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Abstract 

The immune microenvironment in inflammatory breast cancer (IBC) is poorly 

characterised, and molecular and cellular pathways that control accumulation of various 

immune cells in IBC tissues remain largely unknown. Here, we discovered a novel 

pathway linking the expression of the tetraspanin protein CD151 in tumour cells with 

increased accumulation of macrophages in cancerous tissues. Importantly, elevated 

expression of CD151 and higher number of tumour-infiltrating macrophages correlated 

with better patient responses to chemotherapy. Accordingly, CD151-expressing IBC 

xenografts were characterised by the increased infiltration of macrophages. In vitro 

migration experiments demonstrated that CD151 stimulates the chemoattractive potential 

of IBC cells for monocytes via mechanisms involving midkine (a heparin-binding growth 

factor), integrin α6β1 and production of extracellular vesicles (EVs). Profiling of 

chemokines secreted by IBC cells demonstrated that CD151 increases production of 

midkine. Purified midkine specifically stimulated migration of monocytes, but not other 

immune cells. Further experiments demonstrated that the chemoattractive potential of 

IBC-derived EVs is blocked by anti-midkine antibodies. These results demonstrate for the 

first time that changes in the expression of a tetraspanin protein by tumour cells can affect 

the formation of the immune microenvironment by modulating recruitment of effector cells 

to cancerous tissues. Therefore, a CD151-midkine pathway can be considered as a novel 

target for controlled changes of the immune landscape in IBC. 

 

Keywords:  IBC, tumour microenvironment, macrophages, tetraspanins, midkine 
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INTRODUCTION 

Inflammatory breast cancer (IBC) is rare but is one of the deadliest forms of locally 

advanced breast cancer. Whilst IBC displays distinct clinical features, the underlying 

molecular pathways involved in IBC pathology remain poorly understood.  

Immunotherapy is considered to be a promising new approach in treatment of IBC [1]. 

However, the immune landscape of IBC tissues remains poorly investigated. In a recent 

study no association was found between the infiltration of FoxP3-positive regulatory T 

cells and IBC phenotype [2]. Others reported a more pronounced infiltration of CD14+ 

monocytes/macrophages into post-treatment IBC tissues than into non-IBC tissues [3], 

and more M2 macrophages were present in treatment-naïve cancerous tissues as 

compared to normal breast tissues [4]. Interestingly, the frequency of macrophage 

infiltration into non-cancerous normal tissues of IBC patients was higher than that of non-

IBC breast cancer patients [5]. Furthermore, increased infiltration of B-cells was found to 

correlate with a better prognosis [6] and increased number of stromal tumour infiltrating 

lymphocytes was a significant predictor of better overall survival in IBC [7]. However, the 

molecular mechanisms of immune cell recruitment into IBC tissues are unknown. 

Tetraspanin proteins play an important role in regulation of tumour cell migration, 

proliferation and apoptosis [8]. Recently, various tetraspanins have emerged as 

mediators of cell communication between tumour cells and surrounding tumour 

microenvironment (TME). Specifically, it has been proposed that tetraspanins regulate 

TME via exosomes [9-12]. Exosomes are nanovesicles that are proposed to function as 

short- and long-distance communication vehicles between various cell types [13]. 
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We, and others, have previously reported that the elevated expression of the tetraspanin 

CD151 in non-IBC invasive ductal carcinoma correlated with decreased survival of 

patients with Luminal A and triple-negative subtypes of breast cancer [14,15]. By contrast, 

we found no correlation between the expression of CD151 and any of the clinico-

pathological parameters in invasive lobular carcinomas [16], suggesting that CD151 may 

play distinct roles in pathogenesis of different subtypes of breast cancer.  

Here, we report elevated expression of CD151 in ~74% of IBC patients and demonstrate 

that high levels of CD151 predict better response to treatment. Elevated expression of 

CD151 also correlated with increased infiltration of CD68+ macrophages into IBC tissues. 

In vitro experiments demonstrated that CD151 increases the chemoattractive potential of 

IBC cells for monocytes via production of extracellular vesicles and the growth factor 

midkine. These results identify CD151 and midkine as important new regulators of the 

immune microenvironment in IBC.  

 

Materials and methods 

Details of cell culture protocols, antibody information, ELISA protocol, analysis of EVs 

and animal experiments are provided in supplementary material, Supplementary 

materials and methods. 

 

Patients and ethics statement. Patients clinically proven to have IBC according to 

published international guidelines [17], were managed by neoadjuvant chemotherapy 

followed by surgery, and the pathological complete response was assessed using the 
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classification in accordance with published criteria. All experiments were approved by the 

West Midlands – Black Country NRES Committee (07/Q2702/24), Ethics committee of 

the Juntendo University Hospital (14-144) or Leeds Research Ethical Committee 

(06/Q1206/180). All donors provided written informed consent for the collection of blood 

samples and subsequent analysis. Clinical details and treatment regimens are shown in 

supplementary material, Tables S1 and S2. 

Western blotting. Cells were lysed in Laemmli buffer supplemented with protease and 

phosphatase inhibitors. Equal amounts of protein per lane were loaded and resolved on 

SDS–PAGE and then transferred onto nitrocellulose membrane. The membranes were 

incubated with specific antibodies as listed in supplementary material, Table S3. Infrared 

fluorescence-tagged secondary antibodies were used to visualise the signals, and the 

images were capture and quantified using a LI-COR Odyssey scanning system. 

Peripheral blood mononuclear cells (PBMC) transmigration assay. PBMCs were 

isolated from heparinised whole blood samples of consented healthy donors 

(07/Q2702/24) using density gradient centrifugation (Ficoll-Paque; GE Healthcare, Little 

Chalfont, UK). Growth medium conditioned for 3 days by IBC cells (CM) were centrifuged 

at 1000 rpm for 3 min then used as chemoattractant. PBMCs (2x106/200 μl) were allowed 

to migrate towards CM for 4 h. Migrated cells were counted, stained, and analysed using 

flow cytometry.  

siRNA-based knockdown. BCX010 cells were transfected with one of two siRNAs (20 

nM) targeting α6 integrin subunit or a control siRNA using Lipofectamine®RNAiMAX 

transfection reagent (ThermoFisher). All siRNAs were purchased from Qiagen in the 
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Flexitube format; targeted sequences were: GGTCGTGACATGTGCTCAC and 

CAAGACAGCTCATATTGAT (referred to as si-α6/1 and si-α6/2, respectively). Medium 

was changed 24 h post-transfection and cells were left to condition freshly-added growth 

medium for an additional 72 h. Conditioned medium was used for PBMC transmigration 

assays as described above. 

Flow cytometry. Cells were washed twice in PBS and stained for surface markers by 

incubation for 30 min on ice with saturating amounts of various combinations of the 

following antibodies: AmCyan-conjugated CD3 mAb, PE-Texas Red-conjugated CD4 

mAb (Beckman Coulter), PE-conjugated CD8 mAb, APC-conjugated CD14 mAb, PE-

Cy7-conjugated CD19 mAb (listed in supplementary material, Table S3). After 

subsequent washes, stained cells were either analysed immediately or fixed in 4% 

paraformaldehyde (for later analysis, using an LSRII flow cytometer (Beckman Coulter). 

The gating strategy is shown in supplementary material, Figure S1. Data were analysed 

using FlowJo software (Ashland, OR, USA). 

Gene set enrichment analysis. Gene set enrichment analysis (GSEA) was performed 

on an existing gene expression dataset of 50 patients with IBC (accession number in the 

ArrayExpress E-MTAB-1006) [18].. Patients were dichotomized according to the median 

CD151 expression levels, and differential gene expression analysis was performed 

between the “CD151-high” and “CD151-low” group in the cohort of IBC patients. Resulting 

fold-changes were used as input for GSEA using gene sets that were reported by 

Angelova, et al [19] and that are characteristic for 56 different immune cell types. An 

enrichment score (ES) for each immune gene set was defined as the maximum value of 
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a running sum, calculated by starting at the top of the ranked list (i.e. genes 

overexpressed in the “CD151-high” group), considering each gene in succession and 

incrementing the sum if the gene is present in the immune gene set and decrementing 

the sum otherwise. Significance of the ES was assessed using 1000 random gene label 

permutations and P values less than 5% were considered significant.   

Isolation of extracellular vesicles (EVs) and depletion of EVs. EVs were purified from 

the culture supernatant of cells growing in complete medium supplemented with vesicles-

depleted FCS (ThermoFisher Scientific) for 72 h. Conditioned medium was centrifuged 

sequentially at 600×g for 10 min, followed by 10,000×g for 45 min and finally at 70,000×g 

for 2 h. In experiments involving depletion of EVs, conditioned medium was collected after 

final centrifugation and filtered before use in migration experiments. CD151-positive EVs 

were depleted after two cycles of incubation of conditioned medium with anti-CD151 mAb 

(5C11) pre-bound to G-protein conjugated agarose. Mouse isotype control IgG1 antibody 

with no known specificity (Biolegend) was used as a control in these experiments.    

Immunohistochemistry. Seventy seven inflammatory breast cancer treatment naïve 

core biopsies were collected from three centres in the UK and Japan in the period 

between 2006 and 2014). Tissue specimens were fixed with 10% neutral-buffered 

formalin and embedded in paraffin wax. FFPE tissue blocks were processed for staining 

using a standard protocol. Sections were incubated with primary mouse mAb to CD151 

(RLM30, Leica). Tumour infiltrating macrophages were identified using anti-CD68 (PG-

M1, Dako). Antibodies used are listed in supplementary material, Table S3 
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Evaluation and scoring systems. Immunostained slides were evaluated and scored 

independently by two pathologists (AMS and MG). Membranous CD151 immunoreactivity 

was scored semi-quantitatively as negative (0), weak (1+), moderate (2+) or strong (3+) 

expression. Tumours without any detectable CD151 positivity or with faint membranous 

positivity in ≤10% of tumour cells was considered as expression negative (0). Incomplete 

membranous staining, which was barely noticeable but in >10% tumour cells was 

considered as weak expression (1+). Circumferential membranous staining that was 

incomplete and/or moderate and in >10% tumour cells or complete membranous staining 

in ≤10% tumour cells was considered as moderate expression (2+). Circumferential 

membranous staining, that was complete, strong and in >10% of cells was considered as 

strong expression (3+). Finally, for statistical purposes, cases scored as negative or weak 

expression were considered as negative (0) and cases with moderate or strong 

expression were considered as positive (1). For CD68 staining, cells with granular 

cytoplasmic and membranous positivity were counted per high power field (x40 objective) 

in three “hot spots”. Areas of necrosis were avoided and excluded from the evaluation of 

both markers. 

Statistical analysis. Overall survival (OS) was defined as the period from the date of 

surgery until tumour-related death. Cases lost during follow-up and those ending in death 

from non-tumour related causes were censored. For time-to-event data, Kaplan–Meier 

curves were calculated, and tests of statistical significance were based on log-rank 

statistics. Comparison between patient subgroups was done using the Mann–Whitney U 

test. The correlation between quantitative data including CD68 and CD151 

immunoreactivity was assessed by using Spearman’s rank test. All tests of significance 
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were two-sided; p < 0.05 was considered significant. All conventional statistical analyses 

were performed using IBM SPSS statistics software version 20.00 (IBM, Chicago, IL, 

USA).  

 

RESULTS 

Expression of tetraspanin CD151 and recruitment of macrophages correlate with 

better responses to chemotherapy in IBC patients. Previous studies suggested that 

CD151 is likely to play contrasting roles in different subtypes of breast cancer. It was also 

proposed that CD151 affects communication between cancer cells and surrounding 

stroma leading to changes in its composition and function. As a first step towards 

understanding whether cancer cell associated CD151 is involved in shaping the tumour 

microenvironment in IBC, gene set enrichment analysis (GSEA) was performed on an 

existing gene expression data set from 50 patients. Patients were dichotomized according 

to the median CD151 expression levels, and differential gene expression analysis was 

performed between the “CD151-high” and “CD151-low” groups. Resulting fold-changes 

were used as input for GSEA using gene sets that were reported by Angelova, et al [19] 

and that are characteristic for 56 different immune cell types. Three immune gene sets 

reflecting monocytes (ES=4880; P=0.018), plasma cells (ES=4064; P=0.027) and resting 

dendritic cells (ES=3494; P=0.032) were enriched in IBC tumours that expressed high 

levels of CD151.  

Circulating monocytes mobilised to the tumour are subsequently polarised into 

macrophages. Thus, we analysed whether expression of CD151 in cancer cells correlates 
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with accumulation of macrophages in IBC. Accumulation of tumour associated 

macrophages in IBC samples was analysed by immunohistochemistry using anti-CD68 

mAb (supplementary material, Figure S2A). Median count of CD68-positive macrophages 

in three high power fields was 30. A low CD68 count (≤30) was seen in 40 (52%) and 

high CD68 count (>30) was seen in 37 (48%) patients. Accumulation of macrophages 

into IBC tissues did not correlate with the tumour grade, ER or HER2 status (Table 1). 

However, increased infiltration of CD68+ macrophages positively correlated with 

pathological responses. More CD68+ macrophages were seen in patients with complete 

pathological response (r=0.27, p=0.023, Table 1).  

Using the same cohort of patients, we observed high levels of CD151 in 57 (~74%) 

samples (supplementary material, Figure S2B). Although, there was no correlation 

between CD151-positivity and grade, ER or HER2 status of the tumour, Spearman’s rank 

correlation analysis demonstrated a significant positive relationship between CD151 

expression and macrophage abundance in IBC tissues (r=.308, p=0.006). Importantly, 

elevated CD151 expression was also positively associated with probability of partial or 

complete pathological response (r=.44, p<0.0001) (Table 1). Thus, the expression of 

CD151 on cancer cells may contribute to specific changes in the immune 

microenvironment in IBC.  

CD151 regulates the chemoattractive potential of IBC cells for monocytes. To 

further examine the relationship between tissue accumulation of macrophages and 

CD151 expression in IBC tumours, we initially examined whether conditioned medium 

(CM) from cultured IBC cells could influence migration of monocytes and lymphocytes 

This article is protected by copyright. All rights reserved.



 

 

present in peripheral blood mononuclear cells (PBMCs). These experiments 

demonstrated that CM from BCX010 cells, a recently established triple-negative IBC 

model [20] (BCX-CM), was more chemotactic for PBMCs when compared to the control 

growth media (p=0.07) (Figure 1A). When analysed in more detail, we found that there 

was a significant increase in migration of CD14+ monocytes towards BCX-CM (p<0.01), 

whereas migration of CD3+ T-cells was not consistently affected (Figure 1A). In contrast, 

CM from SUM149 and MD-IBC3 cells, two well-established IBC cell models, had no effect 

on migration of either PBMCs, monocytes or T cells (Figure 1B,C).  

Interestingly, out of three cell lines tested, BCX010 cells expressed the highest level of 

CD151 when compared to SUM149 and MDA-IBC3 (Figure 2A). To investigate whether 

differences in CD151 expression were responsible for the higher chemoattractive 

potential of BCX010 cells, we generated a stable BCX010/CD151KD cell line in which 

expression of the tetraspanin was decreased by ~10-fold (supplementary material, Figure 

S3). Conversely, we established a stable MD-IBC/CD151 cell line which expressed 

CD151 at the level similar to that seen in BCX010 cells (supplementary material, Figure 

S3). Migration of monocytes towards media conditioned by the BCX010/CD151KD was 

decreased (p=0.02) to the levels seen in the control experiment (i.e. migration towards 

the control growth medium) (Figure 2B). Conversely, CM of MD-IBC/CD151 cells was 

more chemotactic for monocytes than CM of MD-IBC/pLVx (p=0.01) (Figure 2C). These 

results demonstrated that elevated expression of CD151 increases the chemoattractive 

potential of IBC cells for monocytes. In agreement with these results, we found that the 

number of macrophages associated with tumours formed by BCX010/pLVx cells in mice 
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was consistently higher than that associated with BCX010/CD151KD tumours (p=0.025) 

(Figure 2D).    

To examine whether CD151 also affects cancer cell induced polarization of monocytes to 

macrophages, PBMC-derived monocytes were incubated with CM-BCX010/pLVx and 

CM-BCX010/CD151KD for 72 h and subsequently analysed for the expression of CD68 

and CD163, two well established macrophage markers. While these experiments 

demonstrated that both cell lines are able to induce polarization of monocytes, we found 

no noticeable differences between the control and CD151-depleted cells within this time-

frame (supplementary material, Figure S4). 

The effect of CD151 on production of chemokines and growth factors. To examine 

the mechanisms underlying the role of CD151 in regulation of monocyte migration by IBC 

cells we analysed the CM of BCX010 cells for the presence of 31 chemokines using a 

chemokine antibody array. Only CXCL8/IL-8 and midkine were detected in media 

conditioned by BCX010/pLVx and BCX010/151KD cells (Figure 3A). While there were no 

differences in signal intensities for CXCL8/IL-8, the level of midkine in CM-BCX010/pLVx 

appeared to be higher when compared to CM-BCX010/CD151KD. To measure the level 

of these chemokines more precisely, we carried out ELISA. As shown in Figure 3B the 

expression levels of CXCL8/IL-8 was ~100pg/ml for both BCX010/pLVx and 

BCX010/CD151KD cells. Similarly, there were only marginal differences between 

secretion of CXCL8/IL-8 by MD-IBC/pLVx and MD-IBC/CD151 cells (Figure 3B). By 

contrast, we found that BCX010/pLVx cells produced more than 580 pg/ml of midkine, 

and depletion of CD151 resulted in a consistent decrease of midkine production by ~25–
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30% (Figure 3C). Accordingly, ectopic expression of CD151 cells resulted in increased 

production of midkine by MDA-IBC3 cells (Figure 3C). Furthermore, while recombinant 

midkine specifically increased chemotactic migration of monocytes in a concentration-

dependent manner, migration of neither T-cells nor B-cells was affected (Figure 3D). 

Conversely, antibodies to midkine specifically blocked migration of monocytes towards 

CM-CD151(+) but not T cells (Figure 3E). These results demonstrated the CD151-

dependent increase in the chemoattractive potential of media conditioned by IBC cells is 

caused by the higher level of midkine production. 

Production of midkine by IBC cells is regulated by the CD151-integrin complex. To 

investigate molecular mechanisms underlying the effect of CD151 depletion on 

production of midkine, we first compared expression levels of the growth factor in cells. 

As shown in Figure 4A, CD151 knockdown did not change the total level of midkine in 

BCX010 cells, thus suggesting that the effect was mediated by post-translational 

mechanisms. The integrin α6β1, one of the reported midkine receptors [21], is also known 

to be a principal partner for CD151 [22]. Thus, we investigated whether the CD151−α6β1 

complex is involved in the regulation of midkine production by IBC cells. Initially, we 

analysed the activity of the CD151 mutant which is unable to directly associate with 

integrins (CD151-QRD) (25). Re-expression of the CD151-QRD protein in 

BCX010/CD151KD cells at the level seen in the control BCX010/pLVx cells 

(supplementary material, Figure S5) failed to restore the chemoattractive potential of the 

CM for monocytes (Figure 4B). Accordingly, the level of midkine in CM-

BCX010/CD151QRD was similar to that seen in the CM-BCX010/CD151KD (Figure 4C). 
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In control experiments, re-expression of the wild-type CD151 recovered both the level of 

midkine in CM and its chemoattractive potential (Figure 4B,C). In complementary 

experiments we demonstrated that knockdown of the α6 integrin subunit decreased the 

level of midkine in CM-BCX010 and its chemoattractive potential (Figure 4D,E). These 

results demonstrated that the CD151−α6β1 complex plays a key role in the regulation of 

midkine secretion by IBC cells.   

The role of extracellular vesicles in CD151-dependent migration of monocytes. It 

has been proposed that cancer cell associated tetraspanins may regulate the TME 

through secretion of extracellular vesicles (EVs) [23]. Our preliminary experiments 

demonstrated that the depletion of CD151 did not affect production of extracellular 

vesicles (supplementary material, Figure S6). Next, we investigated whether EVs 

contribute to the increased chemoattractive potential of CD151-expressing IBC cells by 

analysing migration of monocytes towards BCX-CM depleted of EVs by centrifugation. 

These experiments demonstrated that CM-BCX010/pLVx completely lost its 

chemoattractive potential for monocytes upon depletion of EVs (Figure 5A). By contrast, 

there was only a negligible effect of EVs-depletion on migration of CD14+ monocytes 

towards CM-BCX010/CD151KD (Figure 5B). These results demonstrate that most of the 

chemoattractive activity of BCX010/pLVx-CM for monocytes was associated with EVs.  

Tetraspanins are known to influence the production level and composition of EVs [24,25]. 

To examine if midkine is associated with vesicles secreted by IBC cells we measured the 

concentration of midkine in EV-depleted CM. Strikingly, the level of midkine in EV-

depleted CM was decreased by 2.5-fold (Figure 6A). By contrast, the levels of IL-8 in CM 
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were only marginally affected by EVs-depletion (supplementary material, Figure S7). 

Importantly, the increase in monocyte migration towards EVs secreted by CD151-

expressing IBC cells was completely negated by anti-midkine antibodies (Figure 6B). 

Conversely, neither EVs nor inhibitory anti-midkine mAb affected migration of CD3-

positive lymphocytes (Figure 6B). To illustrate further the role of CD151 in the association 

of midkine with EVs, we measured the concentration of the chemokine after CM-

BCX010/pLVx was immunodepleted of CD151-positive vesicles. These experiments 

show that the level of midkine was consistently decreased after the depletion. We also 

found that the level of midkine was consistently decreased when CM-BCX010/pLVx was 

depleted of CD63-positive vesicles; these results are in agreement with an earlier 

observation showing that CD63 is present on all types of cell-derived vesicles [26]. By 

contrast, and as expected, immune-depletion did not change the concentration of midkine 

in CM-BCX010/151KD (Figure 6C). Accordingly, we found that depletion of CD151-

containing vesicles decreased the chemoattractive potential of CM-BCX010/pLVx cells 

relative to that of CM-BCX010/151KD cells (Figure 6D). Therefore, the biological activity 

of midkine was associated with CD151-positive EVs indicating the importance of EV-

associated midkine in CD151-dependent regulation of the chemoattractive potential of 

IBC cells for CD14+ monocytes (Figure 6E). 

 

DISCUSSION 

Here we demonstrated for the first time that the expression of a tetraspanin protein by 

tumour cells can influence the composition of the immune microenvironment in cancerous 
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tissues. Specifically, we found that accumulation of CD68-positive macrophages in IBC 

tissues correlated with the elevated expression of tetraspanin CD151 by tumour cells. 

Furthermore, our data reveal a novel pathway whereby CD151-dependent production of 

midkine and its association with tumour cell-derived vesicles regulate migration of 

monocytes, and could therefore be an important factor in accumulation of macrophages 

in CD151-positive tumours. Importantly, both increased infiltration of CD68+ 

macrophages and the elevated expression of CD151 correlated with better clinical 

responses to neoadjuvant chemotherapy treatment in IBC patients, as judged by 

pathological examination of the tissues (i.e. correlated with partial or complete 

pathological response (PR)).  

Our finding of a positive correlation between expression of CD151 and response to 

chemotherapy in breast cancer is somewhat counter-intuitive given that in most common 

breast cancers, high expression of CD151 correlates with poor survival.  On the other 

hand, our earlier work and more recent results suggest that CD151 may, in fact, improve 

responses of HER2+ breast cancer cells to HER2-targeting therapies [14,27]. These 

observations suggest that the predictive value of CD151 expression in breast cancer 

including IBC is likely to be dependent on distinct molecular subtypes of patient tumours 

as well as treatment regimens. 

We observed correlation between expression of CD151 and patient responses to therapy, 

but there was no association with overall survival (OS). This may not be surprising given 

that we found no correlation between pathological responses and OS in our cohort of IBC 

patients. A link between pathological complete response (pCR) and survival in IBC 
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remains a contentious topic. In earlier studies, a higher rate of pCR in an unselected IBC 

cohort significantly correlated with better disease-free and OS [28]. However, when 

examined in IBC subtypes, significance was lost in hormone receptor positive patients. 

Furthermore, a more recent study demonstrated that despite a significant correlation 

between pCR and metastasis-free survival, the correlation with overall survival was not 

observed [29]. Whilst the underlying differences between IBC and non-IBC require further 

investigation, it has been proposed that the lack of correlation between PR and OS in IBC 

may be due to a higher metastatic risk rather than chemosensitivity of the tumours [30]. 

Extensive infiltration of CD68+ macrophages into cancerous tissues has been previously 

associated with poor prognosis in various types of cancer including breast cancer [31]. 

Furthermore, a recent study by Valeta-Magara, et al demonstrated that IBCs are 

characterized with high infiltration by M2 macrophages which strongly express IL-8 and 

GRO (growth-related oncogene) chemokines [5].  By contrast, we observed that high 

infiltration of CD68+ macrophages correlated with better pathological responses to the 

treatment in IBC patients, albeit this was not linked to improved overall survival. Similar 

findings were recently reported for large and locally advanced breast cancer in which high 

levels of CD163+ tumour-associated macrophages in the tumour tissues were a good 

predictor for pCR but not for OS [32]. 

Our results point towards a novel mechanism that controls accumulation of CD68+ 

macrophages in cancerous tissues wherein CD151 regulates production of midkine by 

tumour cells (Figure 6E). Several studies report elevated expression of midkine (both at 

mRNA and protein levels) in breast cancer tissues, that was associated with poor survival 
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and increased microvascular density of the tumours [33]. Our results suggest that midkine 

produced by tumour cells can also stimulate recruitment of monocytes/macrophages to 

breast cancer tissues. Accordingly, we found that increased expression of midkine 

correlated with monocyte and macrophage signatures in breast cancer. Whilst the links 

between expression of midkine and the tumour immune microenvironment have not been 

investigated previously, midkine was shown to be a key factor in infiltration of leukocytes 

in various inflammatory conditions [34].  

Interestingly, the chemotactic potential of midkine was enhanced when it was associated 

with cancer cell-derived extracellular vesicles thus suggesting that EVs serve as effective 

platforms for presentation of midkine to cell surface proteins on target cells. Surface 

immobilization and/or clustering of midkine appears to be an important factor which 

regulates its biological activities [35]. Our experiments also demonstrated that the 

chemotactic activity of midkine for monocytes is associated with CD151-positive vesicles. 

This suggests that CD151 functions as a cargo for the recruitment of a midkine-binding 

protein(s) to the EVs. Three out of four classes of surface receptors for midkine (i.e. 

syndecans, integrins and LRP1) were previously detected on extracellular vesicles thus 

making them potential targets for CD151-mediated immobilization of midkine on vesicular 

surfaces.  

In summary, our work identifies the CD151-midkine pathway as an important new 

regulator of the immune microenvironment in IBC. CD151-dependent elevated production 

of midkine and ensuing recruitment of monocyte/macrophages are likely to have broader 

consequences for the formation of the immune microenvironment in IBC and progression 
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of the disease. This warrants further, more detailed investigation of this phenomenon. 
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Table 1. Association between infiltration of CD68+ macrophages and CD151 

expression and clinicopathological features in IBC.  

 

Correlations 

Spearman's rho 
ER HER2 Grade 

Path. 

Response OS CD68 

CD151 Correlation Coefficient 0.005 -0.002 -0.002 0.440** 0.018 0.308** 

Significance (2-tailed) 0.963 0.988 0.990 0.000 0.882 0.006 

N 77 77 76 70 71 77 

ER Correlation Coefficient   -0.140 0.343** -0.083 0.116 -0.072 

Significance (2-tailed)   0.225 0.002 0.492 0.334 0.532 

N   77 76 70 71 77 

HER2 Correlation Coefficient     -0.148 -0.013 0.253** -0.073 

Significance (2-tailed)     0.203 0.916 0.033 0.525 

N     76 70 71 77 

Grade Correlation Coefficient   
 

  0.084 -0.130 0.207 

Significance (2-tailed)   
 

  0.495 0.284 0.073 

N   
 

  69 70 76 

Path. 

Response 

Correlation Coefficient   
  

  -0.010 0.271* 

Significance (2-tailed)   
  

  0.940 0.023 

N   
  

  64 70 

OS Correlation Coefficient   
   

  -0.130 

Significance (2-tailed)   
   

  0.280 

N           71 

** Correlation is significant at the 0.01 level (2-tailed) 

*Correlation is significant at the 0.05 level (2-tailed) 
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Figure legends  

Figure 1. Differences in chemoattractive potential of media conditioned by IBC 

cells. Conditioned medium (CM) from (A) BCX010, (B) SUM149, or (C) MD-IBC3 cells 

was used as a chemoattractant for PBMCs. Purified PBMCs were allowed to migrate for 

4–5 h and subsequently profiled by flow cytometry. “Control”- growth medium. Shown are 

results of experiments using blood from 3–7 donors. Numbers observed in separate 

experiments are connected by dotted lines. P values were calculated using two-tailed t-

tests and are indicated on graphs.  

Figure 2. CD151 is a regulator of the chemoattractive potential of IBC cells for 

monocytes. (A) Expression of CD151 in IBC cells was analysed by Western blotting. (B) 

Knockdown of CD151 completely inhibits the chemoattractive potential of BCX010 cells. 

(C) Ectopic expression of CD151 stimulates the chemoattractive potential of MD-IBC03 

cells. (B,C) Migration experiments were carried out using purified PBMCs as described in 

the legend to Figure 1. Shown are results of the experiments using blood from 4–5 

donors. Numbers observed in separate experiments are connected by dotted lines. P 

values were calculated using two-tailed t-tests and are indicated on graphs. (D) 

Accumulation of F4/80-positive macrophages in BCX010 xenografts. BCX010/pLVx and 

BCX010/CD151KD cells were injected bilaterally into mammary fat pads of five NSG 

mice. Phenotyping of tumour-infiltrating leukocytes was carried out using flow cytometry. 

Figure 3. CD151 stimulates secretion of Midkine by IBC cells. (A) Profiling of 

conditioned medium (CM) from BCX010/pLVx and BCX010/CD151KD cells for 

chemokine production using human chemokine antibody array membranes. (B) 
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Concentrations of CXCL8/IL-8 in CN from BCX or MD-IBC03 cells were measured by 

ELISA. Shown are means of the results of 3 independent experiments. (C) 

Concentrations of midkine in CM from BCX and MD-IBC03 cells were measured by 

ELISA. Shown are means of the results of 3 independent experiments. (D) Midkine 

specifically stimulates migration of monocytes. Purified PBMCs were allowed to migrate 

for 4 h towards growth medium supplemented with midkine at the concentrations shown. 

Migrated cells were profiled by flow cytometry. Shown are means of two experiments 

each performed in duplicates. (E) Antibodies to midkine (IP14) specifically inhibit 

migration of monocytes. Purified PBMCs were allowed to migrate for 4 h towards CM 

from BCX010-pLVx supplemented with various concentrations of anti-midkine mAb. 

Isotype control mouse mAb were IgG2a. Migrated cells were profiled by flow cytometry. 

Shown are means of two experiments each performed in duplicates. 

Figure 4. Production of midkine is controlled by the CD151-α6β1 complex. (A) 

Expression of midkine by BCX010/pLVx and BCX010/CD151KD. (B) CM from 

BCX010/CD151KD, BCX010/CD151QRD or BCX010/CD151rec cells was used as a 

chemoattractant for PBMCs. Purified PBMCs were allowed to migrate for 4 h and 

subsequently profiled by flow cytometry. Shown are results of experiments using blood 

from two donors. Numbers observed in separate experiments are connected by dotted 

lines. (C) Concentrations of midkine in CM from BCX010/CD151KD, 

BCX010/CD151QRD or BCX010/CD151rec cells were measured by ELISA. Shown are 

means of the results of two independent experiments each performed in duplicate. (D,E) 

Knockdown of α6 integrin subunit suppressed (D) the chemoattractive potential of CM-
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BCX010 and (E) decreased production of midkine by the cells. Chemotactic migration of 

PBMCs and midkine concentrations in CM-BCX010 were assessed as described in (B) 

and (C), respectively. 

Figure 5. Critical role of EVs in the CD151-dependent chemoattractive potential of 

IBC cells. CM from (A) BCX010/pLVx or (B) BCX010/CD151KD cells was depleted of 

EVs (“-EVs”) by centrifugation. Purified PBMCs were allowed to migrate for 4 h and 

subsequently profiled by flow cytometry. “Control”- growth media. CM not depleted of EVs 

was included as a positive control. Shown are results of the experiments using blood from 

four donors. Numbers observed in separate experiments are connected by dotted lines. 

P values were calculated using two-tailed t-tests and are indicated on graphs. *P-value 

below 0.02. 

Figure 6. Midkine is associated with EVs secreted by IBC cells. (A) Concentrations 

of midkine in EVs-depleted CM-BCX010/pLVx and CM-BCX010/CD151KD cells as 

measured by ELISA. Shown are means of the results of three independent experiments. 

(B) Migration towards vesicles produced by BCX010/pLVx cells was inhibited by anti-

midkine mAb. Purified PBMCs were allowed to migrate for 4 h towards growth medium 

supplemented with EVs (~10 µg) produced by BCX010-pLVx and anti-midkine (or isotype 

control) mAb (20 µg/ml). Migrated cells were profiled by flow cytometry. Data generated 

using blood from an individual donor (separate experiments) are connected by dotted 

lines. The diamonds show the total number of CD14-positive cells migrated towards the 

control growth medium; triangles – migration towards the control medium supplemented 

with extracellular vesicles (EVs); circles – migration towards the control medium with EVs 
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additionally supplemented with the anti-midkine blocking antibodies; squares – migration 

towards the control medium with EVs additionally supplemented with the isotype control 

antibodies (C) Concentration of midkine in tetraspanin-depleted CM-BCX010/pLVx and 

CM-BCX010/CD151KD cells as measured by ELISA. Shown are means of the results of 

two independent experiments. (D) CM from BCX010/pLVx cells was immunodepleted of 

CD151-positive EVs or incubated with IgG1 control mAb. Purified PBMCs were allowed 

to migrate for 4 h and subsequently profiled by flow cytometry. CM from 

BCX010/CD151KD was included for reference. Shown are results of two experiments 

(i.e. using blood from 2 donors), each in duplicate. Numbers observed in separate 

experiments are connected by dotted lines. (E) Schematic diagram showing how 

expression of the α6β1-CD151 complex in IBC cells regulates migration of monocytes. 
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