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barrier and the immunosuppressive tumor microenvironment. This study developed a perillyl alcohol-based
nanoemulsion (POH-NE), which utilizes the reversible BBB-opening property of POH to efficiently deliver the
STING agonist MSA-2 into the brain, aiming to achieve synergistic immunomodulation and antitumor therapy.
MSAZPOH-NE exhibits uniform particle size (87.6 + 2.3 nm) and neutral surface charge (-0.17 = 0.1 mV), demon-
strating system stability. /n vivo distribution experiments demonstrated that POH-NE increased drug accumulation
in the brain to 4.6 times that of conventional nanoemulsions. Mechanistic studies revealed that POH-NE reversibly
reduced transendothelial electrical resistance and downregulated the expression of tight junction proteins Claudin-5
and ZO-1, while exerting no significant effect on the non-tight junction protein CD31. This suggests that POH may
facilitate controllable BBB opening through coordinated paracellular and transcellular pathways. In an orthotopic
glioma model, ¥**POH-NE significantly activated the STING signaling pathway, promoted type I interferon
production, enhanced the infiltration and activation of dendritic cells and cytotoxic T lymphocytes within tumors,
and cooperatively reversed the immunosuppressive microenvironment. All animal experiments had been approved
by the Experimental Animal Ethics Committee of the Institute of Laboratory Animals Science, Chinese Academy
of Medical Sciences (No: SXD23001). In conclusion, this study proposed a novel combinatorial strategy for glioma
immunotherapy based on reversible BBB opening and STING pathway activation, providing an experimental

foundation for subsequent translational research.
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[A510099-0001, 4= T A T2 (B3 A RAH]; &
B R BRI (H3506, 72 [F Sigma-Aldrich 24 &)); i 2tk
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GAPDH (60004-1-Ig, B = &AM EARE R A ).
X2 S R4 MR B A (SCIENTZ-IID, 7 8T
ZHEMELE A R A A, e F 7 & A (Rotavapor
RE-2000A, | SR AV RHE A R A 7)), 303 6
FiBEAX (Nanolink SZ901, B g 3 B A 28 A IR &
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Characterization of nanoemulsions. A: DLS and particle size of "**NE, POH-NE and “$*?POH-NE; B: Polymer dispersity

index (PDI) and zeta potential of nanoemulsions; C: The encapsulation efficiency (EE) of the ¥**NE and Y$*?POH-NE; D: The loading
content (LC) of the Y**NE and Y***POH-NE; E: Long-term stability of ¥**POH-NE; F: Stability of nanoemulsions in water, PBS, and

10% FBS after 48 h; G: In vitro release curve of MSA-2. n =3, x s
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Figure 2 In vivo distribution and organ accumulation study. A: /n vivo distribution profiles of different nanoemulsions from 0 to 4 h after

intravenous injection; B: Quantitative analysis of average radiance in brain; C: Accumulation of nanoemulsions in brain tissue and major

organs following necropsy of mice at 0.5 h after dosing; D: Quantitative analysis of total radiance in brain tissue and major organs. n = 3, x +

5. "P<0.05, "P<0.01. ns: No significant difference
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Figure 3 Research on the mechanism of blood-brain barrier (BBB) opening. A: Cell viability of bEnd.3; B: Schematic diagram of an in

vitro BBB model; C: Changes in TEER values before and after intervention with different nanoemulsion formulations; D: Study of transendo-

thelial transport and transport rates of Cy5-labeled nanoemulsion in a monolayer of bEnd.3 cells on a transwell membrane; E: After a 24 h

treatment with POH-NE, POH-NE was removed and the recovery of the membranes was determined with a TEER ohmmeter; F: Western

blot analysis of tight junction (TJ) component protein expression for tight junction protein-1 (ZO-1) and claudin-5, with ImageJ quantitative

analysis; G: Schematic diagram of a simulated BBB model in a co-culture system (glioblastoma and cerebral vascular endothelial cells); H:

Flow cytometry analysis of nanoemulsion uptake efficiency in GL261 cells; I: Confocal microscopy imaging analysis of nanoemulsion
uptake process in GL261 cells. Scale bar =50 um. n=3,x+s. "P<0.01, ""P<0.000 1
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Immune activation by "*?POH-NE in orthotopic gliomas. A: t~SNE visualization analysis of infiltrating immune cell subsets in
glioma, including CD45" cells, T cells (CD3°CDS8"), natural killer T (NKT) cells (CD3'NK1.1"), natural killer (NK) cells (CD3'NK1.1%),
CDS8'IFN-y" T cells, CD8'Ki-67" T cells, NK1.1'TFN-y" NKT, NK1.1'Ki-67" NKT, NK1.1'TFN-y" NK, NK1.1'Ki-67" NK cell subsets; B, C:
Quantitative analysis of tumor-infiltrating lymphocytes (based on live CD45°CD3" T cell population), IFN-y'CD8" T cells, Ki-67'CD8" T
cells; D, E: IFN-y" NK1.1" NKT cells, Ki-67'NK1.1" NKT cells based on live CD45'CD3" cell populations; F, G: IFN-y'NK1.1" NK cells,
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Figure 5 Immunoregulatory role of “*?POH-NE in situ gliomas. A: -SNE visualization of infiltrating immune cell subsets in glioma,

showing distribution of intratumoral immune subpopulations including CD45" cells, CD3" cells, and CD4" and Foxp3" T lymphocytes; B:

Quantitative analysis of Foxp3” cells based on CD45'CD3°CD4" live T cells; C: t-SNE analysis of myeloid/tumor cell populations: -SNE
visualization encompassing CD45" cells, macrophages (F4/80'CD11b"), M1-type (CD86'CD2067), M2-type (CD206'CD86), and myeloid-
derived suppressor cells (MDSCs, Gr-1"); D: Intratumoral M1 macrophages (circular gate logic: CD45°F4/80'CD11b" detecting
CD86'CD2067), M2 macrophages (CD45F4/80°CD11b" detecting CD206°CD867), along with quantitative results and M1/M2 ratios; E:
Quantitative analysis of intratumoral MDSCs (CD45F4/80°CD11b" detecting Gr-1"). n=3,x+5. "P < 0.05, "P < 0.01, P < 0.001
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