast of BALB/c mice, of 3 x 10> 4T1 cells that were freshly
obtained from cell culture, with viability greater than 90% (evalu-
ated by trypan blue exclusion). The BALB/c mice with palpable
tumors were randomly separated into groups with 5-8 mice and
each mice was simultaneously immunized intraperitoneally and
s.c. peritumorally on days 7, 14, 21 and 28 post tumor induction
with 50 ul of the vehicle (PBS), 50 ug of wild type VLPs (WT-
VLPs) or 50 pg of recombinant multiepitope VLPs (rMe-VLPs) alone
or plus 50 pg of adjuvant (protoxin Cry1Ac). Tumor growth was
monitored with a digital caliper every 3 days and tumor volume
was calculated according to the formula V=L x S?/2, where L is
the longest side and S the shortest. On day 36 post-tumor induc-
tion, the animals were sacrificed using humane methods. The
spleens, inguinal nodes, lungs, and the tumors were obtained for
further analysis at indicated days.

It is important to mention that in this work, we used a lower
number of 4T1 cells (3 x 10%) to induce tumors in BALB/c mice.
This cell concentration was chosen to avoid the induction of necro-
tic processes in the tumors observed when a higher concentration
of cells was used. We wanted to avoid the induction of necrosis
because it provokes painful tissue lesions in the animals, making
it necessary to sacrifice the mice prematurely, and thus complicat-
ing the evaluation of the antitumor treatments.

2.6. Lung metastasis

For the analysis of the macro-metastases in the lungs, the same
scheme described above was used. During sacrifice, the lungs were
filled with 1 mL of a 10% India Ink solution (Winsor & Newton, Lon-
don, UK), in PBS, through the trachea with the help of a cannula.
The trachea was blocked by surgical thread and the lungs were
extracted and washed 3 times with 10 mL of Fekete’s solution
(85 mL 70% ethanol, 10 mL 10% paraformaldehyde, and 5 mL acetic
acid) and, the lungs were fixed in the same solution overnight. The
macroscopic foci were counted and photographed with a stereo-
scopic microscope, OLYMPUS SZ CTV (Olympus, Tokyo, Japan).

Metastatic index was calculated with the number of lung meta-
static nodes/primary tumor weight.

2.7. Flow cytometry analysis

The spleen, inguinal lymph nodes and tumor of the different
treatment groups were mechanically disintegrated through a plas-
tic mesh, the cell suspension was filtered, and the red cells were
lysed. The cells were washed and counted by Bio-Rad TC10™ auto-
mated cell counter (Hercules, California, USA). To characterize the
populations, 1 x 10° cells were centrifuged at 400g for 5 min at
4 °C, and the pellet was treated with 1pg/mL of anti-CD16/32 anti-
body (Biolegend, San Diego, California, USA, cat# 101302), in 0.5%
BSA-PBS to avoid non-specific binding of the antibodies. The cells
were washed with BSA-PBS and incubated with the indicated com-
bination of antibodies [CD3-APC, Granzyme-B-PE, CD11b-FITC
(Biolegend, San Diego, California, USA, Cat#: 100236, 372207,
1012059)] or CD4-PeCy5, CD3-PeCy5, CD8-PE, Gr1-APC (ebio-
science, San Diego, California, USA, Cat#: 150041, 150031,
120081, 108412) at an appropriate dilution for 30 min at 4 °C in
the dark. Subsequently, the cells were washed to remove the
excess antibody and fixed in 300 pul of 1% paraformaldehyde. T cell
proliferation was assayed on the 15th day of treatment by labeling
3 X 10° inguinal node cells with CFSE (5 pM) (Molecular probes,
Eugene, Oregon, USA, Cat#: 11524217), the cells were placed in
96-well plates and stimulated with 2 pg/mL of synthetic peptides
or 20 pg/mL of rMe-VLPs for 5 days. Subsequently, the cells were
recovered and stained for analysis as mentioned above. All data
were acquired in a BD FACSCalibur Flow Cytometry System (RRID:
SCR_000401) with the software BD CellQuest Pro (Franklin Lakes,
New Jersey, USA, RRID: SCR_014489). The flow cytometry data

were analyzed using the software Flowjo 7.6®° (Flow]o, Ashland,
Oregon, USA, RRID: SCR_008520).

2.8. Proliferation assay

T cell proliferation was assayed on the 15th day of treatment by
labeling 3 x 10° inguinal node cells with CFSE (5 uM) (Molecular
probes, Eugene, Oregon, USA, Cat#: 11524217), the cells were
placed in 96-well plates and stimulated with 2 pg/mL of synthetic
peptides or 20 pg/mL of rMe-VLPs for 5 days. Subsequently, the
cells were recovered and stained for analysis as mentioned above.

2.9. Cytotoxicity assay

For the analysis of the cytotoxic effect of VLPs on 4T1 tumor
cells, 3 x 10* 4T1 cells were seeded in 96-well plates and stimu-
lated with 25, 50, 100 or 200 pg/mL of WT-VLPs for 4 or 24 h. To
analyze the cell viability to each cell well (100 pl), 10 pul of MTT
(5 mg/mL) (Sigma Aldrich, st. Luis, Missouri, USA) was added and
an additional 4 h were incubated, the formazan crystals were sol-
ubilized in acidified isopropanol and the absorbance was recorded
at 570 nm. For the analysis of early, late apoptosis and necrosis,
after incubation of the VLPs with the tumor cells as described
above the cells were recovered and stained with Annexin V-APC
(Biolegend, San Diego, California, USA, cat # 640920) and propid-
ium iodide (Sigma Aldrich, st. Luis, Missouri, USA) and analyzed
by flow cytometry with a FACSCalibur cytometer, in which
10,000 events, per sample, were obtained.

The analysis of cell cytotoxicity mediated by T cells was assayed
on the 15th day post immunization, non-adherent cells from the
inguinal node were used to isolated T lymphocytes by negative
selection with MACS CD19 microbeads (Miltenyi Biotec, Bergisch,
Germany, cat no 130-121-301), T cells were counted and co-
cultured with 3 x 10* 4T1 cells stained with CFSE for 4 h. Cells
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were recovered, stained with Annexin V-APC and analyzed by flow
cytometry with a FACSCalibur cytometer, in which 20,000 events,
per sample, were obtained.

2.10. Statistical analysis

All the data obtained was analyzed with the Graphpad Prism
software (RRID: SCR_002798), one way analysis of variance
(ANOVA) and t test were used to determine significant differences
between the groups, which were indicated when the p-value was
<0.1, <0.05, <0.01 or <0.001 and were marked as *, **, *** or
*x respectively. The results are shown as mean + standard devia-
tion (SD) or standard error mean (SEM), as indicated.

3. Results
3.1. Design and production of recombinant proteins

The process used to construct WT-VP2 and GFP-WT-VP2 were
the same process used in previous works [19,20], while the rMe-
VP2 construction was analyzed in silico, with the objective of deter-
mining the secondary and tertiary structure of the multi-epitope
region. Several arrangements of the epitopes were tested, and the
predicted arrangement, with alpha helix-forming linkers and linear
epitopes, was selected because this arrangement increased the sol-
ubility of the protein, which facilitated its assembly into VLPs (data
not shown).

The rMe-VP2 construction (Fig. 1A) was conformed by the WT-
VP2 plus the neoepitopes, Tmtc2, Gprc5a, and Qars, which were
identified by next generation sequencing of the 4T1 cell line as epi-
topes recognized by CD8 cells [22,23], and the tumor associated

rMe-VP2 (MW 80.49 KDa)
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TmTc2

Survivin
e |
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antigen (TAA) survivin 66-74 epitope, which has been reported
to induce tumor immunity in the spontaneously metastasizing
4T1 breast cancer model [31]. WT-VP2, GFP-WT-VP2 and rMe-
VP2 were overexpressed in E. coli BL21 (DE3) cells as inclusion bod-
ies, and subsequently, the proteins were purified under denaturing
conditions, previously reported [19].

The WT-VP2 and GFP-WT-VP2 protein was purified with the
previously reported protocol [19,20], with minor modifications,
and was stored in elution buffer until its assembly (Fig. 1B). The
rMe-VP2 protein showed slight changes in solubility, since a signif-
icant percentage of the protein was solubilized in the inclusion
bodies wash buffer, unlike the WT-VP2 protein which does not sol-
ubilize in this buffer. As a result, we washed the pellets with wash-
ing buffer that did not contain urea, and then added 5 M GuHCL to
the rMe-VP2 protein to solubilize it, to be then purified by Immo-
bilized Metal Affinity Chromatography (IMAC) (Fig. 1B). This mod-
ification was performed because a concentration of 3 M GuHCL did
not permit purification of the protein with IMAC. This phe-
nomenon has already been reported for other WT-VP2 protein chi-
meras [20] and is possibly due to incomplete denaturation, which
allows the formation of tertiary structures that block the exposure
of the histidine tag. The increased concentration of this chaotropic
agent resolved the problem and allowed rMe-VP2 proteins to be
purified by IMAC.

The adjuvant recombinant Cry1Ac protoxin was produced and
purified according to previous works without modifications and
was kept at 4 °C until its use [32].

3.2. Assembly of VLPs

The assembly of VLPs with the WT-VP2 protein produced cap-
sids 22-24 nm in diameter that coincided with reports for this
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Fig. 1. Protein expression and assembly of VLPs. (A) Composition of chimeric multi-epitope construction of rMe-VP2. (B) Overexpression of WT-VP2 and rMe-VP2 proteins,
following IPTG-induction for 18 h at 30 °C in BL21DE3 E. coli cells. Proteins from non-induced (2,5) and induced cells (3,6). The MW markers are represented by (1,4,7). The
~60 and ~80 kDa bands, corresponding to the expected MW for WT-VP2 and rMe-VP2, respectively, are marked with black arrow heads at 3 and 6. WT-VP2 (9) and rMe-VP2
(8) purified by IMAC. (C) Size results of the VLPs, acquired using dynamic light scattering. VLPs were assembled as indicated in Materials and Methods by dialysis of pure
proteins against of PBS + 0.2 M arginine. 50 measurements were completed for each sample and peaks of ~20 nm were observed in both WT- and rMe-VLPs.
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protein [19]. The rMe-VP2 protein was assembled alone or by add-
ing different radii of the WT-VP2 protein (data not shown). In all
cases, VLPs that coincided with the reported size of the WT-VLPs
were observed. Consequently, we decided to work only with cap-
sids formed by 100% of the rMe-VP2 protein, to ensure the pres-
ence of the multi-epitope fraction in the assembled capsids. The
assembly with 100% chimeric VP2 was also recently reported
[20]. The assembly of the rMe-VLPs produced monodisperse spe-
cies of 20 + 3.0 nm in diameter (Fig. 1C).

3.3. Antitumor effect of VLPs in mice

To test the possible antitumor effect of the rMe-VLPs in estab-
lished tumors, mice were implanted with 4T1 cells and then
immunized with rMe-VLPs with or without the adjuvant or with
WT-VLPs as a control. 50 pug of each protein in the form of VLPs,
was administered intraperitoneally and peritumorally simultane-
ously every 7 days during the experiments. Unexpectedly, we
observed a delay in tumor growth in mice treated with WT-VLPs
and WT-VLPs + adjuvant, with no differences between treatment
with WT-VLPs with or without the adjuvant (Fig. 2A). Tumor
growth in these groups was significantly lower than that observed
in mice treated with the PBS vehicle. Mice immunized with rMe-
VLPs, with and without adjuvant showed a significant delay in
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tumor growth compared to mice treated with the vehicle and sig-
nificantly less tumor growth than mice treated with WT-VLPs
(Fig. 2A, B). Treatments with rMe-VLPs with the adjuvant showed
the smallest tumor sizes until day 36, even then exhibiting non-
measurable tumors in 4/7 mice. The tumors excised on day 36
showed large volume with similar measurements in groups PBS
and WT-VLPs, however due to their irregular shape the large sides
of these tumors were not precisely measurable in vivo, so the vol-
umes of excised tumors were higher (Fig. 2C). The addition of the
adjuvant partially improved the response observed from treatment
with WT-VLPs and rMe-VLPs in excised tumors, although not
significantly.

3.4. Inhibition of macro-metastasis in the lung

Due to the importance of metastasis in cancer mortality, we
decided to evaluate the effect of our treatment on the establish-
ment of lung metastasis. For this evaluation, we injected 1 x 10*
or 3 x 10% 4T1 cells, subcutaneously, in the 6th breast of BALB/c
mice. The treatments were applied as mentioned in the Materials
and Methods. On day 32, the lungs of the mice were stained with
10% Indian ink to allow visualization of the metastatic nodules.
Our results showed that treatment with rMe-VLPs significantly
reduced the metastatic index and the number and size of
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Fig. 2. rMe-VLPs treatment reduced tumor growth in BALB/c mice subcutaneously inoculated with 4T1 cells. Female BALB/c mice were subcutaneously injected in the sixth
breast with 3 x 10 4T1 cells and treatments were applied on the indicated days (dotted lines) by peritumoral and intraperitoneal routes as detailed in Materials and
Methods. Tumor growth was monitored every third day. The tumor size was measured with a digital caliper and the volume was calculated with the formula V = (L x S?)/2.
(A) Graphs represent the mean + SEM of tumor size volumes recorded following the distinct treatments with PBS, WT-VLPs, WT-VLPs + adjuvant, rMe-VLPs, and rMe-VLPs
+adjuvant. (B) Graphs show tumor volume sizes recorded for individual mice within each treatment. (C) Mean volume size of tumors excised and recorded at day 36,
following the distinct treatments. The data is represented as mean + SEM. N = 5-8. *, **, *** ****denote significant differences, where the p-value was <0.1, 0.05, 0.01 or 0.001,

respectively.
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Fig. 3. rMe-VLPs treatment reduced lung macro-metastasis induced by 1 x 10* cells 4T1. (A) Tumor-bearing mice received treatments as mentioned in Materials and
Methods. At day 32, the mice were euthanized and the lungs were filled with 10% India ink solution through a tracheotomy. The lungs were extracted, washed, fixed, and
photographed with a stereoscopic microscope. The anterior, posterior, and lateral views are shown, where the arrowheads indicate metastatic nodes. (B) Temporal course of
tumor growth recorded after subcutaneous injection of 1 x 10* cells 4T1 in mice that received the indicated treatments every 7 days by intraperitoneal and peritumoral
routes. (C) The number of metastatic nodes recorded in the lungs of each mouse. The data is represented as mean + SEM. N = 6. **, ***denote significant differences, where the

p-value was <0.05 or 0.01, respectively.

macro-metastases induced by 1 x 10% cells or 3 x 10° 4T1 cells
(Fig. 3A, S1), while WT-VLPs did not have any effect on rate of
metastasis. Tumor growth by injection of 1 x 10% 4T1 cells in mice
showed a behavior like that observed with the injection of 3 x 103
4T1 cells (Fig. 3B), except WT-VLPs did not have a significant effect
in tumor growth.

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.vaccine.2019.09.
068.

The number of metastases by injection of 3 x 10 4T1 cells in
the PBS group was higher than that observed by the injection of
1 x 10* 4T1 cells (Fig. S1). The treatment of mice with rMe-VLPs,
with and without the adjuvant, decreased the amount and size of
metastatic nodules in the lungs in comparison to the mice treated
with the vehicle or with the WT-VLPs (Fig. 3C). There were no dif-
ferences between mice treated with rMe-VLPs and rMe-VLPs
+adjuvant.

3.5. Characterization of populations of T lymphocytes and MDSC

To determine if the immune populations were modified by the
treatments, the populations present in the spleen and in the tumor
of the treated and untreated mice were analyzed by flow cytome-
try. We observed that the proportions of CD3*CD4" cells and CD3*-
CD8" T lymphocytes decreased in their percentages in the mice
treated with the vehicle, and this decrease was significantly lower
than the values found in healthy mice without tumors (Fig. 4A, B).
The treatments with WT-VLPs and rMe-VLPs partially re-
established the values of these populations, however, only rMe-
VLPs with and without the adjuvant were significantly different
from the vehicle group (Fig. 4B). To analyze the Myeloid-Derived
Suppressor Cells (MDSC), we use CD11b and Gr1 markers, as these
two markers are known to delimit the suppressor population in

this model, as previously reported [33,34]. We found a significant
increase of this population in mice treated with the vehicle, with
respect to healthy mice (Fig. 4C). Regarding the treatments, we
observed that WT-VLPs +adjuvant and rMe-VLPs +adjuvant
decreased this population in the spleen, while in the tumor, all
treatments decreased the proportion of these cells, with a signifi-
cantly lower proportion observed only after treatment with WT-
VLPs + adjuvant (Fig. 4D). Importantly, these results show that
the CrylAc protoxin as adjuvant has an inhibitory effect on the
MDSC population, which deserves further characterization.

3.6. Proliferation and cytotoxicity of T lymphocytes

Proliferation assays were performed, by tracing the loss of fluo-
rescent compound Carboxyfluorescein succinimidyl ester (CFSE),
to determine if the treatments were able to induce specific cellular
responses towards the tumor. On day 15 of treatment, the animals
were sacrificed, and the spleen and inguinal node cells were
stained with CFSE. The cells were seeded and stimulated for 5 days
using a pool of peptides of neoepitopes or rMe-VLPs as stimuli or
WT-VLPs/unrelated peptides as control (Fig. S2). The analysis
showed a significant increase in proliferation of lymphocytes CD4
in mice treated with rMe-VLPs, with and without the adjuvant,
after the in vitro stimulation with the peptides or rMe-VLPs. These
results showed that rMe-VLPs were able to induce CD4 specific
responses in inguinal nodes (Fig. 5B). The proliferative responses
of lymphocytes CD8 were similar to those of CD4, but the
proliferation was observed only after the stimulus with peptides
or rMe-VLPs (Fig. 5E). Mice treated with WT-VLPs only exhibited
proliferation towards WT-VLPs stimulus (Fig. S2). No differences
were observed with the adjuvant addition. To prove that CD8 lym-
phocytes had a cytotoxic profile, we determined the production of
Granzyme-B. Results showed a significant increase in the
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Fig. 4. Treatments with VLPs provoked a minor reduction of T lymphocytes and a lower percentage of MDSC in the spleen and tumor. BALB/c mice treated as indicated in
Fig. 2 were euthanized at 36 days post tumor induction. The spleen and tumor were extirpated and disaggregated. (A) Representative dot plots indicating the proportion of T
lymphocytes in the spleens of healthy vs tumor induced mice using CD3+ and CD4+ markers. The population CD3+CD4— was used to estimate the proportion of CD8
lymphocytes. (B) Analysis of the proportion of CD3+CD4+ and CD3+CD8+ lymphocytes in the spleen. (C) Representative dot plots indicating CD11b+Gr1+ MDSC populations in
spleen or tumor which were used for the analysis shown in D, are shown in the rectangle regions. Data was acquired with a FACSCalibur cytometer and 50,000 events were
acquired. (D) Proportions of MDSC in spleen or tumor, the data in bar graphs is represented as mean + SEM. N = 6. *,**, *** ***denote significant differences, where the p-value

was <0.1, 0.05, 0.01 or 0.001, respectively.

percentage of CD8 + Granzyme-B + cells after stimulus with the
peptides or rMe-VLPs in mice treated with rMe-VLPs alone or with
the adjuvant (Fig. 6B). Furthermore the cytotoxicity on 4T1 cells of
CD8 T lymphocytes isolated from immunized mice, was also eval-
uated in vitro, increased apoptosis evaluated by the expression of
anexin-V in CFSE stained 4T1 cells was induced by cells from
rMe-VLPs immunized mice in comparison with lymphocytes un-
immunized, further confirming the induction of specific cytotoxic
responses (Fig. 6E).

4. Effect of WT-VLPs on 4T1 tumor cells

Due to the unexpected effect of WT-VLPs on tumor growth, it
was evaluated whether they were able to enter the tumor after
peritumoral administration, the results showed that GFP-VLPs
[20] can enter the tumor after 1 h administration and can be
detected even 24 h after administration (Fig. 7A). In-cell western
analysis showed that VLPs can bind to 4T1 cells after 1 h of incuba-
tion (Fig. 7B). It was observed that WT-VLPs can induce high anti-
body titers in serum from immunized mice (Fig. 7C), these
antibodies show low binding to 4 T1 cells (Fig. 7B right) in compar-
ison with the binding of VLPs. The evaluation of the effects of this
union of the WT-VLPs to the tumor cells showed that can lead to
the blockage of the union of the 4T1 cells to a fibronectin matrix
(Fig. 7D) and can affect their migration (Fig. 7E). Besides, after
24 h of stimulation with WT-VLPs, an increase in the percentage
of tumor cells in early (Fig. 7F, G left) and late apoptosis (Fig. 7G
right) was observed, in addition to a decrease in cell metabolism
measured by the reduction of MTT to formazan crystals (Fig. 7H),

it was not observed that VLPs induce early apoptosis in primary
culture lymphocytes at any of the concentrations evaluated
(Fig. S3). Altogether these results indicating WT-VLPs can bind to
4T1 cells and induce apoptosis suggest direct effects on tumor cells
which help to explain the antitumor effects observed.

5. Discussion

Currently, immunotherapy has been restricted to cancers with
recognized molecular targets. Therefore, cancers, such as TNBC,
continue to be cancers with little expectation of a cure and limited,
available treatment options. As a result, these cancers without rec-
ognized molecular targets continue to be treated with chemother-
apy and radiotherapy. The use of neoepitopes represents an
alternative to provide specific targets in tumors that lack recog-
nized molecular targets. However, to improve the ability of neoepi-
topes to induce antitumor immunity, it is still necessary to develop
appropriate antigen delivery systems.

The results of this study support the use of VLPs, formed by the
VP2 protein of the human parvovirus B19, as a promising tumor
antigen delivery system, with the potential therapeutic effect as
it functions in a murine a model of triple-negative breast cancer.
Coinciding with previous reports, our present results showed that
additions of epitope sequences at the amino terminal region of
WT-VP2 does not alter its assembly properties [20,27], further sup-
porting the advantage of this VLP system to be used as antigen
delivery system.

We found that intraperitoneal and peritumoral administration
of rMe-VLPs, loaded with multiple neoepitopes (Gprc5a, Tmtc2,
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Fig. 5. rMe-VLPs treatment induced specific T CD4 and T CD8 proliferative responses in the inguinal node. Mice were injected subcutaneously with 3 x 10® 4T1 cells and
received a single immunization at day 7 with any of the indicated treatments. The mice were sacrificed on day 15 of the study. Inguinal lymph nodes were removed and
disaggregated. 3 x 10° cells were stained with CFSE as is described in the Materials and Methods section. The cells were stimulated with peptides (2 pg/mL) or with rMe-VLPs
(20 pg/mL) for five days. Cells were recovered, stained with anti CD3, CD4 and CD8 antibodies, and analyzed by flow cytometry with a FACSCalibur cytometer, in which 50,000
events, per sample, were obtained. (A), (D) Flow cytometry gating strategy, the figure shows the regions used to isolated CD4 and CD8 cells for the proliferation analysis
shown in B and E. Representative dot plot of proliferation of CD3+CD4+ (B) and CD3+CD8+ (E) gated cells, mean + SD are shown. (C), (F) The data in bar graphs is represented
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Qars) and a TAA (survivin), are able to significantly delay tumor
growth induced by the s.c. injection of 1 x 10% or 3 x 10° 4T1 cells,
where 4/7 mice reached complete tumor remission after the co-
administration of rMe-VLPs with the adjuvant, Cry1Ac protoxin.
Despite this result, total remission was only attained when tumors
were induced with the lower dose of 3 x 10® 4T1 cells. However, it
is important to point out that a significant delay in tumor growth
was observed, with both concentrations of cancer cells, at the
end of the study.

Immunization with rMe-VLPs also significantly reduced the size
and number of nodules of macro-metastases in the lungs, which

was induced by s.c administration of both concentrations of 4T1
cells, rMe-VLPs group also showed lower metastatic index than
WT-VLPs and PBS groups, therefore, the decrease in the size of
the main tumor induced by rMe-VLPs may be related to a lower
metastatic seeding in the lung. Moreover, our results are similar
to a previous report that showed a lower concentration of 4T1 cells
induced a greater number of macro-metastasis in the lungs of
untreated mice [35].

Due to their small size of approximately 20 nm, B19-VLPs may
be capable of directly entering lymph nodes local to the tumor, in a
similar way that has been reported for porcine parvovirus VLPs,
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Fig. 7. WT-VLPs can entry to tumor, bound to 4T1 cells and affected migration, adhesion to fibronectin and induce apoptosis. (A) Entry of GFP-VLPS into tumors, 50 ug of GFP-VLPs
were injected s.c. Near the breast and the primary tumor was removed after 1 and 24 h, 5 um cuts were made, the nuclei were stained with DAPI and photographs (40x ) were taken
with a Leica fluorescence microscope. (B) Binding of VLPs to tumor cells, 4T1 cells were stimulated with increasing concentrations of WT-VLPs, for 1 and 3 h. The wells were washed
and polyclonal antibody, anti-WT-VLPs, was used to detect VLPs binding to 4T1 cells (left), secondary Dye 800 anti-rabbit monoclonal antibody was used. Signal intensity was
determined with an Oddissey LICOR scanner, right panel shown analysis of signal intensity. (C) Anti-VLPs antibody titers induced after 3 weekly immunizations with WT-VLPs. (D)
In vitro adhesion of 4T1 cells to fibronectin. 96-well plates were covered with fibronectin (20 pg/well) and 1 x 10° 4 T1 non-adherent cells were incubated with 50 pg/mL of WT-
VLPs or rMe-VLPs for 30 min, at room temperature. The cells were added to the wells and incubated for 2 h. Crystal violet was used to determinate adhered cells. (E) Percentage of
migration, Wound healing assay of 4T1, confluent monolayer was scratched with a yellow tip and cultured for 24 h. PBS, WT-VLPs (50 pg/mL) alone or with adjuvant (50 pg/mL)
were used as a stimulus and wound healing was calculate with Image]J software. (F) Dot plots representative of the induction of early apoptosis (Annexin V+, R1), late apoptosis
(Annexin V+PI+, R2) and necrosis (PI+) in 4T1 cells induced by different concentrations of WT-VLPs after 24 h of stimulation. (G) Analysis of the induction of early (left) or late (right)
apoptosis of 4T1 cells after 4 or 24 h of stimulation with different concentrations of WT-VLPs. (H) Analysis of the cell viability of 4T1 cells stimulated with different concentrations of
WT-VLPs by reducing MTT after 4 or 24 h of stimulation. The data is represented as mean + SEM. N = 6. *, **, *** **** denotes significant differences, where the p-value was <0.1,
0.05, 0.01 or 0.001 respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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which were captured in lymph nodes, processed by CD8 + CD11b
+dendritic cells, and presented to T lymphocytes [21,36-38].
Although the neoepitopes contained in rMe-VLPs were chosen as
CD8 epitopes, searching for the induction cytotoxic of immune
responses; due to their size (more than 9 a.a.), they are also capable
of functioning as CD4 epitopes. Likewise, most of the neoepitopes
identified in the 4T1 cell line, by Kreiter et al were recognized by
CD4 cells [22]. Moreover, due to the exogenous nature of VLPs, a
presentation in MHC II is also possible, thus the induction of both
types of cellular responses, in the inguinal lymph nodes induced in
present study by the immunization with rMe-VLPs containing CD8
epitopes, was expected to occur, and may also be contributing to
favor the induction of effective antitumor responses. Indeed the
induction of CD4 Th1 responses also has been shown to play an
important role in the induction of strong antitumor responses
[39,40]. Our results also indicate that rMe-VLPs can be captured,
processed, and presented to CD4 and CD8 T lymphocytes at the
inguinal lymph nodes.

In addition, an increase in the proportion of CD8 T lymphocytes
producing Granzyme-B was also observed in inguinal nodes, more-
over when cytotoxicity on 4T1 cells of CD8 T lymphocytes was
evaluated in vitro increased apoptosis was induced by cells from
rMe-VLPs immunized mice. These results suggest that immuniza-
tion with rMe-VLPs can induce specific cytotoxic T lymphocyte
responses to neoepitopes. The induction of specific immune
responses to tumor antigens in nearby lymph nodes has been
reported to be important since these sites are the first to be
invaded during the early phase of metastasis [41,42]. Therefore,
the induction of cellular responses at this site may be related to
the decrease in the observed metastatic rate.

Although in present study we focused in the characterization of
the cellular immune response and the antibody response was not
analyzed, because the CD8 epitopes used contained non exposed
domains, the contribution of antibody responses in the anti-
tumor effects induced by immunization with WT-VLP and rMe-
VLP, rest to be determined. Despite anti VLPs antibodies did not
show significant binding to 4T1 cells (Fig. 7B right) VLPs are
immunogenic, as induce significant antibody titers (Fig. 7C), so
the induction of ADCC in the presence of VLPs, which can bind to
tumor cells might occur.

In addition to the induction of cellular responses at the local
level, we also observed changes in cell populations of the spleen.
Mice immunized with WT-VLPs and rMe-VLPs maintained the pro-
portion of CD4 and CD8 T lymphocytes at normal levels in the
spleen, animals treated with PBS only displayed a significant
decrease of these cell populations in the spleen [43]. This decrease
in lymphocyte proportions has been associated with the increase
of suppressor populations in this organ that can lead to anergy
and lymphocyte apoptosis [44]. So, we also analyzed the MDSC
proportion, which has been reported as the main suppressor cell
in the 4T1 model [45]. Our results showed that PBS treated mice
presented a significant increase in the CD11b + Gr1 + population
that denotes the MDSC in the spleen, while the mice immunized
with WT-VLPs or rMe-VLPs with and without adjuvant showed a
significant decrease of these cells, with a greater decrease with
the addition of the adjuvant with respect to the PBS group. These
results suggest that the adjuvant, protoxin Cry1Ac, may have some
effect in decreasing this MDSC population, this finding is quite rel-
evant due to the role of this population in tumor progression, this
effect could be related with the capacity of Cry1Ac protoxin to
induce the differentiation of these cells, as has been described by
diverse adjuvants, particularly by agonists targeting TLRs 7/8 or 9
[46], but this possibility remains to be determined. The adjuvant
mechanism of CrylAc protoxin is related with the capacity to

activate antigen presenting cells by activating MAPK pathways
[29]. Another possibility of the effect of Cry1Ac might be the induc-
tion of apoptosis in MDSC, but this deserves further investigation.

WT-VLPs showed an unexpected effect on tumor growth
induced with 1 x 10 4T1 cells. A lower median size was observed
in WT-VLPs and WT-VLPs plus adjuvant, these VLPs also show
effects in MDSC population in the spleen, suggesting that they
may have an antitumoral effect not mediated by specific cellular
immune responses. Some reports have shown that VLPs formed
by the WT-VP2 protein of parvovirus B19 are able to bind to the
Gb4 globoside and a5p1 integrin [47,48], both of which have been
related to the induction of proliferation in tumor cells, through the
activation of signaling pathways such as MAPK [49-51]. In this
study, we observed that VLPs can access into tumors and stay there
at least 24 h after injection, this may be due to the effect of enhanc-
ing permeability and retention of particles described in tumors
[51]. We performed some assays to determine whether WT-VLPs
may bind to or affect some 4T1 functions. We observed that WT-
VLPs could bind directly to 4T1 cells, in vitro, and affected their
migration and binding to fibronectin (ligand of o581 integrin). In
addition, the VLPs were able to induce apoptosis and decrease
the viability of tumor cells after 24 h of culture. These results indi-
cate WT-VLP can enter the tumor and affect the tumor cells, so
they could be used as a delivery system to the tumor. However
additional studies are required to prove this possibility.

Moreover, it would be important to test the antitumoral effect
in a different cancer model to establish whether the unexpected
antitumoral effect of WT-VLPs seen in this model also occurs in
other cancer models, as these VLPs may be used to improve tumor
immunity. Although in present study we did not detect any visible
signs of chronic inflammation, as manifested by skin lesions or
scruffy appearance of mice. It would be also necessary to perform
a complete evaluation of possible side-effects or autoimmunity
induced by WT-VLPs and rMe-VLP vaccination in further studies.

Improvement in the identification and prioritization of neoepi-
topes and TAAs continues to be fundamental to guarantee the
induction of specific responses and increase the probability of
inducing strong immune responses capable of therapeutic effec-
tiveness. Here we demonstrated that the use of neoepitopes deliv-
ered with B19-VLPs may have a therapeutic effect on tumor
growth and on the establishment of macro-metastases. However,
in this study we tested the potential of B19-VLPs as an antigen
delivery system using a few epitopes.

Novel studies are required to further characterize the B19-VLPs
as a delivery system for antigens in cancer, both with neoepitopes
for cancers without known molecular targets and with recognized
antigens, such as Her2, prostate-specific antigen, etc., to establish
in which types of cancer the approach of VLPs with tumor antigens
may be beneficial. It is also important to ascertain if these VLPs can
allow the induction of humoral responses towards coupled anti-
gens, which could extend the application of this approach to can-
cers where humoral responses are important.

In conclusion, we demonstrated that recombinant multi-
epitope-B19-VLPs could be a viable alternative as a delivery system
for neoepitopes and TAAs in breast cancer, as they were able to
induce specific immune responses towards the neoepitopes in
lymphatic nodes near the tumor, which impacts the rate of tumor
growth and the establishment of distal macro-metastasis. This
approach can facilitate the application of personalized therapies,
as the treatment can be delivered subcutaneously near the tumor,
instead of directly in the lymph nodes. As a result, treatment
administration can be performed without special ultrasound
equipment. Additionally, the use of these VLPs as delivery system
could avoid the processing of the antigen by non-presenting cells,
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thus avoiding the induction of lymphocyte anergy and promoting
the induction of powerful responses that can ultimately affect
the quality of life of patients.
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