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Purpose: The glycolipid a-galactosylceramide (a-GalCer), when presented by CD1d, can modulate the immune system through the
activation of natural killer T (NKT) cells. Previously, we synthesized over 30 analogs of a-GalCer and identified a compound, C34,
which features two phenyl rings on the acyl chain. C34 exhibited the most potent NKT-stimulating activities, characterized by strong
Th1-biased cytokines and potent anti-tumor effects in several murine tumor models. Importantly, unlike a-GalCer, C34 did not induce
NKT cell anergy. Despite these promising results, the clinical application of C34 is limited by its poor aqueous solubility. PEGylation
enhances the solubility of hydrophobic drugs, and numerous PEGylated drugs have received clinical approval. Consequently, we
assessed the biological activity of PEGylated C34 in this study.

Methods: Murine NK1.2 cells were cultured with A20-CD1d cells in the presence of either PEGylated lipid nanocarriers encapsulat-
ing C34 (PLN-C34) or C34 dissolved in DMSO to determine IL-2 production via ELISA. C57BL/6 mice were i.v. injected with C34 or
PLN-C34 to examine cytokine profiles and immune cell populations using luminex and flow cytometry, respectively. The anticancer
effects of C34 and PLN-C34 were evaluated in mice bearing TC-1 lung cancer and B16 melanoma tumors. Additionally, human
PBMCs were cultured with C34 or PLN-C34 to measure cytokine production through luminex.

Results: PLN-C34 demonstrated a comparable capacity to C34 in activating the NKT cell line in vitro and inducing various cytokines
in vivo. Furthermore, treatment with either PLN-C34 or C34 significantly prolonged the survival of TC-1- and B16F10-bearing mice
to a similar extent. Additionally, PLN-C34 effectively stimulated cytokine responses in human NKT cells, comparable to those induced
by C34.

Conclusion: These findings demonstrate that the newly formulated PLN-C34 retains NKT-stimulatory activity and anti-cancer
efficacy of C34, supporting the potential of PLN as a solvent for C34 for further development in cancer therapy.

Keywords: phenyl-glycolipid, NKT cells, PEGylated lipid nanocarrier, anti-cancer

Introduction

Natural killer T (NKT) cells represent a small subset of T lymphocytes that express T cell receptors (TCR) and NK cell
markers. The TCR of NKT cells recognizes the glycolipid molecule a-galactosylceramide (a-GalCer), which is presented
by CD1d on antigen-presenting cells and epithelial cells." The CD1d-restricted NKT cells harbor a unique invariant TCR.
The engagement of this invariant TCR with CD1d-presented a-GalCer triggers the rapid secretion of both Th1l and Th2
cytokines by NKT cells.” In view of their potent immunomodulatory functions, NKT cells have been exploited for their
potential in preventing tumor metastases,” reducing tumor growth, inhibiting bacterial or viral infections, and ameliorat-
ing the progression of autoimmune diseases in mouse models.®® However, a-GalCer can upregulate PD1 and cbl-b in
NKT cells, inducing NKT cell anergy because of the low-avidity engagement with TCR.'® Repeated administration of a-
GalCer in mice also increased immunosuppressive myeloid-derived suppressor cells (MDSCs) in the spleen.'® Moreover,
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a-GalCer elicits strong production of both Th1 and Th2 cytokines.'" Although the Th1 response is crucial for anti-tumor
immunity, the Th2 response has traditionally been seen as favoring tumor growth. Such properties may explain the
limited anti-cancer efficacy of o-GalCer in early clinical trials.'*'® Therefore, various structural modifications of a-
GalCer have been developed to manipulate immune polarization of NKT cells.'* For instance, adding phenyl groups to

1516 while shortening the sphingosine chain

the acyl chain of glycolipids stimulates a Thl-biased immune response,
length triggers a Th2-biased immune response.'’ We previously evaluated the biological activity of a-GalCer analogs,
using an in vitro assay to determine cytokine production from NKT cells upon stimulation by CD1d-presented a-GalCer
analogs.'>'® We found that C34, a glycolipid containing two phenyl rings on the acyl chain, elicits the most potent Th1-
biased immunity among a variety of a-GalCer derivatives. In vivo, C34 stimulates mouse NKT cells to secrete higher
levels of Thl cytokines, such as IFN-y and IL-2. It also exhibits greater anti-tumor activity than a-GalCer and other
phenyl glycolipids in syngeneic murine tumor models of TC-1 lung cancer and B16F10 melanoma.'> These effects of
C34 are attributed to the high binding affinity and stability of C34-CD1d complex with the TCR of NKT cells. More
importantly, unlike a-GalCer, C34 neither induces anergy of NKT cells nor increases accumulation of MDSCs in TC-
1-bearing mice upon multi-dose administration,'® further supporting the use of C34 as an anticancer therapeutic.

All the aforementioned studies were performed using dimethyl sulfoxide (DMSO) as a solvent because C34 is
hydrophobic and difficult to dissolve in water. In preclinical studies, DMSO is predominately used as a solvent for
hydrophobic agents. However, the clinical use of DMSO is limited to the treatment of interstitial cystitis via intravesical
injection. Moreover, DMSO has been reported to cause oxidative stress and induce embryonic defects in mouse
preimplantation embryos.'® In rats, DMSO could induce retinal apoptosis at low concentrations.”® Since DMSO is not
suitable for systemic administration, developing an appropriate formulation for C34 is crucial to facilitate its clinical
pharmaceutical applications.

The water solubility of a drug is crucial for its design and development. Poorly water-soluble agents often suffer from
poor absorption and limited bioactivity. To address this issue, hydrophobic agents are commonly mixed with surfactants,
amphiphilic block copolymers, or lipids, to form micelles, disk-like micelles, vesicles, and bilayers in water, thereby
facilitating their delivery.?'** Polyethylene glycol (PEG) offers many favorable properties for drug delivery, including
biocompatibility, low toxicity, and ease of excretion.”**> PEGylated lipids can self-assemble into core-shell nanostruc-
tures in aqueous solution, enhancing the solubility of hydrophobic drugs.”® For example, sterically stabilized micelles
(SSMs), a type of PEG-based nanocarrier, possess a hydrophobic core and an ionic interface capable of associating with
a variety of poorly soluble therapeutic and diagnostic agents.”’ However, it remains unclear whether a PEG-based
nanocarrier can increase the solubility and maintain biological function of the glycolipid C34.

In the present study, we have demonstrated that PEGylated lipid-based nanocarriers (PLN) mixed with hydrophobic
phenyl glycolipid C34 (PLN-C34) were able to activate NKT cells in vitro and displayed comparable bioactivity to C34
in DMSO in vivo.

Materials and Methods

Cell Lines and Reagents

mNK1.2 and A20-CD1d cells were kindly provided by Dr. Mitchell Kronenberg. Mouse lung cancer TC-1 and mouse
melanoma B16F10 cells were obtained from ATCC. The TC-1, mNK1.2, and A20-CD1d cells were maintained in RPMI-
1640, while B16F10 cells were maintained in DMEM medium. Both media were supplemented with 10% heat-
inactivated fetal bovine serum, 100 pug/mL streptomycin, and 100 pg/mL penicillin (Invitrogen, Frederick, MD).

C34 and PEGylated lipid nanocarrier-encapsulated C34 (PLN-C34) were kindly provided by OPKO Health Inc. C34
was dissolved in 100% DMSO at a concentration of 2 mg/mL. PLN is a proprietary formulation by OPKO Company. The
production of PLN-C34 utilized a phospholipid polymer DSPE-mPEG2000 (1,2-Distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-[methoxy(polyethylene glycol)-2000]), which is a biocompatible, biodegradable amphiphilic material. Since
DSPE-mPEG2000 contains both hydrophobic and hydrophilic regions, it can form micelles with a neutral charge. The
PLN-C34’s size is around 20-30 nm. To sterilize the solution, PLN-C34 was syringe-filtered using a 0.22 pm PVDF
filter. The sample was then diluted 10-fold in methanol, and the C34 content was quantified by HPLC. PLN-C34 was

5324  htes Drug Design, Development and Therapy 2024:18

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Hung et al

dissolved in double-distilled water at 1 mg/mL. Immediately before in vivo administration, all glycolipids were diluted
in PBS.

Evaluation of in vitro Effect of C34 and PLN-C34 Using A20-CD |d and mNK1.2 Cells
A20-CD1d cells (10*/50 pL) and mNK1.2 cells ( 10*/50 pL) were seeded into each well of a 96-well plate. C34 in DMSO
(abbreviated as C34) and PLN-C34 were diluted to a concentration of 10 pg/mL in complete RPMI-1640 medium. Ten
microliters of the diluted C34 and PLN-C34 were added to each well containing the A20-CD1d/mNK1.2 cells and
incubated at 37°C. After 3, 6, and 24 hours, the culture medium was collected to determine the level of IL-2 by ELISA.

Enzyme-Linked Immunosorbent Assay (ELISA) for Mouse IL-2

The concentration of mIL-2 was determined using the Mouse IL-2 DuoSet ELISA kit (DY402, R&D, USA). Briefly,
a 96-well ELISA plate (442404, Thermo Scientific) was coated with 100 puL per well of the capture antibody and
incubated overnight at 4°C. After washing with 200 pL of wash buffer (0.05% Tween 20 in PBS), the plate was blocked
with 100 pL of blocking buffer (1% bovine serum albumin in PBS) for 1 hour. After washing, 100 pL of culture
supernatant was added to each well and incubated for 2 hours at room temperature. Following another wash, 100 pL of
detection antibody was added to each well and incubated for 2 hours at room temperature. After a final wash, 100 pL of
the working dilution of streptavidin-HRP was added and incubated for 20 minutes at room temperature. The plate was
washed again, and 100 pL of substrate solution (NeA-Blue, Clinical Science Products, Inc., USA) was added and
incubated for 20 minutes at room temperature. The reaction was stopped by adding 50 uL of IN HCI solution.
Absorbance at 450 nm was determined using an ELISA microplate reader (SpectraMax M2, Molecular Devices, Inc).

Mice

Eight- to twelve-week-old male C57BL/6 (B6) mice were obtained from the National Laboratory Animal Center (Taipei,
Taiwan). The mice were housed under specific pathogen free conditions, and all animal studies were approved by the
Animal Care and Use Committee of Chang Gung University (IACUC# CGU 105-027), according to the Guideline for
the Care and Use of Laboratory Animals issued by the Council of Agriculture, Executive Yuan, Taiwan.

In vivo Immune Responses to Formulated C34

Mice were injected intravenously with C34 (0.005 milligram per kilogram, MPK) or PLN-C34 (0.005 and 0.00125
MPK). After 2 hours, mouse sera were collected to determine serum IFN-y, IL-4, IL-2, GM-CSF, and G-CSF using the
Beadlyte Mouse 6-plex Multi-Cytokine Detection System (Merck Millipore, Billerica, MA, US). Briefly, five microliters
of mouse sera were diluted with 20 pL assay buffer and added into each well of a 96-well black bottom plate (165305,
Thermo Scientific). Twenty-five microliters of antibody-immobilized beads were added into each well and incubated
overnight at 4°C. The plate was washed twice using plate washer for magnetic beads (ELx405, Bio-Tek) before adding
25 uL of detection antibodies into each well and incubated with agitation on a plate shaker for 1 hour at room
temperature. Then, 25 pL of streptavidin-phycoerythrin was added into each well and incubated for additional 30 minutes
at room temperature. After washing, the beads in each well were resuspended with 150 pL of sheath fluid and mixed well
on a plate shaker for 5 minutes. The cytokines on the beads were measured with a Luminex 200™
Millipore, Billerica, MA, US).

system (Merck

Flow Cytometry

Anti-CD3-FITC (145-2C11), anti-CD4-APC (RM4-5), anti-CD8-APC-Cy7 (53-3.7), anti-CD11b-APC (M1/70), anti-
CD19-PE (6D5), anti-CD25-FITC (3C7), anti-NK1.1-PE-Cy7 (PK136), anti-Gr1-APC-Cy7 (RB6-8C5), and anti-FOXP3
-PE (150D) antibodies were obtained from BioLegend (San Diego, CA, US).

Three days post glycolipid treatment, mouse splenocytes were obtained and counted using a Vi-Cell XR cell viability
analyzer (Beckman Coulter, CA, US). Splenocyte subpopulations were identified via flow cytometry. For surface
staining, splenocytes were resuspended in RPMI-1640 medium and incubated with antibodies for 30 minutes at 4°C.
For intracellular staining, splenocytes were fixed with 450 uL of FluroroFix buffer (#422101 BioLegend, San Diego, CA,
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US) for 15 minutes at room temperature. After fixation, the splenocytes were washed three times with permeabilization
wash buffer (#421002, BioLegend, San Diego, CA, US). A 100 uL of permeabilization buffer containing anti-FOXP3-PE
antibody was added and incubated with the cells for 30 minutes at 4°C. Following incubation, the cells were washed and
resuspended in 500 pL of PBS, then analyzed using a flow cytometry EC800 (SONY, Tokyo, Japan). EC800 software
was utilized for data analysis. The gating strategies for immune cell subpopulations in spleen were defined as following:
CD4" T (CD3'CD4"), CD8" T (CD3'CD8"), NK (CD3 NK1.1%), NKT (CD3'NKI.1"), B (CD19"), MDSC
(CD11b"Gr1"), and Treg (CD4 'CD25 "FOXP3") cells (supplementary Figure 1).

Anti-Cancer Effect of PLN-C34 in vivo

C57BL/6 mice (n = 10/group) were intravenously injected with lung cancer TC-1 or melanoma B16F10 cells (10° cells/
100 pL PBS). One day after tumor injection, mice were injected intravenously with PBS, C34 (0.005 MPK), or PLN-C34
(0.005 and 0.00125 MPK) weekly for four weeks. The survival of these mice was analyzed by Kaplan-Meier cumulative
plot.

Immune Responses of Human Peripheral Blood Mononuclear Cells (PBMCs) to

PLN-C34

PBMCs were isolated from heparinized whole blood using Ficoll-Paque PLUS (Cytiva, Massachusetts, US), seeded (10*
cells/well) into each well of a 96-well plate, and cultured with 0.1 pg/mL of C34 or PLN-C34 for 72 hours at 37°C. After
being centrifuged at 400g for five minutes, the supernatant was collected to determine cytokines/chemokines by Beadlyte
Human High Sensitivity T Cell Panel (Merck Millipore, Billerica, MA, US) as described in the above section. Human
blood from healthy donors was obtained from Chang Gung Memorial Hospital (CGMH) at Linkou under the approval of
the Institutional Review Board (IRB) at CGMH (IRB# 201700831A3).

Statistical Analysis

The Shapiro—Wilk test and Levene test were used to verify the normal distribution and homogeneity of the data.
Subsequently, the statistical significance between each group was analyzed by #-test. For groups with fewer than six
samples, we used a permutation test with Benjamini & Hochberg correction to assess statistical significance. A P-value
less than 0.05 was considered significant. The statistical significance of differences in survival time of tumor-bearing
mice between each group was determined by the Log rank test.

Results
New Formulation PLN-C34 Stimulated Greater Immune Response at Lower

Concentration Than C34 in vitro and in vivo

Finding an alternative to DMSO to maintain activity of hydrophobic C34 for clinical use is urgently needed. We
evaluated the biological activities of C34 encapsulated in PEGylated lipid nanocarriers (PLN), which are designed for
delivering hydrophobic agents. In vitro, mNK1.2 cells were stimulated with either C34 or PLN-C34 presented by A20-
CD1d cells, and interleukin 2 (IL-2) secretion was measured. As shown in Figure 1a, PLN-C34 induced significantly
higher IL-2 secretion than C34 at three (unpaired #-test, p = 0.002) and six hours (unpaired z-test, p = 1.2e-6) post-
stimulation. At 24 hours, the IL-2 levels in PLN-C34-treated cells were comparable to those in C34-treated cells.
Notably, the EC5y of PLN-C34 (0.004 pg/mL) for inducing IL-2 production at 72 hours is ~4-fold lower than that of C34
(ECso =0.017) (Figure 1b). These findings suggest that PLN-C34 may augment the NKT cell response compared to C34
dissolved in DMSO.

To delineate the immune modulatory activity of PLN-C34 in vivo, we analyzed cytokine induction and splenocyte
sub-populations following the intravenous injection of mice with C34 (0.005 MPK) or PLN-C34 (0.005 and 0.00125
MPK). As shown in Figure Ic, elevated levels of cytokines, including interferon y (IFN-y), interleukin 4 (IL-4), IL-2,
granulocyte-macrophage colony-stimulating factor (GM-CSF), and granulocyte colony-stimulating factor (G-CSF), were
detected in both the C34 and PLN-C34 groups, but were negligible in the control group two hours post-injection. The
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Figure | PLN-C34 induced stronger immune responses than C34. (a) Murine NK1.2 cells were co-cultured with A20-CD1d cells in the presence of | pg/mL of C34 in
DMSO (open column) or PLN-C34 (closed column). Supernatants were collected at 3 (n = 6/group), 6 (n = 6é/group), and 24 (n = 3/group) hours after stimulation, and the
concentration of mIL-2 was determined by ELISA. ** p < 0.01 and *** p < 0.0001 by unpaired t-test. (b) Murine NKI.2 cells were co-cultured with A20-CDd cells in the
presence of C34 or PLN-C34 at various concentrations for 72 hours. Interleukin-2 concentrations in the supernatants were measured by ELISA. (c) C57BL/6 mice (n = 5/
group) were i.v. injected with C34 (0.005 MPK) or PLN-C34 (0.005 and 0.00125 MPK). Mouse sera were collected at 2 hours after injection. Serum levels of [FN-y, IL-4, IL-2,
GM-CSF, and G-CSF were analyzed using the Beadlyte mouse multi-cytokine detection system. (d) Three days after injection of C34 (0.005 MPK) or PLN-C34 (0.005 and
0.00125 MPK), subpopulations of splenocytes in the mice (n = 4/group) were determined by flow cytometry. Error bars represent the SEM. Ctrl: control, * p < 0.05 and **
b < 0.0l vs control, # p < 0.05 by permutation test with Benjamini & Hochberg correction.

C34 and PLN-C34 groups significantly stimulated the production of IFN-y, IL-4, IL-2, and G-CSF, in comparison to the
control mice. Mice treated with PLN-C34 (0.005 MPK) exhibited higher levels of IL-2 (1431 £ 61.6 vs 643.9 = 137.3 pg/
mL, p = 0.23), GM-CSF (762.6 + 89 vs 397.5 = 30 pg/mL, p = 0.34), and G-CSF (2115.8 £ 230.5 vs 1257 + 71 pg/mL,
p = 0.19) compared to those treated with C34 (0.005 MPK); however, these differences were not statistically significant.
Next, we analyzed the subpopulations of immune cells in the spleen three days after treatment with C34 (0.005 MPK) or
PLN-C34 (0.00125 and 0.005 MPK). As shown in Figure 1d, the absolute number of splenocytes, NK cells, and B cells
significantly increased in mice treated with C34 (0.005 MPK) or PLN-C34 (0.00125 or 0.005 MPK) compared to control
mice. Although the numbers of CD4" T cells, CD8" T cells, NKT cells and MDSCs increased in mice treated with 0.005
MPK C34 (CD4" T: 16.5+ 1.3 x 10°, p = 0.07; CD8" T: 4.4 + 0.4 x 10°, p = 0.07; NKT: 2.0 + 0.1 x 10°, p = 0.1; MDSC:
1.8 £ 0.2 x 10° p = 0.09) or 0.005 MPK PLN-C34 (CD4" T: 14.7 + 1.3 x 10°, p = 0.07; CD8" T: 4.8 £ 0.3 x 10°, p =
0.07; NKT: 2.6 + 0.7 x 10°, p =0.2; MDSC: 2.5 £ 0.5 x 108, p = 0.09), this increase did not show a statistically
significant difference from the control group (CD4" T: 9.2 + 0.4 x 10°, CD8" T: 2.7 + 0.4 x 10°, NKT: 1.1 + 0.1 x 10°;
MDSC: 0.8 £ 0.1x10°). There was no significant difference in the numbers of Treg cells among the mice in the C34
PLN-C34 (0.005 and 0.00125 MPK), or control groups. In general, we observed comparable potency between PLN-C34
and C34 in terms of cytokine production and lymphoid cell proliferation. Our findings show that PEGylated lipid
nanocarriers preserve the NKT stimulatory activity of C34, supporting their potential to replace DMSO as a solvent.
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PLN-C34 Prolonged Survival of Tumor-Bearing Mice

We used the previously established syngeneic mouse tumor models, TC-1 lung cancer and B16F10 melanoma'” to
compare the efficacy of C34 in DMSO with that of water-soluble PLN-C34. One day after the intravenous injection
of tumor cells, these mice were treated intravenously with C34 (0.005 MPK) or PLN-C34 (0.005 and 0.00125 MPK)
weekly for four weeks. As shown in Figure 2, there was a significant prolongation of survival in TC-1-bearing mice
treated with C34 (median survival: 34 days, p = 0.0024) or PLN-C34 (0.005 MPK: 35 days, p = 0.0007; 0.00125
MPK: 34.5 days, p = 0.0024) compared to the control group (31.5 days). No significant difference in survival was
observed among the groups treated with C34 (0.005 MPK) or PLN-C34 (0.005 and 0.00125 MPK). Similarly, in the
B16F10 mouse model, prolonged survival was noted in the groups treated with C34 (30.5 days, p = 0.0139) and
PLN-C34 (0.005 MPK: 31.5 days, p = 0.0052; 0.00125 MPK: 32 days, p = 0.0052) compared to the control group
(28.5 days). These findings indicate that the in vivo anticancer efficacy of PLN-C34 is comparable to that of C34
dissolved in DMSO.

PLN-C34 Stimulated Comparable Cytokine Responses as C34 in Human PBMC
Finally, to investigate whether PLN-C34 could activate human NKT cells, we cultured human PBMC in the presence or
absence of C34 or PLN-C34. Three days later, the culture supernatant was collected to determine the levels of GM-CSF,
IFN-y, IL-2, and TNF-a. As shown in Figure 3, PLN-C34 induced comparable rises as C34 in the levels of following
cytokines: GM-CSF (242 + 189.4 vs 163.3 + 81.8 pg/mL, p = 0.5), IFN-y (1000.3 = 921.0. vs 945 + 878.6 pg/mL, p =
0.9), IL-2 (589.7 + 408.4 vs 665.3 + 442.2 pg/mL, p = 0.8), and TNF-a (3273.7 + 3842.9 vs 1512 + 508.0 pg/mL, p =
0.4). These findings indicate that C34 in PEGylated lipid nanocarriers has comparable activity in stimulating human NKT
cells to C34 dissolved in DMSO.
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Figure 2 Anti-cancer efficacy of PLN-C34 in tumor-bearing mice is comparable to C34. C57BL/6 mice (n = 8 per group) were intravenously injected with either (a) 10° TC-
| lung cancer cells or (b) BI6F10 melanoma cells. C34 (0.005 MPK) or PLN-C34 (0.005 and 0.00125 MPK) was administered intravenously on day |, 8, 15, and 22. The
survival of the mice was analyzed using Kaplan-Meier cumulative curve. * p < 0.05, ¥ p < 0.01 or *** p < 0.00] compared with the control (Ctrl).
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Figure 3 PLN-C34 induced comparable cytokine responses in human PBMC as C34. Human PBMCs were cultured with | pg/mL of C34 or PLN-C34 (n = 3/group) for 72 hours.
Afterward, the supernatants were collected, and the levels of GM-CSF, IFN-y, IL-2, and TNF-a were determined using beadlyte human multi-cytokine detection system.
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Discussion

To facilitate the clinical pharmaceutical applications, it is imperative to devise an optimal formulation for C34. While
DMSO effectively dissolves hydrophobic glycolipid C34, systemic administration of DMSO is impractical. Several
formulations for a-GalCer glycolipid have been tested. One promising approach involved encapsulating a-GalCer and
insulin B peptide in a liposome composed of 1.2-dioleoyl-sn-glycero-3-phosphocholine, 1.2-dioleoyl-sn-glycero-3-phos-
phoglycerol, and Cholesterol. The o-GalCer-insulin B peptide liposomes demonstrated a promising effect on the
suppression of the onset of type 1 diabetes in NOD mice.”® Another formulation, a liposome containing a-GalCer
combined with palmitoylated tumor antigen and palmitoylated LeY, increased uptake by monocyte-derived dendritic
cells.” However, these formulations of hydrophobic glycolipids are still in the preclinical phase and are not yet
accessible for clinical application.

C34 is a synthetic analog of a-galactosylceramide (a-GalCer). Pharmacokinetic studies of a-GalCer (administered at
doses ranging from 50 to 4800 pg/m?) in a formulation containing sucrose, L-histidine, and polysorbate 20 indicated no
evidence of drug accumulation or saturation.'”> When administered at a dosage of 4800 pg/m?, a-GalCer exhibits a half-
life of approximately 64 hours, with a clearance rate of 0.18 liters per hour. The pharmacokinetics of PLN-C34 is likely
to be comparable to those of a-GalCer.

The a-galactosylceramide analogs display the ability to expand NKT cells in vitro, suggesting that they are not
cytotoxic.’® Additionally, the PLN is composed of DSPE-PEG, which is an FDA-approved phospholipids-polymer
conjugate for drug delivery. Such formulation is known for its biocompatibility, biodegradablility, and non-toxicity.>'

Encapsulation with micelles facilitates the solubility of water-insoluble drugs in aqueous solution due to the affinity
between these drugs and hydrophobic solvent.>* This approach may offer a promising avenue for increasing the
bioavailability of those compounds with inherent solubility challenges. Additionally, modifying biological molecules
through covalent conjugation with polyethylene glycol (PEG) improves their solubility and stability. PEGylated poly-
meric micelles, which are soluble lipid-based nanocarriers, have been designed to enhance the aqueous solubility of
poorly soluble compounds, protect them from degradation, and improve their availability at disease sites.”**’->
Furthermore, PEGylated polymeric micelle-encapsulated drugs have been shown to accumulate within tumor sites
through the enhanced permeability and retention effect.** Consequently, PLN might form PEGylated polymeric micelles
to enhance the solubility of glycolipid C34.

Several PEGylated hormones and cytokines have been approved by the FDA and have reached the market.”
PEGylated liposomal doxorubicin HCl (Doxil) was the first FDA-approved nano-drug for ovarian cancer and
sarcomas.”> Additionally, when formulated into DSPE-PEG2000 micelles, Ridaforolimus, a highly lipophilic compound,
demonstrated an prolonged half-life.*® So far, most of the FDA-approved PEGylated entities are small molecules,
peptide, and protein. Our results demonstrate that PEGylated lipid nanocarriers could be an ideal formulation for
glycolipids.

PEGylated compounds may show decreased uptake by numerous cell lines. The reduced cellular uptake is attributed
to the hydrophilic nature and nanoparticle shielding properties of PEG.>’ *° Additionally, evidence suggests that
endosomal transfer of PEGylated compounds occurs.*® Interestingly, a-GalCer, as well as C34, is processed and loaded
onto CD1d at the late endosome/lysosome, and then o-GalCer-CD1d complexes are transported to the cell surface to
activate NKT cells.*'**> This might elucidate why PEGylated lipid nanocarriers did not interfere the presentation process
of C34 to CD1d molecules; conversely, PLN-C34 can effectively stimulate NKT cells to secrete comparable amounts of
cytokines as C34, including IFN-y, IL-4, IL-2, and G-CSF.

PEGylation has been shown to improve the uptake of particles by dendritic cells. When PEGylated particles were
administered subcutaneously, they accumulated in the draining lymph nodes, where the dendritic cells uptake the
particles, thereby enhancing a robust immune response.*® For example, the incorporation of PEG into the lipopeptide
R4Pam,Cys has been shown to induce maturation of dendritic cells, which in turn activates T cells.** In this study, our
findings demonstrate that PLN-C34 could enhance cytokine production in vivo, which may be attributed to the activation
of NKT cells by dendritic cells presenting C34.
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Conclusion

Our study here demonstrated a non-liposomal PEGylated lipid nanocarrier formulation that improved the water solubility
of hydrophobic C34. PLN-C34 exhibited potent bioactivities in activating murine and human NKT cells in vitro.
Importantly, the in vivo anti-cancer efficacy of C34 was not compromised by the formulation. Thus, this PEGylated
lipid nanocarrier offers an ideal strategy to replace DMSO for the formulation of C34.
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