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Abstract Current cytotoxic T lymphocyte (CTL) activating immunotherapy requires a major histocom-

patibility complex I (MHC-I)-mediated presentation of tumor-associated antigens, which malfunctions in

around half of patients with triple-negative breast cancer (TNBC). Here, we create a LCL161-loaded

macrophage membrane decorated nanoparticle (LMN) for immunotherapy of MHC-I-deficient TNBC.

SIRPa on the macrophage membrane helps LMNs recognize CD47-expressing cancer cells for targeted

delivery of LCL161, which induces the release of high mobility group protein 1 and proinflammatory

cytokines from cancer cells. The released cytokines and high mobility group protein 1 activate antitumor

immunity by increasing the intratumoral density of the phagocytic macrophage subtype by 15 times and
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Immune checkpoint;

Innate immunity
elevating the intratumoral concentration of CTL lymphotoxin by 4.6 folds. LMNs also block CD47-

mediated phagocytosis suppression. LMNs inhibit the growth of MHC-I-deficient TNBC tumors, as well

as those resistant to combined therapy of anti-PDL1 antibody and albumin-bound paclitaxel, and prolong

the survival of animals, during which process CTLs also play important roles. This macrophage

membrane-decorated nanoparticle presents a generalizable platform for increasing macrophage-

mediated antitumor immunity for effective immunotherapy of MHC-I-deficient cancers.

ª 2024 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

Cancer immunotherapy has transformed the treatment of many
types of cancer including triple-negative breast cancer (TNBC),
mainly by modulating acquired immunity1e3. While effective, the
response rate is only 20%e40%4, and many patients relapse after
remission5,6. Current immunotherapy such as immune checkpoint
blockade (ICB) therapy usually requires a sufficient intratumoral
infiltration of cytotoxic T lymphocytes (CTLs). For tumors with
relatively low intratumoral CTLs such as TNBC, a combination
use of chemotherapy with ICB is necessary in the clinic7.
Combinatorial therapy with ICB and molecular-targeted drugs or
cytokines has also been explored in both preclinical and clinical
settings8e14. These treatments are capable of inducing immuno-
genic cell death (ICD) of cancer cells and reversing the immu-
nosuppressive microenvironment to restore functional CD8þ T
cells in tumors. However, the efficacy of the treatments is not
satisfactory, mainly due to a deficiency in the neoantigen pre-
sentation that is essential for CTL-mediated immune
clearance6,15e17.

A lack of the major histocompatibility complex class I
(MHC-I) is one of the main causes of the malfunction of the an-
tigen presentation by cancer cells18,19. Loss of MHC-I expression
is observed in approximately 40%e60% of some cancers,
including large B-cell lymphoma, non-small cell lung cancer, and
TNBC20e22, and is associated with poor prognosis and metastases
of many types of cancer23. For instance, patients with a higher
expression of MHC-I showed a longer progression-free survival
than those with low expression of MHC-I after combination
therapy with carboplatin and atezolizumab in a randomized phase
II clinical trial24. MHC-I malfunction is a result of molecular
changes from genetic to post-translational levels. Downregulation
of MHC-I caused by cytokine deficiency or promotion of MHC-I
degradation during treatment can be pharmacologically restored25.
However, genetic deletion of b2-microglobulin (b2M) or related
genes comprising MHC-I in cancer cells is irreversible16,25,
leading to immune evasion to CTL-mediated clearance. Thus,
chimeric antigen receptor (CAR) T-cell (CAR-T) has been
explored, which can kill cancer cells in an MHC-I-independent
manner26. Nevertheless, it is still challenging to identify the
tumor-specific surface antigen for the design of CAR, and the
immunosuppressive microenvironment and the possible severe
cytokine release syndrome (CRS) also hinder its application in the
treatment of solid tumors such as TNBC27e29. Therefore, a new
strategy is required to improve the therapeutic efficacy of MHC-I-
deficient tumors.

Loss of MHC-I may activate innate immunity-mediated cancer
clearance24,30. Natural killer (NK) cells and macrophages are two
major types of innate immune cells that can eradicate cancer cells
in an MHC-I-independent way. To improve the specificity of these
cells, CAR-NK and CAR-macrophage have been developed for
the treatment of solid tumors as a complement or alternative to
CAR-T therapy31. The activities of these natural and engineered
innate immune cells are hindered by phagocytosis checkpoints
such as CD47-SIRPa32e34, and high expression of CD47 is
positively associated with a poor prognosis in patients with
TNBC35,36. However, blocking CD47 with antibodies is unsuc-
cessful in clinical trials because of obvious side effects, probably
due to the high abundance of CD47 in normal cells especially
erythrocytes, and its high affinity for antibodies. As a result, while
enhancing macrophage tumor phagocytosis, anti-CD47 antibodies
can cause erythrocyte phagocytosis resulting in erythrocyte
agglutination and rupture33,37. Therefore, other strategies are still
needed to improve phagocytic checkpoint blockade while
reducing toxicity.

The loss of MHC-I is observed in 59% of patients with TNBC
(pharmacologically irreversible in half of them), who respond
poorly to current ICB therapy22,24. Our previous study showed that
transcriptionally silenced MHC-I expression of TNBC cells could
be rescued by epigenetic therapy, but the same treatment was
ineffective in TNBC with b2M gene deletion25. Here, we report a
LCL161-loaded macrophage membrane-decorated nanoparticle
(LMN) with membrane-disrupting activity-caged M70 peptide for
the treatment of TNBC with b2M gene deletion (Fig. 1A). We
hypothesized that the SIRPa on LMNs would recognize CD47
expressed on 4T1H-2Kb KO cells, which interaction would facilitate
cellular uptake of LMNs by cancer cells. The SIRPa on LMNs
would also compete with SIRPa on macrophage for CD47 on
4T1H-2Kb KO cells, and thus unleash CD47-mediated phagocytosis
inhibition38. The LMNs were then expected to deshell after the
membrane-disrupting activity of M70 was resumed in an intra-
cellular reductive environment and to release LCL161 (an
antagonist of cellular inhibition of apoptosis proteins 1 and 2
(cIAP1/2)), which could trigger ICD at high concentration and
more importantly activate noncanonical NF-kB pathway to upre-
gulate the expression of multiple inflammatory factors at a non-
lethal concentration16,39. These factors could induce phagocytic
macrophage subtype formation and dendritic cell (DC) matura-
tion, and the latter would activate CTLs and their lymphotoxin
secretion, which could promote cancer cell phagocytosis by
macrophages (Fig. 1B). The LMNs were expected to improve the
outcome of model mice bearing orthotopic 4T1H-2Kb KO tumors or
4T1 tumors refractory to chemoimmunotherapy. Unlike current
antitumor immunotherapies (such as immune checkpoint in-
hibitors) that focus on increasing CD8þ T cell activity, LMNs aim
to activate macrophage phagocytosis of MHC-I deficient cancer

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Schematic illustration of the preparation and mechanism of action of LMNs. (A) Preparation of LMNs. (B) Mechanism of action of

LMNs. After intravenous injection, LMNs are expected to recognize and enter tumor cells through ligation between CD47 and SIRPa, which can

also block CD47-mediated phagocytosis inhibition. LCL161 in LMNs will be released within the cells and is expected to upregulate the

expression of various cytokines such as interferon-a (IFN-a), IFN-b, tumor necrosis factor-alpha (TNF-a), granulocyte-macrophage colony-

stimulating factor (GM-CSF) and monocyte chemotactic protein 1 (MCP-1) that may activate macrophages. LCL161 can also induce ICD and

promote DC maturation, which will enhance CD8þ T cell-mediated release of lymphotoxin that can promote phagocytosis.

3220 Wen Zhang et al.
cells that cannot be recognized by CD8þ T cells. Therefore, our
LMNs are expected to be a useful composite of cancer
immunotherapy.

2. Materials and methods

2.1. Reagents

LCL161 was purchased from Shanghai Tebo Chemical Technol-
ogy Co., Ltd. (Shanghai, China). Macrolittin 70 (M70, NH2-
GIGEVLKELATLLPELQSWIKAAQQL-OH, >98%) was syn-
thesized by Shanghai Top-peptide Biotechnology (Shanghai
China). Bovine serum albumin (BSA), FITC-BSA, and Cy5 were
purchased from Dalian Meilun Biotechnology Co., Ltd. (Dalian
China). RPMI 1640 and Dulbecco’s modified Eagle’s medium
(DMEM) were obtained from Shanghai Yuanpei Biotechnology
Co., Ltd., (Shanghai, China). Trypsin, fetal bovine serum (FBS),
RAPI lysate, BCA protein assay kit, SDS-PAGE loading buffer,
and protein markers were acquired from New Cell & Molecular
Biotech Co., Ltd. (Suzhou, China). DAPI was obtained from
Yeasen (Shanghai, China). Enzyme-linked immunosorbent assay
(ELISA) kits for interleukin-8 (IL8), IL6, GM-CSF, IL12p40,
MCP-1, IFN-a, IFN-b were obtained from Neobioscience
(Shenzhen, China) and kit for IFN-g, TNF-a were obtained from
Dakewei (Shenzhen, China). Other chemicals were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China)
unless otherwise indicated.

2.2. Cell and animals

The murine TNBC cell line 4T1 and the macrophage cell line
RAW264.7 (derived from BALB/c mice) were purchased from the
Cell Bank of Shanghai, Chinese Academy of Sciences (Shanghai,
China). The 4T1H-2Kb KO was established from 4T1 using
CRISPR-Cas9 genome editing. 4T1 and 4T1H-2Kb KO were
cultured in RPMI 1640 containing 10% FBS, 1% antibiotics,
2.5 g/L glucose, and 0.11 g/L sodium pyruvate. RAW264.7 was
cultured in DMEM containing 10% FBS, and 1% antibiotics. The
cells were maintained in a 37 �C incubator containing 5% CO2.
Female BALB/c mice (20e22 g) and female BALB/c nude mice
(20e22 g) were purchased from the Shanghai Experimental An-
imal Center (Shanghai, China). Mice bearing orthotopic 4T1 or
4T1H-2Kb KO tumors were established by injecting 100 mL of
cancer cell suspension (1 � 106 cells) into the third right mam-
mary glands of female BALB/c mice. Animals were kept at 23 �C
with standard food and water in a 12-h and 12-h lightedark cycle.
All animal procedures were performed according to the guidelines
approved by the Institutional Animal Care and Use Committee of
the Shanghai Institute of Materia Medica, Chinese Academy of
Sciences (2021-06-LYP-43, 2022-06-LYP-44, 2023-07-LYP-45).

2.3. Antibodies

The fluorescence-labeled primary antibodies used for immuno-
staining were against mouse CD45 (Biolegend, San Diego, CA,
USA, cat. no. 103128), mouse CD3 (Biolegend, cat. no. 100328),
mouse CD8 (Biolegend, cat. no. 100712), mouse CD11c (Bio-
legend, cat. no. 117305), mouse MHC-II (Biolegend, cat. no.
107625, cat. no. 107607), mouse CD80 (Biolegend, cat. no.
104707), mouse CD86 (Biolegend, cat. no. 105011), mouse
CD11b (Biolegend, cat. no. 101205), mouse F4/80 (Biolegend,
cat. no. 123116), mouse Ly6c (Biolegend, cat. no. 128011). The
stained cells were detected by a BD Fortessa flow cytometer (BD
Biosciences, Franklin Lakes, NJ, USA) and the results were
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analyzed with FlowJo software. Primary antibodies used for
Western blotting were against SIRPa (Abcam, Cambridge Tech-
nology Park, UK, cat. no. ab191419) and CD47 (Affinity, Mel-
bourne, AU, cat. no. DF6649). The secondary antibody used for
Western blotting was horseradish peroxidase-labelled goat-anti-
rabbit IgG (H þ L) (Yeasen, cat. no. 33101ES60). The
fluorescence-labeled primary antibodies used for the detection of
proteins on cells were against mouse CD47 (Biolegend cat. no.
103127), and mouse SIRPa (Invitrogen, Waltham, MA, USA, cat.
no. 2702145). Anti-PD1, anti-PDL1, and anti-CD8 antibodies for
the in vivo efficacy study were purchased from BioXCell
(West Lebanon, NH, USA, cat. no. 29F.1A12, clone: BE0273;
cat. no. BE0101, clone: 10F.9G2; cat. no. BE0061, clone: 2.43,
respectively).

2.4. Protein expression quantification

The protein expression was quantified using flow cytometry. For
the in vitro experiment, 4T1H-2Kb KO cells (2 � 105 cells/well) and
RAW264.7 cells (2 � 105 cells/well) were seeded into a 24-well
plate for 12 h and then were collected and labeled with fluores-
cent antibody against mouse CD47 and mouse SIRPa before flow
cytometry analysis. For the in vivo experiment, 4T1H-2Kb KO

tumor-bearing mice were established as above. Tumors were
collected and digested to obtain cell suspensions. For macrophage
analysis, cells were incubated with fluorescent antibodies against
mouse CD45, mouse F4/80, mouse SIRPa, and mouse CD47. For
tumor cell analysis, cells were incubated with antibodies against
Epcam, mouse SIRPa, and mouse CD47. All samples were pre-
pared according to the manufacturer’s protocols.

2.5. Preparation of membrane vesicles

Macrophage-derived vesicles (MVs) and red blood cell (RBC)
vesicles (RVs) were prepared from RAW264.7 cells and RBCs
(derived from BALB/c mice), respectively. Briefly,
RAW264.7 cells or RBCs were collected after PBS washing, and
the cells were resuspended with cold Tris buffer (PH 7.4 with
1 � EDTA-free protease inhibitors) and placed at 4 �C for 2 h.
Subsequently, the suspension was centrifuged at 800�g for 10 min
and at 10,000�g for 10 min (H2050R, Xiangyi, Changsha, China).
The supernatants were further centrifuged at 150,000�g for 1 h
(Himac CS GXII, Hitachi, Tokyo, Japan). The obtained cell
membrane pellets were resuspended with 10 mM Tris buffer and
sonicated with an ultrasonicator (JYD-650L, Zhixin Inc.,
Shanghai, China) for 30 s. The supernatants were then sequen-
tially extruded through 200 nm and 100 nm polycarbonate
membranes with LF-1 (Avastin, Canada) to give MVs and RVs.

2.6. Preparation of LCL161-loaded bovine serum albumin
nanoparticles (LBNs)

The LBNs were prepared according to a previous method40.
Briefly, 25 mg BSA was dissolved in 5 mL of PBS and 3 mg
LCL161 was dissolved in 15 mL of anhydrous ethanol. Anhydrous
ethanol containing LCL161 was added dropwise to the BSA so-
lution stirred for 30 min, and then incubated at 75 �C for 40 min.
The ethanol was removed through evaporation and ultrafiltration
to give the LBN solution. FITC-labeled LBNs were prepared
using the same method, during which FITC-labeled BSAwas used
instead of plain BSA. BSA nanoparticles (BNs) without LCL161
were prepared using the same method.
2.7. Preparation of membrane-coated nanoparticles

LBNs (2 mg/mL, 1 mL) were mixed with either MVs or RVs
(derived from 2 � 107 cells, 100 mL), followed by a 3 min soni-
cation (4 �C). The prepared nanoparticles were incubated with
7 mL M70 at 4 �C for 30 min and purified by ultrafiltration
(100 kDa) to remove free M70. The obtained LMNs or LCL161-
loaded RNs (LRNs) were stored in PBS at 4 �C. The content of
LCL161 was determined by high-performance liquid chromatog-
raphy (HPLC, UltiMate 3000, ThermoScientific, USA). The hy-
drodynamic sizes and z-potentials of the nanoparticles were
measured using a ZetaSizer (ZS90, Marven Panalytical, Shanghai,
China). The morphologies of all the nanoparticles were examined
by transmission electron microscopy (TEM, Tecnai G2 F20, FEI,
Hillsboro, OR, USA). Nanoparticles without M70 modification
were prepared using the same method, except no M70 was used.
LCL161-free nanoparticles including macrophage membrane-
coated BNs (MNs) and RBC membrane-coated BNs (RNs) were
prepared using the same protocol.

2.8. Fluorescence resonance energy transfer (FRET)

The emission spectra of Cy5-labeled MVs/RVs and Cy3-labeled
LBNs were collected at their respective excitation wavelengths.
The emission spectra of dual-labeled LMNs/LRNs and a mixture
of Cy5-labeled MVs/RVs and Cy3-labeled LBNs were collected at
an excitation wavelength of 540 nm.

2.9. Cellular uptake

4T1H-2Kb KO cells (5 � 104 cells/well) were seeded into a 24-well
plate stayed for 12 h, and then incubated with FITC-labeled
nanoparticles for 1 or 4 h before flow cytometry analysis. To
compare the cellular uptake of LMNs and anti-CD47 antibodies
on RBC and 4T1H-2Kb KO cells, FITC-labeled LMNs or anti-CD47
were added, and the cells were collected and analyzed by flow
cytometry at 4 h after administration.

2.10. Cellular colocalization in vitro and in vivo

To observe the subcellular location of the nanoparticles, the
nanoparticles were fluorescently labeled with FITC in the cores
andwith Cy5 in themembrane. 4T1H-2Kb KO cells (5� 104 cells/well)
were seeded into a 24-well plate with cell slides and placed for
12 h and then were incubated with the fluorescent-labeled
nanoparticles for 1 or 4 h. The cells were then fixed, and
stained with DAPI, Lysotracker Red, and anti-CD47 antibodies
to visualize nuclei, lysosomes, and CD47, respectively, before
being imaged on a confocal laser scanning microscopy (TCS
SP8, Leica, Wetzlar, GER). For the in vivo experiments, tumor-
bearing mice were treated with dual-labeled LMNs for 4 h
before harvesting the tumors. The tissues were fixed, sliced, and
stained before being imaged using confocal laser scanning mi-
croscopy (TCS SP8, Leica).

2.11. Phagocytosis and BMDC maturation in vitro

4T1H-2Kb KO cells (5 � 104 cells/well) were seeded into a 24-well
plate for 12 h. The cells were treated with LMN, LRN, LBN, LPS,
or PBS for 18 h before another 24 h of coincubation with BMDC
(2 � 105 cells/well). Cells were collected, stained with antibodies
against mouse CD11c, mouse CD86, and mouse CD80, and
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further analyzed by flow cytometry. For the phagocytosis experi-
ment, the treated 4T1H-2Kb KO cells were stained with CFSE for
10 min before incubation with BMDM (2 � 105 cells/well) for
24 h. The cells were then collected, stained with antibodies against
mouse F4/80 and mouse CD11b, and further analyzed by flow
cytometry.

2.12. Biodistribution

Mice bearing orthotopic 4T1H-2Kb KO tumors (around 100 mm3)
were established as described above, and randomly assigned to
different groups to receive Cy5-labeled LMN, LRN, or LBN.
Mice were imaged using an IVIS Spectrum imaging system
(lEx/lEm Z 650/670 nm, PerkinElmer, MA, USA) at 1, 2, 4, 8, 12,
and 24 h after administration. In a separate experiment, mice were
sacrificed by CO2 asphyxiation at 4 h and 24 h and the major
organs were collected for imaging. At 4 h after the injection,
major organs and tumors were collected and weighed. LCL161 in
the major organs and tumors were extracted with acetonitrile and
quantified by liquid chromatography-mass spectrometry (LC‒MS,
QTRAP� 5500 triple quadrupole tandem mass spectrometer,
Sciex, USA).

2.13. Cytokines detection

4T1H-2Kb KO cells (5 � 104 cells/well) were seeded into a 24-well
plate and attached for 12 h before incubating with fresh medium
containing LMN, LRN, LBN, or PBS for another 18 h. The
amounts of MCP-1, IL8, GM-CSF, IFN-a, IFN-b, and TNF-a in
the medium were measured using ELISA kits according to the
manufacturer’s protocols. To determine the amounts of cytokines
in vivo, tumor-bearing mice were first established as described
above. Serum, draining lymph nodes (DLNs), and tumors were
collected on Day 5 after the last injection of a 4-dose or 7-dose
regime. Lymph nodes and tumors were weighed, ground, and
finally centrifuged to collect supernatants. The levels of IL8, GM-
CSF, MCP-1, lymphotoxin, IL12p40, IFN-g, and TNF-a in the
samples were measured using ELISA kits according to the man-
ufacturer’s protocols. The biochemical indicators alanine amino-
transferase (ALT), aspartate aminotransferase (AST), creatinine
(CREA), and blood urea nitrogen (UREA) were sent out to the
Wuhan Servicebio Technology Co., Ltd. for analysis.

2.14. Antitumor immunity

The 4T1H-2Kb KO tumor-bearing mice models were established as
above. When the size of tumors reached w30 mm3, the mice were
randomly grouped to receive LMN, LRN, LBN, anti-PD1, or PBS
(anti-PD1: i.p., 50 mL, 50 mg per mouse, 3 times once a week;
nanoparticles: i.v., 100 mL, 10 mg/kg in LCL161, once every 3
days for 7 times). Mice were sacrificed by carbon dioxide
asphyxiation on Day 5 after the last administration, and the tumors
and DLNs were collected to obtain cell suspensions. Cells were
counted with a cell counter and then incubated with antibodies
against mouse CD45, mouse CD3, and mouse CD8. For macro-
phage analysis, cells were incubated with antibodies against
mouse CD45, mouse CD11b, mouse F4/80, mouse MHC-II, and
mouse Ly6c. For DCs analysis, cells were incubated with anti-
bodies against mouse CD45, mouse CD11c, mouse MHC-II,
mouse CD80, and CD86. All samples were prepared according
to the manufacturer’s protocols and analyzed by flow cytometry
(BD Biosciences).
2.15. Antitumor efficacy

Tumor-bearing mice were established as described above. When
the size of the tumor reached w30 mm3, the mice were randomly
assigned to different groups to receive LMN, LRN, LBN, anti-
PD1 or PBS (anti-PD1: i.p., 50 mL, 50 mg per mouse for
3 times once a week; nanoparticles: i.v., 100 mL, 10 mg/kg in
LCL161, once every 3 days for 7 times). Body weight and tumor
volume were measured every 2 days. To understand the role of
CD8þ T cells in the treatment of MHC-I deficient tumors, we
depleted CD8þ T cells using the corresponding antibodies in some
mice. Mice received CD8 depleting antibody or IgG isotype
(100 mg per mouse) on the day of tumor inoculation and
then every 3 days until euthanasia, and received LMN or PBS
(i.v., 10 mg/kg in LCL161, once every 3 days).

2.16. Statistics

Statistical analysis of the data was performed using Prism 9.5
(GraphPad software). Data were analyzed with a two-sided Stu-
dent’s t-test when two groups were compared. One-way ANOVA
was used when more than two groups were analyzed. Tumor
growth profiles were analyzed by two-way ANOVA. The survival
benefit was determined using a log-rank test. *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001 were considered
as statistically significant.

3. Results

3.1. Efficacy of macrophage-derived nanoparticles and LCL161
against 4T1H-2Kb KO tumor

Our previous study has shown that 4T1H-2Kb KO tumors are resistant to
CTL-mediated immune clearance due to b2M gene deletion25.
However, the growth of 4T1H-2Kb KO tumors could be moderately
retarded after interferon supplementary therapy, indicating a potential
role of innate immunity in tumor control. Since CD47/SIRPa is an
important immune checkpoint for macrophage-mediated antitumor
immunity, we tested the potential of SIRPa-displaying nanoparticles
in tumor growth inhibition. First, we compared the expression of
CD47 and SIRPa by 4T1H-2Kb KO cells and macrophages. Western
blot analysis showed that 4T1H-2Kb KO cells expressed CD47 but not
SIRPa, while RAW264.7 cells, in sharp contrast, expressed SIRPa
but low CD47 (Fig. 2A), which results were further quantitatively
confirmed by flow cytometry (Supporting Information Fig. S1).
Based on this finding, MNs were prepared and used to treat 4T1H-2Kb
KO tumors. Tumor growth was retarded by 43% in mice receiving
MNs but not in those receiving PBS, BNs, or RNs (Fig. 2B and C),
and no significant loss of body weight was observed (Supporting
Information Fig. S2). These results suggest that competitive block-
ing of CD47/SIRPa interaction can improve antitumor immunity
against TNBC tumors with MHC-I-related gene loss.

LCL161 has been reported to promote antitumor immunity
independent of MHC-I expression in murine models of colon
cancer or pancreatic cancer16. To explore whether LCL161 would
be effective in treating 4T1H-2Kb KO tumors, we injected LCL161
intratumorally and monitored tumor growth. LCL161 inhibited the
growth of 4T1H-2Kb KO tumors, and tumor burden was reduced by
42% compared to those receiving PBS (Fig. 2D and E). Further-
more, we explored changes in the major effector cells after
LCL161 treatment. The flow cytometry result revealed that



Figure 2 Efficacy of MNs and LCL161 in 4T1H-2Kb KO tumors. (A) Western blot analysis of the expression of CD47 and SIRPa proteins in

4T1H-2Kb KO, RAW264.7, and macrophages. (B, C) Growth profiles (B) and weights (C) of 4T1H-2Kb KO tumors from mice receiving the indicated

treatments (i.v., nZ 5). (D, E) Growth profiles (D) and weights (E) of 4T1H-2Kb KO tumors from mice receiving the indicated treatments (LCL161:

i.t., 10 mL, 30 mg per mouse, n Z 5). (FeJ) Intratumoral densities of CD8þ T cells (F) and NK cells (G), percentage of macrophages among total

immune cells (H), percentage of phagocytic macrophage subtype among macrophages (I), and intratumoral density of phagocytic macrophage

subtype (J) in 4T1H-2Kb KO tumors after different treatments. Data are presented as mean � SD and statistical significance was calculated using a

two-sided two-way ANOVA test (for B and D), a one-way ANOVA test (C), and a Student’s t-test (EeJ), respectively. *P < 0.05, **P < 0.01,

***P < 0.001 and ****P < 0.0001.
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LCL161 increased the density of intratumoral CD8þ T cells
(Fig. 2F) but not NK cells (Fig. 2G). Although the proportion of
macrophages among immune cells (CD45þ) did not increase
(Fig. 2H), the proportion (Fig. 2I) and the density (Fig. 2J) of
phagocytic macrophage subtype (CD11bþF4/80þLy6cþMHC-IIþ)
increased. These results indicated that LCL161 mainly affected
CTLs and macrophages. Since 4T1H-2Kb KO cells could not present
peptide-MHC-I complexes that were essential for CTL-mediated
cell therapy, the increased CTLs could play a role in potenti-
ating macrophage-mediated cancer cell eradication. As MNs and
LCL161 both showed significant but moderate antitumor efficacy
through different mechanisms of action, combination use of the
two treatments could be beneficial.

3.2. Preparation and characterization of LMNs

MN and LCL161 could be combined in LMNs by loading
LCL161 into the core of MN. LBNs were prepared using a pre-
viously reported method40. The LBNs were then coated with cell
membranes derived from either RAW264.7 or RBC and were
further decorated with cM70 (an activatable peptide that could be
anchored to cell membranes by covalent attachment and resume
its membrane rupture activity after exposure to glutathione
(GSH)25,41, Supporting Information Figs. S3‒S6) to obtain LMNs
and LRNs, respectively. The nanoparticles were purified through
ultrafiltration to remove free drugs. Transmission electron mi-
croscopy (TEM) images revealed that both LMNs and LRNs were
spherical particles with a lightly stained core, which were usually
disrupted by the water-soaked core nanogel under vacuum, while
the LBNs were heavily stained with uranyl acetate due to their
nature as nanogels (Fig. 3A and Supporting Information Fig. S7).
To further verify the structures of LMNs and LRNs, LBNs and cell
membrane vesicles were labeled with Cy3 and Cy5, respectively.
Significant fluorescence resonance energy transfer (FRET) was
observed in LMNs and LRNs but not in the mixtures of membrane
vesicles and LBNs, further confirming the successful formation of
the core-shelled structures (Fig. 3B). Dynamic light scattering
analysis showed that both LMNs and LRNs were around 150 nm
in diameter with z-potentials around �25 mV (Fig. 3C), which
were stable for at least 72 h (Fig. 3D). The obtained LMN and
LRN each contained 39 and 33 cM70 molecules on average,
respectively. Further gel electrophoresis and Western blot analysis
confirmed that the characteristic proteins were well retained in the
LMNs and LRNs during the preparation (Fig. 3E). The drug
loading capacity and drug encapsulation efficiency were
8.5 � 0.2% and 59.7 � 1.6% for LMN and 8.1 � 0.6% and



Figure 3 Characterization and cellular uptake of LMNs. (A) TEM images of the LBN, MV, and LMN. (B) Fluorescent spectra of LMN/LRN,

LBN, MV/RV, and a mixture of LBN and MV/RV (LBN þ MV/RV). The BSAwas labeled with Cy3, and the MV/RV was labeled with Cy5. The

emission spectra of LMN/LRN, LBN, and LBN þ MV/RV were collected under excitation at 540 nm. The emission spectrum of MV/RV was

collected under excitation at 650 nm. FRET occurs only in LMN/LRN. (C) Hydrodynamic sizes and z-potentials of different particles. (D)

Stability of LMN, LRN, and LBN over 72 h. (E) SDS-PAGE and Western blot analysis of SIRPa protein on the RAW264.7 membrane, MV and

LMN, and of the CD47 protein on the RBC membrane, RV and LRN. (F) Cellular uptake of LMN, LRN, and LBN (with FITC-labeled BSA) by

4T1H-2Kb KO cells after 1 or 4 h of incubation. (G) Representative confocal images showing the intracellular localization of FITC-labeled BSA.

The nucleus was stained with DAPI (blue). The scale bar indicates a distance of 25 mm. (H) Flow cytometry determination of CD47 on the surface

of 4T1H-2Kb KO after 4 h of co-incubation with the indicated nanoparticles. (I) Representative confocal images showing cellular localization of

CD47, lysosomes, and indicated nanoparticles in 4T1H-2Kb KO cells. Data are presented as mean � SD (n Z 3) and statistically analyzed using a

two-sided one-way ANOVA test. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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56.1 � 4.1% for LRN, respectively. The encapsulated LCL161
was stably trapped in the nanoparticles but could be abruptly
released from the nanoparticles after exposure to GSH
(Supporting Information Fig. S8).

We then explored the interaction of LMNs with 4T1H-2Kb KO

cells in vitro. To quantify and visualize the LMNs, we labeled the
albumin with FITC, as we previously reported. Flow cytometry
analysis revealed a higher cellular uptake of LMNs than LRNs and
LBNs at 1 and 4 h after treatments (Fig. 3F). Further confocal
images showed that LMNs and LRNs would undergo endocytosis
and colocalize with lysosomes within 1 h after incubation with
cancer cells. After 4 h of incubation, diffusive FITC-albumin
signals could be observed in both LMNs and LRNs treated
cells, most of which did not colocalize with lysosomes (Fig. 3G
and Supporting Information Fig. S9). Furthermore, we investi-
gated the influence of nanoparticles on cell surface CD47. Flow
cytometry analysis revealed that the amount of surface CD47 was
reduced by 65% after a 4 h-incubation with LMN�M70
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(LMNs without cM70), while no significant change was noticed in
cells incubated with LRN�M70 (LRNs without cM70) (Fig. 3H).
Confocal images showed that CD47 molecules were intracellu-
larly colocalized with lysosomes and LMN�M70, while the CD47
signal was mainly observed on the cell membrane of cells treated
with LRN�M70 (Fig. 3I). These results demonstrate that LMNs can
enter cells with CD47 and release their encapsulated contents into
the cytosol after a short colocalization with the lysosomes, indi-
cating that LMNs can be a cancer cell-targeted vehicle and a
CD47 blocker.

3.3. Antitumor immunity in vitro

Encouraged by the above results, we first investigated the effects
of LMNs on 4T1H-2Kb KO cells. ELISA showed that the concen-
trations of various cytokines such as GM-CSF, MCP-1, IL8, TNF-
a, IFN-a, and IFN-b in the medium of the LMNs-treated tumor
cells were significantly increased, while LRNs and LBNs were
less effective (Fig. 4A). Additionally, a 47% increase in the con-
centration of the high mobility group protein 1 (HMGB1) was
observed after LMN treatment, indicating that some cancer cells
had undergone ICD (Fig. 4B). These results suggested that LMNs
could induce damage to cancer cells, which would further trigger
immune responses.

Given that LCL161 could increase intratumoral densities of
both CTLs and macrophages, we investigated the immune priming
activity of LMNs on both bone marrow-derived DCs (BMDCs)
and bone marrow-derived macrophages (BMDMs) (Fig. 4C). Flow
cytometry analysis showed that the maturation rates of BMDCs
(CD80þCD86þ) were 55.9%, 51.0%, 38.4% and 33.3% when
they were incubated with 4T1H-2Kb KO cells that were pretreated
with LMNs, LRNs, LBNs and PBS, respectively (Fig. 4D and E).
In consistency, the highest concentrations of pro-inflammatory
factors including TNF-a, IL12p40, and IFN-g were detected in
those pretreated with LMNs (Fig. 4F).

We then explored the capability of LMNs in priming BMDM
and explored the impact of LMNs on the phagocytosis of tumor
cells by macrophages. The results demonstrated that LMNs pro-
moted the polarization of BMDM into phagocytic macrophage
subtype and also improved macrophage phagocytosis capability
(Fig. 4G and Supporting Information Fig. S10). In consistency,
elevated concentrations of GM-CSF, IL6, and TNF-a were
recorded after the same treatment, confirming phagocytic macro-
phage activation (Fig. 4H). The results show that tumor cell-
secreted cytokines promoted DC maturation and macrophage
polarization, while activated macrophages and DCs further pro-
moted cytokine secretion. The results demonstrate that the in-
crease in tumor cell phagocytosis by macrophages could be
because LCL161 promoted cancer cell secretion of inflammatory
factors that stimulated the polarization of the phagocytic macro-
phage subtype.

3.4. Biodistribution and biocompatibility

As we discussed above, CD47 was also expressed on the surface
of erythrocytes42. Thus, we first compared the selectivity of LMNs
between 4T1H-2Kb KO cells and RBCs before the in vivo study. In a
mixture of 4T1H-2Kb KO cells and RBCs, LMNs mainly targeted
cancer cells while the anti-CD47 antibody showed a higher af-
finity for erythrocytes (Fig. 5A and B). Based on this result, we
investigated the tissue distribution of LMNs, LRNs, and
LBNs using an IVIS Spectrum Imaging System
(lEx/lEm Z 650/670 nm). Maximum tumor accumulation of the
nanoparticles was achieved 4 h after intravenous injection, with
prolonged tumor retention observed only in LMNs (Fig. 5C and
D). Confocal imaging confirmed a higher intratumoral accumu-
lation of LMNs (Fig. 5E) and further revealed that the BSAwould
be liberated from the macrophage membrane shell (Fig. 5F). To
directly monitor drug distribution, the intratumoral accumulation
of LCL161 at 4 h after the injection of different nanoparticles was
quantified by LC‒MS. The intratumoral concentration of LCL161
in LMNs-treated mice was 0.8- and 1.0-fold higher than those in
mice receiving LRN and LBN, respectively (Fig. 5G). Although
all nanoparticles showed a high liver accumulation, no significant
differences were observed in serum ALT and AST among mice
that received different treatments (Fig. 5H) as well as CREA and
blood UREA (Supporting Information Fig. S11). In consistency,
no obvious tissue damage was observed in the major organs,
except for mild leukocyte infiltration in the lungs collected from
the PBS and LBN groups (Supporting Information Fig. S12). The
inflammation might be associated with tumor burden-induced
formation of premetastatic niches in the lungs, which were the
main destination of metastatic TNBC43. These results demon-
strated that LMNs were efficient in tumor-targeted drug delivery
largely due to specific recognition between SIRPa and CD47
molecules. Although CD47 molecules were expressed both on
cancer cells and RBCs, the preferential accumulation of LMNs in
4T1H-2Kb KO cells could be associated with multivalent
recognition-induced endocytosis, which was common in cancer
cells but not in RBCs. Antibodies with high affinity for CD47 may
be inefficient in triggering endocytosis, and thus mainly targeted
RBCs.

3.5. Antitumor immunity in vivo

We then investigated the efficacy of LMNs in modulating anti-
tumor immunity. In consistence with the in vitro results, intra-
tumoral concentrations of MCP-1, GM-CSF, TNF-a, and IL8
increased significantly in tumors of mice receiving nanoparticles
but not in those receiving anti-PD1 antibodies or PBS
(Fig. 6AeE). Flow cytometry analysis further revealed that the
proportion of phagocytic macrophage subtype (CD11bþF4/
80þMHC-IIþLy6cþ) among macrophages in tumors was signifi-
cantly increased by LMNs and LRNs (Fig. 6F and Supporting
Information Fig. S20A), although the proportion of macrophages
(CD11bþF4/80þ) among immune cells (CD45þ) was not affected
(Supporting Information Fig. S13). The density of the phagocytic
macrophage subtype was increased by 15-fold and 6-fold by
LMNs and LRNs, respectively (Fig. 6G). These results indicated
that LCL161 was essential in promoting the secretion of inflam-
matory cytokines by 4T1H-2Kb KO tumors44. These cytokines
promoted the macrophage polarization into phagocytic macro-
phage subtypes. LMN might also act as a multivalent blocker of
CD47 on the surface of tumor cells and thus would aid the
phagocytic macrophage subtype.

Given that BMDC could be activated by LMNs in vitro, we
expected that LMNs would promote DC maturation in vivo.
Indeed, ELISA analysis showed that LMNs also induced ICD in
tumors (Supporting Information Fig. S14), which was coincident
with significant increases in the density of intratumoral mature
DCs by 10-fold (Fig. 6H and Fig. S20B), the percentage of mature
DCs in DLNs by 1-fold (Fig. 6I), and inflammatory cytokines
(TNF-a, IL12p40 and IFN-g) in the DLNs (Fig. 6J). LMNs also
increased the density of intratumoral CD8þ T cells (Fig. 6K) and



Figure 4 Activity of LMNs in vitro. (A) Qualification of the secreted GM-CSF, MCP-1, IL8, TNF-a, IFN-a, and IFN-b in mediums of 4T1H-2Kb KO

cells after different treatments. (B) Quantification of extracellular HMGB1 in themedium of 4T1H-2Kb KO cells after different treatments. (C) Schematic

illustration of experimental procedures for BMDCandBMDMmaturation studies in vitro. The figurewas createdwith permission fromBioRender.com.

(DeF) Flow cytometry plots (D) and quantification (E) of mature BMDCs (CD80þCD86þ), and concentrations of TNF-a, IL12p40, and IFN-g in the

medium (F) after a 24 h-incubationwith 4T1H-2Kb KO cells that were pretreatedwith different nanoparticles. BMDCs treated with PBS or LPSwere used

as controls. (G) Flow cytometry analysis of phagocytosis of 4T1H-2Kb KO byBMDM. (H) Concentrations ofGM-CSF, IL6, andTNF-a in the coculture of

BMDM and treated 4T1H-2Kb KO. Data are presented as mean � SD (n Z 3) and statistical significance was calculated using a two-sided one-way

ANOVA test. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

3226 Wen Zhang et al.
the amount of intratumoral lymphotoxin (Fig. 6L), but the per-
centages of proliferative (Ki-67þ) and active (GzmBþ) CTLs
among all CTLs did not increase (Supporting Information
Figs. S15 and Fig. S20C). This was not a surprise, since CTL
activation required recognition between the neoantigen-bound
MHCeI complex in cancer cells and the T-cell receptor (TCR)
in CTLs45. However, since lymphotoxin from CD8þ T cells was
able to stimulate macrophage transformation16, increased

http://BioRender.com


Figure 5 Accumulation and biocompatibility of LMNs. (A, B) Cellular uptake of FITC-labeled BSA in LMNs (A) and FITC-labeled anti-

CD47 antibody (B) by 4T1H-2Kb KO cells or erythrocytes after 4 h of incubation (n Z 3). Data were statistically analyzed using a two-sided

Student’s t-test. (C, D) Fluorescence images of mice at 1, 2, 4, 8, 12, and 24 h after injection (C) and images of the major organs at 4 and

24 h after injection (D). These mice were injected with Cy5-labeled LBNs, LRNs, or LMNs (Cy5: 0.1 mg/kg, i.t.), and imaged by an IVIS Spectral

Imaging System (lEx/lEm Z 650/670 nm). (E) Fluorescent images of tumor slices collected from mice at 4 h after different treatments. The LBNs,

LRNs, and LMNs were labeled with FITC, and the nucleus was labeled with DAPI (blue). The scale bar indicates 200 mm. (F) Confocal images

showing the location of the FITC-labeled BSA and the Cy5-labeled membrane of nanoparticles. The nucleus was stained with DAPI (blue). The

scale bar indicates 50 mm. (G) The distribution of LCL161 in major organs and tumors at 4 h after injection of LMNs, LRNs, and LBNs (LCL161:

10 mg/kg, n Z 5). (H) Serum levels of ALT and AST at 5 days after the last injection of a 4-injection regime of LMNs, LRNs, and LBNs

(20 mg/kg in LCL161) (n Z 5). Data are expressed as mean � SD and statistical significance was calculated using a two-sided one-way ANOVA

test. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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intratumoral density of CTLs could work synergistically
with phagocytic macrophage subtype and also contribute to
antitumor immunity against MHC-I-deficient tumors. The
above results demonstrated that LMNs promoted the release of
inflammatory cytokines, which activated macrophages and
increased tumor cell phagocytosis. Meanwhile, SIRPa on the
LMNs (as CD47 blockers) and lymphotoxins released by CD8þ T
cells could further enhance macrophage phagocytic activity
(Fig. 6M).

3.6. Efficacy of LMNs against 4T1H-2Kb KO murine TNBC
tumors

We evaluated the efficacy of LMNs in mice with orthotopic
4T1H-2Kb KO tumors. Tumor growth was retarded by 86.7% after
seven doses of LMNs, while LRN and LBN showed tumor inhi-
bition of 59.6% and 48.4% (Fig. 7A and B). Tumor weights in
LMNs-treated mice were only 17.6% of those in PBS-treated mice
at the end of the study (Fig. 7C), without causing a noticeable
decrease in body weight (Supporting Information Fig. S16).
Further immunofluorescence analysis of tumors revealed that only
LMNs negatively regulated CD47 tumor expression (Supporting
Information Fig. S17). Besides, the median survival time (MST)
of mice was extended from 22 days (PBS group) to 48, 29, and 28
days by LMNs, LRNs, and LBNs, respectively (Fig. 7D and
Supporting Information Fig. S18). On the contrary, anti-PD1 an-
tibodies did not show significant tumor growth inhibition activity.
These results demonstrated that LMNs could effectively inhibit
MHC-I-deficient tumors, which were resistant to current
PDL1/PD1 blockade therapy.

To better understand the role of CTLs in LMNs-mediated
antitumor efficacy. We also tested the tumor suppression efficacy
of LMNs in immunodeficient mice. We found that LMNs could
inhibit the growth of 4T1H-2Kb KO tumors in nude mice (inhibition
rate 41.6%) but much less compared to immunocompetent mice
(Fig. 7E). In a separate experiment, anti-CD8 antibodies were
used in combination with LMNs to treat immunocompetent mice
that bearing 4T1H-2Kb KO tumors. A sharp decrease in the



Figure 6 Antitumor immunity in vivo. (AeE) Qualification of the secreted MCP-1 (A), GM-CSF (B), IFN-g (C), TNF-a (D), and IL8 (E) in

tumors collected on Day 5 after a 4-dose regime (LCL161: 10 mg/kg, ani-PD1: 50 mg per mouse, once every 3 days). (FeH) Percentage (F) and

density (G) of phagocytic macrophage subtype (Ly6cþ MHC-IIþ), and density of matured DCs (H) in the tumors collected from mice on Day 5

after a 7-dose regime (LCL161: 10 mg/kg, ani-PD1: 50 mg per mouse, once every 3 days). (IeL) Percentage of mature DCs (I) and concentrations

of cytokines (TNF-a, IL12p40, and IFN-g) (J) in DLNs, density of CD8þ T cells (K) and concentration of lymphotoxin (L) in the tumors collected

from mice on Day 5 after a 7-dose regime (LCL161: 10 mg/kg, ani-PD1: 50 mg per mouse, once every 3 days). (M) Proposed mechanisms of

action of LMNs. Data are presented as mean � SD (n Z 5) and statistical significance was calculated using a two-sided one-way ANOVA test.

*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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antitumor activity of LMNs was observed when used in
conjunction with anti-CD8 antibodies, while control IgG showed
no effect on the efficacy of LMNs (Fig. 7F and G). These results
suggested that CTLs also played an important role in macrophage-
mediated antitumor immunity, possibly by secreting lymphotoxins
that could potentiate the phagocytic macrophage subtype.

Finally, we tested the efficacy of LMNs on TNBC tumors that
were resistant to combined chemotherapy and anti-PDL1 immu-
notherapy. The 4T1 tumor that responded poorly to the
combinatorial therapy was cut and transplanted to the mammary
fat pads of naı̈ve mice (Supporting Information Fig. S19). In mice
bearing pretreated 4T1 tumors, LMNs inhibited tumor growth by
71.8%, while the growth inhibition rate of combined therapy with
albumin-bound paclitaxel and anti-PDL1 antibodies was 50.2%
(Fig. 7H). In consistency, the MST of mice was extended from 14
days (PBS group) to 28 days (Fig. 7I). These results demonstrated
that LMNs might be used to treat refractory TNBC that had un-
dergone current combination therapy.



Figure 7 Antitumor efficacy of LMNs. (AeD) Growth profiles of 4T1H-2Kb KO tumors (n Z 6) (A, B), the tumor weight (C), and survival

curves (n Z 8) (D) of mice receiving the indicated treatments (i.v., LCL161: 10 mg/kg once every 3 days, anti-PD1: 50 mg per mouse once a

week). (E) Growth profiles of 4T1H-2Kb KO tumors of nude mice receiving the indicated treatments (LCL161: 10 mg/kg, n Z 5). (F, G) Growth

profiles of 4T1H-2Kb KO tumors (F) and tumor weight (G) of the mice receiving the indicated treatments. Mice received depleting antibodies on the

day of tumor inoculation and then once every 3 days until euthanasia. (LCL161: 10 mg/kg, i.v., anti-CD8: 100 mg per mouse, i.p., n Z 5). (H, I)

Growth profiles of treatment-resistant 4T1 tumors (H) and survival curves (I) of mice receiving the indicated treatments (LCL161: 10 mg/kg,

PTX: 6 mg/kg, n Z 7). Data are presented as the mean � SD. Tumor growth data were analyzed by two-way ANOVA and survival data by log-

rank test. Tumor weight data were analyzed by two-sided one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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4. Discussions

The efficacy of current cancer immunotherapy is highly dependent
on intratumoral infiltration of CTLs and the expression of MHC-I
molecules on cancer cells46. Combination use of chemotherapy with
current immunotherapy can improve CTL infiltration47. However,
MHC-I-deficient tumors that are commonly observed in patientswith
TNBC are refractory to treatment48,49. In our previous study, TNBC
cancer with epigenetically downregulated MHC-I could be effec-
tively treated using an epigenetic nanoparticle, which however was
ineffective against 4T1H-2Kb KO tumors25.

Innate immune cells such as macrophages can eradicate MHC-
I-deficient cancer cells, but the efficacy is limited by an insuffi-
cient amount of phagocytic macrophage subtype and CD47-
mediated activity blockade. Hence, we demonstrate a strategy to
promote macrophage-based innate antitumor immunity by
creating an LCL161-loaded and macrophage membrane-coated
nanoparticle termed LMN for the treatment of TNBC with b2M
loss. The shell of LMNs is derived from macrophages that natu-
rally express SIRPa, which can target and block CD47 on cancer
cells50,51. The nanoparticle is used to deliver LCL161, a cIAP1/2
inhibitor52e54, that can promote the production of inflammatory
factors via activating nonclassical NF-kB pathway44,55. In mice
bearing 4T1H-2Kb KO tumors, we show that LMNs increase intra-
tumoral levels of inflammatory factors including MCP-1, IL8,
GM-CSF, IFN-a, IFN-b, and TNF-a, which elevate the intra-
tumoral density of phagocytic macrophage subtype. LMNs are
also effective in treating 4T1 tumors that are resistant to combi-
nation therapy with albumin-bound paclitaxel and anti-PDL1
antibodies.

A key hurdle for CD47 blockade therapy is the on-target off-
site binding of antibodies to CD47 molecules on RBCs. In our
case, although the SIRPa on LMNs is also capable of binding to
CD47 in RBCs, the affinity of SIRPa for CD47 (in micromolar
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ranges) is almost 1000-fold weaker than that of anti-CD47 anti-
bodies56. The relatively lower affinity allows LMNs to detach
from RBCs and then relocate to cancer cells. Given that cancer
cells typically have a higher level of endocytosis than RBCs with a
rigid morphology, we demonstrate that LMNs are preferentially
endocytosed by cancer cells. Furthermore, the multivalent nature
of LMNs also facilitates endocytosis of surface CD47, which is
critical to blocking the “don’t eat me” signal on cancer cells.

Successful antitumor immunity induction requires effective
communication between innate and adaptive immune cells.
Although 4T1H-2Kb KO cells lack b2M expression, DC-mediated
antigen presentation, and CTL activation are still functional.
Although these CTLs cannot recognize MHC-I-deficient cancer
cells, they can still be recruited to the tumor and activated by
mature DCs in the tumors. These CTLs are important participants
in LMN-primed antitumor immunity, as the efficacy of LMNs
decreased after CD8þ T cells depletion or in nude mice. We
demonstrate that the CTLs can enhance the activity of the
phagocytic macrophage subtype by secreting lymphotoxin.

5. Conclusions

We have demonstrated the efficacy of LMN in 4T1H-2Kb KO model
mice, immunodeficient mice, and model mice with tumor pro-
gression after combinatorial treatment with PTX and anti-PDL1.
Our mechanistic study reveals that both innate and adaptive im-
mune cells contribute to the efficacy of LMNs. Therefore, we
envision that the treatment can further benefit from combination
therapy. For the future clinical translation of the platform,
personalized LMNs prepared from patient-derived macrophages
are preferred to minimize potential immunogenicity. However,
genetically modified macrophages can be further explored to
produce generalizable and multifunctional LMNs. Given the ad-
vances in techniques in genetic manipulation cell expansion and
quality control, we believe that our LMNs will find broad appli-
cations, especially in patients with recurrent diseases after current
immunotherapy.
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