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HEALTH AND MEDICINE

GSH depletion liposome adjuvant for augmenting
the photothermal immunotherapy of breast cancer

Zhanwei Zhou, Hui Wu, Ruoxi Yang, Alan Xu, Qingyan Zhang,

Jingwen Dong, Chenggen Qian, Minjie Sun*

The high redox level of tumor microenvironment inhibits the oxidation treatment and the immune response.
Here, we innovatively develop maleimide liposome (ML) adjuvants to promote immunogenic cell death (ICD)
induction and dendritic cells (DCs) maturation by glutathione (GSH) depletion for augmenting the photothermal
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immunotherapy of breast cancer. The ML effectively depletes the intracellular GSH and up-regulates reactive
oxygen species (ROS) in both tumor cells and DCs. In tumor cells, the ROS boosted the ABTS-* production to acti-
vate photothermal-induced ICD. In DCs, it relieved the immunosuppression, promoting DC maturation (57%)
and antigen presenting. As a result of the ML assistant, the therapeutic systems improved the infiltration of CD8*
T cells to 53% in tumor tissues, eliciting strong abscopal effect and antimetastasis effect. The MLs were believed
to be a superior candidate of adjuvants for enhancing immune response and cancer therapeutic efficacy.

INTRODUCTION

Tumor microenvironment (TME), as the “soil” of tumor cells, con-
tains a variety of components, including transformed cells, blood
vessels, fibroblasts, and immune cells (I, 2). The immunosuppres-
sive TME promotes cancer cell growth and forms a heavy barrier to
hinder cancer diagnosis and therapy (3), including inhibiting
immunogenic cell death (ICD) induction of tumor cells, inhibiting
dendritic cells (DCs) maturation, and cytotoxic T cell response (4).
Fortunately, with decades of efforts on exploration of the TME,
some distinctive hallmarks are gradually clear to the researches,
bringing opportunities to remodel the TME by up-regulating the
benefit part and down-regulating the unprofitable factors to amplify
cancer theranostic efficacy (5-7).

Reactive oxygen species (ROS), as oxidants, play important roles
in cancer treatment by directly inducing cell apoptosis or acting as
the substrates to many catalysis reactions (8-10). Besides, there are
also a lot of studies that revealed that ROS within a proper concen-
tration range serve as an essential messenger to facilitate immune
responses (11, 12). Specifically, ROS can act as a “danger signal” to
elicit the activation of DCs by up-regulating the costimulatory
molecules, such as CD80 and CD86 for facilitating antigen presen-
tation (8, 13). However, there also exist strong antioxidant systems
in the intracellular environment, mainly composed of glutathione
(GSH), that down-regulate the ROS level (14-16). It results in
immunosuppression and attenuation of antitumor efficacy. Therefore,
it is urgent to develop an effective GSH depletion agent to act as the
adjuvant to improve the immune response.

As we know, thiols are the key active sites of GSH to act as
antioxidant, and the blockage of the thiols would invalidate its’
antioxidation effect (17). Notably, we found that maleimide (MA)
group contained chemicals that could irreversibly react with thiols
by Michael addition in a mild environment, enabling it be a candi-
date of the GSH blockers (18). The depletion of GSH by adjuvant
could not only directly enhance the immune response by promoting
DC maturation but also benefit for oxidation therapy, such as
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ABTS&HRP system [2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) and horseradish peroxidase]. This system was traditionally
applied as the indicator of hydrogen peroxide (H,0,), evaluated by
the conversion of ABTS to ABTS-" to generate a strong near-infrared
(NIR) absorbance of 500 to 1000 nm (19, 20). In our knowledge,
materials with NIR absorbance tended to induce the photoacoustic
(PA) signal and photothermal effect after laser irradiation. It inspired
us to develop the ABTS&HRP system for H,O,-dependent PA
imaging-guided tumor photothermal therapy (PTT) and ICD-
mediated immunotherapy, which was designed to be enhanced by
GSH depletion.

In this work, we constructed two liposomal delivery systems for
the in vivo application of MA and ABTS&HRP. MA and ABTS&HRP
were separately loaded in the hydrophilic cavities of liposomes,
defined as maleimide liposome (ML) and ABTS&HRP liposome
(AHL) (Fig. 1A). The ML, as the GSH depletion adjuvant, plays two
roles here to augment the theranostic efficacy (Fig. 1B): (i) It could
consume the intracellular GSH of tumor cells to promote the genera-
tion of H,O, for ABTS activation under HRP catalysis. Subsequently,
the activated ABTS." would generate strong PA signal, guiding the
PTT after laser irradiation and ICD-based immunotherapy. (ii) It
could also induce ROS generation in DCs to promote DC matura-
tion and antigen presenting by up-regulating major histocompati-
bility complex class I (MHCI) and CD80/86. Together, the therapeutic
systems could boost the activation and infiltration of CD8" T cells
in tumor tissues, augmenting the abscopal effect on the inhibition
of distant tumor and the antimetastasis effect of breast cancer. ML
was believed to be superior adjuvants for augmenting the immune
response and cancer therapeutic efficacy by remodeling the TME.

RESULTS

Preparation and characterization of AHL and ML

ABTS and HRP were coloaded into liposomes to form catalysis sys-
tems (AHL). Besides, MA was loaded into liposomes (ML) to act as
the GSH depletion adjuvant (Fig. 2A). The dynamic light scattering
(DLS) particle sizes of AHL and ML were detected to be 103.6 and
115 nm, respectively (Fig. 2, B and C), which were in accordance
with the transmission electron microscope (TEM) observation images,
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Fig. 1. Scheme illustration of GSH depletion adjuvant for augmenting the PA imaging-guided photothermal immunotherapy of breast cancer. (A) Preparation
of the AHL photothermal liposomes and ML adjuvant. (B) Tumor PTT-induced ICD to stimulate DC maturation and further promote the CD8" T cell infiltration in tumor,
inducing abscopal effect and antimetastasis effect of breast cancer. In tumor cells, ML promotes ROS generation and ABTS activation, thus augmenting the PA imaging
(PAI)-guided PTT and ICD-mediated immunotherapy. In DCs, ML relieves the immunosuppression by inducing the ROS generation to promote DC maturation and antigen

presentation.

as inserted in the DLS data. Besides, the zeta potential of AHL and
ML was detected to be —6.3 and — 4.6 mV, respectively.

Colloidal stability of AHL and ML

We next investigated the colloidal stability of the liposomes during
storage. As depicted in Fig. 2D, the particle size of both AHL and
ML could maintain being stable during storage within 7 days, re-
flecting the excellent stability of the prepared liposomes.
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H,0,-dependent catalysis of HRP and activation of ABTS
HRP could catalyze the oxidation of ABTS to ABTS-" in the pres-
ence of H,0,, which held the potential to be developed for PA
imaging and PTT of tumor (21). Unfortunately, the intracellular high
level of GSH in tumor tissues would hurdle the activation process,
leading to ineffective ABTS." generation. Therefore, GSH depletion
was believed to be a convincing strategy to accelerate the generation
of ABTS-" and, hence, augmented the theranostic effects (Fig. 2E).
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Fig. 2. Physicochemical characterization of AHL and ML. (A) Scheme of the component in AHL and ML. (B) Particle size of AHL determined by DLS. Inset: TEM images
of AHL. Scale bar, 200 nm. (C) Particle size of ML determined by DLS. Inset: TEM images of ML. Scale bar, 200 nm. (D) Colloidal stability of AHL and ML within 7 days by
monitoring the DLS particle size (n = 3). (E) Scheme illustration of MA-mediated GSH depletion and its role on enhancing the ABTS activation. (F) Ultraviolet-visible
(UV-Vis) spectrum of AHL, AHL + H,0,, and AH + H,0,. (G) Absorbance of AHL at 730 nm in the presence of different concentrations of H,0, (0 to 200 uM; n=3). (H) The
relative GSH level after treatment with increasing molar ratios of free MA/GSH or ML/GSH (n = 3). (I) Absorbance changing of AHL + H,0, in the presence of increasing GSH.
(J) Absorbance changing of AHL + H,0, + ML in the presence of increasing GSH. (K) Statistics of the absorbance at 800 nm of AHL + H,0,, AHL + H,0, + GSH, and AHL + H,0, +
ML + GSH (n = 3). ***P < 0.001. (L) Temperature-changing curve and (M) IR images of DW, AHL + H,0,, AHL + H,0, + GSH, and AHL + H,0, + ML + GSH after 808-nm laser
irradiation for 120 s. (N) PA signal of AHL + H,0, or AHL + H,0, + ML in the presence of different concentrations of GSH (n = 3). d, diameter.

Here, to evaluate whether the encapsulation by liposomes affected
the catalysis ability, ultraviolet-visible (UV-Vis) spectrum of free
ABTS&HRP (+100 uM H,0,) and AHL (+100 uM H,0,) were com-
pared among 500 to 1000 nm. As depicted in Fig. 2F, the intensity
of the maximum absorbance at 730 nm between the free and lipo-
some group was similar, indicating the retaining of the HRP catalysis
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ability of AHL. In addition, the absorbance of AHL without H,0,
was also measured, which was pretty weak compared with the AHL +
H,0, group. It demonstrated that the generation of absorbance
among 500 to 1000 nm relied on H,O,, Therefore, we further inves-
tigated the absorbance intensity changing in the presence of differ-
ent concentrations of H,O, As expected, absorbance intensity was
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enhanced with the increasing H,O, from 0 to 200 uM (Fig. 2G),
validating the H,O,-dependent ABTS activation and absorbance
enhancement.

MA-mediated GSH depletion

MA could specifically react with thiols by Michael addition at a
mild environment, including the physiological environment of the
body (18, 22, 23). The reaction between MA and GSH would deplete
the functional thiols of GSH and result in the invalidation of
GSH. Here, we first investigated the chemical reactions between
MA and GSH by 'H nuclear magnetic resonance. As shown in fig. 1,
MA exhibited a strong signal at 6.8 parts per million (ppm), which
was attributed to the unsaturated bond of MA. However, with the
GSH added, the peak at 6.8 ppm notably weakened, reflecting the
successful reaction between MA and GSH. Moreover, the GSH
depletion ability of MA was also confirmed by Ellman’s assay. As
shown in Fig. 2H, with the increasing molar ratio of MA/GSH, the
GSH level decreased in both MA and ML treatment group. Notably,
the formation of liposomes exhibited negligible influence on the
GSH depletion ability of MA.

The ABTS.* reduction by GSH and ABTS-* protection by

GSH depletion

The above data in Fig. 2F has demonstrated that HRP could effec-
tively catalyze the generation of ABTS." in the presence of H,0,.
Here, we further evaluated the influence of GSH on ABTS." gener-
ation. As depicted in Fig. 21, with the increasing amount of GSH
added, the absorbance of ABTS-" (730 nm) weakened sharply, re-
flecting the ABTS." scavenging effect by GSH. Next, to study the role
of GSH depletion on ABTS-" protection, GSH was pretreated with
ML for 30 min and then incubated with the AHL + H,0O, system
again. Expectantly, with the ML protection, the absorbance among
400 to 1000 nm decreased much more smoothly (Fig. 2]). The sta-
tistical analysis was shown in Fig. 2K, which evidently validated the
ABTS." scavenging effect by GSH and ABTS-" protection ability of
ML by GSH depletion. Moreover, the similar protection effect by
N-ethylmaleimide (NEM; positive control capable of GSH depletion)
was observed (fig. S2A), further confirming this conclusion.

Photothermal effect of ABTS-"

The enhancement of absorbance at 800 nm after ABTS-" generation
inspired us to study its photothermal conversion effect. As shown in
Fig. 2L, the temperature of AHL + H,O, rise sharply with the laser
irradiation from 0 to 120 s and could reach as high as 80°C, reflect-
ing the superior photothermal conversion ability of ABTS-*. How-
ever, when GSH was involved in the system, the temperature was
limited to 40°C even when the laser irradiation lasted for 120 s. The
weakened photothermal effect could be ascribed to the reduced
absorbance at 800 nm after GSH adding. ML was desired to improve
the GSH tolerance of AHL + H,0,, showing as higher temperature
after laser irradiation (60°C) compared with the AHL + H,O; +
GSH group (40°C). In addition, the ABTS-"-based photothermal
effect was also confirmed using an IR camera, as shown in Fig. 2M.
It reflected the important role of ML adjuvant on enhancing the
photothermal effect of AHL + H,0; in the presence of GSH.

PA signal of ABTS.*
The strong NIR absorbance of ABTS." also endowed it with PA im-
aging property (24). Similarly, the PA signal of AHL + H,O, was
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also weakened with the increasing GSH added, reflecting the nega-
tive influence of GSH on PA imaging by AHL + H,O, system. The
PA signal decreased from five to one when the GSH was as high as
2 mM (Fig. 2N). Correspondingly, the protection effect of ML adju-
vant on PA imaging was also demonstrated here where the PA signal
recovered to 3.5, much stronger than the ML-absent solution. The
above result validated the protecting effect of ML on PA imaging in
the presence of GSH.

Cell uptake of HRP-fluorescein isothiocyanate-loaded AHL
and rhodamine B-loaded ML

HRP was labeled with fluorescein isothiocyanate (FITC) and then
encapsulated in AHL to track the liposomes. Besides, rhodamine B
(RhB) was directly loaded in ML to track it in the cells. As shown in
Fig. 3A, the strong fluorescence signal of FITC and RhB was ob-
served in the cytosol, indicating the successful uptake of both AHL
and ML by 4T1 cells.

Intracellular ROS and GSH detection

As proved in the solution sample, MA could effectively react with
thiols on GSH and lead to GSH consumption. Here, we wanted to
further evaluate whether the MLs was able to down-regulate the
intracellular GSH level. The fluorescence thiol probe was used to
indicate the intracellular GSH level with or without ML treatment
(25). As shown in Fig. 3B, without ML treatment, strong fluores-
cence was observed after GSH staining, demonstrating the high GSH
level in tumor cells. Notably, the fluorescence turned dim after ML
treatment, which indicated the successful down-regulation of in-
tracellular GSH level. The GSH depletion by ML was also confirmed
by quantitative analysis of the cell lysate via Ellman’s assay. The
intracellular GSH level was only 22.3% versus control after treated
with ML (fig. S2B).

The intracellular redox and oxidation level is well balanced in
the cells. The down-regulation of the redox level would break this
balance and held the potential to up-regulate the oxidation level
(26). Here, we used DCFH-DA (dichlorodihydrofluorescein dia-
cetate) to indicate the intracellular ROS level (27). The intracel-
lular ROS could catalyze nonfluorescent DCFH to fluorescent
2,7-dichlorofluoroscein diacetate (DCF), enabling it be applied as a
ROS probe. As depicted in Fig. 3B, after ML adjuvant treatment, the
ROS level significantly up-regulated, showing as strong green fluo-
rescence in the images taken by fluorescence microscopy. Besides,
the mean fluorescence intensity (MFI) was also analyzed by
flow cytometry (FCM) (fig. S2C). The MFI of ML-treated cells
was around 398, about eightfold higher than control. It demonstrated
the ROS up-regulation after antioxidant GSH depletion. Notably,
the ROS level gradually increased from 0 to 12 hours and could
still maintain a high level at 24 hours (fig. S2D), which provided
sufficient time for intracellular catalysis of AHL.

Tumor cell growth inhibition and cell apoptosis

The cytotoxicity of AHL and ML was first evaluated on 4T1 cells. As
depicted in fig. S3A, AHL did not inhibit the cell growth even when
the ABTS concentration reached 50 pg/ml, indicating the good bio-
compatibility of AHL. The MLs exhibited dose-dependent tumor
cell inhibition, median inhibitory concentration (ICsg) of which
was around 0.5 pg/ml on 4T1 cells (fig. S3B). The strong cytotoxic-
ity of ML on 4T1 cells could be ascribed to GSH depletion and
ROS elevation.
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Fig. 3. Cellular study of AHL and ML. (A) Cell uptake of ABTS&HRP-FITC liposomes and MA&RhB liposomes by 4T1 cells. Scale bars, 10 um. (B) GSH and ROS levels in
4T1 cells after treatment with phosphate-buffered saline (PBS) or ML. Scale bars, 50 um. (C) Representative cell viability of 4T1 cells after treatment with AHL + H,O,, AHL +
H0; + L, AHL + ML + H,0,, and AHL + ML + H,0; + L (n=3). ***P < 0.001. (D) Cell apoptosis of 4T1 cells after different treatments determined by flow cytometry (FCM).
(E) Statistical analysis of (D). (F) Calreticulin (CRT)-positive cell analysis by FCM (n = 3). ***P < 0.001. (G) High-mobility group protein B1 (HMGB1) secreted from 4T1 cells
and detected by an enzyme-linked immunosorbent assay (ELISA) kit (n =3). **P < 0.01. (H) Adenosine triphosphate (ATP) secretion detection by the Enhanced ATP Assay
Kit (n=3). ***P < 0.001. (I) ROS level in DC2.4 cells after treatment with PBS or ML. Scale bars, 200 um. (J) DC maturation after incubation with 4T1 cells with different

treatments (gated on CD11c* cells). (K) Statistical analysis of (J) (n=3). **P<0.01.

The generation of ABTS." in the presence of H,O, has been
proved to cause photothermal effect under laser irradiation, hold-
ing the potential to be applied for tumor PTT. Therefore, the tumor
cell killing effect of AHL + H,O; in the absence or presence of laser
was studied on 4T1 cells. As shown in fig. S3C, the involvement of
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100 uM H,O; in the AHL system did not generate significant toxic-
ity, where the cell viability was more than 95% compared with un-
treated cells. However, after laser irradiation, AHL + H,0O, could
effectively kill the tumor cells when the ABTS concentrations were
higher than 10 ug/ml. Furthermore, with the ML adjuvant pretreatment,
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tumor cell killing efficacy was markedly enhanced, the ICs of which
was as low as 2.5 ug/ml (fig. S3D), much lower than the ML untreated
groups of around 50 pug/ml. The result demonstrated the strong
synergistic effect between ML and AHL, as shown in Fig. 3C (ABTS,
20 ug/ml; MA, 0.25 pg/ml). In addition, to confirm the synergistic
effect between GSH depletion agents and AHL, the NEM capable of
GSH depletion was set as the positive control. As shown in fig. S3E,
when coincubated with NEM (0.15 pg/ml), the ICsy of AHL decreased
markedly to around 4 ug/ml, exhibiting similar effect as ML. It fur-
ther demonstrated that the cell killing enhancing effect of ML on
AHL + L (laser) was ascribed to the GSH depletion.

We next performed the cell apoptosis study of AHL + H,0, and
AHL + ML + H,0, with or without laser irradiation by annexin
V-FITC/propidium iodide (PI) double staining (28). The result
showed that only the laser or AHL + H,O,; treatment could not
induce cell apoptosis (Fig. 3D). In accordance with the MTT
(methylthiazolyldiphenyl-tetrazolium bromide) data, the AHL +
H,0; + L (Laser) treatment could induce moderate cell apoptosis
(32.5% apoptosis cells versus control) owing to the photothermal
effect of ABTS.". Meanwhile, without laser treatment, AHL + ML +
H,0, caused 39.6% cell apoptosis. AHL + ML + H,0, + L treat-
ment caused the largest apoptosis ratio of about 75.3%, confirming
the synergistic killing effect between ML and AHL (Fig. 3E).

ICD induced by PTT in vitro

As reported, the cancer treatments such as PTT, PDT (photodynamic
therapy), or chemotherapy often induced ICD by causing the dying
cells to release damage-associated molecular patterns (DAMPs)
immunogenic signals, followed by triggering the maturation of DCs
and engulfment of dying tumor cells. The crucial DAMPs include
CRT (calreticulin) exposure, HMGB1 (high-mobility group protein
B1), and ATP (adenosine triphosphate) release (29, 30), which were
analyzed here to investigate the generation of ICD by PTT.

The 4T1 cells were separately treated with AHL + H,0O; and
AHL + ML + H,0O, with or without laser. After treatment, the cells were
stained with CRT-FITC antibody and 4',6-diamidino-2-phenylindole
(DAPI). CRT expression was then observed by confocal laser scan-
ning microscopy (CLSM). As shown in the result (fig. S4A), the cells
treated with AHL + H,O; nearly have no CRT exposure, while
obvious green fluorescence was observed after laser irradiation, in-
dicating the PTT on CRT exposure induction. In addition, the AHL +
H,0, + ML treatment could also stimulate the CRT exposure,
which could be owing to the GSH depletion and ROS up-regulation
on tumor cell killing. Notably, the green fluorescence was pretty
bright after treated with AHL + ML + H,O; + L, much stronger
than the ML (-) group, reflecting the synergistic effect of ML on
tumor cell killing and ICD induction. The CRT" cells after treated
with different inducers were also analyzed by FCM. AHL + ML +
H,0; + L treatment could generate 80% CRT-positive cells, while
the positive cells induced by AHL + H,0, + L and AHL + ML + H,0,
were 35 and 23%, respectively (Fig. 3F).

HMGBI secretion was detected by an enzyme-linked immunosorbent
assay (ELISA) kit of the cell medium after treatment, and ATP secre-
tion was measured by bioluminescence-based ATP assay kit (31). As
shown in Fig. 3 (G and H), AHL + ML + H,0; + L treatment was
able to significantly promote the secretion of HMGBI1 and ATP
from the dying cells. Furthermore, the HMGBI level and ATP level
were much higher than the AHL + H,0, + L group, indicating the
superiority of MA involvement on enhancing the ICD induction.
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The above data had validated the ROS up-regulation after GSH
depletion by ML in 4T1 cells. Next, the intracellular ROS level in
DCs was also determined after incubation with ML. As shown in
Fig. 31, the green fluorescence of DCF was significantly enhanced
after incubation with ML. It indicated that the ML treatment could
significant up-regulate the intracellular ROS level. The generation
of ROS in DCs may hold the risk to generate toxicity to it, which
was studied by MTT assay. As shown in fig. S4B, the ML did not
generate toxicity to DCs until the concentrations of MA were higher
than 2 pg/ml. Therefore, the applied concentration of 0.25 pug/ml
was safe for DCs. The generation of ROS by ML could directly pro-
mote the maturation of DCs to about 36.6 versus 17.7% of control
(fig. S4C). Moreover, we were desired to further evaluate whether
the DC maturation promotion strategy was generally applicable for
other chemicals capable of GSH depletion. Here, cinnamaldehyde
and NEM, as other GSH depletion reagents, could also directly pro-
mote DC maturation to 33.4 and 70.5%, respectively, versus 12.2%
of phosphate-buffered saline (PBS) treatment group (fig. S4D). It
reflected that DC maturation induced by GSH depletion strategy
was not limited to MA, which was also applicable for other chemicals
capable of GSH depletion.

For ICD-induced DC maturation study, after different treat-
ments, the 4T1 cells were incubated with immature DC2.4 cells.
CD80-PE (phycoerythrin) and CD86-APC (allophycocyanin) anti-
bodies were chosen as the biomarkers to evaluate the mature of DCs
(32). As shown in Fig. 3 (J and K), AHL + ML + H,0; could effec-
tively induce the maturation of DCs (CD80" and CD86") to about
37.5%, probably ascribed to the ICD induction ability of ML and
ROS up-regulation in DCs by GSH depletion. Moreover, after laser
irradiation, the matured ratio was further increased to as high as
80.9%, owing to the enhanced ICD induction after laser irradiation.
Besides, in correspondence with the CRT, HMGBI, and ATP level,
the matured DC ratio of the AHL + H,O, + L group (46.2%) was
much lower than the AHL + ML + H,O; + L group, further validating
that the ML was a superior adjuvant to promote DC maturation.
Therefore, to conclude, ML adjuvant was demonstrated to signifi-
cantly enhance the induction of ICD by AHL + H,0O, + L and the
maturation of DCs.

In vivo GSH depletion and PA imaging

The GSH depletion performance of ML adjuvant in vivo was inves-
tigated on 4T1 tumor model. As shown in Fig. 4A, AHL could not
down-regulate the GSH level, while AHL + ML significantly depleted
the tumoral GSH (43% versus saline group). It validated that the
ML was applicable for tumoral GSH depletion. Subsequently, the
influence of GSH depletion on PA imaging was further evaluated.
As supposed, PA signal at tumor site was pretty weak with single
AHL treatment (Fig. 4B). However, when the mice were coadminis-
trated with ML, the PA signal markedly enhanced to about four
times than the single AHL group (fig. S5). It reflected that the ML
treatment provided a preferable environment to enhance the con-
version ratio of ABTS to ABTS." and, thus, amplify the PA signal at
tumor site.

In vivo photothermal effect

As demonstrated above, the PA imaging exhibited that the genera-
tion of active ABTS." reached the maximum level at 24 hours.
Therefore, the laser treatment and photothermal study were per-
formed at 24 hours after injection. In accordance with the PA signal
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Fig. 4. In vivo PA imaging and antitumor study of AHL and ML. (A) Tumoral GSH detection after treatment with saline, AHL, or AHL + ML (n=3). **P < 0.01. (B) PA
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the tumor-bearing BALB/c mice (n=8).

intensity, the AHL treatment could only generated weak photother-
mal effect where the tumor temperature was limited to 45°C after
laser irradiation for 5 min (Fig. 4, C and D). On the contrary, after
GSH depletion, the ML + AHL group exhibited strong photother-
mal effect. The tumor temperature could reach 45°C within 1 min
after laser irradiation and could maintain 55°C for 2 min. It is
reflecting the benefit of GSH depletion on enhancing the photothermal
effect of AHL in vivo.

In vivo antitumor efficacy and immune activation

The in vivo antitumor efficacy was next evaluated on 4T1 tumor
model. As schemed in Fig. 4E, the AHL or ML + AHL was adminis-
trated on day 0 by intravenous injection, followed by laser treatment
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for 5 min at 24 hours after each injection. The immune effects were
analyzed on day 5 by taking part of the mice. Then, the remaining
mice were monitored until day 100. Tumor growth curve of each
mouse was monitored. As shown in Fig. 4 (F and G), the AHL treat-
ment had no tumor inhibition effect versus the saline group. Meanwhile,
it only generated moderate tumor inhibition after laser irradiation,
shown as poor PTT efficacy. The weak therapeutic effect of AHL + L
could be owing to the inefficient activation of ABTS and weak
photothermal effect, as demonstrated above (Fig. 4D). Notably, with
the assistant of ML to deplete tumoral GSH, the AHL + ML + L
combination treatment markedly inhibited the tumor growth and
even led to the tumor ablation with only two treatments, indicating
the superior synergistic effect of AHL + L and ML. Body weight of
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the mice was also monitored until day 27. As shown in fig. S6, no
weight loss was found for each group, reflecting the good biocom-
patibility of the therapeutic treatment. The synergistic treatment
with ML + AHL + L significantly extended the long-term survival
rate to 62.5% after monitoring for 100 days (Fig. 4H). All of the
mice were dead within 70 days by the treatment with AHL + L, further
confirming the superiority of the combination therapy.

The PTT-induced tumor cell apoptosis and necrosis were evalu-
ated by hematoxylin and eosin (H&E) staining and immunofluores-
cence staining of cleaved caspase 3 expression. As shown in fig. S7,
the AHL + ML + L treatment could significantly induce the cell
apoptosis and necrosis of tumor cells by H&E staining, much more
serious than the AHL + L or AHL + ML treatment group. Besides,
the cleaved caspase 3 level was analyzed by immunofluorescence
staining, whose up-regulation was commonly applied to indicate
the cell apoptosis. In accordance with the H&E result, the cleaved
caspase 3 was significantly up-regulated after AHL + ML + L treat-
ment, reflecting the activation of cell apoptosis.

As proved in the cell level, the ABTS-"-based PTT could induce
the ICD of tumor cells and, therefore, promote DC maturation. The
matured DCs would further activate the immune system to kill the
cancer cells. Here, DCs, as important APCs, played a pivotal role in
the adaptive immune response by effective antigen presentation
and T cell activation (33, 34). Therefore, we first evaluated whether
the treatment could promote DC maturation in the lymph nodes.
The matured DCs were analyzed by counting the CD80" CD86" cell
ratios (gated on CD11c" cells). As shown in Fig. 5 (A and B), the
matured DCs significantly increased to about 57% versus the saline
group (22%). However, the AHL + L treatment only induced 35%
DC maturation. Notably, the AHL + ML treatment was also able to
induce DC maturation to about 32%, validating that the ML could
act as an adjuvant to promote DC maturation.

After successful antigen presentation, the combination treatment-
induced activation and expansion of the naive CD8" were deter-
mined. As determined by FCM in Fig. 5 (C and D), after the AHL +
ML + L treatment, the ratio of CD8" T cells increased to 53%, much
higher than the AHL + L-treated mice of 24% and the saline group
of 12%. It demonstrated that the ML adjuvant could effectively
promote the CD8" T cell activation and infiltration in tumor. The
enhanced infiltration and activation of CD8" in tumor tissues after
AHL + ML + L treatment were also confirmed by immunofluores-
cence staining of the tumor sections (Fig. 5E). In addition, the com-
bination treatment significantly up-regulated the level of tumor
necrosis factor-o, (TNF-a), interferon-y (IFN-y), and interleukin-12
(IL-12) in the plasma (Fig. 5, F and G, and fig. S8), which are the key
biomarkers released by immune cells of the TME for altering T cell
responses (35, 36). As we know, the effective immune response
could also be negatively regulated by Tigs (tumor regulatory T cells).
Thus, the ratio of CD4", CD25", Foxp3" in Tys was also determined
by FCM. As shown in Fig. 5 (H and I), after ML + AHL + L treatment,
the Foxp3™ cell ratio obviously decreased to 5% versus the saline
group of 26%. In summary, the adjuvant ML was proved to not only
remodel the TME by GSH depletion and ROS elevation but also
enhance the immune response via promoting DC maturation, CD8"
activation, and infiltration and reducing the Ty, ratio in tumor.

Biosafety study
To evaluate the biocompatibility of AHL and ML, the main organs
(heart, liver, spleen, lung, and kidney) were harvested on day 5 after
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treatment and analyzed by H&E staining. As shown in fig. S9, no
pathological change was found after treatment with AHL + L or
AHL + ML + L compared with the saline group, indicating the good
biocompatibility of ML and AHL to the main organs.

Abscopal effect and antimetastasis effect

We also desired to evaluate whether the activation of immune
response would have antitumor effect on the untreated distant
tumor. The therapeutic schedule was shown in Fig. 6A. As shown in
Fig. 6B, the distant tumors of saline, AHL, and the AHL + ML group
were growing rapidly. AHL + L treatment on primary tumor had
weak influence on the distant tumor owing to the relatively poor
immune response. On the contrary, with the strong immune response
induction, AHL + ML + L treatment on primary tumor exhibited
notable abscopal effect on the inhibition of distant tumor growth
where the tumor volume was only 28% versus the saline group on
day 27. Accordingly, the augmented CD8" infiltration and reduced
Treg in distant tumor were determined by FCM as shown in Fig. 6
(Cand D).

Next, the immune response-mediated antimetastasis effect (37)
was investigated on 4T1 metastasis model, and the therapeutic
schedule was shown in Fig. 6E. The construction of primary tumor
and treatment was in accordance with the antitumor study. Besides,
4T1 cell infusion was performed on day 15, and the analysis of lung
metastasis was evaluated on day 30. As shown in Fig. 6F, after
immersed in Bouin’s fluid, the metastatic nodules were shown as
yellow foci (38). With the treatment of AHL + ML + L, the metastatic
foci significantly decreased and even totally disappeared, reflecting
the superior antimetastasis effect of AHL + ML + L. The antimetas-
tasis effect of AHL + ML + L was also confirmed by the H&E stain-
ing (Fig. 6F). After imaging, the number of metastatic nodules was
also counted under microscopy (Fig. 6G). The average metastatic
nodules of the saline group were around 150 of each mouse and
decreased to 50 with AHL + L treatment. Notably, it further de-
creased to within five with the assistant of ML adjuvant. All of the
data demonstrated the inspiring antimetastasis effect of the combi-
nation strategy via using GSH depletion adjuvant.

DISCUSSION

Here, MA capable of GSH depletion was encapsulated into lipo-
somes to form the nanoadjuvant ML. The MA could react with the
thiols on GSH and lead to the block of GSH, which break the bal-
ance of intracellular oxidation-redox system. Thus, ML adjuvant
could up-regulate the intracellular ROS level in both tumor cells
and DCs, endowed it with two roles in the tumor therapy. In this
work, we also prepared HRP and ABTS coloaded liposomes (AHL)
as the photothermal reagents that were inactivated in the blood
circulation while activated in the ROS-abundant tumor for tumor-
specific PTT and ICD induction. The induction of ICD could pro-
mote the CRT exposure as the “eat me” signal and HMGB1 and
ATP secretion as the “find me” signal to activate immune response
by recruiting DCs and CD8" T cells (29, 30). As we know, DC matu-
ration is the key factor for antigen presentation and CD8" T cell
activation. Therefore, the ML adjuvant was applied here to promote
DC maturation by up-regulating the ROS as the danger signal for
effective inflammation response (8, 13). As a result, the dual role of
ML played good performance on the treatment of primary tumor,
distant tumor, and metastatic tumor of breast cancer. The ML capable
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Fig. 5. In vivo immune activation by AHL and ML. (A and B) DC maturation on 4T1 tumor-bearing mice (gated on CD11* DC cells). Cells in lymph nodes were collected
on day 5 after various treatments for assessment by FCM after staining with CD11c", CD80, and CD86. *P < 0.05 and **P < 0.01. (C and D) FCM examination of the intratumor
infiltration of CD8" T cells (gated on CD3™ T cells). ***P < 0.001. (E) Immunofluorescence images of CD8" T cells. Scale bars, 100 um. (F and G) Contents of tumor necrosis
factor-a (TNF-0) and interferon-y (IFN-y) in plasma on day 5 after treatment. ***P < 0.001. (H and I) The regulatory T cell (T eg) frequencies in tumors after different treat-
ments examined on day 5 after treatment. Data represent means = SD (n=5). **P < 0.01 and ***P < 0.001.

of GSH depletion was believed to be a superior candidate of ad-
juvants for enhancing immune response and cancer therapeutic
efficacy.

Although the MLs have been demonstrated to display outstanding
immune enhancement effect, there remain some limitations in this
work that needs further evaluation in the future. Here, we revealed
that the intracellular GSH depletion was a convincing strategy to

Zhou et al., Sci. Adv. 2020; 6 : eabc4373 2 September 2020

enhance oxidation therapy and improve the immune response by
promoting DC maturation. However, we only applied MA, cinnamal-
dehyde, or NEM to deplete GSH. Apart from them, there are also
many drugs and many inorganic materials holding the potential to
deplete GSH, such as manganese dioxide (MnO,), iron (Fe*), and
so on (15-16). It remains unclear whether these GSH depletion
reagents share the same functions with MA, which needs further
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evaluations in the future to expand the application of this finding.
Besides, the combination therapy of ML adjuvant with immuno-
suppressant anti-programmed death ligand 1 antibody, chemo-
therapy, or PDT still remained to be investigated to demonstrate its
universality.

The laboratory study of the AHL or ML has been finished, and
the large-scale production is in progress. Up to now, many lipo-
somes formulations have been applied in the clinic and are available
on the market. The advanced production technology and mature
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quality management system could accelerate the large-scale pro-
duction of the AHL or ML. In addition, the loaded ABTS&HRP or
MA was relatively cheap and easily obtained with kilogram level,
which could further promote this process. Notably, the ML adju-
vant has been demonstrated to achieve inspiring therapeutic effect
on mice, and the evaluation on large animals (monkey or pig) is
under planning. Thus, once the large-scale production and thera-
peutic evaluation on big animals are completed, the AHL and ML
formulations are ready to be pushed for clinical translation.
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MATERIALS AND METHODS

Materials

FITC,RhB, ABTS, HRP, MA, 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC), and GSH were purchased from the Aladdin chemical re-
agent company (Shanghai, China). Chlorin e6 was obtained from
Sigma-Aldrich (MO, USA). Annexin V-FITC/PI cell apoptosis
assay kit and Bouin’s fluid were purchased from Beijing Solarbio
Science and Technology Co. Ltd. Dulbecco’s modified Eagle’s
medium, PBS, MTT, DAPI, reduced GSH assay kit, and ROS fluo-
rescence detection kit was purchased from KeyGen Biotech (Nanjing,
China). Mouse TNF-o, (no. EK0527), IFN-y (no. EK0375), and IL-12
(EK0932) ELISA kit were purchased from Wuhan Boster Biological
Technology Co. Ltd.

Preparation of AHLs

HRP liposomes were prepared by thin-film hydration method. Briefly,
20 mg of DSPC and 5 mg of cholesterol were dispersed into 15 ml of
chloroform, followed by rotary evaporation for 30 min in a 50-ml
round-bottom flask. After evaporating, 5 ml of HRP-contained and ABTS
[HRP (0.2 mg/ml) and ABTS (1 mg/ml)]-contained water solution was
added into the flask with vortex for another 30 min to suspend the
lipid into the solution. The suspension was then well dispersed by
ultrasound to obtain uniform AHL liposomes. At the end, the AHL
liposome solutions were freeze-dried into powder for later use.

Preparation of MLs

Similar as the preparation method of AHL, MLs were also prepared
by thin-film hydration method. Briefly, 20 mg of DSPC and 5 mg of
cholesterol were dispersed into 15 ml of chloroform, followed by
rotary evaporation for 30 min in a 50-ml round-bottom flask. After
evaporating, 5 ml of MA (0.2 mg/ml)-contained water solution was
added into the flask with vortex for another 30 min to suspend the
lipid into the solution. The suspension was then well dispersed by
ultrasound to obtain uniform MLs. At the end, the ML solutions
were freeze-dried into powder for later use.

Characterization of the liposomes

The liposome powder (AHL or ML) was dispersed into saline for
characterization. The DLS particle sizes and zeta potential of the lipo-
somes were measured using Malvern Mastersizer. The morphology
of the liposomes was observed using H-600 TEM (Hitachi, Japan).

H,0,-dependent catalysis of HRP and activation of ABTS

The HRP-mediated catalysis of inactive ABTS to active ABTS." was
evaluated by scanning the UV-Vis spectrum among 200 to 1000 nm.
Briefly, AHL or free ABTS&HRP [ABTS (60 pg/ml) and HRP
(15 pug/ml)] was mixed with different concentrations of H,O, (0, 12.5,
25,50, 100, and 200 pM) and reacted at 37°C for 1 hour, followed by
measuring the UV-Vis absorbance.

MA-mediated GSH depletion and the protection of MA
against proteins
The GSH depletion ability of MA and ML was evaluated by Ellman’s
assay. GSH was dissolved in PBS (pH 7.4) and reacted with free MA
or ML at various molar ratios for 4 hours at 37°C. After that, the
unreacted GSH was detected by Ellman’s assay via quantitative
analysis of the free thiols.

The protection effect of liposomes on MA was evaluated by pre-
treatment of MA and ML with bovine serum albumin (BSA) (50 mg/ml)
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or fetal bovine serum (FBS) (v/v 1:1). After incubation for 4 hours,
the MA/BSA or MA/FBS mixture solution was processed with
ultrafiltration. The GSH depletion ability of the sublayer was mea-
sured, as mentioned above. Besides, the ML/BSA or ML/FBS solution
was centrifuged at 12,000 rpm for 30 min to separate the liposomes.
The precipitate was then resuspended with PBS to measure the GSH
depletion ability.

Colloidal stability of the AHL and ML

The colloidal stability of the liposomes was firstly evaluated by
monitoring the DLS size changing under storage environment at
4°Con days 1, 2, 3, 4, 5, 6, and 7 after preparation. In addition, the
catalysis ability of AHL was monitored by measuring the absor-
bance at 730 nm under 100 pM H,0,. The GSH depletion ability of
MA was also monitored by the methods mentioned above.

Influence of GSH and GSH depletion on ABTS-* generation
AHL solution was mixed with 100 uM H,0, and reacted at 37°C for
1 hour to obtain ABTS-". Afterward, different concentrations of
GSH (0, 0.1, 0.2, 0.4, 0.6, 0.8, 1, and 2 mM) were added to the mix-
ture solution and reacted for 5 min, followed by measuring the
absorbance among 400 to 1000 nm.

For GSH depletion on ABTS." protection experiment, different
concentrations of GSH (0, 0.1, 0.2, 0.4, 0.6, 0.8, 1, and 2 mM) was
pretreated with ML (MA, 2 mM) or NEM (2 mM) for 30 min and
then added into the AHL+H,O, system, followed by reacting for
5 min and absorbance measurement.

Photothermal effect of ABTS-*

The obtained above solutions of DW (deionized water), AHL + H,O,,
AHL + H,0, + GSH, and AHL + H,O, + GSH were irradiated
with NIR laser (808 nm, 1 W/cm?), and the temperature was moni-
tored every 10 s for 120 s using both a temperature detector and an
IR camera.

PA imaging of ABTS." in the solution

The AHL + H,0, group was incubated with different concentra-
tions of GSH (0, 0.1, 0.2, 0.4, 0.6, 0.8, 1, and 2 mM), and then the PA
imaging was obtained by Vevo LAZR imaging system. For the GSH
depletion group, the GSH was pretreated with ML for 30 min and
then incubated with AHL + H,O, for 1 hour in the 37°C water bath,
followed by PA imaging.

Cell uptake

The cell uptake of ML and AHL was evaluated on 4T1 cells (murine
breast cancer). To track the ML, water soluble dye RhB was encap-
sulated into liposomes, obtaining ML&RhB liposomes. For HRP-FITC
synthesis, 2 mg of FITC was dissolved into 100 pl of dimethyl sulfox-
ide (DMSO) and then dropwise added into HRP containing PBS
solution (20 mg, 5 ml, pH 7.4). The mixture solution was stirred at
room temperature for 12 hours, followed by dialysis against distilled
water and lyophilization. HRP-FITC was used to replace HRP for
obtaining FITC-labeled AHL liposomes (ABTS&HRP-FITC liposomes).
For CLSM study, 4T1 cells were seeded into confocal dishes and grew
for 24 hours. Afterward, ML&RhB liposomes and ABTS&HRP-FITC
liposomes were coincubated with cells for 4 hours. After incuba-
tion, the cells were fixed with polyformaldehyde, and the nucleic
was stained with DAPI for 15 min. The samples were observed by
CLSM (Zeiss, LSM700).
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Intracellular GSH depletion and H,0, elevation

For GSH detection, 4T1 cells (1 x 10° per well) were seeded into a
six-well plate and grew for 24 hours in the incubator. Then, the cells
were washed with PBS and incubated with ML (0.5 pg/ml) for
4 hours. After treatment, the 4T1 cells were harvested, and the intra-
cellular GSH level was detected by GSH/GSSH (oxidized glutathione)
assay kit based on Ellman’s assay. We also evaluated the intracel-
lular GSH level by Fluorescence Thiol Detector Assay Kit (Cay-
man). The 4T1 cells were given the same treatment as mentioned
above and stained with the fluorescence thiol dye for 30 min at
37°C in the incubator, followed by washing with PBS twice and ob-
serving with fluorescence microscopy.

The intracellular ROS levels of both 4T1 cells and DCs after ML
treatment were evaluated by DCFH-DA. ROS could selectively
oxidize the nonfluorescent DCFH to fluorescent DCF, enabling the
DCFH to indicate the ROS level. The cells were given the same
treatment as mentioned in the GSH detection experiment. The cells
were stained with DCFH-DA for 30 min in the incubator and
washed with PBS before observation by fluorescence microscopy.
In addition, the intracellular H,O; level was analyzed by H,0,
quantitative analysis kit referring to the standard protocol.

Cell viability

The cytotoxicity of AHL and ML in the absence or presence of laser
irradiation was evaluated on 4T1 cells by MTT assay. The 4T1 cells
(5 x 107 per well) were seeded into a 96-well plate and grew for
24 hours to reach the confluence of 80%. AHL with different con-
centrations of ABTS (0, 2.5, 5, 10, 20, 30, 40, and 50 pg/ml) were
diluted with phenol red-free medium and incubated with cells for
24 hours. Then, 20 ul of MTT solution (5 mg/ml) were added to
each well and incubated with the cells for additional 4 hours, fol-
lowed by removing the medium and adding DMSO to dissolve the
formazan. The absorbance at 492 nm was detected using a microplate
reader. The cell viability was calculated according to the following
formula: Cell viability = Absorbance of test group / Absorbance of
untreated group x 100%.

Besides, the ML with different concentrations of MA (0, 0.12,
0.25, 0.5, 1, 2, and 4 pug/ml) were also incubated with cells for
24 hours and performed on MTT assay. Furthermore, the tumor
cell-killing ability of AHL + H,0,, AHL + H,O, + L (1 W/cm?,
5 min), AHL + H,O, + ML, and AHL + H,O, + ML + L (1 W/cm?,
5 min) was also evaluated on 4T1 cells.

Cell apoptosis

The tumor cell apoptosis after different treatments was evaluated by
annexin V/PI assay on 4T1 cells. 4T1 cells were seeded into 12-well
plate and given different treatments of AHL + H,O,, AHL + H,0, +
L (1 W/em?, 5 min), AHL + H,0, + ML, and AHL + H,0, + ML +
L (1 W/cm?, 5 min) when reaching 80% confluence. After 24 hours,
the cells were harvested and washed with PBS twice, followed by
staining with annexin V (3 ul) and PI (3 pl) for 15 min. The samples
were analyzed by FCM.

ICD biomarkers detection

The exposure of CRT and secretion of HMGB1 and ATP were
chosen as the biomarkers of the induction of ICD. First, the exposed
CRT was detected by CLSM and FCM. For CLSM observation, 4T1
cells were seeded into confocal dishes and grew to 80% confluence.
The cells were given different treatments: PBS, AHL + H,0,, AHL +
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H,0; + L (1 W/ecm?, 5 min), AHL + ML + H,0,, and AHL + ML +
H,0, + L (1 W/cm? 5 min). After incubation for 24 hours, the
medium was removed, and the cells were washed with PBS twice.
The nucleic was stained with DAPI for 15 min at room temperature
after fixed. The cells were washed with PBS three times and then
observed by CLSM. For FCM analysis, 4T1 cells were seeded into a
24-well plate. When reached 80% confluence, the cells were given
the same treatment, as mentioned in the CLSM observation experi-
ment. After incubation, cells were washed, harvested, and stained
with CRT-FITC antibody under 4°C for 30 min. The cell samples
were analyzed by BD Accuri C6. The secretion of HMGBI in the
culture medium was detected by ELISA assay kit, and the secretion
of ATP was detected by the Enhanced ATP Assay Kit.

In vitro induction of DC maturation

The induction of DC maturation was evaluated on DCs (DC2.4).
Briefly, 4T1 cells were seeded into a 12-well plate and given different
treatments, as mentioned in ICD biomarker detection experiment.
After 12 hours posttreatment, the DC 2.4 cells were cocultured with
the residual 4T1 cells for additional 12 hours. After staining with
anti-CD11¢-FITC, anti-CD80-PE, and anti-CD86-APC antibodies,
the maturation of DC cells was examined using FCM.

Animals and tumor models

The female BALB/c (18 to 22 g) mice were purchased from Yangzhou
University. The unilateral mouse breast tumor xenograft model was
established by subcutaneous injection of 4T1 cells (1 x 10° per
mouse) into the right flank of the mice. For the construction of
bilateral tumor model, the 4T1 cells (1 x 10° per mouse) were sub-
cutaneously injected into the right flank on day —6 to obtain the
primary tumor, and 4T1 cells (2 x 10° per mouse) were subcutane-
ously injected into the left flank of the same mouse on the same day
to obtain the distant tumor. For the construction of tumor metastasis
model, mice were subcutaneously injected with 4T1 cells (1 x 10°
per mouse) into the right flank on day —6 and intravenously injected
with 4T1 cells (5 x 10° per mouse) on day 15. All animal experi-
ments followed regulations of the Institutional Animal Care and
Use Committee of China Pharmaceutical University, and protocols
were approved by the Science and Technology Department of
Jiangsu Province.

In vivo tumoral GSH depletion by ML

The tumoral GSH depletion was evaluated when tumor size reached
300 mm’. The mice were randomly divided into three groups: sa-
line, AHL, and AHL + ML [200 pl; HRP (1 mg/ml), ABTS (4 mg/ml),
and MA (0.5 mg/ml)]. The formulations were administrated by
intravenous injection. At 24 hours after injection, the tumors were
harvested, and the GSH level of the tumor was determined accord-
ing to the standard protocol of the Reduced GSH Assay Kit. Briefly,
the tumor tissues were frozen in liquid nitrogen and then pulverized.
Subsequently, the proteins in the sample were removed by the buffer,
followed by homogenate treatment. After centrifuging under 10,000g
and 4°C for 10 min, the GSH level in the supernatant was measured
by Ellman’s assay.

In vivo PA imaging of AHL and ML + AHL

When the tumor size reached 300 mm?, the 4T1 tumor-bearing
mice were randomly divided into two groups (n = 3) and imaged by
Vevo LAZR imaging system before injection to obtain the background
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signal of the mice (800 nm). Afterward, the mice were administrat-
ed by intravenous injection of AHL and AHL + ML [200 pl; HRP
(1 mg/ml), ABTS (4 mg/ml), and MA (0.5 mg/ml)], and the PA
imaging of the tumor was performed at 6, 12, and 24 hours after
injection at an exciting wavelength of 800 nm.

In vivo photothermal effect

The in vivo photothermal effect of AHL and AHL + ML was evalu-
ated on 4T1 xenograft model when tumor size reached 150 mm”.
The mice were randomly divided into three groups and adminis-
trated by intravenous injection of saline, AHL, and AHL + ML [200 ul;
HRP (1 mg/ml), ABTS (4 mg/ml), and MA (0.5 mg/ml)]. The laser
irradiation (1 W/cm?, 808 nm, 5 min) was given to each mouse at
24 hours after injection. The temperature of the tumor was moni-
tored and imaged using an IR camera.

Antitumor efficacy, abscopal effect, and

antimetastasis study

For in vivo antitumor efficacy study, the mice were randomly divided
into five groups (n = 13): saline, AHL, AHL + L, AHL + ML, and
AHL + ML + L. When the tumor size reached 150 mm”, the mice
were administrated with the formulations by intravenous injection
on day 0. The laser irradiation treatment (1 W/cm?, 808 nm, 5 min)
was performed at 24 hours after injection (day 1).

Tumor size and body weight of each mouse were recorded every
3 days by day 27. The tumor volume was calculated according to the
following formula: Tumor volume (mm?®) = 0.5 x length x width?,
The survival time of the remaining mice for each group was moni-
tored until day 100 after the first injection. The PTT-induced tumor
cell apoptosis and necrosis were evaluated by H&E staining and
immunofluorescence staining of cleaved caspase 3 on day 5 after
injection.

The infiltrating lymphocytes in tumors of each group were
analyzed by FCM (BD FACSVerse, USA). The collected lymphocytes
were incubated with anti-CD45-FITC 30-F11 (BD), anti-CD3-PerCP-
Cy5.5 (BD), and anti-CD8-PE-Cy7 (BD) antibodies to determine
the content of CD8" T cells. In addition, the Tyeg infiltrating in the
tumors were stained by anti-CD25 BV421 3C7 (BD), anti-CD4-
APC RM4-5, and anti-Foxp3-PE (BD) antibodies. The ratio of
matured DCs in the lymph nodes was also analyzed by FCM after
staining with anti-CD11¢-FITC (BD), anti-CD80-PE (BD), and
anti-CD86-APC (BD) antibodies.

For abscopal effects study, the liposomes were administered by
intravenous injection, and the laser irradiation of 808 nm was also
performed on primary tumors. The immune effects (CD8" and
Treg) in distant tumors were analyzed on day 6 after the first injec-
tion, and the tumor sizes were monitored until day 27 after the first
injection.

For antimetastasis effect study, the primary tumor was given the
same treatment, as mentioned in the abscopal effect study. On day
30, the mice were euthanized, and the lungs were fixed in Bouin’s
solution for 4 hours, followed by taking images of the lungs. Besides,
the tumor metastasis sites were counted under microscopy by ana-
lyzing the surface yellow nodules. After counting, the tissues were
washed with 75% alcohol for H&E staining.

Statistical analysis
All statistical analyses were performed using GraphPad Prism ver-
sion 6 software. Data from the experiments were performed three
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times or more than three times. The results were expressed as
means + SD. A two-tailed Student’s ¢ test was performed for statis-
tical analysis of the difference between the two groups. P < 0.05 was
considered statistically significant between the datasets, where all
significant values were indicated as follows: *P < 0.05, **P < 0.01,
and ***P < 0.001.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/36/eabc4373/DC1
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