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Abstract
MMP12 is mainly secreted by macrophages, is involved in macrophage development, and decomposes the extracellular 
matrix. Herein, we investigated whether macrophages would change in the intestinal tumor microenvironment after MMP12 
knockout.  ApcMin/+;MMP12−/−mice were obtained by crossbreeding  ApcMin/+ mice with MMP12 knockout mice  (MMP12−/− 
mice). The data showed that the number and volume of intestinal tumors were significantly increased in  ApcMin/+;MMP12−/− 
mice compared with  ApcMin/+ mice. Additionally, the tumor biomarkers CA19-9, CEA, and β-catenin appeared relatively 
early in intestinal tumors in  ApcMin/+;MMP12−/− mice. The results demonstrated that knocking out MMP12 accelerated the 
tumor growth and pathological process. On further investigation of its mechanism, the proportions of M2 macrophages in the 
spleen and among peritoneal macrophages were significantly up-regulated in  ApcMin/+;MMP12−/− mice. Expression of M2 
macrophage-related genes was up-regulated in tumor and peritoneal macrophages. The M2-related cytokine levels of IL-4 
and IL-13 were increased in the serum of  ApcMin/+;MMP12−/−mice. In vitro, bone marrow-derived M2 macrophages were 
obtained by treating bone marrow cells with IL-4 and IL-13, and these M2 macrophages secreted cytokines being changed. 
This finding reveals the crucial role of MMP12 in macrophage development and provides a new target for the control of 
macrophage polarization. Knocking out MMP12 causes intestinal M2 macrophage accumulation in tumor microenvironment, 
promoting the growth of intestinal tumors in  ApcMin/+ mice.
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Introduction

Matrix metalloproteinases (MMPs), which are Zn-dependent 
endoproteinhydrolases with activity dependent on calcium 
ions, are involved in the development of animal morpho-
logical changes, collagens, and cardiovascular systems. 
Currently, more than 20 kinds of these enzymes have been 
found [1]. MMPs also mediate tissue homeostasis and regu-
late tumor growth, tissue remodeling, inflammation, tumor 
invasion, and metastasis [2].

Matrix metalloproteinase-12 (MMP12), also called mac-
rophage metalloelastase or macrophage elastase, was first 
identified as an elastolytic MMP secreted by inflammatory 
macrophages in 1975 [3–5].Mice with MMP12 homozy-
gously knocked out exhibit abnormal macrophage physiol-
ogy, decreased sensitivity to cigarette smoke, reduced tissue 
inflammation, and decreased litter size [6, 7]. A recent study 
also showed that inhibiting extracellular MMP12 could be a 
new strategy for antiviral treatment [8].
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MMP12 is also expressed in many cancers, including 
intestinal cancer, gastric cancer, lung cancer, and liver can-
cer [9–12]. MMP12 would promote tumor invasion and 
metastasis by extensively degrading extracellular matrix and 
vascular components [13, 14], while other reports have indi-
cated that MMP12 inhibits tumor growth [15, 16]. As known 
well, MMP12 is expressed not only in macrophages but also 
in tumor cells. Importantly, macrophages are involved in 
antitumor immunity, which means that macrophages and 
tumor cells both affect tumor expansion or invasion. There-
fore, we should determine the role of MMP12 expression by 
macrophages or tumor cells, which one is most important for 
tumor growth. Recent studies have found that macrophages 
in the tumor microenvironment can secrete a variety of 
cytokines to inhibit or promote tumor growth, and tumor-
derived cytokines affect M1 to M2 transformation, interfer-
ing with antitumor immunity.

Our previous data showed that knocking out MMP12 
induced myeloid-derived suppressor cell accumulation 
among myeloid cells, contributing to tumor growth in 
MMP12 knockout mice [17]. Recently, we again found that 
knocking out MMP12 affects the number of macrophages 
in the blood and white adipose tissue of mice; therefore, 
we investigated whether knocking out MMP12 induces M2 
macrophage accumulation in the tumor microenvironment.

Traditionally, macrophages can be divided into classically 
activated M1 macrophages and alternatively activated M2 
macrophages [18]. M1-type macrophages mainly produce 
pro-inflammatory factors, while M2-type macrophages 
mainly secrete anti-inflammatory factors to inhibit the 
inflammatory reaction and maintain internal environmental 
stability in a tissue [19, 20]. Jay W. Heinecke found that 
MMP12 deletion can alter the infiltration and polarization of 
macrophages and that knocking out MMP12 contributes to 
macrophage differentiation into the M2 phenotype in high-
fat diet-fed mice [21].

In this study, we found that the growth of intestinal tumors 
is accelerated when MMP12 knocked out in  ApcMin/+ mice. 
Because  MMP12−/− mouse is systemic knockout, the effect 
of knocking out MMP12 in tumor cells cannot be excluded. 
According to the previous reports and studies, MMP12 in 
tumor cells promotes tumor development, so we think that 
knocking out MMP12 should therefore inhibit tumor growth. 
However, we observed that knocking out MMP12 promoted 
intestinal tumor growth in mice, so we hypothesized that 
knocking down MMP12 expression promotes tumor growth 
is because MMP12 in macrophages not MMP12 in tumor 
cells. Therefore, we investigated the role of MMP12 in mac-
rophages and how MMP12 affects tumor growth.

Our results demonstrated that knocking out MMP12 
promoted tumor growth by affecting macrophage polari-
zation and M2 macrophage accumulation in tumor micro-
environment. This study is useful for exploring the role 

of macrophages in antitumor immunity and indicates that 
MMP12 plays an important role in balancing the M1 to M2 
transformation of macrophages.

Materials and methods

Animal

B6.129X-Mmp12tm1Sds/J mice (No. 004855, http://jaxmi 
ce.jax.org/strai n/00485 5.html) and C57BL/6  J-ApcMin/+ 
mice  (ApcMin/+) were purchased from The Jackson Labora-
tory (USA). C57 (C57BL/6 J) mice were purchased from 
Guangdong Medical Laboratory Animal Center. The pro-
duction license number was SCXK (Guangdong) 2017-0125. 
 ApcMin/+;  MMP12−/−mice were obtained by crossbreeding 
 ApcMin/+ mice with MMP12 knockout mice, which develop 
spontaneous intestinal adenoma. The genotypes were con-
firmed by PCR. The mice were bred in an SPF environment. 
Feed treated with 60 Co irradiation was purchased from 
the Guangdong Medical Animals Center. Drinking water 
was autoclaved. The room temperature was maintained at 
24 ± 2 °C, and the humidity was maintained between 40% 
and 60%. The noise level was less than 60 db.

Identification of genotypes

The APC gene mutation primer sequences were as fol-
lows: P1, 5′-TTC TGA GAA AGA CAG AAG TTA-3′ and 
P2, 5′-GCC ATC CCT TCA CGT TAG -3′; the PCR product 
size was 340 bp. The wild-type (WT) primer sequences 
were as follows: P3, 5′-TTC CAC TTT GGC ATA AGG C-3′ 
and P4, 5′-GCC ATC CCT TCA CGT TAG -3′; the PCR product 
size was 600 bp (Fig. S1). PCR conditions were as follows: 
denature at 94 °C for 3 min; 94 °C for 30 s; 55 °C for 1 min; 
and 72 °C for 1 min for 35 cycles; and extension at 72 °C 
for 2 min. The MMP12 knockout (mutation-type) primers: 
P1, 5′-CAC GAG ACT AGT GAG ACG TG-3′ and P2, 5′-ACA 
TCC TCA CGC TTC ATG TC-3′; the PCR product size was 
1400 bp. The wild-type (WT) primer sequences were as 
follows: P3, 5′-GCT AGA AGC AAC TGG GCA AC-3′ and 
P4, 5′-ACA TCC TCA CGC TTC ATG TC-3′; the PCR prod-
uct size was 1064 bp (Fig. S1). PCR conditions were as 
follows: denature at 94 °C for 3 min; 94 °C for 1 min; 60 °C 
for 2 min; and 72 °C for 2 min for 35 cycles; and 72 °C for 
5 min. Gel electrophoresis was performed with a 1.2% aga-
rose gel and evaluated with a gel imaging system (GboxGyn-
gene system, UK).

ApcMin/+;MMP12‑/‑mouse model

Homozygous  ApcMin/+ mice did not survive through the 
embryonic stage, and only a heterozygous line of  ApcMin/+ 

http://jaxmice.jax.org/strain/004855.html
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mice with a genotype of Min ± could be maintained. Male 
 ApcMin/+ mice and female  MMP12−/− mice were bred at 
approximately 8 weeks of age in the same cage at a ratio of 
1:3, and no more than four mice were housed in one cage as 
shown in Fig. S1.

Measuring the number and size of intestinal 
adenomas

ApcMin/+ and  ApcMin/+;MMP12−/− mice were selected at 
9 weeks, 15 weeks, and 24 weeks(n = 7–9 in each group). 
The mice were sacrificed by cervical dislocation, the entire 
intestine was isolated, and the small intestine was separated 
from the intestine region, which was divided into three sec-
tions on average. The small intestine was rinsed with PBS 
and spread on filter paper. Then, the intestinal tissue was 
spread evenly with cotton swabs and placed in 10% formalin. 
Under a stereo microscope, the intestine was imaged, and 
the longest and shortest diameters of each adenoma were 
measured with software to calculate the tumor volume. The 
following formula was used: volume = 4/3πab2 (where a is 
half of the long diameter, and b is half of the short diameter). 
After the completion of tumor counting, each of the intes-
tinal tissue samples was placed in 70% ethanol and stored.

Antibodies

The following flow cytometry antibodies such as PerCP 
Cy5.5-conjugated anti-mouse CD45 (clone 30-F11), FITC-
conjugated anti-mouse/human CD11b (clone M1/70), 
BV421-conjugated anti-mouse F4/80 (clone BM8), 
and APC-conjugated anti-mouse CD206 (MMR, clone 
C068C2) were purchased from BioLegend Inc. The fol-
lowing antibodies, such as anti-CD34 (BA0532) and anti-
CD68 (BA3638) antibodies were purchased from BOSTER 
(Wuhan, China); anti-CA19-9 (GT210101), anti-Ki67 
(GT210102) and anti-CD45 (GM074202) antibodies were 
purchased from Genetech (Shanghai, China); anti-CEA 
(AB38016)  antibodies purchased from Absci; anti-β-
catenin (610154) antibodies purchased from BD, were used 
for immunohistochemistry. The following antibodies are 
used for immunofluorescence: an anti-MMP12 antibody 
(ab61157) purchased from Abcam, and an anti-F4/80 anti-
body (14-4801-81) purchased from eBioscience. The fol-
lowing antibodies were used for Western blotting: anti-Arg1 
(Ab91279), and anti-Ym1 (ab93034) antibodies purchased 
from Abcam; anti-GAPDH (5174P) and anti-β-actin (4970S) 
antibodies were purchased from Cell Signaling Technology 
Inc (CST). ADAB chromogenic kit (8059S) was purchased 
from CST. Red blood cell lysis buffer (GAS-010) was pur-
chased from Life Technologies. Immunohistochemical stain-
ing secondary antibodies were purchased from Zhongshan 
Golden Bridge, China, while the secondary antibodies were 

purchased from Life Technologies. Blood cell collection was 
performed using ACD anticoagulant tubes, which were pur-
chased from Sigma-Aldrich.

Immunohistochemistry

Intestinal tissue was fixed in paraffin, and serial sections 
were used for hematoxylin and eosin (H&E) staining or 
immunohistochemical staining. Primary antibodies against 
CD34, CD68, Ki67, CA19-9, CEA, β-catenin and CD45 
were incubated overnight at 1:100 at 4 °C. A secondary anti-
body conjugated with HRP (goat anti-mouse/rabbit IgG) was 
diluted 1:100 and incubated at 37 °C for 1 h, DAB staining 
was performed for 1 min, and hematoxylin counterstaining 
was performed for 20–60 s.

Immunofluorescence

Tissue sections were dewaxed, blocked in 3% BSA at 37 °C 
for 1 h, and incubated with a primary antibody or a nega-
tive control overnight at 4 °C. After washing in PBS, the 
sections were incubated with a FITC-labeled anti-rat IgG 
antibody at 37 °C for 1 h. Co-staining was performed with 
DAPI (500 ng/mL) for 2 min; next, it was observed under a 
confocal microscope.

Flow cytometry

A 24-week-old  ApcMin/+ and  ApcMin/+;  MMP12−/− mice 
were sacrificed by cervical dislocation. The spleen, perito-
neal macrophages, and tumors were made into single-cell 
suspensions, and 100 μL of each suspension was added into 
tubes. Then, PerCP Cy5.5-conjugated anti-CD45, FITC-
conjugated anti-CD11b, BV421-conjugated anti-F4/80, and 
APC-conjugated anti-CD206 antibodies were added into the 
tubes, which were mixed and incubated for 30 min at room 
temperature in the dark. Next, red blood cell lysis was per-
formed to eliminate red blood cells, and 1 mL of 0.5% BSA 
was added to each tube for washing. Finally, 1 mL of a 1% 
precooled paraformaldehyde solution was added, and the 
solution was mixed well and stored at 2–8 °C in the dark. A 
BD FACS antoTM II system was used for detection within 
12 h.

Western blotting

Intestinal tumor tissue samples were isolated from  ApcMin/+ 
and  ApcMin/+;  MMP12−/−mice. Tissue cells were treated 
with a RIPA cell lysis buffer containing 1/100 phenylmethyl-
sulfonyl fluoride (PMSF), and the proteins were quantified 
by using BCA kit. Protein were denatured, loaded for SDS-
PAGE electrophoresis, transferred to a PVDF membrane, 
blocked, and incubated with specific primary antibodies 
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overnight at 4 °C. After washing with TBST, a secondary 
antibody was incubated at 37 °C for 1 h, washed, and then 
chemiluminescence was developed. The experiment was 
repeated 3 times.

Primary culture of peritoneal macrophages

24-week-old  ApcMin/+ and  ApcMin/+;  MMP12−/− mice were 
sterilized with 75% ethanol after cervical dislocation. The 
mouse abdomen was opened while taking care to avoid cut-
ting the peritoneum, injected with 5 mL of PBS, and gently 
massaged for approximately 30 s; after 5 min, a syringe was 
used to collect the peritoneal fluid. The peritoneal wash fluid 
was transferred into a 15-mL sterile tube. After centrifuga-
tion at 1000 rpm for 10 min at 4 °C, the supernatant was 
removed, and the cells were resuspended in DMEM with 
10% FBS. The cells were incubated in a dish at 37 °C for 
2 h, and then the medium was removed. The adherent cells 
were considered peritoneal macrophages.

Isolation of bone marrow cells and induced M2 
macrophage

Bone marrow was extracted to prepare a single-cell suspen-
sion, and then red blood cell was lysis, washing, cell count-
ing, etc., were performed. The cells were resuspended in 
DMEM with 10% FBS and 1% penicillin/streptomycin and 
treated with 50 ng/mL M-CSF. On the third day, the cells 
were washed with PBS 3 times. On the seventh day, drug 
stimulation was performed as follows: M2 macrophage dif-
ferentiation drug administration consisted of 20 ng/mL IL-4 
and 10 ng/mL IL-13.

Quantitative real‑time PCR

Total RNA was extracted from intestinal tumors in  ApcMin/+ 
and  ApcMin/+;  MMP12−/− mice with Trizol; RNA was quan-
tified by a NanoDrop nucleic acid protein analyzer. RNA 
was reverse transcribed into cDNA according to the reverse 
transcription protocol. The cDNA was used as a template, 
and GAPDH or β-actin was used as an internal reference for 
PCR amplification using Takara’s qPCR SYBR Green kit. 
The 20-μL PCR reaction volumes included 10 μL of SYBR 
Green Master Mix, 1 μL of forward primer, 1 μL of reverse 
primer, 1 μL of cDNA, and 7 μL of  ddH2O. The following 
procedure was used: denature at 94 °C for 5 min; denature 
at 94 °C for 30 s, annealing at 60 °C for 30 s; 72 °C for 30 
s; 40 cycles; 72 °C for 5 min. Data were analyzed based on 
the dissolution curve and Ct value, and the data were meas-
ured according to the  2−ΔΔCt method. All PCR primers were 
purchased from Shanghai Sangon Biotechnology Inc, China, 
and listed in Table S1.

Cytokine array

The medium of M2 macrophage culture (supernatant) 
derived from  ApcMin/+ and  ApcMin/+;  MMP12−/− mice were 
detected with the cytokines array kit (R&D, ARY006, USA); 
then, using Images J to analyze the results. The detection 
procedure, in brief, the bio-film conjugated antibodies was 
immersed with PBS buffer, add 15-μL cytokines antibod-
ies mix into samples, then incubated prepared samples on a 
shaker for 1 h at room temperature, next incubated bio-film 
with prepared samples in a shaker overnight at 4 °C, wash-
ing, and incubated the secondary antibody (diluted strepta-
vidin-HRP) for 30 min on a shaker, washing, and develop 
with ECL chemiluminescence.

Statistical analysis

All data were analyzed by GraphPad Prism 5.0 software and 
are presented as x̄ ± s . A two-tailed t test was used to deter-
mine whether there was a statistically significant difference 
between two groups. P < 0.05 was considered statistically 
significant; *P < 0.05, **P < 0.01 and ***P < 0.001.

Results

Knocking out MMP12 promote intestinal tumor 
growth in  ApcMin/+ mice

To investigate whether knocking out MMP12 pro-
motes tumor growth, 9-, 15-, and 24-week-old  ApcMin/+; 
 MMP12−/− mice and  ApcMin/+ mice were sacrificed. We 
found that the  ApcMin/+;  MMP12−/−mice had increased num-
bers of intestinal tumors compared with the  ApcMin/+ mice 
(Fig. 1a). The intestines from the mice in the two groups were 
embedded and sectioned, and H&E staining was carried out. 
Under a stereo microscope, the  ApcMin/+;MMP12−/− mouse 
intestinal adenomas were densely distributed in the intestine, 
and the tumor numbers were higher, but the intestinal adeno-
mas of the  ApcMin/+ mice were more sparsely distributed and 
fewer in number (Fig. 1b). Furthermore, using imaging soft-
ware to measure the long and short diameters of the tumor, 
the results showed that the number of intestinal adenomas in 
the  ApcMin/+;  MMP12−/− mice was significantly higher than 
that in the  ApcMin/+ mice. There were significant differences 
in the number and volume of tumors at the above-mentioned 
weeks of age (Fig. 1c, d, *P < 0.05), indicating that knock-
ing out MMP12 can increase the number and volume of 
tumors in intestine of  ApcMin/+ mice. Therefore, knocking 
out MMP12 promotes intestinal tumor growth in  ApcMin/+ 
mice.
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The pathological process is accelerated in intestinal 
tumors of  ApcMin/+;MMP12−/− mice

As shown in the above, knocking out MMP12 promotes the 
growth of intestinal tumors in  ApcMin/+ mice. To further con-
firm the pathological process changes in intestinal tumors 
in the two groups of mice, we performed H&E staining of 
intestinal tissue samples from mice at 9, 15, and 24 weeks 
old and observed the pathological processes in the intes-
tine of  ApcMin/+ mice and  ApcMin/+;MMP12−/−mice. At 
9 weeks, the  ApcMin/+ mice presented glandular hyperplasia 
but no atypical inflammatory cell infiltration in the lumen; 
at 15 weeks, the  ApcMin/+ mice exhibited glandular atypia 
with tightly arranged, irregular crypts, and at 24 weeks, 
the glands of the  ApcMin/+ mice were disordered and mul-
tilayered, and there was an obvious loss of normal intes-
tine villi, and crypt irregularity was aggravated (Fig. 2a, 
up and Fig. S3A); we further used to score immunohisto-
chemistry results to confirm the difference (S Fig. 3A). At 
9 weeks, the  ApcMin/+;MMP12−/− mice had abnormal glan-
dular glands, an irregular shape, a tight arrangement, and 
irregular crypts; at 15 weeks, the intestinal glands in the 
 ApcMin/+;MMP12−/− mice exhibited island cancerization 
(as indicated by the white arrow shown in Fig. 2a, down), 
and epithelial cells had begun to develop pathological mito-
sis, in which larger adenomas have the same cell wall and 
begin to fuse with each other. At 24 weeks, large-area fusion 
occurred among glands, cancer cells broke through the base-
ment membrane and exhibited obvious invasive behavior, 
and glandular epithelial cells had increased pathological 
mitosis and a significant increase in atypia (Fig. 2a, down 

line, black line). Therefore, knocking out MMP12 acceler-
ated the pathological process of intestinal tumors in  ApcMin/+ 
mice.

To detect the proliferation of intestinal tumor cells, immu-
nohistochemistry was carried out with an anti-Ki67 antibody 
(cell proliferation marker) in  ApcMin/+;MMP12−/− mice and 
 ApcMin/+ mice at 24 weeks old. The results showed that the 
Ki67 expression ratio in the  ApcMin/+;MMP12−/−mice was 
higher than that in the  ApcMin/+ mice, indicating that the 
 ApcMin/+;MMP12−/− mice had a higher tumor cell prolifera-
tion ratio than the  ApcMin/+ mice (Fig. 2b, *P < 0.05).

The angiogenic ability of a tumor is also an important fac-
tor in tumor growth evaluation. An anti-CD34 antibody was 
used as an angiogenic marker to stain intestinal tumor tissue 
samples from  ApcMin/+;MMP12−/− mice and  ApcMin/+ mice 
at 24 weeks. There was a significant difference in CD34 
expression between  ApcMin/+;MMP12−/−and  ApcMin/+mouse 
intestinal tumors (Fig. 2b, *P < 0.05).

Knocking out MMP12 causes intestinal cancer 
markers to appear early and at a high level

CA19-9 is a cell surface mucin-type carbohydrate pro-
tein, also known as gastrointestinal cancer antigen, used 
as a biomarker for the diagnosis of gastrointestinal tumors. 
Immunohistochemical staining showed that tumors in 
 ApcMin/+;MMP12−/− mice expressed CA19-9 at 9 weeks, but 
there was almost no expression in  ApcMin/+ mice intestinal 
tumors at the same age, indicating that knocking out MMP12 
could promote the expression of CA19-9 in  ApcMin/+mouse 
intestinal tumors (Fig. 3a). CEA is also called embryonic 

Fig. 1  Knocking out MMP12 
accelerates intestinal tumor 
growth in  ApcMin/+ mice. a 
Representative image showed 
intestinal tumor numbers of 
 ApcMin/+;  MMP12−/− mice and 
 ApcMin/+ mice. Black arrows 
indicated the intestinal tumor, 
b Representative images of 
intestinal tumors stained with 
H&E showed that more tumors 
appeared in the intestines of 
 ApcMin/+;  MMP12−/− mice than 
in those of  ApcMin/+ mice, c 
Intestinal tumor numbers were 
more in  ApcMin/+;  MMP12−/− 
mice than in  ApcMin/+ mice 
at 9, 15, and 24 weeks old 
(*P < 0.05), d The intestinal 
tumor volume was increased 
in  ApcMin/+;  MMP12−/− mice 
compared with  ApcMin/+ mice 
at 9, 15, and 24 weeks old 
(*P < 0.05). Each group, the 
mice number, n = 7–9
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carcinogenic antigen. CEA secreted by developing cancer 
cells enters the blood and bodily fluids and is one of the 
earliest biomarkers used for tumor diagnosis. The Chinese 
Colorectal Cancer Treatment and Treatment Regulations 
(2015 Edition) state that colorectal cancer patients must be 
tested for CEA and CA19-9 expression before diagnosis and 
during efficacy evaluation and tumor monitoring. Our results 
showed that CEA expression in  ApcMin/+;MMP12−/−mouse 
intestinal tumors occurred earlier and was higher than that 
in  ApcMin/+mouse intestinal tumors (Fig. 3b). Therefore, 
knocking out MMP12 caused early carcinogenesis to occur 
in the  ApcMin/+mouse intestine.

Wnt/β-catenin signaling activation by APC gene muta-
tion is the main pathway activated in familial intestinal 
polyp syndrome. This pathway promotes the development 
of intestinal adenoma in  ApcMin/+ mice. The accumulation 
of β-catenin is also positively correlated with the sever-
ity of colorectal cancer. Immunohistochemistry results 

showed that  ApcMin/+;MMP12−/−mouse intestinal epithe-
lial cells expressed more β-catenin in the cell nucleus than 
 ApcMin/+mouse intestinal epithelial cells (Fig. 3c, the score 
of β-catenin expression in tissue shown in S Fig. S3B).West-
ern blotting also showed that the  ApcMin/+;MMP12−/−mouse 
intestine exhibited a significantly higher β-catenin expres-
sion level than the  ApcMin/+mouse intestine (Fig.  3d, 
*P < 0.05). Therefore, knocking down MMP12 expres-
sion would promote the translocation of β-catenin into the 
nucleus; although the underlying reason remains unknown, 
the results at least indicate that the Wnt/β-caten in signaling 
pathway is activated after knocking out MMP12.

M2 macrophage infiltration increased in intestinal 
tumors of MMP12 knockout mice

MMP12 is mainly expressed on macrophages, and our 
previously published data show that MDSCs accumulate 

Fig. 2  Pathological features of 
 ApcMin/+;  MMP12−/− mice com-
pared with those of  ApcMin/+ 
mice. a H&E staining was used 
to show that tumor pathological 
features are present more tumor 
cells and tumor cells appear 
earlier in  ApcMin/+;MMP12−/− 
mice than in  ApcMin/+ mice, 
as shown by the white arrow 
and black line at 24 weeks 
(Fig. a, left, down), b Immu-
nohistochemical staining for 
Ki67 and CD34 in intestinal 
tumor tissue samples from 
 ApcMin/+;MMP12−/− mice com-
pared with those from  ApcMin/+ 
mice is shown. Microvascu-
larization and the cell prolif-
eration ratio were increased 
in  ApcMin/+;MMP12−/− mice 
compared with  ApcMin/+ mice 
(*P < 0.05, n = ×6400). Each 
group, the mice number, n = 7–9
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in the tumor environment [17]. Recently, we again found 
that macrophage numbers increase when MMP12 is 
knocked out. To further investigate whether knocking 
out MMP12 changes macrophage numbers in the tumor 
microenvironment, immunohistochemistry was carried 
out on intestinal tissue samples from  ApcMin/+mice and 
 ApcMin/+;MMP12−/− mice at 24 weeks. First, leukocyte 
and macrophage infiltration levels were determined with 
anti-CD45 and anti-CD68 antibodies. The results showed 
that the positive cell rates of CD45 (leukocyte molecular 
marker) and CD68 (macrophage molecular marker) in the 
 ApcMin/+;MMP12−/− mouse samples were significantly 
increased compared with those in the  ApcMin/+ mouse 
samples (Fig. S2, **P < 0.01 and ***P < 0.001, respec-
tively), showing that knocking out MMP12 enhances 

the accumulation of macrophages in the tumor microen-
vironment. One question make us interesting that if the 
lymphocyte subtype invaded the tumor tissue with some 
different or change, the flow cytometry results indicated 
that CD3 + , CD4 + , and CD8 + cells did not have any sig-
nificant difference in the tumor tissue (Fig. S4).

Next, immunofluorescence co-localization was used 
to detect the macrophages subtype M2 in  ApcMin/+ mice 
and  ApcMin/+;MMP12−/−mice, and the results showed 
that more double-positive cells were present in the 
 ApcMin/+;MMP12−/− mice (Ym1 + and F4/80 + cells) than 
in the  ApcMin/+ mice, as shown in Fig. 4a. Furthermore, 
western blotting data also supported the changes of M2 mac-
rophages in the  ApcMin/+;MMP12−/− mice at 24 weeks. The 
expression of M2-type macrophage markers (Arg1 and Ym1) 

Fig. 3  Knocking out MMP12 promotes intestinal tumorigenesis in 
 ApcMin/+ mice. a Immunohistochemistry results showed that CA19-9 
(tumor marker) was present at a higher level  in intestinal tumors of 
 ApcMin/+;MMP12−/− mice  than that of  ApcMin/+ mice at different 
ages (9 weeks and 15 weeks), b CEA also as tumor marker expres-
sion in intestinal tumors in  ApcMin/+;  MMP12−/− mice was increased 
compared with that in intestinal tumors in  ApcMin/+ mice at 9 weeks 

and 15 weeks, c The expression of β-catenin in intestinal tumors in 
 ApcMin/+;  MMP12−/−mice was higher than that in intestinal tumors 
in  ApcMin/+ mice at 9 weeks, 15 weeks and  24 weeks. The score of 
β-catenin expression was shown in S Fig.  3B, d Western blotting 
was used to detect the expression of β-catenin in intestinal tumor 
tissue samples from  ApcMin/+;MMP12−/−mice and  ApcMin/+ mice 
(*P < 0.05). Each group, the mice number, n = 4
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was significantly increased in the  ApcMin/+;MMP12−/− mice 
compared with the  ApcMin/+ mice (Fig. 4b and Fig. S3C).

Further, flow cytometry was performed to detect changes 
of M2 macrophages in mice. CD206 is an M2-type mac-
rophage marker. The results showed that the proportions of 
M2-subtype macrophages in the spleen and among perito-
neal macrophages of  ApcMin/+;MMP12−/− mice were sig-
nificantly increased (Fig. 4d, e, *P < 0.05). However, the 
M2 macrophages had no statistically significance in tumor 
tissues (Fig. 4f).

The M2 macrophage biomarker mRNA increased 
in peritoneal macrophages and tumors 
of  ApcMin/+;MMP12−/−mice

The antitumor immune function of macrophages in the 
tumor microenvironment is completely different from that in 
normal tissues. M1 macrophages and M2 macrophages are 
usually classified according to their different biological func-
tions. M1 macrophages secrete pro-inflammatory molecules 
including IL-23 and CCL-2 that play an important role in 
defense against invading pathogens. M2 macrophages play 
inflammatory roles in tissue repair and tumor progression, 
by releasing IL-4, MMPs, and other cytokines. The above 
data show that knocking out MMP12 increases the number 
of M2 macrophages infiltrating into the tumor microenviron-
ment. So we speculated that the expression of M2-related 
genes should change in peritoneal macrophages or tumor 
tissue. Sorting macrophage from tumors, then measuring 
mRNA level of M2 and M1 genes, which should be done, 
but it failed because the macrophage was too few to sort-
ing. Thus, RT-qPCR was used to detect M2-related genes 
in peritoneal macrophages and tumors. Total mRNA was 
extracted from  ApcMin/+and  ApcMin/+;MMP12−/−mouse 
peritoneal macrophages and tumor tissue at 24 weeks, and 
there are nine related genes, including Ym1, Inos, IL-4 and 
TNF-α, evaluated for mRNA expression. Compared with 
the  ApcMin/+ mouse, the  ApcMin/+;MMP12−/−mouse peri-
toneal macrophages had up-regulated expression of Ym1, 
Arg1, and Fizzl (M2 macrophage characteristic factors) 

but reduced expression of iNOS (M1 macrophage char-
acteristic factor). IL-4, IL-13, TGF-β, and TNF-α mRNA 
expression in the  ApcMin/+;MMP12−/− mice was also up-
regulated, as shown in Fig. 5a. Similarly, the expression of 
the M2-related genes (Arg1, Fizzl, and IL-10) in the tumor 
tissue of the  ApcMin/+;MMP12−/− mice was up-regulated, 
but that of iNOS was down-regulated; most data indicated 
that the those M2-related genes are increased in the tumor 
microenvironment(Fig. 5b, *P < 0.05 and **P < 0.01).

The IL‑4, IL‑13, and IL‑10 level in serum were 
increased when MMP12 knocked out, which induced 
M2 macrophage production

The cytokine levels in mice bearing tumor would alter, so 
cytokine levels were detected in the serum when MMP12 
knocked out mice bearing mice, finding that IL-4, IL-10, and 
IL-13 expression were up-regulated, as shown in Fig. 6a. As 
well known, IL4, IL10, and IL13 had been reported would 
induce M2 macrophage. Here, we used IL-4 and IL-13 to 
induce M2 macrophages derived from bone marrow, then 
detecting M2 macrophage medium using cytokines array 
as shown in Fig. 6b. These M2 macrophages induced from 
 ApcMin/+;MMP12−/−mice and  ApcMin/+−mice bone mar-
row would secrete some cytokines, so the medium of M2 
macrophage culture was screened with forty cytokines 
array. The grayscale analysis and statistical analysis of the 
bands were performed using ImageJ software. The results 
showed that the IL-4, INF-γ and TNF-α levels were sig-
nificantly increased, meanwhile, IL-1ra, CCL-2, sICAM-1, 
and IL-23 levels were significantly decreased (Fig. 6c, d), 
indicating the cytokine populations lost their balance and 
affect immune capacity. Lastly, the schematic was drawn as 
shown in Fig. 6e. Knocking out MMP12 caused increases in 
cytokine levels, especially IL-4 and IL-13, induced M2 mac-
rophage production, MM12 knock out would affect immune 
capacity and promote the growth of intestinal tumors in 
 ApcMin/+ mice.

Discussion

The  ApcMin/+;MMP12−/−mouse model was established in 
this study. It was used to investigate the effect of MMP12 
on spontaneous intestinal adenocarcinoma in mice with 
an APC mutation. A series of results showed that knock-
ing out MMP12 could increase the growth of intesti-
nal tumors in  ApcMin/+;  MMP12−/−mice compared  with 
 ApcMin/+ mice from 9 to 24 weeks old. The number and 
volume of intestinal tumors were increased signifi-
cantly in the  ApcMin/+;MMP12−/− mice, and pathologi-
cal process of the tumors was accelerated. Furthermore, 
the microvascular density and cell proliferation ratio in 

Fig. 4  M2 macrophage numbers increase in mice when MMP12 
knock out. a Immunofluorescence results showed that double-pos-
itive cells (F4/80 and Ym1, M2 macrophage biomarkers) appeared 
more in intestinal tumors of  ApcMin/+;MMP12−/− mice than those of 
 ApcMin/+ mice. They were located in the tumor microenvironment, b 
Western blotting results indicated that the levels of the M2 character-
istic Ym1 and Arg1 proteins were increased in  ApcMin/+;MMP12−/− 
mice compared with  ApcMin/+ mice, the score of protein expression 
in S Fig. 3C, c Flow cytometry was carried out to detect the M2 mac-
rophage changes, the gating of M2 macrophage gating in flow cytom-
etry experiment, d–f M2 macrophages are increased in the spleen and 
peritoneal macrophages in  ApcMin/+;MMP12−/− mice(*P < 0.05). M2 
macrophage in tumor tissues has no statistically significance. Each 
group, the mice number, n = 5

◂
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Fig. 5  Knocking out MMP12 up-regulates M2 macrophage-asso-
ciated genes. a M2 and M1 macrophages secrete specific cytokines 
or express related a few specific genes. Therefore, we detected the 
mRNA expression of related cytokines or genes in peritoneal mac-
rophages, and the results showed that the M2-related cytokines and 
genes were expressed at high levels, but the M1-related cytokines 
were expressed at low levels in peritoneal macrophages, b At the 

same time, M2 macrophages will infiltrate into tumor tissue, so they 
were also evaluated with RT-qPCR. The mRNA levels of M2-related 
cytokines and genes in  ApcMin/+;MMP12−/− mouse intestinal 
tumors were increased  compared with    ApcMin/+ mice (*P < 0.05, 
**P < 0.01). Here, we try to isolate the M2 macrophage from tumor 
tissue by flow sorting, but it failed. Each group, the mice number, 
n = 5



1419Cancer Immunology, Immunotherapy (2020) 69:1409–1421 

1 3

the  ApcMin/+;MMP12−/− mouse intestinal tumors were 
increased.

M2 macrophage accumulation in the tumor microenvi-
ronment of the  ApcMin/+;MMP12−/−mice was increased, 
contributing to tumor growth in the intestine. Knocking out 
MMP12 induced M2 macrophage accumulation in mice 
spleen and peritoneal macrophages, suggesting that MMP12 
regulates M2 macrophages to affect tumor growth.

It is believed that the inactivation of the tumor suppres-
sor genes APC and p53 or the activation of the oncogenes 
Ras and c-Myc cause colorectal tissue to transform from 
normal mucosa to heterotypic crypts, colon polyps, adeno-
mas, or even adenocarcinomas [22–25]. Our study showed 
that knocking out MMP12 induced an increase in M2 
macrophage numbers, and it regulates intestinal tumor by 
impacting antitumor immunity.

Fig. 6  Increased serum cytokine levels induce M2 macrophage 
production. a Serum samples from  ApcMin/+;MMP12−/−mice 
and control mice were assessed with an ELISA kit. The results 
showed that IL-4, IL-10, and IL-13 levels were increased in the 
 ApcMin/+;MMP12−/−mice(*P < 0.05), b The schematic diagram shows 
how we used IL-4 and IL-13 to induce M2 macrophages derived from 
bone marrow, c and d Cytokines array data showed that cytokine lev-

els increased or decreased in medium of M2 macrophages derived 
from  ApcMin/+;MMP12−/−mice and  ApcMin/+ mice, indicating the 
MMP12 knock out  affect immune capacity. E. A schematic diagram 
shows that knocking out MMP12 would induce increased M2 mac-
rophage accumulation in the tumor microenvironment and acceler-
ated tumor growth. Each group, the mice number, n = 4
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We used the clinical tumor markers as CEA and 
CA19-9 to assess the degree of malignancy of intes-
tinal tumors [26–29]. The results showed that 
 ApcMin/+;MMP12−/− mice had earlier expression of 
CA19-9 and CEA in adenomas compared with  ApcMin/+ 
mice(9 weeks old), and the positive ratio was significantly 
increased in the  ApcMin/+;MMP12−/− mice. All data dem-
onstrated that knocking out MMP12 promoted growth and 
carcinogenesis in  ApcMin/+ mice. In addition, APC mutations 
in mice occur, Wnt signaling is activated, GSK-3β degrada-
tion is suppressed, and β-catenin is protected from degrada-
tion. β-catenin translocates into the nucleus and binds to the 
downstream TCF4/LEF transcription factor to activate the 
protooncogene, leading to the formation of multiple adeno-
mas [30, 31]. The results showed that in intestinal epithelial 
cells, β-catenin entered the nucleus earlier and at a signifi-
cantly higher level in  ApcMin/+;MMP12−/−mice compared 
with  ApcMin/+ mice, indicating that knocking out MMP12 
activated the Wnt/β-catenin signaling pathway and acceler-
ated the development of intestinal tumors in  ApcMin/+ mice.

CRC development is closely related to the tumor micro-
environment. Macrophages play a key role in the tumor 
microenvironment and are the main immune cells infil-
trated by the tumor microenvironment. Once macrophages 
infiltrate peripheral tissues, they will further activate and 
polarize depending on the local tissue microenviron-
ment [32]. Indifferent microenvironments, macrophages 
can be polarized into two subtypes: M1 and M2 mac-
rophages. M1 macrophages have anti-infection and anti-
tumor immune responses; M2 macrophages contribute to 
tumor cell proliferation and tumor angiogenesis [33–35].
We found that M2 macrophage infiltration was increased 
in spleen, peritoneal macrophages and tumor tissue in 
the  ApcMin/+;MMP12−/− mice. Our data indicate that 
 ApcMin/+;MMP12−/− mice exhibit macrophages transform-
ing into an M2-type phenotype under the effect of MMP12 
knockout, but we did not know what factor leads to this 
polarization; we speculate that knocking out MMP12 leads 
to bone marrow development disorder, increasing M2 mac-
rophages in mice.

Tumor-associated macrophages (TAM) are generated 
in the tumor microenvironment or are recruited from the 
bone marrow or other immune organs. TAMs are polar-
ized into M1 macrophages under stimulation with factors 
such as LPS and then participate in the Th1-type immune 
response, killing pathogens and tumor cells and ultimately 
inhibiting tumors. At the same time, some cytokines, such 
as IL-13 and IL-4, exist, and TAMs are polarized into M2 
macrophages, inhibiting the inflammatory reaction, and pro-
moting the development of tumor [18, 36, 37]. Our data 
showed that IL-4 and IL-13 levels were up-regulated in the 
serum of  ApcMin/+;MMP12−/− mice compared to that of 
 ApcMin/+ mice, and this change induced cultured primary 

bone marrow cells into M2 macrophages. We noted that the 
induced M2 macrophages down-regulated CCL-2 expression 
significantly, while CCL-2 could contribute to tumor growth 
[38, 39]; it does not support the tumor growth when MMP12 
knocks out. Here, we did not know that the detailed plot of 
cytokine storm occurs when MMP12 is knocked out in mice, 
but we are sure that MMP12 knock out cause cytokines dis-
orders, which affect M2 macrophages development.

In conclusion, our results showed that knocking out 
MMP12 causes the accumulation of M2 macrophages in 
mice, contributing to tumor growth, and increasing the 
serum levels of inflammatory cytokines induces an increase 
in M2 macrophage polarization. Therefore, it is useful to 
explore macrophage functions in antitumor immunity by 
targeting MMP12.
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