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Abstract

Despite the importance and promise of cancer vaccines for broader prevention and treatment of
cancer, limited clinical responses are observed, suggesting that key rational designs are required
for inducing potent immune responses against cancer. Here we report a mesoporous silicon vector
(MSV) as a multi-functional microparticle for formulating an efficient cancer vaccine composed of
B16 melanoma derived-tyrosinase related protein 2 (TRP2) peptide and dual toll-like receptor
(TLR) agonists. We demonstrated that MSV microparticles protected the peptide from rapid
degradation for prolonged antigen presentation to immune cells. Moreover, MSV enabled co-
delivery of two different TLR agonists [CpG oligonucleotide and monophosphoryl lipid A
(MPLA)] along with TRP2 peptide into the same dendritic cell (DC), thus increasing the
efficiency and capacity of DCs to induce potent TRP2-specifc CD8* T cell responses against B16
melanoma. Furthermore, this MSV-based DC vaccine could significantly prolong the median
survival of tumor-bearing mice by orchestrating effective host immune responses involving CD8*
T cells, CD4* T cells and macrophages. Our study provides rational and potentially translational
approach to develop durable and potent immunotherapy for patients with cancer by delivering
various combinations of tumor antigens, neoantigens and innate immune agonists.
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Mesoporous silicon microparticles enabled co-delivery of tumor antigen and dual toll-like receptor
ligands provide rational and potentially translational approach to develop durable and potent
immunotherapy against cancer.
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1. Introduction

Cancer immunotherapy is considered as the most promising approach to cancer treatment,
with a goal to potentiate patient’s own immune system to fight against cancer [1-9]. Despite
great progresses in checkpoint blockade therapy and engineered T cell receptor (TCR) or
chimeric antigen receptor (CAR) immunotherapy, not all cancer patients could benefit from
these immunotherapies [2-4, 7, 10, 11]. For example, anti-PD1 or anti-PD-L1 checkpoint
blockade therapy shows impressive and durable clinical response (generally 20-38%
patients across different tumor types) [10, 11], but more than 60% cancer patients fail to
respond to this checkpoint therapy. CD19-CAR immunotherapy shows impressive clinical
response aganist blood cancers, including B cell lymphoma and leukemia, but CAR-T
technology does not work well in solid tumors [2-4, 7]. Cancer vaccines utilize cancer-
specific antigens to induce tumor-specific T cell responses against cancer [2]. The breadth of
cancer vaccine application is projected to be largely broadened by the identification of
cancer-shared antigens as well as mutation-derived neoantigens [7, 9, 10]. Therefore, cancer
vaccines have great potential to benefit patients, but the efficiency of cancer vaccine is
relatively low due to the weak and transient immune responses with current vaccine
strategies [5, 12]. Synthetic tumor antigenic peptides are widely applied for tumor vaccine
formulation because of their safety and ease of production, but poor immunogenicity and T
cell stimulation potency are common barriers. In 2010, Sipuleucel-T, an autologous cellular
immunotherapy, was the first cancer vaccine approved by FDA to treat metastatic prostate
cancer [13]. Sipuleucel-T is composed of autologous peripheral blood mononuclear cells
(PBMCs) and activated with a recombinant human protein constructed by linking GM-CSF
to prostatic acid phosphatase (PAP-GM-CSF) [13]. Treatment of patients with the
autologous tumor antigen loaded dendritic cells (DCs) did not show clinical response, yet
the median survival of patients extended by 4.1 months as evident from a randomized
double-blind placebo controlled multicenter trial [13].
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In order to overcome these limitations, researchers have attempted to develop different
strategies to improve the efficacy of vaccines by optimizing the tumor vaccine formulation
with potent adjuvants. To this end, nano- and microparticles for vaccine delivery were
designed to enhance antigen uptake by APCs, protect the antigen from proteolysis, and/or
enable sustained release of antigen for pro-longed presentation by APCs [14-18]. Lipid
nanoparticles mediated RNA delivery could enable efficient tumor antigen-coding RNA
uptake and expression by DCs, and induced potent cytotoxic and memory T cell responses
against cancer [19, 20]. In addition, nano- and microparticles delivery system could
effectively co-deliver different immuno -stimulatory components and/or siRNAs along with
antigens to elicit an improved antigen-specific immune response [21-25]. We recently
reported that DCs loaded with mesoporous silicon vector (MSV) microparticles/peptide
enhanced antitumor immunity [26]. It is known that stimulation of the innate arm of the
immune system, such as induction of Toll like receptor (TLR) signaling in APCs, can
promote antigen presentation to the adaptive immune system to enhance the antigen-specific
immune responses [8, 16, 27, 28]. Therefore, in this study, we report that immunization of
DC/MSV containing antigen (tyrosinase-related protein 2 peptide, TRP2 peptide,
SYVDFFVWL) and dual TLR agonists (CpG and MPLA) can elicit synergistic antitumor T
cell responses against B16 melanoma. We hypothesize that DCs loaded with TRP2 peptides
and dual TLR agonists using MSV microparticles could markedly enhance antitumor
immunity by prolonging antigen processing and presentation, thus triggering potent innate
immune signaling and T cell responses.

2. Materials and Methods

2.1 Reagents and antibodies

MPLA and FITC-CpG1826 were obtained from Invivogen. CpG1826, PMA, ionomycin and
t-butanol were purchased from Sigma. Fluorescent antibodies including anti-CD3/PerCp-
Cy5.5 (145-2C11), anti-CD8/APC (53-6.7), anti-granzyme B/PE and anti-IFNy/PE
(XMG1.2) were all purchased from eBioscience. CD4 antibody for CD4* T cell
immunohistochemistry staining was obtained from eBioscience. CD8 antibody for CD8* T
cell immunohistochemistry staining was obtained from Bioss. Antibodies for IL-6, TNF-a
and IFN-y ELISA were purchased from eBioscience. GolgiSTOP is from BD Biosciences.
DOPC liposome was obtained from Avanti. OVA57_264, TRP2 and B-Gal peptide were
customized and obtained from Peptide 2.0. Hoechst 33342, LysoTracker Red DND-99 and
LysoTracker Blue DND-22 were purchased from Thermo Fisher.

2.2 Cells and mice

B16 melanoma cells (C57BL/6 origin) were grown and maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% pen/strep
in a humidified incubator at 37°C and 5% CO» condition. BMDCs were prepared from bone
marrow of C57BL/6 mice. Briefly, bone marrow cells were first flushed from femurs and
tibias of mice. BMDC culture medium is based on RPMI-1640 medium with L-glutamine
and then supplemented with 10% FBS, 1% Pen/Strep, 20 ng mL~1 GM-CSF, 10 ng/mL IL-4
and 0.5 puM B-ME. Bone marrow cells were plated in 6-well plates at a concentration of 2 x
108 cells/well in 5 mL above BMDC culture medium. Medium was replaced on day 1, 3 and
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5 and non-adherent cells were discarded. On day 6, half-attached cell colonies were gently
de-attached and suspended at 1 x 108 cells mL~! in BMDC culture medium and plate in 10
cm? dish. The half-attached cells and floating cells were collected on the second day of re-
plating. BMDCs could achieve 85% purity (CD11c* population) as determined by flow
cytometry.

6 to 8 weeks old female C57BL/6 mice were purchased from Jackson Lab. Mice were
housed at the animal facility at the Houston Methodist Research Institute (HMRI). 0.2 x 106
B16 tumor cells were suspended in 0.2 mL HBSS and intravenously (i.v.) injected into
C57BL/6 mice to establish B16 lung metastases model, according to the protocol previously
described with a minor modification [29]. All experiments were performed with compliance
with procedures and protocols approved by the Animal Care and Use Committee of HMRI.

2.3 MSV/TRP2-CM vaccine preparation

MSV were kindly provided by the Nano-Core facility (directed by Dr. Xuewu Liu) at HMRI.
To load TRP2, CpG and MPLA into DOPC liposome, TRP2 (10 pg pL=1) alone or together
with CpG (4 pg uL=1), MPLA (1 ug pL=1) were mixed with 0.1% Tween-20 and DOPC (20
g HL1) in t-butanol (Figure 1a). For /n vitroand in vivo studies, below volume ratio was
used (peptide: CpG: MPLA: 0.1% Tween-20: DOPC: t-butanol = 5:1:2:4:5:336). Based on
the mass concentration of stock solution for each component (TRP2 10 pg uL=2, CpG 4 pg
uL=1, MPLA 1 pg pL~1, Tween 1.1 g mL~1, DOPC 20 ug uL=1, t-butanol 0.781 g mL™1), the
weight ratio of TRP2:CpG:MPLA:Tween:DOPC is 125:10:5:11:250:655. Characterization
of surface charge of various vaccine combinations are listed (Table S1). The criteria for
loading optimization is as follow: we first optimized the ratio of TRP2 to CpG. A volume
ratio of 5:1 (10 uL TRP2: 2 pL CpG) showed the best result in balancing TRP2 loading and
encapsulation efficiency into liposome under different TRP2 to CpG ratios (Table S2). Next,
we tried to maximize the loading of MPLA into liposome with the criteria of liposome size
below 50 nm, since the diameter of MSV pore is 50 nm. As shown in Table S3, a volume
ratio of 5:1:2 for TRP2:CpG:MPLA (10 uL TRP2: 2 uL CpG: 4 uL MPLA) was the
optimized ratio for maximizing the loading of each component (Table S3). The mixtures
were vortexed thoroughly for 1 min then lyophilized for reconstitution. After lyophilizing,
sterile MilliQ H,0O was added for reconstitution of TRP2-CpG-MPLA loaded DOPC
liposomes, and the reconstituted liposomes were added into MSV (100 ug TRP2: 0.6 billion
MSV) through gentle sonication for 3 times (3 x 10 s each time), 20 mins for each interval.
After loading Lipo/TRP2-CM into MSV, MSV were washed using sterilized water and cent
rifuged at 10000g for three times (5 min each time) to remove free unencapsulated Lipo/
TRP2-CM. The size distribution and zeta potential were characterized (Figure 1b—d).

2.4 Vaccine administration in B16 melanoma-bearing mice

TRP2 peptide alone or along with CpG-MPLA, were encapsulated in liposome for loading
into MSV particles. Different vaccines were directly i.v. injected into mice or incubated with
BMDCs (1 x 108 cells) at 37°C in serum-free RPMI 1640 medium for 3 h prior to injection.
BMDCs incubated with vaccines were washed and collected by centrifuge for i.v. injection.
C57BL/6 mice were inoculated with B16 melanoma cells (0.2 x 10° cells) on day 0,
followed by vaccine immunization at day 3. On day 18, mice were sacrificed and the lungs
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were collected, rinsed with PBS briefly, and fixed with Fekete’s buffer (70 mL of 75%
alcohol, 10 mL of formalin, and 5 mL glacial acetic acid). After 48 h fixation, pulmonary
tumor nodules were imaged and counted.

2.5 Intracellular IFN-y and granzyme B staining for TRP2 specific CD8* T cells

Splenocytes were prepared from immunized mice for intracellular IFN-y staining. Briefly,
splenocytes were stimulated with TRP2 or control peptide in the presence of GolgiSTOP for
5 h. Surface marker CD3 and CD8 were stained, then fixed and permeabilized for
intracellular IFN-y staining. Samples were analyzed with Flow cytometry (BD SRII) and the
data were analyzed by FlowJo.

2.6 Confocal microscope

TRP2 peptide, CpG and MPLA were labeled with fluorescence probe (FITC, Rhodamine 6G
or quantum dot 633) for confocal imaging. BMDCs were incubated with fluorescence probe-
labeled TRP2-CM, Lipo/TRP2-CM or MSV/TRP2-CM for 3 h, then washed extensively
with PBS for further staining. For lysosome staining, cells were incubated with LysoTracker
for 20 min according to manufacturer’s instruction. Cell nucleuses were labeled using
Hoechst 33342 for 5 min according to manufacturer ’s instruction. Cells were then mounted
and observed under confocal microscope (Olympus, FV1000).

2.7 ELISA for cytokine detection

BMDCs were incubated with control peptide (8-Gal), OVA57_264 OF Various vaccine
formulations for different time points. Cell supernatants were collected for IL-6 and TNF-a
measurement using ELISA. For OT-1 T cell recognition assay, BMDCs were incubated with
OVA57_264 peptide or various vaccine formulations in serum- free RPMI-1640 medium for
3 h, then washed with PBS for 5 times. OT-1 specific CD8" T cells were then co-cultured
with BMDCs at 0, 24, 48, 72 and 96 h after washing for 18 h. Cell supernatants were
collected for IFN-y ELISA.

2.8 Depletion of cell subsets

To explore the functions of different cell populations in antitumor immunity, CD4* T cells,
CD8™ T cells, NK cells and macrophages were depleted using antibody or chemical agents.
Briefly, CD4* T cell depletion antibody (L3T4 antibody, TIB207, ATCC) or CD8* T cell
depletion antibody (Lyt-2.2 antibody, TIB210, ATCC) was i.p. injected every three days at
300 pg/mouse. For macrophage depletion, clodronate liposome (Liposoma B.V.) was applied
at 150 pL per mouse. NK cells were depleted using NK1.1 antibody (600 pg per mouse,
HB-191, ATCC). Flow cytometry showed that more than 90% cells were depleted (data not
shown).

2.9 Immunohistochemistry staining

Serial tissue sections of 5 um thickness were cut from the formalin fixed, paraffin embedded
tissue blocks and mounted onto charged glass slides. All sections for immunohistochemistry
were deparaffinized and hydrated using graded concentrations of ethanol to deionized water.
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2.10 Statistical analysis and combination index calculation

Combination index (CI) for synergistic effect was calculated using the Bliss Independence
model [30, 31]. CI >1, CI <1 and CI =1 denote antagonistic, synergistic, and additive
combination effects, respectively. Statistical analysis was performed using GraphPad Prism
v6.0. A one-way ANOVA or Student’s t test was applied for /n vitro data comparisons.
Kruskal-Wallis test applied for the tumor burden and Kaplan-Meier analysis applied for
survival curve analysis. *p<0.05, **p<0.01, ***p<0.001

3. Results and Discussion
3.1 Characterization of MSV/TRP2-CpG-MPLA Vaccine

The fabrication of microparticles with specific shapes, sizes, and porosities was achieved by
proper design and by adapting efficient silicon technologies. MSV microparticle delivery
system containing multiple components was manipulated to execute the ultimate goal of
efficient therapeutics. We developed MSV microparticles to load TRP2 peptide and dual
TLR agonists to formulate the complete vaccine for systemic delivery (Figure 1a, b). MSV
was a highly porous and hemispherical microparticle with a mean diameter of ~ 800 nm
(Figure 1b, c) as previously described [26, 32]. MSV microparticles were fabricated with
straight nanopores (nano-channels) crossing the particles perpendicular to the surface, and
the mean diameter of the nanopore is around 50 nm [32]. Synthetic CpG oligonucleotide
(CpG ODN) and MPLA were selected as dual TLR agonists for TLR9 and TLR4 signaling
activation, respectively [33, 34]. To facilitate the components loading into MSV porous,
TRP2 peptide, CpG ODN and MPLA were first loaded into dioleoylphosphatidylcholine
(DOPC) liposome, followed by loading into MSV particles through electrostatic attractions
and sonication to formulate the complete vaccine MSV/TRP2-CpG-MPLA (MSV/TRP2-
CM for short) (Figure 1a). The average diameters of DOPC liposome before and after
loading TRP2-CpG-MPLA (Lipo/TRP2-CM) were 21 nm and 28 nm, respectively. (Figure
1b, ¢). The average sizes of MSV before and after loading Lipo/TRP2-CM were 832 nm and
966 nm, respectively, as determined by transmission electron microscopy (TEM) and
dynamic light scattering (DLS) analysis (Figure 1b, ). A volume ratio of TRP2:CpG:MPLA
(5:1:2, v:v:v) was selected for vaccine preparation after optimization. After loading TRP2-
CM into liposome, the anionic surface of Lipo/TRP2-CM could facilitate the loading into (3-
Aminopropyl) triethoxysilane (APTES) modified cationic MSV microparticles (Figure 1d).
The zeta potential of each component and the conversion of surface charge after loading of
indicated components into liposome or MSV were characterized (Figure 1d). The
cumulative TRP2 peptide release was measured. TRP2 release from MSV was markedly
sustained compared with liposome (Figure 1e).

3.2 In Vitro Distribution of MSV/TRP2-CM Vaccine and Sustained Release of TRP2 Peptide

To determine the cellular uptake of the MSV/TRP2-CM vaccine and the intracellular
location, we used fluorescent probe-labeled TRP2 peptide, CpG, and MPLA to formulate the
vaccine particles. After incubation with free TRP2-CM, Lipo/TRP2-CM or MSV/TRP2-CM,
the localization of TRP2 peptide (Rhodamine 6G-labeled, yellow), CpG (FITC-labeled,
green), MPLA (QD633- labeled, red) in bone marrow-derived DCs (BMDCs) were evident
within endo-lysosomal compartments (LysoTracker, blue) (Figure 2a, left). Semi-
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quantitative co-localization analysis showed that the percentages of co- localization of
TRP2, CpG and MPLA over lysotracker were 80.6%, 90.8% and 62.6% in MSV/TRP2-CM
treated DCs, respectively (Figure 2a, right). These results suggest that TRP2 peptide, CpG
and MPLA could be delivered simultaneously by MSV through DC phagocytosis. We
hypothesized that after phagocytosis, the TRP2 peptides would be gradually released by
MSV for subsequent processing and presentation through major histocompatibility complex
(MHC) class | molecule. To compare the retention of TRP2 peptide within BMDCs, we
incubated BMDCs with free TRP2-CM, Lipo/TRP2-CM, or MSV/TRP2-CM for 3 h. After
extensive washes, we maintained the BMDCs in culture condition and monitored them at
different time points (0, 24, 48, 72 and 96 h after initial incubation). We found that MSV
microparticle could maintain the TRP2 peptide for antigen processing for over 96 h, whereas
both free TRP2-CM and Lipo/TRP2-CM could be detected for 24-48 h probably due to
rapid degradation (Figure 2b). Flow cytometry analysis consistently showed that MSV
microparticles retained strongest fluorescent signals from FITC-labeled TRP2 peptide within
BMDCs over a 96 h period (Figure 2c, d). Taken together, our data suggest that TRP2
peptide within the MSV particle can be protected from rapid degradation and sustained
release through silicon hydrolysis, thus prolonging antigen presentation.

3.3 Enhanced Antigen-Specific T Cell Responses by Co-delivery of MSV Microparticles
Containing Peptide with CpG and MPLA

Intrinsic specialized characteristics of DCs are to capture, process and present antigens
through MHC | and Il molecules. DC/peptide vaccine induces T cell response by presenting
antigen peptide through MHC complex for T cell recognition. We tested our hypothesis that
dual TLR signaling can improve the antigen-presentation for enhanced T cell activity. For
this purpose, ovalbumin (OVA)257_064 Was selected as a model peptide for in vitro T cell
recognition assay. OVA57_264 is a class | (KP)-restricted peptide epitope of OVA and is
recognized by OVA-specific CD8* T cells (OT-I cells). BMDCs were first incubated with
different OVA,57_264 Vaccine formulations, followed by washing and subsequently
maintained in culture condition for 0, 24, 48, 72 and 96 h prior to co-culture with OT-I cells.
We found that the secretion of interferon (IFN)-y from OT-1 CD8* T cells in all CpG-MPLA
(CM) groups were much higher than groups without CM (Figure 3a), demonstrating that
dual TLR signaling triggered by CM was important for antigen presentation for enhanced T
cell activity. Our results are consistent with previous findings that antigen-selection and
antigen presentation efficiency in DC could be enhanced in the presence of TLR ligands
[35]. MPLA is a TLR4 ligand that leads to signaling through the TIR-domain-containing
adapter-inducing interferon-p (TRIF) adaptor and activates NF-xB signaling to produce
tumor necrosis factor (TNF)-a and interleukin-6 (IL-6) cytokine; CpG is a TLR9 ligand that
leads to signaling through myeloid differentiation primary response gene 88 (MyD88) and
activate both NF-xB and interferon regulatory factor 7 (IRF7) for TNF-a., IL-6 and
interferon (IFN) cytokines. We found that TNF-a and IL-6 were only produced by DCs with
CM treatment (Figure 3b). Furthermore, type I interferon signaling, but not inflammasome
signaling, could also be activated by CM (Figure Sla, b). We also demonstrated that
synergistic effect could be generated by dual ligands for OVA,57_264-specific T cell response
as well as the cytokine production from DCs (Figure S2a—e). The cytokine productions,
including TNF-a and IFN-B, were markedly enhanced by dual ligands stimulation,
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compared with single ligand (Figure S2a, c). We next examined whether TRP2-CM
delivered by MSV microparticles was superior in inducing T cell activity than other vaccine
delivery methods. We found that MSV/TRP2-CM was the best for the persistence of T cell
activity and sustained IL-6 production, compared with other groups (Figure 3a, b). These
data suggest that dual TLR ligands and MSV delivery strategy collectively contribute to the
enhanced capacity and efficiency of DC to present antigen for T cell response.

Consistently, increased TRP2-specific CD8* T cell response observed in vitro was also
augmented in B16 melanoma inoculated C57BL/6 mice after administration of MSV/TRP2-
CM treated DCs (DC/MSV/TRP2-CM). We checked TRP2-specific T cell activity on day 8
post-vaccination by intracellular IFN-vy staining, and found that co-delivery of TRP2 peptide
with single TLR agonist CpG (DC/MSV/TRP2-C) could significantly enhance TRP2-
specific CD8*IFNy* cell population compared with control peptide (8-Gal) immunization
group (Figure 4a, b). Degranulation of TRP2-specific CD8" T cells was also observed for
their cytotoxicity to B16 melanoma (Figure 4c, d). In addition, delivery of dual TLRs
agonists (CpG and MPLA) along with TRP2 peptide could generate synergistic effects for
TRP2-specific CD8* T cell response, as CD8*IFN-y* cell population of DC/MSV/TRP2-
CM immunized group was further increased compared to groups with single TLR agonist
(Figure 4a, b). The combination index for T cell response induced by DC/MSV/TRP2-CM is
0.51 (<1 indicates synergism). These data demonstrate the essential role of dual TLR
agonists for the effective antigen presentation and T cell response.

3.4 Potent Antitumor Immunity against B16 Melanoma Lung Metastasis Generated by
DC/MSV/TRP2-CM Vaccine and Safety Assessment

In order to validate the vaccine efficacy for tumor immunotherapy /in vivo, we used an
established B16 pulmonary metastases model. On day 3 post-inoculation of B16 melanoma
cells, different vaccine formulations were either pre-incubated with DCs for 3 h before
injection or directly injected into mice for systemic immunization. Tumor burdens of lung
metastasis were checked on day 18 (Figure 5a). We found that the number of B16 lung
metastasis nodule was significantly decreased after single immunization of MSV/TRP2-CM
vaccine. Of note, immunization with MSV/TRP2-CM pre-incubated with DC prior to
injection resulted in further reduction of pulmonary melanoma metastases (Figure 5b, c).
Consistently, tumor specific CD8* T cell response was also enhanced for the inhibition of
tumor burden (Figure 5d). Importantly, DC/MSV/TRP2-CM vaccine generated a more
effective antitumor immunity than DC/Lipo/TRP2-CM vaccine (Figure 5e, f). Moreover,
DC/MSV/TRP2-CM showed a much stronger antitumor immunity than DC/MSV/TRP2 plus
soluble CpG and MPLA (CM) (separately) (Figure 5e, f). These data suggest that MSV
enabled co-delivery of TRP2 with dual ligands to DCs is critical for inducing potent
antitumor immunity. We next examined biodistribution of DC/MSV/TRP2-CM in mice at
0,1, 6, 24, 48 and 72 h post i.v. injection. We found that DC/MSV/TRP2-CM were mainly
distributed in the liver and lung, and cleared after 72 h (Figure 5g). Consistent with
increased T cell response, we found that the median survival of DC/MSV/TRP2-CM
immunized mice were significantly increased, compared with other groups (Figure 5h). To
determine the therapeutic time window for a successful vaccination, we performed
experiments with the DC/MSV/TRP2-CM vaccination on day 3, 5 and 7 after tumor

J Control Release. Author manuscript; available in PMC 2019 February 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 9

inoculation (Figure S3a). Vaccination on day 5 still showed significant antitumor effect, but
vaccination on day 7 failed to inhibit the tumor growth (Figure S3b, c¢). This could be
attributed to the fact that B16 melanoma was a highly metastatic and aggressive tumor
model with all tumor-bearing mice dying around day 18 to 21 (Figure 5h). Thus, vaccination
before day 5 after tumor injection is the best therapeutic window for a successful vaccination
in B16 melanoma lung metastasis model.

To further evaluate whether delivery of TRP2 peptide and CM to the same DC is required
for the improved antitumor immunity, we used two groups of DCs loaded with either MSV/
TRP2 or MSV/CM, then mixed together, and injected into the tumor-bearing mice for
antitumor immunotherapy. Even though all the components were delivered into mice via
DCs, TRP2 peptide and CM were separated for their function. We found that no significant
antitumor response was generated when TRP2 peptide and CM were delivered into different
DCs (Figure 6a). This finding suggests that delivery of both TRP2 peptides and TLR
agonists to the same DC is critically required for a highly efficient immunotherapy. The
likelihood of using dual TLR agonists could achieve a better adaptive immunity than single
agonist was shown for yellow fever vaccine YF-17D [36]. Immunization of mice with
polymeric nanoparticles containing antigens for YF -17D plus ligands for TLR4 and TLR7
synergistically magnify the antigen-specific antibody compared to single TLR ligand, and
could enhance persistence of germinal centers of plasma -cell responses for more than 1.5
years [37, 38]. In this case, the YF-17D antigen and TLR agonists were delivered by two
separate nanoparticle vehicles to increase the antibody responses for YF-17D in targeting
different cell types [37, 38]. YF-17D antigen aims to target specific B cell receptor, and the
TLR agonists aim to target DCs for augmenting CD4" T cells assisted antibody response. In
contrast, for a DC-targeting tumor vaccine in our study, both antigen and TLR agonists must
be delivered into the same DC through MSV for inducing robust T cell antitumor immunity.

To determine the cell types that are essential in augmenting DC/MSV/TRP2 -CM vaccine
induced antitumor immunity, we depleted CD4* T cells, CD8" T cells, macrophages, or
natural killer (NK) cells, respectively. We showed that both CD4* and CD8* T cell were
required for the antitumor immunity, since depletion of either CD4* or CD8* T cell could
completely abolish the antitumor immune response (Figure 6b). Consistently,
immunohistochemistry staining showed that the infiltration of CD8* and CD4* T cells
within melanoma lung metastases were significantly increased after DC/MSV/TRP2-CM
vaccination (Figure 6c¢), suggesting that the DC/MSV/TRP2-CM vaccine enhanced the
tumor-specific CD8* T cell response and orchestrated host immune network involving both
CD4" and CD8™ T cells. Our results were consistent with previous findings that CD4* T
cells provide help for priming CD8" T cells response and maintaining CD8" T cell memory
[39-41], even though CD4* T cells were not activated since TRP2 peptide is a MHC class |
restricted epitope (Figure S4). On the contrary, the depletion of macrophages by clodronate-
containing liposomes could partially compromise the vaccine efficacy. However, NK1.1 cell
depletion did not affect the antitumor immune response (Figure 6b). Although clodronate
treatment was intended for depletion of macrophages, dendritic cells may also affected [42].
Thus, further studies are needed to address the importance of macrophages in mice by using
CD11b-DTR mice treated with diphtheria toxin [43]. To determine whether both exogenous
DC and endogenous DC are essential for the antigen presentation and synergistically
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activate T cells, we found that exogenous DCs were required for potent antitumor immunity,
since antitumor effect was improved when MSV/TRP2-CM was delivered into DCs before
injection (DC/MSVTRP2-CM) (Figure 5b—d). To determine whether endogenous DCs and
macrophages are required for antigen presentation, we used MHC I-mismatched (Balb/c
mice) BMDCs for MSV/TRP2-CM loading and immunization, B16 melanoma metastases
could partially be inhibited (Figure 6d), suggesting that endogenous APCs were involved in
antigen uptake and presentation to T cells since Balb/c-derived DCs (K%) are unable to
present antigen to activate T cells in C57BL/6J (KP) mice. We reasoned that endogenous
DCs might take up the MSV/TRP2-CM released from dying exogenous Balb/c DCs and
present antigens for T cell activation. To further test this possibility, we applied irradiated
Balb/c-derived DC for MSV/TRP2-CM immunization, and found that tumor inhibition
effect was almost identical to non- irradiated Balb/c-derived DC group (Figure 6d). These
results suggest that endogenous DCs and macrophages could take up MSV/TRP2-CM
vaccine released from exogenous DCs for subsequent activation of T cells for antitumor
responses.

Finally, we performed the toxicity assessment of MSV/TRP2-CM vaccine. MTT assay was
used for the cytotoxicity assessment of MSV and Tween 20. We found a dose-dependent
mild cytotoxicity to DCs (Figure 7a, b). Red arrows indicated that the dosage we used for
preparation of MSV/TRP2-CM vaccine formulation did not generate obvious cytotoxicity. /n
vivo toxicity was assessed by hematoxylin and eosin (HE) staining of different tissues,
measurement of body weight, and /n7 vivo clearance of MSV (Figure 7c—e).
Histopathological examination showed no significant changes in tissues of DC/MSV/TRP2-
CM treated mice in comparison to both untreated healthy and tumor-bearing mice (Figure
7¢). We also measured the body weight of tumor-bearing mice, and found that DC/MSV/
TRP2-CM administration could prevent the mice from body weight loss. Tumor-bearing
mice receiving DC/MSV/TRP2-CM could gain as much body weight as the healthy mice
(Figure 7d). Biodistribution of MSV (labeled with Rhodamine 6G) particles in mice tissues
were also examined. Fluorescent images were taken 0, 1, 6, 24, 48 h post i.v. injection of
MSV particles. MSV were predominately distributed in the liver and lung, and typically
cleared after 48 h (Figure 7e), suggesting the biosafety of DC/MSV/TRP2-CM and potential
application for clinical uses.

4. Conclusion

We have developed a highly efficient cancer vaccine approach by using MSV for the co-
delivery of TRP2 peptide, CpG, and MPLA into the same DC. The MSV we used is a multi-
stage delivery system which has more flexibility in loading molecules of interest compared
to other delivery systems: the porous of MSV could be loaded with various small molecules
as well as nanoparticles such as quantum dots and liposome. We show that MSV-based
vaccine generated more effective and durable immune response as evidenced in our in vitro
and /n vivo study. Several previous studies have demonstrated silicon materials to be
biodegradable and biocompatible [17, 44], our study provides further evidence on the
biocompatibility and safety. Furthermore, innate immune signaling activated by dual TLR
agonists (CpG and MPLA) for TRP2 vaccine formulation exerted superior effects on
improving antigen-specific CD8" T cell responses against B16 tumor cells, compared with
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TRP2 peptide alone or with a single TLR agonist. Importantly, we show that both antigen
and TLR agonists must function within the same DC for enhanced antigen presentation and
robust antitumor immunity. It is well known that TLR ligands are a class of innate immune
signaling agonists and required for potent immune response in preclinical and clinical
studies [28, 45, 46]. Activation of TLR signaling has been reported to regulate adaptive
immune responses, including antibody production and antigen-presentation for specific T
cell responses [27, 37]. We further show that both endogenous DCs and macrophages play
critical role s in the uptake and presentation of antigen-TLR ligands complexes in MSV for
inducing potent antitumor immunity. Using MSV microparticles as a high-loading capacity
vehicle with the ability for co-delivery of multiple components (antigenic peptides and TLR
ligands) may be developed for clinical application for augmenting strong antitumor
immunity. This vaccine strategy may be further developed for cancer patients who do not
respond to checkpoint blockade therapy to generate tumor-specific T cells, and then
combined with checkpoint blockade therapy.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Scheme and characterization of mesoporous silicon vector (MSV) loaded TRP2-CpG-
MPLA (MSV/TRP2-CM) vaccine. (a) Schematic representation of TRP2-CM loading into
DOPC liposome (Lipo/TRP2-CM), and then loading into MSV (MSV/TRP2-CM). (b)
Transmission electron microscope (TEM) image of MSV particle and Lipo/TRP2-CM. (c)
The sizes of liposome (left) and MSV (right) were measured by DLS before and after
loading TRP2-CM. (d) Zeta potential of TRP2 peptide, CpG, MPLA, MSV, Lipo/TRP2-CM
and MSV/TRP2-CM. (e) Cumulative TRP2 peptide release from Lipo/TRP2-CM and MSV/

TRP2-CM in PBS (pH 7.4).
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Figure 2.
In vitro distribution of MSV/TRP2-CM vaccine and sustained release of TRP2 peptide. (a)

Confocal inages of co- localization of TRP2 (Rhodamine 6G-labeled, yellow), CpG (FITC-
labeled, green) and MPLA (QD633-labeled, red) with lysosome (blue) in mouse BMDCs
after 3 h uptake of free TRP2-CM, Lipo/TRP2-CM or MSV/TRP2-CM. Scale bar, 10 um.
Semi-quantitative analysis of TRP2, CpG and MPLA co-localization with lysosome are
shown in right panel using Image J co-localization finder. Analyses were performed on three
individual images of each. (b) Confocal images of TRP2 peptide retained in BMDCs and
intracellular location at 0, 24, 48, 72 and 96 h after 3 h incubation with indicated
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formulations. Scale bar, 10 pm. Data shown are representative of three experiments.
Lysosome, lysotracker (red); Nucleus, H33342 (blue), TRP2, FITC-labeled (green). (c, d)
FACS analysis for the intensity of FITC- labeled TRP2 in BMDCs at 0, 24, 48, 72 and 96 h
post-3 h incubation with indicated formulations. Cells were gated on CD11c* population.
BMDCs incubated with PBS served as control (gray). Mean fluorescence intensity (MFI)
subtracting the background was quantified (d).
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Figure 3.

0 2 4 8

12 24 48

Co-delivery of dual TLRs agonists with peptide enhances antigen-specific T cell responses
in vitro. (a) OT-1 T cell IFN-y release after recognition of OVA,57_264 presented by
BMDCs. Multiple OVA57_264 containing formulations were incubated with BMDCs for 6
h, followed by washing for 3 times. OT-1 T cells were added (0.1 million T cell: 0.02 million

BMDCs) at 0, 24, 48, 72 and 96 h after washing, and incubated
supernatants were collected for IFN-y measurement by ELISA.

with BMDCs for 18 h. The
OVA stands for OVA257_264

peptide. (b) Cytokine production of BMDCs after incubation with indicated formulations for
different time points. Error bars represent standard deviation. Data are plotted as means £SD
of three independent experiments. *p<0.05, **p<0.01, ***p<0.001 by comparison with

control using Student’s t-test.
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Figure 4.

Co-delivery of dual TLRs agonists with TRP2 peptide using MSV enhances antigen-specific
T cell responses /n vivo. (a) FACS analysis for the percentage of CD8* IFN-y* T cells in
splenocytes of B16 tumor-bearing mice at day 8 after immunization with indicated TRP2
vaccine formulations. All vaccine formulations were pre-incubated with BMDCs for
intravenous (i.v.) immunization. Statistical analysis of TRP2-specific CD8* IFN-y* T cells
are shown in (b). (c, d) FACS analysis for the percentage of CD8*Granzyme B* T cells in
splenocytes of B16 tumor-bearing mice at day 8 after immunization with indicated TRP2
vaccine formulations. Statistical analysis of TRP2-specific CD8" Granzyme B* T cells are
shown in (d). Error bars represent standard deviation. *p<0.05, **p<0.01, ***p<0.001
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Figure 5.
DC/MSV/TRP2-CM vaccine generates potent antitumor immunity against B16 melanoma

lung metastasis. (a) Scheme for the establishment of B16 melanoma lung metastasis model
in C57BL/6 mice and vaccination timeline. C57BL/6 mice were inoculated with B16
melanoma cells (0.2 million/mouse, i.v.) and immunized with the following vaccines: DC/
MSV, DC/TRP2, DC/MSV/TRP2, DC/MSV/TRP2-CM, MSV/TPR2, and MSV/TRP2-CM
on day 3. Lung metastases were examined on day 18 (b). (c) Numbers of the lung tumor
nodules were counted. (d) FACS analysis of TRP2 specific CD8* IFN-y* T cells in
splenocytes of B16 tumor-bearing mouse at day 18. (e, f) C57BL/6 mice were inoculated
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with B16 melanoma cells (0.2 million/mouse, i.v.) and immunized with the following
vaccines: DC/MSV, DC/MSV/TRP2-CM, DC/Lipo/TPR2-CM, and DC/soluble CM+MSV/
TRP2 (DC incubated with soluble CpG, MPLA and MSV/TRP2) on day 3. Lung metastases
were examined on day 18 (e). Numbers of the lung tumor nodules were counted (f). (9)
Biodistribution of DC/MSV/TRP2-CM (MSV labeled with Rhodamine 6G) in mice. Ex vivo
fluorescent images of mouse tissues were taken post 0, 1, 6, 24, 48 and 72 h of i.v. injection
of DCs. (h) Survival of B16 tumor-bearing mouse vaccinated with indicated groups. Error
bars represent standard deviation. *p<0.05, **p<0.01, ***p<0.001
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Figure 6.
DC/MSV/TRP2-CM vaccine orchestrates effective host antitumor immunity. (a) Number of

the B16 lung tumor nodules by vaccination of MSV/TRP2, DC/MSV/TRP2-CM, or
DC/MSV/TRP2 and DC/MSV/CM separately. (b) Number of the B16 lung tumor nodules
by vaccination of DC/MSV/TRP2-CM in mice depleted CD4* T cells, CD8* T cells, CD4*
and CD8* T cells, NK1.1 cells and macrophages, respectively. (c) Immunohistochemistry of
CD4" and CD8™ T cells infiltration in B16 tumor lung metastasis site. Scale bar, 10 um. (d)
Number of the B16 lung tumor nodules after vaccination using DC/MSV/TRP2-CM
vaccines from different DC-donors. B16 melanoma inoculated mice were administered with
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MSV/TRP2-CM by pre- incubation of C57BL/6 mouse-derived DCs, Balb/c mouse-derived
DCs, or irradiated Balb/c mouse-derived DCs. C57BL/6 mouse-derived DCs incubated with
MSV particles alone served as a control. Error bars represent standard deviation. *p<0.05,
**p<0.01, ***p<0.001.
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Figure 7.

Safety assessment and biodistribution of MSV/TRP2-CM vaccine. (a, b) MTT assay for
cytotoxicity assessment of MSV (a) and Tween 20 (b) to DCs. Red arrows indicated the
dosage currently used for MSV/TRP2-CM vaccine formulation and administration. (c)
Haematoxylin and eosin (HE) staining of different tissues of DC/MSV/TRP2-CM treated
mice. (d) Body weight of healthy mice and tumor bearing mice with or without DC/MSV/
TRP2-CM administration. (e) Biodistribution of MSV (labeled with Rhodamine 6G)
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particles in mice. Ex vivo fluorescent images of mouse tissues were taken post-0, 1, 6, 24, 48
h of i.v. injection of MSV particles.
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