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Enhancing Triple Negative Breast Cancer Immunotherapy
by ICG-Templated Self-Assembly of Paclitaxel Nanoparticles

Bing Feng, Zifei Niu, Bo Hou, Lei Zhou, Yaping Li,* and Haijun Yu*

Combination cancer immunotherapy has shown promising potential for
simultaneously eliciting antitumor immunity and modulating the immu-
nosuppressive tumor microenvironment (ITM). However, combination
immunotherapy with multiple regimens suffers from the varied chemo-
physical properties and inconsistent pharmacokinetic profiles of the different
therapeutics. To achieve tumor-specific codelivery of the immune modulators,
an indocyanine green (ICG)-templated self-assembly strategy for preparing
dual drug-loaded two-in-one nanomedicine is reported. ICG-templated
self-assembly of paclitaxel (PTX) nanoparticles (ISPN), and the applica-

tion of ISPN for combination immunotherapy of the triple negative breast
cancer (TNBC) are demonstrated. The ISPN show satisfied colloidal stability
and high efficacy for tumor-specific codelivery of ICG and PTX through the
enhanced tumor permeability and retention effect. Upon laser irradiation, the
ICG component of ISPN highly efficiently induces immunogenic cell death of
the tumor cells via activating antitumor immune response through photody-
namic therapy. Meanwhile, PTX delivered by ISPN suppresses the regulatory
T lymphocytes (T,.g) to combat ITM. The combination treatment of TNBC
with ISPN and aPD-L1-medaited immune checkpoint blockade therapy
displays a synergistic effect on tumor regression, metastasis inhibition, and
recurrence prevention. Overall, the ICG-templated nanomedicine may repre-

therapy has ushered a new chapter for cancer
therapy to elicit durable antitumor response
and dramatically lengthen the surveillance of
cancer patients.”! Despite promising, the
TNBC patients rarely benefit from current
ICB therapy due to low immunogenicity
and immunosuppressive tumor micro-
environment (ITM) of TNBC tumors.[10-16]
Thus, complementary approaches to
enhance the immunogenicity and reverse
the ITM remain a formidable challenge for
improving immunotherapy of TNBC.['-20]
The combination of ICB therapy with
chemotherapy, photodynamic therapy
(PDT) or radiotherapy has displayed
synergistic antitumor effect to facilitate
intratumoral infiltration of cytotoxic T
lymphocytes (CTLs) and overcome the
ITM.2-281 However, combination immu-
notherapy suffers from the distinct
chemo-physical properties and incon-
sistent pharmacokinetic profiles of the
different immune modulators. Despite
nanoparticle-based drug delivery systems

sent a robust nanoplatform for combination immunotherapy.

1. Introduction

Triple negative breast cancer (INBC) represents one of the most
malignant tumors with highly invasive and metastatic features.'-3!
Chemotherapy is the major approach for clinical therapy of the
advanced or metastatic TNBC tumors. However, chemotherapy
displays limited therapeutic benefits due to the occurrence of the
intrinsic or acquired multiple drug resistance.l**! In past few years,
immunotherapy, in particular, immune checkpoint blockade (ICB)
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show promising potential for combina-
tion immunotherapy by integrating mul-
tiple regimens into one single nanoplat-
form, the preparation schemes of current
nanomedicine are generally too complicated to achieve
reproductivity and quality control.?”28l Moreover, excipients
are essential for preparing drug-loaded nanoparticles, which
cause unsatisfied drug loading ratios.?*3% In recent years, excip-
ient-free nanomedicines have attracted extensive attention for
highly efficient dug delivery.?'4 Most of current excipient-free
nanomedicines have been designed as prodrug structures to self-
assemble into nanoformulations.’>>”] Chemical modification
of the small molecular therapeutics are essential for developing
conventional excipient-free nanoparticles, which might impair
the therapeutic performance of the anticancer drugs.38-40
To this end, we herein reported a robust approach, so called
indocyanine green (ICG)-templated self-assembly strategy for
preparing two-in-one nanomedicine and combination immuno-
therapy. Such a procedure can achieve nearly 100% loading of
a large variety of the small molecular drugs without the use of
any excipients (Figure 1a). For proof-of-concept, we focused
on the development of ICG-templated self-assemble of Pacli-
taxel (PTX) nanoparticles (termed as ISPN) for combination
immunotherapy of TNBC (Figure 1b). ICG can perform PDT to
induce immunogenic cell death (ICD) of the tumor cells.[*1=4
Tumor cells undergoing ICD expose the calreticulin (CRT)
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Figure 1. Schematic illustration of ICG-templated self-assembly of PTX nanoparticles for immunotherapy of TNBC tumors. a) A library of small
molecular drugs screened for ICG-templated self-assemble strategy; b) ICG-templated self-assembly of PTX nanoparticles; c) Schematic illustration of
ISPN-mediated cancer immunotherapy by combining with ICB for inducing ICD of the tumor cells and eliminating immunosuppressive Ty

on the surface of cell membrane, release high mobility group
box 1 (HMGB1), and secrete adenosine triphosphate (ATP) for
priming antitumor immune response.*** Meanwhile, PTX,
delivered with ISPN to combat ITM by specifically killing the
regulatory T cells (T, ). PTX is one of the first-line chemo-
therapeutics for clinical TNBC treatment, which suppresses
tumor growth by stabilizing the microtubule and inhibiting
mitosis of the tumor cells. Alone with the chemo-cytotoxicity of
PTX, several preclinical and clinical studies suggested that PTX
enhances the therapeutic performance of ICB therapy by modu-
lating the immunosuppressive tumor microenvironment.[*8->
For instance, low dose of PTX (5 mg kg™) efficiently reversed
ITM by down-regulating T,egs. PTX reduces the fraction of intra-
tumorally infiltrating T, and suppresses the immune inhibi-
tory function of T by upregulating cell death receptor Fas
(also known as CD95).5%%7] In combination with the immune
checkpoint inhibitor (i.e., anti-PD-L1 antibody, aPD-L1), ISPN
displayed synergistic antitumor performance in TNBC tumor-
bearing immunocompetent mouse model (Figure 1c). Overall,
ICG-templated self-assembly nanomedicine might represent a
robust strategy for TNBC immunotherapy.

2. Results and Discussion

2.1. Preparation and Characterization of ICG-Templated
Nanomedicine

To demonstrate the generality of ICG-templated self-assemble
strategy, we screened a library of small molecular drugs
including kinase inhibitors (e.g., Gefitinib, Sorafenib, Van-
detanib, and Celecoxib), androgen receptor antagonist (e.g.,
Bicalutamide), calcium channel blocker (e.g., Azeldipine),
antihyperlipidemic drug (e.g., Probucol), chemotherapeutics
(e.g., Paclitaxel and Docetaxel), and immune regulator (e.g.,
NLG919). All these drugs formed stable nanoparticle with
ICG, implying the promising potential of ICG-templated self-
assemble strategy for highly efficient encapsulation of a large
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variety of the small molecular therapeutics (Figure S1, Sup-
porting Information).

To fabricate ISPN, 0.8 mg of PTX in 100 uL of dimethylsulfoxide
(DMSO) was mixed with the aqueous solution of ICG (1 mg mL™)
under constant shaking. ISPN was purified by centrifugation and
ultrafiltration, which was redispersed in deionized (DI) water. The
PTX and ICG loading rates were determined to be =90.7% and
9.2%, respectively. The encapsulation efficacy of PTX and ICG
were 81.9 + 11.9% and 4.9 + 0.5%, respectively, as determined by
high performance liquid chromatography (HPLC) measurement.

ISPN showed a hydrodynamic diameter of 112 £ 1.06 nm
(polydispersity index, PDI = 0.1) and a negative surface charge
(—34.5 mV) as examined by dynamic light scattering (DLS) meas-
urement (Figure 2a). Transmission electron microscopic (TEM)
examination further revealed uniformed particles size and spher-
ical morphology of ISPN (Figure 2b). ISPN displayed good col-
loidal stability in both phosphate buffer solution (PBS) for 7 d
(Figure 2c and Figure S2, Supporting Information). ISPN kept
consistent hydrodynamic particle size around 121 nm when the
PTX concentration was serially diluted from 100 ug mL™ to as
low as 1.0 ug mL™! in PBS, further verifying good colloidal sta-
bility of ISPN (Figure 2d). ISPN could be lyophilized and readily
redispersed in DI water with slight particle size change, implying
the potential of ISPN for long-term storage (Figure 2ef).

To clarify the interaction between ICG and PTX, we incu-
bated the ISPN nanoparticles with sodium dodecyl sulfate
(SDS), urea and NaCl, respectively. The photoabsorption spec-
trum of ISPN remained unchanged after the addition of NaCl
and urea with a maximum peak at 784 nm. In contrast, the
maximum absorption peak of ICG shifted to 795 nm when
incubated with SDS, as same as that of free ICG dissolved in
DMSO (Figure 2g). The crystallization of PTX in ISPN was
examined using differential scanning calorimeter measure-
ment. Much lower crystallization degree of PTX was found in
ISPN than that of free PTX, indicating the formation of tiny
PTX crystals in ISPN. This can be attributed to the hydrophobic
interaction between ICG-PTX, which hinders the crystallization
of PTX (Figure S3, Supporting Information).
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Figure 2. Physicochemical characterization of ISPN. a) Hydrodynamic diameter, and b) the representative TEM image (scale bar = 100 nm) of ISPN;
c) the stability of ISPN in PBS or medium containing serum; d) The size change of ISPN during dilution up to 1.0 ug mL™" of PTX; e) The size distribu-
tion of ISPN re-suspended in water after lyophilization; f) The respective image of ISPN solution before lyophilization, ISPN powder after lyophilization
in 5% sucrose and ISPN resuspended in water; g) The UV spectrum, h) FI spectrum, i) and size change of ISPN in different buffer solutions.

ISPN displayed quenched fluorescent property as ICG aggre-
gated to form nanoparticles with PTX. The fluorescence recov-
ered with the addition of SDS but not urea or NaCl (Figure 2h).
The absorption and fluorescence data both indicated SDS could
effectively disassociate ISPN. SDS-induced ISPN dissociation
was further verified by DLS examination. The particle size and
polydispersity of the ISPN increased dramatically in the presence
of SDS, suggesting hydrophobic interaction might be the domi-
nant force for ICG-templated self-assemble of PTX (Figure 2i).

2.2. Cellular Uptake and Photoactivity of ISPN In Vitro

The cellular uptake of ISPN in vitro was examined in 4T1
tumor cells by flow cytometric measurement. ISPN showed
increased cellular uptake than free ICG after incubation for
different time. The intracellular fluorescence intensity of ISPN
group was 2.1-fold higher than that of the ICG group after 8 h
incubation, implying nanoparticulate formulation increased the
cellular uptake of ICG (Figure 3a).
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We next evaluated the photoactivity of ISPN in vitro by exam-
ining laser irradiation-induced generation of reactive oxygen spe-
cies (ROS) with a ROS probe 2’,7’-dichlorofluorescin diacetate
(DCFH-DA), which could be converted into DCF with green fluo-
rescence. After incubation with ISPN or ICG for 8 h at an iden-
tical ICG concentration of 1.0 g mL™L, the cells were illuminated
with 808 nm laser for 30 s at photodensity of 1.0 W ¢cm™2. Con-
focal laser scanning microscopic (CLSM) examination showed
that more brilliant cellular red and green fluorescence assigned
to ICG and DCF, respectively, could be observed in the cells
incubated with ISPN after laser irradiation, which suggested the
efficient cellular uptake and photoactivity of ISPN (Figure 3b).

2.3. Immunogenic Cell Death Induction of ISPN In Vitro
The intracellular DCF fluorescence intensity was further quan-
titively determined by using flow cytometric examination.

The ISPN+L group showed 2.7-fold higher intracellular DCF
fluorescence intensity than that of the ICG group, implying

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Cellular uptake and ROS production in vitro. a) Flow cytometric measurement of intracellular uptake of ISPN after incubation for different

time; b) CLSM examination of intracellular distribution and ROS production of ISPN in 4T1 cells in vitro (Scale bar = 50 um, photodensity of T W cm™,

-2

30 s); ) Flow cytometric measurement of the cellular ROS production of ISPN in vitro after laser irradiation (photodensity of 1.0 W cm™2, 30 s).

improved PDT effect of ISPN (Figure 3c). This could be attrib-
uted to the increased ICG uptake of ISPN group.

CRT has been defined as the dominant biomarker of ICD,
which acts as a “eat me” signal to induce phagocytosis of the
dying tumor cells by the antigen-presentation cells (e.g., dendritic
cells, DCs).P® The endoplasmic reticulum stress caused by intra-
cellular ROS generation could trigger CRT expression and trans-
portation onto the surface of the tumor cells.’” To investigate the
ICD induction profile of ISPN in vitro, 4T1 tumor cells were incu-
bated with ISPN for 8 h at an ICG concentration of 1.0 ug mL™,
the cells were then illuminated with 808 nm laser for 30 s at
photodensity of 1.0 W cm™. The CRT expression on the surface
of the tumor cells were examined 2 h postlaser illumination by
using CLSM and flow cytometric measurements, respectively.

Figure 4a showed that ICG+L and ISPN both induced mod-
erate CRT upregulation on the surface of 4T1 cells. In contrast,
ISPN+L dramatically elicited CRT expression, as verified by
flow cytometric measurement. For instance, ISPN+L group
showed 2.0-fold higher CRT expression than that of the ICG+L
group, which could be attributed to massive cellular ROS pro-
duction by ISPN +L (Figure 4b,c).

We next examined treatment-induced translocation of pro-
tein HMGB1 from nucleus to extracellular matrix by immu-
nofluorescence analysis. HMGB1 normally distributes in the
nucleus of the normal cells, which migrates outside of the cell
when the tumor cells undergo ICD. Extracellular HMGBI1 can
act as a Toll-like receptor agonist to stimulate DC maturation.
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CLSM measurement showed complete HMGB1 migration out
of the tumor cells (Figure 4d). Flow cytometric examination fur-
ther revealed significant decline of HMGB1-positive 4T1 cells
when the cells were treated with ISPN. Laser irradiation of the
ISPN-treated cells further reduced the HMGB1-positive per-
centage to <7.4% (Figure 4e).

ATP secretion was evaluated by ATP assay to further verify
the ICD induction property of ISPN. We found the ATP
secretion in the cell culture medium of ISPN+L group was
39.6 + 3.3 x 107 m with 2.6-fold and 2.1-fold higher than that of
ICG+L and ISPN group, respectively (Figure 4f). These results
suggested that ISPN could be efficiently uptake by tumor cells
to induce the ICD of tumor cells through PDT.

Given the satisfied ICD-induction profile of ISPN, we next
sought to evaluate ISPN-induced immunogenicity of the tumor
cells by examining their impact on DC maturation in vitro.
Immature DCs were freshly separated from BALB/c mice and
incubated with the pretreated tumor cells for 24 h. The DC
maturation was evaluated using flow cytometric measurement.
Figure 4g displayed that tumor cells pretreated with ISPN+L
significantly promoted DC maturation. The DC maturation fre-
quency (CD11c"CD807CD86") of the ISPN group was =18.6%,
which dramatically increased to =50.1% when the tumor cells
were pretreated with laser illumination (Figure 4h). These
results indicated that ISPN efficiently induced the ICD of
tumor cells and enhanced the tumor immunogenicity for pro-
moting DC maturation.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. ICD induction effect of ISPN in vitro. a) CLSM, and b) flow cytometric measurement of CRT distribution on the surface of 4T1 tumor cells
post ISPN-treatment and laser irradiation (photodensity of 1.0 W cm™2, 30 s); c) Flow cytometric examination-determined CRT expression on the surface
4T1 cells; d) CLSM and e) flow cytometric examinations of HMGBT release in ISPN-treated 41T cells; f) the ATP secretion in ISPN-treated 4T1 cells;
g) Flow cytometric plots of BMDC maturation induced with ISPN-treated 4T1 cells (gated on CD11c"); h) Flow cytometry determined BMDC maturation

ratios; i) Cytotoxicity assay of ISPN in 4T1 cells in vitro (scale bar = 50 um, * p < 0.05; ** p < 0.01; *** p < 0.001).

The cytotoxicity of ISPN in 4T1 tumor cells was investigated
in vitro. PDT therapy based on ICG and chemotherapy based
on PTX caused moderate tumor cell death. In contrast, the cell
viability significantly reduced by combination treated with ISPN
and laser irradiation, indicating cumulative antitumor effect of
ISPN-mediated chemotherapy and PDT in vitro (Figure 4i). We
further compared the cytotoxicity of Liposome-PTX and ISPN
in 4T1 tumor cells and found comparable ICs, of Lip-PTX and
ISPN was 4.2 and 7.7 ug mL™, respectively (Figure S4, Sup-
porting Information).

2.4. Biodistribution of ISPN In Vivo

The biodistribution of ISPN was evaluated in 4T1 tumor
bearing BALB/c mice. When the tumor volume reached
100 mm?, the tumor bearing mice was intravenously (i.v.)
injected with ISPN at an ICG dose of 0.5 mg kg™!. The bio-
distribution of ISPN was then examined using fluorescence
imaging at the desired time points. Figure 5a displayed obvious
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fluorescence signal in the tumor regions of the ISPN group,
the fluorescence intensity reached the peak 4.5 h postinjection
(Figure 5b). The mice were sacrificed 24 h postinjection for flu-
orescence imaging ex vivo (Figure 5c). The fluorescence signal
of the ISPN group in tumors was 15.9-fold higher than that of
ICG group (Figure 5d).

The PTX content within tumors was further determined by
using HPLC examination. PTX solution was prepared by fol-
lowing a reported procedure.l®*-2l Briefly, PTX was dissolved
in the mixed solvent of polyoxyethylated castor oil (Cremo-
phor EL) and anhydrous ethanol (1:1, v/v) and then added into
saline solution to obtain PTX solution at a cremophor/ethanol/
saline volume ratio of 1/1/8. Free PTX and ISPN were then
iv. injected into the tumor bearing mice at an identical PTX
dose of 5.0 mg kg™!. The intratumoral PTX concentration of the
ISPN group reached 23.5 mg kg~! when examined 24 h postin-
jection, which was 11.2-fold higher than that of free PTX group
(Figure 5e). The fluorescence imaging and PTX distribution
data consistently verified ISPN facilitated the tumor accumula-
tion of ICG and PTX through the EPR effect.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Biodistribution and pharmacokinetics profile of ISPN in vivo. a) Fluorescence imaging, and b) Semiquantitative fluorescence intensity of ISPN
distribution in 4T1 tumor-bearing mice in vivo; c) Fluorescence imaging ex vivo, and d) the fluorescence intensity of the tumor organs examined 24 h
postinjection; e) HPLC examination determined organ distribution of PTX in vivo; f) Plasma concentration-time profiles, g) Clearance half-life (t;,),
and h) the area under curves (AUCy_;) of PTX in SD rat post i.v. injection of ISPN or PTX; i) CLSM examination of laser-induced intratumoral ROS
generation of ISPN + laser irradiation-treated 4T1 tumor-bearing BALB/c mice in vivo (Scale bars = 50 um, *p < 0.05; **p < 0.01).

The pharmacokinetic profile of ISPN was then evaluated in
Sprague Dawley (SD) rat. Figure 5f showed that free PTX was
quickly eliminated after i.v. injection. In contrast, ISPN showed
largely elongated blood circulation time (Figure 5g). The blood
clearance half time (t;;) and area under curves (AUC,_) of
ISPN was three- and fivefold higher than those of free PTX,
respectively, verifying the excellent blood stability and pharma-
cokinetic profiles of ISPN (Figure 5h).

To determine laser irradiation-induced ROS generation
in vivo, 4.5 h post ISPN injection, the 4T1 tumor-bearing
mice were irradiated with 808 nm laser at photodensity of
2.0 W cm™ for 5 min. The ROS probe DCFH-DA was intra-
tumorally injected 20 min before laser irradiation. The tumors
were collected immediately postlaser irradiation, frozen-
sectioned, and stained with DAPI to examine ROS generation
through CLSM. Fluorescence signal assigned to ICG (red) and
DCF (green) of the ISPN group diffused throughout the tumor
section, indicating ISPN could achieve efficient drug delivery
and produce massive ROS in the tumor mass upon laser irra-
diation (Figure 5i).
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2.5. Antitumor Efficacy of ISPN in Combination
with ICB Therapy

Given the passive tumor targeting ability of ISPN, we next
explored its potential for immunotherapy of TNBC. A typical
TNBC murine tumor model was established by s.c. injecting
1 x 10° 4T1 cells into the fat pad of BABL/c mice. When the
tumor volume reached 100 mm?, the tumor bearing mice
were randomly grouped (n = 6) and i.v. injected with ISPN or
ICG at an identical ICG dose of 0.5 mg kg™! and PTX dose of
5.0 mg kg1, respectively. The mice were then irradiated with
808 nm laser 4.5 h postinjection at photodensity of 2.0 W cm™
for 5 min. Anti-PD-L1 antibody (aPD-L1) was iv. injected
24 h postlaser irradiation at a dose of 1.0 mg kg™! (Figure 6a).
oPD-L1 weakly inhibited the tumor growth due to insufficient
CTL infiltration in the 4T1 TNBC tumor as we reported pre-
viously.®3l PDT alone by ICG or chemotherapy by ISPN mod-
erately inhibited the tumor growth. Combination PDT and
chemotherapy by ISPN+L showed improved antitumor perfor-
mance for highly efficient tumor growth inhibition. In contrast,

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Antitumor performance of ISPN in combination with ICB therapy. a) Experimental schedule for ISPN-mediated combination therapy with
oPD-L1; b) The tumor growth curves in 4T1-tumor-bearing mice following indicated treatments (n = 6, mean £ s.d., **p < 0.01, ***p < 0.001);
c) H&E and TUNEL staining of the tumor section at the end of antitumor study (scale bars = 200 um); d) The number of lung metastatic nodules of
4T1 tumor bearing BALB/c mice examined at the end of the antitumor study (n = 6, mean ts.d., **p < 0.01, ***p < 0.001); e) H&E staining of the
lungs at the end of antitumor studies (the black arrows indicated the metastatic nodules, scale bar = 500 pm); f) The survival rate of mice following

indicated treatments (n = 6, mean £ s.d., ***p < 0.007).

the combination of oPD-L1 with ISPN+L highly efficiently
suppressed 4T1 tumor growth (Figure 6b).

To rule out the influence of photothermal effect of ICG for
tumor regression, 808 nm laser irradiation induced photo-
thermal effect was monitored by measuring temperature eleva-
tion during the laser irradiation. Negligible photothermal effect
was detected the PDT process, verifying the crucial role of PDT
for tumor growth inhibition (Figure S5, Supporting Informa-
tion). Haemotoxylin and eosin (H&E) and terminal deoxynucle-
otidyl transferase dUTP nick end labeling (TUNEL) staining of
the tumor sections further revealed obvious necrosis and apop-
tosis of the tumor cells in the ISPN+L+aPD-L1 group (Figure 6c).

Metastasis is the leading cause of cancerrelated human
mortality; thus the lung metastasis of 4T1 tumor cells was
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evaluated after the treatment. The number of lung metastatic
nodules significantly decreased in the ISPN+L+oPD-L1 group
without obvious metastasis clones in the lungs as verified by
H&E staining assay (Figure 6d,e). Moreover, 67% of mice in the
ISPN+L+aPD-L1 group survived while most mice receiving other
treatments lost at the end of the antitumor study, suggesting
combination immunotherapy by ISPN+L and oPD-L1 dramati-
cally suppressed the distant metastasis of the tumor cells and
prolonged the surveillance of the tumor-bearing mice (Figure 6f).
The body weight of mice treated by ISPN+L and ICB blockade
remained unaffected during the treatment, and no histopatholog-
ical damage of the major organs (e.g., heart, liver, spleen, lung,
and kidney) was found, suggesting good biosafety of the combi-
nation therapy (Figures S6 and S7, Supporting Information).
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Figure 7. Antitumor immunity induced by ISPN in combination with @PD-L1 in vivo. a) intratumoral CRT exposure in vivo induced by ISPN; ISPN

accelerated the DC maturation b), effector CD8" T cells c), and IFN-y* effector

CD8* T cells d) tumor infiltration within tumors; The intratumoral infiltra-

tion of T, €), and f) the CD8* T cells to T, ratios calculated by dividing the data in (c) by that in (e); IHC analysis of intratumoral PD-L1 expression
g) (scale bar =100 um) and the PD-L1 positive rate in different groups h) (The data are expressed as mean £ SD. *p < 0.05; **p < 0.01; ***p < 0.001).

2.6. Antitumor Immune Response of Combination
Immunotherapy

We next sought to elucidate the mechanism underlying the
synergistic antitumor efficacy of ISPN and ICB therapy. Immu-
nohistochemical (IHC) analysis revealed significant CRT
expression on the surface of tumor cells after ISPN+L treat-
ment (Figure S8, Supporting Information). The CRT expres-
sion of ISPN+L group was 2.1-fold higher than that of the
PBS-treated control group (Figure 7a), suggesting ISPN-based
chemotherapy and PDT efficiently induced ICD of the tumor
cells in vivo.

DC maturation in the tumor-draining lymph nodes was then
examined using flow cytometric measurement. PDT based
on ICG and chemotherapy based on ISPN significantly facili-
tated DC maturation compared to the PBS group (Figure S9,
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Supporting Information). The DC maturation rates reached
to 51.3% when mice received the combination therapy based
on ISPN and was 3.1-fold higher than that of control group,
indicating ISPN could significantly enhance the tumor immu-
nogenicity and DC maturation in lymph nodes (LNs) through
combination therapy (Figure 7b).

The intratumoral infiltration of CTLs was investigated by
flow cytometric measurement (Figure S10, Supporting Informa-
tion). As shown in Figure 7c, mice receiving ISPN-based chem-
otherapy and PDT had more intratumoral CTLs infiltration
than those receiving single therapy. Moreover, the combination
of ISPN+L with oPD-L1 further promoted the intratumoral
infiltration of CTLs up to 26.7%, which was 3.5-fold higher
than that of single ICB therapy. Furthermore, the combination
therapy of ICB and ISPN+L more efficiently promoted the intra-
tumoral infiltration of interferon y-positive (IFN-y") CTLs up to
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5.9%, which was 1.8- and 1.9-fold higher than that of ISPN+L
group and ICB group, respectively (Figure 7d, and Figure S11,
Supporting Information).

Tregs is the main type of immunosuppressive T lymphocytes
recruited by tumor cells to inactivate CTLs. T infiltration in
the tumor mass was thus evaluated by flow cytometric exami-
nation. The PBS group showed up to 51% intratumoral infiltra-
tion of Tregss verifying ITM of the 4T1 tumor. The intratumoral
Treqs dramatically decreased to 40% by ISPN treatment, which
could be attributed to PTX-mediated killing of T4 (Figure 7e
and Figure S12, Supporting Information). Furthermore, the
CTLs to Tyeg ratio of the ISPN+L+0PD-L1 group was 1.6-fold
higher than that of the ISPN+L group, and 3.2-fold higher than
that of the aPD-L1 group, respectively, verifying the T, elimi-
nation effect of PTX. These results indicated ISPN effectively
elicited antitumor immune response in combination with ICB
therapy by enhancing the tumor immunogenicity and over-
coming ITM.

The elicitation of antitumor immunity was evaluated by
examining intratumoral secretion of immune cytokines using
enzyme-linked immunosorbent assays (ELISA). The intratu-
moral content of inflammatory cytokines including IFN-y, TNF-¢,
and IL-6 dramatically increased both in ISPN+L group and
ISPN+L+0aPD-L1 group, verifying the induction of antitumor
immune response (Figure S13, Supporting Information).

Several groups including ours had demonstrated that upregu-
lation of PD-L1 expression in the tumor tissue could sensitize
the tumor cells to ICB therapy in vivo.**-%% [HC analysis showed
that combination therapy based on ISPN resulted in high
expression of PD-L1 in the tumor mass and the PD-L1 positive

rate was 3.2-fold higher than that of control group (Figure 7g,h).
These results indicated that ISPN could promote the expression
of PD-L1 and enhance the antitumor immune response of ICB
therapy in TNBC to achieve improved therapeutic outcome.

To elucidate the mechanism underlying, we treated the
tumor cells with IFN-y, the dominant cytokine executes the
antitumor function of CTLs. Both the western-blot assay and
flow cytometric examination verified significant PD-L1 upreg-
ulation upon IFN-y incubation for 24 h and an IFN-y concen-
tration of 100 ng mL™! (Figure S14, Supporting Information).
According to the literature reports, this phenomenon could be
most likely explained by IFN-ytriggered activation of cyclin-
dependent kinase 5 (CDKS5), a highly active serine-threonine
kinase in many cancers.[®”] Furthermore, several recent studies
also proposed that IFN-y elicit PD-L1 expression through the
JAK-STAT pathway. (68!

2.7. Tumor Recurrence Suppression by Combination
Immunotherapy

To further demonstrate the potential of ISPN-mediated immu-
notherapy to prevent tumor recurrence, a secondary tumor
model was established by rechallenging 4T1 tumor cells into
the tumor-free mice surviving from ISPN+L+oPD-L1 combi-
nation therapy. Untreated BALB/c mice were implanted with
4T1 tumor cells and set as the control group (Figure 8a). The
pretreated animal group showed significantly delayed growth
of the secondary 4T1 tumors with complete tumor eradica-
tion in 2 of 5 mice. In contrast, the 4T1 tumor grew quickly
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Figure 8. Tumor recurrence suppression of ISPN in combination with oPD-L1 in vivo. a) Schedule for ISPN-mediated combination therapy with o¢PD-L1
and tumor rechallenge through subcutaneously injecting 1 x 10% 4T1 tumor cells 40 d post treatment; b) The rechallenged tumor growth curves in mice
bearing 4T1 tumors following the indicated treatments (n =5); c) Flow cytometric analysis of the frequency of Tgy, in spleens (gated on CD3* CD8*) the
day before tumor re-challenge (n = 3); IFN-yd) and TNF-o €) secretion in sera collected from 4T1 tumor-bearing mice 3 d post tumor rechallenging
(n=3) (The data are expressed as mean + SD. *p < 0.05; **p < 0.01; ***p < 0.001).
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in the control group (Figure 8b and Figure S15, Supporting
Information), implying the potential of ISPN+L+aPD-L1
to elicit durable antitumor immune response for long-term
tumor regression.

The effector memory T cells (Tgy) play crucial roles in tumor
recurrence prevention. We therefore examined the frequency
of Tgy in the spleen by using flow cytometric examination.
Figure 8c displayed that the Ty of the ISPN+L+aPD-L1 group
significantly increased up to 22.1+ 2.1%, which was twofold
higher than that of the PBS group. The concentration of IFN-y
and TNF-a in the sera significantly increased compared to
the control group when mice in ISPN+L+oPD-L1 group were
rechallenged with tumor cells (Figure 8d,e). These results indi-
cated that combination therapy by ISPN and oPD-L1 efficiently
elicited antitumor immune response and immune memory
effect for preventing tumor recurrence.

3. Conclusion

In this study, we demonstrated the preparation ICG-templated
self-assemble nanoparticles of small molecular drugs. ISPN
integrating ICG and PTX displayed elongated blood circu-
lation in vivo and increased tumor accumulation in tumor-
bearing mice than free ICG and PTX. ISPN efficiently elicited
the antitumor immunity and promoted intratumoral infiltra-
tion of CTLs through PDT-induced ICD of the tumor cells in
vitro and in vivo. Meanwhile, ISPN dramatically inhibited the
recruitment of Tieg to relieve ITM. ISPN displayed cumulative
antitumor performance to inhibit tumor growth and suppress
lung metastasis in combination with ICB therapy. Moreover,
we demonstrated that the combination of ISPN and ICB
therapy induced long-term memory immune response to pre-
vent tumor recurrence. Most importantly, ICG-templated self-
assembly procedure could be readily extended to other small
molecular drugs. Overall, this study might imply the prom-
ising potential of ICG-templated self-assembly strategy for the
development of excipient-free nanomedicine and combination
immunotherapy.

4. Experimental Section

Materials: ICG was purchased from J&K Chemical (Shanghai, China).
PTX and all other small molecular drugs were purchased from Dalian
Meilun Biotech CO., Ltd (Dalian, China). 3-(4, 5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma-
Aldrich (Shanghai, China). The ATP assay kit was purchased from
Beyotime Biotechnology Co., Ltd (Nantong China). RPMI 1640 cell
culture medium, fetal bovine serum (FBS), penicillin-streptomycin
solution, and trypsin-EDTA solution were purchased from Gibco (Tulsa,
OK). FoxP3 buffer set, anti-CD11¢-FITC, anti-CD80-PE, anti-CD86-APC,
anti-CD3-PerCP-Cy5.5, anti-CD4-FITC, anti-CD8&-PE, anti-CD25-APC,
anti-ForxP3-PE, and anti-IFN-}-APC antibodies were all purchased
from BiolLegend, Inc. (San Diego, USA). Antibodies for Calprotectin
(CRT), high mobility group B1 (HMGB-1) protein were purchased from
Biosynthesis Biotechnology Inc. (Beijing, China). PD-L1 antibody were
obtained from Abcam (UK). The ELISA Kits for IFN-y, TNF-¢, and IL-6
were purchased from Dakewe Biotech Co., Ltd. (Shenzhen, China). All
other chemicals, if not mentioned, were analytical grade and obtained
from SinoPharm Chemical Reagent Co., Ltd. (Shanghai, China).
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Cell Lines: Murine 4T1 breast cancer cell line was obtained from
the cell bank of the Chinese Academy of Sciences (Shanghai, China).
The cells were cultured in complete RPMI 1640 cell culture medium
containing 10% FBS, 2.5 g L' of glucose, 0.11 g L™ of sodium pyruvate,
100 U mL™" of penicillin G sodium, and 100 pg mL™" of streptomycin
sulfate. The cells were maintained at 37 °C incubator at 5.0% CO,
atmosphere.

Animals: Four-week-old female BALB/c mice and SD rats were
obtained from the Shanghai Experimental Animal Center (Shanghai,
China). All animal procedures were carried out under the guidelines
approved by the Institutional Animal Care and Use Committee (IACUC)
of the Shanghai Institute of Material Medica, Chinese Academy of
Sciences.

Preparation of ISPN: The small molecular drug-loaded ICG
nanoparticles were prepared through 1CG-templated self-assemble
of the small molecular drugs. Typically, 0.8 mg of PTX in 100 uL of
DMSO solution was dropped into 1.0 mg mL™" aqueous solution of ICG
under consistent shaking for 15 min. Then the mixture was centrifuged
at 15 000 g for 30 min to collect the pellet and resuspended in water
solution. The free drug was removed by ultracentrifugation (molecular
weight cut-off, MWCO 10 kDa). The resultant ISPN was dispersed in DI
water.

Characterization of ISPN: The hydrodynamic diameter and zeta
potential of ISPN were determined using DLS (Nanosizer, Malvern
Instrument). The morphology of the nanoparticles was observed using
TEM (JEOL, Japan). The drug loading ratio (DL) of PTX and ICG were
measured using HPLC and fluorescence spectrophotometer, respectively.
To investigate the interaction for ISPN formation, ISPN was incubated in
the buffer solution of NaCl (10 x 1073 wm), urea (10 X 107 m), or SDS
(10 x 107 m). The nanoparticles suspension was then examined by
using UV-vis spectrophotometer, fluorescence spectrophotometer, and
size change were examined using DLS, respectively.

Cellular Uptake and ROS Production In Vitro: To examine the
intracellular uptake profile of ISPN, 2 x 10* 4T1 cells were seeded on
24-well plate and then treated with ISPN at an ICG concentration
of 1.0 ug mL™", the cells were collected at the desired time interval
to examine the intracellular fluorescence using flow cytometric
measurement (FACS Caliber system, BD Biosciences, Oxford, UK).

To examine the photoactivity of ISPN nanoparticles in vitro, 2 x 10*
of 4T1 cells were seeded on 24-well plate and then treated with ISPN
at an ICG concentration of 1.0 ug mL™" for 8 h. The cells were then
irradiated with 808 nm laser for 0.5 min at photodensity of 1.0 W cm™2.
The cells were loaded with DCFH-DA before laser irradiation. The
intracellular DCF fluorescence intensity was examined by flow cytometric
measurement, respectively.

To visualize intracellular ROS generation in vitro, 2 x 10* of 4T1 cells
were seeded on a live cell imaging glass bottom dish overnight. The cells
were treated with ISPN at a final ICG concentration of 1.0 ug mL™' for
8 h, and then irradiated with 808 nm laser at photodensity of 1.0 W cm2
for 0.5 min. The cells were washed twice, loaded with DCFH-DA before
the irradiation, stained with DAPI and examined by CLSM.

CRT Expression on the Surface of the Tumor Cells In Vitro: Surface
expression of CRT on the tumor cells was investigated using flow
cytometric measurement and immunofluorescence, respectively. Briefly,
4T1 cells in the 24-well tissue culture plate were incubated with ISPN
at an ICG concentration of 1.0 ug mL™ for 12 h. Then the cells were
washed twice and irradiated with 808 nm laser (1.0 W cm™?) for 30 s.
The cells were washed twice with cold PBS 4 h postlaser irradiation,
and fixed in 0.25% paraformaldehyde for 5 min. The cells were then
incubated with primary antibody and Alexa488-conjugated monoclonal
secondary antibody for 30 min. Finally, the surface expression of CRT
was examined using flow cytometric measurement (FACS Caliber
system, BD Biosciences, Oxford, UK).

To examine CRT expression using CLSM measurement, 4T1 cells
were seeded on a live cell imaging glass bottom dish a density of
2 x 10* cells per well overnight and were incubated with ISPN at an
ICG concentration of 1.0 ug mL™" for 12 h. Then the cells were washed
twice and irradiated with 808 nm laser (1 W cm™2) for 30 s. The cells

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

were washed twice with cold PBS 4 h postlaser irradiation, and fixed in
4% paraformaldehyde for 20 min. The cells were then incubated with
primary antibody and Alexa488-conjugated monoclonal secondary
antibody for 30 min.

Intracellular  HMGBT  Distribution: The intracellular HMGB1
distribution was examined by immunofluorescence analysis. Briefly,
4T1 cells were seeded on a live cell imaging glass bottom dish a density
of 2 x 10* cells per well overnight and were incubated with ISPN at an
ICG concentration of 1 ug mL™" for 12 h. Then the cells were washed
twice and irradiated with 808 nm laser (1.0 W cm™2) for 30 s. The cells
were fixed with 4% paraformaldehyde 24 h postlaser irradiation, and
permeabilized with 0.1% Triton X-100 for 10 min, followed by incubation
with primary antibody for 1 h, and then incubated with an Alexa Fluor
488-secondary antibody for 30 min after three cycles wash with PBS. The
cells were stained with DAPI and examined by CLSM.

Extracellular ATP Secretion: Extracellular ATP secretion was tested
using an ATP assay kit. Briefly, 4T1 cells were seeded on a live cell
imaging glass bottom dish a density of 2 x 10* cells per well overnight
and were incubated with ISPN at an ICG concentration of 1.0 ug mL™
for 12 h. Then the cells were washed twice and irradiated with 808 nm
laser (1.0 W cm™) for 30 s. The cell culture medium was collected 12 h
post treatment, and the ATP content was tested using an ATP assay kit
according to manufacturer’s instructions.

DC Maturation In Vitro: To investigate DC maturation in vitro, bone
marrow-derived dendritic cells (BMDCs) were generated from the bone
marrow of 8 week old BALB/c mice. Immature DC cells were cocultured
with ISPN-pretreated 4T1 cells for 24 h. After staining with anti-CD11c-
FITC, anti-CD80-PE, and anti-CD86-APC antibodies, the DC cells were
analyzed using flow cytometry.

The Cytotoxicity and Phototoxicity In Vitro: To examine the synergistic
antitumor effect of chemotherapy and PDT of ISPN in vitro, 4T1 cells
were seeded in the 96-well plate at a density of 3500 cells per well in
100 pL of medium. After 12 h preincubation, the cells were incubated
with ISPN or ICG at an identical ICG concentration gradient for 12 h. The
cells were washed twice and irradiated with 808 nm laser (1.0 W cm™2)
for 30 s and continue to incubation. 12 h later, the cell viability was
tested using MTT assay.

Pharmacokinetics Profile and Biodistribution of ISPN In Vivo: To
investigate the pharmacokinetics of the nanoparticles, SD rats (female,
4-5 weeks, 180 £ 10 g, Shanghai Experimental Animal Center, Shanghai,
China) were i. v. injected with ISPN or PTX solution at an identical PTX
dose of 5 mg kg™'. Blood samples were collected at 5, 15, 30 min, 1, 2,
4, 8,12, and 24 h postinjection. The blood concentration of PTX was
quantitatively examined using HPLC.

To investigate ISPN distribution in vivo, 4T1 tumor-bearing BALB/c mice
were i. v. injected with ISPN, ICG, or PTX solution at an identical ICG dose
of 0.5 mg kg™ and PTX dose of 5.0 mg kg™', respectively, when the tumor
size reached 100 mm3. NIR fluorescence imaging in vivo were carried out
with an IVIS imaging system (Xenogen, Alameda, CA). The mice were
sacrificed to collect the major tissues 24 h postinjection for determining
the fluorescence intensity and drug distribution of nanoparticles.

To detect laser irradiation-induced ROS generation in vivo, 4T1
tumor bearing BALB/c mice were i.v. injected with ISPN, ICG, or PTX
at an identical ICG dose of 0.5 mg kg™ when the tumor size reached
100 mm3. The tumors were locally irradiated with 808 nm laser at
photodensity of 2.0 W cm™2 for 5 min. The tumor tissues were harvested
and frozen sectioned to examine intratumoral ROS generation by CLSM.

Antitumor Effect In Vivo: The antitumor effect of combination therapy
based on ISPN and ICB was performed using a 4T1 murine TNBC tumor
model. The subcutaneous 4T1 tumors were established by s.c. injecting
1% 10°4T1 cells into the right mammary gland. The tumor-bearing mice
were randomly divided into six groups (n = 6) when the tumor volume
reached 100 mm?>. The mice were then treated with PBS, ICG, or ISPN
at an ICG dose of 0.5 mg kg™ and PTX dose of 5 mg kg™, respectively.
The mice were irradiated with 808 nm laser for 5 min at photodensity
of 2.0 W cm™2. oPD-L1 was i. v. injected at a dose of 1.0 mg kg™ 24 h
postlaser irradiation. The tumor volume was calculated by using the
formula
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V=LxWx W/2(L, the longest dimension; W, the shortestdimension) m

The major organs (tumors, heart, liver, spleen, and kidneys) were
harvested, fixed in 4% formalin solution, dehydrated and subjected to
H&E staining.

CRT Expression In Vivo: To examine treatment-induced CRT expression
in vivo, 4T1-tumor bearing BALB/c mice were treated with various
formulations. The tumors were harvested 3 d post treatment, fixed in 4%
formalin and subjected to IHC staining.

DC Maturation In Vivo: To examine DC maturation in vivo, 4T1
tumor-bearing BALB/c mice were treated with various formulations.
The inguinal LNs were harvested 3 d post treatment. The frequency
of DC maturation in the LNs was then examined by flow cytometric
measurement.

Intratumoral Infiltration of T Lymphocytes: To examine the intratumoral
infiltration of T lymphocytes, the tumor xenografts were harvested 3 d
post treatment and cut into small pieces, immersed in the solution of
1 mg mL™" collagenase IV and 0.2 mg mL™' DNase | for 45 min at
37 °C. The single cell suspension was stained with fluorescent-labeled
antibody according to manufacturer’'s protocols. For the analysis of
CTLs (CD3*CD4 CD8), the T lymphocytes were stained with anti-CD3-
PerCP-Cy5.5, anti-CD4-FITC, anti-CD8-PE, and anti-IFN-y-APC antibodies
according to manufacturer’s protocols. To analyze the frequency of
Tregs (CD3*CD4*CD25Foxp3*), the lymphocytes were stained with anti-
CD3-PerCP-Cy5.5, anti-CD4-FITC, anti-CD25-APC, and anti-ForxP3-PE
according to the manufacturer’s protocols. The cells were analyzed by
flow cytometric measurement.

Cytokine Secretion in the Tumor Tissues: To examine the intratumoral
secretion of IFN-y TNF-o, and IL-6 cytokines, the tumors were
homogenized and centrifuged to harvest the supernatant. Cytokines
in the supernatant were measured using an ELISA kit according to the
manufacturer’s instructions.

Tumor Recurrence Prevention: 4T1-tumor bearing BALB/c mice
were treated with the combination therapy based on ISPN and PD-L1
antibody. The surviving mice were reinjected 1 x 10° 4T1 cells in the
right back 30 d post the treatment. The volume of reimplanted tumors
was monitored to examine the tumor recurrence.

Analysis of Memory T Lymphocytes in the Spleen: The spleens from
the surviving mice were harvested 30 d post treatment and pressed
gently to obtain a single cell suspension solution using a syringe
piston. Then the single cells were stained with fluorescent-labeled
antibody according to the manufacturer’s protocols. For the analysis
of Tgy (CD3*CD8*CD44'CD62L"), the T lymphocytes were stained with
anti-CD3-FITC, anti-CD8-Percp-Cy5.5, anti-CD62L-APC, anti-CD44-PE
according to the manufacturer’s protocols.

Cytokine Secretion in the Sera: Blood from mice treated with different
therapeutics was collected and centrifuge to obtain sera. Cytokines in the
sera were measured using an ELISA kit according to the manufacturer’s
instructions.

Statistical Analysis: Statistical evaluations of data were performed
using the Student’s t-test. All results were expressed as mean + standard
error unless otherwise noted. * P < 0.05, ** P < 0.01, *** P < 0.001.

Supporting Information

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