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Abstract

Tumor relapse after chemotherapy is a major hurdle for
successful cancer therapy. Chemotherapeutic drugs select for
resistant tumor cells and reshape tumor microenvironment,
including the blood supply system. Using animal models, we
observed on macrophages in tumor tissue a close correlation
between upregulated Tie2 expression and tumor relapse upon
chemotherapy. Conditional deletion of Tie2 expression in
macrophages significantly prohibited blood supply and
regrowth of tumors. Tie2" macrophages were derived from

Introduction

The molecular mechanisms leading to tumor relapse after
treatment with cytotoxic drugs are still not completely understood
(1). Many studies focused on the analysis of chemoresistant,
either intrinsically or acquired, characteristics of tumor cells
during treatment (2). However, solid tumors are complex organs
with a reactive stroma accompanying cancer cells. There is increas-
ing evidence that the outcome of chemotherapy is also dependent
on non-tumor cell factors. It is now widely accepted that tumor-
specific immune responses can determine the efficacy of antican-
cer therapies with conventional cytotoxic drugs (3). In another
example of chemotherapy for prostate cancer, cytotoxic drugs
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tumor-infiltrating Tie2 CD11b" cells and hypoxia-induced
Tie2 expression on these cells. Mechanistically, expression of
Tie2 prevented macrophages from apoptosis in stress condi-
tions via the AKT-dependent signaling pathway. Together,
these results demonstrate that Tie2 expression by macro-
phages is necessary and sufficient to promote the reconstruc-
tion of blood vessels after chemotherapy, shedding new
light on developing novel strategies to inhibit tumor relapse.
Cancer Res; 76(23); 6828-38. ©2016 AACR.

caused fibroblasts to pump out growth factors into the tumor
microenvironment, and this process attenuated the effects of
cytotoxic drugs by promoting tumor cell survival and disease
progression (4). Other components, such as extracellular matrix
and blood vessel system, would also influence the outcome of
chemotherapy (3, 5, 6).

Vascular reconstruction is a key step for wound healing, which
is also involved in tumor relapse after chemotherapy (7, 8).
Anticancer therapies cause vascular damage, hypoxia, and tumor
necrosis, which together induce the recruitment of myeloid cells,
proliferation of endothelial cells, and migration of pericytes
(9, 10). These cells help reconstruct the vascular system to remove
tissue debris and bring oxygen and nutrients for tissue repair.
However, the role of myeloid cells for vascular reconstruction after
chemotherapy and the underlying molecular mechanism is still
not clear.

Angiopoietin-Tie2 pathways play essential roles in angiogen-
esis (11). Tie2 gene knockout mice are embryonic lethal due to
vascular dysplasia (12). Tie2, which is a receptor tyrosine kinase,
together with Tiel, mediates various functions of a group of
angiopoietin ligands such as angiopoietin1/2 (Ang1/Ang2; refs. 9,
11). Tie2 is broadly expressed on vascular endothelial cells, and
Angiopoietin-Tie2 pathways are involved in the proliferation,
migration, and stabilization of endothelial cells (13). For exam-
ple, Angl-mediated signals are important for stabilization of the
vascular endothelium. During the process of tissue remodeling,
Ang? is expressed by the endothelial cells of actively remodeling
vessels and helps promote the dissociation of pericytes from
preexisting vessels and increases vascular permeability, which
facilitates the infiltration of proteases, cytokines, and angiogenic
myeloid cells (13). Notably, targeting Ang2 is now under clinical
trials in various cancers (14, 15).

Except for endothelial cells, Tie2 is also expressed by a sub-
population of macrophages. Tie2-expressing macrophages (TEM)
are known to promote angiogenesis (16). Initially, TEMs are
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described to play a promoting role in unperturbed tumor growth
and embryonic development. These myeloid cells migrate toward
and adhere to sprouting blood vessels and are essential for
vascular anastomosis and formation of functional vessel system
(16, 17). Although TEMs play an important role in the angiogen-
esis in many tumor models, the proportion of TEMs varies in
different types of tumors. Interestingly, Tie2-positive macro-
phages have been reported to accumulate in tumor microenvi-
ronment after chemotherapy, antiangiogenic treatment, radio-
therapy, or in injured muscle tissue of ischemic limb (18, 19),
suggesting that TEMs are involved in vascular reconstruction.
However, the exact molecular mechanism for that is still not
known.

Several studies indicate that Tie2 is important for the function
of TEMs, for example, as a chemotaxis receptor or adhesion
receptor to endothelial cells (19-21). Many studies trying to
figure out the role of Tie2 on macrophages were based on the
stimulation of angiopoietins (20-22). Mazzieri and colleagues
demonstrated that Ang2 blockage did not inhibit recruitment of
TEMs but impeded their upregulation of Tie2 and ability to
restore angiogenesis in tumors (11). However, besides Tie2,
integrin is also a functional receptor for angiopoietins both in
endothelial cells and in myeloid cells (23-25). Scholz and col-
leagues reported that Ang2 promotes myeloid cell infiltration and
adhesion to endothelial cells in an integrin-dependent manner
(26). Therefore, it is necessary to directly deplete Tie2 to verify its
role on macrophages.

In this study, we employed the Cre-loxP system to delete the
Tie2 gene on macrophages in vivo. Our results uncover an impor-
tant role of Tie2 on the viability of macrophages in stressed
tumor microenvironment. Tie2 deletion on macrophages
impaired the vascular reconstruction during tumor relapse after
chemotherapy.

Materials and Methods
Mice

The generation of Tie mice was described before (27).
LyzCre; Tie2 /1% (M""*2~) and LyzCre;Tie2"/1°* (Con) mice were
generated by breeding LyzCret/*Tie2"/ ~mice with Tie2flo/flox
mice. C57BL/6 mice were purchased from Vital River. All mice
were bred under specific pathogen-free conditions in the animal
facilities at the Institute of Biophysics, Chinese Academy of
Sciences (Beijing, China) and Soochow University (Suzhou,
China). All animal studies were performed with sex- and age-
matched mice after being approved by the Institutional Labora-
tory Animal Care and Use Committee.

2ﬂox/ flox

Cell lines

MCA205 is a methylcholanthrene-induced fibrosarcoma cell
line of C57BL/6 origin (28) and was originally provided by Dr.
Steve Rosenberg in 2000. The macrophage cell line RAW264.7
was a kind gift from Dr. Shengdian Wang (Institute of Bio-
physics) in 2010. All cells were cultured in DMEM supplemen-
ted with 10% (vol/vol) FBS and 100 U/mL penicillin/strepto-
mycin. Authentication of cell lines was assured by short tandem
repeat (STR) profiling, regular morphology checks, and growth
curve analysis.

Plasmid and transfection
The expression plasmid encoding Tie2-GFP plasmid was kindly
provided by Dr. Naoki Mochizuki (National Cardiovascular Cen-
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ter Research Institute, Osaka, Japan; ref. 29). RAW264.7 cells were
transfected with Tie2-GFP or mock plasmid using Lipofectamine
2000 (Invitrogen) according to the manufacturer's instruction
and changed to complete medium after 3 hours. The next day,
selective medium containing 750 ug/mL G418 was added and the
cells were cultured for 3 weeks. At that time, cells were analyzed
and sorted by FACS. GFP-positive cells were either continued in
mass culture or picked individually as clones and grown in G418
(200 pug/mL) for 3 additional weeks. Three Tie2-GFP clones (Tie2-
1, -2, and 3) and 2 mock clones (Mock-1 and -2) were used to
further analysis in the present study.

Tumor transplantation and chemotherapy

Exponentially growing tumor cells were harvested, washed,
and injected subcutaneously into the abdomen region of mice.
Tumor size was assessed using Vernier calipers 2 to 3 times per
week after tumors reached a palpable size. Tumor volume was
determined using the (L x W x W)/2 formula with L as the
longest diameter and W as the diameter at the position per-
pendicular to L.

For chemotherapy of tumors, a single intratumoral injection of
doxorubicin (0.7 mg/mL, 100 pL/mouse, Sangon Biotech) was
given on days 11 to 12 after tumor inoculation. Intraperitoneal
injection of cyclophosphamide (10 mg/mL, 200 pL/mouse,
Sigma) was given on day 14 after tumor inoculation. Tumor size
was assessed in the following days 2 to 3 times per week.

FACS analysis

Single-cell suspensions prepared from peripheral blood,
spleen, and tumor tissue were stained with the following directly
labeled mouse-specific mAbs: phycoerythrin (PE)-labeled anti-
Tie2 (eBioscience), fluorescein isothiocyanate (FITC)- or Percp/
Cy5.5-labeled anti-CD11b (BD Biosciences), PE- or allophyco-
cyanin (APC)-labeled anti-Ly6C (BD Biosciences), APC-labeled
anti-Ly6G (BD Biosciences), and APC-labeled anti-F4/80 (BD
Biosciences). Dead cells were excluded by 7-aminoactinomycin
D (7-AAD) staining. Cells were collected on a FACSCalibur (BD
Biosciences) and analyzed by Flow]Jo software (TreeStar).

Histology and immunostaining

Preparation of cryostat or paraffin tissue sections was done as
described previously (30). After routine processing, 7-um-thick
tumor tissue sections were stained with hematoxylin and eosin
(H&E) for histologic analysis.

Frozen tumor tissue sections were incubated with anti-Tie2
(R&D Systems), anti-CD11b, anti-CD31, anti-NG2 antibodies
(all from Abcam, Cambridge Science Park), and species-
matched Alexa dye-labeled or horseradish peroxidase (HRP)-
conjugated secondary antibodies. Sections were counterstained
with 4, 6’-diamidino-2-phenylindole (DAPI; Sigma-Aldrich)
and evaluated under the microscope (DP71, OLYMPUS) for
bright-field and fluorescence microscopy or under Olympus
FV1000 confocal microscope for fluorescence microscopy. For
HRP-conjugated secondary antibody staining and H&E stain-
ing, whole slide images were taken under Leica SCN400 Slide
Scanner (Leica Microsystems).

Western blot analysis

Cell extracts were analyzed by Western blotting as described
(31). The primary antibodies used were anti-Tie2 (R&D Systems),
anti-phospho-AKT, anti-AKT, anti-phospho-ERK, and anti-ERK
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(Cell Signaling), as well as anti-B-actin (Cell Signaling). HRP-
conjugated rabbit anti-goat or goat anti-rabbit IgG were used as
secondary antibodies.

Isolation and adoptive transfer of CD11b"Ly6C" cells

To study the fate of adoptively transferred CD11b*LycC*
cells, CD11b"Ly6C* cells were FACS sorted from the spleen
of tumor-bearing EGFP mice by FACSAria II (BD Biosciences).
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Figure 1.

% of Tie2'CD11b* cells

A total of 5 x 10° isolated CD11b"Ly6C" cells were injected
into doxorubicin-treated tumor-bearing C57BL/6 mice via the
tail vein.

To study the role of Tie2, CD11b*Ly6C™" cells were isolated
from the spleens of tumor-bearing Con and M"™*>~ mice by FACS.
After labeling with carboxyfluorescein succinimidyl ester (CFSE),
1 x 107 isolated CD11b"Ly6C™ cells were injected into doxoru-
bicin-treated tumor-bearing C57BL/6 mice via the tail vein.
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Accumulation of TEM in tumor microenvironment after chemotherapy. A, Vigorous vessel reconstruction was found during tumor regrowth after chemotherapy.
Transplanted MCA205 tumors were intratumorally injected with doxorubicin (DOX) or PBS as control (0 day). At 2, 6,9, and 14 days after drug treatment, tumors were
stained for CD31 (brown). Scale bars, 100 um. Statistical analysis of the vessel diameter and density is shown. **, P < 0.01. B, Tie2" macrophages accumulated in
tumor microenvironment after chemotherapy. The proportion of Tie2"CD11b™ cells was evaluated by FACS using single-cell suspensions prepared from tumors that
received doxorubicin (n = 4) or PBS (n = 4) treatment 9 days before. Dead cells were excluded by 7-AAD staining. Statistical analysis is shown. **, P < 0.01.
Representative results of 1of 4 experiments are shown. C, TEMs were closely associated with blood vessels during tumor relapse. Nine days after treatment, tumor
sections were stained for CD11b and Tie2 and analyzed via confocal microscopy. Six serial images were taken from tumor sections where the focus (z-dimension) was
moved by 2 um between images and images of 3D reconstruction were shown. TEMs (arrowhead) were present at vascular junctions. Scale bar, 10 um.
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RT-PCR and real-time quantitative PCR

Total RNA was extracted using TRIzol (Tiangen), and cDNA
was synthesized using EasyScript First-Strand ¢cDNA Synthesis
SuperMix (TransGen). Quantitative real-time PCR (qPCR) was
performed using SYBR Green (TransGen). Quantification was
performed by comparing the C, values of each sample with a
standard curve and normalizing to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Values were expressed as fold induc-
tion in comparison with untreated controls. The following
primers were used in this study: mTie2-For GCCGCGGACT-
GACTACGAGC, mTie2-Rev. GGAGGAGGGAGTCCGATAGA-
CGC; mGAPDH-For TGGCCITCCGTGTTCCTAC, mGAPDH-
Rev GAGTTGCTGTTGAAGTCGCA.

Hypoxia induction

CD11b"Ly6C" cells were isolated from the spleen of tumor-
bearing C57BL/6 mice. Isolated cells were maintained under
standard tissue culture conditions in addition with 10%
MCA205 tumor supernatant, under normoxic condition of
95% air, 5% CO, at 37°C or hypoxic condition with 1.5%
0,, 4.5% CO,, 94% N, (Thermo Forma cell incubator; Forma
Scientific). Cells were collected for mRNA and protein analysis
after being cultured under normoxia or hypoxia for indicated
time.

Isolated CD11b" Ly6C™ cells were also treated with 200 umol/L
cobalt chlorides (CoCl,) in a 5% CO,, 95% air humidified
atmosphere at 37°C for various time periods and then collected
for mRNA and protein analysis.

Quantitative and statistical analyses

The vessel diameter and CD3 1-positive area were quantified by
Image Pro Plus software (Media Cybernetics). All data are
expressed as mean + SEM. Differences between 2 groups were
compared using a 2-tailed unpaired Student ¢ test or 2-way
ANOVA (GraphPad Prism). All experiments were repeated 3 to
4 times. P values less than 0.05 were considered statistically
significant.

Results

Accumulation of TEMs in tumor microenvironment after
chemotherapy

Like in humans, most of the mouse tumors relapse after
chemotherapy even in immunocompetent mice (32). In this
study, fibrosarcoma cells (MCA205; 5 x 10 per mouse) were
subcutaneously transplanted on the back of C57BL/6 mice and
treated with doxorubicin (70 pg/mouse). The growth of tumor
was significantly inhibited during the first week, followed by a
rapid relapse (Supplementary Fig. S1).

Analyzing tumor sections by CD31 staining after chemother-
apy, we observed that tumor relapse was associated with vigorous
vessel reconstruction within 14 days. Furthermore, the vessel
reconstruction process seemed to be well-organized: the vessel
diameters were gradually decreased, whereas the vessel density
was dramatically increased (Fig. 1A). We then examined tumor
blood vessels at day 9 after chemotherapy when the vessel
reconstruction stayed in an intermediate state. We found that
blood vessels at this stage in the tumor were much less covered by
pericytes, which can be used to monitor the maturation of blood
vessels (Supplementary Fig. S2; ref. 33). Interestingly, FACS
analysis showed that the proportion of CD11b"Tie2" cellsamong
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the myeloid cells was dramatically increased compared with
the untreated group (Fig. 1B). These CD11b*Tie2" cells did
not express Ly6G (a typical marker for neutrophils) and showed
typical monocytic light scattering features in peripheral blood,
which are consistent with previously reported characteristics
of TEM (Supplementary Fig. S3; ref. 16). Furthermore, immuno-
fluorescent double staining showed that the accumulated
Tie2*CD11b" macrophages were intimately juxtaposed with
blood vessels, especially at the vascular branching points (Fig.
1C). These results suggest that active vessel reconstruction during
tumor relapse after chemotherapy is closely associated with the
accumulation and attachment of TEM around the tumor blood
vessels.

Tie2 deletion in myeloid cells impaired blood vessel
reconstruction and tumor relapse

To investigate the effect of Tie2 expression on macrophages
after chemotherapy, we generated mice with Tie2 gene knockout
in macrophages by the Cre-loxP system, as described before (27).
Briefly, Tie2 deletion in the myeloid lineage, mainly neutrophils
and monocytes/macrophages, was achieved by crossing the trans-
genicline with the lysozyme M promoter-driven Cre recombinase
(Lyz-Cre) with Tie2™ mice (34, 35). Supplementary Figure S4A
shows the schematic illustration of mouse mating strategy. Mice
with the myeloid cell-specific deletion of Tie2 (LyzCre;Tie2 ~/1°%)
will be termed M"™?~ mice, whereas littermate control mice
(LyzCre;Tie2"/1°%) will be termed as control mice (Con; Supple-
mentary Fig. S4A). The modified alleles were identified by PCR
amplification (Supplementary Fig. S4B). Furthermore, PCR
amplification confirmed that Tie2 genes were efficiently deleted
in peritoneal as well as tumor-infiltrating macrophages (Supple-
mentary Fig. S4B).

MCA205 tumor cells were subcutaneously transplanted into
Con or M"®?~ mice and treated with doxorubicin. The condi-
tional knockout of Tie2 in macrophages remarkably impaired
the regrowth of MCA205 after treatment with doxorubicin
(Fig. 2A). The tumor isolated from Con mice was full of blood
vessels, whereas the tumor from M"¢>~ mice appeared pale and
lacked blood perfusion (Fig. 2A). Analysis by CD31 staining
showed much less and also discontinued formation of blood
vessels, especially around necrotic area, in the tumor of mTie2—
mice (Fig. 2B). FITC-dextran perfusion experiments confirmed
that the functional vessels in the M""*?~ mice were dramatically
decreased, and most of the perfused vessels were concentrated
on the peripheral area. Mammalian cells require oxygen and
nutrients for their survival; therefore, they are distributed
within 100 to 200 um from blood vessels (36). Here, we
defined an "irrigated area" as the area within 100 um from
the nearest FITC-dextran perfused blood vessels. We calculated
the "irrigated area" in tumor tissues by the procedure shown
in Fig. 2C. The statistic results revealed that the proportion of
irrigated tumor area was significantly smaller in the tumor from
M™2~ mice than that of Con mice after chemotherapy (Fig.
2C). H&E staining displayed higher percentage of necrotic area
in tumors from M"*?~ mice (Fig. 2D). To study whether this
effect is drug-dependent, we established another chemothera-
peutic relapse mouse model using cyclophosphamide. Simi-
larly, the tumor relapse of MCA205 after cyclophosphamide
treatment was also inhibited in M"*?~ mice (Fig. 2E). Taken
together, we conclude that Tie2 deletion in macrophages inhib-
ited tumor relapse after chemotherapy.
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Figure 2.

Tie2 deletion in myeloid cells impaired the reconstruction of blood vessels and tumor relapse after chemotherapy. A, Tie2 deletion in macrophages impaired tumor
relapse after chemotherapy. MCA205 tumor cells were subcutaneously transplanted into Con or M"®2~ mice and intratumorally injected with doxorubicin (DOX; 70
ng/mouse) on day 12. Tumor growth of MCA205 in Con (n = 7) and MT€2= mice (n = 7) was shown. Representative photo of tumors obtained at the endpoint
of the experiment is shown in the right panel. B, Tie2 deletion in macrophages impaired vessel reconstruction around tumor necrotic area. Tumor sections
from doxorubicin-treated Con (n = 4) and M™%~ mice (n = 4) were obtained 14 days after doxorubicin treatment and stained for CD31 (brown). Enlarged
representative blood vessels around the necrotic area are also shown. The dotted line shows the necrotic area (N). Scale bar, 200 pm. Quantitative analysis of
CD3l-positive area is shown. *, P < 0.05. C, Fourteen days after doxorubicin treatment, blood vessels of tumors from Con and M"2~ mice were perfused and
visualized by FITC-dextran (green). Panels show the steps how "irrigated tumor area"” are calculated. Statistical analysis of the percentage of irrigated tumor area is
also shown. Con, n = 4; M2~ n =6, 3.64 mm? /tumor are analyzed. Scale bar, 200 um. D, Fourteen days after doxorubicin treatment, tumor sections from Con and
MTe2~ mice were stained with H&E. The dotted line shows the necrotic area (N). Statistical analysis of the percentage of necrotic area is shown. Con, n = 4; M2~
n = 6. Scale bar, 735 um. E, Inhibited tumor relapse in MT€2= mice after treatment with cyclophosphamide (CTX). Con (n = 6) and MT€2= (n = 5) mice were
subcutaneously transplanted with MCA205, and CTX was given intraperitoneally at 14 days after transplantation (arrow). Tumor growth of MCA205 in Con mice
(n = 4) without CTX treatment was also shown as control. *, P < 0.05; **, P < 0.01.

Hypoxia induced Tie2 expression on CD11b"Ly6C" cells

In addition, the origin of TEMs in tumors after chemotherapy
was investigated. In tumor-bearing mice, CD11b"Ly6C" cells
represent a heterogeneous population of cells with great plas-
ticity (37). These CD11b"Ly6C* cells abundantly infiltrated
into tumors after chemotherapy, which peaked at day 3 and
gradually returned to the normal level at day 9 (Supplementary
Fig. S5). Thus, we wondered whether chemotherapy-induced
infiltrated CD11b*Ly6C™" cells could be the precursors for local
TEMs.

Hypoxia is one of the most important conditions in the tumor
microenvironment that causes tumor necrosis (36). Indeed, dra-
matically increased hypoxia-inducible factor-1a. (HIF10)-posi-

6832 Cancer Res; 76(23) December 1, 2016

tive area was found in doxorubicin-treated tumor (Supplemen-
tary Fig. S6). Thus, the role of hypoxia in the induction of Tie2
expression on infiltrated CD11b"Ly6C" cells was investigated.
Treatment with CoCl,, a chemical inducer of HIF1a (38), was
efficient to upregulate the level of Tie2 mRNA in isolated
CD11b*Ly6C" cells (Fig. 3A). Western blot analysis also showed
that both hypoxia (1.5% O,) and CoCl, were able to induce Tie2
expression in CD11b*Ly6C" cells from Con mice but not M™¢~
mice as expected (Fig. 3B). The direct effect of cytotoxic drugs on
the induction of Tie2 expression on CD11b"Ly6C" cells was also
investigated; however, we did not find upregulated Tie2 expres-
sion at indicated concentrations and culture time of doxorubicin
(Supplementary Fig. S7). These results indicate that hypoxia is an
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Figure 3.

Tumor-infiltrating CD1Ib*Ly6C™ cells were essential precursors for Tie2 macrophages. A and B, Hypoxia-induced Tie2 expression in CD1lbTLy6C™ cells. A, Tie2
expression in FACS-sorted CD1Ib"Ly6C™ cells from the spleen of tumor-bearing Con mice were induced by 200 umol/L CoCl, for indicated time and detected by real-
time PCR. *, P < 0.05; **, P < 0.01. B, Protein levels of Tie2 in CD1Ib*Ly6C* cells from Con mice or M"?~ mice under 200 umol/L CoCl, or hypoxia (1.5% O,)
added conditions were detected by Western blotting. Cells were cultured additionally with tumor supernatant. CoCl, or hypoxia was applied at indicated time points
before mRNA/protein extraction. €, Hypoxia-induced proangiogenic gene expression in CD11b*Ly6C* cells. CD1bTLy6C™ cells from Con mice or MT®2~ mice were
cultured for 12 hours under hypoxia condition. mRNA level of indicated genes was detected by real-time PCR. *, P<0.05; **, P< 0.01. D, Tie2 and EGFP double staining
shows that infiltrated EGFP* CD11b*Ly6C™ cells became Tie2-positive in doxorubicin (DOX)-treated tumor. CD1Ib"Ly6C™ cells were isolated from EGFP mice and
adoptively transferred to control (n = 3) or doxorubicin-treated (n = 3) tumor-bearing C57BL/6 mice. Tumor sections were stained for EGFP and Tie2 at 9 days after
adoptive transfer and analyzed via fluorescence microscopy. Scale bar, 20 um. The proportion of Tie2* cells in EGFP* cells in each group is shown on

the right. **, P < 0.01. E, Proportion of Tie2-expressing EGFP™ cells was evaluated by FACS using single-cell suspensions prepared from control (n = 3) or
doxorubicin-treated (n = 3) tumor tissues. Dead cells were excluded by 7-AAD staining. Statistical analysis is shown on the right. **, P < 0.01.
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important factor for infiltrated CD11b*Ly6C" cells to become
Tie2-positive macrophages in the tumor microenvironment.

Besides Tie2, hypoxia also upregulated the expression of several
proangiogenic factors, such as VEGF, Ang2, and MMP9, in
CD11b*Ly6C" cells. However, Tie2 deficiency did not impair the
upregulation of these genes (Fig. 3C).

Next, we investigated the condition that induced Tie2 expres-
sion on macrophages in vivo. CD11b*Ly6C" cells, which were
isolated from the spleen of tumor-bearing Rosa26-EGFP
C57BL/6 mice (EGFP mice), were adoptively transferred
into doxorubicin-treated tumor-bearing or control mice.
Higher proportion of infiltrated EGFP" cells demonstrated
Tie2-positive staining as well as perivascular location in the
doxorubicin-treated mice (Fig. 3D and E). However, even in
the doxorubicin-treated mice, EGFP" cells can only become
Tie2-positive in the tumor microenvironment but not in the
spleen and blood (Supplementary Fig. S8).

Tie2 maintains the viability of macrophages in stressed
condition via AKT pathway

To cdlarify the role of Tie2 expression on macrophages,
RAW264.7 cells, a macrophage cell line, were transfected with
an expression plasmid encoding GFP (Mock-2) or a Tie2-GFP
fusion protein (Tie2-3; ref. 29). As shown by immunofluores-
cence, Tie2 expression was detected in macrophages expressing
Tie2-GFP fusion protein (Supplementary Fig. S9).

Ang2, a key ligand of Tie2 during vascular remolding, was
used as the activator of Tie2 in the following experiments.
Under normal culture conditions, no difference in cell prolif-
eration was observed after RAW264.7 macrophages were trans-
fected with Tie2 (Fig. 4A). Unexpectedly, we found that Tie2
expression can sustain the viability of macrophages under
serum-starving condition. Importantly, Tie2 expression did
not protect RAW264.7 from doxorubicin-induced cell death
(Fig. 4A). Further analysis showed that serum starving induced
less apoptosis in TEMs, as reflected by the Annexin V/PI double
staining (Fig. 4B). Similar results were obtained when the other
mock-transfected (Mock-1) and Tie2-transfected clones (Tie2-1
and Tie2-2) were used (Supplementary Fig. S10).

The signaling pathways involved in Ang2-mediated Tie2
activation were analyzed. Both AKT and ERK signaling path-
ways could be activated via Tie2 and they play important roles
in the survival of eukaryotic cells in stressed conditions (39,
40). Here, we found that Ang2 stimulation of Tie2 induced
phosphorylation of AKT but not ERK (Fig. 4C). In parallel,
treatment with LY294002, which inhibits PI3K-dependent AKT
phosphorylation, dramatically decreased the viability of TEMs
under serum-starving condition. Additional treatment with
U0126, an inhibitor of ERK phosphorylation, did not influence
the viability of the stressed TEMs (Fig. 4D). These results
suggest that Tie2 promotes the viability of CD11b"Ly6C™" cells
through the AKT signaling pathway in stressed condition.
Furthermore, in primary Tie2-positive macrophages, derived
from CD11b*Ly6C" cells induced by hypoxia, we also con-
firmed that Tie2 expression plays a critical role in sustaining
their viability under serum-starving condition (Fig. 4E).

To confirm whether Tie2 is also important for the viability of
tumor-infiltrated myeloid cells in vivo, isolated CD11b"Ly6C"
cells from either Con mice or M"¢>~ were labeled with CFSE and
then adoptively transferred to doxorubicin-treated tumor-bearing
mice. As shown in Fig. 4F, after chemotherapy, the number
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of tumor-infiltrated CFSE™ cells from M2~ mice is sharply
decreased within 9 days. Remarkably, in the spleen, Tie2 gene
depletion did not influence either the proliferating activity or the
number of CFSE™ cells after adoptive transfer (Supplementary Fig.
S11). These results indicate that Tie2 provides survival advantages
to macrophages under stress conditions, such as tumor microen-
vironment after chemotherapy.

CD11b"Ly6C" cell depletion eliminated the effect of Tie2
expression on macrophages

To identify the source for TEM attached to the blood vessels, we
employed all-trans retinoic acid (ATRA) to eliminate
CD11b*Ly6C" cells in tumor-bearing mice (41). Tumor-bearing
M7"2~ and Con mice were administrated with ATRA and doxo-
rubicin as shown by a schematic illustration (Fig. 5A). Indeed,
ATRA was able to effectively reduce CD11b*Ly6C" cells both in
spleen and in tumor (Fig. 5B and C). As shown in Fig. 5D, in the
group without ATRA treatment, Con mice gained significantly
larger tumor volume than M"™>~ mice from day 8 after doxoru-
bicin treatment. However, in the ATRA-treated group, no signif-
icant difference in tumor volumes between Con mice and M2~
mice was observed until 22 days after doxorubicin treatment (Fig.
5D). This suggests that CD11bLy6C* cells represent the source
population of TEM and are responsible for the different relapse
velocity between Con mice and M"™**~ mice after chemotherapy.

Discussion

By employing a macrophage-specific Tie2-knockout mouse
model, we show here that Tie2 expression on tumor-infiltrating
macrophages is crucial for the repair of the blood vessel system in
the tumor and, consequently, tumor relapse after chemotherapy.
We further demonstrated that hypoxia microenvironment
induces Tie2 expression in CD11b"Ly6C™ cells. Tie2 expression
in turn promoted the viability of macrophages in stressed con-
ditions via the AKT-dependent signaling pathway. This finding
may be important for developing novel strategies to overcome the
resistance of some clinical chemotherapeutic applications.

Our results provide a novel mechanism whereby tumor stromal
responses contribute to chemotherapeutic resistance. Extensive
studies focus on intrinsic or acquired genetic alterations of tumor
cells that render chemotherapy ineffective (42). Fifteen years ago,
we showed that IFNyR deficiency on stromal cells succumb the
effectiveness of cyclophosphamide (8). Recently, increasing evi-
dences suggest that stromal cells in the tumor environment help
tumor evade killing by chemotherapeutic drugs. Actually, che-
motherapy often imposes a stress on stromal cells or even the host
as a whole. Different responses of stromal cells to chemotherapy
will influence the final efficacy (43). From a pathophysiological
point of view, chemotherapeutic drugs induce injury, or
"wounds," in the tumor tissue. Logically, tissue repair responses,
such as inflammation, will be elicited by the injury, which
subsequently promotes tumor regrowth (44). Here, the results
showed that Tie2" macrophages invaded massively and distrib-
uted in the necrotic area after chemotherapy. These cells favor
prosperous revascularization and subsequently a tumor relapse.
Hughes and colleagues (45) also showed that a subset of
MRC1TIE2""CXCR4"™ macrophages accumulated around blood
vessels in tumors after chemotherapy, where they promote tumor
revascularization and relapse, partly via VEGF-A release. The
invasiveness of Tie2" macrophages in necrotic area following
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of AKT and ERK signaling pathways
was analyzed by Western blotting.
D, Tie2 promoted the viability of
myeloid cells via AKT pathway.
Macrophages were cultured under
serum-starving conditions for 48
hours with either AKT inhibitor
LY294002 or ERK inhibitor U0126. Cell
viability was determined by CCK-8
assay. E, CD1Ib"Ly6C™ cells isolated
from spleens of Con and M™%~ tumor- F
bearing mice were cultured under

hypoxia (1.5% O,) conditions to induce

Tie2 expression and then were

cultured under normal or serum-

starving conditions for 48 hours. Cell
viability was determined by CCK-8

assay. Experiments were performed in

the presence of Ang2 (200 ng/mL;

D and E). *, P < 0.05; **, P < 0.01.

F, CD1Ib*Ly6C™ cells isolated from

Con andM"®2~ tumor-bearing

mice were labeled with CFSE and

then adoptively transferred to
doxorubicin-treated recipient
tumor-bearing C57BL/6 mice. At 3

and 9 days after the adoptive transfer,
CFSE™ cells in tumors were analyzed

by immunofluorescence. Scale bar,
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chemotherapy may represent a kind of tissue repair response in
the tumor, which provides a potential target to overcome che-
motherapeutic resistance in the clinic.

The mechanism of how the blood supply system is recon-
structed after chemotherapy might be quite different from that
of the original tumor angiogenesis. Except for causing massive
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tumor cell death, chemotherapy impairs the vascular system
through killing endothelial cells, inducing structure disorders,
and raising vascular ruptures in the tumor (46). However, the
basic ingredients that constitute vascular system are still left
after chemotherapy (47). Therefore, vascular formation after
chemotherapy should be a kind of "fixing" process of a broken
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Figure 5.
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ATRA was analyzed by FACS. Four
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proportions of CD1Ib"Ly6C™ cells in
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cellsintumors (C) were analyzed. Dead
cells were excluded by 7-AAD staining.
Statistical analysis is shown on the
right. n = 3 (ATRA group); n =3
(vehicle group). *, P<0.05; **, P< 0.01.
D, Treatment with ATRA delayed the
tumor relapse after chemotherapy.
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vascular system. In fact, a huge amount of vascular fragment was
observed in tumor necrosis after chemotherapy. In the following
observation along with tumor relapse, the number of vascular
fragment was reduced, whereas long and well-networked vas-
cular structure appeared gradually. We perceived this process as
that, unless engulfed by macrophages, some useful vascular
fragments or single endothelial cells probably were reused for
neovascularization, which we called vascular repair. As for the
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and ATRA as described in A. Tumor
growth was monitored. n = 5 (ATRA
groups); n = 4 (vehicle groups).

*, P<0.05; **, P< 0.01.

tumor, the obvious benefits of this vascular reconstruction are
immediate restoration of blood supply and a quick initiation of
tumor recurrence. Predictably, fixing of the remnant vascular
segments produces a chaotic and complex vascular system, as
observed in tumor after chemotherapy. Interestingly, Liu and
colleagues recently demonstrated in zebrafish that macrophages
generated mechanical traction forces to pull the endothelial
ends and facilitate their ligation, thus mediating the repair of the
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cerebrovascular rupture (48). It might be a similar scenario
during vascular reconstruction after chemotherapy (Supplemen-
tary Fig. S12).

An interesting question is that what is the driving factor for the
expression of Tie2 on macrophages after chemotherapy? The
mechanism we proved here is that hypoxia induced Tie2 expres-
sion on macrophages in vitro. Similarly, Murdoch and colleagues
also found that hypoxia upregulated the cell surface expression of
Tie2 on human monocytes and macrophages in vitro (21). Besides,
it was shown here that doxorubicin induced higher level of
hypoxia in tumor microenvironment (Supplementary Fig. S6),
which is consistent with the results of Cao and colleagues (49). We
have found that higher percentage of transferred cells became
Tie2-positive in doxorubicin-treated tumor than in normal tumor
invivo (Fig. 3D). However, whether it is hypoxia that induced Tie2
expression on macrophages in vivo still needs further investiga-
tion. The cell debris or exosomes derived from necrotic tumor cells
may also play a role in this process.

Our investigations suggest that combining chemotherapy with
treatment targeting TEMs may delay the recurrence after chemo-
therapy. Indeed, we have found that the percentage of
CD14"Tie2" cells in peripheral blood increased significantly after
chemotherapy in patients with lung cancer with progressive
disease. These results suggest that TEMs may also play a vital role
in the tumor relapse after chemotherapy in patients. Although
there are no drugs specifically against TEMs, clinical trials already
combine anti-Ang2 antibody with chemotherapeutic drugs for the
cure of patients with cancer (15). Our research provides new clues
for the understanding of their possible synergistic effect. Besides
inhibiting the function of endothelial cells, anti-Ang2 treatment
might also impede the survival of TEMs accumulated in the tumor
after chemotherapy, which subsequently impairs vascular recon-
struction and tumor recurrence. In addition, depletion of myeloid
cells has also been reported to enhance the efficacy of chemo-
therapy for solid tumors (50), possibly due to blocking the origin
of TEMs in the tumor microenvironment. In conclusion, our
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