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Abstract

Background Chimeric antigen receptor macrophage (CAR-M) therapy is a novel cancer immunotherapy approach
that integrates CAR structure and macrophage functions. CAR-M therapy has shown unique and impressive antitumor
effects in immunotherapy for solid tumors. However, the polarization state of macrophages can affect the antitumor
effect of CAR-M. We hypothesized that the antitumor activity of CAR-Ms may be further improved after inducing
M1-type polarization.

Methods In this report, we constructed a novel HER2-targeting CAR-M, which was composed of humanized anti-
HER2 scFv, CD28 hinge region and FcyRI transmembrane domain and intracellular domain. Phagocytosis, tumor-kill-
ing capacities, and cytokine release of CAR-Ms were detected with or without M1-polarization pretreatment. Several
syngeneic tumor models were used to monitor the in vivo antitumor activity of M1-polarized CAR-Ms.

Results After polarization with LPS combined with interferon-y in vitro, we found that the phagocytic and tumor-kill-
ing capacities of CAR-Ms against target cells were significantly enhanced. The expression of costimulatory molecules
and proinflammatory cytokines was also significantly increased after polarization. By establishing several syngeneic
tumor models in vivo, we also demonstrated that infusing polarized M1-type CAR-Ms could effectively suppress
tumor progression and prolong the survival of tumor-bearing mice with enhanced cytotoxicity.

Conclusions We demonstrated that our novel CAR-M can effectively eliminate HER2-positive tumor cells both
in vitro and in vivo, and M1 polarization significantly enhanced the antitumor ability of CAR-M, resulting in a stronger
therapeutic effect in solid cancer immunotherapy.
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Introduction

Cancer immunotherapy represents a promising approach
for the treatment of malignancies. Cancer immuno-
therapy approaches mainly include immune checkpoint
blockade, adoptive cell therapy, cancer vaccines and
oncolytic viruses. Adoptive cell therapy effectively kills
cancer cells by redirecting specific immune cells to neigh-
boring cancer cells to exert cytotoxic effects. Chimeric
antigen receptor T (CAR-T) cells have shown efficacy
in the treatment of certain hematologic malignancies [1,
2]. Several CAR-T-cell therapy products targeting CD19
and BCMA have been approved by the FDA for use in
the clinic, but the application of CAR-T cells to solid
malignancies faces great challenges [3]. Poor trafficking
and infiltration, the immunosuppressive tumor microen-
vironment, and the heterogeneity of tumor antigens are
key factors limiting CAR-T-cell function in solid tumors
[4]. These limitations have also prompted researchers
to continue to explore other immune cells as alternative
therapeutic tools [5].

As essential players in innate immunity, macrophages
play critical roles in host defense and tissue homeostasis
[6]. Owing to their excellent trafficking ability and natural
penetration capacity, unique immunomodulatory func-
tion, and phagocytosis and killing activity, engineered
macrophages have been exploited to establish novel cel-
lular immunotherapy approaches for malignancies [7].
Engineered macrophages have emerged as alternative
candidates for CAR-based therapies. Transducing mac-
rophages with CAR has been demonstrated to induce
effective antitumor effects in both preclinical models
and clinical trials [8—11]. Chimeric antigen receptor-
macrophages (CAR-Ms) specifically recognize cancer
cells for phagocytosis. In addition to direct phagocytosis
and killing, CAR-Ms can further activate the host adap-
tive immune response to generate synergistic antitumor
effects via antigen presentation and epitope spreading
[8].

The phenotypes and functions of macrophages are
plastic and switch dynamically in response to cytokines,
pathogen-associated molecular patterns and environ-
mental signals [6, 12]. Tumor-associated macrophages
(TAMs) are a complex and heterogeneous population
of cells within the tumor microenvironment (TME),
and they include antitumor (M1-like) macrophages
with tumoricidal activity and protumor (M2-like) mac-
rophages with immunosuppressive functions that sup-
port tumor growth and promote metastasis [13, 14].
Although M1-like macrophages have potential anti-
tumor effects, most TAMs behave as M2-like mac-
rophages and play a protumorigenic role. Thus, TAMs
have become a potential target for cancer immuno-
therapy. The high plasticity of macrophages has led to
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attempts to reprogram protumor macrophages toward
antitumor macrophages, which is a promising immuno-
therapeutic strategy based on macrophage function [13].
Accurately defining macrophage characteristics and sub-
populations is essential for advancing macrophage-based
immunotherapies.

Further improving CAR-M function may lead to
enhanced immunotherapeutic efficacy and the develop-
ment of potent treatments for solid tumors. Based on the
theory of macrophage polarization, we hypothesized that
polarizing M1-type CAR-Ms might enhance the pro-
inflammatory phenotype of macrophages and result in
enhanced antitumor therapeutic effects, with the poten-
tial to prime the adaptive antitumor immune response.
In this study, we artificially polarized CAR-Ms and eval-
uated their antitumor activity both in vitro and in vivo.
We found that although both CAR-Ms and M1-polarized
CAR-Ms could suppress the progression of solid tumors,
M1-polarized CAR-Ms exerted more potent therapeutic
effects than CAR-Ms. We performed a proof-of-prin-
ciple experiment in murine tumor models by applying
M1-polarized CAR-Ms for immunotherapy.

Materials and methods

Mice

Wild-type six- to eight-week-old female C57BL/6 mice
were purchased from the Experimental Animal Facility
of the Air Force Medical University, Xian, China, and
were bred in experimental animal facilities under specific
pathogen-free conditions. All animal studies in vivo were
conducted in compliance with institutional guidelines for
the humane treatment of animals and were approved by
the Institutional Animal Care and Use Committee of the
Air Force Medical University.

Cell lines

The cell lines MC38, B16F10, ID8, 293 T and J774A.1
were purchased from Procell Life Science & Technology
Co., Ltd., Wuhan, China. The murine tumor cell lines
MC38 and B16F10 were cultured in RPMI-1640 medium.
The IDS8, 293 T and J774A.1 cell lines were cultured in
high-glucose DMEM. All media were supplemented
with 10% FBS (Gibco), 100 uM nonessential amino acids
(Gibco), 2 mM L-glutamine (Gibco), and 1% penicil-
lin—streptomycin (Gibco). The cells were cultured in an
atmosphere of 5% CO, at 37 °C.

The murine tumor cell lines MC38 and ID8 were first
transduced with a lentiviral vector encoding luciferase
and mCherry. After sorting, the luciferase- and mCherry-
positive murine cell lines were further transduced with
lentivirus encoding a truncated human HER2 gene that
was expressed on the cell surface but was unable to
drive intercellular signal transduction. Flow cytometry
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was performed to sort cells with high HER2 expression,
which served as target cells in this study.

Bone marrow-derived macrophages (BMDMs) were
differentiated from bone marrow cells stimulated with
25 ng/ml M-CSF (PeproTech) for 7 days. Primary mac-
rophages were cultured in DMEM supplemented with
10% FBS.

Tumor models in vivo

Schematic diagrams of the tumor xenograft models are
shown in the first panel of each relevant figure. To estab-
lish a syngeneic tumor model, tumor cells in logarithmic
growth phase were harvested and suspended in cold PBS
for inoculation.

Briefly, for the intraperitoneal tumor-bearing model,
2*10°% Luc™ ID8-HER?2 cells were inoculated intraperito-
neally. Mice were intraperitoneally injected with mac-
rophages at 14 days and 21 days post inoculation. Tumor
burden was monitored with an IVIS system, and survival
was assessed daily.

For the subcutaneous tumor model, 2*10° B16F10-
HER2 melanoma cells were inoculated subcutaneously in
the right flank of C57BL/6 mice. When the average tumor
volume reached almost 50 mm? on day 7 after inocula-
tion, the mice were randomly divided into four groups
and received an intravenous infusion of engineered mac-
rophages. Tumor volumes were measured twice weekly
with an electronic caliper and were calculated according
to the formula (L x W x W)/2. Mice were weighed every
three days. Tumor-bearing mice were euthanized once
the tumor volume reached 2000 mm?,

For the lung metastasis model, 1*10° B16F10-HER2
cells were inoculated intravenously. Mice were rand-
omized on day 7 after B16F10-HER2 cell inoculation. The
infusion was split into repeated intravenous injections on
days 7 and 10 to achieve the required dose. On day 14,
the lungs were harvested and analysed.

Bioluminescence imaging was performed weekly using
the in vivo Imaging System (PerkinElmer), and data anal-
ysis was conducted using Livinglmage v4.3.1 (Caliper
Life Sciences).

Plasmid construction and lentivirus production

The anti-HER2 CAR sequence was synthesized and
cloned into the lentiviral vector backbone pRRLSIN.
cPPT.REFPL4b. All cloning steps were validated through
restriction enzyme digest reactions, and the whole con-
structs were sequenced. The transfer plasmid encod-
ing CAR, the viral envelope plasmid and the packaging
plasmid were cotransfected into HEK293T cells using
PEI transfection reagent (ACO04L091, Shanghai Life-
iLab Biotech). The lentivirus-containing supernatants
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from transfected 293 T cells were collected at 48 h and
72 h after transfection and filtered through a 0.45 pm
filter (Millipore). The filtered supernatants were mixed
with PEG6000 overnight at 4 °C and then concentrated
by centrifugation at 4500 x g for 30 min at 4 °C. Mac-
rophages were transduced with lentivirus at an MOI of
50 with 10 pg/ml polybrene.

Flow cytometry

Cells were prepared in flow cytometry buffer and stained
at 4 °C for 30 min with appropriate fluorescence-conju-
gated antibodies. The antibodies used for flow cytometry
analyses are listed in Additional file 1: Table S1. For each
test, 1*10° cells were collected for analysis. Flow cytom-
etry experiments were performed on a BD FACS Canto'"
II (BD Pharmingen, San Diego, CA, USA) and were ana-
lyzed using FlowJo software (TreeStar, Ashland, OR,
USA).

Anti-HER2-CAR expression in primary murine mac-
rophages was detected with recombinant HER2 protein
conjugated with a His tag. A two-step staining protocol
was performed: human HER2 protein containing a His
tag (10004-HO8H-100, Sino Biological) was incubated
with the macrophages for 2 h at 4 °C, followed by staining
with APC conjugated antibody that recognized the His
tag portion of the recombinant HER2 protein for the flow
cytometry assay.

Flow cytometry-based phagocytosis assay

A total of 1¥10° GFP-Ms or anti-HER2 CAR-Ms (treated
with 4 pg/ml puromycin for 48 h after lentiviral trans-
duction to screen transduced cells) were cocultured
with 2*10* mCherry-expressing target cells with cell—cell
contact for 1 h at 37 °C. After coculture, total cells were
harvested, washed with PBS and then analyzed by flow
cytometry. The percentage of mCherry-expressing cells
within the GFP-positive macrophage population repre-
sented the target cells phagocytosed by macrophages.

In vitro cytotoxicity assay

Luciferase-expressing MC38-HER2 cells were used as
targets in luciferase-based killing assays. For the cocul-
ture killing assay in vitro, macrophages were plated at a
density of 2*10* per well in a white 96-well microplate
and allowed to adhere for 6 h. Luct MC38-HER2 cells
were placed at different E:T ratios and cocultured with
macrophages for 24 h or 48 h at 37 °C. Bioluminescence
was measured with an IVIS Spectrum (PerkinElmer).
Specific lysis was calculated on the basis of the luciferase
signal relative to that of tumor cells alone using the fol-
lowing formula. Three independent experiments were
performed.
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Lysis (%) = [(Sample signal—Tumor only signal)]/[(Background signal—Tumor only signal)]«100

Microscopy

1*10° macrophages were plated in 24-well plates.
mCherry"™ MC38-HER?2 cells were added and cocultured
at 37 °C for the indicated times. The phagocytic events in
three random fields per well were averaged for triplicate
wells.

Macrophage polarization

For Ml-type macrophage polarization, bone marrow-
derived macrophages were stimulated with 20 ng/ml recom-
binant mouse interferon-y (50709-MNAH, Sino Biological)
and 50 ng/ml lipopolysaccharide (L5293, Sigma—Aldrich
Trading) for 24 h. Polarized macrophages were washed with
PBS before infusion.

Real-time PCR

Total RNA was extracted using a MiniBEST Universal RNA
Extraction Kit (9767, Takara). 1 g of total RNA was reverse
transcribed using the PrimeScript Reverse Transcriptase Kit
(Takara). For real-time PCR, template cDNA, primers, and
TB Green Fast qPCR Mix (Takara) were mixed according
to the manufacturer’s instructions. The housekeeping gene
GAPDH was used for normalization of the samples. The
relative mRNA levels (fold changes) of each gene among
the different samples were quantified using the comparative
2~ AAC method. The primers were synthesized by Tsingke
Biotechnology.

Cytokine ELISA

Mouse IL-1p (VAL601, Bio-Techne China), IL-12p70
(VAL606, Bio-Techne China), and TNF-a (VAL609,
Bio-Techne China) concentrations in cell culture super-
natants were assayed using commercial ELISA kits
according to the manufacturer’s instructions.

Statistics

Statistical analysis was performed with GraphPad Prism
9.4 (GraphPad). The statistical significance of differences
between different groups was calculated using ANOVA
with a multiple comparisons test. The statistical significance
of Kaplan—Meier survival was calculated via the log-rank
Mantel-Cox test. For all statistics in this study, * indicates
P <0.05, * indicates P <0.01, *** indicates P <0.001.

Results

Anti-HER2 CAR-Ms specifically target HER2-positive cancer
cells

We designed novel anti-HER2 CAR-Ms (hereaf-
ter referred to as CAR-Ms). The extracellular antigen

recognition domain was derived from a humanized
single-chain antibody variable region (scFv) and recog-
nized the HER2 antigen with high affinity, as reported
previously [15]. The hinge domain was part of the murine
CD28 extracellular sequence, and the transmembrane
and intracellular signal domains were from the Fc recep-
tor I common y subunit, a canonical signaling molecule
that triggers engulfment in macrophages (Fig. 1A). The
intracellular domain of FcyRI contains immunoreceptor
tyrosine-based activation motifs (ITAMs), which pro-
mote phagocytosis and activation of macrophages. Our
CAR constructs also contain green fluorescent protein
(GFP) to serve as a marker for transduction. Control
macrophages were transduced with GFP-empty vector
and were named GFP-Ms. Anti-HER2 CAR sequences
were synthesized and cloned into the lentiviral plasmid
backbone pRRLSIN.cPPT. RFPL4b to construct the len-
tiviral vector. Using a third-generation lentiviral packag-
ing system, the virus was produced in 293 T cells. The
lentiviral supernatants were concentrated and added
to murine BMDMs for transduction (Fig. 1B). Primary
BMDMs exhibited approximately 95% purity, as indicated
by CD11b and F4/80 staining via flow cytometry (Addi-
tional file 1: Fig. S1). Flow cytometry analysis demon-
strated that lentiviral transduction led to GFP expression
in primary macrophages with high efficiency (Fig. 1C).
Over 80% of macrophages were GFP-positive at 72 h
after lentiviral infection in both the GFP-M and CAR-M
groups, indicating high CAR transduction efficiency. To
further confirm CAR expression on transduced mac-
rophages, recombinant HER2 protein containing a His
tag was incubated with macrophages and then detected
by flow cytometry with anti-His-APC antibodies. The
flow cytometry results showed that CAR-positive mac-
rophages accounted for more than 80% of cells in the
CAR-M group (Fig. 1D), which was basically consist-
ent with the proportion of GFP-positive macrophages
detected. These results indicated that CAR could be effi-
ciently transduced into macrophages.

To determine whether CAR-Ms specifically recog-
nize HER2-positive tumor cells, we constructed a lenti-
viral vector that expressed a truncated human ERBB2
gene. This truncated gene encoded the extracellular and
transmembrane domains of the human HER2 protein,
and when it was expressed on HER2-negative cells, it
could endow those cells with epitopes from the HER2
antigen while avoiding the effects of HER2 signaling.
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Fig. 1 Anti-HER2 CAR-Ms specifically target HER2-positive cancer cells. A A diagram of the anti-HER2-CAR construct. B Overview of primary
macrophage differentiation from bone marrow and the lentivirus transduction protocol. C Representative flow cytometry analysis of the CAR
transduction frequency in lentivirus-transduced primary macrophages after 72 h. D Representative flow cytometry analysis of CAR expression on
macrophages after lentivirus transduction, with recombinant HER2 protein binding and staining with an APC-conjugated anti-His tag antibody.
E-F Representative flow cytometry analysis of HER2 expression in sorted cells of the murine tumor cell lines MC38 (E) and B16F10 (F) after stable
transduction with the truncated HER2 lentivirus. G Flow cytometry-based phagocytosis of mCherryt MC38-wild type or mCherry™ MC38-HER2
target cells by anti-HER2 CAR-Ms at an E:T=5:1 ratio. The double-positive cell population represents the target cells engulfed by macrophages. H
Luciferase-based killing assay of Luct MC38-wild type or Luc™ MC38-HER2 target cells by anti-HER2 CAR-Ms at an E:T = 5:1 ratio in vitro. ***, p <0001
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MC38 murine colorectal adenocarcinoma cells and
B16F10 melanoma cells were first infected with lentivi-
rus encoding luciferase and mCherry. These cells were
then further infected with lentivirus expressing truncated
human HER2, and cells stably expressing high levels of
human truncated HER2 were detected by flow cytometry
(Fig. 1E, F). We next incubated CAR-Ms with either Luc™
MC38 cells or HER2-expressing Luct MC38-HER?2 cells.
We found that CAR-Ms engulfed tumor cells in an anti-
gen-specific manner (Fig. 1G) and that HER2-expressing
tumor cells were more likely to be killed by CAR-Ms
(Fig. 1H). These data demonstrated that CAR-Ms were
able to specifically target HER2-positive cancer cells.

M1 polarization enhances CAR-M phagocytosis
and cytotoxic effects
To assess phagocytosis in macrophages, GFP-Ms and
CAR-Ms were coincubated with mCherry-expressing
MC38-HER?2 cells. The results of fluorescence micros-
copy showed that although GFP-Ms could hardly engulf
tumor cells, CAR-Ms had a significant phagocytic effect,
and the phagocytosis capacity of both GFP-Ms and CAR-
Ms was significantly improved after M1 polarization
(Fig. 2A, C). In flow cytometry analysis, we obtained the
same results as fluorescence microscopy imaging. The
double-positive cells of mCherry and GFP represented
macrophages that had engulfed tumor cells in the flow
cytometry-based phagocytosis assay. We found that only
approximately 1% of GFP-Ms engulfed tumor cells, while
the proportion of phagocytosis increased to 4.2% after
M1 polarization. Similarly, the proportion of tumor cell
phagocytosis of CAR-Ms increased significantly from
6.75% to 11.7% after M1 polarization (Fig. 2B, D). This
result was consistent with the phagocytosis of HER2-
positive tumor cells by CAR-Ms derived from the murine
J774A.1 macrophage cell line (Additional file 1: Fig. S2A,
B). Overall, these data clearly suggested that CAR-Ms can
efficiently engulf HER2-positive tumor cells and that M1
polarization can further enhance this phagocytic effect.
We next evaluated the cytotoxic effect of CAR-Ms
in vitro through a luciferase-based bioluminescence
assay. Our data showed that the cytotoxicity of CAR-Ms
was associated with the effector-to-target ratio (E:T).

(See figure on next page.)
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With a gradual increase in the E:T ratio, the killing activ-
ity of CAR-Ms increased accordingly (Fig. 2E). When the
E:T ratio reached 10:1, the killing effect of CAR-Ms on
Luct MC38-HER2 tumor cells reached approximately
50% after coculture of the target cells with CAR-Ms for
24 h. As expected, the killing capacity of CAR-Ms was
further enhanced after M1 polarization, resulting in
the elimination of approximately 70% of cancer cells in
24 h. In contrast, macrophages transduced with empty
GEFP vector showed neither potent tumor-killing effects
nor significant dose-dependent activity (Fig. 2E). CAR-
mediated killing potential was also evaluated using the
J774A.1 macrophage cell line, and a time- and dose-
dependent tendency was observed (Additioanl file 1:
Fig. S3A-D). In addition, we used YOYO3, a far-red flu-
orescent dye, to label dead tumor cells and found that
coculture of CAR-Ms and M1-polarized CAR-Ms with
HER2-positive tumor cells resulted in obvious YOYO3-
positive dead cells, and there were more dead tumor cells
in the M1-polarized CAR-M group (Additioanl file 1: Fig.
S3E, F), indicating that CAR-Ms exhibit stronger antitu-
mor activity after M1 polarization.

M1 polarization enhances CAR-M proinflammatory
cytokine secretion

To assess the phenotype of CAR-Ms, we examined the
expression of the costimulatory ligands CD80 and CD86
by flow cytometry. The results showed that the expres-
sion levels of both CD80 and CD86 increased on mac-
rophages after coculturing CAR-Ms with MC38-HER2
cells (Fig. 3A, B), suggesting an enhanced antigen pres-
entation function and activated status of CAR-Ms. In
addition, the expression of CD80 and CD86 was further
increased when the macrophages were stimulated with
LPS and IFN-y before coculture with HER2-positive can-
cer cells in both the GFP-M and CAR-M groups (Fig. 3A,
B). These results demonstrated that when macrophages
were pretreated with M1 stimuli, CAR-Ms obtained
stronger antigen presenting ability.

We then asked whether M1 polarization could induce
higher proinflammatory gene expression in CAR-Ms.
Klichinsky and his colleagues described an adenoviral-
based strategy to manufacture CAR-M with primary
human monocytes and macrophages. They found that

Fig. 2 CAR-M-mediated phagocytosis and cytotoxicity were enhanced after M1-type polarization. A Representative fluorescence microscopy
images showing GFP-positive macrophage-mediated phagocytosis after 4 h of coincubation with mCherry™ MC38-HER?2 cells, scale bar: 50 um. B
Representative flow cytometry analysis of the phagocytosis of mCherryt MC38-HER2 target cells by control or M1-polarized macrophages at an
ET=5:1 ratio. The double-positive cell population represents the target cells engulfed by macrophages. C Quantitative analysis of the data from
(A). Three random fields of view were assessed per replicate, and data are represented as the mean = SEM. of three independent experiments.

D Statistical analysis of the percentage of phagocytosis by flow cytometry. Three independent experiments were performed. Data are shown as
the mean = SEM. E Cytotoxicity was evaluated by a luciferase-based killing assay with Luc* MC38-HER2 target cells and macrophages after 24 h
of coculture at different ET ratios in vitro. Data are represented as the mean =+ SEM. of three independent experiments. *, p < 0.05; **, p <0.01; ***,

p<0.001
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Fig. 3 M1-polarized CAR-Ms exhibited stronger proinflammatory phenotypes than CAR-Ms. A-B Flow cytometry analysis and quantitative analysis
of the mean fluorescence intensity (MFI) of the activation markers CD80 (A) and CD86 (B) on macrophages after coculture with MC38-HER2 target
cells. C-E Normalized gene expression analysis of the proinflammatory cytokines -6 (C), I-12 (D), and Tnf-a (E) by gRT-PCR. F-H ELISA to detect
secreted proinflammatory cytokines, including IL-12p70 (F), IL-1B (G) and TNF-a (H), in the supernatants of cocultures of macrophages with target
cells after 24 h. *, p<0.05; **, p<0.01; *** p<0.001

CAR-Ms generated with Ad5f35 were shown to elimi-  Ad5f35, is ubiquitously expressed in humans, expression
nate tumor cells more effectively than the control in vitro  of mouse CD46 is limited to the testes [16]. Therefore,
and in vivo. Notably, transduction of macrophages with  Ad5f35 is not effective in infecting murine-derived cells.
Ad5f135 led to the induction of a durable M1 phenotype In this study, we established a lentivirus-based strategy
[8]. However, whereas CD46, the cellular receptor of for mouse macrophage infection. We found that lentiviral
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transduction did not result in a significant change in the
expression of proinflammatory cytokine genes (Addi-
tional file 1: Fig. S4A) and costimulatory molecules in
either GFP-Ms or CAR-Ms (Additional file 1: Fig. S4B,
C). However, the qPCR results showed that although
the increase in [l-12 was not statistically significant, the
expression of the proinflammatory cytokines //-6 and
Tnf-a was significantly higher in the CAR-M group than
in the GFP-M group, and both the GFP-M and CAR-M
groups exhibited increased 1l-6, Il-12 and Tnf-a expres-
sion after coculture of engineered macrophages with
MC38-HER?2 cells (Fig. 3C-E), demonstrating that the
proinflammatory phenotype was triggered by the inter-
action between macrophages and tumor cells rather than
by lentiviral infection. More importantly, the elevated
expression of IL-12p70, IL-1f and TNF-a in M1-polar-
ized macrophages was further confirmed by ELISA
(Fig. 3F-H), indicating that the proinflammatory phe-
notype of CAR-Ms was significantly enhanced after M1
polarization.

M1 polarization enhances the antitumor effect of CAR-Ms
in an intraperitoneal tumor-bearing model of ovarian
cancer

To evaluate the antitumor effects of CAR-Ms in vivo,
we first established an ovarian cancer intraperitoneal
tumor-bearing model in mice (Fig. 4A). After the Luc™
ID8-HER2 cells were inoculated intraperitoneally, the
mice were intraperitoneally injected with macrophages
at 14 days and 21 days post inoculation. We found that
compared with GFP-M administration, CAR-M treat-
ment significantly suppressed the progression of ovar-
ian cancer. In addition, although M1-polarized GFP-Ms
could prolong the survival of ID8-HER2 tumor-bearing
mice, Ml-polarized CAR-Ms showed the strongest
tumor inhibition effect by effectively reducing the tumor
burden and extending the overall survival of tumor-bear-
ing mice (Fig. 4C, E, F). Importantly, with the prolifera-
tion of ovarian cancer cells in the peritoneal cavity, the
mice in the GFP control groups gradually became visibly
sick and began to develop bloody ascites in the abdomi-
nal cavity, while mice in the CAR group developed ascites
later and significantly less, and mice in the M1-polarized
CAR group showed the least bloody ascites accumula-
tion (Fig. 4B). In addition, although all tumor-bearing
mice gained weight due to ascites six weeks after tumor
cell inoculation, the weight gain in the CAR-M group was
significantly smaller than that in the control GFP group
(Fig. 4D). The above results suggested that local injection
of engineered CAR-Ms, especially M1-polarized CAR-
Ms, into the peritoneal cavity could effectively suppress
the progression of intraperitoneal ovarian cancer.
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M1-polarized CAR-Ms exhibit a stronger tumor rejection
effect in a subcutaneous tumor model

To further investigate whether CAR-Ms could elicit effec-
tive antitumor immunity, we evaluated the therapeutic
effect of systemic CAR-M infusion on tumor progres-
sion in a syngeneic subcutaneous melanoma model. Mice
received a single dose of macrophages via intravenous
injection 1 week after B16F10-HER2 cell implantation
(Fig. 5A). As early as 24 h after injection, GFP-positive
CAR-M cells were detected in tumor tissue (Fig. 5B).
We found that mice adoptively transferred with GFP-M
or GFP-M1 could not suppress tumor growth. However,
there was a significant reduction in tumor burden in the
CAR-M and CAR-M1 groups, and the most potent anti-
tumor effect was observed in the CAR-M1 treatment
group (Fig. 5C, F). Although most tumor-bearing mice
eventually showed progression, a single i.v. administra-
tion of CAR-M1 led to a significantly prolonged overall
survival time (Fig. 5D). Overall, these results indicated
that intravenous infusion of M1-polarized CAR-Ms led
to enhanced antitumor activity in the B16F10 melanoma
model.

To evaluate the safety of CAR-Ms for immunotherapy,
we monitored toxic reactions, including body weight
changes, in tumor-bearing mice posttreatment and per-
formed histopathological analysis of major organs at the
endpoints of the experiment. No significant difference in
body weight changes was observed among tumor-bear-
ing mice from all treatment groups (Fig. 5E). HE stain-
ing analysis of major organs, including the lungs, liver,
kidney, and spleen, showed no significant abnormalities
in the GFP-M treatment groups or in the CAR-M and
M1-polarized CAR-M treatment groups (Additional
file 1: Fig. S5A). These results demonstrated that CAR-M
treatment was safe and feasible, and no significant toxic
reactions associated with treatment were observed in our
study.

M1-polarized CAR-Ms inhibit tumor progression in a lung
metastasis model

Previous studies have shown that macrophages accumu-
late in the lung after venous infusion. We established a
syngeneic melanoma lung metastasis model in which
human HER2-expressing B16F10-HER2 melanoma cells
were implanted intravenously. On days 7 and 10 after
tumor cell implantation, engineered macrophages were
infused intravenously as shown in Fig. 6A. On day 14,
the mice were sacrificed, and we found that the number
of metastatic nodules in the lungs of mice treated with
CAR-Ms and M1l-polarized CAR-Ms was significantly
reduced (Fig. 6B, C). In addition, we detected a signifi-
cant reduction in the metastatic burden by evaluating the
lung weight-to-body weight ratio (Fig. 6D). HE staining
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analysis also showed that the area of metastasis in the systemic administration of CAR-Ms could significantly
lung tissue was significantly reduced after CAR-M and  reduce the metastatic tumor burden in the lung coloniza-

CAR-M1 infusion (Fig. 6E). These results suggested that  tion model.
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Discussion

CARs are synthetic receptors expressed on immune
cells via genetic engineering. They contain an extracel-
lular antigen recognition domain derived from a single
chain antibody variable fragment or a bound receptor/
ligand, a hinge, a transmembrane domain, and an intra-
cellular signaling activation domain that triggers immune
cell activation [17]. CARs allow effector cells to specifi-
cally recognize target antigens and induce immune cells
to exert cytotoxic effects. CARs were first used to arm T
lymphocytes, and CAR-T therapies have achieved excel-
lent efficacy in the treatment of certain hematologic

(See figure on next page.)

¥ p<0.05;*, p<0.01;** p<0.001

malignancies, including B-cell-derived leukemia and
lymphoma [18-20]. The success of CAR-T therapy for
hematological malignancies has prompted the applica-
tion of this approach in solid cancers. However, the dis-
semination of CAR-T cells in solid tumors has not been
satisfactory. The main factors that limit the effects of
CAR-T cells in solid tumors include poor trafficking and
infiltration, an immunosuppressive tumor microenviron-
ment, CAR-T exhaustion, and the antigen heterogeneity
of solid tumors, which lead to poor killing function [21].
Researchers have programmed other immune cells with
CAR, such as natural killer cells [22], gamma-delta T

Fig. 6 Systemic administration of M1-polarized CAR-Ms resulted in a potent antitumor response in a melanoma lung metastasis model. A An
illustration of the experimental design. B Representative gross images of lungs excised from the indicated treatment groups at the experimental
endpoint. C Quantitative analysis of metastatic foci from (B). Data are shown as the mean = SEM. D Antitumoural efficacy was assessed by the lung
weight-to-body weight ratio of mice bearing intravenous B16F10-HER2 cells posttreatment. E Lung metastatic burden assessed by HE staining. ¥,

p<0.05;* p<0.01; ** p<000]1
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cells [23], and macrophages [8], aiming to enhance CAR-
mediated therapeutic effects, and some of these candi-
dates have shown potential to overcome some defects of
CAR-T cells. However, continued exploration is required
to identify better therapeutic candidates for solid tumors.

As professional antigen-presenting cells in the innate
immune system, macrophages exert powerful phagocytic
and cytotoxic effects, prime adaptive immune responses
through antigen presentation, and secrete a series of
proinflammatory cytokines and chemokines, which play
a central role in defense against pathogens [6]. More
importantly, macrophages are abundant in most solid
tumors. They can efficiently penetrate and persist in solid
tumor tissues, including breast and lung tumor tissues
[24]. These characteristics make macrophages more suit-
able for the role of CAR carrier cells. Several CAR-M-
based clinical trials have been approved by the FDA [25].
By introducing CAR into macrophages, specific CAR-
mediated recognition further enhances macrophage
phagocytosis, killing and antigen presentation. CAR-Ms
enable epitope spreading and are able to overcome anti-
gen escape in solid tumors [8]. In addition, CAR-Ms
secrete proinflammatory cytokines and chemokines to
improve the immunosuppressive TME and promote
T-cell recruitment into the TME. All these properties
suggest that CAR-Ms may have certain advantages over
CAR-T cells in treating solid tumors.

To develop an efficient CAR structure for mac-
rophages, we chose a humanized single-chain antibody
targeting HER2 as the recognition region. The FcR com-
mon Yy subunit, which can trigger phagocytosis and has
often been used in other constructs [26-28], was fused
to the C-terminus of the scFv (Fig. 1A). High transfection
efficiency was achieved using a lentivirus transduction
system (Fig. 1C, D). Our data suggested that the novel
CAR-Ms we designed could efficiently phagocytose and
kill HER2-positive tumor cells in vitro (Fig. 2).

Macrophages are highly heterogeneous immune cells
that exhibit different polarization characteristics in
response to various microenvironmental signals. Proin-
flammatory M1 and anti-inflammatory M2 macrophages
coexist within the tumor microenvironment (TME).
In most solid tumors, M2-like macrophages dominate
tumor-associated macrophages (TAMs), and they sup-
port tumor growth, promote angiogenesis, facilitate inva-
sion and metastasis, and mediate treatment resistance
and immunosuppression [24]. As TAMs account for the
majority of infiltrating immune cells and are highly plas-
tic in the TME [29, 30], strategies have been developed
to reeducate M2 macrophages to generate M1 mac-
rophages. Blocking the CD47-SIRPa signaling axis and
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activating TLR or CD40 signaling have been demon-
strated to promote TAM repolarization and have shown
promising therapeutic effects in preclinical models [31].
Recent studies have shown that monophosphatidyl lipid
A (MPLA) combined with IFN-y can promote repro-
gramming of TAMs in situ [32]. Exosomes loaded with
oligonucleotides targeting STAT6, a key transcription
factor that regulates the polarization of M2-type mac-
rophages, were delivered to tumor tissues to reprogram
TAMs toward tumoricidal macrophages [33]. These stud-
ies suggest that reprogramming macrophages toward
M1-like macrophages could induce potent antitumor
therapeutic effects.

The therapeutic potential of a defined subpopulation
of macrophages has also been explored extensively [34].
Rybalko et al. demonstrated that M1-polarized mac-
rophages could promote muscle functional recovery and
inhibit fibrotic tissue deposition [35]. Ma et al. demon-
strated that Ml-polarized macrophages ameliorated
liver fibrosis in mice and exerted therapeutic effects by
recruiting endogenous immune cells to modulate the
immune microenvironment. Moreover, M1-polarized
macrophages had a similar distribution and could main-
tain their polarized phenotypes for at least 14 days in vivo
[36]. Michael et al. also demonstrated that the M1 pheno-
type could be maintained for at least 40 days after viral
transduction [8]. These studies suggested that the admin-
istration of polarized macrophages might have a better
therapeutic effect than the administration of unstimu-
lated macrophages.

A key issue affecting the clinical application of CAR-M-
based immunotherapy is how a proinflammatory pheno-
type of CAR-Ms can be acquired or strengthened within
the immunosuppressive TME. Klichinsky et al. demon-
strated that macrophages transduced with the replica-
tion-deficient adenovirus Ad5f35 exhibited an M1-like
proinflammatory phenotype along with efficient CAR
expression, which persisted and facilitated TME remod-
eling in vivo [8]. Fiber-substituted adenovirus serotype
5 vectors containing the fiber protein from adenovi-
rus serotype 35 (Ad5f35) exhibit properties that render
them suitable as a platform for targeted adenovirus vec-
tors. Ad5F35 exhibits efficient transduction in a variety
of human cells in vitro. In contrast, systemic administra-
tion of Ad5f35 vectors into mice mediates low levels of
transduction efficiencies in organs. The refractoriness
of mice to Ad5f35 vectors is due to the low expression
of CD46, the receptor of Ad5f35, in mouse cells [16]. In
this study, we used a lentivirus system to infect murine-
derived macrophages. Our data demonstrated that mac-
rophages did not exhibit an activation state similar to that
observed after exposure to adenovirus after lentivirus
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transduction, indicating that lentivirus transduction itself
did not directly induce a proinflammatory phenotype.
Previous studies have shown that IFN-y pretreatment
enhanced the proinflammatory phenotype of mac-
rophages and was well tolerated in cancer patients [37].
These studies suggest that CAR-Ms may further enhance
cytotoxic antitumor activity after M1-type polarization.

Phagocytosis, cytokine and chemokine production,
and antigen presentation function can be significantly
enhanced after M1 polarization in vitro. We hypoth-
esized that antitumor effects may be further enhanced
after the administration of M1-polarized CAR-Ms. To
polarize macrophages toward the M1 phenotype, we
pretreated macrophages with LPS and IFN-y before infu-
sion. Our data showed that the phagocytosis of CAR-
Ms was further enhanced after M1 polarization in vitro.
M1l-polarized CAR-Ms were more potent in Kkilling
cancer cells and could produce more proinflammatory
cytokines. The in vivo antitumor effects of M1-polar-
ized CAR-Ms were further confirmed in several murine
tumor models, including primary tumor and metastatic
tumor models by local or systemic injection models.

A critical limitation of the clinical application of CAR-T
cells is cytokine release syndrome associated with CAR-
T-cell expansion, which causes an inflammatory cytokine
storm [38]. It is reasonable to have similar concerns
about the application of CAR-Ms. However, although
M1-type polarization induced high levels of proinflam-
matory cytokine production in vitro, we did not observe
severe systemic cytotoxicity associated with CAR-M
administration, indicating that CAR-M treatment is safe
and well tolerated.

It should be noted that although M1-type polariza-
tion in vitro is a powerful approach, it induces a tran-
sient proinflammatory phenotype, and we were not able
to measure how long the macrophages maintained their
M1 polarization status in vivo. Therefore, it is essential to
explore approaches to promote a more stable and durable
M1-type polarization status to enhance CAR-M efficacy,
as well as to investigate other approaches to optimize
CAR-Ms and overcome known challenges, such as anti-
gen heterogeneity in solid tumors [39]. In addition, the
M1/M2 classification method we used to describe the
polarization state of macrophages in our study is chang-
ing. In fact, macrophages are highly plastic immune cells,
and their polarization is a dynamic and complex process.
The simple M1/M2 polarization paradigm, especially in
the in vivo microenvironment, is limited in describing
macrophage phenotypes, and macrophage heterogeneity
should be described according to its function [13]. How-
ever, the M1/M2 paradigm is still widely used in the lit-
erature, especially for inducing macrophages to display
proinflammatory or antiinflammatory phenotypes. This
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classification is simple and effective, which is sufficient to
meet the needs in our study.

In conclusion, our results showed that M1-polarized
CAR-Ms exhibited enhanced antitumor efficacy and rep-
resent a promising approach for adoptive immune cell
therapy.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-023-04061-2.

Additional file 1: Fig. S1. The purity of macrophages differentiated from
bone marrow cells. Fig. S2. CAR-mediated phagocytosis in J774A.1 mac-
rophages. Fig. $3. M1-polarized CAR-Ms induce killing effects in vitro. Fig.
S4. Lentiviral transduction does not induce a proinflammatory phenotype
in macrophages. Fig. S5. Evaluation of the side effects of M1-polarized
CAR-M treatment. Table S1. The antibody resources used for flow cytom-
etry analyses in the study.

Acknowledgements
We thank American Journal Experts (www.aje.cn) for its linguistic assistance
during the preparation of this manuscript.

Author contributions

TW, AY and LS conceived the ideas, designed the research and supervised the
project. YH, HZ, and LS performed the experiments and analyzed the data.
WZ,YH, HL, MS and LZ helped in performing the experiments. YH and TW
wrote the manuscript. All authors contributed to the article and approved the
submitted version. All authors read and approved the final manuscript.

Funding

This work was supported by grants from the National Natural Science Founda-
tion of China (82073361 and 81773003), the State Key Laboratory of Cancer
Biology Project (CBSKL2019Z720 and CBSKL20227721), the Key R&D Plan of
Shaanxi Province (2020SF-201), and the Xi'an Municipal Health Commission
grant (2022ms06). The funding sources were not involved in the study design;
in the collection, analysis, and interpretation of data; in the writing of the
report; or in the decision to submit this article for publication.

Availability of data and materials

The original contributions presented in the study are included in the article/
Additional file, and further inquiries can be directed to the corresponding
author.

Declarations

Ethics approval and consent to participate
The research was approved by the Institutional Animal Care and Use Commit-
tee of the School of Medicine, Air Force Medical University.

Consent for publication
All subjects provided written informed consent.

Competing interests
The authors declare that they have no competing interests.

Author details

'State Key Laboratory of Cancer Biology, Department of Immunology, Air
Force Medical University, Xi'an, Shaanxi, China. State Key Laboratory of Cancer
Biology, Department of Medical Genetics and Developmental Biology, Air
Force Medical University, Xi'an, Shaanxi, China. 3Department of Laboratory
Medicine, 941 Hospital of Joint Logistics Support Force of PLA, Xining, Qinghai,
China. *Department of Spine Surgery, Honghui Hospital, Xi'an Jiaotong Uni-
versity, Xi'an, Shaanxi, China. °The Second Clinical Medical College of Lanzhou
University, Lanzhou University, Lanzhou, Gansu, China.


https://doi.org/10.1186/s12967-023-04061-2
https://doi.org/10.1186/s12967-023-04061-2
http://www.aje.cn

Huo et al. Journal of Translational Medicine (2023) 21:225

Received: 19 January 2023 Accepted: 12 March 2023
Published online: 28 March 2023

References

1.

20.

21.

22.

23.

June CH, O'Connor RS, Kawalekar OU, Ghassemi S, Milone MC. CART cell
immunotherapy for human cancer. Science. 2018;359:1361-5.

Finck AV, Blanchard T, Roselle CP, Golinelli G, June CH. Engineered cellular
immunotherapies in cancer and beyond. Nat Med. 2022,28:678-89.

Hou AJ, Chen LC, Chen YY. Navigating CAR-T cells through the solid-
tumour microenvironment. Nat Rev Drug Discov. 2021;20:531-50.

Irvine DJ, Maus MV, Mooney DJ, Wong WW. The future of engineered
immune cell therapies. Science. 2022;378:853-8.

Lin C, Zhang J. Chimeric antigen receptor engineered innate immune
cells in cancer immunotherapy. Sci China Life Sci. 2019;62:633-9.

Park MD, Silvin A, Ginhoux F, Merad M. Macrophages in health and
disease. Cell. 2022;185:4259-79.

Anderson NR, Minutolo NG, Gill S, Klichinsky M. Macrophage-based
approaches for cancer immunotherapy. Cancer Res. 2021;81:1201-8.
Klichinsky M, Ruella M, Shestova O, Lu XM, Best A, Zeeman M, Schmierer
M, Gabrusiewicz K, Anderson NR, Petty NE, et al. Human chimeric antigen
receptor macrophages for cancer immunotherapy. Nat Biotechnol.
2020;38:947-53.

Zhang L, Tian L, Dai X, Yu H, Wang J, Lei A, Zhu M, Xu J, Zhao W, Zhu Y,

et al. Pluripotent stem cell-derived CAR-macrophage cells with antigen-
dependent anti-cancer cell functions. J Hematol Oncol. 2020;13:153.
Niu Z, Chen G, Chang W, Sun P, Luo Z, Zhang H, Zhi L, Guo C, Chen H,
Yin M, Zhu W. Chimeric antigen receptor-modified macrophages trigger
systemic anti-tumour immunity. J Pathol. 2021,253:247-57.

. Zhang W, Liu L, Su H, Liu Q, Shen J, Dai H, Zheng W, Lu Y, Zhang W, Bei

Y, Shen P. Chimeric antigen receptor macrophage therapy for breast
tumours mediated by targeting the tumour extracellular matrix. Br J
Cancer. 2019;121:837-45.

Kadomoto S, Izumi K, Mizokami A. Macrophage polarity and disease
control. Int J Mol Sci. 2021. https://doi.org/10.3390/ijms23010144.
Mantovani A, Allavena P, Marchesi F, Garlanda C. Macrophages as tools
and targets in cancer therapy. Nat Rev Drug Discov. 2022;21:799-820.
Christofides A, Strauss L, Yeo A, Cao C, Charest A, Boussiotis VA. The
complex role of tumor-infiltrating macrophages. Nat Immunol.
2022;23:1148-56.

Ou-Yang Q,Yan B, Li A, Hu ZS, Feng JN, Lun XX, Zhang MM, Zhang MD,
Wu KC, Xue FF, et al. Construction of humanized anti-HER2 single-chain
variable fragments (husFvs) and achievement of potent tumor suppres-
sion with the reconstituted husFv-Fdt-tBid immunoapoptotin. Biomateri-
als. 2018;178:170-82.

Sakurai F, Kawabata K, Koizumi N, Inoue N, Okabe M, Yamaguchi T, Hay-
akawa T, Mizuguchi H. Adenovirus serotype 35 vector-mediated trans-
duction into human CD46-transgenic mice. Gene Ther. 2006;13:1118-26.
Feins S, Kong W, Williams EF, Milone MC, Fraietta JA. An introduction to
chimeric antigen receptor (CAR) T-cell immunotherapy for human cancer.
Am J Hematol. 2019;94:53-9.

June CH, Sadelain M. Chimeric antigen receptor therapy. N Engl J Med.
2018;379:64-73.

Young RM, Engel NW, Uslu U, Wellhausen N, June CH. Next-generation
CART-cell therapies. Cancer Discov. 2022;12:1625-33.

Melenhorst JJ, Chen GM, Wang M, Porter DL, Chen C, Collins MA, Gao P,
Bandyopadhyay S, Sun H, Zhao Z, et al. Decade-long leukaemia remis-
sions with persistence of CD4(+) CART cells. Nature. 2022;602:503-9.
Andrea AE, Chiron A, Mallah'S, Bessoles S, Sarrabayrouse G, Hacein-Bey-
Abina S. Advances in CAR-T cell genetic engineering strategies to over-
come hurdles in solid tumors treatment. Front Immunol. 2022;13:830292.
Gong Y, Klein Wolterink RGJ, Wang J, Bos GMJ, Germeraad WTV. Chimeric
antigen receptor natural killer (CAR-NK) cell design and engineering for
cancer therapy. J Hematol Oncol. 2021;14:73.

Makkouk A, Yang XC, Barca T, Lucas A, Turkoz M, Wong JTS, Nishimoto

KP, Brodey MM, Tabrizizad M, Gundurao SRY, et al. Off-the-shelf Vdelta1
gamma delta T cells engineered with glypican-3 (GPC-3)-specific chi-
meric antigen receptor (CAR) and soluble IL-15 display robust antitumor
efficacy against hepatocellular carcinoma. J Immunother Cancer. 2021.
https://doi.org/10.1136/jitc-2021-003441.

Page 15 of 15

24. Cassetta L, Pollard JW. Targeting macrophages: therapeutic approaches in
cancer. Nat Rev Drug Discov. 2018;17:887-904.

25. Sloas C, Gill S, Klichinsky M. Engineered CAR-macrophages as adoptive
immunotherapies for solid tumors. Front Immunol. 2021;12: 783305.

26. Morrissey MA, Williamson AP, Steinbach AM, Roberts EW, Kern N, Headley
MB, Vale RD. Chimeric antigen receptors that trigger phagocytosis. Elife.
2018. https://doi.org/10.7554/elife.36688.

27. LiuM, Liu J, Liang Z, Dai K, Gan J, Wang Q, Xu Y, Chen YH, Wan X. CAR-
macrophages and CAR-T cells synergistically kill tumor cells in vitro. Cells.
2022. https://doi.org/10.3390/cells11223692.

28. FuW, Lei C,Ma Z Qian K, Li T, Zhao J, Hu S. CAR macrophages for SARS-
CoV-2 immunotherapy. Front Immunol. 2021;12: 669103.

29. WuY,Yang S, Ma J, Chen Z, Song G, Rao D, Cheng Y, Huang S, Liu Y, Jiang
S, et al. Spatiotemporal immune landscape of colorectal cancer liver
metastasis at single-cell level. Cancer Discov. 2022;12:134-53.

30. Bao X, ShiR, ZhaoT, Wang Y, Anastasov N, Rosemann M, Fang W.
Integrated analysis of single-cell RNA-seq and bulk RNA-seq unravels
tumour heterogeneity plus M2-like tumour-associated macrophage
infiltration and aggressiveness in TNBC. Cancer Immunol Immunother.
2021;70:189-202.

31. Xiang X, Wang J, Lu D, Xu X. Targeting tumor-associated macrophages to
synergize tumor immunotherapy. Signal Transduct Target Ther. 2021;6:75.

32. Sun L, KeesT, Almeida AS, Liu B, He XY, Ng D, Han X, Spector DL, McNeish
IA, Gimotty P, et al. Activating a collaborative innate-adaptive immune
response to control metastasis. Cancer Cell. 2021;39(1361-1374): e1369.

33. Kamerkar S, Leng C, Burenkova O, Jang SC, McCoy C, Zhang K, Dooley K,
Kasera S, ZiT, Siso S, et al. Exosome-mediated genetic reprogramming
of tumor-associated macrophages by exoASO-STAT6 leads to potent
monotherapy antitumor activity. Sci Adv. 2022;8:eabj7002.

34, Sly LM, McKay DM. Macrophage immunotherapy: overcoming impedi-
ments to realize promise. Trends Immunol. 2022;43:959-68.

35. RybalkoV, Hsieh PL, Merscham-Banda M, Suggs LJ, Farrar RP. The develop-
ment of macrophage-mediated cell therapy to improve skeletal muscle
function after injury. PLoS ONE. 2015;10: e0145550.

36. Ma PF, Gao CC, YiJ, Zhao JL, Liang SQ, Zhao Y, Ye YC, Bai J, Zheng QJ, Dou
KF, et al. Cytotherapy with M1-polarized macrophages ameliorates liver
fibrosis by modulating immune microenvironment in mice. J Hepatol.
2017,67:770-9.

37. Andreesen R, Scheibenbogen C, Brugger W, Krause S, Meerpohl HG,
Leser HG, Engler H, Lohr GW. Adoptive transfer of tumor cytotoxic mac-
rophages generated in vitro from circulating blood monocytes: a new
approach to cancer immunotherapy. Cancer Res. 1990;50:7450-6.

38. Neelapu SS. Managing the toxicities of CAR T-cell therapy. Hematol
Oncol. 2019;37(Suppl 1):48-52.

39. ChenY,Yu Z Tan X, Jiang H, Xu Z, Fang Y, Han D, Hong W, Wei W, Tu
J. CAR-macrophage: a new immunotherapy candidate against solid
tumors. Biomed Pharmacother. 2021;139: 111605.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.3390/ijms23010144
https://doi.org/10.1136/jitc-2021-003441
https://doi.org/10.7554/eLife.36688
https://doi.org/10.3390/cells11223692

	M1 polarization enhances the antitumor activity of chimeric antigen receptor macrophages in solid tumors
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Mice
	Cell lines
	Tumor models in vivo
	Plasmid construction and lentivirus production
	Flow cytometry
	Flow cytometry-based phagocytosis assay
	In vitro cytotoxicity assay
	Microscopy
	Macrophage polarization
	Real-time PCR
	Cytokine ELISA
	Statistics

	Results
	Anti-HER2 CAR-Ms specifically target HER2-positive cancer cells
	M1 polarization enhances CAR-M phagocytosis and cytotoxic effects
	M1 polarization enhances CAR-M proinflammatory cytokine secretion
	M1 polarization enhances the antitumor effect of CAR-Ms in an intraperitoneal tumor-bearing model of ovarian cancer
	M1-polarized CAR-Ms exhibit a stronger tumor rejection effect in a subcutaneous tumor model
	M1-polarized CAR-Ms inhibit tumor progression in a lung metastasis model

	Discussion
	Anchor 29
	Acknowledgements
	References


