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Abstract
Here, we analyze for the first time the immunological and therapeutic efficacy of a dendritic cell
(DC) vaccine based on a cancer-testis antigen, Brother of Regulator of Imprinted Sites (BORIS),
an epigenetically acting tumor-promoting transcription factor. Vaccination of mice with DC
loaded with truncated form of BORIS (DC/mBORIS) after 4T1 mammary tumor implantation
induced strong anti-cancer immunity, inhibited tumor growth (18.75% of mice remained tumor-
free), and dramatically lowered the number of spontaneous clonogenic metastases (50% of mice
remained metastases-free). Higher numbers of immune effector CD4 and CD8 T cells infiltrated
the tumors of vaccinated mice vs. control animals. Vaccination significantly decreased the number
of myeloid-derived suppressor cells (MDSCs) infiltrating the tumor sites, but not MDSCs in the
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spleens of vaccinated animals. These data suggest that DC-based mBORIS vaccination strategies
have significant anti-tumor activity in a therapeutic setting and will be more effective when
combined with agents to attenuate tumor-associated immune suppression.
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Immunotherapy of breast cancer; myeloid derived suppressor cells (MDSC); cancer-testis antigen
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tumor promoting transcription factor; 4T1 mammary carcinoma

1. Introduction
Breast cancer is currently the second most common type of cancer after lung cancer (10.4%
of all cancer incidence) and the fifth most common cause of cancer death [1]. Although
radiotherapy, chemotherapy, and surgery are all used in the treatment of breast cancer, there
is a low but continuous rate of relapse, with a majority of these patients that relapse
succumbing because of their metastatic disease [2]. Therefore, the ability to control, prevent,
and/or treat metastases is of great importance for the clinical application of any
immunotherapy. Numerous immunotherapeutic strategies have been tested so far for
boosting anti-tumor cellular immune responses in breast cancer. However, only a few of
them moderately enhanced the frequency of anti-tumor associated antigen-reactive T cells
[3,4]. These strategies include adoptive cell transfer (ACT), treatment with cytokines and
other immune stimulatory agents, or treatment with antibodies against suppressor cytokines
and other suppressive molecules in combination with various vaccines [4,5,6]. A major
limitation of vaccines based on tumor-associated antigens (TAA) [7,8] used for treatment of
breast cancer is tumor-associated self-tolerance [9]. Even in the cases when tolerance can be
broken by immunizations [10], tumors often mutate immunogenic epitopes evading immune
attack [11]. Finally, these TAAs may induce potentially harmful autoimmunity through
cross-reactivity with self-antigens. Thus, the availability of a sufficiently potent anti-cancer
vaccine targeting an optimal TAA is extremely important to eliminate tumors before they
can evade the immune attack. Historically, it was believed that the ideal TAA should meet
the following criteria: (i) expression should be restricted to neoplastic cells and/or cells
residing in immuno-privileged sites; (ii) the ability to evoke a therapeutic anti-cancer
immune response following vaccination; and (iii) should be essential for the function of the
tumor so that loss of such a TAA would result in loss of tumor activity. Cancer Testis (CT)
antigens, in general, meet these criteria and these characteristics along with their
immunogenicity make them excellent candidates for cancer vaccines [12,13]. Not
surprisingly, immunogenic CT antigens are used as components of several of the most
potent therapeutic human vaccines against different cancers [13,14,15], although to our
knowledge not for breast cancer immunotherapy in clinical trials.

The CT-gene BORIS was identified as a mammalian paralogue of CTCF [16,17]. This
unique epigenetically acting, tumor-promoting, transcription factor expressed in testis, also
regulates the expression of other oncogenic molecules including MAGE-A1, NY-ESO-1,
and SPANX [18,19,20,21,22]. Based on these observations and an important role for BORIS
in oncogenic transformation [23], we tested a zinc finger deleted (modified) BORIS
(mBORIS) in preventive studies and showed that delivery of this antigen by adenoviral [24]
or DNA plasmid vectors [25,26] generated protective anti-tumor cellular immune responses,
inhibited 4T1 mouse mammary tumor growth, and prolonged survival of vaccinated mice
subjected to tumor challenge.
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Herein, we report for the first time, the application of an mBORIS-directed dendritic cell
(DC)-based anti-tumor vaccine, with efficacy in treatment of both preexisting tumor and
metastatic mammary carcinoma. Such use of DCs as a system for delivery of antigen to the
immune system serves as a cellular adjuvant [27] by the nature of their capacity to elicit
robust immune responses. The recent FDA approval of Provenge, a cellular therapy
containing human dendritic cells, lends additional credence to immunotherapy strategies
incorporating DCs
(http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm210174.htm). We
hypothesized that loading of DCs, professional antigen-presenting cells, with mBORIS
antigen would induce strong cellular immune responses controlling tumor growth and
metastatic disease.

2. Materials and Methods
2.1. Animals

Female 8- to 10-wk-old BALB/c mice were purchased from The Jackson Laboratory (Bar
Harbor, ME). All animals were housed in a temperature- and light cycle-controlled facility,
and their care was under the guidelines of the National Institutes of Health and the approved
Institutional Animal Care and Use Committee protocol at the University of California,
Irvine.

2.2. Purification of recombinant mBORIS protein, isolation of DC, analysis of surface
markers and loading of DC with protein

Purified recombinant mBORIS and gp120 proteins, prepared as described [25], were used
for the loading of DC. The level of endotoxin was measured using E-TOXATE Kits as
recommended by the manufacturer (Sigma, St Louis, MO), and it was ranged from 1,500 to
2,000 ng bacterial lipopolysaccharide endotoxin (according to FDA RSE) per mg of protein.
Thus, DC were loaded with a recombinant protein containing ~80-100 ng of bacterial
endotoxin in 1 μM of loaded protein (see below).

DCs were generated from bone marrow isolated from tibia and femurs of mice and cultured
in the presence of GM-CSF and IL-4 as described [28]. On day 6, cells were enriched for
CD11c+ DC (>92% purity) using positive selection with anti-CD11c-coated magnetic
microbeads (MiltenyiBiotec, Auburn, CA). These cells were loaded with 1 μM mBORIS for
24 hrs and analyzed by FACScan (BD Biosciences, CA) or MacsQuant (MiltenyiBiotec,
Auburn, CA) cytometers for cell surface markers using fluorophore-conjugated antibodies
specific to MHC class II (I-Ad/I-Ed), CD80, CD86, CD40, CD54, DEC205 (BD
Pharmingen, San Diego CA). Non-specific “background” was distinguished by staining with
isotype control primary Abs (BD Pharmingen, San Diego, CA). The dynamics of mBORIS
protein uptake by CD11c+ DC was also analyzed by FACScan using intracellular staining
method with the 8112 rabbit-anti mBORIS antisera (this antibody is specific to very N-
terminal peptide MAA AEV PVP SGY FTQ IKE KLK PGD LEE EKE EDV C of human
BORIS and is cross-reactive with mouse BORIS and was provided by Dr. Loukinov)
followed by FITC-labeled secondary antibody (BioLegend, San Diego, CA). DC loaded
with mBORIS or irrelevant recombinant antigen (gp120 of HIV-1), each prepared and
purified in exactly the same manner, were used for immunization of mice.

2.3. Immunizations and analyses of tumor growth or clonogenic lung metastases
For the in vitro immunologic studies two groups of BALB/c mice (n=8 per group) were
injected s.c. 3 times with 5×105 of DC/mBORIS or DC/gp120 into the right flank. A third
group of mice were injected 3 times with 100μg/mouse of recombinant mouse mBORIS
formulated in QuilA (Brenntag, Denmark). Mice were sacrificed one week after the last
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immunization for the in vitro analyses. For the therapeutic studies, unmodified 4T1
mammary carcinoma cells were freshly prepared and 7×103 tumor cells were injected at day
0 into the mammary fat pads as described [24,26] followed by weekly immunizations with
DC/mBORIS or DC/gp120. Tumor growth was monitored daily starting at day 12 when
tumors became palpable as previously described [24,26]. Tumor volumes were determined
by two-dimensional measurement and calculation using the formula (a × b2)/2, where a
represents the largest diameter and b the smallest diameter of the tumor. The lowest
measurable volume of tumor was approximately 0.005 cm3. On day 22 after tumor
implantation, control (non-immunized or DC/gp120 immunized) and experimental mice
were sacrificed, and the number of clonogenic metastases in the lungs was analyzed as
described [29,30]. Blue colonies of clonogenic metastases were calculated by two
independent observers.

2.4. Analysis of T cell responses and antibody production
BORIS-specific CD4+ T cell proliferation was evaluated using CFSE dilution flow
cytometry-based assay [25,26], (delta Δ=percent of proliferating CD4+ T cells in re-
stimulated culture minus that in non-stimulated culture). A standard ELISpot assay was used
to detect production of IFN-γ as previously described and cytotoxic T lymphocyte (CTL)
activity of splenocytes from immune and control mice was analyzed by FACScan using as a
target unmodified 4T1 or B16 tumor cells, as previously described [25,26]. Anti-BORIS
antibodies were detected in the sera of experimental and control mice by ELISA, as
previously described [25,26].

2.5. Analysis of splenic myeloid-derived suppressor cells (MDSC)
Flow cytometry was used to determine and quantify the percentage of the most common
population of suppressor cells, MDSC, in spleens and tumors. For detection of CD11b+,
Gr1+ MDSC, we stained splenocytes from experimental or control mice with APC-
conjugated anti-CD11b and FITC-conjugated anti-Gr-1 antibodies (Miltenyi Biotec,
Auburn, CA). As a control we used freshly isolated splenocytes from naïve (tumor-free)
mice. A standard surface staining protocol from Miltenyi Biotec was used.

2.6. Analysis of suppressor activity of splenocytes of tumor-bearing mice
For analyses of suppressor activity, splenocytes from tumor-bearing vaccinated mice were
mixed with CFSE-labeled splenic cells isolated from tumor-free (naïve) BALB/c mice at
ratios 10:1, 2:1, 1:1, 1:2, 1:10. Cultures of splenocyte mixtures were stimulated with 10 μg/
ml immobilized anti-CD3 and 1μg/ml of soluble anti-CD28 antibodies (both from BD
Pharmingen, San Diego, CA). After 5 days, T cell proliferation (as measured by dilution of
CFSE) was detected in CD4+ T cells by flow cytometry using a MacsQuant cytometer
(Miltenyi Biotec, Auburn, CA). The percent of suppression was calculated with the
proliferation of CD4+ splenocytes isolated from tumor-free naïve mice considered to be a
100%.

2.7. Analysis of tumor-infiltrating cell populations
On day 22 after tumor implantation, mammary fat pad tumors were surgically removed from
tumor-bearing mice as described [29,31] and used for analysis of tumor-infiltrating cell
populations. Briefly, tumors were minced and digested in 1mg/ml collagenase type IV (2hr,
4°C) on a rotating platform. Digested tumors were then subjected to filtration and washing,
and cells were stained with anti-CD4-PerCP, anti-CD8-FITC (both from BD Pharmingen,
CA), anti-CD11b-APC, anti-Gr1-FITC, antibodies (both from Miltenyi Biotec, Auburn,
CA). Samples were analyzed by flow cytometry using a MacsQuant cytometer (Miltenyi
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Biotec, Auburn, CA). Results are presented as number of cells in the designated subset per
106 total cells.

2.8. Statistical Analyses
All statistical parameters were calculated as described [20]. Correlations between tumor
volumes and number of tumor-infiltrated MDSCs in mice vaccinated with DC/mBORIS or
injected with DC/gp120 were analyzed using GraphPad Prism 3.0 Software to determine the
Pearson’s R correlation coefficient between tumor volumes and number of MDSCs.

3. Results
3.1. Characterization of DC/mBORIS vaccine

Before initiating vaccination experiments, we documented the production of recombinant
mBORIS protein (Fig 1A), characterized BMDC, and the loading of mBORIS protein into
these cells (Fig. 1B,C). Preparations of purified and mBORIS and gp120 (the irrelevant
control antigen) loaded CD11c+ BMDC uniformly expressed CD40, CD54, CD80, MHC II,
CD86, and DEC205. Of note, the expression level of DEC205 was almost the same in semi-
mature BMDC before and after loading with mBORIS (data not shown). Thus, we generated
mature BMDC (Fig. 1C) loaded with mBORIS or gp120 recombinant proteins [28] (Fig. 1B)
for use in the immunizations [32,33].

3.2. Evaluation of immunogenicity of DC/mBORIS vaccine
Mice were immunized with DC/mBORIS, DC/gp120, or mBORIS recombinant protein for
assessment of humoral and cellular immune responses (Fig. 1D). DC/mBORIS induced
robust antigen-specific proliferation of the CD4+ T cells that was significantly higher
(P<0.001) in comparison to that detected in splenocytes isolated from mBORIS protein
vaccinated mice (Fig. 2). CD4+ T cell proliferation in splenocytes isolated from DC/gp120-
injected mice was at background levels (Fig. 2A). Vaccination with DC/mBORIS induced
high frequencies of IFN-γ producing cells that were increased in comparison to those in
mice vaccinated with mBORIS protein alone (P<0.01) (Fig. 2B). Splenocytes from control
DC/gp120 (Fig. 2B) mice matched the background level of IFN-γ producing cells in non-
vaccinated animals (data not shown).

Since both DC/mBORIS and mBORIS vaccines induced significant T helper immune
responses, we measured anti-BORIS antibody titers in the sera of experimental and control
animals. Analysis of humoral immune responses demonstrated that the DC/mBORIS
vaccine, which induced the strongest CD4+ T cell proliferation, generated a modest level of
anti-BORIS antibodies (end titer is ~1:10,000) while mBORIS protein formulated in QuilA
induced much higher titers of anti-mBORIS antibodies (~1:205,000) (Fig. 2C). Of note, it
was not unexpected that mice immunized with mBORIS protein induced CD4+ T cell
proliferation, splenocytes producing IFN-γ, and elicited high levels of anti-mBORIS
antibodies, since this antigen was formulated in a strong adjuvant [34]. However, the
absence of significant antigen-specific cytotoxicity (see below) argues for the use of DC
loaded with the recombinant protein over recombinant protein even in the presence of a
strong adjuvant.

Previously, we reported the natural expression of BORIS transcript and protein in 4T1
mammary carcinoma [24,25] and B16 melanoma cell lines (data not shown). We used these
cell lines as unmodified targets for the detection of cytolytic activity of freshly isolated
immune or control splenocytes. Of note, this direct killing of tumor cells was performed
without in vitro re-stimulation of these cells. Mice vaccinated with DC/mBORIS killed
~30% of 4T1 target cells at Effector:Target (E:T) ratio 50:1, and significant killing was
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observed even at E:T ratio 12.5:1. The effector cells isolated from not only DC/gp120, but
also mBORIS immunized mice showed only background level of the 4T1 target cells killing
(Fig. 2D). This cytotoxicity was associated with CD8+ T cells because it was MHC class-I
restricted: the same effector cells from DC/mBORIS vaccinated mice kill only 8.7% of B16
target cells with the H-2b haplotype at an E:T ratio of 50:1 (Fig. 2D). This level of
cytotoxicity may be attributable to NK cell activity.

3.3. Evaluation of therapeutic potency of DC/mBORIS vaccine
After demonstrating the immunogenicity of our DC-based vaccine, we proceeded to
evaluate its therapeutic potency in a very aggressive and highly metastatic mouse mammary
carcinoma model based on 4T1 cells. We previously evaluated various formulations of
BORIS-based vaccines in the setting of protection against a tumor challenge using this
mouse model of breast cancer [24,26]. Although these studies are important for initial proof
of concept and demonstration of efficacy, such protection experiments do not accurately
reflect the clinical situation. Therapeutic models with treatment initiated after tumor
implantation are more representative of the human clinical situation. Accordingly, we
choose to evaluate mBORIS-based immunotherapeutic strategies under therapeutic
conditions (Fig. 3A). Because we have already demonstrated that the mBORIS protein with
strong adjuvant was ineffective in inhibition of tumor growth in preventative vaccination
studies, we did not include this group into the therapeutic setting of experiments [26]. As
shown in Fig. 3B, starting at day 19, tumor volumes of mice from the DC/mBORIS group
were significantly smaller compared to both control groups. The difference in tumor
volumes of mice from DC/mBORIS group remained significant and was appreciably smaller
than in control animals persisting up to day 22. Importantly, 3 out of 16 DC/mBORIS-
immunized mice (over two independent experiments) remained tumor-free during 22 days,
while all control mice developed tumors by days 15-17 after tumor implantation. Of note,
one mouse in DC/gp120 group developed a very small tumor on day 17 reaching 0.004 cm3

on the day of termination of the experiment (Fig. 3B).

It is well known that people die from metastatic disease and only rarely from a direct
primary tumor growth. Therefore, we measured clonogenic metastases in the lungs of
vaccinated and control animals on day 22 after tumor implantation. The day of termination
was chosen based on data that as early as day 14 and as late as day 18 after primary
inoculation, distant spontaneous metastases are observed in the lungs of 100% mice bearing
4T1 tumors. Importantly, when a 4T1 tumor reaches approximately 0.032 cm3 [the tumor
diameter (TD) of 4 mm], it exhibits all characteristics of advanced human breast cancer [29].
In our studies (Fig. 4) 50% of mice (8 out of 16) immunized with DC/mBORIS were free of
lung metastases. Five mice out of the remaining 8 had less than 5 metastases, while 100% of
DC/gp120 immunized and non-immunized animals had greater than 5 clonogenic metastases
in the lungs. Of note, average numbers of clonogenic metastases were 6.68, 38.9, and 57.7 in
mice vaccinated with DC/mBORIS, DC/gp120, and control animals, respectively.

3.4. Analysis of the influence of the DC/mBORIS vaccine on the suppressive environment
in tumor-bearing mice

Tumor development is often associated with progressive accumulation of different
subpopulations of suppressor cells in the spleens and at the tumor site of animals. The
impact of DC based anti-tumor vaccines on tumor-associated immune suppression is not
well characterized. Accordingly, we analyzed the impact of DC/mBORIS vaccination on the
micro-environment and cellular elements of tumor-associated immune suppression, in tumor
bearing mice. More specifically, we analyzed the impact of vaccination on levels of the most
central component of suppressive cell subsets, MDSC, which can impair anti-tumor immune
responses at the tumor site and in the spleen [35]. Data presented in Fig. 5A demonstrated
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that vaccination with DC/mBORIS was associated with significantly decreased levels of
tumor-infiltrated MDSC compared to immunization with DC/gp120. In experimental and
control groups we found significant correlation between tumor volumes and numbers of
tumor-infiltrated MDSC (Fig. 5B). This association of tumor volume with tumor infiltrating
MDSC could be secondary to the effect of the DC/mBORIS immunotherapy on tumor
growth or a combination of effects on the MDSC population and tumor growth. Of note, this
decreased infiltration of MDSC in tumors of DC/mBORIS vaccinated mice was also
associated with increased infiltration of CD4+ and CD8+T cells: the significantly higher
numbers of these subsets of immune cells have been detected in vaccinated mice compared
to that in control animals injected with DC/gp120 (Fig. 5C).

We also measured the percentage of MDSC in spleens of experimental and control animals.
In immunized animals, regardless of immunogen, the levels of MDSC in spleens of tumor-
bearing mice were significantly elevated compared with tumor free naïve mice (Fig. 6A). Of
note, the levels of MDSC detected in spleens isolated from DC/mBORIS and DC/gp120
immunized mice were similar, suggesting that this anatomic compartment did not
experience any changes due to the administration of antigen-specific DC based
immunotherapy. Not only was there no change in the number of immune suppressive cells in
the spleen, but vaccination also did not alter the suppressive activity of these cells.
Splenocytes isolated from DC/mBORIS and control DC/gp120 vaccinated tumor-bearing
mice mixed with splenocytes isolated from naïve tumor-free mice dramatically inhibited
proliferation of T-cells activated with anti-CD3 and anti-CD28 antibodies (Fig. 6B).

4. Discussion
In general, metastatic disease but not primary tumors lead to significant morbidity and
mortality in cancer patients [36]. Thus the promise of anti-tumor immunotherapy is the
elimination of occult micro-metastases by the immune system. Recent studies have provided
proof of concept for the utility of anti-cancer immunotherapy strategies in the clinical setting
[3,4,37,38]. Even though numerous anti-cancer vaccines have been developed utilizing a
wide range of TAAs, relatively little clinical progress in treating a wide variety of tumors
has been achieved. In fact, many TAA antigens that were effective in different animal
models did not induce strong anti-cancer immunity in humans, hence limiting their potential
use for therapy [38]. Recent success in understanding the molecular biology and
immunology of cancer provides new opportunities for generation of anti-cancer vaccines
and therapeutics targeting various antigens that are not expressed in normal cells (e.g., CT-
antigens) that should be recognized by the immune system as foreign molecules [8,12,13].

Previously, we demonstrated the protective efficacy of one such CT-antigen, mBORIS
delivered by viral or plasmid vector [25]. Although protection against tumor challenge is an
obvious first step in developing a viable immunotherapeutic strategy, treatment of patients
requires that an immunotherapy have activity against pre-existing tumors. Such activity
against pre-existing tumor typically requires even more potent strategies than protection
against a tumor challenge. The recognition of DCs as extremely potent antigen-presenting
and immune stimulating cells suggests that these cells may be effective in breaching the
threshold of activity against pre-existing tumor. Thus, we examined the feasibility of a novel
CT-antigen, BORIS as a target for immunotherapy of breast cancer through improved
delivery of this CT-antigen by very potent antigen-presenting and immunostimulatory cells,
DCs [39,40]. Accordingly, we decided to study for the first time, the immunotherapeutic
potency of a mBORIS based vaccine delivered by arguably the most effective cellular
adjuvant, DC. Importantly, we have demonstrated that vaccination with DCs loaded with
mBORIS enhanced the numbers of anti-BORIS specific IFN-γ producing splenocytes and
proliferation of anti-mBORIS specific CD4+ helper T cells. The DC/mBORIS vaccine also
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induced CD8+ T cells that killed 4T1 target cells of H2d haplotype without in vitro
restimulation(direct CTL activity), but not B16 melanoma cells of H-2b haplotype. This
suggests that this strategy elicits MHC class I restricted CTL activity with its associated T
helper class I response. While anti-tumor cellular immunity was dramatically enhanced by
delivering mBORIS in vivo through the cellular adjuvant, DCs, under these conditions we
did not detect improvement in the elicited humoral immunity. In contrast, a recombinant
protein vaccine formulated in Th1-type adjuvant did not induce cytolytic responses despite
eliciting robust antigen-specific humoral and CD4+ proliferative responses (Fig. 2). Thus,
while DC/mBORIS vaccine elicited only modest levels of anti-BORIS antibodies, it
generated strong antigen-specific cellular immunity with a more pronounced Th1 bias in
Th2 prone BALB/c mice.

The development of cancer immunotherapy has traditionally been dependent on the use of
murine tumor models. In our prior and current studies [24,26], we have used the
spontaneously metastasizing and poorly immunogenic 4T1 mammary carcinoma derived
from a spontaneously arising BALB/c mammary tumor as an animal model [41]. This
mouse tumor model shares many characteristics with human breast cancer, both in their
immunogenicity and in their growth and metastatic properties [29,41]. Among the most
significant properties of this model is that the 4T1 tumor spontaneously metastasizes while
the primary tumor is in place, in a pattern comparable to human breast carcinoma [42,43].
More specifically, in this model, metastases are predominately found in the lung and liver
and less frequently found in the brain, lymph nodes, and bones [29]. These characteristics of
4T1 cells make it an excellent model to evaluate the effects of drugs and vaccines on breast
tumor metastases as well as primary tumor growth. Using this stringent mouse mammary
carcinoma model, we demonstrated that initiation of DC/mBORIS vaccination after 4T1
tumor implantation significantly inhibited tumor growth. Importantly, 3 out of 16 DC/
mBORIS-immunized mice remained tumor-free during the entire experiment, while all
control mice developed tumors (Fig. 3, 4). It is likely that tumor growth was inhibited not
only by systemic cellular immune responses described above and manifest by the increased
numbers of tumor infiltrated immune-effector CD4 + and CD8 + T cells detected in
vaccinated vs. control mice (Fig. 5C). Considering our previous data demonstrating that
protein based vaccine that activates CD4+ T cells and induces humoral immune responses
did not protect mice in preventative setting, we speculate that this inhibition is CD8+ T cell-
mediated. However, precise investigation of cells responsible for tumor rejection by in vivo
depletion of CD4+, CD8+ and NK cells using i.v. antibody injection will be performed to
address this concept. More importantly, in addition to the substantial effect on primary
tumor growth, the DC/mBORIS vaccine had a dramatic effect on the development of
metastatic disease (Fig. 4). This therapeutic effect of DC/mBORIS vaccine is quite
remarkable, as similar results in the 4T1 model have only been obtained when STAT6-/-

mice with enhanced type 1 responses were used, after surgical removal of the primary tumor
or when 4T1 was implanted s.c. but not in mammary pad [44,45]. Notably, preventive (not
therapeutic) vaccination with another CT-antigen, MAGE-b delivered by L. monocytogenes
did not have an effect on primary 4T1 tumors, although it did reduce the numbers of
metastases in the lymph nodes, diaphragm, liver, kidney, and spleen, but not in the lungs
[46]. Here, we demonstrated that even in a therapeutic setting, a novel CT antigen,
mBORIS, delivered by DC dramatically inhibited both the tumor growth (18.75% tumor
free) and the lung metastatases (50% of animals being free of detectable metastatic disease).

The development of potent immunotherapeutic strategies for common tumors, such as breast
cancer, would be expected to improve disease free and overall survival, leading to improved
patient quality of life and obvious societal benefit. Recent reviews have described barriers to
successful immunotherapy, including immune suppressor cells and cytokines, all of which
have implications for the design of anti-tumor immunotherapeutics [47,48]. It has become
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increasingly clear that immunotherapy is more likely to be successful if it strongly activates
anti-tumor immunity while concurrently inhibiting the suppressive environment not only in
lymphoid organs, but also at the tumor site. Accordingly, we evaluated the suppressive
tumor micro-environment in vaccinated tumor bearing mice while testing the therapeutic
potency of our novel mBORIS antigen delivered by DCs. MDSC are one of the major
functional cellular elements of this phenomenon. Significant increases in numbers of MDSC
in spleens and tumor sites have also been shown in 4T1 mouse model of breast cancer
[44,49,50,51]. Our data confirms that the levels of MDSC were significantly elevated in the
spleens of 4T1 tumor bearing mice compared to tumor-free naïve animals.

Importantly, the percentages of these cells were unchanged after immunizations with either
DC/mBORIS or DC/gp120, and also this did not change the functional activity of the
suppressor cells that were present (Fig 6). Importantly, infiltrations of both CD4+ and CD8+

T cells were significantly increased, while the numbers of MDSC were significantly
decreased in tumors of mice immunized with DC/mBORIS compared to the numbers of
these cells infiltrated in tumor sites of control mice. Previously it was shown that the levels
of suppressor cells correlates with tumor size [50,52]. In our experiments the levels of
tumor-infiltrated MDSC correlate with tumor size not only in control mice, but also in mice
vaccinated with DC/mBORIS. The underlying cause of the discordance between the effects
of the immunotherapy on tumor infiltrating immune suppressive cellular elements and
splenic populations of these same elements, is unknown. Also, it is unclear whether the
smaller tumor size in DC/mBORIS vaccinated mice is the basis of lower number of MDSC,
or whether the lower level of these suppressor cells induced by vaccination is allowing
immune-effector CD4+ and CD8+ T cells to fight and inhibit tumor growth. We favor the
hypothesis that the DC/mBORIS immunotherapy resulted in increased TAA-specific DC
activated T effector cells that would be expected to traffic to sites of TAA expression, i.e.,
the tumor site. The complexity of interactions between activated effector cells and local
suppressive cellular elements may explain the local effects that were associated with tumor
size. Any effects on these cellular elements in the spleen would be expected to lag behind
the local effects. It is obvious that more functional tests and pre-clinical testing need to be
done to clarify this important question. For example, vaccination with mBORIS could be
performed after surgical removal of tumors while metastatic diseases as well as survival of
animals should be tested later. Regardless of the mechanism, it is important that even in the
absence of changes in the splenic MDSC populations, the modest, but significant reduction
of tumor-infiltrated MDSC in animals vaccinated with DC/mBORIS was associated with
strong anti-tumor cellular immunity, significantly inhibited tumor growth, and decreased
metastatic disease in mice with pre-existing 4T1 mammary carcinoma.

Current data suggest that tumor-associated immune suppression contributes to the tumor
growth and failure of immunotherapeutic strategies in humans [35,48,53]. MDSC are one of
the major component of suppressive cell subsets that can impair anti-tumor immune
responses in mouse tumor models [35] and in cancer patients [54], this occurs not only
through direct inhibition of T cell responses, but also through the activation of Tregs [55]
and angiogenesis [56]. A significant increase in MDSC and Treg numbers have been
detected in the blood of patients with different types of cancers [35,57], and these increases
in circulating MDSC and Treg correlate with cancer stage [57,58] and possibly tumor
burden. Therefore, higher numbers of suppressor cells in cancer patients have been
associated with decreased efficacy of strategies to elicit anti-tumor immune responses. Data
reported herein and that of others argue for strategies that not only elicit strong anti-cancer
immunity, but also robust inhibition of a suppressive environment. In fact, several
approaches have been tested in the clinic to deplete or inactivate this population of
suppressor cells before administration of immune therapies. These include administrating
anti-CD25 [57], anti-CTLA-4 antibodies [59], and cyclophosphamide [60] for depletion of
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Treg cells and tyrosine kinase inhibitor sunitinib [61,62], all-trans retinoic acid (ATRA) [63]
etc for depletion of MDSC.

5. Conclusion
In conclusion, by two distinct measures, we have demonstrated that this DC/mBORIS
vaccine has therapeutic efficacy in a treatment setting. This vaccine strategy inhibited the
growth of pre-existing, very aggressive and poorly immunogenic 4T1 mammary carcinoma.
Importantly, it also decreased the metastatic disease in the lungs of all experimental animals.
Taken together, the effect of this strategy and target antigen on the growth of primary 4T1
tumors and lung metastases support the use of a potent immunotherapy that can rapidly
destroy tumor cells before selection pressure leads to escape variants when the tumor burden
is limited, and thus when there is limited tumor-associated immune suppression. These data
also suggest that this strategy is an excellent platform on which to build multi-pronged anti-
tumor attacks that incorporate both strategies to limit the degree of tumor-associated
immune suppression and potent antigen-specific vaccination, particularly when there is
substantial tumor burden. Together this combination may improve the anti-tumor efficacy of
this vaccine platform and allow us to better understand the mechanisms of effectors/
suppressors relationship for the ultimate goal of translation into the clinical arena.
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Figure 1.
Preparation of DC/mBORIS vaccine and experimental design of immunological studies. (A)
Analysis of purified mBORIS recombinant protein in 10% Bis-Tris gel after Coomassie blue
staining. (B) The levels of mBORIS proteins (1μM) uptake by CD11c-enriched DC at the
indicated time points was analyzed by FACScan using intracellular staining method with
polyclonal antibody specific to mBORIS followed by secondary anti-rabbit antibodies.
Representative histograms showing uptake of mBORIS and control gp120 proteins after 24
hours are presented. (C) Flow cytometric analyses of DC cell surface phenotype. Cells were
incubated in the presence of GM-CSF/IL-4 (see Materials and Methods) and loaded with
mBORIS and gp120, respectively, followed by detection of CD40, CD80, CD86, MHC class
II, CD54, and DEC205 molecules (black line) or isotype control primary Abs (gray line) in
the CD11c-enriched cell population. Representative histograms from 2 experiments are
presented. (D) Immunization schedule for administration of DC-based mBORIS and gp120
vaccines.
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Figure 2.
DC/mBORIS vaccine induces strong antigen-specific cellular responses. (A) mBORIS-
specific proliferation of CD4+ T cells detected by CFSE assay. Representative histograms
for each group are presented. (B) The activation of IFN-γ producing splenocytes detected by
ELISpot analysis. (C) mBORIS-specific humoral immune responses detected by ELISA
using pooled sera from 8 mice per group, combined results of two separate measurements.
(D) Splenocytes isolated from DC/mBORIS mice killed MHC I-matched 4T1 (H2d), but not
unmatched B16 (H2b) target tumor cells.
Data in A, B, and D are representative results from two separate experiments with 8 mice/
group in each experiment (bars represent SD: **P<0.01 and ***P<0.001 relative to
designated controls).
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Figure 3.
Therapeutic vaccination with DC/mBORIS inhibits the tumor growth. (A) The experimental
design of the therapeutic study; mice received the immunotherapy with DC/mBORIS one
day after injection of 7×103 4T1 mammary carcinoma cells. (B) Depicts the tumor size of
individual animals on the designated days for each treatment along with the mean tumor
volume noted by the horizontal bars. Comparison of DC/mBORIS with DC/gp120
immunized animals revealed significant differences for the designated individual days post
tumor inoculation, *P<0.05 and ***P<0.001. There was no statistically significant
difference between animals receiving DC/gp120 or no therapy whatsoever. ‡ In group DC/
gp120 in one mouse small tumor appeared on day 17 (palpable size) reaching a volume of
0.004 cm3 on day 22.
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Figure 4.
Effect of DC/mBORIS vaccine on metastatic tumor development. Pie charts depict the
percentage of animals that had persistent tumor at 22 days with or without the presence of
clonogenic lung metastases and the percentage of animals without persistent tumor and
without lung metastases. Of note, no animals with eradication of the primary tumor were
demonstrated to have lung metastases. The table depicts the range of distribution of number
of clonogenic lung metastases present in the animals from the various treatment cohorts.

Mkrtichyan et al. Page 17

Cell Immunol. Author manuscript; available in PMC 2012 May 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Analysis of tumor-infiltrated suppressors and effectors cells in DC/mBORIS and control
(DC/gp120) immunized mice and non-immunized control mice. (A) The numbers of tumor-
infiltrated MDSC significantly (*P<0.05) decreased in mice immunized with DC/mBORIS
compared with the numbers of these cells infiltrated in tumor sites of control mice.
Representative plots for each group are presented. (B) The significant correlations between
tumor-infiltrated MDSC and tumor volumes have been observed in both DC/mBORIS
vaccinated (***P<0.001, R=0.95, n=8) and DC/gp120 control (**P<0.01, R= 0.92, n=8)
animals. (C) Infiltrations of both CD4+ and CD8+ T cells significantly increased (*P<0.05)
in mice vaccinated with DC/mBORIS vs of that in control animals.
Tumor-infiltrated cell populations were analyzed in tumors isolated from individual animals
(n=8/group) and numbers of CD4+, CD8+ and MDSC, per 106 total cells are presented in A
and C.
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Figure 6.
Flow cytometric analysis of splenic MDSC from individual tumor-bearing and tumor-free
mice. (A) depicts the levels of MDSC within all nucleated spleen cells. Representative plots
for each group are presented. (B) Splenocytes from DC/mBORIS vaccinated and DC/gp120
injected control tumor-bearing mice inhibit polyclonal activation of CFSE-labeled naïve
splenic CD4+ T lymphocytes from tumor-free mice (see details in Materials and Methods).
Graphs of results from flow cytometric analysis (A) of individual animals and the results
from each individual animal are depicted as a symbol and the mean of all animals in each
group is noted by the horizontal bar. MDSCs were significantly elevated compared to naïve
tumor-free animals (**P<0.01). Average data and SD in panel B are generated from two
independent experiments with splenocytes isolated from 4 naïve and 4 tumor-bearing mice.
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