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ABSTRACT

Background and Objectives: Aberrant upregulation or mutations of EZH2 frequently
occur in human cancers. However, the clinical benefits of EZH2 inhibitors (EZH2i) remain
unsatisfactory for majority of solid tumors. Therefore, there is an urgent need to develop new
strategies to expand the therapeutic benefits of EZH2i. Nanocarriers have gained increased
attention due to their advantages of prolonged blood circulation, enhanced cellular uptake, and
active targeting capabilities. This study aims to address the challenges of EZH2i GSK126’s
limited efficacy and severe adverse effects against solid tumors. Methods: A nano delivery
system was developed by encapsulating GSK126 within albumin nanoparticles (GSK126
NPs). Results: The prepared GSK126 NPs exhibited a small spherical core with an average
diameter of 30.09 nm £ 1.55 nm, high drug loading capacity (16.59% * 2.86%) and good
entrapment efficiency (99.53% + 0.208%). GSK126 NPs decreased tumor weight and volume
in the B16F10 xenograft mice, while such effects were not observed in the free GSK126
group. Subsequently, histological analysis demonstrated that GSK126 NPs significantly
alleviated lipid-associated liver toxicity. Additionally, GSK126 NPs can partially counteract
the effects of GSK126 on MDSCs, particularly by decreasing the infiltration of M-MDSCs
into tumors. Conclusions: Albumin-based EZH2i NPs have potent anti-cancer efficacy with
tolerable adverse effects, providing promising opportunity for future clinical translation in
treating solid tumors.
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INTRODUCTION

Polycomb repressive complex 2 (PRC2) is a highly
conserved multicomponent transcriptional repressive
complex possessing histone methyltransferase activity,
which is responsible for catalyzing the trimethylation
on H3K27 (H3K27me3). This modification results in
the transcriptional silencing of target genes.'"”l EZH2,
as the core catalytic subunit of PRC2, plays a crucial
role in numerous cancers, such as breast cancer (BC),
hepatocellular carcinoma (HCC), and gallbladder cancer
(GC), by promoting tumorigenesis, proliferation, invasion,
metabolism, and suppressing antitumor immunity.**
Inhibition of EZH2 enzymatic activity has emerged as a
promising strategy in cancer therapy, with small molecule
inhibitors such as EPZ-6438 (Tazemetostat) or GSK126
demonstrating significant antitumor efficacy both 7 vitro
and 27 vivo. "' Notably, the FDA has approved Tazemetostat
for the treatment of advanced epithelioid sarcoma and
highly aggressive EZH2 mutations diffuse large B-cell
lymphoma (DLBCL), and ongoing clinical trials are
assessing the therapeutic potential of EZH2 inhibitors
in various clinical applications.""! Despite encouraging
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results in certain hematological malignancies, including
DLBCL and follicular lymphoma (FL), the clinical efficacy
of EZH2i remains unsatisfactory in the treatment of
solid tumors."*' This limited effect may be attributed
to factors such as poor water solubility, lack of tissue
specificity, disturbance of metabolic profiling and immune
landscape as well as shorter half-life.'" ' Besides, the tumor
microenvironment (TME) in hematologic malignancies
and solid tumors includes vascular structures, extracellular
matrix, and resulting hypoxia, which can affect drug
targeting and accumulation at the tumor sites."” Therefore,
the development of novel strategies is imperative to
enhance the therapeutic benefits of EZH?2i against a broad
spectrum of solid tumors.

Nanoparticle (NPs) based drug delivery systems offers
several advantages in cancer treatment, such as improved
pharmacokinetics, targeted delivery to tumor cells, reduced
side effects, and overcoming drug resistance. The NPs used
in medical applications often possess specific sizes, shapes,
and surface characteristics, as these factors significantly
impact the efficiency of nano-drug delivery and thus
influence therapeutic effectiveness. Cancer therapy is
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typically deemed appropriate for particles with tumor
diameter ranging from 10 to 100 nm due to their capacity to
accumulate at the tumor site »iz the enhanced permeability
and retention (EPR) effect.”*With high binding capacity
and biocompatibility, albumin-based NPs carrier systems
represent an attractive strategy for targeted delivery of
chemotherapeutic drugs.”>*! Previous investigations have
shown that albumin specifically recognized the albumin
receptor (gp60), initiating its active internalization and
transportation in endothelial cells.” Furthermore, albumin-
based NPs also could bind with SPARC (secreted protein
acidic and cysteine rich), leading to the accumulation
of chemotherapeutics in intratumor.”" Inspired by the
improvement of albumin-bound paclitaxel (Abraxane®) in
pharmacokinetics, tolerability, and anticancer efficacies, we
hypothesize that albumin-bound EZH2i NPs may improve
the efficacy and reduce the side effect, therefore leading
to expand the therapeutical potential from hematological
malignances to solid tumors.!

In this study, we found that EZH2i had compromised
efficacy against solid tumors, accompanied with the
notable side effects, such as reduction in body weight,
impaired immune function, and hepatic lipid accumulation.
Subsequently, we developed a nano delivery system by
encapsulating GSK126 within albumin nanoparticles
(GSK126 NPs) to explore the therapeutical potential on
solid tumors. The GSK126 NPs significantly decreased
tumor weight and volume in B161F10 xenograft mice without
evident systemic toxicity. Additionally, GSK126 NPs can
partially ameliorate the induction effects of GSK126 on
MDSCs, particularly by reducing the infiltration of tumor-
infiltrating M-MDSCs. These findings not only offer a safe
and robust drug delivery for EZH2i NPs in cancer therapy,
but also suggest promising opportunity for future clinical
translations in treating solid tumors.

MATERIALS AND METHODS

Reagents and antibodies

GSK126 and bovine serum albumin (BSA) were purchased
from Sigma Aldrich (St. Louis, MO, USA)., and the purity
was determined to be 99.5% based on high-performance
liquid chromatography (HPLC). Fetal bovine serum
(FBS) was from Gibico-BRL (Grand Island, NY, USA).
Antibiotics and trypsin were from Macgene (Beijing,
China). De-ionized water was obtained from Milli-Q system
(Burlington, MA, USA). CD45, CD3, CD11b, Gr-1, and
Ly6G flow antibodies were from BioLegend (San Diego,
CA, USA). Coumarin-6 and B-cyclodextrin were from
Sigma-Aldrich (Diegem, Belgium)

Mice and cell lines
Female BALB/c or C57BL/6 mice (4 weeks) were

purchased from the Department of Laboratory Animal
Science of Peking University Health Science Center,
and maintained under SPF conditions in a controlled
environment of 22°C-25°C approved by the Ethical
Guidelines of EIACUC-PKU (A2021230). Mice were kept
for 48 h to acclimatize to environment and fasted overnight
before treatment.

Murine Melanoma B16F10, 4T1, MC38 cells wete
obtained from Peking Union Medical College, Cell Bank
(Beijing, China). Cells were routinely maintained in high
glucose DMEM supplemented with 10% FBS, 100 U/mL
penicillin, and 100 pg/mL streptomycin at 37°C in a 5%
CO, humidified incubator.

Cell proliferation assay

Tumor cells were seeded in 96-well plate at a density
of 5 x 10°/well and treated with GSK126 of indicated
concentration for 36 h. The cells were imaged using phase
contrast channel in the Incucyte S3 platform (Sartorius,
Gottinggen, Germany). Four sets of phase contrast
images from distinct regions within each well were taken
atintervals of 3 h using a 10X objective. Incucyte S3 image
analysis software was set to detect the edges of the cells
and to determine their confluence in percentage.

Tumor xenograft experiments

Tumor cells (5 X 10°) were injected into the flanks of
4-week-old BALB/c or C57BL/6 mice to generate
xenografts. When tumors reached approximately 100 mm’
in size 5 days later, the mice received an intraperitoneal
injection of GSK126 or GSK126 NPs daily at a dose of
50 mg/kg. Tumor volume was determined every day by
measuring the two perpendicular diameters of the tumors
and using the equation 1= length (mm) X width (mm)?/2
(Eqn. 1), and the body weight was recorded every day. After
treatment, mice were euthanized with CO,, then tumors
were weighted and fixed with 4% paraformaldehyde for
further studies.

RNA sequencing and data processing

RNA sequencing and data processing followed the methods
detailed in our previous publication."¥ Briefly, B16F10
cells were treated with DMSO or GSK126, and total RNA
was extracted. Paired-end libraries were prepared and
sequenced on the Illumina Novaseq 6000 platform. Reads
were aligned to the GRCm38.p4 genome using Hisat2, and
RPKM values were calculated. Differential gene expression
analysis was performed with edgeR, defining significant
differential expressions by FDR-adjusted P values < 0.05
and log2 fold change > 1.0. Gene enrichment analysis for
Gene Ontology and KEGG pathways was conducted using
gene set enrichment analysis software. The RNA-seq data
for this paper is available at NCBI GEO: GSE163078.
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Preparation of GSK126-loaded albumin NPs
GSK126-loaded albumin NPs were prepared by a
desolvation methods as previously reported.’**" Briefly,
albumin (20 mg) was completely dissolved in distilled water
(2 mL) and was titrated to pH 8.0 with NaCl (0.1 mol/L).
Then GSK126 dissolved in ethanol was dropped into
the albumin solution under constant stirring. Afterward,
glutaraldehyde (8%, 10 uL) was added and the solution was
stirred at room temperature for 8 h. The purified GSK126-
loaded albumin NPs were obtained after evaporation and
ultrafiltration, and stored at 4°C for further use.

Estimation of entrapment efficiency and drug
loading capacity

The entrapment efficiency (EE) and drug loading capacity
(LC) of GSK126 was determined using an indirect method,
which involves measuring the amount of free drug available
in nano dispersion. The standard curve for GSK126 was
established by preparing a series of GSK1206 solutions with
concentrations ranging from 4 to 20 ug/mL. Subsequently,
the absorbance values of these solutions were measured at
280 nm using a UH5300 UV-Visible spectrophotometer,
and a standard curve for GSK126 was plotted. Utilizing
an indirect method to evaluate the encapsulation efficiency
and drug loading, the solution derived from ultrafiltration
in the nanoparticle purification process is diluted to an
appropriate concentration. Following this, the absorbance
at 280 nm is measured to quantify the unbound GSK126
content based on a standard curve. The encapsulation
efficiency (EE%) and drug loading capacity (LC%) are
then calculated using the provided equations.

GSK126 in NPs
EE% = G 5K126 initially added < 0% (Ban-2)
GSK126 in NPs
LC% = 1 Eqn.
C% = Teight of dried NP5 ~ 1007 (Ean-3)

Characterization of prepared GSK126 NPs

The mean particle size and size distribution of NPs
were measured by dynamic light scattering (DLS)
(ZEN1690 Zetasizer Nano-S90, Malvern, UK). The
intensity autocorrelation was measured at a scattering
angle of 90° at 25°C. The freeze-dried samples were
diluted to an appropriate concentration using normal
saline and were transferred into a polystyrene cuvette for
measurement. The zeta potential of NPs was detected
using Zetasizer 2000 (Malvern, UK). The obtained
freeze-dried samples were reconstituted and diluted to
an appropriate concentration with normal saline before
measurement. The morphology of prepared nanoparticles
was investigated by transmission scanning electron
microscope (TEM). Briefly, the nanoparticles were
reconstituted with purified water. Then the nanoparticle
suspension was dropped on a 200-mesh copper grid and
was left to dry prior to measurement.

Intracellular localization of NPs

For intracellular localization analysis, coumarin-6 was used
as a model fluorescent dye. B16F10 cells were seeded in
confocal dishes (5 X 10* cells/well) and cultured overnight
at 37°Cin 5% CO,. Subsequently, the culture medium was
removed and the cells were washed with PBS for three
times. Then, the cells were treated with serum-free medium
containing BSA or coumarin-6 NPs at a concentration
of 200 ng/mL. The cells were then incubated in the dark
at 37°C for 6 h. Following this incubation, the culture
medium was removed, and the cells were washed three
times with cold PBS before being stained with Hoechst
33342 (5 pg/mL) for nuclear staining. Then, the cells
underwent three washes with cold PBS, were sealed with
phenol red-free medium, and promptly examined under a
laser confocal microscope. Specifically, the excitation and
detection wavelengths for coumarin-6 were 467 nm and
502 nm, respectively. For Hoechst 33342, the excitation
and emission wavelengths were 345 nm and 461 nm,
respectively.

Mechanism of the cellular uptake of NPs

As a step forward, the mechanism of cellular-uptake or
endocytic pathway of NPs was determined as B16F10 cells
(5 X10° cells/well) were grown for 24 h in 6-well plates
supplemented with 2 mL RPMI-1640 at 37°C with 5% CO.,
Then, the cells were supplied with fresh medium containing
10 mM B-cyclodextrin (a known inhibitor of the Gp60/
caveolar transport) for 0.5 h; cells without the inhibitor
pretreatment were used as controls. After treatment with
the inhibitor, the cells were carefully washed with PBS for
three times, and each group was further incubated with
coumarin-6 NPs (200 ng/mL) at 37°C with 5% CO, for 4
h. Then, the cells were collected and resuspended in PBS
for flow cytometry analysis.

Oil Red O staining

After drug treatment, mice were sacrificed, and liver samples
were excised and embedded in Tissue-Tek OCT compound
for histopathological analysis. The OCT-embedded samples
were serially sectioned at 10 pm. Oil Red O staining was
performed to evaluate lipid accumulation, and the results
were photographed under a microscope.

Flow cytometry

For flow cytometric analysis of TILs, tumors were finely
minced with a scalpel blade and enzymatically digested to
obtain single-cell suspensions. Splenocytes were isolated
through mechanical disruption. Subsequent antibody
staining followed the manufacturer’s protocols.

Statistical analysis
All experiments were performed at least three times with
triplicate. Statistical data were expressed as means £
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standard deviation (SD). Comparisons between different
groups were carried out with Student’s ~test and analysis
of variance (ANOVA) as appropriate using GraphPad
Prism (ver. 8.0). Statistical comparison among groups was
determined using Kruskal-Wallis test. Values of P < 0.05
were considered statistically significant (P <0.05; "P <
0.01; ™" P < 0.001).

RESULTS

GSK126's limited efficacy with undesirable side
effects

To gain a comprehensive understanding of the cellular
response to EZH2 inhibition in various solid tumors, we
employed the Incucyte S3 long-term dynamic cell image
acquisition device to evaluate the proliferative kinetics
of B16IF10, 4T1, and MC38 treated with GSK126. Our
analysis revealed that solid tumor cell lines displayed minimal
inhibitory effects ata concentration of 10 umol/L (Figure 1A).
¥ Consistent with our previous studies, hematologic tumor
cell lines exhibit higher sensitivity to GSK126 compared
to solid tumors."® For the assessment of the 7z vivo
antitumor efficacy of EZH2i, we established subcutaneous
xenograft models of B16F10 and administrated GSK126
intraperitoneally at a dose of 50 mg/kg/d (Figure 1B).
Despite the administration of GSK126, the tumorigenic
capacity of B16F10 7z vivo remained unaffected, as indicated
by the consistent dynamics of tumor volume and weight
(Figure 1C and 1D). Consistent with these findings,
intraperitoneal administration of GSK126 also did not
exhibit a significant inhibitory effect on tumor growth in
C57BL/6 mice bearing breast cancer cell line 4T'1 or colon
cancer cell line MC38 xenografts (Figure 1E-1]). Notably,
the group treated with GSK126 experienced a marked
decrease in body weight (Figure 1K). Furthermore, Oil Red
O staining of liver sections displayed a significant increase
in lipid accumulation in the GSK126-treated group (Figure
1L). In addition, obvious inflammatory features such as
peritoneal adhesions and ascites accumulation were found
when dissecting mice treated with GSK126. Collectively,
these findings suggest that EZH2i demonstrate limited
effectiveness against solid tumors, as well as the undesirable
adverse effects.

Global toxic effects of GSK126 by RNA-seq
profiling

To further dig out the underlying mechanism of the
unpleasant anti-tumor effects of the EZH2i, we treated
B16F10 cells with GSK126 and proceeded with RINA-
seq. GSEA analysis revealed that GSK126 treatment led
to the activation of various immune-related pathways,
including interferon-gamma response, interferon-alpha
response, inflammatory, and IL6/JAK/STAT3 signaling
pathways (Figure 2A and 2B). Notably, cytokine-related

pathways exhibited significant alterations post-GSK126
treatment (Figure 2C), with volcano plots highlighting
substantial changes in multiple inflammatory factors
and their associated transcription factors (Figure 2D).
The activation or permission of these immune pathways
and cytokines may increase the inflammatory level and
exacerbate tissue damage, contributing to the adverse
effects of GSK126. Furthermore, we also observed
that GSK126 treatment upregulated chemokine-related
pathways and increase the expression of immune
chemokines such as CCL5 (Figure 2E). The upregulation
of CCL5 can enhance the chemotactic effect on immune
cells,” thereby may contributing to the observed adverse
abdominal inflammatory effects associated with GSK126.
Additionally, GSEA enrichment analysis also demonstrated
that genes associated with the triglyceride metabolism
pathway showed significant upregulation in the GSK126-
treated group, including Pnpla3, Lipg, and Gpat3 (Figure
2F). This is consistent with our observation of hepatic
lipid accumulation 7z vivo. These observations suggest a
potential exacerbation of the local inflammatory response
and dysregulated lipid metabolism within the peritoneal
cavity triggered by GSK126.

Preparation and characterization of GSK126-
loaded albumin nanoparticles

In light of the limited efficacy and severe adverse effects
associated with EZH2i in solid tumors, we are exploring
the potential of utilizing an albumin-nanoparticle delivery
system to facilitate the targeted transportation of EZH?2i.
Albumin-GSK126 NPs were prepared using the modified
desolvation method, which generated ultrafine NPs at
a rapid rate according to the optimum conditions. The
successful encapsulation of GSK126 into albumin NPs
was confirmed through UV analysis, revealing characteristic
peaks at 285 and 310 nm (Figure 3A). Notably, the prepared
GSK126 NPs exhibited a small spherical core with an
average diameter of 30.09 = 1.55 nm and a narrow size
distribution, and demonstrate high drug loading capacity
(16.59% % 2.86%) and good entrapment efficiency (99.53%
T 0.208%) (Figure 3B). Furthermore, the GSK126 NPs
displayed a zeta potential of —28 mV, indicating their
stability in a physiological environment (Figure 3C). The
surface morphologies of GSK126 NPs were examined
through SEM. As depicted in Figure 3D, the SEM images
showed the synthesized GSK126 NPs have a spherical
appearance. To assess the cellular transport capability of
GSK126 NPs, a lipophilic fluorescent dye, coumarin-6
(Cou), was incorporated as an indicator of cellular uptake
efficiency. The cellular uptake of coumarin-6 NPs by
B16F10 cells significantly increased with 6 h incubations
(Figure 3E). Flow cytometry confirmed that coumarin-6
NPs efficiently penetrated the cell membrane, while the
cellular uptake was inhibited by methyl 3-cyclodextrin (8-
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Figure 1: Efficacy of EZH2 inhibitor GSK126 in solid tumors. (A) Cell proliferation of B16F10, 4T1 and MC38 cells in GSK126 (10-16 pmol/L) treatment monitored
by IncuCyte S$3. Mean + SEM is shown (n = 6). (B) Images, (C) tumor growth curve, and (D) tumor weight of mice bearing B16F10 in the vehicle group (n =
6) and GSK126 (50 mg/kg) treatment group (n = 6). (E) Images, (F) tumor growth curve, and (G) tumor weight of mice carrying 4T1 in the vehicle group (n =
6) and GSK126 (50 mg/kg) treatment group (n = 7). (H) Images, (l) tumor growth curve, and (J) tumor weight of mice carrying MIC38 in the vehicle group (n
= 5) and GSK126 (50 mg/kg) treatment group (n = 5). Tumor volume was measured with a vernier caliper every 2-3 days. Tumor volume = Length X Width
X Width / 2. Tumor weights were measured at day 15. (K) Body weight of B16F10, 4T1, and MC38 xenograft mice. (L) Oil Red O staining of liver sections in
B16F10 tumor-bearing mice of Vehicle and GSK126 treatment group. Data in (D), (G) and (J) were analyzed by one-way ANOVA with Tukey multiple comparison
posttest. ns, nonsignificant, 'P < 0.05.
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Figure 2: (A) Enrichment plots generated by Gene Set Enrichment Analysis (GSEA) for gene ontology chemokine production genes (left) and hit genes expression
in heat map (right), n = 3. (B) Enrichment plots generated by GSEA for gene ontology cytokine production. (C) Enrichment plots generated by GSEA for signaling
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are colored in grey. (E) Enrichment plots generated by GSEA for signaling pathways probably related to chemokine production. (F) Enrichment plots generated
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of the cellular uptake of Cou NPs.

CD), a known inhibitor of the Gp60/caveolar transport
(Figure 3F). These findings verified that the optimized
nanoplatforms demonstrated excellent behaviors 7 vitro,
promoting us to further explore their therapeutic potential
in vivo.

Nano-assembled delivery system presents
effective tumor suppression

The in vivo anti-tumor efficacy of GSK126 NPs, vehicle,
and free GSK126 were validated in B16F10 bearing
C57BL/6 mice. Both free GSK126 and GSK126 NPs were
administered #Za intraperitoneal injection at a dosage of 50
mg/kg/d. As depicted in (Figure 4A-4B), the tumors in the
vehicle treated group grew very rapidly to approximately
700 mm® at day 12 post-treatment. While free GSK126
did not exhibit a significant inhibitory effect on tumor
growth, its nanoformulations demonstrated notable tumor
growth inhibition compared to the vehicle group (Figure
4C). This was evidenced by reduced tumor volume and
decreased tumor weight, suggesting that the NPs of
GSK126 may have superior effects on improving systemic

circulation compared to free GSK126. Surprisingly,
although nanocarriers effectively enhance the anti-tumor
activity of EZH2i in solid tumors, we also noticed a
significant decrease in body weight in tumor-bearing mice
(Figure 4D). Oil Red O staining results demonstrated that
GSK126 NPs significantly ameliorated the hepatic lipid
accumulation caused by free GSK120, effectively reducing
the hepatotoxicity of GSK126. (Figure 4E). This highlights
the need for further exploration of the intravenous
administration route.

Previous investigations have indicated that GSK126
may promote the generation of myeloid-derived
suppressor cells (MDSCs) or recruitment within the
tumor microenvironment, which could partially account
for the compromised effectiveness in combating tumor
progression.”” We then examined immune cells in the
peripheral blood, spleen, and tumor microenvironment
of B16F10-bearing mice treated with vehicle control, free
GSK126, and GSK126 NPs using flow cytometry, with a
focus on myeloid subsets (Figure 5A). In peripheral blood,
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both forms of GSK126 can reduce the proportion of
CD3+ T cells while increasing the proportion of CD11b+
myeloid cells, with these effects being more pronounced
in the GSK126 NPs treatment group (Figure 5B). Besides,
free GSK126 significantly reduced the proportion of
CD3+ T cells in the spleen, whereas GSK126 NPs had no
significant impact on the CD3+ T cells in the spleen (Figure
5C). Neither form of GSK126 altered the proportion of
CD11b+ myeloid cells within the CD45+ white blood
cells in the spleen (Figure 5C). Upon analyzing tumor-
infiltrating immune cells, we found that both forms of
GSK126 had no significant impact on tumor-infiltrating
CD3+ T cells and CD11b+ myeloid cells (Figure 5D).
Based on these myeloid immune cells’ phenotyping, we
further detect MDSC subsets in peripheral blood, spleen,
and tumor microenvironment to evaluate whether the
GSK126 NPs could reverse this effect to enhance the
anti-tumor efficacy. We identified CD11b*Ly6G Ly6C" as
M-MDSCs, and CD11b*Ly6G 'Ly6C** as PMN-MDSCs,
and the sum of these two populations as total MDSCs.
Both forms of GSK126 could increase the proportion
of PMN- and total MDSC cells in peripheral blood, but
not M-MDSCs (Figure 5E and 5F). Meanwhile, both free
GSK126 and GSK126 NPs increase the proportion of M-
and total MDSC cells in spleen, but have limited effect on
PMN-MDSCs (Figure 5G and 5H). However, in the tumor
microenvironment, GSK126 NPs significantly reduced
the proportion of M-MDSCs which is the main subtype
functioning the immune suppressive role, whereas free
GSK126 did show the increasing tendency in M-MDSC

proportion (Figure 51 and 5]).

These findings suggest that GSK126 NPs and free GSK126
exhibit similar immune regulatory effect in peripheral
blood and spleen by tuning either M-MDSC or PMN-
MDSC percentage. However, upon nanoformulation,
it does reduce M-MDSC infiltration in the tumor
microenvironment, thereby improving the immune-
suppressive microenvironment and enhancing the anti-
tumor capacity.

DISCUSSION

High expression of EZH2 is significantly associated
with the pathogenesis and progression of multiple
hematological and solid tumors, promoting cell survival,
proliferation, epithelial-mesenchymal transition, invasion,
as well as drug resistance.’” Therefore, small molecule
inhibitor targeting EZH2 represents a hopeful strategy
for oncotherapy. Despite the FDA approval of EZH2i
in 2020, improving the anti-tumor efficacy of these
inhibitors in solid tumors remains a crucial issue that
draws attention. Our previous and ongoing 7 vitro and
in vivo experiments confirmed the disparate sensitivity
of hematologic and solid tumor cell lines to EZH2
inhibition. Hematologic malignancies demonstrated high
sensitivity, whereas solid tumors exhibited limited response
to the EZH2i." Previous investigation has suggested
encapsulating EZH2i derivatives in polymeric PLGA
NPs could potentially enhance the therapeutic efficacy
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Figure 5: GSK126 NPs affect the generation and infiltration of MDSCs. (A) Gating strategy for CD3+ and MDSCs in flow cytometry. (B-D) Proportions of CD3+
T lymphocytes and CD11b+ myeloid cells among CD45+ leukocytes in (B) peripheral blood, (C) spleen, and (D) tumor. (E-F) Effects of vehicle control, free
GSK126, and GSK126 NPs on M-MDSCs, PMN-MDSCs, and total MDSCs in peripheral blood. (G-H) Effects of vehicle control, free GSK126, and GSK126 NPs
on M-MDSCs, PMN-MDSCs, and total MIDSCs in spleen. (I-J) Effects of vehicle control, free GSK126, and GSK126 NPs on M-MDSCs, PMIN-MDSCs, and total
MDSCs in tumor-infiltrating cells. ns: nonsignificant, "P < 0.05, P < 0.01, "'P < 0.001.
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for liver cancer treatment iz vitro.”!! Albumin, valued for
its exceptional biodegradability, non-toxicity, and capacity
to bind to receptors, is extensively studied as a versatile
nanodrug delivery system.”? Additionally, albumin naturally
accumulates in tumor tissues due to the EPR effect,
resulting in more efficient and targeted drug delivery.
Albumin-based systems offer improved biocompatibility,
reduced immunogenicity, and enhanced drug stability.
While other drug delivery methods, such as siRNA
delivery, are also gaining attention for their potential in
gene silencing. However, those methods are facing several
significant challenges. These challenges include membrane
impermeability that obstructs siRNA entry into cells and
enzymatic degradation, which leads to rapid breakdown
of siRNA before it reaches its target. Furthermore, siRNA
nanoparticles often undergo fast renal excretion, reducing
their effectiveness; encounter difficulties in escaping
endosomes within cells; and experience off-target effects.
In contrast, albumin-based systems offer a more reliable
and effective method for delivering therapeutic agents
directly to the tumor site, potentially enhancing therapeutic
efficacy while minimizing these challenges and reducing
systemic side effects.”’l Therefore, we explored the
application of albumin-based GSK126 NPs in this study.
The results demonstrated that GSK126 NPs exhibited
favorable characteristics in terms of size, zeta () potential,
and efficient cellular uptake. Importantly, treatment with
GSK126 NPs resulted in significant tumor growth inhibition
in vivo, suggesting a promising strategy for enhancing the
anti-cancer efficacy of EZH2i in solid tumors.

Our results also revealed notable adverse effects associated
with GSK126 treatment, including dysregulated lipid
metabolism and inflammatory responses (Figure 1 and 2).
Lipid metabolism reprogramming, a hallmark of cancer,
plays a crucial role in tumor cell proliferation, movement,
and drug resistance.”**” Previous investigations by us has
substantiated that the EZH21i can alter lipid metabolism by
upregulating key genes implicated in lipid and cholesterol
synthesis, such as ACLY, FASN, and SCD."¥ Current
study reaffirms that the administration of GSK126 on its
own leads to heightened lipid accumulation in the liver
tissue of tumor-bearing mice. The underlying mechanism
accounting for this side effect was investigated by RNA-
seq. The enrichment analysis demonstrated that the genes
involved in triglyceride synthesis were pronounced at the
molecular level. However, incorporating EZH2i into NPs
can notably mitigate lipid-related toxicity in the liver. This
benefit is likely due to the enhanced targeting of tumor
tissues by GSK126 when delivered vz nanoparticles, which
lowers the concentration of free drug in the bloodstream
and thus reduces liver toxicity. Studies have shown that
nanoparticle drug delivery systems prevent direct contact
between the drug and normal cells and exhibit controlled

release, providing sustained delivery and avoiding peak
plasma concentrations, thereby reducing toxicity.?*"
Moreover, as previously mentioned, enhanced targeting
ensures more effective delivery of the drug to tumor sites,
minimizing its distribution in normal tissues or organs and
reducing systemic toxicity. These attributes may contribute
to the lower lipotoxicity observed with GSK126 NPs.

The observed inflammatory reactions associated with
GSK126 treatment raise important considerations for its
clinical application. Despite the significant reduction in tumor
growth observed with GSK126 NPs, our findings indicate
that both free GSK126 and GSK126 NPs induced abdominal
inflammation and ascites, suggesting that GSK126 NPs did
not effectively mitigate local adverse reactions in the petitoneal
cavity. This underscores the need for further exploration of
alternative administration routes, such as intravenous delivery.
While the enhanced anti-tumor effects are demonstrated
(Figure S1), further investigation is required to determine if
this can also reduce local adverse effects. Nevertheless, this
study introduces a pioneering research approach aimed at
maximizing the effectiveness and minimizing the adverse
effects of EZH2i in solid tumor treatment.

GSK126 can upregulate MDSCs in mouse tumor
models, thereby limiting its efficacy 7 vivo.”» MDSCs
are a group of cells defined by their immunosuppressive
function. Based on the differential expression levels of
two epitopes, LyoG and Ly6C, MDSCs are identified as
two distinct subsets: polymorphonuclear (PMN-) and
monocytic (M-) MDSCs.P¥ Compared to M-MDSCs,
PMN-MDSCs constitute a higher proportion of MDSCs
and exhibit preferential expansion within tumors.P”*!
Despite constituting their smaller proportion, M-MDSCs
exhibit a stronger immunosuppressive capacity.””* Our
study revealed that PMN-MDSCs dominate in multiple
sites, including peripheral blood, spleen, and tumor.
However, the response of MDSC subsets to GSK126
varies by location. In peripheral blood, GSK126 mainly
induces an upregulation of PMN-MDSCs, while in the
spleen, M-MDSCs are predominantly affected. GSK126
NPs did not improve the upregulation of MDSCs caused
by GSK126 in peripheral blood and spleen. However, in
tumors, GSK126 NPs significantly reduced the infiltration
of M-MDSCs, which was not observed with free GSK126.
One current mechanism is that GSK126 can upregulate
IL-6 expression directly or through NF-kB pathway,
thereby influencing the differentiation of MDSCs.!*#
Additionally, GSK126 may upregulate Cebpe, a transcription
factor from the C/EBP family, which is involved in the
regulation of myeloid progenitor cell differentiation.*!
However, the specific mechanism by which GSK126 NPs
reduce tumor-infiltrating M-MDSCs is not yet fully clear,
even this reduction can weaken the immunosuppressive
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effects of MDSCs and diminish immune evasion, ultimately
achieving better anti-tumor efficacy. This phenomenon
highlights the potential of nanoparticle delivery systems
to modulate the immune landscape within tumors. Future
studies should focus on elucidating the pathways involved
in this selective reduction of MDSCs by GSK126 NPs.
Potential mechanisms could involve altered drug release
profiles, enhanced targeting of tumor microenvironments,
or modulation of the local immune milieu by the
nanoparticle formulation itself.*") Additionally, there is a
connection between metabolism, immune response, and
inflammation.”* Our experiments observed that GSK126
NPs-induced changes in lipid metabolism, inflammation,
and tumor immune infiltrating cells may be interconnected,
warranting further investigation.

Further clinical advancement of EZH?2i is still highly
needed to be explored,"! GSK126, developed eatlier than
Tazemetostat and had been attempted in clinical trials,
did not demonstrate sufficiently clear clinical benefits at
the tested doses in eatly trials for DLBCL.*! Additionally,
its adverse effects limited dose escalation, which has also
restricted the broader application of EZH2 inhibitors in
other tumor types. Besides, the global effects of EZH2
on the immune system also present factors that limit its
therapeutic efficacy. For example, GSK126 can promote the
recruitment of MDSCs/* or increase the infiltration of M2
macrophages in colorectal cancer.”" Therefore, the findings
of this study, which demonstrate that the construction of
NPs can partially alleviate the hepatotoxicity and the side
effect of inducing MDSCs recruitment associated with
GSK126, may offer a potential solution to overcome the
clinical application challenges of GSK126 and other EZH2
inhibitors. Furthermore, new therapeutic strategies, such
as novel small molecule configurations,”'! combination
therapies with EZH2 inhibitors,"! drug development
targeting other components of the PRC2 complex, >
ot new therapeutic approaches like PROTACS,!"" hold
promise for providing more viable treatment options
centered around EZH2. These approaches also offer
increased potential for the clinical integration of EZH2i
NPs.

Despite the encouraging results, several challenges and
questions remain to be addressed. While our study focused
on the therapeutic potential of GSK126 NPs in solid
tumor therapy, future research should explore additional
aspects such as the long-term effects of GSK126 NPs on
tumor growth and recurrence, exploring the combinatorial
potential with other therapeutic agents, and understanding
the pharmacokinetics and biodistribution of GSK126 NPs
to optimize their delivery and therapeutic window. This
comprehensive research aims to refine treatment strategies

and improve patient outcomes in cancer therapy.

In short, we successfully fabricated GSK126 NPs using
modified desolvation method for active tumor targeting.
This nanosystem displayed multiple characteristics
such as enhanced drug loading, greater cellular uptake,
prolonged blood retention time, as well as considerable
tumor accumulation. GSK126 NPs proved to be
effective in solid tumor. The enhanced anti-tumor
efficacy of GSK126 NPs might be attributed to its
precise binding to albumin receptors such as SPARC.
Although this is being investigated by our team, the
present work is a good step toward expanding the scope
of EZH2 inhibitor application clinically. This study
confirmed that GSK126 NPs are promising NPs for
solid tumor therapy.

Supplementary Information

Figure S1. Effects of GSK126 NPs on increasing anti-
tumor efficacy. Supplementary materials are only available
at the official site of the journal (www.intern-med.com).
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