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Summary: 28 

Background: 29 

M2 macrophages are well accepted to promote cancer progression in the prostate 30 

cancer (PCa). Paracrine is the principally studied mode of communication between 31 

M2 macrophages and tumor cells. In addition to this, we present here a novel model to 32 

demonstrate these cellular communications. 33 

Methods:  34 

PCa cells were co-cultured with THP-1/ human peripheral blood mononuclear cells 35 

derived M2 macrophages in direct contact manner. Cancer cell proliferation and 36 

invasion were examined to explain how direct contact communicates. Cell-based 37 

findings were validated in two xenograft models and patients samples. 38 

Results： 39 

M2 macrophage direct contact induced a higher proliferation and invasion in PCa 40 

cells when compared with noncontact coculture manner. In direct contact manner, 41 

NOTCH1 pathway was greatly activated in PCa cells, induced by elevated γ-secretase 42 

activity and higher coactivator MAML2 expression. Additionally, blocking γ-43 

secretase activity and depletion of MAML2 completely abolished M2 macrophage 44 

direct contact-mediated PCa cell proliferation and invasion. In vivo, inhibiting 45 

NOTCH1 signalling impaired M2 macrophage-mediated PCa tumor growth and lung 46 

metastasis. Notably, M2 macrophage infiltration as well as high NOTCH1 signaling 47 

in cancer cells indicated more aggressive features and worse survival in PCa patients. 48 

Conclusion: 49 

Our results demonstrated the cell–cell direct contact pattern is an important way in 50 

PCa microenvironment cell communication. In this manner, elevated γ-secretase 51 

activity and MAML2 expression induced higher NOTCH1 signalling in PCa cells, 52 

which increased tumor cells proliferation and invasion. This potentially provided a 53 

therapeutic target for PCa. 54 

 55 
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 59 

Introduction: 60 

Prostate cancer (PCa) is one of the leading causes of cancer mortality worldwide. 61 

During cancer progression,  inflammation in the tumor microenvironment (TME) 62 

highly promotes metastasis and castration resistance[1-3]. Macrophages are the 63 

functionally plastic leukocytes in the tumor inflammatory microenvironment. 64 

Traditionally, inflammatory macrophages are polarized into two main phenotypes: 65 

M1(classically activated) and M2 ones (alternatively activated, M2a-d). But 66 

nowadays, tumour-associated macrophages (TAMs) are more considered as a 67 

characterized population with both M1 and M2 marker genes expression. Very 68 

recently, macrophage single cell sequence confirmed this in prostate tumor tissues, 69 

though they favour more signature M2 makers expression than M1 [4-6]. Despite its 70 

limitation and oversimplification, M1/M2 polarization is still widely used in TAMs 71 

research before better category labels [7]. 72 

In PCa, M2 macrophages are well accepted as the main ones to promote tumor 73 

progression and drug resistance in PCa[8, 9].To date, paracrine signaling is the most 74 

studied mechanism, as M2 macrophages produce a variety of growth factors, 75 

chemokines, exosomes and amino acids. However, targeting M2 macrophages 76 

paracrine was not sufficient to impair tumor progression[10]. This means that 77 

paracrine mechanism is far less enough to form the complex of the TME niche. Thus, 78 

a comprehensive understanding of the mechanism of M2 macrophage-mediated 79 

cancer malignancy is clinically beneficial for developing new therapeutic strategies to 80 

delay prostate cancer progression. 81 

The NOTCH signaling pathway is a ligand–receptor binding-dependent pathway. In 82 

brief, NOTCH receptors (NOTCH1-4) bind to ligands and then release their 83 

intracellular domain (NICD) through γ-secretase cleavage. NICD subsequently 84 

translocates to the nucleus and forms a transcriptional complex with the coactivator 85 

Mastermind-like (MAML1,2,3) and DNA-binding protein CSL[11-13]. This complex 86 

promotes transcriptional activation of NOTCH target genes, including HEY1 and 87 



 4 

HES1[14]. Increasing evidence indicates that NOTCH signaling is an oncogenesis 88 

pathway that promotes cell proliferation, stem cell phenotype and angiogenesis in 89 

PCa[15, 16]. Moreover, the NOTCH signaling pathway also regulates epithelial-90 

mesenchymal transition (EMT) [17].  91 

In this study, we disclose a cell–cell contact model of M2 macrophages and PCa cells. 92 

Compared with a paracrine manner, M2 macrophages promoted higher PCa cell 93 

proliferation and metastasis in a direct contact manner. Mechanistically, M2 94 

macrophages directly increase γ-secretase activity and MAML2 expression to activate 95 

the NOTCH signaling pathway. Moreover, increased M2 macrophages infiltration 96 

combined with high NICD expression indicates the worst clinical outputs. Our 97 

findings reveal a novel model of PCa cell proliferation and metastasis through direct 98 

M2 macrophages-mediated cell contact. 99 

 100 

Materials and Methods: 101 

Patient and tissue samples 102 

This study was approved by the ethics committee of Shanghai General Hospital 103 

(Shanghai, China). PCa tissue samples and pathology data from 89 patients were 104 

collected from Shanghai General Hospital. These patient tissues were obtained after 105 

prostatectomy. The clinical features were characterized by at least two professional 106 

pathologists using a double-blind method. All patients were informed and signed a 107 

consent form. Patients were followed for at least 5-7 years. 108 

Cell culture and reagents 109 

DU145, 22RV1 and THP-1 cells were obtained from the Chinese Academy of 110 

Sciences Committee on Type Culture Collection Cell Bank (Shanghai, China). All 111 

cell lines were cultured in RPMI-1640 medium (Sigma–Aldrich; Merck, Darmstadt, 112 

Germany) supplemented with 10% fetal bovine serum and maintained in 5% CO2 at 113 

37°C. These cell lines were authenticated by the Chinese Academy of Sciences 114 

Committee using short tandem repeat (STR) profiling. To obtain THP-1-derived M2 115 

macrophages, THP-1 cells (2×105 cells/well) were treated with 10 ng/ml phorbol 12-116 

myristate 13-acetate (PMA) for 24 h and then cultured with IL-4 (25 ng/ml) and IL-13 117 
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(25 ng/ml) for another 48 h. Human PBMCs (peripheral blood mononuclear cells) 118 

were purchased from Shycbio (Shanghai, China) and stored in a -80 ℃ ultralow 119 

temperature freezer. For PBMC-derived M2 macrophages, an appropriate amount of 120 

complete M2 macrophage Generation Medium DXF (Promo Cell, Heidelberg, 121 

Germany) was incubated with the cells according to the manufacturer's instructions. 122 

Flow cytometry 123 

CD163 and CD206 expression in M2 macrophages was measured by flow cytometry 124 

using anti-CD163 and anti-CD206 antibodies (BD Biosciences, San Diego, CA, USA) 125 

according to the manufacturer's instructions. For THP-1 and PMBC-derived M2 126 

macrophages, cells were dissociated using 0.25% trypsin and washed twice with cold 127 

PBS. Cells were incubated with anti-CD163 and anti-CD206 antibodies for 30 128 

minutes, washed twice with cold PBS in the dark and then analyzed using a BD 129 

Accuri C6 flow cytometer (BD Biosciences, San Diego, CA, USA). The separated 130 

tumor cells and M2 macrophages were identified and cultured under the indicated 131 

conditions. 132 

Cell coculture system establishment 133 

DU145 and 22RV1 cells were infected with lentivirus carrying the mCherry-134 

luciferase fragment. Stable clones were picked for coculture and cell viability assays. 135 

For the direct coculture model, THP-1 or PBMC-derived M2 macrophages (1×105 136 

cells) were seeded together with mCherry-luciferase-tagged DU145 and 22RV1 137 

(5×105 cells) stable clones into 6-well plates at a ratio of 1:5 for 3 days. FACS was 138 

used to separate M2 and mCherry DU145 and 22RV1 cells for the next coculture 139 

assay. For at least 5 passages, cocultured mCherry DU145 and 22RV1 cells were 140 

separated for in vitro assays. For the indirect coculture model, transwell chamber was 141 

introduced to construct a non-contact environment with THP-1 or PBMC-derived M2 142 

macrophages (1×105 cells) in the upper compartment and mCherry-luciferase-tagged 143 

DU145 and 22RV1 (5×105 cells) in the lower compartment. The experimental group 144 

was indicated as control (DU145 or 22RV1 cells), non-contact (DU145 or 22RV1 145 

cells indirect coculture with M2 macrophage), contact (DU145 or 22RV1 cells direct 146 

coculture with M2 macrophage). 147 
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 148 

Total protein extraction and western blotting 149 

Cocultured DU145 and 22RV1 cells were lysed in RIPA buffer (NCM, Suzhou, 150 

China) containing 1% (v/v) protease inhibitor cocktail (Roche, Indianapolis, IN). The 151 

amount of protein in each sample was determined using the Pierce BCA Protein 152 

Assay (Thermo Scientific, Waltham, MA, USA). Total protein (20 µg) was separated 153 

on 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) 154 

gels and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, 155 

Billerica, MA, USA). The membranes were blocked with skim milk and then 156 

incubated with primary antibodies against NOTCH1 (1:1000), N1ICD (1:1000), 157 

HEY1 (1:1000), HES1 (1:1000), E-cadherin (1:800), and N-cadherin (1:1000) at 4°C 158 

overnight and anti-rabbit or anti-mouse HRP-conjugated secondary antibodies for two 159 

hours at room temperature. Protein bands were visualized by ECL (NCM, Suzhou, 160 

China) using the ECL Detection System (Thermo Scientific, Waltham, MA, USA). 161 

Immunofluorescence (IF) and Immunohistochemistry (IHC) 162 

Formalin-fixed, paraffin-embedded tissue samples were cut into 4-μm-thick sections. 163 

Antigen retrieval was performed using a pressure cooker for 3 min in 0.01 M citrate 164 

buffer (pH 6.0). DU145 and 22RV1 cells were washed with PBS and fixed in 4% 165 

paraformaldehyde for 20 min at room temperature followed by treatment with 0.05% 166 

Triton X-100 at 4°C for 5 min. Sections and cells were blocked with 1% BSA for 1.5 167 

h at room temperature and incubated with primary antibodies against CD68 (1:500; 168 

Trevigen), CD206 (1:500; Abcam, London, UK), N1ICD (1:1000; Abcam, London, 169 

UK), E-cadherin (1:500; Novus, Centennial, USA) or N-cadherin (1:500; Novus, 170 

Centennial, USA) at 4°C overnight. The samples were incubated with secondary 171 

antibodies conjugated with Alexa Fluor or HRP for 1 h at room temperature. Tissues 172 

or cells were counterstained with 4′,6-diamidino-2-phenylindole dihydrochloride 173 

(DAPI) to detect nuclei and visualized by fluorescence microscopy. For IHC, the 174 

secondary antibody was diluted to 1:750 for recognizing primary antibodies. The 175 

staining for IHC was visualized using the VECTASTAIN ABC peroxidase system 176 

and peroxidase substrate DAB kit. 177 
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Cell bioluminescence assay 178 

Lentivirus-infected DU145-luc and 22RV1-luc cells were directly cocultured with M2 179 

macrophages for five passages and then seeded into 12-well plates. Fluorescein 180 

potassium (10 ng/ml) was used as the substrate and added to culture wells for 15 181 

minutes in a dark environment. An IVIS-200 bioluminescence and fluorescence 182 

imaging system (Caliper Life Sciences Inc., Hopkinton, MA, USA) was used to detect 183 

the cell luciferase value. The luciferase value was positively corelated with tumor cell 184 

number (Figure S1 A-B). 185 

Plasmid construction and lentiviral transfection 186 

Plasmids carrying negative control shRNA or NOTCH1 shRNA were generated by 187 

OBiO (Shanghai, China). To knockdown NOTCH1, DU145 and 22RV1 cells (1×105 188 

per well) were seeded in 6-well plates. After they reached approximately 75% 189 

confluency, the culture medium was changed to fresh culture medium containing 190 

lentiviral particles (OBiO, Shanghai, China) with NOTCH1-shRNA or negative 191 

control using FuGENE6 (Roche, Indianapolis, IN) according to the manufacturer's 192 

instructions. After 24 h of transfection, the culture medium was replaced with fresh 193 

medium containing puromycin to select and create a stable line. 194 

RNA sequencing 195 

Briefly, DU145 and 22RV1 cells were either noncontact (control group) or contact 196 

(experimental group) cocultured with THP-1-derived M2 macrophages for 5 passages. 197 

Cells were collected, and total RNA was extracted using TRIzol Reagent according to 198 

the manufacturer's instructions (Invitrogen). Following the TruSeqTM RNA sample 199 

preparation kit from Illumina (San Diego, CA), the RNA-seq transcriptome library 200 

was prepared using 10 μg of total RNA. The raw paired-end reads were trimmed and 201 

quality controlled using SeqPrep and Sickle with default parameters. Then, the clean 202 

reads were separately aligned to the reference genome with orientation mode using 203 

TopHat software. Differentially expressed genes were calculated according to the 204 

fragments per kilobase of exon per million mapped reads (FRKM) method. The 205 

quantification of gene abundance was qualified using RSEM. The R statistical 206 

package software EdgeR was utilized for differential expression analysis. In addition, 207 
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functional enrichment analysis, including GO and KEGG analyses, was performed to 208 

identify which differentially expressed genes mapped to significantly enriched GO 209 

terms. 210 

Animal experiment 211 

Animal studies were performed according to the US Public Health Service Policy on 212 

Humane Care and Use of Laboratory Animals. The animal study protocol was 213 

approved by the Scientific Investigation Board of Shanghai General Hospital. Briefly, 214 

a total of 1 × 106 DU145-luc and 22RV1-luc cells from each clone were suspended in 215 

sterile PBS, mixed with 2×105 THP-1-derived M2 and then injected subcutaneously 216 

into male nude mice (4-6 weeks old).  An IVIS-200 bioluminescence and fluorescence 217 

imaging system (Caliper Life Sciences Inc., Hopkinton, MA, USA) was used to 218 

dynamically measure the growth of tumors. Tumor xenograft size was recorded every 219 

7 days using the following formula: V (mm3) = width2 (mm2) × length (mm)/2. After 220 

6 weeks, all mice were sacrificed, and the xenografts developed from each mouse 221 

were resected and evaluated for various parameters, including tumor incidence, size, 222 

weight, and immunostaining, at the indicated time points. Tail vein injection of 223 

luciferase-labeled DU145 and 22RV1 cells, mixed with 2×105 THP-1-derived M2 224 

macrophage was also performed on 4- to 6-week-old male nude mice after direct 225 

contact with M2 macrophages. Seven weeks after the initial injection, an IVIS-200 226 

bioluminescence and fluorescence imaging system (Caliper Life Sciences Inc., 227 

Hopkinton, MA, USA) was used to measure the tumor volume of each treatment 228 

group. After 8 weeks, all mice were sacrificed, and necropsies were performed. 229 

Various parameters, including the number, weight, and location of individual tumor 230 

nodules, were evaluated and then processed for histological assessment. 231 

Statistical analysis 232 

All experiments were performed in triplicate. The data are presented as the mean ± 233 

SEM. Statistical analysis was performed using either the chi-square test, Cox 234 

regression, or unpaired t test and ANOVA. Differences in survival were analyzed by 235 

Kaplan–Meier curves using the log-rank test. P < 0.05 was considered statistically 236 

significant. 237 
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 238 

Results: 239 

M2 macrophage direct contact promotes PCa cell proliferation and invasion 240 

We established a cell direct contact model of M2 macrophages and PCa cells as 241 

indicated by the methods. THP-1- or PBMC-derived M2 macrophages were identified 242 

by CD163 and CD206 expression (Figure 1A, 1B). mCherry-luciferase-tagged DU145 243 

and 22RV1 (named DU145-luc and 22RV1-luc) cells were directly cocultured with 244 

M2 macrophages for three days as a cycle. FACS showed no change in mCherry 245 

intensity or CD206 expression after cell digestion (Figure 1C, 1D). After five growth 246 

cycles, the luciferase activity showed that direct contact coculture significantly 247 

induced higher prostate cancer proliferation than noncontact coculture and the control 248 

group (Figure 1E, 1F). Further, we investigated the variation in PCa metastasis ability 249 

after direct contact with M2 macrophages. Similar, direct contact coculture facilitated 250 

more prostate cancer cells invading into Matrigel compared with the other two groups 251 

(Figure 1G, 1H). In conclusion, these data revealed that M2 macrophage promoted 252 

PCa cell proliferation and invasion through direct contact manner. 253 

M2 macrophages direct contact activates the NOTCH1 signaling pathway in PCa 254 

cells 255 

To explore the mechanism, we applied RNA sequencing of PCa cells after direct 256 

contact coculture with THP-1-derived M2 macrophages. Gene cluster analysis is 257 

presented as a heatmap (Figure 2A). NOTCH signaling-related genes were 258 

significantly enriched after M2 macrophage direct contact, as shown by KEGG 259 

pathway analysis and GSEA (Figure 2B, 2C). The NOTCH1 intracellular domain 260 

N1ICD and NOTCH1 signaling target genes HES1 and HEY1 were all increased after 261 

contact with M2 macrophages (Figure 2D). 262 

Epithelial-mesenchymal transition (EMT) is the core step for tumor metastasis, 263 

and NOTCH signaling regulates EMT in cancers[18]. As expected, RNA sequencing 264 

data showed that EMT-associated genes were significantly enriched in DU145 and 265 

22RV1 cells after direct contact with M2 macrophages (Figure 3A). Furthermore, M2 266 

macrophage direct contact increased N-cadherin, Snail, and vimentin expression and 267 
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decreased E-cadherin expression in PCa cells, which induced the PCa EMT process 268 

(Figure 3B). Moreover, the activation of EMT was accompanied by NOTCH1 269 

signaling activation after direct contact from increased Vimentin and N1ICD co-270 

expression (Figure 3C). These data indicated that M2 macrophages direct contact 271 

promotes PCa metastasis by activating NOTCH1 pathway and EMT. 272 

M2 macrophages direct contact activates the PCa NOTCH1 pathway by 273 

increasing γ-secretase activity 274 

To further explore the key step of NOTCH signaling activation, we detected NOTCH 275 

signaling ligands in M2 macrophages and receptors in PCa cells in direct contact 276 

coculture. No expression change was found in either ligands (Dll1, Dll3, Dll4 and 277 

Jag1, Jag2) or receptors (NOTCH1,2,3,4) (Figure S2). γ-Secretase components are 278 

crucial for NOTCH receptor cleavage to activate the intercellular domain. We found 279 

that γ-secretase component (Nicastrin, PEN2, Presenilin1 and Presenilin2) expression 280 

was increased in M2 macrophage direct-contactd PCa cells (Figure 3D). Although 281 

recent studies demonstrated that AR signaling was involved in NOTCH signaling 282 

activation[19], GSEA results did not indicate that PCa cell AR signaling was 283 

significantly changed in a direct contact manner (Figure S3A). In addition, AR and 284 

PSA protein expression was not altered after direct contact (Figure S3B). These data 285 

imply that M2 macrophage direct contact activates PCa NOTCH1 signaling by 286 

upregulating γ-secretase in PCa cells. 287 

Inhibiting NOTCH1 singaling impaired M2 macrophage direct contact-induced 288 

cell proliferation and invasion 289 

Inhibiting the NOTCH1 pathway with shNOTCH1 and the γ-secretase inhibitor 290 

DAPT significantly reduced DU145-luc and 22RV1-luc cell proliferation ability in an 291 

M2 macrophage direct-contact manner (Figure 4A), as well as invasion (Figure 4B). 292 

The EMT process of PCa was also impaired after treatment, with decreased N1ICD, 293 

N-cadherin, vimentin and Snail expression (Figure 4C). However, without coculture 294 

with M2 macrophage either DAPT or knockdown Notch1 had little influence on EMT 295 

markers (E-cadherin, N-cadherin, vimentin and Snail) (Figure S4). Together, we 296 

revealed that M2 macrophage direct contact promoted cell proliferation and invasion, 297 
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which partially relied on γ-secretase proteolytic cleavage activity in the NOTCH1 298 

pathway. 299 

M2 macrophage direct contact also activates the PCa NOTCH1 pathway 300 

through elevated coactivator MAML2 301 

In vitro data showed that neither γ-secretase inhibitor nor shNOTCH1 was enough to 302 

diminish PCa malignant progression in a direct contact manner. There might exist a 303 

supplemental mechanism in addition to γ-secretase upregulation. MAML2 is a 304 

coactivator in the NOTCH1 pathway that binds to NICD to form transcriptionally 305 

activating complexes.[12, 20]We observed that MAML2 was increased in DU145-luc 306 

and 22RV1-luc cells in direct contact with M2 macrophages ( Figure 5A). To 307 

investigate the role of MAML2 in the contact coculture phenotype, we first 308 

established transfected lentivirus carrying shMAML2 PCa cell lines (Figure 5B). 309 

MAML2 knockdown reduced PCa cell proliferation and invasion in a contact 310 

coculture manner (Figure 5C, D). Moreover, MAML2 knockdown also reduced M2 311 

macrophage contact-induced PCa EMT, upregulation of E-cadherin and 312 

downregulation of N-cadherin (Figure 5E). Interestingly, knocking down MAML2 did 313 

not alter M2 macrophage contact-mediated N1ICD release but reduced the expression 314 

of the NOTCH1-targeting genes HES1 and HEY1 (Figure 5F). Together, these data 315 

implied that upregulation of MAML2 is another way to explain M2 macrophage 316 

contact-mediated NOTCH1 pathway activity. 317 

M2 macrophage depletion and NOTCH1 signaling blockade prohibited PCa cell 318 

proliferation and metastasis in vivo 319 

In vivo, we obtained DU145-luc- and 22RV1-luc-derived xenografts by injecting 320 

tumor cells into mouse axilla. Liposomal clodronate and DAPT were intraperitoneally 321 

injected into the experimental group. Tumor growth curves demonstrated that tumor 322 

growth was slightly inhibited after either liposomal clodronate or DAPT treatment. 323 

Furthermore, when liposomal clodronate and DAPT were combined, tumor growth 324 

was significantly inhibited at extremely low levels (Figure 6A, B). The volume and 325 

weight of xenografts were also identical in this result (Figure 6C). Tumor Ki67 326 
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expression was also significantly reduced in the liposomal clodronate and DAPT 327 

combined treatment group (Figure 6D). 328 

Tumor tail vein injection assay was used to test cancer cell metastasis in vivo. 329 

Liposomal clodronate and DAPT combined injection group had lowest metastasis 330 

rate, and the metastases node was extremely smaller than any other treatment (Figure 331 

7A). The number of metastases node in liposomal clodronate and DAPT combined 332 

group mice was significantly reduced when compared with liposomal clodronate or 333 

DAPT treatment group (Figure 7B). Mice were sacrificed and lung was dissected for 334 

further fluorescence and histological analysis. Tissue fluorescence assay showed that 335 

the fluorescent intensity of dissected tissue was significantly decreased in liposomal 336 

clodronate and DAPT combined group than other groups (Figure 7C). Histological 337 

analysis revealed that the morphology and histology of metastases was less tight in 338 

combined groups, and the abnormal metastasis cell was also reduced (Figure 7D).  339 

Mesenchymal-Epithelial Transition (MET) was also important for tumour cells 340 

plant to metastatic sites. To further investigate whether NOTCH1 involved in MET 341 

relied and M2 macrophage directly induced tumor cell planting, we intralung injected 342 

adenovirus targeted NOTCH1 to inhibit NOTCH1 expression. Result showed that M2 343 

macrophage direct-contact-induced DU145-luc and 22RV1-luc metastases were 344 

decreased by intratissue shNOTCH1 adenovirus injection (Figure 7E). The mouse 345 

survival rate was also increased in the shNOTCH1 intralung injection group compared 346 

with the control group (Figure 7F). E-cadherin and N-cadherin double 347 

immunostaining showed that intratissue shNOTCH1 adenovirus injection diminished 348 

cancer EMT levels (Figure 7G). Moreover, shNOTCH1 inhibition of lung tissue also 349 

decreased F4/80+CD206+ M2 macrophage infiltration (Figure 7H). These data 350 

suggested that NOTCH1 signaling was essential for M2 macrophage-mediated and  351 

MET-relied tumour cells plant. 352 

Increasing CD68/CD206/N1ICD expression in PCa indicated poor prognosis 353 

In PCa patient tissues, CD68+/CD206+ TAMs were increased in high-grade PCa 354 

tissue, as expected (Figure S5A). Furthermore, CD68+/CD206+ TAMs were abundant 355 

in primary tumors, which proved a high tendency for metastasis (Figure S5B). The 356 
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Cox proportional hazards model also showed that less CD68+/CD206+ M2 357 

macrophage infiltration was associated with better prognosis (Figure S5C). Kaplan–358 

Meier survival rate analysis showed that CD68+/CD206+ M2 macrophage infiltration 359 

indicated poor patient survival (Figure S5D). Moreover, CD68+/CD206+ M2 360 

macrophage infiltration positively correlated with adverse clinical outcomes, 361 

including depth of invasion (p<0.05), lymph node metastasis (p<0.0001), distant 362 

metastasis (p<0.05), Gleason patterns (p<0.0001) and advanced TNM stage 363 

(p<0.0001) (Table S1). Thus, these data demonstrated that M2 macrophage 364 

infiltration enhanced PCa malignancy behaviour. 365 

Triple immunity staining was used to investigate the clinical value of 366 

CD68+/CD206+ TAMs crosslinked with N1ICD+ PCa cells. 367 

CD68/CD206highN1ICDhigh was positively associated with high TNM stage (Figure 368 

8A). Univariate Cox analysis showed that high CD68/CD206/N1ICD expression was 369 

associated with worse prognosis than other groups (Figure 8B). Multivariable Cox 370 

analysis including prostate cancer-relevant factors (pTNM stage) suggested that 371 

CD68/CD206/N1ICD coexpression was an independent indicator of poor PCa 372 

prognosis (Figure 8C). Furthermore, CD68/CD206highN1ICDhigh PCa patients 373 

possessed the lowest survival rate compared with any other group (Figure 8D). An 374 

overall illustration of TAMs directly contacting PCa cells is shown in Figure 9E. In 375 

conclusion, these data, together with our previous data, preliminarily revealed that 376 

increased CD68+/CD206+ M2 macrophage crosslinking with N1ICD+ tumor cells was 377 

positively correlated with PCa progression. 378 

 379 

Discussion: 380 

Tumor-associated macrophages (TAMs) are one of the most important components 381 

in the tumor microenvironment (TME). They mainly originated from circulating 382 

monocytes and are recruited to the primary tumor. They programmed by tumour 383 

derived environment, such as colony-stimulating factor-1 (CSF-1) and other 384 

chemokines, hypoxia, immunity checkpoint inhibitors etc.[21, 22]. As mentioned, 385 
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TAMs polarization is complicated though mostly polarized as M1/M2. M1 386 

macrophages are traditionally treated as anti-tumoral, when M2 have pro-tumoral 387 

effect. But this theory is challenged: M1/M2 polarization is an oversimplification 388 

which can’t show the heterogenous TAMs plasticity. Very recently, evidence showed 389 

that M1 macrophages induce pro-tumor inflammation in melanoma cells via TNFR-390 

NF-κB signaling[23].Also fibroblasts in the tumor also could induce trans-391 

differentiation, from anti-tumorigenic macrophages to pro-tumor TAMs[24]. Even 392 

though, accumulating evidence indicates that TAMs exert cancer progression and 393 

immunity treatment resistance[25-28]. 394 

The way TAMs interact with tumor cells should be clearly performed in order to 395 

treat macrophages as a therapeutic target. Paracrine is well studied as TAMs’ great 396 

secretion character. Besides, TAMs also could express large amounts of surface 397 

ligands and receptors that are utilized to transfer or receive cell signals. The 398 

expression patterns of these receptors and their ligands in tumor cells and 399 

macrophages facilitate tumor cell and macrophage migration toward each other and 400 

together penetrate a dense collagen matrix [29, 30].In our study, we provide new 401 

evidences on the communication between TAMs and PCa cells. . The direct contact 402 

manner greatly promotes PCa cell proliferation and EMT-associated cell invasion. We 403 

demonstrated the updated NOTCH1 pathway in PCa cells contributed to direct contact 404 

manner phenomenon.  405 

Altered NOTCH1 signaling pathway is positively involved in tumor cell 406 

proliferation and cancer metastasis process[15]. Importantly, activated NOTCH 407 

signalling abides by ligand and receptor binding, which requires cell–cell contact[31]. 408 

It has been recently identified that the NOTCH pathway is not a simple linear 409 

sequence of events, as it can have crosstalk with other pathways to construct an 410 

extremely complex network[32].Though AR pathway was crucial for PCa progression 411 

and involved in NOTCH signaling activation in PCa cells [19], we did not observe 412 

alterations in AR-dependent transcriptional activity after direct coculture with TAMs. 413 

Interestingly, we did not observe alterations in NOTCH ligands and receptors after 414 

direct coculture. Through our RNA sequencing, we noticed that γ-secretase complex 415 
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genes were enriched, as well as MAML2, in M2 macrophage contact PCa cells. As 416 

mentioned, MAML2 acts as a coactivator of nuclear NICD and facilitates the 417 

conversion of the CLS transcriptional complex from a repressor to an activator of the 418 

NOTCH target[33]. This implied that M2 macrophage contact coculture increased γ-419 

secretase cleavage and MAML2 expression in PCa cells which were both approaches 420 

for NOTCH1-dependent PCa progression. 421 

There are some limitations in this study. TAMs are polarized to a continuum of 422 

states between M1 and M2 poles in vivo. We only focus the M2 polarization type in 423 

this study. Specifically, the activation phenotype of IL-4/IL-13-polarized THP-1- or 424 

PBMC-derived macrophages was not fully equal to TAMs in the PCa 425 

microenvironment although those macrophages could be classified as M2 ones. In 426 

clinical studies, we use CD68/CD206 as the TAMs markers which also can’t represent  427 

all TAMs in the tissues. Moreover, the way direct contact manner modulate NICD 428 

release and MAML2 expression in PCa cells may be further explored to explain this 429 

deliciated communication. 430 

 431 

Conclusions: 432 

The current study supplied a direct contact model for M2 macrophages and PCa cell 433 

communication. M2 macrophage direct contact promotes PCa cell proliferation and 434 

metastasis by activating NOTCH signaling. In addition, direct contact increased 435 

cellular NICD release and MAML2 expression to promote NOTCH pathway 436 

transcription in PCa cells. Depleting NOTCH signaling and M2 macrophage 437 

recruitment significantly reduced PCa cell proliferation and metastasis in vivo. Thus, 438 

our findings not only uncover a novel pattern by which TAMs promote PCa 439 

progression but also provide a potential microenvironment target for delaying PCa 440 

deterioration. 441 
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 569 

Figure Legends Section: 570 

 571 
Figure 1 M2 macrophage promote PCa cell proliferation and invasion through 572 

direct contact 573 

(A, B) Flow cytometry (FCM) detection of THP-1 and PBMC-induced M2 574 

macrophages makers. (C) The strategy and schematic diagram for direct coculture and 575 

separation of TAMs and mCherry-luciferase-labeled DU145 and 22RV1 cells. FACS 576 

was used to separate tumor cells and TAMs according to the color channel. (D) FCM 577 

identified the separated tumor cells by detecting mCherry and CD206. (E) 578 

Bioluminescence assay of DU145-luc and 22RV1-luc. TAMs (THP-1 cells and 579 

PBMCs derived) in direct contact increased the luminescence values of DU145-luc 580 
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and 22RV1-luc cells compared with those of the noncontact and control groups (left). 581 

(F)Quantification data of the cell luminescence value (right). (G) Matrigel-based 582 

Transwell invasion assay of DU145-luc and 22RV1-luc cells. TAMs (THP-1 and 583 

PBMC-derived) in direct contact increased the invasive ability of DU145-luc and 584 

22RV1-luc cells compared with the noncontact and control groups. (H)The 585 

quantification data of invasive assay (right). (*p<0.05, **p<0.01) 586 

 587 

Figure 2 M2 macrophages contact activates NOTCH signaling in PCa cells 588 

(A-C) RNA-sequence data of M2 macrophage contact (experimental group) and 589 

noncontact (control group). A, Gene cluster analysis of DU145-luc and 22RV1-luc. B, 590 

KEGG enrichment analysis of DU145-luc and 22RV1-luc showed that M2 591 

macrophage direct contact increased NOTCH signaling pathway enrichment. C, 592 

GSEA showed that direct M2 macrophage contact promoted NOTCH-related gene 593 

enrichment. (D) Western blot assay of NOTCH signaling-related protein expression. 594 
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M2 macrophages (THP-1 and PBMC-derived) in direct contact increased N1ICD, 595 

HES1, and HEY1 expression in DU145-luc and 22RV1-luc cells compared with that 596 

in the noncontact and control groups. 597 

 598 

Figure 3 M2 macrophage contact activates EMT signaling in PCa cells 599 

(A) GSEA showed that M2 macrophages direct contact promoted EMT-related gene 600 

enrichment in DU145-luc and 22RV1-luc cells. (B) Western blot assay of EMT 601 

signaling-related protein expression. TAMs (THP-1 and PBMC-derived) directly 602 

contacted increased N-cadherin, vimentin, and Snail and decreased E-cadherin 603 

expression in DU145-luc and 22RV1-luc cells compared with the noncontact and 604 

control groups. (C) Immunofluorescence assays showed that TAMs in direct contact 605 
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increased N1ICD (far red) and vimentin (green) expression of DU145-luc and 606 

22RV1-luc compared with the noncontact and control groups. (Scale bar=50 µm). (D) 607 

Western blot assay detected γ-secretase component protein expression. M2 608 

macrophages (THP-1 and PBMC-derived) directly contact increases Nicastrin, PEN2, 609 

Presenilin1 and Presenilin2 expression in DU145-luc and 22RV1-luc cells compared 610 

with the noncontact and control groups. 611 

 612 
Figure 4 Inhibiting NOTCH1 singaling impaired M2 macrophages-mediated cell 613 

proliferation and invasion 614 

(A) Bioluminescence assays showed that inhibiting NOTCH signalling impaired M2 615 

macrophage direct contact-mediated DU145-luc and 22RV1-luc cell proliferation. (B) 616 

Matrigel-based Transwell invasion assays showed that γ-secretase inhibition in 617 

NOTCH1-depleted DU145-luc and 22RV1-luc cells abolished M2 macrophages 618 

direct contact-mediated cell invasive ability. (C) Western blot assay showed that 619 

inhibiting γ-secretase activity significantly reduced N1ICD, N-cadherin, vimentin and 620 

Snail expression in NOTCH1-depleted DU145-luc and 22RV1-luc cells. (*p<0.05, 621 

**p<0.01) 622 
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 623 
Figure 5 MAML2 is essential for TAM-mediated NOTCH1-dependent 624 

transcription 625 

(A) Western blot assay showed that M2 macrophages (THP-1 and PBMC-derived) in 626 

direct contact increased MAML2 expression in DU145-luc and 22RV1-luc cells 627 

compared with the noncontact and control groups. (B) Lentivirus containing the 628 

shMAML2 fragment was infected into DU145 and 22RV1 cells, and Western blotting 629 

was used to detect the knockdown effect. (C) Bioluminescence assays showed that 630 

MAML2 depletion in DU145 and 22RV1 cells abolished M2 macrophages direct 631 

contact-mediated cell proliferation. (D) Matrigel-based invasion assays showed that 632 

MAML2 depletion in DU145 and 22RV1 cells abolished M2 macrophages direct 633 

contact-mediated cell invasion. (E) Immunofluorescence assays showed that MAML2 634 

depletion inhibited M2 macrophages direct contact-induced EMT by decreasing N-635 

cadherin (far-red) expression in DU145 and 22RV1 cells. (F) Western blot assay 636 

showed that knocking down MAML2 did not alter M2 macrophages-mediated N1ICD 637 
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release but reduced HES1 and HEY1 expression (scale bar=50 µm, *p<0.05, 638 

**p<0.01) 639 

 640 

Figure 6 M2 macrophages depletion and NOTCH1 signaling inhibition impaired 641 

PCa cell-derived xenograft growth 642 

(A) Xenografts (n=5) were obtained from nude mice that were injected with 1×106 643 

DU145-luc and 22RV1-luc cells (mixed with 2×105 THP-1-derived M2 644 

macrophages), and pharm treatment was used (including PBS, DAPT, liposomal 645 

clodronate or combination) until tumor xenografts were formed. An IVIS-200 646 

bioluminescence system was used to monitor tumor growth once a week, and node 647 
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mice were sacrificed after 4 weeks. (B) Tumor xenografts were displayed as 648 

indicated. (C) The curve of tumor volume and weight of each group (n=5) was 649 

analyzed; group differences were analyzed via ANOVA. (D) Histological staining of 650 

CD31, Ki67 and N1ICD is displayed as indicated. (*p<0.05, **p<0.01) 651 

 652 
Figure 7 M2 macrophages depletion and NOTCH1 signaling inhibition impaired 653 

PCa cell lung metastasis 654 

(A) A lung metastasis model (n=3) was established by tail injection of 1×106 DU145-655 

luc and 22RV1-luc cells (mixed with 2×105 THP-1-derived TAMs) into nude mice. 656 

Pharm treatment was used (including PBS, DAPT, liposomal clodronate or 657 

combination) once tail injection was finished. An IVIS-200 bioluminescence system 658 

was used to monitor lung metastasis once a week, and node mice were sacrificed after 659 

6 weeks. (B) Quantification of lung metastasis nodes is displayed as indicated. (C) 660 

Metastatic lungs are displayed as indicated (left, fluorescence; right, brightness, n=3). 661 

(D) Alizarin red staining was used to observe the metastatic node of each group. (E) 662 

DU145-luc and 22RV1-luc cells (mixed with 2×105 THP-1-derived M2 macrophages)  663 

(1×106) were used to establish a lung metastasis model (n=3). Adenovirus carrying 664 
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NOTCH1 shRNA was injected into mouse lung tissue until tumor metastasis 665 

formation. An IVIS-200 bioluminescence system was used to monitor lung metastasis 666 

diminishing. (F) Kaplan–Meier survival curves are displayed as indicated. (G) 667 

Intralung injection of shNOTCH1 adenovirus suppressed metastatic MET-associated 668 

tumor cell plantation (N-cadherin, far-red; E-cadherin, green). (H) 669 

Immunofluorescence assays showed that intralung injection of shNOTCH1 670 

adenovirus significantly reduced F4/80+CD206+ TAM recruitment (F4/80, far-red; 671 

CD206, green). (*p<0.05, **p<0.01) 672 

 673 
Figure 8 Recruitment of M2 macrophages in PCa predicts poor prognosis 674 

(A) Tissue immunofluorescence triple staining of CD68, CD206 and N1ICD revealed 675 

that CD68/CD206/N1ICD expression was positively associated with high TNM stage. 676 

(B) Cox regression analysis showed a significant difference in the 677 

CD68/CD206/N1ICD expression status of PCa (p<0.0001). (C) Multivariable Cox 678 

analysis including prostate cancer-relevant factors (pTNM stage) suggested that 679 

CD68/CD206/N1ICD expression was an independent marker for poor prognosis and 680 

that upregulation of N1ICD was associated with poor prognosis. (D) Kaplan–Meier 681 

survival analysis revealed that PCa patients with high CD68/CD206/N1ICD 682 
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expression had the lowest survival rate. (E) Schematic illustration of TAMs directly 683 

contacting PCa cells. 684 


