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Introduction: Tumor immunotherapy is a key therapeutic paradigm for the treatment of several malignancies. However, in metastatic lung
cancer, classical immunotherapy regimes are ineffective due to regulatory T cell (Treg)-related immunosuppression and tumor relapse.
Materials: To address this issue, we designed specific biocompatible Treg-targeted nanocarriers (NCs) as a model of immune-based
nanotherapy, in order to target Treg-related immunosuppression in the lung tumor microenvironment. This is achieved through the
combination of Dasatinib and Epacadostat integrated into biodegradable nanosomes which can inhibit and reverse Treg-supporting
immunosuppression. Flow cytometry and immunofluorescence analysis, PET/CT scan, PTT/PA imaging and the Balb/c tumor model
were used to explore the anti-tumor effect of Treg-targeted NCs both in vitro and in vivo.

Results: Findings reveal that NC treatment triggered substantial tumor cell apoptosis and drastically decreased tumor volume
followed by downregulation of Ki-67 antigen expression, respectively. Drug circulation time was also increased as shown by
biodistribution analysis accompanied by greater accumulation in lung and peripheral tissues. Intratumoral Thl cytokines’ expression
was also increased, especially TNF-A, IL-12 by 42%, and IL-6 by 18% compared to PBS treatment. In addition, the presence of
mature CD80"/CD86"dendritic cells (DCs) revealed T cell enrichment and a decline in MDSC infiltration and myeloid subsets.
Interestingly, a significant decline of Gr/CD11b myeloid cell population in blood and tissue samples was also observed. This immune
activation can be attributed to the enhanced PTT efficiency and tumor targeting ability of the nanospheres which under near infrared
(NIR) exposure can prompt highly efficient tumor ablation. We also demonstrated their therapeutic efficacy against 4T1 metastatic
breast cancer model. Additionally, the photothermal therapy in combination with PD-L1 checkpoint blockade therapy exerted long-
term tumor control over both primary and distant tumors.

Discussion: Overall, our findings present a novel nano-enabled platform for the inhibition of Treg-dependent immunosuppression in
NSCLC and provide a novel nanotherapeutic strategy for the treatment of metastatic neoplasia.
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Introduction

Despite the recent advances in tumor immunotherapy, lung cancer (LC) remains the primary cause of cancer-related deaths
worldwide and regardless of broad research endeavors, the survival statistics of LC patients are disappointing.l’2 Critical role in
the establishment of lung tumor immunosuppression play the regulatory T cells (Tregs).” Tregs or suppressor T cells are
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immunosuppressive cells that regulate the immune response to self and foreign antigens and help prevent autoimmune disease.®’
Tregs as a subpopulation of CD4 T cells highly express the CD4 T cell co-receptor CD25 which is a component of the IL-2
receptor and the transcription factor fork head box P3 (FoxP3).** Treg cells are able to control not only T cells but also B cells,
NK cells, dendritic cells (DCs) and macrophages via humoral and cell-to-cell contact mechanisms.'®™? Tregs inside the TME
play a substantial role in promoting tumor expansion via cancer cell remodeling, which triggers immunosuppression and
subsequent metastasis.'*> ' Intratumoral Tregs allow malignant cells to bypass immune surveillance and reduce T-cell infiltration
into tumor, restricting the clinical advantage of immunotherapy regimes.'®'” In order to surmount this Treg-dependent
immunosuppression and potentiate the immune antitumor responses, depletion or functional inhibition of Tregs in combination
with current immunotherapy regimens is a valuable approach.

Dasatinib is a multikinase inhibitor that targets SRC family kinases (SFKs) and BCR/ABL kinases and is used for the
treatment of chronic myelogenous leukemia (CML) and acute lymphoblastic leukemia (ALL)."®' Its antitumor mechanism is
based on its ability to inhibit the nonreceptor tyrosine kinases SRC family, c-KIT, EPHA2 and PDGFRP.>**! Dasatinib has been
shown to inhibit the proliferation and function of CD4'/CD25" regulatory T cells in peripheral blood and reverse T cell
suppression.”>** Additionally, it has shown to enhance T effector cell function and promotes the expansion of T-cell repertoire
in melanoma inducing growth arrest and apoptosis of these tumor cells in vitro.**** In a similar approach, Epacadostat is an
inhibitor of indoleamine 2,3-dioxygenase-1 (IDO1) that has been reported to promote the growth of effector T cells and NK cells,
increase the number of CD86" dendritic cells and reduce Treg expression.”®*” The combinational treatment of Dasatinib and
Epacadostat is able to inhibit Treg-derived tumor immunosuppression via Treg subset population depletion in the lung TME and
reactivate immune responses.

On this basis, we have synthetically engineered specialized copper sulfide nanocarriers (CuS NCs) that enfold
Epacadostat/Dasatinib (EPDA) complexes for efficient photothermal therapy against Treg-related immunosuppressive
cells. Due to their exceptional near-infrared (NIR) optical absorption, the high photothermal conversion efficiency and
the strong photoacoustic (PA) imaging, CuS nanospheres can successfully destroy residual tumor cells and prevent local
cancer recurrence and metastasis.

Results reveal CuS/EPDA nano treatment to downregulate Ki-67 antigen expression followed by increased release of ROS
radicals inside the lung epithelium. Increase in drug circulation time, as well as an improved accumulation in lung and peripheral
tissues was detected through biodistribution analysis. Additionally, enhanced intratumoral Thl cytokine expression was
monitored, especially TNF-A, IL-12 and IL-6. Furthermore, the presence of mature CD80"/CD86" dendritic cells (DCs) revealed
T cell activation followed by decreased MDSC infiltration and myeloid subsets were characterized by the reduction of Gr/CD11b
cell population in blood and tissue samples. This phenomenon correlated with reduced activation-induced cell death (AICD) of
T lymphocytes and an upregulation in infiltration of IFN-y"CD8" T cells. This immune activation cascade can be accredited to
the enhanced PTT efficiency and tumor targeting ability of the nanospheres which under near infrared (NIR) exposure can
prompt highly efficient tumor ablation. We also demonstrated their therapeutic efficacy against 4T1 metastatic breast cancer
model. Additionally, the photothermal therapy in combination with PD-L1 checkpoint blockade therapy exerted long-term tumor
control over both primary and distant tumors. Overall, our findings provide a novel nano-enabled platform for the inhibition of
Treg-dependent immunosuppression in lung TME. This engineered nanovaccine can elicit an effective robust antitumor
immunity against solid tumors by synergistically modulating the tumor microenvironment. Taken as a whole, these results
reveal the central role of Treg-targeted nanoplatform for the precise targeting of lung immunosuppression and present new
approaches for the treatment of metastatic NSCLC.

Methods

Synthesis of CuS/EPDA NCs

For the CuS NPs synthesis, 1000 mL of CuCl, (1 mmol) in aqueous solution and sodium citrate (0.68 mmol) was added in 1 mL
of sodium sulfide solution (Na,S,1M) under stirring at room temperature. Following five minutes resting time, the mixture was
heated to 90°C and stirred at 1000 rpm for 4h until a dark green solution was obtained. Adjusting the stoichiometric ratio between
CuCl, and Na,S, resulted in selection of nanoparticles with peak absorption (980nm). Then, isolated CuS (30mg) were dispersed
into 100 mL of PLGA-PEG-3000 (Mw = 3000) in ethanol solution (0.5 mg/ml ") and magnetic stirring was applied at 50°C.
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Following PEGylation process (12h), the CuS NCs were centrifuged and rinsed with ethanol and ddH20O to remove the residual
PEG. The resulted PEGylated CuS NCs were then dispersed into 10 mL of sodium acetate buffer (2M), followed by the addition
of Epacadostat (10mg) and Dasatinib (10mg). After 24h, the resulting CuS/EPDA NCs were obtained by centrifugation,
dispersed in PBS (pH7.4) and stored at 4°C.

Conjugation of Rhodamine B Isothiocyanate on CuS/EPDA NCs

For conjugation, centrifugation and redispersion of 5 mL of isolated CuS/EPDA NCs in 10 mL of MES buffer (20mM, pH 6.0)
was performed. Next, in the mixture, RHB Isothiocyanate was added and gently stirred for 24h in the dark at room temperature.
Finally, particles were repeatedly washed with distilled water several times to remove redundant Rhodamine B.

Cell Culture

Human epithelial lung adenocarcinoma A549 and H-1993 cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and were grown in DMEM (dulbecco’s modified eagle medium) supplemented
with 10% fetal bovine serum, 2mM L-glutamine, 1 mM sodium pyruvate, 100 U/mL penicillin and 100pg/mL
streptomycin (Biochrom, Germany). The cell cultures were grown to confluence and maintained in a humidified atmo-
sphere at 37°C and 5% CO2. Both A549 and H-1993 cells were incubated with fetal bovine serum-free medium for 24h
prior to the experiments with the CuS and CuS/EPDA compounds.

Animals

Six weeks old male BALB/c mice were purchased from the Jackson laboratory (BarHarbor, ME) and were housed under
pathogen-free environment with a 12h light/12h dark schedule and fed with an autoclaved diet and water ad libitum. For
the establishment of orthotopic xenografts, suspended A549 luciferase cells (2x10°) in 20mL of HBSS medium, were
directly implanted into the upper region of the lungs. Mice were randomly divided into four groups three days after
implantation. Three separate groups of mice (n = 8) were injected subcutaneously in lung section with CuS and/or CuS/
EPDA (2mg/kg body weight in 0.1mL PBS, once a day and 5 days per week for 8 weeks). Control mice (n = 8) were
treated the same with vehicle (0.ImL PBS). In addition, distinct groups of mice (n = 8) were injected subcutaneously in
lung section with Epacadostat and/or Dasatinib (2mg/kg body weight in 0.1mL PBS, once a day and 5 days per week for
8 weeks). After treatment, mice were sacrificed, lungs and lymph nodes were removed for bioluminescence imaging and
quantification of tumor volume. Tumor volume (V) was determined by measuring length (L) and width (W) by a vernier
caliper and calculated according to the following formula: V = LxW?/2. For imaging, mice were given ip injections of
150 mg of D-luciferin 10 min prior to imaging. All of the protocols were approved by the Aristotle University’s Animal
Research Committee in accordance with the NIH Guidelines for the Care and Use of Laboratory Mice.

'®F.FDG/PET Scans

For the '*F-FDG PET/CT, the studies were performed before the start of the combined Daclizumab treatment (baseline PET/CT),
after three cycles of combined treatment (interim PET/CT), as well as after completion of the combined administration (late PET/
CT). All patients underwent at least two PET/CT scans. An interim PET/CT scan was performed 4—6 weeks after first-line
Daclizumab treatment. The PET/CT system (Biographm CT, S128; Siemens, Germany) with an axial field of view of 21.6cm
with TruePoint and TrueV, operated in a three-dimensional mode, was used for the'®F-FDG PET/CT studies. After an injection of
about 3MBq of '*F-FDG/kg/bw, patients rested for a period of about 60min. Emission images ranging from the base of the skull
to mid-thigh were acquired for 2—3min per bed position. Processed images were displayed in coronal, transverse and sagittal
planes. A low dose attenuation CT (120 kV, 30 mA) was used for attenuation correction of the PET data and for image fusion. All
PET images were attenuation-corrected and an image matrix of 400x400 pixels was used for iterative image reconstruction.
Iterative image reconstruction was based on the ordered subset expectation maximization algorithm with six iterations and 12
subsets.
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Pharmacokinetics Analysis
For the pharmacokinetic analysis, blood kinetics were assessed by drawing 8—10 mL of blood from the tail veins of
BALB/c mice at certain time intervals post-injection of the CuS/EPDA NCs. Each blood sample was dissolved in 1mL of
lysis buffer and the blood concentration of the NCs was determined by fluorescence spectrum acquired using
a Fluoromax 4 fluorometer.

The plasma, tumors, and various tissues were collected at 0, 0.5, 1, 2, 4, 6, 12, 24, 48, 72 and 96h after treatment. All
the samples were stored at —80°C until further analysis.

Ex vivo Tissue Culture
Lung samples from consenting lung cancer (KRAS, chemoresistant) patients at the AHEPA Hospital Oncology unit were

collected, transferred to research lab in cold media and processed in a sterile tissue culture hood (Supplementary Tables S1-S3).
28,29

The culture protocol is modified based on previous studies (Supplementary Methods).

Orthotopic 4T | Breast Cancer Model

To set up the 4T1 orthotopic breast tumor model, 4T1 cells (6x10%) were injected into the mammary fat pads of mice on
the right side of the abdomen. Seven days later, 4T1 cells were injected into the left mammary fat pads of the mice to
establish the bilateral tumor model. Anti-PD-L1 antibodies at the dose of 80ug/mouse were administered on days 1, 4, 6
and 8. The tumor volume was calculated according to the following formula: (width*x<length)/2. At the end of the
experiment, mice were killed and tumors were excised, weighed and photographed.

Statistical Analysis

The results are expressed as mean+SD from at least three separate experiments performed in triplicate. The differences
between groups were determined with a two-tailed Student’s ¢-test or ANOVA using GraphPad software. The results
represent the mean+SD of at least three independent experiments. Differences were considered statistically significant at
p < 0.05. Statistically significant data are indicated by asterisks (*p < 0.05,**p < 0.01).

Ethics Approval and Consent to Participate
The study protocol conformed to the ethical guidelines of the Declaration of Helsinki and was approved by the Institutional
Review Board and Ethics Commiittee of the AHEPA Hospital Medical School, Aristotle University of Thessaloniki.

In vitro generation of Tregs, MDSCs analysis, Immunofluorescence analysis, T-cell function assays, Transmission
Electron Microscopy imaging, PTT/PA imaging and TUNEL/Annexin V apoptosis detection. Detailed methods and
protocols are provided in Supplementary Methods file.

Results

Molecular Characterization of CuS/EPDA Nanocarriers

To allow efficient systematic administration and successful tumor accumulation, the construction of CuS/EPDA nanocarriers
encapsulating Epacadostat/Dasatinib (EPDA) complexes was based on the solvent dialysis method. For that reason, PLGA-PEG,
an FDA-approved polymer was employed due to its biodegradable and biocompatible nature and is extensively used as a nano-
delivery vehicle of chemotherapy drugs (Figure 1A). The amphiphilic structure of this micelle protects the interior CuS core from
oxidative damage which improves photothermal constancy and restrains the degradation rate of the nanocarriers in vivo. This
nano configuration allows prolonged blood circulation and substantial penetration into tumors via the EPR effect. The obtained
CuS/EPDA nanosomes display spherical morphology with an average diameter of 84+3.0 nm according to statistical AFM and
dynamic light scattering (DLS) analysis (Figure 1B and C). The soluble mixture of CuS/EPDA nanosomes was stable for up to
72h in both PBS and 10%FBS with minor size discrepancies. The main characteristic of these nanosomes is the increased
biocompatibility between Epacadostat and Dasatinib complexes. These molecules which are highly chemically compatible with
each other guarantee increased biosafety and release both in vivo and in ex vivo applications (Figure 1D). The optical
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characteristics of the CuS/EPDA NPs under UV-vis spectroscopy display a characteristic distinctive absorption peak at 960nm
(Figure 1E).

Furthermore, the stable uniform spherical composition of the nanocarriers was confirmed by TEM images (Figure 1F)
whereas the fluorescence emission spectrum is constant following incorporation of Rhodamine B (Figure 1G).
Furthermore, FTIR spectroscopy was used to verify the conjugation of Epacadostat/Daclizumab complexes to CuS
nanosomes (Figure 1H). Overall, these observations highlight the significance of CuS/EPDA NCs as ideal vehicles for
delivering and releasing therapeutic drugs at tumor tissues.

CuS/EPDA Mechanism of Antitumor Immune Activation

In order to investigate the CuS/EPDA tumor targeting mechanism, the phototoxicity of CuS/EPDA nanocarriers towards
metastatic cells was assessed. To facilitate this, we examined several concentrations of CuS/EPDA nanosomes, following
incubation with highly aggressive H-1993 metastatic cells. For concentrations above 2mg/mL ", cell viability of H-1993 cells,
reduced considerably following co-staining by calcein AM and PI, indicating the prominent ROS production by CuS/EPDA
nanocomplexes (Figure 2A). Next, we decided to explore the photothermal aptitude of CuS/EPDA nanocarriers under normal
and hypoxic pH status. Consecutively, H-1993 and A549 cells were incubated with NCs, followed by laser irradiation with 970
nm laser (1Wem 2) for 10min and then cell viability was evaluated by CCK-8 assay (Supplementary Figure S1). Findings reveal

an extensive reduction in H-1993 cell viability under physiological pH whereas increased cell viability rates were detected in
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Figure | Characterization analysis of CuS/EPDA nanospheres. (A) Graphic illustration of the CuS/EPDA NCs. (B) Size distribution analysis of CuS/EPDA NCs by dynamic
light scattering (DLS) method. (C) Characteristic AFM images of NCs. (D) Drug release curves from CuS/EPDA NCs with or without NIR irradiation. (E) UV-vis
absorbance spectra analysis. (F) Characteristic TEM image of the CuS/EPDA NCs (black arrow: PLGA-PEG, white: CuS core, yellow: epacadostat/dasatinib drug complex).
The white arrow indicates the distinct dark CuS core within the nanocarriers. (G) The fluorescence emission spectra of CuS/EPDA NCs. (H) The FTIR spectra of CuS and
CuS@EPDA. The results represent the meantSD of three Independent experiments. Differences were considered statistically significant at p < 0.05. Statistically significant
data are indicated by asterisks (*P < 0.05, **P < 0.01).

similar concentrations under hypoxic pH values (Figure 2B). In contrast, in A549 cells, cell mortality was vaguely augmented
under acidic conditions in comparison with normal pH (Figure 2C). This mechanism can be credited to the inner core of the CuS/
EPDA nanocomplexes which portrays high phototoxicity followed by the production and release of highly toxic hydroxyl
radicals (-OH) in tumor stroma. To further analyze this effect of CuS/EPDA NCs phototoxicity in immune responses, we
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measured the intracellular cytokine levels in NC-treated mice. Since the NCs display potent immune stimulatory properties, we
assessed the levels of Thl cytokines TNF-A, IL-6 and IL-12. Findings reveal an increase in IL-12 and TNF-a in the first 24h
compared to upregulation of IL-6 in 72h post treatment (Figure 2D-F). Since dendritic cells (DCs) secrete the majority of
cytokines in TME and are the main regulators of immune response via antigen presentation and T-cell stimulation, we decided to
investigate their crucial role. For that reason, we measured the degree of DC maturation by the expression of the co-stimulatory
molecules CD80 and CD86, which are important for T cell activation. Findings show an augmentation in mature DC levels in
mice treated with CuS/EPDA and CuS NCs in comparison with the control groups (Figure 2G and H). To better analyze the
degree of immune activation, we measured immunosuppression biomarkers in tumor tissues. Levels of arginase 1 (Argl) and
inducible nitric oxide synthase (iNOS) were constantly measured post CuS and CuS/EPDA incubation. Expression of both iNOS
and Argl expression was significantly downregulated in the CuS (18% and 22% respectively) and CuS/EPDA groups (40% and
15% respectively) (Figure 21 and J). Furthermore, free radical ROS expression was extensively declined (Figure 2K), indicating
the vital role of CuS/EPDA in restraining Argl/iNOS-related immunosuppression via ROS inhibition.

Pharmacokinetic Analysis of CuS/EPDA Nanocarriers

To better comprehend the antitumor immune response of CuS/EPDA NCs, the photothermal capability of the CuS/EPDA NCs
was evaluated in vitro by NIR irradiation. By using an infrared thermal camera, temperature changes were monitored and
examined. Findings illustrate a punctual rapid increase in the surface temperature of CuS/EPDA nanosomes within the first 2
minutes of the observed time period (Figure 3A). These results indicate that CuS/EPDA NCs could efficiently convert the
absorbed photons into heat and serve as photothermal agents for tumor ablation. Furthermore, this NIR-heating behavior of the
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NCs was both concentration and time-dependent. We then performed Ki67 and CytoCalcein staining and data show that tumors
treated with PTT in combination with CuS/EPDA NCs exhibit minimal proliferation along with substantial late apoptosis and
necrosis (Figure 3B). Blood circulation analysis of the NCs in the blood of the A549 tumor-bearing BALB/c mice shows
a circulating half-life of 3.17h in blood flow denoting the CuS/EPDA enrichment in blood through the EPR effect (Figure 3C).
Additionally, biodistribution analysis reveals a greater accumulation of nanoparticles in spleen, lungs and liver than in kidney,
heart and brain in NC-treated mice (Figure 3D). Moreover, the eliminating rate constants of CuS/EPDA NCs were —0.412 and
—0.017pug/mL"per hour, for the first stage and second stage, respectively. The shifting time interval between the two stages was
3.18h (Figure 3E and F). This phenomenon can be attributed to the extended long-term biostability of the CuS/EPDA NCs in
PBS, where they maintain their rigidity and solidity (Figure 3G). On the contrary, blood kinetics analysis in BALB/c mice reveals
that CuS/EPDA NCs are detected in blood circulation for a significantly longer time compared with epacadostat. Interestingly,
NCs exhibit improved T1/2 and increased area under curve (AUC), and Cmax opposed to epacadostat (Table 1). However, both
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Figure 2 CuS/EPDA tumor targeting mechanism. (A) Cell viability assay of lung metastatic H-1993 cells after treatment with CuS (2mg/mL) or CuS/EPDA (2—4mg/mL) for
4h (Scale bar, 20 um). (B and C) cytotoxicity evaluation of CuS/EPDA NCs in H-1993 and A549 cells under neutral or hypoxic pH. Cells were treated with CuS/EPDA NCs
(0.5-10pg/mL™") for 4h. Data represent the meanSD of three independent experiments (*P < 0.05; **P < 0.01). (D-F) Flow cytometry analysis of intracellular cytokines
TNF-A, IL-6 and IL-12 levels in NC-treated mice. Serum from mice was isolated 48-72h following treatment. Data represent the mean +SD of three independent
experiments. (G and H) DC maturation analysis using flow cytometry after staining with CD| Ic, CD80 and CD86. Data represent the mean +SD of three independent
experiments (**P < 0.01). (I and J) Immunofluorescence staining of immunosuppression biomarkers iINOS and Argl in tumor tissues after CuS and CuS/EPDA incubation.
Confocal microscopy images of Argl (green). iNOS labeled cells (red) and DAPI (blue). Images were captured using Carl Zeiss fluorescence confocal microscope. Data
represent the meantSD of three independent experiments (*P < 0.01). (K) Intracellular ROS assay (Deepred, ab186029, Abcam) of lung metastatic H-1993 cells after
treatment with CuS (2mg/mL) or CuS/EPDA (2—4mg/mL) for 4 h (scale bar, 20 pm). Differences were considered statistically significant at p < 0.05. Statistically significant
data are indicated by asterisks.

clearance (Cl) and distribution volume (Vd) were significantly reduced over epacadostat. Combined values of clearance and
distribution volume determine the half-life of CuS/EPDA nanosomes.

Inhibition of Treg-Induced Immunosuppressive Signaling

To verify the photothermal therapeutic efficacy of CuS/EPDA and evaluate their activity in vivo, we administrated A549-bearing
BALB/c mice with CuS/EPDA NCs intratumorally in order to examine their therapeutic capability. Since, both myeloid cells and
macrophages play a key role in metastatic potential, we evaluated their levels post NCs exposure. Growing evidence indicates
that macrophage activity and performance is vastly regulated by myeloid cells, especially myeloid-derived suppressor cells
(MDSCs) which are accountable for the intratumoral heterogeneity in lung cancer. Relative infiltration rate of monocytic MDSC
subsets in M1/M2 macrophage regions is considerably reduced after NCs administration (Figure 4A and B). The expression
levels of M2 macrophage markers (CD68+/CD163+) before and after treatment with CuS/EPDA NCs were also assessed
(Supplementary Figure S2). Monitoring of MDSCs infiltration started three days post implantation. MDSC infiltration was
evaluated by the presence of gMDSC (Gr—/CD11b—) and mMDSC (Gr—/CD11b+). Next, we determined the expression of
tumor-infiltrating FoxP3 " Tregs and the ratio of CD8" T/Tregs (Figure 4C—E). Treatment with NCs reduced the accumulation of
intratumoral Tregs and enhanced tumor-infiltrating T cells and activated CD8+ T cell levels. Specifically, findings show

downregulation of tumor-infiltrating FoxP3"'CD4 "Tregs followed by an increase in the ratio of CD8 T/Tregs (Figure 4C—E).
In correlation with the increased CD8'T expression, the percentage of TUNEL positive cells was considerably enhanced by the
treatment, suggesting that CuS/EPDA induces apoptosis (data not shown). Data also reveal that activation of CD8" T cell subsets
was accompanied by high frequency of IFN-y'CD8'T cells in lung tissues (Figure 4F and G). Taken together, these findings
verify the ability of CuS/EPDA nanosomes, to elicit a potent immune response by inhibition of the Treg-induced immunosup-
pressive mechanism.

In vivo Inhibition of Primary and Metastatic Tumors

To better evaluate the therapeutic capacity of CuS/EPDA, an A549-mouse lung cancer tumor model was employed. To support
this, we investigated the in vivo performance of NCs in the treatment of primary and secondary metastatic tumor after surgery
in A549-tumor bearing mice. During the experimental procedure, two diverse doses (5,10mg/kg ") of CuS/EPDA NCs were
employed. When tumor volume reached 200mm?, mice were randomly divided into groups and received intratumoral (IT)
injections of PBS, CuS and/or CuS/EPDA NC:s. Serial assessment of tumor volume exhibited considerable tumor reduction in
the CuS/EPDA group in comparison with PBS and CuS group treatments (Figure SA and B). Compared with CuS group, CuS/
EPDA treatment resulted in ~37% tumor growth inhibition, due to enhanced tumor accumulation via the EPR effect.
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Table | Detailed Pharmacokinetic Analysis of CuS/EPDA NCs in Blood

Blood Pharmacokinetics Analysis of CuS/EPDA NCs.
Groups T2 (h) AUC (pg/h/mL) Cmax (pg/mL) CL (mL/h/kg) Vd (mL/kg)
CuS/EPDA 3.547 38.27 12.56 2.86 21.52
Epacadostat 1.620 11.42 8.19 31.74 68.05

Note: The results represent the meantSD of three independent experiments.

Remarkably, a subsequent in vivo metastatic assay revealed a significant decrease in the number of lymph node metastatic foci
in CuS/EPDA group versus the PBS and CuS groups (Figure 5C and D). Tumor sections from CuS/EPDA-treated mice
showed a considerable decrease in Ki-67 fluorescence intensity followed by elevated TUNEL fluorescence intensity,
indicating apoptosis induction by the NCs (data not shown). Furthermore, tumor analysis data reveal that mice administered
with NCs display a distinctly delayed tumor progression followed by high level of survival percentage. Specifically, survival
statistics reveal that the CuS/EPDA-treated mice had long survival rate in comparison with control and CuS groups. In
particular, mice injected with CuS alone had a significantly shorter median overall survival (OS) following tumor implantation
(42 days) compared to mice injected with CuS/EPDA NCs (median OS, 58 days) (Figure SE). To further evaluate the NCs
tumor suppression efficacy, intravenous administration of NCs was performed in A549-tumor bearing mice. Results analysis
based on relative tumor volume assessment revealed widely advanced rates of tumor reduction for CuS/EPDA treatment in
relation to controls (Figure 5F and G). Equally, depletion of Ki-67 antigen expression and tumor volume shrinkage in NCs-
treated groups could be also observed. Remarkably, xenografted tumor was reduced by 72% after 14 days of treatment and
there was no recurrence, which further confirmed the excellent therapeutic efficacy of the designed NCs.

CuS/EPDA NCs Inhibit Activation-Induced Cell Death (AICD) of T Lymphocytes

Since Tregs trigger the establishment of T cell dysfunction, we decided to examine the effect of CuS/EPDA nanosomes in
the immunological elimination or activation-induced cell death (AICD) of T lymphocytes which can be used by tumor
cells to escape immune detection. This type of signal-induced programmed cell death is caused by the attachment of Fas
ligands (FasL) to Fas receptor (CD95) triggering immune activation. Cell analysis revealed that the rate of AICD positive
cells among CD4"/CD8'T cells was decreased significantly post CuS/EPDA administration (Figure 6A and B). To better
evaluate this effect of Tregs in vivo, we tested the antitumor mechanism of Treg inhibition in a BALB/c mouse model.
The percentage of AICD" cells from mice post CuS/EPDA treatment declined dramatically (Figure 6C). Tumor
assessment analysis exhibited a substantial decrease in FasL, NFAT1 and in lung tumor volume of EPDA-treated mice
compared to vehicle treated mice (Figure 6D). Furthermore, the percentage of AICD" cell population correlated with the
infiltrating CD8 T cell ratio (R = 0.52) (Figure 6E). Next, we performed tumor evaluation where orthotopic growth of
lung tumors was monitored weekly by bioluminescence imaging. The biodistribution of EPDA NCs was also evaluated
and a high accumulation of nanosomes in the orthotopic tumor model was monitored. Bioluminescence analysis showed
a significant decrease in the lung tumor volume of CuS/EPDA-treated mice compared to control (Figure 6F and G). To
further validate tumor-infiltration photoacoustic (PA) imaging was employed to better inspect the NCs targeting ability
in vivo. Interestingly, signal intensity was found to be thoroughly dependent on CuS/EPDA concentration in PA signals
at 970nm (Figure 6H and I). To better understand this effect, we applied NIR exposure to CuS/EPDA solution at
concentrations above 0.4 mgmL ™ '. Findings, show a rapid temperature raise from 18.2°C to 62.7°C in 180 s. After
centrifugation (1min), temperature was raised up to 70°C and remained stable without compromising the photothermal
efficiency (Figure 6J). This also verifies that the signal intensity is highly dependent on the concentration of CuS/EPDA
solution. To better understand the clinical effect of Treg inhibition in vivo, we used the FDA-approved drug Daclizumab
and monitor its effect on selected Kras metastatic patients (Stage IV) using '*F-FDG PET imaging. We noticed a high
aggregation of the drug in lung lesions and a large proportion of the iv—injected Daclizumab was enriched in the tumor
tissues through the EPR effect. Additionally, comparative '*F-FDG PET imaging confirmed the lower tumor burden in
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experiments (**P < 0.01). (J) Infrared thermal imaging of CuS/EPDA NCs and PBS with NIR irradiation (980nm, | Wcmfz). The results represent the mean+SD of three Independent
experiments. (K) '®F-FDG PET imaging shows the primary tumor in lung cancer patients before and after daclizumab (CD25 inhibitor) treatment.

Daclizumab-treated patients in relation to control groups. Furthermore,'®F-FDG PET revealed noticeable tumor size
differences between the treated and untreated groups (Figure 6K).

Notably, this verifies the crosstalk between Treg-related immunosuppression and tumor propagation. This perception
has extensive prospective for clinically translatable cancer theranostics in applications such as tumor treatment, diagnosis
and drug delivery.

CuS/EPDA Inhibits Growth of Metastatic Breast Cancer in Mice

To evaluate the therapeutic potential of CuS/EPDA in a more advanced tumor phenotype and evaluate their
compatibility with current immunotherapy regimens, we employed a triple negative breast cancer 4T1 tumor
model. At first, 4T 1-luc cells were orthotopically implanted in the mammary fat pad of BALB/c mice. Following
tumor formation (>200mm?®), mice were intravenously injected with CuS, CuS/EPDA NCs and/or IR treatment.
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For the in vivo experiments, the treatment strategy was the same as the aforementioned protocol and is
analytically described (Figure 7A). CuS/EPDA NCs or anti-PD-L1 alone failed to delay the growth of the primary
tumors and survival rates, indicating the presence of strong immunosuppression that hinders therapeutic efficacy.
However, co-treatment of CuS/EPDA NCs with anti-PD-L1 extensively inhibited the growth of both primary and
metastatic tumors compared to PBS or single treatments (Figure 7B-E). Specifically, combination treatment
resulted in 64% inhibition of tumor growth, whereas the percentage of tumor-free mice increased significantly
to 25% (Figure 7F and G). Similar combination with photothermal therapy resulted in a 70% tumor-free rate and
a 97% tumor growth inhibition (Figure 7H and I). Unexpectedly, repeated combination treatments resulted in the
complete eradication of all tumors in each of the treated mice on three cases (Figure 7G). These findings confirm
that photothermal nanotherapy combined with anti-PD-L1 blockade not only eradicated the primary 4T1 tumor but
also eliminated metastatic tumor growth (Figure 7J and K) Benefiting from this effective tumor inhibition, half of
the mice receiving CuS/EPDA/PD-L1 co-treatment remained alive after 50 days post treatment indicating the
immense potential of NCs in cancer therapy.

Discussion

Tregs in metastatic carcinoma play a critical role in the establishment of immunosuppression, which is accountable
for tumor relapse and cancer cell chemoresistance.”** This occurs because intratumoral Tregs influence the immu-
nosuppressive TME and their infiltration is negatively correlated with patient survival.>'~? Recent advances in
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nanoparticle-based immune check point inhibitor therapy have improved the anti-tumor immunity against various
types of malignancies, including NSCLC.*** Our findings reveal that Tregs immunosuppressive signaling can be
restrained in both in vivo and ex vivo by using a CuS/EPDA photothermal nanocarrier model. The combinational use
of epacadostat, an inhibitor of immunosuppression and IDO-1 and Dasatinib, a multikinase inhibitor that prevents the
proliferation and function of CD4"CD25 regulatory cells, shows promising results. The crucial advantage of this
CuS-based nanotherapy approach is the immediate co-delivery to the tumor of two agents of different modes of
action. Furthermore, copper sulfide NPs have been known to possess exceptional characteristics, like low levels of
biotoxicity, high photothermal conversion efficiency, unique molar extinction coefficient and superior NIR optical
absorption.*® Enclosement of epacadostat and Dasatinib in CuS NCs enables the photothermal ablation of tumors,
without affecting the surrounding healthy tissues and prompts immune system re-activation. Moreover, epacadostat
inhibits IDO-1 activity®" and can restrain immunosuppression signaling via upregulation of CD86"dendritic cells and
reduction in Treg expression.’’*® Likewise, Dasatinib blocks Treg’s action through inhibition of the tyrosine kinase
activities c-KIT, EPHA2, and PDGFRp involved in tumor progression and metastasis. In addition, it prevents the
proliferation and function of CD4"CD25 regulatory T cells and their accumulation in the peripheral blood and thus
reversing T cell suppression.'®*® In summary, this study shows that the delivery of elaborately designed nanocatalysts
into the tumor tissue can reverse Treg-promoted tumor immunosuppression and reactivate the immune system’s
mechanisms. CuS/EPDA NCs have quicker release rates and show longer retention time in tumor tissues (Figure 4B),
likely due to their biochemical structure.’®*%*! Taken together, these results reveal the crucial role of Treg-targeted
nanoplatform in inhibiting lung immunosuppressive metastasis and will provide additional insights on the develop-
ment of new cancer immunotherapy regimes for efficient reticence of metastatic neoplasia.
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