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Abstract

Myeloid derived suppressor cells (MDSCs) are innate immune cells that potently inhibit T cells. In
cancer, novel therapies aimed to activate T cells can be rendered ineffective due to the activity of
MDSCs. Thus, targeted inhibition of MDSCs may greatly enhance T cell-mediated anti-tumor
immunity, but targeted mechanisms remain obscure. Here we show, for the first time, that
scavenger receptor type B-1 (SCARB1), a high-affinity receptor for spherical high-density
lipoprotein (HDL), is expressed by MDSCs. Furthermore, we demonstrate that SCARBL1 is
specifically targeted by synthetic high-density lipoprotein-like nanoparticles (HDL NP), which
reduces MDSC activity. Using /n vitroT cell proliferation assays, data show that HDL NPs
specifically bind SCARBL to inhibit MDSC activity. In murine cancer models, HDL NP treatment
significantly reduces tumor growth, metastatic tumor burden, and increases survival due to
enhanced adaptive immunity. Flow cytometry and immunohistochemistry demonstrate that HDL
NP-mediated suppression of MDSCs increased CD8* T cells and reduced Treg cells in the
metastatic tumor microenvironment. Using transgenic mice lacking SCARBL, /n vivo data clearly
show that the HDL NPs specifically target this receptor for suppressing MDSCs. Ultimately, our
data provide a new mechanism and targeted therapy, HDL NPs, to modulate a critical innate
immune cell checkpoint to enhance the immune response to cancer.
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INTRODUCTION

Modulating the immune system can be an effective mechanism to address numerous
pathologies. In cancer, recent therapies including checkpoint blockade, cancer vaccines, and
chimeric antigen receptor T cells aim to activate the adaptive immune response (1-3) and
have shown success. However, despite their promise, they are only effective in sub-sets of
patients (4, 5). As with the natural immune response, efficacy of these therapies is often
drastically reduced by the action of specialized innate immune cells called myeloid derived
suppressor cells (MDSCs), which potently inhibit adaptive immune cells (6-8). As such,
novel mechanisms, targets, and therapies are required to better harness the immune system
as a cancer therapy with a specific focus on MDSCs.

The size, shape, and composition of natural high-density lipoproteins (HDL) are constantly
changing as the particles acquire and deliver cholesterol and cholesteryl ester to target cells
(9). The main protein constituent of HDLs, apolipoprotein A-I (apo A-I), mediates this
dynamic biological process whereby cholesterol-poor discoidal forms of HDL become
progressively more spherical upon cholesterol uptake (10). Cholesterol-rich, spherical HDLs
containing apo A-I bind with high affinity to scavenger receptor type B-1 (SCARBL1) (11-
13). HDL binding SCARB1 has been most studied in atherosclerosis where SCARBL is
expressed by innate myeloid cells such as macrophages and neutrophils (14-16). The
interaction of apo A-1 and HDLs with myeloid cells may have critical importance in
cardiovascular disease (17, 18). Furthermore, in oncology, human apo A-1 has been shown to
generate an anti-tumor response in mouse models of cancer; however, the mechanisms
remain obscure (19, 20). Importantly, increased plasma apo A-l and HDL cholesterol are
associated with reduced cancer risk in patients (21).

Given the expression of SCARB1 on myeloid cells, the role of MDSCs in bridging innate
and adaptive immunity, and the involvement of apo A-l and HDL in modulating the adaptive
immune response, we hypothesized that MDSCs express SCARBL that can be targeted to
reduce MDSC function and generate a potent adaptive anti-tumor immune response. To
explore this hypothesis, we used spherical, functional high-density lipoprotein-like
nanoparticles (HDL NPs) developed by our lab (22-24). The HDL NPs have comparable
size, shape, surface charge, and surface chemistry (e.g. contain apo A-l) to natural, spherical
HDLs (24, 25), and more tightly bind SCARB1 when compared to native HDL (26, 27).
Additionally, /n vivo studies with HDL NPs have demonstrated a general lack of toxicity and
selective targeting of cells that express SCARB1 (26, 28). Our data show that SCARB1, a
high-affinity receptor for spherical HDL (29-32), is expressed by MDSCs. Targeting
SCARBL1 with HDL NP reduces MDSC activity /n vitro. In murine models of melanoma,
data show that HDL NP treatment significantly reduces tumor size, metastatic tumor burden,
and increases survival due to an enhanced adaptive immune response through a mechanism
requiring SCARB1. Additionally, data obtained in a murine model of lung cancer confirmed
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that HDL NP treatment reduced tumor volume and mass. As such, HDL NPs and MDSC
expression of SCARB1 enable therapeutic modulation of a critical innate immune cell

checkpoint on adaptive immunity.

MATERIALS AND METHODS

Cell Culture

B16F10 and Lewis Lung Carcinoma (LLC) cells were purchased from American Type
Culture Collection (ATCC), and cultured in DMEM containing 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (Life Technologies). Cells were passaged every 48-72
hours. B16F10 cells were purchased ~2 years ago, frozen at passage 3, and used for
experiments prior to passage 8. The LLC cell line was purchased ~3 years ago, frozen at
passage 3, and experiments were conducted prior to passage 8. Both of the cell lines are
murine and were not authenticated. Mycoplasma testing was conducted using PlasmoTest
Mycoplasma Detection Kit (Invivogen), and the cells were found to be negative
(10/01/2017). Mouse T cells isolated for MDSC suppression assays were cultured in
RPMI-1640 containing 10% FBS, 2.5% HEPES, 1% penicillin/streptomycin, 1% sodium
pyruvate, 1% non-essential amino acids, and 0.1% 2-mercaptoethanol. Mouse MDSCs were
grown in RPMI containing 10% FBS, 1% penicillin/streptomycin, IL-6 (10 ng/ml,
Biolegend) and GM-CSF (20 ng/ml, Biolegend). Cell cultures were maintained in 5% CO2
at 37°C.

Experimental Animals

Mice were housed at the Northwestern University Center for Comparative Medicine
according to NIH guidelines, following protocols approved by the Northwestern University
Animal Care and Use Committee. Mixed male and female C57BI/6 mice were purchased
from Jackson Laboratories at 6-8 weeks of age. All animals were used soon after purchase.
For SCARB1 knockout experiments, male and female heterozygous SCARB1TM1Kri ere
purchased from Jackson Laboratory and bred to generate homozygous SCARB1 —/— mice.
Animals were allowed to reach 6 weeks of age whereupon they were genotyped and utilized
for experiments. Mice were randomized for all studies and researchers were blinded during
analysis.

HDL NP Synthesis

High-density lipoprotein-like nanoparticles (HDL NPs) were synthesized and characterized
as previously described (22, 25, 26). Citrate stabilized 5 nm diameter gold nanoparticles
(AuNP, Ted Pella) were used as a template for surface modification. Purified human
apolipoprotein Al (apo A-1, MyBioSource) was incubated with AuNPs (80 nM) at 5 molar
excess (400 nM, final) overnight at room temperature (RT) with gentle stirring. Next, 1-2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-[3-(2-pyridyldithio)propionate] (PDP-PE) were added at 250 molar
excess relative to [AUNP] in a mixture of ethanol and water (1:4), and allowed to incubate at
RT for 4 hours with gentle stirring. The HDL NPs were then purified and concentrated using
tangential flow filtration. The HDL NP concentration and final conjugate size were
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determined using UV-Vis spectrophotometry (eaunp = 9.696 x 108 M~lcm™ at A pax = 520
nm) and dynamic light scattering (DLS, Malvern Zetasizer), respectively.

For fluorescence-tagged HDL NPs, the lipophilic fluorophore dialkylcarbocyanine (DiD,
Life Technologies) was added to 1 ml of 1 uM HDL NPs at a 2.5 molar excess (2.5 pM) and
incubated at 37 °C for 1 hour with mild shaking. Non-conjugated dye was removed from the
HDL NP solution by centrifugation at 14,000 x g for 1 hour, decanting of the supernatant,
and then the particle pellet was re-suspended in water.

Melanoma Lung Colonization

HDL NP pre-treatment studies: C57BI/6 mice were treated intravenously with 100 ul HDL
NPs (1 uM) every 48 hours for a total of 3 doses. 72 hours following the final dose, mice
were inoculated with 1 x 10° B16F10 melanoma cells via tail vein and metastatic lung
tumors were allowed to form over the course of 2 weeks at which point mice were
sacrificed, lungs dissected and the metastatic tumors were counted. Lungs were then fixed
and processed for IHC (see below). For the survival study, mice were treated as outlined
above but removed from the study upon reaching the endpoint.

Established melanoma metastasis models: C57BI1/6 mice were inoculated with 1 x 10°
B16F10 melanoma cells via tail vein and metastatic lung tumors were allowed to initiate for
5 days prior to initiating HDL NP dosing. At day 5, mice were treated with HDL NP at a
concentration of 1 pM (200 L) every 48 hours for 2 weeks. Mice were then sacrificed,
lungs and lymph nodes dissected, the metastatic tumors were counted, and samples were
processed for IHC.

Isolation of Bone Marrow cells

Mouse bone marrow (BM) cells were isolated as described previously (33). C57BI/6 mice
were sacrificed and the hind limbs removed using aseptic technique, leaving the femur and
tibia intact. The excess muscle was removed from the bones with a razor blade. The bones
were then cut at the joints and the bone marrow flushed with sterile DPBS (calcium and
magnesium free) using a 1 ml syringe with a 27-gauge needle. Bone marrow cells were
centrifuged at 300 x g and re-suspended in MACS buffer prior to MDSC isolation.

Isolation of Lymph Node Cells

C57BI/6 mice were sacrificed and inguinal, axillary, cervical, and mesenteric lymph nodes
were harvested using aseptic technique. Lymph nodes were then pressed through a 70 pm
cell strainer to rupture the capsule and flushed using sterile PBS to generate a single cell
suspension. Isolated cells were centrifuged at 300 x g for 10 minutes and re-suspended in
MACS buffer for T cell isolation or PBS for analysis by flow cytometry.

Isolation of Spleen Cells

C57BI/6 mice were sacrificed and the spleens harvested using aseptic technique. Spleens
were finely cut and pressed through a 70 um cell strainer with repeated flushes of sterile
PBS to obtain single cell suspension. RBCs were then separated and discarded from the rest
of the contents through density gradient centrifugation using Histopaque-1077 (Sigma-
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Aldrich) at room temperature. The remaining cells were re-suspended in PBS for analysis by

flow cytometry.

Isolation of Lung Cells for Flow Cytometry

C57BI/6 mice were euthanized, lungs removed and immune cells characterized as described
previously (34). Briefly, lungs were minced in RPMI and subsequently incubated in
digestion buffer containing 250 units of collagenase type IV and 200 units of Type IV
DNase I in 8 mL of RPMI for 1 hour at 37 °C with gentle shaking. The digestion was
quenched by adding 5% FBS. The lungs were subsequently filtered through a 70 um cell
strainer and rinsed in 5 ml of RPMI with 5% FBS. Cells were centrifuged at 300 x g for 10
minutes, re-suspended in 2 ml of ACK red blood cell lysis buffer and allowed to incubate for
10 minutes at 4 °C. Cells were again centrifuged at 300 x g for 10 minutes and washed in
PBS. Cells were then counted and re-suspended in PBS at 1 x 107 cells/ml prior to flow
cytometry.

Orthotopic Melanoma Survival Study

C57BI/6 mice were inoculated with 5 x 10* B16F10 melanoma cells injected intradermally
into the flank. Once the tumors became palpable, ~10 days following tumor cell inoculation,
mice were treated every 48 hours with HDL NPs (100 pl, 1 puM). Survival of HDL NP and
PBS treated mice was recorded. The study was terminated at Day 40, one week following
the death of the final PBS-treated control mouse.

Lethal Irradiation and Bone Marrow Transplant

MTS Assay

C57BI/6 mice were treated with two doses of 500 rads of whole body irradiation separated
by a two-hour break. Six hours following the final dose of radiation, mice were transplanted
with 1 x 108 bone marrow cells from SCARB1 /- mice. Mice were monitored for 1 month,
allowing time for reconstitution of the immune system, at which point mice were subjected
to the melanoma lung colonization experiment, as described previously.

B16F10 cells were plated at a concentration of 20,000 cells/ml (2,000 cells/well) in 100 pl of
DMEM, 10% FBS. Cells were allowed 24 hours to adhere at which point fresh media was
added containing 50 nM HDL NP or natural human HDL (hHDL) (MyBiosource) and
allowed to incubate for 24 or 48 hours. Then, the media was aspirated and the cells were
washed with PBS. 80 pl of fresh serum free DMEM was added, as well as 20 pl of [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]
(MTS) (Promega). A baseline absorbance was measured at 490 nm on a Synergy 2 plate
reader (Biotek) and the cells incubated for 1 hour, at which point a second absorbance
measurement was taken. Normalized metabolic activity was calculated by subtracting the
baseline reading and normalizing to the untreated control.

Flow Cytometry

Isolated cells were washed with PBS and stained with 0.25 pl of LIVE/DEAD Fixable Aqua
Dead Cell Stain (Thermo Fisher Scientific) in 500 pl of PBS for 20 min at room
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temperature. After washing in FACS buffer, cells were blocked with anti-CD16/CD32 (BD
Biosciences) for 10 min and then stained in 100 pl of antibody mixture in FACS buffer (as
detailed in Table S1) for 30 min at 4°C in the dark. Cells were then washed in FACS buffer
and fixed in 4% paraformaldehyde. Samples were run on an LSRII flow cytometer (BD
Biosciences). Compensation on samples collected by the LSRII was performed in FlowJo or
FCS Express post-collection.

MDSC HDL NP Treatment and Toxicity Analysis

Bone marrow of mice with B16F10 metastatic melanoma tumors established over the course
of 2 weeks was isolated as outlined above and Myeloid Derived Suppressor Cells (MDSC)
were separated using the magnetic activated cell sorting (MACS) MDSC isolation kit
(Miltenyi Biotech). Cells were plated in a 24-well plate at 1 x 106 cells/well and cultured as
described above. Cells were treated in triplicate with 50 nm HDL NP for either 24 or 48
hours. At which point, cells were harvested, washed to clear HDL NP and either analyzed
using flow cytometry for percent live cell analysis or used in the MDSC mediated T cell
suppression assay.

T Cell Suppression Assay

T cells were gathered from lymph node isolates (described above) employing EasySep
Mouse T cell isolation kit (Stemcell). T cells were stained with CFSE (Thermo Fisher
Scientific), as previously described (35). Briefly, T Cells were re-suspended in PBS with 5%
FBS to a cell concentration of 8 x 10° cells/ml. CFSE was added to a concentration of 5 uM
for 7 minutes at room temperature. Cells were washed 3 times in PBS with 5% FBS. Next, T
cells were exposed to MDSCs, as previously described (35). T cells were plated in a 96-well
plate at 2 x10° cells/well and co-cultured with MDSCs isolated from wild-type or SCARB1
—/- mice, ata 2:1, 4:1 and 8:1 ratio of T cells to MDSCs in triplicate. T cells were
stimulated using anti-CD3/CD28 activation beads (Invitrogen) and sustained in culture for
48 hours after which they were harvested, flow cytometry was performed, and the data were
analyzed using FlowJo V10.

Immunohistochemistry

C57BI/6 mice were sacrificed and the lungs perfused with 10% formalin, excised and fixed
in formalin for up to 48 hours. The lungs were paraffin embedded, sectioned and H&E
staining was performed at the Robert H. Lurie Comprehensive Cancer Center Pathology
Core. H&E staining was analyzed using SPOT software.

For immunostaining, 5 um thick sections were de-paraffinized in two changes of xylene, 10
minutes each. Sections were hydrated in ethanol, 100% (2 times), 95%, 70% and 50%, 5
minutes each. Samples were then washed in deionized water and the antigens retrieved by
heating in 1x Target Retrieval Solution, Citrate pH 6 (Dako) for 20 min at 95 °C followed by
cooling to room temperature. For staining, sections were washed in PBS and blocked in PBS
with 1% BSA, 1% donkey serum, 0.3% Triton-X 100 and 0.01% sodium azide for 1 hour at
room temperature. Primary antibodies (Supplementary Table S1) were diluted in blocking
buffer and incubated overnight at 4 °C. Samples were washed 3 x 10 minutes in PBS and
incubated for 1 hour with fluorophore-conjugated secondary antibodies (Supplementary
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Table S1) in blocking buffer. Slides were then washed three times in PBS with 0.1% tween
20, counterstained with DAPI and mounted in Fluoromount-G (Southern Biotech).
Fluorescence was visualized using a Nikon A1R confocal microscope at the Center for
Advanced Microscopy at Northwestern University and images analyzed using NIS Elements
(Nikon) and ImageJ/Fiji (National Institute of Health).

Lewis Lung Carcinoma Xenograft Model

RT-PCR

5 x 10° LLC cells (ATCC) were injected subcutaneously into the flanks of C57BI/6 mice.
The tumors were allowed to develop for 8 days at which point the tumor dimensions were
measured using calipers. Tumors were measured and volumes determined using the formula
volume = [(width? x length) x 0.5] with width being the smaller of the two measurements
every 48 hours until the study was completed (36). Following the first tumor size
measurement, mice were randomly placed in groups and treated with HDL NPs (5 doses
over 10 days, 200 pl, 1 uM HDL NP) or left untreated. Following treatment, mice were
sacrificed and the tumors were excised and weighed.

MDSCs were isolated as detailed above and cultured at a concentration of 1 x 10° cells/ml.
MDSCs were treated with HDL NP (50 nM) or left untreated for 48 hours at which point
MRNA was isolated using an RNeasy kit (Qiagen). 200 ng of RNA was converted to cDNA
using iScript cDNA synthesis kit (Bio-Rad). After cDNA synthesis samples were diluted 10
times in nuclease-free water. Quantitative RT-PCR was then used to amplify and measure the
cDNA with PerfeCTa SYBR Green mastermix (Quanta) on a CFX Connect RT-PCR
Detection System (Bio-Rad). (For primers see Supplementary Table S2).

Statistical Analysis

RESULTS

Data were expressed using + standard deviation of at least triplicate experiments. GraphPad
Prism version 6 was used to analyze data. Microscopy and flow cytometry were analyzed
using ImageJ/Fiji and FlowJo V10 or FCS Express, respectively. P values were calculated
using a two-tailed Student’s T-test of unpaired samples and statistical significance was
considered significant if P < 0.05. *P < 0.05, **P < 0.01, and ***P < 0.001.

CD11b*Ly6G* and CD11b*Ly6C" cells express SCARB1 and are targeted by HDL NPs

Initially, we investigated immune cell expression of SCARBL1 and if, by extension, HDL
NPs targeted these cells after systemic administration. First, we isolated immune cells from
the bone marrow, lymph nodes, and spleens of C57BI/6 mice and measured SCARB1
expression. Flow cytometry revealed substantial SCARB1 expression in CD11b*Ly6C*
monocytic cells and moderate SCARB1 expression in CD11b*Ly6G™ granulocytic cells
across all three immune foci (Fig. 1A and Supplementary Fig. SIA-C). With regard to
adaptive immune cells, SCARB1 was not expressed by T or B cells (Fig. 1A). Next, HDL
NPs were labeled with fluorescent dye (DiD) and administered to C57BI/6 mice via tail vein
injection to demonstrate specific targeting to SCARBL1* cells. At 24 hours, data showed that
HDL NPs targeted CD11b* cells (~86 + 2%) in the bone marrow (Fig. 1B). Further, both
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CD11b*Ly6G* and CD11b*Ly6C™ cells in the bone marrow were targeted, but with a high
specificity toward CD11b*Ly6C™ cells (Fig. 1C and D). At three and five days following
injection, labeled MDSCs were no longer detected in the bone marrow (Supplementary Fig.
S2). Importantly, HDL NPs displayed no cytotoxic effects on CD11b*Ly6G* and CD11b
*Ly6C™ cells (Supplementary Fig. S3A and B). These data demonstrate that CD11b*Ly6G*
and CD11b*Ly6C™ cells express SCARB1 and are targeted by HDL NPs.

HDL NPs inhibit T cell suppression by MDSCs

In order to determine if HDL NP targeting of SCARB1 on CD11b*Ly6G* and CD11b*Ly6C
* cells impacts the adaptive immune cell balance in healthy mice, we systemically
administered HDL NPs (3x/week for 1 week) to C57BI/6 mice and then measured T cell
distributions in lymph nodes. We focused on T cells because of their capacity for robust anti-
tumor immune responses (6) and lymph nodes to sample multiple immune foci. Data show
that after systemic administration there was a significant increase in total CD4* and CD8* T
cells in the lymph nodes compared to control mice (Fig. 2A, Supplementary Fig. S4A and
B). Additionally, there were increased memory CD4* and CD8" T cells and a significant
increase in CD4* naive T cells (Fig. 2B and C). There was no significant change in the
effector populations of either T cell subset (Fig. 2D). Interestingly, the increased naive CD4*
T cells resulted from a relative reduction in CD4*CD62L~CD44~ T cells after HDL NP
treatment (Fig. 2E). As these data correlate with an established mechanism through which
MDSCs suppress T cell function, cleaving CD62L to prevent T cell homing to lymphoid
organs for activation (37), we went on to further characterize HDL NP effects on MDSCs.
Additionally, there was no difference in either M-MDSC (CD11b*Ly6C™*) or PMN-MDSC
(CD11b*Ly6G™) cells in lymph nodes after treatment (Supplementary Fig. S5). These data,
and SCARB1 expression in CD11b*Ly6G* and CD11b*Ly6C* cells, suggests that HDL
NPs interact directly with MDSCs to reduce their suppressive functions on T cells.

To test whether the measured differences in T cells were caused by an HDL NP-mediated
reduction in MDSC activity, we first isolated MDSCs from tumor-free mice and matured
them /n vitro prior to measuring their functional capacity to suppress T cell proliferation. We
measured the ability of the MDSCs to suppress CFSE-labeled T cell proliferation after
stimulation with anti-CD3/CD28 conjugated beads. After 48 hours of culture in a 2:1 ratio of
T cells to MDSCs, data reveal that HDL NPs significantly suppress the activity of MDSCs
resulting in enhanced CD4" and CD8* T cell proliferation (Supplementary Fig. S6A). Next,
we obtained similar data, but the MDSCs were isolated from mice with well-established
melanoma lung metastases. Mice were treated 3 times with either PBS or HDL NPs (every
48 hours, 100 pl, 1 pM) whereupon MDSCs were isolated from the bone marrow, and then
cultured with HDL NPs for 48 hours. As previously, CFSE-labeled T cells were stimulated
with anti-CD3/CD28 conjugated beads. Data show that MDSCs only exposed to PBS
considerably suppressed both CD4* and CD8" T cells at 2:1, 4:1, and 8:1 ratios (T
cells:MDSCs), and HDL NP treatment substantially relieved the inhibitive effects and
restored proliferation at each of the tested ratios (Fig. 2F, G and Supplementary Fig. S6B).
Mechanistically, at the molecular level, HDL NPs caused a reduction in the expression of
genes critical for MDSC-mediated T cell suppression including S100A9, inducible nitric
oxide synthase (NOS2), Arginase-1 (ARG1), chemokine (C-C motif) ligand 5 (CCL5), and
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tumor necrosis factor alpha (TNF- o) as measured by quantitative RT-PCR (Fig. 2H). In
order to verify that HDL NPs reduced MDSC suppression of T cell proliferation and the
changes in MDSC gene expression were not caused by HDL NP cytotoxicity, we isolated
MDSCs and treated them /n vitro with HDL NPs at 50 nM, 10 nM and 2 nM concentrations
for 48 hours. After the treatment period, cells were stained with LIVE/DEAD Fixable Aqua
Dead Cell Stain and the percentage of live cells was quantified using flow cytometry. Similar
to /n vivoresults, the data show that HDL NPs did not cause a significant reduction in cell
viability (Supplementary Fig. S7A, B).

HDL NPs reduce metastasis and increase survival in melanoma models

Given these data, we hypothesized that pre-treating a melanoma mouse model with HDL
NPs would prime T cells to reduce melanoma lung metastasis. Accordingly, we systemically
administered HDL NPs (3x/week for 1 week) to C57BI/6 mice prior to systemic
introduction of B16F10 melanoma cells (Fig. 3A). Two weeks later, mice were sacrificed
and the metastatic burden was quantified in the lungs. Data demonstrated that HDL NP
therapy drastically reduced lung metastasis with regard to the number and size of lesions
(Fig. 3B-D). Notably, /n vitro data demonstrate no direct cytotoxic effect of HDL or HDL
NPs on B16F10 melanoma cells (Supplementary Fig. S8). To test if HDL NP pre-treatment
translated to a significant increase in survival, the study was repeated and survival was
measured. Data clearly show a significant survival advantage for mice treated with only
three doses of HDL NPs prior to introduction of tumor cells (Fig. 3E). Finally, we utilized an
orthotopic primary tumor model of melanoma to demonstrate that HDL NPs increased
mouse survival as compared to PBS control treated mice. C57BI/6 mice received intradermal
injections of B16F10 melanoma cells. When the tumors became palpable, we treated the
mice with intravenous injections of HDL NP (100 ul, 1 uM) or PBS (100 pl) every 48 hours.
Data demonstrate a significant increase in survival of the HDL NP treated mice when
compared to those treated with PBS (Supplementary Fig. S9). Together these data
demonstrate that HDL NP treatment reduced melanoma metastasis and significantly
increased survival.

SCARBL1 is necessary for the anti-metastatic functions of HDL NPs

To unequivocally implicate SCARBL1 targeting by HDL NPs, the /n vitro suppression of
SCARBL1 -/- MDSCs on T cell proliferation was measured after HDL NP treatment
compared to controls treated with PBS. SCARB1 —/- MDSCs inhibited T cell proliferation
atall T cell:MDSC ratios (2:1, 4:1, 8:1), but, unlike MDSCs isolated from wild-type mice
(Fig. 2F), HDL NP treatment did not inhibit MDSC activity and increase T cell proliferation
when compared to controls (Fig. 4A, B and Supplementary Fig. S6B). These data
demonstrate that HDL NPs function through SCARBL to regulate MDSC function.

Further, in order to demonstrate the /n vivo function of HDL NPs on MDSC activity using
SCARBL -/- mice, we applied the same pre-treatment regimen and melanoma model as was
employed above for wild type mice. Convincingly, data showed that HDL NPs had no effect
in SCARB1 —/- mice at reducing lung metastasis when compared to controls (Fig. 4C, D
and Supplementary Fig. S10). In fact, both PBS control and HDL NP-treated SCARB1 -/-
mice demonstrated increased metastasis compared to wild-type mice (Fig. 4C and D). The
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finding of increased metastasis may be due to the fact that SCARB1 —/— mice demonstrate
high circulating HDL (38), which can bind SCARB1 expressed by the B16F10 cells and
enhance metastasis and proliferation (39). To further explore, wild-type mice were lethally
irradiated and then transplanted with bone marrow obtained from SCARB —/- mice. This
allowed for the generation of wild-type mice with myeloid cells that do not express
SCARBL1 (BMT, Supplementary Fig. S11). Like in the SCARB1 —/- mice, HDL NP
treatment did not reduce melanoma lung metastasis versus PBS in the BMT mice (Fig. 4C,
D). Also, the number of lung metastases in both the PBS and HDL NP treated BMT groups
were not statistically different from the numbers measured in wild-type mice treated with
PBS, but were statistically different from the reduced numbers measured in the wild-type
mice treated with HDL NP (Fig. 4D). Finally, transplanting the SCARB1 —/- bone marrow
to wild-type mice reduced the number of metastases observed from the numbers measured in
the mice with global SCARB1 knockout (Fig. 4D). In short, HDL NPs clearly and
selectively target SCARBLI to release an innate immune checkpoint imparted by MDSCs.

Inhibition of MDSCs with HDL NPs leads to reduced metastasis and increased CD8"* T cell
in the metastatic microenvironment

Next, we sought to demonstrate that HDL NP therapy administered after metastatic disease
had been established would bolster T cell-mediated tumor clearance. To this end, we
initiated melanoma lung metastasis by systemic administration of B16F10 cells, and waited
5 days to allow for development of florid lung metastases. We then treated the mice with
HDL NPs (3x/week for two weeks) (Fig. 5A). After treatment, the mice were sacrificed and
the lung metastatic burden was measured. In addition, immune cells in the tumor
microenvironment were quantified using flow cytometry and immunohistochemistry. Data
demonstrated reduced lung metastatic burden in mice treated with HDL NPs (Fig. 5B, C and
Supplementary Fig. S12A~C). Furthermore, HDL NP treatment profoundly increased the
number of cytotoxic CD8" T cells, and decreased M-MDSCs both in the lung and in the
metastatic tumor microenvironment as measured by flow cytometry and IHC, respectively
(Fig. 5D-1). Furthermore, HDL NP treatment led to a reduction in CD4* cells as measured
by flow cytometry (Fig. 5E). Upon closer inspection by IHC, this was likely the result of a
reduction in FOXP3* T regulatory cells (Fig. 5H and J). Additionally, in the tumor
microenvironment, we measured a decrease in the ratio of F4/80* cells (macrophages) to
CD3* T cells after HDL NP treatment (Supplementary Fig. S13A and B). Collectively, these
data demonstrate that HDL NPs potently enhance an adaptive immune response in the tumor
microenvironment of established metastases and significantly reduce disease burden.

HDL NPs significantly reduce Lewis lung carcinoma growth

In order to demonstrate that HDL NPs were effective in treating more than melanoma, we
utilized another syngeneic murine model and measured tumor response with and without
HDL NP treatment. Lewis lung carcinoma (LLC) xenografts were established in C57BI/6
mice and the ability of systemically administered HDL NPs to slow LLC progression was
tested. Tumors were initiated by injecting 5 x 10° LLC cells subcutaneously into the flank of
each mouse. The tumors were measured 8 days following the initial injection and every 48
hours thereafter. On day 9, once the tumors reached ~50 mm3, the mice were treated
intravenously with 200 ul of 1 uM HDL NPs for a total of 5 doses over the subsequent 10
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days. Data show a significant reduction in the volume and weight of the tumors after
treatment with HDL NPs (Fig. 6A—C). HDL NPs are not inherently toxic to cultured LLC
cells (Supplementary Fig. S14). These data are noteworthy because they demonstrate that
HDL NPs can effectively slow the progression of multiple cancer types.

DISCUSSION

High-density lipoprotein nanoparticles are capable of therapeutically activating an adaptive
immune response by targeting SCARB1 expressed by MDSCs. Using HDL NPs, our data
are the first to implicate SCARB1 expression by MDSCs as a target for therapy. Data in
healthy mice reveal that HDL NP targeting of MDSCs may modulate the balance of the
immune system to reduce immune suppression and activate T cell-mediated immunity.
Further, /n vitro data using MDSCs obtained from mice with existing melanoma lung
metastases support that HDL NP targeting of SCARB1 reduces MDSC-mediated
suppression and enhances CD8" and CD4™" T cell proliferation, with a more pronounced
effect on the CD8* T cells (40). /n vivo data collected in murine models of cancer clearly
show that HDL NP binding to SCARB1 reduces the ability of MDSCs to inhibit T cell
mediated immune responses to cancer through molecular mechanisms, summarized in Fig.
S15, which include reduced MDSC expression of ARG1, NOS2, and CCL5. SCARB1
targeting data were confirmed using MDSCs isolated from SCARB1 -/- mice using /in vitro
and /n vivo model systems. Ultimately, from a therapeutic standpoint, HDL NP treatment
significantly reduced tumor growth, metastatic tumor burden, and increased survival by
enhancing adaptive immunity.

With regard to HDL metabolism, our data are consistent with other studies that employed
apoA-1 knockout mice demonstrating that these mice were much more prone to tumor
growth and metastasis. In this model, apo A-I infusions led to reduced metastasis and tumor
burden (19, 20). However, the mechanism through which apo A-1 achieved this response was
not identified. Additional studies implicate the other two known transporters of cholesterol
to HDLs, ATP binding cassette transporters Al and G1 (ABCAL and ABCG1), in the
proliferative abilities of hematopoietic stem cells with an emphasis on myeloid progenitor
cells (17). Data showed that proliferation of these cells was increased in mice lacking both
ABCA1/ABCGL, and reduced myeloid progenitor cell proliferation was achieved by
infusing HDL, but not apo A-I. Finally, data from humans suggest that serum levels of
HDLs and apo A-I correlate with a reduced incidence of cancer, metastasis, and cancer-
associated mortality (21). Collectively, these findings substantiate our data demonstrating
that HDL NPs target SCARB1 expressed by MDSCs, reduce their function, and enhance
anti-tumor immunity.

High-density lipoproteins function to transport cholesterol, and cholesterol metabolism is
known to play a critical role in the proliferation of myeloid cells (41). For instance, patients
receiving HMG-CoA reductase inhibitors (i.e. “statins™), which inhibit the rate-limiting step
in de novo cholesterol synthesis, have reduced neutrophil and monocyte counts, further
demonstrating the importance of cholesterol metabolism to myeloid cell homeostasis (42).
Utilizing the HDL NP, a mimic of mature spherical HDL that binds SCARBL, enabled us to
identify and implicate this receptor on MDSCs. The potency of the HDL NP at reducing
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MDSC functions is attributed to tight binding of SCARB1 imparted by the gold nanoparticle
core that stabilizes the HDL NP size and shape, which has been shown to potently reduce
cellular cholesterol (22, 26). Therefore, specifically reducing cellular cholesterol by
targeting SCARB1 with HDL NPs has great potential to suppress the function of MDSCs.

Our data, and work by others (43), demonstrate that, in addition to MDSCs, macrophages
express SCARBLI. In the tumor microenvironment macrophages can be polarized to an M1,
tumor inhibitive, or M2, tumor promoting, phenotype (44). The current work does not
address differences in macrophage polarization in the tumor microenvironment due to HDL
NP treatment. However, data obtained using the established melanoma tumor model show
that HDL NP treatment reduced the F4/80*:CD3 cell ratio in the tumor microenvironment,
and did not appear to change the number of F4/80* cells in the tumor microenvironment.
Further studies of HDL NPs on macrophages and macrophage polarization are underway.

Targeting MDSCs can be an extremely effective cancer treatment especially in combination
with other drugs (45). Recently, researchers have shown that suppressing MDSCs with non-
specific DNA methyltransferase and histone deacetylase inhibitors can eradicate tumors
resistant to conventional checkpoint blockade (46). There has also been significant
discussion focused on preventing the recruitment of MDSCs to the tumor site by targeting
the chemokine receptors CXCR2 and CXCR4 and colony stimulating factor 1 receptor
(CSF1R) (47). Ultimately, targeting MDSCs and inhibiting their suppressive functions is a
promising treatment, especially alongside other immune activators, to treat cancer. Certainly,
exquisite targeting of SCARBL1 by HDL NPs provides a new strategy to reduce MDSC
activity and enhance antitumor immunity.

In summary, our data conclusively demonstrate that SCARBL1 is expressed by MDSCs.
Engaging this receptor by HDL NPs inhibits MDSC function and activates an adaptive
immune response to cancer. Interestingly, our data also point to the importance of
cholesterol metabolism to MDSC biology. From a therapeutic standpoint, HDL NPs may
augment the efficacy of existing immunotherapies whose function is drastically reduced by
MDSCs. Therefore, combination therapies using HDL NPs with conventional checkpoint
inhibitors or cell therapies, may provide significant therapeutic benefit. In short, SCARB1-
targeted HDL NP therapy may be effective for multiple diseases, like cancer, potentiated by
MDSCs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HDL NP-DiD, first gating for HDL NP-DiD* cells, to determine the percentage of HDL NP-
DiD™ cells that are CD11b*. C, HDL NPs were labeled with the DiD fluorophore and
administered to WT mice. 24-hours later, bone marrow was isolated and the labeled immune
cell distribution was determined by flow cytometry. D, Quantification of HDL NP uptake
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(top) as percent of CD11b*, HDL NP-DiD* cells that are Ly6C* or Ly6G* and the
distribution (bottom) as percent of CD11b* cells that are Ly6C™* or Ly6G™ cells; Pvalues:
**P < 0.01 by two-tailed T test.
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A, After treating WT mice with either PBS or HDL NP (3x/week for 1 week), immune cell
distributions in lymph nodes were analyzed by flow cytometry to quantify CD4* and CD8*
T cells with regard to total T cells of each subtype, B, memory T cells, C, naive T cells, D,
effector T cells, E, and CD62L"CD44™ naive T cells. F, After CFSE staining, T cells were
stimulated using anti-CD3/CD28 conjugated beads and co-cultured for 48 hours with
isolated MDSCs at 4:1 and 8:1 ratios (T cells:MDSC) isolated from mice treated with HDL
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NP or PBS. Flow cytometry determined CFSE labeling in CD4* and CD8* T cells in order
to evaluate suppressive effects of MDSCs. Arrows represent the general shift (red = less
proliferation and green = more proliferation) in the CFSE signal of the cell population
relative to its PBS or HDL NP treated counterpart. G, Quantification of the proliferative
index, defined by the normalized number of T cell proliferations in F. H, After treating
MDSCs with HDL NPs, gene expression was quantified by RT-PCR for S100A9, NOS2,
Argl, CCL5 and TNF-a. with comparison made to PBS treated control MDSCs. A-H, P
values: *P< 0.05, **P< 0.01 and ***P < 0.001 by two-tailed T test.
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Figure 3.
Metastasis and survival of mice pre-treated with HDL NPs prior to tumor cell

administration. A, Time-line of C57BI/6 metastatic lung colonization assay of mice treated
with HDL NP (100 ul, 1 uM) or PBS (control) and inoculated with 1 x 10° B16F10 cells. B,

Lung colonization 2-weeks after tumor inoculation. Surface metastases appear as darkly
pigmented lesions. C, H&E staining of lungs of mice from B. D, Quantification of the

number of surface metastases in B. E, Survival curve of PBS and HDL NP pre-treated mice

after inoculation with B16F10 cells showing increased survival after HDL NP treatment
(n=15 per group). *P=0.0183 by Log-rank test. Pvalues: *P< 0.05 by two-tailed T test.
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Figure 4.

SCARBL requirement for HDL NP activity. A, T cells stained with CFSE and stimulated
with anti-CD3/CD28 conjugated beads were co-cultured for 48 hours with MDSCs isolated
from tumor bearing SCARB1 —/— mice at ratios of 4:1 and 8:1 (T cell:MDSC). The mice
had been treated with HDL NP or PBS. Flow cytometry determined CFSE labeling in CD4*
and CD8* T cells in order to evaluate suppressive effects of SCARB1 —/— MDSCs. Arrows
represent the general shift (red = less proliferation and green = more proliferation) in the
CFSE signal of the cell population relative to its PBS or HDL NP treated counterpart. B,
Quantification of the proliferative index, defined by the normalized number of T cell
proliferations in A. C, B16F10 lung colonization in wild-type, SCARB1 -/- bone marrow
transplant into wild-type mice (BMT), and global SCARB1 knockout mice with and without
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HDL NP pre-treatment. D, Quantification of the surface metastases in C. Pvalues: **P <
0.01 and n.s.= not significant by two-tailed T test.
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Figure5.
Effect of HDL NPs on established melanoma metastasis. A-J, B16F10 lung metastases were

established for 5 days and then treatment was initiated with HDL NPs for two weeks. A,
HDL NP treatment timeline. B, Representative images showing metastatic lung burden after
HDL NP treatment. C, Quantification of lung metastases in B. D-F, Flow cytometry analysis
of digested lungs of mice with B16F10 metastasis after HDL NP treatment D, Total percent
PMN- and M-MDSCs. E, CD4* and CD8* T cell population subsets. F, Total effector CD8*
T cell percentage. G, IHC of lung sections for CD8* T cell (red) and Gr-1 (green) tumor
infiltration after HDL NP treatment in mice with metastases. H, IHC of lung sections
showing T regulatory cells in the lungs of B16F10 metastasis bearing mice after HDL NP
treatment. |, Quantification of CD8*:GR1™ cells infiltrating the metastatic tumor in G. J,
Quantification of the number of T regulatory cells in H. C-J, Pvalues: *P< 0.05 and **P<
0.01 by two-tailed T test.
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Figure®6.

HDL NPs inhibit Lewis Lung Carcinoma tumor growth. A-C, LLC tumor xenograft study in
C57BI/6 mice. A, LLC tumors excised from C57BI/6 mice following treatment with
phosphate buffered saline (PBS) or HDL NPs. B, LLC growth curve as measured by volume
(mm3) over the HDL NP treatment course. C, The weight (g) of the LLC tumors shown in
figure A. B and C, Pvalues: *P< 0.05 by two-tailed T test.
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