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KEY WORDS Abstract Polyethylene glycol (PEG) carriers can improve drug circulation, but encounter biocompat-
ibility and tumor penetration challenges. The CD47—SIRPa« interaction on macrophages can initiate a
“don’t-eat-me” signal, inhibiting phagocytosis. This study elucidates the dichotomous role of the
CD47—SIRPu« axis in conferring phagocytosis resistance and transport assistance for enhanced nanocar-
rier biocompatibility and tumor penetration. Using CD47-functional peptide, we elucidated the capacity
of this axis to preserve carrier-cell membrane accessibility, impede macrophage-mediated nanocarrier
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CD47,
Endothelial cell;
Tumor microenvironment

endocytosis, reduce the secretion of IgG and IgM antibodies, and attenuate complement cascade activa-
tion. These mechanisms collectively neutralize the accelerated blood clearance of PEGylated liposomes.
Notably, we identified the presence of SIRP« in endothelial vasculature and, for the first time, verified its

pivotal role in orchestrating liposomal transit across the endothelial barrier. Moreover, within the tumor
region, the CD47—SIRPa« axis facilitated carrier hitchhiking on macrophages, enabling deep penetration
into the tumor parenchyma and regulating the tumor microenvironment through the differential recogni-
tion of M1/M2-type tumor-associated macrophages. This study presents the first evidence of the dichot-
omous role of the CD47—SIRPa« axis in regulating carrier biocompatibility, offering insights into its
function to overcome the tumor permeability barrier challenge.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Over the past few decades, the integration of nanotechnology in
cancer therapeutics has witnessed substantial growth'™. None-
theless, the quest for optimal therapeutics is hindered by persistent
challenges, such as inadequate accumulation of these nano-
therapeutics at their intended sites’’. This challenge highlights the
necessity to overcome the inherent barriers posed by the mono-
nuclear phagocyte system, which significantly efficacy the circu-
lation time of nano-carriers and consequently diminishes the
clinical efficacy of these interventions™’. One prominent strategy
for prolonging the circulation of nanoparticles involves coating
them with polyethylene glycol (PEG), a technique that has
demonstrated success in extending their in vivo residence'’.
However, it triggers immunogenicity, leading to accelerated blood
clearance (ABC) through the induction of antibody (e.g., IgG and
IgM) secretion and complement activation'""'>. Consequently,
refinement of carrier biocompatibility emerges as a pivotal pursuit
in the quest for efficacious drug conveyance'™'*.

In addition, the limited infiltration of nanomedicines into solid
tumors present another significant barrier to their therapeutic ef-
ficacy'”’. The enhanced permeability and retention (EPR) effect,
which relies on the leaky vasculature characteristic of tumors to
enhance drug accumulation, is often insufficient owing to the high
interstitial pressure and heterogeneous vascular structures within
tumors. Contemporary research elucidates the decisive role of
endothelial cells in actively mediating nanoparticle transit®'®'",
To overcome this, ligand-based targeting of the tumor vasculature,
such as the strategic incorporation of RGD peptides to engage
a,B3 integrin receptors on carrier exteriors, has proven advanta-
geous for improving delivery specificity”’. However, despite the
promise of targeted delivery, such ligand-receptor interactions can
inadvertently guide nanoparticles toward lysosomes within cells,
where they are subject to degradation before reaching their
intended intracellular targets”'. Moreover, even upon successful
extravasation from the tumor vasculature, nanocarriers must
navigate a labyrinth of cellular barriers and dense extracellular
matrix to penetrate deep into the tumor parenchyma®>**. There-
fore, addressing these challenges is crucial for advancing the use
of nanomedicines in cancer therapy.

The interaction between CD47 and signal regulatory protein «
(SIRPa) plays a crucial role in immune regulation®**”. CD47, a
ubiquitously expressed glycoprotein found on the surface of
diverse cell types, including erythrocytes, platelets, and tumor
cells, serves as a “don’t-eat-me” signal when it interacts with
SIRP«*°. SIRPw is predominantly expressed on myeloid cells,

such as macrophages and dendritic cells, and to a lesser extent, on
specific lymphocyte populations. The direct binding of these two
proteins occurs via the extracellular domains. Notably, the cyto-
plasmic tail of SIRP« harbors two immunoreceptor tyrosine-based
inhibition motifs (ITIM). Upon engagement with CD47, this ITIM
domain undergoes phosphorylation, leading to the transmission of
an inhibitory signal that effectively attenuates the phagocytic ac-
tivity of macrophages, thereby safeguarding target cells from
immune-mediated destruction. Moreover, studies have highlighted
that the interaction between CD47 and the highly expressed
SIRP« receptor on thymic endothelial cells can modulate VE-
cadherin endocytosis through the ITIM—SHP2—Src signaling
pathway, facilitating the opening of cellular junctions®’. Addi-
tionally, the CD47—SIRP« axis has been recognized as a critical
mediator of the transmigration of monocytes across the brain
endothelial barrier”®*’. Base on the foundational understanding of
the role of CD47, researchers have engineered active peptides,
termed self-peptide”, that replicate the functionality of CDA47.
Self-peptides have demonstrated the ability to mimic CD47
binding to SIRP« and transmit an equivalent inhibitory signal,
elucidating the therapeutic potential of self-peptide in modulating
immune responses.

Based on the functions of CD47/self-peptide, they are widely
regarded as capable of promoting the prolonged circulation of
carriers”?**. Unlike PEG, which primarily exerts its effect
through direct steric hindrance and cellular repulsion, our research
indicates that the CD47—SIRPa axis possesses the unique ability
to maintain the accessibility of carrier surfaces to their biological
environment. Furthermore, the CD47—SIRPa axis has been
proven to play a critical role in facilitating the transendothelial
migration of monocytes; however, its application in enhancing the
permeability of carriers remains unexplored. Considering these
findings, we propose a synergistic fusion strategy that combines
PEGylation with CD47-derived self-peptide to prolong the cir-
culation time of the nanocarriers and improve their delivery effi-
ciency. Using the CD47—SIRP« interaction, we hypothesize that
it is possible to reduce macrophage-mediated phagocytosis and
mitigate the antigen-presenting activity of phagocytes, thereby
suppressing the in vivo immune responses. Although the EPR
effect in tumors is considered a significant factor contributing to
the accumulation of nanomedicines, active transport by endothe-
lial cells is believed to dominate the process'’. Therefore, we
investigated the role of the CD47—SIRP« axis in mediating the
transendothelial delivery of liposomes. Additionally, macrophages
are recognized as key mediators of nanoparticle penetration into
tumors’’. Given that the CD47—SIRPx axis maintains
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accessibility to macrophages while inhibiting further phagocy-
tosis, we hypothesized that this may also positively influence the
penetration of drugs into the tumor regions (Scheme 1).

2. Materials and methods

2.1. Materials

Egg Lecithin Phosphatidylcholine (EPC, Cat# N01006), Choles-
terol (CHO, Cat# 001001), DSPE-mPEG;(g, (Cat# FO1008) and
DSPE-PEG;(pp-NHS (Cat# F02008) were provided by A.V.T.
Pharmaceutical Tech Co., Ltd. (Shanghai, China). Egg Liss Rhod
PE EPC (Cat# 10-000811) were purchased from Avanti Polar
Lipids, Inc. (Alabaster, USA). Hoechst 33342 (Cat# H4079),
DiOC18(3) (DiO, Cat# D4027), DIIC18(3) (Dil, Cat# D4010),
DiIC18(5) (DiD, Cat# D4019), DiIC18(7) (DiR, Cat# D4006), and
5(6)-CFDA (Cat# C4037) were supplied by US Everbright Inc.
(Suzhou, China). Mouse IgM (Cat# BDEL-0312) was provided by
Biodragon Immunotechnologies Co., Ltd. (Beijing, China). 8-
Hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS, Cat#
01100310), Protease and Phosphatase Inhibitor Cocktail (100x)
(Cat# 041729396) and RIPA Lysis Buffer (Medium) (Cat#
041127048) were purchased from Adamas life (Shanghai, China).
Chlorpromazine (Cat# 71033) was from TM standard Company
(Beijing, China). Colchicine (Cat# ST07260120) was provided by
Nature standard Biotechnology Co., Ltd. (Shanghai, China). Fil-
ipin (Cat# HY-N6718) was from MCE Co., Ltd. (Shanghai,
China). Protein A + G Agarose (Cat# P2055), LPS (Cat# S1732),

Enhancing biocompatibility

IL-4 (Cat# P5129), and IFN-y (Cat# P5664) were from Beyotime
Biotechnology (Jiangsu, China). The antibodies used in this study
are listed in (Supporting Information Table S1) of supporting in-
formation, and all other chemicals and reagents were of analytical
grade.

2.2.  Cell lines and animals

RAW264.7, bEnd.3, and 4T1 cells were purchased from Procell
Life Science&Technology Co., Ltd. (Wuhan, China). All cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Adamas-life, China) supplemented with 10% fetal bovine serum
(FBS) (Adamas-life, China), and detached for passage using
0.25% Trypsin/0.5 mM EDTA.

Female BALB/c mice (6—8 weeks old, 18—22 g) were pro-
vided by Jinan Pengyue Experimental Animal Breeding Co., Ltd.
(Jinan, China). All animals were raised in an SPF laboratory
environment with a 12 h light—dark cycle at 22—24 °C and 30%—
50% relative humidity. All animal experiments were performed
under the relevant guidelines and regulations of the Ethical Re-
view Committee of Shandong Academy of Medical Sciences
(Number: 20210135).

2.3.  Synthesis of peptides

The self-peptide (sequence: GNYTCEVTELSREGKTVIELK),
palmitate-modified self-peptide (sequence: Pal-
GNYTCEVTELSREGKTVIELK), and RGD peptide (sequence:
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¢(RGDYK)) were synthesized using solid-phase peptide synthesis
with Fmoc-protected amino acids. After synthesis, the peptides
were purified by reverse-phase high-performance liquid
chromatography.

2.4.  Synthesis of DSPE-PEG;poo modified peptides

To prepare the DSPE-PEG,go-peptide conjugates, the peptides
were combined at a molar ratio of 1.3:1 with DSPE-PEG,go-
NHS. The mixture was then dissolved in a solution consisting of
equal amounts of DMF and water, and N-methylmorpholine was
added to adjust the pH to 8.0. The solution was stirred for 24 h at
600 rpm and maintained at 25 °C to facilitate conjugation.
Following the reaction, the resulting solution was subjected to
dialysis using a dialysis membrane with a molecular weight cutoff
of 3500 Da and distilled water as the dialysis medium. After 24 h
of dialysis, the solution was lyophilized for an additional 24 h.
The obtained conjugates were verified using MALDI-TOF-MS
(Autoflex speed, Bruker, Germany) and stored at —20 °C for
later use.

2.5.  Preparation of liposomes

Liposome fabrication was carried out employing the method of
thin-film hydration®”. The initial step entailed preparing a lipid
mixture consisting of egg phosphatidylcholine (EPC) and
cholesterol (CHO) in a 1:1 molar ratio, with detailed lipid
composition ratios provided in (Supporting Information Table S2)
for comprehensive insight. To this blend, fluorophores were
introduced for labeling purposes: Egg Liss Rhod PE EPC, Dil,
DiD, or DiR, each incorporated at precise quantities relative to
EPC—40 ng of Egg Liss Rhod PE per 8 mg of EPC, 5 pg of Dil or
DiD per 8 mg of EPC, and 20 pg of DiR per 8 mg of EPC,
respectively. Following the meticulous addition of these fluores-
cent markers, the lipid mixture was subjected to vacuum evapo-
ration to form a thin film. Subsequently, the dried lipid film
underwent rehydration with phosphate-buffered saline (PBS) at
37 °C, reviving the lipids into a suspension. Subsequently, ultra-
sonication was performed in an ice water bath, followed by
sequential extrusion through a polycarbonate membrane with a
pore size of 100 nm to form liposomes.

For liposomes loaded with doxorubicin (DOX), the lipid film
was hydrated with 250 mmol/LL. ammonium sulfate at 37 °C
following the same procedure mentioned above. Subsequently, the
liposomes were dialyzed (molecular weight cutoff of
8000—14,000 Da) using distilled water for 2 h. DOX was added to
the liposomes at a ratio of 1:10 (w/w) and incubated at 56 °C for 1
h. The liposome/DOX formulation was dialyzed (molecular
weight cutoff of 8000—14,000 Da) with PBS and stored at 4 °C
until use. To analyze the encapsulation efficiency and drug
loading, liposomes were isolated and placed in the upper chamber
of a 1 mL ultrafiltration centrifuge tube. The tubes were centri-
fuged at 6000 rpm for 30 min, and the mass concentration of DOX
was measured in both the liposome suspension and the filtrate
collected from the lower chamber of the tube. A standard curve for
DOX was constructed using a fluorescence spectrophotometer at
an excitation wavelength of 470 nm and an emission wavelength
of 580 nm. The Encapsulation Efficiency (%) was calculated using
Eq. (1):

Encapsulation efficiency (%) =
(total)

DOX(supernatant)/DOX

where DOX(total) (mg/mL) represents the initial amount of DOX
added and DOX(supernatant) represents the concentration of DOX
in the supernatant®’,

The Nano ZS 90 instrument from the Zeta Sizer Nano Series
(Nano ZS, Malvern, UK) was employed to evaluate the size dis-
tributions of the synthesized liposomes through dynamic light
scattering measurements.

2.6.  Immunogenicity of liposomes

To evaluate the immunogenicity of P-Lip, SP-Lip, RP-Lip, and
SRP-Lip, four doses of liposomes at 50 mg/kg per week were
injected into BALB/c mice via the tail vein. Blood was collected
after the 4th injection, and plasma was centrifuged at 1000 x g for
10 min (H1750R, Xiangyi, Changsha). Antibodies were detected
by enzyme-linked immunosorbent assay using DSPE-mPEG;(,
DSPE-PEG;ggp-self, or DSPE-PEG;p00-RGD as antigens (dis-
solved in ethanol). Microtiter plates were coated with antigen
(2 pg per well) overnight. The plates were then rinsed with PBS
and closed with 1% BSA for 1 h. Blood samples were serially
gradient diluted with PBS and incubated in microtiter wells for
1 h. After rinsing with PBS, horseradish peroxidase-labeled goat
anti-mouse IgG antibody was added to react with IgG. Blood
samples were incubated for 1 h in microtiter wells.
3,3/,5,5'-Tetramethylbenzidine (TMB) was added for 5-15 min
and the reaction was terminated with 2 mol/L sulfuric acid. UV
absorption was detected at 450 nm (Varioskan LUX, Thermo
Scientific, USA). For the determination of anti-PEG IgM, a
similar ELISA protocol was employed, with the notable difference
being the exclusive use of DSPE-mPEG,( as the antigen across
all steps™.

2.7.  Complement activation assay

Liposomes (100 pL) containing 10 mmol/L lipid were incubated
with 100 pL of pretreated mouse serum at 37 °C for 1 h. IgM was
inactivated with 0.2 mol/L #-mercaptoethanol (37 °C, 1 h), and
then recovered by addition of normal mouse IgM (37 °C, 1 h), and
complement activation was quantitatively determined using a
mouse C5a ELISA kit**.

2.8.  Analysis of co-localization of liposomes with liver and
splenocytes in vivo

Liposomes labeled with Dil were delivered to mice through the
tail vein. After a 4 h period, the mice were anesthetized, and
cardiac perfusion with cold PBS was performed to eliminate
blood, followed by removal of the liver and spleen. For flow
cytometry analysis, specific cell-surface markers were targeted
using fluorophore-conjugated antibodies. To detect macrophages,
anti-F4/80 and anti-CD11b antibody was employed, while anti-
CD19 antibody was used to identify B lymphocytes. The cell
suspensions were subjected to a 30-min incubation at 4 °C with
these antibodies to facilitate specific binding. After staining, the
cells were washed twice with PBS to eliminate any unbound an-
tibodies. Flow cytometry (Cytek Aurora, Cytek Biosciences,
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USA) analysis was performed to identify and quantify the various
cell populations present in the samples’.

2.9.  Protein corona analysis

Four types of liposome injections, P-Lip, SP-Lip, RP-Lip, and
SRP-Lip, were administered to BALB/c mice at a dosage of
50 mg/kg per week through the tail vein. After the fourth injec-
tion, blood samples were collected. Plasma was then obtained by
centrifuging the blood at 1000 x g for 10 min. Next, 100 pL of
liposomes containing 10 mmol/L lipids was combined with
100 pL of pretreated mouse serum and incubated at 37 °C for 1 h.
Subsequently, the mixture was centrifuged at 12,000 x g for 1 h.
The resulting precipitate was then washed with PBS and boiled for
10 min in the presence of a phosphoproteinase inhibitor. Finally,
the sample was analyzed using LC—MS/MS (tims TOF Pro/
UltiMate 3000 RSLC nano, Themo, USA)*.

2.10.  Endothelial cells transport efficiency

The bEnd.3 cell line was plated into Transwell inserts at a density
of 10,000 cells/mL and cultured until their transendothelial elec-
trical resistance (TEER) reached a minimum value of
150 Q@ ecm? (RE1600, Jin gong hong tai Technology, Beijing)™.
Subsequently, DiD (0.5 png/mL)-loaded liposomes were introduced
into the upper chamber of the Transwell inserts. Samples (200 pL)
of the medium from the lower chamber were collected at pre-
determined time intervals, and fluorescence intensity was
measured using a fluorescence microplate reader (Varioskan LUX,
Thermo Scientific, USA) set at an excitation wavelength of
595 nm and an emission wavelength of 665 nm.

2.11.  MTT assay

For the MTT assay, 4T1 cells were seeded in 96-well plates
(5 x 10? cells/well). After overnight culture, the cells were treated
with free DOX, DOX-loaded liposomes, or empty liposomes for 24 h.
The culture media was then removed and replaced with fresh com-
plete medium containing MTT solution (final concentration was
0.5 mg/mL). Following incubation for 4 h, the medium was removed
and the formazan crystals were dissolved in 150 pL. of DMSO. The
absorbance of each well was measured at 490 nm using a microplate
reader (Varioskan LUX, Thermo Scientific, USA).

For macrophages, cells were first polarized by pre-incubation
with either interferon-gamma (IFN-y, 20 ng/mL) and lipopoly-
saccharide (LPS, 100 ng/mL) for M1 polarization or interleukin-4
(IL-4, 20 ng/mL) for M2 polarization for 24 h. After polarization,
the macrophages were seeded in 96-well plates at a density of
5 x 10? cells per well and cultured overnight under the same con-
ditions as the 4T1 cells. Following this, the macrophages were
treated and processed for the MTT assay in the same manner as the
4T1 cells™®.

2.12.  Penetration assay of the liposomes in 3D tumor spheroids

4T1 cells (5 x 10° cells/mL) were added to a 2% agarose-coated Petri
dish and grown at 37 °C. The growth of spheroids was monitored
using an EVOS fluorescence microscope (M5000, Thermo Scientific,
USA). Once the spheroid size reached ~800 pm, 5(6)-CFDA
labeled RAW264.7 were added and co-culture with spheroid for
another 4 h. Then Liss rhod PE EPC-labeled liposomes were added,
and the spheroids were cultured for an additional 2 h. Afterward, the

spheroids were washed, and the fluorescence was measured using a
confocal microscope (Cell discoverer 7, Zeiss, Germany) with an
XY-stack and 30 pum intervals.

2.13.  In vivo anticancer assessment

BALB/c mice were inoculated subcutaneously with a sufficient
amount (5 x 10%) of 4T1 cells. When the tumor volume reached
~200 mm?>, the mice were randomly divided into six groups
(n = 6/group): i) PBS, ii) DOX, iii) P-Lip/DOX, iv) SP-Lip/DOX,
v) RP-Lip/DOX, and vi) SRP-Lip/DOX. The dose of DOX was
5 mg/kg, and drug administration was performed on Days 0, 3, 7,
and 10 through the tail vein. The tumor volume
[length x (width)” x 1/2] and body weight of different groups
were measured every two days.

2.14.  Invivo and ex vivo fluorescence image

BALB/c mice were inoculated subcutaneously with a sufficient
amount (5 x 10% of 4T1. When the tumor volume reached
~500 mm®, DiR loaded liposomes were injected into the mice via
the tail vein. Fluorescence images were collected at predetermined
time points using the VISQUE in vivo Smart-LF System (View-
orks, Korea). At the end point (24 h), the mice were sacrificed for
ex vivo imaging.

2.15. 3D fluorescence imaging of liposomes in tumors

After injecting Dil-loaded liposomes, the tumors were carefully
removed from the mice and fixed in 4% PFA for 24 h. To
decolorize the samples, quadrol decolorization solution was used
for 2 days, followed by treatment with 5% ammonium solution at
37 °C in a shaker. For delipidation, the samples were placed in
gradient tB delipidation solutions for 2 days and then in tB-PEG
for 2 days for dehydration. The samples were then immersed in
BB-PEG medium at 37 °C for at least one day for clearing. The
livers were observed using a Light Sheet Fluorescence Microscope
(LSFM, Nuohai LS 18, Beijing). The acquired images were then
reconstructed and analyzed using Imaris software (Bitplane) .

2.16.  Analysis of co-localization of liposomes and cells in
tumors

Liposomes labeled with Dil were administered to mice via the tail
vein. Four hours later, the mice were anesthetized and subjected to
cardiac perfusion with cold PBS to eliminate blood, followed by
tumor removal.

For flow cytometry analysis, specific cell-surface markers were
targeted using fluorophore-conjugated antibodies. To identify
macrophages, anti-CD45 and anti-F4/80 antibodies were used,
while anti-CD45 and anti-CD3 antibodies were used to identify T
lymphocytes. Anti-CD45 and anti-CD11b and anti-Gr1 antibodies
were used to identify myeloid-derived suppressor cells (MDSCs).
The cell suspensions were subjected to a 30-min incubation at
4 °C with these antibodies to facilitate specific binding. After
staining, the cells were washed twice with PBS to eliminate any
unbound antibodies. Flow cytometry analysis (Cytek Aurora,
Cytek Biosciences, USA) was performed to identify and quantify
the various cell populations present in the samples.

For fluorescence imaging, the excised tumors were sectioned at
10 pm and subsequently labeled with macrophages using the F4/
80 antibody and endothelial cells using the CD31 antibody,
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followed by the addition of fluorescence-labeled secondary anti-
bodies. The resulting samples were analyzed using a confocal
microscope (Celldiscoverer 7, Zeiss, Germany).

2.17.  Immunohistochemical analysis

Anticancer therapy was performed as described in the in vivo
anticancer assessment. On Day 14, mice were sacrificed, and tu-
mors were carefully removed. For immunohistochemical analysis,
collected tumors were fixed with 4% PFA, sectioned, and stained
with hematoxylin and eosin (H&E) or Tunel.

2.18.  Quantification of tumor-infiltrating lymphocytes

Tumor tissues were obtained following the protocol described in
the in vivo anticancer assessment section. To prepare cell sus-
pensions, the obtained tumor tissues were first ground and then
passed through a 200-mesh sieve. The cell suspensions were then
co-incubated with antibodies for T cell staining (CD45, CD3,
CD4, and CDS), myeloid-derived suppressor cell staining (Grl,
CD11b, and CD45), macrophage staining (CD45, F4/80, CD86 or
CD206), and Treg (CD45, CD3, CD4, and FOXP3) for FACS
analysis (Cytek Aurora, Cytek Biosciences).

2.19.  Statistical analyses

Results are expressed as means =+ standard deviation (SD). Data
were analyzed by one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s test and P < 0.05 was considered statistically
significant.

3. Results and discussion

3.1.  Self-peptide-attached liposomes (S-Lip) induce the “don’t-
eat-me” signal while preserving accessibility to macrophages

Our initial investigation centered on differentiating the distinctive
impact of the CD47-SIRPa axis from that of conventional
PEGylated liposomes in regulating the dynamics of liposome-
macrophage interactions. The self-peptide is a bioactive frag-
ment extracted from the CD47 protein, with an established pro-
ficiency to replicate the complete functionality of CD47 and
effectively engage SIRPa”>~*?. Furthermore, we confirmed that the
in vivo administration of peptide did not elicit significant immu-
nogenicity (Supporting Information Fig. S1). Therefore, we
engineered a palmitoylated derivative of the self-peptide
(sequence: palmitic acid-GNYTCEVTELSREGKTVIELK) (Sup-
porting Information Fig. S2), where the palmitic acid moiety
served as an anchor, promoting the stable integration of the pep-
tide onto the liposome surface. Using the thin-film hydration
methodology, we successfully conjugated this modified peptide to
liposomes, yielding S-Lip. Through preliminary experiments, we
optimized the self-peptide loading of S-Lip to a concentration of
1%*. To establish a comprehensive comparative framework, un-
modified liposomes (Lip) and those modified with DSPE-
mPEG,go at a molar ratio of 5% (P-Lip) were also prepared as
control groups (Fig. 1A, Supporting Information Table S3).
Cytophagy is an energy-dependent process””. At 4 °C, the cells
were unable to internalize the particles, and the interaction be-
tween liposomes and cells resulted only in surface adhesion *°. As
depicted in (Fig. 1B), following a 1 h co-culture at 4 °C,

quantitative analysis revealed significantly reduced adherence of
P-Lip to macrophage surfaces compared to both unmodified Lip
and S-Lip formulations, with no substantial difference observed
between the latter two groups. This observation elucidates the
effectiveness the classic PEGylation strategy in reducing serum
protein adsorption and subsequent macrophage attachment
through the creation of a slippery surface, whereas S-Lip, despite
its surface modifications, retained an affinity for macrophage
membranes akin to non-PEGylated liposomes. To visually confirm
these interactions, confocal microscopy was used (Fig. 1C). Over
a 2 h timeframe, Lip was rapidly internalized by macrophages,
reflecting efficient endocytosis. While demonstrating reduced
uptake, P-Lip still exhibited noticeable cytoplasmic accumulation
(indicated by white arrows). Conversely, S-Lip displayed sus-
ceptibility to robust membrane associations (highlighted by or-
ange arrows), supporting its role in enhancing surface adherence,
without triggering extensive endocytosis.

To clarify the distinction between surface adhesion and
phagocytosis, macrophages were cultured at 4 °C to inhibit
endocytosis and at 37 °C to permit it; then cells were exposed to
liposomes for 1 h. As illustrated in (Fig. 1D), the fluorescence
intensity profiles of Lip and S-Lip were comparable at 4 °C,
reinforcing the notion that self-peptide modification does not deter
liposome attachment to the macrophages. Notably, at physiolog-
ical temperature (37 °C), S-Lip appeared to mitigate macrophage
phagocytosis, thereby influencing total cellular uptake levels.

3.2.  “Don’t-eat-me” signaling synergizes with PEG
modification in the construction of biocompatible and efficient
drug delivery systems

Based on the different roles of the CD47-SIRP« axis and PEG
modification in regulating the interaction between liposomes and
macrophages, we proposed that the co-modification of both could
facilitate efficient liposome delivery. First, we synthesized DSPE-
PEG,ggo-self (Supporting Information Figs. S3-S5). RGD is a
widely used tumor-targeting peptide, and we similarly synthesized
DSPE-PEG;(00-RGD (Supporting Information Figs. S6 and S7).
We then co-modified it with self-peptide on the liposome surface
to assess the effect of targeting peptide binding on the in vivo
behavior of liposomes.

Initially, we examined the influence of the molar ratio of self-
peptides on the interaction between the liposomes and macro-
phages. With a 4 h incubation period, SP-Lip, in which 0.1—2% of
DSPE-PEGjggo-self was incorporated, exhibited substantial anti-
macrophage phagocytic effects. However, after 12 h of incuba-
tion, only self-peptide modified with more than 1% molar ratio
maintained their anti-phagocytosis efficacy (Supporting Informa-
tion Fig. S8). Furthermore, we conducted a preliminary investi-
gation into the effects of the RGD peptide modification ratio. A
higher RGD peptide modification ratio hindered endocytosis of
the self-peptide, whereas the anti-phagocytosis effect of the self-
peptide remained unaffected at a 1% modification ratio (Sup-
porting Information Fig. S9). This could be because the receptor
a,f; of the RGD peptide was also significantly expressed in
macrophages (Supporting Information Fig. S10), and the recog-
nition of the RGD peptide by «,63 will modulate the interactions
with self-SIRPe, in turn affecting “don’t-eat-me” signal activa-
tion. Moreover, L-type natural peptides are unstable in vivo and
are prone to degradation by proteases’”. We conducted related
experiments by mixing liposomes modified with different ratios of
peptides with serum at a 1:1 ratio and incubating the mixture at
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self-peptide-attached liposomes.

37 °C for 72 h. Our results showed that when the modification
ratio of self-peptides lower than 1%, the anti-phagocytic effect of
liposomes was significantly reduced (Supporting Information
Fig. S11).

We then prepared several liposome formulations (Tables S2
and S3), namely P-Lip (liposomes modified with DSPE-
mPEG;(g), SP-Lip (liposomes modified with DSPE-PEGygg0-
self), RP-Lip (liposomes modified with DSPE-PEG5(y-RGD),
and SRP-Lip (liposomes synergistic modified with DSPE-
PEG;000-RGD and DSPE-PEG;ggg-self) (Tables S2 and S3,
Supporting Information Fig. S12). The binding of CD47 to
SIRP« initiates signal transmission to the four tyrosine residues
located in the cytoplasmic domain of SIRP«, forming two
ITIMs™®. Upon signal transmission, these tyrosine residues un-
dergo phosphorylation and subsequently recruit and activate the
cytoplasmic tyrosine phosphatases SHP-1 and SHP-2. SHP-1 and
SHP-2 dephosphorylate or downregulate a series of substrates,
thereby inhibiting the phagocytic capacity of macro-
phages™?°*!'. Consequently, the degree of SIRPa phosphoryla-
tion serves as a critical indicator of whether the self-peptide can
inhibit macrophage phagocytosis and provides a foundation for
further experimentation®”. As illustrated in (Supporting Infor-
mation Fig. S13), we analyzed the expression levels of SIRP«
and phosphotyrosine SIRP« utilizing immunoprecipitation in
conjunction with western blotting. The relative phosphorylation
level of SIRPa tyrosine were compared between liposome-
treated and control groups. No significant difference was

observed in the expression of phosphotyrosine SIRP«a in the
P-Lip and RP-Lip groups compared with that in the control
group. However, the relative phosphorylation levels of SIRPa
tyrosines in the SP-Lip and SRP-Lip groups increased by 1.56-
fold and 1.41-fold, respectively, compared to the control group.
These findings confirmed that both designed peptides success-
fully initiate the SIRPa tyrosine phosphorylation pathway in
macrophages. Subsequently, we co-incubated the liposomes with
RAW264.7 macrophages. After 2 h incubation (Fig. 2A), the
endocytosis of SP-Lip by macrophages was reduced, compared
to that of P-Lips, which indicated a synergistic effect of “don’t-
eat-me” signaling and PEG modification. As for o, (5 expression
on the macrophage surface, RP-Lip and SRP-Lip adsorption to
the macrophage surface was significantly increased after modi-
fication with RGD peptides. However, the number of macro-
phages that endocytosed SRP-Lips was significantly lower than
that endocytosed by RP-Lip. Furthermore, we conducted addi-
tional incubations at 4 °C and 37 °C to quantitatively analyze
macrophage endocytosis. As depicted in (Fig. 2B—D), the
adsorption of P-Lip and SP-Lip was comparable, but SP-Lip
uptake was significantly lower than P-Lip uptake at 37 °C,
confirming that SP-Lip inhibits cellular uptake by reducing
macrophage endocytosis. The adsorption of both RP-Lip and
SRP-Lip on the cell membrane surface was significantly higher
than that of P-Lip at 4 °C, confirming that RGD peptide modi-
fication increased the interaction between liposomes and the cell
membrane surface. At 37 °C, RP-Lip uptake was significantly
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Figure2  “Don’t-eat-me” signal enhances liposomal biocompatibility. (A) Fluorescence imaging of liposomes with RAW?264.7 cells after 2 h of
co-incubation, scale bar = 5 um. (B-D) Flow cytometric analysis of RAW264.7 cellular uptake of different liposomes. Cells were pre-incubated
at (B) 4 °C and (C) 37 °C for 30 min, and then, liposomes were added and further incubated for 1 h, followed by (D) the quantification of liposome
uptake using flow cytometry. (E) Changes in IgG and (F) IgM titers following the injection of different liposomes. (G) Plasma drug concentration
after the injection of different liposomes, (H) Area under the curve (AUC) values, and (I) spleen distribution changes. Data are presented as the
mean + SD (n = 3), *P < 0.05, **P < 0.01, and ***P < 0.001. P-Lip, liposomes modified with DSPE-mPEG,o; SP-Lip, liposomes modified
with DSPE-PEG;-self; RP-Lip, liposomes modified with DSPE-PEG,0o-RGD; SRP-Lip, liposomes synergistic modified with DSPE-PEG,o-

RGD and DSPE-PEGa0-self.

higher than P-Lip uptake, whereas SRP-Lip uptake did not differ
significantly from P-Lip uptake. This result demonstrated that the
enhanced liposome-cell surface interaction caused by RGD
peptides did not inhibit the function of the self-peptide.

IgG and IgM levels in the blood were examined 12 h after
liposome administration. As depicted in (Fig. 2E and F), RP-Lip
resulted in higher IgG and IgM levels than the other liposome
formulations. When DSPE-PEG;(0o-RGD nanoparticles were used
as the antigen, the antibody concentration in the SRP-Lip group
was lower than that in the RP-Lip group, confirming that the
“don’t-eat-me” signaling pathway reduced the in vivo immuno-
genicity of DSPE-PEG;00o-RGD nanoparticles, thereby enhancing
liposome biocompatibility. Additionally, we analyzed the phar-
macokinetics of liposomes in vivo and found that the blood

concentrations and area under the curve (AUC) values of SP-Lip
were higher than those of P-Lip (Fig. 2G and H), further
demonstrating the synergistic effect of co-modification from the
perspective of in vivo bioavailability. Notably, the AUC values
decreased after modification with the RGD peptide. This is
because RGD peptide modification increase in vivo interaction
with macrophages. As depicted in Fig. 21, the splenic distribution
of SRP-Lip was lower than that of RP-Lip, demonstrating that
modifying the self-peptide inhibits B cell recognition and sup-
presses the immune response. Complement proteins can be acti-
vated by the complex formed by antibodies and antigens through
the classical pathway, resulting in downstream products, such as
C5a, which enhances recognition by macrophages and B cells and
is also an important in vivo allergenic toxin'*'***. We used an
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ELISA kit to measure complement protein concentrations, and
found that the concentration of C5a was significantly lower in the
SRP-Lip group than in the RP-Lip group (Supporting Information
Fig. S14). These findings confirm that synergistic modification of
the self-peptide reduces PEG liposome immunogenicity and the
peptide synergizes with PEG to improve the in vivo circulation
time of the carrier.

3.3.  “Don’t-eat-me” signaling synergizes with PEG
modifications to overcome the PEG-induced accelerated blood
clearance phenomenon

The clinical application of PEGylated liposomes is limited by
ABC phenomenon. The enhancement of carrier recognition
through the induction of IgM antibodies and the role of the
complement system in carrier clearance mediated by immune cells
are the main factors contributing to this phenomenon***.

In our experiment, 1 pg/mL mouse IgM was added to fresh
mouse serum, which was then combined with P-Lip, SP-Lip, RP-
Lip, and SRP-Lip, each at a 1:1 ratio. This mixture was main-
tained at 37 °C for 1 h to allow potential antibody binding before
being presented to RAW?264.7 macrophage cells for incubation for
an addition 2 h. A separate group of P-Lip that were not pre-
incubated with serum served as a control (P-Lip (control)). The
results are shown in (Supporting Information Fig. S15A-S15D)
illustrated that P-Lip experienced significantly elevated uptake by
RAW264.7, compared to the non-serum exposed P-Lip (control),
suggesting that serum exposure, likely through IgM opsonization,
augmented macrophage uptake. Conversely, SP-Lip, despite
showing similar adherence to macrophages at 4 °C as P-Lip,
demonstrated a marked reduction in uptake at 37 °C compared
to both the P-Lip and P-Lip (control) groups.

Subsequently, we established an in vivo murine model to delve
deeper into the immunological responses elicited by the different
liposomal formulations. Notably, we observed a conspicuous
elevation in both IgG and IgM antibody titers in mice adminis-
tered P-Lip and RP-Lip, indicating a heightened immunogenic
reaction. Conversely, SP-Lip and SRP-Lip, featuring self-peptide
modification, manifested significantly reduced immunogenic
profiles, as evidenced by the lower antibody levels (Fig. 3A and
B). To further elucidate the implications of these findings, we
assessed the pharmacokinetic behavior of the liposomal formu-
lations in vivo. As illustrated in Fig. 3C and detailed in Supporting
Information Table S4, AUC, a measure of drug exposure over
time — for P-Lip was substantially decreased following the in-
duction of the ABC effect, highlighting accelerated clearance
from circulation. Conversely, the AUC values for SP-Lip and
SRP-Lip remained relatively stable, indicating minimal variation
if the ABC phenomenon was induced or not. These results
collectively affirm the hypothesis that incorporating the self-
peptide into the liposome surface not only reduces the immuno-
genicity typically associated with PEG and RGD peptide modi-
fications but also fosters an environment conducive to prolonged
liposome circulation in the bloodstream.

Delving further into the immunological consequences of post-
ABC phenomenon induction, we analyzed the engagement be-
tween liposomes and key immune cells, specifically macro-
phages and B cells, in vital organs, such as the liver and spleen
(Fig. 3D—F, Supporting Information Fig. S16). Our analyses
revealed stark contrast in the affinities of various liposomal
formulations for these cell populations. P-Lip and RP-Lip, which
lack self-peptide modification, demonstrated significantly

elevated uptake by hepatosplenic B cells, suggesting that they
potentially elicit a stronger immune response. Conversely, SP-
Lip and SRP-Lip, fortified with the self-peptide, showed
reduced interaction with these cells, indicating a dampened
immunogenic profile. The activation of the complement system
via receptors on B cells is a pivotal step in the classical pathway
of the immune response. By integrating self-recognition signals
through SP-Lip and SRP-Lip, our data imply a strategic modu-
lation of this cascade, suppressing antibody secretion and
attenuating the immune response in vivo. This diminished im-
mune activation not only restrains the production of antibodies
that could trigger rapid clearance of the liposomes but also
enhanced the compatibility of these nanocarriers with the host’s
immune system. These findings highlight the potential of self-
peptide-modified liposomes as universal excipients that can be
harnessed to augment the biocompatibility and safety profile of
in vivo delivery systems.

3.4. “Don’t-eat-me” signaling synergizes with the PEG
modification to reduce 1gG and IgM levels and complement
cascade activation

To fully resolve the state of protein corona activity on the lipo-
some surface, we extracted serum from various groups of mice
after the induction of the ABC phenomenon, incubated them with
liposomes, and isolated the corresponding protein coronas for
proteomic analysis (Supporting Information Fig. S17). Functional
analysis showed that liposomes were mainly covered by albumin
and coagulation proteins (Fig. 4A). Moreover, complement and
immunoglobulin components in the P-Lip and RP-Lip groups
were significantly more abundant than those in the SP-Lip and
SRP-Lip groups (Fig. 4B). shows the protein components with an
abundance of >1% in the protein corona. In all four groups, the
abundance of albumin was greater than 30%, which is attributed to
albumin comprising approximately 60% of plasma proteins and its
hydrophobic regions being attracted to the hydrophobic regions on
the surfaces of the liposomes for stable binding.

In Fig. 4C—a detailed examination of the specific immuno-
globulin components in the various liposome groups is presented.
Notably, P-Lip and RP-Lip formulations exhibited a higher pres-
ence of proteins implicated in in vivo immunogenic recognition
compared to their modified counterparts, SP-Lip and SRP-Lip.
Among these, immunoglobulin heavy constant gamma 2 B
(IGHG2B) is a key player. IGHG2B represents a distinct subclass
of immunoglobulins, or antibodies that are, synthesized by B
lymphocytes. It plays a pivotal role in the immune response by
facilitating the generation of immune memory and constitutes a
vital line of defense against a wide array of pathogens, including
bacteria, viruses, and other foreign substances. The specificity of
IGHG2B lies in its unique antigen-binding region, which allows it
to selectively recognize and bind to antigens present on the surface
of the liposomes. This binding process effectively ‘tags’ the li-
posomes, marking them for recognition by the immune system,
particularly phagocytic cells such as macrophages. Consequently,
liposomes coated with IGHG2B can elicit an immune response
that leads to their clearance from circulation, thereby impacting
their efficacy and longevity in the body. The differential immu-
noglobulin binding observed between the P-Lip/RP-Lip and SP-
Lip/SRP-Lip formulations underscore the significance of surface
modifications in modulating the immune response. Liposomes
designed to minimize immunogenic interactions, such as SP-Lip
and SRP-Lip, may exhibit improved biocompatibility and stealth
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“Don’t-eat-me” signaling inhibits the accelerated blood clearance phenomenon of PEGylated liposomes. Mice were first administered

liposomes (50 mg/kg) once per week via the tail vein for 4 weeks to induce accelerated blood clearance. After the last administration, the model
mice were analyzed for (A) IgG and (B) IgM antibody titers and (C) pharmacokinetic analysis. The colocalization of liposomes with macrophages
and B cells in the (D and E) liver and (F) spleen was analyzed 4 h after the tail vein injection of Dil-labeled liposomes (50 mg/kg). Data are

presented as the mean + SD (n

properties, enhancing their potential for targeted drug delivery and
minimizing unwanted immune activation.

Complement proteins are critical to the immune response and
play a vital role in defense against infection, removal of cellular
waste, and regulation of the immune response through various
mechanisms*®. The complement activation process involves
stimulus recognition, cascade reactions, and the formation of
membrane attack complex formation®’. Generally, there are three
pathways for complement activation, the classical, alternative, and
lectin pathway. Compared with those in the SP-Lip and SRP-Lip
groups, higher levels of complement and antibody components
were found in the P-Lip and RP-Lip groups (Fig. 4D), which fa-
cilitates the classical complement cascade activation®®. Addi-
tionally, the P-Lip and RP-Lip groups had higher concentrations
of factors H and D, which enabled more efficient initiation of the
alternative complement cascade®. Furthermore, the abundance of
mannose-binding lectin in the P-Lip and RP-Lip groups exceeded
1%, which also provided a favorable environment for lectin
complement pathway initiation*®*’. In summary, the complement
systems in the P-Lip and RP-Lip groups were efficiently activated
through classical, alternative, and lectin pathways, leading to C3
convertase formation. This accelerates the recognition of com-
plement receptors on macrophages and B cells™. In addition, we
analyzed the plasma levels of complement protein C5a after

3), *P < 0.05, **P < 0.01, and ***P < 0.001.

inducing the ABC phenomenon in mice. The results, presented in
(Supporting Information Fig. S18), demonstrate that the concen-
trations of C5a in the P-Lip and RP-Lip groups were significantly
higher than those in the other groups, whereas a smaller change
was noted in the SRP-Lip group. These data further validate the
effectiveness of “don’t-eat-me” signaling in enhancing liposome
biocompatibility.

3.5. CD47—SIRPa axis facilitates liposome transport across the
endothelial cell barrier

Overcoming the vascular endothelial cell barrier is vital for suc-
cessful penetration of nanomedicines into tumor tissues'’.
Although the EPR effect has traditionally been hailed as the
paramount mechanism behind nano-drug tumor accumulation,
recent evidence has increasingly emphasized the pivotal role of
endothelial cell transport in facilitating nano-drug penetration into
tumors'®. Strategies currently employed to overcome these bar-
riers primarily involve receptor-mediated or adsorptive endocy-
tosis’'. Nonetheless, these methods have a significant drawback:
high-affinity ligand-receptor binding frequently directs nano-
carriers toward lysosomal degradation, thereby curtailing their
therapeutic potential®'>*. SIRPa, a critical ligand of CD47, is
confirmed expressed in endothelial cells, and CDA47-SIRP«
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Proteomic analysis of liposomal protein corona. Mice were intravenously administered liposomes once per week (50 mg/kg) for four

consecutive weeks to induce accelerated blood clearance. 12 h after the final administration, mouse plasma was co-incubated with liposomes at a
1:1 ratio at 37 °C for 1 h. Subsequently, the proteins adsorbed onto the liposomes were separated through centrifugation and analyzed via
LC—MS/MS. (A) Classification of protein corona components. The identified proteins were categorized based on their involvement in biological
processes, and the cumulative protein amounts were calculated. (B) Heat map illustrating the most prevalent proteins within the protein corona, as
determined via proteomic mass spectrometry. Only proteins constituting at least 1% of the protein corona on any nanocarrier are shown. (C)
Analysis of the proportion of immunoglobulin components among total proteins in the protein corona. (D) Analysis of the proportion of com-

plement protein components among total proteins of the protein corona.

interactions can mediate transcytosis, a process that is independent
of ligand-receptor dissociation (Fig. 5A)>"%.

We initiated our investigation by confirming the expression of
SIRP« and «, 35 integrin in mouse brain microvascular endothelial
cells bEnd.3 cell line (Fig. 5B and C, Supporting Information
Fig. S19). Based on this validation, we carried out supplemen-
tary experiments to delve deeper into the endocytic behavior of
various liposomal formulations within bEnd.3 cells (Fig. 5SD—F).
In contrast, SP-Lip and RP-Lip exhibited marginally elevated
uptake rates compared with P-Lip. Notably, SRP-Lip demon-
strated a substantially heightened cellular uptake, significantly
surpassing the other three formulations. This observation points
toward a synergistic impact arising from dual modification with
both self- and RGD-peptides. In addition, colocalization studies
with lysosomes revealed that RP-Lip displayed a considerably
greater association with lysosomes (Fig. 5G and H). Conversely,
lysosomal colocalization was notably reduced in the remaining
three liposomal groups. Collectively, these results imply a pro-
tective role for the self-peptide in facilitating liposome evasion
from lysosomal degradation during their intracellular transit,
thereby enhancing their potential for effective translocation and
bioavailability within target cells. To clarify the changes in the
mechanism of liposome uptake by bEnd.3 cells after peptide

modification, we analyzed the cellular uptake mechanism using
the following four approaches: pre-incubating cells at 4 °C to
inhibit the primary energy supply for transport’; using chlor-
promazine to block the assembly of coated pits on the cell surface,
thereby inhibiting clathrin-mediated endocytosis®”; using colchi-
cine to inhibit microtubule assembly, thus suppressing macro-
pinocytosis™*; and using filipin, which binds to cholesterol in
caveolae, to inhibit caveolae-mediated endocytosis55 . As shown in
Supporting Information Fig. S20, a significant decrease in lipo-
some uptake was observed at 4 °C, confirming that liposomes
primarily entered cells via active transport. In the presence of
colchicine, no significant reduction in liposome uptake was
observed. However, inhibition by chlorpromazine significantly
reduced the absorption of liposomes across the cell membrane,
indicating that clathrin-mediated adsorptive endocytosis plays a
role in liposome uptake. In contrast, when filipin was used, only
the uptake of SP-Lip and SRP-Lip was significantly reduced,
suggesting that modification with self-peptide promoted liposome
transport via caveolae.

In addition, we established a Transwell model of the bEnd.3
endothelial cell barrier (Supporting Information Fig. S21)*°.
Through confocal microscopy examination of cross-sectional
images of the cell layers, it was evident that at the 2 h mark,
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the permeability of SRP-Lip surpassed that of both RP-Lip and
SP-Lip (Fig. 5I). When delving into the quantitative assessment of
permeability dynamics using the Transwell system, we found that
within the initial 30 min interval, SRP-Lip displayed a statistically
significant elevation in permeation rates compared to P-Lip.
Meanwhile, RP-Lip and SP-Lip exhibited a minor, albeit statisti-
cally insignificant, increase in permeability compared to P-Lip.
Importantly, SRP-Lip maintained a consistent and statistically
notable increase in permeability over time (Fig. 5J). Collectively,
these findings provide a mechanistic insight: the RGD peptide, by
augmenting the affinity between liposomes and endothelial cell
membranes, and the self-peptide, by stimulating liposomal

50 pm. (J) Analysis of the ratio of liposomes traversing the bEnd.3 cell layer. Data are presented as the mean £ SD (n =

3),

transcytosis, act in concert to amplify liposomes across the
endothelial cell barrier. This synergy highlights the potential of
SRP-Lip as an advanced delivery vehicle capable of more effec-
tively navigating the complex microenvironment of the vascula-
ture, thus enhancing the efficiency of drug delivery to target sites.

3.6.  Liposome hitchhiking on macrophages to penetrate tumor
spheres based on CD47-SIRP« axis

Following the traversal of blood vessels, the heterogeneity of the
tumor microenvironment becomes a pivotal determinant of lipo-
somal delivery efficacy. Therefore, we investigated the effect of
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the current delivery system on the interactions between liposomes
and tumor cells. The 4T1 cell line, a mouse breast cancer cell line
was used to assess the uptake of liposomes after a 2 h culture
period. Given that o33 integrin is also highly expressed in 4T1
cells (Supporting Information Fig. S22), rendering the RGD
peptide a potent facilitator of liposome-cell engagement. Conse-
quently, RP-Lip and SRP-Lip, leveraging the RGD moiety,
demonstrated significantly elevated uptake compared to their
P-Lip and SP-Lip counterparts (Fig. 6A—C).

Doxorubicin hydrochloride (DOX), a comrnon chemothera-
peutic agent, is widely used in the clinical settings ®. Traditional
doxorubicin has a large volume of distribution, tending to spread
extensively throughout various tissues and organs in the body,
leading to toxicity in normal tissues. In contrast, doxorubicin-
loaded liposomes, such as PEGylated liposomes, can remain in
the circulation for a longer period and possess stealth character-
istics, making them less detectable by the mononuclear phagocyte
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system. This allows the drug to concentrate more effectively
around tumor tissues, reducing its distribution to normal tissues
such as the heart, liver, and kidneys, thereby decreasing toxicity to
these organs’”’*. We used DOX as a model drug and tested its
encapsulation rate and stability. The encapsulation rate of DOX in
different groups was ~90% (Supporting Information Table S5),
and the particle size and drug loading did not change significantly
when stored at 4 °C for 7 days (Supporting Information Fig. S23).
We then evaluated 4T1 cell death in different liposome groups by
performing the MTT assay (Fig. 6D, Supporting Information
Fig. S24). Notably, RP-Lip/DOX and SRP-Lip/DOX exhibited
comparable ICs, values, which were significantly lower than those
of P-Lip/DOX and SP-Lip/DOX formulations (Fig. 6D). In addi-
tion, we observed a significant upregulation of «, 83 integrin on the
surface of M2 macrophages compared to M1 macrophages,
thereby enhancing the selective targeting efficiency of RP-Lip and
SRP-Lip in these cells (Supporting Information Figs. $25-S27) *°.

B c
Control 2
- \ 20
= P-Lip /| 7,
3 ) £
(&) J \SP-Lip % ,
RP-Lip /) &
\ 05
SRP Lip
e o 00
o PLip SP-Lip RP-Lip SRP-Lip
—_ Llposomes
D 1Cs (ug/ml)
125 4T1 cells  -m-pox 7.08+231
—@— P-Lip/DOX 2.05+0.10
100 —A— SP-Lip/DOX ~ 231£0.17
—¥—RP-LipDOX ~ 0.70£024

SRP-Lip/DOX

Cell viability (%)

+ T T
10?2 107 10° 10’
DOX concentration (ug/mL)

LLLLLL

T o G0 w0 o
| — poes 6m)

—— Macrophages

Concentration (ug/mL)

Figure 6

Red: Liposomes

Green: Macrophages

Self-peptide enhances liposome penetration in 4T1 cells. (A) Fluorescence imaging of liposome uptake by 4T1 cells; liposomes were

pre-incubated with cells for 2 h and observed using fluorescence microscopy. (B) and (C) Flow cytometric analysis of liposome uptake by 4T1
cells. (D) Cytotoxicity of doxorubicin (DOX)/DOX-loaded liposomes toward 4T1 cells. Cytotoxicity of doxorubicin (DOX)/DOX-loaded lipo-
somes toward (E) M1-type macrophages and (F) M2-type macrophages. (G) Penetration of liposomes into 4T1 tumor spheroids. Tumor spheroids
were incubated with various liposomes for 2 h in a medium containing 10% FBS. Images were captured at intervals of 30 um from the top to the
bottom of the live spheroids. Scale bar = 100 pm. Data are shown as the mean + SD (n = 3), *P < 0.05, **P < 0.01, and ***P < 0.001.
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Previous research has demonstrated that “don’t-eat-me” signals,
such as CD47, are more effective in inhibiting phagocytosis by
M1 macrophages compared to M2 macrophages***. To further
validate the selective targeting capabilities of SRP-Lip and RP-
Lip, we evaluated their cytotoxicity against M1 and M2 macro-
phages. The ICs, values for SRP-Lip/DOX were found to be
5.84 £ 0.55 pg/mL for M1 macrophages and 1.23 &+ 0.21 ng/mL
for M2 macrophages. In contrast, the ICs( values for RP-Lip/DOX
were 096 =+ 0.25 pg/mL for M1 macrophages and
0.84 £ 0.18 pg/mL for M2 macrophages (Fig. 6E and F). These
results indicate that SRP-Lip/DOX exhibits higher selectivity to-
ward M2 macrophages, with a nearly five-fold difference in ICsg
values between M1 and M2 macrophages. This selectivity is likely
due to the combined effects of «, (33 integrin upregulation and the
reduced inhibitory signals in M2 macrophages, which facilitate
the efficient internalization and subsequent cytotoxicity of SRP-
Lip/DOX.

Following nanoparticle extravasation, they must traverse the
intricate microenvironment of solid tumors. It is widely recog-
nized that diffusion is the primary mechanism through which
nanoparticles are distributed within tumors'®; however, this pro-
cess is impeded by a dense extracellular matrix. Furthermore, the
activities of tumor-associated macrophages (TAMs), which can
redistribute nanoparticles, introduce another layer of complexity
into nanoparticle trafficking. Given that the RGD peptide fosters
adherence to macrophage surfaces and the CD47-SIRP« “don’t-
eat-me” signal inhibits macrophage-mediated liposome endocy-
tosis, we posited that SRP-Lip might proficiently infiltrate the
tumor milieu via a macrophage-assisted transport mechanism.

To validate this hypothesis, we utilized a 4T1 cell-based model
to generate tumor spheroids, both with and without the presence of
fluorescently labeled RAW?264.7 macrophages (as visualized in
green). As illustrated in (Fig. 6G, Supporting Information
Fig. S28), all liposome types accumulated around the periphery
of the tumor spheroids devoid of macrophages. Intriguingly, in
spheroids co-cultured with RAW?264.7, SRP-Lip demonstrated a
pronounced increase in accumulation at the spheroid cores,
accompanied by striking colocalization of the red fluorescence of
SRP-Lip with the green fluorescence of macrophages. This
compelling evidence supports our contention that RAW264.7
macrophages facilitate the deep penetration of SRP-Lip into the
tumor mass.

3.7.  Liposomes based on “don’t-eat-me” signaling hitchhike
macrophages to achieve deep penetration and delivery in tumors

Following the establishment of subcutaneous tumors using 4T1
cells, we confirmed the expression of SIRP«a in the tumor
vasculature (Supporting Information Fig. S29). For in vivo
tracking, DiR-labeled liposomes were prepared and injected. At
1 h, the SRP-Lip and RP-Lip groups demonstrated comparable
tumor distributions, which were slightly higher than those of the
SP-Lip and P-Lip groups, respectively. However, over time, the
accumulation of SRP-Lip in the tumor increased rapidly and was
significantly greater than that of RP-Lip (Fig. 7A and B).

To delve deeper into understanding and visually depict the
localization of liposomes within the tumor milieu, sections of
tumors were meticulously prepared. As revealed in (Fig. 7C and
D, Supporting Information Figs. S30 and S31), both RP-Lip and
SRP-Lip displayed heightened fluorescence intensity within the

tumor areas, confirming their augmented accumulation at the
tumor site. Notably, SRP-Lip demonstrated a markedly elevated
level of colocalization with macrophages, implying a proficient
engagement with these cells upon infiltration into the tumor pa-
renchyma. In contrast, RP-Lip showed a prominent association
with endothelial cells, suggesting that its infiltration into the tumor
mass might be largely confined to the vicinity of blood vessels.
SRP-Lip, on the other hand, exhibited a more homogeneous
dispersion throughout the tumor and a reduced degree of coloc-
alization with endothelial cells. This pattern indicates a superior
capacity of SRP-Lip to disperse freely within the tumor tissue,
thereby enhancing drug release directly into the tumor paren-
chyma, which is imperative for therapeutic efficacy.

To further scrutinize the depth of liposome infiltration into the
tumor architecture, tumor samples were harvested 24 h post-
administration of Dil-labeled liposomes. Following processing via
the BBAB protocol, light microscopy imagery illustrated that
SRP-Lip penetrated to significantly greater depths than other
liposomal formulations within the tumors and achieved a more
comprehensive dispersion across the tumor tissue (Fig. 7E).

Additionally, we analyzed the interaction of liposomes with
M1 macrophages, M2 macrophages, T cells, and myeloid-derived
suppressor cells (MDSCs) in the tumors (Fig. 7F and G, Sup-
porting Information Fig. S32). Our findings revealed that SRP-Lip
and RP-Lip displayed a significantly elevated affinity for M2
macrophages compared to P-Lip. Considering the role of M1
macrophages in fostering inflammation and anti-tumor re-
sponses®”®!, and conversely, M2 macrophages’ pro-tumorigenic
actions and immunosuppressive effects®’, this selective targeting
may facilitate the selective clearance of M2 macrophages, thereby
rebalancing the tumor immune landscape toward a more anti-
tumor state. Moreover, the augmented presence of SRP-Lip-
positive T cells and MDSCs implies active modulation of the
tumor immune microenvironment by SRP-Lip, which could
further potentiate the therapeutic effect on the tumor.

3.8.  Synergistic modification of “don’t-eat-me” signaling and
PEG promotes liposome delivery to tumors and therapeutic effects

To evaluate the potential role of SRP-Lip in anti-tumor therapy,
we used a 4T1 subcutaneous tumor model for in vivo pharmaco-
logical analysis. Mice with established tumors were administered
PBS, DOX (5 mg DOX/kg), or DOX-loaded liposomes (5 mg
DOX/kg) weekly for 2 weeks. On the Day 14, the mice were
euthanized for further analysis (Fig. 8A).

SRP-Lip inhibited tumor progression more significantly than
PBS and the other administered treatments (Fig. 8B and C).
Compared with that in the PBS group, the inhibition rate reached
approximately ~20%, whereas the inhibition rate in the SP-Lip
and RP-Lip groups was only approximately ~50%. We then
removed the tumors under the skin from the mice in each group
and weighed them (Fig. 8D and E). During the treatment period,
the weight of the mice treated with RP-Lip/DOX decreased
slightly; however, when treatment was terminated, the weight
returned to normal (Fig. 8F). This suggests that liposomes in each
group had controlled toxicity.

Our investigation was extended to examine the impact of
various treatments on the tumor immune microenvironment.
Histological assessments using H&E staining, coupled with Tunel
assays, revealed a conspicuous surge in apoptotic tumor cells
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within the SRP-Lip/DOX cohort, pointing to a heightened thera-
peutic efficacy in inducing tumor cell death (Fig. 9A).

Delving deeper into the tumor’s immune landscape (Fig. 9B,
Supporting Information Fig. S33A), macrophages are predominant
immune constituents in tumors, and displayed a remarkable shift
in polarization (Fig. 9C, Fig. S33B and S33C). M1 macrophages,
known for their tumor-destructive capabilities, showed a

statistically significant rise in the SRP-Lip/DOX group, paralleled
by a substantial decline in M2 macrophages, which foster tumor
progression and metastasis (Fig. 9C)°'"**. This skewed balance
toward the M1 phenotype, reflected in an elevated M1/M2 ratio
(1.77 for SRP-Lip/DOX and 1.53 for SP-Lip). TAM is also
important for regulating the number of other immune cells in the
tumor. For example, they inhibit T-cell activity and activate
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Figure 8

Anti-tumor efficacy of SRP-Lip/DOX (doxorubicin) against subcutaneous 4T1 tumors. (A) Schematic representation illustrating the

treatment procedure administered to BALB/c mice with 4T1 subcutaneous tumors, receiving either PBS/DOX/DOX-loaded liposomes at days 0,
3,7, and 10. Histological and biochemical analyses were performed on day 14. (B) Growth curves of 4T1 tumors after the intravenous injection of
PBS, DOX, and DOX-loaded liposomes. (C) Tumor volume growth curves for each mouse in the different treatment groups. (D) Images of tumors
extracted from mice. (E) Average tumor weight for each group at the end of the experiment. (F) Variation in the body weights of tumor-bearing

mice during treatment. Data are presented as the mean + SD. Data are presented as the mean 4+ SD (n

*EEP < 0.001.

MDSCs*>**%° T cells play a crucial role in tumor cytotoxicity,
and their prevalence is a critical determinant of tumor therapy. As
shown in (Fig. S33B and S33D), the infiltration numbers of T cells
in RP-Lip and SRP-Lip were all significantly increased. In the
SRP-Lip/DOX cohort, both the proportions of CD4+ and CD8+ T
cells were notably higher compared to the PBS group (Fig. 9D).
Regulatory T cells (Tregs), which dampen the activity of immune
effector cells like CD8+ T cells and natural killer cells, were
found to be significantly less numerous in the SRP-Lip/DOX
group compared to other treatments (Fig. 9E). This attenuation
of Tregs signifies successful reprogramming of the tumor micro-
environment following SRP-Lip/DOX infiltration and drug de-
livery, promoting an immune milieu that is more conducive to
tumor eradication. Lastly, MDSCs exhibit robust immunosup-
pressive properties. Notably, both Granulocytic (G)-MDSC and
Monocytic (M)-MDSC subpopulations were significantly reduced
in the SRP-Lip/DOX group (Fig. 9F).

In addition to therapeutic efficacy, we meticulously assessed
the safety profile of the delivery vehicles. Histological assess-
ments via H&E and Tunel staining indicated a favorable safety
profile for DOX-encapsulated liposomes (Supporting Information
Figs. S34 and S35). We carried out a serum biochemical analysis

6), *P < 0.05, **P < 0.01, and

on mice after administration (Supporting Information Fig. S36),
focusing on key markers indicating liver function, namely
alanine aminotransferase (ALT) and aspartate aminotransferase
(AST), and renal function evaluated by creatinine (Cr). Our re-
sults show that mice treated with Lip/DOX did not present sta-
tistically significant changes in these crucial biochemical
parameters compared to the blank control group, indicating that
within the time limit of our study, this formulation did not cause
noticeable systemic toxic effects. Repeated localized injections
can lead to overactivation of the immune system owing to
persistent stimulation, resulting in inflammatory responses. At
the injection site, immune cells, such as macrophages and neu-
trophils, accumulate and secrete pro-inflammatory cytokines,
which can cause local tissue damage. Repeated administration of
doxorubicin (DOX) induces erythema, edema, severe pain, and
potential skin ulceration at the injection site®®. As modifying
carriers with the CD47-SIRP« axis reduced the activation of the
immune system, our investigation demonstrated that mice
administered SRP-Lip/DOX and SP-Lip/DOX exhibited
improved tail conditions compared to those receiving unmodified
formulations. Furthermore, tunel assays revealed a significant
increase in apoptotic events in the tail cells of mice treated with
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RP-Lip, indicating local toxicity (Supporting Information
Fig. S37). Conversely, incorporation of self-peptides into SRP-
Lip mitigated these adverse effects, supporting the hypothesis
that this modification enhances immunological compatibility and
reduces toxicity in vivo, thereby contributing to a safer thera-
peutic approach.

4. Conclusions

In conclusion, it is evident that CD47 has emerged as a key stone
in the progression of biocompatible, high-performance bio-
mimetic systems for drug delivery, primarily owing to its critical
interaction with macrophage-expressed SIRP« that instigates a
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vital “don’t-eat-me” signal. Conventionally, PEGylation tech-
niques have been favored for prolonging circulation times by
impeding macrophage uptake and reducing hepatic accumulation
of therapeutic formulations. Nonetheless, when considering de-
livery systems that usethe CD47—SIRPa axis, these conventional
methods prove less effective owing to fundamentally different
operational mechanisms; PEG’s protective effect stems from
physical barriers formed by hydrophilic chains, whereas the
“don’t-eat-me” signaling reaches its apex during macrophage
endocytosis of surface-anchored liposomes. Our investigation into
the interplay between self-peptide liposomes and macrophages has
highlighted the unique characteristics of a “don’t-eat-me”-cen-
tered delivery system and its intricate macrophage interactions.

Although surface hydrophilic polymer coatings, epitomized by
PEGylation, excel in minimizing plasma protein adsorption and
promoting safer, more efficient in vivo delivery, recurrent dosing
encounters the challenge of ABC, resulting in swift macrophage-
mediated elimination of PEGylated materials following detection
by IgM. By using the CD47—SIRP« axis’s established ability to
inhibit macrophage phagocytosis through its “don’t-eat-me”
signaling, we have demonstrated its effectiveness in reducing
plasma protein-mediated macrophage recognition, accelerating
the clearance of PEGylated liposomes, and inhibiting antibody
deposition and complement activation on carrier surfaces. This
strategy further employs macrophages for enhanced tumor infil-
tration and microenvironment modulation, leading to a substantial
amplification of therapeutic outcomes. These findings elucidate
the critical importance of “don’t-eat-me” signaling in determining
carrier biocompatibility and delivery efficiency, enriching the
repertoire for designing secure and efficient delivery vehicles
using innovative materials.

Additionally, while the CD47—SIRP« axis has long been
lauded recognized for suppressing macrophage-mediated cyto-
stasis, its potential in modulating endothelial cell dynamics has
remained relatively unexplored. Our current study has revealed a
critical function of this axis in mediating the traversal of delivery
vehicles across the endothelial barrier. Notably, while solitary
CD47—SIRPa modification yields minimal enhancements in
trans-endothelial transport, combination with the RGD peptide
significantly boosts liposome passage. This cooperative action not
only promotes transmembrane shuttling of liposomes but also
alleviates  post-endocytic lysosomal sequestration, thereby
expanding our understanding of the multifaceted role of the
CD47—SIRP« axis in orchestrating in vivo carrier delivery and
highlighting its substantial potential in advancing biomedical
applications.
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