
Original Article
M2 Macrophage-Derived Exosomes Promote
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Pancreatic ductal adenocarcinoma (PDAC), one of the most
aggressive tumors all over the world, has a generally poor prog-
nosis, and its progression is positively correlated with the density
of blood vessels. Recently, tumor-associated macrophages
(TAMs) were proven to be beneficial for angiogenesis, but their
mechanism of action remains unclear. Our study indicated that
M2 macrophages were positively correlated with the microvessel
density (MVD) of PDAC tissues, and M2 macrophage-derived
exosomes (MDEs) could promote the angiogenesis of mouse
aortic endothelial cells (MAECs) in vitro. At the same time, the
M2MDEs could also promote the growthof subcutaneous tumors
and increase the vascular density ofmice.Moreover,we also found
that miR-155-5p and miR-221-5p levels in the M2 MDEs were
higher than those in M0 MDEs, and they could be transferred
into MAECs, as demonstrated by RNA sequencing (RNA-seq)
and qPCR analysis. Our data confirmed the interaction between
TAMs and the angiogenesis of PDAC by exosomes. Additionally,
targeting the exosomal miRNAs derived from TAMs might pro-
vide diagnostic and therapeutic strategies for PDAC.
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INTRODUCTION
Pancreatic cancer (PC), one of the most devastating malignancies,
ranks fourth among all reasons to cause cancer death in the US.1

Angiogenesis, the process by which new capillaries grow from the
pre-existing blood vessels, is associated with the growth and metastasis
of numerous solid tumors, including PC.2 In general, PC is thought to
be vascularized, and many studies have confirmed the positive correla-
tion of microvessel density (MVD) with the progression of PC.3

Tumor-associated macrophages (TAMs) account for roughly 15%–
20% of the total cellular tumor mass,4 and they have always been
thought to have M2-like polarization and to be activated by T helper
2 (Th2) cytokines. In our recent study, hypoxic PC cell-derived exo-
somes were proven to promote M2 macrophage polarization.5 A pre-
vious study indicated that TAMs could induce the proliferation of
endothelial cells and the formation of a vascular network in a vascular
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endothelial growth factor (VEGF)-dependent manner, and TAMs
expressed VEGF-A in the perivascular area at the front of tumor in-
vasion,6 which was confirmed to be helpful to increase MVD and he-
matogenous metastasis of tumors.7

Exosomes, the lipid bilayermembrane vesicles derived from the luminal
membraneofmulti-vesicular bodies,were proven tobebeneficial for the
communication between cells.8–11 Typical exosomes often have a wide
range of functional mRNAs, microRNAs (miRNAs), and proteins, and
theyplay a key role in intercellular communication via transferring their
genetic contents.12,13 Previous studies indicated that macrophage-
derived exosomes (MDEs) significantly affected the proliferation,
metastasis, and immune escape of tumors.14,15 Also, M2 MDEs might
induce gemcitabine resistance in PC through delivering miR-365.16

In the present study, we demonstrated a mechanism of angiogenesis
in PC, which was mediated by the shuttling of miRNAs between
TAMs and endothelial cells through exosomes.
RESULTS
M2 Macrophages Increase the Density of Microvessels in Tumor

Tissues fromPancreaticDuctalAdenocarcinoma (PDAC)Patients

In this trial, CD31 andCD163 antibodieswerefirst used to stain vascular
endothelial cells and M2 macrophages, and then MVD and H-score
.
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Figure 1. M2 macrophages Increase Microvessel Density in Tumor Tissues From PDAC Patients

(A) Representative images of immunohistochemistry (IHC) staining for CD163 andCD31 in human PDAC tissues. Scale bars, 100 mm. (B) Quantification of microvessel counts

per field. (C) Pearson correlation analysis of the H-score of CD163 andMVD in human PDAC tissues. (D and E) Pearson correlation analysis of themRNA expression profiles of

CD163 and CD31 (D, left), as well as CD163 and vWF (E, right) in 178 PDAC patients from TCGA. (F) Representative images of IHC staining for CD206 and CD31 in tumor

tissues of nude mice. Scale bars, 100 mm. (G) Quantification of microvessel counts per field. (H) Pearson correlation analysis of the H-score of CD163 and MVD in tumor

tissues of nude mice. *p < 0.05.
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were calculated. The results demonstrated that the MVD in PDAC tis-
sues with a high level of CD163 was markedly enhanced compared to
that in the PDAC tissues with a low level of CD163 (p < 0.001; Figures
1A and 1B). Additionally, there is a positive correlation between
CD31andCD163 levels (correlation [Cor]=0.729, p<0.001; Figure1C).
The correlation between MVD (von Willebrand factor [vWF] and
CD31 mRNA levels) and the CD163 mRNA level in 178 human
PDAC patients obtained from The Cancer Genome Atlas (TCGA)
was further determined. As shown in Figures 1D and 1E, significant
correlations between the mRNA levels of CD163 and vWF
Molecular Therapy Vol. 29 No 3 March 2021 1227
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(Cor = 0.402, p < 0.001), as well as CD163 and CD31 (Cor = 0.601, p <
0.001), were observed.

We subcutaneously injected Pan02 cells into nudemice and examined
the CD206 and CD31 levels in tumor tissues. As shown in Figures 1F-
H, the result showed that there were significant correlations between
the levels of CD31 and CD206 (Cor = 0.843, p < 0.001).

Taken together, these results suggested that M2 macrophages are
related to angiogenesis in PC.

M2 MDEs Promote Angiogenesis In Vitro

Our previous study found that the PC cell-derived exosomes could
mediate M2 macrophage polarization,5 which prompted us to further
explore whether M2 macrophages can induce angiogenesis in PDAC
by exosomes. For TAMs, supernatants of Pan02 cells were added to
macrophages. Then, qPCR and flow cytometry analyses demon-
strated that the macrophages were positive for M2markers, including
Arg-1 and CD206. (Figures 2A and 2B).

Next, the media were purified through differential centrifugations
and examined using transmission electron microscopy (TEM). To
confirm that the source of the exosomes is from TAMs and not
Pan02 cells, we collected the PBS for washing cell culture dishes
before collecting exosomes and purified exosomes by ultracentrifu-
gation. 100 mL of PBS was used to resuspend the exosomes. West-
ern blot and electron microscopy indicated no exosomes remained
after three washes (Figures S2C and S2D). TEM imaging showed
that there were nanovesicles of various sizes (Figure 2C; Fig-
ure S2A), and their mean diameter was 132 nm at room temper-
ature (Figure 2D).

Immunoblotting for the lysates from purified nanovesicles was per-
formed using known exosomal markers.17 The results showed that
CD9, CD63, and LAMP2 were expressed in these nanovesicles (Fig-
ure 2E; Figure S2B), suggesting that they were MDEs. Next, fluores-
cence microscopy was used to further confirm that endothelial cells
could take up MDEs (Figure 2F).

Previous studies showed that M2 macrophages could facilitate the
formation of blood vessels through VEGF-A and other cytokines.
We incubated the exosome-free supernatant of M2 macrophages
with endothelial cells and found that the effects of M2 macrophages
on angiogenesis were weakened after the removal of exosomes (Fig-
ures S2E–S2J).
Figure 2. M2 Macrophage-Derived Exosomes Promote Angiogenesis In Vitro

(A) Flow cytometry was used to detect the expression of the M2 macrophage marker

macrophage markers. (C) Electron microscopy images of exosomes isolated from cond

Nanoparticle tracking analysis (NTA) of macrophage-derived exosomes. (F) Immunofl

derived exosomes. (G) Representative micrographs of the transwell assay (original magn

independent experiments. (H) Representative micrographs of tube formation assay (orig

(I) Representative micrographs of the 24-h average distance of the wound-healing ass

***p < 0.001.
Migration, wound-healing, and tube formation assays were per-
formed to examine the angiogenic ability of mouse aortic endothelial
cells (MAECs), thereby investigating the effect of MDEs on vessel
endothelial cells. As shown in Figures 2G–2L, MAECs co-cultured
with M2 MDEs significantly increased the angiogenic ability of
MAECs compared to co-cultures with M0 MDEs. We filtered the
conditioned medium (CM) of the cancer cells before running it on
TAMs by ultracentrifugation (110,000 � g). Tube formation, migra-
tion, and wound-healing assays indicated that the effect of MDEs was
no different between the filtered and non-filtered groups (Figures
S2K–S2P), which confirmed the effect of MDEs on angiogenesis.

M2 MDEs Promote the Growth and Angiogenesis of Tumors

In Vivo

To investigate whether MDEs induce PDAC angiogenesis, Pan02 and
266-6 cells were subcutaneously injected into nude mice, and then M2
MDEs and M0 MDEs were injected into tumor centers every 3 days as
shown in Figure 3A. To determine the bioavailability of macrophage
exosomes in tumors, we synthesized a unique 75-nt-long double-
stranded DNE (dsDNA) “barcode fragment,” which was transfected
tomacrophages. Then, barcodes inMDEs (Figure S3K) and endothelial
cells (Figure S3L) of tumors were quantified by qPCR. Figure 3B shows
the growth kinetics of tumors in each group. As shown in Figures 3C
and 3D, tumor weights were much heavier in the M2 MDE group
than those in the M0 MDE and control groups. Next, CD31 antibody
was used to stain the vascular endothelial cells in tumors, and then
MVD was calculated. The results showed that the MVD in the tumor
tissues treated with M2 MDEs was markedly enhanced compared to
that in the tumor tissues treated with M0 MDEs or PBS (Figures 3E
and 3F). We also used the 266-6 cell line to a construct tumor-bearing
mouse model (Figures S3A–S3E). These results collectively suggested
that M2 MDEs could promote tumor growth and angiogenesis in vivo.

MDEs Transport miR-155-5p and miR-221-5p into Endothelial

Cells and Promote Angiogenesis

The evidence indicated that exosomes were enriched in miRNAs. To
investigate which miRNAs were transferred into endothelial cells, we
analyzed the miRNA contents in M0 and M2 macrophages using Il-
lumina HiSeq 2500, and we found that miR-146, miR-155, miR-221,
miR-320, and miR-382 were reported to promote angiogenesis18,19

and they were markedly upregulated in M2 relative to M0 macro-
phages (Figure S4).

The relative abundances of miR-146, miR-155, miR-221, miR-320,
and miR-382 in M2 and M0 macrophages as well as their exosomes
CD206 in BMDMs. (B) qPCR was used to detect the mRNA level of M2 and M1

itioned medium of BMDMs. (D) Western blot of macrophage-derived exosomes. (E)

uorescence images show that MAECs internalized PKH267-labeled macrophage-

ification,�100). The numbers of cells were calculated per high-power field from three

inal magnification,�200). The numbers of branch points were calculated by ImageJ.

ay. (J–L) Data on transwell, wound-healing, and tube formation assays. **p < 0.01,

Molecular Therapy Vol. 29 No 3 March 2021 1229

http://www.moleculartherapy.org


Figure 3. M2 Macrophage-Derived Exosomes Promotes Tumor Growth and Angiogenesis In Vivo

(A) Model diagram of mouse tumorigenesis model. (B) The tumor growth curve shows the tumor size measured every 3 days, and the arrows represent the injected exo-

somes. (C) Tumor image of each group. (D) The weight of tumors in each group. (E) Representative IHC graph of tumor tissue in indicated groups. Scale bars, 100 mm. (F)

MVD in each group of tumor tissue. *p < 0.05, **p < 0.01, ***p < 0.001.
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were compared using qPCR. The results showed that M2 macro-
phages were enriched in miR-155 and miR-221, while M2 MDEs
were enriched in miR-146, miR-155, miR-221, and miR-382 (Figures
4A and 4B).

We co-cultured MAECs with M2 MDEs or M0 MDEs for 24 h and
detected the relative miRNA levels by qRT-PCR. As Figure 4D dem-
onstrates, miR-155 and miR-221 were most differently expressed in
the MAECs co-cultured with M2 MDEs relative to M0 MDEs or
PBS (Figure 4C).

Next, the Cy3-labeledmiR-155 andmiR-221 were transfected into the
M2 macrophages treated with GW4869 (a vesicular inhibitor) for 24
h. Then, MAECs were co-cultured with macrophages using a 0.4-mm
pore size transwell. Following 48 h of co-culture, Cy3-positive
MAECs were detected using immunofluorescence. The results
showed that the fluorescence intensity in the control group was
much higher than that in GW4869 group, suggesting that miR-155
andmiR-221 were transferred fromM2macrophages into endothelial
cells via exosomes (Figures 4D–4F).

We next transfected miR-155-5p and/or miR-221-5p inhibitors into
macrophages and collected their exosomes. Anti-miRNA efficiency
was determined using a luciferase assay (Figures S5A and S5B). The
above results indicated that the inhibition of miR-155-5p and miR-
221-5p decreases the angiogenic ability of M2 MDEs (Figures 4G–
4L). Additionally, we transfected miR-155-5p and/or miR-221-5p
mimics into M0 macrophages and collected their exosomes. As
shown in Figures S5C–S5H, overexpression of miR-155-5p or miR-
221-5p in M0MDEs can improve the angiogenic ability of M0MDEs.
ExosomalmiR-155-5p andmiR-221-5p PromoteAngiogenesis in

an E2F2-Dependent Manner

miRNAs have been shown to bind to the 3¿ UTR of genes, thereby
regulating the expressions of mRNAs and proteins.20 In this trial,
the database starBase 2.0 was used to predict the target for miR-
155-5p and miR-221-5p. The results showed that there were a total
of 27 common targets for miR-155-5p and miR-221-5p (Figure S5I),
and among these 27 genes E2F2 was reported to inhibit endothelial
cell angiogenesis.21 To further confirm the roles that miR-155-5p
and miR-221-5p played in E2F2 expression, miR-155-5p and miR-
221-5p inhibitors and their mimics were transfected into MAECs.
The results demonstrated that miR-155-5p and miR-221-5p mimics
significantly reduced E2F2 expression. In contrast, their inhibitors
slightly increased E2F2 expression, while they did not affect the
mRNA expression of E2F2 (Figure S5J). In addition, the co-transfec-
Figure 4. MDEs Transport miR-155-5p and miR-221-5p into Endothelial Cells a

(A) qPCR indicated the relative miRNA level inM0 andM2macrophages. (B) Relative leve

in MAECs treated with exosomes for 24 h. (D) Schematic illustration of the in vitro co-cultu

group. Scale bars, 30 mm. (F) Average fluorescence intensity of exosomes. (G) Represent

of cells were calculated per high-power field from three independent experiments. (H) Re

(I) Representative micrographs of the tube formation assay (original magnification,�200

wound-healing, and tube formation assays. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
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tion of miR-155-5p mimic and miR-221-5p mimic presented a stron-
ger effect than when used alone (Figure 5A). Following exposure of
MAECs to M2 MDEs, E2F2 expression markedly decreased (Fig-
ure 5B). In contrast, co-transfecting miR-221-5p and miR-155-5p in-
hibitors into MAECs could rescue the decreased E2F2 expression
(Figure 5C). Next, wild-type or miRNA binding site mutant E2F2
30 UTR-driven luciferase vector and miR-155-5p or miR-221-5p
mimics were co-transfected into MAECs (Figure 5D) to investigate
whether E2F2 is a common target for miR-155-5p and miR-221-5p.
Compared to the control, the overexpression of miR-155-5p or
miR-221-5p significantly suppressed the luciferase activity of wild-
type E2F2 30 UTR. Moreover, the suppression was reversed by
miR-155-5p and miR-221-5p binding site mutations (Figures 5C
and 5D). Conversely, the co-transfection of miR-155-5p inhibitor
(Inh-miR-21-5p) or miR-221-5p inhibitor (Inh-miR-155-5p) mark-
edly enhanced the Renilla luciferase activity of the reporter with
wild-type 30 UTR of E2F2, while it did not affect that of the mutant
reporter (Figures 5E and 5F). On the contrary, M2MDEs significantly
reduced the Renilla luciferase activity of the reporter with wild-type 30

UTR of E2F2, while they did not affect that of the reporter containing
both miR-155-5p and miR-221-5p binding sequence mutants (Fig-
ure 5G). Additionally, we treated MAECs with M0-derived exosomes
and with miR-155-5p and miR-221-5p and detected the E2F2 level
with western blot in MAECs. As shown in Figure S5K, M1-derived
exosomes plus miR-155-5p and miR-221-5p could decrease the level
of E2F2 ofMAECs, but at a higher level thanM2-exo-treatedMAECs.
To further confirm whether the decreased E2F2 by exosomes can
contribute to increasing the angiogenic ability of MAECs, MAECs
were infected using adenoviral vector E2F2-GFP or adenoviral vector
GFP, after which transfection efficiency was determined using west-
ern blotting (Figure S5L). The results demonstrated that the overex-
pression of E2F2 significantly suppressed the increased angiogenic
ability of MAECs treated with M2 MDEs (Figures 5H–5M).

Taken together, our findings suggested that E2F2 might be the target
for miR-155-5p andmiR-221-5p inM2MDEs, which further induced
angiogenesis in MAECs.
M2Macrophage-Derived ExosomalmiR-155-5p andmiR-221-5p

Promote Angiogenesis and Growth of PDAC In Vivo

The results showed that the inhibitions for miR-155-5p and miR-221-
5p disabled M2 MDEs, thereby increasing PDAC growth (Figures 6A
and 6B). We also detected the CD31 level in tumor mice using immu-
nohistochemistry assays and found that the inhibitions formiR-155-5p
and miR-221-5p disabled M2 MDEs, thereby enhancing the MVD in
PDAC (Figures 6C and 6D). Figures S3F–S3J show the above results
nd Promote Angiogenesis

l of miRNA inM0 andM2macrophage-derived exosomes. (C) Relative level of miRNA

re system. (E) Immunofluorescence images show the Cy3-miRNA inMAECs of each

ativemicrographs of the transwell assay (original magnification,�100). The numbers

presentative micrographs of the 24-h average distance of the wound-healing assay.

). The numbers of branch points were calculated by ImageJ. (J–L) Data on transwell,

0.0001.
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for the 266-6 model. In summary, we have demonstrated thatM2mac-
rophages had positive correlation with the MVD of human PC. M2
MDEs carried miR-155-5p and miR-221-5p to endothelial cells, which
promoted the angiogenesis in PDAC by targeting E2F2 (Figure 6E).

DISCUSSION
In the microenvironment of tumors, macrophages play important
roles. Many studies have shown that M2 macrophages can promote
the progression, metastasis, and drug resistance of PC.22 Exosomes
are lipid double-coated extracellular vesicles containing proteins and
nucleic acids, especially miRNAs. They have been proven to mediate
the material transfer and information communication between cells.23

Immature and distorted neovascularization is an important feature of
solid tumors. The increases in vascular density and VEGF-A levels
promote the development and metastasis of tumors. Although PC
is often hypovascular due to large amounts of fibrotic stromata,
many studies have shown a positive correlation between vascular den-
sity and the progression of PC. A study by Huang et al.24 showed that
interleukin (IL)-35-mediated angiogenesis promoted the develop-
ment of PC. Additionally, the success of anti-VEGF treatment in colo-
rectal cancer and other tumors provided hope for the application of
the anti-angiogenesis therapy for PC.2 However, the poor efficacy
of traditional anti-VEGF drugs, such as sorafenib, in PC suggests
that the mechanism of angiogenesis in PC needs to be explored.

Recent studies have shown that M2 macrophages can mediate drug
resistance, invasion, metastasis, and immunosuppression of tumors
by releasing exosomes. Specifically, Binenbaum et al.16 found that
M2 MDEs could facilitate the resistance of PC cells to gemcitabine;
Lan et al.,15 Zheng et al.,25 and Yin et al.26 found that M2MDEs could
facilitate the migration and invasion of cancer cells. Moreover, a
recent study indicated that the modification of macrophage vesicles
had the value of targeted therapy for cancers, in which molecularly
engineered MDEs could target and alleviate inflammation in athero-
sclerotic lesions via a surface-binding chemokine receptor and anti-
inflammatory cytokines at the same time.27

Many studies also showed that M2 macrophages could promote
angiogenesis,28 and TAM infiltration was negatively correlated with
the prognosis of the patients who received anti-angiogenic therapy.29
Figure 5. Exosomal miR-155-5p and miR-221-5p Promote Angiogenesis in an E

(A) Protein expression analysis of E2F2 in MAECs 72 h after transfection with miR-155

inhibitor, miR-221-5p inhibitor, or the negative control (Inh-NC). (B) Protein levels of E2F

protein levels of MAECs after incubation with M2-exo, miR-155-5p-inhibitor, and/or miR

mutation of mir-155-5p and mir-221-5p are shown. (E) miR-221-5p-inhibitor or miR-15

into MAECs, and their relative luciferase activities were detected. (F) miR-155-5p or m

into MAECs, and their relative luciferase activities were detected. (G) Plasmids contain

miR-221-5p target sequences were transfected into MAECs, along with M2 macrop

Representative micrographs of the transwell assay (original magnification, �100). Th

experiments. (I) Representative micrographs of the tube formation assay (original m

(J) Representative micrographs of the 24-h average distance of the wound-healing ass

***p < 0.001.
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In our study, the correlation betweenM2macrophages and angiogen-
esis was confirmed using 48 human PDAC tissues, subcutaneous tu-
mor tissues of mice, and TCGA database. Thus, it is necessary to
further explore whether the communication between M2 macro-
phages and vascular endothelial cells depends on exosomes in PC.

Compared with M0 MDEs, M2 MDEs can promote the formation of
blood vessels in vivo and in vitro and promote the progress of tumors.
Given that the traditional anti-VEGF drugs often had poor efficacy
for PC, M2 MDEs with the function of promoting the angiogenesis
of TAM exocrine vesicles might be a novel therapeutic target for PC.

miRNAs, small noncoding RNAs with about 22 nt, can regulate 30

UTR binding to specific target gene mRNAs, thereby inhibiting
gene expression translation or causing degradation. miR-155, one
of the best conserved and multifunctional miRNAs, is primarily char-
acterized by its overexpression in multiple diseases, such as malignant
tumors.30–33 At the same time, it can also mediate tumor invasion,
metastasis, angiogenesis, and drug resistance. Moreover, the overex-
pression of miR-221 is thought to be negatively correlated with the
prognosis of patients.34 Our study indicated that miR-155-5p and
miR-221-5p expressions in exosome increased after M2 macrophage
polarization, and they could be transferred into endothelial cells
through exosomes. The inhibition for miR-155-5p and miR-221-5p
in exosomes impaired M2 MDE-promoted angiogenesis, which was
confirmed in vitro and in vivo. The above results suggested that M2
macrophage-derived exosomal miR-155-5p and miR-221-5p played
crucial roles in the interaction between macrophages and endothelial
cells, thereby promoting PDAC progression.

The E2F family of transcription factors were initially found to play
key roles in cell cycle control by activating or inhibiting a group of
response genes. Among the E2F family, the inhibition of E2F2 expres-
sion was proven to induce angiogenesis in cardiovascular disease.33

Moreover, the endothelial proliferation markedly increased in mice
after E2F2 knockout.21 Our study showed that the inhibition for
E2F2 M2 macrophage-derived exosomal miR-155-5p and miR-221-
5p promoted angiogenesis, leading to PDAC progression in vivo.
Our results also indicated that M2MDEs suppressed E2F2 expression
in endothelial cells, thereby promoting angiogenesis. As mentioned
above, miRNAs could bind to the 30 UTR of genes, thereby inhibiting
2F2-Dependent Manner

-5p mimics, miR-221-5p mimics, or the negative control (mir-NC) and miR-155-5p

2 after 72-h incubation of MAECs with exosome-free medium or M2-exo. (C) E2F2

-221-5p-inhibitor. (D) In the 30 UTR region of E2F2, the predicted binding region and

5-5p-inhibitor and plasmid containing the E2F2 30 UTR region were co-transfected

iR-221-5p and plasmid containing the E2F2 30 UTR region were co-transfected

ing the wild-type E2F2 30 UTR or its mutation at the predicted miR-155-5p and/or

hage-derived exosomes, and the relative luciferase activities were detected. (H)

e numbers of cells were calculated per high-power field from three independent

agnification, �200). The numbers of branch points were calculated by ImageJ.

ay. (K–M) Data on transwell, wound-healing, and tube formation assays. *p < 0.05,



Figure 6. M2 Macrophage-Derived Exosomal miR-155-5p and miR-221-5p Promote Angiogenesis and Growth of PDAC In Vivo

(A) Weight of tumors in each group. (B) The tumor growth curve shows the tumor size measured every 3 days. (C) Representative IHC graph staining for CD31 in tumor tissue

of nude mice. Scale bars, 100 mm. (D) Dot plot shows the MVD in tumor tissue of nude mice by CD31. (E) Schematic model of M2 MDE promoting PDAC angiogenesis and

growth by exosomal miR-155-5p and miR-221-5p by targeting E2F2. *p < 0.05, ***p < 0.001, ****p < 0.0001.
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gene expressions and then degrading mRNAs. Our previous study has
shown that miR-155-5p could affect the invasiveness and migration
of PC cells via regulating the STAT3 signal mediated by SOCS1.35

In our study, the E2F2 level in tumors injected with M2 MDEs was
also higher than that in the tumors injected with M0 MDEs or PBS.
The matrix caused by a large number of fiber deposition often makes
chemotherapy drugs and anti-angiogenic drugs have poor efficacies
for PC. One of the implications of our study is to provide the possible
strategy of anti-angiogenesis therapy for PDAC by the immune trans-
fer of antagonists miR-155-5p and miR-221-5p into primary tumors
via macrophages.

In summary, we have demonstrated that M2 macrophages had a pos-
itive correlation with the MVD of human PC. M2 MDEs were more
enriched in miR-155-5p and miR-221-5p compared to M0 MDEs,
which promoted the angiogenic ability of endothelial cells. Our
data revealed the action mechanism of TAMs in the angiogenic pro-
gression of PDAC and highlighted the mechanism as a diagnostic and
therapeutic target for the anti-angiogenesis of PDAC.

MATERIALS AND METHODS
Cell Lines and Cell Culture

Pan02 and 266-6 cells were purchased from the American Type Cul-
ture Collection (ATCC, Manassas, VA, USA). These cell lines have
been identified by short tandem repeat (STR) DNA. The mycoplasma
test was also negative. 0.10% fetal calf serum (FCS) with RPMI 1640
medium containing 1% penicillin and streptomycin was used to cul-
ture cell lines in a 5% carbon dioxide cell incubator.

For bone-marrow derived macrophages (BMDMs), mouse bone
marrow was collected by flushing the femurs of C57BL/6 mice (8–
10 weeks old) with cold PBS. After collection, red blood cells
(RBCs) were lysed with RBC lysis buffer (Thermo Fisher Scientific,
USA), and the remaining cells were washed twice with PBS. For in-
duction of macrophage differentiation, sorted monocytes or bone
marrow cells were cultured in RPMI 1640 or DMEM supplemented
with 10% FBS and 20 ng/mL human or mouse macrophage colony-
stimulating factor (M-CSF) (R&D Systems, USA). On day 6, the me-
dium was changed to DMEM with 10% FBS. For TAMs, a superna-
tant of Pan02 cells was added for 2 days. M0 polarized macrophages
were cultured in 10%DMEM. TheMAECs were isolated and cultured
as previously described.36

Exosome Collection, Isolation, and Purification

When the macrophages were activated by the supernatant, Pan02
cells were added for 2 days. Next, we removed the previous medium
and washed the dish with PBS three times to remove the residual exo-
somes. 10% exosome-free FBS DMEM was used to collect exosomes.

The exosomes in the medium were collected by ultracentrifugation.37

In short, first, 300 � g for 5 min, 2,000 � g for 5 min, and 12,000 � g
for 30min were used to remove the cell fragments and large vesicles in
the supernatant, which were filtered with a 0.22-mm sieve. After that,
the exosomes were collected by 110,000 � g ultracentrifugation,
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washed by PBS suspension, and then collected by 110,000 � g.
Then, the exosomes were suspended in 200 mL of PBS suspension.
The exosomes were also isolated by a precipitationmethod using Exo-
Juice (ExonanoRNA, Foshan, People’s Republic of China) according
to the manufacturer’s instruction. Briefly, cell culture medium was
harvested by centrifugation at 12,000� g for 30 min. Then, the super-
natant was placed in an ultracentrifuge tube and 1mL of ExoJuice was
added to the bottom of the centrifuge tube. After centrifuging at
100,000 � g for 70 min, the first 500 mL of liquid from the bottom
of the tube was carefully collected and discarded. Then, the next
300 mL of liquid from the bottom was carefully collected and retained,
which contained the purified exosomes.

Exosome Identification by Nanoparticle Tracking Analysis

(NTA), Electron Microscopy

By using a NanoSight analysis system (NanoSight, Navato, CA, USA),
we determined the size and concentration of exosomes. Additionally,
exosomes were stained with 2% glutaraldehyde, then dried on a cop-
per net and imaged under an electron microscope.

Exosome Internalization Experiments

After incubating the PKH267-labeled exosomes with MAECs for 24
h, the cells were fixed with 4% paraformaldehyde. Then, DAPI was
used to label the nucleus and a microscope (Olympus, Japan) was
used to detect PKH267 exosomes.

Luciferase Activity Assay

2 � 104 MAECs were cultured in 96-well plates, and we transfected
miR-155-5p, miR-221-5pmimics, or inhibitor using riboFECTCP re-
agent (Ribobio, People’s Republic of China). Then, wild-type or
miRNA binding site mutant E2F2 30 UTR-driven luciferase vector
(100 ng/well) was transfected into MAECs by Lipofectamine 3000
(Invitrogen, USA). After 24 h, luciferase of each well was detected us-
ing a Dual-Glo luciferase assay system (Promega, USA) and Centro
XS3 LB 960 (Berthold, Germany). Firefly luciferase activity was
used for normalization.

Cell Migration, Wound-Healing, and Tube Formation Assays

In the cell migration assay, serum-free DMEM was first incubated
with the upper chamber for 2 h to rehydrate this chamber. DMEM
with 10% FBS was added into the inferior cavity. MAECs were treated
with exosomes (10 mg of exosomes was resuspended in 100 mL of PBS
and added with 1� 105 MAECs) or transfected with miRNA mimics
or plasmids for 24 h. Then, MAECs were collected and diluted with
serum-free DMEM (2� 105 added with 100 mL) and added to the up-
per cavity. After incubation for 24 h, five random visual fields (�200)
were counted under a light microscope. Each experiment was
repeated three times.

For the wound-healing assay, MAECs were treated with exosomes
(10 mg of exosomes was resuspended in 100 mL of PBS and added
with 1� 105MAECs) or transfected withmiRNAmimics or plasmids
for 24 h. MAECs were then were harvested and seeded in a six-well
plate at a density of 5 � 105 cells/well. Then, we twice used a sterile
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200-mL pipette to make a scratch and remove floating cells by using
PBS. Images of the scratches were taken using an inverted microscope
at�100 magnification at 0 and 24 h after scratching. The average dis-
tance of the healed wound area was measured by comparing 24 h and
0 h using an Olympus IX71 microscope (Olympus).

A Matrigel tube formation assay was performed as previously
described.38 In brief, MAECs were treated with exosomes (10 mg of
exosomes was resuspended in 100 mL of PBS and added with 1 �
105 MAECs) or transfected with miRNA mimics or plasmids for 24
h. MAECs were then harvested and resuspended with serum-free
DMEM and seeded into 96-well plates (20,000 cells/well) precoated
with growth factor reduced basement membrane matrix (BD Biosci-
ences). Then, the plate was incubated at 37�C for 6–8 h. The tube for-
mation was visualized under an inverted microscope. Enclosed net-
works of tube structures from three randomly chosen fields were
recorded under a light microscope.
RNA Sequencing Using an Illumina HiSeq 2500 System

Exosomes were isolated from one TAM culture. Total RNAs in exo-
somes were extracted using a total exosome RNA and protein isola-
tion kit (Invitrogen/Life Technologies, Austin, TX, USA). The
amount and quality of small RNA in the total RNA were tested by
a NanoDrop spectrophotometer. Small RNA library construction
and sequencing were performed by Gene Denovo Biotechnology
(Guangzhou, People’s Republic of China). Then, the cDNA library
was sequenced on an Illumina HiSeq 2500 (Gene Denovo Biotech-
nology). Illumina software was used for raw data analysis.
Patient Samples

Our study was conducted in accordance with US Common Rule, and
archived pancreatic duct adenocarcinoma specimens (n = 48) were
collected under a Human Research Ethics Committee protocol at
Shanghai General Hospital (Shanghai, People’s Republic of China)
with patients’ written formal consent. These patients have been fol-
lowed over time.
Animals Experiments

All animal experiments were approved by the Ethics Committee for
Animal Research of Shanghai Jiaotong University School of Medicine
(Shanghai, People’s Republic of China). As previously reported, PC
cells (Pan02, 5 � 106 cells/animal, 266-6, 5 � 106 cells/animal)
were transplanted subcutaneously into the right flank of 4-week-old
male nude mice. Tumor size was measured every 3 days by a digital
caliper. On day 6, when the tumor volume reached approximately
100 mm2, the mice were randomly divided into each group, and cor-
responding exosomes (10 mg) were intratumorally injected into the
center of tumors of mice every 3 days. After five injections, the
mice were sacrificed and primary tumors were removed and the
weights were recorded. After that, the tumors were excised for immu-
nohistochemical staining for CD31, CD163, and CD206. CD31 was
always used as a marker of endothelial cells. The method of quanti-
fying the blood vessels was described previously.39
Statistical Analysis

GraphPad Prism 7.0 software was used to conduct statistical analyses.
The Pearson r correlation was taken for correlation analysis of mRNA
expression from TCGA, H-score of tumor tissue, and MVD. A Stu-
dent’s t test and one-way ANOVA were used to calculate the p value.
p values <0.05 were considered statistically significant.

Other methods are found in Supplemental Materials and Methods.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
1016/j.ymthe.2020.11.024.
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