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Abstract: The use of appropriate adjuvants that support the
generation of robust and long-lasting antitumor immune
responses is crucial for tumor immunotherapy owing to the
immunosuppressive environment of the growing tumor. How-
ever, the most commonly used adjuvant, aluminum hydroxide,
is ineffective for generating such immune responses and
therefore not suitable for cancer immunotherapy. It is now
shown that plain hollow mesoporous silica nanospheres
markedly improve the antitumor immunity, the Thl and Th2
immunity, and the CD4" and CD8" effector memory T cell
population in bone marrow in vivo and may thus be used as
immunoadjuvants to treat cancer in humans.

Cancer is still a leading cause of death worldwide, despite
the tremendous efforts devoted to cancer research. Most
deaths of cancer patients are due to metastasis,!'! because
traditional tumor therapies have limited effects in these
patients. Cancer immunotherapy, a treatment that harnesses
and enhances the innate power of the immune system to fight
cancer, is particularly efficient for the specific treatment of
recurrent or metastasized cancer without damaging normal
tissues.”’

The use of appropriate adjuvants for generating a robust
and long-lasting adaptive antitumor response is crucial in
cancer immunotherapy.”! Generally, by the time a tumor has
become detectable, it has developed an immune inhibition
that limits or down-regulates antitumor immune responses.
As the most commonly used adjuvant, aluminum hydroxide
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(alum), fails to generate robust and long-lasting antitumor
immune responses, the development of new adjuvants
suitable for cancer immunotherapy is an important challenge.

Mesoporous silica (MS), which benefits from good
biocompatibility,*! large surface areas, a uniform pore struc-
ture, and easily tunable particle sizes, morphology, surface
properties, has been intensively studied for biomedical
applications, including imaging,”! drug delivery,® and cancer
diagnosis and therapy.”” Although several studies have
indicated that MS was a potential immunoadjuvant owing to
its high surface area and effective molecule adsorption, the
effect of plain MS on the antitumor immunity and immune
memory is still not fully understood.®

Herein, hollow mesoporous silica (HMS) nanospheres
were synthesized and used as cancer immunoadjuvants. We
investigated whether the HMS nanospheres 1) generate
systemic antitumor immunity, 2) promote immune memory,
and 3) stimulate Th1 antitumor immunity in vivo.

Monodisperse HMS nanospheres were synthesized by
a surfactant-assembly sol-gel process in a Stober solution
containing hexadecyltrimethylammonium bromide (CTAB),
tetracthyl orthosilicate (TEOS), ammonia, and ethanol
according to a modified version of a previously published
procedure.”’ The HMS nanospheres had a smooth surface,
uniform diameters of approximately 200 nm, and a shell
thickness of about 30-40 nm (Figure 1 A-C). The shell of the
HMS nanospheres contained mesopores with diameters of
approximately 3-6 nm (Figure 1B). The type IV isotherm
curves with a hysteresis loop in the P/P, range of 0.5-1.0
(Figure 1D) also indicated that the HMS nanospheres
possessed a mesoporous structure. The BET surface area of
the HMS nanospheres was 1154 m’*g~'. The pore size distri-
bution of the HMS nanospheres also revealed mesopores with
diameters of about 3-6 nm (Figure 1E) and is thus consistent
with the TEM results. The HMS nanospheres consist of
amorphous silica as shown by a broad peak at approximately
15-30° in the XRD pattern (Figure 1F) and Si-O absorption
bands at 1040, 800, and 470 cm ™' in the FTIR spectrum
(Figure 1 G). The HMS nanospheres were negatively charged
in calcium- and magnesium-free phosphate-buffered saline
with zeta potentials of —25 mV (Figure 1 H).

When macrophage-like cells are treated with fluorescent
conjugates of lipopolysaccharides (F-LPS) for four hours,
they take up only a small fraction of the model biomolecules
(Figure 2 A). When F-LPS was mixed with alum, the cellular
uptake of F-LPS was slightly improved. In contrast, when
F-LPS was mixed with HMS, the cellular uptake of F-LPS was
even better than for either F-LPS alone or the F-LPS/alum
mixture (Figure 2 A). Quantitative evaluation of the cellular
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Figure 1. Physicochemical characterization of the HMS nanospheres.
A, B) TEM images with different magnification. C) SEM image. D) N,
adsorption—desorption isotherm. E) Pore size distribution. F) XRD
pattern. G) FTIR spectrum. H) Zeta potential distribution.

F-LPS uptake

Figure 2. The HMS nanospheres significantly promote F-LPS uptake by
macrophage-like cells after 4 h in culture medium, compared with
alum-F-LPS and free F-LPS. A) Representative images of the F-LPS
uptake: bright-field cell images (left), fluorescence images (middle),
and merged images (right). Scale bar: 10 um. B) Quantitative F-LPS
uptake (n=6, * p<0.05).

uptake of F-LPS using a fluorescence microplate reader
showed that HMS mixed with F-LPS improved the cellular
uptake of F-LPS by factors of 63.1 and 6.5 compared with that
of F-LPS alone and F-LPS mixed with alum, respectively
(Figure 2B).

MS materials are able to deliver molecules efficiently to
immune cells, control their release, and induce an immune
response, while protecting the delivered immune-stimulating
molecules from degradation under physiological conditions.
MS materials have recently been widely employed as carriers
for the controlled delivery of therapeutic substances, such as
drugs, proteins, and other biogenic molecules.*'”! Previous
studies have shown that molecular drugs can be entrapped
within the mesopores by an impregnation process and
released by a diffusion-controlled mechanism. The interac-
tions between the MS and biomolecules include hydrogen
bonding, electrostatic interactions, and hydrophobic interac-
tions.'"!! Furthermore, owing to the large cavity inside each
HMS nanosphere, about 3-15 times higher loading capacities
of small anticancer drug molecules were achieved compared
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with MS without large cavities."? Herein, the HMS nano-
spheres exhibited strong affinities to various biomolecules.
First, the high adsorption affinity of a model protein, ferritin,
towards the HMS nanospheres was clearly visualized. The
original HMS nanospheres showed particle edges and mes-
opores with diameters of 3-6 nm when analyzed by trans-
mission electron microscopy (Figure 1; see also the Support-
ing Information, Figure S1). After adsorption, however, the
channels and/or surfaces of the HMS nanospheres were filled
with/covered by ferritin molecules (Figure S1). Furthermore,
tumor antigen and fluorescein conjugates of ovalbumin
(F-OVA) were used to further confirm the strong affinity of
the HMS nanospheres towards biomolecules. For instance,
68 % of the tumor antigens and 28 % of F-OVA in the original
solutions had been adsorbed onto the HMS nanospheres after
mixing the tumor antigen or F-OVA with HMS at 4°C for 24 h
(Figure S2 A,B). HMS nanospheres that had adsorbed the
tumor antigen or F-OVA only slowly released these com-
pounds, as only 33% of the adsorbed tumor antigens and
21% of the adsorbed F-OVA had been released after seven
days (Figure S2C,D).

Then, the simultaneous internalization of rhodamine B
grafted HMS nanospheres and F-LPS into macrophage-like
cells was confirmed by confocal microscopy images recorded
after four hours of incubation. Both the rhodamine B grafted
HMS nanospheres and F-LPS were taken up to a significant
extent by the macrophage-like cells in vitro. Moreover, the
colocalization of the rhodamine B grafted HMS nanospheres
and F-LPS indicated that the F-LPS was still efficiently
adsorbed onto the HMS nanospheres when they were
engulfed by macrophage-like cells (Figure S3). The high
adsorption affinity of the HMS nanospheres towards biomol-
ecules explains the significant increase in cellular uptake of
biomolecules.

Plain HMS nanospheres greatly inhibited tumor challenge
and re-challenge (Figures 3 and 4), indicating that they can be
used as cancer immunoadjuvants. Using Lewis lung carci-
noma (LLC) cell fragments as a tumor antigen, C57BL/6 mice
were first immunized with HMS nanospheres or without the
adjuvant, and then challenged with live LLC cells. Mice
immunized with plain HMS nanospheres showed significant
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Figure 3. HMS nanospheres mixed with tumor cell fragments exhibit
significant antitumor immunity in a prior immunization model.

A) Experimental procedure. B) Percentage of mice without tumor.

C) Tumor volume after immunization and challenge with live LLC cells
(n=S5, * p<0.05).
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Figure 4. HMS nanospheres mixed with autologous tumor fragments
exhibit significant antitumor immunity in a re-challenge model.

A) Experimental procedure. B) Percentage of mice without tumor or
with tumors smaller than 15 mm after LLC re-challenge (n=11-12,

* p <0.05). C-E) Adjuvant effects on memory T cells (n=3, * p <0.05).
CD4* (C,E) and CD8" (D, E) memory T cell population in the bone
marrow of mice two months after vaccination. E) Representative
results. C,D) Summary of results shown in (E).

inhibition of the LLC tumor challenge compared with those
immunized without the adjuvant (Figure 3). In all of the mice
immunized with the plain HMS nanospheres, tumor growth
was inhibited for at least 30 days after the LLC challenge. In
contrast, all mice immunized without the adjuvant had
developed tumors with volumes of 3236 + 1329 mm?® 30 days
after the LLC challenge. The adjuvant effect of the plain
HMS nanospheres was further confirmed by a tumor re-
challenge model (Figure 4A,B). Using autologous LLC
tumor fragments as a tumor antigen, the C57BL/6 mice
were first immunized with HMS nanospheres, alum, or
without an adjuvant, and then re-challenged with live LLC
cells. Mice immunized with the plain HMS nanospheres
showed greatly inhibited tumor growth compared with those
immunized with alum or without an adjuvant.

The immune-stimulating and -directing properties of MS
may explain the high antitumor immunity conveyed by the
plain HMS nanospheres. MS particles were reported to
increase the number of CD86 cells in human-monocyte-
derived dendritic cells, tune the development of naive T cells
through dendritic cell signaling, promote cytokine secretion
in vitro,®*¢l and increase both the IgG2a and IgGl1 isotypes
in vivo.""*! Using the purified PCV2 GST-ORF2-E protein
as an antigen, the HMS particles have already been shown to
promote CD4" and CD8" splenocyte proliferation in vivo.*!

Herein, we show that the plain HMS nanospheres
markedly improve the population of CD4" and CD8" effector
memory T cells in the bone marrow of mice two months after
the vaccination compared with those immunized by alum or
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without an adjuvant (Figure 4C-E). The CD4" effector
memory T cell populations in the bone marrow of mice
treated with the plain HMS nanospheres, alum, or without an
adjuvant were (52.3+9.8)%, (35.5+2.5)%, and (29.7+
8.1) %, respectively (Figure 4C). The corresponding values
for the CD8" effector memory T cell populations are (44.6 +
13.2) %, (31.7+5.4) %, and (33.2 +8.0) %, respectively (Fig-
ure 4D). Generally, vaccines protect the body against infec-
tions because of immune memory. The immune memory is
a key feature of the adaptive immune system that is
maintained in the body by the B and T lymphocytes for
years.'Yl Therefore, the immunological memory that allows
the adaptive immune system to rapidly clear previously
encountered cancer antigens is strongly required for cancer
immunotherapy.

Moreover, the plain HMS nanospheres significantly
improved the secretion of both chicken egg ovalbumin
(OVA) specific Thl (IFN-y and IL-2) and Th2 (IL-4 and IL-
10) cytokines of lymphocytes ex vivo compared with the
immunization with alum or without adjuvant (Figure 5 A-D).
The plain HMS nanospheres achieved maximum OVA-
specific IFN-y, IL-2, IL-4, and IL-10 secretion values of
(575.7+£240.0), (343+79), (10.1+£17.8), and (388.7+
271.7) pgmL !, respectively. Th1 immunity is very important
for tumor immunotherapy as patients with advanced cancer
often have impaired-cell-mediated immunity associated with
a switch from Th1 to Th2.!) Th1 cells, which are characterized
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Figure 5. HMS nanospheres induce the secretion of OVA-specific
cytokines highly related to antitumor immunity by the lymphocytes
after 3 days in culture medium ex vivo (n=3*3, ND=not detected,
* p<0.05).

by the secretion of IL-2, IL-12, IFN-y, and TNF-a, exert
potent antitumor effects by activating antigen-presenting
cells, CD8" cytotoxic T lymphocytes, and natural killer cells.
The plain HMS nanospheres are a more promising adjuvant
than alum as they stimulate both Thl and Th2 immunity. In
contrast, the alum adjuvant induces a strong Th2 immunity,
but is rather ineffective for Th1 immunity.['®!

An ideal adjuvant should act as both an antigen delivery
vehicle and an immune potentiator.'”) Most of the traditional
adjuvants are able to slowly release antigens by forming an
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antigen depot at the injection site, thereby sustaining the
antigen exposure of the immune system for a longer time and
eliciting a stronger immune response. However, a major
obstacle to the development of cancer immunotherapy is the
immunosuppressive environment of the growing tumor.
Therefore, the use of particulate adjuvants loaded with
pathogen-associated molecular patterns (PAMPs) or cyto-
kines for cancer immunotherapy has recently come into
focus.™® The particulate adjuvants mostly act as carriers of
PAMPs or cytokines. Thus the efficacy of plain particulate
adjuvants in enhancing and directing antitumor immune
responses had previously not been fully recognized. Herein,
the HMS nanospheres not only greatly improved the cellular
uptake of a protein (Figure 2) and prolonged the release of
the tumor antigen (Figure S2), but most importantly, they can
effectively stimulate an immune response in the absence of
immune potentiators. Overall, simple PAMP-free HMS nano-
spheres may be used as immunoadjuvants for the treatment of
human cancers, as they have a simple composition, are
inexpensive to manufacture, safe to administer, easily taken
up by immune cells, and effectively elicit the desired
antitumor immune response, immune memory, and Thl and
Th2 immunity in vivo.

Mesoporous silica has been extensively used in the
biomedical field over the past two decades and shown
excellent biocompatibility with many biological systems,*”!
which paves the way for its clinical application. Silica is an
endogenous substance of the human body that is particularly
abundant in supporting tissues.[*! Silica is often used as an
excipient in pills and frequently taken as a dietary supplement
for nourishing hair, skin, and nails.*! Mesoporous silica is
a biodegradable material and can be degraded by simulated
body fluids within 15 days in vitro."! In vivo studies have
shown that 94.4 % of the mesoporous silica administered by
intraperitoneal injection (50 mgkg™!) was excreted in the
urine and feces within four days.*"! Recently, silica nano-
particles in the form of Cornell dots, which assist both the
diagnosis and targeted treatment of cancer cells, were
approved by the U.S. Food and Drug Administration (FDA)
for human clinical trials. The results showed no toxic or
adverse events attributable to the silica particles, highlighting
the great potential of silica nanoparticles in clinical applica-
tions."!

In conclusion, monodisperse HMS nanospheres with
diameters of 200 nm and a shell thickness of 30-40 nm have
been synthesized and successfully used as cancer immunoad-
juvants. Interestingly, vaccination with plain HMS/autologous
tumor fragments greatly inhibited invivo tumor growth
compared with vaccination with alum or without an adjuvant
after re-challenge with LLC cells. Flow cytometry analysis
showed that the HMS nanospheres markedly increased the
population of CD4" and CD8" effector memory T cells in the
bone marrow of mice two months after the vaccination.
Furthermore, HMS nanospheres loaded with OVA signifi-
cantly improved the secretion of the OVA-specific cytokines
Thl and Th2. The HMS nanospheres therefore are more
efficient adjuvants than alum in cancer immunotherapy.
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