7® ROYAL SOCIETY
P OF CHEMISTRY

Biomaterials
Science

View Article Online

View Journal | View Issue

Layer-by-layer nanoparticle encapsulating
e i oo e 2034 12 all-trans retinoic acid and CpG as a mucosal
292 ~adjuvant targeting colorectal cancerfy

{ M) Check for updates ‘

Shiwei Mi,?® Wei Li,*® Yixing Wen,*® Chen Yang,®® Shuai Liu,? Jingjiao Li,*°
Xingdi Cheng,®® Yuanyuan Zhao,*° Haonan Huo,*° Haowei Zu® and
Xueguang Lu () *&P

Colorectal cancer (CRC) ranks among the most prevalent cancers globally, demanding innovative thera-
peutic strategies. Immunotherapy, a promising avenue, employs cancer vaccines to activate the immune
system against tumors. However, conventional approaches fall short of eliciting robust responses within
the gastrointestinal (GI) tract, where CRC originates. Harnessing the potential of all-trans retinoic acid
(ATRA) and cytosine-phosphorothioate-guanine (CpG), we developed layered nanoparticles using a layer-
by-layer assembly method to co-deliver these agents. ATRA, crucial for gut immunity, was efficiently
encapsulated alongside CpG within these nanoparticles. Administering these ATRA@QCpG-NPs, combined
with ovalbumin peptide (OVA), effectively inhibited orthotopic CRC growth in mice. Our approach lever-
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aged the inherent benefits of ATRA and CpG, demonstrating superior efficacy in activating dendritic cells,
imprinting T cells with gut-homing receptors, and inhibiting tumor growth. This mucosal adjuvant pre-
sents a promising strategy for CRC immunotherapy, showcasing the potential for targeting gut-associated

Published on 13 mart 2024. Downloaded on 28.12.2024 05:28:11.

rsc.li/biomaterials-science

Introduction

Colorectal cancer (CRC) ranks as the third most prevalent
cancer worldwide, accounting for approximately 10% of all
cancer cases.! In recent years, immunotherapy has emerged as
a promising approach in both treating cancer and preventing
its recurrence.”> Cancer vaccines represent an important class
of cancer immunotherapies by harnessing the patient’s
immune system to recognize and combat cancer.®” Cancer vac-
cines typically consist of antigens and adjuvants.® Antigens are
specific molecules or proteins utilized to train the immune
system to selectively target cancer cells.’ Adjuvants, on the
other hand, function as immune stimulants, enhancing the
immune response against tumor antigens.'® The efficacy of
cancer vaccines is determined by the selection of antigens and
adjuvants.® To effectively target CRC, vaccines need to provoke
immune responses within the intestinal mucosa, the site
where tumors originate and progress. However, conventional
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immune responses in combating colorectal malignancies.

cancer vaccines, administered through parenteral injection,
often fail to trigger robust immune responses in the gastroin-
testinal (GI) tract due to tissue constraints, resulting in unsa-
tisfactory efficacy in treating CRC.""

All-trans retinoic acid (ATRA), a metabolite of vitamin A,
plays an important role in intestinal immunity."** During
antigen presentation, ATRA activates dendritic cells (DCs) to
express CD103, which leads to the induction of gut-homing
receptors a4p7 and CCRY on T cells.">'® These imprinted T
cells have a gut tropism and bolstering intestinal immunity.
Therefore, administering vaccines with ATRA is a promising
approach to activating anti-tumor immune responses within
the gut. However, ATRA is a hydrophobic molecule that
requires a delivery vehicle for administration. Similarly, several
clinically approved adjuvants for cancer vaccines, like cytosine-
phosphorothioate-guanine (CpG), are hydrophilic molecules
that also necessitate delivery vehicles to transport them into
cells.””?® To address these challenges, various delivery
systems have been developed for the co-delivery of ATRA and
CpG. For example, Ma et al. synthesized polymer/lipid nano-
particles (PLNPs) using an oil-in-water emulsion method
capable of encapsulating both ATRA and CpG, thereby eliciting
robust systemic and intestinal immune responses."” Sun et al.
fabricated mesoporous silica nanoparticles (MSNs) to load
antigens and adjuvants first.® The co-delivery of ATRA and
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MSNs was achieved by encapsulation within liposomes.
Despite the demonstrated efficacy of these co-delivery systems
in transporting ATRA and adjuvants, their preparation involves
intricate steps and large quantities of carrier materials to
deliver the desired doses of ATRA.

The layer-by-layer (LbL) assembly method provides a direct
means to incorporate diverse therapeutics into a single nano-
particle. By sequentially layering oppositely charged polyelec-
trolytes onto a charged core, various therapeutics can be
encapsulated within the layers through electrostatic inter-
actions. These LbL nanoparticles have wide-ranging appli-
cations in delivering therapeutics for cancer treatment.>*°
The simplicity and adaptability of LbL nanoparticles make
them an excellent choice for delivering both ATRA and CpG.

Here, we’ve developed a straightforward method for prepar-
ing LbL nanoparticles capable of co-delivering ATRA and CpG
with high loading capacities. The chemical structure of ATRA,
comprising a hydrophobic alkyl chain and a hydrophilic car-
boxylic acid end group, allows it to self-assemble in water,
forming negatively charged ATRA nanoparticles (ATRA-NPs).
These ATRA nanoparticles served as the core onto which posi-
tively charged polyethylenimine (PEI) and negatively charged
CpG were sequentially deposited through electrostatic inter-
actions, resulting in CpG- and ATRA-loaded multilayered nano-
particles (ATRA@CpG-NPs). ATRA@CpG-NPs serve as potent
mucosal adjuvants to activate DCs and imprint T cells with
gut-homing receptors. We demonstrated that administering
ATRA@CpG-NPs with a model antigen, ovalbumin peptide
(OVA), via intramuscular injections effectively inhibited tumor
growth in an orthotopic colorectal tumor model in mice.

Materials and methods

All-trans retinoic acid was purchased from Bide Pharmatech
Ltd (Shanghai, China). Hyperbranched PEI with a molecular
weight of 25 kDa and all other materials were purchased from
Sigma-Aldrich unless specifically noted. CpG oligonucleotide
(5-TCCATGACGTTCCTGACGTT-3"), fluorescein-labeled CpG,
tumor necrosis factor-a (TNF-a) forward primer (5-
GGTGCCTATGTCTCAGCCTCTT-3'),  reverse  primer (5
GCCATAGAACTGATGAGAGGGAG-3'). Interleukin-6 (IL-6)
forward primer (5-TACCACTTCACAAGTCGGAGGC-3'), reverse
primer  (5-CTGCAAGTGCATCATCGTTGTTC-3'),  IL-12p40
forward primer (5-TTGAACTGGCGTTGGAAGCACG-3'), reverse
primer (5"-CCACCTGTGAGTTCTTCAAAGGC-3'), GAPDH
forward primer (5-TGCACCACCAACTGTTTAGC-3'), reverse
primer (5-GGCATGGACTGTGGTCATGAG-3') were purchased
from Sangon Biotech (Shanghai, China). OVA257-264
(SIINFEKL) peptide was purchased from Top-peptide
Biotechnology Co. Ltd (Shanghai, China). The anti-mouse
CD16/32 antibody, FITC-anti-mouse CD80 antibody, PE-anti-
mouse CD11c antibody, APC-anti-mouse CD86 antibody, FITC-
anti-mouse CD3 antibody, PerCP/Cy5.5-anti-mouse CD8 anti-
body, PE-anti-mouse CCR9 antibody, APC-anti-mouse o4f7
antibody were purchased from Biolegend.
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Preparation of ATRA@CpG-NPs

ATRA was weighed and dissolved in dimethyl sulfoxide
(DMSO). The ATRA solution in DMSO was then added drop-
wise into Nanopure water with viscous stirring. The volume
ratio of water to DMSO is 20 : 1. After addition, the mixture was
dialyzed against Nanopure water using a dialysis membrane
(MWCO = 12-14 kDa, Biorigin, Beijing, China) over 4 hours to
obtain ATRA-NPs. To fabricate ATRA@PEI-NPs, 1 mg mL ™" PEI
in water was added to ATRA-NPs in a centrifuge tube. The
mixture was shaken at room temperature for 30 min before
being centrifuged at 12 000g for 15 min. The supernatant con-
taining free PEI was discarded. The resulting ATRA@PEI-NPs
were washed three times with water to remove unabsorbed
PEI To prepare ATRA@CpG-NPs, CpG in water was added into
ATRA@PEI-NPs. The reaction mixture was incubated at room
temperature for 30 min and purified by centrifugation. The
hydrodynamic diameter, polydispersity index, and zeta poten-
tial of nanoparticles were measured using a Zetasizer Nano
ZSP instrument (Malvern Instruments) at 25 °C in water. The
TEM images were obtained on a JEM-100GX2 microscope at an
accelerated voltage of 100 kv.

Quantification of ATRA by HPLC

Standard ATRA solutions were prepared at concentrations of
1.5625, 3.215, 6.25, 12.5, 25, 50, and 100 pg mL™! in aceto-
nitrile. ATRA solutions were then subjected to high-perform-
ance liquid chromatography (HPLC) analysis using a Waters
Breeze HPLC system equipped with a SunFire® C18 column
(5 pm, 4.6 x 150 mm) and a photodiode array detector. The
mobile phases were acetonitrile containing 0.1% of trifluoroa-
cetic acid (TFA) and triethylamine acetate buffer (0.1 M) con-
taining 0.1% of TFA. A standard curve between the concen-
tration and area under the curve of ATRA was established. To
quantify ATRA in ATRA@CpG-NPs, ATRA@CpG-NPs were dis-
solved in acetonitrile and analyzed by HPLC. The concen-
tration of ATRA was then calculated according to the standard
curve.

Cellular uptake in vitro

DC2.4 cells were cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium supplemented with 10% fetal bovine
serum (FBS), 100 U mL™" of penicillin, and 100 pg mL™" of
streptomycin at 37 °C in 5% CO,. To study the cellular uptake,
DC2.4 cells were seeded in a 48-well plate with 5 x 10* cells per
well or in a confocal dish with 2 x 10° cells per well. Cells were
incubated for 24 h before adding PBS, free fluorescein-labeled
CpG, ATRA@CpG-NPs in a complete medium. 0.15 pg of CpG
was added to each well if applicable. The cells were incubated
at 37 °C with 5% CO, for 2 h. Then, the cells were collected,
washed with PBS, and analyzed by a CytoFLEX flow cytometer
(Beckman Coulter). For confocal laser scanning microscopy
(CLSM) analysis, cells in the confocal dish were washed with
PBS three times before being stained by Hoechst 33342 for
10 min. The cells were then washed with PBS three times
before fixation with 4% paraformaldehyde for 20 min at room
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temperature. The prepared samples were imaged using an
FV3000 confocal laser scanning microscope (Olympus) at exci-
tation wavelengths of 408 nm (Hoechst 33342) and 488 nm
(fluorescein).

Animals

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Peking
University and approved by the Animal Ethics Committee of
Peking University Institutional Animal Care and Use
(LA2021284). Female C57BL/6 mice were purchased from SPF
Biotechnology (Beijing, China).

Activation of BMDCs

Bone marrow-derived dendritic cells were isolated from
C57BL/6 mice (female, six-week-old). Briefly, bone marrow was
firstly separated from the femur and tibia bones, the single-
cell suspensions were then obtained by syringe and cultured in
RPMI 1640 medium supplemented with 10% FBS, 1% of peni-
cillin/streptomycin, and 20 ng mL™" granulocyte-macrophage
colony-stimulating factor (GM-CSF). The medium was half
replaced every 2 days. On day 6, unadhered immature dendritic
cells were collected and plated at a density of 5 x 10° cells per
well in a 48-well plate. Bone-marrow-derived dendritic cells
(BMDCs) were incubated for 24 h at 37 °C before being treated
with PBS, free CpG with OVA, ATRA@CpG-NPs, or
ATRA@CpG-NPs with OVA. The doses of ATRA, CpG, and OVA
are 1.95 pg, 0.5 pg, and 10 pg respectively per well if appli-
cable. After incubation for 24 h, BMDCs were collected,
washed with FACS buffer (2% FBS in PBS), blocked with anti-
CD16/32, and stained with PE-anti-CD11c antibody, FITC-anti-
CD80 antibody, and APC-anti-CD86 antibody for 30 min at
4 °C. The cells were then washed with PBS two times and ana-
lyzed using a CytoFLEX flow cytometer (Beckman Coulter). To
analyze the inflammatory cytokines of BMDCs, the total RNA
of treated BMDCs was extracted using Trizol Total RNA
Extraction Reagent (Beyotime) according to the manufacturer’s
instructions. The cDNA is then synthesized using HiScript III
1st Strand c¢cDNA Synthesis Kit (+gDNA wiper) (Vazyme). Real-
time reverse transcription-polymerase chain reaction (RT-
gPCR) was performed using Taq Pro Universal SYBR-qPCR
master mix (Vazyme) on an Archimed X4 instrument
(RocGene).

Activation of DCs in vivo

C57BL/6 mice were randomly divided into four groups (n = 4).
Mice were intramuscularly injected with PBS, free CpG with
OVA, ATRA@CpG-NPs, or ATRA@CpG-NPs with OVA. Each
mouse received 20 pg of OVA, 15 pg of CpG, and 70 pg of ATRA
per dose. After 24 h, ipsilateral inguinal lymph nodes were col-
lected and digested to single-cell suspensions for flow cytome-
try. After incubation with anti-CD16/32 antibody, the cell sus-
pensions were stained with PE anti-CD11c antibody, FITC anti-
CD80 antibody, and APC anti-CD86 antibody for 30 min at
4 °C. The cells were then washed with PBS two times and ana-
lyzed using a CytoFLEX flow cytometer (Beckman Coulter).
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Quantification of CCR9 and a4p7 on T cells

Splenocytes were isolated from female C57BL/6 mice and
seeded into 96-well plates at a density of 1 x 10° cells per well.
Splenocytes were cultured in RPMI 1640 medium sup-
plemented with 10% of FBS, 1% of penicillin/streptomycin,
1% of non-essential amino acids, 1% of sodium pyruvate,
0.1% of 2-mercaptoethanol, and 100 U mL™" of Interleukin-2
(Gibco). Cells were then incubated with a mouse T cell acti-
vation/expansion Kit (Miltenyi). ATRA@CpG-NPs with OVA,
ATRA@CpG-NPs, and ATRA-NPs in water, or free ATRA in
DMSO were added to each well at the same concentrations of
ATRA (80 nM). After 5 days of incubation, cells were collected
and stained with mouse FITC-anti-CD3, PerCP/Cy5.5-anti-CD8,
PE-anti-CCR9, and APC-anti-a4f7antibodies for 30 min at 4 °C.
T cells were then washed with PBS for two times and analyzed
using a CytoFLEX flow cytometer (Beckman Coulter).

OT-1 cells isolation and co-culture with ATRA@CpG-NPs

The interferons-y (IFN-y) and IL-2 in OT-1 CD8" T cells were
evaluated by enzyme-linked immunosorbent assay (ELISA).
The spleen of OT-1 mice was isolated and digested to single-
cell suspensions at 1 x 10° cells per mL in PBS containing 2%
FBS and 1 mM EDTA. CD8" T cells were extracted using
EasySep™ Mouse CD8" T Cell Isolation Kit. OT-1 CD8" T cells
were collected and plated at a density of 3 x 10° cells per well
in a 96-well plate and co-incubated with PBS, ATRA@CpG-NPs,
or ATRA@CpG-NPs with OVA at 37 °C. The doses of ATRA,
CpG, and OVA are 0.375 ug mL ™", 0.1 pg mL™", and 2 pg mL™"
(200 pL), respectively. After incubation for 48 h, the super-
natants were collected after centrifugation (300g, 5 min) for
ELISA detection according to the manufacturer’s protocols
(Invitrogen). The results were measured using a microplate
reader (BioTek Synergy H1) at 450 nm and 570 nm.

Therapeutic efficacy in tumor-bearing mice

A mouse colon adenocarcinoma cell line MC38 that was stably
transfected with OVA expression was purchased from Tongpai
Biotechnology (Shanghai). MC38-OVA cells were cultured in
Dulbecco’s Modified Eagle’s medium (DMEM) supplemented
with 10% FBS, 100 pg mL™" of penicillin, and streptomycin.
C57BL/6 mice were subcutaneously injected with 1.0 x 10° of
MC38-OVA cells in 200 pL of PBS into the right flank. Mice
were euthanized when the tumor grew to approximately
500 mm®. The tumors were isolated and divided into 3 to 4 mg
pieces. The tumor tissues were then transplanted to the cecum
of healthy C57BL/6 mice to establish orthotopic colorectal
tumors according to a previously published protocol.’” The
mice were intramuscularly vaccinated with PBS, free CpG with
OVA, ATRA@CpG-NPs, or ATRA@CpG-NPs with OVA on days 1
and 7 post-tumor inoculations. Each mouse received 20 pg of
OVA, 15 pg of CpG, and 70 pg of ATRA per dose. The body
weight of mice was measured every three days post-tumor
inoculation. Seven days after the last vaccination, the tumor of
mice was harvested and digested to single-cell suspensions for
flow cytometric analysis. After incubation with anti-CD16/

This journal is © The Royal Society of Chemistry 2024
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CD32 antibody, the cells from tuomrs were stained with PE
anti-CD3 antibody, FITC anti-CD8 antibody, and PerCP/Cy5.5
anti-CD4 antibody to analyze CD8" T cells. The cells were then
washed with PBS two times and analyzed using a CytoFLEX
flow cytometer (Beckman Coulter). To evaluate the tumor inhi-
bition efficacy, the tumors on the cecum and the major organs
including the heart, liver, spleen, lung, and kidney were iso-
lated at day 13 post-tumor inoculation. The tumors of each
group were imaged and weighed. The major organs were fixed
in 4% paraformaldehyde, embedded in paraffin, and sectioned
into 5 pm slices for hematoxylin and eosin (H&E) staining.

In vitro cytotoxicity assay

DC 2.4 cells were incubated with free CpG, free ATRA and
ATRA@CpG-NPs with different concentrations of CpG and
ATRA for 24 h. The medium containing ATRA@CpG-NPs was
then replaced with a culture medium. The cell viability was
measured using the cell counting kit-8 (CCK-8) assay according
to the manufacturer’s instructions (Vazyme). The results were
measured using a microplate reader (BioTek Synergy H1) at
450 nm.

Statistical analysis

GraphPad Prism was used for statistical analysis. Two-tailed
Student’s ¢-test or one-way analysis of variance (ANOVA) with a
Tukey’s post hoc test was used for comparing two groups or
more than two groups, respectively. Data were significantly
different if P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001). The specific statistical methods were indicated in the
figure legend.
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Results and discussion

Instead of using carrier materials to deliver ATRA, we prepared
ATRA-NPs by themselves through nanoprecipitation (Fig. 1a).
ATRA dissolved in DMSO was added to water dropwise and
stirred viscously to allow the formation of ATRA-NPs. Previous
research has highlighted the impact of solute concentration in
organic solvents on the resultant nanoparticle sizes in water.
Therefore, we evaluated three ATRA concentrations in DMSO
(3, 6, and 10 mg mL™"). Both 3 mg mL™" and 6 mg mL™" con-
centrations of ATRA in DMSO successfully produced ATRA-NPs
through nanoprecipitation. However, the higher concentration
of 10 mg mL~" ATRA led to the formation of large aggregates
in water. Analysis using dynamic light scattering (DLS)
revealed that ATRA-NPs generated from 3 mg mL™' and 6 mg
mL™" concentrations in DMSO exhibited hydrodynamic dia-
meters of approximately 226 nm and 245 nm (Fig. 1b and S17),
respectively, with narrow polydispersity indexes (<0.25). We
selected ATRA-NPs prepared using 6 mg mL ™" ATRA for sub-
sequent experiments due to its higher ATRA concentration in
water. Transmission electron microscopy confirmed that these
ATRA-NPs manifested as nanocrystals with a cross-sectional
diameter of approximately 169 + 28 nm (Fig. S2t), consistent
with the DLS findings. The surface potential of ATRA-NPs is
approximately —24.6 mV (Fig. 1c). The negative surface charge
likely originated from the carboxylic acid groups of ATRA.

After synthesizing ATRA-NPs with negative surface charge,
we proceeded to coat them with PEI, which is a commonly
used cationic polymer for nucleic acid delivery. An excess
amount of PEI is added to ensure successful coating. The stoi-
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Fig. 1 (a) Schematic representation of the preparation process of ATRA@QCpG-NPs. (b) The hydrodynamic diameters and (c) zeta potentials of
ATRA-NPs, ATRA@PEI-NPs, and ATRA@CpG-NPs. n = 3 technical replicates. Data are shown as mean + standard deviation (SD). (d) A representative
transmission electron microscopy image of ATRA@CpG-NPs. The Scale bar is 200 nm. (e) Agarose gel image of ATRA@CpG-NPs and free CpG. The

emissions from fluorescein were imaged.
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chiometry between nitrogen in PEI to carboxylic acid group in
ATRA is 2:1. After incubation and purification through cen-
trifugation, the resulting ATRA@PEI-NPs exhibit a hydrodyn-
amic diameter of approximately 316 nm and a surface poten-
tial of 42.7 mV (Fig. 1b and c). The increased size and sharp
change of zeta potential suggest successful coating of PEI onto
ATRA-NPs. We then coated fluorescein-labeled CpG strands
onto ATRA@PEI-NPs. We added different amounts of CpG to
ATRA@PEI-NPs. The stoichiometries of nitrogen in PEI to
phosphate groups in CpG (N/P ratio) were adjusted to 111:1,
55:1, and 33:1. Such calculation is based on the overall
amount of PEI used for preparing ATRA@PEI-NPs. The purifi-
cation step will remove uncoated PEI. Therefore, the actual N/P
ratios are lower than the calculated values. As shown in
Fig. S3,f the hydrodynamic diameter of ATRA@CpG-NPs
increases with increasing amount of CpG. The Zeta potentials
of ATRA@CpG-NPs decrease with increasing amounts of CpG.
The high CpG loading results in greatly increased hydrodyn-
amic diameters and nearly neutral surface charge. Such large
particles with neutral surface charge could compromise cellu-
lar uptake ability. Therefore, we selected ATRA@CpG-NPs with
an N/P ratio of 55 : 1 which exhibited a hydrodynamic diameter
of approximately 380 nm and surface potential of 9.1 mV for
the following studies (Fig. 1b and c). TEM analysis showed
that ATRA@CpG-NPs exhibit nanocrystal structures (Fig. 1d).
Agarose gel electrophoresis showed that ATRA@CpG-NPs move
significantly slower compared to free CpG, suggesting the suc-
cessful loading of CpG in ATRA@CpG-NPs (Fig. 1le). The
amount of ATRA in ATRA@CpG-NPs was quantified by HPLC,
revealing a mass ratio of approximately 3.75:1 for ATRA to
CpG within the particles (Fig. S4T). We next evaluated the cel-
lular uptake ability of ATRA@CpG-NPs. Free fluorescein-
labeled CpG or ATRA@CpG-NPs were incubated with DC2.4
cells. Flow cytometry analysis showed that the median fluo-
rescence intensity (MFI) of cells treated with ATRA@CpG-NPs
is significantly higher than that of free CpG-treated cells
(Fig. 2a). Confocal laser scanning microscopy images also
showed that ATRA@CpG-NPs exhibit much brighter fluor-
escein signals compared to free CpG (Fig. 2b). These data
demonstrated that ATRA@CpG-NPs effectively transport CpG
into cells.

We next evaluated the adjuvant efficacy of ATRA@CpG-NPs
in activating the immune systems. We isolated BMDCs from
C57BL/6 mice and incubated ATRA@CpG-NPs or
ATRA@CpG-NPs with a model antigen ovalbumin peptide.
Free CpG with OVA and PBS were used as negative controls.
The activation of BMDCs is determined by quantifying the
expression of costimulatory markers CD80 and CD86 using
flow cytometry. As shown in Fig. 3a-d and S5, both
ATRA@CpG-NPs and ATRA@CpG-NPs + OVA greatly increased
the population of CD86'CD1lc’, CD80'CD11c’, and
CD80'CD86'CD11c" cells compared to PBS treatment,
suggesting effective activation of DCs. In contrast, treatment
with free CpG with OVA did not trigger DC activation.
ATRA@CpG-NPs with or without OVA showed similar DC acti-
vation efficacy. The DC activation in the inguinal lymph nodes

2296 | Biomater. Sci, 2024,12, 2292-2301

View Article Online

Biomaterials Science

a
8000 * ¥k %k
ATRA@CpG-NPs *okokok
__ 6000 -
5
Free CpG < 4000 *Ak
z
—_ 2000
T T T T T 0 l : .
2 3 4 5 6 7
102 10 10 10 10 10 ?96 eoqo 0*\?9
MFI (FITC) < o
<&
N
b Hoechst FAM Merge
[0}
Q.
O
[
2
n
a
z
o
Qo
O
: ---
<
o
=
<

Fig. 2 (a) Representative flow cytometry plot and MFI of DCs after
treatments with free fluorescein-CpG or ATRA@CpG-NPs. a.u. rep-
resents arbitrary unit. n = 3 technical replicates. Data are shown as mean
+ SD. (b) CLSM images of DC2.4 cells incubated with free fluorescein-
CpG or ATRA@CpG-NPs. Cell nuclei were stained with Hoechst (blue).
Scale bar is 10 pm. Statistical analysis was performed using one-way
ANOVA and Tukey's multiple comparisons tests: ***p < 0.001, ****p <
0.0001.

of mice following one intramuscular injection showed similar
results (Fig. S61). We hypothesized that DC activation by free
OVA is overshadowed by the potent adjuvant.>'* Previous
studies and our results have shown that free OVA antigen
without adjuvant has poor DC activation efficacy.’*

Activated BMDCs could secrete proinflammatory cytokines
that recruit and activate T cells, instigating adaptive immune
responses. We further analyzed the mRNA levels of several
proinflammatory cytokines including TNF-, interleukin-12p40
(IL-12p40), and interleukin-6 (IL-6) in BMDCs following
different treatments. RT-PCR analysis showed that
ATRA@CpG-NPs and ATRA@CpG-NPs + OVA significantly
increased TNF-a, IL-12p40, and IL-6 in mRNA levels compared
to PBS and free CpG with OVA treatments (Fig. 3e to g). These
results suggest that the enhanced cellular uptake of
ATRA@CpG-NPs contributes to their superior efficiency in acti-
vating DCs compared to free CpG.

During antigen presentation of DCs to T cells, the presence
of ATRA was found to induce the expression of CCR9 and a4p7
on activated T cells, thereby imparting gut tropism to the T
cells. To simulate the antigen-presenting process of DCs to T
cells, we isolated T cells from the spleen of female C57BL/
6 mice and stimulated them using magnetic beads coated with
anti-CD3/CD28 antibodies (Fig. 4a). During stimulation, free
ATRA, ATRA-NPs, ATRA@CpG-NPs, or ATRA@CpG-NPs with
OVA were introduced to T cells. It’s worth noting that due to
ATRA’s poor water solubility, free ATRA was dissolved in DMSO

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Representative flow cytometry plots of CD80*CD86" cells

among CD1lc™ BMDCs after different treatments. Quantification of

CD11c*CD86™ (b), CD11c*CD80" (c), and CD11c*CD80*CD86™ BMDCs (d) after treatments. The mRNA levels of TNF-a (e), IL-12 (f), and IL-6 (g) in
BMDCs after different treatments. n = 3 technical replicates. Data are shown as mean + SD. Statistical analysis was performed using one-way ANOVA

and Tukey's multiple comparisons tests: *p < 0.05, **p < 0.01, ***p < 0.001,

and added to cells, while all other samples were dispersed in
water. Utilizing ATRA-NPs improved the water solubility of free
ATRA, eliminating the need for the toxic organic solvent. We
then examined the expression of CCR9 and a4fp7 receptors on
activated T cells using flow cytometry. Remarkably, ATRA-NPs,
ATRA@CpG-NPs, and ATRA@CpG-NPs with OVA all effectively
induced the expression of CCR9 and a4P7 receptors on acti-
vated T cells, exhibiting similar efficacy compared to free ATRA
dissolved in DMSO (Fig. 4b-e and S771). The gut-homing of
CD8" T cells plays an important role in regulating colorectal

This journal is © The Royal Society of Chemistry 2024

****p < 0.0001.

tumor growth since CD8" T cells are primary tumor-killing
cells. We further analyzed CCR9" and o4P7" cells among
CD3'CD8" cells. As shown in Fig. 4f-h, ATRA@CpG-NPs
greatly increased the population of CD3'CD8'CCRY’,
CD3'CD8'a4B7", and CD3'CD8'CCRY'a4f7" cells compared to
PBS treatment. The results demonstrated that ATRA within
ATRA@CpG-NPs maintains its efficacy in inducing gut-homing
receptors in T cells.

The ability of ATRA@CpG-NPs to induce gut-homing recep-
tors on CD8" T cells positions them as a promising mucosal
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Fig. 4 (a) Schematic view of the in vitro T cell activation assay. Isolated T cells from the spleen of mice were activated using anti-CD3/CD28 anti-

bodies-coated beads. ATRA-NPs, ATRA@CpG-NPs, ATRA@CpG-NPs with OVA peptide in water or free ATRA in DMSO were incubated with T cells
during activation. (b) Representative flow cytometry plots of a4p7*CCR9* cells among CD3* cells. Quantitative analysis of a4p7*CD3* (c),
CCR9*CD3* (d), CCR9*a4p7*CD3* (e), a4p7*CD8*CD3" (f), CCR9*CD8*CD3" (g), and CCR9*a4p7*CD8*CD3* (h) cells after different treatments. n
= 3 technical replicates. Data are shown as mean + SD. Statistical analysis was performed using one-way ANOVA and Tukey's multiple comparisons

tests: ****p < 0.0001.

adjuvant for cancer vaccines. To evaluate whether
ATRA@CpG-NPs + OVA could activate antigen-specific T cells,
we extracted CD8" T cells from the spleen of OT-1 mice. These
CD8" T cells recognize OVA antigen.>**® We treated these CD8"
T cells using ATRA@CpG-NPs with or without OVA and
detected the content of IL-2 and IFN-y in the supernatants.
Cells treated with ATRA@CpG-NPs + OVA secrete significantly

2298 | Biomater. Sci, 2024, 12, 2292-2301

higher amounts of IL-2 and IFN-y compared to those treated
with ATRA@CpG-NPs and PBS treatment, suggesting that
ATRA@CPpG-NPs + OVA could activate antigen-specific CD8" T
cells (Fig. S8%).

We next tested the combination of OVA antigen and
ATRA@CpG-NPs adjuvant as a therapeutic cancer vaccine to
treat orthotopic colorectal cancer in mice. We used a mouse

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Treatment scheme of an orthotopic MC38-OVA colorectal tumor model. Mice were vaccinated through intramuscular injections on days
1 and 7 post-tumor inoculation. The tumors were isolated on day 13. (b) Representative flow cytometry plots of CD3*CD8™" T cells among tumor
cells. (c) Quantitative analysis of CD3*CD8" T cells among tumor cells. Photographs (d) and weights (e) of isolated tumors. n = 6 biologically inde-
pendent samples per group. Data were shown as mean + SD. Statistical significance was calculated by Student'’s t test or one-way ANOVA: *p < 0.05,
**p < 0.01, ***p < 0.001. (f) Body weight analysis of mice bearing orthotopic MC38-OVA colorectal tumors after treatments. n = 6 biologically inde-
pendent samples per group. Data were shown as mean + SD. (g) H&E-stained sections of major organs from tumor-bearing mice after different
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colorectal cancer cell line MC38 that was stably transfected to
express OVA. To establish orthotopic colorectal tumors, we
transplanted a small piece of subcutaneous OVA-MC38 tumor
(3-4 mg) onto the cecum of C57BL/6 mice following a pre-
viously published method®” (Fig. 5a). Mice were vaccinated
with ATRA@CpG-NPs through intramuscular injections on day
1 and 7 post-tumor inoculation. Free CpG with OVA and
ATRA@CpG-NPs without OVA were used as controls to study
the effect of the nanoparticle and antigen. Each mouse
received 20 pg of OVA, 15 pg of CpG, and 70 pg of ATRA per
dose. On the 6th day after the second vaccination, we eutha-
nized mice and isolated the orthotopic tumors. As shown in
Fig. 5b, c and S9,7 ATRA@CpG-NPs with OVA induced a higher
population of CD3'CD8" T cells compared to PBS and free OVA
+ CpG treatment, suggesting that ATRA@CpG-NPs with OVA
increase CD8" T cell infiltration into orthotopic colorectal
tumors. ATRA@CpG-NPs with OVA greatly inhibited orthotopic
tumor growth as demonstrated by the reduced tumor size and
weight compared to PBS treatment (Fig. 5d and e). In contrast,
free CpG with OVA did not show any therapeutic effect, high-
lighting the crucial role of the nanoparticle in facilitating CpG
uptake and ATRA in inducing T-cell homing to the gut. Even
though ATRA@CpG-NPs without OVA could induce the
expression of gut-homing receptors on T cells (Fig. 4), they are
still ineffective in inhibiting tumor growth due to a lack of
tumor specificity. Collectively, these data suggest that
ATRA@CpG-NPs could serve as a potent mucosal adjuvant to
activate the immune system, imprint antigen-specific T cells
with gut-homing receptors, and effectively inhibit orthotopic
colorectal tumor growth when combined with a tumor
antigen.

ATRA is a natural metabolite of vitamin A. ATRA has been
clinically approved for the treatment of acne and acute promye-
locytic leukemia. The oral dose of ATRA is 10 mg per capsule,
which is greatly higher than the potential dose needed for vac-
cination purposes. We first evaluated the cytotoxicity of
ATRA@CpG-NPs in DC 2.4 cells. Our result showed that
ATRA@CpG-NPs did not induce additional cytotoxicity com-
pared to free CpG or free ATRA (Fig. S10t). To assess the
in vivo toxicity of ATRA@CpG-NPs, we monitored the body
weights of mice after vaccination during cancer treatment.
Throughout the treatment period, we observed no significant
changes in body weight in all groups (Fig. 5f). H&E staining of
major organs, including heart, liver, spleen, lungs, and
kidneys, showed no significant morphological changes
(Fig. 5g), indicating the good safety profile of ATRA@CpG-NPs
at therapeutic relevant doses in mice.

Conclusions

In this study, we employed a layer-by-layer assembly method to
create nanoparticles capable of co-delivering ATRA and CpG.
After optimizing the preparation conditions, ATRA@CpG-NPs
were successfully synthesized with high ATRA and CpG
loading. These nanoparticles efficiently transported CpG into
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cells, activated BMDCs, induced proinflammatory cytokine
production, and imprinted activated T cells with gut-homing
receptors CCR9 and a4f7. As a mucosal adjuvant, the adminis-
tration of ATRA@CpG-NPs with OVA effectively inhibited ortho-
topic colorectal tumor growth in mice without inducing notice-
able side effects. ATRA@CpG-NPs are also capable of loading
more CpG by increasing an additional layer of PEI/CpG or
achieving codelivery of CpG and OVA (Fig. S11 and S127). The
simple preparation, high loading capacity, and great efficacy of
ATRA@CpG-NPs make them an attractive candidate as a
mucosal adjuvant for diverse antigens targeting colorectal
cancer and other infectious diseases in the gut.
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