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M2 macrophage-derived exosomal
microRNA-155-5p promotes the immune escape
of colon cancer by downregulating ZC3H12B
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Previous evidence has highlightedM2macrophage regulation of
cancer cells via exosome shuttling of microRNAs (miRNAs or
miRs). The current study set out to explore the possible role of
M2 macrophage-derived exosomal miR-155-5p in regard to im-
mune escape of colon cancer cells. Experimental data fromquan-
titative reverse-transcriptase PCR (qRT-PCR) and western blot
analysis revealed highly expressed miR-155-5p and interleukin
(IL)-6 and poorly expressed ZC3H12B in M2 macrophage-
derived exosomes. Additionally, miR-155-5p could be trans-
ferred by M2 macrophage-isolated exosomes to colon cancer
cells,which targetedZC3H12Bbybinding to the 3¿UTR, as iden-
tified by dual luciferase reporter gene.Meanwhile, gain- and loss-
of function experimentation on miR-155-5p and ZC3H12B in
SW48 and HT29 cells cocultured with M2 macrophage-secreted
exosomes demonstrated that miR-155-5p overexpression or
ZC3H12B silencing promoted the proliferation and antiapopto-
sis ability of SW48 and HT29 cells, as well as augmenting the
CD3+ T cell proliferation and the proportion of interferon
(IFN)-g+ T cells. Xenograft models confirmed that M2 macro-
phage-derived exosomal miR-155-5p reduced the ZC3H12B
expression to upregulate IL-6, which consequently induced im-
mune escape and tumor formation. Collectively, our findings
indicated that M2 macrophage-derived exosomal miR-155-5p
can potentially promote the immune escape of colon cancer by
impairing ZC3H12B-mediated IL-6 stability reduction, thereby
promoting the occurrence and development of colon cancer.

INTRODUCTION
Colon cancer is the third leading cause of cancer-related deaths across
the world, with a measly survival rate of 10% if diagnosed at late
stage.1 In addition, colon cancer is highly prevalent in elderly popu-
lations, which is a major public health concern for every nation.2
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The survival rate of colon cancer is closely related to the location,
stage, and size of the tumor.3 Currently, patients suffering from stage
I–III colon cancer are treated with colectomy with lymphadenectomy,
while adjuvant chemotherapy is the norm for patients at stage III.4

Unfortunately, metastasis is the leading cause of death in patients
with late-stage colon cancer.5,6 On the other hand, the process of im-
mune escape is significantly relevant to tumor survival; thus investi-
gating its mechanisms could aid the development of newer and
more effective therapeutic options for colon cancer.7,8

Macrophages play critical roles in numerous biological processes, which
polarize a proinflammatory (M1) or anti-inflammatory (M2) pheno-
type in response to environmental signals.9 In addition, the M2macro-
phage has been previously associated with colon cancer. For instance,
the M2 macrophage was recently highlighted to be implicated in the
progression of colon cancer.10 Tumor-associated macrophages of the
M2 phenotype have also been reported to promote the migration and
metastasis of colon cancer cells.10 Meanwhile, exosomes are known as
small membrane-enclosed vesicles that function as mediators of inter-
cellular communication.11 More importantly, M2 macrophage-derived
thors.
vecommons.org/licenses/by/4.0/).

https://doi.org/10.1016/j.omto.2021.02.005
mailto:dfau1988@126.com
mailto:liujibin72@yeah.net
mailto:linqinlu@126.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omto.2021.02.005&domain=pdf
http://creativecommons.org/licenses/by/4.0/


www.moleculartherapy.org
exosomes have been shown to stimulate the migration and invasion of
colorectal cancer cells.12 Furthermore,macrophage-derivedmicroRNA
(miR)-155-containing exosomes can regulate the bioproperties offibro-
blasts during cardiac injury.13 Moreover, another study found that M2
macrophage-derived exosomes transferredmiR-21-5p andmiR-155-5p
to colorectal cancer cells, leading to the promotion of cellmigration and
invasion.12 Also, miR-21 shuttled by exosomes derived from M2 mac-
rophages can further confer cisplatin resistance to gastric cancer cells.14

This previous research highlighted that M2 macrophage-derived miR-
155-5p exosomes may play a key role in colon cancer, which should be
investigated in future studies.

microRNAs (miRNAs) have emerged as diagnostic and therapeutic tar-
gets for various types of cancer.15 Colon cancer might not be an excep-
tion to this, as researchers have uncovered that miRNAs also play vital
roles in colon cancer.16,17 In addition, recent evidence illustrated that
miR-155-5p is closely related to the development of colorectal cancer,18

whilemiR-155-5pmediated byAU-rich elements could positively regu-
late the migration of colon cancer cells.19 Another study also revealed
that overexpressed miR-155-5p was involved in the progression of
colon cancer.20 Meanwhile, Zinc-finger-type-containing 12B
(ZC3H12B), a new active member of the ZC3H12 protein family, is
known to be involved in inflammatory processes, while the biological
role of ZC3H12B depends on an intact Nedd4-BP1, YacP nucleases
(NYN)/PilTN-terminal (PIN) RNase domain that contains all residues
important for RNA binding and cleavage.21 Studies have further shown
that the ZC3H12B protein is implicated in the degradation of cyto-
plasmic viral and/or unspliced transcripts by binding to motifs resem-
bling the splice donor sequence.22 Additionally, an online website indi-
cated the presence of targeted binding sites between miR-155-5p and
ZC3H12B. Moreover, ZC3H12B can also bind to the interleukin (IL)-
6mRNA in vivo, regulate its turnover, and consequently lead to reduced
IL-6 protein expression upon stimulation with IL-1b.21 The aforemen-
tioneddiscussion triggered the hypothesis thatM2macrophage-derived
exosomal miR-155-5p might mediate the progression of colon cancer
via ZC3H12B. As a result, the current study set out to explore whether
M2 macrophage-derived exosomal miR-155-5p regulates immune
escape in colon cancer and the underlying mechanisms involving
ZC3H12B.

RESULTS
M2 macrophage-derived exosomes affected colon cancer

progression

M2 macrophages were obtained from tissues isolated from clinically
diagnosed colon cancer patients. Subsequent immunostaining results
(Figure 1A) illustrated that the samples were positive for M2 macro-
phage markers CD68, CD163, and CD206. In addition, findings
from western blot analysis (Figure 1B) revealed the presence of
increased protein expression levels of CD68, CD163, and CD206 after
isolation, both indicating the successful isolation of M2 macrophage.
The isolated M2 macrophages were then cocultured with SW48 colon
cancer cells, in order to investigate whether M2 macrophages affected
colon cancer progression.After 48 hof culture, the SW48 cellswere iso-
lated and underwent 5-ethynyl-2¿-deoxyuridine (EdU) assay and flow
cytometry to examine apoptosis and proliferation in the cells. The re-
sults (Figures 1C and 1D) showed that compared with SW48 cells co-
cultured with M1 macrophages or phosphate-buffered saline (PBS),
those cocultured withM2macrophages presented with increased pro-
liferation and antiapoptotic abilities, indicating that M2 macrophages
were positively correlated with colon cancer development.

To further explore whether M2macrophages transferred exosomes to
colon cancer cells, influencing cell proliferation and apoptosis, nano-
particle tracking analysis was applied to analyze the exosome size and
distribution. The results (Figure 1E) demonstrated that the exosome
particle size was primarily ~100 nm. In addition, observation under a
transmission electron microscope (Figure 1F) illustrated that the se-
cretions presented with typical morphological features of exosomes
and appeared to have a spherical structure formed by a lipid bilayer
molecular membrane. Furthermore, western blot analysis results
(Figure 1G) showed that exosomes produced by M2 macrophages
were found to express the specific marker proteins CD81 and
CD63. The above results indicated that the isolated exosomes were
indeed secreted by M2 macrophages.

Additionally, the exosomes were labeled with 3'-dioctadecyloxacarbo-
cyanine perchlorate (DiO) to investigate whether colon cancer cells
internalized the exosomes secreted by M2 macrophages. After 48 h of
coculture of exosomeswith SW48cells, greenfluorescencewasobserved
in SW48 cells (Figure 1H), which revealed that colon cancer cells could
take up the exosomes derived fromM2macrophages. Subsequently,M2
macrophages were treated with the exosome inhibitor GW4869 to
inhibit the release of exosomes, and the supernatant ofM2macrophages
was then cocultured with SW48 cells. The results of the EdU assay
demonstrated a decline in SW48 cell proliferation following coculture
with GW4869-treated M2 macrophages (Figure 1I). Additionally, the
protein expression levels of exosome-specific marker proteins CD63
and CD81 were found to be diminished in SW48 cells cocultured
with GW4869-treated M2 macrophages (Figure 1J). Meanwhile, as
shownby the results ofEdUassay andflowcytometry, no significantdif-
ferences were noted in regard to the cell proliferation and antiapoptosis
abilities of SW48 cells after coculture with the supernatants ofM2mac-
rophages or those treated with GW4869 alone or in combination with
dimethyl sulfoxide (DMSO). On the other hand, SW48 cells cocultured
with the supernatants of M2 macrophages treated with GW4869 pre-
sented with decreased cell proliferation (Figure S1A) and antiapoptosis
ability (Figure S1B).Altogether, the abovementioneddata indicated that
theM2macrophage-derived exosomes influenced the biological charac-
teristics of colon cancer cells in promoting proliferation and antiapop-
tosis upon internalization by colon cancer cells and subsequently
manipulated the occurrence and development of colon cancer.

M2macrophage-derived exosomal miR-155-5p promoted colon

cancer cell proliferation and antiapoptosis

After uncovering that M2 macrophage-derived exosomes did confer
an effect on colon cancer, we performed quantitative reverse-tran-
scription polymerase chain reaction (qRT-PCR) to examine the
expression patterns of miR-155-5p in M2 macrophage-derived
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Figure 1. Colon cancer progression was affected by M2 macrophage-derived exosomes

(A) Immunostaining of expression of M2 macrophage markers (CD68, CD163, and CD206) (�200). (B) Western blot analysis of protein expression patterns of the M2

macrophage markers (CD68, CD163, and CD206). (C) The effect of M2 macrophages on SW48 cell proliferation detected by EdU assay. (D) The effect of M2 macrophages

on SW48 cell apoptosis rate measured by flow cytometry. (E) Nanoparticle tracking analysis of particle size of exosomes. (F) The ultrastructure of the exosomes (�5,000)

observed under a transmission electron microscope. (G) Western blot analysis of the expression of exosome markers (CD63 and CD81). Control, the supernatant after

exosome isolation. Exosome, extracted exosomes. (H) Internalization of M2 macrophage-derived exosomes in SW48 cells (�400). (I) SW48 cell proliferation measured by

EdU assay upon coculture with GW4869-treatedM2macrophages. (J) Western blot analysis of exosome-specific marker proteins CD63 and CD81 in SW48 cells cocultured

with GW4869-treated M2 macrophages. The data are all measurement data expressed as mean ± standard deviation and compared by independent-sample t test. *p <

0.05. The cell experiment was repeated three times.
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exosomes from SW48 cells, to further explore the effect of M2macro-
phage-derived exosomal miR-155-5p on colon cancer progression. As
depicted in Figure 2A, miR-155-5p was found to be highly expressed
in M2 macrophage-derived exosomes. Subsequently, M2 macro-
phages were transfected with Cy3-labeledmiR-155-5p and cocultured
with SW48 cells. After 48 h of culture, the percentage of Cy3-positive
cells in SW48 cells was examined by means of immunofluorescence
and flow cytometry (Figure 2B), which revealed that Cy3-positive
cells presented with an evident enhancement in number in SW48
cells, indicating that miR-155-5p was transferred from M2 macro-
phages to colon cancer cells via exosomes.

To verify whether M2 macrophage-derived exosomes play an onco-
genic role in colon cancer by miR-155-5p, a miR-155-5p inhibitor
486 Molecular Therapy: Oncolytics Vol. 20 March 2021
was introduced into the M2 macrophages. Subsequent findings
from qRT-PCR (Figure 2C) demonstrated that miR-155-5p expres-
sion levels were decreased in exosomes after treatment with miR-
155-5p inhibitor in M2 macrophages. After colon cancer cells were
cocultured with exosomes, miR-155-5p expression patterns in
SW48 cells were reexamined. As illustrated in Figure 2D, SW48 cells
presented with diminished miR-155-5p expression levels in SW48
cells cocultured with exosomes derived from miR-155-5p inhibitor-
treatedM2macrophages (exo-miR-155-5p inhibitor) relative to those
treated with exo-inhibitor negative control (NC). Additionally, prolif-
eration and apoptosis abilities were examined in the SW48 cells, and it
was found that coculture with exo-miR-155-5p inhibitor led to
reduced cell proliferation (Figure 2E) and elevated cell apoptosis (Fig-
ure 2F) of SW48 cells. Furthermore, we used the exosomes isolated
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Figure 2. M2 macrophage-derived exosomes transferred miR-155-5p to promote proliferation and to repress apoptosis of SW48 cells

(A) qRT-PCR examining the expression patterns of miR-155-5p in M2 macrophage-derived exosomes compared with M1 macrophage-derived exosomes (normalized to

U6). (B) Immunofluorescence demonstrating transferring of miR-155-5p from M2 macrophages to SW48 cells (scale bars, 25 mm). (C) qRT-PCR examining the expression

patterns of miR-155-5p in exo-miR-155-5p inhibitor and exo-inhibitor NC (normalized to U6). (D) qRT-PCR analysis of miR-155-5p in SW48 cells after coculture with exo-

miR-155-5p inhibitor and exo-inhibitor NC (normalized to U6). (E) SW48 cell proliferation after coculture with exo-miR-155-5p inhibitor and exo-inhibitor NC detected by EdU

assay. (F) SW48 cell apoptosis after coculture with exo-miR-155-5p inhibitor and exo-inhibitor NC detected by flow cytometry. The data are measurement data expressed as

mean ± standard deviation. Comparisons between two groups were analyzed by independent-sample t test. Comparisons among multiple groups were analyzed by one-

way ANOVA, followed by Tukey’s post hoc test. *p < 0.05. The cell experiment was repeated three times.
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from untransfected M2 macrophages to treat the receptor cells and
detected the expression patterns of miR-155-5p in the receptor cells.
The results demonstrated an enhancement in miR-155-5p expression
levels in the receptor cells (Figure S2A). Also, miR-155-5p was over-
expressed in the SW48 cells, and EdU assay revealed that proliferation
was enhanced in the SW48 cells (Figure S2B), while the proliferation
and apoptosis abilities of SW48 cells remained unchanged in response
to exo-miR-155-5p-inhibition (Figures S3A and S3B). These results
suggested that miR-155-5p could indeed affect the apoptosis and pro-
liferation of SW48 cells. However, miR-155-5p was rarely expressed
in SW48 cells, and miR-155-5p inhibition did not confer a significant
effect on the apoptosis and proliferation abilities of SW48 cells.

The aforementioned experiments were repeated in another colon can-
cer cell line, HT29, and similar results were documented. It was iden-
tified that miR-155-5p was highly expressed in the exosomes derived
from M2 macrophages (Figure S4A). Moreover, upregulated expres-
sion levels of miR-155-5p were detected in the exosomes from M2
macrophages transfected with miR-155-5p inhibitor by qRT-PCR
(Figure S4B) while being diminished in the HT29 cells cocultured
with the exosomes from M2 macrophages transfected with miR-
155-5p inhibitor (Figure S4C). In addition, the results of EdU assay
and flow cytometry revealed an increase in HT29 cell proliferation
(Figure S4D) and a decline in HT29 cell apoptosis (Figure S4E) in
the presence of exo-inhibitor-NC, while exo-miR-155-5p-inhibitor
abolished the effect of exo-inhibitor-NC on the aforementioned fac-
tors. Collectively, these results suggested that downregulation of exo-
somal miR-155-5p could reduce the cancer-promoting effect of M2
macrophage-derived exosomes on colon cancer cells.

ZC3H12B was a target gene of miR-155-5p

Furthermore, we investigated the downstream mechanism of M2
macrophage-derived exosomal miR-155-5p in colon cancer pro-
gression. First, the TargetScan website (http://www.targetscan.
Molecular Therapy: Oncolytics Vol. 20 March 2021 487
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Figure 3. miR-155-5p negatively targeted ZC3H12B

(A) The online site prediction of the binding site of miR-155-5p to ZC3H12B. (B) GEPIA website prediction of ZC3H12B expression patterns in colon cancer. (C) qRT-PCR

examining the mRNA expression patterns of ZC3H12B in colon cancer and adjacent normal tissue samples (n = 36; normalized to GAPDH). (D) qRT-PCR examining the

mRNA expression patterns of ZC3H12B in SW48 colon cancer cells and CCD841CoN human normal colon epithelial cells (normalized to GAPDH). (E) Dual luciferase reporter

assay verifying the targeted binding of miR-155-5p to ZC3H12B. (F) qRT-PCR andwestern blot analysis examining themRNA and protein expression patterns of ZC3H12B in

SW48 cells after alteration of miR-155-5p (normalized to GAPDH). The data are measurement data expressed as mean ± standard deviation. Comparisons between two

groups were analyzed by unpaired t test. Data were compared between cancer tissues and adjacent normal tissues by paired t test. Comparisons among multiple groups

were analyzed by one-way ANOVA, followed by Tukey’s post hoc test. *p < 0.05. The cell experiment was repeated three times.
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org/vert_71/) (Figure 3A) predicted the presence of a targeted
binding relationship between ZC3H12B and miR-155-5p. In addi-
tion, the GEPIA website (http://gepia.cancer-pku.cn/detail.php?
gene=ZC3H12B) indicated that ZC3H12B was underexpressed in
colon cancer (Figure 3B). Consequently, we speculated that miR-
155-5p may play a role in colon cancer via ZC3H12B regulation.

Subsequently, qRT-PCR was performed to determine the mRNA
expression patterns of ZC3H12B in colon cancer tumor and adja-
cent normal tissues (Figure 3C) and SW48 colon cancer cells and
CCD841CoN human normal colon epithelial cells (Figure 3D). It
was found that ZC3H12B was poorly expressed in colon cancer tu-
mor tissues and cells. In addition, the results of dual luciferase re-
porter gene assay (Figure 3E) showed that the luciferase activity
488 Molecular Therapy: Oncolytics Vol. 20 March 2021
of ZC3H12B 3¿ untranslated region (3¿ UTR) wild type (WT)
was decreased by miR-155-5p mimic, while no significant differ-
ences were detected in the luciferase activity of ZC3H12B 3¿ UTR
mutant type (MUT) (p > 0.05), indicating that miR-155-5p could
specifically bind to ZC3H12B. SW48 cells were further transfected
with miR-155-5p mimic or miR-155-5p inhibitor, and findings
from qRT-PCR and western blot analysis (Figure 3F) showed that
ZC3H12B expression levels were decreased in miR-155-5p mimic-
treated SW48 cells and enhanced in the SW48 cells treated with
miR-155-5p inhibitor. The qRT-PCR and western blot experiments
were also repeated in the HT29 cell line, which also revealed
reduced ZC3H12B mRNA and protein expressions in the HT29
cells after miR-155-5p mimic treatment and elevated expressions af-
ter miR-155-5p inhibitor treatment (Figure S4F). Collectively, these
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Figure 4. ZC3H12B downregulated IL-6 expression to repress immune escape

(A) ZC3H12B and IL-6 mRNA expression patterns after alteration of ZC3H12B detected by qRT-PCR. (B) ZC3H12B and IL-6 protein expression patterns after alteration of

ZC3H12B detected by western blot analysis. (C) Luciferase reporter gene system validating the binding of ZC3H12B and IL-6 mRNA 3¿ UTR. (D) The residual amount of IL-6

mRNA at different time points in SW48 cells treated with sh-ZC3H12B and actinomycin D (Act D) measured by qRT-PCR (normalized to GAPDH). (E) Western blot analysis of

ZC3H12B and IL-6 protein expression patterns in SW48 cells after overexpression of ZC3H12B and IL-6 (normalized to GAPDH). (F) ELISA examining IL-6 expression

patterns in the supernatant of SW48 cells after overexpression of ZC3H12B and IL-6. (G) Flow cytometry examining the proliferation of CD3+ T cells and the proportion of

activated IFN-g+ T cells after coculture of SW48 colon cancer cells treated with oe-ZC3H12B and oe-IL-6. The data are measurement data expressed as mean ± standard

deviation. Comparisons between two groups were analyzed by independent-sample t test. Comparisons among multiple groups were analyzed by one-way ANOVA,

followed by Tukey’s post hoc test. *p < 0.05. #p < 0.05. The cell experiment was repeated three times.
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results indicated that ZC3H12B expression was negatively targeted
by miR-155-5p.

ZC3H12B suppressed immune escape through IL-6

downregulation

Existing literature indicates that the interaction of ZC3H12B with the
stem-loop structure in the IL-6 3¿ UTR can regulate the stability of IL-
6 mRNA.21 Based on this data, we speculated whether ZC3H12B
affected the development of colon cancer by regulating IL-6. To
confirm this speculation, ZC3H12B expression was silenced and over-
expressed in colon cancer cells. ZC3H12B and IL-6 mRNA and pro-
tein expression patterns were subsequently examined by qRT-PCR
(Figure 4A) and western blot analysis (Figure 4B), and it was found
that ZC3H12B expression levels were elevated and those of IL-6
were decreased after treatment with overexpression (oe)-ZC3H12B,
which could be reversed after the silencing of ZC3H12B. Meanwhile,
the results of dual luciferase reporter assay showed that oe-ZC3H12B
treatment reduced the luciferase activity in pmirGLO_IL-6 3¿-UTR
reporter plasmid (Figure 4C), which confirmed the existence of a
binding relationship between ZC3H12B and IL-6 mRNA 3¿ UTR.
Furthermore, to investigate whether ZC3H12B negatively regulated
IL-6 by affecting its mRNA stability, ZC3H12B expression was
silenced in SW48 cells, which were then treated with actinomycin
D. The mRNA expression patterns of IL-6 were measured at different
time points, and it was found that the residual amount of IL-6 mRNA
after short hairpin RNA (sh)-ZC3H12B treatment increased at each
time point (Figure 4D), indicating that downregulation of
ZC3H12B could reduce the degradation rate of IL-6 mRNA.
Together, the abovementioned results suggested that ZC3H12B
downregulated IL-6 by decreasing the stability of IL-6 mRNA.
Molecular Therapy: Oncolytics Vol. 20 March 2021 489
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Figure 5. miR-155-5p promoted immune escape of colon cancer by downregulating the expression of ZC3H12B in vitro

SW48 cells were transfected with oe-NC, miR-155-5pmimic + oe-NC, oe-ZC3H12B, ormiR-155-5pmimic + oe-ZC3H12B. (A) qRT-PCR examining the expression patterns

of miR-155-5p expression and ZC3H12B mRNA in SW48 cells. (B) Western blot analysis examining the protein expression patterns of ZC3H12B and IL-6 in SW48 cells. (C)

ELISA examining the expression patterns of IL-6 in the supernatant of SW48 cells. (D) Flow cytometry examining the proliferation of T cells and the proportion of activated INF-

g+ T cells after coculture of SW48 cells with different transfections. (E) qRT-PCR examining the expression patterns of miR-155-5p and ZC3H12B mRNA in SW48 cells after

coculture with exo-miR-155-5p inhibitor (SW48 cells were treated with PBS as control, the same as below). (F) Western blot analysis examining the expression patterns of

ZC3H12B and IL-6 protein in SW48 cells after coculture with exo-miR-155-5p inhibitor. (G) ELISA examining the expression patterns of IL-6 in the supernatant of SW48 cells

after coculture with exo-miR-155-5p inhibitor. (H) Flow cytometry examining the proliferation of T cells and the proportion of activated IFN-g+ T cells after coculture with exo-

miR-155-5p inhibitor-treated SW48 cells. The data are measurement data expressed as mean ± standard deviation. Comparisons between two groups were analyzed by

independent-sample t test. Comparisons among multiple groups were analyzed by one-way ANOVA, followed by Tukey’s post hoc test. *p < 0.05. The cell experiment was

repeated three times.
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To verify whether ZC3H12B inhibits immune escape by downregulat-
ing IL-6 in colon cancer, ZC3H12B or IL-6 was overexpressed in
SW48 cells. Subsequently, western blot analysis was conducted to
assess the expression patterns of ZC3H12B and IL-6 (Figure 4E),
and IL-6 content in the supernatant of SW48 cells was evaluated by
means of enzyme-linked immunosorbent assay (ELISA) (Figure 4F).
It was found that overexpression of ZC3H12B reduced the IL-6
expression. Compared with treatment with oe-IL-6 alone, SW48 cells
treated with oe-ZC3H12B + oe-IL-6 presented with decreased IL-6
expression levels. Later, SW48 cells and CD3+ T cells were cocultured,
and flow cytometry was then performed to examine CD3+ T cell pro-
liferation and the proportion of interferon (IFN)-g+ T cells. As de-
picted in Figure 4G, proliferation of CD3+ T cells and the proportion
of IFN-g+ T cells were found to be increased after coculture with
ZC3H12B-overexpressed SW48 cells. Meanwhile, coculture with IL-
6-overexpressed SW48 cells resulted in decreased CD3+ T cell prolif-
eration and proportion of IFN-g+ T cells, which could be reversed by
coculture with SW48 cells treated with oe-ZC3H12B + oe-IL-6. These
results indicated that ZC3H12B inhibited immune escape by
decreasing the IL-6 expression.

M2 macrophage-derived exosomal miR-155-5p promoted

immune escape in colon cancer through ZC3H12B

Our initial results indicated that ZC3H12B affected immune escape
through IL-6, but whether miR-155-5p promotes immune escape
490 Molecular Therapy: Oncolytics Vol. 20 March 2021
through the regulation of ZC3H12B in colon cancer remained un-
clear. In order to achieve clarity, we overexpressed miR-155-5p
and ZC3H12B in SW48 cells, after which qRT-PCR was performed
to examine the transfection efficiency (Figure 5A). In addition, west-
ern blot analysis was applied to examine the expression patterns of
ZC3H12B and IL-6 in SW48 cells. It was found that IL-6 expression
levels were elevated while those of ZC3H12B were reduced after
treatment with miR-155-5p mimic + oe-NC in comparison with
mimic-NC + oe-NC, which could be abolished by treatment with
miR-155-5p mimic + oe-ZC3H12B (Figure 5B). Furthermore, the
expression patterns of IL-6 in the supernatant of SW48 cells were
detected by ELISA, and the results showed that IL-6 content was
elevated after treatment with miR-155-5p mimic + oe-NC compared
with treatment with mimic-NC + oe-NC, while the IL-6 content was
also found to be elevated in response to miR-155-5p mimic + oe-
ZC3H12B treatment compared with mimic-NC + oe-ZC3H12B
treatment (Figure 5C).

Moreover, SW48 cells after different treatments were cocultured with
CD3+ T cells and tested with flow cytometry to examine the prolifera-
tion of CD3+ T cells and the proportion of IFN-g+ T cells. It was found
that proliferation of CD3+ T cells and the proportion of IFN-g+ T cells
were decreased after coculture with SW48 cells treated with miR-155-
5pmimic + oe-NC, while these trends could be abrogated by coculture
with SW48 cell treated with miR-155-5p mimic + oe-ZC3H12B.
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Meanwhile, the proliferation of CD3+ T cells and the proportion of
IFN-g+ T cells after coculture with SW48 cells treated with miR-155-
5p mimic + oe-ZC3H12B were lower than those after coculture with
oe-ZC3H12B-treated SW48 cells (Figure 5D). These results indicated
that, in vitro, miR-155-5p promoted immune escape via ZC3H12B
downregulation.

To further verify whether M2 macrophage-derived exosomal miR-
155-5p can cause immune escape in colon cancer, miR-155 was
overexpressed or inhibited in M2 macrophages and then cocultured
with SW48 cells. qRT-PCR was applied to detect the miR-155-5p
expression and ZC3H12B mRNA expression patterns in SW48 cells
(Figure 5E), and western blot analysis was performed to measure
the ZC3H12B and IL-6 protein expression patterns (Figure 5F).
In addition, ELISA was utilized to examine the IL-6 contents in
the supernatants of SW48 cells (Figure 5G). It was found that
miR-155-5p and IL-6 expression levels were decreased while those
of ZC3H12B were enhanced in SW48 cells after treatment with
exo-miR-155-5p inhibitor. In addition, exosome-treated SW48 cells
were cocultured with CD3+ T cells and detected with flow cytom-
etry to assess the proliferation of CD3+ T cells and the proportion
of IFN-g+ T cells. As illustrated in Figure 5H, the proliferation of
CD3+ T cells and the proportion of IFN-g+ T cells were found to be
increased after coculture with exo-miR-155-5p inhibitor-treated
SW48 cells. The results of qRT-PCR indicated that SW48 cells
overexpressing miR-155-5p presented with decreased IL-6 expres-
sion levels. In comparison to simultaneous overexpression of
miR-155-5p and ZC3H12B, IL-6 expression levels exhibited a
more pronounced decline upon single miR-155-5p overexpression
(Figure S5A). This finding suggested that miR-155-5p influenced
the expression of IL-6 by regulating ZC3H12B. Meanwhile, results
from ELISA demonstrated that IL-6 expression levels were
decreased in the supernatants of SW48 cells after miR-155-5p over-
expression. Reduced IL-6 expression levels were noted upon simul-
taneous overexpression of miR-155-5p and ZC3H12B compared to
single ZC3H12B overexpression (Figure S5B). Flow cytometric data
further revealed that the proliferation of CD3+ T cells and the pro-
portion of IFN-g+ T cells were increased upon coculture with
SW48 cells transfected with miR-155-5p mimic or both miR-155-
5p mimic and oe-ZC3H12B (Figures S5C and S5D). These experi-
mental data confirmed that miR-155-5p functioned through IL-6
and then regulated ZC3H12B, thus affecting immune escape of co-
lon cancer. Together, these results indicated that miR-155-5p
Figure 6. miR-155-5p delivered by M2 macrophage-derived exosomes diminis

in vivo

Mice were injected with SW48 cells treated with exo-inhibitor-NC + oe-NC, exo-miR

inhibitor + oe-ZC3H12B. (A) Expression patterns of M2 macrophage-derived exosome

mouse tumor tissues. (B) qRT-PCR examining the expression patterns of miR-155-5p e

(D) Tumor volume of mice. (E) Tumor weight of mice. (F) ELISA examining the expres

ZC3H12B and IL-6 protein in tumor tissues of mice without any other treatments determ

of mice without any other treatments. (I) Flow cytometry examining T cells in spleen cells

mean ± standard deviation. Comparisons between two groups were analyzed by indep

way ANOVA, followed by Tukey’s post hoc test. *p < 0.05. n = 5.
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carried by M2 macrophage-derived exosomes could promote the
immune escape of colon cancer cells through the regulation of
ZC3H12B.

M2 macrophage-derived exosomal miR-155-5p reduced

ZC3H12B expression to promote immune escape in colon

cancer in vivo

Finally, we determined whether the M2 macrophage-derived exo-
somes were successfully injected intomice. Transmission electronmi-
croscope and immunofluorescence data revealed that exosomes were
expressed in mice, confirming the successful injection (Figure 6A). In
order to further investigate the effect of M2macrophage-derived exo-
somal miR-155-5p on immune escape in colon cancer, we treated the
exosomes derived from M2 macrophages with miR-155-5p inhibitor,
and ZC3H12B was overexpressed in SW48 cells treated with exo-
miR-155-5p inhibitor. Subsequently, SW48 cells were coinjected
into nude mice with CD3+ T cells, and the corresponding exosomes
were injected every 3 days. The results demonstrated that the growth
rate, volume, and weight of tumors were reduced in the mice treated
with exo-miR-155-5p inhibitor + oe-NC or exo-inhibitor-NC +
oe-ZC3H12B and were further reduced after treatment with exo-
miR-155-5p inhibitor + oe-ZC3H12B (Figures 6B–6E). The afore-
mentioned experiments were also carried out in HT29 cells, in which
treatment with exo-miR-155-5p inhibitor + oe-NC or exo-inhibitor-
NC + oe-ZC3H12B resulted in decreased growth rate, volume, and
weight of tumors, which were further decreased after treatment
with exo-miR-155-5p inhibitor + oe-ZC3H12B (Figures S4G–S4K).
These findings suggested that M2 macrophage-derived exosomal
miR-155-5p promoted the development of colon cancer by inhibiting
the expression of ZC3H12B in vivo.

Spleen belongs to the reticular skin system and is the largest lymphoid
organ of the human body. The marginal zone (MZ) of the spleen is
located at the junction of red pulp and white pulp, where lymphocytes
are sparse, primarily comprised of B cells, but there are more macro-
phages. It serves as an important area of the spleen to capture and
recognize antigens and induce immune responses. When the sympa-
thetic nerve impulse is released, the expressions of immune cytokine-
related genes in the spleen are altered, especially those of IL-1 and
IL-6. To elucidate the mechanism of M2 macrophage-derived exoso-
mal miR-155-5p in vivo affecting immune escape, we detected the
expression patterns of IL-6 in spleen cell lysates by ELISA. The results
showed (Figure 6F) that IL-6 expression levels were diminished in
hed ZC3H12B expression to accelerate immune escape in colon cancer

-155-5p inhibitor + oe-NC, exo-inhibitor-NC + oe-ZC3H12B, or exo-miR-155-5p

s analyzed by transmission electron microscope and immunofluorescence assay in

xpression and ZC3H12B mRNA in mouse tumor tissues. (C) Tumor growth of mice.

sion patterns of IL-6 in spleen cell lysates of mice. (G) The expression patterns of

ined by immunohistochemistry. (H) miR-155-5p expression patterns in tumor tissues

of mice without any other treatments. The data are measurement data expressed as

endent-sample t test. Comparisons among multiple groups were analyzed by one-
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mice treated with exo-miR-155-5p inhibitor + oe-NC or exo-inhibi-
tor-NC + oe-ZC3H12B and were further decreased in mice treated
with exo-miR-155-5p inhibitor + oe-ZC3H12B. We further detected
the expression patterns of miR-155-5p, ZC3H12B, and IL-6 in tumor
tissues of mice. At the same time, the expression patterns of
ZC3H12B, T cell markers CD4 and CD8, M1 type markers CD14
and CD86, and M2 type markers CD163 and CD206 (Figures 6G–
6I; Figures S6A–S6D) were also detected in mouse tumor tissues.
Furthermore, the activation of T cells was examined in a spleen cell
suspension from the mice by means of flow cytometry. The results
documented (Figure S7) that the proportion of IFN-g+ T cells was
enhanced in mice treated with exo-miR-155-5p inhibitor + oe-NC
or exo-inhibitor-NC + oe-ZC3H12B while being further elevated in
mice treated with exo-miR-155-5p inhibitor + oe-ZC3H12B. Taken
together, these findings indicated that miR-155-5p transferred by
M2 macrophage-derived exosomes promoted the expression of IL-6
expression through downregulation of ZC3H12B, thus inhibiting
T cell immune response and promoting tumor formation.

DISCUSSION
The poor prognosis of colon cancer is associated with the develop-
ment of perforation and obstruction, which are recognized as emer-
gency complications.23 In addition, the lack of efficient biomarkers
that serve as indicators of tumor invasion accounts for the high mor-
tality and tumor metastasis in colon cancer patients.24,25 At present,
explorations are being conducted to find predictive biomarkers for
colon cancer.26 The current study set out to investigate the role of
M2 macrophage-derived exosomal miR-155-5p in colon cancer,
and the findings obtained evidenced that miR-155-5p was transferred
by M2 macrophage-derived exosomes to tumor cells, where it tar-
geted ZC3H12B, implicated in the upregulation of IL-6 expression,
consequently promoting immune escape of colon cancer.

First, our findings revealed that M2 macrophage-secreted exosomes
could significantly promote the proliferation and antiapoptosis abili-
ties of colon cancer cells. Consistently, previous studies have illustrated
that tumor-associatedmacrophages serve as the primary stromal com-
ponents of the tumor microenvironment and can precipitate several
cancers.27 In addition, M2 macrophages are known to augment the
invasive ability of colon cancer cells through matrix metalloprotei-
nases.28 More importantly, M2 macrophage-derived exosomes were
previously documented to promote the migration and invasion of co-
lon cancer cells,12 which is in accordance with our findings. Further-
more, we uncovered that miR-155-5p was highly expressed in M2
macrophage-derived exosomes, whereby M2 macrophage-derived
exosomal miR-155-5p could promote the proliferation and antiapop-
tosis of colon cancer cells. Similarly, a prior study also found upregu-
lated expression of miR-155-5p in M2 macrophage-derived exosomes
and found that miR-155-5p was transferred to colorectal cancer cells
via M2 macrophage-derived exosomes.12 Meanwhile, macrophage-
derived exosomal miR-21, another miRNA, is known to lead to the
enhancement of gastric cancer cell apoptosis.14 Prior studies have
also shown that macrophage-derived exosomal miR-155 can promote
fibroblast inflammation in cardiac injury,13 whereas miR-155-5p can
also positively regulate the migration of colon cancer cells through
posttranscriptional regulation of Human Antigen R.19 Besides, miR-
155 has been previously elucidated to possess the ability to enhance
the invasiveness of colorectal cancer SW-480 cells via Wnt/b-catenin
regulation.29 Further in line with our results, another study revealed
that inhibition of miR-155 can bring about a reduction in cell prolifer-
ation and an elevation in cell apoptosis in colon cancer.30 Our findings
in conjunction with existing evidence indicate that that M2 macro-
phage-derived exosomal miR-155-5p could promote the proliferation
and antiapoptosis ability of colon cancer cells.

Moreover, another critical finding in the current study was that the
transfer of miR-155-5p into colon cancer cells via M2 macrophage-
derived exosomes to target ZC3H12B diminished the expression
levels of IL-6. ZC3H12B is regarded as the most active member of
the ZC3H12 family, by virtue of its involvement in processes such
as inflammation and degradation of inflammatorymRNAs.21 In addi-
tion, the ZC3H12 family also negatively mediates the activation of
macrophages, emphasizing its involvement in host immunity and in-
flammatory diseases.31 Previous studies have also shown that down-
regulation of ZC3H12A can augment the aggressive features of tumor
and serves as a contributing factor to the decline in disease-free sur-
vival of colorectal cancer patients.32 On the other hand, IL-6 can
induce STAT3 phosphorylation in colon cancer cells with overex-
pressed RAB3C, which promotes the migration of colon cancer
cells.33 More importantly, ZC3H12B binds to the IL-6 mRNA,
decreasing the production of IL-6 protein upon stimulation with
IL-1b, which is in accordance with our findings.21 Even more so, a
prior study found that miR-155-5p amplified the expression of IL-6
in thyroid follicle cells and also increased the IL-6 expression in
hyperlipidemia and patients with familial hypercholesterolemia.34,35

Additionally, our findings revealed that M2macrophage-derived exo-
somal miR-155-5p promoted the IL-6 expression by downregulating
the ZC3H12B expression, thus inhibiting T cell immune response and
promoting immune escape. Consistent with our findings, IL-6 has
also been previously shown to regulate immune cells, including
T cells and macrophages.36 Furthermore, IL-6 is known to stimulate
tumor escape from immune surveillance induced by cell-in-cell struc-
tures that were formed by lymphocytes and colon cancer cells.37

Altogether, findings obtained in our study concluded that M2 macro-
phage-derived exosomes transferred miR-155-5p into colon cancer
cells to target ZC3H12B,which increased IL-6 expression and thenpro-
moted immune escape and tumor formation in colon cancer (Figure 7).
Ourfindings provide new insight that can be applied in the treatment of
colon cancer. However, we recognize that additional mechanisms may
be in place to regulate such pathways, which warrants further explora-
tion. Moreover, future studies should be conducted on the effect of M2
macrophage-derived exosomes on normal colon cells.

MATERIALS AND METHODS
Ethics statement

The current study was approved by the Ethics Committee of Shanghai
Tenth People’s Hospital, Tongji University School of Medicine, and
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Figure 7. Themechanism ofM2macrophage-derived

exosomal miR-155-5p and ZC3H12B in colon cancer

M2 macrophage-derived exosomal miR-155-5p went into

colon cancer cells to downregulate ZC3H12B and to up-

regulate IL-6, which inhibited T cell immune response, thus

promoting immune escape in colon cancer.
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adhered to the Declaration of Helsinki. Signed informed consent was
obtained from all participants prior to enrollment. All animal exper-
iments were performed with the approval of the Animal Ethics Com-
mittee of Shanghai Tenth People’s Hospital, Tongji University School
of Medicine, and extensive efforts were made to ensure minimal
suffering in the included animals.

Patient enrollment

Colon tissue samples were collected from 36 patients with colon can-
cer (23 males, 13 females; calculated mean age of 56.44 ± 14.28 yr)
from January 2017 to January 2019 at the Shanghai Tenth People’s
Hospital, Tongji University School of Medicine. In addition, corre-
sponding adjacent tissues were also obtained from the patients and
used as normal controls. None of the included patients underwent ra-
diation or chemotherapy prior to sample collection. All samples were
confirmed according to the histological classification and classifica-
tion criteria for colon cancer issued by the World Health Organiza-
tion and again pathologically confirmed.

Cell treatment

Colon cancer cell line (SW48) cells and human normal colonic
epithelial cells (CCD841CoN) were procured from American Type
Culture Collection (Rockville, MD, USA). M1 and M2 macrophages
were subsequently isolated from the colon cancer tissues by a previ-
ously described method.38,39 In brief, tumor tissues were sliced and
added with 10 mL of Liberase DL stock solution 28 U/mL, 20 mL of
Liberase TL stock solution 14 U/mL, and 10 mL of DNase I (15 mg/
mL stock solution 100� )/mL for digestion. After centrifugation, fluo-
rescence-activated cell sorting (FACS) staining, and cell sorting, the
CD163-positive and CD206-positive cells (tumor-related-M2-like
macrophages) and CD14-positive and CD86-positive cells (tumor-
related-M1-like macrophages) were collected. Briefly, colon cancer
tissues were washed with PBS, sliced into small pieces (1 mm3)
with a surgical blade, and transferred to a 15-mL centrifuge tube, fol-
lowed by the addition of 1 mL of PBS, with a final volume of 3 mL.
Next, DL collagenase, TL collagenase, and DNase were added, and in-
cubation was carried out at 37�C for 45 min, after which the digestion
was terminated with the addition of staining buffer. The cell suspen-
sion was then filtered through a cell strainer and centrifuged for 5 min
(500 � g, 4�C). The tube was added with 1 mL of staining buffer
and 3 mL of erythrocyte lysate, followed by an ice bath for 10 min.
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Subsequently, the cell suspension was added
with 30 mL of staining buffer and centrifuged
for 5 min (500 � g, 4�C). The supernatant was
then discarded and the tube was added with
900 mL of staining buffer, PBS supplemented
with 10% human AB serum, followed by an ice bath for 30 min. After
the ice bath, the tube was added with 5 mL of staining buffer, filtered,
and centrifuged (500 � g, 4�C; 5 min). The supernatant was dis-
carded, and the tube was added with 1 mL of staining buffer. Immu-
nostaining and western blot analysis were performed to determine the
expression patterns of CD163, CD68, and CD206.

The cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, Grand Island, NY, USA) containing 10% fetal
bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL strepto-
mycin in a humidified incubator at 37�C with 5% CO2 in air. Cells
were detached with the use of 0.25% trypsin and passaged at the
rate of 1:3.

In addition, peripheral blood mononuclear cells (PBMCs) were iso-
lated from healthy donor and colon cancer patients by density
gradient centrifugation using Ficoll-Paque Plus. Blood neutrophils
were harvested after red blood cells were lysed with a lysis solution.
T cells from PBMCs were subsequently purified by using anti-CD3
magnetic beads to obtain CD3+ T cells.

Exosome isolation, purification, and identification

The M2 macrophage culture medium was ultracentrifuged to collect
exosomes. The conditioned medium was centrifuged at 500 � g for
15 min, at 3,000 � g for 15 min, and at 12,000 � g for 30 min at
4�C to remove the cells and debris. The medium was further centri-
fuged at 140,000 � g for 80 min to purify the exosomes. After resus-
pension in PBS, the previous ultracentrifugation was performed once
again to further purify the exosomes.

Nanoparticle tracking analysis

A total of 20 mg of exosomes was dissolved in 1 mL of PBS and vor-
texed for 1 min to evenly distribute the exosomes. The distribution
size of exosomes was directly observed with a NanoSight Nanopar-
ticle Tracking Analyzer (Malvern Instruments, Malvern, UK).

Transmission electron microscope

The prepared exosomes were immediately fixed in 4% glutaraldehyde
for 2 h (4�C) and in 1% osmium tetroxide for 2 h. Exosomes were then
dehydrated with ethanol and acetone gradients, immersed in epoxy
resin, paraffin embedded, and polymerized. Semithin sections
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(0.5 mm) and ultrathin sections (60 nm) were subsequently prepared
under an optical microscope. Finally, the exosomes were stained with
uranium acetate and lead citrate and observed under an electron
microscope.

DiO-labeled exosome transfer assay

A total of 1,000 mL of the exosomal suspension was added with 10 mL
of DiO solution and incubated at 37�C for 30 min. SW48 cells were
cocultured with 25 mg of M2 macrophage-derived exosomes labeled
with DiO (green) for 24 h. In addition, SW48 cells were also incubated
with DiO-unlabeled exosomes for 24 h as a NC. Next, the exosomes
were fixed, followed by nuclei staining. Finally, the exosomes were
observed under a laser confocal fluorescence microscope, and images
were acquired.

Plasmid transfection

M2macrophages were transfected with plasmids expressing inhibitor
NC (NC of miR-155-5p inhibitor) or miR-155-5p inhibitor.

Meanwhile, SW48 cells were transfected with plasmids expressing
mimic NC (NC of miR-155-5p mimic), miR-155-5p mimic, inhibitor
NC, miR-155-5p inhibitor, sh-NC (scramble shRNA control), sh-
ZC3H12B, oe-NC (empty virus vector), oe-ZC3H12B, oe-IL-6, oe-
ZC3H12B + oe-IL-6, miR-155-5p mimic + oe-NC, or miR-155-5p
mimic + oe-ZC3H12B.

The miR-155-5p mimic and miR-155-5p inhibitor and their controls
were purchased from Guangzhou RiboBio (Guangdong, P.R. China).
Upon reaching 85–90% cell confluence, M2 macrophages or SW48
colon cancer cells were transfected with plasmids (80 nM) according
to the manuals for Lipofectamine 2000 reagents (Invitrogen, Carls-
bad, CA, USA). pGCSIL-PUR lentivirus encoding human
ZC3H12B (sh-ZC3H12B) and Lenti-OE lentivirus overexpressing
IL-6 or ZC3H12B were purchased from Shanghai Genechem
(Shanghai, P.R. China). After 6 h of transfection the medium was re-
newed, and the cells were collected for subsequent experiments after
48 h.

Cy3-labeled miR-155-5p was transfected into M2 macrophages with
the Lipofectamine 2000 reagent (Invitrogen). Macrophages contain-
ing Cy3-miR-155-5p were cocultured with SW48 cells and observed
and detected with a fluorescence microscope and flow cytometry.

qRT-PCR

Total cellular RNAs were extracted with the TRIzol reagent (Catalog
No. 16096020, Thermo Fisher Scientific, Waltham, MA, USA). For
miRNA, poly(A) tail PCR kits (b532451, Shanghai Sangon Biotech-
nology, Shanghai, China; including universal PCR primer R and U6
universal PCR primer R) were employed to obtain the cDNA of
miRNA containing poly(A) tail. Non-miRNA reverse transcription
was performed in accordance with the instructions of the cDNA
reverse transcription kit (K1622, Beijing Yaanda Biotechnology, Bei-
jing, P.R. China). PCR amplification of the target gene was conducted
with a 25-mL system, including 300 ng of cDNA, 1� PCR buffer,
200 mmol/L deoxyribonucleotide triphosphates (dNTPs), 80 pmol/L
forward primers, 80 pmol/L reverse primers, and 0.5 U of Taq enzyme
(S10118, Shanghai YuanYe Bio-Technology, Shanghai, P.R. China).
The reaction conditions were as follows: predenaturation at 94�C
for 5 min, 30 cycles of denaturation at 94�C for 30 s, annealing at
54.5�C for 30 s and extension at 72�C for 30 s, and finally extension
at 72�C for 10 min. The primers used in the reaction are shown in
Table S1. U6 was utilized as the loading control of miR-155-5p,
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served
as the internal reference for other genes. The fold changes were calcu-
lated by means of relative quantification (the 2�DDCt method).

Western blot analysis

Tissue or total cell protein content was extracted with phenylmetha-
nesulfonyl fluoride (PMSF) and protease inhibitors. After separation
by polyacrylamide gel electrophoresis, the proteins were electrotrans-
ferred onto a polyvinylidene fluoride (PVDF) membrane that was
blocked with 5% bovine serum albumin (BSA). Next, the membrane
was blocked at room temperature for 1 h. Primary antibodies against
CD63 (dilution ratio of 1:1,000, ab216130), CD81 (dilution ratio of
1:1,000, ab109201), ZC3H12B (dilution ratio of 1:1,000, ab106710),
IL-6 (dilution ratio of 1:1,000, ab6672), and GAPDH (dilution ratio
of 1:2500, ab9485) were added to the membrane for incubation at
4�C overnight. The following day, horseradish peroxidase (HRP)-
labeled goat anti-rabbit immunoglobulin G (IgG; dilution ratio of
1:20,000, ab205718) was added to the membrane for further incuba-
tion for 1.5 h at room temperature. All the aforementioned antibodies
were purchased from Abcam (Cambridge, UK). The developing solu-
tion (NCI 4106, Pierce, Rockford, IL, USA) was then added to visu-
alize the membrane. Protein quantification was performed with
ImageJ 1.48u software (Bio-Rad, Hercules, CA, USA), and relative
protein expression was expressed as the ratio of the gray value of
target protein bands to the protein band of GAPDH.

Coculture of M2 macrophage and its exosomes with colon

cancer cells

In order to inhibit exosomal release from macrophages, macrophage
cells were treated with the exosome inhibitor GW4869. Subsequently,
the macrophages were plated in 6-well plates (density of 1� 106 cells/
well), and upon reaching 80–90% confluence the cells were treated
with 10% GW4869 (D1692-5MG, Sigma-Aldrich, St. Louis, MO,
USA) or 0.005% DMSO as control. After 24 h of treatment, the cells
and the supernatant were collected.

M2 macrophages were plated in the basolateral chamber of a 24-well
Transwell chamber (density of 1 � 104 cells/well), and the apical
chamber was seeded with SW48 colon cancer cells . The insert pore
size between the apical and basolateral chambers was 0.4 mm. After
24 h of coculture, SW48 colon cancer cells were isolated and tested
for cell proliferation and apoptosis.

Coculture of colon cancer cells with T cells in vitro

Carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled
CD3+ T cells were seeded into a 96-well plate (density of 1 � 105
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cells). Subsequently, the T cells were cocultured with SW48 cells
treated with different M2 macrophage-derived exosomes in medium
containing rhIL-2 (20 IU/mL), anti-CD3 (2 mg/mL), and anti-CD28
(1 mg/mL) antibodies. Finally, the T cells were collected for flow cy-
tometry after 48 h of culture.

Flow cytometry for apoptosis

After 48 h of transfection the cells were collected, and the cell concen-
tration was adjusted to 1 � 106 cells/mL. Next, the cells were fixed
with precooled 70% ethanol solution and allowed to stand overnight
at 4�C. A total of 100 mL of cell suspension was centrifuged (cells not
less than 1� 106 cells/mL) and then resuspended in 200 mL of binding
buffer. A total of 10 mL of Annexin V-fluorescein isothiocyanate
(FITC) and 5 mL of propidium iodide (PI) were subsequently added,
mixed with the cell suspension gently, and reacted under dark condi-
tions at room temperature for 15 min. Afterward, 300 mL of binding
buffer was added to the cells, and a flow cytometer was used to detect
apoptosis at a wavelength of 488 nm: FITC�/PI�: living cells; FITC+/
PI�: early apoptotic cells; FITC+/PI+: late apoptotic cells; FITC�/PI+:
necrotic cells. Early apoptotic cells and late apoptotic cells were re-
garded as apoptotic cells.

Flow cytometry for detection of cell surface antigen

The cells were made into a single-cell suspension and resuspended
in staining buffer (BD Biosciences, Franklin Lakes, NJ, USA).
T cells were cultured with PerCP-CD3 (1:100, BioLegend, San
Diego, CA, USA, #100326, Armenian hamster) and fixed and
permeabilized with Pacific blue-IFN-g (1:50, BioLegend, San
Diego, CA, USA, #505817, rat). Subsequently, the cells were de-
tected with a BD FACS Canto II flow cytometer (BD Immunocy-
tometry Systems, San Jose, CA, USA) and analyzed with FlowJo
software.

EdU assay

EdU solution was added to the cell culture plate (cell medium and
EdU solution were mixed at a ratio of 1,000:1), and the cells were
incubated for 2 h at room temperature. Next, the cells were fixed
with 40 g/L paraformaldehyde for 30 min and incubated for
8 min in glycine solution. The cells were then rinsed with PBS con-
taining 0.5% Triton X-100. After rinsing, Apollo staining reaction
solution was added to the cell culture plate, and the cells were incu-
bated for 30 min at room temperature under dark conditions. Later,
Hoechst 3334 reaction solution was added, and the cells were incu-
bated another time for 20 min at room temperature in dark condi-
tions. The cells were subsequently observed under a fluorescence
microscope, and red light was utilized to photograph the cells
with a 550-nm excitation channel. The red-stained cells were re-
garded as the proliferating cells. In addition, violet light was used
to photograph the cells with a 350-nm excitation channel, and the
blue-stained cells were total cells. Three fields of view were selected
under a 400-fold field of view, and EdU-stained cells (proliferating
cells) and Hoechst 33342-stained cells (total cells) were counted.
Cell proliferation rate (%) = number of proliferating cells/total num-
ber of cells � 100.
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Nude mouse xenograft model

A total of 20 female nonobese diabetic/severe combined immunode-
ficient (NOD/SCID) mice (Shanghai SLAC Laboratory Animal,
Shanghai, P.R. China, aged 4–8 weeks) were procured and randomly
divided into four groups, with five mice in each group. SW48 cells
were transfected with oe-ZC3H12B or oe-NC, and M2 macrophages
were transfected with miR-155-5p inhibitor or inhibitor NC. The
SW48 cells were then cocultured with exosomes from transfected
M2 macrophages. Subsequently, SW48 cells (5 � 105) were injected
into the tail vein of female NOD/SCID mice with a superfine syringe.
Later, a total of 10 mg of M2 macrophage-derived exosomes was in-
jected into the tail vein every 3 days. The polyclonal T cells (5 � 106)
[identified with 2 mg/mL anti-CD3 (ab135372) and 1 mg/mL anti-
CD28 (ab243228) (Abcam)] were cocultured with transfected SW48
cells for 24 h and injected into the peritoneum of mice 10 days after
inoculation of the SW48 cells.

Tumor size was measured once every 2 days with a vernier caliper,
while tumor volume was calculated from three vertical measure-
ments. After the mice were anaesthetized with pentobarbital sodium
(57-33-0, Shanghai Bituo Biotechnology, Shanghai, P.R. China) at
50 mg/kg and euthanized, the tumors were excised, and the spleens
were separated into single cells for flow cytometry.

Dual luciferase reporter gene assay

The 3¿ UTR dual luciferase reporter gene vector of ZC3H12B and the
mutant plasmid with mutation of the binding site between ZC3H12B
and miR-155-5p, namely, PmirGLO-ZC3H12B-WT and PmirGLO-
ZC3H12B-MUT, were constructed. The reporter plasmid was co-
transfected into HEK293T cells with miR-155-5p mimic or mimic
NC. After 24 h of transfection, the cells were lysed. Subsequently,
the obtained cells were centrifuged at 12,000 rpm for 1 min, with
the supernatant collected. Luciferase activity was tested with a dual
luciferase reporter system (Dual-Luciferase Reporter Assay System,
E1910, Promega, Madison, WI, USA).

The IL-6 mRNA 3¿ UTR reporter gene plasmid (pmirGLO_IL-6 3¿-
UTR) was constructed to determine the binding relationship between
ZC3H12B and IL-6.

mRNA degradation detection

First, SW48 cells were transfected with sh-ZC3H12B. After 24 h, RNA
transcription was terminated with the addition of 10 mg/mL actino-
mycin D. Next, the total RNAs were extracted from the cells treated
for 0, 15, 30, and 45 min, respectively, to measure the IL-6 mRNA
content. At the time of analysis, the initial mRNA amount of each
group of cells at 0 min was set to 100%, and quantitative calculation
was conducted with a ratio of initial mRNA amount to content values
at the corresponding 0 min.

ELISA

The collected cell supernatant was assayed for cytokine expression
patterns according to the protocols of the IL-6 ELISA kit (human:
ab46042, mouse: ab100713, Abcam). The optical density (OD) values
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were measured at a wavelength of 450 nm with a versatile microplate
reader (Synergy 2, BioTek, Winooski, VT, USA) by zeroing the blank
control well. The standard product concentration was plotted on the x
axis, and the OD value was plotted on the y axis. The regression equa-
tion of the standard curve was subsequently calculated, and the sam-
ple OD value was substituted into the equation to calculate the target
protein concentration in the sample.
Statistical analysis

Statistical analyses were performed with SPSS 21.0 software (IBM, Ar-
monk, NY, USA). Measurement data conforming to normal distribu-
tion and homogeneity of variance were expressed as mean ± standard
deviation. Data within groups were analyzed by paired t test, while
data were compared between two groups by independent-sample t
test. Comparisons among multiple groups were analyzed by one-
way analysis of variance (ANOVA), followed by Tukey’s post hoc
test. The volume of tumor at different time points was compared
by Bonferroni-corrected repeated-measures ANOVA. The residual
amount of IL-6 at different time points was analyzed by two-way
ANOVA. A value of p <0.05 was regarded as statistically significant.
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