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Paclitaxel (PTX) resistance is a pivotal factor contributing to the poor prognostic outcome of 22 

patients with triple-negative breast cancer (TNBC). M2-type tumor-associated macrophages 23 

(M2-TAMs), a key component of the breast tumor microenvironment, foster chemoresistance 24 

through the release of multiple cytokines. The chemokine XC motif chemokine ligand 2 (XCL2) is 25 

significantly elevated in M2-polarized TAMs, but its role in PTX resistance remains unclear. 26 

Human THP-1 monocytes were first differentiated into M0 macrophages (PMA), followed by M2 27 

polarization with IL-4 and IL-13, with polarization efficiency confirmed by flow cytometry. Ce ll 28 

viability and apoptosis were measured using the CCK-8 assay and flow cytometry, respectively. 29 

The binding relationship between transcription factor 4 (TCF4) and the never in mitosis gene 30 

A-related kinase 2 (NEK2) promoter was investigated by ChIP and dual-luciferase reporter assays. 31 

Our results showed that M2-TAM-secreted XCL2 reduced PTX-induced apoptosis and enhanced 32 

TNBC cell viability. Mechanistically, XCL2 was associated with XCR1 activation and subsequent 33 

β-catenin nuclear translocation, which may enable TCF4 to transcriptionally upregulate NEK2. As 34 

expected, TCF4 knockdown in TNBC cells reduced PTX resistance, while this effect was reversed 35 

by NEK2 overexpression. In addition, NEK2 knockdown in TNBC cells reversed the promoting 36 

effect of M2-CM on PTX resistance in TNBC. In vivo, M2-TAMs were associated with accelerated 37 

tumor growth under PTX treatment, whereas XCL2 knockdown restored PTX efficacy. 38 

To conclude, M2-TAM-derived XCL2 enhanced PTX resistance in TNBC cells by activating the 39 

β-catenin/TCF4/NEK2 pathway. Targeting this signaling may provide novel strategies to overcome 40 

PTX resistance in TNBC. 41 
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Breast cancer ranks as the most prevalent malignant neoplasm in females, making up 25% of all 47 

cancer cases [1]. Triple-negative breast cancer (TNBC) distinguished by its lack of estrogen 48 

receptor, progesterone receptor, and HER2 expression, represents the most aggressive breast cancer 49 

subtype [2]. Chemotherapy is the standard treatment for TNBC [3]. Paclitaxel (PTX)-based 50 

chemotherapy is a first- line regimen for TNBC. Despite advances in chemotherapy, the 51 

development of resistance remains a major contributor to TNBC relapse and poor prognosis [4]. 52 

Emerging evidence highlights the critical role of the tumor immune microenvironment (TME) in 53 

driving chemoresistance in TNBC [5]. TME harbors abundant tumor-associated macrophages 54 

(TAMs), most of which exhibit a pro-tumor M2 phenotype, secreting immunosuppressive cytokines 55 

and recruiting immunosuppressive cells, thereby contributing to chemotherapy resistance [6]. 56 

Therefore, M2-polarized macrophages in tumor tissues present a viable strategy for overcoming 57 

chemoresistance in TNBC. 58 

The XC motif chemokine ligand 2 (XCL2), a bifunctional chemokine belonging to the XC 59 

subfamily, is constitutively produced by thymic medullary epithelial cells under steady-state 60 

conditions and by activated T cells, natural killer (NK) cells, and natural killer T cells (NKT) cells 61 

during infection or inflammatory responses; it exerts its effects by binding to its exclusive receptor, 62 

X-C motif chemokine receptor 1 (XCR1) [7]. Our previous study identified XCL2 as a potential 63 

mediator of chemoresistance in breast cancer [8]. In addition, XCL2 is highly expressed in 64 

macrophages and correlates with M2-TAM infiltration in breast cancer [9]. Notably, XCR1 65 

silencing inhibited malignant behaviors of breast cancer cells and blocked XCL1-induced nuclear 66 

translocation of β-catenin [10]. As an extensively characterized protein, β-catenin executes its 67 

nuclear roles primarily through association with the transcription Factor 7-Like 2 (TCF4, also 68 

known as TCF7L2, Gene ID: 6934) [11]. Activation of β-catenin/TCF4 signaling diminishes PTX 69 

sensitivity in breast cancer cells [12]. Nevertheless, whether M2-TAMs contribute to PTX 70 

resistance in TNBC cells by regulating XCR1-mediated β-catenin/TCF4 signaling through the 71 

release of XCL2 remains unexplored. 72 

Never in mitosis gene A-related kinase 2 (NEK2) kinase is a critical regulator of mitotic processes, 73 

and its dysregulation drives chromosomal instability and aneuploidy hallmarks of many solid 74 
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tumors, including TNBC [13]. It has been widely reported that NEK2 upregulation promotes 75 

malignant behaviors of TNBC cells [14, 15]. Importantly, NEK2 silencing restored PTX sensitivity 76 

in TNBC cells [16, 17]. Given that our analysis identified TCF4 binding sites within the NEK2 77 

promoter, we propose that β-catenin/TCF4-mediated transcriptional activation of NEK2 represents a 78 

potential mechanism underlying PTX resistance in TNBC. 79 

Based on the above evidence, we hypothesize that M2-TAM-secreted XCL2 may activate 80 

XCR1-mediated β-catenin/TCF4 signaling in TNBC cells, potentially leading to transcriptional 81 

upregulation of NEK2 and subsequent PTX resistance. Our study may pave the way for developing 82 

combination therapies targeting M2-TAMs or downstream effectors to overcome PTX resistance in 83 

TNBC. 84 

 85 

Materials and Methods 86 

Reagents and antibodies. Primary antibodies used for Western blot and immunohistochemistry 87 

were as follows: anti-XCL2 (rabbit polyclonal, Antibodies-online, Aachen, Germany, 88 

#ABIN7636554, 1:1000 for Western blot; 1:50 for immunohistochemistry), anti-XCR1 (rabbit 89 

polyclonal, Invitrogen, CA, USA, #PA5-116133, 1:1000 for Western blot), anti-TCF4 (rabbit 90 

monoclonal, Abcam, Cambridge, UK, #ab217668, 1:10000 for Western blot; 1:100 for ChIP), 91 

anti-NEK2 (rabbit polyclonal, Proteintech, Hubei, China, #24171-1-AP, 1:1000 for Western blot; 92 

1:100 for immunohistochemistry), anti-β-catenin (mouse monoclonal, Invitrogen, #13-8400, 1:1000 93 

for Western blot), anti-Bax (rabbit monoclonal, Abcam, #ab32503, 1:1000 for Western blot; 1:250 94 

for immunohistochemistry), anti-cleaved caspase-3 (rabbit polyclonal, Abcam, #ab32042, 1:1000 95 

for Western blot), anti-Ki67 (rabbit monoclonal, Abcam, #ab16667, 1:200 for 96 

immunohistochemistry), anti-GAPDH (mouse monoclonal, Abcam, #ab8245, 1:5000 for Western 97 

blot), isotype-matched IgG (rabbit monoclonal, Abcam, #ab172730, 1:100 for 98 

immunohistochemistry), and anti-IgG (rabbit monoclonal, Abcam, #ab172730, 1:50 for ChIP). 99 

Secondary antibodies for Western blot: HRP-conjugated goat anti- rabbit IgG (Abcam, #ab7090, 100 

1:10000) and HRP-conjugated goat anti-mouse IgG (Abcam, #ab205719, 1:10000). Secondary 101 

antibody for immunohistochemistry: HRP-linked goat anti-rabbit IgG (Invitrogen, #31460, 1:500). 102 

Key reagents: RPMI-1640 medium (Gibco, MD, USA, #11875093); FBS (Gibco, #10099141C); 103 



 

4 

Penicillin-streptomycin (Gibco, #15140122), DMEM (Gibco, #11965092), DMEM/F12 medium 104 

(Gibco, #11330032), Horse serum (Gibco, #26050088), Epidermal growth factor (PeproTech, NJ, 105 

USA, #100-15), Hydrocortisone (Sigma-Aldrich, MO, USA, #H0888), Cholera toxin 106 

(Sigma-Aldrich, #C8052), Insulin (Sigma-Aldrich, #I9278), Opti-MEM™ I Reduced Serum 107 

Medium (Gibco, #31985062), Phenylmethylsulfonyl fluoride (PMSF; Beyotime, Shanghai, China, 108 

#ST506), Protease inhibitor cocktail (Beyotime, #P1005), BCA Protein Assay Kit (Beyotime, 109 

#P0012), TRIzol Reagent (Invitrogen, #15596026), PrimeScript RT Kit (Takara, Osaka, Japan, 110 

#RR047A), SYBR Green qPCR Master Mix (Roche, Basel, Switzerland, #04913914001), PARIS™ 111 

Kit for nuclear/cytoplasmic fractionation (Invitrogen, #AM1921), RIPA lysis buffer (Beyotime, 112 

#P0013B), ECL substrate (Millipore, MA, USA, #WBKLS0500), PVDF membranes (Millipore, 113 

#IPVH00010), ChIP assay kit (Cell Signaling Technology, MA, USA, #9003), Lipofectamine™ 114 

3000 (Invitrogen, #L3000015), Dual Luciferase Assay Kit (Promega, WI, USA, #E1910), CCK-8 115 

reagent (Beyotime, #C0038), Annexin V-FITC/PI Apoptosis Detection Kit (Beyotime, #C1062), 116 

Human XCL2 ELISA Kit (Raybiotech, Guangdong, China, #ELH-XCL2-1), Fc receptor blocking 117 

solution (BioLegend, CA, USA, #422302), CD206-PE antibody (mouse anti-human, BioLegend, 118 

#321105), CD163-PE antibody (mouse anti-human, BioLegend, #326505), phorbol 12-myristate 119 

13-acetate (PMA; Sigma-Aldrich, #P8139), recombinant human IL-4 (PeproTech, #200-04), 120 

recombinant human IL-13 (PeproTech, #200-13), Polybrene (Sigma-Aldrich, #TR-1003-G), DAB 121 

substrate (ZSGB-BIO, Beijing, China, #ZLI-9018), Hematoxylin (Sigma-Aldrich, #H9627), 122 

Matrigel (Corning, NY, USA, #356234), Bovine serum albumin (Sigma-Aldrich, #A2153), 123 

Puromycin (Sigma-Aldrich, #P8833), Neutral balsam (Sinopharm, #10004160), Dimethyl sulfoxide 124 

(DMSO; Sigma-Aldrich, #D2650), and paclitaxel (PTX; Sigma-Aldrich, #T7402). 125 

Cell culture and treatment. Human TNBC cell lines MDA-MB-468 and MDA-MB-231, human 126 

mammary epithelial cell line MCF-10A, human monocytic cell line THP-1, and human embryonic 127 

kidney cell line 293T were obtained from the American Type Culture Collection (ATCC, VA, USA). 128 

THP-1 cells were maintained in RPMI-1640 medium supplemented with 10% FBS and 1% 129 

penicillin-streptomycin at 37 °C with 5% CO2, whereas the breast cancer lines were propagated in 130 

DMEM with 10% FBS and 1% penicillin-streptomycin. MCF-10A cells were maintained in 131 

DMEM/F12 medium supplemented with 5% horse serum, 20 ng/ml epidermal growth factor, 0.5 132 
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μg/ml hydrocortisone, 100 ng/ml cholera toxin, 10 μg/ml insulin, and 1% penicillin-streptomycin. 133 

To generate M2-polarized macrophages, THP-1 cells were first differentiated into M0 macrophages 134 

using 100 ng/ml PMA for 24 h. Adherent cells were subsequently stimulated with 20 ng/ml each of 135 

recombinant human IL-4 and IL-13 for an additional 24 h to induce the M2 phenotype. To prepare 136 

conditioned medium (CM), macrophages were washed three times with PBS and incubated in fresh 137 

serum-free RPMI-1640 for 24 h. The supernatant was collected, centrifuged at 300 × g for 5 min at 138 

4 °C to remove cell debris, filtered through a 0.22 μm sterile filter (Millipore, #SLGV033RS), and 139 

stored at -80 °C. Before application to TNBC cells, CM was thawed at 37 °C and mixed 1:1 with 140 

complete DMEM. MDA-MB-468 and MDA-MB-231 cells were cultured in M2-CM for 6 h as 141 

previously described [6]. For PTX treatment, breast cells were treated with PTX at concentrations 142 

ranging from 0 to 50 nM for 72 h as previously reported [18]. 143 

Cell transfection. The small interfering RNA (si-XCL2, si-XCR1, si-β-catenin, si-TCF4, and 144 

si-NEK2), overexpression plasmids (oe-NEK2), and their negative controls (si-NC and oe-vector) 145 

were purchased from Genepharma (Shanghai, China). For transfection, TNBC cells were seeded at 146 

1.5 × 10⁵  cells/well in 6-well plates and cultured overnight to reach 70-80% confluence. 147 

Transfection was performed using Lipofectamine™ 3000 according to the manufacturer ’s protocol. 148 

Briefly, 5 μl Lipofectamine™ 3000 reagent and 2.5 μg siRNA or 2.5 μg plasmid DNA were diluted 149 

separately in 125 μl Opti-MEM™ I Reduced Serum Medium, incubated at room temperature for 5 150 

min, mixed together, and incubated for an additional 15 min. The complexes were then added 151 

dropwise to the cells and cells were harvested 48 hours post-transfection for further analysis. 152 

Reverse transcription quantitative polymerase chain reaction (RT-qPCR). Total RNA was 153 

extracted from tissues or cells using TRIzol. RNA concentration and purity were assessed using a 154 

NanoDrop 2000 spectrophotometer (ThermoFisher Scientific, MA, USA), with A260/A280 ratios 155 

between 1.8 and 2.0 considered acceptable. First-strand cDNA was synthesized from 1 μg total 156 

RNA using the PrimeScript RT Kit. Quantitative PCR was performed using SYBR Green qPCR 157 

Master Mix on a QuantStudio 5 Real-Time PCR System (Applied Biosystems, CA, USA) in a 20 μl 158 

reaction volume containing 10 μl SYBR Green Master Mix, 0.8 μl each of forward and reverse 159 

primers (10 μM), 2 μl cDNA template, and 6.4 μl nuclease-free water. The thermal cycling 160 

conditions were: initial denaturation at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s 161 
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and 60 °C for 1 min. A melting curve analysis was performed to confirm specific amplification. 162 

Relative gene expression was normalized to β-actin using the 2−ΔΔCT  method. The primers used in 163 

the study were listed as follows (5'-3'): TCF4 (F): CTCCAAAGAAGTGTCGGGCA, TCF4 (R): 164 

TCAGTCTGTGACTTGGCGTC; NEK2 (F): TGCTTCGTGAACTGAAACATCC, NEK2 (R): 165 

CCAGAGTCAACTGAGTCATCACT; XCL2 (F): GTGTAGGGAGTGAAGTCTCACATAG, 166 

XCL2 (R): CCACGTGGCTTGTGGATCA; XCR1 (F): GCTGGGGTCCCTACAACTTC, XCR1 167 

(R): GTTTCAGGTGTGTGCGGAAC; β-actin (F): CCCTGGAGAAGAGCTACGAG, β-actin (R): 168 

CGTACAGGTCTTTGCGGATG. 169 

Western blot. Nuclear and cytoplasmic proteins were isolated from cells using the PARIS™ Kit. 170 

Protein samples were extracted from tissues or cells using RIPA lysis buffer supplemented with 1% 171 

phenylmethylsulphonyl fluoride and 1% protease inhibitor cocktail. Lysates were incubated on ice 172 

for 30 min with vortexing every 10 min, then centrifuged at 12,000 × g for 15 min at 4 °C. 173 

Supernatant protein concentrations were determined using the BCA Protein Assay Kit. Equal 174 

amounts of protein (30 μg/lane) were separated by 10% SDS-PAGE, followed by transfer onto 175 

PVDF membranes. Membranes were blocked with 5% non-fat milk for 1 h and incubated overnight 176 

at 4 °C with primary antibodies against TCF4, NEK2, XCL2, XCR1, Bax, cleaved caspase 3, 177 

β-catenin, and GAPDH. Following 10 min TBST washes, membranes were incubated with 178 

HRP-conjugated secondary antibodies for 1 h at room temperature. Immunoreactive bands were 179 

detected using the ECL kit. 180 

Enzyme-linked immunosorbent assay (ELISA). The secretion level of XCL2 in cell culture 181 

supernatants was quantified using the Human XCL2 ELISA Kit according to the manufacturer’s 182 

instructions. This sandwich ELISA kit uses recombinant human XCL2 as the standard protein for 183 

calibration, with a detection range of 0.52-480 ng/ml and a sensitivity of 0.52 ng/ml. Cell culture 184 

supernatants were collected and centrifuged at 300 × g for 5 min at 4 °C to remove debris. 185 

Preliminary experiments indicated that XCL2 concentrations in M2-conditioned medium exceeded 186 

the upper limit of the standard curve (480 ng/ml). Therefore, samples were diluted 2-fold with the 187 

manufacturer-provided sample diluent prior to loading, ensuring that all measurements fell within 188 

the validated linear range of the assay. Standards and samples (100 μl/well) were loaded in triplicate 189 

onto pre-coated 96-well plates and incubated for 2.5 h at room temperature with gentle shaking. 190 
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Wells were washed four times with 300 μl wash buffer per well. Biotinylated detection antibody 191 

(100 μl/well) was added and incubated for 1 h at room temperature. After washing, 192 

streptavidin-conjugated HRP (100 μl/well) was added and incubated for 45 min at room 193 

temperature. Following another four washes, TMB one-step substrate reagent (100 μl/well) was 194 

added and incubated for 30 min at room temperature in the dark. The reaction was terminated by 195 

adding 50 μl stop solution (2 M sulfuric acid) per well. Absorbance at 450 nm was measured 196 

immediately using a SpectraMax i3x microplate reader (Molecular Devices, CA, USA). A standard 197 

curve was constructed using a four-parameter logistic regression, and sample concentrations were 198 

calculated from the curve. The final concentrations were obtained by multiplying the measured 199 

values by the dilution factor of 2. All measurements were performed in triplicate for each sample, 200 

with intra-assay coefficient of variation (CV) < 10% and inter-assay CV < 15%. 201 

Flow cytometry analysis of M2 macrophage polarization markers. Cultured macrophages were 202 

harvested using a cell scraper, washed twice with cold PBS, and resuspended in FACS buffer (PBS 203 

with 2% FBS and 0.1% sodium azide) at a concentration of 1  × 10⁶  cells/ml. Cells were incubated 204 

with Fc receptor blocking solution for 10 min at 4 °C to minimize non-specific binding. Cells were 205 

stained with CD206-PE or CD163-PE for 30 min at 4 °C in the dark. After two washes with cold 206 

FACS buffer, cells were resuspended in 300 μl FACS buffer and analyzed using a Beckman 207 

CytoFLEX flow cytometer (Beckman Coulter, CA, USA). Data were analyzed using CytExpert 208 

software (version 2.4, Beckman Coulter). At least 10,000 events were acquired per sample. 209 

Flow cytometry analysis of apoptosis. Apoptosis was assessed by Annexin V-FITC/PI staining. 210 

Briefly, cells were harvested, washed twice with cold PBS, and resuspended in 1× Annexin V 211 

Binding Buffer at a concentration of 1 × 106 cells/ml. Cells (100 μl, 1 × 105 cells) were transferred 212 

to a new tube and stained with 5 μl Annexin V-FITC and 5 μl propidium iodide (PI, 50 μg/ml) for 213 

15 min at room temperature in the dark. After incubation, 400 μl binding buffer was added, and 214 

samples were immediately analyzed using a Beckman CytoFLEX flow cytometer. Data were 215 

analyzed using CytExpert software. Early apoptotic cells (Annexin V⁺ /PI⁻ ) and late 216 

apoptotic/necrotic cells (Annexin V⁺ /PI⁺ ) were quantified. At least 10,000 events were acquired 217 

per sample. 218 

Chromatin immunoprecipitation (ChIP) assay. ChIP assays were performed using the 219 
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SimpleChIP® Enzymatic Chromatin IP Kit. Cells (1 × 10⁷  per sample) were crosslinked with 1% 220 

formaldehyde for 10 min at room temperature with gentle rotation. Crosslinking was quenched by 221 

adding 125 mM glycine for 5 min at room temperature. Cells were washed twice with cold PBS, 222 

scraped into 1 ml PBS with 1% PMSF, and pelleted by centrifugation at 1,000 × g for 5 min at 4 °C. 223 

Cell pellets were resuspended in 500 μl buffer A and incubated on ice for 10 min. Nuclei were 224 

collected by centrifugation at 3,000 × g for 5 min at 4  °C, resuspended in 500 μl buffer B, and 225 

digested with micrococcal nuclease for 20 min at 37 °C with frequent mixing. Digestion was 226 

stopped by adding 50 μl 0.5 M EDTA. Nuclear membranes were disrupted by sonication using a 227 

Bioruptor® Pico sonication device (Diagenode, Belgium) with three 10 second pulses at high 228 

intensity, 30 second rest intervals on ice. Lysates were centrifuged at 10,000 × g for 10 min at 4 °C, 229 

and supernatants (containing chromatin fragments of 200-500 bp) were collected. For 230 

immunoprecipitation, 50 μl protein G magnetic beads were washed twice with buffer B and 231 

incubated with 5 μg anti-TCF4 antibody or 5 μg anti- IgG control antibody for 2 h at 4 °C with 232 

rotation. Beads were washed twice with buffer B, then incubated with 100 μl chromatin lysate 233 

overnight at 4 °C with rotation. After incubation, beads were washed, and bound DNA was eluted, 234 

reversed crosslinked, and purified. The enrichment of TCF4 at the NEK2 promoter was assessed by 235 

qPCR using specific primers targeting predicted binding sites. The relative enrichment of TCF4 at 236 

each binding site was calculated as a percentage of input DNA. 237 

Dual-luciferase reporter assay. The wild-type (wt) and mutant (mut) binding sites of TCF4 in the 238 

NEK2 promoter were synthesized and cloned into the psicheck2 vector (Promega, WI, USA). The 239 

wt construct contained intact putative TCF4-binding sites with the sequence AGTGCAAAG (Site 1) 240 

and GGTTAAAAG (Site 2), whereas mut1 lacked Site 1 (ΔAGTGCAAAG) and mut2 lacked Site 2 241 

(ΔGGTTAAAAG). Cells were co-transfected with NEK2 wt or NEK2 mut1/2 plasmids and 242 

oe-vector or oe-TCF4 by Lipofectamine™ 3000. The luciferase activities were determined by the 243 

Dual Luciferase Assay kit. 244 

Cell counting kit-8 (CCK-8) assay. TNBC cells were seeded at 5 × 10³ cells/well in 96-well plates 245 

in 100 μl complete medium and cultured overnight. After treatments, 10 μl CCK-8 reagent was 246 

added to each well, and plates were incubated for 2 h at 37 °C in a humidified atmosphere with 5% 247 

CO2. Absorbance at 450 nm was measured using a Multiskan FC microplate reader (ThermoFisher 248 
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Scientific). 249 

Animal experiments. Female Balb/c nude mice (4 weeks old) were sourced from Charles River 250 

(Beijing, China). Animals were housed in a specific pathogen-free (SPF) facility with controlled 251 

temperature (22±2 °C), humidity (50-60%), and a 12 h light/dark cycle. Following a 7-day 252 

acclimation period with standard rodent chow and water ad libitum, animals were randomly 253 

assigned to five cohorts (n=6): MDA-MB-468, MDA-MB-468+PTX, MDA-MB-468+M2+PTX, 254 

MDA-MB-468+M2+sh-NC+PTX, and MDA-MB-468+M2+sh-XCL2+PTX. THP-1 monocytes 255 

were transduced with lentiviral particles encoding either scramble shRNA (sh-NC) or 256 

XCL2-targeting shRNA (sh-XCL2) to generate stable knockdown lines. In brief, THP-1 cells were 257 

seeded at 2 × 10⁵  cells/well in 6-well plates and transduced with lentiviral particles at a 258 

multiplicity of infection (MOI) of 20 in the presence of 8 μg/ml polybrene for 24 h. After 259 

transduction, cells were washed and cultured in complete RPMI-1640 for 48 h, followed by 260 

selection with 2 μg/ml puromycin for 14 days. Surviving colonies were pooled and expanded. 261 

Knockdown efficiency was verified by Western blot and RT-qPCR before use in subsequent 262 

experiments. The resulting populations were polarized to M2 macrophages. The generated M2, 263 

sh-NC-M2, and sh-XCL2-M2 macrophages (9 × 105 cells in 50 μl) were mixed with MDA-MB-468 264 

cells (3 × 105 cells in 50 μl) in a 1:1 mixture of Matrigel and PBS. The cell suspension (100 μl total 265 

volume) was injected into the fourth inguinal mammary fat pad of each mouse using a 26-gauge 266 

needle. PTX was dissolved in saline containing 1% dimethyl sulfoxide and administered 267 

intraperitoneally at a dose of 10 mg/kg every 3 days starting at day 7 post- inoculation (treatment 268 

days: 7, 10, 13, 16, 19). Vehicle control (saline with 1% DMSO) was administered to non-PTX 269 

groups on the same schedule. Tumor growth was monitored every 3 days starting from day 7 270 

post-inoculation by measuring tumor length (L) and width (W) with digital calipers, and tumor 271 

volume was calculated using the formula: V=(L × W2)/2. Specific humane endpoints included: i) 272 

tumor volume exceeding 2,000 mm3; ii) tumor ulceration or necrosis; iii) body weight loss 273 

exceeding 20% of initial weight; iv) signs of severe pain or distress (hunching, reduced mobility, or 274 

inability to access food/water). The endpoint was set at day 22 based on the following 275 

considerations: i) Treatment schedule: the 22-day endpoint allowed for five complete PTX 276 

treatment cycles (every 3 days from day 7), ensuring sufficient time for therapeutic response 277 
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assessment, consistent with established TNBC xenograft protocols using the same dosing regimen 278 

[19]; ii) Animal welfare considerations: day 22 was selected to balance statistical power with 279 

humane endpoints, minimizing animal suffering while ensuring adequate duration for treatment 280 

efficacy evaluation, comparable to similar studies investigating TAM-mediated chemoresistance in 281 

breast cancer xenografts [19, 20]. At the study endpoint (day 22), mice were euthanized, and 282 

excised tumors were collected. 283 

Ethics approval and consent to participate. All procedures adhered to the Hubei Provincial 284 

Center for Disease Control and Prevention Laboratory Animal Care and Use Committee (Approval 285 

No. 202510502). 286 

Immunohistochemistry. Paraffin-embedded tumor sections (4 μm) were deparaffinized in xylene 287 

for 15 min (three changes), rehydrated through graded ethanol series (100%, 95%, 85%, 75%, each 288 

for 5 min), and rinsed in distilled water. Heat-induced antigen retrieval was performed in 10 mM 289 

sodium citrate buffer (pH 6.0) at 100 °C for 20 min in a microwave oven (medium power). 290 

Endogenous peroxidases were blocked with 3% hydrogen peroxide, and non-specific binding sites 291 

were saturated using 5% bovine serum albumin for 60 min. Primary antibodies against XCL2, Bax, 292 

NEK2, and Ki67 were applied overnight at 4 °C. After TBST washes, HRP-linked secondary 293 

antibody was applied for 1 h at room temperature. Color development was performed using DAB 294 

substrate for 3-5 min under microscopic monitoring. Sections were counterstained with hematoxylin 295 

for 30 s, dehydrated through graded ethanol, cleared in xylene, and mounted with neutral balsam. 296 

Digital images were acquired using a Nikon microscope (Tokyo, Japan). For negative controls, 297 

isotype-matched IgG was used instead of primary antibodies. all antibodies used were commercially 298 

validated by the manufacturers, and all procedures strictly followed the manufacturers’ protocols.  299 

For quantification, the percentage of positive cells were evaluated independently by two blinded 300 

investigators. Five random fields per section were analyzed. 301 

Statistical analysis. Data were analyzed using GraphPad Prism 9.0 (GraphPad Software, CA, USA) 302 

and are presented as mean±standard deviation (SD). For in vitro experiments, n=3 indicates three 303 

independent biological replicates performed on separate days with independently prepared cells and 304 

reagents. For in vivo studies, n=6 represents six animals per group. Normality of data distribution 305 

was assessed using the Shapiro-Wilk test, and homogeneity of variance was confirmed using 306 
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Levene's test before applying parametric tests. Comparisons between two groups were performed 307 

using Student’s t-test (two-tailed). For multiple group comparisons, one-way analysis of variance 308 

(ANOVA) followed by Tukey’s post hoc test was applied, two-way ANOVA followed by Sidak’s 309 

post hoc test was used to compare group differences at each time point. A p-value < 0.05 was 310 

considered statistically significant. 311 

 312 

Results 313 

M2-TAMs inhibited the sensitivity of TNBC cells to PTX by secreting XCL2. To investigate 314 

how macrophage polarization modulates PTX sensitivity in TNBC, we first established M2 315 

macrophage by differentiating THP-1 monocytes with PMA (M0) followed by IL-4/IL-13 316 

stimulation (M2). Flow cytometry confirmed successful M2 polarization based on elevated 317 

expression of CD206 and CD163 (Figure 1A). Importantly, we found that M2 macrophages 318 

exhibited significantly higher XCL2 expression compared to M0 controls (Figures 1B, 1C), which 319 

was further validated by increased XCL2 secretion in M2-CM (Figure 1D). To functionally 320 

interrogate XCL2's role, we generated XCL2-knockdown M2-TAMs by transfecting si-XCL2 into 321 

cells. As shown in Figures 1E and 1F, si-XCL2 transfection significantly reduced XCL2 expression 322 

in cells. ELISA analysis also confirmed that M2+si-XCL2-CM contained significantly reduced 323 

XCL2 compared to control M2-CM (Figure 1G). We next assessed whether M2-derived XCL2 324 

affected the sensitivity of TNBC cells to PTX. CCK-8 assay M2-CM treatment substantially 325 

reduced PTX sensitivity in MDA-MB-468 and MDA-MB-231 cells across PTX dose range (0-50 326 

nM), while M2+si-XCL2-CM lost the ability to promote PTX resistance compared to M2-CM 327 

(Figure 1H). Further experiments revealed that while PTX monotherapy significantly reduced 328 

TNBC cell viability, concomitant M2-CM treatment rescued cell survival, but M2+si-XCL2-CM 329 

lost its promoting effect on the survival of TNBC cells compared with M2-CM (Figure 1I). 330 

Moreover, PTX treatment induced apoptosis in TNBC cells, and M2-CM treatment attenuated 331 

PTX-induced apoptosis, whereas M2+si-XCL2-CM lost this anti-apoptotic effect compared with 332 

M2-CM (Figure 1J). Consistently, PTX upregulated pro-apoptotic Bax and cleaved caspase-3 in 333 

TNBC cells, but these effects were partially counteracted by M2-CM (Figure 1K). Again, 334 

M2+si-XCL2-CM lost the ability to modulate these apoptotic markers (Figure 1K). Together, 335 
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M2-TAMs reduced the sensitivity of TNBC cells to PTX through XCL2 secretion. 336 

M2-TAM-derived XCL2 was associated with reduced PTX sensitivity in TNBC cells via the 337 

XCR1/β-catenin axis. As previously reported, XCR1 (the exclusive receptor of XCL2) knockdown 338 

inhibited the progression of breast cancer by blocking XCL1-mediated β-catenin nuclear 339 

translocation [10]. As shown in Figure 2A, PTX treatment significantly reduced nuclear β-catenin 340 

accumulation in MDA-MB-468 and MDA-MB-231 cells, and M2-CM restored its nuclear 341 

localization, while M2+si-XCL2-CM lost this ability. We subsequently silenced XCR1 in 342 

MDA-MB-468 and MDA-MB-231 cells, and si-XCR1 transfection significantly reduced XCR1 343 

expression and β-catenin nuclear localization in TNBC cells (Figures 2B, 2C). We next assessed the 344 

functional consequences of the XCR1/β-catenin axis. It was observed that M2-CM treatment 345 

prevented PTX-induced decrease in TNBC cell viability, whereas XCR1 knockdown reversed this 346 

effect of M2-CM (Figure 2D). In addition, M2-CM treatment suppressed PTX-induced apoptosis in 347 

TNBC cells, while XCR1 silencing reversed this effect (Figure 2E). Consistently, M2-CM 348 

downregulated Bax and cleaved caspase-3 protein levels in PTX-treated TNBC cells, while XCR1 349 

silencing abrogated this effect (Figure 2F). Collectively, M2-TAM-derived XCL2 was associated 350 

with inhibited PTX-driven apoptosis and promoted PTX resistance in TNBC, potentially acting 351 

through the XCR1/β-catenin axis. 352 

β-catenin/TCF4 transcriptionally activated NEK2 expression in TNBC cells. NEK2 is an 353 

oncogene implicated in chemoresistance during TNBC development [16]. In the current research, 354 

bioinformatics analysis using the JASPAR database predicted three potential TCF4-binding motifs 355 

(AGATCAAGG, AGTGCAAAG, GGTTAAAAG) within the NEK2 promoter region (Figure 3A). 356 

ChIP-qPCR assay demonstrated that TCF4 significantly enriched the promoter region including 357 

AGTGCAAAG and GGTTAAAAG, but not the distal AGATCAAGG site (Figure 3B), indicating 358 

that TCF4 preferentially binds at two proximal motifs. We also performed dual- luciferase reporter 359 

assays in 293T cells using wt NEK2 promoters or engineered mutants lacking either the 360 

AGTGCAAAG (mut1) or GGTTAAAAG (mut2) motifs. The results showed that TCF4 361 

overexpression robustly activated the wt and mut2 promoters, but failed to enhance mut1-driven 362 

luciferase activity, confirming that transcriptional activation depends critically on the 363 

AGTGCAAAG site (Figure 3C). MDA-MB-468 and MDA-MB-231cells were subsequently 364 
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transfected with si-NC or si-β-catenin, and it was observed that si-β-catenin transfection 365 

significantly reduced β-catenin protein level in cells (Figure 3D). In addition, β-catenin knockdown 366 

reduced the binding of TCF4 to the NEK2 promoter region (Figure 3E). In summary, 367 

β-catenin/TCF4 mediated transcriptional activation of NEK2 in TNBC cells. 368 

TCF4 inhibited the sensitivity of TNBC cells to PTX through NEK2 regulation. To dissect the 369 

role of TCF4-mediated NEK2 regulation in TNBC chemoresistance, both TCF4 knockdown and 370 

NEK2 overexpression were induced in TNBC cells. It was first observed that si-TCF4 transfection 371 

significantly reduced NEK2 mRNA and protein levels in TNBC cells, while the con-transfection of 372 

oe-NEK2 restored its expression (Figures 4A, 4B). Functional experiments showed that TCF4 373 

knockdown further enhanced PTX-induced decrease in TNBC cell viability, while NEK2 374 

overexpression partially rescued viability impaired by TCF4 silencing (Figure 4C). Additionally, 375 

PTX-induced apoptosis in TNBC cells was further enhanced by TCF4 knockdown, while this 376 

change was partially eliminated by NEK2 overexpression (Figure 4D). Furthermore, TCF4 377 

silencing upregulated pro-apoptotic proteins Bax and cleaved caspase-3 in PTX-treated TNBC cells, 378 

which was partially abolished by NEK2 overexpression (Figure 4E). In conclusion, TCF4 379 

upregulation enhanced PTX resistance in TNBC cells by upregulating NEK2. 380 

M2-TAMs conferred PTX resistance in TNBC via the XCR1/β-catenin/TCF4/NEK2 axis. To 381 

investigate whether M2-TAMs promote chemoresistance through the β-catenin/TCF4/NEK2 382 

cascade, si-NEK2-transfected MDA-MB-468 and MDA-MB-231 cells were treated with M2-CM 383 

and PTX. The transfection efficiency was shown in Figures 5A and 5B, and the results 384 

demonstrated that si-NEK2 transfection significantly reduced NEK2 expression in MDA-MB-468 385 

and MDA-MB-231 cells. PTX decreased nuclear β-catenin and NEK2 expression in TNBC cells, 386 

whereas M2-CM treatment partially reversed this inhibition (Figure 5C). Notably, NEK2 silencing 387 

abolished M2-CM-induced NEK2 upregulation but had no significant effect on β-catenin nuclear 388 

localization (Figure 5C). Functional assays demonstrated that M2-CM restored PTX-treated TNBC 389 

cell viability, while this effect of M2-CM was partially attenuated by NEK2 knockdown in TNBC 390 

cells (Figure 5D). Similarly, M2-CM suppressed PTX-induced apoptosis in TNBC cells, whereas 391 

NEK2 silencing partially eliminated this change induced by M2-CM (Figure 5E). It also turned out 392 

that M2-CM treatment reduced Bax and cleaved caspase-3 protein levels in PTX-treated TNBC 393 
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cells, while NEK2 silencing partially abolished M2-CM-mediated suppression of these 394 

pro-apoptotic markers (Figure 5F). To evaluate the translational relevance and therapeutic 395 

specificity of the XCL2/XCR1/β-catenin/TCF4/NEK2 axis, we performed additional experiments 396 

using the non-malignant human mammary epithelial cell line MCF-10A. Cells were treated with 397 

PTX (50 nM) in the presence or absence of M2+si-NC-CM or M2+si-XCL2-CM. As shown in 398 

Supplementary Figure S1A, PTX treatment significantly reduced MCF-10A cell viability, but 399 

neither M2+si-NC-CM nor M2+si-XCL2-CM affected PTX-induced viability reduction. 400 

Consistently, PTX treatment increased apoptosis in MCF-10A cells, while neither M2+si-NC-CM 401 

nor M2+si-XCL2-CM significantly altered PTX-induced apoptosis (Supplementary Figure S1B). 402 

Furthermore, PTX decreased nuclear β-catenin and NEK2 protein levels in MCF-10A cells, 403 

whereas M2+si-NC-CM or M2+si-XCL2-CM did not significantly rescue these decreases 404 

(Supplementary Figure S1C). All these results indicated that M2-TAMs enhanced PTX resistance in 405 

TNBC by activating the β-catenin/TCF4/NEK2 signaling. 406 

M2-TAM-derived XCL2 was associated with attenuated PTX efficacy in TNBC in vivo. To 407 

validate the role of M2-TAM-secreted XCL2 in TNBC PTX resistance, we generated 408 

THP-1-derived M2 macrophages with stable XCL2 knockdown and co-injected them with 409 

MDA-MB-468 cells into nude mice, followed by PTX treatment. The knockdown efficiency of 410 

XCL2 in THP-1 cells was shown in Figure 6A, and it was found that the infection of sh-XCL2 411 

lentivirus significantly reduced XCL2 protein level in cells. It was subsequently observed that PTX 412 

monotherapy suppressed tumor growth, whereas co- injection with M2 macrophages significantly 413 

reversed this suppression (Figures 6B-6D). Strikingly, compared with sh-NC-M2 macrophages, 414 

sh-XCL2-M2 macrophages treatment inhibit tumor progression (Figures 6B-6D). 415 

Immunohistochemistry analysis revealed that PTX reduced Ki67 and NEK2 levels while increasing 416 

Bax level in tumor tissues (Figure 6E). For negative controls, isotype-matched IgG was used instead 417 

of primary antibodies, which showed no non-specific staining (Supplementary Figure S2). However, 418 

M2 macrophage co-injection increased XCL2, NEK2, and Ki67 expression while reducing Bax, 419 

with XCL2-deficient macrophages failing to induce similar effects (Figure 6E). Additionally, PTX 420 

treatment significantly reduced nuclear β-catenin level in tumor tissues (Figure 6F). Importantly, 421 

PTX-induced inhibition on nuclear β-catenin level was rescued by M2 macrophages but not by 422 
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XCL2-deficient variants (Figure 6F). Collectively, M2-TAMs was associated with attenuated PTX 423 

efficacy in TNBC. 424 

 425 

Discussion 426 

TNBC is recognized as the most aggressive subtype of breast cancer, featured by a narrow spectrum 427 

of therapeutic options and dismal clinical prognosis due to intrinsic resistance to chemotherapy [21]. 428 

While PTX remains a cornerstone treatment, the development of chemoresistance severely 429 

compromises its efficacy [22]. Recent studies have highlighted M2-TAMs favor tumor development 430 

and play key roles in promoting chemoresistance [23]. However, the role of M2-TAMs in regulating 431 

PTX resistance during TNBC development remains unclear. Our study suggests a potential 432 

mechanism whereby M2-TAM-derived XCL2 may drive PTX resistance in TNBC. Specifically, 433 

M2-TAM-derived XCL2 was associated with inhibited PTX-driven cancer cell apoptosis and 434 

promoted PTX resistance in TNBC, potentially involving XCR1-mediated signaling through the 435 

β-catenin/TCF4/NEK2 axis (Figure 7). 436 

XCL2 is a structurally conserved chemokine involved in the development and activation of 437 

cytotoxic T cells as well as the progression of malignant tumors [24, 25]. XCL2 expression exhibits 438 

a significant correlation with tumor- infiltrating immune cells in human cancers [9]. XCL2 is a key 439 

molecule in pan-cancer cells, and decreased XCL2 expression is associated with suppressed 440 

proliferation of breast cancer cells [26]. Importantly, our preliminary findings suggest that XCL2 441 

may be a key gene influencing chemotherapy resistance in breast cancer [8]. Our current results 442 

displayed that XCL2 levels were significantly increased both intracellularly and in the CM upon M2 443 

polarization of M0 macrophages. In addition, M2-CM treatment significantly reduced TNBC cell 444 

sensitivity to PTX in vitro, while CM derived from XCL2-knockdown M2 macrophages lost this 445 

ability. Our in vivo results demonstrated that M2-TAM-derived XCL2 was associated with 446 

attenuated PTX efficacy in TNBC, whereas XCL2 knockdown restored PTX efficacy. These data 447 

suggested that M2-TAMs promoted PTX resistance in TNBC by secreting XCL2. 448 

The XCR1 receptor, the primary binding partner of XCL2, belongs to the chemokine receptor 449 

family and is known to activate various intracellular signaling cascades upon ligand binding [7]. 450 

The binding of C-chemokines to XCR1 promotes cancer cell proliferation [27-29]. Notably, XCR1 451 
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activation is associated with TNBC development [10]. The binding of XCL1 to XCR1 promoted 452 

epithelial–mesenchymal transition in breast cancer by enhancing β-catenin nuclear translocation 453 

[10]. Activation of β-catenin promotes chemotherapy resistance in multiple cancer types [30, 31]. In 454 

TNBC, the inhibition of β-catenin signaling suppresses cancer cell malignant behaviors [32]. In the 455 

current research, PTX decreased nuclear β-catenin in TNBC cells, and M2-CM reinstated β-catenin 456 

nuclear localization, but M2+si-XCL2-CM lost this ability. In addition, XCR1 knockdown in TNBC 457 

cells reversed the M2-CM-mediated promotion of PTX resistance in TNBC. Collectively, 458 

M2-TAM-derived XCL2 was associated with impaired PTX sensitivity in TNBC cells, potentially 459 

via the XCR1/β-catenin axis. 460 

β-catenin, upon nuclear translocation, forms complexes with transcription factors such as TCF4 to 461 

regulate expression of target genes involved in cell proliferation and survival [33]. The 462 

β-catenin/TCF4 complex has been implicated in various cancers enhancing chemotherapy 463 

resistance in various cancers [34, 35]. Our work identified NEK2 as a novel transcriptional target of 464 

β-catenin/TCF4 in TNBC. Numerous studies have reported NEK2 overexpression in various 465 

cancers, where it is often associated with poor overall survival [36]. Additionally, NEK2 contributes 466 

to drug resistance and cancer progression [37]. As previously reported, NEK2 knockdown inhibited 467 

TNBC progression [38]. Our present findings demonstrated that TCF4 silencing sensitized TNBC 468 

cells to PTX, which was abolished by NEK2 overexpression. Additionally, NEK2 knockdown in 469 

TNBC cells reversed the M2-CM-mediated promotion of PTX resistance in TNBC. To further 470 

evaluate the translational relevance of our findings, we examined whether the 471 

XCL2/XCR1/β-catenin/TCF4/NEK2 axis functions similarly in non-malignant mammary epithelial 472 

cells. Using the human mammary epithelial cell line MCF-10A, we found that neither 473 

M2+si-NC-CM nor M2+si-XCL2-CM treatment protected normal breast epithelial cells from 474 

PTX-induced cytotoxicity and regulated the downstream β-catenin/TCF4/NEK2 signaling. These 475 

results suggest that therapeutic targeting of the XCL2/XCR1 axis or downstream effectors may 476 

selectively sensitize TNBC cells to PTX while minimizing toxicity to normal breast tissue, thereby 477 

providing a favorable therapeutic window for clinical translation. All these results indicated that 478 

M2-TAM-derived XCL2 enhanced PTX resistance in TNBC by activating the 479 

β-catenin/TCF4/NEK2 signaling. 480 
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In summary, this study reveals that M2-TAM-derived XCL2 is associated with enhanced PTX 481 

resistance in TNBC, potentially through the XCR1/β-catenin/TCF4/NEK2 signaling axis. 482 

Mechanistically, XCL2 may bind to XCR1 and trigger β-catenin nuclear translocation, where it 483 

complexes with TCF4 to transcriptionally upregulate NEK2. Our findings suggest that targeting 484 

XCL2-XCR1 signaling or downstream effectors (β-catenin/NEK2) may restore PTX sensitivity in 485 

TNBC patients with high M2-TAM infiltration. However, limitations include the need for validation 486 

in larger clinical cohorts. Several limitations of the current study should be acknowledged. First, 487 

THP-1-derived macrophages were used as a model of TAMs. While this approach is widely 488 

employed in tumor microenvironment research due to its consistency, reproducibility, and ease of 489 

manipulation, THP-1 cells may not fully recapitulate the phenotypic and functional heterogeneity of 490 

primary TAMs isolated from patient breast tumors. Future validation using primary human 491 

monocyte-derived macrophages or freshly isolated TAMs from clinical specimens is warranted to 492 

confirm our findings. Second, the in vivo experiments were conducted using immunodeficient nude 493 

mice, which lack a functional immune system and thus cannot fully model the complex immune 494 

interactions within the tumor microenvironment. the therapeutic efficacy of XCL2/XCR1-targeted 495 

strategies (e.g., XCL2-neutralizing antibodies or XCR1 antagonists) in combination with PTX 496 

should be evaluated in patient-derived xenograft (PDX) models and genetically engineered mouse 497 

models of TNBC. Future studies should employ immunocompetent syngeneic mouse models or 498 

humanized immune system mice to better recapitulate the complex immune interactions within the 499 

tumor microenvironment and validate the therapeutic efficacy of XCL2/XCR1-targeted strategies in 500 

an immunologically intact setting. 501 
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 638 

Figure Legends 639 

 640 

Figure 1. M2-TAMs inhibited the sensitivity of TNBC cells to PTX by secreting XCL2. THP-1 641 

cells were treated with PMA to induce M0 macrophages and further stimulated with IL-4+IL-13 for 642 

M2 polarization. A) Flow cytometry was performed to detect M2 macrophage polarization markers 643 

(CD206 and CD163). B, C) The mRNA and protein levels of XCL2 were determined using 644 

RT-qPCR and Western blot. D) Secreted XCL2 in M0 and M2 macrophages was quantified by 645 

ELISA. Note: Values represent original concentrations after correction for a 2-fold sample dilution, 646 

as preliminary testing indicated that M2 supernatant XCL2 levels exceeded the assay upper limit  647 

(480 ng/ml). Values represent original concentrations after correction for a 2-fold dilution factor. E, 648 

F) M2 macrophages were transfected with si-NC or si-XCL2, and the mRNA and protein levels of 649 

XCL2 in cells were determined using RT-qPCR and Western blot. G) CM were collected from M0-, 650 

M2-, M2+si-NC-, and M2+si-XCL2-treated macrophages, and XCL2 levels were measured by 651 

ELISA. H) MDA-MB-468 and MDA-MB-231 cells were cultured with various PTX concentrations 652 

(0-50 nM) plus different CM treatments, and cell viability was assessed by CCK-8 assay. 653 

MDA-MB-468 and MDA-MB-231 cells were treated with PTX combined with different CM groups 654 

(M0-CM, M2-CM, M2+si-NC-CM, and M2+si-XCL2-CM). I) CCK-8 assay was employed to 655 

detect cell viability. J) Flow cytometry was employed to determine apoptosis in TNBC cells. K) 656 

Bax and cleaved caspase-3 protein levels in TNBC cells were analyzed using Western blot. Data 657 

were expressed as mean±SD. All our data were obtained from three independent experiments.  658 

Student's t-test (two-tailed) for two-group comparisons (A-F), one-way ANOVA with Tukey's post 659 

hoc test for multiple group comparisons (G, I-K), and two-way ANOVA followed by Sidak’s post 660 

hoc test was used to compare group differences at each time point (H). *p < 0.05, **p < 0.01, ***p 661 

< 0.001 662 

 663 

Figure 2. M2-TAM-derived XCL2 was associated with reduced PTX sensitivity in TNBC cells via 664 

the XCR1/β-catenin axis. A) MDA-MB-468 and MDA-MB-231 cells were treated with PTX alone 665 

or PTX+CM (M0, M2, M2+si-NC, M2+si-XCL2), and cytosolic and nuclear fractions were 666 

analyzed by Western blot for β-catenin levels. MDA-MB-468 and MDA-MB-231 cells were 667 
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transfected with si-NC or si-XCR1. B) RT-qPCR was performed to detect XCR1 mRNA level in 668 

TNBC cells. C) Western blot was employed to detect XCR1 and nuclear β-catenin protein levels. 669 

si-NC/si-XCR1 transfected MDA-MB-468 and MDA-MB-231 cells were treated with PTX 670 

combined with M2-CM treatment. D) CCK-8 assay was employed to detect cell viability. E) Flow 671 

cytometry was employed to determine apoptosis in TNBC cells. F) Bax and cleaved caspase-3 672 

protein levels in TNBC cells were analyzed using Western blot. Data were expressed as mean±SD. 673 

All our data were obtained from three independent experiments. Student's t-test (two-tailed) for 674 

two-group comparisons (B, C), one-way ANOVA with Tukey's post hoc test for multiple group 675 

comparisons (D-F). *p < 0.05, **p < 0.01, ***p < 0.001 676 

 677 

Figure 3. TCF4 transcriptionally activated NEK2 expression in TNBC cells. A) The potential 678 

binding sites between TCF4 and the NEK2 promoter were predicted using the JASPAR database. B) 679 

ChIP-qPCR assay was employed to detect the interaction between TCF4 and the NEK2 promoter. C) 680 

The transcriptional regulation relationship of TCF4 on NEK2 in 293T cells was analyzed by 681 

dual- luciferase reporter assay. MDA-MB-468 and MDA-MB-231 cells were transfected with si-NC 682 

or si-β-catenin. D) Western blot was performed to detect β-catenin protein level in TNBC cells. E) 683 

The interaction between TCF4 and the NEK2 promoter was analyzed using ChIP-qPCR assay. Data 684 

were expressed as mean±SD. All our data were obtained from three independent experiments. 685 

Student's t-test (two-tailed) for two-group comparisons. **p < 0.01, ***p < 0.001 686 

 687 

Figure 4. TCF4 inhibited the sensitivity of TNBC cells to PTX through NEK2 regulation. A-B) 688 

MDA-MB-468 and MDA-MB-231 cells were co-transfected with si-TCF4 and oe-NEK2, and the 689 

mRNA and protein levels of TCF4 and NEK2 were assessed using RT-qPCR and Western blot. Both 690 

TCF4 knockdown and NEK2 overexpression were induced in MDA-MB-468 and MDA-MB-231 691 

cells combined with PTX treatment. C) Cell viability was determined using CCK-8 assay. D) Flow 692 

cytometry was employed to determine apoptosis in TNBC cells. E) Western blot was employed to 693 

assess Bax and cleaved caspase-3 protein levels in TNBC cells. Data were expressed as mean±SD. 694 

All our data were obtained from three independent experiments. One-way ANOVA with Tukey's 695 

post hoc test for multiple group comparisons. *p < 0.05, **p < 0.01, ***p < 0.001 696 
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 697 

Figure 5. M2-TAMs conferred PTX resistance in TNBC via the XCR1/β-catenin/TCF4/NEK2 axis. 698 

A, B) MDA-MB-468 and MDA-MB-231 cells were transfected with si-NC or si-NEK2, and the 699 

mRNA and protein levels of NEK2 in cells were assessed using RT-qPCR and Western blot. 700 

si-NC/si-NEK2 transfected MDA-MB-468 and MDA-MB-231 cells were treated with PTX 701 

combined with M2-CM treatment. C) Western blot was performed to detect NEK2 and nuclear 702 

β-catenin protein levels in TNBC cells. D) CCK-8 assay was performed to determine cell viability. 703 

E) Apoptosis in TNBC cells was assessed by flow cytometry. F) Bax and cleaved caspase-3 protein 704 

levels in TNBC cells were analyzed using Western blot. Data were expressed as mean±SD. All our 705 

data were obtained from three independent experiments. Student's t-test (two-tailed) for two-group 706 

comparisons (A, B), one-way ANOVA with Tukey's post hoc test for multiple group comparisons  707 

(C-F). *p < 0.05, **p < 0.01, ***p < 0.001 708 

 709 

Figure 6. M2-TAM-derived XCL2 was associated with attenuated PTX efficacy in TNBC in vivo. 710 

A) THP-1 were infected with sh-NC or sh-XCL2 lentivirus, and XCL2 protein level in cells was 711 

determined using Western blot. THP-1-derived M2 macrophages with stable XCL2 knockdown and 712 

co-injected them with MDA-MB-468 cells into nude mice, followed by PTX treatment. B) Tumor 713 

growth curves (measured every 3 days from day 7) were presented. C, D) Representative tumor 714 

images at endpoint were presented, and tumor weights were measured. E) Immunohistochemistry 715 

was performed to detect XCL2, NEK2, Bax, and Ki67 protein levels in tumor tissues. Scale bar=50 716 

µm. F) Nuclear β-catenin protein level was assessed using Western blot. Data were expressed as 717 

mean±SD; n=6. One-way ANOVA with Tukey's post hoc test for multiple group comparisons (A, 718 

C-F) and two-way ANOVA followed by Sidak’s post hoc test was used to compare group 719 

differences at each time point (B). *p < 0.05, **p < 0.01, ***p < 0.001 720 

 721 

Figure 7. Graphical abstract. M2-TAM-derived XCL2 is associated with enhanced PTX resistance 722 

in TNBC. Mechanistically, XCL2 may bind to XCR1 and trigger β-catenin nuclear translocation, 723 

where it complexes with TCF4 to transcriptionally upregulate NEK2. 724 
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