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Abstract: Recurrence and metastasis are resistant to multimodal treatments, and are the major causes of death in 
breast cancer. Accumulating evidence suggests that the IL17RB signaling pathway plays a key role in progression 
and metastasis of breast cancer. Clinical significance of the IL17RB positivity in tumor tissues has been also report-
ed as a poor prognostic factor in breast cancer. However, the molecular mechanisms underlying the poor prognosis 
of patients with IL17RB+ breast cancer, particularly the immunological aspects, remain to be fully elucidated, and 
elimination of the IL17RB+ tumors has not been practically achieved in clinical settings. In this study, we identified 
a distinct molecular mechanism underlying the intractability of the IL17RB+ tumors through tumor biological and 
immunological investigation using mouse and human breast cancer cells transduced with il17rb gene. IL17RB 
overexpression in tumor cells confers cancer stemness, including high invasive and self-renewal abilities, and high 
resistance to CDK4/6 inhibitors that have been considered as a promising agent for treating breast cancer despite 
the limited efficacy. In the mice implanted with the IL17RB+ tumors, IL25+ macrophages (Møs) are expanded locally 
in tumor tissues and systemically in spleen, and promote the IL17RB+ tumor progression directly by intensifying the 
tumor functions, and indirectly via impairment of anti-tumor effector CTLs and NK cells utilizing the secreted IL25. 
Blocking IL25 with the specific mAb, however, interferes the adverse events, and successfully elicits significant anti-
tumor efficacy in combination with CDK4/6 inhibitors providing better survival in murine mammary tumor models. 
These results suggest that the IL25+ Mø is a key determinant of building the solid treatment resistance of the 
IL17RB+ breast cancer. Targeting the IL17RB-IL25 axis may be a promising strategy to improve clinical outcomes in 
the treatment of breast cancer patients, particularly with IL17RB+ tumors. 
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Introduction

Breast cancer is one of the most common can-
cers and the second largest cause of cancer-
related deaths [1]. Many cases experience 
recurrence and metastasis resistant to multi-
modal treatments, including mastectomy, bre- 
ast-conserving surgery, chemotherapy, hor-
mone therapy, radiotherapy, molecular target-
ed therapy, and immunotherapy [2]. In the 
molecular targeted therapy, targeting cyclin-
dependent kinases 4 and 6 (CDK4/6) has at- 
tracted great attention as a promising strategy 
for treating breast cancer because of a key driv-

er of the cell cycle required for the initiation  
and progression of tumor cells. Many CDK4/6 
inhibitors (CDKIs), including abemacicrib/LY- 
2835219 and palbociclib/PD0332991, have 
been clinically developed and approved for 
treating estrogen receptor+HER2- advanced or 
metastatic breast cancer in combination with 
hormone/endocrine therapy [3]. However, the 
therapeutic efficacy is limited in the clinical set-
tings. About 10% of patients show innate resis-
tance, and most patients acquire resistance 
after several years as the first-line treatment, 
and after a short time as the second-line treat-
ment. Recent studies have revealed the molec-
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ular mechanisms underlying the CDKI resis-
tance: For example, amplification and overex-
pression of the CDK4/6, activation of other 
mitogenic signaling pathways, and loss or 
mutation of RB1 [4, 5]. However, no break-
through has been established for overcoming 
the CDKI resistance in clinical settings. As an 
alternative strategy to enhance the thera- 
peutic efficacy, CDKI therapy has been com-
bined with many other therapeutics, such as 
estrogen receptor antagonists, chemothera-
peutics, inhibitors targeting the upstream re- 
ceptor tyrosine kinases, such as HER2, EGFR, 
and FGFR, and inhibitors targeting other CDKs, 
such as CDK2 and CDK7, in numerous clinical 
trials [5, 6]. However, most trials have failed. 

Accumulating evidence suggests that the sig-
naling pathway of interleukin-17 receptor β 
(IL17RB) drives initiation, proliferation, inva-
sion, survival, and anti-apoptosis of cancer 
stem-like tumor cells upon the binding to its 
ligands, IL17B or IL17E/IL25, in various types 
of cancer, including breast cancer [7, 8]. In clini-
cal settings, high and frequent expression of 
the IL17RB in tumor tissues has been reported 
as a critical poor prognostic factor in breast 
cancer [7, 8]. These suggest that IL17RB sh- 
ould be targeted in the treatment of refractory 
breast cancer. However, elimination of the 
IL17RB+ tumors has not been practically 
achieved in the clinical settings, and relation-
ships between the tumoral IL17RB positivity 
and the CDKI responses remain unclear. Tumor 
cells are known to plastically evolve through 
interplay with the host environment, particular-
ly immune network, and the reciprocal evolu-
tion further increases tumor heterogeneity le- 
ading to refractory cancer [9]. Therefore, be- 
tter understanding and interference of the 
oncoimmunological interplay must be impor-
tant for eradication of IL17RB+ refractory breast 
cancer. 

In this study, we validated the clinical signifi-
cance of the IL17RB positivity in breast cancer 
by own immunohistochemical analysis of pa- 
tient-derived tumor tissues, and then attempt-
ed to elucidate the molecular mechanisms un- 
derlying the poor prognosis of patients with 
IL17RB+ breast cancer through tumor biological 
and immunological investigation using mouse 
and human IL17RB-transduced breast cancer 
cells. We also evaluated in vivo anti-tumor effi-
cacy induced by agents targeting the key mole-

cule in the mechanisms in combination with 
CDKIs toward clinical practice. 

Materials and methods

Clinical analysis

For immunohistochemical analysis for IL17RB 
expression, tumor tissues were surgically re- 
sected from stage I-III breast cancer patients 
receiving no neo-adjuvant chemotherapy at 
Toranomon Hospital (September 2006-Decem- 
ber 2013), according to the protocol (No. 845 
and No. 1327) approved by the Institutional 
Review Board of the Toranomon Hospital (n = 
115). Informed consent was obtained from all 
individual participants included in the study. 
After deparaffinization, formalin-fixed and par-
affin-embedded tumor tissue sections were 
stained with HRP-conjugated anti-IL17RB mAb 
(Clone 938923; Novus) or the isotype control, 
and were treated with DAB and hematoxylin  
for visualization. Two pathological researchers 
microscopically observed the molecular ex- 
pressions, and classified the IL17RB expres-
sion patterns into 3 groups according to the 
intensity: Level 0, no expression; Level 1, weak 
expression; and Level 2, strong expression. 
Relationships between the expression levels 
and the clinicopathological data were statisti-
cally analyzed. All activities were conducted in 
accordance with the ethical principles of the 
Declaration of Helsinki. 

Mice and cell lines

Five-week-old female BALB/c mice and BALB/c-
nu nude mice were purchased from Charles 
River Laboratories in Japan, and were main-
tained under pathogen-free conditions. Mice 
were used according to the protocol (No. T17-
055) approved by the Animal Care and Use 
Committee at the National Cancer Center 
Research Institute. Murine mammary cancer 
4T1 cells and human breast cancer MCF7 cells 
were purchased from ATCC, and were tested  
for Mycoplasma negativity using a Hoechst-
staining detection kit (MP Biomedicals). The 
cells were expanded and frozen in liquid nitro-
gen to avoid changes occurred by a long-term 
culture before experiments. 

Establishment of IL17RB transfectants

For stable overexpression of IL17RB, IL17RBlow 
4T1 cells and IL17RB- MCF7 cells were used, 
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since only 4T1 was available to us among 
murine breast cancer cell lines, and another 
human breast cancer cell line MDA-MB-231 
available to us highly expressed IL17RB, 
although the two cell lines are known to have 
different phenotypes, 4T1 like triple-negative 
breast cancer versus MCF7 like Luminal A sub-
type. These cells were transfected with a plas-
mid vector pCMV6-ENTRY encoding murine 
il17rb (NM_019583; Origene) or human il17rb 
(NM_018725; Origene), or the empty vector  
as mock control using a polymerase-based 
transfection reagent jetPEI (Polyplus) according 
to the manufacturer’s instructions. After limit-
ing dilution, the transduction efficacy was eval-
uated by flow cytometry and immunostaining 
using anti-mouse IL17RB-PE (BioLegend), anti-
human IL17RB-AF488 (R&D), or each isotype 
control, and several clones with IL17RB over- 
expression were chosen for assays. IL17RA 
expression was also analyzed by staining with 
anti-mouse IL17RA-FITC (Abcam). In the immu-
nostaining, two cytospin slides per clone were 
stained with mAbs following fixation with 4% 
PFA, and the immunofluorescence intensity 
was automatically measured as pixel counts at 
400× magnification (almost 50 cells per field × 
3 fields per slide) using the LSM700 Laser 
Scanning Microscope (Carl Zeiss) as described 
before [10]. To show the spontaneous colony 
formation, tumor cells were cultured in a slide 
chamber (Ibidi) for 24 hours without staining. 

Characterization of tumor cells 

Tumor functions were assessed as described 
before [11, 12]: Cell proliferation (3 days) by 
counting the number of cells in the culture, self-
renewability (3 days) by counting the number of 
sphere colonies (> ø 50 µm) using a 24-well 
Ultra-Low Attachment Surface plate (Coaster), 
and cell invasion (4 hours) by counting the num-
ber of cells passing through a matrigel-coated 
membrane of a transwell chamber (Corning). To 
assess sensitivity to CDK4/6 inhibitors, tumor 
cells (5 × 103 cells/well) were cultured with 
abemaciclib/LY2835219 (CDKI-LY; AdooQ) or 
palbociclib/PD0332991 (CDKI-PD; AdooQ) for 
2 days, and the proliferation was measured  
by a colorimetric assay using WST1 solution 
(Takara). Graphs were depicted as the percent-
age of the control cultured with no agents 
(100%). In the in vivo setting, 4T1 cells (5 ×  
105) were subcutaneously (s.c.) implanted into 
BALB/c mice, and CDKIs (5 mg/kg) or PBS as a 

control were orally administered in the mice 
daily for 5 days (start on day 3-5 after tumor 
implantation). MCF7 cells (1 × 106) were s.c. 
implanted into immunodeficient nude mice, 
and the mice received the 2-cycle CDKI treat-
ment (days 5-9, and days 16-20). Tumor vol-
ume (0.5 × Length × Width2, mm3) was mea-
sured every 2-3 days. One week after the last 
treatment, subcutaneous tumors and spleens 
were harvested from the mice, and the isolat- 
ed cells were analyzed by flow cytometry. To 
assess cytotoxic activity of anti-tumor effector 
cells in the mice, spleen cells (SPCs) were pre-
stimulated with the H-2Ld-restricted tumor anti-
gen peptide AH1 (1 µg/ml; MBL) that is derived 
from the gp70 envelope protein expressed in 
4T1 cells [13] for 6 days, and CD8+ T cells were 
sorted as CTLs using a BD IMag system with 
magnetic particle-conjugated anti-CD8 mAb 
(BD Biosciences) according to the manufactur-
er’s instructions. DX5+ NK cells were similarly 
sorted from SPCs. These cells were cocultured 
with target tumor cells (4T1 or Yac1) at ET ratio 
= 20-50:1 for 4 hours, and the specific lysis of 
tumor cells was assessed using the Immunocyto 
Cytotoxicity Detection Kit (MBL) according to 
the manufacturer’s instructions. 

In vivo therapy

BALB/c mice were s.c. implanted with 4T1 cells 
(5 × 105), and received the following treat-
ments: oral administration with CDKI-LY (5 mg/
kg) or PBS as a control daily for 5 days (start on 
day 3-5 after tumor implantation), and/or i.p. 
injection with anti-IL25 blocking mAb (Clone 
35B; BioLegend) or mouse IgG (mIgG, Clone 
MOPC-21; BioXCell) as a control at 10 mg/kg 
on twice a week. Nude mice were s.c. implant-
ed with MCF7 cells (1 × 106), and received the 
following treatments: oral administration with 
CDKI-LY or PBS daily on days 5-9 and days 
16-20, and/or i.p. injection with anti-IL25  
mAb or mIgG on days 5, 9, 16 and 20. Tumor 
volume was measured, and mouse survival 
was observed in a setting. 

Characterization of splenic macrophages

F4/80+ cells were sorted from SPCs or tumor-
infiltrating cells (TILs) as macrophages (Møs) 
using a BD IMag system (BD Biosciences) with 
biotin-conjugated anti-F4/80 mAb (BioLegend) 
and magnetic particle-conjugated streptavidin 
(BD Biosciences), and were tested for IL25 
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expression by immunostaining with anti-mouse 
IL25-PE (Invitrogen) after 2-hour-culture for cell 
attachment. After scraping, the Møs (1 × 106 
cells/10 ml) were cultured for 6 days, and the 
supernatant fluids were tested for IL25 using 
an ELISA kit (Invitrogen). We mainly used splen-
ic Møs for experiments, since the number of 
tumoral Møs was too small to conduct many 
different assays with a sufficient number of n 
per experiment for confirming the validity of the 
data. To assess the Mø effect on tumor cells, 
the Mø supernatants or recombinant IL25 (10 
ng/ml; R&D) were added to tumor culture (1 × 
105/well) in the presence of anti-IL25 mAb or 
mIgG (10 µg/ml), and 3 days later, the tumor 
functions were tested as described above. To 
assess the Mø effect on CTLs, Møs (2.5 ×  
106/well) were cocultured with the AH1-presti- 
mulated CD8+ T cells (1 × 106/well) in the pres-
ence of the AH1 peptide (10 µg/ml), IL2 (100 
IU/ml), and anti-IL25 mAb or mIgG (10 µg/ml) 
for 6 days, and the sorted CD8+ T cells were 
tested for cytotoxic activity as described above. 
In the in vivo setting, the Møs (3 × 105) were 
s.c. coinjected with tumor cells (3 × 105) in 
mice, and the subcutaneous tumors were 
directly injected with anti-IL25 mAb or mIgG 
(100 µg/tumor) to interfere the Mø-derived 
IL25 action in the tumor microenvironment on 
days 3 and 10 after coinjection. 

Flow cytometric analysis

After Fc blocking, cells were stained with the 
following immunofluorescence-conjugated an- 
tibodies: anti-CD3e-BUV496 (BD), anti-CD4-
BV785 (BioLegend), anti-CD8-BUV395 (BD), 
anti-CD45-PE-Cy7 (BioLegend), anti-DX5-APC-
Cy7 (BioLegend), anti-PD1-BV510 (BioLegend), 
anti-TIM3-BV605 (BioLegend), anti-CD11b-BV- 
711 (BioLegend), anti-F4/80-BV510 (BioLe- 
gend), anti-mouse IL25-PE (Invitrogen), and  
the appropriate isotype control. For intracellu-
lar staining, cells were treated with Cytofix/
Cytoperm solution (BD) before antibody stain-
ing. Data were acquired using a BD LSR For- 
tessa X-20 cytometer (BD), and were analyzed 
by FlowJo software (BD). Before defining the 
specific molecular expressions, debris was 
firstly excluded by FSC/SSC, and immunofluo-
rescence intensity was compared to the iso-
type control. 

Statistical analysis

Data are presented as means ± SDs unless 
otherwise specified. Experiments were repeat-

ed at least three times to confirm the reproduc-
ibility. Significant differences (P value < 0.05) 
were statistically evaluated using GraphPad 
Prism 7 software (MDF) or EZR software ver-
sion 1.53. To compare between two groups, the 
data were analyzed by the unpaired two-tailed 
Student’s t test. To compare multiple groups, 
the data were analyzed by one-way ANOVA, fol-
lowed by the Bonferroni post-hoc test for pair-
wise comparison of groups on the basis of the 
normal distributions. Non-parametric groups 
were analyzed by the Mann-Whitney test. In  
the combination therapy, significance to the 
single treatment was evaluated using a two-
way ANOVA with Bonferroni post-hoc test. Sur- 
vival was analyzed by Kaplan-Meier method 
and the Mantel-Cox Log-Rank test. Disease-
free survival time after surgery was calculated 
by Kaplan-Meier analysis, and was compared 
among groups by log-rank test using SPSS 
Statistics 22.0 software (IBM). 

Results

IL17RB positivity in tumor tissues is a poor 
prognostic factor in breast cancer

We immunohistochemically analyzed tumor tis-
sues obtained from stage I-III breast cancer 
patients (n = 115) for IL17RB expression. 
IL17RB expression was observed in 31% of the 
patients, and the positivity (Level 1 + 2) was 
significantly associated with shorter diseases-
free survival of the patients (P = 0.0298; Figure 
1), albeit no significant associations with OS (P 
= 0.3238) and other clinicopathological data 
(Table 1). This suggests that IL17RB positivity 
in tumor tissues is a significant poor prognostic 
factor in breast cancer as reported elsewhere 
[7, 8]. 

IL17RB transduction confers cancer stem-like 
properties to murine mammary cancer 4T1 
cells

To elucidate the mechanisms underlying the 
poor prognosis of patients with IL17RB+ breast 
cancer, we established IL17RB transfectants 
(TR) and a mock transfectant (mock) as a con-
trol using murine mammary tumor IL17RBlow 
4T1 cells. The TR cells formed sphere colonies 
even in the normal culture condition (Figure 
2A), suggesting resistance to anoikis, which is 
a programmed cell death occurred upon cell 
detachment [14]. In the sphere colony forma-
tion assay, the colony size was much larger, and 
the number of colonies was significantly higher 
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Figure 1. IL17RB positivity in tumor tissues is a poor prognostic factor in breast cancer. Tumor tissues obtained 
from stage I-III breast cancer patients (n = 115) were immunohistochemically analyzed for IL17RB expression, and 
the expression patterns were classified into 3 levels: Level 0, no expression; Level 1, weak expression; and Level 2, 
strong expression. Diseases-free survival of the patients was statistically compared between two groups divided by 
the positivity (Level 0 versus Level 1+2). 

Table 1. Patient characteristics categorized by IL17RB 
expression levels in tumors

Characteristics
No. of patients (%)

Level 2  
(n = 10)

Level 1  
(n = 26)

Level 0  
(n = 79)

Age (Median, range) (57, 31-38) (46, 34-80) (55, 33-76)
    Younger (< 60), n = 74 6 (8%) 19 (26%) 49 (66%)
    Older (≥ 60), n = 41 4 (10%) 7 (17%) 30 (73%)
Sex 
    Male, n = 0 0 (0%) 0 (0%) 0 (0%)
    Female, n = 115 10 (9%) 26 (23%) 79 (69%)
T stage
    I, n = 61 5 (8%) 10 (16%) 46 (75%)
    II, n = 49 4 (8%) 15 (30%) 30 (61%)
    III, n = 5 1 (20%) 1 (20%) 3 (60%)
N stages
    0, n = 70 5 (7%) 12 (17%) 53 (76%)
    I, n = 30 2 (7%) 8 (27%) 20 (67%)
    II, n = 10 1 (10%) 4 (40%) 5 (50%)
    III, n = 5 2 (40%) 2 (40%) 1 (20%)
Histological grades
    I, n = 40 3 (8%) 9 (33%) 28 (10%)
    II, n = 52 6 (10%) 11 (36%) 35 (18%)
    III, n = 22 1 (14%) 6 (23%) 15 (0%)
    Unknown, n = 1 0 (0%) 0 (0%) 1 (0%)
Subtypes
    HR-HER2-, n = 6 0 (0%) 2 (33%) 4 (67%)
    HR-HER2+, n = 5 1 (20%) 0 (0%) 4 (80%)
    HR+HER2-, n = 91 8 (9%) 21 (23%) 62 (68%)
    HR+HER2+, n = 13 1 (8%) 3 (23%) 9 (69%)
Level 0, no stained cells (no staining); Level 1, 1-50% (weak staining); 
and Level 2, 50-100% (strong staining). 

as compared to those of the mock  
control (P < 0.002; Figure 2B). The 
invasive ability of the TR cells was sig-
nificantly higher than that of the mock 
(P < 0.001), although proliferative abil-
ity was significantly lower (P < 0.001; 
Figure 2B). IL17RB transduction simul-
taneously upregulated its counterpart 
receptor IL17RA (Figure 2A) and can-
cer stem-related transcriptional factors 
(snail, twist, aurka, and bcl2) in the TR 
cells (Figure 2C). The TR cells were 
highly resistant to the CDKI treatments 
in the in vitro (P < 0.001 versus mock; 
Figure 2D) and in vivo settings (P = 
0.001 versus TR-PBS; Figure 2E), al- 
though the treatments were significant-
ly effective in the mock cases. These 
results suggest that IL17RB plays a key 
role in breast cancer stemness, and 
contributes to CDKI resistance. 

IL17RB+ tumor cells systemically 
expand IL25+ macrophages in the im-
planted mice

To examine the immunological mecha-
nisms induced by the IL17RB+ breast 
cancer, we implanted the tumor cells 
into mice, and analyzed immune cells 
in tumor tissues and spleen of the mice 
by flow cytometry. In vivo TR growth 
was also significantly slower than the 
mock growth (P < 0.001; Figure 3A), 
but F4/80+ macrophages (Møs) and 
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potentially exhausted CD4+/CD8+ T cells and 
CD3-DX5+ NK cells significantly increased in  
the TR tumors (P < 0.01 versus mock; Figure 
3B). Interestingly, only F4/80+ Møs significantly 
increased in spleen of the TR tumor-implanted 
mice (P < 0.003 versus mock), although other 
cell populations, such as T cells and NK cells, 
significantly decreased (Figure 3C). Cytotoxic 
activities of the splenic CTLs (P = 0.002) and 
NK cells (P = 0.002) were extremely reduced as 
compared to those of the mock-implanted mice 
(Figure 3D). Considering the ligands for IL17RB, 
we tested the Møs for IL17B and IL17E/IL25 by 
immunostaining and ELISA. The Møs obtained 

from TR-implanted mice (designated TR-Møs) 
highly expressed IL25, but not IL17B, albeit 
almost no expression in the Møs obtained from 
mock-implanted mice (designated mock-Møs; 
Figure 3E). These implied that the Mø-derived 
IL25 might be involved in the CTL impairment  
in the IL17RB+ tumor-implanted mice. Indeed, 
TR-Mø addition to the regular CTL induction 
system significantly inhibited induction of po- 
tent CTLs (P < 0.001 versus mock-Møs), but 
anti-IL25 mAb addition partly but significantly 
rescued from the TR-Mø-induced hindrance  
(P < 0.001; Figure 3F). These suggest that 
IL17RB+ tumor cells impede induction of anti-

Figure 2. IL17RB transduction confers cancer stem-like properties to murine mammary cancer 4T1 cells. A. IL17RB 
transduction simultaneously upregulates IL17RA expression, and confers anoikis resistance. Murine mammary can-
cer 4T1 cells were transfected with a plasmid vector encoding murine il17rb (TR1, TR2, and TR3) or the empty vector 
as mock control (mock). The immunofluorescence intensity was measured as pixel counts at 400× magnification 
(3 fields per slide × 2 slides/clone, n = 6). Scale = 100 µm. B. IL17RB transduction confers high self-renewal and 
invasive on tumor cells (n = 3). Photos show the appearance of sphere colony formation and invaded cells (scale 
= 100 µm). C. IL17RB transduction simultaneously upregulates gene expression related to cancer stemness. RT-
PCR was conducted to analyze gene expression in the tumor cells. D. The IL17RB+ tumor cells are resistant to 
cyclin-dependent kinase 4/6 inhibitors. The TR cells (closed circles) or mock cells (open circles) were cultured with 
abemaciclib/LY2835219 (CDKI-LY) or palbociclib/PD0332991 (CDKI-PD) for 2 days, and the cell proliferation was 
assessed by WST1 assay (n = 3). Graphs were depicted as the percentage of the control without agents (100%). 
E. CDKI therapy rather promotes IL17RB+ tumor growth in the implanted mice. BALB/c mice were subcutaneously 
(s.c.) implanted with tumor cells (5 × 105), and were orally administered with CDKI-LY (5 mg/kg) or PBS as a control 
daily on days 3-7 after tumor implantation (n = 5). Mock + PBS, open circles. Mock + CDKI-LY, closed circles. TR + 
PBS, open triangles. TR + CDKI-LY, closed triangles. All graphs show means ± SDs. *P < 0.01, **P < 0.05 versus 
mock control. Representative data of an experiment out of three independent experiments with consistent results. 



IL25+ macrophages promote IL17RB+ breast cancer progression

4937 Am J Cancer Res 2023;13(10):4931-4943



IL25+ macrophages promote IL17RB+ breast cancer progression

4938 Am J Cancer Res 2023;13(10):4931-4943

tumor immunity partly via expansion of the 
IL25+ Møs in the host. 

The IL17RB+ tumor-induced Møs intensify tu-
mor functions

To examine the IL25+ Mø effect on tumors, the 
Mø supernatant was added to the tumor cul-
ture. We used splenic Møs for further experi-
ments, since the number of tumoral Møs was 
too small to conduct many different assays. 
Addition of the TR-Mø supernatant significantly 
enhanced invasive and self-renewal abilities of 
tumor cells (P < 0.01), particularly of TR cells, 
and the promotive effects were significantly 
suppressed by addition of anti-IL25 mAb (P < 
0.01; Figure 4A). When parental 4T1 cells were 
coinjected (1:1) with the TR-Møs in mice, tumor 
growth was significantly promoted (P = 0.019 

versus tumor only), but intratumoral injection 
with anti-IL25 mAb (to directly modulate the 
tumor environment) greatly suppressed the 
adverse tumor progression (P < 0.001 versus 
mIgG; Figure 4B). These suggest that the IL25+ 
Møs directly facilitate tumor progression utiliz-
ing the secreted IL25, but blocking IL25 is 
effective in abrogating the unfavorable effects. 

Blocking IL25 improves anti-tumor efficacy 
induced by the CDK4/6 inhibitory therapy in 
mouse breast cancer models

Interestingly, the IL25+ Møs further increased 
in both tumors and spleen of the TR-implanted 
mice after the CDKI therapy (Figure 5A), and 
the cytotoxic activities of the splenic CTLs and 
NK cells were not improved in the mice (Figure 
5B). However, anti-IL25 therapy significantly 

Figure 3. IL17RB+ tumor cells systemically expand IL25+ macrophages in the implanted mice. A. IL17RB+ tumor 
growth is retarded after implantation in mice. The TR (closed triangles and squares) or mock cells (open circles) 
were s.c. implanted in mice (5 × 105, n = 5). B. F4/80+ macrophages (Møs) and possibly exhausted CD3+PD1+Tim3+ 
T cells increase in the TR tumors (day 15 after implantation, n = 3). C. F4/80+ Møs also systemically increase in 
spleen of the TR-implanted mice (day 15; n = 3). D. Cytotoxic activities of anti-tumor effector cells are extremely re-
duced in the TR-implanted mice. CD8+ T cells were isolated from spleen cells (SPCs) stimulated with a tumor antigen 
AH1 peptide (1 µg/ml) for 6 days, and the sorted CD8+ T cells as CTLs were co-cultured with 4T1 cells as a target 
at ET ratio = 40:1 for 4 hours (n = 3). Splenic DX5+ NK cells were also co-cultured with Yac1 cells as a target at ET 
ratio = 20:1 for 4 hours (n = 3). E. The IL17RB+ tumor-induced Møs highly produce IL25. F4/80+ Møs were isolated 
from tumor-infiltrating cells (TILs) and SPCs of mice on day 15 after implantation with mock tumors (mock-Mø) or TR 
tumors (TR-Mø), and the adherent Møs after 2-hour-culture were stained with anti-IL25 mAb or the isotype control 
(n = 10, pooled). Scale = 100 µm. The 6-day-cultured splenic Mø supernatant was also tested for IL25 or IL17B by 
ELISA (n = 3). F. The IL17RB+ tumor-induced Møs suppress CTL induction partly by the secreted IL25. The sorted 
F4/80+ Møs were cocultured with the AH1-prestimulated CD8+ T cells in the presence of the AH1 peptide (10 µg/
ml), IL2 (100 IU/ml), and anti-IL25 mAb or mIgG as a control (10 µg/ml) for 6 days, and the sorted CD8+ T cells were 
tested for cytotoxic activity (ET ratio = 20:1; n = 3). All graphs show means ± SDs. *P < 0.01, **P < 0.05 versus 
mock control. Representative data of an experiment out of three independent experiments with consistent results. 

Figure 4. The IL17RB+ tumor-induced Møs intensify tumor functions. A. The TR-Møs enhance tumor invasive and 
self-renewal abilities partly utilizing the secreted IL25. Tumor cells were stimulated with IL25 (10 ng/ml) or the 
6-day-cultured F4/80+ Mø supernatants (6 days) in the presence of anti-IL25 mAb or mIgG as a control (10 µg/ml) 
for 3 days before assays (n = 3). B. The TR-Møs promote in vivo tumor progression utilizing the secreted IL25. 4T1 
cells were s.c. coinjected (1:1) with splenic Møs in mice, and the subcutaneous tumors were injected with anti-IL25 
mAb or mIgG as a control (100 µg) on days 3 and 10 after coinjection (n = 5). Open circles, tumor only. Closed 
circles, tumor + mock-Møs + mIgG. Gray circles, tumor + mock-Møs + anti-IL25 mAb. Closed triangles, tumor + TR-
Møs + mIgG. Gray triangles, tumor + TR-Møs + anti-IL25 mAb. All graphs show means ± SDs. *P < 0.01, **P < 0.05 
versus mock. Representative data of an experiment out of three independent experiments with consistent results.
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suppressed the CDKI-induced TR progression 
(P = 0.004 versus mIgG; Figure 5C). The combi-
nation regimen with CDKI and anti-IL25 mAb 
was significantly effective in regular 4T1 tumor 
models, and subcutaneous tumors finally dis-
appeared in 43% (3/7) of the treated mice 
(Figure 5D). Survival of the treated mice was 
significantly prolonged as compared to that of 
the mice receiving CDKI only, indicating a syner-
gistic effect (P = 0.002; Figure 5D). The surviv-
ing mice on day 100 completely rejected rechal-
lenged 4T1 tumors, indicating immunological 
memory induction in the treated mice. These 
suggest that anti-IL25 therapy is useful to opti-
mize the CDKI-induced efficacy in the treat-
ment of breast cancer. 

Significance of the IL17RB-IL25 axis in human 
breast cancer system

To validate these findings in the human system, 
we established IL17RB transfectants and  
the mock control using human breast cancer 

IL17RB- MCF7 cells. The MCF7-TR cells showed 
significantly higher self-renewal and invasive 
abilities (P < 0.001; Figure 6A), and were resis-
tant to CDKI treatment (P < 0.001; Figure 6B). 
In vitro proliferation and in vivo growth of the 
MCF-TR were significantly retarded, and IL25+ 
Møs significantly increased in the tumors (P < 
0.001 versus mock; Figure 6C). Splenic F4/80+ 
Møs obtained from the TR-implanted mice (day 
30) highly produced IL25 (P < 0.0001 versus 
mock-Møs; Figure 6D). The combination regi-
men with CDKI and anti-IL25 mAb significan- 
tly suppressed tumor growth in the MCF7-
implanted xenograft tumor models (P = 0.016 
versus CDKI only; Figure 6E). These results 
were consistent with the results observed in 
the mouse system. 

Collectively, IL17RB+ tumor-induced IL25+ Mø is 
a key booster of the IL17RB+ tumor progres-
sion, and thus targeting the IL17RB-IL25 axis 
may be a promising strategy for improving the 
clinical outcomes in the treatment of breast 

Figure 5. Blocking IL25 improves anti-tumor efficacy induced by the CDK4/6 inhibitory therapy in mouse breast 
cancer models. A. IL25+F4/80+ Møs and possibly exhausted CD3+CD8+PD1+Tim3+ T cells further increase in the 
TR-implanted mice after the CDKI therapy (day 15; n = 5). B. Cytotoxic activities of the splenic CTLs (ET ratio = 50:1; 
n = 3) and NK cells (ET ratio = 25:1; n = 3) remain reduced in the TR-implanted mice after the CDKI therapy. C. 
Anti-IL25 therapy suppresses the CDKI-induced TR tumor progression (n = 5). Mice were s.c. implanted with the TR 
cells (5 × 105), and received treatments: oral administration with CDKI-LY (5 mg/kg) or PBS as a control daily on 
days 3-7 after tumor implantation, and/or i.p. injection with anti-IL25 mAb or mIgG as a control (10 mg/kg) on days 
3 and 7. Open circles, PBS + mIgG. Closed circles, CDKI-LY + mIgG. Gray triangles, PBS + anti-IL25 mAb. Closed 
triangles, CDKI-LY + anti-IL25 mAb. D. Anti-IL25 therapy synergizes with CDKI therapy in 4T1 tumor models (n = 7). 
Mice were s.c. implanted with parental 4T1 cells (but not TR, 5 × 105), and received treatments: oral administration 
with CDKI-LY (5 mg/kg) or PBS as a control daily on days 4-8 after tumor implantation, and/or i.p. injection with 
anti-IL25 mAb or mIgG as a control (10 mg/kg) on days 4 and 8. Open circles, PBS + mIgG. Closed circles, CDKI-LY 
+ mIgG. Gray triangles, PBS + anti-IL25 mAb. Closed triangles, CDKI-LY + anti-IL25 mAb. All graphs show means ± 
SDs. *P < 0.01, **P < 0.05 versus mock. Representative data of an experiment out of three independent experi-
ments with consistent results.
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cancer patients, particularly with IL17RB+ tu- 
mors. Blocking IL25 may greatly contribute to 
the CDKI therapy that the therapeutic efficacy 
is still low in the clinical settings despite numer-
ous trials. 

Discussion

This study revealed tumor biological and im- 
munological mechanisms underlying the poor 
prognosis of hosts with IL17RB+ breast cancer. 
IL17RB overexpression confers cancer stem-
ness, including high resistance to anoikis and 
CDKIs, and high invasive and self-renewal  
abilities accompanied by upregulation of can-
cer stem-governing transcriptional factors, to 
breast cancer cells. The IL17RB+ tumor cells 
proliferate much slowly in a quiescent status, 
but show over-proliferation in response to CDKI 
treatment. Such abnormal cell division, includ-
ing both dormant/quiescent slow-cycling hypo-

proliferative and hyperproliferative properties, 
is representative of cancer stemness, and 
hypoproliferative tumor cells are known to con-
vert to a hyperproliferative type upon stimula-
tion due to its high plasticity [15, 16]. IL17RA 
expression is also upregulated in the IL17RB+ 
tumor cells. IL17RA gene is ubiquitously ex- 
pressed in most cells, and its protein expres-
sion is promptly upregulated by stimulation 
with proinflammatory cytokines, albeit in im- 
mune cell cases [17]. Multiple stimulations with 
simultaneously upregulated cytokines might 
have induced IL17RA protein expression in an 
autocrine manner, although further studies are 
needed. The IL17RB+ tumor cells facilitate own 
progression also by local and systemic expan-
sion of IL25+ Møs, which enhance tumor func-
tions and suppress induction of anti-tumor 
immunity utilizing the secreted IL25. Blocking 
IL25, however, successfully breaks the CDKI 
resistance of the IL17RB+ tumors. These sug-

Figure 6. Significance of the IL17RB-IL25 axis in human breast cancer system. A. IL17RB transduction confers high 
self-renewal and invasive properties on human breast cancer (n = 3). Human breast cancer MCF7 cells were trans-
fected with a plasmid vector encoding human il17rb (2 clones: TR1 and TR2) or the empty vector as mock control 
(mock). Photos show IL17RB expression and anoikis-resistant appearance (scale = 100 µm). B. The IL17RB+ tumor 
cells are resistant to CDKI treatment. The TR cells (closed triangles and squares) or mock cells (open circles) were 
cultured with CDKI-LY for 2 days, and the cell proliferation was assessed by WST1 assay (n = 3). Graphs were depict-
ed as the percentage of the control without agents (100%). C. IL17RB+ tumor growth is retarded after implantation 
in mice. The TR (closed triangles and squares) or mock cells (open circles) were s.c. implanted in immunodeficient 
nude mice (1 × 106, n = 5). D. The IL17RB+ tumor-expanded Møs highly produce IL25. F4/80+ Møs were isolated 
from SPCs of the tumor-implanted mice (day 30), and the 6-day-cultured Mø supernatants were tested for IL25 by 
ELISA (n = 3). E. Combination therapy with CDKI and anti-IL25 mAb significantly suppresses tumor progression in 
the xenograft models (n = 5). Nude mice were s.c. implanted with parental MCF7 cells (1 × 106), and received two 
cycles of the treatments: oral administration with CDKI-LY (5 mg/kg) or PBS as a control daily on days 5-9 and days 
16-20 after tumor implantation, and/or i.p. injection with anti-IL25 mAb or mIgG as a control (10 mg/kg) on days 5, 
9, 16 and 20. Open circles, PBS + mIgG. Closed circles, CDKI-LY + mIgG. Gray triangles, PBS + anti-IL25 mAb. Closed 
triangles, CDKI-LY + anti-IL25 mAb. All graphs show means ± SDs. *P < 0.01 versus mock. Representative data of 
an experiment out of three independent experiments with consistent results. 
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gest that the IL25+ Mø is a prominent ally to 
accelerate the vicious cycle for further pro- 
gression of the IL17RB+ tumors. Targeting the 
IL17RB-IL25 axis may be a promising strategy 
for improving clinical outcomes in the treat-
ment of breast cancer patients, particularly 
with IL17RB+ refractory tumors. 

IL17B has always been the center in the me- 
chanisms underlying the IL17RB+ refractory 
breast cancer, and targeting the IL17RB-IL17B 
axis has attracted attention in the treatment of 
breast cancer [7, 8]. Surely, IL17B has been 
reported to play a key roles in tumorigenesis 
[18] and chemoresistance [19] of IL17RB+ 
breast cancer. However, in our study, IL25, but 
not IL17B, was absolutely required for the 
IL17RB+ breast cancer progression. IL25 is 
known to enhance self-renewal and metastatic 
abilities directly and indirectly via inducing 
polarization of M2-type Møs and Th2 [20], and 
anti-IL25 therapeutic efficacy on tumor metas-
tasis has been shown in mouse breast cancer 
models [21]. However, functional roles of IL25 
are still controversial due to the inconsistent 
results. For example, a paper showed that IL25 
secreted from nonmalignant mammary epithe-
lial cells induces apoptosis in breast cancer 
cells, and suppresses in vitro colony formation 
and in vivo tumor growth [22]. The same group 
also reported that IL25 secreted from tumor-
associated fibroblasts induces apoptosis in 
breast cancer cells, and suppresses tumor 
metastasis [23]. In our study, however, IL25 
stimulation (10 ng/ml for 3 days) significantly 
enhanced tumor functions rather than inducing 
cell death. In their experiments, a much higher 
dose (200-500 ng/ml) was used to stimulate 
tumor cells in the in vitro culture for much lon-
ger time (10 days). In the in vivo setting, a high 
dose of IL25 (200 ng × 3 injection/week × 3 
weeks) was injected into mouse tumor models 
for a long time. According to the data shown in 
the ProteinAtlas database (https://www.pro-
teinatlas.org), IL25 concentration is 3.1-90 pg/
ml in blood of healthy donors, and allergic  
asthma and rheumatoid arthritis patients, albe-
it not including cancer patients. Even if consid-
ering the half-life in the in vivo setting, the 
doses used in their experiments seem to be 
quite higher than physiological status, and th- 
us might have produced inconsistency in the 
results. 

Our study showed that the Mø-derived IL25 
was a key effector molecule in the IL17RB+ 
tumor progression mechanisms. The Jiang et 
al. reported metastatic activity of IL25 that is 
derived from not only Møs but also CD4+ T cells 
in the tumor microenvironment using another 
mouse breast cancer model, which is geneti-
cally engineered mammary specific polyomavi-
rus middle T antigen overexpressing tumor 
models (MMTV-PyMT) [21]. In the study, anti-
IL25 therapy showed anti-tumor effect on lung 
metastasis, but not primary tumor growth and 
mouse survival. However, they did not show 
IL25+ cells in the metastatic lung tissues. Also, 
they showed numerous IL25+ Møs, but very few 
IL25+CD4+ cells, by immunostaining, suggest-
ing the major source of IL25 is Møs. They 
showed IL25 expression by PCR and immunos-
taining, but not by ELISA to detect actual 
release of IL25. In our study, we showed local 
and systemic increase of Møs that actually 
release IL25, and anti-IL25 therapeutic effica-
cy on tumor growth and mouse survival. Such 
discrepancy might have arisen from the differ-
ences in the tumor models and techniques. 

The IL25+ Møs were further expanded in the 
mice with IL17RB+ tumors after CDKI therapy, 
and the IL17RB+ tumor growth was adversely 
promoted in the mice. However, blocking IL25 
interfered the adverse events. The combination 
regimen with anti-IL25 mAb and CDKI provided 
more than 40% of complete remission in the 
regular 4T1 tumor models, and was also sig- 
nificantly effective even in xenograft tumor 
models with no T-cell immunity. CDKI therapeu-
tic efficacy is still low in breast cancer, despite 
numerous clinical trials in combination with 
many different types of treatments [5, 6]. Anti-
IL25 therapy may be a better treatment to  
successfully elicit the CDKI-therapeutic effica-
cy in breast cancer patients, particularly with 
IL17RB+ tumors. Unfortunately, many side ef- 
fects, such as neutropenia, leukopenia, fatigue 
and nausea, have been reported in CDKI thera-
py, and the management is important in the 
clinical settings [24]. About the side effects of 
anti-IL25 therapy, we speculate as follows: 
IL-25 is known to function as a skin barrier cyto-
kine to protect from tissue damage leading to 
inflammatory diseases, such as atopic derma- 
titis, psoriasis, and asthma [25]. In addition, 
IL25 treatment is known to protect from obesi-
ty and related metabolic disorders in the mice 
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fed with a high-fat diet through beige fat forma-
tion in white adipose tissue [26]. Therefore, it is 
inferred that blocking IL25 may delay wound 
healing in injured patients, and may cause obe-
sity and related metabolic disorders as side 
effects in the clinical settings, although none of 
them were observed at least in our therapeutic 
experiments using mouse tumor models.

How IL17RB+ tumor cells induce IL25+ Møs 
remains to be clarified. We speculate involve-
ment of some molecules, such as IL33 [27] and 
GDF15 [28] that we previously identified as key 
effector molecules released from AURKA+ poly-
ploid tumors, which are resistant to small mol-
ecule inhibitors, including CDKIs. Polyploid 
tumors show adverse progression in the treat-
ment just like IL17RB+ tumors. Cancer poly-
ploidization is a principal program in cancer 
stemness to massively increase intratumoral 
heterogeneity and complexity by generating 
numerous progeny cells from giant cells in 
response to treatment stress [29]. Identifica- 
tion of the IL25+ Mø inducer derived from the 
IL17RB+ tumors may greatly contribute to the 
optimization of the combination regimen that 
we established in this study. 

Our study demonstrated that the IL17RB posi-
tivity in tumors and the IL25+ Møs may be pos-
sibly good biomarkers to predict possible 
responses to CDKI therapy in breast cancer. 
IL25 increase in peripheral blood has been 
reported in breast cancer patients [30]. In su- 
ch patients, tumor cells may highly express 
IL17RB, and IL25+ Møs may be expanded for 
supplying IL25 as a source. The serum IL25 
seems to be a more easy-to-test biomarker. 
Further study using more clinical samples, 
including tumor tissues and peripheral blood 
obtained from CDKI-treated patients, is need-
ed for clarification of the clinical relevancy of 
the relationships among IL17RB+ tumors, IL25+ 
Møs, and CDKI resistance. 

In conclusion, targeting the IL17RB-IL25 axis 
may be a promising diagnostic and therapeutic 
strategy for improving the clinical outcomes in 
the treatment of breast cancer patients, par-
ticularly with IL17RB+ tumors. We hope that our 
findings will facilitate the practical implementa-
tion in the clinical settings. 
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