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HDL Nanodiscs Loaded with Liver X Receptor Agonist
Decreases Tumor Burden and Mediates Long-term Survival
in Mouse Glioma Model

Troy A. Halseth, Anzar A. Mujeeb, Lisha Liu, Kaushik Banerjee, Nigel Lang, Todd Hollon,
Minzhi Yu, Mark Vander Roest, Ling Mei, Hongliang He, Maya Sheth, Maria G. Castro,*
and Anna Schwendeman*

Glioblastoma multiforme (GBM) is a highly aggressive primary brain tumor
with a 5-year survival rate of 7%. Previous studies have shown that GBM
tumors have a reduced capacity to produce cholesterol and instead depend
on the uptake of cholesterol produced by astrocytes. To target cholesterol
metabolism to induce cancer cell death, synthetic high-density lipoprotein
(sHDL) nanodiscs delivering Liver-X-Receptor (LXR) agonists and CpG
oligonucleotides for targeting GBM are investigated. LXR agonists synergize
with sHDL nanodiscs by increasing the expression of the ABCA1 cholesterol
efflux transporter, resulting in further depletion of cholesterol reserves
within tumors, and CpG oligonucleotides are established adjuvants used
in cancer immunotherapy that work through the toll-like receptor 9 pathway.
In the present study, treatment with GW-CpG-sHDL nanodiscs increases the
expression of cholesterol efflux transporters on murine GL261 cells leading
to enhanced cholesterol removal. Experiments in GL261-tumor-bearing
mice reveal combining GW-CpG-sHDL nanodiscs with radiation (IR)
therapy significantly increases median survival compared to GW-CpG-sHDL
or IR alone. Furthermore, 66% of long-term survivors from the GW-CpG-sHDL
+IR treatment group show no tumor tissue when rechallenged.
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1. Introduction

The current standard of care for GBM in-
cludes surgical resection, radiation therapy,
and chemotherapy with temozolomide.[1,2]

Surgical resection is limited in utility due to
the highly invasive nature of GBM tumors.
Furthermore, treatment with temozolo-
mide only increases survival by 2–3 months
beyond radiation and surgery and is also
limited by drug resistance in tumors.[1,2]

Because of this, it is critical to investigate
alternative treatment strategies for GBM.
Recent areas of research in GBM treat-

ments include immunemodulation to over-
come the suppressive tumor microenvi-
ronment, as well as treatments target-
ing cholesterol metabolism.[3–8] Previous
groups have demonstrated that adminis-
tering nanoparticles loaded with CpG, a
toll-like receptor (TLR) agonist, resulted in
potent immune stimulation and signifi-
cantly increased survival in glioma-bearing
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mice.[9] Other researchers have investigated cholesterol as a ther-
apeutic target in GBM in addition to direct immune cell stim-
ulation. Cholesterol accumulation in the tumor microenviron-
ment has been shown to induce CD8+ T-cell exhaustion by up-
regulating the expression of inhibitory receptors such as PD-1
and 2B4.[10] Importantly, previous studies have shown that treat-
ment of T-cells with B-cyclodextrin (which binds and removes
cholesterol from cells) can reverse T-cell exhaustion. Targeting
cholesterol is particularly attractive in GBM because of the alter-
ations in the expression of several genes related to cholesterol
synthesis and transport. It has been shown that GBM cells have
reduced expression of de novo cholesterol synthesis genes but ex-
press high levels of the low-density lipoprotein receptor (LDLR),
which is important for the uptake of cholesterol synthesized by
astrocytes.[4,5,8] This increased uptake of cholesterol enables the
tumor cells to proliferate more freely. Because cholesterol is the
primary energy source for tumor cells and is essential for tumor
cell survival, strategies aimed at lowering cholesterol levels have
been investigated for targeting GBM.[11–15] Villa et al. have shown
that treating GBM mice with the liver X receptor (LXR) agonist,
LXR-623, reduced tumor growth and increased the survival of
glioma-bearing mice. LXR agonists bind to nuclear receptors, in-
crease the expression of cholesterol efflux transporters ABCA1
and ABCG1, and trigger the degradation of LDLR through upreg-
ulation of IDOL E3 ligase.[13,14,16–18] These mechanisms all work
in concert to lower intracellular cholesterol levels, deprive the tu-
mor cells of cholesterol and trigger tumor cell death in GBM.
In the present study, we sought to combine the strategies of

immune stimulation and reduction of cholesterol levels by co-
delivery of CpG and the LXR agonist, GW3965, incorporated into
synthetic high-density lipoprotein nanodiscs (sHDLs). sHDLs
are 8–12 nm in size and are composed of apolipoproteinmimetic
peptides, in this case, 22A,[19] complexed with phospholipids.
sHDLs mimic naturally occurring pre-b HDL which contains
apolipoprotein A-I, phospholipids, and unesterified cholesterol
in the body, and can remove cholesterol and phospholipids from
cells through their interactions with the ABCA1 transporter.[20]

Because of this, sHDLs are an attractive nanocarrier system for
LXR agonists due to the inherent synergy wherein sHDL can
act as an acceptor of excess cholesterol that accumulates within
GBM tumor cells. In addition, a growing body of research from
our lab and other investigators demonstrates the therapeutic ef-
ficacy of sHDLs delivering LXR agonists in other diseases such
as atherosclerosis.[21–23] Our lab has also previously shown that
sHDL-mediated delivery of CpG and docetaxel improved survival
in GBM tumor-bearing mice.[19,24,25] Furthermore, sHDL nan-
odiscs have been administered to humans in Phase I/II clinical
trials, so there is established evidence of safety, which is advanta-
geous for translating sHDL-based therapies into the clinic.[19,26,27]

Our working hypothesis in this study is that treatment with
LXR agonists and CpG delivered by sHDL combined with stan-
dard radiation therapy would function as a more effective treat-
ment strategy in GBM tumor-bearing mice. To test this hypoth-
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esis, we treated glioma-bearing mice over the course of several
weeks with drug-loaded sHDL, free LXR agonist, radiation ther-
apy alone, or drug-loaded sHDL in combination with radiation
therapy. Following the treatment period, mice were rechallenged
with tumor cells after 90 days to evaluate changes in immune
protection against tumor growth.

2. Results

2.1. Preparation and Characterization of sHDL Nanodiscs
Containing LXR Agonists and CpG

Liver X Receptor (LXR) agonists have been investigated exten-
sively in targeting cholesterol accumulation, primarily in the con-
text of atherosclerosis. Given the dependency of glioblastoma
(GBM) tumors on cholesterol produced by neighboring astro-
cytes and the immunosuppression caused by cholesterol accu-
mulation in the tumor microenvironment, we prepared LXR
agonist-loaded synthetic high-density lipoprotein (sHDL) nan-
odiscs. sHDL represents an attractive carrier due to its inherent
synergy with LXR agonists, wherein sHDL can act as an acceptor
of cholesterol effluxed by target cells through direct interaction
with the ABCA1 transporter. In addition, the ability of sHDL to
deliver CpG antigens to immune cells andmore efficiently traffic
through tumors due to its small size (8-12 nm) has been previ-
ously demonstrated,[24,25,28] further supporting the use of sHDL
as a drug carrier.
In order to determine the effectiveness of sHDL-delivering

LXR agonists, we first synthesized nanodiscs with cholesterol-
modified CpG 1826 (chol-CpG) and 1 of 3 different LXR ago-
nists (GW3965 [GW], RGX104 [RGX], or T0901317 [T0]) incor-
porated into the membrane. sHDL nanodiscs were prepared as
previously described using a co-lyophilization method in which
the apolipoprotein mimetic peptide 22A, DMPC, and LXR ag-
onist were dissolved in acetic acid and freeze-dried overnight
(Figure 1A). The resulting lyophilized powder was then rehy-
drated in pH 7.4 PBS, followed by heating at 50 °C and cool-
ing on ice 3 times (above and below the transition temperature
of DMPC) to facilitate final sHDL assembly. The encapsulation
efficiency for all 3 drugs was >90% (final drug concentration
≈1.5 mg mL−1) as determined by UPLC-MS following the sep-
aration of Shdl encapsulated LXR agonists from free drug us-
ing a 7000k MWCO desalting column. Chol-CpG was inserted
into purified nanodiscs through the cholesterol moiety by incu-
bation with LXR agonist encapsulated-sHDL in PBS for 1 hour
at room temperature to yield the final LXR agonist and CpG co-
encapsulated sHDL nanodiscs (LXR-CpG-sHDL).
Following sHDL synthesis, the morphology of each formula-

tion was observed using negative-stain TEM (Figure 1B-D). The
TEM images revealed a similar disc-like morphology and parti-
cle size for each formulation. Nanodisc size and homogeneity
were further analyzed using dynamic light scattering (DLS). All
3 formulations were 10–12 nm in diameter with a polydispersity
index of ≈0.2 (Figure 1E). Analysis of each formulation via size-
exclusion chromatography revealed complete insertion of chol-
CpG into the sHDLmembrane, as no free chol-CpGwas detected
following the incubation (Figure 1F). The successful insertion of
chol-CpG was also evidenced by the reduction of surface zeta po-
tential after chol-CpG insertion due to the anionic nature of CpG
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Figure 1. Characterization of LXR agonist encapsulated sHDL-CpG nanodiscs (LXR-CpG-sHDL). Preparation workflow for LXR-sHDL-CpG nanodiscs
(A). Negative-stain TEM images of B) T0, C) GW, and D) RGX encapsulated nanodiscs. E) Particle size distribution of LXR-CpG-sHDL formulations
determined via DLS. F) The purity of nanodiscs determined using size exclusion chromatography with absorbance at 260 nm. G) Release profiles of LXR
agonists from sHDL particles in PBS containing BioBeads adsorbent media. N = 3, Mean ± SD.

moiety (Figure S1, Supporting Information). In order to compare
the stability of each LXR agonist within the sHDLmembrane, the
release profile of all 3 LXR agonists from sHDLnanodiscs was de-
termined in PBS containing BioBeads adsorbent media at 37 °C.
All 3 drugs showed complete release from the nanodisc within
48 h, with T0 having the most rapid release profile, followed
by more gradual release profiles for RGX and GW (Figure 1G).
Visual inspection of the T0-CpG-sHDL formulation during the
incubation revealed precipitation of free T0, which explains the
nearly complete release observed after 30 min.

2.2. In Vitro Efficacy of LXR-CpG-sHDL

The mechanism of action of LXR agonists has been well-
described in the literature, with their applications ranging from
atherosclerosis to cancer.[29] LXRs are nuclear receptors that,
when activated by LXR agonists, for heterodimers with Retinoid-

X-Receptors (RXRs) to regulate the expression of genes with
downstream effects ranging from cholesterol efflux to suppres-
sion of inflammation and immune cell modulation. After syn-
thesizing the 3 different LXR-CpG-sHDL, we next compared
their impact on cholesterol-transport gene expression, choles-
terol efflux, and cytotoxicity in mouse glioma cells. Among the
downstream genes affected by LXR activation, we chose to ana-
lyze LXRa, LXRb, and ABCA1, with our primary interest being
ABCA1 due to its role in cholesterol efflux and the loading of en-
dogenous HDL in the body. qPCR analysis following overnight
treatment with 5 μm LXR agonist (either free or incorporated into
sHDL) did not have a substantial impact on the mRNA levels of
LXRa or LXRb (Figure 2A,B), as only free RGX and RGX nan-
odiscs resulted in a minor (≈1.2-fold) increase in LXRb mRNA.
In contrast, all LXR agonist treatments resulted in signif-

icant increases in the mRNA levels of ABCA1 (Figure 2C),
with free GW and GW encapsulated nanodiscs resulting in
the most significant change (≈20-fold increase). Subsequent
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Figure 2. Efficacy of free LXR agonists and LXR-CpG-sHDL nanodiscs in GL26 cells. Changes in mRNA levels of A) LXR𝛼, b) LXR𝛽, and C) ABCA1
following treatment with 5 μm free or sHDL-loaded LXR agonists evaluated via qPCR. D) Changes in protein expression evaluated via western blot.
E) Radiolabeled cholesterol efflux from GL261 cells following 24-hour treatment with 1 μm LXR agonist or sHDL formulation. Viability of GL261 cells at
increasing concentrations of LXR-CpG-sHDL formulations. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. N = 3, Mean ± SEM.

analysis at the protein level by western blot revealed modest
increases in LXRa levels for each of the LXR treatments rela-
tive to DMSO (control) or blank sHDL-treated cells (Figure 2D).
In addition, only GW and RGX (free drug and sHDL formula-
tions) increased the amount of LXRb present. Consistent with
the qPCR data, all LXR treatments resulted in an increase
in ABCA1.
After confirming the LXR-loaded nanodiscs are able to in-

crease expression of the ABCA1 cholesterol efflux transporter,
we compared the effectiveness of each treatment with regards to
cholesterol removal from glioma cells, as this is expected to be
one of the main drivers of tumor cell death in vivo. To measure
cholesterol efflux, cells were loaded with radiolabeled cholesterol
[1,2-3H(N)] followed by 24-hour treatment with DMSO, blank
sHDL (no LXR agonist), free LXR agonist, or LXR agonist en-
capsulated sHDL nanodiscs (Figure 2E). As expected, given its
known role as a cholesterol acceptor, treatment with blank sHDL
resulted in modest (≈7%) cholesterol removal from the cells.
Treatment with free LXR agonists had aminimal effect (1-2%) on
cholesterol removal, which is to be expected given the lack of any
lipoprotein cholesterol acceptor present. Importantly, all 3 sHDL
formulations of the LXR agonists showed significant improve-
ments in cholesterol removal compared to blank sHDL, with T0-
and GW-encapsulated sHDL nanodiscs showing the highest %
cholesterol efflux (≈14%).
Each sHDL formulation was next compared in its ability to in-

duce cell death in glioma cells at increasing LXR agonist doses
(Figure 2F). All 3 LXR-CpG-sHDL formulations reduced cell vi-
ability to a similar degree in a dose-dependent manner at con-
centrations up to 5 μm (≈40% reduction in cell viability). Based

on the superior membrane retention/stability of the GW-CpG-
sHDL formulation and its high cholesterol efflux, the GW-CpG-
sHDL nanodiscs were selected for further investigation in hu-
man and mouse high-grade glioma cells and in glioma tumor-
bearingmice. To assess the efficacy of GW-CpG-sHDL nanodiscs
in inducing cell death and enhancing radio-sensitivity in high-
grade gliomas, we conducted cell viability assays using mouse
GL-26 EGFRvIII cells and two human patient-derived GBM cells,
HF2303 and MGG8, in conjunction with irradiation. We used
normal human astrocytes as control cells to assess any poten-
tial undesired cytotoxic effects of the nanodisc treatment. Cells
were exposed to saline, free-sHDL, CpG-sHDL, free-GW3965,
and GW-CpG-sHDL nanodiscs with or without irradiation. Our
findings indicate that treatment with increasing doses of either
free-GW3965 or GW-CpG-sHDL nanodiscs alone significantly
inhibited cell survival in a dose-dependent manner at concentra-
tions up to 5 μm in both mice (Figure 3B,C) and human glioma
cells (Figure 3D–G). Moreover, treatment with GW-CpG-sHDL
nanodiscs consistently reduced the survival of glioma cells tested,
with reductions ranging from 10% to 65%, 28% to 68%, and 16%
to 31%, compared to saline-treated controls for GL-26 EGFRvIII,
HF2303, and MGG8 cells, respectively. In contrast, normal hu-
man astrocytes showed minimal and biologically insignificant
cytotoxic effects following treatment with GW3965, GW-CpG-
sHDL, or empty-nanodisc (Figure S2, Supporting Information).
Notably, combined treatment with free-GW3965 or GW-CpG-
sHDL nanodiscs and irradiation increased radio-sensitivity, re-
sulting in a greater decrease in cell viability across all GBM cell
lines tested compared to treatment with free-sHDL, CpG-sHDL,
irradiation alone, or their combinations (Figure 3).
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Figure 3. In vitro activation of Liver X Receptor (LXR) and TLR9 through free GW3965 (LXR agonists), CpG-sHDL (TLR9 ligand loaded nanodiscs) and
GW-CpG-sHDL nanodiscs promotes cytotoxicity and enhances radiosensitivity in murine and human patient-derived glioblastoma cells. A) Schematic
illustration shows the timeline of the in vitro application of free-GW3965 and GW-CpG-sHDL nanodiscs in combination with radiation in mouse-
glioblastoma (GL26 EGFRvIII) and patient-derived glioblastoma cells (MGG8 and HF2303). B,C) GL26 EGFRvIII, D,E) HF2303, and F,G) MGG8 cells
were treated with either free-GW3965, empty-sHDL, CpG-sHDL, and GW-CpG-sHDL nanodiscs alone or in combination with radiation (3Gy for mouse
cells and 14 Gy for human cells) at 1, 2.5 or 5 μm doses for 72 h. sHDLs without GW3965 were tested in the same peptide and lipid concentrations
as GW-CpG-sHDL with specified GW3965 concentration. Bars represent mean ± SEM (n = 3 biological replicates). ns = not significant, *p<0.05 **p<
0.01, ***p< 0.0001, ****p< 0.0001.
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2.3. GW-CpG-sHDL Induces Caspase3/7-Dependent Apoptotic
Cell Death in High-Grade Gliomas

Reports disclosed that different LXR agonists can promote cell
death either by inhibiting LDLR expression or by enhancing the
anti-proliferative effect of BH3 mimetics in different solid tu-
mor models.[12,30–32] Additionally, these agonists can reduce the
suppressive functions of MDSCs on T cells by promoting apop-
tosis of MDSCs within the tumor microenvironment.[32] To ex-
plore whether GW-CpG-sHDL-induced cell death involves any
cell cycle phases, potentially corroborating apoptotic cell death
in glioblastoma, we performed cell cycle analysis using propid-
ium iodide (Figure S3, Supporting Information). Flow cytometry
revealed a significant increase in the sub-diploidal (sub-G0/G1)
population in both GL26 EGFRvIII and HF2303 glioblastoma
cells after 72 h of treatment with GW3965 and GW-CpG-sHDL
nanodiscs (Figure 4A,B). Specifically, the sub-diploidal popula-
tion increased to 18.37% and 33.6% for GL26 EGFRvIII and
23.77% and 34.93% for HF2303 with GW3965 and GW-CpG-
sHDL, respectively, compared to untreated or empty-nanodisc
controls (GL26 EGFRvIII: 1.21%, 1.23%; HF2303: 0.85%, 1.29%,
respectively). The increase was significantly greater with GW-
CpG-sHDL compared to GW3965 alone. Further analysis us-
ing the human patient-derived glioblastoma cells MGG8 under
similar conditions confirmed this trend, with the sub-diploidal
population increasing to 13.1% and 22.73% for GW3965 and
GW-CpG-sHDL, respectively, compared to 1.90% and 3.21%
for untreated and empty-nanodisc controls (Figure S4A, Sup-
porting Information). Again, GW-CpG-sHDL showed a signifi-
cantly higher effect than GW3965 alone. In contrast, normal hu-
man astrocytes exhibited only minimal and biologically insignifi-
cant changes in sub-diploidal populations (3.15%, 4.47%, 5.01%,
and 3.57% for untreated, GW3965, GW-CpG-sHDL, and empty-
nanodisc treatments, respectively (Figure S4B, Supporting Infor-
mation). Staurosporine-treated cells served as positive controls.
These findings indicate that GW-CpG-sHDL selectively increases
sub-diploidal populations in glioblastoma cells, suggesting apop-
totic activity, while sparing normal human astrocytes. This un-
derscores its potential for targeted therapeutic strategies in
glioblastoma.
Apoptosis can be triggered by several factors, leading to the

activation of executioner caspases. Among these, caspase 3/7
death proteases are indispensable and are frequently activated
during drug treatment, driving cells toward programmed cell
death.[33,34] To investigate whether caspase 3/7 activation con-
tributes to GW-CpG-sHDL-induced cell death in mouse and hu-
man glioblastoma cells, we performed a luminescence-based
caspase-3/7 activation assay on mouse glioblastoma, human
glioblastoma, and normal human astrocytes (Figure S4C, Sup-
porting Information). We found that GW3965 and GW-CpG-
sHDL significantly increased the caspase-3/7 activity in GL26
EGFRvIII (Figure 4C) andHF2303 (Figure 4D) glioblastoma cells
at 12 h, compared to empty-nanodisc treated or untreated cells.
Moreover, GW-CpG-sHDL elicited significantly higher caspase-
3/7 activity than GW3965 alone in both GL26 EGFRvIII and
HF2303 cells (Figure 4C,D). Similarly, in human glioblastoma
MGG8 cells treated under identical conditions, caspase-3/7 ac-
tivity was significantly elevated after treatment with GW3965 and
GW-CpG-sHDL, with the highest activity observed in GW-CpG-

sHDL treated cells (Figure 4D). In contrast, caspase-3/7 activ-
ity remained low and biologically insignificant in normal hu-
man astrocytes treated with the same nanodiscs (Figure S4E,
Supporting Information). Staurosporine and DMSO-treated cells
served as positive and negative controls, respectively, in all ex-
perimental groups. These findings confirm that GW-CpG-sHDL-
induced cell death involves caspase-3/7 in both mouse and
human glioblastoma cells while sparing the normal human
astrocytes.

2.4. Post-Operative Recurrence of GBM Necessitates Intracranial
Administration

Developing effective treatments for patients with Glioblastoma
Multiforme (GBM) continues to be a challenge in clinical neuro-
oncology. The current standard of care for GBM patients involves
surgical resection of the tumor mass, complemented by radia-
tion therapy and adjuvant temozolomide (TMZ). However, due
to the invasive nature of gliomas and their proximity to critical
brain structures, complete tumor removal is not always feasi-
ble. Factors such as aggressive tumor behavior or the presence
of residual disease increase the risk of early recurrence. The site
of glioma recurrence is typically concentrated around the bound-
aries of the resected area (Figure 5). Therefore, it is crucial to
inject therapeutic agents directly along these margins to mini-
mize the risk of tumor recurrence. By targeting the peripheral
regions of the resected tumor site, we can ensure that residual
tumor cells, which are often responsible for recurrence, are ef-
fectively treated. This localized delivery approach enhances the
concentration of the therapeutic agent where it is most needed,
thereby improving the chances of long-term remission and re-
ducing the likelihood of the tumor returning.

2.5. Efficacy of GW-CpG-sHDL Nanodiscs in Glioma Bearing
Mice

To fully elucidate the combination effects of GW3965 and CpG,
we conducted experiments with the following treatment groups:
saline (median survival [MS] = 25 days), sHDL (MS = 26 days),
GW3965+CpG (MS = 27 days), sHDL-CpG+IR (MS = 30 days),
and GW3965+CpG+IR (MS = 38 days) (Figure S5, Supporting
Information). The sHDL group showed a marginal increase in
median survival compared to saline, while the GW3965+CpG
group demonstrated a slight improvement. Notably, the combi-
nation of sHDL-CpG with IR significantly enhanced median sur-
vival compared to saline. The most substantial improvement was
observed in the GW3965+CpG+IR group, which showed a me-
dian survival of 38 days. This was the only group that showed a
significant improvement in median survival compared to saline,
indicating a significant synergistic therapeutic effect. These find-
ings underscore the enhanced efficacy of combining GW3965,
CpG, and IR, providing substantial survival benefits and support-
ing their potential as a robust therapeutic strategy for glioblas-
toma. To assess the efficacy of GW-CpG-sHDL nanodiscs in
vivo, GBM-bearing mice were treated with 4 doses of saline,
free GW3965, or GW-CpG-sHDL nanodiscs over a 2-week treat-
ment period (Figure 6A). Since radiation therapy is the current
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Figure 4. Cell cycle distribution and caspase 3/7 activation in mouse and human glioblastoma cells following treatment with LXR agonist and LXR
agonist-loaded nanoparticles. A) Mouse GL26 EGFRvIII and B) human HF2303 cells were treated with either free-GW3965, empty sHDL, CpG-HDL, or
GW-CpG-sHDL nanodiscs at a concentration of 5 μm for 72 h. Staurosporine (0.5 μm) served as a positive control for 12 h. sHDLs without GW3965
were tested using the same peptide and lipid concentrations as those used in GW-CpG-sHDL treatments, with corresponding GW3965 doses. Cells
were harvested and fixed in 70% ethanol, stained with propidium iodide, and analyzed via flow cytometry. The percentage of cells in the sub-G1 phase
(indicative of hypodiploid DNA content), is shown in each panel. Bar graphs display the “% of the population” in different cell cycle phases, with statistical
significance of other treatment groups compared to the untreated control. To assess caspase 3/7 activation, C) GL26 EGFRvIII and D) HF2303 cells were
treated with either free-GW3965, empty-sHDL, CpG-HDL, or GW-CpG-sHDL nanodiscs at concentrations of 1, 2.5, or 5 μm for 12 h. The Caspase–Glo 3/7
apoptosis assay showed a significant increase in normalized luminescence values in treated groups compared to the untreated control, indicating pro-
apoptotic bioactivity in a dose-dependent manner. Staurosporine (0.5 μm) and DMSO (20%) were used as positive and negative controls, respectively,
for 12 h (data presented in the inset). Values represent the mean ± SEM of three independent experiments with four replicates per condition. Data
were analyzed using one-way ANOVA followed by post hoc Tukey’s test and unpaired Student’s t-test to assess significant differences between groups.
Statistical significance relative to the untreated control is indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 5. An illustrative example of predicting tumor recurrence using in-
traoperative optical imaging and machine learning models to detect and
quantify diffuse glioma infiltration. A) Intraoperative stimulated Raman
histology (SRH) is used to image the surgical margin of diffuse glioma re-
section cavities.Within fresh, unprocessed, unstained surgical specimens,
tumor infiltration can be identified using transformer-based deep neural
networks. Our SRH models provide interpretable visualizations to assess
the degree of tumor infiltration within surgical specimens from diffuse
glioma patients. Top, a tumor specimen is sampled from the contrast-
enhancing core of a glioblastoma. The dense tumor is identified using
our SRH tumor infiltration heatmaps. Middle, specimens were sampled
from the medial and lateral margins of the resection cavity at completion
of the operation. No tumor infiltration was identified at the lateral surgi-
cal margin; however, sparse tumor infiltration was noted within the white
matter at the medial surgical margin at completion of the surgery. b, MRI
of the same patient at first evidence of radiographic recurrence. A nod-
ule of contrast-enhancing tissue was noted on the medial aspect of the
resection cavity. Intraoperatively, dense recurrence identified on SRH was
noted within the surgical specimen sampled from this area of radiographic
recurrence. Our SRH tumor infiltration model identified definitive tumor
infiltration within the specimen.

standard of care for GBM, we tested the efficacy of free GW3965
and GW-CpG-sHDL alone or in combination with two cycles of
radiotherapy on the survival of tumor-bearing mice. The results
showed that treatment with IR alone increased the median sur-
vival (MS) to 34 days compared to the saline group MS = 28
(Figure 6B). Administration of free GW3965 or GW-CpG-sHDL
increased themedian survival to 34 days and 33 days, respectively,
with GW-CpG-sHDL treatment resulting in 1 long-term survivor.
Combining GW3965 treatment with IR showed negligible im-
provement compared to either treatment alone (MS = 35). Inter-
estingly, treatment with GW-CpG-sHDL in combination with IR
resulted in substantial improvements in survival compared to ei-
ther treatment alone (MS = not reached), with 60% of the mice
surviving long-term.

The long-term survivors from the GW-sHDL-CpG + IR treat-
ment group were rechallenged with glioma cells implanted in the
contralateral hemisphere. They received no additional treatment
in order to assess the development of immunological memory.
Compared to saline-treated mice (MS = 25), the rechallenged
survivors showed significantly improved survival, with 2 of the
3 mice showing no tumor after the rechallenge (Figure 6C).
Subsequent analysis of brain sections from long-term sur-

vivors showed no evidence of intracranial tumor after 60 days
of tumor cell implantations. (Figure 7). In contrast, hematoxylin
and eosin (H&E) staining of saline-treated mice showed the
presence of the tumor. In the long-term survivors who under-
went the combination therapy, no discernible regions exhibit-
ing hemorrhages, necrosis, or invasion were observed (Figure 7).
To evaluate the potential impact of the combination treatment
on the surrounding brain architecture, immunohistochemical
(IHC) staining was performed employing glial fibrillary acidic
protein (GFAP) and myelin basic protein (MBP) as markers for
assessing the integrity of the myelin sheath. The results demon-
strated no apparent alterations in brain architecture among the
mice subjected to the combined GW-CpG-sHDL+IR treatment
compared to the control group (Figure 7).
Immunohistochemical analysis was conducted to evaluate the

immune landscape within the brain following treatment, em-
ploying markers TMEM119, IBA1, CD80, and CD8. TMEM119,
indicative of microglia, showed increased presence in the tumor
microenvironment and adjacent brain tissue of saline-treated
mice, signifying heightened microglial activation (Figure 7).
Conversely, the combination therapy group exhibited fewer
TMEM119+ cells, suggesting reduced microglial activation and
a less inflammatory environment. IBA1, a marker for microglia
and macrophages, was more prevalent in saline-treated mice, in-
dicating elevated microglial and macrophage activity, whereas
the combination therapy group showed reduced IBA1+ cells,
correlating with diminished inflammation and tumor burden.
CD80, a co-stimulatory molecule on activated antigen-presenting
cells, was more abundant in the tumor microenvironment of
saline-treatedmice, reflecting active immune response, while the
long-term survivors from the combination therapy group had
fewer CD80+ cells, indicating decreased immune activation due
to effective tumor control. CD8, a marker for cytotoxic T lym-
phocytes, was present in saline-treated mice, indicating an im-
mune attempt to combat the tumor, whereas long term long-
term survivors from combination therapy exhibited lower CD8+
T cells. Collectively, these findings indicate that the combination
therapy modulates immune cell presence and activity, reducing
microglial and macrophage infiltration (TMEM119 and IBA1),
maintaining effective immune surveillance (CD8), and reducing
unnecessary immune activation (CD80). This balance likely con-
tributes to the observed therapeutic success and long-term sur-
vival in treated mice.
Additionally, we conducted the immunohistochemical (IHC)

analysis of brain tumor sections from control and treated mice at
day 30 post-tumor implantation;12 Days after the last treatment
time point study. Figure 8 reveals significant differences in tu-
mormorphology (Figure 8B,C), immune response (Figure 8D,E),
and cellular markers (Figure S6B,C, Supporting Information) be-
tween control and treated brain tumor sections. H&E staining of
brain tumor sections shows larger, more invasive tumor regions
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Figure 6. Efficacy of GW-CpG-sHDL nanodiscs is GL261-tumor-bearing mice. A) Outline of treatment schedule with mice receiving saline, IR, free
GW3965, GW-CpG-sHDL, GW3965 + IR, or GW-CpG-sHDL + IR at the indicated timepoints. B) Kaplan–Meier survival curves for each treatment group.
C) Survival curve of rechallenged survivors from the GW-CpG-sHDL + IR group. N = 5 mice per group. *p<0.05, **p<0.01.

in the control group compared to smaller, well-defined tumor
boundaries in treated mice (Figure 8B,C). CD8+ T-cell staining
reveals markedly increased cytotoxic T-cell infiltration in treated
tumor sections compared to controls, highlighting the activation
of an anti-tumor cytotoxic immune response. Similarly, CD4+
T-cell staining shows elevated helper T-cell presence in treated
tumors, supporting the role of adaptive immunity in enhancing
treatment efficacy (Figure 8B,C). The percentage of CD4+ and
CD8+ cell percentages in brain tumor sections from control and
treated mice at day 30 post-tumor implantation; 12 days after the
last treatment was also assessed, Both CD4+ (p-value: 0.00026)
and CD8+ (p-value: 0.000078) cell percentages were found signif-
icantly higher in the treated group compared to the saline group
(Figure 8D,E). Myelin basic protein (MBP) staining shows exten-
sive myelin loss in control tumors, while treated sections exhibit
better preservation ofmyelin integrity, indicating reduced tumor-
associated damage. Glial fibrillary acidic protein (GFAP) staining
indicates higher astrocyte activation at tumor margins in control
sections, while treated tumors show reduced glial reactivity. Iba1
staining highlights dense microglial activation and infiltration in
control tumors, which is significantly diminished in treated sec-
tions (Figure S6B,C, Supporting Information).

We also evaluated a panel of biomarkers for each treatment
group’s healthy liver and kidney function from the initial sur-
vival study (Figure S7, Supporting Information). Serum levels
of creatine, BUN, ALT, ALB, ALKP, and TPRO did not signifi-
cantly change as a result of any of the treatments. In addition,
H&E staining of liver sections from saline-treatedmice and long-
term survivors revealed no adverse treatment effects on the liver
(Figure S8, Supporting Information).
These data demonstrate that treatment with GW-CpG-sHDL

combined with IR can elicit a potent antitumor response, lead-
ing to long-term survival and immunological memory with no
measurable adverse effects on the brain tissue or major periph-
eral organs.

2.6. Tumor Progression and Bioluminescence Imaging

The results show the therapeutic efficacy of GW-sHDL-CpG
combined with irradiation (IR) in reducing tumor progres-
sion in tumor-bearing mice compared to saline-treated con-
trols. Bioluminescence imaging (BLI) showed a consistent
increase in tumor radiance over time in the saline group,
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Figure 7. H&E and Immunohistochemistry staining of 5 μm paraffin-embedded brain sections from saline-treated mice and long-term survivors from
GW-CpG-sHDL treated mice. The combination therapy group exhibits reduced immune cell activation and infiltration, indicating a modulated immune
response and contributing to therapeutic success and long-term survival. Low magnification (black scale bar = 50um for nestin and CD68, 100 μm
for other staining images). High magnification (black scale bar = 20 μm). Representative images from a single experiment consisting of independent
biological replicates are displayed.
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Figure 8. Immunohistochemical analysis of brain tumor sections from control and treated mice at day 30 post-tumor implantation; 12 days after the
last treatment. A) Outline of treatment schedule for the 30-day timed experiment. B,C) H&E staining shows reduced tumor burden in treated mice
compared to extensive tumor growth in controls. CD8+ T-cell staining reveals markedly increased cytotoxic T-cell infiltration in treated tumor sections
D,E). Similarly, CD4+ T-cell staining shows elevated helper T-cell presence in treated tumors. Bar graph showing the percentages of F) CD8+ (left) and
G) CD4+ (right) cells in the saline (blue) and treated (red) groups. Both CD4+ (p-value: 0.00026) and CD8+ (p-value: 0.000078) cell percentages are
significantly higher in the treated group compared to the saline group.
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Figure 9. Tumor progression and the efficacy of GW-CpG-sHDL + IR treatment. A) Schematic representation of the timed treatment timeline for saline
and GW-CpG-sHDL + IR groups. Tumors were implanted on Day 0. Treatment with GW-CpG-sHDL and irradiation began on Day 7 and continued until
Day 18, with irradiation (IR) administered at specified time points. B) Bioluminescence imaging (BLI) showing tumor progression in saline-treated
group C) (BLI) showing tumor progression in GW-CpG-sHDL + IR-treated mice over the treatment period. Each row represents BLI data from days 3,
7, 14, 21, and 28 for the saline group while for GW-CpG-sHDL treatment group days 7, 14, 21, 28, and 32, highlighting tumor radiance for all mice in
both groups. D-E. Individual bioluminescence radiance plots for mice in the saline group (left panel) and the GW-CpG-sHDL + IR group (right panel).
Radiance (photons/sec) was plotted over time, showing progressive tumor growth in the saline group and tumor suppression in the GW-CpG-sHDL +
IR group.

indicating unchecked tumor growth. In contrast, mice treated
with GW-sHDL-CpG + IR exhibited significantly reduced tumor
radiance, suggesting effective tumor suppression. This reduc-
tion in tumor burden was observed consistently across all treated
mice, as evident from the lower intensity of bioluminescent sig-

nals compared to saline-treated animals (Figure 9B,C). Radiance
plots revealed a sharp increase in radiance over time in the
saline group, reflecting aggressive tumor growth(Figure 9D,E).
Conversely, mice in the GW-sHDL-CpG + IR group exhibited
a peak in tumor radiance, followed by a significant decline,
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Table 1. Tumormetrics between saline andGW-CpG-sHDL treated groups.

Area [mm2] Radius [mm] Volume [mm3]

Saline m1 20.57 2.56 27.43

Saline m2 13.04 2.04 17.39

Saline m3 19.61 2.5 26.14

Mean ± SEM 17.74 ± 2.37 2.37 ± 0.16 23.65 ± 3.15

Treated m1 1.87 0.77 2.49

Treated m2 0.2 0.25 0.26

Treated m3 3.71 1.09 4.94

Mean ± SEM 1.93 ± 1.01 0.70 ± 0.24 2.56 ± 1.35

indicating a reduction in tumor viability and effective tumor con-
trol (Figure 9). These findings highlight the potential of the GW-
CpG-sHDL + IR combination therapy to suppress tumor pro-
gression, with a marked difference in tumor dynamics compared
to untreated controls.

2.7. Tumor Volume

The results provide a comparison of tumor characteristics be-
tween saline-treated and GW-CpG-sHDL-treated groups, high-
lighting significant differences in tumor volume, radius, and
cross-sectional area. In the saline group, tumor volumes were
found to have an average volume of 23.65 mm (Table 1). Individ-
ual measurements for saline-treated mice (m1, m2, m3) exhib-
ited volumes ranging from 17.39 to 27.43 mm3, demonstrating
larger tumor sizes.
Conversely, GW-CpG-sHDL treated groups showed markedly

reduced tumor metrics, with an average volume of 2.56 mm3,
indicating the reduction in tumor sizes with the treatment. Indi-
vidual measurements for treated mice revealed volumes as low
as 0.26 mm3. These results indicate an effective treatment strat-
egy for glioma, with substantial reductions in overall tumor size
compared to the saline group.

3. Discussion

Glioblastoma remains an extremely difficult disease to treat to
date. Despite radiation therapy, chemotherapy, and surgical re-
section, these tumors always recur. Glioblastoma patients have
an average survival of 14 months post-diagnosis even with ad-
vanced treatments. The highly invasive nature of the tumor
makes complete resection of the tumor unrealistic, and the de-
velopment of resistance to temozolomide highlights the need for
new treatment strategies to be developed for GBM. Considering
the high recurrence rate, therapies capable of driving immuno-
logical memory against the tumor are particularly attractive for
GBM.
Overcoming drug delivery challenges to the central ner-

vous system, particularly for glioblastoma, is a major focus
in medical research. The blood-brain barrier (BBB) restricts
therapeutic agents, limiting treatments like surgery, radiother-
apy, and chemotherapy. Researchers are exploring nanoparticle-
based systems to address these limitations and reduce systemic
toxicities.[35–37] For example, Apolipoprotein E (ApoE) is being
studied to enhance drug delivery to the brain.[36] ApoE interacts

with BBB receptors, which are also present in glioblastoma cells.
ApoE-functionalized nanosystems, like polymersomes, can nav-
igate the BBB and target glioblastoma, improving therapeutic
delivery. Additionally, apoptotic proteins like granzyme B (GrB)
show potential for glioma immunotherapy.[36] GrB, from natu-
ral killer cells and cytotoxic T lymphocytes, induces cell death
through mitochondrial attack. Recent studies use ApoE-directed,
redox-responsive virus-mimicking polymersomes to deliver GrB
to glioblastoma cells, enhancing delivery and opening new pos-
sibilities for targeted immunotherapy.[36]

In this study, we developed a synthetic high-density lipopro-
tein nanodisc platform aimed at reducing cholesterol concentra-
tion within the tumormicroenvironment and delivering CpG ad-
juvants to drive a robust antitumor immune response. One of
the central components of this platform is the Liver X Recep-
tor agonist incorporated into the sHDL membrane. LXR ago-
nists initially received significant research interest for their ap-
plications in atherosclerosis and cardiovascular disease.[16] Still,
a growing body of literature demonstrates the utility of LXR ag-
onists in various cancers.[12,14,15,18,38–40] We chose to investigate
3 different LXR agonists in our experiments, namely T0901317,
RGX-104, and GW3965. The antitumor effects of LXR agonists
stem from several avenues, including depleting cells of choles-
terol, upregulation of proteins involved in cell cycle arrest, and re-
versing the immunosuppressive effects of myeloid-derived sup-
pressor cells (MDSCs) in the tumor microenvironment. Using
sHDL nanodiscs as a delivery platform was particularly interest-
ing given the established synergistic effect between LXR agonists
and sHDL, wherein sHDL acts as an acceptor of excess choles-
terol following upregulation of the ABCA1 transporter. By deco-
rating the nanodiscs with CpG oligonucleotides, and establishing
TLR9 agonists, we aimed to stimulate the immune system fur-
ther and enable immunological memory against glioma in the
case of recurrence.
Our results highlight the successful synthesis and character-

ization of sHDL loaded with the different LXR agonists and
cholesterol-modified CpG oligonucleotides. While each formu-
lation was similar in size, morphology, and incorporation effi-
ciency of the LXR agonist, there were important differences in
the stability of the LXR agonist in the sHDL membrane. All 3
LXR agonists used in this study are hydrophobic compounds,
with T0901317 having the highest aqueous solubility at ≈10 μg
mL−1 compared to ≈1 μg mL−1 for RGX-104 and GW3965.[18–20]

It’s likely that RGX-104 andGW3965 weremore stably associated
with the sHDL membrane, given their greater hydrophobicity.
Subsequent testing of each formulation in glioma cells demon-

strated effective delivery of LXR agonists and upregulation of one
of the key downstream targets of LXR activation, ABCA1. This
resulted in a ≈2-fold increase in the amount of cholesterol re-
moved from cells compared to sHDL alone and a dose-dependent
cytotoxic effect. Our group has previously employed sHDL nan-
odiscs as a delivery vehicle for LXR agonists for the treatment
of atherosclerosis and diabetic nephropathy.[21–23] The synergis-
tic effect between sHDL and LXR agonists has been previously
demonstrated in a number of macrophage and kidney cell lines,
so our present findings in glioma cells are in agreement with ex-
isting literature and show that this strategy translates across a
variety of cell types. Our studies on cell cycle analysis of both
mouse and human glioblastoma cells following GW3965 and
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GW-CpG-sHDL treatment revealed an increase in the sub-
diploidal population, representing cells with substantial DNA
damage indicative of a late apoptotic stage relative to cycling
cells. Furthermore, our findings confirm that GW-CpG-sHDL-
induced cell death is mediated by caspase-3/7 activation in
both mouse and human glioblastoma cells. Importantly, nei-
ther GW3965 nor GW-CpG-sHDL impacted cell cycle check-
points, cell cycle phases, or caspase-3/7 activity in normal human
astrocytes. Thus, GW-CpG-sHDL selectively increases the sub-
diploidal population in glioblastoma cells, supporting a mech-
anism involving caspase-3/7 mediated apoptosis while sparing
normal human astrocytes.
Extending our investigation to glioma-bearing mice, we ob-

served statistically significant improvements in median survival
for treatment groups compared to control saline-treated mice.
In particular, 60% of mice receiving GW-CpG-sHDL nanodiscs
in combination with radiation survived long-term (MS = not
reached). This showed greater efficacy in comparison to either
treatment administered individually. Rechallenging these mice
in the contralateral hemisphere resulted in all mice surviving
at least 45 days, with 2 out of 3 mice showing no signs of tu-
mor development 60 days post-rechallenge. The significant im-
provement in survival observed when combining these strategies
is likely due to targeting multiple pathways to induce cell death
(DNA damage, cholesterol depletion, immune stimulation). The
results from control and treated mice at day 30 post-tumor im-
plantation; 12 days after the last treatment demonstrate that treat-
ment significantly reduces tumor burden while preserving nor-
mal brain tissue integrity. Enhanced CD8+ and CD4+ T-cell in-
filtration in treated tumors suggests a robust adaptive immune
response. Lower Iba1 staining indicates decreased microglial ac-
tivity, suggesting a shift in the tumor microenvironment toward
an anti-tumor state. These findings underscore the multifaceted
impact of the treatment in modulating the tumor microenvi-
ronment and promoting tumor regression (Table 1). Prior work
has demonstrated that radiation therapy can increase the num-
ber of MDSCs present in the tumor microenvironment by aug-
menting the levels of CCL2, CCL5, and CSF-1.[38] More MD-
SCs lead to higher levels of nitric oxide, TGF-b, Arg1, and IL-10,
ultimately suppressing the activity of CD4+ and CD8+ T-cells.
Several groups have demonstrated the immunosuppressive ef-
fects of MDSCs are reversible upon treatment with LXR agonists
such as GW3965 and RGX-104.[14,24,38,39,41] Tavazoie et al. demon-
strated that LXR-mediated increases in the expression of ApoE
lead to apoptosis of MDSCs and improved tumor immunity.[14]

Our group has previously used sHDL-CpG nanodiscs to deliver
neoantigen peptides or docetaxel for treating GBM. In both stud-
ies, significant increases in CD8+T-cells were observed inGL261
tumors.[24,25]

Despite the benefits in survival observed with GW-CpG-sHDL
nanodiscs combined with IR, there are challenges to be ad-
dressed with this therapeutic strategy. While several clinical stud-
ies demonstrate the safety of synthetic high-density lipoproteins,
repeated use of early-generation LXR agonists (such as T0901317
and GW3965) has been linked to liver toxicity due to increased
triglyceride synthesis. In the present study, delivery of LXR ago-
nists with sHDL nanodisc did not result in any changes in liver
pathology or levels of enzymes indicative of healthy liver func-
tion. Similar observations have been reported from our group in

which sHDL delivery of LXR agonists is well tolerated and miti-
gates increases in triglyceride levels.[21–23] The assessment of the
functional recovery of mice post-therapy conducting behavioral
studies, falls beyond the scope of the current study. One of the key
challenges in using GW-CpG-sHDL nanodiscs for GBM treat-
ment is the requirement to bypass the blood-brain barrier in or-
der to achieve therapeutic concentrations in the tumor. Intracra-
nial dosing poses a significant barrier, and developing a nanodisc
formulation that can be administered systemically while still
reaching the tumor would be of much greater benefit. A num-
ber of different strategies for transporting nanocarriers across the
BBB, such as conjugation to ApoE-mimetic peptides, RVG pep-
tides, and anti-transferrin receptor antibodies, have been investi-
gated by other groups,[42–44] and thesemay offer an opportunity to
improve upon this therapeutic strategy for GBM in future work.

4. Conclusions

In summary, we have reported a new adjuvant treatment strategy
for GBM consisting of synthetic high-density lipoprotein nan-
odiscs delivering a Liver X Receptor[45] cholesterol removal from
glioma cells as a result of upregulation of the ABCA1 transporter
and subsequent loading of cholesterol to sHDL nanodiscs. Treat-
ment of glioma-bearing mice with GW-CpG-sHDL nanodiscs re-
sulted in modest improvements in median survival. When com-
bined with standard-of-care radiation therapy, nanodisc treat-
ment greatly improved survival, with 60% ofmice surviving long-
term and developing immunological memory against the tumors
when rechallenged. Overall, these findings highlight the value
of targeting cholesterol metabolism and reversing immunosup-
pression in the development of new cancer therapies.

5. Experimental Section
Reagents: The LXR agonists, T0901317 (T0), RGX104 (RGX), and

GW3965 (GW3), were purchased from Cayman Chemical (Ann Arbor, MI).
The ApoA-I mimetic peptide, 22A (PVLDLFRELLNELLEALKQKLK), was
synthesized by Genscript Inc. (Piscataway, NJ). 1,2-dimyristoyl, sn-glycero-
3-phosphocholine (DMPC) was purchased from Avanti Polar Lipids (Al-
abaster, AL). Cholesterol-CpG 1826 was synthesized by Integrated DNA
Technologies Inc. (Coralville, IA). Cholesterol [1,2-3H(N)] was purchased
from American Radiolabeled Chemicals (Saint Louis, MO). Anti-CD68 Ab-
cam (ab125212), Anti-MBP

(a.a. 82–87) Millipore (MAB386), Anti-GFAP Millipore (AB5541), Anti-
Nestin NB1001604, Anti cd80 (Novas, NBP2-25255SS, 1:500), Anti
TREM119 (Abcam, ab209064, 0.1 – 0.5 μg mL−1), Anti-CD8a (230-247)
(HistoSure, (HS-361 003), 1:100), Anti-Iba1 (Abcam, ab178846, 1:2000.
Additional reagents used were of analytical grade and obtained from com-
mercial suppliers.

Preparation of LXR-CpG-sHDL Nanodiscs: LXR agonist, DMPC, and
22A were dissolved in acetic acid at a ratio of 1.5:30:15 (by mass in mg).
This solution was then frozen in liquid nitrogen and freeze-dried for 24 h.
The resulting powder was rehydrated in 1 mL of pH 7.4 PBS and subjected
to 3 cycles of heating at 50 °C and cooling on ice (5 min each). The pH
of each formulation was adjusted to 7.4 using NaOH. The unincorporated
LXR agonist was removed by passing the formulation through a 7kMWCO
Zeba desalting column. The chol-CpG was incorporated into the purified
LXR-sHDL by incubating 34 uL of a 2.24 mg mL−1 stock solution with 1
mL of LXR-sHDL (final CpG concentration of 75 ug mL−1) for 1 hour at
room temperature on an orbital shaker at 100 rpm. The final solution was
filtered using a 0.22 μm syringe filter prior to use.

Characterization of LXR-CpG-sHDL Nanodiscs: The incorporation effi-
ciency of LXR agonists in sHDL nanodiscs was determined using LC-MS.
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Formulations before and after the removal of the free drug were diluted
500-fold in methanol, and 5 uL was injected into an Acquity UPLC H Class
equipped with a QDa detector (Waters, Milford, MA). Samples were sepa-
rated on an Acquity UPLC BEH C18 column (1.7 μm, 2.1 × 50mm) using a
gradient elution starting at 50:33:17 (A:B: C) and shifting to 0:67:33 (A:B:
C) by 2.5 min, holding for 2 min, and returning to the starting composi-
tion at 5 min. The mobile phases A, B, and C were delivered at a flow rate
of 0.3 mL min−1 and consisted of 0.1% formic acid in water, acetonitrile,
or methanol, respectively. The LXR agonists were detected at the following
M/Z ratios in negativemodewith a cone voltage of 15 V: GW3965 (580.09),
RGX104 (594.25), T0901317 (480.18). The incorporation efficiency was cal-
culated as the concentration of LXR agonist after purification divided by
the concentration prior to purification. Incorporation of chol-CpG into the
nanodiscs was verified using size exclusion chromatography on a Waters
1525 HPLC (Waters, Milford, MA) with a Tosoh TSK gel G3000SWXL 7.8
mm × 30 cm column (Tosoh Bioscience, King of Prussia, PA) with PBS as
the mobile phase delivered at 1 mL min−1.

Particle Size: The size of the sHDL nanodiscs was determined via dy-
namic light scattering (DLS) on a Malvern Zetasizer after diluting each
formulation to 1 mg mL−1 (22A peptide concentration) with PBS.

Drug Release: Each formulation was diluted to an LXR agonist con-
centration of 0.1 mg mL−1 in PBS containing BioBeads adsorbent media
(Bio-Rad) to create sink conditions. Formulations were incubated at 37 °C
with shaking at 100 rpms, and aliquots were collected over the course of 48
h. Aliquots were diluted withmethanol, and the amount of drug remaining
after each time point was quantified using LC-MS.

Electron Microscopy: The morphology of each formulation was ob-
served using transmission electronmicroscopy (TEM) with negative stain-
ing. sHDL samples were diluted to 10 μg mL−1 (22A peptide concentra-
tion), and 4 uL was adsorbed for 1 min to a glow-discharged 400-mesh
copper grid with formvar carbon film (Electron Microscopy Sciences). The
grids were washed and negative stained with 0.1% uranyl acetate. Samples
were imaged on an FEI Morgagni electron microscope run at 100 kV at a
magnification of 22 000×.

Cell Lines and Culture Conditions: The GL261 cells were obtained
from Creative BioArray (CSC-C9184W). The GL26 murine glioma cells
were obtained from the National Cancer Institute (NCI; Bethesda, MD).
Cells derived from GL26 cells i.e. GL26-EGFRvIII, modified to express
shp53, NRAS, and EGFRvIII, genetic modifications relevant for human
glioblastoma.[46] Both GL26 EGFRvIII and GL261 cells were grown in
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, 12430-062) supple-
mented with 10% fetal bovine serum (FBS) (Gibco, 10437-028) and 1X
antibiotic-antimycotic (Gibco, 15240-062) solution. Cells were maintained
in a humidified incubator at 37 °C and 5% CO2.

Primary Human Gbm Cells and Culture Conditions: HF2303 primary
human GBM cancer stem cells were provided by Dr. TomMikkelsen, M.D.
(Department of Neurology, Henry Ford Hospital, Detroit, MI)[47] MGG8
glioma cells (original male donor) were the kind gift of Dr. Samuel Rabkin,
Department of Pathology, Harvard Medical School.[45] Both HF2303
and MGG8 cells were grown in Dulbecco’s modified Eagle medium
(DMEM) (Gibco, 12430-062) supplemented with 10% fetal bovine serum
(Gibco,10437-028), 1X l-glutamine (100X; Gibco,25030-081), 1X MEM
Non-Essential Amino Acids (Gibco, 11140-050), 1X Sodium pyruvate
(Gibco, 11360-070) and antibiotic-antimycotic (1×) (Gibco, 15240-062)
solutions. Cells were maintained in a humidified incubator with 5% CO2
at 37 °C and passaged every 2–3 days.

RT-qPCR: GL261 cells were plated in 6-well plates at 600 000 cells per
well density. Cells were treated with DMSO, sHDL, free LXR agonist, or
LXR agonist loaded into sHDL for 24 h at an LXR agonist concentration
of 5 μm. RNA was isolated from cells using a Qiagen RNeasy isolation kit.
Purified RNA was then reverse transcribed using a High-Capacity RNA-to-
cDNA Kit (Applied Biosystems), and qPCR was performed using TaqMan
Gene Expression Assays (Applied Biosystems). The relative quantities of
LXRa, LXRb, and ABCA1 were determined using the DDCt method with
18S as the housekeeping gene.

Western Blotting: GL261 cells were plated in 6-well plates at a density
of 600 000 cells per well. Cells were treated with DMSO, sHDL, free LXR
agonist, or LXR agonist loaded into sHDL for 24 h at an LXR agonist con-

centration of 5 μm. After treatment, the cells were lysed with RIPA lysis
buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxy-
cholate, 0.1% SDS (Boston BioProducts) supplemented with protease and
phosphatase inhibitor cocktails (Thermo Scientific). The protein concen-
tration of each sample was determined by BCA assay (Pierce), and equal
amounts of protein extracts were separated on 4–12% NuPAGE Bis-Tris
Mini Gel (Invitrogen) and then transferred to a nitrocellulose membrane
(GE Healthcare) with XCell II Blot Module (Invitrogen). The membrane
was probed with antibodies for LXR𝛼, LXR𝛽, ABCA1, and Actin, followed
by secondary antibodies conjugated to horseradish peroxidase. The pro-
tein bands were visualized using a FluorchemM Imaging system (Protein-
Simple).

Cholesterol Efflux: GL261 cells were plated in a 24-well plate at a den-
sity of 100 000 cells per well in media containing 1 μCi mL−1 of choles-
terol [1,2-3H(N)]. After 24 h, the cells were washed twice with PBS and
treated with DMSO, sHDL, 1 μm free LXR agonist, or 1 μm LXR agonist
loaded into sHDL in DMEM containing 10% lipoprotein deficient serum.
After treating the cells for 24 h, media, and cell lysates were collected and
diluted with a scintillation cocktail (200 μL media/cell lysate + 1 mL scin-
tillation cocktail). The radioactivity of each sample was measured on a
liquid scintillation counter (Perkin Elmer, Waltham, MA). The %choles-
terol efflux in each group was calculated by dividing the media counts
by the sum of the media and cell lysate counts. The %cholesterol efflux
from the DMSO-treated cells (negative control) was subtracted from each
group.

Cell Survival Assay: GL261 cells were plated in a 96-well plate at a den-
sity of 3000 cells per well overnight. The media was removed and replaced
with fresh media containing DMSO, sHDL, free LXR agonist (at 1, 5, or
10 μm), or LXR agonist loaded into sHDL (at 1, 5, or 10 μm). After 24
h, cell viability was determined via a CellTiter96 Aqueous One Solution
(Promega, Madison, WI) according to the manufacturer’s instructions.
Cell viability was normalized to DMSO-treated cells. In another set of stud-
ies, normal human astrocytes, mouse glioblastoma GL26 EGFRvIII along
with human patients-derived glioblastoma cells HF2303 and MGG8 cells
were plated at a density of 1000 cells per well in a 96-well plate (Fisher,
12-566-00) 24 h before treatment. Cells were then incubated with either
saline, empty-sHDL, CpG-HDL, free-GW3965 (LXR agonist; SelleckChem,
S2630) and [GW3965 + CpG] loaded-sHDL (GW-CpG-HDL) alone or in
combination with radiation at 1, 2.5 or 5 μm doses for 72 h in triplicate
wells per condition. sHDLs without GW3965 were tested in the same pep-
tide and lipid concentrations as CpG-sHDL-GW with specified GW3965
concentration. All the mouse and patient-derived glioma cells were pre-
treated for 2 h prior to irradiation with 3 Gy for mouse and 14 Gy of ra-
diation for human cells, respectively. Cell viability was determined with
CellTiter-Glo 2.0 Luminescent Cell Viability Assay (Promega, G9242) fol-
lowing the manufacturer’s protocol. The resulting luminescence was read
with the Enspire Multimodal Plate Reader (PerkinElmer). Cell viability was
normalized to solvent-treated controls. Data were represented graphically
using the GraphPad Prism 9.0 software, and statistical significance was
determined by one-way ANOVA followed by Tukey’s test for multiple com-
parisons.

Caspase 3/7 Activation Assay: The caspase-3/7 activation assay was
performed following the manufacturer’s protocol for the Caspase–Glo
3/7 Apoptosis Assay System (G8091; Promega, Madison, WI, USA).
Briefly, normal human astrocytes, mice, and human glioblastoma cells
were seeded in a 96-well plate at a density of 2000 cells per well. 24
h after seeding, the cells were treated with phosphate-buffered saline
(DPBS), empty nanoparticles (CpG-sHDL), free LXR agonist (GW3965), or
GW3965-loaded nanoparticles (GW-CpG-sHDL). Staurosporine (0.5 μM)
and DMSO (20%) were used as positive and negative controls, respec-
tively, for 12 h. After 12 h of incubation, the plates were centrifuged at 2000
× g for 5 min, and 100 μL of the supernatants were transferred to a clean,
opaque, flat-bottom 96-well plate. Reconstituted Caspase–Glo 3/7 reagent
was added to each well, and the plate was incubated at room tempera-
ture with shaking for 30 min. Luminescence was measured using a Tecan
SPARK multimode microplate reader (Tecan Austria GmbH, Grödig, Aus-
tria). The data were normalized to protein concentration and presented as
bar diagrams.
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Cell Cycle Analysis: For cell cycle analysis, both human and mouse
glioblastoma cells were seeded in T12.5 cm2 tissue culture flasks at a
density of 1 × 105 cells/flask. 24 h after seeding, the cells were treated with
phosphate-buffered saline (DPBS), empty nanoparticles (CpG-sHDL),
free LXR agonist (GW3965), or GW3965-loaded nanoparticles (GW-CpG-
sHDL). Staurosporine (0.5 μm) was used as a positive control for 12 h.
Following 48 and 72 h of incubation, the treated cells were fixed in 70%
(v/v) ice-cold ethanol and kept overnight at 4 °C. After washing twice with
PBS, the cells were incubated with RNase (250 μg mL−1) at 37 °C for
60 min (Sigma Chemical Company, St. Louis, MO). The cells were then
stained with propidium iodide (PI, 20 μg mL−1). The cell cycle distribu-
tion and the percentage of apoptotic cells were analyzed using a ZE5 cell
analyzer (Bio-Rad, California, USA), with 10 000 events collected per sam-
ple. Appropriate gating was applied to select the single-cell population,
and the same gate was used across all samples to ensure standardized
measurements.

Tumor Implantation: C57BL/6 strain C57BL/6NTac was purchased
from Taconic (cat# B6-F). All procedures involving mice were performed
in accordance with policies set by the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC) and the Institutional
Animal Care and Use Committee (IACUC) at the University of Michigan
(PRO00011290).

Mice were anesthetized with ketamine (75 mg kg−1, i.p)
and dexmedetomidine (0.5 mg kg−1, i.p) before stereotactic implan-
tation of GL261(50 K) cells in the right striatum. The implantation
coordinates were 1.0 mm anterior and 2.0 mm lateral from the bregma
and 3.5 mm ventral from the dura, with an injection rate of 1 μL min−1.
After implantations mice were given combination of buprenorphine (0.1
mg kg−1, s.c) and carprofen (5 mg kg−1, s.c) for analgesia.[48]

One week post implantations mice were randomly divided into the fol-
lowing groups: Saline, Irradiation (IR), Liver X receptor agonist (LXR ag-
onist, GW3965), LXR agonist (GW 3965)+IR, GW-CpG-sHDL, GW-CpG-
sHDL + IR. Upon reaching the symptomatic tumor stage, blood from
thesemice was collected to perform the serum chemistry, and furthermice
were perfused with tyrodes solution to collect the brain, liver, and spleen.

In Vivo Radiation: The groups treated with radiation alone or com-
bined with LXR agonist GW3965 or GW-CpG-sHDL were subjected to an
irradiation (IR) dose of 2 Gy for 5 days/week for 2 weeks for a total of 20
Gy of ionizing radiation. Irradiation treatment was done as follows: Mice
were gently anesthetized with isoflurane and positioned under a copper
orthovoltage source. The irradiation beam was targeted toward the brain
while protecting the body with iron collimators. Irradiation treatment was
performed at the University of Michigan Radiation Oncology Core.[48,49]

sHDL-CpG In Vivo Dosing: sHDL loaded with GW3965 and
cholesterol-CpG were filtered through a 0.22 μm syringe filter and
diluted to a GW3965 concentration of 1.5 mg mL−1 in sterile PBS. For
the intracranial (i.c) dose, 7.5 uL GW-CpG-sHDL was used. For the
intraperitoneal injection (i.p) of the LXR agonist GW3965, 0.5 mg kg−1 of
the compound was used in 100 μL of PBS.

Tumor Volume Calculation: To calculate the tumor volume, the cross-
sectional area of the tumor was measured using ImageJ software.[50] The
histological imagewas loaded, and the scale bar was calibrated tomm. The
tumor boundary wasmanually traced using the freehand tool, and the area
was calculated in mm2 using the Analyze > Measure function([50]). The
method assumes the tumor had a spherical geometry for volume approx-
imation, ImageJ was used for area measurement, while standard mathe-
matical formulas were applied for the volume approximation.

Assuming a spherical tumor shape, the volume was approximated us-
ing the formula:

Volume = (4∕3) ∗ 𝜋 ∗ (sqrt (Area∕𝜋))3 (1)

Radius (r) = sqrt (Area∕𝜋) (2)

Complete Blood Serum Biochemistry: Blood from tumor-bearing mice
was taken from the submandibular vein and transferred to serum separa-
tion tubes (Biotang). Samples in the serum separation tubes were left at
room temperature for 60 min to allow blood coagulation before centrifu-

gation at 2000 rpm (400 × g). Complete serum chemistry for each sample
was determined by in vivo animal core at the University of Michigan.

Immunohistochemistry: For neuropathological assessment, brains
fixed in 4% paraformaldehyde (PFA) were embedded in paraffin and sec-
tioned 5 μm thick using a microtome system (Leica RM2165). Immuno-
histochemistry was performed on brain sections by permeabilizing them
with TBS-0.5% Triton-X (TBS-Tx) for 20 min. This was followed by antigen
retrieval at 96 °C with 10 mm sodium citrate (pH 6) for 20 min. Then, the
sections were allowed to cool at room temperature (RT), followed by wash-
ing 5 times with TBS-Tx (5min per wash), and blocked with 5% goat serum
in TBS-Tx for 1 h at RT. Brain sectionswere incubatedwith primary antibody
GFAP (Millipore Sigma, AB5541, 1:200), MBP (Millipore Sigma, MAB386,
1:200), CD68 (Abcam, ab125212, 1:1000) or Nestin (Novus Biologicals,
NB100-1604, 1:1000), Anti-Iba1(Abcam,(ab178846), 1:2000), CD8a (His-
toSure, HS-361 003, 1:100), and CD4 (Cell Signaling, 48274S, 1:100) di-
luted in 1% goat serum TBS-Tx overnight at RT. On the following day, sec-
tions were washed with TBS-Tx 5 times. Brain sections labeled with GFAP,
CD68, MBP, and Nestin were incubated with biotinylated secondary anti-
body diluted 1:1000 in 1% goat serum TBS-Tx in the dark for 4 h. Biotin-
labeled sections were subjected to 3, 3′-diaminobenzidine (DAB) (Biocare
Medical) with nickel sulfate precipitation. The reaction was quenched with
10% sodium azide; sections were washed three times in 0.1 m sodium
acetate, followed by dehydration in xylene, and coverslipped with De-
PeX Mounting Medium (Electron Microscopy Sciences). Images were
obtained using brightfield microscopy (Olympus BX53) at 10× and 40×
magnification.

Brain sections measuring 5 μm in thickness, embedded in paraffin,
were prepared from each experimental group to quantify tumor size. These
sections were subsequently stained with hematoxylin and eosin (H&E).[51]

Specifically, sections containing tumor areas or derived from rechallenged
brains (≈10–12 sections per mouse) were captured using brightfield mi-
croscopy (Olympus BX53) settings to acquire the images.

For histological assessment, livers were embedded in paraffin, sec-
tioned 5 μm thick using the microtome system, and H&E stained. Bright-
field images were obtained using the Olympus MA BX53 microscope.[51]

Statistical Analysis: For in vitro experiments, treatments were run in
triplicates and compared using one-way ANOVA. For in vivo experiments,
sample sizes were selected based on data fromprevious experiments done
in our laboratories and published results from the literature. Animal ex-
periments were performed after randomization. Kaplan–Meier survival
curves were assessed using the log-rank (Mantel–Cox) test with Prism
8.1 (GraphPad Software). A p-value <0.05 was considered statistically
significant.

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

Acknowledgements
T.A.H. and A.A.M. contributed equally to this work. The laboratory of
MGC was supported by the National Institutes of Health (NIH)/National
Institute of Neurological Disorders and Stroke (NIH/NINDS) grants
R37- NS094804, R01-NS105556, R01-NS122536, R01-NS124167, and R21-
NS123879-01, and Rogel Cancer Center Scholar Award to M.G. Castro.
This work has also been supported by NIH grants R01-HL165688 and
R01-NS122746 to A. Schwendeman, as well as the Department of Neu-
rosurgery, the Pediatric Brain Tumor Foundation, Leah’s Happy Hearts
Foundation, Ian’s Friends Foundation (IFF), Chad Tough Foundation, and
Smiles for Sophie Forever Foundation toM.G. Castro. TAH is funded by the
Predoctoral Fellowship in Drug Discovery from the PhRMA Foundation.
MY is supported by the American Heart Association Postdoctoral Fellow-
ship (24POST1196020). We would also like to acknowledge the University
of Michigan In-Vivo Animal Core (IVAC) facility.

Small 2025, 21, 2307097 © 2025 The Author(s). Small published by Wiley-VCH GmbH2307097 (16 of 18)

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Conflict of Interest
Dr. Schwendeman declares financial interests for board membership, as
a paid consultant, for research funding, and/or as equity holder in EVOQ
Therapeutics. The University of Michigan has a financial interest in EVOQ
Therapeutics, Inc.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
cholesterols, glioblastoma, high-density lipoproteins, liver X receptors

Received: August 17, 2023
Revised: January 16, 2025

Published online: April 18, 2025

[1] J. P. Thakkar, T. A. Dolecek, C.Horbinski, Q. T. Ostrom,D. D. Lightner,
J. S. Barnholtz-Sloan, J. L. Villano, Cancer Epidemiol. Biomark. Prev.
2014, 23, 1985.

[2] N. A. O. Bush, S. M. Chang, M. S. Berger, Neurosurg Rev. 2017, 40, 1.
[3] D. Alizadeh, L. Zhang, C. E. Brown,O. Farrukh,M. C. Jensen, B. Badie,

Clin. Cancer Res. 2010, 16, 3399.
[4] X. Guo, S. Zhou, Z. Yang, Z. A. Li, W. Hu, L. Dai, W. Liang, X. Wang, J

Cancer 2022, 13, 1745.
[5] L. Pirmoradi, N. Seyfizadeh, S. Ghavami, A. A. Zeki, S. Shojaei, J In-

tensive Med 2019, 67, 715.
[6] Y. Kawarada, R. Ganss, N. Garbi, T. Sacher, B. Arnold, G. n. J.

Hämmerling, J Immunol 2001, 167, 5247.
[7] A. El Andaloussi, A. M. Sonabend, Y. Han, M. S. Lesniak, Glia 2006,

54, 526.
[8] D. Guo, E. H. Bell, A. Chakravarti, C.N.S. Oncol. 2013, 2, 289.
[9] G. Lollo, M. Vincent, G. Ullio-Gamboa, L. Lemaire, F. Franconi, D.

Couez, J. P. Benoit, Int. J. Pharm. 2015, 495, 972.
[10] X. Ma, E. Bi, Y. Lu, P. Su, C. Huang, L. Liu, Q. Wang, M. Yang, M. F.

Kalady, J. Qian, A. Zhang, A. A. Gupte, D. J. Hamilton, C. Zheng, Q.
Yi, Cell Metab. 2019, 30, 143.

[11] R. Fang, X. Chen, S. Zhang, H. Shi, Y. Ye, H. Shi, Z. Zou, P. Li, Q. Guo,
L. Ma, C. He, S. Huang, Nat. Commun. 2021, 12, 1.

[12] D. Guo, F. Reinitz, M. Youssef, C. Hong, D. Nathanson, D. Akhavan,
D. Kuga, A. N. Amzajerdi, H. Soto, S. Zhu, I. Babic, K. Tanaka, J.
Dang, A. Iwanami, B. Gini, J. DeJesus, D. D. Lisiero, T. T. Huang,
R. M. Prins, P. Y. Wen, H. I Robins, M. D. Prados, L. M. DeAngelis,
I. K. Mellinghoff, M. P. Mehta, C. D James, A. Chakravarti, T.
F. Cloughesy, P. Tontonoz, P. S. Mischel, Cancer Discov 2011, 1,
442.

[13] Q. Wang, J. Wang, J. Wang, H. Zhang, Life Sci. 2020, 2021,
119287.

[14] M. F. Tavazoie, I. Pollack, R. Tanqueco, B. N. Ostendorf, B. S. Reis,
F. C. Gonsalves, I. Kurth, C. Andreu-Agullo, M. L. Derbyshire, J.
Posada, S. Takeda, K. N. Tafreshian, E. Rowinsky, M. Szarek, R. J.
Waltzman, E. A.McMillan, C. Zhao,M.Mita, A.Mita, B. Chmielowski,
M. A. Postow, A. Ribas, D. Mucida, S. F. Tavazoie, Cell 2018, 172,
825.

[15] G. R. Villa, J. J. Hulce, C. Zanca, J. Bi, S. Ikegami, G. L. Cahill, Y. Gu, K.
M. Lum, K. Masui, H. Yang, X. Rong, C. Hong, K. M. Turner, F. Liu, G.
C. Hon, D. Jenkins, M. Martini, A. M. Armando, O. Quehenberger,

T. F. Cloughesy, F. B. Furnari, W. K. Cavenee, P. Tontonoz, T. C.
Gahman, A. K. Shiau, B. F. Cravatt, P. S. Mischel, Cancer Cell 2016, 30,
683.

[16] T. Jakobsson, E. Treuter, J. Å. Gustafsson, K. R. Steffensen, Trends
Pharmacol. Sci. 2012, 33, 394.

[17] N. Zelcer, C. Hong, R. Boyadjian, P. Tontonoz, S. Mev, Life Sci. 2009,
325, 100.

[18] R. Geyeregger, M. Shehata, M. Zeyda, F. W. Kiefer, K. M. Stuhlmeier,
E. Porpaczy, G. J. Zlabinger, U. Jäger, T. M. Stulnig, J. Leukoc. Biol.
2009, 86, 1039.

[19] B. A. Di Bartolo, S. J. Nicholls, S. Bao, K. A. Rye, A. K. Heather, P. J.
Barter, C. Bursill, Atherosclerosis 2011, 217, 395.

[20] R. Kuai, D. Li, Y. E. Chen, J. J. Moon, A. Schwendeman, ACS Nano.
2016, 10, 3015.

[21] H. He, T. A. Halseth, L. Mei, C. Shen, L. Liu, A. Schwendeman, J.
Control. Rel. 2022, 348, 1016.

[22] Y. Guo,W. Yuan, B. Yu, R. Kuai,W.Hu, E. E.Morin,M. T. Garcia-Barrio,
J. Zhang, J. J. Moon, A. Schwendeman, Y. E Chen, EBioMedicine 2018,
28, 225.

[23] W. Yuan, B. Yu, M. Yu, R. Kuai, E. E. Morin, H. Wang, D. Hu, J. Zhang,
J. J. Moon, Y. E. Chen, Y. Guo, A. Schwendeman, J. Control Release
2021, 329, 361.

[24] L. Scheetz, P. Kadiyala, X. Sun, S. Son, A. H. Najafabadi, M. Aikins,
P. R. Lowenstein, A. Schwendeman, M. G. Castro, J. J. Moon, Clin.
Cancer Res. 2020, 26, 4369.

[25] P. Kadiyala, D. Li, F. M. Nunez, D. Altshuler, R. Doherty, R. Kuai,
M. Yu, N. Kamran, M. Edwards, J. J. Moon, P. R. Lowenstein, M. G.
Castro, A. Schwendeman, ACS Nano 2019, 13, 1365.

[26] S. E. Nissen, T. Tsunoda, E. M. Tuzcu, P. Schoenhagen, C. J. Cooper,
M. Yasin, G. M. Eaton, M. a. Lauer, W. S. Sheldon, C. L. Grines,
S. Halpern, T. Crowe, J. C. Blankenship, S. E. Nissen, T. Tsunoda,
E. M. Tuzcu, R. Kerensky, JAMA, J. Am. Med. Assoc. 2003, 290,
2292.

[27] J. Miles, M. Khan, C. Painchaud, N. Lalwani, S. Drake, J.-l. Dasseux,
Arterioscler Thromb. Vasc. Biol. 2004, 24, E19.

[28] L.M. Scheetz,M. Yu, D. Li,M. G. Castro, J. J.Moon, A. Schwendeman,
Int. J. Mol. Sci. 2020, 21, 1777.

[29] E. Viennois, K. Mouzat, J. Dufour, L. Morel, J. M. Lobaccaro, S. Baron,
Mol. Cell. Endocrinol. 2012, 351, 129.

[30] T. T. T. Nguyen, C. T. Ishida, E. Shang, C. Shu, C. Torrini, Y. Zhang,
E. Bianchetti, M. J. Sanchez-Quintero, G. Kleiner, C. M. Quinzii, M.
A. Westhoff, G. Karpel-Massler, P. Canoll, M. D. Siegelin, EMBOMol.
Med. 2019, 11, 10769.

[31] Y. Hu, J. Zang, H. Cao, Y. Wu, D. Yan, X. Qin, L. Zhou, F. Fan, J. Ni, X.
Xu, H. Sha, S. Liu, S. Yu, Z. Wang, R. Ma, J. Wu, J. Feng, OncoTargets
Ther. 2017, 8, 15802.

[32] W. Zhang, M. Luo, Y. Zhou, J. Hu, C. Li, K. Liu, M. Liu, Y. Zhu, H.
Chen, H. Zhang, Life Sci. 2021, 276, 119434.

[33] J. G. Walsh, S. P. Cullen, C. Sheridan, A. U. Luthi, C. Gerner, S. J.
Martin, Proc Natl Acad Sci U S A 2008, 105, 12815.

[34] E. A. Slee, C. Adrain, S. J. Martin, J. Biol. Chem. 2001, 276, 7320.
[35] J. Wei, D. Wu, S. Zhao, Y. Shao, Y. Xia, D. Ni, X. Qiu, J. Zhang, J. Chen,

F. Meng, Z. Zhong, Adv. Sci. (Weinh) 2022, 9, e2103689.
[36] J. Wei, D. Wu, Y. Shao, B. Guo, J. Jiang, J. Chen, J. Zhang, F. Meng, Z.

Zhong, J Control Release 2022, 347, 68.
[37] Y. Jiang, W. Yang, J. Zhang, F. Meng, Z. Zhong, Adv. Mater. 2018, 30,

1800316.
[38] H. Liang, X. Shen, Biochem. Biophys. Res. Commun. 2020, 528, 330.
[39] D. Wan, Y. Yang, Y. Liu, X. Cun, M. Li, S. Xu, W. Zhao, Y. Xiang, Y.

Qiu, Q. Yu, X. Tang, Z. Zhang, Q. He, J. Controlled Release 2020, 317,
43.

[40] H. Cao, S. Yu, D. Chen, C. Jing, Z. Wang, R. Ma, S. Liu, J. Ni, J. Feng,
J. Wu, FEBS Open Bio 2017, 7, 35.

[41] R. E. Vatner, S. C. Formenti, Semin Rad. Oncol 2015, 25, 18.

Small 2025, 21, 2307097 © 2025 The Author(s). Small published by Wiley-VCH GmbH2307097 (17 of 18)

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

[42] H. Han, Y. Zhang, S. Jin, P. Chen, S. Liu, Z. Xie, X. Jing, Z. Wang,New
J. Chem. 2020, 44, 5692.

[43] K. B. Johnsen, T. Moos, J. Controlled Release 2016, 222, 32.
[44] R. Dal Magro, F. Ornaghi, I. Cambianica, S. Beretta, F. Re,

C. Musicanti, R. Rigolio, E. Donzelli, A. Canta, E. Ballarini, G.
Cavaletti, P. Gasco, G. Sancini, J. Control. Release 2017, 249,
103.

[45] H. Wakimoto, G. Mohapatra, R. Kanai, W. T. Curry, S. Yip, M. Nitta,
A. P. Patel, Z. R. Barnard, A. O. Stemmer-Rachamimov, D. N. Louis,
Neuro Oncol. 2011, 14, 132.

[46] A. A. Calinescu, V. N. Yadav, E. Carballo, P. Kadiyala, D. Tran, D. B.
Zamler, R. Doherty, M. Srikanth, P. R. Lowenstein, M. G. Castro, Clin.
Cancer Res. 2017, 23, 1250.

[47] V. N. Yadav, D. Zamler, G. J. Baker, P. Kadiyala, A. Erdreich-Epstein,
A. C. DeCarvalho, T. Mikkelsen, M. G. Castro, P. R. Lowenstein, On-
coTargets Ther. 2016, 7, 83701.

[48] P. Kadiyala, S. V. Carney, J. C. Gauss, M. B. Garcia-Fabiani, S. Haase,
M. S. Alghamri, F. J. Núñez, Y. Liu, M. Yu, A. Taher, J. Clin. Invest. 2021,
131, e138542.

[49] F. J. Núñez, F.M.Mendez, P. Kadiyala,M. S. Alghamri,M. G. Savelieff,
M. B. Garcia-Fabiani, S. Haase, C. Koschmann, A. A. Calinescu, N.
Kamran, M. Saxena, R. Patel, S. Carney, M. Z. Guo, M. Edwards,
M. Ljungman, T. Qin, M. A. Sartor, R. Tagett, S. Venneti, J. Brosnan-
Cashman, A.Meeker, V. Gorbunova, L. Zhao, D.M. Kremer, L. Zhang,
C. A. Lyssiotis, L. Jones, C. J. Herting, J. L. Ross, et al., Sci. Transl. Med.
2019, 11.

[50] K. F. Schmidt, M. Ziu, N. O. Schmidt, P. Vaghasia, T. G. Cargioli, S.
Doshi, M. S. Albert, P. M. Black, R. S. Carroll, Y. Sun, J Neurooncol
2004, 68, 207.

[51] A. A. Calinescu, V. N. Yadav, E. Carballo, P. Kadiyala, D. Tran, D. B.
Zamler, R. Doherty, M. Srikanth, P. R. Lowenstein, M. G. Castro, Clin.
Cancer Res. 2017, 23, 1250.

Small 2025, 21, 2307097 © 2025 The Author(s). Small published by Wiley-VCH GmbH2307097 (18 of 18)

http://www.advancedsciencenews.com
http://www.small-journal.com

	HDL Nanodiscs Loaded with Liver X Receptor Agonist Decreases Tumor Burden and Mediates Long-term Survival in Mouse Glioma Model
	1. Introduction
	2. Results
	2.1. Preparation and Characterization of sHDL Nanodiscs Containing LXR Agonists and CpG
	2.2. In Vitro Efficacy of LXR-CpG-sHDL
	2.3. GW-CpG-sHDL Induces Caspase3/7-Dependent Apoptotic Cell Death in High-Grade Gliomas
	2.4. Post-Operative Recurrence of GBM Necessitates Intracranial Administration
	2.5. Efficacy of GW-CpG-sHDL Nanodiscs in Glioma Bearing Mice
	2.6. Tumor Progression and Bioluminescence Imaging
	2.7. Tumor Volume

	3. Discussion
	4. Conclusions
	5. Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


