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Sequential PDT and PTT Using Dual-Modal Single-Walled
Carbon Nanohorns Synergistically Promote Systemic
Immune Responses against Tumor Metastasis and Relapse

Jingxing Yang, Mengfei Hou, Wenshe Sun, Qinghe Wu, Jia Xu, Ligin Xiong, Yimin Chai,

Yuxin Liu, Meihua Yu, Haolu Wang, Zhi Ping Xu, Xiaowen Liang,* and Chunfu Zhang*

Immune responses stimulated by photodynamic therapy (PDT) and
photothermal therapy (PTT) are a promising strategy for the treatment of
advanced cancer. However, the antitumor efficacy by PDT or PTT alone is less
potent and unsustainable against cancer metastasis and relapse. In this study,
Gd3* and chlorin e6 loaded single-walled carbon nanohorns

(Gd-Ce6 @SWNHs) are developed, and it is demonstrated that they are a
strong immune adjuvant, and have high tumor targeting and penetration
efficiency. Then, three in vivo mouse cancer models are established, and it is
found that sequential PDT and PTT using Gd-Ce6 @ SWNHs synergistically
promotes systemic antitumor immune responses, where PTT stimulates
dendritic cells (DCs) to secrete IL-6 and TNF-«, while PDT triggers
upregulation of IFN-y and CD80. Moreover, migration of Gd-Ce6 @SWNHSs
from the targeted tumors to tumor-draining lymph nodes sustainably
activates the DCs to generate a durable immune response, which eventually
eliminates the distant metastases without using additional therapeutics.
Gd-Ce6 @SWNHs intervened phototherapies also generate durable and
long-term memory immune responses to tolerate and prevent cancer
rechallenge. Therefore, this study demonstrates that sequential PDT and PTT
using Gd-Ce6 @SWNHs under moderate conditions elicits cooperative and
long-lasting antitumor immune responses, which are promising for the

Despite rapid advances in diagnoses and
treatments of cancers, tumor metastasis
and recurrence are still the main causes of
death from malignant tumors globally.[*?!
Therefore, the ideal tumor therapy not
only locally destroys the primary tumors,
but also simultaneously triggers the host
immune system to recognize and ablate
the residual tumor cells at the distant
sites. Recently, multifunctional nanoformu-
lations have been intensively explored for
tumor-targeted therapy,®! tumor immune
microenvironment modulation,[*! or com-
bination therapies.>®) Among the combi-
nation therapies, photoimmunotherapy, in-
cluding photodynamic therapy (PDT)- and
photothermal therapy (PTT)-induced im-
munotherapy, demonstrates great poten-
tials to treat metastatic tumors.[®1 For ex-
ample, a recent study showed the antitumor
efficacy through enhanced immunogenic
cell death (ICD)-associated immunotherapy
by PDT and PTT with an oxygen-delivering
hemoglobin, which changed the tumor

treatment of patients with advanced metastatic cancers.

microenvironment to reverse hypoxia.['%]
However, the immune responses induced
by PDT or PTT alone are relatively weak
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and short-lived, and they are mostly applied in combination with
immune therapeutics such as programmed cell death protein
1/programmed cell death ligand 1 inhibitors and cytotoxic T-
lymphocyte antigen 4 antibody to treat cancer metastases.””-11-1%]
Until now, there is lack of study to directly show the synergistic
immunologic responses for effective anticancer treatment espe-
cially for cancer metastasis triggered by phototherapy alone.

PDT and PTT have different mechanisms for anticancer treat-
ment. PTT destroys tumor cells by generating heat through light
absorption in tumors,['*'7] while PDT generates reactive oxygen
species (ROS) by photosensitizer to kill tumor cells under low-
energy and short-wavelength (<800 nm) light.'#1%] Therefore, a
combination of PDT and PTT may induce multimodal tumor
ICD?% and release different types of damage-associated molec-
ular patterns (DAMPs), tumor-associated antigens (TAAs), and
immunogenicity of cell debris, (172122l and enhance the immuno-
genicity of tumors in situ. On the other hand, combination of
PDT and PTT using dual lasers could enhance the therapeu-
tic efficiency of local tumors, increase penetration depth, and
enable release and distribution of DAMPs homogeneously and
deeply.[2>?*] However, it is still unclear whether the synergistic
immunological responses could be achieved by application of
PDT and PTT in sequence, and whether the immune responses
are strong enough to eliminate tumor metastases and tolerate tu-
mor rechallenge without additional therapeutics.

Carbonaceous materials such as single-walled carbon nan-
otubes (SWCNTs)!%! and graphene oxide (GO)?%! could induce
efficient immune responses for inhibition of cancer metastases.
Single-walled carbon nanohorn (SWNH) may be an alternative
material, which is a horn-shaped carbon nanotube typically with
2-5 nm in width and 40-50 nm in length(?’! with a similar atomic
structure. SWNH usually aggregates into flower-like spherical
clusters of 80 to 120 nm in diameter. SWNH has large hydropho-
bic surface area for drug loading (e.g., chemodrugs, photosen-
sitizers) and broad absorbance in both near-infrared (NIR) I
and II areas, which is optimal for PTT and photoacoustic imag-
ing (PAI) of deeper tissues without the interference of photon
scattering.[162328] Meanwhile, the non-toxic production process
and unique morphology endow SWNHs different nano-protein
and nano-membrane interplay in pattern compared with SWC-
NTs and GO,!2*3% which make SWNHSs have the good biocompat-
ibility and biosecurity for in vivo applications. Therefore, SWNHs
are an ideal nanovehicle for theranostic agents to enhance pho-
totherapy efficacy in cancers.
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Herein, a PDT and PTT combination nanosystem was ratio-
nally designed by loading photosensitizer chlorin e6 (Ce6) onto
the polymer-coated SWNHs (Figure 1a). The coordination im-
mune mechanism of PDT/PTT and the role of Gd-Ce6@ SWNHs
in the immunity cycle were carefully examined in primary tu-
mors and tumor-draining lymph nodes (TDLNs) using a bilateral
tumor model. Our study indicated that sequential phototherapies
of Gd-Ce6@SWNHs could potently destruct the local primary
tumor, release TAAs and DAMPs, and trigger a durable antitu-
mor immune response to effectively eliminate the spontaneous
pulmonary metastatic nodules at the early stage. Meanwhile, this
therapy strategy elicited a strong and long-term memory immune
response to protect cancer relapse.

To improve hydrophilicity of Gd-Ce6@SWNHSs and extend
their blood circulation in vivo, we prepared Gd-Ce6@SWNHs
by coating SWNHSs with amphiphilic polymers poly (lactide-co-
glycolide)-b-poly(ethylene glycol)-maleimide copolymers (PLGA-
PEG-Mal) and maleic anhydride-alt-1-octadecene (C18PMH)
simultaneously through hydrophobic interactions before loading
with Gd** and Ce6.1'%3132] Transmission electron microscopy
(TEM) images (Figure 1b,c) and Fourier transform infrared
spectroscopy spectra (Figure Sla, Supporting Information)
of SWNHs and coated SWNHSs revealed successful dual am-
phiphilic polymers surface coating that was dense and smooth
(Figure 1d). The size of Cd-Ce6@SWNH was determined to be
89.5 + 20.3 nm by measuring the spherical clusters from the
TEM imaging (Figure 1c,d). To incorporate photodynamic and
magnetic resonance imaging (MRI) properties, Ce6 and Gd**
were loaded onto the polymer-coated SWNHs sequentially.[**]
The successful loading of Ce6 to SWNHs (Ce6@SWNHs) was
unveiled by UV-vis absorbance at 406 and 640 nm (the charac-
teristic peaks for Ce6; Figure 1e). The loading capacity increased
with the increase of the Ce6 feeding amount and was saturated at
2mgmL~!. The high Ce6 loading (~200 wt% SWNHSs) may arise
from the high hydrophobic surface area of SWNHSs (2281 m? g™%;
Figure Slc, Supporting Information). After being labeled with
Gd** by chelating Gd ions with porphyrin structures in Ce6
(SWNHs:GdCly = 1:0.9 wt%), Gd-Ce6@ SWNHs offered strong
contrasts in both fluorescence imaging (FI) and MRI. Their
hydrodynamic size and zeta potential were 97.3 + 8.6 nm and
—27.8 + 1.1 mV, respectively (Figure 1f; Figure S1b, Supporting
Information). They were stable in PBS and cell culture medium
(Figure 1g). The longitudinal relaxivity (r,) of Gd-Ce6@SWNHs
was determined to be 10.11 mm~! 7" (Figure 1h), which was 2.9-
fold higher than that of Ce6 (Gd) complex (~3.51 mm~! s71).133
In addition, Gd-Ce6@ SWNHs is the candidate of multispectral
photoacoustic tomography (MSOT) contrast agent since the high
thermal performance of SWNHs in NIR-I region (Figure 1i).[1%]
Meanwhile, the strong absorption of SWNHs in NIR-II region
(1200-1300 nm) also rendered the NIR-II PAI function (Fig-
ure 1j). Therefore, this developed Gd-Ce6@ SWNHSs could be po-
tentially utilized for multimodal imaging (FI/MRI/PAI/MSOT)
guided PTT and PDT dual-modal cancer therapy.

Next, the photothermal conversion efficiency () of
Gd-Ce6@SWNHSs was determined to be 56.1% with a time con-
stant 7 of 132.9 s upon 808 nm laser irradiation (Figure S2a,b,
Supporting Information), which was superior to their counter-
parts (SWCNT, ~30%/°23*] and GO, ~25%)!*3¢! reported previ-
ously. Consistent with other PTT agents,[333637] the photothermal

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Preparation and characterization of Gd-Ce6@SWNHs. a) The schematic illustration of Gd-Ce6@SWNHSs preparation. TEM images of b) pris-
tine SWNHs and c) synthesized Gd-Ce6@SWNHs. d) The scanning electron microscopy (SEM) image of Gd-Ce6@SWNHs. e) Uv—vis—NIR absorbance
spectra of free Ce6, polymers-coated SWNHSs, and Gd-Ce6@SWNHSs, indicating the successful loading of Ce6 onto SWNH:s. f,g) Size distribution and
stability of Gd-Ce6@SWNHs in PBS and RPMI-1640 medium at various incubation times. h) Longitudinal relaxation rate of Gd-Ce6 @SWNHs at different
concentrations. Average threshold of photoacoustic signal irradiated by i) NIR-I lasers (600-1000 nm) and j) NIR-II lasers (1100-2000 nm).

performance of Gd-Ce6@SWNHSs also showed concentration-,
laser power density- and irradiation time-dependent manners
(Figures S2c,d and S3a, Supporting Information). Moreover,
Gd-Ce6@ SWNHs were photothermally stable where the temper-
ature of Gd-Ce6@SWNHSs suspension could still recover to its
initial maximum level (AT = 37 °C) in each cycle and no aggrega-
tions were observed after irradiation for five cycles (Figures S2c

Adv. Sci. 2020, 7, 2001088 2001088 (3 of 13)

and S3b, Supporting Information). Impressively, unnoticeable
Ce6 was released from Gd-Ce6@ SWNHs as detected by UV-vis
absorbance spectra after hyperpyrexia treatments.

To further assess the photothermal effects of Gd-
Ce6@SWNHs on cells, breast cancer cells (4T1) were co-
incubated with Gd-Ce6@SWNHs (10 pg mL™!) for 12 h,
followed by irradiation with an 808 nm laser (1.5 W cm™2) for

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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different time periods. Calcein-AM and propidium iodide (PI)
were used to stain the cells to indicate the live and dead cells
(Figure 2a). Cell death appeared after irradiation for 3 min, and
was apparent after irradiation for 5 min, and no living cells were
detected after irradiation for 7 min. In contrast, no cytotoxicity
of Gd-Ce6@SWNHs was observed for cells treated at a high
concentration (100 pg mL~! in SWNHSs) for 72 h (Figure S4, Sup-
porting Information). Consistent with previous reports where
thermal treatment-induced cell death by Gd-Ce6@SWNHs
was concentration-, laser power density- and irradiation time-
dependent (Figure 2b,c),[®3638] Gd-Ce6@ SWNHs showed a high
thermal therapeutic effect on cancer cells.

PDT effect of Gd-Ce6@SWNHSs on 4T1 cells was also ex-
amined by detecting ROS production using 2,7-dichlorodi-
hydrofluorescein diacetate based assay.’**! After cells were
treated with Gd-Ce6@ SWNHs and illuminated by a 650 nm laser
(40 mW cm™2), fluorescence signals of Ce6 in cell cytoplasm
and ROS generation were observed (Figure 2d,e), and the lat-
ter was increased with the prolongation of irradiation time (Fig-
ure S5, Supporting Information). As a result, the cell viability de-
creased from 96.6 + 4.1% to 30.4 + 1.4% after irradiation for 3
and 15 min, respectively (Figure 2e). Moreover, cell death was
Gd-Ce6@SWNHSs concentration-dependent where cell viability
dramatically dropped to 7.7 + 0.8% after incubation with 50 pg
mL™' Gd-Ce6@SWNHs. These observations indicated that Gd-
Ce6@ SWNHs also had a good photodynamic therapeutic effect
in cancer cells.

Motivated by the effective PTT or PDT of Gd-Ce6@SWNHs
for cancer cells, we subsequently examined the synergistic thera-
peutic effect of PDT and PTT in vitro. 4T1 cells were co-incubated
with various concentrations of Gd-Ce6@ SWNHSs for 12 h, irra-
diated with 650 nm laser (40 mW cm™) and 808 nm laser (1.5
W cm™2) for 5 min in sequence. Similar to PTT or PDT alone,
combination therapy was Gd-Ce6@SWNHs concentration-
dependent (Figure 2f). Cell viability decreased from 99.8 + 0.5%
t0 5.3 + 0.6% when Gd-Ce6@SWNH concentrations increased
from 1 to 50 pg mL~! by PDT and PTT in sequence. However,
compared to single PDT or PTT, the combination therapy did
not show higher potency against cancer cells at lower concen-
trations (below 10 pg mL™'). At higher concentrations of Gd-
Ce6@SWNHs, both the single therapy and combination therapy
induced cell death markedly, but PTT dominated combination
therapy. To explore the underlying mechanism, we evaluated the
half-maximal inhibitory concentrations (ICg;) of PDT, PTT, and
PDT + PTT combination treatment, which were 43.47, 14.11, and
13.75 pg mL~!, respectively (Figure S6, Supporting Information).
The combination index (CI) of PDT + PTT was then calculated
to be 1.29 (CI > 1), indicating the antagonistic therapeutic
effect of PDT and PTT on tumor cells,'*] which was different
from highly synergistic therapeutic effect of the combined pho-
totherapies, as reported previously.['>#?] This discrepancy may
arise from different nanoformulations, treatment conditions,
and the sequence of PDT and PTT applied for the therapy.
Moreover, the thresholds of cell death by PDT and PTT treat-
ment may also be different, and a single treatment modal may
dominate the combination therapy under a particular treatment
condition.

As mild phototherapy may damage tumor cells through
the generation of stress responses to change the extracellu-
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lar microenvironment,!?22] damaged tumor cells could secrete
DAMPs to protect themselves from the therapy. Furthermore,
a fever-ranged temperature of 39-41 °C could activate poten-
tial antitumor immune responses by altering membrane char-
acteristics and denaturation of proteins and biomolecules.!'7?!]
Therefore, these tumor-derived DAMPs induced by PDT + PTT
combination treatment may act as signals to protect tumor cells
from therapies,*?*) and are also regarded as immune stim-
ulators to enhance antigen uptake by the antigen-presenting
cells (APCs) and activate adaptive immunity to secrete immune
cytokines.['3202143] To confirm our speculation, immunostimus-
latory molecules were examined after the combination therapy,
including endoplasmic reticulum chaperone calreticulin (CRT)
and heat shock protein (HSP) 70. As shown in immunofluores-
cence images (Figure 2g), both phototherapies generated or ac-
tivated specific stress response proteins. Moreover, HSP 70 was
synthesized in the nucleus and continuously migrated to the cell
membrane after the treatment as detected by fluorescence imag-
ing (Figure S7, Supporting Information). Exposure of these im-
mune proteins was favorable for immune response triggered by
phototherapies in vivo.

We further found PDT + PTT using Gd-Ce6@ SWNHs stimu-
lated dendritic cells (DCs) maturation in vitro (Figure S8, Sup-
porting Information). To understand the immunogenicity of
nanovehicle, we first studied the effects of Gd-Ce6@SWNHSs on
DCs maturation. Gd-Ce6@SWNHs provoked the upregulation
of co-stimulatory molecules CD80/CD86 in DCs and the popula-
tion of mature DCs (mDCs) increased from 19.9% to 58.6% when
the dose increased from 5 to 20 pg mL™" (Figure S8a, Supporting
Information). The immunogenic effects of Gd-Ce6@ SWNHSs on
DCs were analyzed by different gene expression of immune-
related proteins, where the obvious upregulation of TNF-a,
IL-6, CD80, and IL-18 were observed in Gd-Ce6@SWNHs-
treated DCs without phototherapy (Table S1, Supporting Infor-
mation). In contrast, there was no obvious immunogenicity of
PEG, Ce6, or GdCl; on DCs and mDCs were almost unde-
tectable. These results indicate that SWNHs acted as an immune
adjuvant.

PTT and PDT induced upregulation of HSP 70 and CRT in
tumor cells, and these DAMPs could activate DCs to present the
TAAs to naive T cells.?*?!] The combination of PDT and PTT
induced higher population of mDCs (79.4%) than single PDT
(45.9%) or PTT (48.5%) using a transwell system (Figures S8b
and S9, Supporting Information). This augment may arise from
the fact that PDT and PTT induced ICD of tumor cells in differ-
ent patterns, generating distinct stimulators to synergistically ac-
tivate more DCs. Most immune-related genes were significantly
upregulated by combination therapy of PTT and PDT compared
to a single therapy, especially for IL-6, IEN-y, and CD80 (Ta-
ble S1, Supporting Information). These cytokines and molecules
are typical markers of adaptive immunity for positively mediat-
ing the immune cells.'>#4%] In contrast, PTT mainly stimulated
DCs to secrete IL-6 and TNF-a, while PDT mainly upregulated
IFN-y and CD80. Therefore, PDT and PTT tandem treatments
on tumor cells induced diverse stimulations on DCs, leading to
more mature DCs. These results suggest that the combination
of PDT + PTT displayed a synergistic and complementary effect
on activating immature DCs (iDCs) by Gd-Ce6@ SWNHs-based
phototherapies.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The biodistribution and tumor-targeting efficiency of Gd-
Ce6@SWNHSs were evaluated by multimodal imaging. Due to
the prominent photothermal performance of SWNHs in the
NIR-I region, MSOT was first conducted in mice of ortho-
topic breast cancers which were intravenously injected with Gd-
Ce6@SWNHs at a dosage of 10 mg kg™! (Figure 3a). Tumor and
its adjacent tissues were reconstructed by a 3D model in real-
time images (Figure S10a and Videos S1-S8, Supporting Infor-
mation). As shown in MSOT, Gd-Ce6@ SWNHs were mainly dis-
tributed in tumor blood vessels at 1 h post-injection, and gradu-
ally extravasated and penetrated into tumor parenchyma. Con-
sistent with MSOT imaging, the signal intensity of SWNHs in
the tumor area gradually increased over time and reached the
maximum signal of 375 times at 6 h post-injection (Figure S11a,
Supporting Information). The high tumor-targeting efficiency of
Gd-Ce6@SWNHs was also verified by MRI (Figure S10b, Sup-
porting Information). In addition to efficient absorbance at NIR-
I region, SWNHs also have a strong absorbance at the NIR-
II window (1200-1300 nm), in which the biological tissues are
transparent.’!l We performed PAI at 1100-1900 nm wavelength
to study tumor penetration and intratumor distribution of Gd-
Ce6@ SWNHs without the tissue background (Figure 3b). Con-
sistent with MSOT observations, Gd-Ce6@SWNHs were mainly
distributed in the peripheral blood vessels of the tumor after
1 h injection, gradually permeated into deep tissues and un-
evenly distributed into tumor parenchyma rather than periph-
eral blood vessels. The high tumor targeting of Gd-Ce6@ SWNHs
is mainly through the enhanced permeability and retention ef-
fect as the vascular system in tumor tissues is completely differ-
ent from blood vessels in normal tissues.[*®! Gd-Ce6@SWNHs
have unique morphology (dahlia-like aggregation), appropriate
size of 80-120 nm, multi-branched structures, and long blood
half-life, which contribute to the high tumor targeting efficiency
of Gd-Ce6@ SWNHs. The uneven distribution may arise from tu-
mor heterogeneity or necrosis.[*’ Therefore, Gd-Ce6@SWNHs
were found to efficiently target and permeate deeply into tumors,
which is different from other sp?-bonded carbon materials such
as SWCNTs*®l and GO.®! The in vivo biodistribution of Gd-
Ce6@SWNHSs further confirmed efficient tumor accumulation
by 3D MSOT (Figure 3c; Figure S12, Supporting Information).
The fluorescence imaging of ex vivo excised organs and tumors
showed a higher concentration of Ce6@ SWNHs in the tumor as
well as in reticuloendothelial system (Figure 3e; Figure S13, Sup-
porting Information), indicating they were mainly sequestered by
the reticuloendothelial system and metabolized through the hep-
atobiliary routes for the most nanoformulations.37485% As a con-
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sequence, high concentrations of Gd-Ce6@SWNHs in the liver
and spleen led to Ce6 fluorescence quenching, being invisible in
ex vivo fluorescence imaging (Figure 3e; Figure S13d, Support-
ing Information). The blood half-life of Gd-Ce6@SWNHs was
18.9 h determined by PA imaging for 48 h and fitted by a two-
compartment model (Figure 3d).>!] Furthermore, after injection
for 7 days, SWNH nanosystem was still visualized in TDLNs (Fig-
ure 4i), indicating that Gd-Ce6@SWNHs was able to migrate
from the tumor to the lymph nodes and retain there for a long
time. This particle retention is beneficial to mature APC and ac-
tivate cytotoxic T lymphocytes (CTLs).

We then explored the combination therapy for simultaneously
inhibiting the primary tumors and their pulmonary metastases.
A spontaneous lung metastasis model from orthotopic breast
cancer (4T1) was established (Figure 3f,g). The optimal irra-
diation conditions were determined by real-time monitoring
the temperature of the tumor site post intravenous injection
of Gd-Ce6@SWNHs (10 mg kg™! b.w) for 24 h (Figure S14,
Supporting Information). Consistent with previous reports, the
tumor temperature elevation was laser power intensity- and irra-
diation time-dependent.[®1®l Since PDT and PTT have different
mechanisms to induce cell death and trigger immune cell death
in different patterns, we performed PDT then followed by PTT
in order to trigger more diverse immune cell death (Figure 3f).
We exposed tumors to the wavelength of 650 nm for 10 min with
a low laser power (40 mW cm™2) for PDT. During PDT perfor-
mance, there was unnoticeable temperature change, therefore,
tumors were not overheated and killed by hyperthermia. After
PDT, the tumors were irradiated with an 808 nm laser at the
power intensity of 0.5 W cm~2 for 10 min for PTT and the tem-
perature was controlled around 53 °C, according to the previous
reports.[®52]

Tumor accumulation of Gd-Ce6@ SWNHs was obvious by vi-
sual inspection over 3 h post-injection (Figure S15, Support-
ing Information). Tumors became puffy after PDT and further
shrunk after PTT (Figure 3h), suggesting the different ICD pat-
terns induced by PDT and PTT. Following the treatment, the tu-
mor size and survival of the mice were monitored (Figure 3i—
k). Interestingly, compared to the PBS group, tumor growth
was markedly suppressed in Gd-Ce6@SWNHs treatment (Fig-
ure 3i). This may arise from the fact that Gd-Ce6@SWNHs are
an immunologic adjuvant and stimulate the systemic immune
response against tumors, as mentioned above (Figure 2g; Fig-
ure S8, Supporting Information). For either single phototherapy
(PDT or PTT) or combination therapy, the growth of the treated
tumors was immediately detained after the laser irradiation and

Figure 2. Phototherapeutic effects and immunological responses induced by phototherapy in vitro. a,b) Cell viability of 4T1 cells incubated with
Gd-Ce6@SWNHSs (10 pug mL™") after PTT with an 808 nm laser (1.5 W cm™2) for 3, 5, or 7 min. Cell viability imaging by fluorescence microscopy
after staining with the live-dead cell staining kit (Calcein-AM/PI) (a) and quantified by CCK-8 assay (b). c) Cell viability of 4T1 cells incubated with
Gd-Ce6@SWNH:s at different concentrations and illuminated under an 808 nm laser for 5 min at different density (1.0, 1.5, and 2 W cm~2). d,e) PDT
applied to Gd-Ce6@SWNH's treated 4T1 cells. d) Detection of intracellular singlet oxygen of 4T1 cells treated with Gd-Ce6@SWNHSs (10 pg mL~") for
12 h and illuminated with a 650 nm laser for 5 min at the density of 40 mW cm~2 (upper row). Magnified images of selected regions from (d) to per-
ceptibly locate the nanovehicles and intracellular reactive oxygen (lower row). e) Cell viability of 4T1 cells incubated with Gd-Ce6@SWNHs at different
concentrations (1, 3, 5, 10, 20, and 50 pg mL’1) and illuminated with a 650 nm laser for various time intervals (3, 5, 10, and 15 min) at the density of
40 mW cm~2. f) PDT and PTT sequential therapy of 4T1 cells treated with Gd-Ce6@SWNHSs and illuminated with a 650 nm at the density of 40 mW
cm™2 and subsequently under an 808 nm at the density of 1.5 W cm~2 for 5 min. g) Immunofluorescence staining of HSP 70 and CRT as a consequence
of immunogenic cell death (ICD) mediated by PTT or PDT. All values are expressed as mean =+ SD. Statistical significance (p) was calculated by one-way
analysis of variance (ANOVA) using the Tukey's post-test; p-value: *p < 0.05; **p < 0.01.
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Figure 3. In vivo therapeutic efficiency of Gd-Ce6@SWNHs on orthotopic breast cancer tumors. a,b) PAI of orthotopic breast cancer models after
intravenously administered with Gd-Ce6@SWNHSs at the dosage of 10 mg SWNHSs per kg b. w. MSOT was performed under the NIR-I region (680—
980 nm) (a) and PAI at the NIR-Il window (1100-1900 nm) (b). c) In vivo real-time visualization of Gd-Ce6@SWNHs in tumor-bearing mice by 3D
MSOT. Key organs (e.g., liver, spleen, and tumor) were indicated by the dotted circles. d) Half-life of Gd-Ce6@SWNHSs was determined by fitting PA
signals in the internal jugular vein based on a two-compartment model. €) Biodistribution of Gd-Ce6@SWNHs after intravenous injection in tumor-
bearing mice for 24 h. Fluorescence imaging of ex vivo major organs and tumors at the emission of Ce6. f) Schematic illustration of establishment
of orthotopic breast cancer model and spontaneous pulmonary metastasis and strategy of sequential PDT + PTT. g) Identification of spontaneous
pulmonary metastases by India ink perfusion (upper row) and H&E staining of lung slice (lower row) before treatments. h) Photographs of tumors
before and after Gd-Ce6@ SWNH:s injection without phototherapy as well as tumors after Gd-Ce6@SWNH injection and subsequently treated by PDT,
PTT, or PDT + PTT, respectively. i—k) Evaluation of therapeutic efficacy of phototherapy in tumor-bearing mice treated with Gd-Ce6@SWNH. Tumor
growth curves (i), weight changes (j), and mobility free survival rate (k) of 4T1 tumor-bearing mice were recorded for 70 days post-treatment. I) H&E
staining of the major organs include heart, liver, spleen, lung, and kidney of the PDT + PTT group at 70 days post-treatment; *p < 0.05; **p < 0.01.
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Figure 4. Evaluation of the immune abscopal effect for inhibiting the growth of distant tumors. a) A schematic illustration of the development of a
bilateral 4T1 tumor model and strategies for phototherapy and immune analysis. b) Growth curves of distant tumors after the treatment for the primary
tumor. c) Proportions of tumor-infiltrating of CD45+ cells in the distant tumors after various therapies for the primary tumors. d) The representative
flow cytometric analysis of tumor-infiltrating T cells (CD4+ and CD8+) in distant tumors and their relative proportions in tumor tissues at 3, 7, and
14 days from different treatment groups. e) Representative immunofluorescence images of infiltrating T lymphocytes in the distant tumor at 14 days
post-treatment in different treatment groups. f) Recruitment of DCs into the distant tumor (left columns) and tumor-draining lymph nodes (right
columns) in different treatment groups at various time points after treatments. g,h) Proportions of DCs (Live CD45+CD11c+MCH 11+CD80+CD86+)
in the distant tumor (g) and tumor-draining lymph nodes (h) at day 3, 7, and 14 after different phototherapy. i) Visualization and fluorescence images of
long-term migration of Gd-Ce6@SWNHSs to tumor-draining lymph nodes at 24 h and 7-day post PDT + PTT combination treatment. The lymph nodes
were indicated by the circles; *p < 0.05; **p < 0.01.

completely ablated at 5 days post-treatment. Unfortunately, tu-
mor relapse was observed at 7th day and 20th day for PDT or
PTT group of mice, respectively, and consequently, these mice
had shorter life spans (about 16-50 days). In sharp contrast, no
recurrence was observed in the PDT + PTT combination group
and 80% of treated mice survived for 70 days.

To examine the possible inhibition of lung metastases by
Gd-Ce6@SWNHs mediated PDT + PTT in vivo, three mice in
combination therapy group were euthanized at 70 days post-
treatment, and major organs (i.e., heart, liver, spleen, lung, and
kidney) were harvested and examined histologically (Figure 31).

Adv. Sci. 2020, 7, 2001088 2001088 (8 of 13)

As shown in H&E staining, lung metastases vanished and no
damage was found in normal organs. In our study, in addi-
tion to the primary tumors, spontaneous pulmonary metastases
were also eliminated after combination therapy (80% of mice),
and no recurrence occurred even during the next 18 months
post-treatment. Typically, locally applied NIR phototherapy
is only able to inhibit the primary tumors that directly illu-
minated, but cannot treat their metastases at distant sites. As
recent studies revealed that both PDT and PTT could evoke
host immune responses, but the responses were weak and
unendurable.l”?11:144] This potent therapeutic performance may
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be ascribed to the SWNHs-mediated high efficient photothera-
pies and synergistic immune responses. With further assistance
of SWNHs as an immune adjuvant, the pulmonary metastasis
was successfully suppressed by the strong immune abscopal ef-
fect. Moreover, blood routine examinations at 6, 9, and 18 months
after the treatment (Figure S16, Supporting Information) showed
all the blood routine indexes were normal, suggesting that Gd-
Ce6@SWNHs were no appreciable systemic toxicity in vivo.

PDT + PTT treatment on pulmonary metastases was further
assessed if immune abscopal effect induced by combination pho-
totherapy using a bilateral tumor model (Figure 4a). Compared
to the PBS group, the growth of the second tumors was sig-
nificantly suppressed after the primary tumors were treated by
PDT, PTT, or PDT + PTT, where the combination therapy was
the most potent (Figure 4b) and tumor growth was delayed by
1.75-, 2.14-, and 4.20-fold in terms of the volume (p < 0.01) at
14 days post-treatment, respectively. To investigate the mecha-
nism of inhibiting metastasis, we analyzed the major immune
cells in the second tumors. First, the population of leukocytes
(CD45+) continuously increased, indicating the improvement of
tumor inflammation after the treatment (Figure 4c).>3] Tumor in-
filtrated CD8+ T cells (gating on Live CD45+CD3+CD4-CD8+;
Figure S17, Supporting Information), the direct evidence of sys-
temic immunity,??] were examined at 3rd, 7th, and 14th day after
the primary tumors were subjected to phototherapies (Figure 4d).
Flow cytometry analysis revealed that PDT increased CD8+ T
cells from 0.4% at 3rd day to 1.61% at 7th day post-treatment,
and then declined to 1.07% at 14th day. Whereas, the immune
response triggered by PTT was rather delayed. An obvious in-
crease in CD8+ was observed at 14 days post-treatment (3.39%).
However, unlike that by PTT or PDT alone, CD8+ T cells in the
combination treatment group increased steadily from 0.41% at 3
days to 4.77% at 14 days post-treatment, indicating the induction
of arapid and long-lasting immunity. In addition to CD8+ T cells,
CD4+ T cells (Live CD45+CD3+CD4+CD8-), a key immune T
helper cell, showed similar infiltration trend to that of CD8+ T
cells in the respective treatment groups. The infiltration of CD8+
and CD4+ T cells in the distant tumors were further confirmed
by immunohistological staining. As shown in Figure 4e, mas-
sive infiltration of CD8+ and CD4+ T cells were observed in the
second tumors after the primary tumors were treated with pho-
totherapies. There were only marginal CD8+/CD4+ T cells de-
tected in Ce6-Gd@SWNHSs and PBS groups. These observations
demonstrate that both single PDT and PTT could trigger host
immune responses, but the induction was at a different pace and
not strong enough to suppress the metastatic tumors. Sequen-
tial applications of PDT and PTT after i.v. administration of Gd-
Ce6@SWNHs evoked durable immune effects, inhibiting suffi-
ciently the growth of the remote tumors at the early stage.

To give further insight into the activation process of im-
mune response triggered by phototherapies in vivo, we then
assessed the population and status of DCs in the second tu-
mor and TDLNS after the treatments (Live CD45+CD11c+MCH
I1+CD80+CD86+; Figure S17, Supporting Information), which
were prerequisites for induction of adaptive immunity."* As-
cribed to quick responses to phototherapy, the infiltration of DCs
in the distant tumors reached 2.54% (PDT), 2.15% (PTT), and
6.44% (PDT + PTT) in a short term (3 days post-treatment),
respectively, and then gradually declined within 14 days post-
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treatment (Figure 4f,g). Correspondingly, the activated DCs were
increased to 80% (PDT), 81.5% (PTT), and 57.6% (PDT + PTT),
and then fell to 11.9%, 51.2%, 53.0%, respectively (Figure S18,
Supporting Information). Interestingly, the recruitment of DCs
to TDLNs showed distinct trends in different treatment groups.
The PDT + PTT recruited more DCs than PDT or PTT alone at
each time point (Figure 4h) and they were maintained at a high
level in TDLNs within 7 days post-treatment (Figure 4i). More
DCs drained to lymph nodes meant that more tumor-specific T
cells could be activated.[25*]

Activation of the host immune system triggered by photothera-
pies includes the following steps. Abundant iDCs are first rapidly
recruited into tumors via immune factors secreted by the stress
cells in the primary tumor after light irradiation.l”!>55] Subse-
quently, tumor-infiltrating DCs are stimulated to mDCs by a va-
riety of immunogenic substances, such as DAMPs, TAAs, and
cell debris. They then migrate to the lymph nodes, in which the
naive T cells are activated to effector T cells (CD8+ and CD4+),
and return to the primary tumor and distant metastases owing
to the tumor-homing effect induced by tumor-specific antigens.
However, to achieve the long-lasting immune response triggered
by phototherapy, it is necessary to maintain the immune cycle
with multi-rounds or sustainable stimulation. As demonstrated
in this study, sequential PDT + PTT combination therapy on
Gd-Ce6@SWNHs-treated tumor cells generated a more diverse
ICD than single PDT or PTT, which stimulated more DCs to ma-
ture, as revealed by flow cytometry data. As shown in Figure 4i,
Ce6-Gd@SWNHs absorbing immunogenic substances released
from the dying tumor cells could be continuously drained to
TDLNSs after the treatments and stay there for a long time, fur-
ther boosting the host immune response and inducing durable
stimulation of DCs via the immune cycle.>> As a result, multi-
ple immune-related factors (INF-a, IFN-y, IL-o, IL-1p, IL-2, IL-
6, and IL-12) elevated and maintained in peripheral blood at a
high level after the combination therapy (Figure S19, Supporting
Information).

As immunological memory is an important factor in adaptive
immune response system to battle diseases when the same
subtype of pathogens invade again,'?! we examined the effects
of combination of PDT and PTT on long-term immunological
memory. Firefly luciferase stably expressed 4T1 (fLuc-4T1) cells
were i.v. injected into three cured mice at 50-day post-treatment
and monitored using the bio-fluorescence imaging system (Fig-
ure 5a). The rechallenged fLuc-4T1 tumor cells were completely
disappeared in the mice with orthotopic tumors ablated by the
combined phototherapy at 2 weeks post-injection. In sharp
contrast, the mice that experienced surgery or just PBS injection
had no appreciable inhibitory effect on the rechallenged cells,
and eventually, no mice survived for the next 6 weeks. Consistent
with FI observations in vivo, massive metastatic nodules were
distinguished in the lungs from PBS or surgery group by visual
inspection and H&E staining, while no nodules were found
in the combination therapy group (Figure 5b). In addition, no
obvious histopathological abnormality or lesions were found in
these organs, especially for no metastatic nodule of lungs and
TDLNs even at 18 months post-treatment (Figure 5c). Further-
more, all of the measured blood biochemistry parameters and
complete blood panel data of PDT + PTT treated group appeared
to be normal at different time points (Figure S16, Supporting
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Figure 5. Long-term immune-memory effects of Gd-Ce6@ SWNHs after phototherapy in tumor-bearing mice. a) Biofluorescence imaging of the cured
mice rechallenged by fluorescein-transfected 4T1 cells (2 x 10°). b) Examination of pulmonary metastases in all groups. c) Long-term systematic toxicity
of Gd-Ce6@SWNHs in vivo evaluated by H&E staining of major organs and lymph nodes after 6, 9, and 18 months of fLuc-4T1 rechallenge.

Information). In conclusion, no appreciable systemic toxicity
was observed in vivo after treatment by Gd-Ce6@SWNHs and
combination of PDT + PTT at our experimental dosage as long
as 18 months post-treatment.

PDT and PTT using various nanoformulations have been ex-
tensively explored in the preclinical studies as the novel and
promising treatment strategies.®?1?2] Both PDT and PTT not
only destroy tumor cells through the different mechanisms but
also induce immunogenic tumor cell death to initiate a sys-
temic antitumor immune response. However, due to the lim-
ited penetration of light, only partial tumors could respond to
the stimulation, resulting in inadequate therapeutic efficiency
of the primary tumor and insufficient immune responses for
tumor metastases.!'1#2>43] One possible reason was that sin-
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gle phototherapy was unable to elicit abundant ICDs from tu-
mor cells. On the other hand, the lack of long-term stimulation
of DCs may also limit the efficiency of autoimmunity. In the
current study, an SWNH based theranostic nanoplatform was
developed by combining drug carriers and immune adjuvant
for PDT and PTT, eliminating the primary tumors by tandem
and mild phototherapies and simultaneously evoking durable
host immunity to inhibit their metastases in deep tissues. The
excellent therapeutic performance is achieved by Gd-Ce6@
SWNHSs-mediated phototherapy and enhanced host immune re-
sponses attributed to the following mechanisms (Figure 6). First,
Gd-Ce6@SWNHSs could efficiently accumulate in the tumors.
Subsequently, sequential PDT and PTT eliminate primary tumor
through different mechanisms to induce tumor cell apoptosis

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(ROS induced by PDT) or necrosis (heat generation by PTT). Sec-
ond, the combination of PDT with PTT induced more diverse
immune cell death and TAAs compared to single PDT or PTT
due to different penetration depth and treatment mechanisms
of PDT and PTT. The combination of PDT and PTT using dual
lasers could increase penetration depth in tissues, and enable re-
lease and distribution of DAMPs homogeneously and deeply. The
diverse antigens released from the dying tumor cells after PDT
and PTT could be absorbed on SWNHs in situ and was prone
to be recognized and taken up by iDCs, leading to efficient mat-
uration of DCs. Third, we performed PTT one day after PDT to
ensure the sufficient release of DAMPs and TAAs in deep tis-
sues from the injured cells after PDT. Fourth, SWNHs-carrying
tumor-derived antigens could continuously migrate from tumor
sites to lymph nodes and stay for a long time. As a consequence,
iDCs were continuously matured and more CTLs were activated
and recruited into the distant tumors. Finally, strong and sustain-
able immune effects generated abscopal effects, which success-
fully inhibit lung metastases.

In summary, we have engineered a multitask theranostic plat-
form Gd-Ce6@ SWNHs to study the synergistic immunologic re-
sponses triggered by sequential PDT and PTT on the primary tu-
mor. Gd-Ce6@SWNHs have a high tumor targeting efficiency.
PDT + PTT in sequence eradicated the primary tumors and gen-
erated more diverse DAMPs in situ, eliciting a complementary
and synergetic immune response. As a result, durable host an-
titumor immune effect and significant immune memory effect
were elicited after the combination phototherapies to enable ef-
fective ablation of pulmonary metastases and protection of mice
from tumor cell rechallenge. Therefore, our study has demon-
strated the great potency of combined immune-stimulating ther-
apies of PDT + PTT using Gd-Ce6@ SWNHs and provided a po-
tential way toward tumor synergistic immunotherapy, which is
promising for the elimination of tumor metastases and inhibi-
tion of recurrence in the clinic.

Experimental Section

Experimental details are provided in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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