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KEY WORDS Abstract  Utilization of the intestinal lymphatic pathway will allow extraordinary gains in lymph and
tumors cascade-targeted delivery of oral drugs and awakening the innate/adaptive immunity of the body
and the lesion microenvironment, in addition to improving oral bioavailability relative to other means of
delivery of oral drugs. Here, inspired by the specific invasion route of intestinal microorganisms, we pio-
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neered an immune-awakening Saccharomyces-inspired mesoporous silicon nanoparticle (yMSN) for the
ingenious cascade-targeted delivery of therapeutic cancer vaccines and antitumor drugs to lymph and tu-
mors via the intestinal lymphatic pathway. Encouragingly, yMSN high-loaded tumor-specific antigens
(OVA, 11.9%) and anti-tumor drugs (Len, 28.6%) with high stability, namely Len/OVA/yMSN, efficiently
co-delivered OVA and Len to their desired target sites. Moreover, yYMSN concomitantly awakened the
innate antitumor immunity of dendritic cells and macrophages, strengthening vaccine-induced adaptive
immune responses and reversing macrophage-associated immunosuppression in the tumor microenviron-
ment. Surprisingly, Len/OVA/yMSN treatment resulted in excellent synergistic antitumor efficacy and
long-term antitumor memory in OVA-Hepal-6-bearing mice. This high-performance nanocarrier pro-
vides a novel approach for lesion-targeting delivery of oral drugs accompanied with awakening of the
innate/adaptive immunity of the lesion environment, and also represents a novel path for the oral delivery
of diverse therapeutic agents targeting other lymph-mediated diseases.
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1. Introduction

Tumor-targeting delivery of antitumor agents is vital for
improving the efficacy and controlling the collateral damage of
cancer therapies'~”. Of note, recent advances have fully confirmed
that the immune status of the body and even the tumor microen-
vironment (TME) greatly affects the curative effect of anti-tumor
agents and tumor recurrence. Therefore, major efforts are under-
way to develop approaches that can sensitize these tumors to
antitumor agents and immunity”. Encouragingly, recent clinical
trials using immunomodulators to complement antitumor agents
have once again raised the hope of a cure for many types of
cancer'™. Admittedly, intestinal lymphatic transport has proven
to be an excellent pathway for delivering oral drugs for improving
bioavailability by avoiding first-pass metabolism® '’. Recently,
intestinal lymphatic pathway has focused more on the tumor-
tropic and immunoregulatory features of immune cells. Abun-
dant immune cells stored in intestinal lymphoid tissue can sense
the specific signals from inflammation, tumors, and other lesions
to initiate appropriate immune responses and home to these le-
sions™!!'. Given this, it could be envisaged that the intestinal
lymphatic pathway would be useful for tumor-targeted delivery of
oral drugs or awakening of the innate/adaptive immunity of the
body and the TME. In this study, a novel high-performance
nanocarrier, based on the intestinal lymphatic pathway, was
designed to enable the tumor-targeted delivery of oral drugs
accompanied by immunity-awakening effects, further revealing
the importance of intestinal lymphatic transport in tumor-target
delivery and immunotherapies.

Recently, the tumor-tropic behavior of phagocytic immune cells
has been recognized as a powerful potential in tumor-targeted de-
livery of antitumor agents®''. Particularly, in addition to phago-
cytizing nanomedicines and delivering them to tumor sites,
phagocytic immune cells can also initiate antitumor immune re-
sponses and increase the penetration of T cells and antibody ther-
apeutics into a tumor by exploiting phagocytosis-mediated
signaling'”. With great subtlety, gut microorganisms invade into
the body using the above characteristics of phagocytic immune
cells'®. As is well known, gut microorganisms survive in gastro-
intestinal tract (GIT) and invade into gut-associated lymphoid tis-
sue (GALT) via intestinal M cells. Thereafter, they are specifically
recognized and carried by endogenous dendritic cells (DCs) and
macrophages and effective immunoregulation through them occurs
via signaling by Toll-like receptors (TLRs)'*. Gut microorganism-
mediated delivery strategies provide a unique option for diverse
anticancer agents and raise the possibility of dual-target delivery to
lymph and tumors, as well as that of immunotherapy initiation.
Recent studies have demonstrated that the yeast microcapsules can
enhance the accumulation of drug molecules at diseased sites> 1 s
but this method has not been used in dual-target delivery. Moreover,
it faces numerous challenges, such as those involving safety con-
cerns and quality control problems®’. Therefore, a microorganism
biomimetic nanomaterial with better biosafety and ideal physico-
chemical properties seems to be a more promising tool. Saccha-
romyces sp., a well-studied gut microorganism, is currently the best

candidate for biomimetic research. Saccharomyces-glucan, a kind
of B-1,3-p-glucan from its cell wall, is stable against strong acids
and digestive enzymes. It specifically recognizes C-type lectin
domain family 7 member A (Dectin-1) receptors that are highly
expressed on intestinal M cells, macrophages, and DCs and that
triggers a series of immune responses mediated by TLRs on
immunocytes to stimulate some innate and adaptive immune re-
sponses” 2. For example, they shift DCs from immaturity to
maturity, enhancing the DCs’ antigen-presenting ability and indi-
rectly producing cytotoxic T lymphocytes (CTLs). They also
reverse macrophages from protumoral M2 phenotype to antitu-
moral M1 phenotype, in coordination with the secretion of anti-
tumor cytokines (such as INF-vy, IL-12, TNF-«, and NO). Made by
fusing the Saccharomyces-glucan onto nanocores, we presume that
these Saccharomyces-inspired nanoparticles should inherit all of
the above properties of Saccharomyces to imbue them with dual-
site specificity for oral drugs and awaken appropriate antitumor
immune responses.

Mesoporous silica nanoparticles (MSNs) as carriers have
uniquely suitable features for dual-site targeted delivery, including
tunable size, homogeneous porosity, large storage capacity, ver-
satile functionalization, high stability, and biocompatibility®>***,
For poorly soluble molecules, MSN used ensures stable amor-
phous dispersion due to their excellent structural properties™ >’
For macromolecules, MSN can also allow high loading by mul-
tiple loading methods, including adsorption and covalent bonding,
because of their huge superficial area and functional groups®*®.
Thus, we here selected MSN as a core-structure for a Saccharo-
myces-inspired nanomaterial to load large amounts of insoluble
Len (lenvatinib, a kind of tyrosine kinase inhibitor) in a stable
amorphous form. To better verify this delivery strategy, OVA
(ovalbumin, a typical model antigen) was selected as a model
therapeutic cancer vaccine in this study. MSN could overcome the
limitations of the poor physicochemical properties of Len and
OVA for efficient co-loading. Note that high dispersal of Len in
the mesoporous pores of the MSN typically poses the risk of
premature leakage when delivered in vivo, leading to higher
treatment risk and lower efficiency. Therefore, we deliberately
added OVA at the openings of the nanoparticle’s mesoporous
pores to block such leakage. The question then became how to
protect this OVA-gated Len/MSN from degradation in the GIT.
Saccharomyces-glucan thus was used as a powerful outer coating
to solve this problem.

A Saccharomyces-inspired nanocarrier co-loaded with Len and
OVA (namely, Len/OVA/yMSN) was prepared as shown in Fig. 1.
After oral administration, Len/OVA/yMSN selectively crossed
intestinal M cells mediated by the Dectin-1 receptors and
assembled within intestinal lymphoid follicles. Subsequently, Len/
OVA/yMSN was phagocytosed and conveyed by macrophages and
DCs stored in these follicles phagocytosed Len/OVA/yMSNs and
conveyed them to mesenteric lymph nodes (MLNs), and then
homed the nanoparticles to tumor sites. In this in vivo tumor-tropic
journey, Len/OVA/yMSN promoted DC maturation, presenting the
OVA-antigen to induce OVA-specific immune responses. In
addition, macrophages were polarized into the antitumoral
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Schematic illustration of the design and efficacy of the Len/OVA/yMSN. After oral administration, Len/OVA/yMSN selectively

crossed intestinal M cells mediated by Dectin-1 receptors and assembled within intestinal lymphoid follicles. In these follicles, macrophages and
DCs phagocytosed Len/OVA/yMSNs and conveyed them to mesenteric lymph nodes (MLNs), where these nanoparticles promoted DC matu-
ration, presenting the OVA antigen to induce OVA-specific immune responses (i.e., OVA-specific CD8" T cells). Len/OVA/yMSNs also polarized
macrophages toward the antitumor M1 phenotype, secreting tumor-killing cytokines, such as INF-v, IL-12, and TNF-«. Thus, the OVA-specific
CD8™ T cells, M1 macrophages, and mature DCs (mDCs) carrying Len/OVA/yMSN initiated in vivo tumor-tropic travel. When the nanoparticles
reached the tumors, Len was released from within the migrating M1 macrophages and mDCs, exerting an antiangiogenic effect and decreasing
immunodepression to promote the infiltration of OVA-specific CD8" T cells into tumors.

MIlphenotype and secreted tumor-killing cytokines. When they
reached the TME, Len was released from the migrating M1
macrophages and mature DCs (mDCs), exerting the excellent
synergistic antitumor efficacy required for chemotherapeutics and
therapeutic cancer vaccines. To our knowledge, this immunity-

awakening Saccharomyces-inspired nanocarrier is the first
designed to facilitate lymph and tumor cascade-targeted delivery
of oral drugs, as well as the first to be applied to the intestinal
lymphatic pathway for lesion-targeted delivery of oral drugs
accompanied by immunotherapy.
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2. Materials and methods
2.1.  Materials

Tetraethyl orthosilicate (TEOS), 3-mercaptoprop trimethoxy
silane (MPTMS, 95%), N-(3-dimethylaminopropyl)-N-ethyl car-
bodiimide hydrochloride (EDC), N-hydroxy succinimide (NHS)
and OVA were obtained from Sigma—Aldrich Chemical (St.
Louis, MO, USA). L-Lysine and 3-aminopropyltrieth-oxycline
(APTES) were purchased from Aladdin (Shanghai, China).
Fluorescein isothiocyanate (FITC) and tetraethyl rhodamine iso-
thiocyanate (TRITC) were purchased from Fanbo Science and
Technology Co., Ltd. (Beijing, China). (-1,3-p-Glucan
(800—1000 KD, 85% -1, 3-glycosidic bond) was purchased from
Angel Yeast Co., Ltd. (Yichang, China). All antibodies were
purchased from Thermo ebioscience Co., Ltd. (Shanghai, China).
Recombinant murine GM-CSF and IL-4 were purchased from
Genscript Biotech Corp (Nanjing, China). Lipopolysaccharide
(LPS), lenvatinib (E7080), FBS (Bioind Fetal Bovine Serum) and
DMEM (High Glucose, Gibco; Thermo Fisher Scientific, Inc.)
were purchased from Meilun Biotechnology Co., Ltd. (Dalian,
China). Other chemicals were all analytical as required.

2.2.  Preparation of Len/OVA/yMSN

The carboxylated MSN was synthesized according to the pub-
lished method®’. The detailed procedures were described in
Supporting Information. Then, 50 mg Lenvatinib (Len) was dis-
solved in 5 mL DMSO. Then, 5 mL prepared MSN dispersion
(10 mg/mL) was added to the above Len solution, sonicated for
1 h, and stirred for 24 h at room temperature. The product was
centrifuged at 6790x g and washed thoroughly with 10% DMSO
to remove the adsorbed Len molecules on the surface of MSN.
The Len-loaded MSN is referred to as Len/MSN.

Afterwards, the obtained Len/MSN was functionalized as
shown in Supporting Information Scheme S1. First, OVA was
covalently modified on the surface of Len/MSN by an amidation
reaction between the amino group of the OVA structure and the
carboxyl group on the surface of MSN. The procedure was as
follows: 100 mg Len/MSN was dispersed into 20 mL distilled
water, EDC (3 mg/mL) and NHS (2 mg/L) were added into it to
activate the carboxyl groups of MSN under magnetic stirring was
performed at room temperature for 1 h. Then, 50 mg OVA was
added into the solution and stirred magnetically at room temper-
ature for 24 h. After centrifugation at 6790xg for 5 min, the
precipitation was collected and washed with distilled water for 3
times to obtain Len/OVA/MSN. Last, (-glucan is covalently
modified on the surface of Len/OVA/MSN through the esterifi-
cation reaction between the hydroxyl group of the (-glucan
structure and the carboxyl group of the OVA structure on the
surface of Len/OVA/MSN. The procedure was as follows: EDC
(3 mg/mL) and NHS (2 mg/L) was added into 10 mL Len/OVA/
MSN (10 mg/mL) dispersion to activate the carboxyl groups of
OVA, stirring magnetically at room temperature for 1 h. 20 mg -
glucan was dissolved into 1 mL DMSO, and then add 5 mL
distilled water, stirring magnetic force at room temperature until
B-glucan is completely dissolved. The (-glucan solution was
slowly added into the activated Len/OVA/MSN dispersion solu-
tion. After magnetic stirring at room temperature for 24 h, the
precipitation was collected by centrifugation at 6790x g for 5 min,
oscillated and washed with the distilled water for 3 times to obtain
Len/OVA/yMSN.

2.3.  Characterization of Len/OVA/yMSN

The morphology features were characterized by transmission
electron microscope (TEM, Tecnai G2 F30, FEI, Eindhoven,
Netherlands). The size distribution and zeta potentials of yMSN
were determined by a Particle Size Analyzer Nicomp 380 (Particle
sizing systems, USA). The Len loading capacity was determined
by a Direct Ultraviolet Spectrophotometry method. Briefly, Len/
OVA/yMSN was dispersed in DMSO and the concentrations of
Len in the supernatants were measured by a UV—Vis spectro-
photometry at 247 nm. Loading capacity was calculated by the
equation as shown in Eq. (1):

Weight
Loading capacity (%) = $ x 100 (1)
Len/MSN

The amount of OVA was determined by measuring the amount
of supernatant solution removed from the sample using Coomassie
Brilliant Blue method, and the drug loading efficiency (%) of OVA
was calculated by the equation as shown in Eq. (2):

. . OVAlolaI B OVAfree
Load ty (%) = 100
cading capacity ( 0) LMSNlolal + OVAlnlal - OVAfree x
(2)

The successful modifications of OVA and @-glucan were
validated by color reactions, including glucose reduction of cop-
per hydroxide and protein yellow reaction of nitric acid. The
detailed procedures were described in Supporting Information.
The nitrogen adsorption isotherms were measured by adsorption
meter (V-Sorb 2800P, Gold APP Instrument Corporation, Beijing,
China).

2.4. OVA-antigen expression and activation of BMDCs

The detailed procedures of isolation and culture of bone-marrow-
derived dendritic Cells (BMDC) were described in Supporting
Information. To determine the activity of OVA-antigen expression
on BMDCs, BMDCs were incubated with OVA/MSN (10 mg/mL),
GIT-treated OVA/MSN (10 mg/mL) yMSN (10 mg/mL), OVA/
yMSN (10 mg/mL) and GIT-treated OVA/yMSN (10 mg/mL) for
24 h. Collected BMDCs, stained with APC-conjugated OVA257-
264 (SIINFEKL) peptide bound to H-2Kb Monoclonal Antibody
(eBioscience, CA, USA) and analyzed by flow cytometry. To
determine the activity of yMSN to active BMDCs, BMDCs were
incubated with MSN (10 mg/mL), Len/OVA/MSN (10 mg/mL),
Len/OVA/yMSN (10 mg/mL) for 24 h. Collected BMDCs, stained
with PE-conjugated anti-mouse CD80 antibody and FITC-
conjugated anti-mouse CD86 antibody (eBioscience, CA, USA).
The expression of costimulatory molecules CD80 and CD86 on the
surface of BMDCs was detected using flow cytometry.

2.5. Invitro drug release test

In vitro release of Len: Len release behavior was examined in
simulated gastric fluid (SGF, pH 1.2 with pepsin) for the first 2 h
and replaced to simulated gastric fluid (SIF, pH 7.4 with trypsin)
for the next 6 h. Especially, Len/OVA/yMSN (incubation) refers to
Len/OVA/yMSN incubated with glucoses for 2 h to decoat the
outer $-glucan coating. The concentration of Len in the release
medium was quantified by UV—Vis spectroscopy at 247 nm. The
cumulative release percentage of Len was calculated.
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Len efflux from macrophages and BMDCs’”: Firstly,
RAW264.7 or BMDCs were incubated with Len/OVA/yMSN for
6 h in order that Len/OVA/yMSN was complete uptake into cells.
Then, remove the residual Len/OVA/yMSN in the medium su-
pernatants from macrophages or BMDCs seeded plates, and added
fresh culture medium for collecting the Len efflux. The medium
supernatants were collected at different time points (0, 3, 6, 12, 24,
36 and 48 h post loading) to quantify the concentrations of Len.
The cumulative efflux percentage of Len was calculated as shown
in Eq. (3).

Leng,,

Len efflux (%) =

=—————x100 3
Lensup +Lencell x ( )

where Leng,;, is the amount of Len in the supernatant; Len,., is the
amount of Len remained in the RAW264.7 or BMDCs.

2.6. Specific recognition and uptake of Len/OVA/YMSN by M
cells

The procedure of M-cell model establishment was described in
Supporting Information. FITC-labeled Len/OVA/MSN or Len/
OVA/yMSN were added to the upper chamber of transwell and
samples from the lower chamber were collected and analyzed by a
micro-plate reader. Then, the M cell layers were washed, fixed
with 4% paraformaldehyde, stained with TRITC-conjugated ulex
europaeus agglutinin (UEA)-1 (to label M cells) and imaged by a
Nikon C2+ laser confocal microscope (CLSM).

2.7.  Specific recognition and uptake of Len/OVA/yMSN by
macrophages and BMDCs

RAW?264.7 cells were seeded at 1 x 10° cells per well in 12-well
plates and incubated for 6 h with 20 mg of FITC-labeled Len/
OVA/MSN and FITC-labeled Len/OVA/yMSN. Cells pre-
incubated with Laminarin were used as control to investigate the
target mechanism of Len/OVA/yMSN to BMDCs. Then, cells
were collected, washed twice with PBS, the specific recognition
and uptake was detected using CLSM and flow cytometry.

BMDCs were seeded at 2 x 10° cells per well in 12-well plates
and incubated for 6 h with 20 mg of FITC-labeled Len/OVA/MSN
and FITC-labeled Len/OVA/yMSN. Then, cells were collected,
washed twice with PBS, the specific recognition and uptake was
detected using flow cytometry.

2.8.  Structural stability of Len/OVA/YMSN

RAW 264.7 cells were seeded at 1 x 10° cells per well into 6-well
plates and incubated with fluorescent probe-labeled Len/OVA/
yMSN (MSN labeled with FITC and OVA labeled with TRITC).
After incubation for specified time periods, the cells were rinsed
and lysed. The co-localization of TRITC-OVA and FITC-MSN
was observed by CLSM and Image J was used to analyze co-
localization coefficient.

2.9.  Migration of Len/OVA/yMSN-loaded macrophages

RAW 264.7 cells were seeded at 2 x 10° cells per well in 6-well
plates and incubated with various preparations (MSN, Len/OVA/
MSN, Len/OVA/yMSN) for 4 h. Cells incubated with PBS were
used as control. Collect the cells and wash with PBS. Resuspend
the preparation-loaded RAW264.7 cells in the medium containing
0.5% FBS. Then, take 100 pL above cell suspension and placed on

the upper chambers of transwell (6.5 mm Transwell® with 5.0 pm
pore polycarbonate membrane, Corning). Subsequently, 600 pL
medium containing 5 ng monocyte chemoattractant protein-1
(MCP-1, 13,14) was added into the lower chambers. After incu-
bation for 6 h at 37 °C, the cells were fixed and stained with
crystal violet. The upside membrane surface of chamber was
scraped to remove the remaining cells, and the number of cells
migrated to the downside surface was counted under optical
microscope.

2.10.  Biodistribution of Len/OVA/YMSN

Biodistribution of Len/OVA/yMSN: 100 pL Hepal-6 cells
(5 x 107 cells/mL) were subcutaneously injected at the right
posterior hip of C57BL/6 mice. Experiments started when tumor
size reached 100—150 mm”. Tumor-bearing mice were randomly
divided into 2 groups and were orally gavaged with Cy7-labeled
Len/OVA/MSN or Cy7-labeled Len/OVA/yMSN at MSNs dose
of 10 mg/kg. After 6, 12, 24 or 48 h, mice were anesthetized with
1 mL of 25% (w/v) urethane, and tissues (heart, liver, spleen, lung,
kidney, MLN and tumor) were collected and stored at —80 °C
until further analysis. Fluorescence images of tissues were ac-
quired by the IVIS® Lumina Series III in vivo Imaging System
(PerkinElmer, USA). All images we obtained were analyzed by
the Living Image® 4.3.1 software provided by IVIS® Lumina
Series III.

Biodistribution of Len: 100 pL. Hepal-6 cells (5 x 107 cells/mL)
were subcutaneously injected at the right posterior hip of
C57BL/6 mice. Experiments started when tumor size reached
100—150 mm?. Tumor-bearing mice were randomly divided into 3
groups and were orally gavaged with Len, Len/OVA/MSN or Len/
OVA/yMSN at a Len dose of 30 mg/kg. After 1, 2, 4, 6, 12, 24 or
48 h, mice were anesthetized with 1 mL of 25% (w/v) urethane,
and tissues (heart, liver, spleen, lung, kidney and tumor) were
collected and stored at —80 °C until further analysis. Tissue
samples were thawed to room temperature, minced and homoge-
nized to a fine paste (25%, w/v) in a tissue homogenizer (Remi,
Mumbai, India) along with methanol: water (1:4) mixture. Len
was extracted from tissue homogenate by adding a protein-
precipitating agent, methanol in the ratio of 1:2 (v/v). Len con-
tent in tissue samples was determined by HPLC. In brief, Len was
detected by a Hitachi™ HPLC system consisting of a L7100 pump
and a L7420 UV—Vis tunable absorbance detector (Japan). Len
was monitored at a wavelength of 247 nm.

All experimental procedures were executed according to the
protocols approved by Shenyang Pharmaceutical University Ani-
mal Care and Use Committee.

2.11.  Detection of cytokine secretion

RAW 264.7 cells were seeded at 2 x 10° cells per well in 6-well
plates and incubated with MSN (10 pg/mL), Len/OVA/MSN
(10 mg/mL) and Len/OVA/yMSN (10 mg/mL) for 24 h. Cells
incubated with PBS were used as control. Cell supernatants were
collected immediately and the concentrations of cytokines (NO,
TNF-«, IL-12) were measured by enzyme-linked immunosorbent
assay (ELISA) kits (Invitrogen, USA).

2.12.  gRT-PCR array

RAW 264.7 cells were seeded at 2 x 10° cells per well in 6-well
plates and incubated with MSN (10 pg/mL), Len/OVA/MSN
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(10 mg/mL) and Len/OVA/yMSN (10 mg/mL) for 24 h. Cells
incubated with PBS were used as control. Cells were collected for
further qRT-PCR Array. Gene expression profiles were analyzed
using the Human Targets of Mouse Immune-associated Signaling
Related Gene qPCR Array according to the manufacturer’s pro-
tocol (Wcgene Biotech, Shanghai, China). Data were analyzed
using Wcgene Biotech software. Genes with fold-changes more
than or less than 2.0 were considered to be of biological
significance.

2.13.  Western blot assay

RAW 264.7 cells were seeded at 2 x 10° cells per well in 6-well
plates and incubated with MSN (10 pg/mL), Len/OVA/MSN
(10 mg/mL) and Len/OVA/yMSN (10 mg/mL) for 24 h. Cells
incubated with PBS were used as control. Then, RAW264.7 cells
were collected, centrifuged and resuspended in RIPA buffer for
immunoblotting analysis. Briefly, cell lysates in sample buffer
were loaded onto a proper polyacrylamide gel and subsequently
transferred onto a nitrocellulose membrane. The membranes were
incubated with primary antibodies at 4 °C overnight before being
blocked with 5% BSA for 1 h at 28 °C. Next, the membranes were
washed and incubated with a horseradish peroxidase-conjugated
secondary antibody (anti-actin antibody, anti-NF-«kB p65 anti-
body, anti-MyD88 antibody and anti-IRAK1 antibody, all anti-
bodies purchased from Abcam) for 1 h. Before being exposed to
film and developed, the membranes were incubated with an ECL
substrate kit (Abcam).

2.14. OVA-IgG determine

CS57BL/6 mice were immunized via oral gavage with MSN, Len/
OVA/MSN or Len/OVA/yMSN at the OVA dose of 200 pg/kg. The
preparations were administered once a day for 14 days according
to the administration schedule of anti-tumor therapy. To evaluate
the serum antibody level, blood samples were collected on Days
14, 21, 28, and 35, and anti-OVA IgG levels were determined by
Mouse OVA slgG ELISA Kit (Wuhan Fine Biotech Co., Ltd.)
analysis.

To investigate the OVA-specific CD8' T cell populations,
mesenteric lymph nodes (MLN) of immunized mice were har-
vested after immunized for a flow cytometer analysis. Single-cell
suspensions were prepared by using collagenase/hyaluronidase
and DNase digest tumors. Then, the suspensions were lysed with
ACK Lysis Buffer to remove red blood cells. Those cells were
followed by staining with PE-conjugated SIINFEKL/H-2Kb
peptide—MHC tetramers (Creative peptides, USA) and analyzed
by flow cytometry.

2.15.  In vivo antitumor efficacy

100 pL OVA expression Hepal-6 cells (OVA-Hepal-6 cells)
(5 x 107 cells/mL) were subcutaneously injected at the right
posterior hip of C57BL/6 mice. Experiments started when tumor
size reached 100—150 mm?. Tumor-bearing mice were randomly
divided into 7 groups and were orally gavaged with different
formulations including Len, Len/OVA/MSN, Len/OVA/yMSN,
Len/yMSN, OVA/yMSN and Len/yMSN + OVA/yMSN. Ac-
cording to the clinical regime of Len, the dosage of formulations is
at a Len dose of 10 mg/kg, QD for 14 days. Mice treated with
saline were as negative control group. Len/yMSN + OVA/yMSN

group was set to evaluate the synergistic antitumor efficacy of
Len/OVA/yMSN. Tumor growth was monitored by caliper at
specified time points as shown in Fig. 8a. Tumor sizes were
calculated by the equation as shown in Eq. (4):

Tumor size = a x b x 0.5 )

where a and b refer to the major and minor axes of a tumor,
respectively. Then the mice were euthanized and tumors were
excised for further analysis on Day 35.

Tumor rechallenge: On Day 35, the tumors of each group were
excised by surgical removal from the tumor-bearing mice. Then
these tumor-excised mice were then rechallenged with 1 x 10°
Hepal-6 cells or OVA-Hepal-6 cells at the left posterior hip of
these mice to further investigate the specific immune effect on
antitumor therapy. The flowing tumor detection operation refers to
above paragraph.

All experimental procedures were executed according to the
protocols approved by Shenyang Pharmaceutical University Ani-
mal Care and Use Committee.

2.16.  Immunohistochemistry analysis

The tumor tissues were fixed with 4% paraformaldehyde, and
processed for immunohistochemical examination of tumor blood
vessels, apoptosis (TUNEL) and immune cells. To prevent
nonspecific binding of antibodies, tumor slides were blocked with
the protein blocking buffer containing 4% FBS, 1% normal goat
serum, and 0.01% Tween-20 in PBS for 1 h at 4 °C. For TUNEL
analysis, the procedure was according to Colorimetric TUNEL
Apoptosis Assay (Beyotime, China). For other detection, the
slides were subsequently incubated with anti-mouse CD31 anti-
body (Abcam) or FITC-conjugated anti-mouse F4/80 and PE-
conjugated anti-mouse CD86 or PE-conjugated anti-mouse
CD206 antibodies (eBioscience, CA, USA), PE-conjugated
SIINFEKL/H-2Kb peptide-MHC tetramers (Creative peptides,
USA) at 4 °C. After being washed thoroughly with PBS, the slides
were stained with Hoechst 33342 to identify the loci of cell nuclei.
Images were captured with the microscope and CLSM. The per-
centage of CD31 positive area was obtained from the ratio of the
CD31 positive area to the total cell area. The above experiments
are provided by Servicebio Biotechnology Co., Ltd. (Wuhan,
China).

2.17.  Analysis of immunocytes and cytokines in tumor
microenvironment

2.17.1.  Tumor-associated M1/M2 macrophages

Subcutaneous tumors were harvested after treatment for a flow
cytometer analysis. Single-cell suspensions were prepared by
using collagenase/hyaluronidase and DNase digest tumors. Then,
the suspensions were lysed with ACK Lysis Buffer to remove red
blood cells. Afterwards, cells were incubated with FITC-
conjugated anti-mouse F4/80 and PE-conjugated anti-mouse
CD86 or PE-conjugated anti-mouse CD206 antibody (eBio-
science, CA, USA) and analyzed by flow cytometry. Tumor-
associated macrophages (TAMs) exist in two different pheno-
types: M1 phenotype was labeled as CD86" in F4/80" and M2
phenotype was labeled as CD206" in F4/80". All the flow cyto-
metric analysis was completed by using FlowJo software.
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2.17.2.  Tumor infiltrating OVA-specific CDS" T cell populations
Subcutaneous tumors were harvested after treatment for a flow
cytometer analysis. Single-cell suspensions were prepared by
using collagenase/hyaluronidase and DNase digest tumors. Then,
the suspensions were lysed with ACK Lysis Buffer to remove red
blood cells. Those cells were followed by staining with PE-
conjugated SIINFEKL/H-2Kb peptide—MHC tetramers (Creative
peptides, USA) and analyzed by flow cytometry.

2.17.3.  Cytokines levels

Subcutaneous tumors were harvested after treatment for a cyto-
kines analysis. Tumor homogenate was prepared immediately and
the concentrations of cytokines (NO, TNF-a, IL-12) were
measured by enzyme-linked immunosorbent assay (ELISA) kits
(Invitrogen, USA).

2.18.  Statistical analyses

Statistical analyses were performed by Student’s t-test, one-way
analysis of variance, two-way analysis of variance or unpaired -
test. All statistical analyses were done with GraphPad Prism 6.

3. Results and discussion
3.1.  Characterization and in vitro properties of Len/OVA/YMSN

Len/OVA/yMSN was prepared as shown in Scheme S1. TEM was
used to assess the morphology of MSN, Len/OVA/MSN, and Len/
OVA/yMSN (Fig. 2A). Monodisperse Len/OVA/yMSN with a
diameter of 299.6 £ 10.7 nm and a zeta potential of
—19.8 £ 0.7 mV (Fig. 2B) was obtained after coating with 5.15%
Saccharomyces-glucan on the surface of Len/OVA/MSN, and this
Len/OVA/yMSN allowed a high load of Len and OVA up to 28.6%
(286 mg Len/1 g Len/OVA/yMSN) and 11.9% (119 mg OVA/1 g
Len/OVA/yMSN), respectively (Fig. 2C). Besides, OVA/yMSN
and Len/yMSN were also prepared as control formulations and the
characterization results were shown in Supporting Information
Fig. S1. Furthermore, we validated the successful modification
of Saccharomyces-glucan to the surface of Len/OVA/MSN by the
characteristic color reaction of glucose, based on the generation of
orange cuprous oxide (Fig. 2D).

After successfully preparing Len/OVA/yMSN:s, their essential
in vitro properties were investigated in the following study. First,
the structural integrity of Len/OVA/yMSNs in the GIT (evaluated
in simulated gastroenteric fluid) was assessed and is shown in
Fig. 2E. TEM images revealed that the Saccharomyces-glucan
layer was still observable after an 8 h incubation in the GIT.
Additionally, after 24 h, only fragments of the Saccharomyces-
glucan layer were left on the surface of the Len/OVA/yMSNs.
Usually, such a slow degradation rate could ensure that the Len/
OVA/yMSNs taken up by the intestine are intact after oral
administration 7. We next investigated the protective effect of the
Saccharomyces-glucan layers on OVA bioactivity in the GIT. As
shown in Fig. 2F, the characteristic color reaction of protein and
the results of sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) showed that 69.25% of the OVA
remained on OVA/yMSNs after incubation in simulated gastro-
intestinal fluid (post-GIT), compared with non-treated OVA/
yMSNs (pre-GIT), while almost no OVA was left on OVA/MSNs.
This demonstrated the ability of the Saccharomyces-glucan layer
to protect against OVA degradation in the GIT. The antigenicity of

OVA was further assessed by detection of the level of antigenic
peptide-major histocompatibility complex class I (SIINFEKL-
MHC-I) complexes in BMDCs. As shown in Fig. 2G, GIT-treated
OVA/yMSNs generated unimpaired levels (9.46%) of SIINFEKL-
MHC-I complexes compared with non-treated OVA/yMSN
(8.26%), whereas GIT-treated OVA/MSNSs significantly reduced
the levels (3.43%) of SIINFEKL-MHC-I complexes compared
with non-treated OVA/MSNs (1.53%), further indicating the pro-
tective effect of Saccharomyces-glucan coating on the surface of
OVA/MSNs. Amazingly, non-treated OVA/yMSNs induced an
approximately 2.76-fold higher antigen-presenting response
compared with non-treated OVA/MSNs in BMDCs, implying a
stimulation effect on innate immune response of BMDCs by
yMSN. Strictly speaking, innate immune stimulation is essential
to achieving a robust antigen-specific T-cell response’".

Additionally, the microstructures of these MSNs, a key factor
in drug loading and releasing, was assessed via BET nitrogen
adsorption—desorption isotherms. A cumulative pore volume (V)
of 1.41 crn3/g, a surface area (Sggr) of 811.57 mz/g (Supporting
Information Fig. S2), and an average pore size of approximately
6.67 nm (Supporting Information Table S1) indicated that these
MSNs had sufficient properties for abundant loading, stable
dispersion, and rapid release of drugs. However, modifying MSNs
with OVA on their surfaces noticeably reduced their surface area
(536.31 m%/g), indicating that the opening mesoporous pores of
MSNs were blocked to prevent premature drug leakage when
delivered in vivo. A further sharp reduction in the surface area
(106.17 m*/g) of OVA/yMSNs implied the formation of an
outermost protective layer of Saccharomyces-glucan, which
ensured the structural stability of Len/OVA/yMSNs when across
the GIT. Interestingly, this outermost protective layer was
removed from the surface of OVA/MSNs by lysozyme (abundant
in macrophages), re-exposing the mesoporous pores (the surface
area up to 761.53 mz/g) to release the drug loaded in mesoporous
pores.

For the oral delivery of insoluble small-drug molecules, pre-
mature leakage during in vivo delivery and difficult release at
lesions always leads to higher risk and lower efficiency. Our Len/
OVA/yMSNs held promise for preventing the premature leakage
of drug when across the GIT. An in vitro release test was per-
formed to show the release behavior of Len trapped in Len/OVA/
yMSNs in simulated gastric fluid (SGF, pH 1.2) and with simu-
lated intestinal fluid (SIF, pH 7.4). The Len release curves are
presented in Fig. 2H. Poorly soluble Len displayed a very slow
Len release whether in SGF (3.60% for 2 h) or in SIF (16.33% for
6 h). Very different Len release curves were found in other Len
formulations. Fast and complete Len release from Len/MSNs in
both SGF (47.53% for 2 h) and SIF (86.69% for 6 h) was seen
mainly because of the high dispersion of insoluble Len by mes-
oporous channels in MSNs. A total of 79.03% of the Len was
rapidly released within 8 h from Len/OVA/MSNSs, indicating that
only OVA modified on the surface of MSNs failed to show the
desired blocking effect of Len dispersed in the pores of MSNs.
However, there was a significantly slower Len release from Len/
OVA/yMSNs, reaching only 7.53% within 2 h in SGF and main-
taining a steady, slow release over 8 h up to 32.69%. Most notably,
when we pre-treated Len/OVA/yMSNs with glucanase (to hy-
drolyze the Saccharomyces-glucan coating) , almost 73.36% of
the Len was rapidly released within 8 h from Len/OVA/yMSNs
(incubation). Taken together, the double block effects of Saccha-
romyces-glucan and OVA might prevent earlier release of Len in
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PAGE. (G) BMDCs presenting antigenic SIINFEKL peptide on the MHC molecule as analyzed by FCM (n = 3). (H) In vitro Len release from
different Len formulations in SGF and SIF (n = 5). (I) Len efflux from macrophages and DCs (n = 5). All of the data are presented as the
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the GIT, retaining more of this drug to be absorbed by and to
accumulate in tumors. We then analyzed the Len efflux in mac-
rophages and DCs. As shown in Fig. 21, a time-dependent increase
in Len was observed in both cell culture supernatants, which
released near 42.12% of the Len in macrophages and 26.47% of it
in DCs within 48 h.

3.2. Targeting abilities of Len/OVA/yMSNs

To precisely target to tumors via the oral route in the manner of
Saccharomyces, specific recognition of Len/OVA/yMSNs by in-
testinal M cells and macrophages is necessary. First, an M-cell
model was established to explore the specific recognition between
the Len/OVA/yMSNs and M cells. Caco-2 and Raji B cell
monolayers were formed on eight-well Transwell culture plates
according to a previously published method (Fig. 3A-middle)**. A

greater colocalization of Len/OVA/yMSNs on M cells (Pearsons’
coefficient, 0.895) was observed (Fig. 3A-left) when compared
with Len/OVA/MSNs (Pearsons coefficient, 0.571), and the
transportation amount of Len/OVA/yMSNs through our M-cell
model was approximately 1.87 times higher than that of Len/OVA/
MSNs (Fig. 3A-right). Furthermore, we used laminarin, a potent
competitive inhibitor of the Dectin-1 receptors, to explore the
mechanism of the specific recognition between Len/OVA/yMSNs
and M cells. Laminarin significantly decreased the amount of Len/
OVA/yMSNs transported through monolayer M cells, indicating
that such transport of Len/OVA/yMSNs was mediated by the
Dectin-1 receptors on M cells. These results validated that our
Saccharomyces-glucan coating could significantly promote the
specific transport of Len/OVA/yMSNs through M-cells.

Special recognition between Len/OVA/yMSNs and macro-
phages is also vital to subsequent cell-mediated tumor-tracking
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amount of nanoparticles transported through the M-cell monolayer (n = 3). (B) CLSM images of the specific uptake of Len/OVA/yMSN uptake
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CLSM images of the co-localization of OVA and MSNs in macrophages at 4 h and 48 h; scale bar =

10 um. (E) CLSM images of OVA and MSN

co-localization in macrophages at 24 h with corresponding co-localization analysis; scale bar = 50 pm. (F) Schematic diagram of macrophages
carrying Len/OVA/yMSNs. (G) Representative high-power field (HPF) images of migrated macrophages; scale bar = 100 pm. (H) Quantitative
analysis of migrated macrophages (n = 3). All of the data are presented as the mean + SD. **P < 0.01; ***P < 0.001.

delivery in vivo. Therefore, we explored the specific recognition
between Len/OVA/yMSNs and macrophages. CLSM images
showed a higher internalization of Len/OVA/yMSNs than of Len/
OVA/MSNs by macrophages (Fig. 3B and Supporting Information
Fig. S3) compared with Len/OVA/MSNSs. Notably, when we added
laminarin before macrophage uptake, a completely different
internalization pattern appeared: internalization of Len/OVA/
yMSNs by macrophages was reduced, but that of Len/OVA/MSNs
was almost unchanged. Flow cytometry (FCM) further showed

that macrophagic internalization of Len/OVA/yMSNs was 2.11-
fold higher than that of Len/OVA/MSNSs, a significant differ-
ence, and that laminarin reduced the former by 75%, which was
also statistically significant (Fig. 3C). Taken together, these results
indicated that Saccharomyces-glucan coating fully enabled spe-
cific macrophagic internalization of Len/OVA/yMSNs mediated
by Dectin-1 receptors® 7.

We then explored the mtegrity of Len/OVA/yMSNs in mac-
rophages. In our study, Len/OVA/yMSNs stayed as intact for the
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first 4 h in macrophages but they were almost completely dis-
integrated at 48 h in macrophages (Fig. 3D). Intact Len/OVA/
yMSNSs in macrophages could be observed when they were inside
macrophages for 24 h, as is shown in Fig. 3E, which represents a
sufficiently long time for the in vivo delivery from intestinal
lymphatic follicles to distant tumors. Additionally, the safety and
migratability of macrophages after carrying Len/OVA/yMSNs
were assessed. Len/OVA/yMSNs exhibited no cytotoxicity to
macrophages (Supporting Information Fig. S4). Interestingly, we
found that macrophages carrying MSN or Len/OVA/MSN showed
equivalent enhanced migratability compared with macrophages
carrying nothing (Fig. 3F—H). Accumulating results indicate that
RAW264.7 cells after silicon nanoparticles loading were polarized
and secreted various cytokines, cytokines, including IL-18, IL-6,
IL-12, TNF-e, and IL-10°"7°, This is probably the main reason
for the enhanced migration of macrophages carrying MSN or Len/
OVA/MSN. It pays more attention that macrophages carrying Len/
OVA/yMSNs revealed the highest migratability compared with
macrophages carrying nothing, MSNs or Len/OVA/MSNs, mainly
due to Saccharomyces-glucan’s stimulatory effects on the mac-
rophages®'*>. These results highlighted the possibility of subse-
quent macrophage-mediated tumor-tracking delivery in vivo.

3.3.  Dual-target delivery in vivo of Len/OVA/yMSN similar to
that of Saccharomyces

Next, the in vivo lymph-targeting delivery of Len/OVA/yMSNs
was explored step by step. First of all, ex vivo fluorescence images
displayed greater specific accumulation of Len/OVA/yMSNs than
of Len/OVA/MSNSs in Peyer’s patches compared with that of Len/
OVA/MSNs (Fig. 4A), and many more fluorescence signals for
Len/OVA/yMSNs were further observed in a Peyer’s patch section
6 h after oral administration than that treated with Len/OVA/
MSNs (Fig. 4B). This further demonstrated the accumulation
tendency of Len/OVA/yMSNs in Peyer’s patches during intestinal
absorption. Remarkably, a higher colocalization of Len/OVA/
yMSNs with intestinal M cells was shown in CLSM images
compared with that of Len/OVA/MSNs (Fig. 4C), suggesting that
these Len/OVA/yMSNs entered the intestinal lamina propria
mostly via M cells. Whether these Len/OVA/yMSNs could be
taken up by macrophages in lymphoid follicles or not should
directly affect subsequent tumor-targeting delivery. CLSM images
of lymphoid follicles affirmed the obvious existence of Len/OVA/
yMSNs in macrophages (Fig. 4D), in which the amount of Len/
OVA/yMSNs was 5.5-fold higher than that of Len/OVA/MSN in
macrophages based on FCM analysis (Fig. 4E). We then explored
the targeting ability of Len/OVA/yMSN:s to target MLN in vivo. 6
h after oral administration, stronger fluorescence signals for Len/
OVA/yMSNs were observed than for Len/OVA/MSNs in MLNs
(Fig. 4F). Likewise, CLSM images of MLN cryosections affirmed
the existence of Len/OVA/yMSNs in macrophages in particular
(Fig. 4G), and the amount of Len/OVA/yMSNs in these macro-
phages was 1.9-fold higher than that of Len/OVA/MSNs (Fig. 4H).
This suggested that the macrophages stored in intestinal lymphoid
follicles phagocytosed the Len/OVA/yMSNs and conveyed them
to MLNs. Surprisingly, Len/OVA/yMSNs also displayed a
significantly higher co-localization with DCs in MLNs than Len/
OVA/MSNs (Fig. 41 and J) due to the specific recognition of
Saccharomyces-glucan by the Dectin-1 receptor, which is highly
expressed on DCs***’. Therefore, Len/OVA/yMSNs could be
potential nanocarriers of oral vaccines for effective delivery of
antigens to APCs.

After validating that Len/OVA/yMSNs could target to the
MLN via phagocytosis and conveyance by macrophages and DCs
stored in intestinal lymphoid follicles after oral administration, we
next evaluated their targeting ability to tumors in vivo using
tumor-bearing C57BL/6 mice. First, we investigated the tumor
accumulation and retention of Cy7-labeled Len/OVA/yMSNs after
oral gavage into mice bearing subcutaneous Hepal-6 tumors. Cy7-
labeled Len/OVA/MSNs were also orally gavaged as a control
group. We monitored the Cy7 signal in mice with an IVIS system
over a period of 48 h following oral administration of these for-
mulations. Cy7-labeled Len/OVA/yMSNs showed a greater fluo-
rescence intensity within tumors than Cy7-labeled Len/OVA/
MSNs at 24 h (Fig. 5A). Forty-eight hours later, a gradual increase
of Cy7-labeled Len/OVA/yMSN signals was observed compared
with a gradual disappearance of Cy7-labeled Len/OVA/MSN
signal, indicating that Len/OVA/yMSNs had a selectively accu-
mulating tendency at tumor sites. As demonstrated by ex vivo
images at 48 h (Fig. 5B), Cy7-labeled Len/OVA/yMSNs exhibited
stronger signals in the tumor, liver, and spleen when compared
with Cy7-labeled Len/OVA/MSNs. To investigate whether Cy7-
labeled Len/OVA/yMSNs were conveyed by macrophages to tu-
mors, we further analyzed tumor cryosections by CLSM. Mac-
rophages were specifically labeled with PE-conjugated anti-mouse
F4/80 antibody. The results affirmed the existence of Cy7-labeled
Len/OVA/yMSNs in macrophages, while almost no fluorescence
signals for Cy7-labeled Len/OVA/MSNs were observed in mac-
rophages (Fig. 5C). Complementary to this, FCMshowed that
Cy7-labeled Len/OVA/yMSNs exhibited a much higher percent-
age (53.1%) in macrophages in tumors than Cy7-labeled Len/
OVA/MSNs (1.3%) (Fig. 5D). These results fully demonstrated
that Len/OVA/yMSNs could be selectively conveyed to tumors by
macrophages in a tumor-homing manner™'"', owing to the specific
recognition of the Saccharomyces-glucan coating on the surface of
Len/OVA/MSNSs to Dectin-1 receptors that are highly expressed
on macrophages™**”. Consistently, orally delivered yeast capsules
are demonstrated mainly distributed in monocytes after they enter
the bloodstream, followed by transportation to the diseased sites
by monocytes/macrophages '™ **

We next evaluated the accumulation and retention of Len in
tumors delivered by Len/OVA/yMSNss after oral gavage of tumor-
bearing C57BL/6 mice (Fig. 5E). In the first 6 h, both Len
administrated alone and Len/OVA/MSNs yielded higher concen-
trations of Len than Len/OVA/yMSNs, due to both the former
primarily being transported into systemic circulation via the
traditional intestinal-absorption pathway, with time to peak at 4 h.
After 6 h, Len/OVA/yMSN:s yielded a significantly higher overall
level of Len within mouse tumors than Len/OVA/MSNs or Len
alone. Until 48 h, we observed 12.37-fold higher levels of Len
within tumors from Len/OVA/yMSNs than from Len/OVA/MSNSs.
These results all indicated that Len/OVA/yMSNSs increased both
accumulation and retention of Len in tumors after oral adminis-
tration. To evaluate the tumor-targeting ability of Len/OVA/
yMSNs across all main organs, we calculated percentages of Len
distributed in the heart, liver, spleen, lung, kidney, and tumors at
all time points. As shown in Fig. 5F and Supporting Information
Table S3, orally administered Len/OVA/yMSNs yielded the
highest percentage of Len in organs at 24 h (5.71%) and 48 h
(13.6%), compared with the peak percentages of Len alone
(4.52%) and of Len/OVA/MSNs (2.87%). Such changes in Len
biodistribution indicated that Len/OVA/yMSNs have the potential
to deliver drugs precisely to tumors with less off-target toxicity via
oral routes. All of these data further suggested that coating the
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surfaces of MSNs with Saccharomyces-glucan could change their period of tumor domestication, TAMs transform into the M2
original delivery route via a unique mechanism similar to that of phenotype, which exert pro-tumorigenic activities, including
Saccharomyces. tumor invasion, metastasis, and angiogenesis®'***. Thus, altering
Taken together, these findings showed that Len/OVA/yMSNs the tumor microenvironment by reversing adverse polarization of
demonstrated tremendous efficacy in being recognized, which TAMs is critical for immunotherapy. A series of experiments were
ensured their entry into a subsequent intricate process of thus conducted to assess the effects of Len/OVA/yMSNs on the
immunocyte-mediated lymph-targeting and tumor-homing trans- regulation of innate immune responses. Surprisingly, a significant
portation in vivo. increase in antitumoral M1 macrophages and a reduction of pro-
tumoral M2 macrophages were promoted by Len/OVA/yMSNs

3.4. Awakening of antitumor immunity by Len/OVA/yMSNs (Fig. 6A), accompanied by the release of a large number of
antitumor cytokines (NO, IL-12, and TNF-«) over the other three

In addition to the outstanding function of cascade targeted de- groups, demonstrating the effective activation of macrophages
]ivery to ]ymph and tumors, Len/OVA/yMSNS also were found to after cellular internalization of LCI]/OVA/YMSNS As a result, a
modulate the regulation of innate immune responses due to the strong cell-killing effect (approximately 90%) of macrophages
immunogenicity of Saccharomyces-glucan. It is well known that carrying yMSNs on Hepal-6 tumor cells was exhibited. Alto-
stimulating innate immune cells can provoke antitumor effects™. gether, we concluded that Len/OVA/yMSNs were able to induce a
Usually, tumor recruiting macrophages, especially those of the M1 series of antitumor responses in macrophages (Fig. 6B).
phenotype, are a classical activated kind of macrophage with anti- Compared with the data obtained from the Len/OVA/MSN group,
tumor immune responses to secreting cytokines that function to we reasonably speculated such strong immune regulation effects

kill tumors in the initial period after infection begins'’. After a of Len/OVA/yMSNs were based on the Saccharomyces-glucan
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coating, which could act on several immune receptors, including
Dectin-1 and TLRs, and stimulate a group of immune cells,
including macrophages, DCs, neutrophils, monocytes, and natural
killer cells.

We then explored the mechanism by which Len/OVA/yMSNs
stimulated antitumor immune responses, analyzing key genes and
proteins according to the main immune-related signaling pathways
in macrophages (Fig. 6C), key genes and proteins were analyzed
in our study. As highlighted on the heatmap (Fig. 6D), the sig-
nificant genes were mainly involved in TLR 2/4-mediated immune
responses (Fig. 6E, Supporting Information Fig. S6 and Table S2)
and reflected preliminary signaling pathways activated by Len/
OVA/yMSNs in macrophages as shown in Fig. 6C. Significant
upregulations of some major proteins (i.e., MyD88, IRAK1, and
NF-kB) (Fig. 6F) involved in the signaling pathways* were
further strengthened by the immune activation effect of Len/OVA/
yMSNs in macrophages. These changes cumulatively triggered
intracellular signaling that induced macrophages to boost their
antitumor immune responses. In conclusion, Len/OVA/yMSNs
constitute an immunomodulatory delivery system that holds huge
potential for controlling macrophage activation that functions via
the TLR-2/4 signaling pathway.

As is well known, macrophages settling down in tumors usu-
ally yield to the local immunosuppressive condition of the TME
and convert from the antitumor M1 phenotype to the protumor M2
phenotype, leading to weakened immune response**. Our results
demonstrated that the yMSNs carried by macrophages could not
only activated these macrophages more strongly but also lent them
better resistance against M2 modification within tumors, which
could be beneficial in vivo antitumor therapy.

Additionally, Len/OVA/yMSNs were also designed to deliver
OVA as a therapeutic cancer vaccine to fight cancer via a robust
adaptive immunotherapy—antigen-specific T-cells and antibodies
(Fig. 7A). Consistent with the previous result in this study, Len/
OVA/yMSNs displayed a significantly higher colocalization in
DCs when compared with Len/OVA/MSNs (Fig. 7B), owing to the
specific recognition of Saccharomyces-glucan by the Dectin-1
receptor that is highly expressed on DCs***’. Also, Len/OVA/
yMSNs stimulated naive BMDCs to generate CD11c™CD80™
CD86™ cell populations at the high percentage of 43.0% compared
with Len/OVA/MSNs (10.6%) (Fig. 7C), implying that Len/OVA/
yMSNs could effectively promote DCs maturation. Notably, MSN
showed the strongest stimulating effect due to the markable
additional adjuvant effects of sialic nanospheres*> *’. Mature DCs
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response pathways by Western blot (n = 3). All of the data are presented as the mean £ SD. *P < 0.05; **P < 0.01; ***P < 0.001.

expressing co-stimulatory signals (CD80/86) were necessary for
inducing a strong tumor-specific CTL response. This result was
further supported by an in vivo CD8" T cell assay, where OVA-
specific CD8" T cells in mesenteric lymph nodes showed 3.1-
fold higher proliferation (Fig. 7D) when induced by Len/OVA/
yMSNs than Len/OVA/MSNs. Moreover, systemic immune effi-
cacy was explored. As shown in Fig. 7E, mice vaccinated with
Len/OVA/yMSNs (p.o.) generated significantly higher titers of
OVA-specific IgG when compared with mice vaccinated with
OVA (p.o.) and Len/OVA/MSNs (p.o.) on Day 21 after immuni-
zation. Moreover, the titers of OVA-specific IgG from the sera of
vaccinated mice exhibited a sharp increase on Day 28.

This was a positive feedback effect on adaptive immunity after
promoting innate immunity, which would be beneficial to kill
tumors, form immune memory, and prevent tumor recurrence.
Altogether, we conclude that oral Len/OVA/yMSNs were able to
induce robust specific CTLs and specific antibodies with

comparable or better efficacy than traditional OVA delivered via a
subcutaneous route. In short, Len/OVA/yMSNs were not only a
good delivery system for subunit antigens but they also acted as
adjuvants to increase immunogenicity.

3.5.  Antitumor efficacy and long-term immune-memory effects

Based on the above-descripted properties of Len/OVA/yMSNs, we
then investigated their antitumor efficacy and long-term memory
effect in an OVA-Hepal-6 tumor-bearing C57BL/6 mice model
(Fig. 8A). During a 14-day treatment based on the clinical trial
protocol of lenvatinib (Synonyms: E7080), a significantly stronger
inhibition effect was observed in the Len/OVA/yMSN group
(89.5%) compared with other groups (Fig. 8B), among which the
order of therapeutic efficacy from strong to weak was Len/
yMSNs + OVA/yMSNSs (49.8%), Len/yMSNs (45.8%), Len/OVA/
MSNs (32.2%), Len (32.2%), and OVA/yMSNs (19.8%). OVA/
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yMSNs did not result in a significant tumor reduction prior to Day
14, potentially leading to a great efficacy later because of the time
needed for oral vaccination. Surprisingly, primary tumors regrew
in these groups without OVA vaccination on Day 21, implying that
the antiangiogenesis only depending on Len or innate immuno-
therapy by yMSNSs could not eradicate tumors effectively. On the
contrary, a continuous decrease was observed in both the Len/
yMSN + OVA/yMSN group and the Len/OVA/yMSN group,
while this delayed the decrease in the OVA/yMSN group, which
had a tumor-inhibition rate of 81.9%, probably due to oral
vaccination, which might take a certain time to initiate a robust
specific immune response. Strictly speaking, Len/OVA/yMSNs
achieved the maximum therapeutic efficacy (98.8%) rather than
the mixture of Len/yMSNs and OVA/yMSNs (93.7%) (Fig. 8D
and Supporting Information Fig. S7), further indicating the syn-
ergistic effect of targeting delivery of TKIs and therapeutic cancer
vaccines. In complement to this, a terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) analysis of these

excised tumors following treatment further revealed that Len/
OVA/yMSNs obviously induced apoptosis and necrosis of these
primary tumors (Fig. 8E).

Next, these tumor-excised mice were then rechallenged with
1 x 10° Hepal-6 cells or OVA-Hepal-6 cells at the left posterior hip
of these mice to further investigate the specific immune effect on
antitumor therapy. As shown in Fig. 8C, mice with previous treat-
ments were resistant to these newly incubated tumor cells to
different degrees. OVA/yMSNs, Len/OVA/yMSNs, and Len/
yMSN + OVA/yMSN:s all exerted significantly higher resistance to
OVA-Hepal-6 cells compared with other formulations without an
OVA vaccine, suggesting a long-term antitumor effect in mice
treated with OVA vaccines. Interestingly, tumor-excised mice
rechallenged with hepal-6 cells did not show any resistance to the
newly incubated tumor cells in all groups, further indicating that
only stimulating innate immune responses depending on yMSNs
was not sufficient to fight cancer. Immune memory effect is crucial
for preventing tumor recurrence and distant metastasis, and the
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**P < 0.01; ***P < 0.001. ns, not significance.

adaptive immune responses induced by our Len/OVA/yMSNs efficient therapeutic performance of Len/OVA/yMSNs, we
showed a promising long-term memory effect on tumor rechallenge. measured the CD31 expression in tumors. Immunohistochemistry

analysis (Fig. 9A) showed that tumors treated with Len/OVA/
3.6.  Antitumor mechanism of Len/OVA/yMSNs in combination yMSNs exhibited the lowest levels of CD31 (1.31%), indicating

immunotherapy that these nanoparticles had greatest inhibitory effect on angio-
genesis in tumors. Moreover, a large necrotic area was observed in
Len is an oral multi-targeted tyrosine kinase inhibitor of the center of each tumor, probably due to angiogenic inhibition

VEGFR1-3, FGFR1-4, PDGFR-3, Ret, and KIT. Previous reports resulting in insufficient supplies of blood and nutrition. In addi-
revealed that a potential advantage of Len is that it can inhibit tion, Len/yMSNs also lowered CD31 expression (1.90%) in tu-
multiple angiogenesis stimulatory pathways by blocking different ~ mors more significantly than Len alone (3.78%) or Len/OVA/
signal transduction*®*’. Thus, checking the expression of CD31 MSNs (2.73%), implying that the tumor-targeting delivery of
involved in angiogenesis may reflect the antitumor efficacy of Len Len by yMSNs contributed to highly efficient therapeutic
more intuitively. To clarify the crucial role of Len in the highly performance.
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In addition to the antitumor efficacy of Len, the considerable
contributions of the OVA vaccine and yMSN to antitumor
immunotherapy could not be ignored. We therefore explored
changes in the TMEs of Hepal-6/OVA tumor-bearing mice treated
with different formulations—reversion of prime M2 macrophages
to the M1 phenotype, infiltration of OVA-specific CD8" T cells,
and secretion of antitumor cytokines (Fig. 9B)—to reveal the
specific contributions of OVA and yMSNs. Effective macrophagic
activation is critical to robust immune response”’. Theoretically,
highly activated M1 macrophages can revert neighbor M2
phenotype towards M1 phenotype through cytokine-mediated
intercellular communication®. In our system, there might have
been another strong driver of M2-to-M1 reversion in macro-
phages, that is the Saccharomyces-glucan coating on the surface of
our MSNs. Therefore, we explored whether yMSN could with-
stand immunosuppression in the TME. We first performed CD86
(a marker of M1-macrophages) immunofluorescence staining and
flow cytometric examination to investigate the influences on the
M1-macrophages inside tumor tissues (Fig. 9C). Apparently, the
largest increase in M1 macrophages was observed inside the tu-
mors treated with Len/OVA/yMSNs (18.2%). We also performed
CD206 (a marker of M2-macrophages) immunofluorescence
staining to investigate the influences on the M2-macrophages inside
tumor tissues (Fig. 9D). All groups with yMSNs, including Len/

yMSNs, OVA/yMSNs, Len/yMSNs 4+ OVA/yMSNs, and Len/OVA/
yMSNG, resulted in an apparent reduction in the number of CD206™*
cells (Len/yMSN: 33.7%, OVA/yMSN: 25.7%, Len/yMSN + OVA/
yMSN: 21.8%, Len/OVA/yMSN: 15.4%) when compared with sa-
line (42.00%), providing convincing in vivo evidence to support the
conclusion that yMSNs could effectively reverse M2 macrophages
within tumors to M1 phenotype. Encouragingly, the simultaneous
elimination of M2-TAMs ensured that activated cytotoxic T cells
(CTLs) exert antitumor immunity within tumors via decreasing
immunosuppressive cytokine secretion and tumor infiltration of
Treg cells™. Then, the intratumoral infiltration of OVA-specific
CDS8 CTLs (SIINFEKL/H-2Kb peptide—MHC tetramers™® cells)
was then examined by immunofluorescence and flow cytometric
examination of tumors. As shown in Fig. 9E, OVA/yMSNs and Len/
yMSNs + OVA/yMSNs induced comparable OVA-specific CD8
CTL infiltration ratios (27.8% and 30.6%, respectively), which were
3.5-fold and 3.8-fold higher than saline (8.0%), respectively.
Interestingly, Len/yMSNs exhibited a significantly higher OVA-
specific CD8 CTL infiltration ratio (24.0%) than Len alone
(14.8%), but this was lower than OVA/yMSNs (27.8%), indicating
that yYMSNSs play a promotive role in DC maturation and antigen-
cross-presenting, which was in accordance with previous results
in vitro. Moreover, Len/OVA/yMSNs further increased the fre-
quency of OVA-specific CD8 CTLs to 39.1%, which was 4.9-fold
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higher than saline, efficiently promoting the infiltration of CLTs into
solid tumors by decreasing immunosuppression®>. Of note, the
significant increase between Len/OVA/yMSNs and a mixture of Len
and OVA/yMSNs further validated the synergistic effect of this
combination of Len and OVA in yMSNs. Moreover, the secreted
inflammatory factors could also work as signal factors, responsible
for cancer cell killing and leukocyte recruitment®*. Therefore, the
induction of immune responses in the tumor microenvironment was
then evaluated by measuring the intratumor concentrations of
proinflammatory cytokines using ELISA. The combination of Len
or OVA with yMSNs (Len/yMSNs, OVA/yMSNs, Len/
yMSNs 4+ OVA/yMSNs, and Len/OVA/yMSNs) all significantly
promoted the secretion of IFN-v and TNF-« in tumors. For instance,
the concentrations of IFN-y and TNF-« induced by Len/OVA/
yMSNs were 3.0-, 1.7-, and 2.1-fold higher than those of saline, Len
alone, and Len/OVA/MSNESs, respectively, indicating the successful
elicitation of robust antitumor immune responses triggered by
yMSNGs itself (Fig. 9F and G).

A gastrointestinal irritation evaluation was then carried out to
ensure that the safety of Len/OVA/yMSN. As a result, no histo-
pathological lesions or hyperemia were observed in all treatment
groups (Supporting Information Fig. S8). Furthermore, the changes
in body weight of OVA-Hepal-6 tumor-bearing C57BL/6 mice
during treatment, hematoxylin-eosin (H&E) staining of major or-
gans (i.e., heart, lung, liver, spleen, and kidney), and hematological
and biochemical analysis of the serum at the end of antitumor
studies together revealed that Len/OVA/yMSNs had good biosafety
and did not cause any histological damage to the major organs
(Supporting Information Figs. S9 and S10, and Tables S4 and S5).

4. Conclusions

In summary, we have engineered a novel Saccharomyces-inspired
nanoparticle with multiple functions that i) precisely delivers
small molecules to tumors through oral route for a high efficacy
and low toxicity; ii) effectively delivers protein antigens to resi-
dent antigen-presenting cells within lymphoid tissues after oral
administration for stronger immunization; and iii) safely awakens
innate immune responses by activating the TLR2/4-signaling
pathway, strengthening vaccine-induced immune responses and
reversing macrophage-associated immunosuppression in the TME.
Finally, Len/OVA/yMSNs exerted a tremendous and long-term
synergistic effect in the treatment of hepatic carcinoma by
causing significant antiangiogenic effects and efficient resistance
against intratumoral immunosuppression, without adverse side
effects. These characteristics of yMSNs allow them to package
other tumor neo-antigens as therapeutic cancer vaccines and
chemotherapeutic agents for potential combination antitumor
therapy. Moreover, such a high-performance nanocarrier provides
an innovative approach for lesion-targeting delivery of oral drugs
accompanied with the awakening of the innate/adaptive immunity
of the body and the lesion environment.
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