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Investigation of parameters that determine Nano-DC
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Abstract

Effective migration of dendritic cells into the lymphatic system organs is the prerequisite for a functional dendritic cell vaccine.
We have previously developed a porous silicon microparticle (PSM)-based therapeutic dendritic cell vaccine (Nano-DC vaccine)
where PSM serves both as the vehicle for antigen peptides and an adjuvant. Here, we analyzed parameters that determined
dendritic cell uptake of PSM particles and Nano-DC vaccine accumulation in lymphatic tissues in a murine model of HER2-
positive breast cancer. Our study revealed a positive correlation between sphericity of the PSM particles and their cellular uptake
by circulating dendritic cells. In addition, the intravenously administered vaccines accumulated more in the spleens and inguinal
lymph nodes, while the intradermally inoculated vaccines got enriched in the popliteal lymph nodes. Furthermore, mice with
large tumors received more vaccines in the lymph nodes than those with small to medium size tumors. Information from this
study will provide guidance on design and optimization of future therapeutic cancer vaccines.
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1 Introduction

Dendritic cell (DC) is the most powerful antigen-
presenting cell (APC) in the body. DCs pick up tumor
antigens and migrate to lymphatic tissues where they
process the tumor antigen and present antigen epitopes
to T cells, resulting in T cell activation. Based on the
essential role of DCs in mediating anti-tumor immunity,
dendritic cell vaccines have been developed to fight
against human cancers. One peptide DC vaccine,
sipuleucel-T, was approved by the US Food and Drug

< Mauro Ferrari
mferrari@houstonmethodist.org

>< Haifa Shen
hshen @houstonmethodist.org

Department of Nanomedicine, Houston Methodist Research
Institute, Houston, TX 77030, USA

Xiangya Hospital of Central South University,
Changsha 410000, Hunan, China

Center for Bioenergetics, Houston Methodist Research Institute,
Houston, TX 77030, USA

State key laboratory of ophthalmology, School of Biomedical
Engineering, Wenzhou Medical University, Wenzhou 325035, China

Administrations in 2010 for treatment of castration-
resistant metastatic prostate cancers (Kantoff et al.
2010; Cheever and Higano 2011), and many dendritic
cell vaccines are currently in various stages of clinical
trials (Gelao et al. 2014; Carreno et al. 2015; Tanyi
et al. 2018).

Since tumor antigen-pulsed DCs need to be properly acti-
vated in order for the DC vaccine to function properly, adju-
vants are usually added into the vaccines to stimulate DC
maturation. The most commonly used adjuvant in peptide
DC vaccines is granulocyte-macrophage colony-stimulating
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factor (GM-CSF) (Knutson et al. 2001; Kantoff et al. 2010;
Mittendorf et al. 2012; Tanyi et al. 2018). The Toll-like recep-
tor ligands/agonists are also good candidates for vaccine de-
velopment (Napolitani et al. 2005; Duthie et al. 2011). Various
forms of nanoparticles have also been incorporated into dif-
ferent types vaccine forms to boost vaccine activity in recent
years (Goldberg 2015). However, most DC vaccines have not
met the expectation to potently fight against human cancers in
clinic. Among the many factors that could negatively impact
DC vaccine activity is the existence of physical and biological
barriers that block effective migration of the cells into lym-
phatic organs (Shen et al. 2017). It has been estimated that less
than 5% of total injected DCs can migrate out of the inocula-
tion site, and the majority of the cells die in situ (Turnis et al.
2010). Thus, identification of parameters that dictate DC mi-
gration and cell entry into lymphatic tissues holds the key to
generate effective therapeutic DC vaccines.

In an effort to develop effective treatment for human
cancers, we have developed a porous silicon micropar-
ticle (PSM)-based DC vaccine (Nano-DC vaccine) (Xia
et al. 2015). PSMs are biocompatible and water-soluble
microparticles that have been successfully applied to
deliver chemotherapy drugs and therapeutic small inhib-
itory RNA and microRNA molecules in our laboratories
(Shen et al. 2013a, b; Xu et al. 2013; Mai et al. 2014,
Xu et al. 2016; Zong et al. 2016; Ban et al. 2017). In
the Nano-DC vaccine, PSM serves both as an adjuvant
to stimulate TRIF/MAVS-dependent signaling and as a
vehicle for packaging and sustained release of antigen
peptides. A HER2 peptide-pulsed Nano-DC vaccine is
effective in mediating anti-tumor immunity in murine
models of HER2-positive breast cancer (Xia et al.
2015). In this study, we have examined correlation be-
tween physical parameters of the PSM and DC uptake
of the particles. We have also analyzed impact from
different routes of vaccination on Nano-DC vaccine ac-
cumulation in lymphatic tissues. Finally, we have com-
pared Nano-DC vaccine enrichment in lymphatic tissues
in mice with small, medium, and big size tumors. Our
findings will be important for designing next-generation
therapeutic DC vaccines.

2 Materials and methods
2.1 Cells and cell culture

TUBO cells were originally provided by Dr. Zen Wei
(Wayne State University, Detroit, MI) and Guido Forni
(University of Turin, Italy). Cells were cultured in
DMEM medium supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin at 37 °C
with 5% CO, and 95% humidity. Bone marrow cells
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were collected from the femurs and tibias of Balb/c
mice and suspended in RPMI 1640 medium supple-
mented with 10% FBS and 1% penicillin-streptomycin.
After cells were washed once with the medium, bone
marrow cells were suspended in 1 ml ACK lysing buff-
er for 1 min. The suspension was then filtered using a
sterile cell strainer 70 um Nylon mesh and centrifuged.
Cells were resuspended in growth medium supplement-
ed with f-mercaptoethanol, granulocyte-macrophage
colony-stimulating factor (GM-CSF, 200 pg/ml) and in-
terleukin 4 (IL4, 200 pg/ml) at a final concentration of
1 x 10° cells/ml, and seeded into 6 well plates (4 ml cell
suspension per well). Cells were incubated at 37 °C
with 5% CO, and 95% humidity for 7 days, and growth
medium was changed every other day. On day 6, cells
were stimulated with100 ng/ml lipopolysaccharide
(LPS). They were harvested on day 7, washed once,
and resuspended in Opti-MEM medium at a concentra-
tion of 1x10° cells/ml.

2.2 Nano-DC vaccine preparation

Nano-DC vaccine was prepared following the same procedure
as we have previously described (Xia et al. 2015). Briefly, the
p66 HER2 peptide (TYVPANASL) was packaged into 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) liposomes
and the liposomes were subsequently loaded into the
nanopores of PSM particles. The liposomal peptide-loaded
PSM particles were then incubated with LPS-activated
BMDCs.

2.3 PSM for positron emission tomography/computed
tomography (PET-CT) study

PSM particles were produced by a combination of pho-
tolithography and electrochemical etching, and conjugat-
ed with APTES on surface to enhance stability in aque-
ous solution as previously described (Godin et al. 2012;
Shen et al. 2012, 2013a). PSM images were taken with a
JEOL JSM-7100F microscope (TouchScope). To prepare
zirconium-89 labeled PSM (¥°Zr-PSM) for PET-CT
study, PSM particles were first conjugated with deferox-
amine (DFO) and then labeled with %°Zr. To prepare
PSM particles for 3°Zr labeling, PSM suspension in
dimethylformamide (DMF) were mixed with
disuccinimidyl suberate (DSS, Thermo Fisher Scientific)
and triethylene amine (TEA, Sigma-Aldrich), and the re-
action was left for 30 min at room temperature. After
washing twice with DMF, PSM particles were suspended
in 1 ml dimethyl sulfoxide (DMSO, Sigma-Aldrich) con-
taining 20 pl TEA and 20 ul DFO mesylate salt for 4 h
at room temperature. Particles were washed twice and
then vacuum dried. To label PSMs with 8QZr, 1 to
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Fig. 1 SEM images of PSM particles with different size and shape. (a) 0.38 pm x 0.24 pum; (b) 1.64 pm x 1.76 pum; (¢) 1 um % 0.4 pm; (d) 1.5 pm x
0.4 um; (e) 2.6 um x 0.7 um; (f) 0.88 um % 1 um. Scale bars: 1 pm

4 mCi ®Zr-oxalate (Washington University, School of
Medicine, Mallinckrodt Institute of Radiology) was
added to the DFO-modified silicon particles. The suspen-
sion was mixed and sonicated for 1 min, and then incu-
bated at room temperature for 2 h. The *°Zr labeled
PSMs were spinned down, and verified with a radio
thin-layer chromatography TLC scanner (Bioscan
AR2000).

2.4 Flow cytometry analysis on particle uptake
by circulating cells

The following antibodies were used to stain single cells:
antibodies for DC staining - anti-mouse CD45 (30-F11,
Invitrogen), anti-mouse CD11b (M1/70, TONBO), anti-

Table1 Zetapotential and sphericity of PSMs with different shapes and
sizes

Size (um x pm) Sphericity Zeta potential
1.5x0.4 0.71 +6 mV
2.6xe0.7 0.71 +6 mV
1x04 0.79 +6 mV
0.4x0.2 0.85 +6 mV
0.9x1 0.86 +5mV
1.6x1.7 0.87 +6 mV

mouse CD11c (N418, TONBO), and anti-mouse MHC II
(AF6-120.1, eBioscience), anti-mouse CD115 (T38-320,
BD), and anti-mouse Ly-6G (RB6-8C5, eBioscience).
After incubation, the antibody/cell mixtures were left on
ice for 30 min. The cells were then washed 3 times with
1 ml 2% FBS in PBS, and centrifuged at 300xg for 3 min.
Cells were resuspended in 300 pl 2% FBS in PBS, and
separated with flow cytometry using the LSR II (BD
Biosciences) for the CD45"CD11b*CD11¢*MHCII*
DCs, CD45*CD11b*CD115* macrophages, and
CD45*CD11b*Ly-6G* neutrophils. Results were analyzed
with FACSDiva (BD Biosciences).

2.5 Animal studies

All animal procedures were approved by Houston Methodist
Research Institute IACUC. Balb/c mice were purchased from
the Jackson Laboratory or Charles River. To test particle up-
take by circulating cells, mice were treated in the foot pads
(i.d.) with PSM particles of different size and shape, and blood
samples were collected 30 min later for flow cytometry. To
examine biodistribution of Nano-DC vaccines, 6 to 8-week-
old female Balb/c mice were inoculated with TUBO cells (5 x
10° cells/mouse in phosphate buffer saline (PBS)/Matrigel) in
the mammary fat pads. The tumor-bearing mice were treated
i.d. or intravenously (i.v.) with vaccines, and imaged using
PET-CT at different time points. Mice were sacrificed after
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Fig. 2 Internalization of PSMs by dendritic cells, neutrophils, and
monocytes. (a-c) Flow cytometry analysis on percentage of DCs,
neutrophils, and monocytes internalized with PSMs in popliteal lymph
nodes from vaccinated mice (n =5) after i.d. injection. Data is presented
as mean+ SEM. *p<0.05, **p<0.01, ***p<0.001. (d) Correlation

PET-CT imaging, and major organs, and tumors and lymph
nodes were collected and processed for flow cytometry or
radioactivity measurement.

2.6 Statistical analyses

Statistical significance between 2 test groups was analyzed
using Student’s t test. One-way ANOVA was applied to com-
pare statistical significance among multiple groups.

3 Results

3.1 Characterization of PSMs

Six groups of PSMs were applied to evaluate particle uptake
by phagocytic cells in circulation including DCs, monocytes
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and neutrophils in vivo. Although they differed by size and
shape (Fig. 1a-f), all particles contained nanometer-size pores
that could be loaded with antigen peptides. In addition, PSMs
were chemically modified on surface with APTES and subse-
quently conjugated with the cyanine 5 (Cy5) fluorescent dye
for imaging and detection. Detailed parameters of the particles
are summarized in Table 1.

3.2 Physical properties of PSM on particle uptake
efficiency by circulating phagocytic cells

Since Nano-DC vaccine was prepared by incubating antigen
peptide-loaded PSM particles with BMDCs and there was a
possibility that the particles could be passed to other cells
in vivo (Xia et al. 2015), we evaluated uptake by DCs and
other cell types after the same number of Cy5-labeled PSMs
were administered in the foot pads of BALB/c immuno-
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Fig. 3 Biodistribution of Nano-DC vaccine in major organs and
lymph nodes after i.v. and id. inoculation. (a-b) PET-CT images of
mice 24 h after vaccination by i.v. and i.d., respectively. (c-d)

competent mice. Flow cytometry was applied to deter-
mine percentage of Cy5-positive cells. Interestingly, the
six types of particles could be assigned into two groups
based on their uptake by DCs, macrophages and neutro-
phils. Specifically, mice treated with 0.9 x 1 pum, 0.4 x
0.2 um, and 1.6 x 1.7 um particles had higher levels of
particle uptake by all three cell types than those treated
with 1 x0.4 um, 1.5 % 0.4 um, and 2.6 x 0.7 um particles
(Fig. 2a-c). The highest DC uptake rate was detected in
mice treated with the 1.6 x 1.7 pum particles. A positive
correlation was established between sphericity of the par-
ticles and cellular uptake (Fig. 2d). Based on this result,
we concluded that particle sphericity, but not particle
size, that determined particle uptake by the phagocytic
cells in vivo. Thus, the 1.6 x 1.7 um particles were se-
lected for further analysis in the study.
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Accumulation of radioactive Nano-DC vaccine in major organs and
lymph nodes 24 h after vaccination. Y axis is presented by counts per
injection dosage per gram (n =3)

3.3 Route of vaccination-dependent biodistribution
of Nano-DC vaccines

In a previous study, we developed a Nano-DC vaccine
contained a HER2-specific antigen peptide, and applied the
vaccine to treat mice with primary HER2-positive TUBO tu-
mors (Xia et al. 2015). The TUBO tumor line was originally
derived from a mammary gland tumor in a BLAB/c mouse
carrying an MMTV-HER?2 transgenic gene (Lucchini et al.
1992). In order to track Nano-DC vaccine migration inside
the body, we labeled PSMs with ¥Zr before they were used
to assemble the vaccine. Mice with primary TUBO tumors
were treated with an equal amount of Nano-DC vaccine (nor-
malized by radioactivity) either by tail vein injection (i.v.) or
intra-footpad injection (i.d.). PET-CT was performed 3, 6, and
24 h after vaccination to monitor time-dependent vaccine
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migration. Mice were euthanized at the 24-h time point, and
major organs and lymph nodes were collected to quantitative-
ly measure radioactivity. As expected, the intravenously inoc-
ulated vaccines mainly accumulated in the major organs,
while the intra-footpad injected vaccines slowly migrated
through the draining lymph nodes, i.e., the popliteal lymph
nodes (Fig. 3a-b), resulting in major differences on
biodistribution in the liver, lung and spleen (Fig. 3c). Both
routes of vaccination could lead to accumulation of Nano-
DC vaccine in the lymph nodes, although there was a trend
of asymmetrical distribution pattern, with the left side lymph
nodes consistently accumulating higher number of **Zr-la-
beled Nano-DC vaccines than those on the right side (Fig. 3d).

3.4 Correlation between tumor size
and biodistribution of Nano-DC vaccine

Correlation between tumor size and Nano-DC vaccine
biodistribution was studies in mice with small (200 mm?),
medium (500 mm?), and large (1000 mm?®) size primary
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Fig. 4 Biodistribution of intravenously inoculated Nano-DC vaccine
in mice with different size tumors. (a) Accumulation of Nano-DC
vaccine in major organs in mice with different size tumors 24 h after
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TUBO tumors. Mice were treated with *Zr-labeled Nano-
DC vaccines by i.v. injection, and major organs and lymph
nodes were collected 24 h later to measure radioactivity.
While no statistical significance was obtained in the liver,
lung, or spleen (Fig. 4a), more Nano-DC vaccine accumulated
in the left popliteal and inguinal lymph nodes in mice with
large-size tumors over those with small and medium size tu-
mors (Fig. 4b). In both inguinal and popliteal lymph nodes, we
observed asymmetric accumulation of the Nano-DC vaccine,
with lymph nodes on the left side receiving more Nano-DC
vaccine than those on the right side (Fig. 4b). Quantitative
analysis revealed a positive correlation between tumor weight
and Nano-DC vaccine accumulation in the popliteal lymph
nodes (Fig. 4¢), but not in the inguinal lymph nodes (Fig. 4d).

4 Discussion and conclusion

Nanotechnology has been increasing applied in cancer immu-
notherapy (Goldberg 2015; Shen et al. 2017). Various types of
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vaccination (n=3). (b-d) Correlation between tumor weight (mg) and
Nano-DC vaccine accumulation in tumors and lymph node. Y axis is
presented by count cper injection dosage per gram
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nanoparticles with different physicochemical properties have
been used ranging from inorganic mesoporous silica (Li et al.
2018) to polymeric nanoparticles (Luo et al. 2017) to hybrid
nanodiscs (Kuai et al. 2017). Regardless the type, all
nanometer-scale particles need to interact with the immune
cells in order to exert their biological activities. It is thus im-
portant to understand the parameters that are required for ef-
fective particle uptake by the APCs.

It has been reported that physical properties of the antigen-
carrying particles can dictate the type of immune responses
(Kumar et al. 2015). In our study, we have applied particles in
the nanometer to micrometer range to carry tumor antigens
and demonstrated that the overall shape of the PSM particles
is a key parameter to determine uptake by DCs and macro-
phages, two of the major APC populations. We have also
found that different routes of vaccination can drastically alter
the distribution pattern of Nano-DC vaccine in the spleen and
major lymph nodes. Interestingly, we detected an asymmetric
distribution pattern of Nano-DC vaccines in the tumor-bearing
mice. There have been reports on asymmetric distribution of
lymph nodes (Ghezzi et al. 2006; Yoruk et al. 2014). It re-
mains to be determined whether asymmetric distribution of
Nano-DC vaccine is a result of the asymmetric pattern of
lymph nodes.

Overall, information generated from our study will provide
guidance on design of future particulate cancer vaccines for
effective uptake by the APCs in order to achieve optimal anti-
tumor immunity.
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