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Abstract 

Programmed cell death protein 1 (PD-1) blockade is a promising therapeutic strategy against 
prostate cancer. Nitroxoline has been found to have effective anticancer properties in several 
cancer types. We investigated the efficacy of a combination therapy involving nitroxoline and PD-1 
blockade in a prostate cancer mouse model. In our in vitro analysis, we found that nitroxoline 
inhibited the viability and proliferation of the mouse prostate cancer cell line RM9-Luc-PSA. 
Additionally, nitroxoline downregulated the expressions of phospho-PI3 kinase, phospho-Akt 
(Thr308), phospho-Akt (Ser473), phospho-GSK-3β, Bcl-2, and Bcl-xL. Nitroxoline also 
downregulated programmed death-ligand 1 (PD-L1) expression levels in prostate cancer cell line 
and tumor tissue. In our murine prostate cancer orthotopic model, nitroxoline plus PD-1 blockade 
synergistically suppressed tumor growth when compared with nitroxoline or PD-1 blockade alone, 
leading to reductions in tumor weight, bioluminescence tumor signals, and serum prostate-specific 
antigen levels. Furthermore, fluorescence-activated cell sorting analysis showed that the 
combination strategy significantly enhanced antitumor immunity by increasing CD44+CD62L+CD8+ 
memory T cell numbers and reducing myeloid-derived suppressor cell numbers in peripheral blood. 
In conclusion, our findings suggest that nitroxoline plus PD-1 blockade may be a promising 
treatment strategy in patients with prostate cancer. 
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Introduction 
Prostate cancer is the second most common 

malignant tumor in the male population worldwide 
[1]. The current standard treatment approach for 
patients involves surgery, chemotherapy, and radia-
tion [2]. Recent studies confirmed that nitroxoline, an 
FDA-approved treatment for urinary tract infections, 
has anticancer activity against human prostate cancer 
[3], and immunotherapy might prolong patient 

survival in cases of multiple cancers [4]. 
Programmed cell death protein 1 (PD-1), a 

receptor expressed on the membrane of tumor- 
infiltrating lymphocytes, causes a series of changes, 
including the inhibition of CD8+ T cell viability and 
proliferation, reduction of cytokine production, and 
exhaustion of T cells [4]. PD-1 blockade is an effective 
therapeutic strategy for the treatment of several solid 
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tumors, including prostate cancer [5-8]. Clinical trials 
on the treatment of metastatic castration-resistant 
prostate cancer have been initiated [9] (ClinicalTrials. 
gov: NCT02861573, NCT02499835, NCT03093428, NC 
T02787005, NCT02325557, and NCT02933255). PD-L1, 
a ligand of PD-1, is expressed on the surface of 
immune cells and many types of tumor cells. The 
interaction between PD-1 and PD-L1 suppresses the 
function of cytotoxic T lymphocytes (CTLs) [10]. 
PD-L1 expression is a predictive biomarker for 
development and prognosis in several cancer types 
[11-13]. Recent data showed that PD-L1 is highly 
expressed in prostate cancer and may be an indicator 
of biochemical recurrence. PD-L1 expression 
positively correlates with response rates in 
anti-PD-1or anti-PD-L1 therapy [14]. 

Nitroxoline has been found to exhibit anticancer 
activity against several cancers, including myeloma, 
breast cancer, glioma, bladder cancer, pancreatic 
cancer, and prostate cancer [3, 15-19]. The possible 
mechanisms underlying these anticancer effects 
involve the activation of cell apoptosis, arrest of the 
cell cycle, and suppression of angiogenesis through 
the inhibition of MetAP2 activity [15-18]. However, 
the direct immune response activity of nitroxoline has 
not yet been reported. A recent study reported that 
clioquinol, a close analog of nitroxoline, regulates T 
cell activation, proliferation, and apoptosis by 
inhibiting proteins related to NF-κB activation [20]. 
Other studies have shown that nitroxoline is an 
effective and reversible inhibitor of cathepsin B 
activity [18, 21]. As an immune response mechanism, 
cathepsin B can inhibit lymphocyte proliferation and 
mediate immune cell apoptosis [22]. Additionally, 
nitroxoline exerts an antimicrobial effect through the 
chelation of iron and zinc, which serves as a regulator 
of immunity and is involved in the signal 
transduction of immune cells [23]. Therefore, we 
hypothesized that nitroxoline, which is associated 
with immune responses, may improve the efficacy of 
immune checkpoint inhibitor treatment. 

The present study aimed to investigate the effi-
cacy of a combination therapy involving nitroxoline 
and PD-1 blockade in a prostate cancer mouse model. 
The findings of this study might help in the develop-
ment of more effective treatments for prostate cancer. 

Materials and Methods 
Antibodies and reagents 

Nitroxoline treated with lysine salt was obtained 
from Jiangsu Asieris Pharmaceuticals, Co., Ltd. 
(Taizhou, Jiangsu, China). Nitroxoline and anti-mouse 
PD-1 (RMPI-14, BioXcell, West Lebanon, NH, USA) 
were dissolved in phosphate-buffered saline (PBS). 

The following antibodies were used for Western blot 
analysis: CDK2 (#2546, CST, Billerica, MA, USA), 
cyclin D3 (#2936, CST), CDK6 (#3136, CST), P53 
(#2524, CST),β-actin (#4970, CST), cyclin-A (sc-596, 
Santa Cruz Biotechnology, Santa Cruz, CA, USA), 
phospho-Akt (Thr308) (#4056, CST), phospho-Akt 
(Ser473) (#4060, CST), PI3-kinase (#4249, CST), 
phospho-PI3-kinase (#4228, CST), phospho-GSK-3β 
(#9323, CST), Bcl-2 (#3498, CST), Bcl-xL (#2762, CST), 
and cleaved caspase-3 (#9664, CST). The following 
antibodies were used for immunohistochemistry and 
flow cytometry: Ki67 (#12202, CST), CD31 (ab28364, 
Abcam, Cambridge, United Kingdom), FITC-labeled 
anti-CD11b antibody (553310, BD Bioscience, San Jose, 
CA, USA), PE-labeled anti-Gr-1 (553128, BD Bioscie-
nce), FITC-labeled anti-CD44 (11-0441-82, eBioscience, 
San Diego, CA, USA), PE-labeled anti-CD62L (12- 
0621-82, eBioscience), APC-CyTM7-labeled CD8 (5576 
54, BD Bioscience), and appropriate FITC, PE, and 
APC-labeled isotype control antibodies. PD-L1 
(17952-1-AP, Protein Tech Group, Chicago, USA) was 
used for Western blot, immunohistochemistry, and 
immunofluorescent staining. Goat anti-Rabbit IgG 
(H+L) Cross-Adsorbed Secondary Antibody, Alexa 
Fluor 488(#A-11008, Thermo Fisher Scientific, Walt-
ham, MA, USA) was used for immunofluorescent 
staining. 

Cell lines and cell culture conditions 
The human prostate cancer cell lines LNCaP, 

DU145, and PC3 and the normal epithelial prostate 
cell line RWPE-1 were purchased from ATCC 
(Manassas, VA, USA). LNCaP and DU145 cells were 
maintained in RPMI-1640 medium (Gibco, Invitrogen, 
Carlsbad, CA, USA) and DMEM (Gibco, Invitrogen) 
respectively. PC3 cells were maintained in Ham's 
F-12K (Kaighn's) medium (Gibco, Invitrogen). 
RWPE-1 cells were maintained in defined Keratino-
cyte-SFM liquid (Invitrogen). All cells were cultured 
at 37°C in a humidified atmosphere with 5% CO2. 

The murine prostate cancer cell line RM9 was 
kindly provided by Dr. T.C. Thompson (Baylor 
College of Medicine, Houston, TX, USA). RM9 cells 
were infected with plasmids containing the luciferase 
and human prostate-specific antigen (PSA) genes and 
named RM9-Luc-PSA cells. The new recombinant cell 
line was constructed and verified during our previous 
study [24]. The transfected RM9-Luc-PSA cells are 
ideally suited for real-time monitoring of drug 
responses and tumor progression. The cell line was 
cultured in DMEM supplemented with 10% fetal 
bovine serum and 1% penicillin/streptomycin. 

XTT viability assay 
Cell viability was measured using the XTT assay 
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(Roche Diagnostics, Indianapolis, IN, USA). Cells 
(1,000/well) were seeded in a 96-well plate and 
incubated overnight. Cells were then incubated with 
nitroxoline at concentrations ranging from 0 to 50 μM 
for 24, 48, 72, and 96 h. After incubation, XTT 
compound was added to each well and the mixture 
was incubated for 4 h, as described previously [25]. 

Colony-formation assay  
Cells (200/well) were seeded in a 6-well plate. 

After overnight attachment, the cells were exposed to 
the treatment for 48 h. The medium was replaced 
every 3 days for approximately 14 days, at which time 
most of the colonies had more than 50 cells. The 
colonies were fixed with 4% paraformaldehyde, 
stained with 0.1% crystal violet, and finally counted 
by visual inspection. 

Cell cycle distribution analysis 
According to the instructions for the Cell Cycle 

Analysis kit (BD Biosciences, San Jose, CA, USA), cells 
were incubated in nitroxoline (0, 1, 5, and 10 μM) for 
48 h. Cells were then fixed with pre-cooled 70% 
ethanol overnight at −20°C. Subsequently, cells were 
washed twice to remove the ethanol (the first wash 
was in PBS and the second wash was in stain buffer 
[#554656, BD Biosciences]) and were resuspended in 
PI/RNase staining buffer (#550825, BD Biosciences). 
The cells were further incubated for 15 min and were 
analyzed using MACSQuant Analyzer 10 (Miltenyi 
Biotec, Cologne, Germany). 

Western blot analysis 
Cells were harvested and lysed in ice-cold lysis 

buffer that included a protease and phosphatase 
inhibitor cocktail (#78410, Thermo Scientific, 
Waltham, MA, USA). Protein samples were separated 
by 10% SDS/polyacrylamide gel (Bio-Rad, Hercules, 
CA, USA) electrophoresis and were transferred to a 
polyvinylidene difluoride membrane. The membrane 
was incubated with primary antibodies overnight at 
4°C. Subsequently, the membrane was washed and 
incubated with HRP-secondary antibodies for 1 h. The 
immunoblots were visualized using the enhanced 
chemiluminescence (ECL) kit (Amersham Pharmacia 
Biotech, Chandler, AZ, USA). β-actin was used as an 
internal reference. 

Orthotopic implantation of mouse prostate 
cancer cells into C57BL/6 mice 

Male C57BL/6 mice (aged 6–8 weeks) were 
obtained from Japan SLC, Inc. (Shizuoka, Japan) and 
were maintained in a specific-pathogen-free environ-
ment. All animal experiments were performed in 
accordance with the Guide of the Experimental 
Animals Center of Okayama University. Cells were 

harvested and resuspended in PBS at 1 × 105 cells/10 
µL. Each mouse was injected in the dorsolateral 
prostate with RM9-Luc-PSA cells for the orthotopic 
model. After tumor formation, mice were divided into 
the following groups: vehicle control (PBS), 
nitroxoline, PD-1 blockade, and nitroxoline + PD-1 
blockade. Bioluminescence images were acquired and 
analyzed using the IVIS-200 Imaging System 
(Xenogen, Alameda, CA, USA). 

Flow cytometry analysis 
Blood samples from the posterior venous plexus 

of mouse eyeballs were collected into tubes containing 
EDTA. Samples were stained with primary antibodies 
for 1 h at 4°C and were washed twice with PBS. 
Stained samples were resuspended in 250 μL of cold 
PBS and were analyzed using the MACSQuant 
Analyzer 10 (Miltenyi Biotec, Cologne, Germany). 

ELISA for serum PSA 
Serum PSA levels were measured with a human 

PSA ELISA kit (EL10005, ANOGEN, Ontario, Cana-
da), according to the manufacturer’s instructions. 
Serum (50 µL) or standards were added to microtiter 
plates pre-coated with a monoclonal antibody specific 
for PSA. The optical density was measured at a 
wavelength of 450 nm using Microplate Manager 5.0 
PC software (Bio-Rad, Hercules, CA, USA). 

Immunohistochemistry 
Tumor tissue was removed, fixed in formalin, 

and embedded in paraffin. After deparaffinization 
and rehydration of the tissue section, antigen retrieval 
was performed via autoclave treatment in 10-mM 
sodium citrate buffer (pH 6.0) for 20 min at 120°C. 
Hydrogen peroxide (3%) was used to block 
endogenous peroxidase for 10 min and the sections 
were placed in 5% normal goat serum solution to 
prevent non-specific staining. Tissue sections were 
then incubated with the primary antibody in a 
humidified chamber overnight at 4°C. The sections 
were rinsed in PBS and incubated with Simple StainTM 
Mouse MaxPo(R) (414341F, Nichirei Bioscience, Inc., 
Tsukiji, Tokyo, Japan). For staining, DAB substrate 
kits (425312F, Nichirei Bioscience, Inc.) were used and 
the sections were lightly counterstained with 
hematoxylin. 

Immunofluorescence staining 
After deparaffinization and rehydration of the 

tissue section, antigen retrieval was performed as 
described in immunohistochemistry. Hydrogen 
peroxide (3%) was used to block endogenous 
peroxidase for 10 min, and the sections were placed in 
5% normal goat serum solution to prevent 
non-specific staining. For cultured cell lines, cells 
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were fixed with 4% formaldehyde for 15 min at room 
temperature, rinsed three times in PBS for 5 min, and 
immunostained. Tissue sections or cells were then 
incubated with the primary antibody in a humidified 
chamber overnight at 4°C. The sections were rinsed in 
PBS and incubated with fluorochrome-conjugated 
secondary antibody for 1 h at room temperature in 
dark conditions. Sections were covered with 
mounting medium with DAPI (Vector Laboratories, 
Inc., Burlingame, CA, USA). 

Statistical analysis 
All data are presented as mean ± standard 

deviation (SD). One-way analysis of variance or 
Student’s t-test was used to assess differences. All 
statistical analyses were performed using GraphPad 
Prism version 7 (GraphPad Prism Software Inc., San 
Diego, CA, USA). A P-value <0.05 was considered to 
indicate a statistically significant result. 

Results 
Effects of nitroxoline on RM9-Luc-PSA cell 
viability and proliferation 

To evaluate the effects of nitroxoline (structural 
information is shown in Fig. 1A) on RM9-Luc-PSA cell 
viability and proliferation, we performed XTT and 
colony formation assays. As shown in Fig. 1B, 
treatment with 10-μM nitroxoline significantly 
inhibited cell viability in the prostate cancer cell lines 
RM9-Luc-PSA, LNCaP, DU145, and PC3 in a 
time-dependent manner. No significant cytotoxicity 
was observed in the normal RWPE-1 cells. Nitroxoline 
reduced the viability of RM9-Luc-PSA cells in a dose 
and time-dependent manner (Fig. 1C). 

Colony formation assays showed that nitrox-
oline significantly inhibited the colony-forming ability 
of RM9-Luc-PSA cells. Colony numbers were lower in 
the nitroxoline group in a dose-dependent manner (*P 

< 0.05, N = 4, Fig. 1D and E). Overall, these 
results indicated that nitroxoline suppres-
sed the viability and proliferation of 
prostate cancer cells but had no cytotoxic 
effect on normal RWPE-1 cells in vitro. 

Nitroxoline induced cell cycle arrest 
in RM9-Luc-PSA cells 

To explore whether nitroxoline 
regulates the cell cycle of prostate cancer 
cells, we evaluated the cell cycle 
distribution after treatment with various 
concentrations of nitroxoline for 48 h. As 
shown in Fig. 2A, nitroxoline significantly 
increased the proportion of cells in the S 
phase and reduced the proportion of cells 
in the G0/G1 phase (S, from 6.02 ± 0.46% 
[control] to 23.29 ± 1.97% [10 μM]; G0/G1, 
from 47.99 ± 0.91% [control] to 26.28 ± 
3.06% [10 μM]). We also evaluated the 
levels of cell cycle regulatory molecules, 
including CDK2, CDK6, cyclin-A, cyclin 
D3, and P53. Treatment with nitroxoline 
decreased the expressions of CDK2, CDK6, 
and cyclin D3 in a dose-dependent manner 
(Fig. 2B). 

Nitroxoline inhibited RM9-Luc-PSA 
cells through the PI3K/AKT pathway 

We investigated whether the PI3K/ 
AKT pathway is associated with the 
anticancer effect of nitroxoline. As shown 
in Fig. 3A, phospho-PI3 kinase, phospho- 
Akt (Thr308), phospho-Akt (Ser473), and 
phospho-GSK-3β were significantly 
decreased in RM9-Luc-PSA cells after 

 

 
Figure 1. Nitroxoline suppresses the viability and colony-formation ability of RM9-Luc-PSA cells 
in vitro. (A) Chemical structure. Nitroxoline was treated with lysine salt to increase its solubility 
and stability in aqueous solution. (B) XTT assay of the normal immortalized cell line RWPE-1 and 
prostate cancer cell lines RM9-Luc-PSA, LNCaP, DU145, and PC3 treated with 10-μM 
nitroxoline. Data are presented as mean ± standard deviation (N = 5, *P < 0.05). (C) Nitroxoline 
inhibited RM9-Luc-PSA cell growth in a dose- and time-dependent manner as shown by the XTT 
assay. Data are presented as mean ± standard deviation (N = 5, *P < 0.05 vs.0.1μM). (D and E) 
RM9-Luc-PSA cells were incubated with increasing concentrations of nitroxoline for 48 h, fixed, 
and stained after 14 days, and the number of colonies was counted under a microscope. Statistical 
analysis was performed for the colony numbers in all groups (control, 0.1 μM, 1 μM, and 10 μM). 
Data are presented as mean ± standard deviation (N = 4, *P < 0.05). 
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treatment with nitroxoline. To further explore the 
mechanism of nitroxoline- induced cell apoptosis, the 
expressions of apoptosis- related proteins were 
assessed. We found that nitroxoline decreased Bcl-2 
and Bcl-xL expressions and increased cleaved 
caspase-3 expression in RM9-Luc- PSA cells in a 
dose-dependent manner (Fig. 3B). 

 

 
Figure 2. The cell cycle of RM9-Luc-PSA cells is affected by nitroxoline at 
different doses. (A) Cell cycle distributions in the different nitroxoline 
concentration groups (control, 1 μM, 5 μM, and 10 μM for 48 h) according to 
flow cytometry analysis. Data are presented as mean ± standard deviation (N = 
3, *P < 0.05). (B) Expressions of cell cycle regulatory molecules, including 
CDK2, CDK6, cyclin-A, cyclin D3, and P53 in the different nitroxoline 
concentration groups (control, 1 μM, 5 μM, and 10 μM for 48 h) according to 
Western blot analysis. 

 

 
Figure 3. Western blot analysis for protein levels associated with the 
PI3K/AKT pathway and cancer cell apoptosis. (A) Expressions of PI3K/AKT 
pathway proteins, including PI3K, phospho-PI3 kinase, phospho-Akt (Thr308), 
phospho-Akt (Ser473), and phospho-GSK-3β, in the different nitroxoline 
concentration groups (control, 1 μM, 5 μM, and 10 μM for 48 h). (B) 
Expressions of apoptosis-related proteins, including Bcl-2, Bcl-xL, and cleaved 
caspase-3 in the different nitroxoline concentration groups (control, 1 μM, 5 
μM, and 10 μM for 48 h). β-actin expression was used as an internal control. 

 

Nitroxoline suppressed PD-L1 expression in 
RM9-Luc-PSA cells and tumor tissue 

We examined PD-L1 expression in prostate 
cancer cell lines DU145, LNCaP, PC3, and RM9-Luc- 
PSA. In addition to PC3, all other cell lines expressed 
high levels of PD-L1 (Fig.4A). Similarly, Western blot 
analysis showed that PD-L1 was highly expressed in 
DU145, LNCaP, and RM9-Luc-PSA (Fig.4B). In 
RM9-Luc-PSA cells, nitroxoline significantly reduced 

PD-L1 expression in a dose- and time-dependent 
manner (Fig. 4C). In tumor tissue specimens of the 
resected orthotopic tumor, the effect of nitroxoline on 
PD-L1 expression was assessed using immunohisto-
chemistry (IHC) and immunofluorescent (IF) staining. 
PD-L1 was predominantly localized on the membrane 
or in the cytoplasm of the tumor cells and its 
expression level decreased after treatment with 
nitroxoline (15mg/kg) (Fig. 4D). 

Nitroxoline potentiated the antitumor effect 
of PD-1 blockade therapy in a murine 
orthotopic prostate tumor model 

In an orthotopic model of RM9-Luc-PSA prostate 
cancer, we explored the therapeutic potential of 
nitroxoline and PD-1 blockade. The experimental 
schedule is presented in Fig. 5A. PD-1 blockade was 
administered intraperitoneally at 200 μg per mouse on 
days 0, 4, 8, and 12. Nitroxoline was intragastrically 
administered at 15 mg/kg per mouse on days 0, 1, 3, 
4, 6, 7, 9, 10, 12, and 13 five times a week. In vivo 
bioluminescence imaging data showed that 
nitroxoline was as effective as PD-1 blockade (P < 0.05 
when compared with control; P > 0.05 when 
compared with PD-1 blockade alone) (Fig. 5B and C). 
Tumor size was significantly lower in the nitroxoline 
plus PD-1 blockade group than in the other groups (P 
< 0.05). Furthermore, the tumor weight was 
significantly decreased in the nitroxoline plus PD-1 
blockade group than in the nitroxoline or PD-1 
blockade group alone (P < 0.05) (Fig. 5D and E). 

We investigated histological sections of the 
resected orthotopic tumor to verify Ki-67 and CD31 
expressions, which are used to assess cell proliferation 
and microvascular density (MVD), respectively. As 
shown in Fig.5F, there were fewer Ki-67-positive 
tumor cells in the nitroxoline plus PD-1 blockade 
group than in the monotherapy group. Moreover, 
MVD was significantly lower in the nitroxoline plus 
PD-1 blockade group than in the monotherapy group. 

Our previous study showed that serum PSA 
levels were positively correlated with observed 
bioluminescence imaging findings [24]. In the present 
study, we found that the mean serum PSA level was 
lower in the nitroxoline plus PD-1 blockade group 
than in the control, nitroxoline, and PD-1 blockade 
groups (P < 0.05) (Fig. 5G). 

Nitroxoline combined with PD-1 blockade 
increased CD44+CD62L+CD8+ memory T cell 
numbers and reduced CD11b+Gr-1+ 
myeloid-derived suppressor cell (MDSC) 
numbers in the peripheral blood of 
tumor-bearing mice 

To examine the effect of nitroxoline + PD-1 
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blockade, peripheral blood from C57BL/6 mice was 
assessed for CD44+CD62L+CD8+ memory T cells and 
CD11b+Gr-1+ MDSCs. The proportions of memory T 
cells in the peripheral blood of mice from the control, 
nitroxoline, PD-1 blockade, and nitroxoline plus PD-1 
blockade groups were 14.9 ± 1.4%, 17.1 ± 2.0%, 14.6 ± 
5.1%, and 31.5 ± 0.7%, respectively. The proportions of 
memory T cells were significantly higher in the 
nitroxoline plus PD-1 blockade group than in the 
other groups (P < 0.05) (N = 3; Fig. 6A and B). The 
proportions of MDSCs in the peripheral blood of mice 
from the control, nitroxoline, PD-1 blockade, and 
nitroxoline plus PD-1 blockade groups were 56.1 ± 
1.5%, 48.3 ± 0.8%, 46.3 ± 8.0%, and 27.9 ± 1.7%, 
respectively. The proportion of MDSCs was 
significantly lower in the nitroxoline plus PD-1 
blockade group than in the other groups (P < 0.05) (N 
= 3; Fig. 6C and D). Nitroxoline alone had no effect on 
the numbers of MDSCs and CD44+CD62L+CD8+ 
memory T cells, but combined with PD-1 blockade, it 

caused an increase in the number of 
CD44+CD62L+CD8+ memory T cells and a reduction 
in the number of MDSCs, suggesting that the 
combination therapy enhanced antitumor immunity. 

Discussions 
Immune checkpoint inhibitors, including 

CTLA-4 and PD-1 inhibitors, have shown enduring 
antitumor responses in preclinical and clinical 
research [26]. Recent evidence suggests that prostate 
cancer exhibits a limited response to PD-1 blockade 
monotherapy [9, 27]. Numerous studies have focused 
on distinguishing the mechanisms of chemotherapy, 
cancer vaccines, immune-stimulatory agents, and 
small molecules to strengthen the efficacy of immune 
checkpoint therapy [28-31]. In this study, we found 
that the combination of nitroxoline and PD-1 blockade 
might be an effective alternative to improve the 
response rate of PD-1 blockade therapy. 

 

 
Figure 4. Nitroxoline suppresses PD-L1 expression in RM9-Luc-PSA cells and tumor tissue. (A) Expression of PD-L1 was detected in DU145, LNCaP, PC3, and 
RM9-Luc-PSA cells using immunofluorescent (IF) analysis. Green, staining for PD-L1; blue, nuclei staining with DAPI. Scale bar: 10 µm (B) Expression of PD-L1 in 
prostate cancer cell lines by Western blot analysis. (C) Nitroxoline downregulated the expression of PD-L1 in RM9-Luc-PSA cells after treatment at different time 
points and concentrations. β-actin was used as an internal control. (D) Immunohistochemistry (IHC) and immunofluorescent (IF) staining of PD-L1 in RM9-Luc-PSA 
prostate tumor tissue treated with or without nitroxoline (15 mg/kg). Scale bar of IHC, 100 µm; Scale bar of IF, 20 µm. 



Int. J. Biol. Sci. 2019, Vol. 15 
 

 
http://www.ijbs.com 

925 

 
 Figure 5. Nitroxoline inhibits tumor growth in the RM9-Luc-PSA orthotopic prostate cancer mouse model. (A) The therapeutic plan of nitroxoline or programmed 
cell death protein 1 (PD-1) blockade monotherapy and combined therapy in mice. (B) Bioluminescence images were evaluated to monitor tumor growth, using the 
IVIS imaging system. (C) The tumor-derived bioluminescent signal was measured by photons per second. Bioluminescence was quantified, and data are presented as 
mean ± standard deviation (N = 5, *P < 0.05). (D) Orthotopic prostate tumors were dissected, and representative images were provided. (E) A quantified graph of 
tumor weight at the experiment endpoint. Data are presented as mean ± standard deviation (N = 5, *P < 0.05). (F) Representative images of Ki-67 and CD31 
immunohistochemistry staining. Scale bar: 100 µm (G) Serum prostate-specific antigen levels were significantly lower in the nitroxoline plus PD-1 blockade group than 
in the control, nitroxoline, and PD-1 blockade groups. Data are presented as mean ± standard deviation (N = 4, *P < 0.05). 

 
Nitroxoline has been used to treat urinary tract 

infections for over 50 years, and recently, it was 
considered as a potential anticancer agent against 
various cancer types [3, 15-19]. A phase II clinical trial 
in China (registration no. CTR20131716) has been 
conducted to assess the antitumor efficacy of 

nitroxoline in non-muscle invasive bladder cancer 
patients. Our study revealed that nitroxoline 
effectively suppressed the viability and proliferation 
of RM9-Luc-PSA cells in vitro. It has been reported 
that cell cycle progression in cancer cells is potentially 
associated with the irregular expression of cyclin/ 



Int. J. Biol. Sci. 2019, Vol. 15 
 

 
http://www.ijbs.com 

926 

CDK complexes [32]. Reduced expressions of cyclin 
D3, CDK2, and CDK6 in response to nitroxoline 
treatment induced cell cycle arrest at the S phase, 
suggesting that nitroxoline changed the cell cycle 
distribution of RM9-Luc-PSA cells through cyclin/ 
CDK complexes. We further assessed the effects of 
nitroxoline on cell apoptosis and found that 
nitroxoline notably downregulated apoptosis-related 
proteins, including Bcl-2 and Bcl-xL. Both the Bcl-2 
family and caspase family act as key factors in the 
apoptosis pathway [33]. Caspase-3, a major executive 
apoptotic enzyme, was found to be significantly 
activated after nitroxoline treatment on Western blot 
analysis, suggesting the occurrence of cell apoptosis. 
Similarly, some recent studies have shown that 
nitroxoline inhibites cancer cells, in part, by regulating 

proteins, including caspase-3, PARP, P53, Bcl-xL, and 
Mcl-1 [3, 15, 17]. These results indicate that nitroxoline 
suppresses the proliferation of RM9-Luc-PSA cells 
through cell cycle arrest, activation of caspase-3, and 
regulation of Bcl-2 family proteins. In our previous 
studies, we revealed the synergistic effect of 
chemotherapy, including YM155 and lycorine, during 
immunotherapy [25, 34]. Although no direct immune 
response associated with nitroxoline treatment has 
been reported until now, some evidence has indicated 
that nitroxoline and its analogs have the potential to 
influence host immunity [18, 20, 22, 23]. Therefore, in 
the current study, we explored the antitumor effects 
potentially underlying the combination of nitroxoline 
and PD-1 blockade therapy. 

 

 
Figure 6. Nitroxoline combined with programmed cell death protein 1 (PD-1) blockade increases CD44+CD62L+CD8+ memory T cell numbers and reduces 
CD11b+Gr-1+ myeloid-derived suppressor cell (MDSC) numbers in peripheral blood. (A) Representative fluorescence-activated cell sorting (FACS) photographs of 
memory T cells from tumor-bearing mice at the experiment endpoint. (B) The percentage of CD44+CD62L+CD8+ memory T cells was quantified by FACS analysis. 
A significant difference was observed between the nitroxoline plus PD-1 blockade group and the PD-1 blockade group. Data are presented as mean ± standard 
deviation (N = 3, *P < 0.05). (C) Representative FACS photographs of MDSCs. (D) The percentage of CD11b+Gr-1+ MDSCs was quantified by FACS analysis. A 
significant difference was observed between the nitroxoline plus PD-1 blockade group and the PD-1 blockade group. Data are presented as mean ± standard deviation 
(N = 3, *P < 0.05). 
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In the model of prostate cancer in vivo, we found 
that antitumor immunity was greater with nitroxoline 
plus PD-1 blockade than with nitroxoline or PD-1 
blockade monotherapy, as evidenced by increased 
CD44+CD62L+CD8+ memory T cell numbers and 
reduced MDSC numbers in peripheral blood. This 
result might be explained by several possible 
mechanisms. There is growing evidence suggesting 
that PI3K/AKT/mTOR inhibition can not only inhibit 
tumor cell proliferation, but also enhance tumor 
immune surveillance, which is accompanied by the 
secretion of immunosuppressive cytokines [35-37], the 
recruitment of MDSCs into the cancer region [38, 39] 
and the development of memory T cells [40]. AKT, a 
key component of the PI3K/AKT/mTOR pathway, 
controls the balance between terminal differentiation 
and memory T cell generation [41]. Additionally, AKT 
has been shown to significantly modulate the 
development and differentiation of MDSCs in vitro 
[42], which negatively regulates T cell function, 
leading to immune suppression [43-45]. We found 
that nitroxoline inhibited the expressions of important 
proteins in the PI3K/AKT/mTOR pathway, including 
phospho-PI3 kinase, phospho-Akt (Thr308), phospho- 
Akt (Ser473), and phospho-GSK-3β. Although there is 
no direct evidence supporting the effects of 
nitroxoline on immune cell function and proliferation 
in this study, these factors, as discussed, might 
contribute to the mechanisms underlying increased 
CD44+CD62L+CD8+ memory T cell numbers and 
reduced MDSC numbers in peripheral blood. PD-L1 
expression indicates a poor prognosis and 
adverse clinicopathological outcomes and promotes 
tumor recurrence by inhibiting antitumor immunity 
[12, 13, 46]. PD-L1 is associated with higher response 
rates to anti-PD1/PD-L1 therapy, although positive 
response to treatment is also recorded for a lack of 
PD-L1 expression cases [47-49]. We found that 
nitroxoline downregulated the expression of PD-L1 at 
the cellular and tissue level; these results suggested 
that nitroxoline may block PD-L1 signaling and 
attenuate the interaction between PD-1 and PD-L1, 
ultimately enhancing the antitumor immune 
response. Taken together, the antitumor effects of 
nitroxoline combined with PD-1 blockade may be 
associated with the removal of immunosuppressive 
factors and the recovery of dysfunctional T cells. 
Further studies are necessary to clarify the specific 
mechanisms that underlie the immune response after 
nitroxoline treatment, as the current study only 
examined the immune response in peripheral blood. 
Furthermore, our research will focus on the effects of 
nitroxoline on the immune response with regard to 
several aspects, including the tumor environment, 
immune cell function, and energy metabolism. 

To our knowledge, this is the first study to 
demonstrate that nitroxoline downregulates PD-L1 
expression and inhibits tumor progression in prostate 
cancer. The combination of nitroxoline and PD-1 
blockade increases the number of CD44+CD62L+CD8+ 
memory T cells and reduces immunosuppressive 
MDSCs. This appears to provide synergistic 
antitumor immunity in prostate cancer. Our results 
indicate that nitroxoline can enhance immunotherapy 
response. 

In conclusion, nitroxoline plus PD-1 blockade is 
effective for prostate cancer and may serve as an 
alternative approach for treating prostate cancer. 
Considering that nitroxoline therapy and PD-1 
blockade are approved by the FDA, our findings act 
as a basis for future studies on the use of these two 
approaches in combination for the treatment of 
patients with prostate cancer. 

Abbreviations 
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