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ABSTRACT 

Various cells in the tumor microenvironment are implicated in breast cancer progression. 

Tumor-associated macrophages (TAMs) suppress antitumor immune responses and enhance 

migration, invasion, intravasation and subsequent metastasis. We found that the anti-

inflammatory polarization of TAMs induced metabolic changes in breast cancer cells that 

supported their growth and metastasis.  Notably downregulating the expression of succinate 

dehydrogenase (SDH) upon increased activity of the TGFb signaling pathway and subsequent 

reduced expression of the STAT1 transcription factor. Anti-inflammatory TAMs induced a 

decrease in SDH levels resulted in an accumulation of succinate in tumor cells, which in turn 

promoted the stabilization of the transcription factor HIF1a. Therefore, hypoxic activity 

reprogrammed cancer metabolism to create a glycolytic state. In a 4T1 mouse model, TAM 

depletion-repletion experiments revealed that anti-inflammatory macrophages promoted 

accumulation of glycolysis-derived metabolites, HIF-associated vascularization and 

expression of the immuno-suppressive protein PD-L1 in tumors.  The findings suggest that 

anti-inflammatory-state TAMs promote tumor growth, angiogenesis and immunosuppression 

by altering metabolism in breast cancer cells.  
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INTRODUCTION 

Dysregulation of cellular metabolism constitutes one of the hallmarks of tumor progression (1). 

Due to their high proliferative rate, cancer cells have a high demand for both energy 

(adenosine triphosphate; ATP) and biosynthetic precursors, as well as a need to counter the 

impact of increased production of reactive oxygen species (ROS) (2). Cancer cells are 

characterized by a range of genetic adaptations that include the activation of oncogenes and 

the inhibition of tumor suppressors. Specific gain or loss of function mutations that alter 

enzyme activity or upregulation of transcription factors that lead to altered protein expression 

and re-routing of metabolism are also commonly observed in cancer. One such adaptation is 

aerobic glycolysis or Warburg effect, the ability of cancer cells to enhance glycolysis followed 

by preferential conversion of pyruvate to lactate, rather than oxidation in the tricarboxylic acid 

(TCA) cycle, despite the presence of oxygen and functional mitochondria (3). This paradoxical 

switch to a less efficient way to obtain energy does not disadvantage the cell, provided there 

is a sufficient nutrient supply, since the increased flux in glycolysis allows it to generate the 

building blocks and redox power required for anabolic activities. Moreover, these requirements 

can be satisfied by an increased consumption of alternative substrates such as glutamine and 

lactate in order to maintain the levels of TCA cycle intermediates (4, 5). 

In this context, succinate dehydrogenase (SDH) is a critical enzyme complex in the 

mitochondrial respiratory chain that participates in both the TCA cycle (catalyzing conversion 

of succinate to fumarate) and oxidative phosphorylation (OXPHOS), where, as a component 

of complex II, it transfers electrons from succinate to ubiquinone (UbQ) (6). SDH is comprised 

of four subunits, A through D (SDHA-D), encoded by nuclear DNA. Due to its role in linking 

two major metabolic pathways, SDH is tightly regulated and mutations/alterations in member 

genes that alter complex expression and functionality have been linked to several diseases, 

including tumor pathologies, such as gastrointestinal tumors, renal cell carcinomas, 

paragangliomas and phaeochromocytomas (7-9). A deficiency in SDH activity leads to an 

accumulation of succinate and subsequent hypoxia inducible factor (HIF)-1a stabilization 
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through inhibition of HIF prolyl-hydrolases (PHDs) (10-12). In turn, it is well-established that 

HIF1a contributes to tumor progression by enhancing glucose metabolism, promoting 

angiogenesis and activating oncogenic pathways, such as the mammalian target of rapamycin 

(mTOR) pathway (13, 14). Furthermore, HIF1a appears to be involved in the modulation of 

the tumor immunosuppressive phenotype by regulating the immune-checkpoint effectors 

programmed death-ligand 1 (PD-L1), CD47 and CD73 (15). SDH therefore plays a crucial role 

interfacing between the tumor metabolome and immune-surveillance pathways (16). 

The malignant potential of a tumor is not exclusively dependent on the genetic and epigenetic 

changes in the cancer cell population but is also influenced by their interaction with other cell 

types of the tumor microenvironment (TME). This tumor ecosystem is composed of blood 

vessels, extracellular matrix, soluble signaling molecules, and cells of mesenchymal 

(fibroblasts, myofibroblasts and mesenchymal stem cells) and hematopoietic (lymphoid and 

myeloid cells) origin (17). Macrophages constitute one of the most abundant non-tumor cell 

types in the TME and can display both anti- and pro-tumorigenic features (18). Classically 

activated macrophages, also called “M1”, are involved in the pro-inflammatory (PI) responses 

of type I T helper (TH1) cells to pathogens. They are activated by interferon gamma (IFNγ) and 

toll-like receptor (TLR) signaling and express high levels of major histocompatibility complex 

II (MHCII), interleukin-12 (IL-12), nitric oxide synthase (NOS) and tumor necrosis factor alpha 

(TNFa). By contrast, alternatively activated or “M2” macrophages display anti-inflammatory 

(AI), type 2 T helper (TH2) cell characteristics, such as IL-10 secretion in response to 

stimulation by IL-4 or IL-13 (19, 20). Tumor-associated macrophages (TAMs) exhibit 

characteristics that are more closely associated with the latter subtype (21), although the 

complexity and plasticity of the TAM population highlight the need for a more extensive 

classification (22), with TAMs expressing both PI/M1 and AI/M2 markers (23). TAMs 

participate in tumor progression by suppressing immune responses and by enhancing tumor 

cell migration, invasion, extravasation and subsequent metastasis (23). 
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An increasing understanding of TAM biology has led to progress in their therapeutic targeting 

(24, 25). The role of activated macrophages in promoting tumor progression can be explained 

by crosstalk between TAMs and tumor cells. For example, tumor cells release colony 

stimulating factor 1 (CSF-1) to recruit and educate macrophages, which in turn produce 

epidermal growth factor (EGF) that contributes to tumor progression (26-28). CSF-1 receptor 

(CSF-1R) inhibition or ablation reduces tumor progression and metastasis in breast carcinoma 

and glioma (29-31). In colorectal cancer, TAM-secreted IL-6 enhances cancer cell epithelial 

to mesenchymal transition (EMT) through phosphorylated signal transducer and activator of 

transcription 3 (p-STAT3) signaling while TAM-educated tumor cells recruit new TAMs upon 

chemokine (C-C motif) ligand 2 (CCL2) secretion (32). Other examples include the tumor 

necrosis factor α(TNFa)/ nuclear factor κB (NF-kB) and IL-1 pathways (33-35). Targeting or 

reprogramming of TAMs towards a pro-inflammatory phenotype (M1) has been demonstrated 

to inhibit the growth of mammary carcinoma, melanoma and glioblastoma (34, 36, 37), 

confirming macrophages as a promising therapeutic target.  

In this study, we aimed to understand the role of TAMs in the context of breast cancer 

metabolism. Our findings suggest that macrophages can affect the expression levels of SDH 

in tumor cells, therefore having a crucial impact rewiring tumor energetic routes and 

subsequent cancer progression.  

 

RESULTS 

Macrophages drive changes in metabolism and metabolic gene expression in breast 

cancer cells.   

As reported previously (40-42), breast cancer cells with higher migratory and invasive 

properties display differential genomic expression profiles, including a metabolic signature or 

subset of genes with the ability to drive the Warburg effect. Our aim was to elucidate the role 

of the tumor microenvironment and, more specifically, the role of TAMs in driving this 



6 
 

metabolic switch within tumor cells. To do this, we used either bone marrow-derived 

macrophages (BMDM) from mice or peripheral blood mononuclear cells (PBMCs) from human 

donors (fig. S1A). Differentiation and further polarization of the macrophages was performed 

ex vivo, resulting in an unpolarized control population (UNP/M0) and two distinct differentiated 

macrophage populations (Fig. S1, B and C): pro-inflammatory (PI/M1) macrophages exhibited 

a rounded morphology and secreted pro-inflammatory cytokines, such as IL-12, following 

stimulation with IFNg. In contrast, anti-inflammatory (AI/M2) macrophages were polarized by 

IL-4 addition and displayed an elongated morphology and a different cytokine secretion profile 

(increased IL-10 levels), resembling TAMs (43). Accordingly, AI macrophages exhibited 

diminished expression of the enzyme nitric oxide synthase (NOS2), a marker of pro-

inflammatory polarization, whereas arginase 1 (ARG1) was increased in this sub-population 

(Fig. S1D). Macrophage and breast cancer populations were co-cultured for 24-36 hours, 

because the secretion of the featured cytokines plateaus after this period (Fig. S1, E and F) 

and the PI/AI classification cannot be confirmed beyond this time point. The macrophage 

population was then depleted (Fig. S1G), and a metabolite profile characterizing the core 

energetic routes (Fig. S2A) was obtained from the tumor extracts. Interestingly, principal 

component analysis showed a distinct metabolic profile for triple-negative breast cancer 

(TNBC) MDA-MB-231 cells when co-cultured with either PI or AI human PBMC-derived 

macrophages. Control, unpolarized macrophages also showed a distinct pattern, despite 

having a wider distribution on the PCA plot compared to the PI/AI co-cultures (Fig. S2B). 

Individual metabolite concentrations in both AI and PI co-cultured cancer cell samples were 

then compared to the unpolarized population control. Following co-culture with PI 

macrophages, the tumor cells exhibited significant higher amounts of glucose in the media 

suggesting lower glucose utilization, while ATP production was decreased. Moreover, 

variations in intracellular metabolite levels such as succinate, myo-inositol, alanine or lactate 

were indicative of a shift towards a less glycolytic phenotype (Fig.1A) in the PI condition (44) 

with respect to the AI condition. In order to better understand the responsible enzymes for this 

metabolic switch towards glycolysis, expression of relevant individual genes was performed 
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(45, 46). While lactate dehydrogenase (LDH) and pyruvate carboxylase (PC) were unaffected 

(Fig. S2, C and D), SDH subunit D (SDHD) expression was significantly decreased in two 

breast cancer cell lines co-cultured with AI macrophages: the aforementioned MDA-MB-231 

(human triple negative basal B adenocarcinoma cells) and MCF-7 cells [human estrogen 

receptor/progesterone receptor-positive, human epidermal growth factor receptor 2-negative 

(ER+ PR+ HER2-) luminal invasive ductal carcinoma] (Fig. 1, B to D). Decreased SDHD 

expression in MCF-7 cells was sustained for at least 48 hours following AI macrophage 

removal (Fig. S2E) suggesting transcriptional regulation driven by the interaction with the 

macrophage population. Direct interaction between the macrophage and breast cancer cell 

populations was required, as experiments using paracrine stimulation (transwell) or 

macrophage-conditioned media did not result in any significant effect on SDH expression 

levels (Fig. S2F). As previously mentioned, TAMs can share features with both PI and AI 

macrophages and consequently, display intermediate or mixed phenotypes (47). To assess 

the influence of TAMs in this context, the 4T1 murine TNBC cell line was co-cultured with ex 

vivo polarized murine PI/AI BMDMs or (CD11b+F4/80+Ly6G/C-) TAMs extracted from 

syngeneic 4T1 tumors (Fig. S2G).  Notably, TAM co-culture resulted in the highest reduction 

in SDHD protein levels in 4T1 cells (Fig. 1, E and F) suggesting an in vivo scenario comparable 

to the in vitro/ex vivo AI co-culture condition. Because of SDH down-regulation, metabolite 

intracellular concentrations were affected (Fig. 1G). MCF-7 cells co-cultured with AI 

macrophages exhibited a significantly increased succinate to fumarate ratio, when compared 

with those co-cultured with PI or control macrophages. As a control, siRNA was used to 

deplete SDHD in MCF-cells prior to co-culture and in these cells the succinate/fumarate ratio 

was elevated under all co-culture conditions, and to a level similar to that for control siRNA 

cells from AI co-cultures (Fig. 1G and fig. S2H). These findings suggest a direct relation 

between macrophage subtype and succinate levels in tumor cells. Moreover, they suggest 

that macrophages have the capacity to drive gene expression changes in neighboring tumor 

cells, resulting in an alteration of tumor cell metabolism and induction of the Warburg effect. 
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STAT and TGFb pathways mediate macrophage dependent SDHD expression changes. 

In order to clarify the mechanism underlying the changes in SDH expression, a microarray 

analysis of murine 4T1 TNBC cells co-cultured with PI or AI murine BMDMs was performed 

(GEO accession number GSE125457). KEGG database and gene set enrichment data 

analysis displayed eight pathways in which associated genes were significantly changed when 

compared between the PI and AI co-cultures (p-value<0.05, FDR<0.3; Data File S1). One of 

the pathways showing significant differences was the Toll-like receptor (TLR) pathway that 

includes the transcription factors STAT1 and STAT2 (Fig. 2A). In addition, STAT1 has been 

described as a binding factor of the SDHD promoter, therefore highlighting it as a valid 

candidate to regulate SDHD expression (48). Both STAT1 and STAT2 gene expression was 

significantly upregulated in human MDA-MB-231 and MCF7 breast cancer cells following co-

culture with PI macrophages (Fig. 2B and fig. S3A). STAT3, a transcription factor from the 

same family that frequently participates in antagonistic processes (49) exhibited no significant 

changes in expression (Fig. S3B). The increase in STAT1 mRNA expression observed under 

PI co-culture conditions was associated with a concomitant increase in STAT1 protein levels 

(Fig. 2,C and D), while STAT1 phosphorylation status remained proportional to the total level 

of protein expression (Fig. 2C and fig. S3C). Finally, the level of STAT1 protein bound to the 

SDHD promoter region of MDA-MB-231 cells was higher in those cells co-cultured with PI 

macrophages (Fig. 2E), when compared with those co-cultured with AI macrophages. No 

differences were observed between the co-cultures for STAT1 binding in an unrelated (ACTB 

coding for actin) promoter region (Fig. 2F).  

We next explored the mechanism of crosstalk between macrophages and tumor cell 

metabolism. Macrophages secrete a broad array of cytokines that have the capacity to affect 

signal transduction in neighboring cells. Among them, CD206+ M2-like AI macrophages 

express high amounts of transforming growth factor beta (TGFb) (50), a major regulator of 

tumor progression (51). Therefore, we aimed to assess whether disruption of TGFb signaling 
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would reverse the effects of AI macrophage co-culture on cancer cells. MDA-MB-231 cells 

were incubated with TGFb blocking antibody during co-culture with PI or AI macrophages. 

Differences in MDA-MB-231 SDHD protein levels among the control, PI and AI macrophage 

co-culture groups were abrogated following TGFb inhibition (Fig. 2, G and H, and fig. S3D). In 

addition, STAT1 levels were reduced in the PI co-culture after disruption of TGFb signaling, 

suggesting that the TGFb pathway is at least partially involved in the STAT1-dependent 

transcriptional regulatory mechanisms (Fig. S3, E and F). Collectively, our results suggest that 

macrophages can control SDH expression through regulation of STAT1 in tumor cells via a 

mechanism involving TGFb signaling. 

 

AI macrophages stabilize HIF1α in tumor cells.   

Succinate has been reported previously to act as an onco-metabolite by inhibiting the PHDs 

that target HIF1α for proteasomal degradation (10). Therefore, we determined whether 

macrophages could regulate tumor HIF1α levels by controlling succinate metabolism. 

Transient siRNA-mediated knockdown of either STAT1 or SDHD resulted in upregulated 

HIF1α levels in MCF-7 cells (Fig. S4A). Interaction with AI macrophages increased HIF1α 

levels when compared to PI macrophages, in both breast tumor cell lines tested (Figs. 3A and 

3B), which is consistent with the observed changes in SDH expression (Fig. 1, C and D) and 

succinate levels (Fig. 1, A and G). Changes in HIF1α expression occurred in an SDH-

dependent manner, as these differences are abrogated in SDHD-depleted cells (Fig. 3, C and 

D, and fig. S4B). Functional HIF1α levels were assessed using a reporter system where 

expression of the green fluorescent protein (GFP) is under the control of a HIF1α response 

element (HRE). MDA-MB-231 cells stably transfected with the HRE>GFP construct displayed 

GFP expression in response to treatment with CoCl2, which mimics hypoxia, and O2 

deprivation (fig. S4, C and D). Time-lapse live cell imaging was then performed to monitor 

GFP reporter expression in these cells during co-culture with PI or AI macrophages labelled 

with the cell tracker CMTMR (Fig. 3E). Live-cell imaging experiments revealed increased 
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HIF1α expression in tumor cells incubated with AI macrophages (Fig. 3, E and F, fig. S4E, 

and movies S1 and S2). Onset of GFP expression was detected at ~20 hours post-initiation 

of co-culture, and at 72 hours, total fluorescence was significantly higher in cells cultured with 

AI macrophages, when compared with those cultured with PI macrophages (Fig. 3F). In order 

to assess the role of TGFb in macrophage-mediated HIF1a upregulation, the MDA-MB-231 

cell line was co-cultured with macrophages in the presence of anti-TGFb blocking antibodies. 

TGFb blockade resulted in a reduction in HIF1a levels in tumor cells from AI co-cultures (Fig. 

3, G and H) and a significant reduction in the number of cells showing GFP activation, when 

compared with the IgG control (Fig. 3, I and J). Blocking antibodies against IL-10 did not show 

any effect on HIF1a stabilization, confirming the specificity of the mechanism of action. These 

results show that AI macrophages can trigger HIF1α upregulation in tumor cells via a TGFb-

dependent mechanism. 

Overall, these data suggest a mechanism where TGFb-mediated interaction between AI 

macrophages and breast tumor cells triggers gene expression changes in the tumor 

population, contributing to STAT1-dependent downregulation of SDH expression. This affects 

basal cancer cell metabolism, by inhibiting TCA cycle activity and favoring a more glycolytic 

phenotype (the Warburg effect). The accumulation of succinate, resulting from decreased 

SDH expression, leads to HIF1α stabilization and tumor progression (Fig. S4F). 

 

TAMs regulate tumor metabolism and HIF-dependent vascularization and PD-L1 

expression in vivo.   

Finally, we aimed to understand whether TAMs could control the metabolism of breast tumor 

cells in vivo. Tumors arising from the orthotopic implantation of TNBC murine 4T1 cells in 

BALB/C female mice establish a microenvironment that includes both PI (F4/80+ iNOS+) and 

AI macrophages (F4/80+ CD163+), as determined by immunofluorescence (Fig. 4A). Using 

this model, orthotopic tumors were established in mice and endogenous macrophages were 
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then depleted with clodronate, an inducer of macrophage apoptosis (Fig S5A). Clodronate 

administration resulted in a 2 to 3-fold reduction in the CD11b+ myeloid population in the 

spleens and tumors of treated mice (Fig. 4B). Quantification of the macrophage 

subpopulations showed a near complete ablation of the pro-tumorigenic AI macrophages 

(CD206+ IL4R+, 6-fold decrease) following clodronate administration and a 2-fold reduction 

in the CD68+ MHCII+ PI population (Fig. S5, B and C). Tumor extracts were profiled using 

proton-nuclear magnetic resonance (1H-NMR). TAM depletion resulted in minor AMP and 

ATP+ADP production, decreased levels of glycolytic and glutaminolytic metabolites (glycine, 

alanine, lactate and glutamate) and reduced succinate accumulation (Fig. 4, C to E, and fig. 

S5D) suggesting a shift from glycolytic to oxidative metabolism. Based on our in vitro findings, 

we hypothesized that this phenotype could be driven by changes in HIF1a expression. 

Histological analysis of tumor sections from clodronate-treated animals showed diminished 

PD-L1 expression in tumor cells (Fig. 4, F and G) as well as disrupted vasculature formation 

and reduced expression of the vascular marker CD31 (Fig. 4H), features that are associated 

directly and indirectly with lower HIF1a activity (15, 52).  

Next, we evaluated the ability of ex vivo polarized macrophages to regulate the metabolism of 

the tumor in clodronate-treated animals. PI/AI macrophages were reintroduced after 

clodronate treatment and tumors were harvested 48 hours. later (Fig. S6A). Clodronate 

administration resulted in a 2 to 3-fold reduction in the CD11b+ F4/80+ macrophage population 

in the tumors of treated mice (Fig. S6, B and C), numbers that were partially rescued by the 

ex vivo macrophage reintroduction (Fig. S6C). At the experiment endpoint, 48 h. after 

macrophage reintroduction, tumor extracts displayed mixed presence of both PI (CD68+ 

MHCII+) and AI (ILR4+ CD206+) regardless or the injected subtype, suggesting the elevated 

macrophage plasticity within the tumor environment (Fig. S6D). Nevertheless, AI 

macrophages showed higher tumor infiltration capacity than their PI counterparts (Figs. S6E 

and S6F), suggesting differences in the behavior of these macrophage subtypes over the 

course of the 48-hour period post-injection. Tumor extracts were then profiled using 1H-NMR 
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and sections were analyzed by immunofluorescence. Principal component analysis on 

metabolomics data showed higher degree of variability within each experimental condition, 

when compared with the in vitro experiment. Notably, reintroduction of both skewed 

macrophage populations resulted in a distinct profile when compared with the clodronate-

treated or control samples (Fig. S7A). AI macrophage injection caused the highest increase 

in intra-tumoral succinate and glycolytic substrates such as lactate, alanine or myo-inositol 

(Figs. 5A, B, C and fig. S7B) thus confirming the ability of ex vivo polarized macrophages to 

control tumor metabolism and revert it towards the glycolytic type. Immunostaining analysis 

confirmed that only the exogenous AI macrophages were able to rescue PD-L1 expression in 

the tumor population (Fig. 5, D and E) and reconstitute CD31 vascular structures (Fig. S7, C 

and D) when compared with the clodronate-treated only or the reintroduced PI population. 

Based on these findings, we conclude that TAMs can support immune evasion, angiogenesis 

and tumor progression through changes in the tumor metabolic patterns. 

 

DISCUSSION 

The tumor microenvironment, and macrophages in particular, serves multiple roles in cancer 

progression (23) and has become a potential prognostic factor for breast cancer (53). 

Induction of metabolic changes due to cross-talk between tumor and stroma is currently 

considered one of the emerging hallmarks of cancer (54). For instance, tumor cells produce 

lactic acid as a result of aerobic glycolysis that can be taken up by neighboring TAMs, 

promoting an M2-like polarization in a mechanism that is dependent on Arginase1 (Arg1), 

VEGF and HIF1a (55). However, reciprocal mechanisms whereby tumor cell metabolism is 

regulated by TAMs are poorly understood. Polarized PI macrophages decreased the glycolytic 

phenotype of tumor cells, measured as lower glucose consumption and ATP production along 

with decreased glycolysis-derived metabolites such as lactate or myo-inositol. This 

phenomenon would suggest a metabolic loop between the tumor and macrophage 

populations in a similar manner to that described for other oncogenic features such as 
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migration and metastasis (27, 56). This regulation involves changes in expression and activity 

of the enzyme SDH through the control of the transcription factor STAT1. TGF-b is a cytokine 

typically secreted by AI macrophages that has been reported to downregulate STAT1 

signaling in microglia cells (57). Blocking TGF-b signaling in vitro in macrophage co-cultures 

leads to a recovery in SDH expression in tumor cells cultured with AI macrophages. The 

mechanism of action remains to be fully elucidated and is possibly tumor-type dependent. 

TGFb can abrogate STAT1-dependent transcription (58) suggesting both transcriptional and 

post-translational regulation. Additionally, released STAT1 transcriptional activity following 

TFGb inhibition may enhance its own transcription via a positive feed-back loop (59). 

Downregulation of SDH expression in breast cancer cells resulted in an accumulation of 

succinate. Succinate has been reported to contribute to tumorigenesis in several ways; 

promoting angiogenesis through ERK activation (60), inducing epigenetic changes by 

inhibiting histone demethylases (61), and by stabilizing the transcription factor HIF1a through 

either direct inhibition of PHDs (10) or indirectly through increased ROS production (62). We 

demonstrate that co-culture with PI macrophages triggers a decrease in HIF1a  levels in 

breast cancer cells. Overexpression of HIF1a is a characteristic of various types of cancer and 

has the potential to promote tumorigenic processes, including resistance to apoptosis, 

invasion and metastasis, adaptation to hypoxia and metabolic changes that support tumor 

survival and growth (63). HIF1a drives transcriptional upregulation of nearly all the glycolytic 

enzymes, including LDH, which catalyzes the conversion of pyruvate to lactate (64). Our 

results suggest that macrophages have the ability to trigger a switch from oxidative 

metabolism to aerobic glycolysis based on 1) a TGF-b and STAT1-dependent SDH and 

subsequent TCA cycle regulation and, 2) the stabilization of HIF1a resulting from increased 

succinate levels and the corresponding increase in glycolysis.  

The macrophage population within the tumor microenvironment is highly variable. In breast 

tumors, macrophages can account for up to 50% of the tumor mass (65). In the 4T1 in vivo 
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model used in the present study, the macrophage population was substantially smaller and 

oscillated at ~3% of the total tumor mass. As expected, it displayed a wide variety of marker 

expression, with a prevalence of PI macrophages (CD68+ MHCII+ and iNOS+) relative to AI 

macrophages (IL4R+ CD206+ and CD163+). Clodronate liposomes are an efficient tool to 

deplete macrophages in vivo (66, 67). In the 4T1 model, clodronate diminished TAMs to less 

than 1% of the whole population following treatment. In the absence of TAMs, 4T1 tumors 

demonstrated decreased metabolic activity, evidenced by a reduction of glycolytic metabolites 

(lactate, alanine and glycine), glutaminolytic metabolites (glutamate) and TCA intermediaries 

(succinate). In vivo succinate accumulation facilitates the stabilization of the oncogenic 

transcription factor HIF1a (39, 68). In addition, the increase in lactate levels acts 

synergistically to this effect (69, 70). Various factors that promote tumorigenesis by 

enhancing angiogenesis, including VEGF, PDGF and angiopoietins (71), are regulated by 

HIF1a (72). Consequently, lack of HIF1a expression in tumor cells may in part explain the 

disruption in vasculature formation (indicated by CD31+ vascular structures) upon clodronate 

treatment (73) and a significant increase in tumor cell death. This phenotype suggests that 

macrophage ablation in the tumor microenvironment modified the tumor metabolism by 

reducing its glycolytic activity, resulting in reduced HIF1a-driven angiogenesis. In contrast, 

reintroduction of AI-skewed macrophages is able to revert this phenotype and reconstitute the 

vascular structures, thereby showing a direct correlation between macrophage presence and 

HIF-dependent processes. 

HIF1a regulates the expression of immune checkpoint proteins (15), which are highly 

expressed in TNBC and correlate with poor patient outcome (74, 75). STAT1 also exerts a 

transcriptional control over PD-L1 (76) and the cytokines IL-10 and TGFb contribute to the 

prevention of anti-tumor immunity (77), overall evidencing a role for AI macrophages in 

immune evasion in TNBC. Clodronate treatment effectively reduced PD-L1 expression in 

tumor cells which was rescued with the re-introduction of AI polarized macrophages. 

Therefore, ex vivo skewed macrophages show the ability to be recruited to the tumor site and 
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exert control over tumor metabolism, vascularization and immune evasion and can constitute 

an effective therapeutic tool (78-80). However, this effect is limited by the tumor’s ability to 

reeducate macrophages, proving the need to further explore the potential of macrophage 

targeting as part of an effective combined immunotherapy (80). 

In conclusion, pro-tumorigenic macrophages contribute to cancer progression by affecting the 

central glucose metabolism, angiogenesis and immune evasion within the tumor and their 

presence may partially explain the limited efficacy of anti-glycolytic treatments (81, 82). A 

novel combined approach should be evaluated to improve the outcome of triple negative 

breast cancer therapies. For example, the use of nanoparticles to deplete/re-educate the M2-

like macrophage population within the tumor presents an intriguing therapeutic possibility, 

given their established association with poor prognosis (83, 84).  

 

MATERIALS AND METHODS 

In vivo experiments. 4T1 cells (0.25x106) were injected subcutaneously into the mammary 

fat pad of 6-week old BALB/c female mice (Charles River Laboratories). At day 7 after 

injection, 200 µl of phosphate-buffered saline (PBS) or clodronate-containing liposomes 

(Liposoma) were administered intraperitoneally (3-5 animals/group) every 3 days. At day 

12 after injection, (i) tumors were removed aseptically and snap-frozen for metabolomic 

assays or processed fresh for flow cytometry (fig. 4) or (ii) 1x106 ex vivo polarized 

macrophages were intravenously injected and tumors were processed 48 h. later as described 

(fig. 5). All animals were maintained under specific pathogen-free conditions and handled in 

accordance with the Institutional Committees on Animal Welfare of the UK Home Office (The 

Home Office Animals Scientific Procedures Act, 1986). All animal experiments were approved 

by the Animal Welfare and Ethical Review Body (AWERB) at University College London (UCL) 

and carried out under license from the Home Office, UK. 
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Cell culture, chemicals, treatments and transfections. MDA-MB-231, MCF-7 and 4T1 cells 

were maintained in DMEM supplemented with 10% fetal bovine serum (FBS). Human 

macrophage monocultures were maintained in IMDM media with 10% FBS. Co-cultures were 

maintained using the culture conditions corresponding to the tumor cell line. All media 

reagents were purchased from Gibco. Exponentially growing cells were plated to achieve 

consistent confluency (80-90%) and siRNAs (Ambion; siRNA IDs: SDHD – s12659, STAT1 – 

s279) were then transfected the next day (final concentration: 10nM) using Lipofectamine 

RNAiMax (Invitrogen) according to the manufacturer’s instructions. Control IgG1 and blocking 

TGFb and IL-10 antibodies (BioTechne, 5 µg/ml) were included in the medium for the duration 

of the co-culture experiment. 

 

Plasmids and generation of stable cell lines. pPuro.HRE>GFP was generated using the 

lentiviral expression plasmid PURO.Cre (Addgene plasmid #17408) as a backbone. Eight 

repeats of the hypoxia-responsive element (5’-GCCCTACGTGCTGTCTCACACAGC-3’) from 

the 3’ enhancer region of the human EPO gene were amplified by PCR, fused to a TATA 

box/linker (5’-TCTAGAGGGGTATATAATGGAAGCTC-‘3) and amplified with flanking 

restriction enzyme sites (5’ XhoI/3’ SmaI). The constructed fragment, termed HRE, was 

inserted into PURO.Cre replacing the original PGK promoter. Subsequently, EGFP was 

amplified by PCR from pLNT/SFFV hNIS-GFP (85) with flanking SmaI/KpnI sites and 

subcloned into the intermediate construct replacing Cre, thereby providing the final construct 

pPuro.HRE>GFP. Puromycin (Gibco, 1 μg/ml) was used as the selection antibiotic. 

 

Murine BMDM isolation and polarization. A bone marrow cell suspension was obtained by 

flushing out the femurs and tibias of female BALB/C mice. Cells were washed twice with PBS, 

resuspended in Red Blood Cell Lysing Buffer Hybri-Max (5 min, RT; Sigma), washed twice 

with PBS and seeded in P100 uncoated petri dishes. Macrophages were differentiated for 7 

days by adding recombinant M-CSF (100 ng/ml) and polarized into M1 (10 ng/ml M-CSF, 100 
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ng/ml IFNg) or M2 (10 ng/ml M-CSF, 20 ng/ml IL-4) for 24 h. All recombinant cytokines were 

from Peprotech.  

 

Human PBMC isolation and macrophage polarization. Human PBMCs were obtained from 

healthy donors by density gradient centrifugation. Briefly, blood was diluted 2-4 times in cold 

PBS supplemented with 2mM EDTA and layered on top of Ficoll-Paque (GE Healthcare) at 

3:1 ratio. The mix was centrifuged (400 x g, 40 min, RT) in a swinging-bucket rotor without 

brake. The mononuclear cell layer ring was carefully transferred to a new tube and washed 

repeatedly in PBS-EDTA. After pellet resuspension, cells were labelled using a human Pan 

Monocyte Isolation Kit (Miltenyi Biotec) according to manufacturer’s instructions, and then 

applied to an LS selection column attached to MidiMACS separator (Miltenyi Biotec). The 

eluted fraction was collected from the column and the cells then seeded. Macrophages were 

differentiated for 7 days by adding recombinant hGM-CSF (50 ng/ml) and hM-CSF (100 ng/ml) 

to the media to promote M1 and M2 polarization, respectively. At day 6 post-seeding, M1 

cultures were then supplemented with 100 ng/ml hIFNg, while at day 5 post-seeding, M2 

cultures were supplemented with 20 ng/ml hIL-4. All recombinant human cytokines were from 

Peprotech. Conditioned media was collected from the last 24h of macrophage culture and 

diluted 1:1 with fresh media before addition to cancer cell cultures. 

 

Cell culture separation. Co-cultures of tumor cells and macrophages were harvested by 

scraping and labelled with magnetic CD11b Microbeads (Miltenyi Biotec), according to 

manufacturer’s instructions. Cell suspension was applied to an LD depletion column attached 

to MidiMACS separator (Miltenyi Biotec). Tumor cells (unlabeled fraction) were collected after 

passing through the column and cell purity was then analyzed by flow cytometry using a FITC-

conjugated anti-CD11b antibody (Miltenyi Biotec). Flow cytometry was performed using an 

LSRFortessa X-20 flow cytometer (BD Biosciences). 
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ELISA. Mouse and human IL1-10 and IL-12 were quantified using the appropriate Mini ELISA 

Development Kit (Peprotech) according to manufacturer’s instructions. Plates were read at 

405 nm with wavelength correction set at 650 nm using a Varioskan LUX Multimode Microplate 

Reader (ThermoFisher). 

 

Gene expression analysis. RNA was extracted using RNeasy Mini Kit (Qiagen) according to 

manufacturer’s protocol. RNA concentration and integrity were measured using NanoDrop 

1000 spectrophotometer (Thermo Scientific) or 2100 Bioanalyser (Agilent), for RTqPCR and 

microarray analysis respectively. A total of 500 ng RNA was transcribed using SuperScript III 

Reverse Transcriptase, according to manufacturer’s instructions. For RT-qPCR, the resulting 

cDNA was used as template for qPCR and amplified with the Power SYBR Green PCR Master 

Mix (Life Technologies). Three independent experiments each with triplicate reactions were 

performed and analyzed using a 7500 Real Time PCR System (Applied Biosciences). Relative 

quantification of the expression levels was determined using the DDCt method and normalized 

to GAPDH, ACTB or S6 transcript amplification. For the microarrays, the resulting cDNA was 

hybridized in a GCS3000 microarray system (Affymetrix) and the generated data then 

subjected to Gene Set Enrichment Analysis (GSEA) using the KEGG Pathway Database. 

 

Metabolic assessment of cells and tumors. Metabolic assessment of MDA-MB-231 cells 

(1x107 cells per sample) and 4T1 tumors (~100mg per sample) was performed by NMR and 

dual phase methanol/water/chloroform extraction as previously described (86). After phase 

separation, the aqueous fraction was freeze-dried and stored at -80C prior to NMR acquisition. 

Freeze-dried aqueous extracts were re-dissolved in 600µL deuterated water (D2O containing 

8 g/L NaCl, 0.2 g/L KCl, 1.15 g/L Na2HPO4, 0.2 g/L KH2PO4 and 0.0075% w/v trimethylsilyl 

propanoic acid (TSP) as an internal 1H NMR standard for quantification and chemical shift 

reference). The pH was adjusted to 7 using 100 mM HCl or 100 mM NaOH where necessary. 

1H-NMR spectra were acquired using a NOESY 1D pulse sequence. Cell samples were 

acquired using a Bruker 500 MHz spectrometer with 512 scans, four dummy scans and 12 
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ppm sweep width with 64,000 data points, a repetition time of 7.7s per scan, 90° flip angle and 

an experiment duration of 67 min. Tumor tissue samples were acquired using a Bruker 4400 

MHz spectrometer with 256 scans, two dummy scans and 14.97 ppm sweep width with 32,000 

data points, a repetition time of 5.7s per scan, 90° flip angle and experiment duration of 25 

min. TopSpin (version 3.5) software was used for data acquisition and for metabolite 

quantification.  Assignment of metabolites to their respective peaks was carried out based on 

previously obtained data, confirmed by chemical shift, with reference to published data and 

using the Chenomx reference database. Peak areas were normalized to the TSP peak and 

metabolite concentrations quantified per gram of tissue (wet weight) or per million cells. Mean 

cell metabolite concentrations (fold change) were then calculated. The propagated standard 

error (SEM) of the ratio was calculated using the formula	𝑆𝐸("/$) = (𝑇/

𝐶)*(𝑆𝐸"/𝑇)& + (𝑆𝐸$/𝐶)&, assuming the covariance between the two groups is zero, i.e. C and 

T are uncorrelated.  

 

Metabolite quantification. Succinate and fumarate were quantified using a Succinate 

(Succinic Acid) and Fumarate Colorimetric Assay Kit (BioVision) respectively, according to the 

manufacturer’s instructions. A total of 1x106 cancer cells were used per assay and plates were 

read at 450 nm wavelength. 

 

Immunoblotting. Cells were washed with ice-cold PBS, harvested by scraping and then 

homogenized in lysis buffer (CelLytic M, Sigma) supplemented with phosphatase and 

proteinase inhibitors (PhosSTOP and cOmplete, Roche). Lysates were incubated (1h, 4°C) 

and then centrifuged at 14,000 x g (10 min, 4°C). Protein samples were quantified using the 

Pierce BCA Protein Assay (ThermoFisher), resolved by SDS-PAGE and transferred to PVDF 

membranes (Millipore). Membranes were blocked with TBST (50 mM Tris, 150 mM NaCl, 

0.5% Tween 20, pH= 7.5) containing 5% skim milk powder and probed overnight with primary 

antibody against SDHD (Millipore), pSTAT and STAT1 (Cell Signaling), GFP (Abcam) or 
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HIF1a (BD Biosciences). Bound antibodies were detected by horseradish peroxidase-linked 

secondary antibodies and processed with Pierce ECL Western Blotting Substrate 

(ThermoFisher). 

 

Live cell Imaging.  Macrophages grown in 6-well plates were incubated with 10 µM 

CellTracker Orange CMTMR Dye (ThermoFisher) for 30 min at 37°C before the addition of 

MDA-MB-231-HRE>GFP cells to establish co-cultures. Live cell images were acquired every 

hour over a 72h period using a Nikon Biostation CT Cell Culture Observation System (Nikon). 

Fluorescence quantification and analysis were performed using Imaris software (Bitplane). 

 

Immunostaining. Tissue sections were fixed in methanol: acetone (1:1) for 20 min at -20°C, 

washed, and then blocked with 2% BSA/1% goat serum/TBS for 1 h at RT. Sections were then 

incubated with PD-L1 (ThermoFisher), CD31 (Novus Biologicals), HIF1a, F4/80, CD163 and 

iNOS (Abcam) targeting primary antibodies in blocking buffer overnight at 4°C in a humidified 

chamber. Hoechst 33342 (Life Technologies) was applied for 30 min at RT. Images were 

acquired using a Zeiss LSM880 with Airyscan confocal microscope. 

 

Flow cytometry. Spleen samples from in vivo experiments were mashed, filtered through a 

40-µm cell strainer, incubated in erythrocyte lysis buffer for 3 min at RT, filtered again and 

finally resuspended in PBS. Tumors were cut into small pieces and resuspended in culture 

medium containing 1 mg/ml collagenase type 2 (Worthington Biochemical) and 0.1 mg/ml 

DNase I (Boehringer Mannheim), incubated at 37°C for 1h and then filtered through a 40 µm 

mesh. Samples were centrifuged, washed twice with PBS and stained for 30 min at RT. A list 

of antibodies used is detailed in Table S1. For co-culture separation confirmation, cell 

suspensions were stained with a CD11b-FITC marker in order to identify the macrophage 

subpopulation. Gate settings, including those used for the gating of live single cells in an FSC-

A versus FSC-H plot, were designed based on FMO controls and anti-rat/hamster 
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compensation beads (BD Bioscience). TAMs were obtained using a FACSAria cell sorter (BD 

Biosciences). Data were acquired on a FortessaX20 or a FACSymphony flow cytometer (BD 

Biosciences) and analyzed with FlowJo (TreeStar).  

 

Chromatin IP. MDA-MB-231 cells were cross-linked with formaldehyde, lysed and 

sonicated using a Diagenode Bioruptor for 6 x 30s pulses. The resulting whole-cell extract 

was incubated overnight at 4°C with Dynal Protein G beads (Invitrogen) pre-incubated with 

10 μg of STAT1 or IgG1 control antibodies (Cell Signaling). Beads were washed, bound 

complexes were eluted, and crosslinks were reversed by heating at 65°C. IP and input DNA 

were then purified by treatment with RNAseA, proteinase K and phenol: chloroform 

extraction. Enrichment of specific gene sequences was measured by RTqPCR (Applied 

Biosystems). 

 

Statistical analysis. Principal Components Analysis was performed using the command 

prcomp from the R stats package (87) and plots were produced with the ggbiplot package 

(88). Data were z-normalized and missing values were inputted with the mean of all valid 

values for that metabolite. Colocalization and fluorescence quantification analysis were 

performed on ImageJ using Manders Analysis and Costes automatic threshold (89-91). Five 

images were acquired from each mouse with three mice per condition. PD-L1 image stacks 

were collapsed to 2D using the max intensity projection, and the black level was subtracted 

from all pixels. All pixels less than grey level 1000 were removed to mask out non-specific 

signal. The mean of the remaining pixels was calculated to represent each image. CD31 

images were quantified by manually counting macroscopic vascular structures per field of 

view. Graphics and statistical analyses for all figures were performed using GraphPad Prism 

software. All results represent the mean ± standard error of the mean, unless stated otherwise. 

The significance of differences between the means or the population distributions was 

determined using Two-Way ANOVA test (for metabolomics, live imaging analysis and PD-L1 

IF quantification), two-tailed unpaired Student’s t-test (for RTqPCR, WB, ELISA and 
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colorimetric assays) or non-parametric Mann-Whitney test (for CD31 IF quantification). For all 

tests, differences were considered statistically significant if p-values were < 0.05, 0.01 and 

0.001 (indicated with *, ** and ***, respectively, in the figures).  

 

 

SUPPLEMENTARY MATERIALS 

Figure S1. Macrophage polarization.  

Figure S2. Macrophages drive changes in metabolism and metabolic gene expression in 

breast cancer cells.   

Figure S3. STAT and TGFb pathways mediate macrophage dependent SDHD expression 

changes.  

Figure S4. Anti-inflammatory macrophages stabilize HIF1a levels and transcriptional activity. 

Figure S5. Tumor-associated macrophages regulate tumor metabolism in vivo.  

Figure S6. Ex vivo polarized macrophages are recruited to the tumor site in an orthotopic 

model. 

Figure S7. Ex vivo polarized macrophages regulate in vivo tumor metabolism, vascularization 

and immune evasion.  

Table S1. List of antibodies used in flow-cytometry experiments for macrophage 

characterization. 

Data File S1. Excel file containing microarray KEGG analysis and individual gene list. 

Movie S1. HIF1a activation in MDA-MB-231 cancer cells co-cultured with PI macrophages.. 

Movie S2. HIF1a activation in MDA-MB-231 cancer cells co-cultured with AI macrophages..
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FIGURE LEGENDS    

Figure 1. Macrophages promote changes in metabolism and metabolic gene expression 

in breast cancer cells. (A) Metabolite quantification by 1H-NMR. Results show the metabolite 

ratio in MDA-MB-231 cells co-cultured with pro- or anti-inflammatory (PI, AI) macrophages 

relative to cancer cells co-cultured with control unpolarized (UNP) macrophages. Results are 

shown as mean ± SE (n=4 independent replicates for UNP and n=8 for PI/AI; two-way ANOVA 

with t-test multiple comparisons, * P<0.05, **P<0.01). (B) Quantitative real-time PCR analysis 

of SDHD gene expression in MDA-MB-231 and MCF-7 breast cancer cell lines following PI, 

AI or UNP macrophage co-culture. Results are normalized to the UNP macrophage co-culture 

and shown as mean ± SE (n=3 independent experiments; Student’s t-test, * P<0.05; ** P<0.01; 
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and ns, not significant). (C and D) Western blot analysis of SDHD expression in MDA-MB-231 

and MCF-7 breast cancer cells following PI, AI or UNP macrophage co-culture. Results show 

one representative experiment and quantifications are normalized to the PI macrophage co-

culture and expressed as mean ± SE (n=3 independent experiments; * P<0.05 by Student’s t-

test). (E and F) Western blot analysis of SDHD expression in 4T1 murine breast cancer cells 

after co-culture with UNP, PI, AI or TAM macrophages. Results show one representative 

experiment and quantifications are expressed as mean ± SD (n=2 independent experiments; 

one-way ANOVA with Welch’s t-test multiple comparisons, **P<0.001). (G) Metabolite 

quantification in MCF-7 cells co-cultured with UNP, PI or AI macrophages and transfected with 

the indicated siRNAs. The succinate-to-fumarate ratio is shown as mean ± SE (n=3 

independent experiments; Student’s t-test, *P<0.05).  
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Figure 2. STAT and TGFb pathways mediate macrophage-dependent SDHD expression 

changes. (A) Gene Set Enrichment Analysis (GSEA) algorithm for the KEGG Pathway 

Database reveals a negative enrichment of the Toll-like receptor signaling pathway in 4T1 

murine breast cancer cells following anti-inflammatory (AI) macrophage co-culture, normalized 

to the pro-inflammatory (PI) co-culture experimental group. The STAT1/2 transcription factors 

are highlighted. (B) Quantitative real-time PCR analysis of STAT1 gene expression in MDA-

MB-231 and MCF-7 breast cancer cells following UNP, PI or AI macrophage co-culture. 
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Results are normalized to the UNP macrophage co-culture and shown as mean ± SE (n=3 

independent experiments; Student’s t-test, * P<0.05, ** P<0.01). (C and D) Western blotting 

for STAT1 phosphorylation (at Tyr701) and total STAT1 abundance in MDA-MB-231 and MCF-

7 breast cancer cells following UNP, PI or AI macrophage co-culture. Results show one 

representative experiment and quantifications are normalized to the PI macrophage co-culture 

and expressed as mean ± SE (n=3 independent experiments; Student’s t-test, *P<0.05, 

**P<0.01). (E and F) Chromatin immunoprecipitation followed by quantitative qPCR analysis 

of the SDHD promoter (E) or the ACTB (F) promoter in MDA-MB-231 cells after co-culture 

with UNP, PI and AI macrophages. Cross-linked DNA-protein samples were pulled-down 

using STAT1 (black bars) or control (grey bars) antibodies. Results are expressed as 

percentage of enrichment compared with the whole cell lysate (input) and shown as mean ± 

SD (n=3; independent experiments; Student’s t-test, *P<0.05, **P<0.01). (G and H) Western 

Blot showing SDHD expression in MDA-MB-231 breast cancer cells after UNP, PI, or AI 

macrophage co-cultures were treated with IgG1 control or TGFb-blocking antibodies. Results 

show one representative experiment and quantifications are normalized to the UNP CTL 

macrophage co-culture and expressed as mean ± SE (n=3 independent experiments; 

Student’s t-test, *P<0.05; ***P<0.001; and ns, not significant). 
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Figure 3. Anti-inflammatory macrophages stabilize HIF1a levels and transcriptional 

activity. (A and B) Western blot showing HIF1a expression in MDA-MB-231 and MCF-7 
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breast cancer cells following unpolarized (UNP), proinflammatory (PI) or anti-inflammatory (AI) 

macrophage co-culture. Results show one representative experiment and quantifications are 

normalized to the PI macrophage co-culture and expressed as mean ± SE (n=3 independent 

experiments; Student’s I-test, *P<0.05). (C and D) Western blot showing expression of the 

indicated proteins in control or SDHD-depleted MDA-MB-231 breast cancer cells following 

UNP, PI or AI macrophage co-culture. Results show one representative experiment and 

quantifications are expressed as mean ± SE (n=3 independent experiments; Student’s I-test, 

*P<0.05). (E and F) Representative microscopy images showing the labelling of macrophages 

(CMTMR cell tracker) and breast cancer cells (GFP) in a co-culture of MDA-MB-231-

HRE>GFP cells with PI or AI macrophages. Live-cell images were acquired every hour for 72 

hours. Scale bar, 50 µm. Quantification of GFP fluorescence are shown as mean ± SE (n=5 

independent experiments; two-way ANOVA, ****P<0.0001). (G and H) Western blotting for 

HIF1a expression in MDA-MB-231 breast cancer cells from UNP, PI, or AI macrophage co-

cultures treated with IgG1 control or TGFb-blocking antibodies. Blot is representative, and 

quantifications are normalized to the UNP control (CTL) macrophage co-culture and shown 

as mean ± SE (n=3 independent experiments; Student’s t-test).(I and J) Representative 

microscopy images showing a co-culture of MDA-MB-231-HRE>GFP breast cancer cells 

(GFP, green) and AI macrophages (red, CMTMR) in co-cultures treated with IgG control, 

TGFb and IL-10 blocking antibodies. Scale bars: 50 µm merged, 100 µm zoom. Number of 

GFP positive cells per field in MDA-MB-231-HRE>GFP cell-AI macrophage co-cultures 

treated with IgG control, TGFb- and IL-10-blocking antibodies (n=3 independent experiments, 

5 fields per experiment; Student’s t-test, *P<0.05; **P<0.01; ns, not significant). 
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Figure 4. TAMs regulate tumor metabolism in vivo. (A) Representative images of PI 

(F4/80+ iNOS+) and AI macrophages (F4/80+ CD163+) in tissue sections from control 4T1 

tumors (n=3 mice, scale bar = 40 µm). (B) Macrophage quantification (CD45+ CD11b+ 

CD127-) in spleens and tumors of 4T1 tumor-bearing mice treated with PBS or clodronate 

liposomes. Results are shown as a percentage of the total live cell population (n=3 mice; 

Student’s t-test, *P<0.05). (C to E) Metabolite quantification by 1H-NMR, shown as absolute 
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metabolite quantification (expressed as µmol/g tumor) for (C) succinate, (D) lactate and (E) 

alanine in control (PBS) and clodronate-treated 4T1 tumor-bearing mice (n=3 mice; Student’s 

t-test, *P<0.05, **P<0.01, ***P<0.001).(F and G) Representative images of PD-L1 expression 

(red) in tumors from PBS or clodronate-treated mice. F4/80 (green) and Hoechst33342 (blue) 

are used to stain macrophages and cell nuclei respectively (scale bar = 50 µm).Quantification 

of PD-L1 fluorescence intensity in PD-L1+ F4/80– cells imaged in (F) shown as mean ± SE 

(n=3 mice, 5 images per mouse; Student’s t-test, **P<0.01). (H) Representative images of 

vascular formation (CD31, red) in tumors from PBS or clodronate-treated mice. F4/80 (green) 

and Hoechst33342 (blue) stain macrophages and cell nuclei respectively (n=3 mice, scale bar 

= 200 µm). 
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Figure 5. Ex vivo-polarized macrophages regulate tumor metabolism and HIF-

dependent PD-L1 expression in vivo. (A to C) Metabolite quantification in tumor cells by 

1H-NMR, as µmol/g tumor, of succinate (A), lactate (B) and alanine (C) cultured in a control 

condition (PBS), with clodronate (CLO), and with clodronate and replenished with PI or AI 

macrophages (CLO+PI and CLO+AI respectively). (n=2 CLO, 3 CTL, and 4 CLO+PI and 

CLO+AI mice; two-way ANOVA with Welch’s t-test multiple comparisons, *P<0.05, **P<0.01). 

(D and E) Representative images of PD-L1 expression (red) in tumors with the following 

treatments: control (PBS), clodronate-treated (CLO) and clodronate-treated, replenished with 

PI or AI macrophages (CLO+PI and CLO+AI respectively). F4/80 (green) and Hoechst33342 

(blue) stain macrophages and cell nuclei respectively. Scale bar, 50 µm. Quantification of PD-

L1 fluorescence intensity in PD-L1+ F4/80– cells shown as mean ± SE (n=3 mice, 5 images 

per mouse; two-way ANOVA test with t-test multiple comparisons, *P<0.05, **P<0.01). 


