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ABSTRACT
◥

The immunologic effects of chemotherapy-induced tumor cell
death are not completely understood. Accumulating evidence
suggests that phagocytic clearance of apoptotic tumor cells, also
known as efferocytosis, is an immunologically silent process, thus
maintaining an immunosuppressive tumor microenvironment
(TME). Here we report that, in the breast tumor microenviron-
ment, thymosin a-1 (Ta-1) significantly reverses M2 polariza-
tion of IL10-producing tumor-associated macrophages (TAM)
during efferocytosis induced by apoptotic cells. Mechanistically,
Ta-1, which bound to phosphatidylserine on the surface of
apoptotic tumor cells and was internalized by macrophages, trig-
gered the activation of SH2-containing inositol 50-phosphatase 1
(SHIP1) through the lysosomal Toll-like receptor 7 (TLR7)/
MyD88 pathway, subsequently resulting in dephosphorylation

of efferocytosis-activated TBK1 and reduction of efferocytosis-
induced IL10. Ta-1 combined with epirubicin chemotherapy
markedly suppressed tumor growth in an in vivo breast cancer
model by reducing macrophage-derived IL10 and enhancing
the number and function of tumor-infiltrating CD4þ and CD8þ

T cells. In conclusion, Ta-1 improved the curative effect of
chemotherapy by reversing M2 polarization of efferocytosis-
activated macrophages, suggesting that Ta-1 injection immedi-
ately after chemotherapy may contribute to highly synergistic
antitumor effects in patients with breast cancer.

Significance: Thymosin a-1 improves the curative effect of
chemotherapy by reversing efferocytosis-induced M2 polarization
of macrophages via activation of a TLR7/SHIP1 axis.

Introduction
Chemotherapy, one of themost common cancer treatments, focuses

on inducing tumor cell death to prevent cancer progression. Following
this treatment, immunologic status in the tumor microenvironment
(TME) is complex (1, 2). On the one hand, chemotherapy enhances
immunogenicity of tumor cells to restore compromised immunosur-
veillance, but on the other, chemotherapy can induce an immuno-
suppressive TME by inducing a series of complex protumor signaling
events, which instead drives tumor development (3–5).

Chemotherapy-induced tumor cell death frequently occurs via
apoptosis, and the apoptotic tumor cells should be rapidly and
accurately removed by resident or recruited phagocytic cells through
a process known as efferocytosis (6, 7). Efferocytosis can be efficiently
achieved by professional phagocytes. The key professional phagocytes
in the TME are tumor-associated macrophages (TAM), which are
usually polarized toward a protumoral M2-like phenotype during
chemotherapy-induced efferocytosis (8, 9). Indeed, upregulating

immunosuppressive cytokines and inhibitory receptors of M2-like
TAMs leads to a silent antitumor response in the TME (10–12).
Therefore, altering the phenotype of TAMs or reducing the immu-
nosuppressive TME by interrupting efferocytosis may limit develop-
ment and progression of the tumor.

Efferocytosis as a therapeutic target is currently being investigated
in clinical trials. Antibodies and several small molecular weight
inhibitors have been developed to block efferocytosis in the cancer
setting, such as the anti-phosphatidylserine (PS) antibody bavitux-
imab (13, 14), the AXL inhibitor BGB324 (15), and the MerTK
inhibitor UNC-2025 (16). However, directly impairing efferocytosis
can lead to secondary necrosis and adversely drive tumor progres-
sion (17, 18). Thus, altering the phenotype of efferocytotic TAMs from
the protumoral M2 phenotype to the antitumoral M1 phenotype via
immunomodulatorsmay be a better prospective therapeutic approach.

Prepared as a 28mer synthetic amino-terminal acylated peptide,
thymosin a-1 (Ta-1) acts as a modulator of the immune response,
promoting the differentiation andmaturation of T cells and enhancing
the antiviral effect of CTLs. Ta-1 also plays an important role in the
regulation of innate immune cells (19, 20). Moreover, Ta-1 has been
characterized to have pleiotropic effects on several pathologic condi-
tions, such as viral infections, immunodeficiencies, malignancies, and
human immunodeficiency virus (HIV)/AIDS (21). Importantly, clin-
ical studies have confirmed that immune-restorative effects of Ta-1 in
cancer therapy were observed in patients with melanoma, hepatocel-
lular carcinoma, and lung cancer (22). However, whether Ta-1 can
modulate efferocytotic TAMs trigged by chemotherapy has not been
investigated.

Here, we demonstrated that Ta-1 bound to PS molecules on the
surface of efferocytosed apoptotic cells and triggered the lysosomal
Toll-like receptor 7 (TLR7)/MyD88–SH2-containing inositol 50-
phosphatase 1 (SHIP1) signaling pathway in efferocytotic macro-
phages. More importantly, Ta-1 reversed immunosuppression of
efferocytotic M2 macrophages by inhibiting expression of IL10 via
dephosphorylation of efferocytosis-activated phosphorylated TBK1
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and improved the curative effect of chemotherapy by enhancing the
numbers and functions of tumor-infiltrating CD4þ and CD8þ T cells.
Therefore, we propose a new approach to improving the efficacy of
chemotherapy by Ta-1–mediated modulation of the efferocytotic
TAM phenotype.

Materials and Methods
Mice and cell lines

In all in vivo experiments, 6- to 8-week-old female mice were used.
Wild-type (WT) BALB/cRl mice were purchased fromHenan Sikebisi
BiotechnologyCo, Ltd.Mice deficient inTLR2 [TLR2 knockout (KO)],
TLR4 (TLR4 KO), or MyD88 (MyD88 KO) were originally provided
by Nanjing Biomedical Research Institute of Nanjing University
(Nanjing, China). Mice were housed under specific pathogen-free
conditions and reared on a standard 12/12-hour light/dark cycle. All
animal experiments complied with all relevant ethical regulations and
were approved by the Animal Care and Use Committee of Southeast
University, Nanjing, China.

Human breast cancer cell line MDA-MB-231 and mouse breast
cancer cell line 4T1 were cultured in RPMI 1640 supplemented with
10% FBS (Gibco). RAW264.7 cells were maintained in DMEM sup-
plemented with 10% FBS. Human acute monocytic leukemia cells
THP-1 were cultured in RPMI 1640 supplemented with 50 mmol/L
b-mercaptoethanol and 10% FBS. All cell lines were from ATCC and
were authenticated through short tandem repeat profiling. Cell lines
were used for experiments within 50 passages.

For siRNA and plasmid transduction experiments, THP-1 macro-
phages were treated with Lipofectamine 2000 (Thermo Fisher Scien-
tific) with specific siRNAs, according to the manufacturer’s instruc-
tions, 2 days before the efferocytosis assay. siRNAs targeting Tlr3,Tlr7,
Tlr8, and Tlr9mRNAs were customized by GEHanbio Biotechnology.
Primers for siRNAs were as follows. Tlr3: 50-GGUAACGAUUC-
CUUUGCUUTT-30, 50-AAGCAAAGGAAUCGUUACCTT-30; Tlr7:
50-GAGGAAUUAGACAUCUCUAdTdT-30, 50-UAGAGAUGUCU-
AAUUCCUCdTdT-30; Tlr8: 50-GCCAGAGUCUUUGACAGAAd-
TdT-30, 50-UAUUUGAUCUGGGUGUUGCdTdT-30; Tlr9: 50-CCU-
CCAUGAUUCUGACUUUTT-30, 50-AAAGUCAGAAUCAUGGA-
GGTT-30.

Reagents
Ta-1 was provided by SciClone Pharmaceuticals, Inc. CY5-labeled

Ta-1 (Ta-1–CY5) was constructed by GenScript Biotech Corp.
Bortezomib, epirubicin, paclitaxel (Taxol), cisplatin, and vincristine
were purchased from Southeast University Affiliated Zhongda Hos-
pital (Nanjing, China). Phorbol 12-myristate-13-acetate (PMA) was
purchased from Sigma-Aldrich. Inhibitors of IRAK4 (IRAK4-IN-4),
P38 (SB203580), JNK (SP600125), NF-kB (BAY11–7082), SHIP1 (3a-
aminocholestane), and SH2-containing protein tyrosine phosphatase
1 (SHP1; TPI-1) were purchased from MCE. Inhibitors of TBK1
(MRT67307 HCL) and SHP2 (SHP099 HCL) were purchased from
Selleck. Recombinant murine macrophage colony-stimulating factor
(MCSF) was purchased from PeproTech. Human and mouse IL10
neutralizing antibodies were both purchased fromR&DSystems. L-a–
PS was purchased from Sigma. Leukocyte activation cocktail and
GolgiPlug was purchased from BD Biosciences.

Preparation of macrophage differentiated cells
THP-1 cells were differentiated into macrophages by 48-hour

incubation in a 35-mm culture dish with 40 nmol/L PMA followed
by 24-hour incubation in RPMI 1640mediumwithout FBS. At the end

of the incubation, cells were washed with PBS three times to exclude
undifferentiated THP-1 cells. Adherent differentiated cells were used
throughout this study.

Isolation of primary mouse cells
Murine bone marrow–derived macrophages (BMDM) were isolat-

ed as previously described (23). Briefly, bonemarrow (BM)wasflushed
from femurs and tibias with 2 to 5 mL of PBS containing 10% FBS.
BM cells were centrifuged and then resuspended at a concentration
of 1 � 106 cells/mL in differentiation medium (DMEM with 10%
FBS, 100 IU/mL penicillin/streptomycin, and 20 nmol/L/ml MCSF;
PeproTech). Ten milliliters of cell suspension were then added to
100-mm sterile petri dishes and incubated at 37�C and 5% CO2.
Differentiation medium was changed on day 3 and day 5. BMDMs
were harvested by trypsinization and ready for use on day 7.

For peritoneal macrophages, 1 mL 6% starch broth was injected
intraperitoneally into mice. Two days later, mice were euthanized.
Cold complete medium (DMEMwith 10% FBS, 100 IU/mL penicillin/
streptomycin) was injected into the peritoneal cavity and the perito-
neal lavage was collected. Cells were centrifuged at 400 � g for 8
minutes and seeded in 12-well plates. Peritoneal macrophages were
adhered at 37�C for 2 hours and cells remaining in suspension were
thoroughly washed away.

TAMswere enriched from tumor single-cell suspensions using anti-
F4/80 MicroBeads UltraPure (Miltenyi Biotec; 130110443). Tumor-
infiltrating lymphocyte (TIL) were enriched from tumor single-cell
suspensions using a mouse CD3e MicroBead kit (Miltenyi Biotec;
130094973).

qRT-PCR
Total RNA was harvested with an RNAprep pure cell/bacteria kit

(TIANGEN), and reverse transcribed using a PrimeScript RT Reagent
Kit (Takara). qRT-PCR was performed using the Power SYBR Green
Master Mix (Thermo Fisher Scientific). Sequences of the gene-specific
primers used are listed in Supplementary Table S1.

ELISA
Concentrations of human or mouse IL10, TGFb, IL6, IL1b, and

IFNg were detected by ELISA kits (BioLegend), according to the
manufacturer’s instructions.

Flow cytometry and antibodies
Single-cell suspensions were blocked with human FcR blocking

reagent (1:5; Miltenyi Biotec; 130–059–901) or mouse FcR blocking
reagent (1:5; Miltenyi Biotec; 130–092–575) for 15 minutes at 4�C
prior to surface staining. Dead cells were eliminated by fixable viability
dye eFluor 520 (1:250; eBioscience; 65–0867–14). The following anti-
human antibodies were used: APC-CD206 (BioLegend; 321110),
APC-CD86 (BioLegend; 305412), PE-HLA-DR (BioLegend;
307606), APC-HLA-ABC (BioLegend; 311410), PE-IFNg (BioLegend;
506507), PE-CD69 (BioLegend; 310906), Percp/Cyanine5.5-CD4
(BioLegend; 317428), APC-CD8 (BioLegend; 301049), APC-CD163
(eBioscience; 17–1631–82), and PE-CD25 (eBioscience; clone:
12–0250–42). The following anti-mouse antibodies were used:
PE-CD11b (BioLegend; 101208), APC-F4/80 (BioLegend; 123116),
PE-CD206 (BioLegend; clone: 417061), APC-CD86 (BioLegend;
105012), PE-IFNg (BioLegend; 505808), PE-CD25 (BioLegend;
102008), PE-CD69 (BioLegend; 104908), Percp/Cyanine5.5-CD3
(BioLegend; 100328), Percp/Cyanine5.5-CD4 (BioLegend; 100434),
APC-CD8a (BioLegend; 100712), PE-IL6 (BioLegend; 504504), and
APC-IL10 (BioLegend; 505010). Cells were collected and analyzed by
flow cytomtery (FCM; FACSCalibur; BD Biosciences).

Wei et al.

Cancer Res; 82(10) May 15, 2022 CANCER RESEARCH1992

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/82/10/1991/3128341/1991.pdf by guest on 19 M

ay 2023



Western blotting
Cells were homogenized in ice-cold RIPA lysis buffer, resolved

by 12% SDS-PAGE, and transferred onto polyvinylidene fluoride
membranes. After blocking, the membranes were probed with the
following primary antibodies: TLR3 (R&D Systems; MAB1487-SP),
TLR8 (Abcam; ab228962), GAPDH (Proteintech; 60004–1-Ig), and
b-tubulin (Proteintech; 10094–1-AP); and the following antibodies
from Cell Signaling Technologies: TLR7 (#5632T), TLR9 (#5845),
TBK1 (#5483), p-TBK1 (#3504S), IRF3 (#11904T), p-IRF3 (#37829),
IRAK4 (#4363), p-IRAK4 (#11927), JNK (#9252), p-JNK (#4668), P38
(#8690), p-P38 (#4511), IKKa (#11930), p-IKKa/b (#2697), IkBa
(#4814), p-IkBa (#2859), P65 (#8242), p-P65 (#3033), SHIP1 (#2728),
and p-SHIP1 (#3941).

Efferocytosis assays
Analysis of efferocytosis in vitro was performed as previously

described (24). Apoptosis of MDA-MB-231 cells and 4T1 cells was
induced with 50 nmol/L bortezomib at 37�C for 24 hours. Membrane
integrity and exposure of PS on the tumor cell surface were mea-
sured by Annexin V-Alexa Fluor 647 (Fcmacs; FMSAV647–100).
Apoptotic MDA-MB-231 cells (PSþ MDA-MB-231) and apoptotic
MDA-MB-231 cells preincubated with Ta-1 (PSþ MDA-MB-231/
Ta-1) were stained with Annexin V-FITC (Miltenyi Biotec;
130–092–052) for 1 hour. Afterward, THP-1 macrophages were
cocultured with apoptotic MDA-MB-231 cells at a ratio of 10:1.
After 2 hours of incubation, unengulfed apoptotic cells were
washed away. The efferocytosis index was evaluated using FCM.
Briefly, 5 � 104 RAW264.7 cells were plated in a 35-mm petri dish
with DMEM medium containing 10% FBS and cultured overnight.
Annexin V-labeled apoptotic 4T1 cells were added at a ratio of 10:1
and incubated for an additional 30 minutes, and then RAW264.7
cells were labeled with LysoTracker Red (Beyotime; C1046) and
anti–F4/80-APC. Efferocytosis was visualized by confocal scanning
laser microscopy (CLSM; FV3000; OLYMPUS).

In vitro Ta-1 binding assay and phagocytosis assay
For the FCM analysis of Ta-1–binding to phospholipids,

Annexin V-FITC–labeled PSþ MDA-MB-231 cells were cocultured
with Ta-1 for 1 hour, and then stained with anti–Ta-1 mouse
antibody (Abcam; ab76657) and donkey anti-mouse IgG antibody
(Proteintech; SA00008–9). For CLSM, Annexin V-FITC–labeled
PSþ 4T1 cells were cocultured with Ta-1–CY5. For phagocytosis
assays, Annexin V-FITC–labeled PSþ 4T1 cells/Ta-1–CY5 were
incubated with RAW264.7 cells at a ratio of 10:1. After 30 minutes
of incubation, the nonphagocytosed apoptotic cells were washed
away and RAW264.7 cells were stained with LysoTracker Red. The
ability of Ta-1 to be internalized by RAW264.7 cells via efferocy-
tosis was quantified by FCM and visualized by CLSM. To determine
the PS-binding activity of Ta-1, L-a–PS was dissolved in n-hexane
to a concentration of 50 mg/mL. One hundred microliters of this
solution were added to 96-well microtiter plates. After evaporation
of the solvent in air, the wells were blocked with 2% BSA in TBS
containing 2 mmol/L CaCl2, and then incubated with indicated
concentrations of Ta-1 at 37�C for 1 hour. The wells were washed
with TBS-Tween 20 and incubated with rabbit anti–Ta-1 antibody
for 2 hours at room temperature. After washing, horseradish
peroxidase–conjugated goat anti-rabbit IgG (diluted 1:2000) was
applied. Secondary reagents were detected by using 3,30,5,50 tetra-
methylbenzidine followed by reading plates at 490 nm using a
microplate reader.

Treatment of mouse breast cancer model
Exponentially growing 4T1 cells were harvested by trypsinization,

centrifuged, washed, and resuspended in normal saline, and a tumor-
igenic dose of 500,000 cells in 0.1 mL was injected subcutaneously into
the second left breast pad of BALB/c mice. Tumor size was calculated
using the formula (A � B) where A and B were the long and short
diameters of the tumor. When the tumor area reached approximately
60 to 80mm2 onday 14, themicewere then randomly divided into four
groups (n¼ 5). Then, 0.1mL of normal saline or epirubicin (1mg/mL)
was injected intraperitoneally. Consistent with a previous study (25),
0.25mg/kg of Ta-1was injected subcutaneously once daily for the next
consecutive 7 days. Tumor volume was measured every 2 days
throughout the treatment period. The day after the end of treatment,
mice were euthanized, then spleen and tumor tissues were collected for
subsequent experiments.

Statistical analysis
Statistical significance of differences in multiple groups was ana-

lyzed using GraphPad Prism by one-way ANOVA. Comparison of
tumor volumes was analyzed using a nonparametric Mann–Whitney
U test. Data were expressed as the means � SEM (�, P < 0.05;
��, P < 0.01; ���, P < 0.001; ����, P < 0.0001; ns, not significant) and
P < 0.05 was considered significant.

Data availability
The data generated in this study are available from the correspond-

ing author upon request.

Results
Ta-1 reverses M2 polarization of efferocytotic macrophages
towards the M1 phenotype

Tomimic the role of efferocytosis in the TME, apoptotic tumor cells
(PSþ MDA-MB-231 or PSþ 4T1 cells) were induced by bortezomib
(Supplementary Fig. S1A), and subsequently incubated with macro-
phages in vitro (Fig. 1A). As shown in Fig. 1B, PSþ MDA-MB-231
cells were phagocytosed by macrophages, and internalization of the
PSþ MDA-MB-231 cells was further elevated by Ta-1 pretreatment.
More importantly, PSþ 4T1 cells were observed to be localized in the
lysosomes of macrophages (Fig. 1C and D), indicating that PSþ cells
were efferocytosed by macrophages. Subsequently, changes in the
phenotypic markers of efferocytotic macrophages were investigated
by qRT-PCR, ELISA, and FCM. As expected, efferocytotic macro-
phages displayed changes in multiple transcriptional programs,
including upregulation of M2 markers (IL10, TGFb, CD206, and
CD163) and downregulation of M1 markers (IL6, IL1b, and CD86),
HLA-ABC and HLA-DR. Consistent with previous studies (8, 9), we
found that efferocytoticmacrophageswere polarized towards an IL10þ

TGFbþ CD206þ M2 phenotype (Fig. 1E and G; Supplementary
Fig. S1B–S1D).

To evaluate the effect of Ta-1 on polarization of efferocytotic
macrophages, macrophages were incubated with Ta-1, PSþ cells, or
PSþ cells preincubated with Ta-1 (PSþ cells/Ta-1; Fig. 1A). Inter-
estingly, a significant decrease in the upregulation of M2 markers and
increased expression of downregulated M1 markers, HLA-ABC, and
HLA-DR were observed in macrophages that efferocytosed PSþ cells/
Ta-1 (Fig. 1E and G; Supplementary Fig. S1B–S1D). However, Ta-1
alone did not directly induce activation and polarization of macro-
phages (Fig. 1E and G; Supplementary Fig. S1B–S1D). Similar results
were obtained inTHP-1macrophages efferocytosing apoptoticHepG2
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Figure 1.

Ta-1 reverses polarization of efferocytotic M2 macrophages toward the M1 phenotype. A, Macrophages were cocultured with bortezomib-induced apoptotic cells
(PSþ cells), Annexin V-labeled PSþ cells, or PSþ cells preincubated with Ta-1 (PSþ cells/Ta-1), followed by analysis of efferocytosis and macrophage polarization.
B, Flow cytometric detection of macrophages engulfing Annexin V-labeled PSþ cells. C, CLSM analysis of macrophages efferocytosing Annexin V-labeled PSþ cells,
which were stained with anti-F4/80-APC and Lyso-Tracker Red and visualized under bright (a) and fluorescent (b–e) field microscope. D, Pixel intensity along the
yellow line in C is plotted in the left panel; colors as in merged images. Colocalization images, Pearson coefficient, and Manders colocalization coefficients of Lyso-
Tracker Red and PS-Annexin V are plotted on the right. E, Macrophages were incubated for 3 hours with Ta-1, PS– cells, PSþ cells, or PSþ cells/Ta-1. Cell-free
supernatantswere then collected for ELISA detection of IL10 and IL6 expression. F,Macrophageswere incubatedwith Ta-1, PSþ cells, or PSþ cells/Ta-1 in serum-free,
10% serum-, or 10% human serum albumin–containingmedia, respectively. IL10 and IL6 expression in cell-free supernatants was determined.G, Expression of CD206
and CD86 was measured by FCM. H–K, BALB/c mice received intraperitoneal administration of starch broth. Two days later, normal saline, Ta-1, PSþ cells, or PSþ

cells/Ta-1 were intraperitoneally injected intomice (n¼ 3). One day after administration, peritonealmacrophageswere enriched (H). I,mRNA expression of IL10 and
IL6 in peritonealmacrophageswasdeterminedbyqRT-PCR. ExpressionofCD206 (J) andCD86 (K)wasmeasuredbyFCM.NS, normal serum.Note: PSþ cells refers to
PSþMDA-MB-231 cells inB,E,F, andG, and PSþ4T1 cells inC,D, I, J, andK. Data (mean� SEM) represent three independent experiments. �� ,P <0.01; ���� ,P<0.0001;
ns, not significant. MFI, mean fluorescence intensity.
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cells, Jurkat cells, and various breast cancer cells induced by cisplatin,
vincristine, and paclitaxel, respectively (Supplementary Fig. S2). Fur-
thermore, the effect of Ta-1 on efferocytotic macrophages was inde-
pendent of serum (Fig. 1F).

Following these experiments, the above phenomenawere confirmed
in in vivo experiments as shown in Fig. 1H. Intraperitoneal admin-
istration of PSþ cells amplified generation ofM2markers in peritoneal
macrophages enriched from mice (Fig. 1I–K; Supplementary
Fig. S1E). Consistent with the in vitro experiments, peritoneal macro-
phages from mice intraperitoneally injected with Ta-1–loaded PSþ

cells showed reduced expression of M2markers and enhanced expres-
sion of M1 markers (Fig. 1I–K). Furthermore, no changes in macro-
phage phenotypemarkers were found in peritonealmacrophages from
mice injected with Ta-1 alone (Fig. 1I–K). Taken together, our
findings indicated that Ta-1modulated efferocytoticM2macrophages
to become polarized towards M1.

Ta-1 downregulates TBK1-/IRF3-driven IL10 production in
efferocytotic macrophages by binding to PSþ tumor cells

During apoptosis, the most common and well-characterized phe-
nomenon is that PS becomes externalized on the plasma membrane
surface (26). Interestingly, we observed that Ta-1 bound to PSþ tumor
cells, but not PS– tumor cells, in a dose-dependent manner (Fig. 2A).
Accordingly, FCM analysis showed that the proportion of Ta-1–
binding cells increased linearly with the increasing percentage of
apoptotic cells induced by the indicated concentrations of bortezomib
(Fig. 2B). Moreover, we assumed that Ta-1 bound directly to PS
exposed on the surface of apoptotic cells. Thus, Ta-1-CY5 was

synthesized to further detect the combination of Ta-1 and PS,
demonstrating that Ta-1 adhered to PSþ 4T1 cells via binding to PS
(Fig. 2C and G). Furthermore, solid-phase binding assays indicated
that Ta-1 could bind PS directly (Fig. 2D).

Further experiments were designed to clarify whether Ta-1 inter-
nalization was associated with efferocytosis of PSþ cells by macro-
phages (Fig. 2E). We found that Ta-1–CY5–bound PSþ cells were
efferocytosed by macrophages (Fig. 2F). Moreover, Ta-1–CY5 and
Annexin V-labeled PSþ cells were colocalized to lysosomes in macro-
phages (Fig. 2H), indicating that Ta-1 was internalized by macro-
phages via direct binding to PS on the surface of efferocytosed PSþ

cells.
To further explore the intercellular signaling pathways involved in

Ta-1–mediated changes in the polarization of efferocytotic macro-
phages, we detected phosphorylation of TBK1, IRF3, IRAK4, JNK, p38,
IKKa/b, IkBa, and p65 in THP-1 macrophages. As shown in Fig. 3A;
Supplementary Fig. S3, phosphorylation of TBK1 and IRF3 was
elevated in PSþ cell-treated macrophages. However, PSþ cells had no
influence on phosphorylation of IRAK4, JNK, p38, IKKa/b, IkBa, or
p65 (Fig. 3A; Supplementary Fig. S3). Interestingly, no changes in
phosphorylation of the above molecules were found in macrophages
incubated with Ta-1 alone (Fig. 3A), consistent with the effect of Ta-1
alone on macrophage phenotype markers. Of note, Ta-1, when
preloaded on PSþ cells, caused obviously reduced phosphorylation
levels of TBK1 and IRF3, while inducing activities of IRAK4, JNK,
p38, IKKa/b, IkBa, and NF-kB p65 in efferocytotic macrophages
(Fig. 3A; Supplementary Fig. S3). Indeed, pretreatment of macro-
phages with TBK1 inhibitors attenuated the secretion of IL10 by

Figure 2.

Ta-1 binds to PS on apoptotic cells and is engulfed by efferocytotic macrophages. A, Annexin V-FITC–labeled PSþ cells were incubated with Ta-1 (0, 1, 3, 10, 30, or
100 mg/mL) for 1 hour and then stained with anti-Ta-1 Ab. PSþ cells bound to Ta-1 were detected by FCM. B, PSþ cells treated with bortezomib (0, 1, 3, 10, 30, or
100 nmol/L)were incubatedwith Ta-1 (100 mg/mL). Then PSþ cells bound to Ta-1were detected by FCM.C,Annexin V-labeled PSþ cells (green)were incubatedwith
CY5-labeled Ta-1 (blue). After 1 hour of incubation at 37�C, binding of PSþ cells to Ta-1 was detected by FCM.D,Microtiter plates (96 wells) were coated with PS and
incubatedwith the indicated concentrations of Ta-1. Boundproteinswere quantifiedbyELISA.E,Macrophageswere coculturedwithAnnexinV-labeledPSþ cells that
had been pretreated with Ta-1–CY5 for 2 hours and then stainedwith Lyso-Tracker Red. F, FCMwas used to detect phagocytosis of PSþ cells/Ta-1 by macrophages.
G, Representative confocal imaging of CY5-labeled Ta-1 bound to the PSþ cell was visualized under bright (a) and fluorescent (b–d) field microscope. H, CLSM
analysis of macrophages efferocytosing PSþ cells/Ta-1, which were observed under bright (a) and fluorescent (b–e) field microscope. Note: PSþ cells refers to PSþ

MDA-MB-231 cells inA and B, and PSþ 4T1 cells in C, E, F,G andH. Data (mean� SEM) represent three independent experiments. ����, P < 0.0001; ns, not significant.
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efferocytotic macrophages. Furthermore, there was a significant rever-
sal of Ta-1–mediated upregulation of IL6 secretion by efferocytotic
macrophages pretreated with IRAK4, JNK, p38, or NF-kB inhibitors
(Fig. 3B). These results indicated that Ta-1 inhibited IL10 secretion
through decreased TBK1 phosphorylation and promoted IL6 by
increasing IRAK4, JNK, p38, and NF-kB signaling in efferocytotic
macrophages.

To further investigate whether Ta-1 directly inhibited TBK1
phosphorylation or indirectly promoted dephosphorylation of
TBK1 in efferocytotic macrophages, we designed the indicated
experiments (Fig. 3C). Phosphorylated TBK1 was further activated
in efferocytotic macrophages following a second incubation with
PSþ cells in a time-dependent manner. Moreover, in the presence of
Ta-1 alone, the level of phosphorylated TBK1 was not altered in
efferocytotic macrophages (Fig. 3C). Notably, the level of phos-
phorylated TBK1 in efferocytotic macrophages was significantly
reduced by secondary incubation with PSþ cells/Ta-1 even within
30 minutes (Fig. 3C). Taken together, these results showed that
Ta-1 triggered dephosphorylation of PSþ cell-activated TBK1 in
efferocytotic macrophages.

Previous studies reported that TBK1 phosphorylation was nega-
tively regulated by phosphatase (27, 28). As shown in Fig. 3D, the
inhibitory role of Ta-1 in secretion of IL10 by efferocytotic macro-
phages was blocked by SHIP1 inhibitor, but not by inhibitors of SHP1
or SHP2. Furthermore, phosphorylated SHIP1 was enhanced dramat-
ically in THP-1 macrophages that efferocytosed PSþ cells/Ta-1.
Meanwhile, the stimulatory effect of Ta-1 on the TBK1-IRF3 signal
pathway was disrupted in efferocytotic macrophages preincubated
with SHIP1 inhibitor (Fig. 3E). To summarize, Ta-1, when bound to
PSþ tumor cells and efferocytosed by macrophages, subsequently
downregulated TBK1/IRF3-driven IL10 production in efferocytotic
macrophages by activating the phosphatase SHIP1.

Ta-1 reverses polarization of efferocytotic M2macrophages in a
lysosomal TLR7-/8-dependent manner

The above results indicated that Ta-1 could be internalized by
macrophages through efferocytosis followed by localization to lyso-
somes to initiate intracellular signaling pathways. Studies have
reported that TLR3, TLR7, TLR8, and TLR9 are located on lysosomes
of macrophages, and the ability of TLRs to facilitate the activation and
induction of immunomodulatory cytokines from macrophages is
critical in shaping the adaptive immune response (29, 30). To inves-
tigate whether TLRs on lysosomes were involved in Ta-1–regulated
polarization of efferocytotic macrophages, we introduced siRNA-
mediated knockdown (KD) of TLR3, TLR7, TLR8, and TLR9 in
THP-1 cells (Supplementary Fig. S4A). We found that phosphoryla-
tion of SHIP1 was markedly attenuated only in TLR7 KD THP-1
macrophages after efferocytosing Ta-1–preincubated PSþ cells, while
phosphorylation of TBK1 and IRF3 was simultaneously restored
(Fig. 4A). Moreover, Ta-1–mediated reduction of IL10 secreted by
efferocytotic macrophages was not observed in TLR7 KD THP-1
macrophages (Fig. 4B). In addition, KD of TLR8 in THP-1 macro-
phages significantly reversed Ta-1–mediated activation of IRAK4 and
increased IL6 secretion in efferocytotic macrophages (Fig. 4C andD).
MyD88 is used by TLR7/8 as an adaptor protein to recruit and activate
downstream signals (31). To further verify that MyD88 was indeed
involved in the Ta-1–induced repolarization of efferocytotic macro-
phages, the previous in vitro experiments were repeated using BMDMs
derived fromWT and MyD88 KOmice (Supplementary Fig. S4B). As
shown in Fig. 4E and F, compared with BMDMs from WT mice,
SHIP1 and IRAK4 were not activated in MyD88 KO BMDMs that
efferocytosed PSþ cells/Ta-1, and IL6 upregulation was markedly
diminished. Interestingly, we noticed that PSþ cells failed to induce
TBK1 phosphorylation and IL10 expression in BMDMs derived from
MyD88KOmice (Fig. 4E andF). In addition, IL10 secretion andTBK1

Figure 3.

Engulfed Ta-1 inhibits efferocytosis-induced IL10 expression inmacrophages in a SHIP1-TBK1–dependentmanner.A,Western blot analysis of TBK1, IRF3, IRAK4, JNK,
p38, IKKa/b, IkBa, and p65 activities in THP-1 macrophages preincubatedwith Ta-1, PSþ cells, or PSþ cells/Ta-1. GAPDH and b-tubulinwere used as loading controls.
B, THP-1 macrophages were pretreated with the indicated inhibitors for 1 hour and then cocultured with PSþ cells and PSþ cells/Ta-1 for 3 hours. Protein
concentrations of IL10 and IL6 in the cell-free supernatants were determined by ELISA. C, THP-1 macrophages were preincubated with PSþ cells for 1 hour and
subsequently incubatedwith PSþ cells, PSþ cells/Ta-1, or Ta-1.Western blot was performed to analyze phosphorylation of TBK1 at the indicated time points.D and E,
THP-1 macrophages were cocultured with Ta-1, PSþ cells, or PSþ cells/Ta-1, and SHIP1 inhibitor-pretreated macrophages were also cocultured with PSþ cells/Ta-1.
Twenty-four hours later, cell-free supernatantswere collected to detect IL10 by ELISA (D). Twohours later, phosphorylation of SHIP1, TBK1, and IRF3was analyzed by
Western blot (E). PSþ cells, PSþ MDA-MB-231 cells. Data (mean � SEM) represent three independent experiments. � , P < 0.05; �� , P < 0.01; ���� , P < 0.0001; ns, not
significant.
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Figure 4.

TLR7/8-MyD88 is essential for Ta-1–induced downregulation of IL10 and upregulation of IL6 in efferocytotic macrophages. A–D, Control (NC), Tlr3 KD, Tlr7 KD, Tlr8
KD, and Tlr9 KD THP-1 macrophages were cocultured with PSþ cells or PSþ cells/Ta-1. Two hours later, activities of SHIP1, TBK1, IRF3 (A), and IRAK4 (C) in THP-1
macrophages were detected by Western blot. Protein concentrations of IL10 (B) and IL6 (D) were determined by ELISA. E, BMDMs derived from WT, Myd88�/�,
Tlr4�/�, and Tlr2�/� mice were treated with the indicated reagents. Then, cell-free supernatants were harvested to detect IL10 and IL6 by ELISA. F, BMDMs derived
fromWT andMyd88�/�mice were incubated with Ta-1, PSþ cells, or PSþ cells/Ta-1 for 2 hours. Total proteinswere then extracted, andWestern blot was performed
todetect SHIP1, TBK1, and IRAK4activation.G,BMDMsderived fromWTand Tlr4�/�micewere incubatedwith Ta-1, PSþ cells, or PSþ cells/Ta-1. Twohours later, TBK1
activitywas detectedbyWestern blot. PSþ cells refers to PSþMDA-MB-231 cells inA toD, and PSþ4T1 cells inE toG. Data (mean� SEM) represent three independent
experiments. �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001; ns, not significant.
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activation were impaired in TLR4 KO efferocytotic BMDMs (Fig. 4E
and G). To summarize, PSþ cells induced secretion of IL10 by
macrophages via the TLR4-MyD88-TBK1-IRF3 pathway. Moreover,
Ta-1 mediated the dephosphorylation of TBK1 by activating TLR7-
MyD88-SHIP1 in efferocytotic macrophages, thereby downregulating
secretion of IL10. Meanwhile, Ta-1 facilitated restoration of IL6
secretion by efferocytotic macrophages via the TLR8-MyD88-
IRAK4-JNK/P38/IKKa/b-IkBa-p65 pathway.

Ta-1 improves T-cell function by inhibiting IL10 secretion in
efferocytotic macrophages

Efferocytotic macrophages typically exhibit M2 phenotype in the
TME, with characteristic effector functions inhibiting the T-cell
response (32). To investigate whether Ta-1 improved T-cell function
by regulating the polarization of efferocytotic macrophages, mouse
spleen cells activated with anti-CD3/CD28 mAbs were cultured with
supernatants harvested fromBMDMs that were cocultured with Ta-1,
PSþ 4T1 cells, or PSþ 4T1 cells/Ta-1 (Fig. 5A). As shown in Fig. 5B,
the secretion of IFNg , stimulated by anti-CD3/CD28 mAbs, was
strongly suppressed by efferocytosis. In addition, efferocytosis-
suppressed IFNg secretion was markedly restored by Ta-1 and IL10
neutralizing antibodies (Fig. 5B–D). Supernatants of efferocytotic
BMDMs diminished the expression of T-cell activation markers
(CD25, CD69). Similar to IL10 neutralizing antibodies, Ta-1
enhanced the expression of CD25 and CD69 in CD4þ/CD8þ T cells

that were inhibited by efferocytosis (Fig. 5C and D; Supplementary
Fig. S5A).

To further investigate the Ta-1 effect in human efferocytotic
macrophages, human peripheral blood mononuclear cells (PBMC)
were stimulated with anti-CD3/CD28 mAbs and incubated with
supernatants harvested from THP-1 macrophages cocultured with
Ta-1, PSþ MDA-MB-231 cells, or PSþ MDA-MB-231 cells/Ta-1
(Fig. 5E). As expected, both Ta-1 and IL10 neutralizing antibodies
promoted the expression of IFNg , CD25, and CD69 in CD4þ/CD8þ

human T cells that were suppressed by efferocytotic THP-1 macro-
phages (Fig. 5F–H; Supplementary Fig. S5B). Taken together, our
findings suggested that Ta-1 mediated inhibition of IL10 secretion by
efferocytotic macrophages, resulting in improved T-cell function.

Ta-1 improves antitumor efficacy of chemotherapy by reversing
polarization of efferocytotic macrophages

Efferocytosis of chemotherapy-induced apoptotic tumor cells by
TAMs facilitates tumor metastases (33). To further explore whether
Ta-1 could enhance the antitumor effect of T cells by regulating the
polarization of macrophages in vivo, a mouse breast tumor model was
treated with different interventions, as shown in Fig. 6A. We found
that subcutaneous injection of Ta-1 alone had no effect on tumor
growth. Low-dose epirubicin injected intraperitoneally alleviated
tumor growth in mice. On the second day of low-dose epirubicin
treatment, subcutaneous injection of Ta-1was administered to tumor-

Figure 5.

Ta-1 relieves T-cell response suppression by efferocytotic macrophages via downregulating IL10 secretion. A, BMDMs were incubated with Ta-1, PSþ cells, or PSþ

cells/Ta-1 for 3 days. The cell-free supernatants were then harvested and added to an anti-CD3/28–activated mouse spleen (SP) cell proliferation system with or
without anti-IL10 neutralizing antibody.B, Three days later, the production of IFNg was assessed by ELISA.C, The percentages of IFNgþCD4þ T cells (a), IFNgþCD8þ

T cells (b), CD25þ CD4þ T cells (c), CD25þ CD8þ T cells (d), CD69þ CD4þ T cells (e), or CD69þ CD8þ T cells (f) were measured by FCM. D, The statistical analysis
ofC. E,Cell-free supernatants from THP-1–derivedmacrophages preincubatedwith Ta-1, PSþ cells, or PSþ cells/Ta-1 were harvested and then added to an anti-CD3/
28–activated human PBMCproliferation systemwith orwithout anti-IL10 neutralizing antibody. F, Three days later, production of IFNg was assessed by ELISA.G, The
percentagesof IFNgþCD4þT cells (a), IFNgþCD8þT cells (b), CD25þCD4þTcells (c), CD25þCD8þTcells (d), CD69þCD4þT cells (e), or CD69þCD8þT cells (f)were
measured by FCM. H, The statistical analysis of G. PSþ cells refers to PSþ 4T1 cells inA to D, and PSþMDA-MB-231 cells in E to H. Data (mean� SEM) represent three
independent experiments. � , P < 0.05; ��, P < 0.01; ���� , P < 0.0001; ns, not significant. SN, supernatant.
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bearing mice for 7 days. Surprisingly, compared with other groups,
considerable inhibition of tumor growthwas observed (Fig. 6B andC).

We suspected that the tumor regression induced by epirubicin
combined with Ta-1 (epirubicin/Ta-1) might be associated with an
altered tumor immune microenvironment. Therefore, TAMs were
enriched from tumor single-cell suspension using anti-F4/80microbe-
ads (Supplementary Fig. S6A). Interestingly, we found upregulation of
CD206 and downregulation ofCD86 inTAMs fromepirubicin-treated
mice, compared with normal saline and Ta-1 groups. Moreover, the
epirubicin-induced effect could be reversed by subcutaneous injection
of Ta-1. Impressively, the lowest expression of CD206 and highest
expression of CD86 on TAMs were observed in the epirubicin/Ta-
1 group compared with all other groups (Fig. 6D and F). Similarly,
IL10 and IL6 expression in TAMs regulated by epirubicin could also be
reversed by Ta-1, and expression of IL10 in the epirubicin/Ta-1 group
was even lower than that in the normal saline and Ta-1 groups
(Fig. 6E; Supplementary Fig. S6B). These results indicated that epir-
ubicin/Ta-1 sharply decreased the polarization of TAMs towards the
tumor-promoting M2 phenotype.

To further explore the mechanism of the Ta-1–enhanced anti-
tumor effect of epirubicin, we detected the immune responses of
TILs and spleen T cells in mice. The highest frequencies of IFNgþ

CD4þ and IFNgþ CD8þ TILs were observed in the epirubicin/Ta-
1 group (Fig. 6G and H). Furthermore, epirubicin/Ta-1 treatment
increased the frequency of intertumoral Ki67þ CD4þ and Ki67þ

CD8þ T cells in tumor tissues (Fig. 6I). In addition, the epirubicin/

Ta-1 group also demonstrated the highest frequency of IFNgþ

CD4þ/CD8þ T cells following re-stimulation of splenic T cells
(Supplementary Fig. S6C and S6D). Therefore, Ta-1 improved the
efficacy of epirubicin by reversing efferocytotic M2 polarization of
TAMs in the TME, thus triggering a CD4þ and CD8þ T-cell–
dependent antitumor response.

Discussion
Efferocytosis, an evolutionarily conserved process to eliminate

apoptotic cells from the body accurately and quickly, has been
extensively studied (6, 7). Normally a silent noninflammatory process,
efferocytosis canmaintain the integrity and function of normal tissues
and promote the resolution of inflammation (24, 34, 35). However,
chemotherapy induces widespread efferocytosis and consequently
polarizes TAMs to the protumoral M2 phenotype, which involves a
series of coordinated signaling events to form an immunosuppressive
TME (9, 32). In this report, our findings were consistent with previous
studies demonstrating that chemotherapy-induced apoptotic tumor
cells could be efferocytosed by macrophages, and that efferocytotic
macrophages were polarized to the IL10þ TGF-bþ CD206þ M2
phenotype (36). Particularly, TAMs expressing IL10 have been found
to facilitate immune evasion (37), and induction of IL10 expression in
M2 efferocytotic macrophages was partially dependent on the TLR4
signaling pathway (38). Moreover, Hacker and colleagues confirmed
that IL10 secretion was triggered by TBK1 and downstream IRF3 (39).

Figure 6.

Ta-1 enhances the antitumor effect of chemotherapy. A, Fourteen days after subcutaneous implantation of 4T1 cells, BALB/c mice with tumor area of 60 to 80mm2

were randomly divided into four groups (n ¼ 5). Then, 0.1 mL of normal saline or epirubicin (1 mg/mL) was injected intraperitoneally into each mouse. Ta-1
(0.25 mg/kg) was injected subcutaneously once daily for the next 7 consecutive days. Mice were sacrificed and tumors were harvested on day 22. B and C, Tumor
growth and areaweremeasured.D,CD206 and CD86 expression in F4/80þmicrobead-enriched TAMswas assessed by FCM. E, Percentages of IL10þ and IL6þ TAMs
were determined by FCM. F, Tumor tissueswere immunostainedwith anti-F4/80, anti-CD206, and anti-CD86, and visualized by CSLM.G, TILswere enriched by anti-
CD3–microbeads and stimulated for 6 hours with leukocyte activation cocktail and GolgiPlug. Frequencies of IFNgþ CD4þ and IFNgþ CD8þ T cells accumulated in
tumor tissues were determined by intracellular staining. H, Protein concentrations of IFNg in supernatants were tested by ELISA. I, Immunofluorescence of CD4,
CD8, and Ki67 (nuclear puncta in proliferative cells) were examined in tumor tissues by CSLM. Data (mean � SEM) represent three independent experiments.
� , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001; ns, not significant. EPB, epirubicin; NS, normal serum.
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In this study, we confirmed that the TLR4/MyD88-TBK1-IRF3–
dependent pathway was involved in excessive IL10 secretion by
efferocytotic macrophages.

During tumor progression, protumoral M2-like TAMs are devoted
to tumor growth, invasion, andmetastasis. Therefore, targeting TAMs
has become a promising strategy in current tumor therapy (40). Ta-1
is a peptide hormone, and its therapeutic application has been
approved in cancer, but the mechanism behind its therapeutic action
still remains elusive (22). In our study, it is disappointing that no
changes inmacrophages were observed following treatment with Ta-1
alone. However, Ta-1 was identified as an immunomodulator of
efferocytotic macrophage polarization. Impressively, Ta-1 had the

effect of reprogramming M2-like macrophages to M1-like. These
findings have important implications for improving the efferocyto-
sis-mediated immunosuppressive TME. For patients with cancer,
current treatment strategies are focused on reprogramming TAMs
to the antitumoral M1 phenotype to control tumor growth (41). Thus,
Ta-1 might play an important role in resolution of immunosuppres-
sion and may subsequently promote immunostimulatory activities in
patients with breast cancer.

Generally, PS is exposed on the surface of efferocytosed apoptotic
tumor cells (26). In terms of structural relationships, previous studies
have reported that PS interacts with the N-terminus of Ta-1 in
membrane models by 1H and natural abundance 15N nuclear

Figure 7.

Schematic of the mechanism of Ta-1 regulation of efferocytotic TAM polarization. Left, M2 polarization of TAMs during efferocytosis was induced by
chemotherapy-generated apoptotic tumor cells, as indicated by increased IL10 production via TLR4/MyD88-TBK1-IRF3 signaling pathway. Right, Ta-1 could
reverse M2-like TAMs to antitumoral M1-like phenotype by reducing IL10 production via TLR7/MyD88-SHIP1 signaling pathway and inducing IL6 production via
TLR8/MyD88-IRAK4 signaling pathway, which resulted in improvement of antitumor immunity in the TME.

Wei et al.

Cancer Res; 82(10) May 15, 2022 CANCER RESEARCH2000

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/82/10/1991/3128341/1991.pdf by guest on 19 M

ay 2023



magnetic resonance (42). Notably, our study was the first to generalize
this phenomenon to the cellular level using FCM, ELISA, and CLSM.
Moreover, Ta-1 adhering to apoptotic tumor cells was internalized by
macrophages via efferocytosis, indicating that Ta-1 activates intra-
cellular receptors in macrophages to reverse the efferocytotic macro-
phage phenotype.

Recent studies suggest that efferocytotic macrophages are pro-
grammed by tissue environments to silently clear apoptotic cells, and
this programming includes inhibition of endogenous TLRs and lack of
endogenous TLR responsiveness (43, 44). In addition, failure of
efferocytotic macrophages to polarize to the immunostimulatory
M1 phenotype is related to endogenous TLR inhibition. Intriguingly,
our study demonstrated that Ta-1 activated TLR7 in efferocytotic
macrophages and subsequently triggered phosphorylation of SHIP1.
Moreover, interference with SHIP1 was reported to induce TBK1
hyperphosphorylation (45), so SHIP1 may be a critical signaling
molecule in Ta-1–mediated reversal of the M2 efferocytotic macro-
phage phenotype to M1. Indeed, we found that efferocytosis-activated
TBK1 was dramatically dephosphorylated through phosphorylated
SHIP1, and efferocytosis-induced IL10 expression was reduced.
These results indicate that Ta-1 modulates the efferocytotic mac-
rophage phenotype by dephosphorylating TBK1, but not inhibiting
TBK1 activation. Kawai and colleagues concluded that activation of
TLR8 correlates with immunostimulatory M1 macrophages (46).
We found that TLR8 and its downstream signaling molecules
were required for Ta-1--induced secretion of IL6 in efferocytotic
macrophages. Taken together, our results show that Ta-1 drives
immunosuppressive M2 efferocytotic macrophages towards an
immunostimulatory M1 phenotype via the simultaneous stimula-
tion of TLR7 and TLR8.

In response to chemotherapy, the immunosuppressive phenotype
generated by efferocytosis is amplified in conditions in which tumor
cell death is prevalent, thus targeting of efferocytosis is a potential
novel therapeutic option in a cancer setting. Successful preclinical and
phase I and II human trials ofmAbs and small molecule inhibitors that
can directly interrupt efferocytosis have been reported (13–16),
althoughmost of the phase III trials had a disappointing outcome (47).
Encouragingly, in line with its regulatory effect on efferocytotic
macrophages in vitro, Ta-1 modified the phenotype of efferocytotic
TAMs and stimulated antitumor responses of tumor-infiltrating
CD4þ and CD8þ T cells in a chemotherapy-treated mouse 4T1 breast
cancer model. These in vivo findings suggest that Ta-1 may promote
tumor regression by reversing efferocytotic M2 macrophages to
improve the immunosuppressive TME. Ta-1 injection immediately
after chemotherapy is highly recommended to improve the curative
effect of chemotherapy for patients with cancer. Further studies

focusing on applying this usage of Ta-1 in cancer patients undergoing
chemotherapy are ongoing.

In conclusion, Ta-1 can shape TAM plasticity towards an ant-
itumor phenotype in a lysosomal TLR7-/8-dependent manner to
downregulate TBK1-/IRF3-driven IL10 production in efferocytotic
macrophages, resulting in recruitment of TILs and improvement of
antitumor immunity in the TME (Fig. 7). Ta-1, as an immunomod-
ulator in combination with chemotherapy, could be therapeutically
exploited to promote tumor regression in patients with cancer through
reversing the polarization of TAMs that efferocytose apoptotic tumor
cells. However, chemotherapy-induced apoptosis of tumor cells is a
dynamic process. Apoptotic bodies, formed in the late apoptotic stage,
could be engulfed by phagocytes such as macrophages and dendritic
cells. Further studies focusing on Ta-1 regulation of the function of
phagocytes that engulf apoptotic bodies should be conducted to
further elucidate the mechanism of synergistic effects of Ta-1 and
chemotherapy in patients with breast cancer.
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