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Brain metastasis is a common complication of cancer patients and is associated with 
poor survival. Histological data from patients with brain metastases suggest that microglia 
are the major immune population activated around the metastatic foci. Microglia and mac-
rophages have the ability to polarize to different phenotypes and to exert both tumorigenic 
and cytotoxic effects. However, the role of microglia/macrophages during the early stages 
of metastatic growth in the brain has not yet been determined. The aim of this study 
was to profile microglial/macrophage activation in a mouse model of breast cancer brain 
metastasis during the early stages of tumor growth, and to assess the role of the anti-in-
flammatory microglial/macrophage population, specifically, during this phase. Following 
intracerebral injection of 5 × 103 4T1-GFP mammary carcinoma cells into female BALB/c 
mice, robust microglial/macrophage activation around the 4T1 metastatic foci was evident 
throughout the time-course studied (28 days) and correlated positively with tumor volume 
(R2 = 0.67). Populations of classically (proinflammatory) and alternatively (anti-inflammatory) 
activated microglia/macrophages were identified immunohistochemically by expression of 
either induced nitric oxide synthase/cyclooxygenase 2 or mannose receptor 1/arginase 
1, respectively. Temporally, levels of both pro- and anti-inflammatory cells were broadly 
stable across the time-course. Subsequently, selective depletion of the anti-inflammatory 
microglia/macrophage population by intracerebral injection of mannosylated clodronate 
liposomes significantly reduced metastatic tumor burden (p < 0.01). Moreover, increased 
levels of apoptosis were associated with tumors in clodronate liposome treated animals 
compared to controls (p < 0.05). These findings suggest that microglia/macrophages are 
important effectors of the inflammatory response in the early stages of brain metastasis, 
and that targeting the anti-inflammatory microglial/macrophage population may offer an 
effective new therapeutic avenue for patients with brain metastases.
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inTrODUcTiOn

Brain metastasis is a common complication in cancer. It is estimated that 20–40% of cancer 
patients will develop metastases in the brain; this percentage is increasing due to better control 
of the systemic disease and improved diagnosis. Current treatment options include radiotherapy 
and surgical resection, while conventional chemotherapy is often offered as adjuvant therapy and 
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is beneficial when used early in the course of the disease (1, 2). 
Nevertheless, brain metastasis is associated with poor survival 
even after whole-brain radiotherapy (3). Thus, a better under-
standing of the molecular and cellular mechanisms governing 
the early stages of metastasis development within the brain could 
provide new targets for therapeutic intervention with the aim of 
developing multidisciplinary approaches to better manage the 
disease.

The CNS resident macrophages, microglia, appear to be 
important components of the immune response to metastatic 
growth in the brain. Clustering of microglial cells around 
metastatic tumors has been described for both experimental and 
human brain metastases (4–6). Moreover, histological analysis 
of autopsy samples from patients with brain metastases sug-
gests that microglia are the major immune population activated 
around the metastatic foci. HLA-DR+ microglia/macrophages 
infiltrate the intracranial metastatic lesions in the cases of breast, 
melanoma, small cell lung, and non-small cell lung cancers (5). 
The histological study of another cohort of patients with breast 
cancer brain metastasis revealed the presence and close asso-
ciation of CD68+ microglia/macrophages with GFAP expressing 
astrocytes between clusters of carcinoma cells (7). In contrast, 
low numbers of scattered B and T lymphocytes were associated 
with human brain metastases (5), and minimal neutrophil 
infiltration of brain metastases in the mouse 4T1 mammary 
carcinoma model has been reported (8).

In recent years, it has been established that microglia, such as 
macrophages, are versatile cells of the adaptive immune response, 
which have the ability to express distinct functional programs 
depending on stimuli from the local microenvironment (9). 
Microglia can polarize to either a “classical” proinflammatory 
phenotype, characterized by increased levels of proinflammatory 
cytokines, induced nitric oxide synthase (iNOS), and the ability 
to elicit a T cell immune response against neoplastic cells, or to 
an “alternative” anti-inflammatory phenotype, which promotes 
angiogenesis and tumor growth. It is now recognized, however, 
that in fact a spectrum of inflammatory macrophage phenotypes 
exist and that the historical bipolar classification is an oversim-
plification (10). Interestingly, glioma-infiltrating microglia have 
been shown to acquire a predominantly anti-inflammatory phe-
notype, which possibly accounts for their immunosuppressive 
effect (11). In experimental gliomas, tumor infiltrating microglia 
and macrophages upregulate their anti-inflammatory molecular 
signatures; notably arginase 1 (Arg1), transforming growth factor 
β, matrix metalloprotease 2, and interleukin 10 (IL-10) (12, 13). 
However, the role and phenotype of microglia in the early stages 
of metastatic outgrowth within the brain, i.e., once the tumor 
cells have already extravasated across the endothelium, has not 
yet been determined.

In systemic tumors, the growth promoting properties of 
tumor-associated macrophages (TAMs) is now well established, 
and recent efforts have focused either on targeting their recruit-
ment and proliferation, or on re-educating them toward tumor 
rejection. Notably, small-molecule inhibitors of two important 
signaling axes, CSF-1/CSF-1R and CCL2/CCR2, are undergoing 
clinical trials for breast and other types of solid cancers (14–16). 
Given the emerging functional and phenotypic heterogeneity of 

TAMs, novel approaches to target trophic subsets of macrophages 
and microglia in a cancer specific context may improve existing 
regimes of chemotherapy and radiotherapy and enhance person-
alized treatments (15).

Based on the above, the initial aim of the current study was 
to determine the temporal and spatial profile of microglial/
macrophage activation in a mouse model of breast cancer 
brain metastasis, with the overall goal of elucidating their role 
in promoting or suppressing tumor growth. Subsequently, the 
effect of selectively depleting the anti-inflammatory microglial/
macrophage population, which may be expected to be tumor pro-
moting, was assessed in vivo as a potential therapeutic approach 
for brain metastasis.

MaTerials anD MeThODs

Brain Metastasis Model
All animal procedures were carried out in accordance with the  
UK Animals (Scientific Procedures) Act 1986 and with the University 
of Oxford (Clinical Medicine) Ethical Committee approval.

Female BALB/c mice, 6–9 weeks old (Charles River Labora-
tories, Kent, UK) were anesthetized with 3–4% isoflurane in 
70:30% N2O:O2, placed on a stereotactic frame and anesthesia 
maintained with 2% isoflurane. Using a finely drawn glass 
microcapillary, 70  µm diameter tip, 5  ×  103 syngeneic mouse 
mammary carcinoma 4T1-GFP cells were stereotactically 
injected into the left striatum, through a burr hole in the skull, 
in 0.5  µl PBS (coordinates +  0.5mm/1.9  mm lateral relative to 
bregma, 2.8  mm deep). Following injection, the scalp incision 
was sutured and animals allowed to recover from anesthesia. 
Animals were transcardially perfusion-fixed on days 7, 10, 14, 
21, or 28 after 4T1-GFP cell injection under terminal anesthesia 
using 0.9% heparinised saline followed by PLPlight fixative (75 mM 
l-lysine monohydrochloride, 10  mM Na2HPO4, 2% w/v PFA, 
1  mM sodium metaperiodate in phosphate buffer, 0.025% w/v 
glutaraldehyde, pH 7.2). Brains were excised, cryoprotected in 
30% w/v sucrose, embedded in OCT and frozen in isopentane 
at −80°C. Intracerebral injections of vehicle (sterile PBS) were 
performed as above in control animals.

cns inflammation Model
An anti-inflammatory model of CNS inflammation was induced 
by intracerebral microinjection of 100  ng murine recombinant 
interleukin-4 (IL-4; Peprotech, UK) in 0.5  µl sterile Milli-Q 
H2O using a 50  µm tipped glass microcapillary (coordi-
nates  +  0.5/1.9  mm lateral relative to bregma, 2.8  mm deep). 
Animals were sacrificed at 6, 24, 48, or 72 h after cytokine injec-
tion by transcardial perfusion-fixation, as described above for the 
brain metastasis model.

Microglia/Macrophage Depletion studies
Mannosylated control (PBS) or clodronate (10  mg/ml) 
liposomes (Encapsula Nanosciences, USA) in PBS were gently 
rocked to yield a homogeneous suspension before intracerebral 
injection using a 50 µm tipped glass microcapillary. Using the 
IL-4 model of neuroinflammation above, control or clodronate 
liposomes (0.5  µl) were intracerebrally injected 24  h after 
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intracerebral injection of IL-4 (schematic in Figure S1A in 
Supplementary Material) at the same coordinates. Mice were 
transcardially perfusion-fixed 48  h after liposome injection, as 
described above. Subsequently, mice injected intracerebrally 
with 4T1-GFP cells (as above) were injected intracerebrally 
with control or clodronate liposomes (0.5  µl) 12  days later 
(schematic in Figure S1B in Supplementary Material) at the 
same coordinates. Animals were transcardially perfusion-fixed 
3, 9, or 16 days after liposome injection. Two further control 
groups of metastasis bearing mice were injected intracerebrally 
with either 0.5 µl PBS or 0.5 µg of dichloromethylenediphos-
phonic acid disodium salt (clodronate salt; CH2O6Cl2Na2P2; 
Sigma-Aldrich, UK) in 0.5 µl Milli-Q H20 (pH 7).

immunohistochemistry
Immunohistochemistry was performed on 10 µm thick tissue 
sections mounted on glass slides (Superfrost Plus, Menzel Gläzer, 
Braunschweig, Germany). Initially, slides were allowed to come 
to room temperature before rehydration in PBS (Thermo Fisher 
Scientific, UK; pH 7.4). When necessary, antigen retrieval was 
performed using sodium citrate buffer containing 0.1% Tween 
20 (pH 6.0). Tissue was permeabilized in PBS containing 0.05% 
Tween 20 and endogenous peroxidases were quenched in 1% 
(v/v) hydrogen peroxide (30% w/w) (Sigma, Aldrich) in metha-
nol. Brain sections were blocked for non-specific antibody 
binding in 10% serum (in PBS) for an hour and incubated over-
night at 4°C with primary antibodies (1% serum in PBS): anti-
Iba1 (Abcam ab5076), anti-iNOS (M-19) (SantaCruz sc650), 
anti-Arg1 (Novus Biologicals NBP1-54621), anti-MRC1 (AbD 
Serotec MCA2235), anti-COX2 (Abcam ab15191), anti-CC3 
(Asp175) (Cell Signaling Technology 9661), and anti-CD31 
(R&D AF3628). After rinsing in PBS, tissue sections were 
incubated with appropriate secondary antibodies (Vector Labs, 
CA, USA) for an hour: biotinylated horse anti-goat IgG, bioti-
nylated goat anti-rabbit IgG, biotinylated rabbit anti-rat (mouse 
absorbed) IgG. This step was followed by incubation with the 
avidin/biotin complex-horseradish peroxidase (HRP) system 
(VECTASTAIN Elite ABC Kit Standard, Vector Laboratories, 
CA, USA). Peroxidase was detected using 3,3′-diaminoben-
zidine (DAB) and tissue was counterstained with 0.5% cresyl 
violet. Tissue was dehydrated using increasing concentration 
of ethanol, cleared in xylene and mounted in DPX mountant 
(Fisher Scientific, UK). Immunostained slides were imaged 
on ScanScope CS slide scanner (Aperio, Vista, CA, USA) and 
analyzed using ImageScope (Aperio, USA).

Quantitative analysis of the volumes of metastatic areas and 
microglial/macrophage infiltration was performed by manual 
demarcation of the areas of interest on brain sections 50 µm apart 
spanning the metastatic lesions: tumors were defined as cresyl 
violet-positive foci and microglial/macrophage infiltration area 
by the outer limit of reactive Iba1+ cells. Quantitation of DAB 
for inflammatory markers was performed using the Positive Pixel 
Count Algorithm (Aperio, USA) and converted to area (μm2) of 
immunostaining. Positive and strong positive pixels within the 
areas of interest were included for the analysis. In the IL-4 in vivo 
study, numbers of Iba1+ cells were quantified across different 
fields of view from multiple sections, as specified.

image coregistration
An in-house Matlab/ImageJ based approach to coregister 
immunostains on sequential sections was developed. 10  µm 
thick sequential brain sections from mice bearing 4T1-GFP 
metastases were stained for different biomarkers: Iba1 for 
microglia/macrophage; iNOS and COX2 for proinflammatory 
phenotype; Arg1 and MRC1 for anti-inflammatory phenotype 
and counterstained with cresyl violet. Sequential IHC images 
were coregistered by choosing landmark points that correspond 
to the same areas on both images based on metastatic lesion and 
brain morphology (corpus callosum, ventricle). Coregistered 
images were subsequently thresholded by color to extract maps 
of the different stains and merged into a single overlap map. The 
overlap maps show colocalization of Iba1 with either polarization 
marker in white, and immunostained pixels for the polarization 
markers that did not colocalize with Iba1 pixels on the sequential 
section in red. The white pixels (double labeling) corresponded 
to the immunostained object for the polarization markers, rather 
the microglia/macrophage marker, to yield a percentage of Iba1-
positive pixels that were positive for each of the polarization 
markers.

immunofluorescence
Immunofluorescent detection of antigens was performed on 
10–20 µm thick tissue sections mounted on glass slides (Superfrost 
Plus, Menzel Gläzer, Braunschweig, Germany). Tissue was per-
meabilized with PBS Tween 20 (0.05%), endogenous peroxidase 
activity was quenched in 1% H2O2 in PBS and endogenous biotin 
was blocked using the streptavidin/biotin blocking kit (Vector 
Laboratories, CA, USA). Tissue was blocked in TNB buffer 
(PerkinElmer, UK) for 1 h and primary antibodies were applied 
overnight at 4°C: anti-Iba1 (Abcam ab5076), anti-iNOS (M-20) 
(sc651), anti-Arg1(H-52 sc20150), anti-MRC1 (AbD MCA2235), 
anti-CC3 (Asp175) (CST 9661), and anti-GFP (Abcam ab13970). 
Next day, sections were washed in PBS and incubated with the 
appropriate fluorophore conjugated secondary antibodies for an 
hour: anti-goat TexasRed or antigoat DyLight 594 (Vector Labs, 
CA, USA), anti-rabbit TexasRed (Vector Labs, CA, USA), and 
anti-chicken CFTM488A (Sigma-Aldrich, UK). Alternatively, 
biotinylated secondary antibodies were applied on sections for 
1 h followed by streptavidin-conjugated fluorophores (AMCA or 
Dylight 488) (Vector Labs, CA, USA) for an additional hour. iNOS 
and Arg1 signals were amplified using the TSA Biotin System 
(PerkinElmer LAS, UK). Briefly, after the incubation with anti-
rabbit biotinylated secondary antibody, streptavidin–HRP (1:200 
in TNB buffer) was applied to the tissue for 30 min followed by a 
10 min incubation with biotinylated TSA (1:100 in amplification 
buffer). Streptavidin-conjugated AMCA was used as the final step 
for the amplification protocol.

A colocalization analysis was performed between the 
anti-inflammatory marker MRC1 and Iba1 using an in-house 
ImageJ plugin. The parameters measured by the plugin were 
the percentage area of marker A’s signal that is above a user set 
threshold, the percentage area of marker B’s signal that is above 
a user set threshold, the percentage area of the image where 
both markers are above the user set threshold (the colocalized 
image area), and the percentage of each marker’s signal that 
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has overlaps with the colocalized image area. The plugin also 
calculated the Pearson’s correlation coefficient and the Mander’s 
overlap coefficient.

Immunofluorescent staining was also performed on cells grown 
on coverslips and treated appropriately (see below). Cells were 
fixed in 4% PFA (in PBS, pH 7.2) for 10 min and washed in PBS 
twice. Cells were permeabilized with PBS Tween 20 (0.05%) and 
blocked for endogenous biotin using the streptavidin/biotin 
blocking kit (Vector Laboratories, CA, USA). Subsequently, 
cells were incubated with TNB buffer (PerkinElmer) for 1 h in 
a humidified chamber to block non-specific antibody binding. 
Appropriate primary antibodies were applied to the cells over-
night at 4°C: anti-rat MRC1 (AbD MCA2235), anti-mouse F4/80 
Biotin (eBioscience, 13-4801-81), anti-iNOS (M-20) (sc651). 
Next day, cells were washed in PBS and appropriate fluorophore-
conjugated fluorophores (anti-rat Texas Red, anti-rabbit Texas 
Red, streptavidin-conjugated Dylight 488) were applied to the 
cells for 1 h at room temperature. Cell nuclei were counterstain 
with DAPI (Vector Laboratories, CA, USA).

In Vitro experiments
All cell lines used were routinely grown in DMEM (Invitrogen, 
UK) supplemented with 10% fetal bovine serum (Labtech, 
International, UK) and 1% l-glutamine (PAA, UK). Equal num-
bers of BV2 microglia or RAW 264.7 macrophages were seeded 
onto 12- or 96-well plates (Greiner Bio-one, CellStar). Cells were 
treated with 100  ng/ml LPS (E. coli derived, 0111:B4) (Sigma-
Aldrich, UK) or 20 ng/ml murine recombinant IL-4 (Peprotech, 
UK) in DMEM for polarization to the pro- or anti-inflammatory 
phenotypes, respectively, or left untreated for the unpolarized 
control phenotype. At the end of the experiment, cells were fixed 
in 4% PFA (in PBS, pH 7.2) for immunofluorescence staining.

4T1-GFP, BV2, and RAW 264.7 cells were seeded onto 
96-well plates and when cell confluency reached 60–70%, cells 
were treated with mannosylated control (PBS) or clodronate 
(10  mg/ml) liposomes (Encapsula Nanosciences, USA) diluted 
1:50 or 1:100 in culture medium for 24  h. Alternatively, BV2 
and RAW 264.7 cells seeded onto 96-well plates were treated 
with IL-4 (20 ng/ml) or LPS (100 ng/ml) for polarization when 
cell confluency reached 40–50%. 24  h after treatment with the 
polarizing agents, cells were treated with mannosylated control 
or clodronate liposomes diluted 1:50 in culture medium for 24 h. 
At the end of the experiment cells were subjected to the MTT 
viability assay.

MTT cell Viability assay
BV2, RAW 264.7, and 4T1-GFP cells treated as above were 
subjected to an MTT assay (CellTiter 96® Non-Radioactive Cell 
Proliferation Assay; Promega, UK) according to the manufac-
turer’s instructions. Briefly, 15 µl of MTT dye solution was added 
per well in the dark. Plates were incubated at 37°C in a humidified, 
5% CO2 atmosphere for 3–4 h, depending on the cell line. After 
the development of the violet formazan product, 100 µl of solu-
bilization/stop solution was added per well and plates were left 
shaking on a platform for 1 h at room temperature. Absorbance 
was recorded at 570 nm wavelength using a 96-well plate reader 
(Tecan Infinite® Pro, Switzerland).

statistics
For assessment of microglial/macrophage activation over time 
and colocalization of pro- and anti-inflammatory markers one-
way ANOVA was used, with post hoc Tukey’s or Newman–Keuls 
multiple comparison tests. For in vitro assessment of liposome 
effects one-way ANOVA with post  hoc Dunnett’s multiple 
comparison tests were used to determine significant differences 
between groups. For the in vivo microglia/macrophage depletion 
studies two tailed unpaired t-tests were used to determine differ-
ences between groups.

resUlTs

Microglial/Macrophage infiltration in 
4T1-gFP Brain Metastases
The spatial and temporal profile of microglial/macrophage 
infiltration in the early stages of metastatic growth in the brain 
was assessed in the intracerebral syngeneic 4T1-GFP model. 
Iba1+ macrophages/microglia were found in close vicinity to the 
metastatic foci, as well as in the wider tumor microenvironment 
(Figure  1A). Qualitatively, sustained microglial/macrophage 
infiltration of the 4T1-GFP metastatic foci was observed at all time 
points throughout the 28-day study (Figure 1B). Both ramified 
and amoeboid Iba1 positively stained cells were identified, with 
amoeboid cells that could be either microglia or perivascular 
macrophages (17) mostly associated closely with the 4T1-GFP 
foci, while ramified microglia were found both close to the tumor 
foci and further away in the broader tumor microenvironment 
(Figure 1A). Quantitatively, microglial/macrophage infiltration 
increased significantly over time as intracranial tumor volume 
increased (ANOVA p  <  0.001; Figure  1C) and a strong posi-
tive correlation was evident between the Iba1 immunostained 
area and the volume of the 4T1-GFP metastases (R2  =  0.671; 
Figure 1D).

Pro- and anti-inflammatory Microglia/
Macrophages in the Metastatic Brain
Since it is well established that microglia and macrophages 
can exert different functions in the tumor microenvironment 
depending on their molecular phenotype, the polarization state 
of microglia/macrophages infiltrating the 4T1-GFP metastatic 
foci was investigated. Both proinflammatory (iNOS and COX2) 
and anti-inflammatory (MRC1 and Arg1) phenotype mark-
ers were expressed in the metastatic brain at all time-points 
(Figure  2A). All four markers were specifically upregulated 
in response to brain metastasis, as indicated by the negligible 
expression in ipsilateral and contralateral hemispheres of 
mice injected intracranially with PBS as control (Figure S2 in 
Supplementary Material).

Double immunofluorescence was employed to specifically 
identify Iba1+ cells bearing a pro- or anti-inflammatory pheno-
type; iNOS was used as the prototype marker for the proinflamma-
tory phenotype, whilst Arg1 was used for the anti-inflammatory 
phenotype (Figure 2B). Both pro- and anti-inflammatory micro-
glia/macrophages were evident in close vicinity to the 4T1-GFP 
metastatic foci at all time-points after intracerebral injection of 
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FigUre 1 | (a) Iba1+ microglia/macrophages (brown) are detected in close association with the tumor foci (ii) and within the broader tumor microenvironment  
(iii) in the 4T1-GFP metastatic brains, as shown by a representative image of a brain section (counterstained with cresyl violet) at day 7 after intracerebral injection of 
5 × 103 4T1-GFP cells. (B) Representative immunohistochemical images showing increased expression of Iba1 at days 7, 10, 14, 21, and 28 after intracerebral 
injection of 5 × 103 4T1-GFP cells compared to intracerebral PBS injection (d7). (c) Quantitation of the Iba1+ immunostained area in the metastatic brain showed a 
significant increase over time (n = 4–6 per group). **p < 0.01, ***p < 0.001; one-way ANOVA with Tukey’s multiple comparison test. (D) Pearson correlation plot of 
microglial/macrophage infiltration (Iba1+) area against tumor volume (cresyl violet foci) revealed a strong positive correlation (R2 = 0.671). Scale bars 100 µm  
[(a), i, (B)] or 50 µm [(a), ii, iii].
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the tumor cells. Arg1 and iNOS were also expressed to some 
extent by other cells in the tumor microenvironment (Figure 2B).

Using the sequential section coregistration approach in 
Matlab (Figure S3A), the spatiotemporal expression of differently 

polarized microglia/macrophages during the early stages of brain 
metastasis was analyzed (Figure 3). Proinflammatory microglia/
macrophages were identified as iNOS+Iba1+ or COX2+Iba1+ cells, 
and anti-inflammatory microglia/macrophages as MRC1+Iba1+ 
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FigUre 2 | (a) Immunohistochemical detection (brown stain) of the 
proinflammatory markers induced nitric oxide synthase (iNOS) and 
cyclooxygenase 2, and the anti-inflammatory markers mannose receptor 1 
and arginase 1 (Arg1) at days 7, 10, 14, and 21 after intracerebral injection of 
5 × 103 4T1-GFP cells (sections counterstained with cresyl violet). (B) 
Detection of pro- and anti-inflammatory microglia/macrophages in the 
metastatic brain by immunofluorescent colocalization of Iba1 with either iNOS 
(top panel) or Arg1 (bottom panel) at days 7, 14, and 21 after intracerebral 
injection of 5 × 103 4T1-GFP cells. Arrows show areas of colocalization, 
which are magnified in the insets. Scale bars 20 µm (a), 50 µm (B), or 25 µm 
[(B) insets].
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or Arg1+Iba1+ cells. As for the double immunofluorescence, 
populations of both pro- and anti-inflammatory cells were found 
in close association with the tumor foci at days 7, 10, 14, and 
21 after intracerebral injection of 4T1-GFP cells (Figure  3A). 
Quantitation of the colocalization of each marker with Iba1 as 
a percentage of the microglial/macrophage activation area, on 
representative sections from the central section of the 4T1-GFP 
tumors, revealed no significant differences in each phenotype 
over time. However, all of the markers appeared to show a trend 
toward a decrease in colocalization from day 7 to day 10 fol-
lowed by an increase at days 14 and 21, with the exception of 

MRC1, which appeared to drop again at day 21 (Figures S3B–E 
in Supplementary Material). The strongest expression of both 
pro- and anti-inflammatory markers was evident at the core 
of the metastatic region, in close association with the tumor 
foci, compared to the broader tumor microenvironment. Thus, 
further quantitative analysis of the regions circumscribed by 
the tumor foci alone was performed (Figure  3B) and showed 
a significant increase in iNOS+ microglia/macrophages at 
day 21 compared to all other time-points (ANOVA p  <  0.01; 
Figure 3B). Similar trends toward increased COX2+ and Arg1+ 
microglia/macrophages at day 21 were also seen, but these did 
not reach significance (Figure 3B). Moreover, when data for the 
two proinflammatory markers (iNOS and COX2) and the two 
anti-inflammatory markers (MRC1 and Arg1) were normalized 
to their respective day 7 values and combined, both pro- and 
anti-inflammatory microglial/macrophage populations showed 
a significant increase over time: Pearson correlations r = 0.49, 
p < 0.01 for iNOS and COX2 combined; r = 0.40, p < 0.05 for 
MRC and Arg1 combined.

effect of Mannosylated clodronate 
liposomes on cell Viability In Vitro
Treatment of either the BV2 microglial cells, or RAW 264.7 
macrophages with mannosylated control liposomes con-
ferred no significant changes in cell viability (Figures  4A,B).  
In contrast, a statistically significant decrease in cell viability 
was observed for both cell lines after 24  h of treatment with 
mannosylated clodronate liposomes (1:50), compared to either 
untreated cells or cells treated with control liposomes (ANOVA 
p < 0.001; Figures 4A,B). No difference in effect was observed 
between treatment with 1:50 and 1:100 dilutions of clodronate 
liposomes (Figures S4A,B in Supplementary Material). 4T1-GFP 
mammary carcinoma cells do not express the mannose receptor 
MRC1 (Figure S4C in Supplementary Material) and, as expected, 
treatment with mannosylated clodronate liposomes at both 
concentrations (1:50 and 1:100 dilution) did not affect viability 
of 4T1-GFP cells (Figure S4D in Supplementary Material).

The specificity of the mannosylated liposomes for polarized 
microglial cells and macrophages was also investigated, by 
treatment of BV2 and RAW 264.7 cells with either LPS or IL-4 
to induce a pro- or anti-inflammatory phenotype, respectively. 
As expected, iNOS was induced following LPS treatment and 
IL4 treatment led to a significant increase in MRC1 expres-
sion compared to no treatment or LPS treatment (unpaired 
t-test, p  <  0.001) (Figures S5A,B in Supplementary Material). 
Both BV2 and RAW 264.7 cells treated with IL-4, to induce an 
anti-inflammatory phenotype, showed a significant decrease 
in cell viability upon treatment with mannosylated clodronate 
liposomes for 24 h (ANOVA p < 0.01; Figures 4A,B, blue bars). 
In contrast, the reduction in cell viability seen in BV2 and 
RAW 264.7 cells treated with LPS, to induce a proinflammatory 
phenotype, following incubation with mannosylated clodronate 
liposomes was not significant (Figures 4A,B; green bars). Thus, 
the effect of the clodronate liposomes observed in unstimulated 
cells appeared to be partially reversed in those polarized toward 
a proinflammatory phenotype.
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FigUre 3 | (a) Matlab generated images of iNOS+, COX2+, MRC1+, or Arg1+ microglia/macrophages (Iba1+) at days 7, 10, 14, and 21 after intracerebral injection of 
5 × 103 4T1-GFP cells. White = colocalized pixels, blue = tumor cells, and red = inflammatory markers. (B) Quantitative analysis of colocalized pixels for pro- and 
anti-inflammatory markers with Iba1 within the tumor area only, normalized to tumor area (n = 3–6 per time point; *p < 0.05, **p < 0.01; one-way ANOVA with 
Tukey’s multiple comparison test). Scale bar 50 µm.
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Depletion of Mrc1+ cells in an il-4 
induced neuroinflammatory Model
In order to validate the effect of mannosylated clodronate 
liposomes in targeting MRC1 expressing cells in  vivo, a CNS 
inflammation model of anti-inflammatory cell polarization 
was employed as a proof-of-principle experiment. IL-4 injected 
intracerebrally into the left striatum induced a robust anti-
inflammatory microglial/macrophage response, as indicated by a 
significant (ANOVA p < 0.001) increase in the number of Iba1+ 
cells compared to the contralateral hemisphere (n = 3 per group, 
nine fields of view across three sections per animal; Figure 5A) 
and upregulation of MRC1 expression (n  =  3 per group, nine 
sections per animal 50 µm apart; Figures 5B,C). Iba1 activation 
and MRC1 upregulation showed similar temporal and spatial 
changes across the time-course, reaching a peak at 48  h after 
IL-4 injection (Figures  5A,B). On this basis, the efficiency of 
MRC1+ cell depletion in vivo using the mannosylated clodronate 
liposomes was assessed in IL-4 challenged brains; control or 
clodronate liposomes were intracerebrally injected 24  h after 
intracerebral injection of IL-4. Immunohistochemically, a 

signi ficant decrease (ca. 60%; unpaired t-test p < 0.05) in MRC1 
expression was observed 48 h after injection with mannosylated 
clodronate liposomes compared to mice injected with control 
liposomes (n = 3 per group, nine sections per animal 50 µm apart; 
Figures 5D,E).

Depletion of Mrc1+ cells in the Metastatic 
4T1-gFP Brain
Since the percentage of MRC1+ microglia/macrophage in 
the metastatic brain was greatest at day 14 (Figure S3D in 
Supplementary Material), liposomes were administered 12 days 
after 4T1-GFP injection to deplete this cell population. Three 
days after intracerebral injection of mannosylated clodronate 
liposomes in the metastatic brain, a decrease in MRC1 expression 
around the tumor foci was observed (Figure 6A), which was sta-
tistically significant (unpaired t-test p < 0.05) compared to control 
liposome injected mice (n = 4 per group; Figure 6B). Depletion 
of MRC1+ microglia/macrophages in the 4T1-GFP metastatic 
brain was also qualitatively demonstrated by double immuno-
fluorescence (Figure 6C). Quantitation of the colocalization of 
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FigUre 4 | Formazan absorbance as a measure of viability of non-polarized (black bars) or polarized (blue and green bars) BV2 (a) and RAW 264.7 (B) cells 
treated with mannosylated control or clodronate liposomes (1:50) for 24 h. Polarization of cells was achieved by treatment with either 20 ng/ml interleukin 4 (IL-4, 
anti-inflammatory) or 100 ng/ml LPS (proinflammatory) 24 h prior to the liposome treatment (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA with 
Dunnett’s multiple comparison test for each polarization group). Absorbances of untreated non-polarized cells are normalized to 1.
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MRC1 and Iba1 immunostains showed a significant decrease 
(unpaired t-test p < 0.05) in MRC1+ microglia/macrophages in 
the clodronate liposome injected brains compared to the control 
liposome injected brains (n = 4 per group; Figure 6D).

effect of Mrc1 Depletion on intracranial 
Metastases
Quantitation of tumor volumes 9  days after mannosylated 
clodronate liposome administration (day 21 of metastasis time-
course) showed a slight trend toward decreased tumor volume 
between the control and clodronate-injected animals (Figure 7A). 
However, the difference in tumor burden between the two 
experimental groups became statistically significant 16 days after 
liposome injection (day 28 of metastasis time-course; unpaired 
t-test p  <  0.01; Figure  7A). Although, microglial/macrophage 
infiltration of the 4T1-GFP metastatic foci was evident in both 
the control liposome and clodronate liposome injected animals, 
this was greatly reduced in the clodronate liposome treated mice 
(Figure 7B). As controls for the intracerebral administration of 
the liposomes per se, PBS or free clodronate was intracerebrally 
injected into the metastatic brain as above. No significant changes 
in tumor volume were observed in either control group compared 
to the mannosylated control liposome injected or untreated 
4T1-GFP groups, respectively (Figures S6A,B in Supplementary 
Material).

In support of the above findings, increased levels of CC3, a 
biomarker for apoptotic cell death, were evident in the clodronate 
liposome injected animals compared to the control liposome 
injected animals (Figure 7C). Quantitation of CC3 expression in 
close association with the metastatic foci revealed a significant 
increase of CC3 in the clodronate liposome injected animals 
compared to the control liposome injected animals at days 15 
and 21 of the metastatic time-course (unpaired t-tests p < 0.05; 
Figure 7D). This effect had subsided to some degree by day 28, 
when the expression of CC3 was no longer significantly higher 
in the clodronate liposome injected animals than the controls 
(Figure 7D). CC3 expression was localized to GFP-positive 4T1 

tumor cells in the clodronate liposome injected animals at day 21 
(Figure 7E).

Given that anti-inflammatory macrophages are considered 
to be proangiogenic, the vascularity of the tumors in the meta-
static brains intracerebrally injected with either mannosylated 
control or mannosylated clodronate liposomes was also assessed. 
The endothelial marker CD31 was immunohistochemically 
detected in the brains of both control and clodronate liposome 
injected mice (Figure S7A in Supplementary Material). No 
significant differences in the number of CD31-positive vessels 
associated with 4T1-GFP tumor foci were evident between 
animals treated with either control or clodronate liposomes at 
either time point (Figures S7B,C in Supplementary Material).

DiscUssiOn

The inflammatory response to brain metastasis is poorly 
understood. Although the homing of microglia/macrophages in 
human and murine brain metastases has been reported, a more 
detailed understanding of the microglial/macrophage response 
to brain metastases in the early stages of development is still 
lacking. Here, we have shown a sustained microglial/macrophage 
infiltration of metastatic foci within the brain over an extended 
early time-course (28  days) after tumor induction, which was 
positively correlated with tumor burden. Although this activated 
microglia/macrophage population showed both pro- and anti-
inflammatory phenotypes across the time-course, selectively 
depleting the anti-inflammatory phenotype significantly reduced 
metastatic burden.

Metastasis growth and Microglial/
Macrophage activation
Our results demonstrate a dynamic association between micro-
glia/macrophages and tumor cells during the early stages of 
metastatic outgrowth in the brain. These findings are in accord 
with a recent report from Rippaus et  al. showing microglial 
and macrophage infiltration of experimental brain metastases, 
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FigUre 5 | (a) Quantitation of Iba1+ cells in the striatum of mice injected intracerebrally with 100 ng of murine recombinant interleukin 4 (IL-4, n = 3 per group; 
*p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA with Newman–Keuls multiple comparison test for IL-4 injected hemispheres). (B) Quantitation of MRC1 
expression in hemispheres injected with IL-4 (n = 3 per group). (c) Representative striatal IHC images for MRC1 expression (brown stain) in mice intracerebrally 
challenged with 100 ng IL-4. (D) Representative IHC images for MRC1 expression (brown stain) from striatal areas of mice injected with 100 ng IL-4 and either 
control or clodronate liposomes 24 h later. (e) Quantitation of MRC1 expression in hemispheres injected with mannosylated control or clodronate liposomes 24 h 
after intracerebral injection of 100 ng IL-4 (n = 3 per group; two tailed unpaired t-test, *p < 0.05). Scale bars 50 µm.
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although at a single time point after intracarotid injection of 
different breast cancer cell lines (4T1, PyMT, or MDA-MB-231) 
(18). Similarly, Zhai et al. have demonstrated sustained microglial 
infiltration in experimental gliomas (19). Thus, the microglial/
macrophage response to malignant cells within the brain appears 
to be a robust feature of the tumor microenvironment.

Phenotypic analysis of microglia/macrophages in the 
metastatic brain revealed the presence of both proinflammatory 
(iNOS+, COX2+) and anti-inflammatory (Arg1+, MRC1+) cells 
during the early stages of metastatic outgrowth. These findings 

are similar to previous flow cytometry findings from dissoci-
ated tissue bearing parenchymal 4T1 metastases where both 
proinflammatory and anti-inflammatory CD11b+/CD45high mac-
rophages were identified (18). In that study, however, the authors 
specifically assessed the polarization of circulating macrophages 
recruited to the metastatic brain from the periphery. Here, we 
have demonstrated that a similar polarization is evident across 
the entire monocyte-derived population (resident microglia and 
peripheral macrophages) found within the metastatic microen-
vironment. In the context of cancer, proinflammatory cells can 
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FigUre 6 | (a) Representative IHC images for MRC1 expression (brown stain) from striatal regions of metastatic brains three days after injection with mannosylated 
control or clodronate liposomes. (B) Quantitation of MRC1 expression normalized to tumor area in brains bearing 4T1-GFP metastases 3 days after intracerebral 
injection of mannosylated control or clodronate liposomes (n = 4 per group; *p < 0.05, two tailed unpaired t-test). (c) Representative immunofluorescent images of 
MRC1+ microglia/macrophages in brains of mice injected with mannosylated control or clodronate liposomes. Arrows show colocalization of Iba1 and MRC1 
immunostains. (D) Quantitation of colocalization of MRC1 with Iba1 three days after intracerebral injection of mannosylated liposomes (n = 4 per group; *p < 0.05, 
two tailed unpaired t-test). Scale bar 50 µm.
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exert cytotoxicity whilst anti-inflammatory cells can promote 
progression via their prosurvival and proangiogenic functions. 
Thus, the balanced coupling of the pro- and anti-inflammatory 
microglial/macrophage response during the early stages of meta-
static progression may be permissive for the establishment of 
macrometastases. Although it has been shown that both pro- and 
anti-inflammatory microglia/macrophages exist in the metastatic 
brain, the possibility that microglia/macrophages acquire one 
phenotype bearing both pro- and anti-inflammatory character-
istics cannot be excluded given that macrophage polarization 
consists of a dynamic equilibrium in  vivo (20, 21). In support 
of this concept, a recent elegant study of human glioblastoma-
associated microglia reports a continuum between pro- and 
anti-inflammatory phenotypes, a finding that further supports 
the presence of myeloid cells with simultaneous pro- and anti-
inflammatory characteristics in the context of brain tumors (22).

Depletion of anti-inflammatory  
Microglia/Macrophages
In order to test the hypothesis that (primarily) anti-inflammatory 
cells sustain metastatic outgrowth in the brain, mannosylated 
clodronate liposomes were used to selectively deplete the 
anti-inflammatory (MRC1 expressing) microglial/macrophage 
population. Mannosylated clodronate liposomes bind to MRC1 
and, consequently, are taken up by MRC1-expressing microglia/

macrophages and induce apoptosis within 2–3 days via clodronate-
mediated depletion of intracellular iron (23). MRC1+ microglia/
macrophages have previously been successfully targeted in vivo 
in a preclinical model of multiple sclerosis using intracranial 
administration of mannosylated clodronate liposomes (24). This 
approach was further validated here, first in vitro and secondly 
in vivo. In vitro, the viability of microglia and macrophages, both 
in an unpolarized and anti-inflammatory polarized (IL-4 treated) 
state, was shown to be significantly reduced on incubation with 
mannosylated clodronate liposomes. The response of apparently 
unpolarized cells to the clodronate liposomes likely reflects the 
fact that cultured microglia/macrophages are rarely in a truly 
quiescent state and express MRC1 to some degree, as verified 
by immunofluorescence histochemistry (Figures S4C, S5B in 
Supplementary Material). This effect of clodronate liposomes 
on cell viability was partially ameliorated in cells treated with 
LPS, reflecting a shift toward a more proinflammatory state (also 
indicated by iNOS induction in some but not all cells; Figure 
S5A in Supplementary Material), and thus, a reduction in MRC1 
expression. Subsequently, significant depletion of MRC1+ cells 
in  vivo following intracerebral injection of mannosylated clo-
dronate liposomes was demonstrated in an IL-4 induced model 
of neuroinflammation.

Clodronate liposomes are widely used in preclinical models 
for depleting macrophages specifically, hence the potential 
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FigUre 7 | (a) Quantitation of intracranial tumor burden for mice injected intracerebrally with mannosylated control or clodronate liposomes 12 days after 
intracerebral 4T1-GFP tumor cell injection (n = 5–8 per group; **p < 0.01, two tailed unpaired t-test). Time points shown are relative to 4T1-GFP cell injections.  
(B) Representative immunohistochemical images for Iba1 expression (brown stain) for the control and clodronate liposome injected animals at days 21 and 28 after 
tumor cell injection. (c) Representative striatal immunohistochemical images for cleaved caspase 3 expression (brown stain) at days 15, 21, and 28 after 
intracerebral 4T1-GFP cell injection, in mice injected with either control or clodronate liposomes at day 12. (D) Quantitation of apoptosis as indicated by CC3 
expression at days 15, 21, and 28 in metastatic brains intracerebrally injected with mannosylated control or clodronate liposomes (n = 3–5 per group; *p < 0.05, 
two tailed unpaired t-test). (e) Immunofluorescent images showing colocalization (arrows) of CC3 (red) with GFP+ tumor cells (green) from representative control and 
clodronate liposomes injected animals at day 21 of the time-course study. Scale bars 50 µm [(B,c,e) control] or 20 µm [(e) clodronate].
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effect of clodronate liposomes on other phagocytic cells, such 
as neutrophils or dendritic cells, was not investigated here. Data 
from experimental gliomas suggest that neither neutrophil nor 
dendritic cell infiltration is a robust feature of the inflammatory/
immune response in the brain under the influence of tumors  
(8, 25). Moreover, it has been shown that clodronate liposome 
treatment depletes monocytes, but not neutrophils, in vivo in lung 
tissue (26, 27). Successful depletion of spleen F4/80+ macrophages, 
but not CD11c+ dendritic cells, has also been demonstrated 
after intraperitoneal administration of clodronate liposomes 
(28). Finally, the recruitment of blood-derived dendritic cells in 
the inflamed rat brain even after depletion of macrophages by 
intracerebroventricular clodronate liposome injection has been 
reported (29).

Once the action of mannosylated clodronate liposomes 
on anti-inflammatory polarized microglia/macrophages had 
been established, mice injected intracerebrally with metastatic 
4T1-GFP cells were treated with these liposomes. In these mice 
intracranial tumor burden was found to be significantly reduced 
compared to mice treated with the control liposomes. Since none 
of the control groups, injected with (i) control liposomes, (ii) PBS, 
or (iii) free clodronate, showed any reduction in tumor burden 
compared to untreated metastasis bearing mice, these find-
ings suggest that depletion of MRC1+ microglia/macrophages 
significantly reduces metastasis growth in the brain. Increased 
expression of CC3 following depletion of MRC1+ microglia/mac-
rophages was strongly correlated with GFP-positive tumor cells, 
indicating tumor cell apoptosis. Although some CC3-positive 
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microglia/macrophages were also evident, this was to a much 
lesser degree than GFP/CC3 colocalization. Moreover, it should 
be noted that CC3 expression was spatially correlated with the 
tumor foci, whereas microglia within the tumor microenviron-
ment were not CC3 positive. These findings support the concept 
that anti-inflammatory polarized microglia/macrophages pro-
mote and sustain metastatic outgrowth in the brain.

MRC1+ microglia and macrophages are associated with a 
proangiogenic phenotype, and resident microglia have recently 
been shown to produce potent proangiogenic factors in glioma 
including vascular endothelial growth factor and CXCL2 (30). 
However, unlike a previous report indicating a reduction in vessel 
density in a subcutaneous mouse tumor model after treatment 
with clodronate liposomes (28), no changes in vascularity in 
clodronate liposome treated animals were found in the current 
study. This observation suggests that this subpopulation of micro-
glia/macrophages also induce other mechanisms to support 
tumor growth in the brain. For example, a recent study reported 
a functional crosstalk between tumor cells and anti-inflammatory 
metastasis infiltrating microglia/macrophages that is mediated by 
the inflammatory molecule lymphotoxin-β (18). Alternatively, 
Miron et  al. observed an increase in proinflammatory cells 
following MRC1+ microglial depletion (24), which could also 
account for the decreased intracranial tumor burden observed in 
the clodronate liposome-injected animals.

In conclusion, our data indicate an active role for microglia/
macrophages in the development of brain metastases and suggest 
that targeting the anti-inflammatory subpopulation or switching 
these cells to a more proinflammatory phenotype may be a prom-
ising route for therapeutic intervention. Importantly, harnessing 
the microglial/macrophage response to brain metastasis could 
be used in combination with other frontline therapies, such as 
radiotherapy, as an effective multimodal anticancer therapy (31).

eThics sTaTeMenT

All animal procedures were carried out in accordance with 
the UK Animals (Scientific Procedures) Act 1986 and with the 
University of Oxford (Clinical Medicine) Ethical Committee 
approval.

aUThOr cOnTriBUTiOns

NS and KA conceived and designed the work. All authors con-
tributed to the acquisition, analysis and/or interpretation of data 
for the work. All authors contributed to drafting the work and 
revising it critically for important intellectual content. All authors 
approved the version to be published and agree to be accountable 
for all aspects of the work.

acKnOWleDgMenTs

The authors thank Karla Watson, Jade Harris, and Jessica Law for 
assistance with animal husbandry.

FUnDing

This work was funded by Cancer Research UK (grant number 
C5255/A15935), a Cancer Research UK studentship to KA, and 
a Marie Sklodowska-Curie Fellowship to VE (grant number 
AMD-654985-6).

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online 
at http://www.frontiersin.org/article/10.3389/fonc.2017.00251/
full#supplementary-material.

reFerences

1. Eichler AF, Loeffler JS. Multidisciplinary management of brain metastases. 
Oncologist (2007) 12(7):884–98. doi:10.1634/theoncologist.12-7-884 

2. Lin X, DeAngelis LM. Treatment of brain metastases. J Clin Oncol (2015) 
33(30):3475–84. doi:10.1200/JCO.2015.60.9503 

3. Pease NJ, Edwards A, Moss L. Effectiveness of whole brain radiotherapy in 
the treatment of brain metastases: a systematic review. Palliat Med (2005) 
19(4):288–99. doi:10.1191/0269216305pm1017oa 

4. Lorger M, Felding-Habermann B. Capturing changes in the brain microen-
vironment during initial steps of breast cancer brain metastasis. Am J Pathol 
(2010) 176(6):2958–71. doi:10.2353/ajpath.2010.090838 

5. Berghoff AS, Lassmann H, Preusser M, Höftberger R. Characterization of the 
inflammatory response to solid cancer metastases in the human brain. Clin Exp 
Metastasis (2013) 30(1):69–81. doi:10.1007/s10585-012-9510-4 

6. O’Brien ER, Kersemans V, Tredwell M, Checa B, Serres S, Sarmiento Soto M,  
et  al. Glial activation in the early stages of brain metastasis: TSPO as a 
diagnostic biomarker. J Nucl Med (2014) 55(2):275–80. doi:10.2967/jnumed. 
113.127449 

7. Fitzgerald DP, Palmieri D, Hua E, Hargrave E, Herring JM, Qian Y, et al. Reactive 
glia are recruited by highly proliferative brain metastases of breast cancer and 
promote tumor cell colonization. Clin Exp Metastasis (2008) 25(7):799–810. 
doi:10.1007/s10585-008-9193-z 

8. Granot Z, Henke E, Comen EA, King TA, Norton L, Benezra R. Tumor entrained 
neutrophils inhibit seeding in the premetastatic lung. Cancer Cell (2011) 
20(3):300–14. doi:10.1016/j.ccr.2011.08.012 

9. Saijo K, Glass CK. Microglial cell origin and phenotypes in health and disease. 
Nat Rev Immunol (2011) 11(11):775–87. doi:10.1038/nri3086 

10. Perry VH, Holmes C. Microglial priming in neurodegenerative disease.  
Nat Rev Neurol (2014) 10(4):217–24. doi:10.1038/nrneurol.2014.38 

11. Li W, Graeber MB. The molecular profile of microglia under the influence of 
glioma. Neuro Oncol (2012) 14(8):958–78. doi:10.1093/neuonc/nos116 

12. Gabrusiewicz K, Ellert-Miklaszewska A, Lipko M, Sielska M, Frankowska M,  
Kaminska B. Characteristics of the alternative phenotype of microglia/
macrophages and its modulation in experimental gliomas. PLoS One (2011) 
6(8):e23902. doi:10.1371/journal.pone.0023902 

13. Szulzewsky F, Pelz A, Feng X, Synowitz M, Markovic D, Langmann T, et al. 
Glioma-associated microglia/macrophages display an expression profile 
different from M1 and M2 polarization and highly express Gpnmb and Spp1. 
PLoS One (2015) 10(2):e0116644. doi:10.1371/journal.pone.0116644 

14. Panni RZ, Linehan DC, DeNardo DG. Targeting tumor-infiltrating macro-
phages to combat cancer. Immunotherapy (2013) 5(10):1075–87. doi:10.2217/
imt.13.102 

15. Noy R, Pollard JW. Tumor-associated macrophages: from mechanisms to 
therapy. Immunity (2014) 41(1):49–61. doi:10.1016/j.immuni.2014.06.010 

16. Williams CB, Yeh ES, Soloff AC. Tumor-associated macrophages: unwitting 
accomplices in breast cancer malignancy. NPJ Breast Cancer (2016) 2:15025. 
doi:10.1038/npjbcancer.2015.25 

17. Perry VH, Teeling J. Microglia and macrophages of the central nervous 
system: the contribution of microglia priming and systemic inflammation 
to chronic neurodegeneration. Semin Immunopathol (2013) 35(5):601–12. 
doi:10.1007/s00281-013-0382-8 

http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://www.frontiersin.org/article/10.3389/fonc.2017.00251/full#supplementary-material
http://www.frontiersin.org/article/10.3389/fonc.2017.00251/full#supplementary-material
https://doi.org/10.1634/theoncologist.12-7-884
https://doi.org/10.1200/JCO.2015.60.9503
https://doi.org/10.1191/0269216305pm1017oa
https://doi.org/10.2353/ajpath.2010.090838
https://doi.org/10.1007/s10585-012-9510-4
https://doi.org/10.2967/jnumed.
113.127449
https://doi.org/10.2967/jnumed.
113.127449
https://doi.org/10.1007/s10585-008-9193-z
https://doi.org/10.1016/j.ccr.2011.08.012
https://doi.org/10.1038/nri3086
https://doi.org/10.1038/nrneurol.2014.38
https://doi.org/10.1093/neuonc/nos116
https://doi.org/10.1371/journal.pone.0023902
https://doi.org/10.1371/journal.pone.0116644
https://doi.org/10.2217/imt.13.102
https://doi.org/10.2217/imt.13.102
https://doi.org/10.1016/j.immuni.2014.06.010
https://doi.org/10.1038/npjbcancer.2015.25
https://doi.org/10.1007/s00281-013-0382-8


13

Andreou et al. Anti-inflammatory Microglia/Macrophages in Brain Metastasis

Frontiers in Oncology | www.frontiersin.org October 2017 | Volume 7 | Article 251

18. Rippaus N, Taggart D, Williams J, Andreou T, Wurdak H, Wronski K, 
et  al. Metastatic site-specific polarization of macrophages in intracranial 
breast cancer metastases. Oncotarget (2016) 7(27):41473–87. doi:10.18632/
oncotarget.9445 

19. Zhai H, Heppner FL, Tsirka SE. Microglia/macrophages promote glioma 
progression. Glia (2011) 59(3):472–85. doi:10.1002/glia.21117 

20. Pollard J. Trophic macrophages in development and disease. Nat Rev Immunol 
(2009) 9(4):259–70. doi:10.1038/nri2528 

21. Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo veritas. 
J Clin Invest (2012) 122(3):787–95. doi:10.1172/JCI59643 

22. Gabrusiewicz K, Rodriguez B, Wei J, Hashimoto Y, Healy LM, Maiti SN,  
et  al. Glioblastoma-infiltrated innate immune cells resemble M0 mac-
rophage phenotype. JCI Insight (2016) 1(2):e85841. doi:10.1172/jci.
insight.85841 

23. van Rooijen N, Sanders A, van den Berg TK. Apoptosis of macrophages 
induced by liposome-mediated intracellular delivery of clodronate and 
propamidine. J Immunol Methods (1996) 193(1):93–9. doi:10.1016/ 
0022-1759(96)00056-7 

24. Miron VE, Boyd A, Zhao JW, Yuen TJ, Ruckh JM, Shadrach JL, et  al. M2 
microglia and macrophages drive oligodendrocyte differentiation during CNS 
remyelination. Nat Neurosci (2013) 16(9):1211–8. doi:10.1038/nn.3469 

25. Candolfi M, King GD, Yagiz K, Curtin JF, Mineharu Y, Muhammad AK, 
et al. Plasmacytoid dendritic cells in the tumor microenvironment: immune 
targets for glioma therapeutics. Neoplasia (2012) 14(8):757–70. doi:10.1593/
neo.12794 

26. Wilson MR, O’Dea KP, Zhang D, Shearman AD, van Rooijen N, Takata M. 
Role of lung-marginated monocytes in an in vivo mouse model of ventilator- 
induced lung injury. Am J Respir Crit Care Med (2009) 179(10):914–22. 
doi:10.1164/rccm.200806-877OC 

27. Narasaraju T, Yang E, Samy RP, Ng HH, Poh WP, Liew AA, et al. Excessive 
neutrophils and neutrophil extracellular traps contribute to acute lung injury 
of influenza pneumonitis. Am J Pathol (2011) 179(1):199–210. doi:10.1016/ 
j.ajpath.2011.03.013 

28. Zeisberger SM, Odermatt B, Marty C, Zehnder-Fjällman AH, Ballmer-Hofer K,  
Schwendener RA. Clodronate-liposome-mediated depletion of tumour- 
associated macrophages: a new and highly effective antiangiogenic therapy 
approach. Br J Cancer (2006) 95(3):272–81. doi:10.1038/sj.bjc.6603240 

29. Newman TA, Galea I, van Rooijen N, Perry VH. Blood-derived dendritic 
cells in an acute brain injury. J Neuroimmunol (2005) 166(1–2):167–72. 
doi:10.1016/j.jneuroim.2005.04.026 

30. Brandenburg S, Muller A, Turkowski K, Radev YT, Rot S, Schmidt C, et al. 
Resident microglia rather than peripheral macrophages promote vasculari-
sation in brain tumours and are source of alternative pro-angiogenic factors. 
Acta Neuropathol (2016) 131:365–78. doi:10.1007/s00401-015-1529-6 

31. De Palma M, Lewis CE. Macrophage regulation of tumor responses to antican-
cer therapies. Cancer Cell (2013) 23(3):277–86. doi:10.1016/j.ccr.2013.02.013 

Conflict of Interest Statement: The authors confirm that this research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Andreou, Soto, Allen, Economopoulos, de Bernardi, Larkin and 
Sibson. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, distribution or reproduction in 
other forums is permitted, provided the original author(s) or licensor are credited 
and that the original publication in this journal is cited, in accordance with accepted 
academic practice. No use, distribution or reproduction is permitted which does not 
comply with these terms.

http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
https://doi.org/10.18632/oncotarget.9445
https://doi.org/10.18632/oncotarget.9445
https://doi.org/10.1002/glia.21117
https://doi.org/10.1038/nri2528
https://doi.org/10.1172/JCI59643
https://doi.org/10.1172/jci.insight.85841
https://doi.org/10.1172/jci.insight.85841
https://doi.org/10.1016/
0022-1759(96)00056-7
https://doi.org/10.1016/
0022-1759(96)00056-7
https://doi.org/10.1038/nn.3469
https://doi.org/10.1593/neo.12794
https://doi.org/10.1593/neo.12794
https://doi.org/10.1164/rccm.200806-877OC
https://doi.org/10.1016/j.ajpath.2011.03.013
https://doi.org/10.1016/j.ajpath.2011.03.013
https://doi.org/10.1038/sj.bjc.6603240
https://doi.org/10.1016/j.jneuroim.2005.04.026
https://doi.org/10.1007/s00401-015-1529-6
https://doi.org/10.1016/j.ccr.2013.02.013
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Anti-inflammatory Microglia/Macrophages As a Potential Therapeutic Target in Brain Metastasis
	Introduction
	Materials and Methods
	Brain Metastasis Model
	CNS Inflammation Model
	Microglia/Macrophage Depletion Studies
	Immunohistochemistry
	Image Coregistration
	Immunofluorescence
	In Vitro Experiments
	MTT Cell Viability Assay
	Statistics

	Results
	Microglial/Macrophage Infiltration in 4T1-GFP Brain Metastases
	Pro- and Anti-inflammatory Microglia/Macrophages in the Metastatic Brain
	Effect of Mannosylated Clodronate Liposomes on Cell Viability In Vitro
	Depletion of MRC1+ Cells in an IL-4 Induced Neuroinflammatory Model
	Depletion of MRC1+ Cells in the Metastatic 4T1-GFP Brain
	Effect of MRC1 Depletion on Intracranial Metastases

	Discussion
	Metastasis Growth and Microglial/Macrophage Activation
	Depletion of Anti-inflammatory 
Microglia/Macrophages

	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


