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Abstract: Improving the delivery of biomolecules to DCs and lymph nodes is critical to increasing
their anti-tumor efficacy, reducing their off-target side effects, and improving their safety. In this
study, Gd,O3; nanotubes with lengths of 70-80 nm, diameters of 20-30 nm, and pore sizes of up
to 18 nm were synthesized using a facile one-pot solvothermal method. The Gd;O3 nanotubes
showed good adsorption capacity of OVA and TLR7a, with a loading efficiency of about 100%. The
GdyO3 nanotubes showed pH-sensitive degradation and biomolecule release properties; the release
of gadolinium ions, OVA, and TLR7a was slow at pH 7.4 and fast at pH 5. The Gd,;O3 nanotubes
showed 2.6-6.0 times higher payload retention around the injection site, 3.1 times higher cellular
uptake, 1.7 times higher IL1§3 secretion, 1.4 times higher TNF« secretion by BMDCs, and markedly
enhanced draining lymph node delivery properties. The combination of OVA, TLR7a, and Gd,O3
nanotubes significantly inhibited tumor growth and increased survival rate compared with only
OVA-TLR7a, only OVA, and saline. The Gd;O3 nanotubes are biocompatible and can also be used as

radiation sensitizers.
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1. Introduction

Cancer immunotherapy has revolutionized cancer treatment owing to recent clinical
advances in cancer immunotherapy drug development [1,2]. However, tumors can evade
immune system attack by evading immune cell recognition, secreting immunosuppressive
cytokines, expressing immune checkpoints, producing regulatory T lymphocytes (Treg),
inducing the apoptosis of immune cells, and generating M2 macrophages [3,4]. To boost
host immune responses against cancer, a promising strategy involves the isolation and
activation of dendritic cells (DCs) ex vivo, followed by the injection of these activated DCs
back into patients. After homing to lymph nodes, the activated DCs present the loaded
cancer antigens to T cells to initiate anti-tumor immune responses [5,6]. However, this
strategy has disadvantages. It requires a long in vitro pretreatment time and only a small
fraction of programmed DCs can be delivered to lymph nodes. Moreover, it is costly and
there are difficulties with quality control and regulatory concerns [5,6]. Therefore, it is
important to complete DC recruitment and activation, antigen presentation, and T cell
activation directly inside the body [7].

The toll-like receptor 7 agonist (TLR7a) is a promising candidate that can enhance
the innate and adaptive immune responses through the expression of CD40, CD80, CD86,
and CCR7, and the secretion of interleukin (IL)6, IL8, IL12, interferon (IFN)x, IFNy, and
tumor necrosis factor o (TNFx) [8,9]. Imiquimod is an imidazoquinoline amine that shows
immune modulating and anti-tumor effects by binding to TLR7, mainly expressed by
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plasmacytoid DCs, macrophages, mast cells, and monocytes [10,11]. Imiquimod is an
FDA-approved molecular immunopotentiator for topical application for the treatment
of skin malignancies [10,11]. Imiquimod activates TLR7 through an MyD88-dependent
signaling pathway and induces the expression of the transcription factor NF-«B [12,13].
However, the systemic application of imiquimod showed a limited success in clinical trials
because of an imbalance between safety and efficacy [9,10,14]. Its fast clearance from the
injection site, limited uptake efficiency by antigen-presenting cells, and inefficient delivery
to draining lymph nodes necessitate high doses, thus causing off-target side effects and
systemic toxicity [9,10,14]. Nanoparticle-based adjuvants are critical for overcoming the
shortcomings of soluble immunopotentiators, which extend the retention time, increase the
uptake efficiency by antigenpresenting cells, and increase delivery efficiency to draining
lymph nodes [15-19].

Nanoparticles formulated from polymers, lipids, and inorganic materials have shown
success in enabling a more efficient and sustained delivery of the loaded components
to the target cells and tissues [15,20,21]. Inorganic materials can protect against pay-
load degradation, extend payload exposure, facilitate payload uptake by DCs, improve
payload bioavailability, reduce the necessary payload dose, and control the induced im-
mune response [15-19]. In particular, gadolinium-based substances are commonly used
as contrast agents in clinical magnetic resonance imaging, which are proved to be safe for
humans [22,23]. Herein, we synthesized a new type of Gd,O3 nanotube. We hypothesized
that the encapsulation of TLR7a with Gd,O3 nanotubes would overcome the drawback of
free TLR7a and significantly improve payload delivery to antigen-presenting cells (APCs),
thereby ultimately increasing the anti-tumor efficacy.

2. Materials and Methods
2.1. Synthesis of GdyO3 Nanotubes

Gadolinium acetate hydrate and urea were dissolved in ethanol (FUJIFILM Wako
Pure Chemical Corporation, Tokyo, Japan) by stirring at room temperature to form a clear
solution (molar ratio of gadolinium acetate hydrate, urea, and ethanol = 1:2:206). Next, the
solution was heated at 160 °C for 9 h in a polytetrafluoroethylene tube. The precipitates
were washed with ultrapure water and freeze-dried to obtain Gd,O3 nanotubes.

2.2. Characterization of Gd,Oz Nanotubes

The GdyO3 nanotubes were characterized by transmission electron microscopy (TEM,
JEOL, Tokyo, Japan) and powder X-ray diffraction (XRD) analysis (Rigaku, Tokyo, Japan).
The nitrogen gas (N;) adsorption—desorption isotherm of the Gd;O3 nanotubes was char-
acterized using a surface area and porosity analyzer (TriStar II, Micromeritics, Norcross,
GA, USA).

2.3. Biomolecule Loading and Release, and Gd,O3 Nanotube Degradation In Vitro

Chicken egg ovalbumin (OVA, Sigma-Aldrich, St. Louis, MO, USA, 1 mg/mL in
saline) and TLR7a (imiquimod, InVivoGen, San Diego, CA, USA, 0.2 mg/mL in saline)
were mixed with Gd;O3; nanotubes (10 mg/mL) at 4 °C for 1 day. The supernatants
were collected by centrifugation. The remaining OVA in the supernatant was tested by
Bio-Rad Protein Assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The remaining
TLR7a in the supernatant was tested by an ultraviolet-visible spectrophotometer (V-550,
JASCO, Tokyo, Japan). The loading efficiencies of OVA and TLR7a were calculated by the
following formula: loading efficiency = (Initial biomolecule concentration—Biomolecule
concentration after loading) /Initial biomolecule concentration x 100%.

To examine the biomolecule release and Gd;O3 nanotube degradation, the biomolecule-
loaded Gd;O3 nanotubes (2.5 mg) were added to the acetate buffer (2 mL, pH = 5) or the
Tris-HCl buffer (2 mL, pH =7.4) at 37 °C. At certain time intervals, the buffers were collected,
and at the same time, 1 mL of fresh buffers was added. The collected buffers were analyzed
for OVA and TLR7a concentrations. The Gd ion concentrations in the collected buffers were
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analyzed by inductively coupled plasma-atomic emission spectrometry (ICP-AES, Hitachi
High-Technologies, Ibaraki, Japan).

2.4. In Vivo Antigen Retention

C57BL/6] mice (female, 6 weeks old, CLEA Inc., Tokyo, Japan) were subcutaneously
injected with Alexa Fluor 647-OVA (A647-OVA, Molecular Probes, Eugene, OR, USA,
100 pg/mouse) and Gd,O3-A647-OVA (100 ng/mouse for A647-OVA; 1 mg/mouse for
Gd0O3 nanotubes). The distribution of A647-OVA in mice was analyzed using an in vivo
imaging system (IVIS).

2.5. In Vitro Cellular Test

Bone marrow-derived dendritic cells (BMDCs) collected in accordance with a previous
report [24] were used for in vitro testing. At first, Gd,O3; nanotubes were mixed with a
green fluorescent fluorescein ovalbumin conjugate (F-OVA, Life Technologies, Carlsbad,
CA, USA) at 4 °C overnight. Then, BMDCs were cultured with F-OVA and F-OVA-loaded
Gdy0O3 nanotubes (25 ug/mL for Gdy;O3 nanotubes; 5 ng/mL for F-OVA). After culture for
1d, the BMDCs were washed with calcium- and magnesium-free phosphate buffered saline
[PBS(-)] and tested using a fluorescent microplate reader (MTP-900, Hitachi). In addition,
the cells were stained with LysoTracker red DND-99 (Invitrogen, Waltham, MA, USA) and
Hoechst (Thermo Fisher, Waltham, MA, USA), and analyzed using a confocal laser scanning
microscope (Leica, Wetzlar, Germany, TCS SP5). The media were also collected after culture
for 2 days and tested using mouse TNFo and IL13 enzyme-linked immunosorbent assay
(ELISA) kits (BD Biosciences, San Jose, CA, USA).

2.6. In Vivo Antigen Delivery in Lymph Nodes and In Vivo Safety

C57BL/ 6] mice (female, 6 weeks old, CLEA Inc.) were subcutaneously injected with
F-OVA (100 pg/mouse) and GdyO3-F-OVA (100 png/mouse for F-OVA; 1 mg/mouse for
Gd,0O3 nanotubes). Cells around the injection site were collected after 16 h and analyzed by
flow cytometry (FACSAria, BD Bioscience). Nearby draining lymph nodes were collected
to prepare cryosections, stained with DAPI (Funakoshi, Tokyo, Japan) and observed under
a fluorescence microscope (BX51, Olympus, Tokyo, Japan) equipped with a highly sensitive
camera (DP74, Olympus). The kidney, spleen, heart, liver, and lung were collected 16 h
after injection, and stained with hematoxylin, and eosin (HE). Blood urea nitrogen (BUN),
aspartate aminotransferase (AST), creatinine (CRE), alanine aminotransferase (ALT), and
alkaline phosphatase (ALP) levels (Sysmex, Hyogo, Japan) of mice 2 d after subcutaneous
administration of saline and Gd,O3; were tested.

2.7. In Vivo Anti-Tumor Immunity

E.G7-OVA cells (2 x 10° cells/mouse, ATCC, Manassas, VA, USA) were injected
subcutaneously into the right flank of C57BL/6 mice (6 weeks old, female, CLEA Inc.). On
days 7, 10, 14, and 21, mice were divided into 4 groups, and saline, OVA (100 pg/mouse),
OVA-TLR7a (100 pg/mouse for OVA; 20 pg/mouse for Imiquimod), or GdpO3-OVA-TLR7a
(100 pg/mouse for OVA; 20 pug/mouse for Imiquimod; 1 mg/mouse for Gd,O3 nanotubes)
were injected into their left flanks. The tumor volume was calculated by 1/2 x longest
dimension X (perpendicular dimension)?. Mouse survival rate was calculated on the
basis of tumor size < 15 mm. Splenocytes were collected, stained with anti-mouse CD4,
anti-mouse CD8«, anti-mouse IFNYy, and anti-mouse TNF«x antibodies (BioLegend, San
Diego, CA, USA), and analyzed using a FACSAria cell cytometer (BD Biosciences).

2.8. Radiation Sensitization Evaluation of Gd,O3 Nanotubes

E.G7-OVA cells and mouse oral squamous cell carcinoma 2 (MOC2) cells (Kerafast,
Boston, MA, USA) (5 x 10% cells/well) were seeded on 96-well plates and cultured
overnight. Gd,O3; nanotubes (0-50 pg/mL for E.G7-OVA; 0-200 pg/mL for MOC2) were
added and cultured for 4 h. The cells were exposed to radiation (0-2 Gy for E.G7-OVA;
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0-8 Gy for MOC2) using an X-ray generator (Faxitron X-ray Corp., Lincolnshire, IL, USA,
CP160), and then cultured for another 3 days. Cell viability was determined using a CCK-8
kit (Dojindo Molecular Technologies, Rockville, MD, USA).

MOC2 cells (2.5 x 10* cells/well) were seeded on 96-well plates and cultured for
24 h. GdyO3 nanotubes (200 pg/mL) were added and cultured for another 6 h. The cells
were washed with PBS (-) and cultured with DCFDA (30 umol) for 45 min. The ROS
generation capacity was analyzed using a DCFDA /H2DCFDA-cellular ROS assay kit
(Abcam, Cambridge, UK).

MOC?2 cells (2.5 x 10° cells/well) were seeded on 12-well plates and cultured overnight.
Gd,Os3 nanotubes (200 ng/mL) were added and the cells were further cultured overnight.
The cells were exposed to radiation at a dose of 6 Gy using an X-ray generator. Then, the
cells were analyzed using a DNA damage detection kit-y-H2AX-Green (Dojindo).

2.9. Statistical Analysis

Log-rank test, Student’s t-test, or ANOVA with Tukey’s multiple comparisons post
hoc test were used to calculate the statistical significance of differences. A p-value of <0.05
was considered statistically significant.

3. Results and Discussion

Gd,O3 nanotubes were synthesized by a facile one-pot solvothermal method using
gadolinium acetate hydrate, urea, and ethanol (Figure 1a). The GdyO3 nanotubes were
about 70-80 nm in length and 20-30 nm in diameter (Figure 1b), and were composed of
amorphous Gd,O3 without extra peaks caused by impurity phases, as shown by the XRD
pattern in Figure 1c. Pore sizes of up to 18 nm were observed on the pore size distribution
curve of GdyO3 nanotubes (Figure 1d,e), which was consistent with the TEM image in
Figure 1b.
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Figure 1. Synthesis scheme of Gd;O3 nanotubes (a), TEM image (b), XRD pattern (c), N, adsorption-
desorption isotherms, (d) and pore size distribution (e) of Gd,O3 nanotubes.

The Gd;O3 nanotubes showed good adsorption capacity of OVA and TLR7a, with
a loading efficiency of about 100% (Figure 2a). The amounts of OVA and TLR7a loaded
to the Gd,O3 nanotubes were about 100 pg/mg and 20 pug/mg, respectively (Figure 2b).
The Gd;O3 nanotubes showed pH-sensitive degradation and biomolecule release from
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Gd,03-OVA and Gd,03-TLR7a. Gadolinium ions, OVA, and TLR7a were released slowly
in a slightly alkaline Tris-HCl buffer (pH = 7.4). In contrast, gadolinium ions, OVA, and
TLR7a were released rapidly in an acidic acetate buffer (pH = 5). In the acidic acetate
buffer, the release percentages of gadolinium ions, OVA, and TLR7a reached 99%, 24%,
and 91% on day 2, respectively (Figure 2c—e). GdyO3; nanotubes showed pH-sensitive
degradation manner, with a faster degradation rate at pH 5 and a slower degradation
rate at pH 7.4 (Figure 2c). Therefore, OVA and TLR7a loaded with Gd;O3; nanotubes
showed a pH-sensitive release manner similar to the degradation manner of Gd;O3 nan-
otubes. The slow release of biomolecules in a slightly alkaline environment and the rapid
release of biomolecules in an acidic environment is beneficial for reducing the delivery of
biomolecules into the extracellular environment and promoting the biomolecule delivery
into the intracellular environment [25].
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Figure 2. Biomolecule loading and release, and Gd,O3; nanotube degradation. OVA and TLR7a
loading efficiency (a) and loading amount (b) on Gd;O3 nanotubes, pH-responsive Gd,O3 nanotube
degradation (c), pH-responsive OVA, (d) and TLR7a (e) release from Gd,O3-OVA and Gd,O3-TLR7a,
respectively (n = 3—4, * p < 0.05).

A647-OVA was used to evaluate the in vivo biomolecule retention around the injection
site (Figure 3a). For mice injected with free A647-OVA, the signal intensity of A647-OVA
decreased rapidly from d1 to the detection limit on d7. For mice injected with Gd,O3-A647-
OVA, the signal intensity of A647-OVA decreased much more slowly than those injected
with free A647-OVA (Figure 3b). From d1 to d7, mice injected with GdyO3-A647-OVA
showed a 2.6-6.0 times higher A647-OVA signal intensity than those injected with free
A647-OVA (Figure 3c). The prolonged release of biomolecules is essential for the long-term
stimulation of DCs to break immune tolerance. The rapid removal of biomolecules may
reduce the duration and quality of the generated immune memory [20,26]. In this study,
the Gd,O3 nanotubes showed a significantly prolonged payload release in vivo, so they
are favorable for initiating robust and long-term adaptive immune responses [27,28].
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Figure 3. Gd,O3 nanotubes significantly prolonged A647-OVA retention around the injection site.
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Experimental procedure (a), IVIS images of A647-OVA in mice (b), radiant efficiency around injection
site, and (c) 1, 2, 3 and 7 d after subcutaneous injection (n =4, * p < 0.05).

The Gd,;O3 nanotubes markedly facilitated antigen cellular uptake and the maturation
of BMDCs in vitro. BMDCs engulfed only a small amount of free F-OVA, as shown by the
very weak fluorescence signals in the representative confocal laser scanning microscopy
images. In contrast, BMDCs engulfed markedly large amounts of F-OVA from Gd,O3-F-
OVA, in which strong fluorescence signals were detected in representative confocal laser
scanning microscopy images (Figure 4a). The fluorescence intensity of BMDCs cultured
with Gd,O3-F-OVA was 3.1 times higher than those cultured with F-OVA (Figure 4b). The
Gd, O3 nanotubes increased levels of IL13 and TNF« secretion from BMDCs. BMDCs
cultured with Gd;O3-F-OVA showed 1.7 and 1.4 times higher IL13 and TNF«x secretion
levels than those cultured with F-OVA (Figure 4c,d). BMDCs treated with Gd;O3-OVA
showed the highest CD86*, CCR7*, and CD80" expression among BMDCs treated with
unloaded Gd;0O3 nanotubes and culture media. BMDCs treated with unloaded Gd,O3
nanotubes showed comparable expressions of CD86*, CCR7*, and CD80* compared with
BMDCs treated with culture media (Figure S1). The activation of cytotoxic T lympho-
cytes (CTLs) is critical for anti-tumor immunity, which requires the delivery of antigens
to DCs, the activation of DCs, the cross-presentation of antigens to T cells, and the acti-
vation of T cells [29]. DCs recognize pathogen components, up-regulate costimulatory
molecules, secrete cytokines and chemokines, promote antigen cross-presentation, and
induce subsequent immune responses [21,30-32].

The Gd;0O3 nanotubes increased the F-OVA cellular uptake efficiency in vivo. The
percentages of F-OVA™ cells were 9% and 49% around injection site in mice 16 h after
injection with F-OVA and Gd;O3-F-OVA, respectively (Figure 5a,b). The Gd;O3 nanotubes
facilitated the delivery of antigens into nearby draining lymph nodes. Only weak antigen
signals were detected in the nearby draining lymph nodes of mice injected with F-OVA.
In contrast, higher antigen signal intensities were detected in the nearby draining lymph
nodes of mice injected with GdyO3-F-OVA than in those of mice injected with free F-OVA
16 h after subcutaneous injection (Figure 5c). Recent studies have demonstrated that the
targeted delivery of immune potentiators is superior to the administration of their free
forms. The delivery efficiency of immune potentiators to APCs and lymphoid tissues
determines the quality of subsequent immune responses [9,21,33]. In addition, the systemic
circulation of immune potentiators may cause undesired toxicity [34]. Therefore, the Gd,O3
nanotubes that promote the uptake of immune potentiators by DCs and their transport to
lymphoid tissues are critical for improving immunogenicity and reducing the off-target
morbidity of immune potentiators.
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Figure 4. GdyO3 nanotubes facilitated F-OVA cellular uptake and BMDC maturation in vitro. Repre-
sentative confocal laser scanning microscope images of F-OVA and Gd,O3-F-OVA after culture with
BMDCs with lysosome staining (a), fluorescence intensity of F-OVA after cellular uptake by BMDCs
(b), IL1p (c), and TNF« (d) secretion levels from BMDCs (n = 6, * p < 0.05).
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Figure 5. Gd,O3 nanotubes facilitated F-OVA cellular uptake and delivery of F-OVA into the lymph
nodes. F-OVA positive cells at the injection site (a,b; n = 3, * p < 0.05), and representative cryosection
images of mouse lymph nodes 16 h after subcutaneous injection of F-OVA and Gd,O3-F-OVA (¢).

The combination of OVA, TLR7a, and Gd,O3 nanotubes significantly inhibited tumor
growth and increased survival rate compared with saline, only OVA, and OVA-TLR7a
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in a therapeutic mouse model. The tumor volumes of the mice injected with saline, only
OVA, OVA-TLR7a, and Gd,O3-OVA-TLR7a were 1970 + 973 mm?, 1435 + 919 mm?3,
1839 + 397 mm?3, and 556 4 445 mm?3 on d20, respectively (Figure 6a,b). The survival rates
of the mice injected with saline, only OVA, OVA-TLR7a, and Gd;O3-OVA-TLR7a were 0%,
20%, 0%, and 60% at the endpoint, respectively (Figure 6¢). The anti-tumor effect of Gd,O3
alone should be further studied.

a IdO lllldz d10, d14, d21 )
Challenged by Immunized into Tumor volume,
E.G7-OVA into the the left flank FACS analysis
right flank (s.c.)

G1=saline; G2=0OVA; G3=0OVA-TLR7a; G4=Gd>03-OVA-TLR7a

C100-b—ii—a+n T
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Figure 6. Gd;O3 nanotubes promoted anti-tumor immunity in mice. Experimental procedure
(a), tumor volume (b), and survival rate (c) of mice administrated with G1: saline, G2: OVA, G3:
OVA-TLR7a, and G4: Gd;O03-OVA-TLR7a (n =5, * p < 0.05).

The combination of OVA, TLR7a, and Gd;O3 nanotubes significantly increased IFNy
and TNFa expression levels in splenocytes of mice at the endpoint (Figures 7 and 8). In
splenocytes of the mice injected with saline, only OVA, OVA-TLR7a, and Gd,O3-OVA-
TLR7a showed CD4*IENYy* T cell populations of 0.60%, 0.67%, 0.75%, and 1.30% (Figure 7);
CDS*IENY* T cell populations of 0.74%, 0.63%, 0.65%, and 1.74% (Figure 7); CD4*TNF«*
T cell populations of 1.06%, 1.08%, 1.22%, and 2.04% (Figure 8); and CD8"TNFa* T cell
populations of 0.08%, 0.09%, 0.08%, and 0.29% (Figure 8), respectively.

Several clinical studies have shown that cancer vaccines can induce protection in
prophylactic mouse models; however, the same vaccines often show only limited efficacy
in therapeutic mouse models [35]. To generate anti-tumor immune responses, robust and
durable T cell activation plays a central role, because they kill tumor cells and secrete tumor
suppressive cytokines [36,37]. Among the immune potentiators, TLRa shows promising po-
tential in activating T cells followed by APC activation, antigen presentation, and cytokine
secretion [38]. TLRa stimulates a variety of APCs, especially DCs, to present antigens,
express costimulatory molecules, secrete cytokines, and initiate T cell responses [9,38]. The
efficacy of TLRa can be further improved by using delivery systems that can overcome
the restricted TLRa distribution, and prolonged activity in draining lymph nodes, thus
improving immunogenicity and reducing systemic distribution and morbidity [9]. In this
study, the combination of OVA, TLR7a, and Gd,O3 nanotubes significantly inhibited tumor
growth in the therapeutic mouse model by increasing IFNy and TNFx expression levels in
splenocytes of mice at the endpoint (Figures 7-9). IFNy and TNF« play pivotal roles in
the activation and stimulation of anti-tumor immune responses [39-42]. IFNy may inhibit
tumor angiogenesis, induce regulatory T cell apoptosis, stimulate M1 macrophage activ-
ity, and promote anti-tumor immunity [39,40]. TNF«, a potent paracrine and endocrine
mediator of inflammation and immunity, plays a key role in regulating the growth and
differentiation of various cells, as well as anti-tumor activity [41,42].
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CD4"TNF«* T cells (c), and CD8*TNFo™" T cells (d) at the endpoint (n =5, * p < 0.05).
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Figure 9. Biocompatibility of Gd,O3 nanotubes. Biochemistry parameters (BUN, AST, CRE, ALT,
and ALP) of mice 2d after subcutaneously injection of saline and Gd,O3 (a, n = 3), and histological
sections of heart, kidney, liver, lung, and spleen of mice 16 h after subcutaneously administration of
F-OVA and Gd,03-F-OVA (b).

The Gd,O3 nanotubes are biocompatible as shown by the blood biochemical tests
and histological analysis (Figure 9). The BUN, AST, CRE, ALT, and ALP levels in mice
injected with Gd;O3 nanotubes and saline were within normal ranges, with no significant
differences (Figure 9a). Moreover, there was no marked difference in histological sections of
the heart, kidneys, liver, lungs, and spleen of mice injected with Gd;O3-F-OVA and F-OVA,
indicating no obvious toxicity of Gd,O3 nanotubes (Figure 9b).

In addition to the immune stimulating effect, the Gd,O3; nanotubes also work as
radiation sensitizers. The Gd;O3; nanotubes markedly decrease survival rate, increase ROS
levels, and enhance DNA damage when used together with radiation. The survival rates of
E.G7-OVA and MOC2 cells decreased with increasing Gd,O3 concentration and radiation
dose (Figure 10a,b). The survival rate of E.G7-OVA cells decreased to 25% in the case of
50 ng/mL GdyO3 and 2 Gy radiation (Figure 10a). The survival of MOC?2 cells decreased
to 38% with 200 ng/mL GdyO3 and 8 Gy radiation (Figure 10b). MOC?2 cells treated with
200 pg/mL GdyO3 and 6 Gy radiation showed 4.4 times and 1.9 times higher ROS levels
and relative y-H2AX fluorescence intensities than those without any treatment, respectively
(Figure 10c,d). Although animal and clinical trials have indicated the feasibility of personal-
ized cancer vaccines composed of peptides and RNA [43], their high development cost and
long development period have hampered the clinical application [44]. The combination of
Gd,O3 nanotubes with radiotherapy is advantageous for inducing tumor cell death, after
which the adsorption of dead tumor components on Gd,O3 nanotubes may lead to the
formation of an in situ cancer vaccine that empowers the body with anti-tumor immune
activity. Further studies are needed to confirm the in situ vaccination accompanied by
immune activation.
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Figure 10. Together with irradiation, Gd;O3 nanotubes decreased survival rate of E.G7-OVA and
MOC?2, increased intracellular ROS generation and intracellular DNA damage of MOC2. Survival
rate of E.G7-OVA (a, n = 8) and MOC2 (b, n = 8), relative ROS level (¢, n = 8), and relative y-H2AX
fluorescence intensity (d, n =4, * p < 0.05).

4. Conclusions

Gd,O3 nanotubes with lengths of 70-80 nm, diameters of 20-30 nm, and pore sizes of
up to 18 nm were synthesized by a facile one-pot solvothermal method using gadolinium
acetate hydrate, urea, and ethanol. The Gd;O3 nanotubes were composed of amorphous
Gd,O3 without impurity phases. The Gd;O3 nanotubes showed good adsorption capacity
of OVA and TLR7a, with a loading efficiency of about 100%. The Gd,Os nanotubes showed
pH-sensitive degradation and biomolecule release from Gd,O3-OVA and Gd;O3-TLR7a; the
release of gadolinium ions, OVA, and TLR7a was slow in a slightly alkaline environment
but fast in an acidic environment. The Gd;O3; nanotubes showed 2.6-6.0 times higher
payload retention around the injection site, 3.1 times higher cellular uptake, 1.7 times
higher IL1f3 secretion, 1.4 times higher TNFa secretion by BMDCs, and markedly enhanced
draining lymph node delivery properties. The combination of OVA, TLR7a, and Gd,O3
nanotubes significantly inhibited tumor growth and increased survival rate compared with
only OVA-TLR7a, only OVA, and saline. The combination of OVA, TLR7a, and Gd,0O3
nanotubes significantly increased IFNy and TNNFo expression levels in splenocytes of
mice. The GdyO3 nanotubes were found to be biocompatible and showed the radiation
sensitization effect.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/vaccines12040373/s1, Figure S1: The effects of unloaded Gd, O3 nanotubes
and Gd;03-OVA on BMDC maturation.
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