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ABSTRACT

Despite identification of macrophages in tumors (tumor-associated macrophages, TAM) as potential
targets for cancer therapy, the origin and function of TAM in the context of malignancy remain poorly
characterized. Here, we show that microparticles (MPs), as a by-product, released by tumor cells act as a
general mechanism to mediate M2 polarization of TAM. Taking up tumor MPs by macrophages is a very
efficient process, which in turn results in the polarization of macrophages into M2 type, not only leading
to promoting tumor growth and metastasis but also facilitating cancer stem cell development. Moreover,
we demonstrate that the underlying mechanism involves the activation of the cGAS/STING/TBK1/STAT6
pathway by tumor MPs. Finally, in addition to murine tumor MPs, we show that human counterparts also
possess consistent effect on human M2 polarization. These findings provide new insights into a critical
role of tumor MPs in remodeling of tumor microenvironment and better understanding of the

communications between tumors and macrophages.

Introduction

M2-type TAM as a hallmark of cancers not only promote
tumor immunosuppression, angiogenesis and metastasis,
but also mediate chemotherapeutic drug resistance and can-
cer cell survival as well as facilitate the formation of cancer
stem cells.'”> Notwithstanding these tumor-promoting con-
sequences, potential therapeutic strategies against cancers
are conceived by targeting M2 TAMs.®® Indeed, there are
clinical trial designs in which tumor-infiltrating macro-
phages are being targeted.® As opposed to M2 TAMs,
tumor-infiltrating macrophages, when expressing M1 phe-
notype, can on the other hand play a positive role through
producing substantial nitric oxide and other mediators
favoring antitumor immunity.>'" Therefore, better under-
standing the molecular pathways through which macro-
phages are polarized is necessary for optimal M2 TAM
targeting. How macrophages are polarized in tumor micro-
environment seems to be very complex and remains poorly
understood. Various factors such as IL-4, IL-13, PGE2, M-
CSF and VEGF are capable of inducing M2 macrophage
development.11 However, individual tumors may not
express some or even any of these factors under certain
conditions. In addition, high levels of lactic acid were
recently found to be able to induce M2 macrophages.'”
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Again, peripheral tumor tissue may not include enough lac-
tic acid due to high blood supply. Whether tumor cells use
a common pathway to educate tumor-infiltrating macro-
phages into M2 phenotype remains elusive.

Normal cells as well as tumor cells are capable of releasing
different types of vesicles for intercellular communication. In
response to stimulation or apoptotic signals, cells may change
their cytoskeletal structure, leading to plasma membranes
encapsulating cytosolic elements. The latter is then expelled or
downloaded into the extracellular space. These specialized sub-
cellular vesicles are called MPs with sizes of 100 to 1000 nm in
diameter. Functionally, MPs may act as vectors to deliver vari-
ous messenger molecules such as enzymes, RNAs and even
DNAs between cells."”'* Regardless of their rapid proliferation,
abundant tumor cells still undergo apoptosis in vivo, leading to
the generation of tumor MPs. Moreover, a variety of signal
molecules in tumor microenvironment can also stimulate
tumor cells to produce MPs.'® In practice, both chemotherapy
and radiotherapy can kill plenty of tumor cells, leading to the
production of MPs. Therefore, the generation of tumor cell-
derived MPs (T-MP) might be a very common phenomenon in
tumor microenvironment. To date, how T-MPs mediate the
communication between tumor cells and immune cells remains
unclear. Previously, we found that T-MPs contain abundant
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tumor information including membrane molecules, nuclear
histones, caspases, microRNAs and DNA; these T-MPs can be
taken up by phagocytes such as macrophages.'” Given the pres-
ence of a large number of macrophages in tumor microenvi-
ronment, we wonder whether T-MPs can educate tumor-
infiltrating macrophages once they are taken up by macro-
phages. In this study, we provide evidence that T-MPs may
function as a common pathway to induce M2-type TAMs
through cGAS/STING/TBK1/STAT6 pathway, promoting
tumor growth, metastasis and cancer stem cell development.

Results

T-MPs induce the differentiation of macrophages toward
M2 phenotype

Radiation is a conventional clinical means to induce tumor cell
apoptosis, leading to the generation of T-MPs. In this study, we
used UV radiation to treat H22 (hepatocarcinoma), B16 (mela-
noma) and CT-26 (colon cancer) murine tumor cell lines,
respectively, to generate T-MPs. Consistent with previous
reports,'” these T-MPs could be readily taken up by tumor cells.

Interestingly, however, we found that macrophages had much
higher efficiency to take up T-MPs, and such high efficiency
were observed with a variety of macrophage subtypes, including
primary bone-marrow-derived macrophages (MO0), LPS-acti-
vated macrophages (M1), IL-4-activated macrophages (M2),
Raw264.7 cell line as well as macrophages cultured under hyp-
oxic condition (Fig. S1). As a result, macrophages’ phenotypes
were markedly influenced by taking up T-MPs. As shown in
Fig. 1A and Fig. S2A, the expression of arginase 1, a typical
marker for M2 phenotype, was significantly upregulated by T-
MPs under both normoxic and hypoxic conditions in mono-
cyte precursors, MO, M1 and M2 macrophages and primary
peritoneal macrophages as well as Raw264.7 cell line. Mean-
while, other M2 markers, including CD206, IL-10 and CD301
were also upregulated in M0 and M2 macrophages by H22-
MPs (Fig. 1B and Fig. S2B). By contrast, the expression of M1-
related genes such as NOS2, TNF-«, IL12p35 and IL12p40 was
found to be downregulated under either normoxic or hypoxic
condition (Fig. 1C and Fig. S2C). The inhibition of TNF-¢, IL-
12 and iNOS expression at the protein levels were also con-
firmed by flow cytometric analysis (Fig. 1D and Fig. S2D) and
Western blot (Fig. 1E). In addition to the above T-MPs from
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Figure 1. T-MPs polarize macrophages toward M2 phenotype under normoxia. (A) Real-time PCR analysis of arginasel mRNA expression in monocytes, bone marrow-
derived MO, M2 and M1 macrophages, primary peritoneal macrophages and Raw264.7 cell line treated with H22-MPs for 24 h under normoxic condition. (B) The expres-
sion of CD206, IL-10 and CD301 in MO and M2 macrophages treated with H22-MPs for 24 h under normoxic condition was analyzed by flow cytometry. (C) The expression
of NOS2, TNF-, IL12p35 and IL12p40 in M1 macrophages treated with H22-MPs for 24 h under normoxic condition was detected by real-time PCR. (D) Flow cytometry
analysis the expression of TNF-« and IL-12 in M1 macrophages treated with H22-MPs. (E) The expression of iNOS in M1 macrophages treated with H22-MPs for 24 h under
normoxic condition was analyzed by protein gel blot. (F) MO macrophages were treated with T-MPs from H22 tumor cells under UV irradiation or hypoxic condition. IL-4
was used as a positive control. (G) The arginase1 expression in MO macrophages treated with MPs generated from liver and spleen cells under normoxic and hypoxic con-
dition. MPs generated from liver and spleen cells were added to MO macrophages for 24 h, and then the expression of arginase1 was analyzed by real-time PCR. (H) MPs
or lysate derived from H22, LLC, CT26, B16 and 5 mM lactic acid were added to MO macrophages for 24 h, the expression of arginase1 was detected by real-time PCR. All
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H22, MPs generated from irradiated LLC lung cancer, CT26
colon cancer and B16 melanoma tumor cells consistently
showed their ability to induce M2 type macrophages (Fig. S3).

Hypoxia generally exists in solid tumors and is a common
pathway to induce tumor cell death, leading to the release of T-
MPs. Therefore, we also prepared T-MPs from hypoxic tumor
cells. Like UV-MPs, hypoxic-MPs were also capable of upregu-
lating the expression of arginase 1 in MO macrophages
(Fig. 1F). As a comparison, in this study we also generated MPs
from spleen or hepatocytes. Intriguingly, neither spleen-MPs
nor hepatocyte-MPs could induce M2 macrophage develop-
ment (Fig. 1G), suggesting that T-MP-mediated induction of
M2 macrophage seems to be tumor-specific. To further charac-
terize the effect of T-MPs on M2 macrophages, we compared
the effect on M2 polarization between T-MPs and tumor lysates
or lactic acid, two known factors inducing M2 macrophage
polarization."'® Notably, although the addition of lysates from
H22 (liver), LLC (lung), CT26 (colon) and B16 (melanoma)
tumor cells or lactic acid resulted in the upregulation of argi-
nase 1 expression in M0 macrophages, the corresponding T-
MPs caused even higher expression of arginase 1 (Fig. 1H).
Taken together, these data suggest that T-MPs may function as
a common pathway to induce the development of macrophages
toward M2 type.

T-MPs promote M2 macrophage proliferation but induce
M1 apoptosis

Next, we explored the effect of T-MPs on the behaviors of mac-
rophages such as proliferation and apoptosis. Although acti-
vated macrophages are considered as mature cells, they seem to
still have the ability to proliferate.'”** When T-MPs were incu-
bated with IL-4-induced M2 macrophages, we found that the
number of M2 macrophages was significantly increased after
the addition of T-MPs (Fig. 2A). In line with this result, the
number of immature M0 macrophages was also higher in the
T-MP group, compared to the control group (Fig. 2A). The
increase in cell number could not be explained by the less death
of macrophages, since T-MPs treatment did not alter the apo-
ptosis of either MO or M2 macrophages (Fig. 2B). On the other
hand, when we detected the cell cycle by flow cytometry, we
found that T-MPs significantly increased the ratio of S phase
and G1/GO phase of those macrophages (Fig. 2C). In addition,
similar effects of T-MPs on proliferation and apoptosis of M2
or M0 macrophages were also observed under hypoxic condi-
tion (Fig. S4A and S$4B), suggesting that T-MPs are capable of
promoting the proliferation of M0 and M2 macrophages.
Unexpectedly, we found that T-MPs did not promote the pro-
liferation of M1 macrophages (Fig. 2D and Fig. S5). By contrast,
the addition of T-MPs significantly induced the apoptosis of
M1 macrophages (Fig. 2E). Taken together, these data suggest
that T-MPs promote M2 macrophage proliferation but induce
M1 apoptosis.

T-MP-induced M2 macrophages promote tumor growth
and metastasis

Next, we tested whether T-MP-induced M2 macrophages
exerted the tumor-promoting effect. To this end, we first
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adapted an intramuscular tumor model to dissect the potential
effect of T-MPs. 5 x 10* H22 tumor cells were injected to the
right thigh muscle of mice. Six days later, 1 x 10" T-MPs were
injected to the tumors at the peripheral and central sites,
respectively, once per day for three times. On day 15, mice
were sacrificed and the tumor weight was measured. We found
that only peripheral but not central injection of T-MPs resulted
in the promotion of tumor growth (Fig. 3A). Such different
consequences could be reconciled by the finding that in this
intramuscular tumor model, macrophages preferred to reside
in the periphery rather than the center of tumor mass (Fig. S6);
and this tumor-promoting effect was blunted by the depletion
of macrophages by clodronate (Fig. 3B), suggesting that T-MPs
may educate macrophages leading to tumor promotion and
progression. To further confirm the tumor-promoting effect of
T-MP-induced M2 macrophages, we incubated M0, M2 and
Raw264.7 macrophages with T-MPs for 24 h, respectively.
Thereafter, 2 x 10° H22 plus 6 x 10* treated or untreated mac-
rophages were subcutaneously injected into BALB/c mice for
tumor growth. As expected, either M0, M2 or Raw264.7 macro-
phages after education by T-MPs acquired the ability to pro-
mote tumor growth, compared to the control macrophages
(Fig. 3C). In line with these in vivo data, MO and M2 macro-
phages pre-treated with T-MPs significantly promoted H22
tumor cell growth in vitro (Fig. 3D).

In addition to tumor growth, M2 macrophages are also
capable of promoting tumor metastasis. In this regard, we
first used B16 melanoma lung metastasis as a model to test
this possibility. 5 x 10* B16 tumor cells plus 1 x 10* T-
MPs-treated or untreated MO macrophages were intrave-
nously injected into C57BL/6 mice. Three weeks later,
much more and larger lung tumor nodules in T-MP group
were observed, compared to the control group (Fig. 3E).
More significantly, besides lung metastasis, tumors were
also formed in other tissues or organs, including cervical
region, back, leg, abdomen, enterocoelia and armpit
(Fig. 3F). Consistently, the mice in T-MP group showed
much shortened survival (Fig. 3G). In addition to B16
tumor cells, T-MP-induced macrophages also promoted
H22 hepatocarcinoma tumor cell metastasis. 2 x 10° H22
tumor cells plus 6 x 10* T-MP-treated MO macrophages
were intravenously injected into BALB/c mice. Metastatic
tumors in various sites such as cervix, thigh and peritoneal
cavity were found (Fig. 3H). In line with these in vivo data,
MO macrophages pre-treated with T-MPs significantly pro-
moted the growth and migration of B16 cells in vitro
(Fig. S7A and S7B). Taken together, these data suggest that
T-MPs-educated M2 macrophages promote tumor growth
and metastasis.

T-MP-induced M2 macrophages promote tumor-
repopulating cells for tumor growth and metastasis

Stem cell-like cancer cells (SCLCCs) are essential for tumor for-
mation and metastasis.”’ Recently, we developed a mechanical
method to select and grow SCLCCs from the bulk population of
tumor cells by culturing single tumor cells in 3D soft fibrin gels,
and found that as few as 10 selected cells are sufficient to grow
tumors in immunocompetent mice.”> We thus functionally
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Figure 2. H22-MPs promote M2 macrophage proliferation but induce M1apoptosis. (A) 5 x 10° MO and M2 macrophages were treated with H22-MPs and cell number
was analyzed at 24 h and 48 h, respectively. (B, C) MO and M2 macrophages were treated with H22-MPs for 24 h, and then cells were strained with FITC-Annexin V and PI
for apoptosis analysis (B) or labeled with FITC-conjugated anti-BrdU antibody for cell cycle analysis (C). (D, E) 5 x 10° M1 macrophages were treated with H22-MPs and
cell number was analyzed (D). Meanwhile, cells were strained with FITC-Annexin V and PtdIns for flow cytometric analysis of apoptosis (E). Data shown are representative
of three reproducible experiments expressed as means+s.e.m. “p < 0.05, “p < 0.01, NS, not statistically significant.

define these soft fibrin gel-selected cells as tumor-repopulating
cells (TRC).* Using this method, we here further tested whether
T-MP-induced M2 macrophages could promote TRC growth,
thus facilitating tumor development and metastasis. To this end,
MO macrophages were treated with or without T-MPs for 24 h
and the supernatants were used to culture H22 tumor cells in
3D fibrin gels for TRC growth. We found that T-MP-superna-
tants significantly increased the size and number of H22 TRC
colonies (Fig. 4A-C). Consistently, the TRC expression of stem-
ness-related genes, such as Bmil, CD44, Hifla, and c-myc was
significantly upregulated in the T-MP group (Fig. 4D). To fur-
ther confirm the promoting effect of T-MP-induced M2 macro-
phages on TRCs, we additionally tested B16 tumor cells.
Consistently, T-MP-supernatant treatment also significantly
increased the size and number of B16 TRC colonies (Fig. S8A-
S8C), as well as the expression of SOX2, a crucial stemness gene
of B16 tumor cells (Fig. S8D).** To further dissect the effect of
T-MP-induced M2 macrophages on TRCs, we also compared
IL-4-educated macrophages, since IL-4 is a prototypic inducer of
M2 macrophages. Intriguingly, the supernatants of IL-4-induced
M2 macrophages showed little promoting effect on TRCs

(Fig. 4A-C), suggesting that T-MP-induced macrophages release
different factor(s) for TRC growth. Indeed, we found that T-
MP-induced macrophages release milk-fat globule-epidermal
growth factor (MFG-E8) and TGF-B1 (Fig. 4E), two cytokines
that have the promoting effect on cancer stem cells.** If we
used siRNAs to knock down MFG-E8 or TGF-g1 (Fig. S9A and
S9B), the above TRC-promoting effect was obliterated (Fig. 4F-
H), suggesting that T-MPs educate macrophages to release
MFGES8 and TGF-B1 for TRC growth. To validate the above in
vitro data, H22 and B16 tumor cells, pre-treated with the super-
natants of T-MP-induced macrophages, were subcutaneously
injected to BALB/c and C57BL/6 mice, respectively. As a result,
H22 and B16 tumor cells from pretreatment group showed
much higher tumorigenic capability, respectively, compared with
the control tumor cells (Fig. S10).

Development of M2 type macrophages by T-MPs is
mediated through cGAS/STING pathway

Next, we investigated the pathway through which T-MPs edu-
cated macrophages toward M2 type. Cytokines IL-4 and IL-13
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lyzed. Data shown are representative of three reproducible experiments expressed as means=+s.e.m. “p < 0.05, **p < 0.01, NS, not statistically significant.

are known as the prototypical inducer of M2 macrophages
through STAT6 signaling pathway.”® Here, we found that the
addition of T-MPs induced the phosphorylation of STAT6 in
MO macrophages, in parallel with the upregulation of the
expression of arginase 1 (Fig. 5A). On the other hand, the
knockdown of STAT6 by siRNAs decreased the expression of
arginase 1 (Fig. 5B). Besides STAT6, STAT3 is another member
of STATS that is capable of inducing M2 macrophages.*® Con-
sistently, we found that phosphorylation of STAT3 was
enhanced by T-MP treatment (Fig. 5A). Recently, we identified
that T-MPs included mitochondrial and nuclear DNA frag-
ments that activated the cGAS/STING signaling pathway in
dendritic cells.”” We thus examined the involvement of TBK1,
because activated STING can recruit TBK1 and TBK1 has been
reported as one of the upstream signal molecules of STAT6.*®
As expected, the phosphorylation of TBK1 was enhanced in T-
MP-treated MO macrophages, and more importantly, knocking
down TBKI resulted in decreases in the phosphorylation of
STATG6 and the expression of arginase 1 (Fig. 5C-D). In paral-
lel, using STING or cGAS siRNAs consistently resulted in the
decreased expression of arginase 1 (Fig. 5E-F). Taken together,

these data suggest that activation of cGAS/STING/TBKI1/
STAT6 pathway is involved in T-MP-induced M2 macrophage
development.

Human tumor cell-derived micropatrticles (hnT-MPs) induce
the differentiation of PMA-stimulated THP-1 cells toward
M2 phenotype

Finally, we investigated whether hT-MPs could induce macro-
phage to differentiate into M2 phenotype. PMA-stimulated
THP-1 cells were used as a macrophage model, since THP-1 is
a human monocytic leukemia cell line that can be induced to
differentiate to macrophage-like cells by PMA stimulation.*
The expression of arginase 1 in PMA-treated THP-1 cells was
strikingly upregulated by hT-MPs from A2780 ovarian, A549
lung or SMMC7721 liver cancer cell line (Fig. 6A). Consistent
with THP-1 cell line, human primary monocyte-derived mac-
rophages also highly upregulated the expression of arginase 1
upon hT-MP stimulation (Fig. S11). Notably, these hT-MPs
seemed to possess stronger ability to stimulate the expression
of arginase 1, compared to tumor lysates or lactic acid
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(Fig. 6B). To verify the effect of hT-MPs on TRCs, the superna-
tants from PMA-stimulated THP-1 cells, treated with
SMMC7721-MPs or human IL-4, were used to culture
SMMC7721 tumor cells in 3D fibrin gels for TRC growth. We
found that hT-MP-supernatants but not IL-4-supernatants sig-
nificantly increased the size of SMMC7721 TRC colonies
(Fig. 6C-D). Moreover, 1 x 10° SMMC7721 tumor cells plus 3
x 10° SMMC7721-MP-treated PMA-stimulated THP-1 cells
were subcutaneously injected to nude mice (n = 10 per group).
On day 35, the SMMC7721-MP group formed more subcuta-
neous tumors compared with control (Fig. 6E).

Discussion

Tumor-infiltrating macrophages in solid tumors are widely
educated into M2-type TAMs so to promote tumor immune
escape, angiogenesis and metastasis as well as cancer stem cell
development.'> However, the mechanism through which mac-
rophages are educated into M2 TAMs remains largely incom-
pletely understood. The present study showed that tumor cell-
derived MPs function as a common pathway to generate M2
TAMs through cGAS/STING/TBK1/STAT6 pathway.

MPs can be generated under both pathological and physio-
logical conditions. For instance, MPs released by neutrophils or
platelets commonly exist in the peripheral blood.**** However,
MPs are also released from damaged or inflamed tissues into
the blood, providing potential strategies on disease

diagnosis.”** Cytoskeletal alteration is a key event involved in
the generation of MPs through cellular membrane bubbling
and shedding. Therefore, signals that cause the cytoskeletal
change might be potential to produce MPs by cells. For
instance, the activated TLR4 signaling can be transduced to cel-
lular cytoskeletons, leading to tumor cell releasing MPs.'® In
fact, various damage-associated molecular patterns always
commonly exist in the tumor microenvironment that recognize
and activate tumor TLRs.* In addition, hypoxia, nutrient defi-
ciency, and apoptotic signals may induce tumor cells to pro-
duce MPs in tumor microenvironment. In practice, both
chemotherapy and radiotherapy cause abundant tumor cell
death, leading to their releasing MPs. Therefore, the existence
of T-MPs in tumor microenvironment might be fundamental
in tumor biology.

In this study, we found that T-MPs not only promoted M0
macrophages but also monocytes to differentiate into M2 phe-
notype. Notably, although tumor lysates and lactic acid are
capable of inducing M2 macrophages, this capability appeared
not to be as strong as that of T-MPs. Moreover, the M2 macro-
phage-promoting effect of T-MPs can be further amplified, as
T-MPs facilitate the proliferation of M0 and M2 macrophages
but inducing the apoptosis of M1 macrophages. Although we
did not dissect the molecular mechanism underlying this
unusual phenomenon in the present study, we speculate that
lysosomes might be involved in this process. Lysosomes are
conventionally thought as waste bags, but recent studies reveal
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that lysosomes also play critical roles in regulating cellular
homeostasis, including cell growth, metabolism, drug resistance
and apoptosis,”®*® and all these regulatory processes seem to be
associated with the pH value of lysosomes.*"** Intriguingly,
when we measured the lysosomal pH value in another study,
we found that M2 macrophages had much lower pH value,
compared to M1 macrophages. On the other hand, when we
used T-MPs to treat macrophages, we found that T-MPs were
taken up by macrophages through phagocytosis pathway and
entered the lysosomes, where T-MPs decreased the lysosomal
pH value of both M1 and M2 macrophages. Given the different
lysosomal pH values between M1 and M2 macrophages, we
propose that in response to T-MP stimulation M2 macrophages
might be suitable to the lower lysosomal pH value for degrad-
ing wastes; however, M1 macrophages are not suitable to such
decreased lysosomal pH value and enter apoptotic pathway.
This might partially explain why T-MPs might be a common
pathway to induce M2 type TAMs but negatively regulate M1
macrophages in tumor microenvironment. Notably, tumor-
infiltrating macrophages as the major immune cell type in
tumor microenvironment may have multiple cellular sources.

Monocytes might be a major contributor, which can readily dif-
ferentiate into macrophages.*>** However, myeloid-derived
suppressor cells (MDSC) and local resident macrophages may
also be the cellular source of tumor-infiltrating macro-
phages.*>*® Here, we should clarify that T-MP-educated M2-
type macrophages are different from MDSCs. Although macro-
phages and MDSCs are derived from the common myeloid pre-
cursor cells and both cell types can express F4/80, Gr-1,
arginase 1 and others, T-MP-educated macrophages still show
some difference from MDSCs. First, our macrophages adhere
on the plate; however, MDSCs grow in a suspension manner;
secondly, the density of MDSCs are lower compared to macro-
phages. When the centrifugation on a Percoll density gradient
was performed, different cell bands were formed between 40%
and 50% as fraction 1, between 50% and 60% as fraction 2, and
between 60% and 70% as fraction 3. We found that MDSCs
were at the fraction 2 and T-MP-educated macrophages were
at the fraction 3, which was consistent with the previous
study.*” Despite the differences between MDSCs and M2 mac-
rophages, whether T-MPs are involved in the differentiation of
MDSCs toward M2 macrophages remains unclear, but is
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worthy of further investigation, considering the pivotal role of
MDSCs in tumor progression.

The molecular mechanism through which T-MPs induce the
differentiation of macrophages/monocytes toward M2 macro-
phages is a key point of this work. Recent studies highlight the
cGAS/STING pathway as a DNA sensor to induce the type I
interferon production.**>* Upon binding DNA sequence, the
conformation of cGAS is changed and its enzymatic activity is
subsequently activated, leading to catalyzing ATP and GTP to
cyclic dinucleotide cGAMP. The latter then binds to and acti-
vates ER membrane-localized STING for the recruitment of
downstream signal molecules.***>*" Our previous study
showed that T-MPs contain both nuclear and mitochondrial
DNA fragments and effectively activate dendritic cells through
cGAS/STING pathway.”” In the present study, we further dem-
onstrated that T-MPs activate the cGAS/STING pathway in
macrophages. The key signal transducer downstream of STING
is TBK1, a central IKK family member of serine/threonine
kinase essential for IFN induction. Upon engagement with
STING on ER membrane, TBK1 undergoes dimerization and
autophosphorylation leading to the acquisition of kinase activ-
ity which is responsible for the phosphorylation of IRF3 and
IRF7, the key transcriptional activators driving type I IFN
expression. It has been reported that under certain conditions,
activated TBK1 results in the phosphorylation of Staté6, leading
to homodimerization and nuclear translocation of Stat6.*®

However, how to regulate these activities remains unclear and
requires further investigation.

In addition to STATS6, we also found STAT3 was phosphor-
ylated in this study, which might be due to the autocrine or
paracrine effect of IL-10, released from T-MP-induced M2
macrophages. Given that STAT6 and STAT3 are the two proto-
typical transcription factors to induce M2 macrophages,*® this
study thus clearly identifies the pathway through which T-MPs
induce the development of M2 type TAMs. Nevertheless, sev-
eral issues still remain to be addressed regarding the activation
of ¢cGAS/STING pathway. One is whether T-MP-contained
DNAs are processed in endosome/lysosome system and
released to the cytosol for cGAS recognition. Another is
whether cGAS also exists in endosome/lysosome system, where
it directly catalyzes the synthesis of cGAMP and the latter is
then released to the cytosol. Related to these issues, this study
found that the induction of M2 macrophages by MPs seems to
be tumor specific. When we used the same protocol to prepare
normal splenocyte- or liver-cell-derived MPs, we found that
these normal cell-derived MPs did not cause the M2 macro-
phage polarization. This intriguing phenomenon might be
probably due to the different modification of DNAs between
normal and cancerous cells, that is, only the tumor-modified
but not the normal cell DNA sequence can be effectively recog-
nized by cGAS. This hypothesis is attracting and further experi-
ments are needed to establish such connection. Regarding to



the cGAS/STING pathway, another issue is whether this path-
way may regulate the expression of MFGES8 and TGF-f1, since
T-MP-educated macrophages upregulate the expression of
these two cytokines. In this study, we did not address this ques-
tion; however, the underlying mechanism is worthy of investi-
gation. Although in this study we found that T-MP-educated
macrophages may use MFGE8 and TGF-f1 to mediate the
development of TRCs, whether such educated macrophages
also use other means to activate stemness remains unclear. Pre-
vious study showed that human ovarian cancer MDSCs may
activate cancer stemness such as SOX2 activation,” Given the
similarities such as intracellular signal molecules IDO, arginase
1 and STAT3 shared by MDSCs and M2 macrophages, T-MP-
educated macrophages probably are similar to MDSCs to
induce cancer stemness and metastasis. In addition, both
MDSCs and M2 macrophages express M-CSFR (CD115),
which mediates the important functions of both cell types.*”**
Together, T-MP-educated macrophages might use various
means to promote cancer stemness and metastasis.

The highly heterogenic and plastic features of M2 macro-
phages implicate that the combination of phenotypic markers
and functional analysis might be a better way to define M2
macrophages.”** In this study, we found that T-MP-induced
M2 macrophages effectively promote tumor cell growth, migra-
tion, metastasis, as well as cancer stem cell development. These
findings might be very significant in explaining issues on pre-
metastatic niches and targeting therapies. It has been hypothe-
sized that primary tumor has the capability to alter the tissue
microenvironment of target organs such as the lungs before
primary tumor cells arrive at the metastatic site.’® To date,
amounting evidence has been provided to support this hypoth-
esis, however the underlying mechanism remain elusive. On
the basis of our present findings, we speculate that T-MPs
might operate to remodel the pre-metastatic niches through
continuous steps: primary tumor releases T-MPs; T-MPs cross
the blood vessel and circulate to the pre-metastatic site; local
macrophages then take up the circulated T-MPs and are edu-
cated into M2 macrophages; and M2 macrophages remodel the
pre-metastatic niche by releasing various factors that inhibit
antitumor immunity but promote cancer stem cell develop-
ment. In addition to pre-metastatic niches, our present findings
also provide a new perspective on current TKI targeting thera-
pies. Blockade of EGFR or HER-2 may generate an ideal treat-
ment result at the beginning; however, once drug resistance is
generated or the recurrence occurs, an accelerated development
of the disease are usually observed in treated cancer patients.”’
Similarly, we speculate that tumor cell apoptosis triggered by
target drugs results in the release of T-MPs, concomitant with
the attraction of macrophages. As a result, macrophages take
up T-MPs but are educated into M2-type TAM:s so to favor the
remnant tumor cells growth and metastasis. The above two
issues are intriguing and require future investigation.

In summary, the data in this study clearly show that T-MPs
by virtue of their intrinsic biological information, can act as a
general mechanism to educate macrophages into M2-type
TAM, leading to tumor growth, metastasis as well as cancer
stem cell development (Fig. 6F). This study provides new
insight into crucial roles of T-MPs in remodeling of tumor
microenvironment.
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Materials and methods
Mice and cell lines

Female BALB/c, C57BL/6 and nude mice, 6- to 8-week-old,
were purchased from the Center of Medical Experimental Ani-
mals of Hubei Province (Wuhan, China) for studies approved
by the Animal Care and Use Committee of Tongji Medical Col-
lege. Murine cell lines H22 (hepatocarcinoma), B16 (mela-
noma), LLC (Lewis lung carcinoma), CT-26 (colon cancer),
murine macrophage cell line Raw264.7 and human monocytic
leukemia cell line THP-1 were purchased from the China Cen-
ter for Type Culture Collection (Wuhan, China) and cultured
according to the guidelines given.

Preparation of T-MPs

Tumor cells were exposed to ultraviolet radiation (300 J/m?) for
1 h, and 12 h later, supernatants were used for UV-induced MP
isolation as described previously.'” For hypoxia-induced MPs,
tumor cells were cultured under 0.1% oxygen hypoxic incuba-
tor for 24 h, and supernatants were used for MP isolation.
Briefly, supernatants were centrifuged at 1,300 rpm for 10 min
to remove whole cells and then centrifuged at 5,000 g for
10 min and 14,000 g for 2 min to remove debris. The superna-
tants were further centrifuged at 14,000 g for 60 min to pellet
MPs. The MPs were washed three times and suspended in cul-
ture medium for the following experiments.

Polarization of mouse bone marrow-derived macrophages

Bone marrow cells isolated from femurs of mice were cultured
for 5 d in the presence of 20 ng/mL recombinant mouse macro-
phage colony-stimulating factor (M-CSF, PeproTech) in com-
plete RPMI-1640 medium containing 10% fetal bovine serum
(FBS), 10 mM glucose, 2 mM L-glutamine, 100 U/mL penicil-
lin-streptomycin. On day 6, MO macrophages were harvested
and then were stimulated for 24 h with 20 ng/mL IL-4 (Pepro-
Tech) or 100 ng/mL LPS (Sigma) plus 10 ng/mL IFNy (Pepro-
Tech) for the generation of M2 or M1 macrophages.

Preparation of primary peritoneal macrophages

Mouse peritoneal macrophages were harvested by peritoneal
lavage. Cold PBS was injected into the peritoneal cavity and
extracted after gentle agitation. The peritoneal cell suspension
was centrifuged at 1300 rpm, and the cell pellet was mixed with
2 mL Red blood cell lysis Buffer for 5 min at room temperature.
After washing, the cells were cultured on six-well plate for 2 h.
The adhesion cells were collected as peritoneal macrophages.

Isolation of mouse monocytes

Mice peripheral blood cells were obtained from anesthetizing
mice heart. Peripheral blood mononuclear cells (PBMC) were
isolated by Ficoll Paque density gradient separation solution
(GE healthecare). Monocytes were purified from PBMCs with
mouse CD14 MicroBeads (MACS).
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Isolation of human monocytes

Human PBMCs were isolated from human peripheral blood
using density gradient separation. Monocytes were purified by
human CD14 MicroBeads (MACS) and then were cultured in
complete RPMI 1640 medium containing 20 ng/mL recombi-
nant human M-CSF (PeproTech) for the induction of macro-
phages. 7 d later, human macrophages were harvested and
stimulated with T-MPs or 20ng/mL human IL-4 for M2
differentiation.

Three-dimensional fibrin gel culture of tumor cells

Salmon fibrinogen and thrombin were purchased from Searun
Holdings. Detailed methods are described as previously.””
Tumor cells were detached from the standard culture condi-
tions and suspended in MEM (10% FBS) and cell density was
adjusted to 10* cells/mL. Fibrinogen was diluted into 2 mg/mL
with T7 buffer (pH 7.4, 50 mM Tris, 150 mM NaCl). 1:1 fibrin-
ogen and cell solution mixture was made, resulting in 1 mg/mL
fibrinogen and 5000 cells/mL in the mixture. 250 uL cell/fibrin-
ogen mixtures were seeded into each well of 24-well plate and
mixed well with pre-added 5 pL thrombin (0.1 U/uL) for cul-
ture under 37°C condition.

Gene silencing experiments

siRNAs targeting mouse cGAS (siRNA: GGATTGAGCTA-
CAAGAATA), STING (siRNA1#: GGAGCCGAAGACTGTA-
CAT; siRNA2#: CCACAGACGGAAACAGTTT), TBKI
(siRNA1#: GGAAGTGTCCAAGTATCAA; siRNA2#: GCA-
GAACGCAGACTAGCTT), STAT6 (siRNAl #GCTGAT-
CATTGGCTTTATT; siRNA2#: CCTGCAACCATCTCCTTA

T), MFGE8 (siRNAl #CGGAGTACCTGAAGACCTT;
siRNA2#: GTATATGAGGAGCAAGGAA), TGFB1 (siRN
Al#: CCGCAACAACGCCATCTAT; siRNA2#: CCAGAAA-
TATAGCAACAAT) and negative control siRNAs were pur-
chased from RiboBio (Guangzhou, China). siRNA (50 nM) was
transfected into macrophages using lipofectamine RNAiMax
(Invitrogen) according to the manufacturer’s instruction.

Real-time quantitative PCR

Total RNA extracted from cells with TRIzol reagent (Invitro-
gen) was used for real-time quantitative PCR. Total RNA (21g)
was reverse-transcribed into cDNA using the ReverTra Ace
gqPCR RT Kit (Toyobo). Real-time PCR was performed with
the THUNDERBIRD SYBR qPCR Mix (Toyobo) on a Bio-Rad
CFX Connect. The mRNA levels were normalized to B-actin.
The primer sequences are shown in Table S1.

Western blot

Cell lysates and prestained molecular weight marker were sepa-
rated by SDS-PAGE, followed by transfer onto nitrocellulose
membranes. The membranes were blocked in TBST (Tris-buff-
ered saline with 0.5% TritonX-100) containing 5% bull serum
albumin (BSA) and probed with specific anti-Arginase-1
(1:1000 dilution, Cell Signaling Technology), anti-iINOS

(1:1000 dilution, Abcam), anti-Phospho-TBK (Ser172) (1:1000
dilution, Cell Signaling Technology), anti-TBK (1:1000 dilu-
tion, Cell Signaling Technology), anti-Phospho-STAT6
(Tyr641) (1:500 dilution, Abcam), anti-STAT6 (1:1000 dilu-
tion, Abcam), anti-Phospho-STAT3 (Tyr705) (1:1000 dilution,
Cell Signaling Technology), anti-STAT3 (1:1000 dilution, Cell
Signaling Technology) or anti-S-actin (1:3000 dilution, Sigma)
overnight at 4°C. The membranes were washed three times and
incubated with horseradish peroxidase-conjugated secondary
antibodies. The immunoreactivity was visualized by enhanced
chemiluminescence according to the manufacturer’s protocol
(ECL Kit, Pierce).

Flow cytometry

Cells were kept at 4°C and nonspecific binding was blocked
with anti-CD16/32 (eBiosciences) before cell surfaces were
stained with APC-conjugated anti-CD206 (Biolegend) or PE-
conjugated anti-CD301 (Biolegend). For intracellular staining,
live cells were first fixed with the fixation buffer, then treated
with Permeabilization buffer and stained with PE-conjugated
anti-IL-10 (eBiosciences), APC-conjugated anti-TNF-a (eBio-
sciences) and PE-conjugated anti-IL-12 (eBiosciences). For cell
cycle analysis, cells were labeled with FITC-conjugated anti-
BrdU antibody according to the manufacturer’s instruction
(FITC BrdU Flow Kit, BD Biosciences). Data were acquired on
an Accuri C6 (BD Biosciences) and analyzed with FlowJo
software.

Trans-well migration assay

1 x 10° B16-F1 cells were loaded in the upper chambers (8 um
pore size, Costar) of six-well transewell plates, and the lower
chambers were seeded with MO macrophages treated or
untreated with H22-MPs. Migration was allowed for 6 h at
37°C, and cells were fixed with methanol and stained with 1%
crystal violet. Cells remaining on the upper chamber side of the
filter were removed with cotton swabs. The number of migrated
cells was determined by counting stained cell from multiple
randomly selected microscopic visual fields.

Animal experiments

2 x 10° H22 plus 6 x 10* macrophages treated or untreated
with T-MPs were subcutaneously injected into the right flank
of BALB/c to generate subcutaneous tumor model. Subcutane-
ous tumor growth was monitored by measuring the length (L)
and width (W) of tumors using vernier calipers, and the vol-
ume (V) of the tumor was calculated by formula V=(L x W?)/
2. In tumor metastasis model, 5 x 10* B16 tumor cells plus 1 x
10* T-MP-treated or untreated MO macrophages were intrave-
nously injected into C57BL/6 mice. Or 2 x 10° H22 tumor cells
plus 6 x 10* T-MP-treated MO macrophages were intrave-
nously injected into BALB/c mice. In tumorigenic model, 5 x
10° B16 or 1 x 10* H22 or 1 x 10° SMMC7721 and corre-
sponding macrophages were subcutaneously injected into
BALB/c or C57BL/6 or nude mice. The tumor growth of
injected mice was carefully monitored every day.
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