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Abstract

Aim—Low immunogenicity remains a major obstacle in realizing the full potential of cancer
vaccines. In this study, we evaluated CpG-coated tumor antigen (Tag)-encapsulating
‘bacteriomimetic’ nanoparticles (CpG-nanoparticle [NP]-Tag NPs) as an approach to enhance anti-
tumor immunity.

Materials & methods—CpG-NP-Tag NPs were synthesized, characterized for their
physicochemical properties and tested /in vivo.

Results—We found CpG predosing followed by intraperitoneal (IP) immunization with CpG-
NP-Tag NPs significantly attenuated tumor growth in female BALB/c mice compared with
respective controls. Histopathological and Immunofluorescence data revealed CpG-NP-Tag tumors
had lower proliferation, higher apoptotic activity, greater CD4* and CD8" T cell infiltration as
well as higher IFN-v levels as compared with control groups.

Conclusion—Our findings suggest CpG-NP-Tag NPs can enhance anti-tumor effect of

nanoparticulate tumor vaccination system.
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Background

Nanoparticulate drug delivery systems for vaccines and immunotherapy are being widely
studied [1]. Such systems have been tested in infectious disease models, viral infections as
well as cancer [2]. Although cancer is a disease of self-cells, the immune system is capable
of producing exquisite and specific response against it. However, such response is not
enough for preventing the growth and spread of cancer [3]. Nanoparticle (NP)-mediated
cancer immunotherapeutic approaches have shown promise in enhancement of host immune
responses against cancer antigens and are being explored as a novel alternative approach for
cancer treatment [4]. NPs made from a biocompatible polymer such as poly(lactic-co-
glycolic acid) (PLGA) have been utilized to deliver antineoplastic drugs (e.g.,
chemotherapeutic agents), SiRNA, peptide or DNA vaccines for treatment of cancer [5]. NP-
based delivery systems in general offer several benefits such as improved pharmacokinetic
profile, targeted delivery, protection of antigen from enzymatic degradation and improved
stability of encapsulated cargo. Recent advances suggest that NPs can be efficiently used for
vaccines and immunotherapeutic strategies [4].

Efficient delivery of Tag to antigen-presenting cells (APCs) though a major challenge; is a
promising approach in the development of immune-targeted tumor vaccines. NPs potentiate
the intracellular delivery of antigen which enhances the immune response significantly.
Tumor lysates, peptides and antigens encapsulated within NPs have been shown to induce
specific anti-tumor responses. For example, several studies have reported enhancement of
immune responses against cancer by encapsulation of tumor-associated antigens (TAA),
which are aberrantly expressed on cancer cells but not on normal cells [6-8]. DNA vector-
encoding proteins overexpressed on tumor cells have also shown a similar effect [9]. In
addition, studies have shown that nonspecific immune activation by repeated administration
of bacterial antigen CpG-oligodeoxynucletide (ODN) controls tumor growth [10-12].
Administration of NPs encapsulating such antigens leads to activation of tumor-specific T-
cell responses as well as enhanced secretion of cytokines responsible for efficient function of
cytotoxic T cells [13]. Among APCs, dendritic cells play a major role in antigen processing
and presentation. Therefore, some studies have utilized ligands specific to dendritic cells to
target delivery of antigen encapsulating NP cargo to these cells. This allows further
enhancement of immune responses against the antigen, resulting in anti-tumor immunity
[14].

CpG-ODNs have been successfully employed as adjuvants to enhance anti-tumor immune
defenses [15]. However, its use has also been shown to elicit adverse responses [16]. In
particular, repeated administration of CpG has been shown to cause pain at site of injections
as well as frequent headaches in healthy volunteers [17]. Consideration of the multiple
exposures of CpG and other potent adjuvants is a critical factor in vaccine efficacy. Thus, the
dose of CpG is a critical factor in vaccine efficacy. In this study, we engineered CpG-NP-Tag
NPs using Bis (sulfosuccinimidyl) suberate (BS3) as a bridge to dock the CpG on the
surface of the NPs encapsulated with membrane lysate of 4T1 murine mammary carcinoma
cells as the Tag (Figure 1A) and tested its efficacy in generating anti-tumor immunity
limiting CpG exposure. It is well known from literature that surface proteins of pathogens
are primary antigens and are sensed as foreign by the host immunity system, which is very
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likely in tumor cells as well [18]. However, both tumor antigens and material used to make
NPs is less immunogenic. Therefore, to enhance identification of NPs as foreign particles,
we coated bacterial antigen CpG on surface to prepare ‘bacteriomimetic’ NPs. The principle
of booster dose is also very well known in vaccination. Therefore, we administered a
predose of CpG to the mice and CpG coated NP as a booster dose. The objective of this
study was to synthesize ‘bacteriomimetic’ NPs by CpG surface functionalization of tumor
antigen-encapsulating NPs and evaluate its efficacy in generating strong anti-tumor effect.

Poly(d,I-lactide-co-glycolide) 50:50; inherent viscosity 0.7-0.9 dl/g; mw 50,000 was
purchased from Lakeshore Biomaterials (AL, USA). Polyvinyl alcohol (PVA; mw 30,000-
70,000; alcoholysis degree 88-99.9 (mol/mol%) was purchased from Sigma Aldrich (MO,
USA). BS3 was purchased from Thermo Fisher Scientific (IL, USA). CpG-ODN 1826 (class
B CpG Oligonucleotide-Murine TLR9 ligand) was obtained from InvivoGen (CA, USA).
Roswell Park Memorial Institute (RPMI) 1640 media, Penicillin-Streptomycin (Pen-Strep)
and fetal bovine serum (FBS) were obtained from Invitrogen (CA, USA). Na*/K* ATPase
and PGK antibodies were purchased from Cell Signaling, Inc (MA, USA). CD4*/CD8*
Alexa fluor 488 and IFN-y Alexa fluor 488 conjugated anti-mouse antibodies as well as
Ki67 eFluor® 615 conjugated anti-mouse antibody was purchased from ebioscience, Inc.
(CA, USA). D-Luciferin K* salt bioluminescent substrate for imaging was obtained from
Perkin Elmer Inc. (MA, USA). /n situ Cell Death Detection Kit, Fluorescein for terminal
deoxynucleotidyltransferase (TdT)-mediated dUTP nick end labeling (TUNEL) assay kit
was purchased from Roche Diagnostics (IN, USA).

4T1 murine mammary carcinoma cell line was purchased from American Type Culture
Collection (ATCC; VA, USA,; see Supplementary Material Section 1.2 for ATCC cell-line
characterization, available online at: www.futuremedicine.com/doi/full/10.2217/NNM.
14.144) and was grown until 70% confluent in Roswell Park Memorial Institute (RPMI)
media supplemented with 10% FBS and 1% Pen-Strep.

Membrane lysate preparation

4T1 cells were lysed using hypotonic buffer and dounce homogenizer followed by
centrifugation at 5000 x g at 4°C for 15 min to pellet cell debris. Supernatant was collected
and further centrifuged at 100,000 g for 1 h at 4°C using N55 rotor. After centrifugation,
pellet (membrane fraction) was collected and washed with phosphate-buffered saline (PBS)
followed by a second round of centrifugation. Final membrane fraction was resuspended in
100-150 pl of radioimmunoprecipitation assay (RIPA) buffer. Protein estimation was
performed using Pierce™ BCA protein assay kit (Thermo Scientific, IL, USA).

Formulation of CpG-NP-Tag NPs

CpG-NP-Tag NPs were prepared using water-in-oil-in-water (w/o/w) double emulsion
method employing solvent evaporation technique reported elsewhere [19-21] with slight
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modifications as described in section 1.1 of the Supplementary Material. CpG-NP-Tag NPs
were further characterized and subsequently used for /n vivo studies.

Characterization of NPs

Particle size, polydispersity index, zeta potential & encapsulation efficiency—
Particle size was measured using Nanotrac ULTRA instrument by suspending NPs in PBS
while polydispersity index (PDI; i.e., the width of the particle size distribution) was
calculated using the formula: (o/d)2 where o represents the standard deviation and d
indicates mean diameter. Zeta potential was measured using Zetasizer (Malvern Instruments
Ltd, MA, USA). A known amount of NPs (0.25-0.5 mg) were resuspended in 1 ml distilled
water and further diluted ten-times before measuring particle size and zeta potential. The
quantity of Tag actually encapsulated was confirmed based on the amount of Tag (protein)
extracted after degrading a fixed amount of NPs. 5 mg of NPs were degraded using 100 mM
NaOH + 0.05% SDS (Sigma-Aldrich, MO, USA) by incubating at 37°C on a shaker.
Samples were further centrifuged at 11,000 x gat 4°C for 10 min and the supernatants were
tested for their protein content [22]. Protein estimations were done in triplicate using
Bicinchonic acid (BCA) protein assay kit (Thermo Scientific, IL, USA) as per
manufacturer’s instructions. Encapsulation efficiency was calculated as follows: amount of
protein encapsulated / amount of protein used in encapsulation x 100%.

Transmission electron microscopy—Briefly, a known quantity of NPs (1 mg) were
resuspended in distilled water and deposited on a transmission electron microscopy (TEM)
grid employing urany! acetate as negative stain. TEM images were taken using a Zeiss EM
910 transmission electron microscope at 80 keV.

Fluorescence correlation spectroscopy—For fluorescence correlation spectroscopy
(FCS), 0.25 mg of NPs were resuspended in distilled water and incubated with 7 pg of CpG-
fluorescein isothiocyanate (FITC) for 60—90 min followed centrifugation and washing at
11,000 x g for 15 min to remove excess CpG ligand. FCS measurements were done using
Microtime 200 system from Picoquant GmbH (Berlin, Germany). NPs (approximately 0.25
mg) were diluted in distilled water and 30 pl of solution was dropped onto a 20 x 20 mm
No. 1 coverslip (Menzel-Glaser, MA, USA). The focal height was adjusted to 20 um above
this coverslip using an Olympus i X 71 microscope and an Olympus 60 x 1.2 NA objective.

Syngenic breast cancer BALB/c mice model

BALB/c AnNHsd female mice were obtained from Harlan laboratories, Inc. (IN, USA) and
housed at UNTHSC animal facility and allowed to acclimatize for a week prior to
experimentation. All procedures were in accordance with the guidelines of the Institutional
Animal Care and Use Committee (IACUC) at UNTHSC at Fort Worth. Mice were
preimmunized intraperitoneally with CpG (600 pug/kg) followed by secondary immunization
using respective NPs (Table 1) 7 days before tumor challenge. Dose of NPs (5 mg) was
calculated based on the encapsulation efficiency to deliver Tag equivalent to the amount of
CpG used during preimmunization. Mice immunized with the CpG-NP-Tag NPs (n = 5)
comprised the test/treatment group while mice immunized with CpG-NP-Blank NPs (n = 5)
and NP-Tag (n = 5) were considered as control groups. Subsequently, mice were challenged
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with 1 x 10° 4T1-luciferase transfected cells (refer to Supplementary Material section 1.2 &
Supple mentary Figure 1 for the transfection procedure). Primary tumor size was monitored
over the course of 14 days following tumor challenge. Spleens and primary tumors were
harvested for further studies (Figure 2).

Rate of tumor growth & animal weight—Tumor size and animal weight were
measured using vernier caliper and weighing balance respectively at different time intervals
till day 14. Tumor size was measured in three different dimensions (mm): length, breadth
and height. Tumor volume (mm3) was calculated using the following formula and the fold
change in tumor volume was compared among the different groups of animals [23]:

Tumor volume (mm?®)=n/6 (length x breadth x height)

Bioluminiscence imaging—Tumor growth was monitored using in vivo IVIS® Lumina
bioluminescence imaging instrument (Caliper Life Sciences Inc., MA, USA) housed in
UNTHSC animal facility. BALB/c mice were injected with D-luciferin (5 mg/kg) via IP
route 10 min before taking images using VIS Lumina and analyzed using Living Image
software 3.0 (Perkin Elmer Inc. MA, USA).

Histological analysis of tumors—For morphological examination, tissues were fixed in
4% paraformaldehyde, embedded in optimum cutting temperature (OCT) compound
(Tissue-Tek, Sakura Fine-Tek, CA, USA) and sectioned using cryostat to obtain 5-8 pm thin
sections. Hematoxylin and eosin (H & E) staining was performed using standard protocol.
Images were captured using Olympus AX70 Provis microscope (NY, USA).

Proliferation rate—For proliferation study, 5-7 um OCT embedded tumor sections were
used. Sections were stained for nuclear proliferation marker, Ki 67 and were further
quantified for tumor proliferation activity using NIH ImageJ software.

TUNEL assay—Apoptosis study was performed using fluorometric TUNEL (terminal
deoxynucleotidyl transferase biotin dUTP nick end labeling) staining on 5-7 um OCT
embedded tumor sections. Data were further quantified for apoptotic activity using NIH
Image J software.

Immunostimulatory efficacy of bacteriomimetic NPs

Immunostimulatory potential was evaluated by tumor quantification of CD4* and CD8* T-
cell infiltration and IFN-y cytokine production using Immunofluorescence staining
technique.

Immunohistochemical staining of primary tumors—To check the CD4* and CD8*
T-cell infiltration of primary tumor, 5-7 um OCT embedded sections were stained with anti-
CD4" and anti-CD8" alexa fluor 488-conjugated antibodies and immunofluorescence was
observed using confocal microscopy. Confocal microscopy was conducted utilizing LSM
510 META (Carl Zeiss, NY, USA).

Nanomedicine (Lond). Author manuscript; available in PMC 2016 April 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kokate et al.

Page 6

Intracellular IFN-y staining of primary tumor—To evaluate the IFN-y levels 5-7 um
tumor sections were permeabilized using 0.5% Triton-X and stained for IFN-vy using anti-
IFN-y antibody conjugated to Alexa fluor 488 and immunofluorescence was observed using
confocal microscopy.

Statistical analysis

Results

NP particle size characterization data was analyzed using Origin Pro 8.5 software
(OriginLab, MA, USA). For evaluating biological assays GraphPad Prism 4.5 version
(GraphPad Software Inc. CA, USA) was utilized. One way analysis of variance (ANOVA; p
< 0.05) was used to analyze the /n vivo tumor study data.

Formulation of NPs

NPs were formulated employing a solvent evaporation method from a water/oil/water
(w/o/w) emulsion as described in the ‘Materials & methods’ section (Figure 1A). Binding of
CpG onto the surface of NPs was established using BS3 crosslinker. This approach takes
advantage of the avidity of amine groups associated with the nucleobases cytosine/guanine
of CpG DNA, which interact with the free carbonyl groups of BS3 to form an amide linkage
(Figure 1B). We engineered three NP formulations: CpG-linked NP devoid of membrane
antigen (CpG-NP-Blank), NPs encapsulating purified membrane fractions only (NP-Tag)
and NPs encapsulating purified membrane fractions with CpG linked to the outer surface
(CpG-NP-Tag; Table 1).

Assessment of 4T1 cell membrane fraction (Tag) purity

Membrane fractions of 4T1 cells (Tag) devoid of cytosolic protein were prepared to avoid
nonspecific immune stimulation. Purity of membrane fraction was confirmed by probing for
the membrane marker, Na*/K* ATPase as well as a cytosolic marker PGK using SDS-PAGE
(Figure 3A). Lane 1 shows unfractionated 4T1 cell lysate used as positive control for Na*/
K* ATPase and PGK. Lane 2 indicates purity of the membrane preparation demonstrated by
the presence of Na*/K* ATPase and the absence of PGK contamination within the
membrane preparation.

Surface functionalization & characterization of NPs

NP formulations were characterized for particle size, PDI, zeta potential, encapsulation
efficiency, surface functionalization and surface morphology. The average particle size of the
NPs was found to be in the range of 200-220 nm with PDI of 0.1 (Figure 3B & Table 1)
[24]. The zeta potential was found to be slightly positive for the uncoated NP-Tag NPs as
compared with CpG-Blank or CpG-NP-Tag NPs as indicated in Table 1. Encapsulation
efficiency of Tag was on average 32 + 2% with protein (Tag) loading content (PLC) of 183
ug/100 mg of NPs. Results from the TEM indicated that the particles were nonagglomerated,
spherical and had a uniform size distribution (Figure 3C). Surface functionalization of NP
was confirmed via Fluorescence Correlation Spectroscopy (FCS; Figure 3D). FITC-labeled
CpG was used in these experiments. Figure 3D shows the FCS curves of free CpG (diffusion
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coefficient: 250 uM?/s) and NP bound CpG (diffusion coefficient: 3 uM?2/s) clearly
indicating slower diffusion of bound CpG proving successful conjugation of CpG to NPs.

Effect of NP immunization on tumor growth & morphology

Rate of tumor growth—During and at the end of the study, tumor size was measured
using digital vernier caliper and bioluminiscence imaging. Fold change in tumor size was
found to be significantly smaller in mice immunized with ‘bacteriomimetic’ CpG-NP-Tag
NPs (test sample) as compared with mice immunized with CpG-NP-Blank NPs (control
sample) (p = 0.0292) which correlated with bioluminescence intensity of imaged primary
tumors (Figure 4A & Supplementary Figure 2). The bioluminescence was higher for CpG-
NP-Blank (8.77 x 108 photons/s/cm?/steradian [p/s/cm?/sr]) and NP-Tag (3.809 x 10°
p/s/lcm?/sr) tumors as compared with CpG-NP-Tag tumors (2.058 x 106 p/s/cm?/sr). Ex vivo
examination of primary tumors 14 days post-tumor challenge also demonstrated
significantly smaller primary tumors in size and weight for CpG-NP-Tag immunized mice (p
=0.0133) as compared with NP-Tag and CpG-NP-Blank (Figure 4B & C).

Gross histopathological changes in breast tumor tissue—Tumor sections were
stained with H & E dyes to study the histopathology features of tumor tissues. Tumors from
mice administered with CpG-NP-Blank and NP-Tag NPs (i.e., control groups) showed
polymorphic nuclei, decreased cellular organization and poor differentiation as compared
with tumors from CpG-NP-Tag-administered mice. Additionally, tumors from CpG-NP-
Blank and NP-Tag were intensely stained for the nuclear stain, hematoxylin relative to eosin
in comparison to tumors from CpG-NP-Tag-treated mice indicative of higher proliferative
activity and aggressive phenotype in control groups (Figure 5 & Supplementary Figure 3)
[25].

Proliferative activity—To assess the proliferative status of tumors, tissue sections were
stained for the proliferation marker, Ki67. Quantitative evaluation of immunofluorescence
indicated a higher tumor proliferation rate of tumor cells in mice immunized with CpG-NP-
Blank NPs and NP-Tag as compared with mice immunized with our test sample
‘bacteriomimetic’ CpG-NP-Tag NPs (Figure 6A).

Apoptosis assay—Cell death presumably by immune-mediated host responses due to
immunization should involve tumor killing. To verify if the decrease in proliferation rate
observed in CpG-NP-Tag tumors correlated with cell death, we performed TUNEL assay.
The number of apoptotic nuclei was significantly higher in our test sample CpG-NP-Tag as
compared with CpG-NP-Blank and NP-Tag (p < 0.05; Figure 6B). These findings
demonstrate that conjugation of CpG on Tag encapsulating NPs functions in additive manner
where the apoptotic effect cannot be achieved by using them individually.

Immunostimulatory efficacy of ‘bacteriomimetic’ CpG-NP-Tag NPs

CD4* and CD8* T cell infiltration of primary tumor—To evaluate if our test
formulation CpG-NP-Tag NPs enhanced T lymphocyte infiltration, we assessed the presence
of CD4" and CD8* T-cell infiltrates within subcutaneous tumors isolated on day 14. CpG-
NP-Tag tumors demonstrated a significant infiltration of CD4* (Figure 7A) as well as CD8*
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T cells (Figure 7B) relative to tumor of controls NP-Tag and CpG-NP-Blank-treated mice (p
<0.05).

IFN-y in primary tumor tissue—IFN-y is an essential cytokine mediator of immune
cell-mediated tumor cell cytotoxicity [26—28]. We investigated the presence of IFN-y by
intracellular staining of tissue sections. CpG-NP-Tag tumors demonstrated higher levels of
IFN-vy as compared with NP-Tag and CpG-NP-Blank tumors (p < 0.05; Figure 7C).

Discussion

Deficits in immune surveillance against cancer caused by inherent tumor escape
mechanisms or by toxicities due to cancer treatment (e.g., chemoradiotherapy) have raised
interests in developing novel immune-based therapies. Most notable are tumor antigen-based
cancer vaccines employed to trigger tumor-specific immune responses [29,30]. Such
vaccines have taken advantage of nanotechnology to produce nanoparticulate delivery
systems capable of anchoring vaccine components including TAAs, tumor lysates, plasmid
DNA and immune stimulants such as Toll-like receptor agonists to strengthen immune
responses against various tumor malignances [31].

NP technology has advanced drug delivery by providing enhanced stability and protection of
target antigens from proteolytic degradation. In addition, NPs offers the advantage of co-
delivery of antigen along with immune adjuvants. This benefits optimal induction of
immune responses by simultaneous targeted delivery to APCs, which is paramount for
effective induction of tumor-specific immunity [32—34]. Studies conducted by Blander and
Medzhitov, and Schlosser et al. emphasize the importance of codelivery in improving
vaccine efficacy [34,35]. The submicron size of NPs offers many benefits over
microparticles including higher uptake, increased surface area-to-volume ratio and decreased
clearance of particulate vaccines by the reticular system that would negatively impact
immune recognition [31]. Additionally, it has been reported that co-delivery of adjuvant
moieties such as CpG and antigen (on separate NPs) enhances dendritic cell (DC) cross-
presentation compared with free adjuvant [36]. In contrast, we have utilized PLGA-based
NP system for codelivery of CpG and tumor antigen (on the same NP) to test the
immunostimulatory potential of Tag-encapsulated CpG surface-functionalized (CpG-NP-
Tag) NPs in a prophylactic murine breast cancer model.

‘Bacteriomimetic’ (CpG-NP-Tag) NPs were engineered by decorating the surface of NPs
with a bacterial ligand CpG, a commonly used adjuvant in cancer vaccines (Figure 1A).
CpG surface functionalization was confirmed using FCS (Figure 3D). FCS autocorrelation
function analyzes translational diffusion of a fluorescent species through a confocal volume
of very dilute sample (nanomolar concentration). It is understood that small molecular size
biomolecules will diffuse faster than high molecular weight biomolecules. Hence we
hypothesized that free CpG will diffuse faster and will have higher diffusion coefficient than
when it is bound to a NP. We observed that free CpG has diffusion coefficient of about 250
HM?2/s and bound CpG has 3 pM?/s, showing successful conjugation to NP surface.
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Electric charge properties influence cellular interactions as well as NP stability. We observed
that CpG-NP-Tag and CpG-NP-Blank particles were slightly negatively charged as
compared with uncoated NP-Tag particles (Table 1). The shift toward negative charge is due
to surface coating with negatively charged CpG DNA. The negative shift is beneficial for the
internalization of the NPs by APCs while neutral or positive charge is not favorable for
phagocytic or endocytic activity [19]. Studies conducted by Kasturi et a/. suggest that NPs
up to 300 nm are capable of inducing a potent T-cell-mediated (CD4* and CD8*) immune
response and protect mice against influenza infection [37]. It is also known that particles less
than 500 nm are efficiently endocytosed by DCs [31] either actively (>200 nm) or passively
(<200 nm), whereas the larger particles (=500 nm) are preferentially cleared by
macrophages of reticuloendothelial system (RES) [24]. Particle size of CpG-NP-Tag NPs
was in the range of 200-220 nm (Figure 3B) and PDI of 0.03 indicating monodispersity of
the NP formulation. Encapsulation efficiency was found to be approximately 32%. For
hydrophilic drugs, peptide or protein encapsulation efficiency is relatively lower as
compared with hydrophobic substances in PLGA matrix. Specifically, encapsulation
efficiency of hydrophilic species lies in the range of 30-60% compared with a range of 80—
90% encapsulation efficiency of hydrophobic species [38]. Taking into consideration that co-
encapsulation of Tag and CpG might compromise the encapsulation efficiency of both
components; we prepared surface functionalized activated NPs using BS3 cross-linker for
CpG ligand attachment.

CpG-ODNs are known to generate antigen-specific memory immune responses [10]. In our
studies we found that administration of CpG alone prior to a single CpG-NP-Tag
immunization was conducive for promoting an effective immune response leading to slower
tumor progression. In contrast, multiple CpG-NP-Tag administration typical of traditional
immunization protocols demonstrated significantly faster tumor growth compared with our
method of immunization (data not shown). This finding suggests that exposure of CpG
combined with NP-Tag could promote immune-tolerogenic responses and that priming with
CpG alone followed by administration of a booster dose of the ‘bacteriomimetic’ NPs
construct is optimal for inducing anti-tumor immune responses. Previous reports show that
CpG-ODN as a single agent is also efficient in reducing progression of tumors [10,39].
However, in those studies the CpG-ODN was given repeatedly over the duration of tumor
growth monitoring. Our study shows that a single dose of CpG-ODN followed by the
administration of a booster dose of CpG-NP-Tag NPs before tumor challenge can
significantly reduce tumor progression. Whereas administration of a CpG predose followed
by booster dose of CpG-NP-Blank, does not provide the same response (Figure 4A). This
suggests that the effect seen in CpG-NP-Tag mice is not only due to CpG, but also the Tag
encapsulated in NPs leading to tumor-specific immune response. We also monitored the
weight of the animals after CpG preimmunization, NP immunization, post tumor challenge
until day 14. We found that the weight of the animals was not affected significantly over the
entire duration of the study indicating that the CpG preimmunization as well as NP
immunization was safe and did not lead to any adverse effects or toxicities (Supplementary
Figure 4). Based on our findings, it will be prudent to understand how various vaccination
models using various NPs vaccine constructs provide optimal tumor defenses.
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To avoid nonspecific immune stimulation, we used 4T1 mouse carcinoma cells for
preparation of Tag instead of human cancer cell line depicting a syngeneic BALB/c murine
model as summarized in Figure 2. The growth of subcutaneous 4T1 tumors was monitored
over time. /n vivotumor growth rate was significantly (p < 0.05) decreased in CpG-NP-Tag
immunized mice than CpG-NP-Blank mice (Figure 4A). Post tumor harvest, it was evident
that CpG-NP-Tag tumors were significantly smaller in size as well as weight than respective
control groups (Figure 4B & C). Further validation by H & E staining showed CpG-NP-Tag
treated mice tumors were well differentiated and less aggressive (less nuclear staining;
Figure 5). To confirm this, tumor sections were stained for the proliferation marker, Ki67.
As expected, tumors from CpG-NP-Tag group showed significantly less proliferative activity
(Figure 6A). Furthermore, the decreased proliferation of CpG-NP-Tag tumors may be a
consequence of cell death via apoptosis. We performed TUNEL assay on tumor tissue
sections and found that CpG-NP-Tag NPs induce apoptotic tumor cell death (Figure 6B).
Thus, CpG-NP-Tag NPs were found to be effective in attenuating tumor growth by
inhibiting the proliferation and inducing apoptotic death of tumor cells.

Considering the importance of cell-mediated immunity in anti-tumor defense mechanisms,
vaccine strategies aim toward activating tumor-specific CD8* T cells (CTLs). A number of
studies also substantiate the central role of CD4* T cells in mounting an effective immune
response [40,41]. As helper T cells, CD4* T cells contribute to anti-tumor activity by
releasing a range of cytokines such as IL-2 and IFN-y and hence are critical in optimal
activation and priming of CTLs. Furthermore, CD4* T cells are known to help in clonal
expansion of CTLs and thus help in maintenance of immune memory leading to prolonged
tumor protection [40,41]. Not only overall production of CD4™* cells, but also its infiltration
at the site of disease is of importance. The cytokines produced by CD4* cells help in
potentiation of cytotoxic effect and increases survival of CD8" cells [41-44]. Uptake of NPs
by receptor mediated endocytosis as well as by other mechanisms by APCs such as dendritic
cells leads to both cytosolic and endosomal delivery of antigen leading to cross-presentation,
capable of production of both CD4* and CD8* T cells [31,45]. We found that CpG-NP-Tag
tumors showed higher infiltration of CD4* (Figure 7A) and CD8" T cells (Figure 7B) as
compared with NP-Tag and CpG-NP-Blank tumors. Moreover, spleen flow cytometric
analysis (see Supplementary Material section 1.3) also showed a higher CD4* and CD8* T-
cell response in CpG-NP-Tag immunized mice (Supplementary Figure 5). We observed
higher IFN-y levels within the CpG-NP-Tag tumor tissue as compared with NP-Tag and
CpG-NP-Blank tumors (Figure 7C). IFN-y is known to induce MHC class | expression of
cancer cells and thereby potentiates tumor specific immune responses [28]. Thus, CpG-NP-
Tag NPs induce a potent CD4* T cell response as well as higher levels of IFN-y, which
potentially aids in triggering a stronger CD8* T-cell response leading to apoptotic death of
tumor cells.

Ligation of the intracellular TLR-9 receptor by CpG results in the up-regulation of MHC
molecules (MHC I and II), costimulatory surface molecules (CD80 and CD86) and
increased cytokine production by APCs required for optimal induction of antigen-specific
CD4* and CD8™ T-cell responses [15] resulting in tumorlytic responses by CD8* and CD4*
T cells [44]. The current study demonstrated, significantly higher infiltrating CD4* and
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CD8* T cells, as well as increased IFN-vy levels within the tumor micro-environment. These
findings were associated with increased tumor cell death by apoptosis.

T-cell-mediated mechanisms are critical in vaccine-based therapies. In addition, humoral
antibody responses mainly through the induction of antibody-dependent cell cytotoxicity
(ADCC) are also known to mediate anti-tumor immune responses [46]. Thus, we also
measured serum IgG antibody titers (see Supplementary Material section 1.4) of NP-treated
tumor bearing mice. CpG-NP-Tag as well as NP-Tag mice showed relatively higher total
serum IgG levels as compared with CpG-NP-Blank mice supporting the efficacy of CpG-
NP-Tag NPs to trigger humoral immune responses along with cell-mediated immunity
(Supplementary Figure 6). Collectively, these studies indicate that CpG-NP-Tag
(bacteriomimetic) NPs have an inhibitory effect on tumor proliferation and possess
immunostimulatory potential indicated by their ability to stimulate CD4* and CD8* T-cell-
mediated response which might aid the apoptotic killing of tumor cells as well as promote a
higher antibody response.

Conclusion

In this study, our goal was to engineer CpG surface functionalized Tag-containing
‘bacteriomimetic’ NPs (CpG-NP-Tag) and to investigate their immune potentiating ability
against breast tumor. We formulated and characterized CpG-NP-Tag NPs and tested their
immunostimulatory efficacy /n vivoin a murine breast cancer model. Our results indicate
that a combined approach of Tag encapsulation and CpG surface functionalization of PLGA
NPs, with a predose of CpG enhances anti-tumor immunity of NPs. We believe that NP-
mediated vaccination strategies could be efficiently used as adjuvant therapy along with
surgery, radiation and chemotherapy [47,48]. This study also suggests that vaccination
strategies whereby coating of well-known immunogenic antigens such as bacterial antigen
CpG on NPs could be used to enhance anti-tumor responses. In our future studies, we plan
to delineate the mechanistic details involved in enhancement of anti-tumor immunity
imparted by the ‘bacteriomimetic’ NPs. Further validation of this system in a therapeutic
model and delineation of anti-tumor mechanisms associated with NP-based delivery
approaches will be of translational significance for cancer immunotherapy.

Future perspective

Targeted immunotherapeutic approaches to combat cancer have gained considerable
importance in the past decade. Particulate cancer vaccines based on tumor antigens and
adjuvants have shown promising results by triggering robust specific anti-tumor immune
responses in animal models. Such systems can be exploited easily for co-delivery of antigen
as well as adjuvant to facilitate activation and maturation of APCs. Additionally, the surface
of such vaccine carriers can be modified with immune adjuvants or APC-targeting ligands
for enhanced immune response. In the present study we have shown that surface
functionalization of tumor antigen encapsulating PLGA NPs with bacterial immune
stimulant CpG enhances the immunostimulatory efficacy of these particles. Proof-of-concept
studies from this paper will aid to development of nanoparticulate immunotherapy agents for
prophylactic as well as therapeutic applications. The use of CpG coated tumor antigen-
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containing ‘bacteriomimetic’ NPs will serve as a novel technique to evoke a dual immune
response — nonspecific immune stimulation by the use of common bacterial/viral antigens
such as CpG/hemagglutinin (HA) peptide and Tag-specific T-cell-mediated response
eventually providing a robust and a long-lasting immune response. Thus, ‘bacteriomimetic’
NPs will serve as a platform for the development of immune-based therapeutic vaccines in
future which could be efficiently used as an adjuvant therapy along with surgery, radiation
and chemotherapy. Validation of this system in mice model will be of translational
importance for breast cancer therapy as well as other cancer models. Recent advances in
molecular characterization of tumor for personalized therapy can help to identify a particular
TAA in patients. Such information about antigens and proposed model of bacteriomimetic
drug delivery system can be implemented for personalized vaccination/immune therapy.
Such technology can be readily translated into humans by using a commonly used vaccine
component, such as flu vaccine, on the surface of NPs encapsulating established TAAs to
produce strong immune response against tumor. In the future this strategy could be extended
to other models such as infectious/viral diseases including HIV. Understanding the
mechanism through which these NPs work could provide more insight in the area of such
nanocarrier vaccines. Our laboratory is currently conducting immunology-based functional
assays to further investigate the mechanism behind enhanced anti-tumor efficacy of the
‘bacteriomimetic’ NPs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Executive summary

Biodegradable NPs as vaccine delivery systems

US FDA-approved biodegradable polymer-based nanoparticles (NPs) have been
effectively used as tumor antigen (Tag) delivery vehicles to enhance anti-tumor
immune response.

Surface modifications of such NPs with immunostimulatory adjuvants/ligands
such as CpG-ODN (bacterial ligand) or viral hemagglutinin (HA) peptide can
enhance the immune-potentiating ability of such NPs.

Formulation of ‘bacteriomimetic’ NPs

Poly(D,L-lactide-co-glycolide) (PLGA)-based CpG surface-functionalized Tag-
encapsulated (CpG-NP-Tag) ‘bacteriomimetic’ NPs can be formulated
successfully using w/o/w double emulsion technique employing BS3 as
chemical crosslinker to dock CpG ligand on the surface of the NP.

Effect of CpG-NP-Tag immunization on breast tumor growth

CpG-NP-Tag NP immunization following CpG preimmunization (priming)
significantly decreases tumor growth rate in a prophylactic syngenic BALB/c
mice model of breast cancer by inhibiting the proliferation and inducing
apoptotic death of cancer cells.

Validation of this system in prophylactic setting can serve as a platform for
future NP-based cancer vaccines.

Immune potentiating ability of CpG-NP-Tag NPs

CpG-NP-Tag immunization increases tumor infiltration of both CD4* as well as
CD8* T cell.

CpG-NP-Tag immunization increases the levels of pro-inflammatory cytokine,
IFN-y in the tumor microenvironment.

CpG-NP-Tag NPs potentiate anti-tumor immunity by improving cell mediated
(CD4* and CD8™) T-cell response in IFN-y dependent manner.

Conclusion

Surface functionalization of Tag containing NPs with CpG-ODN enhances the
immunostimulatory efficacy and anti-tumor immunity.

CpG-NP-Tag increases production and tumor infiltration of CD4" and CD8* T
cell.

CpG-NP-Tag treatment controls tumor growth and induces apoptosis in mice
model of breast cancer.
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Figure 1. Formulation of ‘bacteriomimetic’ CpG-nanoparticle-tumor antigen (CpG-NP-Tag)
nanoparticles

(A) Schematic of the steps involved in the formulation of CpG surface-functionalized Tag
encapsulated [CpG-NP-Tag] encapsulating ‘bacteriomimetic’ nanoparticles) nanoparticle
and components of the nanoparticle. (B) Schematic of the chemical reaction involved in the
surface conjugation of CpG ligand.

CpG: Cytosine-phosphate-guanosine oligodeoxynucletide; NP: Nanoparticle; Tag: Tumor
antigen.
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Figure 2. Schematic representation of the study timeline followed for the in vivo studies
At around 5-6 weeks, female BALB/c mice (n = 5) were preimmunized intraperitoneally

with CpG 14 days before tumor challenge followed by intraperitoneal immunization (7 days
after CpG preimmunization) with the respective groups of nanoparticles. Mice were
challenged subcutaneously with 10° 4T1 luciferase transfected mammary carcinoma cells
and the effect of nanoparticle immunization was evaluated on the rate of tumor growth and
immune response for 14 days.
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Figure 3. Physicochemical characterization of nanoparticles
(A) Evaluation of purity of membrane preparation as a tumor antigen (Tag) determined by

immunoblotting for Na*/K* ATPase and phosphoglycerate kinase. (B) Particle size of CpG-
Blank, nanoparticle (NP)-Tag and CpG-NP-Tag NPs as measured by dynamic light
scattering. (C) Transmission Electron Micrographs of CpG-Blank, NP-Tag and CpG-NP-Tag
NPs (Scale bar: 200 nm). (D) Fluorescence correlation spectroscopy curves of bound and
free CpG.

NP: Nanoparticle; PGK: Phosphoglycerate kinase; Tag: Tumor antigen.
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Figure 4. Effect of nanoparticle immunization on tumor growth and morphology
(A) Fold change in tumor volume (mm?3) as compared with day 1 post-tumor challenge, in

mice treated with different NP formulation and its correlation with bioluminiscence imaging
tracking tumor growth at day 12 after tumor challenge (*p < 0.05). BALB/c mice were
injected with d-luciferin (5 mg/kg) via intraperitoneal route 10 min before taking images
using IVIS Lumina XR (Caliper Life Sciences Inc., MA, USA). (B) Tumor tissue of animals
immunized with respective groups of NPs harvested on day 14 after tumor challenge. (C)
Weight (mg) of isolated tumors of mice immunized with the respective groups of NPs
harvested at day 14 after tumor challenge (*p < 0.05; **p < 0.01).

NP: Nanoparticle; Tag: Tumor antigen.
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Figure 5. Hematoxylin and eosin staining of tumor tissues isolated from different groups
Frozen tumor tissue sections (5-8 um) were stained with hematoxylin and eosin and images

(10x and 20x%) were taken using Olympus AX70 Provis microscope (NY, USA).
NP: Nanoparticle; Tag: Tumor antigen.
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Figure 6. Effect of nanoparticle immunization on tumor cell proliferation and survival
(A) Representative images (40x) of Ki67 stained tumor tissues sections showing rate of

tumor proliferation and Quantitative analysis indicating proliferation rate of the tumor tissue
harvested from the different groups analyzed using NIH ImageJ software (**p < 0.01; ***p
< 0.001). (B) Representative images of TUNEL staining of the tumor sections showing the
induction of apoptosis and Quantitative analysis of the apoptotic activity using TUNEL
assay analyzed using NIH ImageJ software (*p < 0.05).

CTF: Corrected total fluorescence; DAPI: (4/,6-diamidino-2-phenylindole) fluorescent
nuclear DNA stain; NP: Nanoparticle; Tag: Tumor antigen; TUNEL: terminal
deoxynucleotidyltransferase (TdT)-mediated dUTP nick end labeling (TUNEL) assay.
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Figure 7. Immunostimulatory efficacy of ‘bacteriomimetic’ CpG-nanoparticle-tumor antigen
(CpG-NP-Tag) nanoparticles

(A) Representative images (40x) of CD4* T-cell infiltration at tumor site indicating
immunostimulatory potential of CpG-NP-Tag NPs and Quantification of tumor CD4* T-cell
infiltration analyzed using NIH ImageJ software (***p < 0.001). (B) Representative images
of CD8™ T-cell infiltration at tumor site indicating immunostimulatory potential of CpG-NP-
Tag NPs and quantification of tumor CD8* T-cell infiltration analyzed using NIH ImageJ
software (***p < 0.001). (C) Representative images of IFN-y intracellular staining at tumor
site and quantification of tumor IFN-v levels analyzed using NIH ImageJ software (***p <
0.001; ****p < 0.0001).

CpG: Cytosine-phosphate-guanosine oligodeoxynucletide; CTF: Corrected total
fluorescence; DAPI: (4/,6-diamidino-2-phenylindole) fluorescent nuclear DNA stain; IFN:
Interferon; NP: Nanoparticle; Tag: Tumor antigen.

Nanomedicine (Lond). Author manuscript; available in PMC 2016 April 21.




Page 24

Kokate et al.

Author Manuscript

"UOITRIASP pJepuElS :dS ‘Juauod Buipeol-(uabiue Jowny) uiglold :D1d Xapul AusiadsipA|od :1dd ‘8jonsedoueN :dN

€8T TCF22€  T€00 €0F€L9- or Fv'L2e Bel-dN-9dD

€81 T2¥22 SIT0 V0¥ 29e- SLFET BeL-dN

- - L€T0 Z0F v 6. F8TTZ uelg-dN-9d0

(dN Bw 00T/6) O71d (%) Aousioyys uoneinsdeous  |ad  (AS ¥ Aw) [enusiod B8 - (QS F WU) 8ZIs 9oIJed  19NISU0D dN

"Sajo1edoURU JO UOIIRZIISITRIRYD [RIIWBYI02ISAUd

T alqeL

Author Manuscript Author Manuscript Author Manuscript

Nanomedicine (Lond). Author manuscript; available in PMC 2016 April 21.



	Abstract
	Background
	Methods
	Materials
	Cell line
	Membrane lysate preparation
	Formulation of CpG-NP-Tag NPs
	Characterization of NPs
	Particle size, polydispersity index, zeta potential & encapsulation efficiency
	Transmission electron microscopy
	Fluorescence correlation spectroscopy

	Syngenic breast cancer BALB/c mice model
	Rate of tumor growth & animal weight
	Bioluminiscence imaging
	Histological analysis of tumors
	Proliferation rate
	TUNEL assay

	Immunostimulatory efficacy of bacteriomimetic NPs
	Immunohistochemical staining of primary tumors
	Intracellular IFN-γ staining of primary tumor

	Statistical analysis

	Results
	Formulation of NPs
	Assessment of 4T1 cell membrane fraction (Tag) purity
	Surface functionalization & characterization of NPs
	Effect of NP immunization on tumor growth & morphology
	Rate of tumor growth
	Gross histopathological changes in breast tumor tissue
	Proliferative activity
	Apoptosis assay

	Immunostimulatory efficacy of ‘bacteriomimetic’ CpG-NP-Tag NPs
	CD4+ and CD8+ T cell infiltration of primary tumor
	IFN-γ in primary tumor tissue


	Discussion
	Conclusion
	Future perspective
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1

