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ABSTRACT

Normal human cells can either synthesize or uptake cholesterol from lipoproteins to meet their
metabolic requirements. Some malignant cells absolutely require cholesterol uptake from
lipoproteins for survival because de novo cholesterol synthesis genes are transcriptionally silent
or mutated. Recent data suggest that lymphoma cells dependent upon lipoprotein-mediated
cholesterol uptake are also dependent on the expression of the lipid hydroperoxidase enzyme
glutathione peroxidase 4 (GPX4) to prevent cell death by ferroptosis. Ferroptosis is an oxygen-
and iron-dependent cell death mechanism that results from the accumulation of oxidized lipids
in cell membranes. To study mechanisms linking cholesterol uptake with ferroptosis, we
employed lymphoma cell lines known to be sensitive to cholesterol uptake depletion and treated
them with high-density lipoprotein-like (HDL) nanoparticles (HDL NPs). HDL NPs are a
cholesterol-poor ligand of the receptor for cholesterol-rich HDL, scavenger receptor type B-1
(SCARBL). Our data reveal that HDL NP treatment activates a compensatory metabolic
response in treated cells favoring de novo cholesterol synthesis, which is accompanied by
reduced expression of GPX4. As a result, accumulation of oxidized membrane lipids leads to
cell death through a mechanism consistent with ferroptosis. Furthermore, ferroptosis was
validated in vivo after systemic administration of HDL NPs in mouse lymphoma xenografts and
in primary samples obtained from patients with lymphoma. In summary, targeting SCARB1 with
HDL NPs in cholesterol uptake addicted lymphoma cells abolishes GPX4 and cancer cell death

ensues through a mechanism consistent with ferroptosis.
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INTRODUCTION

Despite long-term remission observed in some patients with lymphoma, greater than one
third of patients with the most common subtype, diffuse large B cell ymphoma (DLBCL), will
relapse or have disease that is refractory to primary treatment (1-3). This is especially the case
for patients in high-risk groups identified by molecular and clinical prognostic factors (4,5).
Experimental therapies for these patients, including immunotherapy and cell-based therapies,
have modest success rates, high cost, and toxicity (6,7). Thus, there is a significant need for a
new therapeutic approach.

Recently, DLBCL was identified as a cancer type particularly sensitive to cell death by
ferroptosis (8). Ferroptosis is an oxygen- and iron-dependent form of necroptosis characterized
by accumulation of cell membrane lipid and cholesterol peroxides that results from the targeted
inhibition of the lipid hydroperoxidase glutathione peroxidase 4 (GPX4) (9-11). Cells become
vulnerable to ferroptosis after GPX4 inhibition because the enzyme reduces and detoxifies lipid
peroxides (L-OOH) by converting them to corresponding lipid alcohols (L-OH) (8,10). Malignant
cells under oxidative stress are significantly more sensitive to ferroptosis because of higher
levels of reactive oxygen species and a reliance on GPX4 activity to mitigate toxic L-OOH
accumulation (12-14). This has driven significant interest in the development of treatments to
induce ferroptosis in cancer cells. Small molecule inhibitors of GPX4 have been developed and
tested, but they are toxic and lack specificity (15), which limits in vivo use and clinical relevance.

Data suggest a link between cellular cholesterol uptake and ferroptosis. For instance,
removal of lipoproteins from media used to culture ALK* anaplastic large T cell ymphoma (ALK*
ALCL) cell lines (SR-786, SUDHL1) and a histiocytic lymphoma cell line (U937) induced
ferroptosis (16). The data focused on the role of cholesterol-rich low-density lipoprotein (LDL)
binding to the LDL receptor (LDLR) as responsible for cholesterol delivery to the malignant cells.
Analyses of these cell lines revealed that a loss of squalene epoxidase expression (SQLE, aka

squalene monooxygenase, ALK* ALCL cells), through hypermethylation of its promoter region,
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or 3-ketosteroid reductase expression (HSD17B7, U937 cells), through a mutational defect,
rendered the cells auxotrophic for cholesterol. SQLE and HSD17B7 are rate-limiting enzymes in
de novo cellular cholesterol biosynthesis, which explains the cellular obligation for cholesterol
uptake. Inhibition of LDL-mediated cholesterol uptake by reduction of the LDLR reduced the
viability of ALK* ALCL cells and ALK* ALCL patient derived xenografts (PDX) in vivo, and
sensitized the cells to ferroptosis by GPX4 inhibitors. These data suggest that reduction of
cellular cholesterol uptake renders cells sensitive to ferroptosis; however, the mechanism
remains unclear.

Scavenger receptor type B-1 (SCARB1) is a high-affinity receptor for cholesterol-rich
high-density lipoproteins (HDL), which has been implicated as a target in human cancers based
upon its role in cancer cell cholesterol uptake (17-25) and in membrane-anchored second
messenger signaling pathways (21,26-29), among other factors (30-33). Our group developed
cholesterol-poor high-density lipoprotein (HDL)-like nanoparticles (HDL NPs) to target and
tightly bind SCARBL1 to prevent the cellular uptake of cholesterol ester from HDLs (21,24,34).
We have demonstrated that certain B cell lymphomas highly express SCARB1, and targeted
treatment with the HDL NPs potently induces in vitro and in vivo cell death by inhibiting
cholesterol ester uptake and reducing cell cholesterol (21,24,25). We have shown that HDL NP-
mediated inhibition of cholesterol ester uptake in highly sensitive B cell lymphoma cells,
including Burkitt’'s lymphoma (e.g. Ramos cell line) and DLBCL (e.g. SUDHL4 cell line), is
accompanied by compensatory increases in the expression of genes required for de novo
cholesterol synthesis (21). In fact, our data showed lymphoma cells not initially sensitive to HDL
NP-mediated cholesterol depletion, including activated B cell (ABC) lymphoma (e.g. TMD8 and
HBL-1 cell lines), exhibit a high baseline expression of de novo cholesterol biosynthesis genes
and higher cholesterol content relative to the highly sensitive lymphoma cell lines (21). These
data are consistent with the report by Chen et al showing that more active second messenger

pathways downstream of the B cell receptor (BCR) results in de novo cholesterol biosynthesis
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(35). In the case of the ABC lymphoma cells, our data show that cell death can be induced with
a synergistic combination of HDL NP and targeted inhibitors of downstream BCR tyrosine
kinases (21). Thus, our data show that targeting of SCARB1 by HDL NP with reduction of cell
cholesterol uptake and compensatory increase in de novo cholesterol biosynthesis is a potential
translational model for treatment of cholesterol uptake dependent lymphoma.

With this background our group explored whether or not HDL NP therapy targeting
SCARBL1 induced lymphoma cell death through a mechanism involving GPX4 and ferroptosis.
Initially, we employed a gene microarray as an unbiased approach to study changes in gene
expression caused by HDL NPs in a cholesterol uptake dependent lymphoma cell line. These
data revealed that HDL NPs obligate cellular expression of de novo cholesterol biosynthesis
genes, which is accompanied by reduced GPX4 expression. We show herein that reduced
GPX4 expression leads to an increase in membrane oxidized lipids and cell death through a
mechanism consistent with ferroptosis in cell lines, in an in vivo xenograft model, and in primary

samples obtained from patients with lymphoma.

MATERIALS AND METHODS

Cell Lines. The Ramos (RRID: CVCL_0597), SUDHL4 (CVCL_0539), Raji (CVCL_0511), Daudi
(CVCL_0008), SUDHL6 (CVCL_2206), Namalwa (CVCL_0067), Jurkat (CVCL_0367), SUDHL1
(CVCL_0538), SR-786 (CVCL_1711), and U937 (CVCL_0007) human cell lines were obtained
from ATCC and were used within 3 months of receipt and/or resuscitation. ATCC uses short
tandem repeat (STR) profiling to authenticate their cell lines prior to shipping. For SUDHL4
cells, Charles River Laboratories was contracted to test for mycoplasma contamination prior to
use in animal experiments. All cell lines were cultured in RPMI 1640 supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/ streptomycin at 37°C in a humidified, 5% CO-

incubator.
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HDL NP Synthesis. The HDL NPs were synthesized and quantified as previously described

(36). 5nm diameter citrate stabilized gold nanoparticles (AuUNP) were surface-functionalized
with apolipoprotein A-l, followed by addition of the phospholipids, 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-[3-(2-pyridyldithio)propionate] (PDP PE) and 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC). The HDL NPs were purified using the KrosFlo TFF
(Tangential Flow Filtration) system with a 50kDa cut-off PES module. The concentration of HDL
NPs was calculated using UV-Vis spectroscopy and Beer’s law.

To synthesize fluorescently labeled HDL NPs, the intercalating dye Dil (1,1’-Dioctadecyl-
3,3,3',3’-tetramethylindocarbocyanine perchlorate) was added at a 1uM final concentration
during the phospholipid addition step. Purification and quantification of the fluorescently labeled

HDL NPs was conducted, as described above.

HDL NP Binding to SCARB1 Assay. Ramos, SUDHL4, and Jurkat cells were incubated with Dil

HDL NPs (10nM) in standard culture media for 2 hours at 37°C, in the presence or absence of
the SCARBL1 blocking antibody (Novus Biologicals; 1:100; RRID: AB_1291690), and/or the
rabbit 1gG isotype control antibody (Novus Biologicals; 1:100). Cells were washed once with
1mL of ice-cold FACS buffer (PBS, 1% bovine serum albumin, 0.1% sodium azide) and re-
suspended in 500ul of ice-cold FACS buffer prior to flow cytometric analysis (BD LSR I

Fortessa). Data were analyzed using the FCS Express software.

Microarray Analysis. Ramos cells were treated with HDL NPs (40nM), human HDL (40nM) or

PBS for 48 hours prior to RNA isolation using the RNeasy Mini kit (Qiagen). RNA samples were
converted to cDNA libraries by the Northwestern University Genomics Core facility and were
then run on the Illlumina HT-12 microarray. A total of 3 biological replicates were run for each

condition. Data were analyzed by the Genomics Core facility, with a fold change of >1.5 or <-1.5
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and a p value < 0.05 considered significant. Microarray data are available at NCBI GEO under

accession number GSE98028.

Western Blot Analysis. Western blots were conducted as previously described (21). Blots were

imaged using the Azure 3000 imager. The SCARB1 antibody (Abcam, RRID: AB_882458;
1:1,000), the GPX4 antibody (Abcam, AB_941790; 1:5,000), the B-actin antibody (Cell Signaling
Technologies, AB_2223172; 1:3,000) and a secondary antibody (goat anti-rabbit HRP, Bio-Rad,

AB_11125142; 1:2,000) were used in these experiments.

RT-gPCR Analysis. Ramos, SUDHL4, SUDHL1, SR-786 and U937 cells were treated with HDL

NPs (20nM, 50nM), human HDL (hHDL; 50nM) or PBS for up to 72 hours, and RNA isolated
using the RNeasy Mini kit (Qiagen). In all cases, hHDL was added at an equimolar
concentration to HDL NPs based upon protein concentration, as previously described (24). RNA
samples (500ng RNA/ 30ul reaction) were reverse transcribed using a TagMan Reverse
Transcription kit, and gPCR was performed using Tagman Gene Expression Assays (Life
Technologies) on a BioRad CFX-Connect iCycler. Samples were standardized to B-actin, and
relative expression was calculated using the AACt method. Biological triplicates were run for

each condition.

C11-BODIPY Assay for Lipid Peroxidation. Ramos, SUDHL4, SUDHL1, SR-786 and U937 cells

(2.5 x 10° cells/ ml) were treated with HDL NPs (50nM) or PBS for 24, 48 or 72 hours. Following
treatment, C11-BODIPY (1uM final concentration; Thermo Fisher Scientific) was added to each
well and the cells were incubated for 30 minutes at 37°C, 5% CO.. The cells were then washed
twice with 1 X PBS, re-suspended in ice-cold FACS buffer and C11-BODIPY fluorescence in the
FITC channel quantified using the BD LSR Il Fortessa flow cytometer. Data were analyzed

using the FCS Express software.
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Cell Death (MTS) Assay. MTS assays (CellTiter; Promega) were conducted as described

previously (21,24). For the Ramos, SUDHL4, Raji, Daudi, Namalwa, SUDHL6 and Jurkat cells
were plated at a density of 2 x 10° cells/mL and cultured for 72 hours prior to assay. SUDHL1,
SR-786, and U937 cells were plated at a density of 5 x 10* cells/ mL and cultured for 5 days
prior to MTS assay. The SCARBL1 blocking and isotype control antibodies were added at a
dilution of 1:1000 to 1:250. Ferrostatin-1 and deferoxamine (DFO) were obtained from Sigma
Aldrich, and added at a final concentration of 1uM. MTS values were standardized to PBS

control.

Tumor Xenograft Model. All animal work was conducted in accordance with Northwestern

University’s IACUC and CCM facilities under an approved animal protocol (NU IACUC
1IS00002415). SCID-beige mice (4 to 6 weeks old; Charles River) were used for the SUDHL4
tumor xenograft study. Flank tumors were initiated using 1 x 10’ SUDHL4 cells per mouse.
Tumors were allowed to reach ~100mm? before HDL NP treatments began. Based on their
initial tumor volumes, mice were randomly divided into 2 groups, PBS (100uL) and HDL NPs
(100uL of 1uM NPs). Treatments (intravenous) were administered 3 times per week for 1 week.
Tumors were then harvested, and single cell suspensions generated by mechanically
dissociating the tumors and passing the cells through a 70-micron filter. C11-BODIPY (1uM final
concentration) was added to a fraction of the resultant cell suspension (1 x 10° cells) and flow
analysis was carried out as described above. RNA was isolated from the remainder of the cells

to quantify GPX4 expression by RT-gPCR, as described above.

Human Tissue Analysis. Archived, formalin-fixed, paraffin embedded tissue sections were

analyzed from patients with large B cell lymphoma and follicular lymphoma. All samples were

de-identified of all information other than final diagnosis. A total of 104 follicular lymphoma and
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49 diffuse large B cell ymphoma archival samples were obtained and stained for SCARB1

expression. Immunohistochemical staining of the sections was performed using a monoclonal
SCARB1 antibody (Abcam, AB_882458; 1:100 dilution) by the Pathology Core at the Robert H.
Lurie Comprehensive Cancer Center of Northwestern University. Liver and thymus specimens
were utilized as positive and negative controls, respectively. Bright field images were captured

at 10X and 40X magnifications.

Primary Lymphoma Cell Isolation and Analysis. Primary lymphoma cells were isolated from

excisional biopsies from patients with suspected B-cell ymphomas, in accordance with a
Northwestern University IRB-approved protocol (STU00208941; CSRC-1343). Samples were
de-identified of all information other than eventual final diagnosis, provided to investigators
approximately 1 week post excisional biopsy. A total of 7 samples were analyzed, with
diagnoses of follicular lymphoma (N = 4), T-cell rich diffuse large B cell ymphoma (N = 1),
diffuse large B cell ymphoma isolated from ascites fluid (N = 1), and non-GC [activated B cell
(ABC)] diffuse large B cell ymphoma (N = 1). The excised tissue was washed with 1 X PBS
and mechanically dissociated using two 18-G needles. The solution was then passed through a
70-micron filter, washed with 1 X PBS and centrifuged at 400 x g for 5 minutes at room
temperature. The cells were re-suspended in RPMI 1640 with L-glutamine and 25mM HEPES
containing 10% fetal bovine serum and 1% PenStrep. Cells were cultured at 1 x 10° cells/ mL
for 1 to 2 days. Following culture, CellSep Human CD19* selection kit (Stem Cell Technologies)
was used to enrich for CD19+ cells. Flow cytometry was used to quantify SCARB1 and CD19
expression. Data were analyzed using the FCS Express software.

To quantify cell death, CD19* enriched primary lymphoma cells were cultured in the
presence of PBS, human HDL, or HDL NPs for 72 hours. The cells were then collected, stained
with Annexin V-FITC and propidium iodide (PI) (Invitrogen), and run on the BD LSR Il flow

cytometer (BD Biosciences). Data were analyzed with the FCS Express software. The total
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dead cells were analyzed as the total Annexin V-positive cell population, in both the PI positive
and negative gates (Annexin V-FITC*/PI") and (Annexin V-FITC*/PI") cells. To quantify
ferroptosis in primary DLBCL cells, CD19+ enriched cells were cultured in the presence of PBS,
human HDL (100nM) or HDL NPs (100nM), in the presence or absence of ferrostatin-1 (final
concentration of 1uM). Viability was quantified as described above. Lipid peroxide

accumulation was measured using C11-BODIPY, as described above.

Statistical Analyses. Each in vitro cell line experiment was repeated 3 times. Based on our

previous experience with the SUDHL4 xenograft model, three mice were used per group. For
the primary lymphoma sample assays, each sample was run once, with N = 4 or more per
treatment group. One-way ANOVAs and student’s t-test were used to determine statistical
significance, where appropriate. All statistical analyses were calculated using the GraphPad

Prism software.

RESULTS

HDL NPs Bind to SCARB1 in Lymphoma. We previously demonstrated that Ramos and

SUDHL4 cells, which are well studied models of Burkitt's lymphoma (BL) and germinal center
DLBCL (GC DLBCL) respectively, highly express SCARBL1 (ref). Also, data showed that HDL
NPs target SCARB1 in SUDHL4 and Ramos cells, which resulted in cellular cholesterol
depletion and profound in vitro and in vivo cell death (21,24). Here, we verified the requirement
of SCARBL1 as a target of HDL NP in these lymphoma cells using an anti-SCARB1 blocking
antibody and fluorescently labeled HDL NPs. HDL NPs were fluorescently labeled using the
intercalating dye Dil, as previously described (21,37). Ramos and SUDHL4 cells were treated
with Dil HDL NPs for 2 hours followed by flow cytometric analysis. Dil HDL NP treatment
increased the fluorescent signal in both cell lines (Supplementary Figure 1a, b), which was

reduced by co-treatment with the SCARB1 blocking antibody (1:100 dilution) but not by an
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isotype control antibody (Supplementary Figure 1a, b). Dil HDL NP treatment of Jurkat cells,
a SCARB1" T cell leukemia/lymphoma cell line, did not result in increased fluorescent signal
over baseline (Supplementary Figure 1c), confirming that the HDL NPs target SCARBL1 in B
cell lymphoma. We next investigated whether other BL and GC DLBCL cell lines expressed
SCARB1 and if they were sensitive to HDL NP-induced cell death. The BL cell lines Raji, Daudi,
Namalwa and the GC DLBCL cell line SUDHL6 all expressed SCARB1 (Supplementary Figure
2a). HDL NP treatment potently induced cell death in all SCARB1* B cell lymphoma cell lines,
while having no effect on the SCARB1- Jurkat cell line (Supplementary Figure 2b). Inhibition of
HDL NP binding to SCARBL1 using an inverse serial dilution of the SCARB1 blocking antibody
protected all SCARBL1* cell lines from HDL NP-induced cell death in a dose-dependent manner,
and the SCARB1 blocking antibody did not result in cell death when added in isolation
(Supplementary Figure 2c-h). The isotype control antibody had no effect on HDL NP-induced

cell death (data not shown).

HDL NP Binding to SCARB1 Increases De Novo Cholesterol Biosynthesis and Reduces GPX4

Expression in Lymphoma. We performed an unbiased gene array study in Ramos cells to

broadly screen for changes in gene expression that may explain increased cell death induced
by HDL NP. As a control, we treated cells with either PBS or an equimolar concentration of
cholesterol-rich human HDL. We show that HDL NP treatment induces a robust increase in the
expression of genes involved in de novo cholesterol biosynthesis, as anticipated (Figure 1a;
Supplementary Figure 3). In addition, importantly, we found that GPX4 was suppressed upon
HDL NP treatment (Figure 1a; Supplementary Figure 3).

We confirmed decreased GPX4 expression using western blot analysis and conventional RT-
gPCR. Ramos and SUDHLA4 cells were treated with HDL NPs for up to 48 hours. We found that
HDL NP treatment profoundly reduced expression of GPX4 in both cell lines relative to PBS

control at both the protein (Figure 1b, c) and mRNA level (Figure 1d, e). By contrast, treatment
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with an equimolar concentration of cholesterol-rich HDL did not alter GPX4 protein or gene

expression (Figure 1a, b, c¢).

A
HDL NP Human HDL PBS
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Insulin Induced Gene-1,INSIG1
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Figure 1: HDL NPs Increase Expression of De Novo Cholesterol Synthesis Genes and
Reduce Expression of GPX4. A. Select gene microarray results from Ramos cells treated with
HDL NPs or human HDL (hHDL) for 48 hours. B, C. Western blot analysis of GPX4 expression
in Ramos (B) and SUDHL4 (C) cells treated with HDL NPs or hHDL for 48 hours. -actin was
used as a loading control. D, E. RT-gPCR analysis for GPX4 expression in Ramos (D) and
SUDHL4 (E) cells treated with HDL NPs for 24 or 48 hours. *p < 0.05 vs OnM.
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Figure 2: HDL NPs Induce Ferroptosis in B Cell Lymphoma Cells. A, B. Flow cytometric
analysis of C11-BODIPY fluorescence in Ramos (A) and SUDHL4 (B) cells treated with HDL
NPs (50nM) over time. *p < 0.05 vs. 0 hrs. C, D. Cell viability (MTS) assays for Ramos (C) and
SUDHL4 (D) cells treated with HDL NPs, Ferrostatin-1 (1uM) and/ or DFO (1pM) for 72 hours.

*p < 0.05 vs HDL NPs.

HDL NP Induces Ferroptosis in B Cell Lymphoma Cell Lines. Stockwell et al. (10), proposed two

metrics to distinguish ferroptosis from apoptosis and other forms of cell death: 1) Cell death

correlates with an increase in oxidized membrane lipids quantified by using C11-BODIPY, a

lipophilic fluorescent dye that has a unique spectral signature when oxidized and is used to

measure lipid peroxidation, and flow cytometry; and 2) Cell death can be reduced by addition of

a lipophilic antioxidant (e.g. ferrostatin-1) or an iron chelator [e.g. deferoxamine (DFO)]. Using

these parameters, we investigated whether HDL NPs induced ferroptosis in Ramos and

SUDHLA4 cells. In both cell lines, HDL NP treatment led to a dose-dependent increase in C11-

BODIPY signal over time (Figure 2a, b). Next, Ramos and SUDHL4 cells were cultured with

HDL NPs in the presence of either ferrostatin-1 or DFO and assayed for cell viability. Addition of

ferrostatin-1 and DFO significantly inhibited HDL NP induced cell death in Ramos (Figure 2c)


https://doi.org/10.1101/2020.06.16.155242
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.16.155242; this version posted June 17, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

and SUDHL4 (Figure 2d) cells. Taken together, these data demonstrate that HDL NPs induce

ferroptosis in Ramos and SUDHL4 cells.

HDL NP Induces Ferroptosis in Cholesterol Auxotrophic Lymphoma Cell Lines. Recently, a

number of cell lines were found to be auxotrophic for cholesterol, including the cell lines SR-786
(ALK* ALCL), SUDHL1 (ALK* ALCL), and U937 (isolated from histiocytic lymphoma, but of
myeloid lineage), among others (16). The ALK" ALCL cells were identified based upon reduced
viability when cultured in lipoprotein deficient serum, and the cell death phenotype was rescued
by addition of cholesterol-rich low-density lipoprotein (LDL) or free cholesterol. However,
because cells can uptake cholesterol by cholesterol-rich HDL binding to SCARB1, we studied
expression of SCARBL1 in ALK* ALCL and U937 cells. Data reveal SCARB1 expression in SR-
786, SUDHL1 and U937 cells (Figure 3a). Furthermore, treatment of each of the cell lines with
HDL NPs potently induced cell death (Figure 3b). Analyses of the following select de novo
cholesterol biosynthesis genes in SR-786, SUDHL1 and U937 cells after HDL NP treatment
demonstrated increased expression: INSIG1 (insulin induced gene-1), DHCR7
(dehydrocholesterol reductase 7) and HMGCS1 (HMG-CoA synthase 1) (Figure 3c). Similar to
the B cell ymphoma cell lines, HDL NP treatment potently reduced GPX4 expression at both

the RNA and protein levels (Figure 3d).
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Figure 3: Cholesterol Auxotrophic Cell Lines Express SCARB1 and HDL NP Treatment
Reduces Cell Viability and Alters Gene Expression. A. Western blot analysis of SCARB1
expression in SUDHL1, SR-786 and U937 cells. Ramos and Jurkat represent positive and
negative controls for SCARB1 expression, respectively. B-actin was used as a loading control.
B. Cell death (MTS) assay of SR-786, SUDHL1 and U937 cells treated with HDL NPs for 120
hours. *p < 0.05 vs PBS control. C. RT-gPCR analysis of cholesterol biosynthesis genes
INSIG1, DHCR7 and HMGCS1 in SR-786, SUDHL1 and U937 cells treated with HDL NPs


https://doi.org/10.1101/2020.06.16.155242
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.16.155242; this version posted June 17, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(20nM, 50nM) or human HDL (50nM) for 72 hours. *p < 0.05 vs PBS control. D. Western blot
(left) and RT-gPCR (right) analysis of GPX4 expression in SR-786, SUDHL1 and U937 cells
following 72-hour treatment with HDL NPs (20nM, 50nM) or human HDL (50nM). *p < 0.05 vs
PBS control.
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Figure 4: HDL NPs Induce Ferroptosis in Cholesterol Auxotrophic Cell Ines. A-C. Flow
cytometric analysis for C11-BODIPY fluorescence in SR-786 (A), SUDHL1 (B) and U937 (C)
cells treated with HDL NPs (50nM) over 72 hours. *p < 0.05 vs 0 hrs. **p < 0.01 vs. 0 hrs. ***p <
0.005 vs. 0 hrs. ****p < 0.001 vs. O hrs. D-F. Cell death (MTS) assays for SR-786 (D), SUDHL1
(E) and U937 (F) cells treated with HDL NPs, Ferrostatin-1 (1uM) and/ or DFO (1uM) for 120
hours. *p < 0.05 vs HDL NPs.
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Corresponding to the decrease in GPX4 expression, HDL NPs induced accumulation of
lipid peroxides in SR-786, SUDHL1 and U937 cells, as measured by C11-BODIPY flow
cytometry (Figure 4a, b, ¢). Addition of the ferroptosis inhibitors ferrostatin-1 and DFO rescued
SR-786, SUDHL1 and U937 cells from HDL NP induced cell death (Figure 4d, e, f), confirming
cell death by ferroptosis. Taken together, these data indicate that inhibition of cholesterol ester
uptake by HDL NP binding to SCARB1 induces ferroptosis in previously identified cholesterol

auxotrophic cell lines.

HDL NP Induces Ferroptosis In Vivo. We previously reported that HDL NPs specifically target

and significantly reduce tumor burden in xenograft models using SUDHL4 and Ramos cells
(21,24). To determine if systemic HDL NP treatment reduces GPX4 expression and increases
lipid peroxide accumulation in tumor cells in vivo, we established SUDHL4 tumor xenografts
(~100mm? in volume) in SCID-beige mice. The mice were then treated with PBS or HDL NPs
(100ul of 1uM HDL NP, 3X/ week for 1 week, i.v.). Following treatment, tumors were resected
and GPX4 expression and lipid peroxide accumulation were quantified by RT-gPCR and C11-
BODIPY staining, respectively. HDL NP treatment led to a down-regulation of GPX4 as
measured by RT-gPCR compared with PBS controls (Figure 5a), which correlated with an
increase in membrane lipid peroxide accumulation (Figure 5b). No adverse side effects were
observed after systemic administration of HDL NPs. These data show that HDL NPs induce
molecular changes consistent with ferroptosis in the SUDHL4 flank tumor xenograft model of

lymphoma previously demonstrated to be sensitive to HDL NP therapy (21).
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Figure 5. A. RT-gPCR analysis for GPX4 from SUDHL4 tumor xenografts isolated following
HDL NP treatment. *p < 0.05 vs PBS control. B. Flow cytometric analysis of C11-BODIPY
fluorescence in SUDHL4 tumor xenograft cells following HDL NP treatment. LEFT- Flow
histogram displaying C11-BODIPY fluorescence. RIGHT- Median fluorescent intensity (MFI)
graph. *p < 0.05 vs PBS control.

In Vivo SCARB1 Expression From Archival Patient Specimens. Our in vitro data suggest that

SCARBL1 is a useful biomarker to identify patients with lymphoma where this targeted approach
might be successful. We have previously reported, using microarray data from a cohort of
DLBCL patients from a single institution, that SCARB1 expression was increased in DLBCL
compared with normal naive and memory B cells (24). In order to confirm SCARB1 expression
from archival primary tissue, we performed IHC staining of formalin fixed paraffin embedded
DLBCL patient samples (Supplementary Figure 4a). In addition, SCARB1 expression in
follicular lymphoma (FL) was also investigated (Supplementary Figure 4a). Normal liver and
thymus tissue were used as positive and negative controls, respectively. SCARB1 expression
was observed in representative samples of both DLBCL and FL samples providing evidence

that this is a viable target in patients (Supplementary Figure 4a).

HDL NP Induces Cell Death in Primary Lymphoma Cells Obtained from Patients with

Lymphoma. To best determine potential clinical relevance, we investigated expression of
SCARB1 and whether HDL NPs induce cell death in primary B cell lymphoma cells derived from

fresh patient tissue. Primary cells were isolated from patients with a suspected diagnosis of
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lymphoma after obtaining informed consent under a NU IRB-approved protocol (STU00208941;
CSRC-1343). Ultimately, patients were found to have the following diagnoses: FL (Figure 6a-d),
large cell lymphoma (T-cell rich B cell ymphoma; Figure 6e), DLBCL (isolated from ascites
fluid; Figure 6f), and non-GC DLBCL (Supplementary Figure 4b). Cells were selected for
CD19 expression to enrich the biopsy tissue samples for lymphoma cells. This resulted in a
mixed population of normal B cells and B cell lymphoma cells. As we have previously shown,
normal B cells do not express SCARBL1 (24). Accordingly, flow cytometric analysis of the
patient samples demonstrated varying levels of SCARBL1 expression, as mentioned, likely the
result of the mix of normal and malignant B cells (Figure 6a-f; Supplementary Figure 4b).

All of the primary patient samples were incubated with HDL NP and assayed for cell
death. Cell death as a result of HDL NP exposure varied among the patient samples depending
upon the lymphoma subtype and relative level of SCARB1 expression. HDL NPs dose-
dependently induced cell death in the four FLs, T-cell rich B cell ymphoma, and ascites-isolated
DLBCL patient samples (Figure 6a-f; Supplementary Figure 4c). Addition of human HDL had
either no effect or significantly rescued the cells from cell death in culture (Figure 6a-f;
Supplementary Figure 4c). In the non-GC (ABC) DLBCL sample, HDL NPs did not induce cell
death at the concentrations tested (10 and 50nM; Supplementary Figure 4b) even with strong
SCARB1 expression. This finding is consistent with our prior published work using HDL NP as
monotherapy for ABC DLBCL (21). Collectively, these data confirm that HDL NP efficacy
against B cell lymphoma cell lines can be replicated in primary human SCARB1* B cell
lymphoma cells ex vivo.

To quantify if HDL NPs induce ferroptosis in the primary B cell lymphoma cells, DLBCL
cells isolated from ascites fluid were assayed for lipid peroxide accumulation and viability
following treatment with HDL NPs and/ or ferrostatin-1. HDL NP treatment led to an increase in
measured lipid peroxide accumulation, while human HDL treatment did not (Figure 69).

Correspondingly, addition of ferrostatin-1 reduced HDL NP induced cell death (Figure 6h).
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Taken together, these results demonstrate that the ability of HDL NPs to induce ferroptosis in
malignant cells is not restricted to immortalized cell lines. HDL NPs induce ferroptosis in primary

lymphoma cells obtained from patients with lymphoma.
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Figure 6. HDL NPs Induce Cell Death in Primary B Cell Lymphoma Cells Obtained From
Patients. A-F. SCARB1 expression (flow cytometry, LEFT) and viability (Annexin V/ Pl staining,
RIGHT) of primary B cell lymphoma cells isolated from patients with follicular lymphoma and
large B cell lymphoma, and treated with HDL NPs or human HDL for 72 hours (A-E) or 120
hours (F). A-D. Follicular lymphoma. E. T-cell rich large B cell ymphoma. F. DLBCL isolated
from ascites fluid. *p < 0.05 vs. PBS. **p < 0.01 vs. PBS. ***p < 0.001 vs. PBS. ****p < 0.0001
vs. PBS. G. Cell death assay (Annexin V/ Pl staining) for DLBCL cells from ascites fluid treated
with PBS, HDL NPs (100nM) or human HDL (100nM), with or without Ferrostatin-1 (1uM) for
120 hours. *p < 0.05 vs Treatment. H. Flow cytometry for C11-BODIPY fluorescence in DLBCL
from ascites fluid following treatment with PBS, HDL NPs (100nM) or human HDL (100nM) for
72 hours. *p < 0.05 vs PBS control.
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DISCUSSION

The cholesterol-poor HDL NP targets SCARBL1 in cholesterol uptake dependent
lymphoma cells. HDL NP binding to SCARBL results in a switch from a baseline dependence on
cholesterol uptake and high GPX4 expression, to one favoring de novo cholesterol biosynthesis,
which is accompanied by reduced expression of GPX4. As GPX4 is absolutely required by the
cancer cell to reduce the burden of membrane lipid peroxides, this metabolic switch leaves the
cancer cell particularly vulnerable. Accordingly, we show an increase in the accumulation of
oxidized membrane lipids and cell death through a mechanism consistent with ferroptosis.

Our data demonstrate that gene and protein expression of GPX4 is downregulated after
HDL NP exposure, and that this is likely mediated through the high-affinity receptor for
cholesterol-rich high-density lipoproteins, SCARB1 . Gene array and RT-gPCR data support
that HDL NPs mediate reduced levels of GPX4 by reducing transcription. We have shown that
lymphoma cell cholesterol depletion increases the activation of SREBP-1a, which increases de
novo cholesterol biosynthesis (21). SREBP-1a has been reported as a negative regulator of
GPX4 expression (38,39). While our data support this notion, more studies are required in order
to make definitive conclusions regarding this apparent reciprocal relationship. Furthermore, our
western blot data show a profound reduction in GPX4 which suggest post-translational
mechanisms that would further reduce GPX4. Certainly, in this regard, there is precedent in the
literature for lipid metabolism, in general, and intermediate metabolites in cholesterol
biosynthesis, in particular, involved in regulating GPX4 stability (16). Interestingly, inhibiting de
novo cholesterol biosynthesis using statins did not reduce GPX4 expression or induce
ferroptosis (40), suggesting that manipulation of de novo cholesterol biosynthesis is unable to
replicate the effects of HDL NP treatment. Further studies are required to better understand
mechanisms through which the HDL NP therapy may regulate GPX4 stability.

Pathways involving intermediates in the cholesterol biosynthesis pathway are interesting

in the context of the ALK+ ALCL (SR-786, SUDHL1) and U937 cell lines because of their
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shared inability to synthesize cholesterol due to enzymatic blockade induced by
hypermethylation or mutation, respectively. Our data show that HDL NP treatment increased
expression of de novo cholesterol synthesis genes and reduced expression of GPX4. In theory,
this could serve to even more drastically increase intermediates in the cholesterol biosynthesis
pathway that may serve an antioxidant function, but would only be effective at preventing
ferroptosis in the presence GPX4. While there have been significant contributions with regard to
understanding intermediates in the cholesterol biosynthesis pathway and their impact on GPX4
and ferroptosis (8,10,11,40), more work is needed in this regard. The HDL NPs provide a
unique tool for further mechanistic studies and likely have translational relevance.

We have also observed that HDL NP binding to SCARBL1 results in alterations in cell
membrane lipid raft microdomains (34), often sites of concentrated cell membrane second
messenger signaling cascades, such as the case with BCR (35). We have demonstrated that
HDL NPs synergize with inhibitors of specific receptor tyrosine kinases to induce cell death in
ABC DLBCL (21). Thus, it is also possible that HDL NP targeting SCARB1 modulates important
downstream second messenger signaling pathways in cholesterol uptake dependent
lymphomas and that this also contributes to ferroptosis.

Our data suggest that investigation of HDL NP in cholesterol auxotrophic cell lines is
warranted, despite the fact that these cells can uptake cholesterol via LDLs binding the LDLR.
SCARBL1 expression was measured in the three auxotrophic cell lines investigated, suggesting
that both the LDLR and SCARBL play a role in supplying the cells with cholesterol. Possible
explanations for our observation of potent reduction of GPX4 and ferroptosis after treatment
with HDL NP include the following: a) a reduction of cholesterol uptake through LDLR by HDL
NP; b) a dependence upon both LDLR and SCARBL1 for sufficient cholesterol uptake; or, c)
different cellular mechanisms related to cholesterol uptake through HDL via SCARBL1 (cell
membrane binding) versus LDL via LDLR (particle internalization). As mentioned above, and in

contrast to LDL/LDLR, HDL binding to SCARBL1 has been linked to intracellular signaling
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pathways, including the pro-survival PI3K/AKT pathway (41). A recent report suggests that a
decrease in GPX4 expression correlated with decreased phosphorylation of AKT (42). As such,
it is possible that engagement of HDL NPs to SCARBL1 not only prevents cholesterol influx but
also disrupts membrane anchored pro-survival signaling pathways that may, ultimately, impact
GPX4 expression. Regardless, targeted inhibition of cholesterol uptake by synthetic
nanoparticles built upon an inert core appears to be an important target in certain cholesterol
auxotrophic or cholesterol uptake dependent cancers.

In this study, and in many previous studies using the HDL NP as systemic therapy in
animal models, we have noted a lack of toxic side effects (21,24,25,37,43,44). We also reported
that HDL NP treatment of primary human hepatocytes and macrophages, the two most
abundant normal cell types that express SCARB1, did not result in toxicity and that each of the
normal cell types tightly regulated cholesterol homeostasis when treated with the HDL NP or
native human HDL (24). Coupled with data demonstrating the potent toxicity of HDL NPs
toward lymphoma cancer cells that have been reprogrammed to depend upon cholesterol
uptake and GPX4 expression to prevent ferroptosis, our working hypothesis to explain the lack
of toxicity is that normal cells do not have the same oxidative burden as the cancer cells and the
normal cells are able to maintain plasticity with regard to cholesterol metabolism.

In conclusion, we report that HDL NPs target SCARBL1 in cholesterol uptake and GPX4
dependent lymphoma cells revealing an apparent reciprocal oncometabolic response favoring
an increase in de novo cholesterol biosynthesis at the expense of GPX4 expression. Ultimately,
this results in the death of the cancer cells by ferroptosis while sparing normal, healthy cells. As
this metabolic profile is not unique to lymphomas, it is possible that HDL NPs may have
translational relevance in a range of cholesterol-addicted cancers that are sensitive to cell death

by ferroptosis following GPX4 depletion.


https://doi.org/10.1101/2020.06.16.155242
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.16.155242; this version posted June 17, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Author Contributions: J.S.R. synthesized HDL NPs used in all experiments, assisted in testing
HDL NP efficacy against primary patient derived lymphoma cells, assisted in conducting the in
vivo SUDHL4 tumor xenograft study, and conducted SCARB1 blocking antibody studies, HDL
NP binding assays, microarray analysis and RT-qPCR verification, and in vitro and in vivo
ferroptosis assays. A.Y.L. assisted in acquiring the primary patient derived lymphoma cells and
testing HDL NP efficacy. K.M.M. and A.E.C. assisted in conducting the in vivo SUDHL4 tumor
xenograft study. S.Y. assisted with cell culture work. T.T. and A.B. stained and analyzed
primary patient tissue samples for SCARB1 expression by IHC. J.M., R.K. and A.C. assisted in
acquiring patient tissue samples for IHC analyses. A.B. and R.K. assisted in acquiring primary
patient lymphoma samples for in vitro efficacy experiments. J.S.R., A.Y.L., R. K., C.S.T. and

L.I.G. designed the experiments, analyzed the data, and wrote the manuscript.

Acknowledgements

This work was supported by the Robert H. Lurie Comprehensive Cancer Center Cancer Center
Support Grant (RHLCCC CCSG) (LIG, CST) the National Institutes of Health/National Heart,
Lung, and Blood Institute for a Vascular Surgery Scientist Training Program grant
(T32HL094293) (JSR), the American Society of Hematology Research Training Award for
Fellows (AYL), the Department of Defense/Air Force Office of Scientific Research
(FA95501310192), the CRN Regenerative Nanomedicine Catalyst Award Program at
Northwestern University, and the National Institutes of Health/National Cancer Institute
(RO1CA167041) (CST) and the Brookstone, Shannahan and Mander Foundations (LIG). We
thank the RHLCCC Northwestern University (NU) Flow Cytometry Core Facility, the RHLCCC

NU Immunobiology Center Flow Cytometry Core Facility and the RHLCCC Pathology Core.


https://doi.org/10.1101/2020.06.16.155242
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.16.155242; this version posted June 17, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

REFERENCES

1. Cabanillas F, Shah B. Advances in Diagnosis and Management of Diffuse Large B-cell
Lymphoma. Clinical lymphoma, myeloma & leukemia 2017;17(12):783-96 doi
10.1016/j.clml.2017.10.007.

2. Hayat MJ, Howlader N, Reichman ME, Edwards BK. Cancer statistics, trends, and
multiple primary cancer analyses from the Surveillance, Epidemiology, and End Results
(SEER) Program. The oncologist 2007;12(1):20-37 doi 10.1634/theoncologist.12-1-20.

3. Heward JA, Kumar EA, Korfi K, Okosun J, Fitzgibbon J. Precision medicine and
lymphoma. Current opinion in hematology 2018;25(4):329-34 doi
10.1097/MOH.0000000000000437.

4, Limat S, Daguindau E, Cahn JY, Nerich V, Brion A, Perrin S, et al. Incidence and risk-
factors of CHOP/R-CHOP-related cardiotoxicity in patients with aggressive non-
Hodgkin's lymphoma. J Clin Pharm Ther 2014;39(2):168-74 doi 10.1111/jcpt.12124.

5. Morimoto Y, Conroy SM, Ollberding NJ, Henning SM, Franke AA, Wilkens LR, et al.
Erythrocyte membrane fatty acid composition, serum lipids, and non-Hodgkin's
lymphoma risk in a nested case-control study: the multiethnic cohort. Cancer Cause
Control 2012;23(10):1693-703 doi DOI 10.1007/s10552-012-0048-1.

6. Harkins RA, Patel SP, Flowers CR. Cost burden of diffuse large B-cell lymphoma. Expert
Rev Pharmacoecon Outcomes Res 2019;19(6):645-61 doi
10.1080/14737167.2019.1680288.

7. Pianko MJ, Moskowitz AJ, Lesokhin AM. Immunotherapy of Lymphoma and Myeloma:
Facts and Hopes. Clinical cancer research : an official journal of the American
Association for Cancer Research 2018;24(5):1002-10 doi 10.1158/1078-0432.CCR-17-
0539.

8. Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta R, Viswanathan VS, et al.
Regulation of ferroptotic cancer cell death by GPX4. Cell 2014;156(1-2):317-31 doi
10.1016/j.cell.2013.12.010.

9. Forcina GC, Dixon SJ. GPX4 at the Crossroads of Lipid Homeostasis and Ferroptosis.
Proteomics 2019;19(18):e1800311 doi 10.1002/pmic.201800311.

10. Stockwell BR, Friedmann Angeli JP, Bayir H, Bush Al, Conrad M, Dixon SJ, et al.
Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism, Redox Biology, and
Disease. Cell 2017;171(2):273-85 doi 10.1016/j.cell.2017.09.021.

11. Yang WS, Kim KJ, Gaschler MM, Patel M, Shchepinov MS, Stockwell BR. Peroxidation
of polyunsaturated fatty acids by lipoxygenases drives ferroptosis. Proc Natl Acad Sci U
S A 2016;113(34):E4966-75 doi 10.1073/pnas.1603244113.

12. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et al.
Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell 2012;149(5):1060-
72 doi 10.1016/j.cell.2012.03.042.

13. Intlekofer AM, Finley LWS. Metabolic signatures of cancer cells and stem cells. Nature
metabolism 2019;1(2):177-88 doi 10.1038/s42255-019-0032-0.

14. Zou Y, Palte MJ, Deik AA, Li H, Eaton JK, Wang W, et al. A GPX4-dependent cancer
cell state underlies the clear-cell morphology and confers sensitivity to ferroptosis. Nat
Commun 2019;10(1):1617 doi 10.1038/s41467-019-09277-9.

15. Eaton J, Furst L, Ruberto R, Moosmayer D, Hillig R, Hilpmann A, et al. Targeting a
Therapy-Resistant Cancer Cell State Using Masked Electrophiles as GPX4 Inhibitors.
bioRxiv 2018 doi 10.1101/376764.

16. Garcia-Bermudez J, Baudrier L, Bayraktar EC, Shen Y, La K, Guarecuco R, et al.
Squalene accumulation in cholesterol auxotrophic lymphomas prevents oxidative cell
death. Nature 2019;567(7746):118-22 doi 10.1038/s41586-019-0945-5.


https://doi.org/10.1101/2020.06.16.155242
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.16.155242; this version posted June 17, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

17. Bell JB, Rink JS, Eckerdt F, Clymer J, Goldman S, Thaxton CS, et al. HDL nanoparticles
targeting sonic hedgehog subtype medulloblastoma. Scientific reports 2018;8(1):1211
doi 10.1038/s41598-017-18100-8.

18. Cruz PM, Mo H, McConathy WJ, Sabnis N, Lacko AG. The role of cholesterol
metabolism and cholesterol transport in carcinogenesis: a review of scientific findings,
relevant to future cancer therapeutics. Frontiers in pharmacology 2013;4:119 doi
10.3389/fphar.2013.00119.

19. Gutierrez-Pajares JL, Ben Hassen C, Chevalier S, Frank PG. SR-BI: Linking Cholesterol
and Lipoprotein Metabolism with Breast and Prostate Cancer. Frontiers in pharmacology
2016;7:338 doi 10.3389/fphar.2016.00338.

20. King MA, Ganley IG, Flemington V. Inhibition of cholesterol metabolism underlies
synergy between mTOR pathway inhibition and chloroquine in bladder cancer cells.
Oncogene 2016;35(34):4518-28 doi 10.1038/onc.2015.511.

21. Rink JS, Yang S, Cen O, Taxter T, McMahon KM, Misener S, et al. Rational Targeting of
Cellular Cholesterol in Diffuse Large B-Cell Lymphoma (DLBCL) Enabled by Functional
Lipoprotein Nanopatrticles: A Therapeutic Strategy Dependent on Cell of Origin. Mol
Pharm 2017;14(11):4042-51 doi 10.1021/acs.molpharmaceut.7b00710.

22. Xu G, Lou N, Xu Y, Shi H, Ruan H, Xiao W, et al. Diagnostic and prognostic value of
scavenger receptor class B type 1 in clear cell renal cell carcinoma. Tumour biology : the
journal of the International Society for Oncodevelopmental Biology and Medicine
2017;39(5):1010428317699110 doi 10.1177/1010428317699110.

23. Xu GH, Lou N, Shi HC, Xu YC, Ruan HL, Xiao W, et al. Up-regulation of SR-BI promotes
progression and serves as a prognostic biomarker in clear cell renal cell carcinoma. Bmc
Cancer 2018;18(1):88 doi 10.1186/s12885-017-3761-z.

24. Yang S, Damiano MG, Zhang H, Tripathy S, Luthi AJ, Rink JS, et al. Biomimetic,
synthetic HDL nanostructures for lymphoma. Proc Natl Acad Sci U S A
2013;110(7):2511-6 doi 10.1073/pnas.12136571101213657110 [pii].

25. McMahon KM, Scielzo C, Angeloni NL, Deiss-Yehiely E, Scarfo L, Ranghetti P, et al.
Synthetic high-density lipoproteins as targeted monotherapy for chronic lymphocytic
leukemia. Oncotarget 2017;8(7):11219.

26. Durham KK, Chathely KM, Trigatti BL. High-density lipoprotein protects cardiomyocytes
against necrosis induced by oxygen and glucose deprivation through SR-B1, PI3K, and
AKT1 and 2. Biochem J 2018;475(7):1253-65 doi 10.1042/BCJ20170703.

27. Trigatti BL, Fuller M. HDL signaling and protection against coronary artery
atherosclerosis in mice. J Biomed Res 2016;30(2):94-100 doi
10.7555/JBR.30.20150079.

28. Zhang Y, Liao B, Li M, Cheng M, Fu Y, Liu Q, et al. Shear stress regulates endothelial
cell function through SRB1-eNOS signaling pathway. Cardiovasc Ther 2016;34(5):308-
13 doi 10.1111/1755-5922.12199.

29. Zhu W, Saddar S, Seetharam D, Chambliss KL, Longoria C, Silver DL, et al. The
scavenger receptor class B type | adaptor protein PDZK1 maintains endothelial
monolayer integrity. Circulation research 2008;102(4):480-7 doi
10.1161/CIRCRESAHA.107.159079.

30. Foit L, Giles FJ, Gordon LI, Thaxton CS. Synthetic high-density lipoprotein-like
nanoparticles for cancer therapy. Expert review of anticancer therapy 2015;15(1):27-34
doi 10.1586/14737140.2015.990889.

31. McMahon KM, Foit L, Angeloni NL, Giles FJ, Gordon LI, Thaxton CS. Synthetic high-
density lipoprotein-like nanoparticles as cancer therapy. Cancer treatment and research
2015;166:129-50 doi 10.1007/978-3-319-16555-4_6.


https://doi.org/10.1101/2020.06.16.155242
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.16.155242; this version posted June 17, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

32. McMahon KM, Plebanek MP, Thaxton CS. Properties of Native High-Density
Lipoproteins Inspire Synthesis of Actively Targeted In Vivo siRNA Delivery Vehicles. Adv
Funct Mater 2016;26(43):7824-35 doi 10.1002/adfm.201602600.

33. Mooberry LK, Sabnis NA, Panchoo M, Nagarajan B, Lacko AG. Targeting the SR-B1
Receptor as a Gateway for Cancer Therapy and Imaging. Frontiers in pharmacology
2016;7:466 doi 10.3389/fphar.2016.00466.

34. Plebanek MP, Mutharasan RK, Volpert O, Matov A, Gatlin JC, Thaxton CS. Nanoparticle
Targeting and Cholesterol Flux Through Scavenger Receptor Type B-1 Inhibits Cellular
Exosome Uptake. Scientific reports 2015;5:15724 doi 10.1038/srepl15724.

35. Chen L, Monti S, Juszczynski P, Ouyang J, Chapuy B, Neuberg D, et al. SYK Inhibition
Modulates Distinct PI3K/AKT- Dependent Survival Pathways and Cholesterol
Biosynthesis in Diffuse Large B Cell Lymphomas. Cancer Cell 2013;23(6):826-38 doi
10.1016/j.ccr.2013.05.002.

36. Luthi AJ, Lyssenko NN, Quach D, McMahon KM, Millar JS, Vickers KC, et al. Robust
passive and active efflux of cellular cholesterol to a designer functional mimic of high-
density lipoprotein. Journal of lipid research 2015 doi 10.1194/jlr.M054635.

37. Rink JS, Sun, W., Misener, S., Wang, J-J., Zhang, Z.J., Kibbe, M.R., Dravid, V.P.,
Venkatraman, S.S., Thaxton, C.S. Nitric Oxide-Delivering High-Density Lipoprotein-Like
Nanoparticles as a Biomimetic Nanotherapy for Vascular Disease. ACS applied
materials & interfaces 2018 doi 10.0121/acsami.7b18525.

38. Canettieri G, Franchi A, Sibilla R, Guzman E, Centanni M. Functional characterisation of
the CRE/TATA box unit of type 2 deiodinase gene promoter in a human choriocarcinoma
cell line. J Mol Endocrinol 2004;33(1):51-8 doi 10.1677/jme.0.0330051.

39. Stoytcheva ZR, Berry MJ. Transcriptional regulation of mammalian selenoprotein
expression. Biochimica et biophysica acta 2009;1790(11):1429-40 doi
10.1016/j.bbagen.2009.05.012.

40. Shimada K, Skouta R, Kaplan A, Yang WS, Hayano M, Dixon SJ, et al. Global survey of
cell death mechanisms reveals metabolic regulation of ferroptosis. Nat Chem Biol
2016;12(7):497-503 doi 10.1038/nchembio.2079.

41. Saddar S, Mineo C, Shaul PW. Signaling by the high-affinity HDL receptor scavenger
receptor B type |. Arteriosclerosis, thrombosis, and vascular biology 2010;30(2):144-50
doi 10.1161/ATVBAHA.109.196170.

42. Jiang B, Zhao Y, Shi M, Song L, Wang Q, Qin Q, et al. DNAJB6 Promotes Ferroptosis in
Esophageal Squamous Cell Carcinoma. Dig Dis Sci 2019 doi 10.1007/s10620-019-
05929-4.

43. McMahon KM, Mutharasan RK, Tripathy S, Veliceasa D, Bobeica M, Shumaker DK, et
al. Biomimetic high density lipoprotein nanopatrticles for nucleic acid delivery. Nano Lett
2011;11(3):1208-14 doi 10.1021/n11041947.

44, Plebanek MP, Bhaumik D, Bryce PJ, Thaxton CS. Scavenger Receptor Type B1 and
Lipoprotein Nanopatrticle Inhibit Myeloid-Derived Suppressor Cells. Molecular cancer
therapeutics 2018;17(3):686-97 doi 10.1158/1535-7163.MCT-17-0981.


https://doi.org/10.1101/2020.06.16.155242
http://creativecommons.org/licenses/by-nc-nd/4.0/

