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Endogenous/Exogenous Nanovaccines Synergistically
Enhance Dendritic Cell-Mediated Tumor Immunotherapy

Yu Zhang, Qiang Li, Meng Ding, Weijun Xiu, Jingyang Shan, Lihui Yuwen,
Dongliang Yang, Xuejiao Song, Guangwen Yang, Xiaodan Su, Yongbin Mou,*

Zhaogang Teng,* and Heng Dong*

Traditional dendritic cell (DC)-mediated immunotherapy is usually suppressed
by weak immunogenicity in tumors and generally leads to unsatisfactory
outcomes. Synergistic exogenous/endogenous immunogenic activation can
provide an alternative strategy for evoking a robust immune response by
promoting DC activation. Herein, Ti;C, MXene-based nanoplatforms (termed
MXP) are prepared with high-efficiency near-infrared photothermal
conversion and immunocompetent loading capacity to form
endogenous/exogenous nanovaccines. Specifically, the immunogenic cell
death of tumor cells induced by the photothermal effects of the MXP can
generate endogenous danger signals and antigens release to boost
vaccination for DC maturation and antigen cross-presentation. In addition,
MXP can deliver model antigen ovalbumin (OVA) and agonists (CpG-ODN) as
an exogenous nanovaccine (MXP@OC), which further enhances DC
activation. Importantly, the synergistic strategy of photothermal therapy and

antigen-specific cytotoxic T lymphocyte
(CTL) immune responses, which are im-
portant for eradicating tumor cells and
preventing tumor recurrence.l’l However,
the functions of DCs are generally re-
stricted in tumor patients.}] There has
been ever-increasing interest in scientific
and clinical research on designing and
exploiting various methods to enhance
DC activation efficacy for tumor therapy.
However, eradicating tumors completely
can be difficult owing to the inherent
drawbacks of traditional DC vaccines, such
as insufficient antigen delivery, inadequate
antigen presentation, and high levels of
immunosuppression.

Currently, the activation pathway of DCs

DC-mediated immunotherapy by MXP significantly eradicates tumors and
enhances adaptive immunity. Hence, the present work provides a
two-pronged strategy for improving immunogenicity and killing tumor cells to

achieve a favorable outcome in tumor patients.

1. Introduction

Dendritic cells (DCs) are the most important antigen-presenting
cells (APCs) that play a central role in tumor immunotherapy.!’
DCs can process and present tumor antigens and activate

can be divided into endogenous and exoge-
nous pathways. Promoting tumor cell re-
lease of immune components for uptake
and processing by DCs is an endogenous
pathway,[* and synthetic antigens and adju-
vants as vaccines injected via to activate sys-
temic DC maturation and antigen presen-
tation are parts of exogenous pathways.l>]
Local tumor tissue can be destroyed, and immunogenic cell
death (ICD) can be induced in tumor cells via various treatment
methods.[] One promising approach for inducing ICD within
the tumor and activating the tumor immune microenvironment
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Scheme 1. Schematic illustration of the MXP nanoplatform as photothermal nanoagents and immune vaccines synergistically activating the DC-based

antitumor immune cascade to achieve effective tumor destruction.

is near infrared (NIR)-mediated photothermal therapy (PTT).l”!
Generally, ICD-released tumor-associated antigens (TAAs) and
damage-associated molecular patterns (DAMPs), acting as en-
dogenous vaccines in situ, are engulfed by DCs and then pre-
sented to T cells.®l Meanwhile, endogenous vaccines facilitate
the maturation of DCs, activation of CTLs, and secretion of mul-
tiple cytokines, thus changing local “cold” immunosuppressive
tumors to “hot” immunoresponsive lesions.’) However, PTT-
mediated endogenous vaccines alone cannot be effective in ab-
lating distal and metastasizing tumors due to suboptimal sys-
temic immune activation, and high expression of heat shock
protein (HSP) increases the heat stress tolerance of tumor cells
and limits the thermal effect.[% Exogenous immune vaccine pro-
cesses have the advantages of sufficient antigen delivery and ad-
equate antigen presentation, inhibiting tumor cells through the
activation of the body’s immune system.!'!] However, the low lo-
cal immune response rate and high immune-related adverse ef-
fects due to the immunosuppressive tumor microenvironment
(TME) limit the curative effect of DC vaccines alone. Recent ad-
vances in antitumor therapy have gradually shifted from a focus
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on monotherapy to combined therapy based on the cooperative
enhancement observed with two or more treatments, which may
result in powerful superadditive therapeutic effects.'”] There-
fore, more high-efficiency and advanced multimodal synergis-
tic antitumor therapy modalities are urgently needed. Recently,
various MXenes with different structures and compositions have
been synthesized.[3] Benefiting from the excellent absorption of
NIR laser and specific surface activity, Ti;C, MXene has recently
been applied in PTT-mediated antitumor treatment."*] However,
Ti, C, only exhibits a single photothermal capability to kill tumor
cells with relatively low efficiency; thus, it is necessary to endow
Ti,C, with additional properties to achieve effective tumor erad-
ication.

In this study, we developed a combined strategy by using
a 2D Ti;C, MXene-based nanoplatform to enhance the tu-
mor eradication efficiency of PTT and DC-based immunother-
apy (Scheme 1). To guarantee the desirable physiological sta-
bility, polyethyleneimine (PEI), a cationic polymer with exten-
sive biomedical applications, was employed to functionalize
the surface of Ti;C, MXenes. The constructed MXenes@PEI
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Figure 1. Characterization of MXP. A) TEM images of MX. B) High-angle angular dark field-scanning transmission electron microscopy (HAADF-STEM)
and EDX elemental mapping images of MX. Red and green indicate C and Ti elements, respectively. C) Schematic picture of the surface modification
of MXP by PEI modification. D) Zeta potentials of MX and MXP. E) Fourier transform infrared (FT-IR) spectra of MX, free PEl, and MXP dispersions. F)
UV-vis spectra of the different concentrations of MXP. G) Thermal images at elevated MXP dispersion under NIR irradiation (808 nm, 1 W cm~2) and

H) corresponding photothermal-heating curves.

nanosheets (MXP) could be rapidly heated under exposure to
an NIR laser (808 nm) and exhibited high photothermal perfor-
mance for killing tumor cells. Furthermore, MXP can induce
ICD of tumors under NIR irradiation. MXP-mediated PTT pro-
vides DCs with “premium” antigens through the destroyed frag-
ments of tumor cells, which form endogenous nanovaccines to
promote DC maturation. In addition, MXP with positive charges
can deliver antigen ovalbumin (OVA) and CpG as exogenous
nanovaccines (MXP@OC), which have the potential to promote
antigen internalization, antigen cross-presentation, and the mat-
uration and migration of DCs. Thus, MXP exerts greater po-
tential as a carrier for delivering tumor antigens and adjuvants.
Moreover, the MXP-mediated PTT and DC-immunotherapy syn-
ergistic strategy showed excellent therapeutic effects in B16-
OVA tumor-bearing mice. Endogenous/exogenous nanovaccines
combine numerous advantages, including improved immuno-
genicity, increased uptake by DCs and stabilization of the anti-
gens, evoking the CTL immune response, alleviating tumor im-
munosuppression in the TME, and inducing robust systemic
antitumor immune responses. We believe that this synergistic
endogenous/exogenous nanovaccine strategy can facilitate DC-
mediated immuno-oncotherapy with photothermal nanoagents
and has potential for future application prospects.
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2. Results and Discussion

2.1. Preparation and Photothermal Properties of MXP

The ideal photothermal agent requires strong NIR light absorp-
tion and high photothermal conversion efficiency for the treat-
ment of tumors.['*%) Among them, carbon-based Ti,C, MXenes
have been utilized as photothermal theranostic nanoplatforms
for tumor therapy due to their unique excellent photothermal
conversion rate and low toxicity.!!%! In the present work, single-
layered Ti,C, MXene flakes (MX) were prepared, and transmis-
sion electron microscopy (TEM) images are shown in Figure 1A.
Energy dispersive X-ray (EDX) elemental mapping showed that C
and Ti were homogeneously distributed on the whole surface of
MX (Figure 1B). MX was subsequently modified by a noncovalent
approach with PEI to construct Ti,C, MXenes@PEI (MXP) (Fig-
ure 1C). The zeta potentials of the MX and MXP dispersions were
determined to be approximately —28.7 + 0.5 and 37.6 = 0.6 mV,
respectively (Figure 1D). The MXP having positively charged sur-
faces indicated that MX was successfully modified by PEI. In ad-
dition, fourier transform infrared (FTIR) spectroscopy of MXP at
1650 cm™! can be assigned to the N-H stretching vibrations from
PEI (Figure 1E),['"] indicating successful modification with PEI.
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As an emerging type of photothermal nanoagent for PTT, MX-
enes exhibit strong absorption in the NIR region.!"® The ultravio-
let and visible (UV-vis) spectra indicate a stable and extensive op-
tical absorbency from 750 to 850 nm, including both visible and
NIR light (Figure 1F). Figure 1G illustrates the temperature eleva-
tion of the MXP dispersion treated with 808 nm laser irradiation.
The temperature of the MXP dispersion rapidly increased and
reached a plateau at approximately 75 °C after 300 s of irradiation
at concentrations of 100 ug mL~! (Figure 1H), which indicated
excellent photothermal transformation ability. To further deter-
mine the photothermal conversion performance of MXP, differ-
ent concentrations of MXP were irradiated with an NIR laser
(808 nm, 1 W cm™2) for 5 mins. The equilibrium temperature of
the MXP dispersion reached approximately 50 and 80 °C at con-
centrations of 25 and 100 pg mL™!, respectively, after 300 s. This
result indicates that the photothermal feature of the MXP disper-
sion is concentration-dependent (Figure S1A, Supporting Infor-
mation). The photothermal conversion efficiency (1) of MXP was
calculated to be 35.03% according to the formula (Figure S1B,C,
Supporting Information), which is greater than that of the tradi-
tional unmodified Ti;C, MXene (28.17%).11] The photothermal
stability of MXP was further evaluated by the recycling on-off ir-
radiation test. The heating/cooling curves show that there is no
distinct deterioration of the temperature of the MXP dispersion
during multiple cycles (Figure S1D, Supporting Information), in-
dicating the high photothermal stability of MXP. The excellent
photothermal performance promises that MXP can be potential
photothermal nanoagents for antitumor PTT.

2.2. Photothermal Antitumor Ability of MXP In Vitro

PTT utilizes photothermal materials with high photothermal-
conversion efficiency to convert light energy into thermal en-
ergy under NIR illumination, and when the temperature rises
to 41 °C, the cell heat shock reaction is initiated, which in turn
causes a series of rapid intracellular changes.*”! The functional-
ization of photothermal nanoagents under regional NIR irradia-
tion could effectively enhance the efficiency of hyperthermia and
decrease the potential side effects.?!] Based on the above results,
MXP possessed great photothermal efficiency. Next, the in vitro
PTT properties of MXP for tumor apoptosis was evaluated (Fig-
ure 2A). Figure 2B shows that the tumor cell viabilities decreased
with increasing MXP concentration under 808 nm NIR irradi-
ation. When the concentration of MXP exceeded 100 pg mL™!
at a power density of 1 W cm™ for 5 min, nearly 90% of B16-
OVA tumor cells were killed. The viability of tumor cells also de-
creased with increasing power density at a constant MXP con-
centration of 100 ug mL™! (Figure 2C). Dramatic death of B16-
OVA cells was observed when the power density was increased
to more than 0.75 W. Therefore, according to the above results,
100 pg mL™" MXP under 1 W cm™ for 5 min was selected to
conduct PTT on B16-OVA cells. The visual results of tumor cell
death were obtained by calcein-AM/PI staining. Figure 2D illus-
trates limited cell cytotoxicity when tumor cells were treated with-
out 808 nm NIR irradiation. The B16-OVA cells were almost dead
in the MXP+NIR group under NIR irradiation for 5 min, while
the PBS + NIR group did not show obvious tumor cell death.
The penetration and inhibition of MXP for tumor multicellular
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spheroids were subsequently examined in vitro. MXP was incu-
bated with B16-OVA multicellular spheroids. Then, the cells were
treated with 808 nm laser irradiation for 5 min, and a massive
number of dead cells were observed in the center of the multicel-
lular B16-OVA tumor spheroids (Figure 2E). These data demon-
strated that MXP can induce tumor cell death through thermal
ablation upon NIR light irradiation.

2.3. Endogenous Nanovaccine Enhanced In Vitro DC Maturation
and Activation

Immunogenic cell death (ICD) is triggered by PTT, which can
induce tumor cells to release DAMPs and TAAs, activate the an-
titumor immune response, and regulate the TME.[?2] Therefore,
PTT can trigger host immunity to a certain extent.’l DAMPs
emitted in the course of ICD include calreticulin (CRT) exposed
on the cell surface; and non-histone chromatin-binding protein
high-mobility group box 1 (HMGB1) and the small metabolite
ATP liberated from dying cells into the extracellular space.?*]
DAMPs can be recognized by both the innate and adaptive im-
mune systems, ultimately resulting in the cross-presentation of
tumor antigens to CD8* CTLs in the context of robust immunos-
timulation. To evaluate the capacity of MXP to induce ICD in tu-
mor cells, the release of crucial DAMPs, including HMGB1 and
ATP, and the exposure of CRT was determined. After the B16-
OVA cells were treated with PBS, NIR, MXP, or MXP+NIR, the
release of ATP and HMGB1 from the MXP+NIR group was sig-
nificantly higher than that from the other groups (Figure S2A,B,
Supporting Information). The corresponding Western blot re-
sults showed that the intracellular ATP and HMGBI levels in
the MXP+NIR group were significantly lower than those in the
other groups (Figure S3C, Supporting Information). Based on the
above results, MXP+NIR can induce ICD of tumors and release
DAMPs. In addition, treatment of tumor cells with MXP showed
remarkable CRT upregulation under NIR irradiation. The CLSM
results confirmed the exposure of CRT on the cell surface of the
MXP+NIR group (Figure S3, Supporting Information), further
verifying the occurrence of ICD.

The effective antigen presentation of DCs is crucial for CTL
responses against tumors.?’] In addition, some carbon-based
nanomaterials have been reported to activate DC maturation af-
ter PTT and then trigger subsequent immune responses.!”>20l
To determine the PTT-triggered maturation of DCs, a transwell
system was used to determine the ability of MXP to facilitate
the maturation of DCs. Promoting the activation and matura-
tion of DCs is an important step in generating effective antigen-
specific T cells. Mature DCs with upregulation of costimulatory
molecules, such as CD86, CD80, and CD40, can effectively evoke
antitumor immune responses.[?’! The transwell experiment was
further applied to determine the immune effect triggered by tu-
mor residues under MXP-mediated PTT treatment in vitro (Fig-
ure 3A). Flow cytometry (FCM) analysis showed that the PBS with
laser irradiation and MXP without laser irradiation groups dis-
played lower CD40 (Figure 3B,C), CD80 (Figure 3D,E), and CD86
(Figure 3F,G) costimulatory molecules than the MXP with laser
irradiation group. MXP-mediated PTT accelerated DC matura-
tion. In addition, DCs can present tumor antigen information
by antigen-MHC I complexes of DCs after the antigen presen-
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Figure 2. In vitro PTT-mediated tumor cell death of MXP. A) Schematic illustrating MXP for PTT-mediated tumor cell death. B) Cell viability of B16-OVA
tumor cells cocultured with MXP nanoparticles at increasing concentrations (0, 10, 20, 50, 100, and 200 pug mL~") for 2 h with or without irradiation
(1 W cm~2, 808 nm, 5 min). C) Relative viability of B16-OVA tumor cells cocultured with MXP (100 pug mL™") for 2 h with irradiation by an NIR laser
at increasing power densities (0.25, 0.5, 0.75, and 1 W cm™2, 5 min). D) Confocal laser scanning microscopy (CLSM) images of Calcein-AM/PI-stained
B16-OVA cells treated with PBS and MXP with or without NIR irradiation. E) CLSM images of B16-OVA multicellular spheroids treated with PBS and

MXP + NIR (100 ug mL~" MXP under 1W cm~2 for 5 min).

tation pathway.?®! To determine whether B16-OVA tumor cells
can release antigen for cross-presentation of DCs after PTT treat-
ment in vitro, we next determined the efficiency of DC cross-
presentation in different groups. The levels of the SIINFEKL-
H-2Kb biomarker on DCs in the MXP+NIR groups increased
~2.5-fold compared to the levels on DCs within the PBS- and
MXP-treated groups (Figure 3H,I). In addition, the secretion of
potent Thl-cytokines (interleukin-12, IL-12) and inflammatory
cytokines (tumor necrosis factor-a, TNF-a) was detected. IL-12
and TNF-a were more highly released in the MXP+NIR group
than in the PBS and MXP groups (Figure S4A,B, Supporting In-
formation). Therefore, MXP-based PTT formed an endogenous
nanovaccine to inhibit the growth of primary tumors by thermal
ablation, and the generated hyperthermia of tumors can also in-
duce ICD and release DAMPs and TAAs under NIR irradiation.
The high immunogenicity of residual tumor tissues triggers DC-
mediated immune responses (Figure 3]). These data confirm that

Adv. Healthcare Mater. 2023, 12, 2203028 2203028 (5 of 15)

MXP is a promising photothermal platform for DC-mediated tu-
mor immunotherapy.

2.4. Exogenous MXP@OC Nanovaccine for Promoting Antigen
Uptake and Presentation of DCs In Vitro

Enhancing the function of DCs in the circulatory system can be
an effective antitumor strategy. Toll-like receptor (TLR) ligands
promote immature DC (iDC) maturation and TLR-induced cy-
tokine secretion. This process can preferentially guide T cells
to differentiate into CTLs[?’! Although immune adjuvants have
been widely studied for priming DC-based immune responses,
there are still some substantial limitations in the clinical use
of free adjuvants.*"] For example, CpG-ODN, a TLR 9 ago-
nist, can initiate humoral and cellular immune responses via
immunological cascades. However, the administration of free

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. DC maturation triggered by MXP-mediated PTT in vitro. A) Schematic illustration of the coculture system of B16-OVA tumor cells and mutuDCs.
B16-OVA cells were cultured in the upper wells, and DCs were cultured in the bottom wells. B16-OVA cells were treated with MXP and NIR irradiation
in the MXP+NIR group. FCM analysis and quantification of B,C) CD40", D,E) CD80*, and F,G) CD86™ DCs. H) FCM analysis and I) quantification of
SIINFEKL-H-2Kb* DCs. J) Schematic illustration of MXP-mediated PTT through increasing the maturation process of DCs.

CpG-ODN leads to unfavorable biodistribution, especially poor
cellular uptake.’!l Nanocarriers provide an excellent way to
achieve carrier functions due to their tunable multicomponent
properties, good interaction with cells, and optimal biological
distribution.[*? Current research illustrates that nanocarriers can
improve the stability of CpG-ODN and reduce adverse effects in
vivo.[33]

The advantageous properties of MXenes for application in
biomedicine stem from their topology, including their high
surface-to-volume ratio and mechanical toughness.** In addi-
tion, surface modification via conjugation of polymers is aimed
at stabilizing MXenes and expanding their biomedical applica-
tion possibilities to obtain intelligent and versatile therapeutic
nanocarriers.l*>) The MXP presented here can also be used as
antigen and adjuvant delivery platforms due to the abundant
anchors and high specific surface area of MXP. MXP modified
with positively charged PEI can promote antigen absorption by
DCs, improve antigen escape from lysosomes, and subsequently
promote antigen cross-presentation.l**) Thus, MXP was used to
load OVA antigens and CpG ODNSs to construct the MXP@OC

Adv. Healthcare Mater. 2023, 12, 2203028 2203028 (6 of 15)

nanovaccine, which improved DC-mediated immune cascade en-
hancement (Figure 4A). The amount of OVA antigen adsorbed
by different concentrations of MXP is shown in Figure S5A, Sup-
porting Information, and MXP also possesses excellent carrying
capacity of CpG ODNs (Figure S5B, Supporting Information).
The in vitro cell cytotoxicity of the MXP@OC nanovaccine was
determined by Annexin V-PI staining. MXP@OC was practically
nontoxic to DCs; even when DCs were treated with 100 ug mL~!
MXP for 24 h, the cell viability was more than 98% (Figure S6A,B,
Supporting Information). Moreover, limited cytotoxicity of DCs
was shown after treatment with 50 uyg mL~! MXP@OC for 48 h
in a Calcein AM-PI staining experiment (Figure S7, Supporting
Information).

Sufficient antigen internalization is a crucial precondition for
the subsequent activation of DCs.’”] We first determined the
antigen cellular uptake of DCs. CLSM results revealed a limited
fluorescence signal in DCs treated with free OVA-PE, while mas-
sive amounts of fluorescent PE signal of OVA were observed in
DCs treated with MXP@OC-PE (Figure 4B). The entire process
of cellular uptake, endosomal rupture, and cytosolic antigen de-

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

A

MXP@O

mDCs

Antigen uptake (1)

Antigen
presentation

-

Maturation
——

www.advhealthmat.de

DAPI OVA-PE Bright Merge

- OVA. . . .
MXP@OC
20 pm

D

B
PBS

PBS
121%

Free CpG
29.3%

MXP@O MXP@OC

T IO LT EPY
ol s iind 4ol 1ol

100
~
4 R L
FrT
Proton sponge effect Antigen and agonist release g hus. 5o | [ Free CpG
-
& 907 | CIMXP@O
-
<
S 40 [ MXP@OC
k)
g
E 207
=
CD80* CD86" CD80 *CD86*
' G H 05
F | I =5 MXP@OC >
@ [ SIINFEKL
] & 0.4{[1 OVA+CpG
J a8 Cpss
1 _ 7 03
T T T T - T T v T T T T = B
— = ] — ] m—
;\; 6 CD40 é MHC-I :\; -~ MHC-II E 024
g N . 100 — & ok <
3 Q D N
84 g w0 g% ,*—I 2 01
G
s S 60 Z % 0.0
890 _— gb : .
g & 40 &% g5 1 25 5 10 25 50 control
E . § ~ g Concentration of MXP@OC (pg/mL)
@ - P>)
~ PBS Free OVA MXP@OC & PBS Free OVA MXP@OC kK 800BS FreeOVA MXP@OC

Figure 4. The MXP@OC nanovaccine enhances DC maturation and cross-presentation. A) Schematic illustration of the preparation of the MXP@OC
nanovaccine and promotion of DC maturation and cross-presentation. B) CLSM results of DCs after treatment with OVA-PE or MXP@OC-PE for 6 h.
Red, OVA-PE; blue, nuclei. C) Representative TEM images and schematic illustration showing that treatment with MXP@OC enhances intracellular
uptake of antigen, endosomal rupture, and subsequent cytosolic antigen delivery. D) Representative FCM histograms and E) percentages of CD80* and
CD86"1 DCs after different treatments. Representative FCM histograms and percentages of F) CD40*, G) MHC I, and H) MHC 11T DCs after PBS, free
OVA, and MXP@OC treatment. I) The relative proportions of activated B3Z cells after coculture with different concentrations of MXP@OC-treated DCs.

Data presented as means = SD (n = 3). For statistical significance, *P <0.05; **P < 0.01; ***P < 0.001; and **

livery of MXP@OC in DCs was further determined by TEM. En-
dosomal membrane destruction and antigen cytosolic exporta-
tion were observed in MXP@OC-treated DCs (Figure 4C). More-
over, free CpG, free CpG with OVA (OC), or MXP-loaded OVA
(MXP@O) were used as controls to determine the adjuvant effect
of MXP@OC. The DCs loaded with the MXP@OC nanovaccine
showed more upregulation of the CD80 and CD86 costimulatory
molecules than PBS-, free CpG-, and MXP@O-loaded DCs (Fig-
ure 4D). In addition, CD80*CD86* DCs are generally considered

Adv. Healthcare Mater. 2023, 12, 2203028 2203028 (7 of 15)

*P < 0.0001.

mature DCs. As shown in Figure 4E, the MXP@OC-treated DC
groups reached a maturity rate of 57.5+0.84%, which was signif-
icantly higher than that of the PBS (12.6 +0.28%), free CpG (29.7
+0.29%) and MXP@O (19.6 +1.27%) groups. The CD40 costim-
ulatory molecule was also significantly upregulated ~3-fold after
MXP@OC treatment of DCs compared with the OC group (Fig-
ure 4F).

Additionally, to elicit effective T-cell immune responses, DCs
bind, process, and present antigens to major histocompatibil-

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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ity complex (MHC) molecules on their surface, and then anti-
gens bind to MHC molecules to activate and convert naive
T (Tn) cells into CTLs.*®! The levels of MHC-I and MHC-II
were also increased in the MXP@OC group (Figure 4G,H), sug-
gesting the robust immune adjuvant effect of the MXP@OC
nanovaccine. We further performed a chlorophenol red-g-d-
galactopyranoside (CPRG) assay to assess DC cross-presentation
and B3Z activation.[*! The quantitative results of B3Z cell activa-
tion demonstrated that MXP@OC-treated DCs induced stronger
antigen cross-presentation of untreated DCs and subsequently
increased B3Z-cell activation similar to the effect of MXP@OC
(Figure 41). Together, these results reveal that MXP can act as anti-
gen carriers in inducing DC-mediated T-cell immune responses.

2.5. Exogenous MXP@OC Nanovaccine Promotes DC Migration
and Immune Stimulation In Vivo

Lymph nodes (LNs) are important depots of immune cells,
and the efficient lymphatic transportation of antigens and ad-
juvants is crucial for DC-mediated immune responses.l*’l Stud-
ies have shown that activated DCs need to be transported into
LN to initiate T-cell activation, which is a process necessary for
DC-mediated T-cell-dependent immunity.*!! To verify whether
MXP@OC can facilitate the migration of DCs, the vaccines were
injected into the footpads of mice. After the subcutaneous in-
jection of PBS, FITC-labeled OVA with free CpG (OC-FITC), or
MXP@OC-FITC was injected into the footpads. The proximal
popliteal LNs (pLNs) and inguinal LNs (iLNs) of mice were ob-
tained to determine LN draining in vivo (Figure 5A). MXP@OC-
FITC significantly increased the FITC signal in the draining iLNs
compared with PBS and OC-FITC alone.

To determine whether the MXP@OC vaccine can promote
DC maturation and activation and subsequently induce CTL im-
mune responses in vivo, fifteen C57BL/6 mice were randomly
divided into three groups and then immunized with PBS, OC,
or MXP@OC. Immune analysis of harvested serum, iLNs, and
splenocytes was performed on day 21 to determine the immu-
nization efficacy (Figure 5B). MXP@OC-immunized mice had
the highest level of OVA-specific immunoglobulin in harvested
serum (Figure 5C), indicating that MXP@OC evoked a greater
antigen-specific response than the other treatments. In addi-
tion, to determine whether the MXP@OC nanovaccine can pro-
mote DC maturation and activation in iLNs, iLN cells were col-
lected and evaluated by FCM. The ratio of CD11c*SIINFEKL-
H-2Kb* DCs in the iLNs of the MXP@OC-immunized group
was greater than that in the PBS or OC groups (Figure 5D,E),
which indicated that MXP@OC can activate specific OVA anti-
gen cross-presentation of DCs. In addition, the number of ma-
ture DCs, which highly expressed CD80 and CD86, was sig-
nificantly increased after MXP@OC immunization (Figure 5F—
I), which is consistent with the in vitro transwell results.
Greater tumor antigen-specific DC-mediated T-cell immune re-
sponses are accompanied by IFN-y secretion after a second anti-
gen exposure.*?] To assess the MXP@OC-mediated T-cell re-
sponse, splenocytes were restimulated with the SIINFEKL pep-
tide, and the intracellular IFN-y levels were detected using in-
tracellular cytokine staining (ICS) of FCM. Notably, the ratio of
CD3*CD8*IFN-y* T cells from the splenocytes of the MXP@OC-
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immunized mouse group was ~2.34-fold and ~1.79-fold higher
than those of the PBS- and OC-immunized mouse groups,
respectively (Figure 5], Figure S8A, Supporting Information).
Moreover, cell supernatants from restimulated splenocytes were
collected and analyzed by ELISA, and it was found that the secre-
tion of IFN-y was significantly increased with MXP@OC treat-
ment but not with OC treatment (Figure S8B, Supporting Infor-
mation). Based on these results, it was concluded that MXP@OC
can promote LN transport of DCs and induce stronger antigen-
specific CTL immune responses.

Next, the biocompatibility of the MXP@OC nanovaccine was
evaluated before further biomedical application. The hemolysis
assay results showed that the MXP@OC nanovaccine had neg-
ligible hemolysis effects at 200 pg mL™' (Figure S9A, Support-
ing Information). In addition, the in vivo biocompatibility of
MXP@OC was investigated by i.v. administration of MXP@OC
into C57/BL6 mice. Routine blood and biochemical examina-
tions were completed on the 28th day after i.v. administration of
MXP@OC, and the hematology assay indices were within the ref-
erence ranges for PBS-treated mice, indicating that MXP@OC
did not cause any physiological disorders (Figure S9B-I, Sup-
porting Information). Moreover, no significant cell death or in-
flammatory infiltrates were observed in the major organs of the
MXP@OC-treated group (Figure S9], Supporting Information),
further confirming the good biocompatibility of MXP@OC.

2.6. MXP-Mediated PTT-Produced Endogenous Nanovaccine
Inhibited Tumors In Vivo

Hyperthermia is an effective treatment method to inhibit solid
tumors. We further investigated the antitumor efficiency of MXP
as photothermal nanoagents under NIR light. Tumor-bearing
mice were randomly divided into four groups for different treat-
ments (PBS, PBS+NIR, MXP, and MXP+NIR) after B16-OVA
tumor model establishment (Figure 6A). The temperature of
MXP in the tumor was elevated from 36.6 to 58.0 °C within
5 min, sufficient for tumor apoptosis (Figure 6B,C). When the
temperatures reach more than 40 °C, tumor cells can be killed
due to denaturation of cell proteins, subsequent disruption of
cellular membranes and the cytoskeleton, and damage to DNA.
During the 24-day observation period, the PBS, PBS+NIR, and
MXP groups did not show a considerable benefit in tumor sup-
pression; in strong contrast, the MXP+NIR group significantly
inhibited tumor growth (Figure 6D, Figure S10, Supporting
Information). The different treatment effects of tumor-bearing
mice were shown by survival curves. The survival rate in the
MXP+NIR group was significantly improved compared with that
in the PBS, PBS+NIR, and MXP groups (Figure 6E). The tumor
volumes were evidently decreased in the MXP+NIR group com-
pared to the other groups after 24 days (Figure 6F). Tumors were
dissected at day 24, and H&E and TUNEL staining of tumors
were performed for histopathological examination (Figure 6G).
Significantly broken and small nuclei were observed in the
tumors of MXP+NIR-treated mice. Meanwhile, the TUNEL
image showed a significant enhancement of green fluorescence,
indicating that MXP-mediated PTT induces a large amount of
apoptosis in tumor cells. In addition, tumors were collected
and digested for FCM. The results clearly illustrated that the

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

www.advancedsciencenews.com

A

HEALTHCARE

Serum ==P QVA-IgG Analysis

2
Lymph nodes = /==p Mature DC Analysis

+SIINFEKL
‘ P m==p [FN-y Analysis

Co-incubation

SIINFEKL-H-2Kb* =
cacdianlll

Gated CD11¢*

PBS

CD80*

D R T Bt L e ——

Gated CD11¢*

2.54%

PBS

CD86*

Gated CD11¢*

Figure 5. The MXP@OC vaccine enhances lymphatic drainage and DC-mediated immune responses. A) FITC* cells in pLNs and iLNs after the admin-
istration of PBS, OC, or MXP@OC. Blue, nuclei; green, OVA-FITC. B) Schematic illustration of the experimental schedule used to evaluate the immune
responses to the nanovaccines. C) OVA-specific immunoglobulin (IgG) production in the harvested serum. D) Ratios of CD11c*SIINFEKL-H-2Kb* cells
in LNs as measured by FCM. E) Statistical analysis of CD11c*SIINFEKL-H-2Kb™ cells. F,G) Representative FCM plots and statistical analysis of CD11c*
CD80* cells. H,1) Representative FCM plots and statistical analysis of CD11ct CD86™ cells. ) Representative FCM images of CD3*CD8%IFN-y* T cells
in the splenocytes of immunized mice after restimulation with the SIINFEKL peptide. The data are presented as the means + SD (n = 5/group). For

statistical significance, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Adv. Healthcare Mater. 2023, 12, 2203028

2203028 (9 of 15)

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

=

in CD11c* Cells (%)

SIINFEKL-H-2Kb*

CD80* in CD11c* Cells (%) Q

CD86* in CD11¢c* Cells (%) ™

1
7

OD Value of Serum
Anti-OVA IgG

*%
1.0 |
A
a
05 %
DD
0.0 i .

www.advhealthmat.de

3 Fk
ok A
2
1 g |
od
I °© I
’ o
& oe q@0
@‘"
av
Fkkk
30 |
Fdkk
20 o A
10 e
000
v
S <
& 00 q@0
é“'
ov *kkk
Sk a
40 ﬂ
20 ‘oo!\
0
& oC Q@o
@*

10C

CD8* (Gated CD3*) ———



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

www.advhealthmat.de

r A B16-OVA subcutaneous Intratumoral injection 808 nm !
! ( . Tumor analysis 1|
| .
; * DC analysis !
« I
! D6 D24 > |
\o ,.
B C @
g
e 501
N g
g
40
B
)
[
30
0 1
D E F
2000] @ PBS Group 100 ’ o
@ PBS+NIR Group e E
o @® MXP Group e 2 @
g 1500 g A &
g @ MXP+NIR Group E 75 ~
-]
E &
8 | -
S Teip i a = @ PBS Group o
‘g g @ PBS+NIR Group a; 8 Z
S 500 S 251 @ MXP Group E i
& @ MXP+NIR Group b=
0 3 6 9 12 15 18 21 24 6 9 12 15 18 21 24
Days post tumor implantation Days post tumor implantation
G H pesBs PBS+NIR 1 PBS Group PBS+NIR
PBS PBS+NIR MXP MXP+NIR 15.3% 16.4% 35.8% 38.0%
=
- MXP MXP-+NIR MXP MXP+NIR
é 27.4% 55.1% 44.7% 64.0%
e ® ®
a =]
®] Q

Cpilct — Cbil¢t ——
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different groups.

percentage of mature DCs (CD11c*CD80* and CD11c*CD86™"
cells) from tumor tissue in the MXP+NIR-treated group was
significantly increased (Figure 6H,I). In conclusion, MXP-
basedPTT could effectively inhibit tumor growth, promote intra-
tumoral DC maturation, and extend the survival time of tumor-
bearing mice.
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2.7. Combined Endogenous/Exogenous Nanovaccine Efficiently
Eradicated Tumors

A combination of photothermal therapy and DC-mediated

immunotherapy may be an ideal synergistic strategy to improve
antitumor efficacy. In vitro results inspired us to combine
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immunoadjuvants with MXP while loading tumor model
antigen OVA to enhance DC-mediated immune stimulation,
which can trigger a strong immune response and induce
long-term immunity to antitumor. To determine the effect
on eradication of primary tumors, B16-OVA tumor-bearing
mice were randomly divided into four treatment groups: OC,
MXP@OC, MXP+NIR+OC, and MXP+NIR+MXP@OC. The
tumor-bearing mice were sacrificed on day 24, and tumor and
immune cells were analyzed (Figure 7A). Tumor growth was
relatively rapid in the OC and MXP@OC groups and slow in the
MXP+NIR+OC and MXP+NIR+MXP@OC groups, demon-
strating synergistic therapeutic efficacy (Figure 7B, Figure S11,
Supporting Information). As shown in Figure 7C, the tumor
almost disappeared in the MXP+NIR+MXP@OC group, which
indicated that synergistic therapy can achieve significant tumor
eradication efficiency. More severe damage and volume decrease
in tumors were exhibited in the MXP+NIR+MXP@OC group.
Next, H&E and TUNEL staining was performed to determine
the effect of treatment on the tumor (Figure 7D,E). Compared
with the intact and dense tumor tissue in the OC and MXP@OC
groups, shrinkage and fragmentation of tumor cells appeared,
and ratios of TUNEL* tumor cells were enhanced in the
MXP+NIR+0OC and MXP+NIR+MXP@OC groups, especially
in the MXP+NIR+MXP@OC group.

Spleen and tumor tissues were collected to evaluate im-
mune responses and further determine the underlying anti-
tumor mechanism of the synergistic treatment. As a method
to assess MXP+NIR+MXP@OC treatment-induced antigen-
specific T-cell immunity, splenocytes isolated from mice in dif-
ferent groups were restimulated with the SIINFEKL peptide,
and the ICS of FCM was performed to determine the intracel-
lular IFN-y levels of CTLs. The percentage of CD3*CD8*IFN-
y* T cells in splenocytes in the MXP+NIR+MXP@OC group
was ~5.1-fold, ~1.8-fold, and ~1.3-fold higher than that in the
OC, MXP@OC, and MXP+NIR+OC groups, respectively (Fig-
ure 7F,G). Then, we determined the percentages of effector mem-
ory (CD3*CD44+CD62L") T-cell infiltration in the tumor tissues,
which can induce antitumor protection effects against rechal-
lenged tumors.*] Mice treated with MXP+NIR+MXP@OC ex-
hibited significantly increased populations of effector memory
T cells compared to other groups (Figure 7H,I), indicating that
the synergistic strategy effectively induced immunological mem-
ory for long-lasting protection. Moreover, DC vaccines cannot
effectively activate the antitumor response in vivo due to im-
munosuppressive cells from the TME.[*/l These immunosup-
pressive cells prevent tumor-infiltrated DCs from evoking CTL
responses and then causing tumor progression.[*! The admin-
istration of MXP+NIR+MXP@OC also contributed to a de-
creased infiltration of immunosuppressive CD4*CD25* Foxp3*
Tregs (1.48+0.13%) in the tumor tissues compared with the OC
(4.64+0.16%), MXP@OC (2.94+0.30%), and MXP+NIR+OC
(2.29+0.17%) groups (Figure 7],K). Briefly, synergistic treatment
with MXP+NIR+MXP@OC triggered robust CTL immune and
immunological memory responses, and decreased the percent-
age of immunosuppressive Tregs. These results proved that the
combination of MXP-mediated PTT and the MXP@OC nanovac-
cine was more beneficial for promoting antitumor immunity and
eradicating primary tumors.
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3. Conclusion

We reported endogenous/exogenous nanovaccines to achieve ef-
fective DC-mediated antitumor therapy. MXP induces ICD of tu-
mor cells under NIR irradiation and thus functions as an en-
dogenous nanovaccine, which subsequently stimulates DC mat-
uration in tumors. Meanwhile, as an exogenous nanovaccine,
MXP has excellent biocompatibility and can also deliver antigens
and CpG-ODNs to initiate an efficient DC-mediated immune re-
sponse. The photothermal and immune synergistic treatment
strategy (MXP+NIR+ MXP@OC) promoted the maturation and
antigen processing of DC, evoked the CTL immune responses,
alleviated tumor immunosuppression in the TME, and resulted
in robust systemic antitumor immune responses in vivo. In
summary, this endogenous/exogenous nanovaccine provides a
promising synergistic therapeutic strategy for eradicating tu-
mors.

4. Experimental Section

Chemicals and Materials: Concentrated hydrochloric acid (HCl, 37
wt.%) was obtained from Shanghai Jiuyi Chemical Reagent Co., Ltd.
(Shanghai, China). Branched PEI (MW, 25 000), dimethyl sulfoxide
(DMSO), and OVA were purchased from Sigma-Aldrich (MO, USA).
Chlorophenol red-pg-d-galactopyranoside (CPRG) was purchased from
MREDA (Beijing, China). Dulbecco’s modified Eagle’s medium (DMEM),
Roswell Park Memorial Institute (RPMI) 1640 medium, and phosphate-
buffered saline (PBS) were purchased from HyClone (UT, USA). Fetal
bovine serum (FBS) and 2-mercaptoethanol were purchased from Gibco
(CA, USA). The FCM antibodies, including anti-CD80, anti-CD86, anti-
CDA40, anti-SIINFEKL-H2Kb, anti-CD11c, anti-MHC /1, anti-CD3, anti-
CD4, anti-CD8, anti-IFN-y, anti-CD44, anti-CD62L, anti-CD25, and anti-
Foxp3, were purchased from eBioscience (CA, USA).

Preparation of MX and MXP:  Ti;C, MXenes (MX) were obtained from
Shiyanjia Lab. In brief, MX was fabricated from Ti;AIC, by chemical ex-
foliation by first slowly dissolving 0.8 g LiF in 10 mL of HCl and stirring
for 5 min. Then, 0.5 g Ti;AlC, was slowly added, stirred at 45 °C for 24 h,
washed with deionized water, and dried overnight. PEI was modified on
the surface of MX to endow the nanoparticles (NPs) with the same sur-
face properties. Briefly, the MX suspension (10 mg mL~") was dispersed
in 25 kDa branched PEI solution (10 mg mL™") and stirred at 4 °C for
12 h. The obtained MXP were collected by centrifugation at 12000 rpm for
30 min with deionized water 3 times, freeze-dried, and stored at —20 °C.

Assessment of Photothermal Conversion Efficiency: Aqueous suspen-
sions of MXP (100 pg mL~", 1 mL) were irradiated by an 808 nm NIR
laser (1 W cm™2) for 5 min and then cooled naturally. The photothermal
conversion efficiency (PTCE) was calculated using the following equation:

n=nhS(T,

max — Tamb) - QO/I (1 - .lo_A) x 100% (1)
(h: heat transfer coefficient, S: exposed surface area of the cuvette, T, ,:
maximum temperature at equilibrium, T,,: minimum temperature at
equilibrium, Qy: heat absorbed by the container, I: incident laser power
in W, A: absorbance at 808 nm).

Cell Culture and Mice: The DC2.4 cell line and B16-expressing OVA
(B16-OVA) tumor cell line were obtained from Procell Life Science & Tech-
nology Co., Ltd. (Wuhan, China). The mutuDC cell line and B3Z cell line
were gifts from Prof. Hong-ming Hu (Providence Portland Medical Center;
OR, USA). The mutuDCs were cultured in DMEM with 10% FBS (Gibco),
0.05 mm 2-mercaptoethanol (Gibco), and 2 mm L-glutamine (Invitrogen,
Thermo Fisher Scientific). DC2.4 and B16-OVA tumor cells were cultured
in RPMI 1640 medium with 10% FBS. B3Z cells were cultured in RPMI
1640 medium with 8% FBS, 0.05 mM 2-mercaptoethanol, and 2 mm L-
glutamine.

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

Female C57BL/6 mice aged 6-8 weeks were purchased from Shang-
hai Laboratory Animal Research Center (Shanghai, China). Mouse feeding,
care protocols, and experiments strictly followed the ethical standards of
animal experiments at the Medical School of Nanjing University (IACUC-
2003034).

OVA Antigen Loading: The loading efficiency of the model antigen
OVA in the nanovaccines was determined using the Pierce BCA Protein
Assay Kit. Briefly, different MXP suspensions (final concentrations: 5, 100,
200, and 400 pg mL~") were mixed with OVA solution (1 mg mL™"). Af-
ter the mixtures were incubated at 4 °C for 12 h, the supernatants were
collected after centrifugation at 13 500 rpm for 10 min, and the OVA con-
centrations in the supernatants were detected using the BCA protein assay
kit according to the manufacturer’s protocols.

Penetration of MXP in Multicellular Tumor Spheroids: 100 uL of warm
agarose solution (16 mg mL~", dissolved in RPMI 1640 medium) was
added into 96-well plates and cooled at room temperature to form an
agarose gel. Then, 100 pL of B16-OVA cells (1 x 10° cells well™") was
seeded on the gel and cultured at 37 °C with 5% CO, for 7 days to pre-
pare multicellular spheroids. Multicellular spheroids were co-incubated
with MXP (100 ug mL™") for 4 h and then treated with NIR (1 W cm~2 for
5 min). Multicellular spheroids were transferred to a confocal dish for flu-
orescence detection. The fluorescence of Calcein-AM/PI-stained B16-OVA
multicellular spheroids was observed using a confocal laser scanning mi-
croscopy (CLSM).

Immunogenic Cell Death (ICD) Induced by MXP and NIR Irradiation:
The intuitive immunofluorescence detection of CRT expressed on the cell
surface was carried out. B16-OVA tumor cells (1 x 10° cells well~") were
seeded into the coverglass bottom dish and cultivated overnight. Next,
B16-OVA cells were treated with PBS, NIR, MXP, or MXP+NIR. In the
MXP+NIR group, B16-OVA cells were incubated with MXP for 4 h, irra-
diated with an NIR laser (808 nm, 1 W cm=2, 5 min), and cultured for
another 12 h. Next, tumor cells in different groups were washed with PBS
and fixed using 4% formaldehyde for 15 min. Then, the cells were blocked
with 5% BSA solution for 1 h at room temperature, and an anti-CRT anti-
body (Invitrogen, dilution 1:100) was added and incubated for 12 h at 4 °C.
After rinsing with TBST three times, cells were stained with Alexa Fluor
647-labeled goat antibody (Abcam, dilution 1:150), nuclei were stained
with DAPI, and the cytoskeleton was stained with phalloidin-FITC (Sigma—
Aldrich). Finally, a confocal laser scanning microscope was employed for
observation and imaging.

The detection of HMGB1 release was performed using an ELISA
kit (Elabscience), and extracellular secretion of ATP was evaluated with
a commercially available ATP assay kit (Beyotime). Briefly, B16-OVA tu-
mor cells (5x 10° cells well~") were seeded in 6-well plates and cultivated
overnight. Next, the tumor cells were treated with PBS, MXP, or MXP+NIR.
After 4 h of incubation, the B16-OVA cells in the MXP+NIR group were
irradiated with an NIR laser (808 nm, 1 W cm™2, 5 min) and cultured
for another 12 h. Supernatants were collected and cleared from dying tu-
mor cells by centrifugation (800 g, 5 min) and then immediately analyzed
for HMGB1 or ATP abundance. In addition, the detection of intracellu-
lar HMGB1 and ATP expression was performed by Western blot. Proteins,
harvested from tumor cells in different groups, were separated using SDS-
PAGE gel preparation kit with gel electrophoresis and then transferred to
PVDF membranes. After being treated with corresponding antibodies and
secondary antibodies, the expression of HMGB1, ATP, and GAPDH was
detected.

Transwell Experiment In Vitro: B16-OVA tumor cells (1 x 10° cells
well™") were seeded into the upper transwell chamber and cultivated
overnight. Next, the tumor cells were treated with PBS, MXP, or MXP+NIR.
After 12 h of incubation, the B16-OVA cells in the MXP+NIR group were
irradiated with an NIR laser (808 nm, 1W cm™2, 5 min). Then, mutuDCs
(5 % 10° cells well=") were cultivated in the lower transwell compartment
for 12 h. Finally, the DCs were collected and stained with anti-CD80, anti-
CD86, anti-CD40, and anti-SIINFEKL-H2Kb antibodies and examined by
FCM.

Analysis of DC Surface Markers by FCM: Collected mutuDCs were
seeded into 12-well plates at a density of 2 x 10° cells per well and treated
with PBS, OVA, MXP, or MXP@OC (50 pug mL™! for MXP and 50 ug mL™!
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for OVA) for 24 h. DCs were harvested and stained with anti-CD40, anti-
CD80, anti-CD86, anti-MHC |, and anti-MHC Il antibodies for FCM analy-
sis.

Chlorophenol Red-pB-D-Galactopyranoside (CPRG) Assay: B3Z T cells
are a CD8* T-cell hybridoma specifically expressing the LacZ gene when
the T-cell receptor recognizes the OVA,57_564 epitope (SIINFEKL) in the
context of the MHC class | H2Kb molecule. The activation of B3Z T cells
could be quantified by the CPRG assay. In brief, mutu DCs (2 x 10* cells
mL~") were treated with different concentrations of MXP@OC for 6 h,
and then B3Z T cells (2 x 10° cells mL™") were added to the wells and
cocultured overnight. PBS and OVA alone (100 pg mL™") were used as
negative controls, and the SIINFEKL peptide (1 ug mL™") was used as a
positive control. Then, absorbance at 595 nm was measured to determine
the cross-presentation ability of DCs.

Mouse Immunization: Female C57BL/6 mice were randomly divided
into 3 groups (n =5), and 25 pL of PBS, OC, or MXP@OC (50 pg for MXP
and 50 ug for OVA) was subcutaneously injected into the hind footpads
on days 0, 7, and 14 as immunizations. Seven days after the last immu-
nization, peripheral blood, iLNs, and spleens were harvested to evaluate
the immune response. Peripheral blood was coagulated at 37 °C for 2 h,
refrigerated overnight at 4 °C, and then centrifuged at 3000 rpm at 4 °C for
10 min to obtain serum. Serum OVA-specific IgG levels were measured
using ELISA, and the OD at 450 nm represented the antibody concentra-
tion. The serum IFN-y concentration was detected using a mouse IFN-y
ELISA kit (MultiSciences) according to the manufacturer’s protocol.

The iLNs close to the treated tumors were collected and homogenized
to prepare single-cell suspensions for evaluating DC maturation. After be-
ing stained with FITC-conjugated anti-CD11C, APC-conjugated anti-CD80,
and PE-conjugated anti-CD86 according to the manufacturer’s protocol,
these cells were subjected to FCM analysis. The spleens of immunized
mice were ground and filtered through 200-mesh nylon mesh filters to ob-
tain single-cell suspensions of splenocytes, which were then seeded into
96-well plates at a density of 1 x 10° cells well~! and cocultured with
RPMI-1640 medium in the presence of 10% FBS, 1% P/S, 10 ug mL™!
SIINFEKL, and brefeldin A/monensin mixture at 37 °C for 6 h to measure
the activation of OVA-specific cytotoxic T lymphocytes (CTLs). Then, ICS
was performed to detect intracellular IFN-y levels using FCM. Briefly, SI-
INFEKL peptide-restimulated splenocytes were stained with anti-CD3 and
anti-CD8 antibodies for surface staining, fixed and permeabilized using
a BD Cytofix/Cytoperm kit, and intracellularly stained with an anti-IFN-y
antibody in BD Perm/Wash buffer.

Thermal Imaging In Vivo: Tumor-bearing mice were intratumorally in-
jected with PBS (50 pL) and MXP (MXP dose of 100 mg mL~", 50 uL).
At different time intervals (1, 2, 3, 4, and 5 min post injection), the mice
were irradiated with an 808 nm laser (1 W cm™2, 5 min), and the highest
temperature at the tumor site was recorded.

Photothermal Tumor Therapy In Vivo: When the tumor size exceeded
2000 cm?, the mice were sacrificed according to ethical requirements.
Twenty-four B16-OVA-tumor-bearing mice were randomly divided into four
groups (n = 6/group): 1) control group: intratumoral injection of PBS
(50 uL,); 2) MXP group: intratumoral injection of MXP dispersion (100 mg
mL~", 50 pL); 3) PBS+NIR group: intratumoral injection of PBS (50 L)
with NIR light irradiation (808 nm, 1W cm~2, 5 min); and 4) MXP + NIR
group: intratumoral injection of MXP dispersion (100 mg mL™", 50 L)
with NIR light irradiation (808 nm, 1W cm~2, 5 min). Tumor sizes were
measured and photographs of the mice were taken every 3 days. The tumor
volumes were measured using a Vernier caliper and calculated using the
formula V = 1/2 x a x b?, where a is the largest diameter (length) and b is
the smallest diameter (width) of the tumor. The mice were sacrificed on the
24th day. Tumor tissues were also stained with H&E and TUNEL. The pri-
mary tumors were collected to analyze CD11c*CD80" and CD11c*CD86"
DCs by FCM.

Combination Tumor Therapy In Vivo: For in vivo combination treat-
ment, 24 B16-OVA tumor-bearing mice were randomly divided into 4
groups and received the corresponding treatments as follows: group
1, OC; group 2, MXP@OC; group 3, MXP+NIR+OC; and group 4,
MXP+NIR+MXP@OC. These mice received injection into the hind
footpads of OC or MXP@OC and MXP+NIR (808 nm, 1 W cm™2,
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5 min). The tumor size of each mouse was recorded until the 24th
day. The spleens and tumors were harvested to assess the immune re-
sponse of tumor-bearing mice in each group. Intracellular IFN-y lev-
els in restimulated splenocytes were detected using ICS as described
above. In addition, these treated tumors were also collected and ho-
mogenized for the preparation of single-cell suspensions and stained
using corresponding fluorophore-conjugated antibodies. Then, these
stained cells were subjected to FCM analysis to determine the tumor-
infiltrating percentages of CD3tCD44"CD62L~ effector memory T cells
and CD4*TCD25% Fxop3™ Tregs.

Biocompatibility Analysis: Histological Examination Ex Vivo: ~ After treat-
ment, the mice were sacrificed, and the mean organ tissues (heart, liver,
spleen, lung, kidney, and tumor) were dissected for histological analy-
sis. After dehydration and staining with hematoxylin and eosin (H&E), all
slices were embedded in paraffin cassettes. The H&E-stained images were
collected by microscopy at a magnification of 400x. The blood of the other
ten mice was collected for the hematology assay.

Statistical Analysis: ~ Statistical analyses were performed using Graph-
Pad Prism 8.0 software (GraphPad Software; CA, USA). All data were pre-
sented as the means +SD. Significant differences between two groups
were determined using the unpaired two-tailed Student’s t test. One-way
or two-way ANOVA with multiple comparison tests was performed as in-
dicated. Significant differences were shown as follows: ns, not significant;
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