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Abstract
Background Tumor microenvironment actually reduces antitumor effect against the immune attack by exclusion of  CD8+T 
cells. Progranulin (PGRN) is a multifunctional growth factor with significant pathological effects in multiple tumors; how-
ever, its role in immunity evasion of breast cancer (BCa) is not completely understood.
Methods We depleted GRN (PGRN gene) genetically in mice or specifically in PY8119 murine BCa cell line, and mouse 
models of orthotopic or subcutaneous transplantation were used. Chimeric mice-deficient of PGRN  (Grn−/−) in bone marrow 
(BM) compartment was also generated. Association of PGRN expression with chemokine production or BCa development 
was investigated by histological and immunological assays.
Results We found PGRN was involved in exhaustion of cytotoxic  CD8+T cell in BCa with the increasing expressions of M2 
markers and intercellular cell adhesion molecule-1 (ICAM-1) on macrophages. Specifically, ablation of PGRN in PY8119 
cells reduced tumor burden, accompanied by the infiltrating of cytotoxic  CD8+T cells into tumor nests. Moreover, our 
result revealed that blockade of PD-1 in PGRN-depleted tumors exhibited better antitumor effect in vivo and significantly 
decreased tumor burden.
Conclusion These findings suggest that inhibition of PGRN may act as a potential immune-therapeutic strategy by recovering 
infiltration of  CD8+T cell in BCa tissue and thereby enhancing the response to anti-PD-1 therapy.

Keywords Breast cancer (BCa) · Progranulin (PGRN) · Tumor-associated macrophages (TAMs) · Programmed cell death 
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Ting Zhou and Husun Qian have contributed equally to this work.

 * Chengsen Chai 
 chengsenchai@cqmu.edu.cn

 * Bianqin Guo 
 guo_bianqin@163.com

 Ting Zhou 
 462670301@qq.com

 Husun Qian 
 1045239232@qq.com

 Dian Zhang 
 1850730989@qq.com

 Wenli Fang 
 814548482@qq.com

 MengLi Yao 
 1063866572@qq.com

 He Shi 
 945993076@qq.com

 Tingmei Chen 
 tingmeichen@cqmu.edu.cn

1 Key Laboratory of Clinical Laboratory Diagnostics 
(Ministry of Education), College of Laboratory Medicine, 
Chongqing Medical University, Chongqing 400016, 
People’s Republic of China

2 Chongqing Key Laboratory of Translational Research 
for Cancer Metastasis and Individualized Treatment, 
Chongqing University Cancer Hospital, Chongqing 400030, 
People’s Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-024-03655-z&domain=pdf


 Cancer Immunology, Immunotherapy (2024) 73:7676 Page 2 of 19

Abbreviations
Anti-PD-1  Anti-PD-1
BCa  Breast cancer
CFSE  Carboxyfluorescein diacetate succinimidyl 

ester
CL  Clodronate liposome
CTL  Cytotoxic T cell
CSF-1  Colony-stimulating factor-1
CSF-1R  Colony-stimulating factor-1 receptor
ICAM-1  Intercellular cell adhesion molecule-1
NK cell  Natural killer cell
PD-1  Programmed cell death protein 1
PGRN  Progranulin
TAM  Tumor-associated macrophage
TME  Tumor micro-environment

Introduction

CD8+ cytotoxic T cells, also known as cytotoxic T cells 
(CTL), are vital in the immune response against cancer [1] 
and closely related to a good clinical prognosis in many 
tumor types, including ovarian, colon, breast, and pancre-
atic cancer [2–6]. In recent years, it has had a positive effect 
when immune checkpoint inhibitors are used in clinical 
treatment for many types of cancers, with anti-programmed 
cell death protein 1 (PD-1) inhibitors being one of the lead-
ing candidates [7]. However, the efficacy of immune check-
point inhibitors depends on the infiltration rate of  CD8+T 
cells in tumors. Therefore, it is necessary to reveal the poten-
tial mechanism that suppressing  CD8+T cells infiltration. 
 CD8+T cells are poorly observed in breast cancer tissues, 
and thereby using immune checkpoint inhibitors alone did 
not show a good clinical outcome in patients with breast 
cancer [8–11]. Breast cancer is characterized by extensive 
immunosuppressive cell infiltration and fibrosis, which all 
together critically promote the disease progression [12–14] 
and its response to therapy [15]. The tumor micro-envi-
ronment (TME) is also seen as a major barrier to  CD8+T 
cell infiltration in breast cancer [10, 16], and it is necessary 
to overcome this defect for the successful use of immune 
checkpoint inhibitors [17, 18].

Tumor-associated macrophages (TAMs) are the most 
abundant and important immune cell types in breast cancer. 
TAMs have shown their prognostic significance in BC, and 
their infiltration rate correlates with tumor progression and 
metastasis [19, 20]. Depending on the activation signals, 
macrophages can be polarized into M1-like inflammatory 
macrophages or into M2-like anti-inflammatory, immuno-
suppressive macrophages [17, 20, 21]. Previous evidence 
suggested that TAMs were engaged in complex network 
interactions with cancer stromal cells, which accelerated 
the formation of the immunosuppressive TME [22, 23], and 
the recruitment of immunosuppressive cell into tumors led 
to the decrease of  CD8+T cell infiltration and the increase of 
tumor burden [17, 20, 22, 24–28]. However, the mechanism 
by which macrophages regulate T cell infiltration is still not 
disclosed.

Progranulin (PGRN) is an 88-kDa glycoprotein (GP88) 
and expressed mainly in neurons and immune cells [29]. 
PGRN plays a role in a variety of biological processes such 
as tissue remodeling and repair during embryonic devel-
opment, wound repair, and inflammation [30–32]. Inter-
estingly, numerous studies have demonstrated that PGRN 
is also expressed in tumor cells, including breast cancer, 
and correlates with the tumor progression, metastasis, and 
drug resistance [33, 34]. Overexpression of PGRN has been 
observed in clinical specimens of breast cancer, especially 
in cancers with high malignancy [35, 36]. Yet, whether and 
how PGRN affects tumorigenesis and immune escape in the 
breast cancer remains unknown.

We have recently identified that PGRN promoted 
CD8 + T cells exclusion through the interaction of PD-L1 
on TAMs with PD-1 on CD8 + T cells, which also inhibited 
the proliferation and activation of CD8 + T cells [37]. How-
ever, the immunosuppressive effects of PGRN on the TME 
are multifaceted, and other mechanisms by which PGRN 
affected  CD8+T cells infiltration and function remain unex-
plored. Hereby, in this study, we firstly revealed that tumor-
derived PGRN was a key player that contributed to  CD8+T 
cell exclusion and the resistance to anti-PD-1 treatment. 
Specifically, tumor-derived PGRN promoted the polariza-
tion of TAMs to M2 macrophages, and then, PGRN-treated 
TAMs inhibited proliferation and activation of CD8 + T cells 
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via ICAM-1-mediated interaction with  CD8+T cells in BCa 
tumor microenvironment. On the other hand, we showed 
that depletion of PGRN alleviated  CD8+ T cell exclusion 
in BCa tissue and enhanced the response to anti-PD-1 treat-
ment. Overall, our study suggests that PGRN may serve as 
a potential therapy target for breast cancer.

Materials and methods

Mice

Six–eight weeks’ old wild-type (WT) female C57BL/6 were 
purchased from Chongqing Medical University (Chongqing, 
China), and  Grn−/−mice were generously gifted from Dr. 
Yibing Yin. Mice from both stains were maintained in the 
pathogen-free condition. All animal experiments were per-
formed in accordance with approved protocols by the Insti-
tutional Animal Care and Ethical Committee of Chongqing 
Medical University.

Cells

Murine breast cancer cells PY8119 (RRID:CVCL_AQ09) 
were cultured in F12/DMEM (1:1) with 10% fetal bovine 
serum (FBS) and 1% penicillin/streptomycin. To generate 
the stable PY8119/Grn−/− cells, CRISPR technology was 
used. Ablation of the GRN gene mediated by CRISPR-
Cas9 was acquired with transposon plasmid (provided by 
Haixing Bioscience) containing expression cassettes for 
hSpCas9, Puro and chimeric guide RNA. To target exon 
2 ~ exon 13 of the GRN gene, two guide RNA sequence 
of CCC CGG GCC TTT TGA AGG GCTGG and GTA GGC 
CGG GGA GAC GTT AGGGG were selected through the 
http:// crispr. mit. edu website. Plasmid containing the guide 
RNA sequence was electro-transfected into cells using Neon 
transfection system according to the manufacturer’s instruc-
tions (Thermo Fisher Scientific). After twenty-four hours’ 
post-transfection, cells were selected by puromycin (2ug/
mL). After three days, single colonies were transferred into 
96-well plates. To determine the presence of insertions or 
deletions (indels) in GRN targeted clones, genomic DNA 
was isolated using a Blood/Cultured cells DNA Kit (Simgen, 

3,002,050). And GRN exon 2 ~ exon 13 PCR amplification 
was acquired using 2 × Taq Master Mix (Dye Plus; Vazyme, 
P112) of primers flanking exon; Forward: 5’-CTT GCT GCA 
CAC TGG TAG GA-3’; Reverse: 5’-GGG CGA TCC TGG AGA 
CTA GA-3’. PCR product was cloned into Mighty TA-clon-
ing Kit, (Takara, 6028) and transformed into E. coli DH5α 
competent cells (Thermo Fisher Scientific). Plasmids were 
isolated from 8–10 single colonies and sequenced by Sanger 
sequencing (GENEWIZ, China). Clones with mutations in 
both alleles were selected for downstream studies. Cell lines 
were generated using the above strategy including PY8119 
 GRN+/+, PY8119  GRN−/−A, PY8119  GRN−/−B, PY8119 
 GRN−/−C and PY8119  GRN−/− cells. All clones were main-
tained under the same conditions as parental cells.

Murine breast cancer cells 4T1 and Murine macrophages 
Raw267.4 were cultured in DMEM with 10% fetal bovine 
serum (FBS) and 1% penicillin/streptomycin.

In vivo animal studies

A total of 5 ×  106 PY8119 cells suspended in 100 μl of 
PBS were injected into the fourth right mammary fat pad 
of WT or  Grn−/− C57BL/6 mice. For PY8119 and PY8119 
 Grn−/− primary tumor growth, 1 ×  106cells in 100 μl of PBS 
were injected subcutaneously in right flank of the mice. Mice 
were randomized into groups by body weight. Tumor sizes 
were monitored every other day using an electronic caliper. 
Tumor growth was evaluated by measuring tumor volume 
(TV = 0.5 × length ×  width2) every 3 days until they were 
eliminated 30 days after treatment. For selected experiments, 
macrophages were depleted using Clodronate liposomes 
(LIPOSOMA) or CSF-1R inhibitor (Selleckchem; Ki20227). 
Clodronate liposomes were administered via i.p. injection 
daily with 100ul/10g; PBS liposomes (LIPOSOMA) were 
used as control. CSF-1R inhibitor Ki20227 was administered 
daily at a concentration of 20mg/kg in 20% Captisol (Ligand 
Pharmaceuticals) via i.p. injection. Captisol (20%) was used 
as vehicle control. For immune checkpoint blockade, PD-1 
antagonist (BioXCell; clone RMP-1) or Rat IgG2 (BioXCell; 
clone 2A3) isotype control was administered every 3 days 
by i.p. injection at 250 mg/dose for a total of 4 injections in 
20 days (early phase treatment, d3).

http://crispr.mit.edu
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Bone marrow transplantation

Thirty WT and Thirty  Grn−/− female C57BL/6 mice were 
prepared. Bone marrow transplantation was performed by 
reconstituting the bone marrow of lethally irradiated (8.5 
Gy) female and 6-week-old C57BL/6 mice by injecting with 
5 ×  106 total bone marrow cells isolated from  Grn−/−mice or 
WT mice. After 4 weeks, engraftment of  Grn−/−bone mar-
row was assessed by genomic DNA PCR according to The 
Jackson Laboratory’s protocol on peripheral blood cells 
from fully recovered bone marrow-transplanted mice. After 
confirmation of successful bone marrow reconstitution, mice 
were enrolled in tumor studies.

Peritoneal macrophages isolation

Peritoneal macrophages were generated according to pre-
vious literature [38]. Briefly, each C57BL/6 mouse was 
injected intraperitoneally with 1 ml of 3% thioglycollate 
(Difco) on day 1. After administration, the mice were kept 
under daily observation to check for abnormal activities. 
Mice were killed 4 days after injection. Peritoneal mac-
rophages were harvested from peritoneum, after being 
injected with 7-ml cold PBS into peritoneal cavity. The 
peritoneal cells were centrifuged at 1500 RPM for 10 min 
and then seeded into cell culture dishes. The suspension cells 
were discarded by being washed with PBS after 2 h. And the 
adherent cells were considered as peritoneal macrophages.

Preparation of conditioned media

Conditioned medium (CM) was acquired from 4T1 cells. 
Briefly, the medium was removed from 70% confluent cells, 
and the cells were washed 3 times with PBS before addition 

of serum-free medium. Cells were incubated for 24 h in 
serum-free medium and then collected and filtered through 
0.45-mm filters before use.

Flow cytometry and cell sorting

Single-cell suspensions from murine tumor tissues were 
prepared by mechanical and enzymatic disruption in PBS 
with 1 mg/ml collagenase D and 4 μg/ml DNase I for 1 h in 
37 °C with periodic vortexing. Cells were filtered through 
a 70-um cell strainer, resuspended in PBS and centrifuged 
at 500 g for 5 min, followed by the removement of the red 
blood cells (RBCs) with RBC lysis buffer. The cells were 
blocked by 0.5% BSA for 30 min on ice with FC block 
and then stained with the following antibodies separately: 
PerCP/Cyanine5.5 anti-mouse CD45 (103,131; BioLeg-
end), APC/Cyanine7 anti-mouse F4/80 (123,117; BioLe-
gend), FITC anti-mouse CD3 (100,203; BioLegend), PE 
anti-mouse CD69 (104,507; BioLegend), APC anti-mouse 
CD206 (141,707; BioLegend), PE anti-mouse CD86 
(105,007; BioLegend). APC anti-mouse CD8a (100,711; 
BioLegend). PE anti-mouse IFN-γ (505,807; BioLegend), 
PE anti-mouse PD-1 (135,205; BioLegend) and PE anti-
mouse Ki67 (652,403; BioLegend). For intracellular stain-
ing, cells were first fixed (eBioscience, IC fixation buffer) 
and permeabilized (eBioscience, 1 × permeabilization 
buffer).

In vitro T cell activation assay

Primary splenocytes were obtained from C57BL/6 mice. 
Dissected spleens were dissociated in PBS and passed 
through a 70-um cell strainer to obtain a single cell sus-
pension. Cells were centrifuged, and red blood cells were 
lysed using RBC lysis buffer. Obtained splenocytes were 
cultured in RPMI supplemented with 10% FBS. For T cell 
activation assays, splenocytes were stimulated using Mouse 
T-Activator CD3a and CD28 (BioLegend). The splenocytes 
activated (S) were then cocultured with PMs from WT and 
 Grn−/−mice (4:1 ratio, S:M). Cells were plated in 48-well 
plates and incubated at 37℃ for 24 h. Subsequently, Brefel-
din A (MCE; 1:1000) was added to the cells for 5 h. Cells 
were then harvested and stained with CD8 (BioLegend), 
IFNγ (BioLegend) and CD69 antibodies and they were 

Fig. 1  PGRN promoted tumor growth by inducing  CD8+T cell exclu-
sion in BCa tissue. A IHC images of PGRN level in human breast 
cancer and paracancerous tissue sections (n = 68); scale bar, 50um. B 
Quantification of PGRN level in human breast cancer and paracan-
cerous tissue sections (n = 68). C Breast cancer PY8119 cells were 
injected in  situ into the fat pads of C57 wild-type mice and PGRN 
knock-out mice (n = 6 per group) and tumor volume curve; scale 
bar,10mm. D Percentage of  CD8+ T cells over time assessed by flow 
cytometry analysis. E Representative images of MxIHC staining in 
tumors from WT and  PGRN−/−mice; scale bar, 100um. F Percentage 
of  CD69+CD8+T cells and PD-1+CD8+T cells over time assessed by 
flow cytometry analysis

◂
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Fig. 2  Macrophage depletion increased  CD8+T cell infiltration into 
tumor nests. A, B Composition of leukocytes was shown as a per-
centage of  CD45+ cells using the following definitions: B cells 
 (CD45+CD45R+), T cells  (CD45+CD3+), NK cells  (CD45+NK1.1+), 
neutrophils  (CD45+Gr-1+), TAMs  (CD45+F4/80+) by flow cytom-
etry analysis (A) and quantification of composition of leukocytes (B). 
C IHC images of  PGRN+ cells and  CD68+macrophages in human 
breast cancer and paracancerous tissue sections (n = 68); scale bar, 
50um. Pearson correlation plots of the expression of PGRN and 

CD68 in human tumor samples. D Immunofluorescent staining and 
analysis of TAM (F4/80+) in tumors treated with liposomes contain-
ing PBS or clodronate (D); scale bar, 100um. E Tumor tissue and 
volume curve (n = 5 per group); scale bar, 10mm. F, G Representa-
tive immunofluorescent staining and quantification of  CD8+T cells, 
activated T cells  (GZMB+),  Ki67+ and apoptotic cells  (Tunel+) 
frequency in tumor treated with liposomes containing PBS or clo-
dronate; scale bar, 50um
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analyzed by flow cytometry. For some experiments, mouse 
ICAM-1 neutralizing antibody (GY20190816; Novogen; 
5 mg/mL) were used.

In vitro T cell proliferation assay

For T cell proliferation assay, splenocytes derived from 
C57BL/6 mice were labeled with 5 mmol/L carboxyfluo-
rescein diacetate succinimidyl ester (CFSE; BioLegend) 
and incubated for 10 min at 37 °C in the dark. Cells were 
then resuspended in RPMI 1640 supplemented with 10% 
FBS and stimulated with Mouse T-Activator CD3a and 
CD28. Activated splenocytes (S) were then cocultured with 
PMs from WT and  Grn−/−mice (4:1 ratio, S:M). Cells were 
plated in 48-well plates and incubated at 37 °C for 72 h. 
Subsequently, cells were harvested and stained with CD8 
antibody. Proliferating  CD8+T cells were tracked by flow 
cytometry.

Immunofluorescence

Slides from tumors were deparaffinized in xylene and 
dehydrated in graded ethanol solutions. The sections 
were blocked in goat serum blocking solution for 1 h at 
room temperature. The slides were incubated overnight at 
4 °C with the following antibodies for multicolor immu-
nofluorescence staining: F4/80 (Cell Signaling Technol-
ogy, 30,325 T, 1:200), CD206 (Proteintech, 18,704–1-AP, 
1:200), Arg1 (Abcam, ab96183, 1:100), iNOS (Abcam, 
ab178945, 1:200), CD8 (Bioss, bs0648R, 1:100), aSMA 
(Cell Signaling Technology, 19,245, 1:200); Ki67 (Cell 
Signaling Technology, 12,075, 1:100); CSF1R (Abcam, 
ab254357, 1:100) and Granzyme B (Cell Signaling Tech-
nology, 17,215, 1:200). Immunofluorescence staining was 
detected with fluorescence microscope.

Immunohistochemistry analysis

Sections from tumors were cut into 5μm in thickness and 
deparaffinized in xylene for 15 min. Slides were dehy-
drated in graded ethanol solutions for 5min. Tissue sec-
tions were incubated overnight at 4 °C with primary anti-
bodies: CD8 (Cell Signaling Technology, 85,336, 1:100); 

CD68 (Abcam, ab25333, 1:100); PGRN (Proteintech, 
18,410–1-AP, 1:100). Second-HRP-conjugated antibod-
ies were incubated for 30 min at room temperature. IHC 
staining images were examined with microscopy.

Western blot

The cells were lysed in RIPA lysis buffer (Beyotime, 
China, P0013B) supplemented with protease inhibitors 
PMSF (Beyotime, China, ST506). Protein concentration 
was determined by using BCA protein assay kit (Beyotime, 
China, P0012S). The primary antibodies included ICAM-1 
(Abcam, ab178945, 1:1000), PGRN (R&D Systems, 
MAB25571, 1:50) and GAPDH (Proteintech, 66,009–1-
Ig, 1:2000).

TUNEL assay

The frozen slices from tumors were restored in an oven 
at 37  °C for 10-20min and fixed in 4% paraformalde-
hyde for 30min. Protease K working solution (protease 
K:PBS = 1:9) and 0.1% triton in turn were added to cover 
the tissue, then take appropriate amount of TDT enzyme, 
dUTP and buffer in the Tunel kit (Servicebio) according 
to the number of slices and tissue size and mix at 1:5:50 
ratio, and added to cover the tissue incubated at 37 °C for 1 
h in a flat wet box. TUNEL stainings were examined with 
fluorescence microscope.

CCK‑8 assay

5 ×  103 viable  PY8119WT cells or  PY8119KO cells were 
seeded in 96-well plates. After culture for 24 h, CCK-8 rea-
gent was added to assay plates. Following incubation for 
24 h, 48 h, 72 h at 37 °C, the absorbance values were meas-
ured by microplate reader.

Statistical analysis

Unpaired Student’s t test was adopted for mean difference 
comparison between two groups. One-way ANOVA fol-
lowed by multiple comparison was adopted for multiple 
groups. All data were presented as mean ± SEM (standard 
error of mean). P < 0.05 was considered as significant. All 
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the experiments were performed independently for three 
times.

Results

PGRN promoted tumor growth by inducing CD8 + T 
cell exclusion in breast cancer

Previously we revealed that PGRN promoted CD8 + T 
cells exclusion through the interaction between PD-L1 on 
TAMs with PD-1 on CD8 + T cells, which inhibited the 
proliferation and activation of CD8 + T cells [37]. PGRN 
was expressed in both breast cancer cells and non-cancer 
cells (e.g. immune cells) [29]; however, the cellular source 
of CD8 + T cell-suppressing PGRN in BCa tissue was 
still not clarified. To address this, firstly, we examined the 
expression levels of PGRN in human breast cancer tis-
sues and paracancerous tissues by immunohistochemistry. 
PGRN was significantly overexpressed in the breast cancer 
tissues compared to paracancerous tissues (Fig. 1A, B). 
Then, to exclude the effect of PGRN derived from xeno-
graft immune system, PGRN WT mice and  PGRN−KO mice 
were used in orthotopic xenograft with PGRN WT PY8119 
cells. As shown in Fig. 1C, though the tumor volume of 
 PGRN−/− mice by orthotopic xenograft was smaller com-
pared with the PGRN WT mice, PGRN knock-off in mice 
did not prevent tumorigenesis of PGRN WT PY8119 cell, 
which hinted that PY8119-derived PGRN played a domi-
nate role in tumor growth compared to mice-derived PGRN 
(Fig. 1C). Next, to investigate the mechanism by which 
PGRN promoted tumor growth, using flow cytometry, we 
found the fewer infiltrating  CD8+T cells were displayed 
in the PGRN WT group compared to the  PGRN−/− group 
(Fig. 1D). Then, the localization of  CD8+T cells was exam-
ined by immunofluorescence in WT and  PGRN−/− tumors. 

Myofibroblasts are metabolically and morphologically dis-
tinctive fibroblasts expressingα-SMA, which can be used to 
distinguish myofibroblasts and tumor cells, andα-SMA + cells 
were shown to indicate the edge of the tumor [39, 40]. The 
immunofluorescence results showed that PGRN remarkably 
altered the distribution of  CD8+T cells, which were excluded 
from the tumor center (Fig. 1E). We also analyzed patient 
tissue sections of breast cancer tissues and paracarcinoma tis-
sues, and  CD8+T cells were accumulated at the tumor periph-
ery in PGRN-rich tumor tissues (Supplementary Fig. S1). 
Additionally, to investigate whether PGRN influenced func-
tion of  CD8+T cells, the expression levels of T cell activation 
marker CD69 and the inhibitory immune checkpoint recep-
tor PD-1 were analyzed.  CD8+CD69+PD-1−T cells isolated 
from  PGRN−/− group were significantly increased, whereas 
 CD8+T cells derived from WT group were rarely active 
(Fig. 1F). Collectively, these results indicated that PGRN 
reduced  CD8+T cell infiltration, and the  CD8+ T cells with 
cytotoxic function were depressed.

Macrophage inhibition by PGRN depletion increased 
CD8 + T cell infiltration into tumor nests

To clarify the effect of PGRN on immune cells in BCa 
tissue, the immune cell composition of PGRN WT and 
 PGRN−/−tumors was analyzed by flow cytometry, respec-
tively. It showed that in the  PGRN−/− group fewer tumor-
associated macrophages (TAMs;  CD45+F4/80+) were iden-
tified; conversely, T cells  (CD45+CD3+) were significant 
increased, but there were no significant differences in B cells 
 (CD45+B202+), NK cells  (CD45+NK1.1+) and neutrophils 
 (CD45+Gr1+) (Fig. 2A, B). Then, the distribution of TAMs 
was investigated in tissues of breast cancer and paracar-
cinoma; we found that the expression level of PGRN was 
proportional to the expression level of CD68 and  CD68+ 
macrophages were accumulated within and around the tumor 
tissues (Fig. 2C).

To make sure whether macrophages are involved in 
PGRN-mediated  CD8+T cells exclusion, we have used an 
orthotopic model with transplantation of PY8119 cells into 
the mammary fat pad. As expected, in response to clodronate 
liposomes (CLs) [25, 26] treatment, the number of TAM was 
significantly reduced (Fig. 2D). We detected that the breast 
tumors of CL-treated mice containing higher infiltration of 
cytotoxic  CD8+T cells grew slower (Fig. 2E, F). We also 
found that high fluorescence intensity was simultaneously 

Fig. 3  PGRN promoted immunosuppressive M2-like TAMs accu-
mulate and induces  CD8+T cells exclusion. A, B Percentage of M1 
macrophages (F4/80+CD86+), M2 macrophages (F4/80+CD206+) 
overtime were assessed by flow cytometry analysis (A), quantification 
of M1 and M2 macrophages (B). C Immunofluorescent images of 
M1-like TAM markers and M2-like TAM markers; scale bar, 100um 
and 50um respectively. D–F TAMs isolated from breast cancer tis-
sues were tested for their ability to suppress CD28/CD3 stimulated 
splenic  CD8+T cell proliferation (CFSE dilution and Ki67.+ cells; D, 
E) and activation (IFNγ level; F)

◂
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captured by fluorescence microscope when the apoptosis 
occurred after treatment of CLs (Fig. 2G); however, analysis 
of the proliferation marker Ki67 indicated that CL-treated 
mice proportionally contained the same levels of Ki67 when 
compared with tumors from PBS mice (Fig. 2G). Together, 
these results suggested that the inhibition of TAMs by 
PGRN depletion promoted the infiltration and activation of 
 CD8+T cell and impaired PGRN-mediated immunosuppres-
sive effect.

PGRN promoted immunosuppressive M2‑like TAMs 
accumulation and induced CD8 + T cell exclusion

Tumor-associated macrophages (TAMs) can suppress  CD8+ 
T cell effector functions depending on their activation state 
(16, 34). To clarify the activation state of TAMs in tumor 
tissue, we analyzed expression of M1-like and M2-like 
TAM markers by flow cytometry. Interestingly, TAMs iso-
lated from  PGRN−/− tumors exhibited higher expression 
of M1-like markers (CD86). In contrast, the expression 
of immunosuppressive M2-like markers was significantly 
enhanced in macrophages derived from WT tumor (mannose 
receptor C-type 1 Fig. 3A, B). Sections of  PGRN−/− tumor 
tissue showed a larger number of TAMs expressing pro-
inflammatory markers, including iNOS, CD86 (Fig. 3C). On 
the contrary, PGRN WT tumors contained abundant M2-like 
macrophages expressing macrophage mannose receptor 1 
(CD206) and arginase 1 (Arg1; Fig. 3C). As well known, 
M2-like macrophages were able to participate in potent 
inhibitory effects on cytotoxic  CD8+T cell functions [41]. 
Comparing with TAMs isolated from  PGRN−/−tumor tis-
sue, we found TAMs isolated from WT group played signifi-
cantly inhibitory role in  CD8+T cell proliferation (Fig. 3D, 
E) and activation ex vivo (Fig. 3F). Together, our data indi-
cated that PGRN promoted the polarization of TAMs toward 
M2-like cells that inhibited cytotoxic  CD8+T cell functions.

PGRN up‑regulated ICAM‑1 expression of TAMs 
mediating the interaction between TAMs 
with CD8 + T cells

We next identified the macrophage-derived factors respon-
sible for  CD8+ T cells exclusion. In this aspect, we exposed 

peritoneal macrophages of WT and  PGRN−/− groups to 
IL-4 in vitro, and then, we used cytokine array to examine 
secreted protein. In the WT group, among the most highly 
secreted proteins, we identified intercellular cell adhesion 
molecule-1 (ICAM-1, also known as CD54, Fig. 4A, B), a 
transmembrane glycoprotein in the immunoglobulin super-
family that has previously been shown to mediate T cell acti-
vation by interacting with the β2 integrin counter-receptors 
CD11a/CD18 (also known as lymphocyte function-associ-
ated antigen-1, LFA-1) [42]. Orthotopic models were used to 
isolate TAMs from WT and  PGRN−/− mice, by flow cytom-
etry; we did find that ICAM-1 was highly expressed in the 
TAMs of WT murine tumor tissue (Fig. 4C). TAMs isolated 
from WT and  PGRN−/− mice were labeled with 5 mmol/L 
carboxyfluorescein diacetate succinimidyl ester (CFSE) and 
incubated with CD8 + T cells. The CFSE-labeled TAMs 
bound to T cells stimulated by anti-CD3/CD28 antibodies 
and TAMs derived from  PGRN−/− group showed a stronger 
capability of T cell binding than WT group, and the pre-
treatment of TAMs with anti-ICAM-1 antibodies markedly 
decreased the binding of T cell and TAMs, which suggested 
the ICAM-1 was directly involved in the T cell-TAMs bind-
ing (Supplementary Figure S4).

Since our previous result has shown that TAMs from 
WT group played an inhibitory role on stimulated CD8 + T 
cells (Fig. 3D–F), we next examined the role of ICAM-1 
in this inhibition. Interestingly, when spleen T cells were 
co-cultured with murine tumor-derived macrophages in the 
presence or absence of ICAM-1 neutralizing antibody, we 
found that there was no significant effect on the positive ratio 
of Ki67 in  CD8+T cells, which indicated that ICAM-1 did 
not alter the proliferation of  CD8+T cells (Fig. 4D). How-
ever, the presence of ICAM-1 neutralizing antibody signifi-
cantly enhanced the positive ratios of IFNγ or CD69 (IFNγ: 
2.9% to 8.75%; CD69: 30.1% to 50.7%), which suggested 
that the activation of  CD8+T cell was efficiently restored 
by ICAM-1 neutralizing antibody (Fig. 4E, F). Thus, these 
data prompted that PGRN inhibited the antitumor effect of 
 CD8+T cells dependent on the interaction of  CD8+T cells 
with macrophages by ICAM-1.

Pharmacologic blockade of the CSF‑1/CSF‑1R axis 
rewrote TAMs into M1‑like phenotype and restored 
CD8 + T cell cytotoxicity in tumor‑bearing mice

According to our findings, we reasoned that reprograming 
TAMs to M1-like TAMs could remain tumoricidal  CD8+ T 
cell functions and subsequently suppress tumor progression. 
Targeting CSF-1/CSF-1R is one of the most well-known 
strategy to inhibit TAMs functions in cancer [24, 43]. Con-
sequently, we investigated CSF-1R was largely expressed by 
TAMs (Supplementary Figure S2). To assess whether the 
blockade of CSF-1R affected macrophage and  CD8+T cell 

Fig. 4  PGRN promoted  CD8+T cells exclusion by up-regulating 
ICAM-1 of TAMs. A Mouse-specific chemokine protein array was 
performed with wild-type (WT) PMs CM and  PGRN−/− PMs CM. 
B Western blot was performed to analyze ICAM-1 expression and 
quantification. C Percentage of ICAM-1+ macrophages isolated from 
WT and  PGRN−/− BCa tissues was analyzed by flow cytometry and 
quantification. D–F TAMs isolated from WT tumor were tested for 
their ability to suppress CD28/CD3 stimulated splenic  CD8+T cell 
proliferation  (Ki67+ cells; D), activation (IFNγ; E and CD69 levels; 
F) with the presence or absence of ICAM-1 neutralizing antibody
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functions, we used an orthotopic model with transplantation 
of PY8119 cells in the mammary fat pad. On day 7, tumor-
bearing mice was treated with a small molecule inhibitor of 
CSF-1R (Ki20227) for 1 week. We found that the treatment 
of Ki20227 led to slower tumor growth and had a lower 
incidence of cancer (Fig. 5A, B). Interestingly, Ki20227 
not only specifically reduced the number of M2-like 
F4/80+CD206+TAMs (Fig. 5C, D), but increased overall 
 CD8+T cell numbers (Fig. 5E). Also, we found that  CD8+T 
cell activation was increased in Ki20227-treated mice with 
a significant difference in  Tunel+ cell numbers; meanwhile, 
analysis of the Ki67 showed that Ki20227-treated mice had 
no statistical difference compared with tumors from con-
trol mice (Fig. 5F, G). These findings demonstrated that the 
ability of TAMs to sustain tumor progression was partially 
due to their capacity to promote de-activation of  CD8+ T 
cells, and TAM-targeted therapies induced the infiltration 
and activation of cytotoxic  CD8+ T cells.

Tumor‑derived, not macrophage‑derived PGRN 
regulated CD8 + T cell exclusion

To further address the question which cells PGRN was 
derived from for  CD8+ T cell exclusion, either cancer cells 
or macrophages, we, respectively, generated monoclonal 
PY8119 cell line without PGRN  (Grn−/−  PY8119KO), in 
which the endogenous Grn gene was deleted via CRISPR/
Cas9 and chimeric Grn-deficient mice in the BM compart-
ment  (Grn−/−  BMKO mice). In vitro, we investigated cell 
viability between  PY8119KO cells and  PY8119WT cells, 
there was no difference in the proliferation of  PY8119KO 
cells and  PY8119WT cells (Supplementary Figure S9). 
Then, we used a subcutaneous model with transplantation 
of murine breast tumor cells subcutaneously in right flank of 
the mice. Compared with WT PY8119, we figured out that 
 Grn−/−PY8119 cells significantly lost the ability to grow; 
what is more, the breast tumor of chimeric mice  (BMKO) 
injected with  Grn−/−PY8119 cells  (PY8119KO) grew slow-
est (Fig.  6A, B). Comparing with dual Grn WTgroup 
 (BMWT +  PY8119WT),  CD8+T cell numbers significantly 
increased in either dual Grn-/- group  (BMKO +  PY8119KO, 
P = 0.0044) or  Grn−/−PY8119 group  (BMWT +  PY8119KO, 

P = 0.015), but not significantly in  Grn−/−BM mice group 
 (BMKO +  PY8119WT) (Fig. 6C, D). Moreover, depletion of 
PGRN altered CD69 and PD-1expression levels in  CD8+T 
cells (Fig. 6E, F). Interestingly, we found the depletion 
of PGRN was able to increase the number of immune-
stimulatory TAMs that expressed the pro-inflammatory 
marker CD86 in mice tumors (Fig. 6G), though the num-
bers of  CD3+T cell, Gr-1+ neutrophil, NK1.1+NK cell and 
 CD45R+B cell remained unchanged (Supplementary Fig-
ure S3A–D). Analysis of Ki67 suggested that the depletion 
of PGRN had no effect on tumor proliferation; however, in 
tumor tissue of dual Grn-/- group  (BMKO +  PY8119KO), 
we found a high apoptosis rate  (Tunel+) of tumor cells 
(Fig. 6H). Taken together, our data indicated that tumor-
derived, not macrophage-derived PGRN, played a dominant 
role in  CD8+T cell exclusion.

Combining depletion of tumor‑derived PGRN 
and the checkpoint inhibitor Anti–PD‑1 increased 
CD8 + T cell recruitment at the tumor site 
and reduced tumor burden

Currently, pembrolizumab combined with chemotherapy did 
not well resolve the low response rate of anti-PD-1/PD-L1 
therapy [44]. Since ablation of tumor-derived PGRN was 
accompanied by an increase of  CD8+T cell number at the 
tumor site, we reasoned that next evaluated whether deple-
tion of tumor-derived PGRN might modify efficacy of anti-
PD-1 therapy. Mice with tumor were treated with the check-
point inhibitor anti-PD-1 at day 7, for 2 weeks. In response 
to intervention, though anti-PD-1 alone was not able to 
reduce tumor burden, combination of anti-PD-1 treatment 
with depletion of tumor-derived PGRN led to a dramatic 
decrease of tumor burden (Fig. 7A, B) and a higher apop-
tosis rate (Fig. 7F). However, no difference in  CD8+T cell 
recruitment was detected between PY8119 Grn WT tumors 
with treatment of anti-PD-1  (PY8119WT + anti-PD-1) or 
without anti-PD-1  (PY8119WT);in contrast,  CD8+T cell was 
obviously increased in PY8119/Grn−/− tumors treated with 
anti-PD-1 ((PY8119KO + anti-PD-1)(Fig. 7C, D). Moreover, 
anti-PD-1 treatment did not significantly alter CD69 expres-
sion levels in  CD8+T cells isolated from PY8119 Grn WT 
tumors, whereas depletion of tumor-derived PGRN led to a 
significant up-regulation of CD69 expression in  CD8+T cells 
in response to anti-PD-1 administration (Fig. 7E). Interest-
ingly, we found that an increased presence of immune-stim-
ulatory TAMs that expressed the pro-inflammatory marker 
CD86 in PY8119/Grn−/− tumors treated with anti-PD-1. 
Reciprocally, these tumors displayed a lower rate of immu-
nosuppressive  CD206+TAMs compared with WT tumors 
or WT tumors treated with anti-PD-1 (Fig.  7G), These 
findings suggested that anti-PD-1 therapy had no effect on 
macrophage functions. Taken together, these data suggested 

Fig. 5  Pharmacologic blockade of the CSF-1/CSF-1R axis rewrote 
TAMs into M1-like phenotype and restores  CD8+T cell cytotoxic-
ity in tumor-bearing mice. A, B Breast cancer PY8119 cells were 
injected in  situ into the fat pads of C57 wild-type mice (n = 5 per 
group) treated with a small molecule inhibitor of CSF-1R (Ki20227) 
(A); Tumor volume curve (B); scale bar,10mm. C, D Percentage of 
M1 macrophages (F4/80+CD86+), M2 macrophages (F4/80+CD206+) 
were assessed by flow cytometry analysis. E, F Quantification of 
 CD3+CD8+T cells (E) and  CD69+CD8+T cells (F) isolated from WT 
and Ki20227 tumor. G Representative immunofluorescent staining of 
 Ki67+ and apoptotic cells  (Tunel+) frequency in tumor treated with 
cosolvent and Ki20227; scale bar, 100um and 50um respectively
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that  CD8+T cell infiltration was impeded by PGRN-induced 
 CD8+T cells exhaustion which impaired the effectiveness of 
anti-PD-1 therapy, and restoration of  CD8+T cell infiltration 
via PGRN depletion/inhibition was a prerequisite for effec-
tive anti-PD-1 therapy in the breast cancer.

Discussion

This study shows that tumor-derived PGRN provides protec-
tion against the immune attack that induces of T cell exclu-
sion in the primary breast cancer, and it is potentially used 
as preclinical data that support the feasibility for targeting 
tumor-derived PGRN combined with immune checkpoint 
blocker anti-PD-1 for the treatment of breast cancer and 
provide a new idea for the immunotherapy of breast cancer.

Immune evasion plays an important role in the occurrence 
and evolution of cancer, mainly allowing malignant tumor 
cells to escape the surveillance of the body’s immune sys-
tem and avoid being destroyed by effector cells [1]. PGRN 
as a growth factor is critically involved in a wide variety of 
physiological and pathological processes. Recently, numer-
ous studies have pointed out its importance in tumor cell 
proliferation [32, 33, 35], migration, invasion [45, 46], 
angiogenesis [47], and anti-inflammatory, as our previous 
work revealed that MiR-5100 of  PGRN−/− TAMs derived 
exosomes inhibited the CXCL12/CXCR4 axis and then ulti-
mately inhibited the invasion, migration and EMT of breast 
cancer cells [48]; however, its role in immune evasion of 
breast cancer is poorly understood. Our date demonstrated 
that  CD8+T cell function and infiltration being lost in human 
and mouse breast cancer tumor with characteristically a lot 
of PGRN; moreover, the PGRN is mainly derived from 
tumor cells.

Macrophages have important functions in immune 
responses and adopt various phenotypes, mainly depend-
ing on the environment including the secretion of tumor-
derived mediators, hypoxic and necrotic factors [49, 50]. 
When we depleted TAMs by clodronate liposomes or a 
small molecule inhibitor of CSF-1R (Ki20227), we found 
that PGRN-mediated immunosuppressive effect was 

impaired. Previous studies suggested that immunosuppres-
sive cytokines released by M2 macrophages inhibited the 
function and metabolism of T cells [43, 51]. Thus, it may 
be interesting and meaningful for next research to determine 
which receptor plays a major role in PGRN-mediated breast 
cancer immunosuppression. When we insolated TAMs from 
WT mice, we found that their ICAM-1 protein levels were 
increased. ICAM-1 is a member of the immunoglobulin 
superfamily of proteins expressed in all leukocytes and on 
the surface of many cancer cell types, which shows altered 
expression in malignant diseases and involved in the process 
of cancer metastasis [52]. Our previous work found that the 
PGRN inhibited the proliferation and activation of  CD8+T 
cells through the interaction of PD-L1 on TAMs with PD-1 
on  CD8+T cells [37]. However, blocking the interaction of 
PD-L1 and PD-1by PD-1 antibody did not completely abol-
ish the suppressing effect on  CD8+T cells, which indicated 
that there were other mechanisms in addition to it. ICAM-1 
binds to ligands with a high affinity, providing a physical 
force for the adhesion between cells prolonging interaction 
time between cells and strengthening affinities between pro-
teins. In our work, in vitro experiments have demonstrated 
that antibody blocking of ICAM-1 reduced the interaction 
between TAMs and CD8 + T cells and attenuated the sup-
pressive effect of TAMs on CD8 + T cell activation, whereas 
attenuated the affinities between PD-L1 and PD-1.

Dependent on the microenvironment, on the one hand, 
macrophages are able to promote tumor growth; on the other 
hand, they critically play an antitumor immune response 
[41]. Therapies that aim to specifically inhibit the immu-
nosuppressive functions of macrophages, while sparing 
and/or enhancing their antitumor immune response, could 
act as an alternative and, perhaps, more efficient approach 
than therapies that reduce macrophage numbers in tumors 
[53, 54]. In this regard, our studies indicate that depletion 
of tumor-derived PGRN is sufficient therapies to restore T 
cell infiltration and function at the breast cancer and char-
acteristically surrounded by low numbers of M2-like mac-
rophages. Thus, PGRN deficient in tumor cell can access an 
abundant number of macrophages for their reprogramming 
toward an immune-stimulatory M1-like phenotype, which 
facilitates the mounting of an effective immune response 
against cancer.

Central to the efficacy of immune checkpoint blockade 
is the requirement for cytotoxic  CD8+ T cells to infiltrate 
into tumors [1, 17]. Since TGF-β promoted the formation of 
immune-excluded tumors by increasing peritumoral collagen 
production of cancer-associated fibroblast(CAF), recently, 
YM101 and BiTP were developed to address this issue, 
which were developed based on the symmetric tetravalency 
BsAb technology. However, in vivo experiments showed 
that BiTP significantly retarded tumor growth and prolonged 

Fig. 6  Tumor-derived, not macrophage-derived PGRN regulated 
 CD8+ T cell exclusion. A, B Representative breast cancer PY8119 
and PY8119/Grn−/− cells were transplanted subcutaneously in right 
flank of the mice (n = 6 per group). Tumor tissues (A) and tumor vol-
ume curve (B); scale bar,10mm. C, D Percentage of  CD3+CD8+T 
cells isolated from tumor was analyzed by flow cytometry (C) 
and quantification (D). E, F Quantification of  CD8+T cell activa-
tion (CD69 and PD-1 levels). G Percentages of M1 macrophages 
(F4/80+CD86+) and M2 macrophages (F4/80+CD206+) were 
assessed by flow cytometry analysis and quantification. H Repre-
sentative immunofluorescent staining of  Ki67+ and apoptotic cells 
 (Tunel+) frequency in tumor tissues; scale bar, 50um
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survival of tumor-bearing mice; in clinical trial data, YM101 
and BiTP were not used in the clinical trial [55]. Consid-
ering the unsatisfactory response rate of anti-PD-1/PD-L1, 
our previous work found that the PGRN promoted the dys-
function of CD8 + T cells through the interaction of PD-L1 
on TAMs with PD-1 on  CD8+T cells [53], these work give 
us a reasonable idea: Whether the combination of ablation 
of PGRN and anti-PD-1 therapy showed better antitumor 
effects in breast cancer?

Indeed, in this study, we find that breast tumor becomes 
more sensible to anti-PD-1 therapy by combining PGRN 
depletion accompanied by increased numbers of M1-like 
macrophages. In conclusion, our study reveals a mechanism 
by which breast tumor evades the  CD8+ T cell immune 
response and provides the rationale for potential therapy by 
targeting PGRN in combination with immune checkpoint 
inhibitors for breast cancer patients.
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