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Abstract: Myeloid-derived cells have been implicated as playing essential roles in cancer therapy,
particularly in cancer immunotherapy. Most studies have focused on either CD11b+Ly6G+Ly6C+

granulocytic or polymorphonuclear myeloid-derived suppressor cells (G-MDSCs or PMN-MDSCs)
or CD11b+Ly6G−Ly6C+ monocytic MDSCs (M-MDSCs), for which clear roles have been established.
On the other hand, CD11b+Ly6G−Ly6C− myeloid-derived cells (MDCs) have been less well studied.
Here, the CD11b-diphtheria toxin receptor (CD11b-DTR) transgenic mouse model was used to evaluate
the role of CD11b+ myeloid-derived cells in chemotherapy for an orthotopic murine astrocytoma,
ALTS1C1. Using this transgenic mouse model, two injections of diphtheria toxin (DT) could
effectively deplete CD11b+Ly6G−Ly6C− MDCs while leaving CD11b+Ly6G+Ly6C+ PMN-MDSCs
and CD11b+Ly6G−Ly6C+ M-MDSCs intact. Depletion of CD11b+Ly6G−Ly6C− MDCs in mice bearing
ALTS1C1-tk tumors and receiving ganciclovir (GCV) prolonged the mean survival time for mice
from 30.7 to 37.8 days, but not the controls, while the effectiveness of temozolomide was enhanced.
Mechanistically, depletion of CD11b+Ly6G−Ly6C− MDCs blunted therapy-induced increases in
tumor-associated macrophages (TAMs) and compromised therapy-elicited angiogenesis. Collectively,
our findings suggest that CD11b+Ly6G−Ly6C− MDCs could be manipulated to enhance the efficacy
of chemotherapy for brain tumors. However, our study also cautions that the timing of any MDC
manipulation may be critical to achieve the best therapeutic result.
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1. Introduction

Gliomas are the most common primary intracranial brain tumors, accounting for 81% of malignant
brain tumors [1,2]. Despite improvements in medical treatments, the survival time for patients has
remained very short, averaging 14.6 months for newly diagnosed patients and only five months
after recurrence [3–5]. One factor in the minimal improvement in survival may be therapy-induced
myelopoiesis, which leads to the infiltration of myeloid cells into the tumor from the peripheral
blood and a high content of tumor-associated macrophages (TAMs). TAMs are most often of the
M2 phenotype that, along with myeloid-derived suppressor cells (MDSCs), promote rapid tumor
proliferation and create a microenvironment that supports tumor survival by stimulating angiogenesis,
promoting tumor invasion, and suppressing the anti-tumor immunity [6,7].
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The myeloid cells have gained in notoriety since the early 1990s, when researchers found that
immature CD11b+Gr-1+ myeloid cells were phenotypically similar to neutrophils and monocytes in
the peripheral blood, but differed in functionality. The most obvious difference was their ability to
suppress immune responses, leading to the introduction of the term MDSCs since 2007 [8–10]. Since
Gr-1 is a composite epitope present in both Ly6G and Ly6C molecules that is differentially expressed
by a sub-population of the myeloid cell, scientists have further divided MDSCs into two subgroups:
either CD11b+Ly6G+Ly6C+ granulocytic or polymorphonuclear myeloid-derived suppressor cells
(G-MDSCs or PMN-MDSCs) or CD11b+Ly6G−Ly6C+ monocytic MDSCs (M-MDSCs) [11,12]. Growing
evidence has demonstrated the effects of MDSCs on tumor progression, metastasis, and immune
evasion in various tumor models including gliomas [13,14]. On the other hand, CD11b+Ly6G−Ly6C−

myeloid-derived cells (MDCs) in the blood have been less studied, even though they are the precursors
of all myeloid cells including MDSCs [10,15].

Myeloid cells have long been regarded as the first line of defense for the immune system.
Recently, various reports have shown that malignant tumors can release chemokines like
monocyte chemoattractant protein-1 (MCP-1/CCL2) and macrophage inflammatory protein 2-alpha
(MIP-2α/CXCL2), which attracts CD11b+ myeloid cells from blood into the tumor microenvironment
where they differentiate into tumor-associated macrophages (TAMs) that are most often of the M2
phenotype that expresses high levels of anti-inflammatory factors such as IL-10, IL-4, and MMP9 that
help tumor progression and vascularization in various types of tumors including breast, pancreatic,
prostate, lung, and gastric cancers [16–20]. Gliomas also have a high proportion of myeloid cells, with
30% to 50% being macrophages/microglia [21–24]. Myeloid cells in the tumor microenvironment are a
potential target for adjuvant therapy, but their heterogeneity makes analysis of the roles of different
phenotypes challenging.

Genetic targeting is frequently used to analyze many biological functions or processes. Researchers
have used CD11b-DTR transgenic mice expressing the human diphtheria receptor (DTR) under the
control of the human integrin alpha M promoter (ITGAM/CD11b) to deplete CD11b+ cells in mice
following the administration of the diphtheria toxin (DT) [25–27]. This model has been used to deplete
CD11b cells in peritoneal macrophages, Gr-1+ myeloid populations, and TAMs in pancreatic, colon,
and liver cancers [28–33]. The degree of CD11b+ cell depletion varied in the reports, which were
mainly the results of the administration protocol of the DT agent [29–33]. Our study, using this
transgenic mouse model with two injections of the medium dose of DT, found that CD11b+Gr-1−, but
not CD11b+Gr1+ cells, were depleted from the brain tumor. Suicide gene therapy was another genetic
targeting approach first proposed by Moolten in 1986 [34]. The overexpression of herpes simplex virus
type-1/thymidine kinase (HSV-tk) with the administration of pro-drug ganciclovir (GCV) is a standard
model in preclinical and clinical studies for studying pro-drug therapy [35,36]. HSV-tk is 1000 times
more efficient than the mammalian thymidine kinase to use monophosphorylate GCV (thymidine
analog to inhibit DNA synthesis) as a substrate. By expressing HSV-tk in the cancerous cells, selective
cytotoxicity against tumor cells is therefore achieved [37]. These genetic targeting methods allowed us
to investigate the role of the CD11b+Gr-1− myeloid cells in brain tumor progression and recurrence
after pro-drug GCV chemotherapy in our established astrocytoma model.

We have developed a murine astrocytoma cell line, ALTS1C1, that has a heavy myeloid cell
infiltrate and resembles glioblastoma in its aggressive features [38]. Even local radiation therapy
(RT) in this model stimulates myelopoiesis and modifies the tumor microenvironment in favor of
anti-inflammatory M2 TAMs, which promote tumor recurrence [39]. Interestingly, in another model of
tk/GCV gene therapy combined with IL-3 immune therapy in a prostate tumor model, M1 macrophages
were generated that had anti-tumor efficacy with NO production [37]. Our aim here was to specify the
roles of CD11b+Gr-1− myeloid cells in ALTS1C1 tumors following chemotherapy. We demonstrated
that the CD11b-DTR mice model is a suitable macrophage ablation model for ALTS1C1 brain tumor
research and that F4/80+ macrophages and Ly6C−monocytes were selectively depleted, which enhanced
the chemo-therapeutic effect while depletion without chemotherapy did not slow tumor progression.
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Our findings also revealed the importance of the timing of treatments. These discoveries may provide
insights into future myeloid cell targeting adjuvant therapies for brain tumors.

2. Materials and Methods

2.1. Mice

C57BL/6J mice aged 6–8 weeks old were purchased from the National Laboratory Animal Center of
Taiwan. The CD11b-DTR transgenic mice were from The Jackson Laboratory (The Jackson Laboratory,
006000, USA). All experiments and animal handling were conducted according to the guidelines under
the approval of the Institutional Animal Care and Use Committee of National Tsing Hua University
(IACUC protocol No.: 10419), Taiwan.

2.2. Cell Line Cultures

The murine astrocytoma cell line, ALTS1C1 (BCRC60582, BCRC, Hsinchu, Taiwan; T8239, Applied
Biological Materials, BC, Canada), was previously established by our laboratory [38]. ALTS1C1
cells were incubated at 37 ◦C/5% CO2 humidified air condition and maintained in the culture
medium. Culture medium was prepared in Dulbecco’s modified Eagle’s medium (DMEM; Gibco®,
12100046, Grand Island, NY, USA) with 10% fetal bovine serum (FBS; Gibco®, 16000044) and 1%
penicillin-streptomycin (PS; Gibco®, 15140122). Mycoplasma contamination was examined by a
EZ-PCR™Mycoplasma Detection Kit (Biological Industries, 20-700-20, Beit Haemek, Israel) before use.

2.3. Plasmids and Cell Transfection

The HSV-sr39tk suicide gene constructed by Dr. Ching-Fang Yu [37] was transfected into ALTS1C1
by Effectene Transfection Reagent (QIAGEN, 1054250, Mainz, Germany). Briefly, 1 µg of plasmid DNA
diluted to a total of 150 µL and mixed with 8 µL Enhancer and kept at room temperature for 4 min.
A total of 25 µL of Effectene Transfection Reagent was mixed and kept at room temperature for another
8 min. The final culture medium was replaced with plasmid containing a medium mixture. Two days
later, transfected cells were selected by G418 (Promega, 216436, Madison, WI, USA) 1.5 mg/mL in
culture medium for 10–14 days. The stably transfected cells were named ALTS1C1-tk.

2.4. Flow Cytometry Analysis

Peritoneal cells and systemic blood cells were collected for flow cytometry analysis. Briefly, mice
were first anesthetized and followed by peritoneal lavage with 5 mL cold PBS (Biological Industries,
02-023-5A) in the use of a 23G needle (TOP). Later, mice were shaken three times, and the peritoneal
cell suspension was collected. Blood cells were collected using 0.01% EDTA (SIGMA, 6381-92-6, Saint
Louis, MO, USA) rinsed animal lancet (Goldenrod, GR 4 mm, Braintree, MA, USA) from the mice
cheek. 1× RBC (Red Blood cell) lysis (eBioscience, 00-4300-54, Carlsbad, CA, USA) was added to lyse
red blood cells for 5 min. PBS was applied to stop the RBC lysis reaction and the cell suspension was
collected. Cell suspensions were blocked with 1% goat serum (Gibco®, 16210-064) and 0.2% FC block
(BD Pharmingen, 553142, Franklin Lakes, NJ, USA) for 30 min. After blocking, cells were stained
with fluorescence conjugated antibody against CD11b, Ly6C, Ly6G, or CD45 (BD Phamingen 550993,
553104, 551461, 552848, respectively), and F4/80 (Bio-RAD, MCA497APC, Kidlington, UK) for 1 h. The
cell suspensions were washed by PBS twice before FACS (Fluorescence-activated cell sorting) analysis
on Canto cytometerTM (BD Bioscience, 337175) and data were analyzed by FACSDiva software v6.1.3
(BD Pharmingen).

2.5. Orthotopic Intracranial Tumor Model

To establish intracranial tumors, ALTS1C1 orALTS1C1-tk cells were inoculated into the brain
of 8–12 weeks old C57BL/6J or CD11b-DTR mice with the procedures described in a previous
publication [38]. Briefly, mice were anesthetized, and 1 × 105 cells in 2 µL were intracranially (i.c.)
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injected at 0.1 mm posterior to the bregma and 2.0 mm laterals to the midline with a 2.5 mm depth.
After injection, the hole was sealed with bone wax (ETHICON, W810, Somerville, NJ, USA), and two
stitches were performed to suture the skin of the mice. When neurologic deficits (lethargy, failure to
ambulate, and loss of more than 20% of original body weight) showed, mice were sacrificed. Brain
tissue with a tumor inside the skull was carefully removed, embedded in OCT (Optimal Cutting
Temperature) compound (Sakura Finetek, 4583, Torrance, CA, USA), and stored in −80 ◦C refrigerator.
Hematoxylin (SIGMA, GHS232-1L) and eosin (SIGMA, HT110116-500ML) staining were performed to
analyze the tumor’s largest section area as well as histopathology.

2.6. Immunohistochemistry

Frozen tissues were sectioned (10 µm), mounted onto slides, and stored at −20 ◦C.
For immunohistochemistry analysis, section slides were fixed with methanol and permeabilized
with 0.05% Tween-20 (SIGMA, p1379-500ML). The slides were subsequently mounted with blocking
buffer (4% FBS and 1% goat serum in 1 × PBS) for 1 h to prevent non-specific binding. After blocking,
the first antibodies were used as follows: rat anti-mouse CD11b (BD, 550282), rat anti-mouse F4/80
(Serotec, MCA497GA), rat anti-mouse GR-1 (BD, 553123), rat anti-mouse CD31 (BD, 550274), mouse
anti-mouse ARG-1 (BD, 610708), and rabbit anti-mouse iNOS (Millipore, 2281700, Burlington, MA,
USA) with a one to 200 dilution in blocking buffer. The slides were stained overnight in 4 ◦C and
then washed with two rinses of PBS. Indicated specific host secondary antibodies conjugated with
Alexa Fluor 488 (Invitrogen, A11008, A21121) or Alexa Fluor 594 (Invitrogen, A11007, A21125) were
mounted for one hour. Slides were then washed with two rinses of PBS and then mounted with DAPI
(4′,6-diamidino-2-phenylindole) (Invitrogen, P36931) for nucleus visualization. Images were taken
by the AxioCam MRC-5 camera on an Axiovertskop 40 fluorescence microscope (Carl Zeiss, Jena,
Germany) and analyzed by Image-Pro Plus 6.0, ImageJ 1.48v software. Quantification of myeloid cell
percentage was calculated as the proportion of CD11b-, F4/80- and GR-1-positive cells in the tumor
region (condensed dapi positive area). Microvascular density (MVD) was calculated as the percentage
of CD31 positive area in the tumor region (condensed dapi positive).

2.7. Drug Preparation

A total of 100 mg GCV powder (SIGMA, G2536-100MG) was dissolved in 10 mL methanol (40 µm
strainer filtered) and stored at 4 ◦C as the stock solution. GCV was given to mice with intraperitoneal
(i.p.) injection twice a day as 10 mg/kg mice body weight for consecutive six days. DT (SIGMA,
D0564-1MG) was freshly diluted to 2.5 µg/mL in PBS and mice were i.p. injected with DT as 10 µg/kg
mice body weight for consecutive two days. A total of 1 mg of TMZ (Temozolomide) powder (SIGMA,
T2577-25MG) was freshly dissolved in 63 µL DMSO (J.T. Baker, 9224-03, Center Valley, PA, USA) and
diluted to 20% with 1× PBS. Mice were i.p. injected with TMZ as 50 mg/kg mice body weight for six
consecutive days.

2.8. Statistics

Experiments were performed in at least three repeats with one assay for analysis. Statistics were
performed using the two-tailed Student’s t-test or one-way ANOVA by GraphPad Prism 5 (San Diego,
CA, USA). A p value ≤ 0.05 was regarded as statistically significance.

3. Results

3.1. Selective Myeloid Cells Depletion in CD11b-DTR Transgenic Mice

To confirm myeloid cell depletion in CD11b-DTR transgenic mice, two injections of DT were
used. Peritoneal cells and white blood cells were examined by flow cytometry at the indicated time
(Figure 1A). The results confirmed the report by [29] that CD11b+F4/80+ peritoneal macrophages
could be significantly reduced following DT administration compared to the PBS-treated group (1.06%
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vs. 8.62%, 3.26% vs. 10.26%, at day three and day six, respectively) (Figure 1B). Cells from red cell
lysed blood were gated first by the CD11b positive area and then by Ly6C and Ly6G to give three
distinct groups (Figure S1). The analysis showed that CD11b+Ly6G−Ly6C− MDCs were the most
decreased after DT treatment (Figure 1C), but the CD11b+ Ly6G+Ly6C+ PMN-MDSCs (Figure 1D)
and CD11b+Ly6G−Ly6C+ M-MDSCs (Figure 1E,F) were not significantly affected and indeed were
increased despite all expressing CD11b. The above data concluded that the DT dose used in this study
could transiently deplete peritoneal macrophages and systemic MDCs, but not PMN-MDSCs and
M-MDSCs in the CD11b-DTR mouse in our protocol.

Figure 1. Selective myeloid cell depletion in transgenic CD11b-DTR mice (A) The timeline of DT
administration and flow cytometry analysis (FACS) on lysed blood cells. (B) Representative flow
cytometry images of peritoneal cells gated by CD11b and F4/80 and the change in percentage of
CD11b+F4/80+ peritoneal macrophages following the DT treatment at the indicated times (n ≥ 3 for each
group). (C–E) Changes in myeloid subgroups in lysed blood stained with Ly6G and Ly6C antibodies
and analyzed by flow cytometry (n ≥ 10 for each group). Statistics were performed using one-way
ANOVA by GraphPad Prism 5. *, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., p > 0.05.
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3.2. Depletion of the CD11b+Ly6G−Ly6C− MDCs Alone Did Not Impede Tumor Growth

To evaluate the roles of the CD11b+Ly6G−Ly6C− MDCs in brain tumor progression, we used an
established ALTS1C1-based orthotopic astrocytoma tumor model [38] in CD11b-DTR transgenic mice,
with two injections of DT given 11 days post tumor inoculation (Figure 2A). Blood samples taken at
specific time points showed a similar trend to previous data where CD11b+Ly6G−Ly6C− MDCs (Figure
S2A) were significantly decreased after DT administration. The PMN-MDSCs and the M-MDSCs
in tumor-bearing mice were unaffected and did not increase, unlike in the controls (Figure S2B,C).
The survival data revealed that 50% of tumor-bearing mice died around 25.0 ± 1.9 days after intracranial
injection of ALTS1C1 tumor cells without any treatment. The decrease in CD11b+Ly6G−Ly6C− MDCs
did not prolong the life of mice bearing ALTS1C1 tumors, in fact, the mice died earlier (mean surviving
day = 21.3 ± 3.3 days) than the control group (Figure 2B). One criterion for survival analysis is the
bodyweight loss, and we noticed that the DT-treated mice had less appetite than the control mice,
which may partially explain why the DT-treated mice had shorter mean surviving times. A more
detailed investigation of tumor progression was performed on tumor-bearing mice sacrificed at the
time to quantify the tumor section area by H&E staining (Figure 2C), but there was no significant
difference in tumor size regardless of whether MDCs were depleted or not (Figure 2D). This result
revealed that the depletion of MDCs alone did not affect tumor growth.

Figure 2. Depletion of CD11b+Ly6G−Ly6C− MDCs alone did not impede tumor growth. (A) The
timeline of in vivo DT treatment of CD11b-DTR mice. (B) Kaplan–Meier survival curves of ALTS1C1
tumor-bearing mice receiving DT (PBS group n = 16, DT group n = 7). (C) Representative H&E stained
brain tissue at different time points after tumor inoculation or when mice became sick. (D) Measurement
of the largest tumor section area at different times after tumor inoculation or when mice became sick (n
≥ 3 for each group).
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To better visualize myeloid cells in the tumor microenvironment, brain tumor tissues were
examined by IHC (immunohistochemistry) staining (Figure 3A). The results revealed that the DT
treatment only slightly reduced the total number of CD11b myeloid cells in the tumor (Figure 3B) with
decreases only in the number of F4/80+ TAMs (Figure 3C), but not in Gr-1+ granulocytes (Figure 3D).
We also stained for the endothelial marker CD31 and found no changes in the mean vessel density
(MVD) of the primary tumor (Figure 3E).

Figure 3. The change in tumor microenvironment following the DT administration in CD11b-DTR
mice-bearing ALTS1C1 tumors. (A) Representative pictures of tumor sections stained with DAPI and
myeloid cell markers, CD11b (red), F4/80 (red), and Gr-1 (red) as well as an endothelial marker, CD31
(red). The nucleus was stained with DAPI (blue) (B–D) Quantitative data of IHC staining for CD11b,
F4/80, and Gr-1, on CD11b-DTR mice-bearing ALTS1C1 tumors at day 13 (one day after mice received
two DT injections). (E) MVD (mean vessel density) is shown as the percentage of CD31 positive area in
the DAPI-positive tumor area. Symbols of one dot indicates one mouse, and the error bars are mean
with ± S.D. Each group had at least three mice. Scale bar = 200 µm. ***, p < 0.001.
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3.3. Selective MDCs Depletion Benefits tk/GCV Therapy

Although depletion of CD11b+Ly6G−Ly6C− MDCs and F4/80+ TAMs seemed to have little effect
on tumor progression, we determined whether they would have roles in response to therapeutic drugs
as frontline chemo-drug treatment or radiation therapies promote myeloid cells [40–44]. To achieve
this goal, we established a tk/GCV therapy system using this cancer model (Figure S3). The DT was
given one to two days after GCV treatment, which was given twice a day for six consecutive days
beginning ten days after tumor inoculation (Figure 4A). The mean survival time for ALTS1C1-tk
tumor-bearing mice increased from 25 days (PBS control group) (Figure 2B) and 30.7 days (GCV
treatment only group) (Figure 4B) to 37.8 (DT combined GCV treatment group) days (Figure 4B).
When the mice were terminated at day 43, one mouse from the DT and GCV treatment group was
completed cured with no detectable tumor residues in the brain (data not shown). The analysis of
the tumor section measurement (Figure 4C) confirmed that depletion of CD11b+Ly6G−Ly6C− MDCs
enhanced the cytotoxicity of GCV against ALTS1C1-tk tumors, as shown by the smaller tumor size
on day 16 (Figure 4D). This analysis also showed that mice died at different times between the GCV
(~28 days) and GCV + DT (~32 days) groups (Figure 4C), but with a similar size (Figure 4D). This
indicates that the mice mainly died from the tumor pressure and not from other reasons.

IHC staining for myeloid cells and blood vessels in tumor tissues (Figure 5A) revealed that tk/GCV
treatment significantly increased the number of infiltrating CD11b+ myeloid cells (32.1% to 61.4%),
and F4/80+ TAMs (15.0% to 36.1%), but not Gr-1+ granulocytes (6.9% to 3.6%) (Figure 5B–D) when
compared with the control group (Figure 3). The CD31 staining showed that the MVD also increased
from 4.1% to 7.4% (Figure 5E). In contrast, DT treatment blunted the tk/GCV treatment-elicited increase
in CD11b+ myeloid cells (61.4% to 17.0%) (Figure 5B) and F4/80+ TAMs (36.1% to 3.6%) (Figure 5C),
while Gr-1 granulocytes were unaffected (Figure 5D). The MVD also decreased after myeloid cell
depletion to a similar level as the controls (reduced from 7.4% to 4.4%, comparable to the PBS tumor).
Taken together, the data indicated that depletion of CD11b+Ly6G-Ly6C- MDCs and F4/80+ TAMs
selectively compromised tk/GCV therapy and their depletion enhanced the efficacy of tk/GCV treatment
to prolong mouse survival.

Next, we investigated whether CD11b+Ly6G−Ly6C−MDCs depletion could enhance the efficacy of
the current standard glioma chemotherapeutic agent Temozolamide (TMZ) [5]. TMZ was given to mice
ten days after tumor inoculation and once a day for six consecutive days. DT was administrated during
the TMZ treatment (Figure 5F). H&E staining indicated that the depletion of macrophages enhanced
TMZ-induced shrinkage of the tumor compared to TMZ alone or the control group (Figure 5G).
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Figure 4. Selective CD11b+Ly6G-Ly6C- MDCs depletion benefits tk/GCV therapy. (A) The timeline of
in vivo DT and tk/GCV treatment on CD11b-DTR mice-bearing ALTS1C1-tk tumors. (B) Kaplan–Meier
survival curves of ALTS1C1-tk tumor-bearing mice receiving GCV only or combined DT and GCV
treatments (GCV group n = 9, GCV + DT group n = 8), p < 0.0001. (C) Representative H&E stained
brain tissues at different time points after tumor inoculation or the time when mice became sick.
(D) Measurement of the largest tumor section area at different times after tumor inoculation or when
mice became sick (n ≥ 3 for each group). *, p (0.03) < 0.05 at day 16.
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Figure 5. Cont.
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Figure 5. CD11b+Ly6G−Ly6C− MDCs depletion blocked the increase in ctk/GCV therapy-induced
TAMs. (A) Representative pictures of tumor sections stained with DAPI and myeloid cell markers.
(B–E) Quantitative data of day 13 IHC staining of ALTS1C1-tk tumors receiving tk/GCV or combined
with DT treatment in CD11b-DTR mice. The myeloid cells were stained with CD11b (red), GR-1 (red),
F4/80 (red), vessels were stained with CD31 (red), and the nucleus was stained with DAPI (blue). MVD
(mean vessel density) is shown as the percentage of CD31 positive area in the DAPI-positive tumor
area. Symbols of one dot indicate one mouse, and the error bars are mean with ± S.D. Each group had
at least 3 mice. Scale bar = 200 µm. **, p < 0.01; ***, p < 0.001. (F) Scheme of DT treatment and TMZ
therapy on CD11b-DTR mice-bearing ALTS1C1 tumor. (G) H&E staining of day 16 of brain tissue was
performed to quantify the largest tumor section area.

3.4. The Time-Dependent Effect of DT Administration

We have demonstrated that the selective depletion of CD11b+Ly6G−Ly6C− MDCs and F4/80+

TAMs strengthened the efficacy of tk/GCV therapy. To explore whether the benefit was time-dependent,
we depleted myeloid cells either before GCV therapy (DT was given at days 8 and 9 after i.c. injection)
or after GCV therapy (DT was given at days 16 and 17 after i.c. injection) (Figure 6A). There was no
significant difference in survival when DT was given before or after the GCV treatment compared to
GCV treatment alone (mean 34.0 vs. 34.3 vs. 31.3 days, respectively) (Figure 6B). The most significant
effect was when DT was given together with tk/GCV treatment, so CD11b+Ly6G−Ly6C− MDCs
depletion was time-dependent.
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Figure 6. The time-dependent effect of myeloid cell depletion. (A) The timeline of DT treatment and
tk/GCV therapy in ALTS1C1-tk bearing CD11b-DTR mice. GCV was given twice a day from day 10 to
day 15. DT/Pre-GCV: DT was given once a day at days 8 and 9. DT/GCV: DT was given once a day at
days 11 and 12. DT/Post-GCV: DT was given once a day at days 16 and 17. (B) Kaplan–Meier survival
curves of ALTS1C1-tk tumor-bearing mice receiving GCV combined with different DT administration
timeline (Each group mice n = 3).

4. Discussion

Evidence suggests that TAMs can promote tumor proliferation and angiogenesis and that
this can be enhanced by some cancer therapies such as paclitaxel, doxorubicin, and platinum,
leading to greater macrophage infiltration into tumors that may promote tumor recurrence [45–48].
In the present study, we show that CD11b+F4/80+ macrophages massively increased after tk/GCV
chemotherapy in the brain tumor-bearing mice. To examine the role of these macrophages on tk/GCV
chemotherapy, we took advantage of the CD11b-DTR transgenic mice to achieve selective ablation of
CD11b+Ly6G−Ly6C− MDCs and F4/80+ TAMs, but not PMN-MDSCs and M-MDSCs. Ablating the
tk/GCV therapy-induced increase in these macrophage subsets greatly enhanced treatment efficacy
and animal survival, even though there was no effect on tumor progression in untreated controls.
These findings indicate that CD11b+Ly6G−Ly6C− MDCs and F4/80+ TAMs might have different roles
in primary and chemotherapy-treated tumors.

The role of TAMs in promoting tumor angiogenesis has been widely reported [40,49–51] and
in keeping with this, we found that the MVD was significantly increased after tk/GCV treatment,
which was reversed by macrophage depletion in CD11b-DTR mice. These findings suggest that
CD11b+Ly6G−Ly6C− are the primary source for the increased TAMs after therapy and are responsible
for therapy-induced angiogenesis and tumor progression. Presumably, because the depletion of TAMs
before or after tk/GCV therapy had no significant impact on the overall survival, therapy-induced
TAMs must act to promote tumor recurrence during the time when therapy is being administered.
This could be a time issue as macrophage depletion in this model is transient. It is likely that the
transient decrease of TAMs has an essential role in the initial regrowth of drug treated-tumor, but not
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thereafter [52,53]. The time-dependent factor may also explain why other successful depletion studies
were performed at a very early stage after tumor inoculation [31,54,55]. However, we cannot ignore a
possible compensatory effect of the increase of PMN-MDSCs and M-MDSCs where macrophages are
depleted in the absence of chemotherapy.

It needs reminding that the myeloid cells that we have described as depleted here only include
the CD11b+Ly6G−Ly6C− population in the blood, and peritoneal and intratumoral CD11b+F4/80+

cells. Since microglia are one of the primary myeloid cells in the brain and an alternative source
of pro-angiogenic factors [7,56], we attempted to verify whether resident microglia were deleted
in CD11b-DTR transgenic mice. The literature reports conflict on this point. Frieler and his team
discovered that microglia in the cortex and subcortex were unaffected [57]; however, Ueno et al.
reported that one-third of microglia in the subcortical white matter were reduced 12 h after DT
injection, though they had recovered 24 h later [58]. In our model, flow cytometry on brain cells using
CD11b+CD45low as a marker of microglia showed no depletion in the brains of CD11b-DTR mice after
the two DT injections (data not shown). The differences between these models may be due to the daily
DT dose used or disease model. The studies showing depletion used over five times the dose that
we used. Therefore, we do not think that microglia were relevant players in our system, although
this needs to be confirmed, preferably using transmembrane protein 119 (Tmem119) and purinergic
receptor (P2ry12) as markers to identify brain microglia [59,60].

While TAMs are the most abundant myeloid cells in tumor, granulocytes or neutrophils are the
most abundant in blood. They are the first responders to the acute inflammation and tissue damage
in the host body [61–63]. It has been reported that granulocytes are not affected in this CD11b-DTR
mouse model, although they are CD11b positive. That the CD11b+Gr1+ cells did not respond to the
cytotoxicity of DT in this mouse model is likely to be an issue of dose tolerance. Each subtype of
CD11b+ cells has a different expression level of CD11b and, therefore, the tolerance to DT. This variation
may also explain why reports showed a discrepancy on types of cell depletion in using this mouse
model [28–33] as some have said that they transiently increase 24 h after DT administration [29,57,64],
which may represent emergency mobilization. Our findings also revealed an increase in the percentage
of CD11b+Ly6G+Ly6C+ granulocytes (or PMN-MDSCs) and CD11b+Ly6G−Ly6C+ monocytes (or
M-MDSCs) after DT injections (Figure 1D), but not in tumor-bearing CD11b-DTR mice (Figure 3D).
On the other hand, tumor-bearing mice had twice the number of granulocytes than the controls ten
days after tumor inoculation, which may have affected any response. Overall, we think that neither
the systemic granulocytes nor intra-tumoral Gr-1 cells changed significantly throughout the treatment.

TAMs, however, are clearly major players in the tumor microenvironment and targeting these cells
as an adjuvant cancer therapy has long been considered a promising clinical approach. Anti-CSF1R
and anti-CCL2 blocking antibodies in combination with chemotherapy are in phase I/II clinical trials in
pancreatic, breast, and liposarcoma cancers [65–67]. Our data suggest that gliomas might also be a
good disease for macrophage targeting as an adjuvant cancer therapy.

In summary, our results show that peripheral CD11b+Ly6G−Ly6C− MDCs and tumor F4/80+

TAMs play important roles in decreasing the efficacy of cancer therapies and targeting them may
improve outcomes. The timing is best when myeloid depletion is concurrent with chemotherapy. This
discovery hints to future pre-clinical and clinical investigations for combining monocyte/macrophage
targeting with conventional cancer therapies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/1/51/s1,
Figure S1: Flow cytometry gating strategy on blood myeloid cells. (A) Scheme of gating strategy of 3 different
subgroups on CD11b+ RBC lysed cells. Figure S2: Selective systemic myeloid cell depletion from time to time (A–C)
FACs analysis of 3 sub-groups of systemic RBC lysed cells on three time points in CD11b-DTR ALTS1C1-bearing
mice (n ≥ 10 for each group), ** p < 0.01, *** p < 0.001. Figure S3: Establishment of tk/GCV therapy system (A) IRES
vector contained sr39tk gene. (B) RT-PCR of the expression of tk gene at 497 bp. (C) MTT assay of the pro-drug
GCV cytotoxicity on transfected ALTS1C1-tk cell line. IC50 = 0.44 and 241.1 µg/mL respectively. (D) Kaplan-Meier
survival curves of ALTS1C1 or ALTS1C1-tk tumor-bearing mice receive GCV treatment or PBS control group.
(ALTS1C1 GCV group n = 4, ALTS1C1 PBS group n = 9, ALTS1C1-tk GCV group n = 6, ALTS1C1-tk PBS group n
= 6). (E) IHC staining of ALTS1C1-tk bearing mice received GCV therapy. Brain tumor slides were stained with
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CD11b (red) and dapi (blue). Statistic data are shown as the percentage of CD11b positive area in dapi positive
tumor area. Symbols of one dot indicate one mouse and the error bars are mean with ± S.D. Each group had at
least 3 mice. Scale bar = 200 µm, ** p < 0.01.

Author Contributions: S.-Y.W. and C.-S.C. participated in the conceptulization and the experiment design. S.-Y.W.
conducted the whole experiment work, data acquisition, data curation, data analysis. S.-Y.W. and C.-S.C. both
carried out the data validation, investigation and formal analysis. S.-Y.W. conducted the writing—original draft
preparation. C.-S.C. and S.-Y.W. participated in writing—review and editing. C.-S.C. and S.-Y.W. worked on
the final approval of the submitted version. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by the Ministry of Science and Technology (MOST 107-2314-B-007-003-MY3),
the National Health Research Institutes (NHRI-EX107-10514BI), and the Frontier Research Center within the
framework of the Higher Education Sprout Project by the Ministry of Education (MOE 107QR001I5), Taiwan to
C.-S.C.

Acknowledgments: The authors thank Professor William H. McBride, UCLA, for helpful proofreading on
this manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, and interpretation of data; in the writing of the manuscript, and in the decision
to publish the results.

References

1. Louis, D.N.; Ohgaki, H.; Wiestler, O.D.; Cavenee, W.K.; Burger, P.C.; Jouvet, A.; Scheithauer, B.W.; Kleihues, P.
The 2007 WHO classification of tumours of the central nervous system. Acta Neuropathol. 2007, 114, 97–109.
[CrossRef]

2. Ostrom, Q.T.; Bauchet, L.; Davis, F.G.; Deltour, I.; Fisher, J.L.; Langer, C.E.; Pekmezci, M.; Schwartzbaum, J.A.;
Turner, M.C.; Walsh, K.M.; et al. The epidemiology of glioma in adults: A “state of the science” review.
Neuro Oncol. 2014, 16, 896–913. [CrossRef]

3. Wong, E.T.; Hess, K.R.; Gleason, M.J.; Jaeckle, K.A.; Kyritsis, A.P.; Prados, M.D.; Levin, V.A.; Yung, W.K.
Outcomes and prognostic factors in recurrent glioma patients enrolled onto phase II clinical trials. J. Clin.
Oncol. Off. J. Am. Soc. Clin. Oncol. 1999, 17, 2572–2578. [CrossRef] [PubMed]

4. Ballman, K.V.; Buckner, J.C.; Brown, P.D.; Giannini, C.; Flynn, P.J.; LaPlant, B.R.; Jaeckle, K.A. The relationship
between six-month progression-free survival and 12-month overall survival end points for phase II trials in
patients with glioblastoma multiforme. Neuro Oncol. 2007, 9, 29–38. [CrossRef] [PubMed]

5. Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.; Belanger, K.; Brandes, A.A.;
Marosi, C.; Bogdahn, U.; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma.
N. Engl. J. Med. 2005, 352, 987–996. [CrossRef] [PubMed]

6. Chae, M.; Peterson, T.E.; Balgeman, A.; Chen, S.; Zhang, L.; Renner, D.N.; Johnson, A.J.; Parney, I.F. Increasing
glioma-associated monocytes leads to increased intratumoral and systemic myeloid-derived suppressor cells
in a murine model. Neuro Oncol. 2015, 17, 978–991. [CrossRef] [PubMed]

7. Brandenburg, S.; Muller, A.; Turkowski, K.; Radev, Y.T.; Rot, S.; Schmidt, C.; Bungert, A.D.; Acker, G.;
Schorr, A.; Hippe, A.; et al. Resident microglia rather than peripheral macrophages promote vascularization
in brain tumors and are source of alternative pro-angiogenic factors. Acta Neuropathol. 2016, 131, 365–378.
[CrossRef]

8. Bronte, V.; Chappell, D.B.; Apolloni, E.; Cabrelle, A.; Wang, M.; Hwu, P.; Restifo, N.P. Unopposed production of
granulocyte-macrophage colony-stimulating factor by tumors inhibits CD8+ T cell responses by dysregulating
antigen-presenting cell maturation. J. Immunol. 1999, 162, 5728–5737.

9. Gabrilovich, D.I.; Bronte, V.; Chen, S.H.; Colombo, M.P.; Ochoa, A.; Ostrand-Rosenberg, S.; Schreiber, H.
The terminology issue for myeloid-derived suppressor cells. Cancer Res. 2007, 67, 425. [CrossRef]

10. Gabrilovich, D.I. Myeloid-Derived Suppressor Cells. Cancer Immunol. Res. 2017, 5, 3–8. [CrossRef]
11. Kallberg, E.; Stenstrom, M.; Liberg, D.; Ivars, F.; Leanderson, T. CD11b+Ly6C++Ly6G- cells show distinct

function in mice with chronic inflammation or tumor burden. BMC Immunol. 2012, 13, 69. [CrossRef]
[PubMed]

http://dx.doi.org/10.1007/s00401-007-0243-4
http://dx.doi.org/10.1093/neuonc/nou087
http://dx.doi.org/10.1200/JCO.1999.17.8.2572
http://www.ncbi.nlm.nih.gov/pubmed/10561324
http://dx.doi.org/10.1215/15228517-2006-025
http://www.ncbi.nlm.nih.gov/pubmed/17108063
http://dx.doi.org/10.1056/NEJMoa043330
http://www.ncbi.nlm.nih.gov/pubmed/15758009
http://dx.doi.org/10.1093/neuonc/nou343
http://www.ncbi.nlm.nih.gov/pubmed/25537019
http://dx.doi.org/10.1007/s00401-015-1529-6
http://dx.doi.org/10.1158/0008-5472.CAN-06-3037
http://dx.doi.org/10.1158/2326-6066.CIR-16-0297
http://dx.doi.org/10.1186/1471-2172-13-69
http://www.ncbi.nlm.nih.gov/pubmed/23234398


Cells 2020, 9, 51 15 of 17

12. Ouzounova, M.; Lee, E.; Piranlioglu, R.; El Andaloussi, A.; Kolhe, R.; Demirci, M.F.; Marasco, D.; Asm, I.;
Chadli, A.; Hassan, K.A.; et al. Monocytic and granulocytic myeloid derived suppressor cells differentially
regulate spatiotemporal tumour plasticity during metastatic cascade. Nat. Commun. 2017, 8, 14979.
[CrossRef] [PubMed]

13. Gieryng, A.; Kaminska, B. Myeloid-derived suppressor cells in gliomas. Contemp. Oncol. (Pozn.) 2016, 20,
345–351. [CrossRef] [PubMed]

14. Safarzadeh, E.; Orangi, M.; Mohammadi, H.; Babaie, F.; Baradaran, B. Myeloid-derived suppressor cells:
Important contributors to tumor progression and metastasis. J. Cell Physiol. 2018, 233, 3024–3036. [CrossRef]

15. Hey, Y.Y.; Tan, J.K.; O’Neill, H.C. Redefining Myeloid Cell Subsets in Murine Spleen. Front. Immunol. 2015, 6,
652. [CrossRef]

16. Bingle, L.; Lewis, C.E.; Corke, K.P.; Reed, M.W.; Brown, N.J. Macrophages promote angiogenesis in human
breast tumour spheroids in vivo. Br. J. Cancer 2006, 94, 101–107. [CrossRef]

17. Laoui, D.; Movahedi, K.; Van Overmeire, E.; Van den Bossche, J.; Schouppe, E.; Mommer, C.; Nikolaou, A.;
Morias, Y.; De Baetselier, P.; Van Ginderachter, J.A. Tumor-associated macrophages in breast cancer: Distinct
subsets, distinct functions. Int. J. Dev. Biol. 2011, 55, 861–867. [CrossRef]

18. Liu, C.Y.; Xu, J.Y.; Shi, X.Y.; Huang, W.; Ruan, T.Y.; Xie, P.; Ding, J.L. M2-polarized tumor-associated
macrophages promoted epithelial-mesenchymal transition in pancreatic cancer cells, partially through
TLR4/IL-10 signaling pathway. Lab. Investig. A J. Tech. Methods Pathol. 2013, 93, 844–854. [CrossRef]

19. Lanciotti, M.; Masieri, L.; Raspollini, M.R.; Minervini, A.; Mari, A.; Comito, G.; Giannoni, E.; Carini, M.;
Chiarugi, P.; Serni, S. The role of M1 and M2 macrophages in prostate cancer in relation to extracapsular
tumor extension and biochemical recurrence after radical prostatectomy. BioMed Res. Int. 2014, 2014, 486798.
[CrossRef]

20. Yuan, A.; Hsiao, Y.J.; Chen, H.Y.; Chen, H.W.; Ho, C.C.; Chen, Y.Y.; Liu, Y.C.; Hong, T.H.; Yu, S.L.; Chen, J.J.;
et al. Opposite Effects of M1 and M2 Macrophage Subtypes on Lung Cancer Progression. Sci Rep. 2015, 5,
14273. [CrossRef]

21. Morantz, R.A.; Wood, G.W.; Foster, M.; Clark, M.; Gollahon, K. Macrophages in experimental and human
brain tumors. Part 2: Studies of the macrophage content of human brain tumors. J. Neurosurg. 1979, 50,
305–311. [CrossRef] [PubMed]

22. Rossi, M.L.; Cruz Sanchez, F.; Hughes, J.T.; Esiri, M.M.; Coakham, H.B. Immunocytochemical study of the
cellular immune response in meningiomas. J. Clin. Pathol. 1988, 41, 314–319. [CrossRef] [PubMed]

23. Simmons, G.W.; Pong, W.W.; Emnett, R.J.; White, C.R.; Gianino, S.M.; Rodriguez, F.J.; Gutmann, D.H.
Neurofibromatosis-1 heterozygosity increases microglia in a spatially and temporally restricted pattern
relevant to mouse optic glioma formation and growth. J. Neuropathol. Exp. Neurol. 2011, 70, 51–62. [CrossRef]
[PubMed]

24. Arcuri, C.; Fioretti, B.; Bianchi, R.; Mecca, C.; Tubaro, C.; Beccari, T.; Franciolini, F.; Giambanco, I.; Donato, R.
Microglia-glioma cross-talk: A two way approach to new strategies against glioma. Front. Biosci. (Landmark
Ed.) 2017, 22, 268–309. [CrossRef]

25. Honjo, T.; Nishizuka, Y.; Hayaishi, O. Diphtheria toxin-dependent adenosine diphosphate ribosylation of
aminoacyl transferase II and inhibition of protein synthesis. J. Biol. Chem. 1968, 243, 3553–3555.

26. Van Ness, B.G.; Howard, J.B.; Bodley, J.W. ADP-ribosylation of elongation factor 2 by diphtheria toxin. NMR
spectra and proposed structures of ribosyl-diphthamide and its hydrolysis products. J. Biol. Chem. 1980, 255,
10710–10716.

27. Saito, M.; Iwawaki, T.; Taya, C.; Yonekawa, H.; Noda, M.; Inui, Y.; Mekada, E.; Kimata, Y.; Tsuru, A.; Kohno, K.
Diphtheria toxin receptor-mediated conditional and targeted cell ablation in transgenic mice. Nat. Biotechnol.
2001, 19, 746–750. [CrossRef]

28. Robinson, E.A.; Henriksen, O.; Maxwell, E.S. Elongation Factor 2: Amino acid sequence at the site of
adenosine diphosphate ribosylation. J. Biol. Chem. 1974, 249, 5088–5093.

29. Duffield, J.S.; Tipping, P.G.; Kipari, T.; Cailhier, J.F.; Clay, S.; Lang, R.; Bonventre, J.V.; Hughes, J. Conditional
ablation of macrophages halts progression of crescentic glomerulonephritis. Am. J. Pathol. 2005, 167,
1207–1219. [CrossRef]

30. Stoneman, V.; Braganza, D.; Figg, N.; Mercer, J.; Lang, R.; Goddard, M.; Bennett, M. Monocyte/macrophage
suppression in CD11b diphtheria toxin receptor transgenic mice differentially affects atherogenesis and
established plaques. Circ. Res. 2007, 100, 884–893. [CrossRef]

http://dx.doi.org/10.1038/ncomms14979
http://www.ncbi.nlm.nih.gov/pubmed/28382931
http://dx.doi.org/10.5114/wo.2016.64592
http://www.ncbi.nlm.nih.gov/pubmed/28373814
http://dx.doi.org/10.1002/jcp.26075
http://dx.doi.org/10.3389/fimmu.2015.00652
http://dx.doi.org/10.1038/sj.bjc.6602901
http://dx.doi.org/10.1387/ijdb.113371dl
http://dx.doi.org/10.1038/labinvest.2013.69
http://dx.doi.org/10.1155/2014/486798
http://dx.doi.org/10.1038/srep14273
http://dx.doi.org/10.3171/jns.1979.50.3.0305
http://www.ncbi.nlm.nih.gov/pubmed/422981
http://dx.doi.org/10.1136/jcp.41.3.314
http://www.ncbi.nlm.nih.gov/pubmed/3258871
http://dx.doi.org/10.1097/NEN.0b013e3182032d37
http://www.ncbi.nlm.nih.gov/pubmed/21157378
http://dx.doi.org/10.2741/4486
http://dx.doi.org/10.1038/90795
http://dx.doi.org/10.1016/S0002-9440(10)61209-6
http://dx.doi.org/10.1161/01.RES.0000260802.75766.00


Cells 2020, 9, 51 16 of 17

31. Liu, J.; Zhang, N.; Li, Q.; Zhang, W.; Ke, F.; Leng, Q.; Wang, H.; Chen, J.; Wang, H. Tumor-associated
macrophages recruit CCR6+ regulatory T cells and promote the development of colorectal cancer via
enhancing CCL20 production in mice. PLoS ONE 2011, 6, e19495. [CrossRef] [PubMed]

32. Zhao, L.; Lim, S.Y.; Gordon-Weeks, A.N.; Tapmeier, T.T.; Im, J.H.; Cao, Y.; Beech, J.; Allen, D.; Smart, S.;
Muschel, R.J. Recruitment of a myeloid cell subset (CD11b/Gr1 mid) via CCL2/CCR2 promotes the
development of colorectal cancer liver metastasis. Hepatology 2013, 57, 829–839. [CrossRef] [PubMed]

33. Zhang, Y.; Velez-Delgado, A.; Mathew, E.; Li, D.; Mendez, F.M.; Flannagan, K.; Rhim, A.D.; Simeone, D.M.;
Beatty, G.L.; Pasca di Magliano, M. Myeloid cells are required for PD-1/PD-L1 checkpoint activation and the
establishment of an immunosuppressive environment in pancreatic cancer. Gut 2017, 66, 124–136. [CrossRef]
[PubMed]

34. Moolten, F.L. Tumor chemosensitivity conferred by inserted herpes thymidine kinase genes: Paradigm for a
prospective cancer control strategy. Cancer Res. 1986, 46, 5276–5281.

35. Fillat, C.; Carrio, M.; Cascante, A.; Sangro, B. Suicide gene therapy mediated by the Herpes Simplex virus
thymidine kinase gene/Ganciclovir system: Fifteen years of application. Curr. Gene 2003, 3, 13–26. [CrossRef]
[PubMed]

36. Duarte, S.; Carle, G.; Faneca, H.; de Lima, M.C.; Pierrefite-Carle, V. Suicide gene therapy in cancer: Where do
we stand now? Cancer Lett. 2012, 324, 160–170. [CrossRef]

37. Yu, C.F.; Hong, J.H.; Chiang, C.S. The roles of macrophages and nitric oxide in interleukin-3-enhanced
HSV-Sr39tk-mediated prodrug therapy. PLoS ONE 2013, 8, e56508. [CrossRef]

38. Wang, S.C.; Hong, J.H.; Hsueh, C.; Chiang, C.S. Tumor-secreted SDF-1 promotes glioma invasiveness and
TAM tropism toward hypoxia in a murine astrocytoma model. Lab. Investig. J. Tech. Methods Pathol. 2012, 92,
151–162. [CrossRef]

39. Chiang, C.S.; Fu, S.Y.; Wang, S.C.; Yu, C.F.; Chen, F.H.; Lin, C.M.; Hong, J.H. Irradiation promotes an M2
macrophage phenotype in tumor hypoxia. Front. Oncol. 2012, 2, 89. [CrossRef]

40. Kioi, M.; Vogel, H.; Schultz, G.; Hoffman, R.M.; Harsh, G.R.; Brown, J.M. Inhibition of vasculogenesis, but
not angiogenesis, prevents the recurrence of glioblastoma after irradiation in mice. J. Clin. Investig. 2010, 120,
694–705. [CrossRef]

41. Kozin, S.V.; Kamoun, W.S.; Huang, Y.; Dawson, M.R.; Jain, R.K.; Duda, D.G. Recruitment of myeloid but not
endothelial precursor cells facilitates tumor regrowth after local irradiation. Cancer Res. 2010, 70, 5679–5685.
[CrossRef] [PubMed]

42. Wang, S.C.; Yu, C.F.; Hong, J.H.; Tsai, C.S.; Chiang, C.S. Radiation therapy-induced tumor invasiveness is
associated with SDF-1-regulated macrophage mobilization and vasculogenesis. PLoS ONE 2013, 8, e69182.
[CrossRef] [PubMed]

43. Lewis, C.E.; Harney, A.S.; Pollard, J.W. The Multifaceted Role of Perivascular Macrophages in Tumors.
Cancer Cell 2016, 30, 365. [CrossRef] [PubMed]

44. Middleton, J.D.; Stover, D.G.; Hai, T. Chemotherapy-Exacerbated Breast Cancer Metastasis: A Paradox
Explainable by Dysregulated Adaptive-Response. Int. J. Mol. Sci. 2018, 19. [CrossRef] [PubMed]

45. DeNardo, D.G.; Brennan, D.J.; Rexhepaj, E.; Ruffell, B.; Shiao, S.L.; Madden, S.F.; Gallagher, W.M.;
Wadhwani, N.; Keil, S.D.; Junaid, S.A.; et al. Leukocyte complexity predicts breast cancer survival
and functionally regulates response to chemotherapy. Cancer Discov. 2011, 1, 54–67. [CrossRef]

46. Shree, T.; Olson, O.C.; Elie, B.T.; Kester, J.C.; Garfall, A.L.; Simpson, K.; Bell-McGuinn, K.M.; Zabor, E.C.;
Brogi, E.; Joyce, J.A. Macrophages and cathepsin proteases blunt chemotherapeutic response in breast cancer.
Genes Dev. 2011, 25, 2465–2479. [CrossRef]

47. Dijkgraaf, E.M.; Heusinkveld, M.; Tummers, B.; Vogelpoel, L.T.; Goedemans, R.; Jha, V.; Nortier, J.W.;
Welters, M.J.; Kroep, J.R.; van der Burg, S.H. Chemotherapy alters monocyte differentiation to favor
generation of cancer-supporting M2 macrophages in the tumor microenvironment. Cancer Res. 2013, 73,
2480–2492. [CrossRef]

48. Mantovani, A.; Allavena, P. The interaction of anticancer therapies with tumor-associated macrophages.
J. Exp. Med. 2015, 212, 435–445. [CrossRef]

49. Leek, R.D.; Lewis, C.E.; Whitehouse, R.; Greenall, M.; Clarke, J.; Harris, A.L. Association of macrophage
infiltration with angiogenesis and prognosis in invasive breast carcinoma. Cancer Res. 1996, 56, 4625–4629.

50. Lamagna, C.; Aurrand-Lions, M.; Imhof, B.A. Dual role of macrophages in tumor growth and angiogenesis.
J. Leukoc. Biol. 2006, 80, 705–713. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0019495
http://www.ncbi.nlm.nih.gov/pubmed/21559338
http://dx.doi.org/10.1002/hep.26094
http://www.ncbi.nlm.nih.gov/pubmed/23081697
http://dx.doi.org/10.1136/gutjnl-2016-312078
http://www.ncbi.nlm.nih.gov/pubmed/27402485
http://dx.doi.org/10.2174/1566523033347426
http://www.ncbi.nlm.nih.gov/pubmed/12553532
http://dx.doi.org/10.1016/j.canlet.2012.05.023
http://dx.doi.org/10.1371/journal.pone.0056508
http://dx.doi.org/10.1038/labinvest.2011.128
http://dx.doi.org/10.3389/fonc.2012.00089
http://dx.doi.org/10.1172/JCI40283
http://dx.doi.org/10.1158/0008-5472.CAN-09-4446
http://www.ncbi.nlm.nih.gov/pubmed/20631066
http://dx.doi.org/10.1371/journal.pone.0069182
http://www.ncbi.nlm.nih.gov/pubmed/23940516
http://dx.doi.org/10.1016/j.ccell.2016.07.009
http://www.ncbi.nlm.nih.gov/pubmed/27505682
http://dx.doi.org/10.3390/ijms19113333
http://www.ncbi.nlm.nih.gov/pubmed/30373101
http://dx.doi.org/10.1158/2159-8274.CD-10-0028
http://dx.doi.org/10.1101/gad.180331.111
http://dx.doi.org/10.1158/0008-5472.CAN-12-3542
http://dx.doi.org/10.1084/jem.20150295
http://dx.doi.org/10.1189/jlb.1105656


Cells 2020, 9, 51 17 of 17

51. Coffelt, S.B.; Hughes, R.; Lewis, C.E. Tumor-associated macrophages: Effectors of angiogenesis and tumor
progression. Biochim. Et Biophys. Acta 2009, 1796, 11–18. [CrossRef] [PubMed]

52. Shiao, S.L.; Ruffell, B.; DeNardo, D.G.; Faddegon, B.A.; Park, C.C.; Coussens, L.M. TH2-Polarized CD4(+) T
Cells and Macrophages Limit Efficacy of Radiotherapy. Cancer Immunol Res. 2015, 3, 518–525. [CrossRef]
[PubMed]

53. Kalbasi, A.; Komar, C.; Tooker, G.M.; Liu, M.; Lee, J.W.; Gladney, W.L.; Ben-Josef, E.; Beatty, G.L.
Tumor-Derived CCL2 Mediates Resistance to Radiotherapy in Pancreatic Ductal Adenocarcinoma. Clin. Cancer
Res. 2017, 23, 137–148. [CrossRef] [PubMed]

54. Chen, X.; Wang, Y.; Nelson, D.; Tian, S.; Mulvey, E.; Patel, B.; Conti, I.; Jaen, J.; Rollins, B.J. CCL2/CCR2
Regulates the Tumor Microenvironment in HER-2/neu-Driven Mammary Carcinomas in Mice. PLoS ONE
2016, 11, e0165595. [CrossRef] [PubMed]

55. Peng, S.B.; Zhang, X.; Paul, D.; Kays, L.M.; Ye, M.; Vaillancourt, P.; Dowless, M.; Stancato, L.F.; Stewart, J.;
Uhlik, M.T.; et al. Inhibition of CXCR4 by LY2624587, a Fully Humanized Anti-CXCR4 Antibody Induces
Apoptosis of Hematologic Malignancies. PLoS ONE 2016, 11, e0150585. [CrossRef] [PubMed]

56. Prinz, M.; Priller, J. Microglia and brain macrophages in the molecular age: From origin to neuropsychiatric
disease. Nat. Rev. Neurosci. 2014, 15, 300–312. [CrossRef] [PubMed]

57. Frieler, R.A.; Nadimpalli, S.; Boland, L.K.; Xie, A.; Kooistra, L.J.; Song, J.; Chung, Y.; Cho, K.W.; Lumeng, C.N.;
Wang, M.M.; et al. Depletion of macrophages in CD11b diphtheria toxin receptor mice induces brain
inflammation and enhances inflammatory signaling during traumatic brain injury. Brain Res. 2015, 1624,
103–112. [CrossRef]

58. Ueno, M.; Fujita, Y.; Tanaka, T.; Nakamura, Y.; Kikuta, J.; Ishii, M.; Yamashita, T. Layer V cortical neurons
require microglial support for survival during postnatal development. Nat. Neurosci. 2013, 16, 543–551.
[CrossRef]

59. Satoh, J.; Kino, Y.; Asahina, N.; Takitani, M.; Miyoshi, J.; Ishida, T.; Saito, Y. TMEM119 marks a subset of
microglia in the human brain. Neuropathology 2016, 36, 39–49. [CrossRef]

60. Haage, V.; Semtner, M.; Vidal, R.O.; Hernandez, D.P.; Pong, W.W.; Chen, Z.; Hambardzumyan, D.; Magrini, V.;
Ly, A.; Walker, J.; et al. Comprehensive gene expression meta-analysis identifies signature genes that
distinguish microglia from peripheral monocytes/macrophages in health and glioma. Acta Neuropathol.
Commun. 2019, 7, 20. [CrossRef]

61. Kolaczkowska, E.; Kubes, P. Neutrophil recruitment and function in health and inflammation. Nat. Rev.
Immunol. 2013, 13, 159–175. [CrossRef] [PubMed]

62. Nauseef, W.M.; Borregaard, N. Neutrophils at work. Nat. Immunol. 2014, 15, 602–611. [CrossRef] [PubMed]
63. Kruger, P.; Saffarzadeh, M.; Weber, A.N.; Rieber, N.; Radsak, M.; von Bernuth, H.; Benarafa, C.; Roos, D.;

Skokowa, J.; Hartl, D. Neutrophils: Between host defence, immune modulation, and tissue injury. PLoS
Pathog. 2015, 11, e1004651. [CrossRef] [PubMed]

64. Wang, H.; Melton, D.W.; Porter, L.; Sarwar, Z.U.; McManus, L.M.; Shireman, P.K. Altered macrophage
phenotype transition impairs skeletal muscle regeneration. Am. J. Pathol. 2014, 184, 1167–1184. [CrossRef]
[PubMed]

65. Ries, C.H.; Cannarile, M.A.; Hoves, S.; Benz, J.; Wartha, K.; Runza, V.; Rey-Giraud, F.; Pradel, L.P.; Feuerhake, F.;
Klaman, I.; et al. Targeting tumor-associated macrophages with anti-CSF-1R antibody reveals a strategy for
cancer therapy. Cancer Cell 2014, 25, 846–859. [CrossRef] [PubMed]

66. Lim, S.Y.; Yuzhalin, A.E.; Gordon-Weeks, A.N.; Muschel, R.J. Targeting the CCL2-CCR2 signaling axis in
cancer metastasis. Oncotarget 2016, 7, 28697–28710. [CrossRef] [PubMed]

67. Mollica Poeta, V.; Massara, M.; Capucetti, A.; Bonecchi, R. Chemokines and Chemokine Receptors: New
Targets for Cancer Immunotherapy. Front. Immunol. 2019, 10, 379. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.bbcan.2009.02.004
http://www.ncbi.nlm.nih.gov/pubmed/19269310
http://dx.doi.org/10.1158/2326-6066.CIR-14-0232
http://www.ncbi.nlm.nih.gov/pubmed/25716473
http://dx.doi.org/10.1158/1078-0432.CCR-16-0870
http://www.ncbi.nlm.nih.gov/pubmed/27354473
http://dx.doi.org/10.1371/journal.pone.0165595
http://www.ncbi.nlm.nih.gov/pubmed/27820834
http://dx.doi.org/10.1371/journal.pone.0150585
http://www.ncbi.nlm.nih.gov/pubmed/26954567
http://dx.doi.org/10.1038/nrn3722
http://www.ncbi.nlm.nih.gov/pubmed/24713688
http://dx.doi.org/10.1016/j.brainres.2015.07.011
http://dx.doi.org/10.1038/nn.3358
http://dx.doi.org/10.1111/neup.12235
http://dx.doi.org/10.1186/s40478-019-0665-y
http://dx.doi.org/10.1038/nri3399
http://www.ncbi.nlm.nih.gov/pubmed/23435331
http://dx.doi.org/10.1038/ni.2921
http://www.ncbi.nlm.nih.gov/pubmed/24940954
http://dx.doi.org/10.1371/journal.ppat.1004651
http://www.ncbi.nlm.nih.gov/pubmed/25764063
http://dx.doi.org/10.1016/j.ajpath.2013.12.020
http://www.ncbi.nlm.nih.gov/pubmed/24525152
http://dx.doi.org/10.1016/j.ccr.2014.05.016
http://www.ncbi.nlm.nih.gov/pubmed/24898549
http://dx.doi.org/10.18632/oncotarget.7376
http://www.ncbi.nlm.nih.gov/pubmed/26885690
http://dx.doi.org/10.3389/fimmu.2019.00379
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Mice 
	Cell Line Cultures 
	Plasmids and Cell Transfection 
	Flow Cytometry Analysis 
	Orthotopic Intracranial Tumor Model 
	Immunohistochemistry 
	Drug Preparation 
	Statistics 

	Results 
	Selective Myeloid Cells Depletion in CD11b-DTR Transgenic Mice 
	Depletion of the CD11b+Ly6G-Ly6C- MDCs Alone Did Not Impede Tumor Growth 
	Selective MDCs Depletion Benefits tk/GCV Therapy 
	The Time-Dependent Effect of DT Administration 

	Discussion 
	References

