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Purpose: Anti-programmed death ligand-1 monoclonal antibody (anti-PD-L1 mAb) therapy has demonstrated notable clinical
success. However, efficacy is often limited by transient interactions at the tumor-immune interface, limiting sustained immune
activation. To address this, we hypothesized that liposomal delivery of anti-PD-L1 mAbs could enhance therapeutic efficacy.
Nanosystems may increase binding avidity and prolong cell-surface retention, and enable multivalent antibody presentation through
conjugation of multiple antibodies onto a single liposome.

Methods: In this study, we engineered multivalent anti-PD-L1 liposomes (anti-PD-L1 LPs) by conjugating FDA-approved anti-PD-
L1 mAbs (atezolizumab) at varying densities onto a clinically relevant liposomal formulation. The biophysical properties, cellular
interactions, and therapeutic potential of anti-PD-L1 LPs were evaluated using two melanoma cell line models (BLM and MZ2Mel43),
employing multiple analytical techniques.

Results: Our results demonstrated that high-density anti-PD-L1 LPs exhibited superior binding avidity, prolonged membrane
retention, and reduced non-specific cellular interaction with PD-L1-expressing cells compared to both low-density and non-targeted
LPs. Additionally, in 3D tumor spheroid models, high-density anti-PD-L1 LPs showed deeper penetration, suggesting improved tissue
accessibility compared with low-density formulations. Moreover, compared to free antibodies, anti-PD-L1 LPs displayed a higher
association rate (k_on) and a significantly lower dissociation rate (k off), resulting in an overall improved (lower) dissociation
constant (K D). Functional assays confirmed that anti-PD-L1 LPs achieved superior PD-L1 blockade compared to free antibodies.
Importantly, in co-cultures of human peripheral blood mononuclear cells and tumor cells, anti-PD-L1 LPs maintained immunomodu-
latory activity comparable to free anti-PD-L1 antibodies.

Conclusion: This study highlights the critical role of ligand density in enhancing binding strength, tumor retention, and tissue penetration
of the anti-PD-L1 LP system. Our nanosystem offers a promising improvement over conventional anti-PD-L1 mAbs, supporting the broader

application of this modular liposomal platform to other therapeutic antibodies in melanoma and other solid tumors.

Plain Language Summary:
Current limitations and our approach

Cancer immunotherapy drugs like anti-PD-L1 antibodies help the immune system fight cancer, but they often do not stay in tumors
long enough to work effectively. To improve this, we developed nanoscale lipid-based carriers, like tiny fat bubbles (called liposomes)
densely coated with anti-PD-L1 antibodies. These engineered liposomes bind to tumors more effectively, stay longer, and deliver
treatment more precisely than regular antibodies.
Key discoveries

We discovered that packing more drugs onto each tiny carrier makes them stick to tumors better and last longer. Also, how we
deliver these drugs matters too—the carrier-delivered versions bind to tumors more effectively than regular antibody drugs.
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Importantly, in controlled lab tests with cells, these engineered antibodies work just as powerfully as regular immunotherapy—proving
we have created a delivery system without sacrificing cancer-fighting strength.
Conclusion and potential benefits

This research introduces an innovative approach to cancer immunotherapy delivery using antibody-coated liposomes. By enhancing
tumor targeting and retention while minimizing accumulation in healthy tissues, this method could improve treatment effectiveness
while reducing side effects. The platform offers three key advantages: patients may require fewer treatment sessions with more durable
results, clinicians gain enhanced options for treating melanoma and solid tumors, and researchers can extend this adaptable platform to
other cancer therapies.
Future directions

Our immediate focus will be on validating these findings in animal models and expanding the technology to other immunotherapies.
The use of clinically approved components positions this approach for potential rapid translation to human trials, pending successful
preclinical results.
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Introduction

Immune checkpoint inhibitors (ICIs) have emerged as a powerful class of cancer immunotherapeutics that reverse
immune suppression and restore T cell-mediated tumor elimination. By blocking interactions between checkpoint
proteins on T cells and their ligands on tumor or antigen-presenting cells, ICIs inhibit suppressive signaling pathways
that dampen anti-tumor responses.’> A major subclass of ICIs is monoclonal antibodies (mAbs), which have been widely
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studied in clinical oncology.> The most clinically validated targets include cytotoxic T lymphocyte-associated antigen-4
and programmed death-1 (PD-1) on T cells, as well as programmed death ligand-1 (PD-L1) on tumor cells. These agents
have demonstrated significant success across multiple cancer types.*>

Despite their clinical success, ICIs face several limitations, including variable patient responses and immune-related
toxicities.*” Beyond the search for new checkpoint targets and combination therapies, optimizing the clinical application
of already-approved ICIs deserves greater attention, given their well-characterized biological activity and safety profiles.
Strategies to enhance efficacy should address three critical challenges: precise delivery to the tumor region, effective
local immune activation, and minimization of systemic toxicity. Importantly, clinical observations suggest that a robust
early immune response and the establishment of durable immune memory may play a greater role in clinical outcomes
than prolonged antibody (Ab) exposure. For instance, in the CheckMate-067 trial, patients who discontinued nivolumab
plus ipilimumab during the induction phase due to treatment-related adverse events exhibited comparable five-year
survival to those who completed the full course of therapy.®

These insights support a shift toward ICI strategies that achieve potent, localized checkpoint blockade with reduced
systemic toxicity. Nanoparticle platforms, especially liposomes (LPs), have emerged as promising tools for this
purpose.” ! By exploiting the enhanced permeability and retention effect, LPs can passively accumulate in tumor tissues
through the leaky vasculature and impaired lymphatic drainage of the tumor microenvironment.'* Once localized at the
tumor site, the therapeutic efficacy of ICIs depends on their interaction with surface-expressed immune checkpoints,
a process influenced by epitope accessibility, receptor internalization, and recycling dynamics.'® LP-ICI platforms enable
multivalent presentation of Abs on LP surface, effectively mimicking synthetic multivalent mAbs that enhance check-
point recognition.'*'> Additionally, the LP format can alter cellular uptake pathways, promoting lysosomal localization
and reduced recycling, which may prolong the efficacy of checkpoint blockade.'® The relatively large size of LPs
(typically 50-1000 nm compared to 10—15 nm for mAb) also contributes to faster clearance from systemic circulation
and reduced accumulation in healthy tissues, thereby further limiting on-target, off-tumor immune activation.'” "’

While many studies focus on enhancing LP uptake through tissue-specific Ab targeting,”’ few have investigated the
fate and functional role of the Ab itself, especially in the context of immune checkpoint blockade. Unlike conventional
targeting Ab-conjugated LPs, which are designed to promote cellular internalization of their cargo, these therapeutic ICIs
function at the tumor-immune interface, where prolonged surface retention and strong avidity are critical. Current
research has primarily focused on LP-mediated drug internalization rather than on the binding dynamics and functional
behavior of checkpoint inhibitors themselves. These leave a gap in knowledge regarding how ligand density affects LP-
ICI binding stability, retention, and functional blockade, and what the potential advantages of LP-ICI against their
parental mAbs. Addressing these factors is essential for the rational design of next-generation nanoparticle-ICIs with
enhanced performance.

Here, we address this gap by developing PD-L1-targeted LPs through conjugation of atezolizumab, an FDA-approved
anti-PD-L1 mAb,* onto a clinically relevant LP formulation. Using a post-insertion method with DSPE-PEG (2000)-
Maleimide linkers, we achieve precise control over Ab surface density. We then systematically investigate how antibody
density affects liposome binding avidity, cellular retention, internalization kinetics, and 3D tumor penetration.
Importantly, we provide the first comprehensive comparison of binding parameters, functional PD-L1 blockade efficacy,
and immune suppression reversal between anti-PD-L1 liposomal conjugates and the parental atezolizumab mAb. Our
work offers crucial mechanistic insights into ligand density optimization for liposomal immune checkpoint inhibitor
design, while demonstrating the potential to enhance clinical mAb therapy through this engineered liposomal platform.

Methods

Materials and Reagents

Atezolizumab (anti-PD-L1). SPDP (3-(2-Pyridyldithio) propionic acid N-hydroxysuccinimide ester) (Sigma). TCEP (Tris
(2-carboxyethyl) phosphine) (Sigma). L-cysteine (Sigma). DSPE-PEG(2000)-Maleimide (1,2-distearoyl-sn-glycero
-3-phosphoethanolamine-N [maleimide(polyethylene glycol)-2000]), DSPC (1,2-distearoyl-sn-glycero-3-phosphocho-
line), DSPE-PEG(2000) (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000]),
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Cholesterol, TF-PE (fluorescently labeled lipid, 18:1 TopFluor™ PE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-[(dipyrrometheneboron difluoride)butanoyl]) were purchased from Avanti Polar Lipids. Track-etched polycarbonate
membranes (Whatman; pore sizes: 200 nm, 100nm, and 50 nm). Amicon filtration system (Millipore). Hepes
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (Sigma). NuPAGE MES SDS running buffer (ThermoFisher). 4
to 12%, Tris-Glycine, 1.0 mm, Mini Protein Gels (novex, ThermoFisher). Tris-glycine SDS sample buffer (novex,
ThermoFisher). Coomassie Protein Stain (InstantBlue, Abcam). Recombinant Human B7-H1 (PD-L1, CD274)-Fc
Chimera (BioLegend). Goat anti-human IgG (Fab), (HRP) (Abcam). TMB (Tetramethylbenzidine) substrate solution
(ThermoFisher). Stop Solution for TMB Substrates (ThermoFisher). ELISA Plates, Uncoated (Nunc MaxiSorp,
BioLegend). PE anti-human CD274 (B7-H1, PD-L1) Antibody (BioLegend). DMEM (Sigma). FBS (fetal bovine
serum) (Sigma). 0.05% and 0.25% Trypsin-EDTA (Gibco). Human serum (Sanquin). Recombinant human IL-2
(Proleukin; Chiron). Sensor Chip CM5 (Cytiva). EDC (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride)
(Sigma). NHS (N-Hydroxysuccinimide) (Sigma). Lysotracker DND-99 (ThermoFisher). Hoechst (Invitrogen). Cell
culture dishes for confocal (Greiner Bio-One, 627870). Agarose (UltraPure, Thermo Fisher). CellTracker™ Deep Red
Dye (Invitrogen). CD3 Monoclonal Antibody (OKT3) (Life Technologies). Human recombinant IFN-y (PreproTech).

Production of Antibody-Conjugated Liposomes

Production of Free Sulfhydryl (-SH) Groups on a Parental Antibody

Atezolizumab (anti-PD-L1) was obtained from a hospital pharmacy, and stored at 4 °C. Before conjugation, the anti-PD-
L1 mAb was incubated at room temperature with a solution of SPDP in DMSO (20mM stock), at a molar ratio of 12:1
(SPDP: mAb) for 1 h in constant shaking (300 rpm) in HEPES saline buffer (10 mM HEPES, 150 mM NaCl, pH 7.4).
The reaction mixture was then washed with HEPES saline buffer using the Amicon filtration system (MWCO 10 kDa).
The collected mAb was subsequently incubated with TCEP at room temperature for 1 h at a molar ratio of 1:625 (mAb:
TCEP). Afterwards, the mixture was washed with HEPES saline EDTA buffer (10 mM HEPES, 150 mM NaCl, 5§ mM
EDTA, pH 6.7) using the Amicon filtration system (MWCO 10 kDa). The concentration of the collected mAb was
measured using a Nanodrop spectrophotometer and used immediately for the subsequent conjugation step.>'

Maleimide Reaction Between the Lipid and the Antibody

DSPE-PEG (2000)-Maleimide was stored in chloroform at —20 °C. Before conjugation, the solvent was evaporated, and
the DSPE-PEG (2000)-Maleimide was hydrated with HEPES saline EDTA buffer (10 mM HEPES, 150 mM NaCl, 5 mM
EDTA, pH 6.7) at a concentration of 0.5 mg/mL. The DSPE-PEG (2000)-Maleimide and Ab were then mixed at molar
ratios of 76:1, 19:1, 9.5:1, and 4.7:1, and incubated for at least 16 h at 4 °C with constant shaking (300 rpm). After 16 h,
1 mM L-cysteine was added to quench any remaining free sulthydryl groups for 10 min at room temperature.

Liposome Production

LPs were composed of the DSPC, DSPE-PEG (2000), cholesterol, and TF-PE in a molar ratio of 55:4:40:0.1 and were
prepared using the thin lipid film hydration method, followed by heated extrusion, as described previously.** Briefly, the
lipids were dissolved in a methanol/chloroform mixture (1:9 v/v) and thereafter evaporated under vacuum to form a thin
lipid film for 4h at 42 °C. The lipid film was hydrated in HEPES saline buffer (10 mM HEPES, 150 mM NaCl, pH 7.4)
for 20 min at 65°C. Small unilamellar LPs were formed by extrusion under pressure through track-etched polycarbonate
membrane filters with pore sizes of 200, 100, and 50 nm, performing five extrusion cycles for each pore size at 65°C. The
LP quality was assessed by measuring the size, polydispersity, and zeta potential using dynamic light scattering
immediately after synthesis. The phosphorus concentration was determined based on the Bartlett assay.

Post-Insertion of Lipid-Antibody Conjugates and Purification

Following maleimide reaction, lipid-Ab conjugates were directly mixed with preformed LPs at a molar ratio of 1:99
(DSPE-PEG (2000)-Maleimide: LPs). The mixture was incubated at 55 °C for 30 min to facilitate the insertion of lipid-
Ab conjugates into the LP membrane. Unincorporated Ab conjugates were removed by ultracentrifugation at 94,000 g for
3 h at 4 °C using a Beckman Optima XE-90 Ultracentrifuge equipped with a 70.1Ti rotor. The pellet was resuspended in
HEPES saline buffer (10 mM HEPES, 150 mM NaCl, pH 7.4) overnight with constant shaking at 4 °C.
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Sodium Dodecyl-Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Ab-conjugated LPs were mixed with Tris-Glycine SDS sample buffer and heated at 85 °C for 10 min. The samples were
then loaded onto 4—12% Tris-Glycine Mini Protein Gels (1.0 mm) and electrophoresed in MES running buffer for 30 min.
Following electrophoresis, the gels were stained with Instant Coomassie Blue stain to visualize the proteins for imaging.

Quantitation of Anti-PD-LI Coupling to Liposomes

The bioactivity of anti-PD-L1 conjugated to LPs was quantified by a functional ELISA assay as previously described.*?
Recombinant Human B7-H1 (PD-L1, CD274)-Fc Chimera was pre-coated onto ELISA Plates overnight at
a concentration of 1 pg/mL. The following day, the plates were blocked with 2% bovine serum albumin (BSA) in
PBS containing 0.05% (v/v) Tween-20 for 1 h to prevent non-specific binding. LP formulations were prepared by mixing
anti-PD-L1 LPs with PBS containing 0.5% (v/v) Tween-20 to solubilize the lipids. The solubilized LP samples were then
added to the ELISA plate and incubated for 1 h with constant shaking. A detection Ab, HRP-conjugated goat anti-human
IgG (Fab), (diluted 1:10,000), was added, followed by the HRP-sensitive colorimetric substrate TMB. After the reaction,
a stop solution was applied, and absorbance was measured at 450 nm using a Victor Nivo' ™ plate reader. Parental Abs
(atezolizumab) were used to generate a standard curve, which was then employed to calculate the Ab concentration in
each LP formulation.

Cell Culture (Standard Condition)

Two patient-derived human melanoma cell lines, MZ2Mel43 and BLM, were used in this study. Tumor cells were
cultured in DMEM supplemented with 10% FBS, 1% nonessential amino acids, 1% L-glutamine, and 1% penicillin—
streptomycin. Cultures were maintained at 37 °C in a humidified incubator with 5% CO,. Cells were passaged by 0.05%
Trypsin-EDTA when they reached 80%-90% confluency. Cells were regularly tested for Mycoplasma by PCR. PBMCs
were obtained from healthy human donors (Sanquin) using density gradient centrifugation with Ficoll-Isopaque. Cells
were cultured in RPMI 1640 medium supplemented with 25 mmol/L HEPES, 6% human serum, 2 mmol/L L-glutamine,
1% penicillin-streptomycin, and 360 IU/mL recombinant human IL-2. T cells were stimulated biweekly using irradiated
allogeneic feeder cells, following established protocols.**

Flow Cytometry for Liposome Binding
BLM and MZ2Mel43 cells were seeded under standard conditions. For the IFN-y treatment groups, cells were stimulated
with 50 ng/mL IFN-y for 48 h before the experiments. Before use, cells were harvested, and 5x10° cells were centrifuged
at 450 x g for 5 min. The cell pellet was resuspended in 100 pL of LPs at a concentration of 10 uM and incubated for
1 h at 4 °C. After incubation, the cells were washed and resuspended for data acquisition using a FACSymphony™ flow
cytometer (BB515 channel), with the fluorescent lipid signal from TF-PE being detected.”” Flow cytometry analysis was
conducted using FlowJo software. The correlation between protein/lipid ratios and binding capacity was assessed using
the Pearson Correlation Coefficient (r) in GraphPad Prism.

For PD-L1 expression analysis, 5x10° cells were centrifuged at 450 x g for 5 min. The cell pellet was resuspended in
PE anti-human CD274 (B7-H1, PD-L1) Ab and incubated for 30 min at 4 °C. Data were acquired using a flow cytometer
(PE channel).

Binding Avidity by ELISA

Recombinant Human B7-H1 (PD-L1, CD274)-Fc Chimera was pre-coated onto ELISA plates overnight at
a concentration of 1 pg/mL. The following day, the plates were blocked with 2% BSA in PBS containing 0.05% (v/v)
Tween-20 for 1 h to minimize non-specific binding. LP formulations at 100 uM were prepared in PBS containing 0.05%
(v/v) Tween-20. The LP samples were added to the ELISA plates and incubated for 1 h with constant shaking. After
incubation, the plates were washed with PBS containing 0.05% (v/v) Tween-20 to remove unbound LPs. Finally, 100 pL.
of PBS was added to each well for measurement. The fluorescence of LPs containing TF-PE was measured using a plate
reader at an excitation/emission wavelength of 480/530 nm.
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Cytotoxicity Assay

BLM and MZ2Mel43 cells were cultured under standard conditions. Cells were seeded in 96-well plates at a density of
5x10° cells per well and incubated for 24 h to allow adherence and entry into the exponential growth phase. After 24 h,
the medium was replaced with fresh medium containing LPs at concentrations of 1 uM, 10 pM, or 100 uM. Medium
without any drugs was used as a negative control. The plates were placed in the Incucyte system for continuous
monitoring over 72 h. Cell growth was measured every 12 h using a 10x objective lens. Total cell confluence in bright-

field images was analyzed to calculate the growth rate.

Surface Plasmon Resonance Analysis

Surface plasmon resonance (SPR) experiments were performed using the Biacore T200 Control System, and data were
analyzed with Biacore T200 Evaluation Software. CM5 sensor chips were employed for all experiments. The running
buffer consisted of PBS containing 0.05% (v/v) Tween-20, while a 20 mM sodium acetate buffer at pH 4.0 was used for
antigen immobilization.

Antigen immobilization was performed using a CM5 chip, coated with carboxymethylated dextran. The chip was first
activated using a mixture of EDC (75 mg/mL) and NHS (11.5 mg/mL) at a flow rate of 10 pL/min for 7 min.
Subsequently, the antigen solution (Recombinant Human B7-H1 (PD-L1, CD274)-Fc Chimera at 0.05 mg/mL in sodium
acetate buffer) was injected at the same flow rate and duration. The Biacore T200 system divides the chip into two flow
channels; both were activated with EDC/NHS, but one was closed during antigen injection to serve as the reference
channel. Finally, both channels were blocked with 1M ethanolamine at pH 8.5 (10 uL/min for 7 min) to quench any
remaining active esters.

Following chip priming and normalization, samples containing either LPs or free Ab were injected into both reference
and detection channels at a flow rate of 30 or 50 pL/min in running buffer. Samples were prepared at various
concentrations and analyzed in three different batches. The Biacore T200 recorded sensorgrams representing association
(during injection) and dissociation (post-injection) phases for both flow channels. Chip surface regeneration was
performed after each injection using 10 mM glycine buffer at pH 1.4. Real-time changes in refractive index were
automatically monitored and recorded in response units using Biacore Control Software. Final analysis, including
calculation of association and dissociation rate constants and equilibrium binding affinity, was conducted by fitting
reference-subtracted curves (Fc2—Fcl) to appropriate binding models using Biacore T200 Evaluation Software (Kinetic
Analysis: Langmuir 1:1 binding model; Steady-State Affinity Analysis: Steady-state affinity model). GraphPad Prism
was used for additional data visualization and figure preparation.

Flow Cytometry Analysis of Liposome Uptake Under Physiological Conditions

BLM cells were seeded in 12-well plates at a density of 1x10° cells per well and incubated overnight for adherence. After
24 h, the medium was replaced with fresh medium containing LPs at concentrations of 1 pM or 10 uM, followed by
incubation for an additional 2 or 24 h at 37 °C in a humidified incubator with 5% CO,. After incubation, the cells were
washed and harvested for flow cytometry to detect the fluorescent lipid signal from TF-PE (BB515 channel). Flow
cytometry analysis was performed using FlowJo software.

Confocal Microscopy Live Cell Imaging

BLM cells were seeded in cell culture dishes at a density of 2.5x10* cells per chamber and treated with 10 nmol/mL of
Ctrl-LP, anti-PD-L1 low-LP, or anti-PD-L1 high-LP for 24 h. After treatment, cells were gently washed three times with
PBS to remove unbound LPs. Lysotracker DND-99 (1:100,000) was added for 5 min, followed by three PBS washes.
Nuclei were stained with Hoechst (1:10,000) for 10 min before imaging. Images were acquired using a Leica SP8
confocal microscope with a 63% oil immersion objective lens. Data were analyzed using ImagelJ software. Co-localization
between LPs and lysosomes was quantified using Manders’ coefficient. The co-localized LP signal was calculated as:
Total LP signal x Manders’ coefficient.
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Flow Cytometry for Liposome Retention and PD-LI Blocking

MZ2Mel43 cells were cultured under standard conditions. Before use, the cells were harvested, and 5%10° cells were
centrifuged at 450 x g for 5 min. The cell pellet was resuspended in 100 pL of LPs at 100 pM and incubated for 30 min
at 4 °C. Following incubation, unbound LPs were removed by washing, and the cells were resuspended in DMEM and
incubated at 37 °C for an additional 1 h. Parallel groups were kept at 4 °C for the same period. Afterwards, the cells were
centrifuged, and the cell pellet was stained with PE anti-human CD274 (B7-H1, PD-L1) antibody and 7AAD for 30 min
at 4 °C. The cells were then rewashed and resuspended in PBS for further analysis. Data acquisition was performed using
a flow cytometer. Fluorescent signals were recorded for the lipid probe (TF-PE) to detect LP absorption and for PE to
evaluate PD-L1 expression. The retention ratio of LPs was calculated as follows: Retention ratio = LP signal after 37
C incubation/LP signal after 4 C incubation.

Liposome in vitro 3D Penetration Assay

To prepare the experiment, 65 uL of 1% agarose was added to a 96-well plate and allowed to solidify for 10 min. Then,
2x10* BLM cells were seeded into each well. Spheroid formation was observed after three days of incubation at 37 °C.
Different treatments (Ctrl-LP, anti-PD-L1 low-LP, or anti-PD-L1 high-LP, with lipid concentrations of 10 uM) were then
applied and incubated with the spheroids for 24 h to prepare for flow cytometry analysis. CellTracker Deep Red Dye was
added to each well 4 h before flow cytometry to define the different layers of LPs. Finally, the spheroids were collected
from each well and dissociated into a single-cell suspension using 0.25% Trypsin-EDTA and gentle pipetting. The
samples were then directly analyzed by flow cytometry.

PD-LI Ligand Blocking Comparison of Free Atezolizumab to Atezolizumab-LP
MZ2Mel43 cells were cultured under standard conditions. Before use, the cells were harvested, and 5x10° cells were
centrifuged at 450 x g for 5 min. The cell pellet was resuspended in 100 puL of either atezolizumab, atezolizumab
low-LP, or atezolizumab with equivalent concentrations of anti-PD-L1 Ab (concentrations: 0.000781 pg/mL,
0.003125 pg/mL, 0.0125 pg/mL, 0.05 pg/mL, 0.2 pg/mL) and incubated for 30 min at 4 °C. After incubation,
unbound Ab or LPs were removed by PBS washing. And the cells were centrifuged at 450 % g for 5 min, and the cell
pellet was stained with PE anti-human CD274 (B7-H1, PD-L1) antibody and 7AAD for 30 min at 4 °C. The cells
were then rewashed and resuspended in PBS for further analysis. Data acquisition was performed using a flow
cytometer. Fluorescent signals were recorded for the lipid probe (TF-PE) to detect LP absorption and for PE to
evaluate PD-L1 expression.

Immune Suppression Reversal in a Human Peripheral Blood Mononuclear Cell-Tumor

Cell Co-Culture System

For activation and PD-1 ligand induction, T cells were preincubated overnight with 0.08 pg/mL aCD3 mAb (OKT3).
Target tumor cells (MZ2Mel43) were seeded at 2x10* cells per well in 96-well plates. After 3—4 h, tumor cells adhered
firmly to the bottom of the wells. Then, anti-PD-L1, either in free form or encapsulated in LPs, was added to the tumor
cells at a final concentration of 0.005 pug/mL (corresponding to the ECso as determined in a PD-L1 ligand blocking
assay). After 1 h of Ab incubation, T cells were added to the wells at an effector-to-target ratio of 1:1 or 3:1 (2 or 6x10*
T cells per well) in a final volume of 200 pL. The co-culture was maintained in RPMI 1640 supplemented with 25 mmol/
L HEPES, 10% FBS, 2 mmol/L L-glutamine, and 1% antibiotics for 72 h. Real-time monitoring of tumor cell killing was
performed using the Incucyte live-cell imaging system. Tumor cells were stably labeled with a PiggyBac-mScarlet
plasmid, and mScarlet fluorescence was used to quantify their survival.

Statistics

All results were analyzed using GraphPad Prism and are presented as mean + SD. Statistical analyses employed Student’s
t-test for two-group comparisons and ANOVA for multiple-group comparisons. p-value < 0.05 was considered statisti-
cally significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, NS = not significant).
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Results
Preparation of Atezolizumab-Conjugated Liposomes with Varying Antibody

Concentrations

Ab-conjugated LPs were prepared following a previously published method,?' as summarized in the schematic diagram
shown in Figure 1A. Anti-PD-L1 mAbs were conjugated to DSPE-PEG (2000)-Maleimide at four different Maleimide/Ab
molar ratios (Supplementary Figure 1A). The conjugation efficiency exhibits a dose-dependent trend, ranging from 40% to

100% (Supplementary Figure 1A-D). Based on these results, Maleimide/Ab molar ratios of 76 and 19 were selected for

insertion into PEGylated LPs to produce anti-PD-L1 LPs with low and high Ab concentrations, respectively (Figure 1B;
hereafter referred to as anti-PD-L1 low- and high-LPs). Following purification, the final lipid and Ab concentrations were

quantified using a phospholipid assay and a functional ELISA (Figure 1C and Supplementary Table 1). By using free

atezolizumab as a standard curve, the concentration of atezolizumab on LPs was calculated (Supplementary Figure 2A and B).

Across three production batches, the post-insertion method yielded consistent Ab/lipid ratios for both low- and high-Ab-
concentration formulations (1.8-fold anti-PD-L1 high-LP vs anti-PD-L1 low-LP; Figure 1C).
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Figure | Production and basic biophysical properties of atezolizumab-conjugated liposomes.

Notes: (A) Schematic diagram for atezolizumab (anti-PD-L1)-conjugated liposomes (LPs). Step I: Production of free sulfhydryl (-SH) groups on a parental antibody (Ab).
Step 2: Ab-lipid conjugates formulation. Step 3: LP production. Step 4: Post-insertion of lipid-Ab conjugates to LPs. (B) anti-PD-L| LPs with low and high Ab concentration
were shown on non-reducing SDS-PAGE; Upper (around 50 kDa) and lower (around 25 kDa) bands represent the heavy and light chains, respectively. (C) The Ab-to-lipid
ratio for each batch was calculated. Ab concentrations were determined using a functional ELISA (data shown in Supplementary Figure 2), and lipid concentrations were
quantified through phosphorus concentrations using the Bartlett assay. (D) Representative size distribution of anti-PD-LI LP was measured using dynamic light scattering.
p-value < 0.05 was considered statistically significant (*p < 0.05).

Abbreviations: SPDP, 3-(2-Pyridyldithio) propionic acid N-hydroxysuccinimide ester; TCEP, Tris(2-carboxyethyl) phosphine.
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Next, we used dynamic light scattering to analyze the physical characteristics of our products (Figure 1D and
Supplementary Figure 3A—C). After protein conjugation, we observed a slight increase in particle size (from 83 + 2 nm to

86 + 2 nm; Supplementary Figure 3A), which is optimal for exploiting the enhanced permeability and retention effect,

given that the endothelial cell gaps in tumor tissues range from 100 to 800 nm.?® Additionally, a polydispersity index
(PDI) below 0.1 indicates a highly homogeneous particle population (Supplementary Figure 3B). The slight negative

charge of the LPs suggests favorable safety characteristics (Supplementary Figure 3C). These physical properties are

critical for LPs, and our formulation demonstrates consistent quality across different batches over at least six months.
In summary, atezolizumab-LP formulations with varying Ab expression can be reliably produced by post-insertion of
atezolizumab into stealth LPs.

Liposomes with High Antibody Concentration Exhibit Enhanced Binding Avidity

One of the primary advantages of multivalent Ab-LPs is their potential enhanced apparent binding avidity. This property
may lead to a more rapid onset of blocking activity. In our study, two melanoma cell lines, MZ2Mel43 and BLM, were
used to assess anti-PD-L1 LPs binding by flow cytometry. Significant differences in binding were observed between
control (Ctrl)-LP, anti-PD-L1 low-LP, and anti-PD-L1 high-LP (Figure 2A-D), with the absolute binding capacity
strongly correlating with the protein/lipid ratio of each product (Supplementary Figure 4A-D). The data also indicates

that in vitro cell binding ability is closely related to the baseline PD-L1 expression on the cell lines. Ab-LP exhibits
significantly higher binding to the BLM cell line, which has higher PD-L1 expression, compared to the MZ2Mel43 cell
line (Supplementary Table 2). When PD-L1 expression levels on cells were increased via IFN-y stimulation in the

MZ2Mel43 cell line (Supplementary Table 2), the binding capacity of Ab-LP correspondingly increased (Figure 2B). No

additional toxicities were observed in any of the formulations (Supplementary Figure 4E-J).

To further validate the binding properties of LPs functionalized with different anti-PD-L1 Abs, we next conducted
experiments in a non-cellular context. We first used an ELISA-based assay by coating 96-well plates with recombinant
human PD-L1-Fc chimera to evaluate the binding avidity of anti-PD-L1 low- and high-LPs (Figure 3A). Anti-PD-L1
high-LPs demonstrated a significantly greater binding signal (1.28-fold increase) compared to anti-PD-L1 low-LPs.

Subsequently, we used SPR to analyze binding kinetics. Recombinant PD-L1-Fc was immobilized on a CMS5 sensor
chip at a surface density of 2000 response units (Figure 3B). Ab-LPs (high and low density) and free Ab (matched for
molar Ab concentration to anti-PD-L1 high-LP) were injected across the chip at varying lipid or protein concentrations.
Anti-PD-L1 high-LPs consistently showed higher overall avidity compared to anti-PD-L1 low-LPs (Figure 3C).
Figure 3D-G displays representative dose-dependent binding curves.

In summary, these data demonstrate that the in vitro binding avidity of anti-PD-L1 LPs can be significantly increased
by increasing the PD-L1 numbers on the LP surface. Also, the avidity is influenced by the intrinsic PD-L1 expression
levels of the target cells.

High Antibody Concentrations Liposomes Exhibit Enhanced Membrane Binding While

Maintaining Similar Lysosomal Interactions

Following the initial binding, the next key factor influencing the function of anti-PD-L1 Ab is cellular dynamics.
Specifically, longer presence of the blocking Ab on the cell surface, may potentially lead to a stronger therapeutic effect.
We subsequently investigated cellular uptake of different Ab concentration-LPs by flow cytometry. When anti-PD-L1
LPs were added to the BLM cell line (PD-L1 high expression cell line, Supplementary Table 2), the cellular uptake ratio

correlated positively with both lipid concentration and anti-PD-L1 Ab concentrations on the liposomal surface
(Figure 4A and B). Anti-PD-L1 high-LP is taken up more efficiently by BLM cells compared to anti-PD-L1 low-LP
at a lipid concentration of 1 uM (Figure 4A). More pronounced differences in cellular uptake are observed at higher lipid
concentrations. At 10 pM of lipid, anti-PD-L1 low- and high-LP showed 39% vs 59% drug uptake after 2 h, and 34% vs
50% after 24 h (Figure 4B). These results demonstrate the importance of a higher ligand number on LPs for these
receptor-mediated processes. Interestingly, cellular uptake of LPs was higher at 2 h compared to 24 h—for example, in
the case of anti-PD-L1 high-LP at 10 uM, 59% of cells were positive at 2 h versus 50% at 24 h. This decline at the later
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Figure 2 In vitro binding avidity of anti-PD-LI| liposomes with varying concentrations.

Notes: Negative control (PBS) or 10 uM of Ctrl-liposomes (LP), anti-PD-L| low-LP, and anti-PD-L| high-LP were incubated with BLM or MZ2Mel43 cells at 4 °C for | h. LP
binding was assessed by detecting the fluorescence signal from the fluorescent lipid TF-PE in the formulations, using flow cytometry. (A) Percentage of liposome-positive
cells; tumor cells were incubated without IFN-y stimulation (Left: MZ2Mel43, Right: BLM). (B) Percentage of liposome-positive cells; tumor cells were stimulated with 50 ng/
mL IFN-y for 48 h before the experiments (Left: MZ2Mel43, Right: BLM). (C) Mean Fluorescence Intensity of liposome signal in all live cells, both with or without IFN-y
stimulation (Left: MZ2Mel43, Right: BLM). (D) Representative histogram of liposome binding to MZ2Mel43 cells under different conditions. p-value < 0.05 was considered

statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 3 In vitro binding avidity of anti-PD-L| liposomes at the non-cellular level.

Notes: (A) Binding avidity was assessed using an ELISA-based assay. Recombinant human PD-LI (B7-H|/CD274)-Fc chimera protein was immobilized onto 96-well plates.
Anti-PD-L1 high liposomes (high-LP) and anti-PD-L| low-LP (low-LP) containing fluorescent lipid probe TF-PE were added at a concentration of 100 uM. (B-D) Surface
plasmon resonance analysis of control (Ctrl)-LP, high-LP, low-LP, and free antibody (Ab) across a range of lipid or Ab concentrations. Samples were injected into both
reference and detection channels of a CM5 sensor chip at a flow rate of 30 pL/min using standard running buffer. (B) The CM5 sensor surface was immobilized with
recombinant human PD-LI (B7-HI/CD274)-Fc chimera protein, achieving a final immobilization level of ~2000 response units. (C) Comparison of binding signals from high-
LP and low-LP. The y-axis represents the maximum RU obtained from steady-state analysis at each lipid concentration, normalized to the baseline response of low-LP at 0.04
mM within each experimental batch. (D-G) Representative sensorgrams showing response curves of Ctrl-LP (D), low-LP (E), high-LP (F), and free Ab (G) (matched for
molar Ab concentration to anti-PD-LI high-LP) at various lipid or protein concentrations. The red dotted line is horizontal (Indicating no detectable dissociation of the
analyte from the ligand). p-value < 0.05 was considered statistically significant (**p < 0.01, ***p < 0.0001).

time point may be attributed to intracellular trafficking and processing of internalized LPs, including endocytosis,
degradation, or signal quenching within acidic compartments such as lysosomes. These findings suggest that liposome
internalization occurs rapidly (within 24 h), with subsequent intracellular redistribution or clearance contributing to the
reduced measurable signal over time.

The internalization process was further examined using confocal microscopy. Fluorescent LPs, along with lyso-
some tracker, were added to track their localization. Consistent with the flow cytometry data, anti-PD-L1 LPs
demonstrated higher cellular uptake compared to Ctrl-LPs (Figure 4C and D). Images showed clear membrane
localization of anti-PD-L1 Abs, with partial co-localization observed in lysosomes (Figure 4C). Co-localization
analysis between LPs and lysosomes was performed using ImageJ software. Both Ctrl-LP and Ab-LP exhibited
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Figure 4 Cellular trafficking of anti-PD-L| liposomes.

Notes: (A and B) | uM or 10 pM of Control-liposome (Ctrl-LP), anti-PD-L| low-LP, or anti-PD-LI high-LP containing fluorescent lipid probe TF-PE were incubated with
BLM at 37 °C for 2 h or 24 h and analyzed by flow cytometry. (C—F) BLM cells were incubated with 10 pM of Ctrl-LP, anti-PD-L| low-LP, or anti-PD-L| high-LP at 37 °C for
24 h. Signals were then detected using a Leica SP8 confocal microscope. Nucleus (Blue): Signal detected from Hoechst. LP (Green): Signal detected from TF-PE in the
formulations. Lysosome (Red): Signal detected from Lysotracker DND-99. (C) All images were captured using a 63* oil immersion objective lens. Zoom in = 3.45 times. (D)
Fluorescence signal quantification from confocal images was performed by normalizing the fluorescence intensity values to the no-treatment group (cells stained only with
Hoechst and Lysotracker). (E) Co-localization between LPs and lysosomes was quantified using the Manders’ coefficient in ImageJ. (F) LP co-localization signal = Total LP
signal X Mander’s coefficient. Confocal images used for quantification were obtained from five independent experiments. p-value < 0.05 was considered statistically significant
(*p < 0.05, ¥p < 0.01, ¥**p < 0.001, *¥***p < 0.0001, NS = not significant).
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lysosomal co-localization with Mander’s coefficients greater than 0.5 (Figure 4E). Ctrl-LP showed a higher correlation
(78%) than anti-PD-L1 LPs (56-59%), reflecting greater non-specific uptake through endocytosis. In contrast, Ab-LPs
displayed stronger surface binding and partial internalization, consistent with receptor-mediated interactions. Despite
these mechanistic differences, the overall proportion of LPs reaching lysosomes was similar across all groups
(Figure 4F). This suggests that antibody density primarily enhances surface avidity without fundamentally altering
the intracellular trafficking pathway.

To further investigate cellular uptake, we examined liposome retention by indirectly measuring the amount of PD-L1
ligand remaining on the cell surface after initial binding (Figure 5A). In parallel, cellular uptake of the LPs was assessed
by measuring the fluorescence signal of the lipid probe TF-PE incorporated into the formulations. Consistent with the
data shown above, anti-PD-L1 high-LP exhibited significantly higher binding capacity (9.3%) compared to the Ctrl-
(1.8%) and anti-PD-L1 low-LP (5.3%) at 4 °C (Figure 5B) at 4 °C. For all formulations, a clear decrease in total LP
signal was observed after incubation at 37 °C for 1 h (Figure 5C and D). These results indicate that the anti-PD-L1 LP
formulation undergoes rapid dissociation or internalization within this timeframe. Notably, the retention ratio of anti-PD-
L1 high-LP was higher than that of anti-PD-L1 low-LP (Figure SE), suggesting that high ligand density not only
contributes to the initial high binding avidity but also enhances retention. We further examined PD-L1 expression
following treatment with anti-PD-L1 LPs (Figure SF and G). The lowest PD-L1 expression levels were observed in the
anti-PD-L1 high-LP group. However, despite the significant drop in LP signals after 1 h of incubation at 37 °C, no
changes in PD-L1 expression were detected across the three groups. This indicates that PD-L1 ligands had not recovered
during this time frame.

In summary, high concentrations of anti-PD-L1 Ab on the liposomal surface enhance initial ligand binding and drug
retention under physiological conditions, while showing no significant differences in lysosomal localization (reflecting
total intracellular uptake) among the groups.

Liposomes with a High Antibody Concentration Show Improved Penetration in 3D
Models

Additionally, we examined the penetration of LPs in 3D spheroids made from the BLM cell line. To differentiate the
distinct layers of the spheroids, we used CellTracker Deep Red. This free cell-labeling small molecule dye enables the
visualization of three distinct layers: the interior layer (characterized by low CellTracker signal), the middle layer (with
moderate signal), and the outer layer (with high signal). Effective penetration requires LPs to reach the interior layers
of the spheroids, whereas poorly penetrating LPs remain confined to the outer regions (Figure 6A). To quantify
penetration, we analyzed LP signals in each layer using FlowJo software (see analysis strategy in Figure 6B).
Regardless of the treatment condition, CellTracker dye consistently reached a similar depth in the spheroids
(Figure 6C), confirming that its presence does not interfere with LP delivery. Notably, anti-PD-L1 high-LP demon-
strated superior penetration compared to Ctrl-LPs and anti-PD-L1 low-LPs (Figure 6D). Reaching the spheroid core
remained challenging, as indicated by a decrease in the penetration ratio from the outer to the interior layers. In the
interior layer, anti-PD-L1 high-LP showed the highest penetration; however, fewer than 5% of interior cells exhibited
detectable levels.

Comparison of the Cellular Dynamics Between Parental Atezolizumab and

Atezolizumab-Liposomes

Having characterized the anti-PD-L1 LPs with varying Ab densities, we next aimed to explore potential differences in
binding avidity between the free Ab and its liposomal formulations under equivalent protein conditions. In this
experiment, the same quantity of atezolizumab was presented in different formats, either as the free Ab or conjugated
to the liposomal surface (Figure 7A). We assessed the PD-L1 blocking efficiency across various anti-PD-L1 concentra-
tions. The results demonstrated that presenting the Ab on the liposomal surface significantly enhanced PD-L1 blocking
ability compared to the free Ab (Figure 7B and C). Notably, at a concentration of 0.000781 pg/mL, 93% of PD-LI
remained detectable with the free Ab, whereas only 75% was detected with the anti-PD-L1 high-LP formulation
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Figure 5 Cellular retention and PD-L| blockade by anti-PD-L| liposomes.

Notes: (A) MZ2Mel43 cells were treated with different liposome (LP) formulations—Control (Ctrl)-LP, anti-PD-L| low-LP, or anti-PD-LI high-LP (100 pM lipid)—for
30 min at 4 °C to block PD-LI receptors, followed by | h at 37 °C. Residual PD-L| was detected using a fluorescent anti-PD-L| antibody. TF-PE was used to assess LP
retention, and PE fluorescence indicated PD-L| expression, both measured by flow cytometry. (B) LP signal by cells with a 30 min incubation at 4 °C, followed by an
additional | h incubation at 4 °C. (C) LP signal by cells with a 30 min incubation at 4 °C, followed by an additional | h incubation at 37 °C. (D) Data analysis of LP absorption:
comparing 4 °C and 37 °C. (E) The retention ratio of LPs was calculated as follows: Retention ratio = LP signal after 37 °C incubation/LP signal after 4 °C incubation. (F) PD-
L1 expression of cells with a 30 min incubation at 4 °C, followed by an additional Ih incubation at 4 °C. (G) PD-L| expression of cells with a 30 min incubation at 4 °C,
followed by an additional | h incubation at 37 °C. p-value < 0.05 was considered statistically significant (*p < 0.05, **p < 0.01).
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Figure 6 Penetration of anti-PD-L| liposomes in a 3D BLM cell model.

Notes: (A) Schematic diagram of anti-PD-L| liposomes (LPs) in a 3D penetration assay. Different treatments (Control-LP (Ctrl-LP), anti-PD-L| low-LP, or anti-PD-L1 high-
LP, with lipid concentrations of 10 uM) were applied and incubated with the spheroids for 24 h to prepare for flow cytometry analysis. (B) Flow cytometry gating strategy for
LP penetration analysis using FlowJo software. (C) Percentage of CellTracker Deep Red Dye signal detected in all cells in combined with the three different LPs within the
various layers. (D) Percentage of LP signal detected in all cells from different formulations across the various layers. p-value < 0.05 was considered statistically significant
(*p < 0.05, **p < 0.01).

(p <0.05), indicating more effective ligand masking by the liposomal format. These findings confirm that the manufac-
turing process of anti-PD-L1 LP formulations does not compromise their PD-L1 blocking capacity; instead, they exhibit
superior binding avidity compared to the parental free Ab. In parallel, we examined LP binding and observed an
interesting result: while anti-PD-L1 high-LP exhibited greater PD-L1 blocking capacity, binding to the cell surface was
less effective than that of anti-PD-L1 low-LP (Figure 7D). This phenomenon can be explained by the fact that, when the
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Figure 7 Comparative functional activity and binding dynamics of free vs liposomal atezolizumab.
Notes: (A-E) PD-L| blocking capacity and liposome (LP) binding percentages to total MZ2Mel43 cells at equivalent concentrations of anti-PD-L| antibody (Ab) in
atezolizumab (free anti-PD-LI Ab), anti-PD-L| low-LP, and anti-PD-L| high-LP. (A) The same quantity of atezolizumab was presented in different formats. (B) PD-LI
expression after treatment with free anti-PD-L| Ab, anti-PD-L| low-LP, and anti-PD-L1 high-LP. (C) PD-L| expression after treatment with free anti-PD-L| Ab and anti-PD-
LI high-LP. (D) Binding capacity of anti-PD-L| low- and high-LPs to MZ2Mel43 cells at different Ab concentrations. (E) Lipid amount of anti-PD-L| low- and high-LP when
the protein concentration is 0.2 ug/mL. (F and G) Surface plasmon resonance analysis of anti-PD-L1 high-LP and free Ab across a range of protein concentrations (0.1 pg/mL,
0.05 pg/mlL, 0.025 pg/mL, 0.0125 pg/mL, and 0.00625 pg/mL). Analysis was conducted by fitting reference-subtracted curves to appropriate binding models using Biacore
T200 Evaluation Software ((F) Steady-State Affinity Analysis: Steady-state affinity model (G) Kinetic Analysis: Langmuir |:I binding model). (H) Tumor cells were treated
with free or anti-PD-L1 high-LP (0.005 pug/mL; ECs, calculated based on Figure 7B) for | h before adding T cells at an effector-to-target ratio of I:1 or 3:1. Co-cultures were
maintained for 72 h in supplemented RPMI. Tumor cell killing was monitored in real-time using Incucyte imaging by tracking mScarlet fluorescence, which was stably

expressed in the tumor cells. p-value < 0.05 was considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001).

anti-PD-L1 Con ug/ml

https:

16

International Journal of Nanomedicine 2026:21



Cheng et al

Table | Summary of Surface Plasmon Resonance Binding Parameters for Free mAb and Anti-PD-L| High-LP

Analysis Type | Flow Rate (uL/min) | Format K_D (M) | k_on (I/Ms) | k_off (I/s) | K_D (kinetic, M) | N
Steady-State 50 Free mAb 6.59x10° | — — — 3
Anti-PD-LI high-LP | 4.12x107° | — — — 3
Kinetics Free mAb — 3.14x10° 6.57x10° | 2.77x107" 3
Anti-PD-LI high-LP | — 2.10x107 829x10°¢ | 5.05xI0°"3 3

Note: All Chi? values were less than 1% of Rmax?, indicating good fit quality.

same amount of Ab was used, anti-PD-L1 high-LP had a lower lipid content compared to anti-PD-L1 low-LP
(Figure 7E). These results also indicate that increasing the anti-PD-L1 density effectively reduces non-specific binding.

We further examined binding kinetics using SPR, as previously described. Anti-PD-L1 high-LP and free Ab samples
were tested across a range of concentrations (0.1, 0.05, 0.025, 0.0125, and 0.00625 pg/mL). Using a steady-state fitting
model, free mAb exhibited a comparable K D compared to Ab-LP (6.59 x 10™° M vs 4.12x10 ~° M) (Table 1 and
Figure 7F). When applying detailed kinetic parameters, Ab-LP showed a higher association rate (k on) and
a significantly lower dissociation rate (k_off) (p < 0.05), resulting in an overall improved dissociation constant (K D)
(Table 1 and Figure 7G). Notably, the steady-state analysis showed higher apparent K_D values than the kinetic fit. This
discrepancy likely results from incomplete equilibrium at the tested liposome concentrations, as the response curves did
not reach a clear plateau. Moreover, the classical Langmuir 1:1 model does not fully capture the multivalent binding
behavior of Ab-LPs. Therefore, the kinetic parameters are reported as apparent values that reflect overall multivalent
avidity rather than true monovalent affinities. Finally, in a human peripheral blood mononuclear cells (PBMCs)—tumor
cell co-culture assay, both free mAb and Ab-LP promoted comparable enhancement of tumor cell killing (Figure 7H).

In conclusion, presenting atezolizumab at higher concentrations on LPs enhances PD-L1 blocking efficiency while
reducing non-specific binding. Moreover, the Ab-LP formulation exhibits stronger cellular interactions than the free Ab,
likely due to its improved K D.

Discussion

ICIs represent one of the most promising strategies in cancer immunotherapy. For instance, anti-PD-L1 mAbs prevent
interaction of tumor cell PD-L1 with PD-1 on T cells, thereby restoring T cell activity and promoting an anti-tumor
immune response. Building on this established mechanism, multivalency strategies—long recognized for enhancing
binding avidity and therapeutic efficacy®’ —offer new opportunities to improve checkpoint blockade. In this study, we
developed multivalent anti-PD-L1 formulations by conjugating a clinically approved anti-PD-L1 mAb to a liposome-
based drug delivery platform. Our findings demonstrate that liposomal presentation enhances antibody function not only
through multivalent binding but also by enhancing drug retention and tumor penetration. Together, these results support
liposome-based delivery as a promising strategy for developing next-generation nanoparticle-based ICIs.

Apparent Binding Avidity

Apparent (functional) binding avidity refers to the total strength of multiple binding interactions between molecules.
A multivalent Ab system can be achieved by presenting multiple antigen-binding sites on a liposome.”® This design
allows multivalent Abs to engage multiple epitopes simultaneously, leading to binding strengths that are orders of
magnitude higher than their monovalent counterparts.

When considering ICIs, such as anti-PD-L1 mAbs, classical antagonist Abs typically follow a sigmoidal dose-
response curve, where functional activity peaks near 100% receptor occupancy and plateaus at higher doses.?*° This
supports our rationale for developing multivalent Ab-lipid nanoparticle systems: by increasing ligand density, the
probability of reaching saturation and therapeutic efficacy can be improved. In our study, we found a linear correlation
between protein-to-lipid ratios and binding capacity under both low and high PD-L1 expression conditions in two
different melanoma cell lines. Additionally, anti-PD-L1 LPs had superior receptor blockade capacity compared to
conventional bivalent anti-PD-L1 mAb, as indicated by both flow cytometry and SPR experiments. Similar findings
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were reported by Bu et al using dendrimer-based anti-PD-L1 systems,'® and by Mamani et al, who developed
a multivalent anti-PD-L1 peptide with ~40-fold higher blocking efficiency and improved stability. Comparable results
were also observed for folate-functionalized nanodevices with tunable ligand density.”' However, optimizing ligand
density remains challenging due to inter- and intra-patient heterogeneity in PD-L1 expression. Recent research suggests
that the degeneracy prefactor, which refers to the number of ways multiple binding interactions can be arranged, is
critical in determining multivalent binding behavior.*> This concept is particularly relevant for PD-L1 blockade, as
elevated PD-L1 expression during immune activation effectively increases the degeneracy prefactor by providing more
available binding configurations. Together, these effects underscore the promise of multivalent strategies in overcoming
the limitations of conventional bivalent mAbs for immune checkpoint blockade.

Beyond ligand quantity, apparent binding avidity in Ab-based systems also depends on receptor clustering. For
example, in the B7-CD28 co-stimulatory axis, dimeric B7 ligands (eg, B7-1 and ICOSLG) enhance signaling by bridging
CD28 or ICOS dimers at the immune synapse, promoting receptor supercluster formation via avidity effects.’> Such
systems often follow bell-shaped dose-response profiles,®* and receptor clustering is influenced by factors such as ligand
spacing, linker flexibility, and geometric compatibility between ligands and receptors.

Selectivity

In vivo delivery introduces further challenges, where specificity becomes critical. Avidity and selectivity often behave
nonlinearly.>> Research has reported that weak but multivalent binding interactions can enhance selectivity. Our findings
support this concept: while high-concentration anti-PD-L1 LPs demonstrated stronger PD-L1-specific binding, lower-
concentration LPs showed more non-specific cell surface binding. This underscores the importance of optimizing ligand
density in liposomal systems to maximize selective delivery.

Intracellular Trafficking
After effectively targeting PD-L1, two key questions arise: (1) how long does the PD-L1 blockade persist, and (2) how
long does it take for internalized PD-L1 to recycle back to the cell surface? In our study, we observed a significant
increase in total cellular uptake of anti-PD-L1 high-LP compared to both anti-PD-L1 low-LP and Ctrl-LP. This elevated
uptake signal primarily resulted from increased membrane binding rather than intracellular delivery, as we found non-
targeted LPs demonstrated a similar level of lysosome localization as targeted LPs. Nonetheless, the overall intracellular
accumulation of Ab-LPs may still increase over time, as membrane-bound LPs are eventually internalized into the
cytoplasm. Additionally, anti-PD-L1 high-LPs exhibited longer surface retention compared to anti-PD-L1 low-LPs.
Although we focus primarily on the anti-PD-L1 LP system itself, combining it with other drugs encapsulated inside
the LPs remains a valuable strategy. In such cases, achieving a balance between surface retention and internalization
becomes critical: sufficient membrane retention ensures effective PD-L1 blockade, while timely internalization facilitates
intracellular drug delivery. Previous studies have shown that atezolizumab undergoes 40—60% internalization after 2 h in
multiple cell lines.*® Consistently, we observed 56-59% lysosomal co-localization after 2 h by confocal microscopy, and
42-64% internalization by flow cytometry after 1 h. Free atezolizumab and atezolizumab-conjugated LPs exhibited
comparable internalization rates, suggesting that multivalency did not significantly alter the early internalization profile,

supporting the feasibility of co-delivery strategies over short periods.'®?” In

summary, high-density anti-PD-L1 LPs
show enhanced surface binding and prolonged retention, leading to more sustained PD-L1 blockade without significantly
altering the overall internalization pathway. These findings highlight the importance of optimizing ligand density to

balance membrane retention and intracellular uptake for effective therapeutic and co-delivery applications.

Tissue Penetration and Accessibility

Another challenge in nanomedicine is the limited penetration of nanoparticles into solid tumors, primarily due to their
larger size compared to mAbs or small-molecule drugs.'®*® Interestingly, our findings contrast with the commonly
discussed “binding site barrier” concept,”® which suggests that high-affinity Abs may hinder deep tissue penetration by
saturating receptors near the tumor periphery. In our 3D in vitro tumor model, however, the relatively high nanoparticle
concentrations likely saturated peripheral PD-L1 binding sites, allowing additional high-avidity liposomes to diffuse
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deeper into the tissue. This suggests that the binding site barrier is context-dependent and may be alleviated under
conditions of receptor saturation or high local particle concentration. Nonetheless, in vivo drug concentrations are
typically much lower than those used in vitro, and under such physiological conditions, high-affinity multivalent
nanoparticles may still experience penetration limitations, consistent with the binding site barrier hypothesis.

However, these limitations are less critical for checkpoint blockade therapies, where surface receptor engagement is
the primary mechanism of action. In such cases, affinity may be more critical than deep tissue penetration, since
functional blockade requires specific binding to and engagement with cell-surface receptors.

Manufacturing Optimization

Successful clinical translation of anti-PD-L1 LPs requires addressing key manufacturing challenges: scalability, repro-
ducibility, accurate ligand quantification, and preservation of Ab functionality. In our study, the post-insertion method
was employed to conjugate Abs to preformed LPs, achieving near 100% conjugation efficiency while maintaining Ab
activity, consistent with literature reports.**~*?> However, precise measurement of Ab density remains challenging, as both
the total number of conjugated Abs and the fraction retaining functional activity must be considered, given that
conjugation steps may compromise Ab functionality. Factors influencing Ab stability include linker chemistry, ultra-
centrifugation conditions, and general handling.*>*® Addressing these factors is crucial to developing reproducible,
scalable, and effective therapeutic nanoparticles. In addition, lipid composition and structural design represent critical
formulation variables that remarkably influence the biological behavior and immune responses elicited by LPs.** ™!
Rational selection of lipid components, incorporation of biomembrane hybrids may further enhance circulation stability,
tumor penetration, and immune activation. Together, optimization of both antibody conjugation and lipid design will be
key to advancing anti-PD-L1 LPs toward clinical translation.

Limitations and Future Perspectives

While this study provides detailed insights into the cellular interactions between anti-PD-L1 LPs and tumor cells, the
evaluation of therapeutic efficacy remains limited. We performed a human PBMC—tumor cell co-culture assay where
both free mAb and Ab-LP enhanced tumor cell killing to a comparable extent. This outcome likely reflects similar drug
availability in solution across the groups. However, the in vitro conditions may not fully capture the kinetic advantages of
the liposomal formulation. Importantly, the primary aim of this work was to explore the mechanisms of LP—cell
interactions in the context of immune checkpoint blockade, rather than to comprehensively assess biological function
or treatment efficacy.

Additionally, the co-culture model lacks the complexity of the tumor microenvironment and immune system
interactions found in vivo, which limits the translation of in vitro findings to clinical contexts. The heterogeneity of PD-
L1 expression across patient tumors and the involvement of diverse immune cell populations were also not addressed,
which may affect therapeutic outcomes.

Although this study focused on the active immunomodulatory function of anti-PD-L1 LPs alone, combination with
other therapeutic agents within a single liposomal system represents a promising future direction. In melanoma,
approximately 40% of patients have BRAF mutations.’ Recent studies suggest that BRAF/MEK inhibition can enhance
tumor immunogenicity and modulate responsiveness to ICIs. Several ongoing clinical trials are evaluating sequential or
combination regimens integrating both therapeutic classes." Moreover, chemotherapeutic agents capable of inducing
immunogenic cell death may further amplify immune activation when co-administered with ICIs.>® Therefore, the
development of liposomal delivery systems capable of co-encapsulating agents such as BRAF/MEK inhibitors, ICls,
or immunogenic cell death-inducing drugs offers a powerful platform to achieve synergistic antitumor effects and
improve clinical outcomes in advanced melanoma.

Conclusion

In conclusion, our study highlights the potential of atezolizumab-conjugated LPs to integrate immune checkpoint
inhibition with nanomedicine. By synthesizing LPs with varying Ab densities, we compared different formulations in
terms of apparent binding avidity, tumor retention, and tissue penetration using multiple techniques. The results indicate
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that increasing ligand density benefits initial cellular binding, immune checkpoint inhibitor retention, and tissue
penetration. Compared to free atezolizumab, Ab-LPs demonstrated higher binding avidity and blocking capacity.

These findings provide a strong foundation for further in vivo evaluation of anti-PD-L1 LP formulations, both as
monotherapies and in combination with other therapeutic agents. Beyond PD-L1 targeting, this Ab-LP platform is highly
adaptable and holds broad potential for other immune checkpoint inhibitors, targeted drug delivery systems, and
precision medicine applications. Future work should focus on preclinical studies to validate the therapeutic potential
of Ab-LP formulations within complex tumor microenvironments.
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